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Resumen

En las últimas décadas, los compuestos de coordinación han sido unos de los
materiales más ampliamente estudiados por la comunidad científica. El interés por
estos compuestos radica en el gran abanico de propiedades que pueden llegar a
exhibir. Esta diversidad de posibles propiedades los convierte en materiales con un
gran potencial de aplicación en casi cualquier campo como, por ejemplo, en
magnetismo, luminiscencia, catálisis, almacenamiento y separación de gases,
biomedicina, etcétera.
El conocimiento de la estructura molecular de estos sistemas va a ser la base
para diseñarlos, sintetizarlos y poder modular sus propiedades con el fin de mejorar
las propiedades físicas exhibidas.
Sin embargo, lo más interesante de estos materiales no consiste en que sean
capaces de presentar distintos tipos de propiedades, sino en que logren presentar
varias de estas características simultáneamente obteniéndose así, compuestos de
coordinación multifuncionales. Esta multifuncionalidad permite a estos materiales
adentrarse en otros campos aun más específicos como son los sensores o los sistemas
magnético-ópticos. Por todo lo mencionado anteriomente, el desarrollo y
optimización de compuestos de coordinación multifuncionales es, hoy en día, uno de
los retos de la Química de la Coordinación.
Partiendo de esta premisa, el trabajo y desarrollo de esta Tesis doctoral trata
sobre la síntesis, la caracterización estructural y el estudio de las propiedades físicoquímicas y biológicas de compuestos de coordinación basados en ligandos
nitrogenados con grupos carboxilato sintetizados mediante métodos solvotermales.
Todos los materiales que se presentan en esta Tesis Doctoral han sido
sintetizados en nuestro laboratorio y se han caracterizado mediante difracción de
rayos X de monocristal (DRX) complementada por otras técnicas instrumentales tales
como espectroscopía Infrarroja (IR), análisis elemental (AE) y/o difracción de rayos
X en polvo (DRXP).
La agrupación de las distintas familias de materiales sintetizados viene divida
en Capítulos (para aquellos artículos publicados o aceptados) y anexos (aquellos
artículos que están en fase de ser enviados próximamente a revistas científicas).

En primera instancia se utilizó un ligando heterocíclico nitrogenado con un
grupo carboxilato (ácido 1-metil-1H-imidazol-5-carboxílico (mimc)) y metales de la
primera serie de transición, obteniéndose tres compuestos bidimensionales y un
compuesto mononuclear, recogidos en el Capitulo 1. Los materiales más interesantes
recogidos en esta familia son, por una parte, el [Co(μ-mimc)2]n pues presenta a nivel
magnético relajación lenta de la magnetización con una barrera térmica de 26K,
situándose entre los compuestos de Cobalto con mayor temperatura de bloqueo
(14K).

Por

otra

parte,

el

compuesto

[Cd(μ-mimc)2(H2O)]n presenta

una

fosforescencia de aproximadamente un segundo a baja temperatura, corroborada por
cálculos TD-DFT estimando que dicha fosforescencia está regida por un mecanismo
LCCT (singlete-singlete y triplete-singlete).
Con la intención de aumentar el ángulo del ciclo aromático y a su vez
mantener la distancia entre los grupos funcionales coordinantes en las estructuras, se
optó por utilizar el ácido 5-bromonicotínico (5-BrNic), obteniéndose cuatro
compuestos de coordinación con diferentes estructuras y dimensionalidades basados
en iones lantánidos, recogidos en el Capítulo 2. La gran diferencia encontrada entre
las estructuras cristalinas se debe a la gran variedad de modos de coordinación que
presenta este ligando. Los estudios citotóxicos unidos a las destacables propiedades
luminiscentes de esta familia de compuestos, los convierten en materiales con
potencial

para

aplicaciones

biomédicas,

siendo

el

material

[Tb(5-

BrNic)2(H2O)4]·[Tb(5-BrNic)4(H2O)2]·(5-HBrNic)2 el más destacable al mostrar
tiempos de vida de fosforescencia más largos (aproximadamente 1ms).
Seguidamente, al comprobar la gran versatilidad que estos ligandos podían
llegara mostrar, se decidió intentar alejar los grupos funcionales presentes en el
ligando para separar con mayor eficiencia los centros metálicos en las redes
cristalinas. Con esta idea en mente nos centramos en dos tipos de ligandos: el ácido
5-aminopiridin-2-carboxílico y el 2-aminopiridin-4-carboxilato de metilo.
Con el primero de ellos, el 5-aminopiridin-2-carboxílico (ampy), se
sintetizaron tres compuestos 1D de iones lantánidos isoestructurales y dos basados en
metales de la primera serie de transición reunidos en el Capítulo 3. De esta familia
cabe destacar el compuesto [YbNa(ampy)4]n que muestra relajación lenta de la
magnetización en la que intervienen diferentes procesos de relajación, y el compuesto

[ErNa(ampy)4]n que presenta señales ligeramente dependientes de la frecuencia fuera
de fase, compuestos que podrían ser efectivos para estudios citotóxicos activados
mediante un campo magnético aplicado.
La segunda familia, basada en el 2-aminopiridin-4-carboxilato de metilo
(2ain) y recogida en el Capítulo 4 de esta Tesis, contiene tres compuestos
isoestructurales basados en metales de la primera serie de transición. Dichos
compuestos presentan una estructura 3D tipo diamante abierto que permite la
cristalización de una red interpenetrada y, a su vez, conservar una gran porosidad.
Además, los compuestos {[Co(μ-2ain)2]·DMF}n y{[Zn(μ-2ain)2]·DMF}n muestran un
gran potencial como sensores. Mientras que el compuesto de Co ve alteradas sus
propiedades magnéticas cuando las moléculas de la red cristalina son reemplazadas
por MeOH o DMSO, el compuesto de Zn ve modificadas sus propiedades
luminiscentes en disolución en presencia de diferentes iones metálicos.
Tras ver los interesantes resultados obtenidos y con la idea de conferir mayor
rigidez estructural, se utilizaron como ligandos una familia de ácidos carboxílicos
derivados de indazoles variando la posición del grupo ácido dentro del esqueleto
orgánico.
Partiendo de esta premisa, el primer indazol probado fue el ácido 1H-Indazol5-carboxílico (5-inca), del cual se obtuvieron 2 compuestos isoestructurales
bidimensionales recogidos en el Capítulo 9. Por otra parte, en el Anexo 1 se presenta
un compuesto 3D de Zn junto a otros dos bi- y tridimensionales que se han obtenido
tras un ordenamiento estructural influenciado por el tiempo. Este compuesto 3D, aun
siendo inestable en condiciones normales, presenta un gran interés a nivel estructural
debido a su gran similitud con el famoso material MOF-5.
Con la idea de mejorar la estabilidad de la estructura tridimensional del
compuesto de zinc recogido en el Anexo 1 y a su vez modificar el tamaño de los
canales se agregó al seno de la reacción dos ligandos nitrogenados (4,4´-Bipiridina
(4,4-bipy) y 3,6-Di(4-piridinil)-1,2,4,5-tetrazina(pbptz)) para que actuasen como
espaciadores, obteniéndose así 2 compuestos tridimensionales isorreticulares
recogidos en el Capítulo 10. Ambos materiales han mostrado propiedades
luminiscentes fascinantes que han sido corroboradas mediante cálculos teóricos. El

compuesto {[Zn(5-inca)(pbptz)0.5]·(DMF)}n exhibe un destacable termocromismo
apreciado en la tonalidad de emisión en el color azul mientras que el {[Zn(5inca)(4,4-bipy)0.5]·(DMF)}n presenta fosforescencia con un tiempo de vida de 950 ms
perceptible por el ojo humano.
Otra estrategia utilizada para mejorar la estabilidad de estos sistemas fue la
utilización de ácido benzotriazol-5-carboxílico cuya diferencia con el ácido 1HIndazol-5-carboxílico radica en la presencia de un nitrógeno más en la estructura
aromática. Con este ligando se obtuvo un compuesto tridimensional con excelentes
propiedades catalíticas. Dicho compuesto no se ha presentado en esta Tesis Doctoral.
Con el objetivo de comprobar si el resto de indazoles de esta familia pudiesen
mostrar estructuras y propiedades de interés similares a las anteriores, se probaron los
siguientes ligandos: ácido 1H-Indazol-4-carboxílico, ácido 1H-Indazol-6-carboxílico
y ácido indazol-3-carboxílico.
Con el primero de estos indazoles se consiguieron sintetizar cinco nuevos
compuestos bidimensionales agrupados en el Capítulo 5, donde se puede apreciar
para los compuestos de [Co(L)2(H2O)2]n y [Cu(L)2(H2O)]n, un magnetismo
fuertemente influenciado por la corta distancia entre los centros metálicos. Esta corta
distancia es debida a las torsiones estructurales presentes y al empaquetamiento
cristalino. Estos rasgos estructurales también se ven reflejados en las propiedades
luminiscentes de los compuestos [Zn(L)2]n

y

[Cd(L)2]n, causando un efecto

hipsocrómico en la señal emitida.
Para el segundo indazol se sintetizaron dos compuestos de diferente
dimensionalidad con unas excelentes emisiones fotoluminiscentes centradas en el
ligando de tipo π-π*. Los análisis in vitro de la citotoxicidad revelaron, para el
compuesto Cd, una disminución de la viabilidad celular en HEK-293 y B16-F10 para
concentraciones superiores a 20 µg/ml. Todos estos datos se han recogido en el
Capítulo 6.
Por último, con el tercer indazol mencionado anteriormente se han sintetizado
cinco compuestos de coordinación mononucleares basados en metales de la primera
serie de transición, muy prometedores debido a su potencial como agentes
anticancerígenos, todos ellos recogidos en el Capítulo 8 de esta tesis.

Con la idea de aunar las propiedades de los ligandos piridina e indazol se optó
por probar ligandos tipo pirimidina, puesto que presentan a nivel estructural, el
mismo número de nitrógenos en los anillos aromáticos, pero con distinta disposición.
Se utilizó el ligando 4-hidroxipirimidina-5-carbonitrilo debido a que sus tres átomos
coordinantes, colocados de forma asimétrica, propagarían la estructura en tres
direcciones coplanares y, tal y como esperábamos, se logró sintetizar un compuesto
de Cu bidimensional plano, que se muestra en el Capítulo 11. En este caso, gracias al
entorno de coordinación trigonal del átomo de cobre, y a la disposición de los
nitrógenos en el ligando, se puedo obtener una estructura laminar muy interesante
haciendo de este material un excelente candidato para estudiar su conductividad,
debido a su similitud con el grafeno, y estudiar la modificación de sus propiedades al
aplicarle presión.
Por último, se decidió utilizar un ligando no nitrogenado, como por ejemplo
el ácido 2,5-dihidroxitereftalico, para sopesar el uso de ligandos de esta naturaleza en
futuros estudios. Se obtuvo así, un material de disprosio interesante debido a sus
propiedades magnéticas y recogido en el Capítulo 7. Estas propiedades fueron
ensalzadas gracias al efecto de dilución magnética empleando ytrio en lugar de
disprosio y sintetizando el correspondiente compuesto isoestructural.
En resumen, en esta Tesis doctoral se recoge la síntesis, caracterización y
estudio de las diferentes propiedades que presentan nuevos compuestos de
coordinación multidimensionales, a partir del uso de ligandos nitrogenados con
grupos carboxilato. Con todo lo anterior se ha demostrado la versatilidad y
multifuncionalidad que estos materiales pueden llegar a presentar, sirviendo a su vez
de base para que la comunidad científica siga desarrollando y mejorando esta familia
de materiales basados en la Química de la Coordinación.
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1. Química de la Coordinación
En las últimas décadas la Química de la Coordinación ha pasado a ser uno de
los campos más importantes de la Química Inorgánica. Este área tiene como objetivo
estudiar los compuestos de coordinación (también denominados complejos) que son
moléculas neutras o iones, en los que un grupo de moléculas, átomos o iones
denominados ligandos forman uniones con un ión o átomo central (normalmente un
metal). Esta definición abarca un gran número de sustancias que no habían sido
consideradas complejos. Si alguien se preguntase en qué año nació la Química de la
Coordinación habría que remontarse a 1893 donde Alfred Werner publicó un trabajo
sobre la disposición espacial de ligandos alrededor de un centro metálico.1
La Química de la Coordinación ha ido desarrollándose, tanto a nivel teórico,
como en los métodos de síntesis y búsqueda de aplicaciones de estos materiales.

2. Compuestos de Coordinación
Con el paso de los años se han desarrollado una gran variedad de materiales
que pueden ser incluidos en el término “Compuesto de Coordinación”. Para entender
su significado hay que remontarse a 1916 cuando Yuji Shibata empleó por primera
vez el término polímero de coordinación para describir dímeros y trímeros de
cobalto(II)2, desde entonces empiezan a descubrirse un gran variedad de compuestos
que entran en esta definición3 sintetizándose en 1959 (Figura 1) la primera red de
coordinación 4 , llegando a publicarse la primera revisión bibliográfica en 1964. 5
Pocos años más tarde, se vio que la forma, el tamaño y la selectividad de las
cavidades de las redes de coordinación, denominadas clatratos de Hofmaan, podían
modificarse mediante el empleo de ligandos diferentes.6
A pesar de la longevidad del concepto, no es hasta los años noventa cuando
surgen con fuerza, debido al interés en distintas aplicaciones de estos nuevos
materiales, dos términos que continúan usándose en la actualidad: Polímeros de
Coordinación (PCs) y redes Metalorgánicas (más conocidas por su nombre en inglés
Metal-Organic Frameworks, MOFs), siendo en 1995 (Figura 1), O. M. Yaghi el
primer investigador en utilizar el nombre de MOF al sintetizar diversos compuestos
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bidimensionales.7 Pocos años después, en 1999, (Figura 1) fue él quien sintetizó el
primer MOF tridimensional cuya superficie específica constituyó el valor más alto
conocido hasta ese momento.8

Figura 1. Evolución de la Química de la Coordinación desde Warner hasta la actualidad
por Yaghi.9

La existencia de ambas terminologías (PCs y MOFs) ha causado bastantes
enfrentamientos entre la comunidad científica debido a que algunos autores
defendían su similitud mientras que otros defendían sus diferencias. A causa de esto,
en 2009 la IUPAC encargó un proyecto titulado Coordination Polymers and Metal
Organic Framworks: Terminology and nomenclature Guidelines, que en 2013 dio
como resultado una publicación donde se recogía una recomendación provisional.10
En este artículo se definen los polímeros de coordinación como compuestos de
coordinación que se extienden en 1, 2 o 3 dimensiones a través del espacio. Mientras
que MOFs se define como aquellos polímeros de coordinación que presentan una
estructura abierta que contiene, potencialmente, poros. También se pueden utilizar
otros términos para resaltar alguna característica concreta del material. Por ejemplo,
“MOF-carboxilato” (destaca el grupo funcional), “dia-MOF” (indica la topología de
la red, diamante en este caso) ó “PCP” (para polímeros de coordinación porosos). En
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el Esquema 1, surgido de este proyecto, se puede ver la clasificación y el tipo de
nomenclatura.

Esquema 1. Clasificación y nomenclatura del los Compuestos de Coordinación establecidos
por la IUPAC. Siguiendo la terminología del artículo de O´Keeffe et al.11

La importancia de estos compuestos radica en su capacidad de presentar un
gran abanico de propiedades (almacenamiento, adsorción, separación y purificación
de gases12, catálisis heterogénea13, biomedicina14, magnetismo15, luminiscencia16 y/o
electrónicas 17 , entre otras), las cuales, en la mayoría de los casos, coexisten
complementándose, obteniendo un gran potencial a la hora de buscar aplicaciones a
estos materiales multifuncionales.
A continuación, se explicará con más detalle los diferentes tipos de
compuestos de coordinación, destacando algunas de las propiedades más relevantes
de cada familia.
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2.1. Compuestos Mononucleares
Los compuestos mononucleares pueden considerarse los compuestos más
básicos de la ingeniería cristalina, siendo el inicio de la revolución de esta rama de la
Química. Suelen presentar estructuras simples y discretas que difieren unas de otras
en su número de coordinación y/o geometría 18 donde el centro metálico está
coordinado a una o más moléculas de ligando que puede ser de naturaleza orgánica,
como por ejemplo carboxilatos o aminas, y/o de naturaleza inorgánica como por
ejemplo moléculas de agua o halogenuros (Figura 2).

Figura 2. Ejemplos de estructuras monoméricas: Izquierda: Primera estructura cristalina
reportada de un complejo de 1,3-propylenediaminetetraacetate K[CoIII(1,3-pdta)]2H2O sin
determinar los Hidrógenos. Derecha, estructura aniónica de Na[CrIII(1,3-pdta)]3H2O.19

A pesar de que este grupo de materiales presenta menor relevancia en la
actualidad frente a familias de mayor dimensionalidad20, dentro de esta agrupación
existen monómeros con gran diversidad de propiedades 21 , destacando aquellas
relacionadas con los campos de la medicina 22 o la catálisis 23 donde se ha podido
explotar su potencial.
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Aunque los compuestos mononucleares se encuentran englobados en el
siguiente apartado “Entidades Discretas”, la importancia de ellos en el nacimiento de
este campo de la Química, los ha hecho merecedores de un punto propio.

2.2. Entidades discretas
En el siguiente escalafón de complejidad estructural se encontraría el resto de
sustancias del grupo denominado entidades discretas. En este grupo se engloban
aquellos compuestos de coordinación cuya estructura es adimensional y pueden
presentar

uno

(compuestos

mononucleares)

o

más

núcleos

metálicos

(homometálicos24 o heterometálicos25). Así pues, se pueden agrupar de cierto modo
en oligómeros de coordinación (OCs)26 y en clusters de coordinación (CCs).27
Los OCs (Figura 3) son materiales en cuya estructura, además de tener más de
un núcleo metálico, los núcleos están unidos mediante un ligando o molécula puente.
De igual forma que los compuestos de coordinación mononucleares, los OCs
presentan una gran variedad de propiedades, entre las que cabría destacarlas
propiedades magnéticas28 y catalíticas.29

Figura 3. Ejemplos de estructuras oligoméricas: Izquierda, dímero de Co(II) con fórmula
Co2(C2H6PO2)4(C2H6POOH)2. Derecha, trímero de Co(II) con fórmula
Co3(C2H6PO2)6(C2H6POOH)2.30
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Los CCs (Figura 4) son materiales con una estructura caracterizada por
presentar dos o más núcleos metálicos formando mayoritariamente enlaces entre sí
directamente o mediante un tercer átomo no metálico. El interés en los clusters,
aparte de en sus características magnéticas31 y luminiscentes32, se basa en su posible
utilidad como bloque de construcción, en química supramolecular, para el diseño de
polímeros de coordinación.33

Figura 4. Ejemplos de Clusters de Coordinación: Izquierda, cluster homometálico de
gadolinio [Gd3(μ3-OH)2(o-van)3(O2NO)2(OH2)4] 2+. Derecha, cluster heterometálico de
gadolinio y cobalto [(NO3)2Gd(o-van)2(μ3-HO) Co2(μ3-OH)-(o-van)2Gd(NO3)2].34

2.3. Polímeros de Coordinación
Los PCs abarcan el resto compuestos de coordinación y son uno de los
campos más relevantes en la Química de la Coordinación. Debido a su potencial
multifuncional han despertado gran interés en todas las áreas de la ciencia. 35 Se
dividen

en

3

Tridimensionales.
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2.3.1. Polímeros de Coordinación Monodimensionales
Los Polímeros de coordinación Monodimensionales (PCs-1D) (Figura 5) son
aquellos cuya estructura se propaga a través de enlaces químicos en una de las
direcciones del espacio, formando cadenas poliméricas que interaccionan entre sí
mediante fuerzas intermoleculares.

Figura 5. Ejemplo de PCs-1D con fórmula [Zn(H2O)(1,3,5-benzenetricarboxylic acid)(µ1,3,5-benzenetricarboxylic acid)]n-2.36

Entre las propiedades que puede presentar esta familia de polímeros cabría
destacar

sus

propiedades

magnéticas

(Single-chain

magnets

(SCMs))

37

,

luminiscentes38 y biológicas.39

2.3.2. Polímeros de Coordinación Bidimensionales
Los Polímeros de coordinación Bidimensionales (PCs-2D) (Figura 6) son
aquellos cuya estructura se propaga mediante enlaces químicos en dos de las
direcciones del espacio, formando redes poliméricas 2D interconectadas mediante
fuerzas intermoleculares.
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Esta familia de compuestos, al igual que los PCs-1D, tiene gran importancia
en el ámbito científico por su gran abanico de propiedades. Además de la capacidad
de presentar buenas propiedades magnéticas40 y luminiscentes41, hay que resaltar la
capacidad de presentar conductividad eléctrica (estructuras laminares totalmente
planas similares al Grafeno)42. Es por esto que este grupo de materiales es utilizado
en la industria y en nanotecnología como sensores.43

Figura 6. Ejemplo de PCs-2D con fórmula [Cu(L-cysteate)(2,2´-bipyridyl)(H2O)]n-2
mostrando las interacciones por enlaces de hidrógeno entre las distintas láminas.44

2.3.3. Polímeros de Coordinación Tridimensionales
Para concluir, en el último nivel de complejidad estructural se encuentran los
Polímeros de coordinación Tridimensionales (PCs-3D) (Figura 7) cuya estructura se
propaga mediante enlaces químicos en las tres direcciones del espacio, formando
redes tridimensionales. El gran interés de la comunidad científica en estos materiales
radica principalmente en los MOFs debido a su capacidad para adsorber gases.
Aunque existen materiales tridimensionales muy interesantes (magnéticos,
luminiscentes, etc)45 sin esta peculiaridad, la capacidad de presentar porosidad y todo
lo derivado de ella (adsorción, separación, almacenamiento de gases46 y transporte y
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liberación controlada de fármacos)47 sería la propiedad más destacable, actualmente,
de esta familia.

Figura 7. Ejemplos de Estructuras Tridimensionales: Izquierda, 4 estructuras cristalinas de
4 MOFs publicados en la base de datos CCDC. Derecha, estructura de un polímero de
coordinación tridimensional con fórmula [Co2(naphthalenedicarboxylate)2(DMF)2]n.48

3. Propiedades Físico-Químicas
Los compuestos de coordinación y más concretamente aquellos de mayor
dimensionalidad destacan, como ya hemos comentado con anterioridad, por sus
múltiples propiedades y potenciales aplicaciones. A continuación, se detallarán con
mayor profundidad aquellas propiedades que han sido analizadas en los diferentes
materiales sintetizados en esta Tesis Doctoral, así como algunos ejemplos de
compuestos de coordinación destacados en estos campos.
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3.1. Magnetismo
El magnetismo, en Química de la Coordinación, se encarga del estudio de las
propiedades magnéticas presentes en los compuestos de coordinación. Para que un
material tenga propiedades magnéticas es necesario que presente electrones
desapareados. Estos materiales magnéticos son de gran interés en campos como la
informática, la resonancia magnética, electrónica, etc.49
La utilidad del magnetismo, en la Química de la Coordinación, se remonta a
hace décadas cuando el estudio de las propiedades magnéticas se utilizaba,
básicamente, como diagnóstico estructural a partir del número de electrones
presentes en un compuesto de coordinación.
A partir de entonces, el interés del magnetismo fue desarrollándose hacía el
estudio de las propiedades magnéticas en sí, sobre todo cuando empezó a observase
que algunos compuestos de coordinación que presentaban varios centros metálicos
unidos por ligandos puente presentaban acoplamiento antiferromagnético (AF) (los
espines de los núcleos vecinos están colocados antiparalelamente) o ferromagnético
(F) (donde los espines están colocados paralelamente). Uno de los primeros casos
observados fue el acoplamiento AF de los iones de Cu (II), por medio de los ligandos
puente acetato, en el compuesto [Cu2(Ac)4·2H2O]. 50 Desde ese momento la
información derivada del estudio de las propiedades magnéticas de estos materiales,
permitió establecer una relación entre las estructuras y las propiedades magnéticas
(correlación magnetoestructural) y su desarrollo teórico para el estudio de los
mecanismos de interacción magnética.
Aunque

se

han

determinado

un

gran

número

de

correlaciones

magnetoestructurales para diferentes compuestos de coordinación, los compuestos
dinucleares son los más ampliamente estudiados debido a su simplicidad y la
facilidad para establecer correlaciones y extrapolarlas a estructuras de mayor
complejidad.51 Desde el principio, en compuestos de Cobre, se atribuyó una relación
importante entre las propiedades magnéticas y el ángulo (θ) (Figura 8a) que
formaban los iones metálicos con el átomo puente oxo (M-O-M), llegando a
producirse un cambio en el acoplamiento (J) antiferromagnético-ferromagnético para
un valor de θ de 97,5º.52 Más adelante, en 1977, se vio que la desviación del plano de
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los grupos unidos al oxígeno favorecen el cambio AF-F a ángulos θ más pequeños.53
A estos 2 parámetros hay que agregarle un tercero que sería el ángulo (γ) (Figura 8b)
formado entre los átomos metálicos y la línea que uniría a ambos átomos de oxígeno,
donde al aumentar su valor disminuye la interacción AF.54

Figura 8. a) Figura representativa del ángulo θ. b) Figura representativa del ángulo γ.

Otro grupo funcional importante por su participación en el magnetismo es el
grupo carboxilato. Aunque este grupo dispone de muchas posibilidades de
interacción a la hora de participar como puente entre 2 núcleos metálicos, existen 3
interacciones más frecuentes (syn-anti, syn-syn, anti-anti) (Figura 9).

Figura 9. Conformaciones más frecuentes del grupo carboxilato puente en los compuestos
de coordinación y su tipo de acoplamiento (AF: antiferromagnético y F: ferromagnético).
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Las disposiciones syn-syn y anti-anti, desembocan en una interacción AF,
debido a que la constante de acoplamiento (J) en este caso, es resultado de la
contribución del acoplamiento antiferromagnético (Jaf) y de la relación de Jaf con el
solapamiento de orbitales (S).55 En el caso del la disposición syn-anti la contribución
de los orbitales p a los orbitales es menor debido a su orientación y no favorecen el
solapamiento, disminuyendo así el valor de Jaf, llegando a observarse interacciones
de tipo F.56
Actualmente, además de dilucidar nuevas correlaciones magnetoestructurales,
el magnetismo molecular también busca nuevos materiales que puedan poseer interés
aplicado. Estos materiales se pueden clasificar en: Materiales magnéticos con
transición de Espín, materiales con interacciones moleculares de largo alcance e
imanes monomoleculares (SMM, Single-Molecule Magnet).
Conceptualmente, los materiales magnéticos con transición de espín son
aquellos que poseen centros metálicos electrónicamente activos que tienen la
capacidad de cambiar entre los estados de bajo y alto espín y, por tanto, pueden
presentar magnetismo o no según las variaciones de presión, temperatura, radiación o
inclusión de moléculas huésped.57
Esta Tesis recoge compuestos que se engloban en las categorías: interacciones
moleculares de largo alcance e imanes monomoleculares (SMM, Single-Molecule
Magnet), por lo que estas familias serán detalladas con más profundidad.

3.1.1. Interacciones moleculares de largo alcance
A pesar de que es un fenómeno en esencia tridimensional, un sistema
bidimensional puede presentar orden magnético de largo alcance si todos los
momentos magnéticos siguen una misma dirección de anisotropía uniaxial. Como es
de esperar en la mayoría de los compuestos de coordinación con un estado
fundamental magnético, estos materiales presentan un orden tridimensional
magnético por debajo de una temperatura crítica, Tc. Si la interacción entre los
centros vecinos es ferromagnética, todos los momentos magnéticos se orientan de
forma paralela y el compuesto presenta magnetización espontánea por debajo de T C
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(Temperatura de Curie) y por tanto, si sufre una relajación lenta de la magnetización
podría tener un comportamiento imán. Estos complejos son denominados
Ferromagnéticos (Figura 10).
Si en cambio, la interacción entre los núcleos vecinos es antiferromagnética,
los momentos magnéticos se colocan de forma antiparalela y los espines locales son
equivalentes, se obtiene un estado fundamental no magnético por debajo de la
temperatura crítica, TN (Temperatura de Néel). Estos materiales son denominados
Anti-ferromagnéticos (Figura 10). Si los espines no son equivalentes y la interacción
AF no compensa los momentos magnéticos, el compuesto presenta magnetización
espontánea por debajo de Tc. En este caso se denomina Ferrimagnético (Figura 10).
En algunos casos más particulares sucede que, aún teniendo una interacción
AF y espines equivalentes, los momentos magnéticos no se orientan exactamente de
forma antiparalela, sino que se encuentran ladeados (spin-canting) a causa de la baja
simetría estructural. Debido a esto su magnetización es pequeña y son denominados
Ferromagnéticos débiles.

Figura 10. Ordenamiento tridimensional de los espines que dan lugar a los diferentes tipos
de materiales magnéticos.
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3.1.2. Imanes monomoleculares (SMMs)
Los imanes presentan ciclo de histéresis (Figura 11) caracterizado por los
siguientes valores: Magnetización remanente (Mr) que es la magnetización cuando se
elimina el campo magnético (H=0) y el Campo coercitivo (Hc), es decir, el campo
necesario aplicar para que la magnetización sea 0. Para observar la magnetización es
necesario un pequeño campo magnético para que los momentos magnéticos se
coloquen paralelamente. Quedando el compuesto magnetizado tras retirar el campo.

Figura 11. Ciclo de Histéresis en compuestos con propiedades magnéticas.

Aunque la mayoría de familias de imanes moleculares presentan una
anisotropía uniaxial 58 , recientemente se han llegado a sintetizar materiales que
presentan una anisotropía easy-plane (parámetro de anisotropía axial positivo) y
octaedro distorsionado con interesantes propiedades magnéticas,

59

como el

compuesto de Cobalto que se recoge en el Capítulo 1 de esta Tesis.
Un buen ejemplo de este tipo de complejos con anisotropía positiva (D>0) es
el

compuesto

de

Cobalto

(Figura

12),

[Co(1,1,1-tris-[2N-(1,1,3,3

tetrametilguanidino)metil]etano)3Cl]+. Este complejo pseudotetraédrico presenta un
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parámetro D=12,7 cm-1, tal como se ve en el diagrama simulado de Zeeman, y
muestra a su vez, una relajación lenta de la magnetización bajo un campo aplicado.

Figura 12. (A) Compuesto de Cobalto con anisotropía easy-plane. (B) Simulación del campo
paralelo y perpendicular para el compuesto de Co con una anisotropía positiva.58a

Los imanes monomoleculares (SMMs) suelen ser compuestos mononucleares
o clusters metálicos que presentan una relajación muy lenta de la magnetización por
debajo de una temperatura, denominada Temperatura de Bloqueo (Tb), y como
consecuencia histéresis magnética. En algunos casos los SMMs suelen presentar
efectos cuánticos a temperaturas cercanas a cero.60
El primer compuesto donde se observó este comportamiento de imán
monomolecular, fue en el cluster de manganeso (Mn12O12(O2CCH3)16(H2O)4), cuya
estructura consiste en un cubano de Mn(IV)4O4 rodeado por otros 8 Mn(III) unidos
entre sí con puentes oxo y acetato. La histéresis de este material no viene dada por el
ordenamiento 3D de largo alcance, propio de los ferro- y ferri-compuestos, si no de
las interacciones magnéticas intramoleculares. Los núcleos de Mn(III) del
(Mn12O12(O2CCH3)16(H2O)4) presentan una distorsión Jahn-Teller (distorsión
causada por la existencia de niveles no igualmente ocupados) por elongación
provocando una destacable anisotropía local. Además, esta molécula es lo
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suficientemente pequeña para presentar efectos cuánticos, coexistiendo así 2 modos
de relajación, el efecto clásico de activación térmica y el efecto de túnel cuántico
(QTM) (Figura 13).61

Figura 13. Activación térmica y Efecto del túnel cuántico en SMMs.

En SMMs la barrera de activación térmica depende del valor de espín del
estado fundamental (S) y de la anisotropía negativa, relacionado con el acoplamiento
espín-orbita junto a la distorsión del poliedro del metal. Esta anisotropía negativa
hace que a un determinado valor de S los valores de 2S+1 asociados no se encuentre
degenerados a campo cero (zero-field splitting, ZFS).
El valor de la barrera térmica (U) se ve afectada por el valor de espín y del
parámetro de ZFS, tal como se puede ver en las siguientes ecuaciones.

1
𝑈 = S 2 |𝐷|(𝑆 𝑒𝑛𝑡𝑒𝑟𝑜) ; 𝑈 = (S 2 − )|𝐷|(𝑆 𝑠𝑒𝑚𝑖𝑒𝑛𝑡𝑒𝑟𝑜)
4
El tiempo de relajación por tanto depende del valor de la barrera y de la
temperatura, según refleja la ecuación de Arrhenius.
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𝜏 = 𝜏0 exp (

𝑈
)
𝑘𝑏 𝑇

Sí esta molécula se ve expuesta a un campo externo lo suficientemente fuerte,
los momentos magnéticos se orientan en la dirección del mismo y la magnetización
(M) se satura. Tras eliminar la influencia del campo aplicado, la molécula tiende a
relajarse hasta alcanzar el estado de equilibrio (M=0) si la temperatura es suficiente
para superar la barrera energética. En el caso de que la temperatura sea inferior a T b,
la magnetización queda bloqueada y su relajación hacia el equilibrio es muy lenta
(Figura 14). Este efecto causa histéresis magnética en esta familia de materiales
concediendo a estos compuestos una biestabilidad de gran interés en el campo del
almacenamiento de información.62

Figura 14. Proceso activado térmicamente para la relajación de la magnetización en SMMs.

A pesar de que una de las condiciones para que exista este efecto es presentar
anisotropía negativa, recientemente se han publicado algunos complejos de Co(II) y
Yb(II) que presentan comportamiento de SMMs con anisotropía positiva.63

47

ANTONIO ANDRÉS GARCÍA VALDIVIA
Por otro lado, la capacidad cuántica de estos compuestos posibilita la
inversión del momento magnético, como ya se ha visto con anterioridad, por efecto
túnel. Para sistemas con D<0 y S=entero, la anisotropía transversal permite la mezcla
de estados degenerados permitiendo el túnel cuántico. Sin embargo, si S es
semientero (sistema Kramers) la mezcla de estados degenerados a campo cero está
prohibida, debido a que el teorema de Kramers predice que el número mínimo de
estados degenerados es dos. Sin embargo, el efecto túnel puede ser inducido tanto por
interacciones dipolares, entre los momentos magnéticos, como por interacciones
hiperfinas, entre el espín electrónico y el espín nuclear.
Otro efecto curioso que sucede en este tipo de materiales es el denominado
túnel cuántico térmicamente activado. Consiste en que el efecto de túnel cuántico
puede ocurrir entre pares de estados excitados degenerados, existiendo en este caso
una barrera de activación térmica efectiva, Ueff (de menor energía que la energía de
activación térmica esperada, U).64
De todo esto se llega a la conclusión de que, para que un complejo polinuclear
de iones metálicos se comporte como un imán molecular, tiene que cumplir los
siguientes requisitos:
1. El espín del estado fundamental (S) debe ser tan alto como sea
posible.
2. Las interacciones de canje deben ser grandes para que el nivel
fundamental se encuentre separado de los niveles excitados.
3. Poseer anisotropía uniaxial lo más elevada posible, para lo que las
moléculas deben estar colocadas en el cristal de forma que los ejes
tengan la misma dirección.
4. Las interacciones intermoleculares deben ser insignificantes para
evitar el ordenamiento 3D.
Aunque a lo largo de las últimas décadas se han preparado cientos de clusters
de metales de transición que muestran comportamientos de molécula imán, la barrera
energética observada en ellos suelen ser en su mayoría muy pequeñas. 65 A
continuación se describirán brevemente algunos compuestos con alguna propiedad
fuera de lo convencional dentro de estos materiales. En este gran abanico, el
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compuesto que posee mayor barrera de activación es un compuesto hexanuclear de
[Mn(III)]6 con un valor de Ueff=62 cm-1 (los iones MnIII presentan acoplamiento
espín-órbita y desdoblamiento a campo cero).66
Los primeros intentos de aumentar la barrera y la Tb en SMMs se basaban en
aumentar el número de centros metálicos para conseguir un estado fundamental de
espín más elevado, hasta llegar al compuesto de Mn (Figura 15) siendo el primero
que alcanzo un S=83/2. Sin embargo, al aumentar el número de núcleos, la
anisotropía se hacía insignificante, eliminando el comportamiento de SMMs.67

Figura 15. Estructura del compuesto con mayor spin fundamental.

Por ello, actualmente se está trabajando en sintetizar SMMs mononucleares
con iones metálicos que presentan una gran anisotropía magnética (contribución
espín-órbita de primer orden) como el Co(II), Fe(II) ó el Fe(I). Siendo este último, un
compuesto mononuclear de Fe(I), el primero en mostrar una barrera de activación
térmica de Ueff=226 cm-1.68
Otro camino a seguir en la formación de moléculas con propiedades de
SMMs es la utilización de iones de tierras raras, ya que poseen una elevada
anisotropía a consecuencia de la combinación de momentos magnéticos elevados en
el estado fundamental y de los efectos de acoplamiento espín-órbita. Pero las
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estrategias más destacables han sido el uso de complejos combinando metales de
transición y tierras raras (3d-4f), así como el uso de complejos mononucleares de
actínidos y lantánidos. Aunque estos materiales basados en tierras raras han llegado a
barreras de activación (U) en torno a los 650 cm-1 la gran facilidad de presentar
efecto túnel cuántico, ha complicado su uso en aplicaciones relacionadas con el
almacenamiento de información.69

3.2. Luminiscencia
Cuando una sustancia es excitada mediante una fuente de energía, esta tiende
a liberar dicha energía mediante diferentes procesos (Figura 16). Uno de esos
procesos es el conocido como luminiscencia. Este proceso consiste, básicamente, en
que en una molécula tiene lugar una absorción de energía y, posteriormente, un
proceso de emisión de radiación electromagnética en el que intervienen, básicamente,
los estados electrónicos moleculares excitados y fundamentales. Dicha emisión
luminiscente puede ser de 2 tipos: fluorescente o fosforescente. Que la emisión sea de
un tipo u otro es debido a la multiplicidad de spin de los estados de energía durante el
proceso de relajación. La fluorescencia se da cuando los estados presentan la misma
multiplicidad de spin, con un tiempo de vida no superior a varios nanosegundos,
mientras que la fosforescencia se da entre estados de diferente multiplicidad de spin
(tiene que darse un cruce entre sistemas), cuya duración se encuentra entre
microsegundos y segundos, lo que implica una emisión más prolongada que la
fluorescencia.
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Figura 16. Diagrama de Jablonski que muestra los diferentes modos de relajación que
participan en los procesos de luminiscencia.

La luminiscencia de estos compuestos puede deberse a diversos factores: el
ligando orgánico (altamente conjugado), el centro metálico (especialmente en
lantánidos, mediante efecto antena), transferencia de carga desde el ligando al metal
(ligand-to-metal charge transfer, LMTC) o desde el metal al ligando (metal-toligand charge transfer, MLTC) y, por último, puede ser debida a las moléculas
huésped alojadas en el interior del polímero de coordinación.70
Los materiales que poseen esta propiedad suele presentar potencial en el
campo de los sensores.71

3.2.1. Luminiscencia basada en el Ligando
A la hora de diseñar un compuesto de coordinación se suelen utilizar una gran
variedad de tipos de ligandos orgánicos, siendo los más comunes aquellos que son πconjugados debido a su esqueleto rígido y funcionalizado con varios grupos
coordinantes (carboxilatos, aminas, heterociclos, etc). La emisión del ligando
orgánico normalmente corresponde a la transición desde el estado excitado singlete
de menor energía al estado fundamental singlete. Sin embargo, en los compuestos de
coordinación es algo diferente a la que presenta como molécula libre debido a que el
ligando se estabiliza en la estructura, permitiendo variar la intensidad y su tiempo de
vida medio.
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Uno de los últimos materiales de este tipo de luminiscencia son los complejos
[ZnX2(4-([2,2′:6′,2″-terpiridin]-4′-yl)-N,N-difenilanilina)] (para X= Cl (complex 1),
Br (complex 2), I (complex 3).72 Se observa para este caso un desplazamiento en los
máximos de emisión (desde los 510 nm a la zona de los 550-580 nm) debido al
aumento de la estabilidad del ligando al coordinarse al metal y al interactuar con los
halógenos presentes en la estructura (Figura 17b). Por otra parte, la presencia de estos
halógenos aumenta la intensidad de emisión, aunque al aumentar el peso atómico del
halógeno el aumento de intensidad decrece (Figura 17a).

Figura 17. a) Espectro de emisión del ligando y los 3 compuestos. b) Espectro de emisión
normalizado para el ligando y los compuestos.

3.2.2. Luminiscencia basada en el Metal
Normalmente este tipo de luminiscencia se produce en compuestos de
coordinación donde el centro metálico es un lantánido. Esto se debe a que estos iones
metálicos presentan una gran variedad de niveles energéticos electrónicos gracias a la
intervención de los orbitales f.73
Sin embargo, los lantánidos poseen una absorción de luz muy débil debido a
las transiciones f-f prohibidas, por lo que se necesita de otras especies que presenten
una absorción destacable y puedan participar en los procesos de transferencia de
energía, dando lugar a lo que se conoce como efecto antena.74 En este proceso, la luz
es absorbida por el ligando, situado en el entorno de coordinación del centro
metálico, se transfiere y es emitida por el núcleo lantánido (Figura 18). La emisión
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del ligando es sustituida por la del metal, aunque en algunos casos la poca eficiencia
de este proceso provoca la emisión de ambos.

Figura 18. Esquema representativo del efecto antena.

Este efecto, a parte del ligando perteneciente a la estructura, también pueden
provocarlo las diferentes moléculas huésped situadas en el interior de la estructura.
Un ejemplo reciente de compuestos que presentan luminiscencia basada en
este efecto son los complejos [EuL2(H2O)4]4·nNO3y [TbL2(H2O)4]4·nNO3 (L=1-(4carboxilfenil)-3-(prazin-2-yl)-1H-1,2,4-triazol). En este trabajo se observa que los
complejos emiten en las longitudes de onda propias de los centros metálicos. Cuando
es excitado a 338 nm el espectro de emisión del complejo de Eu muestra claramente
las bandas de emisión del metal correspondientes a las transiciones 5D07F1 y
5

D07F2. Del mismo modo, al excitar a 340 nm, el espectro del compuesto de Tb

muestra 4 picos característicos pertenecientes a las transiciones 5D47F6, 5D47F5,
5

D47F4 y 5D47F3 (Figura 19).75
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Figura 19. Espectros de emisión para los compuestos de Eu y Tb.

3.2.3. Luminiscencia basada en transferencia de carga
Este tipo de luminiscencia se genera gracias a las transiciones permitidas
desde un estado excitado a su estado fundamental dividiéndose en 2 subtipos:
Transferencia de carga Metal-Ligando (MLCT) y Transferencia de carga LigandoMetal (LMCT). En el Proceso MLCT se producen transiciones electrónicas desde un
orbital del metal hacia un orbital del ligando, mientras que en el caso de la LMCT
sucede el proceso inverso, la transferencia electrónica sucede desde un orbital del
ligando a uno del metal.
Un ejemplo de este tipo de luminiscencia es, el proceso MLCT que sucede en
los complejos Fe(bi-terperidina) y Ru(bi-terperidina). En sus espectros de absorción
se pueden ver la banda perteneciente al proceso MLCT situada a 580 nm para el
complejo de hierro y a 505 nm para el de rutenio (Figura 20).76
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Figura 20. (a) Espectros de absorción de el ligando y los complejos M(bi-terperidina). (b)
Espectro de emisión del complejo de Ru excitado a 505 nm (transición MLTC).

3.2.4. Luminiscencia basada en una molécula huésped
Este tipo de luminiscencia, como se puede intuir, queda reservada a polímeros
de coordinación que presentan porosidad. Se produce al encapsular dentro de la
estructura cristalina especies que presenten una fosforescencia o fluorescencia
destacable.
Como se puede ver en el compuesto [Cd2(tpt)2(CBA)2(H2O)2] (tpt: 2,4,6tri(piridin-4-il)-1,3,5-triazina) y CBA: 4-carboximetil benzoato), según la molécula
orgánica aromática residente en la estructura emite en un color diferente (Figura 21).
Naranja-amarillo para el coroneno, rojo para el perileno y verde para el trifenileno.77
Este tipo de fluorescencia es muy versátil ya que se puede modificar, dentro
de los huecos del material, la molécula huésped. Esto permite una gran adaptación,
presentando potencial, en campos tan relevantes como la medicina.78
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Figura 21. Luminiscencia del material de Cd según el tipo de molécula huésped alojada en su
interior.

3.3. Adsorción
La adsorción es el proceso mediante el que un material retiene una sustancia,
principalmente gas, en su superficie (Figura 22). La adsorción puede denominarse
con 2 nombres distintos dependiendo si la molécula retenida sufre una rotura de
enlace: fisisorción, sólo intervienen fuerzas y quimisorción, se produce una rotura y
formación de enlace.

Figura 22. Proceso de acercamiento de una molécula de gas a una superficie.
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Para que se pueda considerar que un compuesto presenta adsorción es
necesario que presente poros. La porosidad, por tanto, se define como la fracción de
volumen de la masa del material que está ocupada por poros o espacio vacío.
Esta propiedad es muy interesante debido a su gran potencial para poner
solución a muchos de los problemas presentes en la actualidad: sustitución y
reducción de combustibles fósiles (almacenamiento de CH4 y H2), reducción de gases
contaminantes (adsorción de CO2), separación de gases, etc.

3.3.1. Almacenamiento de Gases
Por estas razones, muchos investigadores han intentado mejorar la capacidad
de almacenamiento de gases en MOFs modulando la interacción de gas con la red
polimérica, mediante posiciones de coordinación insaturadas y/o mediante uso de
ligandos con los grupos funcionales adecuados.79
El estudio de la capacidad de los MOFs en el almacenamiento de gases se
centra, fundamentalmente, en CH4, H2 y CO2. El interés radica en los siguientes
motivos:
 CH4: Es el combustible cuya relación hidrógeno/carbono es mayor.
 H2: Es uno de los combustibles más prometedores ya que presenta una
alta capacidad energética (123 MJ/kg) y su producto de oxidación es
H2O. Además, el agotamiento de reservas de combustibles fósiles,
aumenta el interés en este gas, como sustituto energético. Actualmente
el mayor problema de su uso es el almacenamiento y transporte del
mismo.
 CO2: El aumento de las emisiones de este gas debido a las acciones
humanas ha crecido de forma exponencial paralelamente al desarrollo
de la industria, contribuyendo el calentamiento global y al aumento de
la acidez de los mares. Por tanto la reducción de su emisión, así como
su captura, es actualmente un reto de la sociedad.
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Para el almacenamiento de H2 el mayor obstáculo se encuentra en la falta de
sistemas eficientes, seguros y capaces de liberar la cantidad de hidrógeno necesaria
en condiciones ambientales. Entre los materiales que son capaces de responder
correctamente a esta necesidad, se encuentran los que están constituidos por ligandos
con grupos carboxílicos. Dentro de estos grupos son los ligandos di- y tricarboxílicos
los más utilizados al presentar una mayor variedad de modos de coordinación.
Si hubiese que poner una familia estandarte en este campo, los materiales más
interesantes son los MOFs desarrollados por O. M. Yaghi basados en cluster Zn4O y
ligandos carboxílicos (MOF-5, IRMOF-1, IRMOF-8, IRMOF-11, IRMOF-18, MOF177).80 De esta familia hay que destacar el MOF-177 (Figura 23), con una de las
mejores capacidades de adsorción conocidas: 7.5wt% a 77K y 70 bares.

Figura 23. a) Estructura del MOF-177. b) Isotermas de H2 a alta presión y 77K de
diferentes materiales MOFs.

Otro de los retos energéticos es el almacenamiento de CH4. Este gas natural
es abundante y sólo cuesta la mitad que la gasolina necesaria para suministrar la
misma energía. El problema es que su baja densidad energética obliga a que deba ser
bombeado desde tanques de alta presión, caros y con volúmenes considerablemente
grandes para su uso móvil. El reto para los investigadores, por tanto, consiste en
encontrar materiales lo suficientemente buenos para hacer más económico y viable su
uso.81
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Uno de los materiales más prometedores en este campo es [{CuSiF6(4,4’bipy)2·8 H2O}n] debido a que su adsorción de metano (0,21 g/mL a 36 atm a 298K)
supera ampliamente a zeolitas tradicionales como la Zeolita A5 (Figura 24).82

Figura 24. a) Estructura del [{CuSiF6(4,4’-bipy)2·8 H2O}n]. b) Isotermas de CH4 a
diferentes presiones y 298K del compuesto comparándolo con la Zeolita 5A.

Por último, el reto contra la contaminación es la búsqueda de materiales con
buena adsorción de CO2. Consiste en encontrar un adsorbente con buena capacidad
de almacenamiento y capaz de regenerarse satisfactoriamente, problemas que se dan
en materiales normalmente usados en este ámbito (Carbones y Zeolitas).83
Por esta razón los MOFs son una de las áreas más activas en este campo de
investigación. Para aumentar la selectividad de estos compuestos frente al CO2, se
suelen modificar el tamaño de poro y la afinidad del ligando hacia el CO2 empleando
ligandos con extensiones considerables.
Partiendo de estas premisas, uno de los materiales más relevantes es el MOF210. 84 Este material con una superficie BET de 6240 m2/g y una capacidad de
adsorción de 54,5 mol/kg a una temperatura de 298K y 50 bares de presión, es uno de
los materiales con la mayor capacidad de adsorción de CO2 (Figura 25).
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Figura 25. a) Estructura del MOF-210. b) Isotermas de CO2 a alta presión y 298K de
diferentes MOFs.

3.3.2. Separación de Gases
Los procesos de purificación y separación de gases tienen gran peso en la
industria. Desde hace unas décadas se han utilizado diferentes materiales inorgánicos
para este cometido, desde gel de sílice o carbón activado hasta tamices moleculares y
zeolitas. Debido a este último grupo, se ha impulsado el desarrollo de MOFs
destinados a esta función.
La separación se puede dar por diferentes factores estéricos, cinéticos y/o de
naturaleza química. Los primeros, como su nombre indica, hacen referencia a las
diferencias de tamaño entre las moléculas a separar (adsorbato) y el tamaño de poro
del material. Los segundos, vienen definidos por la diferencia entre los procesos de
adsorción y desorción. Y, por último, los terceros se basan en interacciones
adsorbato-adsorbente, por lo que es importante conocer las propiedades
fisicoquímicas del adsorbato.
A parte de la búsqueda de materiales que sean selectivos a los tres gases
expuestos en el apartado anterior, se buscan materiales que también sean capaces de
retirar otros contaminantes (NH3, SO2 y Cl2). Por este motivo, diversos MOFs
conocidos (MOF-199, MOF-5, MOF-74, etc.) fueron puestos a prueba para estos
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gases. El resultado mostró que el MOF-74, MOF-199 y IRMOF-3 presentan buena
adsorción para el SO2 y NH3 (Figura 26),85 a consecuencia de los grupos oxo de la
estructura y a la presencia de un centro metálico activo.

Figura 26. Curva de ruptura para contaminantes gaseosos para diferentes MOFs (a) SO2 y
(b) NH3

4. Propiedades Biológicas
En las últimas décadas, en la Química de la coordinación ha surgido un gran
interés en el desarrollo de compuestos que presenten actividad biológica contra
enfermedades de este siglo (Cáncer, Parkinson, Alzheimer, Diabetes, etc.) haciendo
que estos compuestos actúen como fármacos en sí o usándolos para el
encapsulamiento de fármacos conocidos para su transporte y mejora de su eficacia.86
En esta Tesis se recogen algunos materiales a los que se les ha medido la actividad
biológica antitumoral, antiinflamatoria y antiparasitaria.

4.1. Propiedades Antitumorales
El cáncer es una de las predominantes causas de muerte en el mundo. En
países desarrollados se considera la principal causa de mortalidad y amenaza con
alcanzar este número en el resto de países. Las principales causas están asociadas al
estilo de vida adoptado en esos países (tabaco, sedentarismo y dietas).87
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Hasta la fecha, el tratamiento más efectivo es la cirugía seguido por
tratamientos de radioterapia y/o quimioterapia. Sin embargo, la cirugía sólo es eficaz
contra tumores primarios, mientras que para otros casos el uso de las terapias, no es
lo suficientemente eficaz contra cánceres más desarrollados.88
Es por tanto que estos últimos años se ha hecho hincapié en el desarrollo de
nuevos fármacos basados en compuestos de coordinación debido a su capacidad de
presentar propiedades físico-químicas poco comunes en comparación con los
fármacos orgánicos. Además, la versatilidad metal-ligando permite interacciones con
moléculas biológicas diana.89
Durante los años sesenta Rosenberg y su grupo de investigación, mientras
estudiaban la interacción de campos magnéticos sobre la división celular, se
percataron de que el platino presente en las bobinas del imán era el causante de que la
división celular no se produjese correctamente. 90 Tras esto en 1969 publicaron el
primer artículo que atribuía a un compuesto de coordinación (cis-platino,
[PtCl2(NH3)2]) propiedades antitumorales, sentando así las bases para la síntesis de
agentes quimioterapéuticos.91 A pesar de ser uno de los medicamentos más efectivos,
sus graves efectos secundarios (daño renal, nauseas, vómitos severos y destrucción
de médula ósea) limitan su uso clínico. Buscando el equilibrio entre las ventajas e
inconvenientes que presentaba el cis-platino, diferentes derivados (Figura 27),
denominados carboplatinos y oxaliplatinos, han sido investigados y han logrado su
aprobación y uso mundial.92

Figura 27. Estructuras de diferentes compuestos de platino con propiedades antitumorales.
a) cis-platino, b) carboplatino y c) oxaliplatino.

Tras el potencial mostrado por los materiales de platino, la comunidad
científica empezó a buscar agentes terapéuticos en complejos metálicos con
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diferentes núcleos, siendo los de rutenio los que presentan mayor ventaja frente a
otros metales. Presentan diferentes estados de oxidación en condiciones biológicas y
han mostrado menores efectos tóxicos en células sanas al presentar mayor
selectividad frente a células cancerosas.93 Entre los compuestos de esta familia cabe
destacar NAMI-A y NKP-1339 (Figura 28), que se encuentran ya en ensayos
clínicos.94

Figura 28. Estructuras de diferentes compuestos de rutenio con propiedades antitumorales.
a) NAMI-A y b)) NKP-1339.

Aunque estas dos familias de fármacos son las más prometedoras en la lucha contra el
cáncer, actualmente se están desarrollando una gran variedad de compuestos de
coordinación basados en diferentes metales (Cu, Zn, Ni, V...) que también posean el
potencial necesario para combatir esta enfermedad.95

4.2. Otras Propiedades Biológicas
Aunque las otras dos propiedades (antiinflamtoria y antiparasitaria) presentes
entre los compuestos recogidos en esta Tesis, son a priori de menor importancia en
comparación al cáncer, bien es cierto que son área de interés en Química de la
Coordinación.
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La Leishmaniasis es una de las enfermedades parasitarias que más preocupa
en los últimos años. Según la OMS (Organización Mundial de la Salud), dicha
enfermedad causada por protozoos del género Leishmania, es endémica en más de 98
paises y se estima que cada año se producen de 900.000 a 1,3 millones de nuevos
casos y entre 26.000 y 65.000 muertes, convirtiéndola en la novena enfermedad
infeciosa a nivel mundial.96 En la actualidad no existe un tratamiendo eficaz contra la
enfermedad, siendo los antimoniales pentavalentes, como el Pentosam ® o el
Glucantime ® (Figura 29), los que constituyen la primera línea de fármacos para el
tratamiento de la leismaniasis. Sin embargo, presentan severos efectos secundarios y
pueden dar lugar a la resistencia entre los patógenos.

Figura 29. Estructura de (a) Pentosam ® y (b) Glucantime ®.

Es por ello, que la comunidad científica esta centrada en la búsqueda de
nuevos materiales que sean capaces de solventar estos incovenientes. Entre estos
nuevos compuestos de coordinación desarrollados cabría destacar el uso de derivados
de las 1,2,4-triazolopirimidinas por su gran selectividad hacia los parásitos en
comparación a las células huésped.97
Por último, otro gran reto de la comunidad científica se ha centrado en la
búsqueda de nuevos fármacos antiinflamatorios, que no presenten los efectos
secundarios (principalmente relacianodas con el tracto digestivo) que suelen
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presentar los medicamentos antiinflamatorios no steroideos, como por ejemplo el
ibuprofeno o el ácido acetilsalicílico (Figura 30).98

Figura 30. Estructura de (a) ibuprofeno y (b) ácido acetilsalicílico.

El proceso de inflamación está relacionado de forma directa con la liberación
de óxido nítrico (NO). Por tanto la búsqueda de

nuevos compuestos

antiinflamatorios se encuentra centrada en la reducción de este radical mediante su
eliminación o interfiriendo en la actividad enzimática responsable de su liberación.
Recientemente una gran variedad de compuestos de coordinación basados en metales
de la primera serie de transición o lantánidos

están mostrando una excelente

respuesta antiinflamarotoria.99

5. Hipótesis
Los ligandos nitrogenados con grupos carboxilato son unos estupendos
bloques de construcción a la hora de desarrollar nuevos polímeros de coordinación
multifuncionales debido a los múltiples modos de coordinación que exhiben, lo que
les generan un gran potencial para sintetizar materiales que puedan poseer un gran
abanico de propiedades. En este sentido, en esta Tesis Doctoral, nos planteamos
sintetizar una gran variedad de compuestos de coordinación multidimensionales
basados en ligandos de este tipo que fuesen nuevos o que hubiesen sido muy poco
utilizados. La adecuada elección de los centros metálicos y los distintos ligandos
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orgánicos, nos llevaría a ser capaces de obtener distintos tipos de materiales que
podrían exhibir interesantes propiedades de interés en campos tan distintos como
magnetismo, luminiscencia, cáncer, adsorción, catálisis, electrónica y sensores. Con
todo lo anterior, deberíamos ser capaces de obtener cristales de estos nuevos
materiales para estudiar sus propiedades estructurales y tunearlas, con el objetivo
fundamental de llegar a obtener nuevos sistemas de diversa dimensionalidad
diseñados adrede para conseguir transformar una idea plasmada en un papel en una
realidad con interesantes aplicaciones.

6. Objetivos
Basándonos en todo lo explicado anteriormente, queda claro que la búsqueda
de nuevos compuestos de coordinación multifuncionales es uno de los retos actuales
de la Química de la Coordinación. Esta Tesis Doctoral se encuentra situada dentro de
este reto y tiene como objetivo fundamental la búsqueda de nuevos compuestos de
coordinación así como su caracterización estructural y estudio de las posibles
propiedades que puedan mostrar. La utilización de ligandos con una gran diversidad
de formas de coordinación parece ser la herramienta perfecta para desarrollar nuevos
materiales. Por lo tanto, la utilización de ligandos nitrogenados que contengan grupos
carboxilato es un buen recurso para llevar a cabo este objetivo principal.

Los objetivos derivados que se persiguen son:
1- Obtener una familia de compuestos de coordinación, utilizando un ligando
con una estructura sencilla derivado del imidazol (Figura 31) que será
nuestro punto de partida para desarrollar materiales con diferente
dimensionalidad. Se estudiarán las propiedades de los materiales
sintetizados y se analizará al comportamiento de los grupos funcionales de
este ligando en presencia de iones metálicos.
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Figura 31. Ligando imidazol que se usará: Ácido 1-metilimidazol-5carboxílico.

2- Intentar sintetizar compuestos más complejos estructuralmente, mediante
el aumento el ángulo del ciclo aromático manteniendo relativamente las
distancias entre los grupos funcionales del ligando para separar
adecuadamente los centros metálicos en la estructura. Para ello se
utilizarán ligandos carboxílicos derivados de la piridina (Figura 32).

Figura 32. Ligandos derivados de piridina que se quieren estudiar durante el
desarrollo de esta Tesis. De izquierda a derecha: ácido 5-bromonicotínico,
ácido 5-amino-2-carboxílico y Metil-2-aminoisonicotinato.

3- Sintetizar compuestos multifuncionales con mayor rigidez estructural,
mediante la utilización de ligandos carboxílicos derivados del indazol y a
su vez estudiar la relevancia del posicionamiento relativo de los grupos
funcionales mediante la variación de la posición del ácido carboxílico en
la estructura (Figura 33).
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Figura 33. Ligandos derivados de indazol que se estudiarán en esta Tesis. De
izquierda a derecha y de arriba a abajo: ácido 1H-Indazol-4-carboxílico, ácido
1H-Indazol-6-carboxílico, ácido 1H-Indazol-5-carboxílico y ácido Indazol-3carboxílico.

4- Por último, se analizará la ausencia de alguno de los grupos funcionales
anteriores y/o la utilización de otros grupos funcionales tales como
alcoholes o carbonitrilos, sintetizando compuestos de coordinación
mediante el uso de ligandos que cumplan los requisitos estructurales
deseados (Figura 34).

Figura 34. Ligandos que presentan variación de los grupos funcionales que
serán estudiados en esta Tesis. De izquierda a derecha: 4-hidroxipirimidina-5carbonitrilo y ácido 2,5-dihidroxitereftálico.
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Designing Single-Ion Magnets and Phosphorescent Materials with 1Methylimidazole-5-carboxylate and Transition-Metal Ions

Abstract
Detailed structural, magnetic and photoluminescence (PL) characterization of
four new compounds based on 1-methylimidazole-5-carboxylate (mimc) ligand and
transition metal ions, namely [Ni(mimc)2(H2O)4] (1), [Co(μ-mimc)2]n (2), {[Cu2(μmimc)4(H2O)]·2H2O}n (3) and [Cd(μ-mimc)2(H2O)]n(4) is reported. The structural
diversity found in the family of compounds derives from the coordination versatility
of the ligand, which coordinates as terminal ligand to give a supramolecular network
of monomeric entities in 1 or acts as bridging linker to build isoreticular 2D
coordination polymers (CPs) in 2, 3 and 4. Magnetic direct-current (dc) susceptibility
data have been measured for compounds 1, 2 and 3 to analyze the exchange
interactions among paramagnetic centers, which have been indeed supported by
calculations based on broken symmetry (BS) and density functional theory (DFT)
methodology. Temperature dependence of susceptibility and magnetization data of 2
are indicative of easy-plane anisotropy (D = +40 cm–1, E = +6.6 cm–1) that involves
bi-stable Ms = ±1/2 ground state. Alternating-current (ac) susceptibility curves
exhibit field-induced single-ion magnet (SIM) behavior that occurs below 14 K when
applying an external dc field, which is characterized by two thermally activated
Arrhenius spin relaxation processes (Ueff = 5.9 and 17.8 K) governed by transverse
anisotropy. Exhaustive PL analysis of compound 4 in solid state confirms low
temperature phosphorescent green emission consisting of radiative components with
lifetimes in the range of 0.25-0.43 s, which explains afterglow lasting for about one
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second after the removal of the UV source. Time-dependent DFT along with
computational calculations to estimate phosphorescent vertical transitions have been
also employed to provide accurate description of the PL performance of this longlasting phosphor.

1. Introduction
The construction of coordination polymers (CPs) is a hot topic in crystal
engineering that is receiving an increasing interest from many different areas of
science owing to the continuous advances shown by these multifunctional materials.1
The success of CPs is mainly due to their intriguing architectures and topologies
resulting from the self-assembly of bridging organic ligands with appropriate metal
ions or clusters, which offers endless possibilities given the large list of both
components and their combinations obeying the principles of reticular chemistry.2 In
this regard, an important aspect to exert control towards the desired crystalline
frameworks lies on controlling synthetic conditions (temperature, solvent,
stoichiometry, pH, and so on), 3 the selection of adequate metal ions and organic
ligands, indeed, is not of less importance in tuning the structures. Although the
particular subclass of metal-organic frameworks (MOFs), enclosing impressive
surface areas and versatile pores, occupies an important part of this research area, 4 a
wide variety of equally fascinating properties arise from non-porous CPs, among
which optical storage, drug delivery, catalysis, magnetism or luminescence may be
highlighted. 5 It is at this point, in fact, where the intrinsic characteristics of the
structural components (ions and ligands) make the difference to endorse these metalorganic materials with outstanding functionalities. On the one hand, ligands
containing carboxylate groups are widely employed owing to their high coordination
capacity as well as flexibility that permits them adopting different binding modes to
fit into most of first row transition metal environments and crystal packing
requirements.6 Moreover, the chemical nature of the spacer is not a less important
concern, since, for example, aromatic spacers afford greater rigidity than aliphatic
ones owing to their limited geometric characteristics that may restrict the structural
variability, a fact of major importance when only one ligand is employed. On the
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other hand, first row transition metal ions are undoubtedly a great choice in seeking
for materials with best-in-class magnetic and photoluminescent (PL) properties.7
Particularly for molecular magnetism, actual scientific efforts are focused on
understanding the physics governing the slow magnetic relaxation behavior of
molecular systems with only one spin carrier, large magnetic anisotropy and no
intermetallic exchange interactions of thence called single ion magnets (SIMs). 8 In
this regard, as already corroborated by many works since Chang and Long et. al. first
proved in 2010, 9 slow magnetic relaxation is achieved for mononuclear transition
metal based compounds provided that they afford ground states with high spin (S)
and magnetic anisotropy consisting of zero-field splitting D and E parameters (stand
for axial and transverse anisotropy).10 More recently, it could be demonstrated that
SIM behavior was not exclusively manifested in mononuclear species so it has
rapidly been extended over polymeric species and first SIM-CPs have been
reported.11 At first sight, Co(II) is clearly the most acknowledged ion among firstrow transition metals to build SIM-CPs given that its non-integer spin ground state,
according to Kramers theorem, reduces the probability of fast quantum tunneling of
the magnetization process that bypasses the desired slow relaxation. 12 Although
different coordination geometries and donor environments are available for Co(II)
based SIMs, the vast majority contain tetrahedral or pseudotetrahedral geometries.13
The main reason lies on the fact that low coordination number is beneficial for
designing SIMs given that first-order orbital angular momentum is largely quenched
by the ligand field so that spin-orbit coupling may be compensated.14 In this sense, a
low coordination number is able to afford a weak ligand field, thus preventing the
quenching up to a point.
Regarding the photoluminescent performance, recent research works have
shifted the attention towards CPs containing d10 metal ions15 owing to their capacity
to stabilize long-lasting phosphorescence (LLP) or afterglow phenomena in the
resulting materials so that they could bring a significant step in the field of enhanced
organic light-emitting diodes (OLEDs). 16 This fact is derived from the intrinsic
characteristics of these metal ions (namely the absence of potential quenching
processes owing to their closed-shell configuration) which, combined with the
appropriate fluorescent organic ligands, promotes the reorganization of the energy
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levels in the compounds that leads to stronger and brighter emission [via ligand
centered (LCCT) or ligand-to-metal charge transfers (LMCT)] compared to that of
free organic molecule.17
All in all, we have made use of the latter considerations to design new CPs
showing SIMs and LLP behaviors, for which adequate transition metal ions have
been reacted with 1-methylimidazole-5-carboxylate (mimc). The selection of this
ligand, yet not employed in the construction of CPs so far, is due to its ability to play
two essential roles while it sequentially bridges metal ions: separate spin carriers
spatially in the network by favoring metal ions to adopt low coordination numbers,
all which promotes slow relaxation phenomenon; and act as an effective fluorescent
molecule that allows for intense photoluminescent transitions.

2. Experimental Procedures

2.1. Chemicals
All the chemicals were of reagent grade and were used as commercially obtained.

2.2. Synthesis
Synthesis of [Ni(mimc)2(H2O)4] (1). 0.08 mmol (10.00 mg) of Hmimc were
dissolved in 0.5 mL of DMF and mixed with a distilled water solution containing
0.04 mmol of Ni(NO3)2·6H2O (11.63 mg). Then, 1 mL of DMF is added to the
mixture and stirred until homogeneity. The resulting solution was placed in a closed
glass vessel and introduced in an oven at 95ºC for 24h. Light green single crystals
were grown during the heating procedure under autogenous pressure, which were
filtered off and collected at open atmosphere and washed with water and methanol.
Yield: 30% based on metal. Anal. calc. for C10H18N4NiO8 (%): C, 31.53; H, 4.76; N,
14.71. Found: C, 31.65; H, 4.58; N, 14.52.
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Synthesis of [Co(μ-mimc)2]n (2). Well shaped purple single crystals of 2
were obtained after carrying out the same general procedure described for 1 but
replacing Ni(NO3)2·6H2O by Co(NO3)2·6H2O (11.65 mg). Yield: 43% based on
metal. Anal. calc. for C10H10CoN4O4 (%): C, 38.85; H, 3.26; N, 18.12. Found: C,
38.71; H, 3.18; N, 18.15.
Synthesis of {[Cu2(μ-mimc)4(H2O)]·2H2O}n (3). The general procedure
described for 1 was followed using Cu(NO3)2·H2O (9.66 mg) as metal source, which
led to single crystals of 3. Yield: 25% based on metal. Anal. calc. for
C20H26Cu2N8O11 (%): C, 35.24; H, 3.84; N, 16.44. Found: C, 35.42; H, 3.64; N,
16.53.
Synthesis of [Cd(μ-mimc)2(H2O)]n (4). The general procedure described for
1 was followed using Cd(NO3)2·4H2O (15.88 mg) as metal source, which led to well
shaped single crystals of 4. Yield: 23% based on metal. Anal. calc. for
C10H12CdN4O5 (%): C, 31.55; H, 3.18; N, 14.72. Found: C, 31.37; H, 3.10; N, 14.62.

2.3. Physical Measurements
Elemental analyses (C, H, N) were performed on an Euro EA Elemental
Analyzer. FTIR spectra (KBr pellets) were recorded on a Nicolet IR 6700
spectrometer in the 4000−400 cm−1 spectral region. Magnetic susceptibility
measurements were performed on polycrystalline samples of the complexes with a
Quantum Design SQUID MPMS-7T or MPMS-XL5 (only for compound 3)
susceptometers at an applied magnetic field of 1000 G. The susceptibility data were
corrected for the diamagnetism estimated from Pascal's Tables, 18 the temperatureindependent paramagnetism and the magnetization of the sample holder.
Magnetization and alternating-current (ac) susceptibility measurements were carried
out on a PPMS (Physical Property Measurement System)-Quantum Design Model
6000 magnetometer under a 3.5 Oeac field and frequencies ranging from 60 to
10,000 Hz. Thermal analyses (TG/DTA) were performed on a TA Instruments SDT
2960 thermal analyzer in a synthetic air atmosphere (79% N2 / 21% O2) with a
heating rate of 5ºC·min–1. A closed cycle helium cryostat enclosed in an Edinburgh
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Instruments FLS920 spectrometer was employed for recording photoluminescence
(PL) measurements of polycrystalline samples of 4 in the 10–250 K range. For steady
state measurements an IK3552R-G HeCd continuous laser (325 nm) and a MüllerElektronik- Optik SVX1450 Xe lamp were used as excitation source. Photographs of
irradiated single-crystal and polycrystalline samples were taken at room temperature
in a micro-PL system included in an Olympus optical microscope illuminated with a
HeCd laser or a Hg lamp. Lifetime measurements were performed under excitation at
the maximum (325 nm) for selected emission wavelengths in the 350–650 nm range.
Decay curves were recorded with microsecond pulse lamps as excitation source
employing exposure times as to achieve 104 counts in the pulse of reference, and they
were analyzed tail fitting.

2.4. X-ray Diffraction
X-ray data collection of suitable single crystals of all compounds were done at
100(2) K on a Bruker VENTURE area detector equipped with graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å) by applying the ω-scan method.
The data reduction was performed with the APEX2 19 software and corrected for
absorption using SADABS.20 Crystal structures were solved by direct methods using
the SIR97 program 21 and refined by full-matrix least-squares on F2 including all
reflections using anisotropic displacement parameters by means of the WINGX
crystallographic package.22 All hydrogen atoms were located in difference Fourier
maps and included as fixed contributions riding on attached atoms with isotropic
thermal displacement parameters 1.2 times or 1.5 times those of their parent atoms
for the organic ligands and the water molecules, respectively. Details of the structure
determination and refinement of compounds 1–4 are summarized in Table 1.
Crystallographic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data Center as
supplementary publication nos. CCDC 1566132-1566135. Copies of the data can be
obtained free of charge on application to the Director, CCDC, 12 Union Road,
Cambridge,

CB2

1EZ,

U.K.

(Fax:

+44-1223-335033;

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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Table 1. Crystallographic data and structure refinement details of all compounds.
Compound

1

2

3

4

Chem. form.

C10H18N4NiO8

C10H10CoN4O4

C20H26Cu2N8O11

C10H12CdN4O5

Form. weight

380.97

309.15

681.56

380.64

Cryst. system

Monoclinic

Monoclinic

Monoclinic

Monoclinic

Space group

C2/m

P21/c

P2/c

P21/n

a (Å)

14.7901(8)

12.494(2)

12.885(1)

8.0827(4)

b (Å)

6.9602(3)

13.420(2)

5.604(1)

12.2183(6)

c (Å)

7.6649(4)

7.392(1)

18.544(1)

12.9795(6)

α (º)

90

90

90

90

β (º)

113.977(2)

100.05(1)

93.17(4)

95.100(2)

γ (º)

90

90

90

90

V (Å )

720.95(6)

1220.4(3)

1337.0(2)

1266.9(1)

Z

2

4

2

4

1.142

0.939

1.142

1.047

0.0340

0.0827

0.0459

0.0577

R1 / wR
[I>2σ(I)]

0.0198 / 0.0199

0.1029 / 0.2511

0.0820 / 0.2182

0.0241 / 0.0274

R1b / wR2c (all
data)

0.0500 / 0.0500

0.1138 / 0.2551

0.0870 / 0.2233

0.0626 / 0.0608

3

a

GOF
Rint
b

2c

[a] S = [∑w(F02 – Fc2)2 / (Nobs– Nparam)]1/2 [b] R1 = ∑||F0|–|Fc|| / ∑|F0| [c] wR2 = [∑w(F02 – Fc2)2 / ∑wF02]1/2; w =
1/[σ2(F02) + (aP)2 + bP] where P = (max(F02,0) + 2Fc2)/3 with a = 0.0163 (1), 0.0174 (2), 0.1392 (3), 0.0298 (4); and b =
0.9304 (1), 46.3883 (2), 18.5744 (3), 0.9904 (4).

Powder X-ray diffraction (PXRD) patterns were collected on a Phillips
X'PERT powder diffractometer with Cu-Kα radiation (λ = 1.5418 Å) over the range 5
< 2θ < 50º and using a fixed slit, a step size of 0.026º and an acquisition time of 2.5 s
per step at 25ºC. Pattern-matching analyses of the diffractograms were done by
means of the FULLPROF program (pattern-matching analysis)23 on the basis of the
space group and the cell parameters found for single crystal X-ray diffraction.

2.5. Computational details
TD-DFT theoretical calculations were performed at 10K using the Gaussian
09 package,24 using the Becke three parameter hybrid functional with the non-local
correlation functional of Lee-Yang-Parr (B3LYP)25 along with 6-311G(d)26 basis set
was adopted for all atoms but for the central cadmium cation, where the LANL2DZ27
basis set along with the corresponding effective core potential (ECP) was used,
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whereas. The latter strategy has proven successful in describing luminescence
performance of cadmium-based coordination compounds.28 The 40 lowest excitation
and emission energies were calculated on model 4 by the TD-DFT method. Results
were analyzed with GaussSum program package 29 and molecular orbitals plotted
using GaussView 5.30 A detailed description of the computational strategy adopted in
this work to compute the magnetic coupling constant (Jcalc) value of 2 and 3 consists
of Nodlemann’s Broken Symmetry Approach.31 One calculation was performed to
determine the high-spin state and another to determine the low-spin broken symmetry
state, employing the dispersion corrected B97D functional

32

and Gaussian

implemented 6-311G++(d,p) basis set 33 for all non-metallic atoms or LANL2DZ
pseudo-potential for the cobalt(II) atoms. The correctness of this method is supported
by the work of Kumar Singh and Rajaraman,34 whereas the nature of both spin states
was confirmed by means of its spin density distribution.

3. Results and Discussion

3.1. Structural Description
Structural description of [Ni(mimc)2(H2O)4] (1). Compound 1 crystallizes
in the C2/m and consists of a supramolecular crystal building in which neutral
monomers of the title formula are linked together by means of hydrogen bonding and
π–π interactions. In the centrosymmetric complex, four water molecules occupy the
basal plane that crosses Ni1 atom while two mimc-κN3 terminal ligands are
coordinated at the apical positions, thus rendering a slightly compressed octahedron
as confirmed by continuous shape measures (SOC = 0.04) calculated by the SHAPE
program (Figure 1, Table 2).35
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Table 2. Selected bond lengths (Å) for compound 1.a
Ni1–N3

2.064(2)

Ni1–O1w(i)

2.102(2)

Ni1–N3(i)

2.064(2)

Ni1–O1w(ii)

2.102(2)

Ni1–O1w

2.102(2)

Ni1–O1w(iii)

2.102(2)

a

Symmetry operations: (i) =−x−1, −y, −z; (ii) = x, −y, z; (iii) = −x−1,y, −z.

Figure 1. View of complex 1 (ellipsoids 50% of probability) showing the coordination
polyhedron and numbering scheme used.

The monomeric entity resembles that contained in the recently reported
compound [Cd(HMPCA)2(H2O)4] (where HMPCA = 3-methyl-1H-pyrazole-4carboxylate), in which apical mimc ligands are replaced by HMPCA ligands. 36
Within the molecule, carboxylate groups of mimc ligands remain completely planar
and are exposed outwards so as to act as receptors of Ow–Hw···Ocarb hydrogen
bonding interactions starting at coordination water molecules of adjacent monomers.
First, a sort of supramolecular array is established along the crystallographic c axis
by successive double hydrogen bonds formed between two coordination water
arranged in cis and O62 atom, where mimc ligands are forced to remain coplanar by
means of weak C–H···O interactions. Hereafter, additional Ow–Hw···Ocarb bonds
are set to join the monomers along the remaining directions (Figure 2), such that the
resulting 3D building is completed and sustained by relatively strong face-to-face π–
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π stacking interactions among the aromatic rings of mimc ligands (Tables 3 and 4).
As a matter of fact, considering that all supramolecular interactions make each
complex molecule be surrounded by six ones, it is concluded that they are organized
in a pcu topological framework as confirmed by TOPOS program.37

Figure 2. Views of the packing of compound 1 showing the supramolecular interactions
taking place among monomeric molecules.

Table 3. Structural parameters (Å, º) of hydrogen bonds in compound 1.a
D–H···Ab

D–H

H···A

D···A

D–H···A

O1w–H11w···O61(iv)

0.86

1.86

2.719(1)

175.5

O1w–H12w···O62(v)

0.82

1.95

2.745(1)

163.5

a
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Table 4. Structural parameters (Å,º) of π–π interactions of compound 1.a
Ring···Ringb

α

DC

β

DZ

DXY

Dist.

1A–1A(iv)

0.02

3.883(1)

26.34

3.480

1.723

3.49–3.54

1A–1A(vi)

0.02

3.883(1)

26.34

3.480

1.723

3.49–3.54

1A–1A(vii)

0.02

3.883(1)

26.34

3.480

1.723

3.49–3.54

1A–1A(viii)

0.02

3.883(1)

26.34

3.480

1.723

3.49–3.54

Symmetry: (iv) = –x–3/2, y–1/2, –z–1; (vi) = –x–3/2, y+1/2, –z–1; (vii) = –x–3/2, –y–1/2, –z–1; (viii)
= –x–3/2, –y+1/2, –z–1. α: dihedral angle between mean planes of the rings (°). DC: distance between
ring centroids (Å).β: angle between DC vector and normal to plane(I) (°). DZ: perpendicular distance
of the centroids of ring(I) on plane of ring(II) (Å). DXY: slippage (Å). Dist.: shorter distances
between non-hydrogen atoms of rings (I) and (II). bRings: 1A: N1, C2, N3, C4, C5.

a

Structural description of [Co(μ-mimc)2]n (2).Crystal structure of compound
2 grows from the pilling of neutral 2D layers held together by π–π stacking
interactions. In the asymmetric unit, Co1 is coordinated to four mimc ligands through
two imidazole nitrogen and two carboxylate oxygen atoms since O62B atom (at
distance of ca. 2.85Å) cannot be considered to be coordinated (Table 5) which gives
coordination polyhedron that resembles a distorted tetrahedron (ST = 0.73, Figure 3).
It is worth noticing that the two crystallographically independent mimc ligands
remain essentially planar (carboxylate groups rotate ca. 1.5 and 4.6° with regard to
the imidazole ring respectively for A and B ligands) to bridge Co1 atoms one another
by acquiring the μ-κN1:κO61 mode, which imposes Co···Co distances of ca. 7.8 Å
and 11.5 Å for the edge and square diagonal, respectively. Taking into account that
each metal centre is surrounded by four ligands and that they acquire parallel
dispositions in pairs (A and B ligands on their part), the resulting Co(N)2(CO2)2
building unit may be considered as a pseudo-square planar node from the topological
point of view. The parallel arrangement between symmetry related A ligands seems
to come from an intramolecular C2A–H2A···O62A hydrogen bond between the
aromatic ring and nonbonding carboxylate oxygen atom, which, in turn, prevents the
latter atom from coordinating to Co1 atom. Accordingly, the linkage of these units
one another gives rise to somewhat corrugated open 2D layers showing square
windows and thus, of the sql topological class and (44·62) point symbol.
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Table 5.Bond lengths for coordination environment of compound 2.a
Co1–O61A

1.933(9)

Co1–N3A(ii)

2.002(10)

Co1–O61B(i)

1.953(9)

Co1–N3B

2.032(11)

a

Symmetries: (i) = –x, y – 1/2, –z + 1/2; (ii) = x, y, z + 1.

Figure 3. (a) Building unit of compound 2 with atom labels of coordination sphere. Note that
A and B labels stand for A and B ligands and that orange dashed line represent the
intramolecular hydrogen bond. (b) 2D layer showing the square grid.

These kinds of layers are frequently found for CPs resulting of the
combination of tetrahedral nodes with ligands capable of acting as μ-κN:κO linkers
since four-membered M–O–C–O–M chelating rings are prevented, as it is the case of
{[Co(μ-6ani)2]·H2O}n compound based on 6-aminonicotinato ligand.11e Probably as a
consequence of the large section of the square windows within the layers, mimc
ligands are allowed to cross through the windows, which brings a 2-fold
interpenetration in the overall crystal building. Within the entangled layers, the
second subnet is placed closed to the first one in order to favour strong face-to-face
π−π interactions (Figure 4) between the aromatic rings of mimc B ligands when
crossing the rings of the first subnet in addition to comparatively weak stacking
interactions among A ligands (Table 6). These entangled layers are packed one
another along a axis in the absence of any remarkable interaction unless very weak
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contacts involving the methyl groups and aromatic rings of mimc ligands that belong
to different subnets. Moreover, the entangled layers show no offset along the packing
directions, such that the overall building contains no voids (Figure 4).

Figure 4. View of the 2-fold interpenetrated building of compound 2 (red and blue layers
represent independent subnets) showing π−π interactions among mimc ligands.

Table 6. Structural parameters (Å, º) of π–π interactions of compound 2.a
Ring···Ringb

α

DC

β

DZ

DXY

Dist.

1A–1A(iii)

12.92

5.240(8)

42.41

3.512

–

4.69–4.70

1A–1A(iv)

12.92

5.240(8)

42.41

3.512

–

4.03–4.65

1B–1B(iii)

20.15

4.019(7)

13.48

3.356

–

3.72–4.41

1B–1B(iv)

20.15

4.019(7)

33.38

3.908

–

3.72–4.41

a
Symmetry: (iii) = x, –y – 1/2, z – 1/2; (iv) = x, –y + 1/2, z + 1/2; (v) = –x, –y, –z. α: dihedral angle
between mean planes of the rings (°). DC: distance between ring centroids (Å).β: angle between DC vector
and normal to plane(I) (°). DZ: perpendicular distance of the centroids of ring(I) on plane of ring(II) (Å).
DXY: slippage (Å). Dist.: shorter distances between non-hydrogen atoms of rings (I) and (II). bRings: 1A:
N1A, C2A, N3A, C4A, C5A; 1B: N1B, C2B, N3B, C4B, C5B.
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Structural description of {[Cu(μ-mimc)2(H2O)]·2H2O}n (3). Crystal
structure of compound 3 crystallizes in P2/c group and consists of a compact
framework built up from similar 2D layers to those described for 2 that are held
together by means of hydrogen bonding interactions. The asymmetric unit contains
two crystallographically independent copper (II) atoms (both of which are sited on a
binary axis), a coordination water molecule, two mimc bridging ligands, and a lattice
water molecule (Figure 5).

Figure 5. Excerpt of crystal structure of compound 3 showing the coordination polyhedra of
Cu1 and Cu2 atoms and the numbering scheme of donor atoms.

Cu1 lies on an inversion center and describes a severely distorted 4 + 2
octahedron (SOC = 9.74) in which the basal plane is formed by two O61B carboxylate
oxygen atoms and two N3A imidazole atoms, whereas the elongated axis is occupied
by O62B atoms pertaining to the chelating carboxylate group. Cu2 displays an almost
ideal square pyramidal (SPY) environment (SSPY = 0.43) established by two
monodentate carboxylate oxygen atoms and two N3B atoms of mimc ligands,
whereas an apically elongated water molecule completes the coordination shell
(Table 7).
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Table 7.Bond lengths (Å) for coordination environment of compound 3.a

a

Cu1–N3A

1.966(10)

Cu2–N3B(ii)

1.961(10)

Cu1–N3A(i)

1.966(10)

Cu2–N3B(iii)

1.961(10

Cu1–O61B

1.948(8)

Cu2–O61A

2.000(8)

Cu1–O61B(i)

1.948(8)

Cu2–O61A(iv)

2.000(8)

Cu1–O62B

2.762(8)

Cu2–O1w

2.153(17)

Cu1–O62B(i)

2.762(8)

Symmetries: (i) = –x+1, –y+2, –z+1; (ii) = –x, –y+2, –z+1; (iii) = x, –y+2, z–1/2; (iv) = –x, y, –z+1/2.

Hence, copper(II) atoms are sequentially joined by two types of mimc ligands
describing slightly different coordination modes, i.e. μ-mimc-κN3A:κO61A (A
ligand) and μ-mimc-κN3B:κ2O61B,O62B (B ligand), imposing Cu1···Cu2 distances
of ca. 7.79 Å and 8.21 Å. The non-equality of those bridges promotes substantial
distortion on the square grid of the 2D layers that spread along the crystallographic
ac plane. Moreover, mimc ligands are forced to be folded required by the
coordination shells, thus arranged in a non perpendicular disposition (angle of 55.2
and 52.5º for A and B ligands, respectively, with respect to the mean plane of 2D
layer), although the 2D network preserves the sql topology (Figure 6). This structural
feature closes to a large extent the accessibility of the square rings thereby preventing
any possible π–π stacking interaction among mimc ligands belonging to adjacent
layers. Instead, layers are packed in a parallel fashion along b axis in such a way that
layers get mutually eclipsed, which is achieved by means of hydrogen bonding
interactions provided by coordination O1w water molecule (Table 8). As a
consequence, very narrow pores, filled with crystallization water molecules, are left
within the framework.

Table 8.Structural parameters (Å, º) of hydrogen bonds in compound 3.a
D–H···Ab

D–H

H···A

D···A

D–H···A

O1w–H11w···O62(v)

0.86

1.77

2.618(13)

169.1

a

Symmetry codes: (v) = –x, y + 1, –z + 1/2; (vi) = x, y + 1, z. bD: donor. A: acceptor
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Figure 6. Packing of compound 3 along b axis showing the lattice water molecules
occupying the voids of the structure.

Structural description of [Cd(μ-mimc)2(H2O)]n (4). Compound 4 presents a
2D-layered framework that can be considered as another variant of square-grid
networks shown by compounds 2 and 3. Cd1 atom is placed in the centre of a
severely distorted octahedron (SOC = 3.02) established by two nitrogen atoms of two
independent mimc ligands, two oxygen atoms from a chelating carboxylate group, a
monodentate carboxylate oxygen atom and water molecule (Figure 7, Table 9).

Table 9. Selected bond lengths (Å) for compound 4.a
Cd1–N3A

2.258(2)

Cd1–O61B(ii)

2.437(2)

Cd1–N3B

2.243(2)

Cd1–O62B(ii)

2.345(2)

Cd1–O62A(i)

2.282(2)

Cd1–O1w

2.355(3)

a
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Figure 7. Relative disposition of square rings within the layer, hydrogen bonding
interactions between layers and their mutual packing in compound 4.

The disposition of the four mimc ligands (two showing the μ-κN:κO (A
ligands) and two the μ-κN:κ2O,O’ (B ligands) coordinated to Cd1 atoms is such that
the junction of the [Cd(Nmimc)2(CO2)2] 4-connected nodes by the linear linkers gives
rise to highly corrugated square-grid. In fact, considering the mean plane formed by
metal centers, adjacent 4-member rings are largely folded to acquire a relative almost
perpendicular disposition (80.6º). An important structural feature concerns the
relative disposition of mimc ligands within the 4-member rings, since it allows π–π
stacking interactions in the overall building of 4 among consecutive layers in spite of
their lack of planarity (Figure 8).
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Figure 8. Relative disposition of square rings within the layer, hydrogen bonding
interactions between layers and their mutual packing in compound 4.

Furthermore, strong hydrogen bonds are established between the layers
through O1w···Ocarboxylate interactions, which reinforce the cohesiveness and lead
to a dense 3D packing that leaves no voids (Table 10).

Table 10. Structural parameters (Å, º) of hydrogen bonds in compound 4.a
D–H···Ab

D–H

H···A

D···A

D–H···A

O1w–H11w···O61A(iii)

0.89

1.87

2.730(2)

163.7

O1w–H12w···O62B(iv)

0.86

1.89

2.746(2)

170.1

a
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3.2. Magnetic Properties
Static Magnetic Measurements. The temperature dependent magnetic
susceptibility data were measured on polycrystalline samples of compounds 1–3
under an applied magnetic field of 1000 Oe in the 5–300 K range (Table 11). The
magnetic behavior of compound 1 in the form of χMT vs T (where χM stands for the
magnetic susceptibility per nickel(II) ion) exhibits a χMT value at room temperature
that is close to that expected for an isolated spin doublet (1.00 cm3 mol–1 K with g =
2.01, see Figure 9).

Table 11. Best least-squares fits of the experimental curves and theoretically or
computationally calculated magnetic data.
XMT (300 K)[a]

J (cm–1)[b]
g[b]

Compound
Exp.

Calcd.

Exp.

DFT

2

2.67

1.87

–

–0.15

–

3

0.389

0.375

–6.4(1)

–5.8

2.13

R x 106[b]

1.75

[a] R = Σi[(χMT)obsd.(i) – (χMT)calcd.(i)]2/Σi[(χMT)obsd.(i)]2. [b] Experimental and calculated room temperature
χMT values expressed in cm3 K mol–1. [c] Coupling constants from best-fitting of experimental curves and
BS-DFT calculations.

Figure 9. Fitting (red line) of χMTvs T (○) curve of compound 1.
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Upon cooling, χMT product remains almost constant up to 40 K, where it
decreases abruptly and reaches a value of 0.74 cm3 mol–1 K probably as a
consequence of the occurrence of zero-field splitting (ZFS) considering the large
Ni···Ni distances mediating through hydrogen bonding (ca. 7.7 Å) and face-to-face
π–π (ca. 8.9 Å) interactions among monomeric complexes in the crystal structure of
compound 1. In fact, computational calculations have shown the occurrence of
negligible antiferromagnetic couplings through similar face-to-face π–π stackings in
a recent work.38 The dc magnetic susceptibility data and magnetization curves were
simultaneously analyzed using the PHI program 39 with the following effective spin
Hamiltonian (eq 1):
Hˆ  D( Sˆ z 2  Sˆ / 3)  E ( Sˆ x 2  Sˆ y 2 )   B B ·g ·Sˆ

(eq 1)

Where first and second terms stand for axial and rhombic anisotropic ZFS
interactions parameterized by D and E, respectively; Ŝ is the spin operator with x, y
or z components and the last term accounts for the Zeeman interaction with the local
magnetic field ( B ), parameterized through the Landég tensor. Best fitting of the
experimental curve was achieved with the following set of parameters: g = 2.08, D =
+2.41 cm–1 and E < +0.1 cm–1 with R = 9.3×10–4. The weak rhombicity signified by
the E parameter and the value of D is consistent with the magnetostructural
correlation of this parameter based on Ni(II) complexes containing a {NiN2O4}
chromophore with a compressed tetragonal bipyramid geometry.40 Although it is true
that most of the latter compounds present an experimental negative sign of D
parameter, the present case fits well the predicted positive sign of D by CASSCF
calculations.41
The χMT vs T plot for 2 (Figure 10) shows that the room temperature χMT
product (2.67 cm3 mol–1 K) is within the range expected for one high-spin d7CoII ion
(S = 3/2) with some orbital angular momentum contribution.42
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Figure 10. (a) χM vs T (○) plot and (b) M vs H/T curves showing best fittings for compound
2.

χMT exhibits a continuous decrease cooling down the sample, which is
indicative of significant spin-orbit coupling (SOC) that makes the fitting of these data
somewhat tricky. In particular, the drop is more abrupt below 50 K (where it reaches
a value of 1.51 cm3 mol–1 K) probably owing to intrinsic magnetic anisotropy of the
CoII ions taking into account the large Co···Co distance along μ-mimc bridges (ca.
7.8 Å) in the structure. Fitting of the χM–1 vs T curve to the Curie-Weiss law in the
50–300 K range gives values of C = 2.88 cm3 K mol–1 and θ = –22.6 K. Despite the
apparent antiferromagnetic nature of compound 2, an estimation of the exchange
interactions with the phenomenological equation proposed by Rueff et al. 43 (equation
2) that gives A + B = 2.93 cm3 K mol–1 (very close to the Curie parameter), E1/κ =
+49(1) K (so called within the range for similar cobalt(II) compounds),44 and –E2/κ =
–0.56(3) K, suggests the presence of almost negligible antiferromagnetic interactions
(Figure 11).
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χMT = Aexp(–E1/κT) + Bexp(–E2/κT)

(eq. 2)

Figure 11. Curie-Weiss fitting (red line) of χM–1 vs T (○) curve.

BS-DFT calculations performed on a suitable dimeric model of 2 confirm the
occurrence of very weak antiferromagnetic exchange in 2, allowing us to consider it
as 2D network of isolated CoII ions. Magnetization data were collected at several
temperatures (2–7 K) under an applied field ranging from 0 to 3.5 T. At first glance,
the value of M at 2K (2.23 NμB) does not reach the theoretical saturation for S = 3/2
(Msat = 3.3, with g = 2.2). Moreover, isothermal curves do not collapse in a single
master curve, which supports the presence of significant magnetic anisotropy. The
simultaneous fitting of both data with the spin Hamiltonian that includes the ZFS
term and electron Zeeman interaction (equation 1) by means of PHI program allowed
us estimating the value and sign of the magnetic anisotropy: D = +12.9 cm–1, E =
+0.5 cm–1 with R = 8.6×10–3. Note that the fit required a slight anisotropy in the
gyromagnetic tensor: gx = gy = 2.17 gz = 2.36. In spite of the fact that these
parameters should be taken with care given the limitations of the Hamiltonian
employed,45 a deep analysis of the residual obtained along the fitting according to the
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magnitude and sign of D and E (through the survey mode of PHI) clearly suggests a
positive sign for the axial magnetic anisotropy parameter (so called easy-plane
anisotropy). Although the existence of positive D limits to few recent
works,14a,

46

high-spin

d7

configuration,

especially

with

pseudo-tetrahedral

environment, appears to be very promising in giving moderate D values and, in turn,
promising SIM behavior.47 Possible reasons explaining such a moderate value of D
point out to both the low distortion of the metal environment on compound 2 (ST =
0.73) and its inherent positive sign. While it is true that the larger distortion (less
symmetry) the larger magnetic anisotropy, positive D parameters tend to be smaller
than those of negative sign.47a
The χMT value at room temperature for 3 is close to that expected for a
magnetically isolated copper(II) ion (Table 11). The χMT curve shows a very slight
decrease upon cooling up to 60 K, below which it describes a sharper drop to reach
an almost null value (Figure 12). On its part, the thermal evolution of the magnetic
susceptibility exhibits a maximum around 5 K. This behavior is indicative of
dominant weak antiferromagnetic interactions among Cu(II) atoms. In spite of the
fact that the square-grid of the 2D layer contains two crystallographically
independent copper(II) atoms joined through two almost equivalent types of μ-mimc
bridges (A and B ligands with μ-κN:κO and μ-κN:κ2O,O' modes), the magnetic
network adequately described as a regular quadratic layer. Accordingly, fitting of the
curve by means of a magnetic model based on H = –JS1·S2 spin-only Hamiltonian, in
which a high-temperature series expansion above a possible Néel temperature is
considered, gave a reliable estimate of the exchange coupling.44 The goodness of the
result is indeed corroborated by the DFT computed coupling constant. This type of
antiferromagnetic interaction results from a poor magnetic exchange between
neighbouring copper(II) atoms through long superexchange pathways (ca. 7.8–8.2
Å), which has been previously observed for systems containing similar µ-κN:κO
bridges.11e,46a,46b
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Figure 12. Magnetic susceptibility χM vs T (○) and χMT vs T (□) curves of compound 3 with
best fitting (–).

Dynamic Magnetic Properties. Spin dynamics were evaluated forcobalt
based compound (2) by means of alternating-current (ac) susceptibility
measurements. No frequency dependent signals could be observed in the lack of an
external dc field, which is not surprising for a compound with easy-plane
anisotropy.14a,46c,48 According to Kramers theorem,12a spin-lattice relaxation in easyplane (D > 0) half-integer systems is allowed to occur directly between the ground
MS = ±1/2 levels in the absence of transverse, hyperfine, and dipolar interactions, in
such a way that fast relaxation is expected even under an applied field. Nonetheless,
if the existing spin-phonon coupling is weak or if there are very few phonons of the
appropriate frequency, the relaxation could be slowed down, an effect known as
phonon bottleneck, in such a way that direct relaxation is somewhat hindered as to
enable an Orbach relaxation through the higher energy MS = ±3/2 levels.14a At any
rate, this fact does not necessary discard the existence of additional relaxation
mechanisms involved in the spin reversal. When an external dc field of 1000 Oe is
applied, compound 2 exhibits SIM behavior below 14 K with two out-of-phase
maxima peaking at 2.3 K (2000 Hz) – 3.2 K (10000 Hz) and 7.3 K (2000 Hz) – 9.1 K
(10000 Hz) ranges, which can be attributed to the occurrence of slow (SR) and fast
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relaxation (FR) processes, respectively (Figure 13). The presence of two maxima is a
quite uncommon phenomenon5j,48,49 that could not anticipated considering the fact
that crystal structure contains a unique independent Co(II) ion. In any case, fast
tunneling at low temperatures is not to be fully discarded, given the divergence in the
out-of-phase signal below the blocking temperature.

Figure 13. Temperature dependence of (a) in-phase and (b) out-of-phase ac magnetic
susceptibilities under an applied field of 1000 Oe for compound 2. Inset: Arrhenius plot of
relaxation times with best fittings

Cole-Cole plots were generated each 0.4 K in the 2–9 K range to cover the
whole frequency dependent region (below the high frequency maximum, Figure 14).
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Figure 14. Cole-Cole plot for compound 2 under an applied dc field of 1 KOe.

The semicircular distributions seem to confirm the thermal evolution and
coexistence of SR and FR processes. The semicircle at 2.2 K, attributed to the SR,
suffers a progressive widening with increasing temperature in such a way that a
broad semicircle is observed at 3.0 K, suggesting that the mixture of both processes
could be taking place (superposition of two semicircles). On its part, the
comparatively narrower semicircles shown above 3.8 K may be related with the FR
process, in good agreement with the progressive decrease of α value estimated from
fitting with the generalized Debye model.50 Accordingly, the Arrhenius-like diagram
(in the form of ln (τ) vs 1/T) possesses two branches that were individually
analyzed.49,51 The faster relaxation was processed with equation 3 which accounts for
spin reversal through Orbach but also direct and Raman mechanisms.

 = 0 exp(–Ueff/kBT) + AdirectT + BRamanTn

(eq. 3)

Where Adirect = 257 s–1K–1, BRaman = 4.2 s–1, n = 7.1, 0 = 9.98×10–7 s and Ueff
= 26.1 K are estimated. It is remarkable that parameters associated with direct and
Raman processes are comparable to other in bibliography, while 0 falls within the
typical range found for cobalt(II) based SIMs (between 1.0×10–6 and 1.0×10–11).46f
When the three highest-temperature points the obtained Ueff (29.0 K that equals to
20.2 cm–1, with 0 = 3.36×10–7 s) is in good agreement with the gap between Ms =
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±1/2 and Ms = ±3/2 (equivalent to 2D). The occurrence of the second much slower
relaxation could be due to weak exchange interactions among spin carriers both
through the 2D network itself and/or strong π-π stackings between mimc ligands
belonging to adjacent metal-organic layers (with C···C as short as 3.59 Å).52 Within
this assumption, the SR process could originate in the formation of a polymeric array
whereas the FR corresponds to the relaxation of single ions, both of which may
coexist in a certain temperature.

3.3. Photoluminescence Properties
CPs built from closed-shell d10 metal centers and aromatic ligands are known
to exhibit PL in solid state, covering interesting behaviors such as dual
fluorescent/phosphorescent emissions and/or tunable emission colors according to the
temperature.7c, 53 Therefore, PL measurements were carried out on polycrystalline
sample of compound 4 varying the temperature in the 10–250 K range. At 10 K, 4
shows a broad and intense band that extends over the whole visible spectrum (400–
700 nm) under excitation at monochromatic 325 nm light, which corresponds to the
excitation maximum (Figure 15). Within the emission band, the maximum is
centered at 520 nm though an additional and sharper peak at 460 nm is also
distinguished, which is the responsible for the pale green emission of 4 under
continuous excitation. The band progressively loses intensity as the temperature is
increased whereas it keeps a similar shape, in such a way that at room temperature,
the emission of the material is comparatively weak (Figure 15).
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Figure 15. (a) Experimental (solid line) and calculated (dotted line) excitation and emission
spectra of compound 4. (b) Variable-temperature emission spectra of compound 4.

This fact is in good agreement with the micro-PL photographs taken at room
temperature on crystals of 4 (Figure 16). As observed, a negligible emission is shown
when using λex = 365 nm, whereas bright greenish yellow emission can be clearly
inferred from the micrograph taken with 435 nm excitation line. Moreover, crystals
exhibit red emission when they are exposed to the green (546 nm) excitation line,
which confirms the multicolored emission of this material.

Figure 16. Room-temperature micro-PL images taken at different excitation lines.
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Compared to the emission of the free Hmimc ligand, compound 4 shows a
large bathochromic shift (of ca. 110 nm) that seems to be related to its coordination
to cadmium atoms (Figure 17).54

Figure 17. (a) Excitation and emission spectra of Hmimc ligand. (b) Comparison of emission
profiles between Hmimc and compound 4.

TD-DFT calculations were carried out on a suitable model of 4to provide
further insights into the PL performance of this compound. As inferred from Figure
15, the calculated spectra reproduce fairly well the experimental ones, finding very
small shifts between their maxima. The two main S0→S1 excitations (at 328 and 335
nm) that conform the band stand for HOMO–4 → LUMO+2 and HOMO–3 →
LUMO+2 transitions, meaning that the compound is excited via σ → π* and π → π*
transitions between different ligands (LLCT). After these singlet excitations, the
emission proceeds through similar processes for both bands. The first one (centered
at 460 nm) contains three transitions: HOMO – 2 → LUMO, HOMO – 1 → LUMO
+ 3, and HOMO – 2 → LUMO + 3; whereas the main band with (maximum at 520
nm) results from several HOMO – 1 → LUMO transitions involving different
vibrational states of the latter levels (Table 12). As observed in Figure 18, HOMO –
n levels show a predominant σ character and lie mainly on the carboxylate groups of
the ligands, so taking into account the π nature of LUMO + n molecular orbitals, it
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can be concluded that the singlet emission of this compound is again of the LLCT
type.

Figure 18. Energy diagram of the orbitals onto model 4 involved in the electronic transitions
of 4 resulting in fluorescent and phosphorescent blue and green emissions. ISC: Intersystem
crossing.
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Table 12. TD-DFT calculated main excitation and emission energies (nm) and electronic
transitions of all ligands.
Main excitations
Calcd. λ
328
335

Calcd. band λ

Exp. λ

332

380

Involved orbitals / osc. st.[a]
HOMO – 4 → LUMO + 2 (87%) / 0.095
HOMO – 3 → LUMO + 2 (8%) / 0.072

Main emissions
Calcd. λ

Calcd. band λ

Exp. λ

HOMO – 1 → LUMO + 3 (56%) / 0.079

407
408
450

455

460

510
533

HOMO – 2 → LUMO +3 (38%) / 0.062
HOMO – 1 → LUMO + 3 (68%) / 0.078
HOMO – 2 → LUMO + 3 (35%) / 0.062

462
498

Involved orbitals / osc. st.[a]

525

520

525

520

HOMO – 2 → LUMO (79%) / 0.0912
HOMO – 1 → LUMO (99%) / 0.0763
HOMO – 1 → LUMO (100%) / 0.0832

[a] Oscillator strengths.

During the PL characterization of this compound at low temperature, it was
observed that the solid sample preserves a significant pale green afterglow when the
excitation beam is turned off, indicating that it exhibits LLP. This fact prompted us to
further investigate the phosphorescent emission of the material, for which decay
curves were recorded for some representative wavelengths (each 20 nm) over the
emission spectrum. At first sight, two opposite regions were distinguished according
to the profile of the curves, indicative of rapid or slow deactivation processes (Table
13).
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Table 13. Best fit results of decay curves measured at 10 K for compound 4 (λex = 325 nm;
λem = 400–340 nm). Note that accompanying lifetime values, percentages for each
component are also given.
Wavelength (nm)

τ1 (ms)

τ2 (ms)

τ3 (ms)

Chi Sq.

400

51(6) / 100%

–

–

1.544

420

6(2) / 4%

46(7) / 27%

245(18) / 69%

1.538

440

39(1) / 30%

227(5) / 70%

–

1.517

460

9(1) / 4%

67(3) / 37%

318(8) / 59%

1.435

480

14(1) / 7%

78(4) / 38%

369(13) / 55%

1.522

500

16(2) / 9%

76(6) / 34%

320(14) / 57%

1.389

520

19(1) / 9%

97(3) / 36%

427(9) / 56%

1.431

540

15(2) / 9%

75(7) / 35%

321(17) / 56%

1.476

560

34(2) / 32%

195(6) / 68%

–

1.255

580

26(1) / 27%

179(14) / 73%

–

1.515

600

28(2) / 30%

171(5) / 70%

–

1.769

620

22(1) / 30%

148(5) / 70%

–

1.658

640

68(5) / 100%

–

–

1.613

On the one hand, curves measured for λem included within 350–400 and 640–
750 nm ranges reveal very short emission processes (in the order of few ns). On the
other hand, slow and gradual decays derived from the occurrence of successive longlived processes are described for the curves corresponding to the central and most
representative region of the emission band (420–620 nm).The analysis of these
curves with a multi-exponential [It = A0 + A1 exp(–t/τ1) + A2 exp(–t/τ2) + A3 exp(–
t/τ3)] expression revealed the presence of three kinds of components: persistent
emissions of 0.25-0.43 s, intermediate lifetimes of 0.05-0.23 s and very short
processes attributed to the lamp pulse (6–39 ms). Despite the fact that some CdII
based compounds showing green phosphorescence have been recently reported,15 all
of them display mixed blue-to-green emission as the fluorescent signal under UV
excitation turns into green phosphorescent afterglow, which differs from the bright
green-to-pale green transition described by compound 4. Among those few reported
materials, the structure of 4 resembles the recently characterized LLP with [Cd(μ6aminonicotinato)2]n formula, that presents the longest emission lifetimes (of above
0.8 s).15f Taking into account the close similarity between both ligands (N/O donor
ligands), the more modest lifetimes achieved for this compound may be tentatively
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attributed to the presence of coordination water molecules, whose O–H bonds act as
efficient quenchers on radiative processes through a vibronic coupling mechanism.55
In any case, the occurrence of such behavior seems to indicate that, according to the
well established Kasha’s rule,56 the phosphorescent emission should proceed via a
spin forbidden T1 → S0 transition. This involves, in turn, that the triplet state of the
complex is accessible through intersystem crossing phenomenon facilitated by the
spin-orbit coupling of the d10 metal atom,in addition to the absence of efficient
quenchers that could be coupled to the T1 → S0 emission. In order to the latter
hypothesis, the lowest-lying T1 state was geometrically optimized, from which the
vertical emission energy (λvert‑phosp as described by Adamo et al.57) was estimated to
be of 478 nm. This value is quite close to 520 nm, the wavelength of the emission
maximum that corresponds to the longest lifetime recorded, which confirms that
phosphorescent emission proceeds through T1 → S0 transition. Nonetheless, it cannot
be discarded that the emitted signal is indeed also composed from fluorescent
emission, as revealed by singlet-singlet transitions studied by TD-DFT. On another
level, the long lasting emission remains stable up to 100 K (Table 14 and Figure 19),
whereas it is practically prevented at higher temperatures owing to the increase of
molecular vibrations that bring a significant non-radiative quenching, such that only
the fluorescent emission takes place.

Table 14. Best fit results of decay curves performed at variable temperatures monitoring the
emission wavelength with longest lifetime (520 nm).
Temperature (K)

τ1 (ms)

τ2 (ms)

τ3 (ms)

Chi Sq.

10

19(1) / 9%

97(3) / 36%

427(9) / 56%

1.431

50

16(2) / 12%

76(6) / 39%

370(8) / 49%

1.387

100

18(1) / 25%

188(8) / 75%

–

1.428

200

65(15) / 100%

–

–

1.443
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Figure 19. Variable-temperature decay curves at λex = 325 nm and λem = 520 nm showing
the best fitting.

4. Conclusions
A family of four new compounds grown from the coordination of 1methylimidazole-5-carboxylate (mimc) ligand to first row transition metal(II) ions
has been synthesized under solvothermal conditions. Single crystal X-ray analysis
reveals the largest possible structural diversity in the family despite the limited
coordination versatility of the ligand. In fact, it coordinates as terminal ligand to
nickel(II) atoms and forms monomeric entities in 1, whereas it acts as bridging linker
among metal ions to give 2D CPs of sql topology in 2, 3, and 4. The structural
dissimilarities of the latter (small distortions of the topological network) may be
attributed to subtle changes occurring in the coordination shells owing to the features
imposed by cobalt(II), copper(II) and cadmium(II) ions (ion radii and preferred
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geometries) when coordinating to the carboxylate moiety of the ligand, forcing it to
adopt different modes that maintain the metal-to-ligand connectivity. Measurements
of the magnetic susceptibility in static conditions indicate that mimc ligands show
almost negligible exchange interactions among metal centers, also confirmed by DFT
computed values of the coupling parameter, which allow considering these systems
as networks of magnetically isolated spins. This fact results particularly interesting
for the Co(II) based CP (2) because it shows field-induced slow magnetic relaxation
arising from a moderate magnetic anisotropy of positive sign (D = +12.9 cm–1, E =
+0.5 cm–1) estimated from simultaneous fitting of χMT(T) and M(H) curves, which
may in turn be attributed to the pseudo-tetrahedral environment. The analysis of the
spin dynamics of 2 through ac measurements show the occurrence of fast quantum
tunneling of the magnetization that can be partially suppressed by applying a dc field,
allowing two relaxation processes to be identified. The faster process refers to the
relaxation of single ions in the structure which proceeds through multiple
mechanisms (i.e. Orbach, direct and Raman) given the combination of positive axial
and low transverse magnetic anisotropy, from which a thermally activated barrier of
ca. 26 K is estimated. Contrarily, the slower relaxation is assigned to weak exchange
interactions through the 2D network or π-π stackings among mimc ligands belonging
to adjacent metal-organic layers. In any case, the blocking temperature (of ca. 14 K)
deserves to be highlighted since it lies on the high edge found for cobalt(II) based
SIMs.
On another level, the cadmium(II) based CP presents an interesting bright
green emission which characterizes for a long-persistent phosphorescence that is
responsible for the low temperature afterglow observed for at least one second at
after the removal of the UV source. In fact, measurements of the decay curves reveal
the occurrence of fluorescent/phosphorescent emissions, consisting of several
lifetimes that account for persistent (0.25-0.43 s), intermediate (0.05-0.23 s) as well
as short (6–39 ms) components. TD-DFT calculations combined with a
computational strategy to estimate the vertical transitions related to the
phosphorescent emission not only allow surmising the LCCT mechanism governing
both singlet-singlet and triplet-singlet transitions but also give an accurate description
of the photoluminescent performance of the compound.
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Abstract
We report the formation of four novel multifunctional coordination
compounds based on 5-bromonicotinic acid and different lanthanide(III) ions (Dy,
Tb, Yb and Nd), synthesized by simple hydrothermal routes. These materials possess
different structures and dimensionalities and show interesting magnetic and
luminescent properties, as well as a complete absence of cytotoxicity both in cancer
and non-cancer Caco-2 cells, transforming these new compounds in excellent
candidates to be further investigated in the field of luminescence materials with
biomedical applications.

1. Introduction
The interest in coordination polymers (CPs), also known as metal-organic
frameworks (MOFs), has undergone an exponential growth, 1 derived from their
multiple types of verified industrial applications, such as gas storage and purification,
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catalysis, luminescence and magnetism, 2 as well as their ease of synthesis. Of
particular interest is the fact that their metal–organic hybrid nature offers potentially
limitless arrangement types and topological architectures,

3

reinforcing their

versatility of use. The latter is particularly true for Ln(III)-based CPs, where, large
coordination numbers (8-12) are usually observed for the central cation, yielding
fanciful structures that, conversely, are hardly anticipated via a rational design
process. Still, the adequacy of the election of Ln(III) ions for the generation of
multifunctional CPs in the field of new magnetic and/or luminescent materials is well
supported by their intrinsic features such as a large intrinsic magnetic anisotropy and
large magnetic moment in the ground state (key to generate molecular magnets). On
the other hand, due to the open-shield character of the trivalent lanthanide ions as
well as the efficient shielding of their valence f-orbitals, all lanthanide ions (but La3+
and Lu3+) emit highly pure-colored light, with long-lived emissions and large
quantum yield values,4 from the ultraviolet (UV) to the visible region (Eu3+, Tb3+,
Sm3+ and Tm3+) as well as in the near infra-red (NIR) region (Yb3+, Nd3+ and Er3+).5
Unfortunately, the forbidden character of the f–f transitions in lanthanide ions
prevents the latter from being able to efficiently absorb light. The solution to the
latter issue lays on the use of organic linkers that promote the well-known antenna
effect,6 where light absorbed by the ligand is efficiently transferred to the outermost
orbitals in the metal, increasing the efficiency of the light emitted by the latter.
The attention in the present study was focused on the synthesis, structural and
functional characterization of Ln(III) based coordination complexes and CPs using
the 5-bromonicotinic acid (5-HBrNic) as linker ligand. With one carboxyl group and
one N atom as potential metal coordination groups, 5-HBrNic possesses, in addition,
a Br atom capable of potentially establishing N⋯Br or O⋯Br halogen bonds, as well
as additional Br⋯π and Br⋯Br interactions. Few examples have been reported where
5-HBrNic coordinates to a Ln(III) ion to generate coordination complexes or CPs.
Still, this ligand has shown its potential to form metalorganic compounds of different
dimensionality with luminescent, magnetic and absorptive properties.7 In addition, 5bromonicotinate (5-BrNic) possesses a wide variety of coordination modes to metal
cations (Scheme 1), yielding multiple types of molecular architectures. We hereby
report the synthesis as well as structural and functional characterization of four novel
Ln(III)- and 5-BrNic-based coordination compounds of different dimensionalities,
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with dual magnetic and luminescent properties. Additionally, the antitumor activity
of this family of compounds has been tested with the aim of characterizing their
cytotoxic behavior in potential biomedical applications.

Scheme 1. Plausible coordination modes of 5-BrNic.

2. Experimental

2.1. Materials and physical measurements
All reagents were obtained from commercial sources and used as received.
Elemental (C, H, and N) analyses were performed on a Leco CHNS-932
microanalyzer. IR spectra of powdered samples were recorded in the 400–4000 cm−1
region on a Nicolet 6700 FTIR spectrophotometer using KBr pellets. Alternating
current magnetic measurements were performed under zero and 1000 Oe applied
static fields on a Quantum Design SQUID MPMS XL-5 device by using an
oscillating ac field of 3.5 G and ac frequencies ranging from 10 to 1400 Hz. A
Varian Cary-Eclipse Fluorescence spectrofluorimeter was used to obtain the
fluorescence spectra at room temperature. The spectrofluorimeter is equipped with a
xenon discharge lamp (peak power equivalent to 75 kW), Czerny-Turner
monochromators, R-928 photomultiplier tube which is red sensitive (even 900 nm)
with manual or automatic voltage. The photomultiplier detector voltage was 600 V
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and the instrument excitation and emission slits were set at 5 nm. A closed cycle
helium cryostat enclosed in an Edinburgh Instruments FLS920 spectrometer was
employed for steady state photoluminescence (PL) and lifetime measurements
carried out at 10 K. All samples were set under high vacuum (of ca. 10−7 mbar) to
avoid the presence of oxygen or water in the sample holder. Steady-state spectra were
measured with a IK3552R-G He-Cd continuous laser (325 nm) as excitation source,
whereas a microsecond pulsed lamp was employed for recording the lifetime
measurements. Photographs of irradiated single-crystal and polycrystalline samples
were taken at room temperature in a micro-PL system included in an Olympus
optical microscope illuminated with a Hg lamp.

2.2. Preparation of complexes
Synthesis of [Dy(5-BrNic)3(H2O)4] (1). Compound 1 was obtained by
hydrothermal routes through the following procedure: a mixture of DyCl3·6H2O
(0.24 mmol), 5-HBrNic (0.24 mmol) and 10 mL of distilled water was sealed in a
Teflon reactor and heated at 95°C under autogenous pressure for 48h. The reaction
vessel was then slowly cooled down to room temperature during a period of about
3h, yielding yellow crystals of 1. Yield: 47%, based on Dy. Anal. Calcd. for
C18H17Br3DyN3O10: C 25.81, H 2.04, N 5.01. Found: C 25.63, H 2.19, N 4.83.

Synthesis of [Tb(5-BrNic)2(H2O)4]·[Tb(5-BrNic)4(H2O)2]·(5-HBrNic)2 (2).
Yellow crystals of compound 2 were obtained following a procedure similar to that
used in the synthesis of 1, with the following modifications: The reactor was left in
the oven for 96h and crystals only appeared 24h after of cooling down the sample
slowly. Yield: 51%, based on Tb. Anal. Calcd. for C24H19Br4N4O11Tb: C 28.32, H
1.88, N 5.50. Found: C 29.01, H 1.92, N 5.66.

Synthesis of [Yb(5-BrNic)2(H2O)4]·[Yb(5-BrNic)4(H2O)2]·(5-HBrNic)2 (3).
Colorless crystals of 3 were obtained following the same procedure as the one used
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for the synthesis of 2. Yield: 57%, based on Yb. Anal. Calcd. for C24H19Br4N4O11Yb:
C 27.93, H 1.86, N 5.43. Found: C 28.75, H 1.85, N 5.99.

Synthesis of {[Nd(5-BrNic)3(H2O)3]·H2O}n (4). Pink crystals of 4 were
obtained following the same procedure as the one used for the synthesis of 2. Yield:
47%, based on Nd. Anal. Calcd. for: C18H17Br3NdN3O10: C 26.39, H 2.09, N 5.13.
Found: C 28.01, H 2.12, N 5.61.

2.3. Crystallographic refinement and structure solution
X-ray data collection of suitable single crystals of compounds were done at
100(2) K on a Bruker VENTURE area detector equipped with graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å) by applying the ω-scan method.
The data reduction were performed with the APEX2 software 8 and corrected for
absorption using SADABS.9 Crystal structures were solved by direct methods using
the SIR97 program 10 and refined by full-matrix least-squares on F2 including all
reflections using anisotropic displacement parameters by means of the WINGX
crystallographic package.11 Compound 4 contains one lattice water molecule which
presents a significantly prolate shaped ellipsoid so it has been disordered into two
equivalent positions (each with a 50% of occupancy). All hydrogen atoms were
included as fixed contributions riding on attached atoms with isotropic thermal
displacement parameters 1.2 times or 1.5 times those of their parent atoms for the
organic ligands. Details of the structure determination and refinement of compounds
are summarized in Table 1.
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Table 1.Crystallographic data and refinement details of compounds 1-4.
Compound

1

2

3

4

C18H17Br3DyN3O10

C24H19Br4N4O11Tb

C24H19Br4N4O11Yb

C18H17Br3N3NdO10

1882984

1882985

1882986

1882987

Form. weight

837.57

1017.99

1032.11

819.31

Cryst. system

Triclinic

Monoclinic

Monoclinic

Triclinic

Space group

P-1

P2/c

P2/c

P-1

a (Å)

7.4580(4)

11.686(5)

11.686(5)

10.1630(5)

b (Å)

10.6630(6)

15.970(5)

15.970(5)

11.5260(6)

c (Å)

15.6770(7)

16.742(5)

16.742(4)

11.6110(6)

α (º)

82.162(2)

90.000(5)

90.000(5)

88.319(2)

β (º)

87.933(2)

90.246(5)

90.246(5)

85.525(2)

72.310(2)

90.000(5)

90.000(5)

69.254(2)

1176.64(11)

3124.45(19)

3132.45(21)

1268.03(11)

2

4

4

2

GoF

1.024

1.030

1.023

1.017

Rint

0.0787

0.1106

0.1487

0.0721

R1b / wR2c
[I>2σ(I)]

0.0275

0.0355

0.0558

0.0278

R1b / wR2c (all
data)

0.0446

0.0613

0.1166

0.0431

Chem. form.
CCDC

γ (º)
3

V (Å )
Z
a

[a] S = [∑w(F02 – Fc2)2 / (Nobs – Nparam)]1/2

[b] R1 = ∑||F0|–|Fc|| / ∑|F0| [c] wR2 = [∑w(F02 – Fc2)2 / ∑wF02]1/2
w = 1/[σ2(F02) + (aP)2 + bP] where P = (max(F02,0) + 2Fc2)/3

2.4. Growth Inhibition Assay
Human Caco-2 cell line (TC7 clon) were kindly provided by Dr. Edith BrotLaroche (Université Pierre et Marie Curie-Paris 6, UMR S 872, Les Cordeliers,
France). Caco-2 cells were maintained in a humidified atmosphere of 5% CO2 and
95% of air at 37°C. Cells (passages 32−42) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco Invitrogen, Paisley, U.K.) with high glucose
concentration (4.5 g/L) supplemented with 20% fetal bovine serum (FBS) previously
decomplemented (30 min at 56°C), 1% non-essential aminoacids, 1% penicillin
(1000 U·mL−1), 1% streptomycin (1000 μg·mL−1), and 2% L-glutamine (200 mM).
Stock solutions of the complexes in DMSO were diluted in a medium without FBS to
the required concentration. DMSO was also tested at the same concentrations and no
effects on the cytotoxicity were shown. Cells were seeded in 96-well plates at a
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density of 20×103 cells well−1. Experiments were performed 48h postseeding and the
culture medium was replaced with the fresh medium (without FBS) containing the
complexes at concentrations varying from 0 to 20 μM, with an exposure time of 72h.
For cell viability studies of differentiated (enterocyte-like) cells, Caco-2/TC7
cells were seeded in 96-well plates at a density of 4×103 cells well−1 and incubated
for 12 days, with the culture medium changed every 3 days, up to confluence, the
cells were treated with the complexes and at the same concentrations explained
before. Thereafter, cell survival was measured using the 3-(4,5-dimethyl-2-thiazoyl)2,5-diphenyltetrazolium bromide (MTT, Merck) test as previously described. The
assay is dependent on the cellular reduction of MTT by the mitochondrial
dehydrogenase of viable cells to a blue formazan product, which can be measured
spectrophotometrically. Following appropriate incubation of the cells, with or
without metallic complexes, MTT was added to each well in an amount equal to 10%
of the culture volume, and incubation was continued at 37°C for 2.5h. Afterwards,
the medium and MTT were removed, and DMSO was added to each well. At the end,
the results were obtained by measuring the absorbance with a scanning multiwell
spectrophotometer (BIOTEX SINERGY HT SIAFRTD) at a wavelength of 575 nm
and compared to the values of control cells incubated in the absence of complexes.
Experiments were conducted in quadruplicate wells and repeated for three times.

3. Results and Discussion

3.1. Description of the structures
Compound 1, of general formula [Dy(5-BrNic)3(H2O)4], crystallizes in the P–
1 space group. As observed in Figure 1, the lanthanide ion coordinates to three 5BrNic ligands, one of which establishes a chelating ring (O1C/O2C, coordination
mode b in Scheme 1) whereas the remaining two bind in a monodentate mode (O1A
and O1B, coordination mode c in Scheme 1). Besides, four water molecules complete
the octacoordinated (DyO8) sphere of the Dy ion, which displays a triangular
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dodecahedral shape. Dy-O distances in the mononuclear compound fall within the
range of 2.280(2)-2.515(2) Å.

Figure 1. Left: Structure of the monomeric entity of compound 1. Right: Perspective view of
the packing of compound 1 along a* axis. Color code: Dysprosium, green; oxygen, red;
nitrogen, blue; carbon, grey; bromine, brown; hydrogen, white.

Coordination water molecules are involved in a complex hydrogen-bond
network in which non-bonding carboxylate oxygen and pyridine nitrogen atoms act
as acceptors to sequentially bring the monomers along the a axis. In the same line, ππ stacking interactions established between the aromatic pyridine rings of adjacent
monomers along the b axis, further stabilize the packing of 1 (Figure 1).
Compounds 2 and 3, of general formula [Ln(5-BrNic)2(H2O)4]·[Ln(5BrNic)4(H2O)2]·(5-HBrNic)2, where Ln stands for Tb or Yb in 2 and 3, respectively,
are isostructural and crystallize in the monoclinic P2/c space group (Table 1). The
description of compound 2 found in the lines below will therefore be equivalent to
that of 3 (omitted).
The unit cell of 2 contains four distinct entities (Figure 2), consisting of a
monomeric complex with a Tb(III) cation (Tb1) coordinated to four 5-BrNic ligand
units and two water molecules, a second monomeric complex with a Tb(III) cation
(Tb2) coordinated to two 5-BrNic ligand units and four water molecules and, lastly,
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two protonated crystallization 5-HBrNic ligand molecules. Both Tb1 and Tb2 units
show a TbO8 distorted polyhedra resembling less habitual Snub diphenoid and square
antiprism, respectively, derived from the coordination of i) two perpendicular 5BrNic ligands bound to Tb1 in a bidentate fashion, two copies of a monodentated
ligand parallel to each other along the b axis, and two water molecules in the case of
the Tb1 unit, and ii) four water molecules and two bidentated copies of the ligand in
the Tb2 unit.

Figure 2. Asymmetric unit of compound 2. Color code: Terbium, green; oxygen, red;
nitrogen, blue; carbon, grey; bromine, brown; hydrogen, white.

The remaining two units consist of protonated 5-HBrNic crystallization
ligands. It is worth noticing that the two monodentate 5-BrNic establish quite strong
π-π stacking interactions, a fact that sets their orientation outwards the monomeric
entity. The packing of the structure reveals a unit cell containing two [Tb(5BrNic)4(H2O)2]– (Tb1) units, two [Tb(5-BrNic)2(H2O)4]+ (Tb2) units and four copies
of a 5-HBrNic crystallization ligand. Notwithstanding the fact that monomeric
complexes are hydrogen bonded with each other along the packing, the
crystallization 5-HBrNic molecule serves as an effective supramolecular glue by
acting as both hydrogen-bonding donor and acceptor as well as an intermediate to
extend π-π stacking all along the crystal. The same type of description applies to
compound 3, except that Ln(III)-O distances in 2 are larger than in 3 (Table 2), which
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is consistent with the larger nuclear charge of the former. Additional details on the
packing of compounds 2 and 3 can be found on Figure 3.

Figure 3. Perspective views of compound 2 and 3 along a (left), b (centre) and c (right) axes.

Table 2. Selected bond distances (Å) in compounds 1-4.
1

2

3

4

Dy(1)-O(1)

2.280 (2)

Tb(1)-O(1) 2.517(3) Yb(1)-O(1)

2.494(4)

Nd(1)-O(1)

2.386(2)

Dy(1)-O(2)

2.334 (2)

Tb(1)-O(2) 2.456(3) Yb(1)-O(2)

2.411(4)

Nd(1)-O(4)

2.507(3)

Dy(1)-O(3)

2.515 (2)

Tb(1)-O(3) 2.456(3) Yb(1)-O(3)

2.411(4)

Nd(1)-O(6)

2.407(2)

Dy(1)-O(4)

2.373 (2)

Tb(1)-O(4) 2.517(3) Yb(1)-O(4)

2.494(4)

Nd(1)-O(7)

2.445(2)

Dy(1)-O(5)

2.328 (2)

Tb(1)-O(5) 2.274(3) Yb(1)-O(5)

2.222(4)

Nd(1)-O(8)

2.476(3)

Dy(1)-O(6)

2.381 (3)

Tb(1)-O(6) 2.274(3) Yb(1)-O(6)

2.222(4)

Nd(1)-O(9)

2.518(2)

Dy(1)-O(7)

2.364 (3)

Tb(1)-O(7) 2.317(3) Yb(1)-O(7)

2.267(5)

Dy(1)-O(8)

2.401 (3)

Tb(1)-O(8) 2.317(3) Yb(1)-O(8)

2.267(5)

Tb(2)-O(9) 2.382(3) Yb(2)-O(9)

2.340(5)

Tb(2)-O10

2.518(3)

Yb(2)-O10

2.463(5)

Tb(2)-O11

2.518(3)

Yb(2)-O11

2.463(5)

Tb(2)-O12

2.382(3)

Yb(2)-O12

2.340(5)

Tb(2)-O13

2.334(3)

Yb(2)-O13

2.290(5)

Tb(2)-O14

2.288(3)

Yb(2)-O14

2.245(4)

Tb(2)-O15

2.288(3)

Yb(2)-O15

2.290(5)

Tb(2)-O16

2.334(3)

Yb(2)-O16

2.245(4)
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Compound 4 is nearly isostructural to the Tb compound reported by Song et
al.7a Our compound, of general formula {[Nd(μ-5-BrNic)2(5-BrNic)(H2O)3]·H2O}n,
crystallizes in the P–1 space group (Table 1), and consists of a racemic mixture of
linear chains of Nd(III) atoms bridged by means of two 5-BrNic ligands along the
crystallographic a axis. Lanthanide ions show a NdO8 environment where an almost
ideal triangular dodecahedron is generated (Figure 4) when five 5-BrNic ligands bind
to the lanthanide through a deprotonated carboxylic oxygen each (O1A, O2A, O2B,
O1C and O2C). The metal ion completes its coordination sphere with three water
molecules (O1W, O2W and O3W), the last of which plays a key role in the
generation of the H-bond network in the crystal, and particularly with a
crystallization water molecule found in the structure (which is disordered into two
equivalent dispositions). All Nd-O distances are in the 2.386(2)-2.518(2) Å range
(Table 2).

Figure 4. Fragment of 4 showing complete ligands around the coordination sphere of Nd1
atom. Color code: Neodynium, green; oxygen, red; nitrogen, blue; carbon, grey; bromine,
brown; hydrogen, white.

1D chains of 4 are generated along a axis via the sequential coordination of A
and C copies of 5-BrNic ligands to Nd1 atoms (Figure 5), where carboxylate oxygen
atoms link nearby neodymium(III) cations one another adopting one of the
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characteristic binding modes of the ligand (mode a), as shown in Scheme 1. It is
worth mentioning that each pair of Nd1···Nd1 atoms are doubly bridged by two
crystallographically related (by the inversion center) 5-BrNic ligands (A/A and C/C
bridges sequentially along the chain), which in turn are almost perpendicularly
oriented to each other along the chain (displaying a mutual angle between mean
planes of A and C ligands of 85.9°). B ligand, which remains essentially planar and
coordinated as a terminal ligand, emerges from the chain by staying parallel to the C
ligand with which it forms face-to-face π-π stacking.

Figure 5. Elongation of an infinite linear chain of 4 along the c* axis. Color code:
Neodynium, green; oxygen, red; nitrogen, blue; carbon, grey; bromine, brown; hydrogen,
white.

3.2. Magnetic Measurements
The experimental χMT values at room temperature are close to those expected
for the ground states with all Stark levels equally populated (Table 3).12
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Table 3. Comparison between best least-squares fitting results of experimental curves and
theoretically calculates magnetic data.
Comp.

gJ (exp./theor.)[a]

χMT (exp./theor.)[b]

Δ (cm–1)

1(Dy)

1.32(1) / 1.33

14.32 / 14.17

0.34

2(Tb)

1.49(1) / 1.5

11.38 / 11.76

0.10

3(Er)

1.22(1) / 1.2

11.57 / 11.53

0.48

4(Nd)

0.70(1) / 0.73

1.61 / 1.67

2.31

Cooling down the temperature causes a progressive drop in the χMT, as
expected for the selective depopulation of the excited Stark sublevels (Figure 6).

Figure 6. χM–1 vs T and χT vs T plots of compounds 1-4 showing best theorical fitting (red
line).

However, this magnetic response could also involve a significant contribution
from antiferromagnetic exchange interactions between lanthanide ions, especially for
compounds in which there are short ligand mediated pathways, 13 as it is the case of
carboxylate bridges in 4. The χM–1 vs. T curves for these compounds follow the
Curie–Weiss law almost in the whole temperature range, finding only small
deviations for 3 below 30 K (Figure 6). As far as we are aware, there is no available
expression to determine the magnetic susceptibilities of 3D systems with large
anisotropy, so χMT vs. T curves were fitted in the high temperature range (50–300 K)
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with expressions (Equations 1–4) that assume only a splitting of the mj energy levels
(H = ΔJz2) in an axial crystal field.14

Ng 2  2
0.5e 0.25 / kT  4.5e 2.25 / kT  12 .5e 6.25 / kT  24 .5e 12.25 / kT
(

kT
1  2e   / kT  2e  2  / kT  2e 9  / kT  2e 16  / kT  2e  25 / kT  2e 36  / kT
40 .5e  20.25 / kT  60 .5e 30.25 / kT  84 .5e  42.25  / kT  112 .5e 56.25 / kT
)
1  2e   / kT  2e  2  / kT  2e 9  / kT  2e 16  / kT  2e  25 / kT  2e 36  / kT

 Dy 

(Eq. 1)

 Tb

Ng 2  2 2e   / kT  4e 2  / kT  18e 9  / kT  32e 16 / kT  50e 25 / kT  72e 36 / kT

kT 1  2e   / kT  2e  2  / kT  2e  9  / kT  2e 16 / kT  2e  25 / kT  2e  36 / kT
(Eq. 2)

Ng 2  2
0.5e 0.25 / kT  4.5e 2.25 / kT  12 .5e 6.25 / kT  24 .5e 12.25 / kT
(

kT
1  2e   / kT  2e  2  / kT  2e 9  / kT  2e 16  / kT  2e  25 / kT  2e 36  / kT
40 .5e  20.25 / kT  60 .5e 30.25 / kT  84 .5e  42.25 / kT  112 .5e 56.25 / kT
)
1  2e   / kT  2e  2  / kT  2e 9  / kT  2e 16  / kT  2e  25 / kT  2e 36  / kT

 Er 

(Eq. 3)

 Nd 

Ng 2  2 81e 81 / 4 kT  49e 49  / 4 kT  25e 25  / 4 kT  9e 9  / 4 kT  e 9  / 4 kT
4kT
e 81 / 4 kT  e  49  / 4 kT  e  25 / 4 kT  e 9  / 4 kT  e 9  / 4 kT

(Eq. 4)

In these expressions, Δ is the zero-field splitting and the Zeeman splitting was
treated isotropically for the sake of simplicity. Additionally, a zJ' parameter based on
the molecular field approximation to account for the magnetic interaction between
Ln(III) ions did not improve the fitting and brought almost negligible values (ca. –
0.01 cm–1), meaning that lanthanide(III) ions may be considered as magnetically
isolated centers in all cases.
With the aim of getting insights on the magnetic properties of these Ln(III)
complexes, dynamic alternating current magnetic measurements were carried out on
1 (Figure 7), which revealed that 1 does not show any significant frequency
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dependency of the out-of-phase signals (χM”). This could be a consequence of either
a lack of a slow relaxation of the magnetization or to the presence of quantum
tunneling of the magnetization (QTM). With the aim of suppressing the possible
QTM effect, measurements were repeated in the presence of an external field of 1000
Oe and, as derived from Figure 7, compound 1 showed frequency dependent signals;
still since χM’ and χM” stayed above zero at low temperatures, was therefore
concluded that QTM was not completely removed.

Figure 7. Temperature dependence of in-phase (top) and out-of-phase (bottom) components
of the ac susceptibility of compound 1 measured under 1000 Oe dc field. Inset: Arrhenius
plots for the relaxation times. The black line corresponds to the best fits to the Orbach
process.

The latter is consistent with the α values derived from the Cole−Cole plots (in
the range of 0.38 (2.8 K) − 0.13 (4 K)), compatible with the existence of more than
one relaxation processes (Figure 8).
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Figure 8. Cole−Cole plots for 1 under 1000 Oe dc field.

The linear portion of the relaxation times was fitted to the Arrhenius equation,
obtaining an effective energy barrier of 33.1 K with τ0 = 5.90×10−8 s (Figure 7, inset).
In general, Dy(III) ions with the highest symmetric coordination environments (Cv,
Dh, S8 (I4), D5h, and D4d symmetries) show better Single Molecule Magnet (SMM)
properties than the ones with lower symmetry, due to the reduction of QTM.15 Thus,
the triangular dodecahedron coordination environment of the Dy(III) ions (D2d
symmetry),16 together with the hydrogen bonding interactions (known to suppress the
SMM behavior), explain the modest energy barrier observed for this compound.
Despite the fact that other electronic effects are known to strongly modulate the
SMM behavior,17 a trend of the symmetry of the coordination environment may be
inferred by analyzing the results for those selected reported complexes shown in
Table 4.
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Table 4. Comparison between best least-squares fitting results of experimental curves and
theoretically calculates magnetic data.
Dy-SMM

Pseudo local symmetry

Ueff (K)

Ref.

[Dy(DOTA)(H2O)]

C4v

59

18

1

D2d

38

thiswork

[Dy(FTA)3(BBO)]

D2d

53

19

[Dy(acac)3(1,10-phen)]

D4d

62

20

[DyPc2]–

D4d

40

21

[Dy(acac)3(H2O)2]

σh

66

22

[Dy(OPCy3)2(H2O)5]3+

C5h/D5h

543

23

[Dy(BIPMTMS)2]–

S4/D2d

721

24

C∞

1837

25

[Dy(Cpttt)2]+

3.3. Photoluminescence Studies
Solid

state

photoluminescence

measurements

were

performed

on

polycrystalline samples of compounds 1–4, both at room temperature and 50 K, with
the aim of getting a more representative characterization of the emissive performance
of the materials for potential applications as light-emitting diodes and chemical
sensors. In this sense, the excitation spectra of compound 1 (Figure 9) monitored
around the metal´s more intense emission lines (em= 484 nm and 575 nm,
respectively) revealed, among others, a wide and relatively intense maximum around
300 nm and multiple narrower signals centered around 370 nm, which can be
attributed to typical π←π* transitions inside the ligand.
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Figure 9. Left: room temperature solid state excitation spectra of 1, monitored at em = 484
nm (dashed line) and em =575 nm (solid line). The excitation spectra revealed, among
others, a wide maximum around 300 nm and a narrow maximum around 370 nm, signals
assigned to π←π* transitions inside the ligand. Right: low temperature (50 K, dashed line)
and room temperature (solid line) solid state emission spectra of 1 upon sample excitation at
ex= 325 nm.

The emission spectrum of 1 was then recorded at room temperature (Figure
10) using two distinct excitation wavelengths (ex= 300 nm and 370 nm,
respectively) centered at the ligand. In addition to the wide emission bands in the
360-400 nm (with a peak at 393 nm) and in the 420-460 nm regions (attributed to
ligand-to-ligand electronic relaxation processes), the intense emission peaks observed
at 486 and 577 nm, respectively, are clearly ascribed to 4F9/2→6HJ transitions in the
metal, confirming the existence of a significant antenna effect.26

Figure 10. Room temperature solid state emission spectra of 1 upon sample excitation at
ex= 300 nm (solid line) and ex= 370 nm (dashed line).
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The emission spectra of a solid sample of 1 was also excited with a
monochromatic beam of 325 nm, both at low (50 K) and room temperatures (Figure
9), showing in both cases an equivalent behavior to that observed in Figure 10. To
gain further insight into the main luminescence processes described so far, the decay
curves (50 K) of the mentioned main transitions were monitored at the most intense
line of the main transitions, i.e., at 432 nm, 460 nm, 486 nm and 577 nm, respectively
(Figure 11).

Figure 11. Luminescence decay curves for main transitions in 1 (50 K, ex=325 nm).

The emission decay curve for the process with a maximum at em=432 nm
was well fitted by a single-exponential function [It = A0 + A1·exp(−t/τ)], τ being the
luminescence lifetime, A0 the background and A1 the weighting parameter. As
summarized in Table 5, the lifetime of the mentioned transition was in the range of a
few microseconds, which indicates that the process is fluorescent in nature. On the
contrary, other signals in the emission spectrum displayed a decay curve with two
components and where therefore fitted to equations of the form [It = A0 + A1
exp(−t/τ) + A2 exp(−t/τ)], where An are the two weighting parameters. Observed
lifetimes (few microseconds) were equally indicative of the existence of associated
fluorescent processes.
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Table 5. Comparison between best least-squares fitting results of experimental curves and
theoretically calculates magnetic data.
Comp

λex/λem

Assign.

τ exp(µs)

1

325/432

L-L

5.62(2)

L-L

5.42(3)/115(4)

6

2.29(3)/7.32(7)

325/460

2

325/486

4

325/577

4

292/558

F9/2→ H15/2
F9/2→6H15/2
5

D4→7F5

2.97(4)/8.7(1)
938(3)

The photoluminescence properties of 2 were studied following the same
procedure as in 1. Room temperatureexcitation spectra of 2 were monitored around
the metal´s (Tb3+) most intense emission lines (Figure 12, left), which revealed
multiple signals in the 300–410 nm range arising from electronic transitions inside
the ligand. Two emission spectra of 2 (Figure 12, right) were then recorded at room
temperature and 50 K, respectively, upon exciting the ligand with ex=325 nm.
Whereas at room temperature the signals derived from electronic transitions inside
the ligand (centered around 400 nm) were significantly more intense than those
ascribed to metal-metal electronic transition (weak wide band centered around 550
nm), at low temperature relative intensities were inverted, which permitted a clear
visualization of narrow multiplet signals derived from the well know transitions of
Tb(III) (Table 5).

Figure 12. Left: room temperature solid state excitation spectra of 2, monitored around the
metal´s (Tb3+) more intense emission lines, em=485nm (dashed line) and em=548 nm (solid
line), assigned to 5D4→7FJ transitions. Right:room temperature (dashed line) and 50 K (solid
line) solid state emission spectra of 2 upon sample excitation with a laser beam of ex= 350
nm and ex= 325 nm, respectively.
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The latter results are consistent with the existence of a significant antenna
effect. The most intense signal among the latter, centered around 558 nm and
attributed to

5

D4→7F5 transitions was characterized by the acquisition of

corresponding decay curves. As observed in Figure 13 and summarized in Table 5,
emission decay curve for the luminescence process characterized by a em=558 nm
was well fitted to a single-exponential function, which yielded an emission lifetime
of 938(3) μs.

Figure 13. Luminescence decay curve for the emission of 2 centered at 558 nm, measured at
50 K (ex=292 nm).

The latter value, in the border between classical lifetime for fluorescent and
phosphorescent processes, suggests that there is an efficient phosphorescent charge
transfer from the ligand-based triplet state to the 5D4 level of the Tb3+ ion as a
consequence of the antenna effect, which provides such a long-lived intraionic
emission in 2.
The solid-state photoluminescence spectra on a polycrystalline sample of 3 at
room temperature revealed, upon sample (ligand) excitation with ex=339 nm
(dashed line in Figure 14), two intense emission bands centered around 391 and 495
nm, respectively, and multiple weaker signals (461, 534, 605 nm, for instance).
Whereas the signal at 391 nm might be ascribed to electronic processes involving the
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ligand only, additional signals in the spectrum might be derived from electronic
relaxation processes involving the central Yb(III) metal cation. Equivalent maxima
were revealed when 3 was excited with a ex=444 nm.

Figure 14. Room temperature solid state emission spectra of 3 upon sample excitation with a
laser of ex= 339 nm (dashed line) or of ex= 444 nm (solid line).

The behavior of 4 upon excitation of a polycrystalline sample with a 325 nm
laser beam at 50 K was equivalent to the one at room temperature (Figure 15), and
was characterized by a wide band centered around 540 nm, attributed to π←π*
transitions inside the 5-BrNic ligands, similar to those shown by compounds 1 and 2.
Unfortunately, compounds 3 and 4 did not display emissive properties in the NIR
region (data not shown).
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Figure 15. RT (dashed line) and 50 K (solid line) emission spectra of 4 (ex=325nm).

The room temperature photoluminescence behavior of 1 and 2 was also
studied in solution (water), which revealed that metal derived emission processes are
quenched significantly by the solvent (Figure 16), as opposed to the ligand related
emission bands, which were observed to be equivalent to the ones described before
for the solid state emission spectra.

Figure 16. Room temperature emission spectra of water solutions of 1 (left) and 2 (right)
(ex=325 nm). The emission spectra revealed that luminescent processes in 1 or 2, involving
the central metal cations, are largely quenched in solution; in this respect, a weak band is
observed centered at ca. 595 nm in 1 and ca. 547 nm in 2, which are negligible compared to
the ligand derived emission bands observed at shorter wavelengths.
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With the aim of getting a more representative characterization of the emissive
performance of the materials for potential applications as light-emitting diodes and
chemical sensors, photographs were taken on single crystals of 1 (Figure 17) and a
polycrystalline sample of 2 (Figure 18) in an optical microscope.

Figure 17. Micro-PL images taken on single crystals of 1.

Excitation of 1 crystals with UV light of 365 nm (ligand), revealed a blue
emission ascribed to π←π* electronic transitions of the aromatic ring of the ligand,
implying that Dy(III) ion is not yet effectively sensitized at that excitation line (as
shown in Figure 10. Still, the relatively strong 4F9/2→6H13/2 transition provokes the
emission of an intense green light when crystals are irradiated with blue light (435
nm), whereas excitation with green light (546 nm) reveals a red color arising from
the metal. In this sense, it must be specified that the observed bright red emission
should be taken with care and cannot be directly compared to previous emissions
because the latter is a much more powerful excitation source.
Optical microscope images of 2 (Figure 18) revealed a weak emission when
excited with UV light of 365nm at RT, whereas excitation at 435nm (centered on a
region where the lanthanide ion possess various intraionic transitions), revealed the
yellow/orange emission derived from the mixture of blue (ligands fluorescence) and
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green (Tb(III) fluorescence). In the same line, if sample is irradiated with
wavelengths larger than intraionic emissions (546 nm), a red light is emitted, which
arises from the emission of the compound in the 550-700nm range (see also Figure
12b).

Figure 18. Micro-PL images taken on single crystals of 2.

3.4. Cytotoxicity of the lanthanide complexes
With the aim of getting insight into potential applications of compounds 1–4
in biological/cellular environments, cell viability studies (3-(4,5-dimethyl-2thiazoyl)-2,5-diphenyltetrazolium bromide, MTT assay, were carried out on human
colon cancer cell line Caco-2 as well as human healthy (differentiated) Caco-2/TC7
cells, both in the presence and absence of increasing concentrations (0−20 μM) of
each of the compounds. Figure 19 collects viability results for Caco-2 cancer cells; as
observed, incubation with compound 1 provoked a very modest inhibition of cell
growth at 1.5 μM concentration, decreasing cell viability in a 30% with respect to
control experiment. Still, growth inhibition did not show a clear relationship with
compound 1 concentration. On the other hand, Caco-2 cell incubation with either
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compounds 2–4 provoked no clear inhibition of cell growth.

Figure 19. Cell viability study on Caco-2 cells upon incubation with increasing
concentrations of compounds 1-4.

Similarly, the effect of compounds 1-4 on non-neoplasic cells was studied by
the analysis of their effect on the viability of Caco-2/TC7 cells, which consist of a
monolayer of polarized and confluenced Caco-2 cells that mimic a healthy human
small-intestinal tissue both in terms of architecture and molecular environment. As
derived from results plotted in Figure 20, incubation of healthy cells with increasing
concentrations of compounds 1-4 resulted in no significant change on cell viability.
The absence of any significant toxicity effect of our compounds over either
cancer or non-cancerous cells, strengthens the chances of success of this type of
Ln(III) complexes when used either in biosensing or bioimaging applications.
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Figure 20. Cell viability study on Caco-2/TC7 (under confluence) cells upon incubation with
increasing concentrations of compounds 1-4.

4. Conclusions
In summary, four novel lanthanide coordination compounds, with three types
of crystal structures, have been crystallized: [Dy(5-BrNic)3(H2O)4] (1), [Tb(5BrNic)2(H2O)4]·[Tb(5-BrNic)4(H2O)2]·(5-HBrNic)2 (2), [Yb(5-BrNic)2(H2O)4][Yb(5BrNic)4(H2O)2]·(5-HBrNic)2 (3) and {[Nd(5-BrNic)3(H2O)3]·H2O}n (4). Magnetic
measurements confirm the presence of isolated lanthanide centers given the
negligible antiferromagnetic interactions existing even in the case of 1D Ndcarboxylate chains of 4. On its part, alternating current magnetic susceptibility
measurements carried out on 1 have been accomplished by means of, revealing a Ueff
of 33 K. Solid state photoluminescence spectra of compounds 1–4 showed the
relevance of the antenna effect exerted by the 5-BrNic ligand. Decay lifetime
measurements indicate short-lived excitation states in 1, whereas the yellow/orange
colored emission of 2 showed larger lifetimes (1 ms aprox). Cell viability studies on
both cancer and non-cancer Caco-2 cells revealed a complete absence of cell growth
inhibition exerted by either compound 1-4. In conclusion, four new non-toxic
luminescent Ln(III) compounds have been generated with the 5-BrNic ligand with
interesting magnetic and luminescent properties, accompanied by a complete absence
of toxicity in cellular assays.
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Abstract
Five new coordination polymers (CPs) constructed of aminopyridine-2carboxylate (ampy) ligand have been synthesized and fully characterized. Three of
them correspond to metal-organic chains built from the coordination of ampy to
sodium and lanthanides with formulae [MNa(ampy)4]n (M = terbium (1), erbium
(2),and ytterbium (3)) resembling a previously reported dysprosium material which
shows anticancer activity. On another level, the reaction of Hampy with cobalt and
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copper ions ({[CoK(ampy)3(H2O)3](H2O)3}n (4) and [Cu(ampy)2]n (5)) lead to CPs
with variable dimensionalities, which gives the opportunity of analyzing the
structural properties of this new family. Lanthanide materials display solid state
intense photoluminescent emissions in both the visible and near-infrared region and
exhibit slow relaxation of magnetization with frequency dependence of the out-ofphase susceptibility. More interestingly, in our search on multifunctional materials,
we have carried out antitumor measurements of these compounds. These
multidisciplinary studies of metal complexes opens up the possibility of further
exploring the applications in the fields of metal-based drugs.

1. Introduction
In the last years, Single-Ion Magnets (SIMs) have been intensively studied
due to their potential applications in quantum-computing devices 1 and molecular
spintronics 2 . In the same time, coordination polymers (CPs) have received great
interest due to their structural diversity as well as the properties that arise from their
topological features3. In particular, the study of lanthanide-based CPs has evolved
enormously in areas such as luminescence 4 , gas adsorption 5 , optical storage 6 ,
magnetism7 and biology as drug-delivery systems8 or cytotoxic agents9. Coordination
polymers are obtained by the self-assembly of metal ions with appropriate bridging
organic

ligands

generating

multidimensional

materials

with

different

properties.During the recent years, we have also focused ondesigning novel organic
ligands to construct SIMs10 and Ln-PCs based on carboxylic linkers11 that behave as
magnets. It is worth noting that there are not many examples of mixed 3s-4f systems
so the synthesis and study of these systems could provide materials with interesting
properties, reason why we decided to focus on this type of SIMs. In this line, our
research group has recently obtained and characterized an interesting metal-organic
chain (MOC) based on dysprosium which, to the best of our knowledge, can be
regarded as the first example of a SIM material showing magnetic fielddependent
cytotoxicity and modulation of the multidrug resistance

12

.In this work, the

cytotoxicity of both the ligand and complex was quantified by the IC 50 values,
showing that complex and its ligand exert a mild cytotoxic activity against HT-29
and DLD-1 colon carcinoma cells, while complex has a very weak cytotoxicity
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against Caco-2 cells as none of the concentrations, not even 20 mM, inhibited 100%
of the living cells.
In the development of biological applications, this type of metal-organic
compounds could be used for variable purposes with different points of view. These
systems can be used as bioluminescent markers13 when present a low cytotoxicity or,
alternatively, they can be used as cytotoxic compounds with a cytotoxicity modulated
by an external magnetic field or by the structural properties. 14 These properties
feature a wide range of potential uses such as allow determining the organism
distribution of the compound, and once reached the target tumor area, its toxicity
could be activated in response to a magnetic field and minimize nonspecific
interactions as it happens with other anticancer agents such astrierpenic acids
derivatives.15
Due to the potential application of these materials, we have synthesized
similar coordination polymers based on terbium, erbium and ytterbium ions that
show slow relaxation of magnetization with the aim of studying their cytotoxic
properties with different cancer cell lines. In these studies, we have observed that the
cytotoxic activity varies depending on the lanthanide ion used, which opens up the
possibility of switching the biological activity of the compound while its
multifunctional character is adapted. Moreover, we have synthesized two new
multidimensional coordination polymers based on cobalt and copper with the same
ligand to study the modification of the anti-cancer properties by the use of transition
metal ions.On this occasion, we have used ligand 5-aminopyridine-2-carboxylic acid
(Hampy), due to there was only one coordination compound in the literature16. In this
case, the ligand showed a different coordination mode than the one shown in the
previous work and in this manuscript.
Herein, we report the synthesis and structure of five novel coordination
polymers based on 5-aminopyridine-2-carboxylic acid as linker, three MOCs with
formulae [TbNa(ampy)4]n (1), [ErNa(ampy)4]n (2), [YbNa(ampy)4]n (3), and two
multidimensional CPs {[CoK(ampy)3(H2O)3]·(H2O)3}n (4) and [Cu(ampy)2]n (5) that
present interesting magnetic, luminescence and biological properties. Thanks to its
aromaticity, Hampy is a good candidate for enhanced emissive properties, which are
tunable by coordination to metal with different coordination modes (Scheme 1).
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These materials corroborate the potential of this pyridine derivative linker to
construct new coordination polymers with interesting physical and biological
properties. Moreover, in this work we assayed the cytotoxicity effects of five metal
complexes, in three cellular lines: B16-F10 murine melanoma cells, Hep-G2 human
hepatocarcinome cells, and HT29 human colon cancer cells. Our results showed that
the compounds were especially cytotoxic in the carcinoma cells HT29 or Hep-G2,
whereas no results were found in B16-F10 melanoma cells. Compound 4 seemed to
be the more cytotoxic complex (including B16-F10 mealnome cells), whereas
compound 1 did not have effects on any of the cancer cell lines assayed. One of our
main objectives in this study is to search for new anticancer-drugs with new
biochemical properties rather than improving actual anti-cancer drugs. In this sense
the synthesis of new families of coordination compounds could be a new strategy
with new applications, which may represent a useful mechanistic approach to both
chemoprevention and chemotherapy in different types of cancer.

90 º

Scheme 1. Different known coordination modes of Hampy ligand.
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2. Experimental Section

2.1. General Procedures
Unless stated otherwise, all reactions were conducted under solvothermal
conditions, with the reagents purchased commercially and used without further
purification.

2.2. Preparation of complexes
[TbNa(ampy)4]n (1): This reaction is achieved via the soft solvothermal
reaction of terbium nitrate (1 mmol), NaOH (0.1 mmol) and 5-aminopyridine-2carboxylic acid (4 mmol) in dimethylformamide (10 ml) at 95°C for 24h to give
prismatic crystals of compound 1. Yield: ca. 45% based on terbium. Anal. Calcd
C24H20N8NaO8Tb: C 39.47, H 2.76, N 15.34. Found: C 39.43, H 2.67, N 15.41.
[ErNa(ampy)4]n (2) and [YbNa(ampy)4]n (3): They were carried out the same
reaction as in the above compound but using erbium nitrate and ytterbium nitrate for
2 and 3, respectively. Yield: ca. 38% and 43% based on metal ions for 2 and 3,
respectively. Anal. Calcd C24H20N8NaO8 Er: C 39.02, H 2.73, N 15.17. Found: C
38.94, H 2.65, N 15.21. Anal. Calcd C24H20N8NaO8Yb: C 38.72, H 2.71, N 15.05.
Found: C 38.64, H 2.63, N 15.11.
{[CoK(ampy)3(H2O)3](H2O)3}n (4): This reaction is achieved via the soft
solvothermal reaction of cobalt nitrate (1 mmol), KOH (0.1 mmol) and 5aminopyridine-2-carboxylic acid (3 mmol) in dimethylformamide (10 ml) at 95°C for
24h to give prismatic crystals of compound 4. Yield: ca. 15% based on cobalt. Anal.
Calcd C18H33CoKN6O15: C 32.19, H 4.95, N 12.51. Found: C 32.06, H 4.83, N 12.67.
[Cu(ampy)2]n (5): This reaction is achieved via the soft solvothermal reaction
of copper nitrate (1 mmol) and 5-aminopyridine-2-carboxylic acid (2 mmol) in
dimethylformamide (10 ml) at 95°C for 24h to give prismatic crystals of compound
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5. Yield: ca. 41% based on copper. Anal. Calcd C12H10CuN4O4: C 42.67, H 2.98, N
16.59. Found: C 42.49, H 2.82, N 16.74.

2.3. Physical measurements
Elemental analyses were carried out at the Centro de Instrumentación
Científica (University of Granada) on a Fisons-Carlo Erba analyser model EA 1108.
FTIR spectra were recorded on a Nicolet IR 6700 spectrometer in the 4000−400 cm−1
spectral region. The spectra of compounds show bands around 1710 cm-1 (C=O,
carboxylate) and 3350 cm-1 and 1550 cm-1 (N-H, amine group) with little
displacement compared to 5-aminopyridine-2-carboxylic acid spectra´s bands.

2.4. Single-Crystal Structure Determination
The crystal structure of compounds 1-5 were determined by single crystal Xray crystallography. Suitable crystals of these materials were mounted on a glass
fibre and used for data collection on a Bruker D8 Venture diffractometer using
MoKα radiation (λ = 0.71073Å). Absorption correction was applied using
SADABS17. The structure was solved by direct methods and refined with full-matrix
least-squares calculations on F2 using the program SHELXL 18 and Olex2 as the
graphical interface 19 . Anisotropic temperature factors were assigned to all atoms
except for hydrogen atoms, which are riding their parent atoms with an isotropic
temperature factor chosen as 1.2 times or 1.5 times those of their parent atoms.
Attempts to solve disorder problems with crystallization water molecules failed in
compound 4. During the structure refinement, regions of electron density were
identified as highly disordered water molecules. Attempts to model these electron
densities as water were not successful due to the extent of the disorder. In the final
structure model, the contribution of the electron density from three water molecules
per formula unit has been removed from the intensity data using the solvent mask
tool in Olex2. The structure exhibits disorder of the coordinated ampy ligand, which
was successfully refined using a two-site model with a 0.54:0.46 occupancy ratio.
Compound 5 was refined as a pseudo-merohedral twin. From the original HKLF file,
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a modified file was prepared by means of the TWINROTMAT option (twin matrix -1
0 0 0 -1 0 0 0 1) in PLATON

20

in such a way that final refinement gave twin

fractions of 0.22 and 0.78. Details of the structure determination and refinement of
the studied compounds are summarized in Table 1. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC
1519675, 1519676 and 1944059-1944061. Copies of the data can be obtained free of
charge on application to the Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
U.K.

(Fax:

+44-1223-335033;

e-mail:

deposit@ccdc.cam.ac.uk

or

http://www.ccdc.cam.ac.uk).

Table 1. Crystallographic Data and Structural Refinement Details
Compound

1

2

3

4

5

Chem. formula

C24H20N8NaO8Tb

C24H20ErN8NaO8

C24H20N8NaO8Yb

C18H33CoKN6O15

C12H10CuN4O4

730.39

738.73

744.51

671.53

337.78

M/g·mol

-1

T(K)

100(2)

100(2)

298(2)

100(2)

100(2)

λ/Å

0.71073

0.71073

0.71073

0.71073

0.71073

Crystalsystem

Tetragonal

Tetragonal

Tetragonal

Cubic

Monoclinic

Spacegroup

I41/a

I41/a

I41/a

P213

P21/c

a/Å

17.8670(17)

17.825(5)

18.007(4)

15.0415(11)

3.6280(3)

b/Å

17.8670(17)

17.825(5)

18.007(4)

15.0415(11)

13.6719(8)

c/Å

8.5065(8)

8.543(5)

8.5600(19)

15.0415(11)

11.5098(7)

α/º

90

90

90

90

90

β/º

90

90

90

90

90.023(4)

90

90

90

90

90

V/Å

2715.5(6)

2714(2)

2775.6(14)

3403.1(7)

570.91(7)

Z

4

4

4

4

2

ρcalcd(g·cm )

1.787

1.808

1.782

1.311

1.965

μ(mm )

2.684

3.171

3.447

0.693

1.938

R(int)

0.0818

0.0437

0.0262

0.0612

0.0508

GOF on F2

1.064

1.073

1.069

1.057

1.095

R1 [I>2σ(I)]

0.0534

0.0248

0.0208

0.0417

0.0324

wR2 [I>2σ(I)]

0.1077

0.0616

0.1047

0.0626

γ/º
3

-3

-1

0.0529

R1= Σ||F0|–|Fc|| / Σ|F0|; wR = [Σw(F0 –
2

2

Fc2)2

/ ΣwF0 ]

2 1/2
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2.5. Luminescence measurements
Lifetime and steady-state photoluminescence (PL) measurements were carried
out on crystalline samples at 10 K using a close cycle helium cryostat enclosed in an
Edinburgh Instruments FLS920 spectrometer. All samples are first placed under high
vacuum (of ca. 10−9 mbar) to avoid the presence of oxygen or water in the sample
holder. For recording steady-state emission spectra an IK3552R-G HeCd continuous
laser (325 nm) was used as excitation source. A Hamamatsu NIR-PMT PicoQuant
FluoTime 200 detector was employed for collecting the spectra in the NIR region.

2.6. Magnetic measurements
Magnetization and variable-temperature (1.9–300 K) magnetic susceptibility
measurements on polycrystalline samples were carried out with a Quantum Design
SQUID MPMS XL-5 device operating at different magnetic fields. The experimental
susceptibilities were corrected for the diamagnetism of the constituent atoms by
using Pascal’s tables. Ac susceptibility measurements under different applied static
fields were performed by using an oscillating ac field of 3.5 Oe on a PPMS 6000
magnetometer.
Alternating current magnetic measurements were performed under zero and
1000 Oe applied static fields on a PPMS - Quantum Design Model 6000
magnetometer by using an oscillating ac field of 3.5 G and ac frequencies ranging
from 60 to 10 000 Hz.

2.7. Antiproliferative Activity
The effect of treatment with the three 1D-coordination polymers (compound
1, 2 and 3) and two coordination polymer materials (compounds 4 and 5) on cancer
cell

proliferation

were

assayed

by

MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay, on HT29 colon cancer cells, Hep-G2 hepatome
cells and B16-F10 melanome cells. The three cancer cell lines were treated with
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increasing concentration of the compounds (range from 0 to 100 μg/mL). MTT is
transformed by viability cells to formazan, therefore its concentration is proportional
to the number of life cells. The percentage of viability cells were expressed with
respect to untreated control cells. In all cells lines we determined the concentration of
compounds required for 20%, 50%, and 80% of inhibition cell growth, IC 20, IC50 and
IC80, concentrations respectively.

3. Results and Discussion
The solvothermal reactions of the appropriate metallic salts at 95ºC for 24h
produced prismatic crystals of these coordination polymers. The crystal structures of
terbium, erbium, ytterbium, cobalt and copper compounds were determined using
single crystal X-ray crystallography.

3.1. Description of the structures

3.1.1. Structural descriptions of Tb-MOC (1), Er-MOC (2) and
Yb-MOC (3).
The preparation of [TbNa(ampy)4]n is very simple and is achieved via the soft
hydrothermal reaction of the terbium nitrate (1 mmol), NaOH (0.1 mmol) and 5aminopyridine-2-carboxylic acid (4 mmol) in dimethylformamide (10 ml) at 95ºC for
24h to give prismatic crystals of this Tb-MOC (1). Compounds 1 (M = Tb), 2 (M =
Er) and 3 (M = Yb) are isostructural materials, and therefore we will only describe
the latter. These compounds crystallize in the tetragonal space group I41/a. The 1D
structure of 3 (Figure 1) is described by ytterbium and sodium ions bridged by four
different (ampy)- linkers. The (ampy)- ligand shows a chelating coordination mode
that involves the coordination of theoxygen atom pertaining to the carboxylate group
and the nitrogen atom from the pyridine ring.
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Figure 1. Perspective view of the ytterbium-sodium chain. Hydrogen atoms have been
omitted for clarity. Colour code: Ytterbium, green; sodium, purple; oxygen, red; nitrogen,
blue; carbon, grey.

The YbIII atom exhibits a YbN4O4 coordination environment which is made of
four oxygen atoms pertaining to four different (ampy)- ligands and four nitrogen
atoms belonging to four pyridine rings. The Yb–Ocarb bond distance has a value of
2.282(2) Å whereas the Yb–Npyr distance is 2.518(3) Å (Table 2). Within the onedimensional coordination polymer, the intrachain YbˑˑˑYb distance is of 8.560(10) Å,
while the shortest interchain YbˑˑˑYb distance is of 9.254(10) Å. These chains can be
described by [Yb(ampy)4]- units bridged by Na+ ions, in which chains are packed
thanks to an interesting hydrogen bond network (Figure 2) that involves the oxygen
pertaining to carboxylate group and the amino group of the ligand with a distance of
2.972(6) Å.
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Figure 2. Top: Hydrogen bonds present in the chains pertaining to Yb-MOC. Bottom:
Perspective view of packing in 3 along c axis in which can be observed π–π interactions
among pyridine rings pertaining to the ligand.

In these three structures, Na+ ions shows a very distorted tetrahedral
coordination geometry of type NaO4, in which the bond distances Na-O are 2.736,
2.753 and 2.762 Å for 1, 2 and 3, respectively.
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Table 2. Selected bond lengths and angles for compounds 1 - 3.
Tb1-O1

2.318(4)

Er1-O1

2.308(3)

Yb1-O1

2.282(2)

Tb1-N1

2.556(4)

Er1-N1

2.529(4)

Yb1-N1

2.518(3)

Tb1-Na1

4.253(8)

Er1-Na1

4.272(7)

Yb1-Na1

4.280(9)

Tb1-Tb1

8.507(9)

Er1-Er1

8.543(7)

Yb1-Yb1

8.560(10)

3.1.2. Structural description of Co-CP (4).
Compound 4 crystallizes in the cubic P213 space group. The cobalt(II) ion
resides in a 3-fold axis, adopting an octahedral coordination polyhedron and is tris
chelated by three ampy ligands which supply six donor atoms in a CoN3O3
coordination environment in fac disposition (Figure 3). The overall assembly consists
of a three-dimensional coordination polymer that can be described as [Co(ampy)3]–
units connected by K+ ions.

Figure 3. Perspective of one chain pertaining to Co-CP in which [Co(ampy)3]– units are
connected by K+ ions. Hydrogen atoms have been omitted for clarity. Colour code: Cobalt,
pink; potassium, yellow; oxygen, red; nitrogen, blue; carbon, grey.
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The potassium centers exhibit six-coordinate environments consisting of three
bridging carboxylate O atoms and three terminal water molecules. It is observed that
the K–Oampy distances (2.686(4) Å) are shorter than that of the K–Owater (2.844(8) Å),
indicating that the former bridges may play a more important role in stabilizing the
network (Figure 4). Hydrogen bonding interactions involving –NH2 groups reinforce
the supramolecular architecture. Terminal water ligands also participate in a
hydrogen network pointing towards the interior of cavities (26.9% of unit cell
volume). These cavities are occupied by highly disordered water molecules that were
masked by the Olex2 mask tool (see experimental section).

Figure 4. Perspective of the three-dimensional structure in Co-CP. Hydrogen atoms have
been omitted for clarity. Colour code: Cobalt, pink; potassium, yellow; oxygen, red;
nitrogen, blue; carbon, grey.
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3.1.3. Structural description of Cu-CP (5).
The structure of 5 is made of planar [Cu(ampy)2] units connected by weak
Cu-O axial interactions to afford linear chains parallel to the a axis (Figure 5). This
compound crystallizes in the P21/c monoclinic space group in which Cu(II) ions
exhibit a CuN2O4 coordination polyhedron with tetragonally distorted octahedral
geometry. The equatorial positions are occupied by two nitrogen atoms and two
oxygen atoms from two carboxylate groups belonging to two different ampy bridging
ligands, which adopt a trans-planar conﬁguration. Two carboxylate oxygen atoms,
O1, are situated in axial positions at a longer distance of 2.961(3) Å. Neighbouring
[Cu(ampy)2] units are held together by a pair of complementary weak Cu-O1
interactions, which lead to the chain structure with syn-anti carboxylate bridges. The
Cu···Cu distance along the chain is 3.628(4) Å, whereas the shortestinterchain
Cu···Cu distance is 8.936(4) Å.

Figure 5. Perspective of one chain pertaining to Cu-CP parallel to a axis. Hydrogen atoms
have been omitted for clarity. Colour code: Copper, cyan; oxygen, red; nitrogen, blue;
carbon, grey.
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These chains generate a three-dimensional network by means of strong
hydrogen bonds (2.911 Å) involving the O2 atoms from the carboxylate groups and
the N2 atoms from the amino groups pertaining to the ampy ligand (Figure 6).

Figure 6. Perspective of the three-dimensional network generating by hydrogen bonds
in compound 5.

3.2. Luminescence Properties
Among lanthanide ions, Tb(III) is one of the most strongly emitting members
and accordingly, it has been widely employed for the characterization of the active
metal environments in many macromolecules of biological interest

21

. Lanthanide

luminophores present sharp emission bands and their luminescent lifetimes are often
long, which allows easily discriminating their emission from background
fluorescence, identifying it through time-resolved measurements and performing a
selected detection when they are mixed with other emitting lanthanide cations10b. On
the other hand, a major drawback for lanthanide(III) ions is derived from their low
absorption coefficients, since being based on Laporte forbidden f-f transitions,
hinders their direct excitation. This inconvenient may be bypassed by the so-called
“antenna effect”, in which ligands consisting of aromatic chromophores and
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possessing a reasonably large molar absorption cross section mediate in the process,
thus generating more efficient emissions originated at the lanthanides. The
polycrystalline sample of compound 1 shows a brilliant green emission upon laser
excitation at 325 nm. The emission spectrum shows seven multiplets assigned to the
5

D4→7FJ (J = 6, 5, 4, 3, 2, 1, and 0) transitions (Figure 7), among which the 5D4→7F5

(called hypersensitive transition) is the strongest one owing to its large probability
being both electric-dipole and magnetic-dipole induced transition. Moreover, as
observed in the spectrum, no remarkable emission is observed in the 350-450 nm
region (characteristic of ligand fluorescence), so it may be assumed that the ligand
acts as an effective antenna for the terbium(III) centre.

Figure 7. 10 K emission spectrum of compound 1 collected under excitation at 325 nm
showing the characteristic transitions of the corresponding lanthanide (III) ion.
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In the case of NIR emitters, the sensitization via ligands antenna effect is
often more difficult to be achieved given the large energy difference between the
excited levels of the ligands and the emissive levels of the lanthanide, which favours
the occurrence of non-radiative processes to govern the deactivation process.
Accordingly, the examples of NIR emitters based on CPs are somewhat scarce. As
previously

observed

for

other

compounds

based

on

amino

substituted

pyridinecarboxylate, these ligands have proven an effective UV light absorption
capacity, so they could behave as sensitizers for lanthanide emission. In fact, as
depicted in Figure 8, compounds 2 and 3 exhibit intense characteristic emission when
the polycrystalline samples are excited at monochromatic 325 nm laser irradiation. In
the emission spectrum of compound 2, the very narrow band centred at 1542 nm
shows a quite symmetric profile in which a fine-structure may be distinguished.
These emission maxima are attributed to the 4I13/24I15/2 transition of the intraionic
levels of the ErIII ion, which are of particular interest in the field of amplification
since 1540 nm is an appropriate wavelength in the third telecommunication window.
When ampy ligand is introduced to sensitize YbIII ion, the emission spectrum of 3
exhibits the characteristic emission bands sited around 980 nm assigned to the
2

F5/22F7/2 transition. It is worth mentioning that this emission is not a single sharp

line but, in addition to the most intense one at 983 nm, it consists of an envelope of
bands peaking at 975, 1004 and 1032 nm. The occurrence of those bands seems to
correspond to the crystal-field splitting at the emitting and/or fundamental states as a
consequence of the growth of the crystalline complex.
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Figure 8. 10 K emission spectra of compounds 2 and 3 collected under excitation at 325 nm
showing the characteristic transitions of the corresponding lanthanide(III) ion.

3.3. Magnetic Measurements
Dynamic alternating current (ac) magnetic measurements showed that in the
absence of an external field none of these complexes exhibit frequency dependence
of the out-of-phase susceptibility signals, which could be due to the lack of slow
relaxation of magnetization or to the presence of quantum tunnelling of
magnetization (QTM). When a small external dc field of 1000 Oe was applied to
suppress QTM, the Er (2) counterpart showed slight frequency dependent signals
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(Figure 9a), whereas the Yb compound (3) showed characteristic signals of SMM
behaviour with maxima below 6 K (Figure 9b). The fact that the terbium based
compound does not show slow magnetic relaxation in contrast to isostructural Er and
Yb counterparts is not surprising, but it could be attributed to the different shape of
the electron density of the employed lanthanide(III) ions. In particular, Tb(III)
presents an oblate density whereas Er(III) and Yb(III) ions show a prolate
distribution, which fits better the coordination environment described in 1-3.22

Figure 9. a) Temperature dependence of in-phase (top) and out-of-phase (bottom)
components of the ac susceptibility measured under 1000 Oe applied dc field for 2. b)
Temperature dependence of in-phase (top) and out-of-phase (bottom) components of the ac
susceptibility measured under 1000 Oe applied dc field for 3. Inset: Arrhenius plots for the
relaxation times. The black and red lines correspond to the best fits to Orbach and Raman +
QTM processes, respectively.

However, the applied dc field of 1000 Oe is not enough to completely
suppress the QTM for the Yb compound, as both χM’ and χM” components of the ac
signals of the highest frequencies do not go to zero below the maxima at low
temperature. The Cole-Cole plots (Figure 10), with α values in the 0.10(2 K)-0.03(5.4
K) range, also suggest the existence of multiple relaxation processes at least at the
lowest temperatures.
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The Arrhenius plot of the relaxation times affords Ueff and 0 values of 25 K
and 2.2×10-7 s, respectively, for the Orbach process (Figure 9, inset). The obtained
energy barrier is much lower than the energy gap between the ground and first
excited states extracted from the photoluminescence spectra (Figure 8), which is of
120 K. This value is obtained from the position of the first two bands in the spectra
(975 and 983 nm), as these bands are related to the emissions from the 2F5/2 multiplet
to the ground and first excited states of the 2F7/2 multiplet. The differences between
Ueff and the energy gap, together with the deviation of the relaxation times from
linearity, clearly suggest the presence of additional relaxation mechanisms in this
compound.

Figure 10. Cole-Cole plots for Yb Compound.

As for the most part of the Yb complexes Raman relaxation processes have
been proposed

23

, the relaxation times were fitted to -1 = QTM

-1

+ bTn, which

includes contributions from Raman and QTM mechanisms (Figure 9, inset). The best
fitting parameters were b = 3.7, n = 5.5 and QTM = 7.4×10-4 s. Although n = 9 is
expected for Kramer’s ions, depending on the structure of the levels n values between
1 and 6 can be considered as reasonable.24 The excellent fit of the relaxation times to
a combination of Raman and QTM processes suggests that the spin-lattice relaxation
takes place through an optical-acoustic Raman-like process, instead of through a
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thermally activated Orbach-like process. These results are in good agreement with
the behavior observed in other Yb compounds reported by our group.25

3.4. Potential Antiproliferative Activities
The results showed that compound 1 does not display cytotoxicity at any
assayed conditions, in any cells lines. Compounds 2 and 3 showed relatively
cytotoxicity in HT29 and Hep-G2 cells (not in B16-F10 cells) with IC50 data range
between 110 to 228 μg/mL, IC20 data between 37 to 108 μg/mL, and IC80 data
between 123 to 353 μg/mL (Figure 11). Only Cu-complex was cytotoxic in all three
cell lines assayed with IC50 data between 38 to 62 μg/mL, IC20 data between 18 to 51
μg/mL, and IC80 between 65 to 81 μg/mL (Figure 11).

Figure 11. Growth-inhibitory effects (IC20, IC50, and IC80, μg/mL) of compounds 2, 3, 4, and
5 on the three cancer cell lines.

The effectiveness showed for these coordination complexes in the three cell
lines assayed was similar in HT29 and Hep-G2 cell lines with cytotoxic effects for all
compounds except for compound 1. On the other hand, in B16-F10 melanoma cells
any compounds assayed showed cytotoxicity but for compound 4 (Figure 12).
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Figure 12. Effects of compounds 3, 4 and 5, on the viability of B16-F10, HT29, and Hep-G2
cancer cells, after treatment with the compounds for 72h in a range of 0 to 100 μg/mL, each
point represents the mean value ± SD of at least two independent experiments performed in
triplicate.

The best results were obtained for compound 4 with the lowest IC50 values,
especially in HT29, with IC50 values between 2.3 to 5.9 fold lower that the
compounds 2, 3, and 5, in both HT29 and Hep-G2 cells. In HT29 cell line, compound
4 displays cytotoxicity at lower concentrations than compounds 2, 3 and 5, whereas
in Hep-G2 cells the onset of the cytotoxic effect were similar for all compounds
(except 1), with concentrations closed 35μg/mL (see IC20 values, Table 3). The
highest cytotoxic effect was reached before for the compound 4, in both HT29 and
Hep-G2 cells, with a concentration around 70 μg/mL, being between 1.9 to 4.3 fold
lower than the rest of compounds (see IC80 values, Table 3).
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Table 3. Growth-inhibitory effects of compounds1-5 on the three cancer cell lines.
Cell line

Comp. #

IC20

IC50

IC80

HT29

1

N/A

N/A

N/A

2

108,75 ± 6,37

228,64 ± 0,00

N/A

3

92,66 ± 3,06

110,86 ± 3,33

122,88 ± 3,90

4

18,44 ± 5,84

38,57 ± 4,77

65,03 ± 4,90

5

56,30 ± 19,27

137,21 ± 7,33

221,56 ± 35,03

1

N/A

N/A

N/A

2

37,08 ± 8,29

212,97 ± 15,14

N/A

3

37,55 ± 9,25

167,10 ± 1,34

353,44 ± 28,27

4

21,89 ± 0,88

48,68 ± 1,26

80,96 ± 1,28

5

46,03 ± 12,34

113,44 ± 0,96

174,61 ± 18,69

1

N/A

N/A

N/A

2

N/A

N/A

N/A

3

N/A

N/A

N/A

4

51,72 ± 0,31

62,22 ± 0,45

76,40 ± 0,58

5

N/A

N/A

N/A

Hep-G2

B16-F10

In general terms, we found that the complexes with lower IC50 were the
materials 4 and 5 with respect to MOC complexes, with Co2+ and Cu2+ions. MOC
complexes showed a moderate cytotoxicity, with similar results for complexes with
Yb3+ and Er3+ metals, in both HT29 and Hep-G2 cells. Nevertheless, not cytotoxicity
results were found for the Tb3+-MOC complex. With respect to cell lines only Cobalt
compound produced cytotoxicity in B16-F10 murine melanoma cell line, the rest of
compounds did not produce any effects on this cell line.
The fact of the relatively low cytotoxicity of several of these compounds is
not a handicap, because these compounds could be used as in vivo biological probes,
with the option to active or increase its cytotoxicity in respond to external magnetic
field13. Future studies will be necessary to confirm this point. To determine the
organism distribution of the compounds thinking of them as biological probes, the
incident radiation must be able to penetrate the tissues to reach the chromophore,
which rules UV light and part of visible spectrum 26 . Therefore it is desirable to
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design NIR-luminescent lanthanide complexes that produce luminescence after
absorption of light at longer wavelengths. As consequence of the biological
comportment of this type of compounds, which show clearly cytotoxicity in two of
the three cancer cell lines assayed, that can be modulated externally with a magnetic
field, and have intrinsic luminescent properties. These compounds could afford
important and effective new tools for potential treatment from cancer, although more
depth studies will be necessary to characterize completely its possible use as anticancer compounds.

4. Conclusions
We have succeeded in the design, synthesis, and characterization of the
physical properties of a new family of coordination polymers based on terbium,
erbium, ytterbium, cobalt and copper with the interesting 5-aminopyridine-2carboxylic acid ligand. These lanthanide coordination polymers show isostructural
1D-structures and display intense photoluminescence properties in the solid state that
have been fully characterized. The erbium material displays slightly frequencydependent out-of-phase signals, whereas the ytterbium compound presents slow
magnetic relaxation that proceeds through various relaxation mechanisms. The
absence of magnet behaviour in the terbium-based compound seems to be related
with its oblate shape, in contrast to the prolate shape of other lanthanides. The
luminescence signal and potential magnetic properties of the compounds instigate
their utility as multifunctional materials. On the other hand, the anti-cancer properties
of these materials have been measured by MTT which show, in general, lanthanide
compounds are not very active, while cobalt material 4 shows the lowest IC50 values,
especially in HT29, with IC50 values between 2.3 to 5.9 fold all of them lower that
values showed by compounds 2, 3, and 5, in both HT29 and Hep-G2 cells, whereas
in Hep-G2 cells the onset of the cytotoxic effect were similar for all compounds. In
conclusion, this new family of compounds could suppose important and effective
new tools for potential treatment from cancer, although more depth studies will be
necessary to improve its possible use as anti-cancer drugs.
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Magnetic and Photoluminescent Sensors Based on Metal-Organic
Frameworks Built up from 2-aminoisonicotinate

Abstract
In this work, three isostructural metal-organic frameworks based on first row
transition metal ions and 2-aminoisonicotinate (2ain) ligands, namely, {[M(μ2ain)2]·DMF}n [MII = Co (1), Ni (2), Zn (3)], are evaluated for their sensing capacity
of various solvents and metal ions by monitoring the modulation of their magnetic
and photoluminescence properties. The crystal structure consists of an open
diamond-like topological 3D framework that leaves huge voids, which allows
crystallizing two-fold interpenetrated architecture that still retains large porosity.
Magnetic measurements performed on 1 reveal the occurrence of field-induced spinglass behaviour characterized by a drequency-independent relazation. Solventexchange experiments lead successfully to the replacement of lattice molecules by
DMSO and MeOH, which, on its part, show dominating SIM behaviour with low
blocking temperatures but substantially high energy barrier for the reversal of
magnetization. Photoluminescence studies at variable temperature on compound 3
show its capacity to provide bright blue emission under UV excitation, which
proceeds through a ligand-centred charge transfer mechanism as confirmed by time-
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dependent DFT calculations. Turn off and/or shift of the emission is observed for
suspensions of 3 in differents solvents and aqueous solutions containing metal ions.

1. Introduction
The multifunctionalization of metal-organic frameworks (MOFs) has recently
become one of the main research strategies of inorganic and materials chemistry to
guide the construction of materials with sensing capacities.1,2,3 This is a consequence
of the capacity of these materials to allow for multiple physical properties which may
coexist or even cooperate in a synergistic way.4,5 As it is well known, MOFs are a
class of potentially porous materials comprised of single metal ions or metal ion
clusters linked one another by organic ligands to give an extended crystalline
architecture.6,7,8 The variety of metal ions and organic ligands opens up an infinite
number of possible combinations which allow designing MOFs almost a will in such
a way that their structure responds as best as possible to a particular
commitment. 9 , 10 , 11 , 12 , 13 , 14 , 15 In particular, the rapid detection of toxic species in
environmental and ecological systems is gaining increasing interest because of the
large overlap between residential and surrounding industrial areas, which already
causaes many deseases in human being and tends to be expanded in near future.16 For
instance, various salts containing Fe3+ and Cu2+ ions, usually employed in industry
and, in spite of the control measures, large amounts of such metals are unfortunately
still found damaging the ecosystems of rivers and streams.17 The same applies for
some common solvents referred to as volatile organic compounds (VOCs) that are
substantially toxic air and water pollutants and cause severe environmental
problems.18 In this regard, MOFs are good candidates to drive the detection of all
above mentioned molecules in liquid media owing to their specific functions bearing
on the surface of the pores, since they are known to show strong interactions able to
provide a reversible load/unload on the material and, hence, asignificant change in a
property.19,20
Focusing on the sensor activity of the MOFs, the transduction mechanism by
which the material manifests a change in a property when the target analyte is
uploaded is undoubtedly a key point. Most of the systems studied so far are based on

200

CAPÍTULO 4
luminescence detection because, making use of the changes (increase/decrease on the
intensity or shift of the emission signal) in the photoluminescence (PL) of a probe
MOF provoked by the presence of the analyte, is very desired for its relative ease of
use, technical simplicity and broad adaptability.21 Moreover, PL in MOFs can have
multiple origins which proceed through a complex electronic excitation/emission
scenario in which different parts of the hybrid structure are involved: ligand centred
(LC) and metal centred (MC) luminescence, charge transfers (CT) processes with
different electron pathways, such as ligand-to-ligand (LLCT), ligand-to-metal
(LMCT), metal-to-ligand (MLCT), or even guest molecules centred (GC) charge
transfers.22 To that end, a promising strategy argues for the use of organic ligands
with strong absorption (usually aromatic molecules with functionalities containing
heteroatoms with lone-pairs) combined with metal ions with closed-shell electronic
configuration, which avoid non-radiative quenching.23,24 Although comparatively less
explored than PL sensing, a magnetic response dependent on different guest
molecules, that is the change of the magnetic molecular properties of the MOF as a
consequence of the analyte loaded in the voids, is an already plausible alternative
despite the more complex technical requirements implied. 25 MOFs behaving as
single-molecule magnets (SMMs) below a blocking temperature (TB) consist of
isolated spin carriers with large magnetic anisotropy which present no (or negligible)
magnetic ordering by means of weak intermetallic exchange interactions. 26,27,28 For
transition metals, spin-reversal barrier that promotes slow magnetic relaxation is U =
│D│(S2 – 1/4), where D and S stand for the ground state half-integer spin and axial
parameter of the zero-field splitting (zfs). That is the reason why cobalt(II) systems,
with not only high and non-integer ground state (S = 3/2) which reduces the
probability of the quantum tunnelling of magnetization (QTM) but also large
magnetic anisotropy, have been most widely studied during the last years.29,30,31
In our continuous quest for metal-organic materials showing enhanced PL and
magnetic properties, such as those recently reported based on aminonicotinic
ligands, 32,33,34 we are now giving a step forward and combining one of the latter
properties with the porosity afforded by the family of isostructural MOFs of {[M(μ2ain)2]·DMF}n (where MII = Co, Ni and Zn and 2ain = 2-aminoisonicotinate)
formulae. In particular, given that the porous nature of these materials was already
confirmed by gas adsorption capacity and the fact that in those previous reports these
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MOFs crystallized with different solvents occupying the voids,35 magnetic behavioir
of the cobalt(II) counterpart and PL performance of the zinc(II) counterpart have seen
deeply analysed, focusing on their modulation by solvent-exchange experiments
and/or capture of metal ions.

2. Results and Discussion
2.1. Structural description of {[M(μ-2ain)2]·DMF}n [MII = Co
(1), Ni (2), Zn (3)]
Title compounds are isostructural and crystallize in the orthorhombic Fddd
space group so their structure will be described using compound 2 as a reference. The
crystal structure consists of an entangled 3D open framework. Ni1 exhibits a N2O4
donor set exerted by its coordination to four symmetry related 2ain ligands by means
of two pyridine nitrogen and four carboxylate oxygen atoms (Table 1 and Figure 1).

Table 1. Selected bond lengths for compound 2.
Compound 1
Co1–N1A

2.073(1)

Co1–O71A(v)

2.314(1)

Co1–O72A(v)

2.060(1)

Co1–N1A(iv)

2.073(1)

Co1–O71A(vi)

2.314(1)

Co1–O72A(vi)

2.060(1)

Compound 2
Ni1–N1A

2.060(1)

Ni1–O71A(ii)

2.075(1)

Ni1–O72A(ii)

2.178(1)

Ni1–N1A(i)

2.060(1)

Ni1–O71A(iii)

2.075(1)

Ni1–O72A(iii)

2.178(1)

Compound 3
Zn1–N1A

2.063(1)

Zn1–O71A(v)

2.034(1)

Zn1–O72A(v)

2.472(1)

Zn1–N1A(iv)

2.063(1)

Zn1–O71A(vi)

2.034(1)

Zn1–O72A(vi)

2.472(1)

Symmetries: (i) = –x– 1/4, y,–z + 3/4; (ii) = x + 1/4, y + 1/4, –z + 1; (iii) = –x – 1/2, y + 7/4, z – 1/4;
(iv) = –x+ 5/4, y,–z + 1/4; (v) = x + 7/4, y + 7/4, –z; (vi) = –x, y + 7/4, z + 7/4.
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Figure 1. Fragment of crystal structure of compound 2 showing labelling mode and the
distorted octahedral coordination environment. Connectivity of the structure is inferred by
dashed double-colour lines whereas dashed orange lines stand for hydrogen bonds.

Given that the latter establish two four-member chelating rings with the metal
centre, the resulting coordination polyhedron is severely distorted with regard to a
perfect octahedron (SOC = 3.43). It must be highlighted that bond distances are
clearly more irregular in the coordination shell of compounds 1 and 3, which
translates into more distorted octahedra (SOC = 4.41 and 4.96 for 1 and 3,
respectively; Figure 2).

Figure 2. Coordination polyhedra of compounds 1 and 3.
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2ain anions acquire the μ-κN1A:κ2O71A, O72A bridging mode in such a way
that the central Ni1 atom is connected to four neighbouring ones at a distance of ca.
8.77 Å. This coordination mode makes the ligands be somewhat twisted by breaking
the planarity of the carboxylate group with respect to the aromatic ring (significantly
rotated with an angle of ca. 15.9°), which, in turn, gives rise to a tetrahedral building
unit from the topological point of view. This arrangement is supported by strong N–
H···O hydrogen bonds established among amino and carboxylate groups of 2ain
ligands. The junction of building units leads to an open 3D framework of dia
topological class and (66) point symbol36,37 which contains very large cavities where
a sphere of 8 Å fits in within (Figure 3a). Nonetheless, the occurrence of such a large
free volume allows the crystallization of an identical subnet, which drops the porosity
of the eventual doubly-interpenetrated framework to a 36.1% of the unit cell volume
(Figure 3b).

Figure 3. a) Fragment of the structure of compound 2 showing the potential void (sphere of
ca. 8 Å diameter) left by the crystallization of one subnet. b) Crystal packing of compound 2
showing the two-fold interpenetrated structure and the microchannels.

Both subnets are mutually sustained by means of hydrogen bonding
interactions among the exocyclic amino and carboxylate groups belonging to
different subnets (Table 2 and Figure 4).

204

CAPÍTULO 4
Table 2. Structural parameters (Å, º) of hydrogen bonds in compounds1–3.a
D–H...Ab

D–H

H...A

D...A

D–H...A

Compound 1
N8A–H81A...O72A(vii)

0.86

2.13

2.963(2)

162.2

N8A–H81A...O71A(viii)

0.86

2.19

2.948(2)

146.9

Compound 2
N8A–H81A...O71A(ix)

0.86

2.08

2.908(2)

161.2

N8A–H81A...O72A(x)

0.86

2.20

2.973(2)

148.9

Compound 3
N8A–H81A...O72A(xi)

0.86

2.18

2.961(2)

151.6

N8A–H81A...O72A(xii)

0.86

2.20

3.026(2)

161.6

(vii) = –x, y + 1/4, z + 1/4; (viii) = –x – 1/2, –y + 1/2, –z; (ix) = –x –1/2, y + 1/4, z – 1/4; (x) =
–x + 1/2, –y + 1/2, –z; (xi) = –x + 1, y + 1/4, z + 1/4. b D: donor. A: acceptor.

a Symmetrycodes:

Figure 4. Interpenetration found in compound 2 showing the hydrogen bonding interactions
(dashed orange lines) sustaining the overall framework.

These supramolecular interactions allows for the occurrence of a stable
porous system which consists of narrow microchannels running along the
crystallographic a axis. Despite the large disorder affecting the lattice solvent
molecules occupying the voids, TGA/DTA and SQUEEZE routine results confirm
that the content of the voids may be determined as one DMF molecule per formula
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unit. These MOFs contains lattice solvent molecules that crystallize in a highly
disordered arrangement, which prevents one determining the exact content during
structure refinement stage. Accordingly, final refinement was performed with
SQUEEZE routine and used to calculate the void space and the electron count.
According to these results, and the fact that DMF was used as solvent without
distillation, it was estimated that unit cell contain of the MOF contain voids of ca.
2500 Å3 (2460, 2431 and 2551 Å3 for compounds 1, 2 and 3) and ca. 550 electrons
(542, 523 and 576 Å3 for compounds 1, 2 and 3). These data correspond to 16 DMF
molecules (one DMF molecule per formula unit), which corresponds to 152–159 Å3
and 33–36 electrons per DMF, in good agreement with one DMF molecule (supposed
to occupy around 150 Å3 and count on 40 electrons).Therefore, the formula for these
MOFs may be estimated as {[M(μ-2ain)2]·DMF}n.
TGA/DTA for Compounds 1–3 show a very similar thermal response owing
to their isostructural nature. The MOFs adsorb some amount of water (around one
water molecule per formula unit) as confirmed by both thermogravimetric and
elemental analysis results. In this regard, the fact that water is lost at so low
temperature (below 60 ºC), is a clear evidence on the nature of water. This fact
explains well the slight disagreement found when compared these results with the
theoretical (crystallographic) formulae of the MOFs. TG curve of compound 1 (as a
representative sample of the three MOFs) reveals that the loss of solvent (ca. one
H2O due to hydration of the MOFs and the lattice DMF molecule) takes place from
room temperature up to 210 ºC, released in two separate stages. The high temperature
required to liberate the lattice DMF molecule seems to indicate that it is somewhat
occluded in the pores of the MOF. Almost immediately to the loss of solvent, the
framework starts to decompose following two strong exothermic processes to lead to
Co3O4 as final residue at ca.390 ºC (Figure 5 and Table 3)
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.

Figure 5. TG/DTA plot for compounds 1-3.

Table 3. TG/DTA and elemental analysis data for compounds1–3.
C15H17CoN5O5 (compound 1) – hydrated
Ti–Tf

ΣΔm(%)

ΣΔm(%)teor

30–65
60–280
280–370
370–800

3.0
20.9
81.4

3.0 (–0.7 x H2O)
21.3 (–1 x DMF)
81.1 (–2 x 2ain)
Remaining residue (1/3 Co3O4)
C15H17N5NiO5 (compound 2) – hydrated

Ti–Tf

ΣΔm(%)

ΣΔm(%)teor

30–65
60–315
315–390
390–800

3.0
18.9
81.9

3.0 (–0.7 x H2O)
20.0 (–1 x DMF)
82.3 (–2 x 2ain)
Remaining residue (NiO)
C15H17N5O5Zn (compound 3) – hydrated

Ti–Tf

ΣΔm(%)

ΣΔm(%)teor

30–70
70–350
350–530
530–800

2.3
18.7
80.9

2.3 (–0.6 x H2O)
19.2 (–1 x DMF)
81.1 (–2 x 2ain)
Remaining residue (ZnO)

A further analysis of the compound by means of thermodiffractometry shows
that the release of solvent molecules does not bring any relevant structural change, as
confirmed by the similar shape of the diffractograms recorded according to the
increasing temperature.
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2.2. Static magnetic properties
Variable temperature dependence of the magnetic susceptibility data were
analysed in the 5−300 K range on polycrystalline samples of compounds 1 and 2.
Room temperature χMT product of 1 is 3.22 cm3 K mol–1, which is significantly
higher than that expected for a magnetically isolated spin triplet (g = 2.01) in
octahedral coordination geometry (1.87 cm3 K mol–1). Upon cooling, χMT value
experiments a slight and progressive decrease up to 50 K, below which it subtly
drops off to reach 1.85 cm3 K mol–1 at low temperature. This behaviour may be
mainly attributed to the zero-field splitting (zfs) that may cause a high intrinsic
magnetic anisotropy arising from the first order spin-orbit coupling (SOC) usually
present in Co(II) atoms derived from its 4T1g ground state in high-spin octahedral
geometry,38,39 though the occurrence of weak antiferromagnetic interactions cannot
be discarded. Taking into account the absence of an appropriate mathematical
expression to estimate the nature of the magnetic interactions for 3D networks
containing cobalt(II) ions, the data were analysed with the Curie-Weiss law. Given
the fact that compound 1 follows Curie−Weiss law in the whole temperature range,
χM−1 vs T was fitted giving the results shown in Table 4. Moreover, the data were also
fitted to the phenomenological equation proposed by Rueff and co-workers40 (eq 1)
in view of the SOC present, from which the antiferromagnetic exchange interactions
were estimated:

χMT = Aexp(–E1/κT) + Bexp(–E2/κT)

(eq 1)

The fact that the sum of A and B parameters equals the Curie constant and the
“activation energies” of SOC (E1) and (E2) exchange interactions (Table 3), which
fall in the range of related Co(II) compounds,41 confirm the weak antiferromagnetic
interactions may be claimed to occur among Co(II) ions inthe 3D network.
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Table 4. Best fitting results for compound 1.
Compound 1
Curie-Weiss law fitting[a]
C

θ

3.27

–7.52 K

Rueff phenomenological fitting (eq 1)
A

0.93(4)

B

2.34(5)

E1/κ

23(2)

–E2/κ

–0.80(9)

g

2.10

Hamiltonian SOC (eq2)[b]
λ

–110

σ

–1.12

Δ

Hamiltonian zfs (eq3)
gx / gy

2.36

gz

3.26

188
[c]

D

–11.9

[a] Units: C constant and θ are given in cm3 K mol−1 and K, respectively. [b] λ and Δ parameters
are expressed in cm–1. [c] D parameter is given in cm–1.

DFT calculations performed on a suitable model of compound 1 (Figure 6)
give a value of the coupling constant (J) of –0.07 cm–1, which concords well with the
mentioned negligible magnetic interactions.

Figure 6. Model employed for calculation of J parameter and DFT high spin density
distributions for models 1 and 2.

209

ANTONIO ANDRÉS GARCÍA VALDIVIA
Calculations of the coupling constants through the broken symmetry strategy
have been performed for compound 1 and 2 upon a suitable model based on a
dimeric entitiy grown from crystallographic coordinates of X-ray crystal structure.
Bridging and terminal ligands have been simplified replacing them by ammonia or
formic acid.
Accordingly, cobalt(II) spin carriers may be considered to be isolated by the
regular bridging ligands, bearing in mind that the shortest distance among them is of
about 8.8 Å, thus allowing us to analyse the SOC effects by means of fitting of the
magnetic susceptibility with the Hamiltonian given in equation 2:42

Ĥ = σλ(LCoSCo)+Δ[Lz,Co2–LCo(LCo+1)/3+μBH·(–σLCo+gSCo)

(eq 2)

Where all parameter have their usual meaning. The calculated curve using the
PHI program43 reproduces quite well the experimental one, though a slight deviation
is found mainly for the high temperature data (Table 4 and Figure 7a).

Figure 7. (a) χM and χMT vs T plots of 1 with best fit according to eq 2. (b) Simultaneous
fitting of the χMT vs T and M vs H plots using eq 3.

Among the estimated parameters, it deserves to be mentioned the large and
positive value of Δ, which suggests that only the two lowest Kramers doublets of the
4

A2 ground term are thermally populated, in turn meaning that the axial zfs within the

quartet state matches well with the energy gap existing between them. Therefore, the
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magnetic properties may be interpreted by means of the spin Hamiltonian of equation
3 (Figure 6b):
2
2
2
Hˆ  D( Sˆ z  Sˆ / 3)  E ( Sˆ x  Sˆ y )   B B ·g·Sˆ

(eq 3)

In which S is the spin of the ground state (S = 3/2), D and E are the axial and
rhombic magnetic anisotropies, and H is the applied magnetic field. On its part,
magnetization curves collected at several temperatures (2−7 K) under an applied field
ranging from 0 to 7 T do not reach the theoretical saturation for S = 3/2 (Msat = 3.3,
with g = 2.2), but they show a value of ca. 2.45 NμB at 2 K. This behaviour together
with the fact that isothermal curves do not collapse in a single master curve are
indicative of magnetic anisotropy. A simultaneous fitting of susceptibility and
magnetization data with PHI using eq 3 gives D = –16.1 cm–1, E = –0.1 cm–1, and g =
2.29, whereas the fitting was substantially improved by allowing a slightly
anisotropic gyromagnetic tensor, such that the values found in Table 3 were achieved
with an R = 8.5×10–4. Assuming an axial anisotropy, being E ≈ 0, the energy
separation between ± 1/2 and ± 3/2 doublets equals 2D due to the second-order SOC
present in the distorted octahedral Co(II) ion.
χMT vs T plot of compound 2 shows a room temperature χMT value (1.11 cm3
mol−1 K) close to that expected for an isolated ion (1.00 cm3 mol−1 K with g = 2.01;
Figure 7). This curve shows a plateau down to very slight decrease from room
temperature up to 25 K, where it experiments an abrupt drop up to 0.85 cm3 K mol–1
at 5 K, probably due to the occurrence of zfs and weak antiferromagnetic
interactions, which may be assumed given that the shortest 2ain mediated Ni···Ni
distance along the network is of the same order of the cobalt(II) counterpart (larger
than 8.7 Å) and the absence of significant π-π stacking interactions between the
subnets (where Ni···Ni separations of ca. 8 Å are found). In this sense, the computed
broken symmetry procedure upon model 2 supports the weak antiferromagnetic
nature of the intramolecular exchange interaction (J = –0.55). Accordingly, the
experimental χMT vs T data were fitted with the Hamiltonian shown in eq 3 with PHI,
from which the following set of parameters were achieved: giso = 2.11 and D = –4.4
cm–1 (with a negligible value of E < 0.1 cm–1) with R = 4.6×10–5. It is worth noticing
that the value of D lies within the range found for similar octahedral Ni II
complexes.44
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Figure 8. Simultaneous fitting of the χMT vs T and M vs H plots using eq 3 for compound 2.

2.3. Dynamic magnetic properties
The magnetic anisotropy found for compounds 1 and 2 prompted us to study
their spin dynamics by means of ac magnetic susceptibility measurements (using an
alternating field of 3.5 Oe). Compound 1 exhibited a slight frequency-dependent
signal although the maxima remained below 2 K when applying a zero dc field,
which did not allow further fitting of the data (Figure 9).

Figure 9. Temperature dependence of the (a) χM’ and (b) χM” signals for compound 1 with
no applied dc field.
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This behaviour seems to indicate that magnetic relaxation proceeds through a
fast quantum tunnelling (QTM) derived from intramolecular and/or strong hyperfine
interactions occurring with the I = 7/2 nuclear spin of the Co(II) atom.29d, 45
Interestingly, when a dc field of 1 kOe is applied, compound 1 shows temperaturedependent in-phase (χM’) and out-of-phase (χM’’) signals (Figure 10), whereas QTM
could not be suppressed for compound 2 so no frequency dependence was observed.
A first inspection of the ac data of 1 reveals that χM’’ signals peaking at ca. 10 K
present a remarkable width, mainly for the low frequency regime (60–1000 Hz),
which makes one suspect about the occurrence of two consecutive and overlapped
maxima. In any case, the most remarkable feature of the ac signals is clearly the fact
both peaks (χM’ and χM’’) are weakly dependent of the frequency. In fact, the
frequency shift calculated as ϕ = ΔTp/[TpΔ(log f)] (where Tp corresponds to the peak
of χM’’(T) curve and f to the frequency) gives a low value of 0.03, which is a
common value for spin glasses (ϕ < 0.1).46,47 Accordingly, relaxation times (τ) were
estimated from the τ = 1/(2 π fmax) expression based on χM’’(T) peak give thermally
activated relaxations with τ0 = 9.4 x 10–33 s, U = 660 K, values that agree well with
those recorded for other reported spin-glass materials with slow dynamics48,49 At this
point, it must be highlighted that this sort of glass-like magnetic behaviour is usually
related to a field-dependence behaviour (derived from canted antiferromagnetism or
long-ranged magnetic ordering) which, yet not observed in dc measurements, could
be the present case in view of the chiral structure being comprised of two 3D
sublattices. However, the fact that a weak SIM behaviour could be overlapped by the
dominating glassy-state, in view of the width of the signal, is not to be fully
discarded.
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Figure 10. Temperature dependence of the (a) χM’ and (b) χM” signals for compound 1 under
an applied field of 1000 Oe. Inset shows the Arrenhius plot with linear fitting to estimate the
thermal barrier for the reversal of the magnetization.

2.4. Solvent-dependent magnetic behaviour of compound 1
Solvent-exchange experiments were accomplished upon polycrystalline
sample of compound 1 in view of its intriguing magnetic behaviour and potentially
porous mature, which could a priori endow the material with a guest (solvent)dependent magnetism. Two different solvents, such as DMSO and MeOH, were
selected not only for their common use in the synthesis of MOFs but also for their
hazardous nature. The exchange of lattice solvent molecules was successfully
achieved by immersing fresh sample of 1 into 10 mL of the solvent and letting it to
stand for two days under a soft stirring, which led to the isomorphous compounds
[Co(μ-2ain)2]·2MeOH (1-MeOH) and [Co(μ-2ain)2]·1.5DMSO (1-DMSO). Note
that the proposed formula was confirmed by elemental analyses, metal absorption,
ICO/AES, and TG/DTA experiments (Figure 11).
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Figure 11. TG/DTA analysis forsolvent exchanged compounds 1-MeOH and 1-DMSO.

Though both compounds retain the crystalline framework to a large extent,
they experience some slight changes due to the replacement of the pore molecules. A
careful evaluation of the cell parameters shows a common trend: a and b axes are
shrunk whereas c is stretched. This behaviour seems to indicate that pore channels
are somewhat crushed when replacing the DMF molecules by DMSO and MeOH,
respectively for 1-DMSO and 1-MeOH, a fact that points to a relative displacement
of the subnetworks. The analysis of the dc properties of the exchanged MOFs reveals
a similar magnetic behaviour with progressive decrease of the χMT product as the
temperature drops. Nonetheless, a larger magnetic anisotropy may be inferred from
the steepest decrease of χMT in 1-DMSO compared to 1-MeOH together with the
larger separation between magnetization curves. In fact, mathematical fitting of the
data with above mentioned eq. 2 and 3 come to the same conclusion supporting a
small increase of the axial parameter (D = –20 for 1-DMSO and –16 cm–1 for 1MeOH, compared to –11.9 cm–1 for 1). Even more exciting is the fact that such an
increase in the anisotropy is accompanied by a deep change of the magnetic nature of
the materials, since they can be now referred to as SIMs 50 under an external dc of
1000 Oe (no signal is observed with zero field) given their strong frequencydependent χM’’ signal. Moreover, it must be also noticed that these maxima become
narrower than those shown by the neat compound (Figure 12).
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Figure 12. Temperature dependence of the χM” signals and best fitting results for the
relaxation times for compounds (a) 1-DMSO and (b) 1-MeOH.

At first sight, the blocking temperature (below which the compounds behaves
as a SIM) drops down in both cases, among which 1-DMSO presents well-defined
maxima only those curves with an oscillating frequency above 1000 Hz. Instead, the
maxima are much closer to each other for 1-DMSO rather than 1-MeOH, from
which it is deduced that a faster magnetic relaxation occurs in the former. The ColeCole plots below 3.4 K for 1-DMSO and 4.2 K for 1-MeOH can be well fitted by a
generalized Debye function, which it is an important difference with respect to
double semicircles shown by pristine compound 1, where α values ranging in 0.17–
0.29 and 0.10–0.26 are found, respectively for 1-DMSO and 1-MeOH (Figure 13).

Figure 12. Cole-Cole plot for compounds (a) 1-DMSO and (b) 1-MeOH showing best fitting
with debye model.
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These values, implying a wide distribution of the relaxation times, are
indicative of the occurrence of various mechanisms in the relaxation of the
magnetization. In fact, Arrhenius plots in the form of ln(τ) vs T–1 deviate from
linearity at low temperature in both cases. Fitting of the high temperature data by
means of Orbach process gives values of the effective barrier and pre-exponential
factors of Ueff = 65.3 K (45.7 cm–1) and τ0 = 1.36×10–12 s for 1-DMSO and 43.9 K
(30.7 cm–1) and τ0 = 1.54×10–9 s for 1-MeOH, which are somewhat higher than those
reported for most of polymeric metal-organic compounds behaving as SIMs.26 Note
also that these energy barriers agree with the expected energy separation between
Kramers doublet (2D = 32 ≈ 30.7 cm–1 for 1-MeOH and 2D = 40 ≈ 45.7 cm–1 for 1DMSO). However, it must be highlighted that the rise of the energy barrier is linked
to the relaxation rate, among which the τ0 of 1.36×10–12 s estimated for 1-DMSO
clearly exceeds the usual range (between 10–6 – 1×10–11 s) attributed to Co(II)-based
SIMs. This fact that comes to conclude that the exchange of DMSO in the pores
modifies the disposition of the subnetworks such that spin carriers can probably
interact through intermolecular interactions, explaining the more abrupt drop in the
χMT vs T curve (Figure 14).

Figure 14. Variable temperature χMT vs Tand M vs H plots with best fitting for (a) 1-DMSO
and (b) 1-MeOH under an applied field of 1000 Oe.
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On another level, very reliable fittings were achieved by combining the
Orbach with Raman and/or direct relaxation processes (eq. 4 and/or 5), which have
previously been employed successfully in the analysis of Co(II)-based compounds
with related coordination environment.32 d,51

τ–1 = AdirectT+ BRamanTn + τ0–1 exp(–Ueff/κBT)
τ–1 = BRamanTn + τ0–1 exp(–Ueff/κBT)

(eq 4)
(eq 5)

Best fitting with the multiple relaxation processes gives Ueff = 83.4 K (58.4
cm–1), τ0 = 1.45×10–14 s, Adirect = 1190(30) s–1 K–1, BRaman = 4.1(2) s–1, n = 7.8(1) for
1-DMSO and Ueff = 72.8 K (51.0 cm–1), τ0 = 6.12×10–10 s, BRaman = 8.7(2) s–1, n =
4.1(2) for 1-MeOH.

2.5. Photoluminescence properties of compound 3
Excitation and emission spectra were measured on polycrystalline sample of
compound 3 since, being comprised of carboxylic pyridine ligands such as 2ain and
metal ions with closed-shell electronic configuration, i.e. Zn(II), it is capable of
unveiling interesting photoluminescence in solid state. The emission spectrum under
UV light (at the shoulder λex = 305 nm) at room temperature (295 K) shows a
somewhat narrow band, composed of the maxima (λem = 390 nm) and a shoulder (λem
= 405 nm), in addition to a wide and weaker band peaking around 550 nm (Figure
15a).
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Figure 15. (a) Room temperature excitation (red) and emission (blue) spectra of compound 3
showing the most relevant experimental maxima (circles) and calculated (TD-DFT) main
vertical excitations (green lines). (b) Micro-PL photographs of a single crystal of 3
illuminated with different lights.

The excitation spectra recorded at the main emission wavelength contains, in
addition to the previous shoulder at 305 nm, another main contribution peaking at λex
= 370 nm, which shows the same PL mechanism in view of the identical emission
spectrum achieved at the latter excitation wavelength (Figure 16a). To further
investigate the origin of the less energetic band at λem = 550 nm, an excitation
spectrum has been also measured, confirming that it arises from the same excitation
path (Figure 16b).
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Figure 16. (a) Emission spectrum of compound 3 under excitation at 370 nm. (b) Excitation
spectrum of compound 3 monitored under λem = 550 nm.

These two bands provide this material, as observed in the images taken on the
microscope, with a variable emission consisting of a brilliant blue greenish light
under excitation with UV radiation (λex = 365 nm) or a lime green emission with a
less energetic radiation (λex = 435 nm), in such a way that those wavelengths
corresponding to the maximum of the emission band are avoided (Figure 15b). The
emission quantum yield measured in absolute terms with an integrated sphere is low
(1.75%). The calculated PL spectra conducted on a suitable model of 3 reproduce
very well both excitation and emission processes, finding only substantial differences
for the relative intensities of the minor bands.
Starting from the molecular excitation of the compound, absorption of light at
the two main contributions seems to proceed through slightly different electronic
transitions (Table 5, note that these are the most intense transitions gathered as a
representative sample of the band). On the one hand, the shoulder at 305 nm
corresponds to a π→π* transition in which the involved MOs are centred on the
aromatic ring of 2ain ligands (Figure 17), while the band maximum at 370 nm may
be better described as a n→π* transition given that HOMO – 2/3 lie over the
carboxylate group on the other. On its part, the PL emission takes also place through
LCCT mechanism since electrons drop from excited LUMO – n orbitals, of π* nature
with lobes extended over the whole molecule or solely the aromatic ring (Figure 16),
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to HOMOs consisting of n or π orbitals based on the carboxylate group for the main
(λem = 390 and 405 nm) or the minor (λem = 550 nm) bands, respectively.

Table 5. Calculated main excitation and emission energies (nm), singlet electronic
transitions and associated oscillator strengths of model 3.
Exp. λ

Calcd. λ

Electronic transisitons

Osc. strength (a.u.)

Excitation energies
305

318

HOMO – 6 → LUMO + 1(51%)
HOMO – 7 → LUMO (49%)

0.083

370

372

HOMO – 3 → LUMO + 2 (51%)
HOMO – 2 → LUMO + 3 (42%)

0.112

Emission energies
390

388

HOMO – 2 ←LUMO + 4 (52%)
HOMO – 2 ←LUMO + 2 (40%)

0.084

405

408

HOMO – 2 ←LUMO + 2 (89%)

0.081

550

539

HOMO ← LUMO (97%)

0.038

Figure 17. Schematic representation of the most intense excitation (red) and emission (blue)
lines of compound 3 with their corresponding MOs. Values given between bracket represent
the energies in eV.
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For comparative purposes, emission spectra of 3 were recorded at different
temperatures under the same experimental conditions in order to check how the
suppression of the vibrational quenching, i.e. the molecular vibrations/motions
occurring in the ligand that may be overlapped with the radiative emission and hence
draw emission capacity to the system,52 as the temperature is dropped affects the PL
response of the material. Upon cooling the system from RT down to 10 K, the band
maximum does not show any remarkable shift although it progressively gains
intensity, mainly in the temperature range of 200–150 K where the intensity shows a
quantitative leap. To summarize, the emission intensity at λmax ≈ 400 nm is much
greater for 10 K data compared to RT (about 55 times larger in terms of emitted
integrated intensity, Figure 18).

Figure 18. (a) Variable temperature emission spectra of 3 under excitation at 305 nm. (b)
Evolution of the integrated intensity of the emission according to temperature.

With the aim of enlarging the temperature-dependent characterization,
emission decay curves were also measured at three representative temperatures (295,
150 and 10 K), revealing very similar lifetimes in the range of hundreds of
microseconds. In any case, it is worth highlighting that the observed lifetime remains
constant along the whole emission spectrum and shows the expected trend with the
temperature although the change is somewhat slight (τ being 239(2), 169(4) and
121(3) μs for the above mentioned temperatures, see Table 6), which indicates that a
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unique PL mechanism is preserved irrespective of the temperature of the system.
These short lifetimes contrast when compared to those measured for other systems
consisting of Zn(II) and positional isomers of the 2ain ligand, as it is the case of
[Zn(6ani)2]n and [Zn(2ani)2]n,32 which displayed long-lasting phosphorescence (LLP)
emissions that could be traced by human eye. As concluded from the analysis of
molecular based phosphorescent reported so far,53 a major reason for the occurrence
of LLP in metal-organic compounds with closed-shell ions is attributed to the
intermolecular forces established by ligands in the framework, in such a way that
strong interactions are able to freeze the molecules and make lowest-lying triplet
states (T1) more accessible and shielded against quenching. As a matter of fact, the
molecular N–H vibrations of the amino group, known to be a main oscillator which
enables the non-radiative quenching, 54 seem to be less suppressed in compound 3
compared to their disposition in the above mentioned CPs. In these latter compounds,
isomeric 6ani and 2ani ligands establish more rigid hydrogen bonds, particularly in
the case of the intramolecular hydrogen bonds found in Zn2ani, whereas the 2-fold
interpenetration brings higher flexibility to the crystal building of 3, explaining the
short lifetimes.

Table 6. Lifetime values and corresponding percentages for components obtained from best
fittings of decay curves measured at room temperature for compound 3 (λex = 325 nm).
Temperature (K)

λ(nm)

τ1 (μs)

τ2 (μs)

10

411

239(2)

150

411

18.1(1)

169(4)

1.182

300

411

14.1(1)

121(3)

1.175

Chi Sq.
1.118

2.6. PL Sensing Properties
The flexible porous nature revealed by compound 3, consisting of a stable
doubly interpenetrated metal-organic framework with pores in which small
molecules could be exchanged, in addition to the strong blue greenish PL displayed
at RT instigated us to study its performance as PL sensing material for various
solvents and metal ions. When polycrystalline sample is dispersed in different
solvents, solvent@3 hereafter, the main emission band experiments not only
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significant changes regarding the intensity but also slight shifts for the maximum of
the emission band (λmax). In a first approach, the analysis of the spectra measured at a
representative wavelength (λex = 350 nm, which falls within the excitation maximum
for all suspensions) under the same equipment configuration (identical slit aperture
and photomultiplier voltage) revealed that the emission decreases following the
expected sequence according to the solvent polarity (note that dielectric constants are
shown between brackets): H2O (80.1) > DMSO (46.7) > DMF (36.7) > MeOH (32.7)
> EtOH (24.5) > Ac2O (20.7) > 2-PrOH (19.2) > THF (7.58). 16b,55 In other words,
the higher the polarity of the solvent the largest its quenching capacity (Figure 19).

Figure 19. Quenching capacity of solvents based on the emission intensity of 3 under
maximum excitation wavelength.

Moreover, the presence of a minor emission peak, in the form of a shoulder
peaking at λem ≈ 450 nm, was also observed for less polar solvents (Ac2O, 2-PrOH
and THF), which is probably due to the enabling of an electronic transition arising
from a less energetic LUMO level derived from solvation effects. 56 In this sense, it
must be recalled that 2ain ligands in the crystal structure possess uncoordinated
amino groups exposed to the microchannels, where hydrogen bonding and Van der
Waals interactions established with solvent molecules may affect the LCCT
mechanism and thus the PL emission. 57 With the aim of getting insights into the
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potential applicability of this material, a further analysis showed that the main
emission follows a solvent-dependent excitation, given the drastic changes shown in
the excitation spectra monitored at the λmax (where only one wide band or two
narrower maxima are observed depending on the selected solvent, Figure 20).

Figure 20. Excitation spectra of compound 3 dispersed on different solvents recorded with
the same experimental conditions.

A new set of measurements with variable excitation wavelength in order to
maximize the solvent-dependent PL behaviour (focusing at the most intense λex)
indicates that 3 keeps a strong PL emission in water (note that water itself brings
some quenching compared to solid state but it is employed as a reference for the rest
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of solvents) whereas, taking water as a reference, the rest of studied solvents cause a
large quenching (with a quenching percentage (QP) above 65%, Figure 21).

Figure 21. PL emission spectra of dispersion of compound 3 in different solvents at their
maximum excitation wavelength. Quenching percentage estimated from the emission
intensity relative to H2O@3 is reflected in the upper bar chart.

Taking into account that crystal structure of 3 presents no significant change
(as corroborated by PXRD collected for samples recovered from solvent@3
suspensions, Figure 22), it may be assumed that solvents exert a dynamic quenching
involving not only solvation processes external surface of the particles in the
suspension but also a quenching derived from the particular interactions (enabling
competitive absorption and energy transfers)58 occurring between solvent molecules
and the internal surface of the microchannels, where factors such as size and
hydrogen bonding capacity are key factors governing their diffusion throughout the
pore system, though .
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Figure 22. PXRD data of as-synthesized sample and samples collected after suspensions.

In view of the intense PL signal observed for the H2O@3 suspension (the
least quenching brought by water compared to otrher solvents), the detection of ions
in aqueous solutions was alto studied. As inferred from Figure 23, 3 presents a
variable sensing capacity to ions according to their quenching capacity that follows
the series: Cd2+> NH4+> Al3+> Ni2+> Co2+> Cr3+> Cu2+> Fe2+> Fe3+. It is important to
notice that the quenching percentage (QP) at 10 mM is above 90% for both iron
cations, among which the most stable oxidation state almost clears the PL emission.
This behaviour meets the expected response given that UV-Vis absorption band of
these ions overlap substantially well with the excitation band, such that most of the
light irradiated does not reach the dispersed solid of 3.32c More interestingly, the
presence of most of studied metal ions promotes a shift of the emission band, most of
which cause a blue-shift which can be as large as 15 nm (for Cr3+@3). However, the
strongest quencher of the PL, Fe3+ ion, promotes an opposed response by red-shifting
the maximum up to ca. λem = 440 nm. This overall behaviour seems to indicate that
metal ions are able to interact with the ligands of the backbone.
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Figure 23. PL response of H2O@3 against common metal ions (λex = 350 nm) together with
the quenching percentage estimated from the maximum emission intensity respect to a blank
solution.

Taking into account the previous metal-dependent turn-off results, we decided
to explore the PL response of the CP for Fe3+ and Cu2+ ions, for which an exhaustive
evolution of the emission intensity was monitored by gradually increasing the
concentration of the metal quencher. Note that no further study was conducted for
Fe2+ because of its spontaneous oxidation in waste waters. Stern-Volmer plot
analyses for the latter two ions exhibit a distinct behaviour. The PL signal exhibits a
progressive and polynomial quenching for Fe3+ ion from low concentrations on,
which points out the coexistence of static and dynamic quenching phenomena. On its
part, the quenching by Cu2+ ions shows a progressive and linear quenching occurring
from null concentration (Q) of 4×10–5 M. Instead, fitting of the evolution with the
respective expression for both ions gives values of Ksv of 1.79×104 and 2.12×104 M–1
(Figure 24) with calculated limit of detection (LOD) values of 55 μM and 162 μM for
Fe3+ and Cu2+ ions, respectively. Note that, despite the relatively high LODs, the
estimated Ksv value for Fe3+ detection can be considered quite promising compared to
other reported MOFs with characteristic iron sensing capacity, usually exhibiting
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values within the 104 – 105 range,

19, 59 , 60

among which the Ksv = 2.67 105 M–1

reported for the MOF of {[(CH3)2NH2]6[Cd3L(H2O)2]·12H2O}n formula deserves to
be mentioned.61 In this regard, despite the dominant dynamic quenching observed for
these ions (in view of their large Ksv), significant static quenching may be claimed for
Fe3+ according to the non-linear distribution of the plot, a fact that may be explained
according to the accessibility of the carboxylate oxygen atoms of 2ain ligands (which
are also involved in hydrogen bonding interactions with exocyclic amino groups of
neighbouring 2ain ligands) from the microchannels of the MOF. The recyclability of
3 has been also checked by PXRD measurement on the solid filtered and dried after
the experiment. Thinking on a potential use of the compound for sensing applications
on polluted wastewaters, an additional analysis was accomplished in order to explore
the specific response against similar quenchers, for which the mixed Fe3+/Cu2+
system was studied. In view of the obtained Stern-Volmer plot, the quenching
evolution of the material is not proportional to the sum of both isolated ions, but it
shows a linear response after a concentration of 1×10-4 M of each individual ion.
Fitting of the linear part gives a Ksv of 2.12×104 M–1, which allows us concluding that
there is a tough competition between both quenchers to interact with the framework.

Figure 24. Luminescence quenching of H2O@3 with gradual addition (microliters of metal
ion solutions added are shown in the capture with different colors of (a) Fe3+ and (b) Cu2+
ions. Stern-Volmer plots showing the linear fits are also shown.
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3. Conclusions
Three metal-organic framework materials, of {[M(μ-2ain)2]·DMF}n formula,
based on first row transition metal ions (CoII, NiII, and ZnII) and 2-aminoisonicotinate
(2ain) ligand have been synthesized and chemically and structurally characterized.
Their crystal structure consists of a doubly-interpenetrated three-dimensional open
architecture which contains microchannels filled with solvent molecules. Taking
advantage of the porosity and their magnetic and/or photoluminescence (PL)
properties, their guest-dependent magnetic and PL response has been evaluated. On
the one hand, the weak exchange interactions transmitted through the chiral
coordination network leads to a spin-glass behaviour that governs the magnetism of
the cobalt-based counterpart, though no frequency-dependent signal is observed for
the nickel compound. Interestingly, when DMSO and MeOH are loaded within the
pores of this MOF, exchanging the pristine DMF molecules, the crystal building
undergoes a kind of rearrangement which modulates the magnetic properties of the
material. In particular, the glass-like magnetic relaxation gives way to substantial
SIM behaviour probably derived from the first-order SOC inherent to cobalt(II) ions,
consisting of multiple spin-phonon processes characterized by low blocking
temperature but relatively high energy barriers. On another level, solid state PL
measurements show that the zinc-based MOF displays strong bright blue emissions
arising from a LCCT mechanism (based on π–π* or n–π* transitions in 2ani) as
confirmed by TD-DFT calculations. The vibrational quenching may be efficiently
prevented at low temperature (10 K), since a strong gain in integrated emitted
intensity (of 55 times) is observed compared to RT. This MOF exhibits clear
emission dependence in contact with solvents under a constant excitation
wavelength, where the emission quenching increases according to the decreasing
polarity of the solvent (moving from H2O > solvents > THF). With regard to its
sensing towards metal ions in aqueous solutions, Cu2+, Fe2+, and Fe3+ ions are found
to quench the emission to a large extent. Stern-Volmer plots for aqueous Cu2+ and
Fe3+ suspensions containing Zn-2ain reveal a similar detection capacity (Ksv of 1.79
104 and 2.12 104 M–1, respectively) but distinct mechanisms, confirming the capacity
of these ions to interact with MOF. In fact, the analysis carried out on a mixture of
both ions, Fe3+/Cu2+, shows a quenching evolution distinct to the sum of individual
atoms, indicating a competing quenching of both quenchers to interact with the
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framework. All in all, the studies confirm that these MOFs modulate their properties
according to solvent-exchange and/or capture of metal ions in liquid media, which
paves the way to their use as sensors.

4. Experimental Section

4.1. Chemicals
All chemicals were of reagent grade and were used as commercially obtained.

Synthesis of {[Co(μ-2ain)2]·DMF}n

(1). 0.5 mL of a DMF solution

containing 0.20 mmol of Co(NO3)2·6H2O (0.0582 g) were added dropwise under
continuous stirring over 15 mL of a DMF/H2O (1:1) solution of H2ain ligand (0.40
mmol, 0.0552 g) at 70°C. The final pH of the solution was 5.6. The dark pink
coloured solution was introduced in a Teflon-lined container enclosed into a stainless
steel autoclave solution, where it was heated up to 120°C for two days. The mixture
was slowly cooled down to room temperature and purple plate shaped single crystals
were observed when opening the recipient. Crystals were filtered off and washed
several times with water and methanol. Yield 50–60% (based on metal).
Homogeneity and purity of samples were checked by means of elemental analysis,
FT-IR and X-ray powder diffraction data (Figure 25 y 26). Anal. Calcd for
C15H19CoN5O6 (%): C, 42.46; H, 4.51; Co, 13.89; N, 16.51. Found: C, 42.32; H,
4.38; Co, 13.83; N, 16.60.
Synthesis of {[Ni(μ-2ain)2]·DMF}n

(2). Well shaped single crystals of

compound 2 were collected from a Teflon-lined vessel after carrying out the same
experimental procedure reported for 1 but for the use of Ni(NO3)2·6H2O (0.0582 g)
instead of the cobalt source. Yield of 45–50% (based on metal). Anal. Calcd. for
C15H19N5NiO6 (%): C, 44.37; H, 4.22; N, 17.25; Ni, 14.45. Found: C, 42.65; H, 4.32;
N, 16.45; Ni, 13.74.
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Synthesis of {[Zn(μ-2ain)2]·DMF}n

(3). Following the same above

mentioned synthetic conditions with Zn(NO3)2·6H2O (0.0595 g) gave rise to the
growth of colourless single crystals of 3. Yield of 50–55% (based on metal). Anal.
Calcd. for C15H17N5O5Zn (%): C, 43.65; H, 4.15; N, 16.97; Zn, 15.84. Found: C,
43.25; H, 4.34; N, 16.41; Zn, 15.02.

Figure 25. FTIR Spectra for all compounds.

4.2. Physical measurements
Elemental analyses (C, H, N) were performed on an Euro EA Elemental
Analyzer and the metal content determined by inductively coupled plasma (ICPAES) was performed on a Horiba Yobin Yvon Activa spectrometer. IR spectra (KBr
pellets) were recorded on a ThermoNicolet IR 200 spectrometer in the 4000−400
cm−1 spectral region. Magnetic susceptibility measurements were performed on
polycrystalline samples of the complexes with a Quantum Design SQUID MPMS-7T
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susceptometer at an applied magnetic field of 1000 G. The susceptibility data were
corrected for the diamagnetism estimated from Pascal’s Tables, 62 the temperatureindependent paramagnetism, and the magnetization of the sample holder. Ac
measurements were performed on a Physical Property Measurement SystemQuantum Design model 6000 magnetometer under a 3.5 G ac field and frequencies
ranging from 60 to 10,000 Hz. Thermal analyses (TG/DTA) were performed on
Mettler-Toledo TGA/SDTA851 thermal analyser in a synthetic air atmosphere (79%
N2 / 21% O2) with a heating rate of 5°C·min–1.A closed cycle helium cryostat
enclosed in an Edinburgh Instruments FLS920 spectrometer was employed for steady
state photoluminescence (PL) and lifetime measurements in the 10−300 K range. All
samples are first placed under high vacuum (of ca. 10−9 mbar) to avoid the presence
of oxygen or water in the sample holder. For steady-state measurements a MüllerElektronik-Optik SVX1450 Xe lamp or an IK3552R-G He-Cd continuous laser (325
nm) were used as excitation source, whereas a microsecond pulsed lamp was
employed for recording the lifetime measurements. Photographs of irradiated singlecrystal and polycrystalline samples were taken at room temperature in a micro-PL
system included in an Olympus optical microscope illuminated with a Hg lamp. The
PL quantum yield was measured in solid state using a Horiba Quanta-ϕ F-3029
integrating sphere.

4.3.

X-ray

Diffraction

Data

Collection

and

Structure

Determination
X-ray data collection of suitable single crystals was done at 100(2) K on a
Bruker VENTURE area detector equipped with graphite monochromated Mo Kα
radiation (λ = 0.71073 Å) by applying the ω-scan method. Data reduction were
performed with the APEX2

63

software and corrected for absorption using

SADABS. 64 Crystal structures were solved by direct methods using the SIR97
program 65 and refined by full-matrix least-squares on F2 including all reflections
employing the WINGX crystallographic package. 66 , 67 All hydrogen atoms were
located in difference Fourier maps and included as fixed contributions riding on
attached atoms with isotropic thermal displacement parameters 1.2 times or 1.5 times
those of their parent atoms for the organic ligands and the water molecules,
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respectively. Lattice solvent molecules placed in the voids of the structures found to
be highly disordered due to the high symmetry acquired by the framework.
Therefore, the final refinement was made with an hkl file provided by the SQUEEZE
routine, which removed the latter electron density. Details of the structure
determination and refinement of all compounds are summarized in Table 7.
Crystallographic data for the crystal structures have been deposited with the
Cambridge Crystallographic Data Center as supplementary publication nos. CCDC
1942731-1942733. Copies of the data can be obtained free of charge on application
to the Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223335033; e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Table 7. Single crystal X-ray diffraction data and structure refinement details of compounds
1, 2 and 3.
1

2

3

Empirical formula

C15H19CoN5O6

C15H19N5NiO6

C15H19N5O6Zn

Formula weight

424.28

424.04

430.73

Crystal system

orthorhombic

orthorhombic

orthorhombic

Space group

Fddd

Fddd

Fddd

a (Å)

12.693(1)

12.649(1)

12.903(1)

b (Å)

22.776(2)

22.289(2)

22.869(2)

c (Å)

23.847(2)

23.949(2)

23.890(2)

V (Å )

6894(1)

6752(1)

7049(1)

Z

16

16

16

Reflections collected

19730

10466

10922

Unique / parameters

2112/96

1998/96

2121/96

Rint

0.0597

0.0323

0.314

1.038

1.058

1.077

R1[b]/wR2[c] [I>2σ(I)]

0.0344/0.0840

0.0282/0.0746

0.0303/0.0801

R1[b]/wR2[c] [all]

0.0462/0.0900

0.0318/0.0771

3

GoF (S)

[a]

[a] S = [∑w(F0 – Fc2)2 / (Nobs– Nparam)]1/2 [b] R1 = ∑||F0|–|Fc|| / ∑|F0| [c] wR2 =
1/[σ2(F02) + (aP)2 + bP] where P = (max(F02,0) + 2Fc2)/3 with a = 0.0472 (1),
2

8.1485 (1), 10.0330 (2), and 1.3767 (3).
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The X-ray powder diffraction (XRPD) patterns were collected on a Phillips
X'PERT powder diffractometer with Cu-Kα radiation (λ = 1.5418 Å) over the range 5
< 2θ < 50° with a step size of 0.026° and an acquisition time of 2.5 s per step at 25°C.
Indexation of the diffraction profiles were made by means of the FULLPROF
program (pattern-matching analysis)68 on the basis of the space group and the cell
parameters found by single crystal X-ray diffraction. The unit cell parameters
obtained in the final refinement are listed in Figure 25.
.

Figure 26. a) Full profile pattern-matching analysis of 1. b) Full profile pattern-matching
analysis of 2. c) Full profile pattern-matching analysis of 3. d) Full profile pattern-matching
analysis of 1-DMSO. e) Full profile pattern-matching analysis of 1-MeOH.
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4.4. Computational details
The computational strategy adopted in this work to compute the magnetic
coupling constant (Jcalc) values has been described and validated elsewhere. 69 One
calculation was performed to determine the high-spin state and another to determine
the low-spin broken symmetry state. The correctness of the latter state was ensured
by means of its spin density distribution. Density functional theory was used to
perform two separate calculations to evaluate the coupling constant of each
compound, employing the aforementioned hybrid B3LYP functional and Gaussianimplemented 6-311G(d) basis set for all non-metal atoms and the corresponding
LANL2DZ pseudopotentials for the metal atoms. Spin-density surfaces were plotted
using GaussView 5.70
PL spectra were calculated by means of TD-DFT using the Gaussian 09
package, 71 using the Becke three parameter hybrid functional with the non-local
correlation functional of Lee-Yang-Parr (B3LYP) 72 , 73 along with 6-311G++(d,p)
basis set74 was adopted for all atoms but for the central zinc cation, for which the
LANL2DZ75 basis set along with the corresponding effective core potential (ECP)
was used. The 40 lowest excitation states were calculated by the TD-DFT method.
Results were analysed with GaussSum program package 76 and molecular orbitals
plotted using GaussView 5.
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Abstract
We report the formation of five novel multifunctional coordination polymers
based on 1H-indazole-4-carboxylic acid (HL). To the best of our knowledge, these
complexes are the first examples of coordination compounds construct with this
novel ligand. These materials were synthesized by soft solvothermal routes, possess
different 2D-structures and show interesting magnetic properties due to copper
compound shows unusual spin-canted effect while anisotropic cobalt material
behaves as a field-induced single molecule magnet. Moreover, cadmium and zinc
polymers exhibit luminescent properties, as well as absence of cytotoxicity both in
cancer and non-cancer cells, transforming this new family in excellent candidates to
be further investigated in the field of luminescent materials with biomedical
applications.
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1. Introduction
The more than remarkable interest in coordination polymers (CPs), also
known as metal-organic frameworks (MOFs), has undergone an exponential growth,1
derived from their multiple types of verified industrial applications, 2 such as gas
storage and purification, catalysis, luminescence and magnetism, as well as the great
possibilities it offers when designing and its great synthetic reproducibility. Of
particular interest is the fact that their metal–organic hybrid nature offers potentially
limitless arrangement types and topological architectures,

3

reinforcing their

versatility of use. In particular, the study of transition metal ions-based MOFs has
evolved enormously in a great quantity of areas, considering the advantage that ions
have fairly predictable coordination spheres, it allows us to design on paper materials
with application for virtually all fields. In this sense, in these years, our group and
others have worked in the design of novel MOFs to study their properties in
luminescence, 4 gas adsorption, 5 catalysis, 6 magnetism, 7 biology as drug-delivery
systems,8 cytotoxic agents9 and sensing.10 Bearing in mind the interest of our group
in the study of MOFs based on nitrogen linkers with carboxylate groups, we decided
to study the properties of this type of materials with the novel 1H-indazole-4carboxylic acid because, as far as we know, there are no coordination compounds
synthesized with it. This ligand is an ideal candidate to form CPs because of its
multiple coordination possibilities not only derived from its carboxylate group but
also from its indazole ring, being able to show some interesting coordination modes
(Scheme I). In addition, the study of the properties of these materials can be very
interesting, not only it can enable promising photoluminescence performance
resulting from the aromatic rings, but it has also been seen in some recent studies that
it can have very interesting anti-cancer properties, turning these CPs into interesting
multifunctional materials.11
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Scheme I. Plausible coordination modes of 1H-indazole-4-carboxylic acid.

All of the above, in this work we present a new family of 2D-coordination
polymers [Co(L)2(H2O)2]n (1), [Ni(L)2(H2O)2]n (2), [Cu(L)2(H2O)]n (3), [Zn(L)2]n (4)
and [Cd(L)2]n (5), based on 1H-indazole-4-carboxylic acid and transition metal ions
which have been fully characterized from a structural, luminescent and cytotoxic
point of view, and highlighting the magnetic properties.

2. Results and discussion

2.1. Description of the structures
Compounds 1 and 2 crystallize in the monoclinic P21/c space group and are
isostructural materials, therefore, only the structure of 1 is described in detail. The
Co(II) ion is located in an inversion center, so that the asymmetric unit contains half
cobalt ion, one deprotonated ligand and a coordination water molecule (Figure 1a). The
Co1 ion owns a well-defined octahedral CoN2O4 coordination environment according to
SHAPE values (Table 1).
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Table 1. Continuous Shape Measurements for compounds 1 and 2.
Structure [ML6]
Comp1 Co1
Comp2 Ni1

HP-6
32.146
31.775

PPY-6
29.617
29.505

OC-6
0.044
0.060

TPR-6
16.397
16.186

JPPY-6
32.961
32.854

HP-6 1, D6h Hexagon ; PPY-6, 2 C5v Pentagonal pyramid; OC-6 ,3 Oh Octahedron; TPR-6 , 4 D3h
Trigonal prism; JPPY-6, 5 C5vJohnson pentagonal pyramid J2.

The coordinating heteroatoms are all placed in trans positions according to its
nature (imine N atoms, carboxylate O atoms and water O atoms). Due to the negative
charge of the carboxylate oxygen atoms, the shortest bond distances correspond to Co1O1 (2.0913(9) Å), while Co1-O1W and Co1-N1 distances appear to be somewhat longer
(2.1266(9) and 2.1539(11) Å, respectively).
The structure is extended in two directions from each single Co(II) center.
Firstly, the indazole derivatives that are coordinated from N1, are inversely oriented so
that the carboxylates are located in the opposite sites (Figure 1a). Thus, these
carboxylate groups coordinate in a monodentate mode to others Co1’ metallic centers in
a zig-zag fashion (Figure 1b). Secondly, the carboxylates coming from others two main
ligands are nearly perpendicular to through imine coordinated indazole derivatives (an
angle of 72.68° is formed between two ligands growing in different directions)
expanding the structure in a plane. The structures grow in independent 2D layers (Figure
1b), but intermolecular hydrogen bonds play an essential role in stabilizing the structure
(Figure 1c). The trans water molecules act as donor and acceptor of these bonds. In fact,
they form intramolecular hydrogen bonds with the non-coordinating carboxylate O2
atom, forming a distorted six membered ring (Co1-O1W-H1W1···O2-C8-O1) and an
intermolecular with O1 (O1W···O1). O1W accepts an extra intermolecular hydrogen
bond from a neighbouring imine (N2···O1W). The ionic Co(II) centers are well isolated
within the same chain with a distance of 9.104 Å, whereas the intermolecular distances
are much shorter, 5.301 Å.
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Figure 1. a) Building unit of compound 1 with atom labels for the coordination sphere.
Dashed blue lines represent the intramolecular hydrogen bonds. b) View along the b axis of
the packing of three 2D layers, each of them with a different colour. The same structure was
obtained for compound 2. c) Intra- and intermolecular hydrogen bonds that stabilize the
supramolecular structure of compound 1.

Compound 3 crystallizes in the monoclinic system and P21/c space group.
Although it is similar to 1-2, in this case the asymmetric unit is comprised by a single
Cu(II) ion coordinated to two crystallographically independent monoanionic ligands
(labelled with A and B) and one coordination water molecule (Figure 2). The Cu1 ion
possesses a CuN2O3 coordination environment (Figure 2a), forming a slightly
distorted polyhedron between square pyramid and vacant octahedron according to the
SHAPE measurements (Table 2).

Table 2. Continuous Shape Measurements for compound 3.
Structure [ML5]
Comp3 Cu1

PP-5

vOC-5

TBPY-5

SPY-5

JTBPY-5

30.052

0.945

5.690

0.832

8.668

PP-5, 1 D5h Pentagon; vOC-5, 2 C4v Vacant octahedron; TBPY-5, 3 D3h Trigonal bipyramid;
SPY-5, 4 C4v Spherical square pyramid; JTBPY-5, 5 D3h Johnson trigonal bipyramid J12.

The two nitrogen N1A and N1B atoms in opposite positions, along with two
monodentate carboxylate oxygen atoms belonging to two other main ligands (O1A(i)
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and O1B(i)) are nearly coplanar and form the base of the pyramid. The remaining
oxygen O1W from the water molecule is coordinated in the apical position
completing the polyhedron. The Cu-Ocarboxylate bonds are the shortest ones (1.948(3)
and 1.972(3) Å), whereas Cu-N are slightly longer (1.993(4) and 2.013(4) Å) and CuO1W shows the longest distance with 2.361(4) Å.
As well as in 1-2, the structure is extended in two directions from each Cu(II)
center. The inversely oriented indazole derivatives are responsible of the zig-zag
expansion of the structure. In this case, the intrachain adjacent Cu(II) polyhedra form
an angle of 80.71º between the square bases. In addition to the hydrogen bonds,
intermolecular ··· interactions significantly influence the crystal packing of the
structure and stabilization of the independent 2D layers (Figure 2b and 2c). In regard
to H bonds, the apical water molecule acts again as donor and acceptor. It establishes
an intramolecular H bond between O1W···O2B (forming an even more distorted six
membered ring due to the longer Cu1-O1W distance), whereas an intermolecular one
is formed between O1W···O1A. At the same time, accepts an intermolecular H bond
from N2A.

Figure 2. a) Building unit of compound 3 with atom labels for the coordination sphere.
Dashed blue lines represent the intramolecular hydrogen bonds. b) View along the b axis of
the packing of three 2D layers, each of them coloured by a different colour. The same
structure was obtained for compound 4. c) Intra- and intermolecular hydrogen bonds
(dashed blue lines) as well as intermolecular ··· interactions (dashed yellow lines) that
stabilize the supramolecular structure of compound 3.
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Because there is not another water molecule trans to O1W, the noncoordinating oxygen from the other carboxylate is stabilized by a N2B···O2A
hydrogen bond. Moreover, in this case the neighbouring molecules form additional
intermolecular ··· interactions between C1A*···C5B’, C1A*···C6B’ and
C2A*···C5B’ that contribute to the long ordering organization of the structure
(Figure 2c). Finally, it is worth mentioning that the shortest Cu···Cu distances arise
from intermolecular ones (4.743 Å), intramolecular distances are almost the double
(8.803 and 8.904 Å).
Relative to compound 4, single crystals could not be isolated for XR
diffraction. However, according to infrared and elemental analysis, we think it is
probably an isostructural compound to the cadmium polymer.
Compound 5 crystallizes in the orthorhombic system and Pccn space group.
The asymmetric unit contains a half Cd(II) ion and a single 1H-indazole-4carboxylate ligand. As a difference to the previous structures, in this compound water
molecules are absent and the CdN2O4 coordination sphere is bonded to four different
indazole derivatives (Figure 3a). Two of them are coordinated through the imine
nitrogen atoms and the others via bidentate carboxylate groups. Thus, the
environment of the metal ion is far from an ideal geometry, as all the SHAPE values
clearly deviate from zero (Table 3). Alternatively, when considering the second
coordination sphere for the carboxylate units and assuming C8 and C8(i) as the
vertex of the polyhedron, a slightly distorted tetrahedron shaped fragment is obtained
(Table 3).
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Table 3. Continuous Shape Measurements for compounds 5 (up). Continuous Shape
Measurements for compound 5considering CdN2C2 coordination environment (bottom).
Structure [ML6]
Comp5 Cd1
Structure [ML4]
Comp5 Cd1

HP-6
29.641
SP-4
22.557

PPY-6
20.397
T-4
2.297

OC-6
5.963

TPR-6
12.968
SS-4
6.480

JPPY-6
25.099
vTBPY-4
4.881

PP-5, 1 D5h Pentagon; vOC-5, 2 C4v Vacantoctahedron; TBPY-5, 3 D3h Trigonal bipyramid;
SPY-5, 4 C4v Sphericalsquarepyramid; JTBPY-5, 5 D3h Johnson trigonal bipyramid J12; SP-4, 1
D4H Square; T-4, 2 TdTetrahedron; SS-4, 3 C2v Seesaw; vTBPY-4, 4 C3v Vacant trigonal bipytamid.

In regard to bond distances, Cd1-N1 distances are short (2.267(10) Å),
whereas Cd1-Ocarboxylate bonds vary from shorter (2.291(9) Å) to longer distances
(2.448(10) Å).
The structure grows in 2D layers due to the orientation of the four indazole
derivatives coordinated to the Cd1. Similar to a propeller, the planes formed by C1N1-N2 and O1-C8-O2 create open angles in the range of 45.11-78.63° allowing the
structure to extend all over the ab plane (Figure 3b). In terms of 3D packing,
intermolecular hydrogen bonds as well as ··· interactions are fundamental to
stabilize the system. Hydrogen bonds are formed between O2···N2 of adjacent layers
growing in opposite directions. These ones are responsible of the longest Cd1Ocarboxylate bond distances. In addition, the indazole rings create ··· stacking
interactions among them (Figure 3c). As it occurs with the other structures, the
shortest Cd···Cd interactions are the ones between different molecules (6.194 Å),
although intramolecular distances are smaller than in the previous compounds (7.950
Å).
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Figure 3. a) Building unit of compound 5 with atom labels for the coordination sphere. b)
View along the a axis of the packing of three 2D layers, each of them coloured by a different
colour. c) Intermolecular hydrogen bonds (dashed blue lines) and ··· interactions (dashed
yellow lines) that are responsible of the packing structure of the 2D layers in compound 5.

2.2. Magnetic Properties

2.2.1. Static Magnetic Measurements
The temperature dependence of the χMT product for complexes 1-3 (χM being
the molar paramagnetic susceptibility of the compound) under a constant magnetic
field of 0.1 T in the 2-300 K range are displayed in Figures 4, 6 and 7, respectively.
The χMT data of compound 1 is characteristic of anisotropic Co(II) ions. The
room temperaturevalue for 1 (3.07 cm3 K mol-1) is much larger than the spin-only
value for a high-spin Co(II) ion (S = 3/2, 1.875 cm3 K mol-1 with g = 2). This high
value indicates a significant orbital contribution to the magnetic moment.
When lowering the temperature, the χMT product decreases gradually reaching
a minimum of 1.58 cm3 K mol-1 (Figure 4). The monotonous decrease is mainly
associated to spin-orbit coupling (SOC) effects. However, due to the considerably
short

(5.301

Å)

intermolecular

interactions

between

Co(II)

ions,

weak
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antiferromagnetic interactions could be also involved. To further analyse the
magnetic behaviour of 1, the T state to P state isomorphism (T-P) in the Hamiltonian
of equation (1) is an appropriate option, since the magnetic behaviour of octahedral
Co(II) complexes is usually induced by first-order spin-orbital coupling.12
Ĥ = σλ L̂Ŝ·+ Δ[L̂z2 - L̂(L̂+1/3)] + µBH(-σ L̂ + giŜ)(equation 1)

In this equation, λ is the SOC parameter, σ = -Aκ is a combination of the
covalency and orbital reduction factor, and Δ is the axial orbital splitting of the T1
term. The data was fitted using the software PHI 13 and the following set of
parameters was obtained: λ = -183 cm-1, σ = 1.09, Δ = 640 cm-1 and g = 2.06 with R =
6.7×10-1.

 M T/cm3mol-1K

4
3
2
1
0
0

100

200

300

T/K
Figure 4. Temperature dependence of the χMT product for 1 in the 2-300 K range. The red
solid line is generated from the best fit to the Hamiltonian in equation 1.

The field-dependent magnetization curves at different temperatures that are
shown in the Figure 5a confirm the presence of significant magnetic anisotropy, since
they are not superimposable. In order to gain information about the magnitude and
sign of the anisotropy parameter (D) all the isofield magnetization curves were
simultaneously fitted using the PHI program based on the following spin
Hamiltonian (2):
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Ĥ = gµBŜ·B + D(Ŝz2 – Ŝ2/3) + E(Ŝx2 – Ŝy2)(equation 2)

Where S is the spin ground state, D and E are the axial and transverse
magnetic anisotropies, respectively; µB is the Bohr magneton, and H the applied
magnetic field. The best fit of the data led to the following set of parameters: D =
50.0 cm-1, E = 10.0 cm-1, gx = gy = 2.31, gz = 2.60, R = 2.52×10-1. It is worth
mentioning that non reasonable set of parameters was obtained by changing the sign
of D. The influence of intra- and intermolecular interactions was neglected in the
treatment of the magnetic data due to the results that were obtained in the DFT
calculations carried out with the broken-symmetry methodology. A dinuclear
fragment of 1 was cut from the crystal structure in order to represent the
superexchange pathway. The calculation suggests a negligible coupling with very
weak ferromagnetism (J ~ 0.004 cm-1, Figure 5b).

Figure 5. a) Field dependence of the magnetization for 1. The solid lines are generated from
the best fit to the magnetic Parameters. b) Broken-symmetry DFT based calculation on 1
(top) and 3 (down) to account for the value of the exchange parameter. Spin densities are
shown for ground and excited states involving the superexchange pathway.

At room temperature the χMT value of 1.04 cm3 K mol-1 for complex 2 is in
good agreement with the expected value of 1.00 cm3 K mol-1 for an isolated Ni(II)
ion with g = 2.0 (Figure 6). Upon cooling, the χMT value remains nearly constant up
to 10 K and then abruptly decreases reaching a minimum value of 0.69 cm3 K mol-1.
This behaviour is the first evidence of zero-field splitting (ZFS) in Ni(II) compounds.
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In addition, the magnetization curve at 2 K saturates below 2µB, which definitely
confirms the presence of this effect (Figure 6, inset). 14 We assume that the long
(9.045 Å) intramolecular distances will cause negligible interactions (as it was
confirmed for 1 by DFT calculations) in comparison to the mentioned ZFS.
Therefore, the dc magnetic susceptibility data and magnetization curves at different
temperatures were simultaneously analysed with the PHI software and the
Hamiltonian from equation 2.
The best fit of the experimental data was obtained with the following set of
parameters: g = 2.04, D = -10.58 cm-1, and E = +0.29 cm-1, with R = 2.49×10-2. In
view of the short intermolecular distances (5.305 Å) between Ni(II) ions provided by
hydrogen bonds, intermolecular interactions were considered in the Hamiltonian.
However, the fit to the magnetic data afforded nearly the same values, so they were
discarded in order to be coherent with the previous fit of 1.
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Figure 6. Temperature dependence of the χMT product for 2 in the 2-300 K range. Inset: field
dependence of the magnetization for 2. The solid lines are generated from the best fit to the
magnetic parameters.

The temperature dependence of the magnetic susceptibility of 3 in the 2-300
K temperature range under an applied field of 0.1 T is displayed in Figure 7. At room
temperature, the χMT value of 0.436 cm3 K mol-1 is higher than the spin only value
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expected for an isolated Cu(II) center (0.375 cm3 K mol-1 with S = 1/2 and g = 2.0).
This occurs when the orbital angular moment is not completely quenched leading to
higher g values and, inherently to higher χMT. Upon cooling, the χMT decreases
gradually from room temperature reaching the lowest value of 0.355 cm3 K mol-1 at
10 K. Below this temperature, the signal sharply increases to a maximum of 0.467
cm3 K mol-1 at 5 K before it drops rapidly to 0.398 cm3 K mol-1 at 2 K. The
maximum displayed at low temperature could be associated to a spontaneous
magnetization indicating spin-canted antiferromagnetism that leads at the same time
to ferromagnetic ordering.15 The last drop in χMT could be explained by zero-fieldsplitting (ZFS) of the ground state.16
The proposed spin-canted effect can be verified by studying the fielddependence of the χMT in the temperature region that the maximum appears. On the
inset of Figure 7 it is evidenced that the χMT value is field-dependent. When
intensifying the magnitude of the external magnetic field from 4.5 Oe to 500 Oe, the
maximum value at 5 K becomes nearly one order of magnitude smaller. This
suggests that the high fields are quenching the effect of the weak antiferromagnetism
and confirms the spin canting behaviour.
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Figure 7. Temperature dependence of the χMT product for 3 in the 2-300 K range. Inset:
temperature dependence of the χMT product at the indicated fields in the 2-30 K range.

Moreover, zero-field-cooled (ZFC) and field-cooled (FC) measurements were
carried out to continue investigating the aforementioned effect. As it is shown in
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Figure 8, both curves show a divergence at 6 K, which it can be indicative of a
possible phase transition.17 Finally, an hysteresis loop was recorded at 2.0 K in the ±7
T range. Although not obvious, an open loop is seen with a coercive field of 220 Oe
and a remnant magnetization of 0.0035 µB (Figure 8, inset). The reason to have a
small hysteresis loop could arise from a small spin canted effect.
It has been reported that the origin of such spin canted effect might arise from
single ion anisotropy or from antisymmetric exchange couplings. 18 In our case, since
the metal ion is Cu(II), which is normally considered isotropic, the second hypothesis
was considered. In fact, we perform the same DFT calculations such as the ones that
were done for 1, but as it is shown in Figure 5b and as it could be expected from long
intramolecular Cu···Cu distances, the interaction appears to be negligible (J ~ -0.09
cm-1). However, as it was mentioned in the crystal structure description,
intermolecular Cu···Cu distances are shorter than the intramolecular ones and this
could play an essential role when considering antisymmetric exchange interactions.

Figure 8. a)ZFC and FC curves at H = 100 Oe. b) Hysteresis loop measured at 2 K in the
±7 T range.

2.2.2. Dynamic Magnetic Properties
With the aim to find out whether compounds 1 and 2 display slow relaxation
of the magnetization or not, dynamic magnetic properties were studied with ac
susceptibility measurements as a function of both temperature and frequency. In the
case of 2, there was no signal in the χM”(T) plot even when applying an external
static magnetic field, which confirms that there is not SIM behaviour. In contrast, the
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strong spin-orbit coupling of the Co(II) ion makes compound 1 a more promising
candidate to behave as a SIM. Indeed, even though maxima could not be observed
above 2.0 K due to the fast quantum tunnelling of the magnetization (QTM) in
absence of an external magnetic field, when repeating the measurements under an
external static field of 1 kOe, frequency dependent maxima could be observed in the
χM”(T) up to 9.0 K. This behaviour is not weird in octahedral Co(II) compounds,
since they own positive D values as confirmed by the static magnetic measurements
and an external magnetic field is required in order to observe slow magnetic
relaxation.19
In the low frequency (60-1000 Hz) and temperature region the presence of
two overlapping maxima is observed, which can be attributed to the presence of two
thermally activated relaxation processes. When increasing the temperature and the
frequency of the oscillating field the intensity of the first maximum is lowered,
although the broadness and the low-symmetry shaped maxima indicates the presence
of both processes (Figure 9).
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Figure 9. Temperature dependence of the molar out-of-phase ac magnetic susceptibility
(χM”) for 2 under an applied field of Hdc = 1000 Oe at different frequencies. Inset: Arrhenius
plot (blue and red lines) for the relaxation times.

This can be also seen in the Argand diagram (Cole-Cole plot, Figure 10),
where the sum of two semicircles is observed in the 3.6-6.0 K temperature range
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confirming the coexistence of fast and slow relaxation processes (FR and SR,
respectively).
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Figure 10. Cole-Cole plots in a dc applied field of 1000 Oe for 1. Solid lines represent the
best fitting of the experimental data to the Debye model.

In view of this, the relaxation times were extracted for each process fitting the
data in the 2.5-8.0 K range by using a sum of two modified Debye functions with the
CCFIT software.20 It is worth mentioning that the software provides  and α values
for the two processes in the whole temperature range. Nonetheless, taking into
account that each process operates or predominates in a certain temperature range,
Arrhenius plots were constructed individually in the 2.5-5.5 K and 5.5-8.0 K
temperature ranges for SR and FR, respectively. In the case of the slow relaxation
process, the non-linearity of the relaxation times along with the relatively wide
distribution of the α values (0.22(2.5 K) – 0.19(5.5 K)) are indicative of the presence
of simultaneous relaxation mechanisms. Therefore, the data was fitted to following
equation:

 = 0 exp(-Ueff/kBt) + AT (equation 3)
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Where the first term accounts for the Orbach mechanism, while the second
one accounts the direct process. The fit afforded the next set of parameters: A = 710.3
s-1 K-1, 0 = 1.73×10-6 s and Ueff = 22.6 K. In contrast, the relaxation times of the FR
where fitted to the Orbach mechanism, in agreement with the α values (~0(5.5 K) ~0(8.0 K)), which suggest the presence of a unique relaxation mode. The fit afforded
the following parameters: 0 = 3.88×10-8 s and Ueff = 56.6 K. The occurrence of two
independent relaxations could be explained by the presence of short intermolecular
distances between Co(II) centers.21 Whereas the paramagnetic ions are well isolated
within the 2D layers, the hydrogen bonds connecting these layers provoke short
interionic distances that could provide weak, but not negligible, interactions.
Therefore, one of the process could be attributed to an exchange coupled system and
the other one could arise from each single ion. However, it is worth mentioning that
there are other systems in the literature that show the same behaviour even though the
paramagnetic ions are well isolated in the structure.22

2.3. Photoluminescence studies
Due to its extended aromaticity, the 1H-indazole-4-carboxylic acid ligand is a
good candidate for enhanced emissive properties. For this reason, we decided to carry
out an experimental–theoretical study of the luminescence properties of ligand and
d10 compounds in solid state and at room temperature (Figure 11). Moreover, recent
works have shown that CPs containing d10 metal ions enable the stabilization of longlasting phosphorescence (LLP) or afterglow phenomena.23 Under excitation at 340
nm, compounds 4 and 5 showed an intense emission at 388 nm and 403 nm,
respectively. These emission bands are significantly blue-shifted with respect to the
free ligand (415 nm). Emission bands for these types of aromatic ligands generally
originate from π* → σ and/or π* → π photon relaxation; this energy gap generally
decreases (red-shifted emission or bathochromic emission) upon ligand coordination
to metals due to the increased rigidity provided to the system. 24 The mentioned
hypsochromic emission of these materials must therefore arise from either structural
and/or electronic features resulting from events other than metal coordination; such
an event can cause an increase in the n → π* and/or π → π* energy gap of the light
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emitting ligand. 25 The existence of π–π stacking interaction between rings of
neighboring ligands (3.39 Å) (Figure 3) could explain this effect.
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Figure 11. Room temperature solid-state emission spectra of ligand (blue), 4 (green) and 5
(red) upon sample excitation at ex= 340 nm.

2.4. Cytotoxicity of the coordination polymers
We have also evaluated the biological response of the complexes and the
ligand through in vitro cell viability assays on HEK-293 Human Embryonic Kidney
and B16-F10 skin melanoma cell lines (Figure 12). The CPs 1-5 and the ligand
exhibited no significant toxicity on HEK-293 cells at any of the analyzed
concentrations (Figure 12). Only the compound 5 at the highest concentration (100
μg mL-1) prompted to a decrease of HEK-293 cell viability up to 81.6%. B16-F10
cell viability was also reduced up to 80.2% and 81.4% in contact with 100 μg mL-1 of
compound 1 and 2, respectively (Figure 12).
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Figure 12. Viability of HEK-293 and B16-F10 cells in contact with compounds 1-5 and the
ligand at increasing concentrations (10, 25, 50, 75 and 100 µg mL-1). Data are shown as
mean ± SEM (n = 3) *p<0.05 and ***p<0.001 compared to untreated cells using One-way
Anova followed by Bonferroni comparison test.

Nonetheless, all these values are above the accepted cytocompatibility cut-off
(70%, ISO 10993-5:2009). 26 On the other hand, compound 5 showed significant
cytotoxicity effects on melanoma cells (B16-F10), reducing the viability up to 53%
the highest concentration (100 μg mL-1). This toxicity was not observed on
embryonic cells, indicating that compound 5 selectively kill B16-F10 skin melanoma
cells. Indeed, it has been previously reported that cell lines can differ in their
sensitivity to external stimuli.27 These preliminary in vitro results of compound 5
might be complemented with further experiments on different cell lines to
demonstrate such specificity.

3. Conclusion
In summary, a new family of transition metal coordination polymers, with
bidimensional structures, have been synthesized with the novel 1H-indazole-4carboxylic acid: [Co(L)2(H2O)2]n (1), [Ni(L)2(H2O)2]n (2), [Cu(L)2(H2O)]n (3),
[Zn(L)2]n (4) and [Cd(L)2]n (5). Static magnetic measurements, as well as DFT
calculations performed on 1-3 indicate that 1H-indazole-4-carboxylate ligand
provides almost negligible intrachain exchange interactions. However, the quite
unusual spin-canted effect in compound 3, which is normally attributed to anisotropic
ions, show that the shorter intramolecular Cu···Cu distances that arise from the
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packing of the structure could affect the bulk magnetic properties of the material. The
more anisotropic Co based compound 1, which behaves as a field-induced single
molecule magnet, displays two characteristic maxima on the out-of-phase
susceptibility data. These two maxima are defined by thermally activated SR and FR,
but being different the origin of each process. As it occurs in 3, the intermolecular
Co···Co distances are shorter than the intramolecular ones and this provokes a
relaxation that is attributed to a weakly exchange coupled system, whereas the other
one appears to be of single ion in origin. On the other hand, 4 and 5 CPs exhibit
hypsochromic emission with respect to the ligand free, due to arise from either
structural and/or electronic features resulting from events other than metal
coordination. Cell viability tests on HEK-293 and B16-F10 cell lines showed non
cytotoxic effects with compounds 1-4. However, compound 5 exhibited toxicity on
melanoma B16-F10 cell line. With these studies, we have shown the great versatility
shown by the 1H-indazole-4-carboxylic acid to form coordination polymers with
multifunctional applications. Currently, more work is being developed in our
laboratory to obtain other systems with different dimensionalities using lanthanide
ions.

4. Experimental

4.1. Preparation of complexes
All the reagents were purchased commercially and used without any previous
purification.

Synthesis of [M(L)2(H2O)2]n for {M = Co(1), Ni(2)}. Single orange (1) and
green (2) crystals were obtained following the next synthesis method. 0.047 mmol of
1H-indazole-4-carboxylic acid was solved in 0.5 mL of DMF and 0.5 mL of distilled
water. On the other hand, 0.095 mmol of MCl2·6H2O was solved in 0.5 mL of
distilled water and 0.5 mL of DMF. Both solutions were mixed in a closed glass
vessel and introduced in an oven at 100°C for 24h. The crystals were washed with
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water/methanol. Anal Calcd for CoC16H14N4O6 (1): C, 46.06; H, 3.38; N, 13.43.
Found: C, 46.03; H, 3.36; N, 13.46. Anal Calcd for NiC16H14N4O6 (2): C, 46.08; H,
3.38; N, 13.44. Found: C, 46.05; H, 3.35; N, 13.47.
Synthesis of [Cu(L)2(H2O)]n (3). The general procedure described for (1)
was followed using CuCl2·2H2O as metal source, which led to green single crystals
of (3). Yield: 55% based on Cu. Anal Calcd for CuC16H12N4O5 (3): C, 47.59; H, 2.99;
N, 13.87. Found: C, 47.54; H, 2.96; N, 13.90.
Synthesis of [M(L)2]nfor {M = Zn(4), Cd(5)}. General procedure described
for (1) was followed using M(C2H3O2)2·2H2O as metal source, which led to white
single crystal of (4) and (5).Yield: 56% based on metal. Anal Calcd for
ZnC16H10N4O4 (4): C, 49.57; H, 2.60; N, 14.45. Found: C, 49.62; H, 2.56; N, 14.51.
Anal Calcd for CdC16H10N4O4 (5): C, 44.21; H, 2.32; N, 12.89. Found: C, 44.18; H,
2.30; N, 12.91.
In addition to the elemental analyses, all the samples were checked by FT-IR
spectra (Figures 13).
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Figure 13. FTIR spectra of a) Ligand 1H-indazole-4-carboxylic acid;b) Compound 1; c)
Compound 2; d) Compound 3; e) Compound 4; f)Compound 5.

4.2. Physical measurements
Elemental analysis (C, H and N) were carried out at the Centro de
Instrumentación Científica (University of Granada) on a Fisons-Carlo Erba analyzer
model EA 1108 (Thermo Scientific, Waltham, MA, USA). Infrared (IR) spectra
(400-4000 cm-1) were recorded on a Nicolet FT-IR 6700 spectrometer in KBr pellets.
Photoluminescence (PL) measurements were carried out on crystalline samples at
room temperature using a Varian Cary-Eclipse fluorescence spectrofluorimeter
equipped with a Xe discharge lamp (peak power equivalent to 75 kW), Czerny–
Turner monochromators, and an R-928 photomultiplier tube. For the fluorescence
measurements, the photomultiplier detector voltage was fixed at 600 V, and the
excitation and emission slits were set at 5 and 2.5 nm, respectively. Phosphorescence
spectra were recorded with a total decay time of 20 ms, delay time of 0.2 ms and
gate time of 5.0 ms. The photomultiplier detector voltage was set at 800 V, and both
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excitation and emission slits were open to 10 nm. Alternating current magnetic
measurements were performed under zero and 1000 Oe applied static fields on a
Quantum Design SQUID MPMS XL-5 device by using an oscillating ac field of 3.5
G and ac frequencies ranging from 10 to 1400 Hz.

4.3. Cell viability assay
Human Embryonic Kidney (HEK293, ECACC 85120602) and mouse skin
melanoma (B16-F10, ATCC® CRL-6322) cell lines were supplied by the Cell Bank
of the Scientific Research Center of the University of Granada (Spain). HEK293 cells
were cultured in standard tissue culture flask and maintained in Eagle's Minimum
Essential Medium (EMEM with EBSS) supplemented with 2 mM Glutamine, 1%
Non Essential Amino Acids (NEAA), 1 mM sodium pyruvate (NaP) and 10% Foetal
Bovine Serum (FBS) at 37ºCwith 5% CO2. B16-F10 cells were cultured in EMEM
with EBSS supplemented with 2mM Glutamine and 10% FBS.
Cells were detached from culture flasks by trypsinization, centrifuged and
resuspended. The cells were cultured into a 96 flat transparent well (104 cells/well)
during 48 hours. Then, the cells were exposed to different concentrations (10, 25, 50,
75 and 100 µg/mL) of compounds 1, 2, 3, 4 and 5 and the corresponding ligand. All
the experiments were performed in triplicate. After 48 hours of culture, cell viability
was assessed by MTS assay using CellTiter 96® AQueous One Solution Reagent
(Promega, Madison, WI), according to the manufacturer’s instructions. Twenty
microliters of AQueous One Solution Reagent were added to each well and the
absorbance at 490 nm was measured with a spectrophotometer (Infinite® 200 PRO
NanoQuant) after 2 hours of incubation. This absorbance is proportional to the
number of metabolically active cells. The relative cell viability (%) was calculated
respect to non-treated cells. Results are expressed as average ± standard error of the
mean (S.E.M., as error bars). One-way ANOVA with Bonferroni’s post-test was
performed using GraphPad Prism software (version 6.0).
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4.4. Single-crystal structure determination
Single crystals of suitable dimensions were used for data collection. For
compounds 1-3 and 5, diffraction intensities were collected on a Bruker X8 APEX II
and Bruker D8 Venture with a Photon detector equipped with graphite monochromated MoKα radiation (λ = 0.71073 Å). The data reduction was performed with the
APEX228 software and corrected for absorption using SADABS.29 In all cases, the
structures were solved by direct methods and refined by full-matrix least-squares
with SHELXL-2018. 30 Details of selected bond lengths and angles are given in
Tables 4-6.

Table 4. Bond lengths (Å) and angles (°) for compounds 1 and 2.Symmetryoperations: (i) = x, -y, -z; (ii) = -x, -y+1, -z+1.
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Compound
Co1-O1
Co1-O1(i)
Co1-O1W
Co1-O1W(i)
Co1-N1
Co1-N1(i)

1
2.091(1)
2.091(1)
2.126(1)
2.126(1)
2.154(1)
2.154(1)

Ni1-O1
Ni 1-O1(ii)
Ni 1-O1W
Ni 1-O1W(ii)
Ni 1-N1
Ni 1-N1(ii)

2
2.066(1)
2.066(1)
2.096(1)
2.096(1)
2.097(1)
2.097(1)

O1-Co1-O1(i)
O1-Co1-O1W
O1(i)-Co1-O1W
O1-Co1-O1W(I)
O1(i)-Co1-O1W(i)
O1W-Co1-O1W(i)
O1-Co1-N1
O1(i)-Co1-N1
O1W-Co1-N1
O1W(I)-Co1-N1
O1-Co1-N1(i)
O1(i)-Co1-N1(i)
O1W-Co1-N1(i)
O1W(I)-Co1-N1(i)
N1-Co1-N1(i)

180.0
90.93(3)
89.07(3)
89.06(3)
90.94(3)
180.0
87.76(4)
92.24(4)
90.05(4)
89.95(4)
92.24(4)
87.76(4)
89.95(4)
90.05(4)
180.0

O1-Ni1-O1(I)
O1-Ni1-O1W
O1(I)-Ni1-O1W
O1-Ni1-O1W(I)
O1(I)-Ni1-O1W(I)
O1W-Ni1-O1W(I)
O1-Ni1-N1
O1(I)-Ni1-N1
O1W-Ni1-N1
O1W(I)-Ni1-N1
O1-Ni1-N1(I)
O1(I)-Ni1-N1(I)
O1W-Ni1-N1(I)
O1W(I)-Ni1-N1(I)
N1-Ni1-N1(I)

180.0
92.02(3)
87.98(3)
87.98(3)
92.02(3)
180.0
92.57(4)
87.43(4)
89.48(4)
90.52(4)
87.43(4)
92.57(4)
90.52(4)
89.48(4)
180.00(3)
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Table 5. Bond lengths (Å) and angles (°) for compound 3.
Compound
Cu1-O1A
Cu1-O1B
Cu1-O1W
Cu1-N1A
Cu1-N1B

3
1.947(3)
1.972(3)
2.362(4)
2.014(4)
1.993(4)

O1A-Cu1-O1B
O1A-Cu1-N1B
O1B-Cu1-N1B
O1A-Cu1-N1A
O1B-Cu1-N1A
N1B-Cu1-N1A
O1A-Cu1-O1W
O1B-Cu1-O1W
N1B-Cu1-O1W
N1A-Cu1-O1W

175.82(15)
89.45(16)
91.26(15)
90.98(15)
87.75(15)
172.18(18)
87.63(13)
96.35(14)
98.14(15)
89.68(15)

Table 6. Bond lengths (Å) and angles (°) for compound 5. Symmetry operations: (i) = -x+1,
y+1/2, -z+1/2; (ii) = x+1/2, -y+1, -z+1/2; (iii) = -x+3/2, -y+3/2, z.
Compound
Cd1-N1(i)
Cd1-N1(ii)
Cd1-O1
Cd1-O1(iii)
Cd1-O2
Cd1-O2(iii)

5
2.267(10)
2.267(10)
2.291(9)
2.291(9)
2.448(9)
2.448(10)

N1(i)-Cd1-N1(ii)
N1(i)-Cd1-O1
N1(ii)-Cd1-O1
N1(i)-Cd1-O1(iii)
N1(ii)-Cd1-O1(iii)
O1-Cd1-O1(iii)
N1(i)-Cd1-O2(iii)
N1(ii)-Cd1-O2(iii)
O1-Cd1-O2(iii)
O1(iii)-Cd1-O2(iii)
N1(i)-Cd1-O2
N1(ii)-Cd1-O2
O1-Cd1-O2
O1(iii)-Cd1-O2
O2(iii)-Cd1-O2

110.5(5)
100.5(3)
97.5(3)
97.5(3)
100.5(3)
148.3(5)
149.2(3)
90.6(3)
98.7(3)
55.4(3)
90.6(3)
149.2(3)
55.4(3)
98.7(3)
80.7(4)
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CCDC reference numbers for the structures are 1940509 – 1940512. Copies
of the data can be obtained free of charge on application to the Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223-335033; e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Table 7. Crystallographic data and structural refinement details for all compounds.
Compounds

1

2

3

5

C16H14CoN4O6

C16H14NiN4O6

C16H12CuN4O5

C16H10CdN4O4

417.24

417.02

403.84

434.68

Crystal system

monoclinic

monoclinic

monoclinic

orthorhombic

Space group (no.)

P 21/c (14)

P 21/c (14)

P 21/c (14)

Pccn(56)

a (Å)

5.3010(2)

5.3050(3)

10.1061(8)

12.3609(15)

b (Å)

10.0099(3)

9.9880(4)

9.8617(7)

9.9856(11)

c (Å)

15.2097(6)

15.0820(7)

14.7053(8)

12.3887(14)

Formula
-1

Mr (g mol )

α (°)

90

90

90

90

β (°)

96.8820(10)

97.362(2)

94.716(2)

90

90

90

90

90

801.25(5)

792.55(7)

1460.62(17)

1529.1(3)

2

2

4

4

1.729

1.747

1.836

1.888

1.117

1.271

1.537

1.459

100

100

100

100

2068 (1890)

2056 (1869)

3769 (2769)

2010 (1829)

0.0464

0.0400

0.1496

0.0683

Parameters

124

124

225

114

a

0.989

1.057

1.201

1.496

R1b,c

0.0284
(0.0246)

0.0254 (0.0223)

0.1269 (0.0868)

0.1192
(0.1130)

wR2d

0.0662
(0.0642)

0.0571 (0.0558)

0.1355 (0.1254)

0.2917
(0.2890)

0.421 and 0.671

0.394 and -0.430

0.663 and 1.303

1.640 and 2.878

γ (°)
3

V (Å )
Z
-3

Dc (g cm )
μ(MoKα) (mm )
-1

T (K)
Observed
reflections
Rint
GOF

Largest difference
in peak and hole (e
Å-3)

[a] S = [∑w(F02 – Fc2)2 / (Nobs – Nparam)]1/2. [b] R1 = ∑||F0|–|Fc|| / ∑|F0|. [c] Values in parentheses for reflections
with I > 2s(I). [d]wR2 = [∑w(F02 – Fc2)2 / ∑wF02]1/2; w = 1/[σ2(F02) + (aP)2] where P = (max(F02,0) + 2Fc2)/3 with
a = 5.9161.
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Abstract
Two new coordination polymers based on Zn(II) and Cd(II) and 1H-indazole6-carboxylic acid (H2L) of general formulae [Zn(L)(H2O)]n and [Cd2(HL)4]n have
been synthesized and fully characterized by elemental analyses, FT-IR spectra and
single crystal X-ray diffraction. The results indicate that compound 1 possesses
double chains in its structure while 2 exhibits a 3D network. The intermolecular
interactions including hydrogen bonds, C–H···π and π···π stacking interactions
stabilise both structures. Photoluminescence properties have been accomplished
showing that compounds 1 and 2 present similar emission spectra compared to freeligand, being the ligand-centred π-π* electronic transition the most relevant
transitions which rules compound 1 and 2 emission. Additionally, because of the
well-recognised therapeutic properties, anticancer and antioxidant activity of the
ligand, the effect on viability of human embryonic kidney cells and mouse melanoma
cell lines has been studied for the corresponding ligand and both compounds.
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1. Introduction
The study of coordination polymers (CPs) and metal-organic frameworks
(MOFs) is at the forefront of modern inorganic chemistry due to the broad range of
potential applications spamming from magnetic and luminescent materials, through
catalysis and sensing, to gas separation and storage and ending with biomedical
applications.1
It is well known that nitrogen-containing heterocycles are pharmacologically
important scaffolds and they are widely present in numerous commercially available
drugs. This is the case of 1H-indazole-6-carboxylic acid (H2L), a common moiety in
pharmaceutical industry. From the structural point of view, indazole is an aromatic
heterocyclic molecule in which a benzene ring is fused with a pyrazole ring. 2 It
shows three tautomeric forms (Figure 1) being tautomer A favoured over B and C
because of its higher degree of aromaticity.3

Figure 1. Indazole tautomerism.

H2L is an ideal candidate to form CPs because of its multiple coordination
possibilities not only derived from its carboxylate group but also from its pyrazolyl
function. A great variety of coordination modes are possible, according to similar
ligands containing carboxylate and pyrazole chemical groups (Figure 2). However,
only one complex with this ligand has been reported so far. 4 In this work, the
synthesis of four substituted indazole derivatives containing pyridine or carboxylic
functionalities, and structural descriptions of their behaviour on coordination to
Cu(II) ions in solution and in the solid state was described in detail. Additionally,
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H2L is recognized to have therapeutic properties as well as anticancer or antioxidant
activity.5

Figure 2. Possible coordination modes of 1H-indazole-6-caboxylic acid ligand.

On the other hand, H2L may also present interesting photoluminescence (PL)
properties, due to its aromatic nature and carboxylic functions.6 When these ligands
are coordinated to metal centres in the crystal structure of a CP, PL tends to be
enhanced by means of the well-known crystal-induced luminescence effect.7 Among
others, metal ions from group 12 are particularly appropriate because of their a priori
less quenching effects derived from the banned d-d transitions, consequence of their
closed-shell electronic configuration.8 Moreover, the presence of these ions may also
promote ligand-to-metal charge transfer (LMCT), in the CP provided that empty
levels of the metal ions are able to be populated in the excited state, thus modulating
the PL emission with regard to the ligand-centred (LC) emissions.9
Considering all of the above, in this work we have synthesized two new
coordination polymers based on d10 transition metals and 1H-indazole-6-carboxylic
acid of general formulae [Zn(L)(H2O)]n (1) and [Cd2(HL)4]n (2) and their structural
and photoluminescent properties as well as their in vitro cytotoxic activity have been
explored.
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2. Results and discussion
1H-indazole-6-carboxylic acid ligand allowed the formation of two d10
transition metal-based complexes with different dimensionalities by varying the
metal centre. Thus, the solvothermal reaction of the 1H-indazole-6-carboxylic acid
ligand with Zn(CH3COO)2 in DMF/H2O mixture with a 1:2 molar ratio afforded a
double chain complex 1 (Figure 3a). Similarly, for complex 2, Cd(CH3COO)2 salt
was respectively used leading a three dimensional metal-organic framework (Figure
3b).

Figure 3. Perspective views of the structures 1 (a) and 2 (b). Colour code: N = blue, O =
red, C = grey, Zn = dark grey, Cd = yellow.
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2.1. Description of the structures
Structural description of [Zn(L)(H2O)]n (1). Compound 1 consists of a
double chain structure that crystallizes in the P21/n space group, in which Zn(II) ions
are bridged by nitrogen atoms of L2- in a bidentate way giving rise to a stable and in
plane Zn2N4 six membered ring (Figure 4).

Figure 4. Representation of the Zn2N4 planar six membered ring.

The Zn(II) ion is also coordinated to a carboxylate moiety of the indazole
derivative ligand in a monodentate way, which extends the dimeric entity into infinite
1D chains. The coordination sphere of the metal is completed by the additional
coordination of a water molecule. The ZnN2O2 coordination sphere is best described
as a tetrahedron, although the zinc ions show a geometry that is close to axially
vacant trigonal bipyramid according to continuous-shape-measures (CShMs) using
SHAPE software (Table1).10
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Table 1. Continuous Shape Measurements for the ZnN2O2 coordination environment.
SP-4

1 D4h

Square

T-4

2 Td

Tetrahedron

SS-4

3 C2v

Seesaw or sawhorse‡ (cis-divacant octahedron)

vTBPY-4

4 C3v

Axially vacant trigonal bipyramid

Complex

SP-4

T-4

SS-4

vTBPY-4

1

29.137

1.086

5.417

1.705

The double chain packing is ruled by the intermolecular interactions. In
particular, the coordinated water molecule is involved in hydrogen bonding
interactions while the angle formed among neighbouring chains allow establishing
C–H···π interactions between aromatic rings (Figure 5).

Figure 5. The most representative intermolecular interactions and packing modes for
compound 1. H bondsand C-H··· interactions are shown with dashed blue and orange lines,
respectively.

Structural description of [Cd2(HL)4]n (2). Compound 2 crystallizes in the
triclinic P-1 space group. The symmetric unit contains two non-equivalent Cd(II)
centres and four ligand molecules. Each Cd(II) ion is connected to two monodentate
indazole nitrogen atoms and four oxygen atoms of the carboxylate group of the
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ligand. Cd1 and Cd2 ions are doubly linked by anancillary syn-anti carboxylate
moiety of 1H-indazole-6-carboxylate A, C and D ligands. However, the carboxylate
group of ligand B present a different connection, O1B connects in a monodentate
way to both Cd1 and Cd2 atoms giving rise to alternating five and six membered
rings along the structure (Figure 6 view along b axis) while O2B remains
unconnected to any metal centre.

Figure 6. View along a (left), b (middle) and c (right) axis of complex 2.

Continuous-shape-measures (CShMs) indicate that different coordination
modes of the ligand affect the coordination environments and yield, as expected, a
different crystal structure. The coordination spheres of Cd1 and Cd2 are best
described as octahedra according to SHAPE measurements (Table 2).
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Table 2. Continuous Shape Measurements for the CdN2O4 coordination environment.
HP-6

1 D6h

Hexagon

PPY-6

2 C5v

Pentagonal pyramid

OC-6

3 Oh

Octahedron

TPR-6

4 D3h

Trigonal prism

JPPY-5

5 C5v

Johnson pentagonal pyramid (J2)

Complex

HP-6

PPY-6

OC-6

TPR-6

JPPY-5

2 -Cd1

28.823

19.153

2.317

9.223

23.163

2 -Cd2

29.031

27.296

1.100

14.572

19.748

M···N2 distances are slightly shorter than in compound 1 (in the 1.969 and
2.293-2.316Å ranges, respectively), similarly to the M···O1carboxylate bond distances
(between 1.935 and 2.320Å), which follow the same trend.
To end up with the structural description, it is worth mentioning that
compound 2 presents significant differences with regard to the supramolecular
interactions which build up its packing compared to that of 1. Unlike to hydrogen
bonding interactions and C-H··· π governing the crystal building of 1, packing of 2 is
governed by π···π stacking interactions. In particular, the aromatic rings of HL
promote strong face-to-face contacts among the whole structure, which directs their
packing (Figure 6).

2.2. FT-IR spectrum
The FT-IR spectra of complexes 1 and 2 showed the expected vibrational
bands, confirming the coordination to N-containing carboxylate ligand (Figure 7).
The main vibrations of 1H-indazole-6-caboxylic acid are associated to the ƲC=N
stretching vibration at 1633 cm-1 and the asymmetric and symmetric vibrations of the
carboxylate groups at 1683 cm-1 and 1423 cm-1 respectively. The characteristic bands
at 1537 cm−1 for complex 1, 1589 cm−1 for complex 2 can be attributed to the ƲC=N
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stretching vibration of the indazole ring. 11 In addition, the strong absorption peak
observed at 1558 and 1402 cm−1 for 1, and 1541 and 1411 cm−1 for 2 revealed the
asymmetric and symmetric vibrations of the carboxylic groups.12 The strong broad
band in the range of 3317–3086 cm−1 was assigned to the O–H stretching vibration of
the coordinated water molecule in complex 1.13 As can be seen in Figure 7, there is a
small displacement in the most characteristic bands due to the coordination of the
1H-indazole-6-caboxylic ligand to the metal centers.

Figure 7. Infrared spectra of the ligand and compounds 1 and 2.

2.3. Luminescence properties
The solid-state photoluminescence spectra ofthe complexes recorded at room
temperature are shown in Figure 8. It is well known that d10 metal complexes yield
strong emission because of completely filled d-orbitals that disables ligand field d-d
transition through electron/energy transfer, which eliminates fluorescence quenching
possibility.8 For this reason, these compounds have been of great interest for
photochemical, electroluminescence and sensing applications.

14

The extended

aromaticity of the 1H-indazole-6-carboxylate ligand coordinated to Zn(II) and Cd(II)
metallic centres suggests the existence of emissive properties of 1 and 2. The
emission of these compounds are found to be similar to ligand emission, which may
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stem from the ligand-centred π-π* electronic transitions, as shown in Figure 5.
Consequently, ligand-centred emission process controls emission spectra because of
highly conjugated 1H-indazole-6-caboxylate ligand.15 An intense broad band at 350–
450 nm dominates the emission spectra of all compounds, the emission peaks of the
ligand and compounds 1 and 2 upon 325 nm excitation being in the blue region with
maxima at 362 and 388 nm, 363 and 381 nm and 363 and 391 nm, respectively.

Figure 8. Room temperature TD-DFT computed (dashed lines) and experimental (solid line)
photoluminescence emission under λex = 325 nm of CPs. Blue and green lines correspond to
compound 1 and 2, respectively. The insets show the most representative molecular orbitals
involved in the electronic transitions.

Among them, the ligand spectrum shows two well-defined maxima and a
relatively higher intensity (Figure 9).

Figure 9. Emission spectra of the ligand and compounds 1 and 2 under λex = 325 nm.
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In order to get a deeper insight into the emission mechanism, TD-DFT
calculations were performed on a suitable model of compound 1 and 2. The
calculated spectra reproduce fairly well the experimental one, indicating that the
process is driven by singlet transitions occurring between the molecular orbitals
shown in Figure 8. In both cases, the electron density in HOMO orbitals, HOMO-2
for compound 1 and HOMO-4 for compound 2 respectively extends over the bonds
over the whole ligand molecule (signifying a π orbital) while LUMO orbitals,
LUMO+2 for compound 1 and LUMO+1 for compound 2 respectively, feature a π*
character. Therefore, by analogy to the experimental data, it can be stated that the
transitions involved in the photoluminescence of compound 1 and 2 are mainly of
π*←π nature induced by ligand centred emission.

2.4. In vitro cytotoxicity
The cytoxicity of compounds 1 and 2 and the corresponding ligand has been
assessed in vitro on human embryonic kidney (HEK-293) and mouse melanoma
(B16-F10) cell lines. After two days of incubationany no sing of toxicity was
observed on compound 1 or the ligand at concentrations ranging from 10 to 100 μg
mL-1 (Figure 10). On the other hand, compound 2 prompts to a significant decrease of
HEK-293 and B16-F10 cell viability for concentrations higher than 20 μg mL-1. The
mean concentration of this compound required to inhibit cell growth at 50% (IC50)
was of 43.2 µg mL-1 for HEK-293 cell line and 45 µg mL-1 for B16-F10 cell line.
This effect could be attributed to the presence of cadmiun in this coordination
complex. In fact, previous study indicated that Cd has a dose-dependent negative
effect on the viability of four different cell lines. In the case of HEK-293 cell line, the
IC50 for CdCl2 was of 1.9 µg mL-1, much higher than in the case of compound 1.16
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Figure 10. Viability of HEK-293 and B16-F10 cells after 48 hours of incubation with
compounds 1, 2 and the H2L ligand at increasing concentrations (10, 25, 50, 75 and 100
μg/mL). Cell viability was assessed by MTS assay. Data represent means ± SEM (error bars)
of three replicates.

3. Conclusions
The reaction between 1H-indazole-6-carboxylic acid ligand with Zn(II) and
Cd(II) leads the formation of two new coordination polymers with different
dimensionalities. Compound 1 possesses a double chain structure while compound 2
exhibits a 3D structure. Emissive properties of both complexes and the ligand have
been studied demonstrating that in both cases the photoluminescent emission is
driven by the ligand centred π*←π emission. Finally, in vitro cytotoxicity analysis in
human embryonic kidney and mouse melanoma cell lines showed that compound 2
promotes a significant decrease of HEK-293 and B16-F10 cell viability for
concentrations higher than 20 μgmL-1. Therefore, this study concludes that these
compounds could be good candidates to conduct further in vivo analyses owing to
their utility as biomedical probes in which the luminescent properties had a special
relevance since, so far, it is the first time that the luminescent properties of the ligand
and its complexes have been analysed due to only one complex with this ligand has
been reported so far. In this sense, we have demonstrated that 1H-indazole-6carboxylic acid is an excellent candidate to the formation of CPs or MOFs materials
with different applications. Currently, more materials are being developed in our
laboratory with this ligand based on lanthanide ions to enhance its luminescent
properties.
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4. Experimental Section

4.1. Materials and physical measurements
All the reagents were purchased commercially and used without any previous
purification.Elemental analysis (C, H and N) were carried out at the Centro de
Instrumentación Científica (University of Granada) on a Fisons-Carlo Erba analyzer
model EA 1108 (Thermo Scientific, Waltham, MA, USA). Infrared (IR) spectra
(400-4000 cm-1) were recorded on a Nicolet FT-IR 6700 spectrometer in KBr pellets.
Synthesis of [Zn(L)(H2O)]n, (1). 0.010 g (0.006 mmol) of 1H-indazole-6carboxylic acid (H2L) was dissolved in 0.5 mL of DMF. Once dissolved, 0.5 mL of
water was added to the ligand solution. On the other hand, in a separate vial, 0.0134 g
(0.03 mmol) of Zn(CH3COO)2 was dissolved in 0.5 mL of water. Similarly, once
metal salt was dissolved, 0.5 mL DMF were added to the solution. Metal solution
was added dropwise to the ligand solution and the resulting colourless solution was
placed in a closed glass vessel and heated in an oven at 100°C for 24h. X-ray quality
crystals were obtained during heating process under autogenous pressure. The
obtained white single crystals were washed with water. Yield: 64% based on Zn.
Anal Calcd for ZnC8H4N2O3: C, 39,46; H, 2.48; N, 11.50. Found: C, 39,39; H, 2,41;
N, 11.59.
Synthesis of [Cd2(HL)4]n, (2). The same synthetic procedure was carried out
to obtain complex 2 but Zn(CH3COO)2 was replaced by 0.01651 g (0.03 mmol) of
Cd(CH3COO)2. Single crystals were washed with water. Yield of crystals: 54% based
on Cd for 2. Anal Calcd for Cd2C32H20N8O8: C, 44.21; H, 2.32; N, 12.89. Found: C,
44.16; H, 2.29; N, 12.91.
In addition to the elemental analyses, the purity of all the samples was
checked by FT-IR spectra.
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4.2. Crystallographic refinement and structure solution
Single crystals of suitable dimensions were used for data collection. For
compound 1 and 2, diffraction intensities were collected on a Bruker X8 APEX II and
Bruker D8 Venture with a Photon detector equipped with graphite monochromated
Mo-Kα radiation (λ = 0.71073 Å). The data reduction was performed with the
APEX217 software and corrected for absorption using SADABS.18 In all cases, the
structures were solved by direct methods and refined by full-matrix least-squares with
SHELXL-2018.19
Table 3. Crystallographic data and structural refinement details for compounds 1 and 2.
Compound

1

2

C8H6N2O3Zn

C32H20N8O8Cd2

243.52

869.36

monoclinic

triclinic

P 21/n

P-1

a (Å)

9.774(3)

8.7080(4)

b (Å)

5.7633(15)

9.0640(3)

c (Å)

14.592(4)

19.4510(7)

α (°)

90

101.089(1)

β (°)

95.626(7)

90.961(2)

γ (°)

90

98.063(1)

818.0(4)

1490.18(1)

4

2

1.977

1.937

2.979

1.497

100

100

1035 (817)

7671 (5938)

0.1342

0.0722

127

451

GoF

1.082

1.107

R1a,b

0.0777 (0.0535)

0.0604 (0.0352)

c

0.1075 (0.0994)

0.0823 (0.0672)

0.635 and -0.0656

1.062 and -1.046

Formula
Mr
Crystal system
Space group (no.)

3

V (Å )
Z
-3

Dc (g cm )
μ(Mo/CuKα) (mm )
-1

T (K)
Observed reflections
Rint
Parameters

wR2

Largest difference in peak
and hole (e Å-3)
aR

1

= S||Fo| - |Fc||/S|Fo|. b Values in parentheses for reflections with I > 2s(I). cwR2 = {S[w(Fo2 - Fc2)2] / S[w(Fo2)2]}½

Details of selected bond lengths and angles are given in Table 4. CCDC
reference numbers for the structures are 1948382 and 1948383 for Cd and Zn
coordination polymers, respectively.
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Table 4. Selected angles (°) and bond lengths (Å) for complexes 1 and 2.
Complex

1

N(1)-M(1)-N(2)

2

Complex

1

2

113.1(3)

M(1)···N(1)

1.984(6)

N(1)-M(1)-O(1)

107.7(2)

M(1)···N(2)

1.969(7)

N(1)-M(1)-O(1W)

101.0(3)

M(1)···N(2A)

2.293(3)

N(2)-M(1)-O(1)

128.7(3)

M(1)···N(2D)

2.329(3)

N(2)-M(1)-O(1W)

103.8(2)

M(1)···O(1)

1.935(6)
2.019(6)

N(2A)-M(1)-N(2D)

173.40(10)

M(1)···O(1W)

N(2B)-M(2)-N(2C)

170.76(10)

M(1)···O(2A)

2.332(2)

M(1)···O(1B)

2.374(2)

O(1)-M(1)-O(1W)

97.3(2)

N(2A)-M(1)-O(2A)

90.31(9)

M(1)···O(1C)

2.346(2)

N(2A)-M(1)-O(1B)

95.49(9)

M(1)···O(1D)

2.258(2)

N(2A)-M(1)-O(1C)

78.08(9)

M(1)···O(2D)

2.358(2)

N(2A)-M(1)-O(2D)

103.31(9)

M(2)···N(2B)

2.332(3)

N(2D)-M(1)-O(2A)

83.09(9)

M(2)···N(2C)

2.316(3)

N(2D)-M(1)-O(1B)

85.83(9)

M(2)···O(1A)

2.320(2)

N(2D)-M(1)-O(1C)

102.89(9)

M(2)···O(1B)

2.419(3)

N(2D)-M(1)-O(2D)

83.16(9)

M(2)···O(1C)

2.349(3)

N(2B)-M(2)-O(1A)

79.11(9)

M(2)···O(1D)

2.258(2)

N(2B)-M(2)-O(1B)

91.68(9)

M(1)···N(1)

1.984(6)

N(2B)-M(2)-O(2C)

98.75(9)

M(1)···N(2)

1.969(7)

N(2B)-M(2)-O(1D)

108.91(9)

M(1)···N(2A)

2.293(3)

N(2C)-M(2)-O(1A)

92.24(9)

M(1)···N(2D)

2.329(3)

N(2C)-M(2)-O(1B)

91.41(9)

M(1)···O(1)

1.935(6)

N(2C)-M(2)-O(2C)

78.08(9)

M(1)···O(1W)

2.019(6)

N(2C)-M(2)-O(1D)

79.57(9)

O(1C)-M(1)-O(1B)

158.86(9)

O(1C)-M(1)-O(2D)

73.64(8)

O(2A)-M(1)-O(1B)

101.09(8)

O(2A)-M(1)-O(1C)

99.08(8)

O(2A)-M(1)-O(2D)

162.54(8)

O(2D)-M(1)-O(1B)

88.58(8)

O(1A)-M(2)-O(1D)

171.45(8)

O(1A)-M(2)-O(1B)

88.97(8)

O(1A)-M(2)-O(2C)

91.70(9)

O(1B)-M(2)-O(2C)

169.48(8)

O(1B)-M(2)-O(1D)

93.63(9)

O(1D)-M(2)-O(2C)

84.27(9)
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4.3. Photophysical measurements
Photoluminescence (PL) measurements were carried out on crystalline
samples at room temperature using a Varian Cary-Eclipse fluorescence
spectrofluorimeter equipped with a Xe discharge lamp (peak power equivalent to 75
kW), Czerny–Turner monochromators, and an R-928 photomultiplier tube. For the
fluorescence measurements, the photomultiplier detector voltage was fixed at 600 V,
and the excitation and emission slits were set at 5 and 2.5 nm, respectively.
Phosphorescence spectra were recorded with a total decay time of 20 ms, delay time
of 0.2 ms and gate time of 5.0 ms. The photomultiplier detector voltage was set at
800 V, and both excitation and emission slits were open to 10 nm.

4.4. In vitro cell viability assays
The cytotoxicity of synthesized compounds and the corresponding ligand was
evaluated against Human Embryo Kidney cell line (HEK-293, ECACC 85120602)
and mouse melanoma cell line (B16-F10, CRL-6322). Both lines were supplied by
“Banco de Células del Centro de Instrumentación Científica” of the University of
Granada.
HEK-293 cells were maintained in humidified air (5% CO2) at 37ºC in Eagle's
Minimum Essential Medium (EMEM with EBSS) supplemented with 2mM
Glutamine, 1% Non Essential Amino Acids (NEAA), 1 mM sodium pyruvate (NaP)
and 10% Fetal Bovine Serum (FBS). B16-F10 cells were cultured in standard tissue
culture flask in EMEM (EBSS) supplemented with 2mM Glutamine and 10% FBS
(37ºC, 5% CO2). Before full confluence, cells were detached from culture flasks by
trypsinization, centrifuged and resuspended. The cells were seeded at 1.0×104
cells/well into a 96 flat transparent well and cultured at 37ºC with 5% CO2. Serial
dilutions of the synthesized compounds were prepared in cell culture media up to the
final concentrations of 10, 25, 50, 75 and 100 μg/mL. After 48 hours of preincubation, the cell culture medium was replaced by the samples. The number of
living cells after 48 hours of culture was assessed by MTS assay using CellTiter 96®
AQueous One Solution Reagent (Promega, Madison, WI). The MTS assay is based
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on the conversion of a tetrazolium salt into a coloured, aqueous soluble formazan
product mediated by mitochondrial activity of viable cells. Briefly, 20 µL of
AQueous One Solution Reagent was added to each well and after 2h of incubation,
the absorbance at 490 nm was measured with a spectrophotometer (Infinite® 200
PRO NanoQuant). This absorbance is directly proportional to the number of
metabolically active cells. Untreated cells (without synthesized compounds) were
used as control. The relative cell viability (%) related to the control was calculated by
[A]sample/[A]control× 100. Each experiment was done in triplicate. Results are expressed
as average ± standard error of the mean (S.E.M.). The half inhibitory concentrations
(IC50) were calculated by the Graph Pad Prism (version 5.0), using the dose-response
sigmoidal curves, p < 0.05.

Keywords: 1H-Indazole-6-Carboxylic Acid • luminescence • anti-cancer activity •
Zinc • Cadmium.
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Dilution Effect on the Slow Relaxation of a Luminescent Dysprosium
Metal-Organic Framework based on 2,5-dihydroxyterephthalic Acid

Abstract
A

new

dysprosium

{[Dy(dhbdc)1.5(DMF)2]·DMF}n

based
formula

Metal-Organic
has

been

Framework

with

obtained

from

solvothermalreaction with 2,5-dihydroxyterephthalic acid ligand and dysprosium
chloride. This coordination polymer has been characterized and its crystal structure
has been solved by X-ray diffraction methods elucidating a three-dimensional
network. Magnetic studies of this compound reveal the existence of weak
antiferromagnetic interactions among the metal ions with θ value of -0.26 K.
Dynamic ac magnetic susceptibility measurements were carried out under an external
dc field of 1 kOe, highlighting that at high frequencies two relaxation processes can
be observed. However, when studying the diamagnetically diluted analogue 1Y, a
single relaxation process was detected highlighting the effect of the weak but not
negligible exchange interactions. Finally, photoluminescence measurements were
performed at different temperatures with the aim of getting a more representative
characterization of the emissive performance of the material for potential applications
in lighting and thermometry.
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1. Introduction
The research related to metal-organic frameworks (MOFs) has exponentially
increased in the past years mainly due to their multifunctional properties and potential
uses in applications such as gas storage/separation, photoluminescence, sensing,
magnetism, etc.[1] These materials are synthesized by combining metal ions or nodes
with organic linkers forming three-dimensional structures. Among them, lanthanide
based MOFs (Ln-MOFs) have been less studied than transition metal based ones.
This is directly related to the large ionic radio of the Ln(III) ions, since they normally
present high coordination numbers with distorted symmetries which bring some
flexibility to the coordination network, making it more difficult to predict the
structure of the compound. However, the large magnetic anisotropy and high spin
value of some Ln(III) ions make them potential candidates in order to design ultrahigh-density information storage devices[2]. In fact, some recent advances in the area
of Single Molecule Magnets (SMMs) have shown that huge thermal energy barriers
that prevent the relaxation of the magnetization, as well as open hysteresis loops up to
liquid nitrogen temperature could be obtained by using Dy(III) as anisotropic metal
ion[3]. Moreover, most of Ln(III) ions may display characteristic narrow fluorescence
emissions, so they might be good candidates in order to obtain multifunctional
magnetic and luminescent materials. Accordingly, even though the absorption
coefficients of f-f transitions are low, the coordination of strongly absorbing ligands
to the metal may be a way to overcome this handicap by an efficient antenna effect,
which involves an energy transfer from the ligand to the metal[4].
The necessity of implementing SMMs within a surface or in a threedimensional structure is not trivial. Even though high performing SMMs already
exist, these are synthesized in bulk without a controlled spatial position and this
appears to be a huge problem. When designing an information storage device, all the
molecules that are able to preserve information need to be spatially organized. Hence,
MOFs might be a good solution to overcome this challenge given that lanthanide ions
are intrinsically organized in the three dimensions within the crystal structure of these
materials[ 5 ]. In addition, the pores enclosed in the structure of MOFs offer the
possibility of intercalating a wide variety of guest molecules that may be able to
modulate the magnetic properties[ 6 ]. Moreover, with regard to the multifunctional
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character of MOFs, guest molecules could also influence the luminescent emission of
the compound so they could be used as sensors.
In view of the mentioned prerequisites and taking into account the great
affinity of

Ln(III)

ions

towards

oxygen

atoms,

we

have

chosen

2,5-

dihydroxyterephthalic acid (dhbdc) as main ligand. Carboxylate groups are often used
as chemical functions to decorate spacer ligands in MOFs chemistry given their large
bridging capacity, as it has been observed for many related aromatic carboxylate
based ligands with both transition metal as lanthanide(III) ions[7]. In particular, the
confronted disposition of carboxylate groups in dhbdc ligand is well known to bridge
between two and six metal centres with transition metal ions to yield MOFs[8], while
hydroxyl groups adjacent to carboxylate groups, though they do not chelate metal
centres, can serve as exceptional groups which can interact with guest molecules. On
another level, the aromatic character of the ligand behaves as an appropriate moiety
which, in addition to increase the distance among metal ions to dispose them
separated for enhancing SMM behaviour, it can also bring large emission brightness
centred on the lanthanide due to its strong absorption through π–π* transitions.
Bearing in mind the latter, we report on the synthesis and structural and
chemico-physical

characterization

of

a

new

MOF

with

the

{[Dy(dhbdc)1.5(DMF)2]·DMF}n formula, which exhibits interesting magnetic and
luminescence properties. On the one hand, alternating current magnetic susceptibility
measurements reveal the occurrence of subtle slow relaxation of the magnetization
that is effectively improved by means of a structural dilution with diamagnetic
yttrium(III) ions. On the other hand, photoluminescence studies performed on both
solid state and liquid media support a large ligand-to-metal charge transfer (LMCT)
which provides the material with an interesting temperature- and solvent-dependent
tuneable bright emission.
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2. Experimental

2.1. General
2,5-dihydroxyterephthalic acid and all metallic salts used as reagents were
purchased from commercial sources (Sigma-Aldrich) and used as received and
without further purification.

2.2. Preparation of the complexes
Synthesis of {[Dy(dhbdc)1.5(DMF)2]·DMF}n (1). Single crystals of
compound 1 were obtained following the next solvothermal procedure. 0.076 mmol
(15.00 mg) of 2,5-dihidroxyterephtalic acid and 0.101 mmol (38.05 mg) of
DyCl3.6H2O were dissolved in 1 mL of DMF. The resulting solution was placed in a
closed glass vessel and introduced in an oven at 95°C for 24h. Yield: 64% based on
metal. Anal Calcd for DyC21O12 N3H27: C, 37.31; H, 4.03; N, 6.22. Found: C, 37.34;
H, 3.99; N, 6.24.
Synthesis of {[Dy0.2Y1.8(dhbdc)3(DMF)4]·2DMF}n (1Y). Single crystals of
1Y were obtained by carrying out the same general procedure described for 1 but
using a Dy:Y molar ratio of 1:9. Yield: 66% based on metal. Anal Calcd for
Dy0.2Y1.8C42O24N6H54: C, 41,37; H, 4.46; N, 6.89. Found: C, 41,41; H, 4.42; N, 6.92.
The FT-IR spectra of complexes 1 and 1Y showed the expected vibrational
bands, confirming the coordination to O-containing carboxylate group (Figure 1).
The main vibrations of 2,5-dihidroxyterephtalic acid are associated to the stretching
vibration at 1643 cm-1 and the asymmetric and symmetric vibrations of the
carboxylate groups at 1683 cm-1 and 1423 cm-1 respectively. In addition, the ligand
shows a high intensity band 1650 cm-1 that in compound 1 and 1Y lose intensity,
probably due to the bond between O-carboxylate and metal centers. As can be seen in
Figure 1 there is a small displacement in the most characteristic bands due to the
coordination of the 2,5-dihidroxyterephtalic acid ligand to the metal centers.
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Figure 1. The FT-IR spectra of ligand and complexes 1 and 1Y.

2.3. Physical measurements
Elemental analyses were carried out at the “Centro de Instrumentación
Científica” (University of Granada) on a THERMO SCIENTIFIC analyzer model
Flash 2000. The IR spectra on powdered samples were recorded with a BRUKER
TENSOR 27 FT-IR and OPUS data collection program. Magnetic susceptibility
measurements were performed on polycrystalline samples of the complexes with a
Quantum Design SQUID MPMS-7T susceptometer at an applied magnetic field of
1000 G. The susceptibility data were corrected for the diamagnetism estimated from
Pascal’s Tables [

9

] the temperature-independent paramagnetism, and the

magnetization of the sample holder. Ac measurements were performed on a Physical
Property Measurement System-Quantum Design model 6000 magnetometer under a
3.5 G ac field and frequencies ranging from 1 to 1399 Hz.

2.4. Single-crystal structure determination
Prismatic crystals for 1 were mounted on a glass fibre and used for data
collection on a Bruker D8 Venture with Photon detector equipped with graphite
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monochromated Mo-Kα radiation (λ=0.71073 Å). The data reduction was performed
with the APEX2 [ 10 ] software and corrected for absorption using SADABS[ 11 ].
Crystal structures were solved by direct methods using the SIR97 program [12] and
refined by full-matrix least-squares on F2 including all reflections using anisotropic
displacement parameters by means of the WINGX crystallographic package[ 13 ].
Several crystals of 1 were measured and the structure was solved from the best data
we were able to collect, due to the quality of the crystals was very poor. Final R(F),
wR(F2) and goodness of fit agreement factors, details on the data collection and
analysis can be found in Table 1. Selected bond lengths and angles are given in Table
2. CCDC number1985827 contain the supplementary crystallographic data for
compound. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystallographic data for compound 1.
Complex
Formula
Mr
Crystal system
Space group (no.)
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
Z
Dc (g cm-3)
μ(MoKα) (mm-1)
T (K)
Observedreflections
Rint
Parameters
GoF
R1b,c
wR2d
Largest difference in peak and
hole (e Å-3)
b

1
C21H24DyN3O12
672.93
Triclinic
P-1
10.446(2)
10.877(2)
12.503(3)
104.644(4)
107.329(4)
97.583(4)
1278.6(4)
2
1.748
2.988
100(2)
6582 (6086)
0.0495
340
1.086
0.0317 (0.0246)
0.0624 (0.0606)
2.077 and -2.160

R1 = S||Fo| - |Fc||/S|Fo|. cValues in parentheses for reflections with I > 2s(I). dwR2 = {S[w(Fo2 - Fc2)2] /
S[w(Fo2)2]}½
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Table 2. Bond lengths (Å) and angles (°) for compounds 1.
Symmetry operation for (i): -x,-y,-z.
Bond
Dy1-O1A
Dy1-O1B
Dy1-O2A(i)
Dy1-O2B(i)
Dy1-O1C
Dy1-O2C
Dy1-O1S
Dy1-O2S

Length (Å)
2.294(2)
2.3224(18)
2.375(2)
2.3661(19)
2.368(2)
2.577(2)
2.367(2)
2.410(2)

Bond
O1A-Dy1-O1B
O1A-Dy1-O2B(i)
O1B-Dy1-O2B(i)
O1A-Dy1-O1S
O1B-Dy1-O1S
O2B(I)-Dy1-O1S
O1A-Dy1-O1C
O1B-Dy1-O1C
O2B(I)-Dy1-O1C
O1S-Dy1-O1C
O1A-Dy1-O2A(i)
O1B-Dy1-O2A(i)
O2B(I)-Dy1-O2A(i)
O1S-Dy1-O2A(i)
O1C-Dy1-O2A(i)
O1A-Dy1-O2S
O1B-Dy1-O2S
O2B(I)-Dy1-O2S
O1S-Dy1-O2S
O1C-Dy1-O2S
O2A(I)-Dy1-O2S
O1A-Dy1-O2C
O1B-Dy1-O2C
O2B(I)-Dy1-O2C
O1S-Dy1-O2C
O1C-Dy1-O2C
O2A(I)-Dy1-O2C
O2S-Dy1-O2C

Angle (º)
77.33(7)
75.91(7)
126.38(7)
146.26(7)
78.81(7)
137.82(7)
89.05(7)
146.07(7)
78.35(7)
97.80(7)
122.12(7)
78.36(7)
77.99(7)
75.19(7)
133.93(7)
78.23(8)
73.94(7)
141.31(7)
72.45(8)
72.91(7)
140.64(7)
131.24(7)
151.23(7)
68.07(7)
76.23(7)
52.93(7)
81.59(7)
111.23(7)

3. Results and discussion

3.1. Crystal structure of Compound 1
Compound 1 crystallizes in the triclinic P-1 space group. A selection of bond
distances and angles, as well as crystallographic data are given in Table 2 and Table
1, respectively. The asymmetric unit is composed of a single dysprosium ion, three
independent halves of deprotonated dhbdc ligands, two coordinated DMF molecules
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and one crystallization DMF molecule. The dysprosium ion is eight-coordinated
being bonded to eight oxygen atoms, two of them belonging to two DMF molecules
(O1S and O2S) and the rest to carboxylate groups. Whereas O1C and O2C belong to
the same chelating carboxylate moiety, O1B, O2B(i), O1A and O2A(i) belong to four
carboxylate groups of different dhbdc ligands (two symmetry related A and B
ligands), which acquire the local μ-κO:κO' mode and are responsible for bridging two
closest Dy centres forming paddle-wheel dinuclear fragments (Figure 2). In other
words, there are different types of L2- depending on the coordination mode. Two of
them (the ones with O1A-O2A and O1B-O2B labels) act as double-bridging groups.
On the one hand, a carboxylate group in a bismonodentate fashion is bonded to two
Dy ions from the same dinuclear entity and, on the other hand, the other carboxylate
in the other extreme is bonded to another dinuclear entity. In contrast, the other type
of L2- ligand also appears as bridging group, but each carboxylate is only coordinated
to a metal ion as a chelate. Every metal centre is coordinated to four ligands of the
former type and one of the latter type, thus extending the structure over the 3D.

Figure 2. Excerpt of the structure showing the dinuclear entity, where coordination
environment of Dy1 along with carboxylate bridged Dy1(i) is shown. Symmetry: (i): -x,-y,-z.
Colour code: dysprosium, oxygen, nitrogen and carbon are in light green, red, blue and
grey, respectively. Hydrogen atoms have been removed for the sake of clarity.

The geometry of the polyhedron was calculated by SHAPE software[ 14 ],
indicating that it is a slightly distorted square antiprism (SSAPR value of 1.183). These
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entities can be regarded as the repeating secondary building unit (SBU) along the
whole structure and are linked to other neighbouring ones by means of both the
tetradentate A and B ligands as well as the bis-chelating C ligands (Figure 3). The
separation between the Dy ions within the dinuclear entity is 4.187(1) Å whereas it
rises up to 10.446(2) Å and 11.421(2) Å between adjacent paramagnetic centres
crossing the tetradentate and bidentated hbdc ligands, which indicates that we could
expect

non-negligible

magnetic

interactions.

Isostructural

Metal-Organic

Frameworks based on La, Ce, Pr, Nd and Gd have been published[15]. The Dy-O
bond distances do not vary according to the nature of coordinating oxygen. Both the
shortest and longest bond distances correspond to Dy1-Ocarboxylate (2.294(2) and
2.577(2) Å, respectively) bonds, while Dy-ODMF ones display intermediate distances
(2.367(2) and 2.410(2) Å). The fact that the coordination sphere is somewhat regular
with no notably shorter bond with respect to others might negatively affect the SMM
properties. In the case of Dy(III), a well-defined axial ligand field is able to stabilize
the highly magnetic mJ = ±15/2 states as ground levels and separate them from
excited states which, in turn, gives rise to high effective energy barriers.

Figure 3. Perspective of Metal-Organic Framework along a axis.Colour code: dysprosium,
oxygen, nitrogen and carbon are in light green, red, blue and grey, respectively. Hydrogen
atoms have been removed for the sake of clarity.
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3.2. Magnetic properties

3.2.1. Static Magnetic Measurements
The direct-current (dc) magnetic susceptibility of 1 and 1Y were measured in
the 2–300 K range under an applied magnetic field of 0.1 T (Figure 4). The χMT value
of 14.19 cm3 K mol-1 (calculated for the asymmetric unit) observed in 1 is in good
agreement with the calculated theoretical value of 14.17 cm3 K mol-1 for one isolated
Dy(III) ion (4f9, J = 15/2, S = 5/2, L = 5, g = 4/3 6H15/2). On cooling, the χMT product
remains somehow constant until 50 K, where it falls sharply reaching the minimum
value of 12.70 cm3 K mol-1 at 2 K. In ions such as the Dy(III), which contain
considerable unquenched orbital moment, this drop could be attributed to some
different effects: i) antiferromagnetic interactions between paramagnetic ions, ii) the
depopulation of the Stark sublevels of the dysprosium ion, which arise from the
splitting of the ground termby the ligand field and iii) the presence of magnetic
anisotropy. The strong spin-orbit coupling in Dy(III) compounds hinders the
possibility to fit the χMT data in order to obtain the exchange coupling constant.
However, with the aim of getting a deeper insight into the possible intramolecular
interactions between Dy(III) centers, we studied the magnetic data in the range of 2300 K by the Curie-Weiss law, namely 1/χ = (T – θ)/C.

Figure 4. a) Temperature dependence of the χMT product and 1/χ versus T for 1 in the 2-300
K range. The solid line represents the best fitting with the Curie-Weiss law. b) Temperature
dependence of the χMT product for 1Y in the 2-300 K range.
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The best fit afforded the values of C = 14.17 cm3·K·mol-1 and θ = -0.26 K.
The negative value of θ suggests the existence of weak intramolecular
antiferromagnetic interactions. This is in good agreement with the previously
reported J values for an isostructural Gd(III) analogue[15]. The isotropic character of
Gd(III) provided by the lack of angular momentum enables the analysis of the
magnetic data in order to obtain the magnetic coupling constant. The small value of J
= -0.020(2) cm-1 calculated by Nayak and co-authors coincides with our initial
prediction, being the dimeric Dy(III) entities weakly antiferromagnetically coupled
systems.
With the purpose of supporting the experimental data, DFT calculations with
the broken-symmetry methodology were also conducted to better estimate the nature
of the magnetic exchange interactions. To that end, dimeric fragments were cut from
the crystal structure of 1 in order to represent the three possible superexchange
pathways found in the compound: i) that mediated within the paddle-wheel shaped
entity involving four carboxylate moieties (which imposes a short bridge of 4.2 Å
between lanthanide(III) atoms); ii) through the bis-chelating dhbdc ligand (involving
a Ln···Ln distance of 11.4 Å); and iii) through the tetradentatedhbdc ligand, which
imposes a Ln···Ln distance of ca. 10.9 Å. Moreover, paramagnetic Dy(III) ions were
replaced by isotropic Gd(III) ones to have a good estimate of the J parameter (we
were not able to crystallise the Gd(III) analogue). In this case, based on the
superexchange path 1, which considers the shortest carboxylate bridged pathways,
the calculation suggests an almost negligible coupling among lanthanide(III) ions
(weak ferromagnetism with J ~ 0.02 cm-1 is achieved), which can be considered
within the calculation error given the experimental result achieved for the Dy(III)
counterpart. Although experimental and theoretical calculations differ in the nature of
the exchange interactions, it is evidenced that the carboxylate bridges provide weakly
interacting pathways. Therefore, due to the magnetic anisotropy of the Dy(III) ion the
contribution of the metal to metal exchange is hidden in 1.
The magnetization versus field plot at 2 K is shown in the Figure 5. It shows
an initial rapid increase up to a field of 1 T, followed by an almost linear increase
reaching a value of 6.35 NµB, which is lower than the expected saturation value. This
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behaviour can be explained by crystal-field effects leading to significant magnetic
anisotropy.
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Figure 5. Magnetization versus field plot at 2 K for 1.

3.2.2. Dynamic Magnetic Properties
Dynamic ac magnetic susceptibility measurements as a function of
temperature and frequency were carried out on a powder sample of 1. At zero applied
dc field, the out-of-phase component (χM”) displays non-zero signals at the highest
measured frequency (1399 Hz, Figure 6).

Figure 6. Temperature dependence in-phase (a) and out-of-phase (b) components of the ac
susceptibility in a zero applied dc field for 1.
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However, no maxima could be seen even at the lowest temperature. This
behaviour suggests that probably a fast relaxation of the magnetization is occurring
through the under-barrier quantum tunnelling of the magnetization process (QTM).
Nevertheless, it is well known that an external magnetic field could be a good
strategy so as to lift the degeneracy of the ground-state ±mJ energy levels, thus
partially or totally quenching the mentioned effect[

16

]. Accordingly, the

measurements were carried out again under an external dc field of 1 kOe with
intriguing results (Figure 7). Although low frequency curves do not display maxima,
there is a clear frequency dependence of the χM” product. In addition, at higher
frequencies two relaxation processes can be observed, one at lower temperatures
(2.0-4.0 K, Fast Relaxation) and the other at notably higher ones (6.0-8.0 K, Slow
Relaxation). This result indicates that i) the external magnetic field is only able to
partially suppress the QTM (since the χM” values do not go to zero below the
maxima at lowest temperatures, revealing that QTM still operates) and that ii)
magnetic exchange or dipolar interactions between the neighbouring Dy ions may
play an essential role in the relaxation process due to the appearance of a second
maximum. It is worth mentioning, though, that the presence of two maxima could
also arise from a single ion[2b],[17]. Taking into account that the maxima are not well
defined, the treatment of the data becomes much more complicated and prevents no
further analysis. Indeed, we were not able to fit the data in order to obtain parameters
such as the effective energy barrier (Ueff), 0 or α. Nonetheless, it can be seen that the
relaxation mechanisms are not pure Orbach processes.
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Figure 7. Temperature and frequency dependence of the out-of-phase ac susceptibility of 1
under an external dc field of 1 kOe.
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To get insight into the role of exchange or dipolar interactions induced by
neighbouring metal centres, a diluted sample of 1 was prepared. The compound 1Y
was synthesized by mixing the diamagnetic analogue Y(III) along with Dy(III) in a
Dy/Y molar ratio of 1:9. This procedure allows us to observe the influence of
intramolecular interactions in terms of relaxation of the magnetization and, at the
same time, is another typical strategy to avoid the fast QTM that could arise from
dipolar interactions[18].
The 1Y sample was then measured in the same conditions as the undiluted
sample. The results show that i) the peaks at the highest temperatures related to the
SR have disappeared and ii) the peaks at lower temperatures related to FR are now
well defined, since both the dilution and the external dc field are a good combination
to quench QTM (Figure 8).

Figure 8. Temperature and frequency dependence of the out-of-phase ac susceptibility of 1Y
under an external dc field of 1 kOe. (a) Arrhenius plot of relaxation time versus temperature
for 1Y (the solid line represents the best fit to the Arrhenius law, (a) inset). (b) Cole-Cole
plots of 1Y under 1 kOe dc field in the temperature range of 2.0 – 3.5 K.
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Regarding to the first consequence, it is now evident that the slowest
relaxation in the undiluted sample arose from the effect of the intramolecular
exchange interactions and not from single-ion. In fact, when analysing the easy axes
of magnetization of an isolated dinuclear entity within the whole structure by the
Magellan software[ 19 ], it is demonstrated that the anisotropy axes are completely
parallel (which is, in turn, due to the inversion centre, Figure 9). It has been recently
reported that the angle between the anisotropy axes plays an essential role in
relaxation dynamics with magnetically coupled systems, emphasizing that collinear
or almost collinear systems show the slowest relaxation times[ 20 ]. Therefore, this
might be the reason why the SR is lost when diluting the sample. In regard to the FR,
relaxation times and α parameters were extracted from the frequency-dependent data
between 2.0 – 3.5 K. The  values corresponding to the highest temperature were
fitted to the Arrhenius law,  = 0exp(Ueff/kT), obtaining the following parameters:
Ueff = 31.6 K and 0 = 2.0·10-8 s. The obtained 0 value lies in the expected range of
10×10-6 to 10×10-11s[21].

Figure 9. Magnetic axes of the Dy(III) ions calculated with the Magellan software. A neutral
reduced dinuclear fragment of the structure was considered in order to obtain a reliable
result. Hydrogen atoms were omitted for the sake of clarity, but they were included in the
calculation.
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The deviation from linearity of the lowest temperature data point, as well as
the α values obtained from the Cole-Cole plots (0.38 (2.0 K) – 0.34 (3.5 K)) suggest
a quite broad distribution of relaxation processes. However, we were not able to
obtain a good fitting assuming the simultaneous presence of different processes.
The relatively poor SMM properties of this system could be explained by an
exhaustive study of the ligand field. As aforementioned in the crystal structure
description, the coordination environment polyhedron fits well with the squareantiprism geometry. It has been seen in the literature that this kind of geometry is
suitable to stablish an axial crystal field around the Dy(III) centre[22]. However, this
is not the unique prerequisite to obtain high performance SMMs. In an ideal crystal
field, the axially coordinated atoms should have the largest amount of negative
charge and they should exhibit the shortest distance towards the metal ion, thus the
mJ= ±15/2 ground state will be well isolated from the excited states. Additionally, the
opposite is desired for the equatorial ligand field. Less charged, or neutral, donor
atoms will facilitate diminishing the transverse components that favour other relaxing
processes that shortcut the always desired through barrier Orbach mechanism. In our
case, the anisotropy axes are defined by the chelate carboxylate group (O1 and O2)
and one monodentate carboxylate (O4), probably due to the negative charge afforded
by the chelate. However, none of these bonds are the shortest ones. Instead, the
shortest distance corresponds to Dy1-O8 bond in the equatorial plane, which is
counteracting the axial ligand field provided by the chelate. Moreover, another two
carboxylate oxygen atoms (O5 and O9) are also located in the equatorial plane with
relatively short bond distances. Fortunately, the neutral DMF molecules complete the
equatorial field and these ones will not be the maximum responsible of the transverse
field. With all this in mind, the none outstanding magnetic properties of our system
are not a surprise, but it appears as an interesting model to evaluate the influence of a
variety of parameters governing the slow relaxation of the magnetization.

3.3. Luminescence properties
Photoluminescence measurements were performed on polycrystalline sample
of compound 1 at different temperatures with the aim of getting a more
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representative characterization of the emissive performance of the material for
potential applications in lighting and thermometry. It is well-known that lanthanidebased PL constitutes a promising means to develop materials with promising
performance for light-emitting, display sensing, optical devices[

23

] in vivo

detection[24]. Despite the fact that organic luminescent compounds are emerging as
an alternative source which promotes efficient organic light-emitting diodes
(OLEDs)[25], lanthanide based CPs bring the advantages of both classes of materials,
affording a more brilliant emission of the organic ligands through the ligand-tolanthanide energy transfer (antenna effect)[ 26 ] or, at least, a significant emission
enhancement due to the coordination[ 27 ]. At room temperature, the PL emission
spectrum measured at λex = 325 nm (under monochromatic LASER light) shows an
intense and somehow broad band centred at 450 nm that possesses significant
emission up to 650 nm. Focusing this main emission, the excitation spectrum reveals
also a unique band peaking at 350 nm (Figure 10). The shape and width of all bands
seem to indicate that they correspond to π ← π* transitions taking place within the
aromatic rings of the ligand. It is worth noticing the absence of any of the
characteristic transitions attributed to the inner f orbitals of the lanthanide atom[28],
which makes one guess that the ligand-to-lanthanide energy transfer is poor. This fact
may be due to proximity of the hydroxyl groups with regard to the Dy ion, since,
occupying the first coordination sphere, could act as effective quenchers of the metalcentred PL emission[29].

Figure 10. Excitation and emission spectra of compound 1 at room temperature.
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In any case, the strong emission observed in the spectrum imbues compound
1 with a remarkable blue emission light, which may be inferred from the photographs
taken on single crystals in a microscope under excitation at 365 nm (Figure 11). In
fact, the tail observed in the emission spectrum at high wavelength also provides it
with a still strong (although comparatively weak) green and even red coloured lights
when they are irradiated with less energetic beams (λex of 435 and 546 nm).

Figure 11. Room temperature micro-PL images taken at different excitation lines.

When the sample is cooled down to 10 K, the emission band shows no
remarkable change in its shape yet it undergoes a subtle blue-shift (from 450 to 445
nm) while it also gains intensity compared to room temperature owing to the
decrease of the kinetic (thermal) energy of the bond electrons (Figure 12)[30]. Though
the increase in the emission intensity is quite progressive with the temperature, the
largest step takes place in the 50 → 10 K range, where the intensity shows a
quantitative leap. To summarize, the emission intensity at λmax ≈ 450 nm is much
greater for 10 K data compared to RT (about 36% larger in terms of emitted
integrated intensity).
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Figure 12. Variable temperature emission spectra. Inset: evolution of the integrated
emission intensity.

Additionally, the emission decay curves recorded at the band maximum (λem
= 450 nm) revealed the occurrence of a fluorescent process below the detection limit
of the employed pulse lamp (below 1 μs), given that no reliable long-lived tail could
be discerned from the lamp signal.

4. Conclusions
A

new

dysprosium

based

Metal-Organic

Framework

with

{[Dy(dhbdc)1.5(DMF)2]·DMF}n formula has been obtained from solvothermal
reaction with 2,5-dihydroxyterephthalic acid ligand and dysprosium chloride. This
coordination polymer has been characterized and his crystal structure has been solved
by X-ray diffraction methods elucidating a three-dimensional network. Magnetic
studies of this compound reveal the existence of weak antiferromagnetic interactions
among the metal ions with θ value of -0.26 K. Dynamic ac magnetic susceptibility
measurements were carried out under an external dc field of 1 kOe, highlighting that
at higher frequencies two relaxation processes can be observed. In order to determine
whether both relaxations are of single ion in origin, or intramolecular interactions are
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the responsible ones, a diluted sample of 1 was prepared by mixing the diamagnetic
analogue Y(III) along with Dy(III) in a Dy/Y molar ratio of 1:9. The ac magnetic data
of 1Y displays a unique relaxation process with an effective energy barrier of Ueff =
31.6 K, while the SR attributed to the exchange coupled system has disappeared
pointing out the influence of the intramolecular interactions. On the other hand,
photoluminescence measurements at different temperatures with the aim of getting a
more representative characterization of the emissive performance of the material for
potential applications in lighting and thermometry. The PL emission spectrum
measured at room temperature under monochromatic LASER light (λex = 325 nm)
shows an intense and somehow broad band centred at 450 nm that possesses
significant emission up to 650 nm, which corresponds to π ← π* transitions taking
place within the aromatic rings of the ligand. Cooling the sample down progressively
to 10 K brings a subtle blue-shift of the band accompanied by an increase in the
integrated intensity of about 36% compared to room temperature. The almost linear
progression shown according to the temperature suggests a potential application of
the material for lighting and thermometry.
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Abstract
A new family of mononuclear coordination compounds have been synthetized
and characterized: [M(3-ind)2(H2O)2](M=Co (1), Ni (2), Zn(3), Fe(4), Mn(5)).The
anti-inflammatory effects of these compounds were assayed in lipopolysaccharide
activated RAW 264.7 macrophages by inhibition of NO production. In first time we
determined the cytotoxicity of the complex and the ligand in RAW 264.7 cells. The
most significative results were obtained for the compounds 4 and 5 reaching values
of NO inhibition close to 80% at 48h, and above to 90% at 72h of treatment. The
highest inhibitory effects on NO production were showed at the range 7-23 µg/mL
for compound 4 and 5. In conclusion, the compound 4 and 5 could be potential drugs
due to the interesting anti-inflammatory properties showed. Also, the anti-cancer
potential of these compounds has been tested against different tumor cell lines. The
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citotoxicity of the ligand and the compounds 2 and 3 were assayed in three cell lines:
HT29, colon cancer cells, Hep-G2, hepatoma cells and B16-F10 melanoma cells. The
best results have been achieved with the compound 2 in HepG2 and B16-F10 cell
lines, being between 1.5 to 2 times more effective that the ligand in HepG2 cells, and
B16-F10 cells. The formation of metal complexes with bioactive ligands is a new and
promising strategy to find news compounds with high and enhanced biochemical
properties.

1. Introduction
Coordination compounds have been widely studied during years due to the
range of properties that could show such as luminescence,[1,2] magnetism[3,4]
and/or biological activity.[5,6] Inside this type of materials, specifically, the
coordination monomers are very usefulin medicinal chemistry to develop new
therapeutic agents.[7-9] Since the discovery of cisplatin, platinum-derivative[10,11]
and later ruthenium drugs,[12] the research community are trying to create new
materials with increased efficacy and reduced toxicity.[13] Although these two
families of drugs are the most promising in the fight against cancer, a wide variety of
coordination compounds based on different transition metals ions are being
developed such as potential therapeutic agents to fight against cancer disease.[14-16]
On the other hand, nitrogen-containing heterocycles are pharmacologically
important scaffolds and they are normally present in numerous commercially
available drugs.For example, non-steroidal anti-inflammatory drugs comprise a large
group of medicines used to inflammation and pain with known side-effects.[17,18] It
is for this reasons, that coordination compounds have been broadly studied over
recent years as anti-inflammatory drugs.[19,20] During inflammations process
different molecular routes are activated, a wide variety of protein kinases are
activated, as MAPK (mitogen-activated protein kinases), JAK (Janus-activated
kinases), PI3K/AKT (phosphatidylinositol-3-kinase). Disturb in the activation of
these transcription factor can produce aberrant cell growth, carcinogenic cell
transformation, angiogenesis, and metastasis.
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In the last years, our group and others have reported the use of different
nitrogen derivative ligands with specific biological activities, with a particular focus
on the behaviour of the triazolopyrimidine ligands as antiparasitic therapeutic
agents.[21-24] Moreover, other type of therapeutic agents such as anti-inflammatory,
anti-diabetic or anti-cancer materials have been synthesized in our laboratory based
on this type of organic ligands.[25-27] Based on these previous results, we decided to
use a different organic ligand to construct new therapeutic agents to study different
properties exhibited for these materials based on transition meal ions. In this sense,
we thought that indazole-3-carboxylic acid could be an ideal candidate to form new
compounds because its multiple coordination possibilities not only derived from its
carboxylate group but also from its pyrazole group. Moreover, to the best of our
knowledge, there are few examples of coordination compounds based on this ligand
(all examples based on rhenium).[28-29] On the other hand, for the study of
biological properties, we wanted to obtain mononuclear compounds, for this reason,
to design these materials we decided to use divalent transition metals, in which two
monoanionic ligands would coordinate the metal ions and the two free positions
would remain where, predictably, molecules would enter solvent.
All of the above in mind, we decided to design novel coordination compounds
by using indazole-3-carboxylic acid and transition metal ions to obtain new materials
with the aim to study their anti-cancer properties. In this sense, we present here a new
family of five coordination compounds with the formulae [M(3-ind)2(H2O)2] (M =
Co(II) (1), Ni(II) (2), Zn(II) (3), Fe(II) (4), Mn(II) (5)). We have analysed the
structural properties, the cytotoxicity has been assayed for ligand and compounds in
three different cell lines, and cell studies on Raw 264.7 were done and the NOinhibition with the aim to establish the possible potential therapeutic agents of these
materials.
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2. Experimental Procedures

2.1. Chemicals
All reagents were obtained from commercial sources and used as received.
Elemental (C, H, and N) analyses were performed on an Euro EA Elemental
Analyzer. The IR spectra of powdered samples were recorded in the 400–4000 cm−1
region on a Nicolet 6700 FTIR spectrophotometer using KBr pellets.
The FT-IR spectra of five complexes showed the expected vibrational bands,
(Figure 1). The main vibrations of Indazole-3 carboxylic acid are associated to ƲC=N
vibration at 1654 cm-1 and the vibrations of the carboxylate groups at 1525 cm-1
and 1484 cm-1. The characteristic band ƲC=N displaced at 1628 cm-1 for complexes
can be due to the streaching vibration of the indazole ring

restricted for N-

coordinated to metal ions. Further, the double peaks related to asymmetric and
symmetric vibrations of the carboxylic groups present on ligand spectra too are
displaced at unique wider peak centred at 1464 cm-1. The very similar spectra of 5
compounds bear out that the five compounds are isostructural.

Figure 1. FT-IR spectra of five complexes and ligand.
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2.2. Synthesis
Synthesis of [M(3-ind)2(H2O)2] (M = Co (1), Ni (2), Zn(3), Fe (4), Mn(5)).
0.06 mmol of Indazole-3-carboxylate were dissolved in 0.5 mL of DMF after 0.5 mL
of distilled water was added. In other glass vessel, 0.06 mmol of MCl2·6H2O was
dissolved in 0.5 mL of distilled water and then 0.5 mL of DMF was added. Both
solutions were mixed and the resulting solution was placed in a closed glass vessel
and introduced in an oven at 95 °C for 24h. Orange (1), bluish green (2),white (3)
single crystals and red (4), light-yellow (5) powder were grown during the heating
procedure. The final products were washed with distilled water, and dried at room
temperature. Anal. Calcd (1) for CoC16O6N4H14: C, 46.06; H, 3.38; N, 13.43. Found:
C, 46.01; H, 3.30; N, 13.47. Anal Calcd (2) for NiC16O6N4H14: C, 46.08; H, 3.38; N,
13.44. Found: C, 45.99; H, 3.32; N, 13.51.Anal Calcd (3) for ZnC16O6N4H14: C,
45.36; H, 3.33; N, 13.22. Found: C, 45.29; H, 3.27; N, 13.30. Anal. Calcd (4) for
FeC16O6N4H14: C, 46.40; H, 3.41; N, 13.53. Found: C, 45.33; H, 3.36; N, 13.59.
Anal. Calcd (5) for MnC16O6N4H14: C, 46.50; H, 3.41; N, 13.56. Found: C, 45.46; H,
3.38; N, 13.60.

2.3. Crystallographic refinement and structure solution
X-ray data collection of suitable single crystals of compounds were done at
100(2) K on a Bruker VENTURE area detector equipped with graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å) by applying the ω-scan method.
The data reduction were performed with the APEX2 software[30] and corrected for
absorption using SADABS.[31] Crystal structures were solved by direct methods
using the SIR97 program[32-33] and refined by full-matrix least-squares on F2
including all reflections using anisotropic displacement parameters by means of the
WINGX crystallographic package.[34] Several crystals of 1, 2, and 3 were measured
and the structures were solved from the best data we were able to collect, due to the
quality of crystals were very poor. For this reason, we only submit to the CCDC the
crystal data of compound 1. Cif files of 2 and 3 are deposit in supporting information.
Details of the structure determination and refinement of compounds are summarized
in Table 1. Crystallographic data (excluding structure factors) for the structures
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reported in this paper have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC 1997814 for compound 1. Copies of
the data can be obtained free of charge on application to the Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223-335033; e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Table 1. Crystallographic data and structure refinement details of compounds 1, 2 and 3.
Compound

1

2

3

C16H14N4O6Co

C16H14N4O6Ni

C16H14N4O6Zn

417.24

412.99

419.65

1997814

Supp.Inf.

Supp.Inf.

Monoclinic

Monoclinic

Monoclinic

P21/c

P21/c

P21/c

a (Å)

4.9786(4)

4.975(3)

4.986(5)

b (Å)

5.3372(4)

5.328(3)

5.347(5)

c (Å)

30.549(3)

30.260(16)

30.593(5)

α (º)

90

90

90

β (º)

93.276(3)

93.55(2)

93.169(5)

90

90

90

810.42(11)

800.6(8)

814.4(11)

2

2

2

GoFa

1.293

2.791

1.131

Rint

0.068

0.2844

0.0608

R1b / wR2c [I>2σ(I)]

0.0856/0.2030

0.2898/ 0.5365

0.0756/0.1864

R1b / wR2c[all data]

0.0951/0.2070

0.3276/0.5384

0.0853/0.1887

Formula.
Formulaweight
CCDC
Crystalsystem
Spacegroup

γ (º)
3

V (Å )
Z

a

R1 = S||Fo| - |Fc||/S|Fo|. b Values in parentheses for reflections with I > 2s(I). cwR2 = {S[w(Fo2 - Fc2)2] /
S[w(Fo2)2]}½

2.4. Cell culture
Human colorectal adenocarcinoma cell line HT29 (ECACC no. 9172201;
ATCC no. HTB-38), human hepatocarcinome cell line HepG2 (ECACC no.
85011430), and mouse melanoma cells B16-F10 (ATCC no. CRL-6475) were
cultured in DMEM supplemented with 2 mM glutamine, 10% heat-inactivated FBS,
10,000 units/mL of penicillin and 10 mg/mL of streptomycin, being incubated at
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37°C in an atmosphere of 5% CO2 and 95% humidity. Subconfluent monolayer cells
were used in all experiments. All cell lines used were provided by the cell bank of the
Universityof Granada, Spain.
RAW 264.7 macrophage/monocyte murine cells (ECACC no; ATCC no)
were cultured in DMEM medium supplemented with 2 mM glutamine, 10% heatinactivated FCS, 10,000 units/mL of penicillin and 10 mg/mL of streptomycin, being
incubated at 37ºC in an atmosphere of 5% CO2 and 95% humidity. Cells were grown
to 80-90% of confluence in sterile cell culture flasks. Subconfluent monolayer cells
were used in all experiments. The cell line was provided by cell bank of the
University of Granada, Spain.

2.5. Cell viability assay
The effect of each treatment with ligand and compounds 1, 2, 3, 4 and 5 in
RAW 264.7 macrophage/monocyte murine cells, and the ligand and compounds 2
and 3 in HT29 colon cancer cells, Hep-G2 hepatome cells and B16-F10 murine
melanome cells, was measured using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) proliferation assay (Sigma, MO, USA), which is based
on the ability of live cells to cleave the tetrazolium ring, thus producing formazan,
which absorbs at 570 nm.
Cell viability was determined by measuring the absorbance of MTT dye
staining of living cells. For this assay, 6×103 HT29 cells, 15×103 Hep G2 cells,
5×103 B16-F10 cells and 6×103 RAW 264.7 cells were grown on a 96-well plate and
incubated with the different concentrations of ligand and compounds (0-160 µg/ml).
Lately, after 72h of incubation, 100 µL of MTT solution (0.5 mg/mL) in 50% of PBS
50% of medium was added to each well. After 1.5h of incubation, formazan was
resuspended in 100 µL of DMSO. Relative cell viability, with respect to untreated
control cells, was measured by absorbance at 570 nm on an ELISA plate reader
(Tecan Sunrise MR20-301, TECAN, Austria).
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2.6. Determination of nitrite concentration
Nitrite concentration was used as indicator of NO production. NO
determination was based on Griess reaction.[35]
For complex compound treatment test, cells were plated at a 6×104 RAW
264.7 cells/well in 24-well cell culture plates, supplemented with 10 µg/mL of LPS.
After 24h of plated, the cells were incubated for 24h with the test compounds at
¾·IC50, ½·IC50, ¼·IC50 concentrations determined by MTT proliferation assay. The
supernatants were collected at 24h, 48h and 72h to determine nitrite concentration
and/or stored at -80ºC for further use.
Griess reaction was performed taking 150 µL of supernatant test samples or
sodium nitrite standard (0-120 µM) and mixed with 25 µL of Griess reagent A (0.1%
N-N-(1-naphthyl)-ethylenediaminedihydrochloride) and 25 µL of Griess reagent B
(1% sulfanilamide in 5% of phosphoric acid), in a 96-well plate. After 15 min at
room temperature, the absorbance was measure at 540 nm on ELISA plate reader
(Tecan Sunrise MR20-301, TECAN, Austria). The absorbance was referred to nitrite
standard curve to determine the concentration of nitrite in the supernatant. The
percentage of NO production was determined, assigning 100% at the increase
between negative control (untreated cells) and positive control (cells only treated
with 10 µg/mL of LPS).

3. Structural description
Structural description of [Co(3-ind)2(H2O)2]. Compound 1, crystallizes in
the P21/c and consists of mononuclear coordination compounds generating a twodimensional coordination network by strong hydrogen bonds. The centrosymmetric
monomer consists in two ligands coordinated to Co(II) ions in a antiparallel form and
two coordination water molecules. The ligands are coordinated through the nitrogen
(N1) pertaining to the pyrazole ring and one oxygen (O1) from the carboxylate group
(Figure 2). The oxigen bonds occupying the basal plane of octahedron while nitrogen
bonds are situated at the apical position. The distances bond of the coordination
sphere are collected on Table 2.
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Table 2. Selected bond lengths (Å) and angles (º) for compound 1.a
Bond

Distance

Angle

Degree

Co1–N1

2.174(6)

O1W-Co1-OW1(iii)

180.0

Co1–N1(iii)

2.174 (6)

O1W-Co1-O1

89.1(2)

Co1–O1

2.063(6)

O1W-Co01-O1(iii)

90.9(2)

Co1–O1(iii)

2.063(6)

O1W-Co01-N1

88.1(2)

Co1–O1w

2.061(6)

O1W-Co01-N1(iii)

91.9(2)

Co1–O1w(iii)

2.061(6)

O1-Co01-N1

101.1(2)

O1-Co01-N1(iii)

78.9(2)

O1W(iii)-Co01-N1(iii)

88.1(2)

O1W(iii)-Co01-N1

91.9(2)

O1W(iii)-Co01-O1

90.9(2)

O1W(iii)-Co01-O1(iii)

89.1(2)

O1-Co01-O1(iii)

180.0

N1-Co01-N1(iii)

180.0

N1(iii)-Co01-O1(iii)

101.1(2)

O1(iii)-Co01-N1

78.9(2)

a

Symmetry operations (iii)='-x, -y, -z'

O1W

O2

O1

N2
Co1

N1

N1
N2
O1W

O1

O2

Figure 2. View of complex 1 showing the atoms that shapes the coordination polyhedron.

These mononuclear coordination compounds interact among them thanks to
strong hydrogen bonds forming a two-dimensional supramolecular structure which is
showed in Figure 3. These monomers are linked by two different types of hydrogen
bonds. The first of them is through N2-H2···O2, with a value of 2.781(9) Å, and
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other that involves O1W-H1WA···O1 and O1W-H1WB···O1 with distances of 2.684
(9) Å and 2.693(9) Å, respectively (Table 3).

Figure 3. View of plane of compound 1 generated by hydrogen bonds.
Table 3. Selected H-bonds lengths (Å) and angle (º) for compound 1.a
D-H···A

Distances (DH)

Distances
(H···A)

Distances(DH···A)

Angles

N2-H2···O2(i)

0.88

2.01

2.781(9)

146.0

O1W-H1WA···O1(iii)

0.91

1.84

2.684 (8)

153.3

O1W-H2WB···O1(ii)

0.92

1.92

2.693(8)

141.5

a

Symmetry operations (i)= x-1, y+1, z; (ii) = -x+2, -y+1, -z+1; (iii)='x, y+1, z.

The crystalline structures of compounds 2 and 3 are not described due to they
are isostructural materials to compound 1. Their distances and angles of coordination
sphere are collected in Table 4 and 5. The compound 4 and 5 has been characterized
by DXR-Powder.
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Table 4. Selected bond lengths (Å) and angles (º) for compound 2.a
Bond

Distance

Angle

Degree

Ni01–N1

2.13(3)

O1W-Ni01-OW1(iii)

180.000(16)

Ni01–N1 (iii)

2.13(3)

O1W-Ni01-O1

92.5(10)

Ni01–O1

2.01(3)

O1W-Ni01-O1(iii)

87.5(10)

Ni01–O1(iii)

2.01(3)

O1W-Ni01-N1

88.9(10)

Ni01–O1w

2.06(2)

O1W-Ni01-N1(iii)

91.1(10)

Ni01–O1w(iii)

2.06(2)

O1-Ni01-N1

79.5(10)

O1-Ni01-N1(iii)

100.5(10)

O1W(iii)-Ni01-N1(iii)

88.9(10)

O1W(iii)-Ni01-N1

91.1(10)

O1W(iii)-Ni01-O1

87.5(10)

O1W(iii)-Ni01-O1(iii)

92.5(10)

O1-Ni01-O1(iii)

180.0

N1-Ni01-N1(iii)

180.0(14)

N1-Ni01-O1(iii)

100.5(10)

O1(iii)-Ni01-N1(iii)

79.5(10)

a

Symmetry operations (iii)='-x, -y, -z'

Table 5. Selected bond lengths (Å) and angles (º) for compound 3.a
Bond

Distance

Angle

Degree

Zn01–N1

2.177(9)

O1W-Zn01-OW1(iii)

180.0

Zn01–N1 (iii)

2.177(9)

O1W-Zn01-O1

87.9(3)

Zn01–O1

2.063(8)

O1W-Zn01-O1(iii)

92.1(3)

Zn01–O1(iii)

2.063(8)

O1W-Zn01-N1

86.7(3)

Zn01–O1w

2.091(8)

O1W-Zn01-N1(iii)

93.3(3)

Zn01–O1w(iii)

2.091(8)

O1-Zn01-N1

77.9(3)

O1-Zn01-N1(iii)

102.1(3)

O1W(iii)-Zn01-N1(iii)

86.7(3)

O1W(iii)-Zn01-N1

93.3(3)

O1W(iii)-Zn01-O1

92.1(3)

O1W(iii)-Zn01-O1(iii)

87.9(3)

O1-Zn01-O1(iii)

180.0

N1-Zn01-N1(iii)

180.0(7)

N1-Zn01-O1(iii)

102.1(3)

O1(iii)-Zn01-N1(iii)

77.9(3)

a

Symmetry operations (iii) = '-x, -y, -z'
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4. Biological Properties

4.1. Cytotoxity cancer cells
The cytotoxity has been assayed for ligand and compounds 2 and 3 in three
different cancer cell lines, B16-F10 murine melanoma cells, HT29 colon cancer cells,
and HepG2 hepatome cells. Cell viability was tested by MTT assay, which is
transformed to formazan into peroxisomes from viable cells. The products were
added at increased concentrations (range from 0 to 100 μg/mL) and IC50
(concentration required for 50% inhibition in vitro) were determinate for these two
compounds and the ligand (Table 6). Also, IC20 and IC80 were calculated to analize
the range of cytotoxicity.

Table 6. Growth-inhibitory effects of ligand and compounds 2 and 3 on the viability of HT29,
HepG2 and B16-F10cancer cells, after treatment with the compounds for 72h in a range of 0 to
100 μg/mL, each point represents the mean value ± SD of at least two independent experiments
performed in triplicate.
Cell
line

Compound

IC20

ICLig/ICcomp

IC50

ICLig/ICcomp

IC80

ICLig/ICcomp

HT29

L

52,08 ±
3,94

1,00

79,06 ±
5,14

1,00

123,53 ±
8,51

1,00

2

60,06 ±
7,05

0,87

84,11 ±
6,37

0,94

N/A

-

3

90,24 ±
8,96

0,58

116,81 ±
5,87

0,68

148,08 ±
2,65

0,83

L

42,27 ±
4,88

1,00

80,56 ±
9,12

1,00

N/A

-

2

21,91 ±
3,29

1,93

62,64 ±
5,57

1,29

120,87 ±
1,29

-

3

72,24 ±
4,38

0,59

96,24 ±
1,23

0,84

122,49 ±
5,63

-

L

62,74 ±
4,24

1,00

89,36 ±
1,52

1,00

107,91 ±
1,86

1,00

2

45,94 ±
9,13

1,37

69,07 ±
7,93

1,29

95,12 ±
3,07

1,13

3

63,77 ±
6,07

0,98

92,17 ±
2,98

0,97

127,36 ±
3,02

0,85

HepG2

B16F10
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For HepG2 cells and B16-F10 the compound 2 was the most cytotoxic with
IC50 values of 62,64 ± 5,57 μg/mL and 69,07 ± 7,93 μg/mL (Figure 4). Compound 2
was the higher cytotoxic compound being between 1.5 to 2 times more effective that
the ligand in HepG2 cells, and B16-F10 cells. However, on HT29 the ligand was the
more effective with IC50=52,08 ± 3,94 μg/mL, while the compound 3 is the least
cytotoxic with IC50 value of 116,81 ± 5,87 μg/mL. In general terms, the compound 3
is the least cytotoxity data between 92,17 to 116,81 μg/mL. It should be noted that
compound 2 is the most effective on HepG2 as the IC20 is half of the other samples.

Figure 4. Growth-inhibitory effects (IC20, IC50, and IC80, μg/mL) of ligand and compounds 2
and 3 on the three cancer cell lines HT29, HepG2 and B16-F10.

4.2. Raw 264.7 cell viability
Cytotoxicity of ligand and all compounds were determined on RAW 264.7
murine monocyte/ macrophage cells to establish infra-cytotoxic work concentrations
and to assure that antiflammatory effects were due to an inflammatory process and
not due to their cytotoxicity (Table 7). The cytotoxicity range was determined by
MTT assay, at increased concentrations (range from 0 to 160 μg/mL) and IC50
(concentration required for 50% inhibition in vitro) were determinate (Figure 5).
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Figure 5. Effect of ligand and all compounds on cell proliferation of RAW 264.7 macrophage
murine cells, after treatment with the compounds for in the range of concentration from 0 to 100
μg/mL, each point represents the mean value ± S.D. of at least two independent experiments
performed in triplicate. By a dashed line are marked the IC20, IC50, and IC80, which are the
concentrations required for growth inhibition of 20%, 50% and 80%, respectively.

Table 7. Growth-inhibitory effects of ligand, and compound 1, 2, 3, 4 and 5 on RAW 264.7
monocyte/ macrophage murine cells.
Compound
IC20
IC50
IC80
L

78,10 ± 1,02

97,09 ± 2,56

110,57 ± 2,21

1

9,50 ± 3,45

46,29 ± 9,34

109,87 ± 11,89

2

47,62 ± 6,93

83,77 ± 4,52

115,85 ± 0,94

3

78,10 ± 10,16

97,09 ± 2,56

110,57 ± 2,21

4

60,33 ± 3,14

81,50 ± 1,89

119,69 ± 1,66

5

10,41 ± 0,61

27,04 ± 1,20

122,38 ± 7,56

4.3. Nitro Oxide Production
In the inflammatory response process, nitric oxide, NO, is release as
intermediate or second messenger. The enzymatic production of NO is cell type
specific, with cytokine-driven inducible nitric-oxide synthase (iNOS) noted initially
for the burst of higher levels as part of the inflammatory activation process. RAW
264.7 murine macrophage cells produce the highest release of NO during the
inflammatory response, being an especially indicated model in anti-inflammatory
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compounds screening studies. Macrophages were activated with LPS during 24h
after the samples were added. As the nitrite concentration is proportional to the NO
release, in this study the anti-inflammatory potential of the compounds assayed was
analysed by measuring of nitrites in cell culture medium at 24h, 48h and 72h of
incubation with the compounds.
After 24h of incubation, the higher anti-inflamatory effect was produced by
compound 5, with approximately a 55% of NO-inhibition with respect to the positive
control (only LPS treated control cells) and negative control (untreated control cells)
followed by compound 3 with 50%. Also, the compound 5 is the only one that shows
values of inhibition close or lower to 50% for ¾ IC50, at this time ligand not produce
inhibition in the NO release. However, after 48h the inhibition clearly occurred for
the ligand and all compounds in proportional form with respect to concentration,
except to the compound 5. The ligand produce a 60% of NO release inhibition, the
inhibition generated by compounds 1 and 2 was lower that the ligand. The
compounds 3 and 4 produces a 75% of inhibition at ¾·IC50 concentration, and at
½·IC50 concentration in compound 4 case. The compound 5 produced a 85% of at all
concentrations assayed. Finally, after 72h of incubation while the compounds 1, 2
and 3 showed similar variations in NO-inhibition, whereas compounds 4 and 5
displayed values greater than 90% at all concentrations assayed (Figure 6).
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Figure 6. Effect of Ligand and all compounds on the release of nitrites in RAW 264.7 murine
macrophage cells. After activation of the inflammatory process by incubation with LPS for
24h, the compounds were incubated for 24, 48, 72h at concentrations of ¾·IC50, ½·IC50 and
¼·IC50. The data represent the mean ± S.D. of at least two independent experiments
performed in triplicate.

5. Conclusions
In summary, five novel isostructural monomeric coordination compounds
based on Indazole-3-carboxylic acid (H3-ind) have been synthetized: [M(3ind)2(H2O)2] (M=Co (1), Ni (2), Zn(3), Fe(4), Mn(5).We assayed the comportment of
several metal complexes and the indazole derivative ligand. The NO release is an
event that occurred during the inflammatory respond, all product assayed reduced the
production of NO at 48h and 72h. At 24h only the compound 5 was able to lower this
production. Also the treatment with compound 5 result in the highest NO reduction at
all times assayed reaching values close to 85-90% or NO release inhibition.
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Compound 5 was, between 6 (24h) to 2 times (48h and 72h) more effective than
ligand in this process. Compound 3 and 4 were too more effective that the ligand,
between 5, at 24h for compound 3, to 2 times for compound 4 at 72h. At this time the
compounds 4 and 5 reaching percentage of NO release inhibition greater than 90% at
all concentrations assayed ¾·IC50, ½·IC50, ¼·IC50. Only ligand and compounds 2 and
3 were assayed with respect to its anti-cancer properties in HT29 colon cancer cells,
HepG2 hepatome cells and B16-F10 murine melanome cells. The compound with
highest cytotoxic compound was the compound 2, in HepG2 and B16-F10 cells. The
development of new compounds with more potential properties that its precursors is
an important strategy for find compound that could be used as new, safe, and
effective anti-inflammatory and/or anti-cancer drugs.
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Antiparasitic, Anti-inframmatory and Cytotoxic Activities of 2D
Coordination Polymers based on 1H-indazole-5-carboxylic Acid

Abstract
We report on the formation of two novel multifunctional isomorphous
(4,4) square-grid 2D coordination polymers based on 1H-indazole-5-carboxylic
acid. To the best of our knowledge, these complexes are the first examples of 2Dcoordination polymers constructed with this novel ligand. We have analysed in
detail the structural, magnetic and anti-parasitic properties of the resulting
materials. In addition, the capability of inhibiting nitric oxide production from
macrophage cells has been measured and was used as an indirect measure of the
anti-inflammatory response. Finally, the photocatalytic activity was measured
with a model pollutant, i.e. vanillic acid (phenolic compound), with the aim of
further increasing the functionalities and applicability of the compounds.

1. Introduction
In the last decades, the study of coordination polymers (CPs) has increased
exponentially because of their potential applications in different areas of science
owing to the continuous advances shown by these multifunctional materials.[1-5]
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Experimental conditions such as temperature, solvent, stoichiometry and pH need to
be carefully controlled during the synthesis of CPs.[6-9] These conditions play a
major role in the intrinsic characteristics of the structural components, which in turn
make

the

difference

to

generate

advanced

materials

with

fascinating

functionalities.[10,11] Aromatic ligands with carboxylate groups are widely used
owing to rigidity as well as high coordination capacity, resulting in different binding
modes and interesting crystal packings.[12-14] On the other hand, first row transition
metal ions are a perfect choice for obtaining new materials with excellent physical
properties.[14-17] In fact, it has been observed that family of indazole-carboxylic
acids together with first row transition metals have a great potential for the
construction of new coordination compounds with a wide range of traits.[18-22]
In the last years, our group and others have reported the use of different
nitrogen derivative ligands with specific antiparasitic activities, with a particular
focus on the behaviour of the triazolopyrimidine ligands.[23-26] In addition,
materials with anti-inflammatory or anti-diabetic activity have been synthesized in
our laboratory with this class of organic ligands.[27-29] Based on these previous
results, we decided to use a novel organic linker to construct new CPs and to study
different physical properties of these materials based on transition metal ions. In this
sense, we chose the 1H-indazole-5-carboxylic acid due to, to the best of our
knowledge, there is only one example of coordination compound based on this
ligand, specifically, this compound is based on copper and consists of two
interpenetrated networks with hysteretic carbon dioxide sorption.[30] Therefore, in
addition to the biological properties, we will be able to characterize the synthesized
materials by studying other properties such as magnetism or photocatalysis, or even
other very interesting properties could be studied in case the materials show
superparamagnetism.[31] In this sense, the use of transition metal ions generates the
possibility of the study of magnetic properties [32,33] while, on the other hand,
nitrogen aromatic ligands are widely employed in the preparation of news CPs that
show excellent photocatalytic degradation of organic wastes,[34,35] principally the
Ni-CPs are very attractive in this field.[36]
However, the main objective of this work is the study of the biological
properties that these materials may exhibit, such as anti-parasitic or anti-
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inflammatory activities. Bioinorganic and medicinal chemists have focused on the
design and synthesis of new metal-based agents with better biological activity, lower
toxicity and different mechanisms of action to overcome the unresolved clinical
problems of some current therapeutic agents.[37,38] For example, non-steroidal antiinflammatory drugs comprise a large group of medicines used to inflammation and
pain with known side-effects.[39,40] For this reason CPs have been broadly studied
over recent years as anti-inflammatory drugs.[41,42] Nitric oxide (NO) is a very
important mediator in acute or chronic inflammation. This radical compound is
produced by constitutive and inducible nitric oxide synthases. The inducible enzyme
is activated in response to pro-inflammatory signals as LPS (either bacterial
lipopolysaccharide), enterotoxin, or cytokines as TNFα (tumor necrosis factor α) or
INF-γ (interferon-γ) in macrophages, hepatocytes, and endothelial cells. The
reduction of NO can be produced by directly scavenger action of NO radicals, iNOS
inhibition enzyme activity, and/or iNOS (inducible nitric oxide synthase) gene
expression inhibition.
As a complement to these biological studies, numerous investigations have
demonstrated the activity of indazole derivatives against Leishmaniasis.[43,44] In
humans, the disease is presented as three clinical forms, depending on the involved
species of Leishmania. Actually, there are more than 12 million of cases and 350
million people at risk, also 2 million new cases are estimated each year.[45,46] The
current therapies are inadequate due to several factors such as the high toxicity,
pernicious side effects, high prices and the emergence of drug-resistant parasites.[47]
Therefore, looking for new effective therapeutic agents against this disease should be
considered by new CPs based on 1H-indazole-5-carboxylic acid.
All of the above in mind, in this work, we have synthesized two new
coordination polymers based on first row transition metals and 1H-indazole-5carboxylic acid (5-inca) with the formula {[M(5-inca)2(H2O)2]·(DMF)2}n (M = Ni (1)
and Cu (2)). We have analysed in detail the structural, magnetic and anti-parasitic
properties of these materials. In addition, the capability of inhibiting NO production
from LPS RAW macrophage cells has been also measured. This was used as an
indirect proof of the anti-inflammatory response.[48] Finally, the photocatalytic
activity was measured with a model pollutant, i.e. vanillic acid (phenolic compound),
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with the aim of further increasing the functionalities and applicability of the
compounds.

2. Experimental

2.1. Materials and physical measurements
All reagents were obtained from commercial sources and used as received.
Elemental (C, H, and N) analyses were performed on an Euro EA Elemental
Analyzer. The IR spectra of powdered samples were recorded in the 400–4000 cm−1
region on a Nicolet 6700 FTIR spectrophotometer using KBr pellets (Figure 1).
Alternating current magnetic measurements were performed under zero and 1000 Oe
applied static fields on a Quantum Design SQUID MPMS XL-5 device by using an
oscillating ac field of 3.5 G and ac frequencies ranging from 10 to 1400 Hz.

Figure 1. IR spectrum of ligand and compounds 1 and 2.
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2.2. Synthesis of complexes
Synthesis of {[M(5-inca)2(H2O)2]·(DMF)2}n(M = Ni (1), Cu (2)). Green and
orange single crystals of compound 1 and 2, respectively, were obtained following
the next solvothermal procedure: 0.06 mmol (10.00 mg) of 1H-indazole-5carboxylate were dissolved in 0.5 mL of DMF and then 0.5 mL of distilled water was
added. Then 0.03 mmol of MCl2·xH2O for different compounds was dissolved in 0.5
mL of distilled water and afterward 0.5 mL of DMF was added. Both solutions were
mixed and the resulting solution was placed in a closed glass vessel and introduced in
an oven at 95°C for 24h. Yield (1): 54% based on Ni. Yield (2): 48% based on Cu.
Anal. Calcd. for NiC22H28N6O8: C, 46.92; H, 5.01; N, 14.92. Found: C, 46.88; H,
4.99; N, 14.98. Anal.Calcd. for CuC22H28N6O8: C, 46.52; H, 4.97; N, 14.79. Found:
C, 46.50; H, 4.93; N, 14.84.

2.3. Crystallographic refinement and structure solution
X-ray data collection of suitable single crystals of the compounds were
conducted at 100(2) K on a Bruker VENTURE area detector equipped with a graphite
monochromated Mo-Kα radiation source (λ = 0.71073 Å) by applying the ω-scan
method. The data reduction was performed with the APEX2 software [49] and
corrected for absorption using SADABS.[50] Crystal structures were solved by direct
methods using the SIR97 program [51] and refined by full-matrix least-squares on F2
including all reflections using anisotropic displacement parameters by means of the
WINGX crystallographic package.[52] Details of the structure determination and
refinement of compounds 1and 2 are summarized in Table 1. Crystallographic data
(excluding structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Center as supplementary
publication nos. CCDC 1987070 and 1987071. Copies of the data can be obtained
free of charge on application to the Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, U.K. (Fax: +44-1223-335033; e-mail: deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).
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Table 1. Crystallographic data and structure refinement details of all compounds.
Compound

1

2

NiC22H28N6O8

CuC22H28N6O8

1987070

1987071

Form. weight

563.21

568.04

Cryst. system

Monoclinic

Monoclinic

Chem. form.
CCDC

P21/n

P21/n

a (Å)

6.5605(12)

6.5541(4)

b (Å)

17.9705(3)

18.0179(11)

c (Å)

10.970(2)

10.9212(7)

α (º)

90

90

β (º)

93.970(5)

94.027(2)

90

90

1290.2(3)

1286.51(14)

2

2

Space group

γ (º)
3

V (Å )
Z
GoF

a

1.170

1.131

0.1338

0.0787

0.0455/0.1108

0.0275/0.0418

0.0840/0.1610

0.0446/0.0448

Rint
R1b / wR2c [I>2σ(I)]
b

R1 /

wR2c[all

data]

[a] S = [Σw(F02 – Fc2)2 / (Nobs – Nparam)]1/2
[b] R1 = Σ||F0|–|Fc|| / Σ|F0| [c] wR2 = [Σw(F0 2 – Fc2)2 / ΣwF02]1/2
w = 1/[σ2(F02) + (aP)2 + bP] where P = (max(F02,0) + 2Fc2)/3

2.4. Parasite culture and in vitro activity
Promastigote

forms

of

L.

infantum

(MCAN/ES/2001/UCM-10),

L.

braziliensis (MHOM/BR/1975/M2904) and L. donovani (MHOM/PE/84/LC26) were
grown in vitro in trypanosomal liquid medium (MTL) [Hank's Balanced Salt
Solution-HBSS (Gibco), NaHCO3, lactalbumin, yeast extract, bovine hemoglobin
and antibiotics] with 10% inactivated fetal bovine serum being stored in an air
atmosphere at 28°C, in Roux flasks (Corning, USA) with a surface area of 25 cm 2,
according to the methodology described by Gonzalez et al.[53] The extracellular
promastigote forms were screened using 24-well plates with MTL medium and 5×104
parasites per well. Different concentrations of the compounds (1, 10, 25 and 50 μM)
were tested preparing three replicas of each one and maintaining some wells without
drugs as control. They were incubated at 28°C during 72h before determining the
leishmanicidal activity counting the final parasite population using a Neubauer
chamber. Finally, the leishmanicidal effect was expressed as the IC50 (concentration
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required to obtain 50% inhibition, calculated through a linear regression analysis
from the Kc values at the concentration employed).

2.5. Cell culture and cytotoxicity test
RAW 264.7 monocyte/macrophage murine cell line (ATCC no. TIB-71) is a
murine leukemia virus-induced tumor cell line from mouse Mus musculus. This cell
line does not produce detectable retrovirus. Cells were cultured in DMEM
(Dulbecco's Modified Eagle's medium) supplemented with 2 mM glutamine, 10%
heat-inactivated FCS (Fetal Calf Serum), 0,5 µg/mL of gentamicin, being incubated
at 37ºC, in an atmosphere of 5% CO2 and 95% humidity. Subconfluent monolayer
cells were used in all experiments.
The cytotoxicity tests for macrophages were carried out in 96-well plates. The
growth inhibition of mammalian cells was studied testing the compounds in a
concentration range from 0 to 100 µg/ml.
First, the cells were cultured in the plates to a volume of 100 µL at
6.0×103cells/mL and were incubated at 37ºC with 5% CO2 during 24h. The
compounds were dissolved in the cell growth medium and then were added in
another 100 µL (only adding medium in the control wells) to the corresponding
wells. After that, the plates were incubated at 37ºC with 5% CO2for 72h.
Cell viability was determined by measuring the absorbance of MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye staining of living
cells.After 72h of incubation, the medium with the compounds was removed, and
100 µL of MTT solution (0.5 mg/mL) in 50% of PBS 50% of medium was added to
each well. After 1.5h of incubation formazan was resuspended in 100 µL of DMSO.
Relative cell viability, with respect to untreated control cells, was measured by
absorbance at 570 nm on an ELISA (enzyme linked immunosorbent assay) plate
reader (Tecan Sunrise MR20-301, TECAN, Austria).
Experimental data were fitted to a sigmoidal function (y = ymax/(x/a)^-b) by
non-linear regression. IC50 values (i.e., concentration causing a 50% of cell viability)

357

ANTONIO ANDRÉS GARCÍA VALDIVIA
were obtained by interpolation. These analyses were performed with SigmaPlot
statistical software (Version 12.5). Similar analyses were performed to obtain the
IC50 NO (vide infra).

2.6. Determination of nitrite concentration
Nitrite concentration was used as indicator of NO production. NO
determination was based on Griess reaction.[54]
Cells were plated at 6×104cells/well in 24-well cell culture plates and
supplemented with 10 μg/mL of lipopolysaccharide (LPS). After 24h of plated, cells
were incubated for 72h with ligand and compounds 1, and 2 at ¾ IC50, ½ IC50 and ¼
IC50 concentrations. The supernatants were collected at 24h, 48h and 72h to
determine their nitrite concentration and/or stored at -80ºC for further use.
Griess reaction was performed taking 150 μL of supernatant test samples or
sodium nitrite standard (0-120 μM) and mixed with 25 μL of Griess reagent A (0.1%
N-N-(1-naphthyl)-ethylenediaminedihydrochloride) and 25 μL of Griess reagent B
(1% sulfanilamide in 5% of phosphoric acid), in a 96-well plate. After 15 min of
incubation at room temperature, the absorbance was measure at 540 nm in an ELISA
plate reader (Tecan Sunrise MR20-301, TECAN, Austria). The absorbance was
referred to nitrite standard curve to determine the concentration of nitrite in the
supernatant of each experimental sample. The percentage of NO production was
determined, assigning 100% at the increase between negative control (untreated
cells) and positive control (cells only treated with 10 μg/mL of LPS).

2.7. Photocatalytic performance measurements
The photocatalytic experiments using MOF materials (Compound 1 and
Compound 2) were performed in a 50 mL Pyrex batch reactor loaded with a 20 mg L-1
vanillic acid (VA) solution (C8H8O4), under simulated solar light irradiation for 60 min.
The irradiation source consisted of a 1500 W xenon lamp min using a
CofomegraSolarBox 1500e (Scheme II). The material load was fixed at 1 g L-1 and the
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suspensions were magnetically stirred and continuously saturated with an air flow. The
temperature was maintained at 303 K. The concentration of VA was monitored using a
UV-spectrophotometer model UV-1800 Shimadzu.

Air

Xenon
lamp

N2
Entrance of
cooling air

Liquid
Input
Air
Gas Input
Heating
jacket

Magnetic
stirrer

Sample
withdrawn

Scheme I. Experimental set-up for photocatalytic experiments.

3. Results and Discussion

3.1. Structural descriptions
Structural description of {[Ni(5-inca)2(H2O)2]·(DMF)2}n (1). Compound 1
crystallizes in P21/n and grows from the pilling of neutral 2D layers held together by
hydrogen bonds. Each metallic center (Ni1), which is situated at a centre of
symmetry, is coordinated to four 5-inca ligands and two water molecules, shaping a
slightly octahedron as a coordination polyhedron (Figure 2). The polyhedron basal
plane is formed by two O1W coordination water molecules and two O1A atoms from
carboxylate groups, whereas the slightly elongated axis is occupied by N1A atoms
pertaining to indazole aromatic rings. Besides, the asymmetric unit includes a DMF
molecule. A square-grid 2D coordination polymer is formed with DMF molecules
located at square holes, as the result of strong hydrogen bond interactions.
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Figure 2. View of complex 1 showing the coordination polyhedron. Nickel (green), nitrogen
(blue), oxygen (red), carbon (grey). Hydrogen atoms are been omitted for clarity.

Within these sheets, nickel(II) ions are bridged by four 1H-indazole-5carboxylate ligands which are coordinated to the metal ions through the pyrazol and
carboxylate groups pertaining to the ligand with Ni-N and Ni-Obond distances of
about 2 Å (Table 2).

Table 2. Bond distances for coordination environment in compound 1.a
Ni1-O1W

2.057(4)

Ni1-O1A(iii)

2.069(5)

Ni1-O1W(iii)

2.057(4)

Ni1-N1A

2.093(5)

Ni1-O1A

2.069(5)

Ni1-N1A(iii)

2.093(5)

a

Symmetry operation (iii) ='-x, -y, -z'

The layers grow on the diagonal of the unit cell (Figure 3a) and are connected
by hydrogen bond interactions (Table 3, 2.795(8) Å) involving nitrogen atoms from
pyrazol rings and oxygen atoms pertaining to the carboxylate groups of adjacent
sheets (Figure 3b).
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Figure 3. (a) Views of the packing of compound 1 along b axis in which hydrogen atoms
have been omitted for clarity. (b) Strong hydrogen bond interaction involving nitrogen and
oxygen atoms of different layers. Nickel (green), nitrogen (blue), oxygen (red), carbon (grey)
and hydrogen (white).

Table 3. Selected H-bonds lengths (Å) and angle (º) for compound 1.b
D-H...Ab

D-H.

H...A

D...Ab

Angle

N2A-H2A...O2A(ii)

0.86

2.02

2.795(8)

148.8

N2A-H2A...O1W

0.86

2.30

2.803(7)

117.9

O1W-H1W1...O2A

0.82

1.88

2.626(6)

149.9

O1W-H2W1...O1D(iv)

0.82

1.95

2.747(7)

162.4

b

Symmetry operations (ii) ='-x-1, -y, -z'; (iv) ='x-3/2, -y+1/2, z-1/2

Accordingly, the linkage of these units gives rise to flattened open 2D layers
showing square holes. Owing to this, the structure presents channels along a axis
occupied by crystallization DMF molecules (Figure 4). These DMF molecules are
there located due to strong hydrogen bond interactions involving the oxygen
pertaining to DMF molecules and the water molecules coordinated to nickel ions
with a value of 2.748 Å.
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Figure 4. View of the channels in network compound 1 along a axis showing the
crystallization DMF molecules. Hydrogen atoms have been omitted for clarity.

Structural

description

of

{[Cu(5-inca)2(H2O)2]·(DMF)2}n

(2).

The

compound 2 is isostructural to compound 1, crystallizes in P21/n and grows from the
pilling of neutral 2D layers held together in the same way that previous Ni-CP. The
same type of description applies to compound 2, except that Cu-N and Cu-O bond
distances in 2 that are slightly smaller than in 1 (Table 4 and Figure 5), which is
consistent with the larger atomic radio of nickel. Likewise, in this Cu-CP there are
hydrogen interactions that are involved in the packaging of the layers in CP and in
the presence of crystallization DMF molecules in channels generated (Figure 5).
These interactions (Table 5) are in the range 2.626(17) - 2.803(18) Å
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Figure 5. Hydrogen bonds involving crystallization DMF molecules and 2D-CP.

Table 4. Bond distances for coordination environment in compound 2.
Cu1-O1W

2.0567(13)

Cu1-O1A(iii)

2.0672(12)

Cu1-O1W(iii)

2.0567(13)

Cu1-N1A(iv)

2.0855(14)

Cu1-O1A

2.0672 (12)

Cu1-N1A(ii)

2.0855(14)

Table 5. Selected H-bonds lengths (Å) and angle (º) for compound 2.b
D-H...Ab

D-H.

H...A

D...A

Angle

N2A-H2A...O2A(iv)

0.86

2.02

2.7905(18)

148.8

N2A-H2A...O1W(ii)

0.86

2.29

2.803(18)

117.9

O1W-H1W1...O2A

0.81

1.83

2.626(17)

164.9

O1W-H2W1...O1D(iv)

0.81

1.94

2.747(2)

168.6

b

Symmetry operations (ii) ='-x-1/2, y+1/2, -z-1/2'; (iv) ='x+1/2, -y+1/2, z-1/2'

3.2. Magnetic Properties
Magnetic properties of the compounds have been studied in order to complete
the physico-chemical characterization and ensure the purity of the samples. At room
temperature the χMT value of 1.02 cm3 K mol-1 for compound 1 is in good agreement
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with the expected value of 1.00 cm3 K mol-1 for one isolated Ni(II) ion with g = 2.0
(Figure 6). Upon cooling, the χMT value remains nearly constant up to 15 K and then
abruptly decreases reaching a minimum value of 0.79 cm3 K mol-1 at 2.5 K. This
thermal dependence is the first evidence of zero-field splitting (ZFS) in Ni(II)
compounds. Assuming that the long intramolecular Ni···Ni distances (10.913 Å) will
provide negligible interactions in comparison to the mentioned ZFS, the χMT data
were analysed with the PHI software and the following Hamiltonian:

Ĥ = gµBŜ·B + D(Ŝz2 – Ŝ2/3) + E(Ŝx2 – Ŝy2)

(Equation 1)

 M T/cm3mol-1K
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0.6
0

100

200

300

T/K
Figure 6. Temperature dependence of the χMT product for compound 1 in the 2.5-300 K
range. The solid line is generated from the best fit to the magnetic parameters.

The first term accounts for the Zeeman interaction with the local magnetic
field (B), which is parametrized through the Landé g tensor, and the second and third
terms correspond to axial (D) and rhombic (E) anisotropic ZFS parameters. Finally, Ŝ
represents the spin operator with x, y or z components. The best fit of the
experimental data afforded the following set of parameters: g = 2.02, D = -6.53 cm-1,
and E = +0.19×10-3 cm-1, with R = 9.74×10-3. The small value of E indicates a weak
influence of rhombicity in the ZFS, however the values are consistent with other
previously reported similar compounds.[55]
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The temperature dependence of the magnetic susceptibility of compound 2 in
the 2-300 K temperature range under an applied field of 0.1 T is displayed in Figure
6. At room temperature, the χMT value of 0.439 cm3 K mol-1 is higher than the spin
only value expected for an isolated Cu(II) center (0.375 cm3 K mol-1 with S = 1/2 and
g = 2.0). This occurs when the orbital angular moment is not completely quenched
leading to higher g values and, inherently to higher χMT. When lowering the
temperature, the χMT value decreases gradually until 54 K reaching the lowest χMT
value of 0.28 cm3 K mol-1. At this point, the signal sharply increases reaching 0.82
cm3 K mol-1 at 6.5 K before falling to 0.48 cm3 K mol-1 at 2.0 K.
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Figure 7. Temperature dependence of the χMT product for compound 2 in the 2-300 K range.
Inset: field dependence of the magnetization for 2.

Similar results were previously obtained for other Cu(II) compounds.[56]
Indeed, we associated these magnetic properties to a spin-canted antiferromagnetism,
which at the same time leads to a ferromagnetic ordering that causes the abrupt
increase in the dc data. This phenomenon is known to occur for acentric and chiral
structures but the proposed antisymmetric exchange pathways for the previous
systems might not be comparable to this particular system, since compound 2 owns
an inversion center. Instead, this phenomenon may be also derived from a canted
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arrangement between the individual spins of the metal ions in the layer with regard to
the packing orientation, as it is the case for the present compound. We are currently
studying this system by measuring the field-dependence of the χMT in the temperature
region that the maximum appears, hysteresis loops, ZFC-FC measurements and
dynamic magnetic properties, which will shed light in the origin of these magnetic
properties.

3.3. Photocatalytic degradation of vanillic acid
Heterogeneous photocatalysis appears as one of the most destructive
processes for organic contaminants under ambient conditions and by using solar
energy. Preliminary tests were carried out over CPs materials as photocatalysts for
the degradation of vanillic acid, VA (phenolic compound) in aqueous solution under
UV-Vis irradiation. The results showed a higher absorption of the VA spectra at 60
min after UV-Vis irradiation (VA after irradiation, Compound 1 and VA after
irradiation Compound 2, respectively) in comparison to the VA spectrum before
irradiation (see Figure 8). More studies/strategies will be further required to promote
the photocatalytic performance of these compounds such as modulation of their
organic linkers/metal or integration with semiconductors, photosensitizers and so on.
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Figure 8. UV-visible absorption spectra of vanillic acid (VA) before irradiation and after
UV-Vis irradiation at 60 min over both CPs materials.

3.4. In vitro antiparasitic activity
Taking into account the urgent need to find novel and effective drugs and the
exploration of new paths in the search of improved therapies to fight Leishmaniasis,
we have compared the activity of the two mentioned complexes (and the ligand)
against several Leishmania spp. strains to that obtained with the commercial drug
Glucantime (Table 6).
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Table 6. In vitro activity of ligand (5-inca) and complex 1 and 2 against promastigote forms
of Leishmania spp. and J774.2 macrophages after 72h of incubation.
IC50 (µM)a ± SD
Compound
L. infantum

SIb

Toxicity IC50
L.

Macrophage

L.

L.

L.

braziliensis

donovani

(µM)

infantum

braziliensis.

donovani

L.

Glucantime

18.0±3.1

25.6±1.7

26.6±5.4

15.2±1.0

0.8

0.6

0.6

Ligand

39.5±3.6

67.7±5.4

>200

>1000

25.3(32)

14.8(25)

5(8)

1

115.7±21.6

82.8±6.3

>200

>1000

8.6(11)

12.1(20)

5(8)

2

36.9±2.9

90.8±6.2

65.9±4.7

>1000

27.1(34)

11.1(18)

15.2(25)

The results presented are averages of three separate determinations. In brackets: number of times that ligand SI exceed
the reference drug SI. a The concentration required to obtain 50% inhibition, calculated through a linear regression
analysis from the Kc values at the concentration employed (1, 10, 25 and 50 µM for promastigote forms of
Leishmania spp. and 50, 100, 200 and 400 µM for macrophage host cells). b Selectivity index = IC50 against J774.2
macrophages / IC50 parasite (promastigote forms).

Regarding the antiproliferative assays against the promastigote forms of
Leishmania, the two compounds and the ligand exhibited less inhibitory activity than
the reference drug, Glucantime. It is indeed necessary at least to duplicate the
concentration of the compounds to reduce by 50 % the parasite population, in
comparison to the drug (Table 4 and Figure 7). Nevertheless, the excellent
cytotoxicity data obtained with macrophage host cells resulted in very good SI
coefficients in many of the studied cases. Focusing on L. infantum values, ligand and
compound 2 present similar SI, increasing in more than 30 folds the Glucantime
coefficients, which make them the best candidates to further biological tests in vivo.
L. braziliensis turns out to be the more homogeneous series, with very similar SI
results for the ligand and the two compounds. In the case of L. donovani, the ligand
and complex 1 exhibited identical moderate activities while compound 2 showed
very high efficacy. All the SI coefficients are also represented in Figure 9.
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Figure 9. Comparative of SI values between Glucantime, ligand and complexes 1 and 2.
Selectivity index = IC50 against J774.2 macrophages / IC50 parasite (promastigote forms).

3.5. Cytotoxicity on Raw 264.7 cell line
Cytotoxicity (cell viability) of the ligand or compounds 1 and 2 was evaluated
on RAW 264.7 murine macrophage cells to establish infra-cytotoxic concentrations.
This is needed to assure that anti-inflammatory effects were due to an inflammatory
process and not due to their intrinsic cytotoxicity. IC50 concentration (concentration
causing 50% reduction growth) were 81,11 ± 3,36 for ligand, 54,07 ± 6,95 for
compound 1 and 33,38 ± 1,52 for compound 2. Also we have determined the
compound concentrations required for 20% and 80% of growth inhibition (IC20 and
IC80) to analyse the complete range of cytotoxicity (Table 7).

Table 7. Growth-inhibitory effects of ligand, and compound 1 and 2on RAW 264.7
monocyte/ macrophage murine cells.
Compound
IC20
IC50
IC80
Ligand

54,86 ± 2,34

81,11 ± 3,36

114,34 ± 8,59

1

13,91 ± 3,56

54,07 ± 6,95

120,87 ± 3,89

2

14,23 ± 0,14

33,38 ± 1,52

80,48 ± 10,28
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The results showed that the compound 2 is more toxic than 1 and the freeligand for the explored concentration range (0 to 100μg/mL) (Figure 10).

Figure 10. Effect of ligand (a), compound 2 (b) and compound 1 (c) on cell proliferation of
RAW 264.7 macrophage murine cells. After treatment with the compounds in the range of
concentration from 0 to 100 μg/mL, each point represents the mean value ± S.D. of at least
two independent experiments performed in triplicate. IC20, IC50, and IC80 are the
concentrations required for growth inhibition of 20%, 50% and 80%.

3.6. Nitro Oxide Production
In the inflammatory response process, nitric oxide, NO, is released as
intermediate or second messenger. The enzymatic production of NO is cell-type
specific, with cytokine-driven inducible nitric-oxide synthase (iNOS) noted initially
for the burst of higher levels as part of the inflammatory activation process. RAW
264.7 murine macrophage cells produce the highest release of NO during the
inflammatory response, being usually used a cell model for determining the antiinflammatory activity of drug candidates (Figure 11). The anti-inflammatory activity
of the compounds was analysed by measuring the nitrite concentration (which is
proportional to the released NO) in the cell culture medium by the Griess method.
Macrophages were activated with LPS during 24h after the addition of the
compounds. Sub-cytotoxic concentrations corresponding to ¾ IC50, ½ IC50, and ¼
IC50 were used.
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Figure 11. Effect of the ligand (L) and compounds 1 and 2 on the release of nitrites in RAW
264.7 macrophage murine cells. After activation of the inflammatory process by incubation
with LPS for 24h, the compounds were incubated for 24, 48, 72h at concentrations of ¾·IC50,
½·IC50, ¼·IC50. The data represent the mean ± S.D. of at least two independent experiments
performed in triplicate.

After 24h of incubation, the higher anti-inflammatory effect was produced by
compound 2, with a 68.35% of NO-inhibition with respect to the positive control
(only LPS treated control cells) and negative control (untreated control cells), while
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the ligand and compound 1 only showed 8.44% and 11.13% of NO-inhibition at 25
μg/mL (¾ IC50 concentration). At 48h of incubation the compound 2 produced high
inhibition of NO production, being around 85% in all the concentrations assayed. At
this time point, the ligand produced inhibited by 40% at ¾ IC50 concentration. The
inhibition effects of compound 1 were very similar to those of the ligand. After 72h,
the inhibition was, in general, more pronounced than at 48 hours, the compound 2
producing an inhibition of 90% irrespectively of the concentration. The treatment
with the ligand inhibited by 60% the NO release at ¾ IC50 concentration, and the
compound 1 also produced NO release inhibition similar to the ligand at the same
concentration.
.

Figure 12. Sigmoidal curves of the effect of the ligand and compounds 1 and 2 on the release
of nitrites in RAW 264.7 macrophage murine cells. It can be seen that the curves
corresponded to metal compound complex 2(IC5024h NO = 7.74 ± 3.78 μg/mL; IC5048hNO = 1.15
± 0.01 μg/mL; IC50 72h NO = 0.57 ± 0.18 μg/mL) are below to the ligand and the compound 1.
The data represent the mean ± S.D. of at least two independent experiments performed in
triplicate.

To complete the anti-inflammatory effect of compound 2, we calculated the
concentration to reduce by 50% the production of NO (IC50NO) at the time assayed
(Figure 12). The results showed that the IC50NO of the compound 2 were lower than
the IC50NO of the compound 1 and the ligand. The IC50NO for the compound 2 were
7.74 ± 3.78 μg/mL at 24h, 1.15 ± 0.01 μg/mL at 48h, and 0.57 ± 0.18 μg/mL at 72h.
For compound 1 values of 42.59 ± 0.42 μg/mL at 24h, 55.8 ± 4.7 μg/mL at 48h and
32.99± 1.53 μg/mL at 72h. The IC50NO of the ligand was only measurable at 48h
(68.83 ± 4.22 μg/mL) and 72h (59.51 ± 0.16μg/mL). In summary, the compound 2
was more effective than the ligand and compound 1 at all the times and
concentrations assayed (Figure 10 and Figure 13). Significant differences (p ≤ 0.001)
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were found between the IC50NO of the ligand and the compound 2 at 48 and 72h, and
with the ligand and compound 1 at 72h of treatment (Figure 13).

Figure 13. IC50NO values for the ligand and the compound 1 and 2 at 24h, 48h and 72h of
treatment. Key: p < 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***), respect to results obtained
for the ligand.

4. Conclusion
We report the formation of two novel multifunctional isomorphous (4,4)
square-grid 2D coordination polymers based on 1H-indazole-5-carboxylic acid. To
the best of our knowledge, these complexes are the second and third examples of
coordination compounds construct with this novel ligand. These materials were
synthesized by soft solvothermal routes, possess different 2D-structures and show
interesting magnetic and biological properties. Despite no synergetic effect was
observed in the antiparasitic selectivity, ligand and complex 2 show promising values
against L. braziliensis and L. donovanirespectively, and especially against L.
infantum in both cases, making them good candidates for further intracellular studies.
Compound 2 produced anti-inflammatory effects at all the assayed times, 24, 48, 72h,
with the higher percentage of NO inhibition release being close to 90%. Compound 1
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and ligand only induced anti-inflammatory effects after 72h of treatment, with a NO
inhibition release of the 60%, being the compound 1 a little more effective that the
ligand. With respect to the IC50NO the concentration found for the compound 2 were
one or two orders lower than concentrations found for the compound 1 and the
ligand. In conclusion the compound 2 was more effective as anti-inflammatory that
the ligand or compound 1. The formation of metal complexes with bioactive ligands
is a new and promising strategy to find news compounds with high and enhanced
biochemical properties.
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Interpenetrated Luminescent Metal-Organic Frameworks based on
1H-Indazole-5-Carboxylic Acid

Abstract
Herein we report the formation and characterization of two novel Zn-based
multifunctional metal-organic frameworks (MOFs) based on 1H-indazole-5carboxylic acid and bipyridine-like linkers, synthesized by soft solvothermal routes.
These materials possess isoreticular two-fold interpenetrated 3D-structures which
afford a flexible character and allow porosity modulation of the MOFs as confirmed
by CO2 sorption measurements. Apart from this attractive structural feature, the
MOFs exhibit fascinating luminescent properties involving both luminescence
thermometry and long-lasting phosphorescence.

1. Introduction
The development of novel functional porous materials is one major point
towards the sustainable development of our society and should deal with an optimum
performance for the capture, separation and storage of different types of gases at
industrial level.1-3 In this sense, much efforts have been devoted to produce selective
adsorbents for purifying and separating CO2 in the mixture resulting from a
gasification process.4-9 One important research field that has emerged during the last
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two decades has mainly focused on the design and synthesis of new metal-organic
frameworks (MOFs), also called porous coordination polymers (PCPs), which are
materials constituted by organic ligands coordinated to metal ions or clusters defining
a porous and crystalline network with structural diversities as a consequence of their
modular nature and, consequently, functional properties. Therefore, MOFs cover
multiple fields of applications in addition to adsorption, such as magnetism,
luminescence, electronics, catalysis or medicine.10,11 An interesting synthetic strategy
to achieve an optimal structure to enhance the gas storage or separation performance
is based on the modulation of the size and type of pore in a rational way, by using
different ligands that present small structural changes (i.e. the size or shape) to yield
topologically similar polymeric materials but with small pore changes. In this sense,
the resulting materials may present small modifications that could be, in turn, related
to other properties such as luminescence.12 The enormous family of excellent porous
materials synthesized from bipyridine ligands are good examples of such precise pore
design and control.13,14
Photoluminescence (PL) properties of MOFs have received a lot of interest
during the last decade not only because of their large applicability in solid-state
lighting materials (light-emitting devices (LEDs), long lasting phosphors (LLPs), and
so on)15-17 but also towards sensing applications due to the celerity of the process. In
this last particular case, when luminescent emission is coupled to a physical change
such as the temperature, MOFs allow for a rapid detection of that magnitude.18-20 A
main reason for such behaviour is due to the fact that temperature is a key factor in
MOFs that governs the non-radiative quenching originated at the molecular
vibrations of ligands and, in turn, it brings structural changes of variable magnitude
depending on the flexibility of the framework. PL in MOFs takes advantage of their
hybrid metal-organic structure since the emissions may involve different
components: ligand centred (LC) and metal centred (MC) charge transfer (CT)
processes between them, or related to the adsorption of guest molecules (which could
be exploited for PL detection).21 However, most of luminescent MOFs used as
thermometers are based on lanthanide metals,18-22 which present some disadvantages
such as reduced resources availability and environmental concerns. For this reason,
another promising strategy for the design on luminescent MOFs for thermometry
argues for the use of organic ligands with strong absorption (usually molecules with
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chemical functions containing heteroatoms with lone-pairs) combined with metal
ions with closed-shell electronic configuration, which avoid non-radiative
quenching.23,12
Taking these considerations into account, we selected two different bipyridine
ligands and 1H-indazole-5-carboxylic acid (5-incaH2) as main ligand, with the aim of
obtaining new three-dimensional MOFs. In relation to the latter ligand, there are only
few examples of coordination polymers based on copper in which this ligand is
acting as a bidentate ligand participating as monoanionic linker (Scheme I, left).24
Regarding the bipyridine ligands, we have chosen the 4,4-bipyridyl (4,4-bipy) and
the 3,6-bis(4-pyridyl)-1,2,4,5-tetrazine (pbptz) as linkers due to the presence of
pyridine and tetrazine rings that favor the enhancement of the luminescent properties
of the resulting coordination polymers,25,26 and due to their high potential to build
open architectures as a result of the length of the spacer and the disposition of the
donor atoms. On the other hand, the linkage of the ligands to metal atoms with a high
coordination plasticity, such as zinc (II), opens the way to synthesize materials with
not only possible dynamics in the crystal structures but also interesting
photoluminescence properties.12 Moreover, the existence of a second type of ligand
that combines benzene with pyrazole rings may modify the initial properties of these
systems, generating MOFs with tunable luminescent properties in which the emission
of the materials in response to the temperature can be analyzed in order to study their
potential use as thermometers, as seen in previous studies conducted on zinc and
pyrazole based coordination polymers.27
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Scheme I. Coordination modes of (5-inca)- (a) (5-inca)2- (b), pbptz (c) and 4,4-bipy (d).

Therefore, we report herein the synthesis and characterization of a novel
family of Zn2+ coordination polymers based on the novel 1H-indazole-5-carboxylic
acid, {[Zn(5-inca)(pbptz)0.5]·1.5DMF}n (1) and {[Zn(5-inca)(4,4-bipy)0.5]·DMF}n
(2). In these compounds, (5-inca)2- ligand shows a new coordination mode (Scheme
I, right), by which is coordinated to Zn ions through two nitrogen and one oxygen
pertaining to the pyrazole ring and the carboxylate group, respectively. Both
materials possess open structures despite the occurrence of interpenetration and are
able to adsorb CO2 with tunable sorption capacities. Photoluminescence
measurements together with TD-DFT calculations have been performed in order to
verify the origin of the emissions occurring when these ligands are coordinated to d10
transition metal ion in the MOFs. Moreover, the emission of the materials in response
to the temperature has been analyzed in order to study their potential utility as
thermometers due to the presence of pyrazole rings and zinc ions in the
frameworks.27
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2. Experimental Procedures
Chemicals. All the chemicals were of reagent grade and were used as
commercially obtained.
Synthesis of {[Zn(5-inca)(pbptz)0.5]·1.5 DMF}n (1). 0.12 mmol (20.00 mg)
of 1H-indazole-5-carboxylate and 0.06 mmol (14.17 mg) of 3,6-di(4-pyridinyl)1,2,4,5-tetrazine were dissolved in 0.5 mL of DMF and then 0.5 mL of distilled water
was added. On the other hand, 0.12 mmol (22.02 mg) of zinc acetate was dissolved in
0.5 mL of distilled water and afterward 0.5 mL of DMF was added. Both solutions
were mixed and the resulting solution was placed in a closed glass vessel and heated
in an oven at 95°C for 24h. Pink single crystals were grown during the heating
procedure under autogenous pressure, which were filtered off and collected at open
atmosphere and washed with water. Yield: 38% based on zinc. Anal. Calcd. for
ZnC17H15N6O3: C, 49.00; H, 3.63; N, 20.17. Found: C, 48.23; H, 3.31; N, 20.49%.
Synthesis of {[Zn(5-inca)(4,4-bipy)0.5](DMF)}n (2). Well-shaped yellow
single crystals of 2 were obtained after carrying out the same general procedure
described for 1 but replacing 3,6-di(4-pyridinyl)-1,2,4,5-tetrazine by 4,4´-bipyridil
(9.37 mg). Yield: 45% based on zinc. Anal. Calcd. for ZnC16H15N4O3: C, 51.01; H,
4.01; N, 14.87. Found: C, 50.86; H, 3.98; N, 14.95%.

Physical Measurements. Elemental analyses (C, H, N) were performed on an
Euro EA Elemental Analyzer. FTIR spectra (KBr pellets) were recorded on a Nicolet
IR 6700 spectrometer in the 4000−400 cm−1 spectral region. Thermogravimetric
analysis was carried out using a Mettler Toledo TGA/SDTA 851 apparatus in the 25–
600°C temperature range with a 10°C min-1 scan rate and a N2 flow of 30 mL min-1.
High pressure adsorption isotherms have been measured in a non-commercial
volumetric adsorption instrument (University of Granada) equipped with two
Baratron absolute pressure transducers (MKS type 627B). Their pressure ranges are
from 0 to 133.33 kPa and from 0 to 3333.25 kPa, respectively, and the reading
accuracy is 0.05% of the usable measurement range. Prior to measurement, powder
samples were heated at 393 K for 12h and outgassed to 10–5 Torr. All gases
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employed were supplied by Air Liquide with a purity of at least 99.998%. A closed
cycle helium cryostat enclosed in an Edinburgh Instruments FLS920 spectrometer
was employed for steady state photoluminescence (PL) and lifetime measurements at
variable temperature. All samples were first placed under high vacuum (of ca. 10−9
mbar) to avoid the presence of oxygen or water in the sample holder. For steady-state
measurements a Müller-Elektronik-Optik SVX1450 Xe lamp or an IK3552R-G HeCd continuous laser (325 nm) were used as excitation source, whereas a microsecond
pulsed lamp was employed for recording the lifetime measurements. Photographs of
irradiated single-crystals and polycrystalline samples were taken at room temperature
in a micro-PL system included in an Olympus optical microscope illuminated with a
Hg lamp. Time-resolved emission spectra were recorded using excitation and
emission band-pass of 5 nm and 2.5 nm, respectively.

X-ray Diffraction. The X-ray intensity data were collected on a Bruker D8
Venture diffractometer using Mo-Kα radiation at 100(2) K. The data were integrated
with SAINT28 and corrected for absorption effects with SADABS.29 The crystal
structures were solved with SHELXT30 and refined with SHELXL.31 The OLEX2
software was used as a graphical interface.32 Anisotropic atomic displacement
parameters were introduced for all non-hydrogen atoms. Hydrogen atoms were
placed at geometrically calculated positions and refined with the appropriate riding
model, with Uiso(H) = 1.2 Ueq(C). Even though crystal data was collected up to
0.77Å, crystals still diffracted quite weakly at high angle due to their rather low
quality and data were cut off according to intensity statistics (compound 1), using
restraints and constraints during refinement. In compound 1, the 4-pyridyl moiety of
pbptz ligand was found disordered over two alternative positions (0.56:0.44 ratio),
and was refined with rigid groups and restraints on geometry and displacement
parameters. In the case of compound 2, the 4-pyridyl moiety of 4,4-bipy ligand also
was found disordered over two alternative positions (0.56:0.44 ratio), and was refined
with rigid groups and restraints on geometry and displacement parameters. Disorder
of the ligands was modeled using AFIX (compound 1) or FLAT (compound 2)
commands. For all compounds, a number of RIGU and ISOR restraints had to be
used to obtain reasonable displacement parameters for selected non hydrogen atoms.
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Their Uij values were therefore restrained to be approximately spherical. In both
compounds, severely disordered DMF molecules could not be modeled reasonably
and were therefore removed from the diffraction data (using the OLEX2 Mask tool)
but considered for calculation of empirical formula, formula weight, density, linear
absorption coefficient and F(000). Crystal data and refinement details are listed in
Table 1. Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Center as supplementary
publication nos. CCDC 1942013-14 for compounds. Copies of the data can be
obtained free of charge on application to the Director, CCDC, 12 Union Road,
Cambridge,

CB2

1EZ,

U.K.

(Fax:

+44-1223-335033;

e-mail:

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Table 1. Crystallographic data and structure refinement details for all compounds.
Compound

1

2

C17H15N6O3Zn

C16H15N4O3Zn

1942013

1942014

452.27

376.69

100

100

Cryst. syst.

Monoclinic

Orthorhombic

Spacegroup

C2/c

Pccn

a (Å)

16.6227 (11)

16.8684 (9)

b(Å)

17.9748 (13)

12.9147 (7)

c(Å)

13.8372 (10)

14.8470 (7)

β (°)

98.135 (3)

90

V/ Å3

4092.8 (14)

3234.4 (3)

8

8

ρ/g cm-3

1.471

1.547

µ/mm-1

1.236

1.541

S(GOF)

1.046

1.162

R[1>2σ(I)]a

0.0729

0.0729

wR2 [1>2σ(I)]b

0.1858

0.1376

Chemical formula
CCDC
M/g mol

-1

T/K

Z

[a] S = [Σw(F02 – Fc2)2 / (Nobs – Nparam)]1/2 [b] R1 = Σ||F0|–|Fc|| / Σ|F0| [c] wR2 = [Σw(F02 – Fc2)2 / ΣwF02]1/2
w = 1/[σ2(F02) + (aP)2 + bP] where P = (max(F02,0) + 2Fc2)/3
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Computational details. PL spectra were calculated by means of TD-DFT
using the Gaussian 09 package,33 using the Becke three parameter hybrid functional
with the non-local correlation functional of Lee-Yang-Parr (B3LYP)34-36 along with
6-311G++(d,p) basis set37 was adopted for all atoms but for the central zinc cation,
for which the LANL2DZ38-40 basis set along with the corresponding effective core
potential (ECP) was used. The 40 lowest excitation states were calculated by the TDDFT method. Results were analyzed with GaussSum program package41 and
molecular orbitals plotted using GaussView 5.42

3. Results and Discussion
The solvothermal reaction between 1-H-indazole-5-carboxylic acid and the
corresponding pyridine derivative ligand, with zinc acetate in H2O:DMF, produces
two new MOF materials (1 and 2) based on dimeric Secondary Building Units, in
which the structures present interpenetration. Activation of MOFs 1 and 2 was
performed by heating the washed material at 150 ºC for 2h. Crystallinity of
desolvated materials was confirmed by Powder X-ray Diffraction (PXRD) (Figs. 1a
and 1b) whereas thermogravimetric analysis (TGA) was consistent with the
elimination of solvent molecules (Figs. 2a and 2b).
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Figure 1. (a) Powder X-ray diffraction patterns of simulated, experimental and desolvated
sample (2h at 150 °C) of 1. (b) Powder X-ray diffraction patterns of simulated, experimental
and desolvated sample (2h at 150 °C) of 2.

.
Figure 2. (a) Thermogravimetric analysis (TGA) profile of 1 at a heating rate of 5 °C/min
under a constant stream of N2. (b) Thermogravimetric analysis (TGA) profile of 2 at a
heating rate of 5 °C/min under a constant stream of N2
.

3.1. Structural description of {[Zn(5-inca)(pbptz)0.5](DMF)}n
(1).
Compound 1 crystallizes in the C2/c monoclinic space group, and the crystal
structure consists on zinc(II) atoms linked through pbptz and (5-inca)2- co-ligands,
which afford large connectivity resulting in an open 3D framework.
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Figure 3. Crystal structure of compound 1: a) fragment containing the SBU and b)
perspective view showing the perpendicular disposition of the pillaring pbptz linkers with
regard to Zn/(5-inca)2- layers. Colour code: zinc, green; oxygen, red; nitrogen, blue;
carbon, grey; hydrogen, white.

The asymmetric unit of the crystal structure consists of a Zn1 atom, one (5inca)2- ligand and half of pbptz linker. The metal centre exhibits a N3O tetrahedral
coordination environment (Figure 1a) that is established by two nitrogen atoms from
two symmetry related indazole rings, one nitrogen atom pertaining to pbptz ligand
and one oxygen from the carboxylate group of a third (5-inca)2- ligand. Continuous

390

CAPÍTULO 10
Shape Measures performed corroborate the low distorted tetrahedral shape (ST =
0.67) of the coordination shell (Table 2).
Table 2. CShMs for ZnO4 coordiantion enviroment for compound 1 and 2. The lowest
SHAPE values for each ion are shown hihlighted in grey, indicating best fits.
Structure [ML4]

SP-4

T-4

SS-4

vTBPY-4

Comp 1

29.717

0.668

6.289

2.802

Comp 2

31.630

0.413

7.418

2.371

(5-inca)2- exhibits the novel tridentate coordination mode showed in Scheme
1 (right), which allows it linking to two zinc(II) atoms through the nitrogen atoms
pertaining to the indazole ring to eventually form dinuclear secondary building units
(SBUs). Within these units, the metal atoms are slightly placed out of the planes
delimited by indazole moieties (0.073 Å), in such a way that the resulting sixmember ring imposes a Zn⋯Zn distance of 3.548 Å. Each building dinuclear unit
connects to six neighbouring ones through both (5-inca)2- ligands and pbptz linkers.
On the one hand, the SBU joins to two adjacent units through the carboxylate
moieties of four (5-inca)2- ligands, two of which are coplanar and define the SBU of
reference whereas the remaining two belong to other SBUs, yielding Zn/(5-inca)2layers along the crystallographic bc plane. On the other hand, two pbptz pillaring
linkers that arise almost perpendicularly from the central six-member ring of the SBU
(with an angle of 76.5°) connect to the two remaining SBUs, thus establishing the 3D
structure of the MOF (Figure 3b). Taking into account the connectivity achieved
among SBUs, which may be considered as 6-connected nodes from the topological
point of view, the framework resembles that exhibited by the well-known isoreticular
family of MOF-5, in good agreement with the topological analysis performed with
TOPOS software which confirms that herein described MOF possesses a pcu
network with the (412·63) point symbol (Figure 4).43,44
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Figure 4. Perspective view of compound 1 showing the solvent-accessible surface.

The length of both connectors and the topology of the framework drive the
growth of an almost empty architecture with so large accessible volume that admits
the occurrence of a second network in the crystallization. Therefore, the porosity of
the resulting two-fold interpenetrated structure is reduced though it still leaves a
substantially large 2D void system in within that accounts for the 44.1% of the unit
cell volume.45 Despite the large solvent accessible volume contained in the structure,
it must be highlighted that the pore network is not regular, but it contains large
tubular channels with an approximate section of 7 Å, whereas they are cross-linked
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through narrow windows with apertures of 1.7–2.7 Å. This fact explains the limited
gas adsorption capacity of the MOF, involving no N2 adsorption capacity at low
pressures. Instead, the microporous nature of the MOF was confirmed by CO2
sorption isotherms (Figure 5), revealing that compound 1 adsorbs 0.9 mmol/g of CO2
at 273 K and 600 kPa a value which are lower than those of other recently reported
MOFs.46,47 Interestingly, this value decreases to 0.34 mmol/g upon increasing the
CO2 pressure to 2570 kPa. The shape of the isotherm, showing the above mentioned
negative gas sorption during the pressure increase, in line with some previous works
by Kaskel et al.,48 is characteristic of a sudden hysteretic structural deformation and
pore contraction probably derived from a subnetwork displacement occurring in the
interpenetrated framework. A careful analysis of the interpenetration occurring in the
structure reveals that both frameworks are weakly bound to each other, finding no
remarkable interactions apart from C–H···π interactions between indazole and pbptz
ligands involving some kind of lateral interactions among their π clouds, which
should be translated into a flexible character.

Figure 5. Carbon dioxide adsorption at 273 K on Compound 2 (blue) and 1 (red). Trend
lines are just guides for eyes.
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3.2. Structural description of {[Zn(5-inca)(4,4-bipy)0.5](DMF)}n
(2).
Compound 2 crystallizes in the orthorhombic Pccn space group and
possesses an isoreticular 3D framework where pbptz linkers are replaced by 4,4bipy. (5-inca)2- exhibits a similar coordination pattern detailed for the previous
material (right-hand side of Scheme I), which forms dinuclear SBUs owing to the
coordination of nitrogen atoms pertaining to the indazole ring to two zinc(II)
atoms (Figure 6a). Three significant differences are found in this dinuclear unit
compared to that of the previous compound: i) the carboxylate moiety of (5-inca)2ligand is slightly moved to bite the zinc atom (bringing a semi-coordination of
O2A atom, Zn···O2A of 2.73 Å), despite of which the coordination environment
is best described as a tetrahedron in view of the low distortion with regard to the
ideal polyhedron (ST = 0.413, see Table 2); ii) Zn atoms are more coplanar with
regard to the plane established by the aromatic rings (which is dropped to 0.029
Å) and iii) the intradinuclear Zn⋯Zn distance is enlarged to 3.657 Å. It must be
highlighted that both changes are clearly derived from the change of the pillaring
linker which, being considerably shorter than pbptz (the Zn···Zn bond distance is
reduced from 15.2 to 11.2 Å), modulates the flexibility of the framework.
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Figure 6. a) SBU of the structure of compound 2 and b) crystal packing of the compound
showing the two-fold interpenetration.

As a consequence of the mutual displacement between the subnets, the free
volume enclosed in the structure is shaped in the form of one-dimensional
microchannels (with an irregular tubular shape containing wide and narrow sections
of 4.3 and 1.6 Å) and accounts for 32.4% of the unit cell volume (Figure 7). The
microporous nature of the MOF was confirmed by CO 2 sorption (Figure 5),
revealing that compound 2 adsorbs more CO 2 that compound 1: 2.0 mmol/g
CO2 at 273 K and 600 kPa and 3.01 mmol/g CO 2 at 273 K and 2570 kPa.
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Figure 7. Perspective view of compound 2 showing the solvent-accessible surface. Colour
code: zinc, light steel blue; oxygen, red; nitrogen, blue; carbon, grey; chloride, green.

3.3. Photoluminescence Properties
The metal-organic nature of these materials, based on 3D frameworks
containing ligands with π-conjugated systems (some of which are also decorated with
carboxylate groups that are coordinated to closed-shell metal ions such as zinc(II))
make them suitable to exhibit photoluminescence (PL) in solid state. Under
monochromatic UV light excitation (λex = 325 nm), the room temperature emission
spectrum of compound 1 consists of two main and one minor broad bands. A first
main band is centred at 374 nm, followed by that located at 440 nm with a shoulder
at 420 nm, which dominates the entire spectrum (Figure 8a). Finally, a less intense
band is shown to peak at ca. 620 nm. It is worth mentioning that the two main bands
are similar to the bands corresponding to each individual ligand, since free (5-incaH2)
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and pbptz show emission bands at λem = 371 and 430/460 nm, respectively. Instead,
the last less intense band, not directly related with the emissions centred on the
ligands, may be ascribed to the formation of an exciplex among the π clouds of the
aromatic rings of (5-inca)2- and pbptz ligands pertaining to different subnets,
although the participation of non-localized DMF molecules should not be
discarded.21,49 The subtle shifts observed for the bands with respect to free ligands
can be attributed to the coordination effect, as previously observed for other zincbased MOFs.50,51

Figure 8. a) Room temperature experimental (solid red line) and TD-DFT calculated (dotted
red line) steady-state emission spectra of compound 1. Black numbers account for
experimental emission maxima whereas main calculated main lines are represented as
vertical green lines. b) Experimental emission spectra of 1 at variable temperature together
with the thermochromic emission.Inset shows luminescent thermochromism represented in
the CIE1931 chromaticity color coordinates.
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In order to get deeper insights into the PL emission of 1, TD-DFT
calculations were conducted on a suitable model taken from its X-ray structure
(model 1 hereafter, Figure 9).

Figure 9. Models 1 and 2 employed for TD-DFT calculations of compounds 1 and 2.

As shown in Figure 8a, after a vertical excitation at 320 nm proceeding
through the HOMO – 5 → LUMO + 2 electronic transition (which represents the
main excitation line and resembles the experimental λex of 325 nm, see Figure 10),
the calculated emission spectrum reproduces fairly well the experimental one,
showing a wide band with two maxima peaking at 398 and 451 nm ascribed to
HOMO – 1 ← LUMO + 1 and HOMO ← LUMO + 1.

Figure 10. Excitation spectra of compound 2 monitored under (a) λem = 380 nm and (b) λem
= 535 nm.
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It is worth noticing that this model, based on a monomeric molecule, is not
able to reproduce the minor less-energetic band peaking at ca. 625 nm. Nonetheless,
a model consisting of a (5-inca)2- and a pbptz ligand pertaining to different subnets
(model 3, Figures 11) suggests that the latter emission might be derived from their
weak interaction, confirming the occurrence of excimer. The emission of compound
1 at room temperature shows the occurrence of an excimer formation between the (5inca)2- ligand belonging to a subnet and the pbptz ligand of the second subnet. As
shown in Figure 11, the excimer shows a main absorption maxima at ca. 500 nm,
ascribed to the HOMO – 13 → LUMO transition of the complex, in such a way that
this excited state could be populated during the LC emission occurring within each
subnetwork (which governs the PL of the sample). On its part, once the complex is
relaxed, it emits with a band centred at 615 nm, attributed to the HOMO – 1 →
LUMO transition, which is very close to the experimental band (λem = 625 nm) and
thus confirms the nature of the emission.

Figure 11. (a) Calculated excitation and emission spectra of model 3 (based on comp. 1)
compared to the experimental emission. (b) Molecular orbitals involved in the main
excitation and emission line of model 3.

Taking into account the dominant π and π* character of these electronic
transitions in addition to the participation of molecular orbitals extending over both
(5-inca)2- and pbptz ligands, the PL scenario of 1 is accurately described as LLCT.

399

ANTONIO ANDRÉS GARCÍA VALDIVIA
Figure 12 ummarizes the global PL scenario for a better understanding of their main
electronic transitions. As it is well known, the luminescence in MOFs is known to be
quenched by the coupling of non-radiative molecular vibrations, such as aromatic C–
H bonds present in both ligands,52,53 with excited-to-ground state energy difference.
Therefore, the sample was cooled down to low temperature to study such effect.
Keeping the experimental setting unchanged for comparative purposes, the emission
spectrum was measured at the lowest possible temperature (10 K) as well as at an
intermediate temperature (150 K). Interestingly, apart from an obvious increase of
the emitted signal, which rises by a 43% at 150 K and by a 300% at 10 K considering
the absolute emission maxima, the two main bands (λem = 374 and 440 nm) invert
progressively their relative intensity as the temperature is dropped since at 10 K the
374 nm band at RT is covering most of the spectrum whereas that at 440 nm is nearly
undistinguishable and becomes a shoulder (Figure 8b). On its part, the minor band
(λem = 625 nm) is not observed anymore, meaning that the excimer is disrupted as the
temperature drops probably due to a relative displacement between subnets.
Especially at 10 K, the emission band extends up to 600 nm showing a long tail and
is shifted to λem = 388 nm in such a way that it can be considered to occupy an
intermediate wavelength between those of free ligands. The evolution of the emission
spectra brings a remarkable luminescent thermochromism in the compound, since the
emission varies among different tones of blue.

400

CAPÍTULO 10

Figure 12. Diagram of the dominant MOs involved in the PL excitation and emission of
models 1 and 2. Note that red and blue straight lines represent excitation and emission
transitions, whereas undulated green lines account for vibrational relaxation processes.

On the other hand, under λex = 325 nm excitation with a laser at RT,
compound 2 shows two perfectly separated emission bands with their maximum
centred at 380 and 535 nm, respectively (Figure 13a). Conversely to 1, compound 2
does not show any significant thermochromic effect (there is no change in the
relative intensity of the maxima) but a strong increase in the absolute emission
(integrated intensity) with the lowering of the temperature, which experiments an
increment of 700% (Figure 13b). Despite the fact that one could a priori attribute the
presence of two bands to the intra-ligand emission of (5-inca)2- and bipy molecules, a
similar band is only observed for the first ligand (λem = 380 for 2 and 371 nm for (5-

401

ANTONIO ANDRÉS GARCÍA VALDIVIA
inca)2-, whereas the second band appears to be deeply red-shifted compared to the
free bipy ligand emission (λem = 535 for 2 and 430 nm for bipy). 54

Figure 13. a) Comparison between room temperature experimental and calculated emission
spectra of compound 2. Black numbers and green lines represent the main experimental
emission maxima and calculated vertical main lines, respectively. b) Emission spectra of
compound 2 monitored under λex = 325 nm recorded at different temperatures.

A detailed analysis with TD-DFT methodology on a suitable model of 2
(model 2 hereafter) reveals a somewhat different PL scenario for this compound
despite the similar nature of its ligands. On the one hand, the system is excited
through two similar lines: a minor band at 302 nm corresponding to the HOMO – 5
→ LUMO + 2 transition and the major band located at 318 nm described by the
HOMO – 2 → LUMO + 6 transition. Given that the experimental spectrum is
recorded with a λex = 325 nm, it may be assumed that the excitation proceeds mainly
through the latter transition. On the other hand, the radiative relaxation of 2 is
governed by HOMO – 1 ← LUMO + 4 and HOMO ← LUMO transitions peaking at
375 and 540 nm, which fairly represent the two main emission bands. In agreement
with the previous speculations, the first band is centred on the (5-inca)2- ligand,
which explains why it resembles the emission band displayed by the free ligand.
Instead, the second band clearly corresponds to ligand-to-ligand charge transfer
(LLCT) process involving the empty molecular orbitals (MOs) of the bipy and the
filled MOs of (5-inca)2-.
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Though there is no previous report on LLP behaviour for CPs based on (5inca)2- ligand, in view of the long-lived phosphorescent emissions shown by zinc
compounds based on similar aromatic ligands found in the literature, we decided to
measure decay curves on both compounds.17 To that end, the most representative
emission wavelengths of the spectrum of 1 were monitored, i.e. the emission maxima
(λem = 374 and 440 nm). The decay curves show a very rapid decrease of the signal,
indicating that the emission proceeds through a fluorescent process. Though the
decay at 374 nm is too rapid as to be analyzed (with a lifetime below the pulse of the
lamp ≈ few μs), a weak but larger process could be discerned from the curve
measured at 440 nm. The analysis by means of an exponential expression gives a
lifetime of about 4150 μs (Figure 14), which may be regarded within the low limit of
LLP (below the arbitrary value of 20 ms).55

Figure 14. Decay curves with best fitting at selected temperatures for compound 1 (λex = 325
and λem =440 nm).

It was observed that lowering the temperature keeps the lifetime almost
constant, where the subtle enlargement may be related with afore mentioned decrease
of vibrational quenching (τ150 K ≈ 6040 and τ10 K ≈ 8590 μs). Instead, compound 2
presents a wavelength dependent emission scenario composed of a persistent
fluorescent emission (τfl ≈ 170 μs) around the maximum of the first band (λem = 380
nm) and a phosphorescence emission (τph ≈ 200 ms) around the high-wavelength
band (λem ≈ 535 nm) (Figure 15 and Table 3).
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Figure 15. Decay curves with best fitting at room temperature for compound 2 (λex = 325).

Table 3. Best fitting results from decay curves measured at variable temperature for
compound 2 (λex = 325 nm, λem = 535 nm) at selected emission wavelengths.
Temperature

τ1 (ms)

τ2 (ms)

Chi Sq.

10

244(17) / 28%

948(29) / 72%

1.212

50

172(15) / 34%

797(36) / 66%

1.236

70

156(13) / 38%

605(22) / 62%

1.143

100

210(28) / 28%

552(33) / 72%

1.185

150

102(11) / 42%

348(19) / 58%

1.078

200

98(3) / 35%

301(11) / 65%

1.192

250

50(6) / 44%

252(60) / 56%

1.275

300

5886) / 50%

199(10) / 50%

1.265

Given their curvi-linear shape, all phosphorescence decay curves were fitted
with two lifetime components so they were analysed with a multi-exponential
expression [It = A0 + A1exp(–t/τ1) + A2exp(–t/τ2)] that considers two lifetimes. The
T1–S0 energy difference, which corresponds to the main phosphorescent emission
line, has been estimated from vertical excitation performed for the optimized
geometry of the lowest lying excited triplet state (T1). The triplet state geometry
optimisation and frequencies calculation was performed on models 1 and 2 with
Gaussian 09 package, using the Becke three parameter hybrid functional with the
non-local correlation functional of Lee-Yang-Parr (B3LYP) with the 6-311G++(d,p)
basis set for all atoms. A fact about these MOs calculated at triplet state geometry
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that must be emphasized is that they show a similar shape regarding their singlet
counterparts, with a π and π* character respectively for HOMO and LUMO (Figure
16).

Figure 16. (a) Highest Occupied and Lowest Uoccupied (single-occupied alpha) Molecular
Orbitals coverged at first excited triplet state geometry for model 1. (b) Highest Occupied
and Lowest Uoccupied (single-occupied alpha) Molecular Orbitals coverged at first excited
triplet state geometry for model 2.

The pale blue and yellowish green colours displayed by 2 in the micro-PL
photographs taken on crystals are a good indication of the fluorescent and
phosphorescent emissions (Figure 17). As observed in these photographs, the
fluorescent signal observed under irradiation with UV light (λex ≈ 365 nm in the
present case) shows a kind of luminescent waveguiding effect, since the emitted
colour is only seen depending on the orientation of the crystals. This effect is not so
common although it has already been described for other luminescent materials, for
which crystals with an adequate refraction index and morphology as well as strong
luminescence emission are required, in such a way that most of the light is confined
within the crystal and emitted through a particular face.56-60
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Figure 17. Room temperature micro-PL images for single-crystals of compound 2.

The recorded lifetime of 2 is large enough as to be referred to as room
temperature phosphorescence (RTP), which provides this compound with a very
subtle greenish afterglow that is glimpsed when turning off laser beam. Dropping the
temperature off to save non-radiative quenching does not bring any substantial on
decay curves measured at the first emission maxima λem = 380 nm, but it promotes a
substantial lengthening of the lifetime associated with the phosphorescent emission.
In particular, at λem = 535 nm the lifetime enlarges progressively, mainly below 150
K, until it achieves a value of ca. 950 ms, which can be considered as an
intermediate-to-large value for the CPs presenting LLP reported so far (Figure 18).5660
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Figure 18. Decay curves with best fitting at selected temperatures for compound 2 (λex = 325
and λem = 535 nm).

These results evidence the fluorescent/phosphorescent character of the MOF
at low temperature, a fact that confirms that LCCT process occurring at the ligand is
stabilized in the framework of the MOF such that both S0 ← S1 and S0 ← T1
transitions are enabled and enhanced. With the aim of better characterizing the
phosphorescent emission, time-resolved emission spectra (TRES) were recorded for
2 at low temperature, which confirmed that the persistent emission consists of a wide
band centred at λem = 550 nm, close to the band measured at steady-state, thus
explaining well the green-yelllowish afterglow shown when the UV excitation source
is turned off (Figure 19). It is worth highlighting that the emitted light, yet it is weak
as to be captured by a common camera, can be perfectly traced by the naked eye 4
seconds after having turned off the excitation source.
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Figure 19. (a) Photographs of the steady-state and afterglow emissions of compound 2. (b)
TRES of compound 2 at 10 K at selected delays (λex = 325 nm).

A calculation of the phosphorescent emission estimated from the DFT
computed T1 and S0 electronic states (usually denoted as vertical excitation
phosphorescent energy)61 on model 2 gives a very good estimate of the
experimentally measured band for compound 2 (λvert-phosp = 507 vs λph = 550 nm).
This value can be taken as an approach to estimate the energy of the T1 state in the
compound assuming that the compound follows Kasha’s rule.62 A similar calculation
performed on model 1 renders a λvert-phosp = 470 nm, meaning that the T1 state in
compound 1, conversely to 2, is less energetic than the lowest-lying excited singlet
state from which a radiative emission takes place (S0 ← S1 ≈ 440 nm). Therefore, this
fact could a priori inhibit an intersystem crossing to populate the T1 state that enables
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the occurrence of phosphorescence in 1 and, hence, explains why LLP is solely
enhanced in compound 2. Moreover, it cannot be discarded that weaker
phosphorescence shown by 1 is also related to the less rigidity of pbptz ligand in the
MOF, which clearly possesses more degrees of freedom compared to bipy ligand in
2.

4. Conclusions
Two novel porous zinc based metal-organic frameworks consisting of
indazole-5-carboxylate and 3,6-di(4-pyridinyl)-1,2,4,5-tetrazine for compound 1 or
4,4’-bipyridine like for 2 have been synthesized and characterized. Both MOFs
present an isoreticular architecture with pcu topology that crystallizes as a doubly
interpenetrated structure. This structural feature affords some flexibility to the
frameworks and permits to modulate their porosity obtaining a 2D void system with
narrow pore sections and 1D microchannels for 1 and 2, respectively. Solid state
photoluminescence measurements reveal that both compounds provide intense blue
emissions under irradiation with UV light which arise from charge transfers
occurring between (5-inca)2- and bipyridyl-like ligands as confirmed by TD-DFT
calculations. Variable-temperature data indicate that compound 1 shows a remarkable
thermochromism, which modulates the tonality of the emitted blue light provoked by
the change in the relative intensity of the two main emission bands and an excimer
formation/disruption between ligands belonging to different interpenetrated
subnetworks. On its part, dropping down the temperature in 2 has no such effect yet
it largely enhances its emission capacity, a fact that is particularly inferred from the
occurrence of long-lasting phosphorescence that may be perceived by the naked eye
(with an associated lifetime of ca. 950 ms) below the temperature of liquid nitrogen.
DFT calculations performed on these compounds point out to the relative energy of
the excited singlet and triplet states as a probable source in the origin of sizeable
phosphorescence solely in compound 2, although the less rigidity of pbptz ligand of
compound 1 compared to bipy in 2 may also have some influence.

409

ANTONIO ANDRÉS GARCÍA VALDIVIA

5. References

(1) Chen, B.; Ma, S.; Zapata, F.; Fronczek, F. R.; Lobkovsky, E. B.; Zhou, H.-C.
Rationally Designed Micropores within a Metal−Organic Framework for Selective
Sorption of Gas Molecules. Inorg. Chem. 2007, 46, 1233-1236.
(2) Jeazet, H. B. T.; Staudt, C.; Janiak, C. A method for increasing permeability in
O2/N2 separation with mixed-matrix membranes made of water-stable MIL-101 and
polysulfone. Chem. Commun. 2012, 48, 2140-2142.
(3) Li, J.-R.; Sculley, J.; Zhou, H.-C. Metal-organic frameworks for separations.
Chem. Rev. 2012, 112, 869-932
(4) Shang, J.; Li, G.; Singh, R.; Gu, Q.; Nairn, K. M.; Bastow, T. J.; Medhekar, N.;
Doherty, C. M.; Hill, A. J.; Liu, J. Z.; Webley, P. A. Discriminative Separation of
Gases by a “Molecular Tramdoor” Mechanism in Chabazite Zeolites. J. Am. Chem.
Soc. 2012, 134, 19246-19253.
(5) Bourrelly, S.; Llewellyn, P. L.; Serre, C.; Millange, F.; Loiseau, T.; Fèrey, G.
Different Adsorption Behaviors of Methane and Carbon Dioxide in the Isotypic
Nanoporous Metal Terephthalates MIL-53 and MIL-47. J. Am. Chem. Soc. 2005,
127, 13519-13521.
(6) Yan, Y.; Yang, S. H.; Blake A. J.; Schroder, M. Studies on Metal-Organic
Frameworks of Cu(II) with Isophthalate Linkers for Hydrogen Storage. Acc. Chem.
Res. 2014, 47, 296-307.
(7) Pérez-Yáñez, S.; Beobide, G.; Castillo, O.; Fischer, M.; Hoffman, F.; Fröba, M.;
Cepeda

J.;

Luque,

A.

Gas

Adsorption

Properties

and

selectivity

in

CuII/adeninato/carboxilato metal-Biomolecule Frameworks Eur. J. Inorg. Chem.
2012, 2012, 5921-5933.
(8) Farha, O. K.; Eyazici, I.; Jeong, N. C.; Hauser, B. G.; Wilmer, C. E.; Sarjeant, A.
A.; Snurr, R. Q.; Nguyen, S. T.; Yazaydin, A.; Hupp, J. T. Metal-Organic Framework

410

CAPÍTULO 10
Materials with Ultra-High Surface Areas: Is the Sky the Limit? J. Am. Chem. Soc.
2012, 134, 15016-15021.
(9) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Selective gas adsorption and separation in
metal-organic frameworks. Chem. Soc. Rev. 2009, 38, 1477-1504.
(10) Zhou, H.-C.; Kitagawa, S. Metal-Organic Frameworks (MOFs). Chem. Soc. Rev.
2014, 43, 5415-5418.
(11) Maurin, G.; Serre, C.; Cooper, A.; Férey, G. The new age of MOFs and of their
porous-related solids. Chem. Soc. Rev. 2017, 46, 3104-3107.
(12) Cepeda, J.; Rodríguez-Diéguez, A. Tuning the luminescence performance of
metal-organic frameworks based on d10 metal ions: from an inherent versatile
behaviour to their response to external stimuli. CrystEngComm. 2016, 18, 85568573.
(13) Seco, J.M.; Fairen-Jimenez, D.; Calahorro, A.J.; Méndez-Liñán, L.; PérezMendoza, M.; Casati, N.; Colacio E.; Rodríguez-Diéguez, A. Modular structure of a
robust microporous MOF based on Cu2 paddle-wheels with high CO2 selectivity.
Chem.Commun. 2013, 49, 11329-11331.
(14) Cepeda, J.; Pérez-Mendoza, M.;

Calahorro, A.J.; Casati, N.; Seco, J.M.;

Aragones-Anglada, M.; Moghadam, P.Z.; Fairen-Jimenez, D.; Rodríguez-Diéguez,
A. Modulation of Pore shape and adsorption selectivity by ligand funtionalization in
a series of “rob”-like flexible metal-organic frameworks. J. Mater. Chem. A. 2018, 6,
17409-17416.
(15) Li, H.-Y.; Wei, Y.-L.; Dong, X.-Y.; Zang, S.-Q.; Mak, T. C. W. Novel Tb-MOF
Embedded with Viologen Species for Multi-Photofunctionality: Photochromism,
Photomodulated Fluorescence, and Luminescent pH Sensing. Chem. Mater. 2015,
27, 1327-1331.
(16) Barbieri, A.; Accorsi, G.; Armaroli, A. Luminescent complexes beyond the
platinum group: the d10 avenue. Chem. Commun. 2008, 2185-2193.

411

ANTONIO ANDRÉS GARCÍA VALDIVIA
(17) San Sebastian, E.; Rodríguez-Diéguez, A.; Seco, J. M.; Cepeda, J. Coordination
Polymers with Intriguing Photoluminescence Behavior: The Promising Avenue for
Greatest Long-Lasting Phosphors. Eur. J. Inorg. Chem. 2018, 2155-2174.
(18) Rocha, J.; Brites, C. D. S.; Carlos, L. D. Lanthanide Organic Framework
Luminescent Thermometers. Chem.–Eur. J. 2016, 22, 14782-14795.
(19) Han, Y.-H.; Tian, C.-B.; Li, Q.-H.; Du, S.-W. Highly chemical and thermally
stable luminescent EuxTb1−x MOF materials for broad-range pH and temperature
sensors. J. Mat. Chem. C 2014, 2, 8065-8070.
(20) Brites, C. D. S.; Lima, P.; Silva, N. J. O.; Millán, A.; Amaral, V. S.; Palacio, F.;
Carlos, L. D. Lanthanide-based luminescent molecular thermometers. New J. Chem.
2011, 35, 1177-1183.
(21) Allendorf, M. D.; Bauer, C. A.; Bhaktaa, R. K.; Houk, R. J. T. Luminescent
metal–organic frameworks. Chem. Soc. Rev. 2009, 38, 1330-1352.
(22) Cui, Y.; Zhu, F.; Chen, B.; Qian, G. Metal–organic frameworks for
luminescence thermometry. Chem. Commun. 2015, 51, 7420-7431.
(23) Lower, S. K.; El-Sayed, M. A. The Triplet State and Molecular Electronic
Processes in Organic Molecules. Chem. Rev. 1966, 66, 199-241.
(24) Hawes, C.S.; Babarao, R.; Hill, M. RR.; White, K. F.; Abrahams, B. F.; Kruger,
P.E. Hysteretic carbon dioxide sorption in a novel copper(II)-indazole-carboxylate
porous coordination polymer. Chem. Commun. 2012, 48, 11558-11560.
(25) Botana, L.; Ruiz,J.; Seco, J.M.; Mota, A. J.; Rodríguez-Diéguez, A.; Sillanpää,
R.; Colacio, E. Influence of the anions on the structure and magnetic properties of a
series of bis(µ-diphenoxo)-bridged linear trinuclear copper(II) complexies: an
experimental and theoretical study. Dalton Trans. 2011, 40, 12462-12471.
(26) Seco, J. M.; Pérez-Yáñez, S.; Briones, D.; García, J. A.; Cepeda, J.; RodríguezDiéguez, A. Combining Polycarboxylate and Bipyridyl-like Ligand in the Design of
luminescent Zinc and Cadmium Based Metal-Organic Frameworks. Cryst. Growth
Des. 2017, 17, 3893-3906.

412

CAPÍTULO 10
(27) Qi, Y.-J.; Wang, Y.-J.; Li, X.-X.; Zhao, D.; Sun, Y.-Q.; Zheng, S.-T. Two d10
Metal−Organic

Frameworks

as

Low-Temperature

Luminescent

Molecular

Thermometers. Cryst. Growth Des. 2018, 18, 7383-7390.
(28) SAINT v8.40A, Bruker AXS Inc., Madison, Wisconsin, USA, 2016.
(29) Krause, L.; Herbst-Irmer, R.; Sheldrick; G.M.; Stalke, D. Comparison of silver
and

molybdenum

microfocus

X-ray

sources

for

single-crystal

structure

determination. J. Appl. Cryst. 2015, 48, 3-10.
(30) Sheldrick, G.M. SHELXT - Integrated space-group and crystal-structure
determination. Acta Cryst. 2015, A71, 3-8.
(31) Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. 2015,
C71, 3-8.
(32) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann,
H. OLEX2: a complete structure solution, refinement and analysis program. J. Appl.
Crystallogr. 2009, 42, 339-341.
(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Scalmani, G.;

Barone, V.; Mennucci, B.; Petersson, G. A.;

Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery Jr. J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers,
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J.
M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.;. Stratmann, R. E, Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman,
J. B.; Ortiz, J. V.; Cioslowski J.; Fox, D. J. Gaussian 09, revision A.02, Gaussian,
Inc., Wallingford, CT, 2009.

413

ANTONIO ANDRÉS GARCÍA VALDIVIA
(34) Becke, A. D. Density-functional thermochemistry. III. The role of exact
exchange. J. Chem. Phys. 1993, 98, 5648-5652.
(35) Miehlich, B.; Savin, A.; Stoll, H; Preuss, H. Results obtained with the
correlation energy density functional of becke and Lee, Yang and Parr. Chem. Phys.
Lett. 1989, 157, 200-206.
(36) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti correlationenergy formula into a functional of the electron density. Phys. Rev. B. 1988, 37, 785789.
(37) Noodleman, L.; Case, D. A.; Aizman, A. Broken symmetry analysis of spin
coupling in iron-sulfur clusters. J. Am. Chem. Soc. 1988, 110, 1001-1005.
(38) Hay, P. J.; Wadt, W. R. Ab initio effective core potentials for molecular
calculations. Porentials for the transition metal atoms Sc to Hg. J. Chem. Phys. 1985,
82, 270-283.
(39) Wadt, W. R.; Hay P. J. Ab initio effective core potentials for molecular
calculations. Porentials for main group elements Na to Bi. J. Chem. Phys. 1985, 82,
284-298.
(40) Hay, P. J.; Wadt, W. R. Ab initio effective core potentials for molecular
calculations. Porentials for K to Au including the Outermost core orbitals. J. Chem.
Phys. 1985, 82, 299-310.
(41) O’Boyle, N. M.; Tenderholt, A. L.; Langner, K. M. cclib: A library for packageindependent computational chemistry algorithms. J. Comput. Chem. 2008, 29, 839845.
(42) Dennington, R.; Keith, T.; Millam, J. GaussView, Version 5, Semichem Inc.,
Shawnee Mission: KS, 2009.
(43) TOPOS Main Page, http://www.topos.ssu.samara.ru (accessed February 14,
2019).

414

CAPÍTULO 10
(44) Blatov, V.A.; Shevchenko, A. P.; Proserpio, D. M.

Applied Topological

Analysis of Crystal Structures with the program Package ToposPro. Cryst. Growth
Des. 2014, 14, 3576-3586.
(45) Spek, A. L. Structure validation in chemical crystallography. Acta Cryst. 2009,
D65, 148-155.
(46) Ding, M.; Flaig, R.W.; Jiang, H.-L.; Yaghi, O.M. Carbon capture and
conversion using metal–organic frameworks and MOF-based materials. Chem. Soc.
Rev. 2019, 48, 2783-2828.
(47) Boyd, P.G.; Chidambaram, A.; García-Díez, E.; Ireland, C.P.; Daff, T.D.;
Bounds, R.; Gładysiak, A.; Schouwink, P.; Moosavi, S.M.; Maroto-Valer, M.;
Reimer, J.A.; Navarro, J.A.R.; Woo, T.K.; Garcia, S.; Stylianou, K.C.; Smit, B. Datadriven design of metal–organic frameworks for wet flue gas CO2 capture. Nature,
2019, 576, 253-256.
(48) Krause, S.; Bon., V.; Senkovska, I.; Stoeck, U.; Wallacher, D.; Többens, D. M.;
Zander, S.; Pillai, R. S.; Maurin, G.; Coudert, F.-X.; Kaskel, S. A pressureamplifying framework material with negative gas adsorption transitions. Nature
2016, 532, 348-352.
(49) Wagner, B. D.; McManus, G. J.; Moulton, B.; Zaworotko, M. J. Chem.
Commun. 2002, 2176–2177.
(50) Zheng, Q.; Yang, F.; Deng, M.; Ling, Y.; Liu, X.; Chen, Z.; Wang, Y.; Zhou, Y.
A Porous Metal-Organic Framework Constructed from Carboxylate-Pyrazolate
Shared Heptanuclear Zinc Clusters: Synthesis, Gas Adsorption, and Guest-Dependent
Luminescent Properties. Inorg. Chem. 2013, 52, 10368-10374.
(51) Ren, H.-Y.; Han, C.-Y.; Qu, M.; Zhang, X.-M. Luminescent group 12 metal
tetracarboxylate networks as probe for metal ions. RSC Adv. 2014, 4, 49090-49097.
(52) Eliseeva, S. V.; Pleshkov, D. N.; Lyssenko, K. A.; Lepnev, L. S.; Bünzli, J. C.;
Kuzmina, N. P. Highly Luminescent and Triboluminescent Coordination Polymers
Assemble from Lanthanide β-Diketonates and Aromatic Bidentate O-donor Ligands.
Inorg. Chem. 2010, 49, 9300-9311.

415

ANTONIO ANDRÉS GARCÍA VALDIVIA
(53) De Bettencourt-Dias, A.; Barber, P. S.; Viswanathan, S.; de Lill, D. T.; Rollett,
A.; Ling, G.; Altun, S. Para-derivatized Pybox Ligands As Sensitizers in Highly
Luminescent Ln(III) Complexes. Inorg. Chem. 2010, 49, 8848-8861.
(54) Mendiratta, S.; Lee, C.-H.; Lee, S.-Y.; Kao, Y.-C.; Chang, B.-C.; Lo, Y.-H.; Lu,
K.-L. Structural Characteristics and Non-Linear Optical Behaviour of a 2Hydroxynicotinate-containing Zinc-Based Metal-Organic Framework. Molecules
2015, 20, 8941-8951.
(55) Xue, P.; Wang, P.; Chen, P.; Yao, B.; Gong, P.; Sun, J.; Zhang, Z.; Lu, R.
Bright persistent luminescence from pure organic molecules through a moderate
intermolecular heavy atom effect. Chem. Sci. 2017, 8, 6060-6065.
(56) Cepeda, J.; Pérez-Yáñez, S.; Beobide, G.; Castillo, O.; García, J. A.; Lanchas,
M.; Luque, A. Enhancing luminescence properties of lanthanide(III)/pyrimidine-4,6dicarboxylato system by solvent-free approach. Dalton Trans. 2015, 44, 6972-6986.
(57) Yang, X.; Lin, X.; Zhao, Y.; Zhao Y. S.; Yan, D. Lanthanide Metal-Organic
Framework Microrods: Colored Optical Waveguides and Chiral Polarized Emission
Angew. Chem., Int. Ed. 2017, 56, 7853-7857.
(58) Geburt, S., Lorke, M.; da Rosa, A. L.; Frauenheim, T.; Röder, R.; Voss, T.;
Kaiser, U.; Heimbrodt, W.; Ronning, C. Intense Intrashell Luminescence of EuDoped Single ZnO nanowires at Room Temperature by Implantation Created Eu-Oi
complexes. Nano Lett. 2014, 14, 4523-4528.
(59) Pajuelo-Corral, O.; Rodríguez-Diéguez, A.; García, J. A.; San Sebastian, E.;
Seco, J. M.; Cepeda, J. Chiral coordination polymers based on d10 metal and 2aminonicotinate with blue fluorescent/green phosphorescent anisotropic emissions.
Dalton Trans. 2018, 47, 8746-8754.
(60) Gu F.; Yu, H.; Wang, P.; Yang, Z.; Tong, L. Light-Emitting Polymer Single
Nanofibers via Waveguiding Excitation. ACS Nano 2010, 4, 5332-5338.
(61) Adamo C.; Jacquemin, D. The calculations of Excited-state properties with
Time-Dependent Density Funtional Theory. Chem. Soc. Rev. 2013, 42, 845-856.

416

CAPÍTULO 10
(62) Kasha, M. Characterization of electronic transitions in complex molecules.
Discuss.

Faraday

Soc.

1950,

9,

14-19.

417

Capítulo 11

Rational Design of an unusual 2D-MOF based on
Cu(I) and 4-hydroxypyrimidine-5-carbonitrile as
Linker with Conductive Capabilities. A
Theoretical Approach based on High-Pressure
XRD

a)

b)
High Pressure

3.01 Å

c)

CAPÍTULO 11

Rational Design of an unusual 2D-MOF based on Cu(I) and 4hydroxypyrimidine-5-carbonitrile as Linker with Conductive
Capabilities. A Theoretical Approach based on High-Pressure XRD

Antonio A. García-Valdivia,a Francisco J. Romero,b Javier Cepeda,c Diego P.
Morales,b Nicola Casati,d Antonio J. Mota,a Linda A. Zotti,e Juan J. Palacios,f
Duane Choquesillo-Lazarte,g José F. Salmerón,b Almudena Rivadeneyrab and
Antonio Rodríguez-Diéguez,a
ENVIADO: CHEMICAL COMMUNICATIONS
a. Departament of Inorganic Chemistry, Faculty of Science, University of Granada, 18071,
Granada, Spain.
b. Pervasive Electronic Advanced Rechearch Laboratory (PEARL) Departament Electronics amd
Computer Technology, University of Granada, 18071, Granada, Spain.
c. Departament of Applied Chemistry, Faculty of Chemistru, University of The Basque Country
UPV/EHU, Paseo Manuel Lardizabal 3, 20018, Donostia-san Sebastián, Spain.
d. Laboratory for Synchrotron Tadiation- Condensed Matter, Paul Scherrer Institute,
Forschungstrasse 111, 5232 Villigen, Switzerland.
e. Departamentode Física Aplicada I, Escuela politécnica Superior, Universidad de Sevilla,
Seville, E-41011, Spain.
f. Departamento de Física de la Materia Condensada, Condensed Matter Physics Center
(IFIMAC), and Instituto Nicolás Cabrera (INC), Universidad Autónoma de Madrid; Madrid,
28049, Spain.
g. Crystallographic Studies Laboratoyru, IACT (CSIC-UGR), Avda. de las Palmeras 4, 18100,
Armilla, Granada, Spain.

Abstract
Herein we present, for the first time, a 2D-MOF based on copper and 4hydroxypyrimidine-5-carbonitrile as linker. Each MOF layer is perfectly flat and
neutral, as is the case for grapheme. High pressure XR diffraction measurements
reveal that such layered structure can be modulated between 3.01 to 2.78 Å
interlayer separation, with an evident piezochromism and varying conductive
properties. An analysis of the band structure indicates that this material is
conductive along different directions depending on the application of preassure or
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H doping. These results pave the way to developing novel layered materials with
tunable and efficient properties for pressure-based sensors.

1. Introduction
The design and synthesis of new materials that have high electrical
conductivity and switchable properties is of great interest due to the current demand
in the field of devising sensors.1,2 Some of the most interesting materials applicable
in this respectmetal-organic frameworks (MOFs), materials constituted by organic
ligands coordinated to metal ions or clusters defining a porous and crystalline
network,3 have received great interest due to their structural tunability as well as the
properties that arise from their topological features.4 In particular, the study of
transition metal ions-based MOFs has evolved enormously in many areas.5 The
great advantage of coordination chemistry is that, thanks to its simple synthetic
routes, it allows us to design materials with applications in virtually all fields. In
this sense, in recent years, several groups have worked in the design of novel MOFs
to explore their properties in luminescence,6 gas adsorption,7 optical storage,8
magnetism9 and biology as drug-delivery systems,10 cytotoxic agents11 and
sensing.12 However, the use of MOFs to construct materials for pressure-based
sensors is almost unexplored.13
Taking into account the above, we set out minds to design a novel 2D-MOF
with a potentially large number of applications. For this, and inspired by multilayer
graphene, we generate graphene-like layers as a template, promoting coordination
links at 120 degree angles. To generate some asymmetry in the network, we could
have used pyrimidine-5-carbonitrile as ligand, however, we decided to use 4hydroxypyrimidine-5-carbonitrile as this linker possesses an oxygen atom in para
position that can be an excellent alternative to increase the extended aromaticity
and introduce electronic density in the channels of the possible MOF (Scheme I).
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Scheme I. Design of 2D-MOF by using 4-hydroxypyrimidine-5-carbonitrile and copper
metal ions.

Finally, we must choose the ideal metal ion. In this case, we decided to use
copper(II) because of its easy plasticity in the coordination sphere which would
allow you to display a trigonal bipyramid geometry. Moreover, another possibility
could be that within the solvothermal reaction, Cu(II) could be reduced to Cu(I)
with a flat trigonal geometry, as it should have to maintain the desired graphene
type network. The choice of copper as a metal ion is the perfect choice that would
favour the formation of the desired two-dimensional network, thereby achieving
graphene-like networks. The copper-ligand linkage, moreover, enables π-d
conjugation in a 2D plane.
As a result, we present in this work a novel MOF based on 2D-coordination
polymers (CPs) with formula [Cu(4hypymca)]n (hereafter compound 1) that shows
adistorted honeycomb-likestructure and shares some features withgraphene.
Moreover, we report on its structural and electronic properties under pressure and
doping, both promising strategies to improve the material conductivity.

2. Results
When we carried out the reaction between the above ligand and the copper
chloride we obtained a bidimensional CP that crystallizes in the orthorhombic
system, in the Pbcm space group. The geometry around copper(I) may be described
as a distorted trigonal planar environment that involves the N atoms pertaining to
three independent 4hypymca linkers (Figure 1). These three nitrogen atoms
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correspond to two nitrogenatoms from the pyrimidine rings of 4hypymca and one
nitrogen pertaining to the cyanide group. The Cu-Npyr bond distances are 1.935(5)
and 1.955(5) Å, while the Cu-Ncyano distance has a value of 2.009(6) Å. These
distances lie within the expected range.14

Figure 1. Perspective of coordination mode of the 4-hydroxypyrimidine-5-carbonitrile and
distorted trigonal environment of copper ions.

The perfectly planar hcb network is formed from tiled neutral
Cu3(4hypymca)3 units running parallel to the ab plane (Figure 2). In these sheets,
Cu(I) ions exhibit a CuN3 coordination polyhedron with distorted trigonal
geometry. The equatorial positions are occupied by three nitrogen atoms belonging
to three different bridging ligands, which adopt a planar conformation. Each layer is
therefore neutral, as is the case of graphene, and can be conceived as a self-standing
monolayer material.
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Figure 2. a) Perspective of 2D plane in MOF. b) Separation among sheets in MOF. c)
Projection in perspective of MOF.

Compound 1 exhibits unsupported cuprophilic interactions among layers
(Figure 3), featuring infinite (CuCu)n chains spanning the crystal lattice with
identical intermolecular CuCu distances (3.0160(9)Å), which is close to the
separation found in paddle-wheel shaped dimeric entities or 1D CPs.15 Nonetheless,
a search of the structures deposited in the CSD database looking for similar
arrangements did not yield any results. Instead, the linkers are, from a layer to the
next, staggered in the c direction. Thus, we can describe the complete structure as a
2D-dimensional network formed by metal-organic layers, joined by weak CuCu
metal interactions along c axis.
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Figure 3. Three-dimensional network formed by CCu metal interactions.

Subsequently, the material was also subjected to high pressure diffraction
measurements so as to study the potential flexibility of the 3D packing. In this
sense, we have managed to apply 0.9, 2.75 and 4.2 GPa to the sample and we have
measured the crystalline structure by XRD (structure 2 = 4.2 GPa). In general, the
layers of this compound under pressure preserve the original topology, without
distortion of the flat arrangement, although the interlayer distance is observed to be
reduced from 3.01 to 2.78 Å (Figure 4).

Figure 4. Perspective of 2D plane in compound 2 in which the reduction in the separation
distance between the layers is observed.
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Futher details about bond lengths and angles are reported in Table 1. This,
in turn, brings a radical change in the colour of the crystal from yellow to red, as
previously reported for other Cu-based systems.16 We also found that the linear
(Cu∙∙∙Cu)n chains are not completely straight anymore in 2, a fact that is not
surprising in view of observations for other metallic chains.17

Table 1. Bond lengths (Å) and angles (deg) in the original and compressed materials.
Original compound

0.9 GPa

2.7 GPa

4.2 GPa

Cu-N1

1.935(5)

1.93(3)

1.92(2)

1.93(3)

Cu-N2

1.955(5)

1.96(4)

1.94(3)

1.91(3)

Cu-N3

2.009(6)

2.01(2)

2.012(19)

1.996(19)

Cu1∙∙∙Cu1

3.0160(9)

2.9549(11)

2.8333(10)

2.7786(13)

N1-Cu-N2

143.3(2)

145.6(13)

145.9(10)

147.9(11)

N1-Cu-N3

112.3(2)

110.0(17)

109.5(14)

107.6(14)

N2-Cu-N3

104.4(2)

104.4(12)

104.6(9)

104.5(9)

Cu1-N3-C5

170.4(5)

166(3)

166(3)

166(3)

Cu1∙∙∙Cu1∙∙∙Cu1

170.04(5)

168.5(4)

166.1(3)

164.4(4)

In order to get a deeper insight into the physical properties of the layered
structure, we decided to perform theoretical (DFT) calculations on a Cu3L63− unit in
order. The π electronic density is obtained by means of the Electron Localization
Function (ELF) calculated by the Multiwfn suite of programs,18 see Figure 5,
indicating a highly extended π electronic structure on each sheet. This insight can
be further extended by performing band structure calculations as implemented in
the OpenMX code.19
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Figure 5. Electron localization function representation.

We employed the PBE functional20 and a triple-zeta basis set for all atoms.
Figure 6 gathers the band structure obtained for the original compound (panel a)
and the one obtained upon compression (panel b) along selected paths in the
orthorhombic cell of the reciprocal space (see inset c for a representation of the
Brillouin zone). The curvature of an energy band is known to be related to the
effective mass, which in turns determines the mobility inside a crystal. The final
conductivity obviously depends on the position of the chemical potential. This is
determined by the type of free carriers generated upon doping the material.
However, analysing the shape of a band can provide important information on how
good the conductivity in that specific band can be, once it becomes energetically
accessible by carriers. In the case of both structures shown in Figure 6, conductivity
seems to be possible in the conduction band and especially along the GZ and GX
direction. This is suggested by the parabolic (free-electron like) behaviour of the
band shape observed along these two directions. The same applies to the GY
direction, albeit not to the same extent.

428

CAPÍTULO 11

Figure 6. Band structure for the original compound (a) and compressed structure
(b). The inset (c) contains a representation of the Brillouin Zone.

In Figure 7, the spatial distribution of the wavefunction for both structures is
shown at the G point for the lowest unoccupied (conduction band) and highest
occupied (valence band) states (henceforth called LUMO and HOMO, in analogy
with the molecular-orbital terminology).In the LUMO top-view representation of
both compounds, we observe a higher amount of overlap along the GX direction
than in the GY, which agrees with the difference in band curvature observed
between these two paths in the conduction band. In addition, the corresponding side
view reveals that the conductivity along the z axis can take place either along the
Cu-Cu chains normal to the planes or along the overlap formed between pz orbitals
of C (or N) atoms belonging to two different planes (and not necessarily aligned
perpendicularly to the plane).
As for the HOMO, the top view shows, overall, a lower degree of overlap
with respect to the LUMO (consistent with the flatness observed for the valence
band in the GY and GX directions). Nevertheless, the side view reveals that, in the
compressed structure 2, the distribution of the wavefunction in the z direction
(normal to the planes) seems to be slightly more delocalized across the planes,
which could give rise to higher conductive properties. This again agrees well with
the different behaviour observed for the valence band around the G point in the
compressed compound with respect to the original structure.
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. Figure 7. Wavefunction spatial distribution in the G point for the lowest unoccupied and
highest occupied states. Copper, carbon, oxygen, nitrogen and hydrogen atoms are
displayed in green, brown, red, blue and white, respectively. The arrows indicate the
direction of the GX and GY paths in the reciprocal space.

To understand the effecton the electronic structure of piling multiple layers
as compared to a single layer or two layers, we have analysed the band structure of
these two systems (Figure 8). The valence band is found to be rather flat in both
cases along all the reciprocal paths, whereas a more free-electron behaviour is
observed in the conduction band at the G point for the monolayer (barely visible)
and for the bilayer (noticeable), albeit not as much as in the 3D structure.

Figure 8. Band structure for an isolated single layer and for two consecutive layers.
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Finally, one must bear in mind that the conductivity will be ultimately
determined by the position of the chemical potential, which in turn will be
dependent on the kind of free carriers (i.e. kind of doping). In the case of the initial
structure of 1 (before compression), doping strategies which could a priori shift the
conduction band towards the Fermi level should be adopted. This would allow one
to take advantage of the conductive properties of the conduction band discussed
above. As an example, in Figure 9 we show how the band structure of the 3D MOF
before compression changes upon replacement of 1:4 oxygen with a hydrogen
atom. We observe that indeed such a strategy makes the conduction band accessible
for charge carriers.

Figure 9. Band structure for 3D material upon replacement of 1:4 oxygend with a
hydrogen atom.

Further research would be needed to study how doping may affect the
chemical stability of this MOF and consequently, what the right concentration and
best type of replacement are in order to achieve the highest performance. In
general, replacing oxygen with any atom having a lower number of valence
electrons would generate an excess of electrons and bring the chemical potential
closer to the conduction band. Obviously, the lower the valence the closer the
chemical potential will get to this band. Below we show two examples: energy
band structure obtained by replacing 1:4 O with 1 C atom (Figure 10a) and with 1
Li atom (Figure 10b). Employing C, which has only two electrons less than O,
affects the shape of the conduction band but it does not locate the chemical
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potential close enough to it. Conversely, using Li, which has the same valence as H,
results into a similar shift as that observed for H. This goes beyond the scope of the
present work and will be pursued in future studies.

Figure 10. a) O replaced by C. b) O replaced by Li.

3. Conclusions
In summary, we have described for the first time a 2D-MOF based on
copper and 4-hydroxypyrimidine-5-carbonitrile as linker. High pressure XRD
measurements reveal that the layers of this material may be brought from 3.01 to
2.78 Å, changing the colour of the crystal and (according to our DFT-based results)
varying the conductive properties of the material. We have analysed the band
structure which indicates that this material shows different conduction properties
depending on whether pressure is applied or not. In the case of compound 1, the
band structure indicates that this material is conductive in the conduction band,
along perpendicular direction to the sheets as well as within the sheet plane.
Instead, the gap becomes narrower in the compressed structure 2 and the material
becomes conductive also in the valence band along the z direction. Analysing the
3D structure, we concluded that n-type doping could be a good strategy to improve
the conductivity of this material. These results pave the way to developing novel
layered materials, which can be deposited as single layers or engineered in the 3D
structure for specific properties such as efficient materials for pressure sensors.
New studies in these directions are currently being carried out in our laboratory
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focusing, for instance, on the possible employment of different types of similar
ligands.

4. Experimental Procedures
Chemicals. All the chemicals were of reagent grade and were used as
commercially obtained.
Synthesis of [Cu(4hypymca)]n (1). 0.09 mmol (10.00 mg) of 4hidroxypyrimidine-5-carbonitrile were dissolved in 0.5 mL of DMF afterwards 0.5
mL of distilled water was added. In another glass vessel 0.06 mmol (15.59 mg) of
CuCl2·2H2O was dissolved in 0.5 mL of distilled water and then 0.5 mL of DMF
was added. Both solutions were mixed in a closed glass vessel and introduced in an
oven at 100°C for 24h. Dark-green single crystals were grown during the heating
procedure. The final product was washed with destilled water, and dried in open
atmosphere. Yield: 71% based on metal. Anal Calcd for CuC5H2N3O: C, 32.70; H,
1.10; N, 22.88. Found: C, 32.65; H, 1.06; N, 22.94.
Physical Measurements. Elemental analyses (C, H, N) were performed on
an Euro EA Elemental Analyzer. FTIR spectra (KBr pellets) were recorded on a
Nicolet IR 6700 spectrometer in the 4000−400 cm−1 spectral region.
X-ray Diffraction. X-ray data collection of suitable single crystal of
compound 1 was done at 100(2) K on a Bruker VENTURE area detector equipped
with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) by applying the ωscan method. The data reduction were performed with the APEX2 software21 and
corrected for absorption using SADABS.22 Crystal structures were solved by direct
methods using the SIR97 program23 and refined by full-matrix least-squares on F2
including all reflections using anisotropic displacement parameters by means of the
WINGX crystallographic package.24 All hydrogen atoms were included as fixed
contributions riding on attached atoms with isotropic thermal displacement
parameters 1.2 times or 1.5 times those of their parent atoms for the organic
ligands. Details of the structure determination and refinement of compounds are
summarized in Table 2. Crystallographic data for the structures reported in this
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paper have been deposited with the Cambridge Crystallographic Data Center as
supplementary publication nos. CCDC 1942013-14 for compounds. Copies of the
data can be obtained free of charge on application to the Director, CCDC, 12 Union
Road,

Cambridge,

CB2

1EZ,

U.K.

(Fax:

+44-1223-335033;

e-mail:

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Table 2. Crystallographic data and structure refinement details for all compounds.
Compound

1

0.9 GPa

2.75 GPa

2 (4.2 GPa)

C5H2N3OCu
1942013

C5H2N3OCu

C5H2N3OCu

C5H2N3OCu

M/g mol-1

183.64

183.64

183.64

183.64

T/K

100 K

293 K

293 K

293 K

Cryst. syst.

Orthorhombic

Orthorhombic

Orthorhombic

Orthorhombic

Space group

Pbcm

Pbcm

Pbcm

Pbcm

a (Å)

8.056 (3)

8.0286(8)

7.9702(8)

7.9478 (16)

b(Å)

10.787 (3)

10.776(10)

10.714(9)

10.61 (2)

c(Å)

6.0093 (18)

5.8800(5)

5.6247(4)

5.5058 (12)

522.2 (3)

508.7(5)

480.3(4)

464.3 (9)

4

4

4

4

ρ/g cm-3

2.336

2.398

2.539

2.627

µ/mm-1

4.082

4.191

4.439

4.592

R[1>2σ(I)]a

0.0303

0.0645

0.0672

0.0443

wR2 [1>2σ(I)]b

0.0618

0.2066

0.2069

0.1222

Chemical formula
CCDC

V/ Å3
Z

[a] S = [Σw(F02– Fc2)2 / (Nobs – Nparam)]1/2 [b] R1 = Σ||F0|–|Fc|| / Σ|F0| [c] wR2 = [Σw(F02 – Fc2)2 / ΣwF02]1/2
w = 1/[σ2(F02) + (aP)2 + bP] where P = (max(F02,0) + 2Fc2)/3

5. High-Pressure X-Ray Diffraction
High pressure single crystal study was undertaken using a custom made
Diamond Anvil Cell equipped with 0.5 mm culets and a ~40° opening. A small
crystal of the sample was loaded in the pre-pressed and drilled steel gasket along
with a methanol-ethanol mixture (4:1) and a small ruby sphere for pressure
calibration. Data were collected using a single phi scan in the Extreme conditions
beamline at Diamond Light Source, using a focused beam of 40 keV as defined by
a 20 µm pinhole. Short acquisitions were performed to avoid large radiation
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damage, anyway visible at the end of the experiment in the form of a brown spot in
the center of the crystal. Data were collected using an Agilent Atlas CCD calibrated
with a NIST ruby sphere and integrated using the Crysalis package and its high
pressure dedicated abilities. Diamond overlapping peaks were masked out of the
integration. Despite attempts no lower or higher symmetry were identified for the
given data sets up to 4.5 GPa.
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Time-induced Single Crystal to Single Crystal Transformation and
Luminescence of a Dynamic 3D Metal-Organic Framework based on
Zn(II) and 1H-Indazole-5-Carboxylic Acid

Abstract
We report the formation of three novel metal-organic frameworks based on
1H-indazole-5-carboxylic acid. To the best of our knowledge, these complexes are
the first examples of coordination compounds based on Zinc construct with this novel
ligand. Must be highlighted that a time-induced transformation is produced
generating different metal-organic frameworks with great topological diversity.These
materials were synthesized by soft solvothermal routes and show interesting
luminescent properties corroborates by theoretical calculations.

1. Introduction
The more than remarkable interest in metal-organic frameworks (MOFs) has
undergone an exponential growth, 1 derived from their multiple types of verified
industrial applications,2 such as gas storage and purification, catalysis, luminescence
and magnetism, as well as the great possibilities it offers when they are designed and
synthesized. Their metal–organic hybrid nature offers potentially limitless
arrangement types and topological architectures,3 reinforcing their versatility of use.
In particular, the study of transition metal ions-based MOFs has evolved enormously
in a great quantity of areas, considering the advantage that ions have fairly
predictable coordination spheres, it allows us to design on paper materials with
application for virtually all fields. In this sense, in these years, our group and others
have worked in the design of novel MOFs to study their properties in luminescence,4
gas adsorption,5 catalysis,6 magnetism,7 biology as drug-delivery systems,8 cytotoxic
agents9 and sensing.10 Bearing in mind the interest of our groups in the study MOFs
based on nitrogen linkers with carboxylate groups, we decided to study the properties
of this type of materials with the novel 1H-indazole-5-carboxylic acid because, as far
as we know, there are few examples of coordination compounds synthesized with it.
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This ligand is an ideal candidate to form CPs because of its multiple coordination
possibilities not only derived from its carboxylate group but also from its indazole
ring, being able to show some interesting coordination modes. Moreover, promising
photoluminescence performance may as well be assumed to be developed because of
the aromatic rings.
For all the above, in this work we present a new family of multidimensional
zinc metal-organic frameworks based on 1H-Indazole-5-carboxylic acid which has
been fully characterized from a structural and luminescent point of view.

2. Crystal Structures
Compound 1 consists of a three dimensional structure that crystallizes in the A
b a 2 space group, in which Zn(II) ions are bridged by nitrogen atoms of H2L in a
bidentate way. The ZnN2O3 coordination sphere is completed by the coordination to
the carboxylate moiety of the indazole derivative ligand in a bidentate way; in
addition to a water molecule, which bridges the three Zn atoms of the asymmetric
unit.

Figure 1. View along aaxis of complex 1.

The metal coordination sphere is best described as a square bipyramid,
although the zinc ions show a geometry that is close to Johnson trigonal bipyramid
444

ANEXO 1
according to continuous-shape-measures (CShMs) using SHAPE software (Tables
1).11
Tables 1. Continuous Shape Measurements for the ZnN2O3 coordination environment.
PP-5

1 D5h

Pentagon

vOC-5

2 C4v

Vacant octahedron‡ (Johnson square pyramid, J1)

TBPY-5

3 D3h

Trigonal bipyramid

SPY-5

4 C4v

Square pyramid §

JTBPY-5

5 D3h

Johnson trigonal bipyramid (J12)

Complex

PP-5

vOC-5

TBPY-5

SPY-5

JTBPY-5

1-Zn 1

30.097

7.502

3.110

5.500

3.994

1-Zn 2

31.134

6.960

3.515

5.116

4.228

1-Zn 3

31.963

7.487

3.140

5.664

4.049

The 3D network presentspotential solvent accessible volume along the cell
axis, 75.3 % per unit cell volume concretely.
Compound 2 crystallizes in the orthorhombic Pbcn space group in which
Zn(II) ions are bridged by nitrogen atoms of H2L in a bidentate way giving rise to a
stable and in plane M2N4 six membered ring. The Zn(II) ion is also coordinated to a
carboxylate moiety of the indazole derivative ligand in a monodentate way, which
extends the entity into infinite 2D layers. The coordination sphere of the metal is
completed by the additional coordination of a water molecule. The ZnN2O2
coordination sphere is best described as a tetrahedron according to continuous-shapemeasures (CShMs) using SHAPE software (Tables 1). The asymmetric unit contains
a disordered dimethylformamide solvent molecule. This structure is derived by
single-crystal to single-crystal transformation of compound 1.
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Figure 2. View along c axis complex 2.

In regard to the supramolecular interactions which build up the structure it is
worth mentioning the involvement of the coordinated water molecule in hydrogen
bonding interactions while the angle formed among neighbouring ligands allow
establishing C–H···π interactions between aromatic rings (Figure 3).

Figure 3. The most representative intermolecular interactions and packing modes for
complex 2.

Compound 3 is the result of the single-crystal-to-single-crystal transformation
of compound 2. It is derived from the desolvatation of the disordered
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dimethylformamide molecule of the unit cell as well as the coordination
rearrangement of H2L. Compound 3 crystallizes in the orthorhombic C2221 space
group in which Zn(II) ions are bridged by nitrogen atoms of H2L in a bidentate way
giving rise to an out of plane M2N4 six membered ring. In this case, the Zn(II) ion
coordinated to a carboxylate moiety of the indazole derivative ligand in a bidentate
way extending the structure into three dimensional coordination polymer. The
structure presents narrow porous along c axis which are accessible to solvent (5.9%
per unit cell volume).

Figure 4. View along c axis complex 3.

Continuous-shape-measures (CShMs) indicate that Zn1 coordination sphere is
best described as tetrahedron according to SHAPE measurements (Tables 1).
To end up with the structural description, weak π···π interactions with high
lateral offset among adjacent aromatic rings governs the crystal building in
compound 3 (Figure 5).
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Figure 5. The most representative intermolecular interactions and packing modes for
complex 3.

Details of the structure determination and refinement of compounds are
summarized in Table 2.
Table 2. Crystallographic data and structural refinement details for compounds.
Compound

1

2

3

C24H12N6O7Zn3

C35H35N9O15Zn4

C8H4N2O2Zn

692.51

1083.20

225.50

orthorhombic

orthorhombic

orthorhombic

A b a 2 (41)

P b c n (60)

C 2 2 21 (20)

a (Å)

24.293(3)

18.3981(12)

6.5467(16)

b (Å)

24.400(2)

17.7573(5)

17.711(5)

c (Å)

24.470(3)

14.1320(5)

13.5779(18)

α (°)

90

90

90

β (°)

90

90

90

γ (°)

90

90

90

14504(3)

4616.9(4)

1574.3(6)

8

4

8

Dc (g cm-3)

0.634

1.558

1.903

μ(Mo/CuKα) (mm-1)

1.004

2.125

3.079

100

100

100

7597 (7130)

2421 (1743)

835 (650)

Formula
Mr
Crystal system
Space group (no.)

V (Å3)
Z

T (K)
Observed
reflections
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Esta Tesis doctoral ha tenido como objetivo general sintetizar y estudiar las
propiedades de nuevos materiales multifuncionales basados en ligandos nitrogenados
con grupos carboxilato. Se han recogido 33 compuestos de coordinación
multifuncionales con interesantes estructuras cristalinas de aplicación en varios
campos de interés (magnetismo, luminiscencia, adsorción, conductividad, sensores y
actividad biológica) recogidos en 11 artículos científicos. Además, se está trabajando
en 1 artículo que contiene 3 compuestos más, recogidos en el apartado Anexos de
esta Tesis.
Las conclusiones generales a las que se ha llegado durante la realización de
esta Tesis han sido:
1. La síntesis solvotermal sigue siendo un método excelente para la
obtención de nuevos materiales. Más en concreto la utilización de
viales de vidrio permite un mejor seguimiento de la reacción. La
utilización de estos viales ha facilitado la síntesis de la gran mayoría
de los compuestos presentes en esta Tesis.
2. Se ha sintetizado 4 compuestos de coordinación de diferentes
dimensiones utilizando el ligando ácido 1-metilimidazol-5-carboxílico
(mimc) e iones metálicos de la primera serie de transición con
fórmulas

[Ni(mimc)2(H2O)4],

[Co(μ-mimc)2]n,

{[Cu2(μ-

mimc)4(H2O)]·2H2O}n y [Cd(μ-mimc)2(H2O)]n, demostrando así, la
gran versatilidad de unión de este ácido. El compuesto de cobalto(II)
es de los pocos polímeros de coordinación 2D de este metal que
presentan una relajación lenta de la magnetización a causa de una
anisotropía magnética moderada de signo positivo (D = +12.9 cm–1, E
= +0.5 cm–1). Además el análisis dinámico de espín a través de
medidas en ac muestra la aparición de un túnel cuántico de la
magnetización que puede suprimirse con la aplicación de un campo
magnético, permitiendo identificar dos procesos de relajación: (i) uno
más rápido referido a la relajación de los iones aislados en la
estructura mediante múltiples mecanismos (directo, Orbach y Raman)
dada la combinación de anisotropía magnética axial positiva, con una
barrera térmica de 26 K y (ii) otro más lento debido a interacciones de
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intercambio débiles a través de la red 2D o interacciones de stacking
tipo π-π. Otro punto destacable de dicho compuesto es la temperatura
de blocking de aproximadamente 14K, la cual se encuentra entre las
más altas para SIMs de Co(II). Por otro lado, el compuesto de
cadmio(II) presenta una interesante emisión verde caracterizada por
una

fosforescencia

persistente

con

una

remanencia

de

aproximadamente 1 segundo a baja temperatura tras retirar la fuente
de

UV.

Las

medidas

revelan

tres

emisiones

fluorescentes/fosforescentes de diferentes tiempos de vida medios:
persistentes (0.25-0.43 s), intermedios (0.05-0.23 s) y cortos (6-39
ms). Los cálculos TD-DFT combinados con una estrategia
computacional estiman que la emisión de fosforescencia está regida
por un mecanismo LCCT (singlete-singlete y triplete-singlete).
3. Han sido sintetizados cuatro nuevos compuestos de coordinación
basados en lantánidos y el ácido5-bromonicotínico (5-BrNic) con las
siguientes fórmulas moleculares: [Dy(5-BrNic)3(H2O)4], [Tb(5BrNic)2(H2O)4]·[Tb(5-BrNic)4(H2O)2]·(5-HBrNic)2,
BrNic)2(H2O)4]·[Yb(5-BrNic)4(H2O)2]·(5-HBrNic)2

[Yb(5y

{[Nd(5-

BrNic)3(H2O)3]·H2O}n. Las medidas de magnetismo confirman la
presencia de centros metálicos aislados debido a que las interacciones
antiferromagnéticas presentes son despreciables incluso en el
compuesto monodimensional de Nd. Por otra parte, las medidas de
susceptibilidad magnética ac revelan una Ueff de 33K para el
compuesto de Dy. Los espectros de fotoluminiscencia en estado sólido
de esta familia de compuestos han demostrado la existencia de efecto
antena ejercido por el ligando 5-BrNic. En relación a los estudios de
fosforescencia, éstos indican estados de excitación de corta duración
para el compuesto de Dy, mientras que la emisión del compuesto de
Tb mostró vidas más largas (aproximadamente 1ms). Por su parte, los
estudios de viabilidad celular manifiestan una completa ausencia de
toxicidad tanto en células sanas como en células cancerosas Caco-2 en
los cuatro compuestos.
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4. Han sido sintetizados cinco compuestos basados en Terbio, Erbio,
Yterbio, Cobalto y Cobre y en el ácido 5-aminopiridin-2-carboxílico
(Hampy) con fórmulas: [MNa(ampy)4]n (M= Tb(III), Er(III) e
Yb(III)),

{[CoK(ampy)3(H2O)3]·(H2O)3}n y

[Cu(ampy)2]n.

Los

estudios de magnetismo muestran para el compuesto de Erbio una
señal fuera de fase dependiente de la frecuencia, mientras que el
compuesto de Yterbio presenta relajación lenta de la magnetización
mediante

varios

mecanismos

de

relajación,

dotándolo

de

características propias de SIM. Por otro lado, los estudios
anticancerígenos han revelado que mientras los compuestos de
lantánidos no son muy activos, en el caso del compuesto de Cobalto
los valores de IC50 en células HT29 son 2, 3-5 y 9 veces más bajos que
para los compuestos de Terbio, Yterbio y Cobre, respectivamente.
5. Se han obtenido tres MOFs (red tridimensional abierta doblemente
interpenetrada) basados en el ligando 2-aminoisonicotinato (2ain) y
diferentes metales de transición con fórmula: {[M(μ-2ain)2]·DMF}n
(MII = Co, Ni, Zn). Estos materiales porosos, junto a sus propiedades
magnéticas y/o fotoluminiscentes han sido evaluados como sensores
frente a varios disolventes e iones metálicos. El compuesto de cobalto
presenta un comportamiento magnético “glass-like” derivados del
antiferrmagnetismo y el ordenamiento de largo alcance, que al
sustituir las moléculas de DMF por DMSO y MeOH, el ligero
desplazamiento que surge en la estructura es suficiente para causar una
variación en sus propiedades magnéticas, llegando a presentar un
comportamiento más parecido a un SIM.

Por su parte para el

compuesto de Cinc, la intensidad se de la banda principal a 405 nm se
ve afectada tanto por el solvente en el que se encuentre como por la
presencia de cationes (disoluciones acuosas). Ambos compuestos, por
tanto, presentan potencial en su uso como sensores.
6. La utilización del ligando ácido 1H-indazol-4-carboxílico (L) y varios
metales de la primeria serie de transición ha dado como resultado la
obtención de cinco compuestos bidimensionales: [Co(L)2(H2O)2]n,
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[Ni(L)2(H2O)2]n,

[Cu(L)2(H2O)]n,

[Zn(L)2]n

y

[Cd(L)2]n.

Las

mediciones magnéticas así como los cálculos DFT realizados para los
compuestos de Co, Ni y Cu indican que el ligando proporciona
interacciones intracadena casi insignificantes. Sin embargo, las
distancias Cu···Cu interlaminares al ser más cortas que las distancias
intramoleculares debido al empaquetamiento, confieren al material un
efecto

spin-canted

inusual

relacionado

con

un

intercambio

antisimétrico. El compuesto de Co, que se comporta como molécula
imán aislada inducida por el campo, muestra dos máximos en los datos
de susceptibilidad definidos por una relajación lenta y rápida activada
térmicamente. De forma similar las distancias Co···Co entre capas son
más cortas que la intramoleculares lo que nos permite atribuir los
procesos de relajación a un intercambio débil y, a su vez, a los propios
iones aislados. Los compuestos de Zn y Cd exhiben una emisión
luminiscente hipsocrómica originada por causas estructurales y/o
electrónicas. Finalmente las pruebas de viabilidad celular no han
mostrado efectos citotóxicos salvo para el compuesto de Cd en la línea
celular B16-F10.
7. Teniendo en cuenta los resultados mostrados por el ligando 1Hindazol-4-carboxílico, se han logrado sintetizar dos compuestos de
diferentes dimensionalidades con el 1H-indazol-6-carboxílico (L):
[Zn(L)(H2O)]n y [Cd2(HL)4]n. Los estudios de luminiscencia
realizados

en

los

compuestos

demuestran

que

la

emisión

fotoluminiscente en ambos compuestos está impulsada por la
transiciones π-π* centrada en el ligando. Los estudios de viabilidad en
diferentes líneas celulares mostraron que el compuesto de Cd presenta
una disminución significativa para HEK-293 y B16-F10 para
concentraciones superiores a 20 µg/ml.
8. Con la idea de dar importancia a la existencia de los grupos
carboxilato a la hora de conseguir compuestos con excelentes
propiedades, se han sintetizado dos compuestos de coordinación
basados en el ácido 2,5-dihidroxitereftálico (dhbdc) e iones metálicos
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trivalentes

como

el

DyIII

y

el

YIII

con

{[Dy(dhbdc)1.5(DMF)2]·DMF}n
{[Dy0.2Y1.8(dhbdc)3(DMF)4]·2DMF}n.

fórmulas:
y

Los

estudios

magnéticos

realizados sobre el primer compuesto revelan la existencia de
interacciones antiferromagnéticas débiles con θ = -0.26K. Las
medidas de susceptibilidad magnética dinámicas ac destacan que a
frecuencias más altas se pueden observar dos procesos de relajación.
Con la idea de determinar si dichas relajaciones tenían origen en iones
aislados o interacciones intramoleculares se preparó una muestra
diluida de Y (análogo diamagnético) junto al Dy en un ratio molar
Dy:Y de 1:9. Las medidas realizadas sobre este segundo compuesto
reflejan un único proceso de relajación con energía de barrera efectiva
de 31.6 K, puesto que la relajación lenta atribuida a los procesos
intramoleculares ha desaparecido. Las medidas de fotoluminiscencia
realizadas (λex = 325 nm) muestran una banda intensa centrada a 450
nm que posee una emisión significativa alrededor de los 650 nm
correspondiente a transiciones π-π* de los anillos aromáticos del
ligando. La realización de la medida a temperaturas de 10K produce
un desplazamiento hacia el azul de la banda junto con un aumento de
intensidad del 36%, dotando al material de potencial para su
aplicación en termometría.
9. Con el objetivo de ampliar el estudio a otros ligandos de la familia de
los ácidos indazol-carboxílicos se ha llevado a cabo la síntesis de
cinco compuestos de coordinación monoméricos basados en el ácido
indazol-3-carboxílico (3-ind) con fórmulas [M(3-ind)2(H2O)2] (M=Co,
Ni, Zn, Fe, Mn). Los ensayos de citotoxicidad realizados en tres líneas
celulares diferentes, B16-F10, HT29 y HepG2, sobre el ligando y los
compuestos de Ni y Zn revelan que ambos materiales son menos
tóxicos que el ligando para las células HT29. Sin embargo, el
compuesto de Ni es más tóxico que el ligando y el compuesto de Zn
para el resto de líneas celulares, con un IC50 de 62,64 ± 5,57 μg/mL
para HepG2 y de 69,07 ± 7,93 μg/mL para B16-F10. Por otro lado, los
estudios de viabilidad realizados en células RAW 264.7 sobre los
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cinco materiales arrojan unos resultados interesantes. El compuesto de
Co presenta una inhibición de NO cercana al 50% a las 24 horas para
la fracción ¾ IC50. Mientras que, por otra parte, los compuestos de Fe
y Mn no muestran una inhibición significativa hasta pasadas 48 horas
(cercanos al 80% de media) y 72 horas (con una reducción casi del
90%). Esto hace a los compuestos [Fe(3-ind)2(H2O)2] y [Mn(3ind)2(H2O)2] candidatos potenciales para su uso como agentes antiinflamatorios.
10. Siguiendo con los ligandos derivados del indazol, se han obtenido dos
polímeros de coordinación isoestructurales “square-grid” basados en
el

ácido

1H-indazol-5-carboxílico

(5-inca):

[M(5-

inca)2(H2O)2]·(DMF)2 (M= Ni(II), Cu(II)). Ambos compuestos
muestran interesantes propiedades magnéticas y biológicas. Los
estudios en macrófagos RAW 264.7 exhiben una inhibición de NO de
68.35% para la concentración ¾ IC50 en 24h, llegando en 72h a un
porcentaje del 90% para las tres concetraciones (¼ IC50, ½ IC50 y ¾
IC50). Los estudios realizados en parásitos muestran que ambos
compuestos presentan potencial como agentes antiparasitarios, con
unos índices de selectividad para L. Infantum 30 veces mayor a la
Glucantime. También, a partir de este ligando, se ha logrado sintetizar
un compuesto 3D de Zn con estructura muy similar al famoso MOF-5
que sufren una transformación en sólido inducida por la temperatura.
11. Se han sintetizado dos nuevos MOFs porosos de Zinc basados en 1Hindazol-5-carboxílico y 3,6-di(4-piridil)-1,2,4,5-tetrazina (pbptz) para
uno,

y

4,4’-bipiridina

inca)(pbptz)0.5]·(DMF)}n

(4,4-bipy)
y

para

el

otro:

{[Zn(5-

{[Zn(5-inca)(4,4-bipy)0.5]·(DMF)}n,

respectivamente. Ambos presentan una arquitectura isorreticular con
tipología pcu que cristaliza formando una doble red interpenetrada. Su
flexibilidad estructural permite modular su porosidad y obtener un
sistema 2D vacío para el primero y microcanales 1D para el segundo.
Los estudios de fosforescencia en estado sólido revelan para ambos
una intensa emisión azul bajo luz UV, debido a la transferencia de
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carga entre el indazol y el bipiridin/tetrazina confirmado por TD-DFT.
Por su parte, el compuesto de tetrazina revela un remarcable
termocromismo, lo cual modula la tonalidad de la emisión azul debido
al cambio entre la intensidad relativa entre las dos bandas principales.
Cabe resaltar que

el compuesto de bipiridina exhibe una

fosforescencia perceptible al ojo con un tiempo de vida media
asociado de 950 ms. Los cálculos DFT señalan estados de energía
excitados singlete y triplete como fuente del origen de la
fosforescencia.
12. Con la idea de aunar las propiedades de los ligandos piridina e
indazol, se optó por probar ligandos tipo pirimidina, puesto que
presentan, a nivel estructural, el mismo número de nitrógenos en los
anillos aromáticos pero con distinta disposición. Se utilizó, a partir de
esta premisa, el ligando 4-hidroxipirimidina-5-carbonitrilo lográndose
sintetizar un compuesto bidimensional plano de Cu(I), donde el
entorno de coordinación del Cu junto a su estructura laminar podrían
dotar al material de propiedades conductoras en la banda de
conducción, en la dirección perpendicular a las láminas y en el plano
laminar. Además, el compuesto sometido a alta presión presenta
conductividad en la banda de valencia a lo largo de la dirección z. Esta
nueva conductividad influida por la presión dota al material de
potencial como sensor de presión.
13. Se ha corroborado nuevamente que los ligandos aromáticos
nitrogenados con grupos carboxilato son excelentes unidades de
construcción en el diseño de compuestos de coordinación, tanto por la
diversidad estructural conseguida como por la gran variedad de
propiedades exhibidas por estos materiales.
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ABSTRACT: Detailed structural, magnetic, and photoluminescence (PL)
characterization of four new compounds based on 1-methylimidazole-5carboxylate (mimc) ligand and transition metal ions, namely [Ni(mimc)2(H2O)4] (1), [Co(μ-mimc)2]n (2), {[Cu2(μ-mimc)4(H2O)]·2H2O}n
(3), and [Cd(μ-mimc)2(H2O)]n (4) is reported. The structural diversity found
in the family of compounds derives from the coordination versatility of the
ligand, which coordinates as a terminal ligand to give a supramolecular network
of monomeric entities in 1 or acts as a bridging linker to build isoreticular 2D
coordination polymers (CPs) in 2−4. Magnetic direct-current (dc)
susceptibility data have been measured for compounds 1−3 to analyze the
exchange interactions among paramagnetic centers, which have been indeed
supported by calculations based on broken symmetry (BS) and density
functional theory (DFT) methodology. The temperature dependence of
susceptibility and magnetization data of 2 are indicative of easy-plane anisotropy (D = +12.9 cm−1, E = +0.5 cm−1) that involves a
bistable Ms = ±1/2 ground state. Alternating-current (ac) susceptibility curves exhibit ﬁeld-induced single-ion magnet (SIM)
behavior that occurs below 14 K, which is characterized by two spin relaxation processes of distinct nature: fast relaxation of
single ions proceeding through multiple mechanisms (Ueff = 26 K) and a slow relaxation attributed to interactions along the
polymeric crystal building. Exhaustive PL analysis of compound 4 in the solid state conﬁrms low-temperature phosphorescent
green emission consisting of radiative lifetimes in the range of 0.25−0.43 s, which explains the afterglow observed during about 1
s after the removal of the UV source. Time-dependent DFT and computational calculations to estimate phosphorescent vertical
transitions have been also employed to provide an accurate description of the PL performance of this long-lasting phosphor.

■

INTRODUCTION
The construction of coordination polymers (CPs) is a hot topic
in crystal engineering that is receiving increasing interest from
many diﬀerent areas of science owing to the continuous
advances shown by these multifunctional materials.1−4 The
success of CPs is mainly due to their intriguing architectures
and topologies resulting from the self-assembly of bridging
organic ligands with appropriate metal ions or clusters, which
oﬀers endless possibilities, given the large list of both
components and their combinations obeying the principles of
reticular chemistry.5−8 In this regard, an important aspect to
exert control toward the desired crystalline frameworks lies in
controlling synthetic conditions (temperature, solvent, stoichiometry, pH, and so on);9−14 the selection of adequate metal
ions and organic ligands, indeed, is not of less importance in
tuning the structures. Although the particular subclass of
metal−organic frameworks (MOFs), enclosing impressive
surface areas and versatile pores, occupies an important part
of this research area,15−23 a wide variety of equally fascinating
properties arise from nonporous CPs, among which optical
storage, drug delivery, catalysis, magnetism, or luminescence
may be highlighted.24−33 It is at this point, in fact, where the
© 2017 American Chemical Society

intrinsic characteristics of the structural components (ions and
ligands) make the diﬀerence in imbue these metal−organic
materials with outstanding functionalities. On the one hand,
ligands containing carboxylate groups are widely employed
owing to their high coordination capacity as well as ﬂexibility
that permits them to adopt diﬀerent binding modes to ﬁt into
most ﬁrst-row transition-metal environments and crystal
packing requirements.34,35 Moreover, the chemical nature of
the spacer is not a less important concern, since, for example,
aromatic spacers aﬀord greater rigidity than aliphatic spacers
owing to their limited geometric characteristics that may restrict
the structural variability, a fact of major importance when only
one ligand is employed. On the other hand, ﬁrst-row transitionmetal ions are undoubtedly a great choice in seeking materials
with best-in-class magnetic and photoluminescent (PL) properties.36−41
Particularly for molecular magnetism, actual scientiﬁc eﬀorts
are focused on understanding the physics governing the slow
magnetic relaxation behavior of molecular systems with only
Received: August 6, 2017
Published: November 9, 2017
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Table 1. Crystallographic Data and Structure Reﬁnement Details of All Compounds
chem formula
formula wt
cryst syst
space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3)
Z
GOFa
Rint
R1b/wR2c [I > 2σ(I)]
R1b/wR2c (all data)

1

2

3

4

C10H18N4NiO8
380.97
monoclinic
C2/m
14.7901(8)
6.9602(3)
7.6649(4)
90
113.977(2)
90
720.95(6)
2
1.142
0.0340
0.0198/0.0199
0.0500/0.0500

C10H10CoN4O4
309.15
monoclinic
P21/c
12.492(2)
13.417(2)
7.390(1)
90
100.04(1)
90
1219.6(10)
4
1.168
0.1044
0.0842/0.2079
0.1039/0.2208

C20H26Cu2N8O11
681.56
monoclinic
P2/c
12.885(1)
5.604(1)
18.544(1)
90
93.17(4)
90
1337.0(2)
2
1.036
0.0891
0.0522/0.1197
0.0853/0.1309

C10H12CdN4O5
380.64
monoclinic
P21/n
8.0827(4)
12.2183(6)
12.9795(6)
90
95.100(2)
90
1266.9(1)
4
1.047
0.0577
0.0241/0.0274
0.0626/0.0608

GOF = S = [∑w(Fo2 − Fc2)2/(Nobs − Nparam)]1/2. bR1 = ∑||Fo| − |Fc||/∑|Fo|. cwR2 = [∑w(Fo2 − Fc2)2/∑wFo4]1/2; w = 1/[σ2(Fo2) + (aP)2 + bP],
where P = (max(Fo2,0) + 2Fc2)/3 with a = 0.0163 (1), 0.0573 (2), 0.0571 (3), 0.0298 (4) and b = 0.9304 (1), 26.7323 (2), 18.5744 (3), 0.9904 (4).
a

metal charge transfers (LMCT)) in comparison to that of a free
organic molecule.71,72
All in all, we have made use of the latter considerations to
design new CPs showing SIMs and LLP behaviors, for which
adequate transition-metal ions have been reacted with 1methylimidazole-5-carboxylate (mimc). The selection of this
ligand, not yet employed in the construction of CPs so far, is
due to its ability to play two essential roles while it sequentially
bridges metal ions: serve as spacer between spin carriers
spatially in the network by favoring metal ions to adopt low
coordination numbers, which promotes slow relaxation
phenomena, and act as an eﬀective ﬂuorescent molecule that
allows for intense photoluminescent transitions.

one spin carrier, large magnetic anisotropy, and no intermetallic
exchange interactions of the so-called single-ion magnets
(SIMs).42,43 In this regard, as already corroborated by many
works since Chang and Long et al. ﬁrst proved the concept in
2010,44,45 slow magnetic relaxation is achieved for mononuclear
transition-metal-based compounds provided that they aﬀord
ground states with high spin (S) and magnetic anisotropy
consisting of zero-ﬁeld splitting D and E parameters (denoting
axial and transverse anisotropy, respectively).46 More recently,
it could be demonstrated that SIM behavior was not exclusively
manifested in mononuclear species and so has rapidly been
extended over polymeric species and the ﬁrst SIM-CPs have
been reported.47−52 At ﬁrst sight, Co(II) is clearly the most
acknowledged ion among ﬁrst-row transition metals to build
SIM-CPs, given that its noninteger spin ground state, according
to the Kramers theorem, reduces the probability of fast
quantum tunneling of the magnetization process that bypasses
the desired slow relaxation.53−55 Although diﬀerent coordination geometries and donor environments are available for
Co(II)-based SIMs, the vast majority contain tetrahedral or
pseudotetrahedral geometries.56−60 The main reason lies in the
fact that a low coordination number is beneﬁcial for designing
SIMs, given that ﬁrst-order orbital angular momentum is largely
quenched by the ligand ﬁeld so that spin−orbit coupling may
be compensated.61,62 In this sense, a low coordination number
is able to aﬀord a weak ligand ﬁeld, thus preventing the
quenching up to a point.
Regarding the photoluminescent performance, recent
research works have shifted the attention toward CPs
containing d10 metal ions63−68 owing to their capacity to
stabilize long-lasting phosphorescence (LLP) or afterglow
phenomena in the resulting materials so that they could bring
a signiﬁcant advancement in the ﬁeld of enhanced organic lightemitting diodes (OLEDs).69,70 This fact is derived from the
intrinsic characteristics of these metal ions (namely the absence
of potential quenching processes owing to their closed-shell
conﬁguration) which, in combination with the appropriate
ﬂuorescent organic ligands, promotes the reorganization of the
energy levels in the compounds that leads to stronger and
brighter emission (via ligand-centered (LCCT) or ligand to

■

EXPERIMENTAL SECTION

Chemicals. All the chemicals were of reagent grade and were used
as commercially obtained.
Synthesis of [Ni(mimc)2(H2O)4] (1). A 0.08 mmol portion (10.00
mg) of Hmimc was dissolved in 0.5 mL of DMF and mixed with a
distilled water solution containing 0.04 mmol of Ni(NO3)2·6H2O
(11.63 mg). Then, 1 mL of DMF was added to the mixture and stirred
until homogeneity. The resulting solution was placed in a closed glass
vessel and introduced in an oven at 95 °C for 24 h. Light green single
crystals were grown during the heating procedure under autogenous
pressure, which were ﬁltered oﬀ and collected at open atmosphere and
washed with water and methanol. Yield: 30% based on metal. Anal.
Calcd for C10H18N4NiO8: C, 31.53; H, 4.76; N, 14.71. Found: C,
31.65; H, 4.58; N, 14.52.
Synthesis of [Co(μ-mimc)2]n (2). Well-shaped purple single
crystals of 2 were obtained after carrying out the same general
procedure described for 1 but replacing Ni(NO3)2·6H2O by
Co(NO3)2·6H2O (11.65 mg). Yield: 43% based on metal. Anal.
Calcd for C10H10CoN4O4: C, 38.85; H, 3.26; N, 18.12. Found: C,
38.71; H, 3.18; N, 18.15.
Synthesis of {[Cu2(μ-mimc)4(H2O)]·2H2O}n (3). The general
procedure described for 1 was followed using Cu(NO3)2·H2O (9.66
mg) as the metal source, which led to single crystals of 3. Yield: 25%
based on metal. Anal. Calcd for C20H26Cu2N8O11: C, 35.24; H, 3.84;
N, 16.44. Found: C, 35.42; H, 3.64; N, 16.53.
Synthesis of [Cd(μ-mimc)2(H2O)]n (4). The general procedure
described for 1 was followed using Cd(NO3)2·4H2O (15.88 mg) as the
metal source, which led to well-shaped single crystals of 4. Yield: 23%
based on metal. Anal. Calcd for C10H12CdN4O5: C, 31.55; H, 3.18; N,
14.72. Found: C, 31.37; H, 3.10; N, 14.62.
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Physical Measurements. Elemental analyses (C, H, N) were
performed on an Euro EA Elemental Analyzer. FTIR spectra (KBr
pellets) were recorded on a Nicolet IR 6700 spectrometer in the
4000−400 cm−1 spectral region. Magnetic susceptibility measurements
were performed on polycrystalline samples of the complexes with a
Quantum Design SQUID MPMS-7T or MPMS-XL5 (only for
compound 3) susceptometer at an applied magnetic ﬁeld of 1000 G.
The susceptibility data were corrected for the diamagnetism estimated
from Pascal’s tables,73 the temperature-independent paramagnetism,
and the magnetization of the sample holder. Magnetization and
alternating-current (ac) susceptibility measurements were carried out
on a PPMS (Physical Property Measurement System)-Quantum
Design Model 6000 magnetometer under a 3.5 Oe ac ﬁeld and
frequencies ranging from 60 to 10000 Hz. Thermal analyses (TG/
DTA) were performed on a TA Instruments SDT 2960 thermal
analyzer in a synthetic air atmosphere (79% N2/21% O2) with a
heating rate of 5 °C min−1. A closed-cycle helium cryostat enclosed in
an Edinburgh Instruments FLS920 spectrometer was employed for
recording photoluminescence (PL) measurements of polycrystalline
samples of 4 in the 10−250 K range. For steady-state measurements
an IK3552R-G HeCd continuous laser (325 nm) and a MüllerElektronik-Optik SVX1450 Xe lamp were used as excitation sources.
Photographs of irradiated single-crystal and polycrystalline samples
were taken at room temperature in a micro-PL system included in an
Olympus optical microscope illuminated with a HeCd laser or a Hg
lamp. Lifetime measurements were performed under excitation at the
maximum (325 nm) for selected emission wavelengths in the 350−650
nm range. Decay curves were recorded with microsecond pulse lamps
as excitation sources employing exposure times so as to achieve 104
counts in the pulse of reference, and they were analyzed by tail ﬁtting.
X-ray Diﬀraction. X-ray data collection of suitable single crystals
of all compounds were done at 100(2) K on a Bruker VENTURE area
detector equipped with graphite-monochromated Mo Kα radiation (λ
= 0.71073 Å) by applying the ω-scan method. The data reduction was
performed with the APEX274 software and corrected for absorption
using SADABS.75 Crystal structures were solved by direct methods
using the SIR97 program76 and reﬁned by full-matrix least squares on
F2 including all reﬂections using anisotropic displacement parameters
by means of the WINGX crystallographic package.77,78 All hydrogen
atoms were located in diﬀerence Fourier maps and included as ﬁxed
contributions riding on attached atoms with isotropic thermal
displacement parameters 1.2 times or 1.5 times those of their parent
atoms for the organic ligands and the water molecules, respectively.
Details of the structure determination and reﬁnement of compounds
1−4 are summarized in Table 1. During the reﬁnement of compound
1, it was observed that single crystals consist of nonmerohedral twins;
therefore, the structure was reﬁned with the (1 0 0.59/0−1 0/0 0−1)
twin law, giving a value of 8% for the minor domain. On the other
hand, the structure of 3 presents small pseudosymmetry caused by a
lattice O2w water molecule because it does not ﬁt the symmetry of the
whole framework. This forces symmetry-related O2w to form
hydrogen-bonding interactions in which hydrogen atoms clash with
each other, and so they were not reﬁned. Moreover, the coordinated
O1w molecule is disordered into two symmetry-related dispositions;
therefore, an occupation of 50% has been employed for each position.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication nos.
CCDC 1566132−1566135. Copies of the data can be obtained free
of charge on application to the Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, U.K. (fax, +44-1223-335033; e-mail, deposit@
ccdc.cam.ac.uk; web, http://www.ccdc.cam.ac.uk).
Powder X-ray diﬀraction (PXRD) patterns were collected on a
Phillips X’PERT powder diﬀractometer with Cu Kα radiation (λ =
1.5418 Å) over the range 5 < 2θ < 50° and using a ﬁxed slit, a step size
of 0.026°, and an acquisition time of 2.5 s per step at 25 °C. Patternmatching analyses of the diﬀractograms were done by means of the
FULLPROF program (pattern-matching analysis)79,80 on the basis of
the space group and the cell parameters found for single-crystal X-ray
diﬀraction.

Computational Details. TD-DFT theoretical calculations were
performed at 10 K using the Gaussian 09 package,81 using the Becke
three-parameter hybrid functional with the nonlocal correlation
functional of Lee−Yang−Parr (B3LYP);82−84 the 6-311G(d)85−87
basis set was adopted for all atoms except for the central cadmium
cation, where the LANL2DZ88−90 basis set along with the
corresponding eﬀective core potential (ECP) was used. The latter
strategy has proven successful in describing the luminescence
performance of cadmium-based coordination compounds.91,92 A
detailed description of a suitable model (model 4) can be found in
the Supporting Information. The 40 lowest excitation and emission
energies were calculated on model 4 by the TD-DFT method. Results
were analyzed with the GaussSum program package,93 and molecular
orbitals were plotted using GaussView 5.94 A detailed description of
the computational strategy adopted in this work to compute the
magnetic coupling constant (Jcalc) value of 2 and 3 consists of
Nodlemann’s broken symmetry approach.95,96 One calculation was
performed to determine the high-spin state and another to determine
the low-spin broken symmetry state, employing the dispersioncorrected B97D functional97 and Gaussian implemented 6-311G+
+(d,p) basis set 98 for all nonmetallic atoms or LANL2DZ
pseudopotentials for the cobalt(II) atoms. The correctness of this
method is supported by the work of Singh and Rajaraman,99 whereas
the nature of both spin states was conﬁrmed by means of the spin
density distribution.

■

RESULTS AND DISCUSSION
Structural Description of [Ni(mimc)2(H2O)4] (1). Compound 1 crystallizes in the space group C2/m and consists of a
supramolecular crystal structure in which neutral monomers of
the title formula are linked together by means of hydrogenbonding and π−π interactions. In the centrosymmetric
complex, four water molecules occupy the basal plane that
crosses the Ni1 atom while two mimc-κN3 terminal ligands are
coordinated at the apical positions, thus rendering a slightly
compressed octahedron, as conﬁrmed by continuous shape
measures (CShMs) calculated by the SHAPE (SOC = 0.04)
program (Figure 1 and Table 2).100−103 The monomeric entity

Figure 1. View of complex 1 (ellipsoids 50% of probability) showing
the coordination polyhedron and numbering scheme used.

Table 2. Selected Bond Lengths for Compound 1a
Ni1−N3
Ni1−N3(i)
Ni1−O1w

2.064(2)
2.064(2)
2.102(2)

Ni1−O1w(i)
Ni1−O1w(ii)
Ni1−O1w(iii)

2.102(2)
2.102(2)
2.102(2)

Symmetry operations: (i) −x − 1, −y, −z; (ii) x, −y, z; (iii) −x − 1,
y, −z.
a
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resembles that contained in the recently reported compound
[Cd(HMPCA)2(H2O)4] (where HMPCA = 3-methyl-1Hpyrazole-4-carboxylate), in which apical mimc ligands are
replaced by HMPCA ligands.104 Within the molecule,
carboxylate groups of mimc ligands remain completely planar
and are exposed outward so as to act as receptors of Ow−Hw···
Ocarb hydrogen-bonding interactions starting at coordination
water molecules of adjacent monomers. First, a sort of
supramolecular array is established along the crystallographic
c axis by successive double hydrogen bonds formed between
two coordination waters in a cis arrangement and an O62 atom,
where mimc ligands are forced to remain coplanar by means of
weak C−H···O interactions. Hereafter, additional Ow−Hw···
Ocarb bonds are set to join the monomers along the remaining
directions (Figure S1 in the Supporting Information), such that
the resulting 3D structure is completed and sustained by
relatively strong face to face π−π stacking interactions among
the aromatic rings of mimc ligands (Tables S1 and S2 in the
Supporting Information). As a matter of fact, considering that
all supramolecular interactions cause each complex molecule to
be surrounded by six other molecules, it is concluded that they
are organized in a pcu topological framework as conﬁrmed by
the TOPOS program.105−107
Structural Description of [Co(μ-mimc)2]n (2). The
crystal structure of compound 2 grows from the piling of
neutral 2D layers held together by π−π stacking interactions. In
the asymmetric unit, Co1 is coordinated to four mimc ligands
through two imidazole nitrogen atoms and two carboxylate
oxygen atoms, since the O62B atom (at a distance of ca. 2.85
Å) cannot be considered to be coordinated (Table 3), which
Table 3. Bond Lengths for Coordination Environment of
Compound 2a
Co1−O61A
Co1−O61B(i)
a

1.931(6)
1.956(7)

Co1−N3A(ii)
Co1−N3B

2.000(8)
2.028(8)

Symmetry operations: (i) −x, y − 1/2, −z + 1/2; (ii) x, y, z + 1.

Figure 2. (a) Building unit of compound 2 with atom labels for the
coordination sphere. Note that labels A and B stand for ligands A and
B and that orange dashed line represents the intramolecular hydrogen
bond. (b) 2D layer showing the square grid.

gives a coordination polyhedron that resembles a distorted
tetrahedron (ST = 0.72, Figure 2). It is worth noting that the
two crystallographically independent mimc ligands remain
essentially planar (carboxylate groups rotate ca. 1.5 and 4.6°
with regard to the imidazole ring, respectively, for ligands A and
B) to bridge Co1 atoms one another by acquiring the μκN1:κO61 mode, which imposes Co···Co distances of ca. 7.8
and 11.5 Å for the edge and square diagonal, respectively.
Taking into account that each metal center is surrounded by
four ligands and that they acquire parallel dispositions in pairs
(ligands A and B on their part), the resulting Co(N)2(CO2)2
building unit may be considered as a pseudo-square-planar
node from a topological point of view. The parallel arrangement between symmetry-related A ligands seems to come from
an intramolecular C2A−H2A···O62A hydrogen bond between
the aromatic ring and nonbonding carboxylate oxygen atom,
which in turn prevents the latter atom from coordinating to the
Co1 atom. Accordingly, the linkage of these units with one
another gives rise to somewhat corrugated open 2D layers
showing square windows and, thus, the sql topological class and
(44·62) point symbol.
These kinds of layers are frequently found for CPs resulting
from the combination of tetrahedral nodes with ligands capable
of acting as μ-κN:κO linkers since four-membered M−O−C−
O−M chelating rings are prevented, as is the case for the

compound {[Co(μ-6ani)2]·H2O}n based on a 6-aminonicotinato ligand.51 Probably as a consequence of the large section of
the square windows within the layers of compound 2, mimc
ligands are allowed to cross through the windows, which brings
a 2-fold interpenetration in the overall crystal building. Within
the entangled layers, the second subnet is placed close to the
ﬁrst one in order to favor strong face to face π−π interactions
(Figure 3) between the aromatic rings of mimc B ligands when
crossing the rings of the ﬁrst subnet in addition to
comparatively weak stacking interactions among A ligands
(Table S3 in the Supporting Information). These entangled
layers are packed with one another along the a axis in the
absence of any remarkable interaction unless there are very
weak contacts involving the methyl groups and aromatic rings
of mimc ligands that belong to diﬀerent subnets. Moreover, the
entangled layers show no oﬀset along the packing directions,
such that the overall building contains no voids (see the
Supporting Information).
Structural Description of {[Cu(μ-mimc)2(H2O)]·2H2O}n
(3). Compound 3 crystallizes in the space group P2/c and
consists of a compact framework built up from 2D layers similar
to those described for 2 that are held together by means of
13900
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Figure 3. View of the 2-fold interpenetrated building of compound 2 (red and blue layers represent independent subnets) showing π−π interactions
among mimc ligands.

Figure 4. Portion of the crystal structure of compound 3 showing the coordination polyhedra of Cu1 and Cu2 atoms and the numbering scheme of
donor atoms.

hydrogen-bonding interactions. The asymmetric unit contains
two crystallographically independent copper(II) atoms (both of
which are sited on a binary axis), a coordination water
molecule, two mimc bridging ligands, and a lattice water
molecule (Figure 4). Cu1 lies on an inversion center and
describes a severely distorted 4 + 2 octahedron (SOC = 9.70) in
which the basal plane is formed by two O61B carboxylate
oxygen atoms and two N3A imidazole atoms, whereas the
elongated axis is occupied by O62B atoms pertaining to the
chelating carboxylate group. Cu2 displays an almost ideal
square-pyramidal (SPY) environment (SSPY = 0.48) established
by two monodentate carboxylate oxygen atoms and two N3B
atoms of mimc ligands, whereas an apically elongated water
molecule completes the coordination shell (Table 4). Note that
while O1w is disordered into two equivalent dispositions close
to the main axis of the square pyramid, CShMs were performed
on the ideal model without disorder (i.e., O1w on the special
site contained in the main axis).
Hence, copper(II) atoms are sequentially joined by two types
of mimc ligands describing slightly diﬀerent coordination

Table 4. Bond Lengths for Coordination Environment of
Compound 3a
Cu1−N3A
Cu1−N3A(i)
Cu1−O61B
Cu1−O61B(i)
Cu1−O62B
Cu1−O62B(i)

1.980(3)
1.980(3)
1.960(2)
1.960(2)
2.768(2)
2.768(2)

Cu2−N3B(ii)
Cu2−N3B(iii)
Cu2−O61A
Cu2−O61A(iv)
Cu2−O1w

1.969(3)
1.969(3)
2.001(2)
2.001(2)
2.188(6)

a
Symmetries: (i) −x + 1, −y + 2, −z + 1; (ii) −x, −y + 2, −z + 1; (iii)
x, −y + 2, z − 1/2; (iv) −x, y, −z + 1/2.

modes, i.e. μ-mimc-κN3A:κO61A (A ligand) and μ-mimcκN3B:κ2O61B,O62B (B ligand), imposing Cu1···Cu2 distances
of ca. 7.79 and 8.21 Å. The nonequality of those bridges
promotes substantial distortion on the square grid of the 2D
layers that spread along the crystallographic ac plane. Moreover,
mimc ligands are forced to be folded, as required by the
coordination shells, and are thus arranged in a nonperpendicular disposition (angles of 55.2 and 52.5° for A and
13901
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Table 5. Selected Bond Lengths for Compound 4a

B ligands, respectively, with respect to the mean plane of the
2D layer), although the 2D network preserves the sql topology
(Figure 5). This structural feature closes to a large extent the

Cd1−N3A
Cd1−N3B
Cd1−O62A(i)

2.258(2)
2.243(2)
2.282(2)

Cd1−O61B(ii)
Cd1−O62B(ii)
Cd1−O1w

2.437(2)
2.345(2)
2.355(3)

Symmetry operations: (i) −x + 1/2, y − 1/2, −z + 3/2; (ii) x + 1/2,
−y + 1/2, z + 1/2.

a

The disposition of the four mimc ligands (two showing the
μ-κN:κO mode (A ligands) and two the μ-κN:κ2O,O′ mode (B
ligands)) coordinated to Cd1 atoms is such that the junction of
the [Cd(Nmimc)2(CO2)2] four-connected nodes by the linear
linkers gives rise to a highly corrugated square grid. In fact,
considering the mean plane formed by metal centers, adjacent
four-membered rings are largely folded to acquire a relatively
perpendicular disposition (80.6°). An important structural
feature concerns the relative disposition of mimc ligands within
the four-membered rings, since it allows π−π stacking
interactions in the overall building of 4 among consecutive
layers in spite of their lack of planarity (Figure 7). Furthermore,
Figure 5. Packing of compound 3 along the b axis showing the lattice
water molecules occupying the voids of the structure.

accessibility of the square rings thereby preventing any possible
π−π stacking interaction among mimc ligands belonging to
adjacent layers. Instead, layers are packed in a parallel fashion
along the b axis in such a way that layers become mutually
eclipsed, which is achieved by means of hydrogen-bonding
interactions provided by the coordination O1w water molecule
(Table S4 in the Supporting Information). As a consequence,
very narrow pores, ﬁlled with crystallization water molecules,
are left within the framework.
Structural Description of [Cd(μ-mimc)2(H2O)]n (4).
Compound 4 presents a 2D-layered framework that can be
considered as another variant of square grid networks shown by
compounds 2 and 3. The Cd1 atom is placed in the center of a
severely distorted octahedron (SOC = 3.02) established by two
nitrogen atoms of two independent mimc ligands, two oxygen
atoms from a chelating carboxylate group, a monodentate
carboxylate oxygen atom, and a water molecule (Figure 6 and
Table 5).
Figure 7. Relative disposition of square rings within the layer,
hydrogen-bonding interactions between layers, and their mutual
packing in compound 4.

strong hydrogen bonds are established between the layers
through O1w···Ocarboxylate interactions, which reinforce the
cohesiveness and lead to a dense 3D packing that leaves no
voids (Table S6 in the Supporting Information).
Static Magnetic Measurements. The temperaturedependent magnetic susceptibility data were measured on
polycrystalline samples of compounds 1−3 under an applied
magnetic ﬁeld of 1000 Oe in the 5−300 K range. The magnetic
behavior of compound 1 in the form of χMT vs T (where χM
stands for the magnetic susceptibility per nickel(II) ion)
exhibits a χMT value at room temperature which is close to that
expected for an isolated spin doublet (1.00 cm3 mol−1 K with g
= 2.01, see Figure S10 in the Supporting Information and Table
6). Upon cooling, the χMT product remains almost constant up
to 40 K, where it decreases abruptly and reaches a value of 0.74
cm3 mol−1 K probably as a consequence of the occurrence of

Figure 6. Relative disposition of square rings within the layer,
hydrogen-bonding interactions between layers, and their mutual
packing in compound 4.
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Table 6. Best Least-Squares Fits of the Experimental Curves
and Theoretically or Computationally Calculated Magnetic
Data
χMT (300 K)a

J (cm−1)b

compound

exptl

calcd

exptl

DFT

gb

106Rb

2
3

2.670
0.389

1.870
0.375

−6.4(1)

−0.2
−5.8

2.17/2.36
2.13

1.75

R = ∑i[(χMT)obsd(i) − (χMT)calcd(i)]2/∑i[(χMT)obsd(i)]2. bExperimental and calculated room-temperature χMT values expressed in cm3
K mol−1. cCoupling constants from best ﬁtting of experimental curves
and BS-DFT calculations.
a

zero-ﬁeld splitting (ZFS) considering the large Ni···Ni distances
mediating through hydrogen bonding (ca. 7.7 Å) and face to
face π−π (ca. 8.9 Å) interactions among monomeric complexes
in the crystal structure of compound 1. In fact, computational
calculations have shown the occurrence of negligible antiferromagnetic couplings through similar face to face π−π
stackings in a recent work.108 The dc magnetic susceptibility
data and magnetization curves (Figure S11 in the Supporting
Information) were simultaneously analyzed using the PHI
program109 with the eﬀective spin Hamiltonian (eq 1)
2
2
2
̂
Ĥ = D(Sẑ − S /3)
+ E(Sx̂ + Sŷ ) + μB B̅ ·g ·S ̂

(1)

where the ﬁrst and second terms stand for axial and rhombic
anisotropic ZFS interactions parametrized by D and E,
respectively, Ŝ is the spin operator with x, y, or z components,
and the last term accounts for the Zeeman interaction with the
local magnetic ﬁeld (B̅ ), parametrized through the Landé g
tensor. Best ﬁtting of the experimental curve was achieved with
the following set of parameters: g = 2.08, D = +2.41 cm−1, and
E < +0.1 cm−1 with R = 9.3 × 10−4. The weak rhombicity
signiﬁed by the E parameter and the value of D are consistent
with the magnetostructural correlation of this parameter on the
basis of Ni(II) complexes containing a {NiN2O4} chromophore
with a compressed tetragonal-bipyramidal geometry.110,111
Although it is true that most of the latter compounds present
an experimental negative sign for the D parameter, the present
case ﬁts well the predicted positive sign of D by CASSCF
calculations.112
The χMT vs T plot for 2 (Figure 8) shows that the roomtemperature χMT product (2.67 cm3 mol−1 K) is within the
range expected for one high-spin d7 CoII ion (S = 3/2) with
some orbital angular momentum contribution.113,114 χMT
exhibits a continuous decrease as the sample is cooled, which
is indicative of signiﬁcant spin−orbit coupling (SOC) that
makes the ﬁtting of these data somewhat tricky. In particular,
the drop is more abrupt below 50 K (where it reaches a value of
1.51 cm3 mol−1 K) probably owing to intrinsic magnetic
anisotropy of the CoII ions, taking into account the large Co···
Co distance along μ-mimc bridges (ca. 7.8 Å) in the structure.
Fitting of the χM−1 vs T curve to the Curie−Weiss law in the
50−300 K range gives values of C = 2.88 cm3 K mol−1 and Θ =
−22.6 K. Despite the apparent antiferromagnetic nature of
compound 2, an estimation of the exchange interactions with
the phenomenological equation proposed by Rueﬀ et al.115,116
(eq 2, see the Supporting Information) that gives A + B = 2.93
cm3 K mol−1 (very close to the Curie parameter), E1/κ =
+49(1) K (within the range for similar cobalt(II) compounds),117−119 and −E2/κ = −0.56(3) K suggests the presence

Figure 8. (top) χM vs T plot (○) and (bottom) M vs H/T curves
showing best ﬁts for compound 2.

of almost negligible antiferromagnetic interactions (Figure S12
in the Supporting Information).
χM T = A exp(−E1/κT ) + B exp(−E2 /κT )

(2)

BS-DFT calculations performed on a suitable dimeric model
of 2 conﬁrm the occurrence of very weak antiferromagnetic
exchange in 2, allowing us to consider it as a 2D network of
isolated CoII ions. Magnetization data were collected at several
temperatures (2−7 K) under an applied ﬁeld ranging from 0 to
3.5 T. At ﬁrst glance, the value of M at 2 K (2.23 NμB) does not
reach the theoretical saturation for S = 3/2 (Msat = 3.3, with g =
2.2). Moreover, isothermal curves do not collapse in a single
master curve, which supports the presence of signiﬁcant
magnetic anisotropy. The simultaneous ﬁtting of both data
with the spin Hamiltonian that includes the ZFS term and
electron Zeeman interaction (eq 1) by means of the PHI
13903
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Figure 9. Temperature dependence of (a) in-phase and (b) out-of-phase ac magnetic susceptibilities under an applied ﬁeld of 1000 Oe for
compound 2. Inset: Arrhenius plot of relaxation times with best ﬁttings.

reasons explaining such a moderate value of D point to both the
low distortion of the metal environment on compound 2 (ST =
0.72) and its inherent positive sign. While it is true that the
larger the distortion (less symmetry) the larger the magnetic
anisotropy, positive D parameters tend to be smaller than those
of negative sign.125
The χMT value at room temperature for 3 is close to that
expected for a magnetically isolated copper(II) ion (see Table
6). The χMT curve shows a very slight decrease upon cooling
up to 60 K, below which it describes a sharper drop to reach an
almost null value (Figure S13 in the Supporting Information).
The thermal evolution of the magnetic susceptibility exhibits a
maximum around 5 K. This behavior is indicative of dominant
weak antiferromagnetic interactions among Cu(II) atoms. In

program allowed us to estimate the value and sign of the
magnetic anisotropy: D = +12.9 cm−1, E = +0.5 cm−1 with R =
8.6 × 10−3. Note that the ﬁt required a slight anisotropy in the
gyromagnetic tensor: gx = gy = 2.17, gz = 2.36. Although these
parameters should be taken with care given the limitations of
the Hamiltonian employed,120 a deep analysis of the residual
obtained along the ﬁtting according to the magnitude and sign
of D and E (through the survey mode of PHI) clearly suggests a
positive sign for the axial magnetic anisotropy parameter (socalled easy-plane anisotropy). Although the existence of
positive D is limited to a few recent works,61,121−124 the highspin d7 conﬁguration, especially with a pseudo-tetrahedral
environment, appears to be very promising in giving moderate
D values and, in turn, promising SIM behavior.125,126 Possible
13904
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eq 3, which accounts for spin reversal through Orbach but also
direct and Raman mechanisms.

spite of the fact that the square grid of the 2D layer contains
two crystallographically independent copper(II) atoms joined
through two almost equivalent types of μ-mimc bridges (A and
B ligands with μ−κN:κO and μ−κN:κ2O,O′ modes), the
magnetic network is adequately described as a regular quadratic
layer. Accordingly, ﬁtting of the curve by means of a magnetic
model based on an H = −JS1·S2 spin-only Hamiltonian, in
which a high-temperature series expansion above a possible
Néel temperature is considered, gave a reliable estimate of the
exchange coupling.121 The goodness of the result is indeed
corroborated by the DFT computed coupling constant (see the
Supporting Information). This type of antiferromagnetic
interaction results from a poor magnetic exchange between
neighboring copper(II) atoms through long superexchange
pathways (ca. 7.8−8.2 Å), which has been previously observed
for systems containing similar μ-κN:κO bridges.51,121,122
Dynamic Magnetic Properties. Spin dynamics were
evaluated for cobalt-based compound 2 by means of
alternating-current (ac) susceptibility measurements. No
frequency-dependent signals could be observed in the lack of
an external dc ﬁeld, which is not surprising for a compound
with easy-plane anisotropy.61,124,127,128 According to the
Kramers theorem,53 spin−lattice relaxation in easy-plane (D >
0) half-integer systems is allowed to occur directly between the
ground MS = ±1/2 levels in the absence of transverse,
hyperﬁne, and dipolar interactions, in such a way that fast
relaxation is expected even under an applied ﬁeld. Nonetheless,
if the existing spin−phonon coupling is weak or if there are very
few phonons of the appropriate frequency, the relaxation could
be slowed down, an eﬀect known as phonon bottleneck, in such
a way that direct relaxation is somewhat hindered as to enable
an Orbach relaxation through the higher energy MS = ±3/2
levels.61 At any rate, this fact does not necessarily discard the
existence of additional relaxation mechanisms involved in the
spin reversal. When an external dc ﬁeld of 1000 Oe is applied,
compound 2 exhibits SIM behavior below 14 K with two outof-phase maxima peaking in the 2.3 K (2000 Hz) to 3.2 K
(10000 Hz) and 7.3 K (2000 Hz) to 9.1 K (10000 Hz) ranges,
which can be attributed to the occurrence of slow (SR) and fast
relaxation (FR) processes, respectively (Figure 9). The
presence of two maxima is a quite uncommon phenomenon33,127−130 that could not be anticipated, considering the fact
that the crystal structure contains a unique independent Co(II)
ion. In any case, fast tunneling at low temperatures is not to be
fully discarded, given the divergence in the out-of-phase signal
below the blocking temperature.
Cole−Cole plots were generated each 0.4 K in the 2−9 K
range to cover the whole frequency-dependent region (below
the high-frequency maximum; see Figure S16 in the Supporting
Information). The semicircular distributions seem to conﬁrm
the thermal evolution and coexistence of SR and FR processes.
The semicircle at 2.2 K, attributed to the SR, suﬀers a
progressive widening with increasing temperature in such a way
that a broad semicircle is observed at 3.0 K, suggesting that a
mixture of both processes could be taking place (superposition
of two semicircles). The comparatively narrower semicircles
shown above 3.8 K may be related to the FR process, in good
agreement with the progressive decrease in α value estimated
from ﬁtting with the generalized Debye model.131 Accordingly,
the Arrhenius-like diagram (in the form of ln τ vs 1/T)
possesses two branches that were individually analyzed.129,130,132−135 The faster relaxation was processed with

τ = τ0 exp(−Ueff /kBT ) + Adirect T + BRaman T n
−1

−1

(3)

−1

where Adirect = 257 s K , BRaman = 4.2 s , n = 7.1, τ0 = 9.98 ×
10−7 s, and Ueff = 26.1 K are estimated. It is remarkable that
parameters associated with direct and Raman processes are
comparable to each other, while τ0 falls within the typical range
found for cobalt(II)-based SIMs (between 1.0 × 10−6 and 1.0 ×
10−11).47 At the three highest-temperature points the obtained
Ueff (29.0 K, which equals 20.2 cm−1, with τ0 = 3.36 × 10−7 s) is
in good agreement with the gap between MS = ±1/2 and MS =
±3/2 (equivalent to 2D = 25.8 cm−1). The occurrence of the
second much slower relaxation could be due to weak exchange
interactions among spin carriers through both the 2D network
itself and/or strong π−π stackings between mimc ligands
belonging to adjacent metal−organic layers (with C···C as short
as 3.59 Å).136 Within this assumption, the SR process could
originate in the formation of a polymeric array, whereas the FR
corresponds to the relaxation of single ions, both of which may
coexist at a certain temperature.
Photoluminescence Properties. CPs built from closedshell d10 metal centers and aromatic ligands are known to
exhibit PL in the solid state, covering interesting behaviors such
as dual ﬂuorescent/phosphorescent emissions and/or tunable
emission colors according to the temperature.38,137,138 Therefore, PL measurements were carried out on a polycrystalline
sample of compound 4 with the temperature varied in the 10−
250 K range. At 10 K, 4 shows a broad and intense band that
extends over the whole visible spectrum (400−700 nm) on
excitation with monochromatic 325 nm light, which corresponds to the excitation maximum (Figure 10). Within the
emission band, the maximum is centered at 520 nm, though an
additional and sharper peak at 460 nm is also distinguished,
which is responsible for the pale green emission of 4 under
continuous excitation. The band progressively loses intensity as
the temperature is increased whereas it keeps a similar shape, in
such a way that, at room temperature, the emission of the

Figure 10. Experimental (solid line) and calculated (dotted line)
excitation and emission spectra of compound 4.
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Figure 11. Room-temperature micro-PL images taken at diﬀerent excitation lines.

nm results from several HOMO-1 → LUMO transitions
involving diﬀerent vibrational states of the latter levels (see
Table S8 in the Supporting Information). As observed in
Scheme 1, HOMO-n levels show a predominant σ character
and lie mainly on the carboxylate groups of the ligands;
therefore, taking into account the π nature of LUMO+n
molecular orbitals, it can be concluded that the singlet emission
of this compound is again of the LLCT type.
During the PL characterization of this compound at low
temperature, it was observed that the solid sample preserves a
signiﬁcant pale green afterglow when the excitation beam is
turned oﬀ, indicating that it exhibits LLP. This fact prompted
us to further investigate the phosphorescent emission of the
material, for which decay curves were recorded for some
representative wavelengths (each 20 nm) over the emission
spectrum. At ﬁrst sight, two opposite regions were
distinguished according to the proﬁle of the curves, indicative
of rapid or slow deactivation processes (Table 7).
On the one hand, curves measured for λem included within
350−400 and 640−750 nm ranges reveal very short emission
processes (on the order of a few nanoseconds). On the other
hand, slow and gradual decays derived from the occurrence of
successive long-lived processes are described for the curves
corresponding to the central and most representative region of
the emission band (420−620 nm). The analysis of these curves
with a multiexponential (It = A0 + A1 exp(−t/τ1) + A2 exp(−t/
τ2) + A3 exp(−t/τ3)) expression revealed the presence of three
kinds of components: persistent emissions of 0.25−0.43 s,
intermediate lifetimes of 0.05−0.23 s, and very short processes

material is comparatively weak (Figure S19 in the Supporting
Information).
This fact is in good agreement with the micro-PL
photographs taken at room temperature on crystals of 4
(Figure 11). As observed, a negligible emission is shown when
λex 365 nm is used , whereas bright greenish yellow emission
can be clearly inferred from the micrograph taken with the 435
nm excitation line. Moreover, crystals exhibit red emission
when they are exposed to the green (546 nm) excitation line,
which conﬁrms the multicolored emission of this material. In
comparison to the emission of the free Hmimc ligand,
compound 4 shows a large bathochromic shift (of ca. 110
nm) that seems to be related to its coordination to cadmium
atoms (Figure S18 in the Supporting Information).139,140 TDDFT calculations were carried out on a suitable model of 4
(Figure S22 in the Supporting Information) to provide further
insights into the PL performance of this compound. As inferred
from Figure 10, the calculated spectra reproduce fairly well the
experimental spectra, with very small shifts between their
maxima. The two main S0 → S1 excitations (at 328 and 335
nm) that conform the band stand for HOMO-4 → LUMO+2
and HOMO-3 → LUMO+2 transitions, meaning that the
compound is excited via σ → π* and π → π* transitions
between diﬀerent ligands (LLCT) (see Figure S23 in the
Supporting Information). After these singlet excitations, the
emission proceeds through similar processes for both bands.
The ﬁrst one (centered at 460 nm) contains three transitions:
HOMO-2 → LUMO, HOMO-1 → LUMO+3, and HOMO-2
→ LUMO+3; whereas the main band with a maximum at 520
13906
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nism.141−143 In any case, the occurrence of such behavior seems
to indicate that, according to the well-established Kasha rule,144
the phosphorescent emission should proceed via a spinforbidden T1 → S0 transition. This involves, in turn, that the
triplet state of the complex is accessible through an intersystem
crossing phenomenon facilitated by the spin−orbit coupling of
the d10 metal atom, in addition to the absence of eﬃcient
quenchers that could be coupled to the T1 → S0 emission. In
order with the latter hypothesis, the lowest-lying T1 state was
geometrically optimized, from which the vertical emission
energy (λvert‑phosp as described by Adamo et al.145) was
estimated to be 478 nm. This value is quite close to 520 nm,
the wavelength of the emission maximum that corresponds to
the longest lifetime recorded, which conﬁrms that phosphorescent emission proceeds through a T1 → S0 transition (see
Scheme 1). Nonetheless, it cannot be discarded that the
emitted signal is indeed also composed of ﬂuorescent emission,
as revealed by singlet−singlet transitions studied by TD-DFT.
On another level, the long-lasting emission remains stable up to
100 K (Table S7 and Figure S21 in the Supporting
Information), whereas it is practically prevented at higher
temperatures owing to the increase of molecular vibrations that
bring a signiﬁcant nonradiative quenching, such that only the
ﬂuorescent emission takes place.

Scheme 1. Energy Diagram of the Orbitals onto Model 4
Involved in the Electronic Transitions of 4 Resulting in
Fluorescent and Phosphorescent Blue and Green Emissionsa

a

■

CONCLUSIONS
A family of four new compounds grown from the coordination
of 1-methylimidazole-5-carboxylate (mimc) ligand to ﬁrst-row
transition-metal(II) ions has been synthesized under solvothermal conditions. Single-crystal X-ray analysis reveals the
largest possible structural diversity in the family despite the
limited coordination versatility of the ligand. In fact, mimc
coordinates as a terminal ligand to nickel(II) atoms and forms
monomeric entities in 1, whereas it acts as a bridging linker
among metal ions to give 2D CPs of sql topology in 2−4. The
structural dissimilarities of the latter (small distortions of the
topological network) may be attributed to subtle changes
occurring in the coordination shells owing to the features
imposed by cobalt(II), copper(II), and cadmium(II) ions (ion
radii and preferred geometries) on coordination to the
carboxylate moiety of the ligand, forcing it to adopt diﬀerent
modes that maintain the metal to ligand connectivity.
Measurements of the magnetic susceptibility under static
conditions indicate that mimc ligands show almost negligible
exchange interactions among metal centers, also conﬁrmed by
DFT computed values of the coupling parameter, which allow
considering these systems as networks of magnetically isolated
spins. This fact is particularly interesting for the Co(II)-based
CP (2) because it shows ﬁeld-induced slow magnetic relaxation
arising from a moderate magnetic anisotropy of positive sign (D
= +12.9 cm−1, E = +0.5 cm−1) estimated from simultaneous
ﬁtting of χMT(T) and M(H) curves, which may in turn be
attributed to the pseudo-tetrahedral environment. The analysis
of the spin dynamics of 2 through ac measurements show the
occurrence of fast quantum tunneling of the magnetization that
can be partially suppressed by applying a dc ﬁeld, allowing two
relaxation processes to be identiﬁed. The faster process refers to
the relaxation of single ions in the structure which proceeds
through multiple mechanisms (i.e., Orbach, direct, and Raman)
given the combination of positive axial and low transverse
magnetic anisotropy, from which a thermally activated barrier
of ca. 26 K is estimated. In contrast, the slower relaxation is
assigned to weak exchange interactions through the 2D

ISC denotes intersystem crossing.

Table 7. Best-Fit Results of Decay Curves Measured at 10 K
for Compound 4 (λex 325 nm; λem 400−340 nm)a
wavelength
(nm)

τ1 (ms)

τ2 (ms)

τ3 (ms)

400
420
440
460
480
500
520
540
560
580
600
620
640

51(6)/100%
6(2)/4%
39(1)/30%
9(1)/4%
14(1)/7%
16(2)/9%
19(1)/9%
15(2)/9%
34(2)/32%
26(1)/27%
28(2)/30%
22(1)/30%
68(5)/100%

46(7)/27%
227(5)/70%
67(3)/37%
78(4)/38%
76(6)/34%
97(3)/36%
75(7)/35%
195(6)/68%
179(14)/73%
171(5)/70%
148(5)/70%

245(18)/69%
318(8)/59%
369(13)/55%
320(14)/57%
427(9)/56%
321(17)/56%

χ2
1.544
1.538
1.517
1.435
1.522
1.389
1.431
1.476
1.255
1.515
1.769
1.658
1.613

a

Note that, accompanying the lifetime values, percentages for each
component are also given.

attributed to the lamp pulse (6−39 ms). Despite the fact that
some CdII-based compounds showing green phosphorescence
have been recently reported,63−68 all of them display mixed
blue to green emission as the ﬂuorescent signal under UV
excitation turns into a green phosphorescent afterglow, which
diﬀers from the bright green to pale green transition described
for compound 4. Among the few reported materials, the
structure of 4 resembles the recently characterized LLP with
formula [Cd(μ-6-aminonicotinato)2]n, which presents the
longest emission lifetimes (of above 0.8 s).68 Taking into
account the close similarity between both ligands (N/O donor
ligands), the more modest lifetimes achieved for this compound
may be tentatively attributed to the presence of coordination
water molecules, whose O−H bonds act as eﬃcient quenchers
on radiative processes through a vibronic coupling mecha13907
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network or π−π stackings among mimc ligands belonging to
adjacent metal−organic layers. In any case, the blocking
temperature (of ca. 14 K) deserves to be highlighted, since it
lies on the high edge found for cobalt(II)-based SIMs.
On another level, the cadmium(II)-based CP presents an
interesting bright green emission which is characterized by a
long-persisting phosphorescence that is responsible for the lowtemperature afterglow observed for at least 1 s at after the
removal of the UV source. In fact, measurements of the decay
curves reveal the occurrence of ﬂuorescent/phosphorescent
emissions, consisting of several lifetimes that account for
persistent (0.25−0.43 s), intermediate (0.05−0.23 s), and short
(6−39 ms) components. TD-DFT calculations combined with
a computational strategy to estimate the vertical transitions
related to the phosphorescent emission not only allow
surmising the LCCT mechanism governing both singlet−
singlet and triplet-singlet transitions but also give an accurate
description of the photoluminescent performance of the
compound.
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point-, Schläfli-, and Delaney-symbols in nets, polyhedra and tilings:
recommended terminology. CrystEngComm 2010, 12, 44−48.
(107) Alexandrov, E. V.; Blatov, V. A.; Kochetkov, A. V.; Proserpio,
D. M. Underlying nets in three-periodic coordination polymers:
topology, taxonomy and prediction from a computer-aided analysis of
the Cambridge Structural Database. CrystEngComm 2011, 13, 3947−
3958.
(108) Singh, M. K.; Rajaraman, C. G. CH···π Interactions Be Used
To Design Single-Chain Magnets. Chem. - Eur. J. 2015, 21, 980−983.
(109) Chilton, N. F.; Anderson, R. P.; Turner, L. D.; Soncini, A.;
Murray, K. S. PHI: A powerful new program for the analysis of
anisotropic monomeric and exchange-coupled polynuclear d- and fblock complexes. J. Comput. Chem. 2013, 34, 1164−1175.
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formation

of four

novel

multifunctional

coordination

c

*a

compounds based on

5-bromonicotinic acid and different lanthanideĲIII) ions (Dy, Tb, Yb and Nd), synthesized by simple hydrothermal routes. These materials possess different structures and dimensionalities and show interesting
magnetic and luminescence properties, as well as a complete absence of cytotoxicity both in cancer and
non-cancer Caco-2 cells, transforming these new compounds into excellent candidates to be further investigated in the field of luminescence materials with biomedical applications.

1. Introduction
The interest in coordination polymers (CPs), also known as
metal–organic frameworks (MOFs), has grown exponentially,1
derived from their multiple types of verified industrial applications, such as gas storage and purification, catalysis, luminescence and magnetism,2 as well as their ease of synthesis.
Of particular interest is the fact that their metal–organic hybrid nature offers potentially limitless arrangement types and
topological architectures,3 reinforcing their versatility of use.
The latter is particularly true for LnĲIII)-based CPs, where large
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coordination numbers (8–12) are usually observed for the central cation, yielding fancy structures that, conversely, are
hardly anticipated via a rational design process. Still, the adequacy of the selection of LnĲIII) ions for the generation of
multifunctional CPs in the field of new magnetic and/or luminescent materials is well supported by their intrinsic features
such as large intrinsic magnetic anisotropy and large magnetic moment in the ground state (key to generating molecular magnets). On the other hand, due to the open-shield character of the trivalent lanthanide ions as well as the efficient
shielding of their valence f-orbitals, all lanthanide ions (but
La3+ and Lu3+) emit highly pure-colored light, with long-lived
emissions and large quantum yield values,4 from the ultraviolet (UV) to the visible region (Eu3+, Tb3+, Sm3+ and Tm3+) as
well as in the near infrared (NIR) region (Yb3+, Nd3+ and
Er3+).5 Unfortunately, the forbidden character of the f–f transitions in lanthanide ions prevents the latter from being able to
efficiently absorb light. The solution to the latter issue lies in
the use of organic linkers that promote the well-known antenna effect,6 where the light absorbed by the ligand is efficiently transferred to the outermost orbitals in the metal, increasing the efficiency of the light emitted by the latter.
The attention in the present study was focused on the synthesis, structural and functional characterization of LnĲIII)
based
coordination
complexes
and
CPs
using
5-bromonicotinic acid (5-HBrNic) as a linker ligand. With one
carboxyl group and one N atom as potential metal coordination groups, 5-HBrNic possesses, in addition, a Br atom capable of potentially establishing N⋯Br or O⋯Br halogen
bonds, as well as additional Br⋯π and Br⋯Br interactions.
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Few examples have been reported where 5-HBrNic coordinates to a LnĲIII) ion to generate coordination complexes or
CPs. Still, this ligand has shown its potential to form metalorganic compounds of different dimensionalities with luminescence, magnetic and absorptive properties.7 In addition,
5-bromonicotinate (5-BrNic) possesses a wide variety of coordination modes to metal cations (see Scheme 1), yielding
multiple types of molecular architectures. We hereby report
the synthesis as well as structural and functional characterization of four novel LnĲIII)- and 5-BrNic-based coordination
compounds of different dimensionalities, with dual magnetic
and luminescence properties. Additionally, the antitumor activity of this family of compounds has been tested with the
aim of characterizing their cytotoxic behavior in potential
biomedical applications.

2. Experimental
2.1. Materials and physical measurements
All reagents were obtained from commercial sources and
used as received. Elemental (C, H, and N) analyses were
performed on a Leco CHNS-932 microanalyzer. The IR spectra of powdered samples were recorded in the 400–4000 cm−1
region on a Nicolet 6700 FTIR spectrophotometer using KBr
pellets. Alternating current magnetic measurements were
performed under zero and 1000 Oe applied static fields on a
Quantum Design SQUID MPMS XL-5 device by using an oscillating ac field of 3.5 G and ac frequencies ranging from 10 to
1400 Hz. A Varian Cary-Eclipse Fluorescence spectrofluorimeter was used to obtain the fluorescence spectra at room temperature. The spectrofluorimeter is equipped with a xenon
discharge lamp (peak power equivalent to 75 kW), Czerny–
Turner monochromators, and an R-928 photomultiplier tube
which is red sensitive (even 900 nm) with manual or automatic voltage. The photomultiplier detector voltage was 600 V
and the instrument excitation and emission slits were set at
5 nm. A closed cycle helium cryostat enclosed in an Edinburgh Instruments FLS920spectrometer was employed for
steady state photoluminescence (PL) and lifetime measurements carried out at 10 K. All samples were set under high
vacuum (of ca. 10−7 mbar) to avoid the presence of oxygen or
water in the sample holder. Steady-state spectra were measured with an IK3552R-G He–Cd continuous laser (325 nm)
as an excitation source, whereas a microsecond pulsed lamp
was employed for recording the lifetime measurements. The

Scheme 1 Eleven plausible coordination modes (a–k) of 5-BrNic.
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photographs of irradiated single-crystal and polycrystalline
samples were taken at room temperature in a micro-PL system included in an Olympus optical microscope illuminated
with a Hg lamp.
2.2. Preparation of complexes
Synthesis of [DyĲ5-BrNic)3ĲH2O)4] (1). Compound 1 was
obtained by hydrothermal routes through the following procedure: a mixture of DyCl3·6H2O (0.24 mmol), 5-HBrNic (0.24
mmol) and 10 mL of distilled water was sealed in a Teflon reactor and heated at 95 °C under autogenous pressure for 48
h. The reaction vessel was then slowly cooled down to room
temperature during a period of about 3 h, yielding yellow
crystals of 1. Yield: 47%, based on Dy. Anal. calcd.
C18H17Br3DyN3O10: C 25.81, H 2.04, N 5.01. Found: C 25.63, H
2.19, N 4.83.
Synthesis of [TbĲ5-BrNic)2ĲH2O)4]ĳTbĲ5-BrNic)4ĲH2O)2]·(5HBrNic)2 (2). Yellow crystals of compound 2 were obtained
following a procedure similar to that used in the synthesis of
1, with the following modifications: the reactor was left in an
oven for 96 h and crystals only appeared 24 h after cooling
down the sample slowly. Yield: 51%, based on Tb. Anal.
calcd. for C24H19Br4N4O11Tb: C 28.32, H 1.88, N 5.50. Found:
C 29.01, H 1.92, N 5.66.
Synthesis of [YbĲ5-BrNic)2ĲH2O)4]ĳYbĲ5-BrNic)4ĲH2O)2]·(5HBrNic)2 (3). Colorless crystals of 3 were obtained following
the same procedure as the one used for the synthesis of 2.
Yield: 57%, based on Yb. Anal. calcd. for C24H19Br4N4O11Yb:
C 27.93, H 1.86, N 5.43. Found: C 28.75, H 1.85, N 5.99.
Synthesis of {[NdĲ5-BrNic)3ĲH2O)3]·H2O}n (4). Pink crystals
of 4 were obtained following the same procedure as the one
used for the synthesis of 2. Yield: 47%, based on Nd. Anal.
calcd. C18H17Br3NdN3O10: C 26.39, H 2.09, N 5.13. Found: C
28.01, H 2.12, N 5.61.
2.3. Crystallographic refinement and structure solution
X-ray data collection of suitable single crystals of the compounds were conducted at 100(2) K on a Bruker VENTURE
area detector equipped with a graphite monochromated MoKα radiation source (λ = 0.71073 Å) by applying the ω-scan
method. The data reduction was performed with the APEX2
software8 and corrected for absorption using SADABS.9 Crystal structures were solved by direct methods using the SIR97
program10 and refined by full-matrix least-squares on F 2 including all reflections using anisotropic displacement parameters by means of the WINGX crystallographic package.11
Compound 4 contains one lattice water molecule which presents a significantly prolate shaped ellipsoid so it has been
disordered into two equivalent positions (each with an occupancy of 50%). All hydrogen atoms were included as fixed
contributions riding on attached atoms with isotropic thermal displacement parameters 1.2 times or 1.5 times those of
their parent atoms for the organic ligands. The details of the
structure determination and refinement of the compounds
are summarized in Table S1.†
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2.4. Growth inhibition assay
The human Caco-2 cell line (TC7 clon) was kindly provided
by Dr. Edith Brot-Laroche (Université Pierre et Marie CurieParis 6, UMR S 872, Les Cordeliers, France). Caco-2 cells were
maintained in a humidified atmosphere of 5% CO2 and 95%
of air at 37 °C. Cells (passages 32–42) were grown in
Dulbecco's modified Eagle's medium (DMEM; Gibco
Invitrogen, Paisley, U.K.) with high glucose concentration (4.5
g L−1) supplemented with 20% fetal bovine serum (FBS) previously decomplemented (30 min at 56 °C), 1% non-essential
amino acids, 1% penicillin (1000 U mL−1), 1% streptomycin
(1000 μg mL−1), and 2% L-glutamine (200 mM). Stock solutions of the complexes in DMSO were diluted in a medium
without FBS to the required concentration. DMSO was also
tested at the same concentrations and no effects on the cytotoxicity were shown. Cells were seeded in 96-well plates at a
density of 20 × 103 cells per well. Experiments were
performed 48 h postseeding and the culture medium was replaced with a fresh medium (without FBS) containing the
complexes at concentrations varying from 0 to 20 μM, with
an exposure time of 72 h.
For cell viability studies of differentiated (enterocyte-like)
cells, Caco-2/TC7 cells were seeded in 96-well plates at a density of 4 × 103 cells per well and incubated for 12 days, with
the culture medium changed every 3 days, up to confluence,
and the cells were treated with the complexes and at the
same concentrations explained before. Thereafter, cell survival was measured using the 3-(4,5-dimethyl-2-thiazoyl)-2,5diphenyltetrazolium bromide (MTT, Merck) test as previously
described. The assay is dependent on the cellular reduction
of MTT by the mitochondrial dehydrogenase of viable cells to
a blue formazan product, which can be measured spectrophotometrically. Following appropriate incubation of the
cells, with or without metallic complexes, MTT was added to
each well in an amount equal to 10% of the culture volume,
and incubation was continued at 37 °C for 2.5 h. Afterwards,
the medium and MTT were removed, and DMSO was added
to each well. At the end, the results were obtained by measuring the absorbance with a scanning multiwell spectrophotometer (BIOTEX SINERGY HT SIAFRTD) at a wavelength of
575 nm and compared to the values of control cells incubated in the absence of complexes. Experiments were
conducted in quadruplicate wells and repeated three times.

Fig. 1 Left: Structure of the monomeric entity of compound 1. Right:
Perspective view of the packing of compound 1 along the a* axis.
Color code: dysprosium, green; oxygen, red; nitrogen, blue; carbon,
grey; bromine, brown; hydrogen, white.

for shape measurements). Dy–O distances in the mononuclear compound fall within the range of 2.280Ĳ2)–2.515Ĳ2) Å
(see the ESI†).
Coordination water molecules are involved in a complex
hydrogen-bond network in which non-bonding carboxylate
oxygen and pyridine nitrogen atoms act as acceptors to sequentially bring the monomers along the a axis. In the same
line, π–π stacking interactions established between the aromatic pyridine rings of adjacent monomers along the b axis,
further stabilize the packing of 1 (see additional details in
the ESI†).
Compounds 2 and 3, of general formula [LnĲ5BrNic)2ĲH2O)4]ĳLnĲ5-BrNic)4ĲH2O)2]·(5-HBrNic)2,
where
Ln
stands for Tb or Yb in 2 and 3, respectively, are isostructural
and crystallize in the monoclinic P2/c space group (see the
ESI†). The description of compound 2 found in the lines below will therefore be equivalent to that of 3 (omitted).
The unit cell of 2 contains four distinct entities (Fig. 2),
consisting of a monomeric complex with a TbĲIII) cation (Tb1)
coordinated to four 5-BrNic ligand units and two water molecules, a second monomeric complex with a TbĲIII) cation
(Tb2) coordinated to two 5-BrNic ligand units and four water
molecules and, lastly, two protonated crystallization 5-HBrNic
ligand molecules. Both Tb1 and Tb2 units show TbO8
distorted polyhedra resembling less habitual snub
disphenoid and square antiprism, respectively (see the ESI†

3. Results and discussion
3.1. Description of the structures
Compound 1, of general formula [DyĲ5-BrNic)3ĲH2O)4], crystallizes in the P1̄ space group (see ESI† Table S1). As observed
in Fig. 1, the lanthanide ion coordinates to three 5-BrNic ligands, one of which establishes a chelating ring (O1C/O2C,
coordination mode b in Scheme 1) whereas the remaining
two bind in a monodentate mode (O1A and O1B, coordination mode c in Scheme 1). Besides, four water molecules
complete the octacoordinated (DyO8) sphere of the Dy ion,
which displays a triangular dodecahedral shape (see the ESI†

This journal is © The Royal Society of Chemistry 2019

Fig. 2 Asymmetric unit of compound 2. Color code: terbium, green;
oxygen, red; nitrogen, blue; carbon, grey; bromine, brown; hydrogen,
white.
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for shape measurements), derived from the coordination of i)
two perpendicular 5-BrNic ligands bound to Tb1 in a
bidentate fashion, two copies of a monodentate ligand parallel to each other along the b axis, and two water molecules in
the case of the Tb1 unit, and ii) four water molecules and
two bidentate copies of the ligand in the Tb2 unit. The
remaining two units consist of protonated 5-HBrNic crystallization ligands. It is worth noticing that the two monodentate
5-BrNic ligands establish quite strong π–π stacking interactions, a fact that sets their orientation outwards the monomeric entity. The packing of the structure reveals a unit cell
containing two [TbĲ5-BrNic)4ĲH2O)2]− (Tb1) units, two [TbĲ5BrNic)2ĲH2O)4]+ (Tb2) units and four copies of a 5-HBrNic
crystallization ligand. Notwithstanding the fact that monomeric complexes are hydrogen bonded with each other along
the packing, the crystallization 5-HBrNic molecule serves as
an effective supramolecular glue by acting as both a
hydrogen-bonding donor and acceptor as well as an intermediate to extend π–π stacking all along the crystal. The same
type of description applies to compound 3, except that
LnĲIII)–O distances in 2 are larger than in 3 (see ESI† Table
S2), which is consistent with the larger nuclear charge of the
former. Additional details on the packing of compounds 2
and 3 can be found in the ESI.†
Compound 4 is nearly isostructural to the Tb compound
reported by Song et al.7a Our compound, of general formula
{[NdĲμ-5-BrNic)2Ĳ5-BrNic)ĲH2O)3]·H2O}n, crystallizes in the P1̄
space group (see ESI† Table S1), and consists of a racemic
mixture of linear chains of NdĲIII) atoms bridged by means of
two 5-BrNic ligands along the crystallographic a axis. Lanthanide ions show a NdO8 environment where an almost ideal
triangular dodecahedron is generated (Fig. 3) when five
5-BrNic ligands each bind to the lanthanide through a
deprotonated carboxylic oxygen (O1A, O2A, O2B, O1C and
O2C). The metal ion completes its coordination sphere with
three water molecules (O1W, O2W and O3W), the last of
which plays a key role in the generation of the H-bond network in the crystal, and particularly with a crystallization water molecule found in the structure (which is disordered into
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two equivalent dispositions). All Nd–O distances are in the
2.386Ĳ2)–2.518Ĳ2) Å range (see ESI† Table S2 for details).
1D chains of 4 are generated along the a axis via the sequential coordination of A and C copies of 5-BrNic ligands to
Nd1 atoms (Fig. 4), where carboxylate oxygen atoms link
nearby neodymiumĲIII) cations adopting one of the characteristic binding modes of the ligand (mode a), as shown in
Scheme 1. It is worth mentioning that each pair of Nd1⋯Nd1
atoms are doubly bridged by two crystallographically related
(by the inversion center) 5-BrNic ligands (A/A and C/C bridges
sequentially along the chain), which in turn are almost perpendicularly oriented to each other along the chain
(displaying a mutual angle between mean planes of A and C
ligands of 85.9°). The B ligand, which remains essentially planar and coordinated as a terminal ligand, emerges from the
chain by staying parallel to the C ligand with which it forms
face-to-face π–π stacking.
The so-generated 1-D chains are held together by strong
hydrogen bonding interactions established among crystallization water molecules and non-coordinated pyridine nitrogen
atoms, in such a way that surrounding 5-BrNic ligands belonging to the chains in the vicinity are able to form weaker
yet significant interchain π–π interactions (see the ESI† for
additional details).

3.2. Magnetic measurements
The experimental χMT values at room temperature are close
to those expected for the ground states with all Stark levels
equally populated (Table 1).12 Cooling down the temperature
causes a progressive drop in the χMT, as expected for the selective depopulation of the excited Stark sublevels (see the
ESI†). However, this magnetic response could also involve a

Fig. 4 Elongation of an infinite linear chain of 4 along the c* axis.
Color code: neodymium, green; oxygen, red; nitrogen blue; carbon,
grey; bromine, brown; hydrogen, white.

Table 1 Comparison between best least-squares fitting results of the experimental curves and theoretically calculated magnetic data

Fig. 3 Fragment of 4 showing complete ligands around the
coordination sphere of the Nd1 atom. Color code: neodymium, green;
oxygen, red; nitrogen, blue; carbon, grey; bromine, brown; hydrogen,
white.
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Comp.

gJ (exp./theor.)

χMT (exp./theor.)

Δ (cm−1)

1ĲDy)
2ĲTb)
3ĲEr)
4ĲNd)

1.32Ĳ1)/1.33
1.49Ĳ1)/1.5
1.22Ĳ1)/1.2
0.70Ĳ1)/0.73

14.32/14.17
11.38/11.76
11.57/11.53
1.61/1.67

0.34
0.10
0.48
2.31
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significant contribution from antiferromagnetic exchange interactions between lanthanide ions, especially for compounds
in which there are short ligand mediated pathways,13 as is
the case of carboxylate bridges in 4. The χM−1 vs. T curves for
these compounds follow the Curie–Weiss law almost in the
whole temperature range, finding only small deviations for 3
below 30 K (see the ESI†). As far as we are aware, there is no
available expression to determine the magnetic susceptibilities of 3D systems with large anisotropy, so χMT vs. T curves
were fitted in the high temperature range (50–300 K) with expressions (eqn (1)–(4)) that assume only a splitting of the mj
energy levels (H = ΔJz 2) in an axial crystal field.14

 Dy 

 Tb 

Ng 2  2 
0.5e 0.25  kT  4.5e 2.25  kT  12.5e 6.25  kT  24.5e 12.25  kT
40.5e 20.25  kT  60.5e 30.25  kT  84.5e 42.25  kT  112.5e 56.25  kT 



 kT
 2  kT
9  kT
16  kT
 25  kT
36  kT
kT  1  2e
 2e
 2e
 2e
 2e
 2e
1  2e  kT  2e 2  kT  2e 9  kT  2e 16  kT  2e 25  kT  2e 36  kT 

Ng 2  2 2e  kT  4e 2  kT  18e 9  kT  32e 16  kT  50e 25  kT  72e 36  kT
kT 1  2e  kT  2e 2  kT  2e 9  kT  2e 16  kT  2e 25  kT  2e 36  kT

(2)

 Er 

 Nd 

The latter is consistent with the α values derived from the
Cole–Cole plots (in the range of 0.38 (2.8 K)–0.13 (4 K)), compatible with the existence of more than one relaxation processes (Fig. 6).
The linear portion of the relaxation times was fitted to the
Arrhenius equation, obtaining an effective energy barrier of
33.1 K with τ0 = 5.90 × 10−8 s (Fig. 5, inset). In general, DyĲIII)
ions with the highest symmetric coordination environments
(C∞v, D∞h, S8 (I4), D5h, and D4d symmetries) show better single
molecule magnet (SMM) properties than the ones with lower
symmetry, due to the reduction of QTM.15 Thus, the triangular dodecahedral coordination environment of the DyĲIII) ions
(D2d symmetry),16 together with the hydrogen bonding inter-

actions (known to suppress the SMM behavior), explains the
modest energy barrier observed for this compound. Despite
the fact that other electronic effects are known to strongly
modulate the SMM behavior,17 a trend of the symmetry of
the coordination environment may be inferred by analyzing
the results for those selected reported complexes shown in
Table 2.

Ng 2  2 
0.5e 0.25  kT  4.5e 2.25  kT  12.5e 6.25  kT  24.5e 12.25  kT
40.5e 20.25  kT  60.5e 30.25  kT  84.5e 42.25  kT  112.5e 56.25  kT 



 kT
 2  kT
9  kT
16  kT
 25  kT
36  kT
kT  1  2e
 2e
 2e
 2e
 2e
 2e
1  2e  kT  2e 2  kT  2e 9  kT +2e 16  kT  2e 25  kT  2e 36  kT 

Ng 2  2 81e 81 4 kT  49e 49  4 kT  25e 25  4 kT +9e 9  4 kT +e 9  4 kT
4kT
e 81 4 kT  e 49  4 kT  e 25  4 kT  e 9  4 kT  e 9  4 kT

(1)

(3)

(4)

In these expressions, Δ is the zero-field splitting and the
Zeeman splitting was treated isotropically for the sake of simplicity. Additionally, a zJ′ parameter based on the molecular
field approximation to account for the magnetic interaction
between LnĲIII) ions did not improve the fitting and brought
almost negligible values (ca. −0.01 cm−1), meaning that
lanthanideĲIII) ions may be considered as magnetically isolated centers in all cases.
With the aim of obtaining insights into the magnetic
properties of these LnĲIII) complexes, dynamic alternating current magnetic measurements were carried out on 1, which revealed (Fig. 5) that 1 does not show any significant frequency
dependency of the out-of-phase signals  X M . This could be a
consequence of either a lack of a slow relaxation of the magnetization or the presence of quantum tunneling of the magnetization (QTM). With the aim of suppressing the possible
QTM effect, measurements were repeated in the presence of
an external field of 1000 Oe, and as derived from Fig. 5, compound 1 showed frequency dependent signals; since X M and
X M still remained above zero at low temperatures, it was
therefore concluded that QTM was not completely removed.

This journal is © The Royal Society of Chemistry 2019

Fig. 5 Temperature dependence of in-phase (top) and out-of-phase
(bottom) components of the ac susceptibility of compound 1 measured under 1000 Oe dc field. Inset: Arrhenius plots for the relaxation
times. The black line corresponds to the best fits to the Orbach
process.
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3.3. Photoluminescence studies
Solid state photoluminescence measurements were
performed on the polycrystalline samples of compounds 1–4,
both at room temperature and 50 K, with the aim of achieving a more representative characterization of the emissive
performance of the materials for potential applications as
light-emitting diodes and chemical sensors. In this sense, the
excitation spectra of compound 1 (see ESI† Fig. S8) monitored around the metal's more intense emission lines (λem =
484 nm and 575 nm, respectively) revealed, among others, a
wide and relatively intense maximum around 300 nm and
multiple narrower signals centered around 370 nm, which
can be attributed to typical π ← π* transitions inside the ligand. The emission spectrum of 1 was then recorded at room
temperature (Fig. 7) using two distinct excitation wavelengths
(λex = 300 nm and 370 nm, respectively) centered at the ligand. In addition to the wide emission bands in the 360–400
nm (with a peak at 393 nm) and in the 420–460 nm regions
(attributed to ligand-to-ligand electronic relaxation processes), the intense emission peaks observed at 486 and 577
nm, respectively, are clearly ascribed to 4F9/2 → 6HJ transitions in the metal, confirming the existence of a significant
antenna effect.26
The emission spectra of a solid sample of 1, which was
also excited with a monochromatic beam of 325 nm, both at
low (50 K) and room temperatures (see Fig. S8 in the ESI†),
show in both cases an equivalent behavior to that observed
in Fig. 7. To gain further insight into the main luminescence
processes described so far, the decay curves (50 K) of the

Fig. 7 Room temperature solid state emission spectra of 1 upon sample
excitation at λex = 300 nm (solid line) and λex = 370 nm (dashed line).

mentioned main transitions were monitored at the most
intense line of the main transitions, i.e., at 432 nm, 460 nm,
486 nm and 577 nm, respectively (Fig. 8). The emission decay
curve for the process with a maximum at λem = 432 nm was
well fitted by a single-exponential function [It = A0 + A1 expĲ−t/
τ)], τ being the luminescence lifetime, A0 the background and
A1 the weighting parameter. As summarized in Table 2, the
lifetime of the mentioned transition was in the range of a
few microseconds, which indicates that the process is fluorescent in nature. In contrast, other signals in the emission
spectrum displayed a decay curve with two components and
where therefore fitted to equations of the form [It = A0 + A1
expĲ−t/τ) + A2 expĲ−t/τ)], where An are the two weighting parameters. Observed lifetimes (few microseconds) were equally indicative of the existence of associated fluorescence processes.
The photoluminescence properties of 2 were studied following the same procedure as in 1. The room temperature excitation spectra of 2 were monitored around the metal's
(Tb3+) most intense emission lines (ESI,† Fig. S9), which revealed multiple signals in the 300–410 nm range arising from
electronic transitions inside the ligand. The two emission
spectra of 2 (Fig. 9) were then recorded at room temperature
and 50 K, respectively, upon exciting the ligand with λex = 325

Fig. 6 Cole–Cole plots for 1 under 1000 Oe dc field.

Table 2 Comparison between best least-squares fitting results of the experimental curves and theoretically calculated magnetic data

Dy-SMM

Pseudo local symmetry

Ueff (K)

Ref.

[DyĲDOTA)ĲH2O)]
1
[DyĲFTA)3ĲBBO)]
[DyĲacac)3Ĳ1,10-phen)]
[DyPc2]−
[DyĲacac)3ĲH2O)2]
[DyĲOPCy3)2ĲH2O)5]3+
[DyĲBIPMTMS)2]−
[DyĲCpttt)2]+

C4v
D2d
D2d
D4d
D4d
σh
C5h/D5h
S4/D2d
C∞

59
38
53
62
40
66
543
721
1837

18
This work
19
20
21
22
23
24
25
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Fig. 8 Luminescence decay curves for the main transitions in 1 (50 K,
λex = 325 nm). a) λem = 432 nm; b) λem = 460 nm; c) λem = 486 nm; d)
λem = 577 nm.
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Fig. 9 Room temperature (dashed line) and 50 K (solid line) solid state
emission spectra of 2 upon sample excitation with a laser beam of λex
= 350 nm and λex = 325 nm, respectively.

nm. Whereas at room temperature, the signals derived from
electronic transitions inside the ligand (centered around 400
nm) were significantly more intense than those ascribed to
the metal–metal electronic transition (weak wide band centered around 550 nm), at low temperature, relative intensities
were inverted, which permitted a clear visualization of narrow
multiplet signals derived from the well-known transitions of
TbĲIII) (Table 3).
The latter results are consistent with the existence of a significant antenna effect. The most intense signal among the
latter, centered around 558 nm and attributed to 5D4 → 7F5
transitions, was characterized by the acquisition of corresponding decay curves. As observed in Fig. 10 and summarized in Table 3, the emission decay curve for the luminescence process characterized by a λem = 558 nm was well fitted
to a single-exponential function, which yielded an emission
lifetime of 938(3) μs. The latter value, in the border between
classical lifetimes for fluorescence and phosphorescence processes, suggests that there is an efficient phosphorescence
charge transfer from the ligand-based triplet state to the 5D4
level of the Tb3+ ion as a consequence of the antenna effect,
which provides such a long-lived intraionic emission in 2.
The solid-state photoluminescence spectra of a polycrystalline sample of 3 at room temperature revealed, upon sample
(ligand) excitation with λex = 339 nm (dashed line in Fig. 11),
two intense emission bands centered around 391 and 495
nm, respectively, and multiple weaker signals (461, 534, and
605 nm, for instance). Whereas the signal at 391 nm might
be ascribed to electronic processes involving the ligand only,
additional signals in the spectrum might be derived from

Fig. 10 Luminescence decay curve for the emission of 2 centered at
558 nm, measured at 50 K (λex = 292 nm).

electronic relaxation processes involving the central YbĲIII)
metal cation. Equivalent maxima were revealed when 3 was
excited with λex = 444 nm.
The behavior of 4 upon excitation of a polycrystalline sample
with a 325 nm laser beam at 50 K was equivalent to the one at
room temperature (Fig. 12), and was characterized by a wide
band centered around 540 nm, attributed to π ← π* transitions
inside the 5-BrNic ligands, similar to those shown by compounds 1 and 2. Unfortunately, compounds 3 and 4 did not display emissive properties in the NIR region (data not shown).

Fig. 11 Room temperature solid state emission spectra of 3 upon
sample excitation with a laser, λex = 339 nm (dashed line) or λex = 444
nm (solid line).

Table 3 Lifetime values for the main luminescence processes in compounds 1 and 2, measured at 50 K

Comp.

λex/λem

Assign.

τ exp (μs)

1

325/432
325/460
325/486
325/577
292/558

l–l
L–L
4
F9/2 → 6H15/2
4
F9/2 → 6H13/2
5
D4 → 7F5

5.62(2)
5.42Ĳ3)/115Ĳ4)
2.29Ĳ3)/7.32Ĳ7)
2.97Ĳ4)/8.7Ĳ1)
938(3)

2

This journal is © The Royal Society of Chemistry 2019

Fig. 12 RT (dashed line) and 50 K (solid line) emission spectra of 4 (λex
= 325 nm).
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The room temperature photoluminescence behavior of 1
and 2 was also studied in solution (water), which revealed that
metal derived emission processes are quenched significantly
by the solvent (see the ESI†), as opposed to the ligand related
emission bands, which were observed to be equivalent to the
ones described before for the solid state emission spectra.
With the aim of achieving a more representative characterization of the emissive performance of the materials for potential applications as light-emitting diodes and chemical
sensors, photographs were taken on single crystals of 1
(Fig. 13) and a polycrystalline sample of 2 (Fig. 14) using an
optical microscope.
Excitation of 1 crystals with UV light of 365 nm (ligand) revealed a blue emission ascribed to π ← π* electronic transitions of the aromatic ring of the ligand, implying that the
DyĲIII) ion is not yet effectively sensitized at that excitation line
(as shown in Fig. 7). Still, the relatively strong 4F9/2 → 6H13/2
transition provokes the emission of an intense green light
when crystals are irradiated with blue light (435 nm), whereas

Fig. 13 Micro-PL images taken on single crystals of 1.

Fig. 14 Micro-PL images taken on a polycrystalline sample of 2.

3888 | CrystEngComm, 2019, 21, 3881–3890
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excitation with green light (546 nm) reveals a red color arising
from the metal. In this sense, it must be specified that the observed bright red emission should be taken with care and cannot be directly compared to previous emissions because the
latter is a much more powerful excitation source.
Optical microscopy images of 2 (Fig. 14) revealed a weak
emission when excited with UV light of 365 nm at RT,
whereas excitation at 435 nm (centered on a region where the
lanthanide ion exhibits various intraionic transitions), revealed a yellow/orange emission derived from the mixture of
blue (ligands fluorescence) and green (TbĲIII) fluorescence). In
the same line, if the sample is irradiated with wavelengths
larger than intraionic emissions (546 nm), a red light is emitted, which arises from the emission of the compound in the
550–700 nm range (see also Fig. 9).

3.4. Cytotoxicity of the lanthanide complexes
With the aim of obtaining insight into potential applications
of compounds 1–4 in biological/cellular environments,
cell
viability
studies
(3-(4,5-dimethyl-2-thiazoyl)-2,5diphenyltetrazolium bromide, MTT assay, see the Experimental section for details), were carried out on the human colon
cancer cell line Caco-2 as well as human healthy (differentiated) Caco-2/TC7 cells, both in the presence and absence of
increasing concentrations (0–20 μM) of each of the compounds. Fig. 15 shows the viability results for Caco-2 cancer
cells; as observed, incubation with compound 1 provoked a
very modest inhibition of cell growth at 15 μM concentration, decreasing the cell viability by 30% with respect to the
control experiment. Still, growth inhibition did not show a
clear relationship with compound 1 concentration. On the
other hand, Caco-2 cell incubation with compounds 2–4 provoked no clear inhibition of cell growth.
Similarly, the effect of compounds 1–4 on non-neoplastic
cells was studied by the analysis of their effect on the viability
of Caco-2/TC7 cells, which consist of a monolayer of polarized and confluenced Caco-2 cells that mimic a healthy human small-intestinal tissue both in terms of architecture and
molecular environment (see the ESI† for additional details).

Fig. 15 Cell viability study on Caco-2 cells upon incubation with increasing concentrations of compounds 1–4.

This journal is © The Royal Society of Chemistry 2019
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Notes and references
Fig. 16 Cell viability study on Caco-2/TC7 (under confluence) cells
upon incubation with increasing concentrations of compounds 1–4.

As derived from the results plotted in Fig. 16, incubation of
healthy cells with increasing concentrations of compounds
1–4 resulted in no significant change on cell viability.
The absence of any significant toxicity effect of our compounds over either cancer or non-cancerous cells strengthens
the chances of success of this group of LnĲIII) complexes
when used either in biosensing or bioimaging applications.

Conclusions
In summary, 4 novel lanthanide coordination compounds,
with three types of crystal structures, have been crystallized:
[DyĲ5-BrNic)3ĲH2O)4] (1), [TbĲ5-BrNic)2ĲH2O)4]ĳTbĲ5-BrNic)4ĲH2O)2]·(5-HBrNic)2 (2), [YbĲ5-BrNic)2ĲH2O)4]ĳYbĲ5-BrNic)4ĲH2O)2]
·(5-HBrNic)2 (3) and {[NdĲ5-BrNic)3ĲH2O)3]·H2O}n (4). Magnetic
measurements confirm the presence of isolated lanthanide
centers given the negligible antiferromagnetic interactions
existing even in the case of 1D Nd-carboxylate chains of 4. On
its part, alternating current magnetic susceptibility measurements carried out on 1 have been accomplished by means of
revealing a Ueff of 33 K. Solid state photoluminescence spectra of compounds 1–4 showed the relevance of the antenna
effect exerted by the 5-BrNic ligand. Decay lifetime measurements indicate short-lived excitation states in 1, whereas the
yellow/orange colored emission of 2 showed larger lifetimes
(approx. 1 ms). Cell viability studies on both cancer and noncancer Caco-2 cells revealed a complete absence of cell
growth inhibition exerted by compounds 1–4. In conclusion,
four new non-toxic luminescent LnĲIII) compounds have been
generated with the 5-BrNic ligand with interesting magnetic
and luminescence properties, accompanied by a complete absence of toxicity in cellular assays.
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ABSTRACT
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Five new coordination polymers (CPs) constructed of aminopyridine-2-carboxylate (ampy) ligand have been
synthesized and fully characterized. Three of them correspond to metal-organic chains built from the coordination of ampy to sodium and lanthanides with formulae [MNa(ampy)4]n (M = terbium (2), erbium (1) and
ytterbium (3)) resembling a previously reported dysprosium material which shows anticancer activity. On another level, the reaction of Hampy with cobalt and copper ions ({[CoK(ampy)3(H2O)3](H2O)3}n (4) and [Cu
(ampy)2]n (5)) lead to CPs with variable dimensionalities, which gives the opportunity of analyzing the structural properties of this new family. Lanthanide materials display solid state intense photoluminescent emissions
in both the visible and near-infrared region and exhibit slow relaxation of magnetization with frequency dependence of the out-of-phase susceptibility. More interestingly, in our search for multifunctional materials, we
have carried out antitumor measurements of these compounds. These multidisciplinary studies of metal complexes open up the possibility for further exploring the applications in the fields of metal-based drugs.

1. Introduction
In the last years, mononuclear Single-Molecule Magnets (M-SMMs)
have been intensively studied due to their potential applications in
quantum-computing devices [1] and molecular spintronics [2]. In the
same time, coordination polymers (CPs) have received great interest
due to their structural diversity as well as the properties that arise from
their topological features [3]. In particular, the study of lanthanidebased CPs has evolved enormously in areas such as luminescence [4],
gas adsorption [5], optical storage [6], magnetism [7] and biology as
drug-delivery systems [8] or cytotoxic agents [9]. Coordination

polymers are obtained by the self-assembly of metal ions with appropriate bridging organic ligands generating multidimensional materials
with different properties. During the recent years, we have also focused
on designing novel organic ligands to construct M-SMMs [10] and
Lanthanides-CPs based on carboxylic linkers [11] that display slow
relaxation of the magnetization. It is worth noting that there are not
many examples of mixed 3s-4f systems, so the synthesis and study of
these systems could provide materials with interesting properties,
reason why we decided to focus on this type of systems. In this line, our
research group has recently obtained and characterized an interesting
metal-organic chain (MOC) based on dysprosium which, to the best of
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our knowledge, can be regarded as the first example of a material
showing slow relaxation of the magnetization, magnetic field dependent cytotoxicity and modulation of the multidrug resistance [12]. In
this work, the cytotoxicity of both the ligand and complexes was
quantified by the IC50 values, showing that the complexes and their
ligand exert a mild cytotoxic activity against HT-29 and DLD-1 colon
carcinoma cells, while complex has a very weak cytotoxicity against
Caco-2 cells as none of the concentrations, not even 20 mM, inhibited
100% of the living cells.
In the development of biological applications, this type of metalorganic compounds could be used for variable purposes with different
points of view. These systems can be used as bioluminescent markers
[13] when present a low cytotoxicity or, alternatively, they can be used
as cytotoxic compounds with a cytotoxicity modulated by an external
magnetic field or by the structural properties [14]. These properties
feature a wide range of potential uses such as allow determining the
organism distribution of the compound, and once reached the target
tumor area, its toxicity could be activated in response to a magnetic
field and minimize nonspecific interactions as it happens with other
anticancer agents such as trierpenic acids derivatives [15].
Due to the potential application of these materials, we have synthesized similar coordination polymers based on terbium, erbium and
ytterbium ions that show slow relaxation of magnetization with the aim
of studying their cytotoxic properties with different cancer cell lines. In
these studies, we have observed that the cytotoxic activity varies depending on the lanthanide ion used, which opens up the possibility of
switching the biological activity of the compound while its multifunctional character is adapted. Moreover, we have synthesized two
new multidimensional coordination polymers based on cobalt and
copper with the same ligand to study the modification of the anticancer properties by the use of transition metal ions. On this occasion,
we have used ligand 5-aminopyridine-2-carboxylic acid (Hampy), due
to there was only one coordination compound in the literature [16]. In
this case, the ligand showed a different coordination mode than the one
shown in the previous work and in this manuscript.
Herein, we report the synthesis and structure of five novel coordination polymers based on 5-aminopyridine-2-carboxylic acid as
linker, three MOCs with formulae [TbNa(ampy)4]n (1), [ErNa(ampy)4]n
(2), [YbNa(ampy)4]n (3), and two multidimensional CPs {[CoK
(ampy)3(H2O)3](H2O)3}n (4) and [Cu(ampy)2]n (5) that present interesting magnetic, luminescence and biological properties. Thanks to its
aromaticity, Hampy is a good candidate for enhanced emissive properties, which are tunable by coordination to metal with different coordination modes (Scheme I). These materials corroborate the potential
of this pyridine derivative linker to construct new coordination polymers with interesting physical and biological properties. Moreover, in
this work we assayed the cytotoxicity effects of five metal complexes, in
three cellular lines: B16-F10 murine melanoma cells, Hep-G2 human
hepatocarcinoma cells, and HT29 human colon cancer cells. Our results
showed that the compounds were especially cytotoxic in the carcinoma

cells HT29 or Hep-G2, whereas no results were found in B16-F10
melanoma cells. Compound 4 seemed to be the more cytotoxic complex
(including B16-F10 melanoma cells), whereas compound 1 did not have
effects on any of the cancer cell lines assayed. One of our main objectives in this study is to search for new anticancer-drugs with new biochemical properties rather than improving actual anti-cancer drugs. In
this sense the synthesis of new families of coordination compounds
could be a new strategy with new applications, which may represent a
useful mechanistic approach to both chemoprevention and chemotherapy in different types of cancer.
2. Experimental section
2.1. General procedures
Unless stated otherwise, all reactions were conducted under solvothermal conditions, with the reagents purchased commercially and
used without further purification.
2.2. Preparation of complexes
2.2.1. [TbNa(ampy)4]n (1)
This reaction is achieved via the soft solvothermal reaction of terbium nitrate (1 mmol), NaOH (0.1 mmol) and 5-aminopyridine-2-carboxylic acid (4 mmol) in dimethylformamide (10 mL) at 95 °C for 24 h
to give prismatic crystals of compound 1. Yield: ca. 45% based on
terbium. Anal. calcd C24H20N8NaO8Tb: C 39.47, H 2.76, N 15.34.
Found: C 39.43, H 2.67, N 15.41.
2.2.2. [ErNa(ampy)4]n (2) and [YbNa(ampy)4]n (3)
Complexes 2 and 3 were synthesized following the same reaction as
in the above compound but using erbium nitrate and ytterbium nitrate,
respectively. Yield: ca. 38% and 43% based on metal ions for 2 and 3,
respectively. Anal. calcd C24H20N8NaO8Er: C 39.02, H 2.73, N 15.17.
Found: C 38.94, H 2.65, N 15.21. Anal. calcd C24H20N8NaO8Yb: C
38.72, H 2.71, N 15.05. Found: C 38.64, H 2.63, N 15.11.
2.2.3. {[CoK(ampy)3(H2O)3](H2O)3}n (4)
This reaction is achieved via the soft solvothermal reaction of cobalt
nitrate (1 mmol), KOH (0.1 mmol) and 5-aminopyridine-2-carboxylic
acid (3 mmol) in dimethylformamide (10 mL) at 95 °C for 24 h to give
prismatic crystals of compound 4. Yield: ca. 15% based on cobalt. Anal.
calcd C18H33CoKN6O15: C 32.19, H 4.95, N 12.51. Found: C 32.06, H
4.83, N 12.67.
2.2.4. [Cu(ampy)2]n (5)
This reaction is achieved via the soft solvothermal reaction of
copper nitrate (1 mmol) and 5-aminopyridine-2-carboxylic acid
(2 mmol) in dimethylformamide (10 mL) at 95 °C for 24 h to give prismatic crystals of compound 5. Yield: ca. 41% based on copper. Anal.

90 º

Scheme I. Different known coordination modes of Hampy ligand.
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calcd C12H10CuN4O4: C 42.67, H 2.98, N 16.59. Found: C 42.49, H 2.82,
N 16.74.

with a Quantum Design SQUID MPMS XL-5 device operating at different magnetic fields. The experimental susceptibilities were corrected
for the diamagnetism of the constituent atoms by using Pascal's tables.
Ac susceptibility measurements under different applied static fields
were performed by using an oscillating ac field of 3.5 Oe on a PPMS
6000 magnetometer.

2.3. Physical measurements
Elemental analyses were carried out at the Centro de
Instrumentación Científica (University of Granada) on a Fisons-Carlo
Erba analyser model EA 1108. FTIR spectra were recorded on a Nicolet
IR 6700 spectrometer in the 4000–400 cm−1 spectral region. The
spectra of compounds show bands around 1710 cm−1 (C]O, carboxylate) and 3350 cm−1 and 1550 cm−1 (NeH, amine group) with little
displacement compared to 5-aminopyridine-2-carboxylic acid spectra's
bands.

2.7. Antiproliferative activity
The effect of treatment with the three 1D-coordination polymers
(compound 1, 2 and 3) and two coordination polymer materials
(compounds 4 and 5) on cancer cell proliferation were assayed by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay,
on HT29 colon cancer cells, HepG2 hepatoma cells and B16-F10 melanoma cells. The three cancer cell lines were treated with increasing
concentration of the compounds (range from 0 to 100 μg/mL). MTT is
transformed by viability cells to formazan, therefore its concentration is
proportional to the number of life cells. The percentage of viability cells
were expressed with respect to untreated control cells. In all cells lines
we determined the concentration of compounds required for 20%, 50%,
and 80% of inhibition cell growth, IC20, IC50 and IC80, concentrations
respectively.

2.4. Single-crystal structure determination
The crystal structure of compounds 1–5 were determined by single
crystal X-ray crystallography. Suitable crystals of these materials were
mounted on a glass fibre and used for data collection on a Bruker D8
Venture diffractometer using MoKα radiation (λ = 0.71073 Å).
Absorption correction was applied using SADABS software [17]. The
structure was solved by direct methods and refined with full-matrix
least-squares calculations on F2 using the program SHELXL [18] and
Olex2 as the graphical interface [19]. Anisotropic temperature factors
were assigned to all atoms except for hydrogen atoms, which are riding
their parent atoms with an isotropic temperature factor chosen as 1.2
times or 1.5 times those of their parent atoms. Attempts to solve disorder problems with crystallization water molecules failed in compound 4. During the structure refinement, regions of electron density
were identified as highly disordered water molecules. Attempts to
model these electron densities as water were not successful due to the
extent of the disorder. In the final structure model, the contribution of
the electron density from three water molecules per formula unit has
been removed from the intensity data using the solvent mask tool in
Olex2. The structure exhibits disorder of the coordinated ampy ligand,
which was successfully refined using a two-site model with a 0.54:0.46
occupancy ratio. Compound 5 was refined as a pseudo-merohedral
twin. From the original HKLF file, a modified file was prepared by
means of the TWINROTMAT option (twin matrix −1 0 0 0–1 0 0 0 1) in
PLATON software [20] in such a way that final refinement gave twin
fractions of 0.22 and 0.78. Details of the structure determination and
refinement of the studied compounds are summarized in Table S1.
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC
1519675, 1519676 and 1944059–1944061. Copies of the data can be
obtained free of charge on application to the Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223-335033; e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

3. Results and discussion
The solvothermal reactions of the appropriate metallic salts at 95 °C
for 24 h produced prismatic crystals of these coordination polymers.
The crystal structures of terbium, erbium, ytterbium, cobalt and copper
compounds were determined using single crystal X-ray crystallography.
3.1. Description of the structures
3.1.1. Structural descriptions of Tb-MOC (1), Er-MOC (2) and Yb-MOC
(3)
The preparation of [TbNa(ampy)4]n is very simple and is achieved
via the soft hydrothermal reaction of the terbium nitrate (1 mmol),
NaOH (0.1 mmol) and 5-aminopyridine-2-carboxylic acid (4 mmol) in
dimethylformamide (10 mL) at 95 °C for 24 h to give prismatic crystals
of this Tb-MOC (1). Compounds 1 (M = Tb), 2 (M = Er) and 3
(M = Yb) are isostructural materials, and therefore we will only describe the latter. These compounds crystallize in the tetragonal space
group I41/a. The 1D structure of 3 (Fig. 1) is described by ytterbium
and sodium ions bridged by four different (ampy)1− linkers. The
(ampy)− ligand shows a chelating coordination mode that involves the
coordination of the oxygen atom pertaining to the carboxylate group
and the nitrogen atom from the pyridine ring.
The YbIII atom exhibits a YbN4O4 coordination environment which
is made of four oxygen atoms pertaining to four different (ampy)−

2.5. Luminescence measurements
Lifetime and steady-state photoluminescence (PL) measurements
were carried out on crystalline samples at 10 K using a close cycle helium cryostat enclosed in an Edinburgh Instruments FLS920 spectrometer. All samples are first placed under high vacuum (of ca.
10−9 mbar) to avoid the presence of oxygen or water in the sample
holder. For recording steady-state emission spectra an IK3552R-G HeCd
continuous laser (325 nm) was used as excitation source. A Hamamatsu
NIR-PMT PicoQuant FluoTime 200 detector was employed for collecting the spectra in the NIR region.
2.6. Magnetic measurements

Fig. 1. Perspective view of the ytterbium‑sodium chain. Hydrogen atoms have
been omitted for clarity. Colour code: Ytterbium, green; sodium, purple;
oxygen, red; nitrogen, blue; carbon, grey. (For interpretation of the references
to colour in this figure, the reader is referred to the web version of this article.)

Magnetization and variable-temperature (1.9–300 K) magnetic susceptibility measurements on polycrystalline samples were carried out
3
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Table 1
Selected bond lengths and angles for compounds 1–3.
Tb1-O1
Tb1-N1
Tb1-Na1
Tb1-Tb1

2.318(4)
2.556(4)
4.253(8)
8.507(9)

Er1-O1
Er1-N1
Er1-Na1
Er1-Er1

2.308(3)
2.529(4)
4.272(7)
8.543(7)

Yb1-O1
Yb1-N1
Yb1-Na1
Yb1-Yb1

2.282(2)
2.518(3)
4.280(9)
8.560(10)

Fig. 3. Perspective of a fragment of Co-CP in which [Co(ampy)3]− units are
connected by K+ ions. Hydrogen atoms have been omitted for clarity. Colour
code: Cobalt, pink; potassium, yellow; oxygen, red; nitrogen, blue; carbon, grey.
(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

3.1.2. Structural description of Co-CP (4)
Compound 4 crystallizes in the cubic P213 space group. The cobalt
(II) ion resides in a 3-fold axis, adopting an octahedral coordination
polyhedron and is tris chelated by three ampy ligands which supply six
donor atoms in a CoN3O3 coordination environment in fac disposition
(Fig. 3). The overall assembly consists of a three-dimensional coordination polymer that can be described as [Co(ampy)3]− units connected by K+ ions.
The potassium centres exhibit six-coordinate environments consisting of three bridging carboxylate O atoms and three terminal water
molecules. It is observed that the K–Oampy distances (2.686(4) Å) are
shorter than that of the K–Owater (2.844(8) Å), indicating that the
former bridges may play a more important role in stabilizing the network (Fig. 4). Hydrogen bonding interactions involving –NH2 groups
reinforce the supramolecular architecture. Terminal water ligands also
participate in a hydrogen network pointing towards the interior of
cavities (26.9% of unit cell volume). These cavities are occupied by
highly disordered water molecules that were masked by the Olex2 mask
tool (see Experimental section).
Fig. 2. Top: Hydrogen bonds present in the chains pertaining to Yb-MOC.
Bottom: Perspective view of packing in 3 along c axis in which π–π interactions
among pyridine rings pertaining to the ligand can be observed.

3.1.3. Structural description of Cu-CP (5)
The structure of 5 is made of planar [Cu(ampy)2] units connected by
weak CueO axial interactions to afford linear chains parallel to the a
axis (Fig. 5). This compound crystallizes in the P21/c monoclinic space
group in which Cu(II) ions exhibit a CuN2O4 coordination polyhedron
with tetragonally distorted octahedral geometry. The equatorial positions are occupied by two nitrogen atoms and two oxygen atoms from
two carboxylate groups belonging to two different ampy bridging ligands, which adopt a trans-planar configuration. Two carboxylate
oxygen atoms, O1, are situated in axial positions at a longer distance of
2.961(3) Å. Neighbouring [Cu(ampy)2] units are held together by a pair
of complementary weak CueO1 interactions, which lead to the chain
structure with syn-anti carboxylate bridges. The Cu⋯Cu distance along
the chain is 3.628(4) Å, whereas the shortest interchain Cu⋯Cu distance is 8.936(4) Å.
These chains generate a three-dimensional network by means of
strong hydrogen bonds (2.911 Å) involving the O2 atoms from the
carboxylate groups and the N2 atoms from the amino groups pertaining
to the ampy ligand (Fig. S1).

ligands and four nitrogen atoms belonging to four pyridine rings.
Calculations by SHAPE software [21] indicate that the YbN4O4 coordination sphere is close to the triangular dodecahedron ideal polyhedron (SHAPE value of 1.693, Table S2). The Yb–Ocarb bond distance
has a value of 2.282(2) Å whereas the Yb–Npyr distance is 2.518(3) Å
(see Table 1). Within the one-dimensional coordination polymer, the
intrachain Yb⋯Yb distance is of 8.560(10) Å, while the shortest interchain Yb⋯Yb distance is of 9.254(10) Å. These chains can be described
by [Yb(ampy)4]− units bridged by Na+ ions, in which chains are
packed thanks to an interesting hydrogen bond network (Fig. 2, top)
that involves the oxygen pertaining to carboxylate group and the amino
group of the ligand with a distance of 2.972(6)Å.
In these three structures, Na+ ions show a very distorted tetrahedral
coordination geometry of type NaO4, in which the bond distances
NaeO are 2.736, 2.753 and 2.762 Å for 1, 2 and 3, respectively.
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Fig. 6. 10 K emission spectrum of compound 1 collected under excitation at
325 nm showing the characteristic transitions of the corresponding lanthanide
(III) ion.

Fig. 4. Perspective of the three-dimensional structure in Co-CP. Hydrogen
atoms have been omitted for clarity. Colour code: Cobalt, pink; potassium,
yellow; oxygen, red; nitrogen, blue; carbon, grey. (For interpretation of the
references to colour in this figure, the reader is referred to the web version of
this article.)

shows a brilliant green emission upon laser excitation at 325 nm. The
emission spectrum shows seven multiplets assigned to the 5D4 → 7FJ
(J = 6, 5, 4, 3, 2, 1, and 0) transitions (Fig. 6), among which the 5D4 →
7
F5 (called hypersensitive transition) is the strongest one owing to its
large probability being both electric-dipole and magnetic-dipole induced transition. Moreover, as observed in the spectrum, no remarkable
emission is observed in the 350–450 nm region (characteristic of ligand
fluorescence), so it may be assumed that the ligand acts as an effective
antenna for the terbium(III) centre.
In the case of NIR emitters, the sensitization via ligands antenna
effect is often more difficult to be achieved given the large energy
difference between the excited levels of the ligands and the emissive
levels of the lanthanide, which favours the occurrence of non-radiative
processes to govern the deactivation process. Accordingly, the examples
of NIR emitters based on CPs are somewhat scarce. As previously observed for other compounds based on amino substituted pyridinecarboxylate, these ligands have proven an effective UV light absorption capacity, so they could behave as sensitizers for lanthanide
emission. In fact, as depicted in Fig. 7, compounds 2 and 3 exhibit intense characteristic emission when the polycrystalline samples are excited at monochromatic 325 nm laser irradiation. In the emission
spectrum of compound 2, the very narrow band centred at 1542 nm
shows a quite symmetric profile in which a fine-structure may be distinguished. These emission maxima are attributed to the 4I13/2 → 4I15/2
transition of the intraionic levels of the ErIII ion, which are of particular
interest in the field of amplification since 1540 nm is an appropriate
wavelength in the third telecommunication window. When ampy ligand is introduced to sensitize YbIII ion, the emission spectrum of 3
exhibits the characteristic emission bands sited around 980 nm assigned
to the 2F5/2 → 2F7/2 transition. It is worth mentioning that this emission
is not a single sharp line but, in addition to the most intense one at
983 nm, it consists of an envelope of bands peaking at 975, 1004 and
1032 nm. The occurrence of those bands seems to correspond to the
crystal-field splitting at the emitting and/or fundamental states as a
consequence of the growth of the crystalline complex.

Fig. 5. Perspective of one chain pertaining to Cu-CP parallel to a axis. Hydrogen
atoms have been omitted for clarity. Colour code: Copper, cyan; oxygen, red;
nitrogen, blue; carbon, grey. (For interpretation of the references to colour in
this figure, the reader is referred to the web version of this article.)

3.2. Luminescence properties
Among lanthanide ions, Tb(III) is one of the most strongly emitting
members and accordingly, it has been widely employed for the characterization of the active metal environments in many macromolecules
of biological interest [22]. Lanthanide luminophores present sharp
emission bands and their luminescent lifetimes are often long, which
allows easily discriminating their emission from background fluorescence, identifying it through time-resolved measurements and performing a selected detection when they are mixed with other emitting
lanthanide cations [10]. On the other hand, a major drawback for
lanthanide(III) ions is derived from their low absorption coefficients,
since being based on Laporte forbidden f-f transitions, hinders their
direct excitation. This inconvenient may be bypassed by the so-called
“antenna effect”, in which ligands consisting of aromatic chromophores
and possessing a reasonably large molar absorption cross section
mediate in the process, thus generating more efficient emissions originated at the lanthanides. The polycrystalline sample of compound 1

3.3. Magnetic measurements
Dynamic alternating current (ac) magnetic measurements showed
that in the absence of an external field none of these complexes exhibit
5
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Fig. 8. Temperature dependence of in-phase (top) and out-of-phase (bottom)
components of the ac susceptibility measured under 1000 Oe applied dc field
for 3. Inset: Arrhenius plots for the relaxation times.

Fig. 7. 10 K emission spectra of compounds 2 and 3 collected under excitation
at 325 nm showing the characteristic transitions of the corresponding lanthanide(III) ion.

frequency dependence of the out-of-phase susceptibility signals, which
could be due to the lack of slow relaxation of magnetization or to the
presence of quantum tunnelling of magnetization (QTM). When a small
external dc field of 1000 Oe was applied to suppress QTM, the Er (2)
counterpart showed slight frequency dependent signals (Fig. S2),
whereas the Yb compound (3) showed characteristic signals of SMM
behaviour with maxima below 6 K (Fig. 8). The fact that the terbium
based compound does not show slow magnetic relaxation in contrast to
isostructural Er and Yb counterparts is not surprising, but it could be
attributed to the different shape of the electron density of the employed
lanthanide(III) ions. In particular, Tb(III) presents an oblate density
whereas Er(III) and Yb(III) ions show a prolate distribution, which fits
better the coordination environment described in 1–3 [23].
However, the applied dc field of 1000 Oe is not enough to completely suppress the QTM for the Yb compound, as both χM′ and χM″

Fig. 9. Cole-Cole plots for complex 3 under an external dc field of 1000 Oe.

components of the ac signals of the highest frequencies do not go to
zero below the maxima at low temperature. The Cole-Cole plots
(Fig. 9), with α values in the 0.10 (2 K)–0.03 (5.4 K) range, also suggest
the existence of multiple relaxation processes at least at the lowest
temperatures.
The Arrhenius plot of the relaxation times affords Ueff and τ0 values
of 25 K and 2.2∙10−7 s, respectively, for the Orbach process (Fig. 8,
inset). The obtained energy barrier is much lower than the energy gap
between the ground and first excited states extracted from the photoluminescence spectra (Fig. 7), which is of 120 K. This value is obtained
from the position of the first two bands in the spectra (975 and 983 nm),
as these bands are related to the emissions from the 2F5/2 multiplet to
6
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Fig. 10. Effects of compounds 3, 4 and 5, on the viability of B16-F10, HT29, and HepG2 cancer cells, after treatment with the compounds for 72 h in a range of 0 to
100 μg/mL, each point represents the mean value ± SD of at least two independent experiments performed in triplicate.

additional relaxation mechanisms such as the Raman process in this
compound [24].

Table 2
Growth-inhibitory effects of compound 1–5 on the three cancer cell lines.
Cell line

Comp. #

IC20

IC50

IC80

HT29

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

N/A
108,75 ± 6,37
92,66 ± 3,06
18,44 ± 5,84
56,30 ± 19,27
N/A
37,08 ± 8,29
37,55 ± 9,25
21,89 ± 0,88
46,03 ± 12,34
N/A
N/A
N/A
51,72 ± 0,31
N/A

N/A
228,64 ± 0,00
110,86 ± 3,33
38,57 ± 4,77
137,21 ± 7,33
N/A
212,97 ± 15,14
167,10 ± 1,34
48,68 ± 1,26
113,44 ± 0,96
N/A
N/A
N/A
62,22 ± 0,45
N/A

N/A
N/A
122,88 ± 3,90
65,03 ± 4,90
221,56 ± 35,03
N/A
N/A
353,44 ± 28,27
80,96 ± 1,28
174,61 ± 18,69
N/A
N/A
N/A
76,40 ± 0,58
N/A

Hep-G2

B16F10

3.4. Potential antiproliferative activities
The results showed that compound 1 does not display cytotoxicity at
any assayed conditions, in any cells lines. Compounds 2 and 3 showed
relative cytotoxicity in HT29 and Hep G2 cells (not in B16-F10 cells)
with IC50 data range between 110 and 228 μg/mL, IC20 data between
37 and 108 μg/mL, and IC80 data between 123 and 353 μg/mL
(Fig. 11). Only Cu-complex was cytotoxic in all three cell lines assayed
with IC50 data between 38 and 62 μg/mL, IC20 data between 18 and
51 μg/mL, and IC80 between 65 and 81 μg/mL (Fig. 11). The effectiveness showed for these coordination complexes in the three cell lines
assayed was similar in HT29 and HepG2 cell lines with cytotoxic effects
for all compounds except for compound 1. On the other hand, in B16F10 melanoma cells any compounds assayed showed cytotoxicity but
for compound 4 (Fig. 10). The best results were obtained for compound
4 with the lowest IC50 values, especially in HT29, with IC50 values
between 2.3 and 5.9 fold lower that the compounds 2, 3, and 5, in both
HT29 and HepG2 cells. In HT29 cell line, compound 4 displays cytotoxicity at lower concentrations than compounds 2, 3 and 5, whereas in

the ground and first excited states of the 2F7/2 multiplet. The differences
between Ueff and the energy gap, together with the deviation of the
relaxation times from linearity, clearly suggest the presence of
7
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Fig. 11. Growth-inhibitory effects (IC20, IC50, and IC80, μg/mL) of compounds 2, 3, 4, and 5 on the three cancer cell lines.

HepG2 cells the onset of the cytotoxic effect were similar for all compounds (except 1), with concentrations closed 35 μg/mL (see IC20 values, Table 2). The highest cytotoxic effect was reached before for the
compound 4, in both HT29 and HepG2 cells, with a concentration
around 70 μg/mL, being between 1,9 to 4,3 fold lower than the rest of
compounds (see IC80 values, Table 2).
In general terms, we found that the complexes with lower IC50 were
the materials 4 and 5 with respect to MOC complexes, with Co2+ and
Cu2+ ions. MOC complexes showed a moderate cytotoxicity, with similar results for complexes with Yb3+ and Er3+ metals, in both HT29
and HepG2 cells. Nevertheless not cytotoxicity results were found for
the Tb3+-MOC complex. With respect to cell lines only Cobalt compound produced cytotoxicity in B16-F10 murine melanoma cell line,
the rest of compounds did not produce any effects on this cell line.
The fact of the relatively low cytotoxicity of several of these compounds is not a handicap, because these compounds could be used as in
vivo biological probes, with the option to active or increase its cytotoxicity in respond to external magnetic field [13]. Future studies will
be necessary to confirm this point. To determine the organism distribution of the compounds thinking of them as biological probes, the
incident radiation must be able to penetrate the tissues to reach the
chromophore, which rules UV light and part of visible spectrum [25].
Therefore it is desirable to design NIR-luminescent lanthanide complexes that produce luminescence after absorption of light at longer
wavelengths. As consequence of the biological comportment of this
type of compounds, which show clearly cytotoxicity in two of the three
cancer cell lines assayed, that can be modulated externally with a
magnetic field, and have intrinsic luminescent properties. These compounds could afford important and effective new tools for potential
treatment from cancer, although more depth studies will be necessary
to characterize completely its possible use as anti-cancer compounds.

mechanisms. The absence of SMM-type behaviour in the terbium based
compound seems to be related with its oblate shape, in contrast to the
prolate shape of other lanthanides. The luminescence signal and potential magnetic properties of the compounds instigate their utility as
multifunctional materials. On the other hand, the anti-cancer properties
of these materials have been measured by MTT which show, in general,
lanthanide compounds are not very active, while cobalt material (4)
shows the lowest IC50 values, especially in HT29, with IC50 values
between 2,3 to 5,9 fold all of them lower that values showed by compounds 2, 3, and 5, in both HT29 and HepG2 cells, whereas in HepG2
cells the onset of the cytotoxic effect were similar for all compounds. In
conclusion, this new family of compounds could suppose important and
effective new tools for potential treatment from cancer, although more
depth studies will be necessary to improve its possible use as anticancer drugs.

4. Conclusions

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jinorgbio.2020.111051.
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Appendix A. Supplementary data

We have succeeded in the design, synthesis, and characterization of
the physical properties of a new family of coordination polymers based
on terbium, erbium, ytterbium, cobalt and copper with the interesting
5-aminopyridine-2-carboxylic acid ligand. These lanthanide coordination polymers show isostructural 1D-structures and display intense
photoluminescence properties in the solid state that have been fully
characterized. The erbium material displays slightly frequency-dependent out-of-phase signals, whereas the ytterbium compound presents
slow magnetic relaxation that proceeds through various relaxation
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Magnetic and Photoluminescent
Sensors Based on Metal-Organic
Frameworks Built up from
2-aminoisonicotinate
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Javier Cepeda5 ✉ & Antonio Rodríguez-Diéguez1 ✉
In this work, three isostructural metal-organic frameworks based on first row transition metal ions
and 2-aminoisonicotinate (2ain) ligands, namely, {[M(μ-2ain)2]·DMF}n [MII = Co (1), Ni (2), Zn (3)], are
evaluated for their sensing capacity of various solvents and metal ions by monitoring the modulation
of their magnetic and photoluminescence properties. The crystal structure consists of an open
diamond-like topological 3D framework that leaves huge voids, which allows crystallizing two-fold
interpenetrated architecture that still retains large porosity. Magnetic measurements performed on 1
reveal the occurrence of field-induced spin-glass behaviour characterized by a frequency-independent
relaxation. Solvent-exchange experiments lead successfully to the replacement of lattice molecules by
DMSO and MeOH, which, on its part, show dominating SIM behaviour with low blocking temperatures
but substantially high energy barriers for the reversal of the magnetization. Photoluminescence studied
at variable temperature on compound 3 show its capacity to provide bright blue emission under UV
excitation, which proceeds through a ligand-centred charge transfer mechanism as confirmed by timedependent DFT calculations. Turn-off and/or shift of the emission is observed for suspensions of 3 in
different solvents and aqueous solutions containing metal ions.
The multifunctionalization of metal-organic frameworks (MOFs) has recently become one of the main research
strategies of inorganic and materials chemistry to guide the construction of materials with sensing capacities1–3.
This is a consequence of the capacity of these materials to allow for multiple physical properties which may coexist or even cooperate in a synergistic way4,5. As it is well known, MOFs are a class of potentially porous materials
comprised of single metal ions or metal ion clusters linked one another by organic ligands to give an extended
crystalline architecture6–8. The variety of metal ions and organic ligands opens up an infinite number of possible
combinations which allow designing MOFs almost at will in such a way that their structure responds to a particular commitment9–15. In particular, the rapid detection of toxic species in environmental and ecological systems
is gaining increasing interest because of the large overlap existing between residential and surrounding industrial areas, which already causes many diseases in human being and tends to be expanded in near future16. For
instance, various salts containing Fe3+ and Cu2+ ions, usually employed in industry, are eventually found in rivers
and streams damaging those ecosystems17. The same applies for some common solvents referred to as volatile
organic compounds (VOCs) that are air and water pollutants and cause severe environmental problems18. In this
regard, MOFs are good candidates to drive the detection of all above mentioned molecules in liquid media owing
to their specific functions bearing on the surface of the pores, since they are known to show interactions able to
provide a reversible load/unload on the material and, hence, a significant change in a property19,20.
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Focusing on the sensor activity of the MOFs, the transduction mechanism by which the material manifests a
change in a property when the target analyte is uploaded is undoubtedly a key point. Most of the systems studied
so far are based on luminescence detection because, making use of the changes (increase/decrease on the intensity or shift of the emission signal) in the photoluminescence (PL) of a probe MOF provoked by the presence of
the analyte, is very desired for its relative ease of use, technical simplicity and broad adaptability21. Moreover, PL
in MOFs can have multiple origins which proceed through a complex electronic excitation/emission scenario
in which different parts of the hybrid structure are involved: ligand centred (LC) and metal centred (MC) luminescence, charge transfers (CT) processes with different electron pathways, such as ligand-to-ligand (LLCT),
ligand-to-metal (LMCT), metal-to-ligand (MLCT), or even guest molecules centred (GC) charge transfers)22. To
that end, a promising strategy argues for the use of organic ligands with strong absorption (usually aromatic molecules with functionalities containing heteroatoms with lone-pairs) combined with metal ions with closed-shell
electronic configuration, which avoid non-radiative quenching23,24. Although comparatively less explored than PL
sensing, a magnetic response dependent on different guest molecules, that is the change of the magnetic molecular properties of the MOF as a consequence of the analyte loaded in the voids, is an already plausible alternative
despite the more complex technical requirements implied25. MOFs behaving as single-molecule magnets (SMMs)
below a blocking temperature (TB) consist of isolated spin carriers with large magnetic anisotropy which present
no (or negligible) magnetic ordering by means of weak intermetallic exchange interactions26–28. For transition
metals, spin-reversal barrier that promotes slow magnetic relaxation is U = │D│(S2 − 1/4), where D and S stand
for the ground state half-integer spin and axial parameter of the zero-field splitting (zfs). That is the reason why
cobalt(II) systems, with not only high and non-integer ground state (S = 3/2) which reduces the probability of the
quantum tunnelling of magnetization (QTM) but also large magnetic anisotropy, have been most widely studied
during the last years29–31.
In our continuous quest for metal-organic materials showing enhanced PL and magnetic properties, such
as those recently reported based on aminonicotinic ligands32–34, we are now giving a step forward and combining one of the latter properties with the porosity afforded by the family of isostructural MOFs of {[M(μ2ain)2]·DMF}n (where MII = Co, Ni and Zn and 2ain = 2-aminoisonicotinate) formulae. In particular, given that
the porous nature of these materials was already confirmed by gas adsorption capacity and the fact that in those
previous reports these MOFs crystallized with different solvents occupying the voids35, magnetic behaviour of the
cobalt(II) counterpart and PL performance of the zinc(II) counterpart have been deeply analysed, focusing on
their modulation by solvent-exchange experiments and/or capture of metal ions.

Results and Discussion

Structural description of {[M(μ-2ain)2]·DMF}n [MII = Co (1), Ni (2), Zn (3)].

Title compounds are
isostructural and crystallize in the orthorhombic Fddd space group so their structure will be described using compound 2 as a reference. The crystal structure consists of an entangled 3D open framework. Ni1 exhibits a N2O4
donor set exerted by its coordination to four symmetry related 2ain ligands by means of two pyridine nitrogen
and four carboxylate oxygen atoms (Table 1 and Fig. 1). Given that the latter establish two four-member chelating
rings with the metal centre, the resulting coordination polyhedron is severely distorted with regard to a perfect
octahedron (SOC = 3.43). It must be highlighted that bond distances are clearly more irregular in the coordination
shell of compounds 1 and 3, which translates into more distorted octahedra (SOC = 4.41 and 4.96 for 1 and 3,
respectively; see ESI).
2ain anions acquire the μ-κN1A:κ2O71A,O72A bridging mode in such a way that the central Ni1 atom is connected to four neighbouring ones at a distance of ca. 8.77 Å. This coordination mode makes the ligands be somewhat twisted by breaking the planarity of the carboxylate group with respect to the aromatic ring (significantly
rotated with an angle of ca. 15.9°), which, in turn, gives rise to a tetrahedral building unit from the topological
point of view. This arrangement is supported by strong N–H···O hydrogen bonds established among amino and
carboxylate groups of 2ain ligands. The junction of building units leads to an open 3D framework of dia topological class and (66) point symbol36,37 which contains very large cavities where a sphere of 8 Å fits in within (Fig. S2).
Nonetheless, the occurrence of such a large free volume allows the crystallization of an identical subnet, which
drops the porosity of the eventual doubly-interpenetrated framework to a 36.1% of the unit cell volume (Fig. 2).
Both subnets are mutually sustained by means of hydrogen bonding interactions among the exocyclic amino and
carboxylate groups belonging to different subnets (see Table S1 and Fig. S3). These supramolecular interactions
allows for the occurrence of a stable porous system which consists of narrow microchannels running along the
crystallographic a axis. Despite the large disorder affecting the lattice solvent molecules occupying the voids,
a careful analysis by both TGA/DTA and SQUEEZE routine results confirm that the content of the voids may
be determined as one DMF molecule per formula unit (see sections S4 and S5 in the ESI for further detail)38. A
further analysis of the compound by means of thermodiffractometry shows that the release of solvent molecules
does not bring any relevant structural change, as confirmed by the similar shape of the diffractograms recorded
according to the increasing temperature.

Static magnetic properties.

Variable temperature dependence of the magnetic susceptibility data were
analysed in the 2−300 K range on polycrystalline samples of compounds 1 and 2. Room temperature χMT product of 1 is 3.22 cm3 K mol–1, which is significantly higher than that expected for a magnetically isolated spin
triplet (g = 2.01) in octahedral coordination geometry (1.87 cm3 K mol–1). Upon cooling, χMT value experiments
a slight and progressive decrease up to 50 K, below which it subtly drops off to reach 1.85 cm3 K mol–1 at low
temperature. This behaviour may be mainly attributed to the zfs that may cause a high intrinsic magnetic anisotropy arising from the first order spin-orbit coupling (SOC) usually present in Co(II) atoms derived from its 4T1g
ground state in high-spin octahedral geometry39,40, though the occurrence of weak antiferromagnetic interactions
cannot be discarded. Taking into account the absence of an appropriate mathematical expression to estimate the
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Compound 1
Co1–N1A

2.073(1)

Co1–O71A(v)

2.314(1)

Co1–O72A(v)

2.060(1)

Co1–N1A(iv)

2.073(1)

Co1–O71A(vi)

2.314(1)

Co1–O72A(vi)

2.060(1)

Compound 2
Ni1–N1A

2.060(1)

Ni1–O71A(ii)

2.075(1)

Ni1–O72A(ii)

2.178(1)

Ni1–N1A(i)

2.060(1)

Ni1–O71A(iii)

2.075(1)

Ni1–O72A(iii)

2.178(1)

Compound 3
Zn1–N1A

2.063(1)

Zn1–O71A(v)

2.034(1)

Zn1–O72A(v)

2.472(1)

Zn1–N1A(iv)

2.063(1)

Zn1–O71A(vi)

2.034(1)

Zn1–O72A(vi)

2.472(1)

Table 1. Selected bond lengths for all compound. [a] Symmetries: (i) –x– 1/4, y,–z + 3/4; (ii) x + 1/4, y + 1/4,
–z + 1; (iii) –x – 1/2, y + 7/4, z – 1/4; (iv) –x + 5/4, y,–z + 1/4; (v) x + 7/4, y + 7/4, –z; (vi) –x, y + 7/4, z + 7/4.

Figure 1. Fragment of crystal structure of compound 2 showing labelling mode and the distorted octahedral
coordination environment (inset). Connectivity of the structure is inferred by dashed double-colour lines
whereas dashed orange lines stand for hydrogen bonds.

nature of the magnetic interactions for 3D networks containing cobalt(II) ions, the data were analysed with the
Curie-Weiss law. Given the fact that compound 1 follows Curie−Weiss law in the whole temperature range, χM−1
vs T was fitted giving the results shown in Table 2 (see also ESI). Moreover, the data were also fitted to the phenomenological equation proposed by Rueff and co-workers41 (Eq. 1) in view of the SOC present, from which the
antiferromagnetic exchange interactions were estimated:
χMT = A exp(-E1/κT ) + B exp(-E 2/κT )

(1)

The fact that the sum of A and B parameters equals the Curie constant and that “activation energies” of SOC
(E1) and (E2) exchange interactions (see Table 2) fall in the range of related Co(II) compounds42, weak antiferromagnetic interactions may be claimed to occur among Co(II) ions in the 3D network.
DFT calculations performed on a suitable model of compound 1 (see Fig. S21) give a value of the coupling
constant (J) of –0.07 cm–1, which concords well with the mentioned negligible magnetic interactions. Accordingly,
cobalt(II) spin carriers may be considered to be isolated by the regular bridging ligands, bearing in mind that the
shortest distance among them is of about 8.8 Å, thus allowing us to analyse the SOC effects by means of fitting of
the magnetic susceptibility with the Hamiltonian given in Eq. 243:
Hˆ = σλ(LCoSCo) + ∆[Lz , Co2 –LCo(LCo + 1)/3 + µBH ⋅ (–σLCo + gSCo)

(2)

where all parameter have their usual meaning. The calculated curve using the PHI program44 reproduces quite
well the experimental one, though a slight deviation is found mainly for the high temperature data (see Table 2
and Fig. 3a).
Among the estimated parameters, it deserves to be mentioned the large and positive value of Δ, which suggests that only the two lowest Kramers doublets of the 4A2 ground term are thermally populated, in turn meaning
that the axial zfs within the quartet state matches well with the energy gap existing between them. Therefore, the
magnetic properties may be interpreted by means of the spin Hamiltonian of Eq. 3 (Fig. 3b):
2
2
2
Hˆ = D(Sˆz − Sˆ /3) + E(Sˆx + Sˆy ) + μBB ⋅ g ⋅ Sˆ
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Figure 2. Crystal packing of compound 2 showing the two-fold interpenetrated structure and the
microchannels.

Curie-Weiss law fittinga
C

3.27

θ

–7.52 K

Rueff phenomenological fitting (Eq. 1)
A

0.93(4)

B

E1/κ

23(2)

–E2/κ

–0.80(9)

–1.12

Δ

188

g

2.10

3.26

D

–11.9

2.34(5)

Hamiltonian SOC (Eq. 2)b
λ

–110

σ

Hamiltonian zfs (Eq. 3)c
gx / g y

2.36

gz

Table 2. Best fitting results for compound 1. [a] Units: C constant and θ are given in cm3 K mol−1 and K,
respectively. [b] λ and Δ parameters are expressed in cm–1. [c] D parameter is given in cm–1.

in which S is the spin of the ground state (S = 3/2), D and E are the axial and rhombic magnetic anisotropies,
and H is the applied magnetic field. On its part, magnetization curves collected at several temperatures (2–7 K)
under an applied field ranging from 0 to 7 T do not reach the theoretical saturation for S = 3/2 (Msat = 3.3, with
g = 2.2), but they show a value of ca. 2.45 NμB at 2 K. This behaviour together with the fact that isothermal curves
do not collapse in a single master curve are indicative of magnetic anisotropy. A simultaneous fitting of susceptibility and magnetization data with PHI using Eq. 3 gives D = –16.1 cm–1, E = –0.1 cm–1, and g = 2.29, whereas
the fitting was substantially improved by allowing a slightly anisotropic gyromagnetic tensor, such that the values
found in Table 2 were achieved with an R = 8.5 × 10–4. Assuming an axial anisotropy, being E ≈ 0, the energy
separation between ± 1/2 and ± 3/2 doublets equals 2D due to the second-order SOC present in the distorted
octahedral Co(II) ion.
χMT vs T plot of compound 2 shows a room temperature χMT value (1.11 cm3 mol−1 K) close to that expected
for an isolated ion (1.00 cm3 mol−1 K with g = 2.01, see Fig. 4). This curve shows a plateau from room temperature
up to 25 K, where it experiments an abrupt drop up to 0.85 cm3 K mol–1 at 5 K, probably due to the occurrence of
zfs and weak antiferromagnetic interactions, which may be assumed given that the shortest 2ain mediated Ni···Ni
distance along the network is of the same order of the cobalt(II) counterpart (larger than 8.7 Å) and the absence of
significant π-π stacking interactions between the subnets (where Ni···Ni separations of ca. 8 Å are found). In this
sense, the computed broken symmetry procedure upon model 2 supports the weak antiferromagnetic nature of
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Figure 3. (a) χM (o) and χMT (◻) vs T plots of 1 with best fit according to Eq. 2. (b) Simultaneous fitting of the
χMT vs T and M vs H (inset) plots using Eq. 3.

the intramolecular exchange interaction (J = –0.55). Accordingly, the experimental χMT vs T data were fitted with
the Hamiltonian shown in Eq. 3 with PHI, from which the following set of parameters were achieved: giso = 2.11
and D = –4.4 cm–1 (with a negligible value of E < 0.1 cm–1) with R = 4.6 × 10–5. It is worth noticing that the value
of D lies within the range found for similar octahedral NiII complexes45.

Dynamic magnetic properties.

The magnetic anisotropy found for compounds 1 and 2 prompted us to
study their spin dynamics by means of ac magnetic susceptibility measurements (using an alternating field of
3.5 Oe). Compound 1 exhibited a slight frequency-dependent signal although the maxima remained below 2 K
when applying a zero dc field, which did not allow further fitting of the data (Fig. S16). This behaviour seems
to indicate that magnetic relaxation proceeds through a fast quantum tunnelling (QTM) derived from intramolecular and/or strong hyperfine interactions occurring with the I = 7/2 nuclear spin of the Co(II) atom29d,46.
Interestingly, when a dc field of 1 kOe is applied, compound 1 shows temperature-dependent in-phase (χM′) and
out-of-phase (χM″) signals (Fig. 5), whereas QTM could not be suppressed for compound 2 so no frequency
dependence was observed. A first inspection of the ac data of 1 reveals that χM″ signals peaking at ca. 10 K present a remarkable width, mainly for the low frequency regime (60–1000 Hz), which makes one suspect about the
occurrence of two consecutive and overlapped maxima. In any case, the most remarkable feature of the ac signals
is clearly the fact both peaks (χM’ and χM″) are weakly dependent of the frequency. In fact, the frequency shift
calculated as φ = ΔTp/[TpΔ(log f)] (where Tp corresponds to the peak of χM″(T) curve and f to the frequency)
gives a low value of 0.03, which is a common value for spin glasses (φ <0.1)47,48. Accordingly, relaxation times (τ)
estimated from the τ = 1/(2 π fmax) expression based on χM″(T) peak give thermally activated relaxations with
τ0 = 9.4 ×10–33 s and U = 660 K, values that agree well with those recorded for other reported spin-glass materials
with slow dynamics49,50. At this point, it must be highlighted that this sort of glass-like magnetic behaviour is
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Figure 4. Simultaneous fitting of the χMT vs T and M vs H (inset) plots using Eq. 3 for compound 2.

Figure 5. Temperature dependence of the (a) χM′ and (b) χM″ signals for compound 1 under an applied field of
1000 Oe. Inset shows the Arrhenius plot with the linear fitting to estimate the thermal barrier for the reversal of
the magnetization.
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usually related to a field-dependence behaviour (derived from canted antiferromagnetism or long-ranged magnetic ordering) which, yet not observed in dc measurements, could be the present case in view of the chiral structure being comprised of two 3D sublattices. However, the fact that a weak SIM behaviour could be overlapped by
the dominating glassy-state, in view of the width of the signal, is not to be fully discarded.

Solvent-dependent magnetic behaviour of compound 1. Solvent-exchange experiments were
accomplished upon polycrystalline sample of compound 1 in view of its intriguing magnetic behaviour and
potentially porous nature, which could a priori endow the material with a guest (solvent)-dependent magnetism.
Two different solvents, such as DMSO and MeOH, were selected not only for their common use in the synthesis
of MOFs but also for their hazardous nature. The exchange of lattice solvent molecules was successfully achieved
by immersing fresh sample of 1 into 10 mL of the solvent and letting it to stand for two days under a soft stirring,
which led to the isomorphous compounds {[Co(μ-2ain)2]·2MeOH}n (1-MeOH) and {[Co(μ-2ain)2]·1.5DMSO}n
(1-DMSO). Note that the proposed formula was confirmed by elemental analyses, ICP/AES, and TG/DTA experiments (see ESI). Though both compounds retain the crystalline framework to a large extent, they experience
some slight changes due to the replacement of the pore molecules. A careful evaluation of the cell parameters
shows a common trend: a and b axes are shrunk whereas c is stretched. This behaviour seems to indicate that
pore channels are somewhat crushed when replacing the DMF molecules by DMSO and MeOH, respectively
for 1-DMSO and 1-MeOH, a fact that points to a relative displacement of the subnetworks. The analysis of the
dc properties of the exchanged MOFs reveals a similar magnetic behaviour with progressive decrease of the χMT
product as the temperature drops. Nonetheless, a larger magnetic anisotropy may be inferred from the steepest
decrease of χMT in 1-DMSO compared to 1-MeOH together with the larger separation between magnetization
curves. In fact, mathematical fitting of the data with above mentioned Eqs. 2 and 3 come to the same conclusion
supporting a small increase of the axial parameter (D = –20 for 1-DMSO and –16 cm–1 for 1-MeOH, compared to
–11.9 cm–1 for 1). Even more exciting is the fact that such an increase in the anisotropy is accompanied by a deep
change of the magnetic nature of the materials, since they can be now referred to as SIMs51 under an external dc
of 1000 Oe (no signal is observed with zero field) given their strong frequency-dependent χM″ signal. Moreover,
it must be also noticed that these maxima become narrower than those shown by the neat compound (Fig. 6).
At first sight, the blocking temperature (below which the compounds behave as a SIM) drops down in both
cases, among which 1-DMSO presents well-defined maxima only those curves with an oscillating frequency
above 1000 Hz. Instead, the maxima are much closer to each other for 1-DMSO rather than 1-MeOH, from
which it is deduced that a faster magnetic relaxation occurs in the former. The Cole-Cole plots below 3.4 K for
1-DMSO and 4.2 K for 1-MeOH can be well fitted by a generalized Debye function, which it is an important difference with respect to double semicircles shown by pristine compound 1, where α values ranging in 0.17–0.29
and 0.10–0.26 are found, respectively for 1-DMSO and 1-MeOH (Figs. S18 and 19). These values, implying a
wide distribution of the relaxation times, are indicative of the occurrence of various mechanisms in the relaxation
of the magnetization. In fact, Arrhenius plots in the form of ln(τ) vs T–1 deviate from linearity at low temperature in both cases. Fitting of the high temperature data by means of Orbach process gives values of the effective
barrier and pre-exponential factors of Ueff = 65.3 K (45.7 cm–1) and τ0 = 1.36 ×10–12 s for 1-DMSO and 43.9 K
(30.7 cm–1) and τ0 = 1.54 ×10–9 s for 1-MeOH, which are somewhat higher than those reported for most of
polymeric metal-organic compounds behaving as SIMs26. Note also that these energy barriers agree with the
expected energy separation between Kramers doublet (2D = 32 ≈ 30.7 cm–1 for 1-MeOH and 2D = 40 ≈ 45.7 cm–1
for 1-DMSO). However, it must be highlighted that the rise of the energy barrier is linked to the relaxation rate,
among which the τ0 of 1.36 × 10–12 s estimated for 1-DMSO clearly exceeds the usual range (between 10–6 – 1
×10–11 s) attributed to Co(II)-based SIMs. This fact that comes to conclude that the exchange of DMSO in the
pores modifies the disposition of the subnetworks such that spin carriers can probably interact through intermolecular interactions, explaining the more abrupt drop in the χMT vs T curve (see Fig. S15). On another level, very
reliable fittings were achieved by combining the Orbach with Raman and/or direct relaxation processes (Eq. 4
and/or 5), which have previously been employed successfully in the analysis of Co(II)-based compounds with
related coordination environment32d,52.

(

τ –1 = Adirect T + BRamanT n + τ0 –1exp –Ueff /κBT

(

τ –1 = BRamanT n + τ0 –1exp –Ueff /κBT

)

(4)

)

(5)

Best fitting with the multiple relaxation processes gives Ueff = 83.4 K (58.4 cm ), τ 0 = 1.45 × 10 s,
Adirect = 1190(30) s–1 K–1, BRaman = 4.1(2) s–1, n = 7.8(1) for 1-DMSO and Ueff = 72.8 K (51.0 cm–1), τ0 = 6.12 ×10–10
s, BRaman = 8.7(2) s–1, n = 4.1(2) for 1-MeOH.
–1

–14

Photoluminescence properties of compound 3. Excitation and emission spectra were measured
on polycrystalline sample of compound 3 since, being comprised of carboxylic pyridine ligands such as 2ain
and metal ions with closed-shell electronic configuration, i.e. Zn(II), it is capable of unveiling interesting photoluminescence in solid state. The emission spectrum under UV light (at the shoulder λex = 305 nm) at room
temperature (295 K) shows a somewhat narrow band, composed of the maxima (λem = 390 nm) and a shoulder
(λem = 405 nm), in addition to a wide and weaker band peaking around 550 nm (Fig. 7a). The excitation spectra
recorded at the main emission wavelength contains, in addition to the previous shoulder at 305 nm, another main
contribution peaking at λex = 370 nm, which shows the same PL mechanism in view of the identical emission
spectrum achieved at the latter excitation wavelength (Fig. S22). To further investigate the origin of the less
energetic band at λem = 550 nm, an excitation spectrum has been also measured, confirming that it arises from
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Figure 6. Temperature dependence of the χM″ signals and best fitting results for the relaxation times for
compounds (a) 1-DMSO and (b) 1-MeOH.
the same excitation path (see Fig. S23). These two bands provide this material, as observed in the images taken
on the microscope, with a variable emission consisting of a brilliant blue greenish light under excitation with UV
radiation (λex = 365 nm) or a lime green emission with a less energetic radiation (λex = 435 nm), in such a way
that those wavelengths corresponding to the maximum of the emission band are avoided (Fig. 7b). The emission
quantum yield measured in absolute terms with an integrated sphere is low (1.75%). The calculated PL spectra
conducted on a suitable model of 3 (see Experimental Section) reproduce very well both excitation and emission
processes, finding only substantial differences for the relative intensities of the minor bands.
Starting from the molecular excitation of the compound, absorption of light at the two main contributions
seems to proceed through slightly different electronic transitions (Table 3, note that these are the most intense
transitions gathered as a representative sample of the band). On the one hand, the shoulder at 305 nm corresponds to a π → π* transition in which the involved MOs are centred on the aromatic ring of 2ain ligands (Fig. 8),
while the band maximum at 370 nm may be better described as a n→π* transition given that HOMO – 2/3 lie
over the carboxylate group on the other. On its part, the PL emission takes also place through LCCT mechanism
since electrons drop from excited LUMO – n orbitals, of π* nature with lobes extended over the whole molecule
or solely the aromatic ring (see Fig. 8), to HOMOs consisting of n or π orbitals based on the carboxylate group for
the main (λem = 390 and 405 nm) or the minor (λem = 550 nm) bands, respectively.
For comparative purposes, emission spectra of 3 were recorded at different temperatures under the same
experimental conditions in order to check how the suppression of the vibrational quenching, i.e. the molecular
vibrations/motions occurring in the ligand that may be overlapped with the radiative emission and hence draw
emission capacity to the system53, as the temperature is dropped affects the PL response of the material. Upon
cooling the system from RT down to 10 K, the band maximum does not show any remarkable shift although it
progressively gains intensity, mainly in the temperature range of 200–150 K where the intensity shows a quantitative leap. To summarize, the emission intensity at λmax ≈ 400 nm is much greater for 10 K data compared
to RT (about 55 times larger in terms of emitted integrated intensity, Fig. S25). With the aim of enlarging the
temperature-dependent characterization, emission decay curves were also measured at three representative temperatures (295, 150 and 10 K), revealing very similar lifetimes in the range of hundreds of microseconds. In any
case, it is worth highlighting that the observed lifetime remains constant along the whole emission spectrum and
shows the expected trend with the temperature although the change is somewhat slight (τ being 239(2), 169(4)
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Figure 7. (a) Room temperature excitation (red) and emission (blue) spectra of compound 3 showing the most
relevant experimental maxima (circles) and calculated (TD-DFT) main vertical excitations (green lines). (b)
Micro-PL photographs of a single crystal of 3 illuminated with different lights.

Exp. λ Calcd. λ

Electronic transitons

Osc. strength
(a.u.)

Excitation energies
305

318

HOMO – 6 → LUMO + 1(51%)
HOMO – 7 → LUMO (49%)

0.083

370

372

HOMO – 3 → LUMO + 2 (51%)
HOMO – 2 → LUMO + 3 (42%)

0.112

HOMO – 2 ← LUMO + 4 (52%)
HOMO – 2 ← LUMO + 2 (40%)

0.084

Emission energies
390

388

405

408

HOMO – 2 ← LUMO + 2 (89%)

0.081

550

539

HOMO ← LUMO (97%)

0.038

Table 3. Calculated main excitation and emission energies (nm), singlet electronic transitions and associated
oscillator strengths of model 3.

and 121(3) μs for the above mentioned temperatures, see Table S3), which indicates that a unique PL mechanism
is preserved irrespective of the temperature of the system. These short lifetimes contrast when compared to those
measured for other systems consisting of Zn(II) and positional isomers of the 2ain ligand, as it is the case of
[Zn(µ–6ani)2]n and [Zn(µ–2ani)2]n32, which displayed long-lasting phosphorescence (LLP) emissions that could
be traced by human eye. As concluded from the analysis of molecular based phosphorescent reported so far54, a
major reason for the occurrence of LLP in metal-organic compounds with closed-shell ions is attributed to the
intermolecular forces established by ligands in the framework, in such a way that strong interactions are able to
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Figure 8. Schematic representation of the most intense excitation (red) and emission (blue) lines of compound
3 with their corresponding MOs. Values given between brackets represent the energies.

freeze the molecules and make lowest-lying triplet states (T1) more accessible and shielded against quenching. As
a matter of fact, the molecular N–H vibrations of the amino group, known to be a main oscillator which enables
the non-radiative quenching55, seem to be less suppressed in compound 3 compared to their disposition in the
above mentioned CPs. In these latter compounds, isomeric 6ani and 2ani ligands establish more rigid hydrogen
bonds, particularly in the case of the intramolecular hydrogen bonds found in [Zn(µ−2ani)2]n, whereas the 2-fold
interpenetration brings higher flexibility to the crystal building of 3, explaining the short lifetimes.

PL sensing properties. The flexible porous nature revealed by compound 3, consisting of a stable doubly
interpenetrated metal-organic framework with pores in which small molecules could be exchanged, in addition
to the strong blue greenish PL displayed at RT instigated us to study its performance as PL sensing material for
various solvents and metal ions. When polycrystalline sample is dispersed in different solvents, solvent@3 hereafter, the main emission band experiments not only significant changes regarding the intensity but also slight
shifts for the maximum of the emission band (λmax). In a first approach, the analysis of the spectra measured at a
representative wavelength (λex = 350 nm, which falls within the excitation maximum for all suspensions) under
the same equipment configuration (identical slit aperture and photomultiplier voltage) revealed that the emission
decreases following the expected sequence according to the solvent polarity (note that dielectric constants are
shown between brackets): H2O (80.1) > DMSO (46.7) > DMF (36.7) > MeOH (32.7) > EtOH (24.5) > Ac2O
(20.7) > 2-PrOH (19.2) > THF (7.58)16b,56. In other words, the higher the polarity of the solvent the largest its
quenching capacity (see Fig. S28). Moreover, the presence of a minor emission peak, in the form of a shoulder
peaking at λem ≈ 450 nm, was also observed for less polar solvents (Ac2O, 2-PrOH and THF), which is probably
due to the enabling of an electronic transition arising from a less energetic LUMO level derived from solvation
effects57. In this sense, it must be recalled that 2ain ligands in the crystal structure possess uncoordinated amino
groups exposed to the microchannels, where hydrogen bonding and Van der Waals interactions established
with solvent molecules may affect the LCCT mechanism and thus the PL emission58. With the aim of getting
insights into the potential applicability of this material, a further analysis showed that the main emission follows
a solvent-dependent excitation, given the drastic changes shown in the excitation spectra monitored at the λmax
(where only one wide band or two narrower maxima are observed depending on the selected solvent, see ESI).
A new set of measurements with variable excitation wavelength in order to maximize the solvent-dependent PL
behaviour (focusing at the most intense λex) indicates that 3 keeps a strong PL emission in water (note that water
itself brings some quenching compared to solid state but it is employed as a reference for the rest of solvents)
whereas, taking water as a reference, the rest of studied solvents cause a large quenching (with a quenching percentage (QP) above 65%, Fig. 9). Taking into account that crystal structure of 3 presents no significant change (as
corroborated by PXRD collected for samples recovered from solvent@3 suspensions, Fig. S31), it may be assumed
that solvents exert: (i) a dynamic quenching involving solvation processes on external surface of the particles
in the suspension, and (ii) a quenching derived from the particular interactions (enabling competitive absorption and energy transfers)59 occurring between solvent molecules and the internal surface of the microchannels,
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Figure 9. PL emission spectra of dispersion of compound 3 in different solvents at their maximum excitation
wavelength. Inset shows quenching percentage estimated from the emission intensity relative to H2O@3 is
reflected in the upper bar chart.

Figure 10. PL response of H2O@3 against common metal ions (λex = 350 nm). Inset shows the quenching
percentage estimated from the maximum emission intensity respect to a blank solution.
where factors such as size and hydrogen bonding capacity are key and govern the diffusion of solvent molecules
throughout the pore system.
In view of the intense PL signal observed for the H2O@3 suspension (the least quenching brought by water
compared to other solvents), the detection of ions in aqueous solutions was also studied. As inferred from Fig. 10,
3 presents a variable sensing capacity to ions according to their quenching capacity that follows the series: Cd2+
<NH4+ < Al3+ <Ni2+ <Co2+ <Cr3+ <Cu2+ <Fe2+ <Fe3+. It is important to notice that the quenching percentage
(QP) at 10 mM is above 90% for both iron cations, among which the most stable oxidation state almost clears the
PL emission. This behaviour meets the expected response given that UV-Vis absorption band of these ions overlap substantially well with the excitation band, such that most of the light irradiated does not reach the dispersed
solid of 332c. More interestingly, the presence of most of studied metal ions promotes a shift of the emission band,
most of which cause a blue-shift which can be as large as 15 nm (for Cr3+@3). However, the strongest quencher of
the PL, Fe3+ ion, promotes an opposed response by red-shifting the maximum up to ca. λem = 440 nm. This overall
behaviour seems to indicate that metal ions are able to interact with the ligands of the backbone.
Taking into account the previous metal-dependent turn-off results, we decided to explore the PL response
of the CP for Fe3+ and Cu2+ ions, for which an exhaustive evolution of the emission intensity was monitored by
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Figure 11. Luminescence quenching of H2O@3 with gradual addition (microliters of metal ion solutions added
are shown in the capture with different colours of (a) Fe3+ and (b) Cu2+ ions. Stern-Volmer plots showing the
best fits are also shown.
gradually increasing the concentration of the metal quencher. Note that no further study was conducted for Fe2+
because of its spontaneous oxidation in waste waters. Stern-Volmer plot analyses for the latter two ions exhibit
a distinct behaviour. The PL signal exhibits a progressive and polynomial quenching for Fe3+ ion from low concentrations on, which points out the coexistence of static and dynamic quenching phenomena. On its part, the
quenching by Cu2+ ions shows a progressive and linear quenching occurring from low concentration (Q) of 4
10–5 M. Fitting of the evolution with the respective expression (see ESI) for both ions gives values of Ksv of 1.79
104 and 2.12 104 M–1 (Fig. 11) with calculated limit of detection (LOD) values of 55 μM and 162 μM for Fe3+ and
Cu2+ ions, respectively. Note that, despite the relatively high LODs, the estimated Ksv value for Fe3+ detection
can be considered quite promising compared to other reported MOFs with characteristic iron sensing capacity,
usually exhibiting values within the 104 – 105 range19,60,61, among which the Ksv = 2.67 105 M–1 reported for the
MOF of {[(CH3)2NH2]6[Cd3L(H2O)2]·12H2O}n formula deserves to be mentioned62. In this regard, despite the
dominant dynamic quenching observed for these ions (in view of their large Ksv), significant static quenching may
be claimed for Fe3+ according to the non-linear distribution of the plot, a fact that may be explained according to
the accessibility of the carboxylate oxygen atoms of 2ain ligands (which are also involved in hydrogen bonding
interactions with exocyclic amino groups of neighbouring 2ain ligands) from the microchannels of the MOF. The
recyclability of 3 has been also checked by PXRD measurement on the solid filtered and dried after the experiment (see ESI). Thinking on a potential use of the compound for sensing applications on polluted wastewaters,
an additional analysis was accomplished in order to explore the specific response against similar quenchers, for
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which the mixed Fe3+/Cu2+ system was studied. In view of the obtained Stern-Volmer plot, the quenching evolution of the material is not proportional to the sum of both isolated ions, but it shows a linear response after a
concentration of 1 10-4 M of each individual ion. Fitting of the linear part gives a Ksv of 2.12 104 M–1, which allows
us concluding that there is a tough competition between both quenchers to interact with the framework.

Conclusions

Three metal-organic framework materials, of {[M(μ-2ain)2]·DMF}n formula, based on first row transition metal
ions (CoII, NiII, and ZnII) and 2-aminoisonicotinate (2ain) ligand have been synthesized and chemically and
structurally characterized. Their crystal structure consists of a doubly-interpenetrated three-dimensional open
architecture which contains microchannels filled with solvent molecules. Taking advantage of the porosity and
their magnetic and/or photoluminescence (PL) properties, their guest-dependent magnetic and PL response has
been evaluated. On the one hand, the weak exchange interactions transmitted through the chiral coordination
network leads to a spin-glass behaviour that governs the magnetism of the cobalt-based counterpart, though no
frequency-dependent signal is observed for the nickel compound. Interestingly, when DMSO and MeOH are
loaded within the pores of this MOF, exchanging the pristine DMF molecules, the crystal building undergoes
a kind of rearrangement which modulates the magnetic properties of the material. In particular, the glass-like
magnetic relaxation gives way to substantial SIM behaviour probably derived from the first-order SOC inherent
to cobalt(II) ions, consisting of multiple spin-phonon processes characterized by low blocking temperature but
relatively high energy barriers. On another level, solid state PL measurements show that the zinc-based MOF displays strong bright blue emissions arising from a LCCT mechanism (based on π–π* or n–π* transitions in 2ani)
as confirmed by TD-DFT calculations. The vibrational quenching may be efficiently prevented at low temperature
(10 K), since a strong gain in integrated emitted intensity (of 55 times) is observed compared to RT. This MOF
exhibits clear emission dependence in contact with solvents under a constant excitation wavelength, where the
emission quenching increases according to the decreasing polarity of the solvent (moving from H2O > solvents >
THF). With regard to its sensing towards metal ions in aqueous solutions, Cu2+, Fe2+, and Fe3+ ions are found
to quench the emission to a large extent. Stern-Volmer plots for aqueous Cu2+ and Fe3+ suspensions containing
Zn-2ain reveal a similar detection capacity (Ksv of 1.79 104 and 2.12 104 M–1, respectively) but distinct mechanisms, confirming the capacity of these ions to interact with MOF. In fact, the analysis carried out on a mixture of
both ions, Fe3+/Cu2+, shows a quenching evolution distinct to the sum of individual atoms, indicating a competing quenching of both quenchers to interact with the framework. All in all, the studies confirm that these MOFs
modulate their properties according to solvent-exchange and/or capture of metal ions in liquid media, which
paves the way to their use as sensors.

Experimental Section

Chemicals. All chemicals were of reagent grade and were used as commercially obtained.
Synthesis of {[Co(μ-2ain)2]·DMF}n (1). 5 mL of a DMF solution containing 0.20 mmol of Co(NO3)2·6H2O
(0.0582 g) were added dropwise under continuous stirring over 15 mL of a DMF/H2O (1:1) solution of H2ain
ligand (0.40 mmol, 0.0552 g) at 70 °C. The final pH of the solution was 5.6. The dark pink coloured solution was
introduced in a Teflon-lined container enclosed into a stainless steel autoclave solution, where it was heated up
to 120 °C for two days. The mixture was slowly cooled down to room temperature and purple plate shaped single
crystals were observed when opening the recipient. Crystals were filtered off and washed several times with water
and methanol. Yield 50–60% (based on metal). Homogeneity and purity of samples were checked by means of
elemental and thermogravimetric analyses, FT-IR, and X-ray powder diffraction data (see section S5 in the ESI).
Anal. Calcd. for (hydrated) C15H19CoN5O6 (%): C, 44.35; H, 4.22; Co, 14.51; N, 17.24. Found: C, 42.32; H, 4.38;
Co, 13.83; N, 16.60.
Synthesis of {[Ni(μ-2ain)2]·DMF}n (2). Well shaped single crystals of compound 2 were collected from
a Teflon-lined vessel after carrying out the same experimental procedure reported for 1 but for the use of
Ni(NO3)2·6H2O (0.0582 g) instead of the cobalt source. Yield of 45–50% (based on metal). Anal. Calcd. for
(hydrated) C15H19N5NiO6 (%): C, 44.37; H, 4.22; N, 17.25; Ni, 14.45. Found: C, 42.65; H, 4.32; N, 16.45; Ni, 13.74.
Synthesis of {[Zn(μ-2ain)2]·DMF}n (3). Following the same above mentioned synthetic conditions with
Zn(NO3)2·6H2O (0.0595 g) gave rise to the growth of colourless single crystals of 3. Yield of 50–55% (based on
metal). Anal. Calcd. for (hydrated) C15H19N5O6Zn (%): C, 43.65; H, 4.15; N, 16.97; Zn, 15.84. Found: C, 43.25; H,
4.34; N, 16.41; Zn, 15.02.
Physical measurements. Elemental analyses (C, H, N) were performed on an Euro EA Elemental Analyzer
and the metal content determined by inductively coupled plasma (ICP-AES) was performed on a Horiba Yobin
Yvon Activa spectrometer. IR spectra (KBr pellets) were recorded on a ThermoNicolet IR 200 spectrometer in
the 4000 − 400 cm−1 spectral region. Magnetic susceptibility measurements were performed on polycrystalline
samples of the complexes with a Quantum Design SQUID MPMS-7T susceptometer at an applied magnetic
field of 1000 G. The susceptibility data were corrected for the diamagnetism estimated from Pascal’s Tables63, the
temperature-independent paramagnetism, and the magnetization of the sample holder. Ac measurements were
performed on a Physical Property Measurement System-Quantum Design model 6000 magnetometer under a
3.5 G ac field and frequencies ranging from 60 to 10 000 Hz. Thermal analyses (TG/DTA) were performed on
Mettler-Toledo TGA/SDTA851 thermal analyser in a synthetic air atmosphere (79% N2 / 21% O2) with a heating
rate of 5 °C·min–1. A closed cycle helium cryostat enclosed in an Edinburgh Instruments FLS920 spectrometer
was employed for steady state photoluminescence (PL) and lifetime measurements in the 10 − 300 K range. All
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1

2

Empirical formula

C15H17CoN5O5

C15H17N5NiO5

3
C15H17N5O5Zn

Formula weight

424.28

424.04

430.73

Crystal system

orthorhombic

orthorhombic

orthorhombic

Space group

Fddd

Fddd

Fddd

a (Å)

12.693(1)

12.649(1)

12.903(1)

b (Å)

22.776(2)

22.289(2)

22.869(2)
23.890(2)

c (Å)

23.847(2)

23.949(2)

V (Å3)

6894(1)

6752(1)

7049(1)

Z

16

16

16

Reflections collected

19730

10466

10922

Unique/parameters

2112/96

1998/96

2121/96

Rint

0.0597

0.0323

0.0314

GoF (S)a

1.038

1.058

1.077

R1b/wR2c [I > 2σ(I)]

0.0344/0.0840

0.0282/0.0746

0.0303/0.0801

R1b/wR2c [all]

0.0462/0.0900

0.0318/0.0771

0.0367/0.0835

Table 4. Single crystal X-ray diffraction data and structure refinement details of compounds 1, 2 and 3. [a]
S = [∑w(F02 – Fc2)2 / (Nobs – Nparam)]1/2 [b] R1 = ∑ | | F0 | – | Fc | |/∑|F0 | [c] wR2 = [∑w(F02 – Fc2)2/∑wF04]1/2;
w = 1/[σ2(F02) + (aP)2 + bP] where P = (max(F02,0) + 2Fc2)/3 with a = 0.0472 (1), 0.0416 (2), 0.0459 (3); and
b = 8.1485 (1), 10.0330 (2), and 1.3767 (3).

samples are first placed under high vacuum (of ca. 10−9 mbar) to avoid the presence of oxygen or water in the sample holder. For steady-state measurements a Müller-Elektronik-Optik SVX1450 Xe lamp or an IK3552R-G He-Cd
continuous laser (325 nm) were used as excitation source, whereas a microsecond pulsed lamp was employed for
recording the lifetime measurements. Photographs of irradiated single-crystal and polycrystalline samples were
taken at room temperature in a micro-PL system included in an Olympus optical microscope illuminated with a
Hg lamp. The PL quantum yield was measured in solid state using a Horiba Quanta-φ F-3029 integrating sphere.
X-ray Diffraction Data Collection and Structure Determination. X-ray data collection of suitable single crystals
was done at 100(2) K on a Bruker VENTURE area detector equipped with graphite monochromated Mo Kα
radiation (λ = 0.71073 Å) by applying the ω-scan method. Data reduction were performed with the APEX264 software and corrected for absorption using SADABS65. Crystal structures were solved by direct methods using the
SIR97 program66 and refined by full-matrix least-squares on F2 including all reflections employing the WINGX
crystallographic package67,68. All hydrogen atoms were located in difference Fourier maps and included as fixed
contributions riding on attached atoms with isotropic thermal displacement parameters 1.2 times or 1.5 times
those of their parent atoms for the organic ligands and the water molecules, respectively. Lattice solvent molecules placed in the voids of the structures found to be highly disordered due to the high symmetry acquired by
the framework. Therefore, the final refinement was made with an hkl file provided by the SQUEEZE routine
implemented in PLATON38, which removed the latter electron density. Details of the structure determination
and refinement of all compounds are summarized in Table 4. Crystallographic data for the crystal structures have
been deposited with the Cambridge Crystallographic Data Center as supplementary publication nos. CCDC
1942731-1942733. Copies of the data can be obtained free of charge on application to the Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223-335033; e-mail: deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk).
The X-ray powder diffraction (XRPD) patterns were collected on a Phillips X’PERT powder diffractometer
with Cu-Kα radiation (λ = 1.5418 Å) over the range 5 < 2θ < 50° with a step size of 0.026° and an acquisition time
of 2.5 s per step at 25 °C. Indexation of the diffraction profiles were made by means of the FULLPROF program
(pattern-matching analysis)69 on the basis of the space group and the cell parameters found by single crystal X-ray
diffraction. The unit cell parameters obtained in the final refinement are listed in the Supporting Information.
Computational details. The computational strategy adopted in this work to compute the magnetic coupling
constant (Jcalc) values has been described and validated elsewhere70. One calculation was performed to determine
the high-spin state and another to determine the low-spin broken symmetry state. The correctness of the latter
state was ensured by means of its spin density distribution. Density functional theory was used to perform two
separate calculations to evaluate the coupling constant of each compound, employing the aforementioned hybrid
B3LYP functional and Gaussian-implemented 6-311 G(d) basis set for all non-metal atoms and the corresponding
LANL2DZ pseudopotentials for the metal atoms. Spin-density surfaces were plotted using GaussView 571.
PL spectra were calculated by means of TD-DFT using the Gaussian 09 package72, using the Becke three
parameter hybrid functional with the non-local correlation functional of Lee-Yang-Parr (B3LYP)73,74 along with
6-311 G + + (d,p) basis set75 was adopted for all atoms but for the central zinc cation, for which the LANL2DZ76
basis set along with the corresponding effective core potential (ECP) was used. The 40 lowest excitation states
were calculated by the TD-DFT method. Results were analysed with GaussSum program package77 and molecular
orbitals plotted using GaussView 5.
Scientific Reports |

(2020) 10:8843 | https://doi.org/10.1038/s41598-020-65687-6

14

www.nature.com/scientificreports/

www.nature.com/scientificreports

Received: 2 February 2020; Accepted: 7 May 2020;
Published: xx xx xxxx

References
1.
2.
3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

Scientific Reports |

Kreno, L. E. et al. Metal–Organic Framework Materials as Chemical Sensors. Chem. Rev. 112, 110–1125 (2012).
Cohen, S. M. Postsynthetic Methods for the Functionalization of Metal–Organic Frameworks. Chem. Rev. 112, 970–1000 (2012).
Falcaro, P. et al. MOF positioning technology and device fabrication. Chem. Soc. Rev. 43, 5513–5560 (2014).
Meek, S. T., Greathouse, J. A. & Allendorf, M. D. Metal‐Organic Frameworks: A Rapidly Growing Class of Versatile Nanoporous
Materials. Adv. Mater. 23, 249–267 (2011).
Cheetham, A. K. & Rao, C. N. R. Materials science. There’s room in the middle. Science 318, 58–59 (2007).
Tranchemontagne, D. J., Mendoza-Cortés, J. L., O’Keeffe, M. & Yaghi, O. M. Secondary building units, nets and bonding in the
chemistry of metal–organic frameworks. Chem. Soc. Rev. 38, 1257–1283 (2009).
Cepeda, J., Beobide, G., Castillo, O., Luque, A. & Pérez-Yáñez, S. Structural diversity of coordination compounds derived from
double-chelating and planar diazinedicarboxylate ligands. Coord. Chem. Rev. 352, 83–107 (2017).
Eddaoudi, M., Sava, D. F., Eubank, J. F., Adil, K. & Guillerm, V. Zeolite-like metal–organic frameworks (ZMOFs): design, synthesis,
and properties. Chem. Soc. Rev. 44, 228–249 (2015).
Janiak, C. H. & Vieth, J. K. MOFs, MILs and more: concepts, properties and applications for porous coordination networks (PCNs).
New J. Chem. 34, 2366–2388 (2010).
Coronado, E. & Dumbar, K. R. Inorg. Chem. 48, 3293–3296 (2009).
Li, J.-R., Sculley, J. & Zhou, H.-C. Metal–Organic Frameworks for Separations. Chem. Rev. 112, 869–932 (2012).
Cepeda, J. et al. Modulation of pore shape and adsorption selectivity by ligand functionalization in a series of “rob”-like flexible
metal–organic frameworks. J. Mater. Chem. A 6, 17409–17416 (2018).
Dhakshinamoorthy, A. & Garcia, H. Metal–organic frameworks as solid catalysts for the synthesis of nitrogen-containing
heterocycles. Chem. Soc. Rev. 43, 5750–5765 (2014).
Ma, L., Abney, C. & Lin, W. Enantioselective catalysis with homochiral metal–organic frameworks. Chem. Soc. Rev. 38, 1248–1256
(2009).
Horcajada, P. et al. Metal–Organic Frameworks in Biomedicine. Chem. Rev. 112, 1232–1268 (2012).
Lustig, W. P. et al. Metal-organic frameworks: functional luminescent and photonic materials for sensing applications. Chem. Soc.
Rev. 46, 3242–3285 (2017).
Kozlowski, H. et al. Copper, iron, and zinc ions homeostasis and their role in neurodegenerative disorders (metal uptake, transport,
distribution and regulation). Coord. Chem. Rev. 253, 2665–2685 (2009).
Mølhave, L., Bach, B. & Pedersen, O. F. Human reactions to low concentrations of volatile organic compounds. Environ. Int. 12,
167–175 (1986).
Yi, F.-Y., Chen, D., Wu, M.-K., Han, L. & Jiang, H.-L. Chemical Sensors Based on Metal–Organic Frameworks. ChemPlusChem 81,
675–690 (2016).
Guo, H., Lee, S. C., Chan, L. Y. & Li, W. M. Risk assessment of exposure to volatile organic compounds in different indoor
environments. Environ. Res. 94, 57–66 (2004).
You, L., Zha, D. & Anslyn, E. V. Recent Advances in Supramolecular Analytical Chemistry Using Optical Sensing. Chem. Rev. 115,
7840–7892 (2015).
Allendorf, M. D., Bauer, C. A., Bhaktaa, R. K. & Houk, R. J. T. Luminescent metal–organic frameworks. Chem. Soc. Rev. 38,
1330–1352 (2009).
Lower, S. K. & El-Sayed, M. A. The Triplet State and Molecular Electronic Processes in Organic Molecules. Chem. Rev. 66, 199–241
(1966).
Cepeda, J. & Rodríguez-Diéguez, A. Tuning the luminescence performance of metal–organic frameworks based on d10 metal ions:
from an inherent versatile behaviour to their response to external stimuli. CrystEngComm 18, 8556–8573 (2016).
Mínguez Espallargas, G. & Coronado, E. Magnetic functionalities in MOFs: from the framework to the pore. Chem. Soc. Rev. 47,
533–557 (2018).
Frost, J. M., M. Harriman, K. L. & Murugesu, M. The rise of 3-d single-ion magnets in molecular magnetism: towards materials from
molecules? Chem. Sci 7, 2470–2491 (2016).
Craig, G. A. & Murrie, M. 3d single-ion magnets. Chem. Soc. Rev. 44, 2135–2147 (2015).
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ABSTRACT

A new dysprosium based Metal-Organic Framework with {[Dy(dhbdc)1.5(DMF)2]·DMF}n formula has been obtained from solvothermal reaction with 2,5-dihydroxyterephthalic acid ligand and dysprosium chloride. This coordination polymer has been characterized and its crystal structure has been solved by X-ray diffraction methods elucidating a three-dimensional network. Magnetic studies of this compound reveal the existence of weak antiferromagnetic interactions among the
metal ions with θ value of −0.26 K. Dynamic ac magnetic susceptibility measurements were carried out under an external dc field of 1 kOe, highlighting that at high
frequencies two relaxation processes can be observed. However, when studying the diamagnetically diluted analogue 1Y, a single relaxation process was detected
highlighting the effect of the weak but not negligible exchange interactions. Finally, photoluminescence measurements were performed at different temperatures
with the aim of getting a more representative characterization of the emissive performance of the material for potential applications in lighting and thermometry.

1. Introduction
The research related to metal–organic frameworks (MOFs) has exponentially increased in the past years mainly due to their multifunctional properties and potential uses in applications such as gas
storage/separation, photoluminescence, sensing, magnetism, etc. [1].
These materials are synthesized by combining metal ions or nodes with
organic linkers forming three-dimensional structures. Among them,
lanthanide based MOFs (Ln-MOFs) have been less studied than transition metal based ones. This is directly related to the large ionic radii of
the Ln(III) ions, since they normally present high coordination numbers
with distorted symmetries which bring some flexibility to the coordination network, making it more difficult to predict the structure of
the compound. However, the large magnetic anisotropy and high spin
value of some Ln(III) ions make them potential candidates in order to
design ultra-high-density information storage devices [2]. In fact, some
recent advances in the area of Single Molecule Magnets (SMMs) have
shown that huge thermal energy barriers that prevent the relaxation of
the magnetization, as well as open hysteresis loops up to liquid nitrogen
temperature could be obtained by using Dy(III) as anisotropic metal ion
[3]. Moreover, most of Ln(III) ions may display characteristic narrow

⁎

fluorescence emissions, so they might be good candidates in order to
obtain multifunctional magnetic and luminescent materials. Accordingly, even though the absorption coefficients of f-f transitions are low,
the coordination of strongly absorbing ligands to the metal may be a
way to overcome this handicap by an efficient antenna effect, which
involves an energy transfer from the ligand to the metal [4].
The necessity of implementing SMMs within a surface or in a threedimensional structure is not trivial. Even though high performing SMMs
already exist, these are synthesized in bulk without a controlled spatial
position and this appears to be a huge problem. When designing an
information storage device, all the molecules that are able to preserve
information need to be spatially organized. Hence, MOFs might be a
good solution to overcome this challenge given that lanthanide ions are
intrinsically organized in the three dimensions within the crystal
structure of these materials [5]. In addition, the pores enclosed in the
structure of MOFs offer the possibility of intercalating a wide variety of
guest molecules that may be able to modulate the magnetic properties
[6]. Moreover, with regard to the multifunctional character of MOFs,
guest molecules could also influence the luminescent emission of the
compound so they could be used as sensors.
In view of the mentioned prerequisites and taking into account the
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great affinity of Ln(III) ions towards oxygen atoms, we have chosen 2,5dihydroxyterephthalic acid (dhbdc) as main ligand. Carboxylate groups
are often used as chemical functions to decorate spacer ligands in MOFs
chemistry given their large bridging capacity, as it has been observed
for many related aromatic carboxylate based ligands with both transition metal as lanthanide(III) ions [7]. In particular, the confronted
disposition of carboxylate groups in dhbdc ligand is well known to
bridge between two and six metal centres with transition metal ions to
yield MOFs [8], while hydroxyl groups adjacent to carboxylate groups,
though usually they do not chelate metal centers, can serve as exceptional groups which can interact with guest molecules. Nevertheless,
some works have been published in which the coordination of these
hydroxyl groups to the metal centers has generated MOFs with a fascinating topology and very interesting properties [9].
On another level, the aromatic character of the ligand behaves as an
appropriate moiety which, in addition to increase the distance among
metal ions to dispose them separated for enhancing SMM behaviour, it
can also bring large emission brightness centred on the lanthanide due
to its strong absorption through π–π* transitions.
Bearing in mind the latter, we report on the synthesis and structural
and chemico-physical characterization of a new MOF with the {[Dy
(dhbdc)1.5(DMF)2]·DMF}n formula, which exhibits interesting magnetic
and luminescence properties. On the one hand, alternating current
magnetic susceptibility measurements reveal the occurrence of subtle
slow relaxation of the magnetization that is effectively improved by
means of a structural dilution with diamagnetic yttrium(III) ions. On
the other hand, photoluminescence studies performed on both solid
state and liquid media support a large ligand-to-metal charge transfer
(LMCT) which provides the material with an interesting temperatureand solvent-dependent tuneable bright emission.

2.3. Physical measurements
Elemental analyses were carried out at the “Centro de
Instrumentación Científica” (University of Granada) on a THERMO
SCIENTIFIC analyzer model Flash 2000. The IR spectra on powdered
samples were recorded with a BRUKER TENSOR 27 FT-IR and OPUS
data collection program. Magnetic susceptibility measurements were
performed on polycrystalline samples of the complexes with a Quantum
Design SQUID MPMS-7 T susceptometer at an applied magnetic field of
1000 G. The susceptibility data were corrected for the diamagnetism
estimated from Pascal’s Tables [10] the temperature-independent
paramagnetism, and the magnetization of the sample holder. Ac measurements were performed on a Physical Property Measurement
System-Quantum Design model 6000 magnetometer under a 3.5 G ac
field and frequencies ranging from 60 to 10 000 Hz El vuestro es PPMS
tb? Las frecuencias están mal, son de 1 a 1399 Hz.
2.4. Single-crystal structure determination
Prismatic crystals for 1 were mounted on a glass fiber and used for
data collection on a Bruker D8 Venture with Photon detector equipped
with graphite monochromated MoKα radiation (λ = 0.71073 Å). The
data reduction was performed with the APEX2 [11] software and corrected for absorption using SADABS [12]. Crystal structures were
solved by direct methods using the SIR97 program [13] and refined by
full-matrix least-squares on F2 including all reflections using anisotropic
displacement parameters by means of the WINGX crystallographic
package [14]. Several crystals of 1 were measured and the structure
was solved from the best data we were able to collect, due to the quality
of the crystals was very poor. Final R(F), wR(F2) and goodness of fit
agreement factors, details on the data collection and analysis can be
found in Table 1. Selected bond lengths and angles are given in Table S1
(see the Supporting Information). CCDC number 1985827 contain the
supplementary crystallographic data for compound. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

2. Experimental
2.1. General
2,5-dihydroxyterephthalic acid and all metallic salts used as reagents were purchased from commercial sources (Sigma-Aldrich) and
used as received and without further purification.
2.2. Preparation of the complexes

Table 1
Crystallographic data for compound 1.

Synthesis of {[Dy(dhbdc)1.5(DMF)2]·DMF}n (1). Single crystals of
compound 1 were obtained following the next solvothermal procedure.
0.076 mmol (15.00 mg) of 2,5-dihidroxyterephtalic acid and
0.101 mmol (38.05 mg) of DyCl3·6H2O were dissolved in 1 mL of DMF.
The resulting solution was placed in a closed glass vessel and introduced in an oven at 95 °C for 24 h. Yield: 64% based on metal. Anal
Calcd for DyC21O12 N3H27: C, 37.31; H, 4.03; N, 6.22. Found: C, 37.34;
H, 3.99; N, 6.24.
Synthesis of {[Dy0.2Y1.8(dhbdc)3(DMF)4]·2DMF}n (1Y). Single
crystals of 1Y were obtained by carrying out the same general procedure
described for 1 but using a Dy:Y molar ratio of 1:9. Yield: 66% based on
metal. Anal Calcd for Dy0.2Y1.8C42O24N6H54: C, 41,37; H, 4.46; N, 6.89.
Found: C, 41,41; H, 4.42; N, 6.92.
The FT-IR spectra of complexes 1 and 1Y showed the expected vibrational bands, confirming the coordination to O-containing carboxylate group (Fig. S6). The main vibrations of 2,5-dihidroxyterephtalic
acid are associated to the stretching vibration at 1643 cm−1 and the
asymmetric and symmetric vibrations of the carboxylate groups at
1683 cm−1 and 1423 cm−1 respectively. In addition, the ligand shows a
high intensity band 1650 cm−1 that in compound 1 and 1Y lose intensity, probably due to the bond between O-carboxylate and metal
centers. As can be seen in Fig. S6 there is a small displacement in the
most characteristic bands due to the coordination of the 2,5-dihidroxyterephtalic acid ligand to the metal centers.

b

1

Formula
Mr
Crystal system
Space group (no.)
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
Z
Dc (g cm−3)
μ(MoKα) (mm−1)
T (K)
Observed reflections
Rint
Parameters
GOF
R1b,c
wR2d
Largest difference in peak and hole (e Å−3)

C21H24DyN3O12
672.93
Triclinic
P1
10.446(2)
10.877(2)
12.503(3)
104.644(4)
107.329(4)
97.583(4)
1278.6(4)
2
1.748
2.988
100(2)
6582 (6086)
0.0495
340
1.086
0.0317 (0.0246)
0.0624 (0.0606)
2.077 and −2.160

R1 = S||Fo| - |Fc||/S|Fo|. cValues in parentheses for reflections with I > 2 s(I).
wR2 = {S[w(Fo2 - Fc2)2]/S[w(Fo2)2]}½.

d

2
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respectively) bonds, while Dy-ODMF ones display intermediate distances
(2.367(2) and 2.410(2)). The fact that the coordination sphere is
somewhat regular with no notably shorter bond with respect to others
might negatively affect the SMM properties. In the case of Dy(III), a
well-defined axial ligand field is able to stabilize the highly magnetic mJ
= ±15/2 states as ground levels and separate them from excited states
which, in turn, gives rise to high effective energy barriers.
3.2. Magnetic properties
3.2.1. Static magnetic measurements
The direct-current (dc) magnetic susceptibility of 1 and 1Y (Fig. S2)
were measured in the 2–300 K range under an applied magnetic field of
0.1 T (Fig. 3). The χMT value of 14.19 cm3 K mol−1 (calculated for the
asymmetric unit) observed in 1 is in good agreement with the calculated theoretical value of 14.17 cm3 K mol−1 for one isolated Dy(III) ion
(4f9, J = 15/2, S = 5/2, L = 5, g = 4/3 6H15/2). On cooling, the χMT
product remains somehow constant until 50 K, where it falls sharply
reaching the minimum value of 12.70 cm3 K mol−1 at 2 K. In ions such
as the Dy(III), which contain considerable unquenched orbital moment,
this drop could be attributed to some different effects: i) antiferromagnetic interactions between paramagnetic ions, ii) the depopulation of the Stark sublevels of the dysprosium ion, which arise from the
splitting of the ground term by the ligand field and iii) the presence of
magnetic anisotropy. The strong spin–orbit coupling in Dy(III) compounds hinders the possibility to fit the χMT data in order to obtain the
exchange coupling constant. However, with the aim of getting a deeper
insight into the possible intramolecular interactions between Dy(III)
centers, we studied the magnetic data in the range of 2–300 K by the
Curie-Weiss law, namely 1/χ = (T – θ)/C. The best fit afforded the
values of C = 14.17 cm3·K·mol−1 and θ = −0.26 K. The negative value
of θ suggests the existence of weak intramolecular antiferromagnetic
interactions. This is in good agreement with the previously reported J
values for an isostructural Gd(III) analogue [15]. The isotropic character of Gd(III) provided by the lack of angular momentum enables the
analysis of the magnetic data in order to obtain the magnetic coupling
constant. The small value of J = −0.020(2) cm−1 calculated by Nayak
and co-authors coincides with our initial prediction, being the dimeric
Dy(III) entities weakly antiferromagnetically coupled systems.
With the purpose of supporting the experimental data, DFT calculations with the broken-symmetry methodology were also conducted to
better estimate the nature of the magnetic exchange interactions. To
that end, dimeric fragments were cut from the crystal structure of 1 in
order to represent the three possible superexchange pathways found in
the compound: i) that mediated within the paddle-wheel shaped entity
involving four carboxylate moieties (which imposes a short bridge of
4.2 Å between lanthanide(III) atoms); ii) through the bis-chelating
dhbdc ligand (involving a Ln···Ln distance of 11.4 Å); and iii) through
the tetradentate dhbdc ligand, which imposes a Ln···Ln distance of ca.
10.9 Å. Moreover, paramagnetic Dy(III) ions were replaced by isotropic
Gd(III) ones to have a good estimate of the J parameter (we were not
able to crystallise the Gd(III) analogue). In this case, based on the superexchange path 1 (Fig. S6), which considers the shortest carboxylate
bridged pathways, the calculation suggests an almost negligible coupling among lanthanide(III) ions (weak ferromagnetism with
J ~ 0.02 cm−1 is achieved), which can be considered within the calculation error given the experimental result achieved for the Dy(III)
counterpart. Although experimental and theoretical calculations differ
in the nature of the exchange interactions, it is evidenced that the
carboxylate bridges provide weakly interacting pathways. Therefore,
due to the magnetic anisotropy of the Dy(III) ion the contribution of the
metal to metal exchange is hidden in 1.
The magnetization versus field plot at 2 K is shown in the Fig. S1. It
shows an initial rapid increase up to a field of 1 T, followed by an
almost linear increase reaching a value of 6.35 NµB, which is lower than
the expected saturation value. This behaviour can be explained by

Fig. 1. Excerpt of the structure showing the dinuclear entity, where coordination environment of Dy1 along with carboxylate bridged Dy1 (i) is shown.
Symmetry: (i): -x, -y, -z. Colour code: Dysprosium, oxygen, nitrogen and carbon
are in light green, red, blue and grey, respectively. Hydrogen atoms have been
removed for the sake of clarity. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion
3.1. Crystal structure of compound 1
Compound 1 crystallizes in the triclinic P1 space group. A selection
of bond distances and angles, as well as crystallographic data are given
in Table S1 and Table 1, respectively. The asymmetric unit is composed
of a single dysprosium ion, three independent halves of deprotonated
dhbdc ligands, two coordinated DMF molecules and one crystallization
DMF molecule. The dysprosium ion is eight-coordinated being bonded
to eight oxygen atoms, two of them belonging to two DMF molecules
(O1S and O2S) and the rest to carboxylate groups. Whereas O1C and
O2C belong to the same chelating carboxylate moiety, O1B, O2B(i),
O1A and O2A(i) belong to four carboxylate groups of different dhbdc
ligands (two symmetry related A and B ligands), which acquire the local
μ-κO:κO' mode and are responsible for bridging two closest Dy centres
forming paddle-wheel dinuclear fragments (Fig. 1). In other words,
there are different types of L2− depending on the coordination mode.
Two of them (the ones with O1A-O2A and O1B-O2B labels) act as
double-bridging groups. On the one hand, a carboxylate group in a
bismonodentate fashion is bonded to two Dy ions from the same dinuclear entity and, on the other hand, the other carboxylate in the other
extreme is bonded to another dinuclear entity. In contrast, the other
type of L2− ligand also appears as bridging group, but each carboxylate
is only coordinated to a metal ion as a chelate. Every metal centre is
coordinated to four ligands of the former type and one of the latter type,
thus extending the structure over the 3D.
The geometry of the polyhedron was calculated by SHAPE software,
indicating that it is a slightly distorted square antiprism (SSAPR value of
1.183). These entities can be regarded as the repeating secondary
building unit (SBU) along the whole structure and are linked to other
neighbouring ones by means of both the tetradentate A and B ligands as
well as the bis-chelating C ligands (Fig. 2). The separation between the
Dy ions within the dinuclear entity is 4.187(1) Å whereas it rises up to
10.446(2) Å and 11.421(2) Å between adjacent paramagnetic centres
crossing the tetradentate and bidentate dhbdc ligands, which indicates
that we could expect non-negligible magnetic interactions. Isostructural
Metal-Organic Frameworks based on La, Ce, Pr, Nd and Gd have been
published [16]. The Dy-O bond distances do not vary according to the
nature of coordinating oxygen. Both the shortest and longest bond
distances correspond to Dy1-Ocarboxylate (2.294(2) and 2.577(2),
3
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Fig. 2. Perspective of Metal-Organic Framework
along a axis. Colour code: Dysprosium, oxygen, nitrogen and carbon are in light green, red, blue and
grey, respectively. Hydrogen atoms have been removed for the sake of clarity. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Temperature and frequency dependence of the out-of-phase ac susceptibility of 1 under an external dc field of 1 kOe.

Fig. 3. Temperature dependence of the χMT product and 1/χ versus T for 1 in
the 2–300 K range. The solid line represents the best fitting with the CurieWeiss law.

neighbouring Dy ions may play an essential role in the relaxation
process due to the appearance of a second maximum. It is worth
mentioning, though, that the presence of two maxima could also arise
from a single ion [2b,18]. Taking into account that the maxima are not
well defined, the treatment of the data becomes much more complicated and prevents no further analysis. Indeed, we were not able to fit
the data in order to obtain parameters such as the effective energy
barrier (Ueff), τ0 or α. Nonetheless, it can be seen that the relaxation
mechanisms are not pure Orbach processes.
To get insight into the role of exchange or dipolar interactions induced by neighbouring metal centres, a diluted sample of 1 was prepared. The compound 1Y was synthesized by mixing the diamagnetic
analogue Y(III) along with Dy(III) in a Dy/Y molar ratio of 1:9. This
procedure allows us to observe the influence of intramolecular interactions in terms of relaxation of the magnetization and, at the same
time, is another typical strategy to avoid the fast QTM that could arise
from dipolar interactions [19].
The 1Y sample was then measured in the same conditions as the
undiluted sample. The results show that i) the peaks at the highest
temperatures related to the SR have disappeared and ii) the peaks at
lower temperatures related to FR are now well defined, since both the
dilution and the external dc field are a good combination to quench
QTM (Fig. 5). Regarding to the first consequence, it is now evident that
the slowest relaxation in the undiluted sample arose from the effect of
the intramolecular exchange interactions and not from single-ion. In
fact, when analysing the easy axes of magnetization of an isolated dinuclear entity within the whole structure by the Magellan software

crystal-field effects leading to significant magnetic anisotropy.
3.2.2. Dynamic magnetic properties
Dynamic ac magnetic susceptibility measurements as a function of
temperature and frequency were carried out on a powder sample of 1.
At zero applied dc field, the out-of-phase component (χM’’) displays
non-zero signals at the highest measured frequency (1399 Hz, Fig. S3).
However, no maxima could be seen even at the lowest temperature.
This behaviour suggests that probably a fast relaxation of the magnetization is occurring through the under-barrier quantum tunnelling of
the magnetization process (QTM). Nevertheless, it is well known that an
external magnetic field could be a good strategy so as to lift the degeneracy of the ground-state ± mJ energy levels, thus partially or totally quenching the mentioned effect [17]. Accordingly, the measurements were carried out again under an external dc field of 1 kOe with
intriguing results (Fig. 4). Although low frequency curves do not display maxima, there is a clear frequency dependence of the χM’’ product.
In addition, at higher frequencies two relaxation processes can be observed, one at lower temperatures (2.0–4.0 K, Fast Relaxation) and the
other at notably higher ones (6.0–8.0 K, Slow Relaxation). This result
indicates that i) the external magnetic field is only able to partially
suppress the QTM (since the χM’’ values do not go to zero below the
maxima at lowest temperatures, revealing that QTM still operates) and
that ii) magnetic exchange or dipolar interactions between the
4
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[20], it is demonstrated that the anisotropy axes are completely parallel
(which is, in turn, due to the inversion centre, Fig. 6). It has been recently reported that the angle between the anisotropy axes plays an
essential role in relaxation dynamics with magnetically coupled systems, emphasizing that collinear or almost collinear systems show the
slowest relaxation times [21]. Therefore, this might be the reason why
the SR is lost when diluting the sample. In regard to the FR, relaxation
times and α parameters were extracted from the frequency-dependent
data between 2.0 and 3.5 K. The τ values corresponding to the highest
temperature were fitted to the Arrhenius law, τ = τ0exp(Ueff/kT), obtaining the following parameters: Ueff = 31.6 K and τ0 = 2.0·10−8 s.
The obtained τ0 value lies in the expected range of 10·10−6 to 10·10−11
s [22]. The deviation from linearity of the lowest temperature data
point, as well as the α values obtained from the Cole-Cole plots (0.38
(2.0 K) – 0.34 (3.5 K)) suggest a quite broad distribution of relaxation
processes. However, we were not able to obtain a good fitting assuming
the simultaneous presence of different processes.
The relatively poor SMM properties of this system could be explained by an exhaustive study of the ligand field. As aforementioned in
the crystal structure description, the coordination environment polyhedron fits well with the square-antiprism geometry. It has been seen in
the literature that this kind of geometry is suitable to stablish an axial
crystal field around the Dy(III) centre [23]. However, this is not the
unique prerequisite to obtain high performance SMMs. In an ideal
crystal field, the axially coordinated atoms should have the largest
amount of negative charge and they should exhibit the shortest distance
towards the metal ion, thus the mJ = ±15/2 ground state will be well
isolated from the excited states. Additionally, the opposite is desired for
the equatorial ligand field. Less charged, or neutral, donor atoms will
facilitate diminishing the transverse components that favour other relaxing processes that shortcut the always desired through barrier Orbach mechanism. In our case, the anisotropy axes are defined by the
chelate carboxylate group (O1 and O2) and one monodentate carboxylate (O4), probably due to the negative charge afforded by the chelate.
However, none of these bonds are the shortest ones. Instead, the
shortest distance corresponds to Dy1-O8 bond in the equatorial plane,
which is counteracting the axial ligand field provided by the chelate.
Moreover, another two carboxylate oxygen atoms (O5 and O9) are also
located in the equatorial plane with relatively short bond distances.
Fortunately, the neutral DMF molecules complete the equatorial field
and these ones will not be the maximum responsible of the transverse
field. With all this in mind, the none outstanding magnetic properties of
our system are not a surprise, but it appears as an interesting model to
evaluate the influence of a variety of parameters governing the slow
relaxation of the magnetization.

Fig. 5. Temperature and frequency dependence of the out-of-phase ac susceptibility of 1Y under an external dc field of 1 kOe (top), Arrhenius plot of
relaxation time versus temperature for 1Y (the solid line represents the best fit to
the Arrhenius law, top inset) and Cole-Cole plots of 1Y under 1 kOe dc field in
the temperature range of 2.0–3.5 K (solid lines are the best fit to the generalized
Debye mode, bottom).

3.3. Luminescence properties
Photoluminescence measurements were performed on polycrystalline sample of compound 1 at different temperatures with the aim of
getting a more representative characterization of the emissive performance of the material for potential applications in lighting and thermometry. It is well-known that lanthanide based PL constitutes a promising means to develop materials with promising performance for
light-emitting, display sensing, optical devices [24] in vivo detection
[25]. Despite the fact that organic luminescent compounds are emerging as an alternative source which promotes efficient organic lightemitting diodes (OLEDs) [26], lanthanide based CPs bring the advantages of both classes of materials, affording a more brilliant emission of the organic ligands through the ligand-to-lanthanide energy
transfer (antenna effect) [27] or, at least, a significant emission enhancement due to the coordination [28]. At room temperature, the PL
emission spectrum measured at λex = 325 nm (under monochromatic
LASER light) shows an intense and somehow broad band centred at
450 nm that possesses significant emission up to 650 nm. Focusing this
main emission, the excitation spectra reveals also a unique band

Fig. 6. Magnetic axes of the Dy(III) ions calculated with the Magellan software.
A neutral reduced dinuclear fragment of the structure was considered in order
to obtain a reliable result. Hydrogen atoms were omitted for the sake of clarity,
but they were included in the calculation.
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Fig. 7. Excitation and emission spectra of compound 1 at room temperature.

Fig. 9. Variable temperature emission spectra. Inset: evolution of the integrated
emission intensity.

peaking at 350 nm (Fig. 7). The shape and width of all bands seem to
indicate that they correspond to π ← π* transitions taking place within
the aromatic rings of the ligand. It is worth noticing the absence of any
of the characteristic transitions attributed to the inner f orbitals of the
lanthanide atom [29], which makes one guess that the ligand-to-lanthanide energy transfer is poor. This fact may be due to proximity of the
hydroxyl groups with regard to the Dy ion, since, occupying the first
coordination sphere, could act as effective quenchers of the metalcentred PL emission [30].
In any case, the strong emission observed in the spectrum imbues
compound 1 with a remarkable blue emission light, which may be inferred from the photographs taken on single crystals in a microscope
under excitation at 365 nm (Fig. 8). In fact, the tail observed in the
emission spectrum at high wavelength also provides it with a still strong
(although comparatively weak) green and even red coloured lights
when they are irradiated with less energetic beams (λex of 435 and

546 nm).
When the sample is cooled down to 10 K, the emission band shows
no remarkable change in its shape yet it undergoes a subtle blue-shift
(from 450 to 445 nm) while it also gains intensity compared to room
temperature owing to the decrease of the kinetic (thermal) energy of
the bond electrons (Fig. 9) [31]. Though the increase in the emission
intensity is quite progressive with the temperature, the largest step
takes place in the 50 → 10 K range, where the intensity shows a
quantitative leap. To summarize, the emission intensity at λmax ≈
450 nm is much greater for 10 K data compared to RT (about 36%
larger in terms of emitted integrated intensity).
Additionally, the emission decay curves recorded at the band
maximum (λem = 450 nm) revealed the occurrence of a fluorescent
process below the detection limit of the employed pulse lamp (below

Fig. 8. Room temperature micro-PL images taken at different excitation lines.
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1 μs), given that no reliable long-lived tail could be discerned from the
lamp signal.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ica.2020.119687.

4. Conclusions
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ABSTRACT
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1H-indazole-5-carboxylic acid
Anticancer activity

We report on the formation of two novel multifunctional isomorphous (4,4) square-grid 2D coordination
polymers based on 1H-indazole-5-carboxylic acid. To the best of our knowledge, these complexes are the first
examples of 2D-coordination polymers constructed with this novel ligand. We have analysed in detail the
structural, magnetic and anti-parasitic properties of the resulting materials. In addition, the capability of inhibiting nitric oxide production from macrophage cells has been measured and was used as an indirect measure
of the anti-inflammatory response. Finally, the photocatalytic activity was measured with a model pollutant, i.e.
vanillic acid (phenolic compound), with the aim of further increasing the functionalities and applicability of the
compounds.

1. Introduction
In the last decades, the study of coordination polymers (CPs) has
increased exponentially because of their potential applications in different areas of science owing to the continuous advances shown by
these multifunctional materials [1–5]. Experimental conditions such as
temperature, solvent, stoichiometry and pH need to be carefully controlled during the synthesis of CPs [6–9]. These conditions play a major
role in the intrinsic characteristics of the structural components, which
in turn make the difference to generate advanced materials with fascinating functionalities [10,11]. Aromatic ligands with carboxylate
groups are widely used owing to rigidity as well as high coordination
capacity, resulting in different binding modes and interesting crystal
packings [12–14]. On the other hand, first row transition metal ions are
a perfect choice for obtaining new materials with excellent physical
properties [14–17]. In fact, it has been observed that family of indazolecarboxylic acids together with first row transition metals have a great
potential for the construction of new coordination compounds with a
⁎

wide range of traits [18–22].
In the last years, our group and others have reported the use of
different nitrogen derivative ligands with specific antiparasitic activities, with a particular focus on the behaviour of the triazolopyrimidine
ligands [23–26]. In addition, materials with anti-inflammatory or antidiabetic activity have been synthesized in our laboratory with this class
of organic ligands [27–29]. Based on these previous results, we decided
to use a novel organic linker to construct new CPs and to study different
physical properties of these materials based on transition metal ions. In
this sense, we chose the 1H-indazole-5-carboxylic acid due to, to the
best of our knowledge, there is only one example of coordination
compound based on this ligand, specifically, this compound is based on
copper and consists of two interpenetrated networks with hysteretic
carbon dioxide sorption [30]. Therefore, in addition to the biological
properties, we will be able to characterize the synthesized materials by
studying other properties such as magnetism or photocatalysis, or even
other very interesting properties could be studied in case the materials
show superparamagnetism [31]. In this sense, the use of transition
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metal ions generates the possibility of the study of magnetic properties
[32,33] while, on the other hand, nitrogen aromatic ligands are widely
employed in the preparation of news CPs that show excellent photocatalytic degradation of organic wastes [34,35], principally the Ni-CPs
are very attractive in this field [36].
However, the main objective of this work is the study of the biological properties that these materials may exhibit, such as anti-parasitic or anti-inflammatory activities. Bioinorganic and medicinal chemists have focused on the design and synthesis of new metal-based
agents with better biological activity, lower toxicity and different mechanisms of action to overcome the unresolved clinical problems of
some current therapeutic agents [37,38]. For example, non-steroidal
anti-inflammatory drugs comprise a large group of medicines used to
inflammation and pain with known side-effects [39,40]. For this reason
CPs have been broadly studied over recent years as anti-inflammatory
drugs [41,42]. Nitric oxide (NO) is a very important mediator in acute
or chronic inflammation. This radical compound is produced by constitutive and inducible nitric oxide synthases. The inducible enzyme is
activated in response to pro-inflammatory signals as LPS (either bacterial lipopolysaccharide), enterotoxin, or cytokines as TNFα (tumor
necrosis factor α) or INF-γ (interferon-γ) in macrophages, hepatocytes,
and endothelial cells. The reduction of NO can be produced by directly
scavenger action of NO radicals, iNOS inhibition enzyme activity, and/
or iNOS (inducible nitric oxide synthase) gene expression inhibition.
As a complement to these biological studies, numerous investigations have demonstrated the activity of indazole derivatives against
Leishmaniasis [43,44]. In humans, the disease is presented as three
clinical forms, depending on the involved species of Leishmania. Actually, there are > 12 million of cases and 350 million people at risk, also
2 million new cases are estimated each year [45,46]. The current
therapies are inadequate due to several factors such as the high toxicity,
pernicious side effects, high prices and the emergence of drug-resistant
parasites [47]. Therefore, looking for new effective therapeutic agents
against this disease should be considered by new CPs based on 1Hindazole-5-carboxylic acid.
All of the above in mind, in this work, we have synthesized two
new coordination polymers based on first row transition metals
and 1H-indazole-5-carboxylic acid (5-inca) with the formula {[M(5inca)2(H2O)2]·2DMF}n (M = Ni (1) and Cu (2)). We have analysed in
detail the structural, magnetic and anti-parasitic properties of these
materials. In addition, the capability of inhibiting NO production from
LPS RAW macrophage cells has been also measured. This was used as an
indirect proof of the anti-inflammatory response [48]. Finally, the
photocatalytic activity was measured with a model pollutant, i.e. vanillic acid (phenolic compound), with the aim of further increasing the
functionalities and applicability of the compounds.

0.06 mmol (10.00 mg) of 1H-indazole-5-carboxylate were dissolved in
0.5 mL of DMF and then 0.5 mL of distilled water was added. Then
0.03 mmol of MCl2·xH2O for different compounds was dissolved in
0.5 mL of distilled water and afterward 0.5 mL of DMF was added. Both
solutions were mixed and the resulting solution was placed in a closed
glass vessel and introduced in an oven at 95 °C for 24 h. Yield (1): 54%
based on Ni. Yield (2): 48% based on Cu. Anal. Calcd. for
NiC22H28N6O8: C, 46.92; H, 5.01; N, 14.92. Found: C, 46.88; H, 4.99; N,
14.98. Anal. Calcd. for CuC22H28N6O8: C, 46.52; H, 4.97; N, 14.79.
Found: C, 46.50; H, 4.93; N, 14.84.
2.3. Crystallographic refinement and structure solution
X-ray data collection of suitable single crystals of the compounds
were conducted at 100(2) K on a Bruker VENTURE area detector
equipped with a graphite monochromated Mo-Kα radiation source
(λ = 0.71073 Å) by applying the ω-scan method. The data reduction
was performed with the APEX2 software [49] and corrected for absorption using SADABS [50]. Crystal structures were solved by direct
methods using the SIR97 program [51] and refined by full-matrix leastsquares on F2 including all reflections using anisotropic displacement
parameters by means of the WINGX crystallographic package [52].
Details of the structure determination and refinement of compounds 1
and 2 are summarized in Table 1.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication nos. CCDC
1987070 and 1,987,071. Copies of the data can be obtained free of
charge on application to the Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, U.K. (Fax: +44–1223-335,033; e-mail: deposit@
ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
2.4. Parasite culture and in vitro activity
Promastigote forms of L. infantum (MCAN/ES/2001/UCM-10), L.
braziliensis (MHOM/BR/1975/M2904) and L. donovani (MHOM/PE/
84/LC26) were grown in vitro in trypanosomal liquid medium (MTL)
[Hank's Balanced Salt Solution-HBSS (Gibco), NaHCO3, lactalbumin,
yeast extract, bovine hemoglobin and antibiotics] with 10% inactivated
fetal bovine serum being stored in an air atmosphere at 28 °C, in Roux
flasks (Corning, USA) with a surface area of 25 cm2, according to the
methodology described by Gonzalez et al. [53] The extracellular
Table 1
Crystallographic data and structure refinement details of all compounds.

2. Experimental
2.1. Materials and physical measurements
All reagents were obtained from commercial sources and used as
received. Elemental (C, H, and N) analyses were performed on an Euro
EA Elemental Analyzer. The IR spectra of powdered samples were recorded in the 400–4000 cm−1 region on a Nicolet 6700 FTIR spectrophotometer using KBr pellets (Fig. S1). Alternating current magnetic
measurements were performed under zero and 1000 Oe applied static
fields on a Quantum Design SQUID MPMS XL-5 device by using an
oscillating ac field of 3.5 G and ac frequencies ranging from 10 to
1400 Hz.
2.2. Synthesis of complexes

Compound

1

2

Chem. form.
CCDC
Form. weight
Cryst. system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
Z
GoFa
Rint
R1b / wR2c [I > 2σ(I)]
R1b/wR2c [all data]

NiC22H28N6O8
1,987,070
563.21
Monoclinic
P21/n
6.5605(12)
17.9705(3)
10.970(2)
90
93.970(5)
90
1290.2(3)
2
1.170
0.1338
0.0455/0.1108
0.0840/0.1610

CuC22H28N6O8
1,987,071
568.04
Monoclinic
P21/n
6.5541(4)
18.0179(11)
10.9212(7)
90
94.027(2)
90
1286.51(14)
2
1.131
0.0787
0.0275/0.0418
0.0446/0.0448

w = 1 / [σ2(F02) + (aP)2 + bP] where P = (max(F0 2,0) + 2Fc2)/3.
a
S = [Σw(F02 − Fc2)2 / (Nobs − Nparam)]1/2.
b
R1 = Σ||F0| − |Fc|| / Σ|F0|.
c
wR2 = [Σw(F02 − Fc2)2 / ΣwF02]1/2.

2.2.1. Synthesis of {[M(5-inca)2(H2O)2]·(DMF)2}n (M = Ni (1), Cu (2))
Green and orange single crystals of compounds 1 and 2, respectively, were obtained following the next solvothermal procedure:
2
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promastigote forms were screened using 24-well plates with MTL
medium and 5 × 104 parasites per well. Different concentrations of the
compounds (1, 10, 25 and 50 μM) were tested preparing three replicas
of each one and maintaining some wells without drugs as control. They
were incubated at 28 °C during 72 h before determining the leishmanicidal activity counting the final parasite population using a Neubauer
chamber. Finally, the leishmanicidal effect was expressed as the IC50
(concentration required to obtain 50% inhibition, calculated through a
linear regression analysis from the Kc values at the concentration employed).
2.5. Cell culture and cytotoxicity test

Scheme II. Experimental set-up for photocatalytic experiments.

RAW 264.7 monocyte/macrophage murine cell line (ATCC no. TIB71) is a murine leukemia virus-induced tumor cell line from mouse Mus
musculus. This cell line does not produce detectable retrovirus. Cells
were cultured in DMEM (Dulbecco's Modified Eagle's medium) supplemented with 2 mM glutamine, 10% heat-inactivated FCS (Fetal Calf
Serum), 0,5 μg/mL of gentamicin, being incubated at 37 °C, in an atmosphere of 5% CO2 and 95% humidity. Subconfluent monolayer cells
were used in all experiments.
The cytotoxicity tests for macrophages were carried out in 96-well
plates. The growth inhibition of mammalian cells was studied testing
the compounds in a concentration range from 0 to 100 μg/mL.
First, the cells were cultured in the plates to a volume of 100 μL at
6.0 × 103 cells/mL and were incubated at 37 °C with 5% CO2 during
24 h. The compounds were dissolved in the cell growth medium and
then were added in another 100 μL (only adding medium in the control
wells) to the corresponding wells. After that, the plates were incubated
at 37 °C with 5% CO2 for 72 h.
Cell viability was determined by measuring the absorbance of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye
staining of living cells. After 72 h of incubation, the medium with the
compounds was removed, and 100 μL of MTT solution (0.5 mg/mL) in
50% of PBS 50% of medium was added to each well. After 1.5 h of
incubation formazan was resuspended in 100 μL of DMSO. Relative cell
viability, with respect to untreated control cells, was measured by absorbance at 570 nm on an ELISA (enzyme linked immunosorbent assay)
plate reader (Tecan Sunrise MR20–301, TECAN, Austria).
Experimental data were fitted to a sigmoidal function (y = ymax/
(x/a)^-b) by non-linear regression. IC50 values (i.e., concentration
causing a 50% of cell viability) were obtained by interpolation. These
analyses were performed with SigmaPlot statistical software (Version
12.5). Similar analyses were performed to obtain the IC50 NO (vide
infra).

between negative control (untreated cells) and positive control (cells
only treated with 10 μg/mL of LPS).
2.7. Photocatalytic performance measurements
The photocatalytic experiments using MOF materials were performed in a 50 mL Pyrex batch reactor loaded with a 20 mg L−1 vanillic
acid (VA) solution (C8H8O4), under simulated solar light irradiation for
60 min. The irradiation source consisted of a 1500 W xenon lamp min
using a Cofomegra SolarBox 1500e (Scheme II). The material load was
fixed at 1 g L−1 and the suspensions were magnetically stirred and
continuously saturated with an air flow. The temperature was maintained at 303 K. The concentration of VA was monitored using a UVspectrophotometer model UV-1800 Shimadzu.
3. Results and discussion
3.1. Structural descriptions
3.1.1. Structural description of {[Ni(5-inca)2(H2O)2]·2DMF}n (1)
Compound 1 crystallizes in P21/n and grows from the pilling of
neutral 2D layers held together by hydrogen bonds. Each metallic
center (Ni1), which is situated at a centre of symmetry, is coordinated
to four 5-inca ligands and two water molecules, shaping a slightly octahedron as a coordination polyhedron (Fig. 1). The polyhedron basal
plane is formed by two O1W coordination water molecules and two
O1A atoms from carboxylate groups, whereas the slightly elongated
axis is occupied by N1A atoms pertaining to indazole aromatic rings.
Besides, the asymmetric unit includes a DMF molecule. A square-grid
2D coordination polymer is formed with DMF molecules located at
square holes, as the result of strong hydrogen bond interactions.
Within these sheets, nickel(II) ions are bridged by four 1H-indazole5-carboxylate ligands which are coordinated to the metal ions through
the pyrazol and carboxylate groups pertaining to the ligand with NieN
and NieO bond distances of about 2 Å (Table 2).
The layers grow on the diagonal of the unit cell (Fig. 2a) and are
connected by hydrogen bond interactions (Table S1, 2.795(8) Å) involving nitrogen atoms from pyrazol rings and oxygen atoms pertaining

2.6. Determination of nitrite concentration
Nitrite concentration was used as indicator of NO production. NO
determination was based on Griess reaction [54].
Cells were plated at 6 × 104 cells/well in 24-well cell culture plates
and supplemented with 10 μg/mL of lipopolysaccharide (LPS). After
24 h of plated, cells were incubated for 72 h with ligand and compounds
1, and 2 at 3/4 IC50, 1/2 IC50 and 1/4 IC50 concentrations. The supernatants were collected at 24 h, 48 h and 72 h to determine their
nitrite concentration and/or stored at −80 °C for further use.
Griess reaction was performed taking 150 μL of supernatant test
samples or sodium nitrite standard (0–120 μM) and mixed with 25 μL of
Griess reagent A (0.1% N-N-(1-naphthyl)-ethylenediaminedihydrochloride) and 25 μL of Griess reagent B (1% sulfanilamide in 5% of
phosphoric acid), in a 96-well plate. After 15 min of incubation at room
temperature, the absorbance was measure at 540 nm in an ELISA plate
reader (Tecan Sunrise MR20–301, TECAN, Austria). The absorbance
was referred to nitrite standard curve to determine the concentration of
nitrite in the supernatant of each experimental sample. The percentage
of NO production was determined, assigning 100% at the increase

Fig. 1. View of complex 1 showing the coordination polyhedron. Nickel
(green), nitrogen (blue), oxygen (red), carbon (grey). Hydrogen atoms are been
omitted for clarity.
3
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Table 2
Bond distances for coordination environment in compound 1.a
Ni1-O1W
Ni1-O1W(iii)
Ni1-O1A
a

2.057(4)
2.057(4)
2.069(5)

Ni1-O1A(iii)
Ni1-N1A
Ni1-N1A(iii)

2.069(5)
2.093(5)
2.093(5)

Symmetry operation (iii) = ‘-x, -y, -z’.

to the carboxylate groups of adjacent sheets (Fig. 2b).
Accordingly, the linkage of these units gives rise to flattened open
2D layers showing square holes. Owing to this, the structure presents
channels along a axis occupied by crystallization DMF molecules
(Fig. 3). These DMF molecules are there located due to strong hydrogen
bond interactions involving the oxygen pertaining to DMF molecules
and the water molecules coordinated to nickel ions with a value of
2.748 Å.

Fig. 3. View of the channels in network compound 1 along a axis showing the
crystallization DMF molecules. Hydrogen atoms have been omitted for clarity.

3.1.2. Structural description of {[Cu(5-inca)2(H2O)2]·2DMF}n (2)
The compound 2 is isostructural to compound 1, crystallizes in P21/
n and grows from the pilling of neutral 2D layers held together in the
same way that previous Ni-CP. The same type of description applies to
compound 2, except that CueN and CueO bond distances in 2 that are
slightly smaller than in 1 (Table 3 and Fig. 4), which is consistent with
the larger atomic radio of nickel. Likewise, in this Cu-CP there are
hydrogen interactions that are involved in the packaging of the layers in
CP and in the presence of crystallization DMF molecules in channels
generated (Fig. 4). These interactions (Table S2) are in the range
2.626(17) - 2.803(18) Å.

Table 3
Bond distances for coordination environment in compound 2.
Cu1-O1W
Cu1-O1W(iii)
Cu1-O1A

2.0567(13)
2.0567(13)
2.0672 (12)

Cu1-O1A(iii)
Cu1-N1A(iv)
Cu1-N1A(ii)

2.0672(12)
2.0855(14)
2.0855(14)

3.2. Magnetic properties
Magnetic properties of the compounds have been studied in order to
complete the physico-chemical characterization and ensure the purity
of the samples. At room temperature the χMT value of 1.02 cm3 K mol−1
for compound 1 is in good agreement with the expected value of
1.00 cm3 K mol−1 for one isolated Ni(II) ion with g = 2.0 (Fig. 5). Upon
cooling, the χMT value remains nearly constant up to 15 K and then
abruptly decreases reaching a minimum value of 0.79 cm3 K mol−1 at
2.5 K. This thermal dependence is the first evidence of zero-field splitting (ZFS) in Ni(II) compounds. Assuming that the long intramolecular
Ni···Ni distances (10.913 Å) will provide negligible interactions in
comparison to the mentioned ZFS, the χMT data were analysed with the
PHI software and the following Hamiltonian:

= gµ B ·B + D(

z

2

2

/3) + E(

x

2

y

2

)

Fig. 4. Hydrogen bonds involving crystallization DMF molecules and 2D-CP.

x, y or z components. The best fit of the experimental data afforded the
following set of parameters: g = 2.02, D = −6.53 cm−1, and
E = +0.19 × 10−3 cm−1, with R = 9.74 × 10−3. The small value of E
indicates a weak influence of rhombicity in the ZFS; however, the values are consistent with other previously reported similar compounds
[55].

(1)

The first term accounts for the Zeeman interaction with the local
magnetic field (B), which is parametrized through the Landé g tensor,
and the second and third terms correspond to axial (D) and rhombic (E)
anisotropic ZFS parameters. Finally, Ŝ represents the spin operator with

Fig. 2. (a) Views of the packing of compound 1 along b axis in which hydrogen atoms have been omitted for clarity. (b) Strong hydrogen bond interaction involving
nitrogen and oxygen atoms of different layers. Nickel (green), nitrogen (blue), oxygen (red), carbon (grey) and hydrogen (white).
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χM

3

-1

antiferromagnetism, which at the same time leads to a ferromagnetic
ordering that causes the abrupt increase in the dc data. This phenomenon is known to occur for acentric and chiral structures but the proposed antisymmetric exchange pathways for the previous systems
might not be comparable to this particular system, since compound 2
owns an inversion center. Instead, this phenomenon may be also derived from a canted arrangement between the individual spins of the
metal ions in the layer with regard to the packing orientation, as it is
the case for the present compound. We are currently studying this
system by measuring the field-dependence of the χMT in the temperature region that the maximum appears, hysteresis loops, ZFC-FC measurements and dynamic magnetic properties, which will shed light in
the origin of these magnetic properties.
3.3. Photocatalytic degradation of vanillic acid

Fig. 5. Temperature dependence of the χMT product for compound 1 in the
2.5–300 K range. The solid line is generated from the best fit to the magnetic
parameters.

Heterogeneous photocatalysis appears as one of the most destructive
processes for organic contaminants under ambient conditions and by
using solar energy. Preliminary tests were carried out over CPs materials as
photocatalysts for the degradation of vanillic acid, VA (phenolic compound) in aqueous solution under UV–Vis irradiation. The results showed
a higher absorption of the VA spectra at 60 min after UV–Vis irradiation
(VA after irradiation, Compound 1 and VA after irradiation Compound 2,
respectively) in comparison to the VA spectrum before irradiation (see
Fig. S2, supporting information). More studies/strategies will be further
required to promote the photocatalytic performance of these compounds
such as modulation of their organic linkers/metal or integration with
semiconductors, photosensitizers and so on.
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3.4. In vitro antiparasitic activity

0.25
0

100

200

Taking into account the urgent need to find novel and effective drugs
and the exploration of new paths in the search of improved therapies to
fight Leishmaniasis, we have compared the activity of the two mentioned
complexes (and the ligand) against several Leishmania spp. strains to that
obtained with the commercial drug Glucantime (Table 4).
Regarding the antiproliferative assays against the promastigote
forms of Leishmania, the two compounds and the ligand exhibited less
inhibitory activity than the reference drug, Glucantime. It is indeed
necessary at least to duplicate the concentration of the compounds to
reduce by 50% the parasite population, in comparison to the drug
(Table 4 and Fig. 7). Nevertheless, the excellent cytotoxicity data obtained with macrophage host cells resulted in very good SI coefficients
in many of the studied cases. Focusing on L. infantum values, ligand and
compound 2 present similar SI, increasing in > 30 folds the Glucantime
coefficients, which make them the best candidates to further biological
tests in vivo. L. braziliensis turns out to be the more homogeneous series,
with very similar SI results for the ligand and the two compounds. In
the case of L. donovani, the ligand and complex 1 exhibited identical
moderate activities while compound 2 showed very high efficacy. All
the SI coefficients are also represented in Fig. 7.

300

T/K
Fig. 6. Temperature dependence of the χMT product for compound 2 in the
2–300 K range. Inset: field dependence of the magnetization for 2.

The temperature dependence of the magnetic susceptibility of
compound 2 in the 2–300 K temperature range under an applied field of
0.1 T is displayed in Fig. 6. At room temperature, the χMT value of
0.439 cm3 K mol−1 is higher than the spin only value expected for an
isolated Cu(II) center (0.375 cm3 K mol−1 with S = 1/2 and g = 2.0).
This occurs when the orbital angular moment is not completely quenched leading to higher g values and, inherently to higher χMT. When
lowering the temperature, the χMT value decreases gradually until 54 K
reaching the lowest χMT value of 0.28 cm3 K mol−1. At this point, the
signal sharply increases reaching 0.82 cm3 K mol−1 at 6.5 K before
falling to 0.48 cm3 K mol−1 at 2.0 K.
Similar results were previously obtained for other Cu(II) compounds
[56]. Indeed, we associated these magnetic properties to a spin-canted

Table 4
In vitro activity of ligand (5-inca) and complex 1 and 2 against promastigote forms of Leishmania spp. and J774.2 macrophages after 72 h of incubation.
Compound

Glucantime
Ligand
1
2

IC50 (μM)a ± SD
L. infantum

L. braziliensis

L. donovani

Toxicity IC50
Macrophage
(μM)

18.0 ± 3.1
39.5 ± 3.6
115.7 ± 21.6
36.9 ± 2.9

25.6
67.7
82.8
90.8

26.6 ± 5.4
> 200
> 200
65.9 ± 4.7

15.2 ± 1.0
> 1000
> 1000
> 1000

±
±
±
±

1.7
5.4
6.3
6.2

SIb
L. infantum

L. braziliensis.

L. donovani

0.8
25.3(32)
8.6(11)
27.1(34)

0.6
14.8(25)
12.1(20)
11.1(18)

0.6
5(8)
5(8)
15.2(25)

The results presented are averages of three separate determinations. In brackets: number of times that ligand SI exceed the reference drug SI.
a
The concentration required to obtain 50% inhibition, calculated through a linear regression analysis from the Kc values at the concentration employed (1, 10, 25
and 50 μM for promastigote forms of Leishmania spp. and 50, 100, 200 and 400 μM for macrophage host cells).
b
Selectivity index = IC50 against J774.2 macrophages / IC50 parasite (promastigote forms).
5
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3.6. Nitro oxide production
In the inflammatory response process, nitric oxide, NO, is released
as intermediate or second messenger. The enzymatic production of NO
is cell-type specific, with cytokine-driven inducible nitric-oxide synthase (iNOS) noted initially for the burst of higher levels as part of the
inflammatory activation process. RAW 264.7 murine macrophage cells
produce the highest release of NO during the inflammatory response,
being usually used a cell model for determining the anti-inflammatory
activity of drug candidates (Fig. 9). The anti-inflammatory activity of
the compounds was analysed by measuring the nitrite concentration
(which is proportional to the released NO) in the cell culture medium
by the Griess method. Macrophages were activated with LPS during
24 h after the addition of the compounds. Sub-cytotoxic concentrations
corresponding to ¾ IC50, ½ IC50, and ¼ IC50 were used.
After 24 h of incubation, the higher anti-inflammatory effect was
produced by compound 2, with a 68.35% of NO-inhibition with respect
to the positive control (only LPS treated control cells) and negative
control (untreated control cells), while the ligand and compound 1 only
showed 8.44% and 11.13% of NO-inhibition at 25 μg/mL (¾ IC50
concentration). At 48 h of incubation the compound 2 produced high
inhibition of NO production, being around 85% in all the concentrations assayed. At this time point, the ligand produced inhibited by 40%
at ¾ IC50 concentration. The inhibition effects of compound 1 were
very similar to those of the ligand. After 72 h, the inhibition was, in
general, more pronounced than at 48 h, the compound 2 producing an
inhibition of 90% irrespectively of the concentration. The treatment
with the ligand inhibited by 60% the NO release at ¾ IC50 concentration, and the compound 1 also produced NO release inhibition similar
to the ligand at the same concentration.
To complete the anti-inflammatory effect of compound 2, we calculated the concentration to reduce by 50% the production of NO (IC50
NO) at the time assayed (Fig. 10). The results showed that the IC50 NO of
the compound 2 were lower than the IC50 NO of the compound 1 and the
ligand. The IC50 NO for the compound 2 were 7.74 ± 3.78 μg/mL at
24 h, 1.15 ± 0.01 μg/mL at 48 h, and 0.57 ± 0.18 μg/mL at 72 h. For
compound 1 values of 42.59 ± 0.42 μg/mL at 24 h, 55.8 ± 4.7 μg/mL
at 48 h and 32.99 ± 1.53 μg/mL at 72 h. The IC50 NO of the ligand
was only measurable at 48 h (68.83 ± 4.22 μg/mL) and 72 h
(59.51 ± 0.16 μg/mL). In summary, the compound 2 was more effective than the ligand and compound 1 at all the times and concentrations
assayed (Fig. 10 and Fig. S3). Significant differences (p ≤ .001) were
found between the IC50NO of the ligand and the compound 2 at 48 and
72 h, and with the ligand and compound 1 at 72 h of treatment
(Fig. S3).

Fig. 7. Comparative of SI values between Glucantime, ligand and complexes 1
and 2. Selectivity index = IC50 against J774.2 macrophages / IC50 parasite
(promastigote forms).

Table 5
Growth-inhibitory effects of ligand, and compound 1 and 2 on RAW 264.7
monocyte/ macrophage murine cells.
Compound

IC20

IC50

IC80

Ligand
1
2

54,86 ± 2,34
13,91 ± 3,56
14,23 ± 0,14

81,11 ± 3,36
54,07 ± 6,95
33,38 ± 1,52

114,34 ± 8,59
120,87 ± 3,89
80,48 ± 10,28

3.5. Cytotoxicity on Raw 264.7 cell line
Cytotoxicity (cell viability) of the ligand or compounds 1 and 2 was
evaluated on RAW 264.7 murine macrophage cells to establish infracytotoxic concentrations. This is needed to assure that anti-inflammatory effects were due to an inflammatory process and not due to
their intrinsic cytotoxicity. IC50 concentration (concentration causing
50% reduction growth) were 81,11 ± 3,36 for ligand, 54,07 ± 6,95
for compound 1 and 33,38 ± 1,52 for compound 2. Also we have
determined the compound concentrations required for 20% and 80% of
growth inhibition (IC20 and IC80) to analyse the complete range of cytotoxicity (Table 5). The results showed that the compound 2 is more
toxic than 1 and the free-ligand for the explored concentration range (0
to 100 μg/mL) (Fig. 8).

Fig. 8. Effect of ligand (a), compound 2 (b) and compound 1 (c) on cell proliferation of RAW 264.7 macrophage murine cells. After treatment with the compounds in
the range of concentration from 0 to 100 μg/mL, each point represents the mean value ± S.D. of at least two independent experiments performed in triplicate. IC20,
IC50, and IC80 are the concentrations required for growth inhibition of 20%, 50% and 80%.
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Fig. 9. Effect of compounds 1 and 2 on the release of nitrites in RAW 264.7 macrophage murine cells. After activation of the inflammatory process by incubation with
LPS for 24 h, the compounds were incubated for 24, 48, 72 h at concentrations of ¾·IC50, ½·IC50, ¼·IC50. The data represent the mean ± S.D. of at least two
independent experiments performed in triplicate. Key: p < .05 (*), p ≤ .01 (**) and p ≤ .001 (***), respect to positive control (only LPS treated cells).

4. Conclusion

candidates for further intracellular studies. Compound 2 produced antiinflammatory effects at all the assayed times, 24, 48, 72 h, with the
higher percentage of NO inhibition release being close to 90%.
Compound 1 and ligand only induced anti-inflammatory effects after
72 h of treatment, with a NO inhibition release of the 60%, being the
compound 1 a little more effective that the ligand. With respect to the
IC50 NO the concentration found for the compound 2 were one or two
orders lower than concentrations found for the compound 1 and the
ligand. In conclusion the compound 2 was more effective as anti-inflammatory that the ligand or compound 1. The formation of metal
complexes with bioactive ligands is a new and promising strategy to
find news compounds with high and enhanced biochemical properties.

We report the formation of two novel multifunctional isomorphous
(4,4) square-grid 2D coordination polymers based on 1H-indazole-5carboxylic acid. To the best of our knowledge, these complexes are the
second and third examples of coordination compounds construct with
this novel ligand. These materials were synthesized by soft solvothermal routes, possess different 2D-structures and show interesting
magnetic and biological properties. Despite no synergetic effect was
observed in the antiparasitic selectivity, ligand and complex 2 show
promising values against L. braziliensis and L. donovani respectively, and
especially against L. infantum in both cases, making them good
7
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Fig. 10. Sigmoidal curves of the effect of the ligand and compounds 1 and 2 on the release of nitrites in RAW 264.7 macrophage murine cells. It can be seen that the
curves corresponded to metal compound complex 2 (IC50 24h NO = 7.74 ± 3.78 μg/mL; IC50 48h NO = 1.15 ± 0.01 μg/mL; IC50 72h NO = 0.57 ± 0.18 μg/mL) are
below to the ligand and the compound 1. The data represent the mean ± S.D. of at least two independent experiments performed in triplicate.
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ABSTRACT: Herein we report the formation and characterization of two novel Znbased multifunctional metal−organic frameworks (MOFs) based on 1H-indazole-5carboxylic acid and bipyridine-like linkers, synthesized by soft solvothermal routes.
These materials possess isoreticular 2-fold interpenetrated three-dimensional
structures that aﬀord a ﬂexible character and allow porosity modulation of the
MOFs as conﬁrmed by CO2 sorption measurements. Apart from this attractive
structural feature, the MOFs exhibit fascinating luminescent properties involving both
luminescence thermometry and long-lasting phosphorescence.

■

INTRODUCTION
The development of novel functional porous materials is one
major point toward the sustainable development of our society
and should deal with an optimum performance for the capture,
separation, and storage of diﬀerent types of gases at the
industrial level.1−3 In this sense, many eﬀorts have been
devoted to produce selective adsorbents for purifying and
separating CO2 in the mixture resulting from a gasiﬁcation
process.4−9 One important research ﬁeld that has emerged
during the last two decades has mainly focused on the design
and synthesis of new metal−organic frameworks (MOFs), also
called porous coordination polymers (PCPs), which are
materials constituted by organic ligands coordinated to metal
ions or clusters deﬁning a porous and crystalline network with
structural diversities as a consequence of their modular nature
and, consequently, functional properties. Therefore, MOFs
cover multiple ﬁelds of applications in addition to adsorption,
such as magnetism, luminescence, electronics, catalysis, or
medicine.10,11 An interesting synthetic strategy to achieve an
optimal structure to enhance the gas storage or separation
performance is based on the modulation of the size and type of
pore in a rational way, by using diﬀerent ligands that present
small structural changes (i.e., the size or shape) to yield
topologically similar polymeric materials but with small pore
changes. In this sense, the resulting materials may present small
modiﬁcations that could be, in turn, related to other properties
such as luminescence.12 The enormous family of excellent
porous materials synthesized from bipyridine ligands are good
examples of such precise pore design and control.13,14
© XXXX American Chemical Society

Photoluminescence (PL) properties of MOFs have received
a lot of interest during the past decade not only because of
their large applicability in solid-state lighting materials (lightemitting devices (LEDs), long lasting phosphors (LLPs), and
so on)15−17 but also toward sensing applications due to the
celerity of the process. In this last particular case, when
luminescent emission is coupled to a physical change such as
the temperature, MOFs allow for a rapid detection of that
magnitude.18−20 A main reason for such behavior is because
temperature is a key factor in MOFs that governs the
nonradiative quenching originated at the molecular vibrations
of ligands, and, in turn, it brings structural changes of variable
magnitude depending on the ﬂexibility of the framework. PL in
MOFs takes advantage of their hybrid metal−organic structure
since the emissions may involve diﬀerent components: ligand
centered (LC) and metal centered (MC) charge transfer (CT)
processes between them, or related to the adsorption of guest
molecules (which could be exploited for PL detection).21
However, most of luminescent MOFs used as thermometers
are based on lanthanide metals,18−22 which present some
disadvantages such as reduced resources availability and
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performed in order to verify the origin of the emissions
occurring when these ligands are coordinated to d10 transition
metal ions in the MOFs. Moreover, the emission of the
materials in response to the temperature has been analyzed in
order to study their potential utility as thermometers due to
the presence of pyrazole rings and zinc ions in the
frameworks.27

environmental concerns. For this reason, another promising
strategy for the design of luminescent MOFs for thermometry
argues for the use of organic ligands with strong absorption
(usually molecules with chemical functions containing
heteroatoms with lone-pairs) combined with metal ions with
closed-shell electronic conﬁguration, which avoid nonradiative
quenching.23,12
Taking these considerations into account, we selected two
diﬀerent bipyridine ligands and 1H-indazole-5-carboxylic acid
(5-incaH2) as the main ligand, with the aim of obtaining new
three-dimensional MOFs. In relation to the latter ligand, there
are only a few examples of coordination polymers based on
copper in which this ligand acts as a bidentate ligand
participating as a monoanionic linker (Scheme 1, left).24

■

EXPERIMENTAL PROCEDURES

Chemicals. All the chemicals were of reagent grade and were used
as commercially obtained.
Synthesis {[Zn(5-inca)(pbptz)0.5]·1.5 DMF}n (1). A total of 0.12
mmol (20.00 mg) of 1H-indazole-5-carboxylate and 0.06 mmol
(14.17 mg) of 3,6-di(4-pyridinyl)-1,2,4,5-tetrazine were dissolved in
0.5 mL of DMF, and then 0.5 mL of distilled water was added. On the
other hand, 0.12 mmol (22.02 mg) of zinc acetate was dissolved in 0.5
mL of distilled water, and afterward 0.5 mL of DMF was added. Both
solutions were mixed, and the resulting solution was placed in a closed
glass vessel and heated in an oven at 95 °C for 24 h. Pink single
crystals were grown during the heating procedure under autogenous
pressure, which were ﬁltered oﬀ and collected in an open atmosphere
and washed with water. Yield: 38% based on zinc. Anal. calcd. for
C18.5H18.5N6.5O3.5Zn: C, 49.02; H, 4.11; N, 20.09. Found: C, 48.23;
H, 3.31; N, 20.49%.
Synthesis of {[Zn(5-inca)(4,4-bipy)0.5]·DMF}n (2). Well-shaped
yellow single crystals of 2 were obtained after carrying out the same
general procedure described for 1 but replacing 3,6-di(4-pyridinyl)1,2,4,5-tetrazine with 4,4′-dipyridil (9.37 mg). Yield: 45% based on
zinc. Anal. calcd. for C16H15N4O3Zn: C, 51.01; H, 4.01; N, 14.87.
Found: C, 50.86; H, 3.98; N, 14.95%.
Physical Measurements. Elemental analyses (C, H, N) were
performed on an Euro EA elemental analyzer. FTIR spectra (KBr
pellets) were recorded on a Nicolet IR 6700 spectrometer in the
4000−400 cm−1 spectral region. Thermogravimetric analysis was
carried out using a Mettler Toledo TGA/SDTA 851 apparatus in the
25−600 °C temperature range with a 10 °C min−1 scan rate and a N2
ﬂow of 30 mL min−1. High pressure adsorption isotherms have been
measured in a noncommercial volumetric adsorption instrument
(University of Granada) equipped with two Baratron absolute
pressure transducers (MKS type 627B). Their pressure ranges are
from 0 to 133.33 kPa and from 0 to 3333.25 kPa, respectively, and the
reading accuracy is 0.05% of the usable measurement range. Prior to
measurement, powder samples were heated at 393 K for 12 h and
outgassed to 10−5 Torr. All gases employed were supplied by Air
Liquide with a purity of at least 99.998%. A closed cycle helium
cryostat enclosed in an Edinburgh Instruments FLS920spectrometer
was employed for steady state photoluminescence (PL) and lifetime
measurements at variable temperature. All samples were ﬁrst placed
under a high vacuum (of ca. 10−9 mbar) to avoid the presence of
oxygen or water in the sample holder. For steady-state measurements,
a Müller-Elektronik-Optik SVX1450 Xe lamp or an IK3552R-G HeCd continuous laser (325 nm) were used as excitation source,
whereas a microsecond pulsed lamp was employed for recording the
lifetime measurements. Photographs of irradiated single crystals and
polycrystalline samples were taken at room temperature in a micro-PL
system included in an Olympus optical microscope illuminated with a
Hg lamp. Time-resolved emission spectra were recorded using
excitation and emission band-pass of 5 and 2.5 nm, respectively.
X-ray Diﬀraction. The X-ray intensity data were collected on a
Bruker D8 Venture diﬀractometer using Mo−Kα radiation at 100(2)
K. The data were integrated with SAINT28 and corrected for
absorption eﬀects with SADABS.29 The crystal structures were solved
with SHELXT30 and reﬁned with SHELXL.31 The OLEX2 software
was used as a graphical interface.32 Anisotropic atomic displacement
parameters were introduced for all non-hydrogen atoms. Hydrogen
atoms were placed at geometrically calculated positions and reﬁned
with the appropriate riding model, with Uiso(H) = 1.2 Ueq(C). Even
though crystal data were collected up to 0.77 Å, crystals still diﬀracted
quite weakly at a high angle due to their rather low quality, and data

Scheme 1. Coordination Modes of (5-incaH)− (a), (5inca)2− (b), pbptz (c), and 4,4-bipy (d).

Regarding the bipyridine ligands, we have chosen 4,4-bipyridyl
(4,4-bipy) and 3,6-bis(4-pyridyl)-1,2,4,5-tetrazine (pbptz) as
linkers due to the presence of pyridine and tetrazine rings that
favor the enhancement of the luminescent properties of the
resulting coordination polymers,25,26 and due to their high
potential to build open architectures as a result of the length of
the spacer and the disposition of the donor atoms. On the
other hand, the linkage of the ligands to metal atoms with a
high coordination plasticity, such as zinc(II), opens the way to
synthesize materials with not only possible dynamics in the
crystal structures but also interesting photoluminescence
properties.12 Moreover, the existence of a second type of
ligand that combines benzene with pyrazole rings may modify
the initial properties of these systems, generating MOFs with
tunable luminescent properties in which the emission of the
materials in response to the temperature can be analyzed in
order to study their potential use as thermometers, as seen in
previous studies conducted on zinc and pyrazole based
coordination polymers.27
Therefore, we report herein the synthesis and characterization of a novel family of Zn2+ coordination polymers based
on the novel 1H-indazole-5-carboxylic acid, {[Zn(5-inca)(pbptz)0.5]·1.5DMF}n (1) and {[Zn(5-inca)(4,4-bipy)0.5]·
DMF}n (2). In these compounds, the (5-inca)2− ligand
shows a new coordination mode (Scheme 1, right), which is
coordinated to Zn ions through two nitrogen and one oxygen
pertaining to the pyrazole ring and the carboxylate group,
respectively. Both materials possess open structures despite the
occurrence of interpenetration and are able to adsorb CO2
with tunable sorption capacities. Photoluminescence measurements together with TD-DFT calculations have been
B
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were cut oﬀ according to intensity statistics (compound 1), using
restraints and constraints during reﬁnement. In compound 1, the 4pyridyl moiety of pbptz ligand was found disordered over two
alternative positions (0.56:0.44 ratio) and was reﬁned with rigid
groups and restraints on geometry and displacement parameters. In
the case of compound 2, the 4-pyridyl moiety of the 4,4-bipy ligand
also was found disordered over two alternative positions (0.56:0.44
ratio) and was reﬁned with rigid groups and restraints on geometry
and displacement parameters. Disorder of the ligands was modeled
using AFIX (compound 1) or FLAT (compound 2) commands. For
all compounds, a number of RIGU and ISOR restraints had to be
used to obtain reasonable displacement parameters for selected nonhydrogen atoms. Their Uij values were therefore restrained to be
approximately spherical. In both compounds, severely disordered
DMF molecules could not be modeled reasonably and were therefore
removed from the diﬀraction data (using the OLEX2Mask tool) but
considered for calculation of empirical formula, formula weight,
density, linear absorption coeﬃcient, and F(000). Crystal data and
reﬁnement details are listed in Table 1. Crystallographic data for the

Article

(1 and 2) based on dimeric secondary building units (SBUs),
in which the structures present interpenetration. Activation of
MOFs 1 and 2 was performed by heating the washed material
at 150 °C for 2 h. Crystallinity of desolvated materials was
conﬁrmed by powder X-ray diﬀraction (PXRD) (Figures S1
and S2), whereas thermogravimetric analysis (TGA) was
consistent with the elimination of solvent molecules (Figures
S3 and S4).
Structural Description of {[Zn(5-inca)(pbptz)0.5]·1.5
DMF)}n (1). Compound 1 crystallizes in the C2/c monoclinic
space group, and the crystal structure consists of zinc(II)
atoms linked through pbptz and (5-inca)2− coligands, which
aﬀord large connectivity resulting in an open 3D framework.
The asymmetric unit of the crystal structure consists of a
Zn1 atom, one (5-inca)2− ligand, and half of a pbptz linker.
The metal center exhibits a N3O tetrahedral coordination
environment (Figure 1a) that is established by two nitrogen
atoms from two symmetry related indazole rings, one nitrogen

Table 1. Crystallographic Data and Structure Reﬁnement
Details for All Compounds
compound

1

2

chemical formula
CCDC
M/g mol−1
T/K
cryst syst
space group
a (Å)
b (Å)
c (Å)
β (deg)
V/Å3
Z
ρ/g cm−3
μ/mm−1
S(GOF)a
R [I > 2σ(I)]b
wR2 [I > 2σ(I)]c

C18.50H18.50N6.50O3.50Zn
1942013
453.27
100
monoclinic
C2/c
16.6227(11)
17.9748(13)
13.8372(10)
98.135(3)
4092.8(5)
8
1.471
1.236
1.046
0.0729
0.1858

C16H15N4O3Zn
1942014
376.69
100
orthorhombic
Pccn
16.8684(9)
12.9147(7)
14.8470(7)
90
3234.4(3)
8
1.547
1.541
1.162
0.0729
0.1376

S = [Σw(F02 − Fc2)2/(Nobs − Nparam)]1/2. bR1 = Σ||F0| − |Fc||/Σ|F0|.
wR2 = [Σw(F02 − Fc2)2/ΣwF02]1/2w = 1/[σ2(F02) + (aP)2 + bP]
where P = (max(F02,0) + 2Fc2)/3.

a
c

structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary publication nos. CCDC 1942013−1942014 for compounds. Copies of the
data can be obtained free of charge on application to the Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ, U.K. (Fax: + 44−
1223−335033; e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk).
Computational Details. PL spectra were calculated by means of
TD-DFT using the Gaussian 09 package,33 using the Becke threeparameter hybrid functional with the nonlocal correlation functional
of Lee−Yang−Parr (B3LYP)34−36 along with the 6-311G++(d,p)
basis set37 adopted for all atoms but for the central zinc cation, for
which the LANL2DZ38−40 basis set along with the corresponding
eﬀective core potential (ECP) was used. The 40 lowest excitation
states were calculated by the TD-DFT method. Results were analyzed
with GaussSum program package,41 and molecular orbitals were
plotted using GaussView 5.42

■

Figure 1. Crystal structure of compound 1: (a) fragment containing
the SBU and (b) perspective view showing the perpendicular
disposition of the pillaring pbptz linkers with regard to the Zn/(5inca)2− layers. Color code: zinc, green; oxygen, red; nitrogen, blue;
carbon, gray; hydrogen, white.

RESULTS AND DISCUSSION
The solvothermal reaction between 1H-indazole-5-carboxylic
acid and the corresponding pyridine derivative ligand, with
zinc acetate in H2O/DMF, produces two new MOF materials
C
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atom pertaining to pbptz ligand and one oxygen from the
carboxylate group of a third (5-inca)2− ligand. Continuous
shape measures performed corroborate the low distorted
tetrahedral shape (ST = 0.67) of the coordination shell (see
Supporting Information). (5-inca)2− exhibits the novel
tridentate coordination mode showed in Scheme 1b (right),
which allows it to link to two zinc(II) atoms through the
nitrogen atoms pertaining to the indazole ring to eventually
form dinuclear SBUs. Within these units, the metal atoms are
slightly placed out of the planes delimited by indazole moieties
(0.073 Å), in such a way that the resulting six-member ring
imposes a Zn···Zn distance of 3.548 Å. Each building dinuclear
unit connects to six neighboring ones through both (5-inca)2−
ligands and pbptz linkers. On the one hand, the SBU joins to
two adjacent units through the carboxylate moieties of four (5inca)2− ligands, two of which are coplanar and deﬁne the SBU
of reference, whereas the remaining two belong to other SBUs,
yielding Zn/(5-inca) layers along the crystallographic bc plane.
On the other hand, two pbptz pillaring linkers that arise almost
perpendicularly from the central six-member ring of the SBU
(with an angle of 76.5°) connect to the two remaining SBUs,
thus establishing the 3D structure of the MOF (Figure 1b).
Taking into account the connectivity achieved among SBUs,
which may be considered as six-connected nodes from the
topological point of view, the framework resembles that
exhibited by the well-known isoreticular family of MOF-5, in
good agreement with the topological analysis performed with
TOPOS software, which conﬁrms that the herein described
MOF possesses a pcu network with the (412·63) point symbol
(Figure 2).43,44 The length of both connectors and the
topology of the framework drive the growth of an almost
empty architecture with such a large accessible volume that it
admits the occurrence of a second network in the
crystallization. Therefore, the porosity of the resulting 2-fold
interpenetrated structure is reduced though it still leaves a
substantially large 2D void system within that accounts for the
44.1% of the unit cell volume.45 Despite the large solvent
accessible volume contained in the structure, it must be
highlighted that the pore network is not regular, but it contains
large tubular channels with an approximate section of 7 Å,
whereas they are cross-linked through narrow windows with
apertures of 1.7−2.7 Å. This fact explains the limited gas
adsorption capacity of the MOF, involving no N2 adsorption
capacity at low pressures. Instead, the microporous nature of
the MOF was conﬁrmed by CO2 sorption isotherms (see
Figure S15), revealing that compound 1 adsorbs 0.9 mmol/g
of CO2 at 273 K and 600 kPa, a value which is lower than
those of other recently reported MOFs.46,47 Interestingly, this
value decreases to 0.34 mmol/g upon increasing the CO2
pressure to 2570 kPa. This shape of the isotherm, showing the
above-mentioned negative gas sorption during the pressure
increase, in line with some previous works by Kaskel et al.,48 is
characteristic of a sudden hysteretic structural deformation and
pore contraction probably derived from a subnetwork
displacement occurring in the interpenetrated framework. A
careful analysis of the interpenetration occurring in the
structure reveals that both frameworks are weakly bound to
each other, ﬁnding no remarkable interactions apart from C−
H···π interactions between indazole and pbptz ligands
involving some kind of lateral interactions among their π
clouds, which should be translated into a ﬂexible character.
Structural Description of {[Zn(5-inca)(4,4-bipy)0.5]·
DMF}n (2). Compound 2 crystallizes in the orthorhombic
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Figure 2. Perspective view of compound 1 showing the solventaccessible surface.

Pccn space group and possesses an isoreticular 3D framework
where pbptz linkers are replaced by 4,4-bipy. (5-inca)2−
exhibits a similar coordination pattern detailed for the previous
material (right-hand side of Scheme 1), which forms dinuclear
SBUs owing to the coordination of nitrogen atoms pertaining
to the indazole ring to two zinc(II) atoms (Figure 3a). Three
signiﬁcant diﬀerences are found in this dinuclear unit
compared to that of the previous compound: (i) the
carboxylate moiety of the (5-inca)2− ligand is slightly moved
to bite the zinc atom (bringing a semicoordination of O2A
atom, Zn···O2A of 2.73 Å), despite of which the coordination
environment is best described as a tetrahedron in view of the
low distortion with regard to the ideal polyhedron (ST = 0.413,
see Table S1); (ii) Zn atoms are more coplanar with regard to
the plane established by the aromatic rings (which is dropped
to 0.029 Å) and (iii) the intradinuclear Zn···Zn distance is
enlarged to 3.657 Å. It must be highlighted that both changes
are clearly derived from the change of the pillaring linker,
which, being considerably shorter than pbptz (the Zn···Zn
bond distance is reduced from 15.2 to 11.2 Å), modulates the
ﬂexibility of the framework.
D
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Figure 4. Perspective view of compound 2 showing the solventaccessible surface. Color code: Zinc, light steel blue; oxygen, red;
nitrogen, blue; carbon, gray; chloride, green.

460 nm, respectively. Instead, the last less intense band, not
directly related with the emissions centered on the ligands,
may be ascribed to the formation of an exciplex among the π
clouds of the aromatic rings of (5-inca)2− and pbptz ligands
pertaining to diﬀerent subnets, although the participation of
nonlocalized DMF molecules should not be discarded.21,49
The subtle shifts observed for the bands with respect to free
ligands can be attributed to the coordination eﬀect, as
previously observed for other zinc-based MOFs.50,51
In order to get deeper insights into the PL emission of 1,
TD-DFT calculations were conducted on a suitable model
taken from its X-ray structure (model 1 hereafter, see Figure
S5). As shown in Figure 5a, after a vertical excitation at 320 nm
proceeding through the HOMO-5 → LUMO+2 electronic
transition (which represents the main excitation line and
resembles the experimental λex of 325 nm, see Supporting
Information), the calculated emission spectrum reproduces
fairly well the experimental one, showing a wide band with two
maxima peaking at 398 and 451 nm ascribed to HOMO-1 ←
LUMO+1 and HOMO ← LUMO+1. It is worth noticing that
this model, based on a monomeric molecule, is not able to
reproduce the minor less-energetic band peaking at ca. 625 nm.
Nonetheless, a model consisting of a (5-inca)2− and a pbptz
ligand pertaining to diﬀerent subnets (model 3, see Figures
S7−S8) suggests that the latter emission might be derived from
their weak interaction, conﬁrming the occurrence of excimer.
Taking into account the dominant π and π* character of these
electronic transitions in addition to the participation of
molecular orbitals extending over both (5-inca)2− and pbptz
ligands, the PL scenario of 1 is accurately described as LLCT.
Figure 6 summarizes the global PL scenario for a better
understanding of their main electronic transitions. As it is wellknown, the luminescence in MOFs is known to be quenched
by the coupling of nonradiative molecular vibrations, such as

Figure 3. (a) SBU of the structure of compound 2 and (b) crystal
packing of the compound showing the 2-fold interpenetration.

As a consequence of the mutual displacement between the
subnets, the free volume enclosed in the structure is shaped in
the form of one-dimensional microchannels (with an irregular
tubular shape containing wide and narrow sections of 4.3 and
1.6 Å) and accounts for 32.4% of the unit cell volume (Figure
4). The microporous nature of the MOF was conﬁrmed by
CO2 sorption (see Figure S15), revealing that compound 2
adsorbs more CO2 that of compound 1: 2.0 mmol/g CO2 at
273 K and 600 kPa and 3.01 mmol/g CO2 at 273 K and 2570
kPa.
Photoluminescence Properties. The metal−organic
nature of these materials, based on 3D frameworks containing
ligands with π-conjugated systems (some of which are also
decorated with carboxylate groups that are coordinated to
closed-shell metal ions such as zinc(II)), make them suitable to
exhibit photoluminescence (PL) in the solid state. Under
monochromatic UV light excitation (λex = 325 nm), the room
temperature emission spectrum of compound 1 consists of two
main and one minor broad bands. A ﬁrst main band is centered
at 374 nm, followed by that located at 440 nm with a shoulder
at 420 nm, which dominates the entire spectrum (Figure 5a).
Finally, a less intense band is shown to peak at ca. 620 nm. It is
worth mentioning that the two main bands are similar to the
bands corresponding to each individual ligand, since free (5incaH2) and pbptz show emission bands at λem = 371 and 430/
E
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Figure 6. Diagram of the dominant MOs involved in the PL
excitation and emission of models 1 and 2. Note that red and blue
straight lines represent excitation and emission transitions, whereas
undulated green lines account for vibrational relaxation processes.

Especially at 10 K, the emission band extends up to 600 nm
showing a long tail and is shifted to λem = 388 nm in such a
way that it can be considered to occupy an intermediate
wavelength between those of free ligands. The evolution of the
emission spectra brings a remarkable luminescent thermochromism in the compound, since the emission varies among
diﬀerent tones of blue.
On the other hand, under λex = 325 nm excitation with a
laser at RT, compound 2 shows two perfectly separated
emission bands with their maximum centered at 380 and 535
nm, respectively (Figure 7). Conversely to 1, compound 2
does not show any signiﬁcant thermochromic eﬀect (there is
no change in the relative intensity of the maxima) but a strong
increase in the absolute emission (integrated intensity) with
the lowering of the temperature, which experiences an
increment of 700% (see Figure S9). Despite the fact that
one could a priori attribute the presence of two bands to the
intraligand emission of (5-inca)2− and bipy molecules, a similar
band is only observed for the ﬁrst ligand (λem = 380 for 2 and
371 nm for (5-incaH2), whereas the second band appears to be
deeply red-shifted compared to the free bipy ligand emission
(λem = 535 for 2 and 430 nm for bipy).54
A detailed analysis with TD-DFT methodology on a suitable
model of 2 (model 2 hereafter) reveals a somewhat diﬀerent
PL scenario for this compound despite the similar nature of its
ligands. On the one hand, the system is excited through two

Figure 5. (a) Room temperature experimental (solid red line) and
TD-DFT calculated (dotted red line) steady-state emission spectra of
compound 1. Black numbers account for experimental emission
maxima, whereas main calculated main lines are represented as
vertical green lines. (b) Experimental emission spectra of 1 at a
variable temperature together with the thermochromic emission. Inset
shows luminescent thermochromism represented in the CIE1931
chromaticity color coordinates.

aromatic C−H bonds present in both ligands,52,53 with an
excited-to-ground state energy diﬀerence. Therefore, the
sample was cooled down to low temperature to study such
an eﬀect. Keeping the experimental setting unchanged for
comparative purposes, the emission spectrum was measured at
the lowest possible temperature (10 K) as well as at an
intermediate temperature (150 K). Interestingly, apart from an
obvious increase of the emitted signal, which rises by 43% at
150 K and by 300% at 10 K considering the absolute emission
maxima, the two main bands (λem = 374 and 440 nm) invert
progressively their relative intensity as the temperature is
dropped since at 10 K the 374 nm band at RT covers most of
the spectrum, whereas that at 440 nm is nearly undistinguishable and becomes a shoulder (Figure 5b). For its part, the
minor band (λem = 625 nm) is not observed anymore, meaning
that the excimer is disrupted as the temperature drops
probably due to a relative displacement between subnets.
F
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persistent ﬂuorescent emission (τfl ≈ 170 μs) around the
maximum of the ﬁrst band (λem = 380 nm) and a
phosphorescence emission (τph ≈ 200 ms) around the highwavelength band (λem ≈ 535 nm, see Figure S11 and Table S2
in the Supporting Information). Given their curvilinear shape,
all phosphorescence decay curves were ﬁtted with two lifetime
components so they were analyzed with a multiexponential
expression [It = A0 + A1 exp(−t/τ1) + A2 exp(−t/τ2)] that
considers two lifetimes as usually performed for previous
materials (see Supporting Information). The pale blue and
yellowish green colors displayed by 2 in the micro-PL
photographs taken on crystals are a good indication of the
ﬂuorescent and phosphorescent emissions (see Figure 8). As

Figure 7. Comparison between room temperature experimental and
calculated emission spectra of compound 2. Black numbers and green
lines represent the main experimental emission maxima and calculated
vertical main lines, respectively.

similar lines: a minor band at 302 nm corresponding to the
HOMO-5 → LUMO+2 transition and the major band located
at 318 nm described by the HOMO-2 → LUMO+6 transition.
Given that the experimental spectrum is recorded with a λex =
325 nm, it may be assumed that the excitation proceeds mainly
through the latter transition. On the other hand, the radiative
relaxation of 2 is governed by HOMO-1 ← LUMO+4 and
HOMO ← LUMO transitions peaking at 375 and 540 nm,
which fairly represent the two main emission bands. In
agreement with the previous speculations, the ﬁrst band is
centered on the (5-inca)2− ligand, which explains why it
resembles the emission band displayed by the free ligand.
Instead, the second band clearly corresponds to ligand-toligand charge transfer (LLCT) process involving the empty
molecular orbitals (MOs) of the bipy and the ﬁlled MOs of (5inca)2−.
Though there is no previous report on LLP behavior for CPs
based on (5-inca)2− ligand, in view of the long-lived
phosphorescent emissions shown by zinc compounds based
on similar aromatic ligands found in the literature, we decided
to measure decay curves on both compounds.17 To that end,
the most representative emission wavelengths of the spectrum
of 1 were monitored, i.e., the emission maxima (λem = 374 and
440 nm). The decay curves show a very rapid decrease of the
signal, indicating that the emission proceeds through a
ﬂuorescent process. Though the decay at 374 nm is too
rapid as to be analyzed (with a lifetime below the pulse of the
lamp ≈ a few μs), a weak but larger process could be discerned
from the curve measured at 440 nm. The analysis by means of
an exponential expression gives a lifetime of about 4150 μs
(see Figure S10), which may be regarded within the low limit
of LLP (below the arbitrary value of 20 ms).55 It was observed
that lowering the temperature keeps the lifetime almost
constant, where the subtle enlargement may be related with
an aforementioned decrease of vibrational quenching (τ150 K ≈
6040 and τ10 K ≈ 8590 μs). Instead, compound 2 presents a
wavelength dependent emission scenario composed of a

Figure 8. Room temperature micro-PL images for single crystals of
compound 2.

observed in these photographs, the ﬂuorescent signal observed
under irradiation with UV light (λex ≈ 365 nm in the present
case) shows a kind of luminescent waveguiding eﬀect, since the
emitted color is only seen depending on the orientation of the
crystals. This eﬀect is not so common, although it has already
been described for other luminescent materials, for which
crystals with an adequate refraction index and morphology as
well as strong luminescence emission are required, in such a
way that most of the light is conﬁned within the crystal and
emitted through a particular face.56−60
The recorded lifetime of 2 is large enough as to be referred
to as room temperature phosphorescence (RTP), which
provides this compound with a very subtle greenish afterglow
that is glimpsed when turning oﬀ laser beam. Dropping the
temperature oﬀ to save nonradiative quenching does not bring
any substantial on decay curves measured at the ﬁrst emission
maxima λem = 380 nm, but it promotes a substantial
lengthening of the lifetime associated with the phosphorescent
emission. In particular, at λem = 535 nm, the lifetime enlarges
progressively, mainly below 150 K, until it achieves a value of
ca. 950 ms, which can be considered as an intermediate-tolarge value for the CPs presenting LLP reported so far (Figure
S12).56−60 These results evidence the ﬂuorescent/phosphorescent character of the MOF at low temperature, a fact that
conﬁrms that the LCCT process occurring at the ligand is
stabilized in the framework of the MOF such that both S0 ← S1
and S0 ← T1 transitions are enabled and enhanced. With the
aim of better characterizing the phosphorescent emission,
time-resolved emission spectra (TRES) were recorded for 2 at
G
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phosphorescence in 1 and, hence, explains why LLP is solely
enhanced in compound 2. Moreover, it cannot be discarded
that weaker phosphorescence shown by 1 is also related to the
less rigidity of pbptz ligand in the MOF, which clearly
possesses more degrees of freedom compared to bipy ligand in
2.

a low temperature, which conﬁrmed that the persistent
emission consists of a wide band centered at λem = 550 nm,
close to the band measured at steady state, thus explaining well
the green-yelllowish afterglow shown when the UV excitation
source is turned oﬀ (Figure 9). It is worth highlighting that the

■

CONCLUSIONS
Two novel porous zinc based metal−organic frameworks
consisting of indazole-5-carboxylate and 3,6-di(4-pyridinyl)1,2,4,5-tetrazine for compound 1 or 4,4′-bipyridine like for 2
have been synthesized and characterized. Both MOFs present
an isoreticular architecture with pcu topology that crystallizes
as a doubly interpenetrated structure. This structural feature
aﬀords some ﬂexibility to the frameworks and permits
modulation of their porosity obtaining a 2D void system
with narrow pore sections and 1D microchannels for 1 and 2,
respectively. Solid state photoluminescence measurements
reveal that both compounds provide intense blue emissions
under irradiation with UV light which arise from charge
transfers occurring between (5-inca)2− and bipyridyl-like
ligands as conﬁrmed by TD-DFT calculations. Variabletemperature data indicate that compound 1 shows a
remarkable thermochromism, which modulates the tonality
of the emitted blue light provoked by the change in the relative
intensity of the two main emission bands and an excimer
formation/disruption between ligands belonging to diﬀerent
interpenetrated subnetworks. For its part, dropping down the
temperature in 2 has no such eﬀect; yet, it largely enhances its
emission capacity, a fact that is particularly inferred from the
occurrence of long-lasting phosphorescence that may be
perceived by the naked eye (with an associated lifetime of
ca. 950 ms) below the temperature of liquid nitrogen. DFT
calculations performed on these compounds point out the
relative energy of the excited singlet and triplet states as a
probable source in the origin of sizable phosphorescence solely
in compound 2, although the lower rigidity of the pbptz ligand
of compound 1 compared to bipy in 2 may also has some
inﬂuence.
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Figure 9. (a) Photographs of the steady-state and afterglow emissions
of compound 2. (b) TRES of compound 2 at 10 K at selected delays
(λex = 325 nm).
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emitted light, although it is weak as to be captured by a
common camera, can be perfectly traced by the naked eye 4 s
after the excitation source is turned oﬀ.
A calculation of the phosphorescent emission estimated
from the DFT computed T1 and S0 electronic states (usually
denoted as vertical excitation phosphorescent energy)61 on
model 2 gives a very good estimate of the experimentally
measured band for compound 2 (λvert‑phosp = 507 vs λph = 550
nm). This value can be taken as an approach to estimate the
energy of the T1 state in the compound assuming that the
compound follows Kasha’s rule.62 A similar calculation
performed on model 1 renders a λvert‑phosp = 470 nm, meaning
that the T1 state in compound 1, conversely to 2, is less
energetic than the lowest-lying excited singlet state from which
a radiative emission takes place (S0 ← S1 ≈ 440 nm).
Therefore, this fact could a priori inhibit an intersystem
crossing to populate the T1 state that enables the occurrence of
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