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Herein, we report the synthesis and photoluminescence properties of a new 1,3-dioxo-2-(1H-tetrazol-5-

yl)-2,3-dihydro-1H-benzo[de]isoquinoline-6,7-dicarboxylic (H3L) ligand and three coordination polymers

(CPs). Compound [Zn(ntca)DMF]n·DMF (1) (ntca2− = 1,4,5,8-naphthalenetetracarboxylate

1,8-monoanhydride, DMF = N,N-dimethylformamide) formed 1D coordination polymer chains packed by

hydrogen bonding interactions. On its part, compounds namely [(CH3)2NH2](Zn2(μ-OH)(L)(5-NH2-

tetrazolate)n·2H2O (2) and [(CH3)2NH2](ZnL)n (3) (where H3L stands for 1,3-dioxo-2-(1H-tetrazol-5-yl)-2,3-

dihydro-1H-benzo[de]isoquinoline-6,7-dicarboxylic acid) crystallize as 2D-layered and 3D anionic

frameworks containing dimethylammonium cations occupying the voids. Photoluminescence (PL)

measurements have been performed in the solid state on all CPs and ligands to characterize their emission

properties, including variable-temperature spectra, lifetime and efficiency. Moreover, the photophysical

properties have been studied from the theoretical viewpoint by means of time dependent density

functional theory (TD-DFT) in order to elucidate the mechanisms and electronic transitions governing the

process. Compounds 1 and 3 present an intense blue luminescence which was originated in the electronic

transitions of the ntca2− and the L3− ligands. Compound 2 displays a lower quantum yield which could be

tentatively attributed to the weak π–π interactions of the aromatic clouds of L3− or the molecular vibrations

and/or possible rotational motions of the 5-amino-tetrazolate co-ligand.

Introduction

The development of metal–organic materials based on the
combination of inorganic coordination chemistry with
organic ligands, resulting in structures with variable
dimensionality, has been extensively studied in the past

decades.1 The structural and functional properties of metal–
organic materials can be rationally designed and modulated
by an appropriate selection of metal centres and organic
ligands.2 Coordination polymers (CPs) are covalently linked
metal–organic centres forming expanded networks in 1, 2 and
3 dimensions, with a great diversity of geometries which
arises from not only the coordination sphere of the metal
centres and clusters, but also from the spatial arrangement
and coordination modes of donor atoms in ligands.3 Due to
their characteristic modularity and resulting amenability to
design, metal–organic materials4 such CPs,5 offer promise as
energy-efficient materials with applications in gas storage and
separation,6–8 magnetism,9,10 catalysis,11 spintronics,12

electronics,13 energy storage and conversion,14 agriculture15

and photoluminescence.16,17 Especially, luminescent CPs are
subject of an increasing research effort due to their tunable
emissions not only derived from CPs components but also
from their interplay with the surrounding medium (guest
molecules, anlytes, composites, etc.).18,19 As a consequence,
luminescent CPs has been shown to have potential
applications as chemical sensors to detect and quantify ions,
biomolecules, pH, temperature and pressure.20,21

1268 | CrystEngComm, 2024, 26, 1268–1277 This journal is © The Royal Society of Chemistry 2024

a Departamento de Química Inorgánica, Facultad de Ciencias, Universidad de

Granada, 18071, Granada, Spain. E-mail: vitorica@ugr.es
b Departamento de Química Aplicada, Facultad de Química, Universidad del País

Vasco/Euskal Herriko Unibertsitatea (UPV/EHU), 20018, Donostia, Spain
c Departamento de Química Orgánica, Facultad de Ciencias, Universidad de

Granada, 18071, Granada, Spain
dDepartamento de Física, Facultad de Ciencia y Tecnología, Universidad del País

Vasco/Euskal Herriko Unibertsitatea (UPV/EHU), 48940, Leioa, Spain
e Departamento de Química Física y Analítica, Facultad de Ciencias

Experimentales, Universidad de Jaén, Campus Las Lagunillas, 23071 Jaén, Spain.

E-mail: mqmoreno@ujaen.es
f Laboratorio de Estudios Cristalograficos, IACT, CSIC-Universidad de Granada, Av.

De las palmeras 4, Armilla, Granada E-18100, Spain

† Electronic supplementary information (ESI) available. CCDC 2312265–2312267.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d3ce01233f

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 4
/3

0/
20

24
 7

:5
9:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ce01233f&domain=pdf&date_stamp=2024-02-26
http://orcid.org/0000-0002-0147-1360
http://orcid.org/0000-0001-9620-6668
http://orcid.org/0000-0002-7077-8972
http://orcid.org/0000-0002-7874-2122
http://orcid.org/0000-0003-3198-5378
http://orcid.org/0000-0002-2286-7727
http://orcid.org/0000-0001-8806-150X
https://doi.org/10.1039/d3ce01233f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ce01233f
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE026009


CrystEngComm, 2024, 26, 1268–1277 | 1269This journal is © The Royal Society of Chemistry 2024

Luminescence properties in CPs are usually derived from
the metal ions and/or organic ligands or a charge transfer
between them. The emission capacity in CPs is often
improved by the selection of metal ions with an electronic
closed-shell configuration, as these cations (i) avoid the
emission quenching derived from d–d transitions, and (ii)
diminish the non-radiative vibrational relaxation in the
framework.16 Thus, photoluminescence emission can be
originated from π-electron-rich aromatic clouds present in
organic ligands or due to a charge transfer processes between
neighboring ligands. For this reason, in the last years we
have worked with perylene derivative ligands to design new
materials with interesting properties such as humidity
sensors.22 However, crystallisation of these materials is
complicated due to the large size of the ligand backbone. For
this reason, we have decided to decrease the size of the
skeleton by working with naphthalimide and naphthalene
derivative ligands. The families of organic ligands containing
a 1,4,5,8-naphthalenepolycarboxylic and 1,4,5,8-
naphthalenediimides (NDI) core have been extensivetely
studied due to their large conjugated plane and their rigid
structure, presenting photophysical properties in CPs as
photochromisim and photoluminiscence.23–25 The synthesis
of a new 1D Zn(II) coordination polymer, namely [Zn(ntca)
DMF]n·DMF (ntca = 1,4,5,8-naphthalenetetracarboxylate
1,8-monoanhydride) (1) has been described, where the
naphthalene-1,4,5,8-tetracarboxylic acid dianhydride
precursor has been partially hydrated in situ in order to form
the ntca2− ligand at 368 K degrees of temperature.

In parallel, our group has specialized in the in situ synthesis
of new ligands, through a Demko-Sharpeless [2 + 3]
cycloaddition reaction of organonitriles with metal azides,26–28

during the formation tetrazolate containing CPs.29,30

In the present work we have also accomplished the
synthesis of a novel 1,3-dioxo-2-(1H-tetrazol-5-yl)-2,3-dihydro-
1H-benzo[de]isoquinoline-6,7-dicarboxylic acid ligand (H3L)
by reacting naphthalene-1,4,5,8-tetracarboxylic acid
dianhydride molecule 5-aminotetrazole molecule in acetic
acid solution (Scheme 1).

The resulting ligand has two carboxylic and one tetrazole
groups, allowing the coordination of multiple metal ions in
different coordination modes.31 The naphthalene derivate L3−

ligand was used to synthetize two new anionic CPs, namely
[(CH3)2NH2](Zn2(μ-OH)(L)(5-NH2-tetrazolate)n·2H2O (2) and
[(CH3)2NH2](ZnL)n (3). The photophysical properties of the
new ligand and CPs 1–3 have been characterized through

diffuse reflectance, solid-state photoluminescence and DFT
quantum chemical calculations.

Experimental section

Materials: all chemical reagents and solvents were purchased
commercially and were used as received without further
purification.

Synthesis of 1,3-dioxo-2-(1H-tetrazol-5-yl)-2,3-dihydro-1H-
benzo[de]isoquinoline-6,7-dicarboxylic acid (C15H7N5O6)
(H3L). A solution of naphthalene-1,4,5,8-tetracarboxylic acid
dianhydride (536 mg, 2 mmol) and 5-aminotetrazole
monohydrate (155 mg, 1.5 mmol) in 20 ml of acetic acid was
reacted under reflux for 12 hours. The mixture was poured at
room temperature into 100 ml of cold water and brought to
pH 12 by adding sodium hydroxide solution. After complete
dissolution, 5% hydrochloric acid is added until pH 3 and
the obtained precipitate was filtered. The crude product was
purified by flash column chromatography (4/1 ACN/water) to
afford compound H3L as a white solid (346 mg, 49%) 1H
NMR (400 MHz, DMSO-d6) δ 13.69 (s, 2H), 8.57 (d, J = 7.5 Hz,
2H), 8.21 (d, J = 7.7 Hz, 2H. 13C NMR (101 MHz, DMSO) δ
168.20, 160.10, 137.42, 131.61, 130.74, 129.35, 125.42, 121.91.

Synthesis of (Zn(ntca)DMF)n·DMF (ntca = 1,4,5,8-
naphthalenetetracarboxylate 1,8-monoanhydride) (1).
Naphthalene-1,4,5,8-tetracarboxylic acid dianhydride (0.050 g,
0.186 mmol) and Zn(NO3)2·6H2O (0.055 g, 0.186 mmol) were
dissolved in 2 ml of N,N-dimethylformamide (DMF). The
mixture was homogenized and placed in an oven at 368 K.
After 24 h of heating, the reaction vessel was slowly cooled
down to room temperature during a period of 3 h. Yellow
crystals of compound 1 were obtained with 21% (20 mg, 0.04
mmol) yield. Purity was assessed by PXRD (Fig. S18†).

Synthesis of [(CH3)2NH2]ĲZn2Ĳμ-OH)ĲL)Ĳ5-NH2-tetrazolate)n
·2H2O (2). Zn(NO3)2·6H2O (0.037 g, 0.125 mmol), H3L (0.050
g, 0.125 mmol) and 5 amino-tetrazole (0.012 g, 0.125 mmol)
were dissolved in 2 ml of DMF. The mixture was
homogenized and placed in an oven at 368 K. After 24 h of
heating, the reaction vessel was slowly cooled down to room
temperature during a period of 3 h. Yellow crystals of the
compound 2 were obtained with 42% (17 mg, 0.026 mmol)
yield (based on the amount of Zn). Purity was assessed by
PXRD (Fig. S19†).

Synthesis of [(CH3)2NH2](ZnL)n (3). Zn(NO3)2·6H2O (0.037
g, 0.125 mmol) and H3L (0.050 g, 0.124 mmol) were dissolved
in 2 ml of DMF/H2O (1 : 1). The mixture was homogenized
and placed in an oven at 368 K. After 24 h of heating, the
reaction vessel was slowly cooled down to room temperature
during a period of about 3 h. Red crystals of the compound 3
were obtained with 21% (12 mg, 0.026 mmol) yield. Purity
was assessed by PXRD (Fig. S20†).

X-ray diffraction data collection and structure determination

Single crystal X-ray diffraction data were collected at 100 K
on a Bruker D8 Venture and Bruker APEX-II diffractometersScheme 1 Synthesis of H3L.
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using Cu Kα (λ = 1.5418 Å) and Mo Kα (λ = 0.71073 Å)
equipped with a PHOTON 3 and APEX II detectors, and an
Oxford cryosystem. Data were collected and processed using
APEX II and APEX III software. Adsorption correction was
applied using SADABS software by empirical methods
measuring symmetry equivalent reflections at different
azimuthal angles. All structures were solved using the
SHELXT program and refined using least squares refinement
methods on all F2 values as implemented within
SHELXL.32,33 Both SHELXT and SHELXL were operated
through the Olex2 (v1.5) interface.34

The X-ray powder diffraction (XRPD) patterns were
acquired on a Philips X'PERT diffractometer using Cu Kα (λ =
1.5418 Å) radiation in the 5 < 2θ < 50° range, with a fixed
step size of 0.026° and an acquisition time of 2.5 s per step
at 25 °C. Indexation of the diffraction profiles was done with
FULLPROF software,35 using the space group and cell
parameters obtained from single-crystal X-ray data.

Photoluminescence measurements

Photoluminescence spectra were recorded on an Edinburgh
Instruments FLS920 spectrometer equipped with a closed
cycle helium cryostat and under high vacuum (of ca. 10−9

mbar) to avoid the presence of oxygen or water in the sample
holder. The steady-state emission spectra were acquired with
an IK3552R-G HeCd continuous laser (325 nm) in the 350–
750 nm range whereas the excitation spectra were collected
with a Müller-Elektronik-Optik SVX1450 Xe lamp (in the 200–
470 nm range). Luminescence collected in the UV-vis region
was analysed with photomultiplier tube (PMT) coupled to the
spectrometer. The emission decay curves were measured
using a pulsed laser diode LDH-P-C-375 (λ = 375 nm) from
PicoQuant as excitation source. The absolute quantum yield
(QY %) was measured in solid state at room temperature on
a Horiba Quanta-φ integrating sphere coupled to an Oriel
Instruments MS257 continuous lamp as excitation source
and an iHR550 spectrometer from Horiba to analyse the
emission. MicroPL photographs were taken on an Olympus
optical microscope equipped with a CCD detector over
polycrystalline illuminated with an Hg lamp.

Computational details

Density functional theory (DFT) calculations were performed
with Gaussian 16 program package (revision A.03)36 using the
hybrid exchange-correlation functional CAM-B3LYP.37 6-31G**
basis set was used for C, N, O, and H atoms and LANL2DZ for
Zn atom.38 The vibrational frequencies were computed in the
ground and excited states to check the nature of the minima
and the absence of imaginary frequencies. Different finite
fragments were built from the X-ray diffraction structure and
the molecular geometries were optimized in the ground state
and several excited states. To mimic the structure of the MOF,
the positions of some atoms were fixed to their corresponding
crystallographic coordinates to avoid large deformations from
the original structure, and all other atoms of the fragment were

allowed to relax during the optimization process. Time
dependent DFT (TD-DFT) calculations at the same level of
theory were performed from the optimized molecular geometry
of the ground state and 100 vertical electronic transitions were
computed. The fluorescence emission energy from the
optimized excited state was calculated Eem(Sn) = ESn(GSn) −
ES0(GSn) at the same level of theory, where ESn(GSn) is the energy
of the Sn excited state at its equilibrium geometry (GSn), and
ES0(GSn) corresponds to the energy of the S0 ground state at the
Sn excited state geometry (GSn). D3 version of Grimme's
dispersion correction (GD3zero damping) was included in the
calculation.39 Table S1† lists the maximum absorption
wavelength and the theoretical vertical electronic transitions.
Fig. S21† shows the molecular structure of the optimized
fragments highlighting in red and blue the ‘active’ and ‘frozen’
atoms, respectively. Fig. S22 and S23† represents the molecular
orbitals involved in the main electronic transitions.

Results and discussion
Synthesis and crystal structure of compounds H3L and
compounds 1–3

Ligand H3L was originally detected as an impurity in the
synthesis of ditetrazole-naphthalenediimide by reacting
naphthalene-1,4,5,8-tetracarboxylic acid dianhydride with two
equivalents of 5-aminotetrazole monohydrate in DMF at 413
K. The reaction of stoichiometric amounts of naphthalene-
1,4,5,8-tetracarboxylic acid dianhydride and 5-aminotetrazole
in acidic conditions at 373 K yields a 1,3-dioxo-2-(1H-tetrazol-
5-yl)-2,3-dihydro-1H-benzoĳde]isoquinoline-6,7-dicarboxylic
acid and 1,4,5,8 naphthalenetetracarboxylic acid mixture.
Pure H3L ligand was obtained after separation of the reaction
mixture by flash column chromatography.

Yellow crystals of compound 1 were obtained by slowly
decreasing the temperature of a DMF solution after 24 hours
at 368 K. Crystal structure of compound 1 comprises
Zn2(ntca)4(DMF)2 paddlewheels, with two five coordinate
Zn(II) atoms showing a square pyramidal coordination
geometry. The Zn(II) centres are bridged by four coordinated
carboxylate ligands with Zn–O bonds distances ranging from
2.0446(19) to 2.0607(17) Å in the equatorial plane. The
remaining axial positions are occupied by two disordered N,
N-dimethylformamide (DMF) solvent molecules with Zn–O
distances of 1.983(11) Å. The paddlewheels were interlinked
by pairs of ntca2− ligands, forming a 1D-chain coordination
polymer which expands in the [010] direction (Fig. 1a). The
plane formed by the Zn(II) metal centres of the 1D
coordination polymer (Fig. 1a) is rotated 21.94° respect the
(100) plane, allowing the overlap of the disordered axially
coordinated DMF molecules of the adjacent coordination
polymers. The ntca2− ligands interact with the neighbouring
ligands forming a C–H⋯O hydrogen bond (2.799 Å) and
short contact between one of the carbon atoms of the
anhydride group and the adjacent oxygen atom (OC⋯O
2.871(5) Å). This interaction is consequence of the partially
positive electrostatic potential distribution around the
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carbon atom and its attractive interaction with the oxygen
lone pair of electrons. The crystal structure contains
channels filled with a disordered DMF molecules along the
(010) direction, representing the 26.6% of the volume of the
crystal (Fig. 1b). The presence of ntca2− ligands confirms the
partial hydration of the naphthalene-1,4,5,8-tetracarboxylic
acid dianhydride starting material during the in situ
formation of compound 1. The mechanism of the partial
and full hydration of naphthalene-1,4,5,8-tetracarboxylic acid
dianhydride has been previously studied and reported by M.
J. Politi and co-workers,40 involving the reaction of each
anhydride group with a water molecule. The in situ
formation of ntca2− during the synthesis of coordination
polymers has been previously reported showing catalytic and
photoluminescence properties.41–44 Yellow crystals of
compound 2 were obtained by slowly decreasing the
temperature of a DMF solution after 24 hours at 368 K.
Crystal structure of 2 is formed by pairs of tetrahedrally
coordinated Zn(II) atoms bridged by μ2-OH groups (Zn–O
distances 1.893(8)–1.931(9) Å) and by L3− ligand through two
monodentate carboxylates (Zn–O distances 1.958(8)–1.99(1)).
The pairs of Zn(II) atoms are further linked in the (010)
direction to other Zn pairs by 5-amino-tetrazolate molecules
with Zn–N distances ranging from 1.98(1)–2.02(1) Å.
Tetrazolate groups of an adjacent L3− ligand complete the
tetrahedral Zn(II) coordination sphere (Zn–N distances
2.02(1)–2.05(1) Å), forming an anionic 2D tape coordination
polymer expanded in the (110) plane (Fig. 2).

Neighbouring L3− ligands are forming parallel displaced
π⋯π interactions with centroid–centroid distance of 3.940 Å,
shift distance of 0.865 Å and at angle between planes of
21.906°. The presence of one dimethylammonium (DMA)
cation per formula unit balances the charge of the anionic
framework. The DMA molecules are forming (N–H⋯O)
hydrogen bonds with the monodentate carboxylate groups
and the water solvent molecules. The interlayer space is filled
by water molecules forming an intricate hydrogen bond
network with the DMA and the tetrazolate groups.

Crystal structure of 3 is formed by pairs of tetrahedral
Zn(II) metal centres bridged by pairs of monodentate
carboxylates from two L3− ligands (Zn–O distances range from
1.89(1)–2.036(3) Å) (Fig. 3). The pairs of Zn(II) atoms are
further connected to other pairs by two tetrazolate groups
from another two adjacent L3− ligands (Zn–N distances
2.046(2)–2.058(2) Å). Neighbouring L3− ligands are forming
weak parallel displaced π⋯π interactions with centroid–
centroid distance of 3.999 Å, but a large shift distance of
1.211 Å and an 0° angle between planes, resulting a weaker
interaction than in compound 2. The resulting 3D anionic
framework contains pores in the [100] direction filled with
DMA cations forming N–H⋯O hydrogen bonds with the
oxygens of the carboxylate and ketone groups.

Photophysical properties

The diffuse reflectance absorption spectra of compounds 1, 2
and 3 show similar profiles governed by a strong band
centered at 333, 336 and 340 nm, respectively (see Fig. S17†).

Fig. 1 Crystal structure of compound 1 showing a) the 1D tape
structure, and b) the packing of the 1D coordination polymers. Colour
code: zinc atoms were black, oxygen in red, carbons in grey and
nitrogen in blue. Hydrogens were omitted for clarity.

Fig. 2 Crystal structure of compound 2 showing the packing of the
2D coordination polymers. Colour code: zinc atoms were black,
oxygen in red, carbons in grey and nitrogen in blue.
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They are very similar to those of the ligands naphthalene-
1,4,5,8-tetracarboxylic acid dianhydride and H3L (see Fig.
S16†), suggesting the null or small participation of the
metallic Zn atom in the absorption process. DFT and TD-DFT
calculations were performed to analyze the electronic
transitions involved in the absorption spectra. Fig. 4
represents the oscillator strength of the calculated vertical
electronic transitions along with the experimental absorption
spectra of compounds 1, 2 and 3. Compound 1 presents the
main band at 333 nm, and it could be assigned to the
electronic transition calculated at 333 nm ( f ∼ 0.6) which
corresponds to S0 → S39 with contribution of HOMO-12 →

LUMO + 1 (10%) and HOMO-14 → LUMO + 1 (10%). The
weak band at 606 nm could be assigned to the transition
calculated at 621 nm (S0 → S1) (see Fig. 4a). For compound 2,
there are three theoretical transitions that could be involved
in the resulting spectral profile of the band observed at 336
nm: the electronic transition S0 → S36 calculated at 332 nm ( f
∼ 0.1) with contribution of HOMO-14 → LUMO + 1 (18%)
and HOMO-13 → LUMO + 1 (58%); the transition S0 → S39
calculated at 326 nm ( f ∼ 0.1) with contribution of HOMO-12
→ LUMO + 4 (82%) and the stronger transition S0 → S46
calculated at 309 nm ( f ∼ 0.2) with contribution of HOMO-14
→ LUMO + 2 (26%), HOMO-13 → LUMO + 2 (26%) and
HOMO-7 → LUMO + 2 (26%) (see Fig. 4b). In compound 3,
the strongest band observed at 340 nm could be assigned to
the S0 → S47 transition calculated at 346 nm ( f ∼ 0.3) with
contributions of HOMO-14 → LUMO + 2 (24%), HOMO-10 →

LUMO + 4 (17%), HOMO-9 → LUMO + 4 (18%), along with

the transition S0 → S62 calculated at 318 nm ( f ∼ 0.2) with
contribution of HOMO-13 → LUMO + 1 (43%) (see Fig. 4c). In
addition, the weak band observed at 613 nm could be
assigned to the electronic transitions calculated at 530 nm ( f
∼ 0.2). The molecular orbitals involved in the main electronic
transitions have been represented in Fig. 5, and are being
localized on the ntca2− and L3− ligands, suggesting that the
intraligand and interligand transitions could be present
during the photoexcitation process. The absence of the metal
influence in the calculated transitions suggests a small or
negligible contribution of the ligand to metal (LMCT) or
metal to ligand (MLCT) charge transfer transitions.

Photoluminescence properties were studied for the
polycrystalline samples of coordination polymers 1–3 as well
as naphthalene-1,4,5,8-tetracarboxylic acid dianhydride and
H3L ligand at room and low (20 K) temperature to explore
their emission capacity. The formation ntca2− ligand was
obtained in situ during the synthesis of compound 1, and
could not be isolated from the reaction mixture, so the PL
properties of its precursor naphthalene-1,4,5,8-tetracarboxylic
acid dianhydride and the reported emission spectra were
studied instead.44 As previously mentioned, these

Fig. 3 Crystal structure of 3 showing the packing in the (100) view
with the enlargement of the coordination geometry around the Zn
metal centres. Colour code: zinc atoms were black, oxygen in red,
carbons in grey and nitrogen in blue.

Fig. 4 Experimental absorption spectrum of compounds (a) 1, (b) 2
and (c) 3, along with the oscillator strength of the vertical electronic
transitions calculated at the TD-CAM-B3LYP-D3/6-31G** + LANL2DZ
level of theory in gas phase.
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coordination polymers are expected to present
photoluminescence properties under UV excitation given that
their ligands framework contains an extended aromaticity
linked to metal ions with closed-shell electronic
configuration.24 Under monochromatic UV laser excitation
(λex = 325 nm), all compounds present a main band peaking
at the 430–465 nm range in addition to a second weak band
at ca. 530 nm (Fig. 6), although their emission capacity is
quite different (vide infra). In more detail, the emission bands
of compound 1 cover the 400–650 nm with the band maxima
sited at 465 nm and a wide shoulder peaking at 525 nm.
Accordingly, the compound presents a dark blue emission
under UV irradiation (λex = 365 nm, see photograph in Fig. 6).
The shape of the spectrum is not unexpected as it resembles
that of the free naphthalene-1,4,5,8-tetracarboxylic acid
dianhydride precursor, in which both a main band and a
shoulder at high wavelength are also observed (Fig. S1†),
although a red-shift of around 1750 cm−1 may be claimed for
1 respect to the naphthalene-1,4,5,8-tetracarboxylic acid

dianhydride. The emission spectra of free H2ntca ligand was
previously reported by M. Hong and co-workers showing a
band maxima at 487 and a broad peak at 550 nm under 346
nm radiation, in agreement with that shown in the present
work.44 Since the emission spectra of compound 1,
naphthalene-1,4,5,8-tetracarboxylic acid dianhydride and H2-
ntca are similar, the emission of 1 can be assigned to the
intraligand (π–π*) fluorescence. The excitation spectra
recorded for both of the emission maxima (λem = 465 and 525
nm) are similar except for a small excitation band peaking at
420 nm, which is only observed for the spectrum recorded at
the highest wavelength λem = 525 nm (Fig. S9†). These
excitation spectra are indeed consistent with the diffuse
reflectance spectrum of the compound 1 (Fig. S16†), in which
the wide absorption band peaks at 335 nm (with a shoulder
at 380 nm) and covers the main excitation of 420 nm.
According to the TD-DFT calculations (see Table S2†), the
band observed at 465 nm in compound 1 could be assigned
to the electronic transition S13 → S0 calculated at 437 nm.
The second band at 525 nm could be assigned to the S9 → S0
electronic transition which is predicted at 511 nm. Therefore,
the fact that both emissions come from different excited
states explains well their shapes. In view of these results, it
can be estimated that compound 1 presents a Stokes shift of
ca. 8300 cm−1. The emission lifetimes were also estimated for
this compound by means of the deconvolution of the whole
decay curve with respect to the instrument reference file
measured at the pulse wavelength. Surprisingly, the
compound presents shorter lifetimes than free ligand sample
at both emission maxima (1.44(1) and 3.32(1) ns respectively
for λem = 460 nm and 525 nm vs. 5.61(1) ns for H3L ligand

Fig. 5 Schematic representation of a) the S0 → S39 electronic transition in compound 1, b) S0 → S46 electronic transition in compound 2 and c) of
the S0 → S47 and S0 → S62 electronic transitions in compound 3 (isocontour plots 0.02 a.u.).

Fig. 6 Emission spectra of compounds 1–3 at RT measured with λex =
325 nm. The micro-PL photographs taken over irradiated (λex = 365
nm) polycrystalline samples is also shown.

Table 1 Selected photophysical data for compounds 1–3

Compound λex,max (nm) λem,max
a (nm) τ (ns) QY (%)

1 420 465/525(w) 1.44/3.32 2.7(7)
2 ref. 52 430/535(w) 0.89/2.79 0.7(3)
3 380 430/450(sh) 3.25/0.47 2.1(6)

a w: weak band, sh: shoulder.
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(see Table 1)). The lifetimes are of the same order in both
cases and in the typical range of fluorescence, which discards
the occurrence of intersystem crossing in the complexes.45,46

On the other hand, compounds 2 and 3 exhibit a very similar
emission pattern, with the maximum of the most intense
band sited at 430 nm, which is not surprising given that both
compounds contain L3− ligand in their structures. In fact, the
free H3L ligand fluoresces with a narrow emission band
centred at 460 nm, in such a way that the emission of 2 and
3 is slightly blue-shifted. In any case, the spectrum of 2
presents a significant shoulder at 535 nm whereas the latter
band is absent in 3. The existence of a minor emission band
at 535 nm in 2 could be incorrectly assigned to the presence
of 5-amino-tetrazolate co-ligand, as tetrazole-based
compounds usually present an emission band at 325 nm.47

Consequently, the shoulder at 535 nm could correspond to
an interligand charge transfer. In concordance to that
observed for H3L, compound 2 neither shows a clear
excitation band before the emission, meaning that the
absorptions observed in the diffuse reflectance spectra lead
to weak photoluminescent emissions. According to the
absorption band maximum, compound 2 features a Stokes
shift of ca. 6600 cm−1. Therefore, the emission capacity of the
sample is comparatively lower than 1 as suggested by the
photograph taken under UV irradiation (see Fig. 6), which is
also supported by its low QY (vide infra). The lower intense
emission shown by 2 might be attributed to the presence of
weak π–π interactions taking place between the electron
deficient aromatic clouds of the inner rings of the
naphthalimide ligand in the ground state, known to partially
quench the emission, or the possible rotational motions of
the 5-amino-tetrazolate co-ligand around the Zn–N bond. To
get deeper insight into the lower quantum yield of compound
2, it would be necessary to calculate the electronic couplings
resulting from π–π interactions in the ground state, or to
investigate the formation of excimers in the excited state
which could quench the emission.48,49 However, the observed
π–π stacking distances are 3.940 Å, somewhat larger than
typical values (3.5 Å) for this type of interactions. This could
suggest that other non-radiative relaxation mechanisms could
be responsible for the lower emission of compound 2.
Considering the molecular structure of each compound, a
possible explanation could be that the molecular vibrations,
and possible rotational motions of the 5-amino-tetrazolate
co-ligand around the Zn–N bond in 2, may provide with an
additional non-radiative relaxation pathway, justifying the
lower quantum yield value observed in compound 2. In any
case, it is worth highlighting that H3L ligand presents a
similar absorption profile in view of the diffuse reflectance
spectra of compounds 2 and 3 (see Fig. S17†), in which the
main band has its maximum at ca. 345 nm and shows almost
no more excitation bands above 400 nm. On its part, it must
be highlighted that the main band of compound 3 (λem,max =
430 nm) is indeed composed of a shoulder peaking at 450
nm. The excitation spectra recorded over both wavelengths
clearly shows the same pattern, characterized for a main

excitation band with the maximum at 380 nm (Fig. S14†).
Therefore, compound 3 presents the lowest Stokes shift for
all herein reported compounds, being of ca. 6100 cm−1.

The band observed at 430 nm could be assigned to the
electronic transitions S15 → S0 and S20 → S0, calculated at
450 and 426 nm in compounds 2 and 3, respectively. The
second band at 535 nm in compound 2 would correspond to
the electronic transition S7 → S0 predicted at 539 nm. Finally,
in the case of compound 3, the shoulder observed at 450 nm
could be assigned to the transition S18 → S0 calculated at 452
nm. Fig. S23† represents a selection of the molecular orbitals
involved in the electronic relaxation. As for the absorption
process, these molecular orbitals are localized on the ntca2−

and L3− ligands without participation of the metallic Zn(II)
atom (Fig. S23†).

The mean emission lifetimes recorded for compounds 2
0.89(3) ns (λem = 430 nm) and 2.79(2) ns (λem = 535 nm) and 3
3.25(1) ns (λem = 430 nm) and 0.47(3) ns (λem = 450 nm) are
in the same order than shown by the H3L ligand (τ = 1.00(3)
ns, λem = 460 nm), as usually occurs for most of CPs owing to
the restricted molecular vibrations that reduce the non-
radiative quenching.46 As previously observed for compound
1, the lifetimes are short and in the range of few
nanoseconds, which confirms the fluorescent nature of the
process. Phosphorescence emission has been previously
reported for NDI ligand based Zn(II) coordination polymers,50

where sorption of aromatic guest molecules lead to the
formation of complexes with charge transfer nature,
producing fluorescence from the exciplex or the stabilisation
of the triplet state of the NDI to generate phosphorescence.
Thus, the phosphorescence emission in compounds 1–3
could be inhibited by the electron deficient nature of both
ncta2− and L3− ligands and absence of electron rich π-donors
guest molecules in the framework. Also, no significant
intersystem crossing occurs in compounds 1–3 upon ligand
coordination to Zn(II), known to afford heavy-atom effect,51

which may be related to the fact that the main excitations
and emissions occur between molecular orbitals located on
the inner rings of the ligands and thus, quite far from the
metal centre. The PL quantum yields measured on solid state
for the three compounds with λex = 325 nm monochromatic
light are in line with the micro-PL images presented before.
The most efficient emission is observed for 1 > 3 > 2 with
the values shown in Table 1. In this regard, it is worth
mentioning that the low QY of compound 2 is concordant
with the lack of excitation bands in the UV region, although
its QY is increased up to 1.1(5)% when the sample is excited
with λex = 400 nm.

Conclusions

The synthesis of three novel photoluminescent coordination
polymers and a new H3L ligand has been described. Novel
H3L is formed by benzo[de]isoquinoline core linked to a
tetrazolate and two carboxylate groups. Compound 1
comprises Zn2(ntca)4(DMF)2 paddlewheels linked by ntca2−
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ligands in a 1D coordination polymer. Compound 2 grows up
from pairs of tetrahedrally coordinated Zn centres linked by
μ2-OH groups, which are further bridged by novel L3− ligands
and 5-amino-tetrazolate. L3− ligands coordinate to the Zn(II)
metal centres through the tetrazolate and the two
monodentate carboxylate groups. The resulting anionic 2D
layered coordination polymer is packed by means of
hydrogen bonds formed by the carboxylate groups with the
DMA cations and crystallization water molecules. Compound
3 is formed by tetrahedrally coordinated Zn atoms linked by
bridging tetrazolate and monodentate carboxylate groups,
resulting in an anionic 3D coordination polymer, whose
pores are filled by DMA cations. The photoluminescence
properties were experimentally characterized by measuring
the UV excitation and emission spectra, and evaluated by TD-
DFT quantum chemical calculations, concluding that the PL
emission in compounds 1–3 is originated in the electronic
transitions of the ligands with no participation of the Zn(II)
atoms. The compounds show quite distinct PL properties,
summarized by traceable blue luminescence of compounds 1
and 3 but a poor emission in 2. The lower quantum yield
observed in 2 is tentatively attributed to weak π–π

interactions of the aromatic clouds of L3− or the molecular
vibrations and/or possible rotational motions of the 5-amino-
tetrazolate co-ligand around the Zn–N bond. The observed PL
emission possesses an intraligand character as confirmed by
TD-DFT calculations. Nonetheless, herein described CPs
present more long-lived emissions in the main band maxima
(λem,max ≈ 430–465 nm) as well as a second weaker emission
band, not present in the free ligands and coming from a low-
lying excited state, which is sited at higher wavelengths
(λem,max ≈ 525–535 nm for 1 and 2, a shoulder with λem,max ≈
450 nm for 3) and may be related to an interligand charge
transfer. Among all CPs, compound 1 is characterized for the
highest emission quantum yield.
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