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A versatile metal-organic system consisting of Co-based compounds that show reversible transformations between a 3D metal-organic framework (MOF) of {[Co(m-3isoani)2]$DMF}n (1) formula
(where 3isoani ¼ 3-aminoisonicotinato and DMF ¼ dimethylformamide) and a 0D monomeric [Co(3isoani)2(H2O)4] (2) complex is reported. These 1 4 2 transformations, triggered by the exposure of the
MOF and the monomer-based compound to H2O and DMF, respectively, involve colour changes from
purple (in MOF 1) to light brown (in monomeric complex 2), which imbues the system with colourimetric sensing capacity towards these solvents. Despite the high reactivity of the MOF in contact with
water, it presents good thermal stability and permanent porosity with a remarkably high CO2 capture
capacity at room temperature (3.35 mmol/g), which is further analysed by in situ single-crystal X-ray
diffraction. Experimental magnetic properties and CASSCF/NEVPT2 calculations of all compounds
reveal distinct slow magnetic relaxations for 3D and 0D compounds.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Metal-organic frameworks (MOFs) can be considered as one of
the most exciting compounds in the ﬁeld of porous materials
because of their tuneable and functional porosities that
bring about a wide range of properties for speciﬁc applications
such as gas adsorption and separation, catalysis and even health
care [1e7]. In fact, their success in this ﬁeld is derived from the
possibility of not only rendering huge internal speciﬁc surface
areas but also controlling the voids and chemical functions
decorating the surface thanks to a quite well-established rational
design of the constituents that build the structure up [8e11]. According to it, the growth of MOFs lies on the principles of reticular
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chemistry [12], in such a way that the shape and geometry of the
structural units formed by the combination of metal ions (or
clusters) acting as nodes and organic molecules acting as linkers
leads to endless structural diversity with fascinating topologies
[13e15]. Among them, the open networks with large available
spaces, which allow the co-crystallisation of multiple chemically
indistinguishable copies, quite exclusive for these metal-organic
materials, have received special attention for their capacity to
adapt their pores to the guest molecules [16e18]. This fact, in
essence, may open the way for speciﬁc discrimination of guests by
the framework or even instigate guest-induced transformations
because interpenetrated MOFs are prone to dynamics, given their
characteristic structural ﬂexibility [19]. At this point, it must be
clariﬁed that the willingness of these MOFs to modify their
structure does not undoubtedly imply a detriment in their overall
stability; what is more, it may become an advantage if the
transformation takes place under well-known conditions or in the
presence of a speciﬁc molecule/medium. In this sense, it is worth
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2. Materials and methods

noticing that stability may be evaluated from at least three perspectives: chemical, thermal and mechanical stability, which
means that a MOF possessing low chemical stability does not
necessarily imply that thermal and mechanical should also be [20].
Be that as it may, when these transformations are accompanied
by changes in another property, or trigger a new property, the
material may perform as a chemical switch, memory or molecular
sensor, which is perhaps one of the most pursued goals in the quest
for novel and improved detectors for emerging pollutants and
volatile organic compounds (VOCs) [21e23]. In this sense, the
metal-organic nature of MOFs is another key aspect that beneﬁts
the design and construction of multifunctional molecular materials
because various physical properties may coexist, cooperate or
compete with each other [24]. In fact, a change in the electronic/
magnetic properties of a system can be induced by a controlled
rearrangement of the structure, especially when it involves a
change in the coordination environment because this modiﬁes the
crystal ﬁeld [25]. With particular regard to magnetoresponsive
activity, developing new multifunctional materials that combine
magnetism with a second property (electrical conductivity or superconductivity, molecular bistability, etc.) has shown promising
applicability in the nascent area of spintronics [26,27]. However,
most of them are based on rigid lattices and do not take advantage
of the structural ﬂexibility, which could give them a new dimension
to the sensing performance [28]. Of particular interest are MOFs
that behave as single-molecule magnets (SMMs), which retain a net
magnetic moment below a blocking temperature after the exposure
to a magnetic ﬁeld that slowly dissipates because of the existence of
an energy barrier, which, in turn, is proportional to the zero-ﬁeld
splitting (zfs) parameters and total spin of the paramagnetic centres [29e31]. The study of MOFs-based magnets with tuneable
SMM behaviour is very scarce, and only a few works have been
reported [28,30].
In any case, it must not be forgotten that the transduction
mechanism is one of the most important points to exploit the
sensing applicability of the material. Among all the possibilities, a
colour change appreciable by the naked eye is clearly one of the
most promising mechanisms to detect the presence/absence of a
molecule because it hardly requires additional sophisticated
equipment. Although the current bibliography related to MOFs
sensing is being coped by luminescent materials, colourimetric
sensors performing without the need for photoexcitation devices
(generally in the UV range) are even more desired [32,33]. In fact, as
summarised in a recent review by Wang and co-authors [34], MOFs,
taking advantage of soft structural or compositional changes (in the
coordination environment, redox-active chromophoric ligands
and/or loading of ions or chromophores in the pores), have been
already used as colourimetric sensing platforms towards several
cations, anions, VOCs, gases and water. However, the number of
these colourimetric sensors is scarce, and none of them exhibits the
capacity for sensing some toxic species such as dimethylformamide
(DMF) [35], which is among the most widely used products used as
industrial solvents and in the production of ﬁbbers, ﬁlms and surface coatings [36].
With these ideas in mind, and following our recent works on the
characterisation of new magnets and multifunctional materials
[37e40], in this work, we describe the preparation and performance of two Co-based compounds that behave as naked-eye
colourimetric sensors of water/DMF in solid state. The fascinating
and unique sensing capacity of the present materials lies on the
reversible striking transformation undergone between the MOF
and a monomeric complex. A detailed characterisation of their
magnetic properties is also included to evaluate the potential utility
of the sensors with variable magnetic performance under cryocooling conditions, a ﬁeld yet to be explored.

Full details on the experimental setup used for the chemical
characterisation of the compounds as well as the computational
strategy may be found in the Electronic Supplementary Information (ESI, see S1 section).
2.1. Synthesis of {[Co(m-3isoani)2]·DMF}n (1)
Overall, 0.0291 g of Co(NO3)2$6H2O (0.1 mmol) and 0.0138 g of
H3isoani (0.1 mmol) were placed in a scintillation vial and dissolved in a DMF:H2O (2:1) solvent mixture to be then sonicated for
few minutes. Then, the vial was placed in an oven for 6 h at 110 C
and then slowly cooled down to room temperature. Red cubic
single crystals of 1 grown during the cooling step were ﬁltered and
washed with DMF several times, yielding 30e35% based on metal.
Anal. Calcd for C15H17CoN5O5 (%): C, 44.35; H, 4.22; N, 17.24. Found:
C, 44.55; H, 3.98; N, 17.38.
2.2. Synthesis of [Co(3isoani)2(H2O)4] (2)
An aqueous-methanolic solution (2:1, 15 mL) containing
H3isoani (0.0276 g, 0.2 mmol) was basiﬁed with Et3N until complete dissolution of the ligand. To the latter, an aqueous solution
(2 mL) containing Co(NO3)2$6H2O (0.0291 g, 0.1 mmol) was added
dropwise under continuous stirring. Immediately, a light brown
precipitate corresponding to 2 was formed, which was ﬁltered and
washed with water and methanol. Yield: 75e80% (based on metal).
Anal. Calcd (%) for C12H18CoN4O8 (%): C, 35.57; H, 4.48; N, 13.83.
Found: C, 35.68; H, 4.52; N, 13.65.
Suitable single crystals of 2 were obtained in a test tube via slow
diffusion of a methanol solution containing H3isoani (0.2 mmol,
0.0276 g, 5 mL) over an aqueous interlayer, which separated the
solutions at the top and bottom of the tube, and another aqueous
solution containing Co(NO3)2$6H2O (0.1 mmol, 0.0291 g, 5 mL).
3. Results and discussion
3.1. Description of the crystal structures
3.1.1. Structural description of {[Co(m-3isoani)2]·DMF}n (1)
Compound 1 crystallises in the non-centrosymmetric orthorhombic Pnn2 space group as a racemic twin as indicated by Flack
parameter (see crystallographic data, Table S9). The junction between cobalt (II) and 3isoani ligand under solvothermal conditions
gives rise to an interpenetrated 3D open architecture, which contains voids occupied by DMF solvent molecules. The Co1 atom
placed on the crystallographic binary axis exhibits a quite distorted
environment established by the N2O4 donor set, which is best
approach to an octahedral geometry as indicated by SHAPE programme (SOC ¼ 3.63) [41]. The high distortion of the environment is
mainly caused by two of the oxygen atoms, which, belonging to the
chelating carboxylate groups of two 3isoani ligands, are geometrically forced to bind to Co1 atom notably reducing the symmetry of
the coordination shell. The coordination sphere is completed by the
pyridyl nitrogen atoms pertaining to the other two 3isoani ligands,
all of which renders a four connected node in the form of an adamantoid building unit (Fig. 1). Most relevant distances within the
metal centres are summarised in Table 1.
As a result of the m-kN:k2O,O0 coordination mode of the organic
ligand, the distance between metal centres along the bridge is
relatively long (Co/Co distance is 8.796 Å). Considering the
aforementioned building units as nodes and 3isoani ligands as
linear linkers, the assembly of the building units forms a 3D
diamond-like network as conﬁrmed by TOPOS programme package
2
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Fig. 1. View of the adamantoid building unit of 1. Colour coding: carbon (grey),
hydrogen (pink), nitrogen (blue) and oxygen (red).
Fig. 2. Crystal packing of compound 1 showing the microchannels along the crystallographic b axis.

Table 1
Selected bond lengths for compound 1 (Å).
Co1eO1
Co1eO1A (i)
Co1eO2A

2.078(2)
2.078 (2)
2.233 (3)

Co1eO2A (i)
Co1eN1A
Co1eN1A (i)

3isoani ions in aqueous media, a quite surprising fact, given that
this compound is involved in a reversible structural transformation
with the open 3D framework of 1 (see below). The metal centre is
connected to four oxygen atoms of coordinated water molecules
occupying the equatorial plane, whereas the main axis of the
slightly distorted octahedral geometry (SOC ¼ 0.107) contains two
pyridyl nitrogen atoms of 3isoani ligands (Fig. 3).
Conversely to compound 1, it is worth noticing that coordination
distances are somewhat larger for CoeN (2.161 Å) than for CoeOw

2.233 (3)
2.069 (3)
2.069 (3)

[a] Symmetries: (i) xþ1, yþ1, z.

[42] (with dia topology and (66) point symbol). The resulting
network leaves a huge volume that is occupied by a second
equivalent subnetwork that crystallises in the catenated framework, which seems to stabilise the crystal building (Fig. S6). In fact,
the interpenetrated frameworks are held together by the occurrence of N31A-H31B/O1A (ii) hydrogen bonds between carboxylate and eNH2 moieties (Fig. S7 and Table S3). In addition, the
amine groups establish a second hydrogen bond with the carboxylic oxygen atom of the same 3isoani ligand, a fact that endows the
crystal building with a high thermal stability (see below). Despite
the interpenetration, the framework still possesses a remarkable
porosity (the geometrical porosity of 1 represents the 35.9% of the
unit cell volume as indicated by PLATON) [43] arranged in the form
of microchannels running along the crystallographic b axis (Fig. 2
and S8), which are occupied by disordered DMF solvent molecules. As shown in Fig. 2, the microchannels are characterised by
narrow sections of ca. 3.7 Å joining the other regions of ca. 5.3 Å,
which are the biggest cavities that are delimited by four aromatic
rings of 3isoani ligands. Although the disordered guest molecule
prevents a detailed study of the interaction with the framework,
DMF molecules seem to establish a weak hydrogen bond with the
amino group of the pyridine ring. It is worth mentioning that these
compounds show close resemblance to the previously reported
[Co(in)2]n (where in ¼ isonicotinato) [44], but for the fact that the
ligand used in that work lacks the exocyclic amino group.
3.1.2. Structural description of [Co(3isoani)2(H2O)4] (2)
Single-crystal X-ray analysis reveals that 2 crystallises in the
P21/c space group in the form of monomeric complexes of formula
[Co(3isoani)2(H2O)4], which results from the assembly of Co(II) and

Fig. 3. Crystal packing of compound 2 with the monomeric complex highlighted.
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the zero-dimensional monomeric unity to a 3D open framework is
not very common [45]. This drastic change is induced by the hydration/dehydration process taking place in the transformation. In
fact, coordinated water molecules play a key role as they prevent
the connection between nodes because (1) they act as terminal ligands and (2) they establish hydrogen bonds with the carboxylate
groups of adjacent monomers, a fact that prevents the coordination
of the carboxylic oxygen atoms to other metal centres to bridge
them, preventing the growth of a structure of higher dimensionality. On another level, although there is no change in the coordination number, compounds 1 and 2 exhibit important differences
in the coordination geometry (both of them may be described as
octahedra although the coordination sphere is highly distorted in
the case of 1), a fact that can modulate the properties of the compounds as previously observed for other systems, for instance, in
the ﬁeld of photoluminescence and magnetism [46,47]. For starters,
these geometrical differences involve important changes in the
spectroscopic properties because absorption bands attributed to
the Co-based ligand-ﬁeld transitions are clearly more intense for 1
rather than 2 (Fig. S12), which could be due to a relaxation of the
spectroscopic selection rules derived from the distorted environment of the former (discussed later on). Consequently, there is an
obvious colour change of the material that can be traced by the
naked eye, from reddish purple in 1 to a light brown colour in 2
(Fig. S13), a fact that may lead to the use of these materials as
sensors for the potential detection of the solvents involved in the
transformation (see further discussion hereinafter).
On another level, it must be highlighted that despite the high
lability of compound 1 to react with water, it is very stable in other
solvents (without the necessity of being completely dried, see S13
section of the ESI for further details), meaning that the transformations require a minimum of water to take place (as it is later
discussed).

(2.059e2.129 Å, see Table S4). Moreover, conversely to 1, 3isoani
ligand acts as a terminal ligand with the carboxylate groups
remaining deprotonated and uncoordinated. As a consequence,
these groups are involved in the hydrogen bonding network set out
by the coordinated water molecules, which are able to successfully
sustain the supramolecular crystal building, which is in turn further
stabilised by the presence of p-p stacking interactions between the
aromatic pyridine rings of neighbouring complexes (see Fig. S9 and
Tables S5-S6).
3.2. Chemical stability tests: comments on structural
transformations
The previously mentioned compounds are characterised for a
drastic dynamic behaviour by being involved in a reversible
structural transformation frame that allows the mutual interconversion between the three-dimensional and monomeric compounds (1 4 2) in the presence of certain solvents. In this sense,
when compound 1 is exposed to a prolonged humid environment
(both to open atmosphere with high relative moisture or to
aqueous medium), it rapidly captures water molecules that replace
some of the ligand anions in the coordination shell of the 3D
framework to completely reorganise the crystal structure and yield
compound 2 (see ESI). This transformation also occurs in the
opposite direction, and when the powdered sample of 2 is exposed
to DMF (not only in solution but also in gas phase in a closed vessel),
the monomeric complexes are able to reorganise by rebuilding the
3D backbone, whereas the coordinated water molecules are
released from the metal centres and kept into the microchannels of
compound 1, making the process fully reversible (see Scheme 1).
On another level, when single crystals of 1 are left to stand in the
mother liquors, they undergo a slow single-crystal to single-crystal
transformation to eventually yield a complex related to 2 in which
two DMF lattice molecules are crystallised together with the
monomeric complex, 2-DMF hereafter (crystallographic data are
reported in the ESI, see Table S9). Taking into account that the inclusion of the lattice solvent molecules in the structure does not
promote signiﬁcant changes in the coordination environment of
Co(II) ion, the ﬂexibility of the monomeric complex to adapt for
distinct crystalline environments is an evidence to be emphasised.
In fact, the soaking of 2-DMF into DMF conﬁrms the reversibility of
the 1 4 2-DMF reaction, a process that occurs under the same
conditions to the previously mentioned (1 4 2) interconversion.
Structural transformations on exposure to different solvents are
commonly observed in MOFs, although such a transformation from

3.3. Thermal behaviour
To study the effect of the temperature on the crystal structure of
1, thermodiffractometric and thermogravimetric measurements
were performed over a polycrystalline sample. The recorded curve
shows no mass loss until it releases its lattice DMF solvent molecules between 160 C and 270 C as conﬁrmed by thermogravimetric/differntial temperature analysis (TG/DTA) (bringing a mass
loss of 18.2% that is close to the theoretical loss of one DMF molecule). It is worth noticing that this process takes place at a higher
temperature compared with free DMF boiling point, probably, as a
consequence of the hydrogen bonding interactions established
with the backbone of the MOF. A detailed thermodiffractometric
study (Fig. 4) of the polycrystalline sample reveals that the main
diffraction maxima are shifted to lower 2q angles as the temperature increases, among which the most intense one shifts from
15.29 (RT) to 14.80 (250 C).
The drastic changes shown by the thermal evolution of the
diffractograms only allowed performing Le Bail reﬁnements by
decreasing the symmetry of the space group, moving from the
orthorhombic Pnn2 to the monoclinic Pn. In particular, the unit cell
describes an expansion of 58% in its volume estimated from the
pattern-matching reﬁnements carried out on the diffractograms at
different temperatures and whose parameters before and after the
expansion are shown in Table S8, a fact that is in apparent
contradiction with the expected volume contraction occurring
during the solvent release. However, the observed evolution seems
to be related with the large ﬂexibility of the structure, probably
derived from its interpenetrated nature, in such a way that subnetwork displacement occurring when lattice molecules are
released rearranges the crystal building by placing the subnetworks

Scheme 1. Summary of the reversible solvent-triggered 1 4 2 transformations.
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Fig. 4. Analysis of the thermal behaviour of compound 1 showing (a) thermodiffractometry in the 30e270 C temperature range, (b) thermogravimetric plot and (c) evolution of cell
volume with temperature.

farther apart from each other. Above 250 C, the diffraction pattern
completely changes, showing some weak maxima at higher angles;
however, because of the low diffraction capacity, it is not possible to
guess any further structural detail. Finally, the decomposition of the
organic part of the framework takes place between 360 and 410 C,
giving rise to Co3O4 as a ﬁnal residue.

As expected, when the temperature of the experiment is
dropped to 273 K, the MOF shows a stronger capture of CO2 at
low pressure as inferred from its steeper increase in the isotherm,
which in turn reaches a value of 4.09 mmol/g (1.36 CO2 molecules
per formula). Note that the desorption curves are almost superimposed to the adsorption branches signifying that the gas diffuses slowly but does not get stuck in spite of the narrowness of
the microchannels, which conﬁrms the ﬂexible nature of the
framework. It is also worth noticing that this MOF qualiﬁes in the
upper intermediate adsorbents in terms of gravimetric
capacity because 14.5% and 18.0% of CO2 captured (g/g) outperforms the results obtained for other well-known MOFs, such
as MIL-53(Al, Cr), MOF-5, MOF-177 or even most of ZIF materials
in their bulk state [50,51]. Motivated by the steep slope shown in
the low coverage regime of the isotherms, adsorption enthalpies
(Qst) were calculated by ﬁtting the curves at both temperatures to
the modiﬁed ClausiusClapeyron equation, for which the third
isotherm at 283 K was additionally measured (see ESI) [52]. As
observed in Fig. S17, the value of Qst may be considered as nearly
constant during the loading range (of ca. 26 kJ/mol and plotting a
positive slope with increasing CO2 loading) although a slight
increasing trend is observed. This behaviour is not common but
has been already observed for other MOFs in which favourable
adsorbateeadsorbate interactions occur at high loadings, as it is
the case of NKMOF-8-Br, MUF-15, ZIF-7 and NUP-1 MOFs
[53e56]. Coming back to the structure of 1, such interactions are
possibly motivated by the quite regular tubular microchannels
delimited by the aromatic rings of the ligands, in which guest CO2
molecules would join one another to preferably interact with the
framework. However, to have a better understanding of the Qst vs.
CO2 loading trend as well as the interactions involving the CO2
molecules in the framework, we decided to perform the in situ
structural determination of the gas adsorbed at variable pressures
and temperatures using single-crystal X-ray diffraction (XRD; see
the crystallographic data in Tables S10-S11in the ESI). On activation of a single-crystal by heating at a temperature of 230 C, no
residual electron density was observed within the pores, indicating the successful evacuation of DMF molecules. By applying

3.4. Adsorption measurements on compound 1
Motivated by the good thermal stability shown by the 3D open
structure of compound 1, to conﬁrm its permanent porosity and gas
uptake capacity, N2 and CO2 adsorption experiments were conducted on freshly prepared polycrystalline sample (taking no special care but for closing it on a hermetic container to avoid potential
hydration and subsequent 1 / 2 transformation). To that end, the
sample was outgassed at 150 C under vacuum for 6 h, showing a
mass loss of ca. 18% (see ESI for further details), which, being so
close to the experimental loss observed in the TG/DTA analysis,
suggests the complete removal of DMF from the microchannels.
Nevertheless, the ﬁrst inspection by means of the N2 adsorption
measurement at 77 K revealed a residual uptake in the 0e1 bar
range adsorption, with an isotherm showing higher adsorption in
the high pressure range usually observed for the interparticle
capillary condensation occurring for non-porous solids (see
Fig. S14). Given that the activated MOF retains crystallinity and
shows no obvious change in its structure as conﬁrmed by PXRD,
CO2 isotherms were measured at higher temperatures to discard
the possibility of a diffusion barrier derived from poor
N2$$$framework interaction occurring because of narrow microchannels as previously described for other MOFs and supra-MOFs
[48,49]. At 298 K, compound 1 presents an isotherm
characterised by a rapid rise of the adsorbed volume of the gas
followed by a progressive increase up to 3.35 mmol/g, a value that
seems to practically reach a plateau at 1 bar. Taking into account the
formula weight of the activated framework, this uptake corresponds to 0.90 molecules of CO2 per Co(II) ion, that is, {[Co(m3isoani)2]$0.90 CO2}n (Fig. 5).
5

n
~ez, I.J. Vitorica-Yrezabal et al.
O. Pajuelo-Corral, S. Perez-Ya

Materials Today Chemistry 24 (2022) 100794

thereby enhancing the adsorption of CO2 molecules [57e60].
Probably, this is a consequence of the intra- and inter-molecular
hydrogen bonds established by the amino groups, as discussed
in the structural description section, which prevent signiﬁcant
interactions with the guest molecules, in such a way that the
closest C]O/N distance is of ca. 3.55 Å. On increasing the
pressure, no signiﬁcant change of the interaction scheme of guest
molecules is observed, while there is an increase in the occupancy of CO2 molecules up to 1, 1.2 and 1.3 per formula at 2.5, 5
and 10 bars of pressure, respectively; meaning that the maximum
uptake observed in the adsorption isotherm (1 bar, 298 K) is
indeed close to the value at saturation. Remarkably, the experiment does not seem to force the rearrangement of the interpenetrated framework (for instance, through a subnetwork
displacement) as potentially occurring for interpenetrated
MOFs because the unit cell parameters remain remarkably unchanged [61]. The latter is also supported by the slight increase in
the gas uptake on increasing the pressure.
To ﬁnish up with the structural study of CO2@1, diffraction data
were acquired on a single crystal by slowly dropping the temperature and keeping the pressure at 10 bar. As expected, the decrease
in temperature signiﬁcantly enhances the gas uptake capacity of
the material, leading to the adsorption of 2.4 molecules of CO2 per
formula at a temperature of 225 K, in which the occupancy of the
molecules rises but the guest$$$framework interactions are kept
unaltered. With this in mind, the disordered and progressive
occupation of the CO2 molecules adsorbed in the voids of the MOF
could perfectly explain the aforementioned trend for the Qst as the
CO2 loading is increased. All these experiments conﬁrm the good
CO2 adsorption capacity of this MOF despite its low chemical stability in water, a fact that may limit its application as adsorbent
while it, nonetheless, opens the way to an interesting sensing capacity (see sections below).
3.5. Magnetic measurements
3.5.1. Static magnetic properties
Variable temperature (2e300 K) dependence of the magnetic
susceptibility data was analysed over polycrystalline samples of
compounds 1 and 2 under a dc applied ﬁeld of 1,000 Oe. Both
compounds present a similar behaviour as shown in Fig. 6. At room
temperature, compounds 1 and 2 show cMT products of 3.07 and
2.80 cm3 K mol1 per Co(II) atom, which are signiﬁcantly higher
than the expected value for an octahedral Co(II) ion spin-only value
(1.87 cm3 K/mol with g ¼ 2.01), suggesting the presence of certain
spin-orbit coupling (SOC). On cooling, the cMT values remain
somewhat constant up to 100 K, below where the curves drop more
abruptly off to a value of 1.89 and 1.78 cm3 K/mol at 2 K, respectively, for 1 and 2. The latter may be attributed to the ﬁrst-order
SOC effect usually present in highly distorted Co(II)-based polyhedron, although the contribution of weak antiferromagnetic interactions may not be discarded. The c1
M vs. T curve follows the
Curie-Weiss law in both compounds (Figs. S18 and S22) in the
50e300 K temperature range with C ¼ 2.87 and 0.54 cm3 K/mol and
q ¼ 0.30 and 0.19 K, which conﬁrms the absence of signiﬁcant
antiferromagnetic interactions among metal centres, in good
agreement with the long distance imposed among spin carriers in
both structures. In any case, the absence of exchange interaction
through the bridging ligands in 1 is further discarded by means of
DFT-computed broken symmetry procedure on a dimeric model,
which gives a negligible exchange value (J ¼ 0.02 cm1, Fig. S25).
In view of the six-connected CoN2O4 environments present in both
compounds, magnetic susceptibility curves were ﬁtted using PHI
programme [62] with the Hamiltonian given in eq. (1) [63] to
analyse the SOC effect:

Fig. 5. (a) Adsorption and desorption isotherms of compound 1 recorded at 298 and
273 K. (b) Crystal structure of CO2@1 at 298 K and 1 bar showing the interactions
between guest molecules and the framework.

1 bar of CO2 at 298 K, electron density observed in the voids
allowed the reﬁnement of three disordered CO2 molecules per
asymmetric unit (applying rigid bodies) that account for a total
crystallographic occupancy of 0.77 molecules per formula unit
(CO2@1 hereafter). This amount is slightly lower than that estimated from the isotherms, which may be attributed to the disorder occurring for these molecules that penalises their
diffraction and prevents a complete assignation of the electron
density. As illustrated in Fig. 5b, two of the molecules are able to
maximise their interaction with two adjacent rings of 3isoani ligands (showing distances between the centroid of the rings and
CO2 in the range of 3.78e4.60 Å), whereas the third gas molecule
represents a disordered situation of the latter two molecules
staying farther from the ligands. The disordered entrance of CO2
in the microchannels seems to support the previous hypothesis
raised about the cause of the increasing trend of the isosteric
heat. Moreover, this scenario is quite enlightening because it
discards the amino group (-NH2) pending from the subnetwork as
a potential interaction site despite the fact that these Lewis bases
are known to interact strongly with the acidic CO2 molecules,
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magnetic properties may be interpreted by the spin Hamiltonian of
eq. (2):


 2
 2
2
b ¼D b
S =3 þE b
S y þ mB Hg b
S
H
Sx þ b
Sz  b

(2)

where S is the spin ground state (S ¼ 3/2), D and E correspond to the
axial and rhombic magnetic anisotropies, respectively, and H is the
applied magnetic ﬁeld. Best ﬁtting using both (susceptibility and
magnetisation) data by PHI programme gives D ¼ 57.9 cm1,
E < 0.1 and g ¼ 2.2 with R ¼ 2.8  102 for 1, in line with reported
octahedral Co(II)-based coordination polymers (CPs) [64,65]. The
set of data for 2: D ¼ þ76.3 cm1, E/D ¼ 0.13 and g ¼ 2.4 with
R ¼ 2.1  102, indicates an easy-plane magnetic anisotropy with a
non-negligible contribution of transverse anisotropy, a fact that has
been commonly observed in slightly distorted Co(II) octahedral
compounds [66,67]. Moreover, as a consequence of such positive
sign, the ms ¼ ±1/2 doublet is below the ms ¼ ±3/2 doublet.
To further corroborate the magnetic properties of these compounds, we decided to compute ab initio calculations using the
ORCA suit programme [68] on both the X-ray crystal structures and
optimised models to discard any possible effect regarding the sign
and magnitude of the magnetic anisotropy derived from small
structural distortions [69]. To our surprise, the computed values on
the XRD model of 1 notably differ from the experimental ones
assuming an octahedral geometry (Table 2), even for the sign of the
parameter (since the computed D presents a positive value in
contrast to the experimental negative one). Moreover, the splitting
of the d orbitals of Co(II) obtained by CASSCF/NEVPT2 calculations
is concordant with a distorted tetrahedral geometry rather than an
octahedral one because eg molecular orbitals lie below t2g molecular orbitals (Fig. 7). In fact, the computed dominant ground-state
electronic
arrangement
was
found
to
be
(d2z )2(d2x1
1
1
2 2
y ) (dyz) (dxz) (dxy) with 71% of contribution. This result, though
somewhat unexpected, can be well explained on the basis of the
coordination arrangement adopted by 3isoani ligands. Coming back
to the structural description, the framework consists of diamondlike (4-connected) topological nodes, in which the chromophore
indeed possesses four main coordination bonds (N2O2 set with ca.
2.07 Å) and other two weaker bonds (chelating O atoms at ca.
2.23 Å), meaning that the geometry of 1 could also be referred to as
distorted tetrahedron. It is worth highlighting that similar ﬁndings
have been already reported for other related CPs built from
CoN2(CO2)2 environments [37,70]. Therefore, ﬁtting of the experimental susceptibility and magnetisation data were repeated by
considering a tetrahedral geometry from which the following set of
parameters were obtained with the Hamiltonian of eq. (2):
D ¼ þ38.9 cm1, E/D ¼ 0.16 and g ¼ 2.56 with R ¼ 2.1  103
(Fig. S20). As observed, the latter assumption not only improves the
ﬁtting but also estimates values that are closer to the computed
results (showing similar deviations to other works) [67,71], conﬁrming that a distorted tetrahedral environment provides a reliable
description of the magnetic properties. A detailed analysis of the
anisotropy of 1 indicates that excited states contributing (the ﬁrst

Fig. 6. Simultaneous ﬁtting of cMT vs. T and M vs. H plots according to eq. (2) for (a) 1
and (b) 2.

h
i
∧
2
H ¼ slðLCo SCo Þ þ D Lz;Co  LCo ðLCo þ 1=3Þ þ mB Hð  sLCo
þ gSCo Þ
(1)
where all parameters have their usual meaning. The following results give a quite well ﬁtting of the data (see Figs. S19 and S23 for 1
and 2, respectively): l ¼ 117 cm1, D ¼ 390 cm1, s ¼ 1.10 and
g ¼ 2.21 with R ¼ 4.3  102 for 1 and l ¼ 194 cm1, D ¼ 370 cm1,
s ¼ 0.49 and g ¼ 2.32 with R ¼ 1.3  102 for 2.
In view of the large D value, it may be assumed that only the two
lowest Kramers doublets of the 4A2 ground state are thermally
populated, meaning that the energy gap separating them from the
excited lowest-lying ones corresponds to the axial zfs within the
quartet state. This is further conﬁrmed by the magnetisation curves
collected in the 0e7 T magnetic ﬁeld and 2e7 K temperature range
do not reach the theoretical saturation for S ¼ 3/2 (Msat ¼ 3.3, with
g ¼ 2.2). Moreover, the reduced magnetisation curves do not superimpose with each other in a single master curve (see ESI,
Figs. S21 and S24 for 1 and 2, respectively), which points to the
presence of substantial magnetic anisotropy. Accordingly, the

Table 2
Results from NEVPT2 calculations on the XRD structures showing the main parameters for compounds 1 and 2.
Compound

1

2

D (DKD1-2, DKD1-3)a cm1
E/D
gxx, gyy, gzz
giso
DE (1e2), DE (1e3)

þ53.6 (þ27.7, þ26.4)
0.10
2.11, 2.51, 2.62
2.42
1374.3, 1702.3

þ81.1 (þ46.4, þ25.9)
0.25
2.00, 2.42, 2.87
2.43
934.1, 1089.1

a
The two values in the parentheses after D represents the contribution to D from
the ground to ﬁrst and ground to second excited state transitions, respectively.
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former is signiﬁcantly larger according to its smaller energy gap
[72,73].
Generally speaking, considering both compounds, it must be
noticed that the computed results overestimate the experimental
values of most of the parameters, as pointed out by some authors
[74]. A comparison of the theoretical results performed over the
distinct models (XRD structure, H-optimised and fully optimised
models) does not reveal any systematic trend, meaning that the
increase/decrease of the magnetic anisotropy parameters (see
Tables S12 and S13) is caused by the change of multiple geometrical
factors affecting the coordination sphere.

3.5.2. Dynamic magnetic properties
To study the SMM behaviour, alternating current (ac) magnetic
susceptibility measurements were performed over polycrystalline
samples of 1 and 2 at low temperature. In the absence of an external
magnetic ﬁeld, no out-of-phase (cM) signals were observed, probably because of a fast relaxation due to the quantum tunnelling of
the magnetisation effect (QTM). The application of an external
magnetic ﬁeld of 1,000 Oe leads to some frequency-dependent
maxima for compounds 1 and 2, suggesting the suppression of
the QTM phenomenon (Fig. 8).
In the temperature-dependent ac plots, compound 1 presents a
nice set of maxima showing the maxima at the highest frequency
(10,000 Hz) at 4.8 K. The maxima are comparatively wider and
shifted to higher temperatures for 2, with the cM signal of
10,000 Hz peaking at 7.6 K. Accordingly, Cole-Cole plots were
generated in the 2.0e5.2 and 2.0e7.6 K ranges for 1 and 2 (Fig. S27).
The semicircular-shaped curves, ﬁtted with the generalized Debye
model, showed a values in the range of 0.30e0.08 and 0.20e0.02
for compounds 1 and 2, respectively, which suggests the presence
of more than one relaxation pathway, especially at low temperatures. In fact, the plot of the data according to the Arrhenius law (Eq.
(3)) in the Ln(t) vs. 1/T form adopts a curvilinear shape that only
retains linearity in the high-temperature region. Fitting of the data
in the high temperature range gives energy barriers for the reversal
of the magnetisation (Ueff) of 15.4 K and 45.6 K with t0 of
8.63  107 s and 4.68  108 s for 1 and 2, respectively; values that
are concordant with other reported Co(II)-based magnets [75].



t ¼ t0 exp Ueff
Fig. 7. NEVPT2 computed d-orbital splitting for compounds (a) 1 and (b) 2. Brick lines
represent dominant electronic transitions from ground to ﬁrst and ground to second
excited states, respectively.

.



kB T

(3)

However, these values for the energy barrier are far from those
expected for the Orbach process according to the gap for the
reversal of the magnetisation (DUeff z 2D when E ¼ 0 and DUeff z
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 D2 þ 3E2 when E s 0) [76]. Taking into account that no real
levels exist below z120 cm1 and 150 cm1 (taking into account
the experimental values of D and E) for 1 and 2, respectively, other
processes rather than Orbach process are more likely to be involved
in the magnetic relaxation. Accordingly, the data could be ﬁtted to
the simultaneous presence of Raman and QTM for 1 (Eq. (4)) and
Direct and Raman for 2 (Eq. (5)), giving the following set of parameters: tQTM ¼ 4.90  104 s, Braman ¼ 153.9 s1 Kn with n ¼ 3.6
for 1 and Adirect ¼ 1,183 s1 K1, Braman ¼ 0.88 s1 Kn with n ¼ 5.0
for 2 (see Fig. 8). Although a n ¼ 9 value is expected for Kramers
ions in Raman involved relaxation processes, smaller n values in the
range of 1e6 can be considered as reasonable and usually observed
for Co(II)-based CPs [67,77,78].

and second states as inferred from their transition energies,
see Table 2) are also multideterminant in nature with (d2z )2(d2x2-y)1
(dyz)2(dxz)1(dxy)1 and (d2z )1(d2x2-y)2(dyz)2(dxz)1(dxy)1 as the dominant
electronic arrangements for ﬁrst and second excited states with a
contribution of 54% and 49%, respectively. Consequently, the largest
two contributions to D parameter arise from d2x2-y / dyz and d2z /
dyz transitions from ground to ﬁrst and ground to second excited
states, respectively.
On its part, the computed values (Table 2) for 2 support the
easy-plane anisotropy of the paramagnetic centre. The electronic
ground state indicates the following arrangement: (dxz)2(dxy)2(dyz)1(d2z )1(d2x2-y)1 with 91% of contribution, which satisﬁes the expected orbital splitting of a weakly distorted octahedron. The ﬁrst
and second excited states, with (dxz)2(dxy)1(dyz)2(d2z )1(d2x2-y)1 (55% of
weight) and (dxz)1(dxy)2(dyz)2(d2z )1(d2x2-y)1 (52% of weight) arrangements, indicate that the main contributions to anisotropy arise
from the ground to the ﬁrst state dxy / dyz and ground to second
excited state dxz / dyz transitions. Note that both transitions do not
contribute equally to the D parameter, but the contribution of the

n
t1 ¼ t1
QTM þ BRaman T

(4)

t1 ¼ Adirect T þ BRaman Tn

(5)

In any case, irrespective of the values obtained in the ﬁtting,
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transformation. This leads to the crystallisation of compounds 1Form, 1-DEF and 1-DMA with equivalent formulae to the isoreticular compound 1 (1-DMF), suggesting that they all exert a kind
of templating effect that helps in the crystallisation of the 3D
framework. It must be noted that in the case of formamide, the
transformation reverts back to compound 2 as soon as the powder
is taken out from the solvent so fast that a diffractogram of 1-Form
could not be obtained. In fact, the speed of the transformation
seems to be dictated by the size of the solvent molecule as earlier
reported by other authors [79] because the smallest Form induces
an instantaneous conversion, whereas the biggest DEF requires a
minimum of 24 h. Further studies were also carried out by
immersing samples of 2 in other typical solvents of different
chemical nature (i.e. containing distinct chemical functions), such
as methanol, ethanol, acetonitrile and acetone, showing no colour
change.
To get deeper insights into these related transformations and
evaluate the versatility of the system, synthetic conditions to obtain
1 were reproduced by replacing DMF with DEF, in such a way that
single crystals of 1-DEF were obtained. The X-ray crystal structure
(see crystallographic data, Table S9) conﬁrms the isoreticular nature of the compound that possesses DEF molecules crystallised in
the microchannels instead of DMF present in the original compound. Therefore, we can assume that the rest of solvents (Form
and DMA) are able to template the 2 / 1 transformation, given that
upon the immersion of 2 in the solvents produces purple-coloured
samples.
4. Conclusions
In this work, we present a very versatile system consisting of
two Co-based compounds with 3-aminoisonicotinato (3isoani)
ligand, which crystallise in the form of two interchangeable
solvent-induced structures: 3D MOF (compound 1) or monomerbased supramolecular architecture (compound 2). The MOF is
built from topologically pseudo-tetrahedral [CoN2(CO2)2] units
characterised for a largely distorted environment, which are linked
one another into a two-fold interpenetrated diamond-like framework that contains tubular microchannels occupied by DMF with
pore apertures of 5.3 Å at the most. The 3D MOF possesses somewhat low chemical stability because its exposure to open atmosphere (capturing water from moisture) triggers a spontaneous
structural transformation that leads to the monomer-based compound 2, which features a low distorted octahedral [CoN2(H2O)4]
metal environment. Interestingly, the 1 / 2 transformation reverts
back to the 3D framework by exposing the solid sample to vapours
of DMF (or related formamide derivatives) or by immersing it in the
solvent because these solvents play a kind of templating effect in
the recrystallisation.
In spite of the limited chemical stability of compound 1 when
exposed to water or moisture, its high thermal stability (it remains
crystalline up to 250 C) allows yielding a permanently porous
material under dry conditions. Accordingly, the MOF shows a
negligible N2 adsorption capacity but a very high capacity to capture CO2 at room temperature of 3.35 mmol/g, which corresponds
to an uptake of 0.90 molecules of the gas per formula unit (and
cobalt ion). These results are in line with XRD experiments on a
single crystal during in situ CO2 adsorption measurements, which
reveal an occupancy of 0.77 disordered CO2 molecules that mainly
interact with aromatic rings of 3isoani ligands.
Experimental magnetic measurements and CASSCF/NEVPT2
calculations reveal that both cobalt (II) compounds present ﬁeldinduced SMM behaviour at low temperature derived from easyplane magnetic anisotropy with considerable SOC, although the
magnetic relaxation processes involved differ as a consequence of

Fig. 8. Temperature dependence of the cMsignals for compounds (a) 1 and (b) 2 under
an applied ﬁeld of 1,000 Oe showing the temperature dependence for the relaxation
times and best ﬁts of the data to different relaxation processes.

much more signiﬁcant is the overall change in the magnet behaviour occurring between compounds 1 and 2. In addition to the ﬁeldinduced different SMM behaviour, activated at higher temperatures
for 2, the mechanisms involved in the relaxation processes are also
different. Taking into account that this behaviour is linked to an
evident colour change shown by the sample during the 1 4 2
transformation, these ﬁndings make one think about the potential
use of Co/3isoani system as a colourimetric sensor to detect drastic
changes of solvents in liquid media.
3.6. Solvent sensing activity by Co/3isoani
To determine the selectivity of the sensing capacity and, thereby,
the scope of the potential applicability of this system, we immersed
compound 2 in additional solvents with a similar nature to DMF.
Speciﬁcally, polycrystalline samples of 2 were immersed in
formamide (Form), DEF (N,N-diethylformamide) and DMA (N,Ndimethylacetamide). These solvents were selected by their similarity to DMF, assuming that they will reproduce a similar hydrogen
bonding pattern with the framework. In all cases, as well as in DMF,
we noticed a colour change of the powder from slight brown to
reddish purple (Fig. S30), in addition to a change in the PXRD
pattern (Fig. S31), indicative of the completion of 2 / 1
9
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their distinct coordination environment. On the one hand, the
orbital splitting in 1 is best described as a distorted tetrahedral
CoN2(CO2)2 environment, given the large distance of CoeO bonds
involved in the chelate rings. In this case, the SOC mainly arises
from d2x2-y / dyz and d2z / dyz transitions and the slow magnetic
relaxation proceeds through Raman and QTM mechanisms. On the
other hand, the slightly distorted octahedral environment of 2 gives
rise to the increase of zfs parameters arising from ground to ﬁrst dxy
/ dyz and ground to second excited state dxz / dyz transitions,
making the magnetic relaxation to proceed at a higher temperature
by means of Raman and direct mechanisms.
Interestingly, in addition to their magnetic properties, these two
crystalline compounds also differ in their colour since compound 1
is deep purple, whereas 2 is light brown. Further studies to explore
the 1 4 2 transformation with related solvents (formamide, N,Ndimethylacetamide and N,N-diethylformamide) show the same
results with variable transformation rates according to the size of
the molecule. These results are in agreement with the fact that
solvent molecules must occupy the microchannels to template the
growth of the 3D framework of 1, whereas the contact with H2O
turns the latter into compound 2 in all cases. All in all, the exciting
colour change together with reversibility between the two interchangeable compounds, make this system a really promising
platform to develop materials with high potential sensing H2O and/
or amide-based solvent derivatives.
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