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Abstract: Herein, a flexible system composed of two Ni(Il)-based coordination compounds: a 3D
framework of {[Ni(p-3isoani)2]'DMF}n (1) formula and a 0D monomeric [Ni(3isoani)2(H20)4] (2)
complex (where 3isoani = 3-aminoisonicotinato and DMF = dimethylformamide) which show
mutual solvent-induced reversible transformations into each other is reported. The system shows
reversiblel < 2 transformations upon the exposure of one compound to the solvent present in the
other, that is, the MOF (1) in water and the monomer (2) in DMF. The process is easily followed by
the naked eye because it involves a colour change from green (1)-to-brownish green (2), making the
system potentially interesting to act as a sensor of those solvents. Moreover, these compounds
present very different magnetic properties since 1 shows field-induced single-molecule magnet
(SMM) behaviour, which corresponds to one of the few Ni(Il)-based compounds showing this
property, whereas 2 behaves as a regular paramagnet, all of which is explained according to a
careful study of the magnetic properties by means of experimental direct-current (dc) and
alternating-current (ac) measurements. Obtained experimental results are well supported by active
space self-consistent field (CASSCF) calculations.

Keywords: Ni(II)-based SIM; slow magnetic relaxation; metal-organic framework (MOF); Solvent-
triggered reversible transformations; Colorimetric sensing; CASSCF/NEVPT?2.

1. Introduction

Metal-organic frameworks (MOFs) represent an appealing class of materials derived from their
high porosity in the form of well-defined pores of micrometric size that can be tuned and
functionalized not only for their applications in gas adsorption and separation properties, but also in
many other fields such as catalysis or healthcare, among others [1-6]. In fact, these materials have
received large attention of synthetic chemists devoted to develop novel materials because their
architectures may be often predesigned to enclose not only record-breaking specific surface areas but
also decorate the pore walls with specific chemical functions present in the ligands employed [7-10].
Taking into account that the great amount of different metal ions available to construct MOFs, and
the almost endless options of organic molecules to coordinate, it may be said that the structural
diversity of these materials is practically inexhaustible [11-13]. During the last decade, attention has
been also paid to a particular set of fascinating porous structures consisting of multiple chemically
identical framework copies, known as interpenetrated structures, which are quite exclusive for metal-
organic and organic compounds [14-17]. This subclass of MOFs are particularly characterized by a
high structural flexibility that may lead to interesting dynamical properties. The origin of this
behaviour can be found in the optimization of the framework interactions with the neighbouring
counterparts and in their structural response directed by physico-chemical changes in the external
medium [18,19]. In this regard, interpenetrated MOFs are prone to guest-induced transformations
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that may be the basis for good adsorption capacity in case that any of the properties is drastically
changed during the process [20].

Among other interesting properties present in MOFs, the occurrence of slow relaxation of the
magnetization (SRM) has been particularly studied during the last years [21-23], since numerous
researchers suggest the possibility that this class of extended metal-organic compounds could behave
as single molecule magnets (SMMs) [24,25]. As postulated by Chang and Long [26,27], SRM is
manifested for those compounds possessing ground states with high total spin (S) and significant
magnetic anisotropy, which is defined by the axial (D) and transverse (E) parameters of the zero-field
splitting (zfs) phenomenom. This is a consequence of the increase of the energy barrier for the reversal
of magnetization between the two lowest Ms = +S states that governs the SRM according to the
expression Uett = 52D [28]. Therefore, the possibility of possessing an ordered array of paramagnetic
metal ions instigated the preparation of MOFs with transition metal ions and lanthanides. These
families of coordination polymers are capable of exhibiting such a magnetic anisotropy by their
combination with organic linkers that are able to isolate the metal ions in the network avoiding other
magnetic exchange interactions [29-31]. The quest for MOFs showing SMM behavior using 3d ions
has been mainly focused on Mn(IIl), Fe(I), Fe(Il), Fe(IlI), Co(II) and Ni(I) complexes with variable
coordination numbers ranging from hepta- to dicoordinated environments [32]. However, although
Ni(II)-based compounds with hexacoordinate environment represent a textbook example of zfs, very
few cases have been still found to present SRM [29,33]. Their ground state in the octahedral
symmetry, 3Azg, is orbitally non-degenerate, whereas the following two excited states, *T2; and *T1g,
are orbital triplets, which can be furtherly split into three new states each in the presence of a strong
geometric or electronic distortion in the coordination shell. Under this situation, zfs (mainly the D
parameter) emerges from the interaction of the ms functions between the ground and excited states.
In the case of compounds showing a simple axial distortion, the D parameter sign will be determined
by the relative stability of the split excited states (*A1(*T2) and 3E(°T2)) in the case of a simple axial
distortion. Moreover, provided that the environment is tetragonally distorted, 3E(*T>2) is further split
and zfs tensor presents rhombicity (E/D # 0).

Having all this ideas in mind, in a continuation with our previous studies on polymeric metal-
organic materials behaving as SMMs [34-38], in the present work we describe two interchangeable
Ni(Il)-based compounds which are involved in an astonishing structural transformation: from a 3D
open framework to a 0D complex. The fact that the transformation is reversible and that it is quite
limited to some particular solvents makes of it a system worth studying. The color change occurring
during the transformation gives the opportunity of using the system as a colorimetric sensor and the
different coordination shell shown by each of the compounds lead to very different magnetic
properties in the compounds.

2. Materials and Methods

The chemicals were of reagent grade and employed as obtained from supplier without any
further purification.

2.1. Synthesis of {[Ni(u-3isoani)2]-DMF}x (1)

Ni(NOs)2:6H20 (0.1 mmol, 0.0291 g) and H3isoani (0.1 mmol, 0.0138 g) were introduced in a
closed vessel and dissolved in a mixture of DMF:H20 (2:1). Then, the vessel was sonicated for 2
minutes and placed in the oven for 48 h at 130 °C, after which it was slowly cooled down to room
temperature. Once the reagent mixture was warm, we obtained a green single crystals corresponding
to 1 after one week. Yield: 39-45% (based on metal). Anal. Calcd for CisHizNsNiOs (%): C, 44.37; H,
4.22; N, 17.25. Found: C, 44.48; H, 4.09; N, 17.18.

2.2. Synthesis of [Ni(3isoani)2(H20)4] (2)

A polycrystalline sample of 2 was obtained rapidly after the addition of Ni(NOs)2:6H20 (0.0291
g, 0.lmmol) dissolved in water (2 mL) over an aqueous-methanolic solution (2:1, 15 mL) of the
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H3isoani ligand (0.0276 g, 0.2 mmol) and some drops of EtsN to deprotonate the ligand and ensure
its complete dissolution. The light green precipitate was filtered and washed with water and
methanol. Yield: 55-60% (based on metal). Anal. Caled (%) for Ci2H1sNsNiOs (%): C, 35.59; H, 4.48; N,
13.83. Found: C, 35.45; H, 4.39; N, 13.93.

2.3. Physical measurements

Elemental analyses (C, H, N) were performed using a Euro EA Elemental Analyser. For the
collection of the IR spectrum, a FTIR 8400S Shimadzu spectrometer was employed using KBr pellets
of the compounds in the 4000-400 cm™ range. Thermal analysis (TG/DTA) were performed using a
TA Instruments SDT 2960 thermal analyser placing the polycrystalline samples under a synthetic
atmosphere (79% N2, 21% O2) with a contiuous heating rate of 5 °C/min. Magnetic susceptibility
measurements were performed using a Quantum Design SQUID MPMS-7T susceptometer under an
external applied magnetic field of 1000 G. The susceptibility data were corrected from the
temperature independent paramagnetism, the magnetization of the sample holder and the
corrections for the diamagnetism were estimated from Pascal’s Tables [39].

2.4. X-ray Diffraction Data Collection

Crystal structure of 1 was determined with single crystal X-ray diffraction (SCXRD) on a suitable
single crystal, and the most relevant data from the refinement can be found in Table 1. SCXRD data
collection was performed on a Bruker VENTURE area detector equipped with graphite
monochromated Mo Ka radiation (A =0.71073 A) by applying the w-scan method at a temperature of
100(2) K. Data reduction was done using the APEX2 [40] software and the absorption corrections
were made using SADABS [41]. Crystal structures were solved in SHELXT program [42] using direct
methods and refined using SHELXL-2018/3 program [43] by full-matrix least-squares on F? including
all reflections and employing the Olex2 (1.5 version) crystallographic package [44]. All hydrogen
atoms were located in the difference Fourier map and included as fixed contributions using riding
models with isotropic thermal displacement parameters 1.2 times those of their parent atoms for the
3isoani ligand. CCDC 2283006 contains the supplementary crystallographic data of compound 1 for
this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk). On the other hand, powder X-
ray diffraction patterns were collected using a Philips X"PERT powder diffractometer in the 5 <20 <
50° range with a step size of 0.026° and an acquisition time of 2.5 s per step at 25 °C using Cu-Ka
radiation (A = 1.5418 A). Indexation of the diffraction patterns was performed by pattern matching
analysis using the FULLPROF crystallographic package [45], taking as reference the cell parameters
and space group of the single crystal X-ray coordinates of isostructural Co-based MOFs.

Table 1. Single crystal X-ray diffraction data and structure refinement details of compound 1.

doi:10.20944/preprints202308.0664.v1

Compound 1
Empirical formula C1sH17NsNiOs
Formula weight (g mol) 406.04
Crystal system Orthorhombic
Space group Pnn2
a(A) 11.944(2)
b (A) 6.740(1)
c(A) 10.661(2)
V (A3) 858.2(3)
Reflections collected 6467
Unique data/parameters 2814/136
Rint 0.0521
GoF (S5) 1.075
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Rib/wR2 [I>20(D)]e 0.0410/0.0869
Rib/wR2 [all]e 0.0486/0.0941
aS=[Yw(Fo? - F?)? [ (Nobs— Nparam)|¥2. P R1 =Y | IFol—IFcl | / Y IFol; c wR2 = [y w(Fo?2 — F2)?2 / > wFe?]"%; w = 1/[0%(Fo?)
+ (aP)? + bP] where P = (max(Fo?,0) + 2Fc?)/3 with a=0.0189 and b = 1.5121.

2.5. Computational details

The computational strategy adopted herein for the estimation of the magnetic coupling constant
(Jeatc) values has been described and validated elsewhere [46—48]. Gaussian 16 package [49] was
employed for optimizing two suitable models: i) a dimeric excerpt of compound 1 (the model
contains three complete 3isoani ligands surrounding each metal centre in addition to the bridging
ligand, see Figure S11a) and ii) a monomeric complex with all surrounding ligands grown (Figure
S11b), both of which were taken from the X-ray structure coordinates of 1. For the calculations of
compound 2, we took the monomeric complex model from the isostructural Co-based counterpart.
The Gaussian 16 package [49] was employed for the determination of the high-spin state and the low-
spin broken symmetry state. The correctness of the latter state was ensured by means of its spin
density distribution. For these calculations, density functional theory (DFT) methods were employed
using the hybrid B3LYP functional and Gaussian-implemented 6-311G++(d,p) basis for non-metallic
atoms [50] and LANL2DZ pseudopotentials for the Ni(II) atoms [51]. GaussView 6 [52] software was
employed for spin-density surfaces plots. Alternatively, the standard broken symmetry (BS) DFT
procedure using the FlipSpin feature of ORCA 5.0.3 [53,54] was followed to estimate the coupling
constant value for all main superexchange pathways on dimeric models taken from X-ray
coordinates. Ab initio calculations were implemented in ORCA (version 5.0.3) [53,54] to estimate zfs
parameters for the monomeric models by means of the B3LYP functional [55,56] and employing the
def2-TZVP basis sets for all atoms and def2-QZVPP for the metal atoms, recontracted for zeroth-
order regular approximation (ZORA) relativistic approximation [57-60]. RIJCOSX approximation
with appropriate auxiliary basis sets (def2/]) [59] were employed for all calculations. Calculations
with state-average complete active space self-consistent field (SA-CASSCF) method were performed
incorporating the five d-orbitals and eight electrons. Ten triplets and ten singlets were included
according to other previous studies [61]. NEVPT2 calculations were performed on top of SA-CASSCF
converged wave functions to include the dynamic correlation [62] according to previous results
[61,63].

3. Results and Discussion

3.1. Structural description of compounds 1 and 2

As confirmed by the powder X-ray diffractograms (Figure 52-3), compounds 1 and 2 are
isostructural to other previously published compounds with Co(Il) and Zn(II) ions and their crystal
structures were already reported [64-66]. Crystal structure of compound 1 consists of a doubly
interpenetrated 3D framework containing voids filled with DMF molecules. The metal center shows
a severely distorted octahedral environment established by the N2Os donor set as confirmed by the
continuous shape measures (Soc = 3.157, see Table S4). Nitrogen atoms pertain to two symmetrycally
equivalent 3isoani ligands while the oxygen atoms coming from two carboxylate groups of adjacent
3isoani molecules complete the coordination environment, and in the case of the latter forging with
the Ni(Il) atom a four member chelating ring (Table 2). As a result of the relative arrangement
acquired by the four 3isoani ligands around the metal centre, with angles between neighbouring
coordination moieties in the 95-107° range, the four-connected unit may be considered as a pseudo-
tetrahedral node (Figure 1).

Table 2. Selected bond lengths for compound 1 (A).

Ni1-O1 2.123(2) Nil-02A (i) 2.081(2)
Nil-O1A (i) 2.123(2)) Nil-N1A 2.028(3)
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Nil-O2A 2.081(2) Nil-N1A (i) 2.028(3)

! Symmetries: (i) —x+1, -y+1, z.

P

pseudo-tetrahedral building unit

Figure 1. Coordination polyhedron, building unit and crystal packing of the structure of 1. Note that
lattice DMF molecules have been omitted for clarity in the packing. Nickel atoms are represented in
green, nitrogen in blue, carbon in grey, oxygen in red and hydrogens in white.

On its part, 3isoani ligand acts as a linear linker between Ni(Il) ions by coordinating to them
with the u-xN:x20,0’, imposing a Ni-Ni distance of ca. 8.8 A. The pseudo-tetrahedral shape of the
metal node, gives rise to a 3D network that can be simplified as a diamond-like architecture (of dia
topology and (6%) point symbol). The resulting framework structure presents large voids, which are
partially occupied by an interpenetrated chemically identical framework. Although this structural
interpenetration provides with some flexibility to the overall assembly, the framework shows good
stability due to the direct intermolecular hydrogen bonding interactions taking place between the
amino and carboxylate groups pertaining to different subnetworks (Table S3). The overall structure
is characterized by notable porosity (ca. the 36% of the total cell volume) formed of 1D microchannels
running along the [010] crystallographic direction, which are occupied by lattice DMF molecules.
These molecules are disordered into two equivalent positions as a consequence of the two-fold axis
contained in the c axis of the cell.

Compound 2 exhibits a completely different structure as it consists of a supramolecular
architecture based on hydrogen-bonded and m-m stacked isolated complexes with the
[Ni(3isoani)2(H20)4] formula. The centrosymmetric monomeric complex of the latter formula contains
the four water molecules coordinated in the equatorial plane while the two 3isoani ligands, linked by
their nitrogen atoms, occupy the main axis of the slightly distorted octahedron based on the N20x
environment (Figure 2). The preference shown by this metal ion for the pyridine nitrogen atoms
instead of the carboxylate oxygen atoms seems to obey to the better capacity of the latter to act as
hydrogen bonding acceptor, a fact that is key in this structure given the supramolecular nature of the
compound. Moreover, that coordination mode also favour that the exocyclic amino group of the
ligand is more accessible to establish hydrogen bonding interactions. In detail, carboxylate groups
are involved in a large hydrogen bonding network by acting as receptors of both amino groups and
water molecules, in such a way that each complex is surrounded by eleven neighbouring complexes.
In addition to those bonds, it is worth highlighting that the crystallographically independent 3isoani
ligand forms weak m-7t interactions with ligands of neighbouring (already hydrogen bonded)
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complexes, mainly due to the fact that aromatic rings of adjacent ligands do not overlap with each
other because of their relative twisted orientation (Figure S5, see ESI).

Figure 2. Monomeric complex and crystal packing of compound 2 based on X-ray coordinates of the
Co(II) isostructural counterpart [66]. Colour code as Figure 1.

3.2. Structural dynamics of compounds 1 and 2: solid state transformations

The two previously described compounds show a rapid mutual reversible transformation
involving the exchange between the three-dimensional and supramolecular structures, that is, a 1 <>
2 transformation. Under ambient conditions in the solid state, sample of compound 1 rapidly shows
a colour change from light green to pale brown (Figure 3). The transformation involves the breakage
and formation of coordination bonds so that the 3D framework to evolves to the monomeric
complexes found in compound 2. This 1 — 2 transformation takes place spontaneously given the high
capacity of 1 to capture water from air, in such a way that the entrance of those molecules favours
the replacement of most of the coordination shell and forces the recrystallization of compound 2.
Interestingly, the reversibility of the reaction was confirmed when sample of 2 was immersed in DMF
solvent. It is worth highlighting that the reaction does not require that the previous distillation of the
DME solvent to proceed but it may contain some water. However, the 1 «— 2 transformation does not
occur under a saturated atmosphere of DMF (achieved by placing the solid sample inside a closed
vessel containing DMF vapours), but it requires soaking the solid into liquid DMF.

Wd to air
g ~
[ i 4
¥4l soaked in\DJf\m

{[Ni(3isc;ni)2]-DMF}n (1) [Ni(3isoani),(H,0),] (2)



https://doi.org/10.20944/preprints202308.0664.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2023 doi:10.20944/preprints202308.0664.v1

Figure 3. Photographs of the solid samples of compounds 1 and 2 summarizing the conditions of the
transformations taking place.

To finish up with this section, it is also worth stating that, irrespective of the easy 1 — 2
transformation shown by the MOF, compound 1 may still be somewhat stable when it is kept under
dry conditions, which permits the study of its thermal behavior. As detailed in the corresponding
section (see Figures S1-2), fresh sample of 1 possesses high thermal stability and the crystal structure
is robust enough as to permit the release of DMF molecules and obtain a potentially porous
framework. However, it must be remarked that once activated (solvent removed from pores), the
transformation dynamics are accelerated and exposing the sample to air triggers its transformation
to compound 2.

3.3. Magnetic properties of compounds 1 and 2

The evolution of the magnetic susceptibility over temperature and isothermal magnetization at
low temperature were analyzed for polycrystalline samples of both nickel-based compounds.
Starting from the susceptibility data, the room temperature ymT product (1.26 and 1.32 cm?® K mol-,
respectively for compounds 1 and 2) shows higher values than that expected for a free Ni(II) ion (1.00
cm?® K mol-! with g = 2.01) in both compounds. When decreasing the temperature, the ymT value
remains constant in both cases but it shows a drastic drop at low temperatures, where it must be
distinguished between the more progressive and deeper drop occurring below 100 K in compound 1
(down to 0.57 cm® K mol-! at 2 K) and the sudden decrease below 15 K observed in compound 2
(reaching a final value of 0.86 cm® K mol! at 2 K, Figure 4). The ym! vs T plot for both compounds
describes a linear distribution (although a very small deviation may be appreciated in the plot of
compound 1 at below 10 K), from which the fitting gives a set of values (C =1.28 and 1.42 cm? K mol-
1, 0 =-4.62 and -1.29 K for 1 and 2, respectively) that are indicative of weak antiferromagnetic
interactions, if any, occurring among Ni(II) ions in the compounds. This is in agreement with the fact
that metal ions are quite far apart in both structures (the smallest Ni--Ni distances are of ca. 8.8 A
along 3isoani bridging ligands in 1 and of ca. 6.8 A through hydrogen bonds in 2). In fact, a DFT
calculation by means of the broken symmetry methodology confirms that the exchange coupling in
1 is very weak and antiferromagnetic in nature (J = -0.17 cm”, Figure S10). Therefore, all these
considerations, in addition to the former room temperature values, the magnetic behaviour of both
compounds is thus better attributed to the presence of significant magnetic anisotropy of the Ni(II)
metal centres. The recorded magnetization curves in the 0-7 T range of applied field at different
temperatures in the 2-7 K range do not reach saturation at the maximum 7 T field. Moreover, it must
be also highlighted that M(H) curves reach higher values and diverge substantially more with
temperature for 1 than for 2, which may be related with a higher magnetic anisotropy for the former
compound, as it may be also inferred from the reduced magnetization plots (Figure S8-9).
Accordingly, the zfs parameters were estimated by simultaneously fitting the susceptibility and
isothermal magnetization data with PHI program [67] to the following Hamiltonian (eq. 1):

H=DS2- §/3) + ES2+5,2) + usHgS (eq 1)

in which S represents the spin of the ground state (5=1), D and E correspond to the axial and rhombic
zfs parameters, respectively and the applied magnetic field is represented as H. The best fitting results
(shown in Table 3) are concordant with the magnetostructural correlation performed by Boca et al.
[68] and in line with the previous hypothesis, because the magnitude of the D parameter is
substantially greater for 1 than 2. It is also worth highlighting the larger uniaxial anisotropy found
for 1 compared to 2, in view of the greater E/D ratio observed for both compounds.
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Figure 4. Plots of the variable-temperature evolution of the xymT product and isothermal
magnetization vs field with the simultaneous susceptibility and magnetization fitting for (a)

compound 1 and (b) compound 2.

Table 3. Best fitting results for magnetic data of compounds 1 and 2 using eq. 1.

Exp. Calc.
C d
ompotn D E/D giso D E/D &
1 173(1) 005 2251) 211 007 224,226,238 (2.27)
2 48(3) 015  237(5) -67 012 234 235 2.39 (2.38)

! The values are given in cm. 2 These calculated values are listed as gxx, gy, gz= and (giso).

In order to confirm the reliability of the experimental fitting, the magnetic properties of both
compounds were additionally computed by CASSCE/NEVPT2 calculations, from which the results
in Table 3 were obtained. As observed, the calculations reproduce fairly well the experimental results
by giving zfs parameters of the same sign and magnitude. In agreement with the largely distorted
octahedral environment of 1, the ground state is dominated by the (dx2y2)2(d-2)%(dyz)%(dxy)'(dxz)!
configuration that shares more characteristics with a tetrahedral than an octahedral environment,
although the dy- orbital is quite far from the almost degenerated dxy and dx- orbitals (Figure 5a). Such
an orbital splitting is in agreement with the largely distorted environment found in the compound
and also with the fact that the environment imposes a pseudo-tetrahedral connectivity around Ni(II)
ion. In fact, four of the positions of the coordination shell (those of the carboxylate oxygen atoms)
correspond to chelating moieties that, somehow, represent a ligand field featuring a distorted
tetrahedron with two extra weakly bonded oxygen atoms. On the contrary, the less distorted
octahedral environment observed in compound 2 imposes the (dxy)2(dxz)?(dyz)?(d-2)'(dx?+?)" ground
state configuration, where evident splittings of the ideal t2; and eg groups are found (Figure 5b). In
addition to the latter, another remarkable difference between the energy levels in both compounds is
that the energy gap between HOMO and LUMO orbitals is greater in 2 than in 1, which a larger
separation from the ground to the excited states that somehow disables the transitions to the excited
states (see Tables S5-8).
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Figure 5. Energy diagrams of the orbital splitting and configuration of the main contribution of the
ground state for compounds (a) 1 and (b) 2.

In view of the large magnetic anisotropy present in both compounds, magnetic susceptibility
was also measured upon a small oscillating magnetic field (3.5 Oe) derived from an alternating
current (ac) to explore the potential SMM behavior. When there is no external magnetic field applied,
none of the compounds revealed maxima even at a very high frequency of the ac field (10000 Hz),
which confirmed the absence of slow magnetic relaxation possibly due to the quantum tunneling of
the magnetization (QTM) effect. On contrary, in the presence of a dc field of 1000 Oe, a nice set of
frequency-dependent maxima were observed for compound 1 (Figure 6) although the data of
compound 2 showed no change compared to that collected at Hac = 0 Oe (Figure S12). Therefore,
further measurements were conducted on the polycrystalline sample of 1 to study its SMM behavior.
As observed in Figure 6b, the low temperature tiles below the maxima (peaking at 2.8-3.8 K) still
indicate that QTM could be operative at this Ha, for which we first inspected the behavior of the slow
magnetic relaxation with respect to the dc field by measuring the magnetic susceptibility at 2.6 K for
all the frequencies. As observed in Figure S13, the relaxation time rapidly increases from 250 Oe on
and reaches a maximum at 1000 Oe, in such a way that we may consider that the data shown in Figure
6 corresponds to the optimal dc field.

4
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Figure 6. Variable temperature a) in-phase and b) out-of-phase ac molar susceptibility signals when
a dc field of 1000 Oe is applied for compound 1. Inset in plot b) corresponds to the Arrhenius plot
with the variable-temperature relaxation times estimated from and best fitting results.
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Firstly, taking a look to the ym" vs frequency plot, it can be observed a unique maximum that is
progressively shifted toward higher frequencies with the increasing temperature, a behavior
associated with SMMs. Cole-Cole plots for 1 show semicircular-shaped curves which were fitted
according to the generalized Debye model in the 2.3-3.5 K temperature range. Estimated a values are
in the 0.48-0.20 range. Despite the fact that these quite high values suggest that the SRM could imply
several relaxation pathways, the plot of the relaxation time according to the temperature follows the
Arrhenius law (Eq. 2) by showing an almost rectilinear distribution covering the whole inspected
temperature range.

T = 70 exp(Ues/x8T) (eq2)

The best fitting results give an energy barrier value (Uet) of 26.1 K (18.1 cm) with a to of 1.20 x
107 s for compound 1. The value of the energy barrier fits very well with the calculated axial zfs
parameter (D =17.3 cm), which is concordant with the fact that, by definition, the energy barrier for
the reversal of magnetization for a Ni(Il)-based compound equals to the value of D parameter (Ue.s =
5?2D). Therefore, we can assume that the SRM mainly follows the Orbach mechanism, although the
possibility that QTM could be present is not be totally discarded.

In any case, irrespective of the origin of the SMM behaviour in 1, the most interesting feature of
the Ni3isoani system is the drastic overall change occurring in the magnetic properties of compounds
1 and 2, given the presence or absence of field-induced SRM. Moreover, taking into account that the
change of the magnet behaviour is also linked to a green-to-pale green colour change triggered by
the system as a consequence of the 1 < 2 transformation, it must be highlighted that Ni/3isoani
system is a material that could have potential in the field of sensors to detect changes in the mentioned
solvents (DMF and H-O).

4. Conclusions

Two coordination compounds based on Ni(Il) and 3isoani ligand are reported, one of which
consists of a 3D metal-organic framework (compound 1) and the other one is a monomer-based
supramolecular architecture (compound 2). The MOF is formed by a doubly interpenetrated network
that shows 1D microchannels filled with DMF lattice molecules whereas the monomeric complex is
formed by coordination water molecules which sustain the supramolecular hydrogen bonding
network of the compounds. Interestingly, these compounds take part in an equilibrium in which their
crystal structures are transformed into each other when the dry powdered samples are exposed to
the appropriate solvents (1 — 2 when 1 is exposed to water, even simply at an ambient moisture at
room temperature; and 1 < 2 by soaking the sample in liquid DMF). The mentioned transformation
is accompanied by a noticeable colour change between green (1) <> brownish green (2). In spite of the
easy 1 — 2 transformation occurring for the MOF, the structure is robust enough and possesses good
thermal stability under dry conditions (up to ca. 400 °C) that allow its activation (release of DMF
molecules).

Ac susceptibility measurements show that only compound 1 presents SRM when an optimal
external field of 1000 Oe is applied, whereas compound 2 shows no sign of that behaviour. This fact
seems to be derived from the larger magnetic anisotropy present in compound 1 compared to
compound 2, as suggested by the fitting of the magnetic susceptibility and isothermal magnetization
measurements. In this sense, 1 presents high uniaxial anisotropy (D = -17.3 cm? and E/D = 0.05),
probably as a consequence of the severely distorted octahedral N20s environment of 1, which
contains two chelating carboxylate moieties. In contrast, that of 2 is substantially lower (D = -4.8 cm!
and E/D = 0.15) in agreement with the quite regular octahedron shown by the N2Ows present in the
compound. CASSCF/NEVPT?2 calculations confirm those properties and reveal quite different orbital
splitting scenarios in the compounds concordant with the mentioned distortion of the coordination
environment: pseudo-tetrahedral in 1 vs perfectly octahedral in 2. Fitting of the variable temperature
relaxation times obtained for compound 1 suggest that the SRM obeys the Arrhenius law and,
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although the presence of QTM cannot be discarded, it proceeds through an Orbach relaxation with
an energy barrier of 26.1 K, thus in agreement with the theoretical approach of Ut = S2D.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: Elemental analysis and TG/DTA curves of compound 1; Table S2: Elemental
analysis and TG/DTA curves of compound 2; Figure S1: IR spectra of H3isoani and compounds 1 and 2; Figure
S2: Simulated and experimental PXRD of 1 with the full profile pattern matching analysis; Figure S3: Comparison
of the experimental PXRD of 2 with the simulated diffractogram of the Ni-based isostructural counterpart
reported in reference [1]. Full profile pattern matching analysis of 2 is also shown as an inset; Figure S4: View of
the assembly of the building unit into the interpenetrated diamond-like framework of 1. Note that its
independent subnetwork is shown in a different colour; Figure S5: View of the supramolecular network of 2
showing the hydrogen bonding network and m-7 stacking interactions; Table S3: Structural parameters (A, ©) of
hydrogen bonds (A, °) in compound 1; Table S4: CShMs for the coordination environment of the optimized
fragments of compounds 1 and 2. The lowest SHAPE values for each ion are shown highlighted indicating best
fits. Note that this calculation for 2 has been performed over the optimized structure starting from X-ray
coordinates of the isostructural Co(II) compound; Figure S6: ym! vs T of 1 showing fitting of Curie-Weiss law in
the 300-50 K range; Figure S7: ym vs T of 2 showing fitting of Curie-Weiss law; Figure S8: Reduced magnetization
curves in the 2-7 K and 1-7 T region for compound 1; Figure S9: Reduced magnetization curves in the 2-7 K and
1-7 T region for compound 2; Figure S10: Calculated spin density distributions for suitable dimeric models of
high (S =2) and low (S = 0) spin states of compound 1; Table S5: Calculated CAS(8,5)/NEVPT2 transition
energies and SOC splitting of the ground state for the model complex of compound 1; Table S6: Calculated
CAS(8,5)/NEVPT2 transition energies and SOC splitting of the ground state for the model complex of compound
2; Table S7: Individual contributions to D and E of the excited triplet and singlet states computed at the
CAS(8,5)/NEVPT?2 level for the model complex of compound 1; Table S8: Individual contributions to D and E of
the excited triplet and singlet states computed at the CAS(8,5)/NEVPT2 level for the model complex of
compound 2; Figure S11: Monomeric models of compounds 1 and 2 used for the computational calculations of
the magnetic properties. Note that the model of compound 2 was optimized starting from the isostructural Co-
based counterpart [2]; Figure S12: ym” (circles) and ym”" (squares) vs T plots under Ha = 1000 Oe for compound 2
at 10000 Hz of frequency for the oscillating field; Figure S13: Optimization of the dc field for compound 1 in the
form of T vs H; Figure S14: Cole-Cole plot for compound 1 showing the best fit for the selected temperature
region; Figure S15: Variable-temperature frequency dependence of the ym"” signal of 1.
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