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Solvatomorphism, polymorphism and crossover in

bis[hydrotris(1,2,3-triazol-1-yl)borate]iron(ll)

spin

Oleksandr Ye. Horniichuk, ® Karl Ridier, ® Gdbor Molnar, ® Volodymyr O. Kotsyubynsky, ¢ Sergiu
Shova, ¢ Vladimir M. Amirkhanov, 2 II’'ya A. Gural’skiy,*? Lionel Salmon, *® Azzedine Bousseksou®

Solvatomorphism and polymorphism play a crutial role in defining charachteristics of spin crossover (SCO) in coordination
compounds. In this paper we describe a detailed characterization of the SCO bis[hydrotris(1,2,3-triazol-1-yl)borate]iron(Il)
complex ([Fe(HB(1,2,3-tz);),]) 1. Five solvatomorphs of 1-2Solv (where Solv = DMSO, MeOH, CHCl;), 1-7DMSO and
1:2DMF-H,0 were obtained via recrystallization from the respective organic solvents. Solvatomorphs 1:2MeOH and
1-2CHCl; undergo single-crystal-to-single-crystal transformations leading to 1 upon heating above 313 K. Single-crystal X-
Ray diffraction analysis revealed m-it stacking and C—H--N contacts between molecules of the complex both in the solvated
and desolvated crystals. Spin crossover and thermal properties of 1 and its solvates were investigated by means of
calorimetry, thermogravimetry, Mdssbauer spectroscopy, variable temperature magnetic susceptibility, Raman
spectroscopy and powder X-Ray diffraction measurements. The anhydrous [Fe(HB(1,2,3-tz);),] complex, obtained via
dehydration of the dodecahydrate, undergoes structural phase transitions upon the first heating in the 303-493 K range

followed by reversible, gradual spin crossover upon further thermal cycling, with a transition temperature of T,,, = 373 K.

Introduction

Switchable molecular materials showing spin crossover (SCO)
properties® attract attention of many research groups as they
can be used for fabrication of functional devices, finding their
application in information storage, molecular electronics,
photonics, sensing and construction of mechanical actuators.z-
6 In this context, the ability to fabricate high quality, pure and
homogeneous thin films of SCO materials is crucial. To this aim,
vacuum thermal deposition provides a powerful means.”2
However, there are only a handful of spin crossover complexes
that could be deposited by this technique.®?3 Among these, only
a few sublimable SCO complexes undergo spin transition above
room temperature, namely [Fe(pypyr(CFs),),(phen)] (pypyr = 2-
(2'-pyridyl)pyrrolide, phen = 1,10-phenanthroline),*®
[Fe(HB(pz)s),] (pz = pyrazolyl-1-yl)?223 and [Fe(HB(1,2,4-tz)3),]
(tz = triazol-1-yl),?' the two latter belonging to the tris(1-
azolyl)borate family of compounds.?* For Fe-pypyr thin films,
the transition temperature Ty, is reduced from 390 K for the
bulk compound to approximately 330 K, whereas the two other
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complexes display similar SCO properties in bulk and thin film
forms (T2 ® 393 K and 335 K for the pyrazolyl and triazolyl
derivatives, respectively). Notably, the high-quality thin films of
[Fe(HB(1,2,4-triazol-1-yl)3),] that were vacuum-deposited in the
20-200 nm thickness range, showed an abrupt SCO without any
fatigue over more than 10 million thermal switching cycles,
which could be exploited in photonic, electronic, sensor,
actuator and temperature damping devices.2%252% The
synthesis of [Fe(HB(1,2,3-triazol-1-yl)3),] 1 (Chart 1), a structural
isomer of its 1,2,4-triazolyl counterpart, was described by
Jenkins et al.,?° but there is no report on the SCO properties of
this compound. In order to find out how the change of
exodentate nitrogen atom position from 4 to 3 in the triazolyl
ring impacts crystalline structure and SCO properties of the
complex, as well as to analyze its solvato/polymorphism, we
report herein the single crystal structure of 1 (both in solvated
and desolvated forms) as well as its physical properties
investigated by Modssbauer spectroscopy and variable-
temperature magnetic susceptibility, Raman spectroscopy
powder X-ray diffraction, calorimetry and thermogravimetry
methods. Review on polymorphism in spin crossover complexes
has been reported by Tao et al.3! Such polymorphs are generally
obtained serendipitously as mixture of crystals as illustrated by
works of Ruben and collaborators.32 On the other hand,
numerous examples of solvatomorphs in SCO complexes have
been also reported mainly in polymeric Fe(ll) Hofmann type and
in  molecular Fe(ll) and Fe(lll) compounds.?34” These
solvatomorphs result from a mixture of crystals obtained
serendipitously, by a vapor-induced single-crystal-to-single-
crystal transformation or growing crystals by liquid-liquid
diffusion methods. In the present case, solvatomorphs were
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obtained by changing the solvent during the recrystallization
procedure.

Chart 1 Molecular structure of [Fe(HB(1,2,3-triazlol-1-yl);),] (1).

Methods

Infrared spectrum was recorded on a Perkin Elmer 1725
spectrometer. Elemental analysis (for C, H and N) was
performed using a Perkin Elmer 2400 series Il Instrument.
Single-crystal X-ray diffraction analysis was performed on an
Oxford-Diffraction XCALIBUR E CCD diffractometer with
graphite-monochromated Mo-Ka radiation. The unit cell
determination and data integration were carried out using the
CrysAlisPro package from Oxford Diffraction. Multi-scan
correction for absorption was applied. All the structures were
solved using an intrinsic phasing method using SHELXT and
refined by full-matrix least-squares on F2 with SHELXL*84° using
the graphical interface of Olex2.3° Non-hydrogen atoms were
refined anisotropically. Aromatic hydrogen atoms were
geometrically fixed and refined using a riding model. Variable
temperature powder X-ray diffraction patterns were recorded
using a Panalytical X’Pert diffractometer equipped with a Cu X-
ray tube, a Ge(111) incident beam monochromator (A = 1.5406
A) and an X'Celerator detector. Variable-temperature Raman
spectra were acquired by means of an Xplora (Horiba) Raman
microspectrometer, using the 532 nm line of a Nd-YAG laser (0.1
mW). The sample temperature was controlled using a Linkam
THMS600 liquid nitrogen cryostat. Differential thermal analysis
and thermogravimetric (DTA-TG) data were acquired
simultaneously using a Perkin-ElImer Diamond thermal analyzer
under a 100 ml min! nitrogen flow at 10 K min-1. DSC analysis
was carried out on a Netsch DSC 3500 Sirius instrument under
nitrogen purging gas (20 ml min) at a heating/cooling rate of
10 K minl. Variable-temperature magnetic susceptibility data
were obtained at cooling and heating rates of 2 K min~t under a
field of 1 kOe using a Quantum Design MPMS magnetometer.
57Fe-Mossbauer spectra were recorded using a constant
acceleration Mossbauer spectrometer with a >’Co source.
Fitting of the experimental data was performed with Recoil
software.>!

Materials and synthesis

Commercial reactants and solvents were used directly without
further purification. The tris(1,2,3-triazolyl)borate ligand (Nal)
and its neutral [Fe(HB(1,2,3-tz)s),] iron (II) complex (hereafter
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Fel, or 1) were synthesized according to experimental
procedures reported in the literature3. The coordination
compound isolated from the mother aqueous solution appears
as dodecahydrate. The anhydrous powder form can be obtained
via heating the hydrate above 90°C.

Fel,-12H,0 (1:12H,0). C;,H3gB,FeN;301; (M = 704.07). Anal.
calc.: C, 20.47; H, 5.44; N, 35.81%. Found: C, 20.55; H, 5.42; N,

35.55%.
Fel, (1). C12H14B,N1gFe (M = 487.88) Anal. calc.: C, 29.55; H, 2.89;
N, 51.68%. Found: C, 29.51; H, 2.86; N, 51.57%.

Results and discussion
X-ray crystallography

Complex 1 is soluble in polar solvents, such as water, methanol,
dimethylsulfoxide (DMSO), dimethylformamide (DMF) and
poorly soluble in much less polar chloroform. The complex
tends to form solvates, which can be easily crystallized from the
above-mentioned solvents. The number of the solvent
molecules per one molecule of the complex depends on the
nature of the solvent. For instance, in the case of DMSO, the
formation of two solvates 1-2DMSO and 1-7DMSO was
observed serendipitously from attempts of recrystallization of 1
in the same condition. The methanol- or chloroform-based
solvates appear only as 1:2MeOH and 1-2CHCl3, respectively.
The dimethylformamide solvate tends to crystallize with
inclusion of one water molecule to form 1:2DMF-H,0. The
solvatomorphs 1:2MeOH and 1:2CHCl; crystallize in monoclinic
space groups P2i/n and P2,/c, respectively. 1:2DMF-H,0
crystallizes in the orthorhombic Pbcn space group. In the case
of DMSO-based solvatomorphs, 1:2DMSO crystallizes in the
triclinic P1 space group, while 1-:7DMSO adopts a trigonal R3c
space group. DMSO molecules in the latter crystals are
disordered over six and over two positions, respectively. Upon
long-term exposure to ambient air (~hours to days), crystals of
solvatomorphs tend to lose their solvents. This process is
followed by disintegration of the crystals along with structural
changes and can be promoted by heating. Remarkably, crystals
of 1-2CHCl; and 1-2MeOH undergo single-crystal-to-single-
crystal transformations upon heating. When heated at 313 K for
one day, solvatomorph 1-:2CHCIl3 completely loses its solvent to
form stable crystals of 1. The same transformation occurs in
case of its methanol counterpart, but the latter requires heating
at 323 K for two days. Incomplete solvent loss can be observed
in 1-7DMSO: after two days of evaporation, the single crystal
degrades to powder, the diffraction pattern of which is
consistent with the simulated one for 1:2DMSO (Fig. S7).

The desolvated compound 1 crystallizes in the monoclinic P2,/c
space group with 2 molecules of Fel, per unit cell (Fig. 1). It
should be noted that the crystals used for refining the structure
were obtained via a solid-state  crystal-to-crystal
transformation. This huge structural rearrangement is related
to a chloroform solvent loss, namely c.a. 25% of the volumic
contraction occurs (1412 to 1063 A3) that leads to low quality
multi-twin crystals. Three domains were considered upon the
refinement. The room temperature (low spin state) unit cell
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volume per molecule in the crystals of 1 (531.8 A3) is greater
when compared to its 1,2,4-triazolyl isomer (516.6 A3).52 While
the structure of [Fe(HB(1,2,3-tz)3),] is less dense, the mean
intermolecular Fe---Fe separation (8.49 A) is slightly shorter in 1
than in the 1,2,4-triazolyl isomer (8.87 /°-\). The coordination
spheres of iron(ll) ions in the solvatomorphs (as well as in 1)
have slightly distorted [FeNg] octahedral geometries (see Table
S2). The Fe—N distances lie in the range from 1.952(3) to

Fig. 1. Crystal structure of 1-2DMSO showing intermolecular m-mt stacking
interactions developing along the a axis. Hydrogen atoms are omitted for clarity.
Displacement elipsoids are drawn at 50% probability level.

1.972(2) A, while the mean value of coordination octahedra
volume (V,) is 10.05 A3, as expected for the low spin iron(l1).53
Considering all the solvatomorphs, the average value of the
octahedral distortion parameter X|90° — 6y _r._n| equals
21.66°. Unfortunately, the high spin structure of 1 could not be
assessed because crystals crash at the corresponding high
temperatures. Indeed, single crystals of 1, obtained via crystal-
to-crystal transformation through thermally induced solvent
loss, appear as low quality, highly cracked at room temperature,
while further heating is a trigger for crystal degradation.

In the crystals of most of the solvatomorphs, as well asin 1, z-nt
stacking interactions play a key role in the packing of Fel,
molecules. The interactions occur between aromatic 1,2,3-
triazolyl rings of adjacent complex molecules (Fig. 1, S1-S5). It is

a

A
TR

e

<

Fig. 2 Crystal structure of 1:2DMSO showing intermolecular C-H---N and C-H:--O
contacts. Parts of the complex molecules are omitted for clarity. Displacement
elipsoids are drawn at 50% probability level. Hydrogen atoms in the solvent
molecules are omitted for clarity

ARTICLE

noteworthy, that these interactions are spread along one
direction in 1-2DMSO, however they are bidirectional in 1 (Fig.
S1) and in the rest of the solvatomorphs where they are
observed. The centroid-centroid distances range from 3.560(3)
t0 3.6959(17) A (Table 1). Another type of interactions that hold
molecules of the complex together in the crystal lattices of 1
and 1-Solv is represented by rather weak C—H-:-N interactions.
The exodentate nitrogen atoms and C—H moieties of 1,2,3-
triazolyl rings of neighboring FeL, molecules are involved in such
intermolecular interactions (Fig. 2, S2-S5). Likely to z-m stacking
interactions, C—H---N contacts propagate along a and b
crystallographic directions (Fig. S2), however the structure of
1-2CHClI; reveals only a single propagation direction (Fig. S4).
The parameters of the respective C—H-:-N contacts are gathered
in Table 1. In 1-2DMSO and 1:2DMF-H,0, the oxygen-containing
polar solvents are bound to molecules of 1 via C—H---O contacts
(Fig. 2, S5a). In 1-7DMSO, the molecules of Fel, do not display
any direct contacts with each other, but interact through
solvent molecules by means of C—H--:O contacts (Fig. S6). In
1-2MeOH, a hydrogen bonding occurs involving the proton of
the OH moiety of the solvent and the exodentate nitrogen atom
of the triazolyl ring of the complex (d(O--N) = 2.867(4) A, Fig.
S3a). Chloroform molecules in 1-2CHCl; reveal C—H:--N and C—
H---Cl interactions with Fel, molecules (Fig. S4).

Table 1. Intermolecular Fel,-Fel, interaction parameters.

n—nt stacking interactions

Compound Cring—Cring (A) Ciing—Plane’ (A) Dihedral angle (°)
1-2DMSO 3.640(4) 3.298(7) 25.03
1-2MeOH 3.560(3) 3.275(4) 23.08
1-2CHCl, 3.6959(17) | 3.375(3) 24.05
1-2DMF-H,0 | 3.684(3) 3.377(4) 23.56

1 3.594(17) 3.28(3) 24.13
C—H---N interactions

D-H--A | DA (A) | Z(D-H--A) ()
1-2DMSO

C3-H3-N3 3.440(7) 150.0(3)
C6-H6-N3 3.349(6) 137.6(3)
1-2MeOH

C2-H2--N6 3.279(4) 146.1(2)
C6-H6-N3 3.196(4) 133.3(2)
1-2CHCl,

C6-H6-+N3 | 3.377(3) | 153.97(14)
1-2DMF-H,0

C2-H2-N6 3.290(4) 135.7(3)
C4-H4-N9 3.345(4) 144.0(2)
1

C2-H2--N6 3.14(3) 150.4(17)
C6-H6-N3 3.25(3) 134(2)

J. Name., 2013, 00, 1-3 | 3
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Spin crossover properties

A plot of molar magnetic susceptibility as a function of
temperature is shown on Figure 3. Temperature dependent
magnetic measurements were conducted by first heating the
powder of 1-12H,0 from 250 K to 400 K, followed by cycling the
as obtained dehydrated sample of 1 in the same temperature
range at a rate of 2 K min.

3.0

—v— Cycle 1
—4— Cycle 2
Slichter-Drickamer fit

2.5 1

%uT (cm® K mol )
= - N
(=] (4.1 [=]

<o
[3,]
1

0.0

240 260 280 300 320 340 360 380 400
Temperature (K)

Fig. 3 xmT vs T plot, recorded over two thermal cycles starting with the powder
sample 1-12H,0. Slichter-Drickamer fit was performed for the second heating
curve.

Compound 1 undergoes a virtually complete, gradual spin
crossover between the low spin (S = 0) and the high spin (S = 2)
states, with a transition temperature Ty, = 373 K. We must note
that the SCO is not fully completed at 400 K, which is the highest
attainable temperature by our magnetometer, but variable-
temperature Raman spectroscopic measurements conducted in
the 303-433 K range reveal the flattening of the SCO curve
slightly above 400 K (see Fig S9b). On the other hand, room
temperature Mossbauer spectra recorded both for 1:12H,0
and for the anhydrous powder 1 evidence only a low spin
ferrous species (see Fig. S10). The variable temperature
magnetic data could be conveniently fitted by the conventional
Slichter-Drickamer (SD) model3” (see Fig. 3), providing
estimation of the enthalpy change (AH = 14 kJ mol?), entropy
change (AS = 38 J K'* mol!) and cooperativity (I" = 5387 + 52 )
mol?) associated with the SCO phenomenon. One can remark
here the relatively low entropy change and high cooperativity
of the spin crossover in 1, similar to the values reported
previously for the 1,2,4-triazolyl isomer (AS =48 ) K1mol*, I" =
5700 + 50 J/mol).>*

At first glance, one may ascribe the different magnetic behavior
on the first heating to solvent loss. Indeed, TG-DTA data
acquired for compound 1-12H,0 reveals dehydration in the
temperature range between ca. 313 and 363 K (Fig. 4).
However, the DSC curve obtained for the hydrated powder
displays several intense and broad endothermic peaks during
the first heating (Fig. 5), which cannot be solely ascribed to the
water loss, but denote also other (overlapped) physical
phenomena, including obviously the SCO, but also various
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Fig. 4 TGA and DTA curves for 1-12H,0.
structural changes (vide infra). Remarkably, the DSC trace on
cooling and on successive thermal cycling display a single
exothermic (endothermic) peak at 366 K (373 K) on cooling
(heating). The peak temperature as well as the associated
enthalpy change of ca 14 kl mol! agrees with the SD fit of the
magnetic susceptibility data, allowing us to assign this peak to

3.04

Cycle 1

251 --- Cycle2 exo)}

2.0
1.5 1

1.0+

Heat flow (W g™")

0.5

0.0

-0-5 L] T L] T T T T L] T
280 300 320 340 360 380 400 420 440 46

Temperature (K)

Fig. 5 DSC curves recorded starting with crystalline powder sample of 1-:12H,0 at
10 K min-! rate over two successive heating/cooling cycles.

the sole SCO phenomenon.

In order to further investigate the possible interplay between
solvent loss, structural changes and SCO in 1, variable
temperature powder XRD measurements were carried out in
the 333-493 K temperature range following heating of 1:12H,0
at 328 K for 1 h. The powder patterns recorded at 333, 363 and
393 K are substantially different — denoting successive
dehydration/structural changes (Fig. 6). Of particular interest is
that the experimental powder pattern recorded at 363 K shows
the best match with the diffraction pattern simulated using the
single crystal structural data of 1 (see Fig. S8). Then, further
heating up to 493 K and cooling back to 303 K does not reveal
any substantial change in the diffractograms (apart small shifts
and broadenings of the peak positions — depending on the
temperature). This finding is in line with the calorimetric and
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Fig. 6 Powder X-Ray diffraction patterns for bulk powders of 1:12H,0 (293K) and
1 recorded at different temperatures.

Intensity (a. u.)

magnetic measurements, pointing to the occurrence of a very
gradual and reversible SCO following a first heating of the
sample up to ca. 400 K.

Conclusions

In the present work, we report the crystal structures of solvated
and desolvated forms of bis[hydrotris(1,2,3-triazol-1-
yl)borateliron(ll) as well as their spin crossover properties.
Similar to other unsubstituted tris(1-azolyl)borate iron(ll)
complexes, the complex exhibits reversible spin crossover
above room temperature. The SCO in this complex is gradual
and is centred at 373 K. Interestingly, the first heating of the
hydrated complex is accompanied by a series of structural
phase transitions resulting in different polymorphic phases of
the compound. Crystal structures of the anhydrous complex
and most of the solvatomorphs share the same types of
interactions between the molecules of complex, including z-nt
stackings and weak C—H-:-N hydrogen bond interactions. In the
course of this work, we have also evidenced the possibility of
sublimating complex 1, which opens attractive perspectives for
the deposition of thin films and will be the matter of our further
research.
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