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The synthesis of the [Fe(5-Cl-gsal);][Ni(dmit),]-2CH3CN (1) is reported in the present work. The crystal
structures of 1, solved at 150, 245, 255 and 294 K, revealed the presence of low spin (LS) and high spin
(HS) Fe" centers at 150 and 294 K, respectively, and mixed HS/LS states ~50:50 and 75:25 at 245 and
255 K. The crystal structure is based on alternating cationic and anionic layers, where each layer is com-
posed of an arrangement of chains of cations or anions. The anionic chains consist on the stacking of face-
to-face pairs of [Ni(dmit),] ™ anions. Extended ntr contacts, involving the 5-Cl-gsal ligands, were observed
. in the cationic chains. The contribution of the anions to the magnetization correlates well with an alter-
Two—step transition . . . . .. . . .
Magnetic properties nating chain, dommated.by.antlferromagnetlc interactions. .A spin crossover (SCO) process, assigned to
Iron the [Fe(5-Cl-gsal);]" cationic network was observed at high temperatures (T ~ 240 K). The thermal
N, O ligands dependence of the magnetization suggests the existence of an abrupt change at ~233 K from the LS state
to a mixed 50:50 HS/LS state, followed by a gradual transformation at ~256 K to the HS state. A structural
transformation consisting of the doubling of the unit cell was observed to be associated with the SCO
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process.
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1. Introduction

Research in spin crossover (SCO) compounds has been extre-
mely active in the last years, concerning fundamental aspects of
the SCO phenomenon [1], the synthesis of new materials [2], and
possible technological applications [1,3]. The SCO phenomenon
has been observed in metal complexes with the electronic config-
uration 3d" (4 < n < 7) when the energy difference between the
high spin (HS) and the low spin (LS) states is of the order of mag-
nitude of the thermal energy (kT). The electronic ground state of
these spin crossover complexes can be reversibly switched by the
application of an external stimulus such as temperature, pressure,
light, or magnetic field [1]. Two-step transitions occur frequently
in mononuclear complexes where the metal stands on two (or
more) different lattice sites, with distinct SCO transitions temper-
atures for each site [4]. In a few situations this process was found
to be associated with a symmetry breaking in the crystal structure
[5].

Multifunctionality has been one of the hot topics in materials
science [1,6], since it allows the coexistence of properties in the
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same material that otherwise would be very difficult to observe
in traditional materials. One of the most successful approaches to
multifunctional materials is the synthesis of hybrid materials build
up from two molecular networks, where each network contributes
different properties to the material. Materials exhibiting new prop-
erties may also be obtained, as a result of the interaction between
the two networks. In this context the incorporation of SCO com-
plexes as a building block in hybrid materials seems quite promis-
ing. New materials where the SCO phenomenon is associated with
magnetic networks, liquid crystalline properties, electrical conduc-
tivity, non-linear optics, among others have been prepared [7].
Metal bis-dithiolene complexes have been used in hybrid networks
incorporating SCO molecular components in order to obtain sys-
tems exhibiting magnetic [8] or conducting networks [9] coupled
with a SCO transition. The preparation of switchable conductive
materials, exhibiting switching near room temperature is a chal-
lenge that has been pursued mainly by the use of SCO hybrid mate-
rials, incorporating Fe'' complexes of Schiff base ligands, such as
qsal, sal,-trien, and planar metal bis-dithiolenes to insure electrical
conductivity. The Fe complexes often give origin to materials
exhibiting SCO at temperatures not far from room temperature,
displaying a strong cooperativity due to strong mm interactions
through the extended aromatic fragments of the ligands [10].
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Metal bis-dithiolenes complexes have been used extensively in the
synthesis of molecular conductors (and superconductors) [11].
With this goal we decided to combine the [Ni(dmit),;]” and
[Fe(5-Cl-gsal);]* and here we report the synthesis of [Fe(5-Cl-
gsal),][Ni(dmit),]. The anions are expected to rap around the 5-
Cl-gsal ligands of the Fe complexes, establishing mrt contacts that
should lead to a good cooperativity in the SCO transition. Subse-
quent work will be focused on the preparation of salts of the par-
tially oxidized anion, which are expected to exhibit electrical
conductivity.

2. Experimental
2.1. Materials and methods

The mixing of equimolar acetonitrile solutions of TBP[Ni(dmit),]
(where TBP denotes tetrabutylphosphonium) and [Fe(5-Cl-gsal),]
BF, or [Fe(5-Cl-gsal);]BPhy-H,0 allowed the preparation of
[Fe(5-Cl-gsal),;][Ni(dmit),] xCH5CN, with x-1, which precipitated
upon cooling. Using dry acetonitrile and rigorous moisture exclu-
sion, crystallization procedures provided [Fe(5-Cl-gsal),]
[Ni(dmit);] 2CH3CN (1). A detailed description of the synthesis is
provided below in Section 2.2.

A summary of the crystal data, experimental details and refine-
ment results are listed in Table 1, while selected bond distance and
angle are presented in Table 2. The X-ray diffraction experiments
were performed with a Bruker AXS APEX CCD detector diffractom-
eter using graphite monochromated Mo Ko radiation source
(4=0.71073 A), in the  and o scan modes. A semi-empirical
absorption correction was carried out using sapass [ 12]. Data collec-
tion, cell refinement and data reduction were done with the smart
and saint programs [13]. The structures were solved by direct
methods using sikR97 [14] and refined by full-matrix least-squares
methods using the program sueixt97 [15] using a wingx software
package [16]. Non-hydrogen atoms were refined with anisotropic
thermal parameters, whereas H-atoms were placed in idealized
positions and allowed to refine riding on the parent C atom. Molec-
ular graphics were prepared using Ortep3 [17] and Mercury [18].
The CCDC reference numbers are 859397 (294 K), 875394
(255K), 875393 (245 K), and 859398 (150 K). There is at 255K
and 245K a doubling of the unit cell when compared to 294 K

and 150K. As referred below this increase in unit cell volume
results from the symmetry-breaking during the LS/HS transition
leading to two distinct cations and anions (with non-equivalent
bond lengths and angles as well as short contacts). The best struc-
ture refinement is however achieved in the same space group (P1)
of the 294 K and 150 K phases. Slightly higher anisotropies of the
atomic displacement parameters (cif files, Supplementary mate-
rial) are also related to some disorder that may occur during the
LS/HS transition.

Magnetic measurements were performed on a S700X SQUID
magnetometer with a 7 T magnet (Cryogenic Ltd.). The tempera-
ture dependence of the magnetic susceptibility in the temperature
range 2-320 K was measured under a magnetic field of 1 T. The
paramagnetic susceptibility was obtained from the experimental
magnetization data after a diamagnetism correction was estimated
from the tabulated Pascal constants as —665.2 x 10~¢ emu/mol.
Three samples were studied. In order to check the stability of the
crystals during SQUID measurements each sample was subjected
to at least two heating and cooling cycles and the corresponding
xT versus T curves were found to be reproducible.

Maossbauer spectra were collected in the 4-297 K temperature
range, in transmission mode, using a conventional constant-accel-
eration spectrometer and a 25 mCi >’Co source in a Rh matrix. The
velocity scale was calibrated using a-Fe foil. Isomer shifts are given
relative to metallic a-Fe at 297 K. A disk-shaped absorber was
obtained by gently packing single crystals into a perspex holder.
The absorber thickness was calculated on the basis of the elec-
tronic mass-absorption coefficient for the 14.4keV radiation,
according to Long et al. [19]. Low-temperature spectra were col-
lected using a liquid-helium JANIS bath cryostat, model SVT-400,
with the sample in He exchange gas or, for measurements at 4 K,
immersed in liquid He. The spectra were fitted to Lorentzian lines
using a non-linear least-squares method [20].

2.2. Synthesis

Commercial solvents were used without further purification
unless otherwise specified. Reactants commercially obtained:
TBP[Ni(dmit),] from TCI Europe N.V., 8-aminoquinoline, 5-chloro-
salycilaldehyde, FeCl;-6H,0 and NaBPh, from Aldrich. The purity
of the complexes and their solvatation state was verified

Table 1

Crystal data and structural refinement of compound 1, at 150, 245, 255 and 294 K.
Temperature 150K 245K 255K 294 K
Crystal size (mm) 0.20 x 0.18 x 0.03 0.30 x 0.16 x 0.06 0.30 x 0.16 x 0.06 0.20 x 0.16 x 0.04
Crystal colour and shape black plate black plate black plate black plate

Empirical formula
Molecular mass
Crystal system
Space group (No.)
a(A)

b (A)

Index range (h, k, I)

Reflection collected/unique (Rint)
Tmax.lmin.

Goodness-of-fit (GOF) on F?
Final Ry, [I > 2a(I)], wR,

C4oH,6C1,FeNgNiO3S 1o
1152.75

triclinic

P1

11.6801(2)
12.2188(3)
18.0527(5)
99.9750(10)
102.8860(10)
111.7640(10)
2237.39(9)

2

1.711

1.378

1168

3.04-25.68

—14/14, —-14/14, -22/22
18884/8474 (0.0358)
0.9598/0.7701

0.967

0.0368/0.0780

Ca2Ha6ClFeNgNiO5S10
1152.75

Ca2H26C1oFeNgNi0,S10
1152.75

Ca2H26CloFeNgNi05510
1152.75

triclinic triclinic triclinic

P1 P1 P1
11.8907(2) 12.3193(3) 12.0421(2)
18.0497(3) 18.0958(4) 12.3247(3)
22.9284(4) 22.2911(5) 18.0007(4)
72.1030(10) 72.1030(10) 105.3680(10)
83.4860(10) 83.4860(10) 98.5160(10)
76.0550 (10) 76.0550 (10) 112.4290(10)
4540.70(13) 4546.92(18) 2286.22(8)

4 4 2

1.686 1.684 1.675

1.358 1.358 1.349

2336 2336 1168
2.78-25.03 2.74-25.03 3.01-25.03

~13/14, —21/21, —27/27
64105/15989 (0.0421)

~14/13, —21/21, —26/25
49764/15937 (0.0435)

~14/14, —14/14, —21/20
19678/7940 (0.0383)

0.9229/0.6861 0.9229/0.6861 0.9480/0.7742
0.840 0.848 1.006
0.0305/0.0734 0.0355/0.0783 0.0398/0.0886
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Table 2
Selected bond lengths (A) and angles (°) for compound 1 at 150, 245, 255 and 294 K.
150K 245K 255K 294 K
Cation CationA Cation CationA
Fe(1)-0(1) 1.889(2) 1.888(5) 1.885(5) 1.924(5) 1.883(5) 1.981(2)
Fe(1)-0(2) 1.881(2) 1.898(5) 1.897(5) 1.887(5) 1.926(5) 1.869(2)
Fe(1)-N(1) 1.955(2) 2.052(5) 2.041(5) 2.069(6) 2.087(5) 2.074(3)
Fe(1)-N(2) 1.983(2) 2.072(6) 2.074(5) 2.087(6) 2.109(6) 2.177(3)
Fe(1)-N(3) 1.955(2) 2.030(5) 2.033(5) 2.068(5) 2.074(5) 2.116(3)
Fe(1)-N(4) 1.982(2) 2.063(5) 2.066(6) 2.102(5) 2.106(6) 2.137(3)
0(2)-Fe(1)-0(1) 91.84(9) 92.4(2) 92.2(2) 92.0(2) 92.5(2) 89.45(11)
0(2)-Fe(1)-N(1) 88.02(9) 95.2(2) 95.2(2) 97.6(2) 98.4(2) 94.31(10)
0(1)-Fe(1)-N(1) 94.62(9) 92.5(2) 91.3(2) 90.2(2) 89.8(2) 86.43(10)
0(2)-Fe(1)-N(3) 94.68(9) 92.0(2) 90.4(2) 90.4(2) 90.0(2) 95.46(10)
0(1)-Fe(1)-N(3) 88.53(9) 94.4(2) 94.9(2) 97.4(2) 97.2(2) 102.55(10)
N(1)-Fe(1)-N(3) 175.78(10) 169.8(2) 171.5(2) 168.8(2) 168.8(2) 166.78(11)
0(2)-Fe(1)-N(4) 176.90(9) 170.4(2) 170.4(2) 168.4(2) 168.4(2) 166.14(10)
0(1)-Fe(1)-N(4) 89.59(9) 90.5(2) 90.6(2) 90.5(2) 91.2(2) 95.10(10)
N(1)-Fe(1)-N(4) 94.60(10) 93.8(2) 93.9(2) 93.7(2) 92.6(2) 99.03(10)
N(3)-Fe(1)-N(4) 82.61(10) 78.7(2) 80.2(2) 78.1(2) 78.62) 70.79(10)
0(2)-Fe(1)-N(2) 90.05(10) 90.3(2) 90.2(2) 913(2) 90.8(2) 92.35(11)
0(1)-Fe(1)-N(2) 176.64(9) 171.1(2) 171.0(2) 168.5(2) 167.8(2) 166.71(10)
N(1)-Fe(1)-N(2) 82.67(9) 78.9(2) 79.8(2) 78.4(2) 78.1(2) 80.31(11)
N(3)-Fe(1)-N(2) 94.08(9) 93.9(2) 93.8(2) 93.6(2) 94.4(2) 90.39(11)
N(4)-Fe(1)-N(2) 88.65(10) 88.2(2) 88.5(2) 88.5(2) 87.9(2) 86.23(10)

determining the carbon, hydrogen, nitrogen and sulfur contents at
the C°TN Elemental Analysis Service.

2.2.1. [Fe(5-Cl-gsal),]Cl-3H,0

A mixture of 8-aminoquinoline, 720.9 mg (5 mmol), 5-chloro-
salycilaldehyde, 782.9 mg (5 mmol), and 35 mL of methanol was
refluxed for 4 h. After cooling to room temperature, a solution of
FeCl;-6H,0, 675.8 mg (2.5 mmol) and triethylamine, 506 mg
(5 mmol), in 25 mL of methanol was added and the mixture was
left with stirring overnight. After collection, the product was
recrystallized in methanol, which after volume reduction, yielded
the chloride salt, 839.7 mg (47%). Elemental Anal. Calc. for
(Mw =708.8): C, 54.23; H, 3.70; N, 7.90. Found: C, 54.02; H, 3.64;
N, 7.85%.

2.2.2. [Fe(5-Cl-gsal),]BPh4-H,0

In air atmosphere, a solution of NaBPhy, 68.0 mg (0.2 mmol) in
1 mL of hot methanol was added to a filtered solution of [Fe(5-Cl-
gsal);]Cl-3H;0, 141.8 mg (0.2 mmol), in 20 mL of hot methanol.
After cooling the solution was put standing overnight, and the pre-
cipitate was then collected. The product was dried under vacuum
and heating (~80°C). 166.0 mg (87%). Elemental Anal. Calc. for
(Mw =956.5): C, 70.32; H, 4.43; N, 5.86. Found: C, 69.88; H, 3.57;
N, 5.97%.

2.2.3. [Fe(5-Cl-gsal),][Ni(dmit),]- xCH3CN (0 <x < 2)

In an air atmosphere, a filtered solution of TBP[Ni(dmit),],
71.1 mg (0.1 mmol), in 25 mL of hot acetonitrile was added slowly
to a filtered solution of [Fe(5-Cl-gsal),]BPhy-H,0, 95.6 mg
(0.1 mmol), in 20 mL of hot acetonitrile. The mixture was left
standing overnight at 4 °C. The precipitate was collected and dried
with heating overnight under vacuum. Yield: 89.0 mg (81%).
Elemental Anal. Calc. for (Mw=1071.0): C, 42.63; H, 1.88; N,
5.23; S, 29.95. Found: C, 43.06; H, 1.99; N, 6.22; S, 28.75%.

2.2.4. [Fe(5-Cl-gsal),][Ni(dmit),]-2CH5CN (1)

Crystals of this compound usable for X-ray diffraction were
obtained by slow evaporation of an acetonitrile solution of
[Fe(5-Cl-gsal),][Ni(dmit),] xCH5CN. Acetonitrile was previously
dried by refluxing with P,0s (1% w/v) under N,, followed by
degassing (by freezing at 77 K under vacuum) in order to remove

residual oxygen. Crystals were collected by filtration and washed
with cold diethyl ether. Elemental Anal. Calc. for 1
(Mw =1152.8): C, 43.76; H, 2.27; N, 7.29; S, 27.82. Found: C,
42.63; H, 1.91; N, 7.12; S, 27.97%.

3. Results and discussion
3.1. Crystal structure of compound 1

Compound 1 crystallizes in the triclinic space, space group P1
both at 294(2) K and 150(2) K, where the asymmetric unit contains
one cation unit, one anion unit and two solvent molecules on gen-
eral positions. Fig. 1 shows the standard ORTEP with 50% thermal
ellipsoids and atom numbering of both cation and anion residues
at high temperature, Table 1 presents the crystallographic param-
eters and Table 2 selected bond lengths and angles.

The coordination bond lengths around the Fe™ center at
294(2) K are consistent with those reported for the [Fe(gsal),]* in
the HS state [21], suggesting that the complex is near 100% in
the HS state. At this temperature the average metal-ligand
distances increase in the order Fe-O (1.925A)<Fe-Nini
(2.095 A) < Fe-N,y, (2.157 A). At 150(2) K, the average coordination
distances follow the same trend with Fe-O (1.885 A)< Fe-Niny;
(1.955 A) <Fe-N,y, (1.983 A). The coordination bond lengths
around this center and those reported for [Fe(qgsal),]* in the low-
spin (LS) state [22] are compatible, which suggest the LS state for
the Fe'' center at 150 K.

The Fe'' octahedral site is distorted due to the shorter Fe-O
distances compared to the Fe-N distances (see Table 2). Each
5-Cl-gsal ligand forms a substantially distorted plane: the dihedral
angles between the phenyl and the quinoline rings of each ligand
are 7.03(10)° and 5.05(10)° at 294(2)K (5.09(10)° and 7.19(10)°
at 150(2) K), respectively, while the dihedral angles between the
phenyl ring and the Fe1-O1-N1 chelate ring, the quinoline ring
and the Fe1-N1-N2 chelate ring, the other phenyl ring and the
Fe1-02-N3 chelate ring, and the other quinoline ring and the
Fe1-N3-N4 chelate ring are 2.87(10)°, 0.93(10)°, 1.70(10)° and
1.61(10)° at 294(2) K [2.75(10)°, 0.79(10)°, 2.68(10)°, 2.29(10)° at
150(2) K], respectively. The two tridentate ligands are almost
orthogonal: the least squares planes between ligands is
88.25(10)° at 294(2) K (87.31(10)° at 150(2) K).

i
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Fig. 1. ORTEP diagram with 50% thermal ellipsoids and atom numbering scheme for
(a) the cationic unit and (b) the anionic unit of 1 at 294(2) K. Hydrogen atoms were
omitted for clarity. (The numbering scheme for 150(2) K is the same.)

The [Ni(dmit),]~ units present a slightly distorted square planar
geometry around the Ni'' center (see Table 2) and the complex is
almost planar: the angle between the least-squares planes of the
two dmit ligands is 2.83(6)° at 294(2) K (4.01(6)° at 150(2) K).

The crystal structure of 1 is based on arrangements of
segregated chains of the [Fe(5-Cl-gsal);]* cations and of the
[Ni(dmit),]~ anions. A view of the crystal structure of 1 along the
b axis is shown in Fig. 2. Within the chains the molecular units
interact strongly with the neighboring molecules, mainly through
CC mr interactions, in the case of the cations, and SS (or SC) con-
tacts in the case of the anions. These chains are confined by solvent
molecules, which, establishing contacts with similar molecules
(cations or anions) give rise to the formation of sheets of cations
and anions. Two neighboring chains plus their vicinity are shown
in Fig. 3. The chains of cations present a slight modulation in the
Fe-Fe distances as well as in the contacts between the 1 systems
of the 5-Cl-gsal ligands (a cationic chain is shown in Fig. 4).

The anionic chains can be described as regular chains of face-
to-face dimers of anions (AA). In these AA dimers the average dis-
tance between the average planes of the anionic molecules is
3.553 A, and short intradimer AA contacts are observed, involving
S and C atoms of the dmit ligands. Short interdimer intrachain
AA (SS) contacts are also found (an illustration of the anionic chain
is shown in Fig. 5). The planarity of the cation ligands and of the
anion molecules allows the existence of short interactions between
the anions and cations through the overlap of the © systems of the
gsal ligands and of the anions. These interactions are reinforced by
extra S-C contacts between the anions and the gsal ligand that is
perpendicular to the anion, as illustrated in Fig. 3. The chains of
anions are isolated from each other by solvent and cation
molecules.

The cationic chains are relatively isolated and present only
short contacts involving the Cl atoms from the ligands at high tem-
peratures (d = 3.406 A). At low temperatures, with the structural

distortion associated with the SCO transition these contacts vanish
(d =4.362 A) and CI-C contacts (d = 3.409 A) appear at low temper-
atures. However a large number of indirect connections between
the cationic chains are present (mediated by the solvent or anionic
molecules) and could lead to the existence of a good overall con-
nectivity between the SCO centers. Besides the change in the inter-
chain contacts, mentioned above, a slight variation in the
superposition mode of the anions with the dimers is detected as
illustrated in Fig. 6 representing a top view of the face-to-face
anions (at 300 K and at 150 K). It is possible to observe that the
slippage between the two molecules is larger at low temperatures.
No other significant variations in the supramolecular arrange-
ments associated with the SCO process are detected (selected
intermolecular contacts are summarized in Table S1 in Supporting
information).

The peculiar magnetic behavior detected in the SCO process
(see below) lead us to examine the possible occurrence of a two-
step SCO process, similar to that observed in a variety of Fe''/
compounds [4,5]. In order to investigate the variation of the crystal
structure in the vicinity of the SCO transition (~220-260 K) we
acquired further data in this temperature range and we detected
a doubling of the unit cell above the transition. The structure
was solved at 245 and 255 K (crystal data and structural refine-
ment of compound 1 at 245 and 255 K are shown in Table 1). Data
collected at higher temperatures (T > 260 K) could not be fitted to a
doubled unit cell.

The crystal structures obtained at 245 and 255 K include two
crystallographically distinct cations and anions, but unlike the case
of the systems displaying two-step SCO with an ordered interme-
diate phase [4,5], in compound 1 the coordination distances for
both Fe'" atoms are similar in both cations. At 245 K, the average
coordination distances, Fe-O, Fe-Nini, Fe-Npy,, are 1.893, 2.041
and 2.068 A, for one cation and 1.891, 2.037 and 2.070 A for the
other, and these values lie midway between those obtained at
150K (LS) and at 294 K (HS). At 255K the average coordination
distances are slightly higher, (1.906, 2.069 and 2.095 A and 1.905,
2.081 and 2.108) and closer to those observed at 294 K. The
supramolecular arrangements are very similar to those already
presented for the crystal structures obtained at 150 and 294 K.
The main contacts are summarized in Table S2 (Supporting infor-
mation) and the molecular arrangements, as well as the contacts
in the cationic chains of the structures obtained at 150, 245, 250
and 294 K, can be seen in Fig. S1 in Supporting information. The
minor changes of the anionic sublattice and rearrangement in the
solvent molecules detected during the progress of the SCO process
are illustrated in Fig. S2 in Supporting information.

The transition from the LS phase to the disordered intermediate
phase with 50:50 LS/HS at 236 K, seems to induce a significant
stress in the crystal structure and lead to a sudden increase of
the volume of the structure and lowering of the lattice symmetry.
With increasing temperature the crystal structure seems to gradu-
ally recover the low-temperature symmetry as the LS/HS transfor-
mation progresses. Fig. S3 (in Supporting information) shows the
evolution of the cell volume with temperature.

3.2. Magnetic properties

Fig. 7 shows the temperature dependence of T, where ¥ is the
molar paramagnetic susceptibility of 1. The magnetic behavior of
this compound is the result of the contributions of the
[Fe(5-Cl-gsal),]" cations (with Sc=1/2 or 5/2) and of the
[Ni(dmit),]~ anions (with a S, = 1/2). The magnetic susceptibility is

X=2Xct+XAa (1)

where yc and ya are the contributions from the cations and the
anions, respectively. At low temperatures (T < 200 K) the magnetic
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Fig. 2. View of the structure of 1 along the b axis.

b

0%

Fig. 3. Detail of the columnar arrangement, showing the cationic and anionic chains of 1 and the respective vicinity. Two distinct acetonitrile molecules confine the cationic

and anionic chains.

susceptibility can be ascribed to the S=1/2 cations and anions
while above 200 K, the clear increase of yT, observed in 1, indicates
a SCO process.

The analysis of the crystal structure of compound 1 suggests the
existence of strong magnetic interactions between the anions. In
fact the delocalization of the unpaired electrons along the anion
molecules, and the chain of face-to-face dimers with a large num-
ber of SS short contacts are expected to lead to strong anion-anion
magnetic interactions. On the other hand the magnetic interactions
involving the cations are expected to be rather weak, as most of the
spin density on the cations must be located at the Fe atoms and the
contacts in the periphery of the ligand are not expected to lead to
significant magnetic interactions which will be neglected. The

anion-cation magnetic interactions are also expected to be rather
weak and will also be ignored. In this sense the cation contribution
can be described as [23]:

Xe=fr+Qa-Hy” (2)

where f and 1 — f are the high spin and low spin fractions of the Fe
atoms, respectively, and 'S and 'S (the limit values of yC for f=1
and 0) are given by the Curie Law:

 Nau2
is _ NaHlg
T

where N is the Avogadro’s number, ug is the Bohr magneton, and k
is the Boltzmann constant. In view of the alternating chain

8isSis(Sis +1) ()
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Fig. 5. Illustration of the anionic chain of 1 showing the shorter intrachain contacts. Thicker dotted lines correspond to contacts shorter than the sum of the van der Waals

radii (dw), while the thinner dotted lines to contacts slightly larger than dw.

Fig. 6. View of the molecular overlap in the anionic dimers in 1 at 294 and 150 K (top and bottom).

arrangement of the anions, the contribution of the anions to  can
be described in terms of two interaction parameters, J and oJ, by the
analytical expression [24]:

_ Nagatiy  A+Be+Ce?
A kT 1+ De+Ee? +Fe3

for 0 < o < 0.4, the A-F coefficients are A= 0.25; B=—-0.062935
+0.113760; C=0.0047778 — 0.033268a + 0.1274202 — 0.32918a3
+0.2520304; D =0.05386 +0.7090; E=-0.00071302 — 0.10587a.
+0.54883a2 — 0.2060303; F=0.047193 — 0.0083778a + 0.87256012
—2.7098a3 +1.979804. Egs. (1)-(4) were used to describe the
behavior of 1 below 150 K (with f=0, Sc=Ss=1/2). The results
obtained, gc = 2.25, ga =2.06, «=0.29, J= -582K and 0= —-1.68K,

with € = |J|/kT (4)

are consistent with the existence of strong antiferromagnetic
(AF) intradimer coupling between the anions (associated to the
interactions between the face-to-face anions), and weaker AF
interdimer coupling. As expected the magnetic interaction
between cations seems to be very weak. The results of the fit
obtained for T< 150K are represented by the dashed line in
Fig. 7. The strong AF anion-anion coupling is responsible for a very
small contribution from the anions (solid line).

The AA overlap within the dimers (Fig. 6) and the short AA con-
tacts between the anions are consistent with the observed strong
AF coupling observed in 1 [25]. For an intradimer ferromagnetic
(FM) coupling a larger slipping of the molecules in the dimer would
be required [25,26].
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Fig. 7. Thermal variation of the T product for compound 1. Squares represent the
measurements obtained on heating, while circles the measurements on cooling.
The dashed line represents the low temperature fitting (Eqs. (1)-(4)), and the solid
line the calculated contribution of the anionic network in 1. The inset shows the
thermal dependence of dyT/dT.

The SCO process observed for compound 1 is nearly completed
at the highest temperatures achieved, with T =4.31 emu K mol™!
at 370 K. ¥T=4.31 emu K mol ™! is slightly below the calculated for
the HS Fe'! configuration with the estimated contribution from the
anions, 4.57 emuKmol™! (with gc=2 [27] and Sc=5/2). xT
decreases with cooling. At high temperatures the decrease is slow,
but it becomes faster at ~280 K, decreasing regularly until 236 K,
where it drops suddenly. Below 226 K xT slowly stabilizes to the
expected value for LS Fe'' (apart the small contribution from the
anions). The temperature dependence of dyT/dT is shown in the
inset of Fig. 7 (both on warming and cooling modes, represented
by the squares and the circles respectively). The xT value before
the sharp decrease at 236 K, ~xT=2.34emu K mol~! is close to
the expected for 1 with 50% HS Fe' (2.56 emu K mol~!), which
might suggest the existence of a two-step SCO process with an
HS-LS intermediate ordered state similar to that observed in a
variety of compounds [21]. However the crystal structure studies
clearly rule out the existence of an intermediate ordered state,
and this peculiar behavior of the thermal dependence of the SCO
process must be associated to structural constraints to the lattice
deformation. The sharpness of the yT decrease at ~236 K reveals
the existence of a considerable cooperativity between the SCO cen-
ters which can be assigned to the large number of mn contacts
between aromatic rings of the 5-Cl-gsal ligands. No noticeable
hysteresis could be observed in the SCO process of 1. Other com-
pounds with strong nmt contacts show sharp SCO transitions and
no hysteresis [5e,9a,28]. Although as far as we know it is not yet
possible to predict when hysteresis will occur it is frequently
observed when the SCO transition concurs with structural altera-
tions extending well beyond the Fe coordination sphere.

The acetonitrile solvent molecules have an effect in the SCO
transition. However it was never possible to obtain a pure desol-
vated compound as it always decomposed before all the solvent
molecules were removed. Attempts to prepare [Fe(5-Cl-gsal);]
[Ni(dmit),] xCH3CN with x < 2 either gave rise to a mixture of com-
pounds with different x or to decomposition products. No crystals
suitable for X-ray diffraction were obtained either. Magnetic
susceptibility measurements of the [Fe(5-Cl-gsal),][Ni(dmit),]
XCH3CN mixtures showed a gradual transition clearly different
from the sharp [Fe(5-Cl-gsal),][Ni(dmit),] 2CH3CN transition
(Fig. S4). Results were not reproducible most likely because

LK

5%

RELATIVE TRANSMISSION

I 1 1 ! | l l L
-8 -4 0 +4 +8
VELOCITY ( mm/s )

Fig. 8. Mossbauer spectra of 1 taken at different temperatures.

different mixtures did not have the same proportions of com-
pounds with different x.

The Mossbauer spectra obtained below 200 K for 1 consist of
single quadrupole doublets (Fig. 8). The relative areas of both peaks
in each doublet are not equal very likely due to texture effects.
These effects are expected since crystals used to prepare the
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Table 3
Estimated parameters from Mossbauer spectra of compound 1 at different
temperatures.

T (K) Fe' spin IS QS w 1(%)
297 LS 0.14 2.60 0.37 36
HS 0.37 0.58 0.45 64
250 LS 0.14 2.75 0.34 57
HS 0.40 0.66 0.47 43
230 LS 0.15 2.84 0.32 78
HS 0.43 0.67 0.48 22
210 LS 0.16 2.86 0.31 94
HS 0.44 0.67 0.35 6
180 4.2 LS 0.18 2.84 0.27 100
LS 0.21 2.86 0.29 100

IS (mm/s) isomer shift relative to metallic a-Fe at 297 K; QS (mmy/s) quadrupole
splitting; W (mm/s) line-width; I relative area. Estimated errors: <0.02 mm/s for IS,
QS, W, <2% for I.

Mossbauer absorber have a particular cleavage that should give
rise to preferred orientation effects after packing.

All the remaining spectra clearly show four absorption peaks
that may be fitted with two quadrupole doublets. The estimated
parameters (Table 3) for the doublet with lower splitting are typi-
cal of HS Fe'". The larger quadrupole splitting, QS, and lower isomer
shift, IS, estimated for the remaining doublet in each spectrum are
expected for LS Fe'l. A fair agreement was observed between the
relative quantities of HS and LS Fe' in 1, obtained by the
Mossbauer spectra and the magnetic susceptibility. At higher
temperatures (T>250K), the LS Fe'' fraction deduced from the
Mossbauer spectra seems to be overestimated. This may be
attributed to the different temperature dependences of the
Lamb-Maéssbauer factors of the HS and the LS Fe'' species.

4. Conclusions

The synthesis and crystallization procedures in acetonitrile
solutions allowed the preparation of the SCO compound [Fe(5-CI-
gsal);][Ni(dmit),]-2CH3CN. This compound shows a layered struc-
ture, with alternating layers based on arrangements of chains of
cations and anions. Extended mm contacts involving the 5-Cl-gsal
ligands were observed in the cationic chains. The magnetic behav-
ior is the sum of the contributions from the cations and anions. The
anions are organized as an arrangement of dimers presenting
strong intradimer AF coupling and weaker coupling between the
dimers. The SCO process was characterized by magnetization mea-
surements and Mossbauer spectroscopy. The magnetization mea-
surements indicate that as the temperature increases the SCO
occurs in two steps, one at ~233 K, relatively sharp, passing from
a LS state to a state with 50:50 disordered HS/LS, followed by a
more gradual increase of the HS content (centered at ~256 K)
towards a HS state. The peculiar progress of the SCO process of this
compound may be related to structural constraints that prevent
the full LS/HS transformation in a narrow temperature range and
lead to the appearance of a disordered intermediate phase with a
doubled unit cell.

Acknowledgments
This work was partially supported by “Fundagdo para a Ciéncia

e Tecnologia” (Portugal) under contract PTDC/QUI/65379/2006 and
grants SFRH/BD/65237/2009 and SFRH/BD/84628/2012.

Appendix A. Supplementary data

CCDC 859397, 875394, 875393 and 859398 contain the supple-
mentary crystallographic data for compound 1 at 294 K, 255K,
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Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
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