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A new compound, [Fe(5–Cl-qsal)2][Ni(a-tpdt)2].CH3CN, where a-tpdt ¼ 2,3-thiophenedithiolate and

H5–Cl-qsal ¼ N-(8-quinolyl)-5-chlorosalicylaldimine, was prepared and structurally and magnetically

characterized. The crystal structure is based on an arrangement of alternate layers of [Fe(5–Cl-qsal)2]+

cations and [Ni(a-tpdt)2]� anions. The magnetic measurements and M€ossbauer spectroscopy

revealed hybrid behavior in this compound, where a ferromagnetic cluster-glass behavior, ascribed to

the anions network, and a spin crossover (SCO) of the [Fe(5–Cl-qsal)2]+ cations were observed. The

glassy behavior, with a blocking temperature of ca. 7.5 K, results from the disorder in the anionic layer

and the competition between ferro- and antiferromagnetic interactions in the anionic layers. The SCO

process with T1/2 ¼ 298 K (high spin fraction ¼ gHS ¼ 0.5) is rather sluggish in the limits of the

conversion (gHS � 0 and gHS � 1), which is attributed to the effect of the anions that seem to restrict

somehow the structural distortions of the cations associated with the SCO process.
Introduction

Spin crossover (SCO) compounds have attracted considerable

interest in the last two decades and have been systematically

studied due both to fundamental reasons and to their potential

applications in devices.1 More recently, a considerable attention

was also devoted to the preparation of new SCO compounds,

where the SCO properties are combined with other physical or

chemical properties, such as magnetic networks, liquid crystal-

line properties, electrical conductivity, and non-linear optics,

among others.2

Recently, our attention has been focused on developing tran-

sition metal complexes based on several new dithiothiophene

ligands3 that are expected to present a wide range of accessible

oxidation states and favor solid state interactions. Among these,
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† Electronic supplementary information (ESI) available: Tables of short
contacts and hydrogen bonds in the crystal structure of
[Fe(5–Cl-qsal)2][Ni(a-tpdt)2].CH3CN (Tables S1–S7 and Fig. S1–S8).
CCDC reference numbers 725674 and 725675. For ESI and
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‡ Crystallographic data for (Fe(5–Cl-qsal)2)[Ni(a-tpdt)2].CH3CN at
150 K: C42H27Cl2FeN5NiO2S6, M ¼ 1011.51 g mol�1, triclinic, space
group P-1, a ¼ 12.7394(13) Å, b ¼ 13.1194(10) Å, c ¼ 13.7931(14)Å,
a ¼ 108.043(3)�, b ¼ 92.324(3)�, g ¼ 109.564(3)�, U ¼ 2038.4(3) Å3,
Z ¼ 2, Dc ¼ 1.648 g cm�3, m(Mo Ka) ¼ 1.302 mm�1, 9942 reflections
measured, 6560 unique, final R(F2) ¼ 0.0596 using 3902 reflections with
I > 2.0s(I), R(all data) ¼ 0.1218, T ¼ 150(2) K. CCDC725675.
Crystallographic data for (Fe(5–Cl-qsal)2)[Ni(a-tpdt)2].CH3CN at 294 K:
C42H27Cl2FeN5NiO2S6, M ¼ 1011.51 g mol�1, triclinic, space group P-1,
a ¼ 12.762(3) Å, b ¼ 13.148(3) Å, c ¼ 13.825(2) Å, a ¼ 107.952(8)�,
b ¼ 92.416(8)�, g ¼ 109.564(8)�, U ¼ 2051.9(7) Å3, Z ¼ 2,
Dc¼ 1.637 g cm�3, m(Mo Ka)¼ 1.294 mm�1, 12797 reflections measured,
7108 unique, final R(F 2) ¼ 0.0659 using 3809 reflections with I > 2.0s(I),
R(all data) ¼ 0.1451, T ¼ 294(2) K. CCDC725674.
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[Ni(a-tpdt)2]� is a small planar paramagnetic S ¼ 1/2 anion, that

has already been used to prepare a variety of materials exhibiting

interesting magnetic properties.3a,4 Despite its relatively small

size this anion exhibits a considerable spin density polarization

over the ligand and as a consequence the magnetic interactions in

these compounds are strongly dependent on the geometry of the

intermolecular contacts. The crystal structures of the salts

obtained so far with this anion depend on the cations, however

they show a clear tendency to form layered arrangements,

leading to an anion–cation segregation.

The crystal structures and magnetic behavior found in the

[Ni(a-tpdt)2]� based materials suggest that these anions are

appropriate for obtaining hybrid molecular magnetic materials

together with FeIII SCO complexes, with ligands such as qsal

derivatives, as these cationic complexes show also a strong

tendency to form chains (and chain layers) due to p–p interac-

tions between the ligands.5 The complex [Fe(qsal)2]+ is a well

known SCO system with relatively abrupt thermal interconver-

sions between S ¼ 1/2 and S ¼ 5/2 states, depending on coun-

terions and solvent presence. The same type of behavior is

expected in complexes with qsal derivatives. In this paper we

describe a hybrid system based on the SCO cation [Fe(5–Cl-

qsal)2]+ and the paramagnetic anion [Ni(a-tpdt)2]�. The prepa-

ration of this hybrid material seems promising due to the

combination of the SCO phenomena with the magnetic network

of [Ni(a-tpdt)2]�. Furthermore the possible segregation from the

two networks is expected to lead to strong cation–cation inter-

actions and in this sense to a strong cooperative SCO process.
Results and discussion

Crystal structure of [Fe(5–Cl-qsal)2][Ni(a-tpdt)2].CH3CN (1)

The X-ray structure analysis of [Fe(5–Cl-qsal)2]-

[Ni(a-tpdt)2].CH3CN (1), at 150 K, reveals that this compound
This journal is ª The Royal Society of Chemistry 2009



crystallizes in the triclinic space group P-1. The unit cell

contains two independent [Ni(a-tpdt)2]� anions (A1 and A2),

placed in inversion centers and one independent [Fe(5–Cl-

qsal)2]+ cation (C), at general position.

The Ni–S bond distances, with an average value of 2.168 Å are

typical of NiIII dithiolates and the thiophenic ligand atomic bond

lengths comparable to those previously reported for this anion.
Fig. 1 ORTEP diagram at 40% probability level and atomic numbering

scheme of [Ni(a-tpdt)2]� as (a) A1 and (b) A2 and of (c) [Fe(5–Clqsal)2]+

in the crystal structure of 1 (hydrogen atoms were omitted for clarity).

This journal is ª The Royal Society of Chemistry 2009
The [Ni(a-tpdt)2]� anions are planar with the dithiothiophene

ligands in a trans configuration. One of the [Ni(a-tpdt)2]�

species (A2) presents a disorder in the orientation of the

thiophenic sulfur of the ligands, making it impossible to

distinguish between a cis or trans conformation of the anion

since both configurations, with orientation disorder in the

crystal could give the observed results. This disorder could be

modulated as resulting from a 57 : 43 occupation ratio of two

positions involving atoms C8 and S6 (Fig. 1b). Since most of

the [Ni(a-tpdt)2]� anions previously reported, as well as A1

in this crystal structure, were found to crystallize in the trans

configuration, the observed disorder is most likely a result of

an orientational disorder of the complex in the trans configu-

ration.

The iron atom is octahedrally coordinated by four nitrogen

atoms and two oxygen atoms of two 5–Cl-qsal ligands, i.e., an

N4O2 donor set. The values of the bond lengths are consistent

with those for typical LS FeIII cations. The Fe–O distances

(1.884(2) Å) are shorter than the Fe–N distances (1.957(1) Å),

inducing a small distortion of the FeN4O2 octahedron. The two

tridentate ligands in the cation are found to be nearly perpen-

dicular to one another, adopting a mer configuration or an

EF (edge-to-face) motif (bond angles between N4–Fe1–O2,

N1–Fe1–N3 and O1–Fe1–N2 are, respectively, 176, 178 and

176�) (Fig. 1c).

The crystal structure consists of columns of cations sur-

rounded by anionic layers and solvent molecules. The only short

contact between cationic columns is along b, connecting a chlo-

rine atom from one cation and a hydrogen atom from another,

giving rise to a charge assisted hydrogen bond (Cl2/H38–C38).

There are no short contacts between the anionic layers. Aceto-

nitrile molecules, besides filling the empty spaces, behave like

a bridge connecting cationic columns with each other, along

b, and with anionic layers, along c (Fig. 2; see also ESI, Table

S4†). These short contacts are mainly charge assisted hydrogen

bonds between the acetonitrile nitrogen atom and hydrogen

atoms from the cations and with the anion thiophenic sulfur

atom and the methyl group from the solvent. In this sense

the solvent molecules play and important and stabilizing role

in this crystal packing.
Fig. 2 (a) Crystal structure of 1, viewed along a (cation: red, anion A1:

green, anion A2: blue, CH3CN: yellow).

CrystEngComm, 2009, 11, 2160–2168 | 2161



Fig. 3 Partial views of the crystal structure of 1 showing (a) one anionic

layer; details showing anion contact modes (b) along c with q¼ 49.9� and

(c) along (1,1,1) with f ¼ 10�. (A1: green and A2: blue).

Fig. 4 Partial views of the crystal structure of 1 showing the

cation–anion overlapping modes between (a) C(red)–A1(green) and

(b) C(red)–A2(blue).

Fig. 5 Partial views of the crystal structure of 1 showing the locking

between cation stacks and anionic layers (A1: green, A2: Blue, C: red.

CH3CN molecules were omitted for clarity).
The anionic layers are composed of zigzag chains of anions

of the type A1A2A1A2, with the anionic molecular mean

planes at an angle of 89� (Fig. 3). The anions within the chain

are connected by hydrogen bonds involving the hydrogen

atoms of one molecule (A1) and both the coordination and

thiophenic sulfur atoms of the other (A2). Connecting these

chains there is a Sthiophene/H hydrogen bond between neigh-

boring A1 anions. Besides these short contacts, other interac-

tions, both between and within chains, and slightly larger than

the sum of the van der Walls radii, can be seen involving C/C

and S/C atom pairs (Fig. 3; see also ESI, Table S5 and

Fig. S1†).

The cation molecules stack in a similar fashion to the one

previously described one for [Fe(qsal)2]+ compounds.5 Along

the stacks, the cations are related by an inversion center, in

a OFF (offset face-to-face) chain motif, and kept tightly

packed through several C/C short contacts, giving rise to

a chain of p–p interactions, strengthened by O/H charge

assisted hydrogen bonds (Fig. 2; see also ESI, Table S3 and

Fig. S2†).

A large variety of anion–cation interactions are observed,

contrasting with the absence of interactions between the anionic

layers and the discrete interactions between cationic stacks (see

ESI, Table S6†). Actually, the shapes of both the anion layers

and the cation stacks seem to be very sensitive to the

surrounding environment. Two types of cation–anion interac-

tions were found. The first, involving A1 is mediated through

a pair of short Ni/C short contacts and two S/H charge

assisted hydrogen bonds, linking this anion to four cations,

from two different stacks. The anion is placed almost parallel to

one of the 5–Cl-qsal ligands, caging this molecule between two

cations, from two different cationic stacks, and allowing

significant p–p interactions between the cation ligand aromatic

system and the anion carbon thiophenic ring atoms (Fig. 4a; see

also ESI, Table S6, Table S7 and Fig. S3†). Probably these p–p

interactions prevent the disorder in the thiophenic sulfur atom

in A1. The cation–A2 interactions are independent of the sulfur

thiophenic atom position. In this case the anion mean plane

stays perpendicular to the cation ligands mean plane and the
2162 | CrystEngComm, 2009, 11, 2160–2168
observed interactions are S/H hydrogen bonds and a weak C/
C short contact. Also, in this case A2 is surrounded by two pairs

of cations from different stacks (Fig. 4b; see also ESI, Table S6

and Fig. S4†).

Altogether, these anion–cation-solvent interactions result in

a good locking of the cationic stacks between the anion network

and solvent molecules, constraining somehow the expected

changes on the cation bond lengths associated with the SCO

phenomena (see ESI, Table S6† and Fig. 5).

This is probably the reason why, comparing the crystal data

obtained at 150 and at 294 K (see ESI†), we observe only a slight

change on the Fe–N and Fe–O bond lengths. On the other hand,

the crystal structure is flexibile enough to allow a subtle rear-

rangement of the anionic layers, by small variations of the cation

‘‘size’’.

An X-ray powder diffraction pattern was collected from the

sample that was used in the M€ossbauer spectroscopy and in

the magnetic characterization. The obtained results are similar to

the simulated powder diffraction pattern from the single crystal

X-ray data (see ESI, Fig. S7†).
M€ossbauer spectroscopy

The M€ossbauer spectra of 1 obtained in the temperature range

4–295 K (Fig. 6) consist of four absorption lines which may be

fitted with two quadrupole doublets. The estimated isomer shift,
This journal is ª The Royal Society of Chemistry 2009



Fig. 6 M€ossbauer spectra of 1 obtained at 4, 65, 270 and 295 K.

Table 1 Estimated parameters from M€ossbauer spectra of 1 taken at
different temperaturesa

FeIII spin IS QS W I

295 K LS 0.13 2.42 0.36 53
HS 0.33 0.73 0.38 47

270 K LS 0.14 2.75 0.38 65
HS 0.38 0.61 0.48 35

65 K LS 0.20 2.85 0.30 89
HS 0.42 0.72 0.51 11

4 K LS 0.20 2.85 0.33 92
HS 0.46 0.72 0.42 8

a LS low spin; HS high spin; IS (mm s�1) isomer shift relative to metallic
a-Fe at 300 K; QS (mm s�1) quadrupole splitting; W (mm s�1) line-width;
I relative area. Estimated errors # 0.02 mm s�1 for IS, QS, W, <3% for I.

Fig. 7 cT temperature dependence of 1; the inset shows the fit of the

cT curve (100 G) at low temperatures (top). gHS temperature dependence

obtained from the c(T) data (open circles) and M€ossbauer spectroscopy

(triangles) (bottom).
IS, and quadrupole splitting, QS, are consistent with low spin,

LS, (S¼ 1/2) and high spin, HS, (S¼ 5/2) FeIII (Table 1). As usual

for FeIII the doublet with the lowest QS and highest IS is

attributed to HS FeIII. The doublet with the highest QS and the

lowest IS is due to LS FeIII.6

The coexistence of LS and HS FeIII as well as the increase in the

relative area, I, of HS FeIII at 270 and 295 K, agree with

magnetization data.
Magnetic properties

The temperature dependence of the cT product, where c is the

molar paramagnetic susceptibility (obtained with a 10 kG

applied magnetic field), of 1 is shown in Fig. 7. At 390 K,

cT � 4.17 emu K�1 mol�1 and upon cooling it decreases until

T � 100 K. An inflection in the decrease is observed at � 300 K.

Below 100 K, cT remains nearly constant � 1.15 emu K�1 mol�1,
This journal is ª The Royal Society of Chemistry 2009
with a broad minimum at � 60 K, then at ca 20 K it shows

a maximum and decreases for lower temperatures. The high

temperature decrease of cT is assigned to a spin crossover, SCO,

process of the FeIII cations, while the low temperature behavior is

ascribed to a magnetic ordering phenomena in the anionic layers

(described ahead).

The cT value at 390 K is lower than that expected for a system

with the contributions of the anion (S ¼ 1/2) and cation (S ¼ 5/2)

spins, 4.73 emu K�1 mol�1, which indicates that at this temper-

ature the SCO transition is not yet complete. After removing the

magnetic contribution from the anions (see below), the calcu-

lated high spin fraction, gHS, at 390 K is approx. 0.85. From the

c(T) data it was possible to estimate the gHS temperature

dependence (Fig. 7). A T1/2 value of � 298 K for the SCO

conversion (gHS ¼ 0.5) was determined. Apart the contribution

of a small HS impurity contamination, a reasonable agreement

was observed between the gHS values obtained from the c(T)

data and the ones calculated from the M€ossbauer spectroscopy.

A sharper SCO process was anticipated as the p–p interactions

between the 5–Cl-qsal ligands were expected to lead to a strong

cooperativity between the SCO FeIII centers, but as it is possible

to see from the gHS(T) curve, although this process is well defined

in the T1/2 region (250–350 K), it seems to be rather sluggish for

gHS < 0.2 and for gHS > 0.8, corresponding to the beginning and

the completion of the SCO transition. This behavior is attributed

to the close packing arrangement around the [Fe(5–Cl-qsal)2]+

chains by the anion network and solvent molecules, which seems

to oppose the structural rearrangements associated with the SCO

process.

At low temperatures (15 < T < 60 K), the behavior of c(T)

shows a good agreement with a model that considers the total
CrystEngComm, 2009, 11, 2160–2168 | 2163



molar susceptibility as a sum of the independent contribution of

the cationic and anionic networks, plus a term accounting for

a relatively small HS impurity contribution: c ¼ cC + cA + cimp

(inset of the cT(T) plot in Fig. 7). The cations were assumed to be

LS and non-interacting, while the S¼ 1/2 anionic network shows

significant anion–anion (AA) ferromagnetic (FM) interactions.

A Curie–Weiss constant of 9.5 K, was obtained for cA. In this fit

a gA value of 2.06 3a was considered and the obtained value for

gC¼ 2.3 is in good agreement with the reported data for this type

of FeIII compounds.5d,5f The obtained cimp term was attributed to

the presence of a contamination of �6% of HS FeIII, which is in

reasonable agreement with the gHS value calculated from the

M€ossbauer spectra obtained at 4 K (see Table 1).

The McConnell I mechanism7 has been widely used in the

analysis of the intermolecular magnetic coupling in molecular

crystals. According to this model the nature of the intermolecular

coupling is determined by the spin density (SD) signs combina-

tion of the atoms involved in the shorter intermolecular contacts.

An antiferromagnetic (AF) coupling is predicted when both

atoms involved in the contact present the same SD sign and a FM

coupling is expected in case of different signs. The [Ni(a-tpdt)2]�

anion is known to present a spin polarization effect,4a where one

C and the S atoms from the thiophenic fragment of the a-tpdt

ligand present negative SD values.

Within the anionic layers, based on arrangements of zigzag

chains of anions, A1A2A1A2, several short contacts (slightly

larger than the sum of the van der Waals radii) were found. The

analysis of the AA contacts indicates that there is a coexistence of

FM and AF AA interactions. The stronger intra- and interchain

AA contacts (shorter contacts, involving atoms with larger SD)

are illustrated in Fig. 8 where three anions are shown, A1 and A2

belonging to one chain and A10 to an adjacent chain. The lighter

atoms have positive SD, while the darker ones negative SD signs.

The intrachain interactions are expected to be dominant and FM

intrachain coupling is foreseen, as the atoms involved in those

contacts show positive/negative SD. This is consistent with the

positive q value obtained from the c(T) behavior at low

temperatures. The interchain AA contacts are expected to lead to

weaker AF interactions (larger intermolecular separations). The

analysis of the variation of the intermolecular packing with

temperature (see ESI, Fig. S1 and S6) indicates that the dominant

intra- (A1–A2) and interchain (A2–A10) AA interactions must
Fig. 8 Intra- (A1–A2) and interchain (A1–A10 and A2–A10) AA

contacts in the [Ni(a-tpdt)2]� anionic layers of 1. Lighter atoms have

positive SD and the darker ones negative SD.

2164 | CrystEngComm, 2009, 11, 2160–2168
become stronger with cooling (a detailed description of the intra-

and interchain AA contacts is shown as ESI in Table S5 and

Fig. S5 and S6†).

One of the [Ni(a-tpdt)2]� anions (A2) presents a disorder in the

orientation of the thiophenic S atom of the ligands. This disorder

is not expected to induce major differences in the nature of the

magnetic coupling. However, in the case of intrachain interac-

tions, the predominant trans configuration is expected to lead to

stronger intrachain FM interactions since these AA contacts are

shorter. A considerable magnetic anisotropy is expected in the

anionic layers composed by the weakly AF coupled FM chains.

The disorder in the intrachain arrangements as well as the weak

AF interchain coupling seem to play a crucial role in a low

temperature magnetic ordering process described further down.

The low temperature behavior was examined in detail through

low field dc magnetization measurements (obtained after cooling

with different fields, MFC, or in absence of an applied magnetic

field, MZFC). These measurements suggest the existence of

a magnetic ordering process at � 7.5 K, as indicated by the

behavior of MFC, MZFC and the remnant magnetization, MREM,

(with an applied magnetic field of 100 G) shown in Fig. 9. MFC

increases with cooling with a shoulder at �7.5 K. For T > 7.5 K

MZFC shows a similar behavior, but at the blocking temperature,

Tb ¼ 7.5 K, it diverges from the MFC curve showing a maximum.

With further cooling MZFC exhibits a minimum at �5 K, then

increases again for lower temperatures. MREM starts to deviate

from zero at �12 K, which seems to correspond to the onset of

a magnetically ordered regime occurring at �7.5 K. The

observed increase in MZFC for T < 4 K is consistent with the

contribution of the FeIII paramagnetic cations. The MFC and

MZFC results obtained at lower applied magnetic fields show an

increase in the intensity of the peak at 7.5 K, while for higher

fields the intensity decreases and eventually seems to fade away.

Tb was also observed to decrease with the increase of the applied

field (the M/H(T) curves are shown as ESI, Fig. S8†). In order to

achieve a better understanding of the magnetic ordering process,

a variety of measurements, including magnetization isothermals

and magnetic relaxation studies were performed.

The magnetization isothermals obtained at 2, 5 and 8 K

(Fig. 10) show the experimental results increasing (solid symbols)
Fig. 9 MFC MZFC and MREM, temperature dependence (with H ¼ 100 G)

in 1.

This journal is ª The Royal Society of Chemistry 2009



and decreasing (open symbols) the applied magnetic field. The

solid curves in the plots correspond to the calculated Brillouin

functions, with SC ¼ SA ¼ 1/2 and gA ¼ 2.06 and gC ¼ 2.4. From

the isothermals it is possible to see that at 8 K, just before the

magnetic ordering takes place, the magnetization data are larger

than the calculated values for the Brillouin function, MBf, indi-

cating the predominance of the FM interactions, in agreement

with the observed results at higher temperatures. However, at

low temperatures, the weaker AF interactions seem to play

a crucial role in the magnetically ordered regime, at 5 K M(H) is

larger than MBf(H) only up to �20 kG and at 2 K M(H) exceeds

MBf(H) only up to 3 kG. For that temperature, at high magnetic
Fig. 10 Magnetization isothermals obtained at 8 (top), 5 (center) and

2 K (bottom) for 1. The solid lines represent the calculated Brillouin

functions for those temperatures. Details of the hysteresis loops are

shown in the insets.

This journal is ª The Royal Society of Chemistry 2009
fields MBf is considerably larger than the measured magnetiza-

tion. The insets of Fig. 10 show in detail the isothermals at low

applied magnetic fields. The results at 2 and 5 K show a signifi-

cant hysteresis, of �350 and 50 G, respectively, and the remnant

magnetization values of 100 and 11 emu mol�1 at 2 and 5 K,

respectively. No hysteresis was detected at 8 K (just above Tb).

At this temperature the dominance, in the range �500–500 G,

M(H) exceeds MBf(H) by a factor of � 2–3.

A significant frequency dependence was observed in the real

and imaginary components of the ac susceptibility (c0 and c00,

respectively), indicating that the magnetic ordering process does

not correspond to long range ordering, but most likely to a short

range order freezing process. The temperature dependencies of c0

and c00 (with a 0 dc field and a 1 G ac field) at 99, 330, 990, 3330

and 9990 Hz, are shown in Fig. 11. c0(T) exhibits a behavior

closely resembling the one from MZFC(T) at low applied magnetic

fields. Besides the frequency dependence of the maxima at the

freezing temperature, Tf, close to Tb, a clear increase is also

observed at low temperatures. For both c0(T) and c00(T) the

temperature of the maxima decreases as the frequency decreases.

However, the intensity of the c0(T) peak increases with decrease

of the frequency, while the intensity of the c00(T) peak decreases.

The frequency dependence of the ac susceptibility peaks is used

to characterize the dynamic behavior of the freezing process

through the empirical parameter f ¼ (DTf/Tf)/D(log(n)), repre-

senting the relative shift of the freezing temperature, Tf, per

frequency decade and a f value of the order of 0.05 was obtained
Fig. 11 Observed c0 (top) and c00 (bottom) temperature dependencies at

99, 330, 990, 3330 and 9990 Hz for 1.
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from the peak positions in c0(T) and c00(T), which is consistent

with a cluster-glass behavior.8

The relaxation time s(T) temperature dependence, obtained

from the c0(Tf) maxima at a given frequency (1/s ¼ 2pn),

follows quite well the empirical Vogel–Fulcher law:8

s ¼ s0exp[Ea/kB(Tf-T0)], where s0 is the characteristic relaxation

time, Ea is the activation energy (kB is the Boltzmann constant)

and T0 is a parameter that accounts for the intercluster interac-

tions. The best fit to the experimental results yields

s0 ¼ 7.97 � 10�12 s, Ea/kB ¼ 42.0 K and T0 ¼ 7.05 K. The

obtained magnetization relaxation time, s0, lies in the range 10�6

to 10�13s typical of cluster-glass systems.9 These results are

consistent with the existence of strong inter-cluster interactions,

as the parameter T0 presents a value close to the observed

freezing temperatures.10

The magnetization relaxation for the thermoremanent (TRM)

mode was also probed following the decay of the magnetization,

after field cooling and removing an applied field of 5 KG,

for periods of approximately 4 h. Fig. 12 shows TRM

measurements for temperatures below Tb, 2, 4 and 7 K. The 2

and 4 K curves could be fitted with a stretched exponential as

M(t) ¼ M0 + s0e�(t/s)1�n, where M0, and s0 are related with the

FM and glassy components, respectively. s is the time constant

and n is related to the relaxation time. The best fit was obtained

with s ¼ 2.1 � 105 and 2.5 � 104 s, for 2 and 4 K, respectively.

The values of n are 0.66 and 0.29 at 2 and 4 K, respectively.

M0 was also required for these fits and found positive, 0.06 and

0.02 emu mol�1 for 2 and 4 K, respectively. The obtained fitting

parameters are in good agreement with the experimental data

and indicative of the already expected coexistence of FM and

glassy magnetic components in the relaxation process. This type

of behavior was also reported for manganites, perovskites and

intermetallics.11 Unlike those data, the measurements obtained at

7 K could not be adjusted to the stretched exponential behavior,

suggesting the existence of a negative residual magnetization

(M0 < 0) but they failed to indicate any magnetization relaxation,

which seems to agree with the anomaly expected to occur at

T ¼ T0 � 7 K, according to the ac susceptibility relaxation

results.

The magnetic data and the intermolecular coupling analysis

clearly indicate a cluster-glass behavior that can be assigned to

the existence of AF interacting FM domains. With cooling small
Fig. 12 Magnetization relaxation at 2, 4 and 7 K for 1.
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2D regions consisting in arrangements of FM chain fragments,

from the anionic chains are expected to form and freeze at low

temperatures �7 K. The weaker intrachain FM interaction

associated with the presence of anions in the minority cis

conformation combined with the disorder induced by the

thermal energy, is expected to lead to the fragmentation of the

FM chains. With cooling, these chain fragments must give rise to

FM domains that interact between themselves through the AF

interchain coupling described above.
Experimental

General materials and methods

All manipulations were carried out under strict anaerobic condi-

tions under dry nitrogen or argon atmosphere unless stated

otherwise. All solvents were dried and purified following standard

procedures. n-Bu4N[Ni(a-tpdt)2]3a and [Fe(5–Cl-qsal)2]BF4
12

were synthesised as previously described. Other chemicals were

commercially obtained and used without any further purification.

Melting points were measured with a Stuart Melting Point

Apparatus SMP3, with a maximum temperature of 310 �C.
Synthesis of the complex

[Fe(5–Cl-qsal)2][Ni(a-tpdt)2].CH3CN (1). A solution of

[Fe(5–Cl-qsal)2]BF4 (141 mg, 0.2 mmol) in CH3CN (ca. 20 ml)

was added dropwise to a solution of n-Bu4N[Ni(a-tpdt)2]

(119 mg, 0.2 mmol) also in CH3CN (ca. 20 ml). A dark-green

precipitate was filtered affording suitable crystals for X-ray

diffraction. Yield 30% (0.061 g) mp > 310 �C. CHNS

(C42H27Cl2FeN5NiO2S6): calc. C 49.87, H 2.69, N 6.92, S 19.11;

found C 48.37, H 3.57, N 6.30, S 20.00.
X-Ray crystallography

X-Ray diffraction experiments were performed with a Bruker

AXS APEX CCD detector diffractometer using graphite mon-

ochromated Mo Ka radiation (l ¼ 0.71073 Å), in the 4 and u

scans mode. A semiempirical absorption correction was carried

out using SADABS.13 Data collection, cell refinement and data

reduction were done with the SMART and SAINT programs.14

The structures were solved by direct methods using SIR9715 and

refined by full-matrix least-squares methods using the program

SHELXL9716 and the winGX software package.17 Non-

hydrogen atoms were refined with anisotropic thermal parame-

ters, whereas H-atoms were placed in idealized positions and

allowed to refine riding on the parent C atom. Molecular

graphics were prepared using ORTEP 3.18 X-Ray powder

diffraction patterns were taken at room temperature using

a Philips X0pert diffractometer (Bragg–Brentano assembly,

monochromated Cu Ka radiation, 5 < 2q < 30�, step with 0.01�,

and 20 s of couting time per step). The collected powder data

were compared to the simulated powder diffraction pattern from

the single crystal X-ray data using the program PowderCell.19
M€ossbauer spectroscopy

M€ossbauer spectra were collected in the 4–295 K temperature

range, in transmission mode, using a conventional
This journal is ª The Royal Society of Chemistry 2009



constant-acceleration spectrometer and a 25 mCi 57Co source in

a Rh matrix. The velocity scale was calibrated using a-Fe foil.

Isomer shifts are given relative to metallic a-Fe at 300 K. The

disk-shaped absorber was obtained by gently packing the sample

single crystals into a Perspex holder. Low temperature spectra

were collected using a liquid helium JANIS bath cryostat 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
Magnetic measurements

Magnetic measurements were performed in a S700X SQUID

magnetometer with a 70 kG magnet (Cryogenic Ltd.) using

polycrystalline samples. The temperature dependence of the

magnetic susceptibility in the temperature range 2–320 K was

measured under a magnetic field of 10 kG. For measurements

with temperatures higher than 320 K a 55 kG MPMS SQUID

magnetometer (Quantum Design) was used. A Maglab 2000

system (Oxford Instruments) was used for ac susceptibility

measurements down to 1.5 K, in the frequency range

99–9990 Hz, with 1 G ac field. The paramagnetic susceptibility

was obtained from the experimental magnetization (assuming

that c ¼ M/H) data after a diamagnetism correction was

estimated from tabulated Pascal constants.
Conclusions

In this article we report the synthesis and the structural and

magnetic characterization of the new hybrid molecular magnet

[Fe(5–Cl-qsal)2][Ni(a-tpdt)2] CH3CN (1), displaying a SCO

transition at room temperature (T1/2 ¼ 298 K) and a FM cluster-

glass behavior at low temperatures (Tb ¼ 7.5 K). The magnetic

behavior of this hybrid material results from the intermolecular

arrangements in the crystal structure, consisting in segregated

layers of [Fe(5–Cl-qsal)2]+ cations and [Ni(a-tpdt)2]� anions.

At both RT and 150 K, a detailed crystal structure analysis

shows the existence of a segregated cationic–anionic layer

structure, where both layers are based on arrangements of

cationic or anionic chains.

The SCO behavior, probed by 57Fe M€ossbauer spectroscopy

and the magnetic susceptibility temperature dependence, is

associated with the cationic layer. Although the spin conversion

is well defined at T1/2 ¼ 298 K, this phenomena spreads from low

temperatures (�30 K) up to more than 400 K. The rather slug-

gish completion of the transition for the limits of the spin

conversion is attributed to relative stiffness of the anionic

network and solvent molecules surrounding the cations.

The analysis of the intermolecular coupling in the anionic

layers through the McConnell I mechanism suggests the coexis-

tence of sizable intrachain FM interactions with weaker AF

intrachain interactions, which is in good agreement with the low

temperature magnetic susceptibility, where most of the FeIII

atoms are in the LS state. Below ca. 7.5 K a FM cluster-glass

behavior was observed and characterized by dc magnetization

and ac susceptibility studies. This behavior is attributed to the

formation of small FM 2D domains with cooling, with weak AF

interdomain interactions.
This journal is ª The Royal Society of Chemistry 2009
The hybrid behavior of 1 is also supported by the M€ossbauer

studies that show no sign of intermediate or slow relaxation of

the FeIII magnetic moments in the 57Fe M€ossbauer spectrum at

4 K. The observation of quadrupole doublets with narrow peaks

at 4 K evidences a relaxation frequency of the Fe moments higher

than 108 s�1, typical of paramagnetic behavior.
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