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The preparation, X-ray crystal structures, and magnetic properties of two new isostructural charge transfer salts,
(BDH-TTP)M(isoq)2(NCS)4 (M ) CrIII (1), FeIII (2), BDH-TTP ) 2,5-bis(1,3-dithiolan-2-ylidene)-1,3,4,6-tetrathia-
pentalene, isoq ) isoquinoline), are reported. Crystal data for 1: monoclinic, space group C2/c (#15), a )
16.1363(9) Å, b ) 19.0874(12) Å, c ) 12.5075(6) Å, â ) 95.70(4)°, V ) 3833.2(4) Å3, Z ) 4, R ) 0.0516 for
2844 reflections with I > 2σ(I); for 2: monoclinic, C2/c (#15), a ) 16.1938(8) Å, b ) 19.1117(11) Å, c ) 12.5100(10)
Å, â ) 94.265(3)°, V ) 3861.0(4) Å3, Z ) 4, R ) 0.0479 for 2969 reflections with I > 2σ(I). The crystal structure
consists of zigzag mixed organic and inorganic layers, and each layer is formed by mixed columns of BDH-TTP
radical cations and paramagnetic metal complex anions. Short intermolecular atomic contacts between donor and
anion are observed within the column in the c-direction. The two compounds have weak room-temperature electrical
conductivities. ESR measurements show a single signal without separating the donor and anion spins, suggesting
a π interaction between the d and π electrons. For both compounds ferrimagnetic interactions are observed between
the nonequivalent donor and anion spins. These materials exhibit bulk canted weak ferromagnetism below 7.6 K
for both 1 and 2.

Introduction

Great interest is currently devoted to organic/inorganic
hybrid molecular materials combining conducting electrons
and localized spins.1-5 The aim is to obtain a long-range
magnetic coupling between isolated localized spins of the
inorganic networks containing transition metals (d electrons)

through the mobile electrons of the organic networks (π
electrons). To establish a magnetic interaction between these
two parts, structural interactions between them are essential.
Recently Day and co-workers reported that salts of TTF
(tetrathiafulvalene) and its derivative with [Cr(NCS)4(L)n]-

(L ) 1,10-phenanthroline or isoquinoline (see below)) show
bulk ferrimagnetism.6 These salts were designed with the
idea that magnetic interactions would be induced by both* Corresponding authors. E-mail: ouahab@univ-rennes1.fr (L.O.);
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S‚‚‚S contacts andπ-π stacking overlap between the
magnetic anions and organic radicals. Indeed a large number
of the salts showed long-range ferrimagnetic order withTC’s
ranging from 4.2 to 8.9 K. Other work, in this area, is based
on interactions through-N‚‚‚I- contacts3 or coordinate
bonding7 between the conducting and the paramagnetic
networks. Up to now, investigations are oriented toward salts
based on TTF derivatives, which exhibit a wide variety of
electronic characteristics, such as semiconductors, metals,
and superconductors, depending on the counteranion.8 Re-
cently BDH-TTP (2,5-bis(1,3-dithiolan-2-ylidene)-1,3,4,6-
tetrathiapentalene)9 (see below), which does not have a TTF
moiety, is found to produce salts showing metallic state down
to low temperatures regardless of the counteranions. There
is, therefore, keen interest in studying BDH-TTP salts
containing paramagnetic anions in the development of new
organic/inorganic hybrid molecular materials. Here we report
the preparation, crystal structures, and magnetic properties
of (BDH-TTP)[M(isoq)2(NCS)4] (M ) CrIII , FeIII and
isoq ) isoquinoline).

Experimental Section

Synthesis.All experiments were conducted under nitrogen or
argon. The solvents were distilled before use, and the starting
reagents were used as received. Black crystals of compounds1 and
2 were obtained on a platinum electrode by anodic oxidation of
the donor BDH-TTP9 (8 mg) under argon atmosphere, using
(isoqH)[Cr(isoq)2(NCS)4]‚3H2O or (Bu4N)[Fe(isoq)2(NCS)4]6 (100
mg) in CH2Cl2 (20 mL) as electrolyte. The crystal growth apparatus
for electrocrystallization consists of a glass U-cell with two
compartments (10 mL each) serapared by a glass frit and two
platinum wire electrodes (diameter) 1 mm). A low constant current
of I ) 1 µA was applied and maintained during two weeks.

Crystallographic Data Collection and Structure Determina-
tion. Single crystals of the title compounds (1 and2) were mounted
on a Nonius four-circle diffractometer equipped with a CCD camera
and a graphite-monochromated Mo KR radiation source (λ )
0.71073 Å). Effective absorption correction was performed
(SCALEPACK10). Structures were solved with direct methods and

refined with the full matrix least-squares method onF2 using
SHELX-9711 programs. In compound2, a disorder is observed for
one of the two terminal ethylenic carbon atoms of BDH-TTP, which
is shifted on two positions (C15A and C15B). Crystallographic data
are summarized in Table 1. Full bond lengths and bond angles,
atomic coordinates, and complete crystal structure results are
deposited as Supporting Information.

Physical Property Measurements.Magnetic susceptibilities
were measured using a Quantum Design MPMS-5 SQUID mag-
netometer down to 1.8 K with an applied field of 10 mT using
nonoriented microcrystalline samples in aluminum foil. For com-
pound1, measurements on aligned single crystalline samples are
also performed. ESR spectra for the nonoriented microcrystalline
samples were recorded with a JEOL TE-200 spectrometer equipped
with an Oxford ESR910 cryostat.

Results and Discussion

Crystal Structures. Selected bond distances and bond
angles are given in Table 2. ORTEP drawings of the
molecular structure for1 with the atomic numbering scheme
is shown in Figure 1a.

Since the two compounds are isostructural, we describe
here the structure of compound1 and we give the data for
compound2 in square brackets. An asymmetric unit contains
half of an anion and half of a BDH-TTP molecule, both lying
on inversion centers in special positions, (1/4,1/4,0) and (1/
4,1/4,1/2), respectively. The M-N (of NCS) distances
(average value 1.991(3) [2.028(4)] Å) are slightly shorter
than those to isoquinoline (M-N3 ) 2.078(3) [2.160(3)]Å);
hence the MN6 coordination octahedra are axially distorted.
From the 1:1 stoichiometry, the charge on the donor molecule
is assumed equal ca.+1. As shown in Figure 1b, in the
crystal structure the cations and anions form mixed zigzag
layers within thebc-plane, which are then stacked along the(7) Iwahori, F.; Golhen, S.; Ouahab, L.; Carlier, R.; Sutter, J. P.Inorg.
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Table 1. Crystal Data and Structure Refinement for1 and2

1 2

empirical formula C32H22CrN6S12 C32H22FeN6S12

fw 927.28 931.13
temp/K 120(2) 120(2)
radiation,λ/Å 0.71073 0.71073
cryst syst monoclinic monoclinic
space group C2/c (# 15) C2/c (# 15)
a/Å 16.1363(9) 16.1938(8)
b/Å 19.0874(12) 19.1117(11)
c/Å 12.5075(6) 12.5100(10)
R/deg 90. 90.
â/deg 95.70(4) 94.265(3)
γ/deg 90. 90.
V/Å3 3833.3(4) 3861.0(4)
Z 4 4
dcalc/g‚cm-3 1.607 1.602
µ/mm-1 0.987 1.075
no. of reflns collected 7847 8548
no. of ind reflns 4358 4426
[I > 2σI)] 2844 2967
final R1,a wR2b 0.0516, 0.1185 0.0479, 0.1134

a R1) ∑||Fo| - |Fc||/∑|Fo|. b wR2) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2.
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b-direction. The layer consists of one-dimensional chains
elongated in thec-direction (Figure 2). The S‚‚‚S distances
of the short intermolecular contacts within the chain (S2-
S3, 3.264(2) [3.286(1)]; S2-S4, 3.397(2) [3.400(2)]; S1-
S5, 3.365(2) [3.423(1)] Å) are remarkably shorter than the
van der Waals distance (3.70 Å).12 The adjacent chains are
then connected with aπ-π overlap of isoquinoline moieties
(interplanar separation:d ) 3.600(5) [3.582(5)] Å) between
the anions and a short S‚‚‚S contact (S5-S5 ) 3.640(2)
[3.638(2)]Å, not shown in Figure 2) between the donors. In
the [101] direction, the neighboring anions are related by
thec-glide plane, and therefore the orientation of these anions
is different; the angle between the molecular axes (defined
as isoq-M-isoq axes) is 6.0(3)° [3.5(2)°]. The difference
in the orientation of the units in the [101] direction can be
seen more clearly considering the BDH-TTP donors which
are orthogonal to each other.

Physical Properties. The salts have low conductivity
(σ(300 K) ) 10-5 S cm-1) due to the 1:1 stoichiometry and
the alternate stacking of donors and anions. The temperature
dependences oføMT and øM

-1 at 10 mT, whereøM is the
molar magnetic susceptibility for the nonoriented micro-
crystalline sample, after subtracting core diamagnetism con-
tribution are shown in Figure 3a and 3b for compounds1
and2, respectively. Due to the isomorphous nature of these
two salts, their magnetic properties show similar behaviors.
The susceptibility obeys the Curie-Weiss law above 50 K.
The Curie constantC and Weiss temperatureΘ are estimated
asC ) 2.19 emu K mol-1, Θ ) -20.4 K for 1, andC )
4.95 emu K mol-1, Θ ) -10.1 K for 2. These Curie
constants are close to the corresponding spin-only value (2.25
emu K mol-1 for 1, 4.75 emu K mol-1 for 2) for noninter-
acting anion (S ) 3/2 for 1, 5/2 for 2) and donor (S ) 1/2)

spins, assumingg ) 2.0 for each species. Below 50 KøMT
decreases as the temperature decreases down to 8 K, showing
the antiferromagnetic coupling between the anion and donor
spins. For both salts,øMT shows a steep increase atTC )
7.6 K due to a magnetic transition. The insets of Figure 3a
and 3b present the field-cooled magnetization (FCM) mea-(12) Bondi, A.J. Phys. Chem. 1964, 68, 441.

Table 2. Bond Lengths (Å) and Angles (deg) for1 and2

1 2

M-N(1) 1.991(3) 2.037(3)
M-N(2) 1.991(3) 2.025(3)
M-N(3) 2.078(3) 2.160(3)
S(4)-C(12) 1.712(4) 1.724(4)
S(4)i-C(13) 1.746(4) 1.751(4)
S(3)-C(12) 1.726(4) 1.726(4)
S(3)-C(13) 1.729(4) 1.743(4)
S(5)-C(14) 1.718(4) 1.734(4)
S(5)-C(15) 1.755(7) S(5)-C(15A) 1.732(11)

S(5)-C(15B) 1.842(1)
S(6)-C(14) 1.743(5) 1.743(4)
S(6)-C(16) 1.798(4) 1.809(4)
C(1)-S(1) 1.628(4) 1.623(4)
C(2)-S(2) 1.630(4) 1.614(4)
C(12)-C(12)i 1.370(8) 1.375(7)
N(1)-M-N(2) 90.43(14) 89.41(12)
N(1)-M-N(3) 90.14(13) 90.54(11)
N(2)-M-N(3) 89.42(13) 89.55(11)
C(12)-S(3)-C(13) 94.1(2) 94.16(17)
C(12)-S(4)-C(13)i 94.19(19) 93.67(17)
C(14)-S(5)-C(15) 95.5 (3) C(14)-S(5)-C(15A) 93.6(4)

C(14)-S(5)-C(15B) 95.16(13)
C(14)-S(6)-C(16) 96.2(2) 95.51(18)
C(1)-N(1)-M 175.9(3) 176.5(3)
C(2)-N(2)-M 171.7(3) 170.0(3)

i: -x + 1/2, -y + 1/2, -z + 1.

Figure 1. (a) ORTEP diagram with 50% probability level and atom-
numbering scheme for1. (b) Projection of the crystal structure onto the
bc-plane, showing theπ overlap between the isoquinoline ligands and the
BDH-TTP molecules.

Figure 2. Projection of the mixed layer onto theac-plane showing the
mixed chain of anion and donor; dotted lines indicate the anion-anion
overlap (interplanar separation:d ) 3.600(5) [3.582(5)] Å) and intermo-
lecular S‚‚‚S contacts (S2‚‚‚S3: 3.264(2) [3.286(1)], S2‚‚‚S4: 3.397(2)
[3.400(2)], S1‚‚‚S5: 3.365(2) [3.423(1)] Å).
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sured at 10 mT and the remnant magnetization (RM)
observed after the external field of 10 mT is removed at 1.8
K. Below TC ) 7.6 K the FCMs steeply increase and the
RMs also emerge, showing the presence of the spontaneous
magnetization.

Figure 4 shows the magnetization curve atT ) 2 K
measured on oriented crystalline samples for1 and on
nonoriented microcrystalline samples for2. As the field
increases, the magnetization tends to reach the value of 2µB

and 4µB for 1 and2, respectively. These results correspond
to all anion spins (S ) 3/2 for 1, 5/2 for 2) aligned in the
field direction and all donor spins (S) 1/2) in the opposite
direction; that is, a ferrimagnetic chain is realized for both
salts. For compound1, a spin-flop transition is observed
aroundB ) 1 T (arrow in Figure 4a) when the external field
B is parallel to thec-axis. WhenB is parallel tob, a hysteresis
loop is observed, as shown in the inset of Figure 4a. The
remanent magnetization and the coercive force in this
direction are estimated asMr ) 0.10 µB andBc ) 10 mT,
respectively. The orthogonality of the spin-easy axis (c-axis)

and the spontaneous magnetization direction (b-axis) clearly
evidences the canted weak ferromagnetism. From the ratio
of the remanent magnetization (0.10µB) to the magnetization
at the high-field limit (2µB), the spin-canting angle is
estimated as sin-1(0.10µB/2µB) ) 2.9°, which is about one-
third of the canting angle of the molecular axes for the two
adjacent anions (9.31(8)°). Although measurements on single
crystalline samples cannot be performed for compound2 as
the samples are too small, its magnetic property can be
discussed from analogy with compound1. On the magne-
tization curve a broad anomaly is observed atB ) 0.8 T
(arrow in Figure 4b), which can be assigned to a spin from
transition. Moreover, a hysteresis loop is observed around
B ) 0 T also for this compound. Although the coercive force
is difficult to estimate due to the random orientation, we can
estimate the remanent magnetization of2 from the hysteresis
loop as 0.05/cosθ ) 0.10 µB, where cosθ ) 1/2 is the
average of the direction cosine. The spin-canting angle is
therefore estimated as sin-1(0.10µB/4µB) ) 1.4°, which is
smaller than the corresponding value of the Cr salt.

The ESR spectra on microcrystalline samples of both
compounds give single Lorentzian signals in the whole

Figure 3. Temperature dependence oføMT (b) and øM
-1 (O) for

nonoriented samples, measured with an applied field of 10 mT for (a)
compound1 and (b) compound2. Solid lines are the Curie-Weiss law
(C ) 2.19 emu K mol-1, Θ ) -20.4 K for1 andC ) 4.95 emu K mol-1,
Θ ) -10.1 K for2) fitted above 50 K. Insets: temperature dependence of
the field-cooled magnetization (b) and remnant magnetization (O).

Figure 4. Magnetization curves at 2 K for 1 measured on oriented samples
(O: B|a, b: B|b, and2: B|c), and for2 measured on nonoriented samples.
Arrows indicate the spin-flop transitions. Insets: hysteresis loop around
B ) 0 T.
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temperature range without separating the donor and anion
spins, suggesting the presence of an exchange interaction
between these two spin species. Figure 5 shows the tem-
perature dependence of theg-value and the peak-to-peak line
width. The g-value of compound1 at room temperature
(1.989) is close to the value of K3[Cr(CN)6] (1.992),13

showing that the observed ESR signal mainly comes from
the Cr3+ spins. For compound2, the g-value of the ESR
absorption (2.007) is closer to the free-electron value (2.0023)
than K3[Fe(CN)6] (gX ) 2.35,gY ) 2.10,gZ ) 0.91),13 which
also supports the coalescence of the donor and anion spins.
The line widths at room temperature are 14.6 and 12.1 mT
for 1 and2, respectively. These values are smaller than the
corresponding dipolar widths 35 mT (1) and 57 mT (2)
(calculated forS) 3/2 or 5/2 anion spins andS) 1/2 donor
spins and averaged for all directions), showing the effect of
the exchange narrowing. For compound1, as the temperature
decreases down to ca. 60 K, theg-value gradually decreases,
and then it decreases steeply down to 1.983 at 12 K. This
g-value shift suggests the presence of spin fluctuation above
the magnetic transition temperature, caused by the one-
dimensional nature of the ferrimagnetic chain. The line width
increases gradually as the temperature decreases below 100
K and shows a divergence as a precursor of a magnetically
ordered state, which is featured with the canted weak

ferromagnet as suggested by the magnetization measure-
ments. For compound2, on the other hand, theg-value has
a smaller temperature dependency than compound1. A
possible explanation is that Fe3+ has a larger spin quantum
number (S ) 5/2) than Cr3+ (S ) 3/2); hence the quantum
nature of the localized spins are diminished to suppress the
spin fluctuation.

The spin structure in the magnetically ordered phase can
be discussed from the crystal structure. The short S‚‚‚S
contacts between the thiocyanate ligands of the anion and
the tetrathiapentalene ring of the donor realize the intrachain
antiferromagnetic interaction between the anion (S) 3/2 or
5/2) and donor (S) 1/2) spins, resulting in the ferrimagnetic
structure within the chain. On the other side, the adjacent
anions are also connected via theπ-overlap of isoquinoline
ligands, which can be an interchain exchange path between
the anion spins. The distorted MN6 coordination octahedra
have an axialD4h symmetry, which leads to the single-ion
anisotropy of the anion complex. Furthermore, the two
adjacent anions are not related by inversion symmetry.
Therefore the origin of the weak ferromagnetic interaction
between the ferrimagnetic chains can be ascribed to the
canting of the magnetic anisotropy axes of adjacent anions
and/or the presence of the Dzyaloshinsky-Moriya interac-
tion14 between the adjacent magnetic anions.

Conclusion

Two new charge transfer salts (BDH-TTP)M(isoq)2(NCS)4
with M ) CrIII (1) and FeIII (2) made of a non-TTF donor
and metal complex anions were prepared and structurally
and magnetically characterized. These two compounds are
isostructural to each other with 1:1 stoichiometry. The crystal
structure contains mixed chains of organic and inorganic units
with alternate anion (S ) 3/2 andS ) 5/2 for 1 and 2,
respectively) and donor (S) 1/2) spins. These salts undergo
a bulk weak ferromagnetic state originating from the canted
alignment of the one-dimensional ferrimagnetic chains
involving d electrons andπ electrons. The origin of the
intrachain antiferromagnetic coupling is the short intermo-
lecular S‚‚‚S contacts between donors and anions, whereas
the interchain coupling comes from theπ-π overlapping
between anions and/or S‚‚‚S contacts between donors. The
richness of this series of molecular materials in terms of
synthetic chemistry and physical properties opens a wide
range of perspectives.
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Figure 5. Temperature dependence of the ESRg-value (O) and peak-to-
peak line width∆Hpp (b) for (a) compound1 and (b) compound2.
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