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The preparation, crystal structures, extended Hu¨ckel theory band structure, and density functional theory
(DFT) calculations and conducting and magnetic properties of seven new charge-transfer salts, formulated
as (D)2[MIII (isoq)2(NCS)4], where D) DIET (diiodo(ethylenedithio)tetrathiafulvalene), DIETS (diiodo-
(ethylenedithio)diselenadithiafulvalene), M) Cr, Ga, and isoq) isoquinoline, are reported. For each
donor two different phases calleda andb were obtained. Crystal data for (DIET)2[Cr(isoq)2(NCS)4] (1)
are as follows: phasea, triclinic P1h, a ) 9.8645(6) Å,b ) 10.3255(8) Å,c ) 13.7712(8) Å,R )
87.905(5)°, â ) 75.981(5)°, γ ) 80.712(2)°; phaseb, triclinic P1h, a ) 10.6760(5) Å,b ) 11.3000(6) Å,
c ) 11.3930(9) Å, R ) 101.256(2)°, â ) 96.755(2)°, γ ) 97.342(5)°. All compounds exhibit
semiconductive behavior with room-temperature resistivity ranging from 2× 103 to 5 × 104 Ω cm.
Donors in the mixed-valence-state form dimers. They are connected to anions through very short I‚‚‚S
contacts (S2‚‚‚I2 ) 3.248(2) Å for1a). The magnetic measurements and spin density DFT calculations
revealed that iodine atoms are good structural agents but are poor magnetic mediators to promote
superexchange interactions between the donors and the inorganic anions. Our analyses reveal also that
in these charge-transfer salts the magnetic interactions between spin carriers are mainly ensured by short
intermolecular S‚‚‚S contacts.

Introduction

The well-known TTF (tetrathiafulvalene) charge-transfer
salts are still the subject of intense investigations.1 Current
activities in this field comprise development of multifunc-
tional materials.2 Interplay between magnetic properties of
localized transition-metal d spins and mobile electrons of
mixed-valence TTFs have been reported in several salts such
as (BEDT-TTF)3[MnCr(C2O4)3] (BEDT-TTF ) bis(eth-
ylenedithio)tetrathiafulvalene),3 (BETS)2[FeCl4] (BETS )
bis(ethylenedithio)tetraselenafulvalene,4 (Cl-TET-TTF)2-
[FeX4] (X ) Cl, Br; Cl-TET-TTF ) 4,5-bis(methylthio)-

4′,5′-ethylenedithiotetrathiafulvalene).5 These compounds
consist of discrete organic radical cations with inorganic
anions containing paramagnetic transition metals. However,
in this type of salt, through-space interactions between d and
π electrons are very weak. To increase these interactions,
several ideas are currently under investigation. These include
the following: (i) The preparation of paramagnetic transition-
metal coordination complexes where the paramagnetic center
and the TTF are covalently linked.2c Hence, numerous
functionalized TTFs have been prepared as well as their metal
complexes.6 (ii) The use of anions containingπ and NCS-

ligands, which can enable both S‚‚‚S andπ‚‚‚π interactions
between the conducting and magnetic systems. Thus, materi-
als presenting bulk ferrimagnetism in TTF- and TTP
(tetrathiapentalene)-based salts with transition temperatures
(TC) ranging from 4.2 to 8.9 K7,8 were obtained using
isothiocyanato complexes [MIII (NCS)4(L)n]- where M) Cr
and Fe and L) 1,10-phenanthroline (phen) or isoquinoline
(isoq). (iii) A third strategy utilizes functionalized organic
donors such as iodine substituted donors9 combined with
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paramagnetic anions containingπ and CN- ligands, which
can enable both-I‚‚‚N- andπ‚‚‚π interactions between the
conducting and magnetic systems.10 Here we propose a
combination between points ii and iii, that is, assembly of
iodine substituted donors and anions withπ and NCS-

ligands. Hence, new charge-transfer salts are obtained,
namely, (D)2[M(isoq)2(NCS)4], where D) DIET (diiodo-
(ethylenedithio)tetrathiafulvalene), DIETS (diiodo(ethylene-
dithio)diselenadithiafulvalene) and M) CrIII and GaIII . Their
synthesis, X-ray crystal structures, and physical properties
are reported. In these salts, donors are dimerized with one
single electron per dimer. The stoichiometry is, therefore,
one dimer per anion, or two donors for one M(isoq)2(NCS)4
moiety. Band structure and density functional theory (DFT)
calculations have also been carried out.

Experimental Section

Synthesis.All experiments were conducted under argon, and
the solvents were distilled. The starting materials DIET,9d DIETS,9e

and (isoqH)[Cr(isoq)2(NCS)4]7a were prepared according to the
literature procedure. All compounds were obtained by electrocrys-
tallization, and the stoichiometries of each material were established
by X-ray crystal structure analysis. For each donor, two different
X-ray structures were obtained.

(Bu4N)[Ga(isoq)2(NCS)4]. The synthesis is a two-step procedure.
(Bu4N)3[Ga(NCS)6]2 is synthesized first, and then two NCS- are
exchanged with two isoq ligands. A mixture of three solutions made
of 6.3 g of (Bu4N)[GaBr4] in 50 mL of EtOH, 4.8 g of NaSCN in
50 mL of EtOH, and 7 g of (Bu4N)Br are refluxed for 3 h. After
filtration at room temperature, to remove the NaBr salt, the solution
is evaporated yielding 8.5 g of (Bu4N)3[Ga(NCS)6]2. A mixture of
5.0 g of (Bu4N)3[Ga(NCS)6]2 dissolved in 30 mL of EtOH and 1.1
g of isoq in 50 mL of EtOH is refluxed for 2 h and cooled to 5°C.
After standing for 3 days at this temperature, 1.9 g of (Bu4N)[Ga-
(isoq)2(NCS)4] is obtained by filtration as pink crystals.

(D)2[Cr(isoq)2(NCS)4] where D ) DIET (1), DIETS (2). A
mixture of black crystals as thick plates (phasea) and cubes (phase
b) was obtained by anodic oxidation of 10 mg of donor D in a
U-shape cell, with a constant current of 0.5µA over 1 week. In
each compartment, a solution of 40 mg of (isoqH)[Cr(isoq)2(NCS)4]
in 8 mL of freshly distilled dichloromethane was used as the
electrolyte.

(D)2[Ga(isoq)2(NCS)4] where D ) DIET (3), DIETS (4). Black
crystals of3 and4 were obtained by a similar method: 10 mg of

donor D,I ) 0.5 µA, and 80 mg of (Bu4N)[Ga(isoq)2(NCS)4] in a
mixture ethanol/dichloromethane (2:3; 16 mL).3 crystallizes as two
phases,a andb, while only phaseb is obtained for4.

Table 1 summarizes the charge-transfer salts we have synthesized
with the names of the donors, the names of the anions, which are
paramagnetic for M) CrIII and diamagnetic for M) GaIII , the
crystallographic phases, and finally the numbering that will be used
hereafter.

X-ray. Single crystals of each compound were mounted on an
Enraf-Nonius four circles diffractometer (CDFIX, Universite´ de
Rennes 1) equipped with a charge-coupled device camera and
graphite monochromated Mo KR radiation source (λ ) 0.710 73
Å). Data collection was performed at room temperature. Effective
absorption correction was performed (SCALEPACK).11 Structures
were solved with SHELXS-9712 and refined with SHELXL-9712

programs by the full matrix least-squares method, onF2. Data
collection parameters and crystallographic data for all compounds
are summarized in Table 2.

Electronic Conductivity. Temperature dependences of the
electronic conductivity were measured by a standard four-probe
method using gold wire (10 or 18 mm diameter) and carbon paste.

Electronic Band Calculations.Intermolecular overlap integrals
were calculated using highest occupied molecular orbitals of the
donor molecules obtained from the extended Hu¨ckel theory with
the use of semiempirical parameters9d for Slater-type atomic orbitals.
Electronic band dispersions and Fermi surfaces were calculated
using the intermolecular overlap integrals under the tight-binding
approximation.13

Spin Density Calculations.Spin density was computed for the
isolated cation and anion of1b with the aid of the DFT method,
using the Amsterdam Density Functional (ADF) program,14 devel-
oped by Baerends and co-workers.15 Basis set IV was used to
describe the atomic configurations. Representation of the spin
density was done using MOLEKEL4.1.16

Magnetism.Magnetization was recorded with a Quantum Design
MPMS SQUID magnetometer operating in the temperature range
2-300 K with a direct current magnetic field up to 5 T.øM stands
for the molar magnetic susceptibility, andT is the temperature in
kelvin. The experimental data were corrected from the diamagnetism
of the sample holder, and the intrinsic diamagnetism of the materials
was evaluated with Pascal’s tables.
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Table 1. Recapitulative of the Charge-Transfer Salts Based on
Donors DIET and DIETS and the Anions [MIII (isoq)2(NCS)4]

anion DIET DIETS

Cr(isoq)2(NCS)4; S) 3/2 1a-1b 2a-2b
Ga(isoq)2(NCS)4; S) 0 3a-3b 4b
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Results and Discussion

Crystal Structure. An ORTEP drawing with 50% thermal
ellipsoids of the donor and anion, with the atom numbering
scheme, is shown in Figure 1 for compound1a. The labeling
scheme is the same for all compounds.

Phasea. The asymmetric unit contains one donor molecule
and one half [M(isoq)2(NCS)4]- anion lying on an inversion
center in (0,0,0). All data are given here for1a and in
brackets for2aand3a, respectively. The coordination sphere
around the metal center is almost octahedral, where the four
M-N (NCS) distances are slightly shorter (mean value 1.982
Å [1.986 and 2.005 Å]) than the M-N (isoq) separations:
2.073(5) Å [2.087(6) and 2.083(3) Å]. Selected bond
distances are given in Table 3. The M-N-CS angles range
from 170.5(6) to 173.3(6)° [from 172.6(7) to 173.3(7)° and
from 168.8(4) to 171.9(4)°] and deviate slightly from
linearity. The projection of the crystal packing in thebcplane
is shown in Figure 2; it consists of alternating layers of
organic and inorganic ions along thec axis. Anions are

packed together thanks toπ-π interactions between adjacent
isoq rings yielding anion chains along theb direction
(distance between mean planes is equal to 3.533 Å [3.561
Å, 3.536 Å] and shortest distance is C3‚‚‚C3 ) 3.570(12)
Å [3.636(13), 3.564(8) Å]).

In the organic layer, donors form dimerized chains along
the b direction. The structural type is the so-calledâ′-type.
The shortest intradimer X6‚‚‚S3 bond is 3.645(3) Å [3.679(2)
Å, 3.639 (2) Å]; the intradimer overlap is a ring-central Cd

C bond type (see Figure 3a). Neighboring dimers are shifted
yielding only two S‚‚‚S short contacts in the van der Waals
(vdW) range (3.6 Å; see Figure 3b). The intradimer mean
plane separation is equal to 3.497 Å [3.583 Å, 3.489 Å] while
the interdimer one is 3.942 Å [4.019 Å, 3.953 Å]. Selected
shortest intra- and interdimers S‚‚‚S contacts are given in
Table 4. Both shortest S‚‚‚S intra and interdimer distances
are in the vdW range. We can notice that the crystal structure
is governed by two kinds of interactions between anions and
donors. In thebcplane, there are two short contacts between
iodine atoms of donors and sulfur atoms of anions which
are remarkably shorter than the vdW distance (3.8 Å): S2‚
‚‚I2 ) 3.248(2) Å [3.247(2) Å, 3.263(1) Å] and S1‚‚‚I1 )
3.356(2) Å [3.371(2) Å, 3.341(1) Å] (see Figure 2). In the
[1h11] direction, the stability of the structure is ensured by
short contacts (shorter than the vdW distance) between sulfur
atoms of the NCS groups of anions and donors. The shortest
distance is X6‚‚‚S1) 3.4420(29) Å [3.3928(24) Å, 3.4425(18)

Table 2. Crystal Data and Structure Refinements

compound

1a 2a 3a 1b 2b 3b 4b

formula C38H22N6S16-
I4Cr

C38H22N6S12I4-
Se4Cr

C38H22N6S16-
I4Ga

C38H22N6S16-
I4Cr

C38H22N6S12I4-
Se4Cr

C38H22N6S16-
I4Ga

C38H22N6S12I4-
Se4Ga

fw 1635.18 1822.78 1652.90 1635.18 1822.78 1652.90 1840.5
T, K 293 293 293 293 293 293 293
cryst syst triclinic triclinic triclinic triclinic triclinic triclinic triclinic
space group P1h P1h P1h P1h P1h P1h P1h
a, Å 9.8645(6) 9.9829(5) 9.8769(3) 10.6760(5) 10.7248(2) 10.6730(3) 10.7190(3)
b, Å 10.3255(8) 10.4011(5) 10.3545(3) 11.3000(6) 11.3782(3) 11.3330(3) 11.4100(3)
c, Å 13.7712(8) 13.7363(8) 13.7442(4) 11.3930(9) 11.4166(3) 11.4010(4) 11.4330(3)
R, deg 87.905(5) 88.374(2) 87.8389(12) 101.256(2) 100.975(1) 101.220(1) 100.894(1)
â, deg 75.981(5) 75.559(2) 76.1174(13) 96.755(2) 96.905(1) 96.719(1) 97.014(1)
γ, deg 80.712(2) 80.950(2) 80.4897(12) 97.342(5) 98.813(2) 97.577(1) 99.116(1)
V, Å3 1343.05(15) 1363.94(12) 1345.81(7) 1322.51(14) 1335.41(6) 1326.35(7) 1338.98(6)
Z 1 1 1 1 1 1 1
Fcalcd, g‚cm-3 2.022 2.219 2.039 2.053 2.267 2.069 2.282
µ, mm-1 3.170 5.638 3.463 3.220 5.758 3.513 6.043
reflns collected 7166 8222 10 507 7547 12 335 10 802 11 346
unique reflns 4385 5027 6144 4586 7755 6054 6130
Rint 0.0372 0.0367 0.0193 0.0587 0.0313 0.0345 0.0210
final R1

a 0.0438 0.0472 0.0384 0.0489 0.0441 0.0514 0.0522
wR2

b 0.0921 0.1068 0.0959 0.1073 0.1088 0.1308 0.1448

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

2)2]/∑[w(Fo
2)2]}1/2.

Figure 1. ORTEP drawing of1a. The same labeling scheme is used for
all compounds. X) S, M ) Cr for 1; X ) Se, M) Cr for 2; X ) S, M
) Ga for 3; and X ) Se, M ) Ga for 4. i: -x, -y, -z.

Table 3. Selected Interatomic Distances in Phase a Compounds
(in Å)

1a 2a 3a

S3-C14 1.745(7) 1.748(7) 1.741(4)
S4-C14 1.754(7) 1.744(8) 1.742(4)
X5-C15 1.732(7) 1.861(7) 1.728(4)
X6-C15 1.728(7) 1.884(7) 1.739(4)
C15-C14 1.359(9) 1.364(10) 1.368(6)
M-N1 2.073(5) 2.087(6) 2.083(3)
M-N2 1.978(6) 1.983(7) 2.000(4)
M-N3 1.986(6) 1.989(6) 2.011(4)
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Å]. These contacts generate mixed alternating organic-
inorganic chains in the [1h11] direction (see Figure 4). We
can notice that the mean plane calculated from four chalcogen
atoms S3, S4, X5, and X6 and two carbon atoms C14 and

C15 belonging to the central TTF-type skeleton forms an
angle of 87.34(11)° [85.38(11)°, 87.14(6)°] with the mean
plane calculated with all atoms of the isoq fragment.

Phaseb. The asymmetric unit contains one donor molecule
and one half [M(isoq)2(NCS)4]- anion lying on an inversion
center (0,0,0). All data are given here for1b, and we give
the data for2b, 3b, and 4b in Table 5. The geometrical
parameters of the [M(isoq)2(NCS)4]- anion are close to those
observed in phasea with mean values for metal-N (NCS)
distances and M-N (isoq) equal to 1.98(1) Å and 2.090(8)
Å, respectively. The M-N-CS angles range from 167.0(9)
to 174.2(9)°. The packing is different from phasea as donors
do not form chains but pack as isolated centrosymmetric
dimers.

The intradimer overlap is identical to that found in phase
a with a ring-double bond overlap. The intradimer mean
plane distance is equal to 3.604 Å. The shortest intradimer
contacts are in the vdW range: X6‚‚‚S3 ) 3.727(4) Å (S‚
‚‚S ) 3.6 Å, S‚‚‚Se) 3.7 Å). Selected shortest intra- and
interdimer S‚‚‚S contacts are given in Table 4.

Along theb direction, the dimers are separated by the isoq
ligands (see Figure 5a). As in phasea, the distances between
iodine atoms of donors and sulfur atoms of anions, S2‚‚‚I1
) 3.328(3) Å, are significantly shorter than the vdW distance.
In this phase, the angle between the mean plane calculated
from the six atoms belonging to the central TTF-type skeleton
forms an angle of 16.46(13)° with the mean plane of the

Figure 2. Crystal packing of1a (X ) S) in thebc plane showing the
alternating organic and inorganic layers.

Figure 3. Intradimer (a) and interdimer (b) packing of1a.

Figure 4. Crystal packing of1a showing the mixed organic-inorganic
chains with the shortest anion-donor contacts (dashed lines).

Table 4. Selected Intermolecular Distances (in Å) and Angles (in
deg) Observed between the TTF Skeleton Plane and the isoq Plane

in the Asymmetric Unit
Phasea

1a 2a 3a

S3-X6a 3.645(3) 3.679(2) 3.639(2)
S4-X5a 3.740(3) 3.776(2) 3.741(2)
X6-S8b 3.687(3) 3.772(2) 3.680(2)
S1c-I1 3.356(2) 3.371(2) 3.341(1)
S2-I2 3.248(2) 3.247(2) 3.263(1)
C3-C3d 3.570(12) 3.636(13) 3.564(8)
S1-X6e 3.4420(29) 3.3928(24) 3.4425(18)

angle 87.34(11) 85.38(11) 87.14(6)

Phaseb

1b 2b 3b 4b

S4-X5f 3.748(4) 3.748(1) 3.748(3) 3.755(2)
S3-X6f 3.727(4) 3.717(1) 3.729(3) 3.727(2)
S2-S3g 3.432(5) 3.436(2) 3.425(3) 3.434(3)
S1-I2h 3.475(3) 3.478(1) 3.488(2) 3.501(2)
S2-I1i 3.328(3) 3.329(1) 3.319(2) 3.316(2)

angle 16.46(13) 18.16(6) 17.29(9) 18.10(9)

a -x - 1, 1- y, -z - 1. b -x - 1, 2- y, -z - 1. c -x, -y, -z. d -x,
-1 - y, -z. e -1 - x, 1 - y, -z. f -1 - x, -1 - y, 1 - z. g -1 - x, -1
- y, -z. h -1 - x, -y, 1 - z. i x - 1, y, 1 + z.

Table 5. Selected Interatomic Distances in Phase b Compounds
(in Å)

1b 2b 3b 4b

S3-C14 1.761(10) 1.740(5) 1.740(8) 1.738(8)
S4-C14 1.732(11) 1.742(5) 1.731(7) 1.744(7)
X5-C15 1.727(11) 1.881(5) 1.737(7) 1.878(7)
X6-C15 1.742(10) 1.891(4) 1.750(8) 1.882(8)
C15-C14 1.371(13) 1.370(6) 1.373(9) 1.360(10)
M-N1 2.090(8) 2.089(3) 2.081(5) 2.089(5)
M-N2 1.979(9) 1.989(4) 2.014(6) 2.009(6)
M-N3 1.975(10) 1.992(4) 2.001(6) 2.008(6)
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isoq fragment. The shortest interatomic distances between
organic donors and isoq ligands, namely, C6‚‚‚C15) 3.501
Å on one side and C3‚‚‚I1 ) 3.705 Å on the other side, are
longer than the sums of the vdW radii of the corresponding
atoms (C‚‚‚C ) 3.1 Å and C‚‚‚I ) 3.65).

Conductivity. Figure 6 shows the temperature dependence
of the resistivity for single crystals of1b, 2b, 3a, and3b.
All salts are semiconducting with the room-temperature
resistivity ranging from 2× 103 to 5 × 104 Ω cm. Among
the four salts,3a is less resistive. This is in agreement with
the columnar arrangement of the donor molecules. Higher
room-temperature resistivity of phaseb (over 104 Ω cm) is
in line with the isolated dimer structure.

Electronic Band Structure. Calculated intermolecular
overlap integrals of the phasea salts is shown in Figure 7
and Table 6. The degree of the dimerization is larger than
the usual TTF salts because of the large inclination of the
donor molecules along the molecular long axis. The calcu-
lated overlap integrals are consistent with the strongly
dimerized structure, and the intradimer overlap integralsp
are 20-50 times larger than those of the interdimer overlap
integrals,q, r, and s. Therefore, the shape of the Fermi
surfaces is affected by the subtle balance of the interdimer
quasi-one-dimensional overlap integrals. However, it does
not reflect the intrinsic nature of the electronic band
structures. Figure 8 shows the dispersions of the electronic
bands. Their calculated bandwidthsW are nearly 100 times
smaller than those of the usual TTF-based organic conduc-
tors. It is due to the small absolute values of the interdimer
overlaps, and it is the origin of the low conductivity of the

phasea salts. Figure 9 and Table 7 show the overlap integrals
of the phaseb salts. The very small interdimer values (∼1/
100 of intradimer) indicate that the donor dimers in the phase
b crystals are almost isolated from a viewpoint of electronic
band structure. An electron hopping conduction mechanism
may be considered for the phaseb salts.

Spin Density of Phase 1b.Spin dependent DFT calcula-
tions were carried out on the isolated inorganic anion
[Cr(isoq)2(NCS)4]- and the organic dimer (DIET)2 of phase
1b to investigate the distribution of electronic spin within
the system.

As shown in Table 8, the major part of the spin density in
[Cr(isoq)2(NCS)4]- is localized on the chromium ion (2.80),
in agreement with a formal CrIII center. The rest of the
positive spin density is mainly found on the sulfur atoms
and to a lesser extent on the carbon atoms of the NCS groups

Figure 5. Crystal packing of1b along theb axis showing (a) the shortest intermolecular S‚‚‚I contacts and (b) alternation of organic dimers and isoq rings
and the shortest isoq‚‚‚donor distances.

Figure 6. Temperature dependence of the resistivity for1b, 2b, 3a, and
3b.

Figure 7. Molecular arrangement of the donor layer of the phasea salts.

Table 6. Calculated Overlap IntegralsS (×103) and Bandwidths W
(eV) for the Phase a Crystals

crystal crystal

1a 2a 3a 1a 2a 3a

p 15.20 19.89 15.22 s 0.01 0.01 0.01
q 0.47 0.14 0.34 W 0.026 0.021 0.022
r 0.83 0.90 0.75
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(see Figure 10). Very weak negative spin density is localized
on the N atoms of the NCS and isoq ligands.

Spin population analysis of the donor{(DIET)2}+ indicates
that the spin density is spread out mainly on the sulfur atoms
and the central carbon atoms (see Table 8 and Figure 11).
Interestingly enough, nearly no spin density (<0.004) is
found on the terminal iodine atoms. Obviously, weak
coupling between the inorganic and the organic moieties must
occur via some interactions between sulfur and carbon atoms
of the former and the latter.

Magnetism.For the structure of phaseb salts being made
of isolated dimers, we decided to discuss first the magnetic
properties of compounds belonging to this phase.

Phaseb. The øMT product of3b is temperature indepen-
dent and is equal to 0.37 emu K mol-1. This value
corresponds to the spin-only value expected for one isolated
radical withsrad ) 1/2. At room temperature, an ESR signal
characteristic of organic radicals appears atg ) 2.011.

According to the crystal structure there are no close contacts
between dimers. The observedøMT value confirms that each
donor dimer{D-D} carries one single electron. Indeed, two
possible charge distributions on donors might be expected
at the scale of material: (i) single dimers{D-D}+• yielding
to paramagnetic species and (ii) diamagnetic dimers{D•-
D•}2+ and {D-D}0 in a 1:1 ratio ({D•-D•}2+ being
diamagnetic because of the very strong antiferromagnetic
coupling between the two radicals).

The magnetic properties of1b and 2b are very similar.
At room temperatureøMT for 2b is equal to 2.27 emu K
mol-1 (see Figure 12) which corresponds to the spin-only
value expected for two uncoupledsrad ) 1/2 andsCr ) 3/2
with g ) 2.00. øMT is constant down to 100 K and then

Figure 8. Calculated electronic band dispersions of the phasea salt. Entire
view of the band structure (left) and the magnified view of the upper band
structure (right).

Figure 9. Molecular arrangement in the phaseb crystals.

Table 7. Calculated Overlap IntegralsS (×103) for the Phase b

crystal crystal

1b 2b 3b 4b 1b 2b 3b 4b

p 13.73 19.57 13.66 19.42 s 0.08 0.07 0.08 0.07
r 0.11 0.10 0.11 0.10 t 0.20 0.41 0.22 0.42

Table 8. Calculated Atomic Spin Densities for [Cr(isoq)2(NCS)4]-

and {(DIET) 2}+

[Cr(isoq)2(NCS)4]-

S1 S2 N1 N2 N3 C1 C10 C11 Cr
0.09 0.09 -0.06 -0.06 -0.05 0.02 0.03 0.03 2.80

{(DIET)2}+

S4 S5 S6 S7 S8 C12 C13 C14 C16 C17
0.06 0.09 0.08 0.02 0.02 0.01 0.01 0.05 0.03 0.02

Figure 10. DFT-computed positive spin density of [Cr(isoq)2(NCS)4]- in
1b. The isosurface plot is shown at 0.01 e/bohr3.

Figure 11. DFT-computed positive spin density of{(DIET)2}+ in 1b. The
isosurface plot is shown at 0.01 e/bohr3.

Figure 12. øMT vs T plot for 2b. The inset shows the temperature
dependence oføM

-1 (points) with the best-fitted curve (see text).
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decreases. Finally,øM
-1 passes through a minimum atT )

1.9 K. The magnetic susceptibility can be fitted with Curie-
Weiss lawøM ) C/(T - θ) (C is the Curie constant andθ
is the Weiss temperature) in the temperature range 3.5-10
K with C ) 2.18 emu K mol-1 and θ ) -1.6 K. Neither
close contacts between anions norπ-π overlap between isoq
planes can be detected in phaseb. However, there exists a
short distance between two carbon atoms of adjacent isoq
rings (C3‚‚‚C3 ) 3.262(20) Å), and one may suppose that
superexchange interactions between CrIII centers could take
place through this contact. In one unit cell there are six short
contacts between the donor at the center of the unit cell and
the four anions at the corners, two S2‚‚‚S3, two S2‚‚‚I1, and
two S1‚‚‚I2, from which only S‚‚‚S contacts contribute to
the superexchange interactions. At the scale of the crystal
these contacts define chains. In such spin topology, with
antiferromagnetic interactions between adjacent spins, fer-
rimagnetic behavior would be anticipated. In other words,
øMT would pass through a minimum whileøMT would
increase on lowering the temperature in the ferromagnetic
case.17 The value ofθ is very small, and despite the short
distances between spin carriers the amplitude of the interac-
tions remains desperately small.

Phase a. The magnetic properties of3a show more
complex behavior than those of3b. The temperature
dependence oføM of 3a is represented in Figure 13. At room
temperatureøMT is equal to 0.37 emu K mol-1 which
corresponds to the spin-only value fors ) 1/2.øM increases
on lowering the temperature, passes through a broad maxi-
mum atTmax ) 25 K, and then decreases. Surprisingly,øM

shows a minimum atTmin ) 6 K. This minimum is perfectly
reproducible, and the magnetization increases linearly with
the magnetic field at 2 K which excludes the presence of
paramagnetic impurities. In phasea, exchange type interac-
tion between the spin of the dimers can take place because
the shortest interdimer contact S6‚‚‚S8 is in the vdW range.
The magnetic system can be described by uniform chains
of equally spaced spin 1/2. The spin Hamiltonian in zero
field adapted to describe interactions between nearest
neighbors is

with J being the exchange interaction parameter and theSi’s
being the spin operators at sitesi. A numerical expression
based on a method developed by Bonner and Fisher18 has
been derived for the molar susceptibility when the interaction
is antiferromagnetic:19

with x ) |J|/kT, g being the Zeeman factor, and the other
parameters having their usual meanings. The best fitting in
the temperature range 10-300 K is obtained withJ ) -28
cm-1 and g ) 2.06 with a fairly good agreement with
experiment. In the crystal the chains of donors are well-
isolated from each other, and no interchain interactions take
place.

At room temperatureøMT of 1a is equal to 2.25 emu K
mol-1 in agreement with the expected spin-only value. On
cooling to 2 K,øMT decreases (see Figure 14), but contrary
to 2b, no magnetic phase transition occurs at low tempera-
ture. One anion can interact with two other anions through
theπ-π overlap of isoq groups and also two donor dimers
through short S‚‚‚S contacts. To isolate the chromium
contribution to the overall magnetism we subtracted the
experimentaløMT versusT data of3a from theøMT versus
T data of1a and obtained the chromium contribution to the
magnetism of1a (Figure 14). The difference curve is almost
completely flat down to 12 K withøMT ≈ 1.86 emu K mol-1

and then decreases. The expected value for one isolated
chromium withg ) 2.00 is equal to 1.875 emu K mol-1.
We can conclude that anion-anion and donor-anion
interactions are small. The dominant interaction in1a is
donor-donor. Indeed, Mori and Katsuhara20 have shown that
in a similar compound the coupling constant between two
chromium spins is of the order of-0.1 cm-1. Furthermore,
from the studies of phaseb compounds we know that the
anion-donor interaction through short identical S‚‚‚S con-
tacts is also small. The net defined by the superexchange
interactions between magnetic centers with the orientation
of the magnetic moment of the ground state is schematically
represented in Scheme 1:J represent the antiferromagnetic
coupling between donors along theb axis,J′ is the antifer-
romagnetic coupling within mixed chains in the [1h11]
direction, andJ′′ is the antiferromagnetic coupling between
anions throughπ-π overlap of isoq groups along theb axis.
With |J| . |J′,J′′| the ground state is antiferromagnetic
whatever the ratioJ′/J′′, and the system can be described,
in a first approximation, by two uncoupled magnetic
chains: one chain of donors running along theb axis and
one chain of anions running also along theb axis. As a matter
of fact, the difference curve on Figure 14 can be reproduced
with a classical-spin chain model with antiferromagnetic

(17) Kahn, O.Molecular Magnetism; VCH: New York, 1993.

(18) Bonner, J. C.; Fisher, M. E.Phys. ReV. A 1964, 135, 640.
(19) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hogdson, D.Inorg. Chem.

1978, 17, 1415.
(20) Mori, T.; Katsuhara, M.J. Phys. Soc. Jpn.2003, 72, 149.

Figure 13. Temperature dependence oføM for 3a. The solid line
corresponds to the best adjusted curve (see text).

H ) -J∑
i)1

n-1

Si‚Si+1

øM ) Ng2â2

kT
0.25+ 0.074 975x + 0.0752 35x2

1.0+ 0.9931x + 0.1721 35x2 + 0.757 825x3
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interaction between neighboring CrIII of the order of-0.1
cm-1. One must also point out that small but significant
magnetic anisotropy of distorted octahedral CrIII can con-
tribute to the magnetism.

In phasea, the donors form chains which should favor
the delocalization of the conducting electrons along the
chains. However, these chains are very weakly coupled with
the inorganic network. The two networks behave indepen-
dently with no synergy between them. The delocalization

of the spins of the donor, mainly located on the four central
sulfur atoms (see Table 8), toward the iodine atoms is too
weak to promote superexchange interactions with the inor-
ganic network. The same considerations apply for phaseb,
with, furthermore, no interaction between donors.

Conclusion

We have reported in this article the synthesis and the
characterizations of seven charge-transfer salts containing
[M(isoq)2(NCS)4]- anions and iodine substituted TTF deriva-
tives. We observed in these compounds a common structural
topology. The two iodine atoms of a given TTF donor are
connected to two sulfur atoms belonging to the same anion
with -I‚‚‚S- mean distances of 3.4 Å, which is very short
compared to the corresponding sum of the vdW radii (3.8
Å). This reflects the ability of iodine to structure materials.
The strongly dimerized character of TTFs confers the
semiconducting behavior to these compounds. The analysis
of the magnetic properties in relation with both their crystal
structures and spin density DFT calculations revealed that
the very short-I(donor)‚‚‚S(NCS)- contacts are very
efficient for supramolecular self-assembling but not sufficient
to mediate significant magnetic interactions between the TTF
and the anion. Our analyses reveal also that the main sources
of magnetic interactions in our charge-transfer salts are the
short S‚‚‚S intermolecular contacts.
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Figure 14. øMT vs T plot for 1a (b). Chromium contribution (øMT(Cr) )
øMT(1a) - øMT(3a)) (2).

Scheme 1. Interactions between Spin Carriersa in Phase a
Compounds with the Relative Orientation of the Spins of the

Ground State

a O, donor dimer;b, anion.
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