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Electrocrystallization of iodinated TTF molecules in presence of

trinuclear [Mo3S7Cl6]
2� cluster anions provides the first exam-

ple of radical salts with halogen bonding interactions at the

organic/inorganic interface.

Introduction

The solid state organization of molecular conductors based on

partially oxidized molecules such as tetrathiafulvalene deriva-

tives is primarily based on the overlap interaction between

partially oxidized molecules, leading to low dimensional band

structures with partially filled bands, hence their metallic

character.1 While the details of these overlap interactions are

of paramount importance in determining the electronic prop-

erties of the salts, the chemist has a limited number of ways at

their disposal to control the exact solid state organization

adopted by the donor molecules and the counter ions during

the electrocrystallization2 experiments. Historically, besides

modifications of the organic donors themselves,3 the choice

of counter ions of increasing complexity, with a variety of

charges, volumes, connectivity and shapes, has been the driv-

ing force behind the upsurge of hundreds of new molecular

conductors and superconductors.4 In that respect, larger

polyoxometalate anions (Mo6O19
2�, PW12O40

3�,. . .)5,6 as

well as polynuclear metal clusters [(Mo6X8Y6)
2�,7

(Re6S8�nXnY6)
n�4,. . .]8 have provided novel types of structur-

al association, together with extended isostructural series

where the role of embedded solvent molecules was high-

lighted.9 In this context, the chemistry of trinuclear cluster

anions of lower symmetry, i.e. [Mo3(m3-Q)(m-Q2)3X6]
2�, with

Q = S, Se, X = Cl, Br or I, incorporating one capping

chalcogen atom and three bridging dichalcogenides,10 is parti-

cularly attractive for (i) the easy substitution of the outer

halide atoms by a large variety of ligands,10–12 (ii) the inter-

esting third-order nonlinear optical,11 electrochemical and

magnetic properties13 introduced by ligand modifications,

(iii) their successful use as electrolytes in electrocrystallization

experiments with a variety of TTF derivatives such as BEDT-

TTF [bis(ethylenedithio)tetrathiafulvalene] with [Mo3S7Br6]
2�

and [Mo3S7Cl6]
2�.14

At this stage however, as in most electrocrystallization

experiments so far, we have no control over the obtained solid

state structures and particularly over the organic/inorganic

interface. Actually, earlier reports on the role of weak

C–H� � �O,N,X hydrogen bonds in BEDT-TTF salts5,15 have

prompted an increasing effort to specifically modify this inter-

face, by introducing on the TTF core functional groups able to

recognize a specific site on the anionic layers. This was

primarily addressed with the intentional use of normal hydro-

gen bonds,16,17 by substituting the TTF core with hydrogen

bond donor groups such as alcohols,18 acids19 or amides.20,21

In a parallel way, Kato introduced in 1995 another intermo-

lecular interaction to control the organic/inorganic interface of

molecular conductors,22 which is the halogen bond.23,24 This

interaction between an organic halide acting as halogen bond

donor and a halogen as a bond acceptor (halogen atoms

themselves being Lewis bases) is based on the anisotropy of

the electron density around the halogen atom, which leads to

(i) a smaller effective radius along the extended C–X bond

axis than in the perpendicular direction, (ii) an electron-

deficient region (+d) along this C–X axis, acting as electro-

static attractive potential toward Lewis bases. This interaction

leads to a number of specific structural motifs, such as a

linear motif with the lone pairs of a nitrile or a pyridine, and

type I or type II motifs for interactions between halogens

(Scheme 1).25

According to this concept,17 halogenated TTFs such as

EDT-TTF-I or EDT-TTF-I2 were successfully electrocrystal-

lized with various halo anions such as Br�,22,26 I�,27 IBr2
�,28

Pb5/6I2
�,29 cyano anions such as [Ag(CN)2]

� or22

[Au(CN)4]
�,30 and nitrile-containing dithiolene anions such

as [Ni(mnt)2]
�.31 The halogen bonding was not only observed

in these salts but was even enhanced due to the activation of

the +d character of the halogen atom bonded to the TTF core

when the TTF is oxidized to the cation radical.17

At that point, it was tempting to associate the variability

of shape and size of large cluster anions evoked above with
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the efficiency of the halogen bonding interaction to control

the organic/inorganic interface with such counter ions.

This was first recently addressed by Batail et al. who

reported the electrocrystallization of iodotetrathiafulvalene

derivatives with the hexanuclear [Re6Se8(CN)6]
4� cluster

anion.32 In the salt reported with E-TTF-I2 for example,

two trans cyanide moieties of [Re6Se8(CN)6]
4� associate with

(E-TTF-I2)
+� to afford polymeric chains through strong

halogen bonds, but at the expense of the organic/inorganic

segregation needed for overlap interaction between the cation

radical species, probably because of the symmetrical nature

of the cluster anion and the highly directional C–I� � �NC

interaction.

We report here that the use of a cluster anion of lower

symmetry such as [Mo3S7Cl6]
2� allows for the successful

electrocrystallization of mixed-valence salts of iodinated

TTFs, with the simultaneous occurrence of: (i) strong halogen

bonds at the organic/inorganic interface and (ii) a two-dimen-

sional segregation of the partially oxidized TTF cation radi-

cals in the conducting salt [EDT-TTF-I2]4[Mo3S7Cl6]�CH3CN.

This provides the very first example of halogen bonding

interactions at the organic/inorganic interface in TTF salts

with complex polymetallic cluster anions.

Results and discussion

The electrocrystallization of EDT-TTF-I2 was attempted with

several trimetallic cluster anions such as [Mo3S7Cl6]
2�,

[Mo3S7Br6]
2� and [Mo3S7(SCN)6]

2�. Black polycrystalline

material was obtained in most cases. However, performing

the electrocrystallizations at higher temperatures (+40 1C)

afforded, in the presence of (nBu4N)2[Mo3S7Cl6] small single

crystals on the anode. The salt crystallizes in the triclinic

system, space group P�1 with four crystallographically inde-

pendent donor molecules, one [Mo3S7Cl6]
2� counter ion and

one acetonitrile solvent molecule, all of them in general

positions in the unit cell (Fig. 1), which corresponds thus to

a [EDT-TTF-I2]4[Mo3S7Cl6]�CH3CN formula.w
It is therefore a mixed valence salt, potentially conducting.

The intramolecular bond distances within the TTF core of the

partially oxidized donor molecules are collected in Table 1,

together with some reference compounds. We note that the

central CQC and C–S bonds exhibit large variations between

the four crystallographically independent molecules, possibly

indicating a variable degree of oxidation among the four

molecules. Evaluation of charge transfer can be performed

based on the Coppens formulae33 which relates the degree of

charge transfer r to either the ratio (CQC)/(C–S) or the

difference (CQC) � (C–S) with rratio = A + B�(CQC)/

(C–S) or rdiff. = C + D�[(CQC) � (C–S)], respectively. Such

correlations have been successfully used in TTF33 as well as

BEDT-TTF salts.34 A linear fit with the published data for the

neutral EDT-TTF-I (r = 0) and the salts (EDT-TTF-I2)2I3
and (EDT-TTF-I2)I3 with r = 0.5 and 1, respectively,

afforded the following values: A = �12.221, B = +16.223,

C = +3.7148 and D = +8.5462. Using those values for our

salt we can obtain an estimation of the different degrees of

charge transfer for the four independent EDT-TTF-I2 donor

molecules. Thus, molecule A is essentially neutral while mole-

cules B, C and D share the 2+ oxidation state.

In the solid state (Fig. 1), we observe the typical segregation

of the organic (EDT-TTFI2) moieties on the one hand and the

inorganic/solvent moieties on the other. As shown in Fig. 2,

the organic/inorganic interface is characterized by numerous

Scheme 1 Top: anisotropic electron distribution around the halogen
atom (left) and interaction with a Lewis base (right). Bottom:
Hal� � �Hal bonding patterns.

Fig. 1 A view of the four crystallographically independent EDT-TTFI2 molecules in [EDT-TTF-I2]4[Mo3S7Cl6]�CH3CN, showing also the

organic/inorganic segregation and the interstitial CH3CN molecules embedded in the inorganic layers.
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halogen bonding interactions which settle between the iodine

atoms of the partially oxidized A–D molecules and as ‘‘ac-

ceptor’’ atoms, six chlorine atoms and one sulfur atom of the

[Mo3S7Cl6]
2� cluster anions and the nitrogen atom of the

acetonitrile solvent molecule, firmly embedded in the inorganic

layer. The structural characteristics on these halogen interac-

tions (Table 2) confirm their bonding nature as the I� � �(Cl, N)

distances are far shorter than the sum of van der Waals radii,

but also shorter than the Dmax distances determined according

to Nyburg by taking into account the non-spherical shape of

the atoms.36 All, except that with the sulfur atom, exhibit a

strong linearity characteristic of halogen bonding.

The organic slabs are formed by parallel stacks related to

each other by inversion. Within a given organic stack (Fig. 3),

we observe an ACBDACBD alternation, with the iodine

atoms of the A, C and D molecules pointing in one direction,

and those of the B molecule in the other direction.

The four possible overlap interactions within these stacks,

that is BD, BC, AC and AD are shown in Fig. 4. We observe

that BC and BD involve a head-to-tail overlap while AC and

AD associate molecules with the same orientation.

From the calculations of the charge on each donor molecule

(see above) we can assume that the charge on molecule A is

essentially zero while molecules B, C and D share the +2

charge. Thus, the stacks can be tentatively described as

follows: –A0–[C/B/D]2+–A0–[C/B/D]2+–, with a head-to-tail

overlap within the [C/B/D]2+ trimer and a head-to-head

overlap with the almost neutral A0. Based on this description

of almost isolated dicationic trimers, the salt should be

insulating or a poor semiconductor. In fact, the temperature

Table 1 Bond lengths (Å) and estimation of the degree of charge transfer (r) (see text) in EDT-TTF-I2 derivatives

C–S bond a C–S bond c (C–S)av. CQC bond b rratio rdiff. r Ref.

Molecule A 1.762(16) 1.761(20) 1.755 1.335(23) +0.12 +0.12 This work
1.752(20) 1.745(16)

Molecule B 1.723(15) 1.756(19) 1.738 1.393(22) +0.78 +0.77 This work
1.731(18) 1.743(15)

Molecule C 1.722(16) 1.731(14) 1.726 1.378(21) +0.73 +0.74 This work
1.708(13) 1.743(19)

Molecule D 1.727(14) 1.738(17) 1.730 1.373(21) +0.65 +0.66 This work
1.734(18) 1.720(14)

Sr +2.28 +2.29

EDT-TTF-I a a 1.763 1.332(13) 0 31b
1.324(14)

(EDT-TTF-I2)2I3 1.733(24) 1.731(20) 1.740 1.365(29) 0.5 28
1.741(19) 1.757(24)

(EDT-TTF-I2)I3 1.718(9) 1.718(9) 1.718 1.40(2) 1 35

a Two crystallographically independent molecules.

Fig. 2 Detail of the halogen bonding interactions (dotted lines), between the four crystallographically independent EDT-TTFI2 molecules and

neighboring atoms. Symmetry operations applied to some acceptor atoms are as follows: for Cl6, Cl6a (�1 + x,y,1 + z); for Cl5, Cl5b at

(�1 + x,y,z), for N1, N1c at (x,1 + y,z), for Cl2, Cl2d (x,y,1 + z).

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1103–1109 | 1105
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dependence of the dc electrical conductivity, determined on

two different single crystals, shows that the title compound

exhibits semiconducting behavior with a low room tempera-

ture conductivity of ca. 10�4 S cm�1 and two different

semiconducting regimes, both with high activation energies

of ca. 290 meV (between 300 and 265 K) and 230 meV

(between 265 and 240 K). Below 240 K the resistivity is too

high to be measured by our conductimeter. In order to under-

stand this behavior, we have also determined for every bimo-

lecular interaction the HOMO–HOMO overlap interaction

energies (Hij) from tight binding extended Hückel calculations

(see Fig. 3).37,38 For the interaction along the stacks, we

obtained for Hac, Hbc, Hbd and Had, 0.288, 0.430, 0.216 and

0.412 eV, respectively. The interactions between stacks are

much weaker, since we found for Haa, Hbb, Hcd1, Hcd2, Hact,

Hbdt, Hadt and Hbct, respectively 0.046, 0.087, 0.020, 0.045,

0.00, 0.012; 0.125 and 0.007 eV. The existence of two different

semiconducting regimes with faint transitions near room

temperature has already been observed in other radical salts

of ET-type donors and may be attributed to the ordering of

the ethylene group of the EDT-TTFI2 molecule.14b,39

To corroborate these observations, magnetic susceptibility

measurements were performed on a polycrystalline sample. As

can be seen in Fig. 5, the broad maximum in the susceptibility

indicates low-dimensional antiferromagnetic exchange, while

the fact that the susceptibility tends to 0 at T = 0 K suggests a

system with a magnetic gap. It is therefore possible that

Coulomb repulsion is large and therefore the spins are loca-

lized into the [C/B/D]2+ trimeric moieties, hence the low

conductivity of the salt.40 To model the observed behavior, a

singlet–triplet model41 was examined. A term to account for

the Curie contribution, clearly visible at low temperatures,

arising from paramagnetic impurities and defects in the sample

was also included in the fitting routine. This model reproduces

satisfactorily the magnetic data with a S–T gap for the dimer,

2J = �196(5) cm�1, g = 2.05(3) and 3.5(1)% of monomeric

paramagnetic impurity (dashed line in Fig. 5). Although this

model reproduces quite well the overall magnetic behavior, the

minimum at ca. 50 K is not well reproduced. This result

indicates that there must be an extra magnetic coupling

between the [C/B/D]2+ trimeric units. To account for this

extra coupling, we have used a model of interacting dimers by

means of the molecular field approximation:42

w�dim ¼
wdim

1� ð2zJ�=Ng2b2Þwdim

where J* is the inter-dimer exchange constant, z is the number

of neighbors (which is assumed to be two) and wdim is the

Table 2 Structural characteristics of the halogen bonded systems,
where Dmax is the contact distance for a type II interaction, determi-
neda from the sum of the non-spherical van der Waals radii.36 See
Fig. 2 for the atom numbering and symmetry operations

Interaction I� � �X/Å Dmax/Å C–I� � �X/1

I1A� � �N1c 2.98(2) 3.36 171.7(6)
I2A� � �Cl1 3.563(5) 3.54 151.0(5)
I1B� � �S3 3.609(6) 3.79 127.5(4)
I2B� � �Cl4 3.273(5) 3.54 158.2(5)
I1C� � �Cl2d 3.278(5) 3.54 171.5(4)
I2C� � �Cl6a 3.168(4) 3.54 158.3(4)
I1D� � �Cl2 3.172(5) 3.54 171.3(4)
I2D� � �Cl5b 3.245(5) 3.54 168.9(4)

a See Table 13 in ref. 17a.

Fig. 3 A view of the organic slab (black lines indicate the intermo-

lecular interactions).

Fig. 4 Overlap patterns within the stacks.

Fig. 5 Thermal variation of the magnetic susceptibility of the title

compound. The dotted line is the best fit to a simple dimer model. The

continuous line is the best fit to a model of interacting dimers

(see text).
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susceptibility of the singlet–triplet model. This model repro-

duces very satisfactorily the magnetic data in the whole

temperature range, including the minimum at ca. 50 K with

the following parameters: g = 2.01(6), 2J = �201(2) cm�1,
J* = �84(3) cm�1 and a 4.4(3)% of monomeric paramagnetic

impurity (solid line in Fig. 5). The similarity in the values of

the two exchange parameters is in agreement with the also

similar calculated HOMO/HOMO overlap interaction ener-

gies (see above). Thus, each [C/B/D]2+ trimeric unit interacts

with the two neighboring [C/B/D]2+ trimeric units in adjacent

chains, with overall interaction energies of 191 eV (2*Hcd2 +

2*Hbct + Hbb) and 0.151 eV (2*Hcd1 + 2*Hbdt + Hbb)

(see Fig. 3), of the same order as the values found inside the

[C/B/D]2+ trimeric unit (0.216 and 0.430 eV).

The thermal variation of the EPR spectra of the title

compound is very similar to that of the BEDT-TTF salt of

the same anion14b and confirms the results obtained with the

SQUID magnetic susceptibility measurements. Thus, at room

temperature, the EPR spectrum shows a broad slightly aniso-

tropic Lorentzian line at g = 2.002 with a line width of ca.

155 G (Fig. 6) that can be attributed to the EDT-TTFI2
molecules. This anomalous large line width indicates that the

spin relaxation time in the organic sublattice must be very

short, suggesting the presence of effective relaxation pathways

through the many I� � �Cl and I� � �S interactions observed

between the organic and inorganic sublattices (see above). In

fact, in two dimensional radical salts of the TTF type the line

widths are about one half that of the title compound (usually

in the range 40–80 G).43 When lowering the temperature the

line narrows down to ca. 70 G at 70 K. Below this temperature

the signal splits into two lines and below ca. 30 K up to three

lines, typical of a rhombic spectrum, can be observed. This

splitting of the donor signal into three separate components is

very unusual in this kind of radical salts and, as far as we

know, has only been observed very recently in two radical

salts, both with the donor BEDT-TTF and also with bulky

anions.14b,44

The intensity of the signal increases when lowering the

temperature down to ca. 120 K. Below this temperature the

intensity of the signal decreases, reaching a minimum at ca.

40 K to increase again below this temperature (Fig. 7). This

behavior parallels the SQUID magnetic susceptibility mea-

surements (Fig. 5) and confirms the presence of a strong

antiferromagnetic coupling in the organic sublattice as well

as a small amount of paramagnetic impurities associated to

isolated donor molecules.

Conclusions

The title compound represents one of the very scarce examples

of radical salts presenting a true interaction between the

organic and inorganic sub-lattices. In fact, as far as we know,

the title compound presents the largest line width of an EPR

signal observed to date in a TTF-type radical salt, indicating

the presence of strong interactions through the numerous

I� � �Cl and I� � �S short contacts observed in the structure of

the title compound. This interaction is the result of the

presence of two iodine atoms in the donor molecules and

several accessible acceptor atoms such as Cl and S in the anion

and demonstrates the feasibility of this kind of TTF-type

donors to prepare hybrid molecular materials with interac-

tions between the two sublattices.

Experimental

Electrocrystallization experiments. The donor molecule EDT-

TTFI2 and the electrolyte (nBu4N)2(Mo3S7Cl6) were prepared

as previously described. Electrocrystallization was performed

Fig. 6 Q-Band EPR spectra of the title compound at different

temperatures.

Fig. 7 Normalized temperature dependence of the spin susceptibility

obtained from the area of the EPR signal.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1103–1109 | 1107
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with EDT-TTFI2 (10 mg) and (nBu4N)2(Mo3S7Cl6) (40 mg) in

a CH3CN solution (10 mL) containing CH2Cl2 (0.5 mL) to

help the dissolution of EDT-TTFI2. Constant current of 0.5 mA
was applied during two weeks on Pt electrodes (length 2 cm,

diameter 0.1 cm) while the cell was thermostated at 40 1C.

Crystallography. The crystal was mounted on the top of a

thin glass fiber with Araldites glue. Data were collected on a

Nonius KappaCCD Diffractometer at room temperature with

graphite-monochromated Mo-Ka radiation (l = 0.71073 Å).

The structure was solved by direct methods (SHELXS-97) and

refined (SHELXL-97)45 by full-matrix least-squares methods,

as implemented in the WinGX software package.46 Absorp-

tion correction was applied. Hydrogen atoms were introduced

at calculated positions (riding model), included in structure

factor calculations, and not refined. Crystal data for (EDT-

TTFI2)4(Mo3S7Cl6)(CH3CN): C34H19Cl6I8Mo3NS31, M =

2951.08, space group P�1, a = 13.6879(4), b = 14.8842(3),

c = 20.1813(5) Å, a = 76.2650(10), b = 74.578(2), g =

78.0550(10)1, V = 3804.53(16) Å3, Z = 2, Dcalcd = 2.576 g

cm�3, m = 4.827 mm�1; 63 914 reflections collected, 17 437

independent (Rint = 0.1269) and 7708 with I 4 2s(I). 742
parameters refined to give R(F) = 0.0624 and Rw(F

2) =

0.2348.

Conductivity measurements. Conductivity measurements

over the range 2–300 K were performed with the standard

four contacts method on single crystals in a Quantum Design

PPMS-9. Contacts to the samples were made by platinum

wires (25 mm diameter) attached by graphite paste to the

samples. The cooling and warming rate was in the range

0.25–0.5 K min�1 and the intensity of the applied DC current

was in the range 0.01–1.0 mA.

Magnetic properties. Magnetic susceptibility measurements

were made on a Quantum Design SQUID magnetometer in an

applied field of 100 G between 3 K and 300 K on 2.5 mg of

polycrystalline sample. Data were corrected for both sample

diamagnetism (Pascal’s constants) and the sample holder.

Q-Band ESR spectra were recorded on a polycrystalline

sample with a Bruker E-500 ELEXSYS spectrometer in the

temperature range 300–4.2 K.
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M. Fourmigué, K. Boubekeur, P. Batail, M. M. Rohmer,
M. Bénard, C. Coulon, M. Sallé and P. Blanchard, J. Chem.
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