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The synthesis and crystal structure of the first tetrathiafulvalene (TTF) based radical cation salt
containing the heteroleptic paramagnetic anion [Cr'™(2,2’-bipy)(C»O4),]~ are reported. In the salt
formulated as o/-(BEDT-TTF),[Cr(C,04)»(2,2’-bipy)] - CHCI,CH,Cl according to the single-
crystal X-ray structure, the BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) donors are in a

mixed valence state and form two types of uniform chains within organic layers. Two overlap
modes are observed in these chains, which are canted with respect to the stacking direction,
leading to a peculiar o’ packing mode. The anions organize in supramolecular chains sustained by
7T interactions between the bipyridine units. The magnetic behavior of the compound follows a
Curie—Weiss law, with a magnetic contribution arising from both cationic and anionic

counterparts. Single-crystal electrical transport measurements are in agreement with a
semiconductor behavior and have been correlated with extended Hiickel tight-binding

calculations.

Introduction

The association of conducting and magnetic properties within
tetrathiafulvalene (TTF) based radical cation salts has been
providing a very active area of research in the last fifteen
years.! Indeed, one of the main goals in the field of molecular
materials is to combine within the same material at least two
different physical properties, such as magnetism and conduc-
tivity, which can then coexist or interplay. A straightforward
strategy to prepare such materials consists in a hybrid ap-
proach upon combination of two distinct anion and cation
lattices, each furnishing a different property. Thus, in the case
of TTF based salts, the organic layer, consisting in slabs of
interacting TTF molecules in diverse oxidation states, exhibits
conducting properties, while the anionic layer, often based on
transition metal complexes, provides magnetic properties. In
this respect, the bis(ethylenedithio)tetrathiafulvalene (BEDT-
TTF) donor and its derivatives have afforded most of the
molecular conductors or superconductors known to date.” It is
therefore not surprising that several milestones in the field of
the molecular magnetic conductors have been achieved with
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this family of donors.'® They include, for example, the synth-

esis of the first paramagnetic metal (BEDT-TTF);[CuCly],
first molecular paramagnetic superconductor (BEDT-
TTF),[(H30)Fe(C504);] - PhCN (C,0,> = oxalate),* first
molecular ferromagnetic metal (BEDT-TTF)3-
[MnCr(C,0,);],> and first molecular antiferromagnetic super-
conductor k-(BETS),[FeBr,] (BETS = bis(ethylenedithio)te-
traselenafulvalene).® It is worth noting that the association of
BEDT-TTF with oxalate based anions gave rise to a whole
family of conducting or superconducting salts formulated as
(BEDT-TTF),AM"(C,0,);]-S (A = H;0", K*, NH,";
M'™ = Cr, Fe, Co, Ga, Al; S = PhCN, PhNO,, Py, PhHal,
CH,Cl,, DMF),*” although the use of other paramagnetic
anions such as [Cr'(NCS)e*~.% [CrM(NCSe)]*~,° the Rein-
ecke type anions [Cr™(NCS)4(L),]~ (L = NHs, isoquino-
line),'° oxalate-bridged dinuclear anions [Fex(C204)s]* ! or
[Cra(C204)(NCS)g]*",'?>  the dithiolene based anion
[Fe'(tdas),]~,'® or, very recently, the croconate based anion
[Fe™(C505)5]*~,"* also provided new molecular materials with
the same BEDT-TTF donor.

Interestingly, most of these magnetic conducting systems
contain as paramagnetic metallic centers Fe(1r) or Cr(im), very
often in an octahedral coordination. Note that in the case of
the tris-bis(chelated) anionic complexes, such as [M(C,04)3]*~
or [Fe(CsOs)s]>~, stereogenic centers are present as A and A
enantiomers.'®'* In this respect, an interesting modification in
the tris(oxalate) system [M(C,04)s]>~ consists in the replace-
ment of one oxalate dianion by one neutral 2,2’-bipyridine to
afford monoanionic species such as [Cr'™(2,2'-bipy)(C,04)>]~
belonging to the more general family of [Cr'™(AA)(C,04),]"
complexes (AA = 2,2'-bipyridine, 1,10-phenanthroline, 2,2’-
bipyrimidine, 2,2’'-dipyridylamine). These compounds proved
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Fig. 1 Labeling scheme for the atoms of the two independent donors
and the anion in compound 1.

to be versatile building blocks for the synthesis of a large
variety of solid-state structures sustained by a combination of
coordinative, hydrogen bond and n—x stacking interactions.'’
Nevertheless, none of the members of this series was included
so far as anionic component of molecular conductors. We
report herein the synthesis, crystal structure and physical
properties of the first conducting material based on the
BEDT-TTF donor and [Cr'™(2,2"-bipy)(C,04)-]™ anion.

Results and discussion

Synthesis and X-ray structure of o'-(BEDT-TTF),-
[Cr(C30.4)2(2,2"-bipy)] - CHCL,CH,CI 1

Single crystals of the salt, as air-stable dark brown bars, have
been grown by using the electrocrystallization technique,'® in a
solvent mixture CH;CN-CHCI1,CH,ClI (1 : 1), which explains
the inclusion of the latter in the crystal structure. The com-
pound crystallizes in the monoclinic system, space group
P2/c, with two independent BEDT-TTF molecules, one
[Cr(ox)>(2,2'-bipy)]” anion and one solvent molecule (1,1,2-
trichloroethane) in general positions in the unit cell (see Fig. 1
for the labeling scheme for both donor molecules and the
anion).

Thus, the stoichiometry donor/anion is 2 : 1, therefore a
mixed-valence type charge distribution on the donor moieties
is likely to occur. The overall structure of 1 consists in
alternating supramolecular layers of cations and anions along
the b axis, within a segregated organic—inorganic architecture,

as mostly often encountered in TTF based materials (Fig. 2).>
Solvent molecules are inserted in the anionic layer, occupying
voids between columns of anions.

Within the organic slabs, the two independent BEDT-TTF
molecules A and B give rise to uniform homo-stacks along the
¢ axis of (A), and (B), type, respectively, with a tilt angle of
46.2° between consecutive columns (Fig. 3(a)). The stacks are
tilted with respect to the chain direction ¢ by 20.6° for A and
25.6°, in the opposite sense, for B. This stacking pattern is
reminiscent to the so-called o phase,!” yet the analysis of the
overlap modes between donors within the same columns
reveals several peculiarities.

In the columns of donors A one can observe a transversal
shift between successive molecules (Fig. 3(b)), a typical feature
of an o phase. The shortest intermolecular intrastack S---S
distance amounts to 3.939 A for S2A.- -S8A(x, 0.5 — y,
—0.5 + z), all the others being over 4.0 A. On the other
hand, the donors B form also uniform stacks, overlapping
each other with a combined transversal and longitudinal shift
(Fig. 3(c)), unlike the typical o’ phases, characterized by a
sequence of transversal shift followed by a combination of
transversal and longitudinal shift."® Once again, the intermo-
lecular intrastack S---S distances are rather long, the shortest
one, S5B---S6B(x, 0.5 — y, —0.5 + z), amounting to 3.881 A.
Several other S- - -S distances below 4.0 A can be also identified
(vide infra). Thus, our compound could be classified as a
peculiar o’ phase, since it contains the two types of intrastack
overlaps found in o phases although in different sequences.
Selected bond lengths for the donors and the anion are listed in
Table 1.

The values of the central C—=C bond distances suggest that
the charge +1 is roughly uniformly distributed over the two
donors. The analysis of the bond distances according to the
method of Day and co-workers,'® which takes into account a
parameter 6 = (b + ¢) — (a + d), where a—d stand for the
averaged values of the central C—S and C—C bonds as
emphasized in Table 1, and the charge Q related to J by the
empirical equation Q 6.347 — 7.4635, provides equal
charges of +0.65 £ 0.1 for both A and B donors. This result
is indicative of genuine mixed-valence character of the donor
lattice, without any preferential charge localization. The cal-
culated total charge of +1.3 £ 0.2 is thus in good agreement
with the expected value of +1.

c-b
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Fig. 2 View of the packing diagram along the ¢ axis in crystal 1, emphasizing the organic-inorganic segregation.
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Fig. 3 View of the BEDT-TTF layers along the b axis (a) and
projections onto the mean molecular planes of the A and B stacks (b
and c) which emphasize the intrastack overlap modes.

The [Cr(0x),(2,2'-bipy)]” anions form supramolecular zig-
zag chains running along the ¢ axis, separated by trichloro-
ethane molecules, upon m—r interactions established between
2,2’-bipyridine molecules (Fig. 4(a)). Two types of n—m con-
tacts I (Fig. 4(b)) and II (Fig. 4(c)) can be disclosed, associated
with short intermolecular C---C or C---N distances of
3.55-3.81 A for I and 3.27-3.57 A for II, respectively.

The chromium ions exhibit octahedral coordination stereo-
chemistry with two oxalate anions and one neutral 2,2’-
bipyridine molecule acting as chelating ligands. The Cr-O
distances vary between 1.932(4) and 1.952(4) A, while the
Cr—N distances are longer, amounting to 2.069(5) and 2.072(4)

Table 1 Selected bond lengths (A) for 1

Compound 1
A B

S._c5§ S ]
(=T
a
s S S s

a 1.374(8) 1.364(7)

b 1.736(6) 1.742(5)
1.726(6) 1.735(5)
1.729(6) 1.732(5)
1.740(6) 1.738(5)

c 1.749(5) 1.748(5)
1.748(6) 1.748(5)
1.752(6) 1.732(5)
1.748(5) 1.741(5)

d 1.350(8) 1.355(7)
1.339(8) 1.350(7)

Cr1-0Ol1 1.952(4)

Cr1-02 1.932(4)

Cr1-05 1.943(4)

Cr1-06 1.942(4)

Crl-N1 2.072(4)

Cr1-N2 2.069(5)

R

Fig. 4 View of the supramolecular chains formed by [Cr(ox),(2,2'-
bipy)]” anions (a) and details of the m—m stacking interactions
(b and c).

A (Table 1), all of them ranging in the usual values observed
for this anion.'® The shortest Cr- - -Cr distances are as long as
7.510 A for Crl- - -Crl(—x, —y, —z) within the n—r dyad I and
7.855 A for Crl---Crl(—x, —y, 1 — z) in II, therefore any
direct magnetic exchange coupling between paramagnetic Cr
centers is very likely precluded. The anions exist as A and A
enantiomers which alternate through inversion centers along
the supramolecular chains, which are thus heterochiral.

Magnetic and electrical transport properties. Band structure
calculation

The magnetic properties of the mixed-valence salt 1, plotted as
T product vs. T (x = molar magnetic susceptibility per
chromium atom) are shown in Fig. 5.

The room-temperature value of the product y7 amounts to
2.14 cm® mol™' K, therefore, when subtracting the major

T T T T T
25 B
) I AAAALAABAAAANAAAAAAGR)
= 2 F .
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=]
M= n
o 15 F & -
1F “ -
05 w o ]
0 50 100 150 200 250 300
T(X)

Fig. 5 T vs. T plot at 5000 Oe for o’-(BEDT-TTF),[Cr(C,04),(2,2’-
bipy)]- CHCL,CH,Cl 1. The inset shows the 1/y vs. T plot. The solid
line represents the best fit curve.
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contribution to the susceptibility provided by the chromium
ions alone (S = 3/2), for which a value of 1.876 cm® mol~' K
is expected,'>* the contribution of BEDT-TTF molecules is
0.264 cm® mol ! K (with an average of 0.132 cm® mol ' K for
each BEDT-TTF donor). This value, corresponding to a 70%
contribution of the spin-only value for S = 1/2 per two
BEDT-TTF, definitely shows that the donor molecules are
not dimerized or strongly antiferromagnetically coupled at
room temperature, in agreement with the structural analysis
(vide supra). Note that contributions at different extents from
the organic donors in TTF-based radical cation salts, with
chromium containing anions, are not uncommon and depend
on the degree of dimerization, antiferromagnetic exchange
interactions and electron delocalization through the organic
layer.”!%%2° The product T remains practically constant from
room temperature down to 50 K, then it starts to decrease
slowly down to 20 K, and, upon further cooling, a much more
rapid decrease is observed down to 2.0 K, temperature at
which the product 7 reaches the value of 1.62 cm® mol ™' K.
As already evoked in the case of compounds containing only
[Cr(0x)-(2,2'-bipy)]” anions as spin carriers and presenting
roughly the same behavior,'> the deviation from the Curie
law at low temperatures can be imputable to the zero field
splitting (D) of the ground state of Cr'" and/or to weak
antiferromagnetic superexchange chromium—chromium inter-
actions, very likely mediated by n—m overlaps between 2,2'-
bipy rings. In the case of our salt, an additional source of
magnetic susceptibility loss could be also the enhancement of
the antiferromagnetic interactions between organic radicals.
However, the magnetic susceptibility data can be well fitted by
the Curie-Weiss law with a Curie constant of 2.14 cm® mol ™!
K and a Weiss temperature 6 of —1.11 K (inset Fig. 5).

The temperature dependence of the four-probe resistivity
(p) measured on a single crystal along the most conductive
direction is consistent with a semiconducting character for the
compound 1. The plot of log(p) vs. T~' (Fig. 6) shows linear
behaviors above 250 K and below 200 K associated with two
different activation energies which can be estimated to 0.31 eV

10 3 T ¥ T ¥ T L T L T
F o/{(BEDT-TTF),[Cr(C,0,) (2.2bipy)] CHCLCHCI 1
6 s e
10" p=p,exp(E/T) e E
; E =1400K
i Sy L1 =01-100nA ]

Resistivity (€2.cm)

10: é- I_w= 1 pA k
F /T~ E =3600K ]
100 [ 1 " 1 i 1 7 1 i 1
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1000/T (K™

Fig. 6 Single-crystal resistivity measurements for o/-(BEDT-TTF),-
[Cr(C,04)2(2,2"-bipy)] - CHCL,CH,CI 1.
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Fig. 7 Donor—donor interactions in the organic layer.

(3600 K) (calculated between 300 and 250 K) and 0.12 eV
(1400 K) (calculated between 200 and 100 K). The room-
temperature value of the conductivity, ¢(300 K), amounts to
0.5'S cm™ !, which is typical for a good semiconductor with a
rather small gap or with electron localization.

In order to have a deeper understanding of the electronic
interactions occurring in the organic layer we have undertaken
extended Hiickel calculations to determine the intermolecular
Pruomo _nomo interaction energies between the closest BEDT-
TTF neighbors. Two intrastack (I and II) and four interstack
(III-VI) donor—donor interactions have been identified
(Fig. 7). The absolute values of the calculated fromo nomo
energies along with the corresponding short S- - -S contacts are
listed in Table 2. Although lateral interactions III-VI are, in
average, stronger than the intrachain ones (I and II), a normal
characteristic for the family of o’ phases, their magnitude is
globally rather small when compared with those of typical o’
phases.'® This is indicative of weak band dispersion, and hence
electron localization.

Tight-binding calculations afforded the band structure dia-
gram shown in Fig. 8. Because of the stoichiometry, these
bands must accommodate two holes.

The overall topology of this band structure is typical of that
of o phases, as for example the (BEDT-TTF),PtBrq salt,’!
which was found to be a semiconductor. Indeed, according to
the band structure calculations for this compound, the two
upper HOMO bands are very narrow, and, even though there
is no band gap in between, the system exhibits an activated,
semiconducting behaviour, because of electron localization. In

Table 2 Intermolecular interactions associated to S---S contacts
shorter than 4 A, with the corresponding absolute values of the
interaction energies |fromo_Homo!

Interaction  S---S (<4.0 A) |Bromo_nomol/eV
I (A-A) 3.939 0.0451
11 (B-B) 3.881, 3.911, 3.967, 3.985, 3.998  0.0747
111 (A-B) 3.536, 3.674, 3.739, 3.895, 3.910  0.0529
IV (A-B) 3.419, 3.607, 3.784, 3.911, 3.996  0.0994
V (A-B) 3.608, 3.652, 3.717, 3.870, 3.873,  0.0934
3.883
VI (A-B) 3.423, 3.659, 3.726, 3.848 0.0525
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Fig. 8 Calculated band structure for o'-(BEDT-TTF),-
[Cr(C504),(2,2'-bipy)] - CHCI,CH,CI 1: T = (0, 0), X = (a*/2, 0),
Z = (0, c*/2), M = (a*/2, c*/2) and S = (—a*/2, ¢*/2).

our salt neither there is a band gap between the third and the
fourth band (Fig. 8), and therefore the compound is clearly
not a band gap semiconductor. Nevertheless, the total disper-
sion of the bands is even about 27% weaker than that of
(BEDT-TTF),PtBryg salt, therefore the intersite repulsions very
likely dominate over the band dispersion, thus leading to a
localized system. Moreover, since there is only one interaction
value along each chain, there is no possibility to form clearly
defined dimers, unlike the cases of (BEDT-TTF)PtBrg salt
and other o’ phases. Hence, the place where the electrons
localize is not evident here, and that still remains an open
question. In this respect, the newly synthesized o phase
(BEDT-TTF),[Cr(C,04)2(2,2"-bipy)] is clearly original both
structurally and electronically, and we feel that additional
physical measurements, such as conductivity under pressure,
could afford further interesting results.

Conclusion

In summary, we have synthesized upon electrocrystallization
the new paramagnetic semiconductor o-(BEDT-TTF),-
[Cr(oxalate),(2,2’-bipy)] - CHCI,CH,Cl, which shows a typical
organic—inorganic segregation in its crystal structure. The
paramagnetic anions, containing octahedrally coordinated
chromium(in) ions, organize in supramolecular chains sus-
tained by n—m interactions between adjacent bipy units. The
organic donors, each bearing a mean charge of +0.5, organize
in uniform chains tilted with respect to each other, forming a
peculiar o slab. Accordingly, larger interchains than intra-
chain HOMO-HOMO interactions have been calculated. The
magnetic response of the compound is mainly dominated by
the paramagnetism of the Cr'™™ S = 3/2 ions, although the
contribution of the organic donors is sizeable, and can be
modeled by a Curie-Weiss law. The transport properties,
investigated by single-crystal resistivity measurements, demon-
strate a semiconducting behavior, very likely due to electron
localization, as suggested by the weak dispersion of the energy
bands. Moreover, the band structure calculations, using the
extended Hiickel method, rule out the possibility of a band gap

semiconductor. The salt we describe herein represents a new
member of the growing family of the molecular paramagnetic
conductors and the first one containing the heteroleptic anion
[Cr(oxalate),(2,2’-bipy)] .

Experimental

Synthesis

Dark brown prisms of o'-(BEDT-TTF),[Cr(C,04),(2,2’-
bipy)] - CHCL,CH,Cl (1) were obtained by electrocrystalliza-
tion as follows. (PPhy)[Cr(oxalate),(2,2’-bipy)] (70.0 mg), pre-
pared by paralleling the synthesis of (AsPhy)[Cr(oxalate),(2,2’-
bipy)] described in the literature,'>“was dissolved in a mixture
of CH;CN (7 mL) and CHCI,CH,Cl (7 mL). In a half of this
solution BEDT-TTF (8.0 mg) was added, and then the suspen-
sion was placed in the anodic chamber of the electrocrystalli-
zation cell, while the other half containing only the supporting
electrolyte was poured in the cathodic compartment. Single
crystals of the salt were grown at 27 °C over a period of 14
days on a platinum wire electrode, by applying a constant
current of 1 pA.

X-Ray crystal structure determinations

Details about data collection and solution refinement are given
in Table 3. X-Ray diffraction measurements were performed
on a Stoe Imaging Plate System operating with a Mo-Ko (1 =
0.71073 A) X-ray tube with a graphite monochromator. The
structure was solved (SHELXS-97) by direct methods and
refined (SHELXL-97) by full-matrix least-square procedures
on F2.2* All non-H atoms were refined anisotropically, and
hydrogen atoms were introduced at calculated positions
(riding model), included in structure factor calculations but
not refined.

CCDC reference number 663262.

For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b713030a

Table 3 Crystallographic data, details of data collection and struc-
ture refinement parameters for 1

Compound 1

Chemical formula C36H,7CI3CrN,OgS 16
Mg mol ™! 1286.91
T/K 293(2)

AJA 0.71073
Crystal system Monoclinic
Space group P2y/c

alA 11.4268(6)
b/A 51.0126(19)
c/A 8.3365(5)
Bl°. 91.829(7)
VA3 4857.0(4)
VA 4

D/g cm ™3 1.760

p/mm ! 1.141
F(000) 2608
Goodness-of-fit on F> 0.998

Final Ry, wR, [I > 206(1)]
Ry, wR; (all data)
Apmax,min/e A73

0.0656, 0.1553
0.1013, 0.1757
0.695, —0.532
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Magnetic measurements

The variable-temperature magnetic susceptibility measure-
ments were obtained with the use of a Quantum Design
SQUID magnetometer MPMS-XL. Measurements were per-
formed on a finely ground crystalline sample of 1 (11.83 mg).
The magnetic data were corrected for the diamagnetic con-
tribution of the sample and the sample holder, estimated from
the Pascal’s constants.?

Single-crystal conductivity measurements

Electrical resistivity was measured on prismatic shaped crys-
tals of 1. Gold contacts were evaporated on the crystals and
gold wires were glued with silver paste on those contacts.
Resistivity measurements were performed in the range 80—
300 K with a four point method. A low frequency (<100 Hz)
lock-in technique with a measuring current I, = 1 pA was
used for resistance values lower than 50 kQ, while higher
resistances were measured with dc currents ranging from
100 to 0.1 nA.

Band structure calculations

The tight-binding band structure calculations were of the
extended Hiickel type®** with a modified Wolfsberg—Helm-
holtz formula to calculate the non-diagonal H,,, values.”*” The
basis set consisted of double-{ Slater-type orbitals for C and S
and single-{ Slater-type orbitals for H. The exponents, con-
traction coefficients and ionization potentials were taken from
previous work.?>
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