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Abstract

A new ionic multi-component complex (OMTTIg)-Cgo comprising neutral § molecules and OMTTF and k™ ions has been obtained
by the diffusion method. The complex has a layered structure with the alternation of closely packed hexgglayar€and the layers
composed of OMTTF and k™ ions arranged in a chequer-like manner. The polycrystalline complex shows a strongly asymmetric EPR signal
consisting of four components in the 4-293 K range attributable to OMTTemperature dependent magnetic susceptibility indicates an
antiferromagnetic interaction of spins localized on OMTT®ith an antiferromagnetic hump near 4.5 K. According to the one-dimensional
Heisenberg antiferromagnet model the exchange interaction was estimated/kg be-3.3 K. Two possible pathways contribute to this
interaction: through the diamagnetic lanions and the direct interaction between adjacent OMT.TFhe crystal structures of three phases
of the OMTTFI; salt are also presented.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction Previously we developed two synthetic procedures to prepare
such complexes. Two phases{¢BEDT-TTF*)-(I37)}-Ceo
Donor—acceptor complexes of fullerenes show intrigu- (bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)) were
ing optical [1], conducting and magnetic properties prepared by the recrystallization of the BEDT-TTds
[2-4]. However, fullerenes are relatively weak acceptors salt from a saturated gg benzonitriled-dichlorobenzene
(E%-=—-0.44V versus SCE for £ [5]) and form mainly solution [13] and by the diffusion of acetonitrile solution
neutral solid complexes with organic donors;JDamines of I, into a toluenes-dichlorobenzene solution containing
[6], aromatic hydrocarbon§?,8], substituted tetrathiaful-  Cgo and BEDT-TTF[14]. (BEDT-TTF13)-Cgp is a layered
valenes[9,10], porphyrins[11,12] and others[10]. We compound, in which closely packe@glayers alternate with
developed a multi-component approach, which allows the the layers composed of BEDT-TTF and k™ ions [14].
preparation of fullerene complexes with radical cations To expand a range of multi-component ionic complexes of
of organic donors such as substituted tetrathiafulvalenes.fullerenes we used another substituted tetrathiafulvalene,
namely octamethylenetetrathiafulvalene (OMTTF) contain-
— ing only four sulfur atoms instead of eight onesin BEDT-TTF.
, Corresponding author. Fax: +7 096 515 54 20. Here we report the synthesis, crystal structure, optical and
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Fig. 1. The view of the crystal structure dflong theb-axis.

salt 2-4). IR-, UV—-vis—NIR-, EPR spectra and the data of 3:1 volume ratio to lower solubility of OMTT#g, and in
magnetic susceptibility measurements Iare discussed. this case only complek crystallized during diffusion. The
diffusion of acetonitrile solution oflinto a toluene solution
of OMTTF afforded crystals of the OMTTR salt, whose
2. Results and discussion three phases2(-4) were separated according to the shape
under a microscope.
The crystals of (OMTTH3)-Cgo (1) were prepared by the 1is isomorphous to (BEDT-TTs)-Cgo [14]. According
diffusion method. OMTTH3 salt is essentially more soluble  to single crystal X-ray diffraction data fd;, Cgo, OMTTF**
in acetonitrile than BEDT-TTHs. Because of this, the use and k™ are fully ordered and reside in special positions on
of pure acetonitrile in the synthesis provided the formation two-fold axes Fig. 1). Densely packed hexagonagdlay-
of a mixture of pure @ crystals and different phases of the ers are parallel to thbc-plane and alternate with the ionic
OMTTF-15 salt. Acetonitrile was mixed with toluene at a layers composed of OMTTFE and k™ ions. The distances

Fig. 2. The projection of the ionic layers Incontaining OMTTPE* and k™ ions on thebc-plane. The S -1 van der Waals contacts (q&b are shown by dashed
lines.
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Fig. 3. The shortened van der Waals contacts between OMTaiRd s~ ions and neutral § molecule inl (dashed lines).

between the adjacentglayers are 14.83. Within the layer
each Gp molecule has six neighbors with the center-to-
center distances equal to 9.94 (four neighbors) and 8.99
(two neighbors) and the van der Waals- @ contacts in
the 3.12-3.54 range. OMTTP* and k™ ions arrange in
the ionic layers in a chequer-like manner. The € and
C.--S contacts between the adjacent OMTTHre larger
than 3.7A. Nevertheless, OMTTF alternates with4~ ions
along theb-axis and forms van der Waals -S| contacts in
the 3.85-3.9A range Fig. 2, dashed lines).

Neutral Gy layers, and ionic OMTTF .13~ layers are
held together by van der Waals forcddg 3). OMTTF**
forms van der Waals contacts only with two fullerene
molecules (the second g molecule is not depicted in
Fig. 3), whereas BEDT-TTF forms such contacts with six
fullerene molecules in (BEDT-TTE)-Cgp [14]. The S and
C(OMTTP**). - .C(Cg0) contacts lie in the 3.37-3.78 and
3.20-3.4QA range, respectively. LineagT anions extend
into the cavities in the g layer and form van der Waals con-
tacts with two fullerene molecules (the IC distances are
3.70-3.95) (Fig. 3.

OMTTF** has an almost planar shape in However,
the formation of short contacts with a spherical fullerene
molecule results in some deviations from planarity. The cen-
tral $C, fragment is not fully planar and twisted about
the central &C bond. A torsion angle between two planes
formed by two $C fragments is 1717 The six-membered
outer rings of OMTTE* have “twist” conformation, where

in OMTTF** of 1.398(4)A is close to that in HMTTE* in
HMTTF-13(1.400(12) and 1.382(1&) [15]). Thus, the struc-
tural data indicate approximately +1 charge on the OMTTF
molecule.

It is interesting to compare the crystal structure lof
with that of a neutral OMTTRCg9-CgHg complex[9]. The
latter complex has a layered structure with the alternation of
closely packed gp layers and the layers composed of neutral
OMTTF and solvent gHg molecules. However, the OMTTF
and GHg molecules form uniform chains passing along the
a-axis[9]. The chequered packing motiflris probably more
favorable for the electrostatic interaction between OMTTF
and b~ ions. The similarity of the crystal structuresbénd
OMTTF-Cgo-CgHp is associated with similar nearly planar
geometry of OMTTF in neutral and charged forms in the
complexes with Gp. On the contrary, the crystal structure of
ionic (BEDT-TTFI3)-Cgp [14] is completely different from
that of neutral (BEDT-TTR)Cgo [16] since BEDT-TTF
is planar in a charged form and can essentially bend in
a neutral state when forming a complexe witlgpCThe
formation of a multi-component ionic complex og§with
OMTTF** can be considered as a substitution of a solvent
molecule in a neutral complex by oxidan <)) in solution.
Previously, the doping of some solvent-containingo C
complexes by iodine vapor also resulted in the substitution
of solvent molecules and was accompanied by the formation
of ionic multi-component complexe§{D**)-(Ix~)}-Cso (D,
tetraphenyldipyranylidene; tetramethylenedithiadimethyl-

two carbon atoms of the ethylene group are located on differ- tetrathiafulvalene and dibenzotetrathiafulvalene). However,

ent sides of the £5,C plane. The central-€C bond length

crystalline materials cannot be prepared by doping probably
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Fig. 4. The view of the crystal structure ®flong theb-axis.

due to a non-uniform distribution of iodine in crystals OMTTF** formsw-dimers in2 and3. The central $C,
[17]. fragments of OMTTFE" in such dimers are almost parallel

We solved crystal structures of three phases of the (the corresponding dihedral angles are2) dnd 2.2 (3))
OMTTF-I3 salt additionally to that ofl (Figs.4 (2), 5 (3) and form van der Waals-SS and C- -C contacts of about
and6 (4)). Previously the crystal structure of iodine radical 3.36A in 2, and 3.34 in 3.

cation salt of hexamethylenetetrathiafulvalene, HMTEF In the crystal structure of the layers parallel to the
was studied[15]. However, the crystal structure of the ab-plane can be outlined={g. 4, layer). Within these layers
OMTTF13 salt has not been solved yet. w-dimers from OMTTPR* alternate with the linearst

Fig. 5. The view of the crystal structure 8flong thea-axis.
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Fig. 6. The view of the crystal structure 4falong thec-axis.

anions in a chequered manner. As this takes place,sthe |
anions are parallel to the centraC bonod of OMTTP* and
form several S -1 contacts of 3.84—3.94 length. The other

D and E, respectively) in different salts containing +1
charged OMTTF: OMTTHRYr, (OMTTF)-[Ni(dto)2] (dto:
dithiooxalate)[18]. Similar bands are also revealed in the

type b~ anions positioned between the layers are oriented spectrum of2 (16.0 and 22 10°cm™1, Fig. 7a) and1

perpendicular to the central=C bond of OMTTP* and
form no shortened contacts with them.

Similar ionic layers are also formed i8 and are
arranged parallel to thab-plane. The different orientation
of OMTTF** and k™ ions in the adjacent layer relative to
thec-axis allows layerg\ andB to be distinguishedH(g. 5).
The B~ anions within the layerA andB arrange parallel to
the central &C bond of OMTTP™* and form S- -1 contacts
of 3.82-4.1A length. The §~ anions positioned outside the
layers form separate zig-zag chains passing along-toés.
These anions form no shortened contacts with OMTTF

Geometry of OMTTE" in 2 and3 is different from that
in 1 since OMTTP™ is slightly bent with a dihedral angle
between the central planag& fragment and the planes of
outer $C4 fragments of 7.9 and 928or 2and 7.1 and 9 Ofor
3. The outer six-membered rings of OMTTFhave “boat”

(16 and 23< 10°cm™%, Fig. 7b). Broad absorption with
the maximum near 1% 103cm™! in the spectrum of2
(Fig. 7a, CTy) most probably originates from intermolecular
transitions between OMTTF in the w-dimers. Other
OMTTF salts containing such dimers manifest this band
at 11.5x 10°cm~! [18]. Since the OMTTE' radical
cations are isolated from each otherlinthe CT; band is
absent in the spectrunfig. 7b). The spectrum of neutral
OMTTF-Cg0-CgHg also contains an additional low-energy
band at 10.% 103cm™! (Fig. 7c, CT>) attributed to CT
from neutral OMTTF to Gp molecules[9] and a band at
21.2x 10°cm™! (Fig. 7c, CTs), which can be attributed to
intermolecular CT between neighboringg@noleculeq19].
The latter band is characteristic of complexes with closely
packed Go molecules[10,20] and can also contribute to
the absorption band at 3310°cm™! in the spectrum of.

conformation, when both carbon atoms of disordered ethy- (these transitions are possible both in OMTCT#p-CeHe
lene groups are located on the same side (above or below) ofind1 containing closely packedgglayers).

the Q;Sg(o: plane. The centrglﬂ: length bond in OMTTF is
1.394(2)A in 2and 1.387(2A in 3indicating approximately
+1 charge on the molecule.

The IR-spectrum of indicates the presence of neutrghC
(526, 576, 1182 and 1427 crth) and the OMTTE* radical
cation (460, 813, 988, 1074, 1171, 1236, 1262, 1326, 1348,

The crystal structure efcontains uniform separate stacks 1442 and 1537 cmt). The OMTTF I3 salt @) has close posi-

of OMTTF** and k™ ions passing along theaxis (Fig. 6).
There is no overlapping between the OMTTFradical
cations (the shortest intermolecular- & contacts >3.9§)
and k= ions (the I--1 contacts >5.73) in the stacks,
whereas multiple van der Waals-9 contacts of 3.91-4.14
length are formed between the stacks. OMTTRas a planar
C12$4 fragment with outer ethylene carbon atoms in “twist”
conformation. The central-€C bond length is 1.401(@.
The UV—vis—NIR spectra of (OMTTHE)-Ceo (1),
OMTTF13 (2) and neutral OMTTRCg0-CgHg [9] are
shown for comparison inFig. 7a—c. The bands in the
UV-range at 38.3 and 295710cm™! in the spectrum
of 1 (Fig. 7o) are attributed to €. Closely positioned
bands were also observed for neutral OMTTgp-CgHeg
(37.2 and 29.%10Pcm™!, Fig. 7c) [9]. OMTTF**

has two characteristic bands in the visible range corre-

] OMTTF”

Absorbance, arb. units

T T
5 10 15 20 25 30 35 40 45
Wave numbers, x10° ecm™

Fig. 7. UV-vis—NIR optical absorption spectra of OMTTF (2)

sponding to intramolecular transitions. These bands arey. (OMTTFI3)-Ceo (1) (b) and OMTTFCso-CeHs [9] (c) in the

positoned at 17.0-17.6 and 23.4-24.50°cm ! (bands

5-42x 10° cm~! range in KBr pellets.
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Fig. 8. EPR spectrum of polycrystalline OMTT§Cep (1) at 250K (a) and
below is the simulation of the signal by four Lorentzian lines (b).

tions of the absorption bands in the IR-spectrum (461, 811,
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Fig. 9. Temperature dependence of molar magnetic susceptibility of 1 in the
1.9-100K range in the applied field 100 mT. The solid line denotes theo-
retical fitting according to the one-dimensional Heisenberg antiferromagnet
model[21].

992, 1074, 1236, 1260, 1331, 1344, 1418, 1457, 1540 andOMTTF**. The fitting of the data by the one-dimensional

1554 cnt1).

Polycrystallinel shows a strongly asymmetric EPR sig-
nal, which can be simulated by four Lorentzian lines with
g-factors: g; =2.0067 (the line halfwidthAH=0.34 mT),
g2=2.0095 AH=0.63mT),g3=2.0137 AH=0.71mT),
and g4=2.0172 AH=0.34mT) at 250K Fig. 8). This
signal can be attributed to OMTTFE. Related polycrys-
talline (BEDT-TTFI3)-Cgp has a symmetric single line
with g=2.0074 AH=2.3mT) at room temperature and
g=2.0074 AH=2.0mT) at 77K[14]. Decreasing tem-

Heisenberg antiferromagnet model in the 100-1.9K range
allows the estimation of the exchange interaction between
OMTTF** spins withJ/kg = —3.3K (Fig. 9). The fitting of

the data by the two-dimensional Heisenberg antiferromagnet
model is in a poorer agreement with experiment.

To estimate possible pathways for the antiferromagnetic
exchange interaction between OMTTFspins we calcu-
lated intermolecular overlap integrals based on an extended
Huickel method within the ionic layers formed by OMTTF
and k™~ and arranged parallel to thes-plane Fig. 10. An

perature does not Change the Shape of the Signa| OfObViOUS interaction is observed between OMTTENd k™

1 and the line halfwidths of the Lorentzian compo-
nents. The spectrum of at 5K can be simulated by
four Lorentzian lines withg; =2.0072 AH=0.36 mT),
02=2.0109 AH=0.78mT), g3=2.0153 AH=0.50mT)
andgs=2.0177 AH=0.27 mT).

in the transverse directions at the same height alonig-thes

(pl1 and p2 inFig. 10. The other weak, but non-negligible
interactions were obtained among adjacent OMTT#ad-

ical cations in the diagonal direction (q1 and gZHg. 10.
Thus, there are two possible ways for a one-dimensional

The temperature dependence of magnetic susceptibility of antiferromagnetic interaction between OMTTFspins,
1 shows the Curie—Weiss behavior with the Weiss constantthough it is not clear what interaction dominates: either

of ®=-2.7K (above 20K) indicating a weak antiferro-
magnetic interaction of spinfig. 9represents a portion of
the T dependence of susceptibility farin the 100 - 1.9K

through the diamagnetigT anions or directly between each
other.
Complex 1 is a semiconductor with room-temperature

range. Susceptibility attains the maximum at 4.5 K and then conductivityo =10~° S cni*. Such conductivity is charac-
decreases with temperature. This hump can be attributedteristic of simple salts with full +1 charge on the molecule
to an antiferromagnetic interaction of spins localized on [15,22,23]and is close to that of (BEDT-TTFs)-Ceo [14].

pl —1.74x 107
p2 —1.00x 107
ql 0.57 x 10
q2 0.56 x 10
rl —0.16 x 107
2 —0.10 x 107
sl 092x107°
s2 0.89x 107

Fig. 10. Overlap integrals between OMTTFand k™~ ions within the layer irl. Projection is approximately parallel to the molecular long axis of OMTTF
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3. Conclusion independent diamagnetic susceptibilijp) were subtracted
from the experimental values. The values@f® and xo
were calculated from the high-temperature range using the
appropriate formulajy =C/(T — ®) + xo. The molecular
overlap integrals§) in 1 were obtained from the structure

A new multi-component g complex containing
OMTTF** radical cations and theT anions was obtained
by the diffusion methodl is specified by a layered structure
with closely packed hexagonal neutradgQayers and ionic of ionic layer in1 at 120 K by applying the simple extended
OMTTF** and k~ layers. Two types of layers are held Hiickel method24]. The extended EHckel parameters for
together by van der Waals forces. Electrostatic interaction iodine atom were taken from Summerville and Hoffmann
plays an important role within the ionic layers and provides [25], while those for carbon, hydrogen and sulfur atoms
a chequered arrangement of the ions similar to that for were taken from Mori et a[24].
ionic layers in simple fullerene free OMTTIG salts @ and
3). Complex1 is isomorphous to previously characterized 4.3. Synthesis
(BEDT-TTF13)-Cgo. However, a smaller number of sulfur

atoms in OMTTF results in the essential decrease in a num- The crystals of (OMTTH3)-Cgo (1) were obtained by a

ber of van der Waals contacts betweegy @nd OMTTP*.

The crystal structure ofl is similar to that of neutral
OMTTF-Cgp-CgHe. The positions of solventgEs molecules
in OMTTF-Cgo-CgHg and the 4~ anions inl are close, and

slow diffusion of acetonitrile/toluene (3/1) solution (20 mL)
of I2 (21 mg, 0.083 mmaol) into the toluene solution (20 mL),
containing Go (20 mg, 0.027 mmol) and OMTTF (17 mg,

0.054 mmol) at a 1:2 molar ratio. Diffusion was carried

the synthesis of an ionic multi-component complex can be out in a glass tube of 1.5cm diameter and 40 mL volume
considered as a substitution of solvent molecules by oxidantwith a ground glass plug. After 1 month the crystalslof
(I2) in the solution synthesis. Previously such a substitution formed on the wall of the tube. The solvent was decanted
was realized by a doping of neutral complexes containing and the crystals were washed with acetonitrile yielding black
solvent by iodine vapor. However, crystalline materials elongated plates up to 2 mm0.6 mmx 0.1 mm size with
cannot be prepared by this method. According to EPR and 70% yield. The composition df was determined from the
magnetic susceptibility measurements spins are localized inelemental analysis and was justified by the X-ray diffraction.
1 on OMTTP* and show weak antiferromagnetic coupling Found, C=62.28%; H=1.78%; S=9.24%; |=26.44%;

(the Weiss constant is2.7 K) that results in the decrease of Calc. C=62.90%; H=1.13%; S =9.04%; | =26.93%.
magnetic susceptibility below 4.5 K. Two possible pathways

contribute to the one-dimensional exchange interaction:

through the diamagnetigT anions and the direct interaction
between adjacent OMTPF. Both pathways provide a rather
large distance between spins localized on OMTTENd

The crystals of OMTTH3 were obtained by the diffusion
method. The solution 0$1(36.5 mg, 0.096 mmol) in acetoni-
trile diffuses into the toluene solution of OMTTF (30 mg,
0.144 mmol). After 1 month the crystals formed on the wall
of the tube. The solvent was decanted and the crystals were

as a result, the observed antiferromagnetic interaction iswashed with hexane yielding black parallelogra@sup to

relatively weak with the exchange interactidkg = —3.3 K.

4. Experimental
4.1. Materials

Cso of 99.98% purity was used from MTR Ltd. Toluene
(CeHsMe) was distilled over Na/benzophenone in the argon
atmosphere. Acetonitrile (GG N) was distilled over Cay
P>Os and KoCOs under argon.
4.2. General

FT IR spectra were measured in KBr pellets with a
Perkin-Elmer 1000 Series spectrometer (400-7800%m

1 mmx 0.3mmx 0.3 mm size with 40% yield. The second
and third phases were obtained in the same synthesis as elon-
gated parallelepipeds with 10% yiel8)(and black prisms

with 30% yield @). The crystals o—4were separated under
microscope according to the shape. The composition of the
complexes was determined from the X-ray diffraction anal-
ysis on a single crystal.

4.4, X-ray crystallography

Crystal data forl: C74H16l3Ss, M;=1413.81, black,
crystal size (0.6<0.3x 0.1)mnT3, monoclinic, C2/c,
a=29.662(3)p=9.988(1)c=17.189(1)A, B=116.190(3)
V=4569.7(7TA3, D.=2.06gcnt!, Z=4, T=120(2)K,
absorption coefficient 2.29 mm, F(0 0 0) = 2732. The least-
square refinement o2 was done toR;=0.0338 for

UV-vis—NIR spectra were measured on a Shimadzu-31003704 observed reflections with4 > 20(F?)], wR> = 0.089,
spectrometer in the 220-1600 nm range. EPR spectra weralata/restrains/parameters 4088/827/368, final GoF =1.024,

recorded down to 4 K with a JEOL JES-TE 200 X-band ESR

CCDC reference number is 259895.

spectrometer equipped with a JEOL ES-CT470 cryostat. A Crystal data for2: CigHi6l3Ss, My =693.21, black,

Quantum Design MPMS-XL SQUID magnetometer was

crystal size (0.5 0.12x 0.06) mnT3, monoclinic, C2/m,

used to measure static susceptibilities between 300 andaolz 16.670(1),b:9.180(1),c:14.426(1)&, B=112.411(3)
1.9K. A sample holder contribution and core temperature A, V=2041.3(3)A3, Dc=2.26gcnTl, Z=4, T=293(2) K,
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absorption coefficient 5.00 mm, F(0 0 0) = 1292. The least-
square refinement orF? was done toR;=0.035 for
1871 observed reflections witk> 20(F?)], wR> = 0.09,
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