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A family of triads composed of C60 attached by a rigid spacer to two identical TTF moieties has
been synthesized, and some of the isomers have been isolated and characterized by UV-vis
spectroscopy, LDI-TOF-MS, and HMBC NMR spectroscopy. AM1 semiempirical calculations of the
dipolar moments and the heats of formation of the different isomers have been carried out in order
to verify their assignments. Oxidation and reduction of the triads affords the derived radical ion
systems, TTF+•-C60-TTF+• and TTF-C60

-•-TTF, which were studied by EPR spectroscopy. Spin
density distributions of these radical cations and radical anions show that the unpaired electron is
located mainly on the TTF and fullerene moieties, respectively. However, while the EPR signals
obtained from the radical cations are very similar for all the isomers, the structured signals observed
for the radical anions arising from the coupling of the unpaired electron with the hydrogen atoms
of the methylene bridges in the spacer show that there is a strong influence of the isomerism on
the spin distribution. Importantly, the theoretical calculations of the spin density distributions of
the radical anions fit well with the experimental EPR results.

Introduction

C60 appears to undergo reactions associated with poorly
conjugated electron-deficient alkenes. However, a unique
feature of C60 is that a large number of products may
arise from polyaddition since it has 30 reactive [6,6]
double bonds. Polyadducts of C60 with well-defined three-
dimensional structure are of great importance as they
possess biological1a and material properties.1b,c Up to now,
several electron donors such as porphyrins, ferrocenes,
tetrathiafulvalenes (TTFs), and phthalocyanines have
been attached to the fullerene cage,2-13 and, in a few

cases, the final compounds show interesting intra-
molecular electronic interactions between the C60 and the
addends. Some of these donor-acceptor dyads form long-
lived charge-separated species upon irradiation9-12 and
therefore are interesting systems as molecular building
blocks in electrooptical and photovoltaic devices, as well
as bistable molecular information storage units.14

We have been working with dyads composed of TTF
derivatives linked to a C60 moiety by a bismethylene
bridge, obtained through a Diels-Alder reaction, in
which photoexcitation of the fullerene moiety leads to
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(1) (a) Friedman, S. H.; De Camp, D. L.; Sijbesma, R. P.; Srdanov,

G.; Wudl, F.; Kenyon, G. L. J. Am. Chem. Soc. 1993, 115, 6506. (b)
Hirsch, A. Adv. Mater. 1993, 5, 859. (c) Prato, M. J. Mater. Chem. 1997,
7, 1097.

(2) (a) Rubin, Y.; Khan, S.; Freedberg, D. I.; Yeretzian, C. J. Am.
Chem. Soc. 1993, 115, 344. (b) Rubin, Y.; Khan, S. I.; Oliver, A. M.;
Paddon-Row, M. N. J. Am. Chem. Soc. 1993, 115, 4919. (c) Mullen,
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transient charge-separated open-shell species with very
long lifetimes.10 In these dyads, the C60 electron acceptor
and the TTF electron donor are directly united by two
rigid σ bonds which provide not only short separation but
also a rigid bridge between them and therefore a well-
defined relative distance and orientation.

The synthesis of triads (C60R2) is of great interest for
studying the influence of the isomerism on the physical
properties,15-27 despite the fact that there are not many
precedents due to the laborious task of isolation and
characterization of the isomers. As crystals of these
compounds suitable for X-ray structure determination are
usually difficult to obtain,28,29 the assignment of the
correct structure for all the isomers has become an
important aim, and several groups have been seeking a
systematic method to characterize them. Different cri-
teria, such as polarity and UV-vis and NMR spectroscopic
data, have been commonly used to imply their nature.
Wilson and Schuster have also attempted to correlate the
structure of bisadducts exploiting the 3He chemical shifts
in the NMR spectra of 3He@C60 fullerene derivatives,16

and Pasimeni et al. suggested a new method based on

an EPR study of the excited triplet state of the bisad-
ducts.21 It has been also shown previously that INAD-
EQUATE NMR30 and HMBC NMR31 are useful tools in
their characterization.

Herein, we report the study of a family of triads formed
by two identical TTF moieties attached to the fullerene
cage 3 (Chart 1). The electrochemically generated radical
ion systems, TTF+•-C60-TTF+• and TTF-C60

-•-TTF,
show interesting features regarding the influence of the
isomerism on the spin distribution in the molecules.
Moreover, an extended theoretical study by means of
semiempirical and density functional methods has also
been carried out in order to interpret the experimental
observations, in particular the order of elution in chro-
matography and the EPR spectra.

Results and Discussion

Synthesis and Characterization of the Bisad-
ducts. A Diels-Alder reaction was used for the synthesis
of the triad 3, which was achieved either by direct
bisaddition of the diene, generated upon elimination of
SO2 from bis(methoxycarbonyl)-3-sulfolene-tetrathiaful-
valene 1, to the fullerene10 or by a second cycloaddition
to the monoadduct 2 (Scheme 1). In the former reaction,
a mixture of nonreacted C60, monoadduct 2, and bisad-
ducts 3 was obtained, which were separated by column
chromatography. The isolated monoadduct 2 was used
as a reagent for the second synthetic pathway, in which
the mixture of isomers of 3 was also separated from the
nonreacted monoadduct 2 and polyadducts by column
chromatography. Depending on the relative position of
the addends in the fullerene cage, eight regioisomers can
be formed (Chart 1), which were detected by analytical
HPLC on silica gel as stationary phase and 0.3% AcOEt
in CH2Cl2 as mobile phase (Figure 1). Further separation
of the very insoluble mixture of regioisomers with a
semipreparative silica column enabled the isolation of a
few milligrams of four of the isomers, 3a, 3c, 3e, and 3f.
The laser desorption-ionization time-of-flight (LDI-TOF)
mass spectra of all of them as well as of those corre-
sponding to the other chromatographic peaks show the
molecular peak at m/z 1412, which confirms that they
are isomers of 3. However, it is worth pointing out that
the fraction corresponding to the last peak in the chro-
matogram 3h should be attributed to a trisadduct, as a
low intensity peak at m/z 1759 was observed. We want
to highlight that the difficult task of isomer separation
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was confounded by the formation of aggregates in the
solvents required to have a good separation (CH2Cl2/
AcOEt). It is well-known that C60 forms aggregates
through intermolecular π-π interactions,32 resulting in
broad peaks in the HPLC chromatogram and making it
difficult to attain pure isomers. This problem was par-
tially solved by treating the sample, prior to the injection
in the HPLC column, with aromatic solvents such as
toluene or chlorobenzene, as π-π interactions of solvent
molecules with the C60 compounds destroys the ag-
gregates. However, the complete disaggregation of the
sample is not possible, and therefore the isolation of the
last eluted isomers in a pure state is extremely challeng-
ing, to the point that the last HPLC-eluted isomers are
often contaminated with the first ones. The structure of
the isomers corresponding to the different fractions were
assigned by UV-vis spectroscopy, HMBC spectroscopy,
and using polarity arguments.

At first glance, the order of elution expected in the
HPLC (silica gel) for the regioisomers of 3 can be based

on the increasing polarity with decreasing distance
between addends (trans-1, trans-2, trans-3, trans-4,
equatorial, cis-3, cis-2, and cis-1). Nevertheless, experi-
mental results for different compounds do not always
coincide with predictions based on this argument. While
Bingel bisadducts and spiromethano fullerenes follow the
theoretical elution order,17-20 in the Diels-Alder and
benzyne bisadducts studied by Nishimura et al. the order
of the cis isomers changes, the elution order being trans-
1, trans-2, trans-3, trans-4, e, cis-1, cis-2, and cis-3.22c,d

In addition, fulleropyrrolidine bisadducts show the elu-
tion order: trans-1, trans-2, trans-3, cis-1, trans-4, e, cis-2
and cis-3.26b Also, depending on the steric requirements
of the addends, some of the isomers can be less favored.
For these reasons, before attempting the assignment of
regioisomers of 3, we performed semiempirical calcula-
tions of their dipolar moments as well as their heats of
formation.

Since it was found that heat of formation of cis-2 and
cis-1 isomers in their most stable conformations was
higher in energy by about 8 and 15 kcal mol-1, respec-
tively, than those required for the formation of the rest
of the isomers (trans-1, trans-2, trans-3, trans-4, e, and
cis-3), we did not include them in the following calcula-
tions. For each isomer, four conformations arising from
to the boat-to-boat inversion are possible. Previous
works2a,33 have shown that the energy barrier for the
boat-to-boat inversion in C60 is relatively low (about 15
kcal mol-1), and therefore one can expect that at room
temperature there is a rapid equilibrium taking place
between all possible conformers. Furthermore, the rota-
tion of the methoxycarbonyl groups leads to additional
conformers. Calculations indicate that the most stable
conformations are those having the two methoxycarbonyl
groups in one TTF unit located perpendicularly (see
Figure 2). One group remains planar with respect to the
TTF unit, taking benefit of the additional conjugation,
while the other is placed perpendicularly due to steric
hindrance. Taking into account this fact, four possible
conformers due to rotation of the methoxycarbonyl groups
for each TTF unit are possible. Overall, we have consid-
ered six different regioisomers and for each of them we

(32) (a) Ahn, J. S.; Suzuki, K.; Iwasa, Y.; Otsuka, N.; Mitani, T. J.
Luminisc. 1998, 76-7, 201. (b) Nath, S.; Pal, H.; Palit, D. K.; Sapre,
A. V.; Mittal, J. P. J. Phys. Chem. B 1998, 102, 10158. (c) Rudalevige,
T.; Francis, A. H.; Zand, R. J. Phys. Chem. A 1998, 102, 9797. (d)
Thomas, K. G.; Biju, V.; Guldi, D. M.; Kamat, P. V.; George, M. V. J.
Phys. Chem. B 1999, 103, 8864.

(33) Shepard, M. J.; Paddon-Row, M. N. Aust. J. Chem. 1996, 49,
395.

Scheme 1

Figure 1. HPLC chromatogram of the mixture of isomeric
bisadducts of 1. Conditions: 25 × 0.46 cm Spherisorf Silica
column, 0.3% AcOEt in CH2Cl2 (1 mL/min), UV-vis detection
at 290 nm.
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have considered 64 possible conformers. The only excep-
tion is the boat-to-boat conformer of the cis-3 regioisomer
depicted in Figure 2a. In this case, to avoid steric
repulsion because of the proximity of the two TTF units,
the two nearest methoxycarbonyl groups are located
perpendicularly to the TTF units, with their carbonyl
groups facing one each other. Therefore, only one possible
conformer out of 16 is possible in this particular boat-
to-boat conformer. As a whole, a total of 369 conformers
have been calculated, although, for symmetry reasons,
some of them are equivalent.

Surprisingly, it was found that the dipole moment of
the isomer depends greatly on its conformation. In
particular, the position of the methoxycarbonyl groups
has an enormous influence on the dipole moment. For
instance, the value of the dipole moment for the trans-1
regioisomer varies from 0.00 to 6.01 D, while that of the
trans-2 isomer from 0.33 to 6.98 D. Indeed, depending
on the conformation, the trans-1 isomer can be even more
polar than the cis-3 isomer. As a consequence, for this
particular derivative 3, the use of the expected polarity
(based on the relative position of the addends) to assign
the order of elution without further checking is question-
able. For this reason we have theoretically assigned a
dipole moment to each regioisomer by computing the
dipole moment of all conformers considered (for further
information see the Computational Details). Table 1
gathers the values of the dipole moments obtained in this
way. It is seen that the polarity found theoretically is in
accordance to what was expected on the basis of relative
position of the two TTF units in the fullerene core, the
polarity decreasing in the order cis-3, e, trans-4, trans-3,
trans-2, and trans-1 regioisomers.

Experimentally, the synthesis of isomer 3 takes place
in toluene solution at 120 °C. Given the low dielectric

constant of toluene, we have used the calculated Gibbs
energy in gas phase at 393 K to calculate the theoretical
relative abundances of the regioisomers, considering now
a Maxwell-Boltzmann distribution of all possible con-
formers of the cis-3, e, trans-4, trans-3, trans-2, and
trans-1 regioisomers. The results of theoretical relative
abundances together with the experimental product
distribution obtained from the different HPLC chromato-
gram peak areas are listed in Table 1. The experimental
results differ significantly from the theoretical ones,
especially in the case of the trans-4 regioisomer, indicat-
ing that the bisadduct formation probably takes place
under kinetic control. A similar conclusion was also
reached by Hirsch et al.34 in the study of multiple
nucleophilic cyclopropanations to the fullerene core.

It is also worth pointing out that, for each isomer, the
stability of all possible conformations are quite similar,
the differences among conformations of the same regio-

(34) Hirsch, A.; Lamparth, I.; Grösser, T. J. Am. Chem. Soc. 1994,
116, 9385.

Figure 2. AM1-optimized geometry of the gas-phase most stable boat-to-boat conformer for (a) the cis-3 regioisomer; (b) the
equatorial regioisomer.

Table 1. Assignment of the Chromatographic Peaks
Resulting from the Separation of the Isomers of 3

peak
retention

time (min) assignment
µ calcd

(D)a
% chromatogram

peak area
% theoret

abundanceb

3a 24.40 trans-2 3.39 16.1 13.1
3b 25.39 trans-1 3.13 3.6 1.7
3c 26.99 trans-3 3.45 28.8 20.6
3d 29.36 trans-4 3.48 2.8 27.8
3e 31.24 equatorial 3.57 32.0 36.1
3f 33.85 cis-3 3.85 12.9 0.6
3g 35.50 cis-2 - 3.0 -
3h 45.20 trisadduct - 0.8 -

a Dipole moment in Debeyes. b Product distribution at 393 K
calculated by AM1 method.

C60 Bisadduct with a TTF Derivative J. Org. Chem., Vol. 67, No. 2, 2002 569



isomer being always smaller than 0.4 kcal mol-1, with
the exception of isomer cis-3, in which the conformation
depicted in Figure 2a is more stable than the rest by
about 1 kcal mol-1. This gain of stability is attributed to
the formation of two C-H‚‚‚O hydrogen bonds between
the carboxymethyl groups of the two addends. However,
in solution this conformation is particularly destabilized
by the proximity of the two TTF units which leads to a
decrease of the total solvent accessible surface by about
100 Å2, which in turn is responsible for the reduction of
the solvation free energy of this conformer by ca. 3 kcal
mol-1.

On the other hand, the experimental results available
at present indicate that the electronic properties of a
given bisadduct depend principally on the addition pat-
tern rather than the nature of the addend. Especially,
the characteristic features in the region between 400 and
800 nm can be used as a fingerprint for the identification
of a given regioisomer.17,18 Hence, comparing the elec-
tronic spectra obtained for 3a, 3c, 3e, and 3f (Figure 3)
with the ones found in the literature15,19,22,23,26b and taking
into account the former dipole moment calculations that
permit the estimation of the order of elution, it is possible
to make a reasonable assignment of isomers 3a, 3c, 3e,
and 3f to isomers trans-2, trans-3, e, and cis-3 respec-
tively (Table 1). Thus, the position, intensity and the
width of the bands in the Visible spectrum of isomers 3a
and 3c are almost identical to those observed for the
trans-2 and trans-3 isomers in the bisadducts of o-quinodi-
methane,22b fulleropyrrodiline,26b and benzyne22d deriva-
tives and quite similar to those reported for other
bisadducts.19,23 Isomer 3e shows the same spectrum as
those of the equatorial isomers of quinodimethane,22a,c,e

and fulleropyrrodiline26b derivatives. The visible spec-
trum of isomer 3f has the same characteristic features
as those of cis-3 isomers of of o-quinodimethane,22a,b

fulleropyrrodiline,26 and benzyne22d derivatives as well
as anisyl and methanofullerenes.19,23 These features are
quite different from those shown by the corresponding
cis-2 isomers especially in the 600-750 nm region, thus
permitting the assignment of cis-3 isomer to 3f.

It is worth noting that this assignment fits with the
one expected according to the order of elution with the
exception of the trans-2 isomer, which elutes before trans-

1. However, similar changes in the elution order have
also been observed in other C60-bisadducts and always
with those isomers that have much less abundance than
the corresponding neighbors.19,26b

The complete characterization of the regioisomers of
3 should be performed by NMR, but good 1H and 13C
NMR spectra were not plausible on account of the very
low solubility of these compounds. Nevertheless, thanks
to the use of the HMBC technique, the NMR character-
ization of two of them was possible, and it is in good
agreement with the previous assignment of the isomers.35

In particular, isomers 3a (trans-2) and 3e (equatorial)
have been studied by HMBC, and the spectra obtained
are in accord with their symmetry.31 The assignment of
the chemical shifts are summarized in Table 2. The
unexpected low frequency of one of the protons of a
methylenic group of bisadduct 3e (H1) can be attributed
to ring current effects arising from the π system of the
other TTF addend, that according to the theoretical
structure is situated in a molecular plane almost per-
pendicular to the H1 proton (Figure 2b). Moreover, the
CA2 carbon atom of the same isomer and also one of the
adjacent carbon atoms of the isomer 3a resonate at ca.
160 ppm, more than 6 ppm higher than the other
adjacent carbon atoms. As a matter of fact, the relative
disposition of the anomalous CA with respect to the
anchoring bond of the TTF addend, along a pathway
defined by two connected 5-radialene units, is the same
for both trans-2 (3a) and equatorial (3e) isomers. If this
observation about some adjacent carbon atoms appearing
at an unexpected chemical shift only in some of the
isomers can be generalized, it may provide an additional
simple tool for the characterization of C60 bisadducts. In
support of this hypothesis, we note thet the CA of trans-2
and equatorial isomers of bisadducts of fulleropyrrolidine
derivatives resonate also around 160 ppm.26b

Study of the Radical Ion Derivatives. The presence
on the same molecule of electron donor and acceptor
moieties makes possible the generation of their radical-
cation and radical-anion derivatives by oxidation or
reduction, respectively (Scheme 2).36

In the study of the radical cations of 3 it is necessary
to take into account that since molecule 3 has two TTF
addends, it is possible to form the monoradical cations
and the biradical cations by oxidation of the isomers of
3. It is interesting to note that if only one of the TTF
addends is oxidized, the resulting cation radical is a
mixed valence compound, a very attractive species be-
cause it can present intramolecular electron transfer
through the fullerenic bridge promoted by an external
optical or thermal stimulus. In such a case, the different
isomers can even present different rates in this process.
To study accurately this process, quantitative spectro-
electrochemical experiments should be performed, and,
in our case, this has not been possible due to the very
small amounts of each pure isolated isomer.

The radical cations of bisadducts 3a (trans-2), 3c
(trans-3), 3e (e), and 3f (cis-3) were generated by elec-
trochemical oxidation and monitored by EPR and UV-

(35) The other isomers were not obtained pure in enough quantity
for determination of a good 1H NMR spectra.

(36) In the cyclic voltammetry in CH2Cl2 of the mixture of isomers
of 3, two reversible oxidation processes at 0.67 and 1.14 V (versus Ag/
AgCl) corresponding to the TTF’s and up to three quasi-reversible
reduction processes due to the C60 at -0.66 V, -1.02 V, and -1.45 V
(versus Ag/AgCl) are observed (see ref 10).

Figure 3. Visible absorption spectra of regioisomers 3a (trans-
2), 3c (trans-3), 3e (equatorial), and 3f (cis-3) in CH2Cl2.
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vis spectroscopy. These radical cations have appreciable
persistency with lifetimes of the order of days. All show
new intense bands in the 400-700 nm region of the
electronic spectra (Figure 4), not present in the neutral
molecules, which are characteristic of radical cations
centered on a TTF core.37 These absorption bands are
very similar to those obtained for the radical-cation
derived from the monoadduct 2.10 In contrast to the
spectra of the neutral compounds, all isomers have
almost identical spectra dominated by the characteristic
TTF cation radical absorption bands, which appear very
intense in the same region where weak bands differenti-
ate the neutral compounds. Although oligothiophenes
unexpectedly aggregate when attached to fullerenes,38 the
fact that there are no additional bands in the visible
spectra of compounds 3 that could be attributed to dimer

formation is not so surprising if we take into account the
appreciable steric hindrance introduced by the bulky
fullerene cage, together with the poor solubilities of these
compounds that prevent the preparation of highly con-
centrated solutions, in which aggregation is favored.

The EPR spectra obtained for the cation radicals of 3a
(trans-2), 3c (trans-3), 3e (equatorial) and 3f (cis-3) are
almost identical (Table 3). All the studies presented below
have been performed “in situ” using a flat electrochemical
cell adapted to the EPR spectrometer. During the initial
steps of the ‘in situ’ electrochemical oxidation the central
signal obtained (Figure 5a) consists of three lines cen-
tered at g ) 2.0077(2) with relative intensities 1:2:1 very
similar to that obtained from the oxidation of the
monoadduct 2.10 That triplet signal was attributed to the
coupling of the free electron to two axial methylenic
protons, since the coupling with the equatorial ones is
negligible as they lie on the nodal plane of the SOMO.
This differentiation is due to the low rate of the boat-to-
boat interconversion on the EPR time scale, a situation
also present in the case of other C60 cycloadducts.2a,39 We
can assume that in the initial steps of the electrochemical
oxidation only the monoradical cation is formed. Thus,
the fact that the EPR spectra of all the isomers are almost
identical to that obtained from the monoadduct 2,
indicates that at room temperature the unpaired electron
is in all cases located only on one of the TTF addends.
As the electrochemical oxidation proceeds, the EPR
spectra changes, and two additional lines start to appear
exactly in the middle of the three main lines (Figure 5b).
In all the isomers, the spectra of the biradicals develop
toward a quintuplet, but we never obtained the theoreti-
cal 1:4:6:4:1 relative intensities of the lines expected for

(37) Torrance, J. B.; Scott, B. A.; Welber, B.; Kaufman, F. B.; Seiden,
P. E. Phys. Rev. B 1979, 19, 730.

(38) Apperloo, J. J.; Langeveld-Voss, B. M. W.; Knol, J.; Hummelen,
J. C.; Janssen, R. A. J. Adv. Mater. 2000, 12, 908.

(39) (a) Tago, T.; Minowa, T.; Okada, Y.; Nishimura, J. Tetrahedron
Lett. 1993, 34, 8461. (b) Zhang, X.; Foote, C. S. J. Org. Chem. 1994,
59, 5235. (c) Fernández-Paniagua, U. M.; Illescas, B.; Martı́n, N.;
Seoane, C.; Cruz, P.; Hoz, A.; Langa, F. J. Org. Chem. 1997, 62, 3705.

Table 2. NMR Data of Triads 3a (trans-2) and 3e (equatorial)
1H chemical shifts (ppm) 13 C chemical shifts (ppm)

TTF methylenic protons bridge carbonsa adjacent carbonsb

isomer H1 H2 H3 H4 B1 B2 B3 A1 A2 A3 A4

trans-2 4.40-4.60(AB; 15 Hz) 4.35-4.40(AB; 15 Hz) 65.0 64.5 - 153.6 154.4 153.8 160.0
equatorial 3.72(s) 3.98(s) 4.02-4.06(AB; 15 Hz) 65.6 65.2 65.2 154.0 161.0 153.5 154.5

a Fullerene Csp3, bridge carbons between the C60 and the TTF. b Fullerene Csp2, carbons adjacent to the bridge ones.

Scheme 2

Figure 4. Visible absorption spectrum of the radical cation
obtained from 3a after 10 min of electrochemical oxidation.

C60 Bisadduct with a TTF Derivative J. Org. Chem., Vol. 67, No. 2, 2002 571



a pure biradical at the fast exchange limit in which the
intramolecular exchange coupling constant (Jintra) be-
tween the two electron spins at each TTF addend of the
molecule is much bigger than the hyperfine coupling
constant with the 1H nuclear spins; i.e., Jintra/gâ . aH.40

Nevertheless, the fact that the line width of the new lines
are exactly the same as those of the three already existing
lines seems to rule out the possibility of being in the
situation in which Jintra has an order of magnitude similar
to that of the coupling constant aH.41 It seems, therefore,
that the spectra obtained correspond to the coexistence

of monoradical and biradical species in the solution. Thus,
the spectra registered at different oxidation times can
be perfectly simulated by the sum, in different propor-
tions, of the spectrum corresponding to the monoradical
and that corresponding to the biradical at the fast
exchange limit. In Figure 5b, the experimental and
simulated EPR spectrum obtained upon oxidation of 3
(isomer trans-3) for 1 h is shown; in this case the
proportion monoradical:biradical is 1:2. As expected, the
coupling constants observed in the biradicals are half
those observed for monoradicals (Table 3). On lowering
the temperature, we did not observe the ∆ms ) 2
transition of triplet states in any of the biradicals
generated. This fact is not surprising since the concen-
tration of the biradical species is always very low, and
the distance between the two centers with spin density
is long.42

Radical anions of isomers 3a (trans-2), 3c (trans-3), 3e
(e), and 3f (cis-3) were obtained by electrochemical
reduction and were characterized by EPR spectroscopy.
As already observed for the anion radical species gener-
ated from the mixture of the isomers 3,10 the spectra of
each isomer show a narrower EPR signal than the one
of the radical-anion derived from the monoadduct 2. This
situation permits the observation of the hyperfine struc-
ture arising from the coupling of the unpaired electron
with the hydrogen atoms of the methylenic groups of the
bridges. Therefore, for the first time, the coupling of the
electrons of a fulleride with the addend’s atoms has been
experimentally observed. Contrary to the case of the
radical cations, the isomerism does influence the type of
signals obtained. Interestingly, it was found that the
hyperfine structure of the spectra of the derived radical
anions from the above-mentioned isomers are strikingly
different to each other. As an example, in Figure 6 we
show the experimental and simulated spectra for two of
the isomers (3a; trans-2 and 3f; cis-3).

The isotropic coupling constants of the methylenic
protons have been calculated and compared with the
experimental ones obtained by simulation of the experi-
mental EPR spectra. Due to computational limitations,
calculations have been done only for the most stable
conformer of each regioisomer in the gas phase. The
simulations of EPR spectra were carried out using an
iterative least-squares fitting procedure based on Monte
Carlo Methods and starting from the B3LYP/3-21G//AM1
calculated proton coupling constants.43 The results of the
simulations are presented in Table 3. The calculated
values of the coupling constants are remarkably similar
to the experimental ones as can be appreciated on Figure
7, in which the relative experimental coupling constant
values are plotted against the calculated ones, and the
resulting points of the graph are fitted with a line of slope

(40) Salem, L.; Rowland, C. Angew. Chem., Int. Engl. Ed. 1972, 11,
92.

(41) (a) Glarum, S. H.; Marshall, J. H. J. Chem. Phys. 1967, 47,
1374. (b) Brière, R.; Dupeyre, R.-M.; Lemaire, H.; Morat, C.; Rassat,
A.; Rey, P. Bull. Soc. Chim. Fr. 1965, 11, 3290. (c) Hernàndez-Gasio,
E.; Mas, M.; Molins, E.; Rovira, C.; Veciana, J.; Borrás-Almenar, J. J.;
Coronado, E. Chem. Mater. 1994, 6, 2398.

(42) Eaton, S. S.; More, K. M.; Sawant, B. M.; Eaton, G. R. J. Am.
Chem. Soc. 1983, 104, 523.

Table 3. EPR Coupling Constants Corresponding to the Radical Species Derived from 3a (trans-2), 3c (trans-3), 3e (e),
and 3f (cis-3)

radical anion aH/G radical cation aH/G

isomer H1 H2 H3 H4 H5 H6 H7 H8 monoradical biradical

trans-2 0.18 0.09 0.18 0.10 0.09 0.18 0.18 0.10 1.93 0.95
trans-3 0.07 0.14 0.26 0.10 0.07 0.09 0.26 0.28 1.91 0.94
equatorial 0.00 0.28 0.09 0.21 0.10 0.09 0.09 0.00 1.94 0.96
cis-3 0.28 0.09 0.06 0.05 0.04 0.00 0.29 0.05 1.94 0.95

Figure 5. EPR spectra at 293 K in CH2Cl2 under isotropic
conditions of the radical cation derived from 3c (trans-3) (a)
after 5 min of in situ electrochemical oxidation; (b) after 1 h
of in situ electrochemical oxidation.
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1.03. Therefore, we have shown that the spin density
distribution of the anionic species derived from 3 depends
strongly on the isomerism, and it has also been shown
that the coupling of the unpaired electron with the
addend’s protons can be predicted by B3LYP/3-21G//AM1
calculations. Thus, the study of the EPR signal of the
derived radical anion of C60 triads is a potentially
extremely useful method for the characterization and
assignment of the different isomers.

The experimental values of the hyperfine coupling
constants (hfcc’s) are excellent proof of the spin density
on each nucleus. However, if we want to have an idea of
the spin density distribution over the whole molecule,
other techniques have to be used. Theoretically, this goal

can be achieved through the representation of spin
density maps. These maps, which give the value of the
spin density at any point of space around the molecule,
are calculated by subtracting the electronic density of the
R and â electrons. As an example, in Figure 8 the spin
density map of a particular conformer of regioisomer e
computed at the B3LYP/3-21G//AM1 level is presented.
Figure 8 shows that the spin density in these species is
lower in the region of the fullerene core next to the
attached TTF units. Similar results were obtained for the
rest of the regioisomers. For the same conformer, Figure
9 depicts the LUMO of the neutral species calculated at
the B3LYP/3-21G//AM1 level. It is worth noting that the
density of the LUMO orbital of the neutral species differs
to some extent from the spin density of the radical anion,
although in both cases the amplitude is the highest at
the equatorial position with respect to the TTF units.

Figure 6. EPR spectra (293 K) in CH2Cl2 under isotropic
conditions and simulated EPR spectra of the radical anions
derived from 3a (trans-2) and 3f (cis-3).

Figure 7. Graphical representation of the relative values of
the experimental EPR proton coupling constants versus the
calculated ones.

Figure 8. 3D representation of the radical anion spin density
of a particular conformer of regioisomer e computed at the
B3LYP/6-31G**//AM1 level. Isosurface value is 0.001 au.

Figure 9. 3D representation of the LUMO of a particular
conformer of regioisomer e computed at the B3LYP/6-31G**//
AM1 level. Isosurfaces values are -0.01 and 0.01 au.
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Conclusions

In conclusion, a family of C60(TTF)2 triads has been
synthesized and some of the isomers isolated and char-
acterized. In the EPR spectra, it has been seen that there
are no differences in the signals obtained for the derived
radical cations formed by oxidation of the donor addends.
However, by reducing the fullerene cage to obtain the
corresponding radical anions, the hyperfine structure of
the EPR signal obtained for each isomer shows notable
differences. The distinct spin density distribution of the
isomers has been studied by density functional calcula-
tions and fits with the experimental results. The meth-
odology demonstrated by this study could not only be
useful for the characterization of C60 triads but also for
designing triads with donor addends where charge
transfers mediated by the C60 can take place.

Experimental Section

Computational Details. Full geometry optimizations with-
out symmetry constraints were carried out with the AM1
semiempirical method44 as implemented in AMPAC 6.55,45 a
quantum chemistry program from Semichem, Inc. Previous
studies have shown that the AM1 method provides reliable
results for the geometries and energetics of C60,46 C70,47 and
Diels-Alder adducts. AM1 calculations were performed using
the restricted formalism. The free energies of formation in gas
phase for the different isomers and conformers were calculated
from the addition of entropy corrections to the enthalpies of
formation. The influence of solvation on the stability of the
different species was included by means of self-consistent
reaction field methods (SCRF). In particular, SCRF calcula-
tions to determine free energies of solvation were performed
using the MST model,48-50 also known as the polarizable
continuum model. To simulate the solvent used in HPLC
experiments (0.3% of ethyl acetate in methylene chloride) we
used the parametrization of the MST/SCRF continuum model
corresponding to a chloroform solution.48,49 The reasons for this
choice are that the methylene chloride solvent has not been
parametrized yet at the semiempirical AM1 level, and that
chloroform and methylene chloride have a similar dielectric
constant. Free energies of solvation in chloroform were com-
puted with the AM1 method with a modified version of the
MOPAC computer program.51

The averaged dipole moment of each regioisomer was
obtained by considering a Maxwell-Boltzmann distribution
of its conformers and using their Gibbs computed energies at
298 K in solution, that is:

where nk is the total number of conformers of regiosiomer k,

and gi, µi, and ∆Gi
o are the degeneration, the dipole moment,

and the sum of the formation and solvation Gibbs energies,
respectively, of conformer i belonging to regiosiomer k.

For selected systems we have calculated the isotropic
hyperfine coupling constants (hfcc) of the methylenic hydrogen
atoms of the cyclohexene bridges between the C60 and the TTF
addend from the electron spin densities at the hydrogen atom
using the following equation,

where ge/go is the ratio of the isotropic g value for the radical
to that of the free electron, γH and âH are the gyromagnetic
nuclear ratio and the nuclear magneton, respectively, for the
hydrogen atom, and Fs(rH) is the spin density on the nucleus
of the hydrogen atom considered. The approach we use to
evaluate these quantities is the density functional theory in
the unrestricted Kohn-Sham (UKS) version.52 In particular,
hfcc’s were calculated using the B3LYP53 density functional
with the 3-21G basis set54 and employing the AM1-optimized
geometries of the radical anions (B3LYP/3-21G//AM1). For all
radical anions, the S2-value (where S represents the electronic
spin) over the reference Slater determinant of self-consistently
converged Kohn-Sham orbitals is very close to the theoretical
value for a doublet state (0.75), being always smaller than
0.7552. The isotropic hyperfine coupling constants of free
radicals are one of the most challenging one-electron properties
for ab initio quantum mechanical methods. Good results are
generally found using the B3LYP density functional and basis
sets which describe well the core region of the electron
density.55 One can expect that the B3LYP/3-21G//AM1 method
will provide at least qualitatively correct hfcc’s that can be
used to compared hfcc’s of different regioisomers. Comparison
with experiment (vide supra) reinforces this point. The iso-
tropic hyperfine coupling constants were calculated with the
help of the Gaussian-98 program.56

General Procedures. All cycloaddition reactions were
performed under inert atmosphere and in the absence of light.
Materials and solvents were obtained from commercial sup-
pliers. C60 was purchased from MER corporation (Tucson, AZ).
Compounds 1 and 2 were prepared as described in the
literature.10,57

Instruments. UV-vis: Varian Cary 5; EPR: X-Band Bruk-
er ESP 300 E, equipped with a temperature controller ER
412HT, a field frequency (F/F) lock accessory and built-in NMR

(43) Kriste B. EPRFTSM Program, Freie Universität Berlin, 1991;
J. Magn. Reson. 1987, 73, 213

(44) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
J. Am. Chem. Soc. 1985, 107, 3902.

(45) AMPAC 6.55, 1997 Semichem, 7204 Mullen, Shawnee, KS
66216.
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gaussmeter; LDI-TOF: Kratos Kompact Maldi 2 K-probe
(KRATOS Analytical) operating with pulsed extraction of the
ions; 1H NMR and 13C NMR: Bruker AC 400 and a Bruker
Aspect 3000; HMBC NMR: VXR-500S Spectrometer; HPLC:
Shimadzu SCL-10A VP, KROMASIL 100 Si 5 µm (Analytical
HPLC: Spherisorf 25 × 0.46 cm, 20 µL; Preparative HPLC:
Spherisorf 25 × 1.0 cm, 500 µL).

Bis[1,2-(cyclohexenylbismethoxycarbonyltetrathia-
fulvalene)]-buckminster- fullerene 3. Method A. To a
refluxing solution of 73.6 mg (0.1 mmol) of C60 in toluene was
added a solution of 41 mg (0.1 mmol) of compound 1 in 8 mL
of benzonitrile, and the resulting solution was refluxed for 1
h. The solvent was evaporated and the residue chromato-
graphed (silica gel, CS2-CH2Cl2) to give unreacted C60 (15 mg,
20.4% from the initial C60), 60 mg of monoadduct 2 (69.1% from
reacted C60), and 33 mg of a mixture of bisadducts 3 (28.7%
from reacted C60).

Method B. A solution of 200 mg (0.18 mmol) of monoadduct
2 and 38 mg (0.09 mmol) of compound 1 in 40 mL of
cholorobenzene was refluxed for 1 h. The solvent was evapo-
rated and the residue chromatographed (silica gel, CH2Cl2) to
give 124 mg of unreacted monoadduct (62% from initial
monoadduct 2) and 58 mg of a mixture of bisadducts 3 (57.7%
from reacted monoadduct 2).

FT-IR (KBr) υ (cm-1) 1734, 1576, 1433, 1258, 1090, 1026,
766, 527; UV-vis (CH2Cl2) λmax(log ε) 257 (4.96), 310 sh. (4.72),
418 sh. (3.88), 450 sh. (3.77), 675-750 broad band (1.30);
HRMS calcd for C84H20O8S8 m/z 1411.892, found 1411.892;
LDI-TOF-MS 1412 [M+]; 1H NMR (300 MHz, CS2-CD2Cl2 1:2)
δ (ppm) 4.31-4.25 (m, broad), 3.91-3.87 (m).

Generation of Radical Cations and Anions Derived
from 3. Radical cations were obtained by in situ electrochemi-
cal reduction, monitored by an EG&G PAR 263A potentiostat/
galvanostat, on an EPR cell equipped with Pt wires as working
and counter electrodes and using the Ag/AgCl system as a
reference electrode. Experimental conditions for the electro-
chemical generation of radical cations was as follows: +0.8
V, CH2Cl2 0.2 M in Bu4NPF6. Experimental conditions for the
electrochemical generation of radical anions was as follows:
-0.8 V, CH2Cl2 0.2 M in Bu4NPF6.
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New Flexible Low-Density Metallic Materials Containing the (BEDT-TTF)2(I xBr1-x)3

Molecular Metals as Active Components
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New conducting bilayer films (BL-film) containing (BEDT-TTF)2(IxBr1-x)3 molecular metals as active
components have been prepared. The effect of various parameters of the BL-film preparation on the conducting
layer composition was systematically studied by X-ray, Raman, EPR, and SEM. It was shown that the
conducting layer of new BL-films is formed by “c” oriented (BEDT-TTF)2(IxBr1-x)3 nanocrystals which contain
a set of the IBr2-, I2Br-, and/or I3- anions. It was found that theR′ f â phase transition takes place in the
(BEDT-TTF)2(IxBr1-x)3 nanocrystals under film annealing. Some of the new composite BL-films, being flexible
and transparent, reveal a metal-like temperature dependence of resistance down to nitrogen temperature.

1. Introduction

Polymeric composite films1-4 containing a thin layer of
organic conductors are very attractive as conducting materials
for a novel generation of devices which can gain the unusual
electronic properties of molecular metals.5 These composite
bilayer (BL) films demonstrate different transport properties1,6,7

retaining the advantageous properties of the polymeric matrix
such as flexibility, transparency and low density. We have
reported an unique BL-film featuring a metallic behavior of
resistance over the whole temperature range studied and
revealing superconducting properties below 5-7 K.1,8 This
material contains a conducting surface layer formed by the
linked microcrystals of the organic superconductorât-(BEDT-
TTF)2I3 (BEDT-TTF) bis(ethylenedithio)tetrathiafulvalene).9,10

Other flexible and transparent BL-films with a very thin
conducting surface layer of BET/I3,3 (BEDO-TTF)2.4I3, or
â-(BEDO-TTF)2Br‚3H2O6 microcrystals (BET-TTF) bis-
(ethylenethio)tetrathiafulvalene; BEDO-TTF) bis(ethylene-
dioxo)tetrathiafulvalene) also demonstrate metal-like transport
properties in a wide temperature region. The above BL-films
can be successfully prepared by the modified reticulate doping
technique (MRDT).1,4,8During the progress of our research, we
have extended the MRDT for the preparation of new conducting
BL-films with a conducting surface layer formed by nanocrystals
of (BEDT-TTF)2(IxBr1-x)3 molecular metals. These new trans-
parent flexible films are conductors in a wide temperature
region, some of them revealing a metal-like behavior of
resistance down to nitrogen temperature.

Here we present the preparation of new conducting BL-films
containing (BEDT-TTF)2(IxBr1-x)3 molecular conductors as

active components and the effect of various conditions of MRDT
on the structure and texture of the (BEDT-TTF)2(IxBr1-x)3

conducting layers. Additionally, the details of theR′ f â
structural phase transition of the new (BEDT-TTF)2(IxBr1-x)3

molecular conductors under film annealing and the transport
properties of all new conducting BL-films in a wide temperature
region are also outlined in this paper.

2. Experimental Section

A. Film Preparation. Polycarbonate (PC) films (10-15 µm
thickness) containing 2 wt % of molecularly dispersed BEDT-
TTF were made by casting the solution of PC (=1 g) and BEDT-
TTF (0.02 g) in 1,2-dichlorobenzene (≈50 mL) at t ) 130 °C
as previously described2,7 (first stage, Scheme 1). Then the

* To whom correspondence should be addressed. ICMAB Campus UAB,
E-08193 Bellaterra, Spain. FAX: (34)93 580 57 29. E-mail: vladimir@
icmab.es and cun@icmab.es.
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SCHEME 1: Scheme of MRDT Used for the
Preparation of New Conducting BL-Films with the
Conducting Layer of the ât-(BEDT-TTF) 2(I xBr1-x)3
Nanocrystals
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surface of the PC/ BEDT-TTF film was treated with vapor of
a IBr/CH2Cl2 solution during different time periods (Table 1),
which provided a way to form a conducting surface layer with
theR′-(BEDT-TTF)2(IxBr1-x)3 nanocrystals (second step, Scheme
1). During the second step we used a binary mixture system:
IBr/CH2Cl2 solution-IBr/CH2Cl2 vapor at equilibrium. The
mole fraction of IBr contained in a IBr/CH2Cl2 solution (x* IBr)
was always much greater than the mole fraction of BEDT-TTF
(x*BEDT-TTF) contained in the swollen surface layer of the film.
All time periods used for the film surface treatment were not
sufficient to achieve the saturation of the swollen layer of the
film with IBr. Afterward, all the BL-films were annealed at
155-160°C during 3 h toform theât-(BEDT-TTF)2(IxBr1-x)3

conducting layer (third step, Scheme 1). To prevent a degrada-
tion of the nanocrystals during the BL-film annealing, the
conducting surface of the film samples has to be protected
sandwiching them between two glass plates. To provide a
protective coat for the conducting surface layer, we also
successfully used an aluminum foil.

B. BL-Film Characterization. X-ray diffraction patterns
have been measured using Siemens D-500 diffractometer in the
reflection mode.

The Raman spectra of the composite films were recorded at
room temperature using Jobin-Yvon T64000 MicroRaman
spectrometer, working in a backscattering mode. The measure-
ments were performed with 632 nm laser line and with spectral
resolution of 1 cm-1. Diamond (1332 cm-1) and silicon (520
cm-1) lines were used for the calibration of the spectrometer.
Two typical Raman spectra of the film samples are depicted in
Figure 1.

EPR spectra were recorded using Bruker WSP-300E spec-
trometer operating in the X-band (9.5 GHz) with a rectangular
TE 102 cavity and equipped with a field-frequency (F/F) lock
accessory and a built-in Bruker NMR gaussmeter ER 035 M.
Heating was made with a rate of 1°/min in a Bruker ER 4121
HT nitrogen cryostat (100-500 K) (see Figure 2.) Rotations
were performed by means of a Bruker programmable goniometer
ER 218 PGl 8 (see Figure 3). Precautions to avoid undesirable
spectral line broadening, such as that arising from microwave
power saturation and magnetic field overmodulation, were taken.

The morphology of conducting surface layers was investigated
using a scanning electron microscope (SEM) operating at 20
kV. The SEM micrographs of BL films1, 7, and8 are presented
in Figure 4.

Temperature resistance dependencies were measured down
to 1.5 K using a standard 4-probe dc-method. Four annealed
platinum wires (20µm in diameter) were attached to the
conducting surface of a BL-film by a conductive graphite paste.
The scheme of a film sample montage is presented as an insert
of Figure 5.

3. Results and Discussion

To gain a better understanding of the possibilities and
restrictions of MRDT, it is very important to clarify the real
processes that take place during the BL-film preparation. Thus,
what kind of conducting nanocrystals can be formed at the
second step via BEDT-TTF+ IBr reaction is certainly a
question to answer. Undoubtedly, the thermodynamic consid-
eration of the BEDT-TTF+ IBr reaction have to be useful to
clarify the problem.

A. Chemical Reactions Due to the BEDT-TTF and IBr
Interaction. Ab Initio Estimation and Effect of the Experi-
mental Parameters.Below we will focus on the consideration
of chemical reactions which can occur in the swollen surface
layer of the PC/BEDT-TTF film at the second step of MRDT
(Scheme 1). Assuming that the nanocrystals of the conducting
layer are formed under a steady chemical reaction, we
can estimate the probabilityP of each plausible BEDT-TTF
+ IBr reaction on the basis of Boltzmann distribution
p ∼ exp(-E/RT), whereE is energy,R is the universal gas
constant, andT is temperature. The analysis of all the possible
results of the BEDT-TTF+ IBr interaction producing species
such as I(1,0, I2(1,0, I3(1,0, IBr(1,0, Br(1,0, Br2(1,0, Br3(1,0,
IBr2

(1,0, and I2Br(1,0, allows us to restrict the set of the most
energetically favorable reactions, which result in the maximum
(2-fold) enhancement of the number of new bonds, by a factor
of five:

The energy of the reactions was calculated on the basis of
an additive approach. It means that intermolecular interactions
of the reagents were not taken into consideration. For all these
reactions, we have compared only the energies of the species
formed due to the reduction of IBr, since the contributions of
the others species are constant. Ab initio calculations (Table 2)
have been carried out on the MP2/LANL2DZ level (GAUSS-
IAN94).11 The effect of the solvent (nitrobenzene) was calcu-
lated according to the Onsager model.12 We were especially
interested in the estimation of the effect of nitrobenzene since
we had already found that theâ-type crystals which were
synthesized in nitrobenzene via BEDT-TTF+ IBr reaction13

contain the assembly of I3
-, I2Br-, and IBr2- anions.14 On the

basis of the calculations tabled in Table 2, the probability of
the reactions 3-5 equals zero. Thus, for the BEDT-TTF+ IBr
reaction (second step of MRDT), it would be plausible to suggest
the formation of the I3-, I2Br-, and IBr2- trihalide anions only.
We have also estimated the contribution of each of these
trihalide anions in vacuum and nitrobenzene. These data are
summarized in Table 3. According to these results, the anion
composition of the above-mentioned single crystals obtained
in nitrobenzene can be formulated as [(I3)0.07(I2Br)0.37(IBr2)0.56]-

TABLE 1: Parameters of the Second Step Used for the Film
Samples Preparation

film sample temp,°C CIBr/s, M
time period of the

treatment, min

1 23 0.024 2
2 23 0.024 4
3 23 0.024 6
4 23 0.024 10
5 25 0.036 2
6 25 0.036 4
7 25 0.036 6
8 23 0.048 2
9 23 0.048 4

10 23 0.048 6

8BEDT-TTF+ 6IBr T

[8(BEDT-TTF)]+4 + 2I2Br- + 2IBr2
- (1)

8BEDT-TTF+ 6IBr T

[8(BEDT-TTF)]+4 + I3
- + 3IBr2

- (2)

8BEDT-TTF+ 6IBr T

[8(BEDT-TTF)]+4 + Br3
- + 3I2Br- (3)

8BEDT-TTF+ 6IBr T

[8(BEDT-TTF)]+4 + 2I3
- + 2Br3

- (4)

8BEDT-TTF+ 6IBr T

[8(BEDT-TTF)]+4 + I3
-+ I2Br- + IBr2

- + Br3
- (5)
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that gives us an average stoichiometry of I1.5Br1.5 for the anion.
This result is in excellent agreement with EDX data which
indicate for this compound the I/Br atomic ratio of 1:1.13

In line with the thermodynamic consideration (Tables 2 and
3), one can expect with reasonable confidence that the contribu-
tion of each trihalide anion should be different in various organic
solvents and depend on the polarity of the environment. Since
the polarity of a swollen polymeric matrix depends on different
factors (amount of 1,2-dichlorobenzene used at the first step,
variation of CH2Cl2 concentration with time at the second step
and polarity of PC), the contribution of each trihalide anion to
the composition of the nanocrystals that form the conducting
layers is difficult to estimate quantitatively. Nevertheless, in
accordance with the ab initio calculations, we may presume that
in the swollen surface of the BL-film samples the (BEDT-TTF)2-
(IxBr1-x)3 nanocrystals containing the majority of the IBr2

-

anions along with smaller amounts of the I3 and/or I2Br- species
should be mainly formed. In attempting to estimate thex value
in the outlined formula, one should also keep in mind that the
size of trihalide anions sets limits on the formation of different
crystal phases of the BEDT-TTF trihalide family. For example,
I3

- species promote the formation ofR-, â-, θ-, and κ-type
crystal modifications of the (BEDT-TTF)2I3 salt, while smaller
IBr2

- species are beneficial forR′- andâ-type (BEDT-TTF)2IBr2

crystal phases only.5 Therefore, at the second step via BEDT-
TTF + IBr reaction the R′-(BEDT-TTF)2(IxBr1-x)3 and/or
â-(BEDT-TTF)2(IxBr1-x)3 crystal phases can be expected to form
along with other above crystal modifications. Some amount of
amorphous salts with mixed anions can be also formed.
Considering all this, thex value should depend on the type of
the crystal phase and may differ for various nanocrystals.
Evidently, to characterize the conducting layer of new BL-film
samples, we should determine the type of nanocrystals (BEDT-
TTF packing motif) and the composition of the anion as well.
We have chosen X-ray, EPR, and Raman spectroscopy as the
techniques for the films’ characterization, which are the best
suited for both outlined requirements.

The reagent ratio at the BEDT-TTF+ IBr reaction is also a
very important parameter because it determines the formation
of trihalide salts with a different charge-transfer degree. We
suggest that there is a range of optimum masses of IBr absorbed
per unit volume of a swollen film surface layer (CIBr/film ) at
which a conducting layer of (BEDT-TTF)2(IxBr1-x)3 nanocrys-
tals is achieved. Generally, theCIBr/film value is proportional to
(i) the mass of IBr in the vapors of IBr/CH2Cl2 solution (mIBr/v)
and (ii) the duration of the film surface treatmentt. According
to the gas-state equations15 and by Henry’s law,15 themIBr/v value
is proportional to the mole fraction of IBr (xIBr*) contained in
the IBr/CH2Cl2 solution and it can be shown that

whereDIBr is the capability of IBr vapors to penetrate into a
swollen polycarbonate layer,CIBr/s is the molar concentration
of IBr, and Vs is the volume of IBr/CH2Cl2 solution. To find
the above range of theCIBr/film optimum values we variedCIBr/s

and t values (see Table 1); in all experiments the amount of
BEDT-TTF, the treated film surface layers (7 cm2), volumes
of vapor (29.5 mL), and solution (10.5 mL) were identical. The
second steps were done at the same temperature to fix the
following parameters:DIBr values, rate of the reaction, and rate
of the reagents’ diffusion. Taking into account the outlined
particularities of the second step of MRDT, we may restrict
ourselves to the simple estimation of theCIBr/film values with
the factorFIBr that is proportional to the molar concentration
of IBr in CH2Cl2 and duration of a film surface treatment
(Table 1):

By using different concentrations of IBr in IBr/CH2Cl2 solutions
(CIBr/s) and various time periods of a surface treatment, we have
prepared different BL-film samples1-10 (Table 1). These
conducting BL-films were eventually formed with differentFIBr

values.
B. Composition and Structure of Conducting Layers after

the Second Step of the Film Preparation.The X-ray analysis
of BL-film samples indicate the presence in all spectra of only
(00l) reflections that are characteristic of conducting layers
formed by oriented nanocrystals. Thec* axis of the nanocrystals
is perpendicular to the film surface and, consequently, their
conducting layers are parallel to it. The measured values of the
interplanar spacingd001along with intensities of (00l) reflections
allowed us to identify the different phases of the BEDT-TTF
trihalides (Table 4).

While at the highest values ofFIBr (film samples4, 7, 9 and
10) the most intensive reflections correspond to theR′-(BEDT-
TTF)2IBr2 phase withd00l ) 16.32 Å, at the lowerFIBr values
(film samples1-3, 5, 6, and8) the most intensive reflections
indicate the existence of theR′ phases with the characteristic
values ofd001 in the range from 16.365(3) to 16.422(3) Å. Since
these d001 values are higher than those of theR′-(BEDT-
TTF)2IBr2 single crystal, it may be suggested that the conducting
layer of samples1-3, 5, 6, and 8 consists ofR′-type nano-
crystals with an anion layer which should contain the IBr2

-

species along with bigger trihalide anions such as I3
- and/or

I2Br-. Thus, X-ray data show that the conducting layer of BL-
films produced at the lowestFIBr values consists of the
R′-(BEDT-TTF)2(IxBr1-x)3 nanocrystals (0.66>x> 0.33) con-
taining different sets of the IBr2

-, I2Br-, and I3- trihalide anions.
These X-ray data are in agreement with the thermodynamic
consideration of the BEDT-TTF+ IBr interaction (see above).
It should be noted that the X-ray diffraction patterns of samples
2, 3 also demonstrate extra small reflections corresponding to
the â phase of BEDT-TTF salts.5,13 In the X-ray diffraction
patterns of samples3, 4, 9, and 10 the extra reflections
correspond to a new BEDT-TTF trihalide salt (N-salt) with
d001 ) 33.30(1) Å (Table 4). While according to X-ray data
the metallic â-(BEDT-TTF)2(IxBr1-x)3 nanocrystals with the
value ofx equal to 0.70(5) (sample2) or 0.61(5) (sample3) are
formed in a small amount, the contribution of the N-salt can be
significant especially in the BL-film samples prepared at the
highestFIBr values(FIBr ) 24 M min, sample4, and FIBr )
28.8 M min, sample10). The formation of the N-salt is
undesirable from the viewpoint of the electrical properties of

TABLE 2: Energy of Changing SpeciesE in the Proposed
BEDT-TTF + IBr Reaction and Boltzmann Probability P of
This Reaction in Vacuum (v) and in Nitrobenzene (s)

reaction Ev, au Pv Es, au Ps

1 -145.250 0.5 -145.339 0.74
2 -145.250 0.5 -145.338 0.26
3 -145.237 0 -145.318 0
4 -145.224 0 -145.294 0
5 -145.237 0 -145.317 0

TABLE 3: Contribution C of Trihalide Anions in Vacuum
(v) and in Nitrobenzene (s)

anion Cv,% Cs,%

I3
- 12.5 6.5

I2Br- 25.0 37.0
IBr2

- 62.5 56.5

CIBr/film = DIBrCIBr/sVst (1)

FIBr ) CIBr/st (2)
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BL-films (see below). The X-ray results indicate that at the
second step of MRDT via BEDT-TTF+ IBr reaction two types
of conducting layers can be formed: (i) conducting layers
containing onlyR′-type nanocrystals and (ii) conducting layers
consisting of different BEDT-TTF trihalide salts. Therefore, at
the second step of MRDT we have a good chance to achieve
the optimumCIBr/film value which is favorable to the generation
of an uniform surface conducting layer composed of only the
R′ phase of BEDT-TTF trihalide salts.

It has been demonstrated by both ab initio calculations and
Raman studies of single crystals14 that Raman spectra can be
successfully used to clarify the (IxBr1-x)3

- anion composition
by observing the distinct halogen vibrations of the trihalide
anions in the range of 100-200 cm-1. Low-frequency Raman
measurements were therefore performed in order to define which
types of trihalide anions are included in the anion layer of the

R′-, â-, and N-type nanocrystals. In this frequency range the
quality of the Raman spectra of film samples studied are enough
to detect Raman bands as well as to assign them to vibrations
of either I3-, I2Br-, or IBr2- anions (Figure 1, Table 5). The
low-frequency Raman spectra of samples1-3 and5 shows the
band at 115 cm-1 due to the stretching vibration of I3

- anions
and two bands at 135 and 164 cm-1 resulting from the stretching
vibrations of the I2Br- and IBr2- anions, respectively.14,17The
Raman spectra of samples4 and6-9 show only the two bands
of the stretching vibrations of the I2Br- and IBr2- linear anions,
while the stretching vibration of sample10 shows only a band
due to the IBr2- species. These results are in excellent agreement

TABLE 4: Composition of the Conducting Layer of the Films after the Second Step of the Film Preparation

X-ray data

sample
FIBr 10-2,
M min d00l, Å phase (IxBr1-x)3 conducting layer compositiona

At CIBr/s ) 0.024 M
1 4.8 16.402(3) R′ 0.66> x > 0.33 R′-(BEDT-TTF)2(I3)y (I2Br)z(IBr2)1-y-z

2 9.6 16.407(3) R′ 0.66> x > 0.33 R′-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

15.04(1) â x ) 0.70(5) â-(BEDT-TTF)2(I3)y (I2Br)z(IBr2)1-y-z

16.365(3) R′ 0.66> x > 0.33
3 14.4 15.02(1) â x ) 0.61(5) R′-(BEDT-TTF)2(I3)y (I2Br)z(IBr2)1-y-z,

33.32(1) new â-(BEDT-TTF)2(I3)y (I2Br)z(IBr2)1-y-z

N-salt
4 24.0 16.320(5) R′ x ) 0.33

33.32(1) new R′-(BEDT-TTF)2IBr2 and
N-salt

At CIBr/s ) 0.036 M
5 7.2 16.422(2) R′ 0.66> x > 0.33 R′-(BEDT-TTF)2 (I2Br)y(IBr2)1-y

6 14.4 16.380(3) R′ 0.66> x > 0.33 R′-(BEDT-TTF)2 (I2Br)y(IBr2)1-y

7 21.6 16.325(5) R′ x ) 0.33 R′-(BEDT-TTF)2IBr2

At CIBr/s ) 0.048 M
8 9.6 16.380(3) R′ x>0.33 R′-(BEDT-TTF)2 (I2Br)y(IBr2)1-y

9 19.2 16.31(1) R′ x ) 0.33
33.26(4) new R′-(BEDT-TTF)2IBr2

N-salt
10 28.8 16.317(4) R′ x ) 0.33 R′-(BEDT-TTF)2IBr2 and

33.30(1) new N-salt

a The anion composition of nanocrystals was determined by Raman spectroscopy (see Table 5).

Figure 1. Raman spectra of film samples (a)1 and (b)7 containing
the conducting layer of theR′-(BEDT-TTF)2(IxBr1-x)3 nanocrystals.

TABLE 5: Data of Low-Frequency Raman Spectra of the
BL-Film Samples with the Conducting Layer Formed during
the Second Step of MRDT

BL-film sample Raman v, cm-1 a assignment

1 115 s Vb I3
-

135 m V I2Br-

164 w V IBr2
-

2 115 m V I3
-

135 m V I2Br-

164 m V IBr2
-

3 115 vw V I3
-

135 m V I2Br-

164 m V IBr2
-

4 135 vw V I2Br-

164 m V IBr2
-

5 115 m V I3
-

135 m V I2Br-

164 m V IBr2
-

6 135 w V I2Br-

164 m V IBr2
-

7 135 vw V I2Br-

164 m V IBr2
-

135 m V I2Br-

8 164 s V IBr2
-

9 135 vw V I2Br-

164 m V IBr2
-

10 164 m V IBr2
-

a Relative intensities: s) strong, m) medium, w) weak, vw)
very weak.b V is a symbol used for stretching vibrations of a trihalide
anion.
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with X-ray data and not contradictory to the presented thermo-
dynamic consideration.

The quantitative analysis of the EPR signal of these BL-films,
taking into account the EPR characteristics of bothR′- and
â-(BEDT-TTF)2IBr2 phases, is consistent with a very small (2-
4%) amount ofâ-type nanocrystals in all the studied samples.

C. Structural Phase Transition at High Temperature.
Taking into account that the well-knownR′ f â (BEDT-
TTF)2IBr2 phase transformation takes place at 156°C,18,19 we
have looked for a similar structural phase transition for the new
R′-(BEDT-TTF)2(IxBr1-x)3 nanocrystals. To do so, we have
studied the temperature dependence of the EPR signal of film
1 oriented perpendicular to the static magnetic field in a wide
temperature region. As it was mentioned above, the EPR signal
of the film samples consists of two different signals: one
intensive but very broad signal of theR′-type nanocrystals with
a line width (∆Hpp) of 75 G and another small but narrower
signal of theâ phase impurity with∆Hpp ) 25 G. Since the
observation of the temperature dependence of a broad signal is
difficult, especially at high temperature, we have studied the
temperature dependence of the narrow signal of theâ phase
impurity that has to increase during theR′ f â phase transition.
The amplitude of theâ phase signal was temperature indepen-
dent up to 420 K (see Figure 2) and above 420 K the amplitude
of the signal started to increase. A 8-fold buildup of the
amplitude was observed about 440 K (Figure 2). Above 440 K
the EPR signal with∆Hpp ) 25 G, g ) 2.0070, which is
characteristic of theâ phases7 (Scheme 2), becomes irreversibly
dominant. This is an indication that the majority of the
R′-(BEDT-TTF)2(IxBr1-x)3 nanocrystals have been transformed
to the metallicât-type nanocrystals.

To verify the orientation of theât-(BEDT-TTF)2(IxBr1-x)3

nanocrystals which were formed during the third step, the EPR
spectra of the annealed BL-film1 in different orientations with
respect to the static magnetic field were performed. Theg factor
variation is plotted in Figure 3. Theg factor reaches a maximum
when the magnetic field is perpendicular to the film plane and
a minimum when it is parallel to that. This minimumg factor
does not change upon rotation in the film plane. Since the
maximumg value for theâ-type single crystal8 is found when
the static magnetic field is parallel to thec* crystallographic
axis, the above results allow us to conclude that theât-(BEDT-

TTF)2(IxBr1-x)3 nanocrystals are oriented with thec* axis
perpendicular to the film plane. Thus, the EPR studies confirm
the X-ray data (see below). In addition, the isotropic behavior
found upon rotation aroundc* axis indicates that there is not a
predominant in-plane orientation of the nanocrystals.

D. Composition and Structure of the BL-Film’s Conduct-
ing Layers after Annealing. We have also tested all the film
samples after 3 h annealing at 155-160°C (Table 6) by X-ray

Figure 2. Temperature dependence of the EPR signal amplitude for sample1 containing the conducting layer of the (BEDT-TTF)2(IxBr1-x)3

nanocrystals.

Figure 3. Angle dependence ofg factor for film sample1 containing
the conducting layer of theât-(BEDT-TTF)2(IxBr1-x)3 nanocrystals. (9)
θ is the angle between thec* axis and the external magnetic field; ([)
rotation around thec* axis.

SCHEME 2: Schematic View of ther′ f â Structural
Transformation of the BEDT-TTF Packing in the
(BEDT-TTF) 2(I xBr1-x)3 Nanocrystals
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and Raman spectroscopies. In the X-ray diffraction patterns of
annealed samples1 and5-7, the reflections of theR′-(BEDT-
TTF)2(IxBr1-x)3 phases (0.66> × g 0.33) have disappeared.
Instead, the strong reflections of a new phase arise. Thed001

values of the reflections of annealed nanocrystals (Table 6)
correspond to theâ-type of the BEDT-TTF trihalide salts8

(Scheme 2). In the case ofâ phases, based on thed001(x)
composition dependence obtained from the known single-crystal
cell parameters forâ-(BEDT-TTF)2I3, â-(BEDT-TTF)2I2Br, and
â-(BEDT-TTF)2IBr2, we were able to estimate the stoichiometry
of the anion in theâ-(BEDT-TTF)2(IxBr1-x)3 nanocrystals
(Tables 4 and 6).

In the X-ray diffraction patterns of annealed samples2 and
3 only intensive reflections of theâ-(BEDT-TTF)2(IxBr1-x)3 salt
with an x value of 0.70 and 0.61, respectively, are observed,
and the reflections of theR′-type nanocrystals have disappeared.
The X-ray diffraction patterns of annealed film samples4 and
8-10 are more complicated. In the X-ray diffraction patterns of
samples4, 9, and10 there are extra new reflections characteristic
of theâ-(BEDT-TTF)2(IxBr1-x)3 nanocrystals along with initial
reflections of theR′-(BEDT-TTF)2IBr2 and N-salt. (Table 6).
In the X-ray diffraction pattern of sample8 the initial reflections
of theR′-(BEDT-TTF)2(IxBr1-x)3 salt have disappeared. Instead,
the 00l reflections ofâ-(BEDT-TTF)2(IxBr1-x)3 andR′-(BEDT-
TTF)2IBr2 arise.

The presence of only 00l reflections of theâ-type phases show
that conducting layers generated during the third step consist
of ât--type nanocrystals which are arranged just as those of
theR′-type were aligned. Below let us focus on thed001 values
corresponding to theâ-type of the BEDT-TTF trihalide nano-
crystals (Table 6). Experimentally, thed001 values of all
ât-type nanocrystals forming the conducting layer of the BL-
films prepared are in the range from 14.990(3) Å to 15.04(1)
Å. Since thesed001 values are over thed001 value of the
superconductorâ-(BEDT-TTF)2IBr2 single crystal (d001 ) 14.95
Å) and under thed001 value of the superconductorâ-(BEDT-
TTF)2I3 single crystal (d001 ) 15.109 Å), we may conclude that,
similarly to theR′-(BEDT-TTF)2(IxBr1-x)3 nanocrystals, theât-
type nanocrystals contain the set of trihalide anions: IBr2

-, I3-,
and I2Br-. The X-ray data presented in Table 6 surprisingly
show that at the third step of MRDT the stoichiometry of the
anion layers of the (BEDT-TTF)2(IxBr1-x)3 nanocrystals has
changed. This result is attributable to some solid-state reactions,
which can take place during a BL-film annealing. For example,

we have found that the decomposition of the conducting
nanocrystals via reduction of BEDT-TTF+. to a neutral molecule
proceeds under the BL-films annealing (see experimental part).
Therefore, it may be surmised that theR′ f â structural phase
transition in the (BEDT-TTF)2(IxBr1-x)3 nanocrystals is probably
accompanied by the following solid-state reactions:

In accordance with thermodynamic consideration:

In that case, thex(R′), x(R′t), andx(ât) values can be different.
Previously, we also observed the decomposition of the (BEDT-
TTF)2I3 nanocrystals under the film annealing during the MRDT
third step. To prevent the loss of iodine and decomposition of
the nanocrystals at theR f ât (BEDT-TTF)2I3 transition, we
have annealed these BL-film samples in the presence of a small
amount of I2 vapors.

The same solid-state reactions can also accompany theR f
â and R′ f â transitions in the single crystals of the BEDT-
TTF trihalide salts, but for those the loss of halogen in a
remarkable amount was not observed.9,18,19 It seems plausible
that these speculative solid-state reactions proceeding in the
surface layer of a solid are of a little importance for bulk single
crystals but they can be crucial for the delicate BL-film’s
nanocrystals with a rich developed surface.

According to the Raman spectrum of sample1, theât-(BEDT-
TTF)2(IxBr1-x)3 nanocrystals contain the set of bands due to
the vibrations of thihalide anions such as I3

- (121 cm-1), I2Br-

(140 cm-1), and IBr2- (167 cm-1). Unfortunately, the low-
frequency Raman spectra of the other annealed BL-film samples
were poor due to a luminescence appearing in the BL-films
annealed. The reason for that is not clear.

TABLE 6: Composition of the Conducting Layer of the BL-Film Samples after the Film Annealing

X-ray data

sample d00l, Å phase (IxBr1-x)3 conducting layer composition

1 15.038(3) â x ) 0.69(2) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z
a

2 15.04(1) â x ) 0.69(2) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

3 15.020(3) â x ) 0.61(3) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

4 15.01(1) â x ) 0.57(5) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

16.33(1) R′ x ) 0.33 R′-(BEDT-TTF)2IBr2

33.31(1) new N-salt
5 15.025(5) â x ) 0.63(3) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

a

15.013(3) â x ) 0.58(2) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

6 16.220(5) BEDT-TTF
7 15.007(2) â x ) 0.55(2) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

8 16.31(1) R′ x ) 0.33 R′-(BEDT-TTF)2IBr2

14.993(3) â x ) 0.50(2) â-(BEDT-TTF)2 (I3)y(I2Br)z(IBr2)1-y-z

9 14.990(3) â x ) 0.44(2) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

16.32(1) R′ x ) 0.33 R′-(BEDT-TTF)2IBr2

33.32(1) new N-salt
10 14.995(5) â x ) 0.48(2) â-(BEDT-TTF)2(I3)y(I2Br)z(IBr2)1-y-z

16.32(1) R′ x ) 0.33 R′-(BEDT-TTF)2IBr2

33.315(1) new N-salt

a The composition of the anion layer of these nanocrystals was found by Raman spectroscopy.

R′-(BEDT-TTF)2(IxBr1-x)3

â-(BEDT-TTF)2(IxBr1-x)3

amorphous(BEDT-TTF)/(IxBr1-x)3
}

f BEDT-TTF + IBr h

{R′t-(BEDT-TTF)2IBr2

ât-(BEDT-TTF)2(IxBr1-x)3 mainly
amorphoust (BEDT-TTF)/(IxBr1-x)3

I(R′+â +amorphous):Br(R′+â +amorphous)) 1:1
I(R′t + ât +amorphoust):Br(R′t+ât +amorphoust) ) 1:1
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Figure 4. SEM images of BL-film samples (a)1, (b) 7, and (c)8 after the second (top) and third steps (bottom) of MRDT.
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E. Textures of the Conducting Layers: SEM Studies.
Taking into account that the quality of the nanocrystalline
surface layer is very important in order to impart the electrical
properties of molecular metals to the BL-films, we have studied
the morphology (size, shape and orientation) of the (BEDT-
TTF)2(IxBr1-x)3 nanocrystals formed during the second and third
step of MRDT. We have obtained the SEM images of samples
1, 7, and8 (Figure 4). These samples were chosen as the typical
BL-films containing the conducting surface layer ofR′-(BEDT-
TTF)2(IxBr1-x)3 nanocrystals. According to the SEM images,
all film samples contain a well oriented conducting layer: the
largest faces of nanocrystals are parallel to the film surface.
The texture of theR′-type conducting layer of sample1 formed
at the lowest FIBr value consists of very small and poorly shaped
nanocrystals (Figure 4a, top). By contrast, the nanocrystals of
sample8 are bigger and better shaped (Figure 4c, top). The
textures of BL-films after annealing are shown in the bottom
of Figure 4. The comparative analysis of these SEM images
indicate that the textures of BL-films before and after annealing
differ considerably: theâ-type nanocrystals are better shaped
and bigger than those of the initialR′-type nanocrystals.

F. Electrical Properties. To study the transport properties,
rectangular pieces (=1.5 × 0.5 mm2) were cut out from the
BL-film samples. The temperature dependence of the resistance
of the BL-film samples was measured down to helium temper-
ature. The typical temperature dependence of normalized
resistance of theR′- and ât-conducting layers is depicted in
Figures 5 and 6, respectively. The resistance of theR′-
conducting layers increases very strongly in decreasing tem-
perature (Figure 5). When the temperature decreases from 300
to 175 K the resistance of the samples increases by a factor
100 with the activation energy value being equal to 0.2 eV,
which is identical to that for theR′-(BEDT-TTF)2IBr2 single
crystal. In contrast, the temperature dependence of resistance
of the ât-type conducting layers (samples1, 2, and 5-7) is
metal-like down to nitrogen temperature, but at lower temper-
atures resistance starts to increase slightly. For example, the
temperature dependence of resistance of sample1 is presented
in Figure 6 (curve a). TheR(T) behavior of the annealed
conducting layers which contain theât-(BEDT)2(IxBr1-x)3

nanocrystals along with those of theR′-(BEDT-TTF)2IBr2 phase
and N-salt is not metal-like: it increases with decreasing
temperature (Figure 6, curve b), but all these samples are
conductors down to helium temperature. Since the knownâ-type
single crystals of BEDT-TTF with mixed trihalide anion13 are

metallic down to 1.5 K, we have expected that all theât-(BEDT-
TTF)2(IxBr1-x)3 conducting layers would show also the metal-
like behavior of resistance down to helium temperature.
However, the resistance of theât-type conducting layers of
samples1, 2, or 5-7 is not metal-like below nitrogen temper-
ature. The transport properties of conducting layers in general
depend on the conducting properties of the nanocrystals forming
the layer as well as on the quality and the number of contacts
between them. According to X-ray and SEM data theât-(BEDT-
TTF)2(IxBr1-x)3 nanocrystals are well “c*” oriented and devel-
oped. Thus, one may conclude that the quality and/or number
of contacts are not sufficient to form a continuous conducting
layer revealing metal-like transport properties down to helium
temperature.

4. Summary

A set of new conducting BL-films consisting of the polymeric
PC/BEDT-TTF layer and thin surface layer of oriented (BEDT-
TTF)2(IxBr1-x)3 nanocrystals was prepared. All new transparent,
flexible, and lightweight BL-films are conductors in a wide
temperature region and some of them reveal metallic transport
properties down to 80 K.

In the context of a thermodynamic approach, it was shown
for the first time that the reduction of IBr should result in the
formation of I3-, I2Br-, and IBr2- anions, giving the IBr2-

species the major contribution. Ab initio calculations indicate
that the contribution of these anions can depend on the polarity
of the environment.

It was also shown that theR′ f â structural phase transition
in the (BEDT-TTF)2(IxBr1-x)3 nanocrystals takes place around
160-170 °C.
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Figure 5. Normalized resistance of the conducting surface layer of
theR′-(BEDT-TTF)2(IxBr1-x)3 nanocrystals versus inverse temperature
(sample1 after the second step of MRDT). Inset shows the geometry
of electrical contacts in a BL-film sample.

Figure 6. Typical temperature dependence of normalized resistance
for different conducting surface layers containing theât-(BEDT-TTF)2-
(IxBr1-x)3 nanocrystals as a main component: (a) film sample1 and
(b) film sample8 (see text, Table 6).
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New Transparent Metal-like Bilayer Composite Films with Highly
Conducting Layers of h-(BET-TTF)2Br´3H2O Nanocrystals**

By Marta Mas-Torrent, Elena Laukhina,* Concepció Rovira,* Jaume Veciana, Vladislava Tkacheva,
Leokadiya Zorina, and Salavat Khasanov

1. Introduction

The layered structure and exceptionally high room tempera-
ture conductivity (350±3900 X±1 cm) of the novel h-(BET-
TTF)2Br´3H2O [BET-TTF: bis(ethylenethio)tetrathiafulva-
lene] molecular metal[1] make it very attractive as the base
component for the conducting layer of bilayer (BL) composite
films, which consist of a polycarbonate matrix with a conduct-
ing surface layer formed of a crystalline network of organic
conductors.[2±5] Moreover, the hint of a superconducting transi-
tion observed in some h-(BET-TTF)2Br´3H2O crystals[1] has
also encouraged the use of this compound in these composite
materials. BL films permit the high stability and different phys-
ical properties of crystalline organic conductors[6] to be com-
bined with the advantageous properties of polymeric matrices
such as flexibility, transparency, and low density. Furthermore,
BL films can be produced with different sizes and shapes,
which could be of technical interest. Therefore, they have clear

advantages compared with single crystals of molecular conduc-
tors with respect to potential applications in a new generation
of electronic devices. The few known BL films were prepared
by a modified reticulate doping technique (MRDT),[2,3,7] which
involves the generation of a conducting layer via a D (donor) +
Hal (halogen) reaction.[2±5] For example, conducting layers
consisting of a-(BEDT-TTF)2I3 and (BEDO-TTF)2Br´3H2O
nanocrystals were formed by the reactions BEDT-TTF + I2

[2]

and BEDO-TTF + Br2,[4] respectively [BEDT-TTF: bis(ethyl-
enedithio)tetrathiafulvalene; BEDO-TTF: bis(ethylenedioxo)-
tetrathiafulvalene]. The latter result gives grounds to expect
the formation of a surface conducting layer of h-(BET-
TTF)2Br´3H2O nanocrystals from the BET-TTF + Br2 reaction,
although the initial single crystals of the salt were synthesized
by an electrochemical method.[1] So, in order to generate a con-
ducting layer of h-(BET-TTF)2Br´3H2O nanocrystals we ap-
plied the same MRDT procedure as used in the preparation of
the known BL conducting films[2±5] but using BET-TTF in the
first step and bromine in the second step of the MRDT
(Fig. 1). This methodology has enabled us to produce a new,
very transparent BL film with metal-like behavior of the resis-
tance down to liquid helium temperature and the highest room
temperature conductivity of any BL film reported to date.

2. Results and Discussion

Polycarbonate (PC) films with a typical thickness of 10±
15 lm containing 2 wt.-% of molecularly dispersed BET-TTF
were cast as previously described.[2,7] Then the surfaces of the
samples were treated with the vapor of a Br2/CH2Cl2 solution,
producing the BET-TTF + Br2 reaction in the swollen film sur-
face (Fig. 1). The ratio of the reagents employed during the re-
action is very important because it determines whether a com-
pletely ionic non-conducting salt is formed and/or a mixed
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A flexible low-density metallic material, which is extremely transparent, was obtained using as active component the highly
conducting molecular metal h-(BET-TTF)2Br´3H2O, BET-TTF = bis(ethylenethio)tetrathiafulvalene. This material is a bilayer
(BL) film that was prepared by treating a polycarbonate film containing 2 wt.-% of molecularly dispersed BET-TTF with vapor
of a Br2/CH2Cl2 solution. Optimum conditions for the preparation of very transparent metallic materials were established. The
X-ray diffraction patterns indicate that the conducting layer of the BL films is formed by well a* oriented h-(BET-
TTF)2Br´3H2O nanocrystals, which are clearly observed in the SEM images. Conductivity measurements confirm that the nano-
crystalline layers have the same transport properties as those of the single crystals, displaying metal-like behavior down to He
temperature and the highest room temperature conductivity (120 X±1 cm±1) reported so far for this kind of film.
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valence metallic salt. We suggest that an optimum mass of Br2

absorbed per unit volume of a swollen film surface layer
(CBr/film) exists, at which a conducting layer of h-(BET)2Br´
3H2O nanocrystals is achieved. Generally, the CBr/film value is
proportional to: i) the mass of Br2 in the vapor of the
Br2/CH2Cl2 solution (mBr/v), and ii) the duration of the film
surface treatment (t). According to the gas state equations[8]

and Henry's law,[8] the value of mBr/v is proportional to the
mole fraction of Br2 (xBr*) contained in the Br2/CH2Cl2 solu-
tion, and it can be shown that

CBr/film » DBrCBr/sVst (1)

where DBr is the capability of Br2 vapor to penetrate into a
swollen polycarbonate layer, CBr/s is the molar concentration
of Br2 in the Br2/CH2Cl2 solution, and Vs is the volume of this
solution. In order to find the optimum value of CBr/film we pre-
pared film samples 1±7 using different CBr/s and t values (see
Table 1). In all experiments the amount of BET-TTF, the treat-

ed film surface area (7 cm2), and the volumes of vapor
(29.5 mL) and solution (10.5 mL) were identical. The second
steps were carried out at the same temperature to fix the fol-
lowing parameters: DBr, rate of reaction, and rate of reagent
diffusion. Taking into account the outlined peculiarities of the
second step of the MRDT, we may restrict ourselves to the sim-
ple estimation of the CBr/film values with respect to the factor
FBr, which is proportional to the molar concentration of Br2 in
CH2Cl2 and the duration of the film surface treatment
(Table 1):

FBr = CBr/st (2)

It is important to note that samples 3±7, produced at FBr

£ 2.4 � 10±2 M min, are very slightly orange colored and ex-
tremely transparent, while all samples produced at higher FBr

values are green and more opaque. Figure 2 demonstrates how
sample 6, which has metal-like transport properties down to
liquid He temperature and an exceptionally high r293K value
for BL films (Fig. 3b, Table 2), is completely transparent.

The electrical properties of the new film samples were stud-
ied and the r293K value calculated. For this purpose rectangular
pieces (~1.5 mm � 0.5 mm) were cut out of the BL film sam-
ples. The resistance of samples was measured by a standard
four-probe DC method: four annealed platinum wires (20 lm
in diameter) were attached to the treated surface of a BL film
by a conductive graphite paste (see inset to Fig. 3b). In agree-
ment with DC measurements (Table 2), only film samples that
were produced at low FBr values possessed a conducting layer.
The r293K values of samples 5 and 6 (120 and 95 X±1cm±1, re-
spectively) are extremely high compared with known BL
films.[2±5] The temperature dependence of the resistance of film
samples 4±6 was measured down to 4 K (Table 2). According
to DC data presented in Figure 3a, sample 4 has metallic trans-
port properties in a wide temperature range (250±20 K). Sam-
ples 5 and 6 demonstrate metal-like transport properties down
to liquid He temperature (Fig. 3b). The temperature depen-
dence of the normalized resistance of conducting BL films 3
and 7 was not measured since both samples have a very low
value of conductivity at room temperature (Table 2). There-

Fig. 1. Scheme of the preparation by MRDT of the new BL film with a conduct-
ing surface layer of h-(BET-TTF)2Br´3H2O nanocrystals.

Table 1. Parameters of the second step of MRDT: ambient temperature (T), mo-
lar concentration of Br2 in CH2Cl2 (CBr/s), duration of the treatment (t), and val-
ue of the factor FBr.

Fig. 2. View through the new metal-like BL film with a surface layer of h-(BET-
TTF)2Br´3H2O nanocrystals (sample 6).
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fore, the analysis of conductivity data shows that the values of
FBr in the range 0.016±0.006 M min provide the optimum
CBr/film value, which allows the generation of a metal-like
conducting layer in these new BL films.

As it has previously been shown that the measured values of
the interplanar spacing d001 along with intensities of (00l) re-
flections allow the identification of the different phases of the
BEDT-TTF trihalides,[3] we studied the X-ray diffraction pat-

terns of conducting samples 3±7 in order to clarify which kind
of nanocrystal forms the conducting layer of the new BL film
samples (Table 2). The X-ray diffraction patterns[9] of all the
samples (Fig. 4 shows sample 5) indicate the presence of only
(h00) reflections, which are characteristic of conducting layers

formed by oriented nanocrystals: the crystallographic a*-axis
of nanocrystals is perpendicular and consequently their con-
ducting layers are parallel to the film surface.[3] The measured
values of the interplanar spacing d100 and the relative intensity
of the lines of the nanocrystals for all the samples correspond
to the h-(BET-TTF)2Br´3H2O phase (d100 = 15.24(1) �).[1] It is
important to note that the reflections of the h-(BET-
TTF)2Br´3H2O phase in the X-ray diffraction patterns of sam-
ples 3 and 7 are much weaker than those in the X-ray diffrac-
tion patterns of metal-like samples 5 and 6. These X-ray results
indicate that the novel metal-like surface layer of the h-(BET-
TTF)2Br´3H2O nanocrystals can be generated by the BET-TTF
+ Br2 reaction.

The near-infrared (NIR) spectra of all conducting BL films
were measured.[10] The NIR spectra of samples 4±7 (Fig. 5,
top) are practically identical, containing two bands: a band at
830 nm (B band) and a very wide band centered at 4300 nm
(A band), which are typical of TTF-derivative mixed valence
salts.[11] It is worth noting that these spectra are very similar to
that of h-(BET-TTF)2Br´3H2O single crystals,[1] in good agree-
ment with the X-ray data. In the spectrum of sample 3 a new
intense extra band appears at 1550 nm and the B band be-
comes stronger (Fig. 5, bottom). In accordance with these re-
sults, we can surmise that the conducting layer of sample 3
mainly contains another amorphous BET-TTF salt (A), which
should have ionic character.

Thus, we are able to assume that the formation of salt A in a
significant amount results in the very low r293K value of sam-
ple 3 (Table 2). In contrast, the low r293K value of sample 7
(r293K = 0.04 X±1cm±1) could be due to the poorly developed
polycrystalline layer of h-(BET-TTF)2Br´3H2O nanocrystals,
which was produced at the lowest FBr and CBr/film values and as
a consequence grew poorly.

Fig. 3. Normalized resistance of the conducting surface layer of h-(BET-
TTF)2Br´3H2O nanocrystals versus temperature: a) sample 4; b) sample 6; the
inset shows the geometry of electrical contacts to the film sample.

Table 2. Electrical properties and X-ray data (composition) of the BL film sur-
face layers after the second MRDT step.

[a] In line with NIR spectra and SEM data (see text).

Fig. 4. X-ray diffraction pattern of sample 5.
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Taking into account that the quality of linked nanocrystals is
very important in order to impart the electrical properties of
the single crystals of a molecular metal to the conducting layer
of BL films, we have studied the texture of BL films with con-
ducting layers of h-(BET-TTF)2Br´3H2O nanocrystals.[12] Scan-
ning electron microscopy (SEM) images of samples 4, 6, and 7
are presented in Figure 6. For comparison we also present a
typical SEM image of a dielectric ªgreenº sample prepared at
an FBr value greater than 0.03 M min (sample 1, Fig. 6d). As
was expected, in the SEM image of sample 7 poorly developed
nanocrystals can be observed (Fig. 6a). For samples 5 and 6,
which have the most interesting electrical properties (see
Table 2), SEM images showing very well shaped nanocrystals
were obtained (Fig. 6b). Regarding the well-formed shape of
the nanocrystals, we can see that they have angles that are char-
acteristic of h-type single crystals, in agreement with X-ray and
NIR data. These nanocrystals are oriented, their largest faces
(which correspond to the bc conducting planes) being parallel
to the film surface, and they completely cover the surface of
the sample, forming a layer. In the SEM image of sample 6 a
few non-conducting needles are also observed, which can be
attributed to some nanocrystals of non-reacted BET-TTF. In
the SEM image of sample 4 (Fig. 6c) quite good nanocrystals
are also observed, although they are not so highly developed as
in samples 5 and 6. Furthermore, some bright crystallites and

amorphous globules can be seen, which show the presence of
another non-conducting phase. The bright amorphous globules
become dominant in the SEM images of all dielectric ªgreenº
BL films (Fig. 6d). These results indicate that the formation of
the non-conducting amorphous layer of a BET-TTF salt with
the Br± anion by the BET-TTF + Br2 reaction takes place at
FBr values higher than 0.03 M min.

Fig. 5. NIR spectra of the conducting surface layer of h-(BET-TTF)2Br´3H2O
nanocrystals: sample 6 (top) and sample 3 (bottom).

Fig. 6. SEM images of the surface layer of BL films: a) sample 7, b) sample 6,
c) sample 4, d) sample 1.
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3. Conclusions

We have developed a new conducting bilayer composite film
with the surface layer formed by h-(BET-TTF)2Br´3H2O nano-
crystals. This flexible low-density material, which is extremely
transparent, has metal-like transport properties down to liquid
helium temperature along with a very high value of conductiv-
ity at room temperature similar to that of single crystals of or-
ganic conductors. Optimum conditions for BL film preparation
(CBr/s and t) were established, which provide the optimum ratio
of reagents during the BEDT-TTF + Br2 reaction in order to
generate a metal-like layer of highly oriented and well-con-
nected h-(BET-TTF)2Br´3H2O nanocrystals. The development
of transparent highly conducting films opens up new avenues
for the possible application of organic metals.
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