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The first molecular complex of fullerene C60 with metal dithiocarbamate, namely, {CuII(dedtc)2}2·C60 (dedtc:
diethyldithiocarbamate) (1) was obtained as single crystals. Butterfly-shaped CuII(dedtc)2 molecules efficiently
co-crystallized with spherical fullerene molecules to form a layered structure, in which closely packed hexagonal
C60 layers alternate with the layers composed of CuII(dedtc)2 dimers. The formation of the complex with C60 changes
geometry and the EPR spectrum of starting CuII(dedtc)2. Magnetic susceptibility of 1 follows the Curie–Weiss law in
the 300–1.9 K range with the negative Weiss constant of −2.5 K showing a weak antiferromagnetic interaction
between CuII centers in the dimers. The crystals of 1 have low dark conductivity of 10−11 S cm−1, which is consistent
with a neutral ground state of the complex. Illumination of the crystals by white light increases the photocurrent by
20–50 times. The photoconductivity spectrum of 1 has a maximum at 470 nm showing that both intermolecular
charge transfer between neighboring C60 molecules and photoexcitation of CuII(dedtc)2 can contribute to
photogeneration of free charge carriers. The effect of a weak magnetic field with Bo< 0.5 T on the photoconductivity
of 1 has been found.

Introduction

Fullerenes have unique photoacceptor properties. Because of
this fullerene containing composites with conjugated polymers,
dyad and triad molecules were successfully used in the design
of plastic solar cells and models of artificial photosynthesis.1–3

Fullerenes also form a large variety of donor–acceptor com-
plexes with organic and organometallic donors4–7 such as
aromatic hydrocarbons,8,9 substituted tetrathiafulvalenes,10,11

amines,11,12 metallocenes,4,5 porphyrins,13–17 porphyrazines,18

annulenes19 and others.5–7,11 Some of these complexes also
show photoactive properties. Photoexcitation of neutral C60

complexes with amines in the solid state allows one to
observe the excited ionic state by EPR spectroscopy.20 The
illumination of the crystals of C60 complexes with tetrabenzyl-
p-phenylenediamine and tetrabenzo(1,2-bis[4H-thiopyran-4-
ylidene]ethene) (Bz4BTPE) by white light increases photocurrent
by up to 103 times. In both complexes the layered structure
is important for the realization of photoconductivity.21,22 It
was also shown that free charge carriers are generated under
illumination of the crystals by different ways depending on
the donor used. In the case of Bz4BTPE, which absorbs in
the visible range, photoinduced electron transfer is realized
by the photoexcitation of the donor molecule together with
the intermolecular charge transfer (CT) between neighboring
C60 molecules.21,22 A similar mechanism of photoinduced CT is
realized in conjugated polymer–fullerene composites.1,2

Organometallic compounds have a large potential for the
design of photoactive complexes of fullerenes. However, besides
porphyrins13–17 only a few classes of organometallic compounds
have been used up to now to co-crystallize with fullerenes.4,5,11,18,19

One of the reasons is that a specific nearly spherical shape
of fullerene molecule imposes steric demands upon the shape

of donor molecules. To effectively co-crystallize with fullerenes
donor molecules must have flexible phenyl or ethyl substituents
(as metal tetraphenylporphyrins or octaethylporphyrins13–17) or
to have concave or butterfly-like shapes of the molecules such
as annulenes19, cyclotriveratrylene23,24 and dianthracene.8 In
this work we used for the first time metal(II) diethyldithio-
carbamates to co-crystalline them with fullerene. Metal(II)
dialkyldithiocarbamates form a wide family of organometal-
lic donors MII(R2dtc)2, which in most cases possess dimeric
butterfly-like structure together with the presence of flexible
alkyl substituents.25,26 These compounds vary in donor ability
depending on the metal used and can easily be function-
alized by changing outer substituents (R). All these facts
make them promising for the design of donor–acceptor as-
semblies with fullerenes. It should be noted that p-complexes
of metal dialkyldithiocarbamates are rare. From our knowl-
edge only several complexes of molybdenum and tungsten
dialkyldithiocarbamates with tetracyanoquinodimethane have
been described.27,28 As we discussed above, two factors are impor-
tant for photoconductivity to be realized in solid fullerene based
complexes. Those are the layered structure and the presence of
intense absorption of a donor component in the visible range.
Because of this, among different metal(II) diethyldithiocarba-
mates for preparation of photoactive complex with C60 we chose
copper(II) diethyldithiocarbamate, (Cu(dedtc)2), which has an
intense absorption in the visible range and dimeric structure
favorable for the layered packing of fullerene molecules in a
crystal.

This work reports on the first fullerene C60 complex with
copper(II) diethyldithiocarbamate: {CuII(dedtc)2}2·C60 (1). The
synthesis, crystal structure, IR-, UV-visible, EPR spectra, and
magnetic properties of 1 are presented. Photoconductivity of the
crystals was studied upon illuminating them by white light. TheD
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comparison of photoconductivity and absorption spectra of 1
allows one to suggest the mechanisms of free charge carriers
generation. The effect of magnetic field with Bo < 0.5 T on
photoconductivity is found.

Results and discussion
The crystals of 1 were obtained by the evaporation of benzene
or chlorobenzene solutions containing C60 and two molar
equivalents of CuII(dedtc)2. The crystals appeared as large
black hexagonal plates. The composition of the complex was
determined by elemental analysis and was justified by X-ray
diffraction on a single crystal.

The complex has a monoclinic lattice. Both CuII(dedtc)2 and
C60 molecules are ordered. As a whole, 1 has a layered structure,
in which hexagonal layers of closely packed C60 molecules
alternate with those composed of CuII(dedtc)2 dimers (Fig. 1a).
Each C60 molecule has six neighbors in the layer with the shortest
interfullerene center-to-center distance of 10.02 (four neighbors)
and 10.25 Å (two neighbors) (Fig. 1b). In the former case the van
der Waals C · · · C contacts between adjacent fullerenes of 3.329–
3.466 Å length are shorter than the sum of van der Waals radii
of two carbon atoms (3.42 Å).29 The center-to-center distance of
10.02 Å is close to that in pure C60 crystals at 153 K (9.94 Å).30

The projection of CuII(dedtc)2 layer on the C60 layer is
shown in Fig. 1b (only one CuII(dedtc)2 molecule from the
dimer is shown). The central CuS4 fragments arrange exactly
above C60 spheres, whereas flexible ethyl substituents occupy
any available cavities in the C60 layers. The effective packing
of CuII(dedtc)2 and C60 molecules in a crystal is attained
due to the slightly butterfly shape of CuII(dedtc)2 molecules,
which allows them to produce the cavities for C60 molecules

Fig. 1 The view of crystal structure of 1 along the crystallographic
b-(a) and a-axes (b).

(Figs. 1a and 2a). It should be noted that planar nickel(II)
diethyldithiocarbamate does not form a complex with C60 in
similar conditions. Thus, the butterfly-like shape of CuII(dedtc)2

is important for co-crystallization with fullerene. The packing
CuII(dedtc)2 molecules in the layer has a parquet motif (Fig. 1b).
The Cu · · · C(C60) contacts of 3.269 and 3.307 Å length are
formed with two carbon atoms of the 6–6 bond of C60 (Fig. 2a).
These contacts are noticeably longer than those in copper(II)
octaethylporphyrin or tetraphenylporphyrin complexes with
fullerenes C60 and C70 (2.88–3.02 Å)13,15 and indicate only weak
secondary metal–fullerene interaction. The van der Waals S
and N · · · C(C60) contacts lie in the 3.523–3.891 and 3.680–
3.810 Å ranges (Fig. 2a). Several short H(ethyl groups of
CuII(dedtc)2) · · · C(C60) of 2.845–2.938 Å length additionally
stabilize this crystal structure. These contacts are mainly formed
due to the C–H bonds of ethyl groups directed toward C60

carbons (C–H · · · p interaction). Thus, steric complimentary
of the shapes of CuII(dedtc)2 and C60 molecules allows the
formation of multiple van der Waals contacts between them
that results in the complete order of C60 molecules.

Fig. 2 The formation of van der Waals contacts between CuII(dedtc)2

dimers and C60 molecules (dashed lines) (a) and geometry of starting
CuII(dedtc)2 for comparison25 (b). The notation for the atoms is given
for Table 1. The equivalent positions are marked by an additional letter
“A” in the atom labels.

Co-crystallization of CuII(dedtc)2 with a nearly spherical
fullerene molecule noticeably changes its starting geometry
(Table 1). The starting donor has a dimer structure with a square-
pyramidal environment of CuII centers with four short equatorial
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Table 1 Selected bond distances (Å) and bond angles (◦) for the starting
CuII(dedtc)2

25 and that in complex 1 (Figs 2a and 2b)

Atoms CuII(dedtc)2
25 {CuII(dedtc)2}2·C60 (1)

Cu–S(1) 2.3071(9) 2.3354(8)
Cu–S(2) 2.314(1) 2.2994(9)
Cu–S(3) 2.299(1) 2.2978(8)
Cu–S(4) 2.3270(9) 2.3218(8)
Cu–S(2A) CuA–S(2) 3.030(1)
Cu–S(4A) CuA–S(4) 2.844(1)
S(1)–C(1) 1.718(3) 1.722(3)
S(3)–C(6) 1.710(3) 1.724(3)
S(1)–Cu–S(2) 77.00(3) 76.90(3)
S(3)–Cu–S(4) 76.59(3) 77.06(3)
S(1)–Cu–S(4) 102.20(3) 173.00(3)
Cu–CuA 3.572(1) 3.529(1)
Cu–S average 2.3117 2.3135

bonds (average length is 2.3117 Å) and one long axial bond of
2.844(1) Å length. Thus, the coordination number of CuII is 5.25

For CuII(dedtc)2 in 1 the dimer structure is retained, however,
the elongation of the axial coordination bond is observed up
to 3.030(2) Å, whereas the equatorial bonds have nearly the
same lengths (average length is 2.3135 Å). The elongation of
axial Cu–S bonds can be associated with the additional weak
axial coordination of CuII to the fullerene molecule, which
is directed in the opposite direction to axial Cu–S bonding.
The arrangement of ethyl groups of starting CuII(dedtc)2 is
also changed at the formation of 1. In a pure compound two
ethyl groups at each nitrogen atom are directed in opposite
directions (Fig. 2b) whereas, in 1 three of the four ethyl groups of
CuII(dedtc)2 are directed in one direction towards the fullerene
layer and only one ethyl group is directed in the opposite
direction (Fig. 2a).

The EPR spectra of 1 and starting CuII(dedtc)2 at room
temperature (RT = 295 K) are shown in Fig. 3. The starting
donor has a broad asymmetric EPR signal with g1 = 2.0409
and the line halfwidth (DH) of 30 G and g2 = 2.0613 and
DH = 48.5 G. This signal is attributed to CuII with 1/2 ground
state and is similar to the EPR signal reported previously for
CuII(dedtc)2.25 The formation of the complex noticeably changes
the EPR spectrum. It becomes more asymmetric with two
narrow components with g1 = 2.0270 and DH = 10 G and
g2 = 2.0336 and DH = 19 G and one broad component with
g3 = 2.0612 and DH = 76 G (Fig. 3b). It is seen that the
component of the starting CuII(dedtc)2 with g1 (2.0409) splits in 1
into two components with g1 and g2 (2.0270 and 2.0336), which
are also shifted to the smaller g-factors, whereas the second
component with g2 (2.0613) remains nearly unchanged (2.0612).
This can be attributed to changes in the local environment at
CuII centers due to the elongation of the axial Cu–S bond
and the appearance of weak axial coordination to the C60

molecule. Magnetic susceptibility of 1 follows the Curie–Weiss

Fig. 3 EPR spectra of starting polycrystalline CuII(dedtc)2 (a) and
polycrystalline 1 (c). The simulation of the spectra of (CuII(dedtc)2, b)
and (1, d) by Lorentz lines is shown below.

law from 300 K down to 1.9 K with the negative Weiss constant
of −2.5 K. The interaction between two CuII atoms in the
CuII(dedtc)2 dimers can be mediated by a sulfur bridge (Cu–
S–Cu path). The elongation of the axial Cu–S coordination
bond hinders the magnetic interaction between two copper
atoms through this bridge in spite of that formally the Cu · · · Cu
distance in the CuII(dedtc)2 pairs in 1 is smaller (3.529 Å) than
that in the starting compound (3.572 Å).25

The IR spectrum of 1 (see Experimental section) indicates the
neutral ground state of the complex. The UV-visible spectrum
of CuII(dedtc)2 has a broad absorption band in the visible range
with the maximum at 442 nm and a low-energy tail extended
up to 600 nm (Fig. 4b). This band retains in the spectrum of 1
with the maximum at 437 nm (Fig. 4a). Two other absorption
bands in the spectrum of 1 in the UV-range at 341 and 263 nm
can be ascribed to intramolecular transitions in the fullerene
molecule (Fig. 4a).31 It is also known that a relatively weak
absorption band in the solid state spectrum of C60 at 470 nm
was attributed to intermolecular CT between neighboring C60

molecules.32 A necessary condition for the observation of this
band in the solid state spectra of the complexes is close packing
of fullerene molecules in the crystal.11,33 Since C60 molecules are
closely packed in the hexagonal layers of 1, this band can also
appear in the spectrum. However, it is probably overlapped with
a more intense absorption band of CuII(dedtc)2 at 437 nm. Thus,
two processes can be realized at photoexcitation of 1 in the visible
range. Those are photoexcitation of CuII(dedtc)2 (at 437 nm)
and intermolecular CT between neighboring C60 molecules (at
470 nm).

Fig. 4 Optical absorption spectra of 1 (a) and starting CuII(dedtc)2 (b)
in KBr pellets in the 220–750 nm range.

In accordance with a neutral ground state it was found
that the single crystals of 1 show low “dark” conductivity,
r∼10−11 (X cm)−1. Photocurrent increased by 20–50 times upon
illuminating the sample with white light. These values remained
unchanged under illumination for 104 s and were completely
reproducible.

The photoconductivity spectrum of 1 is shown in Fig. 5. The
signal can be simulated by two Lorentz lines with the maxima at

Fig. 5 The photoconductivity spectrum of 1 in the 270–850 nm range
at RT.
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473 and 583 nm. The main peak of photoconductivity at 473 nm
has a position close to those of the absorption bands attributed
previously to the photoexcitation of CuII(dedtc)2 (at 437 nm)
and intermolecular CT between neighboring C60 molecules (at
470 nm). Because of this, these two processes mainly contribute
to the generation of free charge carriers in 1. It was found earlier
that the second process is also contributed to photogeneration of
free charge carriers in pure C60 crystals34 and its donor–acceptor
complexes21,22 (in all these cases photoconductivity has a peak at
about 470 nm). A weaker peak of photoconductivity at 583 nm
can also be associated with photoexcitation of CuII(dedtc)2

(which has a tail up to 600 nm) and photoexcitation of C60

molecules (the absorption band associated with the symmetry
forbidden HOMO–LUMO transitions in C60 molecules has the
maximum around 600 nm31). However, free charge carriers
are not generated in the UV-range below 360 nm, where
photoexcitation of C60 is also possible.31 Thus, the second weak
peak can be attributed mainly to photoexcitation of CuII(dedtc)2.

Photoconductivity of 1 was found to be sensitive to magnetic
field (MF) with Bo < 0.5 T. It is seen from Fig. 6 that MF
decreases the photocurrent. Such a MF dependence was previ-
ously observed in anthracene and was attributed to the effects
associated with the interaction of triplet excitons with trapped
charges (as a rule, those are “holes”).35 This interaction releases
charges from deep-seated traps and, as a result, increases the
photocurrent. MF decreases the rate of the interaction of triplet
excitons with trapped charges and consequently photocurrent
also decreases in the MF.

Fig. 6 The dependence of relative changes in photocurrent (DI) in 1 on
magnetic field with the induction Bo at RT.

Conclusion
The complex of fullerene C60 with copper(II) diethyldithiocar-
bamate: {CuII(dedtc)2}2·C60 (1) was obtained for the first time.
According to the IR- and the UV-visible-NIR spectra, 1 has
a neutral ground state. X-ray diffraction on a single crystal
reveals a layered structure, in which closely packed hexagonal
C60 layers alternate with those formed by CuII(dedtc)2 dimers.
The butterfly-like shape of the CuII(dedtc)2 molecules and the
presence of flexible ethyl substituents is favorable for the effective
packing with nearly spherical C60 molecules that results in the
formation of multiple van der Waals contacts between them
and the ordering of C60 molecules. Co-crystallization with C60

changes geometry and the EPR spectrum of CuII(dedtc)2. This
is associated with the elongation of the axial Cu–S bond in the
dimer and the appearance of additional weak coordination of
CuII centers to fullerene molecules. The elongation of axial Cu–
S bonds results in the decrease of magnetic interaction between
CuII centers in the dimers (magnetic susceptibility of 1 follows
the Curie–Weiss law down to 1.9 K with a small negative Weiss
constant of −2.5 K). The crystals of 1 have low dark conductivity
of 10−11 S cm−1 consistent with a neutral ground state of the
complex. Illumination of the crystals by white light increases the
photocurrent by 20–50 times. The photoconductivity spectrum

of 1 has a main peak at 470 nm and a weaker peak at 583 nm. The
comparison of the photoconductivity spectrum with the absorp-
tion one shows that both intermolecular charge transfer between
neighboring C60 molecules and photoexcitation of CuII(dedtc)2

can contribute to the photogeneration of free charge carriers
in 1. A similar mechanism of free charge carrier generation
was observed previously in the C60 complex with Bz4BTPE,22

which also has absorption in the visible range, and in conjugated
polymer–fullerene composites.1,2 An important factor for the
realization of photoconductivity in 1 and in previously studied
complexes TBPDA·(C60)2 and Bz4BTPE·C60

21,22 is a layered
structure, in which closely packed C60 layers alternate with those
composed of donor molecules. This is a common peculiarity of
the C60 complexes showing photoconductivity because such an
arrangement of C60 and donor components allows the movement
of photogenerated carriers through the crystal. The effect of a
weak magnetic field with Bo< 0.5 T on photoconductivity of
1 was found. It is shown that the magnetic field decreases the
photocurrent in contrast to Bz4BTPE·C60, in which the magnetic
field increases the photocurrent.22 In TBPDA·(C60)2 the field
dependency of the photocurrent shows a sign inversion at 0.3 T,
which is associated with the effect of the magnetic field on the
concentration of triplet charge transfer excitons in a crystal.21

Experimental
Materials

CuII(dedtc)2 was synthesized according to ref. 25. C60 of 99.98%
purity was used from MTR Ltd. Benzene (C6H6) was distilled
over Na/benzophenone and chlorobenzene (C6H5Cl) was dis-
tilled over P2O5 in an argon atmosphere.

Synthesis

{CuII(dedtc)2}2·C60 (1) was obtained by slow evaporation of
benzene (30 mL) or chlorobenzene (15 mL) solution containing
C60 (0.035 mmole, 25 mg) and 2 molar equivalents of CuII(dedtc)2

(0.07 mmole, 25 mg). The solvent was decanted, the crystals
precipitated after one week and were washed with hexane to
yield black hexagonal plates (up to 0.1 × 0.7 × 0.7 mm3 size)
with 70–90% yield. The IR-spectra and elemental analysis for the
crystals obtained from benzene and chlorobenzene are identical
indicating the formation of solvent-free complex 1 in both cases.
Elemental analysis: C80H40N4S8Cu2, found; %: C = 66.46, H =
3.08, N = 4.10, Cl = 0; calc., %: C = 66.70, H = 2.77, N =
3.88, S = 17.77, Cu = 8.88, Cl = 0. The composition of the
complex was justified by X-ray diffraction on a single crystal.
IR-spectrum of 1: 527m, 577w, 775w, 846w, 913w, 997m, 1088w,
1147m, 1182w, 1209m, 1275s, 1356m, 1379w, 1430s, 1505s,
1603m cm−1 and those of starting C60: 527s, 577m, 1182w,
1429s cm−1 and CuII(dedtc)2: 500w, 572w, 779w, 848m, 914m,
998m, 1078m, 1093m, 1149s, 1209s, 1273s, 1301w, 1354 m,
1378w, 1437m, 1506s, 1603w cm−1.

General

FT-IR spectra were measured in KBr pellets with a Perkin-Elmer
1000 Series spectrometer (400–7800 cm−1). UV-visible-NIR
spectra were measured on a Shimadzu-3100 spectrometer in the
220–1600 nm range. A Quantum Design MPMS-XL SQUID
magnetometer was used to measure static susceptibilities down
to 1.9 K. EPR spectra were recorded at room temperature
with a JEOL JES-TE 200 X-band ESR spectrometer. Photo-
conductivity was excited using white light of a 150 W halogen
tube. Photoconductivity was characterized by current I running
through indium contacts attached to one of the faces of the
samples with silver or carbon paste. To record the spectra a light
beam of a xenon lamp was transmitted through a high-aperture
monochromator. The contacts were under direct voltage of
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10–50 V. A constant magnetic field with the induction up to
0.5 T was generated by an electromagnet.

X-Ray crystal structure determination

Crystal data of 1: C80H40Cu2N4S8, Mr = 1440.72 g mol−1, black
hexagonal prisms, monoclinic, P21/c, a = 16.1948(8), b =
10.2552(5), c = 17.2192(9) Å, c = 102.504(2), V = 2791.9(2)
Å3, Z = 2, dcalc = 1.714 g cm−3, l = 1.12 mm−1, F(000) = 1468,
T = 90 (1) K, max. 2hmax = 54.12◦, reflection measured 25977,
unique reflections 5683, Rint = 0.036, reflections with I > 2r(I) =
4983, parameters refined 425, R1 = 0.040, wR2 = 0.106, G.O.F. =
1.082.

The X-ray diffraction data were collected at 90 K on a
Bruker SMART1000 CCD diffractometer equipped with a
rotating anode (Mo-Ka radiation, k = 0.71073 Å). The data
were collected by the rotation method with a 0.3◦ frame width
(x scan). The data collection nominally covered half of the
reciprocal space by a combination of six x scans (600 frames
in each set), with different u angles. Reflection intensities were
integrated using the SAINT program.36

The solution and refinement of the structures were performed
with the SHELXTL program package.37 The structures were
refined by full-matrix least squares against F 2 of all data.
Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were partially revealed from the difference Fourier maps
and refined using a “riding” model with Uiso = 1.2Ueq of the
connected carbon atom, and as ideal CH3 groups with Uiso =
1.5Ueq of the connected carbon atom.

CCDC reference number is 260289.
See http://www.rsc.org/suppdata/dt/b5/b500314h/ for cry-

stallographic data in CIF or other electronic format.
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