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A series of complexes of fullerenes C60 and C70 with metal dithiocarbamates
{MII(R2dtc)2}•Cm (m = 60 or 70) and metal dithiocarbamates coordinated to nitrogen�con�
taining ligands (L), {MII(R2dtc)2)x•L}•C60 (x = 1 or 2), where M = Cu, Zn, Cd, Hg, Mn,
or Fe, R = Me, Et, Prn, Pri, or Bun, L is 1,4�diazabicyclo[2.2.2]octane (DABCO),
N,N´�dimethylpiperazine, or hexamethylenetetramine, were synthesized. The shape of dithio�
carbamate molecules is sterically compatible with the spherical shape of C60, resulting in an
efficient interaction between their π systems. The resulting compounds are characterized by a
layered or three�dimensional packing of the fullerene molecules. In the C60 complexes, iron(II)
and manganese(II) dithiocarbamates exist in the high�spin states (S = 2 and 5/2). The magnetic
susceptibility of {MII(Et2dtc)2}2•Cm (M = Fe or Mn, m = 60 or 70) in the temperature range of
200—300 K is described by the Curie—Weiss law with Θ = –250 and –96 K and with maxima at
110 and 46 K, respectively, which is indicative of a strong antiferromagnetic spin coupling
between MII. The Weiss constants for the [{MII(Et2dtc)2}2•DABCO]•C60•(DABCO)2 com�
plexes (M = Fe or Mn) are 1.7 and 0.3 K, respectively. The magnetic moments of the
complexes containing Fe and Mn dithiocarbamates slightly increase at temperatures below 50
and 35 K, respectively, which is evidence of the ferromagnetic spin coupling between MII in
{MII(Et2dtc)2}2•DABCO. Single crystals of the complexes exhibit low dark conductivity
(10–10—10–11 S cm–1). The visible light irradiation of these crystals leads to an increase in
the photocurrent by two—three orders of magnitude. The photogeneration of free charge
carriers in the complexes occurs both due to the photoexcitation of metal dithiocarbamate
(CuII(Et2dtc)2) and through the charge transfer from metal dithiocarbamate (MII(Et2dtc)2,
M = Zn or Cd) to C60.

Key words: donor�acceptor complexes, fullerene C60, metal dithiocarbamates, crystal struc�
ture, magnetic properties, photoconductivity.

Donor�acceptor complexes of fullerenes are exten�
sively studied in connection with their interesting optical
and magnetic properties.1—3 Fullerene complexes were
synthesized with different classes of donor molecules,
such as aromatic hydrocarbons,4—6 tetrathiafulvalenes,7—9

amines,10,11 metalloporphyrins,12—14 metalloce�
nes,15 etc.1,8,15 Metal tetraphenyl� and octaethyl�
porphyrinates form a wide family of compounds with
fullerenes, which have both neutral and ionic ground
states.12—15 These complexes can be modified by intro�
ducing nitrogen�containing ligands (L) or cations (D+) to
give the multicomponent complexes {(prf)x•L}•C60 or

{(D+)•(prf)•(C60
–)}, where prf is porphyrin.16—20 For ex�

ample, the coordinated mono�, di�, and tetranuclear zinc
tetraphenylporphyrinates form the molecu�
lar complexes (ZnTPPx•L)•C60 with C60
(TPP is tetraphenylporphyrin; x = 1, 2,
or 4).16,17,20 The use of the coordinating
N�methyldiazabicyclo[2.2.2]octane cation
(MDABCO+) made it possible to synthe�
size a series of the multicomponent ionic
complexes {(MDABCO+)•(CoIIprf)•C60

–•(Solv)} (Solv
is solvent). The reversible formation of the diamagnetic
coordinated species [(MDABCO+)•CoIIOEP•C60

–],18
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where CoIIOEP is cobalt(II) octaethylporphyrinate, and
the formation of the unusual dimer (C60

–)2 linked by two
C—C bonds are observed in these complexes.19,20

These studies showed that the introduction of a nitro�
gen�containing ligand or cation into the complexes by the
formation of additional coordination bonds between the
nitrogen atom and the metal atom of the porphyrin ring
allows the control of the structure of the resulting com�
plexes and, in some cases, the charge state of fullerene
and the physical properties of the complexes.

Metal dialkyldithiocarbamates MII(R2dtc)2 belong to
a wide family of ogranometallic compounds having prop�
erties important for the design of donor�acceptor com�
plexes with fullerenes.

Most of divalent metal dithiocarbamates adopt an
open�book shape21—26 and are sterically compatible with
the spherical shape of fullerene molecules. The struc�
ture of dithiocarbamates can be modified and their elec�
tron�donating properties can be varied with the use of
various metals (MII) and alkyl substituents of different
length (R).27 Some dithiocarbamates exhibit strong ab�
sorption in the visible light region (M = CuII and NiII)
or have unusual magnetic properties. For example,
FeIII(Et2dtc)2Cl is a one�component ferromagnet with
Tc = 2.46 K.28 Only a few metal dithiocarbamate com�
plexes with π�acceptors, for example, tetracyanoquinodi�
methane complexes with molybdenum and tungsten
dialkyldithiocarbamates,29,30 were characterized. We have
synthesized31—33 a large series of complexes of fullere�
nes C60 and C70 with various metal dithiocarbamates
(M = CuII, CuI, AgI, Zn, Cd, HgII, MnII, NiII, PtII, or
PdII) and a large set of substituents (R = Me, Et, Prn,
Bun, or CH2Ph).

Metal dithiocarbamates, like metalloporphyrins, can
form structures coordinated to nitrogen�containing
ligands. Such compounds were prepared primarily with
zinc and cadmium dithiocarbamates. These dithiocarbam�
ates are linked together by bidentate ligands, such as
4,4´�bipyridine, bis(4�pyridyl)ethylene, or tetramethyl�
ethylenediamine, to form the dinuclear structures
{M(R2dtc)2}2•L,34—36 whereas pyridine, imidazole,
2,2´�bipyridine, and phenanthroline give the mononuclear
complexes {M(R2dtc)2}•L with dithiocarbamates.37,38

It appeared that the cocrystallization of fullerene C60
with metal dithiocarbamates in the presence of di�
azabicyclooctane (DABCO), N,N´�dimethylpiperazine
(DMP), or hexamethylenetetramine (HMTA) affords the
C60 complexes with mono� or dinuclear metal dithio�
carbamates coordinated to nitrogen�containing ligands,

{[MII(R2dtc)2]x•L}•C60 (M = Zn, Cd, Hg, Mn, or Fe;
R = Et, Pri, or Prn; x = 1 or 2, L = DABCO, DMP,
or HMTA).

In addition to the known complexes of zinc and cad�
mium dithiocarbamates, the formation of analogous struc�
tures of mercury(II), manganese(II), and iron(II) dithio�
carbamates in fullerene complexes was observed for the
first time.

In the present study, we synthesized
the {MII(R2dtc)2}•C60, {MII(R2dtc)2}•C70, and
{[MII(R2dtc]2)x•L}•C60 complexes (x = 1 or 2, L =
DABCO, DMP, or HMTA), determined their crystal
structures, and investigated the magnetic and photo�
physical properties.

Results and Discussion

1. Synthesis of the complexes

The cocrystallization of dithiocarbamates with
fullerenes can afford both the dinuclear complexes
{MII(R2dtc)2}2 and the mononuclear complexes
MII(R2dtc)2. Dinuclear dithiocarbamates are formed as a
result of the axial coordination of the sulfur atom to the
metal atom of the adjacent dithiocarbamate molecule
(Fig. 1). These compounds form the fullerene complexes
{Cu(EtMedtc)2}2•C60 (1), {MII(R2dtc)2}2•C60 (2—5),
where R = Et, M = Cu (2), Cd (3), Hg (4), or Fe (5), and
{Mn(Et2dtc)2}2•C70 (6). The dinuclear structures are
known21—24 for copper(II), cadmium(II), and iron(II)
dithiocarbamates. To our knowledge, these structures
have been previously unknown for HgII(Et2dtc)2 and
MnII(Et2dtc)2. The starting dithiocarbamate HgII(Et2dtc)2
has a mononuclear planar structure;39 MnII(Et2dtc)2,
a polynuclear structure.40 In the complex with C60, dithio�
carbamate Zn(Et2dtc)2 has a mononuclear tetragonal
structure (see Fig. 1), although the starting compound has
a dinuclear structure.25,26 Generally, crystals of C60 com�
plexes with dithiocarbamates were grown by concentrat�
ing a solution containing fullerene and the corresponding
metal dithiocarbamate. However, in the presence of
cadmium(II), manganese(II), or iron(II) dithiocarba�
mates, the fullerene complexes {MII(Et2dtc)2}2•C60 and
{MII(Et2dtc)2}2•C70 are almost completely precipitated
as powders even from dilute solutions in C6H6, PhCl,
or C6H4Cl2. Because of this, crystals of the complexes
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with these dithiocarbamates were grown by the slow dif�
fusion method.

The fullerene�rich complexes {CuII(R2dtc)2}•(C60)m
(m = 2 (7) or 2.5 (8)) are formed by CuII dithiocarbam�
ates containing long alkyl substituents (Prn or Bun). Ap�
parently, these complexes have a planar mononuclear
structure. These structures are also characteristic of NiII

and PtII dithiocarbamates, which form complexes with
C60 of the analogous composition {M(Prn

2dtc)2}•(C60)2.32

It should be noted that metal dithiocarbamates
MII(R2dtc)2 (MII = Zn, Cd, Hg, Mn, and Fe) are prone
to extra coordination, whereas the introduction of the
third component, viz., the coordinating ligand DABCO,
DMP, or HMTA, into the synthesis results in the forma�
tion of fullerene complexes with mono� and dinuclear
metal dithiocarbamates, in which the dithiocarbamates
are coordinated to these ligands. The length of alkyl sub�
stituents in dithiocarbamates plays an important role.
Complexes with DABCO (9—13) and HMTA (14) (see
Fig. 1) can be synthesized only with dithiocarbamates
containing the Et or Pri substituents.

{Cu(EtMedtc)2}2•C60 (1)
{Cu(Et2dtc)2}2•C60 (2)
{Cd(Et2dtc)2}2•C60 (3)
{Hg(Et2dtc)2}2•C60 (4)
{Fe(Et2dtc)2}2•C60 (5)
{Mn(Et2dtc)2}2•C70 (6)
{Cu(Prn

2dtc)2}•(C60)2 (7)
{Cu(Bun

2dtc)2}•(C60)2.5•(PhCl)0.5 (8)
[{Zn(Et2dtc)2}2•DABCO]•C60•(DABCO)2 (9)
[{Cd(Et2dtc)2}2•DABCO]•C60•(DABCO)2 (10)
[{Fe(Et2dtc)2}2•DABCO]•C60•(DABCO)2 (11)
[{Mn(Et2dtc)2}2•DABCO]•C60•(DABCO)2 (12)
[{Cd(Pri

2dtc)2}2•DABCO]•C60•(C6H14)0.88•

•(C6H4Cl2)0.12 (13)
[{Zn(Et2dtc)2}•HMTA]2•C60•PhCl (14)
[{Hg(Prn

2dtc)2}2•DMP]•(C60)5•(PhCl)2 (15)
Zn(Et2dtc)2•C60•(PhCl)0.5•(C6H6)0.5 (16)

Dithiocarbamate HgII(Et2dtc)2 does not coordinate
DABCO; instead, the {Hg(Et2dtc)2}2•C60 complex (4)
is crystallized. Complexes of C60 with dialkyldithio�
carbamates coordinated to DMP, for example,

Fig. 1. Molecular structures of metal dithiocarbamates, both free and coordinated to nitrogen�containing ligands, in complexes
with C60: cadmium diethyldithiocarbamate, {Cd(Et2dtc)2}2; copper(II) diethyldithiocarbamate, {Cu(Et2dtc)2}2; zinc diethyldithio�
carbamate, Zn(Et2dtc)2; iron(II) diethyldithiocarbamate coordinated to DABCO, {Fe(Et2dtc)2}2•DABCO; mercury(II) di(n�propyl)di�
thiocarbamate coordinated to DMP, {Hg(Prn

2dtc)2}2•DMP; and zinc diethyldithiocarbamate coordinated to hexamethylenetetramine,
{Zn(Et2dtc)2}•HMTA.
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[{Hg(Prn
2dtc)2}2•DMP]•(C60)5•(PhCl)2 (15),* are

formed only with dithiocarbamates contain long alkyl sub�
stituents (R = Prn or Bun).

2. Crystal structures of complexes

2.1. Complexes with dinuclear metal dithiocarbamates

Selected geometric parameters of MII(Et2dtc)2 and
the lengths of the van der Waals contacts in C60 com�
plexes are given in Tables 1—4. The molecular structures
of MII(Et2dtc)2 are shown in Fig. 1.

The [CuII(EtMe2dtc)2]2•C60 (1), [CuII(Et2dtc)2]2•C60
(2), [Cd(Et2dtc)2]2•C60 (3), and [HgII(Et2dtc)2]2•C60 (4)
complexes have layered structures. The fullerene and metal

dithiocarbamate molecules in these structures are com�
pletely ordered.

In the [CuII(Et2dtc)2]2•C60 complex (2), the close�
packed layers with the square arrangement of the fullerene
molecules alternate with the {CuII(Et2dtc)2}2 layers
(Fig. 2). Each C60 molecule in the layer is surrounded by
four adjacent C60 molecules along the diagonals to the
bc plane; the distance between the centers of the fullerene
molecules is 10.02 Å (see Fig. 2, a). There are shortened
C...C van der Waals contacts between the fullerene mol�
ecules (3.329—3.466 Å, the sum of the van der Waals radii
of two sp2�hybridized carbon atoms is 3.42 Å).41 The
distance between the centers of the fullerene molecules
(10.02 Å) is similar to the corresponding distance in C60
at 153 K (9.94 Å).42

The projection of the CuII(Et2dtc)2 layer onto the C60
layer is shown in Fig. 2, a. The central CuS4 fragment is
located above the C60 sphere, whereas the Et groups

* Complexes of C60 with dialkyldithiocarbamates (R = Prn

or Bun, M = Zn or Cd) coordinated to DMP are beyond the
scope of the present study.

Table 1. Bond lengths in metal(II) dithiocarbamates, both free and coordinated to nitrogen�containing ligands

Com� Structural Metal R Ligand Bond length/Å
plex unit

a b c d M—S*

2 [MII(R2dtc)2]2 Cu Et — 2.3354(8) 2.2978(8) 2.2994(9) 2.3218(8) 3.030(1)
3 [MII(R2dtc)2]2 Cd Et — 2.8771(10) 2.544(9) 2.5333(10) 2.6330(10) 2.5988(12)
4 [MII(R2dtc)2]2 Hg Et — 3.1672(8) 2.5046(7) 2.6259(7) 2.4629(7) 2.6994(7)
10 [MII(R2dtc)2]2•L Cd Et DABCO 2.7050(2) 2.5438(2) 2.5438(2) 2.7050(2) —
11 [MII(R2dtc)2]2•L Mn Et DABCO 2.4872(4) 2.5971(5) 2.5971(5) 2.4872(4) —
12 [MII(R2dtc)2]2•L Fe Et DABCO 2.5241(3) 2.4024(3) 2.4024(3) 2.5241(3) —
13 [MII(R2dtc)2]2•L Cd Pri DABCO 2.6011(4) 2.5907(4) 2.5907(4) 2.6011(4) —
15 [MII(R2dtc)2]2•L Hg Prn DMP 2.7300(11) 2.5411(10) 2.9420(11) 2.4207(10) —

* The axial bond.

Table 3. Van der Waals contacts between fullerenes and dithio�
carbamates in complexes 2—4, 10—13, and 15

Com� Distance/Å
plex

NL...M M...M M...CC60
S...CC60

N...CC60
H...CC60

2 — 3.529 3.269, 3.52— 3.68— 2.84—
3.307 3.89 3.81 2.94

3 — 3.802 3.587, 3.51— 3.52— 2.86—
3.592 3.80 3.77 3.13

4 — 3.939 3.569, 3.497— 3.75 2.891
3.615 3.698

10 2.3419 7.259 3.461, 3.60— 3.63— 2.87—
3.461 3.75 3.71 3.02

11 2.241(2) 7.077 3.520, 3.59— 3.583 2.826
3.520 3.80

12 2.1655(16) 6.922 3.560, 3.61— 3.56— 2.82—
3.560 3.83 3.63 3.06

13 2.362(2) 7.322 3.460, 3.55— 3.77 >3.4
3.460 3.94

15 2.508(4) 6.530 4.061, 3.443— 3.243— >3.30
4.320 3.448 3.707

Table 2. Angles in metal(II) dithiocarbamates, both free and
coordinated to nitrogen�containing ligands

Com� Angle/deg
plex

α β γ δ ψ*

2 76.90(3) 77.06(3) 164.84(3) 173.00(3) 160.9
3 66.67(3) 70.29(3) 143.80(3) 157.64(4) 143.8
4 69.73(2) 63.14(2) 143.41(2) 156.27(2) 144.37
10 69.064(6) 69.064(6) 150.702(10) 163.779(11) 148.94
11 71.155(13) 71.155(13) 148.32(3) 161.23(3) 146.45
12 72.601(10) 72.601(10) 146.507(18) 159.740(19) 144.78
13 69.426(13) 69.426(13) 157.31(2) 162.50(2) 154.65
15 68.99(3) 66.52(3) 141.14(4) 158.01(3) 137.84

* The dihedral angle between the NCS2M planes.
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occupy the cavities in the fullerene layer. The
{CuII(Et2dtc)2}2 complexes are packed in the layers in a
herringbone fashion (see Fig. 2, a). The carbon atoms of
one 6—6 bond in C60 are involved in Cu...CC60

 contacts
(3.269 and 3.307 Å). These contacts are substantially
longer than the analogous Cu...CC60

 contacts in the
fullerenes complexes with copper(II) octaethyl� and
tetraphenylporphyrinates (2.88—3.02 Å),13,14 which is in�
dicative of a weak coordination between the metal atom
and fullerene. In this complex, there are van der Waals
contacts between CuII(Et2dtc)2 and C60 (see Tables 1—3).

Noteworthy are the H...C contacts between the ethyl sub�
stituents of {CuII(Et2dtc)2}2 and C60 (2.845—2.938 Å),
which, apparently, play an important role in the ordering
of C60 molecules. These contacts are formed because the
C—H bonds of the ethyl substituents are directed toward
the carbon atoms of C60 implying C—H...π interactions.
Analogous contacts were found in other layered com�
plexes as well.

In the starting dithiocarbamate {CuII(Et2dtc)2}2, the
CuII atoms are in a square�pyramidal environment. Four
equatorial Cu—S bonds are short (aver., 2.3117 Å),

Table 4. Geometric parameters characterizing the mutual arrangement of the dithiocarbamate and fullerene
fragments in the crystal structures of complexes 2—4, 10—13, and 15

Com� ψa Packing mode Number of adjacent Distance between dWdW(C...С)b/Å
plex /deg of fullerenes C60 molecules the centers of C60/Å (<3.45 Å)

2 9.8, 13.6 Square layers 4 10.020(×4), 10.250(×2) 3.329—3.466
3 0.8, 8.2 Square layers 4 9.990(×4), 10.536(×2) 3.328—3.770
4 1.0, 10.2 Square layers 4 9.987(×4), 10.556(×2) 3.229—3.393
10 5.7, 5.7 Square layers 4 10.004(×4), 10.458(×2) 3.365—3.367
11 5.0, 5.0 Square layers 4 10.001(×4), 10.441(×2) 3.369, 3.369
12 4.6, 4.6 Square layers 4 9.938(×4), 10.349(×2) 3.311—3.399
13 16.8, 16.8 Layers 0 10.113(×4), 11.716(×2) >3.57
15 19.4c Three�dimensional 6—7d 9.714—10.281 3.078—3.470

a The dihedral angle between the planes of NCS2M and the hexagons of C60.
b Van der Waals contacts between fullerenes.
c For one hexagon of C60.
d In complex 15, there are three independent C60 molecules; two of these molecules are surrounded by
six C60 molecules; one C60 molecule, by seven C60 molecules.

Fig. 2. Crystal structure of 2 projected along the crystallographic a– (a) and b
–

 (b) axes.

0

a

c

b

0
a

b

a
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whereas the axial Cu—S bond is longer (2.844(1) Å).21

In complex 2, the axial Cu—S bond in {CuII(Et2dtc)2}2 is
elongated to 3.030(2) Å. The elongation of this bond can
be associated with the weak coordination of the CuII atom
to fullerene. In complex 2, the arrangement of the
Et groups in {CuII(Et2dtc)2}2 also differs from that in the
starting dithiocarbamate CuII(Et2dtc)2. Thus, the ethyl
groups at each nitrogen atom in the starting dithiocar�
bamate point in the opposite directions,21 whereas three
of four Et substituents of CuII(Et2dtc)2 in complex 2 are
directed toward the fullerene layer.

In the [CuII(EtMedtc)2]2•C60 complex (1), the C60
molecules form close�packed hexagonal layers, in which
each fullerene molecule is linked to six adjacent C60 mol�
ecules by van der Waals contacts (distances between the
centers of C60 are 9.89 and 10.02 Å).32 The C60 molecules
in complex 1 are more close�packed compared to those
in 2 because only two Et substituents in {CuII(EtMedtc)2}2
protrude into the cavities in the fullerene layer. The re�
placement of two Et groups with methyl substituents re�
sults in the formation of the closer packing of the
{CuII(EtMedtc)2}2 molecules in the donor layers. The
Cu...CC60 distances are 3.334 and 3.379 Å.

In the [Cd(Et2dtc)2]2•C60 (3) and [Hg(Et2dtc)2]2•C60
(4) complexes, the fullerene molecules have a square ar�
rangement in the layers; the distance between the centers
of the fullerene molecules along the diagonals to the
bc plane is 9.99 Å. The efficient packing of {M(Et2dtc)2}2
and C60 in the crystal structure is achieved because the
dinuclear dithiocarbamate adopts an open�book shape
(see Fig. 1). The cavity formed by four MS2CNEt2 frag�
ments ideally matches the C60 molecule (Fig. 3, a). The
M...CC60

 contacts are formed with the involvement of two

carbon atoms belonging to the 6—6 bond of C60. These
distances (3.587 and 3.592 Å in 3 and 3.569 and 3.615 Å
in 4) are longer than those in complexes 1 and 2, i.e., the
coordination of the metal atom to fullerene is virtually
absent in complexes 3 and 4. The cocrystallization of
{Cd(Et2dtc)2}2 with C60 leads to an elongation of the axial
bond in dithiocarbamate from 2.812 Å in the starting
compound22,23 to 2.877 Å in 3. In complexes 3 and 4,
only two of four Et groups of M(Et2dtc)2 are di�
rected inside the fullerene layer (starting compound
{Cd(Et2dtc)2}2 adopts an analogous conformation).22,23

In spite of the similarity of the crystal structures of 1, 2
and 3, 4, the character of interactions between the metal
dithiocarbamates and C60 in these structures is substan�
tially different. This is primarily associated with the dif�
ference in the angles between the MS2CN planes in dithio�
carbamates. In dithiocarbamates {CuII(EtMedtc)2}2 and
{CuII(Et2dtc)2}2, the axial Cu—S bond is relatively long
and, as a consequence, the central CuII(S2CN)2 fragment
in these compounds is more planar (dihedral angle be�
tween the CuIIS2CN planes is 158.6° (1) and 160.9° (2)).
In dithiocarbamates {M(Et2dtc)2}2 (M = Cd or Hg) linked
by the short axial M—S bond, this angle is 143.8° (3)
and 144.4° (4). The more planar Cu(S2CN)2 fragment
in 1 and 2 is favorable for the formation of shorter
Cu...CC60

 contacts compared to the analogous M...CC60
contacts in 3 and 4. However, the more concave shape of
the M(Et2dtc)2 fragment (M = Cd or Hg) better matches
the spherical shape of C60, because the dihedral angles
between two adjacent hexagons of C60 (138.5°) and the
MS2CN planes in Cd and HgII dithiocarbamates have
close values (see Fig. 3, a). This leads to more efficient
interactions between their π systems (corresponding di�
hedral angles between the MS2CN planes and the hexa�
gons of C60 are as small as 0.8 and 8.2° in 3 and 1.0 and
10.2° in 4). The corresponding dihedral angles in 1 and 2
are substantially larger (9.8, 13.6° and 9.5, 12.6°, respec�
tively).

2.2. Complex of C60 with Zn(Et2dtc)2

The Zn(Et2dtc)2•C60•(PhCl)0.5•(C6H6)0.5 complex
(16) has an unusual three�dimensional framework struc�
ture consisting of C60 molecules with channels running
along the a– axis. The channels are occupied by the
Zn(Et2dtc)2 and solvent molecules (Fig. 4). Each C60
molecule is surrounded by six adjacent C60 molecules; the
distances between the centers of these molecules are in
the range 9.74—9.93 Å, which are similar or shorter than
the corresponding distances in C60.42 The shortened C...C
van der Waals contacts between the adjacent fullerene
molecules are 3.250—3.360 Å. In complex 16, the
ZnII atoms in Zn(Et2dtc)2 are in a pseudotetragonal envi�
ronment. Due to the nonplanar structure, only one�half

a

b

Cd
Cd´

Fe Fe´

Cd

Cd´

Fig. 3. Mutual arrangement of {Cd(Et2dtc)2}2 and C60 in com�
plex 3 (a) and the mutual arrangement of {FeII(Et2dtc)2}2•

•DABCO and C60 in complex 11 (b).
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of the Zn(Et2dtc)2 molecule forms van der Waals contacts
with C60, but π—π interactions with C60 are absent. The
shortest Zn...CC60

 distance is 3.659 Å, which is similar to
the lengths of the M...CC60

 contacts in 3 and 4.

2.3. Complexes of C60 with coordinated
metal dithiocarbamates

The bidentate ligands DABCO and DMP (L) are co�
ordinated to two metal dithiocarbamate molecules (Zn,
Cd, Hg, Mn, and Fe) to form dinuclear dithiocarbamates
{MII(R2dtc)2}2•L. Their molecular structures are pre�
sented in Fig. 1. The bond lengths and bond angles are
given in Tables 1—3. The axial M—NL bond lengths in
these dithiocarbamates are substantially smaller than the
equatorial M—S bond lengths and are increased in the
order: Zn (2.14 Å) < Fe (2.16 Å) < Mn (2.24 Å) < Cd
(2.34—2.36 Å) < Hg (2.51 Å). The average lengths of the
equatorial M—S bonds increase in approximately the same
order: Fe (2.46 Å) ≤ Zn (2.47 Å) < Mn (2.54 Å) < Cd
(2.60—2.62 Å) < Hg (2.66 Å). Therefore, it is clearly seen
that the M—NL and M—S bond lengths increase with
increasing covalent radius of the central metal atom in
dithiocarbamates: Zn (0.74 Å), FeII (0.74 Å), MnII

(0.80 Å), Cd (0.97 Å), and HgII (1.10 Å).43

The coordinated dinuclear dithiocarbamates in
the complexes with fullerenes have different structures

depending on the nature of the substituent (R) and
the ligand (L). In {M(Et2dtc)2}2•DABCO (10—12), the
M(Et2dtc)2 fragments are located exactly one above
another. In {Cd(Pri

2dtc)2}2•DABCO (13) containing
the bulkier Pri substituents, the Cd(Pri

2dtc)2 fragments
are located at an angle of 69.4° to each other.
In {HgII(Prn

2dtc)2}2•DMP (15), the HgII(Prn
2dtc)2 frag�

ments are shifted with respect to each other by ~2.9 Å. In
spite of the fact that HMTA is a tetradentate ligand, this
ligand gives rise only to coordinated mononuclear dithio�
carbamate {Zn(Et2dtc)2}•HMTA in the case of com�
plex 14 (see Fig. 1).

The C60 complexes with {MII(Et2dtc)2}2•DABCO
(M = Cd (10), Mn (11), or Fe (12) (Fig. 5)),
{Cd(Pri

2dtc)2}2•DABCO (13), and {Zn(Et2dtc)2}•

•HMTA (14) have layered structures. The C60 molecules
are ordered in all these structures (except for 13) because
the book shape of the dithiocarbamate molecules is steri�
cally compatible with the spherical shape of C60 (see
Fig. 3, b).

In complexes 10, 11, 12, and 14, each C60 molecule in
the layers is surrounded by four C60 molecules; the dis�
tances between the centers of the fullerene molecules are
10.004 (10), 10.001 (12), 9.94 (11) (see Fig. 5), and
9.92—9.94 Å (14) and are similar to the corresponding
distances in C60.42 As a result of the close packing in the
layer, the C...C van der Waals contacts between the
fullerene molecules are in the range of 3.296—3.385 Å
(see Table 3). The distance between the centers of fullerene
molecules depends on the nature of the central metal
atom, to be more precise, on the average length of the
equatorial M—S bonds, and increases in the series
Cd > Mn > Fe > Zn. The structure of the C60 complex
with {Cd(Pri

2dtc)2}2•DABCO (13) consists of layers
formed by the isolated C60 molecules. The distance be�
tween the centers of these molecules is 10.11 Å. In this
structure, there are no van der Waals contacts between C60.
This is due to the fact that four Me groups of Cd(Pri

2dtc)2
in complex 13 protrude into the fullerene layer, thus push�
ing the C60 molecules apart, whereas only two Et groups
of MII(Et2dtc)2 in complexes 10—12 and 14 are located
in the fullerenes layer. Therefore, the length of the alkyl
substituents and the nature of metal in dithiocarbamates
determine the distances between the C60 molecules in
these layers.

The projection of the {FeII(Et2dtc)2}2•DABCO layer
onto the C60 layer in complex 11 is shown in Fig. 5. The
central FeS4 fragment is located above the C60 sphere, so
that the FeII atom approaches the 6—6 bond of C60 and
forms Fe...CC60

 contacts (3.56 Å). In other layered com�
plexes, metal dithiocarbamates are arranged in a similar
fashion. The M...CC60

 distance is 3.46 Å in 10 and 15,
3.52 Å in 12, and 3.53—3.58 Å in 14, which is indicative
of the absence of coordination bonding between the metal
atom of dithiocarbamate and fullerene.

Fig. 4. Crystal structure of 16 projected along the crystallo�
graphic a– axis. The Zn(Et2dtc)2 and solvent molecules are lo�
cated in the channels. Solvent molecules are omitted.

0
b

c
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Fig. 5. Crystal structure of 11 projected along the crystallographic a– (a) and c– (b) axes. The DABCO molecules located in the
{FeII(Et2dtc)2}2•DABCO layer are omitted.
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Fig. 6. Crystal structure of 15 projected along the crystallo�
graphic b

–
 axis. Only one orientation of the disordered chlo�

robenzene and type III fullerene molecules is shown.
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The structure of 15 is three�dimensional and contains
large vacancies occupied by the {Hg(Prn

2dtc)2}2•DMP
and solvent molecules (Fig. 6). This is responsible for the
unusual composition of the complex, in which there are
five C60 molecules per coordinated dithiocarbamate mol�

ecule. Complex 15 contains three crystallographically in�
dependent C60 molecules. The C60 molecules of one type
form van der Waals contacts with the central Hg(Prn

2dtc)2
fragment, as was observed in complexes 10—13 and 14
(see Fig. 6, type I). The C60 molecules of the second type
(see Fig. 6, type II) are located between the n�propyl
substituents of Hg(Prn

2dtc)2. The C60 molecules of the
third type (see Fig. 6, type III) are not involved in
van der Waals contacts with {Hg(Prn

2dtc)2}2•DMP, and
form such contacts only with PhCl. As a consequence,
these C60 molecules are disordered. Each C60 molecule is
surrounded by six—seven adjacent C60 molecules. These
molecules form a close packing and are involved in nu�
merous C...C van der Waals contacts (3.078—3.470 Å).
The HgII atom, like the metal atoms in the above�consid�
ered complexes, approaches the 6—6 bond of C60; the
Hg...CC60

 distances are in the range of 4.06—4.32 Å.
The M(R2dtc)2 fragments in {M(R2dtc)2}2•DABCO

and {Zn(Et2dtc)2}•HMTA are book�shaped; the dihedral
angles between the MS2CN planes are in the range of
144.78—148.94° (see Table 2). These angles are similar to
the dihedral angle between the planes of two hexagons in
the C60 molecule, resulting in good steric compatibility
between the shapes of the dithiocarbamate and C60 mol�
ecules (see Fig. 3, b). As a consequence, there are effi�
cient interactions between their π systems (dihedral angles
between the MS2CN planes and the hexagons of C60 are
as small as 4.56—5.70°, the van der Waals contacts are
smaller than the sum of the van der Waals radii of the
corresponding atoms). If the dihedral angles between
the MS2CN planes are smaller (137.8°) or larger (154.6°)
(for example, in {Hg(Prn

2dtc)2}2•DMP (15) and
{Cd(Pri

2dtc)2}2•DABCO (13), respectively), π—π inter�
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actions are weaker (corresponding dihedral angles are
16.76—19.43°, see Tables 2 and 3). It should be noted
that it is the structures of 13 and 15, in which the fullerene
molecules are disordered.

3. Magnetic properties of C60 complexes
with CuII, MnII, and FeII dithiocarbamates

The ESR spectroscopy is a rather sensitive technique
allowing the detection of changes in the environment
of CuII atoms associated with the complex formation
of Cu(R2dtc)2 with C60. The ESR spectrum of
{CuII(Et2dtc)2}2•C60 (2) (Fig. 7, b) substantially differs
from that of the starting dithiocarbamate Cu(Et2dtc)2
(Fig. 7, a). These changes are apparently attributed to a
weak coordination of CuII atoms to C60, resulting in an
elongation of the axial Cu—S bond in {CuII(Et2dtc)2}2,
the flattening of the central CuII(S2CN)2 fragment, and
an increase in the asymmetry of the environment of the
CuII atoms. Analogous ESR spectra are observed for C60
complexes with other CuII�containing dithiocarbamates
(1, 7, and 8). The magnetic susceptibility of complexes 1
and 2 in the temperature range of 10—300 K is described

by the Curie—Weiss law with the negative Weiss constants
of –2.5 K (1) and –2.0 K (2), which is indicative of a
weak antiferromagnetic spin coupling between CuII in
{Cu(R2dtc)2}2. The weak coupling is attributable to the
longer axial Cu—S bond (2.787(1) Å in 1 and 3.030(2) Å
in 2), through which the magnetic coupling is transferred.

The starting dinuclear dithiocarbamate
{FeII(Et2dtc)2}2 gives the ESR signal with g = 2.0708 and
∆H = 61.6 mT; MnII(Et2dtc)2 containing MnII in a dis�
torted octahedral environment40 gives the ESR signal with
g = 2.0115 and the width ∆H = 61.8 mT.

The {FeII(Et2dtc)2}2•C60 complex gives no ESR sig�
nals. The complicated ESR spectrum is observed for
the {MnII(Et2dtc)2}2•C70 complex (6). This spectrum
shows several components in the magnetic field from 50
to 500 mT (see Fig. 7, c). The changes in the ESR spec�
trum of MnII(Et2dtc)2 upon the complex formation with
fullerene are apparently associated with the changes in
the local environment of MnII in going from the poly�
nuclear structure of the starting donor40 to dinuclear struc�
ture in 6. Analogous ESR spectra are observed for other
dinuclear MnII complexes.44,45 The absence of ESR sig�
nals characteristic46 of the radical anions of C60 and C70
in both complexes is indicative of the absence of the charge
transfer from iron(II) and manganese(II) dithiocarbamates
to fullerene.

At 300 K, the magnetic moments of complexes 5 and 6
are 6.00 and 7.75 µB (Fig. 8, a, b), respectively, which is
evidence of the high�spin state of FeII and MnII in these
complexes (calculated magnetic moments for the system
consisting of two uncoupled spins S = 2 and S = 5/2 are
6.93 and 8.37 µB, respectively). The magnetic suscepti�
bility of the complexes in the temperature range of
200—300 K can be described by the Curie—Weiss law
with the negative Weiss constants of –250 K (5) and
–96 K (6), and the maxima of the magnetic susceptibility
are achieved already at 110 K (5) and 46 K (6). This is
indicative of a very strong antiferromagnetic spin cou�
pling between FeII and MnII associated, most likely, with
the dinuclear structure of {MII(Et2dtc)2}2 (M = Fe or Mn)
in these complexes. Unlike {CuII(Et2dtc)2}2 containing
the long axial Cu—S bond, the starting dithiocarbamate
{FeII(Et2dtc)2}2 has the short axial Fe—S bond
(2.437 Å).24 Upon the complex formation with fullere�
nes, the short axial M—S bond should be retained in
{MII(Et2dtc)2}2 (M = Fe or Mn), as was observed in
complexes 3 and 4. This should lead to a strong antifer�
romagnetic spin coupling between the metal atoms.

Upon the formation of {MII(Et2dtc)2}2•DABCO, the
metal atoms in 11 (FeII) and 12 (MnII) are separated by
the DABCO ligand. The distances between the metal
atoms are 6.922 and 7.077 Å, respectively. The ESR spec�
trum of 12 contains several components at 171, 262, 460,
and 646 mT and is similar to the spectrum of 6 and the
spectra of a number of other dinuclear MnII com�

Fig. 7. ESR spectra of the starting dithiocarbamate
{CuII(Et2dtc)2}2 (a), the {CuII(Et2dtc)2}2•C60 complex (2) (b),
and the {MnII(Et2dtc)2}2•C70 complex (6) (c) at room tempera�
ture; I is the intensity of the signal.
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300 310 320 Magnetic field/mT
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plexes.44,45 This spectrum is associated with the ex�
change interaction between two MnII atoms in
{Mn(Et2dtc)2}2•DABCO. Although MnII(Et2dtc)2 and
FeII(Et2dtc)2 are rather strong donors (oxidation poten�
tials of MIII(dtc)3

1–/0 are –0.08 and –0.37 V, respec�
tively27), these dithiocarbamates cannot reduce fullerene
(first reduction potential of C60 is –0.485 V;47 all poten�
tials were measured with respect to Ag/AgCl). Actually,
both complexes exhibit no ESR signals of the C60

•– radi�
cal anion, which is evidence of the absence of the charge
transfer to the fullerene molecule. Earlier, it has been
demonstrated12 that the charge transfer in the C60 and C70
complexes with manganese(II) tetraphenylporphyrin is also
absent.

The temperature dependences of the magnetic mo�
ments of 11 and 12 are shown in Fig. 8, c, d. At 300 K, the
magnetic moments are 6.88 and 8.23 µB, respectively, and
are similar to those calculated for the system consisting of
two uncoupled spins S = 2 (6.93 µB) and S = 5/2 (8.37 µB).
This is indicative of the high�spin state of the metal at�
oms. The temperature dependences of the magnetic sus�
ceptibility of 11 and 12 in the range of 50—300 K can be
described by the Curie—Weiss law with the positive Weiss

constants of 1.70 and 0.35 K, respectively. At tempera�
tures below 50 and 35 K, a slight increase in the magnetic
moment is observed for both complexes; the maximum
values are 8.5 µB (at 3 K) and 7.4 µB (at 6 K) (see
Fig. 8, c, d). An increase in the magnetic moments
along with the positive Weiss constants is evidence
of the ferromagnetic spin coupling between MII in
{MII(Et2dtc)2}2•DABCO. Apparently, the DABCO ligand
with the short N...N distance (2.594 Å) can provide the
magnetic coupling between the MII atoms. Apparently,
this magnetic coupling has only a short�range order (within
coordinated dithiocarbamate {MII(Et2dtc)2}2•DABCO),
because the dithiocarbamate molecules are isolated from
each other. A lowering of the temperature below 3 and
6 K (see Fig. 8, c, d) leads to a decrease in the magnetic
moments of 11 and 12. This is apparently associated with
the zero�field splitting of the spin levels of the MnII and
FeII atoms in the high�spin state. This magnetic behavior
is observed in coordination structures formed by hexa�
cyanochromates and hexacyanoferrates, MIII(CN)6

3–, the
MnIII(salen)+ cation, or its substituted derivatives (salen
is the N,N´�ethylenebis(salicylideneamine) dianion).
In MnIII(salen)+, the MnIII atom is in the high�spin state

Fig. 8. Data from magnetic measurements for the complexes in the temperature range of 1.9—300 K: the molar magnetic susceptibili�
ties of {FeII(Et2dtc)2}2•C60 (5) (a) and {MnII(Et2dtc)2}2•C70 (6) (b). The  magnetic moments of [{FeII(Et2dtc)2}2•DABCO]•

•C60•(DABCO)2 (11) (c) and [{MnII(Et2dtc)2}2•DABCO]•C60•(DABCO)2 (12) (d).
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(S = 2); the zero�field splitting is observed for this atom,
resulting in a decrease in the magnetic moment at low
temperatures.48—50 In compound 11, the FeII atom has
the electronic configuration identical to that of the
MnIII atom in the MnIII(salen)+ cation.

Therefore, the magnetic behavior of complexes of 5
and 6 with dinulear dithiocarbamates {MII(Et2dtc)2}2 dif�
fers substantially from that of complexes 11 and 12 con�
taining coordinated dithiocarbamates {MII(Et2dtc)2}2•

•DABCO (M = Fe or Mn). In the former complexes, the
MII atoms in {MII(Et2dtc)2}2 are separated by only one
sulfur atom and the short axial M—S bond, resulting
in strong antiferromagnetic interactions between MII.
An increase in the distance between MII in
{MII(Et2dtc)2}2•DABCO leads to a substantial weaken�
ing of the magnetic coupling, the character of the cou�
pling changes from antiferromagnetic (5 and 6) to ferro�
magnetic (11 and 12).

4. Spectra of complexes in the IR, UV�Vis,
and near�IR regions

The IR spectra of complexes 1—16 are superpositions
of the spectra of C60, donors, ligands, and solvent mol�
ecules. Individual fullerene C60 is characterized by four
absorption bands in the IR spectrum at 527, 577, 1182,
and 1429 cm–1 (F1u(1—4) modes, respectively). The posi�
tions of the F1u(1—3) modes remain unchanged in the
spectra of the complexes, whereas the F1u(4) mode, which
is most sensitive to the charge transfer to the fullerene
molecule,51 is shifted by 1—8 cm–1 to smaller values. The
spectra of the starting divalent metal dithiocarbamates
also show intense absorption bands at 1427—1435 cm–1

and can contribute to the absorption at 1420—1430 cm–1.
In this case, it is impossible to determine the real shift of
the F1u(4) mode upon the complex formation.

The typical absorption spectra of the complexes and
donors in the UV�Vis and near�IR regions are presented
in Fig. 9. The starting dithiocarbamate CuII(Et2dtc)2 is
characterized by intense absorption with broad maxima in
the visible region at 442 and 660 nm (see Fig. 9, b). This
absorption is also observed in the spectrum of 2, in which
the main maximum appears at 437 nm (see Fig. 9, a). The
absorption bands in the spectra of 2, 3, 11, and 16 at 340
and 263 nm (±2 nm) and the weak absorption band at
~600 nm are assigned to the intramolecular transitions in
the C60 molecule.52 The absorption band at 470 nm in the
spectrum of C60 is attributed to the charge�transfer band
(CTB) between the adjacent fullerene molecules.53,54 The
close packing of fullerene molecules is a necessary condi�
tion for the observation of this absorption band in the
spectra of the complexes, since this band is absent in the
spectra of complexes with isolated C60 molecules.8,55

Complexes 2, 3, 11, and 16 consist of close�packed

C60 layers. Actually, the band at 470 nm is observed in the
spectra of these complexes. In the spectra of complexes 3
and 11, additional broad absorption bands are observed in
the visible and near�IR regions at 610 and 760 nm, re�
spectively (see Fig. 9, c, e). These bands are absent in the
spectra of the starting fullerenes and dithiocarbamates.
They are associated with charge transfer from HOMO of
dithiocarbamate to LUMO of fullerene due to the over�
lapping of these π orbitals in the complexes. Analogously,
the spectra of 4—6, 9, 10, 12, and 14 also show broad
charge transfer bands in the visible region (600—800 nm).

Fig. 9. Absorption spectra of the complexes and donors in the
UV�Vis and near�IR regions: {CuII(Et2dtc)2}2•C60 (2) (a); start�
ing CuII(Et2dtc)2 (b); {Cd(Et2dtc)2}2•C60 (3) (c); Zn(Et2dtc)2•

•C60•(C6H5Cl)0.5•(C6H6)0.5 (16) (d); [{FeII(Et2dtc)2}2•

•DABCO]•C60•(DABCO)2 (11) (e).
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In complex 5, the π—π interaction with C60 is absent and
no charge transfer bands are observed in its spectrum (see
Fig. 10, d) (intensity of the absorption band at 600 nm is
equal to that in the spectrum of the starting fullerene C60
and, consequently, this band can be assigned to symmetry
forbidden transitions in C60). The absorption bands
characteristic of the C60

•– radical anions at 946—960
and 1070—1080 nm are absent in the spectra of com�
plexes 1—16, which is indicative of the molecular charac�
ter of these complexes and is consistent with the ESR data.

5. Photoconductivity of complexes

Crystals of complexes 2, 3, 9, and 14 exhibit low dark
conductivity, σ ≈ 10–10—10–11 S cm–1. The photo�
excitation of the crystals with visible light from a halogen
lamp in the 260—850 nm region with a power of 150 W
and a light flux of 1012—1014 photon cm–2 s–1 leads to an
increase in the photocurrent by two—three orders of mag�
nitude. These values remain constant over a long period
of time (104 s) and are completely reproducible. This is
evidence of the absence of nonequilibrium processes as�
sociated with photostimulated chemical or structural
transformations of materials.

The photoconductivity spectra of complexes 2 and 3
are presented in Fig. 10. The photoconductivity has

maxima at 470 nm for 2 and ~660 nm for 3. The visible
light irradiation of the complexes in the 260—850 nm
region can give rise to both the photoexcitation of the
donor or fullerene molecule and the charge transfer be�
tween the adjacent fullerene molecules or, alternatively,
from the donor molecule to the fullerene molecule. These
processes are induced by excitation at different wave�
lengths. A comparison of the photoconductivity spectra
with the absorption spectra of the complexes suggests the
mechanisms of generation of free charge carriers. For
example, the position of the maximum of photoconduc�
tivity in complex 2 is close to that of the absorption band
of Cu(Et2dtc)2 (437 nm) and the absorption band associ�
ated with the charge transfer between the C60 molecules
(maximum at 470 nm). Consequently, both these pro�
cesses can contribute to the photoconductivity. In the
spectrum of complex 3, the position of the maximum of
photoconductivity is close to that of the band associated
with the charge transfer from {Cd(Et2dtc)2}2 to C60
(610 nm), whereas the contribution of the charge transfer
between C60 (470 nm) is insignificant (see Fig. 10, b).
Therefore, in spite of the similar crystal structures, the
mechanisms of generation of free charge carriers in com�
plexes 2 and 3 are different.

The maxima in the photoconductivity spectra of
complexes 9 and 14 (see Fig. 10, c, d) are observed at

Fig. 10. Photoconductivity spectra of the complexes in the 260—850 nm region: {CuII(Et2dtc)2}2•C60 (2) (a);
{Cd(Et2dtc)2}2•C60 (3) (b); [{Zn(Et2dtc)2}2•DABCO]•C60•(DABCO)2 (9) (c); [{Zn(Et2dtc)2}•HMTA]2•C60•C6H5Cl (14) (d).
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500—600 nm (9) and 474 and 685 nm (14). In the case
of 9, the charge transfer from {Zn(Et2dtc)2}2•DABCO
to C60 makes the major contribution to the generation of
free charge carriers, whereas both the charge transfer be�
tween the C60 molecules (474 nm) and the charge transfer
from {Zn(Et2dtc)2}•HMTA to C60 (685 nm) can make
the contribution in the case of 14.

*           *           *

To summarize, we synthesized a series of C60 and
C70 complexes with metal(II) dithiocarbamates
{MII(R2dtc)2}•C60 {MII(R2dtc)2}•C70 and metal dithio�
carbamates coordinated to nitrogen�containing ligands,
{(MII(R2dtc)2)x•L}•C60 (1—16). The cocrystallization of
most of dithiocarbamates with fullerenes affords the
dinuclear structures {MII(Et2dtc)2}2, which are compat�
ible with the spherical shape of C60 molecules. These
complexes are characterized by the efficient π—π interac�
tion between the fragments of dithiocarbamates and C60.
Some dithiocarbamates (M = Cd, Mn, or Fe) cause the
almost complete precipitation of fullerenes C60 and C70
as complexes from different solvents. The shape of coor�
dinated dithiocarbamates {MII(Et2dtc)2}x•L (x = 1 and 2;
L is HMTA or DABCO) is also consistent well with the
spherical shape of C60. The dihedral angle between
the MS2CN planes in dithiocarbamates optimum for
π—π interactions with C60 is in the range of 144—149°
(complexes 3, 4, and 10—12). An increase or decrease in
the dihedral angles in dithiocarbamates leads to a weak�
ening of π—π interactions (complexes 1, 2, 13, and 15).
The efficient π—π interaction in the complexes leads to
the ordering of the C60 molecules and gives rise to charge
transfer bands from metal dithiocarbamates to C60.

Most of fullerene complexes with dithiocarbamates
have layered structures. The arrangement of the fullerene
molecules in the layers varies from hexagonal to square.
The layers can be either close�packed or contain isolated
fullerene molecules. The packing of fullerenes in the lay�
ers is determined by the metal atoms in dithiocarbamates
and the length of their alkyl substituents. In the C60 com�
plexes with Zn(Et2dtc)2 and {Hg(Prn

2dtc)2}2•DMP, the
C60 molecules form a three�dimensional close packing.

It is known that MnII and FeII dithiocarbamates are
rather strong donors. However, the charge transfer is ab�
sent in C60 complexes with these dithiocarbamates. The
optical spectra confirm the neutral ground state of com�
plexes 1—16. Changes in the ESR spectra of dithiocar�
bamates upon the complex formation with fullerenes are
associated primarily with changes in the local environ�
ment of the metal atoms. For example, the formation of
complexes 1 and 2 is accompanied by a weak coordina�
tion of CuII atoms to the C60 molecule and the flattening
of the central Cu(S2CN)2 fragment. Considerable changes
in the ESR spectrum of Mn(Et2dtc)2 upon the formation

of complex 6 are most likely caused by the transformation
of the polynuclear structure of the starting MnII dithio�
carbamate into the dinuclear structure {Mn(Et2dtc)2}2 in
complex 6. The dinuclear structure {FeII(Et2dtc)2}2 is
characterized by the presence of the short axial M—S bond
providing the magnetic coupling. This is, apparently, re�
sponsible for the strong antiferromagnetic interactions
between the metal atoms in complexes 5 and 6. The pres�
ence of the long axial M—S bond in CuII dithiocarba�
mates (1 and 2) leads only to weak antiferromagnetic
interactions. In the coordinated {MII(Et2dtc)2}2•DABCO
dinuclear moieties, the distance between the metal
atoms is longer than that in the dinuclear structures
{MII(Et2dtc)2}2. This leads to a weakening of the mag�
netic coupling between the metal atoms in the complexes
and changes from antiferromagnetic to ferromagnetic in�
teractions of spins.

The complexes exhibit low dark conductivity. The vis�
ible light irradiation of crystals of the complexes leads to
an increase in the photocurrent by two—three orders of
magnitude. A comparison of the photoconductivity spec�
tra with the absorption spectra of the complexes allows
the conclusion that the photoexcitation of CuII(Et2dtc)2
makes the major contribution to the photogeneration of
charge carriers in complex 2, whereas the major contribu�
tion in complex 3 is made by the charge transfer from
Cd(Et2dtc)2 to C60. The difference in the mechanism of
photoconductivity in the complexes is associated with
the light absorption at different wavelengths, because
CuII(Et2dtc)2 exhibits strong absorption in the visible re�
gion (442 nm), whereas Cd(Et2dtc)2 does not show ab�
sorption in this region. It should be noted that Cd(Et2dtc)2
is characterized by the more efficient π—π interaction
with C60 compared to CuII(Et2dtc)2, resulting in the ap�
pearance of the charge transfer band in the spectrum
of 3 at 610 nm. As in the case of complex 3, the charge
transfer from metal dithiocarbamate to the C60 molecule
makes the major contribution to the photoconductivity of
complexes with coordinated dithiocarbamates. Earlier, it
has been demonstrated that if a donor exhibits intense
absorption in the visible region (for example, tetraben�
zo(1,2�bis[4H�thiopyran�4�ylidene]ethane) (Bz4BTPE),
the photoconductivity in the complex with C60 is deter�
mined primarily by the photoexcitation of the donor.56

If the spectrum shows an intense charge transfer band
(for example, the spectrum of TBPDA•(C60)2, where
TBPDA is tetrabenzyl�p�phenylenediamine), the photo�
conductivity is determined primarily by the charge trans�
fer from the donor to the C60 molecule.57 The charge
transfer between the fullerene molecules, which is ob�
served in crystals58 and films54 of C60 and in the C60
complexes with Bz4BTPE56 and TBPDA,57 also contrib�
utes to the photoconductivity. The appearance of the
photoconductivity in the complexes under consideration
is associated with the steric compatibility between the
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shapes of the donors and C60 and their layered packing,
which provides the efficient charge phototransfer and
allows the photoinduced charge carriers to move in the
crystals along the layers.

Experimental

Sodium diethyldithiocarbamate Na(Et2dtc)•3H2O, diaza�
bicyclooctane (DABCO), N,N´�dimethylpiperazine (DMP),
hexamethylenetetramine (HMTA) (Aldrich), Zn(Bun

2dtc)2
(Wako), fullerene C60 of 99.98% purity, and fullerene C70
of 99.90% purity were used. Sodium di(isopropyl)dithiocarba�
mate, Na(Pri

2dtc), and sodium di(n�propyl)dithiocarbamate,
Na(Prn

2dtc), were synthesized and purified according to a pro�
cedure described earlier.21 Anhydrous sodium diethyldithio�
carbamate, Na(Et2dtc), was prepared by recrystallization from an
acetonitrile—benzene mixture. Dithiocarbamates FeII(Et2dtc)2
and MnII(Et2dtc)2 and their complexes with fullerenes are sen�
sitive to oxygen and were synthesized in an inert atmosphere box
with an oxygen and water content lower than 1 ppm. After
distillation, all solvents were purified from oxygen by three freez�
ing—evacuation—filling with argon—thawing cycles. Metal
dithiocarbamates were synthesized by mixing the corresponding
anhydrous metal salt (~0.7 mmol) and two molar equivalents of
Na(R2dtc) in acetonitrile (10 mL) for 4 h. Dithiocarbamates
M(R2dtc)2 precipitated from acetonitrile together with the cor�
responding sodium salts. The precipitates were filtered off,
washed with acetonitrile, and dissolved in chlorobenzene or
toluene. Sodium salts were separated by filtration. Pure metal
dithiocarbamates were isolated by removing the solvent on a
rotary evaporator. Dichlorobenzene (C6H4Cl2), chloroben�
zene (C6H5Cl), and acetonitrile were purified by distillation
over CaH2. Hexane was distilled over Na/benzophenone. Crys�
tals of complexes 5, 6, 11, and 12 are sensitive to oxygen and
they were stored in an inert atmosphere box. To perform ESR
and magnetic measurements, samples were sealed in 2�mL quartz
tubes under helium; KBr pellets for UR, UV�Vis, and near�IR
spectroscopy were prepared in an inert atmosphere box.

Synthesis of complexes. The compositions of complexes 5—9
were determined by elemental analysis (Table 5). The composi�
tions of complexes 1—4 and 10—16 were determined by X�ray
diffraction. Several crystals, which were prepared in the same
synthesis and tested by X�ray diffraction, have identical unit cell
parameters.

Crystals of complexes 1, 2, 7, 8, and 16 were grown by
evaporation of a solution containing C60 (25 mg, 0.0347 mmol)
and a twofold molar excess of metal dithiocarbamate in PhCl
(15 mL) for one weak. The crystals were washed with acetone
and dried in air (50—80% yields). The crystals were dark�brown
or black and were rhombus�shaped (1), hexagonal plate�like (2),
thin needle�like (7, 8), or prismatic (16).

In the presence of dithiocarbamates Cd(Et2dtc)2,
Mn(Et2dtc)2, and Fe(Et2dtc)2, fullerenes C60 and C70 precipi�
tated as the corresponding complexes from various solvents
(C6H6, PhCl, and C6H4Cl2) in virtually quantitative yields. Be�
cause of this, the crystals of complexes 3, 5, and 6 were grown by
the diffusion method. A benzene solution of fullerene (20 mL,
0.0238 mmol) was layered onto a solution (20 mL) of Cd(Et2dtc)2
in CHCl3 (3) or onto a solution (20 mL) of Mn(Et2dtc)2 or
Fe(Et2dtc)2 in C6H4Cl2 (5 and 6). A twofold molar excess of
dithiocarbamates was used. The crystals of the complexes formed
on the walls of diffusion tubes after storage for approximately
one month. The solvent was decanted from the crystals and the
crystals were washed with hexane (50—60% yields). Dark�brown
crystals were rhombus�shaped (3) or elongated parallelepiped�
shaped (5 and 6).

Crystals of complexes 4 and 9—13 were grown by the
diffusion method. Dithiocarbamates M(Et2dtc)2 (4, 9, 12)
(42—48 mg, 0.105 mmol) or Cd(Pri

2dtc)2 (13) (53 mg,
0.105 mmol), excess DABCO (100 mg, 0.9 mmol), and C60
(25 mg, 0.035 mmol) were dissolved in C6H4Cl2 (12 mL) at
60 °C for 4 h. The solution was cooled and filtered into a 45�mL
diffusion tube. Then hexane (30 mL) was layered onto the reac�
tion solution. The diffusion time was two months. The crystals
formed on the walls of the tube in the hexane portion of the
solution. Complexes 9—13 contain dinuclear dithiocarbamates
coordinated to DABCO; however, according to the X�ray
diffraction study, DABCO is not involved in complex 4
({Hg(Et2dtc)2}2•C60).

Crystals of [{Hg(Prn
2dtc)2}2•DMP]•(C60)5•(C6H5Cl)4 (15)

were grown by concentrating a chlorobenzene solution (15 mL)
containing Hg(Prn

2dtc)2 (58 mg, 0.105 mmol), C60 (25 mg,
0.035 mmol), and excess DMP (1 mL). After evaporation of the
solvent for 1 week, crystals of 15 were grown as black prisms
with dimensions up to 2×1×0.5 mm. The crystals were filtered
off and washed with acetone (75% yield).

Crystals of [{Zn(Et2dtc)2}•HMTA]2•C60•C6H5Cl (14) were
grown by concentrating a 15 : 1 C6H5Cl/C6H5CN solution
(16 mL) containing Zn(Et2dtc)2 (38 mg, 0.105 mmol), C60
(25 mg, 0.035 mmol), and excess HMTA (40 mg, 0.28 mmol).
Once the solution was concentrated to 1—2 mL, the solvent was
decanted, and the crystals were washed with acetone. Black
prismatic crystals were obtained in 80% yield.

The UV�Vis and near�IR spectra were recorded on a
Shimadzu�3100 instrument in the 240—2600 nm region in KBr
pellets. The IR spectra were measured on a Perkin�Elmer 1000
instrument in the 400—7800 cm–1 region in KBr pellets. The
magnetic properties of complexes 1, 2, 5, 6, 11, and 12
were studied on a Quantum Design MPMS�XL SQUID

Table 5. Composition and elemental analysis data for complexes
5—9

Com� Found         (%) Calculated (%)
plex Calculated

C H Cl N M S

5 66.02* 2.64 <0.4 3.87
67.44 2.80 — 3.93 7.86 17.97

6 68.88* 2.59 — 3.69
70.05 2.98 3.63 7.13 16.60

7 86.74 1.48 — 1.44
86.67 1.51 1.51 3.42 6.89

8 87.80 1.95 1.14 1.20
87.58 1.72 1.49 1.17 2.68 5.36

9 66.12 3.84 — 7.97
65.95 4.29 7.91 7.39 14.46

* The carbon content is lower than the calculated values be�
cause of sensitivity of these complexes to oxygen.
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Table 6. Principal crystallographic data for complexes 4 and 10—12

Parameter 4 10 11 12

Formula C88H40Hg2N4S8 C98H76Cd2N10S8 C98H76Mn2N10S8 C98H76Fe2N10S8
М 1714.82 1870.94 1760.05 1757.84
Crystal system Monoclinic Orthorhombic Orthorhombic Orthorhombic
Space group P21/n Pbam Pbam Pbam
а/Å 16.1521(5) 10.4576(3) 10.44310(4) 10.3490(4)
b/Å 16.9573(4) 17.0583(5) 17.0608(6) 16.9698(7)
c/Å 10.5560(3) 20.9776(5) 20.9215(7) 20.8387(9)
α/deg 90 90 90 90
β/deg 99.7330(10) 90 90 90
γ/deg 90 90 90 90
V/Å3 2849.63(14) 3742.2(2) 3726.8(2) 3659.7(3)
Z 2 2 2 2
dcalc/g cm–3 1.999 1.660 1.568 1.595
µ/mm–1 5.733 0.854 0.626 0.689
Texp/K 100(2) 90(1) 100(2) 90(1)
2θmax/deg 56.56 77.46 56.56 68.65
Number of reflections 23241 165581 24899 73217
Number of independent 6956 10623 4708 7539

reflections
Number of parameters 429/0 292/0 305/3 292/0

/restraints
Number of reflections 6294 9580 4415 6663

with I > 2σ(I )
R Factor (I > 2σ(I )) 0.0218 0.0237 0.0364 0.0342
wR 0.0711 0.0681 0.1130 0.1565
CCDC 638243 614489 638245 614490

Table 7. Principal crystallographic data for complexes 13—15

Parameter 13 14 15

Formula C100H80.80Cd2Cl0.24N6S8 C98H69ClN12S8Zn2 C358H90Cl4Hg2N6S8
M 1856.29 1837.32 5273.82
Crystal system Orthorhombic Triclinic Monoclinic
Space group Ibam P1

–
P21/n

а/Å 11.7155(3) 10.3921(4) 16.9422(11)
b/Å 16.5374(4) 16.9217(6) 20.1412(13)
c/Å 42.0900(8) 22.3916(8) 29.786(2)
α/deg 90 84.1470(10) 90
β/deg 90 76.6500(10) 94.9170(10)
γ/deg 90 89.8850(10) 90
V/Å3 8154.7(3) 3810.3(2) 10126.6(11)
Z 4 2 2
dcalc/g cm–3 1.512 1.601 1.730
µ/mm–1 0.790 0.948 1.731
Texp/K 100(2) 95(2) 100(2)
2θmax/deg 54.96 54.2 56.5
Number of reflections 30288 24119 52049
Number of independent 4704 16328 24480

reflections
Number of parameters 442/373 1153/115 1776/1825

/restraints
Number of reflections 4126 14634 21358

with I > 2σ(I )
R Factor (I > 2σ(I )) 0.0252 0.0376 0.0561
wR 0.0618 0.0885 0.1501
CCDC 638242 638246 638244
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magnetometer in the temperature range of 1.9—300 K in the
magnetic field of 100 mT. The contribution of the sample holder
and the diamagnetic contribution (χ0) were subtracted from the
experimental data. The parameters Θ and χ0 were calculated by
fitting the experimental data according to the equation

χM = C/(T – Θ) + χ0.

For complexes 1 and 2, the experimental data in the tem�
perature range of 10—300 K were used; for 11 and 12, in the
range of 50—300 K; for 6, in the range of 150—300 K; for 5, in
the range of 200—300 K. The ESR spectra were recorded at 295
and 4 K on a JEOL JES�TE 200 instrument. The photoconduc�
tivity spectra were measured at 293 K using light from a xenon
lamp passed through a monochromator. To study the influence
of the magnetic field on the photoconductivity, the complexes
were irradiated with white light from a halogen lamp with an
intensity of 1012—1014 photons cm–2 s–1. A single crystals in a
quartz tube was placed in a cell of a standard RadioPan
SE/X 2547 spectrometer. The voltage at silver contacts pasted to
one surface of the crystal was 10—50 V.

X�ray diffraction study. The X�ray diffraction data sets for
complexes 4 and 10—15 were collected on a Bruker Nonius X8
diffractometer equipped with a CCD detector (Mo�Kα radia�
tion, l = 0.71073 Å) and an Oxford Cryosystems cryostat (ϕ� and
ω�scanning technique with a frame width of 0.3°; the exposure
time per frame was 30 s). The data were integrated, scaled, and
merged using the Bruker AXS software.59 Absorption correc�
tions were applied using the SADABS program.60 The structures
were solved by direct methods with the use of the SHELX 97
program package61 and refined by the least�squares method
based on F 2. The nonhydrogen atoms were refined anisotropi�
cally. The hydrogen atoms were positioned geometrically. Prin�
cipal crystallographic data, including the deposition numbers at
the Cambridge Crystallographic Data Centre, for complexes 4
and 10—15 are given in Tables 6 and 7. The crystallographic
data for complexes 1 (CCDC 288292), 2 (CCDC 260289),
3 (CCDC 286144), and 16 (CCDC 288291) have been pub�
lished earlier.31,32

The C60 and metal dithiocarbamate molecules are ordered
in almost all complexes. In complex 13, the C60 molecules
are disordered between two orientations with occupancies
of 0.75/0.25. One of three crystallographically independent C60
molecules in 15 is randomly disordered. In complexes 10—13,
the DABCO molecule is randomly disordered between two ori�
entations related by the rotation by 60° about the axis passing
though two nitrogen atoms. In complex 14, the molecule of the
PhCl solvent is disordered between four orientations. In com�
plex 4, the position of the solvent molecule is occupied by disor�
dered hexane (84%) and C6H4Cl2 (16%) molecules. In com�
plex 15, PhCl molecules occupy two positions. In one position,
the PhCl molecule is disordered between two orientations; in
another position, between three orientations.
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