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New molecular complexes of C60 with metal(II) dibenzyldithiocarbamates, M(dbdtc)2‚C60‚0.5(C6H5Cl), where M )
CuII, NiII, PdII, and PtII (1−4) and an ionic multicomponent complex [CrI(C6H6)2

•+]‚(C60
•-)‚0.5[Pd(dbdtc)2] (5) (Cr-

(C6H6)2: bis(benzene)chromium) were obtained. According to IR, UV−visible−NIR, and EPR spectra, 1−4 involve
neutral components, whereas 5 comprises neutral Pd(dbdtc)2 and C60

•- and CrI(C6H6)2
•+ radical ions. The crystal

structure of 5 at 90 K reveals strongly puckered fullerene layers alternating with those composed of Pd(dbdtc)2.
The CrI(C6H6)2

•+ radical cations are arranged between the layers. Fullerene radical anions form pairs within the
layer with an interfullerene C‚‚‚C contact of 3.092(2) Å, indicating their monomeric state at 90 K. This contact is
essentially shorter than the sum of van der Waals radii of two carbon atoms, and consequently, C60

•- can dimerize.
According to SQUID and EPR, single-bonded diamagnetic (C60

-)2 dimers form in 5 below 150−130 K on slow
cooling and dissociate above 150−170 K on heating. The hysteresis was estimated to be 20 K. For the (C60

-)2

dimers in 5, the dissociation temperature is the lowest among those for ionic complexes of C60 (160−250 K). Fast
cooling of the crystals within 10 min from room temperature down to 100 K shifts dimerization temperatures to
lower than 60 K. This shift is responsible for the retention of a monomeric phase of 5 at 90 K in the X-ray diffraction
experiment.

Introduction

Fullerenes form a wide variety of molecular and ionic
donor-acceptor complexes with organic and organometallic
donors1 such as aromatic hydrocarbons,2 substituted tetrathia-

fulvalenes,3 amines,3c,4 metallocenes,1,5 porphyrins and
metalloporphyrins,6 porphyrazines,7 and other compounds.1,3c

Both ferromagnetism4a and a reversible formation ofσ-bond-
ed structures5e-g are observed in ionic compounds. Neutral
complexes are promising photoactive compounds since they
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under photoexcitation. Recently, we have shown a butterfly-
shaped copper(II) diethyldithiocarbamate dimer,
[CuII(dedtc)2]2, to cocrystallize with C60 to produce
[CuII(dedtc)2]2‚C60 with a closely packed layered structure.
The excitation of the crystal of [CuII(dedtc)2]2‚C60 by white
light enhances photocurrent by a factor of 100.9 To extend
this work, we studied the cocrystallization of C60 with bulky
metal(II) dibenzyldithiocarbamates, M(dbdtc)2. Moreover,
ionic (D1

•+)‚(fullerene•-)‚(D2) complex was obtained using
a multicomponent approach: D1 is a strong donor of small
size potentially able to ionize fullerene in solid state, and
D2 is a large neutral M(dbdtc)2 molecule defining a supramo-
lecular packing pattern. Bis(benzene)chromium (Cr(C6H6)2),
tetrakis(dimethylamino)ethylene (TDAE), decamethyl-
chromocene (Cp*2Cr), and decamethylcobaltocene (Cp*2Co)
were used as D1 components and cobalt(II) tetraphenylpor-
phyrinate (CoIITPP), cyclotriveratrylene (CTV), andN,N,N′,N′-
tetrabenzyl-p-phenylenediamine (TBPDA) were used as D2

components.10 We found unusual diamagneticσ-bonded
(CoIITPP‚fullerene-) anions in (D+)‚(CoIITPP‚C60

-)‚solvent
(D is Cr(C6H6)2

10aand TDAE10b), and single-bonded (C60
-)2

and (C70
-)2 dimers in (Cs+)2‚(C60(70)

-)2‚CTV‚(DMF)x

(DMF: N,N′-dimethylformamide;x ) 5-7).10c-d TBPDA
forms (D+)‚(C60

•-)‚2(TBPDA) complexes (D: Cp*2Cr,
Cp*2Co, and TDAE), which exhibit a short-range antifer-
romagnetic interaction of spins.10b,e

In this work, we present neutral complexes of C60 with
metal(II) dibenzyldithiocarbamates, M(dbdtc)2‚C60‚0.5(C6H5-
Cl), where M) CuII, NiII, PdII, and PtII (1-4) and an ionic
multicomponentcomplex,[CrI(C6H6)2

•+]‚(C60
•-)‚0.5[Pd(dbdtc)2]

(5) (Figure 1). The crystal structure of5 together with optical
(IR and UV-visible-NIR spectra) and magnetic properties
of 1-5 (EPR and SQUID) are discussed. It was shown that
unusual dimerization of C60

•- is realized in 5 at the
temperature lowest among those known for ionic complexes
of C60. The peculiarities of this low-temperature dimerization
such as a hysteresis and a shift of dimerization temperature
depending on cooling rate were studied and compared with
those for the C60

•- dimerization in other ionic complexes.

Experimental Section

Materials. Sodium dibenzyldithiocarbamate (Na(dbdtc)‚xH2O)
was purchased from Aldrich, bis(benzene)chromium Cr(C6H6)2 from
Strem Chemicals, and C60 of 99.98% purity from MTR Ltd. Sodium
dibenzyldithiocarbamate was recrystallized from an acetonitrile/
benzene mixture. M(dbdtc)2 (M ) Cu, Ni, Pd, Pt) was obtained by
stirring 2 equiv of Na(dbdtc) and 1 equiv of anhydrous CuBr2,
NiBr2, PdCl2, and PtCl2 salts (∼150 mg) (Aldrich) in 10 mL of
acetonitrile on heating (50°C) for 4 h. After cooling, M(dbdtc)2
precipitated as brown (Cu), green (Ni), and light-yellow (Pd and
Pt) powders together with NaBr or NaCl. The powders were
dissolved in hot chlorobenzene, filtered off from NaBr or NaCl,
and the solvent was removed to dryness in a rotary evaporator to
afford pure M(dbdtc)2 compounds with satisfactory elemental
analyses (40-70% yield). Solvents were purified in argon atmo-
sphere.o-Dichlorobenzene (C6H4Cl2) and chlorobenzene (C6H5Cl)
were distilled over CaH2. Hexane and benzonitrile (C6H5CN) were
distilled over Na/benzophenone. For the synthesis of air-sensitive
5, solvents were degassed and stored in a glovebox. All manipula-
tions with5 were carried out in a MBraun 150B-G glovebox with
controlled atmosphere and the content of H2O and O2 less than 1
ppm. The crystals were stored in a glovebox and were sealed in 2
mm quartz tubes for EPR and SQUID measurements under 10-5

Torr. KBr pellets for IR and UV-visible-NIR measurements of5
were prepared in a glovebox.

Synthesis.The composition of1-5 was determined from the
elemental analysis (Table 1) and was justified for5 by X-ray
diffraction on a single crystal.

The crystals of1 were obtained by the slow evaporation of
chlorobenzene/benzonitrile (12:1) solution (13 mL) containing C60

(25 mg, 0.0347 mmol) and an equimolar amount of Cu(dbdtc)2

(21 mg, 0.0347 mmol) during one week. The crystals precipitated
were decanted from the benzonitrile solution (∼1 mL) and were
washed with acetonitrile to afford black hexagonal plates with 70%
yield.

Similar syntheses with Ni(dbdtc)2, Pd(dbdtc)2, and Pt(dbdtc)2 did
not afford crystals of the complexes with C60, and only the crystals
of the C60(C6H5Cl)x solvate were found according to the IR
spectrum. Because of this, we modified the synthetic procedure,
adding an excess of ferrocene to the starting solution. The crystals
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Figure 1. Molecular components used for the preparation of1-5 (M )
CuII, NiII, PdII, and PtII).
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of 2-4 were obtained by the slow evaporation of chlorobenzene/
benzonitrile (12:1) solution (13 mL) containing C60 (25 mg, 0.0347
mmol), an equimolar amount of M(dbdtc)2 (M ) Ni, Pd, Pt) (20-
25 mg, 0.0347 mmol), and Cp2Fe (50 mg, 0.268 mmol) during
one week. The crystals precipitated were decanted from the
benzonitrile solution (∼1 mL) and were washed with acetonitrile
to yield black hexagonal plates with 60-90% yield. According to
the IR spectra, the crystals precipitated were found to be ferrocene-
free and comprise only M(dbdtc)2 (M ) Ni, Pd, Pt), C60, and solvent
C6H5Cl molecules (Supporting Information).

The crystals of5 were obtained by a slow diffusion of hexane
(25 mL) in 18 mL of the C6H4Cl2 solution containing C60 (25 mg,
0.035 mmol), Pd(dbdtc)2 (40 mg, 0.054 mmol), and Cr(C6H6)2 (12
mg, 0.057 mmol) in a glass tube 1.5 cm in diameter and 50 mL
volume with a ground glass plug. The starting solution was prepared
by dissolving all components by stirring at 60°C for 4 h, and then
the resulting solution was cooled to room temperature, filtered, and
covered over with hexane. After 1 month, the crystals of5 were
formed on the wall of the tube. The solvent was decanted from the
crystals precipitated, which were then washed with hexane to yield
black needles with 60% yield.

General. UV-visible-NIR spectra were measured on a Shi-
madzu-3100 spectrometer in the 240-2600 nm range. FT-IR spectra
were measured in KBr pellets with a Perkin-Elmer 1000 Series
spectrometer (400-7800 cm-1). A Quantum Design MPMS-XL
SQUID magnetometer was used to measure static magnetic
susceptibilities of1 and 5 from 1.9 up to 300 K and for5 from
300 down to 4 K at a 100 mTstatic magnetic field. A sample holder
contribution (Θ) and core temperature independent diamagnetic
susceptibility (ø0) were subtracted from the experimental values.
The values ofΘ and ø0 were calculated for1 and 5 using the
appropriate formula:øM ) C/(T - Θ) + ø0. Two temperature
ranges (before and after the transition) were used in the calculations
for 5 (from 20 to 120 K and from 160 to 300 K). EPR spectra
were recorded for1 at room temperature (RT) and for5 from RT
down to 4 K and from 4 K up to RTwith a JEOL JES-TE 200
X-band ESR spectrometer equipped with a JEOL ES-CT470
cryostat. Both slow cooling and heating were carried out within
4-6 h, whereas fast cooling was carried out only within 10 min
from RT down to 100 K.

Crystal Structure Determination. Crystal data for 5:
C174H52N2S4Cr2Pd, Mr ) 2508.82, black needles, triclinic, space
group P1h. The unit cell parameters area ) 10.182(2) Å,b )
15.225(3) Å,c ) 18.331(3) Å,R ) 65.837(3)°, â ) 74.733(3)°, γ
) 76.867(3)°, V ) 2478.1(8) Å3, Z ) 1, Dc ) 1.681 g‚cm-3, µ )
0.554 mm-1, F(000) ) 1268.0.

X-ray diffraction data for5 were collected at 90(1) K using a
Bruker SMART1000 CCD diffractometer installed at a rotating

anode source (Mo KR radiation,λ ) 0.71073 Å) and equipped
with an Oxford Cryosystems nitrogen gas-flow apparatus. The data
were collected by the rotation method with 0.3° frame-width (ω
scan) and 10 s exposure time per frame. Four sets of data (600
frames in each set) were collected, nominally covering half of the
reciprocal space. The data were integrated, scaled, sorted, and
averaged using the SMART software package.22 In total, Ntot )
17 488 reflections were measured up to 2θmax ) 50.14°; 8588 (Rint

) 0.050) of them were independent. The structures were solved
by the direct methods using SHELXTL NT Version 5.10.23 The
structure was refined by full-matrix least squares againstF2. Non-
hydrogen atoms were refined in anisotropic approximation. Posi-
tions of hydrogen atoms were calculated geometrically. Subse-
quently, the positions of H-atoms were refined by the “riding”
model withUiso) 1.2Ueq of the connected non-hydrogen atom. The
least-squares refinement onF2 was done to R1[I > 2σ(Ι)] ) 0.097
for 6656 observed reflections withF > 4σ(F), wR2 ) 0.279 (826
parameters), final GOF) 1.110. The CCDC reference number is
275197.

Results and Discussion

1. Synthesis.Composition, elemental analysis of1-4 are
listed in Table 1.1 was obtained by the evaporation of a
chlorobenzene solution containing equimolar amounts of C60
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Table 1. Elemental Analysis Data for1-5

elemental analysis, found/calcd

N complex C, % H, % N, % Cl, %

1 Cu(dbdtc)2‚C60‚0.5(C6H5Cl) 79.61 2.53 2.09 1.49
80.58 2.24 2.02 1.28

2 Ni(dbdtc)2‚C60‚0.5(C6H5Cl) 81.94 2.57 2.06 1.11
81.07 2.23 2.01 1.27

3 Pd(dbdtc)2‚C60‚0.5(C6H5Cl) 79.31 2.38 1.91 1.15
78.21 2.17 1.96 1.24

4 Pt(dbdtc)2‚C60‚0.5(C6H5Cl) 75.32 2.36 1.87 1.17
73.63 2.01 1.84 0.79

5 [Cr(C6H6)2]‚(C60)‚0.5[Pd(dbdtc)2]a 80.86b 2.37 1.22 -
83.32 2.07 1.12 -

a The composition of the complex was consistent with the X-ray structure analysis on a single crystal. The unit cell parameters of several crystals from
the synthesis were tested to justify the identity of the crystals in one synthesis.b The lack of carbon content can be a result of partial oxygenation of
air-sensitive5 while carrying out the elemental analysis.
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and Cu(dbdtc)2, whereas solvate with chlorobenzene (C60‚
(C6H5Cl)x) was isolated in similar conditions with Ni(dbdtc)2,
Pd(dbdtc)2, and Pt(dbdtc)2 according to the IR spectra. The
crystallization of2-4 was provided by an addition of an
excess of ferrocene, which however, was not inserted into
the crystals precipitated. Previously, it was found that the
excess of ferrocene provided the crystallization of solvent-
free phases without ferrocene or new phases of fullerene
complexes with ferrocene.11 In the case of2-4, ferrocene
probably promoted the decomposition of a fullerene solvate
with chlorobenzene and, consequently, the formation of
complexes with M(dbdtc)2.

To prepare [Cr(C6H6)2
•+]‚(C60

•-)‚0.5[Pd(dbdtc)2] (5) (Table
1), we used slow diffusion, in which Cr(C6H6)2, C60 and the
excess of Pd(dbdtc)2 dissolved in C6H4Cl2 were covered by
hexane. In these conditions,5 was formed instead of
previously obtained Cr(C6H6)2‚C60‚0.7(C6H4Cl2).5f Cu(dbdtc)2
was not used in the synthesis because of the reduction of
CuII to CuI by Cr(C6H6)2, which was accompanied by the
color change from dark-brown to light-yellow characteristic
of a CuI complex. Despite similar sizes and shapes, M(dbdtc)2

and TBPDA form multicomponent complexes of different
types. The (D+)‚(C60

•-)‚2(TBPDA) complexes have large
cavities to accommodate Cp*2Cr+, Cp*2Co+, or TDAE•+

cations, whereas smaller CrI(C6H6)2
•+ and Cp2Co+ (cobal-

tocenium) do not form such complexes.10e In contrast,
Pd(dbdtc)2 forms a complex with C60

•- only together with
CrI(C6H6)2

•+ countercations.
2. Neutral Complexes 1-4. The IR spectra of1-4 are a

superposition of those of C60, M(dbdtc)2, and C6H5Cl
molecules (Supporting Information). IR-active bands of C60

at 527, 577, 1182, and 1429 cm-1 remain almost unchanged
in the complexes (526, 577, 1182, and 1427-1428 cm-1),
showing no noticeable charge transfer to C60 in the ground
state. The bands of M(dbdtc)2 are shifted up to 10 cm-1

relative to starting donors, showing the changes in geometry
of the M(dbdtc)2 molecules in the complexes rather than
charge transfer. The UV-visible-NIR spectra also justify
a neutral ground state of the complexes (Table 2). The bands
at 933 and 1073 nm characteristic of the C60 monoanion3

are absent in the spectra of1-4. Cu(dbdtc)2 has absorption
with a maximum at 436 nm and the absorption tail up to
600 nm. This absorption is still observed in the spectrum of
1 at 427 nm (Table 2). A similar absorption spectrum was
reported for [Cu(dedtc)2]2‚C60 with a maximum at 442 nm.9

Photoexcitation of Cu(dedtc)2 was shown to contribute to

the generation of free charge carriers in [Cu(dedtc)2]2‚C60.9

Therefore, the absorption of a donor component in the visible
range is one of important factors, which define photocon-
ductivity in solid fullerene complexes. Since Ni(dbdtc)2

absorbs in the visible range with a maximum at 635 nm, the
absorption of2 at∼670 nm was also attributed to Ni(dbdtc)2.
Pd(dbdtc)2 and Pt(dbdtc)2 do not have noticeable absorption
in the visible range.

Ni(dbdtc)2, Pd(dbdtc)2, and Pt(dbdtc)2 are EPR silent, and
only CuII(dbdtc)2 with a 1/2 ground state is paramagnetic
and EPR active. Pristine Cu(dbdtc)2 has an asymmetric EPR
spectrum, which was simulated by two Lorentzian lines with
g1) 2.0515 andg2 ) 2.0295 and line halfwidths (∆H) of
8.52 and 5.76 mT. The EPR signal of1 is also asymmetric
and was simulated by two Lorentzian lines withg1) 2.0521
andg2 ) 2.0362 and∆H of 4.32 and 2.18 mT (Supporting
Information). The formation of a complex with C60 results
in the narrowing of the EPR signal (by a factor of 2-2.5)
with the retention of theg-factor values. This implies that
the environment of CuII centers in Cu(dbdtc)2 only weakly
changes in1 relative to the pristine donor. The changes in
the EPR spectrum are more pronounced on the formation of
[Cu(dedtc)2]2‚C60.9 The EPR spectrum becomes a three-
component instead of a two-component one of pristine donor.
Such changes were attributed to the elongation of the axial
Cu-S bond in the dimer due to the appearance of weak axial
coordination of CuII to the C60 molecules.9 Magnetic
susceptibility of1 follows the Curie-Weiss law, with a small
Weiss constant of 0.15 K showing the absence of a magnetic
interaction between CuII centers due to their large spatial
separation. This agrees with the planar monomeric state of
Cu(dbdtc)2 in 1. Dimeric CuII dialkyldithiocarbamates have
a stronger antiferromagnetic interaction between CuII cen-
ters.12

3. Ionic Multicomponent Complex [CrI(C6H6)2
•+]‚(C60

•-)‚
0.5[Pd(dbdtc)2] (5). 3.1. IR- and UV-Visible-NIR Spec-
tra. Three components were observed in the IR spectrum of
5 in KBr pellets. The absorption bands of C60 are positioned
at 526, 575, 1182 cm-1, and the split band has the maxima
at 1387, 1392, and 1396 cm-1. TheF1u(4) mode of C60, which
is most sensitive to charge transfer to the C60 molecule is
shifted from 1429 to 1387, 1392 and 1396 cm-1, indicating
charge transfer of∼1 electron to the C60 molecule. The
splitting of this mode can be due to the freezing of C60

molecular rotation even at RT and the decrease of its local
symmetry. Similar splitting was observed due to the similar

Table 2. UV-Vis-NIR Spectra of the Starting Compounds and1-5

absorption bands, nma

compounds fullerene M(dbdtc)2 NIR range (C60
•-)

C60 266s, 344, 470m, 605w
Cu(dbdtc)2 275s, 436s
Ni(dbdtc)2 326s, 635m
Cu(dbdtc)2‚C60‚0.5(C6H5Cl) (1) 262s, 337s,- 427m
Ni(dbdtc)2‚C60‚0.5(C6H5Cl) (2) 260s, 337s, 485w, 610w ∼670w
Pd(dbdtc)2‚C60‚0.5(C6H5Cl) (3) 261s, 340s, 480w, 610w
Pt(dbdtc)2‚C60‚0.5(C6H5Cl) (4) 261s, 340s, 480w, 610w
[Cr(C6H6)2]‚(C60)‚0.5[Pd(dbdtc)2] (5) 266s, 354s,-, 610w 933, 1073m

a s, strong; m, medium; w, weak.
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reason for some neutral complexes of C60.13 The integral
intensity of the band at 575 cm-1 is essentially higher than
that of the band at 526 cm-1. This is also characteristic of
C60

•-.14 The bands at 419, 458, 787, 815, 971, 1011, 1140,
and 1263 cm-1 were attributed to Cr(C6H6)2. Two bands of
Cr(C6H6)2 are sensitive to charge transfer and are shifted from
459 and 490 cm-1 in the neutral state to 419 and 460 cm-1

in ionic (CrI(C6H6)2
•+)(I-).15 Similar shifts of the bands in

the spectrum of5 (419 and 458 cm-1) also indicate the
formation of CrI(C6H6)2

•+ radical cations, which is possible
due to that the first redox potential of Cr(C6H6)2 (E+/0 )
-0.72 V vs SCE16) is more negative than that of C60 (E0/-

) -0.44 V vs SCE17). The remaining absorption bands were
attributed to Pd(dbdtc)2 (Supporting Information). The UV-
visible-NIR spectrum of5 (Table 2) justifies the formation
of C60

•- from characteristic bands at 933 and 1073 nm. The
additional bands in IR and UV-visible-NIR ranges, which
must accompany the dimerization or polymerization of
C60

•-18 are absent, indicating their monomeric state at RT.

3.2. Crystal Structure. The crystal structure of5 was
determined at 90 K. It should be noted that a single crystal
to be measured was cooled very fast from RT down to 90 K
(within 10 s). The complex has a triclinic lattice. C60

•-,
CrI(C6H6)2

•+, and Pd(dbdtc)2 are completely ordered at 90
K; C60

•- and CrI(C6H6)2
•+ radical ions occupy general

positions, while Pd(dbdtc)2 is located in a special position
with the Pd atom being on a center of symmetry.

The complex has layered packing, in which strongly
puckered layers of C60

•- alternate with the layers composed
of neutral Pd(dbdtc)2 molecules along theb direction (Figure
2). CrI(C6H6)2

•+ radical cations are arranged between C60
•-

and Pd(dbdtc)2 layers in the voids formed by two Pd(dbdtc)2

molecules and four C60
•- radical anions (Figure 2).

Within a fullerene layer, the pairs of C60
•- can be outlined

(solid parallelogram in Figure 2) with a center-to-center
interfullerene distance of 10.16 Å. There is one shortened
van der Waals interfullerene C‚‚‚C contact of 3.092(2) Å in
the pairs (dashed line in Figure 2). This contact is essentially
longer than the intercage C-C bond in the (C60

-)2 dimer
(1.597 Å5e). However, it is noticeably shorter than the sum
of van der Waals radii of two carbon atoms (3.42 Å19). In
addition to adjacent fullerenes in the pair, each C60

•- has
another four neighboring C60

•- radical anions within the
layer. Two neighbors are positioned on the same level along
thea direction (Figure 2) with a center-to-center distance of
10.18 Å, and the shortest interfullerene C‚‚‚C contacts are
in the 3.69-3.76 Å range (longer than 3.42 Å). Two other
neighbors are positioned approximately along thec axis with
a center-to-center distance of 9.92 Å. However, the shortest
C‚‚‚C contacts (3.39-3.75 Å) are noticeabely longer than
the interfullerene C‚‚‚C distance in the pairs (Figure 2).

Each fullerene pair is surrounded by four CrI(C6H6)2
•+

radical cations, which form shortened van der Waals C‚‚‚C
and H‚‚‚C contacts in the 3.23-3.56 and 2.65-2.92 Å ranges
(Figures 2 and 3). The C60

•- radical anions from one pair
form van der Waals C‚‚‚C contacts (3.30-3.50 Å) with
benzyl groups of two Pd(dbdtc)2 molecules lying above and
below a fullerene layer (dashed lines in Figure 3). The central
PdS4 fragment does not form any shortened contacts with
C60

•- and CrI(C6H6)2
•+ radical ions; therefore, PdII(dbdtc)2

does not coordinate to C60
•- in contrast to CoIITPP, which

forms diamagneticσ-bonded (CoIITPP‚fullerene-) anions.10a

Figure 2. View of the crystal structure of5 on theac plane. One of the pairs from two C60
•- radical anions is shown by the solid parallelogram. The

shortest interfullerene C‚‚‚C contact in the pair is depicted by a dashed line.
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The central (NCS2)2Pd fragment of the Pd(dbdtc)2 mol-
ecule is planar (the dihedral angle between two NCS2Pd
planes is 180°). The averaged lengths of the S-Pd bonds
are 2.325 Å.

3.3. Magnetic Properties of 5.The complex manifests a
symmetric Lorentzian EPR signal at RT withg ) 1.9934
and a line halfwidth (∆H) of 4.06 mT. This signal has a
g-factor intermediate between those characteristic of
monomeric C60

•- (g ) 1.9996-2.0000)1b,1cand CrI(C6H6)2
•+

(g ) 1.9860)20 and was attributed to a resonating signal
between these radical ions due to direct exchange coupling.
Similar resonating EPR signals were observed in monomeric
high-temperature phases of Cr(C6H6)2‚C60‚0.7(C6H4Cl2) and
Cr(C6H6)2‚C60‚C6H5CN,5e as well as in ionic complexes of
C60 with other substituted bis(arene)chromium compounds.5d,5g

The RT magnetic moment of5 is 2.26µB (Figure 4). This
value is close to 2.45µB (the value estimated for the system
of two 1/2 spins per formula unit), implying the contribution
from both C60

•- and CrI(C6H6)2
•+ radical ions.

3.4. Peculiarities of the Formation of (C60
-)2 Dimers

in 5. The magnetic moment of5 is only weakly temperature
dependent on slow cooling (within 4-6 h) from RT down
to 150 K and below 150 K decreases down to 1.62µB (130
K) (Figure 4). This value is close to the contribution of one
1/2 spin per formula unit (1.73µB). Above and below the
transition, magnetic susceptibility of5 follows the Curie-
Weiss law with small Weiss constants (-0.3 and 0.2 K,
respectively). EPR measurements are in agreement with
SQUID data. The EPR signal remains unchanged down to
150 K (g ) 1.9929 and∆H ) 3.61 mT). The integral
intensity of the EPR signal abruptly decreases by a factor of
2 at 150-120 K (Figure 5) and the signal splits into two
lines with g1 ) 1.9960 (∆H ) 2.24 mT) andg2 ) 1.9826
(∆H ) 2.32 mT) at 120 K (Figure 6). Two lines have nearly
temperature independentg-factors and line halfwidths down
to 4 K (g1 )1.9967 andg2 )1.9839 with∆H ) 2.33 and
2.34 mT), justifying the attribution of this signal to
CrI(C6H6)2

•+.20 A similar signal was observed in a dimeric
phase of Cr(C6H6)2‚C60‚C6H5CN below 160 K (g1 ) 1.9949
and g2 ) 1.9835 at 4 K), whereas the signal in a dimeric
phase of Cr(C6H6)2‚C60‚0.7(C6H4Cl2) is a single Lorentzian
line down to 4 K.5e Thus, below 120 K, spins in5 are
localized on CrI(C6H6)2

•+ and the transition is associated with

Figure 3. Van der Waals contacts in the crystal structure of5 between
Pd(dbdtc)2, C60

•-, and Cr(C6H6)2
•+ radical ions (dashed lines).

Figure 4. Effective magnetic moment on slow cooling5 in the 300-1.9
K range. The insert shows the magnetic hysteresis in the 100-200 K range.

Figure 5. The changes in the integral intensity of the EPR signal of5 on
slow cooling and heating.

Figure 6. The splitting of the EPR signal from5 upon the dimerization
of C60

•- in the 150-110 K range on slow cooling.
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the reversible formation of diamagnetic and EPR-silent
single-bonded (C60

-)2 dimers. Spin and magnetic susceptibil-
ity measurements on slow heating indicate the transition to
be reversible with the shift to higher temperatures (150-
170 K). Therefore, the hysteresis is 20 K (Figure 4, insert,
and Figure 5). The crystals of5 were also fast cooled from
RT down to 100 K (within 10 min). In this case, the EPR
signal indicates the retention of the monomeric phase even
at 100 K (g ) 1.9930 and∆H ) 3.87 mT) (Figure 7). The
signal remains unchanged down to 60 K (Figure 7) and only
below 60 K splits into two components (g1 ) 1.9991 and
∆H ) 2.38 mT andg2 ) 1.9826 and∆H ) 2.39 mT at 4
K), suggesting the dimerization of C60

•-. Similar splitting is
observed upon the dimerization of C60

•- on slow cooling of
5 in the range 150-120 K (Figure 6). Thus, fast cooling
essentially lowers dimerization temperature.

Conclusion

In contrast to the C60 complex with butterfly-shaped [Cu-
(dedtc)2]2 dimers,9 different M(dbdtc)2 (M ) CuII, NiII, PdII,
and PtII) most probably form complexes with C60 (1-4) in
planar conformation of the central (NCS2)2M fragment
adopting to spherical C60 molecules by flexible benzyl
substituents. Planar conformation is known to be peculiar
for Ni(dbdtc)2, Pd(dbdtc)2, and Pt(dbdtc)221 and can also be
realized for Cu(dbdtc)2 due to the repulsion of bulky benzyl
substituents. Two of the four dibenzyldithiocarbamates have

absorption in the visible range, their complexes with C60 can
be photoactive similarly to [Cu(dedtc)2]2‚C60,9 and now this
work is in progress. Ionic [CrI(C6H6)2

•+]‚(C60
•-)‚0.5[Pd(dbdtc)2]

(5) contains neutral Pd(dbdtc)2, C60
•- radical anions, and

CrI(C6H6)2
•+ radical cations. The crystal structure of5 (90

K) reveals layered packing with the alternation of strongly
puckered C60

•- layers with those of Pd(dbdtc)2. CrI(C6H6)2
•+

radical cations are arranged between the layers (Figure 2).
The radical anions form pairs within the C60

•- layers with
the shortest interfullerene C‚‚‚C contact of 3.092(2) Å (Figure
2). Thus, C60

•- radical anions are monomeric at 90 K.
However, they can dimerize in the direction of this contact
within the pairs. SQUID and EPR measurements indicate
the formation of (C60

-)2 dimers below 150-130 K on slow
cooling and their dissociation above 150-170 K on heating
(Figures 4 and 5). A symmetric EPR signal withg ) 1.9934
attributable to a resonating signal between C60

•- and
CrI(C6H6)2

•+ radical ions changes to an asymmetric EPR
signal with two lines withg1 ) 1.9959 andg2 ) 1.9830
characteristic of isolated CrI(C6H6)2

•+ (Figure 6). The dis-
sociation temperature for the (C60

-)2 dimers in5 and their
stability are low in comparison with those for other ionic
complexes of C60 (160-250 K).5d-g Two peculiarities were
found for such low-temperature dimerization. The dimer-
ization in 5 has a larger hysteresis of 20 K, whereas in
Cp*2Cr‚C60‚(C6H4Cl2)2 with the dimerization temperature
above 200 K, the hysteresis was smaller than 2 K.5e Fast
cooling from RT down to 100 K completely suppresses
dimerization, and according to EPR, it is observed only below
60 K (Figure 7). The crystal for a X-ray diffraction experi-
ment was fast cooled from RT down to 90 K, and this can
be a reason for the retention of a monomeric phase of5 at
90 K.
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Figure 7. The EPR spectrum of5 (100-4 K) upon fast cooling from RT
down to 100 K.

Complexes of C60 with Metal Dibenzyldithiocarbamates

Inorganic Chemistry, Vol. 44, No. 25, 2005 9553


