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The C60 complex with decamethylcobaltocene, (Cp*2Co)2C60(C6H4-
Cl2, C6H5CN)2 (1) (C6H4Cl2 ) 1,2-dichlorobenzene; C6H5CN )
benzonitrile), has been obtained as single crystals by the diffusion
method. The IR and UV−vis−NIR spectra show the presence of
the C60

2- and the Cp*2Co+ ions, which form a three-dimensional
framework with channels accommodating solvent molecules. EPR
and SQUID measurements show that C60

2- has a diamagnetic
singlet (S ) 0) state in the 2−140 K range. The appearance of a
broad EPR signal and the increase in magnetic susceptibility of 1
above 140 K are assigned to a thermal population of a close lying
triplet (S ) 1) state. The singlet−triplet energy gap for C60

2- in
solid 1 is estimated to be 730±10 cm-1.

Ionic compounds of fullerenes show interesting physical1

and structural2 properties. Fullerenes have unique electronic
structure with a 3-fold degenerate LUMO (t1u), which is able
to accept up to 6 electrons to form anions from-1 to -6.3

Up to now, crystal structures of several C60
2- salts were sol-

ved: PPN2C60 (PPN+ ) bis(triphenylphosphine)iminium),4

[M(NH3)6] C60(NH3)3 (M ) Ni, Mn, and Cd),5 and [K(2,2,2-
cryptand)]2 C60‚(C7H8)4 (C7H8 ) toluene).6 Several poly-
crystalline compounds of C60

2- are also known,3 includ-
ing a solvent-free complex with decamethylcobaltocene:
(Cp*2Co)2C60.7 Despite this, the electronic structure of the
C60

2- dianion is still under discussion. Molecular orbital
calculations show that C60

2- can have a singlet ground state

with a triplet excited state and the energy gap of 300-1500
cm-1.8 EPR study of C60

2- in dimethyl sulfoxide (DMSO)
shows a diamagnetic singlet (S ) 0) ground state for this
anion with a thermally populated excited triplet (S) 1) state
and the energy gap of 600( 100 cm-1.9 Recently, it has
been found that (PPN+)2(C60

2-) in DMSO is EPR silent in
the 125-280 K range.10 Magnetic susceptibility measure-
ments of solid (PPN+)2C60

2- also support a singlet ground
state for C60

2-, however, with the nearly degenerate excited
triplet state and the singlet-triplet energy gap of∼1 cm-1.7

The effective magnetic moment of the C60
2- salts, PPN2C60

7

and [K(2,2,2-cryptand)]2C60‚(DMF)3 (DMF ) N,N-dimeth-
ylformamide),6 was measured to be far from zero even at 4
K. In both salts, the temperature-dependent data do not allow
the estimation of the singlet-triplet energy gap for the C60

2-

anion in the solid state.
In this work, we report the synthesis, crystal structure, and

magnetic properties of the ionic C60 complex with deca-
methylcobaltocene: (Cp*2Co)2C60‚(C6H4Cl2,C6H5CN)2 (1)
(C6H4Cl2 ) 1,2-dichlorobenzene; C6H5CN ) benzonitrile).

The crystals of1 were prepared in anaerobic conditions
by diffusion ofn-hexane into the C6H4Cl2/C6H5CN (50:50)
solution containing C60 and 2.4 molar equiv of Cp*2Co. The
composition of the complex was determined from the X-ray
analysis.

The IR spectrum of1 indicates the ionic ground state. The
bands ascribed to C60 appear at 1369s, 1182w, 574s, and
520w cm-1. The F1u(4) mode of C60 (at 1429 cm-1 in the
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(6) Fässler, T. F.; Spiekermann, A.; Spahr, M. E.; Nesper, R.Angew.
Chem., Int. Ed. Engl.1997, 36, 486.

(7) Boyd, P. D. W.; Bhyrappa, P.; Paul, P.; Stinchcombe, J.; Bolskar, R.
D.; Sun, Y.; Reed, C. A.J. Am. Chem. Soc.1995, 117, 2907.

(8) (a) Negri, F.; Orlandi, G.; Zerbetto, F. J. Am. Chem. Soc. 1992, 114,
2909. (b) Yamaguchi, K.; Hayashi. S.; Okumura, M.; Nakano, M.;
Mori, W. Chem. Phys. Lett. 1994, 226, 372.

(9) Trulove, P. C.; Carlin, R. T.; Eaton, G. R.; Eaton, S. S.J. Am. Chem.
Soc.1995, 117, 6265.

(10) Paul, P.; Kim, K.-C.; Sun, D.; Boyd, P. D. W.; Reed, C. A.J. Am.
Chem. Soc.2002, 124, 4394.

Inorg. Chem. 2003, 42, 3706−3708

3706 Inorganic Chemistry, Vol. 42, No. 12, 2003 10.1021/ic0340074 CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/21/2003



parent fullerene) is the most sensitive to charge transfer to
the fullerene molecule.11 This mode has an intermediate
position (1369 cm-1) between those for-1 and-3 charged
C60 (1392 and 1363 cm-1, respectively11), indicating ap-
proximately-2 charge on the C60 molecules. The bands at
445m, 1020m, 1074w, 1369s (coincides with the F1u(4) mode
of C60), 1421w, 1436w, and 1473w cm-1 are attributed to
Cp*2Co.12 The band of neutral Cp*2Co (429 cm-1) shifts to
448 cm-1 in ionic (Cp*2Co+)‚(PF6

-).11 The position of this
band at 445 cm-1 in 1 shows the formation of Cp*2Co+.

The -2 charged state of C60 is confirmed by the UV-
vis-NIR spectrum of1 in the KBr matrix. The bands at
854, 963, and 1350 nm are characteristic of C60

2-.3,13 The
formation of a dianionic complex between Cp*2Co and C60

is possible due toE+/0
1/2 of Cp*2Co (-1.47 V12) being

essentially more negative thanE1-/2-
1/2 of C60 (-0.87 V14).

The Cp*2Co+ cations are ordered in the crystal structure
of 1,15 whereas the C60

2- anions are fixed in two crystallo-
graphically independent orientations and the occupancy fac-
tors at a 4:1 ratio. Orientationally ordered C6H4Cl2 and
C6H5CN share the same crystallographic position with the
occupancy factors at a 1:1 ratio.

Crystal packing of1 can be described as a three-dimen-
sional framework built of the alternating Cp*2Co+ and C60

2-

ions with the channels accommodating solvent molecules
(Figure 1). The similar channels were found in the hexagonal
framework built of the Cp*2Cr+ and (C60

-)2 dimers in ionic
Cp*2Cr‚C60‚(C6H4Cl2)2.2b Each C60

2- is surrounded by eight
bulky Cp*2Co+ cations. The shortest center-to-center dis-
tances between adjacent C60

2- species are 12.10, 12.57, and
12.42 Å along thea-, b-, andc-axes, respectively.

Among the eight Cp*2Co+ cations surrounding C60
2-, only

four of them form shortened van der Waals contacts with

C60
2- in the 3.07-3.50 Å range (Figure 2). Numerous H

(Cp*2Co+)‚‚‚C(C60
2-) contacts in the 2.9-3.1 Å range

additionally stabilize this crystal structure. Four Cp*2Co+

species forming shortened van der Waals contacts with C60
2-

are distributed asymmetrically over its surface; three cations
are located above one C60

2- hemisphere, and only one cation
is located above another hemisphere (Figure 2).

The mean values of the 6-6 and 6-5 bonds in C60
2- were

refined as free variable parameters and found to be 1.388(9)
and 1.443(6) Å, respectively. These bond lengths are close
to those in Cp*2Ni‚C60‚CS2, 1.389(3) and 1.449(3) Å,16 res-
pectively, and PPN2C60, 1.399(2) and 1.446(2) Å,4 respec-
tively. The diameter of the C60

2- anion in three orthogonal
directions running through the oppositely located carbon at-
oms is equal to 7.077, 7.086, and 7.020 Å. Thus, the ellip-
soidal deviation is∼0.06 Å. This value is more thantwo times
larger than that for the parent C60 (0.025 Å),17 approximately
1.5 times smaller than that in Cp*2Ni‚C60‚CS2 (0.098(6) Å)16

and PPN2C60 (0.086(5) Å),4 and is close to that in the C60
2-

containing salts, [M(NH3)6]C60‚6NH3, M ) Ni, Mn, and Cd
(0.0698, 0.0648, 0.0748 Å,5 respectively). Thus, C60

2- has a
moderate ellipsoidal deviation in1. It should be noted that
the C60

2- sphere is flattened along thea-axis.
The EPR spectrum of1 at 290 K (room temperature, RT)

has one broad single line withg ) 2.0006 and the line half-
width (∆H) of 5.6 mT (signal I) overlapped with a very weak
and narrow signal II (Figure 3). The total integral intensity
of signal I reversibly increases with temperature in the 140-
290 K range (Figure 3, inset). This allows the signal I to be
attributed to the thermally populated excited triplet (S) 1)
state of C60

2-. The signal has unresolved low zero-field
splitting (D = 0). This corresponds to a triplet state in which
two unpaired electrons with parallel spins are sufficiently
removed from each other that their interaction is not reflected
in the EPR spectrum.7,9 The temperature decrease from 290
K down to 140 K results in both the shift of theg-factor to
larger values and the essential narrowing of signal I (g )
2.0016 and∆H ) 0.5 mT at 140 K). The integral intensity
of signal I at RT corresponds to∼6% population of the
excited triplet state. The plot of ln(integral intensity× T)
versus 1/T is linear in the 290-140 K range (Figure 3, inset),
and the slope of this plot affords the singlet-triplet energy
gap of 730( 10 cm-1 for C60

2- in solid 1.
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Figure 1. Projection of the crystal structure of1 on thebc-plane. Dashed
ellipses show the channels accommodating solvent molecules. Only the
major orientation of C60

2- is shown.

Figure 2. Van der Waals contacts (<3.5 Å) between the Cp*2Co+ and
C60

2- ions (dashed lines). Only the major orientation of C60
2- is shown.
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Below 140 K (indicated byT in Figure 3, inset), signal I
disappears, and only weak narrow signal III with the same
g-factor is observed down to 4 K. The behavior of signal III
in the 140-4 K range allows it to be distinguished from
signal I. The intensity of signal III begins to increase as the
temperature decreases. The plot of ln(integral intensity×
T) versus 1/T is nearly constant showing a paramagnetic de-
pendency (Figure 3, inset). Theg-factor shifts to smaller
values (g ) 2.0009 at 4 K), and∆H remains constant (0.5
mT) down to 4 K. Moreover, this signal is superimposed on
a weak signal with the splitting of 2.77 mT atT < 100 K.
In the 140-4 K range, signal III cannot be attributed to the
thermally populated excited triplet state of C60

2-, and the
integral intensity of this signal (about 0.3% of the total C60)
is too small for the ground state of C60

2-. Probably the signal
III originates from a small amount of the C60

2- spins trapped
on the defects.

The weak narrow signal II observed from 290 K down to
4 K (Figure 3) can be attributed to the reduction of the C120O
impurity.10 Its integral intensity corresponds to 0.1% of total
C60, and the parameters (g ) 2.0008,∆H ) 0.2 mT at RT)
are almost temperature independent.

The EPR behavior of1 is similar to that of electrochemi-
cally generated C60

2- in DMSO.9 Only a narrow line with
∆H ) 0.2 mT superimposed on the weak signal with splitting
is observed at low temperatures (4.5-130 K). The intensity
of these signals was calculated to be less than 4% of total
C60. The broad Lorentzian signal with∆H ) 3 mT appears
above 135 K. This signal was attributed to the thermally pop-
ulated excited triplet state, which has about 6% occupation
at 255 K. The singlet-triplet energy gap for C60

2- in solution
was determined to be 600 cm-1.9 Only minor differences
are seen for C60

2- in solid 1: (1) the contribution of the
narrow EPR signal in the 4-140 K range is smaller (only
0.3% of the total C60), (2) 6% occupancy of the triplet state
is observed at higher temperature (290 K), and (3) the
singlet-triplet energy gap is larger by 130 cm-1.

SQUID measurements of solid1 in the 1.9-300 K range
are in agreement with the EPR data. The temperature
dependency of molar magnetic susceptibility is presented in
Figure 4. The sample holder contribution and the paramag-
netic contribution of the Curie impurities (about 1%) were

subtracted from the experimental data. Susceptibility is
negative and temperature independent in the 1.9-150 K
range (-5.6 × 10-4 emu mol-1). This value is close to the
sum of core diamagnetic contributions from two Cp*2Co
(-4.6 × 10-4 emu mol-1)18 (Cp*2Co+ has S ) 012), C60

(-2.52× 10-4 emu mol-1),19 C6H4Cl2 (-0.83× 10-4 emu
mol-1), and C6H5CN (-0.65× 10-4 emu mol-1) moieties.
Thus,1 is diamagnetic in the 1.9-150 K range. Above 150
K, molar magnetic susceptibility increases because of the
thermal population of the excited triplet state (Figure 4).

Thus, the EPR and SQUID data show that C60
2- in solid

1 has a diamagnetic ground state (S ) 0) at 2-140 K and
only 6% population of the excited triplet state (S ) 1) is
observed at 290 K. The small amount of spins observed at
low temperatures (<0.4% of total C60) is most probably
associated with defects or impurities. The similar low temp-
erature narrow signals were observed for C60

2- in solution9

and solid PPN2C60.7 The broad signal attributed to the triplet
state (T > 140 K) was previously observed only in solution9

and was not found in solid PPN2C60.7 It is broad at RT and
strongly narrows with the temperature decrease. The EPR
signals from C60

•- and C60
•3- radical anions (S) 1/2) behave

similarly.3 However, in contrast to the signals from anion
radicals, the integral intensity of the triplet signal in1 de-
creases with temperature. The variable singlet-triplet ener-
gy gap for C60

2- could be explained by the extent of the dis-
tortion from theIh symmetry (due to the Jahn-Teller or crys-
tal packing effects). Because of this, an ellipsoidal deviation
for C60

2- in PPN2C60 larger than that in1 can give a larger
singlet-triplet energy gap. In this case, the population of
the triplet state of C60

2- in PPN2C60 is rather small even at
RT. Additional studies of the C60

2- salts can allow the factors
affecting the ellipsoidal deviation and the singlet-triplet
energy gap for C60

2- in the solid state to be elucidated.
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Figure 3. EPR signal of1 at 290 K. The simulation of the signal by the
two Lorentzian lines is shown below (broad signal I and narrow signal II).
Inset shows the dependency of ln(integral intensity× T) of the EPR signal
I (290-140 K) and III (140-50 K) vs 1/T (see text).

Figure 4. Temperature dependency of molar magnetic susceptibility (ømol)
of 1 in the 1.9-300 K range.
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