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Metallic conductivity versus charge disproportionation in the C60 complexes with 
noninteger average charge on fullerene   

Dmitri V. Konarev,*[a] Salavat S. Khasanov,[b] Manabu Ishikawa,[c] Evgeniya I. Yudanova,[a] Artem 
F.  Shevchun,[b] Maksim S. Mikhailov,[d] Pavel A. Stuzhin,[d] Akihiro Otsuka,[c] Hideki Yamochi,[c] 
Gunzi Saito,*[e,f] and  Rimma N. Lyubovskaya[a] 

Abstract: Oxidation of 
{cryptand(Na+)}(C60

•−) and 
{cryptand(Na+)}2(C60

2−) with integer −1 
and −2 charges on fullerene by iron(II) 
octaethyltetrapyrazinoporphyrazine 
allows crystallization of complexes 
with noninteger average charge on C60. 
{Cryptand(Na+)}(C60)3

−⋅2C6H4Cl2 (1) 
with partial −0.33 charge on C60 has 
closely packed 3D structure formed by 
fragments of hexagonal fullerene layers. 
Complex 1 shows high conductivity of 
50-60 and 100-250 S⋅cm-1 in the 295-
120 K range measured by four-probe 
and microwave techniques,   
respectively. Metallic behavior of 1 is 
observed down to 150-120 K. It 
manifests a broad band in the IR range 

with maximum at 2000 cm-1 attributed 
to the intraband transition in metal and 
a Dysonian EPR signal characteristic of 
highly conducting materials. Metallic 
conductivity is still observed in 1 after 
one month exposure to air. 
{Cryptand(Na+)}(C60)2

− (2) and 
{cryptand(Na+)}8(C60)6

8− (3) with 
average −0.5 and −1.33 charges on C60 
do not show metallic conductivity. This 

can be explained by charge 
disproportionation and the formation of 
neutral and −1 charged C60 in 2 due to 
their different cationic surrounding. 
Complex 3 has highly symmetric 
cationic surrounding for C60. 
Nevertheless, charge disproportionation 
also realized in 3 provides −1 and −2 
charged C60. No dimerization of C60 is 
observed in 1 and 2 in spite of close 
packing of fullerenes in crystals. On the 
contrary, diamagnetic singly bonded 
(C60

−)2 dimers are formed in 
{сryptand(Li+)}2(C60

−)2⋅C6H4Cl2⋅C6H14 
(4) with full −1 charge on fullerene as 
usually observed for the C60

•− salts with 
close fullerene packing. 

Introduction 

Fullerenes can show promising conducting properties.[1-7] Till now 
conducting fullerene compounds have been obtained mainly by 
fullerene doping with alkali, alkali-earth and lanthanide metals.[1-4] 

The (M+)(C60•−) salts contain one-dimensional metallic polymers,[4] 
while salts of the (M+)3(C603−) (M = K, Rb and Cs) composition with 
three-dimensional (3D) packing of fullerenes are metals, which 
transmit to the superconducting state below 38 K under pressure and 
33 K in ambient conditions.[1-3] Being prepared by doping in gas 
phase these salts are generally obtained as powders. Conducting 
fullerene compounds can be obtained as crystals by direct growth 
from solution. Quasi-two-dimensional metallic conductivity is 
observed in the (MDABCO+)(C60•−)⋅TPC salt (where MDABCO+ is 
N-methyldiazabicyclooctanium cation, TPC is triptycene) 
containing closely packed hexagonal fullerene layers.[5, 6] In spite of 
layered structure, (K+)(THF)5(C60•−)⋅2THF shows one-dimensional 
electric conductivity.[7] All these compounds manifest integer 
charge transfer (CT) to the fullerene molecule, namely, −1, −2, −3, 
etc. 

In contrast to fullerenes, conducting compounds based on 
oxidized substituted tetrachalcogenofulvalenes[8] and metal 
phthalocyanines[9] as well as reduced 7,7,8,8-
tetracyanoquinodimethanes[10] and M(dmit)2 (M = Ni, Pd, Pt, dmit is 
1,3-dithiol-2-thione-4,5-dithiolate)[11] have mainly partial and 
noninteger CT to donor or acceptor molecules (for example, charge 
transfer degree is δ = 0.5 or 0.67). Combined with appropriate 
crystal structures, partial CT provides metallic conductivity by 
forming a partially filled conduction band. At full CT, Coulomb 
repulsion between electrons begins to play an important role to 
localize electrons and form insulating magnetic states. Therefore, 

Keywords: fullerene, complexes 
with partial charge transfer, metallic 
conductivity, charge dis-
proportionation, crystal structure, IR 
and UV-visible-NIR spectra, 
magnetic properties  
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compounds with partial CT to the fullerene molecule in conjunction 
with the presence of degenerated frontier molecular orbitals can be 
promising candidates to develop highly conducting systems. Though 
many ionic compounds based on fullerenes are known, only several 
compounds with partial and noninteger CT have been obtained. 
(Na+)x(THF)yC60 (x ∼ 0.4, y ∼ 2.2)[12] shows conductivity of 50 
S⋅cm−1 at room temperature (RT) and metallic behavior which can 
be explained by partial CT (δ ∼ −0.4). The phase transition at 170 K 
results in the insulating state. Similar compounds were obtained 
with K+ and Li+ cations.[13] The latter compound shows high 
conductivity (30 S⋅cm−1 at RT) but semiconducting behavior. 
Unfortunately, exact crystal structures of these compounds are 
unknown. Another fullerene complex with noninteger average 
charge on C60 is {(Ph3P)3Au+}2(C60)32−·C6H4Cl2. It contains 
corrugated hexagonal fullerene layers and has two (Ph3P)3Au+ 
cations per three C60 molecules. Average charge on C60 is −0.67. 
Charges on the fullerene molecules were estimated to be −1 for two 
of C60 and close to zero for one of C60. Differently charged 
fullerenes have different cationic surroundings since positively 
charged gold atoms of (Ph3P)3Au+ approach closer to C60•−. Charge 
disproportionation provides no metallic conductivity.[14] Two other 
complexes with noninteger average charge on C60 are 
{(DMETEP+)·ZnIIOEP}(C60)1.5−·C6H4Cl2 (OEP is octaethyl-
porphyrin; DMETEP+ is N,N′-dimethyl-N-ethylthioethylpiperazini-
um cation)[15] and {DB18C6(K+)}4(C60)54−·12THF (DB18C6 is 
dibenzo-18-crown-6-ether).[16] Negatively charged and neutral 
fullerenes are spatially separated in these complexes, and charge 
disproportionation is also caused most probably by different cationic 
surroundings of C60.  

In this work we report on the new general strategy developed for 
preparation of fullerene complexes with noninteger average CT to 
fullerene using iron(II) octaethyltetrapyrazinoporphyrazine 
(FeIITPyzPzEt8) as oxidizer for fullerene salts. Crystallization of 
{cryptand(Na+)}(C60•−) and {cryptand(Na+)}2(C602−) in the presence 
of FeIITPyzPzEt8 yields complexes: {cryptand(Na+)}(C60)3− 

⋅2C6H4Cl2 (1), {cryptand(Na+)}(C60)2− (2) and 
{cryptand(Na+)}8(C60)68− (3) with average −0.33, −0.5 and −1.33 
charges on C60, respectively (cryptand is 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane). Complex 1 is metal, whereas 
complexes 2 and 3 are non-metals and show charge 
disproportionation. Complexes 1 and 2 are air-stable and 
dimerization of fullerenes is not realized in them in spite of their 
close 3D packing. {Cryptand(Li+)}2(C60−)2⋅C6H4Cl2⋅C6H14 (4) has 
full −1 charge on fullerene and in this case singly bonded (C60−)2 

dimers are formed. We present and discuss optical, magnetic and 
conducting properties of 1-4. 

Results and Discussion 

1 Synthesis 

The choice of mild oxidizer is crucial for the synthesis of C60 
complexes with noninteger average CT to fullerene. The first and 
second reduction potentials for C60 are −0.45 and −0.82 V vs SCE in 
non-coordinating o-dichlorobenzene[17]. Therefore, negative 
reduction potential for appropriate oxidizer should be lower. In this 
work iron(II) octaethyltetrapyrazinoporphyrazine (FeIITPyzPzEt8) 

was found to be suitable oxidizer for fullerene anions. The 1st well-
defined reduction wave observed for FeIITPyzPzEt8 in coordinating 
DMSO at −0.19 V (vs Ag/AgCl) (Figure S1) or −0.235 V (vs SCE) 
can be assigned to the FeII/FeI reduction couple with the formation 
of the [FeITPyzPzEt8(2−)]− anion. As a result, FeIITPyzPzEt8 shows 
stronger acceptor properties than C60 and can partially oxidize the 
{cryptand(Na+)}(C60•−) or {cryptand(Na+)}2(C602−) salts whereas 
FeIITPyzPzEt8 is dissolved to form deep violet 
{cryptand(Na+)}{FeITPyzPzEt8(2−)}− salt. Dissolution of 
stoichiometric amount of FeIITPyzPzEt8 together with 
{cryptand(Na+)}(C60•−) followed by precipitation of crystals by 
hexane allow 1 and 2 to be crystallized together with the 
{cryptand(Na+)}(C60•−)⋅C6H4Cl2 salt with full −1 charge on C60. 
Dissolution of stoichiometric amount of FeIITPyzPzEt8 together with 
{cryptand(Na+)}2(C602−) followed by precipitation of crystals by 
hexane allow the crystals of 3 to be obtained together with the 
crystals of {cryptand(Na+)}(C60•−)⋅C6H4Cl2 and 
{cryptand(Na+)}2(C602−)18. Single crystal samples of fullerene 
complexes obtained in both syntheses have been identified by X-ray 
diffraction. The crystal samples of different phases are separated 
easily due to their shape (crystal habit). All the measurements  of 
optical, EPR spectra and conductivity of 1-3 were carried out on the 
single crystal samples, one or several ones, separated under 
microscope in accordance of their habit and tested by X-ray 
diffraction, i.e. well identified crystal samples. We also suppose that 
complexes with noninteger average CT to C60 could be obtained by 
adding corresponding amount of neutral C60 to the solutions of 
{cryptand(Na+)}(C60•−) or {cryptand(Na+)}2(C602−). However, no 
crystals of the complexes with noninteger CT to C60 were obtained 
in this case.   

2 Crystal structure, optical, magnetic and conducting 
properties of {cryptand(Na+)}(C60)3−⋅2C6H4Cl2 (1) 

Crystal structure of 1 was determined from X-ray diffraction on a 
single crystal. In spite of slow cooling down to 90 K, all components 
of the complex are strongly disordered (see Experimental part). We 
show only major orientation for the disordered parts in Fig. 1. There 
are three fullerenes per one cryptand(Na+) cation. Average charge 
on C60 is −0.33, and 1 is a complex with noninteger CT to fullerene. 

Complex 1 has close 3D packing of fullerenes penetrated by 
continuous channels occupied by the cryptand(Na+) cations and 
solvent C6H4Cl2 molecules located in the corners of each channel 
(Fig. 1a). The fragments of nearly ideal hexagonal fullerene layers 
are located in the plane approximately parallel to the diagonal to the 
ac plane and the b axis (Fig. 1b). These fragments have width of 
three fullerene rows since they are separated by the channels (Fig. 
1b). As a result, fullerenes from the central row have six fullerene 
neighbors, and each C60 from the rows adjacent to the channels has 
only four fullerene neighbors. All interfullerene center-to-center 
(ctc) distances in these fragments are in the 9.85-9.95 Å range (Fig. 
1b). Hexagonal fullerene fragments are also closely packed along 
the c axis with the ctc interfullerene distance of only 9.95 Å (Fig. 
1a). All these distances are essentially shorter than the van der 
Waals (vdW) diameter of C60 of 10.18 Å. Potentially electron 
conductivity can be realized approximately along the plane parallel 
to the diagonal to the ac plane and the b axis. 
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To discuss the possibility of charge disproportionation in 1 the 
conditions for electrostatic interaction between the cryptand(Na+) 
cations and fullerenes should be considered. Each of three 
independent fullerenes in 1 is surrounded by three cations. The 
shortest distances between the centers of three independent C60 and 
the Na+ ions are close (8.12, 8.16 and 8.18 Å). Other cations have 
essentially longer distances between the centers of C60 and the Na+ 
ions which are also rather close for three independent C60 (10.05-
10.32 Å). Therefore, conditions for electrostatic interactions of three 
independent fullerenes with the cations are similar and that can 
provide delocalization of negative charge over fullerenes.  

Conductivity of 1 was measured by four-probe and microwave 
techniques on oriented single crystals from advanced crystal surface  
parallel to the crystallographic (101̄) plane (the plane coming along  
the b axis and the diagonal to the ac plane as shown in inset in Fig. 
2a). High RT conductivity of the crystal of 55 S⋅cm-1 increases with 
the temperature decrease down to 220 K showing metallic behavior. 
Conductivity decreases slightly below this temperature and the 
abrupt decrease of conductivity is observed only below 120 K 
showing the transition to the semiconducting state (Ea estimated at T 
< 30 K is about 6 meV).  

Microwave conductivity was also measured for oriented single 
crystal in the same plane. The frequency dependence of surface 
impedance calculated from microwave absorption in the 120 < T < 
200 K range corresponds to the normal skin effect in the compound 
with free carriers. Microwave conductivity of 100-240 S⋅cm-1 in the 
120-200 K range (Fig. 2b) is higher than conductivity measured by 
four-probe technique and shows metallic behavior down to 120 K.  
Transition to the nonmetallic state is observed below 120 K since 
absorption at T = 5 K and the frequency dependence of microwave 
absorption are absent in the 120-5 K range.   

The UV-visible-NIR and IR spectra of 1 are shown in Fig. 3. 
Bands with the maxima at 346 and 1072 nm (Fig. 3a, arrows) were 
attributed to fullerenes. The latter band is generally ascribed to C60•−. 
A broad weak band at 667 nm (Fig. 3a, arrow) can most probably be 
attributed to CT between neutral fullerenes. It is known that the CT 
band associated with electron transfer between fullerenes is 
manifested in the spectrum of C60 at about 450 nm[19]. The lowest 
energy absorption band can be found even in the IR range with the 
maximum at about 2000 cm-1 (Fig. 3b). The origin of this band can 
be interpreted by either an intraband transition in metal or 
intermolecular CT from D0 (or A•−) to D•+ (or A0) for the charge 
separated case. Only in a rare system with extremely small on-site 
Coulomb repulsion, a low-energy band appears from the CT process 
between D•+ (or A•−) ions. The energy of the CT process between 
cryptand(Na+) and C60 should be high whereas CT between C60•− is 
not observed at such low energies. Generally, bands associated with 

CT between C60•− are manifested in the spectra of the salts at 
wavenumbers higher than 5500 cm-1 [6]. Thus, the band at 2000 cm-1 
can be attributed to the intraband transition in metal or CT between 
C600 and C60•− and that well agrees with metallic conductivity in this 
compound at RT. The F1u(4) C60 mode which is sensitive to CT to 
the fullerene molecule is not well defined and manifested at about 
1403cm-1 (Table S1), that is intermediate position between those 
characteristic of C600 and C60•−.   

The electron paramagnetic resonance (EPR) spectra of single 
crystals with microwave electric field directed parallel to the (101̄) 

Figure 2. (a) Conductivity of oriented single crystal of 1 measured by 
four-probe technique in anaerobic conditions; (b) microwave 
conductivity measured in the 200-120 K range. Inset shows the directions 
of crystallographic axes in a crystal, advanced crystal surface from which 
both conductivities were measured is shown by grey color. 

 

a 

b 

Figure 1. (a) View on crystal structure of {cryptand(Na+)}(C60)3
−⋅2C6H4Cl2 (1) along the a axis; (b) view on fragments of hexagonal fullerene layers 

(fragments located at z = 0.5 and 1 are drawn in black and red, respectively). Fullerenes, cations and solvent  molecules are shown in major orientation.   

 

a b 
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plane showed the signal with g = 1.9966 and a linewidth (∆H) of 3.0 
mT (RT) ascribed to С60•−. The signal has an asymmetric Dysonian 
shape characteristic of highly conductive materials (Fig. 4, inset). 
Such EPR signals were observed in quasi-2D organic metals and 
superconductors based on bis(ethylenedithio)tetrathiafulvalene (ET), 
e.g. [β−(ET)2I3][20] and fullerene, e.g. (MDABCO+)(C60•−)⋅TPC[5]. 
The asymmetry ratio between the maximum and the minimum of the 
absorption derivative (A/B) depends on crystal and varies from 1.8 
to 2.6 at RT. A/B exhibits a gradual increase from 310 down to 180 
K and decreases below this temperature. The abrupt decrease of A/B 
is observed below 120 K (Fig. 4). Such behavior corresponds well to 
the temperature dependence of conductivity measured by four-probe 
technique. It is interesting that the EPR signal from the single crystal 
with microwave electric field directed parallel to the (010) plane 
shows a shape close to the Lorentzian one. Therefore, the Dysonian 
shape of the EPR signal is due to a skin effect. In spite of 3D 
packing of fullerenes in 1, conductivity is anisotropic and that in the 
(101̄) is higher than that in the (010) plane. Integral intensity of the 
almost Lorentzian shaped signal showed a nearly temperature 
independent behavior down to 120 K as it should be observed for 
the metals showing temperature independent Pauli paramagnetism[5]. 
G-factor of the EPR signal is nearly temperature independent in 
metallic state and increases noticeably at the transition of the 
complex to the semiconducting state below 120 K (Fig. 4). The EPR 
signal linewidth decreases with temperature as in other C60•− salts. 
Slight broadening of the EPR signal below 20 K can be due to weak 
magnetic coupling of spins manifested at low temperatures.  

 
Exposure of single crystal of 1 to air during one month does not 

change the Dysonian shape of the EPR signal. Therefore, this 
complex is air stable and metallic conductivity is not affected by air 
oxidation.  
3 Crystal structure and optical properties of 
{cryptand(Na+)}(C60)2− (2) 
Compound 2 was obtained as well-shaped large hexagonal plates. 
The structure of 2 was determined from X-ray diffraction on single 
crystal. There are two independent C60 of type I and II (Fig. 5) per 
one cryptand(Na+) cation in 2 indicating the formation of a complex 
with −0.5  charge on fullerene as average. 

The complex has hexagonal 3D packing of fullerenes in a 
crystal with short interfullerene ctc distances. Fullerenes of type I 
(Fig. 5a) are located in the center of a trihedral prism composed of 
six fullerenes with ctc distances of 9.86 (three neighbors located 
above fullerene) and 9.93 Å (three neighbors located below 
fullerene). Fullerenes of type II (Fig. 5b) are located in the center of 
a distorted prism from six fullerene neighbors. In this case the ctc 
interfullerene distances are 9.93-9.96 Å. Fullerene of type I (Fig. 5a) 
is surrounded by three cryptand(Na+) cations with a short distance 
between the center of C60 and the Na+ ions of only 8.446 Å. 
Fullerene of type II (Fig. 5b) is surrounded by four cations, and the 
distances between the center of C60 and the Na+ ions are essentially 
longer (9.89-9.91 Å). These data show that conditions for 
electrostatic interaction between two independent fullerenes and the 
cryptand(Na+) cations are different, and that can result in charge 
disproportionation in the fullerene framework accompanied by the 

Figure 3.  UV-visible-NIR (a) and IR spectra (b) of 1 measured in KBr 
pellets prepared in anaerobic conditions. 

 

b 

Wavenumbers, cm-1 

a 

Wavelength, nm 

Figure 4. Temperature dependence of g-factor, linewidth and the A/B ratio 
for a single crystal of 1. Inset shows Dysonian type EPR signal of 1 at 
room temperature (RT). 

 

Figure 5. Surrounding of two independent fullerenes of types I and II in 2. 
Only one orientation is shown for the fullerenes and the cryptand(Na+) 
cations. 

a 

b 
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formation of −1 charged (fullerene of type I) and neutral C60 
(fullerene of  type II). 

Indeed, the IR spectrum of 2 supports charge disproportionation 
due to the presence of the absorption bands of the F1u(4) C60 mode 
which is sensitive to CT to the fullerene molecule at 1390 and 1429 
cm-1 (see Supporting information, Fig. S2). These positions 
correspond to the presence of −1 and neutral C60 in 2 [21, 22]. The 
bands in the spectrum of 2 in the UV-visible-NIR range at 264, 346 
nm were attributed to neutral fullerene whereas the bands at 940 and 
1080 nm were ascribed to C60•− (Fig. S5). A weak band in the visible 
range at 500 nm can be due to CT between fullerenes in 2. A low-
energy band in the IR range at about 2000 cm-1 is not observed in 
the spectrum of 2. 

Microwave conductivity was measured on single crystal of 2 in 
the 200-5 K range. The single crystal was oriented in such a way 
that current flew in the ab plane. Since absorption as well as the 
frequency dependence of microwave absorption were not found in 
the whole studied temperature range, it can be concluded that the 
crystal is not metallic that agrees with charge disproportionation 
which should suppress metallic conductivity.  

4 Crystal structure, optical and magnetic properties of 
{cryptand(Na+)}8(C60)68− (3) 

Complex 3 has a highly symmetric trigonal unit cell with equal 
parameters a = b = c = 20.1117(5) Å. There are two independent 
cryptand(Na+) cations: one with full occupancy and the other one 
located on the 3-fold symmetry axis has 0.33 occupancy. There is 
also one independent fullerene C60 in 3 with full occupancy. As a 
result, complex 3 has 8 cations per 6 fullerene molecules and 
average charge on C60 is −1.33.  

This complex shows close 3D packing which can be presented 
by alternation of the layers of two types along the a axis (Fig. 6). 
The layers are arranged in such a way that fullerenes from one layer 
are positioned exactly over the fullerenes from the adjacent layers. 
VdW C⋅⋅⋅C contacts between fullerenes are formed in the layers and 
with fullerenes from the adjacent layers located above and below the 
layer. 

Each fullerene in the crystal structure of 3 is surrounded by four 
fullerene neighbors to form square environment. All four 
interfullerene ctc distances are equal to 10.056 Å (half of the unit 
cell parameter) and multiple short vdW C···C contacts are formed 
between them. Each fullerene has highly symmetric cationic 

surrounding from eight cryptand(Na+) cations in 3. In contrast to 2, 
uniform cationic surrounding does not support charge 
disproportionation in 3. 

The UV-visible-NIR and IR spectra of 3 are shown in Figs. 7 
and S3, respectively. Two bands in the NIR range with maxima at 
960 and 1080 nm indicate the presence of −2 and −1 charged 
fullerenes (Fig. 7). An intense broad band at 660 nm (Fig. 7) appears 
most probably due to CT between fullerenes. It is known that the 
position of F1u(4) C60 mode is most sensitive to CT to a fullerene 
molecule and shifts from 1429 cm-1 (neutral C60) to 1386-1396  and 
1374-1377 cm-1 at the formation of −1 and −2 charged C60 [18, 21- 25]. 
The position of this mode in the IR spectrum of 3 at 1385 and about 
1377 cm-1 corresponds to the presence of mono- and dianions of C60. 
Thus, optical spectra support charge disproportionation in 3. 

To comprehend the magnetic properties of 3 magnetic behavior 
of individual mono- and dianions of C60 should be considered. 
Generally, monoanions of C60 show broad EPR signals at RT with 
g-factor = 1.996-2.000 and linewidth ∆H = 3-6 mT. The signals 
strongly narrow with decreasing temperature.[24-27] Dianions of C60 
have temperature activated excited triplet state. They show a weak 
narrow signal below 150 K, and new broad signals with g-factor = 
2.0004-2.0030 and ∆H = 2.76-5.60 mT appear above 150-170 K and 
their intensity grows with temperature [18, 24]. The EPR signal of 3 is 
strongly asymmetric in the 295-4 K range and can be fitted by three 
Lorentzian lines as shown in Fig. 8. The temperature dependence of 

Figure 6. View along the a axis on two adjacent fullerene layers located at a = 0 (a) and 0.5 (b). These layers separated by cationic cryptand(Na+) layer are 
located one after  another along the a axis and form 3D fullerene packing in 3. 

a b 

Figure 7. The UV-visible-NIR spectrum of 3 in KBr pellet prepared in 
anaerobic conditions. 
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total integral intensity of three lines is shown in Fig. 9c. According 
to Fig. 9c there are two temperature ranges with different behavior. 
Integral intensity shows a pure paramagnetic dependence increasing 
with decreasing temperature in the 4-166 K range. Such behavior 
can be due to the presence of paramagnetic C60•− and the C60−2 
dianions with diamagnetic singlet ground state. In this temperature 
range, the signal can be fitted by three lines with g1 = 2.0017 and 
∆H of 0.37 mT, g2 = 1.9989 and ∆H of 0.46 mT and g3 = 1.9967 and 
∆H of 1.78 mT (166 K). The narrow line is specified by temperature 
independent g-factor and linewidth. Similar narrow signals were 
found in the spectra of C60•− or C602− [18, 23, 28, 29]. They can appear 
due to air oxidation of fullerene anions or the presence of impurities. 
The major two-component signal with g2 and g3 noticeably narrows 
with decreasing temperature and can be attributed to C60•−. The 
parameters of the signal 25 K are g2 = 2.0007 and ∆H of 0.37 mT 
and g3 = 1.9983 and ∆H of 0.693 mT (Fig. 8). Integral intensity of 
the signal strongly grows above 166 K (Fig. 9c) most probably due 
to thermal population of the excited triplet state in the C60−2 dianions. 
That is accompanied by the shift of g-factors of two components to 
lower values and their strong broadening (Figs. 9a and 9b). The RT 
parameters of these components are g2 = 1.9956 and ∆H of 3.10 mT 
and g3 = 1.9800 and ∆H of 6.74 mT. The EPR spectra together with 
the optical spectra indicate the presence of C60•− and C602− in 3 most 
probably due to charge disproportionation.  

Thus, in spite of similar cationic surrounding differently charged 
fullerenes with −1 and −2 charges are formed in 3. We suppose that 
mono- and dianions are positionally disordered in a crystal. 
Therefore, they cannot be resolved by X-ray diffraction and the 
given C60 molecule is the average one.  

5 Crystal structure and optical properties of 
{cryptand(Li+)}2(C60−)2⋅C6H4Cl2⋅C6H14 (4) 

Complex 4 was obtained with the cryptand(Li+) counter cations 
without addition of FeIITPyzPzEt8. The crystal structure determined 
at 120 K showed the presence of two cryptand(Li+) cations per two 
fullerene units and this salt has full −1 charge on fullerene. X-ray 
diffraction data also show that the C60•− radical anions are dimerized 
forming singly bonded (C60−)2 dimers. The intercage C-C bond 
length is 1.602(8) and the interfullerene ctc distance is 9.3 Å as in 
other singly bonded (C60−)2 dimers [16, 29-34]. The crystal structure of 
monomeric high-temperature phase of 4 cannot be solved due to 
disorder.  

The optical spectrum of 4 corresponds to the presence of the 
C60•− radical anions due to that F1u(4) C60 mode appears as a single 
band at 1390 cm-1 and intense bands of C60•− are manifested in the 
NIR range at 935 and 1072 nm (Figs. S4 and S6, respectively).  

The salt manifests an intense EPR signal which can be fitted by 
narrow and broad components with g1 = 2.0002 and ∆H of 0.51 mT 
and g2 = 1.9915 and ∆H of 3.18 mT (RT). The broad component is 
ascribed to C60•−. The broad component decreases strongly in 
intensity below 250 K due to dimerization of C60•− and the 
formation of diamagnetic and EPR silent singly bonded (C60−)2 
dimers. Previously, similar behavior was observed in many 
complexes and salts of C60•− with close fullerene packing[16, 29-34].  

Dimerization of C60•− , which most probably involves electrons 
from the singly occupied molecular orbital (SOMO) of C60•− results 
in the formation of a stable two-electron intercage C-C bond and the 
transition of the compounds from paramagnetic to the diamagnetic 
state. Since only one of two or three fullerene molecules has 
electron on SOMO of C60 in 1 and 2 with noninteger CT, no stable 
intercage C-C bonds are formed in this case and dimerization is not 
realized. 

Conclusion 

In this work we report on the new approach developed by us for the 
synthesis of crystalline fullerene complexes with noninteger average 
CT to the fullerene molecule (δ = −0.33, −0.5 and −1.33) by 
oxidation of the salts with −1 and −2 charged fullerenes by iron(II) 
octaethyltetrapyrazinoporphyrazine. Depending of cationic 
surrounding, charges can be delocalized over fullerenes providing 
highly conducting metallic state in 1 or charge disproportionation is 
observed with the appearance of differently charged fullerenes in a 
crystal: neutral and −1 charged fullerenes in 2, and −1 and −2 

Figure 8. Fitting of EPR signal of polycrystalline 3 at RT and 25 K by three 
Lorentzian lines. 

 

Figure 9. Temperature dependence of g-factor (a), linewidth (b) and 
integral intensity of three components  (c) for polycrystalline 3 

 

a 

b 

c 

Figure 10. Crystal structure of dimeric phase of 4 at 120 K. Solvent 
molecules are not shown.  
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charged fullerenes in 3. Complex 1 preserves metallic properties in 
the air allowing us to obtain air stable fullerene metal. We also 
found that no dimerization of fullerenes is observed in 1 and 2 
though fullerenes are closely packed in crystals. Such peculiarities 
make fullerene complexes with noninteger CT to fullerene 
promising candidates to develop highly conducting air stable 
fullerene materials. Metallic state can realize in them at uniform 
cationic surrounding of fullerenes and the absence of charge 
disproportionation. 
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Supporting information 

Electrochemistry for FeIITPуzPzEt8 

Figure S1. (a) Cyclic voltammogram of FeIITPyzPzEt8 in DMSO containing 0.1 M TBAP; 100 

mV/s potential scan rate. (b) Molecular structure of FeIITPyzPzEt8. 

FeIITPyzPzEt8 undergoes two reduction processes in coordinating DMSO leading to 

monoanionic forms (Figure S1). The 1st well-defined reduction wave observed at E1/2 = −0.19 V vs 

Ag/AgCl can be assigned to the FeII/FeI reduction couple and the formation of [FeITPyzPz(2−)Et8]−. 

Less intense irreversible reduction observed at cathodic potential of −0.51 V vs Ag/AgCl (Figure 

S1) corresponds very likely to the reduction of the macrocycle and the formation of the 

[FeIITPyzPz(3−)Et8]•− radical anions since this value is similar to that of the 1st reduction potential 

for the complexes of alkyl substituted TPyzPzs with redox-inactive metals (−0.50 - −0.55 V [1,2]). 

The irreversibility of this process for FeIITPyzPzEt8 and the absence of the corresponding anodic 

wave might be explained by valence isomerism of [FeIITPyzPz(3−)Et8)]•−. The isomerisation in 

coordinating DMSO involves transfer from the hexacoordinated d6 radical anion 

[FeIITPyzPzEt8(3−)(DMSO)2]•− to more stable pentacoordinated d7 anion 

[FeITPyzPzEt8(2−)(DMSO)]−. The reversible formation of dianion is seen at −0.95 V vs Ag/AgCl, 

i.e. at potential value similar to that of the dianion of the CoI complex [CoITPyzPzEt8(3−)]2− [3] and 

π-dianions of alkyl substituted TPyzPzs with redox-inactive metals [MIITPyzPzPr8(4−)]2− (M = Ni, 

Pd, Pt, −0.91 - −0.93 V [1]). The formation of dianionic forms of metal phthalocyanines is observed 

at more negative potentials by 0.2-0.3 V [4]. 
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Table S1  IR-spectra (cm-1 in KBr) of starting compounds and complexes 1-4. 
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Figure S2.  IR-spectrum of {cryptand[2,2,2](Na+)}(C60)2− (2) in KBr pellet prepared in 

anaerobic conditions. Absorption bands of C60 are marked by asterisks.  
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Figure S3.  IR-spectrum of {cryptand[2,2,2](Na+)}8(C60)68− (3) in KBr pellet prepared in 
anaerobic conditions. Absorption bands of C60 are marked by asterisks.  
 
 

Figure S4.  IR-spectrum of {cryptand[2,2,2](Na+)}2(C60−)2⋅C6H4Cl2⋅C6H14  (4) in KBr pellet 

prepared in anaerobic conditions. Absorption bands of C60 are marked by asterisks.  
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Figure S5.  UV-visible-NIR spectrum of {cryptand[2,2,2](Na+)}(C60)(C60−) (2) in KBr pellet 

prepared in anaerobic conditions.  

 

Figure S6.  UV-visible-NIR spectrum of {cryptand[2,2,2](Na+)}2(C60−)2⋅C6H4Cl2⋅C6H14  (4) in 
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