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Selective reduction of fullerene C60 by metals in neutral
and alkaline media. Interaction of C60 with KOH
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The reduction of fullerene C60 by Zn and Mg in DMF was studied both in the presence and
absence of KOH. Fullerene C60 was reduced in these systems to form the С60

n– (n = 1, 2, and 3)
anions. The anions were detected by optical and ESR spectroscopies. It was found that Mg
reduced C60 to the monoanion, Mg/KOH and Zn reduced C60 to the dianion, and Zn/KOH
reduced C60 to the trianion. Like KCN, potassium hydroxide adds to fullerene upon interac�
tion with C60 in DMF. The reaction of C60 with KOH in benzonitrile was accompanied by the
generation of the fullerene monoanion. A possible mechanism of the formation of fullerene
monoanions in the presence of KOH is discussed. The degradation of the С60

n– anions in air
was studied.
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Studies of fullerene radical anion salts in both a solu�
tion and the solid state1—5 are of great interest because
compounds containing С60

n– exhibit interesting con�
ducting and magnetic properties.6—8 The С60

n– (С70
n–)

(n = 1—6) anions can be generated by electrochemical or
chemical methods.9—17 The reduction of fullerenes by
Zn, Sn, or the Al—Ni melt was studied13—15 in aqueous
solutions of THF or DMSO in the presence of an alkali
and also by the reaction of С60 with NaH, NaBH4, and
Na2S2O4. Fullerene anions (especially in highest oxida�
tion states) are unstable toward water and, hence, it is
desirable to use anhydrous solvents in syntheses. It is
known that С60 is selectively reduced in anhydrous DMF
by thiols in the presence of alkaline metal carbonates16

and by mercury in anhydrous THF in the presence of
tetralakylammonium halides.17

In this work we studied the reduction of С60 by
metals (Zn and Mg) to the С60

n– (n = 1—3) anions in
anhydrous DMF, in neutral and alkaline media. The for�
mation of the С60

n– anions was detected by optical and
ESR spectroscopies. The data on the addition of KOH to
С60 were obtained for the first time. This reaction in
benzonitrile is accompanied by the generation of radical
monoanions of fullerenes. A possible mechanism of
their formation in the presence of KOH is discussed.
The oxidation of the С60

•– and С60
•3– radical an�

ions, unlike the dianions, was found to afford products,
which are characterized by narrow signals in the ESR
spectra.

Experimental

Fullerene С60 with 99.5% purity was used. Dimethyl�
formamide was dried with КОН and molecular sieves and then
distilled over СаН2 at reduced pressure in an argon atmosphere
(prior to experiments). Benzonitrile (BN) was distilled over so�
dium in an argon atmosphere.

ESR spectra were recorded at 77 K on an SE/X 2544
radiospectrometer (Radiopan, Poznań, Poland) with a mag�
netic modulation frequency of 100 kHz, and an MSM101 nuclear
magnetometer was used.

Optical spectra were recorded 1 h and 1 day after the begin�
ning of the reaction using an SF�8 spectrophotometer at ∼20 °С
in the wavelength interval from 400 to 1600 nm. The measure�
ments were carried out in an argon atmosphere.

Reactions were carried out in a sealed quartz 4�mL
flask using a cell with a thickness of 0.5 cm and a volume
of 1 mL.a

The reaction mixture was degassed three times. Fullerene
was reduced with vigorous stirring in an argon atmosphere at
∼20 °С in mixtures of С60 (5 mg, 0.007 mmol) and a powdered
metal (М = Zn, Mg), КОН, or М/КОН (M/KCN) in DMF
(5 mL) during 20—60, 20—60, and 60 min, respectively, at
molar ratios of 1 : 50, 1 : 50 : 50, and 1 : 50. The qualitative
indications for the end of the reaction were the complete disso�
lution of fullerene and a change in the initial color of the so�
lution.

After the end of the reaction, the solution was frozen and the
ESR spectrum was recorded. In order to study the degradation
of the fullerene anions, the solution was heated to ∼20 °С and
stirred in air for 2 min, after which it was frozen again, and the
ESR spectrum was measured.
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For measurements of optical spectra, solutions were pre�
pared similarly; the concentration of С60 was 0.2 mg mL–1.

Results and Discussion

The selective reduction of fullerenes in an anhydrous
medium was based on the method13 of С60 reduction by
metals in an alkaline medium in a mixture of a polar
solvent with water. The solvent DMF is capable of dis�
solving both KOH and fullerene anions. In a blank ex�
periment with a solution of С60 in pure DMF in inert
atmosphere, the optical and ESR spectra of the solution
remained unchanged for 1 day.

The С60
n– anions exhibit the characteristic ESR spec�

tra and absorption bands (AB) in the visible and near�IR
regions. The positions of these bands depend slightly on
the nature of the solvent or counterion.2,12,18 The study of
the optical and ESR spectra of solutions of С60 during the
reaction allows the unambiguous determination of for�
mation of different fullerene anions.

Reduction of fullerene C60 with magnesium. The addi�
tion of Mg to a solution of C60 in DMF results in the
reduction of fullerene to form the С60

•– radical mono�
anion, whose spectrum contains intense AB at 1081,
1001, and 939 nm (Table 1). The ESR spectra of these
solutions (Fig. 1, a) contain two superimposing signals
characteristic of frozen solutions of the С60

•– monoanions
(g1 = 1.9967, ∆Hpp1 ≈ 5 G) and the products of С60 oxida�
tion (g2 = 2.0000, ∆Hpp2 ≈ 1.5 G).10,11 The lines corre�
sponding to different g factors (g1 and g2) have different
widths and are saturated in different manners, i.e., these
signals refer to independent spins. On exposure to air
oxygen, the intensity of the narrow signal with g2 at first
(15—20 min) increases (Fig. 1, b) and then (during
40—60 min) decreases to the complete disappearance of
the signal, while the intensity of the broad line with g2

immediately decreases and disappears completely in
40—60 min.

Reduction of fullerene С60 by zinc. Zinc, unlike Mg,
reduces fullerene to the С60

2– dianion, whose optical spec�
trum contains AB at 1314, 951, and 831 nm (see Table 1).
The ESR spectrum (Fig. 2, а) coincides with the previ�
ously9—11 observed spectra of the С60

2– anions. The lat�
eral components are spaced at a distance of 12 G. Such a
pattern corresponds, most likely, to the temperature�

Table 1. Published (I) and obtained in the present work (II) data of optical and ESR spectroscopies for anions of
fullerene C60

Anion Wave length/nm g Factor (Т = 77 К)

I a II I II

С60
•– 1080, 1001, 936 1081, 1001, 939 1.9950, 2.0000 b 1.9967, 2.0000

С60
2– 1332, 957, 844 1314, 951, 831 2.000, center of 2.0001, center of

 triplet spectrumb  triplet spectrum
С60

•3– 1378, 1002, 868, 796 1364, 987, 869, 777 2.002 c 2.0025
С60(OH)x

– — 1080, 958, 838, 485 — —
С60(CN)x

– — 1074, 936, 843, 628 — —
С60(OMe)x

– 1080, 920, 598, 536 d — — —

a In a solution of BN.12

b See Ref. 10.
c See Ref. 11.
d See Ref. 19.

Fig. 1. ESR spectra of a frozen solution of the С60
•– radical

monoanion (С60 with КОН in BN) before (а) and after storage
in the air for 20 min (b).
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populated triplet state of С60
2–. The central part of the

spectrum appears as an asymmetric line, which also cor�
responds to a triplet with an almost zero coupling.9 The
intensity of the signal decreases on exposure to air but the
spectrum shape remains unchanged (Fig. 2, b), and the
ESR signal disappears completely in 30—40 min.

Reduction of fullerene С60 by magnesium in the pres�
ence of KOH. The addition of KOH to the С60—Mg sys�
tem in DMF results in the reduction of fullerene to the
С60

2– dianion. At first the С60
•– radical anion and then

the С60
2– dianion are formed. The solution turns red

within 20 min, and signals characteristic of the С60
•–

radical anion appear in the optical and ESR spectra. After
1 h, the color of the solution changes for red�brown, and
only the AB characteristic of the С60

2– dianion are ob�
served in the optical spectrum. The ESR signal also corre�
sponds to the С60

2– dianion. Then the optical and ESR
spectra remain unchanged for 1 day. Thus, С60

2– is selec�
tively formed in a solution for 1 h, and reduction does not
occur further.

Reduction of fullerene С60 by zinc in the presence of
KOH. In the presence of Zn and КОН in DMF, fullerene
is reduced to the С60

•3– radical trianion, whose optical
spectrum exhibits new AB at 1364, 987, 869, and 777 nm,
which are characteristic of С60

•3– (see Table 1). The ESR
spectrum appears as a singlet with the g factor equal to
2.0025 and ∆H = 4.5 G (Fig. 3, a). The oxidation of the
С60

•3– radical trianion is accompanied by the appearance
of a narrow ESR signal with g = 2.0008 and ∆H = 1.8 G

(Fig. 3, b), like in the case of oxidation of the С60
•–

monoanion.
The study of the ESR spectra during the degradation

of the С60
•– and С60

•3– radical anions in air showed that
the intensity of the broad signal (g1 = 1.9967 for С60

•–

and g = 2.0025 for С60
•3–) decreased with oxidation;

simultaneously a narrow signal appeared (g2 = 2.0000)
and its intensity increased. The narrow ESR signal is likely
attributed to the formation of oxidation products, such as
the air�unstable radical anion С60О2

•–. It has previously20

been mentioned that the oxidation of the С60
•– radical

anions in air affords the pure fullerene. Probably, this is
related to the disappearance of the ESR signal upon a
prolonged storage of the solutions in air. No new signals
appear upon the oxidation of the С60

2– dianions.
The reduction of С60 by zinc in DMF to the the

dianions agree with the redox potentials of Zn and С60
(E(Zn/Zn2+) = –0.76 V,21 E(С60

•–/С60
2–) = –0.72 V in

DMF).21 In the presence of KOH, zinc reduces С60 to the
trianion because the redox potential of the reaction
Zn + 4 OH– → ZnО2

2– + 2 H2O + 2 e in DMF is
–1.215 V, which can be sufficient to reduce С60 to the
trianion (E(С60

2–/С60
•3–) = –1.31 V).22 In a less polar

solvent, for example, benzonitrile, the Zn and Mg metals
do not reduce fullerene С60. It is of interest that Mg,
which has a more negative reduction potential than Zn,22

reduces С60 only to the monoanions in DMF in a neutral
medium, whereas in an alkaline medium С60 is reduced to
the dianions.

Thus, fullerene С60 in DMF is reduced by the metals
in both neutral and alkaline media (Table 2), whereas Mg
reduces С60 only to the С60

•– radical monoanion. The

2.0000

2.0000
5 G a

b

Fig. 2. ESR spectra of a frozen solution of the C60
2– dianion

(С60 with Mg/КОН in DMF) before (a) and after storage in air
for 20 min (b).

2.00255 G
a

b2.0008

Fig. 3. ESR spectra of a frozen solution of the C60
•3– radical

trianion (С60 with Zn/КОН in DMF) before (а) and after stor�
age in air for 20 min (b).
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use of Mg/КОН or Zn and Zn/КОН in DMF as reducing
agents allows the selective generation of the fullerene
dianions and trianions, respectively.

Interaction of fullerene С60 with KOH (KCN). The
addition of KOH to a solution of fullerene С60 in DMF
produces new AB at 1080, 958, and 838 nm (see Table 1).
The weak AB at 1080 nm can be attributed to the forma�
tion of the С60

•– monoanion. However, the most intense
AB at 958 nm does not correspond to the C60

•– mono�
anion.

It has previously23 been shown that the optical spectra
of solutions of fullerene С60 in the presence of KCN
contain the AB in the near�IR region with a maximum at
936 nm. This band is attributed to the С60(CN)x

•–

cyanofullerene anions. The С60OMe– methoxyfullerene
anion in benzonitrile is also characterized12 by the AB at
920 nm. In order to assign the AB, we studied the optical
spectra of solutions of mixtures of fullerene С60 with KOH
and with KCN in both DMF and BN.

The addition of KCN to a solution of fullerene С60 in
DMF produces a green solution, whose optical spectrum
contains AB at 1074, 936, and 843 nm (see Table 1). The
AB at 936 nm is most intense.

It is of interest that in less polar BN, in the presence of
КOH, fullerene forms solutions, whose absorption spec�
tra exhibit AB with maxima at 1080, 1001, and 939 nm,
which are characteristic of the С60

•– monoanion. At the
same time, the addition of KCN to a solution of С60 in
BN does not initiate remarkable changes in the optical
spectra.

Thus, the anions of substituted fullerenes are charac�
terized by AB with maxima at 920—940 nm. Like KCN,
KOH can likely add to С60 in a solution of DMF to form
the C60(OH)x

– hydroxyfullerene anions, whose optical
spectrum contains a new intense AB at 958 nm. The pres�
ence of the weak AB corresponding to the С60

•– mono�
anion indicates that the latter is formed in minor amounts.
By contrast, the near�IR part of the spectrum of the reac�
tion product formed in BN under similar conditions con�

tains only the AB of the С60
•– monoanion and the AB of

hydroxyfullerene are absent (see Table 2).
The formation of the hydroxyfullerene anions can

be attributed to a high hydrophilicity of the double
[6�6]�bonds in the fullerene molecule to which nucleo�
philic and radical species add readily.24—26 The interac�
tion of fullerene С60 with nucleophiles (CN–, OMe–) gen�
erates19,23 the corresponding anions (С60CN–, С60OMe–).

The formation of fullerene monoanions is a specific
feature of addition reactions, although nucleophiles them�
selves do not possess donating properties sufficient for the
reduction of С60. For example, in BN fullerene reacts
with the OMe– anion to form the [С60(OMe)2] adduct
and С60

•– radical anion.19

3 С60 + 2 OMe– = 2 С60
•– + [С60(OMe)2]

In our case, an analogous reaction probably occurs. In
the first stage, the ОН– anion adds to fullerene to form
the [С60ОН]– anion. The [С60ОН]– anion is likely a stron�
ger donor than the С60

•– radical anion due to the viola�
tion of delocalization of π�electrons and can reduce
fullerene to the radical anion.

The difference in the С60
•–/[С60ОН]– ratio in DMF

(С60
•– is the by�product) and in BN (С60

•– is the main
product) is related, most likely, to the difference in the
redox potentials of [С60ОН]– and С60

•– in these solvents.
When the difference between these potentials increases,
almost all hydroxyfullerene anions that formed immedi�
ately reduce fullerene to the С60

•– monoanion. In this
case, only the AB of the С60

•– monoanion is observed in
the optical spectrum in the near�IR region, which was
found in solutions of BN.

Hydroxyfullerene anions are not formed in an alkaline
medium in solutions of С60 in DMF in the presence of the
metals. Probably, this is related to the fact that fullerene is
reduced by the metals much more rapidly than the addi�
tion of KOH occurs.

Thus, fullerene С60 is reduced in DMF by Zn and Mg
in neutral and alkaline media to form the С60

n– anions
(n = 1, 2, and 3). Selective fullerene reduction can be
used for the preparative synthesis of salts containing
fullerene anions. Potassium hydroxide, like KCN, can
add to fullerene С60. Fullerene monoanions are generated
in the presence of КОН likely due to the formation of the
hydroxyfullerene radical anion, which reduces fullerene
to the radical anion. The oxidation of the С60

•– and
С60

•3– radical anions results in the appearance of new
narrow ESR signals attributed to unstable paramagnetic
intermediates (С60О2

•–), whose decomposition results in
the disappearance of the ESR signals.
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Table 2. Formation of fullerene anions by the interaction of С60
with various systems in DMF

System С60
•– С60

2– С60
•3– С60(OH)x

–

(С60(CN)x
–)

Mg + — — —
Mg/KOH — + — —
Zn — + — —
Zn/KOH — — + —
KOH (KCN) о — — +
KOH in BN + — — —

Note. The following designations were used: + is anion forma�
tion, and o is the formation of an anion as an admixture.
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32577a) and the Russian State Program "Fullerenes and
Atomic Clusters."
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