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Abstract

The reduction of thin fullerene films has been investigated in the presence of different cations in acetonitrile using cyclic
voltammetry and in situ attenuated total reflection FTIR spectroscopy. Solution cast and hot wall beam epitaxy films of C60 were
studied in a three-electrode spectroelectrochemical cell, using a reflection element of germanium covered with platinum as the
working electrode. The cyclic voltammetric response is highly dependent on the preparation method of the film and on the
electrolyte solution. The infrared spectral changes observed during the reduction processes of C60 films show the formation of
different reduction states depending on the electrolyte. In the case of Li+, K+ and TBA+ containing electrolytes C60

2− is obtained
either in one or in two steps. With Na+ only C60

− is found. In the case of Rb+, mixed reduction states 1–4 are found. The IR
bands during electrochemical reduction in Rb+ containing electrolyte solution do not indicate the electrochemical formation of
the stable RbC60 polymeric phase as obtained by vapour doping with Rb. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The discovery of stable fullerenes [1] and in particu-
lar the discovery of the preparation techniques for large
amounts of fullerenes [2] led to a rapid increase in the
number of publications reported on this allotrope of
carbon. Fullerenes readily accept up to six electrons [3]
resulting in fulleride anions and in particular doped
fullerene films produced by evaporation of alkali metals
in vacuum have attracted interest due to their special
properties such as superconductivity discovered in
A3C60 compounds [4] and complex structural and elec-
tronic phase transitions observed in A1C60 [5,6].

When C60 is doped by vacuum evaporation with the
alkali metals K or Rb, stable crystalline phases are
formed for A1C60, A3C60, A4C60 and A6C60 (A=K, Rb)
[7]. Alkali metal doping of C60 films has been reported
to proceed differently depending on the alkali metal
used [8]. The difference in the size of the doping cation
influences the structure of the doped C60 film. Smaller
cations like Na+ penetrate the C60 structure more easily
than larger cations like Rb+. Depending on the amount
of steric strain in the film caused by the dopand the
solid can either keep the face centered cubic structure of
the pristine crystal or transform to a body centered
cubic or tetragonal structure [8].

In particular, the discovery of the A1C60 phase in-
creased the research in this field [9]. The A1C60 phase
was shown to consist of linear polymer chains [5] at
room temperature and to be stable in air when doped
with Rb or K [10]. The A1C60 compounds are reported
to have a face centered cubic rocksalt structure at high
temperatures, which, upon slow cooling, undergoes a

* Corresponding author. Tel.: +43-732-24688766; fax: +43-732-
24688770.

E-mail address: helmut.neugebauer@jk.uni-linz.ac.at (H. Neuge-
bauer).

1 Permanent address: Process Chemistry Group, Laboratory of
Analytical Chemistry, A� bo Akademi University, Biskopsgatan 8,
FIN-20500 A� bo, Finland.

0022-0728/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 0 2 2 -0728 (01 )00540 -X



C. K�arnström et al. / Journal of Electroanalytical Chemistry 511 (2001) 13–1914

reversible first order phase transition to an orthorombic
state. The C60 molecules become chemically bonded
and form a polymer by [2+2] cycloaddition as pro-
posed in Ref. [11].

Extensive studies on the electrochemistry of fullerene
or fulleride films focused on the reduction processes of
C60 have been reported during recent years [12]. Elec-
trochemistry facilitates the study of the different redox
steps in the doping of C60 films under controlled condi-
tions. In similar studies of C60 solutions in aprotic
solvents six consecutive reversible one-electron elec-
troreductions have been detected [3]. The redox chem-
istry of fullerene films differs considerably from that in
fullerene solutions. It is more complicated than the
one-electron reduction steps that have been observed in
solution. Electroreduction of films allows doping with a
high number of different alkali metals as well as or-
ganic cations. Electrochemical results reported are from
C60 film studies made both in aqueous [13] and in
organic solvent solutions [12]. Electroreduction, how-
ever, is strongly dependent on the structure of the
fullerene film deposited. Therefore different results are
reported from experiments made under identical condi-
tions but with differently prepared films such as by
solution casting, vapor deposition, or by electrochemi-
cal deposition. Solution cast films have a non-uniform,
porous structure where the size of crystallites can ex-
ceed the average thickness of the film. Vapor deposited
films on the other hand are usually compact and have a
well ordered structure. The experimental work with
fulleride films is complicated due to the high solubility
of some of the C60

n− anions in organic polar solvents
[14]. With cyclic voltammetry of C60 solid films, usually
two reversible redox reactions and a third irreversible
reduction are observed [15]. Besides the structure and
the solubility of the phases formed upon reduction, the
most important factor determining the electrochemical
behaviour of the film is the nature of the electrolyte
cation. The incorporation of different cations during
electrochemical reduction induces the formation of new
different phases in C60. Structural changes occurring
upon cation incorporation were demonstrated by X-ray
diffraction studies [16].

Fourier transform infrared (FTIR) spectroscopy is a
powerful tool in obtaining information on structural
and molecular properties of fullerenes. The infrared
spectrum of C60 contains four strong intramolecular
modes F1u at �1=526, �2=576, �3=1182 and �4=
1428 cm−1 [17]. FTIR studies on alkali metal doping of
C60 showed that the shift of the IR modes due to
doping correlates with the number of electrons trans-
ferred to the C60 molecule and is barely dependent on
the nature of the dopand [17]. In particular, the posi-
tion of the F1u mode at �4=1428 cm−1 is known to be
sensitive to the number of charges on the C60 molecule.

By combining independent measuring techniques sev-
eral parameters can be recorded simultaneously and a
more extensive study can be made on the same sample
under identical conditions. The combination of FTIR
spectroscopy and electrochemistry belongs to the group
of techniques that can be made in situ and is referred to
one of the techniques counted under spectroelectro-
chemistry. In the present work, spectroelectrochemical
measurements during electroreduction of C60 films us-
ing cyclic voltammetry and FTIR spectroscopy with the
attenuated total reflection (ATR) technique [18–21] are
presented. FTIR spectra were recorded in situ during
the reduction (electrochemical doping) of C60 films in
the presence of organic and alkali metal cations. C60

films were prepared either by solution casting or by the
hot wall beam epitaxy technique and were measured at
low temperatures to decrease the solubility of the re-
duced species. Furthermore, we compared the differ-
ence between solid C60 films doped electrochemically in
the presence of a Rb+ containing electrolyte and the
structure of a C60 film when doped with Rb from
vapour phase.

2. Experimental

Film preparation of C60 was made by solution cast-
ing of C60 dissolved in dichloromethane or by hot wall
beam epitaxy (hwbe) growth with a film thickness of
200–1000 nm [22]. For decreasing the solubility of the
reduced C60 species, electrochemical doping was made
in a temperature controlled spectroelectrochemical
three-electrode cell. The measurements were performed
at −5 °C. The ATR-FTIR setup has been described in
detail elsewhere [18–21]. The cell used is shown in Fig.
1.

A germanium reflection element covered with a thin
layer of Pt was used as the working electrode (electro-
chemical area 0.63 cm2), Ag wire covered with AgCl as
the reference (+180 mV vs. SHE) and Pt foil as the
counter electrode. The spectroelectrochemical experi-
ments were made during potential scanning at a scan
rate of 5 mV s−1.

Fig. 1. Three-electrode temperature controlled spectroelectrochemical
cell for in situ FTIR–ATR measurements.
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Fig. 2. Cyclic voltammograms of C60 films (first cycles). (a) 0.1 M
TBAClO4+acetonitrile electrolyte solution, (b) 0.1 M LiClO4+ace-
tonitrile electrolyte solution. Solid lines: hwbe films, dotted lines:
drop cast films. Scan rate 5 mV s−1.

3. Results and discussion

3.1. Cyclic �oltammetric results

In Fig. 2 the cyclic voltammetric responses of a drop
cast and a hwbe deposited C60 film during reduction in
the presence of TBA+ and Li+ are compared.

The influence of the structure on the electrochemical
response can be clearly seen. In the hwbe films (solid
lines in Fig. 2), the response from the electrochemical
doping reaction is retarded and the two first reductions
are not resolved. The reoxidation charge is smaller than
the reduction charge, indicating partial dissolution or
destruction of the film. With Li+, the reduction of the
hwbe film is more structured in the cyclic voltam-
mogram compared to TBA+.

The electrochemical response for solution cast films
are shown as dotted lines in Fig. 2. In the presence of
TBA+ a quite stable, well-resolved and reversible
voltammogram over the two first reduction steps was
obtained. With Li+, a large reduction peak with pre-
peaks, which have been interpreted to originate from
partial film dissolution [12], can be seen. Multiple re-
duction peaks often merging together in a single large
cathodic wave is a common feature for the reduction of
a C60 film in the presence of small cations [12].

As can be seen, the cyclic voltammetric response of
the reduction of a C60 film is highly dependent not only
on the structure and on the morphology of the film, but
also on the electrolyte solution. The dependence of the
electrochemical response on the structure has been ex-
plained by variations in the degree of steric hindrance
in the film, by the level of diffusion of electrolyte ions
through the film, and by competing chemical reactions
(e.g. dimerization, polymerization) occurring parallel to
the electrochemical reaction [12].

3.2. In situ FTIR spectroscopy results

Due to the different electrochemical behaviour of C60

films in different electrolyte solutions, the respective
electrochemical responses do not occur always at the
same potential. The spectra shown in this section are
measured during the actual reduction process, with the
reference spectrum just before the process. The poten-
tial regions in different electrolyte solutions may vary.

In situ FTIR difference spectra of a hwbe deposited
C60 film recorded during electrochemical reduction (first
cycle) in the presence of TBA+ are shown in Fig. 3.

A decrease of the band at 1428 cm−1 and an increase
of the band at 1375 cm−1 occur simultaneously upon
reduction. The negative bands at 1182 cm−1 (F1u(3)
mode of C60) and 1539 cm−1 (either the F2g(4) mode of
C60, becoming IR active in the solid state, or a combi-
nation mode Gg(2)�Hu(2) [23]), are correlated with the
partial dissolution or destruction of the film, as men-

Fig. 3. In situ difference FTIR spectra during reduction of a hwbe
C60 film in 0.1 M TBABF4+acetonitrile electrolyte solution. First
cycle, reference spectrum around −950 mV, spectra in the range
−1000 to −1300 mV.

Acetonitrile (Aldrich) freshly distilled over calcium
hydride was used as the solvent. Electrolyte solutions
were 0.1 M TBAClO4 (TBA= tetrabutylammonium),
TBABF4, LiClO4, KPF6, NaBF4 and 0.01 M RbBPh4

(due to the low solubility of RbBPh4 in acetonitrile).
The electrochemistry was controlled by a Jaissle poten-
tiostat and the spectra were recorded by a Bruker
IFS66S FTIR spectrometer with an MCT detector. The
spectral resolution was 4 cm−1. Spectral changes were
recorded consecutively during slow potential scans. For
each spectrum 32 interferograms were coadded, which
cover a range of approximately 90 mV in the cyclic
voltammogram. The spectra measured during reduction
of the fullerene film are compared to a spectrum
recorded just before the redox reaction. The spectra are
related to this reference spectrum and show the spectral
changes during the process. Upwards extending peaks
are from vibrations of substances created during the
process, whereas downwards pointing peaks correspond
to material consumed.
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tioned in section 1 (also seen in Figs. 4–8). During
reoxidation (not shown), a two step process is observed
by a band appearing at 1393 cm−1 during the current

Fig. 7. In situ difference FTIR spectra during reduction of a hwbe
C60 film in 0.1 M KPF6+acetonitrile electrolyte solution. First cycle,
reference spectrum around −750 mV, spectra in the range −800 to
−1200 mV.

Fig. 4. In situ difference FTIR spectra during reduction of a hwbe
C60 film in 0.1 M LiClO4+acetonitrile electrolyte solution. First
cycle, reference spectrum around −550 mV, spectra in the range
−600 to −1300 mV.

Fig. 8. In situ difference FTIR spectra during reduction of a drop cast
C60 film in 0.01 M RbBPh4+acetonitrile electrolyte solution. First
cycle, reference spectrum around −400 mV, spectra in the range
−450 to −1200 mV. Bands from the electrolyte solution are marked
with × in the figure.

Fig. 5. In situ difference FTIR spectra during reduction of a hwbe
C60 film in 0.1 M LiClO4+acetonitrile electrolyte solution. Second
cycle, reference spectrum around −550 mV, spectra in the range
−600 to −1300 mV.

peak around −600 mV and a second band at 1428
cm−1 during further reoxidation to 0 mV [24–26].
According to the literature, bands around 1390 and
1375 cm−1 are attributed to a singly and doubly nega-
tive charged C60, respectively [17]. The spectral be-
haviour in Fig. 3 is interpreted as a one-step reduction
from C60�C60

2− (1375 cm−1).
In situ FTIR spectra taken during reduction of a

hwbe C60 film in the presence of Li+ (first cycle) are
shown in Fig. 4.

Similarly to the reduction in TBA+ containing elec-
trolyte solution, a band at 1375 cm−1 occurs simulta-
neously with the decrease of the C60 band at 1428
cm−1, indicating a one step reduction from C60�C60

2−

in the first cycle. As has been shown in a previous paper
[24], the individual reduction and reoxidation steps in
higher cycle numbers are spectroscopically better re-
solved in the case of Li+ compared to TBA+. In situ
FTIR spectra taken during reduction of a hwbe C60

Fig. 6. In situ difference FTIR spectra during reduction of a hwbe
C60 film in 0.1 M NaBF4+acetonitrile electrolyte solution. First
cycle, reference spectrum around −650 mV, spectra in the range
−700 to −900 mV.



C. K�arnström et al. / Journal of Electroanalytical Chemistry 511 (2001) 13–19 17

film in the presence of Li+ (second cycle) are shown in
Fig. 5.

The band at 1428 cm−1 from C60 changes in two
consecutive steps, first to 1393 cm−1 and further to
1380 cm−1, which indicates two different reduction
processes, C60�C60

− at less negative potential values
and C60 (or C60

−)�C60
2− [24] at more negative potentials.

From vapour phase doping experiments it has been
reported that doping with Na+ is different from the
other alkali metals, because different structural phe-
nomena occur [27]. The most stable reduction state of
C60 in the Na–C60 system was found to be C60

2− even
though a stable NaC60 phase has also been reported
[28]. In Fig. 6 the difference spectra during the reduc-
tion of a hwbe made film in the presence of Na+ (first
cycle) are shown.

The cyclic voltammetric response of the reduction of
a C60 film in the presence of Na+ is similar to the
response in the presence of Li+, one broad overlapping
cathodic peak followed by two small anodic reoxida-
tion peaks. However, in the FTIR spectra during elec-
trochemical reduction in the presence of Na+ an
absorption peak at 1394 cm−1 occurs and remains
unchanged even when higher negative potentials are
applied. This peak is assigned according to the litera-
ture to the C60

− phase [17].
The reduced species of C60 in the presence of K+ and

Rb+ seem to be more soluble in acetonitrile and in the
cyclic voltammetric experiments a current response
from only one cycle was obtained. In situ FTIR differ-
ence spectra during electrochemical doping of C60 films
in the presence of K+ (hwbe film) are shown in Fig. 7.
Spectral behaviour similar to the reduction in the pres-
ence of Li+ and TBA+ with a peak at 1375 cm−1,
interpreted to correspond to the C60

2− phase, is seen.
The small features at 1410 and 1450 cm−1 are probably
due to spectral incompensation effects of the strong
negative F1u(4) mode at 1428 cm−1 of C60.

In the case of Rb+ no redox reaction occurred in the
case of hwbe films, probably due to the low concentra-

tion of the electrolyte salt in combination with the
compact crystalline structure of the hwbe film. How-
ever, with solution cast films, redox reactions were
observed also in 0.01 M RbBPh4+acetonitrile elec-
trolyte solution. The intensity of the absorbance in the
spectra is low due to the low amount of doped material
obtained. The interference from the electrolyte solution
is high and the peaks originating from either the salt or
the solvent are marked in the spectra in Fig. 8.

In the presence of Rb+ a broad absorption peak
around 1365 cm−1 is formed upon reduction. The peak
starts to develop from the beginning of the reduction at
−700 mV simultaneously as a negative peak from C60

at 1428 cm−1 occurs. The broad peak results from
overlapping of several bands at 1410, 1380, 1365 and
1350 cm−1. The band at 1365 cm−1 has the highest
intensity and has been assigned in the literature to C60

3−

salts [17]. The results indicate an electrochemical con-
version of the C60 drop cast film into a mixed reduced
state, mainly C60

3−, but with contributions of 1–4 valent
states.

3.3. Comparison of the rubidium �apour doped and the
electrochemically doped C60

The RbC60 phase, produced by vapour doping, has
an exceptionally high stability, which has been ex-
plained by a polymeric crosslinking between C60

molecules [5]. The polymeric phase is reported to be
created upon slow cooling to room temperature and is
fully stable in air. Rapid quenching to temperatures
below room temperature results in dimer formation
[10]. To study whether it is possible to obtain the stable
RbC60 phase also by electrochemical doping, in situ
spectra of the rubidium doped C60 film were compared
with a spectrum taken ex situ of a vapour doped C60

film. A spectrum of the RbC60 polymeric phase, made
by vapour doping of a hwbe C60 film, is shown in Fig.
9.

Weak bands at 1428 and 1182 cm−1 from C60 can
still be seen in the spectrum. The dominating peak at
1385 cm−1 and the small peaks at 1405 and 1341 cm−1

are assigned to originate from a split of the F1u(4)
mode, characteristic for the polymeric RbC60 phase
[11,29–31]. The F1u(3) mode is shifted to 1196 cm−1.
New peaks are seen in addition to the modes assigned
to F1u due to the lowering of the symmetry in a linear
chain structure [11]. In comparison to the spectra from
the electrochemically doped film (Fig. 8), the character-
istic features of the vapour doped material are absent in
the electrochemically doped film. From the spectral
behaviour it can be concluded that the same RbC60

phase as obtained by vapour doping is not reproduced
by electrochemical doping.

In addition to the doping experiments of pristine C60,
as described above, dedoping of vapour phase pro-

Fig. 9. FTIR spectrum of the RbC60 polymeric phase, made by
vapour doping of a hwbe C60 film.
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duced RbC60 was tried. The vapour doped film was
used as the working electrode in an electrochemical cell
containing 0.01 M RbBPh4+acetonitrile solution and
a reoxidation back to C60 was tried without success in
breaking the initial phase. No redox response could be
obtained upon further reduction of the RbC60 film
either, which again shows the exceptionally high stabil-
ity of the vapour doped RbC60 phase.

3.4. Spectral effects of symmetry breaking

In all difference spectra obtained in situ during elec-
trochemical reduction of C60 films (Figs. 3–8), addi-
tional FTIR bands arising in the region 1450–1500
cm−1 can be seen. A reversible band at 1466 cm−1

occurs independently of the cation used for doping. For
pristine C60 a characteristic totally symmetric Ag pinch
mode at 1469 cm−1 is reported in the Raman spectra
[32]. Upon reduction, this band is shifted towards lower
wavenumbers. This effect was suggested to arise from
symmetry lowering due to surface interactions as well
as to a Jahn–Teller distortion [33]. The Jahn–Teller
distortion localizes the unpaired electrons in the equa-
torial region of the C60 structure that is slightly
stretched along the principal axis leading to an ellip-
soidal distortion [34]. Considering the symmetry lower-
ing it seems likely that some typical Raman bands,
especially the pinch mode at 1469 cm−1, become visible
in the FTIR spectra during reduction [35]. Other reac-
tions taking place during reduction that can also give
rise to additional spectral features are structural
changes in the film created during doping [36] or the
formation of the dimer of C60

− as proposed in Ref. [37].

4. Summary

The in situ FTIR experiments show that the F1u(4)
mode of solid C60 is highly dependent on the structure
and on the degree of charging. Depending on the cation
present, different reduction states of hwbe films of C60

are obtained within a similar potential range. In the
case of Li+, K+ and TBA+ the C60

2− phase is obtained
either in one or in two steps. With Na+ only C60

− is
found. In the case of Rb+ only a drop cast film could
be studied and a mixed state of reduction states 1–4
was obtained. The same stable phase RbC60 as obtained
by vapour phase doping of C60 films could not be
achieved by electrochemical doping. In the electrochem-
ically reduced C60 films, reversible peaks at 1455–1469
cm−1 are seen during reduction and reoxidation. The
peaks are always much weaker than the shifted F1u

modes. The band around 1460 cm−1 is suggested to be
due to symmetry lowering in the C60 molecule related to
the negative charge on the molecule (charge induced
Jahn–Teller distortion). Because of the lower symme-

try, Raman active bands become visible in IR. Other
possible reasons for the extra peaks in the spectra of the
reduced form of C60 are from the polymeric phase
reported to be formed upon reduction.
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[2] W. Krätschmer, L.D. Lamb, K. Fostiropoulos, D.R. Huffman,
Nature 347 (1990) 354.

[3] Q. Xie, E. Perez-Cordero, L. Echegoyen, J. Am. Chem. Soc. 114
(1992) 3978.

[4] R.C. Haddon, A.F. Hebard, M.J. Rosseinsky, D.W. Murphy,
S.J. Duclos, K.B. Lyons, B. Miller, J.M. Rosamilia, R.M. Flem-
ing, A.R. Kortan, S.H. Glarum, A.V. Makhija, A.J. Muller,
R.H. Eick, S.M. Zahurak, R. Tycko, G. Dabbagh, F.A. Thiel,
Nature 350 (1991) 320.

[5] P.W. Stephens, G. Bortel, G. Faigel, M. Tegze, A. Jànossy, S.
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Ruoff (Eds.), Recent Advances in the Chemistry and Physics of
Fullerenes and Related Materials, Proceedings Volume 94-24,
The Electrochemical Society Inc., Pennington, NJ, 1994, p. 608.

[12] J. Chlistunoff, D. Cliffel, A.J. Bard, in: H.S. Nalwa (Ed.),
Handbook of Organic Conductive Molecules and Polymers, vol.
1, Wiley, New York, 1997 (Ch. 7).

[13] A. Szucs, A. Loix, J.B. Nagy, L. Lamberts, J. Electroanal.
Chem. 402 (1996) 137.

[14] T. Tatsuma, S. Kikuyama, N. Oyama, J. Phys. Chem. 97 (1993)
12067.

[15] C. Jehoulet, Y.S. Obeng, Y.-T. Kim, F. Zhou, A.J. Bard, J. Am.
Chem. Soc. 114 (1992) 4237.

[16] M. Nishizawa, K. Tomura, T. Matsue, I. Uchida, J. Electroanal.
Chem. 379 (1994) 233.

[17] T. Pichler, R. Winkler, H. Kuzmany, Phys. Rev. B 49 (1994)
15879.

[18] H. Neugebauer, Z. Ping, Microchim. Acta (Suppl.) 14 (1997)
125.

[19] H. Neugebauer, Macromol. Symp. 94 (1995) 61.
[20] H. Neugebauer, N.S. Sariciftci, in: R.M. Metzger, P. Day, G.C.

Papavassiliou (Eds.), Low Dimensional Systems and Molecular



C. K�arnström et al. / Journal of Electroanalytical Chemistry 511 (2001) 13–19 19

Electronics, NATO ASI Series, Series B: Physics, vol. 248,
Plenum, New York, 1991, p. 401.

[21] C. Kvarnström, H. Neugebauer, A. Ivaska, in: H.S. Nalwa
(Ed.), Advanced Functional Molecules and Polymers, Gordon
and Breach, Tokyo, 2001.

[22] H. Sitter, T. Nguyen Manh, D. Stifter, J. Cryst. Growth 174
(1997) 828.

[23] M.C. Martin, X. Du, J. Kwon, L. Mihály, Phys. Rev. B 50
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