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The effect of symmetry lowering on the phonon spectra as well as the pressure effects on the
vibrational spectrum of polymerized C60 were studied by Raman spectroscopy. Drastic changes
related to the splitting of degenerate modes of the C60 molecule were observed together with
selected softening of some of them. In spite of many similarities in the Raman spectra of the one-
(1D) and two-dimensional (2D) polymeric forms of C60, some salient differences in the peak inten-
sities and the appearance of complementary modes are evident. In the Raman spectrum of the 2D
polymer under high pressure, new modes, which may be related to the deformations of molecular
cages, appear. The observed pressure effects are reversible and the material remains stable for
pressures up to 8.8 GPa.

1. Introduction

C60 has been found to polymerize both under illumination with visible or ultraviolet
light [1] and upon alkali metal doping [2,3]. In addition, high pressure treatment of C60

at high temperatures also leads to polymerization of the pristine material [4]. The poly-
merized forms of C60 comprise of molecular units linked by bridging C±C covalent
bonds [5]. The polymerization process involves either [2 + 2] cycloadditions between
double bonds of neighboring C60 molecules or the formation of single C±C bond
linkages. The polymeric forms of C60 have attracted considerable attention because
of the variety of crystal structures and the interesting optical and mechanical proper-
ties [6].

The perturbations in the structure of the C60 cages, caused by external disturbances
like pressure, temperature, chemical bond formation etc., are manifested in the phonon
spectrum. Thus, Raman spectroscopy, which probes inter- and intramolecular vibrations,
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is a suitable tool for the investigation of structure evolution and phase transitions in the
polymeric modifications of C60 under pressure. In this work we present a detailed Ra-
man study of the C60 two-dimensional (2D) polymer at high pressure and compare
these results with the spectra of the one-dimensional (1D) and 2D polymeric phases at
normal conditions.

2. Experiments

The samples used were prepared from sublimed 99.99% pure C60 powder pressurized
in a piston and cylinder device. The pristine material was subjected to pressures in the
range 1.1 to 1.2 GPa at temperatures 550 to 585 K and in the range 2.3 to 2.5 GPa at a
temperature of about 820 K to obtain 1D and 2D polymerized C60, respectively [5,7 to
11]. X-ray analysis of the samples from the same batch, after the high-pressure/high-
temperature treatment, confirmed that the crystal structure of the 1D polymer is
orthorhombic while the 2D polymer has a tetragonal structure [11].

Raman spectra were recorded using a triple monochromator (DILOR XY-500)
equipped with a liquid-nitrogen cooled CCD detector system. The spectral width of the
system was �5 cm±±1. The 514.5 nm line of an Ar+ laser was used for excitation, with
the laser power kept low enough in order to avoid depolymerization caused by laser
heating effects and related changes in the phonon spectrum and the crystal structure
[5,12]. Measurements of the Raman spectra at high pressures were carried out using
the diamond anvil cell (DAC) of Mao-Bell type [13]. The 4 : 1 methanol±ethanol mix-
ture was used as pressure transmitting medium and the well-known ruby fluorescence
technique was used for pressure calibration [14].

3. Results and Discussion

The Raman spectra of the 1D and 2D polymers in the frequency region 100 to 2000 cm±±1

at normal conditions are illustrated in Fig. 1. These data show that the 2D polymer is a
better Raman scatterer than the 1D one. The phonon frequencies, as obtained by fitting
the Raman data with Voigt lines, are tabulated in Table 1. The mode frequencies for
the 1D polymer agree well with the corresponding data from Ref. [15] (Table 1). The
lowering of the molecular symmetry caused by polymerization results in both the split-
ting of the Raman active Hg fivefold degenerate modes and the appearance of new
peaks originating from initially inactive modes of the C60 molecule. The mode assign-
ment in the polymeric fullerenes is rather uncertain due to overlapping of the split
components. In Table 1 we follow the assignment given in Ref. [15], in which for simpli-
city the irreducible representations Hg and Ag of the C60 molecule are used for charac-
terization of the appropriate modes of the polymer. The phonons marked by w(1) to
w(7) are observed in this work.

The majority of the peaks in the two polymers have similar frequencies. The differ-
ences, associated with the intensity changes and the appearance of complementary
modes, are the following:

(i) For the 2D polymer, the split Hg(1) mode component at 279 cm±±1 is more intense
than that at 257 cm±±1; this behavior is reversed in the 1D polymer.

(ii) For the 2D polymer, the relative intensities of the peaks at 432 and 950 cm±±1 are
higher than those for the 1D polymer.
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(iii) For the 1D polymer, the relative intensity of the peak at 710 cm±±1 is higher than
that in the 2D polymer.

(iv) The spectrum of the 1D polymer contains peaks at 345, 453 and 639 cm±±1, which
do not appear in the spectrum of the 2D polymer. It is important to note that the mode
at 345 cm±±1 observed in the Raman spectrum of high-pressure treated C60 has been
proposed as a signature of the formation of linear chains of covalently bonded C60

molecules [15].
(v) The spectrum of the 2D polymer contains peaks at 589, 610, 666, 684, 1176 and

1888 cm±±1, which do not appear in the spectrum of the 1D polymer. The latter peak
may arise from second order scattering related to the mode at 950 cm±±1, which is con-
siderably stronger for the 2D polymer.

The most intense Ag(2) pentagonal-pinch (PP) mode is downshifted for both poly-
mers, as the formation of the intermolecular covalent bonds leads to a lower intramole-
cular average bond stiffness [6]. The fitting of Voigt line shapes to the Raman spectrum
of the 1D polymer in the region of the PP mode gives two frequencies, 1458 and
1464 cm±±1, which are in excellent agreement with those observed in [5]. On the basis
of Porezag's calculations [16], Sundqvist [6] suggested that the component at 1464 cm±±1

might be due to the presence of C60 dimers, while that at 1458 cm±±1 is the frequency of
the PP mode in the case of C60 linear chains. In the 2D polymer the downshift of the
PP mode might be even larger than that in the 1D polymer as additional intermolecular
bonds are formed. We observe indeed two peaks with frequencies 1446 and 1464 cm±±1,
in good agreement with recently reported data for the 2D tetragonal polymer [17]. The
lower-energy component has been proposed to be the PP mode in the case of a 2D
polymer [6]. However, from complementary analysis of Raman and infrared spectra of
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Fig. 1. Raman spectra of the C60-polymers at ambient conditions



the 2D tetragonal polymer of C60 it was concluded that the presence of an appreciable
amount of dimers in the system is unlikely [11]. This implies that the Raman mode at
1464 cm±±1 may be associated with a vibration, which is silent in the monomeric phase
though becomes Raman active in 2D polymer.

Fig. 2 shows Raman spectra for the 2D polymer in the frequency region 200 to
800 cm±±1 under high hydrostatic pressure and room temperature together with the
spectrum of the 1D polymer at ambient conditions for comparison. The vertical lines in
Fig. 2 indicate the relatively strong peaks, which characterize each of the two polymers.
For the 2D polymer these are the peaks with frequencies 589, 666 and 684 cm±±1, ob-
served also by Davydov et al. [17] for a tetragonal (2D) polymer. These peaks were not
observed in the Raman spectrum of the 1D orthorhombic polymer [15]. Consequently
they may be used to characterize a 2D polymer.

The arrows indicate the new modes appearing at P = 3.7 GPa for the 2D polymer
with frequencies 363, 417 and 457 cm±±1. It is obvious that the intensity for the peak at
363 cm±±1 increases considerably with pressure. At 8.8 GPa, two additional modes ap-
pear with frequencies of 753 and 782 cm±±1. Pressure application on the 2D polymer
results in the intensity lowering of the mode at 432 cm±±1 and the increase of the two
split components of the Hg(1) mode. The intensities of the Raman peaks of the 2D
polymer under high pressure in the frequency range 200 to 550 cm±±1 become similar to
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Ta b l e 1
Frequencies of the intramolecular Raman modes of the 1D and 2D C60 polymers. For
comparison the mode frequencies of the 1D polymer taken from the literature are given

1D
polymer
w (cm±±1)

2D
polymer
w (cm±±1)

mode 1Da)
polymer
w (cm±±1)

1D
polymer
w (cm±±1)

2D
polymer
w (cm±±1)

mode 1Da)
polymer
w (cm±±1)

±± ±± Hg(1)a) 249 967 972 967
255 257 256 1044 1039 1041
273 279 269, 275 1087 1090 Hg(5)a) 1087
345 ±± 344 1110 1108 1109
±± ±± Hg(2)a) 416 ±± 1176 ±±
429 432 425, 431 1193 1208 1194
453 ±± 452 1239 ±± Hg(6)a) ±±
488 487 Ag(1)a) 489 1260 ±± 1261
528 537 w(1) ±± 1307 1299 1310
555 562 w(2) ±± 1398 ±± Hg(7)a) 1398
±± 589 w(3) ±± 1411 1405 1411
±± 610 w(4) ±± 1426 1428 1426
639 ±± Hg(3)a) 638 1433 ±± 1434
±± 666 ±± 1448 ±± 1446
±± 684 ±± 1458 1446 Ag(2)a) 1458
±± ±± 698 1464 1464 1464
710 706 708 ±± 1543 Hg(8)a) ±±
748 753 Hg(4)a) 754 1562 ±± 1563
771 772 768, 775 1575 1571 1577
843 863 w(5) ±± ±± 1599 ±±
917 ±± w(6) ±± ±± 1624 ±±
955 950 952 ±± 1888 w(7) ±±

a) Data from Ref. [15].



those of the 1D polymer. On the contrary, the spectrum of the 2D polymer above
550 cm±±1, including the frequency region near the PP mode, preserves its characteris-
tics. All the above changes observed in the Raman spectrum of the 2D polymer under
high pressure are reversible. This means that the intermolecular bonds are stable, at
least for pressures up to 8.8 GPa, and the appearance of new modes cannot be related
to polymeric bond breaking.

The two-dimensional polymeric C60 phase is anisotropic because of the different
nature of the in-plane and out-of-plane intermolecular bonds. This implies that the com-
pressibility of the 2D polymer is rather non-uniform up to some pressure limit, above
which the material becomes more isotropic. The appearance of the new Raman modes
in the spectrum of the 2D polymer may be connected with deformations of the C60

molecules under high pressure, as in the 1D polymer where the elongation of the mole-
cules is responsible for the mode at 345 cm±±1.
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Fig. 2. Raman spectra of the 1D polymer at P = 1 bar and the 2D polymer for various pressures up
to 8.8 GPa at room temperature. The vertical lines indicate the different peaks for the two poly-
mers, while the arrows denote the new modes which appear for the 2D polymer at high pressure
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