
 

1 

 

POLYMERIZATION OF C60 UNDER PRESSURE 

REVISITED 

 
B. Sundqvist 

 
Department of Physics, Umeå University, SE-90187 Umeå, 

Sweden 
 

Introduction 
Buckminsterfullerene, C60, is a quite reactive molecule, 

and in solid C60 covalent intermolecular bonds are easily 
created by irradiation with light or particles, or by treatment at 
high pressure and temperature. The resulting pure carbon 
polymers have many interesting properties and the high 
pressure reaction diagram has been mapped by many groups 
(for reviews, see Refs. 1-4). In spite of this, there is little 
detailed understanding of the polymerization process and the 
various reaction maps found do not always agree well, 
although there is a consensus that the average number of 
intermolecular bonds per molecule increases with increasing 
temperature. To improve our understanding of the reaction 
process a new experimental method has recently been 
developed to treat C60 samples under high pressure at elevated 
temperature. The new method makes it possible to submit a 
single sample to a wide range of temperatures at a given 
pressure to obtain a continuous, and in principle permanent, 
record of the various structural phases created. This paper 
reports the first preliminary data obtained using the new 
method. Three high pressure treated samples have been 
analyzed using Raman scattering to identify the structural 
phases created. The results provide a very detailed map of a 
section of the high pressure, high temperature polymerization 
reaction diagram and show the potential of the method in 
improving our understanding of not only this important 
material but also of other high pressure non-equilibrium or 
synthesis reactions.  
 

Experimental details 

In each high pressure experiment a single C60 thick film 
sample was treated over a wide range of temperatures using a  
large diameter piston-and-cylinder device. To accomplish this, 
a 30 mm long, thin strip of copper was coated with C60 powder 
to an approximate thickness of about 200 µm and placed 
horizontally across the high pressure cell, as shown in Fig. 1. 
An electric heater at one end created a temperature difference 
of up to almost 200 K along the sample, with a temperature 
gradient of 5-15 K mm-1. The temperature was measured using 
six thin (0.15 mm diameter), calibrated Constantan wires 
placed across the sample assembly at suitable intervals. A 
copper wire was soldered to the cold end of the copper base to 
complete six type T thermocouples. The pressure transmitting 

medium used was mainly the same Teflon as used for the 
body of the high pressure cell, but a small amount of talc 
powder was added around the sample and the heater to make 
pressure conditions more hydrostatic. An additional, 50 µm 
thick copper foil was placed on top of the Cu-C60 assembly to 

improve temperature homogeneity and to minimize inflow and 
mixing of the talc with the fullerene. Previous experiments [1-
4] have shown that a reaction time of 15 minutes is usually 
enough to complete the polymerization reaction. However, to 
make sure that the reaction was as complete as possible and 
that kinetic effects should not influence the results, each 
sample in this series was treated for one full hour. During this 
time the high power used for heating (40-65 W) led to a 
continuously increasing temperature in the cell. Only a single 
point on the sample could thus be kept at truly constant 
temperature, while in general the cold end of the sample 
slowly became warmer and the hot end slightly cooler during 
the experiment.  

The fullerene material used had a stated purity of better 
than 99.98 percent. It was sublimed to remove solvents and 
heated to about 200oC under dynamic vacuum for at least 24 h 
to remove atmospheric gases and break down any photo-
induced polymers present. After treatment it was stored in an 
argon-filled glove-box in darkness. All pressure cells were 
filled in the glove-box, and after high pressure treatment the 
cells were opened and handled under red darkroom light only. 

The treated samples were analyzed using Raman 
spectroscopy. Each polymer phase has a known Raman 
fingerprint, which makes it possible to identify all phases 
present and, in principle, also to find out their relative 
abundances. Raman measurements were carried out using a 
Renishaw 1000 spectrometer using an infra-red excitation 
laser with 830 nm wavelength. This photon energy is too low 
to create photo-induced dimers or polymers in the material. 

 
 

 
 

Fig. 1  High pressure cell before filling C60 on the copper base. 
The heater and the six thermocouple wires are clearly visible. 
The outer diameter of the cell is 45 mm. 
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Results and Discussion 

At ambient conditions solid C60 has a face-centered cubic 
(fcc) lattice with freely rotating molecules. High pressure 
treatment at elevated temperatures breaks up double bonds on 
the molecules to create instead pairs of covalent inter-
molecular C-C bonds. Several versions of the polymerization 
reaction diagram of C60 have been published [1-4] but 
although the basic features of these are similar there are many 
interesting questions that remain to be answered, for example, 

• Is there a sharp low temperature onset boundary? 

• Do "pure" polymer phase areas exist? How should 
reaction coordinates be chosen for optimum results? 

• Is there a region where an ordered dimer phase may 
exist [5]? 

• Does the original orientational or rotational molecular 
structure before heating and pressing play a role for the 
structure of the final product? 

• Does the pressure-temperature trajectory used influence 
the results? 

To investigate these matters, several samples have been 
treated under high pressures between 0.8 GPa, the lowest 
pressure at which pressure-induced polymerization has been 
reported [6], and 2 GPa. At the time of writing the analysis of 
all these samples has not been completed, and the present 
work will concentrate on three samples treated in the range 1.2 
to 1.6 GPa and below 500 K. This is an easily accessible 
pressure range where a very large number of polymerization 
experiments has been carried out, and it is well known that 
reasonably well polymerized materials consisting of either 
dimer-rich or orthorhombic (linear-chain) phases can be 
produced in different temperature ranges.  

At pressures below 2 GPa, large scale polymerization (or 
at least dimerization) is believed to start at temperatures near 
below 400 K [1-6]. In this range of temperature the individual 
C60 molecules in the lattice may be in either of three dynamic 
states, depending on pressure. At 1 GPa or below the 
molecules should be almost freely rotating in the lattice. A 
linear extrapolation of the corresponding fcc to simple cubic 
(sc) phase line [1-4,7] gives a transition pressure of 0.86 GPa 
at 400 K, but the expected phase line curvature toward the 
pressure axis should make the real transition pressure slightly 
higher. Above 1 GPa the molecules show a rapid ratcheting 
motion between two orientational states, in which each 
molecule orients electron rich double bonds toward either 
hexagons (H orientation) or pentagons (P) on its neighbours. 
At these pressures, the majority of the molecules always has 
the H orientation, and calculations show [1-4] that above a 
certain pressure the ratcheting motion stops and a completely 
H oriented structural phase should occur. Extrapolating the 
corresponding phase line from a simple calculation [4] shows 
that at 400 K this should occur above 1.6 GPa. All three 
samples studied in this work should thus start the 
polymerization reaction in the same dynamic state, the 
orientationally weakly disordered state with rapid ratcheting 
motion.  

All samples studied here were first brought to the target 
pressure, then rapidly (within a few minutes) heated to the 
final treatment temperature. The polymerization reaction 
probably starts as soon as some threshold temperature is 
exceeded. Starting from pristine molecular C60, the creation of 
an increasing number of intermolecular C-C bonds gives first 
dimers, C120, then linear chains (C60)n, and at temperatures 
higher than those reported here two-dimensional planar 
structures will be formed [1-4]. Figure 2 shows typical Raman 
spectra for pristine C60, a dimer-rich sample and a sample 
dominated by linear, polymerized molecular chains. Dimers 
are usually structurally disordered [1-4,8], while the linear 
chains preferentially form along the nearest-neighbour 110 
direction in the original fcc lattice. Because the intermolecular 
distance decreases strongly when covalent intermolecular 
bonds are formed, one-dimensional polymerization results in 
the creation of an orthorhombic lattice with a reduced lattice 
constant and a reduced band gap [1-4]. 

A continuous background has been subtracted from all 
spectra shown. Most of this comes from the C60, but in some 
cases luminescence from the talc pressure medium could not 
be avoided. For pristine C60 the largest Raman peaks are 
always stronger than the background but with an increasing 
number of intermolecular bonds the signal-to-noise ratio drops 
significantly. 

Due to the high molecular symmetry, only ten Raman 
modes are allowed in molecular C60. The lower symmetry of 
dimers and oligomers allows further Raman lines to appear, 
and the change in electronic density  (and  thus  intramolecular  
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Fig. 2  Top to bottom: Raman spectra for pristine C60 and for 
samples containing high concentrations of dimers and linear 
chains, respectively. 
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Fig. 3  The Ag(2) peaks from the spectra in Fig. 1, shown on 
an enlarged scale to demonstrate the peak shifts. 

bond strength) on each molecule when intermolecular bonds 
are formed gives a characteristic shift in the frequency of the 
Ag(2) ("pentagonal pinch") mode by -5 cm-1 per bond pair. A 
simple analysis of the position(s) of this peak thus allows an 
identification of the structural phase(s) present. We have used 

Peakfit software to analyze the relative intensities of each 
component of this mode. Although the Raman intensity is 
probably quite different in magnitude for the various phases, 
the analysis still gives us a general idea of the relative amounts  
of monomers, dimers, and higher oligomers. 

For the pristine sample, the IR excited Raman spectrum in 
Fig. 2 shows only the ten allowed Raman lines. Some of these 
lines are too weak to be detected on the scale of the figure. No 
lines for dimers or other oligomers rise above the noise level, 

and in particular a fit to the Ag(2) line using Peakfit shows 
that any dimer contribution to this peak is well below 1 
percent of the total intensity. All samples treated under 
pressure, on the other hand, showed detectable fractions of 
dimers provided the noise level was low enough, and in no 
case did the Raman data indicate a pure single-phase material. 

Spectra from dimer-rich samples show the largest number 
of Raman peaks, probably due to the inherent disorder of the 
randomly oriented molecules [8] which breaks the lattice 
symmetry, while the spectra of the orthorhombic linear-chain 
phase show a strong splitting of the low-frequency Hg modes 
but otherwise disply somewhat fewer, broader and lower 
peaks than the dimer –rich phase. 

The Peakfit analysis of the Ag(2) (pentagonal pinch) 
mode, which for pristine C60 falls near 1470 cm-1, showed 
basically the expected evolution with treatment temperature. 
The peak for pristine C60 dominated at the lowest treatment 
temperature. New sub-peaks, shifted by multiples of 5 cm-1, 

evolved and grew with increasing temperature while the 
original peak weakened and in many cases disappeared. This 
is shown in Figure 3, which displays the Ag(2) modes of the 
spectra in Figure 2 on an expanded scale. The new peaks 
correspond to the existence of 2, 4, and even 6 covalent C-C 
intermolecular bonds to each molecule, that is, to the presence 
of dimers, linear chains, and probably branched (disordered) 
chains connecting each C60 molecule to three others. The 
peaks corresponding to the branched chains were always 
weak. At the highest temperatures a small peak corresponding 
to the tetragonal two-dimensional phase was also observed. 
However, this phase will not be discussed in detail here, 
primarily because it is a high-temperature structure but also 
because the Raman analysis did not give very accurate data for 
this phase with the IR laser excitation used. 

The fitted Ag(2) peak areas were used as approximate 
indicators for the relative amounts of the three structural 
phases in the samples. As mentioned above, this is a rather 
questionable procedure since the Raman cross sections of the 
phases are unknown and probably quite different. Judging 
from the signal strengths observed as a function of treatment 
temperature, the data exaggerate the fraction of monomeric 
material and underestimate the fraction of the linear-chain, 
orthorhombic phase. However, this is acceptable in the present 
context. 

Figure 4 shows a summary of the results obtained for the 
sample treated at 1.4 GPa. A large number of Raman spectra 
were collected at various points on the sample, and for each 
spectrum the pentagonal pinch mode was analyzed to obtain 
the relative areas of the sub-peaks observed. The total peak 
area was then normalized to 100 percent. From the measured 
temperature distribution in the sample it was possible to 
associate each Raman spectrum with a certain treatment 
temperature, and to plot the relative fractions of the peak areas 
as functions of this treatment temperature. A certain scatter is 
evident; some of this comes from temperature uncertainties 
but most is associated with the measurement noise. 

Although the evolution with temperature is basically 
continuous with a gradual change from an almost pure 
monomer over a dimer-rich-phase to a material with a high 
concentration of linear chains, there are obvious abrupt 
transitions in this development. We have tried to show this by 
adding a set of straight lines as guides for the eye. 

At the lowest temperatures the sample contains almost 
pure monomeric C60, although a small fraction of dimers, C120, 
is indicated. For this particular sample the dimer fraction is 
almost independent of temperature but in other samples it was 
found to increase slowly with increasing temperature, as might 
be expected for a reaction requiring a certain small activation 
energy. 

At 377 K there is a sudden increase in the fraction of 
dimers to at least 20 percent, with a rapid linear increase with 
increasing temperature above this. In the same range of 
temperature a certain small fraction of linear chains is also 
observed, but the intensity of the corresponding Raman peak 
is always of the order of 5 percent or smaller.  
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Fig. 4  Relative Raman peak areas for the sub-peaks of the 
Ag(2) mode of a C60 sample treated at 1.4 GPa and different 
temperatures. Circles denote monomer peak, squares dimer 
peak, inverted triangles linear chain peak. Open and filled 
triangles at high temperature and very low intensities denote 
branched chains and tetragonal phase, respectively. 

At 400 K the intensity of the monomer peak again drops 
abruptly, now to 20 percent or less, and with a further increase 
in temperature it drops rapidly to stabilize below 10 percent. 
The intensity of the dimer peak simultaneously jumps to about 
75 percent of the total, where it stays approximately constant 
in a short temperature interval. The decrease in monomer 
fraction in this range is mirrored by a corresponding increase 
in the fraction of linear chains. A less sharp transformation is 
observed at 420 K, above which the fraction of monomers is 
constant, the fraction of linear chains increases and the 
fraction of dimers correspondingly decreases. From 420 K a 
weak contribution also often appears from a peak shifted by -
15 cm-1, corresponding to three covalent bond pairs to each 
fullerene molecule. We interprete this in terms of the 
formation of disordered, branched chains. 

Near 450 K the relative intensity of the linear chain peak 
saturates at about 70 percent of the total, with about 20 percent 
from dimers and less than 10 percent each from the monomer 
and branched chain phases. At 480 K, finally, there seems to 
be an onset of further polymerization; above this temperature 
we observe a small but increasing intensity of peaks 
characteristic for the two-dimensional tetragonal structure. 

Similar structural evolutions with temperature are found 
for samples treated at 1.2 and 1.6 GPa, although the exact 
temperatures where abrupt changes occur are slightly different 
at different pressures. It is interesting to note that most of 
these abrupt changes in composition are also associated with 
the appearance of structures with a higher degree of 
polymerization. 

A brief look at Figure 4 shows that no "pure" polymer 
phase is observed from the present data. All samples always 
contain mixtures of two or several phases. Although more or 
less "pure" polymer structures have been reported earlier 
[9,10], in these cases the polymerization was carried out on 
single crystals under hydrostatic conditions (in fluids). In the 

present experiments the experimental conditions are clearly 
non-hydrostatic, with the sample being compressed by solid 
media only. Such conditions promote polymerization but also 
give rise to strong disorder by distorting the sample lattice.  

 

Conclusions 

The results presented and discussed above show clearly 
that the new method has a potential to give very accurate and 
detailed information about the results of irreversible reactions 
under high pressure. In particular, even the preliminary data 
enable us to answer the first two of the questions posed above. 
Although it is often assumed that the low temperature onset of 
oligomerization is a gradual process, the present data show 
that there is really a sharp boundary, at least in the pressure 
range studied here. Abrupt boundaries between areas with 
different structural compositions are also observed at higher 
temperatures, but no "pure" phase is found. The observation of 
dimer-rich phases has earlier been blamed on linetics, 
assuming that dimers are basically not-fully-reacted linear 
chains. However, the present results indicate that dimers are 
really thermodynamically stable in a certain low-temperature 
area of the reaction diagram. 
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