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Comparative Raman study of photopolymerized and pressure-polymerized C60 films
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We have made a Raman study of low-pressure polymerized and photopolymerized C60 films, polymerized in
different ways, but otherwise initially identical. Although the structures developing in the films during poly-
merization are initially very similar, an analysis of characteristic features in the Raman spectra shows that
photopolymerized material forms a more complex polymeric structure when the polymerization approaches
saturation. We suggest that this complex structure contains branched polymeric chains and in particular that a
mode near 1454 cm21 in photopolymerized C60 is characteristic for this type of structure.
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In the last few years the polymeric phases of C60 have
been shown a lot of interest. There are basically three ro
that can be used to polymerize C60. If thin films are irradi-
ated with visible or ultraviolet light, the material i
phototransformed,1 in which case some of the double bon
on the molecules break up and by a 212-cycloaddition form
bonds to neighboring molecules.1 In this process it has bee
reported that the lattice constant shows a contraction f
14.17 Å in pristine C60 to 13.80 Å.2 Another way to poly-
merize C60 is by treating the material at high pressure a
elevated temperatures, which gives a bulk polymeriz
material.3 A number of different studies show that dependi
on the temperature and pressure, both one- and t
dimensional polymeric structures can be obtained.2–7 Finally
a third way to polymerize C60 is by doping the material with
alkali metals, which usually results in a one-dimensio
polymeric structure.8 The structures of the pressure polyme
ised and the alkali-metal-doped C60 are relatively well
known through earlier studies.2–8 However, since the photo
polymerization can only be carried out on thin films the d
tailed structure of that phase is not yet known. In recent ye
we have studied the low-pressure polymerized phase th
obtained near 1 GPa and 570 K. This phase is often v
disordered, but has been shown to consist of mainly o
dimensional clusters~chains! which leads to an orthorhombi
distortion of the original fcc structure.3–5,9,10

In this study we have analyzed polymerized C60 films
with Raman spectroscopy, a very powerful tool to study
polymerization of C60. When the material is polymerized
many of the original ten Raman active modes split and s
and new modes appear due to the lowering of
symmetry.11 We have shown earlier that when thin films a
partially polymerized by irradiation with light or by trea
ment at high pressure and elevated temperatures they
structures that are initially very similar judged from the R
man spectra of the two films.12 In this work we present a
similar but more detailed study in which we have compa
PRB 600163-1829/99/60~7!/4535~4!/$15.00
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the Raman spectra for thin films polymerized with the sa
two methods when the polymerization in the two films h
been driven as far as possible toward saturation.

The thin films were made in identical pairs by evaporati
pristine C60 with a purity of 99.98%, obtained from Term
USA, Berkeley, CA, at about 500 °C on adjacent quartz
mica substrates. To improve the film quality the substra
were kept at 150 °C. The thickness of the films were
corded by a standard piezocrystal gauge. The films ha
diameter of 1.0 cm and a thickness of between 0.5 and
mm. After the evaporation step the films were placed in gl
tubes, which were evacuated and sealed off with a torch.
photopolymerization was carried out with an Ar1 ion-laser
~514 nm! with a power of 150 mW/cm2 for up to five days.
The polymerization state was monitored by Raman spect
copy as described below and the treatment was contin
until no further evolution with time could be observed. Th
low laser power was used to ensure that the film tempera
was kept close to room temperature.

For the pressure polymerization we have used a pis
cylinder device with a Teflon pressure cell containing
internal heater. The films were placed in the pressure
under an argon atmosphere in a glove box to avoid expo
to air. To ensure hydrostatic conditions we have used a l
viscosity silicon oil as pressure medium. The pressure po
merization was carried out at 1.0 GPa and 570 K for fi
hours, a time long enough to saturate the polymerization
other pressure treated bulk C60 samples.9 At this pressure and
temperature an orthorhombic structure is expected4,5 but in
practice the structure is often very disordered.2

The pristine and polymerized C60 films were analyzed
with Raman spectroscopy using a Bruker Fourier transfo
~FT!-Raman with a Nd-YAG laser~1064 nm! with a power
of 50 mW. With this laser we have the advantage that we
not induce any further photopolymerisation of the films.

The Raman spectrum of pristine C60 contains 10 different
mode frequencies, 8 fivefold degenerateHg modes and 2
4535 ©1999 The American Physical Society
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4536 PRB 60BRIEF REPORTS
single degenerateAg modes. When C60 is polymerized the
Hg modes split due to the lowering of the symmetry and
Ag modes shift in frequency. In addition to this, new mod
that were previously optically silent appear in the spectru

It has been shown earlier that when the material is po
merized to about 50% the Raman spectra for the pressure
photopolymerized materials are almost identical, regard
both mode intensities and positions.12 This indicates that the
initial polymeric structures are very similar in the films p
lymerized with the two completely different methods.

Figure 1 shows the Raman spectra for pristine, photo
lymerized and pressure polymerized C60 films between 100
and 1700 cm21. The polymerization is saturated in the latt
two samples~see below!. Many new modes appear in th
Raman spectra of both the photopolymerized and pres
polymerized films. Several peaks have also broadened
nificantly. New modes can be seen for example around
cm21, a frequency range corresponding to the vibrations
the four-membered intermolecular rings formed in the 212
cycloaddition,13 and also for the photopolymerised film i
the low frequency region at 120 cm21. The latter mode is
assigned to the intermolecular mode between the C60 mol-
ecules in the polymeric chain.1 The 120 cm21 mode is very
weak in the spectrum observed for the pressure polymer
film on a mica substrate but can be seen clearly in curve~d!,
which shows a small region of the Raman spectrum fo
pressure polymerized film on a quarts substrate. It is
clear why this mode does not show up in the sample on
mica substrate but it is known from earlier experiments t
pressure polymerized films and powder samples often h
very weak intermolecular modes in the Raman spectrum12

Although the low apparent intensities of these modes m
be due to a high background in the films, covering the lo
frequency modes, the fact that strong low-frequency mo

FIG. 1. Raman spectra between 100 and 1700 cm21 for ~a!
pristine C60, ~b! photopolymerized C60 film on mica substrate, and
~c! pressure polymerized C60 film on mica substrate. Curve~d!
shows a small region around the mode at 120 cm21 for a pressure
polymerized C60 film on a quartz substrate.
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are observed in polymerized single crystals14 indicates that
the difference may be due to a less well developed lo
range order in the films.

The pentagonal pinchAg(2) mode at 1469 cm21 has
proven to be a particularly reliable probe of the polymeriz
tion state,3,9,15because the shift of this mode is very sensiti
to the number of covalent bonds on the C60 molecules. For
dimers theAg(2) mode shifts to 1464 cm21,16–18 for longer
chains it shifts to 1460 cm21 ~Refs. 15 and 17! and for two-
dimensional structures it shifts even further.2,19,20

To resolve the peaks in the region of the pentagonal pi
mode we have used a peak-fitting program and fitted Voi
line shapes. Looking at the positions and intensities of
different components in Fig. 2 we see a clear difference
tween the photopolymerized and the pressure-polymer
films. Despite the very long polymerization time both film
show a small component at 1469 cm21, representing a smal
fraction of unpolymerized material. The other peaks are
sitioned at 1464, 1460, 1454, 1447, and 1434 cm21 for both
films. However, looking at the relative intensities of the co
ponents, tabulated in Table I, there are some significant
ferences, the most obvious of which occurs for the com
nent at 1454 cm21, which is much larger~24.6%! for the
photopolymerized film than for the pressure polymerized o
~6.12%!. No such feature was observed for partially pol
merised films.12 Comparing the mode intensities at 1464 a
1460 cm21, which are assigned to dimers and longer po
meric chains, respectively, it is seen that the samples con
roughly equal amounts of polymeric chains but that the pr
sure polymerized film contains more dimers than the pho
polymerized film. This differs from the results in a previou
report by Lopinski, Fox, and Lannin21 who suggested tha
photopolymerized C60 mainly consisted of dimers and to
small extent trimers. It should be noted, however, that
ratio of dimers to longer chains depends strongly on b
polymerization time9 and temperature.17

Small components at 1447 and 1434 cm21 are present in

FIG. 2. Raman spectra between 1400 and 1520 cm21, showing
the pentagonal pinch mode for,~a! photopolymerized C60 film on
mica substrate and~b! pressure polymerized C60 film on mica sub-
strate. Dotted curves indicate individual fitted components.
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TABLE I. Intensity and position for the individual components of the pentagonal pinch mode, fitted
Voight line shapes, for the pressure and the photopolymerized film. The numbers in parentheses show
width at half maximum~FWHM! for each component.

Photopolymerized
Percentage of total

peak area
Pressure

polymerized
Percentage of total

peak area Assigned toref.

1434.2 cm21 ~10! 4.53 1434.6 cm21 ~4.0! 1.49 polymeric
planesa,b,c

1446.3 cm21 ~6.1! 4.50 1447.0 cm21 ~7.0! 5.00 polymeric
planesa,b,c

1454.0 cm21 ~6.8! 24.9 1454.8 cm21 ~7.6! 6.12 branched chains?
1460.5 cm21 ~6.4! 45.0 1459.6 cm21 ~5.6! 50.5 linear chainsd,e

1464.6 cm21 ~6.6! 14.4 1464.7 cm21 ~6.1! 21.6 Dimerse,f,g

1469.6 cm21 ~7.7! 6.7 1468.8 cm21 ~6.6! 15.4 PristineC60

aReference 2.
bReference 19.
cReference 20.
dReference 15.

eReference 17.
fReference 16.
gReference 18.
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equal amounts in both samples. The former of these has
assigned to a two-dimensional polymeric structure obtai
at higher pressure and higher temperatures.2,19,20 The latter
has also been observed in two-dimensional~2D! polymers2

but might be a shifted and broadenedHg(7) mode, located a
1426 cm21 in pristine C60. The very low intensities imply
that none of the samples has formed a predominantly t
dimensional polymeric structure, as has been proposed
C60, photopolymerized for very long time.22 All modes in the
vicinity of the pentagonal pinch mode can therefore be
signed to well-defined polymeric structures~dimers, chains
and planes! except the mode at 1454 cm21, which seems to
be characteristic for the photopolymerized material on
This was previously also noted by Raoet al.2 Since this
mode is also absent in the Raman spectra for tw
dimensionally polymeric structures2,19,20 it is unlikely that it
represents polymeric planes.

It is reasonable to believe that the internal mechan
stress in photopolymerized material is larger than in press
polymerized material since no external force is applied
guide the direction of the necessary volume contraction d
ing polymerization and the reaction thus proceeds in rand
directions. One possibility could therefore be that the mo
located at 1454 cm21 could be assigned to branched pol
meric chains. The shift of the pentagonal pinch mode a
function of cluster size and cluster form has been calcula
by Porezaget al.23 who show that theAg(2) mode shifts in
proportion to the number of intermolecular covalent bon
formed on the molecule. Since we know experimentally t
the formation of dimers~two bonds per molecule! results in
a shift of about 5 cm21, the formation of linear chains~four
bonds per molecule! results in a shift of 10 cm21, and the
formation of the tetragonal phase~8 bonds per molecule! in a
shift of 21 cm21, it is reasonable to suggest that a shift of
cm21 represents a structure containing six covalent bonds
molecule. This would correspond to a structure contain
branched one-dimensional chains or linear chains with a h
density of molecules grafted on to random sites along
sides.

A structure containing more branched chains has a lo
symmetry than a structure containing better-ordered stra
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polymer chains. This should lead to an increased splitting
the Hg modes, and such a difference is indeed observed
Fig. 3, which shows the region around theHg(1) mode for
the two types of polymerized films. Both spectra in the figu
show a very clear splitting of the fivefold degenerateHg(1)
mode indicating a lower symmetry for both samples than
pristine C60. However, in the Raman spectrum for the ph
topolymerised film theHg(1) mode is clearly much more
spread out with new components present even up to
cm21, indicating an even lower symmetry in this sample th
in the pressure polymerized one.

In conclusions, we have analyzed characteristic featu
in the Raman spectra for pressure and photopolymerized60
films and found that both types of materials contain mai
long polymeric chains and dimers when polymerized un
saturation. The Raman spectrum for the photopolymeri
film differs from that of the pressure polymerized film

FIG. 3. Raman spectra between 230 and 320 cm21, showing the
split Hg(1) mode for~a! photopolymerized C60 film on mica sub-
strate and~b! pressure polymerized C60 film on mica substrate. Dot-
ted curves indicate individual fitted components.
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containing a characteristic mode at 1454 cm21, which cannot
be assigned to either dimers, linear polymer chains, or t
dimensionally polymerized structures. We tentatively ass
this mode to branched polymeric chains in general ag
ment with calculations by Porezaget al.23 The presence o
such chain defects implies a larger disorder and thus a lo
symmetry in the photopolymerized phase. This should l
to a more pronounced split of theHg(1) mode and the ap
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pearance of new modes in the region around the orig
Ag(1) mode, and such features are also observed in
samples studied here.
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