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Photoluminescence~PL! spectra of several polymeric phases of solid C60 synthesized under high pressure
and high-temperature conditions have been studied in the temperature range between 300 and 15 K. The PL
spectra of polymerized C60 show significant redshift and broadening relative to the PL spectrum of pristine
C60. Results on photopolymerized C60 films are also presented for comparison. A peak at 1.75 eV in the room
temperature PL spectrum is found to be a characteristic of the rhombohedral phase. This peak is moderately
strong at 300 K and disappears below 100 K in contrast to the behavior of other PL peaks, particularly the
emission at about the same energy in pristine C60. The 1.75 eV PL peak is absent at all temperatures in the
photopolymer and in the orthorhombic phase. Our results show that the room temperature PL spectra and the
temperature dependence of the PL can be used to distinguish the various polymeric phases.
@S0163-1829~98!50506-1#

A rich variety of metastable fullerene polymers, with in-
terconnected C60 molecules and shorter interfullerene dis-
tance compared to pristine solid C60, have been synthesized
by several methods.1 Common methods are irradiation by
intense visible or ultraviolet light,2 alkali-metal doping,3 and
treatment under high pressure and high temperature
~HPHT!.4–7 A recently published pressure and temperature
phase diagram of solid C60 shows that the structure of the
fullerene polymers produced by HPHT treatments depend
sensitively on the synthesis temperature and pressure.8 Pro-
gressively higher temperatures and pressures produce one-,
two-, and three-dimensional links between C60 molecules.
Reported structures of HPHT polymers include: slightly
compacted face-centered-cubic~fcc!,4 one-dimensional~1D!
orthorhombic ~O!,5 two-dimensional~2D! tetragonal~T!,5

and 2D rhombohedral~R!.4,5 The C60 molecules are con-
nected as linear chains in the O phase and as square or hex-
agonal networks in the T and R phases, respectively.5

Nuclear magnetic resonance studies9 have shown that the C60
molecules in the R-phase polymer are connected by 212
cycloadditions as proposed originally for photopolymerized
C60.2 Theoretical calculations supporting the structure and
stability of O, T, and R phases have also been carried out.10

X-ray diffraction5,11 and vibrational spectroscopy~both
Raman and infrared!12,13 have been used extensively in the
characterization of the HPHT polymers. However, not much
is reported on the photoluminescence~PL! of these fullerene
polymers. In this paper, we report a study of the temperature
dependence of the photoluminescence~PL! spectra of pris-
tine and photopolymerized C60 films and several phases of
HPHT polymerized C60.

C60 polymers were synthesized by subjecting microcrys-
talline C60 powder to different high pressure and high tem-

perature treatments in a ‘‘belt-type’’ apparatus.5 Details of
the synthesis parameters have been reported earlier.14,15 The
structure of the polymers were confirmed by simulations of
the x-ray diffraction data.5,8 Powder samples of the polymer
were mixed with 20 weight % KBr and pressed into pellets
for PL studies.16 PL was excited with less than 3 mW of 488
nm laser line focused to a size of;3 mm30.5 mm. The PL
spectra were recorded using a cooled photomultiplier detec-
tor and photon counting electronics. A closed cycle helium
refrigerator~Janis Model CCS-150! was used for studying
the temperature dependence of the PL.

The comparison of the 15 K PL spectra of pristine and
photopolymerized C60 films with those of HPHT polymer-
ized phases is shown in Fig. 1. The spectrum labeled R13D
in Fig. 1 is from a rhombohedral sample in which the inter-
planar distance is about 10% less than that of the 2D R
phase, which suggests some degree of three-dimensional
~3D! bonding in the R13D sample. The overall reduction in
the PL intensity of the R13D polymer compared to all other
samples is suggestive of the formation of nonradiative cen-
ters at the higher pressure and temperature conditions used in
the synthesis of this phase. In the case of pristine C60, the
main PL peak at;1.69 eV has been attributed to the emis-
sion from bulk C60 and all other PL peaks to emissions from
X traps.17 The peak at 1.76 eV has been attributed to surface
related excitonic X traps17 in analogy with anthracene. Its
intensity is seen to increase18 for temperatures below 80 K,
which is close to the glassy phase transition temperature. The
PL features in the polymers are redshifted and broadened
relative to those of pristine C60. The HPHT treated polymers
show a larger redshift and broadening compared to the pho-
topolymer. The down shifting of PL peak energy in fullerene
polymers implies a reduction in the highest occupied mo-
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lecular orbital-lowest unoccupied molecular orbital gap upon
polymerization similar to the case of conjugated polymers19

and helicene series and polyacenes.20 Recent electronic
structure calculations for the R-phase C60 polymer also pre-
dict a reduction in the energy gap compared to pristine
C60.21 Electrical conductivity measurements on HPHT poly-
mers have shown a decrease in the band gap22 which is con-
sistent with the overall redshift of the main PL peak~see Fig.
1!. As regarding the PL line shape, it is reasonable to assume
that the PL lines are inhomogeneously broadened due to the
random location of defects or impurities.23 In C60 polymers,
a distribution in the size~or the molecular weight! of the
polymeric units also contributes to the width of PL lines.

Figures 2~a!–2~e! show, respectively, the normalized PL
spectra of pristine and polymerized forms of C60 at four rep-
resentative temperatures. It should be noted that the overall
PL intensity increases at low temperatures in all the samples,
although the spectra shown in Figs. 2~a!–2~e! have been nor-
malized. A sum of several Gaussian functions has been fitted
to these inhomogeneously broadened PL spectra. The experi-
mental data are shown as dots and the resulting fits, which
are almost indistinguishable from the data, are shown as
solid lines through the data points. The individual Gaussians
are also shown below each of the PL spectra. In the case of
pristine C60 @Fig. 2~a!#, the room temperature~RT! PL spec-
trum is best fit with three Gaussians while the 15 K PL
spectrum reveals five distinct peaks which are considerably
narrow. The PL spectra of the photopolymer at all tempera-
tures can be resolved into three broad Gaussian peaks@see
Fig. 2~b!#. There is an overall broadening and redshift rela-
tive to pristine C60 especially for temperatures below 100 K.
Similar to the photopolymer, the PL spectra of the O-phase
polymer@Fig. 2~c!# can also be fit with three broad Gaussians
at all temperatures. Two of these peaks are more or less at
the same energy~1.5 and 1.68 eV! as in the photopolymer,
whereas the middle peak at;1.58 eV is redshifted in the O
phase. It should be noted, however, that the PL line shape in
the O phase is quite different from that of the photopolymer.

In the case of the R sample@Fig. 2~d!#, at RT there are
two broad peaks at 1.52 and 1.67, and a relatively narrow

peak at 1.75 eV. The first two peaks are at about the same
energy as two of the peaks in Figs. 2~b! and 2~c!. As tem-
perature is lowered, the 1.75 eV peak decreases in intensity
and becomes very weak at 100 K when an additional peak at
1.58 eV develops. The 15 K PL spectra of both the O and R
phases are very similar@see Figs. 2~c! and 2~d!#. The O1T
sample, which is a 50:50 mixture of the O and T phases,
contains four Gaussians at RT and six at 15 K@see Fig. 2~e!#.
The line shape and peak positions of the O1T phase PL at
15 K suggest that one can view this spectrum as a combina-
tion of those of pristine C60 and the O phase. However, there
was no evidence for the presence of pristine C60 in the O1T
sample from the RT Raman work reported earlier.12 Subtrac-
tion of the O phase PL from that of O1T generates several
undulations which cannot meaningfully be interpreted as
from the T phase. Further work onpure T phase is needed
for more detailed information about this phase.

The PL peak at 1.75 eV seen in the R phase at RT is
specific only to the R phase and is seen most strongly at RT.
At low temperatures, the intensity of this peakdecreases
gradually until it disappears around 100 K; its energy posi-
tion remains the same within the uncertainty of the fitted
peak position, at all temperatures between 300 K and 100 K.
The R13D phase~spectrum not shown! also contains a PL
peak at 1.75 eV at RT with moderate intensity, which disap-
pears at low temperatures. This observation strengthens the
conjecture that the 1.75 eV PL peak at RT is characteristic of
the R phase. Although not as pronounced as in the R-phase
samples, the PL spectra of O1T phase@Fig. 2~e!# also has a
PL peak at;1.75 eV at RT. However, this peak in the O1T
sample persists with almost the same intensity at all tempera-
tures down to 30 K and a slightincreasein intensity is ob-
served at 15 K—a behavior somewhat similar to that seen for
the 1.75 eV peak in pristine C60.

18 Thus the RT PL spectra
and the temperature dependence of the PL can be used to
identify the presence of O, R, or T phases in HPHT-
polymerized C60 samples.

Although the temperature dependence of the 1.75 eV PL
peak in the R phase is unusual, its pressure shift
(;0.03 eV/GPa), as reported earlier,14 is the same as that of
the other PL peaks in the R phase. The temperature behavior
of the 1.75 eV PL peak is atypical for excitonic transitions
and is suggestive of a stronger electron-phonon coupling for
this transition compared to other peaks. It is interesting to
note that the Raman spectrum of the R-phase polymer4,12

contains a strong phonon peak at 1408 cm21, which is not
present in the O or O1T phases. The role of this phonon in
the vibronic transitions observed in PL needs to be investi-
gated further. Kozlov and Yakushi7 have also reported a PL
peak at 1.75 eV at RT in the R-phase polymer. They com-
pared this peak with the 1.76 eV peak seen in the low-
temperature PL spectrum of pristine C60, that was attributed
to surface excitonic emission from X traps17 and ascribed it
to defects related possibly to deformed or partially destroyed
C60 cages. Our results~presented here and in Ref. 18! show
that the temperature dependence of the excitonic X traps in
pristine C60 is opposite to that of the 1.75 eV peak in the R
phase. Therefore, it is reasonable to think that these peaks
have different origins in pristine C60 and in the R phase
despite the close proximity of their emission energy.

FIG. 1. Comparison of the 15 K PL spectra in pristine and
photopolymerized C60 films with several pressure-polymerized
phases of solid C60.
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FIG. 2. Normalized PL spectra excited with low laser power at
different temperatures in~a! pristine solid C60 film, ~b! photopoly-
merized C60 film, ~c! 1D-orthorhombic phase,~d! 2D-rhombohedral
phase, and~e!;50% orthorhombic–;50% tetragonal phase.
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In pristine C60, an orientational ordering transition24 and
a ‘‘glassy’’ phase transition25 occur at;250 K and;90 K,
respectively. Since the 1.76 eV PL peak becomes evident
below 100 K, it is possible that this peak is associated with
some defect related excitonic emission in the glassy phase
rather than surface related X traps. In the case of the R-phase
polymer, the 1.75 eV peak might be due to some defects in
the hexagonal network formed at the high temperature
~700 °C! used for synthesis. It is possible that a reordering in
the R-phase polymer network at low temperature causes the
disappearance of the 1.75 eV peak below 100 K.
Temperature-dependent structural studies will be needed to
test this possibility. Since the 1.75 eV peak has been ob-
served only in polymers synthesized at temperatures above
400 °C, it is reasonable to think that applying pressure first
and then increasing the temperature during synthesis plays a
role in creating the emission centers responsible for the 1.75
eV peak. The absence of this peak in the photopolymer and
in the O phase that was synthesized at 250 °C suggests that
there is a strong influence of the synthesis conditions on the
formation and properties of the different polymeric phases.

From the structural and optical spectroscopic studies
available on polymerized C60, it is clear that the formation
of intermolecular bonds lowers the original icosahedral (Ih)
symmetry of the C60 molecules. The symmetry reduction can
be treated as a perturbation which activates many new vibra-
tional and electronic states. Consequently, in the polymer-
ized structures, new peaks appear in the Raman and IR spec-
tra, and the PL spectra are broadened significantly. Redshifts
in the peak frequencies are also observed. The degree of
polymerization, as reflected by the redshifts of peak positions
and line shape changes in the vibrational and PL spectra,
depends on the method and synthesis conditions. A strong
Raman mode at 1408 cm21 and a PL peak at 1.75 eV which
disappears at temperatures below 100 K are found to be
unique to the R-phase polymer.
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