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Infrared and Raman studies of pressure-polymerized C60
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We discuss the room-temperature infrared and Raman spectra for the pressure-induced rhombohedral, te-
tragonal, orthorhombic C60 polymers and the C60 photopolymer. The interfullerene bonds are found to not only
split theH1g- andF1u-derived modes, but also to soften these intramolecular modes relative to those in pristine
solid C60. The observed mode softening is attributed to the loss of CvC bonds in the molecular cages, which
are broken to reform as intermolecular four-membered rings. Lorentzian line-shape analysis of the Raman data
in the vicinity of the pentagonal pinch mode frequency in these polymerized structures reveals six distinct
Raman lines at very nearly the same frequencies. However, the relative intensities of these lines were found to
be sensitive to the phase of the fullerene polymers. The frequency of theAg~2!- and theF1u~4!-derived modes
is found to depend linearly on the intermolecular coordinateaI of the polymeric phases. A frequency softening
of Dv/DaI;19 and 58 cm21/Å was deduced for theAg~2!- and theF1u~4!-derived modes, respectively. In
addition, the experimental spectra are compared to the vibrational spectra obtained from a first-principles
molecular dynamical calculation for a C60 dimer and an infinite chain of polymerized C60.
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I. INTRODUCTION

Since the first report on photoinduced polymerization
thin solid C60 films

1 there has been a surge of interest
fullerene polymers. Simultaneous application of high pr
sure and temperature on microcrystalline C60 powders has
been subsequently shown to lead to a variety of polymeri
fullerene structures.2–7 To date, based on a simulation o
powder x-ray diffraction~XRD! data, four high-pressure–
high-temperature-~HPHT-! induced polymerized phases o
C60 have been proposed: rhombohedral (R),2–4,6 tetragonal
(T),4 orthorhombic (O),4 and a contracted fcc (F) phase3

~cf. Fig. 1; theF phase is not shown!. Based on theoretica
calculations, Nunez-Regueiroet al. have suggested that th
application of high pressure and temperature on microc
talline C60 powder can also lead to 3D polymerized stru
tures in which the C60 molecules on adjacent 2DR ~or T!
layers may bond via hexagonal prismatic coupling.8 Besides
the photoinduced and pressure-induced polymerization
solid C60, polymerization in solid C60 has also been reporte
to be induced through excitations by 1.5-keV electrons,9 and
by an ion plasma discharge.10 Charge transfer from alkal
metals (M ) to C60 molecules in theM1C60 compounds to
form charged polymer chains of C60

2 molecules has also
been proposed.11–14

Above the orientational ordering temperature@T01;260 K
~Refs. 15–20!# solid C60 is a van der Waals bonded sol
with a fcc crystal structure in which the individual molecul
spin rapidly about random directions at each lattice site.
temperatures aboveT01 and below;450 K,21,22oxygen-free
C60 can be transformed by UV-visible light to a polymer
550163-1829/97/55~7!/4766~8!/$10.00
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phase in which the C60 molecules are covalently linked t
neighboring C60 molecules.

1 XRD studies on a series of C60
films exposed to successively higher doses of visible
light showed a contraction of the fcc lattice constant fro
14.17 Å ~pristine! to 13.80 Å.23 Further experiments are in
progress to complete this study. The photopolymer XR
data to date suggest random intermolecular bonding wi
an average fcc structure. A ‘‘212’’ cycloaddition reaction
mechanism was proposed for the covalent bonding in the60
photopolymer1,21 and subsequent HPHT polymers.4 In this
reaction, parallel double bonds on neighboring molecules
broken and reform as a four-membered ring joining the t
molecules.24 The existence of interfullerene bonds that le
to a reduced molecular symmetry in the photopolymeriz
phase was demonstrated using laser desorption mass
troscopy ~LDMS!, infrared transmission, and Rama

FIG. 1. Schematic structural arrangement of C60 molecules in
the two-dimensional rhombohedral (R) and tetragonal (T) net-
works; and the one-dimensional orthorhombic (O) chains. The cor-
responding space group is also indicated below the labels for e
phase. After Ref. 4.
4766 © 1997 The American Physical Society
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spectroscopies.1 Furthermore, calculations have shown th
the creation of a C60 dimer via ‘‘212’’ cycloaddition is en-
ergetically favored over two isolated molecules.25–32 Theo-
retical estimates of 2.4 eV~Ref. 26! and 1.6 eV~Ref. 28!
were obtained for the activation energy required to brea
dimer into noninteracting C60 monomers, in reasonabl
agreement with the experimental value of 1.25 eV for
photopolymer.22 Several in-depth reviews on the experime
tal and theoretical studies concerning polymerization in so
C60 can be found in the literature.33–37

In the HPHT C60 polymers, the covalent linking betwee
the C60 molecules was also proposed to be via the ‘‘212’’
mechanism, i.e., a four-membered ring joining adjacent m
ecules. From recent ‘‘magic angle’’ nuclear magnetic re
nance~NMR! data38 on theR andO polymers, the proposed
four-membered ring linking C60 molecules was experimen
tally verified. Confirming evidence of covalent bonds b
tween the C60 molecules in the HPHT polymers was als
obtained from the LDMS spectrum39 of a mixed phase~50%
O145% T15% R! sample that was synthesized at 2 G
andT5350 °C.5 In this LDMS data,39 a succession of;12
clear peaks at mass numbers corresponding to~C60!N , where
N51,2, . . .,12, was observed similar to the LDMS data
the C60 photopolymer.1 Furthermore, similar to the C60
photopolymer1 the HPHT polymers were found insoluble
toluene. After annealing in an inert atmosphere at temp
tures;200 °C and ambient pressure, the HPHT polym
were found to depolymerize, and the C60 monomers again
recrystallize into an fcc solid.3,4

Because of the weak van der Waals forces between
C60 molecules in the fcc pristine phase, solid C60 exhibits
Raman and infrared intramolecular mode frequencies
good agreement with those predicted for an isolated60
molecule.40 The first infrared and Raman study of theR and
F polymers was reported by Iwasaet al.3 Similar to that
reported earlier for the C60 photopolymer,

1 they observed
vibrational mode splittings and concomitant mode soften
of the intramolecular modes and attributed this to the form
tion of new intermolecular bonds. More recently, Sund
et al.41 using XRD, infrared, and Raman spectroscopies h
reported that C60 powder maintained simultaneously at 7
GPa and 800 °C for 6 h, readily produced theO phase. How-
ever, when C70 powder was subjected to similar experime
tal conditions in their apparatus, no evidence for polymeri
tion was observed.41 This observation is consistent with th
very slow phototransformation reported for C70 films

42 and
attributed to the reduced number~ten! of chemically reactive
CvC bonds in C70, which are located only in the polar cap
of a C70 molecule, as compared to 30 uniformly distribut
CvC bonds in a C60 molecule.

In this paper, we present a comparative infrared and
man study of the C60 photopolymer and the HPHTR, T, and
O polymers. Of the large number of modes observed in
vibrational spectra of these polymers, most of them are id
tified as split modes of the threefoldF1u infrared-active and
the fivefold Hg Raman-active modes in appropriate fr
quency ranges. The experimental vibrational spectra
compared to corresponding calculated spectra reported
the C60 polymers.26,28,30 The softening of theAg~2!- and
F1u~4!-derived modes for the C60 photopolymer,R, T, andO
t
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polymers is linearly correlated with the intermolecular d
tance.

II. EXPERIMENTAL DETAILS

A. Synthesis of HPHT C60 polymers

The HPHT polymer phases were synthesized in a hea
‘‘belt’’ apparatus.4 TheO polymer was synthesized by hea
ing microcrystalline C60 powder at;4.8 GPa to;250 °C for
1 h. At the same pressure, after heating to 700 °C for 2 h,
R polymer was obtained. Structure and phase purity in
samples were confirmed by simulations of the XRD dat4

The pureT polymer phase was difficult to obtain in the pre
sure and temperature range of the belt apparatus. Howev
mixed phase sample containing;50%O and;50%T poly-
mers was prepared by maintaining C60 powder at 1.1 GPa
and 600 °C for;1 h. Also, from the simulations of the XRD
data of these HPHT polymers, the intermolecular dista
~distance between the centers of the neighboring C60 mol-
ecules! for theR, T, andO polymers were obtained as 9.2
9.09, and 9.26 Å, respectively.4 Finally, when C60 powder
was simultaneously compressed~at 8.5 GPa! and heated
~700 °C! for 1 h, a mixed phase sample@R1three dimen-
sional ~3D! prismatically coupled polymer phase# was ob-
tained and a XRD simulation indicated that the sample w
predominantly the 2DR polymer ~80%! and only;20% of
the sample exhibited interplanar contraction required for
3D phase~thec parameter for the 3D polymer is shorter tha
that of the 2DR polymer, signifying the beginning of inter
planar polymerization!. In this paper, the mixed phas
~;50%O and;50%T! and~;80%R1;20% 3D! samples
will hereafter be referred as (0.5)O1(0.5)T and ~0.8!R
1~0.2!3D, respectively.

Photopolymerized C60 samples were obtained by irradia
ing oxygen-free C60 films ~d;0.5 mm! at room temperature
in an inert atmosphere using a 300-W Hg arc lamp or
514.5-nm line of an argon ion laser. Both sources induce
same changes in the vibrational spectrum. Phototransfor
tion was monitored using the Raman-activeAg~2! mode,
which broadens and softens from 1469 to;1460 cm21 as the
phototransformation proceeds.1,43

B. Spectroscopic measurements

The infrared and Raman spectra for all C60 polymeric
samples described in this study were obtained with
samples in an inert oxygen-free atmosphere. Pressed pe
of the HPHT polymers were prepared by adding 20 wt.
KBr ~for Raman measurements! and 99 wt. % KBr~for in-
frared transmission experiments! to the powder samples. A
modified Digilab FTS-80 Fourier transform infrared~FTIR!
spectrometer was used to collect the infrared transmis
spectra. The Raman spectra were obtained using a 0.4
grating spectrometer~Spex HR 460! equipped with a liquid
nitrogen cooled charge-coupled device detector. A thin-fi
‘‘supernotch’’ filter ~Kaiser Optical, Inc.! was used to rejec
the stray laser light. In the Raman scattering experiment
reduced laser flux~;20 mW/mm2! of the 514.5-nm Ar ion
laser line was employed to avoid any possible photoindu
polymerization of the samples during the measurements

III. RESULTS AND DISCUSSION

The room-temperature infrared transmission and Ram
spectra for the pristine solid C60, the photopolymer, and
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HPHT polymer samples are shown, respectively, in Figs
and 3. The infrared and Raman spectra for solid C60 have
been investigated by several groups and are w
understood.44 Consistent with the weak van der Waals inte
molecular interaction, the solid state vibrational spectr
closely resembles that of C60 in solution44 and in the gas
phase.45 In the spectral region below;800 cm21, the vibra-
tional modes are expected to be associated with predo
nantly radial character modes, whereas above;800 cm21,
the C60 vibrational modes take on a tangential character.
the pristine solid, the first-order infrared and Raman spe
in Figs. 2 and 3 exhibit, respectively, the four strong sh
infrared-active (4F1u) lines and the ten Raman-activ
(8Hg12Ag) intramolecular lines predicted for the molecul
I h symmetry. The remaining relatively weaker features in
figures for pristine C60 are identified with overtone~2v! or
combination~v11v2! modes, as reported earlier.46–48 The
polarizedAg modes are nondegenerate, and theF1u andHg
modes are threefold and fivefold degenerate, respectiv
Under the near resonance conditions used in our Raman
periment, the strongest Raman line is theAg~2! line at 1469
cm21. This line is identified with the ‘‘pentagonal pinch’
mode, which involves the symmetric, simultaneous contr
tion of the 12 pentagonal rings of the molecule. The posit

FIG. 2. Room-temperature infrared transmission spectra of p
tine C60 compared to those of photopolymerized C60, O, mixed
phase [(0.5)O1(0.5)T] phase, R and mixed phase@~0.8!R
1~0.2!3D# polymers. The infrared transmission spectrum of a C60
film ~d;5800 Å! that was simultaneously exposed to light~488 nm,
15 mW/mm2! and 1 atm oxygen for 25 h is also shown at t
bottom of the figure. See text.
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of this line has been shown to be sensitive to alkali-me
doping and polymerization in the solid state.1,33,36,44,49,50The
‘‘breathing’’ or radial Ag~1! line is located at;496 cm21

~Fig. 3!.
Direct evidence for covalent bonds in the HPHT polyme

comes from their infrared~Fig. 2! and Raman spectra~Fig.
3!. The infrared and Raman spectra for the C60 photopolymer
have been discussed previously.1 However, vibrational spec-
tra on the C60 photopolymer with better signal-to-noise rat
are shown in Figs. 2 and 3 for comparison with that of t
HPHT polymers. For the C60 photopolymer and the HPHT
polymers, the new intermolecular bonds, as well as the c
comitant changes in theintramolecularC-C bonding, pro-
vide a strong mechanism to break theI h symmetry of the C60
molecules. This reduced symmetry activates many new
frared and Raman modes, thereby borrowing oscilla
strength from the 4F1u and (8Hg12Ag) intramolecular
modes, respectively. In fact, as we discuss below, sev
new modes are observed, which are also clearly shifted
result of the polymerization~Figs. 2 and 3!. As the inter-
fullerene bonds form at the expense of double bonds on
C60 cage, the cage is expected to soften and an overall do
shift in many of the formerly ‘‘intraball’’ mode frequencie
is expected. Consistent with this picture, is the experime
evidence for elongation of theintramolecularC-C bonds ob-
tained from Rietveld refinements of polymericM1C60,

13 and
the R, T, andO polymer phases.4 Furthermore, consisten
with XRD simulations4 and NMR experiments,38 the sharp-
ness of many of the new infrared and Raman-active lines
the C60 polymers indicate that the C60 cage remains intact.

We first discuss in more detail the infrared spectra of
family of C60 polymers shown in Fig. 2. From top to bottom
in the figure are infrared transmission spectra for C60, C60
photopolymer,O, mixed phase [(0.5)O1(0.5)T], R, and
mixed phase@~0.8!R1~0.2!3D# polymers. The numbers in
parentheses are estimates of the fraction of the respe
phase in the sample as determined from a XRD simulat
The approximate center frequency of selected absorp
bands are labeled in the figure. The infrared transmiss
spectrum of a C60 film ~d;5800 Å! that was simultaneously
exposed to light~488 nm, 15 mW/mm2! and 1 atm oxygen
for 25 h is also shown at the bottom of the figure and w
used later in the discussion of the inhomogeneously bro
ened features observed in Fig. 2.

The four intramolecularF1u-derived modes exhibit soft
ening and are split by the formation of interfullerene bon
In addition to the split and downshiftedF1u-derived modes,
several infrared-active modes are also observed in the in
red spectra of the polymers. Some give rise to relativ
sharp lines and others to very broad features, for exam
the continuum in the range 900,v,1700 cm21 in Fig. 2. It
is interesting to note that the appearance of this continuum
basically the same for all pressure-induced polymers and
similar to that seen for the oxygen-doped C60 film ~Fig. 2,
bottom spectrum!. We discuss this further below.

The F1u~1! mode in fcc pristine C60 is observed to
broaden and soften from 526 to 522 cm21 in the spectrum of
the mixed [(0.5)O1(0.5)T] phase polymer. This line is ob
served to further soften and split into two sharp lines at 5
and 524 cm21 in the spectrum for theR polymer. Due to the
proximity of theF1u~1! andF1u~2! modes in pristine C60, it

s-
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FIG. 3. Room-temperature Raman spectra
pristine C60 film, photopolymerized C60 film, and
the pressure-induced polymers~see text!.
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is difficult to unambiguously assign the set of modes o
served in the range 500,v,580 cm21 as split modes de
rived from either theF1u~1! or F1u~2! mode. The 1183- and
1229-cm21 modes in the spectrum of the photopolymer a
identified as splitF1u~3!-derived modes. Clear observatio
of theF1u~3!-derived modes in the HPHT infrared spectra
masked by the presence of the inhomogeneously broad
feature centered;1107 cm21. We take this view for reason
discussed below, rather than to assign the very broad fea
to broadenedF1u~3!-derived modes. Nevertheless, the we
mode at 1219 cm21 in theO phase spectrum and 1205-cm21

mode in theR-phase spectrum are identified with the so
ened 1229-cm21 mode observed in the spectrum of the ph
topolymer. The infrared lines at 1424 and 1460 cm21 in the
spectrum of the photopolymer are identified wi
F1u~4!-derived modes. In the HPHT polymers, the featu
between 1360 and;1480 cm21 are identified as broadene
F1u~4!-derived modes. It is interesting to note that the f
quency of these infrared bands matches rather well w
those of the Raman bands for the same material~see Fig. 3!.
From group theory, it is known that the Raman and infra
active modes are no longer strictly complementary once
inversion symmetry is broken; i.e., Raman-active modes
also observed in the corresponding infrared spectrum
vice versa. In fact, weak Raman active peaks are observe
Fig. 3 at frequency positions corresponding to stro
infrared-active modes. Similar arguments have been mad
Rb-doped C60 ~Rb1C60! by Martin et al. who proposed tha
the high-temperature Rb1C60 phase quenched to room tem
perature was composed of C60 dimers without a center o
inversion.51

We next discuss the new infrared-active bands in Fig
that cannot be viewed approximately asF1u-derived modes
activated due to polymerization. The weak band at 484 cm21

in the spectrum of photopolymerized C60 appears to broade
and soften in the HPHT polymers, except in the case of
(0.5)O1(0.5)T sample where an additional, resolved we
-

ed
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g
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peak centered around 482 cm21 is also observed. Likewise
the 616-cm21 mode is observed to soften to 608 cm21 in the
HPHT polymers. As can be seen in Fig. 2, the infrared
tensities of the set of new modes in the range 700,v,800
cm21 are found quite sensitive to the particular fullere
polymer phase, exhibiting weak intensity for the 1DO poly-
mer and relatively stronger intensity for the 2DR polymer.

The origin of the broad infrared continuum seen in theR,
T, andO spectra may simply be caused by incomplete
disordered interfullerene bonding. Thepresenceof inhomo-
geneously broadened lines in the infrared spectrum and t
absencein the corresponding Raman spectrum were repor
earlier52 for a C60 film ~d;5800 Å! that was simultaneously
exposed to light~488 nm, 15 mW/mm2! and 1 atm oxygen
for 25 h. The infrared spectrum for this 25-h oxygen-dop
C60 film is depicted at the bottom of Fig. 2. For a sho
exposure time, very little change in the infrared and Ram
spectra over that for pristine C60 was observed.

52 During this
period, O2 simply diffuses into interstitial positions of th
lattice, albeit the diffusion rate is accelerated dramatically
the presence of the light.52,53 With continued exposure to
light and oxygen, a chemical attack of the C60 cages was
observed~CvO stretch at 1750 cm21! and broad infrared
bands were observed52 that are similar to the broad con
tinuum seen in theR, T, andO infrared spectra. The broa
infrared bands in the oxygen-doped C60 film were attributed
to inhomogeneously broadened modes due to the variet
possible C60Ox molecules.52 The overall similarity of the
continuum in the infrared spectra of pressure-induced po
mers and oxygen-doped C60 is evident in Fig. 2, although
differences in the continuum are observed. Thus the br
infrared features in the HPHT polymers might stem fro
imperfect ~i.e., random! intermolecular bonding. We migh
also add that the changes in the vibrational spectrum ass
ated with photoassisted oxygen doping in C60 films are quite
different in that ~i! the 4F1u modes donot exhibit mode
splitting or softening and~ii ! the Raman spectrum doesnot
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4770 55A. M. RAO et al.
exhibit the broad continuum, such as the one observed
the ~0.8!R1~0.2!3D sample in Fig. 3.

Returning to Fig. 3, we make further comments about
Raman spectra of the C60 polymers. Approximate center fre
quencies for selected Raman peaks are indicated in the
ure. The strongest Raman line at 1469 cm21 in pristine C60
~pentagonal pinch mode! is observed downshifted to 146
cm21 in the spectrum for photopolymerized C60. As noted in
previous work, this band loses intensity and becom
depolarized.43,50 It is clear that the Raman spectra of th
HPHT polymers are similar to that observed for the pho
polymer. However, differences exist that need to be elu
dated theoretically. As was the case for theF1u modes,
pressure-induced polymerization appears to induce a s
ting of the fivefold degenerateHg modes. In addition, new
Raman lines that cannot be viewed asHg-derived modes are
also observed in Fig. 3. Furthermore, the Raman spect
for the ~0.8!R1~0.2!3D sample is quite similar to that ob
served for theR polymer, although the Raman peaks in t
former are broadened and accompanied with a broad
tinuum in the frequency region in the range 800,v,1700
cm21. Thus it is difficult to assign any Raman feature in th
sample with the 3D component. The origin of this bro
continuum in the Raman spectrum for the~0.8!R1~0.2!3D
sample might signal the presence of some broken C60 cages
produced under the extreme synthesis conditions. Broken60
cages would also give rise to a broad background in the X
data.

The set of lines in the range 200,v,300 cm21 in Fig. 3
can be thought of asHg~1!-derived modes. Likewise, the se
of Raman-active lines in the range 400,v,460 cm21 are
assigned to modes that result from the splitting of theHg~2!
mode at 431 cm21 in pristine C60. While theHg~1!-derived
modes in the photopolymer andO spectra, and the
Hg~2!-derived modes in theR spectrum are well resolved
otherHg~1!- andHg~2!-derived modes are somewhat broa
ened. TheHg~2!-derived peak at 430 cm21 is particularly
intense in the Raman spectrum of the (0.5)O1(0.5)T phase.
The nondegenerateAg~1! mode is found to soften from 49
cm21 in pristine C60 to ;490 cm21 in the spectrum of theR
polymer. Raman lines in the frequency regions 700,v,800
cm21 and 1100,v,1280 cm21 are assigned, respectivel
to the Hg~3!- and Hg~4!-derived and theHg~5!- and
Hg~6!-derived modes. Similarly, the Raman-active modes
the frequency region 1350,v,1600 cm21 can be identified
asHg~7!- andHg~8!-derived modes and the strongest peak
this region corresponds to theAg~2!-derived mode. Finally in
Fig. 3, the observation of Raman-active modes that arenot
Hg-derived modes is particularly evident in the frequen
range 900,v,1000 cm21, and the intensity of these mode
is sensitive to the particular structure of the fullerene po
mer.

Theoretical calculations of the frequencies and intensi
of the infrared- and Raman-active vibrational modes in C60
dimers, trimers, and infinite one-dimensional polyme
chains have been reported in the literature. While sev
groups have calculated the vibrational mo
frequencies,25,26,28,29 only Adams et al.26,30 and Porezag
et al.28 have also obtained the intensity of the Raman-ac
modes. To our knowledge, the calculated infrared intensi
have been reported only for the C60 dimer.

30 In Fig. 4, the
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theoretical infrared absorption spectra of C60 and the C60
dimer ~shown as inset figures! calculated Adamset al.30 are
compared to the experimental absorption spectrum for
pristine and photopolymerized C60. A smooth sloping back-
ground was removed from the experimental transmissionT)
data and the results are plotted as an optical den
@log10~1/T!# versus frequency. The theoretical absorpti
peaks in the inset figures have been artificially broade
into Lorentzians with 1 cm21 for the full width at half maxi-
mum ~FWHM! peak intensity.

Comparing first the calculated and experimental res
for C60, we see that the fourF1u modes are reproduced i
reasonably good agreement with experiment, except for
relative intensity of theF1u~3! mode. The calculatedF1u~3!
andF1u~4! mode frequencies are also noticeably higher th
the corresponding experimental frequencies by;40 and
;120 cm21, respectively.30 It is therefore reasonable to ex
pect that the calculated dimer spectrum exhibits similar d
agreement compared to the experiment. Thus for
F1u~3!-derived modes, the calculated intensities would
expected to be too intense and the calculated frequencie
be somewhat higher. While it is tempting to say that t
calculated dimer frequencies and intensities are in qualita
agreement with the photopolymer spectrum, it must be
preciated that many of the experimental photopolymer lin

FIG. 4. Comparison of the experimental infrared optical dens
of pristine C60 and photopolymerized C60 to the calculated spectra
of C60 and C60 dimers@insets~see Ref. 30!#. The calculated infrared
absorption peaks have bean artificially broadened into Lorentz
of 1 cm21 for the FWHM peak intensity.
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are much broader than observed in solid C60. It is therefore
possible that these broad features simply stem from inho
geneous broadening due to the formation of a range of hig
oligomers, consistent with the LDMS data1,54 and XRD
data.23 It should be emphasized that the structure of the p
topolymer is still under study. Based on a comparison of
calculated electronic and vibrational states for the C60 dimer
by Adamset al.26 to their experimental ultraviolet photo
emission spectroscopy~UPS! and vibrational data of lase
modified thin ~d;400 Å! C60 films, Lopinski, Fox, and
Lannin55 have suggested that the photopolymerized C60 is
predominantly comprised of dimers, and trimers to a sm
extent. However, a distribution of~C60!N clusters for
N51, . . .,20, has been observed in the LDMS studies of
photopolymer1,54 and interpreted as evidence for covale
bonding between molecules in these large clusters. In
opinion, this LDMS observation remains inconsistent w
the ‘‘dimer’’ model for the photopolymer.

In Fig. 5, the calculated and experimental Raman sp
trum for solid C60 appears in the upper panel. In the low
panel of the figure, the calculated Raman spectrum fo
neutral chain polymer comprised of C60 cages connected b
four membered rings is compared with the spectra for
photopolymer and theO polymer. The calculated Raman in
tensities in the inset figures were obtained using the fi

FIG. 5. Upper panel: Comparison of the experimental Ram
spectrum of pristine C60 to the calculated Raman spectrum report
by Adamset al. ~Ref. 26! ~see text!. Lower panel: Comparison o
the experimental Raman spectrum of theO polymer and the pho-
topolymer to the calculated Raman spectrum for an infinitely lo
1D C60 polymer chain~Refs. 26 and 30! ~see text!. In both panels,
the calculated Raman peaks have been artificially broadened
Lorentzians of 1 cm21 for the FWHM peak intensity.
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principles force constants together with the bond-charge
larizability parameters appropriate for describin
nonresonance Raman scattering intensities.30,56 For the
benchmark C60 solid, the calculated and experimental fr
quencies compare well except for the high-frequency tang
tial modes. The calculated C60 frequencies are found;130
cm21 higher than the corresponding experimental frequ
cies for the high-frequency Raman-active modes. Furth
more, the calculated C60 intensities are not in good agree
ment with experiment since the calculations employed
bond polarizability parameters reported for nonreson
scattering.30,56The Raman data shown in Figs. 3 and 5 we
collected at near-resonance. In Fig. 5, to facilitate be
comparison of the calculated mode frequencies to the exp
mental high-frequency tangential modes, the calculated s
tra above;1350 cm21 were intentionally downshifted in
frequency by 130 cm21. Note that the experimental Rama
intensities have also been suitably scaled above 1350 cm21.
Since the bond charge model~nonresonance! predicts that
the intensities of theAg~1! andAg~2! lines for pristine C60
are nearly the same~upper panel!, we can probably assum
that the theory will underestimate the intensity of t
Ag~2!-derived mode in the Raman spectra for polymers~bot-
tom panel!. Taking this view we compare the calculated r
sults for the neutral polymer chain to that obtained expe
mentally for the HPHTO polymer and the photopolymer
Qualitatively, theory is seen to be in good agreement w
experiment; i.e., regions of theoretical and experimental
man activity are in qualitative agreement. Although o
might expect theO polymer to be reasonably well describe
by the theoretical model, the photopolymer is not though
exhibit polymeric chain structures.23 At this point, it may be
best to simply state that the calculated Raman spectrum
neutral C60 chain polymer is in qualitative agreement wi
both theO and photopolymer experimental data. Insofar
the photopolymer is concerned, further structural studies
needed to prove or disprove the presence of oligomer cha
It should be noted that the infrared spectra of these two p
mer phases are very different. Therefore, it is much too e
to give serious consideration to oligomer chain formation
the photopolymer.

Since the Raman spectra in the vicinity of the pentago
pinch mode are distinct for each of the polymeric phases,
spectra are reproduced in Fig. 6 on an expanded freque
scale. The data in the figure are represented by dots and
solid curves through the data represent the results of Lor
oscillator fits to the data. Since the phase purity in the sam
was inferred from the XRD measurements, the Raman sp
trum for theT polymer in Fig. 6 was calculated simply b
subtraction of the Raman spectrum for theO polymer from
that measured for the~0.5!T1~0.5!O sample. Individual Lor-
entz oscillators are shown below the data superimposed
flat background and the Lorentzians are intentionally d
placed downward for clarity. The center frequencies for
Lorentz oscillators in the spectra of HPHT polymers are o
served very nearly at the same frequency; only the rela
intensities change. The frequencies are;1408, ;1424,
;1433, ;1446, ;1458, and;1464 cm21 and the width
~FWHM! of these oscillator are listed in Table I. In Fig. 6
the strongest Raman line for theR ~and alsoT! polymer is
observed around 1445 cm21, in good agreement with 1447
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cm21 reported for theR polymer in Ref. 3. However, the
frequency position of the strongest Raman line for theO
polymer ~1464 cm21! is found;4 cm21 upshifted from the
frequency position~1460 cm21! reported for theO polymer
by Sundaret al.41 It should be remarked that the synthes
conditions for theO polymer adopted in Ref. 41~7.5 GPa
and 800 °C for 6 h! are drastically different from those use
in this study~;4.8 GPa and;250 °C for 1 h!. Furthermore,
since they did not report a detailed line-shape analysis, t
reported frequencies may differ slightly from ours report
here. The weak Raman peak at 1445 cm21 in theO phase
spectrum~cf. Fig. 6! was observed as a relatively stron
shoulder to the 1460-cm21 peak in the Raman spectra r
ported in Ref. 41.

If it is assumed that the strongest peak in the Raman s
tra for the polymeric phases is always basically the sa

FIG. 6. Raman spectra for the photopolymer and the HP
polymers in the vicinity of the pentagonal pinch mode frequen
The dots represent the experimental data and the solid c
through the data is a result of a Lorentzian line-shape analy
Individual Lorentz oscillators~see Table I! for each spectrum are
shown below the data superimposed on a flat background.

TABLE I. Experimentally determined Raman-active frequenc
in cm21 for photopolymerized C60 and HPHT polymers. The num
bers within the parentheses correspond to the full width at
maximum~FWHM! intensity linewidths in cm21.

Photopolymer R O T

1396 ~8! 1399~10!
1408 ~4! 1407~10!

1424 ~7! 1424 ~6! 1426~13! 1424 ~8!

1434 ~3! 1434 ~7! 1433 ~3! 1433 ~3!

1446 ~3! 1447 ~6! 1445 ~3! 1446 ~5!

1453 ~3!

1460 ~4! 1458 ~6! 1460 ~5! 1458 ~5!

1464 ~5! 1464 ~4! 1464 ~5!
ir

c-
e

Ag~2!-derived mode, then a plot of mode frequency as
function of the intermolecular separation (aI) has physical
meaning. This plot is displayed in Fig. 7 along with a simil
plot for the strongestF1u~4!-derived mode. The shift to
lower frequency for the pentagonal pinch mode has b
modeled using molecular dynamics for a C60 dimer, trimer,
and higher oligomers.26,28A downshift of;10 cm21 for the
Ag~2!-derived mode frequency was predicted for the C60
dimer and trimer; and another peak downshifted by;20
cm21 was predicted for longer C60 polymers.

28 The upper
line shown in Fig. 7 is a least-squares fit to the data for
Ag~2!-derived mode frequency versusaI and the lower line is
the fit to theF1u~4!-derived mode. The values for the fre
quency position and the intermolecular distance for theF
phase were obtained from Ref. 3. The least-squares fit yi
Dv/DaI;19 cm21/Å for theAg~2!-derived mode, a value o
Dv/DaI;58 cm21/Å is obtained for theF1u~4!-derived
mode. For comparison, theAg~2!-derived mode and the
F1u~4!-derived mode frequencies in the alkali metal (M )
doped C60 ~MxC60! exhibit, respectively, a softening of 6 an
14 cm21 per electron transferred from the alkali metal to t
C60 molecule.

50

IV. CONCLUSIONS

The interfullerene bonds provide a strong mechanism
break the icosahedral symmetry of an isolated C60 molecule,
thus revealing rich infrared and Raman spectra for
fullerene polymers. As a result, all the Raman-activeHg
modes and infrared-activeF1u modes are visibly split in the
experiment and theoretical spectra. Furthermore, mos
these modes are softened relative to their counterpart
pristine C60 and this is attributed to the loss of double bon

T
.
ve
is.

s

lf

FIG. 7. Plot of frequency positions for theAg~2!- and
F1u~4!-derived modes in the polymeric phases vs the correspon
intermolecular distances. The solid inclined lines represent the
ear least-squares fits to the data described here and those rep
by Iwasaet al. ~Ref. 3!.
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in the C60 cages, which have been broken to form fou
membered intermolecular rings. The calculated vibratio
spectra for C60, C60 dimer, and the C60 infinite polymer chain
were found in qualitative agreement with the experimen
spectra for pristine C60, photopolymer, and theO polymer,
respectively, yet the infrared data for theO polymer and
photopolymer are quite different. The overall similarity b
tween the Raman spectra of theO polymer and the photo
polymer suggests that the photopolymer may be compo
of polymer chains but further structural work is necessary
the photopolymer to substantiate the presence of chain
gomers. A frequency softening ofDv/DaI;58 cm21/Å and
;19 cm21/Å is estimated, respectively, for theF1u~4!- and
theAg~2!-derived modes. Since these polymeric systems
quite complex structurally, theoretical calculations of the
frared and Raman spectra for each polymeric phase wil
required to interpret quantitatively the experimental resu
Further experimental work is needed to identify the lo
frequency ~v<200 cm21! infrared and Raman modes o
o-
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these C60 polymers, as these modes most directly probe
nature of the intermolecular coupling.

Note added in proof. Recently, further simulations of th
XRD data of the orthorhombic polymer indicated the pre
ence of disorder in the sample. This has been identified w
variable polymer chains as well as possible ‘‘bifurcation’’
these chains. These XRD simulations indicate that the in
molecular distance (aI) is 9.26 Å, instead of the expecte
value of 9.1 Å. Furthermore, we found that a more orde
orthorhombic phase withaI59.07 Å coexists with the te-
tragonal phase, as, for example, in the~0.5O10.5T! sample
used in this study.
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