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Spectroscopic study of pressure-polymerized phases of C60
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Comparative studies of the infrared~IR! and Raman spectra of the orthorhombic, tetragonal, and rhombo-
hedral pressure-polymerized phases of C60 as well as the pressure-dimerized state have been performed at
ambient conditions. The tentative assignment of the vibrational spectra of different phases has shown that they
could be perfectly described by the molecular symmetry of the C60 polymers which are the structure-forming
elements of crystalline polymerized phases. This allowed one to consider the IR and Raman spectra of the
crystalline polymerized phases as characteristic of those of the appropriate one- and two-dimensional C60

polymers and to use them for molecular fractional analysis of polymerization products.
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I. INTRODUCTION

The aim of this work was to carry out a comparative stu
of the vibrational spectra of all known crystalline polyme
ized phases~CPP’s! obtained by pressure-temperature tre
ment of fullerite C60.

The orthorhombic~O!, tetragonal~T!, and rhombohedra
~R! CPP’s, formed as a result of the (212) cycloaddition
reaction of C60,

1 were identified in the works of Refs. 2 an
3. In doing so, Nun˜ez-Regueiroet al.2 suggested structura
models of these phases as molecular packing of the lin
one-dimensional and two~tetragonal and trigonal! types of
two-dimensional~2D! polymers of C60 that we arbitrarily
call theO, T, andR polymers. The principal validity of the
suggested structural models of the CPP’s was supporte
numerous theoretical and experimental investigations.4–19

However, at the same time these investigations have sh
that initial data on identification and individual properties
CPP’s require reexamination.

Until now it has been clear that the main reasons for d
crepancies in the individual CPP properties determined
different authors are some difficulties in the synthesis of
pure CPP. That is why, despite the separate in-depth8,12 and
survey11,15 spectroscopic investigations, the complete s
tematic study of the IR and Raman spectra of all the CP
have not yet been carried out.

Our attention was therefore directed in particular to
synthesis of the single-phased samples of CPP’s that w
believed to correspond mainly to the structural models
optimal molecular packing of theO, T, andR polymers.20–22

Successful synthesis of practically pure samples of the
ferent CPP’s allowed us to carry out the investigation of th
individual infrared and Raman spectra in comparison w
those of the initial monomeric fcc phase of C60 and the high-
PRB 610163-1829/2000/61~18!/11936~10!/$15.00
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pressure state composed mainly from the dumbbell-sha
(C60!2 dimer23–27and to fulfill the tentative assignment of th
main vibrational modes of the CPP’s. The results obtain
show that the IR and Raman spectra of the CPP’s can
considered practically as the characteristic spectra of theO,
T, andR polymers of C60 and used for the molecular frac
tional analysis of the products of fullerene polymerization

II. EXPERIMENT

The CPP’s were produced as a result of high-press
high-temperature treatment~HPHTT! of fullerite C60 in
‘‘piston-cylinder’’- and ‘‘toroid’’-type high-pressure de-
vices. High-pure~99.98%!, twice-sublimed small-crystalline
fullerite C60 supplied by Term USA was taken as a starti
material. It was checked spectroscopically on the resid
solvent contamination28 which was found to reduce greatl
the thermal stability of the sample. The initial powder w
stored in in vacuum-sealed ampoules and was opened
prior to use. This procedure largely prevents the intercala
of oxygen in the bulk of material which could react with C60
at high temperature.29

Thep, T parameters and times of HPHTT chosen for sy
thesis of high-pressure phases were equal to 1.2 GPa, 57
20 000 s; 2.2 GPa, 873 K, 2000 s; 6.0 GPa, 873 K, 2000
and 1.5 GPa, 423 K, 1000 s for theO, T, Rones and the
dimerized state~DS!, respectively. The appropriatep, T
paths of HPHTT are shown in Fig. 1. The samples of hig
pressure phases were conserved at ambient condition
quenching them down to room temperature under press
Other details of HPHTT experiments have been descri
earlier.13,30 It should be noted that we did not find the co
ditions of pure dimeric phase synthesis.26,31 Because of this,
11 936 ©2000 The American Physical Society
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PRB 61 11 937SPECTROSCOPIC STUDY OF PRESSURE-POLYMERIZED . . .
the DS studied in this work was presented by the sam
with the (C60!2 content of about 80 mole %.

The initial checking of the quality of the CPP sampl
was made by the x-ray-diffraction~XRD! method. The
highest-quality samples of the CPP were taken for the s
sequent spectroscopic and microscopic investigations.
x-ray-diffraction experiments were carried out by means
an INEL CPS 120 position-sensitive detector using CuKa1
radiation. Powdered samples were put into Lindemann g
capillaries of 0.5 mm in diameter which were rotated arou
the Q axis during the experiments.

The IR transmission spectra of the samples pelletted
KBr were recorded on a Specord M80~Karl Zeiss! spectro-
photometer. The Raman spectra were investigated wit
Brucker FT Raman RTS100 spectrometer and a DilorXY
spectrometer using Nd:YAG and Ar1/Kr1 lasers as excita
tion sources with wavelengths of 1064, 568.2, and 514.5
All measurements were taken in a backscattering geome
To avoid noticeable damage of samples during the exp
ments, the values of the power densities in the visible ra
were maintained at 0.2–1.5 W/cm2.

Microscopic investigation of samples was carried out
ing DSM 982 Gemini, an electron-scanning microscope.

III. RESULTS AND DISCUSSION

The experimental and calculated XRD patterns for
CPP are presented in Fig. 2 in comparison with the exp
mental patterns of the pristine C60 and the DS. The structura
characteristics of obtained CPP are given in Table I in co
parison with the data of other authors.

It should be remarked that the quality of the experimen

FIG. 1. Tentativep, T diagram of C60. The arrows showp, T
paths used for the synthesis of theO, T, andR phases at pointsO,
T, andR; a state containing 80% of (C60)2 was prepared at pointD.
The state enriched in (C60)2 ~dimerized state, DS! occupy a black
zone.Mp corresponds to the range of theO, T, andR phases sepa
rated by dotted lines.SC is the Pa3 phase,gc is a glass phase.A
represents the existence range of atomic carbon resulting from
destruction of the C60 molecules.
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powdered XRD patterns does not allow us to determine
ambiguously the space groups of the CPP. Therefore
structural model of these phases was adjusted on the bas
the energy calculations ofO, T, andR polymer packings by
the atom-atom potential method.19–22 To date the theoreti-
cally predicted space groups for theO and T phases have
already been confirmed experimentally.18,32

Comparison of experimental and calculated XRD patte
for the O, T, and R phases~Fig. 2! shows that there are
practically no unindexed diffraction peaks in the experime
tal patterns. Thus the samples obtained are almost si
phased and really present the molecular packing of theO, T,
andR polymers of C60.

Further experimental verification of this conclusion com
from the results of microscopic investigation. The micr
graphs of the sample slivers in Fig. 3 show the influence
the structure of the 1D and 2D polymers—the structu
forming elements of CPP—on the silver morphology. T
details of the layer sequence parallel to the (001)T face and
to the (00.1)R face can be seen in Figs. 3~b! and ~c!. The

he

FIG. 2. XRD patterns for the pristine C60, dimerized state~DS!
and theO, T, andR phases~black: experimental, and dotted line
calculated!.

TABLE I. Comparison of structural parameters of the all know
polymerized phases of C60.

Phase
Space
group

Cell parameters~Å!
V Å3,

per mol. Ref.a b c

Pristine
C60

Fm 3̄m 14.17 711 This work

O Pmnn 9.098 9.831 14.72 658 This work
Pmnn 9.14 9.90 14.66 663 18
Immm 9.26 9.88 14.22 650 2
Im3 9.23 10.00 14.32 661 10

T P42 /mmc 9.097 9.097 15.02 622 This work
Immm 9.09 9.09 14.95 618 2

P42 /mmc 9.02 9.02 14.93 607 32

R R 3̄m(60°) 9.204 24.61 602 This work

R 3̄m 9.19 24.50 597 2

9.22 24.6 603 3
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11 938 PRB 61V. A. DAVYDOV et al.
micrograph of theO phase@Fig. 3~a!# demonstrates in turn a
fiberlike character of the structure.

The IR and Raman spectra of the pristine monomeric
phase of C60, the DS, and the CPP are given in Figs. 4 and
Table II contains the assigned literature set of C60
frequencies33 as well as our IR and Raman data on pristi
fullerene, the DS, and theO, T, and R phases of C60. The
Raman frequencies of the fcc phase, the DS, and theO phase
are those from the spectra obtained under Nd:YAG laser
citation @Figs. 5~a!–~c!#; the frequencies of theO, T, andR
phases are collected from Kr1 line excited spectra@Figs.
5~d!–~f!#. The tentative assignment of CPP modes as deri
from definite parent vibrations follows from their position
Table II. Note also that some weak features, e.g., near
cm21, remained unassigned.

The isolated C60 molecule possessesI h symmetry, its 174
vibrations being distributed between 46 distinct modes
cording to irreducible representation:34,35

FIG. 3. Scanning electron microscope micrographs of the sliv
of CPP samples:O phase~a!, T phase~b!, R phase~c!.
c
.

x-

d
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Gv52Ag13F1g14F2g16Gg18Hg1Au14F1u15F2u

16Gu17Hu .

From these, because of selection rules, only four mode
F1u symmetry are IR active and ten modes ofAg and Hg
symmetry are allowed in Raman spectra; the remaining
modes are silent. At present, all vibrations are reliably
signed as a result of numerous experimental and theore
investigations~for more details, see, e.g., Ref. 35!. This work
follows the exhaustive experimental interpretation of the C60
spectra made by Martinet al.33

In the spectra of the crystalline monomeric phases of C60,
some additional features are observed caused by the lo
site symmetry of the molecules in the lattice, the symme
of the cage position beingTh in the fcc phase andS6 in the
low-temperature simple cubic phase.34–37 In thick layers and
reflectivity measurements, the combination modes could a
be observed.33,35,38 Generally, these crystal-field effect
dominate over the isotopic substitution39–42and both of them
cause much weaker spectral bands than those correspon
to the IR- and Raman-active modes of the C60 molecule.

The situation is changed drastically by the formation
C60 polymers. The formation of intercage covalent bon

rs

FIG. 4. IR spectra of the pristine C60 ~a!, O ~c!, T ~d!, R ~e!
phases, and DS~b!.
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PRB 61 11 939SPECTROSCOPIC STUDY OF PRESSURE-POLYMERIZED . . .
vigorously reduces the molecular symmetry and gives ris
pronounced changes of the vibrational spectra.3,43–46Assum-
ing the regularity and sufficient extension of the polyme
they could be treated spectroscopically as monomeric lin
Hence one should expect eitherD2h molecular symmetry in
the O and T phases orD3d symmetry in theR one. Such a
lowering of symmetry should activate the silent modes
C60 and result in appropriate splitting of all of the degener
modes, and some additional bands should be observed
responding to the vibrations of bonding fragments. Thus
dramatic symmetry reduction becomes the decisive fa
that determines the structure of the vibrational spectra~Figs.
4 and 5!. The role of the crystal-field effect and natural is
topic 13C substitution could be evaluated, e.g., by the vio
tion of the mutual exclusion rule in the spectra of all po
meric systems being center symmetric because all polym
systems should retain the inversion center.

The tentative assignment of the spectra was generally
filled according to the group-theoretical predictions of mo
activity within the chosen point group, and the splitting
the allowed and silent modes of C60 under a definite reduc
tion of symmetry. The correlation between theI h , D2h , and
D3d symmetry point groups could be established readily
ing the tables of characters. Such tables have been g
earlier, but several misprints in Table I published in Ref.
need some comments. While the omission of theB3u com-
ponent in the reduction of theHu mode under theD2h per-
turbation did not affect the declared ‘‘0→3’’ splitting, the
misprints in the part of the table devoted to theD3d symme-
try led to an improper number of the expected IR and Ram
bands. In Table III the correct correlation is therefore giv

As can be seen, on the symmetry reduction to theD3d
point group, theGg andHg modes should split in the Rama
spectrum into two and three components respectively, w
the triply degenerateF modes could be activated as single
only, because of the inactivity of theA2g species. All of the
odd icosahedral modes should split into doublets in the
spectrum, the only forbidden mode being theA1u species. As
the result, 45 lines could be observed in the Raman spec
of the C60 cage distorted by theD3d symmetry (16A1g
129Eg), and 44 bands (15A2u129Eu) in IR. In the case of

FIG. 5. Raman spectra of the pristine C60 ~a!, DS ~b!, and O
phase~c!, excited by a 1064-nm line; those of theO ~d!, T ~e!, and
R ~f! phases, excited by a 568.2-nm line.
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the D2h symmetry, the numbers of IR- and Raman-acti
modes are correspondingly equal to 66~B1u , B2u , B3u! and
87 ~Ag , B1g , B2g , B3g!, as has already been noted.8,12

The (C60)2 molecule belongs also to theD2h point group
but, in contrast to the cases of theO andT polymers, where
the inversion center could be placed in the center of a ca
in the dimer molecule it is situated in the center of a fou
member cycle. Thus the symmetry of the cage isC2v . The
loss of the inversion center by the cage should not only
move the degeneracy but also activate all degenerate ic
hedral modes both in the Raman and IR spectra. In
(C60)2 molecule such ‘‘low-symmetry’’ motions of the cage
would combine to yield both odd and even collective vibr
tions ~with respect to the molecular center of inversion!, in
accordance with theD2h overall symmetry.

These symmetry species should, of course, obey the
tual exclusion rule intrinsic to the point group, but for th
purposes of tentative assignment it is important to ment
that the derivatives of all degenerate icosahedral mo
could be observed in both the Raman and the IR spectr
the dimer. As for the nondegenerate modes of the cage,
of them gives one even and one odd vibration of the (C60)2

molecule: 2Ag(C60)→Ag1B1u@(C60)2#; 2Au(C60)→Au

1B1g@(C60)2#. Hence theAg derivatives might be observe
both in the Raman and the IR spectra, while theAu deriva-
tives is active only in the Raman scattering. As a result, 1
~B1u , B2u , B3u! and 177~Ag , B1g , B2g , B3g! modes are
expected correspondingly in the IR and Raman spectra of
(C60)2 molecule, taking into account also interball vibr
tions.

The group-theoretical analysis thus predicts more th
300 modes in the (C60)2 molecule, more than 150 vibration
of the distorted C60 cage in theO andT polymers, and almos
100 modes in the link of theR polymer distributed between
the IR and Raman spectra with the slight numerical sup
ority of the latter. The real IR and Raman spectra both c
sist only of some tens of well-distinguished bands with f
quencies which do not coincide, apart from a few exceptio
~Figs. 4 and 5 and Table II!. This suggests that no additiona
symmetry reduction~caused by effects other than chemic
bonding! play an essential role. The reason for there being
few bands in the experimental spectra of polymeric spec
in comparison with the predicted number, lies presumably
the insufficient intensity of some bands. Sometimes the
casional degeneracy of frequencies takes place in the sp
of the dimer. Nevertheless, the majority of parent modes
observed and assigned in the spectra of polymers of C60.

In the IR spectrum of the dimer, the fourF1u-derived
bands are readily seen, their weighed center being with
3-cm21 interval from the parent modes. The relative inten
ties of F1u(2 – 4) modes drop. The bands at 526 and 5
cm21 possess asymmetric contours; the width of t
1426-cm21 band rises to 20 cm21, and theF1u(3) parent
mode splits into a doublet of 1184/1189 cm21 with a low-
frequency shoulder. The splitting of the parent modes in
chained polymer is more pronounced: the shoulder near
cm21 at F1u(1) band is resolved, the width of the band
576 cm21 is twice of that of theF1u(2) mode of C60 or its
analog in the dimer molecule; the bands appear at 1195
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TABLE II. The vibrational modes of the pristine, DS, and polymerized phases of C60 with their assign-
ment.

@33#

fcc C60 DS O T R

IR R IR R IR R IR R IR R

1600Hu(7)
1596Gg(6) 1626

1620
1576Hg(8) 1574 1570 1572 1573 1567
1567Hg(8) 1556 1560 1550
1544F2g(4) 1540 1544 1538
1526Gu(6) 1518
1484F1g(3) 1465 1493
1479F1g(3)
1470 Ag(2) 1468 1464 1462 1457 1449 1406
1433F1u(4) 1446 1405
1429F1u(4) 1428 1426 1426 1383
1425Hg(7) 1422 1424 1432 1381
1418Hg(7) 1403 1396
1345Gg(5) 1348 1350 1328 1354

1333
1330Gg(4) 1310 1308 1315

1297 1296 1292
1313F2u(5) 1312 1321 1326 1346 1306

1319 1342
1290Gu(5) 1295 1283
1252Hg(6) 1248 1250 1260 1259 1229

1233 1243 1222
1242Hu(6) 1240 1246 1260 1263

1255 1254
1246

1222Hu(5) 1218 1230 1228 1228
1226 1222
1219 1214

1214F2g(3) 1211 1208
1199Gg(3) 1192 1176 1186

1159 1158
1183F1u(3) 1184 1189 1195 1206

1184 1183 1121
1180

1122Au 1120
1102Hg(5) 1100 1100 1102 1109 1109 1077

1088 1086 1092
1080Gu(4) 1059
1038F2u(4) 1040 1040 1044 1012

1034
973 F1g(2) 972 965 970 977
961 Gg(2) 963 940 943 945 955 956

945
828 Hu(4) 828 920 924 932 998

898 966
882

853 864 838 858
797 F2u(3) 796 801 778 780 778

785 792 768
778 Hg(4) 776 772 770 772 770 748 768
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TABLE II. ~Continued!.

@33#

fcc C60 DS O T R

IR R IR R IR R IR R IR R

775 Hg(4) 767 755 753 743 749
742 735 733

764 F2g(2) 765 762
753 Gu(3) 755 759 765 764

747 762
742

739 Gu(2) 739 737 733 738 747 743
732 730 741
728 728 730

712 F2u(2) 712 711 716 716 718
706 711 711 709

708
709 Hg(3) 710 708 714 713 709

697 685 695
676 667

668 Hu(3) 668 668 668 668 654 663
664 Hu(3) 660 656 646 646

649 642
578 Hu(2) 613 612 614 605 608

596
577 F1u(2) 576 574 576 576 577 565 555

555 550
546

568 F1g(1) 567 561 562 566 588 595
550 556 554 556 566 559

541 F2g(1) 546 543 538 533
526 F1u(1) 526 526 528 530 532 524 52

515 526 522 509
510

495 Ag(1) 496 486 490 488 487 487
485 Gg(1) 478 471 470
431 Hg(2) 432 450 450 452 453 453

441 430 427 432 440
428 415

402 Gu(1) 402
392

353 F2u(1) 365 363
342 Hu(1) 342 338 346 344
272 Hg~1! 272 295 274 282 306

269 256 279 273
256 258 243
95
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1446 cm21 as a result of the splitting of theF1u(3 – 4)
modes. In theT and R polymers, theF1u(1) mode demon-
strates the expected behavior, splitting into a triplet w
components at 510, 522, 532, cm21 and into a doublet of
509/524 cm21, respectively. TheF1u(2) mode in theR phase
also splits into two moderate lines of equal intensity~550
and 555 cm21!, while in theT phase one strong line at 55
cm21 and two very weak features at 546 and 565 cm21 are
observed. No marked bands were found in the region of
F1u(3 – 4) modes for the tetragonal structure. A sharp m
erate line at 1383 cm21 and a weak band at 1405 cm21 are
e
-

the candidates for theF1u(4) derivatives in the spectra of th
R phase; theF1u(3) mode splits into 1121 and 1206-cm21

bands.
As was mentioned in the earliest IR study of polyme

states of C60,
3 the maximum of activity from silent modes i

gained in a 700–800 cm21 spectral range. This is hardl
surprising, because in this narrow interval the parent m
ecule possesses four modes of odd symmetry at
@F2u(2)#, 739 @Gu(2)#, 753 @Gu(3)#, and 797
@F2u(3)# cm21 that should be activated.33

The most remarkable features in the IR spectrum of
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11 942 PRB 61V. A. DAVYDOV et al.
dimer in this region are the strong band at 796 cm21 and the
doublet at 711/706 cm21. They are readily assigned as d
rived from F2u ~3 and 2! modes, respectively. The band
785 cm21 might formally be regarded as the other comp
nent of the former, but its nature is thought to be quite d
ferent and will be discussed below. The weak triplet of 72
732/737 cm21 is assigned to theGu(2) derivative; the bands
at 747~with low-frequency shoulder! and at 755 cm21 ~very
weak! originate from theGu(3) mode.

There are two additional features to be assigned: the m
erate band at 770 cm21 ~with a shoulder at 767 cm21! and
the sharp line at 762 cm21. The reason for their appearance
an activation of icosahedral even modes in the IR spect
of the (C60)2 molecule, namely those of theHg(4) and the
F2g(2), respectively. The validation of this symmetry
predicted phenomenon was also found in the other spe
regions.

The IR spectra of theO, T, andR polymers in this region
are simpler, as was expected. TheF2u(2) mode in the poly-
meric species splits into doublets with close wave numb
~711–716 cm21 in theO andT phases and 709–718 cm21 in
the R! but quite different relative intensities. In theO poly-
mer, the band at 711 cm21 has a pronounced shoulder th
may be the third component of the splitting. TheGu(2)
mode transforms into triplets of 728/730/738 and of 730/7
747 cm21 in the spectra of chained and tetragonal polyme
respectively, and into the most intense band at 743 cm21 in
the spectrum of theR phase. Strong narrow lines at 759~O!,
762~T!, and 764~R! cm21 originate from theGu(3) mode of
C60. The F2u(3) cage mode softens to 778~O, R! and 780
~T! cm21. The band in theO polymer is fairly broad and
possibly includes another component of splitting. In t
spectra of theT phase this component is included in th
broad band at 768 cm21, the rest of the band being compos
from the component of theGu(3) mode.

In a 600–700 cm21 spectral region, the features chara
teristic of all pressure-polymerized forms of C60 are ob-
served. The strong band at 613~D!, 612 ~O!, 605 ~T!, 608
~R! cm21 is a clear indication of the modification of the cag
the only reasonable explanation of its origin being a sign
cant ~; 30 cm21! blue shift of theHu(2) parent mode.
Slightly higher, the group of theHu(3) derivatives is ob-
served to be strictly in accordance with symmetry pred
tions: the bands at 660~broad! and 668 cm21 in the dimer,

TABLE III. Correlation table of symmetry groupsI h , D2h , and
D3d .

I h D2h Splitting D3d Splitting

Ag Ag 1→1 A1g 1→1
F1g B1g1B2g1B3g 0→3 A2g1Eg 0→1
F2g B1g1B2g1B3g 0→3 A2g1Eg 0→1
Gg Ag1B1g1B2g1B3g 0→4 A1g1A2g1Eg 0→2
Hg 2Ag1B1g1B2g1B3g 1→5 A1g12Eg 1→3

Au Au 0→0 A1u 0→0
F1u B1u1B2u1B3u 1→3 A2u1Eu 1→2
F2u B1u1B2u1B3u 0→3 A2u1Eu 0→2
Gu Au1B1u1B2u1B3u 0→3 A1u1A2u1Eu 0→2
Hu 2Au1B1u1B2u1B3u 0→3 A1u12Eu 0→2
-
-
/

d-

m

ral

rs

/
,

-

,
-

-

well-resolved triplets at 649/656/668 and 642/646/654 cm21

for the O andT polymers, and a doublet at 646/663 cm21 in
the R phase, respectively.

In the region between theF1u(1) and theF1u(2) modes,
the moderate bands at 546, 550, and 561 cm21 were ob-
served in the spectra of the dimer and weak features at
554, and 562 cm21 were found for the chained polymer. Th
emergence of the lines could not be linked to theF1u modes,
because they are already split in the spectra of these sam
Even leaving aside the asymmetric contours and shoul
on the F1u(1,2) derivatives, the distance between the o
served features is too large to originate from that splittin
especially in comparison with the cases of theT and R
phases. Note also that there are no analogs for these ban
the spectra of 2D polymers. The bands were therefore
signed as originating from theF1g(1) andF2g(1) modes of
C60. While the appearance of these bands in the spectrum
the dimer is not surprising, their observation in the chain
structure should be explained. In our opinion, the emerge
of symmetry-forbidden modes in the sample of theO poly-
mer suggests either the contribution of even-member oli
mers or another sort of transitional state, e.g., branched s
tures. The presence of the same species is believed als
cause the band at 785 cm21, best distinguished in the spectr
of the dimerized state. The band was assigned to theF2u(3)
derived vibration of this product because:~i! it is absent in
the spectra of any pure polymeric phase as well as in
spectrum of synthetic (C60)2 ;24 ~ii ! its relative intensity rises
in the spectra of mixtures;~iii ! the position of the band is
intermediate between its analogs~796 and 778 cm21! in the
dimer and theO polymer.

In a 400–500-cm21 region, only the IR spectrum of the
dimer demonstrates distinguishable features: a mode
band at 478 cm21 with a shoulder at 486 cm21, originating
from theGg(1) andAg(1) modes, and several weak bands
450, 441, and 428 cm21 arising from theHg(2) mode. Be-
low 400 cm21, because of the interference of atmosphe
water absorption, the results are less reliable, but the der
tives of theGu(1) andF2u(1) modes are seen in all spect
near 380 and 360 cm21, respectively. The broad feature
338 cm21 in the spectra of theO polymer arises from the
Hu(1) mode.

In the range of the so-called ‘‘fingerprints region’’~800–
1000 cm21!, several bands appear characteristic of ea
polymer, as regards both their wave numbers and their in
sity. In the spectra of the dimer, two very weak features
observed near 920 and 940 cm21; a weak band at 924 cm21

belongs to the chained polymer. TheT phase demonstrate
the band at 932 cm21 ~the most intense of all the phase
this region! and weak bands at 882 and 898 cm21. Two weak
bands at 966 and 998 cm21 are found in the spectra of theR
polymer. The nearest parent modes with odd symmetry
the Hu(4) mode at 828 cm21 and theF2u(4) mode at 1038
cm21,33 both being equally distant from the bands under d
cussion. However, the systematic blue shift of the bands s
gests that their common origin is positioned at a lower f
quency. We therefore assign these bands as originating f
the Hu(4) mode.

Above 1000 cm21, except for theF1u-derived modes, few
weak and moderate bands are observed. The triplets at 1
1226/1230 and 1214/1222/1228 cm21 and a broad band a
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1228 cm21 in the spectra of the dimer and theO and T
polymers, respectively, originate from theHu(5) mode; the
very weak band of the dimer at 1246 cm21 and the multiplets
at 1246/1255/1260 cm21 ~O! and 1254/1263 cm21 ~T! origi-
nate from theHu(6) mode. TheF2u(5) derivatives are ob-
served~in the same sequence! at 1321, 1319/1326, and 1342
1346 cm21 and at 1306 cm21 for the R phase. The band a
1464 cm21 in the spectrum of the dimer was assigned to
Ag(2) derivative, being, in the absence of other candida
one of the clearest indications of the loss of the invers
center by the C60 moiety.

When comparing the Raman spectra of the polymeri
states of C60, one should take into account the prereson
conditions of excitation in visible and near-IR spect
ranges. For pristine fullerene, the phenomenon leads to d
tic changes in the relative intensities of allowed vibration
bands when going from green~514.5 nm! to IR ~1064 nm!
laser lines, and to the observation of the silentF1g(1) mode
at 567 cm21 in the latter case. The process of polymerizati
affects the electronic structure of the material, produces
fects in the solid, and hence additionally changes the co
tions for possible resonance. For the substances which
been discussed up to now, the electron absorption spect
the synthetic dimer23,24 and theR polymer6,47,48 were re-
ported. They demonstrated only the structureless tails of
sorption in the vicinity of exciting lines used in the prese
study, as well as for pristine material. Nevertheless, our
periments obtained some indirect evidence, such as the
tive intensities of the bands and the magnitude and shap
the luminescent background, which suggested that electr
effects are involved. It was found that the Raman spectr
the dimer and the chained polymer of C60 were most infor-
mative upon near-IR excitation when using the Fourier tra
form ~FT! registration technique. The spectra of theT andR
polymers had better quality when excited by green or yell
lines of the Ar1/Kr1 laser. We therefore do not discuss t
systematic transformation of the spectra upon polymer
tion, but describe only the shifts and splitting of the icosa
dral modes that were observed under optimal conditions
registration.

In the FT Raman spectrum of the pressure-dimeri
samples@Figs. 5~a!–~c!#, the redshifts of theAg~1 and 2!
modes of C60 are correspondingly equal to 6 and 8 cm21.
The degeneracy ofHg modes is partially removed: th
Hg(1) mode splits, at least, into triplet, whereas most of
other Hg modes split into doublet. From the derivatives
other even modes, the most prominent are those of theGg(2)
and F1g(2) modes at 943 and 972 cm21, the rest being
present as shoulders or as very weak features. Odd pa
modes are represented byGu derivatives at 392/402, 733
1059, and 1283 cm21, as well as those ofHu(1), F2u(1),
and F1u(1) modes at 342, 365, and 515/528 cm21. A new
band appearing at 95 cm21 can be assigned to the total
symmetric interball vibration. This value is in reasonab
agreement with the best theoretical prediction.49 It should
also be mentioned that the spectrum obtained coinc
strictly with that of synthetic (C60)2 ,25 and, in contrast to IR,
does not contain any additional details.

In the spectrum of the chained polymer, theAg ~1, 2!
parent modes soften to 8 and 12 cm21. The magnitude of the
splitting of theHg modes rises. The derivatives of odd icos
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hedral modes disappear in agreement with symmetry pre
tions. The bands originating from even modes gain in int
sity, presumably theGg(1,3,4) andF1g(2) derivatives at
471, 1192, 1310, and 965 cm21, respectively. At the same
time, the elevated background makes it difficult to exam
the low-frequency region.

The Raman spectra of the DS and theO phase under
green~514.5 nm! line excitation are much less informative
In both cases the rise of activity was observed in the vicin
of the Hg modes and the derivatives of theF1g(2) and
Gg(2) modes appear below 1000 cm21. The spectrum of the
O polymer excited by the yellow Kr1 line ~568.2 nm! con-
tains more features@Fig. 5~d!#. In comparison with near-IR
excitation, a remarkable redistribution of spectral intens
takes place, not only between the derivatives of differ
modes but also within the components of each split icosa
dral vibration. Among the clearest examples is the trans
mation of theHg modes. The derivative of theHg(1) mode
is observed as a band at 257 cm21 with low-frequency shoul-
ders and a very weak feature at 271 cm21, instead of a near-
IR-excited doublet at 256/274 cm21; the Hg(2, 3) modes
~which were weak broad bands at 427 and 714 cm21! rise
upon yellow excitation to strong bands at 425 and 710 cm21,
respectively, being the second and third in intensity throu
out the whole spectrum. TheHg(4) mode splits into a triplet
at 742/753/767 cm21, while the Hg(8) mode splits into a
doublet 1560/1575 cm21. The intensity of theAg(1) band
falls dramatically.

In contrast to previous cases, the Raman spectra of thT
and R phases under green excitation possess a satisfac
signal-to-noise ratio. The spectra of theT polymer have been
described elsewhere:30 the preferential activation of a singl
component for most of the degenerate modes allowed on
assign a one-to-one correspondence between each obs
band and a definite parent vibration. Besides theAg andHg
derivatives, the bands originating from all of theF1g , F2g ,
and most of theGg modes were detected. TheAg(2) and
Hg(3) modes softened to 1449 and 667/685 cm21 respec-
tively, while the F1g(1) derivative was blue shifted to
563/587-cm21 doublet. The usage of a yellow exciting lin
led to a more uniform distribution of spectral intensity@Fig.
5~e!#. Along with theHg(2) band~which remained the mos
intense in the low-frequency range!, the components of the
Hg(1,3,4,) modes and theAg(1) derivative gained signifi-
cant intensity. Dramatic intensity redistribution took pla
below 1000 cm21 resulting in the splitting of theGg(2)
mode into a 948/956-cm21 doublet; a considerable enhanc
ment of theGg(4, 5) andF2g(4) lines was observed. Ther
was little difference between the Raman spectra of theR
polymer when excited by either green or yellow laser lin
The redshift of theAg(2) mode enriches its maximum
value: the corresponding line was detected at 1406 cm21.
The shifts of the weighed center of other modes were no
large, while the value of splitting rose to some tens of cm21.
In the high-frequency range the derivative of theGg(6)
mode is observed as a moderate band at 1620 cm21 with a
shoulder at 1626 cm21 @Fig. 5~f!#.

The results obtained in the present study thus attest
the main features of the vibrational spectra of polymeriz
states with defined molecular constitution can be really p
fectly described by molecular symmetry.12 That is, the vibra-
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tional spectra of theO, T, and R phases can be practicall
considered as identical to those of theO, T, andR polymers.
The determination of the individual vibrational spectra
CPP permits us to make some remarks with reference to
spectral characteristics of different high-pressure polym
ized states of C60 which were published previously.

Regarding the IR spectra, the overall agreement of
results was observed only with data on theR phase. Better
accordance was found with the spectra of Kamaraset al.,12

Kozlov et al.,47 and Iwasaet al.,48 which were free from a
broad feature at 1100 cm21 caused by oxygen contaminatio
present in other works.3,11,15,16Only a few bands ofT poly-
mer and no spectral features ofO phase can be found in th
survey IR spectra of Rao and co-workers.11,15

Raman spectroscopy revealed that the spectra of thO
andR phases presented in Refs. 3, 11, and 15 are not tho
the individualO andR phases. This is most conspicuous
the presence of the bands at 1447 and 1464 cm21, which are
associated with theT phase in the Raman spectrum of t
assumedR phase. At the same time, although our Ram
spectra of theO phase are in qualitative agreement w
those of the pressure-polymerized C60 obtained at 1.1 GPa
and 573 K,6,8,14a more careful analysis of the spectra sho
that the material obtained presents a mixture of chained p
mers and (C60)2 dimers. In our opinion, it is this fact tha
explains the observed two-component structure of theAg(2)
derivative, but not the Davydov splitting as was suggeste8

The interpretation of the spectra carried out in the pres
work can be compared only with the consideration of so
regions of the IR spectra of theR phase12 and with the details
of the splitting of Hg modes in the Raman spectra of th
sample in Ref. 8. In the first case, agreement is achieve
the assignment of the derivatives of theF1u(1 – 4) and, pos-
sibly, F2u(2) andHu(3) modes. Commenting on the inte
.
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pretation of the Raman spectra in Ref. 8, it could be m
tioned that the band near 340 cm21 is observed as in theO
polymer, as in theR phase, and as in dimerized C60. Hence it
could not be a ‘‘very good fingerprint’’8 and a characteristic
of the formation of theO phase.

IV. CONCLUSION

To conclude, the complete vibrational characterization
practically pure CPP of C60 was fulfilled. The application of
group-theoretical analysis enabled us to propose a tenta
assignment of the IR and Raman spectra and to follow
transformation of most of the icosahedral modes upon red
tion of symmetry in the polymerized states of C60. At the
same time, the values of the shifts and the magnitude of
splitting of the parent modes in polymeric systems are
considered in the symmetry approach, since these are d
mined by the changes in geometry and in the intramolec
interactions taking place upon the linkage of the balls. So
ambiguity therefore always exists when ascribing the ba
in the spectra of polymers to a definite vibration of the par
molecule. A more complete understanding might
achieved by appropriate calculations of the vibrational pr
erties of appropriate systems, and in part by the normal
ordinate analysis that is now in progress.
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