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Pressure-induced polymerization of fullerenes: A comparative study of Gy and C,
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To investigate the polymerization of fullerenes, soligh@nd G, have been subjected simultaneously to
high pressures and temperatures, with pressures up to 7.5 GPa and temperatures up to 800 °C. X-ray-
diffraction measurements indicate that the fcc solig ®ansforms to an orthorhombic structure consisting of
a polymerized linear chain of ggmolecules. The associated changes in the intramolecular vibrational modes
have been probed through Raman and infrared measurements. In contrast toggolidder similar condi-
tions, polymerization is not observed in the case of soligl @lthough there is a structural transition from the
initial hcp structure to a rhombohedral structure. This lack of polymerizationjis@liscussed in terms of the
structure of solid &, under high pressure and temperature conditions, coupled with the topochemical features
of the G, molecule.

During the last two years, the formation of yet anotherbeen probed by Raman and IR measurements. We also
structure involving fullerenes, the polymerizegyChas at- present our results in solid g and compare with earlier
tracted considerable attentibiThe experiments were carried results*® It is shown that while solid g polymerizes, as
out by Raoet al.,> who observed that under laser irradiation, reported earlier, polymerization is not seen in the case of
Ceo films transformed into a toluene insoluble product. Evi-solid G,o under similar HPHT treatments. These results are
dence for the polymerization was obtained through infrareddiscussed in terms of the known informatiof? on the evo-

(IR) and Raman measurements which indicated the loss dfition of structure of solid & with the variation of tempera-
icosahedral symmetry of the molecule, and through laser daure and pressure, coupled with the topochemical features of
sorption mass spectrometry which indicated the presence @he G,, molecule.
oligomers as large aCqpz0. This photopolymerization re-  Chromatographically separatedq@nd G, powders were
action is associated with th@+2) cycloaddition reactioh  synthesized using the procedure described in Ref. 16. These
involving the photoexcit_ed triplet state ofggwherein the |\ are heat treated in vacuum at 250 °C for over 24 h to get
double bonds of the neighboring molecules react to form iq of the trapped organic solvents and their purity were char-
polymerized 'cha.un, I|nkeq through a four-member'ed. MNY-acterized by UV-Vis and IR measurements. Pellet of 3 mm
;rcr)'”e dpc(:);ygesrhzti}gg?egftc%‘or:isgEIZ?ezgjregé&g\lghae gnp(;'iti'gﬁ diameter and 2 mm thickness, wrapped in a

0 stainless-steel foil, was mounted along with steatite disks

temperature £ 800 °O treatment. This results in a transfor- inside a pvroohvllite aasket containina a small annular
mation to rhombohedral, orthorhombic or tetragonal struc- hit by hp X{ gd thi bl 9 loaded int
tures which are characterized by a short interfullerene gisdrapnite ring heater, an IS assemply was loaded Into an

tance of 9.2 A, compared to 10 A in the starting fcc solid. °PPosed anvil high-pressure apparattiShis whole proce-
Theoretical calculations in support of these polymerizedure; which was carried out under ambient conditions, en-
structures have been carried 8uthe formation of poly- tailed an exposure of the samples to atmospheric oxygen
meric chains of @, is also seen in the experiments on for a period of~ 30 min, before being sealed between the
RbGs, and KGy,. Wwhose quasi-one-dimensional structure anddaskets. After raising the pressure up to 7.5 GPa maximum,
electronic properties have attracted considerable attehtion. over a period of 10 min, the temperature was increased up to

Following the above studies, it is pertinent to enquire ifa maximum of 800 °C. The sample was allowed to cook
Cyo. the next higher fullerene will undergo a polymeric re- under high pressure and temperature for6 h, following
action. The occurrence of photopolymerization in soliggC which the temperature was lowered initially and the pressure
with a much lower efficiency compared togfC has been was subsequently released slowly. X-ray-diffraction mea-
reportecf and it is of interest to see if polymerization can surements on finely chopped pellets were carried out using
also be induced by high-pressure high-temperaftifeHT) Siemens D-500 diffractometer operating in the Bragg-
treatments. With this motivation, the present investigation8rentano arrangement. Raman measurements were carried
on the G, samples treated at pressures of 5 and 7.5 GPa aralt, under ambient conditions, using DILOR X-Y spectrom-
various temperatures from ambient up to 800 °C have beeater with liquid-nitrogen-cooled CCD detector. IR-absorption
carried out. The structural information on the HPHT-treatedmeasurements on a sample pelletized with KBr were carried
samples has been obtained through x-ray-diffraction measut using a NICOLET, Model IMPACT 400, FTIR spectrom-
surements and the intramolecular vibrational modes haveter.
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FIG. 1. X-ray diffractograms of the starting;gpowder, indexed 200 500

to fcc structure, and those treated at various pressures and tempera-
tures. These are indexable to orthorhombic structure and compar-

1000 L
Raman shift (cm™)

. . . S R . FIG. 2. Raman spectra of¢gtreated at various high pressures
sion with the calculated diffraction intensities is shown in the top 4 temperatures. Note the shift and broadening of the 1469
panel. cm~! mode of pristine .

Figure 1 shows the x-ray diffractograms of the starting & : . . .
Ceo and those of samples treated at high pressures and te grbon bon assouateq with Fhe formation of ponmerlzed_
peratures. Following the earlier investigatidriswhich re- 50 Structure. The lowering of icosahedral symmetry associ-

ported the formation of rhombohedral, orthorhombic, and te—at‘?d with the formation of polymerized structure is_ als.o
g/mced from the results of IR measurements shown in Fig.
(

tragonal structures under various conditions of pressure an .
temperatures, we have analyzed our diffractograms in term a) fqr t.he _CGO sample treated at 7.5 GPa and 500 °C. The
our distinctive IR mode¥ of the Gy, molecule are seen to

of these structures. All our diffractograms of the various' :

HPHT samples were indexable to an orthorhombic structurd'Ve Way to Ellcomplex pattern which are seen to match
(space grouplm3) with a=9.23 A, b=10.00 A, and within ié_l cm t_he_ spectrur'hof_photopolymerlzed g)
c=14.32 A, and these lattice parameters are consistent with Experiments similar to th(_)se .|n652have be_en carried out
those reported earli@The intensity of the diffraction pattern In Croto look for polymerization in the next hlgher fullerene.
calculated for the orthorhombic structure, using the form fac-_':Igure 4 shows the results of x-ray diffracti¢iRD) stud—

tor of a spherical moleculeR=3.54 A), is seen to be in very ies. The XRD pattern of the startlr_lgng:powc_ier can be in-
good agreement with the experimental results as shown iHexed to hep stucture  with lattice  parameter
the top panel of Fig. 1. While the exact reason for the obser-
vation of only the orthorhombic structure amongst the vari-
ous possible metastable structures is not clear, it may be
remarked that theoretical calculations indi€atbat this
structure consisting of linearly polymerizedsdCchains is
characterized by the smallest increase in energy compared to
the fcc structure with freely rotatingggmolecules.

Figure 2 shows the results of Raman spectroscopy mea-
surements, which have been carried out at a laser power
density of about 10 W/cr to eliminate the well-known
effects of photopolymerization. A comparison with the Ra-
man spectrum of starting g shows that on HPHT treat-
ment, all the discernable Raman modes soften. In particular,
Ay Raman mode at 1469 cnt (Refs. 15 and 1Bis seen to
shift to 1460 cm ' and develop a shoulder. This feature is
similar to that se€hin the case of g treated at 5 GPa,
300 °C. However, the large Raman shift of 39 thas re-
ported by Iwasat al? for the case of the § sample treated
atb GPa, 800 OC, is not observed in the pl’esent expel’iments FIG. 3. (a) Infrared spectra of @ Samp|e treated at 5 GPa,
and needs to be investigated further. The characteristic shiftsg °c, dramatically different from that of startingCindicating
and the splitting of the 1469 cm Raman mode, which is the loss of icosahedral symmetrgb) Infrared spectrum of &
also seen in the experiments on photopolymerizgg?@an  sample treated at 5 GPa, 800 °C, retains the characateristic vibra-
be qualitatively understood in terms of the stretching of thetional modes of ¢, molecule.

T T T T 4 T
(b) C70, 5 GPa, 8000C

(a) Cegp, 5 GPa, 750°C

TRANSMITTANCE (ARB. UNITS)

525

. | ' | N !
2000 1600 1200 800 400
WAVE NUMBER (cm™1)



8182 BRIEF REPORTS 53

T T T T T T T T T T T T T T T T T T
S Annealed S £ 7.5 GPa 250° C Cno
7.5 GPa 25" C LI
= e g SSzgp ~8e) R
&1 1000, 756 /S5 8 gz o5 8% = EER AR
| g g
b < 5 GPa800°C
Z
= oo as g SRR
Z 800°C, 5GPa o §
’ 2 5GPaTo0°C g 25 . 93.lu
— - i SN ol
e ] L 2 Rl
Al
s 8 g8 g
e _ =l e 5 GPa400° C
ez ]
1 [ o} \.
8 12 16 20 24 Untreated g8 e I3
% © [ € = 32 pAty B
20 (Degrees) S S geg g SRR
. L | " " L f 1 N M L | I h T L
FIG. 4. X-ray diffractograms of the starting;§owder, indexed 200 500 1(!00 1 1500
to hep structure, and those of samples treated at 5 GPa, 800 °C and Raman shift (cm™)

at 7.5 GPa, 100 °C, which are indexable to rhombohedral structure.

The sample treated at 5 GPa, 400 °C and subsequently annealed in FIG. 5. Raman spectra of;gtreated at various high pressures
vacuum at 250 °C is indexed to fcc structure. The calculated difand temperatures.

fraction intensities are indicated by the stick diagram.

a=10.60 A ancc=17.26 A, consistent with earlier studibs. Thus based on the above experir_n_ents, it_is_inferred that in
On subjecting to HPHT treatment, broad diffraction linesth® case of . under HPHT conditions, similar to those
corresponding to a new crystallline phase is observed. Frofimployed for . polymerization is not observed. However,
the knowledge of the structural transformations in solidthere is a structural transition from the starting hcp to a
Cy;o. induced by the variations of pressure andrhombohedral structure. The rhombohedral structure ob-
temperaturé;*° it can be expected that this diffraction pat- tained in the present experiments is similar to that obtained
tern could correspond to hexagonal, rhombohedral or mondyy Kawamuraet al? in their experiments on 4 subjected
clinic structures, which correspond to various degrees of oritg pressure at ambient temperature. However, it may be
entational correlations between thezCmolecules, and ,taq that while in the experiments of Kawametaal, 2 the
attempts were made_ to analyze in terms of these StruCtureﬁ1ombohedral structure was obtained from the initial fcc
Good fits were obtained for rhombohedral struct(space . . A

structure, in the present experiments, the initial hcp phase

R3 ith the h | latti ters, ~. )
eglr:cnig 10 /in ;m;:w: 26.SSe A f?)):?ﬁggzmp?e Itcrgatgc? ;atrgeeeprz with “ AB"-type stacking has transformed to a rhombohedral

800 °C. In the case of the sample treated at a pressure of 7S§fucture with “ABC’-type stacking. This rhombohedral
GPa and low temperature of 100 °C, the diffraction patterrstructure is seen to transform to fcc structuFer@m) with
could again be indexed to rhombohedral structure with lata=14.94 A, on annealing at 250 °C for 24 h, as shown in
tice parametera=10.23 A, andc=27.56 A. The diffraction the top panel of Fig. 4.
intensities have been calculated, using an axially averaged In order to understand as to why no polymerization is
form factor for the G, molecule? and the results are indi- seen in Gy, it is required to have information on the state of
cated by the stick diagram. While there are some discrepanhe system under HPHT conditions. First, we note that for
cies, the overall features of the calculated intensities are ithe polymerization reaction to occur in,€ as in the case of
conformity with the experimental results giving support to Cy,, it is necessary that the parallel configurations ef@©
the assigned rhombohedral structure. double bonds of the neighboring molecules be brought close
The results of Raman spectroscopy measurements QBgether under compression. In addition, it has been afgued
C7o samples are shown in Fig. 5. It is seen that the Ramag ¢ there are topochemical constraints in the polymerization
spectra of starting fg is unaltered in the various HPHT- o ¢ in that only the double bonds on the polar caps of the
treated samples. The IR spectruri. Fig. 3b)] of the  ng1ecyje are reactive, whereas the cyclic double bonds on
sample t'reated at5 GPa, 800 °C is seen to be similar to thaf . equatorial belt are ineffective in undergoif®j-2) cy-
of the pristine samplé Thus, both Raman and IR measure- cloaddition reaction. In the case of soligCit is knowr?~*°

ments indicate that the intramolecular vibrational modes of Gy yhere are two orientaional ordering transition tempera-
70 are preserved and hence point to the absence of polymey-

ization in the case of . Further, in support of the absence tres, one corresponding to the free rotor phase going to a

of polymerization in the case of we also observe that the Ic;}ng-a&s-onented phlasel anq thedsecond Ipqrreshpond|r_1|_gr]1 to
HPHT-treated samples are soluble in toluene. Photolumined!'S 90Ing to_ a comp etely orlen'tt.e monoclinic phase. fhe
cence experiments carried out on the HPHT samples are al§§€ssure variation of these transition temperatures have been

seen to be no different from the starting,Cin contrast to StUd'ﬁd’ upto 1 GPa, by Kawamuet al™ and Lundin
the behavior in G.1° et al.”" which indicate that the rhombohedral to fcc transition
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temperature increases at the rate of 300 K /GPa, whereas theaction involving the double bonds on the polar caps. With
monoclinic to rhombohedral transition temperature increasethe known molecular dimensiohsf C-,, the distance be-

at a much slower rate of 50 K/GPa. An extrapolation of thesaween these double bonds of the/olecules af0 0 0) and
trends would suggest that in the range of temperatures inve$z/3, 1/3, 1/3, can be estimatéfito be 2.23 A at 5 GPa. This
tigated in the present study, viz., room temperature tqjistance is seen to be comparable to a distance of 2.2 A for
800 °C at 5 and 7.5 GPa, respectively, soligy@ in the  the polymerized structure ingg. Thus based on the analysis
orientationally ordered state which could be either rhombos, terms of geometric factors alone, we are unable to recon-

hedral or monoclinic structure depending on the particulag;jg \yith the nonobservance of pressure-induced polymeriza-
pressure and temperature conditions. F_or example for t on in the case of G,. This calls for detailed theoretical
sample at 75 GPa, 100 °C, the samplt_a IS expected fo be alysis, incorporating the changes in electronic structure
the monoclinic structure and such an orientationallly ordere ith the application of pressure to explore the formation of
state, in Wh'?h the elec;tron—rlch double-bond regions face th olymerized structures and to investigate their stabilty, as has
elec;troér}-.de.flc'lem Irﬁgli)hnSf of ﬂ:.e pefntagljon "’!”dd h?xago een carried out earlier for &.° In addition, experiments on
;:en er h.'Sh'r."m'(l:a Oth € orrrt1_a 'OE (t) PO ymerlze” Isdruct-)l alkali-doped G to look for polymerization, and a compari-
ure, which involves the réaction betweeen parallel double,, \ i the present results and those on photopolymeriza-
bonds of neighboring molecules. For the situation corre-. . 8 : .

. A ) tion in C,q,° would also be instructive.
sponding to say, 5 GPa, 800 °C, the sample is expected to be
in the rhombohedral structure with long-axis-oriented mol- A.K.S. would like to thank the Department of Science
ecules, and it is possible to conceive of the polymerizatior& Technology for their financial assistance.
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