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In situ high-resolution infrared spectroscopy of a photopolymerized G film
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Photopolymerized &, film has been studied under a water-vapor-free condition by meaimssitu high-
resolution(0.25 cm ) Fourier-transform infraredFT-IR) spectroscopy. It was found that the IR spectrum of
a pristine G film changed markedly after 10-h irradiation with a 500 W mercury lamp at a Csl substrate
temperature of 27 °C, whereas no change in the IR spectrum ofgh#r@ was observed after 20-h irradiation
with the lamp at a substrate temperature of 100 °C. Compared with the previous FT-IR result reported by Rao
et al.[Science259 955(1993], the present IR spectra for the photopolymerized film had many new peaks and
the peaks corresponding to the four intrinsic intensive IR-active modes were spligy Ail@er structure is
postulated after comparison between the present results and the theoretical IR calculations reported by Adams
et al. [Phys. Rev. B50, 17 471 (1994] and Pederson and Quor@hys. Rev. Lett.74, 2319 (1995)].
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[. INTRODUCTION was minimized by keeping it in a dry box filled with argon
gas.
Since Raoet all reported that G, molecules are poly- In a recent stud§> we developed an apparatus farsitu

merized by Ar-ion laser or UV visible lamp irradiation of a high-resolution (0.25 cm ) FT-IR spectroscopy of &
pristine Cy, film at room temperature, there have been manyfilm, which enables us to prevent the exposure of the film to
reports on G dimers or polymers formed by various meth- air. No peak due to water vapor was observed in the FT-IR
ods, such as photo irradiatién’ under high pressure and spectrum of the @ film (see Fig. 2 in Ref. 26 In the
temperature conditiorfs’ alkaline-metal dopind®~* and  present work, we examine the photopolymerizeg fim by
electron impact® For compounds formed by all of these in situ measurement of FT-IR spectra and compare the re-
methods, many researchers have strongly suggested thgitlts with those of theoretical IR calculations.
Cgo dimers form a[2+2] cycloadditional four-membered
ring shown in Fig. 116-23

The dimer structure in Fig. 1 gives rise to a reduction in Il. EXPERIMENT
Cgo molecular symmetry Ig). Since IR-active modes are ) . .
sensitive to changes in molecular symmetry, IR spectroscopy Figure 2 shows a schematic representation of the appara-
is a powerful tool for the study of the dimer structure in {US forin situ high-resolution FT-IR spectroscopy of pho-
phototransformed . Raoet al. reported the IR spectrum totr_ansf(_)rmed Go film. The details of this system were de-
of a photopolymerized & film. Although they proposed Scribed in Ref. 25.
the dimer drawn in Fig. 1 as a possible structure, they did not APout 1 g of Cgo powder(Matsubo,>99.98% purgwas
determine the structure on the basis of the IR spectra. This ilaced into a quartz crucibld5 mm in diameter and 50 mm
probably because the influence of water vapor or oxygen ofPnd. Then the crucible was held at 200 °C in vacuo for
the photopolymerization was not fully avoided, since theyMmore than 10 h in order to remove the residual organic sol-
obtained the IR spectra of the photopolymerizegy @m in  vents from the G, powder. Thin films of G, were formed
a glove box filled with argon gas in order to minimize the ONto @ Csl substratéPureoptics, 20 mm in diameter and 2
effect of the contaminants in air. In fact, some peaks corre-

sponding to water vapor were observed in the 3200 ¢m Ne purge s

region in the Fourier-transform infrare@T-IR) spectrum Nz purge Viewport Nz purge
for the Cgo film in a similar experiment carried out by é CaF:
Narasimharet al.,?* where the exposure of theggfilm to air

Csl
FT-IR spectrometer &

Dry Box [ NET
KBr CaFz KBr Dry Box
Cso source T K source
UV-visible light
(500W Hg lamp)
FIG. 1. G4, dimer structure consisting of @2+2] cycloaddi- FIG. 2. Schematic representation of Ensitu high-resolution
tional four-membered ring. FT-IR apparatus for the study of photopolymerizegh @Im.

0163-1829/96/5®)/61675)/$10.00 54 6167 © 1996 The American Physical Society



6168 JUN ONOE AND KAZUO TAKEUCHI 54

mm thick) by sublimation of 400 °C for 90 min in a vacuum —
chamber(base pressure:>310 8 Torr) under a pressure of W"‘T I
about 10 7 Torr. During the deposition of g, the substrate
was heated to and maintained at 100 °C in order to obtain
good crystallinity(fcc structure in the Cy, film.2® The thick- " ‘e

ness of the G film thus formed was estimated to be about ’T‘ 1 hour

1000 A using the Lambert-Beer equatidhs= xd, whereA, ¢
x, and d denote absorbance, absorption coefficient, anda

before irradiation

‘%— I

3 3
T+ v

thickness, respectively. The value Af for each IR-active r?- ¥ ¥ 2h0,:,s

mode was obtained experimentally and the value<dbr t

each mode used in the calculations was taken from a previ= R
ous experimental repoff. E e YT T o m

After the formation of the G, film on the Csl substrate,
the sample holder was rotated by 90° in order to measure
FT-IR absorption spectra of the IR-active modes of the pho- MV\VY__’—’-‘W’W’WW
totransformed G, film with a high resolution of 0.25 6 hours
cm™ . As shown in Fig. 2, a FT-IR spectrometévattson
Research serigsvas connected to the vacuum chamber via 1600 1400 1200 1000 800 600
an external optical system mounted in a plastic box with Wave numbers ftfem)

N, purge. The IR beam that passed through the Csl substrate

was incident on a mercury-cadmium-telluriyCT) detec- FIG. 3. The irradiation-time evolution of FT-IR spectra for the
tor which was placed in a similar Npurge box connected to Cg film at a substrate temperature of 27 °C.

the opposite side of the chamber. &N ratio of about 300

was obtained for 500 scans at 0.25 chresolution(a sys- radiated G film changed little in comparison with that of
tem with thisS/N ratio can be used to detect one monolayerthe pristine G film. This indicates that photopolymerization

of Cgo On the Csl substrate Two KBr single crystalg50 in Cgq film does not proceed at a substrate temperature of
mm in diameter and 12 mm thitkwere installed in the 100 °C, which is consistent with the previous result reported
vacuum chamber as an IR beam window. Dry jas was by Eklundet al® that the photopolymerization is reversible
introduced at a rate of 50 L/min into the FT-IR spectrometerat temperatures higher than 100 °C.

and the two attached external boxes in order to eliminate When the substrate temperature was reduced to 27 °C,
water vapor from the IR-beam optical path. In this system, ithowever, photopolymerization occurred. Figure 3 shows
was found that no diffuse absorption peak appeared in théme-evolution IR spectra for the & film irradiated with the
3200 cm'! region corresponding to water vapor and thus aHg lamp. Afte 1 h of irradiation, many new weak IR peaks
water-free condition for the FT-IR measurement qf,@Im appeared. The new IR peaks became stronger after 6-h irra-
was achieved. diation, as shown in the bottom spectrum in Fig. 3. Figure 4

The partial pressures of residual gases were very low dushows the IR spectrum for the phototransformeg Gim
ing FT-IR measurement. For example, the partial pressure difter 26-h irradiation. There are not only many new weak IR

H,O vapor was typically less than 18 Torr. The partial peaks but there is also peak splitting of the four intrinsic
pressures of H, He, CH,, N,, O,, CO, CO,, Ar, and other IR-active modes, which indicates that the molecular symme-
hydrocarbons were in the range 10-10"%° Torr. try of Cgo was lowered. Table | summarizes the intensities
A 500 W mercury(Hg) lamp (Ushio Electric. Co.: Model and frequenciescm™') of the IR modes seen in Fig. 4,
HB-50110AA was used as a light source for photopolymer-together with those reported in the previous works’
ization. Since infrared light from the lamp causes an undeCompared with the result obtained by Refal,' more de-
sirable rise in substrate temperature, the IR light was abtailed information on IR spectra of photopolymerizeg,C
sorbed by a colored glass filtéFoshiba: IR-25% Thus only  film was obtained in the present work.
UV visible light from the Hg lamp(emission lines in the Martin et al?® have recently reported experimental vibra-
range 2—4 eYwas used for photopolymerization. The inten- tional modes and their group-theoretical assignments for
sity of this UV visible light over a 50-mm-diam area was pristine Gy, film. Compared with the present IR results in
3-4 W. The G film was irradiated with the focused UV Table I, it is found that the IR spectrum in Fig. 4 is quite
visible light beam through a CaFoptical window(40 mm in  different from that of the pristine g film, except for the
diameter and 4 mm thigkA quartz leng50 mm in diameter four intrinsic IR modes. This fact indicates that the new
andf=500 mm) was used to focus the light on the,gfilm  peaks in the spectrum for the phototransformeg f8m are
for photopolymerization. The substrate temperature inhot attributable to the IR silent or intramolecular coupling
creased to about 50 °C during irradiation. After the substratenodes of the pristine g but to the modes originating from
temperature returned to 27 °C, FT-IR spectra were measuredso photopolymerization.
for the phototransformed & film. Theoretical calculatiot§™?3 have suggested that ¢&
dimers form a[2+2] cycloadditional four-membered ring
structure(Fig. 1) under photopolymerization, high pressure
and temperature, and alkaline metal doping. Table | shows
When the G film was irradiated with the Hg lamp at a that a compressed g film gives an IR spectrum similar to
substrate temperature of 100 °C, the spectrum of the photoithat for the phototransformed ¢ film, while a Rb-doped

Ill. RESULTS AND DISCUSSION
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FIG. 4. FT-IR spectrum for the phototransformeg,@im after 26-h irradiation using the 500 W Hg lamp at 27 °C.

Ceo film has a distinct spectrum. This discrepancy may benodes in the present and the theoretical results quantita-
due to the charge on aggdimer. A Cg dimer formed by tively. Unfortunately, Adamst al. did not calculate the IR
photo- or pressure-induced polymerization is neutral, whilestrength in their report.

the dimer formed by Rb doping has approximately two nega- Next we compare our results with those of the IR calcu-
tive charges[Cgy-Cgol2~. This implies that a change in mo- lations obtained by Pederson and Quéhg@hey performed
lecular potential affects the vibrational modes. It is unclearl20-atom dimer calculations using a complete all-electron,
whether or not thgd2+2] cycloadditional four-membered full potential self-consistent local-density approximation.
ring structure with two negative charges is still stable. It isThey obtained a slightly different structure from that re-
also necessary to determine thgy,@imer structure formed ported by Adamset al, although the crosslink between,&

in alkaline-metal doped §, film. molecules is basically a[2+2] cycloadditional four-

We first compare the present IR results with the results ofnembered ring for both calculations. For IR calculations of
theoretical IR calculations reported by Adaetsal® for the ~ F;, modes, they employed thB8 and Th models. The
Cgo dimer based on the structure in Fig. 1. They performed
first-principles molecular-dynamical relaxations for seven

d!fferent cpnflgu_ratlons of a Q, dimer. The relaxe_d g) this work Dimer Raoetal  Yamawaki
dimer configuration witlD,;, point symmetry shown in Fig. (Ref.19) (Ref.1) etal.

1 in Ref. 19 was found to have the lowest energy among the - theor. (Ret8)
seven configurations. Based on this relaxed structure, they 1600 —

calculated the frequencies of the IR-active modes gf, Ghe = =

Cgo dimer, and an infinite chain polymésee Fig. 3 in Ref. — 1400 -
19). Figure 5 shows a comparison of the present results and "~ N

the theoretical frequencies for the IR modes of the relaxed 5 1200

Ceo dimer, along with previous experimental IR resdifsit > 7]

is found that the theoretical IR calculations based on the & 1000:

relaxed G dimer reproduce the present results roughly ex- g 800

cept at frequencies higher than 1400 ¢tk This suggests S ===
that relaxed Gy dimers withD,, symmetry are formed in L 00— -
phototransformed §, film. The disagreement at frequencies =
higher than 1400 cm!® may be because the calculation error 400

becomes larger at higher frequencies when the four intrinsic T beregons

IR-active modes are compargsee Fig. 4 in Ref. 10 The 200 | Imiaton of the

theoretical IR frequencies df,(1) and F,(2) were in 0‘ measurement

good agreement with the experimental values, while those of
F,4(3) andF,,(4) were higher by about 40 and 100 th _ _
than the experimental values of 1183 and 1430 tnre- FIG. 5. Comparison of IR frequencies obtained experimentally
spectively. In order to identify the dimer structure more sat_and calculated theoretically, together with previous experimental IR
isfactorily, it is necessary to compare the intensities of IR™€SUlts for photopolymerized and compresseg ms.
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TABLE |. Comparison of IR modegcm ™) of photopolymerized g, obtained in this experiment and those reported in the previous
studies. The intensities are given in parenthesesn, ands denote weak, medium, and strong, respectively.

This work Previous works This work Previous works
Raoet al?  Yamawakiet al®  Martin et al® Raoetal®  Yamawakiet al? Martin et al®

Ceo Cso Compressed €, RbCygq Cso Cso Compressed §, RbCqq

1460(m) 1460(w) 1460(w) 1451(m) 745(w) 480(w)

1442(w) 1424(m) 1426(w) 1430(m) 712(m)

1430@) 1229(w) 1223@w) 1412@w) 701(m)

1424w) 1183@w) 1185@w) 1406(s) 667(w)

1418(w) 796(m) 797(w) 1368(m) 660(w)

1359(w) 779(w) 765(w) 1341() 650(w)

1326w) 769(w) 744(w) 1313(m) 618(w)

1308(w) 761(w) 710(w) 1244(m) 612(m)

1277(w) 743(w) 611(w) 1192(w) 607(m)

1228(m) 727(w) 575(w) 1183() 576(s)

1219(w) 709(w) 527(m) 1145(m) 568(m)

1202(w) 616(w) 1093(w) 564(w)

1183() 569(m) 1082(m) 561(m)

1170(w) 550(m) 960(w) 558(m)

1139(w) 526(m) 838(m) 552(m)

11006w) 484(m) 816(m) 547(m)

962(w) 761(w) 542(s)

944(w) 742(w) 540(m)

925(w) 724(m) 537(w)

793(s) 705(w) 526(s)

785(w) 689(m) 515(w)

782(w) 682(w) 491(w)

773(Ww) 665(w) 489(w)

769(m) 576(s) 487(w)

766(w) 565(m) 482(m)

760(w) 558(w) 479(w)

758(m) 542(w) 475(w)

753(w) 526(s) 473(w)

750(w) 517(w) 468(m)

748(w) 503(m)

®Reference 1.
bReference 8.
‘Reference 11.

former is a one-ball model for the vibrational modes of po-F,,(4) mode is split into two peaks that are separated by
lymerized G, while the latter is a one-ball model for those about 10 cmt. The splitting of F;,(4) is determined as
due to an fcc lattice of G. According to the results ob- about 6 cmi'! in the present work. The theoretical predic-
tained using thé h symmetry model, coupling between the tions are in qualitative agreement with our results for this
F.,(4) andG,(6) vibrational modes gives rise to the ap- peak splitting.

pearance of strong and weak IR-active peaks that are 10 and Pederson and Quong briefly discussed the change in the
105 cm ! below the originalF,,(4) peak(1430 cm 1), F14(3) mode for the Gy dimer in terms of the two models.
respectively. That is, a strong IR peak at 1420 ¢nand a  Using theTh model, it was predicted that there is a nearly
weak one at 1325 cm' are predicted to appear when a pure F,,(3) peak plus two very small peaks, as shown in
[2+2] cycloadditional dimer is formed. Compared with the Fig. 3 in Ref. 20. In this model, thd ,(5) andF,,(4) retain
present results in Table | and Fig. 4, it is found that one ofmuch of their icosahedral identity with less than 4%kqf,

the two peaks at 1420 crit corresponds to the observed admixture. In contrast, using tHR8 model, it was predicted
peak at 1418 cm® and the other at 1325 cnt corresponds  that there are at least three distinct peaks, spread out over
to that at 1326 cm®. However, the observed peak at 1418 about 20 cmi'! that haveF,,(3) admixtures ranging be-
cm™ ! is weak against the above prediction. On the contrarytfween 17 and 100 %. The present IR spectrum of the pho-
the R8 model cannot be used to explain the appearance dbtransformed G film shown in Fig. 4 corresponds more
these two peaks. Using both models, it was predicted that thelosely to theTh model than to thdR8 one.
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Comparison of the two models suggests that fie on a fcc lattice of Gy can be used to explain the change in
model can be used to explain the present IR results for thé, IR-active modes for g, dimers.

change inF 1, modes upon G, polymerization. IR spectroscopy is a powerful tool for determining mo-
lecular structure accurately when it is used in connection
IV. SUMMARY with theoretical calculations. Unfortunately, the;ddimer

structure in photopolymerized & film has not been identi-

In situ high-resolution FT-IR measurements for the studyfied satisfactorily at this stage. In order to explain the present
of phototransformation in a & film have been carried out IR results quantitatively, it is necessary to calculate the in-
under water-vapor-free conditions. The IR spectra of thdensities of IR modes by performing more accurate first-
phototransformed g, film have many more peaks than the principles vibrational calculations for theggdimer.
previous IR spectra of photopolymerized and compressed
Ceo films. Compared with theoretical IR calculations, the ACKNOWLEDGMENT
present work strongly suggests that gg@imer has a relaxed This work was supported by a special coordination fund
configuration D5, symmetry with a[2+2] cycloadditional  of the Science and Technology Agency of the Japanese gov-
four-membered ring structure, and that fhle model based ernment.

*Author to whom correspondence should be addressed: Jun Ono@,Q. Zhu, D. E. Cox, and J. E. Fischer, Phys. Rev5B 3966
Applied Laser Chemistry Lab., The Institute of Physical and (1995.
Chemical ResearcliRIKEN), 2-1 Hirosawa, Wako, Saitama *G. Oszlanyi and L. Forro, Solid State Comm@3, 265 (1995.
351-01, Japan. Electronic address: jonoe@postman.riken.go.jp®Y. B. Zhao, D. M. Poirier, R. J. Pechman and J. H. Weaver, Appl.
1A. M. Rao, P. Zhou, K.-A. Wang, G. T. Hager, J. M. Holden, Y. Phys. Lett.64, 577 (1994.
Wang, W.-T. Lee, X.-X. Bi, P. C. Eklund, D. S. Cornett, M. A. 16p, L. Strout, R. L. Murry, C. Xu, W. C. Eckhoff, G. K. Odom,

Duncan, and I. J. Amster, Scien289, 955(1993. and G. E. Scuseria, Chem. Phys. Lett4, 576(1993.

2Y. Wang, J. M. Holden, Z.-H. Dong, X.-X. Bi, and P. C. Eklund, ’M. Menon, K. R. Subbaswamy, and M. Sawtarie, Phys. Rev. B
Chem. Phys. Lett211, 341 (1993. 49, 13 966(19949.

3p. Zhou, Z.-H. Dong, A. M. Rao, and P. C. Eklund, Chem. Phys.!®P. R. Surjan and K. Nmeth, Solid State Commurf2, 407
Lett. 211, 337 (1993. (1994.

4D. S. Cornett, I. J. Amster, M. A. Duncan, A. M. Rao, and P. C. 19G. B. Adams, J. B. Page, O. F. Sankey, and M. O’Keeffe, Phys.
Eklund, J. Phys. Chen®7, 5036(1993. Rev. B50, 17 471(1994).

5p. C. Eklund, A. M. Rao, P. Zhou, Y. Wang, K.-A. Wang, J. M. °°M. R. Pederson and A. A. Quong, Phys. Rev. L&4, 2319
Holden, M. S. Dresselhaus, and G. Dresselhaus, Mol. Cryst. Lig. (1995.
Cryst. 256, 199 (1994, and references therein. 213, Osawa, E. Osawa, and Y. Hirose, Fullerene Sci. Tect&ol.

6L. Akselrod, H. J. Byrne, C. Thomsen, and S. Roth, Chem. Phys. 565 (1995.
Lett. 215 131(1993; Mol. Cryst. Lig. Cryst.256, 833(1994. 22C. H. Xu and G. E. Scuseria, Phys. Rev. L&d, 274 (1995.

"A. Ito, T. Morikawa, and T. Takahashi, Chem. Phys. Létl,  2D. Porezag, M. R. Pederson, Th. Frauenheim, and Thldtp
333(1993. Phys. Rev. B52, 14 963(1995.

8H. Yamawaki, M. Yoshida, Y. Kakudate, S. Usuba, H. Yokoi, S. ?*L. R. Narasimhan, D. N. Stoneback, A. F. Hebard, R. C. Haddon,
Fujiwara, K. Aoki, R. Ruoff, R. Malhotra, and D. Lorents, J. and C. K. N. Patel, Phys. Rev. 8, 2591(1992.

Phys. Chem97, 11 161(1993. 253, Onoe and K. Takeuchi, J. Phys. Che8, 16 786(1995.
%M. Nunez-Reguerio, L. Marques, J.-L. Hodeau, OtHdeix, and  2°Y. Sakakibara, T. Tani, and M. Tokumoto, Bull. Electrotechnol.
M. Perroux, Phys. Rev. Let¥4, 278 (1995. Lab. 58, 79 (1994.
0p, Ww. Stephens, G. Bortel, G. Faigel, M. Tegze, Anaksy, S.  ?’K. J. Fu, W. L. Karney, O. L. Chapman, S.-M. Huang, R. B.
Pekker, G. Oszlanyi, and L. Forro, Natu&0, 636 (1994. Kaner, F. Diederich, K. Holczer, and R. L. Whetten, Phys. Rev.
M. C. Martin, D. Koller, A. Rosenberg, C. Kendziora, and L. B 46, 1937(1992.
Mihaly, Phys. Rev. B51, 3210(1995. 28M. C. Martin, X. Du, J. Kwon, and L. Mihaly, Phys. Rev. &,

125, L. Garavelli and A. Ferraz, Mod. Phys. Lett831223(1994. 173(1994.



