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Abstract: The resonance Raman (RR) spectrum afltas been studied in benzene using 11 laser excitation energies
across the main visible absorption band (MVAB) ofy®etween 514.5 and 406.7 nm. Raman excitation profiles

(REPs) were constructed for the 15 most intense RR

bandspfa@d symmetry assignments have been made

partly on the basis of polarization work. Contrast is made to work performed on thin films where problems have
arisen from the symmetry-lowering effect of the surface and from neglect of resonance. Assignments for nine other
less intense RR bands are suggested. Three electronic transitions under the MVAB are identified and assigned
definitively: the HOMO— 4 (&'') — LUMO + 1 (g'") transition in the 514/501-nm excitation region, the HOMO

— 5 (&) — LUMO + 1 (g") transition in the 476/472-nm excitation region, and the HOM)(a- LUMO + 2

(a") in the 457/452-nm excitation region. The REPs reveal that these three electronic transitions are vibronically
coupled to the strong electronic transition at 382 nm which is assigned to the HORIG') — LUMO + 3 (&)
transition. RRB-term scattering mechanisms are the major source of intensity enhancement for bands of the totally-
symmetric A' and the non-totally-symmetric;E and ' Raman modes. The REPs of the 15 bands are grouped
into four types that provide insight into the change in the electronic distribution upon excitation for each transition.
Unlike Cgo, whose extraordinarily high symmetry makes it very sensitive to solvent-induced symmetry lowering and
whose RR spectrum is rich in forbidden, overtone, and combination banrgldjgplays a restricted subset of RR
scattering phenomena. The lower symmetry and more localized molecular orbitaisroéke it a better model for

the RR scattering mechanisms and vibronic coupling expected in the higher fullerenes.

Introduction

The insertion of a belt of 10 carbon atoms between two
hemispheres of §g creates @. The symmetry is lowered from
In to Dsp, and this is manifest in three ways: vibrationally, there
are a greater number of infrared and Raman vibrational
featurest~20 electronically, the first allowed transition has lower
energy and the allowed transitions are more numetbi#dand
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vibronically, the coupling of vibrational and electronic states is
stronger and more extensite.

Cso has 3-, 4-, and 5-fold degenerate vibrations whereas the
vibrations of Gg are at most doubly-degenerate. Because the
lower symmetry of Gis closer to those of the heavier members
of the fullerene family, & should be a better model tharC
for the vibrational and vibronic properties of the higher
fullerenes. At the same time, ¢ can provide valuable
information about the vibrational dynamics ofdbecause of
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Table 1. Comparison of Mode Assignments for Selected Raman  Experimental Section

Bands
The resonance Raman (RR) spectra were obtained using two lasers.
band ref 24 ref 14 ref 26 A Spectra Physics 2025-11 CW krypton ion laser provided the violet
228 = Ar E’ lines at 406.7 and 413.1 nm. A Spectra Physics 2025-05 CW argon
258 A E A ion laser provided nine blue-green lines at 454.5, 457.9, 465.8, 472.7,
399 Al E/ Es 476.5, 488.0, 496.5, 501.7, and 514.5 nm. Typical laser powers were
409 El"' EZ" . Al: 20—150 mW, depending on the power available for the excitation
ggg g‘l él,' B él, wavelength. The scattered light was focused with a L&it® lens
569 A AZ, £ A2' and collected at a 90scattering geometry from the quartz spinning
. 1,02 1 : : H :
701 5" E, Ay cell (~2000 rpm). A pol_alrlz_atlon _scrambler was used in all experiments
714 = E E, to correct for the polarization bias of the Jobin-Yvon U1000 double
737 = Al E,", AY, E/ monochromator (1800 grooves/mm gratings). Slit settings were 300
766 = E, E' E um for all experiments. Calibration of the monochromator was
1062 A E, A performed using the mercury emission lines of the fluorescent lights
1165 B Al E," in the laboratory.
1182 B" E, B Al Saturated solutions of4(prepared according to reported meth&s,
1227 B E, &’ Al purity >99.6% by SALI mass spectrometry) were prepared in benzene
1257 & B E/ (Merck, >99.5%) and C§(Merck, >99.9%). The REP experiments
igig E EZ, 52 were performed on the benzene solution at room temperatu28 (
1335 B EZ' Es °C). The resultant spectrum was the average of four runs at each
2 2 . h . . : .
1367 A = E, Wavelquth, with 2-§ integration times at each datum collection pomt
1447 B E, A (_resolutlon of+2 cmt) between ZOQ and 1650 ch No decomposi-
1459 = E," A" (IR) tion of G0 was detected from the first to the last runs. All resonance
1469 B" Al Al Raman spectra were uncorrected for baseline, and no smoothing was
1493 B E," E, performed. Depolarization ratios were obtained using a polarizing filter
1515 B" E", E' E) aligned either parallel or perpendicular to the electric vector of the
1566 B E) Al scattered light.

Fourier transform (FT) Raman spectra were recorded on a Bruker
RFS 100 spectrometer with 1064-nm Nd:YAG laser excitation using a

the similarity of their hemispherical * " D it 1-cm pathlength cuvette. Spectra were the average of 1000 scans
€ similarity ot their hemispherical ‘caps’. DespIte NUMErous o rgeq at 2-crrt resolution for a benzene solution ofdat the same

studies on the Raman vibrational spectra of, @ot all bands concentration used in the REPs. The power at the sample was 100

of the 53 possible Raman modes have been reported. Amw.

complete Raman (and infrared) vibrational assignment has yet To obtain the intensities and deconvolutions of Raman bands, band

to be made. Further, as shown in Table 1, there is little fits were performed using the GRAMS/386-based packRéagé/here

consistency of Raman mode assignments in the literdtdfe?> there was convolution with other bands, band fit strategies involved
Wel8.25 and other®1626have commented on the problems using the same fit parameters for bands at each excitation. All band

iated with ianina bands to R ibrati | d intensities were the average of three fits. The errors in absolute band
associated with assigning bands to Raman vibrational Moaes;qsities are indicated as error bars in the appropriate figures. The

of Cyo0n the basis of polarization data obtained from thin films. grror in the depolarization ratios i50.10.
The symmetry-lowering effects of the surface can lead t0  The method for the construction of the REPs is reported elsevihere.
unrepresentative daf. In addition, many studies have not The “»* correction for the dependence of the intensity of the Raman
considered that visible excitation leads to resonance, rather tharband on the fourth power of the absolute energy was performed using
normal, Raman scatterirf§:12141527.28Gch conditions produce  three benzene solvent bands: at 605 tifior the Go bands at 250,
marked variations in the intensities of Raman bands with 257,570,700, 713, 736, and 768 cinat 1178 cm* for the G bands
different excitation energies for/618 Problems associated with 2t 1060, 1227, and 1256 cth and at 1568 c for the Gy bands at
the assignment of mode symmetries i €om thin films are t1)446‘ 1458, 1469, 1512, and 1566 Cm The intensities of these

. . . h . . enzene bands were also used for the self-absorption and optical path
Q|scussed in thls_ paper, and opposing assignments in thelength corrections.
literature are clarified.

We also report the first Raman excitation profiles (REPsS) Results
for C;0. REPs are well-suited to probing the nature of the
electronic transitions under an absorption envelope. In addition,
REPs reveal the nature of the vibronic coupling and assist in
the assignment of vibrational bands. The data lead to definitive
assignments of the electronic transitions under the main visible
absorption band (MVAB) where only tentative assignments have
been made previoush?:23 The four types of REPs provide
valuable information on the nature of certain vibrational modes
and their association with charge redistribution in certain
electronic transitions.

aListed frequencies are as reported in ref 14.

The FT Raman experiment (i.e., normal Raman) on the
benzene solution of £g revealed only solvent bands. This
means that the observation of bands due to Raman modes of
Cro using visible excitation is a resonance effect. The positions
of the laser lines relative to the electronic absorption spectrum
of Czoin benzene are given in Figure 1 together with a Gaussian
deconvolution of the visible bands. Figure 2 shows three
typical RR spectra for the regions 20650, 666-790, and
1050-1650 cnt! at 514.1-, 476.5-, and 457.9-nm laser excita-
tions, respectively. The REP constructions for the bands at 250,
257, 570, 700, 713, 736, 768, 1060, 1227, 1256, 1446, 1458,
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Figure 1. Positions of the laser lines relative to the electronic absorption spectrum of 2nzene. The inset shows the visible region absorption
spectrum of G in benzene together with a Gaussian deconvolution.

lengths are given in Figures-%. Itis clear that the REPs differ  inconsistencies in the reportg(iz/2) values (see Table 3). Three
markedly for different bands. factors may contribute to these inconsistencies. First, the
Across the MVAB, there are three laser excitation regions at resonance conditions of each experiment have to be considered.
which the Raman bands have intensity maxima corresponding The important factor is the degeneracy of the resonant electronic
to bands 1, 2, and 3 of the deconvoluted spectrum shown in excited state. When the exciting laser line is in resonance with
Figure 1. These regions are 514/501, 476/472, and 457/454a nondegenerate or doubly-degenerate excited state of an
nm. Table 2 lists the wavelengths at which each of the Raman electronic transition, thg(sz/2) values for bands due to totally-
bands have their maximum intensity in the REP, along with symmetric modes aré; or /g, respectively, compared to a value
secondary maxima, corresponding to bands 1, 2, and 3 of theof zero in the nonresonant ca¥e.Second, for meaningful
deconvoluted spectrum shown in Figure 1. In the right hand polarization data, either a random or highly-ordered orientation
column of Table 2 are the wavenumbers of the bands that haveof molecules is required. Polycrystalline materials, such as thin
intensity at 413/406-nm laser excitations. films of C, are unlikely to satisfy either condition. Surface
In general, the bands at1000 cnt! have lower absolute  effects for thin films may cause varied orientation ofoC
intensities than those at1000 cnt’. The four bands withthe ~ molecules, and the symmetry-lowering effects of boundary
highest intensities in the REPs were those at 257, 1227, 1446,conditions cannot be ignoréd. Third, there is evidence that
and 1556 cm?, respectively. Table 3 listg(s/2) values for two structurally similar phases of;gcoexist in thin films at
the six most intense RR bands ofg@h benzene solution from  room temperaturé Chandrabhast all2 have shown that(sz/
this and previous work by &%and compares the results with  2) values for all Raman bands of&rom thin films are different
thin film data of four other group&%1214 The other bands were  at 14.3 and 296 K, a phenomenon that is associated with an
too weak to obtaim(s/2) values in solution. In addition to the  orientational phase transition 270 K. Thus, the variation
15 bands involved in the REPs, 10 other RR bands are reportedn p(x/2) values may also arise from phase differences in
in Table 4, which also contains assignments (see Discussion).different experiments.

The high-wavenumber regiorr@000 cnTl) was investigated At the laser excitations used in these experiments, there are
for bands due to overtone and combination modes; however,striking and unusual differences in resonance enhancement of
no such features were evident. the intensities of g Raman bands. The REPs highlight the
. ] inadequacies of experiments performed with visible radiation
Discussion where resonance conditions have not been considered. There
Assignment of G, Raman Vibrational Modes. There are is even one report of intensity changes in the Raman spectrum

many papers in the ||terature that ass|gn or report the Ramanof C70 that dlSCOUﬂtS resonance effeCtS desp|te the use Of |asel’

theoretical 16243234 “or experimental  studiesS18 or film experiments reported in Table 3, the resonance conditions
both13-15.27.35.36 Of these, some have made assignments of the Of the experiments were not considered, and clearly, the different

Raman vibrational mode symmetries of,@artly on the basis ~ €Xxcitation frequencies contlrzibute to the large range(af2)
of polarization data obtained from thin films in normal Raman Values. Chandrabhast al'* prudently did not make any

scatteringi(e., nonresonant) experiments. There are substantial @8Signments on the basis of their polarization work on thin films
and noted the differences in the valueso(t/2) between their

(Tl-(|3E2c))gﬁgm?igé’ngngzzng'—Jﬁ'\g" Togasi, M.; OsawaJEMol. Struct.  \york and that of Bethuneet al® They suggested that a
(33) Negri, F.; Orlandi, G.; Zerbetto, B. Am. Chem. Sod 991 113 systematic study of high-qualisingle crystalsof C7o for such

6037-6040. polarization work would be desirable. Recently, Fredefitks
(34) Jishi, R. A.; Mirie, R. M.; Dresselhaus, M. S.; Dresselhaus, G.;

Eklund, P. C.Phys. Re. B 1993 48, 5634-5641. (37) Clark, R. J. H.; Dines, T. Angew. Chem., Int. Ed. Endl986 25,
(35) Wang, Z. H.; Dresselhaus, M. S.; Dresselhaus, G.; Eklund, P. C. 131-158.

Phys. Re. B 1993 48, 16881-16884. (38) Ramasesha, S. K.; Singh, A. K.; Seshadri, R.; Sood, A. K.; Rao, C.

(36) Dresselhaus, M. S.; Dresselhaus, G.; Eklund, P.J.CRaman N. R. Chem. Phys. Lett1994 220, 203—206.
Spectrosc1996 27, 351-371. (39) Fredericks, P. MChem. Phys. Lettl996 253 251-256.
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514.5 nm of E;"/E;' symmetries:1® They are not in accord with those

of Shinet al'®> nor those in a series of papers by Dresselhaus
and co-workers#27:3536yhere the problems associated with thin
films and resonance conditions were not addressed. Very
recently, Brockner and MenZ€lattempted a complete assign-
ment of the observed bands to vibrational modes using “genetic”
relationships betweenggand Go in conjunction with semi-
empirical PM3 calculations. However, this first attempt to
provide a comprehensive treatment of the modes;ph@s led

to incorrect mode assignments for the bands at 396, 410, 506,
769, 1256, 1296, 1333, 1366, 1458, and 1566 trand
uncertain assignments for the 738- and 1311=cbands (see

250

200 300 4(;0 560 6('JO below). : : . . . .
Scattering Mechanisms, Vibronic Coupling, and Assign-
Wavenumber (cm™') ments of Electronic Transitions. The three-dimensional cage
structures of fullerenes make them distinct from most other
476.5 nm classes of molecules. Vibrationally, there are no discrete

vibrating units, and consequently, vibrational modes of fullerenes

are described by the tangential or radial motion of the

73 atoms!317:34 This connectivity of the fullerene frame is also
important for their resonance Raman scatteringtedn RR
scattering is usually the dominant scattering mechanism for
totally-symmetric mode%’ Vibrational modes that have the

736 768 same vibrational coordinates as the displacement of the molec-

ular geometry in the excited state will have their band intensities

* enhanced by A-term scattering. The nuclear displacemé&pt,

of the potential surface of the excited electronic state minimum

from that of the ground electronic state is defined as

700

} + t T
660 700 740 780 AQ=puAS 1)

Wavenumber (cm')

whereyu is the reduced mass associated with the vibration and
AS is the corresponding displacement along the relevant
457.9 nm symmetry coordinates. It is related to the change in bond

1178 lengthsAr by

AS=-L(Ar, + ..+ Ar) @)
n

/n

wheren is the number of bonds involved with the vibration. A
totally-symmetric vibration of & would involve most of the
105 bonds. On the basis of calculatitfhsf the changes in the
bond lengths from & to C;¢*~, the weighted average change

1060 . . : )
) for all bonds is~0.01 A. It is expected thakr associated with
. . } electronic excitation would be significantly smaller. Hent&
1050 1250 1450 1650 becomes exceedingly small and would preclude any significant

contributions from “small displacement” -ferm scattering.

) _ _ Systems in which “small displacement” A-term scattering is
tﬁ:g“;%é-Gg{oR spectrum of :‘SSfjusfatEd SO"ﬂt“‘t’,“ quﬂ‘tﬁe”égggo'” significant include the linear ruthenium reds and browns, which
€ -cm- region at >14.5-nm excitation, in the - have no strongly-allowed transitions in the proximity of the

Sl _ 2 . PP gl th
cm - region at 47.6'5. nm excitation, and in the 1 SO.Cm region resonant transitioft As for Cso, the negligible Aterm scat-
at 457.9-nm excitation. Solvent peaks are marked with an asterisk. . - - . .
tering leads to the expectation that vibronic coupling mecha-

reported that the excitation wavelength has a large effect on NiSMS involving B-term scattering will be the major source of
the intensity of some bands in the surface-enhanced RamanNtensity enhancement for bands that result from the totally-
(SER) spectrum of thin films of & Clearly, symmetry symmet_rlc A’ modes of Gq. It is also the main enhancement_
assignments of bands of§Raman modes derived from studies mechanism for those that _resu_lt from the_non-totally-symmetnc
on thin films must be seriously questioned. E:" and B’ modes?14243 Via this mechanism, bands of modes
Solution measurements overcome the difficulties associated©f the appropriate symmetry that couple the resonant electronic
with thin films. The assignments reported herein are based on excited state with a second nearby excited state gain intensity

results of measurements pfr/2) for six intense bands in the  through the mixing of the two excited states. Itis generally a
RR spectrum of & in benzend® The p(w/2) values are  Vvalid assumption that only one excited state is coupled to the

consistent with most of the predictions of Waeigal.24 for the (40) Roduner, E.; Reid, |. DChem. Phys. Lett1994 223 149-154.
Raman mode symmetries listed in Table 4. These assignments (41) Clark, R. J. H.; Dines, T. Mol. Phys.1981, 42, 193-207.

; ; ; ; 4 (42) Gallagher, S. H.; Armstrong, R. S.; Lay, P. A.; Reed, CJAAm.
are in accord with most of the assignments of Meiluegal., Chem. Soc1994 116, 1209112092,

Procacciet al.2 Onidaet al.,'6 and Christide%t al, '3 and they (43) Gallagher, S. H.: Armstrong, R. S.; Lay, P. A.; Reed, CCAem.
clarify ambiguities in assignments previously made to modes Phys. Lett.1996 248 353-360.

Wavenumber (cm™')
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Figure 3. Raman excitation profile for the RR bands at 250, 257, 570, 700, and 713fomCy, in benzene at the 11 laser lines shown Figure
1.
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Figure 4. Raman excitation profile for the RR bands at 736, 768, 1060, 1227, and 1236ant;, in benzene at the 11 laser lines shown Figure
1.

resonant excited sta®é4* For G, all of the electronic states  the A, mode at 1227 cmt is ~Y/3, while it remains~/g for
involve MOs of a, e, or & symmetry. Table 5 gives the the 1446-cm! band. Clearly, these two values fp(z/2)
symmetries of the vibrational modes capable of coupling specific indicate that there are two electronic transitions being probed
electronic states oDs, C7. Symmetry considerations of by the 457.9-nm line, with excited states of a and e orbital
vibronic coupling, therefore, provide considerable insight into symmetry, respectively. The 1227-chvibration is active in
the nature of the electronic transitions ofo@ontributing to the vibronic coupling of the excited states with a orbital
the MVAB and, when used in combination with depolarization symmetry but not with orbitals of e symmetry. The converse
ratios, allow assignments of these electronic transitions to beis true for the 1446-cmt vibration.

made. Thep(z/2) values for bands of the totally-symmetric s assumed that a RR band active in vibronic coupling has
A1’ modes at 457.9-, 476.5-, and 514.5-nm excitations (Table ji5 maximum intensity at an excitation closest to the absorption
3) provide accurate information about the symmetry of the \asimum of the corresponding resonant electronic transition.
resonant excited state. At476.5- and 514.5-nm excitagipr, Generally, various bands of the/Aand &' modes have their

2) values are close td; for_th_e bands of th.e A modes at 257, highest intensities in both 514/501- and 476/472-nm excitation
1227, and 1446 ct. This is strong evidence that d_ou_bly- regions, while bands of the,E modes have their highest
degenerate excited states are populated at these excitations. ﬁhtensities in the 457/454-nm excitation region (Table 2). From
457.9-nm excitation, however, thér/2) value for the band of the direct products in Table 5, for both'A&and &' modes to be

(44) Clark, R. J. H.; Stewart, Bstruct. Bonding (Berlin1979 36, 1—80. active in vibronic coupling of the same resonant electronic
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Figure 5. Raman excitation profile for the RR bands at 1446, 1458, 1469, 1512, and 1566@nC;o in benzene at the 11 laser lines shown
Figure 1. The REP of the 1566-cfhband does not include 413- and 406-nm excitations due to the solvent band coincidence and the weak intensity
of the Raman bands at resonance with these excitations.

Table 2. Maxima and Relative Intensities of REPs occur at a similar energy, the HOMGO,(a— LUMO + 2 (&)
514.5/501.7 nm 476.5/472.7 nm 457.9/454.5 nm 413.1/406.7 nm (transition3). This transition has a nondegenerate excited state
and is assigned to the resonant transition in the 457/454-nm

257 Prlmar)é%axma 250 Bigg excitation region. The £ vibrational modes have their highest
700 713 1469 700 intensity in this excitation region, and from group theory, they
1060 736 713 couple the resonant excited state gfogbital symmetry to an
1227 1446 736 excited state of gorbital symmetry.
1256 1458 1060 . . : .
1512 1227 The question now arises as to which excited state(s) the three
1566 131% electronic transitions], 2, and3, are coupled. The candidate
Secondary Maxima 1366 excited state(s) for coupling will be energetically close. For
55738 igi’g 1227 11f54§ B-term scattering mechanisms to operate for totally-symmetric
713 1469 modes, the excited states of both the resonant and coupled
736 151% transition are required to be of the same symmetry. Thus, the
1469 1566 excited states of transitiorls and 2 are vibronically coupled

2 The first three columns give the laser excitation energies at which with a second excited state QI orbital symmetry, based on
each band (crf) in the REP has its greatest intensity and also any theé REPs of the bands of the/Anodes. The excited state of
secondary maxima. The fourth column gives the bands that have transition 3 is also coupled to an excited state aqf @bital
intensity at 413.1/406.7-nm excitatiohThese bands did not have symmetry based on the REPs of the bands of tiierfodes.

sufficient intensity at these excitations for band fits to be performed ;
for the REPs, but they have non-zero intensities at these excitations.Referrlng to the MO scheme of Shumway and Satpéttilie

°This band is obscured by benzene solvent bands, but at theseX:y-Polarized HOMO- 2 (&) — LUMO + 3 (&) transition4

excitations, it is evident with GSas the solvent. satisfies both symmetry and energy requirements and is assigned
to the strong absorption band at 382 nm.

transition, both the resonant and coupled electronic excited states \Where the coupled electronic transitions have similar oscil-

must involve MOs of esymmetry. Calculations of Shumway |ator strengths, a second band intensity maximum of the coupling
and Satpatt’? suggest that the electronic transition in the 476/ vipration is expected upon resonance within the absorption
472-nm excitation region corresponding to the excited state of envelope of this “second” electronic transition. Such behavior
er orbital symmetry is thez-polarized HOMO— 5 (&) — is evidenced in the REPs of manganese porphyfinsspection

LUMO + 1 (e"). This assignment was determined in of the intensity enhancements in the 413/406-nm excitation

preliminary experiment§ and has been reaffirmed by the more  yegion (Table 2) reveals that many of the bands due to modes
extensive data reported in this work. Hereafter itis referred to of A’ £, and &' symmetries involved in the vibronic coupling

as transitior?. The excited state of the electronic transition in - of transitions1, 2, or 3 also have enhanced intensity upon

the 514/502-nm excitation_region also involves an orbitaliof & resonance with the low-energy tail of transitién It could be

symmetry, and on the basis of the molecular orbital scheme of 546 that this RR intensity is due to resonance with the tails

Shumway and Satpatt§the candidate transition at this energy  of the ahsorption envelopes of transitiohs2, or 3. If this

is the x,y-polarized HOMO— 4 (&") = LUMO + 1 (&")  ere the case, such a phenomenon would be manifested in

(transitionl), which is consistent with the depolarization ratios. greater intensities at 413-nm excitation. However, it is clear
The p(n/2) value of the 1227-cmt band at 457.9-nm  from the REPs that most bands have a greater intensity at 406

excitation is the manifestation of a nondegenerate excited statethan at 413-nm excitation and that all bands have at least equal
of the resonant transition. In addition to transit@yrShumway

and Satpathd predict that another-polarized transition may (45) Foran, G. J. Ph.D. Thesis, University of Sydney, 1993.
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Table 3. Depolarization Ratiosp(s/2), for Cro

J. Am. Chem. Soc., Vol. 119, No. 18, 19259

band this work?2 ref 182 ref 182 ref 14 ref 12¢ ref 12¢ ref 54 ref 48514,
(cm™) 457 nm, RT 476 nm, RT 514 nm,RT 488 nnm,RT 514nm,296.0K 514nm, 14.3K 514nm,RT 488 nm, RT
257 f 0.09 0.08 0.33 0.39 0.30 0.16 0.24
738 f 0.84 0.82 0.38 0.54 1.12 0.39 0.75
1227 0.29 0.19 0.10 0.37 0.35 0.52 0.16 0.2

1256 f 0.90 0.80 0.87 0.89 0.97 — 0.62
1446 0.18 0.16 0.15 0.40 0.41 0.21 0.17 0.23
1566 0.66 0.69 0.63 0.19 0.61 0.39 0.19 0.29

aBenzene solution. RE room temperature’. Microcrystalline films deposited on Csl substrate by vacuum sublimatiBitms deposited on
single crystals of Si(100) by vapor-pressure gradient method of Vetrah (Varma, V.; Seshadri, R.; Govindaraj, A.; Sood, A. K.; Rao, C. N.
Chem. Phys. Lettl993 203 545-548). 9 Films deposited on suprasil slides by vacuum sublimati¢ilms deposited by vacuum sublimation
onto Si(100) substrateslnsufficient band intensityd This work.

Table 4. Symmetry Assignments of the Vibrational Modes Giving

Rise to the Resonance Raman-Active Bands{¢raf C;¢*

Table 6. Bands (cm?) Belonging to the Four Types of REPs

type 1 type 2 type 3 type 4
Ad B E 257 Ay 570 A/ 250 5" 1446 A/
257 250 233 700 A 713 B 1469 K" 1458 E'
452 410 396 1060 A’ 736 &'
569 506 714 768 &'
701 1296 738 1256 &'
1060 1333 769 1512 F'
1227 1468 1256 - - -
1366 1311 a See text for discussion. Bands at 1227 and 1566'at not fit
1446 1458 into any of these types.
1512
1566 1, 2, and 3 will overlap given their proximity to each other.

aBands observed in benzene solution, this work.

Therefore, the decreasing intensities of many bands across the

MVAB away from their resonance maximum are due to
resonance with the tails of transitiotis2, or 3.
Association of Raman Vibrational Modes of Gg with the

Table 5. Direct Product Table Involving Electronic Excited State
Symmetries for thds, Point Group

® a e & Electronic Distribution. As the previous section has demon-
strated, symmetry arguments allow for detailed investigation

a a € € . K .

e ate e and the assignment of electronic transitions under the MVAB.

& ate However, such arguments fail to address why vibrational bands

of modes of the same symmetry display remarkably different
REPs. The constructed REPs of the 15 bands can be divided
into the four types given in Table 6. Type 1 bands have one
o maximum in the 514/501-nm excitation region and tail off in
transition4. intensity toward the 457/454-nm excitation region. Type 2

The occurrence of secondary maxima faf And B’ modes  pands have maxima in both 514/501- and 476/472-nm excitation
in the 514/501- and 476/472-nm excitation regions (Table 2) is regions. Type 3 and 4 bands have maxima in 457/454- and
due to vibronic coupling of transitiofh or 2 with transition4 476/472-nm excitation region, respectively. Therefore, type 1
by that vibrational mode. The lower intensity of the secondary hands have a maximum upon resonance with transitigype
maxima of these modes is a reflection of their association with 2 have maxima upon resonance with transitidrend 2; type
a different change in the electronic distribution upon excitation. 3 have maxima upon resonance with transitiyrand type 4
There is a secondary maximum for the A227-cnT* band in have a maximum upon resonance with transiioriThe 1227-
the 457/454-nm excitation region. As evidenced by the de- and 1566-cm! bands do not fit into any of these types. These
polarization ratio, this band gains intensity upon resonance with different types of REPs are now discussed in terms of the
the excited state of transitidhhaving an MO of @ symmetry  changes in the electronic distribution upon excitation. This
and is active in the vibronic coupling of this excited state with requires a more detailed understanding of both the frontier
another excited state of like orbital symmetry. molecular orbitals and of the nature of the fundamental

The REPs of most RR bands of;{have intensities in vibrational modes of & for the 738- and 1311-cm bands,
excitation regions where they are not involved in vibronic cf. Tables 1 and 4.
coupling of the dominant resonant transition in that excitation  As with Cgso, the vibrational modes offgcan be distinguished
region. For example, the 250- and 1469-érhands of the E' as either radial (changes in bond angles) or tangential (changes
modes in the 514/501-nm excitation region have low intensities. in bond lengths); these generally occur<at900 and>~900
Studies on the solvatochromism of the electronic absorption cm™1, respectively:317:3* However, the extra 10 carbon atoms
spectrum of Gp revealed that the position of the peak of the in C;allow a further distinction: modes involved with thgsC
MVAB is insensitive to the nature of the solvent, unlike other like hemispheres are “cap” modes, while those involved with
electronic bands, e.g., the peak of the band due to transitionthe equatorial region are “belt” modes; the latter are character-
4.4 This suggests that no electronic transition dominates the istic vibrations of Go. Strictly speaking, there are no pure belt
MVAB, but instead that transitionk 2, and3 most likely have and pure cap modes because of extensive mixing of modes with
comparable probabilities. The absorption profiles of transitions like symmetry. Of the 53 Raman-active modes f,Qishiet
al.?* predict eight belt and 45 cap modes.

There is little known about the nature of the Raman
fundamental modes of & Onida et all® have suggested
assignments based on calculations, which are in good agreement

intensity at both excitations. This is consistent with the proposed
coupling of the excited states of transitiohs2, and 3 with

(46) Gallagher, S. H.; Armstrong, R. S.; Bolskar, R. D.; Lay, P. A.; Reed,
C. A. Recent Adances in the Chemistry and Physics of Fullerenes and
Related MaterialsElectrochemical Society: Pennington, NJ, 1995; Vol.
95-10, pp 485-498.
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with the inelastic neutron scattering experiments of Christides excitation than do the radial modes. The positively identified
et al’® The only Raman modes they identify with confidence modes of Go in this work include the low-energy bands at 250
are the three low energy modes that correspond to the band ofand 257 cm?® due to the &' and A’ modes, respectively. They
the 5-fold degenerategl) squashing mode ofggat 264 cn! are related to the §f1) squashing mode ofggand thus will be

in solution3143 These are the bands due to thg Bode at both radial and “cap” in nature. Onidg al.l® have assigned
235 cn1! and two accidentally degenerate bands at 250'%¢cm  the lowest frequency mode at 235 thito E;’ symmetry,
corresponding to the £ and A’ modes. Christidegt al.l3 implying that it is easier to squash the molecule perpendicular
give the band positions of theEE;", and A’ modes as 233, to thelong axis than along it. In this work, the band at 233
252, and 266 cmt, respectively, and on the basis of the cm™! most likely corresponds to this lowest energy fode.
experimental work reported here, they correspond to the bandslt has weak intensity only at 457.9-nm excitatiare., upon

of the &' mode at 233 cml, the B" mode at 250 cm!, and resonance with transitio3, and is not evident elsewhere.
the A mode at 257 cmt. Onidaet all® have identified that Intuitively, the higher energy of theE mode at 250-cmt

the analogous vibrations of the@) breathing mode and?) suggests that this squashing mode is perpendicular tehibe:
pentagonal pinch modes oggare the two A' modes of G, axis. The 250-cm! E{" band has a REP of type 3, with an
with calculated energies of 465 and 1463 ¢énrespectively. intensity maximum upon resonance with transitBbnReferring
They most probably correspond to the bands at 452 and 1446to the change in the electronic distribution associated with
cm~1found here. Onidat all®predict only one Raman-active transition 3, the change occurs along the long axis and not
mode characteristic of 4, the vibration at 1552 cri, found perpendicular to it. Hence, the nature of the 250-t&" mode

in the present work at 1566 crh Given the energy of this  modulates this change in the electronic distribution. In contrast,
band, this would correspond to a tangential mode, i.e., a the &' mode symmetry of the 233-crh band is capable of
breathing mode of the belt. vibronically coupling the excited states of transitidhand 2,

The HOMO and LUMO of G are delocalized over the whole  yet, as it has a weak intensity, this vibration modulates the
molecule, owing to the icosahedral symmetry. In contrast, the electronic distribution perpendicular to the change in the
LUMO and LUMO + 1 of G are essentially delocalized to  electronic distribution associated with the excitation. While the
first-order approximation over 40 and 46 carbon atoms, assignments of these low-energy bands are consistent with the
respectively?347 In this discussion, we have adopted they C  predictions of Onidaet al® many of our assignments of the
carbon-labeling method of Roduner and R&idThe 10 carbon higher energy bands differ from the most recent compilation
atoms of the equatorial belt are labele@, Gnd the four by Brockner and Menzéf4? As the band of the £ mode at
successive bands from the equator to the poles are labeled fron1469 cnT! has the same excitation profile as the 250-Emand,

Cp to Ca, such that the & carbons form the polar pentagonal the nature of the high-energy vibration is similar to that of the
caps. Calculations predict that population of the LUMO has low-energy vibration. Without knowing the exact nature of the
the same effect on the electronic distribution as removing 257-cnt! mode, it is difficult to speculate as to how this totally-
electrons from the HOM®? such that population of the LUMO  symmetric vibration might modulate the electronic distribution.
results in a net positive charge for the €arbons, while all However, it has a REP of type 1 along with the bands due to
other carbons have a net negative chadfdg€. This negative the A/ modes at 700 and 1060 cfy suggesting that the change
charge is greatest for thepQarbons and decreases for each in the electronic distribution upon resonance with transition
band toward the pole$. There are nodes at the 1Q €arbon may also be totally-symmetric in nature. The same may be
atoms of both poléd4” and at the 10 €carbon atoms in the  said about REPs of type 2 vibrational bands. The vibrations
equatorial bel2® It is also calculated that the three highest which have these excitation profiles will yield a great deal of
HOMOs (HOMO, HOMO — 1, HOMO — 2) and the three information about the associated electronic transitions once the
lowest LUMOs (LUMO, LUMO+ 1, LUMO + 2) of Cyg have nature of each of the vibrations of type 2 are known.

a nodal plane through thez@arbons® Hence, any electronic The bands at 452 and 1446 thassigned to the two A
transition that has one of the three HOMOs as its origin and/or modes, identified as the analogoug @brations to the breathing
populates one of the three LUMOs effectively moves electronic and pentagonal pinch modes ofsoC respectivelyé have
distribution in a direction parallel to the long axis of;,{C remarkably different excitation responses. Surprisingly, the 452-
Specifically, for an electron hole created in the HOMO or cm~!band does not have sufficient intensity at laser excitations
HOMO — 1, electronic distribution moves toward thesC  across the MVAB to allow construction of a REP. In contrast,
carbons, while it moves away from theg @arbons upon the 1446-cm? band has the second highest absolute intensity
population of the LUMO or LUMO+ 14° The change inthe  of the G bands studied in this work. To a lesser extent, this
electronic distribution upon excitation, therefore, is defined by intensity relationship is also observed for the twprodes of

the electron hole created and the destination of that electron,Cs.3! The 1446-cm’® band has a REP of type 4 with an
i.e, the “origin” and “populated” orbitals, respectively. Onthe intensity maximum upon resonance with transittbonMindful
basis of the assignments made for transiti@ng, and 3, the of the proposed node at the equator for the populated orbital of
electron hole is different for each, the HOM©4 (&), HOMO transition 2,0 the REP of this band suggests that transitton

— 5 (&'), and HOMO (&"), respectively. However, for both  also produces a change in the electronic distribution associated
transitions1 and 2, the populated orbitals are the same, that with the pentagons in the caps. The band of the 1458lcm
being the LUMO+ 1 (&), whereas the populated orbital for E,’ mode also has a type 4 excitation profile and, thus, is
transition3 is the LUMO + 2 (&"). predicted to modulate the electronic distribution in a manner

In general, the bands of tangential modes900 cnt! have similar to that of the 1446-cm band.
greater intensities than those of the radial modes&900
cm1, with the notable exceptions being the 250- and 2574%cm  Conclusion
bands. This suggests that the higher energy modes modulate
more effectively the change in the electronic distribution upon

(47) Haddon, R. CJ. Am. Chem. S0d.996 118 3041-3042.

(48) Tanaka, K.; Matsuura, Y.; Oshima, Y.; Yamabe,Chem. Phys. (49) Gallagher, S. H.; Armstrong, R. S.; Bolskar, R. D.; Lay, P. A.; Reed,
Lett. 1995 237, 127—132. C. A. J. Mol. Struct.1997 406, in press.

The REPs of the intense RR bands gf @cross the visible
region require that depolarization experiments must consider
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any resonance effects and that either a random orientation or These observations for;gare expected to translate predictively
highly-ordered array of molecules is a prerequisite for meaning- to the higher fullerenes. Becausey@as lower symmetry and
ful results. With few exceptions, the present work is consistent more localized molecular orbitals thagdJt is a superior model
with the vibrational assignments of Warmg al* The REPs for the vibrational dynamics and vibronic coupling of higher
also reveal that there are three electronic transitions which fullerenes.

contribute to the MVAB and definitive assignments have been
made for the first time. Each of these is vibronically coupled
to the strongly-allowed transition at380 nm.

B-term scattering is the dominant scattering mechanism for
Cro. This arises from extensive vibronic coupling and from the
rigidity of a highly connected structure where there are no
discrete vibrating units. Aerm contributions are small, if not
negligible, even upon resonance for strongly-allowed transitions. JA963426F
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