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Abstract We describe results of Raman and infrared (m) SNdIeS of single crys- 
tals of pure Cw. CSz solvated c6a (CaalSCS2), (BEM-TIF)~ C a  (0EDT.m or ET is 
bis(ethylenedithio)tefrathiafulvalene) and C,o. We find that changing the crystalline environ- 
ment of Cm has linle effect upon the vibrational frequencies of the intramolecular vibrations but 
has some effect on relative intensities of peaks. By comparing our IR and Raman spectra using 
the pubhshed inelastic neuuon scattering and surface enhanced Raman data we have been able 
to identify the complete set of 46 fundamental inmolecular vibrational frequencies of CSO and 
64 of the 122 fundamentals of G o .  Theoretical calculations for Cw are not accumte enough 
to completely assign the symmehies of the identified fundamentals. We comment on effeas of 
oxygen and laser power on the Raman s p e c "  of C a .  

1. Introduction 

Recently Raman, surface enhanced Raman scattering (SERS), and inelastic neutron scattering 
(INS) studies of the intramolecular vibrations of Cm and C70 have been published (van 
Loosdrecht et al 1992a, 1993, Dong et a1 1993, Chandrabhas et al 1993, Liu et ai 1992, 
Coulombeau et al 1992, Christides et al 1993). However, examination of the published 
Raman spectra reveals several discrepancies with the published neutron data. We have 
therefore studied Cm molecules in a number of different crystalline environments. We report 
here Raman and infrared (IR) spectra of single crystals of unsolvated c60, CS2 solvated c60 
(Cml SCSz), (BEDT-TIF)& (BEDT-nF or ET is bis(ethy1enedithio)tetrathiafulvalene) and 
C70. We have previously discussed the vibrational modes and the selection rules for Raman 
and infrared spectra of Cm molecules (Bowmar et a[ 1993); there axe 46 fundamentals. 
Isolated c70 has D a  symmetry and the vibrations have the following representations 
(Raghavachari and Rohlfing 1991): 

r = 1OA; + 21E; + 12A; + 22% + 19E; + 9 4  + 9A;' + 2 0 q  

giving 122 fundamentals. The A; and E\ modes are IR active and the A;, E; and E;' 
modes are Raman active. The degeneracy of the intramolecular vibrations of C ~ O  cannot be 
determined by INS as unambiguously as with Cm because there axe five inequivalent carbon 
atoms in the C70 molecule and the scattering cross section is therefore dependent upon the 
eigenvector of each mode; this is in contrast to Ca. which has 60 equivalent carbon atoms 
and a cross section independent of the eigenvector. 
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Unsolvated C70 grown by sublimation has a hexagonal close packed (HCP) structure 
with a small admixture of a face centxed cubic (FCC) phase and a second HCP phase, 
After annealing at 573 K (see below) for 17 days the structure becomes predominantly 
Fcc (Green et a1 1992). Chandrabhas er al (1993) showed that the Raman linewidths and 
peak positions varied smoothly with temperature and concluded that the C ~ O  molecules 
are totally orientationally disordered above 330 K, disordered about the long axis of the 
molecule between 330 K and 270 K and orientationally ordered below 270 K (Maniwa et 
al (1993) find an orientational phase transition at 280 K). 

The aim of this paper is to distinguish fundamental vibrations from combinations and 
overtones in the complicated IR and Raman vibrational spectra of Cm and C70. We also 
discuss effects of oxygen and laser power on the Raman spectrum of c60 (see subsection 4.3). 

2. Experimental details 

The preparation by sublimation of single crystals of Cm and derivatives has previously been 
described (Bowmar er al 1993). Single crystals of C70 were also prepared by sublimation 
and some of these crystals were then annealed at 573 K under a vacuum of IO-] Torr (see 
section 1). These C70 crystals are referred to below as unannealed and annealed (Green er nl 
1992). Details of the Raman and IR equipment used have been previously given (Bowmar 
et al 1993). The resolution was 0.7 cm-'. The laser power density was always less than 
0.5 W to minimize possible photochemical effects (see subsection 4.3), and there 
was a consequent penalty in signal to noise ratio (see section 3). 

3. Results 

The infrared absorption at room temperature of a CS? solvated Cm and a solvent free 
crystal have already been described (Bowmar etal 1993) and the measured peaks are listed 
in table 1. Figure 1 shows the JR absorption spectrum of an unannealed C ~ O  crystal at room 
temperature. No significant difference was observed compared to the annealed crystal. 
Table 2 lists the absorption peaks. 

The effects of exposure to air and of temperature upon the Raman spectrum of crystals 
of Cm and derivatives have been previously discussed (Bowmar et al 1993). The room 
temperature Raman spectra measured from oxygen-free solvated c60, unsolvated c60 and 
E T ~ C ~  and the corresponding specna at 4 K are shown in figure 2. Figure 3(a) gives the 
Raman spectrum of at 4 K with increased amplification below -1400 cm-', showing 
weaker structure (the presence of oxygen in the crystals affects the Raman spectrum at 
room temperature but not at 4 K). The Raman spectra from all three types of Cm material 
studied (see section I )  were very similar with only small differences in energies and relative 
intensities of the individual peaks. There was a weak resonance with the green Art ion laser 
lines with both the solvated and unsolvated Cm crystals. The Raman spectrum of ET&o 
did not vary significantly with exciting laser frequency over the Art range. However the 
relative intensities of peaks present in the Raman-spectrum of the unsolvated Cm $rystal 
changed considerably when excited by the 4579 A Ar' line rather than the 5145 A line 
and the effect was helpful in distinguishing between combinations and fundamentals. No 
Raman features originating from CS2 or ET were observed for any of our crystals (see 
Wentink 1958, Kozlov er a1 1987). 

Figure 3(b) shows the Raman spectrum from the annealed C70 crystal at 4 K. The Raman 
spectrum did not vary significantly with temperature or with duration of laser irradiation. 
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Figure 1. The IR absorption spectrum of an unannealed single crystal of Clo L 293 K. 

The intensity of the Raman spectrum increased on changing the laser wavelength over the 
range 4579-5145 i% but did not go through a resonance. Raman spectra from the annealed 
C70 crystals were very similar to those from unannealed crystals but the spectra were slightly 
sharper. The peak positions are listed in table 2. 

4. Discussion 

4.1. c60 nnd ifs derivatives 

The infrared absorption spectra of both solvated and unsolvated c60 extend to 3072 cm-', 
embracing two-phonon absorption. No features were observed above this range, indicating 
that three-phonon absorption is weak. Apart from the CS? modes discussed previously 
(Bowmar et al 1993), the 1R absorption peaks measured from solvated CSO crystals were 
the same as those measured from unsolvated C, (apart from a few weak missing peaks; 
see Bowmar er a1 (1993) for a discussion). 

Van Loosdrecht et a1 (1992a) showed that some Raman vibrational lines shift 
discontinuously to higher energy and become narrower on cooling through the FCGSC 
phase transition at 252 K. A similar behaviour was observed for all of the C a  derivatives 
studied by us (figure 2)  and is associated with the hindrance of rotation of the C ~ O  molecules 
(Bowmar et a1 1993). It is interesting to note that the infrared peak observed at 574 cm-' 
at room temperature softens to 567 cm-' at 4 K in the Raman spectra of all three types of 
c60 material studied. A similar softening at low temperatures can be seen for many modes 
in table 1 (see also van Loosdrecht er al (1992)). This is an interesting result since most 
materials exhibit a hardening of vibrations with decreasing temperature. 

Fundamentals were distinguished from combinations and overtones by a detailed 
comparison of Raman, IR and INS spectra. Peaks in the Raman scattering spectrum observed 
off resonance were assigned to fundamentals (these are marked with an asterisk in table 1). 
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Figure 2. Raman spectra of (a) C& solvated Cm, (b) unsolvated Cw and (c) EnCm excited 
by a 5145 A Art ion laser at 293 K, (a) and (b) were measured after the Raman spectra had 
ceased to change with time due to the removal of molecular oxygen. (c) was measured from 
a freshly cleaved surface of m& (d), (e) and (0 were mwured a( 4 K from CS, solvored 
Ca. unsolvated Cw and m2Cm respectively. 

The extra peaks observed in resonance may be fundamentals, combinations or overtones. 
The allowed Raman modes (symmetry h, and a,) could be assigned on intensity grounds, 
with the a, and h, modes being distinguishable because the ag Raman tensor is diagonal. 
Two peaks of similar intensity were observed at 1100 and 1080 cm-'. The 1100 cm-l 
mode can be assigned as h, by comparison with solution spectra (Chase et a1 1992). Four 
strong IR allowed modes were observed from unsolvated C a  and these were assigned to TI, 
modes (these peaks exhibited paxtly resolved structure and we have previously attributed 
this to Fermi resonances (Bowmar et al 1993); the structure was not resolved in the less 
anharmonic CmlSCS2). 

The INS data of Coulombeau et ai (1992) can be used to identify the fundamental 
vibrations in the IR and Raman specwa of Cm below 1000 cm-' (see table 1). Those peaks 
that do not lie close to a fundamental in the INS spectra can be accounted for by combinations 
or overtones of fundamentals (to within the experimental accuracy of -2 cm-l). We did 
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Figure 3. (a) The Raman specvum of unsotvated Cm at 4 K. with the lowenergy region 
enlarged. (b) The Raman spectrum of annealed Cm at 4 K 

not identify crystal field splittings of the fundamentals from this detailed comparison (see 
table 1). This is consistent with only minor differences being observed between the positions 
of the main Raman and IR peaks of Cm molecules in the different crystalline environments 
of OUI c60 derivatives (see table 1 and also Matus and Kuzmany (1993) for a discussion of 
crystal field effects in crystalline c60, not observable in our spectra because of lower signal 
to noise ratio (see section 2)). Clear changes in relative intensities of Raman peaks are 
however observed for different derivatives of (see figure 2). When assigning peaks to 
combinations or overtones we bear in mind that effects of inversion symmetry are relaxed 
in both the IR and Raman spectra (Bowmar et al 1993). 

Our analysis was extended to the region between 1000 and 1625 cm-’ by comparing the 
weak IR peaks and those peaks observed only in resonance Raman spectra with combinations 
and overtones of the fundamentals below 1000 cm-’; 45 fundamentals were found, leaving 
one fundamental unidentified (see section 1). The peaks in the IR absorption spectrum 
between 1625 and 3072 cm-’ correspond to combinations and overtones only and all 
could be accounted for with the exception of two peaks at 2912 and 3072 cm-‘. The 
remaining fundamental may be sought by subtracting all of the 45 fundamentals from the 
two peaks above and looking for energies that occur twice. This suggests that the remaining 
fundamental is at 1488 cm-’, absent from our Raman spectra. However, a line close to this 
frequency (at 1480 cm-I) has been observed in SERS measurements (Liu et al 1992) and 
with this addition all 46 fundamentals are assigned. 

Calculations of the vibrational spechum of c60 are not accurate. It can be shown 
that by considering only nearest-neighbour interactions no choice of the bond stretching 
force constants of the bond lying along pentagon-hexagon or hexagon-hexagon edges 
can reproduce the frequencies of the two a, vibrational modes (Jishi et a1 1992). Jishi 
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er al (1992) also considered interactions up to third-nearest neighbours, fitting the force 
constants to the Raman active modes observed by experiment, but the inaccuracies of the 
calculations do not make it possible for us to assign symmetry representations to most of the 
fundamentals with any confidence (see table 1). The INS data of Coulombeau er a1 (1992) 
give the degeneracy of the modes below 1000 cm-', helping to assign symmetries in this 
region (see table 1). 

We should point out that some of OUT assignments do not agree with those of van 
Loosdrecht et a1 (1993a) or Dong et a! (1993). Van Loosdrecht et a1 (1993a) analysed 
their data by assuming that crystal fields make only even modes Raman active. The modes 
were then assigned by comparison with results of a calculation by Negri er al (1988) and 
by attributing any extra modes to crystal field splitting of degenerate modes. In contrast, 
we have indicated above that parity rules are not strictly obeyed in the Raman spectra and 
we have suggested that published calculations are not sufficiently accurate to give a reliable 
guide in interpreting spectra. 

Dong et a1 (1993) observed many Raman peaks above 1625 cm-' from a thin film. 
These peaks were not observed from single crystals by either van Loosdrecht et al (1993a) 
or ourselves. This may be a consequence of resonance conditions in thin films different 
from those found in single crystals. Matus ef a1 (1991) observed a sharp resonance from 
thin films, whilst we find a broader resonance from our single-crystal samples. Dong er 
a1 (1993) attempted to derive all of the fundamentals by producing a set of frequencies 
and symmetry assignments that could account for the higher-order Raman peaks, using the 
calculations of Jishi er a1 (1992) as a guide, but few of these calculated frequencies lie close 
to OUT data. Furthermore, the ws data of Coulombeau et a1 (1992) show that many of these 
frequencies are incorrectly assigned. 

4.2. C ~ O  crystals 

Table 2 shows OUT observed 1R and Raman peaks for C ~ O  together with results of sERS 
measurements of Liu et a1 (1992) and the INS data of Christides et a1 (1993). The data 
were analysed in a similar manner to those for Cm. However, the degeneracies of the 
vibrational modes cannot be simply found from INS (see section 1). The Raman and IR data 
agree with the low-energy range of the neutron data but above 682 cm-' the neutron data 
are generally of little use because of poor resolution (except for well resolved modes at 899 
and 955 cm-I). However, the number of modes assigned by neutron scattering disagrees 
with our data in regions with a large number of closely spaced modes, e.g. at -530 cm-' 
with C70 (table 2) and -750 cm-' with Cm (table I). 

The large number of observed C ~ O  modes makes the use of combinations and overtones 
to identify weakly allowed fundamentals very limited; in fact only one peak at 1384 cm-' 
was identified by considering combinations and overtones and so table 1 does not list the 
possible combinations. Intense peaks in the Raman and R spectra are tentatively assigned 
to fundamentals. 

The Raman selection rules are relaxed with SERS but combinations and overtones are 
not enhanced (Otto 1984). Table 2 shows a comparison of the SERS data of Liu etal (1992) 
with OUT data and it can be seen that the modes are not shifted significantly. This is not 
the case for Cm: the data of Akers et a1 (1992) exhibit shifts or order 20 cm-' from the 
Raman spectra. We therefore used the SERS data to help with the analysis of our C70 spectra 
and 64 fundamentals were identified. Above 1630 cm-' six peaks could not be accounted 
for by combinations. We resolve many more Raman peaks than Chandrabhas etal (1993) 
but fewer than van Loosdrecht er a1 (1993b). If we compare the Raman spectrum of van 
Loosdrecht et a1 (1993b) with ours and with the neutron scattering data of Christides et al 
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(1993) we find extra Raman peaks in the low-energy region (400 cm-') of the spectrum 
of van Loosdrecht et al (1993b) that have no counterpart in the INS spectrum and cannot 
be assigned to combinations or overtones. We observed our significant difference between 
spectra from annealed and unannealed crystals (see table 2) and OUT data are consistent with 
the resolved regions of the INS spectra. 

4.3. Effects of oxygen and laser power on Raman spectra of Cm 

Van Loosdrecht et a1 (1992a) showed using an oxygen-fiee single crystal of c60 that an ag 
mode, for example, shifts in a first-order way from 1459 cm-' to 1468 cm'- and narrows on 
cooling through the FCC-SC phase transition at -252 K (other lines also shift and narrow). 
Bowmar eta1 (1993) showed using low laser power (<1 W cm-') that a crystal containing 
some oxygen showed ag peaks at 1459 and 1468 cm-' at 255 K but on cooling to 250 K 
only the 1468 cm-' peak was found. They suggested that oxygen hindered rotation of the 
C, molecule in the FCC phase, producing an effect similar to that of the FCC-SC phase 
change. This effect of oxygen on the dynamics of c6, was directly observed subsequently 
by Belahmer et ai (1993) using high-resolution nuclear magnetic resonance (NMR). They 
showed that association of C a  with even a single oxygen molecule shifted I3C NMR to lower 
magnetic field, possibly due to charge transfer, and strongly hindered the C ~ O  rotation (see 
also Assink et al (1992)). Van Loosdrecht ef a1 (1992b, 1993a) find that with excitation 
intensities greater than 40 W at 40 K the 1468 cm-' mode decreases in intensity and 
is replaced by structure on the low-energy side. For laser power greater than 300 W cm-' 
the 1468 cm-' mode has gone and is replaced by a broad band peaking at 1459 cm-'. 
They suggest that the 1468 cm-l mode is associated with Cso in a triplet state (but see van 
Loosdrecht et al (1992a)). However, explanation of the results of Bowmar er U /  (1993) 
on this assumption would require a very large increase in triplet population on warming 
through the sc-FCC phase transition and there is ai present no experimental evidence that 
this occurs (on the contrary, see Pilcher et al (1991) and Lane et a1 (1992)). A possible 
alternative explanation is that the a, mode, which involves tangential motion of carbon 
atoms on the C, surface is particularly sensitive to charge relaxation (see e.g. Haddon et 
a1 (1991), which may be a consequence of the Fccsc phase change, or to van der Waals 
bonding with molecular oxygen in an interstitial site (Bowmar et a1 1993). It would be 
interesting to study effects of intense optical excitation on the lattice dynamics of Cw using 
high-resolution NMR. 

Recent authors have described changes in the structure of c60 films caused by laser 
irradiation (Zhou er al 1992, Rao et al 1993). They find evidence for irreversible 
photoinduced polymerization for incident laser power levels greater than 5 W cm-' at 
both 5145 and 4880 A (see section 2). resulting in a shift of the ag pinch mode from 1469 
to 1460 cm-' at room temperature; they suggest that the 1469 cm-' line is characteristic 
of oxygen-free FCC c6,. On the other hand, in a study of effects of temperatures up to 
400 K and also of laser power on the Raman spectra of single-crystal Cao Hamanaka er 
al (1993) found that the a, pinch mode occurred at 1460 cm-' at room temperature using 
low laser power (0.4 W at 4880 A). However, as the power was increased beyond 
55 W the 1460 cm-' peak was replaced by a peak at 1465 cm-' and the effect was 
reversible as the laser power was reduced; comparison with effects of heating the crystal up 
to 400 K suggested that the changes produced by increasing laser power were due to beat. 
They found no evidence for polymerization of their crystals at laser power levels of up to 
80 W They also found, in agreement with van Loosdrecht et a1 (1992a) and Bowmar 
et a[ (1993), that on cooling below the FCCSC phase transition at -250 K the 1460 cm-' 
a, mode is replaced by a sharper peak at 1468 cm-l (see above). It is apparent that at the 
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present time there is confusion in the literature about some aspects of Raman scattering of 
(260, possibly contributed to by variable quality of the material studied (for example, use of 
films rather than crystals and the presence or otherwise of oxygen (see above)). 
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