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enzyme-catalyzed organic synthesis with in situ cofactor regen-
eration!® and should be applicable to the synthesis of many novel
biologically important sialosides and oligosaccharides starting from
unactivated monosaccharides.
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The recent discovery of methods for preparing and purifying
Cq in significant yield!"3 has facilitated new studies of its structure
and photophysical properties. Recent electrochemical studies
reveal that Cgy and Cyq have very similar pyracylene-type electronic
character,* in apparent contradiction to the theoretical prediction
of quite different highly delocalized excited-state orbitals in the
two molecules.® This behavior, along with the recently reported
observation that salts of the Cg radical anion behave as semi-
conductors,® prompts questions of whether the Cgg structure and
electronic properties will be perturbed at interfaces. Low-reso-
lution STM images of Cg reveal spheroidal molecules that are
mobile on gold surfaces, indicating that they are not strongly
bound.”® The detailed interpretation of the STM results remains
specious, however, as it is not clear to what extent the STM probe
tip perturbs the electronic structure of the adsorbed molecule.”
We have therefore used surface-enhanced Raman (SER) spec-
troscopy to obtain a clearer picture of the surface interactions and
structure of Cg on gold. Differences between the SER and Raman
spectra provide evidence for both a loss of symmetry and a change
in the electronic structure of Cgy upon adsorption.

Cgo was prepared as described previously.? The IR! and Ra-
man®!0 spectra of bulk Cg confirm that it has an icosahedral
structure. Only four of 174 normal modes are IR active, and 10
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Table I. SER and Raman Bands (cm™!) of Cg

SER Raman®
Ceo” Ceo Cio
175 w
256 sh 261 (28, 4)
270 s 273 (20, 10)
340 m
398 w 400 (sh, 0)
419 m 411 (7, 0)
437 (9, 3)
459 (7, 0)
488 s 496 (43, 3) 501 (6, 0)
510 w—m
551 w
575w 573 (6, 0)
700 m, br 710 (6, 2) 704 (11, 2)
730 m 739 (12, 4)
766 m 774 (10, 3) 770 (5, 0)
962¢ w, br ~970% (~2)
1062 (19, 5)
1088 w
1186 w 1099 (2, 0) 1186 (46, 8)
1235 w 1231 (51, 8)
1250 (2, 0) 1260 (5, 0)
1307 vw 1298 (sh, 0)
1317 (sh, 0)
1336 (13, 0)
1370 (13, 0)
1393 w
1422 w-m 1428 (14, 3)
1452 vs 1448 (52, 9)

1470 (100, 6) 1471 (25, 0)
1517 (18, 8)

1559¢s 1575 (9, 3) 1569 (100, 19)

% Abbreviations: w = weak, m = medium, s = strong, v = very, br =
broad, sh = shoulder. #Raman data for Cg and Cyo from ref 10. In-
tensities for (parallel, perpendicular) polarizations are relative to the
1470-cm™ band for C4 and to the 1569-cm”! band for C,q.
“Reassigned in this work. ¢Observed in the reported spectrum'® but
not tabulated or included in the analysis.

or 11 bands are observed in the Raman spectrum (see footnote
d, Table I).>!! In the SER spectrum of pure C¢y on gold with
no applied potential (Figure 1a), we can clearly identify 22 bands,!?
which are compared with bands in the Raman spectra of bulk Cg,
and C,q in Table I. In addition to bands similar to those in the
bulk C¢q Raman spectrum, we observe a new band at 340 cm™!
that may correspond to a metal-molecule vibration. The other
new bands in the Cg SER spectrum agree closely with bands in
the C59 Raman spectrum. 01113 [C,q is predicted to have 53
Raman-active modes, 21 of which have been observed (Table I).]

(11) The substantial intensity of the ~1568-cm™' band in the Raman
spectrum of Cgy/Cyq reported in ref 10, even with only ~8% C,q, and the
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suggested in ref 9, submitted shortly before the present work.
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laser-induced degradation was occurring. Spectra 1b and Ic have been
smoothed with a five-point polynomial smoothing function,

(13) There is no evidence for the laser-induced formation of graphitic
carbon. The Raman and SER spectra of glassy carbon and laser-damaged
pyrolytic graphite are described in detail in the following: Wang, Y.
McCreery, R. L. Anal. Chem., submitted, and references therein.

(14) Weeks, D. E.; Harter, W. G. J. Chem. Phys. 1990, 90, 4757.

0002-7863/91/1513-6302$02.50/0 © 1991 American Chemical Society



J. Am. Chem. Soc. 1991, 113, 6303-6305 6303

RELATIVE INTENSITY

1250 cps

150 RAMAN SHIFT (cm™) 1800

Figure 1. Surface-enhanced Raman spectrum of Cg, coated on a gold
electrode immersed (a) in pure water with no applied potential, (b) in
0.1 M aqueous KCl at +0.200 V vs SCE, and (c) in 0.1 M KCl at —0.600
V vs SCE. No SER scattering is observed above 1800 ¢m™!,

This is not to suggest that C¢, has been transmuted to C,4 on the
gold surface! Rather, we propose that Cgg in the interfacial
environment has decreased symmetry, which causes new modes
to become Raman active. The chemical similarity between Cgq
and C,q leads us to predict that many of the normal modes and
vibrational frequencies of these spheroidal carbon clusters will
be similar. The higher frequency modes will be dominated by
bond-stretching motions (changes in edge lengths), while the lower
frequency modes are expected to involve radial distortions to a
more ellipsoidal shape.!* We have obtained a preliminary SER
spectrum of Cj, and indeed the band positions in the 1000-
1600-cm™! region are similar to those observed in the SER
spectrum of Cqg, although the relative intensities more closely
match those of the bulk Cy spectrum.!S We cannot yet say
whether adsorbed Cg, distorts to a Cyq-like ellipsoidal shape, or
whether the symmetry is reduced to Cs, or even lower due to
adsorbate-surface interactions. We are currently performing a
more detailed analysis of the Cyy and C,y SER spectra and normal
modes.

The seven strongest bands in the Cgy Raman spectrum (at 1575,
1470, 1428, 774, 496, 437, and 273 cm™!) have analogues of
comparable relative intensity in the SER spectrum, but the SER
bands are shifted to lower frequency. (Some of the weaker Raman
bands are also shifted slightly, and some have different relative
intensities in the SER spectrum.) The frequency shifts are similar
to those observed for other aromatic molecules upon adsorption
on gold*¢ and are interpreted as evidence for a change in the
electronic structure of the adsorbate. Donation of = electron
density to the metal, or back-donation from the metal d orbitals
to the molecular =* orbitals, results in a decrease in the adsorbate
C-C bond strength, and thus a decrease in the molecular force
constants and vibrational frequencies. In the case of Cg, its high
electron affinity'? suggests that metal-to-molecule back-donation
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may be the more important of the two mechanisms.

Spectra b and ¢ of Figure | are SER spectra obtained with 0.1
M KCl as the electrolyte at +0.200 and —0.600 V. The similarity
of spectra b and a shows that CI~ does not perturb the adsorbed
Ceo. Applying a more negative potential (Figure 1¢) causes the
three highest frequency bands, which arise from normal modes
involving bond stretching,'* to shift downward significantly, as
expected if metal-to-molecule back-donation contributes to the
adsorbate—substrate interactions. Similar negative frequency shifts
are observed for these bands in the Raman spectra of Cg~ and
alkali-metal-doped Cq, films.!® A potential of -0.600 V is not
sufficient to reduce Cq in water with KCl as the electrolyte (no
current is passed).4'’ Applying a more negative potential is likely
to result in the formation of the fulleride anion on the surface.
This may provide a method for fabricating metal-semiconductor
Schottky barriers that can exploit the unique electronic properties
of the fulleride salts.® The electrochemical data also suggest that
the Cgo anion undergoes Jahn—Teller distortion,* which may make
its symmetry and vibrational spectrum quite similar to those of
neutral Cqo on gold at negative applied potentials, shown here.
Further vibrational spectroscopic studies of adsorbed neutral Cg,
and fulleride salts are under way.
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The reaction of methanol to gasoline (MTG) on zeolite
HZSM-5§ is central to what is probably the most successful syn-
thetic fuels process.! This process accounts for a substantial part
of New Zealand’s gasoline supply. Despite extensive study of the
methanol/HZSM-S§ system, the mechanism for the formation of
the first C—C bond is still disputed.!> The most popular' of the
proposed reaction mechanisms involves the formation of tri-
methyloxonium (1) followed by deprotonation by an unspecified
basic site to yield methylenedimethyloxonium ylide (2). The ylide
is then assumed to either abstract a methyl group to form di-
methylethyloxonium, which undergoes $-elimination to yield
ethylene and dimethyl ether, or to undergo a Stevens-type rear-
rangement to form methyl ethyl ether (Scheme 1).3* A detailed
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