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Probing Molecular Vibrations at Catalytically electrochemicéland elevated-temperature gaseous environnients.
Significant Interfaces: A New Ubiquity of The key factor limiting the scope of these applications, however,
Surface-Enhanced Raman Scattering has been the presence of interfering spectral components from

adsorbates bound to exposed Au “pinhole” sites in the overlayer
) . film. This “pinhole problem” has until now thwarted our hoped-

Shouzhong Zou, Christopher T. Williams, for characterization of the myriad of larger (and hence vibra-
Eddy K.-Y. Chen, and Michael J. Weaver tionally more complex) adsorbates, especially organic species,
of broad-based importance in interfacial chemistry.

Recently, however, we discovered that modifying the film
electrodeposition procedure, specifically by employtogstant-
. current electrodeposition from suitable electrolytes (e.g., phos-
Receied January 15, 1998 phate buffers), can yield transition-metal films (e.g., Pt, Pd, Ir,

The development of “in-situ” methods for characterizing RP) on gold substrates that are sufficiently thin (say;18
chemisorbed molecules at metal and related surfaces in higher_mon_olayerg, ML) to yield excellent SERS, yet are essentiegly
pressure gas or liquid-phase (i.e., ambient) environments consti-°f Pinholes” This last property can be gleaned readily from the
tutes a centrally important goal of contemporary interfacial cyclic voltammetry for oxide formation and _removal,specn‘lcally
sciencé. Vibrational spectroscopy, with its consummate sensitiv- 10M the absence of the Au oxide reduction wawand, most
ity to molecular structure and bonding, forms a crucial element POintedly, by examining the €0 stretching fco) bands for.
of such efforts. However, both of the in-situ vibrational methods 2dsorbed carbon monoxide. Thus adsorbate bound to residual
commonly utilized, infrared reflectierabsorption spectroscopy Au:?tes yields a characteristically hlgher-freqijency (ca. 2110
(IRAS) and infrareé-visible sum frequency generation (SFG), €M ) ¥co feature compared to bands 2070 cm™) due to CO
suffer from major drawbacks. These include sensitivity restric- Pound to the transition-metal overlaye¥. However, the present
tions, bulk-phase interferences, limited wavenumber ranges, andflms consistently yield SER spectra featuring intemgg bands
an inability to detect vibrational modes parallel to the interfacial [0f €O bound to the transition metal, yeatirely deoid of the
plane as a result of surface-selection rules. Consequently, the?110 cm* “pinhole” band? .
breadth of chemisorbate-surface systems so far amenable to such One benchmark class of adsorbates are aromatic molecules.
in-situ vibrational characterization, especially for transition metals While often chemisorbed strongly on transition metals, their
and related catalytic interfaces, remains meager in comparisonPropensity forz-bonding via the aromatic ring(s) largely precludes
with systems in ultrahigh vacuum (UHV), where electron energy- iN-Situ characterization by either IRAS or SFG. The vibrational
loss spectroscopy (EELS) has been extensively exploited in Properties of these (and numerous other) important systems have
addition to IRAS. While EELS offers excellent sensitivity over therefore been examined previousigly in UHV environments
wide frequency ranges and can detect most adsorbate vibrationapy using EELS. We describe here some salient SERS vibrational
modes? it is inherently limited to UHV. We report herein an  features of benzene on palladium in aqueous media in order to
experimental strategy, based on surface-enhanced Raman scatllustrate the power of the technique for exploring molecular
tering (SERS), which enables such rich vibrational information Structure and bonding on transition metals in non-UHV environ-
to be obtained for numerous adsorbates on transition-metal (andments, specifically in comparison with EELS data.
likely other catalytically significant) surfaces in liquid-phase or Displayed in Figure 1 are typical SER spectra obtained on a
other ambient environments. palladium-coated Au electrobleneld at —0.2 V vs saturated

The SERS technique, developed originally for electrochemical calomel electrode (SCE) in near-saturated (ca. 10 mM) solutions
systems, shares several major attributes with EELS, including of benzene and benzewg4in aqueous 0.5 M k8O, Similar
excellent sensitivity toward low wavenumbers and the ability to Spectra were observed at electrode potentials fréh2 to 0.5 V
detect most adsorbate molecular vibrations. Most importantly, vs SCE. The wavenumber region, from 800 to 1250 trwas
and unlike EELS, SERS can yield detailed vibrational information Selected to encompass the “symmetric ring-breathing” megde (
free from bulk-phase interferences even at meltqlid interfaces ~ in the Wilson notation). This band, appearing at 992 tifor
over wide wavenumber ranges with excellent frequency and liquid benzené? is red-shifted (and broadened) substantially by
temporal resolution. A major drawback that has restricted the adsorption on palladium, yielding a feature centered around-945
breadth of applications of SERS to interfacial chemistry, however, 950 cnt* along with a low-frequency shoulder (Figure 1).
is that the Raman enhancement effect is limited for practical Identification of this SER band is facilitated by the frequency
purposes to copper, silver, and gold substrates. downshift to about 905 cm observed upon ring deuteration

Earlier work from our laboratory showed that the SERS effect (Figure 1). Benzene adsorbed on gold electrodes also displays a
could nonetheless be extended to transition metals and related€d-shiftedv, mode!? However, the banérvelopefor the v,
materials by electrodeposition as ultrathin films on gol@his - -
procedure can alter the surface chemical properties to those Of(b)(%ga)sz_h:r?g'\/C/(é'a(\?gro'nil(f'J\_ngﬁzg_r'c'\ﬂéf{u%gyé'1%8(32;13?79_3 97, 8656.
the deposited film while maintaining large SER signal enhance- " (6) For example, see: Wiliams, C. T.; Takoudis, C. G.; Weaver, M. J.
ments for species adsorbed on the overlayer by transmission fromPhys. Chem. B998 102, 406.

the underlying substrate. The approach has been utilized tolnfc(;%é(t)igh S.; Weaver, M. J. To be published. Also, see the Supporting

explore adsorbate vibrational properties on transition metals in ~ (8) For an overview, see: Sheppard,Anu. Re. Phys. Cherr198§ 39,
589
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Table 1. Comparison of Major Raman Spectral Features for
CgDg/Pd B Benzene at Palladium-Aqueous Interface with Corresponding
Bulk-Phase and UHV-Based EELS Data

vibrational frequencies (cnd)

benzene
* normal vibrational mode bulk EELY SERS®
modé  description liquidbe Pd(110) Pd
905 V16 C—C—C out-of- 404 (in) (1.20) 430 (W)
v, plane bend
0 ve c-Cc—Cin- 607 (s) (1.05) 580 (w) (1.05)
'g plane bend
. Vi1 C—H out-of- 673 (in) (1.33) 705/745 735 (m) (1.43)
£ plane bend (1.4/1.33)
2 V10 Cs libration 846 (m) (1.28) 890 (1.33) 835 (m) (1.33)
2 V1 ring breathing 992 (vs) (1.05) 89021.0?) 950 (vs) (1.05)
2 Vg C—Hin-plane 1178(s) (1.36) 1150 (1.32) 1155 (?)(1.33)
£ trigonal bend

vis  C—Cstretch 1309 (in) (1.02) 1340 (1.09) 1325 (s)
vie  C—Cstretch 1482 (in) (1.11) 1460 (1.03) 1435 (w) (1.10)

aWilson number notation for normal mode vibratidrVibrational
frequency in liquid phase. Values given in parentheses are isotopic
frequency ratios for €Hs relative to GDs (vu/vp), from ref 11.¢ Key
1200 | 1000 800 to symbols: in= Raman inactive, vs= very strong, s= strong, m=
Raman Shift (cm—1) medium, w= weak, vw= very weak.? EELS v_ibrational frequencies
for benzene adsorbed on Pd(110) at 300 K in UHV, from ref 13. The
Figure 1. Surface-enhanced Raman (SER) spectra for (A) benzene and (v,/vp) ratios are given in parenthesé@s/ibrational frequencies for
(B) benzeneds adsorbed on a 3.5 ML palladium film on gold-aD.2 V benzene on Pd film electrode, observed in the present work. ifiie (
vs SCE from 10 mM benzene in aqueous 0.5 MBH,. Raman excitation vp) ratios are given in parentheses.
was at 647.1 nm, with a power of ca. 200 mW. The spectrum
acquisition time was 20 s. The feature marked with an asterisk possibly transition metal. For example, thg band envelope for s in
arises from trace aluminum oxide used for electrode polishing. Figure 1 contains at least two components, the more strongly red-
SERS feature on palladium is down-shifted well beyond the Shifted (950/920 cr, “chemisorbed”) portion dominating in-
feature (of comparable intensity) observed at ca. 975%con creasingly over the unrgsolved hlgher-frequency_ shoulder toward
unmodified gold, showing that the former must arise at least lower solute concentrations. T_hls SERS feature is seen to be even
predominantly (and probably exclusively) from binding flat to MOre red-shifted on rhodium films, to about 890 Cyclose to
the transition-metal surface. As expected,thé@nd other) band  that observed by EELS for the same vibration on Rh(141).
intensities are attenuated progressively for thicker Pd films. _ The key point exemplified by this abbreviated analysis is that
However, the intensities decrease, for example, by ort-4 the SER spectra can yield at least as detal_led and reliable picture
fold from 3 to 30 ML films? The band frequencies are affected of surfa_ce coo_rdlnatlon of polyatomic chemisorbates on transition
little (<5 cnmY) by film thickness, especially above10 ML. metals in ambient enwrpnmgnts as can be deduced by EELS,.even
Turning now to other adsorbate vibrational modes, Table 1 though the latter technique is restricted to UHV. More detailed
compares the spectral characteristics of eight representative®nalyses fgr these and other aromatic systems will be described
vibrations for liquid benzeri! with the corresponding SERS elsewhe_ré. The strategy clearly_ ha_s conS|derabIe_prom|se for
bands for benzene adsorbed on palladium, along with the reportedthe detailed vibrational cr_]arac_terlzatlon of pon_atomlc ads_qrbates
EELS vibrational features on Pd(110) in UH¥.In addition to on such strongly chemisorbing (and catalytically significant)
the band frequencies and approximate relative intensities, the H/DSUrfaces in liquid-phase and other ambient environments. More-
isotopic frequency ratios are also listed in parentheses. The SERVer, the detection of inherently weak vibrational signals is
band assignments in Table 1 were deduced partly by matchingbecom'”g much more tractable \{VI.Ih the advent of high-throughput
the observed isotope shifts with those for the bulk-phase species,Raman spectrometers and efficient detectors even for longer-

as well as considering the band frequencies and relative intensities Wavelength radiation. Consequently, one can expect to obtain
The detection of adsorbate ring modes having significant polar- measurable SER spectra even on substantially thicker overlayers

izability tensors normal to the ring plane,{ modes), along with (i€, for markedly smaller SER enhancemeritspening up the
the observedibsenceof the v, mode (C-H stretch, for which present techplque to dlversg other surface materials. W|th proper
04, ~ 0), provides further evidence that the benzene ring is parallel ttention to film characteristics, then, there are persuasive reasons
to the metal surface. Thus, the,symmetry modes (e.gvso) to anticipate that SERS-basepI vibrational strategies may _qwetly
yield larger SER enhancements than fgy @odes (€.9.ve), as revolutionize our understanding of molecular chemisorption at
expected since only the former feature a modecatepolariz- such interfaces.
ability.’? The band frequencies (and assignments) from the EELS
data (Table 1) are largely in accordance with the present findings.
The benzene ring is deduced to have an essentially flat orientation
also on Pd surfaces in UHV, again partly on the basis of  supporting Information Available: Film preparation details and
vibrational selection rules, although in the EELS case the most Raman spectra (2 pages, print/PDF). See any current masthead page for
intense (usually dipole-allowed) bands chiefly involve out-of-plane ordering information and Web access instructions.
C—H vibrations?3

The frequency and relative intensities of some benzene SERSJA9801590

bands are sensitive to both the solute concentration and the (14)Koel, B. E.; Crowell, J. E.; Mate, C. M.; Somorjai, G. A. Phys.
Chem 1984 88, 1988.
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1991 95, 7415. published.

Acknowledgment. This work is supported by the National Science
Foundation.




