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 Periodic Trends in Electrode-Chemisorbate Bonding: Ethylene on Platinum-Group and Gold Electrodes as Probed by Surface-Enhanced Raman Spectroscopy† Melissa F. Mrozek and Michael J. Weaver* Department of Chemistry, Purdue UniVersity, West Lafayette, Indiana 47907-1393 ReceiVed: March 13, 2001; In Final Form: May 22, 2001
 
 The chemisorption modes of ethylene (ethene) on four Pt-group electrodes (platinum, palladium, rhodium, and iridium) and on gold in acidic aqueous solution are explored by means of surface-enhanced Raman spectroscopy (SERS), the former surfaces being prepared as ultrathin films on a SERS-active gold substrate. The primary objective is to compare the periodic trends in electrode-ethylene bonding with the extensive information available for metal surfaces in gaseous and vacuum environments. Each surface yielded vibrational spectra that indicate the extensive presence of π-bound molecular ethylene, primarily from the appearance of coupled CdC stretch [ν(CdC)] and CH2 scissors [δs(CH2)] vibrations at 1495-1540 and 1190-1275 cm-1, the frequencies depending on the metal. The marked (ca. 70-150 cm-1) coordination-induced redshifts observed for these vibrations, in the sequence Au < Pd < Rh < Pt < Ir, indicate the occurrence of increasing metalethylene 2π* back-donation. The importance of this bonding interaction is indicated further from positive frequency-potential (i.e., Stark tuning) slopes for these vibrations that increase (up to ca. 20 cm-1 V-1) in a similar metal-dependent sequence. The flat π-bound ethylene orientation is also consistent with the observed absence of sp2 C-H bands on the basis of Raman surface selection rules. On platinum, and especially rhodium and iridium, however, vibrational bands at 2880-2890, 1340, and 460-470 cm-1 diagnose the additional presence of chemisorbed ethylidyne (tCsCH3), being assigned to sp3 C-H stretching, CH3 deformation, and metal-carbon stretching vibrations, respectively. Ethylidyne was formed from chemisorbed ethylene increasingly toward lower potentials. Once formed, chemisorbed ethylidyne is stable over a markedly wider range of electrode potentials than π-bound ethylene, indicating a greater resistance of the former to both electrooxidation and electrohydrogenation.
 
 Introduction Unsaturated hydrocarbons constitute a class of adsorbates having broad importance to heterogeneous catalysis as well as surface chemistry in general.1,2 Extensive information on the modes of coordination to transition-metal surfaces in gaseous and ultrahigh vacuum (UHV) environments has been gathered in recent years, especially by using vibrational spectroscopy.1 Despite being of substantial significance to electrochemistry, including electrocatalysis, corresponding insight on hydrocarbon binding at metal-solution interfaces is conspicuous by its absence. The underlying reason undoubtedly is the paucity of suitable microscopic-level techniques. In particular, the vibrational technique most commonly used at metal-solution interfaces, electrochemical infrared reflection-absorption spectroscopy (EC-IRAS), is apparently of limited utility for characterizing electrosorbed hydrocarbons because of sensitivity and selection-rule restrictions exacerbated by solvent interferences. In principle, a more suitable vibrational method for this purpose is surface-enhanced Raman spectroscopy (SERS). Aside from its intrinsically higher sensitivity than EC-IRAS, together with freedom from solution-phase interference, the polarizability-based selection rules of SERS commonly enable vibrational † Part of the special issue “Royce W. Murray Festschrift”. This paper is dedicated to Royce Murray in recognition of his important contributions to the development of contemporary surface electrochemistry. * To whom correspondence should be addressed. E-mail: mweaver@ purdue.edu.
 
 modes associated with functional groups oriented parallel to the metal surface to readily be detected.3 Particularly germane examples are alkenes, alkynes, and aromatic molecules examined originally with SERS on gold electrodes some years ago in our laboratory.4,5 Significantly, most chemisorbed normal modes are readily detected, including C-C and other vibrations for flat oriented π-bound species, such as ethylene4 and benzene.5 Although the SERS effect itself is restricted for most practical purposes to coinage-metal substrates (Cu, Ag, and Au), we have long been interested in imparting the effect to other materials, including transition metals in electrochemical and gaseous environments, by electrodepositing them as ultrathin films on an inert SERS-active substrate, most usefully gold.6 Whereas our initial efforts yielded metal films of Pt-group metals displaying excellent SERS characteristics, the presence of residual Au sites often yielded unwanted spectral (and electrochemical) interferences. More recently, however, we have found that modifying the electrodeposition procedures yielded Pt-group films on gold that display little or no such complications from “pinholes”.7,8 This development opens up the possibility of examining by means of SERS a wide range of chemisorbates on transition-metal surfaces, including polyatomic organic species that often yield complex vibrational spectra, where the presence of substrate pinhole interferences can complicate the data interpretation. Recent adsorbates examined at Pt-group electrodes in our laboratory in this manner include benzene,7b,9 benzonitrile,9,10 halogens,11 and sulfur.11 In particular, such studies can furnish detailed insight into metal periodic trends
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 for electrode-adsorbate bonding,10,11 taking advantage of the rich potential-dependent vibrational spectra attainable at high resolution over wide wavenumber ranges with SERS. Described herein is an initial study along these lines for ethylene (ethene) chemisorbed at platinum, iridium, palladium, rhodium, and gold electrodes in acidic aqueous solution. This molecule was chosen partly in view of the extensive previous studies on Pt-group surfaces in gaseous and UHV environments,1,2 reflecting its archetypical status as an acyclic unsaturated hydrocarbon adsorbate.1a Further, ethylene readily undergoes both catalytic oxidation (chiefly to CO2) and reduction (to ethane) at Pt-group metal electrodes,12,13 the latter being closely related to well-studied chemistry at metal-gas interfaces.12 The spectra reveal the presence of ethylidyne as well as π-bound molecular ethylene to an extent that is sensitive to the electrode potential as well as the metal. The surface coordination patterns exhibit notable similarities and differences to those observed in gaseous and UHV environments. Experimental Section Raman excitation was from a Spectra Physics Stabilite model 2017 Kr+ laser operated at 647.1 nm. The laser light was fiberoptically coupled to a Custom-built PRM-1 Raman Microprobe System (SpectraCode, West Lafayette, IN) that can readily be aligned to a variety of stationary samples, facilitated by video imaging optics. After filtering, the laser light was directed through the microprobe objective using a holographic beam splitter and focused to a 120 µm spot size. The Raman scattered light was collected by the objective, filtered using two narrowband holographic elements, and directed through a fiber bundle coupled to an Acton SP 300i monochromator. The monochromator configuration utilized a 600 g mm-1 ruled grating. Detection was made by a Princeton Instruments Spec-100 400 BR Digital CCD Spectroscopy System. Data acquisition and storage was achieved using WinSpec 95 software. The gold electrodes are of rotating-disk construction, consisting of 4 mm diameter disks sheathed in Teflon. After polishing with 1.0 and 0.3 µm alumina, they were roughened so to engender stable SERS activity by means of successive oxidation-reduction cycles in 0.1 M KCl, as outlined in ref 14. Subsequent transition-metal electrodeposition onto gold followed procedures outlined in ref 7a,c, typically depositing ca. 5-10 monolayers. Research-purity ethylene was from Matheson Gas, and double-distilled (70%) perchloric acid was from GFS Chemicals. All solutions were prepared using ultrapure water from a MilliQ Plus system (Millipore). Measurements were performed at room temperature (23 ( 1 °C), and electrode potentials were measured and are reported versus the saturated calomel electrode (SCE). Results Representative surface-enhanced Raman (SER) spectra for ethylene chemisorption on the four Pt-group metals (Pd, Rh, Pt, and Ir) along with unmodified gold, obtained at -0.2 V vs SCE in C2H4-saturated 0.1 M HClO4, are shown together in Figure 1. The frequency region covered in Figure 1, 10501650 cm-1, contains significant vibrational features for molecularly adsorbed ethylene. As discussed previously,4a the intense bands observed at 1540 and 1275 cm-1 on gold can be assigned confidently to the CdC stretch [ν(CdC)] and symmetric CH2 scissors [δs(CH2)] modes of π-bound ethylene. The marked redshifts seen for these vibrations in comparison with those of gas-phase ethylene (1623 and 1342 cm-1, respectively) are consistent with the occurrence of metal-C2H4 π bonding
 
 Figure 1. Representative SER spectra in 1050-1650 cm-1 region for ethylene chemisorption on (a) unmodified gold and (b) palladium, (c) rhodium, (d) platinum, and (e) iridium films on gold at -0.2 V vs SCE in C2H4-saturated 0.1 M HClO4.
 
 with the CdC axis essentially parallel to the surface.4a This well-known binding mode involves contributions from C2H4metal donation from the filled 2π bonding orbital along with back-donation to the empty 2π* ligand orbital.1,15 Because both the ν(CdC) and δs(CH2) vibrations involve substantial CdC stretching character,16 the observed frequency redshifts reflect a diminution of the C-C bond order anticipated from such chemisorbate π bonding (vide infra). Neither of these SER bands on gold shift significantly in frequency (e5 cm-1) over the accessible potential range from ca. -0.3 V to 0.5 V where adsorbed ethylene is stable, although the intensities tend to decrease toward higher potentials. A small negative (ca. -5 cm-1 V-1) ν(CdC) frequency-potential dependence for ethylene on gold was noted in our earlier report, although larger negative values were obtained for some other alkenes and alkynes4b (vide infra). Similarly to our earlier study,4a no clear-cut C-H stretching [ν(CH2)] vibrational mode, anticipated at about 3000 cm-1, was detected for ethylene on gold. However, this finding is consistent with an essentially flat C2H4 orientation on the basis of polarizability-based Raman surface selection rules.3,18 Thus, because the C-H polarizability tensor lies almost entirely along the bond axis, no significant SERS intensity would be anticipated unless the C-H bonds for chemisorbed ethylene are tilted upward to some extent. In harmony with this expectation, no C-H stretching band is discernible for chemisorbed benzene on gold, which also is oriented flat via metal-adsorbate π interactions.5b In contrast, intense SER bands for in-plane ring modes are evident for chemisorbed benzene. Unlike C-H, CdC vibrations feature a large component of the polarizability tensor normal to the bond axis, thereby accounting also for the
 
 Periodic Trends in Electrode-Chemisorbate Bonding
 
 J. Phys. Chem. B, Vol. 105, No. 37, 2001 8933
 
 TABLE 1: Comparison of Vibrational Frequencies (cm-1), Stark-Tuning Slopes (cm-1 V-1), and πσ Parameters for π-Bound Ethylene on Various Metals at -0.2 V vs SCE Cuc ν(CdC)a δs(CH2)a πσ parameterb
 
 1555 1291 0.22 Rh
 
 Pd
 
 Agc
 
 ν(CdC)a δs(CH2)a πσ parameterb
 
 1506 (10) 1232 (14) 0.42
 
 1514 (5) 1244 (8) 0.38
 
 1583 1319 0.11
 
 Ir
 
 Pt
 
 Au
 
 ν(CdC)a δs(CH2)a πσ parameterb
 
 1495 (14) 1188 (22) 0.53
 
 1495 (5) 1210 (8) 0.48
 
 1540 (
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