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Abstract: lllustrative quantum-chemical calculations for selected atomic and molecular chemisorbates on
Pt(111) (modeled as a finite cluster) are undertaken as a function of external field, F, by using Density
Functional Theory (DFT) with the aim of ascertaining the sensitivity of the field-dependent metal—adsorbate
binding energetics and vibrational frequencies (i.e., the vibrational Stark effect) to the nature of the surface
coordination in electrochemical systems. The adsorbates selected — Cl, |, O, N, Na, NHz, and CO — include
chemically important examples featuring both electron-withdrawing and -donating characteristics. The
direction of metal—adsorbate charge polarization, characterized by the static dipole moment, us, determines
the binding energy—field (E,—F) slopes, while the corresponding Stark-tuning behavior is controlled primarily
by the dynamic dipole moment, up. Significantly, analysis of the F-dependent sensitivity of us and up leads
to a general adsorbate classification. For electronegative adsorbates, such as O and Cl, both us and up
are negative, the opposite being the case for electropositive adsorbates. However, for systems forming
dative-covalent rather than ionic bonds, as exemplified here by NH; and CO, us and up have opposite
signs. The latter behavior, including electron-donating and -withdrawing categories, arises from diminishing
metal—chemisorbate orbital overlap, and hence the extent of charge polarization, as the bond is stretched.
A clear-cut distinction between these different types of surface bonding is therefore obtainable by combining
vibrational Stark-tuning and E,—F slopes, as extracted from experimental data and/or DFT calculations.
The former behavior is illustrated by means of potential-dependent Raman spectral data obtained in our

laboratory.
Introduction Following earlier ab initi&*and semiempirical calculatiofis,
) ) o ) the recent emergence of Density Functional Theory (DFT) as a
The energetics of chemisorbate binding at mesallution reliable quantum-chemical means of describing metal surface

interfaces are well known to be sensitive to the applied electrode chemisorbate bonding is having an important impact on our
potential and hence the local electrostatic field. Understanding jnterpretation of such vibrational as well as other energetic
the fundamental bonding interactions responsible, however, hasproperties. While slab-based DFT calculations can yield more
been limited somewhat by the paucity of microscopic-level accurate binding energetics for higher adsorbate coverages at
techniques, at least in comparison with the situation for metal uncharged metal surfaces, related studies for single adsorbates
surfaces in ultrahigh vacuum (UHV). Nevertheless, aside from on finite metal clusters bathed in variable external fields provide
thermodynamic-based information on metatisorbate adsorp-  a useful semiquantitative way of mimicking the adjustable
tion energies, in-situ vibrational spectroscopy can provide surface potential in electrochemical systems. A number of recent
microscopic-level information into electrogehemisorbate DFT calculations of the latter type have been concerned with
bonding! In particular, one anticipates that examining the understanding such field-dependent vibrational propetti¥s.
dependence of chemisorbate vibrational frequencies on theOur initial investigations along these lines concerned carbon
electrode potential and hence the local electrostatic field, i.e., monoxide and nitric oxide on (111) surfaces of platinum-group
the electrochemical Stark effetshould yield important insight

(3) For example: Bagus, P. S.; PacchioniBBctrochim. Acta 991, 36, 1669.

regarding charge polarization. (4) Head-Gordon, H.; Tully, J. GChem. Phys1993 175, 37.
(5) Anderson, A. BJ. Electroanal. Chem199Q 280, 37.
(6) (a) lllas, F.; Meli, F.; Curulla, D.; Clotet, A.; Ricart, J. NElectrochim.

; Corresponding author. E-mail: mweaver@purdue.edu. Acta 1999 44, 1213, (b) Curulla, D.; Clotet, A.; Ricart, J. M.; lllas, F.
Purdue University. Electrochim. Actal999 45, 1999. (c) Garcia-Hernandez, M.; Curulla, D.;
* Eindhoven University of Technology. Clotet, A.; lllas, F J. Chem. Phys200Q 113 364.
(1) For a review, see Weaver, M. J.; Zou, S. 3pectroscopy for Surface (7) (a) Liao, M.-S.; Zhang, Q.-EJ. Chem. Soc., Faraday Tran$998 94,
Science Advances in Spectroscopy, Vol. 26; Clark, R. J. H., Hester, R. 1301. (b) Liao, M.-S.; Cabrera, C. R.; Ishikawa, Surf. Sci 200Q 445,
E., Eds.; Wiley: Chichester, U.K., 1998; Chapter 5. 267.
(2) For an overview, see Lambert, D. Electrochim. Actal996 41, 623. (8) Koper, M. T. M.; van Santen, R. Al. Electroanal. Cheml999 476, 64.
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metals (Pt, Ir, Pd, Rh, and R&j, motivated partly by the

o and s orbitals, and so on, should be reflectedperhaps

extensive experimental information now available for the differently — in the field-dependent binding energy and Stark-
potential-dependent intramolecular infrared vibrations for elec- tuning behavior in a fashion that enables their identification and

trochemical CO and NO adlaye¥sAlso of particular funda-

mental interest are the field-dependent vibrational frequencies

of the metat-adsorbate bond itselfyy-a. While largely

diagnosis.
Intriguingly, this expectation turns out largely to be correct.
The present paper contains illustrative DFT calculations, specif-

inaccessible to surface infrared spectroscopy, such low- ically for monoatomic adsorbates (Cl, I, O, N, Na) forming
frequency modes can readily be detected at electrochemicalsurface bonds with widely varying polarity and for simple
interfaces by surface-enhanced Raman spectroscopy (SERS)molecular adsorbates (CO, MHhaving distinctly differing

significantly, the available SERS-active surfaces include Pt- orbital interactions, with the overall aim of forging such a

group metals by employing thin overlayer films on gold

substrate$? This capability has enabled us to explore the

potential-dependenty -, behavior for halogens and other
monoatomic adsorbat€sas well asvy-a and intramolecular

connection between the bond polarization parameters and the
nature of surface coordination. Broadly speaking, the analysis
identifies three distinct classes of metahemisorbate coordina-
tion, based on the relative signs of the and up values, and

vibrations for a range of polyatomic specigs!® hence differingE,—F relative tovy-a—F behavior. Overall,
The availability of such electrochemical vibrational data has the DFT results (together with salient experimental data) point
encouraged us to utilize DFT calculations as a means not onlyto the general utility of the analysis for exploring the nature of
of furnishing a more complete interpretation in terms of surface electrode-adsorbate coordination.
chemical bonding, but also to explore the relationships between
field-dependent vibrational frequencies, surfachemisorbate
binding energies, and bond geometries. The central significance The DFT calculational procedures followed those described in refs
of establishing such relationships, of course, lies in the desire 9 and 10. Most calculations utilized a neutral atomic or molecular
to utilize DFT-based calculations so as to forge a more complete 2dsorbate bound to a 13-atdd, platinum (111) cluster, arranged in
understanding of the surface vibrational data in terms of quantum ™0 hexagonal layers of six and seven atoms each. (Although larger
chemistry. An initial finite-cluster DFT investigation for CO clusters were al_so ut|l|ge%jth|s M.3 geometry was qeemed s_uff|c_|ent
chemisorbed on Pt-group surfaces showed a close connectior];or thg present |||ustrat|ye purposes.) The metal interatomic distance
o was fixed at the experimental bulk-phase value of 2.775 A. The
_Only between/v-a anc_l bond lengths, althqugh a decompos_ltlo_n adsorbates were arranged centrally on the seven- and six-atom layers
into meta-CO donation and back-donation components indi- i atop (1-fold) and 3-fold hollow sites, respectively, the molecular
cated the importance of both interactions in the fi6|d'dependent5pecies being bound such that the molecular axis of symmetry is
bond energy andy-a behavior’® Most recently, we have  perpendicular to the surface plane so to main@insymmetry. The
outlined a general treatment of such field-dependent parametersmmonia adsorbate was oriented such that theHNbonds were
in terms of surface bond polarization, specifically statig) ( staggered between the metal atoms on the surface plane, with the
and dynamic dipole momentag), and exemplified by means  intramolecular bond distan(_:es and ar_19|e_s _relaxed to their equilibrium
of illustrative DFT calculations for simple monatomic adsor- Vvalues atF = 0 and held fixed for simplicity. (The intramolecular
batest® Essentially, the field- K-) dependent binding energy geometry changes only slightly upon adsorpfi§)nThe intramolecular

(Es) is determined b whereas the Stark-tuningy{_a—F) bond distance for coordinated CO, however, was relaxed to its
b bh S t I)Iasd . iv b | gtP;Ab d equilibrium position at each applied field, as it changes significeftly.

ehavior !S_ controlied primarnly Dyup along wi on As usualt—? variable homogeneous external fields, were applied
anharmonicity:0

X Yo - along the clusteCs, axis.
This quantitative recognition of the central roles played by  The calculations utilized the Amsterdam Density Functional Package
charge polarization in electrode-surface bonding suggested tha{ADF 2000.03, Department of Theoretical Chemistry, Vrije Universiteit,
the binding energy and vibrational parameters should be Amsterdam)’ Slater-type functions are used to represent atomic
sensitive to, and thereby could shed light on, the fundamental orbitals. To enhance computational efficiency, the innermost atomic

nature of the surface coordination. That is, one would anticipate shells are kept frozen up to the following orbitals: Na 1s, C 1s, N 1s,

Computational Methods

that the type of metaladsorbate interactions, such as the O 1S, Cl2p, I 4p, and Pt Sp. All basis sets are of doublgsality,
direction and extent of charge polarization, the involvement of While the H, Na, C, N, O, and Cl basis sets are augmented by

(9) (a) Koper, M. T. M.; van Santen, R. A.; Wasileski, S. A.; Weaver, M. J.
J. Chem. Phy200Q 113 4392. (b) Wasileski, S. A.; Weaver, M. J.; Koper,
M. T. M. J. Electroanal. ChenR001, 500, 244. (c) Wasileski, S. A.; Koper,
M. T. M.; Weaver, M. JJ. Phys. Chem. B001, 105, 3518.

(10) Wasileski, S. A.; Koper, M. T. M.; Weaver, M. J. Chem. Phys2001,
115 8193.

(11) For recent discussions, see (a) Weaver, M. J.; Zou, S.; Targ,Ghem.
Phys 1999 111, 368. (b) Weaver, M. JSurf. Sci 1999 437, 215. (c)
Weaver, M. J.; Wasileski, S. A.angmuir2001, 17, 3039.

(12) For an overview, see Weaver, M. J.; Zou, S.; Chan, H. YAik&l. Chem
200Q 72, 38A.

(13) (a) Mrozek, M. F.; Weaver, M. J. Am. Chem. So@00Q 122, 150. (b)
Gao, P.; Weaver, M. Jl. Phys. Chem1986 90, 4057.

(14) (a) Zou, S.; Weaver, M. J. Phys. Chem1996 100, 4237. (b) Zou, S.;
Gomez, R.; Weaver, M. l.angmuir1997, 13, 6713.

(15) For example, see (a) Mrozek, M. F.; Weaver, Ml.Phys. Chem. B001,
105, 8931. (b) Mrozek, M. F.; Wasileski, S. A.; Weaver, MJJAm. Chem.
Soc 2001, 123 12817. (c) de Vooys, A. C. A.; Mrozek, M. F.; Koper, M.
T. M.; van Santen, R. A.; van Veen, J. A. R.; Weaver, MEl&ctrochem.
Comm 2001, 3, 293.

(16) (a) lllas, F.; Lpez, N.; Gar@a-Herrdadez, M.; Moreira, |. de P. Rl. Mol.
Struct.1999 458 93. (b) Garta-Herriadez, M.; Lgez, N.; Moreira, |. de
P. R.; Paniagua, J. C; lllas, Burf. Sci.1999 430, 18.

polarization functions. The KohiSham one-electron equations were
solved in the DFT-GGA approximation. The Vosk@/ilk —Nusair

form of the local density approximati&hwas used in combination with

the BP86 functional for the generalized gradient approximation
(GGA).2? Even though significantly different metahdsorbate binding
energies are obtained with other functionals, such as PW91 and BLYP,
the dependence of this quantity as well as force constants on the external
field, of primary interest here, is insensitive to the choice of functional.
Relativistic effects within the cores were accounted for self-consistently
by first-order perturbation theory. Cluster and isolated molecule

(17) (a) Amsterdam Density Functional Package, ADF 2000.03, Department of
Theoretical Chemistry, Vrije Universiteit, Amsterdam, 2000. (b) Baerends,
E. J.; Ellis, D. E.; Ros, RChem. Physl973 2, 41. (c) Versluis, L.; Ziegler,
T.J. Chem. Physl988 88, 322. (d) te Velde, G.; Baerends, EJJComput.
Phys.1992 99, 84. (e) Fonseca-Guerra, C.; Snijders, J. G.; te Velde, G.;
Baerends, E. Jrheor. Chem. Accl998 99, 391.

(18) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(19) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Lee, C.; Yang, W.; Parr,
P. G.Phys. Re. B 1988 37, 785.
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calculations were undertaken in the spin-restricted mode, and all isolated

. - r O 0 (h O Na (h)
atom calculations were spin-unrestricted.

ON (h) @ NH,(a)

The binding energy for each metaddsorbate bond distanagy-a, 1.5 A Cl(a) A CO(@@115
was determined by subtracting the total energy (from the standard ADF v Cl (h) v CO (h)
output) for the isolated adsorbate and bare cluster from those for the

ligated cluster, with the external field applied across the cluster, but 1.0
not the unbound adsorbate. The corresponding sutfadsorbate dipole
moments were obtained from the total value for the ligated cluster minus
the value for the bare cluster at the same field. Potential-energy surfaces 0.5r
and dipole momentry-a curves were obtained from calculations for <
9—11 ry-a values encompassing0.2 to +0.4 A from equilibrium. 2
The relatively wide range ofu-a values chosen ensures that the 0.0
potential-energy surface includes anharmonic contributions (vide infra).

(All ru—a values given here are the perpendicular center-to-center
distance from the top-layer metal atoms to the adsorbate lead-in atom.) 051

Results and Discussion

1.0 -1.0
Trends in Field-Dependent Surface Dipole Moments:
Relation to Binding Energetics and Vibrational Frequencies. A B
As a starting point, it is appropriate to summarize the relation- AST . I . 118
ships (detailed in ref 10) linking the surface dipole-moment 05 0.0 0.5 -0.5 0.0 0.5
parameters, of central interest here, with the field-dependent F(VA" F(VA")

binding energies and vibrational frequencies, of primary ex- Figure 1. (A) Plot of static dipole momengs (i.e., at equilibrium bond
perimental relevance. The surfacadsorbate dipole moment distance) as deduced from DFT for various chemisorbates as indicated, on

can conveniently be expressed as a function of the bond distancel°!low (h) and atop (a) sites on Pt(111) versus applied external field. (B)
; at a given external fiel@ as Same as for panel A but for dynamic dipole momggtat equilibrium
M—As

bond distance.
(@) = s+ 1pq + a,d’ 1) given F ag0.2l

whereq = 0 refers to the equilibrium bond distance, corre-
sponding to the so-called “static” dipole momerd. Bond
displacements away from equilibrium (i.e} = 0), of central
interest in vibrational spectroscopy, are described (for sigall

in terms of theu—q tangent, or “dynamic dipole momentip,

dky _ 6Gup — 2Kay
=%

P K ®)

As we shall see below, the “Stark-tuning” slope is often
determined primarily by the@/K)up term rather thargp.1°

. . Examining the sensitivity of botlrs andup to the nature of
along with the second-order terap in eq 1. the surface bonding, as determined here by DFT, is therefore

For the most pars andup describe the dependence of the  gypected to provide substantial insight into the field-dependent
metal-adsorbate binding enerd,, and vibrational parameters,  5iure of the PES.

respectively, on the external field and hence the electrode
potential in electrochemical systeifsThe former relationship
is simplyt0-20

Panels A and B of Figure 1 show plots @& and up,
respectively, versubk for a representative selection of atomic
and molecular chemisorbates on Pt(111), modeled as noted
above as a R§ cluster. (Although selecting other cluster sizes

s = —(dE/dF) @) and geometries led to significantly differem¢ andup values
in some cases, the results are adequate for the present illustrative
provided that the influence of higher-order multipoles can be purposes.) Platinum was selected for consideration here as the
neglected (vide infra)? The corresponding relationship linking  archetypical Pt-group metal, having broad-based significance

up to the potential-energy surface (PES) for sntptlisplace- in chemisorption and catalysis. The range of fields in Figure 1,
ments can from egs 1 and 2 be written as from ca.—0.5 to 0.5 V AL, encompasses the values normally
encountered in electrochemical systems. As discussed éaffier,
Up = —(82E/3F8q)F (3) this corresponds to a range of electrode potentials from roughly

—1.5to 1.5 V relative to an uncharged surface, the precise values
The PES is described conventionally in polynomial form as ~ P€ing dependent on the inner-layer thickness.

The choice of adsorbates included in Figure 1 was prompted
by several factors. Atomic oxygen and chlorine constitute typical
electronegative adsorbates, thereby forming highly polar bonds,
and iodine is included as an example of a more polarizable
atomic adsorbate. Although chemisorbed sodium is not usually
observable in electrochemical systems due to solvation, it is
included to represent the behavior of a strongly electropositive

E=E, + (/2K + G’ (4)

where K is the vibrational force constant an@ is the
anharmonicity parameter. A particularly useful relation, derived
from the above, expresses the force constéietd slope at a

(20) (a) Mortensen, J. J.; Hammer, B.; Ngrskov, JSKrf. Sci1998 414, 315. (21) (a) Lambert, D. KSolid State Commuri984 51, 297. (b) Lambert, D.
(b) Narskov, J. K.; Holloway, S.; Land, N. Surf. Sci 1984 137, 65. K. J. Chem. Phys1988 89, 3847.
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atom. The molecular adsorbates N&hd CO, aside from their

experimental chemical importance, were selected as species thatadsorate

bind via electron donation and partial back-donation, respec-
tively. The final adsorbate chosen, atomic nitrogen, offers a
useful comparison to ammonia. Dipole-moment data are given
in Figure 1 for all atomic adsorbates in a 3-fold-hollow site,
since this provides the experimentally (and computationally)
most favorable binding geometry, although data for atop-bound
chlorine are also shown. Results for both atop and hollow-site
CO are included, since both binding modes are encountered
experimentally’, and the degree of bond polarization (as reflected
in the us and up values) for the bonding geometries is quite
distinct. Finally, only data for atop Nd-are included for clarity,
since the corresponding results for hollow-site \dfle closely
similar.

Careful inspection of theis—F data in Figure 1A reveals
several significant features. First, as might be expectedyghe
values afF = 0 roughly correlate with the anticipated electron-
donating/withdrawing ability of the different adsorbates. Thus
the electronegative atoms oxygen and chlorine both yield
negativeus values, implying metatadsorbate electron with-
drawal, even though the greater negaji¢esalue for the latter
presumably reflects its larger size. The markedly more negative
us value for hollow-site versus atop CO is consistent with the
greater extent of back-donation expected for the former binding
geometny® The large positivers value for adsorbed Ngteflects
chiefly ammonia-metal electron donation. By and large, these
trends inus atF = 0, calculated from DFT, are consistent with
estimates extracted from work functioadsorbate coverage data
obtained at the Pt(113JUHV interface. These latter “experi-
mental” valuesyus(exp), where available, are tabulated alongside
the corresponding DFT estimateskat= 0, us(DFT), in Table
1. [Note that the units ofis used here are €A, where 1 D=
0.21 e A. The formula used to extract thesg(exp) values is

Table 1. Static Dipole and Polarizability Parameters at F = 0

us(DFT) 2 us(exp) ® o'y (M-A) © a’;(A)
(Ptis) A G () (&)

o (h) —0.21 —0.06 <01 0.43
N (h) ~0.17 12 0.45
Cl(a  —-051 7.9 1.75
clthy 041 <—0.1f 7.8 1.75
1 (h) 0.03 16.3 43
Na (h) 12 14 140 115
NHs(@)  0.78(0.31) 6.0 2.4
NHs(h)  0.70(0.31) 0.8(0.31) 7.0 2.4
CO (a) 0.0044:0.00) 0.15(0.02) 5.2 23
co(h)  —0.37 ~0.00) 46 23

a Static dipole moment estimated from DFTFRt= 0. Values given in
parentheses for the molecular adsorbates are for the uncoordinated species
aligned in the same direction, also determined from DFT. (Note that 1 D
= 0.21 eA) P Static dipole moment estimated (Bt= 0) from work
function—coverage data at Pt(131YHV interfaces, as obtained in footnote
22, from references noted. Values given in parentheses are experimental
dipole moments for the free molecules along the same direction as the
metal-adsorbate bond, from tabulation in ref 3Polarizability tensor
values for Piz—adsorbate system, obtained from DEJFF data (Figure
1A) as noted in textd Polarizability tensor volume (along direction of
surface bond axig) for uncoordinated adsorbate, extracted chiefly from
compilation in ref 31; values for atomic adsorbates were estimated from
polarizabilities of adjacent noble-gas atoms, with adjustment for differing
atomic size (and hence voluméReference 24" References 25 and 26.

9 Reference 277 Reference 28.Reference 29.

tensor of the metaladsorbate bondy, along the field direction,
normal to the surface. Such DFT-deduced polarizability values
(for F — 0), expressed (as is conventioifalas polarizability
volumes (B), o', = af4me (€0 is the permittivity of free space),
are also given for each adsorbate in Table 1, labelgi-A).
Listed alongside in the far right-hand column are the corre-
spondinga’; values for theuncoordinatedadsorbateo' (A),
taken (or estimated) from the literature (see table footnotes).
As might be expected, the' (M-A) values are larger than the
correspondingr’(A) quantities (with the exception of PD),

noted in footnote 22, with data sources given in the footnotes reflecting the additional polarizability generated by the metal
to Table 1.] Also included in Table 1 (in parentheses) are the surface bond. Interestingly, the former values tend to vary with
us(DFT) andus(exp) values for the unbound molecular adsor- the adsorbate in a fashion similar to the latter, so that in most
bates, taken along the same direction as the metdgdorbate cases roughlya’,(M-A) ~ 2—4 times o'/A). This finding
bond axis. While these latter values are very small for CO, suggests that the free adsorbate polarizability plays an important

indicating that the chemisorbate dipole results almost entirely
from surface bond formation, the polar molecule ]N&xhibits

a significant uncoordinated dipole (0.3 &), so that the large
positiveus values for adsorbed Nfprobably arise partly from

an “intrinsic intramolecular” contribution.

role in determining the behavior of the metaldsorbate adduct.
An important consequence of the relatively large as well as
chemisorbate-sensitive values af(M—A) is that applying
positive or negative fields can alters substantially, even
changing sign in some cases (Figure 1A). For example, the

Another interesting aspect of the results in Figure 1A concerns polarizable adsorbate iodine can attain substantial negative or
theus—F slopes, which can be identified with the polarizability similarly positiveus values over the range of fields shown in
Figure 1A, whereas the smaller “nonpolarizable” oxygen or
nitrogen chemisorbates yield largely field-invariant and negative
us values. Atop CO is another example whakechanges sign
here.) However, there is some ambiguity in the choice of numerical With varying field, arising in this case from alterations in the
coefficient in the above formula: if the surface point dipole is defined in degree of metatCO ¢ donation andr back-donation (vide

terms of adatom effective charge separated from the outmost metal atomic . .
layer rather than the image plane in the metal, 2-fold smad@xp) values infra). The overall consequence of these trends is that the

are obtained:> This complication, however, is unimportant for the present  magnitude and even sign of the binding enertjgld depen-

limited purposes.

For example: (a) Hal, J.; Schutle, F. K. InSpringer Tracts in Modern

Physics Holher, G., Niekisch, E. A., Eds.; Springer: Berlin, 1979; Vol.

85, p 1. (b) Wandelt, K. InPhysics and Chemistry of Alkali Metal

Adsorption Bonzel, H. P., Bradshaw, A. M., Ertl, G., Eds.; Elsevier:

Amsterdam, 1989; p 25.

(24) Parker, D. H.; Bartram, M. E.; Koel, B. Burf. Sci.1989 217, 489.

(25) Villegas, I.; Weaver, M. JJ. Phys. Chem1996 100, 19502.

(26) Wasileski, S. A.; Weaver, M. J. Phys. Chem. Bin press).

(27) Bonzel, H. P.; Pirug, G.; Ritke, Cangmuir1991, 7, 3006.

(28) (a) Fisher, G. BChem. Phys. Letl981, 79, 452. (b) Villegas, |.; Weaver,
M. J. Surf. Sci.1996 367, 162.

(22) The “experimental” dipole moments in Table 1 were determined numerically
from?3 us(exp) (in Debyesy (—5.31x 10")dd/dn, where the initial slope
of the work function @) versus adsorbate density) (plot, dd/dn, is
expressed in eV mot cn?. (Note that 1 D= 0.21 € A, as employed

(23)

(29) Poelsema, P.; Palmer, R. L.; Comsa,Sarf. Sci.1982 123 152.

(30) For example, see Atkins, Physical Chemistry6th ed.; Freeman: New
York, 1997; p 653.

(31) From polarizability tensor tabulation in"Boher, C. J. F.; Bordewijk, P.
Theory of Electric Polarization2nd ed.; Elsevier: Amsterdam, 1978; Vol.

2, p 332.

(32) (a) McClennin, A. L.Tables of Experimental Dipole Momentd/. H.
Freeman: San Francisco, CA, 1963. (b) For carbon monoxide, see also
Billingsley, F. P.; Krauss, MJ. Chem. Phys1974 60, 4130.

(33) Weaver, M. JAppl. Surf. Sci1993 67, 147.
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Figure 2. Test of the applicability of eq 2 for the present Pt(t14jisorbate Figure 3. Test of the applicability of eq 3 for the present Pt(+1ajisorbate
systems, as indicated, over the range of fiele8.6 to 0.5 V A1) considered systems, as indicated, over the range of fiete8.6 to 0.5 V A1) considered
here. here.

dence derived from thes values, as prescribed by eq 2, canbe  Chemisorbate Bonding Classification in Terms of Field-

sensitive to the value of the applied field as well as the nature Dependent Dipole ParametersHaving confirmed this intimate
of the adsorbate. link between theus andup values in Figure 1 with the field-

. . - dependent binding energy and Stark-tuning behavior, it is
Turning now to the corresponding dynamic dipole moment . . e .
' - . instructive to undertake a classification of the adsorbate dipole
field (up—F) plots in Figure 1B, some trends in the adsorbate-

. S parameters with the aim of ascertaining broad-based connections
dependentp behavior are reminiscent of those seen fortBe  peqyeen the former experimentally accessible quantities and the
values. Thus the strongly electronegative adsorbates 0xygenmades of surface coordination. Significantly, careful scrutiny
nitrogen, and chlorine exhibit negatiug as well asus values  of Figure 1 enables three classes of chemisorbate bonds to be
at all fields, as expected since the partial negative charge residinggistinguished, depending on tfsign of the static versus the

on the adsorbate is retained @s- is lengthened. However,  dynamic dipole moment.

the behavior of adsorbed iodine is quite different, large negative  Fgr the majority of the chemisorbates considered here,
up values being obtained at all fields (Figure 1B), contrasting especially toward negative fields, batbandup have a negative
with the us sign reversal seen at positive versus negative fields sign. Representative members of this category, labeled here
(Figure 1A). The molecular adsorbates also show distinctly “Class A” (or “anion-like”), are the electronegative adsorbates
different us and up trends, most noticeably ammonia, which O, N, and CI. Such behavior, of course, is expected since the
exhibits negative:s yet positiveus values at all fields. As we  chemisorbed atom will carry a partial negative charge, producing
shall see below, such behavioral differences betweeand a negativeus value, and the movement of this charge away
up have important ramifications for understanding the nature from the surface when the meteddsorbate bond is stretched

of surface coordination. will yield a progressively more negative dipole, and hence a

Given the predicted importance ot andup in determinin up value of the same sign. Indeed, the observation of large
. P P f #o I HE 9 negative (or positive}p values has been regarded previously
the field dependence of the metaldsorbate binding energy

. . . as a diagnosis of ionic surface bondi#gSimilarly, then, for
_and the PES, as prescribed t_)y ‘39_5 2 and 3, respec_tlvely_, it ISstrongly electropositive adsorbates, as represented here by Na,
|mport_ant tc_) check_ the _appllcablllty_ of these relatlons_hlps, bothus andup should be positive, as is indeed the case (Figure
especially since their derivation requires the neglect of higher- 1). We label this latter “cation-like” behavior “Class C”. This
order multipoles (vide supra). Figure 2 plotEutF for the dipole moment-bond distancex—ry_a) behavior characteristic
adsorbate systems considered here on Pt(111) over a range off jonic bonding, either Class A or C, is exemplifiedfat= 0
selected fields (similar to that in Figure 1) vergusthe bond  for the specific examples Pt/Cl and Pt/Na in the left-hand portion
energy and dipole moments being calculategaratelby DFT. of Figure 4. [The range afy—a values shown is cat0.2—0.4
The quantitative applicability of eq 2 is evident from the close A from equilibrium, as denoted by the vertical arrow, to which
concordance between the points and the unit slope/zero intercepls refers. Also note that the—ry—a plots are strictly nonlinear,
dotted line, the deviations typically being less than 5%. Figure i.e., the higher-order terrap = 0 (vide infra).]
3 is a corresponding check on the validity of eq 3, i.e., a plot  However, some adsorbates in Figure 1 exhikjtand up
of 9?E/dFaq versusup for the same systems and conditions as Vvalues having th@ppositesign over a given range of fields;
in Figure 2. Again a reasonable concordance is evident, although
significant systematic deviations are seen for hollow-site CO (34) For example: (a) Pacchioni, G.; Bagus, P. S.; Philpott, M. R.; Nelin, C. J.

. . Int. J. Quantum Cheml99Q 28, 675. (b) Lang, N. DSurf. Sci 1994
and sodium (Figure 3). 299/30Q 284.
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Figure 4. Plots of Pt(111)adsorbate dipole moment, versus bond
distanceru-a, for four adsorbates (hollow site Cl and Na; atop CO and
NHj3) of interest here, evaluated Bt= 0, except for Pt/CO, which refers
to F = —0.25 V AL Vertical arrows indicate equilibriumy—a values.
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Table 2. Chemisorbate Dipole Classification

Class A
(-usl—uo)
Cl,O,N
I (F<0)
CO(h) F = 0)

Class C
(+us/+up)

Na
CO(a) £ > 0)

Class By
(+usl—up)
NH3
I (F>0)

Class By,
(=usl+up)
CO(a) E < 0)
Co(h) £ > 0)

the former referring only t¢- = 0 and the latter requiring the
presence of external fields.

In addition to such behavior featuring electron donation,
designated here more specifically as “Clasg’, Bone can
envisage covalently bound adsorbates featuring primarily elec-
tron back-donation (or more generally electron withdrawal),
whereus is thereby negative, yet again involving attenuation
of orbital overlap asu-a increases, yielding positive, values.
This behavior, labeled here as “Clasg’Bis exhibited by atop
CO atF < 0, and hollow-site CO foF > 0 (Figure 1). A
complication is that the metalCO binding involvess electron
donation as well as back-donation, yielding offsetting charge-
polarization effects; these almost cancel for atop Pt/CPBat
0, so thatus(F = 0) ~ 0. Fortunately, the ADFDFT
calculations enable an approximate separation between these
bonding modes to be achieved on symmetry grounds for the
present metal clustePsPlotted in the upper right-hand segment
of Figure 4 are the contributions to the-ry-a behavior
associated only withr back-donation (along with the steric

Plot indicated with triangles for Pt/CO refers to dipolar component associated interactions), together with the totat-ry—a plot (i.e., including

with (E symmetry)z back-donation (see text).

alsoo donation) as before. At the negative field chosEn<
—0.25 V A1), the totalu—ry—-a curve yields net negatives

we designate these systems here as “Class B". The most clearand positiveup values (i.e., Class Bbehavior). Figure 4 also

cut example is ammonia, which yields large positivevalues
over the entire field range in Figure 1A, yet exhibits uniformly
negativeup values. While a portion of the positives values

shows clearly that this results from the effects of back-donation
outweighing the donation contribution.
Overall, then, one encounters four distinguishable types of

may be attributed to an intramolecular contribution, as already hond length-dependent dipole-moment behavior, as exemplified
mentioned, the markedly larger values seen for the chemisorbatgat F = 0) in the four u—ry_a plots shown in Figure 4,

(Figure 1A) indicate the importance of ammoniaetal electron

donation3® Unlike electropositive adsorbates such as sodium,

which also exhibit positiveis values, however, stretching the
Pt—NHj3; bond yields a progressiv@iminution of the positive

corresponding to Class A (Pt/Cl), Class C (Pt/Na), and Classes
Bg and B, (Pt/NH; and Pt/CO, respectively). A classification
of each of the adsorbates (and field conditions) examined here
is summarized in Table 2. Theg—a-dependent nature of the

dipole moment due to weaker orbital overlap and hence a surface coordination envisaged for these charge-polarization

smaller extent of electron donation, thereby giving rise to
negatve u—ru-a slopes and henge, values (Figure 1B). This
point is graphically evident in the—ry—a plots shown for the
Pt/NH; and Pt/Na systems (& = 0) in the lower portion of
Figure 4: even though uniformly positive dipole moments are
obtained in both cases, at least foi_a values close to
equilibrium, theu—ry—a slopes (i.e.up values) are qualitatively
different.

In addition to ammonia, iodine adsorption at> 0 yields
the same combination of positives and negativeup values.
Evidently, the degree of field-induced electron donation from
the polarizable iodine atom, responsible for the posifige
values, is diminished steadily as—a increases, leading to

modes is illustrated in cartoon fashion in Figure 5 for the same
four examples included in Figure 4. The degree of electron
polarization to and from the chemisorbate atom/molecule for
shorter and longery-a values is designated by the arrow
thickness (denoting the direction of charge transfer) together
with the shading density within the adsorbate orbital lobes. In
particular, the fundamental difference between “ionic” (Classes
A and C) and “dative covalent” surface binding (Classgs B
and By) is clearly evident: the former involvesratention(or
even enhancement) in the extent of bond ionicityrgasa
increases, whereas the latter exhibit@#anuatiorof the degree
of metal-adsorbate charge polarization under these conditions.
This adsorbate distinction is depicted in simple energetic

negativeup values. Note, however, that ammonia exhibits Class terms in Figure 6, which shows adsorbate valence levels in
B behavior in the absence as well as in the presence of externakelation to the metal Fermi level, the latter corresponding to an
fields of either sign, whereas iodine behaves in this fashion only energy ®y below the vacuum level, wher®), is the metal

for F > 0, yielding instead Class A characteristics wier 0

work function. While the diagram is simplistic, ignoring (among

(Figure 1). This suggests that a useful distinction might be drawn other things) adsorbate level broadening/splitting due to sutface

between “intrinsic” and “extrinsic” charge polarization behavior,

(35) Baetzold, R. Z.; Apai, G.; Shustorovich, &ppl. Surf. Sci1984 19, 135.

chemisorbate interactio§jt provides a qualitative indication
regarding the direction of electron polarization from the
adsorbate orbital energies in relation to the Fermi level.
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Figure 5. Schematic nature of metathemisorbate charge polarization
for bonding classifications considered here, as exemplified by orbital
interactions for Cl, Na, CO, and NHsee text).

vacuum level

A Metal | Adsorbate
Dy Class C
53]
Eﬁ Fermi i Class By
g\ level °F
5| feve Class B,,
Class A

Figure 6. Schematic energy-level plot for meteddsorbate classification
considered here.

Consequences for Field-Dependent Binding Energy and
Stark-Tuning Behavior. An important feature of the adsorbate
bonding classification just described is that the magnitude and
even sign ofus andup is sensitive to the applied field as well
as the nature of the adsorbate (along with the metal surface an
binding-site geometry). In general, applying more negative fields
(equivalent to lower electrode potentials) encourages metal-to-

Dipole Parameters

KM—A

Field

Figure 7. Top segment: Schematic dependence of staticgnd dynamic

(up) dipole moments on the applied field, showing field-induced transition
expected for Class AfBC and Class A/R/C metat-adsorbate bonds (solid

and dashed lines, respectively). Middle segment: Corresponding schematic
plots of metat-adsorbate binding energy versus field. (Note that increasing
bond strength corresponds to lower, i.e., more negdfiyealues.) Bottom
segment: Corresponding schematic plots of megalsorbate stretching
force constant versus field (see text).

at F = 0) together with the field sensitivity as determined by
the metat-adsorbate polarizability.

This general situation is summarized schematically in the top
segment of Figure 7. The most common circumstance is depicted
in the upper and lower solid traces, referringite-F andup—F
plots, respectively. (Note that the relative slopes, other than sign,
of these plots as shown schematically here have no significance
sinceus andup have different units.) Admittedly, the majority
of actual adsorbate systems included in Figure 1 remain in the
Class A category throughout the range of fields shown, although,
as mentioned above, iodine undergoes a transition teeBavior
at positiveF values. The dashed lines in the top portion of Figure
7 denote the alternative possibility, exemplified here by hollow-

Fite CO (Figure 1), where the application of progressively more

positive fields leads instead to a Class g/Bansition, i.e.up
switches sign prior tas.

adsorbate charge transfer, with the opposite being the case at "€ middle portion of Figure 7 shows the schematic

more positive fields. These trends can be couched in energetic

terms, as in Figure 6, by noting that adjusting the electrode
potential to more negative values corresponds to lower metal
work functions, @y, thereby increasing thésr—Es, and
decreasing th&=—Ec, energy separation, whelg andEc refer

to the adsorbate valence energy levels. Consequently, as w
have already seen, one expects ultimately a transition from Clas
A to B and even C behavior at progressively less negative/more
positive fields, depending on the “intrinsic” charge polarization
in the surface-adsorbate system (as given by theg/up values

(36) For example, see (a) Masel, RPrinciples of Adsorption and Reaction
on Solid Surfaceswiley: New York, 1996; Chapter 3. (b) Hammer, B.;
Ngrskov, J. KAdv. Catal. 200Q 45, 71.
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dependence oE, versusF expected from eq 2 for the Class
A/B4/C and Class A/R/C transitions, shown again as solid and
dashed traces, respectively. Note that the binding enerBy,

is weakest wheretis = 0, so that theE,—F plots exhibit a
maximum at this point. Finally, the bottom segment of Figure
7 shows the corresponding dependence of the matidorbate

gorce constantKy—-a, upon the field as anticipated from eq 5

in the case where tha, term can be neglected (this restriction
is relaxed below). Given that the anharmonicity te@nis
uniformly negative (vide infra), the point whegg, = 0 will
correspond to a maximum in they—a—F plot.

Inspection of Figure 7 shows that one can, broadly speaking,
distinguish between two types Bfy—»—F in relation toE,—F
behavior. The first variant, expected for Class A adsorbates,
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featureKy-a values and hence vibrational frequenciag, a,
that increase toward less negative/more positive fields. Perhaps
surprisingly, however, thE,—F slopes are also positive under
these conditions, i.e., the metaldsorbate bond becomesaker
even though the PES well is progressively stiffer, &qs,-a is
larger (Figure 7). (Admittedly, the sign of tli®—F dependence
for adsorbates such as chlorine is reversef, ifefers instead
to an ionic, rather than uncharged, bulk-phase reference
state?6-3%) Nevertheless, the lack of a simple correlation between
the welldepthandstiffness as reflected in the field-dependent
Ep andKy-a values, is commonly predictéd38 As expected,
Class C adsorbates exhibit similar behavior to Class A systems,
except that the signs of tHg—F andKy-a—F slopes are both
reversed. In both cases, this arises simply from the occurrence
of us andup values having theame sign

Figure 7 also shows that class B adsorbates exhibit distinctly
different characteristics resulting from tbppositesigns ofus
andup. As a consequence, the field-dependent bonding energies
and vibrational frequencies now “correlate”, at least qualita-
tively, in that —E;, increases/decreases along with— as a
function of F, the sign of these changes depending on whether
the adsorbate classification ig Br By. In this case, then, the
field-induced changes in the surface bond energy correlate with
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the bond stiffness. in contrast to the “anticorrelation” seen with Figure 8. Plots of force constant for Pt(11adsorbate stretching vibration

Class A and C adsorbatésHowever, even for class B systems,
the F-dependenfunctionality of —Ep, does not correlate with
that of Ky—a since the anticipated nonlinearity in these plots
lies in opposite directions (Figure 7).

These behavioral differences are also clearly evident in
Figures 8 and 9, which showy-a—F and E,—F plots,
respectively, for the four “representative” adsorbates already
considered in Figures 4 and 5: CI, CO, Na, andsNFhe solid
symbols in Figures 8 and 9 are tKg—o—F and E,—F plots
calculated numerically from DFT, although the shapes of these
curves (without the intercepts) can also be obtained from eqs 5
and 4, respectively, with a knowledge of the dipole moment
and PES parameters (extracted independently from DFT). Also
included (as open symbols) in Figure 8 dfg-a—F plots
calculated by omitting the second-order dipole tegrin eq 5
(referenced for convenience to a far negative or positive field).
While inclusion of this term is seen to modify the shape of the
Km-a—F plots, by and large the field dependence is controlled
primarily by the dynamic dipole moment via the combined
(6Gup/K) term in eq 5. For completeness, a summary of the
constituent parameters appearing in eq 5 as determined by DFT
is given for the four specific systems considered herd-(at
0) in Table 3.

Comparison of Pt/Cl and Pt/NHin Figures 8 and 9 is
particularly instructive. As expected from the negagiyevalues
seen in Figure 4, both these adsorbates exhibit positive Stark-

(37) Wasileski, S. A.; Weaver, M. Faraday Discuss.in press.

(38) Overall correlations between changes-if, andK, i.e., between well depth
and well stiffness, are often presumed on simple intuitive grounds. However,
the underlying physical reasons for the lack of a general correlation along
these lines for field-induced effects, as considered here, are simply
understood: —E,—F behavior is determined bys, whereas theK—F
dependence is controlled primarily by (eqs 2 and 5). Nevertheless, as
outlined in ref 10, a general (inverse) correlation between field-dependent
K values and the corresponding changes in equilibrium bond lengths,
is indeed predicted, since both parameters are controlleghbin other
words, theF-induced changes in both these parametirsatid re) are
controlled by the motion of charge as the bond is stretchedu(ttreslope,
i.e.,up), whereas the-E,—F behavior is dependent only on the “absolute”
value of the bond polarization at= req i.e., us.
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versus field as calculated from DFT for hollow-site Cl and Na and atop
CO and NH, as indicated. Open symbols refer to calculations based on eq
5, omitting the second-order dipole moment teap) and referenced to

either extreme negative or positive fields (whereas curves coincide with
full DFT calculations, shown as solid symbols).
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Figure 9. Plots of Pt(111)adsorbate binding energies versus field as
calculated from DFT for the systems considered in Figure 8.

tuning Ku-a—F) slopes in Figure 8. This behavior is in
accordance with experiment, even though data for the metal
NH3 stretching vibration are apparently available only on
palladium and gold electrodes (Table 4). However, we stress
again that the bonding modes of Cl and NHre entirely
different involving electron withdrawal (Class A) and donation
(Class B), respectively, to the metal surface: this is reflected
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Table 3. Summary of Constituent Stark-tuning Parameters at F = experimental and calculatey-a—F slopes (Figure 8) is
0 evident, a more quantitative agreement is neither expected nor
bonding parameter puci® PUNa*® puco® PUNH, * obtained, partly since the influence of double-layer solvation is

G (eVA? -1.75 -16 —20.5 —6.6 neglected in the present illustrative DFT calculations.
Ke(eV A2 4.95 3.8 19.2 6.8 )
up 4 (€) ~10 0.65 025 —0.2 Concluding Remarks
—2ape(e” A -0.1 0.65 -0.95 —0.75 ; ; :
6Guo/K ' (eV V-1 A~ 21 _165 17 115 The present surface dipole analysis and accompanying DFT

dK/dF 9 (eV V-1 A-Y) 20 ~1.0 26 0.4 calculations furnish an important clarification of the vibrational
Stark-tuning behavior observed for electregdemisorbate
2 Numerical values for each parameter were rounded off to the nearest honds in relation to adsorbate binding energetics in terms of

0.05, for clarity.”? Anharmonicity parameter, obtained from fitting the DFT .
potential-energy surface to eq@Harmonic force constant, obtained as in e fundamental nature of the surface coordination. Although

footnoteb. ¢ Dynamic dipole moment, obtained by fitting-q DFT data the magnitude ofip, determining the Stark-tuning slopeK@-a/
to eq 1.¢Second-order dipole derivative, obtained as in footndte drF), is related only indirectly to the direction of metaldsorbate

multiplied by —2. f Coefficient in eq 5, obtained from constituent parameters : : o
as noted above. Overall force constantfield (Stark-tuning) slope, obtained ~ charge transfer (i.eus), which controls &/dF, the qualitative

from eq 5 by use of the constituent parameters tabulated above. sign of these fundamental quantities can be predicted on the
. ) ) basis of our adsorbate bonding classification. At least for a range
Table 4. Representative Experimental Stark-tuning Slopes for . . . e
Electrode—Chemisorbate Stretching Vibrations of applied f|e|d_5 mild enough not to c_hange the intrinsic™
G0 P adsorbate bonding cha_racter, bo@h anionic and electron-d_o_natlng
surface adsorbate (cm1v-Y) (eV VLAY molecular adsorbates yield negatiygvalues and hence positive
od al 20 5 Km-a—F slopes; the opposite is true for the cationic and
Au al 35 8 electron-withdrawing molecular adsorbates. However, the op-
Pt cl ~15° ~4 posite signs ofus expected for anionic and electron-donating
Pd N 20 35 “covalent” molecular adsorbates mean that tgirF depend-
Pd NHs ~10 ~2 ences are qualitatively different, with a similar situation applying
Au NH3 30 5 to cationic and other electron-withdrawing systems. Contrary
Pt(a) co 8 2.5 to conventional wisdom, then, the sign (and magnitude) of the
Ir(a) Cco i 25

Stark-tuning slope does not necessarily provide straightforward
a Experimental metatadsorbate frequeneselectrode potential slopes, ~ iInformation on the direction of charge polarization but reflects

obtained from literature sources indicated, typically for approximate field another aspect of surface coordination, specifically ionic versus
range—0.3 to 0 V AL b Metal-adsorbate force constarfield slopes, dative covalent bonding.

extracted from dy—a/d¢ data in adjacent column, neglecting anharmonicity, . I
along withvy—a frequencies evaluated at ca. 824 V vs SCE, as follows Consequently, the electrodehemisorbate classification scheme

g;?gr "zt%at“"?-cgﬁf“oi ggch slysgzm: ng{((:)l, 279&@;&1?, §%’ cnt i presented here, deduced on the basis of the field-dependent
PUCé, 468n1r‘}11; Ir/éO, SCOnéT e, Cklg,efereﬁg; ’13;'2 Re?'erencgnléb. Versugio beha\_lior’ prOViqes an_ inval_uabl_e ﬁtamework bY which
e Estimated value’ Reference 15¢ Reference 144 Reference 14b. such Stark-tuning behavieombinedvith binding energy-field
data obtained separately can yield detailed insight into the

in the oppositée,—F dependences for these systems evident in quantum-chemical nature of the field-dependent surface bond.
Figure 9. A similar situation pertains to N versus NH Although complete experimental data along these lines are
adsorption, with positive Stark-tuning slopes being predicted available only for a few systems, a potentially powerful approach
(and measured) in both cases (Table 4) despite the oppositefor exploring such issues involves harnessing DFT calculations
direction of metat-chemisorbate charge polarization. along with vibrational spectral information. Aside from the

In contrast, both the Pt/Na and Pt/CO systems exhibit opportunities to test the ability of the computational models to
essentiallynegatve Stark-tuning slopes (Figure 8): although describe actual electrochemical interfaces, the DFT calculations
the former system is immeasurable, the latter prediction is againcan, in return, provide predictive estimates of parameters (such
in accord with experiment (Table 4). While the Pt/CO system as field-dependent bond geometries and energies) which are
is not strictly class B except at negative fields (vide supra), often inaccessible to experiment, especially for electrochemical
the opposités,—F slopes seen under these conditions compared systems. The value of such combined computatioea&peri-
to the Pt/Na system (Figure 9) again points to distinct surface- mental approaches should grow apace as more sophisticated
bonding modes (Class,Bversus C) despite the similarity of DFT approaches, especially those based on periodic slabs,
the Stark-tuning behavior. On the other hand, the negative andbecome commonplace in modeling variable-potential electro-
positive Stark-tuning slopes obtained for Pt/CO and Pt/Cl chemical interfaces.
(Figure 8), despite the electron-withdrawing nature of both  Finally, while the present discussion has centered on the
adsorbates as reflected in similarity of thEir—F dependences  vibrational properties of the metathemisorbate bond itself, a
for F < 0 (Figure 9), provides a clear signal that the mode of corresponding analysis oihtramolecular vibrational Stark
surface coordination is fundamentally different. Interestingly, behavior in terms of dynamical bond polarization can also be
the metat-CO stretching vibrations on noble-metal electrodes undertaken, although the link to binding energies is necessarily
constitute, to our knowledge, the only examples of negative more tenuous. Given the greater abundance of such intramo-
Stark-tuning slopes measured up to now. lecular Stark behavior for electrochemical systems, such analyses

These and several other pertinent experimental examples forare of broad-based interest, especially in view of the ability of
noble-metal electrodes are summarized, both as measuredFT calculations to explore the quantum-chemical consequences
Raman frequencypotential ¢u-a—¢) and derivedKy-ao—F of surface binding on the internal adsorbate vibrational proper-
slopes, in Table 4. While a rough concordance between theties?
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