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Abstract

The sensitivity of the surface potential of metal-vacuum interfaces to the presence of molecular dielectric (solvating) specie
both with or without free ionic/electronic charge is discussed with the objective of comparing the behavior of such “electrified
dielectric” interfaces with analogous metal-solution (i.e. electrochemical) systems. The close connection between “surface
potential” scales based on work functio®)(and electrode-potentialE) measurements is outlined. The chief factors
determining the surface potential are illustrated by means of composition-depdndeta for single-crystal metal surfaces
modified by thin (1-3 monolayer) films of dipolar molecules along with ionizable species in relatiénvimlues for
corresponding in-situ electrochemical interfaces. The fordhezomposition measurements, for vacuum-based electrified
dielectric interfaces, demonstrate how even primary solvation (i.e. a single molecular layer) is sufficient to engender substanti:
and electrochemical-like stabilization of interfacial ionic species. The essential nature of dielectric-induced modifications to
electron-transfer energetics at metal-vacuum interfaces are considered, and also related to the observed marked solvat
effects on the charging of metalliclike clusters, such as fullerenes. The potential value of such unified treatments of surfac
potential-charge relationships in vacuum and electrochemical systems is also sketched in more general terms. (Int J Ma
Spectrom 182/183 (1999) 403—-414) © 1999 Elsevier Science B.V.
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1. Introduction ing such condensed-phase interfacial phenomena is of
quite recent origin, chiefly within the present decade.
Electrochemists have long been preoccupied with A major reason for this upsurge in interest lies in the
understanding the roles of solvation in modifying the concerted development of in situ molecular spectro-
structure and energetics of metal surfaces, especiallyscopic and spatial microscopic methods applicable to
with regard to electron transfer and other electrostatic metal-solution interfaces [1]. Concurrent with (and
charging processes. Perhaps surprisingly, then, theindeed stimulated by) these activities, there are in-
emergence of a microscopic-level experimental creasing opportunities for interconnecting the proper-
framework for describing and ultimately understand- ties of charged interfacial assemblies in vacuum,
gas-phase, and conventional electrochemical environ-
ments. One aspect involves the use of ultrahigh
Dedicated to the memory of our most distinguished colleague vacuum (UHV) surface science tactics to both prepare
and my special friend, Benjamin Freiser. and characterize electrochemically relevant inter-
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faces, along with the well-established application of However, such effects at metal-vacuum interfaces are
UHYV surface-transfer methodologies to examine their seldom discussed.
structure and composition [2]. In our laboratory, we have a longstanding objective
A most welcome, if as yet only inadequately of relating the atomic, molecular, and electronic
realized, consequence of such cross fertilization be- structure of electrochemical interfaces to their kinetic
tween these historically disconnected branches of properties, especially involving electron-transfer and
interfacial science involves the emergence of a truly catalytic processes. This interest has recently led us to
unified framework of interpretation and understand- harness molecular-level information obtained for met-
ing. Thus surface-science studies of, for example, al-UHV as well as metal-solution interfaces in order
coadsorption of charged and dipolar species at metal-to aid interpretation of the latter, often more complex
UHYV interfaces bring a new dimension to elucidating systems [3]. Among other attributes, the UHV envi-
electrochemical double-layer phenomena. Con- ronment offers the opportunity to “synthesize” models
versely, molecular structural and kinetic studies pur- of electrochemical interfaces (“double layers”) by the
sued at electrochemical interfaces, especially as acontrolled stepwise dosing of individual components,
function of the applied electrode potential, can yield including chemisorbates, ions, and solvent onto ini-
much information of value also to researchers (includ- tially clean metal surfaces. This “UHV electrochem-
ing mass spectrometrists) concerned with molecular ical modeling” approach, pioneered especially by
phenomena at electrified interfaces in vacuum or Sass and co-workers in Berlin during the 1980s [4],
gaseous environments. It should be noted that free enables the mutual influence of such different double-
(ionic) charge should commonly be present at metal- layer components on the electrostatic and molecular
vacuum/gaseous interfaces, formed often by dosing structural properties of electrified interfaces to be
ions or ionizable species, even though direct external elucidated in unique detail.
control of the surface potential is only feasible in In particular, we have been utilizing such UHV-
electrochemical systems. Such an interplay of exper- based modeling tactics to explore the effects of
imental and conceptual information across these sub-surface charging on interfacial solvation, together
disciplines of interfacial science is very desirable, with the synergetic effects of solvation/charging on
mutually stimulating, and distinctly overdue. chemisorbate vibrational properties [3]. The molecu-
Furthermore, we believe that there is a more lar vibrational data, obtained with infrared reflection-
general motivation for pursuing such interrelation- absorption spectroscopy (IRAS), are typically com-
ships. This is because electrochemical systems con-bined with work-function ) measurements as a
stitute versatile examples of a broad-based class offunction of interfacial composition. One important
surfaces that might usefully be termedectrified reason for utilizing IRAS is the opportunity to com-
dielectric interfaces where the electronic/ionic  pare directly such UHV-based information with vi-
charge is screened (and otherwise modified) by coad- brational data obtained with the same technique for
sorbed dielectric species. While this dielectric screen- related in situ electrochemical interfaces. The latter is
ing is usually accomplished by the solvent in electro- providing important information concerning chemi-
chemical systems, inherently allied effects can be sorbate structure and bonding at electrodes [5,6]; such
anticipated with numerous coadsorbates at electrified comparisons with UHV-based IRAS data can there-
metal-gas interfaces, for example with substituted fore aid the understanding of charge/solvation effects
hydrocarbons or polar chemisorbates. In particular, on chemisorbate properties in the electrochemical
coadsorbed dielectric should exert a marked influence systems [5,6]. Thed measurements, of particular
on the surface potential of charged interfaces, and relevance here, yield insight into how the surface
consequently can drastically alter the energetics (and potential is determined by the double-layer composi-
dynamics) of electron-transfer processes, such astion, and also provide the link between UHV-based
those involving species incident from the gas phase. and electrochemical potential scales, crucial for un-
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derstanding the nature of interfacial charging and where e is the electronic charge an#, is the
electron-transfer processes (vide infra) [3]. so-called “absolute” potential of the reference elec-
A primary objective of this overview article is to  trode. (The latter term can also be thought of as the
assess the type of insight into the energetics of “work function” of the reference electroded,,
electrified dielectric interfaces that can accrue by where ® . = eE.) This simple relationship there-
examining suitably solvated metal surfaces in both fore accounts for the different electron “reference”
UHV-based and electrochemical environments. In states, in vacuum or in the metallic phase of the
addition, the connections between charge-potential reference electrode, necessarily employed for&he
relationships for solvated metal surfaces and for and E measurements, respectively, of the surface
molecular systems, especially metallic clusters, are potential.*
briefly examined. Such considerations may be rele- There are at least two complications, however,
vant to charge-transfer processes that can occur inWhen utilizing Eq. (1) in practice [10]. First, thk/e
ionic “soft landing” and other experiments involving value for a metal surface covered by a monolayer or
ion-surface interactions at metal-vacuum interfaces more of dielectric material (solvent or other species,
[7]. such as a chemisorbed thioalkyl film) will contain a
On a personal note, an indirectly related explora- contribution from the potential drop at the solvent-
tion of metallocene electron-exchange processes invacuum as well as the metal-solvent interfagesand
the gas phase was the subject of an earlier study oY, respectively. Depending on the film thickness,
involving us and the Freiser group, spearheaded by Poth xs and ¢5' can influence charge-transfer pro-

Don Phelps and the redoubtable Jim Gord [8]. While C€SSes at metal-vacuum interfaces, whereas ¢Hfly
constituting our only scientific collaboration, Ben IS Present at the corresponding electrochemical sur-

Freiser's natural scientific and research group “man- 'c€. The magnitude ofxs| may approach several
agement” (and delegating!) skills along with his sense tenths of avolt [9,11,12]. The second, somewhat more

of humor and the sheer enjoyment of life which were insidious, problem is that the estimatesEf, most
all part of Ben’s remarkable persona, made this effort commonly for the standard hydrogen electrode

(as for our numerous other interactions over the years) (SHE)’ obtained by various routes are S|gn|f|cant!y
notably more stimulating (and fun) for us discrepant, values between about 4.4 and 4.8 V being

obtained (and often vigorously defended!) by differ-
ent workers [10]. Unfortunately, there is no clear
resolution to this controversy at present, although the
2. Surface potentials in vacuum versus solution use of higheE, values (say 4.6—4.8 V) appears to be
phases more consistent with spectral and other data for
related metal-vacuum and electrochemical interfaces

An outwardly simple and centrally important con- [10,13]. Bearing these numerical uncertainties in
cept which has engendered much discussion (and mind, sugh a interrelationship betwednand E for .
confusion!) is that of “surface potentials.” Given its SYStéms in vacuum and condensed-phase environ-
significance to the present discussion, some genera|ments enables the sensitivity of the surface potential
comments are in order here. These quantities are
commonly evaluated as S"_]rface work functiods, * |t is worth mentioning that botl andE, as here, are often
(eV), and electrode potentialg (V), for vacuum- referred to as “surface potentials.” Strictly speaking, the surface
based and electrochemical interfaces, respectively. potential () refers to the electrical potential drop across a single

. . . metal interface which, unliké andE, is notmeasurable. (Thus)
The® andE values for a given interface (or a pair of contains a “bulk chemical” as well as interfacial contribution.)

interfaces) are related by [9] Nevertheless, the term “surface potential” is a convenient moniker
for both® andE. Variations in®/e or E induced on a given metal
E=®d/e—- E, (1) by changes in surface composition will equap.
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to the composition and structure at these two types of
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metal interfaces to be examined a common basis — Pd(111)/cO
Given that the surface potential describes the 2
energetics of electron transfer across the metal bound-  ,,,,,_+ 6
ary, a knowledge ofd andE has important ramifica- P11y —] -
tions for ionization and related interfacial redox pro-
cesses in vacuum/gas as well as solution-phase cuaiy—F3
) ) “Py(111)/H,0 remove — Pt(111)/H,0
environments. We now present a brief survey of the !} — z electrons | ¢
broad-based dependencesiofandE) on the chem- Ag(m).-"—_ . [ He/t0
ical and electrostatic state of metal interfaces, culled L PHHTD/CHSOH add — Ag(110)/Hy0
partly from recent results in our laboratory, so to show T Ag 100 electrons | -1 -
the manner and extent to which the surface potential L3
can be manipulated by chemical modification in such | Py,
systems. 2
-2
—Cu(llO)/Cs
3. Sensitivity of surface potential to molecular L Pr(111)K 3]
adsorption 1
-4 —
Fig. 1 shows experimentally determined surface
potentials plotted schematically on a vertical “bar -0 45 =
scale” for some selected “well-defined” metal inter- ® ev) E (V)

faces in UHV and aqueous electrochemical environ-

ments asd and E values (left- and right-hand col- Fig. 1. Schematic “bar scale” representation of surface potentials
for selected interfaces in vacuum and aqueous electrochemical

umns, respectively), adapted in part from [14]' He environments, adapted in part from [14]. Left- and right-band
value was taken as 4.5 V, hence determining the offset vertical axes refer to work-functiord) and electrode potentiakj
shown between thé andE scales from Eq. (1). The  values, referenced to vacuum and the standard hydrogen electrode
systems included in Fig. 1 were chosen so to illustrate (SHE)- The SHE scale is adjusted by 4.5 V so to provide an

. i . . approximate alignment of thé andE values in terms of electron
several basic points. First, as is well known the work  gnergies. (see text for further details.)
function of a “clean” surface (in UHV) is sensitive to
both the metal and the surface crystallographic orien-
tation. Thed values for Pt(111) and Ag(110), for counted for from the similarly large (0.8-1.2 e®)
example, differ by over 1.5 eV, whereas the work decreases observed upon adsorbing 1-2 monolayers
functions for (110) planes are typically 0.2—0.3 eV of water in UHV, especially on transition metals [17].
lower than for (111) faces of the same metal. Second, In other words, the surface potentials of the corre-
such dissimilarities in® are roughly mirrored by  sponding unchargeget solvatednetals in UHV and
offsets in theE values for the same metals in agueous electrochemical environments are closely similar
solution in theabsenceof a net surface charge, the (Fig. 1).
so-called “potential of zero chargef,,. Such cor- Interestingly, comparable or even larger alterations
relations betweed andE,,. have been explored in  in & can be engendered by adsorbing other simple
detail especially by Trasatti [9,12,15]. Note, however, dipolar species onto clean metal surfaces. (As for
that theE . values for the Ag(110) and especially the water, such experiments are often undertaken at lower
Pt(111) surface [9,16] correspond to markedly (ca temperaturess= 150 K, so to eliminate evaporation
0.7-1 eV) lowerd values than for the clean metals in  [4].) Fig. 1 shows two other examples on Pt(111), for
UHV. These differences can be approximately ac- methanol and ammonia [18]. Dosing 2—3 monolayers
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of these species is seen to yield substarfatie- species i.e. surface ionization will not occur. This is
creases, 1.8 and 3 eV, respectively; i.e. binding because the work functions of “clean” metal surfaces
ammonia to Pt(111) essentialhalvesthe very large (typically 4—6 eV) are lower than the ionization
(6 eV) ® value for this metal! Although these dra- potentials (IP) and higher than the electron affinities
matic effects may be due partly to adsorbate dipole (EA) of many uncharged gaseous species, so that
orientation, they probably arise chiefly from alter- adsorption in such cases will not yield ionization [22].
ations in the surface distribution of the metallic (Note that the metal work function can be considered
electrons, i.e. by changing the substrate compo- equally as the IRand EA value of the surface [23].)
nent [18,19]. The other example of “dipolar” surface The notable exceptions are species having relatively
modification included in Fig. 1 involves a saturated low ionization potentials or high electron affinities,
CO layer on Pd(111). In contrast to the dipolar these tending to form interfacial cationic or anionic
solvents, this chemisorbatacreases®, by about 1 species, respectively. An instructive example of such
eV. Such effects can be ascribed to surface-adsorbate‘'surface ionizing” species are alkali metal atoms,
charge polarization frord7w — 7 back donation [20], which can be readily dosed onto a clean metal in
associated with the multifold CO coordination en- UHYV, forming essentially “soft-landed cations,” or
countered for this (and related) systems [21]. more precisely a “local ion-electron surface dipole,”
Overall, then, adsorption of these weakly polar or nonetheless featuring substantial electron transfer to
dipolar molecules alone yielé variations on a given  the metal phase [24]. Such marked charge polariza-
metal surface (or related surfaces) that span a widetion upon alkali adsorption is signaled commonly by
range, over 4 eV. Such changes can therefore bedramatic,~ 3-5 eV, ® decreases at relatively low
expected to exert profound effects on the chemistry fractional coverages6(~ 0.1-0.3) before dipole-
occurring at such modified interfaces, most obviously dipole depolarization develops at higtteralues [24].
that involving charge-transfer processes. This is be- A pair of examples, for cesium atoms on Cu(110) and
cause the surface potential drdgh will be located potassium on Pt(111), are also included in Fig. 1,
molecularly close to the metal surface, so thatdhe  where thed entries refer to the minimum of the —
variations will cause similarly large changes in the 6 curve, reached in both casesfaet= 0.2 [14,25,26].
energetics of interfacial electron transfer between the The dramatic electrostatic effect of binding K to
metal and nearby ions and molecules, even when Pt(111), yielding a work function (1.2 eV) distinctly
imbedded in the dielectric film (vide infra). The lower than the K ionization potential, 4.3 eV, is
presence of such dielectric layers can therefore greatly clearly evident.
alter the surface electrostatic environments eveninthe  However, as might be expected, the presence of
absenceof free ionic/electronic charges. interfacial dielectric material produces substantial
modifications to these electrostatic effects. This cen-
trally important point is exemplified in Fig. 2, taken
4. Influence of ionic/electronic charges on the from [27], which shows the effects upon the work
surface potential function of dosing increasing amounts of water onto a
Pt(111) surface at 90 K predosed with the K cover-
An essential part of electrochemical systems, and a ages, 6, indicated (in fractional monolayers, ML).
common (although less celebrated) component of Note that the work-function changed®, on the
metal-vacuum interfaces, however, involves the addi- y-axis are referenced to that for clean Pt(11®) €
tional presence of such free (unipolar) ionic and 5.9 eV), and the water dosages are in “equivalent
accompanying excess surface electronic charges. Ad-(close-packed) monolayers,” EL (see [27]). (Th®
mittedly, in the absence of coadsorbed dielectric measurements utilized a Kelvin probe.) The (vertical)
many neutral atoms and small molecules will tend to displacements of curves 1-4 on tlyeaxis reflect
adsorb on clean metal surfaces as largely unchargedlarge K-induced® decreases (up to 3 eV), propor-
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Fig. 2. Work-function A®) changes induced on clean Pt(111) at 90

K in vacuum by initial adsorption of K at coverages as indicated,

followed by progressive water dosing. See text and especially [27]
for details.

Fig. 3. Work-function changea\(P) referenced to the clean surface
on Pt(111) at 90 K as a function of the K coverage (monolayers,
ML) in the absence (circles) and presence of 2—4 monolayers of
various solvents, as indicated (MeOH methanol, ACN= aceto-
nitrile). See text and especially [27] for details.

tional to 6. The progressive addition af 3 EL of

water, however, is seen to yield marked alterations to

®, so that these K-induced work function changes are such as Cu(110)/Cs [25,29], as well as Pt(111)/K
considerably attenuated. Indeed, the marked mono-solvation by several other dipolar species including
tonic ® decreases seen upon water addition to clean methanol and ammonia [27]. The latter results are
Pt(111) (curve 1, vide supra) are replaced by large included in Fig. 3 (also taken from ref 27) which is a
initial ® increaseson the K-modified surfaces fol- plot of the® changes induced on Pt(111) at 90 K as
lowed by decreases at larger water dosagesl(EL). a function of the K coverage in the presence=of3
These latter changes are seen on the basis of IRAS tomonolayers of water, methanol, acetonitrile, acetone,
be associated primarily with solvation of the interfa- and ammonia, as indicated. These specific layers were
cial K™ species followed by the Pt(111) surface itself chosen on the basis of their differing dielectric con-
[28]. (Note that the anticipated chemical reduction of stant, solvation and dipolar properties.

H,O by K does not occur until highei,, and hence Several points significant to the present discussion
lower @, values are reached [26].) In physical terms, are evident in Fig. 3. First, all the solvents act to
the marked® increases seen upon Kinterfacial “puffer” the effect of adding K (and hence™} to the

solvation can be understood from the charge-induced surface, especially at low, (= 0.04) the® — 6
water dipole reorientation, or, equivalently, from the slopes being 5-10-fold smaller than in the absence of
dielectric screening of the K. ..e~ “image dipole” dielectric. As for hydration, this attenuation can be
by nearby water molecules [27,28]. taken as a measure of the degree to which the K
Qualitatively similar behavior is obtained for the charge (or K ...e~ “image dipole”) is screened by
hydration of other alkali metal-modified surfaces, the surrounding adsorbate. Second, and perhaps more
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surprisingly, theA® — 6, profiles (with the excep- is most likely due to the formation of solvated
tion of ammonia) are insensitive to the solvent, even electrons, so that K ionization is not accompanied by
though the trace for water is displaced upward due to interfacial electron transfer. Equivalently, the behav-
the smallerd decrease engendered by water adsorp- ior can be considered to reflect “redox pinning” at the
tion on clean Pt(111). This near-unifortd® — 6, measured work function, ca 3 eV; this point corre-
behavior suggests that the effective “dielectric con- sponds roughly to the equilibrium potential antici-
stant” e, of the solvating films at lowd, are within ca pated for the formation of solvated electrons by
twofold of each other (roughly 5-10), and diminish transfer from the metal surface [27,30].
similarly towards higher surface charges. The “bulk- It is important to recognize that only relatively
phase’e, values are considerably larger (15—-80) and small quantities of such dielectric species are typically
markedly more solvent sensitive [27]. Interestingly, required to alter the electrostatic properties of inter-
this behavior is closely reminiscent of the relatively facial ions to that corresponding to the “fully sol-
solvent-insensitive charge-potential (i.e. capacitance) vated” state. Thus the water-inducdd changes for
behavior of in situ electrochemical interfaces [27]. It the Pt(111)/K system (Fig. 2) are largely complete by
is accounted for by a degree of “dielectric saturation” two monolayers or so, and similar results are evident
in the presence of the huge electrostatic fietds{0° with other systems [27]. Furthermore, various IRAS
V cm™ 1) generated at such charged surfaces, acting to experiments provide microscopic-level evidence that
“pin” the solvent dipole orientation and hence dimin- the solvent-induced dielectric screening is provided
ish the otherwise-dominant component yfarising chiefly by the first (“primary”) solvation of interfacial
from orientational polarization. Smaller effectivg ions and molecules [3,28,31]. For example, the C-O
values (say 5-10), reflecting predominantly vibra- vibrational frequenciesio) on Pt(111) are affected
tional and electronic, rather than dipole reorienta- in relatively complex fashion by coadsorbed™K
tional, contributions are therefore obtained. An im- alone, reflecting the presence of both “specific short-
portant consequence in the present context is that evenrange” and “longer-range” ion dipole interactions
relatively “nonpolar” molecular dielectrics such as [31-33]. However, addition of water or other dielec-
hydrocarbons are anticipated to yield roughly compa- tric sufficientonly to provide primary (“first layer”)
rable e; values, say~ 5, in the high-field interfacial ~ solvation of the ionic charge essentially eliminates the
environment, so that their effective “dielectric screen- presence of theg fingerprints associated with “spe-
ing” properties should not differ greatly from those cific’ K "—CO interactions [3,28,31]. This is consis-
for more polar molecules. tent with the anticipated preferential solvation of the
Indeed, the presence of coadsorbed CO also exertscations. Subsequent addition of sufficient dielectric to
a qualitatively similar yet milder “dielectric screen- provide primary (i.e. monolayer) solvation also of the
ing” effect compared to the dipolar solvents, the chemisorbate essentially completes the marked over-
A®d — 6, slope being ca twofold smaller than for K all changes upon the-g properties wrought by the
adsorption on clean Pt(111) [27]. The smaller extent ion/dielectric matrix, yielding vibrational behavior
of charge screening by the chemisorbate compared toessentially identical to that observed for the corre-
the multilayer solvents may be ascribed partly to the sponding metal-solution interfaces [31]. Conse-
inability of the C—O dipole to reorient markedly in the quently, while electrochemical systems necessarily
vicinity of the K™ charges, along with the absence of feature huge solvent excesses, the essential chemical
a second “solvating” layer. The behavior of the and electrostatic changes brought about at initially
K *-ammonia coadsorption system (inverted triangles, “dry” metal interfaces require the addition of only
Fig. 3) is also noteworthy, in that the presence of K small quantities of dielectric molecules.
yieldsvirtually no additional® changes i.e. the work The presence of “short-range” charge-adsorbate
function is entirely “buffered” towards charge addi- interactions also recalls the issue of “local” versus
tion in the presence of the ammonia film. This finding “average” work functions (and hence surface poten-
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tials). While mostd measurements actually evaluate K ontowater films (rather than in the reverse order) at
“macroscopic” or spatially averaged work functions, low temperatures yields decidedly largkresponses
one anticipates the presence of substantial “local” due to the spatial charge separation within the dielec-
variations in® parallel as well as normal to the metal tric “ice” layer [27]. Cowin and co-workers have
surface, especially in the vicinity of immobile ions, recently pursued ion “soft-landing” experiments on
and at surface steps or defects. The presence ofvery thick molecular films (up to TOlayers) over a
moderate or even large microscopic-level variations range of cryogenic temperatures, and observe intrigu-
in ® across metal surfaces has been demonstrateding dynamic dielectric responses as monitoreddby
experimentally for some UHV-based systems [34]. measurements [7b].
The presence of interfacial solvent is anticipated to
diminish suchd variations through dielectric screen-
ing. Nevertheless, the distinction between such “lo- 5. General consequences for interfacial ionization
cal” and “average” surface potentials should be borne and electron transfer
in mind; the former may well be the more relevant
guantity concerning interfacial electron-transfer pro- Itis evident from the foregoing that the presence of
cess, especially involving charged species. interfacial dielectric can markedly attenuate the sur-
The inherently close relationship between “solvat- face-potential responses to the addition of ions. This
ed ion” metal-vacuum and electrochemical interfaces observation might be construed as implying that the
is also worthy of more general clarification. In the dielectric diminishes the surface energetic conse-
former type of system, the interfacial ionic charge is quences of interfacial ionization. It is also important,
either created by ionization of atoms/molecules, such however, to recognize that the presence of dielectric
as K, impinging on the surface, or by electron flow to material also markedlgtabilizesionic states, so that
or from a (grounded) metal upon dosing gaseous ionic interfacial ionization (either to form cations or anions)
species. In both cases, the surface potential is alteredwill be much more prevalent under these conditions.
in response toa change in interfacial chemical/ Furthermore, such marked stabilization of ionic spe-
electrostatic composition. At electrochemical inter- cies brought about by such “interfacial solvation” will
faces, the opposite is usually the case in that exter- strongly favor the occurrence of oxidative or reduc-
nally applied alterations in the electrode potential, or tive electron transfer to yield cations or anions,
electrode charge via controlled current flow, act to respectively, for molecules impinging from the gas
alter the surface ionic composition by migration/ phase when these species become at least partly
diffusion of electrolyte ions (such as™¥. Nonethe- solvated at the interface. In addition, alterations in
less, in principle the structure and composition of surface potential engendered by surface charging
such electrified dielectric interfaces in vacuum and brought about, for example, by ion dosing may well
solution-phase environments can be the same, despiterigger redox chemistry involving the dielectric spe-
these different mechanisms for their formation. cies as well as other coadsorbates. A simple example,
While we are chiefly concerned here with “ultra- mentioned above, concerns the reduction of adsorbed
thin” dielectric films, say= 3 monolayers, empha- water by dosing ionizable K atoms [26,29]. The onset
sized in our UHV-based studies because of their close of this process at metal-gas interfaces can be thought
relationship to in situ electrochemical systems, it is of as being akin to electrochemical reduction trig-
also appropriate to mention the possibility of depos- gered by suitable decreases in the surface potential,
iting ions (or ionizable species) on (and/or within) again brought about by ion charging (or to electro-
thicker films. Such dielectrically interesting materials chemists, “double-layer” charging). More generally,
can readily be grown in uniform fashion even for there are a variety of chemical (including redox)
small-molecule systems (e.g. water) by low-tempera- processes known to be triggered at metal-vacuum/gas
ture dosing. Indeed, dosing ionizable species such asinterfaces by ion dosing [35,36]. Indeed, one might
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anticipate that at least some of this chemistry could be and second (gas-phase) electron affinities are small
rationalized in terms of surface composition-depen- and well separated: 2.65 and ca. 0 eV, respectively
dent surface potentials. [38]. In contrast, the first two negative ionizations (i.e.

To summarize, then, in the absence of dielectric reductions) of G, even in nonpolar solvent media
one can envisage altering the work function substan- occur at markedly higher potentials, about 4.0 and 3.5
tially, say by 2-3 eV, by binding “bare” highly eV vs. vacuum. (These values were deduced from
electropositive or electronegative species (e.g. potas-electrochemical data in [39] by presuming tigtfor
sium, oxygen atoms). These could then engenderthe ferrocenium-ferrocene couple is 5.0 V [23]. In-
oxidative or reductive electron transfer for incoming deed, even the formation of3g can be observed in
gaseous species providing thét was lowered or nonaqueous media, at ca. 2.0 eV versus vacuum [39].
raised to a point compatible with the ionization Such marked stabilization of the multicharged anion
potential or electron affinity of the latter. However, states in nonpolar media is consistent with an effec-
quite apart from the large changes dn (typically tive e value of about 6 [23].
several eV) necessary to achieve such redox chemis- More “specific chemical” ion-solvent interactions,
try for unsolvated species, it is likely that the product of course, are also commonly important when consid-
species would react with the ionic surface modifier, ering the stabilization of smaller ionic species, espe-
leading to “electron-transfer annihilation” and re- cially systems where protonation or other donor-
moval of the charged species. On the other hand, theacceptor binding modes are present in addition to
presence of interfacial “solvation” leads not only to coulombic forces. Nevertheless, the relationships be-
the stabilization of the “double-layer” charge (such as tween the energetics of gas-phase and solvated redox
K™) responsible in part for thé alterations, but also  couples (including partly solvated gaseous species)
acts to favor charged states formed from impinging have been successfully explored along these lines for
gas-phase species by interfacial electron transfer. Thea variety of systems, for example organic radical
latter effect enhances markedly the types and extent of anions [40]. Such links between the charging energet-
analyte ionization (oxidation or reduction) that can ics of chemical systems, of interest to both mass
occur within a givend span, or, equivalently, range spectroscopists and electrochemists, are therefore rel-
of surface potentials (i.e. electron energies). In addi- atively well established, at least on a general concep-
tion, the dielectric will act to stabilize such cation/ tual level.
anion (and related redox-active) species from under-
going “self-annihilation” reactions.

This scenario, of course, is familiar to electro- 6. Dielectric charging of molecular clusters
chemists concerned with electron-transfer chemistry.
Thus the large majority of redox processes encoun-  The fullerene system mentioned above provides
tered in solution-phase chemistry exhibit “standard but one celebrated example of a diverse class of
(or “formal”) potentials,”E', between, say- 1.5 and metallic-like molecular clusters that can readily un-
1.5 V vs SHE i.e. about 3 to 6 eV on the “vacuum” dergo ionization in both isolated gas phase and
reference scale (cf. Fig. 1). This range of oxidation/ solvated environments. In the context of the present
reduction potentials is much smaller than that encoun- discussion concerned with the interplay between the
tered for the corresponding processes for unsolvatedcharging energetics of metal surfaces and molecular
species in vacuum (i.e. IP and EA values). As a systems, it is useful to consider the inherently close
simple contemporary example of the stabilization of connection between the electrostatics, specifically
ionic states rendered by such solvation, consider charge-potential relationships, describing planar
buckminsterfullerene (). Even though negative  metal surfaces and metallic clusters, and their modi-
ionization of this relatively large molecule vyields fication by surrounding dielectric. Such a comparison
somewhat delocalized electronic states [37], the first is also interesting since the latter systems represent an



412

intermediate state of (ionizable) matter between bulk
metals and small molecules. This issue has been
examined in detail elsewhere [23], so that we briefly

present here only some salient points.

Consider an uncharged (spherical) metallic cluster,
MC, of radiusr which can be reduced via successive
electron transfers to form a series of anionic species,
MC" (n is negative):

MC"+ e~ =2 MC"?t (2)

Each step occurs at a standard (or formal) potential
Ef. On the basis of the simple Born model, tBf
values for such successive electron transfer in either
vacuum or a continuum dielectric mediuna,) are
given by [23].

Ef =E(r — «) + (n— 0.5e%es (3)

whereE(r — =) is the corresponding potential that

would be obtained for a cluster having the same
chemical properties but an infinitely large radius (i.e.

a planar surface). Essentially the same relationship
applies to oxidations as well as reductions (i.e. for-
mation of positive- rather than negative-charged clu
ters), by altering the charge sign. It should be noted
that Eq. (3) neglects the presence of “quantum elec-
tronic” contributions to the energy difference between
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Fig. 4. Schematic dependence of formal potentig(g for sequen-

S- tial electron addition to a metal cluster M{Eq. (2)] as a function

of (es) ! (wherer is the cluster radius, ane is the medium
dielectric constant), according to Eg. (3). See text and Ref. 23 for
details.

successive electron transfers, such as electron spin; be markedly enhanced in the presence of solvat-

pairing and HOMO-LUMO separations, although
these can be included as radependent (bute.-
independent) term [23].

The usefulness of Eq. (3) is that it links in a simple

ing dielectric. Indeed, the application of Eq. (3) (and
allied relationships) to experimental data for thg, C
system, as well as to other metallic clusters, yields
~ 5-10 in arange of common solvents i.e. tiE

way the charging energetics of analogous metallic yalues are diminished typically by 5-10-fold com-
clusters and metal surfaces in the presence as well agyared to dielectric-free vacuum [23] (vide supra). The

absence of stabilizing dielectric. This point is illus-
trated in Fig. 4, which shows schematically the
relation betweerE!, and () ~* for various cluster
chargesn, according to Eqg. (3). The separation in
potential (i.e. electron energy) between successive
electron transfersAE, for a given metallic cluster
radius ¢) and dielectric solvating mediume) cor-
responds to the vertical displacement between the
lines shown. In particularAE diminishes linearly
with increasinge, for a givenr, so that the energetic
ability to form successively more highly ionized states

analysis can also be extended in some cases to
“small-molecule” solutes, such as metallocenes, that
can be ionized to form cation or anion species, with
roughly concordant results [23].

This high degree of dielectric stabilization of the
molecular ionic states is comparable to that noted
above for the ionic/electronic charging of metallic
surfaces Indeed, a close formal correspondence be-
tween the charging of such small clusters and analo-
gous planar surfaces can be established through the
concept of “molecular capacitance),,, which refers
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to the relation between the “surface” charge density,
o, and the successive electrode potentials, ob-
served for the former system. Intriguingly, tl&,
values & Ao/AE") obtained specifically for
fullerene and high-nuclearity platinum carbonyl clus-
ters in this fashion, ca. 5-1pF cm 2, are numeri-
cally similar to “double-layer” capacitances (surface
charge density-potential slopes) obtained for analo-
gous electrified dielectric interfaces in both vacuum
and conventional electrochemical environments
[23,27]. These findings further emphasize the intrin-
sically close relationships between dielectric stabili-

zation effects encountered for charged systems in

different interfacial and molecular environments.

7. Concluding remarks

The foregoing discussion considers, albeit at a
fairly qualitative and general level, how the electronic
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these interfaces were surmised to be due to “redox-
pinning” by impinging gas-phase species. Such no-
tions are admittedly only suggestive or even specula-
tive in the absence of quantitative surface analysis and
physical characterization. Nonetheless, within the
general framework of surface electrostatics outlined
herein, they may prove insightful and ultimately
beneficial in encouraging a more unified understand-
ing of interfacial chemical phenomena.
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