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1. Introduction 
The reactivity of an interface is extensively deter- 

mined by its composition and structure' so that their 
study can yield very valuable information not only 
from a fundamental scientific point of view but also 
from technological and economic perspectives. Of 
particular importance are interfacial structural and 
compositional changes that may arise as a result of 
various physicochemical perturbations such as applied 
potential, pH, and others since in many cases these 
changes will greatly influence reactivity. These in- 
vestigations are relevant to the understanding of 
many fhdamental problems such as electron transfer, 
adsorption, catalysis, corrosion, and the distribution 
of ionic species at  charged surfaces, especially at  solid 
liquid interfaces. Of these, the electrodelsolution 
interface is of particular relevance, and we focus our 
attention on it. In-situ structural and compositional 
studies of electrochemical interfaces are confronted by 
various difficulties, the principal one being the in- 
ability of many surface-sensitive structural techniques 
to  probe a condensed phase. 

Because of their penetrative power, X-rays are 
ideally suited for in-situ studies of interfaces in 
general and solid/liquid interfaces in particular. The 
recent advent of powerful X-ray synchrotron sources 
has made experiments of this type feasible. Synchro- 
tron sources offer a broad spectral range of polarized, 
highly collimated X-rays with intensities that are lo3- 
lo6 higher than those of conventional sources.2 More- 
over, third-generation synchrotron sources, with their 
projected increase in brightness on the order of lo4, 
will allow for new types of experiments, including the 
study of dynamic processes in real time. 

There are a number of X-ray-based surface-sensitive 
techniques that can be employed in the study of solid 
liquid interfaces, including surface EXAFS,3 X-ray 
standing waves (XSW),4 grazing incidence X-ray dif- 
fraction (GIXD),5 and others.6 

In this Account we focus on the use of XSW and 
surface E M S .  We begin with a brief theoretical 
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description followed by experimental aspects of these 
techniques. We then discuss specific examples with 
emphasis on the underpotential deposition (UPD; see 
belowI7 of copper on platinum in the presence and 
absence of coadsorbates, the potential dependent 
distribution of interfacial species, and potential de- 
pendent structural changes of a redox-active self- 
assembling monolayer. 

2. Brief Theoretical Description 

A. X-ray Standing Waves. The X-ray standing 
wave technique is a sensitive tool for determining the 
position of atoms within a crystal, adsorbed onto a 
surface, or distributed within the crystal or at the 
interface. The technique is based on the X-ray stand- 
ing wave field (of period D = A12 sin 0; where A is the 
wavelength of the traveling waves and 28 is the 
relative angle between them) that arises as a result 
of the interference between coherently related incident 
and reflected plane waves and is described by the 
theory of dynamical diffraction of X-rays.8 Standing 
waves can be generated by either Bragg diffraction or 
total external reflection. 

Conventional XSW are generated using dynamical 
Bragg d i f f r a c t i ~ n ~ , ~ , ~  from perfect single crystals. The 
periodicity of the standing wave field is equivalent to  
the d-spacing of the (hkl) diffracting planes, making 
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this technique a very precise tool (3~1% of the 
d - ~ p a c i n g ) ~ ~  for measuring bond lengths between 
adsorbate atoms and surfacehulk lattice positions Qver 
the range 1-4 A (Le., typical d-spacings for single 
crystals). Long-period XSW, appropriate for measure- 
ments over long length scales, can be generated by 
Bragg diffraction from layered synthetic microstruc- 
tureslO,ll (LSMs) which have d-spacings ranging from 
20 to 200 A or by employing total external reflection 
from a mirror surface.12 

For XSW based on Bragg reflection, the nodal and 
antinodal planes of the standing wave are parallel to  
and the nodal wavelength is equivalent to  those of the 
diffracting planes. As the angle of incidence is ad- 
vanced across the Bragg reflection, the standing wave 
field moves in the -H direction (that is, toward the 
surface) normal to  the diffraction planes by l/2 of a 
d-spacing. Thus, the standing wave can be made to  
sample an adsorbate or overlayer a t  varying positions 
above the substrate interface. 

Using an incident X-ray beam energy at or beyond 
the absorption edge of the atoms in the overlayer, the 
fluorescence emission yield will be modulated as the 
incident angle is advanced across the Bragg reflection. 
The yield can be expressed as an integral that incor- 
porates a distribution function F(z)  for the atoms in 
the adlayer: 

Abrufia et al. 

B. Surface EXAFS. EXAFS refers to  the modula- 
tions in the X-ray absorption coefficient beyond an 
absorption edge and involves the measurement of the 
absorption coefficient (or any parameter that can be 
related to  it) as a function of photon energy.3 These 
modulations arise as a result of the interference 
between the outgoing wave (due to the photoionization 
of a core-level electron upon absorption of an X-ray 
photon) and a backscattered wave due to  the presence 
of near neighbors (typically a t  5 A or closer; EXAFS 
is only sensitive to  short-range order). The modula- 
tions present a t  energies from about 40 eV to 1000 
eV beyond the edge are termed EXAFS. To a good 
approximation, the frequency of the EXAFS oscilla- 
tions will depend on the distance between the absorber 
and its near neighbors, whereas the amplitude will 
depend on the numbers and types of neighbors as well 
as their distance from the absorber. From an analysis 
of the EXAFS one can obtain information on near 
neighbor distances (to f0.02 A), numbers (to +20%), 
and types. Further advantages of EXAFS are that it 
can be applied to  all forms of matter, that for solid 
samples single crystals are not required, and that, by 
choosing the X-ray energy, one can focus on the 
environment around a particular element. Further- 
more, the energetic location of the absorption edge can 
be used to determine the effective oxidation state of 
the absorbing atom. 

In the region close to  the absorption edge (generally 
termed XANES: X-ray absorption near edge struc- 
ture), the spectrum is very rich in structural informa- 
tion. However, the theoretical modeling is quite 
complex due to  multiple scattering effects, although 
there have been recent theoretical advances in the 
analysis.lg 

Surface EXAFS offers an additional experimental 
handle, and this refers to  the polarization dependence 
of the signal since only those bonds whose interatomic 
vector has a projection in the plane of polarization of 
the incident beam will contribute to  the observed 
EXAFS. Thus, polarization dependence studies can 
provide a wealth of information concerning adsorption 
sites and near neighbor geometries. 

Surface E M S  has been applied to the study of a 
number of electrochemical ~ y s t e m s , ~ ~ , ~ ~  with emphasis 
on electrodeposition of metal monolayers. 

3. Experimental Aspects 

Surface EXAFS and X-ray standing wave measure- 
ments are, in general, experimentally demanding. Of 
particular importance is the alignment of the sample 
relative to  the beam. An XSW experiment typically 
consists of monitoring some signal proportional to the 
standing wave electric field intensity (such as char- 
acteristic fluorescence) as the angle of incidence is 
scanned across a Bragg reflection or through the total 
external reflection. A typical experimental setup 
consists of (1) a collimated beam whose intensity, IO, 
is monitored with an ion chamber; (2) a sample stage; 
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The phase and amplitude of this modulation (or so- 
called coherent position and coherent fraction) are a 
measure of the mean position (z)  and width J ( Z ) ~ ,  
respectively, of the distribution, F(z) ,  of atoms in the 
overlayer. The coherent fraction can vary from 0 to  1 
corresponding to  the limiting cases of random and 
completely coherent distributions. In the case of a 
random distribution (i.e., zero coherent fraction), the 
yield will be given by 1 + R, where R is the reflectivity. 
In the case of length scales of tens of angstroms (e.g., 
ionic distributions a t  charged surfaces), it is best to  
employ Bragg diffraction from LSMsl0-l1 with d- 
spacings from about 20 to 200 A or XSW based on total 
external reflection from a mirror surface.12 XSW have 
been used in a number of studies of electrochemical 
as well as other solifliquid interfaces.I3-l5 
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(3) a reflected beam monitor, IR; and (4) a fluorescence 
detector at 90” relative to the incident X-ray beam. 
The angular resolution of the sample stage is espe- 
cially important since a typical reflection width for a 
single crystal will be on the order of tens of micro- 
radians and a few milliradians for LSMs. At each 
angular position, a complete X-ray fluorescence spec- 
trum is collected and later analyzed so as to accurately 
determine the fluorescence yield. 

A similar experimental setup is employed in the case 
of surface EXAFS experiments except that in this case 
the sample is fixed relative to the beam, the incident 
beam energy is scanned across an absorption edge of 
the material under study, and the fluorescence inten- 
sity is monitored as a function of incident energy. 

In addition, the design of the cell requires careful 
consideration so that it fulfills the requirements 
imposed by both the X-ray and electrochemical aspects 
of the experiment. 

Analysis of X-ray standing wave data is based on a 
fit of the data (reflectivity and fluorescence yield) to 
those predicted from theory.21 In the case of surface 
E M S ,  the basic aim is to  be able to extract informa- 
tion related to interatomic distances, numbers, and 
types of backscattering neighbors. Details on data 
analysis are beyond the scope of this Account, and the 
interested reader is referred to  the pertinent litera- 
t ~ r e . ~  
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4. Examples 

We will consider three studies: (A) mechanism of 
copper UPD on an iodine-covered surface; (B) surface 
EXAFS of Cu UPD on Pt(ll1) in the presence and 
absence of chloride; and (C) potential dependent 
structural changes of a redox-active self-assembling 
monolayer. 

A. Mechanism of Copper UPD on an Iodine- 
Covered Surface. We have carried out a study of 
the mechanism of copper underpotential deposition 
(UPD) on an iodine-covered platinum surface. 14d,21b,2233 
UPD refers to  the electrodeposition of metal mono- 
layerb) a t  potentials positive of the reversible Nernst 
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Figure 1. X-ray and electrochemical derived surface coverages 
for copper as  a function of applied potential. Inset: Cyclic 
voltammogram for copper deposition on an iodine-coated PUC 
LSM at 20 mV/s in a solution containing 0.63 mM Cuzc and 0.1 

value and provides one of the most precise means of 
controlling coverages from submonolayer to monolayer 
and in some cases multilayer coverages in a quantifi- 
able and reproducible fashion.’ We employed a Pt4C 
LSM as both the electrode and the diffracting struc- 
ture and an X-ray energy of 9.35 keV, just above the 
K absorption edge for copper. From voltammetry in 
sulfuric acid we have previously established that the 
Pt surface of the LSM is (1111, in character with 
randomly distributed monatomic  step^.'^^,^^ From fits 
to the Bragg and specular reflectivity measurements 
we determined the interfacial roughness to be 6.8 f 
0.5 A, which correlated very well with that calculated 
for a Pt(ll1) surface with randomly distributed mona- 
tomic steps (6.28 A), consistent with the voltammetric 
results previously mentioned. 

We carried out measurements a t  applied potentials 
of f0.45, $0.25, $0.20, f0.15, and fO.10 V corre- 
sponding to surface coverages of approximately 0, V 4 ,  
lh, 3/4, and 1 monolayer of copper, respectively. Sur- 
face coverages were determined from both electro- 
chemical (by integration of the area under the volta- 
mmetric wave; see inset to  Figure 1 for cyclic 
voltammogram) and X-ray fluorescence measure- 
ments. Upon comparison (Figure 11, we find that 
there appears to be a considerable amount of copper 
which is electrochemically inactive and whose concen- 
tration is potential dependent. In fact, even at  po- 
tentials where there is no evidence of electrodeposited 
copper (f0.45 V) the X-ray fluorescence data indicate 
the presence of approximately 20% of a monolayer. 
Such copper species would appear to  form what could 
be termed a “preadsorbed” state. This copper layer 
is weakly associated with the electrode surface as it 
is easily removed upon rinsing with supporting elec- 
trolyte. We do not believe that this interaction is due 
to  electrostatic effects since at  $0.45 V the electrode 
is positive relative to  the solution (Le., we are positive 
of the potential of zero charge, EPZC) and, in addition, 
all charge screening would be by the supporting 
electrolyte, which is in very large excess (over 100- 
fold) relative to the copper ions present in solution. 
Thus we ascribe the presence of this copper layer to a 
specific interaction with the iodine adlayer on the 

M HzS04. 
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Figure 2. Top panel: The XSW fluorescence profiles for both 
total external reflection and Bragg diffraction regimes a t  +0.15 
V after rinsing of the electrode surface with clean electrolyte. 
A magnified view of the Bragg data is show in the inset. Bottom 
panel: Complete reflectivity profile. In both cases fits to the 
data were performed over the entire angular range simulta- 
neously and are plotted as  solid lines. 

platinum surface. These are important observations 
in that they imply that there can be very significant 
differences in bulk and interfacial concentrations of 
reactants (which are not due to electrostatic attraction/ 
repulsion) a t  potentials where no redox reactions are 
taking place. 

We have also measured the standing wave profiles 
for both total external reflection and Bragg diffraction 
after deposition at  potentials of $0.25, f0.20, f0.15, 
and +0.10 V and after rinsing the electrode with clean 
supporting electrolyte (no copper present in solution) 
while maintaining potential control over the system 
at  all times. Data over both angular regimes were 
analyzed simultaneously, allowing us to  probe the 
same distribution of species on two rather different 
length scales and two different z-scale (normal to  the 
electrode surface) origins, leading to an unambiguous 
result. The best theoretical fits are shown as solid 
lines in Figure 2 for an applied potential of +0.15 V. 
In addition, the bottom panel shows the reflectivity 
profiles and corresponding fits. 

From XSW data one can obtain information on the 
distribution profile of interfacial species. In this case 
the interest was in the potential dependence of such 
a distribution. A particularly useful way of presenting 
the data was to pIot the center of mass (i.e., the 
z-position where 50% of the total amount of copper is 
reached) of each distribution as a function of coverage 
since it can provide valuable insights into the mech- 

Coverage (ML) 
Figure 3. Variation of the center of mass in the copper adlayer 
as a function of surface coverage. Curve A represents the 
expected variation in the center of mass for a model in which 
filling o f  the surface sites is random, whereas B represents the 
variation expected for a model where the surface sites are filled 
sequentially starting with the deepest ones first. Points are 
experimental data. 
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Figure 4. Reflectivity profiles (a t  9.35 keV) as a function of 
applied potential for an iodine-coated PffC LSM in contact with 
a 0.1 M HzS04 solution containing 0.63 mM Cu2+. 

anism of deposition since the center of mass depends 
on both the peak position and the width (fwhm) of a 
given distribution. We considered two models that 
represented limiting cases. In the first, if surface sites 
were occupied in a random mode, one would expect a 
homogeneous copper distribution whose center of mass 
was always at  the same z-position, namely, the center 
of the Gaussian representing the surface site concen- 
tration profile. Alternatively, one could have a model 
in which surface sites are occupied sequentially with 
the deepest ones first. In this case, the center of mass 
position would vary with the copper surface coverage. 
Both of these models are plotted, along with the 
experimental data, in Figure 3 as a function of 
coverage, with the dashed line representing the former 
and the solid line the latter. The points represent 
experimental values. It is immediately clear that the 
observed results are in excellent agreement with the 
model that involves sequential filling of available 
surface sites with the deepest ones being occupied 
first. This finding implies that the more favorable 
surface sites for deposition are the ones closest to the 
platinum bulk lattice, either because the substrate- 
deposit interactions are maximized at  these sites (due 
to higher local coordination) or because the interaction 
with the electric fields present a t  the interface is 
greatest at these locations. In addition, either the 
deposited copper atoms diffuse to  these positions or 
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Figure 5. Cyclic voltammograms inside X-ray absorption spectroscopy cell for a Pt(ll1) electrode in the presence of (a) a 0.1 M 
HzSO4 solution (sweep rate, 50 mV/s); (b) a 0.1 M HzS04 solution containing 50 pM copper (sweep rate, 2 mV/s); and (c) a 0.1 M 
H2S04 solution containing 50 pM copper and 1 mM C1- (sweep rate, 2 mV/s). 

the deposition process itself is enhanced or catalyzed 
by these particular sites. 

We have also carried out reflectivity measurements 
which yield the electron density profile in a direction 
normal to  the surface and can be used to  determine 
surface roughness (as discussed previously) as well as 
the distribution of interfacial species in a direction 
normal to the surface. 

In the studies mentioned above, there was a peak 
in the reflectivity profile a t  3.0 mrad with a critical 
angle of 3.5 mrad (see bottom panel of Figure 2). This 
was a surprising observation since, for a solution layer 
of the supporting electrolyte used (0.63 mM Cu sulfate 
in 0.10 M H2S04) with a uniform electron density 
distribution, the critical angle is expected to be 2.3 
mrad. If one assumes that this unexpected reflectivity 
peak is due to  total external reflection from the 
solution layer, this implies that the electron density 
distribution is nonuniform. In addition, the intensity 
and angular position of this reflectivity peak were 
potential dependent (Figure 41, implying that there 
is a potential-driven rearrangement of this distribu- 
tion. These findings are most notable in that they 
indicate that it might be possible to  measure directly 
potential dependent interfacial ionic gradients. From 
a preliminary analysis of these data we find that these 
potential dependent variations are generally in good 
agreement with predictions from simple models of the 
double layer. 

B. Surface E M S  Study of Cu UPD on Pt(ll1) 
in Sulfate Media and in the Presence of Chloride 
Anions. We have carried out in-situ surface EXAFS 
studies of the potential dependent changes of the 
copper UPD layer on a clean and well-ordered Pt(ll1) 
surface in sulfuric acid in the absence25 and presence26 
of chloride ions. The first point of note is that we were 
able to develop a protocol for electrode pretreatment 
so that the electrochemical response in the X-ray cell 

(25 )  Yee, H. S.; Abrufia, H. D. J .  Phys. Chem. 1993,97, 6278. 
(26)Yee, H. S.; Abrufia, H. D. Langmuir 1993, 9, 2460. 

was identical to  that obtained in a conventional 
electrochemical cell. This is depicted in Figure 5a, 
which shows the “butterfly” pattern characteristic of 
a clean and well-ordered Pt(ll1) e l e ~ t r o d e . ~ ~  In ad- 
dition the voltammetries for copper UPD on Pt(ll1) 
in the absence (Figure 5b) and presence of chloride 
(Figure 5c) are also very sharp, with the characteristic 
double peak seen in the latter.28 

As mentioned above, we carried out studies in the 
presence and absence of chloride. In the absence of 
chloride, XANES and E M S  analyses were made as 
a function of applied potential ($0.20, $0.10, and 0.0 
V) corresponding to coverages of approximately 0.50, 
0.75, and 1.0 ML, respectively. Spectra in the pres- 
ence and absence of chloride at  an applied potential 
of $0.10 V are presented in Figure 6. 

From the charge derived from electrochemical mea- 
surements it appears that, a t  the three potentials 
studied in the absence of chloride, the electrodeposited 
copper was not completely discharged. The XANES 
analysis (see inset to Figure 6a for data a t  +0.10 V) 
revealed similarities between the copper adlayer and 
the Cu20 reference lending support to earlier find- 
i n g ~ ~ ~ ~ , ~ ~ , ~ ~  of a partially discharged copper adlayer. 
Oxygen is a persistent backscatterer, and the Cu-0 
distance remained relatively unchanged at all poten- 
tials studied. In the a-polarization (in-plane) we 
observed intense copper-copper scattering at  all 
potentials studied. 

At 0.0 V we find the copper-copper distance to  be 
2.77 d= 0.03 A with a coordination number of 6.3 f 
20%. At this potential the copper adlattice exhibits 
an epitaxial arrangement with the Pt(ll1) surface. At 
+0.10 V the copper-copper bond distance is 2.85 * 

(27) Clavillier, J. J. Electroanal. Chem. 1980, 107, 211. 
(28) (a) White, J. H.; Abrufia, H. D. J Phys. Chem. 1990,94,894. (b) 

Kolb, D. M.; AI Jaaf-Golze, K.; Zei, M. S. DECHEMA-Monographen Bd. 
102; VCH: Weinheim, 1986. 

(29) (a) Leung, L.-W. H.; Gregg, T. W.; Goodman, D. W. Langmuir 
1991,7,3205. (b) Leung, L.-W. H.; Gregg, T. W.; Goodman, D. W. Chem. 
Phys. Lett. 1992, 188, 461. 
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Figure 6. In-situ surface EXAFS spectra around the Cu K edge for copper underpotentially deposited on a Pt(ll1) electrode surface 
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compounds. 

0.03 A. Here the copper adlayer has expanded, which 
is to  be expected for a lower coverage. At 0.0 and 
+0.10 V we see the formation of well-ordered hexago- 
nal surface structures. At $0.20 V, where the cover- 
age is about 0.5 ML, we find that there are two 
copper-copper distances of 2.66 f 0.03 and 2.87 ik 
0.03 8, with coordination numbers of 6.2 20% and 
5.7 + 20%, respectively. This suggests the formation 
of two clusters with a hexagonal structure. 

As mentioned above, the copper-copper distance 
was found to be strongly dependent on the coverage, 
whereas the copper-oxygen bond distance was not. 
From analysis of our data, consideration of possible 
adsorption sites, and comparison of our results with 
the predictions from the recently published model of 
Reher and co-workers,l8 the copper adatoms appear 
to occupy 3-fold hollow sites on the platinum surface.30 

In the presence of chloride we observe a contraction 
in the copper adlattice (relative to the value in the 
absence of chloride) for a comparable amount of 
deposited copper. At an applied potential of +0.10 V, 
the Cu-Cu bond distance was found to be 2.59 f 0.03 

(30)  Yee, H. S . ;  AbruAa, H. D. J .  Phys. Chem. 1994, 98, 6552 

8, in comparison to 2.85 f 0.03 A (in the absence of 
chloride), with the former being very close to  the bulk 
value for copper (2.56 A) and suggesting a much 
smaller residual charge on the copper. In addition, 
the near edge features (see inset to  Figure 6b) are also 
consistent with this. Moreover, there is no evidence 
for oxygen backscattering. The chloride appears to 
play a significant role in ordering the copper adlayer. 
At full monolayer coverage of copper, there is no in- 
plane scattering attributable to  chloride, suggesting 
that the chloride forms an adlayer over the electrode- 
posited copper (on a-top sites) and serves as a "protec- 
tive" overlayer precluding oxygen adsorption. 

C. Potential Dependent Structural Changes of 
a Redox-Active Self-Assembling Monolayer. We 
have carried out an XSW study on a redox-active self- 
assembling monolayer. The system studied was the 
osmium complex [Os(bpy)2(dpyp)Cllt (bpy is 2,2'- 
bipyridine, and dpyp is 1,3-di(4-pyridyl)propane), whose 
structure is presented in Figure 7A. This material 
and related c o m p l e x e ~ ~ ~ - ~ ~  adsorb very strongly to 
platinum electrodes, and the surface-immobilized 

(31)Acevedo, D.; AbruAa, H. D. J .  Phys. Chem. 1991, 95, 9590. 



Studies of Electrochemical Interfaces Ace. Chem. Res., Vol. 28, No. 6, 1995 279 

2.0 

E 1.8 
8 z 

? 

1.6 

>. 
$ 1.4 

$ 

E 

O" 0.8 

- .- 0 

d 

: 1.2 

c] 1.0 

0 
3 

12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5. 
Angle (mrad) 

Figure 7. (A) Structure of self-assembling, redox-active osmium complex. (B) Cyclic voltammetric response for the osmium complex 
adsorbed on a platinum electrode. (C) Reflectivity profile and angular dependence of the OSL fluorescence intensity at 0.00 and 
-0.50 V for a PtiC LSM coated with a monolayer of the osmium complex (adapted from ref 14c). 

complex exhibits a very well-behaved electrochemical 
response (Figure 7B). A saturation coverage repre- 
senting a compact monolayer (1 ML represents about 
1 x mol/cm2) is achieved for solution concentra- 
tions above 4 yM. 

We employed a Pt/C LSM as the electrode and 
modified it with a monolayer of the complex. An 
incident X-ray beam energy of 11.1 keV was employed 
to excite OSL fluorescence. In all cases a reflectivity 
profile was collected simultaneously with the OSL 
fluorescence intensity. Experiments were carried out 
a t  applied potentials of 0.0 and +0.50 V where the 
osmium center within the complex is present as Os- 
(11) and Os(III), respectively. It should be noted that 
the overall charge on the complex changes from $1 to  
+2 upon electrochemical oxidation. 

Data for the OSL fluorescence intensity a t  0.0 and 
f0.50 V as well as a reflectivity profile are presented 
in Figure 7C. We focus, specifically, on the angular 
position of the fluorescence maxima and on the width 
of the fuorescence profile. As can be seen in Figure 
7C, the maximum in the fluorescence at 0.0 V occurs 
a t  a lower angle than at  f0.50 V. In addition, the 
fluorescence intensity is lower and the distribution 
broader a t  $0.50 V relative to  the values a t  0.0 V. 
There are some qualitative observations that may be 
made. The fact that upon oxidation at  0.50 V the 
fluorescence maximum shifts to  a higher angle sug- 
gests that, on average, the osmium centers are closer 
to  the electrode surface than at 0.0 V. It is worth 
mentioning that the distance between the osmium 
center and the electrode surface would be 12 %, for a 
fully extended chain. 

(32)  Acevedo, D.; Bretz, R. L.; Tirado, J. D.; Abrufia, H. D. Langmuir 

(33) Tirado, J. D.; Acevedo, D.; Bretz, R. L. Abrufia, H. D. Langmuir 
1994, 10, 1300. 

1994, 10, 1971. 

The fact that the fluorescence yield profile is wider 
a t  f0 .50 relative to 0.0 V would suggest that there is 
a broader distribution of distances. This might be due 
to increased coulombic repulsion between adjacent 
molecules since upon oxidation the charge on each 
molecule increases from $1 to f 2 .  Thus, the coulom- 
bic repulsion is expected to  be approximately four 
times as large and, in order to  minimize the repulsive 
forces, the molecules may adopt a broader distribution 
in terms of distance. Moreover, additional electro- 
chemical evidence, especially the width of the volta- 
mmetric wave as a function of coverage, is also 
consistent with the interpretation given above. Given 
the current interest in redox-active self-assembling 
systems, the use of XSW may provide valuable in- 
sights on potential dependent structural changes. 

5. Conclusions and Future Directions 
The use of X-ray-based techniques such as X-ray 

standing waves and surface EXAFS has yielded valu- 
able insights on potential dependent interfacial struc- 
ture and composition at  electrochemical interfaces. 
Future applications of these techniques, especially in 
combination with others such as surface diffraction, 
will yield extremely important and fundamental in- 
formation that will impact not only our understanding 
and control of interfacial reactivity within an electro- 
chemical context but also other solicUliquid interfaces 
and the field of surface chemistry as a whole. More- 
over, the advent of third-generation synchrotron sources 
may allow for the dynamic study of phenomena in real 
time. 
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