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The chemistry of solid-liquid inter-
faces affects a wide variety of impor-
tant scientific and technological areas
such as electroanalytical chemistry,
heterogeneous catalysis, solar energy
conversion, tribology, chemical sen-
sors, and biological membranes. In
each of these systems, a very small
number of molecules at the surface can
often control the macroscopic proper-
ties and direct the overall reactivity of
the device or structure. For this reason,

-

conversion of two photons of frequency
w to a single photon of frequency 2w. In
the electric dipole approximation, this
process requires a noncentrosymmetric
medium. For the interface between two
centrosymmetric media, such as the in-
terface between a face-centered cubic
metal electrode and water, most of the
second harmonic response is created
within a nanometer of the metal sur-
face. Higher order bulk contributions
must also be considered in a rigorous
analysis of the surface SHG response
(1) but will not be discussed here.
With a demonstrated submonolayer
sensitivity, a nearly instantaneous op-
tical response time, and the ability to
easily discriminate between surface
species and species in the adjacent bulk
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spectroscopists are interested in devis-
ing methods of monitoring the chemi-
cal and physical structures of such
interfaces. A challenging problem for
studies at condensed-phase interfaces
is distinguishing between solution and
interfacial species; this problem is par-
ticularly difficult for optical methods,
given that the light employed in spec-
troscopic studies normally possesses a
wavelength hundreds or thousands of
times greater than typical interfacial
distances.

Optical second harmonic generation
(SHG) is an inherently surface-sensi-
tive technique for studying the inter-
face between two centrosymmetric me-
dia that overcomes this distance dis-
parity (I). The second harmonic
process (depicted in Figure 1) is the
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media, SHG has been employed exten-
sively at a wide variety of surfaces (air—
solid [2], liquid-air [3], liquid-liquid
[4], ultrahigh vacuum-single crystal
[5-8], and electrochemical [9-17]).
This article will focus on SHG mea-
surements from platinum electrode
surfaces; reviews of SHG studies at
other electrochemical and nonelectro-
chemical surfaces can be found else-
where (1, 9).

The second harmonic intensity I(2w)
from a platinum electrochemical sur-
face is proportional to the square of its
complex nonlinear susceptibility x

1(2w) = |e(2w) « x » e(w)e(w)|2I*(w) (1)

where [(w) is the input light power and
e(w) and e(2w) are polarization vectors
describing the input and output light

fields, respectively (1). Because x re-
lates two input vectors to one output
vector, it is a third-rank tensor and in
general can have 18 distinct nonzero
complex elements, x;j;. For most sys-
tems, the number of nonzero elements
is greatly reduced by the surface sym-
metry. For example, if the surface is
rotationally isotropic about the surface
normal, as in the case of a polycrystal-
line platinum electrode, there are only
three distinct nonzero tensor elements.

The experimental parameters used
to measure the magnitudes of the ten-
sor elements of a surface are shown in
Figure 2. At a given wavelength, the
SHG from a surface can be monitored
as a function of input polarization, out-
put polarization, incident angle, and
(for anisotropic surfaces) azimuthal
angle. For an electrochemical surface,
changes in the SHG with changes in the
electrode potential can be used to mon-
itor the chemistry of the interface. A
block diagram of the experimental ap-
paratus employed in the SHG mea-
surements is shown in Figure 3.

Pulses of light (typically 20 nJ ener-
gy, 2 ps pulse width, 4 MHz repetition
rate) are focused onto a platinum elec-
trode at a specific incident angle with a
surface power density of ~100 MW
cm™2, At this surface power density the
SHG signal is quadratic with respect to
the incident laser power (in accordance
with Equation 1), and no surface dam-
age is detected. The polarization of the
incident fundamental beam is varied
continuously from 0° (p-polarized, or
parallel to the plane of incidence) to
90° (s-polarized, or perpendicular to
the plane of incidence) by a \/2 plate/
polarizer combination. The reflected
second harmonic light from the surface
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Figure 1. Optical SHG at a platinum-
water interface.

To first order, the conversion of light from fre-
quency w to frequency 2w requires a noncentro-
symmetric énvironment. Such an environment ex-
ists at the boundary of two centrosymmetric me-
dia, where the surface nonlinear susceptibility x
is the sole contributor to the second harmonic re-
sponse.

is collected and sent through a second
polarizer set to pass either s-polarized
or p-polarized light. Appropriate filters
and a 0.175-m monochromator are used
to reject any reflected fundamental
light, and the SHG from the surface is
detected with a cooled photomultiplier
tube, the output of which is amplified
and monitored with photon-counting
electronics.

The nonlinear susceptibility of a sur-
face can be described as the sum of
three possible sources

Xx=xstxatAx (2)

where s is the nonlinear susceptibility
of the platinum substrate, x is the in-
herent nonlinear susceptibility of the
molecules adsorbed onto the surface,
and Axp is the change in the nonlinear
susceptibility of the platinum surface
and adsorbate attributable to any sur-
face—adsorbate interactions.

At a metal surface, xg is typically
larger than x,. However, for platinum
surfaces, changes in the nonlinear opti-
cal response upon adsorption (Ax;) can
be large enough to permit the detection
of submonolayer quantities of an ad-
sorbate. This indirect monitoring of
chemisorption is called nonresonant
SHG because the optical properties of
the metal do not change rapidly with
wavelength. In contrast to nonresonant
SHG, with the proper selection of mol-
ecule, wavelength, and experimental
geometry, x4 can become the dominant
contribution to x. Experiments that
use the inherent molecular nonlinear
optical response are labeled resonant
SHG in reference to the rapid varia-
tions of x4 with wavelength.

Resonant SHG studies of molecular
orientation

SHG has been employed extensively at
both liquid and solid surfaces for the
determination of average molecular
orientation within an interfacial region
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(2, 3, 14). For systems in which the
SHG from the interface is dominated
by the molecular contributions to the
surface nonlinear susceptibility (xa),
this orientation measurement is ob-
tained through the analysis of the po-
larization dependence of the second
harmonic response. The average mo-
lecular orientation at the surface is
then estimated by assuming a molecu-
lar orientation distribution function
and fitting the experimental data with
this model.

The molecular second harmonic re-
sponse of an adsorbed monolayer is
normally enhanced by setting the
wavelengths of the SHG process in res-
onance with a molecular electronic

transition. Figure 4 depicts the three
simplest possibilities for resonantly en-
hancing the molecular SHG signal. In
Figure 4a, the fundamental wavelength
is in resonance with a molecular elec-
tronic transition; in Figure 4b, the sec-
ond harmonic wavelength is in reso-
nance. Surface SHG experiments using
this second enhancement mechanism
have the advantage that the adsorbed
monolayer is optically transparent at
the fundamental wavelength, avoiding
problems such as saturation or photo-
bleaching of the molecules. Figure 4c
shows the case where both the funda-
mental and the second harmonic wave-
lengths are in resonance with the mo-
lecular electronic transitions. The mo-
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1

Figure 2. Experimental parameters for SHG measurements.

By monitoring the surface SHG signal as a function of input polarization, output polarization, incident
angle, and azimuthal angle, the magnitudes of the various tensor elements of the nonlinear susceptibility

¥ can be measured.
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Figure 3. Block diagram of the experimental apparatus for SHG measurements.

The conversion efficiency for surface SHG is on the order of 10~ '°%; however, this optical signal is
easily detected with the photon-counting electronics.
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lecular SHG obtained in this
configuration is called doubly resonant
and provides the greatest enhancement
of these three simplest resonant cases.

An example of a doubly resonant mo-
lecular system at an electrochemical
surface for which an orientation mea-
surement has been made is the adsorp-
tion of the dye molecule methylene
blue onto a sulfur-modified platinum
electrode (14). In this system, a mono-
layer of sulfur is chemisorbed onto the
polyerystalline platinum surface prior
to methylene blue adsorption. The sul-
fur monolayer serves two purposes: It
enhances the chemisorption of the
methylene blue cation, and it prevents
any strong interactions of the dye mol-
ecule with the platinum surface.

The doubly resonant SHG at 292 nm
from a monolayer of methylene blue at
a polycrystalline platinum electrode as
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Figure 4. Resonant enhancement
mechanisms for molecular SHG.

The nonlinear second harmonic response of a
molecule can be enhanced by tuning the wave-
lengths of the SHG process into resonance with a
molecular electronic transition. The molecules
can be in resonance with the fundamental laser
wavelength (a), the second harmonic wavelength
(b), or both (c). The last case is called doubly res-
onant SHG.

-150

iy
(4=
o ©

Current (pA)
8o

. . 8
02 010001 02 03 04
Potential (V vs. SCE)

AT S W
o - NN Wk oo
(g0} x |- sjunoo) feubis HHS

Figure 5. Doubly resonant SHG from
methylene blue at a sulfur-modified
platinum electrode.

The potential dependence of the p-polarized SHG
signal (solid line) at 292 nm and the current (dot-
ted line) from a moenolayer of methylene blue che-
misorbed onto a sulfur-modified platinum elec-
trode during the electrochemical reduction and
reoxidation of the monolayer at a scan rate of 10
mV s~'. The monolayer is chemisorbed onto the
sulfur-modified platinum electrode in a phosphate
buffer solution at pH 7.9. The SHG signal was ob-
tained from a p-polarized fundamental 584-nm
beam at an incident angle of 40.5°.

a function of potential, along with the
cyclic voltammogram for the electrode,
is shown in Figure 5. At a potential of
—0.300 V versus SCE the chemisorbed
dye molecule undergoes a two-electron
reduction to leucomethylene blue; this
electron transfer reaction shifts the
electronic states of the adsorbed mole-
cules and results in a loss of the SHG
signal from the adsorbed monolayer.
The low levels of the SHG signal after
reduction of the dye molecule verify
that the SHG from the interface can be

attributed almost entirely to the ad-
sorbed methylene blue. A plot of the
SHG signal from the surface at a fixed
potential as a function of methylene
blue surface coverage (Figure 6) also
demonstrates how the nonlinear opti-
cal properties of the adsorbed dye mol-
ecules dominate the surface second
harmonic response.

When the nonlinear optical response
of the methylene blue molecule (14)
and the experimentally determined
macroscopic surface nonlinear suscep-
tibility elements of x are known, the
molecular orientation distribution
function for the adsorbed molecules
can be determined. If it is assumed that
there is no preferential molecular ori-
entation with regard to the azimuthal
angle ¢ about the surface normal, and
that the aromatic rings of the adsorbed
dye molecules are perpendicular to the
surface, the average tilt angle () be-
tween the molecular symmetry axis
and the surface normal can be estimat-
ed from the polarization dependence of
the SHG signal.

Figure 6 depicts this experimentally
determined molecular angle as a func-
tion of the surface coverage for the
methylene blue adsorbed onto the sul-
fur-modified polycrystalline platinum
electrode. As with all calculations, a
number of assumptions enter into the
determination of the average molecular
orientation. For example, the dielectric
constants for the monolayer must be
estimated or measured to correctly as-
certain the magnitudes of the tensor
elements of x, and from these tensor
elements what is actually calculated is

T T T T T T H40
14
% 12f
x —1=5 %
T 10 E
g :
= [N =
g dao @
5 °r g
“ 2
O]
4= @0
% H25 &
2_
SHG signal
Ofr ] 1 1 ] | ] 20
0 5 10 15 20 25 30 35

Surface charge density (uC cm ™)

Figure 6. Molecular orientation calculation for methylene blue.

The p-polarized SHG signal (squares) and the calculated average molecular angle () (circles) from che-
misorbed methylene blue at a sulfur-modified platinum electrode as a function of surface coverage, deter-
mined electrochemically from the surface charge density at a potential of +0.200 V versus SCE. A sur-
face charge density of 32 uC cm™2 corresponds to a full monolayer of methylene blue. (Adapted from

Reference 14.)
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(cos? #)/(cos ) instead of an angle (#).
However, SHG measurements of the
molecular orientation at several wave-
lengths can remove many of these am-
biguities and assumptions, and the ori-
entation calculation methodology used
in the analysis of the surface SHG ex-
periments is constantly being refined
(18, 19). In addition to electrochemical
interfaces, SHG is currently being ap-
plied to studies of molecular orienta-
tion in Langmuir-Blodgett films, at sil-
ica surfaces, and at liquid interfaces
(1-4).

Nonresonant SHG studies of
chemisorption

In the absence of any molecular transi-
tions at the fundamental or second har-
monic wavelengths, the second har-
monic response from platinum elec-
trodes is dominated by the nonlinear
susceptibility of the surface metal at-
oms. On a variety of surfaces the
changes in this nonresonant SHG (Ax;
in Equation 2) have been used to indi-
rectly monitor the chemisorption of
species (5-7, 9, 11-13). For platinum
surfaces the SHG signal was shown to
provide a quantitative measure of the
relative surface coverage of iodide,
chloride, and bisulfate ions and other
chemisorbed species (13).

The surface sensitivity and selectiv-
ity of the SHG signal enables one to
measure surface chemisorption in the
presence of a large amount of solution
species and during solution reactions.
However, in contrast to resonant SHG
studies of molecules at electrode sur-
faces, use of the nonresonant SHG sig-
nal is a relatively nonspecific method
that is only capable of monitoring the
absorption of species that perturb the
metal surface.

One chemisorbed species for which
large changes are observed upon che-
misorption is the monatomic hydrogen
that exists on the platinum electrode
prior to H; evolution. In Figure 7a the
SHG signal at 302 nm from a polycrys-
talline platinum electrode in 0.1 M per-
chloric acid solution is plotted as a
function of potential along with the cy-
clic voltammogram. Very large changes
are observed in the hydrogen adsorp-
tion region; these changes can be quan-
titatively related to the amount of ad-
sorbed hydrogen on the surface (13a).
An increase in the SHG signal from a
Pt(111) surface upon the chemisorp-
tion of hydrogen has also been ob-
served in ultrahigh vacuum (7).

The presence of adsorbed hydrogen
can also be monitored on single crystal
platinum electrodes by changes in the
nonresonant SHG signal from the sur-
face. For Pt(111) electrodes, there has
been much controversy concerning the
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nature of the adsorbed hydrogen (20,
21). The SHG signal (p-polarized input
and output) and cyclic voltammogram
for a well-ordered Pt(111) surface pro-
duced by an iodine/CO treatment
method (22) is shown in Figure 7b. A
pronounced increase in the SHG signal
is observed at potentials more negative
than +0.480 V, the potential at which a
broad anomalous wave is observed in
the cyclic voltammogram. Clavilier et
al. have attributed this voltammetric
wave to the deposition of a strongly
adsorbed hydrogen species (20), and
Wagner and Ross have proposed that
this hump in the cyclic voltammogram
is a capacitive peak that results from
the ordered adsorption of hydronium
ions (21). For comparison, the poten-
tial dependence of the SHG signal and
the cyclic voltammogram from a Pt(100)
surface are shown in Figure 7c. On both
this surface and the polycrystalline
electrode (Figure 7a), an increase in the
SHG is only observed during hydrogen
deposition.
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Figure 7. Nonresonant SHG studies of
hydrogen adsorption at platinum elec-
trodes.

The cyclic voltammogram (dotted line) and poten-
tial dependence (solid line) of the SHG signal at
302 nm (p-polarized input, p-polarized output)
from: (a) a polycrystalline platinum surface, (b) a
well-ordered Pt(111) surface, and (c) a well-or-
dered Pt{100) surface. On all three surfaces an in-
crease in the nonresonant SHG signal is observed
upon adsorption of monatomic hydrogen. The
measurements were all obtained in 0.1 M per-
chloric acid at a scan rate of 20 mV s .

On the basis of the above evidence, it
is reasonable to relate the rise in the
SHG signal on the Pt(111) surface to
the presence of adsorbed hydrogen at
all potentials more negative than
+0.480 V on the well-ordered Pt(111)
surface. However, one must remember
that the nonresonant SHG signal is an
indirect measurement of chemisorp-
tion and cannot definitively identify
the chemisorbed species.

The chemisorption of the hydrogen
in an adsorbed H3;O% species that
strongly perturbs the platinum surface
wave functions could also conceivably
lead to the increase in the SHG signal.
In fact, although the potential depen-
dence of the SHG signal on all three
platinum surfaces—Pt(111), Pt(100),
and polycrystalline—is found to be
very sensitive to the adsorption of hy-
drogen, the potential dependence of
the SHG signal for the well-ordered
Pt(111) surface in the double-layer re-
gion does not completely correlate with
the cyclic voltammogram observed
from the electrode.

A monotonic increase in the SHG
signal is observed at all potentials more
negative than +0.480 V. The lack of
correlation of the SHG signal to the
currents on this single crystal surface
suggests that there are additional
changes with potential in the electronic
structure of the surface-hydrogen (or
surface-hydronium ion) interaction.

SHG studies of ordered adsorption at
single crystal surfaces

In addition to monitoring chemisorp-
tion, the nonresonant SHG signal can
be used to identify the average surface
symmetry at single crystal surfaces (1,
8, 10, 15-17). Because of the ordering of
the single crystal surface, the second
harmonic response is no longer rota-
tionally isotropic about the surface
normal. Additional tensor elements of
x will exist, depending on the average
surface symmetry. These elements can
be observed either by monitoring the
variation of the second harmonic re-
sponse as a function of azimuthal angle
or by measuring the polarization de-
pendence of the SHG signal at normal
incidence (1, 17).

For example, the p-polarized SHG
signal obtained from an s-polarized in-
put beam, I, ,(2w), can be measured as
a function of azimuthal angle, ¢. For a
Pt(111) surface, the symmetry of the
first three surface layers is Cs,. (The
symmetry of just the first monolayer is
Cs,, but the SHG arises from all of the
Pt atoms that are involved in the sur-
face asymmetry.) For this surface, an
additional nonzero tensor element .,
is observed as compared with the iso-
tropic surface and will lead to a rota-
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tional anisotropy in the SHG signal.
The I, ,(20) SHG signal at 302 nm
from an iodine-coated Pt(111) elec-
trode is plotted as a function of azi-
muthal angle in Figure 8a, where 0°
corresponds to having the plane of inci-
dence parallel to the x-axis (crystallo-
graphically the [211] axis) in Figure 8b.
In Figure 8¢ the I ;,(20) SHG signal is
plotted in polar coordinates to high-
light the threefold symmetry of the
nonlinear optical response. The exact
form of the I, anisotropy depends on
the relative magnitudes and phases of
the various surface tensor elements.
The presence of an adsorbate can
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Figure 8. Rotational anisotropy mea-
surements for an iodine-coated Pt(111)
electrode.

(a) The I ,(2w) (s-polarized input, p-polarized out-
put) SHG signal as a function of azimuthal angle
for a flame-annealed Pt(111) electrode with an
adsorbed monolayer of atomic iodine in 0.1 M
HCIO, at an electrode potential of +0.200 V.
(Adapted from Reference 15a.) (b) Diagram of the
first three monolayers of a Pt(111) surface with a
(y7 X {7)R19.1° adsorbed iodine monolayer (see
text). Larger circles represent iodine atoms;
smaller circles represent platinum atoms. Shad-
ing indicates height of each atom; black repre-
sents the top surface layer, and gray and white
represent the second and third surface layers, re-
spectively. (c) Polar plot of the  ;(2w) SHG signal
highlighting the threefold symmetry of the second
harmonic response.
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both modify the magnitude and phase
of an existing surface tensor element
and create new ones. If the adsorbate
reduces the average surface symmetry,
additional nonzero elements of x will
appear in the rotational anisotropy.
For example, iodine is known to adsorb
onto the Pt(111) surface in a 7 X |7
overlayer structure (23) shown in Fig-
ure 8b. The iodine atoms form a Cy,
monolayer with a symmetry axis that is
rotated by 19.1° from the substrate
crystal symmetry axis. This reduces
the combined symmetry of the sub-
strate and monolayer from Cj, to Cs,
and leads to the possibility of nonzero
Xzy: and x,yy tensor elements for the
surface.

Figure 9a shows the [}, (2w) SHG sig-
nal at 302 nm for the Pt(111)-iodine
monolayer system that was obtained
with p-polarized input light and s-po-
larized output light (as compared with
the I,,(2w) data shown in Figure 8,
which used s-polarized input light and
p-polarized output light). This SHG
anisotropy can be interpreted in terms
of the existence of a nonzero x.,. ele-
ment. The 7 X |7 iodine monolayer
reduces the surface symmetry and
leads to the threefold pattern shown in
Figure 9a. If only the x,,, element con-
tributed to the rotational anisotropy,
the SHG signal would be a sixfold sym-
metric pattern. Upon removal of the
iodine by CO displacement and subse-
quent oxidation, the sixfold pattern ex-
pected from a Cj, substrate is observed
(Figure 9b).

Figure 9¢ shows the [}, .(2w) anisotro-
py observed for the Pt(111) surface in
the potential region of hydrogen ad-
sorption; the pattern indicates that the
adsorbed hydrogen also alters the six-
fold symmetry of the SHG response.
Note that in this particular choice of
input and output polarizations, no iso-
tropic contributions to the SHG signal
occur; only terms indicating ordered
adsorption contribute to the surface
second harmonic response.

A final caveat that must be men-
tioned is that in all of the anisotropy
experiments the SHG signal measures
the average surface symmetry (much
like the average molecular orientation).
In other words, a surface that has equal
amounts of two possible C; domains
would have an average surface symme-
try of Cy,, not Cy. In the experiments on
platinum single crystal electrodes an
unequal domain distribution for the
overlayers permits the determination
of the average surface symmetry from
the SHG measurements (15). SHG an-
isotropy measurements are sensitive
not only to surface symmetry changes
upon chemisorption, but also to sym-
metry changes resulting from surface

reconstruction. In addition to plati-
num, SHG rotational anisotropy mea-
surements currently are being made on
silver and gold single crystal electrodes
(9, 10, 16, 17).

Future extensions

As laser technology continues to im-
prove, the quality and number of SHG
experiments at electrode surfaces will
undoubtedly increase and branch out
in several directions. For resonant mo-
lecular SHG studies, experiments at
transparent electrodes instead of metal
surfaces should lead to orientation mea-
surements from a wider variety of mol-
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Figure 9. Changes in the SHG rotational
symmetry plots for a Pt(111) electrode
upon chemisorption.

Polar plots of the , ;(2w) (p-polarized input, s-po-
larized output) SHG signal for a flame-annealed
Pt(111) electrode (a) with an adsorbed monolayer
of atomic iodine in 0.1 M HCIO, at an electrode
potential of +0.200 V, (b) at an electrode poten-
tial of +0.200 V after the removal of the iodine
monolayer, and (c) at a potential of —0.175 V in
the hydrogen adsorption region. A surface with
Ca, symmetry will yield a symmetric sixfold pat-
tern; the presence of a monolayer of iodine or hy-
drogen reduces the combined surface symmetry
and results in a threefold symmetry for the SHG
signal. The polar plots are labeled with the rela-
tive intensities of the SHG signal from the three
surfaces along the x and y crystal axes.
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ecules. For nonresonant SHG studies, a
better theoretical understanding of the
surface second harmonic response and
more experimental correlations with
ultrahigh vacuum data will enhance
the interpretation of the changes in the
SHG signal upon chemisorption.

At single crystal electrodes, further
studies of average surface symmetry at
a variety of electrode surfaces should
be possible; two-beam measurements
will permit the more accurate determi-
nation of the various elements of x. An-
other use of two-beam measurements
will be the implementation of picosec-
ond time-resolved SHG measurements
of reactions at electrochemical inter-
faces. Such experiments have been per-
formed at liquid-air interfaces (24).

SHG is the simplest of a variety of
nonlinear optical experiments that can
be performed at surfaces. In particular,
the use of sum generation will extend
the wavelength region over which mo-
lecular resonances can be observed,
and the possibility of probing vibra-
tional resonances with IR—vis sum gen-
eration experiments (25) is just begin-
ning. Both techniques possess the same
surface sensitivity that is inherent in
all of the SHG measurements.

The author would like to thank Daniel Higgins,
Juliette Lantz, and Matt Lynch for their help in
the preparation of this manuscript. This work was
funded by the National Science Foundation.
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