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ABSTRACT 

Surface-enhanced second-harmonic generation and surface-enhanced 

Raman scattering are used to study the adsorption of pyridine on silver in 

an electrolytic solution. The observed adsorption isotherms can be ap-

proximated by Langmuir curves, but the transient behaviors are difficult 

to understand. 

This work was supported by the Director, Office of Energy Research, Of
fice of Basic Energy Sciences, }futerials Sciences Division of the U.S. 
Department of Energy under Contract Number W-7405-ENG-4S. 

* On leave from Laboratoire d'Optique Quantique, Ecole Poly technique, 
91128 Palaiseau, France. 
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The detection and study of adsorbed molecules at solid-gas and solid

liquid interfaces is an area of active and intensive research.
l 

While 

many sensitive probes have been developed for studies of surfaces in 

vacuo,l there is a lack of an in situ high-sensitivity, high-resolution 

probe to study adsorbed molecules at a solid-liquid interface.
2 

The re-

cent discovery of surface-enhanced Raman spectroscopy (SERS) may be an 

important breakthrough in that respect. 3 ,4 More recently, we have demon-

strated that molecular monolayers adsorbed at a rough silver-electrolyte 

interface can also be readily detected by optical second-harmonic gener

ation (SHG).5 In fact, from a simple estimate, one expects that SHG 

should be observable without the surface enhancement due to rough surface 

5 structures. Here we apply both the SHG and SERS techniques to an in 

situ study of the equilibrium behavior of pyridine adsorption at a rough

ened silver-electrolyte interface6 and show that the adsorption isotherm 

(fractional coverage versus bulk pyridine concentration) can be approxi

mated by a Langmuir curve. 7 In addition, we determine that the transient 

response of the SHG depends strongly on the applied voltage, but only 

weakly on the pyridine concentration. 

Our eXperiment was carried out on an electrolytically cycled silver 

electrode. We prepared the silver sample by mechanical polishing, end-

ing with .05 tJm AR.
Z

0
3 

'Powder. We then submerged it together with a Pt 

working electrode and a reference saturated calomel electrode (SCE) in a 

glass cell containing 0.1 M KCR. in doubly distilled water, which was con-

tinuously purged by N2 gas. The sample was initialized by runninti three 

oxidation-reduction cycles, each with a charge transfer of - 90 mCoull 

2 
cm. Pyridine was subsequently added to the electrolytic solution at a 
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silver-SeE potential of VAg-SeE = - 0.2 V, and SHG and SERS were mea

sured as a function of bulk pyridine concentration at a prescribed 

VAg-SeE· 

For SHG, the input beam at1.06~m was provided by a Q-switched Nd: 

YAG laser operating at 10 pulses per second. The 10 nsec laser pulses 

were p-po1arized and incident on the silver-electrolyte interface at 45° 

with an energy of 0.2 mJ per pulse and a cross-section of 0.2 cm2 • The 

diffuse second-harmonic (SH) signal at .53 ~m was collected using f/l 

optics aligned along the specular1y reflected direction, with the pump 

radiation rejected by color filters and an interference filter or mono

chromator. The signal was then detected by an ReA 7265 photomultiplier 

and recorded using a gated electrometer with a one second time constant 

and strip chart recorder. We note that additional electrolytic cycles 

before the introduction of pyridine had little effect on the observed 

signal. Electrolytic cyclings subsequent to the addition of pyridine 

were avoided, since they might have led to an alteration of the condition 

of the silver surface. Measurements were taken under successive increas-

es in the pyridine concentration; however, in order to verify that an 

equilibrium had been attained and that no irreversible changes were oc

curring, we determined that the SH signal for a weak solution of pyri

dine could be recovered by the dilution ofa concentrated one. We also 

checked that there were no laser-induced desorption effects under the, 

given operating conditions. 

The observed SH signal came from both the silver substrate and the 

adsorbed molecules. Neglecting local-field corrections arising from in

teractions between adsorbed molecules, the nonlinear polarization asso-
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ciated with the adsorbed molecules should be linear in their surface 

density, N. In the presence of the metal surface, the nonlinear polar
a 

. izations associated with both the silver and the adsorbed molecules are 

expected to be everywhere nearly perpendicular to the metal surface, 

and hence, parallel to. each other. Therefore, assuming the two contri-

butions to the total polarization to be in-phase, we can express the SH 

power in the form 

P{2w) = (A + B N )2 
a ' 

(I) 

B where A and B are real constants. The constant A was obtained by mea-

suring P{2w) in the absence of adsorbed molecules. The adsorption iso-

therm, N versus the bulk pyridine concentration p, could then be ob
a 

tained by plotting (/p(2~ - A) versus p. This is shown in Fig. 1 for 

VAg-SeE = - 1.0 V. 

The adsorption isotherm can in general be quite complicated, depend-

ing on the mechanism of molecular adsorption. In many cases, however, 

7 it can be approximated by the Langmuir curve 

N = P N 
a K + pas' (2) 

where K is a constant at fixed temperature T and N is the saturated 
as 

value of N for a monolayer surface coverage. In terms of the adsorp
a 

tion free energy 6G in aqueous solution, we have 7 

K 55 exp(- 6G/RT) (3) 

• 
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in mole/i (H), where R = 1.99 cal/mole - K is the gas constant. We 

found that in the present case, Eq. (2) with K = 1.11 x 10-2 M actually 

gives a good fit to. the experimental data, as shown in Fig. 1. The cor-

responding adsorption free energy ~G is therefore 5.1 Kcal/mole for pyri-

dine on silver. 

In addition to SHG, we also measured the pyridine SERS·signal ver-

sus bulk pyridine concentration to provide an alternative method of find-

ing the adsorption isotherm. An argon ion laser at 5145 A was used for 

excitation. It generated a p-polarized 30 mW beam, which was focused to 

- 2 mm x .25 mm on the silver-electrolyte interface at - 20° from the 

surface normal. The SERS signal resulting from adsorbed pyridine mole-

cules was collected along the surface normal. As in the SH case, the 

pyridine concentration was changed at V Ag-SCE 0.2 V. The equilibrium 

SERS signal was measured at VAg-SCE 0.6 V. As Fig. 2 illustrates, theSERS 

signal for the 1005 cm -1 Raman mode of pyridine versus pyridine concen-

tration with its characteristic saturation behavior resembles that of 

Fig. 1: The solid curve in the figure is, as before, a theoretical fit 

using the Langmuir model of Eq. (2) with K = 4 x 10-3 H. The correspond-

ing adsorption free energy is ~GSERS = 5.7 Kcal/mole. 

In comparing the results for SHG and SERS, we note that although 

the adsorption isotherms in Figs. 1 and 2 are somewhat different, the 

adsorption free energies are essentially the same. The differences can 

be explained by the facts that (1) the signals were measured at differ-

ent values of VAg-SCE and (2) different input frequencies were used. 

Since both the SHG and the SERS were surface enhanced through excitation 

10 of localized surface plasmons on the rough structures, the two tech-
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niques with inputs of different frequencies would tend to probe pyri-

dine adsorbed at different sites, which could have slightly different 

adsorption free energies and adsorption isotherms. 

A simple Langmuir model has the following dynamic equation govern~ 

ing the adsorption of molecules at a surface: 

dN 
a 

-dt = - aN + Bp (N - N ), a as a (4) 

where a and e are constants related to desorption and adsorption, respec-

tively, with alB = K. The equilibrium solution of Eq. (4) takes the 

form of Eq. (2), which appears to fit the experimental results fairly 

well, as shown in Figs. I and 2. The transient solution of Eq. (4) has 

the form 

N (t) 
a 

pNas ( PNas ) 
K + P + Na(O) - K + P exp(- tIT), (5) 

. -1 
where T = (a + Bp) • We wondered whether Eq. (5) would also predict 

the transient behavior of N. We therefore measured the SHG and SERS 
a 

signals as a function of time immediately after the final VAg-SCE value 

was applied following the completion of an electrolytic cycle. A large 

transient effect was observed. In the case of SERS, ~ith 50 roM pyridine 

and VAg-SCE. 0.8 V,for example, the signal, as shown in Fig. 3; 

first increased rapidly to a certain large magnitude and then decayed 

exponentially to the equilibrium value with a time constant T -- 36 sec. 

This presumably indicates that during the establishment of the double 

layer at the silver electrode, more pyridine molecules appeared in re-
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gions with large surface enhancement before relaxing to their equilibrium 

configuration. 

The transient behavior of SHG is even more complicated. For VAg-SCE 

<- 0.7 V, the signal also overshot its steady-state value and then de-

cayed ( Fig. 3)., The time dependent decay of (1P("2;;;)- '-' A) = B N can 
a 

be approximated fairly well by the sum of two exponentials with time con-

stants Tl and T2 • For - 0.9 V' > VAg-SCE > - 1.0 V and 2.5 mM< p < 70 

mM, Tl ranged from 5 to 12 seconds and T2 ranged from 24 to 84 seconds. 

The time constants for SHG and SERS did ~ot depend strongly on p and ap-

peared to increase rather than decrease as p was augmented. This sug-

gests that the Langmuir model of Eq. (4) is probably too simple to ex-

plain the dynamics of adsorption and desorption in the present case. 

At 50 mH concentration, as V Ag-SCE was increased from -1.1 to - 0.9 V, 

the decay showed only slight changes, but when VAg-SCE was further in-

creased to the - (0.75 - 0.85) range, T2 ~rew dramatically to 

360 sec. Then for VAg-SCE ~ - 0.7 V, the signal no longer overshot its 

steady-state value, but instead approached the steady state from below. 

A similar voltage dependence was also observed at p = 5 m}1. This more 

complicated transient behavior of SHG as compared to SERS suggests that 

reorientation and rearrangement of adsorbed molecules may be important, 

since they should affect SHG more strongly. However, we were unable to 

formulate a simple model explaining the observed transient behaviors of 

both SERS and SHG. 

In conclusion, we have demonstrated that surface-enhanced SHG, simi-

lar to SERS, can be used as a sensitive in situ probe to study adsorption 

of molecules at a solid-liquid interface. The observed SHG and SERS 
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signals from adsorbed pyridine on silver as functions of pyridine con

centration in solution can be explained by the Langmuir model, but their 

transient behaviors are difficult to understand. 

One of us (TFH) gratefully acknowledges partial support from. an NSF 

graduate fellowship. This work was supported by the Director, Office of 

Energy Research, Office of Basic Energy Sciences, t1aterials Sciences 

Division of the U.S. Department of Energy under Contract Number W-7405-

ENG-48. 
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Figure Captions 

Fig. 1 Equilibrium (/p(2w) - A) versus bulk pyridine concentration. 

The solid curve is a theoretical fit to the e.xperimental data J 

using the Langmuir model. 

Fig. 2 
-1 

Equilibrium SERS of the 1005 cm mode atVAg_SCE = - 0.6 V ver-

sus bulk pyridine concentration. The solid curve is a theoreti-

cal fit to the experimental data using the Langmuir model. 

Fig. 3 Transient SERS (a) and SHG (b) at 5 x 10-~M pyridine concentra-

tion immediately following an oxidation-reduction cycle. 
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