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adsorption. B and C iteration parameters for C, N, and 
0 atoms were taken from ref 95. Extended Hiickel param- 
eters for all atoms used are listed in Table XII. 

All the results listed in this paper are from the single- 
face adsorption calculations, using the three-layer slab 
model. The geometrical parameters for coadsorption are 
as follows: C-0. 1.15: N-0. 1.15: Rh-Rh, 2.6893: Rh-C, 
1.90; Rh-N, 1.96; and Rh-0, 2.05 (all values in A). The 
k-point sets varied from 49 to l2 points in Order to keep 
the total number of states for each geometry similar. 

(95) McGlyn, S. P.; Vanquickenborne, L. G.; Kinmhita, M.; Carroll, 
D. G. Introduction to Applied Quantum Chemutry; Holt, Rinehart and 
Winston: New York, 1964; pp 423-431. 
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The electrostatic potentials +o of insoluble monolayer mixtures of a neutral and a positively charged 
component spread onto an aqueous solution of 0.1 M NaCl are determined by means of fluorometric 
titration of embedded 4-heptadecyl-7-hydroxycoumarin. Methyl arachidate and dimethyldioctadecyl- 
ammonium bromide are used, and the surface charge density uo is varied through their molar ratio. The 
+o/uo dependence thus obtained is compared to experimental results reported in the literature for other 
systems as well as to the Gouy-Chapman theoretical relationship. 

Introduction 
The experimental determination of the electrostatic 

potential between a nonconducting phase and an aque- 
ous electrolyte solution is a complicated problem. At the 
same time, its successful solution is of substantial inter- 
est due to the important role this parameter plays in the 
colloid stability, wetting, biomembrane functioning, cell 
adhesion, etc. 

The development of the theory of thin liquid film sta- 
bility has enabled the determination of q0 from measure- 
ments of equilibrium film thicknesses.' In this way, fi0 
values for the air/water interface have been obtained by 
investigation of foam films stabilized with anionic and 
cationic surfactants.'+ However, due to restriction of 
the theoretical calculation of the electrostatic disjoining 
pressure, reliable data on can be obtained so far at 
low ionic strengths only. 

In the studies of the electrostatic properties of biomem- 
branes and micelles, q0 is determined by means of vari- 
ous spectroscopic techniques. Those based on molecu- 

* To whom correspondance should be addressed. 
(1) Derjaguin, B. V.; Titijevskaya, A. Kolloidn. Zh. 1963, 15,416. 
(2) Scheludko, A.; Exerowa, D. Kolloid-Z. 1959, 165, 148; 1960, 2 6 8 ,  

(3) Exerowa, D. Kolloid-2. 1969,232,703. 
(4) Exerowa, D. Dr. Sci. Thesis, Bulg. Acad. Sci., Sofia, 1987. 

24. 

lar spin probes5 and interfacial pH indicators' are most 
often employed. In the latter case, q0 is evaluated from 
the difference in the pK values of the indicator a t  the 
interface and in the bulk, both being determined by fol- 
lowing the absorption or fluorescence changes with pH. 
(In later studies, go is related to the difference between 
pKi in a neutral and a charged interface.? 

Fromherz et al.,'-'O as well as some Australian col- 
league~,''-'~ have contributed substantially to the progress 
and recent intensive application of this method. These 
studies deal with neutral and charged micelles and insol- 
uble monolayers transferred onto a hydrophobic solid s u b  
strate by means of the Langmuir-Blodgett technique. 

In the present investigation, the electrostatic poten- 

(5) Castle, J. D.; Hubbell, W. L. Biochemistry 1976,15,4818. 
(6) Haynes, D. H. J. Membr. B id .  1974,17, 341. 
(7)  Fromhen, P. Biochim. Biophys. Acta 1973,323,326. 
(8) Fromhen, P.; Mastem, B. Biochim. Biophys. Acta 1974,356,270. 
(9) Femandez, M. S.; Fromhen, P. J. Phys. Chem. 1977,81,1756. 
(10) Fromhen, P.; Kotulla, R. Ber. Bunsen-Ges. Phys. Chem. 1984, 

(11) Lovelock, B.; Grieaer, F.; Healy, T. W. J.  Phys. Chem. 1985,89, 

(12) Lovelock, B.; Grieser, F.; Healy, T. W. Longmuir 19862,443. 
(13) Drummond, C. J.; Warr, G. G.; Grierm, F.; Ninham, B. W.; Evana, 

(14) Drummond, C. J.; Grieeer, F. Photochem. Photobiol. 1987, 45, 

88,1106. 
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Wavelength /nm 
Figure 1. (a) Absorption spectra of the neutral (1) and anionic 
(2) forms of 4-heptadecyl-7-hydroxycoumarin. (b) UV-11 filter 
transmission spectrum (1) and relative spectral intensity of the 
excitation HBO 100 lamp. 

tials of monolayers spread on the air/water interface are 
determined. An experimental technique developed 
earlier" for recording fluorescence spectra of spread mono- 
layers is applied. Mixtures containing neutral and pos- 
itively charged components, methyl arachidate (MA) and 
dimethyldioctadecylammonium bromide (DOMA), are 
used to vary the surface charge density uo. The fluores- 
cence spectra of 4-heptadecyl-7-hydroxycoumarin (HHC) 
embedded in these matrices are recorded at different pH 
values of the subsolution. From the titration curves, the 
pK: and pKi values (for the neutral and the charged mono- 
layers, respectively) are obtained and q0 is calculated from 
their difference. 

This titration requires the use of buffer solutions due 
to  the large air/monolayer contact area. For this rea- 
son, aqueous subsolutions of relatively high NaCl con- 
centration are applied so the double electric layer can be 
regarded as being built up of 1:l electrolyte only. 

Method and Materials 
The experimental setup and procedure for recording fluores- 

cence spectra of dyes embedded into insoluble monolayers at 
the liquid/gas interface are described in ref 15. In the present 
study, the excitation monochromator is replaced by a UV-11 
filter providing a more intensive illumination and better signal/ 
noise ratio. However, due to the broad transmission region of 
the filter, a simultaneous excitation of the HHC anionic form 
(by the bands at 366 and 334 nm) and its neutral form (at 289, 
297,302, 312, and 334 nm) is observed-see Figure 1. On the 
one hand, this type of excitation leads to more complicated spec- 
tral patterns since the spectra of the two forms are superim- 
posed. On the other hand, the neutral form is invisible with 
monochromatic excitation at 366 nm since it does not absorb 
at this wavelength (Figure la). In this way, it becomes possi- 
ble to follow the changes in the spectra of both forms related 
to molecular association, interactions with the monolayer mol- 
ecules and the subsolution components, influence of the inter- 
facial electrostatic potential, and other effects. 

As in the previous study, the fluorescence spectra are obtained 
as differences between the HHC s ectra in the monolayer and 
those of the pure liquid surface.lg During the measurement, 

(15) Petrov, J. G.; Mbbius, D. Langmuir 1989,5, 523. 

Figure 2. Fluorescence spectra of HHC in methyl arachidate 
monolayers on 1 X lo-* M phosphate buffer. Molar ratio of 
the dye was 1/400: 1, pH 11.9; 2, pH 8.1; 3, pH 7.5; 4, pH 6.9; 
5, pH 5.5; 6, pure MA without HHC. 

the monolayer is maintained at a constant surface pressure of 
30 dyn/cm. The relative change in the monolayer area is con- 
trolled as a measure of its stability. The solution in the Lang- 
muir trough is maintained at a constant temperature of 20.5 f 
0.2 O C .  

Methyl arachidate for chromatographic purposes (Merck) and 
dimethyldioctadecylammonium bromide produced by Kodak are 
used as 1 x M solutions in chloroform; these are mixed at 
predetermined molar rations. 4-Heptadecyl-7-hydroxy- 
coumarin (mp 92-93 "C) is synthesized according to Sonder- 
mann.l6 

The aqueous subsolutions are prepared with water from a 
Milli-Q system. pH is adjusted by means of phosphate buffer 
(KH,PO, and Na,HPO,, Merck, AR purity grade), 1 M HCl, 
and 1 M NaOH, both ultrapure. The ionic strength of the solu- 
tions is adjusted with ultrapure NaCl. 

The pH of the aqueous subsolutions is kept constant within 
0.1 pH unit; control measurements after the completion of the 
experiment have been carried out by taking samples from the 
trough. 

Results 
Figure 2 shows fluorescence spectra of HHC in a neu- 

tral methyl arachidate monolayer at different pH val- 
ues. Curve 6 is a blank control obtained at pH 11.9 as 
the difference between the spectrum of HHC-free MA 
monolayer and that of the pure liquid surface. The aque- 
ous subsolutions are chosen to be the same as in our pre- 
vious investigation of this matrix" (a phosphate buffer 
with almost constant ionic strength of 1 X M) in 
order to  compare the two excitation techniques. At  the 
same time, the pKP value obtained from these spectra 
can be used as a reference for the determination of #o on 
0.1 M NaCl subsolution. According to the results of ref 
8, the pK: of HHC in methyl stearate monolayers does 
not depend on the ionic strength. 

In Figure 3, the IL/pH dependence for the MA matrix 
is presented by curve 1. It has the characteristic S shape 
obtained also by titration of the coumarin anion in ref 
15 but does not have a well-defined plateau in the acidic 
range?4 This trend restrains the calculation of the degree 
of dissociation a of HHC and hence of pK: since 

(16) M6bius, D.; Biicher, H.; Kuhn, H.; Sondermann, J. Ber. Bun- 
sen-Ges. Phys. Chem. 1969, 73, 835. 
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Figure 3. Fluorescence intensity of HHC in MA monolayer 
on 1 X M phosphate buffer at X,,, = 455 nm (1) and at X 
= 485 nm (2) versus pH. HHC/MA = 1/400. 
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Figure 4. pH dependence of pK: calculated from eq 1 and 2 
and the data shown in Figure 3: (a) X = 455 nm; (b) X = 485 
nm. 

(2) 

I ,  and IHA are the fluorescence intensities of the anionic 
and neutral form of HHC, respectively. I A  is deter- 
mined from the plateau in the alkaline region while I H A  
is defined by a corresponding plateau in the acidic region. 

The above complication does not represent an excep- 
tional case in the spectroscopic determination of ioniza- 
tion constants; it can be avoided by following the pH 
dependence of the fluorescence intensities a t  another 
wavelength." Curve 2 in Figure 3 is obtained in this 
manner a t  A = 485 nm. 

According to ref 17, the absence of a plateau in the 
acidic region should lead to a pH dependence of the 
pK: values determined at A,,,. This fact is illustrated 
by Figure 4, where the effect of the change in the ana- 
lytical wavelength is also shown. In order to diminish 
the strongly increasing error a t  high and low a values, 
pKP is calculated within a narrow pH range around a = 
0.5. At  455 nm, the minimum fluorescence intensity a t  
pH 4.0 is taken for I* The mean pK: values are marked 
with a dashed line; they coincide with each other and 
are equal to the pK: value of the same system obtained 
by titration of the anion form alone in ref 15. 

Spectra of HHC in a mixed DOMAIMA monolayer at 
molar ratio 1:lO are presented in Figure 5. For this and 

CY pKP = pH - log - 1-CY 

(17) Albert, A,; Serjeant, E. P. Determinution ojlonization Constants; 
Chapmen and Hall: London, 1971; p 56-59. 

Figure 5. Fluorescence spectra of HHC in 1 10 DOMA MA 

MA) = 1/400: 1, pH 9.0; 2, pH 7.5; 3, pH 6.9; 4, pH 5.5; 5, pure 
matrix without HHC. 

mixtures on 0.1 M NaCl. Molar ratio of H I l  C to (DO hl A + 

/ I 1  I l l 1  I 1  I 

Figure 6. Fluorometric titration curves of HHC in 1/10 (1) 
and 1 2 (2) DOMA/MA mixtures on 0.1 M NaCl. Molar ratio 

4 6 8 10 pH 

of H I4 C/matrix = 1/400. 

T 
5 6 7 8 p H  

Figure 7. pH dependence of pKi for DOMA/MA mixtures with 
molar ratios of 1/10 (circles) and 1 /2  (squares). Subsolution 
was 0.1 M NaCl. 

all other charged matrices, the aqueous subsolutions con- 
tain 1 X M phosphate buffer and 0.1 M NaC1. The 
buffer concentration is lower by 3 orders of magnitude 
than that of NaC1, so if not very strong specific adsorp- 
tion of phosphate anions takes place in the double elec- 
tric layer, the latter could be considered as built up of 
1:l electrolyte. 

Titration curves taken at A, for two DOTUZA/MA molar 
ratios are presented in Figure 6. For both systems, the 
I, values a t  pH 4.5 and 4.0 coincide within the limits 
o m e  noise of the signal, thus defining a plateau in the 
acidic range. For this reason, the above mentioned prob- 
lems in the calculation of a and pK: are not encoun- 
tered in these cases. 

Comparison of Figures 2 and 5 suggests that the sur- 
face charges of DOMA do not cause a noticeable change 
in the position of the maximum and the shape of the 
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Table I. Comparison of the +o/oo Dependence Obtained in 
the Present Study with Literature Data for Other Systems 

u0 or uo , q0 (this study), +o (ref 8), +o (ref 191, 
rtc/cmf mV mV mV 

I I 

d 

20 Y 
OJ 0*3 XI, 

Figure 8. Mean area per molecule at 30 dyn/cm in DOMA/ 
MA mixed monolayers versus the molar part of DOMA in the 
mixture. 
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Figure 9. Dependence of the interfacial potential $ on the 
interfacial charge density a,. Excitation with UV-11 fiiter (cir- 
cles) and monochromator at 366 nm (triangles). The solid line 
is drown according to the Gouy-Chapman equation.22 

HHC spectra. However, the different values of the pla- 
teau in the acidic and alkaline regions presented in Fig- 
ure 6 show that the fluorescence intensities of the anionic 
and neutral forms decrease with the rise of the surface 
charge. We are not in a position to comment on this 
effect now, but it seems that it does not compromise the 
calculated pKi values-they remain pH-independent, as 
shown in Figure 7. 

From pK: = 8.2 for the neutral MA matrix and the 
pKi values for the charged mixed DOMA/MA monolay- 
ers, the electric potential a t  the interface studied can be 
calculated: 

(3) 

Here R is the gas constant, T is the absolute tempera- 
ture, and F is the Faraday equivalent. 

The surface charge density uo (in charges per 100 A2) 
can be calculated by the formula 

(4) 

where nM and nD are the numbers of moles of MA and 
DOMA in the mixed monolayer. The HHC dissociation 
does not influence uo since the dye to matrix molar ratio 
is very small. The mixture occupies a total area A, and 

2.0 25 6 22 26 
3.8 43 i 6 37 48 
7.0 67 k 6 64 
15.0 96i6 90 

FM and FD are the partial molar areas of MA and DOMA, 
respectively, defined by the equations 

F,  and FD are determined graphically from the F f XD 
dependence (Figure 8) by extrapolation of the correspond- 
ing tangents to XD = 0 and X, = 1. 

The values of I ) ~  and uo calculated from eqs 3-5 by 
using the pKO, pKi, and the FIXD data obtained in this 
study are presented with circles in Figure 9. The poten- 
tial values given with triangles are found by HHC titra- 
tion under monochromatic excitation at  366 nm. The 
coincidence of the results suggests that the two excita- 
tion techniques are equivalent with respect to the fluo- 
rometric titration of HHC. 

Discussion 
The surface potential values obtained in this study are 

compared with results from other investigations in Table 
I. The data presented in the third column are derived 
from Fi ure 3 of the publication of Fromherz and 
Masters on fluorometric titration of HHC in mixed eic- 
osyltrimethylammonium bromide/methyl stearate mono- 
layers. By use of Langmuir-Blodgett technique, the mono- 
layers have been transferred onto hydrophobic glass sub- 
strates covered additionally with several methyl stearate 
layers. The fluorescence of the embedded HHC has been 
measured at  the solid/liquid interface (between the last 
transferred monolayer and the aqueous subsolution) with 
the aid of a specially developed technique? 

From the coincidence of the potential values a t  the 
solid/liquid and the gas/liquid interfaces, a conclusion 
could be drawn that the role of the external (nonaque- 
ous) phase is insignificant. On one hand, this result is 
to be expected since the image forces which could cause 
such a difference have similar values in both systems. 
On the other hand, the pKi values determined by the 
method Fromherz often depend on hydrophobization and, 
respectively, on the nature of the solid In 
the cases of HHC embedded in a methyl stearate matrix 
and then transferred onto siliconized glass, glass covered 
with cadmium arachidate, and glass covered with eico- 
sylamine, the respective pK: values are 9.6, 7.7, and 5.7 

8 

(18) Haase, A. Ph.D. Dissertation, Justus Liebig University, Giessen, 

(19) Tokiwa, F.; Ohki, K. J .  Phys. Chem. 1966, 70,3437. 
(20) Funasaki, N. J.  Colloid Interface Sci. 1977,60, 54. 
(21) Hunter, R. J. In Comprehensioe Treatise of Electrochemistry; 

Bockris, J. O.&M., Conway, B. E., Yeager, E., Eds.; Plenum: New York, 
1980; Vol. 1, p 399. 

(22) Adamson, A. W. Physical Chemistry of Surfaces, 4th ed.; Wiley: 
New York, 1982; p 164. 

(23) Mbbius, D.; Cordroch, W.; Loschek, R.; Chi, L. F.; Dhathath- 
reyan, A.; Vogel, V., in preparation. 

(24) The decrease of ZA in the acidic region and ita effect on the 
pK,O/pH dependence is the%ject of a separate investigation, to be pub- 
lished additionally. 

1980, p 72. 
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(see ref 18). According to the author, these differences 
should be related to residual charges on the glass surface 
remaining after hydrophobization. 

Similar effects are reported in ref 23. For the same 
solid substrates, considerable shifts of the protonation 
equilibriums have been observed with deposited mono- 
layers containing an amphiphilic porphyrin as well as with 
deposited HHC/arachidic acid mixtures. Later model 
experiments with inversion of the direction of the dipoles 
in the hydrophobizing monolayer have shown directly the 
important role of the polarity of the external nonaque- 
ous phase. 

In this connection, it is interesting to note that both 
the pK: and pKi values for the compared solid/liquid 
and the gas/liquid interfaces differ systematically by 0.4 
unit while the differences pK: - pK, determining the 
electrostatic potentials shown in Table I are the same. 
Therefore, when the same but uncharged interface is taken 
as a reference, the effect of the external phase on $o is 
eliminated, and the potential thus obtained is related only 
to the monolayer/water charge density in the sense of 
the Gouy-Chapman consideration. 

The data in the fourth column of Table I are recalcu- 
lated from the results of a potentiometric titration of a 
micellar solution of C,,H,,H(CH,),O, performed in ref 
19. They refer to the potential established by the posi- 
tive charges of the aminooxide groups on the surface of 
the micelle as a result of the ionic equilibrium: 

C,zH,5N(CH,)z0 + H+ ~ i .  C,2H35N+(CH3)z0H 

Some serious indications prove the reliability of the $o 
data obtained in this investigation: 

(1) In accordance with the theory used in ref 19 for 
the determination of q0, a unique experimental depen- 
dence of pKi on the degree of surfactant dissociation (mas- 
ter curve) has been obtained for all studied concentra- 
tions above cmc. As could be expected from the Debye- 
Huckel approximation, this dependence is linear a t  small 

(2) The q0 values obtained potentiometrically in ref 
19 have been used in another independent spectroscopic 
determination of the dissociation constants K, of p-ni- 
trophenol, brombenzene purple, and chlorophenol red sol- 
ubilized in the same micelles.20 In this way, an indepen- 
dence of the intrinsic dissociation constant Kin on has 
been obtained, as expected, according to the equation 

a. 

Petrov and Mobius 

The surface charge density of the micelle, can be 
evaluated from the degree of surfactant dissociation in 
the micelle am, the micelle radius R, and the degree of 
the aggregation of the surfactant n, also reported in ref 
19: 

(7) 

The experimental relationship aO,m/$O,m thus obtained 
(taken up to 50 mV where R can be considered con- 
stantlg) coincides within about 10% with the theoretical 
dependence for a spherical double layer:21 

Here no and x are the number ionic concentration and 
the reciprocal Debye length. 

The second term in eq 8 represents the difference 
between a flat and a spherical interface. Thus one can 
convert the $O,m/aO,m data to $o,m/aO,e data, where ao,e is 
the charge density of an electrically equivalent flat inter- 
face having the same surface potential as the micelle: 

The latter relationship, $o,m/ao,e, is shown in the fourth 
column of Table I. The coincidence of this data with 
the results obtained in ref 8 and this study supports the 
reliability of the fluorometric method. 

The determination of the potentials at the gas/liquid 
interface performed in the present investigation is free 
of the complications with the solid substrates discussed 
above. Another advantage is the direct determination 
of the surface charge density, while in the technique of 
Fromherz additional measurements of the transfer coef- 
ficients are required. Nevertheless, in both cases a com- 
mon uncertainty of the fluorometric method should be 
kept in mind by the interpretation of the results. The 
unknown position of the dye chromophore with respect 
to the plane of surface charge does not allow one to state 
a priori if $o or $a is determined. (In our system, 6 is the 
distance between the N atoms of DOMA, giving rise to 
the surface charge, and the 0 atom of the dissociating 
hydroxyl group of the HHC chromophore, regulating its 
fluorescence.) Since the NMR technique that is often 
applied to solve this problem in micellar solutions"*'* 
cannot be used here, some indirect indications will be 
considered below: 

(1) The three systems compared in Table I have charged 
functional groups of different structure, and their sur- 
faces of charge should be differently located. The coin- 
cidence of the corresponding potentials observed s u g  
gests that the potential of the plane of surface charge is 
determined in all cases. The alternative explanation, that 
these are $6 potentials a t  6 being equal for all the sys- 
tems compared, does not seem plausible. 

(2) As a result of the potentiometric titration (ref 19), 
$o has been obtained. The coincidence of the values recal- 
culated for an equivalent flat interface with the fluoro- 
metric data from this study and ref 8 suggests that the 
same magnitude is determined in the latter cases. 

(3) Taking into account the large dimensions of the 
chromophore of HHC, it could be expected that in the 
condensed state of the monolayer matrix a t  30 dyn/cm 
the latter can be partially or completely squeezed out of 
the plane of the charged DOMA head groups. If this 
effect takes place, the measured potentials should be 
smaller than Go. This difference should increase in more 
condensed mixtures, i.e., a t  smaller XmM, and respec- 
tively smaller ao. However, the comparison of the exper- 
imental data obtained in this study and in ref 8 with the 
Gouy-Chapman a. relationship demonstrates the 
opposite tendency. In both c a m ,  the coincidence between 

and $oGC becomes better when the surface charge 
density decreases (see Figure 9 of this study and Figure 
3 of ref 8). 

The above arguments give indirect support to the 
assumption that q0 is obtained in the present investiga- 
tion. To prove this in an explicit way, involvement of 
other proper techniques, justifing the chromophore loca- 
tion, is necessary. 
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Differential reflectance spectroscopy has been used to measure the reflectivity of electrochemically 
roughened Ag electrodes in 0.1 M KC1 and 0.1 M KC1/0.05 M pyridine. The electrodes were subjected 
to varying anodic current densities in double-potential-step oxidation-reduction cycles. A correlation 
exists in both systems between SERS intensities for both u(Ag-Cl) and pyridine ring breathing vibra- 
tions and the magnitude of the decrease in reflectivity. Surfaces that exhibit the greatest decrease in 
reflectivity exhibit the greatest SERS intensity. Scanning electron microscopy is used to characterize 
surface morphology. The reflectivity spectra are interpreted in terms of absorption by large-scale Ag 
roughness features. The correlation between decrease in reflectivity and increased SERS intensity is 
proposed to be due to electromagnetic enhancement effects. 

Introduction 
Surface-enhanced Raman scattering (SERS) is an ana- 

lytical technique that is able to provide selective vibra- 
tional information about adsorbates within the electro- 
chemical double layer and a t  the metal-gas interface. In 
the electrochemical envirunment, oxidation-reduction 
cycles (ORCs) are the mosi common roughening pretreat- 
ment of Ag, Cu, and Au electrodes for SERS.’ Despite 
enhancements of lo6 that are commonly achieved for adsor- 
bates a t  Ag electrodes, ORC pretreatment is fraught with 
irreproducibility and is not well understood?” Thus, inves- 
tigations of ORC procedures are necessary for producing 
SERS-active surfaces that provide optimum, reproduc- 
ible Raman enhancements for extensive analytical use. 

Previous papers from this research group have shown 
relationships between SEW intensities and various param- 
eters of the ORC, such as oxidation rate, solution pH, 
and adsorbate. Tuschel, Pemberton, and Cook reported 
that the SERS intensity of the u(Ag41) band at  Ag rough- 
ened in 1 M NaCl increased as the anodic current of the 
ORC increased.’ Scanning electron micrographs (SEMs) 
showed that the Ag roughness features produced in double 
potential-step ORCs decreased in size as the rate of oxi- 
dation increased. The greatest SERS intensity was 
observed from a surface prepared with an oxidation rate 
of 18 mA/cm2. Similarly, Cross and Pemberton reported 
an optimum SERS intensity for pyridine bands at  Ag 
electrodes roughened in 0.1 M KC1/0.05 M pyridine with 

* Author to whom correspondence should be addressed. 
(1) Chang, R. K. Ber. Bunsen-Ges. Phys. Chem. 1987, 91, 296. 
(2) Tuachel, D. D.; Pemberton, J.  E. Longmuir 1988,4,58. 
(3) Sobocineki, R. L.; Pemberton, J. E. Langmuir 1988,4,836. 
(4) Tuschel, D. D.; Pemberton, J. E.; Cook, J. E. Langmuir 1986,2, 
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an anodic current density of 4 mA/cm2.6 The Ag rough- 
ness feature size was also found to decrease with increas- 
ing ORC current density in the 0.1 M KC1/0.05 M pyri- 
dine media. 

Ag roughness features are important in SERS, because 
the magnitude of the enhanced electric field giving rise 
to the enhanced Raman intensities is a function of the 
size and shape of these roughness These 
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