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Surface-Enhanced Raman Scattering of p -Aminobenzoic Acid at Ag Electrode 
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Surface-enhanced Raman scattering (SERS) from p-aminobenzoic acid (PABA) adsorbed on silver electrode surfaces was 
investigated. The authentic SER spectrum of PABA could be obtained by use of the Ag electrode pretreated with posi- 
tive-negative potential sweeps in aqueous KCI medium. The molecule appeared to adsorb on silver as p-aminobenzoate, 
both -NH2 and -COO- groups interacting with the surface. The potential dependence of the SERS spectral pattern has 
been described. Differences in the spectral features between the authentic SER spectrum and the SER spectra obtained 
under various experimental conditions have been described. 

Introduction 
Surface-enhanced Raman spectroscopy (SERS) is now a 

well-established technique for obtaining detailed information on 
molecules adsorbed on metal surfaces, even though the exact 
mechanism for the enhancement is still a matter of controversy.’J 
Many molecules adsorbed on noble metal surfaces,including 
various carboxylic acids, have been investigated through this 
technique. pAminobenzoic acid (PABA), which is the object of 
the present study, is one of those that were studied by many 
investigators. 

To our knowledge, Suh et ale3 was the first who attempted the 
detailed analysis of SER spectra of PABA even though there had 
been previous works which dealt with PABA on metal surfaces4 
Suh et al. reported the concentration and temperature dependences 
of SER spectra of PABA on silver colloidal particles. In order 
to explain rather dramatic changes in SER spectra with the sample 
concentration and temperature, it was proposed that two different 
forms of PABA were present in equilibrium on the surface, 
namely, a two-dimensional “gaslike“ form and a two-dimensional 
“solidlike” form. The two-dimensional “gaslike” form, which was 
observed at  low sample concentration or at high temperature, was 
thought of as molecules skating on the silver surface, while the 
two-dimensional “solidlike” form, which was observed at  high 
sample concentration or a t  low temperature, was thought of as 
islands of molecules linked together by hydrogen bonds between 
-NH, and -COO- groups on neighboring molecules. Sun et aL5 
investigated the SER spectra of PABA on Ag electrode surfaces 
in connection with their work on the photolysis of p-nitrobenzoic 
acid on roughened silver surfaces. A SER spectrum similar to 
that of PABA in the two-dimensional “solidlike” form reported 
by Suh et al.3 was observed. One of the motives of the present 
investigation was our experimental difficulty in reproducing 
proposed concentration and temperature dependences of S E R  
spectra of PABA on silver sol. In addition, it was thought that 
the two SER spectra reported by previous investigators were too 
dramatically different to be accounted for by the above simple 
explanation. Recently, Venkatachalam et aL6 investigated the 
SER spectra of PABA on silver island films. The SER spectrum 
was observed to change with time, which was attributed to the 
formation of pg’-azodibenzoate. The appearance of a strong band 
near 1460 cm-’ and a strong doublet near 1150 cm-I, which are 
characteristic of azodibenzoate, was presented as evidence for the 
reaction. The formation of azodibenzoate from PABA was 
proposed to occur in two steps, the first being the hydrolysis of 
amine and the second being dimerization during exposure to laser 
light. On the basis of this work, it may be possible that the SER 
spectra reported previously were not due to adsorbed PABA but 
due to its surface reaction product(s). 

In this paper, SER spectra of PABA that are almost completely 
different from those reported previously will be presented. These, 
we believe, are the SER spectra of PABA that has not undergone 
surface reaction(s). On the basis of the authentic SER spectra 
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of PABA, adsorption of this molecule on silver surface will be 
investigated. 

Experimental Section 
The method of preparation of aqueous silver sol was described 

in detail previously.’ Crystalline PABA was added to Ag sol to 
give a desired PABA concentration. After the color of the sol 
solution changed from yellow to red or green, poly(viny1- 
pyrrolidone) was added as a colloid stabilizer. The solution pH 
was adjusted by using NaOH and H3P04 in the case of Ag sol 
experiment. Either a glass capillary or a spinning cell spun at  
3000 rpm was used as a sampling device. Temperature of the 
sample in the capillary cell hardly changed upon laser irradiation. 
For the temperature-dependence study, the capillary cell was 
placed in a homemade temperature controller.8 When the 
spinning cell was used as the sampling device, a gradual decrease 
in the SERS intensity was observed. However, the SER spectral 
pattern was hardly affected by sample spinning. 

The electrochemical cell used in the SER experiment consisted 
of three electrodes, Le., a Ag (Aldrich Chemical Co., >99.9%) 
working electrode, a Pt counter electrode, and a saturated calomel 
reference electrode (SCE). A silver working electrode was freshly 
prepared in each experiment by polishing with sandpaper and with 
0.05-pm alumina in distilled water and then oxidizing briefly with 
an equal volume mixture of 30% H202 and concentrated am- 
monia-water. A homemade potentiostat driven by a personal 
computer coupled with a homemade interface was used for po- 
tential control. The solution pH was adjusted by using NaOH 
and H2S04 in the case of the electrode experiments. All the 
chemicals were reagent grade and were used without further 
purification. All potentials are quoted versus SCE. Details of 
the apparatus for Raman measurement have been described 
previo~sly.~ The infrared spectrum of silver p-aminobenzoate 
salt was obtained with a Bruker Model IFS 113v FT-IR spec- 
trometer. 

Two types of oxidation-reduction cycles (ORCs) were per- 
formed in the case of the electrode experiment. One, which we 
call an “in situ” ORC, is a conventional double-potential step.1° 
The other, which we call an “ex situ” ORC, is the type used by 
Gao et al.,” with some modifications for silver. The silver electrode 
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Figure 1. (a) Ordinary Raman spectrum of aqueous PABA at basic pH. 
(b) SER spectrum of IO-’ M PABA on a A g  electrode surface in 0.1 M 
Na,SO,, pH 5, and at -0.2 V. The electrode was pretreated with an ex 
situ O R C  in 0.1 M KCI. Excitation a t  514.5 nm with 30 m W  of power 
at the sample position. (c) S E R  spectrum of PABA in D20 medium at 
pH 8. Other measurement conditions are the same a s  those in (b). 

was roughened by performing sequential potential sweeps in 0.1 
M KCl. It was rinsed thoroughly and then transferred to the 
solution of interest. The main difference between the two ORCs 
is that the sample experiences the full double-potential step in an 
in situ ORC, while the sample is adsorbed on the preroughened 
Ag surfaces adjusted at the desired potential in an ex situ ORC. 
Any undesirable electrochemical reactions of the sample can be 
prohibited from taking place in the latter case. 

Results and Discussion 
The ordinary Raman spectrum of aqueous PABA solution at  

basic pH is shown in Figure la .  The existence of PABA as 
p-aminobenzoate in basic medium can be evidenced from the 
u,(COO-) band at  1382 cm-I in Figure la .  The v(C=O) band 
of the acid form which would be expected to appear a t  - 1680 
cm-I is completely absent in the spectrum. 

Figure 1 b shows the SER spectrum of PABA on Ag electrode 
pretreated with an ex situ .ORC for the SERS measurement. 
Similar spectra were obtained irrespective of solution pH, ranging 
from pH -3 to pH - 10. It has to be mentioned that the SER 
spectrum in Figure 1 b is considerably different from those reported 
earlier but correlates much better with the ordinary Raman 
spectrum of p-aminobenzoate. As described in the Introduction, 
Venkatachalam et aL6 proposed the photodimerization of PABA 
on silver to pq’-azodibenzoate. Such an oxidation reaction is not 
supposed to have occurred in the present system, however, because 
the surface potential was held at  the cathodic region during the 
entire SERS measurement. The SER spectral pattern of Figure 
1 b is completely different from that of p,p’-azodibenzoate. On 

(11) Gao, P.; Gosztola, D.; Leung, L. H.; Weaver, M. J .  J .  Electroanal. 
Chem. 1987, 233, 21 I .  
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Figure 2. Infrared spectrum of silver p-aminobenzoate salt. 

the other hand, when the potential was swept anodically (+0.5 - -0.2 V, for example), enormous SER spectral changes were 
observed. This indicates that the species responsible for Figure 
1 b can be oxidized. On the basis of the observation that the SER 
spectrum of PABA exhibits decent correlation with its ordinary 
Raman spectrum, the above oxidation reaction is supposed to occur 
in the -NHz group of the molecule.l* 

For the peaks in the spectral region of 1100-1800 cm-I, it is 
clearly seen that there is one-to-one correspondence between the 
ordinary Raman (Figure la )  and the SER (Figure lb)  spectra. 
On the other hand, a significant mismatch between the two spectra 
is recognizable in the spectral region below 1100 cm-I. However, 
the SERS peaks in this region can be assigned also as due to 
p-aminobenzoate. The peaks at  855 and 1382 cm-I in Figure la, 
which can be assigned as b(CO0-) and v,(COO-) of p-amino- 
benzoate, respectively,13 appear at 855 and 1373 cm-I, respectively, 
in Figure lb. Such a red shift of v,(COO-’) is known for other 
carboxylic acids that interact with Ag through carboxylate 
groups.14 Hence, the PABA molecule is believed to adsorb on 
the silver surface as p-aminobenzoate via the -COO- group. This 
is in agreement with the general view that carboxylic acids adsorb 
on metal or metal oxide surfaces as ~ a r b o x y 1 a t e s . l ~ ~ ~  The peaks 
at  505, 702, 780 (shoulder), 793, and 980 cm-I in Figure 1 b do 
not have counterparts in Figure la. However, these bands can 
be ascribed also to adsorbed p-aminobenzoate, because the cor- 
responding peaks appear distinctly at 495, 697, 778, 797 
(shoulder), and 978 cm-’, respectively, in the infrared spectrum 
(Figure 2) of silver p-aminobenzoate salt. Although the vibrational 
assignment of these five peaks is somewhat unclear, the first two 
peaks can be assigned as the out-of-plane benzene ring modes, 
16b and 4, respectively.I* 

According to the X-ray crystallographic study of silver p -  
aminobenzoate salt reported by Amiraslanov et aI.,l9 the -NHz 
group coordinates directly to Ag. From the studies on the in- 
terfacial behavior of PABA a t  mercury/solution, Benedetti and 
Andreolizo concluded that the molecule lay flat on the charged 
metal surface. The same authors argued through quantum me- 
chanical calculations that both the -NH2 and -COO- groups 
interacted with the surface. A similar situation is supposed to 
occur in the present system. This can be inferred in part from 
the substantial red shift of the C-N stretching vibration. On the 

(12) Nelson, R. F. In Techniques of Chemistry, Vol. 5,  Part I ,  Technique 
of Electroorganic Synthesis; Weinberg, N .  L., Ed.; Grand Island: New York, 
1974; Chapter 5. 
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(17) Ratinen, R.; Kiviharju, M. Spectrochim. Acta 1989, 45A, 729. 
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York, 1974. 
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basis of the vibrational assignments of p-haloanilines2'~22 and 
p - n i t r ~ a n i l i n e , ~ ~  the peak at  1279 cm-I in the ordinary Raman 
spectrum of p-aminobenzoate can be assigned to the C-N 
stretching mode. The corresponding peak appeared at  1253 cm-l 
in the SER spectrum. That is, the band red shifted by -26 cm-I 
upon the surface adsorption of PABA onto silver. Such a red shift 
was invoked by HolzeZ4 to conclude that aniline interacted with 
the silver surface via its -NH2 group. 

In conjunction with the coordination of -NH2 to silver, attempt 
has been made to assign the band at  -980 cm-I in the SER 
spectrum. A similar broad band was also observed in the infrared 
spectrum (Figure 2) of silver p-aminobenzoate salt. In principle, 
benzene ring modes (such as 5, 17a, and 18a),I8 N H 2  rocking 
mode,22-2s and stretching vibration of supporting electrolyte, 
S042-,26 can appear in this spectral region. However, the band- 
widths of benzene ring modes in other spectral regions are not 
so drastically different between the ordinary Raman and the SER 
spectra. Hence, the contribution of benzene ring mode(s) to the 
-980-cm-' band in Figure l b  would not be considerable. The 
assignment of the band to the stretching mode of S042- would 
also be precluded by the fact that no band appeared near 980 cm-I 
in the absence of PABA. On the other hand, a broad band 
appeared at -980 cm-I in the SER spectrum of PABA when 
Clod- was used instead as the supporting electrolyte. Considering 
that the adsorption strength of Clod- is too weak to give its own 
SER p h e n o m e n ~ n , ~ ~  the band at  -980 cm-I may not have any 
relevance to the supporting electrolyte. The remaining choice 
would then be to ascribe the band to the N H 2  rocking vibration. 

As an effort to obtain further evidence supporting the above 
assignment, we obtained a SER spectrum of PABA in D 2 0  
medium, as shown in Figure IC. It can be seen that the broad 
band at  -980 cm-' exists no longer in the SER spectrum. Instead, 
a new band appeared at 740 cm-I. This new band can be assigned 
as the ND2 rocking mode on the basis of the previous vibrational 
assignments of various deuterated amine compounds.28 Hence, 
it is very likely that the 980-cm-l band in Figure l b  is due to the 
N H 2  rocking vibration of p-aminobenzoate adsorbed on the silver 
surface. The -NH2 group vibrations are not seen in the ordinary 
Raman spectrum of aqueous PABA solution due to hydrogen 
bonding. For the free PABA molecule, the NH2 rocking vibration 
is, however, expected to occur at - 1050 ~ m - ' . ~ ~  Then, this mode 
must have red shifted by -70 cm-I upon surface adsorption of 
the molecule. Such a huge shift could be possible only when the 
-NH2 group interacted directly with the silver surface. It is 
unfortunate that other -NH2 vibrations of PABA which might 
provide further evidence on the NH2-metal interaction were re- 
solved neither in the ordinary Raman nor in the SER spectra. 
Nevertheless, it is believed that the PABA molecule adsorbs on 
silver as p-aminobenzoate, both the -NH2 and -COO- groups 
interacting with the surface. 

With the molecule bound to the surface through the two sub- 
stituents a t  the para positions, its benzene ring is likely to lie flat 
on the surface. Further evidence supporting such a ring orientation 
may be found in the observation that the out-of-plane benzene 
ring modes are either more distinct or enhanced in the SER 
spectrum than in the ordinary Raman spectrum. For example, 
the bands at  505 (16b) and 702 (4) cm-l are observed solely in 
the SER spectrum. Also, the band at  406 cm-I in the SER 
spectrum, which can be assigned as one of the out-of-plane ring 
modes, 16a,'* is relatively more intense than the corresponding 
band at 41 1 cm-l in the ordinary Raman spectrum. On the basis 
of the electromagnetic surface selection rule,29 the above obser- 

Park et al. 
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Figure 3. SER spectra of M PABA on Ag electrode surfaces at (a) 
-0.2, (b) -0.6, and (c) -1  V, respectively, in 0.1 M Na2S04, pH 9. The 
electrode was pretreated with an ex situ ORC in 0.1 M KCI. Excitation 
at 514.5 nm with 30 mW of power at the sample position. 

vations indicate that the benzene ring lies flat on the surface. Suh 
and M o ~ k o v i t s ~ ~  determined molecular orientations on surfaces 
from the presence or absence of C-H stretching bands in their 
SER spectra. The complete absece of any C-H stretching band 
in the present SER spectrum of PABA supports further that the 
benzene ring lies flat on the silver surface. 

We have discussed so far the SER spectral feature of PABA 
observed with a Ag electrode at -0.2 V. As the potential was made 
more negative, some new interesting features were observed in 
the SER spectra. One noteworthy feature was that the SERS 
intensity changed with the potential applied to the working 
electrode. The maximum intensity was observed at  -0.2 V. As 
the potential was made more negative, the SERS intensities got 
weaker. Benedetti and AndreoliZ0 reported that the negative of 
the adsorption free energy (-AGOads) of PABA at  the mercu- 
ry/aqueous solution interface decreased monotonically as the 
potential became more negative. Hence, it seems that the above 
potential dependence occurs due to a change in the adsorption 
strength of PABA onto silver with the applied potential. In order 
to record the SER spectra a t  more negative potentials than -0.2 
V, we have thus increased the bulk concentration of PABA. With 
the increase of the bulk concentration, however, surface photo- 
reaction seemed to become somewhat feasible. This could be 
evidenced by the appearance of a peak at  1456 cm-l in the SER 
spectrum measured with a M PABA solution, as shown in 
Figure 3a. Venkatachalam et ale6 ascribed the band near 1460 
cm-I to a characteristic of azodibenzoate in their SERS studies 
of PABA on silver island film. Nonetheless, the extent of such 
a reaction was not so significant as to preclude our further in- 
vestigation. 

(29) Boo, D. W.; Kim, K.; Kim, M. S. Bull. Koreon. Chem. Soc. 1987,8, 

(30) Suh, J.  S.; Moskovits, M. J .  Am. Chem. SOC. 1986, 108, 4711. 
251. 
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Figure 4. Cyclic voltammogram of IFz M PABA on Ag electrode in 0.1 
M Na2S04, pH 7, at IO mV/s scan rate. 

Another noteworthy SER spectral feature observed at  more 
negative potentials than -0.2 V was that the relative band in- 
tensities changed also with the applied potential. This can be seen 
clearly from a series of SER spectra (Figure 3) obtained in basic 
media (pH 9) a t  various potentials. This spectral change was 
found reversible with the applied potential, however, indicating 
that photoreaction was not the major reason for spectral variation. 
Furthermore, from the cyclic voltammogram shown in Figure 4, 
it is evident that the possibility for the Occurrence of an electro- 
chemical reaction does not need to be considered in the potential 
region employed to obtain the SER spectra shown in Figure 3. 
The changes in the SER spectra are thus supposed to arise solely 
from the intrinsic potential dependence of adsorption of PABA 
on the silver surface. With this view in mind, we now consider 
the potential-induced spectral changes in more detail. 

The most dramatic changes were observed for the amino group 
related vibrational modes. From the spectra in Figure 3, it can 
be seen that the intensity of the broad band at  -980 cm-I, which 
has been assigned as the NH2 racking vibration, becomes relatively 
weak as the electrode potential is made more negative. Con- 
currently, the 1253-cm-’ peak in the SER spectrum (Figure 3a) 
a t  -0.2 V, assigned as the C-N stretching mode, blue shifts by 
12 cm-’ a t  -1 V (Figure 3c). This behavior may be explained 
in terms of the bonding interaction of the amino group with the 
silver surface. That is, the interaction between the amino group 
of PABA and the surface may have become weaker as the po- 
tential became more negative. It is known from the ultraviolet 
photoelectron spectroscopy of PABA that the ionization energy 
of the oxygen lone pair electrons is smaller than that of the nitrogen 
lone pair electrons.” Hence, the former lone pair electrons can 
be donated to the metal surface more readily than the latter. Then, 
as the Fermi level of the silver surface rises with the negative 
potential applied to the electrode, the interaction of PABA to silver 
via the nitrogen lone pair electrons would become energetically 
less favorable than that via the carboxylate oxygen lone pair 
electrons. Nevertheless, the amino group appears not to be 
completely detached from the surface since the C-N stretching 
frequency is observed, even at  -1 V, to be far less than that of 
free p-aminobenzoate. 

On the basis of the above description, the orientation of adsorbed 
paminobenzoate is expected to change with the variation in ap- 
plied electrode potential. The adsorbed species would assume a 
more perpendicular stance as the potential is made more negative. 
According to the electromagnetic selection rule, the in-plane 
benzene ring modes should then become more distinct in the SER 
spectrum.2g Indeed, it can be seen from Figure 3c that the in-plane 
modes centered at 779 (l),’* 1076 ( 18b),32 and 1209 (1 5)33 cm-* 
gain intensities a t  negative potential. One of the most spectacular 
features in Figure 3c is the remarkable enhancement of the band 
at  845 cm-I which can be correlated with the COO- bending 
vibration appearing at  855 cm-I in Figure 3a. Reorientation of 

(31) Takahata, Y. J .  Mol. Srrucr. 1984, 108, 269. 
(32) Arenas, J. F.; Marcos, J. I .  Specrrochim. Acta 1979, 35A, 355. 
(33) Goel, R. K.; Agarwal, M. L. Specrrochim. Acta 1982, 38A, 583. 
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adsorbed PABA from flat to perpendicular stance may also ac- 
count for this spectral change considering that the C-COO- 
stretching character is involved in the &(COO-) mode. It may 
be appropriate to mention that the corresponding mode appears 
also as one of the most prominent peaks in the SER spectrum of 
benzoic acid, which assumes a tilted stance with respect to the 
silver surface.34 On the other hand, it can be seen from Figure 
3 that the out-of-plane benzene ring mode, 16a, loses intensity 
as the potential becomes more negative. The intensity variations 
for other out-of-plane modes such as 16b and 4 turn out to be not 
so dramatic as for the in-plane modes, however. Besides, the C-H 
stretching band could not be observed even at  -1 V. Hence, even 
though the orientational change of adsorbed paminobenzoate with 
the applied potential is evident, the change is not enough to result 
in the perpendicular stance in the potential region employed in 
this work. 

It is interesting to observe that the COO- group vibrations red 
shift as the potential gets more negative. The v,(COO-) mode 
appears a t  1373 cm-l a t  -0.2 V, but a t  1363 cm-’ a t  -1 V. As 
mentioned already, the S(CO0-) mode was observed a t  855 and 
845 cm-I, respectively, at -0.2 and -1 V. Since the v,(COO-) mode 
appears a t  1382 cm-’ in the ordinary Raman spectrum of p- 
aminobenzoate (Figure la), the band has thus red shifted by - 19 
cm-’ upon surface adsorption at  -1 V. Such a huge shift has not 
been observed in the SER studies of carboxylic acids in Ag s01.I~ 
For instance, according to Pagannone et the v,(COO-) mode 
red shifts by only 2 cm-l in the SER spectrum of benzoate from 
that in the ordinary Raman spectrum. 

The potential dependence of the COO- group vibration may 
be explained in terms of the back-donation of metal electrons to 
the antiboding ?r* orbital of the carboxylate group. Alternatively, 
this behavior may be ascribed to the coverage-dependent di- 
poledipole coupling e f f e ~ t . ~ ” ~ ~  Such an effect has been observed 
by Gao and Weaver36 for cyanide and aromatic adsorbates at gold 
electrodes. The dipole-dipole coupling theory dictates that a 
decrease in the surface coverage should result in red shifts of some 
internal vibrations, as in the present case. The third mechanism, 
the so-called Stark effect, may also be responsible for the potential 
dependence of the -COO- group frequen~ies.~’.~~ This is the effect 
of the electric field in the double layer on the dipole moment of 
the adsorbed molecule. According to Venkatesan et when 
a dipole is oriented such that its positive end is away from the 
surface, its vibrational mode may red shift as the potential is made 
negative and as it takes a perpendicular orientation. In fact, the 
same situation has been invoked already in our earlier discussion. 
Hence, the Stark effect seems, a t  least in part, to be responsible 
for the potential dependence of the -COO- group frequencies. A 
similar argument has been employed by Kellogg and P e m b e r t ~ n ~ ~  
in their SER studies of cyanide species a t  Ag electrodes. 

The SER spectra of PABA dealt with so far have been obtained 
at Ag electrodes pretreated with ex situ ORCs. As discussed, the 
spectra thus obtained could be attributed to the adsorbed p- 
aminobenzoate on silver under various electrochemical environ- 
ments. The present observations are in contrast to the previous 
SERS investigations on the same molecule. It is believed that 
the species dealt with in the previous SERS investigations of 
PABA were mostly some kind of reaction products. Experimental 
evidence supporting such an argument will be presented below. 

Figure 5 shows the SER spectrum of PABA at a silver electrode 
treated with an in situ ORC, together with the SER spectra 
obtained in silver sols. The electrode SER spectrum shown in 
Figure Sa is markedly different from those shown in Figures 1 
and 3. The SERS intensity is much more intense after an anodic 
polarization. More importantly, peaks that were not observed in 
the ex situ SER spectrum appeared distinctly a t  1315, 1395, and 
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Figure 5. (a) SER spectrum of IO-’ M PABA on a Ag electrode surface 
in 0.1 M NafiO,, pH 6 ,  and at -0.2 V. The electrode was treated with 
an in situ ORC. Excitation at 514.5 nm with 30 mW of power at the 
sample position. (b) SER spectrum of M PABA in static aqueous 
silver sol at 20 O C .  (c) Same as (b) except using a spinning cell. (d) 
Same as (b) but containing M NaBH, in static aqueous silver sol. 
For (b), (c), and (d), excitation at 514.5 nm with 120 mW of power at 
the sample position. 

1442 cm-’ in the in situ electrode spectrum. In the anodic region, 
electroorganic reactions may occur as can be evidenced from the 
cyclic voltammogram shown in Figure 4. Hence, the new peaks 
are likely to be ascribed to reaction products even though the 
detailed nature of the reactions is not known at  the moment. 

On the other hand, a surface-induced photoreaction may have 
taken place in the in situ environment. This possibility can be 
inferred from the SER spectra of PABA on silver sols. As already 

mentioned in the Introduction, Suh et ale3 reported the concen- 
tration and temperature dependences of SER spectra of PABA 
on silver sols and proposed the “gassolid” equilibrium model in 
order to explain their experimental findings. In an attempt to 
reproduce their results, SER spectra of PABA on silver sols at 
various sample concentrations, ranging from - to - M, 
were obtained in our laboratory. Although there was some scatter 
of data depending on solution conditions, rather similar spectra 
were observed irrespective of sample concentrations when capillary 
cells were used as sampling devices. A representative spectrum, 
taken at  PABA concentration of M, is shown in Figure 5b. 
It is interesting to observe that this spectrum is similar to the SER 
spectrum of “solidlike” PABA reported by Suh et al. Moreover, 
this spectrum hardly changed when the sample temperature was 
raised to 40 OC. According to the model proposed by Suh et al., 
our spectrum should have been similar to the SER spectrum of 
“gaslike” PABA because a low enough sample concentration and 
high temperature were employed. The cause of the discrepancy 
between the present results and the results of Suh et al. is not 
known. It may be possible that the differences arose due to 
different properties of silver sol solutions used for SERS inves- 
tigations. The spectrum shown in Figure 5b is also significantly 
different from the electrode spectra shown in Figures 1 and 3, 
but it is very similar to the SER spectrum of azodibenzoate 
reported by Venkatachalam et a1.6 In contrast, the spectrum 
obtained by using a spinning cell (Figure 5c) resembles much more 
closely the electrode spectrum obtained under an ex situ ORC. 
These observations seem to support the possible involvement of 
a surface photoreaction. Surface heating due to laser irradiation 
does not seem to be important in our experimental conditions 
because the temperature in the capillary cell was scarcely changed 
by laser irradiation during spectrum acquisition time. It is also 
known not to play a significant role in the laser-induced reactions 
on the rough surface/vacuum interface.39 

Finally, it may be worthwhile to mention briefly the sol spec- 
trum taken after the addition of BH4-. In our previous SERS 
investigation, the surface potential of silver sol was found to be 
lowered by BH,- addition.40 The SER spectrum of PABA ob- 
tained in this way is shown in Figure 5d. It can be clearly seen 
that this spectrum is also very similar to the electrode SER 
spectrum obtained with an ex situ ORC. This suggests that a 
proper adjustment of the surface potential is a prerequisite to 
obtain an intrinsic SER spectrum of PABA. 
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