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A reactant molecule may exist in a variety of forms related to 
one another by acid-base reactions, complexation, tautomerization, 
etc. Frequently, one of these forms is more reactive than the 
others, causing the reaction to proceed via that particular species. 
A complete understanding of the reaction mechanism requires 
the identification of the reactive form, a task usually accomplished 
through a detailed evaluation of the reaction kinetics. When the 
reaction occurs at an interface (as in heterogeneous catalysis), 
it is highly desirable to have a very selective means of detecting 
adsorbed species while the reaction is occurring. 

The reduction of aldehydes is an example of such a reaction. 
In aqueous solutions many aldehydes exist in two forms, the free 
aldehyde and the hydrate (getn-diol), with the relative concen
trations being governed by a hydration equilibrium constant, Kb. 

RCHO + H2O = RCH(OH)2 

Kh = [RCH(OH)2]/[RCHO] 

In the electrochemical reduction of such aldehydes, it is the free 
aldehyde that is the active form. In order for the gem-diol to be 
reduced, it must first dehydrate to form free aldehyde, which in 
turn is reduced at the electrode surface. The dehydration reaction, 
which is often the rate-limiting step, can occur in solution near 
the electrode or, possibly, on the electrode surface. 

The electrochemical reduction of 4-pyridinecarboxaldehyde has 
been the subject of intense study.1"7 In acidic media over 90% 
of the aldehyde is hydrated,1 but it can be rapidly and efficiently 
reduced to the alcohol, 4-pyridylcarbinol.6 The dehydration re
action has been shown to be a crucial feature of the reduction 
mechanism under a variety of solution conditions.1"3'5'7 Though 
the dehydration is normally considered to occur only in solution 
near the metal surface, a significant fraction may react on- the 
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surface, a possibility enhanced by the strong adsorption of pyridine 
and its derivatives. 

In order to investigate the adsorption of the free and hydrated 
forms of 4-pyridinecarboxaldehyde, a selective and sensitive 
method is needed. Surface-enhanced Raman spectroscopy (SERS) 
is an attractive candidate. In fact, the original observations of 
SERS were obtained with pyridine at a silver surface.8"10 As 
later investigations demonstrated, SERS is unusually powerful 
for in situ investigation of metal-solution interfaces. The sensitivity 
is excellent and the information content of the spectra is high, 
permitting resolution and identification of very similar surface 
species. In this paper we report the application of SERS to the 
characterization of the various forms of 4-pyridinecarboxaldehyde 
adsorbed at silver surfaces as a function of solution pH and 
electrode potential. As will be seen, systematic investigation of 
the effects of these variables proved to be crucial in the detection 
of the adsorbed reactive free aldehyde, a species that was not 
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Abstract: Surface-enhanced Raman scattering (SERS) spectra were obtained at a silver electrode in aqueous solutions at 
potentials from -0.2 to -0.6 V vs SCE and pH 1-7. The forms of 4-pyridinecarboxaldehyde that are adsorbed parallel those 
present in solution. In particular, the fraction of adsorbed species that is protonated at -0.2 V varies with pH in a manner 
almost identical with the fraction that is protonated in bulk solution. The protonated compound exists almost completely in 
the hydrated form (gem-diol) in the interface just as it does in solution. At a given pH, the fraction protonated on the surface 
increases as the potential is made more negative, a behavior attributed principally to enhanced adsorption of cationic species 
at negative potentials. In the presence of chloride, the fraction protonated decreases at the most negative potentials. This 
decrease is correlated with the desorption of chloride, suggesting that the pyridinium ion and chloride are adsorbed together. 
When the more strongly adsorbed bromide or iodide is used, the fraction protonated does not decrease at negative potentials. 
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present at the pH and potential used in the only previous SERS 
investigation of 4-pyridinecarboxaldehyde, that of Bunding and 
Bell." 

Experimental Section 
4-Pyridinecarboxaldehyde (Aldrich Chemical Co.) was distilled at 

reduced pressure and stored under a nitrogen atmosphere prior to use. 
Water was triply distilled, and all other reagents were analytical reagent 
grade. 

Acetate buffers were used for pH values between 3.5 and 5.5 while 
phosphate buffers were used for pH 5.5-7. The pH of solutions below 
pH 3.5 was adjusted with HCl. All solutions contained 0.10 M KCl (or 
0.10 M KBr or KI in certain experiments as specified), and the ionic 
strength of the buffers was adjusted to 0.90 M by addition of potassium 
nitrate. 

The SERS cell was built following the design of Brandt.12 The 
polycrystalline silver electrode was a disk (3-mm radius) prepared by 
press-fitting a cylinder of silver into one end of a 9.5-mm-diameter Teflon 
rod through which a 6-mm-diameter concentric hole had been drilled. 
Electrical contact was made via a copper wire soldered to the silver. Prior 
to the experiment, the silver electrode was polished with 5-, 0.3-, and 
0.05-^m alumina. After polishing, the electrode surface was rinsed with 
copious amounts of triply distilled water followed by sonication in triply 
distilled water. The SERS cell was then assembled and filled with an 
analyte solution, which had been previously purged with nitrogen. The 
silver electrode was then subjected to an oxidation-reduction cycle 
(ORC), viz., oxidation at 0.20 V for 10 s followed by reduction of the 
generated silver chloride at -0.30 V until the current nearly ceased. 
When KBr was used in the electrolyte, the potentials were +0.20 and 
-0.60 V1 and with KI -0.20 and -0.80 V were selected. About 100 
mC/cm2 was passed in the oxidation and reduction steps. For conven
ience, all spectra reported were obtained after an ORC with the solute 
present. When the solute was added after the ORC, very similar spectra 
were recorded. 

The spectra were taken with the 488.0-nm line of a Spectra Physics 
Model 164-00 argon ion laser with an incident power of 100 mW at the 
electrode surface. The laser light was focused to a line image at the 
electrode by a cylindrical lens. The scattered light was focused onto the 
entrance slit (2.0-cm"1 resolution) of a Spex Model 1401 double mono-
chromator, and detection was by photon counting with an RCA Model 
C31034-02 photomultiplier tube. Data collection was performed with 
a microcomputer system. The intensity of the SERS spectra varied 
considerably with changes in conditions. All spectra have been plotted 
with an arbitrary scale for the ordinate. Sharp lines at 223, 738, 1010, 
1055, and 1578 cm"1 that appear in various spectra are from scattered 
argon ion emission. 

The electrode potential was controlled by a Princeton Applied Re
search EG&G (PAR) Model 173 potentiostat/galvanostat and is refer
enced to a saturated calomel electrode. A PAR Model 276 current-to-
voltage converter allowed monitoring of current during the ORC and 
SERS experiments. Positive-feedback iR compensation was employed 
though the ohmic losses were low in the SERS experiments due to the 
inherently low currents. 

Results and Discussion 
Detection of Adsorbed Free Aldehyde. SERS spectra of 0.0S0 

M 4-pyridinecarboxaldehyde in 0.10 M KCl at various electrode 
potentials are shown in Figure 1. As the electrode potential is 
made more negative, the spectrum undergoes dramatic changes. 
Features at 1070, 1250, 1325, 1420, 1470, 1490, 1535, and 1560 
cm"1 appear and become more intense as the potential is made 
more negative. Additionally, a small feature at 1640 cm"1 appears 
at about -0.40 V, and this band also increases in intensity at more 
negative potentials. As will be shown later, the band at 1640 cm"1 

is due to the protonated pyridine and will be very valuable in 
characterizing the adsorbed species. 

Significantly, at -0.20 V there is a small but easily detectable 
band corresponding to the carbonyl stretching frequency at 1710 
cm"1. It is also potential-dependent, becoming weaker and finally 
disappearing altogether at about -0.5 V. This confirms the result 
of Bunding and Bell11 who reported no carbonyl band because 
they obtained their spectra at a single potential, -0.60 V. 

Thus, the reducible form of 4-pyridinecarboxaldehyde, the free 
aldehyde, is adsorbed at the silver electrode as long as the potential 

(11) Bunding, K. A.; Bell, M. I. Surf. Sci. 1983, 118, 329-344. 
(12) Brandt, E. S. Anal. Chem. 1985, 57, 1276-1280. 
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Figure 1. SERS spectra of 0.050 M 4-pyridinecarboxaldehyde in aqueous 
0.10 M KCl using a silver electrode. Potentials are vs SCE. Insets show 
expanded view of carbonyl band near 1710 cm"1. 

is not too negative. At these less negative potentials (-0.2 to -0.4 
V), 4-pyridinecarboxaldehyde does not completely hydrate upon 
adsorption as was suggested by Bunding and Bell. 

Allen and Van Duyne13 have considered orientational effects 
on band intensities and have concluded that the relative intensities 
should be given by eq 1, where the intensity of the carbonyl band 

(̂ 171o/-flOOo)sERS = (7I71O/AOOO)NRS(COS ^) 0 ) 

is expressed relative to the intense symmetrical ring-breathing 
mode near 1000 cm"1, in both the SERS and normal Raman 
solution spectra (NRS). 6 is the angle of the carbon-oxygen bond 
in the adsorbed species with respect to the surface normal. For 
vertical orientation of 4-pyridinecarboxaldehyde (adsorption via 
the ring nitrogen atom), 8 will be 60°. Analysis of the SERS data 
at -0.20 V and NRS (0.10 M KCl) gave 6 = 57°, suggesting a 
vertical orientation at this potential. However, some process leads 
to the diminution of the carbonyl band intensity as the potential 
is made negative. 

Possibly the free aldehyde is reduced at the electrode, causing 
the disappearance of the band at 1710 cm"1. However, cyclic 
voltammetry of 0.010 M 4-pyridinecarboxaldehyde at a silver 
electrode in 0.10 M KCl reveals virtually no faradaic current at 

(13) Allen, C. S.; Van Duyne, R. P. Chem. Phys. Lett. 1979, 63, 455-459. 
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Figure 2. Normal Raman spectra of 4-pyridinecarboxaldehyde: (A) pure 
liquid; (B) 0.10 M aqueous solution; (C) 0.10 M in 0.50 M HCl; (D) 0.10 
M in 0.50 M NaOH. 

potentials as negative as -0.8 V, making it highly unlikely that 
the adsorbed free aldehyde is being reduced at even the most 
negative potential used in the SERS studies. As suggested by 
Bunding and Bell," hydration of the surface species may be 
responsible for the diminution of the carbonyl Raman band. To 
explore this possibility, it will be helpful to examine the acid-base 
and hydration equilibria of 4-pyridinecarboxaldehyde in aqueous 
solutions. 

Spectroscopic Behavior of 4-Pyridinecarboxaldehyde as a 
Function of Solution pH. It has long been known that the extent 
of hydration of 4-pyridinecarboxaldehyde depends upon the so
lution pH. At pH <3, the pyridine nitrogen is protonated, which 
promotes hydration of the aldehyde group, giving about 95% 
hydrate according to the equilibrium constants of Laviron1 (cf. 
Scheme I). By contrast, for 5.5 < pH < 11, the pyridyl ring is 
not protonated and only about half exists as the hydrate. These 
equilibria have been investigated by a number of techniques1,14"21 

and are easily detected by Raman spectroscopy as well. Figure 
2 shows the normal Raman spectra of neat 4-pyridinecarbox
aldehyde and 0.10 M solutions in water, 0.50 M HCl, and 0.50 

(14) Pocker, Y.; Meany, J. E.; Nist, B. J. J. Pkys. Chem. 1967, 71, 
4509-4513. 

(15) Jencks, W. P.; Sander, E. G. / . Am. Chem. Soc. 1968, 90,6154-6162. 
(16) Cabini, S.; Conti, G.; Gianni, P. J. Chem. Soc. A 1969, 1363-1369. 
(17) Abe, K.; Hirota, M.; Takeuchi, I.; Hamada, Y. Bull. Chem. Soc. Jpn. 

1977, 50, 2028-2032. 
(18) Abe, K.; Hiroko, E.; Hirota, M. Bull Chem. Soc. Jpn. 1981, 54, 

466-469. 
(19) Okano, V.; Toma, H. E.; do Amaral, L. J. Org. Chem. 1981, 46, 

1018-1021. 
(20) Cortijo, M.; Sanchez-Ruiz, J. M. An. Quim., Ser. A 1984, 80, 

471-475. 
(21) Sanchez-Ruiz, J. M.; Llor, J.; Cortijo, M. An. Quim., Ser. A 1985, 

81, 17-21. 
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Figure 3. SERS spectra of 0.050 M 4-pyridinecarboxaldehyde in various 
buffers of the pH indicated. All spectra were obtained at -0.20 V vs 
SCE. 
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M NaOH. Many differences are noted among the four spectra, 
but two specific changes are most informative. 

First, the carbonyl band at about 1710 cm"1 is prominent in 
the neat liquid and in the aqueous solution where about half of 
the compound exists in the free aldehyde form. However, it is 
not detectable in the acidic medium where about 95% is hydrated. 
(It is also absent in strong base where the anion of the gem-dio\ 
is favored.1,5) 

Second, a very useful feature is the behavior of the band near 
1600 cm"1 seen in the spectrum of the neat liquid and the aqueous 
solution. This is a ring mode, which shifts markedly upon pro-
tonation of the pyridyl ring. In the spectrum of the acidic solution 
(in which 4-pyridinecarboxaldehyde is completely protonated), 
the band at 1600 cm"1 is absent and has been replaced by a new 
feature at about 1640 cm"1. This shift to higher frequencies upon 
protonation of the ring nitrogen permits the monitoring of the 
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Figure 4. Surface mole fraction of protonated forms of 4-pyridine-
carboxaldehyde as obtained from SERS spectra at various pH. The 
curve is the mole fraction of protonated forms present in solution cal
culated from solution-phase equilibrium constants. 

extent of protonation using NRS and SERS. It is a common 
behavior, which has been reported in the Raman spectra of a 
variety of monosubstituted pyridines22"25 as well as pyridine it
self.9'25 

With this assignment of bands due to neutral and protonated 
forms of 4-pyridinecarboxaldehyde in hand, we can examine the 
effect of solution pH on the SERS spectra (Figure 3). These 
spectra were obtained at -0.20 V and, as the solution pH was 
decreased, the relative intensity of the band at 1640 cm"1 (pro
tonated) increased while that at 1600 cm"1 (neutral) waned. In 
addition, as the amount of protonated species on the surface 
increased, the weak band for carbonyl at about 1710 cm"1 com
pletely disappeared. This is consistent with the fact that the 
protonated form is as much as 95% hydrated in the bulk of so
lution. Apparently it is mostly hydrated on the surface as well. 

To estimate the relative populations of the protonated and 
neutral forms on the surface, the band heights were measured and 
an intensity ratio was calculated, /i64o/(/i60o + î64o)- If t n e 

scattering cross sections are the same, this intensity ratio will equal 
the mole fraction of the pyridine species on the surface that is 
protonated. Such an assumption is reasonable because the bands 
are thought to arise from the same vibrational mode though it 
must be admitted that the cross sections might differ due to other 
factors, such as differences in electrode-adsorbate distance for the 
neutral and protonated forms. Presumably, both the free and 
hydrated forms contribute to the bands for the neutral (1600 cm"1) 
and protonated (1640 cm"1) species. 

The intensity ratios from SERS spectra obtained at -0.20 V 
in a variety of buffers are plotted in Figure 4 along with the 
fraction of protonated 4-pyridinecarboxaldehyde (free and hydrate) 
present in the solution, as calculated from known solution equi
librium constants.1 As can be seen from Figure 4, the relative 
population of the protonated 4-pyridinecarboxaldehyde species 
at the silver surface at -0.20 V vs SCE is approximately equal 
to the relative population in the bulk solution; i.e., at this potential 
the protonated and neutral forms have the same adsorption 
coefficient. This is not the case at other potentials, however, as 
will be demonstrated below. 

Examination of the Potential Dependence of the SERS Behavior 
of 4-Pyridinecarboxaldehyde. We will now focus on the bands 
at 1600 and 1640 cm"1 to determine the effect of electrode po
tential on the relative surface populations of neutral and protonated 
forms. A pH 6.8 buffer was selected with which no protonated 
form could be detected (intensity ratio 0.0) at -0.20 V. Spectra 
are presented at Figure 5 where it may be seen that the relative 
intensity of the band at 1640 cm"1 increases as the electrode 
potential is changed to more negative values. 

(22) Albert, A.; Spinner, E. /. Chem. Soc. 1960, 1221-1226. 
(23) Spinner, E. J. Chem. Soc. 1960, 1226-1231. 
(24) Spinner, E. /. Chem. Soc. 1963, 3860-3870. 
(25) Spinner, E. J. Chem. Soc. 1963, 3870-3873. 
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Figure 5. SERS spectra of 0.050 M 4-pyridinecarboxaldehyde in pH 
6.88 buffer as a function of electrode potential, V vs SCE. 

Table I. Surface Mole Fraction of 4-Pyridinecarboxaldehyde Which 
Is Protonated" 

E, V vs SCE 
-0.20 
-0.30 
-0.40 
-0.50 
-0.60 

0.10 M KI 

0.40 
0.40 

mole fraction protonated 
0.10 M KBr* 

0.10 
0.17 
0.24 
0.30 
0.43 

0.10 M KCK 
0.00 
0.04 
0.16 
0.27 
0.15 

pH* 
6.8 
6.0 
5.3 
4.9 
5.3 

" Mole fraction was calculated from intensity ratio of SERS peaks 
for protonated (1640 cm"1) and neutral (1600 cm"1) species given by 
î64o/(A«» + A64o)- 'The solution pH giving the same mole fraction of 

protonated species in solution as was seen for the surface species in the 
chloride-containing solutions. 'Solution also contained the pH 6.88 
buffer. 

In the SERS spectra, the effect of changing the electrode 
potential to more negative values is the same as the effect of 
lowering the solution pH. Table I lists the surface mole fraction 
of protonated species obtained from the SERS spectra of Figure 
5 along with the pH which would produce the same mole fraction 
in solution. From Table I it can be seen that changing the 
electrode potential from -0.20 to -0.50 V (chloride-containing 
medium) has the same effect upon the spectrum as lowering the 
pH from 6.88, the bulk value, to about 5. 

The effects of pH and electrode potential upon the surface 
coverages of the two forms of a conjugate acid-base pair have 
been considered earlier,26"29 usually with respect to capacitance 

(26) Galus, Z.; Dojlido, J.; Chojnacka-kalinowska, G. Electrochim. Acta 
1972, 17, 265-270. 

(27) Dojlido, J.; Galus, Z.; Jeftic, Lj. J. Electroanal. Chem. Interfacial 
Electrochem. 1975, 62, 433-440. 

(28) Dojlido, J.; Dmowska-Staiiczak, M.; Galus, Z. J. Electroanal. Chem. 
Interfacial Electrochem. 1978, 94, 107-122. 
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data obtained with mercury electrodes. In a study of the ad
sorption of pyridine and pyridinium ion, Galus et al.26 found an 
effect precisely analogous to that seen in the SERS spectra of 
4-pyridinecarboxaldehyde; viz., at a given pH the relative surface 
concentration of pyridinium increased as the potential was made 
negative. The effect was smaller, however, as the change was 
equivalent to only about half unit decrease in solution pH. 

A contributor to this effect is that the concentration of hydrogen 
ions in the double layer will be affected by the potential there 
compared to the bulk solution. If we suppose that the potential 
at the outer Helmholtz plane is the appropriate potential, it will 
decrease as the potential is made negative, resulting in an increase 
in the concentration of hydrogen ions in the double layer. How
ever, at the high ionic strength employed in the present work, the 
double-layer potential will be small,28 and its change with potential 
is likely to cause only a minor decrease in surface pH, much less 
than the nearly two unit change implied by the data of Table I. 

A more important factor is the potential dependence of the 
adsorption coefficients of the protonated and neutral pyridine 
species.27,28 As was pointed out in the discussion of Figure 4, the 
adsorption coefficients are quite similar at -0.20 V, but, as the 
potential is made more negative, adsorption of the cationic form 
will be enhanced, in accord with the data of Figure 5. 

Thus, the SERS spectra provide a direct means of monitoring 
the relative concentrations of protonated and neutral forms on 
the surface and of investigating the effects of solution pH and 
potential. Gratifyingly, the results are in consonance with the 
trends seen in studies of related compounds based upon electrode 
capacitance. An important advantage of the SERS measurements 
is their molecular specificity. For example, the spectra of Figure 
5 show that the surface mole fraction of protonated 4-pyridine
carboxaldehyde increases at negative potentials. The question 
arises as to whether this protonated species is the free aldehyde 
or the hydrate. Examination of the weak carbonyl band at 1710 
cm-1 reveals that it again diminishes and finally disappears near 
-0.5 V. Thus, the protonated species on the surface is predom
inantly hydrated, just as it is in solution. It is intriguing that the 
relative surface population of the reducible form of 4-pyridine
carboxaldehyde, the free aldehyde, actually decreases as the po
tential is moved toward values where the reduction reaction can 
proceed. 

Adsorption of Protonated 4-Pyridinecarboxaldehyde. One 
feature of the data in Figure 5 has not been mentioned. The 
relative intensity of the band due to the protonated species in
creases from -0.20 to -0.50 V, but it decreases again on going 
to -0.60 V. This observation prompts a more thorough analysis 
of the adsorption of the protonated pyridine derivative. 

Though the phenomenon was first discovered with neutral 
pyridine, SERS spectra of protonated pyridine have been reported 
previously.30"34 It has been concluded that the cation is adsorbed 
as an ion pair with chloride,31"34 a conclusion supported by the 
observation that bands due to pyridinium ions diminish as the 
potential is made negative and chloride is desorbed from the 
electrode. Very recently, similar observations have been made 
for the protonated groups in poly(2-vinylpyridine).35 It is probable 
that the protonated forms of 4-pyridinecarboxaldehyde also adsorb 
as an ion pair with chloride, and the decrease in the relative 
intensity of the band at 1640 cm"1 on going from -0.50 to -0.60 
V is due to the desorption of chloride. To test this suggestion, 
the band at 240 cm"1, assigned to adsorbed chloride,33'34,36"38 was 

(29) Dorain, P. B.; von Raben, K. U.; Chang, R. K. Surf. Sci. 1984,148, 
439-452. 

(30) Regis, A.; Corset, J. Chem. Phys. Lett. 1980, 70, 305-310. 
(31) Atkinson, G. F.; Guzonas, D. A.; Irish, D. E. Chem. Phys. Lett. 1980, 

75, 557-560. 
(32) Birke, R. L.; Bernard, I.; Sanchez, L. A.; Lombardi, J. R. J. Elec-

troanal. Chem. Interfacial Electrochem. 1983, 150, 447-455. 
(33) Rogers, D. J.; Luck, S. D.; Irish, D. E.; Guzonas, D. A.; Atkinson, 

G. F. J. Electroanal. Chem. Interfacial Electrochem. 1984, 167, 237-249. 
(34) Chang, H.; Kwang, K.-C. J. Am. Chem. Soc. 1984,106, 6586-6592. 
(35) Lippert, J. L.; Brandt, E. S. Langmuir 1988, 4, 127-132. 
(36) Wetzel, H.; Gerischer, H. Chem. Phys. Lett. 1980, 76, 460-464. 
(37) Wetzel, H.; Gerischer, H.; Pettinger, B. Chem. Phys. Lett. 1981, 78, 

392-397. 
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Figure 6. SERS spectra of the Ag-Cl stretching mode (240 cm"1) for 
aqueous 0.10 M KCl solution containing 0.050 M 4-pyridinecarbox
aldehyde as a function of electrode potential, V vs SCE. 

monitored as a function of electrode potential (Figure 6). The 
band is clearly present at all potentials from -0.20 to HO.50 V, 
but it diminishes considerably at -0.60 V and is almost absent 
at -0.70 V, providing direct detection of the desorption of chloride. 

When the surface mole fraction of protonated species as a 
function of potential was obtained in the presence of KBr, the mole 
fraction was observed to increase smoothly from -0.20 to -O.60 
V (Table I), reflecting the enhanced adsorption of the cationic 
forms at negative potentials. No decrease in the surface mole 
fraction of protonated species is seen at potentials as negative as 
-0.60 V, in agreement with the fact that bromide is more strongly 
adsorbed than chloride and a more negative potential is required 
to cause desorption.34,38 In the presence of iodide, potentials more 
positive than about -0.40 V cannot be used due to oxidation of 
the silver surface, but a large and constant surface mole fraction 
of protonated species was found at -0.50 and -0.60 V (Table I), 
consistent with the strong adsorption of iodide and the fact that 
it is not desorbed unless the potential is more negative than -O.70 
V 34.38 

Conclusion 
Both the reactive form of 4-pyridinecarboxaldehyde (the free 

aldehyde) and the hydrate are adsorbed at the silver-aqueous 
solution interface. At low pH and/or negative potentials, the 
relative amount of adsorbed free aldehyde decreases. This is 
associated with the increase in the relative surface population of 
the protonated aldehyde; i.e., the protonated species on the surface 
exists almost entirely as the hydrate, just as it does in solution. 
The increase in the relative concentration of protonated 4-
pyridinecarboxaldehyde on the surface as the potential is made 

(38) Weaver, M. J.; Hupp, J. T.; Barz, F.; Gordon, J. G.; Philpott, M. R. 
J. Electroanal. Chem. 1984, 160, 321-333. 
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more negative is caused by the enhanced adsorption of the cationic 
forms at negative potentials. In accord with earlier studies of 
similar compounds, the protonated forms appear to adsorb in 
association with halide ions. 

This study shows that near pH 7, both the neutral free aldehyde 
(the reducible form) and the neutral hydrate are adsorbed. 
However, for 1 < pH < 4, most of the adsorbed aldehyde is 
protonated (Figure 3), and, consequently, very little free aldehyde 
is present. Nevertheless, the reduction reaction is not impeded. 
In separate experiments, we found that diffusion-controlled re-

Cytochromes c3 (Cyt-c3), which are found in the strictly 
anaerobic sulfate reducing bacteria belonging to the genus De
sulfovibrio, constitute a class of proteins containing four C-type 
hemes bound covalently to a single polypeptide with M, = 13 000. 
All four heme irons in each molecule are coordinated by two 
histidine residues, adopting the hexacoordinated low-spin form 
in both the oxidized and reduced states of the protein. Physio
logically Cyt-c3 acts as an electron carrier of Desulfovibrio 
hydrogenase (hydrogen:ferricytochrome C3 oxidoreductase, EC 
1.12.2.1)2 and plays a key role in the complex sulfate reduction 
metabolism of Desulfovibrio. This protein is very interesting since 
the anhydrous solid film of its reduced form on a quartz plate 
exhibits almost metallic conductivity in magnitude and there is 
a 1013-fold difference in the electrical resistivity between the 
oxidized and reduced forms.3a~c 

The physicochemical properties of the five varieties of Cyt-c3 

from different species in the genus Desulfovibrio have been in
vestigated by several groups using optical absorption,2'4'5 nuclear 
magnetic resonance,6,7 electron spin resonance,8,9 Mossbauer,10 

electrical conductivity,3 ionization potentials,11 and electrochem
ical12,13 techniques (see ref 13 for a review). One of the peculiar 
features of the Cyt-c3 is its very negative redox potential and it 
can be reduced by hydrogen in the presence of hydrogenase. The 
electrochemical,4 NMR,6,7 and ESR9 studies suggest that the 
Cyt-c3 accepts four electrons in a stepwise manner and the different 
redox states are characterized by four separate but closely spaced 
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duction of the free aldehyde was observed by chronoamperometry 
at pH 3.86 and 6.88 at both silver and mercury electrodes. We 
conclude that either the reactant need not adsorb before the 
reduction occurs or, if it must adsorb, this step is not rate-limiting. 
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negative redox potentials. Recent X-ray diffraction studies14,15 

on the two species of Cyt-c3 show that the relative disposition of 
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Abstract: We observed splittings of Raman bands for a multi-heme protein for the first time. In the resonance Raman studies 
of hydrogenase-catalyzed reduction of a tetraheme protein cytochrome c3 (Cyt-c3) with hydrogen, certain Raman bands show 
clear splittings in the intermediate redox states obtained under controlled pressure of hydrogen, while apparently nonstructured 
bands were observed in the fully oxidized or fully reduced states. This suggests either nonequivalence in the environments 
of the four hemes or an exciton-like splitting of vibrational modes. Since various C-type cytochromes at neutral pH, which 
have different amino acid compositions but the same axial ligands, do not give a wide variety of frequencies for a given mode 
and, furthermore, a bandwidth of the Soret band was much narrower with Cyt-c3 than with various single-heme cytochromes 
c, it is more likely to assume that the four hemes in the protein interact directly with each other, giving rise to exciton-like 
splitting. Observation of well-defined Raman lines in the partially reduced states at the characteristic frequencies for the reduced 
or the oxidized form indicates that the electron-exchange rate, either intramolecular within the four hemes or intermolecular 
between different Cyt-c3 molecules, is much slower than the time scale of the RR scattering process while the recent N M R 
studies indicate that the intramolecular electron-exchange rates are faster than 10' s"1. We have attempted to estimate the 
relative importance of the dispersion, induction, orientational, and repulsive interactions for understanding the splitting of 
the Raman bands. The dipole-dipole coupling mechanism can be ruled out while the dispersion-type interactions may contribute 
predominantly to it. 


