In order to evaluate the preparative possibilities of this method under the most favorable conditions
(Table 5, test No. 3) we conducted two parallel tests. After these two operations, the organic layers were sub-
jected to vacuum distillation in order to isolate tetraethyllead. Hexaethyldilead is known to be unstable under
fractionating conditions and decomposes according to the equation

(Csz) anPb (CzH5) 3’_"Pb+ (CzHg) 4Pb+C‘Hm

into tetraethyllead, butane, and metallic lead. Hence the tetraethyllead yield in the isolated product is higher
than that formed in electrolysis. The results obtained for the balance of lead are presented in Table 6.

Thus, 94% of the lead dissolved from the cathode is found as metal-organic compounds in the organic
layer. Upon distillation of the organic layer, tetraethyllead is isolated with a yield of 81,7% in terms of lead
dissolved, 9.5% of the lead is found as sludge in the distillation flask, and 2% is found as sludge in the
catholyte. The data obtained show that under the conditions found, cathodic alkylation is fully suitable for
tetraethyllead synthesis for preparative purposes.
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MECHANISM OF ANOMALOUSLY INTENSE RAMAN SCATTERING
DURING ADSORPTION ON ELECTRODES

V. V. Marinyuk and R, M. Lazorenko-Manevich UDC 541.13:535.375

The intensity rise of resonance Raman scattering (RRS) of pyridine and tetraalkylammonium
ions adsorbed on silver, copper, and gold which is found after reduction of a layer of halide
salt on silver or during the electrodeposition of silver, copper, or gold is caused by increasing
metal adatom concentration. The electronic transition responsible for RRS occurs between a
local level of the adatom—adsorbate complex and the metal's Fermi level. In the case of pyri-
dine adsorption, an additional nonresonance signal amplification arises with increasing pyri-
dine concentration in the solution; this is due to partly coherent scattering arising from a cor-
relation of the adsorbate molecule vibrations at coverages close to a monolayer.

The Raman scattering (RS) of pyridine adsorbed on silver which had first been observed in [1] was later
- found [2-4] to have an anomalously high intensity. Possible reasons offered to explain this effect were: an
effect of the double-layer field on RS intensity [2], interaction of the pyridine molecules with surface plasmons
[5], modulation of the optical constants of the metal surface layer by the vibrations of the adsorbed molecules
[6], capillary condensation of pyridine in a porous layer on the silver [7], and the development of resonance RS
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(RRS) during pyridine adsorption [3, 4, 8]. The most convincing arguments have been obtained in favor of RR§
[8, 9], but the origin of the absorption band giving rise to RRS of the adsorbate has remained obscure. Nor
could the reason be found for the increase of the RS signal by three orders of magnitude which was observed
in [2, 4, 10]) when approximately ten monolayers of AgCl were formed and reduced on smooth silver in a single
operation not producing any substantial surface development, With the pyridine concentrations used in [2, 4,
10], surface coverage was close to limiting [11], and hence could not increase so strongly during said surface
treatment. Therefore, the increase in the RRS signal of pyridine must be attributed to a strong increase
oceurring during said treatment in the numberof adsorption sites responsible for RRS. In the present work we
make an attempt to elucidate the nature of these sites and to establish the origin of the electron transition which
is relevant for adsorbate RRS., In addition to pyridine we also studied tetraalkylammonium ions and varied the
nature of the metal, since anomalously intense RS is observed for a number of other systems as well [2, 6, 12-

143.

The RS spectra of the adsorbed molecules were obtained with the instrument described in [3], at a wave~
length of the exciting light, Ax, of 632,8 nm. The solutions were prepared from recrystallized salts and twice
distilled water. The iodides of tetramethylammonium (TMA"') and tetraethylammonium (TEA™) were recrystal-
lized twice. The nitrates of TMA™ and TEAT were obtained by treating TMAI and TEAI with silver nitrate and
then electrodepositing excess silver. The tetrabutylammonium (TBA™) salts were prepared from TBAOH and
the corresponding acids. Where required they also were treated with AgNO; in order to remove traces of
halide ions. Pyridine, of "pure® grade, was purified by distillation. The silver nitrate, copper sulfate, and gold
chloride used for electrodeposition were of "analytically pure" grade, and were not additionally purified, The
electrodes were mechanically polished, degreased by boiling in 2 N NaOH, and washed with hot twice-distilled
water, whereupon they were cathodically polarized in 0.1 N H,SO, for an hour with a current of 50 mA/em?, The
potentials, ¢, are stated relative to the saturated silver—silver chloride electrode. The potentiodynamic
curves were recorded with a sweep rate, dg/t, of 25 mV/sec in all experiments except those particularly men-
tioned. The spectral width of the slit was 10 cm™ and was increased to 20 cm™! when necessary, which was
more than the small frequency shift of the lines examined which occurred as a function of ¢.

Consider the p-dependence of RS intensity seen for pyridine (Fig. 1) and tetraalkylammonium ions (Fig. 2)
on silver under cyclic potentiodynamic conditions securing the formation and reduction of 10 to 20 monolayers
of silver halide in each cycle (for the sake of brevity, this operation will be referred to as anodization). Anodi-
zation raises the maximum RS gignal of adsorbed pyridine by two to three orders of magnitude (see curves 1
and 2 inFig. 1, a, b,and c¢). For the tetraalkylammonium ions, the signals on smooth silver are so low that
they cannot be recorded. However, considering that the RS signal of the adsorbed cations observed after
anodization (Fig. 2) exceeds the noise level by about two orders of magnitude, one can assume that in this case,
too, the RS signal of the adsorbate is increasing by at least two orders of magnitude during anodization. The
RS signal of pyridine (curves 2 in Fig. 1) and that of the tetraalkylammonium ions (curves 1 and 2 in Fig. 2a
and curve 1 in Fig. 2b) obtained on the anodized electrodes decrease irreversibly when the electrodes are kept
at sufficiently negative ¢ and are not recovered during the anodic ¢-sweep. Repeated anodization is required
to restore the RS signal to its old size. This indicates that most of the adsorption sites which are produced by
anodization and give rise to RRS are unstable at sufficiently negative ¢. This instability is particuarly pro-
nounced at ¢-values more negative than the maximum in curves 2 of Fig, 1, where the RS signal decreases with
time by almost two orders of magnitude even at constant ¢. But at ¢-values more positive than the maximum
the signal is highly stable. One could think that the sites being discussed are specifically adsorbed anions,
since the ¢-value of the maximum in the cathodic branches of curves 2 in Fig. 1, a,b, and c is shifting in the
negative direction as one goes from C1” to I". However, halide~ion adsorption which undoubtedly occurs during
the anodic ¢~sweep on anodized surfaces does not produce higher RRS (i.e., more adsorption sites). Thus,
although halide-ion adsorption appears to be important for stabilization of the adsorption sites produced upon
anodization, the anions themselves are not the sites responsible for RRS, The adsorption of Br~ and I” on non-
anodized electrodes in fact produces a marked decrease in the RS signal of pyridine on silver at ¢ more posi-
tive than the pzc (curves 1 in Fig. 1,b,and ¢). This appears to be due to competition between pyridine and the
halide ions, Residual silver halide also cannot constitute the sites responsible for RRS, since the RS gignals at
¢ corresponding to the existence of silver halide are very low (Fig, 1). One must suggest, therefore, that the
reinforcement of RRS is due to unstable metal surface defects produced during anodization in particularly large

amounts.
Order-of-magnitude changes in the concentration of surface defects in the region of ¢ more negative than

the maximum of curves 2 in Fig, 1 where phase changes do not occur on the silver surface are possible only

when these defects are point defects, i.e., vacancies, kinks, and adatoms [15]. Reactions are possible between
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Fig. 1. The ¢-dependence of intensity of the line at 1005 cm™
of pyridine adsorbed on silver in 0,1 N NaClO4+0.056 M CzHyN
containing 0,01 N NaCl (a), KBr (b), or Nal (¢c): 1) without
anodization, and 2) with anodization. The intensities on the
ordinate axes to the left and right are stated in identical units
in each of the plots of Figs. 1 and 3.

Fig, 2, The ¢-dependence of RS intensity of tetraalkylammo-
nium ions adsorbed on silver: al) TEA' (the line of 2912 cm™?)
in 0.1 N TEAI; a2) TMA™ (the line of 2920 cm™) in 0,1 N TMAI;
b) TBA* (the line of 2875 cm™)) in 0.1 N Na,SO,+3°10™° N
TBANO; with the addition of 10™% N Nal (1) or AgNOs (2).

these defects which are responsible for the instability of adatoms and vacancies: kink+adatom== kink or
vacancy +adatom==plane. The condition under which these reactions will occur is surface diffusion of adatoms,
which can be strongly hindered by the adsorption of foreign matter [15]. In our case the adsorption of halide
jons can function in this way; it interferes with adatom diffusion and in this way stabilizes all point defects of
the surface. In fact, a shift of ¢ in the negative direction occurring in the region of ¢ of about —0.7 to—0.8 V,
for example, will lead to lower C1 ion adsorption [16], and in the same region of ¢ one finds the maximum of
curve 2 in Fig. 1a. The same coincidence is found in the cases of Br™ and I'. This means that partial halide
ion desorption leads to a higher rate of surface diffusion of the adatoms, and thus to a lower number of surface
defects responsible for RRS, These defects cannot be the kinks, since they are rather stable, One can con-
clude, therefore, that adatoms or vacancies give rise to RRS of the adsorbate. On the mere basis of defect in-
stability one cannot, it seems, choose between adatoms and vacancies, since they are equally unstable. It will
be shown below that spectroscopic data can be used to decide in favor of the adatoms.

The simplest way of adatom formation is by metal electrodeposition, We tried to influence the RS of
pyridine and tetraalkylammonium ions by the electrodeposition of silver, copper, andgold onto smooth surfaces
of these metals. Electrodeposition increases the RS signal of adsorbed pyridine by almost two orders of mag-
nitude relative to the corresponding smooth metal (Fig. 3). The RS intensity of TBA™ obtained during silver
electrodeposition (curve 2 of Fig, 2b) has approximately the same value as that obtained on anodized silver;
this implies that electrodeposition, too, raises the RS of TBA™ by two orders of magnitude relative to the RS
on smooth metal. It is important to note that during electrodeposition one does not find the irreversible RS
decrease of the adsorbate at sufficiently negative ¢ which is seen after anodization, It is obvious that some
constant concentration of adatoms is preserved at all ¢ during electrodeposition under conditions of the limit-
ing current for the cations in solution, and the shape of curves 2 in Fig. 3 is chiefly determined by the effect
of ¢ on the concentration of adsorbed pyridine (a direct effect of ¢ on the RS intensity of adsorbed molecules
is also possible when their orientation relative to the surface changes [9]). The disappearance of the RS signal
of pyridine on gold which occurs quite reversibly at negative ¢ (Fig. 3c) most likely is to be explained exactly
by pyridine desorption occurring at these ¢. In fact, the potential at which the RS signal of pyridine on gold is
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Fig, 3, Effect of metal electrodeposition on the inten-
sity of the line around 1005 cm™! for pyridine ad-
sorbed on Ag (a), Cu (b), and Au (¢): 1) 0.1 N Na,-
80,+0.05 M CzH;N; 2) the same, with the addition of
10™% N AgNO; (a), 10~ M CuSO, (b), or 10~ N HAu-
C14 (C).

Fig. 4. The effect of silver electrodeposition on gold
on the intensity of the line of 2875 cm™! for TBAY in
0.5 N H,S0,+3 103 N TBAOH+10~3 N AgNO; (1) and
the voltammogram (2); d¢/dt=10 mV/ec.

falling off is close to the potential of the cathodic desorption peak on the differential capacity curves of gold
recorded in the presence of pyridine [17].

The existence of RRS for adsorbates on smooth electrodes (curves 1 in Figs. 1 and 3) presupposes suffi-
cient stability of at least a small number of adatoms under these conditions. Such highly stable adatoms can
exist; the activation energy of surface diffusion which can lead to their disappearance is between 0,07 and 0.82
eV for platinum adatoms on different faces of platinum, for example [18]. The concentration of these stable
adatoms ought to depend little on ¢. In fact, the RS of pyridine on smooth electrodes depends on ¢ in the same
way as it does during electrodeposition {curves 1 and 2 of Fig. 3).

The shape of the potentiodynamic curves obtained under the conditions of anodization (Figs. 1 and 2) is
mainly determined, in addition to above factors, by the dependence of the adatom concentration on ¢, These
curves can be interpreted approximately as follows. Reduction of the silver-halide layer during the cathodic
sweep leaves an amount of silver atoms (adatoms) on the surface which is an order of magnitude larger than
that on a smooth electrode; these adatoms are not incorporated into the lattice but are stabilized by adsorbed
halide, Gradual weakening of the bond between the halide ions and the metal during the cathodic ¢-sweep at
first gives rise to conditions favorable for an interaction of pyridine with the adatoms, and the RS signal
increases (curves 2 of Fig. 1). Surface diffusion of the adatoms is facilitated when the anions begin to desorb,
which leads to a lower adatom concentration, and the RS signal decreases. It is very likely, too, that pyridine
itself can stabilize the adatoms by preventing their diffusion to growth sites. Adatoms vanish at the end of the
cathodic sweep and in the early part of the anodic sweep, and RS then remains very weak until anodization is
repeated.

The behavior of the RRS of TMA™ ions (Fig. 2) on anodized electrodes is basically the same as that of
neutral pyridine molecules. This means that the variation of the amount of adatoms with ¢ is of chief impor-
tance in both cases. However, certain differences exist as well, The negative shift of the maximum in the
curves of Fig, 2 which is found as one goes from T™AY to TBAY is caused, most probably, by enhanced I ad-
sorption which occurs in the presence of specifically adsorbed cations, similar to the case of mercury [19].
But I” adsorption in turn stabilizes the silver adatoms, However, this is not.the only function of the anions.
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Thus, during silver electrodeposition from nitrate solutions, an RS spectrum of TMA™ could not be detected.
This can only be observed after anodlzatlon in the presence of I", but not after anodization in the presence of
¢l or Br~, But the spectrum for TEAY was observed after anod1zat10n, both in the presence of I" and Br™; it
cannot be observed after anodization in the presence of C1~. Thus, the RRS is less sensitive to the anion the
nigher the cation's adsorbability, These observations can be understood when remembering the adsorption
increase of organic cations in the presence of certain anions known for mercury [20]. These anions can be
arranged in the sequence of C104~ >I'>Br > NOz~>Cl17, according to their effect on cation adsorption; this
sequence differs markedly from that of their adsorbabilities on mercury. The same series holds for the effect
of the anions on the RRS of cations. Thus, the importance of anions for the RRS of organic cations is not
merely that of stabilizing the adatoms after anodization, but also that of raising the adsorption of the cations,
1t is interesting to note that C10,~ has the largest effect, according to {20]. In harmony with this observation,
RS of adsorbed pyr1d1n1um cations could only be detected by us in 1 N HC10, during silver electrodeposition.
The RS of TMA™ cannot be observed at all under these conditions, apparently because the "anion effect" is weak
in this case [20] and electrodeposition produces a smaller amount of adatoms than anodization.

Direct evidence for the importance of the adatoms themselves in the development of RRS of adsorbates
would be obtained when RS is found in the region of underpotential deposition of silver on another metal [21],
where the adatoms are the only possible form of existence of silver. In this case an adsorbate must be used
which does not display RRS on the substrate metal. The system of TBA™ on gold was chosen in this capacity.
One can see from Fig. 4 that TBA™ do not show RS on gold in the region of underpotential deposition of silver
(the possible reasons for this will be discussed below); RS only appears when about five monolayers of silver
have been deposited onto the gold. An argument in favor of the decisive role of silver adatoms on the deposited
silver layer is the signal drop which is seen during the anodic sweep and which occurs simultaneously with the
drop in the cathodic current as one goes from the diffusion mode to the region of true kinetics (Fig. 4); at this
point the adatom concentration must decrease. We note that the base signal also increases significantly during
silver deposition, and this background signal is not due to parasitic scattering in the monochromator; possibly
this is the basic RS signal of the adsorbate, The intensity of the RS line in Fig, 4 was obtained by subtracting
the background signal close to the line from the line-plus-background signal,

The similarities found for the behavior of the RS of pyridine and organic cations adsorbed on silver during
anodization and electrodeposition as well as during changes in Ay¢ [13] give rise to the suggestion that RRS in
poth cases is produced by the same electron transition. The RS intensity of pyridine on copper and gold is
increasing with Ay just as it does on silver [9]. It follows that on all three metals the energy of this transition
is given by Hivg < 1.96 eV (Ae > 632.8 nm), It is important to note in this connection that thin, nonannealed films
of these metals have absorption bands around 1.5 eV [22-24] which arise upon excitation of an electron from the
local level of a point defect to the metal's Fermi level [25]. It is precisely the adatoms on the surface which
have local levels of this sort which are sufficiently close to the Fermi level [26]: the highest occupied level of
the adatom is between the metal's Fermi level and the highest occupied level of the free atom, which in the case
of silver is between 4.5-4.7 eV (the work function) and 7.57 eV (the ionization potential of the free silver atom),
Thus, the local level of the adatom should be 1.5 to 2.0 eV below the metal's Fermi level. Transition of elec-
trons from this adatom level to the Fermi level actually seems to be responsible for the RRS of adsorbates in
the red region. During RRS the vibrations of the molecules must strongly modulate the energy and probability
of this electron transition, and this is possible when the adsorbed species forms a complex with the metal

adatom,

The lack of RRS in the region of underpotential deposition (at ¢> 0.5 V) of silver on gold (Fig. 4) that had
been mentioned above can be explained, under this aspect, by observing that the work function of gold, which is
high relative to that of silver, is reducing the transition energy from the silver adatoms to gold, so that the RRS
intensity at A, =632.8 nm is falling off strongly.

It is interesting to note that in the electroreflectance (ER) spectra of silver one also sees a rather weak
absorption band at energies of about 1.6 eV which has a half-width, T, of 0.1 to 0.2 eV (Fig. 5). It is observed
under normal incidence, provided the modulation amplitude is high so that AgCl is formed during the anodic
half period, and Cl™ ions are desorbed during the cathodic half period. The reproducibility of the observations
is about 50% here. It is characteristic that this band only appears in the spectrum of the ER component that is
90° phase-shifted relative to the oscillations of ¢, This is an argument, (i) for its surface rather than bulk
origin, and (ii) for marked inertia of the processes yielding and eliminating silver adatoms. A similar band had
also been observed in {8], but under somewhat different conditions. It had not been demonstrated up to now that
it is precisely this band, and only it, which is related to RRS of the adsorbate. However, its connection with
surface imperfection cannot be doubted.
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Fig. 5. The ER spectrum of silver in 0.1 NKCl at ¢ =
—0.3 V, 1) in phase with the oscillations of ¢, and 2)
shifted by 90°. The modulation frequency: 21 Hz, the
amplitude: 0.4 V (eff.).

Fig. 6. The maximum RS intensity of pyridine on sil-
ver during anodization under the conditions of Fig, 1a,
plotted against pyridine concentration in the solution.

The fact that the RRS signal of pyridine on silver which is obtained under transient conditions is almost
completely determined by unstable adatoms calls for a refinement of earlier estimates of the ratio of scatter-
ing cross sections of adsorbed (og) and liquid (oy) pyridine [3]. The figure of og/oy, 3000 was obtained in [3]
on the assumption of monolayer pyridine coverage and with a roughness factor of about 10 for the silver sur-
face. It had been shown above, however, that on the smooth electrode used in [3], only the RRS of pyridine
associated with a small number of stable adatoms is observed. On the assumption that RRS of the entire pyri-
dine monolayer is only seen in the maximum of curve 2 in Fig. 1a, where it is at least three orders of mag-
nitude more intense, then in reality as 2 minimum one has 05/ 0y=3" 105, An intensity increase of RS in reso-
nance by six to seven orders of magnitude is only known for the polyene compounds; these have very powerful
absorption bands with a half width smaller than the energy of the vibrational transition {27].

The question arises whether the adatom's rather more strongly broadened absorption band can sustain
such a high RRS intensity. To answer this question, let us estimate the oscillator strength, f,, of this band.
Our measurements have shown that for the line of liquid pyridine at 991 cm", oy is roughly half that for the
line of liquid benzene at 992 cm™, The latter is 5.6* 10™* cm? at A, =632.8 nm [28]. Hence, og 8.4 * 10~
em?, For the calculation we shall use the following relation from [29] (with a notation slightly modified rela-

tive to [29]):
_ 8n(vy-o)* .
O b ey

where vy is the frequency of the exciting photon, w is the vibrational frequency of the molecule, c is the velocity
of light, and the By are the Cartesian components of the scattering tensor (de/dQN Q (daAQ is the derivative
of the molecule's electronic polarizability, «, with respect to the vibrational coordinate Q, and AQ is the vibra-
tion amplitude). Considering that the three-dimensional tensor Bik has nine components we obtain the following
estimate from (1): the RS tensor has components such that (da/dQ)AQ >10-% ¢m®, In resonance, and counting
that there is one electron transition per Cartesian component, one can use the relation [30]

doc_ et [ 1o’ 2feveve” @)
dQ  2nm Lv2—v@+ivg[ (vVe*—vytiv, ) !

for a calculation of fg; here, e and m are the electronic charge and mass, fe' and ve' are the derivatives of fg
and vg with respect to Q. On the assumptions that ve = vy, five =1.6 €V, T'= 0.1 eV, and at least fo = fo'AQ and
Ve = Ve'MQ, we find that fo=3. This of course is a very low estimate, since actually fg >>fe'0Q and ve>>re'AR.
Moreover, by using the condition of vy =ve in (2) (even though vx=1.96 eV in our case) we knowingly underesti-
mate fg. It is important to note, however, that even with such assumptions one obtains an improbably high
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oscillator strength, It becomes clear, therefore, that a single absorption of the pyridine—silver adatom com-
plex cannot completely sustain the observed RRS intensity, Thus, in addition to resonance excitation of the RS
of pyridine one must assume another mechanism to be present which does not involve resonance with py but
contributes to the RS intensity rise occurring during adsorption,

Another indication for the existence of such a mechanism is the two-order of magnitude intensity in-
crease of the RRS of pyridine on silver occurring when the pyridine concentration, c, is raised from 1074 to
107! M [3], when surface coverage is close to a monolayer [11]. In the potentiodynamic mode of Fig. 1 it is
also only at c= 10~* M that an RS signal suddenly appears (Fig. 6). This means that said mechanism only begins
to operate at close-to-monolayer surface coverage.

During crystallization, e.g., of benzene and stilbene, RS intensity is known to increase by a factor of 20
[31}. This is due to spontaneous coherent emission in the solid phase, when correlation between the vibrations
of neighboring molecules arise on account of intermolecular interactions that are stronger than those in the
liquid [32]. A similar situation can arise in adsorbate layers at high coverages, When there is correlation in
the vibrations of the molecules, the signal is proportional to the square of the number of molecules having cor-
related vibrations {32]; hence, to satisfy the observed RRS increase of pyridine (Fig. 6) one must postulate that
on the surface at coverages close to a monolayer, groups of tens of molecules exist for which the RS process
is coherent. On the basis of above estimates one can assume that RRS of the adatom—pyridine complex fur-
nishes three to four orders of magnitude of the signal increase relative to the RS of liquid pyridine, while an
additional two to three orders of magnitude of the increase arise from correlation of the vibrations of adsor-
bate molecules at high coverages and, possibly, at a certain degree of ordering of the adsorption layer.

The authors are grateful to Academician Ya. M. Kolotyrkin for his interest in the work and for useful
discussion,

LITERATURE CITED

M. Fleischmann, P. J. Hendra, and A, J. McQuillan, Chem, Phys. Lett., 26, 163 (1974).

D. L. Jeanmaire and R. P. van Duyne, J. Electroanal. Chem., 84, 1 (1977).

V. V. Marinyuk and R, M, Lazorenko-Manevich, Elektrokhimiya, 14, 452 (1978).

M. G. Albrecht and J. A, Creighton, J, Am, Chem, Soc., 99, 5216 (1977).

J. A, Creighton, M. G, Albrecht, R, E, Hester, and J. A, D, Matthew, Chem, Phys. Lett., 55, 55 (1978).
A, Otto, Surf. Sci., 75, L392 (1978).

M. G. Albrecht, J. F, Evans, and J. A, Creighton, Surf. Sci., 75, L777 (1978).

B. Pettinger, U, Wenning, and D, M, Kolb, Ber. Bunsenges. Phys. Chem., 82, 1326 (1978).

9. V. V. Marinyuk, R. M, Lazorenko-Manevich, and Ya. M. Kolotyrkin, Elektrokhimiya, 14, 1019 (1978).
10. B, Pettinger and U, Wenning, Chem. Phys. Lett., 56, 253 (1978).

11. R. G. Barradas and B. E. Conway, J. Electroanal. Chem., 6, 314 (1963).

12, V.V, Marinyuk, R. M, Lazorenko-Manevich, and Ya, M. Kolotyrkm, Elektrokhimiya, 14, 1747 (1978).

13. V. V. Marinyuk, R. M, Lazorenko-Manevich, and Ya. M. Kolotyrkin, Dokl, Akad. Nauk S qSSR 242, 1382

W =3O U i WIN

(1978).

14. R, P, Cooney, E, S, Reid, M, Fleischmann, and P. J, Hendra, J. Chem. Soc. Faraday Trans., I, 73, 1691
977).

15. R. A, Oriani and C. A, Johnson, Modern Aspects of Electrochemistry, Plenum Press, Vol, 5 (1969), pp.
90-202,

16. A, V. Shlepakov and £, S, Sevast'yanov, Elektrokhimiya, 14, 287 (1978).

17. A, Hamelin and G, Valette, Compt, Rend. Acad., Sci., C, 267, 127 (1968).

18, D, W, Bagsett and P, R, Webber, Surf, Sci., 70, 520 (1978).

19. B, B, Damaskin and N, V, Nikolaeva-Fedorovich, Zh. Fiz., Khim,, 35, 1279 (1961).

20, L. Gierst [Girst], J. J. Tondeur [Tonder], R. Cornelissen [Kornelissenj, and F, Lamy [Lami}, in: Funda-
mental Problems of Contemporary Theoretical Electrochemistry [Russian translation], Proceedings of
the 14th Meeting of CITCE, Moscow, 1963, Mir, Moscow (1965), p. 475.

21, W, dJ, Lorenz, I, Moumtzis, and E, Schmidt, J, Electroanal. Chem,, 33, 121 (1971).

22, I, N, Shklyarevskii and R, G. Yarovaya, Opt, Spektrosk., 38, 337 (1975).

23, M.-M. Dujardin and M.-L, Theye, J. Phys, Chem. Solids, 32, 2033 (1971).

24. R, G, Yarovaya and I, N, Shklyarevskii, Opt, Spektrosk., 20, 355 (1966).

25, J. N, Hodgson, J, Phys, Chem. Solids, 29, 2175 (1968).

26, L. A. Bol'shov, A, P, Napartovich, A. G. Naumovets, and A, G, Fedorus, Usp, Fiz. Nauk, 122, 125 (1977).

289



27, P, P, Shorygin, Usp. Fiz. Nauk, 40, 694 (1971).
28. T.C. Damen, R. C. C. Leite, and 8. P. 8, Porto, Phys, Rev. Lett., 14, 9 (1965).

M. M. Sushchinskii, Raman Spectra of Molecules and Crystals [in Russian], Nauka, Moscow (1969),

29,

30, P, P, Shorygin, Usp. Fiz. Nauk, 109, 293 (1973).

31. V.S, Ryazanov and M. M, Sushchinskii, Zh, Eksp. Teor. Fiz., 54, 1099 (1968).
32. L. A. Shelepin, Zh. Eksp. Teor. Fiz., 54, 1463 (1968).

EFFECT OF THE SPECIFIC ADSORPTION OF IONS

IN ELECTRODE KINETICS
V. S. Krylov, V, A, Kir'yanov, UDC 541,138
and I, F, Fishtik

The paper discusses the statistical averaging of the likelihood of elementary acts of irrever-
sible electrochemical electron transfer reactions occurring at the metal/solution interface
in the presence of specifically adsorbed, electrochemically inert ions. Analytic expressions
are obtained for the polarization characteristics of the interface in cases where the planes
containing the centers of the reactant ions in the reaction state are located in the compact

or diffuse part of the electric double layer. Experimental data for hydrogen ion discharge
on mercury in the presence of halide ions which are available in the literature are analyzed

in terms of the theory developed.

The mechanism of the effect of specific adsorption of ions on electrode kinetics is a question of funda-
mental importance, since it is directly related to the problem of an adequate theoretical description of the
importance of the electric double layer in electrochemical kinetics. This question has received considerable
attention in the literature [1-10]. The progress achieved in recent years in the interpretation of data for
kinetics complicated by the specific adsorption of ionic and dipole components of the solution is chiefly due to
a substantiation of the importance of discreteness effects [11-16]. The local electric field acting near the
interface upon the discrete species carrying an electric charge or dipole moment is differing, because of polari-
zation of the interface by these species, from the average field described by the macroscopic equations of elec-
trodynamics involving a continuous distribution of charges and dipole moments.

The characteristic relaxation times of the "electrostatic self-image® forces, i.e., the redistribution
times of free and bound charges at the interface that are related to polarization of this interface by the dis-
crete species present in the solution are of an order of magnitude of 1071 0 10~ sec. But the times required
to accomplish many types of electrochemical reaction are comparable to the time of fluctuational reorientation
of the solvent dipole molecules in the solvation sheaths of the reactants (~ 10~4 sec), i.e., three to four orders
of magnitude longer than the relation times of the "electrostatic self-image"® forces. For this reason the dis—-
crete nature of the charges and dipole moments should have an effect on the likelihood of elementary acts of
electrochemical processes., Moreover, the local electric field associated with the discreteness effect can in-
fluence the rate of electrochemical processes via changes in the concentration of reactants and reaction pro-
ducts next to the electrode. The magnitude of the electric field set up by the "electrostatic image" forces sub—
stantially depends on the polarization state of the solvent close to the electrode; therefore, an adequate de-
scription of spatial nonuniformity of the dielectric properties of the solvent in the layer next to the electrode
should be of extreme importance in quantitative discussions of the effects of the electric double layer and of
discreteness on the rate of electrode processes. Equations for electrochemical reaction rate which allow for
the local electric field and have been derived with correct regard to quantum mechanics and statistical physics
are another and no less important aspect of the problem encountered when the fine structure of the double layer

is taken into account in electrochemical kinetics.
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