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THEORY OF THE POTENTIAL STEP-LINEAR SCAN ELECTROLYSIS 
METHOD WITH A COMPARISON OF RATE CONSTANTS DETERMINED 
ELECTROCHEMICALLY AND BY CLASSICAL METHODS 

JOSEPH T. LUNDQULST, JR.  AND IIICHARD S. NICHOLSON 

Chemistry Department, Michigan State University, East Lansing, Michigan (U.S.A.) 

(Received August 3rd. 1967) 

INTRODUCTION 

An important application of modern electroanalytical techniques based on 
diffusion theory is measurement of rates of homogeneous chemical reactions. In spite 
of the number of such applications, however, there have been few cases where a 
direct comparison has been made between the rate constants determined electro- 
cl~emically and those determined by classical kinetic measurements. One reason for 
this situation is that the time scales of the two approaches usually do not overlap. 
In general, therefore, to make comparisons an extrapolation of one of the sets of 
data must be made. For example, SCHWARZ AND SHAIN~ recently used the Hammett 
acidity function to extrapolate electrochemically-measured rate constants about two 
orders of magnitude (toward longer half-lives) to compare them with classical 
measurements. More recently, REILLEY and co-workers2 applied dielectric constant 
corrections to classically-measured rate constants to provide a comparison with an 
electrocl~emically-determined constant. Results in both of these cases indicated 
reasonable agreement between the two approaches. Nevertheless, the uncertainties 
associated with the various extrapolations leave room for argument that the agree- 
ment may have been in part fortuitous. 

In the course of studying in detail the reduction of substituted azobenzene 
compounds, we have measured rate constants for the benzidine rearrangement, and 
have compared these constants with those determined spectrophotometrically. We 
have used also an extrapolation of the classical data based on dielectric corrections, 
but in addition we have repeated some of the spectrophotometric experiments to 
prove that the extrapolations are valid. Our results show very good agreement between 
classical and electrochemical measurements; the purpose of this communication is to 
describe these results. 

The electrochemical method we chose for measurement of the homogeneous 
rate constants was the potential step-linear scan method first described quantitatively 
by SCHWARZ AND SHAIN~.  This method was selected because i t  appeared to combine 
useful features of both step functional electrolysis1 and cyclic voltammetry4. Thus, 
the initial step is not influenced by charging current, and also minimizes adsorption 
effects, whereas the linear scan step has the diagnostic advantages of cyclic voltam- 
metry4. Moreover, in principle the method can be applied both to slower and faster 
reactions than is possible with conventional cyclic voltammetry. However, in actually 
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applying this method using the theoretical calculations of SCHWARZ AND SHAIN, we 
encountered difficulties because of the simplifying assumptions these authors were 
forced to make in their theoretical treatment. As a result of these approximations, 
application of their results is limited to cases in which duration of the linear scan is 
small with respect to the half-life of the chemical reaction3. This means that scan 
rates used must be as much as 2 orders of magnitude larger than is actually necessary 
to detect kinetic effects. Consequently, factors such as charging current and charge 
transfer kinetics rapidly become limiting. In  addition, it always is necessary to 
measure small changes of large peak currents, and considerable sensitivity is lost. 
Thus, to  use the potential step-linear scan method effectively we found it necessary 
to repeat the work of SCHWARZ AND SHAIN without introducing any simplifying 
approximations. The results of these calculations are also reported here. To provide 
a logical discussion, the calculations are presented first, followed by results of kinetic 
measurements. 

THEORY 

The boundary value problem for the potential step-linear scan technique and 
the following electrolysis mechanism 

is given by SCHWARZ AND SHAIN~.  We assume that the electron-transfer reaction is 
Nernstian, and that the chemical reaction initiated by electron transfer is both 
irreversible and first-order. 

Although the boundary value problem cannot be solved analytically without 
introducing approximations3, accurate numerical solutions can be obtained. Numerical 
calculations are less complex if the boundary value problem is converted to integral 
equation form. The result of such transformations for the present problem leads to  
the following dimensionless linear integral equation 

at ~ ( z ) d z  1-1 -- -  at) J exp { -  (k/a)(at -z))x(z)dz 
o v(at-z) V(at-2) 

The function SA(at) defines electrode potential as a function of time for the step- 
scan waveform : 

(nF/RT) (Ei- E+) t=o  
(nFIRT) (Ei - E - Es) o < t < i l  (2) 
u ~ - ~ ~ ~ + ( ~ F / R T ) ( E I - E ~ - E , )  t>A 

where Ei is the initial potential, E + the conventional polarographic half-wave poten- 
tial, Es the potential to which the electrode is stepped, il the time at which the linear 
scan begins, and a a parameter directly proportional to the scan rate, v ,  used during 
the linear scan 

The solution of eqn. (I),  at), is directly proportional to current 
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Solution of integral equation 
The only limiting case for which eqn. (I) yields a direct solution is t c  il when 

(Ei  - E,)n is large-i.e., a potential step to the limiting current region for reduction 
of 0. Under these conditions the right-hand side of eqn. (I) is negligible and eqn. (I) 
reduces to 

The solution of eqn. ( 5 )  is 

Combination of eqns. (4) and (6) gives the expression for current 

Equation (7) is the familiar equation for purely diffusion-controlled potentio- 
static electrolysis under conditions where the surface concentration of substance 0 
can be assumed to be zero. Under these conditions, the current clearly is independent 
of all kinetic parameters, and also is independent of Es. Thus, by suitable selection 
of E,, interpretation of theoretical calculations can be simplified. 

In general, solutions of eqn. (I) including times greater than il only can be 
obtained numerically. Equation (I) is readily amenable to numerical solution using 
methods we have described previously5. These numerical solutions of eqn. (I) were 
obtained with an accuracy of better than 0.5OL. 

Results of numerical calculations 
Typical results of numerical solution of eqn. (I) are shown in Fig. I. Equation 

(I) contains several variables and, in principle, the curves of Fig. I should be a func- 
tion of all of them. Fortunately, proper specification of experimental conditions 
permits elimination of some of the variables. In the following discussion, the effect 
of each of the variables of eqn. (I) is considered separately. 

Effect of Ei. I t  is expected that curves such as those in Fig. I should be in- 
dependent of initial potential. We found this to be the case whenever (Ei-E%)n 
was greater than about I50 mV. All subsequent data reported here (including those 
of Fig. I) were calculated for the arbitrary value of (Ei-Et)n equal to 167 mV, and 
in this way the parameter Ei  was eliminated as a variable. 

Effect of E,. Tlle derivation of eqn. (7) illustrated that if E, corresponds to 
the limiting current region, then the current for t < il is independent of Es. We found 
numerical solutions of eqn. (I) fort  < A to be described by eqn. (7) (within better than 
I%) provided the quantity (E -E,)n was greater than about 120 mV. For t < A, the 
curves are only slightly dependent on Es, but even in this case Es can be effectively 
eliminated as a variable in eqn. (I) (see discussion under Measurement of rate constants). 
All calculations reported here were performed with the arbitrary value of (E+-E,)n 
equal to 167 mV. 

Effect of kla and ail. In  general, both the parameters kla and aA influence 
solutions of eqn. (I). For example, Fig. I illustrates the effect of the kinetic parameter, 
kla, for a fixed value of a;l. Clearly, for times less than A, the current is independent 
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of kja. This fact is consistent with eqn. (7) and is a result of the stepping potential 
used. As kla approaches zero, the linear scan portion of the curve also becomes in- 
dependent of kja provided measurements are made to the extension of the current- 
time curve as a baseline. For measurements made in this way, the linear scan portion 
of the curves also is independent of a l  in a manner analogous with cyclic voltammetry4. 

at 

Fig. I .  Variation of current function with kla (0.1, 0.05, 0.01) a t  constant a l .  

Fig. 2. Variation of anodic peak potential with kla for a l  = 0.5 and 62.5. 

For example, for small k/a,  the value of VgX,* always approaches 0.446, which is 
the same value obtained for cyclic voltammetry in the absence of kinetic compli- 
cations4. 

For finite values of kla, the linear scan portion of the curve is sensitive to 
changes of kja in two ways. First, the peak potential shifts anodically as kla increases. 

* The new subscript refers to the peak value of the function p'ZX(al) measured to  the extension 
of the current-time curve. 
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This behaviour is illustrated in Fig. 2 where (E,-E1)n is plotted as a function of 
kla for two values of ail. Although peak potential clearly depends on both kla and 
a l ,  the dependence on a l  is not great since the values of ail represented in Fig. 2 
correspond to extreme limits. 

The szcond effect of kla is in terms of anodic peak current, and is illustrated 
in Figs. I and 3. In Fig. 3,  I/nXP is plotted versus kla for several values of ail. In general, 
for fixed ail, ~ n ~ p  decreases with increasing kla. The actual magnitude of the peak, 
however, is a function of both kla and a l .  Thus, for fixed kla, the size of the anodic 
peak also decreases with increasing ail. The reason for this effect is that with large 
ail (constant potential step corresponding to long times) and finite kla, moretime 
is available for the chemical reaction to proceed, and therefore the concentration of 
unreacted R available for oxidation during the linear scan is less. 

Fig. 3 .  Variation of peak current function with kla for a l  = 0.5, 2.5, 7.5, 20.0, 37.5. and 62.5. 

From an experimental point of view, the fact that vex, is a function of both 
ail and kla is particularly important, because this allows adjustment of two exper- 
imental parameters, il and v (or a ) ,  in such a way as to optimize the effect of the 
kinetics. Thus, the study of very fast chemical reactions does not necessarily require 
large scan rates, because ail can be made small. In  this case (see Fig. 3, small ail) 
kinetic effects are measurable for relatively large kla (i.e., slow scan rates). This 
situation is in sharp contrast to the work of SCHWARZ AND SHAIN~ where their 
theoretical results are restricted to working with values of kla less than about 0.008. 
Therefore, to measure the same value of k using the theory of SCHWARZ AND SHAIN 
requires scan rates approximately 2 orders of magnitude larger than is required using 
data such as those of Fig. 3. An analogous situation exists for measuring slow chemical 
reactions, where large values of a l  (see Fig. 3) can be selected to provide enhancement 
of kinetic effects. 

Measurement of rate constants. To measure rate constants quantitatively, data 
such as those of either Figs. 2 or 3 could be used. From an experimental point of 
view, peak potential shifts are relatively small, and therefore it is preferable to 
apply the data of Fig. 2 as a diagnostic criterion to ensure that the system under 
consideration conforms with Mechanism I. 
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As implied in the preceding section, data such as those of Fig. 3 are most 
suitable for quantitative measurement of k, but to do this experimental values of 
l/GXp must be obtained. This is easily accomplished by recognizing that 

where i, is the experimental peak current (measured to the extension of the current- 
time curve), in the current at  time 1, and the remaining terms already have been 
defined. Thus, data of Fig. 3 serve as working curves from which experimental 
values of ip/in (1II5a;l) can be converted directly to values of kla. Since a is known, 
k can be calculated directly. In  addition to its simplicity, this approach has the 
advantage that experimental parameters such as C o*, D 0 ,  A ,  etc., need not be known. 
Table I contains numerical values from which working curves like those of Fig. 3 
can be constructed. 

TABLE 1 

I t  should be emphasized that the curves of Fig. 3 (and data of Table I) are 
strictly applicable only when (E,-Es)n equals 167 mV. Actually, the linear scan 
portion of the curves is not strongly dependent on Es, and values of (E,- E,)n within 
about + I O  mV of 167 mV are acceptable. Nevertheless, this fact does constitute a 
limitation of the method, and therefore an alternative approach was sought. This 
approach consists of realizing that if a stepping potential more cathodic than - 167 
mV is used, then an effective A, Ae, can be defined as the time a t  which the electrode 
potential during the anodic scan has reached a value of - 167 mV with respect to E $. 

This is possible because for any potential more cathodic of E 4  than -167 mV, 
the electrode potential is always the limiting current region and the curve is described 
by eqn. (7) regardless of whether the potential is fixed or is a function of time. 
Because peak potential of the anodic curve is directly proportional to E for kla < 0.1 

(see Fig. z), in this case ile is defined as the point 197/n mV cathodic of the anodic 
peak. If values of kla greater than 0.1 are encountered, the correct estimate of 1 e  

can be obtained from Fig. 2. Experimentally, then, one simply ensures that (E I -E,)n 
is greater than or equal to 167 mV, and after the experiment is completed the value 
of A, to be used with Fig. 3 is determined. 
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Results of calculations described above extend the versatility of the potential 
step-linear scan method considerably with respect to the results of SCHWARZ AND 

SHAIN. Because application of the rigorous theory is easier than application of the 
original theory of SCHWARZ AND SHAIN, the potential step-linear scan method now 
provides a very attractive means of measuring rate constants of chemical reactions 
initiated electrochemically. 

MEASUREMENT O F  RATES OF RENZIDINE REARRANGEMENTS 

Recently we have been studying in detail the electrochemistry of substituted 
azobenzene compounds. Some of this work has involved use of the potential step- 
linear scan method to evaluate rate constants for the benzidine rearrangements. 
Results of these measurements for two compounds-azobenzene and m-azotoluene 
(3~'-dimet11ylazobenzene)-are reported here. Azobenzene has already been well 
characterized by several workers'-3, and results for this compound serve as a check 
of the theory just described. In the case of the second compound, m-azotoluene, we 
report for the first time rate constants measured a t  high acid concentrations (short 
half-lives), and also compare electrochemical results with data obtained by spec- 
trophotometry. 

Experimental 
Instrumentation. Circuits used were essentially the same as those of SCHWARZ 

AND S H A I N ~ . ~ .  TWO different potentiostats were employed, a commercial instrument 
(Wenking Potentiostat, model ~ I R S ,  Brinkmann Instruments, Westbury, N.Y.), 
and one constructed from an operational amplifier and booster [Philbrick ~esearches,  
Inc., Dedham, Mass., model P45AU and P66A (booster)]. No distinction could be 
made between results obtained with the two instruments. 

The potential step-linear scan waveform was obtained by summing via a 
passive adding network, a delayed triangular wave with a gate of opposite polarity. 
The triangular wave was obtained from a commercial function generator (Exact 
Electronics, Inc., Hillsboro, Ore., Model 255). This function generator contains an 
internal delay mechanism so that it is possible to trigger the function generator with 
the gate making A easily variable. 

Two recording devices were used depending on the time-scale of the exper- 
iment. Fdr A less than about I sec and/or scan rates greater than about I 50 mV/sec, 
a storage oscilloscope (Tektronix, Inc., Beaverton, Ore., type 564 with 2A63 (vertical) 
and 2B67 (horizontal) plug-in units) with Polaroid camera attachment (Tektronix 
type C-12) was used. For slower scan rates an X-Y recorder (Honeywell, Inc., San 
Diego, Calif., Model 520) was used. 

For the spectrophotometric measurements a Beckman model DB was employed. 
The cell and electrodes were essentially identical with those described by 

SCHWARZ AND SHAIN~.  All measurements were made in a constant temperature room 
at ambient temperature of 24-25", 

Chemicals. Zone-refined azobenzene (Litton Chemicals. Inc.. Fernandina 
Beach, Fla.) was used without further treatment. m-Azotoluene was prepared by 
reduction of m-nitrotoluene with zinc dust and sodium hydroxide6. The product 
was purified by eluting it with petroleum ether (30-60") from an alumina column, 
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followed by repeated recrystallizations from ethanol. Melting point (54'. uncorrected) 
and infrared spectra agreed with the literature. (Found: C, 80.06; H,  6.69; N, 13.36. 
Calcd. for CI~HI~NZ:  C, 79.97; H, 6.71; N, 13.32%.) m-Hydrazotoluene was prepared 
by reduction of m-azotoluene7. 

Procedures. For electrochemical experiments, procedures and preparation of 
solutions were identical with those of SCHWARZ AND S H A I N ~ . ~  except that to avoid 
air oxidation of m-azotoluene, solvents were de-aerated prior to dissolving the 
m-azotoluene. The solvent for all experiments was 50 wt.% ethanol-water. As in 
the work of SCHWARZ AND SHAIN, no attempt was made to maintain constant ionic 
strength, because the salt effect in 50% ethanol is small. 

In general, for spectrophotometric measurements the procedure of CARLIN AND 

ODIOSO~ was followed exactly except that, because the half-life of the reaction being 
studied was fairly small (ca. 70 sec), their quenching procedure could not. be used. 
Our procedure consisted of rapid mixing of a solution of m-hydrazotoluene in 50% 
ethanol with a solution of perchloric acid in 50% ethanol, followed by rapid transfer 
to the spectrophotometer cell. These operations were easily completed within one 
half-life of the chemical reaction. Absorbance was then recorded directly as a function 
of time with a potentiometric recorder. Analysis of these absorbance-time data 
followed the procedure of CARLIN AND 0 ~ 1 0 ~ 0 ~ .  

RESULTS AND DISCUSSION 

Reduction of azobenzene 
The theoretical calculations for the potential step-linear scan method, can 

be checked using the azobenzene system because of the extensive electrochemical 
data already availablel-3. We arbitrarily selected experimental conditions identical 
with those of SCHWARZ AND SHAIN~. In general, we found the azobenzene system to 
behave exactly as they de~cribedl .~.  The one exception is that we find gelatin tends 
to eliminate the anomalous behaviour SCHWARZ AND SHAIN observed when electrolysis 
times were longer than the half-life of the chemical reaction (presumably because of 
adsorption of hydrazobenzene2). As shown below, the presence of gelatin does not 
have a significant effect on measured rate constants. 

In Fig. 4, theoretical and experimental potential step-linear scan curves for 
azobenzene are compared. The theoretical currents (circles) were calculated from 
eqn. (4) using the diffusion coefficient determined by SCHWARZ AND S H A I N ~  (3.4 x 
10-6 cm2/sec). The experimental curve (solid line) actually corresponds to two differ- 
ent experiments, one in which gelatin was employed (0.02%) and another in which 
gelatin was not used. These two curves are within experimental error and therefore 
are represented by a single line. 

The fact that rate constants determined with the aid of the working curves 
discussed above (Fig. 3) agree with rate constants determined by an independent 
electrochemical method, is illustrated in Fig. 5*. In Fig. 5 ,  circles represent rate 
constants determined with the potential step-linear scan theory developed above. 
Each circle corresponds to measurements both with and without gelatin; results in 

* At high acid concentrations in 50% ethanol, the Hammett acidity function, Ho, must be used 
as a measure of acidity rather than the molarity of the acid. Values of HO in Fig. 5 were obtained 
from the paper of SCHWARZ AND S H A I N ~ .  
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the two cases are within experimental error. Nevertheless, with gelatin present, 
much larger values of ii could be used than in the absence of gelatin. The squares 
of Fig. 5 represent rate constants determined by SCHWARZ AND SHAIN. 

With the potential step-linear scan method we have been able to cover as 
wide a range of rate constants as SCHWARZ AND SHAIN reported for the square-wave 
technique. Moreover, the range is considerably greater (in the direction of large rate 

I I I I I I I 
0 1 h 2 3 

Time (sec) 

Fig. 4. Comparison of theory and experiment. ( 0 ) .  theory ( a 1  = 10.4, kla = 0.03); (-), exptl. 
for reduction of mM azobenzene in 0.5 M perchloric acid (scan rate, 94 mvlsec). 

constants) than SCHWARZ AND SHAIN studied with their potential step-linear scan 
theory3 (the largest rate constant they report is log(k) =0.4). Although not stated 
explicitly by SCHWARZ AND SHAIN, the reason for this upper limit was no doubt set 
by the apprbximations of their theory. Thus, for them to measure larger rate constants 
and still satisfy the assumptions of their 'theory would have required prohibitively 
large scan rates where effects of adsorption, double-layer charging, and charge transfer 
kinetics become dominant. 

Reduction of m-azotoluene 
We have also used the potential step-linear scan method to study the reduc- 

tion of m-azotoluene. Qualitatively, this system behaves in the same way as azoben- 
zene. Some differences were observed, however. For example, the anomalous behavior 
reported by SCHWARZ AND SHAIN for long electrolysis times was even more pronounced 
than with azobenzene. As with azobenzene, we found that gelatin minimized this 
effect without affecting the value of measured rate constants. Most of the data 
reported for nz-azotoluene were obtained with o.o~O/~ gelatin. Another difference 
between m-azotoluene and azobenzene is reversibility of the electrode reaction. Thus, 
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under identical experimental conditions (without gelatin) the apparent heterogeneous 
rate constant for azobenzene is a factor of 2 or 3 larger than for m-azotoluene. This 
effect presumably is related to structural differences in the two compounds and 
currently is being investigated further. The final major difference between the two 
compounds is the rate of the benzidine rearrangement. At identical acid concen- 
trations, m-azotoluene rearranges roughly 5 times more rapidly than azobenzene. 

TABLE 2 

RATE CONSTANTS FOR REARRANGEMENT OF HZ-HYDRAZOTOLUENE 

Acid concn.& ( M )  

For rate constants in the second column the acid was hydrochloric (however, see footnote c) ; 
in the third column the acid was perchloric. 
b Extrapolated values of CARLIN AND ODIOSO~. 
O For our spectrophotometric measurements, we obtained 0.010 and 0.015 sec-1 in perchloric acid. 

Rate constants measured by potential step-linear scan. Numbers in parentheses are average 
deviations of a t  least 12 expts. 

Fig. 5. Variation of k with HO for the benzidine rearrangement of hydrazobenzene. ( o),  potential 
step-linear scan method; ( n), square-wave electrolysisl. 

Fig. 6. Variation of k with perchloric acid concn. for rearrangement of m-hydrazotoluene. ( 0) .  
potential step-linear scan method; ( n), spectrophotometric technique?; (*), determined spectro- 
photometrically under electrochemical conditions. 

J. Electroanal. Chem., 16 (1968) 445-456 
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This effect is well known and explained by the inductive influence of the methyl 
groups. 

Rate constants determined for rearrangement of m-hydrazotoluene are 
summarized in Table 2, and are plotted against acid concentration* in Fig. 6 (circles). 
The slope of the straight line drawn in Fig. 6 is 2.16 which is consistent with the 
well-known second-order dependence of benzidine rearrangements on acid concen- 
tration. 

Conzfiarison of rate constants. Rate constants for rearrangement of m-hydra- 
zotoluene have been determined spectrophotometricaIly by CARLIN AND ODIOSO~, 
and it is possible to compare these results with the electrochemical results reported 
above. Unfortunately, the classical measurements were performed under different 
experimental conditions where the rate of the reaction is slower (lower temperature 
and lower dielectric constant solvent-95% ethanol rather than the 50% we have 
used). Nevertheless, the dependence of rate constant on dielectric constant and 
temperature is known, and therefore it is possible to extrapolate the rate constants 
of CARLIN AND ODIOSO to experimental conditions identical with ours. This same 
procedure was used by REILLEY and co-workers2 who for one specific acid concen- 
tration found reasonably good agreement between extrapolated classical and electro- 
cllemical measurements. Rate constants of CARLIN AND ODIOSO extrapolated to our 
experimental conditions are also included in Fig. 6 (squares) and Table 2. The agree- 
ment between the two approaches is excellent, and appears to justify the extrapola- 
tion. In spite of this, a number of criticisms can be raised against the extrapolation 
procedure, and i t  might be argued that the agreement of Fig. 6 is, a t  least, partly 
fortuitous. To test this possibility we repeated the measurements of CARLIN A N D  

ODIOSO for one acid concentration, but for the same solvent and other experimental 
conditions employed for the electrochemical measurements (see discussion under 
Exfierimental). The rate constant we determined in this way is identical within 
experimental error with the extrapolated value (see Fig. 6 and Table 2). Thus, the 
extrapolation is valid, and one concludes that a t  least for the mechanism and time- 
scale considered here, llomogeneous rate constants can be measured electrochemically 
with complete confidence. 
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SUMMARY 

Theory for the potential step-linear scan technique for the case of a chemical 
reaction following reversible electron transfer has been developed without the use 
of simplifying approximations introduced by previous authors. Results of the theo- 
retical calculations are presented in the form of working curves from which homogene- 
ous kinetic parameters are easily determined. Results of the theory indicate that 
this technique sliould be a versatile method for studying electrode processes and . - 

* For these acid corlcentrations i t  is unnecessary to use the Hammett acidity function. 
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measuring homogeneous rate constants. These conclusions are illustrated by measuring 
rates of benzidine rearrangement of hydrazobenzene and m-hydrazotoluene. In the 
case of the latter compound, a direct comparison is given between rate constants 
measured electrochemically and by classical kinetic methods, and it is concluded that 
homogeneous rate constants can be measured electrochemically with complete 
confidence. 
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EQUATIONS OF THE POLAROGRAPHIC WAVES OF SIMPLE OR 
COMPLEXED METAL IONS 

1. THE METAL ION IS REDUCED WITH AMALGAM FORMATION AND THE LIGAND 
IS A NON-HYDROLYSABLE SUBSTANCE 

MIHAIL E. MACOVSCHI 

Institute of Physical Chemistry of Roumanian Academy of Sciences, Bucharest (Roumania) 

(Received May 4th, 1967; in revised form, July 21st, 1967) 

LINGANE' has shown that during the polarography of a solution of the complex, 
MX,, with reversible reduction of the metal, the free ligand concentration at the 
dropping electrode surface must generally be different from that in the bulk solution, 
1.e. : 

LINGANE avoided the calculation of the concentration excess, ACx, by using the 
simplifying clause that there is a sufficiently high ligand excess; therefore, 

Using the same simplification, which we shall call "Lingane's approximation", 
DEFORD AND HUMEZ further developed the theory, solving the problem of the complex 
series, and later, SCHAAP AND MCMASTERS~ studied the mixed complex. When the 
paper of LAITINEN et dealing with the effect of solution pH is also considered, it 
can be seen that for Lingarie's approximation, the problem of the polarography of the 
con~plexes has been practically solved. 

But in the determination of stability constants there are many cases when only 
a slight excess of ligand concentration can be used; in such cases the theory developed 
on Lingane's approximation is insufficient. Among the methods for fitting the calcula- 
tion to the cases of small ligand excess, the work of RINGBOM AND ERIK SON^ is of 
importance. 

The limits of application of Lingane's approximation have been indicated by 
BUTLER AND K A Y E ~ .  They showed, theoretically and experimentally, that when only 
the complex exists in solution, the potential at the dropping electrode surface is a 
function of In{iq+l/(id - i)), compared with In{i/(i, - i)) for the usual case. 

Since an equation for the polarographic waves of the complexes which for the 
condition Cxtot = O  leads to the classical equation of the polarographic wave of the 
metal ion does not yet exist, the theory in its present stage does not explain completely 
the polarographic behaviour of the complexed ions. 
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We have, therefore, tried to find a general equation of the reversible polaro- 
graphic waves that will represent (as nearly as possible) the real polarographic 
behaviour of the complexed metal or simple (non-complexed) ions. 

The present work is the first stage in this investigation and deals with the case 
when only the complex MX,* exists in solution-the metal ion is reduced with amalgam 
formation and the ligand is a non-hydrolysable compound. For this case, the following 
special equations can be found in the literature: 

(a) The classical equation7 for polarographic waves of the simple metal ions: 

(b) LINGANE'S equation1 for the case where the complexing agent is present 
in large excess: 

R T  P f  k E = E  + -In-> MXq am 
RT . RT i - q-InC',O'fx--In- 

nF f a m  k ~ ~ q  nF nF id- i  

where Bq is the dissociation constant of the complex MXq (see eqn. (8)). 
(c) BUTLER AND KAYE'S equation6 for the case where there is no excess of 

complexing agent: 

RT P q  fMx.k,, RT E = E  + --In--- - q-In .fHX fx  
nF f a m  k ~ ~ q  nF CH f~ f~ + a f H ~  

where a is the dissociation constant of the acid, HX, that forms the complex** and 
C, is the concentration of H+ ions in solution; the other symbols have their usual 
significance. 

(d) BUCK'S equations for a large excess of complexing agent where the complex is 
of low stability***: 

* It must be emphasized that MX, is not the highest complex that could appear, but the simple 
complex present in the solution under the given conditions; in other words, q is a parameter the 
value of which depends on the conditions imposed on the system (0 C q < qmax) .  
** According to BUTLER AND KAYE, the ligand is a weak acid and its active form as complexing agent 
is only the ionized form, X. 
*** According to BUCK, eqn. (6) is a general one, valid for any ligand concentration; in fact, it is 
a limiting case as will be shown. 
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The constant, s, is related to the normal amalgam potential of the metal considered, 
E:,, by the equation: 

E=E:+(R~~F) ln a,, (7) 

The following symbols are used in the text (for the sake of simplicity, the 
charges are not included): 
C i  - concentration of metal ions at the electrode surface, 
C: - concentration of complex-forming ion at the electrode surface, 
C:xy - concentration of the metal complex at the electrode surface, 
C k  - concentration of amalgam at the drop surface, 
CM - concentration of metal ions in solution, 
Cx - concentration of the ligand in solution, 
CMXq - concentration of the metal complex in solution, 
C p  - total concentration (analytical) of the ligand in solution, 
C F  - total concentration of metal in solution, 
. f M ,  fx,  fMxq, fa ,  - the corresponding activity coefficients, 
k,, k,, kMxq,  k , ,  - the corresponding IlkoviE constants. 

The dissociation constant of the complex, obviously the same in solution as at 
the electrode surface, is: 

I. EQUATION OF THE POLAROGRAPHIC WAVE 

I .  Derivation of equation 
The potential at the dropping electrode is given by the thermodynamic 

relation : 

To obtairi the equation of the polarographic wave, that is E= E(i), the concentrations 
must be expressed in terms of current. 

 he-;elationship between cathodic current and internal amalgam surface is: 

0 i = k,, Cam 
01' 

0 
c a m  = ilkam 

Combining eqn. (I I) with eqn. (9), gives: 

The current is carried, on the solution side of the interface, by both the free 
and complexed metal ions; furthermore, the total current, i, is the sum of two partial 
currents: i ,  due to the metal ions and j M X q  due to the complexed metal ions: 

i=iM+iMXq (13) 
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If migration does not exist and if the diffusion layer is sufficiently thin so that the 
concentration gradient is constant, then : 

iM = kM(CM - c:) (14) 

~ M X ~ = ~ M X , ( C M X ~  -C:xq) (15) 

At the diffusion limit, eqns. (14) and (15) become: 

i $=kMcM 

d 
i ~ ~ q  = k M ~ q C ~ ~ q  

resulting in: 

If CMXq0 is expressed in terms of CM0 and fl,: 

The concentration, CxO, of the ligand at the electrode surface is equal to the concentra- 
tion of the ligand in the bulk solution plus the variation of the concentration due to 
the release of the ligand out of the complex at the moment of metal ion reduction: 

Since the complex has the formula MX,, it is obvious that (see Fig. I): 

AcX = q( i~~q/kX)  Q1) 

I Drop 
Mercury surface , zone 

Fig. 1. Distribution of concns. and diffusion of ions in the neighbourhood of the dropping electrode. 
(O), metal ion M ;  (.), ligand X; (OOO), complex MX,. 
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From eqns. (20), (2 I ) ,  (1 3) and (14): 

c : = c ~ + ~ { ~ -  kM(cM-ct)}/kx (22) 

The value of CxO may be introduced into eqn. (19), and suitable rearrangement gives: 

an equation which relates CMO to the current. The concentration of metal ions and of 
complexing agent can be obtained from the total concentration by the following 
method : 

If we note that 

and 

then relation (23) can be written in terms of y :  

and C: will be given by: 

where cp is, the solution to equation @(,, =.O. 
  he value of cMO obtained in this way may now be introduced into eqn. (12), 

and taking into account the half-wave potential relation of the simple metal ion: 

the required equation of the polarographic reversible waves for simple and complexed 
metal ions is obtained: 

E = EY - (R ~ / n  F) In (ilcp) (30) 

2. Function @(,, has a single real solution 

To obtain results with physico-chemical meaning, the function a(,, must have 
only a single real solution. 
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Demonstration 
(a )  @(,, has at the most only a single real solution. Function @(,, is defined in 

the domain y =0, y = k ,  C,. @(,,'s derivative is: 

Since i+ y 2 kM CM (i 2 iM) and Cx,  p, and Q cannot be negative, the derivative does 
not have real solutions, i.e., the function may have at most only one real solution. 

(b) The real solution, cp, does exist. The values of the function @(,, at the end 
of the interval are: 

Introducing into eqn. (33) the expressions of Pq and Q from eqns. (8) and (26), and 
writing the parenthesis in the form { (kx/q)Cx)q+iPq- ,  results in: 

The sign of the function @(,, at the ends of the interval varies with the parameter, i :  

It is obvious that within the definition domain, @(,, changes its sign, therefore the 
real solution cp exists. 

3. A possibility of simpl$cation in soloing equation a(,, = 0 with numerical coeficients 
If we use the notation: 

@(,) can be written: 

The change of variable: 
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and rearrangement of terms gives: 

For q >2, the function Y(,, is simplified; it has only four terms instead of q+2 for 
function @(,,. 

CL is related to the solution $ of function Y(,, by the expression: 

Introducing C: from eqn. (40) into eqn. (12) and writing: 

id*=$-8 (41) 

we obtain: 

E = EY-(RT/~F) In {ii(iz - i)) (42) 

Thus, the variation of the potential of the dropping electrode in terms of current has 
the same form as the case of the simple metal ion, with the difference that instead of 
id there appears id*. This can formally be considered as a corrected diffusion current. 

TI. SPECIAL FORMS OBTAINED FROM THE GENERAL EQUATION WITH DIFFERENT LIMITING 

CONDITIONS 

For simplification, in the following section, the notation 

will be used. 

I. The case of the simple metal ion 
The limiting conditions: there is no ligand in solution and thus no complex is 

formed, i.~.', 

Taking into account eqns. (24), (25), (13-15), gives: 

(kxlq)Cx-kMC,+i+kM~:=0 (45) 
. . r p = r d - z  (46) 

and subsequently: 

E = E ~ - ( R T I ~ F )  In {i/(id- i)) (47) 

which is the equation of the polarographic wave for simple metal ions (eqn (3)). 
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2. Lingane case 
The limiting conditions are: the ligand is in large excess ( C x = C p )  and the 

current transport to the dropping electrode is due to the metal ions from the com- 
plex (Pq-low*), i.e., 

cp will be 

and 

and taking in  account the expression for E: (eqn. (29)) 

which is the Lingane equation (eqn. (4)). 

3. Butler and Kaye's case 
The limiting conditions are: there is no ligand excess in solution (Cx=O) 

and the current transport to the dropping electrode is accomplished by the metal 
ionsfrom the complex (to obtain these conditions it is also necessary that CM = O  and 
pq should be low), i.e., 

The resulting value for cp is given by: 

and for E: 

or: 

* B9 is considered low if y can be ignored in comparison with (Q//t9)0q.v: otherwise P, is considered 
high. It must be emphasized that a general numerical value which would separate P9-low from &-high 
cannot be given, because Q89 is not a constant. 
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The difference between eqns. (55) and (5),  is that the term q(RT/nF) In fx  appears in 
eqn. (55) instead of the term 

in eqn. ( 5 ) ,  owing to the fact that BUTLER AND KAYE considered the ligand a weak 
acid dissociated according to the equilibrium: 

HX + H + X  (56) 

with the constant a, and only the ionized form X active as complexing agent. The 
present work does not consider such an equilibrium. 

4.  Buck's case 
The limiting conditions are: the ligand is present in large excess ( C x = C F )  

and the complex has low stability (Pq is large), i.e., 

0 = (kX/q)C',"' 

y cannot be neglected in comparison with (Q/pq)04 y 

The value for cp will be: 

and for E: 

Equation (6)  given by BUCK is valid when all the diffusion coefficients are 
equal. For various diffusion coefficients, BUCK obtained the relation: 

which by taking into account eqn. (29), can be rearranged and rewritten 

i.e., relation (59) in which i= $id. 
When C x  is very large or Pq decreases, term 1 from the parenthesis may be 

neglected and eqn. (59) becomes Lingane's equation. 
Equation (59) can be transformed into the polarographic equation of the 

J .  Electroanal. Chem., 16 (1968) 457-470 



4b6 M. E. MACOVSCHI 

simple metal ion by neglecting the term kMxq fM fXg Cxq/kM fMxJq in the presence of 
term 1. As there are two parameters, Cx and Pq, two possibilities will occur: 

(a )  Dq+rn.  The supplementary condition pq+co is not in contradiction with 
the fundamental condition, Pq-high, for which eqn. (59) was inferred. Therefore, this 
method of obtaining the simple metal ion equation has a real physico-chemical 
significance. 

(b) Cx decreases to 0. For Cx decreasing, i -  kM(CM - CMO) from eqn. (43) cannot 
be neglected in comparison with (kx/q)Cx, and thus eqn. (59) inferred for the case 
when (kx/q)Cx$ i- kM(CM- CMO) no longer has a real meaning. Consequently, BUCK'S 
affirmation that eqn. (59) is a general equation is not valid; as it has been shown, 
eqn. (59) is a limiting case. 

5. The case of a slight ligand excess, the complex being stable (not yet descfibed in the 
literature) 

The limiting conditions are: the excess of the ligand is small (Cx is low) and 
the transport of the current to the dropping electrode is due to the metal ions from 
the complex (Dq-low), i.e., 

This leads to: 

and 

According to whether the values of Cx are very high or equal to zero, the parenthesis 
will reduce to  the first or the last term, and the cases of LINGANE, and BUTLER AND 

KAYE, respectively, will result. For Cx-low, the terms have values comparable with 
each other and must all be taken into account. 
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6. There is no other limiting case 
If the following notation is used: 

then : 
8 = A + B + C  

The special forms of the derived equations depend on the 0,-value and the form of the 
expression for 0, by neglecting different terms. All the forms that 8  can take and their 
meaning when p, is high or low are as follows: 

1 .  8  = A. ~~,-IOW-LINGANE'S case-11.2. 0,-high-BUCK'S case-11.4. 
2. 8 = B .  Impossible, independent of /?,-value: C cannot be neglected in the 

presence of B because always C >, 1 BI (i 2 i,). 
3. 8  = C. 0,-low-BUTLER AND KAYE'S case-11.3. 0,-high-impossible : 

0= C  would mean that in the solution there exists only a non-dissociated complex; 
but as 0, is high, this situation is impossible. 

4. 8 =  A+ B. Impossible, independent of 0,-value: see point 2. 
5. 8  = A + C. 0,-low--case 11.5. 0,-high-impossible: B= A + C means i 2 iM, 

i.e., the whole of the metal ion is complexed but in the given conditions @,-high and 
C,-low so that Ccannot be neglected in comparison with A) this situation is impossible. 

6.  8  = B + C.-Cp= 0-the case of simple metal ion-11.1.-c,'O'< qCF-0,- 
low-the general case: although CxzO, still 0=0 and then equation in y is of q+ 1 
grade.-/?,-high-impossible: if /?, is high and C F  #O, then A  cannot [be neglected 
the presence of B+ C. 

7. 0 = A  + B+ C.-the general case. 
Therefore, the five limiting cases presented (four from the literature and one 

inferred in this paper) are the only limiting equations that exist. Figure 2 shows sche- 
matically, the limiting equations field of applicability. 

111. DISCUSSION 

The inferred equation (of the polarographic waves for simple and complexed 
metal ions when the metal ion is reduced with amalgam formation and the ligand is 
a non-hydrolysable substance) involves all the limiting equations reported in the 
literature. They are: the classical equation for the simple metal ion; the equation 
deduced by LINGANE; BUTLER AND KAYE'S equation and that deduced by BUCK. 
Another limiting equation not so far presented in the literature has been inferred 
from the same general equation. It refers to the case of a slight ligand excess. This 
last limiting equation is of special interest because it is available from the domain of 
low ligand concentrations. 

The inferred equation includes all ligand concentrations and allows the dis- 
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The field of single 
metal ion eauation I 
-II .I.- 

I .J 

-- ----_------_- -- 

- -n .4.- 
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cpt - cx 

cptq. c;t 
t 

c?' 
Putler and Kaye 

of single equation's field 
metal ion -U.3.- 

-11 3.- 

Fig. 2. Schematic representation of the field of applicability of the limiting equations. C p ,  satd. 
ligand concn. For the non-hatched area, only the general equation may be applied, i.e., the general 
equation has no limiting form and must be applied as such. 

Fig. 3. The theoretical shape of the polarographic wave, us. the ligand concn. in soh .  (a), c?=o; 
(b), O< C?<qC:; (c), C:o'=qC$; (d), qCSt<  C?<(C?= CX); (e), c?= CX. 

cussion of the shape of the polarographic waves for C p  varying from zero to C;' 
(Fig. 3). When C F  =0, the potential at the dropping electrode is dependent upon 
;/(id-i)  and the polarographic wave is classical in shape; the slope of the wave de- 
pends on the metal ion charge. For C? = qC: (BUTLER A N D  KAYE) the potential at the 
dropping electrode depends on iq+ ' / ( id - i )  and the slope of the polarographic wave 
decreases with the increasing value of q. For a large ligand excess, i.e., C F z C , ,  the 
initial relation E= E{i/(i,, - i ) )  is found (LINGANE) .  Consequently, in the concentration 
range O<C?<qCE and qCE<Cp<(C?wC,) ,  the potential at the dropping 
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electrode will be a function of a sum of terms wirh i-powers from 1 to q+ 1 ,  i.e., 

Therefore, with increasing Cp,  the polarographic waves slope continuously, reach a 
maximum slope for C y  = qC2 and then flatten out. The relation 

for the domain of concentration qCP< C p  < ( C ~ E  C,) is clearly shown by eqn. (65). 
For the domain O< C!f< qC2 this relation is expressed implicitly in eqns. (27) and 
(30). 

It is evident from the above discussion that small quantities of substances 
present as impurities and able to complex metal ions can strongly interfere with the 
shape of the polarographic wave, especially at small metal ion concentrations*. 
Therefore, the estimation of the number of electrons changed at the electrode or the 
test of reversibility can lead to erroneous results if the reagents used as supporting 
electrolyte are not of the highest purity. 

SUMMARY 

In the polarographic determination of a solution containing the complex, 
MX,, with dissociation constant p,, the total current, i, is a sum of two currents: 
i, due to the simple metal ions and iMxq due to the complexed metal ions. Since, on 
reducing the metal ion the complex is broken down, the free ligand concentration at 
the dropping electrode is: C: = C, +qiMxq/kx, C, being the concentration of free 
ligand in the bulk solution. These considerations lead to the following equation of the 
polarographic waves : 

being the solution of the equation: 

where CM is the concentration of the metallic ion in the bulk solution, f the activity 
coefficients and k the respective IlkoviE constants. It has been demonstrated that the 
equation has only one real solution. 

* The method of DETRICK AND FREDERICK~ gives polarographic waves for metal ion concentrations 
of lo7-lo9 M. 
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All the known special equations appear as limiting conditions; i.e., the equation 
of (i) the simple metal ion; (ii) L~NGANE; (iii) BUCK; and (iv) BUTLER AND KAYE, as 
well as another equation for the case of slight ligand excess, not dealt with in the 
literature. It has been demonstrated also that no other limiting equation of any 
physico-chemical meaning can be deduced. 

The relation between the polarographic wave shape and the ligand concentra- 
tion is also discussed. 
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The electrochemical properties of optically transparent electrodes (OTE) and 
the application of these electrodes to the spectral determination of electrochemical 
parameters will be discussed. 

In recent years, there has been much interest in the development of physical 
methods by which an electrochemical process may be concurrently examined. These 
methods are intended to provide additional information on the course of an electrode 
reaction. Examples of such methods are: electron spin resonancel, which is used to 
detect and characterize free radical intermediates or products; and ellipsometryz, 
which monitors changes occurring on the surface of an electrode. These methods 
provide useful information but have their limitations and the development of 
additional techniques applicable to electrochemical studies is desirable. 

Since our interest has been in organic electrode processes where many light- 
absorbing species are encountered, the application of spectroscopic techniques was 
explored. An optically transparent electrode would have many advantages but this 
idea is not new, since thin films of certain metals such as gold are transparent in the 
visible region of the spectrum, and electrodes made from thin metal layers on glasses 
have been used in connection with photovoltaic studies3. The optical properties of 
most metal coatings are, however, limited at the shorter wavelengths, particularly 
at coating thicknesses where the resistance is low. 

In the search for other materials as possible OTE, glasses coated with tin 
oxide were investigated. The semiconductor properties of tin oxide are well known, 
and glasseg coated with "doped tin oxide have been available commercially for 
many yeah with the trade names of Nesa and Electropane glasses. Antimony is the 
most commonly used doping material and the resulting tin oxide coating is a n-type 
semiconductor. The surface is quite inert to chemical attack and coupled with a 
conducting surface, serves well as an electrode that is transparent in the visible 
region of the spectrum. The applicability of these glasses to optical studies during 
electrochemical processes has already been demonstrated4. When conventional 
transmission spectroscopy with the incident light perpendicular to the surface of 
the OTE is used, a solution layer of minimum thickness of the order of 104 a may be 
spectrally monitored (depending of course, on the concentration and molar ab- 
sorptivity of the light-absorbing species). Internal reflection spectroscopy (IRS) 
lowers this thickness by one or two orders of magnitude; therefore electrochemical 
processes well within the thickness of the diffusion layer may be followed spec- 
trally5~6. Thus, the advantages of OTE in mechanism studies are quite obvious. In 
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this paper, a more detailed examination of the electrochemical properties (and their 
general applications in connection with transmission spectroscopy) of these tin oxide- 
coated electrodes will be presented. 

EXPERIMENTAL 

Cyclic voltammetry and chronopotentiometry were carried out using solid 
state operational amplifier equipment of standard circuitry'. A Wenking model 
TRS6r potentiostat was used for controlled-potential coulometry experiments. A 
Moseley model 7035A X-Y recorder, a Sanborn model 320 dual-channel recorder, 
a Tektronix model 564 storage oscilloscope, and a Midwestern Instruments model 
8ooR oscillographic recorder were employed for signal monitoring. The latter recorder 
can accept 25 channels and has a maximum chart speed of 6000 in./min. 

For purely electrochemical studies, the ratio of surface area to surfaceesistance 
should be a maximum and a cell with a thin circular ring of conducting surface is 
therefore used as shown in Fig. I. The ratio increases as the width of the conducting 
ring decreases, assuming resistance is linearly proportional to width. For spectral 
studies, a sandwich-type cell is convenient and the one shown in Fig. 2 has provisions 
for nitrogen purging. A conducting glass plate (W.E.) serves as one window of the 
cell and the second window is a glass plate or a thin sheet of irradiated Kel-F (Fluoro- 
carbon Corp., Santa Ana, California). Kel-F does not fracture easily, is chemically 
inert, and has excellent optical properties even in the ultraviolet region of the 
spectrum. 

Electrical contact to the conducting tin oxide surface can be obtained by 
making a mechanical contact with a thin metal plate or by coating the outer surface 
with liquid silver paint. The contact is isolated from the solution by Teflon or 
Neoprene O-ring seals (e.g., see Fig. I). A metal contact is preferable if it can be held 
tightly against the conducting tin oxide surface. Care must always be taken to 
ensure that the contact does not act as a junction diode or have excessive ohmic 
resistance. Silver paint did not give reproducible results. 

The tin oxide-coated glasses were obtained from two commercial sources. 
The glasses from both were apparently doped with antimony but exact details about 
the coating procedures are not known. Resistances varied considerably depending 
on the level of doping and thickness of the coating. Surfaces with resistances as low 
as 5-10 Q square-l have been prepared. The substrate from one source was always 
borosilicate glass with the tin oxide surface having a reported carrier level of between 
1020 and 1021 carrier cm-3. 

A shielded auxiliary electrode and a saturated calomel reference electrode 
were used. All potentials are reported with respect to this reference electrode. 

Spectral scans were made on a Cary model 15 spectrometer. For set wavelength 
studies, either a narrow band-pass interference filter or a Rausch and Lomb grating 
monochromator (1350 grooves mm-1) were used for isolating the required wavelength 
of light. An EM1 low-noise No. 6256s photomultiplier tube in a Pacific Photomultiplier 
housing with divider circuit was used for monitoring light intensity. The collector 
(anode) current was amplified using a Philbrick P-IZQ operational amplifier in the 
current-follower mode. High voltage to the photomultiplier tube was supplied by 
Atomic Instrument Co., Super Stable HV model 312. 
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Organic reagents were purified by standard procedures of recrystallization or 
vacuum sublimation. Water was twice distilled, the second distillation being from 
alkaline pernlanganatc with a I-m long vacuum-jacketed, glass-packed column. 

W.E. 

1;ig. I .  Elcctrocllcmical cell with ring-conducting electrodes. 

Fig. 2.  Sandwich-type cell: (W. E.), transparcnt conducting glass electrode; (I<. E.), connection 
to a ref. satd. calomel electrode; (AUX.  B.), connection to an auxiliary electrode. 
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RESULTS AND DISCUSSION 

Properties of doped tin oxide glasses and quartz 
The thickness of commercial coatings of typical coated glasses showing optical 

absorbance of less than 0.2 from 6000-3600 A (Fig. 3A) is about one micron. Below 
this wavelength, the absorbance increases sharply owing to absorption by the glass. 

For thicker coatings, an interference pattern is present on the spectrum (Fig. 3B). 
For transmission to  shorter wavelengths, coatings on quartz plates can be used. 
These plates were usually higher in resistance, 50-500 fi square-1. 

Tin oxide surfaces were very stable to chemical attack with no visible changes 
when immersed in solutions of pH 1-10 or in mild oxidizing or reducing solutions 
over a period of I day. When they had been used as electrodes for three years, visible 
surface deformation with "cracking" along crystalline grain boundaries was encoun- 
tered only once. The reason for this is unknown since it  could not be reproduced. 
Surface properties of tin oxide coatings are being investigated by LAITINEN and 
co-workerss. 

0.3,. 

0.2. 

0.1. 

$ 0.0 
C 0 

f 0.3 

Electrochemical characteristics 
The useful potential ranges of these electrodes are slightly greater than those 

of platinum and gold for similar background solutions. Typical background i-E 
curves are shown in Fig. 4 for various electrolytes. If these OTE are polarized con- 
siderably beyond the cathodic and anodic background limits, irreversible alterations, 
which affect the electrochemical characteristics, occur. 

Previously, voltammetric and chronopotentiometric experiments4 indicated 
that these OTE behave quite similarly, in many respects, to metal electrodes except 
that the current-potential (i-E) or potential-time (E-t) curves deviated from the 
ideal curves, partly owing to the internal resistance of the conducting surface. The 
i-E curves for linear sweep voltammetry are not easily corrected as in the case of 
the usual uncompensated resistance, which can be corrected, for example, electron- 
ically by a positive feedback arrangement to the control amplifier of the potentiostatg. 
With OTE, the surface resistance creates a non-equipotential surface and the devi- 

A 

- 
- 
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Fig. 3. Absorption spectra of tin oxide-coated glass; (A), thin coating; (B), thick coating. 
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ations are no longer a linear function of current. Thus, such plots as the peak current, 
i , ,  vs. concentration, C, at a constant scan rate, v, are non-linear and manual correc- 
tions, as applied by DELAHAY AND STIEHL~O for peak currents in connection with 
oscillograpl~ic polarography, also give only approximate results. 

VOLTS 

Fig. 4. Background i-E curves for OTE (6 fl square-', area 5.1 I cmz) : ( I ) ,  phosphate buffer pH 2 ;  

(2), phosphate buffcr pH 4; (3), acctate buffer pH 4.5; (4). 0.2 M KCl; (5). 0.2 M ammonium 
acetate. 

TABLE 1 
CYCLIC CHRONOPOTENTIOMETRY AT OTE 

a ,  (expl l . )  a ,  (calcd.) 1% 
-- 

- -- 

a ,  ( e x p t l . )  an (calcd.) 

For chronopotentiometry, if the electrode area is large, transition times are 
poorly defined owing to the unequal distribution of current on the surface. Im- 
provement is made by use of a cell with a thin ring of conducting surface (see Fig. I) 
and transition times in close agreement with those calculated can be obtained. 

The behaviour of this thin ring cell was also tested using cyclic chronopotentio- 
metry. For a solution of 1.124 x I O - ~  M potassium ferrocyanide in 0.1 M sulfuric 
acid, the conditions given by HERMAN AND  BARD^^, ianodic =icathodic, CRO =O, were 
satisfied. The experimental values of transition times were in excellent agreement 
with those calculated, particularly for odd values of n as may be seen in the data 
of Table I. 
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The high density of carriers and the ability of the electrode to function both 
as a cathode and anode (within normal potential ranges) suggest that these doped 
tin oxide surfaces behave similarly to "poor" metallic conductors. The resistances 
vary from sample to sample and actual values depend on the method of measurement. 
More important is the question of whether resistance measurements are significant, 
since in these electrodes the resistance alone cannot account for the observed devia- 
tions of i-E or E-t curves. Recognizing this limitation, one finds in practice that 
when the currents in the electrolyses are small compared to the semiconductor 
saturation current, reproducible results can be obtained for a given set of exper- 
imental conditions. 

The semiconductor properties of the surface do, however, manifest theniselves 
markedly on the character of i-E or E-t curves when the type andjor concentration 
of supporting electrolyte, and pH are varied. For example, it is well known that the 
potential corresponding to the polarographic half-wave potential for ferricyanide 
becomes more positive in value as the pH decreases, owing to the protonation of 
ferrocyanide. The expected half-wave potentials vs. pH, corrected for ionic strength 
using the Davies equation15 are plotted in Fig. 5. The i-E curves (cyclic scan) a t  a 
$latinunz electrode for pH-values of 1.5, 2.5, 3.5, and 4.5 are shown in Fig. Oh. Tlie 

Fig. 5 .  Formal potcntial of fcrricyanitlc/ferrocyanidc versus pH 

potential shifts are as predicted, and there are no observable changes in the in-values 
or in the slopes of the i-E curves. At OTE however, the i-E curves are very dependent 
on pH. As the pH increases, the in-values decrease and the i-E profiles appear less 
reversible. The effect of pH is more pronounced with the 11igher resistant electrodes, 
but is independent of whether the solution initially contains ferrocyanide with the 
scan direction anodic and then reversed, or only ferricyanide with the scan direction 
cathodic and then reversed. Examples of these i-E curves for OTE with resistances 
of 6 and 35 Q square-l are given in Fig. 6 (B and C). Between pH 1.5 and 2.5, there 
is an inversion in the direction of change of i, with pH indicating two competing 
effects: first, the already discussed shift of potential with protonation of ferrocyanide 
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and secondly, thc increased overpotential to the electrode reaction with increased 
pH. Studies arc in progress to elucidate this latter effect further, particularly with 
regard to the effect of pH and ions on the tin oxide-solution interface structure. 

Measz~re~te~zt of diffeerential mbacitance 
Differential capr~citances were determined for various electrolytes and pH- 

values by using a method similar to that of I<EMITLA AXI) % R O J E K ~ ~ ;  i-E profiles 
when a snlall triangular wavc. of ca. 5 nlV a t  a frequency of ca. 5 Hz was superimposed 

Fig 6. Voltammctric curves o f  I O - ~  AT fcrrocyanidc a t  different pH-values and clcctrodes: 
(A),  platinuin, arca 4.1 cm'; (B), OTIC 35 l 2  square-1, arca 5.11 cm" ( C ) ,  OTE G L1 squarc-l, 
arca 5.11 ctn" ;(a-d). plI  1.5. 2.5. 3.5, and 4.5. respectively. 

on a slowly changing d.c. bias voltage, were evaluated. The total capacitance has 
contributions from both double-layer and selniconductor capacitance. The latter 
capacitance is complex and depends on the type of semiconductorl4. 

There is a potential region in wllich the differential capacitance remains fairly 
independent of electrolytes such as KC1, NazS04, KC104, their concentration and pH, 
and depends mainly on the particular semiconductor. For example, an OTE with a 

J. Electroanal. Chem., 16 (1968) 471-483 



478 J.  W. S T R O J E K ,  T. K U W A N A  

resistance of 6 !2 cm-2 gave a differential capacitance of 2.4 pl' cm-Gn 0.03-1.0 nf 
KC1 solutions (pH 6.5) over the potential range -0.3 to +0.4 V. Another OTE of 
100 Q cm-2 resistance gave a capacitance of 10-1.5 ,uF cnl-"n the potential range 
+0.3 to -0.1 V, but a t  more negative potentials the reciprocal of the square root 
of the capacitance varied linearly with electrode potential (Fig. 7), as is usually 
found when electrons in the space charge layer are depletedl4. The capacitance values 

0.4 +0.2 0 -0.2 0.4 
0 

Volts 

Fig. 7. Differential capaci ta~~ce of OTE in 0.2 M l iCl holn. ; ( I ) ,  I oo Ll square 1 ; (2), 35 square-1 ; 
(3). 662 square-1; (4). plot of C-2 US. pote~ltial for OTIS, loo L2 squarc I. 

are fairly large and undoubtedly, the doul>le layer is contributing to the measure- 
ments. In the region where the differential capacitance is low and fairly indcpendent 
of potential and the type of electrolyte, the capacitance is primarily determined by 
the semiconductor. Capacitances under a wide variety of conditions wit11 different 
OTE are being extensively examined. 

Transmission sj5ectroscopy at 07'E 
For an electrode reaction: 

it can be easily shown that the absorbance, A ,  for the light-absorbing species, Ox, 
is given by: 

where a is the molar absorptivity of Ox, 0 is the path length in c n ~ ,  and the other 
terms have their usual significance. This assumes that Beer-Lambert Law of light 
absorption is obeyed. Thus, it is a simple matter to follow the concentration of a 
light-absorbing species formed during the course of an electrode reaction, particularly 
for a constant-current electrolysis where A is proportional to time, t. 

For chronopotentiometry, tlle transition time, t, defined by Sand's equationl5, 
is determined from the potential-time curve. This time, t ~ ,  corresponds to the linear 
portion of the absorbancy-time pattern which follows eqn. (2). At t> t ~ ,  A varies as 
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the square root of time. Values of tlie chronopotention~etric constant, it;/Co, are 
compared to i t ~ l / C O  which is evaluated spectrally, in Table 2. The relative ease and 
precision of evaluating t~ a t  reasonable times certainly depends on the value of a. 
These spectral ~lleasurenlents will be valuable when the transition time is poorly defined 
or when there are complications to the electrode reactions. 

TABLE 2 

SPECTRAL DETERMINATION O F  TRANSITION T I M E S  
-~ - - - -  - -- -- 

o-Tolidinc o x i d u t i o ! ~ ~  1;i:vvoeya~zidc o . r i d ~ t i o n ~ ~ ~ ~  
-- 

i ( ,~1<- i )  i t  A (14.4 see:) i t ~ :  (/i.-1 seer) i ( P A )  i r  : ( p 4  see:) it~? (p;1 SEC*)  

a 1.13 m!ZI o-tolidine; pl l  1.0 phosphate buffcr; A, , , , ,  4370 I\. 

b 1.52 m M  ferrocyanide; 0 . 1  M KC1; Amax 4 2 0 0  A. 
Area of clcctrodc tliffcrcnt bctwccn (a) and (b). 

For a setni-infinite diffusion-controlled cl~ronoamperon~etric experiment a t  a 
planar electrode, the current, i t ,  as a function of time obeys the Cottrell equationl5: 

The concentration of Ox monitored spectrally, if integrated through a thickness, 8, 
is given by : 

Substituting for i from the Cottrell equation and integrating gives: 

Cox = C n o I l ~ l  2t$/x( 6 ( 5 )  
and since Cox=A/a8, with substitution and rearrangement of terms, the resulting 
equation ,is: 

It is convenient to evaluate U R  experimentally if a is known, or conversely, a if 
Vn is known. More important, any deviation from this constant of 1.128 during a 
chronoamperometric experiment can be used as an indication that the electrode 
reaction is proceeding non-ideally. I t  is particularly useful in evaluating the mecha- 
nism and kinetics of liomogeneous chemical reactions that follow the charge-transfer 
step. 

The oxidation of ferrocyanide to ferricyanide is a well behaved I-electron 
step electrode reaction. Since ferricyanide absorbs a t  4200 A with a molar absorptivity 
of 1.02 x 103 1 mole-' cm-1, it can be followed spectrally during a chronoamperometric 
experiment. The diffusion coefficient of ferrocyanide was calculated from the current 
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decay profile during the experiment, using the Cottrell equation. Thegeometrically- 
measured area was used and may account for the diffusion coefficient being liigller 
than the literature valuel6. The plots of i us. t-4 and A vs. t i ,  shown in Fig. 8(A and B), 
are linear and the average value of the constant calculated from duplicate runs was 
1.13f 0.01 in agreement with the theoretical value of 1.128. 

Fig. 8.  Chronoamperornetric oxidation o f  fcrrocyanidc a t  OTIS. 

o-Tolidine undergoes a diffusion-controlled, 2-electron transfer electrode 
reaction a t  pH 2 and obeys the Cottrell equation. The product of the 2-electron 
reaction absorbs at  4370 A with a molar absorptivity of 61,ooo 1 mole-1 cm-1. A 
diffusion coefficient value of 0.05 x 10-5 cm sec-I was calculated using the geomet- 
rically-measured area for the electrode. The calculated value of the constant for 
triplicate runs was 1.14+o.o1. Tlie n-value and molar absorptivity, a, were evaluated 
from coulometric experiments. 

The electrode reaction of o-tolidine is pH-dependent and as the p H  is increased, 
a split wave develops. This pH-dependence is expected in view of previous potentio- 
metric data17 and suggests two successive, I-electron steps. The product of the first 
wave a t  p H  4 shows two absorption bands a t  3650 and 6300 A. The formation ancl 
removal of the products of the oxidation and subsequent reduction waves at  pH 4, 
can be clearly followed by monitoring spectrally at  4370 and 6300 .h during a cyclic 
voltammetric scan. Assuming a general scheme for the electrode reaction to be: 

with an equilibrium reaction: 

where kp and kb are the rate constants for the forward and reverse reactions in the 
equilibrium, a K,,,il. may be calculated using the relationsllip: 

where El and EZ are the half-wave potentials for the first and second waves, respec- 
tively. A theoretical analysis of the effect of such a disproportionation equilibrium 
on the characteristics of the i-E curves has been discussed by H A L E I S .  For our 
present purpose, the spectral characteristics a t  wavelengths of 4370 and 6300 

J .  Electroanal. Clzem., 16 (1968) 471-483 



TIN OXIDE-COATED ELECTRODES 481 

during application of a step potential followed by disconnection of the electrode 
(relaxation), will be discussed. Values of kr will be evaluated from the initial portions 
of the relaxation. Details of the electrochemistry and spectroscopy of o-tolidine will 
be presented in a subsequent paper. 

In Fig. 9, the current, potential, and absorbances as a function of time are 
recorded for a step potential followed by relaxation for o-tolidine oxidation in 
phosphate buffer a t  pH 4.0. The potential is stepped from 0.25 to 0.75 V which is 

f, msec 

Fig. 9. Chronoa~npcromctric oxidation of o-toliclinc followcd by relaxation: (i), current; (E), 
potential; (U, C), absorbaticc a t  wavclcngths of 6300 and 4370 A. 

Fig. 10. Rate constant us. p H  

sufficiently positive for oxidation of o-tolidine (A) to product (C). As C diffuses from 
the electrode into the bulk solution, it encounters A diffusing toward the electrode 
and R is formed througli the disproportionation reaction. The relative concentrations 
of these three species in the reaction layer are governed, of course, by the values of 
kf, kb and f~~,,,il.and favor the formation of B a t  the expense of C during the relaxation. 
I t  should be remembered that the light at  these monitoring wavelengths is passing 
through the entire solution and, consequently, the absorbance values reflect the 
integrated concentrations. The change in concentration of C during relaxation is 
given by: 

and for small At during initial part of the relaxation, f<b[B]" k~t[Al[C], therefore: 

where A[C]jAt is determined by drawing a tangent to the initial part of the absorbance 
for C during relaxation. The average concentrations of A and C during the time 
interval, At, were used. Values of I<r evaluated as a function of pH by the above 
method are plotted in Fig. 10. These values initially increase with pH and then become 
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fairly constant a t  about p H  3.8. This pH is near the pK, of o-tolidine, and this 
suggests that the mono-protonated form is involved in the rate-determining step. 
I t  is clear that more precise calculations of rate constants in the disproportionation 
equilibrium require knowledge of the concentration profiles for each of the species 
and of the equilibrium constant. Computer calculations are in progressls. 

For studies in the ultraviolet region, quartz plates were coated with anti- 
mony-doped tin oxide. Preliminary results on the oxidation of $-aminophenol, 
which has been extensively studied electrocllen~ically~, have indicated that not only 
could the rate of llydrolysis of quinoneimine to quinone be determined, but more 
significantly, an additional spectral band not attributable to these two products 
was observed. The spectral changes tliat occur during and after controlled-potential 
coulometric oxidation of +-aminophenol in pllospl~ate buffer a t  pH 3.5 may be seen 
by examination of the spectra in Fig. X I .  Spectrum I is for 9-aniinoplienol and the 

Fig. I I .  Spcctra of p-aminophenol and its clcctrochcmical oxidation products: tin oxidc-coated 
quartz OTE. 50 (2 square-l. ( I ) ,  5 -  10-W 9-aminophenol; (z), I O - %  M 9-a~ninophcnol a t  various 
times after oxidation (soln. in ref. and sanlple beam of spectrometcr identical initially, only 
latter oxidized). 

dotted curve is for 9-benzoquinone with maximum absorption a t  a wavelength of 
245 mp. Spectra were taken by placing identical solutions in the sample and reference 
compartments of the spectrometer and then electrolyzing the solution in the sample 
compartment (spectra labelled in Fig. 11 as series 2). The band a t  245 mp increases 
with electrolysis. The shoulder on this band a t  ca. 260 my is probably the quinoneimine, 
and decreases when the electrolysis is stopped. When tlie solution is allowed to stand, 
a new band-wavelength of 287 mp appears while tlie band at 245 my decreases.Tlie 
new band is believed to be due to a product formed from the addition reaction of 
either quinone or quinoneimine and $-aminophenol. The rate constant for this 
reaction, based on quinone decrease, is estimated as 2.10-3 sec-l (as a first-order 
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reaction). Whether or not quinoneimine is participating, is not known and further 
examination is warranted. 

The use of OTE for the investigation of electrochemical processes offers many 
advantages for mechanism studies. I t  can be particularly valuable in cases where a 
chemical reaction follows the initial charge-transfer step. There are also instances in 
which it can help in the evaluation of electrochemical parameters. 
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SVR1;rZCE DIFFUSION AND GA1,VANOSTATIC TRANSIENTS. I 

S. I<. IMNGARA J A N  

Ce+ztrnl E l e c l ~ o c k ~ ~ n ~ c a l  lipsravch I n s t ~ t u f r ,  ICaraikudb 3 (India) 

(licccived April jrtl, 1907) 

I. Two observations wliicli have led to the postulation of surface-diffusion as a 
possible slow step in galvanostatic metal deposition (and dissolution) experiments 
are that (i) the rise-times of 11-t curves and (ii) the "steady-state" 7-values are appre- 
ciably greater than tliose predicted by the charge-transfer step alone. Various au- 
tliorsl-10 have shown that a "surface-diffusion" model is adequate, in many cases, 
for the interpretation of galvanostatic transients. Attempts have also been made to 
evaluate the relevant parameters characterising the model. Under conditions not 
involving diffusion in the solution phase, the basic steps constituting the overall 
transfer 

&ZZ+ (solution) + M (lattice) 

are: (A) charge transfer a t  the planar site and (B) adatom transport to the lattice- 
building sites. Assuming edges to be "ideal sinks" (or sources) and an average "inter- 
growth-line distance", I ,  we can evaluate tlie following constants: 

(i) io, exchange current density and cad', adatom concentration defined in 
(A) above; 

(ii) Ila/12 (time-1) where I ) ,  is the surface-diffusion coefficient introduced 

by (B). 

2. We give below the conclusions drawn by ROCKI~IS et al. and the procedure adopted 
by them to evaluate io, c,dO and 0 , / 1 2 .  

(a) ~ ~ - 0  = a +bt where a = IZTilzFio and b = jRT/z" F2)l (i/cad0) 

and a study of  log i curves can be used to find io, occ and a,. 
(b) vo, defined in eqns. (2) and (3), is termed tlie "surface-diffusion velocity" 

and is identifiedslo with l>,cano/l%nd hence is supposedly independent of io. 

(c) The rise-times for the galvanostatic and the potentiostatic transients, t, 
and t,, respectively, are givenQs 

T g  = Z C ~ ~ I ~ I V O  
and 

t p  = 2citd0/(2v0 +$c ano) 
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so that 

(z , / tp)  = 2 +i~/zFvo,  T+O 

I t  has been suggested9 that (iolvo) can also be deduced from eqn. (7). 
(d) A sort of "coverage effect" for the catllodic rate is introduced4."8 in the 

following way allowing for a "finiteness" of metal atoms on the surface. 

i = iO[(cad/cadO) eXp (olaF+'//RT) 

- (G-cad)/(G-caaO) exp (-acF+'//RT)] (8) 

In eqn. ( 8 ) ,  G is the total number of metal atoms on the surface. With 

Y = io/zFvo (9) 
and 

6' = Cad0/(G-~aci0) , (10) 

the i-q relationship was proved to be: 

i / i o  = rexp (aaFq/RT) -exp (-ao F q J R T ) ]  

[I +Y exp ( a  a F+'//RT) + 0' Y exp ( -rxc F T / R T ) ] - ~  (11) 

Equation (11) predicts, in particular, surface-diffusion controlled limiting currents 
and experimental evidence is adduced638 to support this claim. 

(e) The theory of galvanostatic transients that results in eqns. (I)-(11) is 
worked out2.8 assuming that the instantaneous adion concentration is governed by 
the equation 

acad/at =i/zF -[(n./i2) ( ~ & d / ~ a d O )  - I] (12)  

with cad=cadO a t  t=O. 

3. We now show that many of the equations cited need modifications to avoid 
erroneous conclusions. 

A. Steady-state 9otential 
Whereas the complications inherent in deriving an exact potential-time profile 

under galvanostatic conditions are o b v i ~ u s l l ~ l "  the problem of obtaining the i-7 
( h a )  relationship is extremely simple. As long as the mass transfer problems in 
the solution phase are ignored and t $ t,, one need only solve 

Daa2cadlax2 + (iolzF) [exp(ac F y  ,/RT) -(cad(x)/cadO) exp ( - a a  Fq co/RT)] = 0 (13) 

The boundary conditions are 

(acad/ax),=, =O 

and 
cad=cad0 a t  X = O ;  

and 
i / i o  = [exp (ore F q  ,/RT) - (cav/cadU) exp ( -aa f i  ,IRT)] 

where 
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and 

17m = T(t 4 tg). 

In eqns. (13)-(17)~ no restrictions are placed on the magnitude of i and the 
model is the same as assumed by R ~ C K R I S  et al. 

The solution of (13) with (14)-(17) gives 

i = i o  [exp (ac F q  m,lIiT) - exp ( -n,Fy ,/liT)] 

. tanh I !2 exp ( -cua Fq,/zRT)] 

(In eqn. (18) and in the following equations, we use y and y m  in an interchangeable 
sense.) Equation (18) shows that the i-7 relationsllips under potentiostatic and 
galvanostatic (steady) conditions are identical. 

Let i!2/io@ I. 
Then 

( L X ~  +&a) Fq/RT = ( i / i ~ ) R  ~ 0 t h  R (20) 

Equation (3) differs radically from eqn. (20) i f  vo=D,c,,~o/l" as assumed by MEHL 
AXD ROCKI~IS (eqn. (14)). That it is wrong to identify vo with (Dac,a0/l2) is shown in 
Appendix I. 

13. Galvanostatic rise-times 
Although the i vs. 7 behaviour (eqn. (18)) is derived easily-without any 

restriction on tlie magnitude of i (or 7)-the same cannot be said of galvanostatic 
rise-times. Two limiting cases14, llowever, offer themselves for easy analysis. 

(i) a, = o 

\Vri ting 

(io/zF) (exp (ac FqIIiT) - I) = #(t) 
and 

it can be proved that 

@(fi) = (ilzlj) [fi/(fi +kg) +?23/(fi + k3) . tan11 (J/($ +?23)/1),.1) . (1/(1/($ + kz)/I)a.l))]-l (24) 

(ii) zFq/R7'< I 
Let 

In eqns. (24) and (25), 
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Whereas eqn. (24) is derived witllout assunling that 7 is small, (25) is true for 
small zFvIRT. The nature of the poles of functions in tlre right-lland side of eqns. 
(24) or (25) must be studied to evaluate the rise-time. Suclr a study sugge~ts that, 
when surface diffusion is indeed important, 

t, N (zXolk2) cot11 XO , (2s )  

where XO is a non-zero real root of 

tanh X +X(XZ/QZ- I) = o (29) 

(Note: There is no ambiguity in eqn. (28) because eqn. (29) has only three real roots: 
-XO, o and XO). 

1x01 < Q and for large Q, 
z g z  2(Q -4)lkz (30) 

Q2 I0 50 100 
Illustration 

Xo 2.44 6.5 9.5 

A comparison of eqn. (30) and eqns. (2) or (5) shows that zg#zc . ,~0 /~~~=~L2/ I~ , .  
Under conditions favourable to surface diffusion, ~g~~lI /zI ;c ,d0/ iol)n  and 

I t  is interesting that such a change in the order of rise-times in the potentiostatic 
and galvanostatic cases is possible. Botlt t, and z, depend upon i o  and c,,lo (cf. ref. 9). 

We have shown above that the steady-state overpotential and the galvanostatic 
rise-times as given by eqns. (3)-(5) are incorrect. An alternative expression for t,/z, 
(cf. eqns. (7) and (31)) was also presented, but, under limiting conditions (Q $ I), it 
is possible to retain eqns. (3) and (5) by abandoning (4) and writing instead, 

The significance of eqn. (32) is explained in Appendix I. 

C. Illustration 
(i) Surface-diffusion proces? in the electrodeposition of silver from molten 

halides10 : 
T=450°, i0=19o A cm-\ ccdO=9 -10-10 n101 cnl-5 ,2Io-3.3 A cm-3, k2-z - roe 

sec-l. The correct values for Q and D,jl%re Q = 54,I) 6 .o x ~o%ec- l  from eqns. 
(20) and (30)~ whereas eqn. (4) would give Q;1- 7.4 and 1),/1"3.6.6(, x 104. 

(ii) Deposition of gallium6 
T = +0.5", i o  =I .4  x 10-4 A cm-2, csnO=5. ro-ll 1n cnl-" zFVo =5.5 x 10-5 A ~ m - ~ ,  
kz-10 sec-l, i2-3, lT)a/l"~ sec-1. Equation (4) gives !2< 1.6 and Da/L"4 sec-1. 

D. i-v Cztrves under "coverage-effects" 
If we assume, with BOCKRIS, the expression for i as given by eqn. (8), it is 

easy to set up and solve steady-state diffusion equations appropriate to the model 
used. The result is 

i / i o=  [exp (ac FqjRT) - exp (-  f i ,  FvIRT)] - tanh :Q x 

I/exp(-ola Fy/RT+ O'exp (ac FqIXT)] [Q I e x p  ( - &a Fv/RT) + O'exp ( L X ~ F ~ / R T ) ] - ~  

(33) 
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(Q, 0' are given by eqns. (19) and ( ~ o ) ,  respectively). That eqn. (33) is essentially 
different from (11) is obvious. Tlie error committed by using (11) (in evaluating various 
parameters) can be serious indeed. 

Equation (33) reduces to (18) as O'+o, as it should be-whereas (11) reduces 
to an erroneous i-q relationship. Again, eqn. (TI) predicts Limiting currents4-6.8 
while (33) does not. On the other hand, (33) implies that, if 0 '4  I ,  a change in cathodic 
Tafel slope from its true value of 2.303 KY'/acF to one that is twice this, is possible. 

On the (cathodic) 7-log i plot, eqn. (33) marks three types of behaviour: 

(i) I % (ac +a  .) FqlKT 

linear q-i as given by eqn. (zo) ; dq,/di=Q/i~ 

(ii) 8' exp (ac +a,) 1;qJRT e I, exp (a  ,Fq/zRT) % Q ; 

linear q-log i 

slope 2.303 KT/ac F 
intercept In io. 

(iii) 0' exp (ne +a,) FqiXT 9 I, Q1/0' exp (ac FqIRT) > 5 
linear q-log i 

slope ~(2.303 IC~'/O(C 1;) 
intercept ln (i"/QVOr) 

A change-over in the cathodic Tafel slopes as indicated above by (ii) and (iii) 
is a direct consequence of "the coverage-effect" introduced in the model (eqn. (18) 
predicts only a transfer* to (ii) from ( i )  and no transition to (iii) is suggested). 
E. To sum up, the tlieory of the surface-diffusion model predicts that: 

(a) The steady-state overpotential, 7, is related to i through (ac +cx,)Fq/RT = 

iQ  cot11 Q/io if IzF7/RTI< I. 

(b) The galvanostatic rise-time, t,, for small current densities is given approxi- 
~nately by: 

t, = z(tan11 Xo/So) (I/&) 

where XO is the real root of 

tan11 +Y +X(S"Q"r) = o 

(c) The "velocity of surface-diffusion", vo of BOCKRIS, wrongly identified with 
(Il,c,,~O/l~), can a t  best be formally equated with K z O I S Z  to obtain better results under 
limiting conditions (Q : large). 

(d) The i-q curves deduced from eqn. (33) under "coverage-effects" are errone- 
ous and a corrected equation for the same model gets rid of the prediction of "limiting- 
currents". On the other hand, a doubling of the slopes is predicted. 

(e) The tlieoretical analysis (cqns. (16) and (33)) shows that ifsurface-diffusion 
ever controls at  near-equilibrium conditions, it subsequently continues to dominate 
in the anodic side, until, of course, the theoretical model itself fails to represent the 
phenomenon. And, for large anodic overpotentials (or currents), even though a Tafel 

* If !2 is large enough, an anomalous intermediate behaviour is possible, vii., a Tafel behaviour 
with the slope (Rl'/(n, + cwn/2) I:) over the region: I < exp (asI:r//liT)< (!2/5)2. Such an effect, if 
observed, can be inlportant cvidencc in favour of the surface-diffusion model. 
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behaviour may be observed, the slope is equal to ~(2 .303  RTlma I;) (twice its "true" 
slope) and "ioW calculated in tlie usual way from this Tafel-intercept =igapp=i~/Q. 
No experimental confirmation, however, is reportedst. 

Lastly, a comment on the model. In tlie foregoing discussions, a criticism of 
the theory of BOCKRIS et al. (assuming the same model as theirs) was presented. \'Ire 
point out that "a slow rise-time'' and "a large overpotential" are not unique to a 
"slow surface-diffusion" model. A model that assumes a fast diffusion on the surface 
followed by a slow incorporation a t  tlie lattice-building sites exhibits similar char- 
acteristicsla-15. If the condition Da(acad/8x) = ?+J(c ,,,- cadO) at  the edge (x = o) is used 
instead of (15)~ it is easy to show that a rise-time, T ~ N I I I Z ~ ,  results for tlie latter 
model. More exactly, t,=kz/[Q+k~l/k3] and Tp=ka (see Appendix I) for large Q. 
This amounts to identifying vo wit11 (k3caa"/L). Although a similar discussion of i-q 
curves for this model could be useful, we omit this, for tlie sake of brevity. 

Results concerning tlie q-t profiles for the generalised galvanostatic case will 
be communicated later. 
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SUMMARY 

The theoretical results concerning the galvanostatic transients in the problem 
of electrodeposition, wit11 surface-diffusion as a slow-step, are derived. The explana- 
tions offered and tlie theory presented by BOCKRIS et al. are critically discussed, and 
modifications are proposed. 

APPENDIX I 

The error involved in using eqn. (12) instead of tlie lnore accurate eqn. (13) 
is reflected through the approximation implicit"* in 

(A.1) helps to get rid of the dependence of c,(i on x and therefore cad =Cadav  

where 

The solution of eqn. (12) is a function of t only and with 

* It has been noted during gallium deposition and dissolution, tha t  dll/tllog il=45-55 niV and 
thus, if surface-diffusion control as  cliscussctl above, exists, d~l/cl(log i.)=(2..3o3)2RT/nnF, 
making a value of 2.5 for a, plausible. Also d?l/di = RT/F(nc + a,) (r/io + r/zl;vo) (cqn. (23) o f  
ref. G), shows a reasonable agreement with experinicnts if a ,  + N, = 3. Again, the  rclationship, 
(1 Inio/dln (H~Ga03-) = I -813, is true for nicchanism (A)  (ref. 0) as  well as (I)). Thc above rcason- 
ing shows tha t  mechallism (A) need not be ruled out as  improbable. 

Also see ref. (7) where io, . (Tafel)<io,, ('l'afcl). 
** (A.1) does not imply a linear concentration gradient (cf. refs. 2-8). 
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i = i o  [exp (ac FqlRT) - (cadav/cadO) exp ( -a .Fq/RT)] (A.3) 

or eqn. (8), the derivation of the 7-t profile as given by (I)-(3) is immediate. 
But even for IzFq/RTI< I, (A.1) is very approximate, if not arbitrary. A 

more realistic, though Jzeuristic, procedure is given below: 
Integrate (13) from x=o to x = l  with respect to x. Then using (14) and 

(A.z)-(A.3), 

acadav/dt = - (Dall) (acadlax),=, +i/zF . (-4.4) 

At this stage, we resort to an approximation 

(A.5) assumes a linear concentration gradient in the interval (0, 4, and for 
x > 6, csd=cadav(t). Such "cut-off'' models can give interesting results under limitilzg 
conditions. Thus, an "estimate" for 6, viz., VDz, where z is the "life-time" for an 
adatom, suggests itself. z-- 1Ik2 and thus B--@X (4 1). 

An essential condition for this linearisation to hold is (6/1)4 I (note that 
a~ad/dX)z=l =o# acad/x),=o) i.e., Q % I 
(A.4) and (A.5) then give 

Hence, under limiting conditions, one could possibly identify volcad0 with 
Da/61 =kz/Q. This explains how an agreement can be found at all, under the condition 
Q p  I, if we take vo/cad0 =k@ instead of equating vo with Da~adOlZ~. 

This heuristic reasoning may be extended to the case when the lattice in- 
corporation is slow. We abandon, then, the assumption of an equilibrium at the 
growth-edges, i.e., cad(o)#cadO. Instead, we have 

Dadcad/d~ = k3(~ad-~adO) a t  X =O. (A.8) 

(A.5) is still true but (A.6) is not. 

~ l i r n i n a t i d ~  cad (x =o), (A.4) can be rewritten as 

ac.dav/t = - (Da/[l6(1 +Da/k3 6)]). (cadav-cad0) +i/zF 

(A.10) reduces to (A.7) as (k3 6/Da) +a. Thus 

V O / C ~ ~ '  k2/[Q + kzJ/k3] (Q : large) 

-tks/l, if kzllk3 %Q p I. 
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T H E  CONGIiUENCE OF T H E  ADSORPTION ISOTHERM WITH RESPECT 
TO THE ELECTRODE POTENTIAL OR CHARGE AND T H E  CHOICE OF AN 
INDEPENDENT ELECTRIC VARIABLE 

A. N. FRUMKIN,  B. B. DAMASI<IN AND A. A. SURV1I.A 

Moscow State University, Institute of Electrochemistry, Academy of Sciences of the U S S R ,  Moscow 
( U S S R )  

(Iieceived July 10th. 1967) 

I t  is known that the adsorption isotherm of a solution component a t  constant 
electrode potential (E) can be obtained by a strictly thermodynamic method from 
the basic equation of electrocapillarityl, which to the first approximation (that is 
with the concentration (c) substituted for the activity and a t  constant concentration 
of the other solution components) can be written as: 

where o is the interfacial tension, q the electrode charge density, T the Gibbs ad- 
sorption, R the gas constant and T the absolute temperature. 

In order to find the adsorption isotherm a t  q=const. by a thermodynamic 
method, it is necessary to introduce a new functionz: 

which enables the basic equation of electrocapillarity to be written in the form: 

The adsorption isotherms obtained from the experimental data by means of 
eqns. (I) and (3) are self-consistent in the sense that by calculating (by means of 
eqn. (I)) the T-c curve at  E =const. and knowing the dependence of q on E a t  
different copcentrations of the adsorbed substance, i t  is possible to plot the T-c 
curve a t  q +const., which exactly coincides.with the adsorptionisotherm calculated by 
means of eqn. (3). Thus, with a strictly thermodynamic approach to the investigation 
of the adsorption isotherms, the choice of an electric variable is of no fundamental 
importance and is determined by considerations of expediency or convenience. For 
instance, in studying the adsorption of inorganic ions, i t  is more convenient to con- 
sider the isotherms a t  q =const., since according to the Gouy-Chapman theory, the 
diffuse layer structure is determined by the value of the charge. 

This is not the case, however, when the thermodynamic approach to the in- 
vestigation of adsorption on electrodes is supplemented by some model assumptions, 
in particular by the assumption of the congruence of the adsorption isotherm with 
respect to one of the electric variables. The condition of the congruence of the 
isotherm with respect to the potential can be written in the form of an equation: 

BC =f(r) (4) 
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and a similar condition of congruence with respect to the electrode charge as the 
equation : 

where B = B(E) and G =G(q) represent adsorption equilibrium constants, which are 
functions of E and q, respectively, and f(r) is a function of T*. The discussion in 
connection with the choice of an electric variable3-5 is essentially bound up with the 
question as to whether eqns. (4) and (5) are compatible, and if not, which of them 
agrees better with the experimental data. Let us consider this question in more 
detail. 

I t  was shown by PAR SONS^ for the case of adsorption on mercury of n-butanol 
from its solutions in 0.1 N NaF used as a supporting electrolyte, that the curves of 
the dependence of the two.dimensiona1 pressure at  constant potential, Ao-GO-a, or 
a t  constant charge, A5=t0-  f ,  upon log c, measured at  different E or q, reSpectively, 
will coincide with the accuracy of the order of 3-4 dyn cm-1 if these curves are shifted 
along the abscissa (the values of oo and 50 are for a pure supporting electrolyte solu- 
tion). Since the shape of the adsorption isotherm is determined by those of the Ao-log 
c curves a t  E =const., or of the At-log c curves a t  q =const. (see eqns. (I) and (3)), 
it can be concluded from PARSONS' data that eqns. (4) and (5) are compatible and 
thus it is possible to choose the one that is more convenient for use. A similar conclusion 
was drawn also from PAYNE'S studies6 on the adsorption on mercury of Nos- and 
C104- anions. 

The analysis of eqns. (4) and (5) shows, however, that their compatibility 
depends on the fulfilment of definite conditions since they correspond to different 
models of the adsorption layer. In fact, it follows from eqns. (I) and (4) that: 

which gives after integration, 

where 0 =Firm;  r, is the limiting value of r, go the value of q a t  0 =o and A =RTr,,,. 
Let the charge a t  0 = I  and the given potential be q', then 

I t  follows from (7) and (8) that : 

q = q0(1-8) +qle  

from which the true differential capacity, Ctrue, is 

where Co = dqojdE and C'=dq1ldE. 

* In our treatment we neglect the difference between the total potential drop and the potential 
drop in the adsorbed layer; this does not lead to serious errors in the concentration range con- 
sidered. 
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Thus, the assumption that the adsorption isotherm is congruent with respect 
to the potential corresponds to the model of the surface layer in the form of two 
parallel capacitors7. There are water molecules between the plates of one, and par- 
ticles of adsorbed substance between the plates of the other. 

On the other hand, it follows from eqns. (3) and (5) that: 

which gives on integration: 

where Eo is the value of E a t  0 =o, corresponding to a given charge, q. If the potential 
a t  a given charge, q, and a t  0 =I is E', 

From eqns. (12) and (13) we find: 

and further 

Thus, the assumption that the adsorption isotherm is congruent with respect 
to  the charge corresponds to the model of two capacitors connected in series. 

I t  can be readily seen that the difference between these two models disappears 
a t  Co=Cf, when eqns. (10) and (15) give the same result: Ctrue=Co. In other words, 
at  Co=C', the model of two parallel capacitors does not contradict the summation 
of the potential differences in the solvent layer and in the adsorbed substance layer. 
Thus, the compatibility of eqns. (4) and (5) is determined by the fulfilment of the 
condition, CO =C1. This condition is approximately fulfilled in the case of adsorption 
of NOa- and C104- anions on mercury, which accounts for PAYNE'S experimental 
data6. I 

If tlie condition Co=C' is fulfilled,'the choice of an independent variable is 
not of fundamental importance and is determined, as has been pointed out above, 
by considerations of expediency. Such is not the case with the adsorption on mercury 
of neutral molecules of aliphatic compounds. Here CO is much larger than C', eqns. 
(4) and (5) become incompatible and the choice depends on how well the models 
corresponding to one of them agree with experimental data. 

Before the different methods of comparing eqns. (4) and (5) with experimental 
data are considered, it should be noted that in the case of adsorption of neutral organic 
molecules, it is hardly possible to explain the physical meaning of the model of two 
capacitors connected in series. Other conditions being equal, this fact gives preference 
to the isotherms that are congruent with respect to the electrode potential. 

As has been pointed out above, the method of two-dimensional pressure used 
by PAR SONS^ for the analysis of the system, 0.1 N NaF+n-C4HgOH, where Co/C1% 
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4-5, did not bring out the difference between eqns. (4) and ( 5 ) .  although judging by 
the results of the analysis of these equations, this difference must exist. Let us 
demonstrate this result to be due to an insufficient sensitivity of the method of two- 
dimensional pressure. To this end, let us assume that the adsorption of the organic 
substance rigorously obeys eqn. (4) ,  the quantities Co and C' being independent of 
the potential. In this case, 

yo = qrn+Co(E-Em) and q' = qm+C1(E-Em) (16) 

where Em and qm are the abscissa and the ordinate of the intersection point of the 
straight lines of the qo-E and q'-E dependencies (see Fig. I ) ,  which corresponds to 

Fig. I. Schematic representation of dependence of electrode charge on potential in the presence 
of aliphatic compounds a t  Co = const. and C' = const. 

Fig. 2. Dependence of electrode charge on potential a t  different concns. of organic substance 
theoretically calcd. using the model of two parallel capacitors. Organic substa~lce concn.: (I), o ;  
(2). 2.51 x I O - ~ ;  (3), 6 .3  X ~ o - ~ ;  (4), 0.159; ( 5 ) ,  0.398; ((9, 1.0; (7). 2.51; (8), 6 . 3 ;  (9), 15.9; 
(lo), 39.8; (II) ,  loo M. 

the maximum adsorption of the organic substance and to the minimum on the differ- 
ential capacity curves. Introducing (16) into eqn. (8), we obtain: 

which on integration gives: 

B = Bm exp [-n(E -Em)2] (18) 
where a= (Co-C1)/zA and Bm is the value of B a t  E =Em. 

Equation (18) in combination with the equation of Frumkin's isotherm8 leads 
to: 

Bc = {8/(1- 8))  exp ( - za6) (19) 
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where a-the parameter of intermolecular interaction--enables the 8-E dependence 
to be calculated for different concentrations of the organic substance, provided all 
the parameters contained in these equations are given. Then, by means of the equation 

q = qm + [CO(I -8) +Cf8] (E - Em) (20) 
which is obtained by substituting (16) into (g) ,  it is possible to calculate a set of 
g-E curves, and by means of the equation8: 

o =+CoE2+AIln(1-8) +a021 (21) 
-a set of electrocapillary curves in the presence of different concentrations of 
organic substance. These data are sufficient for plotting the Ao-log c curves a t  
different E, which, as specified by the conditions of the calculations, should coincide 
when shifted along the abscissa, and the A[-log c curves a t  different q, which should 
not coincide when shifted in a similar manner. 

We have performed this calculation choosing parameters similar to those 
corresponding to the 0.1 N NaF+n-C4HgOH systemg: Co=zopF cm-2, C1=5 p F  
cm-2, A =I pJ cm-2, a =I,  B ~ = I o  1 mol-1, ix:=(Co-C')/zA=7.5 V-2, E m =  -0.1 V 

Fig. 3. Electrocapillary curves at  different organic substance concns. theoretically calcd. using 
the model o f  gwo parallel capacitors. Organic substance concn.: ( I ) ,  o ;  (2 ) .  2.5 x 10-Z; (3). 6.3 X 
1 0 - 2 ;  (4) ,  0.>59; (5). 0.398; (6). I .o M .  Dashed lines connect the points with a constant surface 
charge: (a),  q = +4;  (b ) ,  q = - 2 ;  (c),  q = -8 pC cn1r2. 

Fig. 4. Dependence of  two-dimensional pressure at E = const. (ACT) and at  q = const. (At )  on the 
log o f  organic substance concn. calcd. using the model o f  two parallel capacitors: ( I ) ,  q = -2 

pCcm-2; (0 O), E = +0.3 V ;  (@ a), E = o ;  ( X  x ) ,  E = -0.3 V ;  (2) ,  q = -8 ;  (3), q =+4;  
(4 ) ,  q = - 16; ( 5 ) .  q = + 12 ,uC C I I I - z .  The  functions f ( E )  and f(q) are chosen so that all curves 
should coincide in the range of  An and A t  values o f  the order o f  0.3-0.5 dyn cm-l. 

and qm=CoEm= -2 ,uC cm-2. The calculated Ao-log c and A[-log c curves were 
shifted along the abscissa until they coincided a t  the smallest values of Aa or A( (of 
the order of 0.3-0.5 dyn cm-1). 

Some of the results obtained are presented in Figs. 2-4. As expected, the 
Ao-log c curves measured a t  different E coincide completely (Fig. 4). As to the Af-log 
c curves, in the range of charges where the adsorption of ordinary organic compounds 
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leads to an appreciable decrease in interfacial tension, the discrepancy in the cal- 
culated values of A t  does not exceed 3-4 dyn cm-l, i.e., lies approximately within 
the scatter of the experimental data (see ref. 5). In order to find the discrepancy in 
the At-log c curves, which lies definitely outside the experimental error limits, it 
would be necessary to investigate the dependence of A( on log c at  charges that are 
much more removed from g,, e.g., at q = 12 and q = - 16 ,uC cm-2 (see curves 4 and 5 
in Fig. 4). Under such conditions, however, the product U, - c sliould reach 50 to 1000, 

which cannot be realized in practice owing to the limited solubility of organic sub- 
stances with high surface activity. The two-dimensional pressure method cannot be 
used, therefore, as a criterion in choosing one of the two equations, (4) and (5). I t  
is of interest to seek for other more sensitive metliods. 

One such method suggested10 consists in the analysis of the experimental 
dependence of the shift of the point of zero charge, Eq=o, on the adsorption value 
of the organic substance, T. Provided that Co=const. and C1=const., it fqilows from 
Fig. I that the equations of the straight lines, qo, E ,  and q', E can be written as: 

q0=CoE and q'=C1(E-EN) (22) 

where E N  is the limiting value of E ,  corresponding to 8=1. Thus, when the ad- 
sorption isotherm is congruent with respect to the potential, we obtain from eqns. 
(9) and (22) : 

E,=O = E N  e/[(cOlcl) (I - 6) + el (23) 
On the other hand, when the adsorption isotherm is congruent with respect to the 
charge, we obtain from eqn. (14), taking into consideration that at  q=o, Eo=o and 
E'  =EN (see Fig. I) : 

E ~ = O  = E N  e (24) 

Fig. 5. Dependence of adsorption potential on surface coverage calcd. by means of eqn. (23) for 
the following values of the  ratio CoIC': ( I ) ,  I ; (2), 1.5; (3 ) ,  2 ;  (4), 3 ;  (5). 5. 

Fig. 6. Dependence of adsorption potential on adsorption of n-propanol (a) and caproic acid (b) 
a t  the soln./air (I) and soln./mercury (2) interfaces. The data have been obtained: (0 O ) ,  from 
the  maximum on the electrocapillary curves; (a  a ) ,  from the minimum on the differential 
capacity curves in dilute solns.; (---), calcd. by means of eqn. (23) a t :  (a), E N  = 0.31 V, COIC' = 
3.5; r,,, = 6.10-10 mole ~ r n - ~ ;  (b), EN = 0.29 V, C"/Cf = 7, T,,, = 5.10-10 mole c ~ n - ~ .  
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I t  follows from a comparison of eqns. (23) and (24), that a characteristic 
feature of the systen~s obeying eqn. (4) is the non-linearity of the dependence of 
E,=o on 8 (or on r), which increases with increasing Co/C' (see Fig. 5). As expected, 
at Co =C' both models give the same result. 

Figure 6 shows the experimental dependencies of E,=o on r for the case of 
adsorption on mercury of n-propanol (a) and n-caproic acid (b) obtained by two 
methods. I t  is clear from the figure that these dependencies deviate appreciably 
from the straight line and agree well with eqn. (23) .  The same result was ob- 
tained for the case of adsorption on mercury of n-valeric acid and n-amylaminelo. 
I t  should be noted that curves of the dependence of E,=o on r o f  a similar shape were 
obtained for camphorll, n-butylaminelz and some other aliphatic compoundsl3, 
although they were explained differently, viz., by the change in the orientation of 
adsorbed dipoles. Since in tlie same systems at the solution/air interface an approx- 
imately linear dependence of tlie adsorption potential drop on r is observed (see 
Fig. 6), this explanation cannot be considered as correct. Recently, a non-linear 
dependence of E,=o on r a t  the solution/mercury interface has been obtained also 
in the presence of tetrapropyl- and tetrabutyl-ammonium cationsl4. The results 
obtained show that in all the systems investigated, the assumption of the adsorption 
isotherm being congruent with respect to the electrode potential is in better agreement 
with experiment than the same assumption with respect to the electrode charge. I t  
should be emphasized, however, that a t  Co/C'< 2 (e.g. ,  in the case of adsorption on 
mercury of acetanilide moleculesl5) the curvature of the dependence of E,=o on 0 
(or on r) becomes insignificant, as is evident from Fig. 5, and owing to the scatter 
of the experimental points, this method cannot be used for the choice between 
eqns. (4) and (5). 

Fig. 7. Dependence of mercury electrode charge on potential in 0.1 N Na~S04 solns. with different 
additions of n-butanol: ( I ) ,  o;  (2). 0.05; (3) .  0.1; (4). 0.2; (5). 0.4; (6), 0.6; (7). 0.8 M .  

Another method for choosing between eqns. (4) and (5) is based on the analysis 
of the experimental E-q curves, measured a t  different concentrations of organic 
substance, by means of eqns. (9) and (14). This method can be explained by taking 
as an example the case of the system, 0.1 N NazS04 +n-CIH~OH, for which we have 
measured the differential capacity curves and obtained the q-E curves by a numerical 
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"backward" integration of the former*. The data obtained are given in Fig. 7, 
where an explanation of tlie graphical determination of the values of go, q and q' 
at  a given E and of the values of Eo, E and E'  at  a given q is also presented. As 
the quantity C' is usually assumed constant in this method, tlie dependence of q' 
on E (or E' on q, which is tlie same thing) is a straight line with slope C', passing 
through a common intersection point of all q-B curves. 

Thus, eqns. (9) and (14) can be used for calculating the adsorption isotherm 
in the 8-c coordinates both a t  E=const. and a t  q=const. When these isotherms 
are calculated a t  the point with coordinates (Em, qm), eqns. (10) and (15) are used, 
respectively, since a t  the minimum on the C-E curves at  E=Em, C=Ctrue Then, 
the isotherms obtained can be given in relative coordinates, q., O vs. y =c/ce=o.s. 

This enables the shape of the isotherms obtained a t  different E or q to be compared. 
The results of such a comparison for the system, 0.1 N NaaSO4+n-C4HsOH;'is shown 
in Fig. 8. I t  is clear from the figure that tlie isotlier~l~s obtained are congment with 
respect to the potential and incongruent with respect to tlie charge. 

Fig. 8. Adsorption isothcr~ns of n-butanol in thc coortlinatcs 0 vs. y = c/co=o.a. (a), a t  q = const.: 
(I) ,  q = -9; (2). q = -0;  (3) .  q = - I . ~ ~ / I C  ~111-2.  (b), a t  E = const.: (0 O ) ,  E = -0.55; 
(a a), E = -0 .8 ;  ( x  x) ,  E = -1.oV (NCIC). 

In  order to compare the sensitivity of tliis method with tliat of the two- 
dimensional pressure, we obtained by means of tlie "backward" integration of the 
q-E curves shown in Fig. 7, tlie corresponding electrocapillary curves and plotted 
the ha-log c curves for the potentials: -0.2, -0.55, -1.0 V (NCE) and &-log c 
curves for the charges +7.0, - 1.55, - 9.0 pC cm-3. The data obtained are shown 
in Fig. 9. Owing to the low sensitivity of tlie two-dimensional pressure method, it is 
impossible to choose between eqns. (4) and (5) wliich is in agreement with PARSONS' 
results5 and the model calculation given above. 

Let us consider one more method, whicll enables a choice to be made between 
the nlodels of two parallel- and two series-connected capacitors. This method consists 
in a theoretical calculation of the q-E curve and a comparison of its shape with tliat 
of the experimental charge-potential curve. Sucli a calculation for the model of 

* The "backward" integration lncthod proposcd by GRAHAME ~t a1.16 consists in carrying out 
the integration from a sufficiently negative potential, E, a t  which the substance being investi- 
gated has been completely dcsorbcd from the surface, so that  a corresponding quantity (q or 8) 
in a pure supporting electrolyte solution can bc uscd as a constant of integration. 
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two parallel capacitors has already been considered by us above, a comparison of 
Figs. (2) and (7) shows the shapes of the theoretically-calculated and experimental 
q-E curves to be in good agreement. 

I t  follows from Fig. I that in the case of the model of two series-connected 
capacitors at  Co=const. and C1=const. we have 

EO=EIII+(~-~III) /CO and Ef=Em+(q-qm)/Cf (25) 

Substituting (25) into (13)~ we obtain: 

which on integration gives: 

where Gm is the value of G at q=q, and /?=(CO-Cf)/zACoC'=a/CoC'. 

Fig. 9. Depchdcnce of two-dimensional prcssure on the log of concn. of n-butanol: (o), E = 
-o.s=jV, q.'= 1 . 5 5 p C  cnl-2; (a), E = -1.oV; ( x ) ,  E = -0.2 V (NCE); (A), q = + 7 p C  
cm-2; (A),  q = - g p C  ern-=. 

Fig. 10. Dependence of charge on potential theoretically calcd. using the model of (I), two series- 
connected capacitors; ( z ) ,  two parallcl capacitors. 

The condition q=const. becomes identical with the condition E=const. in 
the point q,, Em, as all q-E curves cross in this point. The value of Gm should, 
therefore, be numerically equal to that of Bm in eqn. (18) and the parameter of 
intermolecular interaction, a,  contained in the isotherm 

Gmc exp [ -P(q - qm)2] = {0/(1 - 0)) exp ( -  2aO) (28) 

should not differ from the value of a in eqn. (19). Thus, in eqn. (28) i t  was assumed 
that G ~ = I o  1 mole-', /3 =o.o75 (cnls/pC)2 and a =I. When the dependence of 19 on 
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(9-9,) had been calculated by means of this equation, it was possible using the 
equation 

E - E m  = {(I - B)/Co + BjC') (9 - qm) (29) 

(which is obtained by substituting (25) into (14)) to calculate the q-E curve in the 
coordinates (9-9,) vs. (E-Em). The q-E curve thus calculated for the concen- 
tration, C = I . ~ Z  M, is shown in Fig. 10, where it is compared with the charge- 
potential curve calculated under the same conditions, but using the model of two 
parallel capacitors. 

It is evident from the figure that the q-E curve calculated using the model 
of two series-connected capacitors has an anomalous form and in a certain charge 
range corresponds to negative differential capacity values. For the shape of the 
above curve to be in agreement with that of the experimental q-E cucves, i t  is 
necessary to assume that the parameter of intermolecular interaction, a,hontained 
in Frumkin's isotherm (28) decreases sharply and even becomes negative with the 
charge moving away from qm. This fact testifies that the experimental isotherms are 
incongruent with respect to the electrode charge, and has already been noted4, 
although proved incorrectly as pointed out by PAR SONS^. 

Thus, in the case of adsorption on mercury of aliphatic compounds, when 
the capacity in the supporting electrolyte solution, CO, is much larger than the 
capacity in the presence of the adsorbed substance, C', and hence eqns. (4) and (5) 
are incompatible, the experimental data are better described by the isotherms that 
are congruent with respect to the potential than by those that are congruent with 
respect to the charge. This result is to be expected, since the surface layer model 
corresponding to the isotherm that is congruent with respect to the electrode potential 
has a more real physical significance. 

The congruence of the adsorption isotherm with respect to the potential is 
an approximation that corresponds to the exact realization of the model of two 
parallel capacitors, i.e., to the strict equipotentiality of both sides of the electric 
double layerl7. This approximation is best realized in the case of adsorption on 
mercury of aliphatic compounds, although even in this case, owing to the discrete 
nature of the adsorbed dipoles of organic substance, the condition of equipotentiality 
of the ionic side of the double layer is somewhat impaired. For this reason, in de- 
scribing C-E curves in the presence of aliphatic compounds quantitatively, it is 
necessary to introduce an additional correction for some small changes in ol with the 
potentiall*, i.e., for the deviations of the real system from an ideal one described by 
an isotherm that is strictly congruent with respect to the electrode potential. 

SUMMARY 

In a strictly thermodynamic approach to  the investigation of the adsorption 
isotherm, the choice of an electric variable is of no fundamental importance and is 
determined by considerations of expediency or convenience. This is not the case, 
however, when the thermodynamic approach to the investigation of adsorption is 
supplemented by the assumption of the congruence of the adsorption isotherm with 
respect to the electrode potential or charge. These assumptions are only compatible 
provided the double-layer capacity in the supporting electrolyte solution, Co, does 
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not differ from the capacity, C', at complete surface coverage with adsorbed substance. 
If CO markedly exceeds C' as, for example, in the case of adsorption of aliphatic 
compounds on mercury, the assumption of the congruence of the adsorption isotherm 
with respect to the electrode potential is in better agreement with the experimental 
data. Moreover, this assumption corresponds to a clear and consistent physical picture 
of the surface layer in the presence of adsorbed molecules of organic substance (the 
model of two parallel capacitors). 

ADDENDUM 

The conclusions of this paper are not inconsistent with the latest experimental 
results of DUTKIEWICZ, GARNISH AND PAR SONS^^, which were kindly communicated 
to us by Dr. I'ARSONS before publication. In fact, adsorption of glycols reduces only 
slightly the capacity of a mercury electrode. Therefore, the adsorption behaviour of 
butane-1,4-diol and 2-butyne-1,4-diol can be described within experimental error by 
means of eqn. (4) as well as eqn. (5). In the case of adsorption of n-butanol and ether 
however, it follows from Figs. 6-9 in ref. 19 that tlie experimental data deviate 
from both the rnoclels investigated, these deviations being rather less significant for 
the model of two parallel capacitors. Thus, the deviation of the experimental points on 
the g-r curves (see Figs. 6 and S in ref. 19) from a mean linear dependence amounts 
to no more than 0.5 pC cm-" wwhicli only slightly exceeds the accuracy in the charge 
determination. On the other hand, the deviation of the experimental points in Figs. 
7 and 9 from tlie mean linear dependence, in some cases is as large as 0.10-0.15 V. 
Finally, in connection with the paper under discussion, it should be stressed once 
more that the choice of tlie independent electrical variable based on considerations 
of convenience (e.g., the possibility of obtaining symmetrical curves for cathodic 
and anodic adsorption regions of an organic substance) cannot serve as a criterion 
for the choice of tlie independent variable. This can be decided only on the basis 
of an analysis of the physical significance of the underlying model. 
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THE ADSOXPTION OF SOME C4-COMPOUNDS ON MERCURY ELECTRODES 
IN THE ABSENCE OF SPECIFIC IONIC ADSORPTION 
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INTRODUCTION 

The adsorption of organic molecules on mercury electrodes has been studied 
many times since the pioneering work of G o u Y ~ , ~ .  Much of this work is summarised 
in the review by FRUMKIN AND DAMASK IN^. These authors have shown that the 
experimental capacity curves in the presence of aliphatic coinpounds can be fitted 
by equations based on the following assumptions4: 

(I) The charge on the electrode at a given electrode potential is given by: 

where 0 is the fraction of the surface occupied by the organic compound, qb is the 
charge of this potential when 0 =o and qS that when 8 =I. 

(2) The adsorption at a given potential may be expressed by an adsorption 
isotherm of the form: 

where ,B is the adsorption coefficient and log is an approximately quadratic function 
of potential as follows from (I). 

(3) The saturation surface coverage used in calculating 0 is not constant, but 
depends linearly on the amount adsorbed. Alternatively, A is considered to be 
potential- dependent. 

Theifit to the experimental results is very good and capacity curves are 
undoubtedly a sensitive indication of the.character of the adsorption. On the other 
hand, the various assumptions enter into the capacity in a relatively complicated 
way so that it is not clear whether the fit is due to fulfilment of each assumption, 
or to cancellation of error in one by an opposite error in another. Hence it seems 
desirable to examine some simple systems in a manner which should show how each 
assumption is separately obeyed. 

Simple aliphatic compounds with four carbon atoms were chosen for this 
study, and fluoride solutions were used as the base electrolyte to avoid the com- 
plication of specific ionic adsorption. Different types of adsorption behaviour were 
obtained by using n-butanol, butan-1,4-diol, 2-butyne-1,4-diol and diethyl ether. 

* Present address: Department of Physical Chemistry, University of Poznan, Poland. 
7 Present address: Wantage Research Laboratory (A.E.R.E.), Wantage, Berkshire, England. 
** To whom correspondence and reprint requests should be addressed. 
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EXPERIMENTAL 

All measurements were made using the capillary electrometer previously 
described5.6, although for the measurements with the diols tlle cell was modified so 
that it could be immersed in a water thermostat. The water was maintained at  25' 
by a Techne "Tempunit" which also circulated water through the jacket of the 
mercury manometer used in measuring the pressure. The potential of the mercury 
electrode in the capillary was measured with respect to a calomel electrode (saturated, 
when the diols were used, and normal for the butanol and ether experiments) using 
a Croydon type P3 potentiometer and a Pye "Scalamp" 1400-Cl galvanometer. Tlie 
height of the column of mercury required to bring tlle mercury-solution meniscus 
to a reference point on the capillary was measured using a P.T.I. I-m cathetometer. 
A total height of about 75 cm could be measured wit11 an accuracy of 0.01 cm, 
leading to a reproducibility of the interfacial tension measurements, in general, to 
+O.I dyn cm-1, although on the extreme positive branch of the curve, errors of up 
to 0.5 dyn cm-1 were noted in reproducing the measurements. Interfacial tensions 
were calculated from the measured height of mercury (corrected for the head of the 
solution) by assuming that the interfacial tension between mercury and 0.1 M 
fluoride solutions is the same as that for mercury-pure water. The latter is obtained 
from GOUY's data' as 425.6 dyn cm-1 a t  25". 

NH4F (B.D.H.) was dissolved in twice-distilled water and the composition 
determined by analysing the ammonium contents; electrocapillary curves for these 
solutions were in good agreementg with those for K F  solutions of the same concen- 
tration, the K F  being prepared as described previouslylo. 

A few grams of alumina were added to 500 ml of R.D.H. AnalaR butanediol 
and the mixture distilled in vacuo in a stream of dry nitrogen. The middle 60% 
fraction was collected. This procedure was repeated once. Rutynediol is available 
only in a technical grade as a brown, sticky solid which melts a t  53'. I t  was distilled 
in vacuo in a slow stream of dry nitrogen a t  approximately 128" and 5 mm Hg. The 
condenser and receiver were thermostatted at  58O to avoid solidification which rapidly 
blocked the system. The purified substance melted a t  56.5-56.8'. The distillation 
was repeated once more and the purified diol used as quickly as possible. I t  began 
to revert to its former yellow brown colour if left exposed to the atmosphere for a 
day, although i t  remained white for up to three days if cooled in solid COz in an 
atmosphere of nitrogen. Any sample that showed visible discolouration was rejected 
and repurified before use. 

B.D.H. AnalaR butanol was distilled twice from alumina before use. B.D.H. 
AnalaR diethyl ether was shaken with 5% aqueous ferrous amrnonium sulphate, 
dried over calcium chloride and sodium wire, then distilled using an 80-cm fractionat- 
ing column. 

Mercury was passed through 3% nitric acid in a fine stream, agitated with air in 
15% sulphuric acid, dried, and distilled three times in a stream of air a t  low pressure. 

RESULTS AND ANALYSIS 

( a )  General 
Values of E(=y +qE, where y is the interfacial tension and q the charge on 
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the metal a t  potential, E) were calculated using the computer programme described 
previouslyg. The programme also provides values of 4 ( = Eb- 5,  where 5 b  is the value 
of 5 in the absence of the organic addition), the surface pressure. As pointed out 
previouslyg, these quantities are obtained with an accuracy comparable to  that of 
the original interfacial tension measurements. The largest inaccuracy here is probably 
in the base fluoride solutions at  the more positive potentials; however, it is unlikely9 
that this exceeds 1.6 dyn cm-l a t  the largest charge ( + I O ~ C  cm-2) used in the analysis; 
over most of the range it will be much less than this. Values of q obtained from the 
programme agree well with those obtained by graphical differentiation, and for the 
base solution, agree also with integrated capacity curves, although small deviations 
occur a t  positive chargesg. 

The surface excess of the organic compound was obtained by graphical 
differentiation in order to avoid introducing any bias by fitting the data to a theoreti- 
cal curve a t  an early stage in the analysis. In each case, the activity was taken as 
equal to the concentration. This seems to be justified by the data of BUTLER et al.11 

for n-butanol, from which it can be calculated that the change in log~o(activity 
coefficient) for butanol in water between the infinitely dilute solution and 0.5 M is 
0.03. Neglect of this correction causes a negligible error. Similar conclusions may be 
drawn for ether from the freezing-point measurements of BOURION AND R O U Y E R ~ ~  

Fig. I .  I'lot of charge on the mercury electrode as a function of amount of z-butyne-1,4-diol 
adsorbed from aq. 0.095 M NH4P. Each line corresponds to the constant value of the rational 
potential drop across the inner layer given near the line in volts. 

Fig. 2. I'lot of rational potential drop across the inner layer as a function of amount of z-butyne-I, 
'{-(liol adsorbed from aq. 0.095 M NH4F. Each line corresponds to the constant value of the charge 
on the mercury electrode given near the line in /iC cm-2. 
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although these are not very accurate. I t  seems reasonable to assume that the much 
more soluble diols also deviate very little from ideality in the region below I M 

The rational potential drop across the inner layer ($M-" was calculated by 
subtracting from the measured potential of the mercury wit11 respect to the calomel 
electrode, the value of this potential a t  the point of zero charge in the base solution 
and the potential drop across the diffuse layer ($2). $2 was calculated from the 
charge on the metal using the Gouy-Chapman theory (eqn. (44) of ref. 1 3 ) .  

( b )  Diols 
Equation (I) was tested by plotting q against r, the surface excess of the 

diol a t  constant #M-2. A plot of this type for butynediol is shown in Fig. I, where 
i t  is seen that linear relations are obtained within experimental error, thus showing 
that eqn. (I) can represent these results. A similar plot is obtained for ~ t a n e d i o l .  
However, it must be noted that for both these systems the alternatiwe plot14 of 
$M-2 against T a t  constant charge is an equally good representation of the results; 
the plot for butynediol is shown in Fig. 2. Thus a straightforward test involving the 
single non-thermodynamic assumption verified for this system leads to no clear 
decision as to whether eqn. (I) or its constant charge analogue is preferable. 

Equation (2) was examined in the integrated form of the surface pressure- 
concentration relation using the methods described previouslyl5. Both the $-log c 
plots a t  constant q and the d o g  c plots a t  constant $M-"re congruent (the isotherm 
shape is independent of the electrical variable) and may befitted by eqn. (2) with A =o, 
i.e., by the Langmuir isotherm. This appears to give a better fit than the Zhukovitskii- 

0.6- (a) 

(EmZ - 0 . 5 5 V  vs.SCE) 

0.6 
0 0.7 
+ 0.8 

0.6- (b) X 0.9 
A 1.0 
v 1.1 
0 1.2 

( E - E " ' ~ ~ ) ~  ( x 1 0 2 )  

e 5 + -5 
0 3 A -7 

Fig. 3. (a), Plot of shift along the log concn. axis rcquired to superimpose the surface pressure 
curves a t  constant charge of 1,4-butanediol on that  a t  gn'*" = - 2.5 !LC cnx-2 plotted as a function 
of square of the deviation of the chargc from this value; (b),  similar plot for 2-butyne-I+-diol, 
q m s x  = -r .opC cm-2; (c) ,  similar plot for butanediol, but using constant potential isotherms 
and plotting against square of the deviation of the potential from -0.55 V (us. SCE). 
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Flory-Huggins isothermls-18. The reduced standard free energy of adsorption (log /3) 
is closely a quadratic function of q for the constant charge isotherms. This is shown 
in Fig. g(a and b) where log ,8 is plotted against (q- qmax)2, where qmax is the charge 
at which adsorption from a given solution reaches a maximum. I t  is particularly 
notable that the points for the positive and negative branches of the curve coincide 
satisfactorily on the same straight line. In contrast, the plot of log,!? against (E - E m a ~ ) ~  
shows different straight lines for the positive and negative branches (Fig. g(a)).This 
seems to be the best reason for preferring to use the charge as the electrical variable 
for this system. 

Figs. 4-5. Plots of surface pressure due to: (4) butane-r,4-diol, (5) 2-butyne-1.4-diol, adsorbed on 
a mercury electrode from aq. 0.095 M NH4F as a function of charge on the electrode. Bulk concns. 
of the diols are indicated, in the figures. Points are experimental results; lines are calcd. from 
eqn. (3) with constants given in Table I. 

The accuracy of the fit with the experimentally-measured curves may be 
judged from Figs. 4 and 5 where the experimental values (4) (points) of the surface 
pressure are compared with lines calculated from the expression, 

4 = kTT, In [I +cB~exp { - b(q-  qmax)2)] (3) 

with the constants given in Table I. The saturation coverage, P,, was calculated by 
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measuring the shadow areas of Courtauld atomic models on a plane, the long axis 
of the molecule being parallel to the plane. The other constants were obtained em- 
pirically from the data being discussed. The fit is well within the experimental error, 
although apparently systematic deviations are found for one concentration (0.02 M) 
of butynediol. 

(c)  n-Butanol 
The corresponding test of eqn. (I) fol n-butanol is shown in Fig. 6, from which 

i t  is evident that this system departs from the linear dependence of q.on I', expected 

TABLE I 

ADSORPTION CHARACTERISTlCS OF SOME NEUTRAL MOLECULES ON MERCURY ELECTRODES 

Butane-1.4-diol 2-Butyne-1.4-diol n-Butanol Diethyl* :Acet-** 
ether i anilide 

r. (molec A-2) 0.0263 0.0238 0.0475 0.035 0.0215 
P o  (1 mole-') 9.78 9.78 11.5 8.5 6.17 x 103 

b (cm4 PC-Z) 0.015 0.015 0.028 0.0088 0.029 
qmax (PC cm-=) -2.5 -1.0 - 2.0 -4.5 0.0 

- 
* Fits eqn. (2) with A = -2. 

** Fits eqn. (2) with A = + j  and I -0 put equal to I (rcf. 21). 

Fig. 7. Plot of rational potential drop across the inner layer as a function of amount of n-butanol 
adsorbed from aq. 0.1 M KF. Each line corresponds to  the constant value of the charge on the 
mercury electrode given near the line in pC cm-2. 
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from eqn. (I). The alternative plot of Fig. 7 shows that neither is there a linear 
dependence of $*-2 upon r. Essentially the same conclusion is found from the data 
of KRYUKOVA AND F R U M K I N ~ ~ .  These results suggest that the assumption made in 
deriving eqn. (I), or its constant charge analogue, is invalid. The only non-thermo- 
dynamic assumption necessary in this derivation (see ref. 14) is that the adsorption 
isotherm is of the form F ( r )  =PC where the function F is independent of the electrical 
variable chosen. The incorrectness of this assumption for this system is confirmed by a 
close inspection of the surface pressure-log concentration plots from which it is 
evident that the scatter obtained when they are superimposedl7 is due to a systematic 
change in shape with change in electrical variable. This deviation from congruence 
also becomes clear if an attempt is made to fit the experimental data in the manner 
described in Figs. 6 and 7. Unfortunately, once this assumption is dropped, there is 
no unambiguous way to decide which electrical variable is preferable. The introduction 
of a variable function F, and, as also seems necessary for this system, a deviation 
from the quadratic dependence of log /3, means that enough adjustable parameters 
are available to fit the data within experimental accuracy on either choice of variable. 

At qmax ,  the adsorption fits a Langmuir isotherm with the constants shown 
in Table I. As Iq-qmaxl increases, the isotherm becomes flatter in a way that would 
correspond to increasing repulsion between the adsorbed molecules. If the surface 
pressure curves are superimposed as shown previouslyl7, the value of the coefficient 
b shown in the table is obtained from the points in the region of maximum adsorp- 
tion. There seems to be a tendency for b to decrease as Iq-qmaxl becomes large. 

Fig. 8. Plot of charge on the mercury electrode as a function of amount of diethyl ether adsorbed 
from aq. 0.1 M NH4F. Each line corresponds to  the constant value of the rational potential drop 
across the inner layer given near the line in volts. 
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As in the case of the diols, when q is used as the electrical variable, the charge- 
dependence is symmetrical about qmnx. On the other hand, if E is used = the electrical 
variable, the dependence of log p on (E-Emax)Z is more accurately linear over the 
accessible range but the slope for the negative charges is less than that for the 
positive charges, as shown for butanediol in Fig. 3(c). 

(d) Ether 
The plots given in Figs. 8 and 9 show that the behaviour of ether is in the 

same class as that of n-butanol although it seems likely that both plots are linear 
like those of the diols a t  low coverages. The data a t  low coverage are not sufficient 

Fig. 9. Plot of rational potential drop across the inner layer as a function of amount of dicthyl 
ether adsorbed from aq. 0.1 M NHdF. Each line correspo~lrls t o  the constant value of the charge 
on the mercury electrode given near the line in pC cm-2. 

to be completely certain of this, but the curvature does become much more pronounced 
a t  high coverages. Again, the surface pressure-log concentration plots show that the 
isotherm changes shape with variation of the electrical variable. At qmax, the data 
fit eqn. (2) approximately with A = - 2 indicating strong attraction between the 
adsorbed species. As (q-qmaxl  increases, the isotherm flattens corresponding to an 
increase in A .  Superimposition of the surface pressure curves is possible if a rather 
large scatter is accepted and yields values of log p which are approximately linearly 
dependent on (q-qmax)%ith the same slope on either side of qmax. A similar type 
of analysis for the isotherm at constant E yields the same type of difference between 
the positive and negative branches in the dependence of log on (E-Emax)Z as 
found for the other compounds. However, it should be remarked that the analysis 
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is less reliable for ether than for the other compounds because the existence of 
strong attraction between the adsorbed molecules leads to an isotherm in which the 
surface reaches high coverages a t  very low surface pressures. Hence, the information 
required about the nature of the isotherm is contained in the results a t  these low 
surface pressures which are the least accurate data. 

DISCUSSION 

The data reported here suggest that eqn. (I) is valid for some systems and 
not others; in none of these cases does major reorientation of adsorbed molecules 
seem to be important. They also suggest that when eqn. (I) is valid, the alternative 
assumption based on charge as the electrical variable is equally valid. Similarly, 
when eqn. (I) is invalid, the alternative is equally invalid. Consequently, this method 
of test does not lead to a definite conclusion about the nature of the electrical variable. 

Assumption (2) is verified for the systems studied here in that they can all 
be fitted by eqn. (2) although the data indicate that for n-butanol and ether, the 
interaction coefficient, A,  is dependent on the electrical state of the interphase. The 
dependence of log on the electrical variable is approximately quadratic, but the 
dependence is more accurately quadratic if charge rather than potential is used as 
the variable. 

Assumption (3) is verified in the sense that A is found to be potential-dependent. 
I t  is difficult to test it in the form of a dependence of r, on r since this amounts to 
adding another adjustable parameter to eqn. (2). With the present accuracy of the 
results, such a fit would not be significant. 

An alternative approach to neutral molecule adsorption from aqueous solutions 
has been discussed by ROCKRIS, DEVANATHAN AND M U L L E R ~ ~ .  They regard the 
displacement of water as the most important feature of the adsorption process and 
calculate the adsorption energy on this basis. They show that an adsorption curve 
qualitatively similar to that obtained experimentally for 0.1 M butanol in 0.1 N 
HC1, can be calculated assuming a two-position model for the water with allowance for 
lateral interaction. Butanol is assumed to replace two water molecules when it 
adsorbs, which is approximately consistent with the assumed molecular area of 
21 A2 although it is inconsistent with the use of a Langmuir isotherm as the basic 
form unlesg the water is assumed to exist on the surface as dimers. 

Hodvever, apart from detailed defects in the B.D.M. theory, it seems that 
the general form of the theory predicts a stronger charge-dependence of the free 
energy of adsorption with larger molecular area of the adsorbing organic molecule; 
in the present terminology, b should increase with As =I/T,. The present results do 
not conform with this trend as can be seen from Table I. The largest value of b is 
found for n-butanol which has the smallest molecular area. A similar value of b is 
also found for acetanilidezl which occupies an area over twice that of n-butanol; 
since this is an aromatic compound, the B.D.M. theory might not be expected to 
apply to it without modification. The smallest value of b is found for ether which 
has a molecular area intermediate between that of butanol and those of the diols. 
I t  should be emphasized that the method used for deriving b does not depend on 
any assumptions about the equation of the isotherm. I t  seems reasonable to conclude 
from these facts that an essential feature of organic adsorption is omitted from the 
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B.D.M. theory. The fact that qmax is different for these compounds and that ether 
and acetanilide have A-values d'fferent from zero, suggests that variations in the 
polarity of the adsorbed species is leading to this disagreement with the B.D.M. 
theory and that the missing feature is the allowance for the interaction between the 
water and the adsorbed species on the electrode surface. 

Finally, it seems worth commenting upon the similarity of the behaviour of 
butanediol and butynediol. The adsorption behaviour of an aliphatic compound 
containing a triple bond has been studied recently by BARRADAS AND HA MILT ON^^ 
in the series propargyl, ally1 and n-propyl alcohols, adsorbed from aqueous I M 
KC1. Although complicated by the specific adsorption of the anion, their results 
show that increasing unsaturation appears to cause increasing orientation of the 
molecule parallel to the electrode surface. The present results are free from these 
complications since both diols adsorb with their long axis parallel to thd'electrode 
surface. They thus enable a clear separation of the effect of the triple hond. I t  is 
evident that this has no effect on the shape of the adsorption isotherm, so that the 
interaction between molecules on the surface is unaffected by the presence of the 
triple bond. It has no effect on the charge-dependence of the standard free energy 
of adsorption, but does affect the charge a t  which adsorption reaches a maximum. 
This difference could be described as a chemical (charge-independent) contribution 
to the adsorption energy due to the ability of the electrons in the triple bond to 
interact with the electrode. Besides this interaction there is also likely to be an effect 
due to the different dipole moments of the two diols. The presence of a triple bond 
causes butynediol to be a rigid molecule with all its atoms co-linear. Consequently, 
when it adsorbs flat on the surface, the component of its dipole moment perpendicular 
to  the surface is zero. Butanediol, on the other hand, is flexible and is likely to be 
oriented with the hydroxyl groups towards the bulk electrolyte, the perpendicular 
component of the dipole thus being with the negative end towards the metal. This 
effect alone would lead to a position of maximum adsorption for butanediol a t  a 
more positive charge than that for butynediol. Thus the observed shift in the opposite 
direction confirms that the interaction of the electrons of the triple bond with the 
metal surface is significant. However it is surprising that there is no significant 
dependence of this effect on the charge on the metal surface. 

Addendum 
We agree with the comment of FRUMKIN, DAMASKIN AND SURVILA that con- 

siderations of convenience cannot serve as a criterion for the choice of independent 
variable (see ref. 17). 

On the other hand we doubt whether a clear distinction can be drawn be- 
tween the deviations from linearity in Figs. 6 and 8 and those in Figs. 7 and g of our 
paper. In  both these systems, the capacity of a saturated layer of the organic compound 
is about 5 pF cm-2; thus a deviation of 0.5pC cm-Zisequivalent to a deviation of 0.1 V. 
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SUMMARY 

The adsorption of butane-1,4-diol, 2-butyne-1,4-diol, n-butanol and dietllyl 
ether on a mercury electrode from 0.1 M aqueous fluoride solutions a t  25" has been 
studied using a capillary electrometer. The results have been used to examine the 
basic assumptions of the theory of adsorption of neutral molecules a t  mercury 
electrodes. Although distinction is difficult, there is some evidence that chargeis the 
electrical variable to be preferred. I t  is suggested that the version of the water 
competition theory due to BOCKRIS et at. neglects the interaction between water 
and the adsorbed species, which plays a significant role in the adsorption behaviour. 
The effect of the triple bond is probably largely due to  the increased rigidity of the 
molecule and not to a direct interaction with the electrode. 
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INTRODUCTION 

FRUMKIN AND MELIK-GAIKAZYAN~ first considered the frequency-dependence 
of the impedance of an electrode at  which there was adsorption of neutral molecules. 
For the case where the adsorption kinetics were entirely controlled by the rate of 
the heterogeneous process, they deduced the following equations for the electrode 
impedance. 

where the symbols are defined in the notation section. 

is defined as the relaxation time of the heterogeneous adsorption process, then (I) 
and (2) become 

These equations have the same form as the Debye-Pellat equations for the 
relaxation of polarisation in a dielectric where there is a single relaxation time. Thus 
a plot of r/wRP vs. Cp should take the form of a semi-circle in this case with centre 
Cp=AC/z +C,, ~ / o R ~ = o .  

In  the situation where the kinetics of adsorption are diffusion-controlled, the 
expressions for the electrode impedance are: 
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(6) 

Let a mean diffusion-controlled relaxation time be defined by the relation 

and a Cole-Colez distribution of relaxation times about TD be assumed, with the 
particular value a =& in their eqn. (rg), which for the case of the relaxation of dielec- 
tric polarisation leads to the frequency-dependence of the real (E') and imaginary 
(E") parts of the complex dielectric constant (E*) given below: 

(EO- Em) [I + (OTD) l-asin (tol?c)l 
E' = Em + 

I +z(wTD)~-"sin (&z) + (o~D)  2(1-a) 

Equations (5) and (6) can then be written 

Equations (9) and (10) require that I/GOR, us. C, should take the form of a quarter- 
circle, intersecting the Cp-axis a t  values of Cw, and (Cm+AC). This is analogous 
to the behaviour of E" vs. E' when a =$ in eqns. (7) and (8). 

The consistency of the concept of a mean relaxation time for diffusion-con- 
trolled adsorption can be shown by considering a potentiostatic perturbation involving 
a substance obeying a linear adsorption isotherm, .T=Kc. DELAHAY AND TRACHTEN- 
 BERG^ have shown that the surface concentration of adsorbed substance, r t ,  after 
time t (where r = o  a t  t=o) is given by 

I ' t / r e  = I - exp (DtlKz) erfc (D I t  */K)  (11) 

where re=Tt as t+m. 
This result can also be derived as follows. For a single relaxation time 

I't/I'e = I - exp ( - t j t ~ )  (12) 

whereas for a distribution of relaxation times about TD described by the function 

f (4 d t J  

For the Cole-Cole distribution, with a =& in their eqn. (13) : 
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Inserting this in (13) and integrating gives: 

I',jI', = I -exp ( ~ / T D )  erfc ( t j z ~ )  (15) 

This is identical with (11) since in this case TD =Kz/D. 
The situation with mixed diffusion and heterogeneous control was treated in 

its most general form by LORENZ~. The electrode impedance may be expressed by 
the relations: 

In this case, if TH and TD are of the same order, a plot of 1/wRP vs. Cp gives a gradual 
transition from a quarter-circle (at low frequencies when there is effectively complete 
diffusion control) to  a semi-circle (at  high frequencies when the control is effectively 
heterogeneous). LORENZ AND MOCK EL^ have analysed the behaviour of the quantity 
m(C,-C ,)RP, or wCP* R p  as a function of w-"or various ratios of TH: tn .  From 
eqns. (16) and (17), i t  follows that 

Taking AC to be IOO ,uF cm-2 and C ~ = O ,  we have analysed the three specific cases 
where : 

(a) TD = 10-7 sec; TH = o;  

(b) ZD = 10-7 sec; ZH = I O - ~  sec; 

(c) ZD = o; TH = 10-7 sec; 

corresponding to pure diffusion, mixed, and pure reaction control, respectively. I n  
Figs. I and 2 we show the behaviour of Cp and 1/wRP as functions of log w, and in 
Fig. 3 the respective Cole-Cole plots. Figure 4 shows the same hypothetical situations 
plotted after the manner of LORENZ. From inspection of the forms of Figs. 1-4, the 
following points may be appreciated. 

Fig. I .  Variation of I/wR, with logo for hypothetical values of TH and TD: (a) TD = lo-? sec. 
T H  = 0; (b) TD = t~ = 10-7 sec; (c) TD = o, t~ = IO-? sec. 

Fig. 2. The dependence of C ,  on log o. (a), (b) and (c) as in Fig. I. 
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(I) At any given frequency, the value of wCp*Rp for pure diffusion control 
exceeds that for partial reaction control. Also, from eqn. (IB),  in the case of mixed 
diffusion and reaction control, low-frequency values of oCp*Rp will lie on a line 
parallel to the line for pure diffusion control, but lying beneath it by an amount 
ZTH/TD, thus extrapolating to an intercept of I -ZTH/TD on the wCp*Rp-axis. Thus 
for the case where TH = t ~ ,  as in the mixed case analysed in Figs. 1-4, the extrapolation 
of low-frequency data gives an intercept of -I, as shown by  the broken line in Fig. 4. 

Fig. 3. The hypothetical dependence of Cp on IIWRP (a), (b) and (c) as in Fig. 1. 

Fig. 4. The hypothetical dependence of oC,R, on o-1. Broken line drawn with same slope as 
line (a), would represent the extrapolation of line (b) from low-frequency data. 

(2) The observation that an experimental point has an ordinate less than I 
means that the heterogeneous relaxation frequency has been exceeded, and a con- 
siderable deviation from the quarter-circle plot, and from the diffusion form of the 
I/WR, vs. l o g o  plot, must also be observable. In any case of mixed (or pure reaction) 
control, the heterogeneous relaxation frequency is that a t  which oC,* R, = I. 

For the case of pure diffusion-controlled adsorption, it is instructive to in- 
vestigate further the frequency-dependence~ of the quantities, C, and IIwR,. Testing 
whether data follow the form of curve predicted by eqn. (IO), is a useful method of 
examining for any significant deviation from pure diffusion control, and also for 
obtaining an estimate of TD, the diffusion relaxation time. The dependences of C,, 
and I~wR, on w* are illustrated in Fig. 5 for TD=IO-' sec, as in (a) above. From 
eqns. (9) and (IO), i t  may be shown that as o-to, 
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Thus, a t  frequencies much less than that corresponding to t ~ ,  an extrapolation to 
zero-frequency of C, gives accurately the thermodynamic double-layer capacity 
(GO). Also, an estimate of TD can be made from the slope of the graph. A good test 
of the applicability of this procedure to any specific data is to test also the dependence 
of ~ lwR,  on w i ;  this should also take a linear form, and should extrapolate to zero at 
zero-frequency. The modulus of the slope should be exactly that of theC,graph. If the 

w1'2(,e;112)x 104  

Fig. 5. The extrapolation to zero-frequency and 

~lwR,  graph fails to extrapolate through zero, then the capacity data will not extra- 
polate exactly to Go. If the frequency range of the data is low enough, the series 
capacities will extrapolate to Co in exactly the same manner as the parallel capacities; 
but at higher frequencies the series values deviate more rapidly from the linear part 
of the graph. 

Experimentally, this method of obtaining TD is limited by the effects of elec- 
trolyte penetration, which can considerably alter both C, and R, at low frequencies. 
In situatiops where tn is entirely unknown, it is not safe to use this method to obtain 
CO unless,.fhe resistance data are also analysed, and give the same slope, and zero 
intercept. The capacitance data alone (in series of parallel form) may be analysed 
when TD is known to be considerably removed from the frequencies of the data. 

Ideally, as a method of obtaining ZD, this treatment has the following advan- 
tages. An internal test for its applicability exists, in the comparison of the slopes. 
Also, in cases where there is a heterogeneous relaxation time of the same order as 
the diffusion time, the latter may be resolved independently from low-frequency 
measurements. 

In connection with Fig. 5 ,  it is emphasised that the frequency range there 
represented covers several decades, and is not the sort of situation usually found in 
experimental investigations, in which, when a comparatively small frequency range 
is used, the respective segments of the Fig. 5  curves could be so expanded that they 
might be mistaken for straight lines. 
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I t  has been claimed4.5 that finite values ( -  10-5 sec) of ZH are experimentally 
detectable from impedance measurements at high frequencies. I t  was the purpose 
of this investigation to determine whether TH is observable, within our experimental 
accuracy, for the adsorption of neutral molecules on a mercury electrode, and to 
illustrate that a t  the frequencies a t  which such a process is entirely diffusion-con- 
trolled, the relaxation of the adsorption is analogous to a dielectric relaxation process 
with a particular distribution of relaxation times. 

EXPERIMENTAL 

Solutions were made up in triply-distilled water using AnalaK KC1 and lz- 
butyric acid. Mercury was purified by prolonged agitation under dilute nitric acid, 
and was then distilled twice in vacuo. Det-ails of the audio-frequency Wiln bridge, 
and the radio-frequency transformer ratio arm bridge are given elsewhefe6, as is a 
description of the hanging mercury drop electrode, and the overall cell design. 
Potentials were measured with respect to a saturated calomel electrode. 

RESULTS 

Impedance measurements of the interfaces: 

Hg (hanging drop)-2 N KCl, 0.25 M n-butyric acid, aq., 

Hg (hanging drop)-:! N KC1, 0.05 M cyclohexanol, aq., 

were made as follows. 
(a) The series capacity was measured on the audio-frequency Wien bridge a t  

frequencies between IOO Hz, and 25 kHz, using electrode areas of approximately 
0.04 cm2; measurements with reduced precision were made a t  frequencies up to 
IOO kHz, using drop areas -0.01 cm2. 

(b) The series resistance of the cell was examined a t  frequencies from 300 Hz - 
500 kHz, on the audio-frequency bridge (the use of a Wien bridge to measure resistan- 
ce at high frequencies is examined in ref. 6). 

(c) The impedance was measured as a parallel combination at frequencies 
between 60 kHz and I MHz, using the transformer ratio arm bridge. 

Details of the procedure for obtaining accurately the series double-layer 
capacity from such measurements are given in ref. 6. 

The frequency-dependence of the impedances of the interfaces was examined 
a t  the potential of the negative peak on the C-E curves. The capacity of the interface, 
Hg/2 N KC1 aq., was also obtained at these potentials. The capacity of the interfaces 
was also examined at potentials near the e.c.m. 

The first step in the determination of the interfacial impedance is the sub- 
traction from the measured cell resistances of the solution resistance. Previously, 
four methods have been used to obtain solution resistances, viz. : 

(I) Calculation from tabulated conductivity data 
(2) Direct measurement a t  very high frequencies 
(3) Extrapolation techniques 
(4) Measurement of the cell resistance at potentials well removed from the 

desorption peak potential. 
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The last method was used in the present work, since by observing the imped- 
ance of the same mercury drop a t  potentials different from that of the peak, even 
small changes of the resistance can be accurately detected, and the error of the 
uncertainty of drop area (usually less than 1%) is not reflected in the relative values 
of the interfacial impedance a t  different frequencies. Also, any small deviations of 
the high-frequency resistance due to electrode shielding, or of the low-frequency 
resistance due to electrolyte penetration, are observed as an apparent frequency- 
dependence of the impedance a t  potentials well removed from the peak potential. 
When direct high-frequency measurement, or extrapolation techniques are employed, 
there is a possibility thak any anomalous frequency dispersion of the impedance is 
not recognized, and the frequency a t  which the solution resistance is determined by 
direct measurement must, in any case, be high enough to be well above the mean 
relaxation frequency. Calculation of the solution resistance from conductivity data 
ideally requires the conductivity to be measured i.n situ, to avoid concentration or 
temperature errors, but even then the interfacial impedance values are subject to 
considerable error resulting from the electrode area uncertainty. At high frequencies 
when the interfacial resistance is small, a 1% drop area uncertainty could result in 
a serious systematic error, which might be interpreted as an apparent deviation from 
the behaviour of the impedance accompanying purely diffusion-controlled adsorption. 

Fig. 6 .  The experimental extrapolations to infinite frequency of the series interfacial resistance: 
(a), cyclohexanol; (O), butyric acid. 

Calculation of the solution resistance by extrapolating to  infinite frequency 
the measured resistance, e.g., by plotting the measured As vs. m-+, is a procedure 
which does in some cases lead to  the correct value, but since the limiting slope as 
cu+co is o, then there will exist cases when such a graph "levels out", and an extra- 
polation from the linear part leads to too low a value of the solutidn resistance. This 
procedure was applied as follows to  the results reported in the present work. Figure 6 
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shows the dependence of the interfacial resistance, as obtained from measurements 
at different potentials, as a function of w-a, for the two interfaces studied. In the case 
of butyric acid, when the relaxation process had not been completely spanned at 
the frequencies employed, the extrapolation does give the same value for the solution 
resistance as that obtained from measurements a t  different potentials, i.e., the 
interfacial resistance extrapolates through zero. If this procedure is used to estimate 
the solution resistance for cyclohexanol results, a considerable over-subtraction arises. 

The solution resistance having been subtracted, the remaining components of 
the impedance are converted to their parallel equivalents. An estimate of the infinite 
frequency capacity, Cm, is made by taking the mean of the capacity near the e.c.m., 
and that in the base electrolyte solution alone, at the potential of the desorption 
peak. This value is subtracted from the parallel capacity, C,, to give the capacity, 
C,*, resulting solely from the adsorption p.rocess. The somewl~at approximate value 
of Cm obtained by this method (which assumes half-coverage at the idesorption 
peak) was not critical in the subsequent analysis. 

Figure 7 shows the experimentally-observed variation of the measured Cs 
with log frequency for the two systems. I t  may be seen that the measurements for 

Fig. 7. The frequency-dependence of the observed series double-layer capacity: (a), cyclohexanol; 
(b) ,  butyric acid. 

Fig. 8 .  The dependence o f  oCp* R p  on o-* : (a) ,  cyclohexanol; ( b ) ,  butyric acid. 

J.  Electroanal. Chem., 16 (1968) 517-529 



ADSORPTION O F  ORGANIC COMPOUNDS A T  AN Hg ELECTRODE 525 

butyric acid do not show the inflection observed for the cyclohexanol solution, thus 
illustrating that in the former case the relaxation has not been completely spanned a t  
frequencies approaching I MHz. 

Figure 8 shows the behaviour of the quantity wCp*Rp as a function of w-* 
a t  frequencies up to 150 kHz. At no point has wC,* R p  been observed to be less than 
I, and the fact that the extrapolation of the lower frequency results goes through I 
at infinite frequency, within experimental error, shows that there is no significant 
deviation from diffusion control at  the frequencies studied. 

In Fig. 9, the analogy of the diffusion-controlled adsorption process with a 
dielectric relaxation process is tested, plots of the Cole-Cole type taking the form of a 
quarter-circle, showing that a =$. The quarter-circles drawn through the experimental 
points intersect the capacitance axes at  values near the estimated infinite frequency 
capacities, and values near the estimated thermodynamic values (which are shown 
as closed circles). 

Figure 10 shows the dependence of I / ~ R ,  on log frequency. The open circles 
are the experimental points, with the curves drawn through the closed circles a t  
the peaks, according to eqn. (ro), corresponding to pure diffusion control. I t  may 
be seen that the experimental data closely follow the behaviour for diffusion control. 

Figure 11 shows the capacitance extrapolation to zero-frequency for the two 
systems, the parallel value being used for cyclohexanol, where the relaxation frequency 
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Fig. 9. The dependence of r / w R ,  on C , :  (a), cyclohexanol; (b), butyric acid. 
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Fig. 10. The frequency-dependence of -r/wR,: (a), cyclohexanol; (b), butyricacid. (O),exptl. points; 
curves drawn through closed circles a t  peaks assuming eqn. (10). 
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is not far removed from the frequencies shown; in the case of the butyric acid, the 
series values a t  these frequencies are almost identical with the parallel capacities, 
since the relaxation frequency is considerably higher, so the series values are shown. 
The estimates of Co obtained from the intercepts are shown on the Cole-Cole plots 
(Fig. 9). An estimate off= has been made from the slopes of the extrapolations, but 
owing to the difficulty of avoiding the effects of electrolyte penetration on the 
measured series resistance and capacitance a t  low frequencies, this estimate is 
necessarily less precise than the other estimates discussed in the following section. 
Also, the fact that for cyclohexanol the estimated relaxation frequency from the 
slope of Fig. 11 is higher than that obtained from the other treatments, shows that 
the frequencies used for the C, extrapolation are too near the relaxation frequency 
to yield the limiting slope, although, in fact, the slope is only about a factor of 0.7 
from the limiting slope predicted from the other estimates of the relaxation frequency 
made below. The error in the estimation of Co is unlikely to be high. 

Fig. 11 .  Extrapolations to zero-frcquency of the observed cnpacitics: (e), C,, for cyclohcxanol: 
(0). Cs for butyric acid. 

TABLE 1 

ESTIMATES OF THE DIFFUSION-CONTROLLED RELAXATION FREQUENCY, f~ 

Method of estimation 0.25 M n-bulyvic acid 0.05 M cyclohesanol 
z N  KC1, aq . ,  2N I X l ,  aq. ,  
1135 m V (.KG) 1213 w I! (.Xi?) 
z5.y0f 0.1" 26.3"~o.r" 
( k H z )  ( k H z )  

-- -- 

wC,*R, us. o - *  ( F i g .  8) 580 5.5 
Cole-Cole plots (Fig. 9) 350 0 
I / ~ R ,  us. log f ( F i g .  10) 500 4 
Cs, C ,  us. w+* ( F i g .  11)  5 50 9.5 
C,* = C / 2  - 0 . 2  
Fig. 12 480 7.3 

- - -- p- - 

For a purely diffusion-controlled adsorption process, there arc two further 
methods of analysing the impedance data to obtain estimates of fl,. The parallel 
capacitance, C,, falls to a value of (CO- AClz) a t f ~ .  The estimate  off^ thus obtained 
is included in Table I. Such an estimate can only be made when the relaxation 
frequency is actually spanned by the frequencies a t  which the data are obtained; 
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any systematic errors in the measurements at  these frequencies will be directly 
reflected in the estimate off*. 

Secondly, it can be shown that if the function 

is plotted us. log f, a straight line of slope 2(1 -a) results. Figure 12 shows the 
results for the two systems treated in this manner; the lines drawn through the 
experimental points have unit slope, confirming that in this case a=$. For a com- 
pletely heterogeneously-controlled process, a straight line of slope 2 would result 
(a =o), and for a case of mixed control, a line of unit slope a t  low frequencies would 

0.001- 
1 10 100 1.000 

f (kHz) 

Fig. 12. The dependence of log[{(Co-Cp)z 
hexanol; (o), butyric acid. 

cyclo- 

deviate at  higher frequencies, giving ultimately a line of slope 2. A further estimate 
 off^ may be by noting the frequency a t  which (Co-Cp)=Cp*, when the function 

has the value of unity (in a case of pure heterogeneous control, this function would 
have the vdlue unity at  f ~ ) .  When measurements a t  the relaxation frequency are not 
available,.'an estimate  off^ may be made'by extrapolating low-frequency data; this 
is done for the butyric acid results in Fig. 12. I t  is interesting to note that in a case 
of mixed control, f~ would be obtained by extrapolating low-frequency data, and if 
measurements could be made a t  f  4 f ~ , f ~ ,  an independent estimate of f ~  could be 
made by extrapolating back the high-frequency data. 

DISCUSSION 

The fact that the plots of Fig. g take the form of quarter-circles illustrates 
that a diffusion-controlled adsorption process is analogous to a dielectric relaxation 
phenomenon with the particular spread of relaxation times corresponding to a 
Cole-Cole distribution of relaxation times with a =a. 

The various estimates of the relaxation frequency that can be made from 
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Figs. 8-12 are listed in Table I, from wllicll it may be seen that the best general 
agreement is obtained in the case where the relaxation is completely spanned. 

It is thus useful to study adsorption phenomena by measuring the electrode 
impedance, and treating the results as outlined above; the agreement between the 
various estimates of the relaxation frequency is a sensitive test of the precision of 
the data. In the cases examined, there is no evidence for any deviation from pure 
diffusion control a t  frequencies up to 150 kHz, thus TH must in both cases be less 
than about 10-6 sec. However, since the organic molecule has a particular orientation 
with respect to the electrode when adsorbed, whereas in solution the orientation is 
random, tw cannot be less than the rotational relaxation time of the molecule, which 
is probably of the order of 10-10 sec. 

Finally, some suggestions are made concerning possible causes of the dis- 
crepancy between the work of L O R E N Z ~ . ~  and the present investigation. The impor- 
tance of accurate estimation of the solution resistance has already been eld7pliasised. 
LORENZ~ regarded the estimation of the solution resistance by extrapolation to 
infinite frequency of a plot of K, us. w - t ,  as superior to a value obtained by measuring 
the resistance in a potential region where it is frequency-independent. Whilst the 
latter method may involve errors arising from the potential-dependence of electrolyte 
penetration effects, these errors are small for aqueous systems a t  the frequencies 
involved, and can also be carefully assessed either by comparing the measurements 
on both sides of the cathodic desorption peak, or by using the potential region between 
the anodic and cathodic desorption peaks. As we have shown, the extrapolation method 
must always underestimate the solution resistance, and such an error would explain 
the form of the discrepancy between the results obtained by LOREKZ and our own. 
I t  is also possible that errors due to inductive effects6 at  - IOO kHz arose in LORESZ's 
Wien bridge circuit in view of the relatively large electrode area used. 
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SUMMARY 

It is shown theoretically, and illustrated experimentally, that an entirely 
diffusion-controlled adsorption process leads to a frequency-dependence of an elec- 
trode impedance which is analogous to that produced by a dielectric relaxation 
process with a particular spread of relaxation times. The possibility of detecting a 
finite adsorption rate from impedance measurements is examined experimentally 
for the adsorption of rt-butyric acid, and cyclohexanol on a mercury electrode, and 
it is concluded that the relaxation time of the adsorption step lies between 10-6 

and 10-10 sec in these cases. 

NOTATION 

c Concn. of species being adsorbed (mole cm-3) 
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Series interfacial capacity (pF  cm-2) 
Parallel interfacial capacity (pF  cm-2) 
Interfacial capacity as f-to (pF cm-2) 
Interfacial capacity as f+oo (pF cm-2) 
Cn -C , (pF cm-2) 
C,-C, (pF  cm-2) 
Diffusion coefficient (cm2 sec-1) 
Frequency (Hz) 
Equivalent relaxation frequency for diffusion-controlled adsorption (kHz) 
Equivalent'relaxation frequency for heterogeneously-controlled adsorption 

(kHz) 
Henry's law constant for the adsorption df species a t  an electrode (cm) 
Series interfacial resistance (a cm2) 
Parallel interfacial resistance (Q cm2) 
Net rate of adsorption due to a departure from equilibrium conditions (mole 
cm-2 sec-1) 
Parameter o<&< I determining the distribution of relaxation times 
Surface concentration (moles cm-2) 
Surface concentration a t  time t (moles cm-2) 
Surface concentration a t  equilibrium (moles cm-2) 
Complex dielectric constant 
Real part of e* 
Imaginary part of E* 

Static dielectric constant (f+o) 
Infinite frequency dielectric constant (f +oo) 
lielaxation time for a heterogeneously-controlled adsorption process (sec) = 
I/ZZ~H (equivalent to Vr in the notation of LORENZ~) 
Kelaxation time for a diffusion-controlled adsorption process (sec) =~/znfi, 
Potential (V) 
Angular frequency (radians sec-1) 

I A.  N. I:RT@KIN AND V. I .  MELIK-GAIKAZYAN, Llokl. Akad.  Nauk, SSSK,  77 (1951) 855. 
r I<. S. COLS AND It. H.  COLE, J .  Chem. Phys., 9 (1941)  341.  
3 P. DELAAAY AND I .  TRACHTENIIERG, J .  A m .  Chem. Soc., 79 (1957) 2355. 
4 W. LORENZ, Z .  Ebktrochem., 62 (1958) 192. 
5 W. LORENZ A N D  I?. MOCKEL, 2. Elektvoclzem., 60 (1956) 507. 
0 1t .  D. ARMSTRONG, W. 1'. RACE AND H.  R. THIRSK, to be published. 
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UREli DEN CHARAKTER DER KATALYTISCHEN REAKTION, D I E  BE1 
DEli  KATODISCHEN REDUKTION EINIGEIi ANORGANISCHER 
0x0-VERBINDUNGEN AN OXIDBEDECKTER PLATINOBERFLACHE 
BEOBACHTET WIRD 

LOTHAR MtiLLET< 
Physikalisch-Chemisches Institut der Humholdt-Universitat, 108 Bcvlin (DDR) 
(Eingegangen am 7 April, 1967; revisioniert am 21 Juli, 1967) 

Die beschleunigende Wirltung von Oberflachenox'den auf die Geschwindigkeit 
elektrochemischer Reduktionsprozesse an Pt-Elektroden wurde in der Literatur von 
verschiedenen Autoren beschrieben und diskutiertl-9. Dabei nehmen DAVIS~ und 
HOARER an, dass die beschleunigende Wirkung von Pt-Sauerstoffchemisorptions- 
schichten auf elektrocherniscl~e Prozesse in der Beschleunigung der Elektronendurch- 
trittsreaktion uber einen sogenannten "Oxidbrucltenmechanismus" besteht. 

ANSOX U N D   KING^ vertreten dagegen die Meinung, dass die Beschleunigung 
elektrochernischer Reduktionsreaktionen durch Pt-Sauerstoffverbindungen auf eine 
Platinierung der Elektrode infolge Keduktionen der bei der anodischen Vorpolarisa- 
tion gebildeten Pt-Sauerstoffverbindungen zuruckzufuhren ist. 

In unseren Arbeitenlo.11 konn-te gezeigt werden, dass Pt-Sauerstoffchemisorp- 
tionsschichten elektrochemiscl~e Reduktionsreaktionen sowohl hemmen als auch be- 
schleunigen konnen. So wird die Reduktion von Co3+ zu Co2+ 10 und von 0 2  zu HzOzll 
durch I't-Sauerstoffchemisorptionsverbindungen gehemmt, wahrend die Reduktions- 
reaktionen von HzOzll, S20810312, C10-13 in 0.1 N KOH und 103-14 in 0.1 N HzS04 
durch Pt-Sauerstoffverbindungen gleichzeitig sowohl gehemmt als auch beschleunigt 
werden. Die Beschleunigung der letztgenannten Reaktionen durch Pt-Sauerstoff- 
chemisorptionsverbindungen driickt sich deutlich in der fur sie charakteristischen 
Form der Polarisationskurve (I-q-Kurve) aus, wie sie in Abb. I (Kurven I und 2 )  

fur die Jodatreduktion dargestellt ist. Die I-y-Kurven zeigen im Potentialbereich 
y - 0.75-0?2 V* Abfall des Stromes und . bei y <  0.4 V einen erneuten Anstieg des 
Reduktionsstromes. Diese Kurvenform ist fur alle von uns untersuchten Reduktions- 
reaktionen, bei denen beschleunigender Einfluss von Pt-Sauerstoffchemisorptions- 
verbindungen beobacl~tet wird, typisch (bei der Red. von SzOs2- beobachtet man 
keinen Stromabfall, sondern nur starke Hemmung des Prozesses bei p<0.65 V), 
obwohl die Potentiale, bei denen der Abfall des Stromes einsetzt, bzw. bei denen 
erneuter Stromanstieg beobachtet wird, in jedern Fall etwas verschieden sind, be- 
dingt durch Unterscliiede in den elektrochemischen und kinetischen Parametern der 
jeweiligen Reaktion. 

Der auftretende Stromabfall ist, wie bereits in der Arbeit von AN SON^ uber die 
lieduktion von 103- und in unseren Arbeiten uber die Reduktion von Sauerstoff in 
allzalischer Losung gezeigt wurden.15, auf die Keduktion der Sauerstoffchemisorp- 

* illle Potentiale bczichen sich auf die reversible Wasserstoffelektrode in der gleichen Lilsung. 
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tionsverbindungen an der Pt-Obelflache zuriickzufuhren. Dieser Schluss folgt aus 
dem Vergleich mit Ladekurven16, die zeigen, dass im Potentialbereich F- 1.1-0.4 V 
die Sauerstoffchemisorptionsverbindungen reduziert werden, was zur Folge hat, dass 
sich in diesem Potentialgebiet die physikalisch-chemischen Eigenschaften der Ober- 
flache der Pt-Elektrode sta-k andern. In Abhangigkeit vom Typ der katodischen 

Abh. I. I-p-Kurven der Reduktion von Jodat in 0.1 N in Abhangigkeit voln Potential 
der anodischen Endaktivicrung. m = 27 U/sec. (I ) ,  pas = +2.0; (z) ,  YAW, = 4-1.6 V. 

Reduktionsreaktion kann diese Veranderung der physikalisch-chemischen Eigen- 
schaften der Pt-Oberflache zu einer Erhohung oder Erniedrigung der Geschwindigkeit 
der elektrochemischen Reduktionsreaktion fiihren. Die Tatsache, dass die Reduktion 
der Pt-Oberflache die Geschwindigkeit verschiedener Reaktionen in verschiedener 
Richtung beeinflusst, lasst die ANsoN'sche Ansicht2 iiber die beschleunigende Wir- 
kung von Pt-Sauerstoffchemisorptionsverbindungen sehr unwahrscheinlich erschei- 
nen, da Platinierung der Pt-Elektrode in jedem Falle zu einer Beschleunigung des 
Elektrodenprozesses fiihren sollte. Ausserdem ist nach ANSOX die Hemmung des 
Reduktionsprozesses bei cp< 0.8 V fur die Reduktion von HzOz, Cl0- und SzO+ in 
alkalischer Losung nicht erklarbar, denn in dem Masse, wie die Pt-Sauerstoffchemi- 
sorptionsverbindungen reduziert werden, sollte es nach ANSON zu einer Erl~ohung 
der katalytischen Aktivitat der Elektrodenoberflache infolge Platinierung kommen 
und nicht zu einer Erniedrigung derselben. Eine Erniedrigung der katalytischen 
Aktivitat infolge Adsorption des Reaktionsproduktes, wie es bei der Jodatreduktion 
in 0.1 N HzS04 moglich ware, trifft fiir die obengenannten Reduktionen nicht zu, 
so dass die von AXSON entwickelten Vorstellungen uber die Beschleunigung katho- 
discher Prozesse durch Pt-Sauerstoffchemisorptionsverbindungen fur die von uns 
untersuchten Reaktionen kaum zutreffend sein konnen. 

Betrachten wir deshalb kurz die Anwendbarkeit der erstmals von ASSON' fur 
die Reduktion von Jodat ausgesprochenen Idee des Oxidbruckenmechanismus, die 
in der Folgezeit von ihm venvorfen wurde, aber in den Arbeiten von DAVIS~ und 
besonders von H O A R E ~ S ~ ~  auch weiterhin diskutiert wird, auf unsere Arbeiten. Dabei 
zeigt sich, dass zwar der Abfall des Stromes mit Hilfe dieses Mechanismus erklart 
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werden konnte, dass aber die neben der beschleunigenden Wirkung gleichzeitig auf- 
tretende hemmende Wirkung von Pt-Sauerstoffverbindungen auf die kathodische 
Reduktion von SzO82- 10, C10- 13, 103- 14, eine formale Anwendung des Oxidbrucken- 
mechanismus nicht erlaubt (bei der Reduktion von Jodat z.B. driickt sich die hem- 
mende Wirkung in der Verschiebung der I-g,-Kurve nach negativen Potentialen bei 
Erhohung des Oxydationsgrades der Pt-Elektrodenoberfllche aus (vgl. Kurve I und 2 
in Abb. I).  Die zwe:fache Wirkung von Pt-Sauerstoffchemisorptionsverbindungen 
auf die kathodischen Reduktionsprozesse macht deutlich, dass mindestens zwei 
voneinander verschiedene heterogene Prozesse durch Oberflachensauerstoffverbin- 
dungen des P t  beeinflusst werden, wobei der eine von ihnen die elektrochemische 
Durchtrittsreaktion ist. 

Unsere Untersuchungen ergaben, dass die Strome der Reduktion von C10-, 
103- und S20~2- bei Potentialen g, >ym,,. kinetischer Natur sind und im Anfangs- 
gebiet der Tafel'schen Beziehung gehorchen, was den Schluss zulasst, dass der 
geschwindigkeitsbestimmende Schritt in diesem Potentialbereich in allen 3 Fallen 
die elektrochemische Durchtrittsreaktion ist. Erhoht man den Oxidationsgrad der 
Pt-Elektrodenoberflache durch Vorbehandlung bei hoheren anodischen Potentialen, 
erhalt man Tafelgeraden, die bei gleichem Potential einen niedrigeren Stromwert 
haben, d.11. dass Pt-Sauerstoffchemisorptionsverbindungen die elektrochemische 
Durchtrittsreaktion hemmen. 

Bestatigt wurde diese Aussage durch die Untersuchunglo des 'Reduktions- 
prozesses, Co3+ +e+CoZ+. 

Bei dieser Reaktion handelt es sich um einen einfachen Elektronendurchtritt 
und heterogen-katalytische Prozesse wie sie bei der Reduktion von Molekiilen auf- 
treten konnen, in deren Verlauf Bindungen gesprengt werden, sind hierbei ausge- 
schlossen. Der Vergleich der I-y-Kurven der Co3+-Reduktion mit den unter gleichen 
Redingungen erhaltenen Kurven des Sauerstoffbedeckungsgrades an P t  in Abhangig- 
keit vom Potential zeigt, dass beide Kurven konform gehen, d.h. dass die Geschwin- 
digkeit der Reduktion von Co3+ in dem Masse ansteigt, wie die Pt-Elektrode frei 
von Sauerstoffverbindungen wird. 

Die beschleunigende Wirkung von Pt-Sauerstoffchemisorptionsverbindungen 
auf kathodische Reduktionsprozesse kann demzufolge nicht auf die unmittelbare 
Keschleunigung des Durchtrittsprozesses zuriickgefuhrt werden, wie das durch den 
Oxidbriick~nmechanismus formuliert wird. Beschleunigt wird eine zweite an der 
Elektrode~oberflache ablaufende heterogene Reaktion, die offensichtlich darin be- 
stehen muss, dass in ihrem Verlauf Produkte entstehen, die sich mit geringerer 
Uberspannung reduzieren lassen als das Ausgangsprodukt selbst. Die in Abb. I 

dargestellte Form der Polarisationskurve, die gleichermassen bei der Reduktion von 
Hz02 und C10- beobachtet wird, kann hiernach dadurch erklart werden, dass der 
polarograiischen Stufe der Reduktion des Ausgangsproduktes eine durch Ober- 
flachenoxide katalysierte Stufe vorgelagert ist. Noch eine kurze Bemerkung zu der 
Annahme von HOARE]~,  dass nicht der an der Pt-Oberflache chemisorbierte Sauer- 
stoff katalytisch aktiv sei, sondern der im Pt  geloste Sauerstoff. Wir meinen, auf 
Grund unserer Experimente den Schluss ziehen zu konnen, dass die katalytische 
Xktivitat durch den an der Oberflache chemisorbierten Sauerstoff bedingt ist, die 
Stabilitat der katalytischen Aktivitat der Pt-Oberflache jedoch durch den im P t  
gelosten Sauerstoff. So zeigt sich z.B. bei der Reduktion von 0 2  in alkalischer Losung, 



dass der Strom bei y ~ <  0.6 V sehr schnell abfallt, wenn die Elektroden nur kurze 
Zeit bei +1.4 V anodisch vorbehandelt wurden, dass dagegen der Strom nur ganz 
langsam absinkt, wenn die Elektroden Iangere Zeit bei +1.4 V vor dem Versuch 
anodisch vorbehandelt wurden. Nimmt man die polarografische Strom-Spannungs- 
kurve in umgekehrter Richtung auf, dann springt der Strom in jedem Falle nach 
Passieren des Potentials des Stromminimus der I-pl-Kurve augenblicklicll auf den 
maximalen Wert bei p,- 0.7 V, d.11. die Pt-Elektrode erlangt in einer Zeit von weniger 
als einer Sekunde den maximalen Wert der katalytisclien Aktivitat zuruck. Diese 
Erscheinunglasst sich nur erklaren, wenn man annimmt, dass unmittelbar katalytisch 
aktiv der an der Pt-Oberflache chemisorbierte Sauerstoff ist.* 

Einen wertvollen Hinweis fiir die Losung des Problems der beschleunigenden 
Wirkung von Oberflacllensauerstoffverbindungen auf elektrochemische ICeduktions- 
prozesse an Pt-Elektroden gab die Untersuchung der kathodischen Reduktion von 
HzOz in 0.1 N KOH". Mit Hilfe der rotierenden Scheibenelektrode mit Ring konnte 
von uns nachgewiesen werden, dass die besclileunigende Wirkung von Pt-Sauerstoff- 
chemisorptionsverbindungen in der Beschleunigung der Geschwindigkeit des hetero. 
gen-katalytischen Zerfalls von Hz02 besteht. uber  den Chemismus der Zerfallsreak- 
tion konnten auf der Grundlage dieser Messungen allerdings keine Aussagen gemacht 
werden . 

Um in dieser Frage weiterzukommen, untersuchten wir die kathodische 
Reduktion von SzO82- in alkalischer Losung, das die gleiche molekulare Struktur wie 
HzOz besitzt und bei dessen elektrochemischer Reduktion ebenso wie beim Heox 
die 0-0-Bindung gesprengt wirdl2. 

Ruckschliisse auf den Reduktionsmechanismus von SzOs" und damit auf 
die Wirkungsweise der Pt-Sauerstoffcl~emisorptionsverbindungen ergaben sich aus 
der Bestimmung der Reaktionsordnung, n. An einer oxidierten Pt-Oberflache (pl= 

0.95-0.65 V) erhalt man n=o.g, wahrend bei y~<0.65 V, d.h. bei Potentialen, bei 
denen starke Hemmung des Reduktionsprozesses beobachtet wird, n mit steigendem 
kathodischen Potential anstieg und sic11 dem Wert I naherte. Diese Erscheinung 
liess sich nur unter der Annahme erkllren, dass Pt-Sauerstoffchemisorptionsverbin- 
dungen die Einstellung des dissoziativen Chemisorptionsgleichgewichtes 

beschleunigen, der die Entladung der entstandenen S04'-Iiadikale als die geschwin- 
digkeitsbestimmende Reaktion nachgelagert ist. Die Reaktionsordnung dieser 
Durchtrittsreaktion bezogen auf SzO8" muss dann 0.5 sein. In  dem Masse wie sic11 
die Oberflache reduziert ( q <  0.65 V) verlangsamt sich die Geschwindigkeit der 
Einstellung des dissoziativen Che1nisorptionsgleic1igew1chtes und. es kolnmt mehr 
und mehr zur direkten Entladung von SzO82--Molekiilen und demzufolge zu einem 
Ubergang zur Reaktionsordnung I. 

Diese Erkenntnis, angewandt auf den heterogen-katalytischen Zerfall von 

* Dic im Potentialbereich fallendcr I-v-Charakteristik auftretendc schnclle Ancierung dcs 
Potentials und dcs Stromcs in beiden Richtungen (Oszillationcn) sind vielfach bcschrie1)en untl 
sind das Ergebnis gleichzeitig auftrctender Aktivicrungs- untl Passivicrungsprozessc. Im gcgebe- 
nen Falle handelt es sich um die gleichzcitig auftrctende clcktrochcmischc I<cduktion der Pt -  
Sauerstoffchemisorptionsverbin~cn ("Passivicrung") untl die tlicscr Erschcinung cntgcgen- 
gerichtete chemische Elldung rlerselben clurch den in clcr Losung c ~ ~ t l ~ a l t c n e n  Saucrstoff (Akti- 
vierung). 
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H d h  an einer oxidierten Pt-Elektrode, gestattete, diesen Prozess in der Weise zu 
erklaren, dass an einer oxidierten Pt-Elektrode sich das dissoziative Chemisorptions- 
gleichgewicht 

schnell einstellt. Die sic11 dabei bildenden OH,,,,.-Radikale reagieren mit hinzu- 
diffundierendem Hz02 nach einem Mechanismus, wie er fiir den Zerfall von Hz02 in 
homogener Lasung formuliert wurdelR,lt An reduzierter Pt-Oberfliche wird kein 
merklicher Zerfall von HsOa beobachtetl1, da die Initialreaktion des Zerfalls, die in 
der Bildung von OH,,,,.-Radikalen nach G1. (a) besteht, sehr stark gellemmt ist. 

Rei der LJntersucliung der Reduktion von Jodat in schwefelsaurer Losung 
zeigt sich14, dass im Potentialgebiet rp = 1.2-0.4 V eine merkliche Reduktion von 
Jodat nur an einer anodisch bei rp > 1.2 V vorbellandelten Pt-Elektrode beobaclltet 
wird, d.11. dass Pt-Oxide den Initialschritt der Reduktion von Jodat beschleunigen. 
Da die elektrochemisrhe Durchtrittsreaktion der Jodatreduktion durch Pt-Oxide 
gellemmt wird, muss die durch Pt-Oxide beschleunigte Initialreaktion heterogen- 
katalytischer Natur sein. Die in1 Potentialbereich 1.2-0.75 V gefundene Reaktions- 
ordnung n =0.5 fiir die der heterogen-katalytischen JZeaktion naclifolgende geschwin- 
digkeitsbestimmende Durchtrittsreaktion ist nur zu, erklaren, wenn man annimmt, 
dass die durcll Pt-Sauerstoffcllen~isorptionsverbindnngen beschleunigte katalytische 
Reaktion in der dissoziativen Chemisorption von Jodat nacll 

besteht, wobei das entstandene 10, -Kadikal schnell mit Wasser unter Bildung eines 
zweiten OH'-Radikals reagiert 

IOGhem. + Hz0 102-+ H+ + OH' 

Da das entstandene 102-, wie aus der Literatur bekannt, schnell in I- und 1 0 3 -  
disproportioniert, besteht die geschwindigkeitsbestimmende Durchtrittsreaktion in 
der Entladung von OW-Kadikalen. Die Rildung von zwei OH'-Radikalen aus einem 
Molekiil IOz-OH erklart die beziiglich der Jodatkonzentration gefundene Reaktions- 
ordnung, ;=0.5. 

Auch bei der Reduktion von C10- in 0.1 N KOH13 zeigte sich, dass der geschwindig- 
keitsbestimmenden Durchtrittsreaktion an einer oxidierten Pt-Oberflache eine 
heterogen-katalytische Initialreaktion vorgelagert ist, denn nur wenn die Oberflache 
mit einer bestimmten Menge Oxid bedeckt ist, beobaclltet man die Ausbildung der 
ersten hiigelfijrmigen Stufe (vgl. Abb. I). Dieses Ergebnis bestatigt, dass das Wesen 
der beschleunigenden Wirkung von Pt-Sauerstoffchemisorptionsverbindungen darin 
besteht, dass an einer oxidierten Pt-Oberfl5che das Ausgangsprodukt in einer hetero- 
gen-katalytischen 1Ceaktion in ein Produkt iiberfiihrt wird, das sich mit geringerer 
Uberspannung reduzieren liisst, als das Ausgangsprodukt selbst. Da der gescllwindig- 
keitsbestimmende Schritt der lieduktion von C10- an einer reduzierten Pt-Elektrode 
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in der Anlagerung des ersten Elektrons unter Sprengung der Cl-O=Rindung nach 

C10-+e 4 C1-+O' 

bestehtl3, muss die katalytische Wirkung von Pt-OberflBclienoxiden auf die Spren- 
gung bzw. Lockerung der kovalenten Bindung C1-0- zuruckgefuhrt werden. 

Summiert man die in den Einzeluntersuchungen der lieduktion von HL.O~, 
SzO82-, 102-OH und C10- erllaltenen Ergebnisse, so gelangt man zu dem Ergebnis, 
dass Pt-Sauerstoffchemisorptionsverbindungen eine der elektrochemischen Durch- 
trittsreaktion vorgelagerte heterogen-katalytische lieaktion beschleunigen, die in1 
Falle von H202, 102-OH und C10- in der Sprengung bzw. Lockerung der bei der 
elektrochemischen Reduktion zu spaltenden kovalenten X-OH-Bindung besteht (in1 
Falle von Sz082- kommt es zur Abspaltung der -0-(SOs) --Gruppe). 

Um die zuletzt gemachte sehr wiclitige Aussage uber den Chemismus der 
katalytischen Reaktion zu bestatigen, gingen wir davon aus, Stoffe elektrocliemisch 
an aktiven Pt-Elektroden zu reduzieren, die in iliren chemischen Eigenschaften den 
oben genannten nicht venvandt sind, bei deren katodischer Iieduktion aber der 
erste bzw. einzige Schritt in der Spaltung der vorhandenen kovalenten X-OH- 
Bindung besteht. 

Diese Voraussetzungen sind in1 Falle der elektrochemischen Reduktion von 
HNOz erfullt. Das Gleichgewicht, HNO~+H+&NO++HZO liegt in 0.1 N HzS04- 
Losung ganz auf Seiten der undissoziierten HN0220, so dass die elektrocliemische 
lieaktion in der Entladung von HN0221 und nicht, wie in den Arbeiten von S C H ~ ~ I I D ~ ? ,  
in der Entladung des NO+ besteht. 

Der erste Schritt der elektrochemischen Reduktion von salpetriger SBure wdire 
demnach die Spaltung der ON-OH-Rindung nach der summarisclien Iieaktion 

ON-OH + e  -+ NO +OH- (5) 

so dass entsprechend den oben bescl~riebenen Versuchsergebnissen uber die be- 
schleunigende Wirkung von Pt-Sauerstoffchemisorptionsverbindungen auf die Ge- 
schwindigkeit elektrochemischer Reaktionsprozesse bei der Keduktion von HNOe 
eine katalytische Vorstufe auftreten sollte. 

Einfluss des Zustandes der Elektrodenoberfliiche auf die elektrocliemische 
Reduktion von salpetriger Saure zeigt sic11 auch in den Arbeiten von SCHMIT)", der 
diese Erscheinung auf die Beeinflussung der NO+-Nachlieferung bzw. NO-Desorption 
zuriickfiihrte. V E T T E R ~ ~  fand im System HNOq'HNO2 einen kinetischen (;renzstrom, 
der von ihm jedoch nicht diskutiert wird. 

Unsere Versuche wurden in katl~odisch vorgereinigter, mit Ne-entlufteter 0.1 
N H2SO4-Losung bei zoo durchgefiihrt. Die Elektrode wurde platiniert, da  nur in 
diesem Falle die vorgelagerte katalytische Stufe gut ausgepriigt war. Vor der Auf- 
nahme jeder I-q-Kurve wurde die Pt-Elektrode, wie in den Lit." beschrieben, durcl~ 
wechselseitige kathodische und anodische Polarisation aktiviert. Die HNOp-Ldsungen 
wurden unmittelbar vor der Messung durch Aufliisen von NaNOz in mit Stickstoff 
entlufteter 0.1 N erhalten. Die Messliisungen waren 4.10-3 M an HN02. 

Die mit Hilfe der rotierenden Scheibenelektrode aufgenommenen I-cp-Kurven 
(Abb. 2, Kurve a) zeigen tatsachlich im Potentialbereich pi =o.g-o.32 V eine Stufe, 
wie sie fur eine durch Pt-Sauerstoffchemisorptionsverbindungen liervorgerufene 
heterogen-katalytische Reaktion typisch ist. 
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Eine ausfiihrliche Untersuchung der im Potentialbereich 0.90-0.32 V auftre- 
tenden Stufe zeigt, dass die Strome unabhangig von der Umdrehungsgeschwindig- 
keit der rotierenden Scheibenelektrode sind und im Potentialbereich 0.90-0.68 V der 
Tafelbeziehung mit einem Wert fur "b" von 0.235 V bzw. oc=o.25 geniigen (Abb. 3). 
Die aus der Konzentrationsabhangigkeit der Strome berechnete Reaktionsordnung 
"n" betrigt bezuglich HNOa =I. 

Die Abweichungen von der Tafelbeziehung bei p< 0.68 V, die bei p< 0.55 V 
schliesslich in einen Abfall des Stromes ubergellt, ist, wie der Vergleich mit Lade- 
kurven zeigtl" auf die Reduktion der Pt-Oberflachenoxide und dem damit ver- 
bundenen Abfall.der katalytisclien Aktivitat der Elektrodenoberflache zuriickzu- 
fiihren. Da I't-Sauerstoffchemisorptionsverbindungen elektrochemische Durchtritts- 

P tv) 
.Zl)b. 2.  I-p-liurven tler Iceduktion van H N 0 2  an ciner plat. E't-Elcktrode in 0.1 N HzS04. 
(a),  Stationarc Strom-Spannung-Ii~irve; (h), sehr schnell aufgcnommcne I-p-Icurvc in liichtung 
sinkendcr kathodischer polarisation (8-10 sec) ; (c), stationare I-p-liurve in Richtung sirikender 
Itnthodischcr Polarisatioil aufgenonmlen. 

24 '"I #' 

P (V )  PCV) 

Abb. 3. log I-p-Abhangigkcit der St ron~e der katalytischcn Vorstufc der Reduktion von HNOz 
in  0.1 N I-IzS04 bei verschierlencn I<iihrgeschwindigkeitcn. (a), m = 7 6 ;  ( X ) ,  m = 28 U/scc. 

Abb.  4. Polarisationskurvcn der lZcduktion von H.N+-OH an einer plat. Pt-Elektrode in 0.1 N 
H3S04. 
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reaktionen hemmen, muss die bei der Keduktion von HNOz auftretende Vorstufe 
wie auch in den oben beschriebenen Fallen einer durch Pt-Sauerstoffchemisorptions- 
verbindungen hervorgerufenen katalytischen Reaktion zugeordnet werden. 

Zur Aufklarung der durch Pt-Oberflachenoxide beschleunigte Reaktion war 
es wichtig, zu untersuchen, ob Pt-Oxide tatsachlicli den nach G1. (5) formulierten 
Initialschritt der HNOz-Reduktion beschleunigen, da nur in diesem Falle die kataly- 
tische Wirkung von Oberflachenoxiden eindeutig auf die Sprengung bzw. Lockerung 
der ON-OH-Bindung zuruckgefuhrt werden kann. Die Entscheidung dieser Frage 
war durch die Aufnahme der I-p-Kurve an einer oxidfreien Pt-Elektrode moglich. 
Die Reduktion von HNOz an einer oxidfreien Pt-Oberflache wird bei Potentialen 
~ < 0 . 3 2  V beobachtet und bedingt den erneut einsetzenden starken Anstieg des 
Stromes der I-p-Kurve bei p <  0.32 V (Abb. 2). Nimmt man die I-p-Kurve von 
negativen Potentialen ausgehend ( p <  0.32 N) in anodischer liiclltung auf, dann Iisst 
sich auch der untere Teil der I-y-Kurve der Iieduktion von HNOz an einetioxidfreien 
Pt-Oberflache realisieren (Abb. 2, Kurve b). Diese Untersuchungen wurden insoweit 
erschwert, da HNOz selbst ein starkes Oxidationsmittel ist und es zur chemischen 
Bildung von Pt-Oberflachenoxiden kommt. Die Aufnahme des unteren Teils der 
I-y-Kurve an einer reduzierten Pt-OberflHclie musste deshalb schnell geschellen, 
damit die chemische Oxidation der Oberflache durch HNOz und somit die Aktivierung 
der Oberflache gegenuber der vorgelagerten lleterogen-katalytischen Reaktion ver- 
nachlassigbar war. Die in Abb. 2 dargestellte Kurve C, die der langsamen Aufnahme 
des unteren Teiles der I-p-Kurve entspricht, zeigt deutlich den aktivierenden Effekt, 
der auf die chemische Oxidation der Oberflache durch HNOz zuruckzufiiliren ist. 
Die oxidative Wirkung der HNOz ist aucl~ der Grund dafiir, dass die elektrochemische 
Vorbehandlung der Pt-Elektroden bei verscliiedenen anodischen Potentialen keinen 
Einfluss auf die Lage und Hohe der katalytischen Vorstufe hatte. 

Kurve b in Abb. 2 zeigt, dass an einer oxidfreien Pt-Oberflache keine Vorstufe 
beobachtet wird, d.h. dass Pt-Oberflachenoxide den Initialschritt der HNOz-Reduk- 
tion beschleunigen und ihre Izatalytische Wirkung somit in der Sprengung bzw. 
Lockerung der ON-OH-Bindung besteht. 

Des weiteren untersuchten wir die Iieduktion von Hydroxylamin unter den 
gleichen Versuchsbedingungen, wie sie fur die HNOz-Reduktion beschrieben wurden. 

Bei der Reduktion von (NH3-OH)+, die nach der Gleichung 

OH- +e-  -+ OH- 

verlauft, besteht die elektrochemische Reaktion ihrem Wesen nach in der Sprengung 
der kovalenten Bindung H3N+-OH, so dass eine etwaige auftretende Beschleunigung 
des kathodischen Iieduktionsprozesses durcli Pt-Oberflachenoxide nur auf eine 
katalytische Sprengung oder Lockerung der H3N+-OH-Bindung zuruckgefuhrt 
werden kann. Die an platinierten Pt-Elektroden in 0.1 N HzS04 aufgenommenen 
I-p-Kurven zeigen im Potentialbereich 0.74-0.5 V eine Vorstufe (Abb. 4, Kurve a), 
die verschwindet, wenn die Kurve von negativen Potentialen kommend schnell 
aufgenommen wurde (Abb. 4, Kurve b). Dass diese Vorstufe durcll Oberflachenoxide 
hervorgerufen wird und damit katalytischer Natur sein muss, ergibt sich aus dem 
Potentialbereich ihres Auftretens: 0.75-0.5 V und der Tatsache, dass sie an oxidfreier 
Pt-Oberflache nicht beobachtet wird (Abb. 4, Kurve b). 
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Die Ergebnisse dieser gezielt durchgefiihrten Experimente zeigen, dass sich 
die auf der Grundlage der lieduktion von H20z, C10- und 102-OH gemachte Aussage 
iiber die heterogen-katalytisclle Wirkung von Pt-Oberflachenoxiden zu der Aussage 
verallgemeinern lasst, dass Pt-Oberflachenoxide die katalytische Sprengung bzw. die 
Lockerung der bei der elektrocliemischen Reduktion zu spaltenden X-OH-Bindung 
bewirken. 

Herrn I'rof. Dr. K. LANDSBERG miicl~te ich fur seine Hilfe bei der Diskussion 
der Versucl~sergebnisse recht llerzlich danken. 

Die Ergebnisse der Untersuchungen iiber die beschleunigende Wirkung von 
I't-Oberfl5clienoxiden auf die Geschwindigkeit dcr kathodischen Reduktionsprozesse 
von HzO2, 102-OH, C10- werden zu der Aussage verallgemeinert, dass die heterogen- 
katalytisclie Wirkung von I'latlnoberfliichenoxiden in der ltatalytischen Sprengung 
bzw. Lockerung der bei der elektrochemischen Keduktion zu spaltenden X-OH- 
Bindung besteht. Diese Aussage wurde an Hand der Untersuchung der Reduktions- 
reaktionen von HNOB und H3N+-OH gepriift und bestatigt gefunden. 

SUMMARY 

The results of investigations on the accelerating effect of P t  surface oxide on 
the rate of the cathodic reduction of Hz02, 102-OH and C10- were summarised in 
the statement that the heterogeneous catalytic effect of platinum surface oxide arises 
from the catalytic breaking or weakening of the X-OH bond which is ruptured in 
the electrochemical reaction. This statement was tested and found to hold for the 
reduction of HNOa and H3N+-OH. 
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Although the reduction of nitric oxide in aqueous solution has been studied 
polarographically by several groups, the details of the reduction process have not 
been established. One group has reported two waves with half-wave potentials of 
-0.5 and - 1.10 V vs. S.C.E.1, while other workers%ave observed a single wave with 
an E:  of -1.16 V us. S.C.E. CORBELLINI AND LANZA~ have concluded that the 
reduction is a one-electron process based on the rate of decay of id in a drop of solu- 
tion. In  contrast, MASEK~ has observed two completely independent waves for the 
reduction of NO in acidic solutions. He has concluded that the first wave is due to a 
two-electron reduction of the dimer, NzOz, to Nz022- and that the second wave is 
due to the direct uptake of three electrons by NO to produce hydroxylamine. 

Several workersl.5-7 have studied the polarographic reduction of nitrous acid 
alone and in the presence of U022+ and Moo$+. In  all cases, a wave with an E+ of 
- 1.0 V vs. S.C.E. has been observed. MASEK~ has concluded that HNOz is reduced by 
a four-electron pIocess to NHzOH in unbuffered solutions. He has also observed that 
two waves are obtained for the reduction of HNOz in buffered solutions with half- 
wave potentials of - 1.0 V and -1.6 V vs. NCES. The first wave has been attributed 
to the reduction of HNOz to NH20H; the second to the reduction of NHzOH to 
NH40H. 

Oxides of nitrogen are subject to a number of decomposition and hydrolysis 
reactions. This requires that great care be taken if meaningful electrochemical data 
are to be dbtained. Because NO reacts rapidly with Oz to form NOz, which reacts 
with watlr to form HNOz and HN0310; an air-tight cell must be used. Another 
problem is that cold, dilute solutions of HNOz decompose slowly to give NO and 
HN031°. 

Several chemical reactions are known that further complicate electrochemical 
studies of NO and HN02. For example, two-electron reducing agents (such as Sn2+) 
can reduce HNO2 to NH20Hll. The mechanism of the reaction is thought to involve 
an intermediate compound of +I oxidation state, NH(OH)z, because its formation 
involves no 0-N bond breakage. The reaction 

which has been studied in acetate bufferslz, is an added complication to the elec- 
trochemical reduction of HNOZ. 

The aims of the present study have been to investigate the electrochemical 
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reduction of NO and of HNOz in aqueous media and to determine the kinetic param- 
eters, the probable mechanisms, and the identity of the products of the reduction. 

EXPERIMENTAL 

The electrochemical measurements were performed with an instrument 
constructed from Philbrick operational amplifiers following the design of DEFORD'~. 
A three-electrode assembly was used for all electrochemical measurements. A Corning 
model 12 pH-meter was used for adjustment of solution acidity and for acid-base 
titrations. 

An air-tight glass cell of 50-ml capacity was used for all electrochemical 
studies. The top of the cell contained a glass tube closed with a fine-porosity glass frit 
for isolation of the auxiliary electrode; an inlet for the insertion of thg'mercury 
working electrode, and an opening covered with a rubber stopper foridegassing, 
sample introduction, and sampling. The bottom of the cell contained a tungsten wire 
to make contact with a mercury pool electrode. The top and bottom of the cell were 
fabricated from the two halves of a 40135 standard taper joint. 

The reference electrode consisted of a AgCl-coated wire in a solution of 0.4 F 
KC1 contained in a 13-cm length of glass tubing with a small ball of soft glass sealed in 
one end to give a cracked tip. The potential of this electrode was 0.000 V vs. S.C.E. 

The mercury working electrode was prepared by abrading a Reckman Pt- 
inlay electrode with carborundum paper in a mercury pool until a uniform coverage of 
mercury was obtained on the P t  surface. The electrode was tapped gently to remove 
excess mercury and to assure a reproducible area. The area of the mercury electrode, 
which was determined with a cathetometer, had an average value of 0.245 cm2. 

The p H  of the buffered solutions was adjusted with KOH and HzS04. Solutions 
of HNOz were prepared from KNOz which was standardized by titration with 
KMn04. Mixtures of NO and Nz containing 3.01, 10.6, 32.1 and 100% NO were ob- 
tained from the Matheson Co. Nitric oxide solutions were prepared by saturating the 
solvent system with the appropriate gaseous mixture a t  atmospheric pressure. 

The concentration of 100% NO a t  I atm in 0.5 F NazHP04 has an average 
value of 1.74 x I O - ~  F which was determined by chronopotentiometry on 100% NO 
solutions in steadily decreasing concentrations of NazHP04, and extrapolating the 
iz"va1ues to  zero concentration of supporting electrolyte. The value was obtained by 
using the known solubility of NO in pure water (1.88 x 10-3 F a t  25" and I atm)l4 and 
assuming that the diffusion coefficient does not change with electrolyte concen- 
tration. 

A 6-ft. Porapak Q column a t  room temperature was used for the gas chro- 
matographic determination of NO, NzO and Nz. The carrier gas was He. Concentrations 
of NHzOH were determined from its chronopotentiometric oxidation wave on a 
pre-reduced P t  electrode. 

RESULTS 

Nitric oxide 
Well-defined chronopotentiometric waves are observed for the reduction of 

nitric oxide in 0.5 F Na2HP04 solutions between pH 5 and pH 7 as illustrated in 
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Fig. I. Chronopotentiograms of NO a t  a mercury electrode in 0.5 F NazHP04. 
(A), p H  7.0, 1.74 x 10-3 I; NO, Go pA;  (B), p H  7.0, 5.58 x I O - ~  F NO, 25 pA; (C), p H  7.0. 
1.84 x 1 0 - 2  F NO, 5 pA; (D), p H  5.0,1.74 X 10-V NO, 60 PA. 

Fig. 2. Chronopotentiograms of HNOz a t  a mercury electrode in 0.5 F Na~S04  and 0.5 F ~ a H z P 0 4 .  
(;\), pH 3.3. 5 x 10-3 F HN02, 450 P A ;  (B), pH 3.3, 3 X F HNOZ, 300 PA; (C), pH 3.3, 
I x 10-3 F HNOz, 15opA; (D), p H  3.0, 2.5 x 10-3 F HN02,  3oopA; (E), p H  2.0,2.5 x Io-' F 
HNOz. 300 pA. 

TABLE 1 

CHRONOPOTENTIOMETRIC DATA FOR THE REDUCTION OF NITRIC OXIDE AT A MERCURY ELECTRODE 
IN A 0.5 F NatHl'Oq SOLUTION AT p~ 7.0 

[“w] i o t  '/C (A sec cm mole-') 
( M I  

Fig. I. At pH 7.0, the value of Et is -1.12 V us. S.C.E. A reverse chronopotentiorn- 
etric wave is not observed under any conditions. 

Although the value of iza is constant for a given NO concentration for transi- 
tion times from 2-20 sec, the value of it a/C varies with concentration (see Table I). 
This type of behaviour is characteristic of a pre-chemical equilibrium15, $YF?O, 
preceding the electron transfer reaction, 0 +me-+R. When the rate of attainment of 
equilibrium is so slow that interconversion of 0 and Y cannot occur during the time 
of electrolysis, then 

where CO is the concentration at the electrode surface, C t  the bulk concentration, io 
the current density, t the time of electrolysis, n the number of electrons in the overall 
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electrode process, F the faraday, D the diffusion coefficient of the electroactive 
species, and K ,  equals (O]/(Y]p. When t equals the transition time, CO is zero, and a 
plot of i o t 4  vs. Ct will give a straight line if fi equals unity. Such a plot for NO reduc- 
tion a t  a mercury electrode gives a straight line with a zero intercept and a slope of 
4.8 x 10-2. 

The chronopotentiometric data indicate that the reduction of nitric oxide a t  a 
mercury electrode is an irreversible process that is controlled by semi-infinite linear 
diffusion. However, the electrode process is preceded by a slow chemical equilibrium 
of the type Y e O .  The equilibrium constant, K,, for the pre-chemical reaction can be 
evaluated from the slope of the plot of i ~ t i  vs. Ct  if the value of the diffusion coeffi- 
cient, D, is known. At p H  7, the value for K ,  is 1.10, assuming that the value for D 
is 2.6 x 10-5, which is the value for 0216. 

The relationship between potential and time (at constant current) for an 
irreversible, diffusion-controlled system is given by17 

where E is the potential of the working electrode vs. NHE, cx the transfer coefficient, 
12, the number of electrons in the rate-determining step, A the electrode area, kf,ho 
the heterogeneous rate constant for the reduction reaction, i the current, C the bulk 
concentration of the electroactive species, F the faraday, t the transition time, and t 
the time of electrolysis. This equation can be used to evaluate the quantity, nfzs, by 
plotting either Et vs. log ( I - (t/t) 3 1  or Et-0 vs.  -log i. Plots of this type give linear 
curves for NO reduction a t  a mercury electrode between pH 5 and pH 7 ;  the average 
value obtained for oin, is 0.40 (see Table 2). This value implies that the rate-determin- 
ing electron transfer reaction is a one--electron process. The values for the kinetic 
parameters as determined by the two methods for a variety of conditions are sum- 
marized in Table 2. Values obtained for kf,hO are not constant, but vary linearly with 
the hydrogen ion concentration of the solutions. This implies that the electroactive 

TABLE 2 

KINETIC PARAMETERS FOR THE REDUCTION OF NITRIC OXIDE AT A MERCURY ELECTRODE IN 0.5 1; 

NazHP04 SOLUTION AT p~ 5 AND p~ 7 

Method of [IVO]. l o 3  pH 
evaluating ( M I  
an a 

Et us. log [I - ( t l t )  41 
I74 7 
55.8 7 
18.4 7 
5.23 7 

I74 5 
I74 5 

Et-o us. -log i 

- - 

i an, Et=o 
(PA ) us. hrHE 

f ") 

- - -- 

k/ , , ," /LH+l .  l o "  
(cnz Zlmob SEG) 

I74 7 60 0.41 -0.806 4 4 
5 5 3  7 20 0.39 -0.754 2 0  20 
18.4 7 8 0-43 -0.744 8 8 
5.23 7 5 0.41 -0.76(> 20  20 

5 60 0.39 -0.567 300 3 
174 Mean value o . ~ o + o . o ~  9 5 4  
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species is not NO, but rather some intermediate formed by the combination of NO 
and H+. Thus, the concentration used in eqn. (3) to calculate kf,nO should be that of 
the intermediate ratlier than the concentration of NO. The intermediate concentra- 
tion can be expressed by the relation 

1 intermediate] = Kel [NO] IH+] (4) 

Thus, a more realistic heterogeneous rate constant, kf,hO', can be evaluated by assum- 
ing that 

j2f,h0' = k f ,  h O / ( H i )  = ( k f ,  h")intermediate ' K e '  (5) 
and by dividing the values of kf,hO in Table 2 by the hydrogen ion concentration. 
The last column in Table 2 sunlmarizes the calculated values for kf ,hOf .  

Controlled-potential coulometry of nitric oxide solutions a t  a potential of 
- 1.20 V vs. S.C.E. using a mercury pool electrode establishes that NO is reduced by 
an overall one-electron process. During the coulometric runs, the concentration of NO 
decreases and the concentration of NzO increases, based on gas chromatographic 
analysis of gaseous samples from above the buffered solution in the coulometric cell. 
This indicates that NzO is the final product of the reduction of NO at mercury. 

Gold and platinum electrodes behave unsatisfactorily for the reduction of NO 
in aqueous solutions. Both metals exhibit chronopotentiometric waves that do not 
disappear entirely on sweeping NO out of the solution with Nz. Also, the lengths of 
the waves produced on both metals depend greatly on the pre-treatment of the 
electrode. 

Kityous acid 
Chronopotentiometric waves are observed with a mercury electrode for the 

reduction of nitrous acid in 0.5 F NazS04 solutions that have been acidified with 
(Fig. 2).  The transition time for the wave increases up to a limiting value with 

decreasing pH, which indicates that only HNOz is electroactive. Reverse chronopo- 
tentiometric waves are not observed f o ~  HNOz under any conditions. The addition of 
0.5 F NaHsP04 helps to buffer the solution in the pH-range 1.5-3.5, the most suitable 
acidity for the chronopotentiometric reduction of HNOz. At pH 3.0, the value for 
E* is - I .oo vs. S.C.E. For transition times from 2-20 sec and for bulk concentrations 
of HNOz from 5 - 10-~-5 - 10-3 F ,  i o t  k/C has a constant value of I422 + 12 A sech cm 
mole-1 (0.g F NazS04 and 0.5 F NaHzP04, pH 3.3). 

TliC cl~ronopotentiometric data establish that nitrous acid is reduced a t  a 
mercury electrode by an irreversible process which is controlled by semi-infinite 
linear diffusion. Plots of Et vs. log [I - (tit) 41 and E t - 0  vs. -log i yield straight lines 
which give an average value for (xn, of 0.49. This implies that the rate-determining 
electron transfer reaction is a one-electron process. The values for the kinetic param- 
eters as determined by the two methods for a variety of conditions are summarized in 
Table 3. Again, the values obtained for kf ,hO are not constant, but vary linearly with 
the hydrogen ion concentration of the solutions. This implies that the electroactive 
species is not HN02, but ratlier some intermediate formed rapidly by the combina- 
tion of HNOz and H+. The concentration of the intermediate species is expressed by a 
relation similar to eqn. (4) and a more realistic rate constant, kf,hO1, can be determined 
by eqn. (5). Values for k f  ,hO divided by the hydrogen ion concentration are summarized 
in the last column of Table 3. 
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TABLE 3 
KINETIC PARAMETERS FOR THE REDUCTION OF NITROUS ACID A T  A MERCURY ELECTRODE I N  0.5 F 
Na2S04 AND 0.5 F NaHzP04 UNDER VARIOUS CONDITIONS 
-- .- 

Method of [HNOz] . I O ~  pH i mn. E ~ = o  ( V  kf , lLO.r~10 k f , h O / [ H + ] .  106 

cualuating a n ,  ( M )  f / l , 4 )  us. N H E )  (crnlsrc) (cm l /molr  SPC)  
-- -- 

E t  us. log [I - ( t l t t ) ]  
50 3.32 650 0.52 -0.736 5 I 

4O 3.32 450 0.49 -0.718 10 2 

30 3.32 400 0.50 -0.710 8 2 
20  3.32 300 0.52 -0.701 10 2 

10 3.32 150 0.52 -0.688 10 2 

5 3.32 I00 0.49 -0.667 50 10 

25 2.50 200 0.46 -0.561 300 9 
25 3.50 200 0.47 -0.672 40 4 ,  

.< 

25 3.00 IOO 0.49 -0.649 20 42 

25 2.50 I00 0.51 -0.534 100 3 
25 3.50 roo 0.47 -0.690 10 3 
25 2.00 100 0.46 -0.505 500 5 
so 3.32 650 0.51 -0.744 5 I 

Mean value 0.49 f 0.02 
-. -- - . - 4 f z  

TABLE 4 
ANALYSIS OF PRODUCTS FROM THE COULOMETRIC REDUCTION OF NITROUS ACID AT A MERCURY POOL 

Soln. : 0.5 F NazS04 and 0.5 F NaHzP04, pH 3.00, roo. mole HNOz originally present. 

Et-0 vs. -log i 

Product Method of analys is  Moles  f ound .  106 

NO gas chromatography 1.2 
NzO gas chromatography 25.9 
Nz gas chromatography 1.9 
NHzOH chronopotentiometry 44.8 

Controlled-potential coulometry of HNOz a t  -1.10 V vs. S.C.E. with a 
mercury pool yields values for lz which range from 3 .2  a t  pH 3.5 to 2.0 a t  pH 1.6, 
with an average value of 3.0 a t  p H  3.0. The product analysis for the reduction of 
HNOz a t  p H  3.0 is summarized in Table 4. This is based on the assumption that the 
gaseous products are in equilibrium between the gas and liquid phases, and that 
Dalton's Law of Partial Pressures is applicable. 

DISCUSSION AND CONCLUSIONS 

Nitric oxide 
The equilibrium constant, Ke, for the equilibrium step preceding the electron 

transfer reaction for the electrochemical reduction of NO, is equal to [O]/[Y], where 
0 is the electroactive form of NO and Y is the non-electroactive form of NO. Thus, K e  
does not include hydrogen ion which, on the basis of the data of Table 2 ,  has been 
shown to be involved in the pre-chemical equilibrium. An equilibrium constant which 
includes hydrogen ion concentration is given by the relation 

At pH7.0, the value for Keis  1.10; thus the value for K,'is 1.10 x 107. 
The heterogeneous rate constant, (kf,hO)intermediate, for the electroactive 
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species of nitric oxide reduction at  a mercury electrode can be evaluated on the basis 
of eqn. (5), the value for K,', and the value for kf,hO; the average value for 
(kf, hO)intermediafei~g. 10-y cmsec-l. Amoreuseful parameter is the simple heterogeneous 
rate constant, ks,h, which is the rate constant a t  the formal potential for the rate- 
determining couple. This constant is obtained by the relation's 

ksrh = kfrh0 exp[(-an,F/RT) EO'] (7) 

where EO' is the formal electrode potential for the rate-determining couple. The rate- 
determining step for the reduction of NO a t  a mercury electrode is a one-electron 
reaction involving one proton. A reduction mechanism for nitric oxide which is 
consistent with the data can be represented by the reactions 

NO +H++NOH+ Kc' slow 

NOH+ +e-+NOH slow 

2 NOH-tNaO + Hz0 fast 

The formal electrode potential is not known for the proposed rate-determining couple 
(reaction ( g ) ) ,  but it has been estimated to be -0.3 V us. NHElY for the reaction 
represented by the conlbination of eqns. (8) and (9). If this value is used for EO', the 
value for ks,h is I . I O - ~  cm sec-1. 

ATitroz~s acid 
The lieterogeneous rate constant, (kf,ho)intermediate, for the electroactive species 

of nitrous acid reduction a t  a mercury electrode can be evaluated on the basis of 
eqn. ( 5 ) .  the galvanostatic data of Table 3, and the value of K,' for the electroactive 
species. The rate-determining step is a one-electron process and involves one proton. 
A reduction mechanism for HNOz that is consistent with the data and the reduction 
products can be represented by the reactions 

HNOz +H+eHzNOz+,  K,' fast (11) 

HzNOsf +e-+HzN02 slow (12) 

2 HzN02+NH(OH)z + HNOz fast (13) 

2 NH(OH)2+NH20H +HNOz + Hz0  fast (14) 

N&OH + H N O ~ + N ~ O  + 2 HZO (15) 
The equilibrium constant, K,', for reaction (11) has a value of 2. 1 0 - 7  20 which in- 
dicates that the majority of the nitrous acid is in the form of HNOz although HzNOz+ 
is the electroactive species. If this value for K,' is used, the average value for 
(kf.hO)interme~iate is 2 .  lo l  cnl sec-1. 

The proposed reduction mechanism for HN02, reactions (11)-(15), explains the 
presence of NHzOH among the products as well as the build-up of NzO. Thus, the 
coulometric reduction of HNOa gives an overall three-electron process because of the 
removal of some HNOz by NHzOH. The small amount of NO may come from the 
decomposition of HNOz; Nz may come from the decomposition of NHzOH. At 
lower pH-values, HNOz decomposes more quickly to cause the coulometric results to 
indicate fewer electrons/HNOz molecule. 

Again, the simple heterogeneous rate constant, k,,h, is a more useful parameter. 
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This quantity can be evaluated on the basis of the proposed mechanism and eqn. (7). 
The formal potential for the proposed rate-determining couple is not known, but the 
value of EO' for the HNOz/NO couple, which represents the combination of eqns. (11) 

and ( 1 2 ) Z l  is 1.00 V US. NHE. If this value is used in eqn. (7), the value for Rs,h is 
I - 10-7 cm sec-I. 

The diffusion coefficient for HN02, D, can be calculated from the Sand 
equationzz. 

i t* /C  = n d  FAD h,'2 (16) 

The average value of D for HNOz in 0.5 F NazS04 and 0.5 I; NaHzP04 a t  pH 3.0 is 
1.73 x 10-5 cmz sec-1. 
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SUMMARY 

The electrochemistry of nitric oxide and nitrous acid have been studied a t  a 
mercury electrode in buffered aqueous solutions using chronopotentiometry and 
controlled-potential coulometry. The reduction of NO is an irreversible one-electron 
process with an, =o.4o and ks,h = 10-6 cm sec-1. Gas chromatographic analyses 
establish that the only product is N20. The electroactive species appears to be a 
slowly formed intermediate, HNO+, with a formation constant of 10'. Nitrous acid 
is irreversibly reduced a t  a mercury electrode by a one-electron process, the kinetic 
parameters for the rate-controlling electron transfer step having the values an, =0.49 
and ks,h=~o-7 cm sec-1. The electroactive species appears to be a rapidly formed 
intermediate, HzNOZ+. Controlled-potential coulometry for the reduction of nitrous 
acid indicates an overall three-electron process (at pH 3.00). Gas chromatography 
establishes that the major products are equivalent amounts of NH20H and NzO. 
The actual electrochemical reduction of HNOz is an overall four-electron process to 
give NHzOH which reacts with HNOz to give NzO. Mechanisms consistent with the 
experimental data are proposed for the reduction of NO and of HNOz. 
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In a recent communication we reported on the potentiometric titration of the 
acid, NaP03, with the carbonates of the alkali and alkaline-earth metals, in molten 
I<N03 a t  350"'. Both "forward" and "backward" neutralization curves showed 
marked potential inflexions a t  simple acid : oxide-ion donor relations. The P: 0 and 
P :e  (e is negative charge) ratios of the primary-formed phosphates were proposed 
as measures for the acidity of the cations. On this basis, the six cations studied were 
arranged in decreasing order of acidity as : Ca2+ > Li+ > Sr2+ > Ba2+ > Na+, K+. The 
differences between the acid character of the various cations were resolved, and 
emphasized by the large number of possible P-0 compounds that can be formed, 
as well as by the glass-forming properties of the pliosphates2. 

I t  was therefore, of interest to establish whether such differences can be 
demonstrated by reactions with simpler acids. The present paper reports on the 
results of "forward" and "backward" titrations of the acid KzCrz07, with the car- 
bonates of Li+, Na+, I<+, Ca2+, S f + ,  Baz+ and Pb2+ in fused KN03 a t  350'. Previous 
experience has shown that the forward neutralization curves of this acid with KOH3, 
NaHC034, I<~C034 or Na2024.5 consist of a single step corresponding to the reaction: 

C r ~ 0 7 ~ - + 0 ~ -  --t 2 Cr042- (1) 

The equilibrium constant of this reaction, viz., K=[Cr042-]2/[Crz0,2-][02-], was 
found6 to'be 1.8 x 1012 a t  350°, which indicates that C ~ 2 0 7 ~ -  is a relatively strong 
Lux acidq. 

EXPERIMENTAL 

"Forward" neutralization experiments (in which the oxide-ion donors were 
added to the acid in fused KN03) and "backward" experiments (in which the pro- 
cedure was reversed) were carried out with the seven carbonates. The technique of 
in situ potentiometric titration in fused salts has already been described3. 50.000 g 
of pre-melted and dehydrated KNOB were used as diluent in all cases. An oxygen 
(13) electrode was used as indicator electrode and its potential was measured relative 
to an Ag/Ag(I), melt/glass reference half-cells. All chemicals were of analytical 
grade. Corrections were made for the water contents of NaOH and KOH. Unless 
otherwise stated, experiments were conducted a t  350'. 
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RESULTS AKD DISCUSSION 

The curves given in Fig. I,A represent the neutralization of different amounts 
of KzCre07 with LizC03 in molten KN03 a t  350'. Curves R of the same figure are 
the corresponding backward titration curves. Roth sets of curves show a single 
potential inflexion of ca. 350 mV at a molar ratio Cr207": COa" of I : I (insert of 
Fig. I). Neutralization can be represented as: 

Cr2072- +CO+ + 2 Cr042- + C O ~  ( 2 )  

Almost the same behaviour was observed when NazC03 or KaC03 were used 
as oxide-ion donors. Differentiation between the acid character of the three cations 
on the basis of the reaction of their carbonates with 1bCr207 is, therefore, impossible. 

u o forward 
20.5 backward 

0.1 0.2 0.3 0.4 

- u 
0.1 0.2 0.3 0.4 0.5 0.2 0.4 0.6 0.8 1.0 

Li2C03 , 9 K2Cr207, g 

Fig. I. Forward (A) anrl backward (R) titration curves of I<?Crz07 with LisCOs in TCNOn a t  350". 
(A , I ) ,  0.500; (A,z), 1.ooo; (A,j), 1.500 g I<zCr~07. (B,I) ,  0.058; (l3,2), 0.100; (R,3), 0.200 g Li2COs. 
Insert: relation between the quantitites of I<zCrz07 and IIzCOB; line drawn theoretically. 

In the reaction with NaP03, however, Li+ was shown to be acid with respect to 
Naf and K+. The two latter cations behaved similarly and did not allow any distinc- 
tion to be made between their acid properties. That K+ is more basic than Naf was 
proved in the present study by carrying out "cyclic" neutralization experiments 
with the hydroxides of the two elements as oxide-ion donors. For a better appreciation 
of these results, the titration characteristics of KzCx-207 with NaOH and KOH are 
first summarized: Forward neutralization of the acid with either compound produces 
curves with a single step accompanied by a drop in the 02-electrode potential of 
ca. 700 mV, Figs. 2A and 3A. At the inflexion points of these curves, the molar ratio, 
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C r ~ O + - : O ~ -  (Or-=Z OH-) is I:I and neutralization leads to the formation of 
Cr04'-. In the backward titration experiments, however, the curves are formed of 
two equal steps associated with potential rises of 250 and 300 mV. These take place 

0.5 

0.1 0.2 0.3 0.4 

2 0 0  

> 
E 0 
- 
0 

-200 
0, 
C 

Q -400 
a, D 

2 -600 
d 

X - 
": 800 
0" 

NaOH,g K2Cr2 0 7 ,  g 

1%. 2 .  1;orward (A)  ant1 cyclic (13) titration curves of IizCreO-, with NaOH in KNOB a t  350°. 
(.\.I ), 0.500; (:1,2), 1.000: (.4,.z), 1.500 g Ii~Cr207. (13) backward neutralization of excess NaOH 
in expt. (11). Inscrt: relation bctwccn the cluantities of 1 i ~ C r ~ O ~  and NaOH (expt. 12); line drawn 
theorcticall y. 

Fig. 3. Forwartl (A) ant1 cyclic (13) titration curves of li2Cr~O7 with KOH in I<N03 a t  350". 
(X , r ) ,  0.300; (i\,z), 0.400; (h ,3) ,  0.500 g IizCreO?. (R) backward neutralization of excess KOH 
in cxpt. (A). Insert: relation bctwccn the quantities of IC~Crz07 and KOH (expt. A); line drawn 
theoretically. 
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a t  the molar relations, Cr2072-:z 0 2 -  and Cr2072-:0*, respectively. lieaction with 
the two oxide-ion donors is as follows2 : 

Cr2072- + 2 0 2 -  + 2 C1-04~- . 0 2 -  

and 
C r ~ 0 , ~ -  +2 C r o ~ ~ - .  02- _t 4 Cr(h2- 

which-in contrast to weak oxide-ion donors, e.g., carbonatez-allows the formation 
of tlie basic chromate 2 Cr042-.03- as an intermediate neutralization product. 

The behaviour of KzCr207 upon "cyclic" neutralization with tlie two hydroxi- 
des is different from that described above, and enables tlie acid character of the 
cations to be differentiated. In these experiments, the acid is first titrated with 
either of the two oxide-ion donors and a certain excess is added after the equivalence 
point. This is then titrated with the acid. When using NaOH, neutraliza9n of tlie 
extra oxide takes place in two equal steps, corresponding to reactions ('5) and (4). 
Fig. 2,B. With KOH, on the other hand, cyclic titration curves exhibit two steps 
only when the amount of the oxide-ion donor in tlie melt is larger than that consumed 
in the forward titration experiment (curves I and 3, Fig. 3 R). Also, under these 
conditions the consumption of acid along tlie two neutralization steps is not equal, 
the second step consuming more acid than the first. When, Ilowever, I<OH is present 
in amounts less than those taken in forward experiments, cyclic neutralization curves 
show only the second step (curve 2, Fig. 3R). These observations indicate that, in 
contrast to NaOH, KOH readily adds to Cr04" present in the melt to form the basic 
structure 2 Cr042- - 0 2 -  : 

Free 02--ion, which neutralizes in two equal steps, would accordingly be present in 
the melt only when all the chromate has been transformed into the basic structure. 
The acidification of such melts would therefore produce curves with two unequal 
steps, the first being due to the reaction of free 0 3 -  (reaction 3), while the second 
-consuming more acid-represents the conversion of the originally-present and the 
newly-formed 2 Cr042-.02- into Cr04" (reaction 4). When, on the other hand, tlie 
amount of KOH added after the inflexion point is less than that already consumed, 
free 0 2 -  would not be present in the melt and acidification would show only reaction 
(4). The fact that KOH adds to CI-04% to give z Cr04*-.O"- while NaOH under 
similar conditions does not, indicates clearly that tlie two cations differ in their 
acid character, K+ being apparently less acid (more basic). 

The three alkaline-earth carbonates also react witli KzCr207 in the forward 
direction to yield Cr042-, i.e., the molar ratios Cr~07Z-:C032- a t  tlie points of in- 
flexion are I:I, Figs. 4-6,A. At the equivalence points, potential drops of ca. 250, 
300 and 450 mV are measured witli CaC03, SrC03 and RaC03, respectively. For the 
first two compounds, the drop in potential is conjiderably smaller than that for 
BaC03 or for the alkali carbonates, and suggests that the CaCr04 and SrCr04 formed 
are more acid than the other chromates. That this is actually the case was proved 
by experiments in which, after reaching the inflexion points, the titration was con- 
tinued with Na2C03. Curves A', Figs. 4 and 5 show clearly that under these conditions 
the melts continue to consume the new oxide-ion donor, and that one equivalent of 
it is needed to bring about a second inflexion of ca. zoo mV in the case of Caz+, and 

J. Electroanal. Chenz., 16 (1968) 551-562 



REACTION O F  CARBONATES WITH CHROMATE I N  MOLTEN KN03 

C. forward 
u backward 

I 2 0 0 ~  0.1 0.2 0.3 0.4 

Fig. 4. Forwarcl (A) ancl backward (13) titration curves of KzCrz07 with CaCO3 in I<NOs a t  350'. 
(A,I) ,  0.300; (A,2), 0.500; (A,3), 0.700; (h,4), 1.000 g IizCrz07. (A') further titration of products 
in (A) with Na2C03. (B,I) ,  0.050; (B,z), 0.100; (B, j ) ,  0 . ~ 0 0  g CaCO3. Insert :  relation between 
t he  quantitics of IizCrzO7 and CaC03; line drawn theoretically. 

o forward 
backward 

100 - 
0.1 0.2 0.3 0.4 0.5 

0 - 

-100 - 1 2  3 

-500 ! 
I I I I I  

0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.2 0.4 0.6 0.8 1.0 1.2 

SrC03 , Q Na2C03 ,Q K2Cr2 0 7  ,Q 

Fig. 5. Forward (A) and  backward (B) titration curves of KzCrz07 with SrC03 in KNO3 a t  350". 
(X,I), 0.250; (A.2). 0.500; (A,3), 0.800 g lizCrzO7. (A') further titration of products i n  (A) with 
Na2C03. (B,I) ,  0.200; (B,2), 0.350; (B,3), 0.500 g SrC03. Insert :  relation between t he  quantities 
of KzCrz07 and  SrCO3; line drawn theoretically. 
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150 mV in the case of Sr2+. Curves similar to those of 1;igs. 4A' and gA' were also 
obtained when CaCr04 and SrCrO4 were titrated with Na~C03 in molten ICNO:, a t  
350'. I t  was therefore of interest to establish the nature of the basic cliromates thus 
formed. The solidified and pulverized reaction products (corresponding to the in- 
flexion points of curves A', Figs. 4 and 5) were treated with HCI, whereby Con was 
evolved. The collected gas volumes indicated the presence of I mole of carbonate/mole 

0.1 0.2 03 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
B~co, ,~  K2Cr-2 0 7  s 

Fig. 6. Forward (A) ancl backward (R) titration curves of l i~Cr207 with naC03 in IiNOn a t  350°, 
(41). 0.150; (A,2), 0.250; (A,3) ,  0.500 g IizCra07. (B,I), 0.150; (U,2), 0.300; (13,3), 0.400 :: BaCO:$. 
Inserts: relations betwcen thc quantities of Ii2Cr307 ant1 BaC03; lincs drawn thcorctically. 

chromate. I t  can be concluded from this that the reaction of NanC03 with the chrom- 
a t e ~  of Caw and Sr2+ leads to the formation of an addition product of formula 
CaCrO4. NazCO3 (SrCrO4. NazCO3). I t  was of further interest to determine whetller 
the acid chromates of Ca2+ and Sr2+, formed under the conditions of the potentio- 
metric titration, are simple or mixed chromates. The neutralization reaction of CaC03, 
can be written as: 

Therefore, CaC03 (SrC03) was added to the acid-nitrate melts just to the point of 
equivalence. The melts were then cooled, cruslled and dissolved in water. The 
solutions were coloured yellow and contained an insoluble residue. The precipitate 
was filtered and the clear solutions were analyzed quantitatively for chromate 
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(precipitation as mercurous chromate) ; the presence of one equivalent of soluble 
chromate/equivalent CaCOs (SrCOa) added to the melt was proved. If it is assumed 
that water does not l~ydrolytically attack a structure like KzCa(CrO4)2, the above 
result indicates that reaction (7) is the one most probably taking place. This conclu- 
sion is also supported by the fact that the chromates formed behave-upon further 
neutralization with NazCOa-in a manner similar to that of the pure compounds. 

The reactlon product of BaCOs and KzCrz07, i.e., RaCrO4, does not add an 
estra equivalent of NasCO3 as do tlle reaction products of Ca" and Sr2+. The Ba2+- 
ion is, accordingly, less acid than Ca" or Sr". The acid properties of the last two 
cations cannot be differentiated on the basis of the reaction of their carbmates with 
T<3Cra07. However, the potentials of the 02-electrode in melts of equivalent quantities 
of CaCrO4 and SrCr04 in fused KN03, show that Ca2+ is more acid than Sr2+. The 
study of the reaction of the two carbonates with Nap031 led to the same conclusion. 

Backward titration curves of the carbonates of Ca", Sr2+ and Ba2+ are 
shown in Figs. 4-63, These curves are characterized by a single neutralization step 
accompanied by a potential rise of ca. 200, 250 and 350 mV, respectively. The molar 
ratios Cr20?S-: C032- a t  the inflexion points are I : I for Caw and Sr2+, and 2 : 3 for 
Ras+. Rot11 CaC03 and SrC03 react with K~CI-207 to yield the normal chromate, 
Cr04'-, upon forward or backward neutralization. BaC03, in backward titration 
experiments, however, behaves differently. First, the reaction with the acid is 
exceedingly slow and the 02-electrode requires relatively long times to establish 
steady-state potentials. After each dichromate addition, the potential changes 
momentarily towards positive values (acid melts) and then drifts slowly back to 
more negative potentials. This behaviour is apparently related to the fact that both 
BaC03 and its reaction product with the acid are insoluble in the melt. Nevertheless, 
when enough time is given for steady-.state potentials to establish, reproducible 
titration curves are obtained with inflexions at  the molar ratio, 2 Cr2072- : 3 C032-. 
Neutralization leads, most probably, to the formation of 2 BaCr04 .RaC03. 

The reactions between PbC03 and KzCrz07 and PbC03 and KNOj are of 
particular interest and were studied in some detail. Forward neutralization of tlle 
acid gives rise to curves with two inflexions of 200 mV each, Fig. 7,A. At the first 
potential drop, the ratio KzCrz07: PbC03 is I : I, and thus the reaction is: 

&$I-20, + PbC03 + PbCrO4 + K2Cr04 + COZ (8) 

This 11as.been confirmed by analyzing the reaction products in the manner described 
above for Caw and Sr" carbonates. The consumption of PbC03 along the second 
neutralization step is equal to that with the first step. That this step does not 
represent a precipitation reaction of the form: 

was established by analyzing aqueous solutions of solidified melts after this stage; 
i t  was found that the filtrate contained no KzC03, but KzCr04 in quantities corre- 
sponding to that required from an acid-base reaction. Further, the addition of extra 
1<3Cr04 to the melt after the first neutralization stage did not affect the consumption 
of PbC03 along the subsequent step. I t  may therefore be concluded that PbCrO4 
formed along the first step of the titration curves adds an equivalent of PbC03 
along the second to give the compound PbCrO4-PbCO3. Analysis of the cooled 
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Fig. 7. Forward (A) and backward (B) titration curves of I<zCrz07 with PbC03 in KN03 a t  350°. 
(A,I), 0.250; (A,2), 0.500; (A,3), 0.750 g IizCrzO?. (ELI), 0.500; (B,2), 1.000; (I3.3), 1.500 g PbC03. 
Inserts: relations between the quantities of K2Cr207 and PbC03: lines drawn theorctically. 
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Fig. 8. Variation with time, of the  02-electrode potential in KNOs 
quantities of PbCOa. Arrows indicate time of addition. 

a t  350" on addition of 1.000-g 

salts confirmed this conclusion. The fact that PbCrOl can add another molecule of 
the titrant (PbC03) indicates that it is more acid than either CaCrO4 or SrCrO4 and 
Pb2+ can therefore be regarded as the most acid cation among those studied in the 
present investigation. 

Before the results of the backward titration experiments with PbC03 are 
discussed, the reaction between this compound and molten KN03 has first to be 
resolved. Thus, in contrast to the carbonates of the alkali and alkaline-earth metals, 
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wllicli are both cliemically and thermally stable in tlie melt under consideration, 
PbC03 when added to fused KN03 evolves COz. At the same time, the potential of 
tlie 02-electrode drops first to negative values, remains constant for a certain period 
and then changes to a constant, positive value. Time-potential curves representing 
this behaviour are given in Fig. 8, where successive charges of 1.000 g PbC03 were 
added to 50.000 g KN03 a t  350° The shape of these curves indicates clearly that the 
carbonate changes, through reaction with the melt, into a less basic compound. To 
determine the reaction of PbCO3, the melts, after the establishment of steady-state 
potentials, were cooled, crushed and treated with excess dilute HN03; the COz 
evolved was collected in a gas-burette. The volumes of gas thus obtained (corrected 
to N.T.P.) were found to be two-thirds of those obtained from similar KN03-PbC03 
~nixtures not subjected to fusion. This shows that one-third of the carbonate has 
changed during fusion into a form that does not evolve COz and does not react readily 
with I(zCrz07 (see later). I t  was further established that the addition of PbO to 
I(NO3-PbC03 mixtures whicli had not been subjected to fusion had no effect on the 
volunies of COz collected upon treatment with acid. I t  is, therefore, reasonable to 
assume that the fusion of PbC03 with KN03 leads to the formation of white leads, 
2 PbC03 .PbO, according to: 

3 PbCOs -t 2 PbC03. PbO + COz (10) 

The kinetics of this transformation were examined in some detail. Thus,if 
the time, t, taken by tlie oxygen electrode to  establish steady-state potentials is 
considered as tlie reaction time, tlie suitable rate equation for decomposition can be 
derived. The curves of Fig. 9 represent the variation with time of the 02-electrode 
potential in nitrate melts at  350, 370, 390 and 415', to which different amounts of 

- 
1 2 3 4 5  

Time , min 

Fig. g .  Variation with time of  the 02-electrode potential during the reaction of PbC03 with KNOz 
at various temps. 
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PbC03 were added. At any one temperature, t increases with the PbCOs-content of 
the melt. On the other hand, for melts of comparable composition, t decreases as 
the temperature is raised. From the weights of carbonate, the corresponding molaritic.; 
were calculated according to : 

where HIs is the weight of PbC03, Ms its n~olecular weight, za the weight of KNO3 
(50.000 g) and d the density of molten KNOa a t  temperature t ("C) computed from 
the relation9 : 

The molarities thus calculated are plotted as function of the reaction time, 
t, in Fig. IO,A. Straight lines are invariably obtained wllicl~ supports tho conclusion 

Fig. 10. ( A ) ,  relation between reaction tinic ant1 molarity of l ' bC0~  a t  tliffcrcnt temps.; (B), log 
k- I /T  plot for the decomposition of I'bC03 in ~noltcn IiNO:,. 

that the conversion of I'bCOa into 2 P b C o ~ . P b 0  is a zero-order reaction with respect 
to carbonate. From the slopes of the lines of Fig. ro,A, the rate constants are cal- 
culated as 2.33, 5.71, 19.05 and 44.70 x 1op4 mole l-l sec-l a t  350, 370, 390 and 415°, 
respectively. A plot of the logarithm of these constants as a function of 1/7' is shown 
in Fig. IO,B; the slope of this line gives the activation energy of transformation as 
38.2 kcal mole-'. 

It is of interest to note before the results of the backward titration of PbCOa 
with KzCrz07 are presented that attempts to titrate the acid with PbO were un- 
successful. The 02-electrode did not respond to acid- or oxide-ion donor additions 
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in backward or forward titration experiments, respectively. The reason for this 
bel~aviour is not fully understood, but tlie strong oxidizing properties of molten 
nitrate wl~icli make possible the conversion of I'bO into higher, acid oxides may be 
sign i f  icant. 

\\'lien IZ.CraO7 is addecl to I<N03-PbC03 mixtures that have been equilibrated, 
titration curves similar to those shown in Fig. 7,B are obtained. The curves have two 
inflexions of ca. 150 mV eacli. l ip  to the end of tlie first step, the molar quantity 
of IZ2Cr2O7 corresponds to one-tl~ird of tlie origi~al PbCOs of the melt. Double this 
quantity is needed to affect tlie second inflexion. If it is taken into consideration, 
however, that during equilibration the carbonate has changed into white lead, 
zl'bCO3. PbO, and t l ~ a t  I'bO does not react with KzCt-207 under the experimental 
conditions, tlieactzial molar ratios are I : 2 and I : I ,  respectively. Backward neutraliza- 
tion can therefore be represented as: 

I<aCrs07 + 2 IJbCO:3. 1)bO -t IZ2Cr04 + PbCr04. PbC03 + PbO + COz (13) 
an ci 

I < & - z 0 7  + I'bCrO4.PbCO3 + K2Cr04 +2 PbCrO4 +COz (14) 

whicli is the reverse of the reaction taking place during forward titration. Analysis 
of the melt after tlie first inflexion (treatment of the solidified masses with dilute 
HN03 and collection of the COs evolved) proved the existence of one-third of the 
added PbC03 in the mixture. 

The present investigation on tlie titration of tlie acid, KzC1-207, with different 
carbonates results in an arrangement of their cations in decreasing order of acidity 
as I,i+, Na+ > I<+ and Pb2+ > Ca2+ > Sr2+ >Ra". This series is the same as that 
established in a previous study on the basis of the reaction of the same carbonates 
wit11 NaP03. 

SUMMARY 

The acid, KzCr207, has been titrated potentiometrically with the carbonates 
of Li, Na, K, Ca, Sr, Ra and Pb  in fused KN03 at 350'. Both "forward" and "back- 
ward" neutralization curves (except for the case of Pb) consist of a single step 
corresponding usually to formation of CI-04%. "Cyclic" neutralization curves with 
NaOH a n 8  KOH suggest that Na+ is acid with respect to K+. The acidity of Ca2+, 
Sr"+ and RaZ+ decreases in tlie order given. CaCr04 and SrCr0.1 add an extra molecule 
of NasCO3 to give CaCr04 Na2C03 (SrCrOe . NazCO3) ; BaCr04 does not. Pb2+ is the 
111ost acid cation studied. PbCr04 adds another molecule of PbC03 and gives a second 
inflexion in the titration curves, corresponding to the formation of PbCrO4.PbCO3. 

PbC03 decomposes thermally in fused KN03 to give white lead, 2PbCOs.PbO. 
Tlie reaction is zero-order with respect ot PbCO3 and has an activation energy of 
38.2 kcal mole-1. 

I 14. M. SHAMS I:L DIN, H .  D. TAKI EL DIN AND A. A. EL HOSARY, Electrochim. Acta, in press. 
r .-\. 11. SHAMS I<L DIN A N D  A. A.  EL HOSARY, IZ1rct~ochim. Acta, in press. 
3 :\. hT. SHAMS ICL DIN, Elrct~~oclzim. .4ct(~, 7 (1902) 278. 
4 ;\. hI. SHAMS EL DIN A N D  A.  A. .A. GEIZGES, J .  Electroanal. Chcm., 4 (1962) 309. 

J .  Electvoanal. Chsnz., 16 (1968) 551-562 



562 A. M. SHAMS E L  DIN, A. A. EL HOSARY 

5 A. M. SHAMS EL DIN AND A. A. EL HOSARY, ,I. Electroanal. Chrm., g (1965) 349. 
6 A. M. SHAMS EL DIN AND A.  A. A .  GERGES, elect roc hill^. Acta, 9 (1964) 613.  
7 H. Lux, 2. Elcktvochcnz., 45 (1939) 303. 
8 A. M. SHAMS I<L DIN, A.  A. EL HOSARY A N D  A.  A. A.  GERGES, J .  Elrctroanal. Chem.,  6 (1963) 

131. 
9 J.  M. MELLOR, A C o n z ~ ~ e h r ~ ~ i v e  Ti,ratise 0% Ivzorgalzic aizd Tlzcor,etical Clzrmistr.y, Vol. VII, 

Longman, Green and Co., I,outlon, 1947, p. 836. 
l o  R. LORENZ, H. PREI AND A. JABS, Z. Physik .  Clzem., Leifizig, 61 (1908) 468. 



ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 563 
Elsevicr Sequoia S.A., Lausannc - Printed in The Netherlands 

POLAROGRAPHISCHES VERHALTEN DES ARSENS UND PHOSPHORS 
IV. POLAROGRAPHIE DEK CARBOXYALKYLPHOSPHINE* 

l i .  ISSLEIB, H .  MATSCHINER UND S. NAUMANN 
Institut fur Anorganische Chemie der Universitat Halle (Saale) 

(Eingcgangcn am 7. April 1gG7; revisioniert am 24. Juli 1967) 

P,P-disubstituierte Carboxyalkylphosphine setzen die Wasserstoffiiberspan- 
nung an der Hg-Kathode herab2. In Fortfiihrung der Untersuchung galt es, den 
Einfluss des dreibindigen Phosphors bei diesem Elektrodenvorgang zu studieren, 
was eine Ausdehnung der Untersuchungen auch auf Verbindungen des Typs I-IV 
voraussetzt. 

111: apR2 ; R = C,H, 

COOH 

IV: &P, RzPH, KPHz, PHs R=CsHs 

Ausserdem sollte der Einfluss der Schwermetallionen, besonders der Kobalt(I1)- 
und Kobalt(II1)-ionen auf die katalytischen Effekte der Organophosphorverbindun- 
gen, wie sie durch analoge schwefelhaltige Verbindungen bekannt geworden sind394, 
untersucht werden. 

ERGERNISSE 

In!dem Umfang wie die Phenylsubstituenten am Phosphor durch Wasserstoff- 
atome ersetzt werden, verringert sich die katalytische Aktivitat. Triphenylphosphin 
ist beispielsweise wesentlich aktiver als Diphenylphosphin, Monophenylphosphin und 
PH3 sind llingegen inaktiv. 

Bei den Carboxyalkylphospl~inen ist ferner noch der Einfluss der Carboxyl- 
gruppe zu beriicksichtigen. Verbindungen mit B-standigen Phosphinsubstituenten 
sind im Gegensatz zu a-standigen (11, vz =2) inaktiv. 

Der Einfluss von Kobaltionen ist am deutlichsten im Falle der unsubstituierten 
Carboxyalkylphosphine HzPCHIiCOOH zu erkennen. Bereits lo-8 M CoClz oder 
(Co(NH3)~,1Cl3 in einer schwach salzsauren Alkalichloridlosung geniigen, urn eine gut 
ausgebildete katalytische Welle hervorzurufen. Die katalytische Stufe (id wachst 

* Fiir die 111. Mitteilung, siehe Ref. I .  
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bei Kobaltzugabe bis zur Hohe der norrnalen Was~erstoffwelle (i~). Gleichzeitig 
verschiebt sich das Halbstufenpotential zu positiveren Potentialen wie aus Tabelle I 
ersichtlich ist. Solange ir im Verlliiltnis zu iH klein ist, erfolgt eine Vergriisserung 
sowohl mit sinkender Reh5lterhol1e als aucll nach Zugabe von Gelatine. Hohere 
Gelatinekonzentrationen 7.1s o.o06~/~ wirken dann dtimpfend auf den Elektroden- 
vorgang. 

TABELLB I 

i ~ / i ~  = Verhaltnis dcr katalytischen Wellc it zur normalen Wasscrstoffwcllc; irlilr* bz\v. E;*,  
Ergcbnissc in Gegenwart von o.oorz% Gelatiile. 

Abb. I .  Abhangigkeit der katalytischcn Stufc von dcr HC1-Iionzcntration. 0.1 M IiCl;  4.2 x 
10-5 M CaHllP(H)CHzCOOH; 4-10-5 M CoCla. HC1-Iionz.: 2.3; 4.5; 7.0 und 9.1 x 10-.Lni'. 
Startpotential = -0.75 mV. 

Erreicht d'e katalytische Stufe die Hohe der Wasserstoffstufe, so ist sie rein 
diffusionsbedingt und proportional der Protonenkonzentration (vgl. Abb. I). 

Die durch Kobaltsalze verursachte Vergrosserung der katalytischen Stufe der 
Carboxyalkylphosphine eignet sich fiir den Ultramikronachweis von Kobaltionen. 
Auch in Pufferlosungen vergrossern sic11 die katalytischen Wellen der Carboxyalkyl- 
phosphine nach Zugabe von Kobaltionen (Abb. 2). Dies trifft nicl~t nut- fiir saure 
Losungen zu, sondern auch in kobalthaltigen NH3-NH4C1-Puffern konnen gut 
ausgebildete katalytische Wellen beobachtet werden. Besonders benlerkenswert 1st 
in diesem Zusammenhang, dass ebenfalls PH3 und PHsCsHs in Gegenwart von 
ICo(NH3)6]Cls katalytisch aktiv sind, wallrend die katalytischen Wellen des P(CsHg)3 
durch Kobaltionen nicht beeinflusst werden. Konzentrationen von ~ o - ~  M PH3 
konnen in sauren Pufferlosungen (pH=3-5), die [Co(NH3)s]Cl3 entlialten, nocli 
erfasst werden. 

Die katalytischen Wellen in Gegenwart von Icobaltionen vergrossern sich init 
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sinkendern pH-Wert (Abb. 3)  und mit der Phosphinkonzentration. Im Falle relativ 
niedriger Phosphinkonzentrationen ((5 x ~ o - ~  M) wachsen die katalytischen Wellen 
mit sinkender Beli5lterhiihe. Treten zwei katalytische Wellen auf, z.B., unter be- 
stimmten Bedingungen fur 111, so ist die erste Welle diffusionsbedingt, wahrend sich 

Xbl). r .  IZinfluss von CoCls auf dic katalytische Wellc der o-Diphenylphosphinobenzoesaure. 
n.R.-l'uffcr pH = 5.5; 2 x 10-5 M o - ~ ' ( C ~ H ~ ) ~ C ~ H ~ C O O H ;  0.005% Gelatine. CoClz-Konz. von 
links nnch rcchts: 2.44 x 10-9 4.76 X 10-6; 9.62 x 10-6; 1.18 X 10-5; 1.43 X 10-5; 1.66 X 
10-5 ill. Spannungsboginn: -0.9 V. 

.4bb. 3.  Abhangigkeit der katalytischcn Wellen vom pH-Wert des Grundelektrolyten B.R.- 
Puffer. 2.4 x 10-QM [Co(NHa)6]C13; 1.05 x 1 0 - 4  M C6HsP(H)CHz-CHzCOOH. 

die zweite \Velle mit sinkender Rehalterhohe vergrossert (Abb. 4). In  der Losung ist 
beim Potential der katalytischen Wasserstoffabscheidung ein starkes Stromen in 
Iiichtung zur I<apillarmundung zu beobachten. Indifferente Salze verringern die 
katalytische Wirksamkeit, ihr Einfluss wichst in der Reihenfolge Li+< Na+< K+. 

Die Tropfzeitkurven lassen fiir die Phosphine I-IV eine starke Adsorption 
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Abb. 4. Abhangigkeit von der Behaltcrhohc B.R.-Puffcr pH = 3.7; r .  10-6 M CoClp; 5 . 1 0 - W  
o-P(CfiHs)zCsH4COOH. Behalterhohen: 100, 90, 80 und 70 cm. Spannungsbegi~l: -0.9 V. 

L c I 

0 - 1 -2 
E (Volt) 

Abb. 5. Tropfzeitkurven. (I) ,  l3.R.-Puffer p H  = 5.02; (z), 8.7 x I O - ~  M o-P(CoH5)2C6H4COOH 
und nach Zugabe von 4.35 x 10-5 M CoC12. 

Abb. 6. Tensammetrische Icurven der o-Monophcnylphosphinobcnzocsiurc. ( I ) ,  I M 1I;Cl; (z) ,  
I M KC1 und I .  10-4 M o-P(H)CfiHsCfiH4COOH. 

auf der Elektrodenoberflacl~e erkennen. Die Deformation der Tropfzeitkurve wird 
durch Kobaltsalze nicht verstarkt (vgl. Abb. 5 ) .  Auf den tensammetrischen Kurven 
ist eine relativ hohe Grundstromerniedrigung, ein kleiner Adsorptions- und ein 
grijsserer Desorptions-peak zu erkennen (vgl. Abb. 6.). Gleichfalls treten KapazitBts- 
ejnschnitte auf den dE/dT = f (E)-Kurven auf. 

EXPERIMENTELLES 

Fiir die Aufnahme der Stromspannungskurven dient der Polarograph OH-101, 
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wiihrend die tensammetrischen Untersuchungen mit dem Polarographen GWP 563 
durchgefiihrt werden. Als Hg-Elektroden werden mehere  stumpfe Jenaer Kapillaren 
mit Tropfzeiten zwisclien 2-4 see und Ausflussgeschwindigkeiten von z bis 2.5 mg/sec 
bei eincr Beh~lterhohe von 75 cm verwendet. Als Messzelle dient ein modifiziertes 
I<alousek-Gefiiss mit gesiittigter I<alomelelektrode als Vergleichselektrode. Samtliche 
Messungen erfolgen unter Luftausschluss in Argonatmosphare. 

Die vorliegenden Ergebnisse bestatigen den in fruheren Arbeiten diskutierten 
Mechanismus der katalytischen Wasserstoffabscheidung unter dem Einfluss von 
Organo-I'hospliorverbindungen~5. Offensichtlich ist die Protonisierung von I-IV als 
wichtigster Teilschritt des gesamten Elektrodenvorganges anzusehen. Ausserdem 
spielt auch die Adsorption des Depolarisators auf der Elektrodenoberflache eine 
Kolle. So werden die Elektrokapillarkurven in Pufferlosungen mit pH=6 auf dem 
negativ geladenen Teil deformiert, wiihrend der potentiometrisch ermittelte pK,- 
IVert z.R., der Dipl~enylpl~ospl~inogruppe in 111, unter 2 liegt6. Es ist hier, wenn auch 
nur teilweise, die Existenz eines inneren Salzes7 nicht auszuschliessen. Im Sinne der 
Theorie von CALUSARLJ U N D  I<~JTA w k e  dadurch ein Elektronenubergang von der 
auf der Elektrodenoberfl5che adsorbierten Phosphinogruppe auf die protonisierte 
Carboxylgruppeg moglich. Diese Annahme wiirde den starken Abfall der katalytischen 
Aktivitiit, der nicllt allgemein auf Rasizitatsunterschiede zuruckzufuhren ist, von 
CC,HE,P(H)CH~COOH gegenuber C ~ H ~ P ( H ) C H ~ - C H Z C O O H  erklaren. Auf Grund der 
ZIP-NMR-Spektren ist aber fiir HzPCHRCOOH eine derartige teilweise Betainstruk- 
tur auszuschliesseng. 

Die Untersuchungsergebnisse lassen eindeutig erkennen, dass koordinativ 
einzahlige Liganden wie PH3, PH2CsH5 und PH(CsH5)z in Gegenwart von Schwer- 
metallionen die Uberspannung des Wasserstoffs an der Hg-Elektrode ebenfalls 
llerabsetzen. Somit ist fur das Auftreten katalytischer Wasserstoffwellen in Gegen- 
wart von Kobaltionen eine Cl~elatkomplexbildung~~ keineswegs Voraussetzung. Der 
Einfluss von Schwermetallionen auf die katalytischen Wellen lisst einen Zusammen- 
hang komplexcl~emischer Reaktionen schwefel-11 und phosphor-haltiger Liganden 
erkennen. 

Di; llohe katalytisclle Aktivitat in Anwesenheit ausserst geringer Kobalt- 
ionen-I<dnzentrationen ist offensichtlicll nicht mit der Ansicht zu vereinbaren, dass 
Icobalt wl~hrend des Elektrodenvorganges abgeschieden wirdl2. Es  ist wahrschein- 
licher, dass der katalytisch aktive Komplex dutch eine dem Elektrodenvorgang 
nachgelagerte Reaktion regeneriert wird. Auf diese Weise konnen die Cyanokomplexe 
des Icobalts unter gewissen Vorbehalten als Modellsubstanzen betrachtet werdenl3. 
IVihrend der Pentacyanokobalt(I1)-Komplex an der Hg-Tropfelektrode zu einem 
stabilen I<obalt(III)-hydridokomplex gemass 

reduziert wird, reagieren die Reduktionsprodukte des Tetracyanokobalt(I1)-Kom- 
plexes mit Protonen unter Wasserstoffabscheidung. Uber die durch Kobalt-cyano- 
liornplexe verursachtc katalytisclle Wasserstoffabsclleidung sol1 an anderer Stelle 
berichtet werden14. 
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ZUSAMMENFASSUNG 

Es wird iiber die katalytische Wasserstoffabsclclleidung durcli Carboxyalkyl- 
pliosphine, o-~Pl~ospliinobenzoesiiure, Plcllosphorwasserstoff und prim. socvie sek. 
Phosphine berichtet. Die katalvtisclien Wellen waclisen mit steigender I<obaltionen- 
konzentration, was nicht nur einen Ultramikronacliweis der I<obaltionen, sondern 
auch eine qualitative und quantitative Restimmung cles Pliospliorwasserstoffs er- 
moglicht. Die katalytische AktivitBt koordinativ cin-/,iililigcr 1'-Liganden beweist, 
dass fiir eine Wasserstoffabsclieidung die bislier angenommene Voraussetzung eincr 
Chelatkomplexbildung nicht generell zutrifft. 

SUMMARY 

Some details on the catalytic activity of carboxyalkylpliospl~inizs in acid 
buffer solutions are reported. The investigations on the effrct of Iieavy-metal ions, 
as for instance cobalt(I1)- and cobalt(II1)-ions, on the catalytic waves were also 
extended to the con~pounds PHs, HZPR, HPR.3, Plin. The results show that compounds 
with one functional group can also lower the hydrogen-o\rcrvoltage. 
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I'OLTAMMETXY O F  T H E  AQUODIETHYLTLN(1V) CATION- 
I'OLY DIETHY LTIN(I1) SYSTEM 

3IICI-It\I<J, 1). RIOIIII IS 

Dcpartmerzt of Chemistry, Thr I'rwrzsyluania State Uniucrsity, University Park, Pa. 16802 (U.S .A . )  

(Rcccivcd August r l t h ,  1907 )  

The reduction of the aquodietllyltin(1V) cation at  the dropping mercury 
electrode has been studied by several groups. I i ~ c c o n o ~ r  AND POPOFF' describe the 
essential features of t l ~ c  system: that the reaction is a reversible, two-electron change 
the staiclliometry of wllich corresponds to eqn. (I). 

\lie l~ave~nvest igatecl  the effect of liydrolytic and con~plex formation equilibria on 
the polarographic system and have demonstrated that the polarographic method can 
be used to study the equilibrium properties of dialkyltin(1V) complexes. D E V A U D ~  
has esplained the effects of adsorption of the parent ions and the polymeric products 
on the morphology of the polarographic waves of tlie aquodiethyltin(1V) system. As 
all investigators have noted, these waves become increasingly distorted as the bulk 
concentration of the depolarizer is increased above about I . I O - ~  M. 

Althouglt the electrocllemistry of tlie parent ion has been thorougllly in- 
vestigated, little work has been done on the electrochemistry of the reduced species. 
IVe have observed that greenish-yellow polymers are the ulti~nate products of 
coulornetric reduction of the aquodietllyltin(1V) cation and its complexes, but we 
have not attempted to characterize these. NEUMANN ANLI P E D A I N ~  have shown that 
various linear and cyclic polymers of approximate composition, [(CzHb)~Sn],, can be 
prepared cllernically. Tlle structure of the polymer or polymers obtained depends 
on tlie method of synthesis. 

\lie! Iiave investigated the electrocliernistry of the aquodiethyltin(1V)-poly- 
dieillyltiri(I1) system a t  a hanging mercury drop electrode. Linear potential sweep 
chronoampero~~letry has been employed to verify the diffusion-controlled nature of 
the reduction of aquodiethyltin (I\[), and cyclic volta~nmetry has been employed to 
observe the electrocllemical belravior of the electro-generated polydiethyltin(I1) 
polymers. 

The polarograpll and cell employed have been previously describedz. A 
Hewlett-l'ackard zozA function generator was used in place of the conventional 
integrator scan input to obtai11 triangular waves for cyclic voltammetry. Current- 
potential curves were recorded on a Honeywell X-Y recorder or a Tektronix 514D 
oscilloscope, equipped with camera, as appropriate. The charge consumed during 
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the electrode process corresponding to a given peak, was estimated by planimeter 
integration of the pen tracing obtained wit11 the X-Y recorder. 

A micrometer-type hanging mercury drop electrode assembly (Metrohm, Ltd., 
Herisau, Switzerland) was used as the working electrode. The extruded drops had 
areas of 1.38+o.oj x 10-2 cm2. 

Diethyltin dichloride (City Chemical Corp., mp.. 84'4 5") was used as received. 
Diethyltin oxide, (CzHs)~Sn0, was precipitated from aqueous solutions of diethyltin 
dichloride by neutralization with sodium llydroxide5. The oxide was collected, 
washed to remove chloride and dried a t  115'. Known amounts of diethyltin oxide 
were dissolved in perchloric acid to give solutions of aquodiethyltin(1V) perclilorate. 

All other reagents were of ACS reagent-grade. Distilled water was used to 
prepare all solutions. 

LINEAR POTENTIAL SWEEP CHRONOAMPEROMETRY 

Solutions of I .1o-4 I; aquodiethyltin(1V) cation in 0.1 I; perchloric acid give 
a single peak ( E D  = -0.66 V vs. SCE). The peak Ileight is proportional to the square 
root of scan rate, confirming the diffusion-control well known from polarographic 
studies. At 2 .1o-~ F and more concentrated, multiple waves appear. Such bel~aviour 
is typical of systems in which an insoluble film of reduction product is formed at tlie 
electrode surface6. At 1.10-3 F aquodiethyltin(1V) cation, the I~eight of the main 
wave is proportional to VO.", where V is the potential scan rate (V sec-1). LAVIROS 
has shown6 that the peak current should increase with the two-tllirds power of the 
potential scan rate when the current is limited by coverage of the electrode with an 
insoluble film. 

Thus, the results of linear potential sweep chronoamperometry confirm tlie 
well-established conclusions of classical polarographic studies of this system'-3: that 
the reduction is diffusion-controlled a t  low concentrations and limited by formation 
of a polymeric film a t  higher concentrations. 

CYCLIC VOLTAMMETRY 

A typical cyclic voltammogram of 1.10-4 I; aquodietllyltin(1V) in an acetic 
acid-sodium acetate buffer, pH=4.5, is shown in Fig. I. Similar curves are obtained 
in 0.1 F perchloric acid solution. Cyclic voltammetric data are summarized in Table I. 

Two cathodic peaks (IC and 2C in Fig. I) are clearly distinguishable in this 
system. Two anodic peak systems, IA and zA, are present. 

Peak 2C is the main cathodic peak and corresponds to the polarograpllic 
reduction wave of the aquodiethyltin(1V) cation to polymeric diethyltin(I1). This 
peak is broken into two or three closely spaced peaks, clearly separated a t  higher 
concentrations, as observed in single voltage scans. 

Peak IC is actually an anodic current and is capacitative in nature. The data 
in Table I show that the quantity of electricity consumed during the scanning of 
this peak is relatively constant and does not vary systematically with scan rate. 
Because of the small charges involved, these measurements are l~iglily imprecise. 

Peak IC is absent on the first scan of a cyclic voltammagram or on a single 
cathodic sweep. Thus, this peak corresponds to  the absorption of material produced 
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E,volts vs. SCE 

Fig, I .  Cyclic voltammagram of 1.01 x 10-4  F (CzHs)~Sn(H20)42+ in 0.05 F acetic acid, 0.05 F 
sodium acetate, 0.05 F sodium nitrate buffer (pH = 4.5). Scan rate, 0.24 V sec-1 (0.1 Hz). 

TABLE 1 
CYCLIC VOLTAMMETRY OF THE AQUODIETHYLTIN(IV)-POLYDIETHYLTIN(II) SYSTEM 

1' Sweep Q ~ c  Q z c  Q ~ A  Q ~ A  
(1, scc-1) fvequcncy ([LC) ( [kc )  ( P C )  ( P C )  

( H z )  

Current too small to allow reliable integration. 
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during the electrolysis. Peak IC and peak zA are linked and both disappear when 
the cycling rate is increased above about 10 Hz (26 V sec-1). Peak IC must be due 
to the adsorption of a product of the reaction occurring during peak 2A. This product 
is probably a partially oxidized, polymeric dietllyltin, such as +EtzSn-(EtzSn) ,,,-EtzSn+ 

Anodic peak IA corresponds to the re-oxidation of most of the diethyltin 
polymers formed. As the data in Table I show, the charge passed during peak IA 
(QIA) accounts for 80-100% of the charge passed during the reduction of the aquo- 
dietliyltin(1V) species ( Q ~ c ) .  At all sweep rates within tlle range of our instrumentat'on 
(0.01 Hz-I kHz) this peak consisted of two or three components. Thus, some 
polymerization of diethyltin radicals generated by the cathodic process occurs a t  
times as short as I msec. We have been unable to assign the different peaks to 
particular polymers and it is not certain whether appreciable concentrations of mono- 
mer exist even at  times as short as I msec, 

Because most of the diethyltin(I1) polymers have been reoxidizedkuring tlie 
course of peak IA, only a small amount of diethyltin(I1) remains on the electrode 
surface for oxidation at  tlie potentials of peak 2A. However, tlie magnitude of the 
charge consumed during peak zA is similar to that of the charge consumed during 
peak IA or during the cathodic peak, zC. Thus peak zA cannot be a simple two- 
electron reoxidation, the reverse of eqn. (I) ,  but must correspond to a multi-electron 
process. Peak zA cannot be purely capacitative, although it may contain a capacit a t '  ~ v e  
component, since the charge passed during the course of the peak is not constant, 
but decreases with increasing potential scan rate. That this peak is absent a t  scan 
rates much above 26 V sec-l (10 Hz), is evidence that it is due to the oxidation of 
a relatively highly polymerized diethyltin(I1). One would expect that the d;fficulty 
of oxidation would increase with cliain length and that the average degree of poly- 
merization (i.e., the amount of highly polymerized diethyltin(I1)) would decrease 
with increasing sweep rate. 

Reaction 2 is consistent with the experimental observations. 

Because this reaction involves fourteen electrons, only a small amount of 
the polymer is necessary to give rise to a large anodic wave. Aquodietl~yltin(IV) 
cation itself, although thermodynamically unstable, does not sllow an anodic wave 
a t  the dropping mercury electrode. However, a water-insoluble polymer, localized 
a t  the electrode surface, might be more easily oxidizable. 

An attempt was made to isolate inorganic tin(1V) by carrying out continuous 
cyclic voltammetry on a slow (drop time, 10 sec) dropping mercury electrode for a 
period of about IOO h. A small amount of white solid, insoluble in the 0.1 F percllloric 
acid supporting electrolyte but soluble in hydrochloric acid, was obtained. Insufficient 
product was obtained to allow positive identification. Tin dioxide, SnOa, is soluble 
in chloride-containing media, but not in non-complexing mineral acids7. Diethyltin- 
(IV) oxide, the expected oxidation product of polymeric diethyltin(I1)" is soluble 
in most mineral acids, including perchloric5. Thus, the presence of trace amounts of 
tin dioxide, the expected product of reaction (2), is indicated, but not confirmed. 

The present study has shown that the electrochemistry of the aquodiethyl- 
tin(1V)-diethyltin(I1) system is complicated by the presence a t  the electrode surface 
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of several polymers of unknown degrees of polymerization. Polydiethyltin(I1) pro- 
duced coulometrically a t  a mercury pool electrode over a period of several hours is 
not reoxidizable? Tllus, the polymers formed by the initial reduction of the aquo- 
diethyltin(1V) cation must undergo slow rearrangements to give more stable pro- 

yon are ducts. This slow step may be cyclization. The initial steps of the polymerizatl 
doubtless simple agglomerations to form linear polymers of varying length. These 
polymers would have an unpaired electrvn on each chain-terminating tin atom. In 
the absence of other radicals to combine with the polymeric diethyltin radicals, 
formation of cyclic polymers is the most likely route for the termination of the 
polymerization"4. Since the stable cyclic polymers contain six to nine diethyltin(I1) 
units, rearrangement of the various linear and cyclic polymers formed on the electrode 
surface to  cyclic hexainers-nonamers, may be slow. 

This work was supported in part by National Science Foundation Grant 
GP-6164. 

SUMMARY 

Cyclic voltammetric studies of the aquodiethyltin(1V) reduction on mercury 
show that several polymers are formed. The monomeric diethyltin(I1) diradical is 
very short-lived. Extensive polymerization occurs a t  times as short as I msec. 
Short-chain polymers are reoxidized to the parent species, but long-chain polymers 
are oxidized with some loss of organic groups. 

1 L. ~ ~ I C C O B O N I  AND P. POPOFF. Atti.  1st. Veneto Sci., Pt .  IT, 107 (1949) 123; C.A., 44 (1950) 
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7 J .  J.  LINEANE, A+zalytbcal Chemistry of Selected Metallrc Elements. Reinhold Publishing Corp., 

Ncw YoI;~, 1966. 
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POLAI<O(;IL41'HIC 1iEDUCTION OF CINNAMALDEHYDE; COMPAKISON 
WITH 3-PHENYLPROPIONALDEHYDE AND 
PHENYLPROPARGYLALDEHYDE 

11. D-\RNI<S A N D  1'. ZURTAN* 

Dcpor.tmetz/ of CAcnzistr,y, lI?zrverszty of Bzr~~nr?zgkam (Great Brztazn) 

(Rcceivcd July roth,  1907) 

For tlie polarographic reduction of a,P-unsaturated ketones, it was established 
fairly early1 that the first two-electron step corresponds to the hydrogenation of the 
C=C bond in contrast wit11 the rather vague ideas proposed to explain the reduction 
of a,P-unsaturated aldehydes, especially cinnamaldehyde. 

Cinnamaldehyde is reduced in a two-electron process, followed by a further 
reduction step at  nlore negative potentials which was either not recorded or missed 
by previous investigators who concentrated their attention on the first two-electron 
process; this led them to make erroneous deductions. In the early papers283, the 
waves of tlie first two-electron process were compared with those of benzaldehyde 
and because of the formal resemblance observed, the first two-electron process was 
attributed to tlie reduction of the carbonyl group. 

In  later studies4, the waves of cinnamaldehyde were compared with those of 
pllenylpropargylaldehyde. Because these authors4 restricted their study to the lower 
pH-region and to the more positive potential range, they again concluded that the 
product of the two-electron reduction is an unsaturated alcohol. 

Controlled-potential electrolysis a t  pH 7.75 in the potential range correspond- 
ing to the limitingcurrent of tlie two-electron process is said5 to yield cinnamic alcohol. 
Only S A T ~ G  considered the possibility of reduction in the side chain C=C bond, and 
this was based on circunlstantial evidence. 

Polarography has been used in the determination of cinnamaldehyde in a 
variety of mixtures7-9, and it is therefore of interest to have a better understanding 
of the reduction sequence. 

In connection with the study of reactions of nucleopllilic reagents with 
unsaturated carbonyl con1poundsl0-l~which is to be extended to the reactions of 
cinnamaldehyde) it was of importance to have a detailed knowledge of the course 
of the reduction of cinnamaldehyde. This type of information was also needed for 
an extension of our studies on the reduction of &,gunsaturated carbonyl com- 
pounds12-14. 

* On leave frorn J .  Heyrovslc); Institute of Polarography, Czechoslovak Academy of Sciences, 
Prague. 
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EXPERIMENTAL 

Apparatus 
The polarographic curves were recorded on a Cambridge pen-recording 

polarograph. A Kalousek vessel with a separated calomel electrode (SCE) was used: 
The capillary used had, a t  the potential of the SCE, an outflow velocity m=z.96 
mg sec-1 and drop-time t1=3.1 sec for a mercury pressure, h=60 cm. The pH of the 
buffer solutions were measured using a Pye Dynacap pH-meter with a general 
purpose glass electrode. 

Controlled-potential electrolysis using a mercury dropping electrode was 
carried out as recommended by M A N O U ~ E K ' ~ ,  using the potentiostatted three- 
electrode system of a Beckman Electroscan 30 instrument. 

Ultraviolet measurements were made using a Unicam S.P. 800, the dectrolysis 
product being diluted to produce approximately 5.10-5 M solutions. 

Gas-liquid chromatography (G.L.C.) was carried out as described previouslylA, 
using a polyethyleneglycol adipate column a t  180" and a flow rate of 10 ml sec-1 
using the Pye 104 chromatograph with a flame ionization detector. 

Solutions 
All buffer solutions were prepared from AnalaR cliemicals. 
Organic compounds were redistilled under reduced pressure and then used 

for preparing stock 0.01 M solutions in spectroscopic ethanol. 

Techlzi ques 
9.8 ml of the appropriate buffer were mixed wit11 0.2 ml of the 0.01 M stock 

s~lut ion;  the solutions were de-aerated and the polarographic curves recorded and 
then checked to determine whether the curves changed with time. Most of the 
experiments were carried out in buffers containing 2% ethanol in the final solutions. 
When it was necessary to avoid adsorption waves, curves were recorded in buffer 
solutions containing 25% ethanol. 

For controlled-potential electrolysis, I O - ~  M solutions were prepared in the 
appropriate buffer so that the final solution contained 5% ethanol. Usually, 2.5 ml 
of this solution were electrolysed to 60-70% completion during 8-12 11. For the 
electrolysis in alkaline media, 0.5 ml were electrolysed a t  oO during 4 11. 

The numbers of electrons transferred were estimated by comparison *with 
the known two-electron wave of benzophenone, and were determined coulometrically 
from the decrease of limiting current during the electrolysis, using a dropping mercury 
electrode in a small volume which was stirred by the falling of the-drops. 

RESULTS AND DISCUSSION 

The reduction of cinnamaldeliyde in aqueous solutions containing a small 
amount of ethanol, proceeds principally in two steps (Figs. I and 2). The first step, 
i ~ ,  is a two-electron reduction and is followed by a further reduction step, i11. 

In the elucidation of the electrode process, the nature of the more negative 
wave, i11, is of primary importance. I t  has been shown that the half-wave potential 
of wave ~ I I ,  its shift with pH and the pH-dependence of its height, are identical with 
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those observed for 3-phenylpropionaldehyde. Additional proof was obtained after 
controlled-potential electrolysis a t  the limiting current of wave i ~ ,  using a normal 
dropping mercury electrode as the working electrodels. The U.V. spectra and G.L.C. 
retention timesl%f the product were identical with those of 3-phenylpropionalde- 
11vde. Submicro-titration of the electrolysed solutionlfi with bromine monochloride 
indicated no C=C bond in the product. Finally, a solution of the electrolysis product 
was studied polarographically a t  various pH-values in the presence of lithium ions. 

IGg. I. Dependence of reduction waves of cinnamaldehyde on p H ;  2 .  10-4 M cinnamaldehyde in 
Britton-Robinson buffers containing 25% cthanol. pH-values: ( I ) ,  2.3; (z), 2.7; (3).  3.55; (4). 
4.6;  (51, 5.3; (61, 6.5; (7), 7.0; (a) ,  7.7; (91, 8.85; (101, 9.5; (11)~ 9.9; ( 1 2 ) ~  10.4; (13), 11.8. Curves 
starting a t :  ( I ) ,  -0.4; (2), -0.2; (3-5), 0 . 4 ;  (6-8), -0.6; (9-13), -0.8 V SCE. 

Fig. 2. Depeiirlence of limiting current on p H ;  2.10-* M cinnamaldehyde in Britton-Robinson 
buffers (pH 2-12), srilphuric acid (pH 0-2) ant1 lithium hydroxide (pH 12-14). containing 2% 

cthanol. ( I ,  a ) ,  wave (ir)l; (2, ($), wave ( i r ) ~ ;  (3, a). wave ir; (4, Q), wave (i~)a;  (5, 0) .  wave ~ I I .  

J. Electvoanal. Chenz., 16 (1968) 575-582 
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Over a wide pH-range, the waves obtained for the product had half-wave 
potentials identical with 3-phenylpropionaldeliyde and showed a similar dependence 
of wave height on pH. 

The waves of 3-phenylpropionaldehyde increase with increasing pH, until a t  
p H  > 12, they reach a 1imit:ng value* corresponding to a two-electron process. The 
exponent, $, of the dependence of the instantaneous current on time ( i - - t p )  increases 
with decreasing pH. Thus, the wave which at  pH 12 is diffusion-controlled, a t  lower 
pH-values is partly governed by the rate of a chemical reaction. In the rising part 
of the current-pH dependence, the current depends on buffer type and concentration, 
as with formaldehydel7. I t  is assumed that the chemical reaction that precedes the 
electrode process proper is a general base-catalysed dehydration of the methylene 
glycol form of 3-phenylpropionaldehyde. 

RCHO +Hz0 + RCH 
PH 
\ 

OH 

The essential difference, compared with formaldehyde, is the position of the hydra- 
tion-dehydration equilibria which with 3-phenylpropionaldellyde is shifted towards 
the non-hydrated form. Tlie sensitivity to bases other than hydroxyl ions is consider- 
ably smaller for 3-phenylpropionaldehyde than for formaldehyde. 

The half-wave potentials of the 3-phenylpropionaldehyde wave depend on 
the nature and concentration of the cations present in the solution. For a given 
concentration, lithium and caesium ions cause the greatest shifts toward more 
positive potentials, anions having little or no effect. Apparently, two antagonistic 
effects govern the effect of cations on the half-wave potential**. 

Confirmation of the course of the reduction of cinnamaldehyde is given by a 
comparison of its waves with those of phenylpropargylaldeliyde (Fig. 3). Under 
suitable conditions, phenylpropargylaldel~yde is reduced a t  p H  9.3 in two two- 
electron steps, followed by a wave of 3-phenylpropionaldeliyde. Tlie second wave 
has a half-wave potential identical with that of cinnamaldehyde. Hence, under these 
conditions, where phenylpropargylaldehyde is reduced in the unprotonated form, 
the reduction follows the sequence -C = C-, )C =C<, CHO according to scheme (1-3) 

C6HsC I CCHO + 2 e- + 2 H+ + CsH5CH=CHCHO (1) 

C6H5CH=CHCHO + 2 e- + z H +  -t C~H~CH~CHZCHO (2) 

CeHsCHzCHzCHO + 2 e- + z H +  -t CsHsCHzCHzCHzOH (3) 
At lower pH-values, the reduction of plienylpropargylaldeliyde follows a more con~plex 
pattern which will be discussed elsewhere. 

* No decrease in the current was observed up to pH 14, provided that in alkaline solutions thc 
values are obtained either by extrapolation to zero-time or by working a t  oo to exclude the effect 
of aldolisation. As RCH(OH)2 for formaldehyde, and 3-phcnylpropionaldel~yde are acids of com- 
parable strength, the decreasc of current a t  pH> 13 observed for formaldehyde is probably causcd 
by a phenomenon other than the proposed17 position of the acid-base equilibria. 
** Both the change in the value of the capacity current in d.c. polarography, and the tensammetric 
peaks in a.c. polarography indicate a strong adsorption at  a potential of -0.2 V and desorption 
at  - 1.4 V; the desorption therefore occurs a t  potentials more positive than that of the recluction 
process18 . 
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Belzaviour in acid media 
The first two-electron wave, i1, of cinnamaldehyde a t  pH< 8 is split into two 

one-electron steps, (i1)1 and (i~)z. The coalescence of the one-electron waves (i1)l and 
( i ~ ) z ,  with increasing pH, is due to the shifting of the half-wave potential of wave 
(i1)1 to more negative potentials, while wave (i1)z is practically pH-independent 
(Fig. 4). In  agreement with previous deductionsz-4 and the results of controlled- 

Fig. 3.  Comparison of the rccluction waves of unsaturated and saturated aldehydes; 2.10-4 M 
aldehyde in borate buffcr pH 9.2. ( I ) ,  3-Phenylpropionaldehyde; (2). cinnamaldehyde; (3). phenyl- 
propargylaldehydc. Curvcs starting a t  0.0 V SCE. 
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Fig. 4. Effect of pH on half-wave potentials for cinnamaldehyde; 2.  I O - ~  M cinnamaldehyde in 
Rritton-Robinson buffers (pH 2-12), sulphuric acid (pH 0-2) and lithium hydroxide (pH 12-14), 
containing 2% ethanol. ( I ,  a), wave ( ~ I ) I ;  (2, e), wave (i1)2; (3, a), wave i ~ ;  (4, 8), wave (ir)r; 
(5, o), wave (ill). 
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potential electrolysis3, the predominating product in the first wave was proved to 
be a dimer. 

In acid media, scheme (4)-(10) can therefore be suggested for the polarographic 
reduction of cinnamaldehyde : 

(id1 
_-1 C6H5CH= CHCHO 

7 

z C6HsCH=CHCHO -+ dimer 
I 

H(+, 

7 ( -) 

CeHeCH= CHCHO + e- (i')2 CsH&H&HCHO 

Behaviour in alkaline media 
In alkaline media*, wave i~ decreases with increasing pH in the form of a 

dissociation curve with pK' 10.5, until it reaches a height corresponding to a one- 
electron transfer. Simultaneously, a t  more negative potentials, another wave appears, 
(i1)3; the sum of these two waves remains sensibly constant. This behaviour formally 
resembles that of benzaldehyde, but does not correspond to a change in mecllanisn~. 
Even at pH > 12, when two one-electron waves, i1 and (ir) 3, are observed, the height 
and half-wave potential of wave irl corresponds to the reduction of 3-phenylpropion- 
aldehyde. Moreover, controlled-potential electrolysis on the two-electron limiting 
current of ( i ~ ) ~  produced a product similar to 3-plienylpropionaldehyde regarding U.V. 

spectra, G.L.C. retention time, and polarographic bel~aviour. 
In  alkaline media, a t  pH-values greater than about 9, where the half-wave 

potentials are practically pH-independent (Fig. 4), the following scheme, (11)-(15), 
can therefore be proposed: 

i~ 
C~HSCH=CHCHO + e- CaH5CH=CHCHO -- (11) 

(-) 

* Values a t  pH> 12 were extrapolated to  zero-time to eliminate the effect of hydration of thc 
double bondlz. 
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CsH5CH-CHCHO + 2 Hz0 FA C~H~CHZCH~CHO + 2 OH- (18) 

The half-wave potential of process (13) is either not too different from that of 
process (11) or is more positive than that of process (11) ; hence only one two-electron 
wave ( i ~ )  is observed at  pH-values where reaction (12) is fast enough to transfer most 

of the radical anion C6H5CH=CHCHO into the radical C~H~CH=CHCHO. 

With increasing pH, the rate of reaction (12) is decreased and the height of 
wave i~ decreases. The radical anion that was not transformed into the radical, 
undergoes reduction in wave (iI)3 according to eqn. (17). followed by protonation 
(18). The reduction of 3-phenylpropionaldehyde given by (16) is affected by hydra- 
tion (15). 

Hence, in the polarographic reduction of cinnamaldehyde, the product of the 
two-electron reduction over the entire pH-range, is the saturated aldehyde, even 
when the product of the dimerisation following the one-electron process may be a pina- 
col. i n  the reduction of the system C = C - CO, the carbon-carbon double bond is hydro- 
genated first, whether the system concerned is an aldehyde or a ketone. The separation 
of two one-electron waves in acid or alkali cannot be taken as proof of the reduction 
of a carbonyl group. 
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SUMMARY 

Cinnamaldehyde is reduced at the dropping mercury electrode in a two- 
electron step which leads to the formation of 3-phenylpropionaldehyde. This has 
been proved by controlled-potential electrolysis and identification of the products 
using U.V. spectra, gas-liquid chromatography, submicro-methods, andelectrochemical 
techniques. The reduction wave of 3-phenylpropionaldehyde occurs at potentials 
where the compound is desorbed and the wave height is limited by an antecedent 
dehydration reaction. In  acid media, the reduction of the protonated form oj'cinnam- 
aldehyde occurs in two one-electron steps. Dimer is formed at the potenthls of the 
first step. At sufficiently high pH-values, the unprotonated form of cinnamaldehyde 
is reduced in a one-electron step to a radical anion that dimerizes and reduces only 
at more negative potentials. At pH 9.3, the carbon-carbon triple bond in phenyl- 
propargylaldehyde is first reduced to a double bond; in subsequent steps the C=C 
bond and then the CHO group are reduced. Even in a$-unsaturated aldehydes the 
hydrogenation of the double bond takes place prior to the reduction of the carbonyl 
group. 

NOTE ADDED I N  PROOF 

After the manuscript of this paper was submitted, the paper by G. CAPOBIANCO, 
E. VIANELLO AND G. GIACOMETTI (Gazz. Chim. Ital., 97 (1967) 243) on the reduction of 
phenylpropargylaldehyde came to our attention. We agree with the views on the 
triple bond reduction, a difference exists in the interpretation of the cinnamaldehyde 
reduction. 
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SHORT C O M M U N I C A T I O N  

Stabilisation of the pentavalent state of uranium by hydrazine 

The kinetics of the disproportionation of U(V) in the presence of different 
complexing agents ha. been the subject of a number of papersl-5. In all these inves- 
tigations, the rate of disproportionation has been found to increase in the presence of 
complexing reagents, wllicll complex either the U(V1) or the U(1V) ion and hence 
shift the equilibrium to the right in the following equation. 

2 U(V) -+ U(V1) +U(IV) 

Since reducing agents have been reported to stabilise the lower unstable val- 
ence states6 e.g., the Cr(I1)-hydrazine complex7, it was of interest to study the dispro- 
portionation rate of U(Vj in the presence of hydrazine. 

Polarography was used for this study. 

Ex;herimental 
The polarograms were taken on a Du Bellay polarograph. 

Reagents 
Uranyl$erchlorate (0.1 M ) .  2.8075 g of high purity U308 was dissolved in 10 ml 

of I :I nitric acid; the solution was fumed twice with 5 ml of perchloric acid and then 
diluted to roo ml with water. 

Hydrazine hydrate. BDH Laboratory Reagent. 
All other reagents used were of AnalaR grade. 

Pentavalent U(V) was prepared by electrolytic reduction of uranyl perchlorate 
a t  a controlled potential of - 0.50 V us. SCE a t  pH 3 . 0  Different quantities of oxygen- 
free perchloric acid were added to aliquots of the electrolysed solution to give solutions 
of different H+ ion concentration ; the anodic wave heights were measured a t  intervals 
of 60 sec. 

In another set of experiments, hydrazine hydrate was added prior to electroly- 
tic reducdon and the nleasurements were then carried out as above. 

' Since the disproportionation of U(V) is a bimolecular reaction, a plot of U(V) 
concentration (which can be computed directly from the anodic wave heights) against 
time gives the rate of disproportionation a t  the particular H+ concentration. The rate 
constant can be obtained by dividing the rate obtained, by the corresponding H+ 
concentrations. In the pH-range 1.0-2.0, the rate constant decreases from 112 

(moles/l)-2 sec-l to 59 (moles/l)-2 sec-1 on the addition of 0.25 M hydrazjne, the 
ionic strength being 0.5 M. 

The effect of ionic strength on the disproportionation reaction was studied and 
rate constant calculated for various ionic strenghts a t  a hydrazine concentration of 
0.25 M, and pH 1.50. The rate constant decreases from 65 (moles/l)-2 sec-l to 41 
(llloles/l) -2 sec-l a t  0.20 M ,  from 23 j ( m ~ l e s / l j - ~  sec-l to 136 (mole~/ l j -~  sec-l a t  1.0 

M and from 341 (mole?/l) -%ec-1 to 187 (moles/l)-2 sec-1 to 187 (moles/l) sec-l a t  2.0 

M ionic strengths. Tlle concentration of hydrazine was varied and the half-wave poten- 
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tials were measured in order to see whether there was any complexing of U(V) with 
hydrazine. The half-wave potential shifts from -0.175 V to - 0.160 V vs. SCE when 
the hydrazine concentration is varied from o to 1.0 M. 

Results and discussion 
The perceptible decrease in the disporportionation rate in the presence of 

hydrazine shows that hydrazine stabilises the pentavalent state of uranium. The shift 
in the half-wave potential to  the positive side from -0.175 V to  -0.160 V on varying 
the concentration of hydrazine indicates a definite though weak complexing of 
U(V) by hydrazine. 

The rate constants are considerably lower when hydrazine is present, at  various 
ionic strengths, although there is an increase in the rate with and without hydrazine 
with increase in ionic strength. 

I t  is clearly indicated that the pentavalent state of uranium can be dabilized 
by the use of reducing agents such as hydrazine. 

Bhabha Atomic Research Centre, 
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Trombay, Bombay 74 ( Ind ia )  
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