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The effect of gelatin on the kinetics of various irreversible electrode processes is interpreted quantitatively on the basis of a 
previously developed theory of irreversible polarographic waves. The presence of gelatin causes a decrease of the product 
OKa (a transfer coefficient, »a number of electrons involved in the rate-determining reaction), and this may result, in some 
cases, in the stabilization of an intermediate substance in an electrode process. The present interpretation is correlated to 
the conclusions of previous investigations on the effect of gelatin on the characteristics of polarographic waves. Experimen­
tal data are presented. 

The effect of gelatin on the characteristics of po­
larographic waves has been the object of several in­
vestigations among which those of Meites and 
Meites are probably the most extensive.1 It is 
generally observed that waves become flatter and 
are shifted toward more negative potentials (for 
cathodic waves) as the concentration of gelatin is 
increased. Sometimes, the split of a wave into two 
waves is also observed.1 Two explanations have 
been advanced, which attribute these effects of gel­
atin either to adsorption of gelatin at the electrode 
surface or to the binding of the reducible substance 
with gelatin. In addition to these two interpre­
tations, the possible influence of gelatin on the ki­
netics of the electrode process should not be over­
looked. It was recently observed that the trans­
fer coefficient for the reduction of iodate ion at the 
dropping mercury electrode is markedly decreased 
when gelatin is present in solution.2 It could, of 
course, be argued that an interpretation solely 
based on the kinetics of the electrode process is 
misleading and that complexation with gelatin 
cannot be disregarded. It is in order to throw some 
light on this matter, that the present investigation 
was undertaken. In the course of this work a 
slightly modified form of the theory of irreversible 
waves previously developed'-3 will be applied. 
This will be first discussed. 

Variations of Rate Constant with Potential 
In previous papers from this Laboratory2'3 it was 

shown how one can determine from experimental 
waves, the relationship between the electrode po­
tential and the rate constant for irreversible elec­
trode processes. In the next step of the theory, the 
variations of the rate constant with the electrode 
potential are interpreted on the basis of the absolute 
rate theory. For this purpose, it is assumed that 
there is an equilibrium between the activated com­
plex and the reducible or oxidizable substance in 
solution. In the writing of the corresponding equi­
librium condition it is necessary to take into account 
the electrical work corresponding to the transfer of 
the number of electrons (wa) involved in the rate-
determining reaction. This electrical work is equal 
to the product of the electrical charge involved by 
the difference of electrical potential from the bulk of 
the solution to the activation position, and it can be 

(1) L. Meites and T. Meites, T H I S JOURNAL. 73, 177 (1951). Refcr-
ejaces to other investigations on the effect of gelatin are given in this 
paper. 

(2) P. Delahay and J. E. Strassner, ibid., 73, 5219 (1951). 
(3) P. Delahay, ibid., 73, 4914 (1951). 

written in the following two different forms: (1) 
As the product of aruFt], where a is the transfer 
coefficient, wa the number of electrons involved in 
the activation step, F the faraday and t\ the over-
voltage. (2) As the product txq&FE, where Ii is the 
electrode potential referred to the normal hydro­
gen electrode. The former expression of the elec­
trical work which is used in hydrogen overvoltage 
studies was applied in our previous paper.2 How­
ever, by using such a relationship, it is implicitly 
assumed that only a fraction of the overvoltage 
helps to overcome the energy barrier. It seems 
more logical, however, to assume that it is a fraction 
of the total difference of potential from electrode to 
solution that is involved. The latter method will 
be applied here and the following equation will be 
used for the rate constant k* 

where k is the Boltzmanu constant, h the Planck 
constant, T the absolute temperature, b the average 
distance between two molecules or ions of the sub­
stance reacting at the electrode, AG* the free energy 
of activation for the electrode process, wa the num­
ber of electrons involved in the rate-determining 
step, F the faraday, R the gas constant, E the po­
tential versus the normal hydrogen electrode and 
a the transfer coefficient. Since the relationship 
between the rate constant k and potential E can be 
determined from experimental data,5 it is possible 
to calculate SG7* and o?ia by- application of equation 
[I). This procedure is applied in the present pa­
per. 

Experimental 
Waves were determined either point by point with a Sar­

gent polarograph Model III , or with a recording polaro-
grapli Sargent Model X X I . in the former case the poten­
tial of each point was measured with a Leeds and Xorthrup 
student potentiometer; in the latter case the potential axis 
was calibrated with the same student potentiometer. In 
all cases, results were corrected for the ohmic drop. An H-
cell6 was used throughout the work. Unless otherwise 
specified the concentration of reducible substance was 1 
millimole per liter, and the temperature was .'J5 =fc 0.1° 
The rate of flow of mercury and the drop lime were as fol­
lows. Iu the study of /j-tiitroaniline and hexaquouickel 
ion, in was 2.04 mg. sec.""1 at E — —1.5 volts (vs. S.C.E.J. 
Drop times were measured at a potential corresponding to 
a point in the upper plateau of the wave. XTo single value 

>.i) $. Olasstone, K. J. Laidler and H. Eyring. "The Theory of Rate 
Processes," McOraw Hill Book Co., Inc., New York, N. Y., 1911, pp. 
575-577. 

(5) For a detailed discussion see ref. 2 and 3. 
(6) J. 1. T.ingane and H. A. Laitinen, hid. ling. Chem., Anal. Ed., 11, 

504 (l'l39i. 
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of t can be reported for each substance because the waves 
were shifted toward more negative potentials as the concen­
tration of gelatin was increased, and this resulted in a varia­
tion of the drop time. Extreme values of t for the above 
substances were 2.02 and 3.01 sec. In the reduction of zinc 
tetrammine ion, m was 1.51 mg. sec.-1 at E = —1.6 volts 
(vs. S.C.E.) and t varied from 2.89 to 3.18 sec. Waves were 
analyzed according to the method previously reported2 and 
the values of AG+-and aw3 were calculated as indicated in the 
previous section. 

Description and Discussion of Results 

Data will be presented and discussed for the re­
duction of zinc te t rammine ion, hexaquonickel 
ion and ^-nitroaniline. 

Reduction of Zinc Tetrammine Ion.—The reduc­
tion of Zn(NHs)4 + + is irreversible, and it was found 
by oscillographic polarography (Sevcik method) 7 

t ha t the overvoltage for the reduction of this ion on 
mercury is sufficiently high to make it permissible 
to apply the theory of irreversible waves previously 
developed.8 Linear log k vs. E plots were obtained 
and the free energies of activation and products «wa 

(a transfer coefficient, na number of electrons in the 
rate-determining step) are listed in Table I. From 
these values of a« a it is seen tha t there is a marked 
decrease in the value of area as the concentration of 
gelatin is increased. If the electrode process is 
controlled by the ra te of a single electrochemical re­
action, wa is an integer, and variations of ana are to 
be a t t r ibuted to a change of a. On the other hand, 
if the rate of the over-all electrode process is con­
trolled by the kinetics of simultaneous or consecu­
tive electrochemical reactions, the value of wa ob­
tained from polarographic da ta represents an appar­
ent number of electrons which is by no means a defi­
nite constant . Under these conditions, variations 
of an* can be caused by changes of a and « a . In 
the present case, it is not possible to decide whether 
i t is a or rca or bo th parameters which vary when the 
concentration of gelatin is changed, but it can be 
concluded t ha t the kinetics of the electrode process 
is affected by the presence of gelatin. Rather than 
to ascribe the effect to a change in one of the par­
ameters a or nB, it is safer to characterize the ki­
netics of the electrode process in terms of the product 
atif Since the kinetics of an electrode process is 
determined by the conditions a t the surface of the 
electrode, it is logical to assume tha t the adsorption 
of gelatin a t the electrode surface is the primary 
cause of the effect of gelatin in the present case. 
In this connection it should be noted t ha t Meites 
and Meites1 questioned very seriously interpreta-

TABLE I 

DEPENDENCE OF AG'* AND an, ON THE CONCENTRATION OF 

GELATIN 
Concen­

t r a t i o n of AG1P, 
Solu t ion ge la t in , % kca l . 

' 0.001 
10"3J/zinc iu U JH NH1OH 

2 M NH, Cl 

10-> M nickel in 1 M KNO3 

.01 

.1 

.001 

.005 

.01 

41.0 
37.(1 
37.0 
24.1 
21.8 
19.5 

UKa 

1.07 
0.03 

.88 

.50 
,45 
,32 

(7) A. Sevcik , Collection Czechoslov. Chem. Communs., 13 , 349 
(1948). 

(8) See condi t ions of app l i ca t ion of th i s t h e o r y in ref. 2. 

tions in which the effect of gelatin is explained on the 
basis of an adsorption effect. Their argument is 
tha t certain substances such as methyl red affect 
the polarographic characteristics of an electrode 
process in a range of potentials in which these sub­
stances are not surface-active. A possible answer 
to this point, however, is t ha t methyl red may ap­
pear to be surface-inactive, bu t tha t actually it is 
sufficiently adsorbed a t the electrode surface to 
influence the kinetics ol the electrode process. 

Another possible interpretation is that zinc 
forms a complex with gelatin, but this can be dis­
counted on the following ground. Zinc te t ram­
mine ion is relatively stable since its unstabili ty 
constant is 10~9-6 according to Chariot.9 Fur ther­
more, the concentration of gelatin is extremely 
small as compared to tha t of ammonia (2 molar). 
.Since, as was pointed out by Meites and Meites,1 

in a 1 millimolar solution of a cation containing 5 X 
10~ 3 % of gelatin there are approximately 17 moles 
of metal per equivalent of gelatin, it can be seen 
tha t complexation by gelatin can be disregarded a t 
least for the 0.001 and 0 .01% solutions and pos­
sibly for the 0 . 1 % solution. 

The present conclusion as to the influence of gel­
atin on the kinetics of electrode processes is to be 
correlated with investigations on the effect of ad­
sorption corrosion inhibitors on the mechanism of 
hydronium ion discharge. Here also it is found tha t 
the overvoltage is increased because of adsorption 
of the inhibitor on the metallic surface.10 

Reduction of Hexaquonickel Ion, Ni(H 2O) 6
++.— 

Data for the reduction of Ni(H2O,^+4" in presence of 
gelatin are presented in Table I. Note tha t there is 
a very large variation of cma as the concentration of 
gelatin is changed even in relatively narrow limits. 
The above discussion is applicable to the present 
case except for the possibility of complex formation 
between nickel ( + 2 ) and gelatin. Thus, the effect 
of gelatin could result from complexation and from 
a variation of anH. Notice t ha t the change of a«B 

for hexaquonickel ion is far more pronounced than 
tha t for zinc tetrammine ion (Table I ) . 

Reduction of ^-Nitroaniline.—The effect of gela­
tin on the polarographic behavior of />nitroaniline 
is of special interest with regard to the ideas which 
are advanced in the present paper, Tanaka and 
Kobayashi recently reported1 1 t ha t the single wave 
observed in the reduction of o- or p-nitroaniline is 
split into two waves when gelatin is used as a maxi­
mum suppressor a t concentrations higher than 
0 .01%. I t was observed tha t the ratio of the limit­
ing currents of the two waves varies with the con­
centration of gelatin, and this observation led the 
authors to the conclusion tha t the occurrence of 
two waves could not be accounted for by the forma­
tion of an intermediate product. This view is 
questioned in the present paper, and a new inter­
pretation based on the kinetics of the electrode proc­
ess is discussed. 

(9) G. C h a r i o t " T h c o r i c ct M c l h o d e Nouvr l l c d 'Aua lyse Q u a n t i t a ­
t i v e , " 3rd Kd. , M a s s o n e t C o m p a g n i c , Pa r i s , 1919, p . 195. 'The source 
of th i s d a t u m is no t q u o t e d by the a u t h o r . 

(10) See for example J . O ' M . Bockr is a n d B. K. C o n w a y , J. Phys. 
Colloid Chem., 63 , 527 (1949) ; J. Elze and H. Fischer , / . Eleclrochem. 
Soc, 99, 239 (1952). 

(11) N . T a n a k a a n d K o b a y a s h i , Bull. Chem. Soc. Japan, 2* , 132 
(1951). 
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-0.5 -1.0 -1.5 
VOLTS (SCL). 

Fig. 1.—Waves of £-nitroaniline in universal buffer of 
pH 8.5 in presence of various concentrations of gelatin. 
Waves are shifted arbitrarily along vertical axis. Concen­
trations of gelatin: I, 0.005%; II , 0 .01%; I I I , 0.05%: 
IV, 0 . 1 % ; V, 0 .5%; VI, 1%. 

Polarograms of p-nitroaniline for various con­
centrations of gelatin are shown in Fig. 1. These 
waves were recorded with a 0.5 millimolar solution 
of p-nitroaniline in the Brit ton and Robinson uni­
versal buffer12 of pH 8.5. The buffer was made 
0.5 molar in potassium nitrate in order to decrease 
the resistance of the cell. Log k vs. E diagrams are 
shown in Fig. 2 for various concentrations of gelatin. 
Notice tha t log k varies linearly with potential E 
at low concentrations of gelatin (curve I) , but tha t 
a marked curvature is present a t high concentra­
tions of gelatin. Such a curvature is characteristic 
of kinetic complications (see below). From the 
linear segment of the log k vs. E curves of Fig. 2, 
one calculates the data of Table. I I . 

TABLE II 

A G * AND atl» FOR THE REDUCTION OF ^-NlTROANILINE AT 

p\l 8.5 
CoiK-en-

tration of 
Kclatiu, % 

0.05 
.01 
.05 
.1 
.5 

1.0 

" In kcal. 

I'irst 
AC, + » 

25.H 
2Ii. 0 
23.0 
22.4 
21.5 
21.5 

wave 
«"» 
1.08 
0,81 

.72 

.66 

.60 

.60 

Scran, 
Ai;+'" 

20.3 
19.1 
19.6 
19.3 

w;i vr: 
CtUf1 

0.37 
.30 
.31 
.30 

From the value of AG* and a« a of Table I I , it is 
possible to explain the effect of gelatin on the reduc­
tion of ^-nitroaniline in the following manner. 

(12) H. T. S. Britton. "Hydrogen Ions," Vol. I, D. Van Nostrand 
Co., Inc., New York, N. Y., 1943, p. S13, Table 88 C. 

-0.6 -0.8 -1.0 
Potential (vs.N.H.E). 

Fig. 2.—Variations of logarithm of rate constant with 
potential for the reduction of p-nitroaniline at ^H 8.5. 
Concentrations of gelatin: I, 0.005%; II, 0.01%; III 
(1st wave) and IV (2nd wave), 0.05%; V and VI, 1%. 

At concentrations of gelatin of the order of 0 .01% 
or less, the activation step for the electrode process 
involves 2 electrons (OH, between 0.8 and 1.1), 
and the over-all reduction of the nitro group goes 
to the amine. The rate determining step in the 
reduction of p-nitroaniline is probably the formation 
of the nitroso derivative, which corresponds to a 
two electron transfer. The subsequent reduction 
of the nitroso group to the amine would then 
proceed at a rate which is much larger than tha t of 
the reduction of the nitro to the nitroso group. 
As the concentration of gelatin is increased a step, 
subsequent to the formation of the nitroso deriva­
tive, becomes slower, and an intermediate product 
appears in solution. The reduction of this inter­
mediate substance occurs at more cathodic po­
tentials and, as a result, a second wave is observed. 
To this second wave corresponds the value ana — 
0.3 which indicates a one electron transfer rate-
determining step. 

The appearance of a second wave in the reduc­
tion of />nitroaniline can be explained by assuming 
that the kinetics of the electrode reaction is mark­
edly affected by gelatin. Thus, the transfer co­
efficient and possibly the free energy of activation 
for the reduction of the intermediate compound 
corresponding to the plateau of the first wave are 
affected by the addition of gelatin in such a manner 
as to decrease the rate of reduction of this inter­
mediate compound at a given potential. There­
fore, the present interpretation follows the same 
lines as the discussion of the effect of gelatin on 
inorganic substances such as zinc tetrannnine ion. 
Tt should be added tha t the effect of gelatin in the 
case of /^-nitroaniline could also be interpreted by 
assuming tha t the intermediate product correspond­
ing to the plateau of the first wave is bound very 
strongly to gelatin. The binding of various sub­
stances by protein was observed by Fiess and 
Klotz13 for various compounds. In the present 
case, however, such a binding should be extremely 
strong to account for the large shift in potential. 
Actually, it is possible tha t the binding by gelatin 
favors the split of the wave although it should be 

(13) H. A. Fiess and I. M. Klotz, THIS JOURNAL, 74, 887 (1952). 
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recalled that variations of a«a are also observed 
when complexation with gelatin is very unlikely 
(see the case of zinc tetrammine ion). 

Conclusion 
The present investigation suggests that the pres­

ence of gelatin affects the kinetics of electrode 
processes at the dropping mercury electrode. 
Modification of the shape of irreversible waves can 
be interpreted on the basis of a variation of the 
product anh (a transfer coefficient, wa number of 
electrons involved in the rate-determining step). 
This was shown in an experiment—the reduction of 
zinc tetrammine ion—in which the formation of a 
complex with gelatin was rather improbable. 
Thus, the adsorption of gelatin on the electrode 
can be interpreted quantitatively in terms of a 
variation of the product ana. The free energy of 
activation is affected to a lesser extent than ana. 

It should be emphasized that it is not implied 
here that binding of gelatin with the substance 
reacting at the electrode is to be disregarded. 
There is substantial proof14 that such binding may 
affect the polarographic characteristics for an 
electrode process. Such an effect of the binding 
by gelatin, however, should not be regarded as 

(14) For a bibliography, see ref. 1. 

The absorption bands of aromatic hydrocarbons 
have been classified into a-, /3- and para-bands.2 

(1) para-Bands are those which shift most 
strongly to the red with linear annulation, i.e., fusion 
of benzene rings. They are, for example, the long 
wave bands in anthracene and the higher acenes, 
and the second group of bands in benzene and naph­
thalene. They shift to the red with falling tem­
perature. The red shift, in going from the gaseous 
state to the solution in alcohol or hexane, amounts 
to —900 cm. - 1 . (2) a-Bands, which are less in­
tense, shift to the red on linear and angular annula­
tion in the acene and phene series and are hidden, 
or partly hidden, by the more intense £-bands in the 
higher acenes, beginning with anthracene. These 
bands shift very little to the violet with falling 
temperature. The red shift, in going from the gas­
eous state to the solution in alcohol or hexane, 
amounts to —250 cm. -1 . The a-bands form the 
first group in the absorption spectra of benzene, 
naphthalene, phenanthrene and the higher phenes. 

(1) Presented at the Diamond Jubilee of the American Chemical 
Society in New York, 1951. 

(2) B. Clar, J. Chtm. Phyt., 17, 741 (1949); Chtm. BIT., M1 498 
(1949); SpeclrtcMm, AtIt, *> 118 (1950), 

responsible for the effect of gelatin in all cases. 
What has been said for irreversible electrode 

processes involving large overvoltages can be 
extended to quasi-reversible electrode reactions, 
since the present interpretation is valid regardless 
of the degree of irreversibility of the reaction. 
The method of interpreting the wave which was 
used here, however, is not applicable to quasi-
reversible waves. The validity of the present 
interpretation in the case of quasi-reversible waves 
is strengthened by the interesting results ob­
tained by Wiesner16 in the reduction of 1,2-naphtho-
quinone-4 sulfonate in presence of eosin. Finally, 
it should be added that the present conclusions can 
be extended to other maximum suppressors. It was 
indeed observed by Meites and Meites1 that various 
maximum suppressors cause effects similar to those 
obtained in presence of gelatin. 
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(15) K. Wiesner, Collection Cztchoslov. Chtm. Communs., 12, 594 
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(3) /3-Bands, which are the most intense, show the 
same annulation effect as the a-bands and lie more 
in the ultraviolet. They shift considerably to the 
red with falling temperature. The difference be­
tween the gaseous state and the solution in alcohol 
or hexane amounts to —900 cm. - 1 . 

A systematic study has shown that in uniplanar 
aromatic hydrocarbons, the ratio of the frequen­
cies of the a- and /3-bands is constant: 1:1.35. This 
rule only applies if the hydrocarbons are uniplanar 
and there is no overlapping of H atoms, e.g., in an­
thracene and pyrene. In diphenyl and in phenan­
threne there is some degree of overlapping, but the 
loss of resonance energy in these cases is too small to 
be detected by the ratio vet; v@. In these and simi­
lar cases low temperature absorption spectrography 
indicates deformation of the molecules.3 

Owing to greatly increased overlapping (marked 
with X), a much higher degree of twisting, or an­
other type of strain, can be assumed in 3,4-benz-
phenanthrene than in chrysene, Fig. 1) and the 
resulting loss of resonance energy becomes apparent 
in the ratio vaivfi which decreases to 1:1.324. Ia 

(3) B1 CUr, (»<<<„ «. HS (1951). 
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A systematic study has shown that in uniplanar aromatic hydrocarbons the ratio of the frequencies of the a- and /3-bands is 
constant va:v$ — 1:1.35. In the case of hydrocarbons with a high degree of overlapping of hydrogen atoms, the loss of 
resonance energy in the strained molecule becomes apparent by a decrease in this ratio. 


