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The adsorption of 2,2’-bipyridine and its ferrous complex [Fe(bip);]%* onto the electrode has
been studied both by the electrocapillary method and the impedance-bridge method. Electrocapil-
lary curves were obtained by the drop-time method. A peculiar shape was observed in the electro-
capillary curve of [Fe(bip),]?*, which was corrected for in the further thermodynamic treatment by

taking into account the data obtained with an impedance bridge.
At more negative potentials, the adsorption is also flat

is adsorbed flat in the more positive region.

at low concentrations of 2,2’-bipyridine, but becomes perpendicular beyond 2 X 10-3 m.

It was found that 2,2’-bipyridine

The [Fe-

(bip)3]?* adsorption can be accounted for by a Langmuir isotherm. However, the isotherm for 2,2’-
bipyridine adsorption varies with the potential, which can be explained in terms of the change in the

adsorption structure.

The adsorption of organic compounds at the
mercury electrode—solution interface has been
studied for many years, mainly by the electro-
capillary method and by the impedance-bridge
method.?) Attempts have been made to give a
generalized interpretation of the adsorption of
simple organic compounds, such as alcohols, and
rather successful results have been obtained.?
However, the adsorption of more complex organic
compounds is difficult to interpret by such a gene-
ralized theory, and many complicated phenomena
have been observed. For instance, certain anionic
surface-active substances, such as alkyl sulfate ions,
have been found to show three or four peaks in
their differential capacity - potential curves.®) In
these cases, the differential capacity during a drop-
life changes in a very complicated way.? It has
also been found that the adsorption isotherms of
pyridine and its derivatives vary remarkably with
the electrode potential.?:5-7

The adsorption of organic compounds can also

*1  Present address: Chemistry Institute, Faculty
of Education, Kochi University, Asakura, Kochi.
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be studied by a.c. polarography (tensammetry),
by which curves similar to the capacity - potential
curves measured by the impedance-bridge method
can be obtained automatically.®) Using the a.c.
polarographic method, the present author and his
co-workers studied the adsorption of oxine and
its derivatives and found that they showed peculiar
non-faradaic peaks which were not typical of the
adsorption - desorption of organic compounds.®~13)
When metal ions, such as copper and zinc, were
added to the solution, the peaks disappeared by
forming chelates with oxines, showing that the be-
havior of oxine and its derivatives differed from
that of their chelates. This fact was used to detect
the end point of titration of very dilute solutions
of metal ions with oxines.®=1® Scarcely a.c. polaro-
graphic (tensammetric) studies of the adsorption
of chelate compounds have been reported. The
present author has studied, in a previous report,9
the a.c. polarographic behavior of chelates of 2,2’-
bipyridine and 1,10-phenanthroline with metal
ions, such as iron, zinc, and nickel. He found
that, unlike the case of oxine chelates, these chelates
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show typical adsorption - desorption peaks.

The present study was undertaken to investigate
in more detail the above studies. The adsorption
of 2,2’-bipyridine and its ferrous complex in 0.5 M
KCl was measured by the impedance-bridge
method and by the electrocapillary method. The
a.c. polarographic method was used as an auxiliary
method. The surface excess and the adsorption
isotherms of these adsorbates have been obtained,
and their adsorption structures have then been
deduced from these results. Special attention was
paid to the abnormal shape observed in the electro-
capillary curves of [Fe(bip);]?* ions.

Experimental

The measurement of the differential capacity with
an impedance-bridge has been described previously.®
The bridge was balanced at the end of the life of a mer-
cury drop. The tensammetric measurement with an
a.c. polarograph has also been described previously.'®
Electrocapillary curves were usually obtained by the
drop-time method. The drop time was determined
by measuring the time of ten drops with a stop watch.
The accuracy of the measurement of the drop time was
within 40.01 sec, which corresponds to an interfacial
tension of about +1 dyn/cm at the mercury/electrolyte
phase boundary. The reproducibility of the dropping
mercury electrode was checked before each measure-
ment in a 0.5M potassium chloride solution. All the
chemicals were of analytical-reagent grades and were
used without further purification. Drying 2,2’-bipy-
ridine in a desiccator under reduced pressure caused no
weight change. The concentration of the ferrous sul-
fate solution was determined gravimetrically. [Fe-
(bip)g]?*+ was prepared by mixing equivalent amounts
of 2,2’-bipyridine and ferrous sulfate.

Results and Discussion

Electrocapillary Curves. Among the methods
for obtaining electrocapillary curves, the measure-
ment with a Lippman electrometer is most reliable
for thermodynamic treatment, but it is rather
tedious, especially in the presence of organic com-
pounds. Drop time - potential curves usually
measured in polarography, on the other hand, can
easily be converted to electrocapillary curves by
using such relations as are shown by Egs. (1) and
(2) and can be used for further thermodynamic

treatment. The relation in Eq. (1) was used by
Tate, and that in Eq. (2), by Corbusier and
Gierst:19
_ )'rert )
tref
Ay = K*2220 gy — 0.973- 225 4y )
tref ref

In these equations, y and ¢ are theinterfacial tension

15) P. Corbusier and L. Gierst, Anal. Chim. Acta,
15, 254 (1956).
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and the drop time respectively. 7. is a known
interfacial tension under the conditions chosen as
a reference, and ¢ is the drop time obtained under
the same conditions as yrer. Ay is equal to = Pres,
and A4¢, to ?-tee. In the present report, the value
of the interfacial tension obtained by Devanathan
and Peries!®) at a potential of the electrocapillary
maximum was used as yrr. K* is a constant;
a value of 0.973 was obtained experimentally by
Corbusier and Gierst.15)

The interfacial tension can also be obtained by
a double integration of the differential capacity, C:

f fEEszzE = WE)—y 3)

where E is the electrode potential, where E, is the
potential of zero charge, and where y(E,) is the
known interfacial tension at E,.

The electrocapillary curves were obtained in
0.5M potassium chloride solutions containing
various concentrations of 2,2’-bipyridine by using
Egs. (1), (2), and (3); they are compared in Fig. 1.
The results obtained from Eq. (3) show slightly
larger values than those obtained from Egs. (1)
and (2) in the cathodic potential region. Such
differences in the presence of organic compounds
have also been reported by Parsons and Zobel.1?

.
S

Ndyn/cm)

(] =05 -1.0
E (V us. SCE)
Fig. 1. Comparison of electrocapillary curves of
2,2'-bipyridine in 0.5M KCIL
2,2'-bipyridine concentration: 1, 0; 2, 10— m;
3, 10-3m; 4, 10-2Mm.
Solid line: calculated from Eq. (1)
O: calculated from Eq. (2)
@: calculated from Eq. (3)

The results obtained from Egs. (1) and (2) coin-
cide well, but in the calculation from Eq. (2) the
value of K* was assumed to be 0.973, as had been
obtained experimentally by Corbusier and Gierst ;%

16) M. A. V. Devanathan and P. Peries, Trans. Fara-
day Soc., 50, 1236 (1954).

17) R. Parsons and F. G. R. Zobel, bid., 62, 3511
(1966).
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Fig. 2. Electrocapillary curves of 2,2'-bipyridine
in 0.5m KCIL.
2,2'-bipyridine concentration: 1, 0; 2, 10-5m;
3, 2x10-5m; 4, 5x10-5Mm; 5, 10-*m;
6, 2x10-4m; 7, 5x10-%m; 8, 10-3m;
9, 1.4x10-3m; 10, 2x10-3 m;
11, 3x10-3m; 12, 5x10-3Mm;

13, 8x10-3Mm; 14, 10-2m; 15, 1.4x10-2m

this value may not be applicable to the present
dropping mercury electrode. For these reasons,
the electrocapillary curves described below were
obtained from Eq. (1). More detailed results on
the electrocapillary curves in the presence of 2,2"-
bipyridine are shown in Fig. 2.

The electrocapillary curves in the presence of
[Fe(bip)s]>* are shown in Fig. 3. The curves
obtained in the concentration range between 5X
10-*M and 3x10-* M show a peculiar depression
in the cathodic potential range, while those ob-
tained for [Fe(bip);]**t concentrations below 5 X
10-% M or above 3 X 10~% M show no such depression

o~
o
1=

»(dyn/cm)

350

1 |
0 -0.5 -1.0

E (V vs. SCE)

Fig. 3. Electrocapillary curves of [Fe(bip);]?*+ in
0.5m KCI.
[Fe(bip);]2+ concentration: 1, 0; 2, 2X 10-%m;
3, 3x10-4m; 4, 5x10-5m; 5, 7x10-5Mm; 6,
10-4m; 7, 2%x10-%4M; 8, 3x10-%4mMm; 9, 5X
10-4m; 10, 7x10-4m; 11, 10-3m; 12, 1.4X
10-3m; 13, 2x10-3Mm; 14, 3X10-3Mm
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and have normal shapes. This appearance of the
depression in the electrocapillary curves is a peculiar
phenomenon, because the two differentiations of
the interfacial tension with respect to the potential
causes a negative capacity.

It has been reported that such an abnormal de-
pression of the electrocapillary curves was observed
at a dropping mercury electrode at the potential
at which the polarographic maximum appeared,
but it was not observed with a Lippmann electro=
meter.’® When an organic compound is reduced
and gives a reductant which is strongly adsorbed
onto the electrode surface, a sudden decrease in
the interfacial tension is also observed at the poten-
tial at which reduction occurs.!® In the present
case, however, no faradaic current was observed
in the abnormal region, as is shown in Fig. 4. As
to the abnormal depression of the electrocapillary
curve in the absence of electrolytic processes, only
one example has been observed in anhydrous acetic
acid,?” and none in an aqueous sclution.

400

»(dyn/cm)

o
<
=3

5 -1.0
E (Vvs.SCE)

Fig. 4. Electrocapillary curve of 10—* m [Fe(bip),]2+
in 0.5m KCI and its d.c. polarogram.
O: calculated from Eq. (1)
@: calculated from Eq. (3)
Dotted line shows the method of correction
for the abnormal depression.

In order to test the effect of the sulfate ion in-
troduced as FeSO, in 0.5 M potassium chloride,
ferrous chloride was used instead of ferrous sulfate.
As this electrocapillary curve showed the same
abnormality, the effect of the sulfate ion can be
disregarded.

The electrocapillary curve in the presence of
both 2,2’-bipyridine and [Fe(bip);]** also showed
an abnormality at 2,2’-bipyridine concentrations
above 10~ M. This fact might show that the pre-
sence of both 2,2’-bipyridine and [Fe(bip)s]** is

18) J. Heyrovsky and J. Kuta, “Principles of Polaro-
graphy,” Academic Press, New York (1966), p. 23.

19) ‘““Polarography,” ed.by I. Tachi, Iwanami Shoten,
Tokyo (1954), p. 312.

20) G. B. Bachman and M. J. Astle, J. Amer. Chem.
Soc., 64, 2177 (1942).
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the cause of the abnormal phenomena, and that
the species obtained as a result of the dissociation
of [Fe(bip);]2+ might be responsible for it. How-
ever, from the calculation of the dissociation of
[Fe(bip);]** previously described,®:2) it was found
that [Fe(bip)s]?* is not so dissociated as to affect
the electrocapillary curves. Though the electro-
capillary curve of the mixture of [Fe(bip),]2t and
2,2’-bipyridine coincides with that of [Fe(bip),]2*,
their C - E curves differ markedly from each other,
showing that the causes of the abnormalities are
not identical.

From these results, it can be concluded that the
abnormality of the electrocapillary curves in the
presence of [Fe(bip),]?t is not due to the presence
of both [Fe(bip);]?* and 2,2’-bipyridine resulting
from the dissociation of the complex in solution,
though the real cause of this abnormality is still
uncertain.

The electrocapillary curves calculated from Eq.
(3) using the data of the impedance-bridge measure-
ments showed no abnormality, as is shown in Fig.
4. Therefore, a correction shown by a dotted
line in Fig. 4 will be made in the following discus-
sion for the abnormality.

Adsorption Structure. The surface excess, I,
of an adsorbed species can be obtained from the
Gibbs adsorption equation:

= (o0 )e.r = ~Ta0RT (F07)
r= _<6#>E,T— 2.303RT \dloge /E,1 ®

where 4 and ¢ are, respectively, the chemical po-
tential and the concentration of the adsorbate in
solution; R, the gas constant, and 7, the absolute
temperature. The value of (dy/dlog ¢)g,r can
be obtained by graphically differentiating the y-

5

»(dyn/cm)

[
3
=

1
-5 —4 -3 -2

log ¢

Fig. 5. Effect of 2,2'-bipyridine concentration on
interfacial tension.
Potentials: 1, —0.2V; 2, —0.4V; 3, —0.6 V;
4, -0.8V; 5, —1.0V; 6, —1.2V

21) L. G. Sillen and A. E. Martell, “Stability Con-
stant of Metal-Ion Complexes,” Spec. Publ., 17, Chem.
Soc., London (1964).
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I' (x10-1 mol/cm?)

E (V vs. SCE)

Fig. 6. Variation of surface excess with electrode
potentials at different concentrations of (a) 2,2'-
bipyridine and (b) [Fe(bip);]?+ in 0.5m KCI.

(a): 1, 2x10-5m; 2, 10-4mM; 3, 10-3m
4, 3x10-3m

(b): 5, 2x10-5m; 6, 10-4m; 7, 10-3m
8, 3xX10-3m

logc¢ curve as is shown in Fig. 5.

The variation of the surface excess with the
electrode potential is shown in Fig. 6 for 2,2’-bipy-
ridine and [Fe(bip),]?*. At low concentrations
of 2,2’-bipyridine, the curves are almost symmet-
rical, as in the case of typical neutral molecules
(curves 1 and 2). The surface excess is at its max-
imum at the point of zero charge and decreases
almost to zero at sufficiently anodic or cathodic
potentials. However, as the concentration in-
creases, asymmetrical curves are obtained whose
maximum is located at a considerably negative
potential (curves 3 and 4). If the 3.9x10-1°¢
mol/cm? obtained from curve 4 in Fig. 6 is assumed
to be the saturated surface excess for the monolayer
adsorption of 2,2’-bipyridine, the area occupied
by its single molecule can be calculated as 42.5 A2/
mol. The area of the electrode occupied by a
molecule of a-naphthol, which is considered to be
smaller than that of 2,2’-bipyridine, has been re-
ported? to be 66 A? when it is adsorbed in parallel
to the electrode and 26 A% when adsorbed perpen-
dicularly. This shows that, at negative potentials,
2,2’-bipyridine cannot be adsorped in parallel to
the electrode if a monolayer is assumed. There-
fore, the adsorption of 2,2’-bipyridine at negative
potentials (about —1.0 V) seems to be in multi-
layers or perpendicular to the electrode in a mono-
layer.

[Fe(bip);]?+ at low concentrations is not ad-
sorbed at sufficiently positive potentials (curves 5
and 6). At high concentrations, however, it is
adsorbed in all the potential regions investigated,
and the surface excess is especially large in negative
regions (curves 7 and 8). This shows that [Fe-

22) S. G. Meibuhr, Electrochim. Acta, 10, 215 (1965).
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log ¢

Fig. 7. Shifts of the potential of zero charge with
the logarithms of adsorbate concentration in
0.5 KCL

QO: 2,2'-bipyridine
@: [Fe(bip)s]**

(bip);]?* has a character of the organic cation.

The shifts of the potential of zero charge (4E,)
with the logarithms of the concentrations of the
adsorbates in 0.5 M KCI are shown in Fig. 7. In
Fig. 7, AE,=E,°—E, and E, is the potential
of zero charge of the 0.5 M KCl solution, while E,
is that in a solution containing 2,2’-bipyridine or
[Fe(bip);]2t. The potentials of zero charge were
determined from the electrocapillary curves. The
change in E, with the change in the concentration
of an inorganic anion can be explained by the
Esin and Markov effect,? which predicts that E,
will vary linearly with the logarithm of the activity
of the anion. Barradas et al.?¥) studied this effect
with uncharged organic molecules and got linear
relations between E, and the logarithms of the
concentrations of the organic molecules. In Fig.
7, E, in the presence of [Fe(bip)s]?* varies linearly
‘with the logarithm of its concentration, as in the
case of other inorganic ions, while the E,—logc¢
curve in the presence of 2,2’-bipyridine consists
of two lines with different slopes. The lines cross
each other at about 2 X 10-3 M, indicating a change
in the structure of the adsorbed layer at this concen-
tration.

The differential capacity - potential curves in the
presence of 2,2’-bipyridine, shown in Fig. 8, do not
show typical peaks, but the depression of the curves
from that of the base solution indicates that 2,2’-
bipyridine is adsorbed in this potential region.
Above 2x10-3m of 2,2’-bipyridine, a hump is
observed in the adsorption region, indicating that
two different adsorption structures exist on the two
sides of the hump. The deep depression of the

23) O. A. Esin and B. F. Markov, Acta Physicohim.
URSS, 10, 353 (1939).

24) R. G. Barradas, P. G. Hamilton and B. E. Con-
way, J. Phys. Chem., 69, 3411 (1965).
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I 10 pF/cm?

1
0 -0.5 -1.0
E (V vs. SCE)

Fig. 8. Differential capacity - potential curves of
2,2'-bipyridine in 0.5M KCL
1, 0; 2,5x10-5m; 3, 2x 10-4Mm; 4, 2X10-3 M5
5, 5x10-3Mm; 6, 10-2m

110 #F/cm?

|
0 0.5 -1.0
E (V us. SCE)

Fig. 9. Differential capacity - potential curves of
[Fe(bip);]2+ in 0.5m KCIL
1, 0; 2,5X10-5Mm; 3, 2x10-4Mm; 4, 5X10-4 M;
5, 10-3m

differential capacity in the potential region more
negative than the hump indicates a strong adsorp-
tion; this is in agreement with the results from the
electrocapillary data shown in Fig. 6. The dif-
ferential capacity - potential curves of [Fe(bip);]2+
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Fig. 10. Dependence of the height of capacity
peak on concentration of [Fe(bip)]2+.

are shown in Fig. 9. When compared with the
curves in Fig. 8, distinct peaks are observed at
about—0.4 V, and the capacity in the adsorption
potential region is smaller in this case. As is shown
in Fig. 10, the peak height varies linearly with the
logarithm of the concentration. This is a charac-
teristic trend of the adsorption - desorption peak.?

On the basis of the above studies, the adsorption
structure can be deduced. It is preferable to as-
sume a monolayer if there is no sure evidence for
multilayers, as has been found in the case of the
adsorption of certain anionic surface-active sub-
stances.>% In low concentrations, 2,2’-bipyridine
is adsorbed flat throughout the adsorption regions.
Beyond 2 10-% M, though it is still adsorbed flat
in the more positive region, in the more negative
region it is adsorbed perpendicularly to the elec-
trode, probably because of the specific adsorption
of nitrogen atoms onto the mercury electrode. The
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o 4 65
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3 3

28 v 2

]

s —o-1

=
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1
5 10

¢ (xX10-3m)
Fig. 11. Adsorption isotherms of 2,2'-bipyridine
in 0.5M KCI.
Potentials: 1, —0.2V; 2, —0.4V; 3, —0.8V;
4, —0.8V; 5 —1.0V;6, —1.2V
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Fig. 12. Adsorption isotherms of [Fe(bip);]2* in
0.5M KCIL
Potentials: 1, —0.2V; 2, —04V;3, —06V;
4, —-0.8V; 5, —1.0V;6, —1.2V

boundary of the two adsorption regions is not very
distinct, so a hump is observed instead of a peak
in the differential capacity - potential curves. Al-
though the reason for the abnormal behavior of the
electrocapillary curves of [Fe(bip);]** is not yet
certain, it is supposed to have only one adsorption
region. As the chemical structure of [Fe(bip);]%* is
almost symmetrical, the change in the orientation
of the adsorbed ion cannot be considered as in
the case of 2,2’-bipyridine.

Adsorption Isotherms. The surface ex-
cesses I' of 2,2’-bipyridine and [Fe(bip);]?+ at
various potentials were plotted against their con-
centrations in the bulk of the solution. The results
are shown in Figs. 11 and 12. From the figures,
the isotherm for [Fe(bip),]** is found to be of the
Langmuir type, while that for 2,2’-bipyridine is
not so simple and varies considerably with the
electrode potential, as has been found in the case
of pyridine and its derivatives.?5-7

Among the many isotherms proposed up to
now,?® the Langmuir isotherm (Eq. (5)) is most
commonly been used;

4
Be = 19 (5)
where B is the constant of the adsorption equili-
brium; ¢, the concentration of the organic com-
pound, 6=1I"/T",,, the fraction of the coverage, and
I, the limiting value of I" at ¢c—oo. Recently,
however, the following Frumkin isotherm?® has

often been used:

Bec =

1_0_ 7 exp (—2a6) (6)
where a is the attraction constant, a quantity
characterizing the interaction between the ad-
sorbed particles. If a is equal to zero, Eq. (6) is
converted to Eq. (5). A comparison of the ex-
perimental results with the theoretical expectations
becomes much easier when Eq. (6) is modified as
Eq. (7):

25) P. Delahay, “Double Layer and Electrode Kinet-
ics,” Interscience Publishers, New York (1965), p. 83.



2102

c

i = o exp a1 20)] ¥
where ¢y.q.5 is the concentration at which 6 be-
comes equal to 0.5. Supposing that the I',, of
2,2’-bipyridine is 3.9 10~ mol/cm? and that the
Iy of [Fe(bip),]2*+ is 3.5 x 10-1° mol/cm?, the re-
lations of ¢/cy_q.5 and 6 were calculated; they are
plotted in Figs. 13 and 14. The value of a deter-
mined from these figures is between 0 and —3 for
[Fe(bip);]3*, while that for 2,2’-bipyridine changes
from —5 at —0.2V to +2.5 at —1.2 V. Dama-
skin?®) explained the adsorption of pyridine by
using the Frumkin isotherms, but he did not
explain why a changed considerably with the
electrode potential.

Now, from the results of the investigation of the
adsorption structure of 2,2’-bipyridine, the change
in a with the potential can be explained in the fol-
lowing way, by means of the change in the ad-
sorption structure with the potential. In the more

1.0

0 10 20 T30

¢lco=o.5
Fig. 13. Frumkin isotherms of 2,2'-bipyridine in
0.5 KCIL.
Potentials: 1, —0.2V,a=-5.0; 2, —0.4V,

a=-—2.5; 3, —0.6V, a=—1.0; 4, —0.8V,
a=-0.3; 5, —0.9V, ¢=0.0; 6, —1.0V,
a=1.0;7, —1.1V,a=1.7;8,—-1.2V, a=2.5.

26) B. B. Damaskin, Electrochim. Acta, 9, 231 (1964).
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1.0

20 30

clco=o.5
Fig. 14. Frumkin isotherms of [Fe(bip);]?* in
0.5m KCL
Potentials: O: —0.2V; @: —0.4V;
®: —0.6V; (QO: —1.0V; @©: —1.1V;
P: —1.2V

positive potential regions, 2,2’-bipyridine is ad-
sorbed flat onto the electrode surface as a result
of the m-electron - electrode interaction. In this
case, the isotherm shown by curve 1 in Fig. 13 is
obtained, and a negative attraction constant is
obtained from it. In the more negative potentials,
however, 2,2’-bipyridine at low concentrations is
scarcely adsorbed because of the repulsion be-
tween the n-electron and the electrode. However,
when the concentration is increased, it is adsorbed
in a large amount perpendicularly to the electrode,
resulting in an adsorption isotherm with a positive
attraction constant, as in curve (8) of Fig. 13. As
one adsorption structure changes in relation to
another with an electrode potential, the isotherm
changes between the two extreme cases with the
electrode potential.
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