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Ethylamine at concentrations lower than 0.5 mM in N,N-dimethylformamide gives a diffusion-controlled
anodic wave due to the reversible oxidation of the mercury to a 1 : 2 complex of mercury(II) with the amine.
At higher concentrations, another anodic wave appears at a potential less positive than the main wave; this has

been attributed to the adsorption of the oxidation product on the mercury electrode.
was analyzed on the basis of Brditka’s theory, in which the Langmurian adsorption was assumed.

The adsorption prewave
It was shown

that the nature of the prewave can be well interpreted on the additional assumption that the adsorption coefficient
of the adsorbed complex decreases exponentially as the electrode potential becomes more positive.

In a previous paper,V it was shown that ammonia,
methylamine, and dimethylamine anodically depolarize
the dropping mercury electrode in N,N-dimethyl-
formamide (DMF) to form 1 : 2 complexes of mercury
(ITI) with the amines. Furthermore, it was suggested
that the complexes are adsorbed on the electrode
surface to cause the flowing of the extra anodic cur-
rent. However, the nature of the anodic adsorption
current has not yet been examined in detail.

The present study was undertaken not only in order
to extend the previous study to ethylamine, but also
in order to examine the characteristics of the anodic
adsorption current in detail.

Experimental

The solvent, DMF, and the supporting electrolyte, tetra-
ethylammonium perchlorate, were purified as had been de-
scribed previously.? Ethylamine, which had been separated
from a commercial 709, aqueous solution by the addition
of a saturated NaOH solution, was dried and distilled over
granular NaOH. The concentration of the amine in DMF
was determined by titration against an aqueous hydrochloric
acid. A solution of mercury(II) perchlorate in DMF was
prepared as has been described elsewhere.?

Polarograms were obtained in a manner similar to that
described before.)? All the potentials reported in the present
paper refer to an aqueous, saturated calomel electrode con-
nected with a cell solution by means of a DMF-agar salt
bridge.®

Results and Discussion

The polarographic behavior of ethylamine was
examined with a dropping mercury electrode over a
wide concentration range from 0.1 to 100 mM in DMF.
The amine gave a single well-defined anodic wave
at concentrations lower than 0.5 mM. At higher
concentrations, another anodic wave appeared at a
potential less positive than the main wave. The
polarographic characteristics of these waves are sum-
marized in Tables 1 and 2. The total limiting cur-
rent (i;) was virtually proportional to the bulk con-
centration of the amine, and also to the square root

1) Y. Matsui, Y. Kurosaki, and Y. Date, This Bulletin, 46,
147 (1973).

2) Y. Matsui and Y. Date, ibid., 43, 2052 (1970).

3) K. Takaoka, Rev. Polarog. (Kyoto), 14, 63 (1966).

of the effective pressure (4,,,,) on the mercury drop;
these findings indicate that the total limiting current
is diffusion-controlled. On the other hand, the limit-
ing current (z,) of the prewave was virtually inde-
pendent of the bulk concentration of the amine
when it was lower than 20 mM. It was also shown
that the value of ¢, increases in proportion to f,,,.
These results indicate that the prewave has the nature
of an adsorption current. At concentrations higher
than 20 mM, the value of i, gradually increased with
an increase in the concentration. This may be at-

POLAROGRAPHIC CHARACTERISTICS OF ETHYL-
AMINE AT VARIOUS CONCENTRATIONS?)

TaBLE 1.

Concn. By (V vs. SCE) ip? 10
(mM) prewave total wave (ud)
0.10 — +0.184 — 2.22
0.26 — +0.180 — 2.37
0.52 — +0.160 — 2.42
1.02 +0.093 +0.176 1.62 2.35
2.18 +0.038 +0.176 1.80 2.55
5.50 —0.001 4-0.167 1.80 2.52
10.9 —0.028 +0.166 1.85 2.67
21.8 —0.051 +0.179 1.97 2.55
54.4 —0.084 +0.272 3.10 2.42
100.0 —0.097 +0.333 4.85 2.35

a) m=1.778 mg/s, t=3.79s.

b) The limiting current of the prewave.

¢ ) Diffusion current constant: Iq=1iq/C-m?/3t1/8
(uA-mM-1mg-2/351/2),

TABLE 2. RELATION BETWEEN THE LIMITING GURRENT
OF 5.0 mM ETHYLAMINE AND EFFECTIVE PRESSURE
ON THE DROPPING MERCURY ELECTRODE?

hcorr. ipb) idc) ip/hcorr id/hcorr1/2
(em)  (ud)  (uA)  (uA-em™) (uA-cm-12)
38.7 0.87 17.2 0.022 2.76
44.7 0.97 18.6 0.022 2.79
54.7 1.20 20.4 0.022 2.75
64.7 1.40 23.2 0.022 2.88
74.7 1.51 23.6 0.020 2.73
80.3 1.63 24.9 0.020 2.78

a) m=1.460mg/fs, 1=4.44s.
b) The limiting current of the prewave.
¢) The limiting current of the total wave.
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Fig. 2. Plot of the heights of the prewave (I) and the total
wave (II) of EtNH, vs. temperature.
[EtNH;] = 1.89 mm

tributed to the formation of additional superimposed
layers of the adsorbate on the mercury surface, for
the curve obtained by plotting ¢, against the amine
concentration resembles the B. E. T. isotherm (Fig. 1).
The half-wave potential of the total anodic wave at
high amine concentrations shifted toward the positive
value as the concentration increased. The film of
the adsorbate may inhibit the electrode process, thus
causing the positive shift.

Figure 2 shows the effect of the temperature on the
heights of the total wave and the prewave, which
linearly increased with the temperature. The average
rates of increase were 1.389, and 0.89%, per degree
respectively. These values also indicate that the
former is controlled by diffusion, and the latter, by
adsorption. ~ The fact that the adsorption wave
appeared at potentials less positive than the main
wave suggests that the adsorbate is the oxidation prod-
uct rather than the depolarizer.9

Figure 3 shows the effect of ethylamine on the ele-
ctrocapillary curve in DMF containing 0.10 M te-
traethylammonium perchlorate. A significant de-
crease in the surface tension of the mercury drop was

4) R. Guidelli, J. Phys. Chem., 74, 95 (1970).
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Fig. 3. Effect of EtNH, on the electrocapillary curve.
I, 0.10m Et,NCIO,; II, I+1.72mm EtNH,; III, Polaro-
gram of 2.18 mm EtNH,.

caused by the addition of a small amount of the amine.
The decrease began at ca. 0.00 V vs. SCE, where the
anodic prewave appeared, and finished at ca. +0.20
V vs. SCE, where the main wave just approached its
plateau. It is obvious that the adsorption of the oxi-
dation product on the electrode surface is responsible
for the appearance of the prewave. It can also be
presumed that the desorption of the product facilitates
the electrolytic process.

Figure 4 shows the results of the amperometric ti-
tration of mercury(II) perchlorate against ethylamine.
The limiting current of the mercury(II) ion decreased
with the addition of ethylamine. At the same time, a
second cathodic wave appeared at a more negative
potential. The wave height increased in proportion to
the ratio of the concentration of ethylamine to that
of the mercury(II) ion, until the ratio exceeded 2.0.
Thereafter, the wave of the mercury(II) ion disap-
peared, the height of the second cathodic wave reached
a virtually constant value, and an anodic limiting
current appeared and increased in proportion to the
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Fig. 4. Amperometric titration of Hg(II) with EtNH,.
I : Wave height of the simple Hg(II) ion,

IT: Wave height of the complex; Hg(EtNH,),2+,
III: Wave height of EtNH,.
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excess amount of the amine. These results are similar
to those for methylamine reported in a previous paper;!)
it can likewise be thought that the mercury(I1I) ion
reacts with ethylamine to form the 1:2 complex,
Hg(EtNH,),2*, which then gives the second cathodic
wave. It can also be considered that the anodic wave
of the amine is due to the polarographically reversible
oxidation of mercury to Hg(EtNH,),2t:

Hg + 2E{NH, = Hg(EtNH,),2*+ + 2 1)

Provided that the electrode process is simply expressed
in terms of Eq. (1), the equation for the current-po-
tential curve should be given by:V

E = E, — (RT/2F) In B, + (RT/2F) In ky2/k,
+ (RT/2F) In i/ (iq—i)? (2)

In this equation, E, represents the ordinary standard
potential of the mercury-mercury(1I) half-cell; g,,
the overall stability constant of the complex of Hg-
(EtNH,),2*, and k, and k,, the Ilkovi¢ equation con-
stants for the amine and the complex, respectively.
The plot of log i/(i;—1)? vs. E for the wave of 0.46
mM ethylamine is shown in Fig. 5. A straight line
with the reciprocal slope of about 0.030 V was ob-
tained at the more positive potentials of the wave,
whereas the plot deviated from the line at the less
positive potentials of the wave. In analogy with the
case of methylamine, the deviation may be due to
the adsorption of the oxidation product, Hg(EtNH,),>*,
on the electrode surface. On the assumption that
Eq. (2) holds for the more positive potentials of the
wave, the value of f, was estimated to be 101¢-3. In
this calculation, E, was taken to be 0.557 V vs. SCE.?

log i/(ia—1)*

) 1 1 1 1 1
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Potential, V vs. SCE

Fig. 5. Plot of log i/(iq—i)? vs. potential for the wave of
0.46 mm EtNH,.
Reciprocal slope: I; 0.030V, II; 0.075 V.

The Analysis of the Adsorption Prewave. When
the amine concentration was high enough, the ad-
sorption prewave could be well resolved from the main
wave. Furthermore, it seems, on the basis of the
results shown in Fig. 1, that the adsorption obeys
the Langmuir isotherm at amine concentrations lower
than 20 mM. Therefore, we undertook to analyze
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the prewave on the basis of Brdicka’s theory of the
adsorption wave. On assuming that the oxidation
product, Hg(EtNH,),**, is the only adsorbate, and
that the adsorption obeys the Langmuir isotherm,
the anodic current (¢) can be related to the concen-
trations of the amine and the complex (a and x, res-
pectively) on the electrode surface by the following
equations:®)

id —1= koa (3)
i = kyxy + (ipwxa/(1+wxy)) )

In this equation, w, is the adsorption coefficient of
Hg(EtNH,),>*. The height of the prewave, i, is
correlated with the maximum amount of substance
adsorbed per unit area of the electrode (Z) by the
following equation:

iy = knFm/%t=1/3Z )
where
k = 0.85 cm?g~-2/3 at 25°C

and where 7 is the number of the electrons participating
in the electrode process; m, the mass of mercury flow-
ing out of the capillary per unit time, and ¢, the drop
time. The value of Z for Hg(EtNH,),2+ at amine
concentrations lower than 10 mM was calculated from
this equation to be 1.17 X 10~° mol/cm?; this is slightly
less than that for Hg(MeNH,),2t (1.41 x10~® mol/
cm? 1),

When it is assumed that, at the potentials correspond-
ing to the prewave, the amount of the oxidation prod-
uct diffusing into the solution is negligibly small
compared with that adsorbed on the electrode surface,
Eq. (4) can be simplified as follows:

i = ipwiy/ (14 wx,) (6)
Thus, a and x, are given by:

a = (ia—1)/k (M

%y = ifw(ip—i) ®)

On the other hand, the electrode potential is expressed
by the equation:
E = E, — (RTJ/2F)In f, + (RT/2F) In xy/a® 9)
By introducing Egs. (7) and (8) into Eq. (9), we obtain:
E = E, — (RT/2F)In B, + (RT/F)Ink,
— (RT)2F)Inw + (RT/2F) Ini/(i,—i)(ia—i)®  (10)

If the adsorption coefficient of Hg(EtNH,),2* does
not change with the potential, the first four terms on
the right-hand side of Eq. (10) are constant. Then,
the plot of log i/(i,—i)(iy;—1)? vs. E should give a
straight line with a reciprocal slope of 0.030 V at
25°C. The results for the prewaves given by 2.8 —43.5
mMm ethylamine are shown in Fig. 6. The plot gave
a good straight line. However, the reciprocal slope
(0.047 V) was significantly larger than the theoretical
value. It might be considered that the increase in
the reciprocal slope is due to the irreversibility of
the electrode process. However, this can be ruled
out in the present case, for the fact that the reciprocal
slope of the log-plot was equal to 0.030 V for the wave

5) R. Brditka, Z. Elektrochem., 48, 278 (1942).
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Fig. 6. Plot of log i/(ip—1)(ta—i)? vs. potential for the
prewave of EtNH,.
Concentration of EtNH,: O; 2.75mM, (J; 5.50 mM, ©;
21.8 mMm, @; 43.5mM.
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of the amine at a low concentration, and the fact that
the half-wave potential of the oxidation wave of the
amine was approximately equal to that of the reduc-
tion wave of Hg(EtNH,),2* obtained in the ampero-
metric titration, show that the electrode process is
reversible. According to Guidelli,? it is possible that
the increase in the slope of the adsorption wave is
caused by the change in the adsorption coefficient
with the potential. Since the adsorbed complex,
Hg(EtNH,),?*, has a positive charge, it seems natural
to consider that the adsorption energy (¢) of the com-
plex may be lowered, as the electrode potential becomes
more positive, by an increase in the electronic repul-
sion between the adsorbed complex and the electrode.
In fact, it was found that the polarographic behavior
of the prewave can be well explained on the basis
of the assumption that the energy of the electronic
repulsion between the divalent positive ion and the
electrode is in proportion to 2FE. Then, ¢ may be
written as:

Po — ¢ = 2FyE (11)
where ¢, is the adsorption energy at 0.00 V vs. SCE,
and y, the proportionality constant. On the other
hand, w is generally proportional to exp (¢/RT),”
so that:

w = wy exp (—2FyE|/RT) (12)
In this equation, w, corresponds to the adsorption
coefficient at 0.00 V us. SCE. By combining Egs.
(10) and (12), we obtain:

(1—y)E = E, — (RT/2F) In B, + (RT/F) In k,
— (RTJ2F) In w, + (RT/2F) Ini/(i,—i)(ia—i)2 (1)

The Polarography of Ethylamine in Dimethylformamide 463

T T T 1
+0.05 r— =
€3]
O ot =
wn
5]
>
o —0.05f —
.8
=
g
S Q
~ o0k ©
1 I | 1
1.0 15 2.0 25

log [ia—(ip/2)]
Fig. 7. Plot of the half-wave potential of the prewave of
EtNH, vs. log [ia— (ip/2)].
Slope: —0.092V

This equation indicates that the reciprocal slope of
the plot of log i/(i,—i)(i4—1)% vs. E is equal to 0.030/
(1—y) V at 25°C. By taking y as 0.36, we obtain
the slope of 0.047 V, which agrees with the observed
value. From Eq. (13), Eq. (14) is readily derived:

Ep1/2 = C— (1/(1—))(RT/F) In (ia—1p/2) (14)

where E, ;/, is the half-wave potential of the prewave,
and C, the constant. This equation shows that E, ,/,
should shift toward a more negative potential with
an increase in the amine concentration. The relation
between E_;, and log (i4—i,/2) observed was vir-
tually linear, with a slope of —0.092 V (Fig. 7); this
is fairly well in agreement with the value, —0.094 V,
calculated on the basis of Eq. (15), which y is taken
as 0.36. This is one evidence in support of the valid-
ity of Eq. (13). Since the numerical values of the
constants and the variables in Eq. (13) are all either
known or experimentally estimated except for w,,
it is possible to calculate the value of w, Thus, we
obtained the value of w, as 4.6x10%]/mol for Hg-
(EtNH,),2t. This value is so large that it is consistent
with the above assumption that the amount of the
oxidation product diffusing into the solution is neg-
ligibly small compared with that adsorbed on the
electrode surface at the potentials corresponding to
the prewave of ethylamine.

Thus, it is obvious that the present method of treat-
ment of an adsorption wave is plausible in this case.
However, it is still uncertain whether or not it can
generally be applied to the prewaves due to the ad-
sorption of ionic compounds. This will be studied
further in succeeding papers.






