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Studies in Chronopotentiometric Behaviour of Nitrobenzene
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The chronopotentiometric study of nitrobenzene in citrate buffer of varying pH (3-80-5-05)

has shown that the initial reduction product is g-phenylhydroxylamine.

The reduction charac-

teristics of this compound is pH dependent. While further reduction of this product occurs readily at

lower pH value, it becomes more difficult as the pH increases.

The current reversal chronopoten-

tiometry shows the oxidation step of B-phenylhydroxylamine and thus provides a method of identi-

fying the compound near the electrode surface.

It is noticed that the value of i,t1/2/c of the second

reduction step decreases, when the transition time of the first wave is below a particular value,
the time depending on the pH, At pH 4-52 it is 20 sec. An explanation is offered to account for

these observations.

reduced at a mercury electrode surface by

an initial step of four electrons at all pH values
giving B-phenylhydroxylamine and it is further
reduced in acid solutions (pH<4) by a second
step involving two electrons to give aniline. Nitroso-
benzene gets reduced by an initial step of two
electrons at pH in the range 1-9. In acid solutions,
this also gets reduced further by a two electron
step, the products being identical with that of
nitrobenzene®3. Direct determination of the polaro-
graphic behaviour of B-phenylhydroxylamine con-
firm these findings in general®4¢. B-Phenylhydroxyl-
amine can be oxidized to nitrosobenzene over
a wide range pH values. In acid medium, it can
be reduced to aniline.

The reducibility of B-phenylhydroxylamine in
acid medium is generally attributed to the formation
of salt PhAN*H,OH?. The pK value of the salt is
given by various authors as 3-28, 4-54, 2-25% and
1-866. The variation of the half-wave potentials
of the reduction step with pH has been explained
severally. While Heyrovsky ef al® suggest the
formation of PhN*H,0H;, Darchan ¢ al.% point out
the variation in the reduction characteristics in
different buffers of the same pH and explain this
as due to the surface activity of the buffer
components.

The dc polarogram of nitrobenzene in acetate
buffer (pH 4-7) does not show the second step.
But the electrolysis of this solution at a constant
potential of —0-6 V (vs SCE) takes up four electrons
and this reduced solution is further reducible as
shown! by the second polarographic wave at about
—0-8 V. Further electrolysis of the solution at
—09 V uses up two more electrons for the
reduction. Electrolysis of the nitrobenzene solution
at a constant potential of —0-9 V directly takes
up six electrons and yields a product which is not
further reducible. . )

In order to understand this peculiar behaviour
of the second reduction step extensive study of the

IT is well established that nitrobenzene gets

oxidation and reduction characteristics of 8-phenyl-

hydroxylamine is not very convenient because of
the low stability of the compound. A study of
the reduction properties of the product formed
during the constant current reduction of nitroben-
zene making use of direct and current reversal
chronopotentiometry has now been undertaken and
the results are presented in this paper.

Materials and Methods

Apparatus — The manual set-up used for the
dc polarograms is described earliert. A set-up
for the direct and current reversal chronopotentio-
metry, essentially similar to that described by
Gaske®, was employed and is described below.

A constant current source consisted of a 90 V
Eveready battery No. 700 D having in series a set
of high resistances (22 KQ to 1 MQ), a selector
switch and a milli/mictoammeter. The current
used varied from 2 mA to 90 pA. A cell was
connected in series with the ammeter through a
DPDT switch to facilitate current reversal in the
cell during electrolysis without disturbing the
current in other parts of the circuit. The cell
consisted of a cylindrical tube of uniform internal
diameter (2 cm), siliconized to prevent wetting
of the surface and creeping of the solution between
the wall of the tube and the mercury pool. A
layer of mercury at the bottom of the tube served
as the working electrode. A platinum plate elec-
trode served as the counter electrode. SCE
connected to the cell through an agar bridge was
used as the reference electrode. An inlet tube faci-
litated bubbling of inert gas and also served to
add mercury. A water seal served as pressure
release while separating the test solution from
outside. The constant current source was connect-
ed between the mercury pool and platinum plate
electrode. The potential of mercury pool w.r.t.
SCE was monitored continuously on a high impe-
dance x-y recorder (Carl Z:iss).

The sample solution in the cell (fitted with elec-
trodes, inlet tubes and water seal) was deaerated
with an inert gas; pure and dry mercury was



added in sitw before the chronopotentiogram was
recordled.

All{the measurements were made in a thermostat
at 30°40-1°

Soltetions — Nitrobenzene was purified by distil-
latior] and fraction distilling at 202°/680 mm wasused.
A stock solution of 25 mM was prepared in ethanol
purified as described earlierl. A stock solution
of citfate buffer was prepared having a final concen-
tratidn of total citric acid 0-5M and the requisite
quantity of sodium hydroxide solution. This stock
buffet was diluted 2} times with water and the
pH Imeasured. This is the nominal pH. The
electiolytic experiments were carried out in solu-
tions| prepared by mixing 409, of this buffer, 50%
etharjol and requisite volumes of depolarizer and
sodium perchlorate stock sclutions.

Resylts
Chyonopotentiograms of nitrobenzene at various
currept densities — Chronopotentiograms were ob-

tained with varying transition times (4-60 sec) by

choo

5ing suitable current densities. In favourable

case§ a second step was noticed. The results are
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nted in Table 1. In all the cases, the value
112]¢ for the first step was found to be a constant,

average value being 795 mA mole! sec/2,
calculated value on the basis of Sands equation
k D=5-6x10"% cm?/sec (from McBain-Dawson
method!) is 7904 0-22. The potential corres-
ing to 7;/4 is reasonably constant.

cases where the second step appears, the
bition time (Teeo)1® for the second step, if it

not preceeded by any other reduction stepl?,
has peen calculated from experimental results and
the |values are recorded in Table 1. For a two

electiron process the value of iomaifc should be
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3.95~4. In solutions of pH 42 and ower, the
second wave was observed in chronopotentiogram
traced with all current densities and the transition
tim= for this step corresponded to two-electron
reduction. At pH 4-52, the second step appeared
in all the cases. When the experimental conditions
were so chosen as to give large transition time,
this step corresponded to two electrons. When
transition times were small, the second step was
less than that expected for a two-electron step.
Fig. 1 shows that igl? falls off for 7,<22:1 sec.

sec

At pH 473, the transition times correspending to
the second step (tec) Was invariably less than that
expected for a two-clectron step. At pH 5:05
the second step does not appear at all over a wide
range of variation of 7, values (from 7,=45 to

90 sec). In other buffers of pH value 44 to 4.7
the behaviour was found to be similar to that in
4t e ° y
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Fig. 1 — Plot of iufslc/g/f vs 1, from chronopotentiograms of
nitrobenzene in citrate buffer of pH 452 at different con-
centrations and current densities [Concentration of nitro-
benzene: 1-488 mM (closed circles); 0-975 mM (open circles)

0-812 mM (open triangles); and 0-487 mM (closed triangles))

TaBLE 1 — CHRONOPOTENTIOMETRIC CHARACTERISTICS OF NITROBENZENE SOLUTIONS

[Citrate buffer — pH range 3-5 to 5-0; ethanol conc. 509 ; ionic strength 0-5M (NaClO,)}

AH Conc. of i T igrt /e (Exia) Tsec R elld (Ex/1),
PhNO, (A dm™2) (sec) (mA mol? (V vs (sec) (mA cm secl/2 (V vs
(mM) secl/2) SCE) mol-1) SCE)

420 0-992 1-21 41-67 7-85 —0-60 10-74 3-98 —094

420 0-992 1-56 27-56 7-92 —0-62 6°55 3-86 —0-96

420 0992 1-63 20-26 7-42 —0-63 6-01 404 — 096

452 1-488 1-81 43-97 8-06 —0-61 12-10 423 —0-95

452 1-488 3:30 11-37 7-47 —0-62 2:12 322 —0-98

452 0975 1-57 26-76 8:34 —0-62 6-54 412 —0-95

452 0-975 2:05 14-92 811 —0-62 2-83 3-53 —0-98

4-52 0975 2-58 8-16 7-57 —0-62 0-86 2-46 —0-97

4-52 0-812 2-08 10-41 8:23 —0-59 1-02 2-58 —0-95

4-52 0-812 2:39 6-98 7-78 —0-62 0-56 2-21 — 097

4.52 0-487 0-88 17-94 7:68 —0-59 3-97 3-61 —0-95

467 0-992 1:02 59-66 7-96 —0-63 15-74 4-09 —0-96

467 0-992 1:22 43-29 8-07 —0-62 6-51 315 —0-98

467 0992 1:55 23-84 7-63 —0-62 3:59 2:96 —096

305 0-992 0-83 95-13 8-19 —0-60 7

$:05 0-992 1-03 59-90 802 —0-62 |

$-05 0-992 1-33 3%'3’{' 782 —0-62 |

. . . . . —0- I}

,82 833% %é% %1_(8)8 §~98 _82% l} Second wave is not defined at pH 5-05

505 0-992 2:05 15-45 8-11 —0-64 |

5-05 0-992 295 7-23 8-00 —0-66

5-05 0-992 3-41 4-46 7-26 —-0-67 _]
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TABLE 2 — EFFECT OF THE TRANSITION TIME OF THE FIRST

WAVE ON THE VALUE OF iorgg/o FOR.THE SECOND WAVE

pH io'rslu/f/c =4 for pH io-rslg ¢ =4 for

3-80 All values of 7, 467 7,>55 sec

420 do 473 1,>68 sec

447 7, >11 sec 5:05 Sgcond wave does not benzene (Table 3).
4-52 7.>22'1 sec appear for any value

7, <60 sec

solution of pH 4-52. Curves similar to that shown
in Fig. 1 were drawn in three other buffer solutions
and the results are given in Table 2.

Current reversal chromopotentiograms of nitroben-
zene at various curremt demsities — In the current
reversal experiments, only one oxidation step was
noticed and this corresponded to the oxidation of
g-phenylhydroxylamine to nitrosobenzene. In no
case the oxidation of aniline was noticed. When
the current was reversed at the last stages of second
reduction, no cxidation was noticed showing that
no B-phenylhydroxylamine was still left near the
electrode. When the current was reversed at the
beginning of the reduction step, the oxidation wave
indicated that some @-phenylhydroxylamine was
still present near the electrode. When the current
was reversed at any stage of the first reduction step,
the oxidation step was observed. Typical results
for the reoxidation case are shown in Table 3.

Discussion

Nature of the reduction process— The values of
4y71%/c in the pH range 4-2-5-05 indicate that the

first reduction step represents diffusion-controlled
four-electron reduction, corresponding to the reduc-
tion —NO,—~—NHOH. When the currentisreversed
at an intermediate point on the first wave of the
chronopotentiogram, the transition time for the re-
verse step is 1/8th of the forward step!® indicating
that phenylhydroxylamine is oxidized to nitroso-
The position of the oxidation
step confirms the same. Table 3 also shows that the
B-phenylhydroxylamine is available for reoxidation
in a solution of pH 5 for as long as 85 sec.

The dc polarographic work has identified the
first step as a four-electron reduction to B-phenyl-
hydroxylamine. The ratio of the height of the
second wave to first wave varies from 04 to
practically zero in the pH range 2 to 5. It is quite
likely that there might be two species of B-phenyl-
hydroxylamine formed in equilibrium with each
other at the electrode surface, the proportion of
the two varying with pH24%7. However, coulo-
metric analysis with mercury pool cathode indicates
that the second step uses two electrons possibly
due to the fact that the mercury pool electrode
where the time of electrolysis is large (30 min to
1 hr as compared to about 4 sec in the d.m.e.) affords
enough time for the transformation and thus the
second reduction also goes to completion!. This
explains the lower values of 4yt%/c which in turn
further indicate that part of 8-phenylhydroxylamine
is not in a reducible form and escapes reduction.

The current reversal chronopotentiomestric experi-
ments corresponding to the first wave indicate
that the ratio of tp/r: is nearly 0-125 indicating
that the B-phenylhyroxylamine is completely oxidiz-
ed in one-step, whatever the time of electrolysis
and no indication is available for two forms of the

TABLE 3 — EFFECT OF CURRENT REVERSAL AT DIFFERENT STAGES OF REDUCTION IN THE CASE OF THE
FirsT CHRONOPOTENTIOMETRIC WAVE :

+H Conc. of iy T Th T[T N Eox
" [PhNO,] (A dm) {sec) (sec) (V. vs SCE)
(mMM)

5-05 0-992 0-93 85-76 11-28 0-1315 +0-01
5-05 0-992 0-93 55-84 7-04 0-1260 +0-01
473 0-446 1-195 14-22 1-80 0-1266 +-0-05
473 0-446 1-195 10-80 1-24 0-1148 +0-05
4-52 0-992 1-216 52-52 5-58 0-1061 +0-025
4-52 0-992 1-216 41-22 4-51 0-1094 +0-021
4-52 0-992 1-216 32:03 3-32 0-1035 +0-024
4-52 0-992 1-56 31-02 3.22 0-1038 +0-021
4-52 0-992 1-56 22-99 2-68 0-1166 +0-022
4-52 0-992 2:07 21-20 219 0103 +0-036
4-52 0-992 2:07 17-01 222 0-1305 +0-025
452 0992 2:97 10-48 1-27 0-121 +0-049
4-52 0-992 297 4-83 0-62 0-128 +0-06
4-52 0-992 3-70 2:30 0-29 0-132 +0-06
4-52 0-992 461 3-70 0-40 0-109 +4-0-05
4-52 0-794 1-57 19-42 2-4 0-124 +0-03
4-52 0-794 2-07 6:35 0-82 0-129 +0-04

. -993 0-82 96-45 12:99 0-135 +0-10
332 8-33% 1-06 90-35 1026 0-114 +£0-10
3-76 0-992 1-46 24-32 3-00 0-123 +0-11
376 0-992 220 16-78 1-98 0-118 +0-12

*Current was reversed interrupting the first reduction step.
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Fig. 3 — Polarograms of nitrobenzene in citrate buffer of
pH 4-$2 [Conc. of nitrobenzene: 1:488 mM (continuous curve),
scale §-9 div/uA; 0-1984 mM (dashed curve), scale 25-4 div/
pA; and blank (dot dashed curve)]

compound. It is quite likely that one possible
explanation of this ancmaly is that the two processes,
namdly oxidation to nitrosobenzene and reduction
to aniline follow two different mechanisms. As
Pearson’ has pointed out, the primary electrode
reactiion is the reversible deposition of the hydrogen
ions jon the cathode. These atoms take part in
the teduction and as these are removed in the
reactiion, fresh hydrogen atoms are formed by the
electrode reaction. It is quite possible that in
addition to the conversion to a more easily reducible
form|, one has to take into consideration the proper
orientation of —NHOH at the electrode surface. The
redutticn of —NHOH group may be proceeding as:
H* 4 ex>H(ads)

H(ads) + — NHOH (ads)—— —NH,

At higher pH values H(ads) is quite small so that
reaction hardly takes place. In the intermediate
pH [range, possibly proper orientation is needed
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and this is time dependent. This explains why
at intermediate pH range the value of 4ytl/c de-

creases at high current densities, as there is not
enough time for proper orientation at the electrode
surface to make reduction possible.

Heyrovsky® employing fast current reversals
using Kalousek switch established that the oxida-
tion never took place whatever the frequency
indicating the irreversibility of the second step.
Current reversal chronopotentiometry being report-
ed presently also does not give any indication of
oxidation.

The polarograms of nitrobenzene (Fig. 2) taken
at two concentrations of nitrobenzene (0-1984 mM
and 1-483 mM) in citrate buffers of the same pH
indicate that the diffusion current constant of the
second wave is higher in 1:483 mM solutions than
in 01984 mM solutions. It therefore appears
that the concentration ¢f the depolarizer might
also have something to do with the magnitude of
the second polarographic wave representing the
reduction of B-phenylhydroxylamine to aniline.
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