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The system trans-azobeuzene-hydrazobenzene has been found to be reversible at the dropping mercury electrode in a
buffer range of 2 to 6. At higher pH values hydrazobenzene is oxidized at values which are about 0.07 v. more positive than

those obtained for the reduction of ¢rans-azobenzene,
trans-azobenzene throughout the buffer range studied.

Azobenzene-hydrazobenzene, which has been
found to be a reversible oxidation-reduction system
potentiometrically?? and at the mercury pool elec-
trode,* has not yet been shown conclusively to be
reversible at the dropping mercury electrode. Re-
versibility has been claimed for the reduction of
azobenzene® solely from data obtained with this
compound and without any work on the oxidation
of hydrazobenzene. For a thermodynamically re-
versible system hydrazobenzene must oxidize at
the same half-wave potential as that observed for
the reduction of azobenzene.

The only comparison of the polarographic oxida-
tion of hydrazobenzene with the corresponding re-
duction of azobenzene at the dropping mercury
electrode has indicated that oxidation of hydrazo-
benzene occurs at more positive potentials than
those for the reduction of azobenzene in the pH
range studied.® A slope of 0.075 v. per pH unit for
the linear plot of the half-wave potentials of azo-
benzene as a function of pH in view of other work,®
pointed to inadequate buffering as a possible ex-
planation for the differences in half-wave potentials
between azobenzene and hydrazobenzene and sug-
gested the present investigation.

Experimental

The current-voltage curves were obtained with a Sargent
Model XII Polarograph having a current scale calibration
of 0.00497 pa, per mm. at a sensitivity of 1.

Values were obtained from these current—voltage curves
for the logarithmic analysis.

All measurements were made in a water thermostat at 25
=+ 0.1° using an H cell. The compartment which held the
saturated calomel electrode contained 1 M potassium ni-
trate.

The dropping mercury electrode unless indicated other-
wise had the following characteristics. At a pressure of 70
cm. of mercury the drop time in 309% methanol solutions
was 5.10 seconds (open circuit). The value of m was 1.10
mg. sec, " with a calculated value of m%s'/s of 1.413 mg.%s
sec. /s,

Materials.—The various reagents used were of an ana-
Iytical grade and were not purified unless specified.

Methanol was purified by distillation through a 28 inch
Fenske column. Piperidine was distilled twice. Piperidine
hydrochloride and piperidinium nitrate were recrystallized
from a mixture of ethanol and ether containing a small
amount of hydrogen chloride, and a mixture of acetone and
ethyl acetate, respectively. ¢rams-Azobenzene was recrys-
tallized four times from 959, ethanol and chromatographed
in petroleum ether (b.p. 45-70°) through a column of Alcoa
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cis-Azobenzene is reduced at slightly more positive potentials than

activated Alumina, Grade F-20 mesh 80-200. ¢/s-Azoben-
zene? and hydrazobenzene? were recrystuallized from petro-
leumn ether and carbon tetrachloride, respectively. The
latter sample was stored in a sealed glass vial under reduced
pressure (1 mm.) until it was used.

The maximum for azobenzene occurred at concentrations
of azobenzene of 0.5 millimolar or higher. Cetylbenzyldi-
methylammonium chloride and technical grade cetyltri-
methylammonium chloride were effective suppressors but
also shifted the half-wave potentials to more 1egative po-
tentials. To eliminate this effect, concentrations in the
range of 0.25 millimolar were used throughout the work.

Oxidation of Hydrazobenzene with p-Benzoquinone.—
Solutions of p-benzoquinone (0.278 g.) in the minimum
amount of petroleum ether and of hvdrazobeuzene (0.6763
g.) in the minimum amount of benzene were deoxygenated
with nitrogen, mixed together and stirred for five minutes.
The hydroquinone formed was filtered aud the filtrate was
added to an alumina column with a volume of 4 ml. Elu-
tion of the column with petroleum ether (b.p. 45-60°) gave
110 colored band on the column. The eluate was added to a
second alumina column with a volume of 13 ml. and the
elution with petroleum ether repeated. No colored band
appeared on the column. All operations were carried out in
the presence of a 15-watt red lamp. These results indicated
that no cis-azobenzene was present in the mixture.

Buffers.—The buffers in 309, methanol by volume had
the following composition and pH values. The pH values
were determined with both a pH meter and a hydrogen elec-
trode and agreed in both instances.

Buffer Composition pH
1 0.0011 M HCI-0.02 M KCl1 2.0
2 0.9 ¥ HCOOH-0.1 M HCOONa 3.0
3 0.925 M CH;COOH-0.075 M CH,COONa 4.0
4 0.51 M CH,COOH-0.49 M CH,COONa 5.1
5 0.15 M CH,COOH-1.35 & CH,COONa 6.2
6 1.2 2/ NH,C1-0.012 A NH; 7.2
7 2.4 M NHC1-0.024 M NH, 8.1
8 0.6 M NH.CI-0.602 M NH, 9.2
9 0.4 M NH,CI-2.049 M NH; 9.9

10 0.5 M CGHuNHCI-0.5 7 C;H,N 11.1
11 0.97 M NH,NO;-0.03 M NH; 7.7
12 1.0 M/ NH:NOy0.18 3/ NH; 8.5
13 0.6 M NHNO;-0.6 M NH, 9.2
14 0.2 M NH:NO;-1.0 M NH, 9.9
15 0.4 M NH;NO;—2.0 3 NH, 9.9
16 0.5 M CGHUNHNO-0.5 M CH,\)N 10.9

The resistances of the buffers were less than 1000 ohms.
No correction in half-wave potentials for the {R drop was
made.

Results

The behavior of trams-azobenzene, cis-azoben-
zene, and hydrazobenzene was studied in various
buffered solutions in 309, methanol. The results
are summarized in Fig. 1 and are given in more de-
tail in Table I.

(7) G. S. Hartley, J. Chem. Soc., 633 (1938).
(8) M. J. 8. Dewar, tbid., 777 (1946).
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Fig. 1.—Half wave potentials vs. pH: O, trans-azobenzene; @, cis-azobenzene; @, hydrazobenzene,

Studies with ¢iz-azobenzene were carried out in
the absence of light to prevent the isomerization of
this compound to trans-azobenzene. This isomeri-
zation proceeded even slowly under these condi-
tions and is demonstrated in Table I in a buffer
of pH 6.20.

Polarograms in acid medium for hydrazobenzene
were recorded within 20 minutes after preparation
of the solution to minimize the disappearance of the
hydrazobenzene by the benzidine rearrangement.
The low diffusion current constants (/4) in acid me-
dium observed for this compound are due to this re-
action, Oxidation of hydrazobenzene to azobenzene
by oxygen in the manipulations (as indicated by
the amount of the curve above the null line of the
galvanometer) was not more than about 209, (curve
E, Fig. 2).

Discussion of Results

In solutions containing 309, methanol it was
found in agreement with previous investigators®
that adequate buffering is necessary to secure a lin-
ear relationship between the half-wave potentials
and pH with a slope of 0.059 v. per pH unit for the
azobenzenes and that ionic strength had little ef-
fect on the reduction. This relationship held even
in acetate buffers, contrary to the report of others,®
if the acid component of the buffer was present in a
concentration which was at least 500 times that of
the azobenzene present. The results for trans-azo-
benzene are similar to those reported for this com-
pound in 109, ethanol® Slope analysis for this
compound in buffer 4 gave a value of 0.033 which
is in agreement with a two electron change.

The half-wave potentials for cis-azobenzene as
a rule are'more positive than those for trans-azo-
benzene in the same buffers. This difference in
most cases is greater than the experimental error.
The ease with which this compound isomerizes to
trans-azobenzene, even in the absence of light (see
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Fig. 2.—Polarograms for trans-azobenzene and hydrazo-
benzene in various buffers. All curves start at Ey..
(S.C.E.) = 0 volt. trans-Azobenzene in: A, pH 2.1; B,
pH 8.1; C, pH 4 at 25°; D, pH 4 at 38.2°. Hydrazoben-
zene in: E,pH 5.1; G, pH 9.2, Curve F is the residual cur-
rent for buffer pH 5.1,

Table I), probably is the reason for the smaller dif-
ferences observed in three of the buffers. A slope
analysis of 0.027 for this compound in buffer 4 is
in agreement with a two electron change in the
reduction.

Hydrazobenzene in buffers with a pH range of 2
to 6 gave half-wave potentials which fell in between
those of c¢is- and trans-azobenzene. A slope analysis
in buffer 3 gave a value of 0.033 in agreement with
a two-electron change. This behavior indicates
that the hydrazobenzene-frans-azobenzene system
is reversible thermodynamically at the dropping
mercury electrode in this buffer region. trans-Azo-
benzene rather than the c¢is isomer must be involved
because the former is the stable form. This rela-
tionship was verified further, chemically, by oxid-
izing hydrazobenzene with a mild oxidizing agent,
benzoquinone, in the absence of light, Only frans-



Aug. 5, 1953

TABLE I

PorarocraPuIc Darta 1N 309, METHANOL
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trans-Azobenzene

0.254 2.73
2, 52¢
255 2.83
0.83"
1.03°
252 3.48
0.88"
255 3.83°
1.54%¢
255 4,60
2.08a.c'd
.255 7.04%
0 X 9111.0,8
2. 555
252 2.82
255 2.68
235 2.83
.255 2.61
235 2.69
255 2.71
254 2.41
.255 2.87
253 2.77
cis-Azobenzene
0.307 3.11
2.50°
274 2.95
1.45°%
0.72"
252 2.83
0.74%
.296 2.80
0.29%
252 2.46
0.62°
2.48
0.56"
2.43
0.71°¢
2.51
0.22"
.263 2.26
0.7¢
274 2.83
274 2.80
.263 2.25
Hydrazobenzene
0.217 1.31
0.82°
.283 2.16
1.64°
0.41°
.261 2.87
1.56°
.261 2.89
0.48°%
.304 3.07
0.76"
.282 2.74
.282 2.77

E1/,
(8.C.E)

—0.
.79°
14

03
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i

.02°
.18
.05"
.18
.05°
.18
.07°
.19
.86°
.04
.24
.31
.40
.44
.50
.52
.57
.41
45

.06
.81°
11
738
11
.18
.01°
.22
97"
.29/
.02%
.307
.02%
31h
.03%
.81°
.04%¢
.37
.99
.41
.52
.038

.06
770
.09
.67°
.o8°
.18
.05°
.24
.06°
.30
.05°
.31
.36
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9 .304 2.19 — .48
10 250 2.07 - .3)
11 315 2.61 - .35
12 .293 2.15 — .42
13 .326 2.75 - .44
14 .304 2.43 — .49
15 .304 2.69 - .50
16 .250 2.22 - .57

s Second wave, ? Third wave. ¢ Capillary had a drop
time of 5.72 sec. at 70 cm. The wvalue of m was 0.897
sec.”! with a calculated value of m*/a!'/s of 1.263 mg.V/s
sec.”2 at 23°. 4 At 92.5 cm. at 25°. ¢ At 38.2°. /30
minutes after the preparation of the solution in the ab-
sence of light. ¢ 41 minutes after preparation of the solu-
tion in the absence of light. #*60 minutes after the
preparation of the solution in the absence of light. *21
lours and 15 minutes after the preparation of the solution
in the absence of light.

azobenzene was detected chromatographically on
alumina following the directions of Cook.*

In a higher pH range the use of a piperidine—pi-
peridine hydrochloride and ammonia~ammonium
chloride buffers gave half-wave potentials for hy-
drazobenzene which were shifted to more positive
values from the theoretical values, calculated from
data in the acetate buffers, by about 80 mv. A
change of the anion from chloride to nitrate in
these buffers decreased this difference in some of
the buffers but was not consistent in its effect, The
shape of the polarographic curves in these solutions
is not symmetrical; the portion of the curve at
more positive potentials, at which the diffusion
current is attained, is slightly drawn out (see po-
larogram G, Fig. 2). Slope analyses subsequently
in both nitrate and chloride buffers of pH 9.2 were
found to be 0.0811.

The explanation for this behavior is not certain.
The participation of the chloride ion in the electrode
reaction may be involved by adsorption in a man-
ner similar to that observed for phosphate ions in
anodic reactions.'® The same behavior in nitrate
buffers is probably due to the traces of chloride
ions present in these solutions. The use of concen-
trated phosphate buffers for the region of pH 7 and
8 in place of the ammonia—ammonium chloride
buffers, for which the buffering capacity is poor, was
prevented by precipitation of the salts from the 309,
methanol solutions.

The second wave (polarogram A, Fig. 2) ob-
served for the reduction of trans- and ¢is-azobenzenes
and hydrazobenzene at a pH of 2 is for the further
reduction of tliese compounds to aniline. The dif-
fusion current constant is approximately equal to
that of the first wave and is in agreement with the
two electron change involved. The same type of re-
duction occurs at pH 3 (polarogram B, Fig. 2) but
is complicated by the appearance of an adsorption
wave, The latter persists in some of the acetate
buffers (polarogram C, Fig. 2) and is similar in
some respects to the example reported for phenosaf-
ranine'!; the height is directly proportional to the
height of the mercury reservoir and is decreased by
the presence of gelatine. Tle effect of an increase
in temperature, however, is different. Instead of

(9) A. H. Cook and D. G. Jones, J. Chem. Soc., 876 (1938),

(10) P. Zuman, Chem. Listy, 48, 1025 (1954); C. A., 49, 743 (1955).

(11) R. Brdicka, Collection Csechoslos, Chem. Communs., 12, 522
(1947).
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lowering the wave height the wave is split into two
waves (polarogram D, Fig. 2). Interpretation of his
behavior is difficult and complicated by the proxim-
ity of the wave to the discharge of the supporting
electrolyte.

The possibility that this wave is similar to the
anomalous wave often found in solutions of high
ionic strength' is ruled out since dilution of the
buffer does not change its height. The wave is like-
wise not caused by hydrogen ion depletion at the

(12) 1. Meites, THIS Jorr~aL, T§, 3806 (10i3).
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electrode surface as suggested by Ruetschi and
Trumpler,'® since the wave height remains fairly
constant with the change in pH. This independence
with changes in pH and the low diffusion current
constants eliminates the possibility that this wave
represents further reduction of these compounds to
aniline,

(13) P Ruetselti aud Gl Tremoaler, Hely, Ciipr. Acte, 85, 1021, 1.2
11952),

Towa Crry, Towa

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, STATE UNIVERSITY OF Towa!

The Polarographic Behavior of an Equimolar Mixture of Azoxybenzene and Hydrazo-
benzene
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The polarographic behavior of an1 equimolar misture of azoxybeuazene and hydrazobenzene lius been fonud to be different

frowm that of ciz-azobenzeue in a pH rauge of 2.0 to 11.1.

These results are in agreement with data obtained by others from

absorption spectra studies, thermmal data, N-rayv studies and dipole moments, which coufirin the structure of ¢is-azobenzenc

as a geometrical isomer aud not as a double componud of azoxybenzene and hydrazobenzene.

The polarographic resudts

likewise show that no interaction occurs between azoxybenzene and hydrazobenzene in the buffer range 2.0 to 11.1.

The postulation that cis-azobenzene 1s 1ot a geo-
metrical isomer of trans-azobenzene but a double
compound of azoxybenzene and hydrazobenzene?
has been disproved recently by absorption spectra
studies,® thermal data and X-rayv studies.*

The polarographic behavior of an equmolar
mixture of azoxvbenzene and hivdrazobenzene has
now heen studied, usiug aqueons nlethanol as a
solvent and buffers ranging from pH 2.0 to 11.1,
and compared with thut of the pure components
and of czs-azobenzence, Such an investigation was
considered to he of interest it that vot only would
it study the svstem under different conditions from
those used by the other physical methods, but it
would also determine whether any interaction oc-
curred between the two compounds under the
influence of acids or bases to produce cis- or trans-
azobenzene.

Experimental

The current—voltage curves were determined in a manner
similar to that described in a previous paper.® The buffers
and dropping mercury electrode used iu 30% methanol were
the same as described previously.® Tle polarographic re-
sults for the hyvdrazohenzene and :/s-uzobenzene are from
this paper.?

The dropping mercury clectrode used in isopropyl alcoliol
solutions had the following characteristics. At a pressure
of 63 cm. of mercury the drop time was 3.4 seconds (open
circuit). The value of m was 1.899 mg. sec.™! with a cal-
culated value of m?*/st'/s of 1.880 mg."/ssec.~"/>.

Materials.—Azoxybenzene was recrystallized from 95%
ethanol three times. 2-Hyvdroxyvazobenzene® was recrys-
tallized from 509 isopropyl alecohol. Isopropyl alcohol was
purified by distillation. Cetyltrimethyvlamnionium bromide

(1) Abstracted in part from the PL.D. thesis, February, 1955, of J. D,
Fredrickson.

(2) H. H. Haodgson, J. Chem. Soc., 1097 (1548).

(3) R.J. W. LePevre and J. Northcott, ibid., 4082 (1952).

(4) N. Cambell, A. W, Henderson and D. Tayvlor, ébid., 1281 (1953).

(3 S. Wawzonek and J. D. Fredrickson, Tuis Jour~aLr, 77, 3985
(1955).

(6) W. M. Cummings and (. 8. Ferrier, J. Chem. Soc., 127, 2474
11923),

was used as 4 maximun suppressor and was obtained front
Eastman Kodak Co.

Results
The polarographic behavior of azoxyhenzene in
307, 1sopropyl alcohol and 3097 methanol is given
i Tables T and II. To avoid maxima the con-

ceutration of azoxybenzene in 3007 methanol was
kept below (1.5 millimolar.

TaBLE [
PolLaROGRAPIIC BEHAvVIOR oF Compounts 1N 50% Iso-
PROPYL ALCOHOL AT A CONCENTRATION OF (0.5 MILLLIMOLAR

Maxi-
muim N
suppres- fay,
Buffer sor, ¢4 pH  (S.C.E.) id e
Azoxybenzeue
[ Soreuson 0.0176 1.6 —0.29 6.&4
1T 0.0025 i CH;COOH- 0176 45 — 63 548
0075 37 CH;COONa
[11  0.051 M CH;COOH-- 0176 5.0 — .72 6. .04
L0493 CH,COONu
IV 0.0005 A7 CH,COOH- 0176 6.5 — 93 .68
()QO;’) ,1[ CHxCOON’(l
I 0116 48 — 63 6.72
[r 0116 5.5 — 70 6.2
n 0116 6.5 — 8 5.58
e OB 6.5 — 47 2.20
- .79 228

2-Hydroxyazobenzene
v 0.0116 6.5

2 Exposed to daylight for 24 hours.
light for 3.5 hours.

—0.48 3.00

h Exposed to sia-

Azoxybenzene when exposed n solution to day-
light, rearranges slowlv to 2-hvdroxvazobenzene.
Under these conditions the half-wave potentials
are found to be shifted to more positive potentials.
This behavior is shown in Table I. If the solution
is exposed to direct sunlight for several hLours
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