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Polarographic Investigations of Hydrogen Bonding. I. ortho- and para-Nitro-
phenols’

BY MELVIN ]J. ASTLE AND WAYNE V. McCONNELL?

Hydrogen bonds have been postulated to ex-
plain the differences in properties between such
compounds as ortho- and para-nitrophenols.
Thus the low melting point and the greater steam
volatility of the o-nitrophenol as compared with
the p-nitrophenol has been attributed to the pres-
ence of strong intramolecular hydrogen bonds in
the ortho compound. The p-nitrophenol which
cannot form intramolecular hydrogen bonds be-
cause of spatial considerations may form inter-
molecular bonds which must be broken before
the compound can melt. Similarly p-nitrophenol
forms strong hydrogen bonds with solvents such as
water and these must be broken before the com-
pound can be steam distilled.?

The most widely used method for studying
hydrogen bonding in the nitrophenols has em-
ployed the infrared absorption spectra,* in which
the characteristic frequency for the OH vibra-
tion is shifted from its normal position when hy-
drogen bonding occurs.

It was believed that the polarographic method
might prove to be useful in studying hydrogen
bonding in cases where such bonds are associated
with the groups undergoing reduction at the drop-
ping mercury cathode. In the case of the nitro-
phenols for example, the presence of the hydrogen
bond in the ortho compound might sufficiently
modify the nitro group so that the ease of reduc-
tion might not be the same as in the para com-
pound where no such hydrogen bonding is pos-
sible. This effect is shown by the work of Shikata
and Watanabe,® who measured the reduction po-
tentials of ortho- and para-nitrophenols in buf-
fered solutions but did not attempt to make an
explanation for the observed differences.

The presence of a hydrogen bond in the nitro-
phenols might determine the degree to which the
compound may be reduced. That is, the p-nitro-
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phenol might be reduced completely to the amine
while the hydrogen bond present in the ortho-
nitrophenol might sufficiently stabilize the inter-
mediate nitroso- or hydroxylamine compound so
that the reduction might stop with one of these in-
termediate forms. This should manifest itself
by a difference in wave heights on the current-
voltage curves obtained.

The polarographic method should be particu-
larly useful in the investigation of hydrogen bond-
ing in water solutions.

Discussion of Results

Current-voltage curves obtained when p-nitro-
phenol was reduced at the dropping mercury
cathode from solutions carefully buffered and
whose pH values ranged from 2.2 to 7, consisted
of single waves. Above a pH of 7 the curves
broke up into two waves, the second of which
occurred at potentials close to that at which so-
dium ion began to be reduced so that there was
not a complete leveling off at the top of the wave
(Fig. 1). The wave heighis over the entire pH
range of 2.2 to 12 were practically constant al-
though there was a slight increase in the wave
heights in solution having pH values above 9.5
(Fig. 3). Where the curve broke up into two
waves, the current representing the total reduc-
tion process (the sum of the two waves) was con-
sidered.

12.0

9.0

6.0—

Microamperes.

3.0}

| i b

0.0 -0.4 -0.8 -1.2 -~1.6
Potential vs. S. C. E. (volts).

Fig. 1.—Current-potential curve for 102 M p-nitro-
phenol and 10~% M p-nitrosophenol at 25°, m*/%/¢ = 1.00
mg.”/ 1sec, /1 @, p-nitrosophenol (pH 4); ®, p-nitrophenol
(pH 4); O, p-nitrophenol (pH 8).

The half-wave potentials showed a gradual
shift toward more negative potentials with in-
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creasing pH up to a pH of 11 (Table I). Beyond
this point there was a gradual decrease in reduc-
tion potential. Similar results were obtained by
Shikata and Watanabe.?

TaBLE I

Wave ht., microamps.2 Half.wave pot., voltsd

o-Nitro-  p-Nitro- o.Nitro- #-Nitro-
»H phenol phenol phenol phenol
2.2 6.84 9.59 —~0.34 -0.54
3.0 6.86 9.43 — .44 - .60
4.0 7.02 9.59 ~ .52 - .68
5.0 7.00 9.48 -~ .02 -~ .76
6.0 6.82 9.60 ~ .65 - .80
7.0 7.88 9.38 - .73 -~ .86
8.0 9.01 9.71 - .80 - .96
9.5 9.69 9.85 - .92 -1.08
11.0 9.80 9.95 - .97 ~1.02
12.0 9.90 9.98 - .98 -0.97

¢ Concentration of nitrophenols 0.001 molar, tempera-
ture 25°, m¥at'/s = 1.0 mg.%/1sec.” /s, ® Against saturated
calomel electrode.

The wave heights for the reduction of the o-
nitrophenol were almost constant in the pH range
2.2 to 6 (Fig. 2). This height was about two-
thirds of that noted for the p-nitrophenol. Above
a pH of 6 the wave heights increased rapidly until
a pH of 9.5 was reached at which point they again
reached a constant height. Above a pH of 9.5
these wave heights were almost equal to those
obtained with the para compound.
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Fig. 2.—Current-potential curves for 10~* M o-nitro-

phenol at 25°, m'/s"/% = 1.00 mg./%ec.—"/s: @, pH 5;
e, pH 7; O, pH 12.
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The half-wave potentials of o-nitrophenol were
considerably lower than those obtained for the p-
nitrophenol at low pH and they became progres-
sively more negative with increasing pH values,
finally approaching the half-wave potential ob-
served for the p-nitrophenol at pH values of 11
and 12.

The reduction of the nitro group might well be
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considered to go first to the nitroso group, then
to the hydroxylamine and finally to the amine.
Two electrons are involved in each step.

e~ %e- e~
—NO; =5 —NO =5 —N—OH =5 —NH,
H

In the case of a normal nitro group the reduction
has been postulated to go to completion with the
formation of the amine. This should involve six
electrons. The number involved in the cases
here studied may be calculated by means of the
Ilkovie equation
Iq = 605rDV1CM¥st/s, or
n = I4/(605D/2C M st'/s)

The only difficulty here is in obtaining the correct
value for the diffusion coefficient D. This may
be calculated by assuming that Stokes’ law will
hold under these conditions.® Determining the
diffusion coefficient in this way the number of
electrons involved in the reduction of o-nitro-
phenol in basic solution is calculated to be 5.4.
The number of electrons involved should be either
4 or 6 and since Stokes’ law is only an approxima-
tion in this case because of the relatively small
size of the nitrophenol molecule, the number of
electrons indicated for the reduction of o-nitro-
phenol in basic solution seems to be 6. The dif-
fusion coefficient for o-nitrophenol may also be
calculated by assuming that the molecule is ap-
proximately the same size as benzoate ion and
therefore should diffuse at about the same rate.
The diffusion coefficient for the benzoate ion may
be determined from its equivalent conductance
at infinite dilution” Making the calculation for
the diffusion coefficient of o-nitrophenol based
upon this assumption gives a value of 8.86 X
10~% cm.? sec. ~! at 25° and substituting this value
into the Ilkovic equation and solving for the num-
ber of electrons involved gives a value of 5.5,
again indicating that 6 electrons are involved in
the reduction of o-nitrophenol in basic solution.
Since the wave heights obtained with p-nitro-
phenol are almost equal to those of the ortho com-
pound in basic solution, apparently six electrons
are involved in this reduction also.

p-Nitrosophenol should have approximately
the same diffusion coefficient as p-nitrophenol and
if both compounds are reduced to the amine the
wave height for the nitroso compound should be
two-thirds as high as that obtained from p-nitro-

(6) I. M. Kolthoff and J. J. Lingane, 'Polarography,’’ Interscience
Publishers Inc., New York, N, V., 1941, p. 48,
7Y Kolthoff and Lingane, thid , p. 51
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phenol or from o-nitrophenol in basic solution.
Accordingly the wave heights for p-nitrosophenol
were determined. With a 0.001 molar solution
the ratio of the wave heights for the p-nitroso-
phenol to that for the p-nitrophenol was found to
be 0.622 at a pH of 4 and 0.688 at a pH of 8 (Fig.
1). These data further substantiate the idea that
the normal nitro group is reduced completely to
the amine at pH values between 2.2 and 12.

In acid solutions the wave heights for the re-
duction of o-nitrophenol are two-thirds the height
obtained from o-nitrophenol in basic solutions.
This would indicate that the reduction involves
only four electrons under these conditions and
therefore the reduction process must stop with the
formation of the hydroxylamine. This can read-
ily be explained by postulating the existence of a
hydrogen bond which stabilizes the hydroxyl-
amine sufficiently so that further reduction is
prevented.

In basic solution the phenate ion is formed so
that a hydrogen bond is impossible and the hy-
droxylamine can thus be further reduced to the
amine. The curves in Fig. 3 would indicate that
between pH's of 6 and 9.5 an equilibrium exists
between chelated molecules and ions containing
the normal nitro group. Part of the molecules
would then be reduced to the hydroxylamine and
part to the amine as indicated by the curve heights
intermediate between those obtained in acid and
in basic solutions.
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Fig. 3.—Effect of pH on wave height for 0.001 molar o-
nitrophenol and p-nitrophenol solutions: @, p-nitrophenol;
O, o-nitrophenol.

By substituting o-nitroanisole for o-nitrophenol
in order to prevent the occurrence of hydrogen
bonds, the current—voltage curves obtained did

POLAROGRAPHY OF 0- AND p-NITROPHENOLS 37

not show the abrupt increase in wave height be-
tween pH'’s of 6 and 9.5 as was observed with the
o-nitrophenol. Instead there was a gradual de-
crease in wave height with increasing pH. Cal-
culations such as were made with the o-nitro-
phenol indicated that 5.6 electrons were involved
in the reduction at a pH of 4. Within the accu-
racy of the calculation of the diffusion coefficient
the reduction to the amine is indicated.

When the solutions were subjected to extended
degassing, considerable difficulty was encountered
in getting consistent values for the wave heights
for the o-nitrophenol in acid solution. No such
difficulty was encountered in basic solution of this
compound or with the p-nitrophenol or o-nitro-
anisole at any pH.

Since o-nitrophenol is steam volatile, this diffi-
culty was probably due to removal of this com-
pound from solution by the degassing process.
Experiments on the effect of extended degassing
proved this to be the case and offered confirmatory
evidence for the validity of the polarographic
method for the detection of hydrogen bonds in the
nitrophenols. Nitrogen was bubbled through
solutions of the o-nitrophenol at pH'’s of 4 and 5
and wave heights of the curves obtained were
plotted against the volume of nitrogen passed
through the solution (Fig. 4). The wave heights
varied inversely with the volume of nitrogen used
and the curves for both pH values almost coin-
cided. This apparently indicated that the same
degree of volatility exists at both of these pH’s.
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Fig. 4—Effect of extended degassing on wave height
for the reduction of o-nitrophenol: @, pH 11; @, pH 7;
9, pH 5; O, pH 4.

A solution of o-nitrophenol having a pH of 7 was
treated similarly in order to test its degree of vola-
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tility. When plotted against the volume of nitro-
gen passed through the solution, the wave heights
did not decrease as rapidly as they did when the
solutions of lower pH were used (Fig. 2). Thisis
an indication of less volatility and consequently
of less hydrogen bond formation at the pH of 7
than was noted at pH’s of 4 and 5. This result is
in agreement with previous statements that com-
plete chelation does not occur in o-nitrophenol at
a pH of 7. At a pH of 11 there was no appre-
clable decrease of wave height on extended de-
gassing.

As previously mentioned, in acid solutions o-
nitrophenol is reduced at lower potentials than p-
nitrophenol and o¢-unitroanisole also indicating
that o-nitrophenol possesses some peculiarity
which is not present in the other two compounds.
‘['he fact that the reduction of o-nitrophenol is ac-
coruplished 1nore easily (at lower potential) may
be attributed to an interference with the norinal
resonance of the nitro group. The hydrogen bond
involving only one of the oxygen atoms of the
nitro group makes these two oxygen atoms no
longer equivalent as they are in the normal reso-
nance structure. Therefore while one oxygen is
stabilized through hydrogen bond formation, the
second is more easily reduced than the oxygen in a
normal nitro group.

From pH’s 9.5 to 12 there were no indications
of hydrogen bond formation in o-nitrophenol.
This is based on three observations: (1) the wave
height is almost equal to that of p-nitrophenol,
(2) the compound is not volatile, and (3) the re-
duction potential approaches that of p-nitro-
phenol at a pH of 12.

Experimental

Preparation and Purification of Materials.—o-Nitro-
phenol and p-nitrophenol were purified by recrystallizing
four times from a water—ethyl alcohol mixture. The
resulting compounds melted at 44-45° and 113-114°,
respectively.

The o-nitroanisole was Eastman Kodak Co. best purity
and had a refractive index of #%p 1.5614.

The p-nitrosophenol was prepared by the method of
Bridge.8

Stock solutions of each of these substances (4 X 1073
molar) in water or in alcohol-water mixtures were pre-
pared. Portions of these stock solutions were diluted to
the proper concentrations with the appropriate buffer,
placed in an electrolysis cell and allowed to come to equi-

i8) T. Bridge, Ann.. 377, 85 (1803)
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librium in a constant temperature bath maintained at 25°
before the current-voltage curves were obtained.

Mcllvaine’s standard buffer solutions were prepared for
the pH range from 2.2 to 8. Mixtures of sodium borate
and sodium hydroxide solutions were used for the pH range
of 9.5 to 12.2

These solutions were made up to a concentration such
that when three parts of the buffer were mixed with one
part of the 0.004 molar solutions of the reducible materials
the resulting solution consisted of the desired concentra-
tion for the givenn pH; the resuiting strength of the nitro
compounds was then 0.001 molar. The pH values of these
solutions were checked on a Leeds and Northrup pH meter.

Apparatus.—In an electrolysis cell kept at a constant
temperature of 25 == 0.1° were placed the 0.001 molar
nitrophenol or nitroanisole in carefully buffered solutious.
Current-voltage curves were obtained with these solutiomns
over the pH range of 2.2 to 12 with the aid of a Fisher
“Elecdropode.” This instrument was manually operated.
Capillaries having a dropping rate of about 4 seconds per
drop at a mercury height of 50 c¢m. were used. These
were made by drawing out thermometer tubing.

More than one capillary was used throughout the work.
Therefore in order to compare results obtained, all wave
heights were referred to a capillary whose m?*/st'/e values
were 1.0 mg.¥/s sec.” Ve,

In order to remove oxygen from solution, degassing was
accomplished by passing nitrogen through the electrolysis
cell. The nitrogen was first bubbled through a Jones re-
ductor and then through a sample of the cell solution before
entering the cell itself.

Summary

‘The polarographic method has been used to de-
tect the presence of hydrogen bonds in o-nitro-
phenol in carefully buffered water solutions. The
half-wave reduction potentials for o-nitrophenol
are considerably more positive than those for p-
nitrophenol or g¢-nitroanisole in acid solution but
have about the same values in basic solutions.
‘The wave height for the reduction of o-nitrophenol
in acid solution is about two-thirds the height for
o-nitrophenol in basic solution or for p-nitrophenol
at any pH. This indicates that the intermediate
hydroxylamine formed by the reduction of o-
nitrophenol is sufficiently stabilized by the pres-
ence of a hydrogen bond so that further reduction
to the amine is not possible at the dropping mer-
cury cathode. In solutions whose pH values
range from 6 to 9.5 the o-nitrophenol seems to be
a mixture of chelated and unchelated molecules.
At pH values greater than 9.5, o-nitrophenol does
not show the presence of any hydrogen bonds.
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