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Polarographic reduction of various cations has been investigated in benzonitrile.

Comparison of the polarographic

half-wave potentials obtained in benzonitrile and acetonitrile with infrared and chemical information on the interaction of
the nitriles with cations suggests a bridge mechanism involving benzonitrile molecules in the reduction of cations in benzo-

nitrile.
are discussed.

Acetonitrile, with a number of favorable solvent
properties,’—* has been widely used in the past few
years as a solvent for both inorganic and organic
investigations.?2—

Of particular interest to us are the polarographic
studies of the electrochemical behavior of cations
and anions in this solvent.’~” The half-wave
potentials for the reduction of cations in acetoni-
trile*—¢ are, in general, considerably less negative
(less reducing) than the corresponding reductions
in water. This has been attributed to lower
solvation energies due to the less basic character of
acetonitrile.

The ability of acetonitrile to solvate an ion
lies in tlie presence of the C=N group. Any
change in the nature of the C=N group, and as a
result in the solvation energies, should then be
accompanied by a corresponding change in the
polarographic half-wave potentials, Because ben-
zonitrile differs from acetonitrile in two interesting
and significant ways: (1) it has delocalized elec-
trons in the phenyl ring which are capable of in-
teracting with the C=N group, and (2) it hasa large
adjacent phenyl group as compared to the methyl
group creating a steric problem, it was used in this
study to determine what effect, if any, changes of
this nature in the solvent have on the reduction
potential of cations.

Experimental

Reagents.—Eastman practical grade benzonitrile was
allowed to stand over calcium sulfate for several days, theu
decanted into a distilling flask and distilled from fresh
calcium sulfate. The distillate was redistilled repeatedly
from phosphorus pentoxide in an all glass apparatus (collect-
ing only the center portion, b.p. 188 &= 0.5° (735 mm.)) un-
til almost no black residue which was prevalent at the end
of the earlier distillations remained in the distillation flask.
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Interesting effects of small amounts of water and residual oxygen on the reduction of barium and magnesium ions

The distillate was kept in the receiving flask under an
atmosphere of dry nitrogen. The receiving flask was fitted
with a glass delivery system with a Teflon stopcock.
The solvent was forced out through the delivery system by
the application of a positive pressure of nitrogen to an inlet
tube.

Tetraethylammonium perchlorate was prepared from
Eastman tetraethylammonium bromide as already de-
scribed.? The tetraethylammonium perchlorate was
recrystallized six times from water and dried in a vacuum
oven at 70° for 48 hr. The bromide content of a 1 M solu-
tion of the perchlorate salt was determined chronopotentio-
metrically to be less than 10~¢ M.

With the exception of barium and cadmium perchlorates,
which were prepared from the respective carbonates by
neutralization with an equivalent amount of standard per-
chloric acid then taken to dryness on a hot plate, the metal
perchlorates were obtained from G. F. Smith and Co. All
the metal perchlorates were dried in a vacuum oven at 60~
70° for 48 hr., with the exception of ferrous perchlorate
which undergoes considerable decomposition at this tem-
perature and was, therefore, dried at 45° for 24 hr. No
visible indication of decomposition was noted. Several of
the less stable perchlorates were checked by polarographing
in acetonitrile; no significant differences in Ei/, values
from those reported by Kolthoff and Coetzeed* were ob-
served. The dried perchlorates were desiccated over
phosphorus pentoxide and all weighings were made in glass
stoppered bottles to minimize contact with moisture in the
air. The residual water content of the perchlorate salts
was not determiined; however, the colors of the dried ma-
terials in comparison to the corresponding hydrated salts,
when the hydrated material is colored, indicated the drying
operation greatly reduced the amount of water associated
with the metal perchlorates. The dried cobalt(1I) and
nickel(II) perchlorates were, respectively, very pale pink
and pale green in contrast to the deep red and green of the
hexahydrates. Similarly the color of chromium(III) per-
chlorate was reduced from the deep blue-black of the hexa-
hydrate to a light blue. Copper(II) perchlorate changed
from the deep blue of tlie hexaliydrate to a lighter blue, then
finally to a light green.

The total water content of the benzonitrile solutions
(containing supporting electrolyte and metal perchlorate)
was found by Karl Fischer titration to be ¢a. 0.01)f, which
was essentially that found for the solvent, benzonitrile.

Polarographic solutions of ca. 1 mmolar concentrations
were used for two reasons: first, to keep the ratio of water
to metal ion as small as possible and, second, to use solu-
tions of approximately the same concentration as those em-
ployed by Kolthoff and Coetzee in their acetonitrile study .1

Apparatus.—A Leeds and Northrup Type E Electro-
chemograph was used to obtain the current-voltage curves.
The electromotive force recorded by the instrument was
checked with a potentiometer. Polarograms were corrected
for 4R drop across the cell. The resistance measurements
were made with a conductance bridge. The temperature
°f2t§“" polarographic cell was 1naintained constant at 25.0 =
0.2°.

The rotating platinum electrode was constructed in the
conventional manner and cleaned with concentrated nitric

(15) With most of the perchlorates shifts in E1/, to more positive
values by 0.01 to 0.07 v, have been observed both in benzonitriie and
acetonitrile in going from 1 to 0.1 mmolar solutions. This cannot be
due to the effect of water (increase in water to metal jon ratio) because
this has been shown to shift Ei/y’s to more negative values.
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Fig. 1.—Influence of potential on drop time in benzo-
nitrile: A, Et,NCIO. supporting electrolyte; B, 0.1 M
LiClO, supporting electrolyte.

acid and chromic acid before use. A Sargent synchronous
motor was used to rotate the platinum electrode at cg. 600
r.p.m.

The chronopotentiometric unit has been described.®

Cells.~The standard H type cell (number 7733-D) supplied
with the Leeds and Northrup Electrochemograph was used
with the dropping mercury electrode. Both arms of the
cell were filled with the electrolysis solution. The saturated
calomel reference electrode was placed into one side arm,
with the tip of the calomel electrode well below the fritted
disk of the cell, only when the solutions were being polaro-
graphed. In this manner the potassium chloride from the
calomel electrode was prevented from diffusing through the
frit into the polarographic compartment. The resistance
of the cell increased when a plug of potassium chloride
formed on the tip of the calomel electrode. The formation
of the plug was, however, kept to a minimum by a flow of
saturated potassium chloride solution from the calomel
(1 drop every five minutes). The resistance was generally
4000 ohms. With this freely bleeding calomel electrode,
resistance raneasurements during a run agreed within 200
ohms. Because of difficulty in measuring the high resistance
of the cell, the {R correction was kept to a minimum by using
concentrations which gave diffusion currents no larger than
10 panip.

The cell used with the rotating platinum electrode was
similar in construction to the dropping mercury cell, except
for a larger sample compartment.

Oxygen {ree polarographic solutions were obtained by
bubbling Matheson prepurified nitrogen through a capillary
arm for five minutes. Because of the low vapor pressure
of benzonitrile, the nitrogen was not presaturated with
benzonitrile. The use of a gas dispersion tube with vigorous
evolution of nitrogen for periods of 20 minutes was in-
efficient due to appreciable foaming; oxygen waves amount-
ing to 1~2 yamp. always were present in the polarograms.

Drop Time vs. Potential.—Drop time vs. potential curves
which follow very closely the electrocapillary curves of
mercury were obtained (Fig. 1) for 0.1 M tetraethylammo-
nium perchlorate and 0.1 M lithiuin perchlorate in benzo-
nitrile to aid in the selection of suitable maximum sup-
pressors. The drop time plotted represents the average
for 30 drops. The curve obtained with tetraethyl-
ammonium perchlorate as supporting electrolyte exhibits a
rather erratic section, involving a decrease in the drop time,
extending from the initial increase at 0 volt and extending
to —0.6 volt vs. s.c.e. Similar curves were obtained on four
separate trials. The curve for lithium perchlorate as
supporting electrolyte does not show this erratic behavior
but does exhibit a plateau between —0.2 and —0.6 volt us,
s.c.e.

Results
Table I lists the half-wave potentials for the
reduction of metal ions in benzonitrile and, for
comparison, those obtained by Kolthoff and Coet-
zee®* in acetonitrile. Popov and Geske? have

(16) C. N. Reilley, G. W. Everett and R. H, Johns, Anal. Chem. 27,
483 (1955).
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TaABpLE I
PoLAROGRAPHIC DATA®
—Benzonitrileb— . ~—Acetonitrilec—

Compound Eis Slope Eia Slope AEy2
LiCl0O, —1.82 0.058 ~—1.95 0.068 0.06
NaClO, —-1.78 .065 —1.85 .059 .08
Mg(ClOy): —1.62 082 —1.84 4 .22
Ca(ClOy); -1.73 .058 —1.82° .045 .09
Sr(Cl104): —1.72 .074 —1.76 .072 .04
Ba(Cl104): —1.58 .032 —1.63 .044 .05

Cr(Cl104),Cr(1II)/
Cr(I1) —0.40 4 0.00° 100 — .40

Cr(II)/Cr-

(0) - .97 .034 —1.12¢ .052 .15
Mn(Cl10,). - .98 032 -—1.12¢ .028 .14
Fe(Cl04); Fe(III)/

Fe(11) + .7 +1.1¢ .40

Fe(II)/Fe-

(0) - .79 .0388 —1.00° .055 .21
Co(Cl04)2 — .49 4 —0.65° .037 .16
Ni(Cl10y); - .29 .069 —0.33° .031 .04
Cu(Cl10y,), Cu(1I)/

Cu(l) + .85° +1.0° 15

Cu(I)/Cu-

(0) - .20 .058 —0.367 .060 .16
Zn(ClO,): - .53 030 — .70%* 035 17
Cd(Cl10y.)2 - .17 .032 — .27° .053 .10
Al(C10,); —1.47 .048 —1.42° — .05

¢ For mmolar solutions. % 0.1 M Et,NCIlO, as supporting
electrolyte. ¢ 0.1 M NaClO,as supporting electrolyte, with
the exception of Li, Na, Mg, Ca, Sr and Ba in 0.1 M Et,-
NCl1Q,. ¢ Drawn-out waves. ¢ Chronopotentiometric de-
termination. / Maximum. ¢ Ei/, of hydrated salts. * Zn-
(NO;):6H,O. AEi, = Ei/, (benzonitrile) — Ei/, (aceto-
nitrile).

also reported half-wave potentials for wvarious
cations in acetonitrile, but because their results are
in good agreement with those compiled by Kolt-
hoff and Coetzee, they have not been listed. The
values given for benzonitrile were obtained with
0.1 M tetraethylammonium perchlorate as sup-
porting electrolyte, as were those in acetonitrile
listed above barium perchlorate. For those below
barium perchlorate, sodium perchlorate was the
supporting electrolyte.

The polarographic study of the alkali metal
ions in benzonitrile is limited by the insolubility
of the perchlorate salts of the alkali metals below
sodium in the periodic table. Agitation of po-
tassium perchlorate in benzonitrile for a period
of 72 hr. failed to give a polarographically measur-
able concentration of potassium ion. Similarly
ammonium perchlorate was found to be insoluble
in benzonitrile.

The effect of small amounts of water on the re-
duction wave for alkaline earth metal ions was
found to be very pronounced; with increasing water
concentration, the waves are more irreversible
and the half-wave potentials are shifted to more
negative values. In the case of magnesium as the
water concentration is increased from 0.3 mg. per
ml. (0.02 M) to 6.2 mg. per ml (0.3 M), the
polarographic wave becomes more drawn out with
a resulting shift in the half-wave potential from
—1.62 to —1.68 volt vs. s.c.e.

The polarographic reduction of barium ion in
benzonitrile with added increments of water re-
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Fig. 2.—Effect of water on polarograms of 2 X 10~% M
Ba(Cl0y4); in 0.1 M Et,NC10,: 1, 0.01 M H,0; 2, 0.02 M
H,0; 3, 0.1 M H;0; 4, 0.13 M H,O (approx.); 5, 0.2 M
H:0; 6, M H.O. Oxygen is present in polarograms 2, 3
and 4.

vealed an interesting phenomenon. The results
of this study are shown in Figure 2. The variation
in the residual currents apparent in Fig. 2, curves
2-4, is due to the presence of oxygen and will
be discussed in a later section.

It is apparent from Fig. 2 that the potential
at which barium ion is reduced is dependent upon
the relative degree of solvation of the ion by water
and benzonitrile, As water displaces benzonitrile
from the solvation sphere, the half-wave potential
for the reduction of the metal ion becomes more
negative tending to approach the value in aqueous
systems. The shift of the second wave for barium
ion to more negative half-wave potentials with
increased water concentration is therefore expected.
The shift of the first wave of barium ion to less
negative values is, however, in contradiction to this
view. Since the combined heights of the waves
remain constant, the electiode process taking place
in the first step in curves 3—6 must involve transfer
of the same number of electrons per mole of barium
as in the second step. Controlled potential elec-
trolysis at —1.50 volt vs. s.c.e., corresponding to
the plateau of the first wave, in the presence of
6.0 mg. per ml. of added water yielded a white
precipitate on the surface of a mercury pool cathode.
This indicates that the less unegative wave is not
due to the reduction of barium ion. Water in
benzonitrile with tetraethylammonium perchlorate
as supporting electrolyte does not yield a polaro-
graphic wave. However, the possibility exists
that when codrdinated with the barium ion, it
does undergo polarographic reduction in benzo-
nitrile, precipitating the barium ion as the hydrox-
ide. This is the most feasible explanation for the
observed experimental data.

2e + Ba(H;0).(PhC=N),*? =
Ba(OH)z(Hgo)n_z(PhCEN)m + Hz

In Fig. 2 the total height of all the waves is
the same even though the residual currents for
curves 2—4 are larger. The variation of the resid-
ual currents was due to varying amounts of oxy-
gen in solution, Figure 3 shows similar data ob-
tained for the reduction of magnesium ion in benzo-
nitrile in the presence of varying amounts of oxy-
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Fig. 3.—Effect of oxygen on polarograms of 2 X 1073 }/
Mg(Cl0y): in 0.1 M Et,NClO;; 1, no deoxygenation; 2, 2
minutes deoxygenation; 3, 8 minutes deoxygenation.

gen. The first step in curve 1 has the same height
as the magnesium wave of a completely deoxy-
genated solution (curve 3). The second step
in curve 1 occurs at the same half-wave potential
as oxygen. Oxygen yields a one-step reduction
wave in benzonitrile. Deoxygenating the solu-
tion with nitrogen decreases at first the height
of the second step. The first wave starts to de-
crease when the concentration of oxygen is less
than that of the magnesium ion; from this point
the magnesium reduction wave becomes apparent
(curve 2). In every case when the oxygen con-
centration is below that of the magnesium ion the
total height of the wave obtained is the same,
The absence of the magnesium wave in curve 1
indicates that magnesium ion is being removed
from solution. It appears that peroxide ion
formed in the reduction of oxygen reacts with the
magnesium ion to form insoluble magnesium
peroxide, thus removing magnesium ion from the
diffusion layer. The first step in curve 1 occurs
at a less negative potential because the peroxide
(reductant) produced is removed from the diffusion
layer by magnesium ion. Controlled potential
electrolysis with a mercury pool at a potential
of —1.20 volt vs. s.c.e., corresponding to the diffu-
sion plateau of the first wave of curve 2, yielded a
white precipitate on the surface of the pool. This
material was collected and identified as a peroxide,
presumably magnesium peroxide.

The reduction of cobalt(II) perchlorate yields
a peak-type polarogram that is unaffected by 0.001
to 0.005Y, concentrations of methyl red, the sodium
form17 of methyl red, ethyl cellulose or Surfactol-
100.

Popov and Geske® observed two waves for the
reduction of nickel(II) perchlorate in acetoni-
trile.

The polarograms for the reduction of nickel(IT)
perchlorate in benzonitrile also indicate the
presence of two nickel species. Two waves were
observed, the second of which was accompanied by
a peak-type maximum which is just suppressed
by the addition of either 0.0019, methyl red or the

(17) With the exception of the cases of Ni** and Cu**, maximum
suppressors did not change the position or the shape of the waves, ex-

cept to eliminate the peaks. Ina number of cases, decreasing the metal
ion concentration (from 10~3 to 10~¢ M) did not eliminate the maxima.
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Fig. 4 —Effect of methyl red on polarograms of 2 X 10-3

M Cu(Cl0,); in 0.1 M Et,NClO4: ---remem- , no methyl red;
~ -~ -, 0.0029, methyl red; , 0,019, methyl red.

sodium form of methyl red. With higher concen-
trations of methyl red, the second wave merges
with the first to give a single wave with a
half-wave potential corresponding to the first
wave of the doublet. The effect of added water
on the nickel waves was studied with solutions in
which tlhie maximum was suppressed with 0.001%
methyl red. As the water concentration was
increased, the second wave became a drawn-out
extension of the first so that no wave separation
was observable. A marked decrease in the diffusion
current and increasing irreversibility of the wave
accompanied increase in the water concentra-
tion.

It already has been demonstrated that small
quantities of water have considerable effect on the
properties of ions in benzonitrile. The two waves
observed for nickel apparently result from a competi-
tion between water and benzonitrile for the nickel
ion in much the same manner as these two solvents
compete for the barium jon. The initial solution
contains a sufficient quantity of water to yield an
observable amount of the hydrated species in
solution. This then accounts for the initial ap-
pearance of the second wave. Methyl red ap-
parently changes or breaks up the solvation
of the nickel ion by the small amount of water
present because the addition of this compound
eliminates the second wave. The stoichiometric
relationship between the concentration of nickel
jon and the methyl red concentration which elim-
inates the second wave indicates that the effect
of methyl red takes place at or near the surface
of the mercury drop. Since methyl red is pres-
ent in such low concentration (0.0059,), there
is not enough to interact with all of the hydrated
nickel species in solution. If it were a direct inter-
action with nickel in the bulk of the solution, the
wave obtained would still show a considerable
portion of the hydrated species.

A single well-defined wave was obtained for
the reduction of 0.1 mmolar solution of nickel(IT)
perchlorate, but the E;» value was shifted more
positive by 0.07 v.%®

The reduction of manganese, zinc and cadmium
ions in benzonitrile gives peak-type polarograms in
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the absence of maximum suppressors. The peaks
observed for manganese and zinc ions are small and
easily suppressed by 0.0019, of the sodium form
of methyl red. With cadmium ion the peak is
steep followed by a minimum. The polarographic
inaximum of cadmium ion and the minimum which
followed were eliminated by decreasing the cad-
mium ioun concentration to 1 mmolar and making
the solution 0.0059, with respect to the sodium
form of methyl red.

The polarographic wave of aluminum(III)
perchlorate has a well-defined diffusion plateau,
but the foot of the wave is considerably drawn
out. The addition of small amounts of water
results in peak-type waves. These peaks are not
suppressed by the sodium form of methyl red.

The reduction of chromium(III) proceeds step-
wise with the successive formation of chromium(IT)
ion and metallic chromium. The height of the
second wave is cz. twice that of the first. The
first wave starts at 0.0 volt and rises gradually to
a rounded maximum at ca. —0.4 volt vs. s.ce.
The second wave has a slightly rounded maximum
which is eliminated by 0.0019, of the sodium form
of methyl red to give a well-defined wave. Polaro-
grams obtained by dissolving the hexahydrate were
essentially the same as for those of the anhydrous
salt.

Iron(II) perchlorate yields a polarographic wave
with a slight peak which is suppressed easily with
0.001%, Surfactol-100.

The polarographic reduction of millimolar solu-
tions of copper(II) reveals an interesting current
phenomenon similar to that reported by Popov
and Geske® for the reduction of this ion in acetoni-
trile. An abnormally large current rises from the
potential at which dissolution of mercury occurs,
levels off and continues to a potential of —0.4
volt vs. s.c.e. at which point it suddenly drops to a
well-defined diffusion plateau. The effect of methyl
red on the wave for copper is shown in Fig. 4.
The potential at which the maximum drops may
be shifted to more positive values by the addition
of methyl red, ethyl cellulose o1 a-naphthol. The
dotted curve shows the peak obtained in the ah-
sence of maximum suppressors. With 0.0029,
methyl red the drop to the diffusion plateau occurs
at +0.3 volt vs. s.c.e. Under these conditions a
well-defined polarographic wave is revealed ac-
counting for exactly one-half of the total diffusion
current obtained (broken curve). The slope ob-
tained from this wave is 0.059, and the process is
undoubtedly the reversible reduction of copper(1)
to metallic copper. The Cu(II) — Cu(T) wave may
be obtained at the dropping mercury electrode
but only with a methyl red concentration com-
parable to the copper ion concentration (solid
curve). With concentrations of methyl red below
the copper ion concentration, the wave is only
partially defined.

With 0.1 mmolar solutions of copper(II) per-
chlorate, this current phenomenon was not ob-
served.

Popov and Geske® have interpreted the phenome-
non of the abnormally large current obtained for the
first step of the reduction of this ion as an interac-
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tion of the oxidant with the mercury drop to yield a
mercury maximum. That this is probably not the
case was demonstrated by the reduction of copper-
(IT) perchlorate in benzonitrile at a rotating plati-
num electrode. With this technique a trace similar
to that observed at the dropping mercury electrode
was obtained, cominencing at 4 1.0 volt, proceeding
through an abnormally large maximum current
and finally dropping to a lower steady value at
- 0.3 volt us. s.c.e.

The reduction of copper(II) to copper(I) was
also studied chronopotentiometrically. A well-
defined but highly irreversible wave was obtained
with an E., (analogous to polarographic Ei,)
value of 40.9 volt vs. s.c.e, This value is compara-
ble to that obtained at the rotating platinum elec-
trode. The copper(II) to copper(I) wave ob-
served at the dropping mercury electrode with
high concentrations of methyl red, therefore, must
be due to the reduction of a copper(II) methyl
red complex.

TABLE 11

EPFECT OF SUPPORTING ELECTROLYTE ON HALP-WAVE
POTENTIALS IN BENZONITRILE

~—EBEtNCl104~— ——LiC10(———

Compound Eys ope Ei Slope AEys
Ba(ClOy); —1.58 0.032 —1.69 0.034 0.11
Cr(ClOA);

Cr(II)/Cr(0) —0.97 .034 —1.04 0.044 .07
Mn(Cl04): — .98 032 —1.11 .048 13
Fe(ClO4); — .79  .038 —0.91 .041 12
Co(Cl0,): - .49 ° - .61 b .12
Ni(Cl0y): - .29 059 — .37 ° .08
Zn(ClO,), - .53 030 — .61 ° .08
Cd(Cl04), - .17 032 — .24 .032 .07
Al(C104)s —1.47 .048 —1.41 .038 — .06

¢ AR/, = E1,(Et4NCI10,) — Eiyy (LiC10,).  * Maximum,

The polarographic behavior of iron(III) per-
chlorate is similar to that of copper(II) per-
chlorate. The half-wave potential of the ferric-
ferrous couple is more positive than the potential
for the dissolution of mercury; therefore an approx-
imate value was obtained utilizing a rotating
platinum electrode. The results of this study show
that ferrous ion is irreversibly oxidized to ferric
ion at a half-wave potential ca. +41.2 volt wus.
s.c.e. Poor, difficult to evaluate and interpret
current—voltage curves were obtained for the
reduction of ferric to ferrous and ferrous to metallic
iron at a rotating platinum electrode. From
chronopotentiometric study, Ei, values of 4+ 0.7
and —0.6 volt vs. s.c.e. were obtained for the
reduction of ferric to ferrous and ferrous to metallic
iron. The ferric to ferrous potential is markedly
different from that for the oxidation of ferrous to
ferric, but the ferrous to metallic iron potential is
in fair agreement with that observed polarographi-
cally, Reverse scan (oxidation) after reduction
of a ferric solution gave two step chronopotentio-
grams with Egs valnes of 40.1 and 4-1.3 volt
vs. s.c.e. corresponding to the oxidation of metallic
iron to ferrous and ferrous to ferric.

Lithium Perchlorate as Supporting Electrolyte.—
With the exception of aluminum ion, which is
shifted in the positive direction, the metal ion
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perchlorates are reduced at more negative half-wave
potentials in benzonitrile with 0.1 3 lithium per-
chlorate than with 0.1 M tetraethylammonium
perchlorate as supporting electrolyte. Table II
lists the half-wave potentials for the reduction of
the mnietal ions in each of the supporting electro-
lytes.

Effect of Supporting Electrolytes on the Half-
wave Potential of Manganese(II).—The effect of
supporting electrolytes on the polarographic re-
duction of manganese(II) was investigated in
benzonitrile and acetonitrile. With 0.1 A lithium,
sodium, and magnesium perchlorates as supporting
electrolytes, the same half-wave potential is ob-
served for the reduction of manganese in acetoni-
trile. The value (—1.15) is definitely more nega-
tive than that obtained with 0.1 M tetraethylam-
Enoniurr)l perchlorate as supporting electrolyte

—1.11).

A comparison of the half-wave potentials ob-
tained for the reduction of manganese in benzoni-
trile with tetraethylammonium perchlorate and
lithium perchlorate as supporting electrolytes has
been presented in Table II. With 0.1 M nag-
nesium perchlorate as supporting electrolyte, the
reduction occurs at a half-wave potential of —1.10
volt 5. s.c.e. Sodium perchlorate is not sufficiently
soluble in benzonitrile to be used as a supporting
electrolyte.

The shifts observed between tetraethylam-
monium perchlorate and the other perchlorates as
supporting electrolytes do not appear to be due to
differences in liquid-junction potentials because
shifts would also have been observed between
values obtained with lithium, sodium and magne-
sium perchlorates as supporting electrolytes. That
the shift is not a liquid-junction effect is also ap-
parent from the data presented in Table II.
The magnitude of the shifts does not remain
constant, as would be expected if the shifts were
due to a difference in the liquid-junction potential
of the two supporting electrolytes, but changes
with the ion undergoing reduction.

Discussion

The half-wave potentials in benzonitrile fall
generally in the same order as those in acetonitrile,
which is expected because of the chemical simi-
larity of the two solvents. The reader is referred
to the papers of Kolthoff and Coetzee and Popov
and Geske for a discussion of the difference be-
tween the nitriles and water as solvents. Of greater
interest, however, is the shift of the half-wave
potentials to less negative values in benzonitrile.

As already has been discussed (effect of support-
ing electrolytes on the polarographic reduction of
manganese ion), there is a shift in half-wave po-
tentials for the reduction of metal ions in changing
from tetraethylammonium perchlorate supporting
electrolyte to sodium perchlorate supporting elec-
trolyte. The half-wave potentials in acetonitrile
are ca. 0.04 volt less negative with tetraethyl-
ammonium perchlorate as supporting electrolyte.
Even with this correction applied where sodium
perchlorate was the supporting electrolyte used,
there still remains a decided difference in half-wave
potentials in acetonitrile as compared with benzo-
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nitrile. Current investigation!® in this Labora-
tory shows that when cations are added to these
two nitriles new C=N peaks appear in the 2240-
2275 em.~!infrared region. The Av values of the
new C=N peaks from that for the pure nitriles
are larger for benzonitrile than acetonitrile which
indicates that benzonitrile interacts more strongly
with cations than does acetonitrile. Therefore, ben-
zonitrile must be mmore basic than acetonitrile.
The work of French and Roe!* on the ioniza-
tion of picric acid in acetonitrile and benzonitrile
also indicates a greater availability of electrons
(basicity) in benzonitrile. One can only conclude
then that metal ions are more strongly solvated
by benzonitrile than acetonitrile. The less nega-
tive values of the half-wave potentials for the
reduction of metal ions in benzonitrile as compared
to acetonitrile cannot, therefore, be explained
on the basis of lower solvation energies arising
from the less basic character of benzonitrile.

A plausible explanation for the ease of reduction of
cations in benzonitrile consistent with the foregoing
information is that the electrode process involves
benzonitrile molecules constituting the solvation
sphere serving as bridges for electron transfer.?.2

(18) Unpublished resuits.

(19) C. M. French and I. G. Roe, Trans. Faraday Soc., 49, 314
(1058); ibid., 49, 791 (1953).

(20) E. H. Lyons, Jr., J. Electrochem. Soc., 101, 376 (1954).

(21) J. T. Funkhouser, Ph.D. Thesis, Massachusetts Institute of
Technology, 1953.
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Since acetonitrile and benzonitrile contain the C=N
group, the difference obviously is due to the con-
tribution of the delocalized electrons of the phenyl
ring in benzonitrile. The ease of reduction may
also be in part the result of the fact that the di-
electric constant of benzonitrile (25) is lower than
that of acetonitrile (36).

Benzonitrile containing tetraethylammonium per-
chlorate does not exhibit a new C=N peak in the
infrared—an indication that the weak charge
density around this large ion is insufficient to
bring about an interaction with the benzonitrile
molecule. The more negative half-wave poten-
tials of metal ions with lithium, sodium, or magne-
sium perchlorate as supporting electrolyte are prob-
ably the result of these ions interacting with ben-
zonitrile or acetonitrile and thereby decreasing
the ability of the nitrile to function as an electron
sink in the bridge mechanism.

It appears from the results of this investigation
that the less negative values of the half-wave
potentials of metal ions in acetonitrile and benzo-
nitrile as compared to those in water are not the
result solely of the lower solvation energies arising
from the less basic character of the nitriles but
also of a bridge mechanism involving the ni-
triles.
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The polymerization of the aquo-bismuth(III) ion has been investigated by light scattering measurements at 25°. In
solutions where ca. 2 hydroxide ions are bound, on the average, per bismuth atom, the degree of polymerization was found

to be 5.6.

NaClO, was used as a supporting electrolyte to give {Na*] 4~ [H*] = 1.000 M. The value of the charge on

the complex, ca. 4, indicates that some binding of gegenions from the solution occurs; the predominant complex, therefore,

has the approximate formula BigOs(Cl0;)2 4

Measurements of the apparent molar refraction and apparent molar volumes

of hydrolyzed and unhydrolyzed bismuth solutions show that both the molar refraction and molar volume of the bismuth-

containing cation increase slightly as a result of the hydrolysis.

has a symmetrical rather than a chain structure.

Introduction

In a previous communication,® equations were
derived relating the turbidity of solutions contain-
ing polynuclear complexes and supporting elec-
trolyte to the charge and degree of polymerization
of the complexes. These relations were tested
with certain idealized systems similar to those
used by Johnson, Kraus and Scatchard? in testing
equations derived for the interpretation of sedi-
mentation equilibrium experiments in an ultra-

(1) This document is based on work performed under a subcontract
with the U. S. Borax Research Corporation and is part of a program
supported by the Materials Laboratory, Wright Air Development
Center, under contract AD 33(616).5931,

(2) School of Chemistry, University of Minnesota, Minneapolis 14,
Minnesota.

(3) R. S. Tobias and S. Y. Tyree, Jr., Tuis JoURNAL, 81, 6385
(1959).

(4) J.S.Johnson, K. A, Kraus and G. Scatchard, J. Phys. Chem., 68,
1034 (1954).

The absence of depolarization suggests that the complex

centrifuge with a Schlieren optical system. These
idealized systems were chosen to represent condi-
tions found in systems with polymerized aquo-
acids and bases.

In order to test further the relations describing
the scattering of highly charged, low molecular
weight species in the presence of supporting elec-
trolyte, it was decided to study the light scattering
of highly hydrolyzed bismuth(III) solutions. This
system has been investigated by Holmberg, Kraus
and Johnson® using sedimentation equilibrium
measurements in the centrifuge with Schlieren
optics. These experiments indicated that there
were 5 or 6 bismuth atoms in the predominant
complex present in solutions with ca. 2 hydroxide
ions bound per bismuth atom. Some complexing

(5) R. W. Holmberg, K. A. Kraus and J. S. Johnson, THIS JOURNAL
78, 5306 (1956).



