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ABSTRACT

Chronopotentiometry ~wae used to study electrode reactions in acetonitrile
solutions. Evidence is presented for the formation of an oxide film on platinum
electrodes in acetonitrile by reaction with traces of moisture. Oxygen dissolved
in acetonitrile solutions of tetraethylammonium perchlorate (s reduced to
peroxide at the platinum electrode, although it is not reduced in solutions of
alkall perchlorates. The potential-limiting background reactions in
tetraethylammonium perchlorate solutions were investigated by current-reverse
chronopotentiometry.

Ozxidation of acetate ion in acetonitrile gave 916 % current yield of carbon
dioxlde and 773 %, ethane. Acetic acid does not react below the anodic background
potential. Oxidation of substituted acetates was studied chronopotentiometrically
but traces of moisture in the solution were found to react simultaneously at the
electrode and seriously interfere. Water {8 not oxidized below the background
potential in the absence of carboxylate {on.

Oxtdation potentials for a series of substituted ferrocenes were measured
chronopotentiometrically and evidence was found for a new type of neighboring-
group interaction between the iron in ferrocinium ion and oxygen, nitrogen, or
halogen in the ring position. The same substitutuente did not interact in the
alpha position.

A computer program was written for the calculation of kinetic data from
totally irreversible chronopotentiometric waves and used to evaluate graphical
methodse previously proposed. New graphical and algebraic methods were also
evaluated. These methods were applied to the determination of rate constauts

for the reduction of iodate fon at mercury in aqueocus sodium bydroxide solution.
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PART I
CHRONOPO TENTIOMETRY IN ACETONITRILE



3]

eneral Introduction

The flrst chronopotentiometric studies In acetonitrile were the analytical
determination of anthracene by Voorhies and Furman (1) and Geske's studies of
the oxidation of tropilidene and tetraphenylborate (2). These were followed by
the work of Kuwana, Bublitz and tobh (3) and of Hoh, McEwen and Kleinberg (4) on
substituent effects in the oxidation of metallocene compounds.

Part I of this thesls deals with three reactions of general interest in
acetonitrile electrochemistry, dealing with solutions whichh contain only supporting
clectrolyte and dissolved atmospheric oxygen: oxidation of platinum electrode
eurfaces, reduction of digsolved oxygen, and the poteuntial -limiting cathodic and
anodic reactions. Consideration wag restricted to a single electrode material,
platinurs, and a single supporting electrolyte, tetraethylammonium perchiorate.
Fart I deals with the chronopotentiometric waves foxr the oxidation of substituted
acetates, Part Il is an extension and revision of the cited work on the oxidation
of metallocenes, An appendix discusses methods for the interpretation of
totally irreversible chronopotentiometric waves in tae light of results from a
least-squares treatment by digital computer.

Further introductory information is given in each section, pertaining to the’
topic at hand. General reviewés of chronopotentiometry are given by Delahay (3)

and by Rouse (€).



rxzperimental

Reagents. Acetonitrile. Matheson, Coleman and Bell Practical Grade
acetonitrile was distilled three times from phosphorus pentoxide and a final time
from Malllnckrodt anhydrous potassium carbonate. Its acetic acld content was
less than 0.0003 MV {determined by titration with aqueous NaCH) and its water
content was roughly 0.03 M (as determined by the infrared absorption at 1.9
microns).

Tetraethylammonium perchiorate., Tetraethylammonium perchlorate was
prepared by the method of Kolthoff and Coctzee (7) and recrystallized from
water five times.

Nitrogen. Linde Migh Purity Dry Nitrogen was used without further

purification.

Hlectrolysis cell. The electrolyeis cell is illustrated in Figure I-1.

Working and auxiliary electrode compartinents were separated by a fine porosity
sintered-~-glass disk. The Bhape of the working electrode compartrment was
designed to promote Iineaf diffusion and current flow perpendicular to the
electrode surface and consequently a uniform current density over the surface (8).
T'he underside of the working electrode was eealed over with glase and connection
was made by a spot-welded platinum lead wire passing through the glass. The
lead wire was insulated by a length of Teflon spaghetti sealed to the glass with
epoxy resin., The reference electrode was connected with the working electrode
compartment in a manner which minimized ohmic drop. The electrode area was
calculated as 0,529 cm? from the transition time for the reduction of 0.004 M

K3 Fe{CN)g, 1.00 M K1 in water (3). The potentiostatically determined value

6

of 7.63 x 10~ c:m2 /sec for the diffusion coefficient of ferricyanide ion which
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von Stackelberg, Pilgram, and Toome (9) reported for solutions of this composition
was used in the calculation.

Reference electrodes. Two reference electrodes were used, both of which

are illustrated in Figure I-2. The Ag/0.01 M AgNO3, 0.2 M (CgHg)4NCI04 in
CH3CN reference electrode was used for most measurements. All voltages are
given with reference to this electrode unlerss otherwise specified. The silver-
silver ion couple has been recommended by a number of authors as a primary
potential reference in acetonitrile (10, 11, 12). Tetraethylammonium perchlorate
was added to eliminate the liquid-junction potential between the reference
electrode and the solution in the cell; this will have affected the electrode
potential somewhat but it ensured reproducibility of the potential measurements.
Leakage from the silver nitrate reference electrode was very low, amounting

to no more than a half drop per hour. It was cleaned, dried and refilled with
fresh silver nitrate solution each day.

The Hg/HgySO04, K9SO, (sat. aq.) electrode did not function as well in
acetonitrile solutions, its potential drifting about €£0.02 V. It was used to compare
potentials for oxide film formation on the electrode surface in water and in
acetonitrile.

Electronic circuitry. Oscillographic measurements were made using the

transistor current source of Figure I-3. Its circuit was suggested by Professor
C. A. Mead of the California Institute of Technology. It delivered a preset con-
trolled current of O to 50 ma in a pulse of preset duration, followed by a second
pulse of independently adjusted current (0 to 50 ma) and duration with opposite

polarity. The duration of the pulses was limited only by the size of the variable

capacitors used; 600 A was necessary for a 10-sec. pulse. The rise time was
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FIG. I-3
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TABLE I-1

COMPONENTS FOR CONTROLLED CURRENT SOURCE

Batteries
Bi, B2
B3, B4

Capacitors
Ci, C2
C8, C4
CS, Cé

Modes

Ré6

R7, RS

R9, R10

Ri1-Ri4

R15, R16

R17

R18
Switches

8t
Transistors

Ti=-T4

6

22-1/2V
1.34 V {(mercury cell)

External decede capacitor (see text)
W
BB s

1N1084 (stiicon)

4. 7K

2 M

22K

10 K variable
1 K

100 N

500 O

§ K variable

Pushbutton

Cermanium switching transistors. Obsolete models
donated by the International Business Machines
Corporation were used.

N3

24342



less than 10 microseconds and the leakage current was less than 1/50 microamp.
‘The current was controlled to within 2% over the duration of & pulse and over a
range of output voltages from 0 to 10 Vi at current outputs below 10 ma the
current was controlled to within ! %. It should be pointed out that both the rise
time and the current control could be improved by making some substitutions
among the transistors, although this was unnecessary for the present study.

A Tektronix Type 531A oscilloscope with Type D vertical amplifier or a
Type 536 oscilloscope with Type D vertical amplifler and Type T Time-Base
Generator was used with a Polarcid Land camera to recoxd the oscillograms.

A Heathkit Model PS-3 variable power supply was used in series with a
variable resistor as the current source for the remaining measurements. The
chronopotentiograms were recorded on a Moeseley Model 38 Autograf X-V-time
recorder connected to the reierence electrode through a follower amplifier of
the DeFord type (13) constructed with George A. Philbrick Company plug-in
amplifiers.

Procedure: All measurements were performed at 25.0%0.1° C., The
ohmic drop between working and reference electrodes was measured using a
method described by Anson (14) and due correction made to the measured
potentials, The ohmic drop corresponded to a 40-ohm transfer coefficient (chmic

drop/cell current) when the cell was filled with 0. 2M Ety NC104 in CHSCN.

Oxidation of Platinum Electrode Surfaces

It has been well established that platinum surfaces acquire a fllm of platinum
oxides or chemisorbed oxygen upon strong chemical or electrochemical oxidizing
treatment. For brevity this film will be called the "oxide fllm" without any
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implication regarding the nature of the platinum-oxygen bond. The oxide film
formed by anodizing a platinum electrode in aqueous solution to the point of

oxygen evolution or by treating the electrode with such chemical oxidants as

aqueous ceric ion or divalent silver is approximately a monolayer thick (15, 16, 17).
Chronopotentiometric waves are observed both for its formation and its reduction,
but the wave for its formation ie poorly defined with no sharp inflection marking the
transition time. PBoth waves are very lxreversible.

A similar behavior of the platinum electrode might be expected in nonagueous
solution if traces of moisture are present — and very little moisture s necessary
to form & monolayer oxide film. This is found to be the case in acetonitriie.
Popov and Geske (i8) have observed the formation of oxide films on rotating
platinum electrodes in “anhydrous' acetonitrile., Thelr resuits are confirmed
by the chronopotentiometric measurements reported here, Conway and Dzleciuch
(19) diacovered that an anodic film was formed on platinum electrodes in solutions
of potassium formate in formic acid and of potasstium trifluorcacetate in trifluoro-
acetic acid. They ascribed the flim to the formation of platinum carboxylates on
the electrode surface, but the evidence they present does not rule out the
possibility that this is an oxide film.

Figure 1-4 shows chronopotentiometric waves for a platinum electrode
immersed in acetonitrile containing 0.2 M tetraethylammonium perchlorate and
about 0.08 M HaO. Curve ! corresponds to the oxidation of the electrode surface
and Curve 2, a repetition using the already oxidized electrode, shows little
additional exidation. Cuarve 3 shows the reduction, at one fourth the current
denslty, of the oxide film formed in Curve 1. Curve 4, using the electrode
reduced by recording Curve 3, shows that the oxide film has been completely
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1 sec
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stripped from the surface. Thie behavior closely parallels that of a platinum
electrode in agueous solution (fig. I-5) and results from the reaction of the
electrode with water present in the acetonitrile.

As may be seen from Figure I-4, the charge consumed in the anodic wave
(2 mcoulfcmz) i® appreciably greater than that consumed in the cathodic wave
©.8 mcoul/cmz). This same phenomenon bas been observed in agueous solution
and has been attributed to the oxidation of water to oxygen concurrently with the
oxidation of the electrode surface (17). An alternative explanation (16) ie that
the oxide film is reduced at least partly to hydrogen peroxide instead of water,
causing the current consumed to be as littie as half that used in the anodic
process. This agrees reasonably with the charge magnitudes observed. No
cathodic wave wae observed for a solution of hydrogen peroxide in acetonitrile
containing tetraethylammonium perchlorate supporting electrolyte, so that
hydrogen peroxide would not be reduced {f once formed. It does not seem likely
that an oxygen-oxygen bond would be formed in the reduction of a normal metallic
oxide so that the question of whether water or hydrogen peroxide is produced is
bound up with the question of whether the oxygen present on the electrode surface
retains the oxygen-oxygen bond. No means of distinguishing these two possibilities
has yet been devised, although it may be possible to detect hydrogen peroxide
generated at the electrode surface by current-reverse chronopotentiometry.

The potential for oxidation of the platinum surface is +0.5 V. vs. the
Hg/Hg,80,, K480, (sat. aqueous) reference electrode (SMS) in aqueous K,50 4
and +2.4 V. vs. SMS in acetonitrile containing 0.2 M tetraethylammonium
perchlorate. The potential for the reduction of the oxide fllm i -0.8 V., vs, SMS
in aqueous K550, and -1.3 V. vs. SMS in acetounitrile. A higher overpotential is
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expected for the formation and reduction of the film in acetonitrile; water
paxticipates in the electrode reaction as a proton or oxide donor and its concen-
tration is far less in the acetonitrile sclution than in agueous solution. Further-
more, the apparent irreversibility of the reactlon is increased by the fact that

the sclution is unbuffered, and since a greater range of hydrogen lon activity is
accessible in acetonitrile (autoprotolysls constant 10'19-5) (20) the effect should be
more pronounced,

The amount of oxide reduced in Curve 3 of Figure I-4 correspouds to 0.8
mcoul/cmzs ia Curve 2 of Figure [-5, 1.6 mcotﬂ/cmz. Laitinen and Enke (17)
have estimated the charge corresponding to a monolayer to be 0.8 :m::m:l/uctn2
and report gas-absorption measurements on a platinum surface which indicate
little difference (12%) between {ts geometric area and its true area, The oxide
film can thus be regarded at least approximately as a2 monolayer. In acetonitrile
solution, unlike agqueous solution, the electrode {8 not completely oxidized by
raising the electrode brieily to the background potential, as attested by the
figures for the charge consumed in the cathodic wave. Prolonged anodization
increased the amount of oxide.

For purposes of comparison a platinum electrode was oxidized by anodic
treatment in aqueocus potassium sulfate solution, oven-dried at 130°, and
transferred to a 0.2 M solution of tetraethylammonium perchlorate in acetonitrile.
The cathodic stripping curve is shown as Curve 5 in Figure I-4. It presents
substantially the same appearance as the curve for the reduction of the oxide film
formed in acetonitrile except that it i8 somewhat longer {n accordance with the

2

above discussion. The charge consumed was 1.2 mcoul/om*, Some loss of oxide

occourred while drying. It was noted in the course of this experiment that oven-drying
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the electrode at 130° C. is sufficient la itself to cause the formation of a small
amoent of oxide on the electrude surface, presumably by direct reaction with
atmosepheric oxygen. If the electrode is oxidized and then freshly reduced
hefore drylng the amount of oxide formed is appreciably greater.

Figure i-6 shows stripping curves for an electrode which has been oxidized
in acetonitrile at various controlled potentials. It is seen that no distinct
potential exists at which the oxlde forms, but its formation begins at about
+ 1.4V va. 5MS5. An anodic wave was obtained by reversing the current before
the transition time (fig. I-7). This probably represents the re-oxidation of the
electrode surface in the presence of hydroxyl ion generated in the cathodic

process.

Reduction of Mssolved Oxygen.

We found that dissolved oxygen exhibits a well -formed one-step cathodic
chironopotentiometric wave at a platinuin electrode in acetounitrile solutions of
tetraethylammonium perchillorate. Popov and Geske (i8) reported, however,
that dissolved oxygen le not reduced at the rotating platinum electrode in lithium
perchiorate solution. Coetzee and Kolthoif (7) studied the reduction of oxygen at
the dropping-mercury electrode in acetonitrile solutions of sodium perchlorate,
potassium thiocyanate, aund tetraethylammonium perchiorate. They found that
reduction occurred in two steps, presumably successive reduction to hydrogen
peroxide and water. The half-wave potential and diffusion curreunt for the second
wave were sharply infiuenced by the concentration and composition of the

supporting electrolyte.
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E, volts
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A typical reduction wave for dissolved oxygen in & 0.2 M solution of
_tetraethylammonium perchliorate in acetonitrile s reproduced in Figure I-8.

Data for a series of measurements are given in teble I-2.

TABLE I-2
OXYCGEN REDUCTION WAVE
: o v
ma/cm2 sec m‘:::c N
. 469 5.85 Y. 13
.985 T 1.2 1.13
2.3 0.22 1.1
4.5 0.060 1.2
9.1 0.015 1.2

These data apply to an electrode which has been anodized and cathodized several
times at the background potentials, the last treatment before the measurement
being cathodic. The oxygen reduction wave was sensitive to the electrode history,
as it la in agueous solution (21, 22)., The above electrode pretreatment gave
reproducible transition times and a chronopotentiometric wave of reproducible
appearance, but its quarter-wave potential varied by several tenths of a volt.

The constancy of i."!'v2 over a 400-fold range of transition times proves that the

reduction is a typical diffuston-controlled process.
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{Current-reverse chronopotentiometyy shows the formation of an oxidizable
product in the reduction of oxygen. A typical chronopotentiogram is shown in
Figure I-8 (curve 2). The transition time for the revexse wave is one third the
duration of cathedic current, a2s predicted for an anodic reaction involving the
same number of electrons as the cathodlc reaction, Data are given in tabie I-3
for a wide range of current density and transition time. The potential of the
reverse wave was not very reproducible and B 22 varied from ~1.0to -0.4 V.
The reverse wave ~as always well defined, though, with a sharp inflection at the

transition time.

TABLE I-3

REVERSE-CURRENT WAVE FOR
OXYGEN REDUCTION

L t, T T
Cathodic Anodic g
ma BE€C sSec
.248 5,80 1.71 . 291
,526 1,87 0.43 .31
t.2 0.24 0.07° .32
2.4 .0S0 .013 .38
4.8 0129 ,0035 .36

The most prebable reaction for the reduction of oxygen is

O + H,0 + 2¢” e HO,~ + OH 1)
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involving the traces of water present. This reaction is simply reversed in the
reverse wave. If 30% Hy0, s added to the deaerated solution, no reduction wave
can be detected but an anodic wave appears at about +1.5 V. This shows that
tydrogen peroxide, tf formed, would not be further reduced. In the usual
reactions of molecular oxygen the initial step generally leads to the formation
of peroxides. The discrepancy between the potentials of the anodic waves ban be
accounted for by the fact that in the reverse wave for oxygen reduction, OH" ton
is present, while in the wave for simple oxidation of HyOp, H* is present as a
reaction product. The oxidation potential of HyO, at platinum electrodes in
aqueous solution is known to be pH-dependent (23).

An alternative explanation for the reverse-current wave is the oxidation of
hydroxyl lon generated by the reaction

0, + 2H,0 + 4e” = 4OH™ @

The potential at which the oxidation takes place appears too low to correspond

to the oxidation of hydroxyl ion, though, belug as much as 0.8 V more negative
than the potential (-0.2 V, vide infra) for the reduction of hydrogen ion. This
seems excessive even if the abanormally high activity of hydroxyl fon in
acetonitrile is taken into sccount. (Kolthoff and Coetzee (7) found the potential
for oxidizing mercury metal in the presence of hydroxyl ion to be 0.9 V more
negative in acetonitrile than in water.) The difference between the equiltbrium
potentials for the two reactions must be larger than 0.8 V, probably by an appreciable
armount, because of the overvoltages involved. (The irreproducibility mentioned
above of the potential for the oxidation of the product of oxygen reduction indicates
a significant overvoltage, since a reversible electrode process must occur at a

reproducible potentlal.) This explanation of the reverse wave thus leads to the
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.
unacceptable conclusion that the H2/H“' couple is far more oxidizing than the
0,/0H" couple in acetonitrile solution.

The product formed by the reduction of oxygen at platinumn electrodes in
aqueous medium has not been established and the reduction mechanlsm s
disputed (21, 22).

It is Interesting that Popov and Ceske (18) detected no reduction wave for
oxygen at the rotating platinum electrode in an acetonitrile solution of lithium
perchlorate. The cathodic background poteatial they reported (-3.3 V) is two
volts more negative than the reductioa potental for oxygen in tetraethylammotium
perchlorate soiution, so the effect of the supporting electrolyte 1s & drastic one.
We have also found that oxygen is not reduced at platinum in sodium perculorate
solutions. The explanation probably rests in an augmented cllectric field at the
electrode surface resulting from adsorption of tetraethylammonium lons on the
negatively charged surface. Such double-layer effects have been studied

extensively the past few years (24, 25).

Anodic Background Reaction

The anodic background reaction at a platinum electrode ln acetonitrile
solutions containing perchlorate supporting electrolyte was formulated by
Schmidt and Noack {2€) as follows:

ClO, = ClOy° + e )
ClOy+ + CHyCN = HCIO4+ +CH,CN (2)
2°CH,CN = NCCHyCHyOUN <)
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Quantitative yleld (99-101 %) of acid was determined by potentiometric titration
with diethylamine and succinonitrile was detected in the electrolysis mixture by
conversion to pyrrole. No yleld wae given for the pyrrole. Billon (12) also
reported a quantitative yield (94-98.5%) of acid. and was able to titrate
diphenylguanidine coulometrically to an indicator endpoint in anhydrous acetonitrile
containing sodium perchlorate as supporting electrolyte. Billon (27) found the
current yleld of succinonitrile leas than 0.1 % by vapor-phase chromategraphy,
though., Unidentifted peaks occurred just after that for acetonitrile. Streuli

has reported the anodic coulometric titration of nitrogen bases in acetontitrile
containing lithium perchlorate supporting electrolyte and 0.15 M water (28),

He assumed that hydrogen fon was generated at the anode by oxidation of the
water and used & glass electrode to determine the endpoint. Maki and Geske (29)
studied the anodic background reaction for a solution of lithium perchlorate in
anhydrous acetonitrile by performing the electrolysis iu the cavity of an electron
spin resouance spectrometer. They obtained a spectrum which was tentatively
attributed to the perchlorate free radical. Thelr results were confirmed by
Billon (27).

Figure 1-9 shows a typlcal current-reverse chronopotentiogram for the
anodic background reaction products ie 0.2 M tetra ethylammonium perchlorate
solution. A long wave at -0,2 V is followed by two much shorter ill-defined
waves at about -0.8 V and -1.3 V. Perchloric acld was reduced at -0.2 V in this
solution and so the long wave can best be intexrpreted as representing the reduction
of hydrogen ion. Tuls agrees with the reports of hydrogen lon formation at the
anode which are listed above. However, the yleld of HY is less than quantitative.

If a constant current efficiency n is assumed for bydrogen lon formation during
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the interval of anodic current, 7N may be calculated from the cathodic
transition time T, and the duration of the anodic curreat t;, using a modifi-
cation of Delahay and Berzins® equation for the transition time in reverse-

current chronopotentiometry (30):

-.—.(;t-'--rl)i-l (4)

z

L
n

In the case of Figure I-9, 1 *= 0.66. For guantitative generation of hydrogen

lonI?_ = 1 according to theory, whereas in this casearz = 1 ., At

ty T T Ty
higher current densities 7| tended to decrease. This reauit is in conflict with
the reports of gquantitative acid yield which were described above.

The ESR data of Makl and Ceske (29) and of Blllon (27) indicate that
reaction 1 occurs to some extent, at least. Billon concluded from his BSR
measurements that the “perchlorate radical” had a lifetime on the ovder of &
minute. From the data of Maki and Geske oneé can deduce that the free radical
they observed had at least a 2-sec lifetime, so short only if it were generated
with 100% current efficiency. It is unlikely that the perchlorate radical should
be so stable and the observed spectrum is more probably that of chlorine
dioxide. The g-iactor and coupling constant reported by Maki and Geske agree
with those since reported by Cole (31) for chlorine dioxide. MNevertheless, the
formation of oxides of chlorine suggests strongly the occurrence of reaction 1i.
The perchlorate radicals so produced could react with each other to formn oxygen

and oxides of chlorine.
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In connection with reaction J of the Schmidt-Noack scheme, coguizance
must be taken of the recent discovery that A -cyano free radicals in solution
couple to forms keteniniine to sbout the saime extent as they coupls to form

dinitrile (32, 33, 34).
2 eCH,CN = CH, s Ce N - CHCON {5)

Of particular relevance is the fact that Sbersoun (54) found reaction 5 to predom-
inate over reaction 3 by & 3 to 2 ratio for the cyanvmethyl radicals generated by
alectrolytic oxldation of cyanoacetate at & platinumn electrode in methanol. The
electrochemical bebavior of N-cyanomethylketenlmine, the product of reaction 3,
iz therefore of luterest. Desides lts possible producton in the anodic background
reaction it could be forwed as a side product in auy electrode reaction in
acetonitrile which generated free radlcals capable of abstracting hydrogen atoms
from the solvent, such as the Kolbe oxidaton discussed Iln Fart II of this thesis.
DPr. Chin-fiua 5. Wu has generously furnisihed a sample of a closely
related ketenimine, N-(l-cyanocyclichexyl)-pentamethyleneketenimine (m. p.
6$-71° C) and its clironopoteatiometric behavior in acetonitrile containing 0.2 M

tetraetaylammoninm perchlorate has been investigated.

O:c:nzp

I
This compound is not reduced at the platinurn electrode but yields a well-defined
oxtdizing wave at +1.0 V (0.01 M cowpound I, 6.2 M (C,Hg) ,NCIO,, 1 ma/cm?).

The value of 17 1/ ?'Ic wag found coustant at 170 %= 2 amp—cm-»secl/ 2 for two-fold
mole
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variation in current density, The products of its oxidation are also electroactive
and Figure I-10 shows the two-step reverse-current wave for these products.
The steps occur at -0.6 to ~0.9 V and at -1.6 V. One might be tempted to
tdentify them with the unidentified steps in the reverse-current chronopotentiogram
for the anodic background reaction products (at -0.8 and -1.3 V).

These data and the data of previous workers cannot be reliably interpreted
until an adequate analysis has been performed of the anodic reaction products.
It is particularly necessary to resolve the dispute between Schmidt and Noack (26)
and Billon (27) over the formation of succinonitrile.

Cathodic Background Reaction

The cathodic background reaction at platinum electrodes in acetonitrile
solutions of tetraalkylammonium salts has been discussed by Blilon (27). Billon
found that hydrogen gas was evolved at the cathode and that the background
potential was quite sensitive to the water content of the solution, becoming more

positive with increasing moisture. Two reaction sequences were suggested:

[ 2CHyCN + 2~ = H, + 2CH,CN™ M
A{ CH,CN" + CH;CN = CH, Gu=N"~
! g " B’gnzcze (2)
[ 2H,0 + 2¢™ = H, + 20H™ ©)
B OB™ + CHy CN = CH,CN™ # H,0 4)
CH,CF™ + CHy CN « CHy G=N"
L H, CH %)
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Reactions 2 and 5 correspond to the known base-catalyzed condensation of
acetonitrile (35). Billon also mentioned the possibility of reducing the tetra-
alkylammonium iom at the electrode,

The cathedic background reaction In solutions of lithiumw salts is the
deposition of metallic lithium (18, 27). The background reaction in solutions
of sodiurmn salts is the deposition of sodium, which reacts rapidly with the
scetonitrile (27).

A current-reverse chronopotentiogram for the cathodic background
reaction products is shown in Figure I-11, The characteristics of this reverse
chronopotentiogram were found to depend on tlic electrode history and the one
reproduced here was selected as showing moest clearly the four waves observed.
Similar results were obtained when the current density was high enough
(28 ma/cmz) to eliminate any waves for the oxidation of the electrode suriace or for
products of the reduction of water. The alumina-treated spectral grade acetonitrile
described in Part Il of this thesis was used.

The first wave probably correspouds to the reduction of hydrogen gas.
Billon (12) found hydrogen gas to be a product of the cathodic background
reaction. Since base is generated by the reaction, the hydrogen should be
oxidized at & much more negative potential than the value of 0.0 V observed in
acidic medium (vide infra). Oniy the first wave fits this description. In
osclllographic measurements with current reversal after 100 ms or less only
this first wave appeared, corresponding probably to the simple reversal of
reaction 1. Apparently some hydrogen gas is lost from solution in the measure-
ments at longer transition times. The same paenomenon was cbserved by

Mather (36) in reverse-current chronopotentiometric studies involving the
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generation of hydrogen gas in acetic anhydride and wae ascribed to the low
solubllity of bydrogen in acetic anhydride. The solubility of hydrogen in
acetonltrile (about 1073 M (37)) e alse low. Reverse-curreat chronopotentiograms
for the reduction of perchloric scid in acetonitrile solutions of tetraethylammonium
perchlorate Indicated loss of ‘hydmgcn. too; the figure cited aheire for the
oxidation potential of hydrogen in acidic acetonitrile solution is the potential
observed for the reverse wave. Thus in the measurements at very short
transition times no hydrogen i& lost from the solution and probably reaction 2
occurs to no great extent eithexr, since the reactants and products would be
expected to have different basicities and cause the oxidation of hydrogen to occur
in two steps. In the measurements at longer transition times some hydrogen is
lost from solution and then the excess cyanomethide ion and its condensation
product with acetonitrile (reaction 2) are oxidized at the electrode. The
occurrence of three waves i{ndicates that one of these species reacts in two
steps. Thie agrees -ith the fact that the total reverse wave is longer than 1/3
the duration of the cathedic current (fig. I-11), implying that more electrons are
consumed in the anodic process than in the cathodic one.

It tetraethylammonium ion were reduced at the cathode an expected product
I8 triethylamine. Amines have been produced by electrolytic reduction of
quaternary ammonium salts in water and in liquid ammonia (38, 39). Triethylamine
was found to give a well-defined oxidation wave at + 0.6 V in acetonitrile solutions
of tetraethylammonium perchlorate. No such wave appears in the current-reverse
chronopotentiogram for the cathodic background. The cathodic background

reaction does not therefore appear to be the reduction of tetraethylammonium ion.
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In conclusion, the chronopotentiometric data are consistent with reaction
scheme A or B of Billon (27} and loconsistent with the reduction of tetraetiyl -
ammonium ion., Of the two reaction seguences A and B, sequence A seems more
likely since acetonitrile is toc weak an acid to expect reaction 4 to go far enough
fast enough to regenerate the water necessary to support the reaction. An
alternative scheme which is consistent with the known facts and which would

account for the sensitivity of the background potential to moisture content is

2H,0 + Ze~ = W+ 20H (6)
20H™ + 2¢” = H, + 2072 @
02 + CHyCN = OH™ + CH,CN ()
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PART II

OXIDATION OF SUBSTITUTED ACETATES IN ACETONITRILE
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Introduction

Asg early as 1834 Michael I"..raday discovered that hydrocarbons were
formed on passing an electric current through acetate solutions (40). Fifteen
yearse later Hermann Kolbe conducted an Investigation of the anodic oxidation of
carboxylate salts that has glven his name to the coupling reaction which, though
only one of several competing processes in the oxidation, has been the one of
greatest synthetic value. Since then the number of publications dealiag with the
anodic oxidation of carboxyiate salts has run well into the hundreds. As the
characteristics of free-radical reactions became established the carboxylate
oxidation was found to fit well into this class and it is now widely accepted that
tice primary process is the discharge of the carboxylate anlon to the neutral
acyloxy radical, followed by or concomitant with decarboxylation to the alkyl
radical (41). But important questions remain unanswered: Does decarboxylation
follow or coincide with discharge? Are the reactive radicals adsorbed on the
electrode or free in solution? Can the alkyl radicals be further oxidized
electrolytically to carbonium ions? (The last question arises from the fact that
an important side reaction leads to the formation of alcohols in aqueous solution
and ethers in alcoholic solution, often with rearrangements typical of carbonium-~
ion reactions.) Direct answers to these questions can, in principle, be sought
through the use of modern electrochemical techniques such as those reviewed by
Vetter in a recent monograph (42). It is only necessary to find a solvent system
that dissolves reactaats and products and supports the flow of electric current

without iteelf reacting at the anode.
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We found that acetate lon could be oxidized in acetonitrile at potentials
well below the potential at wiich the solvent itself was oxidized. This was
discovered Independently by Geske (43) who wrote, '"These observatious finally
permlt a rational systematic study of the 'Kolbe synthesis' . . . " With optimism
akin to Ceske's a chronopotentiometric study of the electro-oxidation of a series
of substituted acetates was carvied out in acetonitrile solution, after flrat
verifying that ethane ls the principal product of the oxidation of acetate. The
optimism proved premature, Traces of water in the solution, which could not
be eliminated, were found to Interfere with measurement by reacting at the
electrode when carboxylate anlon was present though non-reactive otherwise.
Only certain qualitative conclusions could be reached,

A further specific objective of this study, besides elucidating the mechanism
of the Kolbe electrolysis, was the determination of substituent effects on the
electrochemical transfer coefficient o for the reactlon. Such a study has
never been performed and would be of great significance since the various
theoretical approaches to the electron-transier process at electrodes in solution
bhave led to different interpretations of the transfer coefficient. Thus Classtone,
Laidler and Eyring (44) interpret « as the fraction of the potential drop
between electrode and solution which affects the activated complex; Randles (45)
interprete o as an index of the symmetry of the potential barrier; Marcus (46)
interprets o as related to the work required to transport the ion to the
electrode before and after discharge; and Hush (47) interprets o ae the
fraction of time an electrom epends on the ion as it resonates between ion and
aslectrode in the activated complex., A study of substituent effecte would place
the meaning of the transier coefficient on a firmer basie. Because of the interfering

oxidation of water, only indicative resulte were achieved in the present investigation.
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Aunalysls of Products from the Blectrolytic Oxidation of Acetate Ion in Acetonitrile

To establish the principal reaction taking place and to make certain that
acetonitrile serves as an inert solvent, an anode product analysis was undertaken
for the electrolysis of a solution of tetrabutylammonium acetate in acetonitrile
with tetraethylammonium perchlorate as the supporting electrolyte. This work
bas been published (48).

Experimental

Reagents. The tetrabutylammontum acetate used was in the form of
double crystals containing 50 mole % acetic acid and was prepared by neutralizing
aquecus tetrabutylammonium hydroxide with a large excess of acetic acid,
evaporating to dryness at 60° C, and recrystallizing from benzene to obtsin
large white neediles. These double crystals, unlike most tetraalkylammonium
carboxylate salts, are not hygroscopic and are convenient to handle. Their meiting
range after several recrystallizations was 113-17° C, in agreement with the melting
point of 116° reported for tetrabutylammonium acetate prepared by a similar
procedure (49). If any loss of acetic acld took place below 113° C, it was not
accompanied by a visible change. The composition of the crystals was determined
by actdimetric titration of the acetate with perchioric acid in anhydrous acetic acid,
by titration of the acetic acid with sodium hydroxtde in aqueous sclution, and by
controlled-potential coulometric oxidation of the acetate in an acetonitrile

solution. The controlied-potential coulometric analysis, in agreement with the
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report of Geske (43), indicated that a one-electron oxidation of the acetate takes
place. The acetic acid present did not interfere, since acetic acid is not
oxidized below the anodic background potenttal in acetonitrile solutions of
tetraethylammoniumm perchlorate. The anode potentizl was held at +1.4 volts
ve. Hg/Hgo504/K2504 (sat. aq.) for the controlled-potential coulometric analysis.

Practical grade acetoniirile was purified by four or more distillations from
phosphorus pentoxide, followed by one from potassium carbonate (50). It was
stored in a siphon bottle fitted with a greaseless Teflon stopcock In the delivery
tube and protected from the atmmosphere with a drying tube. Tetraethylammontum
perchlorate was prepared by the method of Kolthoff and Coetzee (7) and was
recrystallized from water five times,

Apparatus and procedure. The products of the electrolytic oxidation of

acetate in ecetonitrile were identified by sweeping them from the anode compart-

ment of the electrolysis ceill with a stream of hellum and analyzing the effluent

gas by adsorption chromatography on silica gel. A current of 40.0 ma was

provided by a constant-current source of Lingane's design (31) to a platinum

gauze anode lmmersed in 20 ml of acetonitrile to which 0.5 gram of tetrabutyl -

ammonium acetate-acetic acid double crystals and 0.5 gram of tetraethylammonium

perchlorate had been added. The electrolysis was carried out at room temperature.
The electrolysis cell is shown in Figure II-1. The anode was separated from

the cathode by a salt bridge consisting of a 4- to 6-cm length of 6-mvm (1.d.)

Tygon tubing that had been rendered conductive by soaking it for several days in

a solution of sodium perchiorate tn acetonitrile and then passing current through

it to draw more electrolyte iuto the polymer. The bridge resistance was of the

order of 5 kilohms.



Anode compartment
Platinum gauze anode
Sat. aq. K9SOy4 salt bridge to refere&we
Helium inlet

Gas outlet

Cork sealed with epoxy resin
Agar-aq. K580y gel
Cathode

Treated Tygon tubing
Solid glass plug
Cathode compartment
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During the electrolysis helium was bubbled into the anode compartment at
a constant rate ( £2%) which was monitored by the pressure drop across a
fritted-glass plug in the gas stream. Upon leaving the anode compartment, the
gas stream was passed through a sulfuric acid bath to remove acetonitrile vapor and
then to 2 sample-collection vessel, After the start of the electrolysis, 5 to 10
minutes were allowed for attainment of a steady state; gas samples were then
collected at intervals and analyzed. Throughout the electrolysis the anode
potential stayed between 1.3 and 1.5 volts ve. Hg/Hg,504/Ky804 (sat. eq.),
increasing with the depletion of acetate ion. In this potential range no appreciable
oxidation of the solvent takes place: The background current in the absence of
tetrabutylammonium acetate was 0.2 ma at an electrode potential of 1.5 volts and
did not rise to 0.4 ma, or 1% of the current used In the electrolysis, until a

potential of 1.7 volts was reached.

Results and Discussion

The products observed and their ylelds were: carbon dioxide, 91 = 6%;
ethane, 77 £ 3%; and methane, 3.7 * 0.4%. The ylelds, based on theoretical
yielde of { mole per faraday for carbon dioxide and methane and 0.5 mole per
faraday for ethane, were calculated from the helium flow rate, the per cent
composition of the effluent gas, and the current. The limits of error are 93%
fiductal limits, assuming normal distribution of the sample population about the
true value, The random error is attributed partly to the gas analysis and partly
to fluctuations in cell operation, due to slight variations in temperature and
helium flow rate during the electrolysis, which changed the steady-state

partition of COy, CpHg, and CHy between the solution and the gas. Fourteen
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samples in all, from five different runs, were analyzed,

The principal reaction that occurxs is a simple Kolbe coupling. The
formation of ethane as the main product has been observed in the electrolytic
oxidation of acetate under suitable conditions in such varied solvents as water (32),
ethylene glycol (53), acetic acid (34, 55), methanol {86, 57, 55), ethanol (55), and
even fused salts (41). Considerable evidence supports the hypothesis of a free-

radical mechanism for this reactiorn {(41).

CHy; COO™ = CHy COO+ + @ 1)
CHy CO0+ = CHge + COy )
20Hys = C,Hyg 3

Methane Is a commonly observed side product in the electrolytic oxidation
of acetate. Its formation in aqueous solution has been shown by deuterium
tracer studies to involve attack by methyl radicals on acetic acid or acetate lon;
ethanol and methanol are preferentlally attacked if added to the electrolysis
solution (58). Therefore, in the presence of a large preponderance of acetonitrile
one might reasonably expect the acetonitrile to serve as the major source of
hydrogen atoms. The following reaction is thus regarded as the probable origin

of the observed methane:

CHg* + CHyCN = CH, + <CH,CN (4)

The free radical forrmed {n this reaction could couple with other radicsals present

to form succinonitrile or proplonitrile. No attempt was made to detect these.
The methane yield was not affected by adding enough glacial acetic acid

to the electrolysis solution to raise the acetic acid concentration to 0.5 M,

The initial concentration resulting from the acetic acid present in the tetrabutyl-

ammonium acetate crystals was 0.07 M.



It is not surprising that the measured vield of carbon dioxide is not 100%
and that the sum of the ylelds of methane and ethane is not equal to the carbon
dioxide yleld, In view of the free-radical reaction mechanism. Simple free
radicsls, because of thelr instability, are notoriousiy nonselective in their
attack - on neighboring molecules. The literature shows that a number of side
reactions could consume the radicals without resulting in the formation of the
major products. Such side reactions could lead to the formation of esters
(32, 54, 57, §9), diacyl peroxides and peroxy acids (60, 61, 62, 63), olefins
(54, 56), and alkyl perchlorates (63). Furthermore, the chronopotentiometric

data discussed later indicate concurrent oxidation of any water present as an

impurity.

Chronopotentiometric Measurements

Experimental

Reagente. Acetonitrile purified by two different procedures was used.
Some solutions were prepared from Matheson, Coleman, and Bell Practical Crade
acetonitrile which had been washed with cold aqueous KOH, dried over anhydrous
sodium carbonate, and distilied from P,0g three times, the last time under
nitrogen (64). Others were prepared from Matheson, Coleman, and Bell
Spectroquality acetonitrile which had been passed through Merck chrematographic
alumina (dxled at 350° ) and collected under nitrogen. The product of both
procedures contained 4 to 6 mM less water than the freshiy opened spactral
grade acetonitrile as determined by differentlal infrared obsorption at 1.9 u;

this is the order of magnitude of the water concentration quoted by the manufacturer
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for the spectral grade acetonitrile and both purification procedures may be
presumed to yleld a product containing at most two or three mM HyO. Koithoff
and Coetzee have prepared acetonitrile by the first method and found a water
content of lesas than 2 mM (7). Both preparations were found to contain no more
than 0.3 mM acetic acid by titration with agqueous NaOH; the spectral grade
acetonitrile contained substantially more before treatment with alumina. The
spectral grade acetonitrile contained an unidentified impurity which formed an
acid-soluble white precipitate with aqueous silver nitrate (acetate or cyanide?)
but which was removed by the alumina. Acetonitrile purified by the first method
showed strong absorption in the ultraviolet relative to spectral grade acetonitrile,
which in turn showed somewhat stronger absorption than the material which had
been passed through alumina. Thus the product of highest purity in the light of
these tests was the spectral grade acetonitrile which had been passed through
alumina. Duplicate measurements in both solvents failed to indicate any
difference in their electrochemical behavior, however. The acetonitrile was
stored in all cases in a siphon bottle protected by a drying tube, with delivery
countrollied by a greaseless Teflon stopcock.

Tetraethylammonium perchlorate was prepared as described in Part I of
this thests and drled over anhydrous magnesium perchlorate under oil-pump
vacuum. The product contained less than 1 mole % water as indicated by the
infrared absorption of its solution in acetonitrile. The dry product is easily
obtained and stored, since the crystals are not wetted by water; a submerged
crystal in a saturated solution may easily be set afloat with a pair of tweezers.

Linde High Purity Dry Nitrogen was, without further purification, used to

deaerate the solutions.
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Tetrabutylammonium salts were prepared by the exact neutralization of the
appropriate acids In water or water-methanol solution with aqueocus tetrabutyl-
ammonium bydroxide, using a Leeds and MNorthrup Model 7664 pH meter to
detect the endpoint. Tetrabutylammonium hydroxide was prepared by
recrystallizing Matheson, Coleman and Bell tetrabutylammonium lodide four
times from benzene, treating with excess freshly precipitated silver oxide in
water, flitering the solution and refiltering a week later to remove silver oxide
which passes as a colloid through the first flitration. The scids used varied in
parity, as listed:

Butyric, isobutyric, isovaleric, cyclopropanecarboxylic, and cyclohexane~
carboxylic acids were purified by preparative scale gas chromatography, followed
by simple vacuum distillation to remove any valve lubricant or column "bleeding”
from the chromatograph. Trifluorcacetic acid was fractionally distilled using a
50 cm vacuum -jacketed packed column with reflux head. The calculated amount
of water to form the water-trifluorcacetic acid azeotrope was added and the
mixture then refractionated. Dichloroacetic acid was fractionated under vacuum
using a 50 cm vacuum -jacketed packed column with reflux head. Cyanoacetic
acid was recrystallized three times from an ether-chloroform mixture. Acetyl-
glycine was recrystallized three tlmes from water. Malonic and dimethylmalonic
acids were washed with carbon tetrachloride and recrystallized once from ether
in a Soxhlet extractor. The remaining aclds were commercial reagent grade
chemlcals.

The solutions of tetrabutylarsmwonium salts were dehydrated undexr vacuum
to viscous liquids. Portiona of liquid were then delivered to individual volumetric
flagks of known weight and the flasks, together with their contents, dried for

several daye over phosphorus pentoxide under oill-pump vacuum.
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After admitting air to the system through a drying tube filled with anhydrous
magnesium perchlorate the flasks were quickly stoppered and weighed. Acetoni-
trile and tetraethylammonium perchlorate were delivered directly to these
flasks, which were stored in a desiccator until used. A crystalline material was
formed upon drying the salt except in the case of methoxyacetate, dichloroacetste,
and ethoxyacetate which formed clear viscid liquids, The concentration of
carboxylate anion in the solutions was determined by acidimetric titration with
perchioric acid in anhydrous acetic acid (65). Comparison of titration results
with the weight of tetrabutylammonium sait indicated that the water content of
the salt corresponded in most cases roughly to the monohydrate. Solutlons were
made up to contain 0.20 M (CaHg)4NCIO4 and about 0.01 M carboxylate salt.

Attempts to prepare the tetrabutylammonium salts of chloroacetic,
bromoacetic, diphenylacetic, and triphenylacetic acids by this procedure failed.
The chioroacetate and bromoacetate underwent nearly complete hydrolysis to
the halide (recoguized by ite chronopotentiometric behavior) and polyglycollide
{recognized by its melting point) despite reported preparation of the chioro-
acetate by a nearly identical metbod (66). Tetrabutylammonium triphenyl-
acetate formed a dark greenish-brown material upon dehydration. . Tetrabutyl-
ammonlum diphenylacetate also underwent decomposition, as indicated by changes
in its chronopotentiometric behavior with storage tlme.

Apparatus and Procedure

The apparatus described in Part I was used, except that the Heathkit power
supply was replaced by a Wenking potentiostat (Elektronishe Werkstatten,

Gottingen, Germany). This controlled the voltage across a standard resistor
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in series with the cell and hence the current through the cell. The silver nitrate
electrode described in Part 1 was used for all measurements.

The electrode and the cell in which it was mounted were cleaned with
potassium dichromate-sulfuric acid cleaning solution between measurements,
rinsed with water and drled at 130° C. While measurements were belng made
for Tables II-1 and 1I-2, current was passed through the electrode only in the
anodic direction to ensure a reproducible, thoroughly oxidized surface. The
most reproducible results were obtained after recording a preliminary
chronopotentiogram in which the potential was allowed to rise all the way to the
anodic background. (A similer observation was made by Hoh, McEwen, and
Kleinberg (4)). Runs on 2 giver compound were noncongecutive so that any
permanent change in the electrode surface resulting from the reacticn of some
particular compound would have been detected. No such change in electrode
properties survived the cleaning procedure. All measurements were performed

at 25.0 = 0,1° ¢,

Resuits

Stooth waves with well-defined transition times and no bumps or irregu-
larities were obtalned for salts of the following acids in deaerated solution:
acetic, propionic, butyric, isobutyric, pivalic, isovaleric, t-butylacetic,
methoxyacetic, trifluorcacetic, malonic {mono- and di-tetrabutylammonium
salte), and dimethylmalonic (mono- and di-tetrabutylammonium salts). Data
describing these waves are given in Table II-1, Transition times were found by

the method of Kuwana (see Appendix) and the value of no was obtained from the



Acid
Acetic

Proplonic

Butyric

Isobutyric

Plvalic

Iscovaleric

T-butylacetic

Methoxyacetic

TABLE II-1

CHRONOPOTENTIOMETRIC DATA
FOR SALTS OF SUBSTITUTED ACETATES
in CH3CN, deaerated,0.20 M (CyHg)NC1O,

Current Concen- i g E
Dens tration Ya
ma/cm mM sec volts
1.632 11.51 6.43 1.252
1.660 11.81 6.31 1.244
1.651 11.51 6.05 1.250
1.629 11,82 6.63 1.256
1.614 11.82 6.95 1.244
1.617 11.82 6.75 1.246
1.448 10.77 6.94 1.202
1.448 10.77 6.75 1.198
1.432 10.77 6.76 1.214
1.350 9.66 6.38 1.253
1.350 9.66 6.16 1.257
1.388 9.66 5.80 1.250
1.353 106.05 6.17 1.128
1.350 10.05 6.21 1.124
1.731 12.38 .52 1.140
1.610 12.38 6.38 1.128
1.617 12,38 6.36 1.133
1.134 8.15 6.27 1.264
1.142 8.15 5.85 1.258
1.410 10,18 6.10 1.267
1.407 10.18 5.78 1.272
1.412 9.80 5.27 1.280
1.210 9.80 7.21 1.271
1.399 10.08 5.81 1.141
1.399 10.08 5.99 1.139
1.372 10.08 6.10 1.144

nol

.310
.307
.302
.326
.320
.322

.329
334
.334

- 283
.285

.342
.338

.320
.321
.305

.229
.228
.282
. 230

. 255
. 255

.305
’3M
.330
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TABLE II-1
Current Concen- 4 E, not
Dens tration /&
Acid ma/cm mM sec volts
Ethoxyacetic 1.312 6.50 5.12 1.193 « 267
1.283 9.50 5.88 1.173 272
1.300 9.50 5.65 1.195 . 269
Malonic (di-(C4Hg),N salt)
. 582 6.86 9.18 .983 .216
. 584 6.86 9.08 .981 .220
Dimethylmalonic (di-(CyaHg)yN salt)
- 6.55 4.42 .865 . 207
.874 6.55 3.99 .865 . 208
. B8Y 6.55 4.07 .832 . 200
Trifluoroacetic 1.103 8.12 (a) 7.31 2.146 .193
1.212 8.12 (a) 6.55 2.128 174
1.204 8.12 (a) 6.38 2.135 .176
Dimethylmalonic (mono - BugN salt)
.524 7.56 7.39 1.836 ()]
.529 7.56 7.13 1.848 (b)
.520 7.56 7.55 1.825 )

(a) Calculated from weight of tetrabutylammonium trifluoroacetate used to pre-
pare solution.

(b) The wave for tetrabutylammonium hydrogen malonate showed curvature at
the quarter-wave point.
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TABLE II-2

CHRONCOPOTENTIOMETRIC DATA
FOR SALTS OF SUBSTITUTED ACETATES
in air-saturated 0.20 M (C:!Hs)‘NClO‘ in CH3CN

.\
o 4
A Concen- B 1/4 Current cm-sec 1/2.
_ tration Dnansit:y2 amp
Acid sec mM volts ma/em moles

Butyric %.62 9.02 1.274 1.149 328
6.70 9.02 i.266 1.149 329

5.54 9.02 1.260 1.273 332

6.10 9.66 1.254 1.380 345

6.01 9.66 1.259 1.350 343

5.62 9,66 i.244 1.388 340

Isobutyric 5.85 8.94 1.176 1.221 334
3,87 8.84 1.178 1.210 331

5.34 8.84 1.174 1,274 333

5.96 9.70 1.150 1.353 340

6.06 9.70 1.152 1.350 342

6.00 9.70 1.158 1.350 341

Isovaleric 5.26 8.24 1.249 1.183 329
5.29 B.24 1.245 1.183 330

5.45% 8.24 1.247 1.191 337

5.45 8.15 1.247 1.134 325

5.50 8.15 1.240 1.134 326

5.78 8.15 1.239 1.142 337

5,88 10.18 1.244 1.410 33%

5.81 10.18 1,246 1.407 333

Proplonic 6.65 10.60 1.219 1.448 352
6.43 10.60 1.219 1.448 346

6.76 10,60 1.236 1.432 351

Pivalic 5.20 7.32 1.116 1.070 333
5.16 7 .32 1.123 1.070 332

5.66 12.38 1,115 1.731 333

6.53 12.38 1.104 1.610 333

B.44 12.38 1.109 1.617 332

Acetic 6.20 11.51 1.265% 1.632 353
6.16 11.51 1.250 1.660 358

5,72 11.51 1.256 1.651 343

6.66 11.82 1.251 1.629 355

6.80 11.82 1.249 1,614 356

6.75 1:.82 1.248 1.617 355



T
Acid sec

Acetylglycine 8.19
5.15

Cyclopropanecarboxylic
7.60
6.50

Cyclohexanecarboxylic
5. 74
5.65

Cyanoacetic 6.80

T-butylacetic

Nosso
el I B
[¥ W Bl - N Y

Malonic (mono-(C H

R

3

Ethoxyacetic

8R8

Trifivorocacetic

oG
R QA

Malonic (d1-{C Hg),N
ol 5
7.04

N

salt)

salt)
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Dimethylmalonic (mono-(C4H9)4N salt)
7.39 7.56

L]

7.11
7.40

Dimethylmalonic (di-(CyaHg)yN salt)
(o atigha &)

3.67

TABLE -2

Concen-~ B
tration 1/4
mM voits
10.10 1.281
9.83 1.268
8.74 1.287
9.25 1.308
8.76 1.223
7.56 1.214
11,57 1.380
10.82 1.442
11.587 1.379
11.57 1,382
7.82 1.246
7.82 1,246
7.82 1.236
5.80 1,248
.80 1.242
9,30 1,728
9!30 1.7m
G, 50 1.102
9,50 1,106
9,50 1,106
8.12 (a) 2.151
8.12 (a) 2.137
8.12 (a) 2,143
6.86 . 899
6.86 . 890
1.774
7.56 1.780
7.586 1.781
5 . 821
.55 .829

Current
Denslt'yz
ma/cm

1.437
1.410

1.100
1.237

1.207
1.028

1.512
1.410
1.504
1.304

1.070
1,070
1.070
1.412
1.210

1.412
1.‘18

1.312
1.283
1.300

1.108
1.212
1.204

.582
.584

.990
1.000
.983

L] 874
.889

s

cm -so::’ /2.
amp
moles

324
325

347
340

330
323

341
389
338
344

343
311
327
332
330

366
366

318
332
331

67
378
374

226
226

356
353
353

260
260
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TABLE 11-2

i’/ C
T Concen-~ B 1/4 Current cm -sec“ 2.
tration Density, amp
Acid sec M volts ma/cm2 moles
Dichlorcacetic 6.17 10.50 1.608 1,470 347
6.76 10.50 1.600 1.399 346
6.81 10.50 1.606 1.288 320
Glycolate 6.54 10.74 1.19 1.470 350
7.71 10.74 1.20 1.392 360
7.82 10.74 1.20 1.372 357
Methoxyacetate 5.76 10.08 1.078 1.399 333
5.76 10.08 1.074 1.399 338
6.08 10.08 1.075 1.8372 335

(a) Concentration calculated from weight of tetrabutylammonium trifluorcacetate
used to prepare solution.
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quarter -wave slope and the transition time as described in the Appendix. Plots
of E against log [1 o= (;—%) “ deviated somewhat from linearity, seriously in
the cases of mono- and di-tetrabutylammonium malonate, mono-tetrabutyl-
ammonium dimethylmalonate, and trifluorcacetate ({igs. II-2, II-3). Cyclo-
propanecarboxylate and cyclohexanecarboxylate gave smooth waves which did
not yield linear plots of E against log [| o (%) Va.] and which occurred at
increasingly anodic potentials for consecutive runs unless the elsctrode was
cleaned by anodlzation at the background potential for a few seconds before each
run. The remalning salts, and the above as well in solutions containing oxygen,
gave waves of more or less irregular shape which are reproduced in Figures
il-4 to II-15. Corresponding numerical data are collected in table 11-2.

Well -defined transition times were obtalned for ail salts listed in table II-2,

unaffected by deaeration except for the slight increase due to evaporation of

solvent.
e
Diffusion coefficients calculated {rom - are listed in decreasing oxrder
LoV
in table 11-3, Constancy of _‘_'_1_;_7. { £ 10%) over the current range from about 1.4

2 was verified from oscllioscope traces of the waves for acetate,

to 14 ma/cm
dichloroacetate, methoxyacetate, cyclopropanecarboxylate, cyclobexanecar-
boxylate, trifluoroacetate, di-tetrabutylamonium dimethylmalcnate, and
aminoacetate and can be assumed for the remaining salte. This proves the
reaction to be diffusion-controlled. The waves were not much affected by the
additlon of small amounts of water (fig. II-16) or changes in the concentration of
supporting electrolyte (table II-4) but were quite sensitive to the presence of

small amounts of the conjugate acid (fig. II-17).
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FIG. II-3
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FIG. 11-4

11.8 mM tetrabutylammonium accetate, 0.20 M tetracthylammonium perchlorate,
1.62 ma/cm~ (1) air-saturated (2) deaerated

-1.4
E

-1.6 V.

L2 SEC. T

FIG. II-5

10.8 mM tetrabutylammonium propionate, 0,20 M tetraethylammonium perchlorate,
1.43 ma/cm? (1) air-saturated (2) deaerated
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FIG. II-6

9.7 mM turtr;)lhut_\'lammonium butyvrate, 0.20 M tetracthylammonium perchlorate,
1,35 ma/cm~ (1) air-saturated (2) deaerated

E
- 1.2
~ 1.4 V.
PIG. I1-7
10.0 mM tetyabutylammoniam isobutyrate, 0.20 M tetraethylammonium percblorate,

], 3% mafem” (1) air-saturated (2) deaerated



-2 V.

}2 SEC.% T

FIG. 1I-8
9.3 mAl tu'[l'iibU[}']LHNIN()[H%IIN hydrogen malonate, 0.20 M tetraethylammonium
percilorate.

1.42 ma/cm~ (1) dcaerated (2) air-saturated

-0

-2 V.

#2 SEC.% 4

F1G . =9

6.7 m\I di-tetrabutviammonium malonate, 0.20 M tetraethylammonium perchlorarte,
= ) ;
0.3 ma’‘cm- (1) deaerated

(2) air-saturatced



-0

-2 V.
AZSEC.J +

| 1

FIG. II-10

6.6 mM di—tetrabutylamml?nium dimethylmalonate, 0.20 M tetracthylammonium
perchlorate, 0.98 ma/cm= (1) air-saturated (2) deaerated

1.2
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E
1.6 V.

2 SEC.J 4

r 1

FIG. II-11

10.7 mM tct_lgabut_vlummonium glycolate, 0.20 M tetraethylammonium perchlorate,
1.47 ma/cm= (1) air-saturated (2) deaerated
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2 SEC.

EIG, II-12
10.5 mM tetrabutylammonium dichloracetate, 0.20 M tetracthylammonium
perchlorate, 1,29 ma/cm?2 (1) air-saturated (2) deacrated
-

ré.2

2.4 V.

2 SEL.

=
L}

Flc, 11-13

8.1 mM tetrabutylammeonium trifluoroacetate, 0.20 M tetraethylammonium
perchlorate, 1.20 ma/cm? (1) air-saturated (2) deaerated
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T

FIG. II-14

11.6 mM tutrabut_vlummun)ium cvanoacetate, 0,20 M tetracthylammonium
perchlorate. 1.50 ma/cm- (1) ai