UNIVERSITY Services

LEHIGH | s,

The Preserve: Lehigh Library Digital Collections

An Ac Polarographic Study Of Some

Electrochemical Reaction
Mechanisms.

Citation

EVILIA, RONALD FRANK. An Ac Polarographic Study Of Some Electrochemical Re-
action Mechanisms. 1969, https://preserve.lehigh.edu/lehigh-scholarship/gra
duate-publications-theses-dissertations/theses-dissertations/ac-polarog
raphic.

Find more at https://preserve.lehigh.edu/

This document is brought to you for free and open access by Lehigh Preserve. It has been accepted for
inclusion by an authorized administrator of Lehigh Preserve. For more information, please contact
preserve@lehigh.edu.


https://preserve.lehigh.edu/lehigh-scholarship/graduate-publications-theses-dissertations/theses-dissertations/ac-polarographic
https://preserve.lehigh.edu/lehigh-scholarship/graduate-publications-theses-dissertations/theses-dissertations/ac-polarographic
https://preserve.lehigh.edu/lehigh-scholarship/graduate-publications-theses-dissertations/theses-dissertations/ac-polarographic
https://preserve.lehigh.edu/
mailto:preserve@lehigh.edu

This dissertation has been
microfilmed exactly as received 70-1720 ‘

S~ 4

EVILIA, Ronald Frank, 1943-
AN AC POLAROGRAPHIC STUDY OF
SOME ELECTROCHEMICAL REACTION
MECHANISMS.

Lehigh University, Ph,D., 1969
Chemistry, analytical

University Microfilms, Inc., Ann Arbor, Michigan



AN AC POLAROGRAPHIC STUDY OF
SOME ELECTROCHEMICAL REACTION MECHANISMS

by

Ronald Frank Evilia

A Dissertatlon
Presented to the Graduate Committee
of Lehlgh University
in Candldacy for tbe Degree of
Doctor of Philosophy
in

Chemistry

Lehigh University . .
1969

rab



CERTIFICATE OF APPROVAL

Approved and recommended for acceptance as a disserta-~
tion in partial fulfillment of the requirements for the
degree of Doctor of Philosophy.

W | ’

gg;feaaor in Chﬁ%ge v

Accepted 4@,‘1 2, /787
(date)

Special committee directing
the doctoral work of Mr.
Ronald Frank Evilias

A. James Didfenderfer,
airman

/ Villedn éj QMW%&“

Dr. William E. Ohnesorge ./

2L ot/
U RO

Dr. Thonal R. Ortolano

11



ACKNOWLEDGEMENTS

The author thanks Professor A. James Diefenderfer
for hlis encouragement and guldance., He also thanks Profes-
sor W, E. Ohnesorge for many helpful discusslons,

Thanks are also glven to the department of Saline
Water fér a research asslstantship and to Lehligh Unlversity

for the student chemical soclety fellowship,

111



DEDICATION

To Debble

iv



TABLE OF CONTENTS

Abstract

Section I - Introduction

Section II - Construction of Polarograph
Introduction
Evaluatlon

Section III - Electrochemlstry of the Monohalo-
pyridines

Introduction
Experimental
Results and Discussion
Section IV - Reaction of U(III) with Nitrate ion
Introduction
Purpose of Uranium Study
Experimental
Results

Proof of a Chemical reaction between
U(III) and Nitrate ion

Ac Polarographic Behavior of U(VI) and
U(IV), no Nitrate

Effect of the Reaction of U(III) with
Nitrate lon on the ac Polarographic
Behavior of U(VI) and U(IV)

43
ks
16
69
69
76
26
78
78

82

99

Rate of reaction of U(III) with Nitrate 106

lon and the Mechanism of Reaction
Concluslons
References

Vita

136
138
142



Figure

O 0 N Oy

10

11

12

13

14

15

16

17

18

LIST OF FIGURES

Page
Block Diagram of the Lock-in-Amplifier 17
Schematic Diagram of the Polarograph 21

24
In.Phase_Polarggram of a,Mixture of Cu ', 24
szf' In3+. Ca2¥, and Za2¥
Three consecutivs4 Coincidental ac polaro- 26
grams of 1 mM Cd
Ac Peak Current versus Peak-to-Peak Applied 29
ac Voltage
Ac Current versus Cdz* Concentration 32
1
Ac Current versus W2 for ca* 35
Determination of the Phase Angle 38
Second Harmonic Ac Polarogram of Cd2+ 5
Dc Polarographic Half-wave Potential versus 48
pH ‘
Comparison of the dc Polarographic Respon- 51
ses of 2 and 3- Iodopyridine at pH=8
Ac Polarographic Phase Angle versus Ap- 62
plied Potential, Halopyrildines
1 1 -
Log((I_/I}? «(I_ - I/I)®) versus E for the B85
Seconderanyl wave
1 1

Log ((I_/I)2 - (I_ - I/I)2) versus E for 87
the UraRous ReducPion
Cotangent of Phase Angle versus Frequency, 90
Second Uranyl Wave
Cotangent of Phase Angle versus Applied 93
frequency, Uranous Wave
Cotangent of Phase Angle versus Applied 95
Potentlial, Uranous Reduction .
Cotangent of Phase Angle versus Applled 97

Potentlal, Second Uranyl Reduction

vi



19

20

21

22

23

24

25

26

27

28

Theoretical Cotangent of Phase Angle 101
versus Frequency, Simple Catalytic
Mechanism

Cotangent of Phase Angle versus Applled 104
Potential, Second Uranyl Wave with Nitrate

Cotangent of Phase Angle versus Applied 108
Potential, Uranous Wave with Nitrate

Working Curve for the Determination of 111
Rates from Phase Angle Measurments

Rate of Reaction of Nitrate ion with U(III)ll4
determined from Phase Angle Data

Variation of Peak Current wlth Frequency 119
at Various Nitrate Concentrations,
Second Uranyl Wave

Variation of Peak Current at 150 Hz with 123
Variation in Nitrate Concentration

Reevaluation of Korytat's Data assuming 126
non-unity orders of Reaction

Rate of Reaction of U(III) with Nitrate 129
determined.by current ratio Technique as
a function of Nitrate Concentration

Variation of %k° With U(IV) Concentration 131
Determined by Burrent Ratio Technique

vii'



Table

LIST OF TABLES

Summary of dc Polarographlc Halopyridine 53
Data

pH at which the Half-wave Potential becomes 66
a funqtion of pH

viii



ABSTRACT

The construction of an ac-dc polarograph 1s described., .
The dc section of the polarograph is of standard design. The
ac section makes use of a commercially avallable lockin
amplifier. The instrument is tested with the model system
ca+, 2e;:Cd(ﬁg) and 1s found to be equal to or better than
previously described ac polarographs, This design 1s
considered superior to the previous ones because 1t 1s easler
to construct and to operate than the other avallable desligns.

The mechanism of the electrochemical reduction of the
monohalopyridines is studled with the instrument. The dc
polarographic half-wave potential 1s found to vary with pH
( over a range of pH's determined by the isomer being reduced).
The half-wave potential is determined by the isomer belng
reduced and the pH of the solution, At high pH it is observed
that all 1lsomeric iodopyrldines_reduce with the same reduction
half-wave potential. The polarographically measured pKa's
values of the various pyridinium specles are in poor
agreement with the literature values.

Two mechanisms for the halopyridine reductions are
proposed: an acidic mechanism and an alkaline mechanism,
The acldic mechanism 18 a two step process which explains thb
pKa values on the basis of the stabllity of the intermediate,

The alkaline mechanism 18 an EC mechanism in which the carben-

halogen bond 18 polarized prior to electron transfer,
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The catalytic oxidation of uranium (III) by nitrate
jon was studied by ac polarography. The reaction mechanism
was not a simple collisional process, The observed rate
law is:

Rate = kj (N0)* - k, (U0S*)Y
A mechanism involving an "electron bridge" between the
electrode and‘nitrate jons is proposed from the rate law.

+
The mechenism of reduction of UO2 to U3+ ig found to

be
UOS + e~ —_— uo,
uo, 4+ byt —  aadn H,0
Ly - — g3+
U + e —— U

The reduction of uranium (V) to uranium (III) in the
presence of nitrate ion 1s found to give ac polarographic

data inconsistent with any mechanism studied theoretically.



INTRODUCTION

This dissertation discusses three topics which are not
closely related to each other, The techniques used are the
same, but the emphasis and interpretation are different,

The first séction discusses the construction of the
ac - dc polarograph used for the two subsequent chemical
investigations. The maln emphasis in the construction of
the instrument sectlion is the design and evaluation of the
ac polarographic operation of the instrument. Familiarity
with dc polarography and instrumentation 1s assumed,

Much of the interpretation of the subsequent sections
is based upon ac polarographic data; the mechanistic inter-
pretatlon of these data has only recently become available
(1). A brief discussion of ac polarographic theory follows.,

Ac polarography has been known for many years bdbut,
lacking adequate theoretical studies, it has not been used
extensively except for quantitative analyslis, Due to the
rather unsophlsticated approach to ac polarography taken in
the pést, there_have been many misconceptlons as to what an
ac polarographlic wave means. For example, for many years it -
was thought that an irreversible electron transfer reaction
would not give a wave, but several recent treatments have
shown that lrreversible processes do glve rise to ac polaro-
graphlec waves, although of decreased current magnitude (2,3,4).
Much of the reason for the inadequate theory is the great

mathematical complexlty which can only be solved now by means



of digital computer approximation techniques,

The first step toward rectifying the theoretical
inadequacies was %aken by Matsuda who developed a method of
dealing with systems more complicated than the simple
Nernstian charge transfer mechanism (5). Recently Smith
has devoted himself to the problem using the origlinal work of
Matsuda as a starting point., He has conslidered many general
reaction mechanisms. A complete discussion of Smith's work
i1s beyond the interest and need of this dissertation, however,
the general approach will be discussed briefly, The original
works should be consulted for a more complete description of
the theoretical solutions,

The first system to be investigated theoretically was,
of course, the reversible (Nerstian) charge transfer system
represented by

Ox + ne= Red
where the partial differential equatlions and boundary values

for a stationary planar electrode are (1,6):

—2.CoxX_ _ poy 9 2cox

St (1) t=0, an y X Cox = Cg
Jd X Cred = Cged (3)
D Cred _ 2 t >0 Cox —» Cg (%)
2 t Dred%ﬂ 2)  x2c Cred —» Cred
t>0, X=0 Dox_.2 COX = -Dred__ 2 Cred 1(t)
D X ) = (5)
X nFA
Cox = Cred(Dred/Dox)¥exp (nF/Rt(E(t) -E])) (6)



5
Equation (6) is simply the Nernst equation written in

terms of the dc reversible half-wave potential and rearranged

to solve for Cyx. Usling the method of Laplace transforms to

solve the above boundary value problem ylelds (1):
Cox = Cox - —1—32192 + (7)) Cred=Cred+ 1(t-u)du
x=0 nFA(DOn'u)2 nFA(Dy m u)?

Assuming that c;ed=0 and substituting equations (7)
and (8) into equation (6) and rearranging'yieldsn

e'J(t)-e;J(t)j f (t=u)du "’ (t-u)du

(mr ) A C u)a (9
where W) = nFA%é;)ﬁx 3(£)=nF/RT(E(t)-E])

The potential of the electrode in an ac polarographlc
experiment 1is:

E(t) = - DEsin wt

Bac
Assuming that the Ej. term 1s constant and substituting the
potentlal term into the above yields (1):

e=3(*) = e7J exp (nP OE/RT)(sin Wt) (10) J=BR(Bdc-E])

Smith then developed a power series expansion for the
exponential terms as shown belowu .

exp(nFAE/RT)(sin Wt) = Z(nF OE/RT)P(sinwt)P
[]
o Pz0 P

Yo = Z’f’(t kt)inF O E/RTIP p= 0,1,2,0u00.

P=0

(11)

(8)



6

Then substituting back into equation (9) and equating equal
nF&E

powers of (—sm— ). a system of integral equations is
obtained as below:

P < t

J(qin U)t)p j{:e'J(sin th)r e (t-m)du Q{ (t-u)du (13)
D! r! ‘n'u)z - (‘n’u)z

This then 1s the general equation which must be solved

for different faradalc components (values of p)., The
fundamental harmonic component is p=1, the second harmonic
component 1s p=2, etc. The results of the solution of
equation (13) as given by Smith are shown below for the
fundamental and second harmonic components (1):

1
I( Wwt) =K W=

I(2 w t)ﬂ%ﬁwésmh(ﬂz)
heosh™ (3/2)

16 cosh3(3/2)

# 1
&= nF AE/RT K = nFAC_D?
Thus the solution of even the Nernstian charge transfer
problem is very complicated, If one considers non-Nernstian
charge transfer problems, the Nernst equation must be

replaced by the absolute rate expression (1,7):

1(t) = Cox exp(gan—(E(t) E®))-Cred exp(-('R—g.z)-g(E(t)-Eo))
nFAkg =0 X‘O -
If one also conslders coupled chemlical reactions, the

boundary conditions must then be changed to fit the chosen
reaction scheme, Consideration of non-linear diffusion and
expanding electrode geometry adds further complications.
The solutlon of the problem becomes too involved to be
obtained by any exact techniques. Smith has, however, used

digital computer approximation techniques to obtain solutions
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to many different boundary value problems, These solutions
are avallable in the literature and will not be reproduced
here (1,8,9,10,11,12,13)., The solutions given in the
literature present graphically the theoretical values of
phase angle and current magnitude as functions of the
critical parameters (electron transfer rate constants,
chemical reaction rate constants, chemical equilibrium
constants, transfer coefficients and half-wave potentials)
for the varlous mechanisms,

Desplte the now present wealth of theoretical ac
polarographic data, the interpretation of experimental
results 1s difficult. The reason for the interpretation
difficulty 1s twofold., If one considers the "slﬁple"
prhase angle data, all of the following wvarilables affect the
‘measured value: ele¢tron transfer rate constant, chemical
reactlon rate constant, transfer coefficient, chemical
equllibrium constants, half-wave potential differences
(two step mechanism). The current magnitude is affected
by all of the above as well as by the mass transfer variables
and electrode geometry (drop growth and fall) variables,

The second interpretation difficulty is the great number

of data treatments possible. An ac polarographic experiment
generates a great deal of data which may be analyzed in
several ways; this means that to analyze all the data in all
the possible manners will require a great deal of time,

While this 13 not a theoretical problem, it must be considered



from an operational standpoint. These conslderations
1imit the usefulness of ac polargraphlc data.

Other techniques used in this work are well-known
standard techniques: dc polarography, controlled potential
electrolysis, potentiometry and shall not be discussed here.
Ample descriptions of these techniques are avallable 1in
standard texts (14,15).

The second section of this dissertation is concerned
with the mechanlsm of the electrochemical reduction of the
monohalopyrldlnes. The dec polarographlic data is stressed
and ac polarography 1s used to add some detalls which could
not be determined by other means, The halopyridine work
‘111ustrates the use of ac polarography for qualitatilve
information., No attempt was made to determine rate constants
for the proposed mechanism due to the unavailability of
some necessary data (individual transfer coefficients,
electron transfer rate constants, and individual half-wave
potentials). |

The third section is an ac polarographic study of the
reaction of uranium (III) with nitrate ion, Uranium (III)
1s electrochemically generated from uranium (VI) (or U(IvV))
and ls then oxldized to uranium (IV) by nitrate ion. Ac
polarographic data are used as the ma jor argument in

elucidation of the proposed mechanism.



CONSTRUCTION OF~AN AC - DC POLAROGRAPH

Introduction

With the recent renewed interest in ac polarographic
theory the need for adequate ac polarographic instrumentation
has become obvious (1,2,3,4,5,8,9,10,11,12,13). A research
quality ac polarograph must do several things. First it
must control the de¢ potentlal of the working electrode as
accurately as a dc polarograph, Second 1t.must be able to
superimpose upon the dc potentlial an altefnatlng potential
(usually slnusoidal) of known and variable magnitude and
frequency. Third it must be able to measure the ac
component of the total current which flows through the cell,
In additlion to the above "classic" requirements of an ac
polarograph, the modern ac polarograph must also provide a
means whereby the phase angle of the ac current, relative to
the applied potential, can be méasured. The reason for this

last requirement is that modern theoretical studies have

shown that the phase angle of the current is a useful method

of determining kinetic parameters (1,8,9,10,11,12,13), The
first three of the above requirements are rather easy to
obtain, The last requirement, phase detection, however,
presents a much more difficult problem,

Recently several workers have developed research
qualiéy operational amplifier based ac polarographs which
meet all of the above requirements (14,15,16,17). A design
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using highly tunéd twin T fllters has been presented
(14), This approach has the serious shortcoming that
operation at several different frequencles 1s difficult
because the tuned ampliflers must be retuned for each new
frequency of operation. Because ac polarographic measurements
are low level measurements ( 100 v) it 1s important that
the nolse level be as small as possible, Hence the very
sharply tuned amplifiers are necessary. The highly tuned
amplifiers lower the nolse level by having very low gain
at all but the deslired frequency. This means that if one
of the amplifiers (there are several tuned amplifiers in the
instrument) is not tuned properly, the gain at the desired
frequency will be very low also and no signal will be seen.
Another approach to accomplish the above aims has been
the use of an analog computation technique (17). In this
method, standard operational amplifler clrcuitry'is used to
control the working electrode potential and perform pre-
liminary amplification of the ac signals., An osclllator
i1s used to supply the sinusoidal signal. The phase and
frequency detection are accomplished by means of an analog
multiplication making use of the following trigonometric

identitles:

(a)sin w t(b)cos Wt

% (sin 2 Wwt)
(a)sin Wt(b)sin Wt

? (l-cos2 W t)

If the signals are of different frequency or phase, no

constant (dc) component is obtained, The dc component is
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measured and is proportiomal to the magnitude of the
signal in phase wlth the reference signal. One signal
(sine term) 1s simply the appropriately ampiifled
osclllator slignal while the other signal is the properly
amplified current signal (after being changed to a voltage
signal). By phase shifting the oscillator signal by 90
the dc¢ output becomeé proportional to the.9d'out of phase
(quadéature) current signal. Hence, phase angles can 56
measured by taking first the in-phase and then the quadrature
polarogram. This design has the advantage over the tuned
amplifier technique in that the frequency and phase
sensitivity is charabteristic of the multiplicatlion technique
and, hence, highly tuned operational amplifiers are not
needed and thus the tuning problems inherent with highly
funed ampliflers do nof appear. It 1s also relatively easy
to compensate for 1R losses by this method. The major
disadvantage with thls method is the large amount of
cilrcuit wiring which must be done by the constructor (eleven
operational ampliflers in addltlon to the analog multipller-
divider are needed) and the corresponding callbration
problens,

The method of phase and frequency detection used in
this laboratory and to be further described below eliminates
thg problems inherent with the tuned amplifier method
without getting involved in the problems mentioned for thé
analog computation method. The polarograph uses a

commercially avallable lock-in amplifier (Princeton Applied
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Research, model HR-8) and standard operational amplifier
potentiostat design to accomplish the result,
Theory of Operation

The potentliostat, ramp generator and dc current
amplifier are constructed of Philbrick SP 656 solid state
operational amplifiers in a configuration of standard
design (16,20,21). A positive feedback loop was included
in the instrument to compensate for iR losses by the
method of Brown et, al. (which 1s only useful for
stationary electrodes)(16). The follower amplifiers were
SP 656's in the grounded output configuration (22) the
instrument being of the voltage follower design since this
design has been found to be more stable when positlve
feedback 1s employed than the current follower design (16).

The operation of the potentiostat sectlon of the
instrument can be understood by considering some basic
characteristics of operational amplifiers, An inverting
amplifler is essentially a hlgh gain amplifler the output
of which 1s reversed in sign from the input. A portion
of the output signal is fed back to the input through an
appropriate impedance, This tends to hold the 1lnput at
(virtual) ground potgntial. If a feedback loop 1s not
included, the amplifier will saturate (because it will try
to bring.the input to ground potential through an infinite
impedance) and the amplifier cannot be used. The current
drawn by the input of an operational amplifier (inverting

amplifier) 1s very small and can be considered to be zero
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for out purposes. Consider the circuit shown below;
lm b

— AN 2
EEIZ '1‘_53 | _@_Eo
|2 -

Assume all the resistors are equal, Eo is the output
potential, E; and Ez are the input potentials (relative
to ground). Because the input current drawn by the
amplifier (the triangle the base is the input, the apex
is the output), i;+ipz= -13 (Kirchhoff's law) and from
Ohm's lawi 1;=E1[R, 1p=Ep[R, 13=E,[R. Hence, =Eq=Ej+Ej.
This configuration can be generalized for any number of

. inputs, The resistors can be differeht values to get
nonunity gains. For our purposes the output of this
configuration is E, = -E:El. A similar analysis of
different feedback and input impedances yields cbnfiguratlons
which will perform many useful tasks (integration,
differentiation, logarithm, etc.) and is the basis for
analog computer solutions of many problems.

A follower amplifier has the following properties:
input current extremely small (very high input impedance),
unity galn, non-inverting. Thls means that the output
potential 1is exactly the same as the input potential 1ln both
magnitude and sign. The advantage of the follower is that
it will not load the source and hence can be used with
high impedance sources (although it is not as good as an

electrometer).
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If we now conslider the circult shown below the

basic reason why a three electrode potentiostat works 1s
obvious:

—{>
By

R ~I
F
Es R R

Because the output of the invertling amplifier is such that
it will bring the input to ground potential, the output will
increase until the output of the follower (which 1s the
feedback loop) 1is 'j{?i' This means that the input of the
follower must be. at -ZEi relative to ground. Hence the
reference electrode must be at - EE& relative to ground.
Thus the working electrode, which is at ground potential,
must be at EE?1 relative to the reference electrode. If one
of the inputs is a linear ramp and the other a sine wave,

we have the basic circult of an ac polarograph less the
current measuring device, Because the follower allows so
1little current to flow into 1its input, the reference
electrode does not pull any appreciable current and all
current flow occurs between the auxiliary electrode and the
working electrode. The fact that so little current flows
through the reference electrode has two advantages: the
reference potential does not change slignificantly from
exper;ment and high reslistance salt bridges may be used

because the 1R drop 1s very small,
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The alternating current functions of the polarograph

are performed by the lock-in amplifier (LIA) mentioned 1n
the previous section. The detalled operation of lock-in
amplifiers can be found 1n several places (23,24).
Basically the LIA 1s an ac voltmeter which responds only
to signals of a specific frequency (the reference frequency)
and in phase with the reference frequency. The LIA used in
this work has a bullt-in reference oscillator (although
operation with an external reference osclllator can easlly
be accomplished) the output of which after proper attenuatlon
is used as the source of sinusoldal signal for the
polarograph. The input signal to the LIA is "mixed"
heterodyned with the reference signal producing sum and
difference signals, The difference signal between the
reference and the desired frequency is zero (dc) and this
is the signal which is further amplified and flltered to
remove components of noilse frequencles close to the
reference frequenpy. A block dlagram of the lock-1in
amplifier is shown in Figure 1. A phase shifter 1s
included in the circult between the mixer and the reference
oscillator so that the output can be made proportional to
the component at any phase relative to the output of the
reference oscillator. For ac polarography, the components
of interest are the O (in phase) and 90 out of phase
(quadrature) compohents of the current,

The ac current 1s measured by applying the voltage

drop across a 500 ohm load resistor.to the input of the LIA,



16

FIGURE 1

Block Diagram of the Lock-in-Amplifiler
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The output of the LIA 1s then proportional to the current
flowing through the cell at whatever phase the LIA is
tuned, The output of the LIA can be changed from relative
current to absolute current by means of the sensitivity
setting of the LIA and Ohm's law.

Using the LIA eliminates the tuning problems
assoclated with the highly tuned amplifier technique and
the wiring and calibration problems of the analog
computation technique,

Second harmonic ac polarography can be performed with
relative ease using the LIA approach but is very difficult
with the analog multiplication method because of the need
for two synchronized oscillators, Second harmonic operation
ls also difficult with the tuned amplifier apprcach,
because of tuning problems,

To do second harmonlic ac polarography with the LIA
polarograph and external oscillator is needed, The
osclllator signal 1s applied to .the cell through the
summing amplifier in the same manner that the reference
osclllator signal 1is applied for fundamental harmonic
polarograms, The LIA is placed in the external reference
mede and tuned to twice the oscillator frequency by
applylng the oscillator signal to the reference input
terminal 6f the LIA through a rectifier. The rectification
procedure changes the slgnal to one which 1s a summation of
the fundamental and higher harmonics of the applled sine

wave, This circult i1s shown below:



19

OSC. ' - SUM

Fc—— LIA
L i

The LIA now responds to signals at twlce the appliled

frequency. Hence, it 1s operating as a second harmonlc ac

polarograph. Third harmonic ac polarography can be

performed in a similar manner by tuning to three times the

applied frequency. Fourth and higher harmonlcs cannot

be handled 1n>this manner because of a lack of adequate

signal strength to operate the reference crannel of the LIA.
A complete schematic diagram of the instrument 1is

shown in Figure 2,
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FIGURE 2

Schematic Diagram of the ac-de¢ Polarograph



10K Triangular -

L T neut _..a
T

10K 10K
|||I@ X output




22

INSTRUMENT EVALUATION

In order to evaluate the performance of the polaro-
graph, the reversible reduction of cadmium ion to the
amalgam was used as a model systen,

ca?t 2e~— cd(Hg)
The cadmium reductlon has been extensively studied; the
charge transfer reaction has been shown to be reversible
(Nernstian) at the frequencles used in this work (25,26).

Ac polarography, by virtue of the derivitive (peak)
output, has inherently better resolution capabillities than
dc polarography. A difference in half-wave potentials of
at least 100 mv is necessary to resolve two dc polarographic
waves, while a difference in peak potentlals of only 40 mv
is necessary to resolve two ac polarographic peaks, Figure
3 shows an in-phase ac polarogram of a mixture of Cu2+,

2
Po°*, 1n7*, ca®* and zn”,

’ As can be seen from the

+ 2
enlargement the In3 and cd“* waves, which differ in dc

polarographic half-wave potential by only 40 mv, can be
resolved, Note also, .the flat base line.which indicates
that the capacitive (quadrature) current has been effectively
rejected by the LIA.

The reproduclibility of the instrument was tested by
running three consecutive polarograms over each other, A
high time constant was used to damp out the dropping

mercury electrode noise, The results of the reproducibility
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FIGURE 3

In Phase ac Polarogram of a Mixture of Cu<t, Pb°~,

In*, ca®* and zn2*



00Q!-

30S ‘A 3
00S0-

0000

9S0-

TU9J4an) Dui}DUJ3dlY




25

FIGURE &4

Three Consecutive, Colnclidental ac Polarograms

of 1lmM ca*
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tést are shown in Flgure 4, These data were obtained
after a half hour warm-up period.- It 1s apparent that
the instrument 1s reproducible to within the 1imits that
the recorder (Mosley model 7030A) can be read.

Ac polarographic theory predicts that if the applled
ac voltage 1s small (10 mv), the fundamental harmonic
currept that flows in an ac esperiment will be directly
proportional to the peak-to-peak magnltude of the applied
ac voltage., Flgure 5 shows a plot of the inphase current
as a functlon of the peak-to-peak magnitude of the ac
voltage., As can be seen from the figure, the lnstrument

output agrees well with theory and that applied ac voltages

é

as low as 5004v ( 1 yv=10" v ) can be easily used on a

solution of 5 x 10-“& concentration. Because it is desirable
in ac polarography to disturb the system as little as
possible from the dec potential, this capabllity is an
important one. The fact that the plot is of cadmium, which
is one of the best behaved systems, means that with less
ldeal systems this 500 yv capabllity may not be attained,
This reason that ac perturbations as low as 500 v
can be used 1s that the LIA has very high sensitivity
(maximum sensitivity is 200 nv, 1 nv=10-9v, full scale

which 1s the equivalent of 400 pa, 1pa=10-12a, full scale)

and a very low nolse level due to the "frequency lock" and
the large amount of flltering. Thlis high sensitivity of the
LIA coupled with the usual low level capabllity of phase

sensitive ac polarography means that this instrument should
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FIGURE 5

Ac Peak Current versus Peak-to-Peak Applled ac Voltage

1 mM ca®*
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be able to determine extremely low concentrations of ac
electroactive substances (19). Although it was not a
specific objective in the construction of this instrument
to determine extremely low concentrations of electroactive
substances, the ability of the instrument to determine low
level concentrations was studied as far as was easlly
obtainable by standard dilution methods and as long as
excessively long time constants were not needed., The
current should be a linear function of concentration; the
experimental data are shown in Figure 6. Thils plot shows
that concentrations as low as 1 x 10-75 can be determined
with moderate ease, These data were taken with a hanging
mercury drop electrode (HME) and much of the scatter can be
attributed to the lnablility to obtain reproducible electrode
areas, Using a mercury pool electrode, as Reinmuth 414,
should lower the detection 1limlt appropriately, élthough
the ultimate limitation 1s the abllity of the lock-in
amplifier to reject the quadrature signals (19). Quadrature
signals of about fifty times the full scale sensitivity
setting of the LIA can be tolerated, It 1s possible that
even lower concentrations could be determined using a HME
if one 1s willing to spend the time required to use the

100 second time constant or some even longer external time
constant, Once agaln the lower limit attalned with other
substances will depend upon their reversibility. Cadmium

being an 1deal case indicates the best (lowest) concentration

attainable,



FIGURE 6

Ac Current versus Cd2+ Concentration

B
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Theoretical treatments of Nernstian systems and
experimental data obtained previously predict that the
current should increase in a linear fashion with the
square root of frequency for the reduction of cadmium ion
to the amalgam. The cadmium system was studied as a
function of frequency; the results are shown in Figure 7.
From the excellent linearity 1t 1s apparent that the
cadmium system obeys the Nernstian criterion and that the
frequency and sensitivity caliuvrations of the LIA are
accurate (at least on a relative basis),

The above tests indicate that the instrument
operates adequately as a phase sensitlve ac polarograph.
If the only purpose of the polarograph was to eliminate
capacitive currents so that concentrations could be
determined from peak height measurements, the above would
be adequate, For mechanistic investigations, however, it
is important that the phase angle be measured because
interpretation of phase angle data is more stralghtforward
than interpretation of current measurements (1). The above
data do not indicate the instrument'!'s capability for
determining phase angles,

If an ac signal has a phase angle,(b, relative to the
applied signal, the slignal can be resolved into components
in-phase and 90° out-of-phase with the applied. signal, The

appropriate vector representation 1s shown below:




Ac
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FIGURE 7

Current versus
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From elementary trigonometry it 1s obvious that

Cot(b - in Phase
90° out-of-FPhase

To measure the phase angle, 1t 1s necessary to take two
polarograms, an in-phase polarogram and a quadrature
polarogram. The ratio of the currents at a given potential
1s the cotangent of the phase angle at that potentlial., Of
course, when the quadrature polarogram is taken, the capacitive
contribution to the current 1s no longer eliminated from
the output by the phase sensitive detection. This means
that the quadrature signal must be corrected for capacitive
current, In the measurement of small phase angles, this
becomes the largest source of experimental errors.

Another characteristic of Nernstian reductlons not
already mentioned is that the phase angle of the current
is 45 (1,6). An angle of 45’ has a cotangent of 1 which
means that the 1ln-phase and quadrature polarograms should
have equal current magnitudes (after correcting for the
capacitive contribution to the quadrature)., Figure 8 shows
both the in-phase and quadrature polarograms of a 1mM
solution of Cd2+. .If the capacitive current 1s subtracted
(displacement of the quadrature signal on the current axis),
1t is apparent that the two polarograms are the same, Hence,
cotd):l. q)=h5°as is expected for a Nernstian reduction.

The above tests show that the LIA based ac polarograph

performs adequately to be useful as a research-quality,



FIGURE 8
Determination of the Phase Angle
A. In-phase Polarogram

B. Quadrature Polarogram
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fundamental harmonic ac polarograph. One of the advantages
of the LIA polarograph mentioned earillier was that operation
as a second harmonic ac polarograph 1is relatively easy.

An external Hewlet-Packard sine wave generator (model 202A)
was used to supply the sinusoidal signal and the LIA was
tuned for second harmonic operation as previously described.
Figure ¢ shows the second harmonic ac polarogram which was
obtained from a 1 mM Cd2+ solution. The sign reversal of
the output on passing the peak potential 1s due to the 180
phase difference between the currents before and after the
fundamental peak (1,27,28). The reason that the peaks are
of unequal helghts is that it is much more difficult to
obtain a proper '"phase tune' 1in secdnd harmonic operatlon,
Although capacitive contributlons to the current are much
smaller in second harmonic operation than in fundamental
harmonic operation, it 1s noticeable that the base line 1s
somewhat more noisy than the base line obtained for
fundamental harmonic operation (19,29,30,31). This increased
noise is due to the much lower signal levels obtained 1n
second harmonic operation and the subsequent higher
sensitivity settiqg of the LIA needed,

In conclusion, the above shows that thls instrument
performs all tasks as expected. One problem which is not
apparent from the above is that the nolse level greatly
increases at very low frequency (< 4Hz). This 1s due to the
so called "1/f" noise (23). This noise can be eliminated

from the output by increasing the time constant of the LIA,



FIGURE 9
Second Harmonic ac Polarogram of Cd2+
1 mM Cd2+, 1M KC1, 10 mv p-p applied

Fundamental frequency = 22 Hz
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But this means that the potential scan rate must be
decreased so that slewing does not occur which increases
the time necessary for each polarogram. This 1s not a
serious limltation, however, because frequencies below
4 Hz are not often used,.

The LIA approach is very attractive because it is so
simple to construct (all that is needed is an operational
amplifler polarograph and a lock-in amplifier) and is

capable of glving research-quality data with essentially

no calibration,
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The Electrochemical Reduction of the Monohalopyridines

Introduction

The mechanism of the electrochemical reduction of the
monohalopyridines 1s interesting because the reduction
half-wave potentlial 1s a function of pH over a range of
pH's determined by the isomer being reduced. Thlis system
was previously studied by dc¢ polarography (33). The shift
in half-wave potential with pH found previously was
consistant with other pH sensitive reductlons in that the
half-wave potential was independent of pH at extreme values
and a linear function of pH at intermediate values of pH,
The half-wave potentlals were found to be more cathodic in
the order: 2ICAIL3ICUBr{4C1C 2Br, Using only dc
polarographic data the previous authors proposed two
mechanisms, an alkaline and an acldic mechanism (33). The
acidic mechanism was simply an overall reaction with no
significant detalls. The alkaline mechanism, however, was
far more detalled than was Jjustified by the data avallable.
These two mechanisms are shown below}

@j(-k H* ——‘d 2¢” 4 HY ___)@ + X~ Acidic

N

ng( + e~ slow @ . @ + X
N . N
O + e ’[[éil -———z————,Eéij + OH

Alkaline
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The previous workers apparently used only one buffer
to control the pH over the entire range of pH's studled,
sodium barbital (pKa of 5,5 diethylbarbituric acid=7.4)
and acetic acid (pKa of acetic acid =5.0)(33). They also
made no obvious attempt to control the ionic strength of
their solutions (33). Using the assumed mechanism, it was
possible for them to calculate the acld dissoclatlon
constants of the varlious pyridinium species from the change
in diffusion current with pH (33). The calculated pKa values
were in such poor agreement with the spectrophotometrically
determined literature values that they had to invoke a double
layer effect upon the pKa (33). Considering the inadequate
buffer capaclty and ionlc strength control, along with the
concluslions drawn without data, the rellabllity of the
previously proposed mechanisms is questionable,

The first step toward verifying (or refuting) the
proposed mechanisms was to check the dc¢ polarographic data
being careful to malntain good buffer capacity and constant
ionic strength. Having rellable dc¢ polarographic data it
would then be possible to apply some of the more powerful
modern techniques (ecyclic voltammetry and ac polarography)
to elucidate detalls Iacking from the prevlious work.

The lack of good buffer capaclty and lonic strength
control was a serious error on the part of the previous
workers (33). The data obtalned in this study were signif-
icantly different from their data.
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Experimental ..

All polarographic data were taken on the solid state
polarograph described in section 1, Controlled potential
electrolyses were performed with a Wenking model 61RH
potentiostat, NMR spectra were taken on a Varian model
A60A nuclear magnetic resonance spectrometer. Cyclic
voltammetry was performed with the triangular wave generator
of Enke's design (34).

All chemicals were reagent grade and were used without
further purification. Singly distilled water was used. All
solutions were 50% aqueous CHBOH by volume, D20 and CH30D
were obtailned from Columbia Chemlcal Company. NaOD was
prepared by dissolving Na metal in D,0. 2-Iodopyridine
waé prepared by refluxing 2-bromopyridline in concentrated
HI after the method of Baker et al. (35); U-iodopyridine was'
prepared by diazotization of 4-aminopyridine with NaN02 and
subsequent reaction with KI after the method of Gerely and
Iredole (36).

Sodium acetate - acetic acid buffer was used over the
pH range 2-6; trishydroxymethylaminomethane (2-amino-2-
(hydroxymethyl)-1,3 propanediol} - HClL buffer was used over
the pH range 6-8; NH;;-NH3 buffer was used over the pH range
8 - 11. For pH 13 solutions a 0.1 M NaOH solution was used
and for pH O solutlons a 1 M HClOu solution was used, All
solutions (except 1M HC10,) were 0.5 M in L1C10, to maintain

approximately constant lonlc strength,
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Results

The results of a re-examination of the dependance
of the dc¢ polarographic half-wave potential on pH are
shown in Figure 10, These data are consistant with those
of the previous workers in the order of the reduction
half-wave potentials of the various isomers (2IU4IL3IC
4LBr CUC1 2Br) and the linear half-wave potential versus
pH reglons occur over approximately the same pH ranges,
At very low pH the half-wave potentials become independent
of pH, but not of 1somer, in a manner similar to the data
shown by the others. At high pH, however, a major difference
between the data can be seen, In the present work all of
the iodopyridine 1Somers reduce at the same reduction
half-wave potential at high pH. The previous workers found
that at high pH the half-wave potential was independent of
pH, but not of isomer., ‘The present data are considered
more rellable, in spite of their unusual nature, because
of the experimental problems alfeady mentioned., These data,
points were found to be reproducible over many runs. The
2-bromopyridine curve appears to level at the same half-wave
potential as the lodopyridines; the experiméntal error in
these points, however, 1s quite large because of the very
low current levels and poorly defined diffusion plateaus
noted earlier (33).

The single'wave obtained from 2-iodopyridine in acid
solutiBn was found to separate into tow distinct waves at

about pH 8. The second wave had the same half-wave potential



L7

FIGURE 110

Dec Polarographic Half-wave Potential (vs SCE)

versus pH

¢ = 2- Bromopyridine

¢ = 4= Chloropyridine

A = 4- Bromopyridine
f = 3- Iodopyridine
® = 4- Iodopyridine
O = 2~ Iodopyridine
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as that found for 3-lodopyridine. Thlis is shown 1in
Figure 11. Neither 3-nor h-iodopyridine showed similar
separation. The 4-iocdopyridine wave did, however, become
more drawn-out at higher pH's indlicating that the two
half-wave potentlals were too close togethep to allow
resolution of the two waves. None of the other lsomers
showed similar resolution although the diffusion currents
of the other waves did decrease at higher pH's were the
curves in Figure 10.end., It 1s assumed that the second
wave 1s not seen with the other 1lsomers because it occurs
at potentlals more negative than the supporting electrolyte
discharge. This is consistent with the inabllity to obtain
polarographic waves of 3-bromopyridine and with both 2 and
3-chloropyridines,

The half-wave potentials were not functions of
halopyridine concentration over the range of concentrations
used in this work (0.8 - 2.5 mM). It was not possible to
obtain polarographic waves of 2-bromopgridine above pH 8 or
of 4.bromo or U-chloropyridine above pH 11 because of the
decrease in diffusion current. The decrease in diffusion
current was noted by the previous workers who attributed
i1t to a decrease in the amount of pyridinium species in
the double layer, Using thls interpretation and their'
polarographic data the acld dissocliation constants of the
various pyridinium speciles (in the double layer) were
calculated and found to be in very poor agreement with the

spectrophotometric values (33), Values of pKa calculated
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FIGURE 11
Comparison of the dc Polarographic Responses of

2 and 3=Jodopyridine at pH=8
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with the presént data are in agreement with these of

the previous workers (33). The discrepancy between

these values and the literature values willl be 1lnterpreted
in a different manner.

1.

These data are summarized in table
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TABLE I
Summary of dc Polarographic Halopyridine Data

a !

Isomer dE, /dpH 59/an my®  pk. °  pid

b-c1 1.1 91.4 10.6 2.73°
2-Br £1.1 91,4 6.8 0.90f
4-Br £9.6 91. 4 10.5 2.79°
2-1 88.0 91.4 8.3 1.82f
3-1 83.3 914 9 3.25°
41 86.9 91.L 9 2.93°

@&e¢- Slope of the linear portion of the E, versus pH curve, nv,
2

b.” Theoretical slope for the E, versus pH curves assuming
* one hydrogen ion is involved in the reduction and that
o« n is 0.646 over the entire range. The value of 0,646
a5 selected because it was approximately the average
value of o« n determined in this work.

¢.- Polarographically determined pKa, determined by setting
pKa = pH at that pH where the diffusion current has
decreased to one half 1t's acidic value,

d.~ Spectrophotometric pKa values.

e,- From reference (33)

f.- From reference (44)
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Values of o{ n were determined from the slope of the
stralight lline which was obtailned when log(id-ili) was
plotted agalinst the applied potential. These values of
o n were found to be in good agreement with the values

of « n determined from the equation

By =~ By gy = 0.517/t n (39)
and with those reported by the others (33). Because the
two vélues were essentlially the same, the simplier
E3/4~-E1/4 method was used to calculate the bulk of the
o n values., |

A possible explanation of the mergling of the
lodopyridine half-wave potentials at high pH would be the
formation of a lithium complex with the pyridine which is
electroactive at about the same potential regardless of
where the substituent 1s located. This explanation 1s
conslstent with the apparent leveling of the 2-bromo-
pyridine curve at the same half-wave potentlal as the
iodopyridines, but 1is inconsistent with the b-chloro and
L_bromopyridine data, This hypothesis was disproven when
identical data was obtained from solutions to which no
lithium ion was added., The solutions which d@id not
contain 1ithium ion had no metal lon added, the supporting
electrolyte was tﬁé ammonium - ammonia buffer, |

Another explanation of the lodopyridine data which

was consldered i1s the reaction of halopyridines with
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hydroxide ion to form pyridones as shown below:

~
O 4 040 —| O —_— ETNT]
[:;;]9< N“"OH t: ~0

These pyrldone reactions are known to occur (37). It was
found, however, that, if a pH 13 solution of 2-iodopyridine
(Eé=-1.38 V versus SCE) was acidified with perchloric acid
to some pH in the linear E; versus pH region of 2-iodopyridine,
the polarographic wave obtained from the acidified solution
had the same half-wave potentlial and diffusion current
constant as would be expected for 2-lodopyridine. If the
pyridone reactlon was correct, the above observation would
require that the reactlion be fast, quantitative and.
reversible., It 1s known that these reactlons are quantitative,
but they are neilther fast nor reversible (37). For the above
reason the pyrldone formation reactlon was not consldered
further,

Another possible scheme in whth all isomeric iodo-
pyridines would have the same reduction half-wave potential
is one in which, under the influence of the potential fleld
around the electrode, the 2-and'4-1odopyr1dines rearrange
to the more stable 3-ilodopyridine which 1s then reduced,

There 1s previous precedent for this typ of rearrangement

(38).
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This reaction would involve only those iodopyridine
molecules whlch are in the electrical double layer, a
small fraction of the bulk concentration., Because only
that small fractlion in the double layer would rearrange,
on acldification, the polarographic wave obtained would
be of the unrearranged 2-lodopyrldine. In order to test
this option, a controlled potential electrolysis of
2-1odopyridine at pH 13 was performed in deuterated
solvent. The mercury pool workling electrode was maintained
at =1.40 V versus SCE until the current had decreased to
zero and the product was analyzed by proton magnetic
resonance, The product was determined to be 2-deuteropyridine
because the integrated intensity of the downfield protons
half that of protons was pyridine, Because the re-
arrangement reaction predicts thaf the product to be expected'
in this experiment 1s 3-deuteropyridine or 2,3=-dideutero-
pyriaine, the rearrangement sequence was not considered
further. Further discussion of the mechanlism will be
deferred until it can be discussed in conjunction with the
ac polarographlic data.

The halopyridine reductions were studied under cyclic
voltammetric conditions at a hanging drop electrode (40).
No anodic current was observed on the back scan at any
sweep rate obtainable with the preent instrument (Cal00 V/Sec).
The half-peak ppténtial shifted cathodically as the sweep
rate was increased, but not in a manner similar to any of

the "dlagnostic criteria" available in the literature (40).



57

The experimental error invelved in determining peak
potential shifts accurately fromn oscllliscope traces limits
the usefulness of any data obtained in this manner. The
increase in peak current with increase in sweep rate was
also found to be inconsistent with any of the published
predictions (40). These cyclic voltammetric experiments
indicate that the halopyridine reductlons are totally'
irreversible (as far as the time scale avallable from
these experiments 1s able to measure) and they probably
reduce by some mechanlism which has not been theoretically
1nvesﬁigated to date. This total irreversibility 15 not
surprising in view of the overall reaction: |

@j—)(+ 2e” + H' ———-’@+X’

N N

Unfortunately it 1s not possible, from the cycllc
voltammetric data alone, to decide whether the irreversibility
is due to the charge transfer reaction or some coupled
chemical reactlion.

In spite of the apparent total 1rrever§1b111ty of the
halopyridine reductions, all isomers which were electro-
active under de¢ polarographic conditions were also electro-
active under ac polarographic conditions, The current
levels obtained and the effect of frequency upon the
current level both much greater than expected for a totally
irreversible ac polarographic wave (2,3,4). This indicates
that the reduction is eilther a one step quasl - reversible
reduction or a two (or more) step reduction in which at

least one of the steps 1s quasl-reversible, Assuming that
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the reduction 1s a one step quasi-reversible reduction, an
electron transfer rate constant of about 0.03 cm/sec is
calculated from the deviation from linearity of the
current versus applied frequency curve at 16 Hz (assuming

that the diffusion constant is 1072 cmz/sec and that the

curve will begin to deviate from linearity when auD)%_ ks)
(32)., This value of the charge transfer rate constant is
only an order of magnitude below that obtained for the
rreversible" cadmium lon reduction and 1s mﬁch faster than
would be expected for a totally irreversible system (2,3,4;,25).
If the reduction is a moderately slow charge transfer reaction,
as indicated from the calculated value of kg, some anodic
current would be seen on the return scan in the cyclic
voltaﬁmetric experiments., For these reasons 1t was declded
that the reduction mechanism is not a slngle step, but at
least two steps of which at least one 1s quasi-reversible,
Because the reaction involves only two electrons, it seems
unlikely that more than two electron transfer reactlons are
involved although there could be several chemical reactions.
The addition of one electron to a pyridine molecule
will produce a redical lon which should be rather reactivé.
A controlled potential electrolysis of 3-lodopyridine at
pH 3.5 was performed at a stirred mercury cathode held at
-1,00 V versus SCE, 002 was bubbled through the solution
during the electrolyslis in the hope that nicotinic acid
would be obtalned as a product of the electrolysis, thereby

supplying chemical proof that a reactive intermédlate was



59

involved, -The major product of the electrolysis was
pyridine. A very small amount of so0lid material was also
isolated from the electrolysis mixture. This so0lid was
analyzed by mass spectrometry. The presence of a seriles

of high mass peaks (m/e 320) separated by the masses of
002 and CH3002 gave 1lndication that a compound similar to
the deslred one was formed. Because of the very high mass
of the peaks, the product 1s probably some type of polymeric

pyridine acld perhaps as shown below:
Co,H
(S e,

It was not possible to analyze further the solid material
because of the extremely small amount of it that was
1solated and the guestionable purity of that which was
obtailned, These electrolysis data do, however, add to the
ac polarographic lndications that the acidic mechanism 1is
a two step reduction with unstable intermediates rather
than the one step mechanism proposed previously (33).
While these data do not conclusively prove a two step
mechanism, they do not refute it either.

Recent theoretical studlies of ac polarographic responses
of varlous mechdnistic schemes have led to a wealth of
relationshlps which are useful for elucidation of unknown
electrochemical regction mechanisms (1,2,3,4,5,8,9,10,11,12,

13). One of the most powerful of the ac measurements which



60'
can be easily accomplished with the present instrument
1s the phase angle., This was discussed in the first
section.,

The relatlonship between phase angle and frequency which
is predicted for two step charge transfer reactions 1ls very
complicated (9). It would be very difficult to decide
between a two step charge transfer reaction and a single
step éharge transfer step with chemical complicatlons because
of the complexity of the relationships which describe both
of these cases {(1,9,10). For this reason the varilation of
phase angle with applied frequency was not studied for the
halopyridine reductions. It 1s possible to get essentially
the same phase angle versus applied frequency relationship
with two different mechanisms by chopsing the various rate
and equilibrium constants'properly.

The phase angle versus applied potential function
obtained from the halopyridine reductions ls shown in
Figure 12. The frastic change in the phase angle function
at high pH is a clear indlcation that the reductlon
mechanism in alkaline solution 1is different from the
mechanism in acidic solution. These phase angle functlons
are representative of those obtalned for all the
electroactive isomers.

The phase angle function obtained at low pH 1is,
fortunately, undommon. Therefore, it can be interpreted
with relative ease., According to the work of Hung and Smith,

a function such as that shown in Figure 12 at low pH is to
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FIGURE 12
Ac Polarographic Phase Angle versus Applied Potential
15 Hz

O = Right hand Scale, 3-Iodopyridine at pH = 2,52

@ = Left hand Scale, 3~ Iodopyridine at pH = 13,
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be expected of an EE mechanism when the first electron
transfer rate constant 1s much slower than the second
electron transfer rate constant such as shown below (9):

ox + nlef__El_, Y + nye” —X2_, Rea k1<3:k2

For thls analyslis to be correct, the half-wave potential
of the second reduction step must be more anodic than the
half-wave potential of the first reductlion step (9). 1It
1ls to be expected that the radical ion formed by adding one
electron to a halopyridine would be easier to reduce than
the starting halopyridine (this means that the half-wave
potenfial limitation set above is a reasonable requirement),
Phase angles are generally independent of electrode
geometry and mass transfer variables (1). A two step
mechanism, however, such as that proposed above, would be
expected to have a geometry dependent phase angle (9).
This geometry dependence of the phase angle will appear in
the form of a phase angle which 1s a function of the drop
time of the dropping mercury electrode (9). Because the drop
time of the dropping mercury electrode is a function of the
mercury column helght, a two step reduction would have a
phaselangle which 1s a function of the helght of the mercury
column (9,41}, It was found that the phase angle measure.
in the reduction of 3-lodopyridine decreased when the drop
time of the electrode was increased (column height lowered),
This is consistent with the recent theoretical predictions

(3). The only systems which are expected to give phase angles
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which are functions of the mercury column helght are
multistep charge transfer, ion-amalgam charge transfers, and
second or higher order coupled chemical reactions (9,13).

Of the possible mechanlsms only the two step charge transfer
reaction seems reasonable in this case.,

Considerlﬁg the slope of the EE versus pH functions
(figure 10, table 1) and the above data it 1s now possible
to write a mechanism for the reduction of the halopyridines
in acidic solution. The slope of the E% versus pH curve
indicates that the reductions involve one hydrogen ion (42),.
Assembling all of this information, the following reactlion
sequence 1s written for the electrochemical reduction of

the monohalopyridines in acidic solutlon:

(8§+e'+ﬂ* S.l.o.w_,@‘ﬁ( _9:__,@ ____,@+ X
N , N N

I II

This mechanism is similar to the one written by the
previous workers for the halopyfidine reduction in alkaline
solution (33). Considering the above mechanism, it is
apparent why the polarographically determined pKa's are so
different from the spectrophotometrically determined pKa's.
The polarographic pKa is a measure of the acidlity of radical
I and not of the ground state pyridinium lon. This 1is
analogous to the difference between the ground state pKa and
the excited st;te pKa, which can be a spectacular difference

(43), It is not surprising that radical I is much less acidic

than the ground state pyridinium lon because radical I 1is
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uncharged while the pyridinium ion i1s positively charged,

The pH independence of the half-wave potential in very
acld solution is alsoc easily explained by the above
mechanism. At very low pH, the major pyridine species in
the bulk of the solution 1s the pyridinium ion. HHence, at
low pH, the hydrogen ion will not be involved in the electron
transfer reaction (the hydrogen ion will already be on the
nitrogen). The pH at which the half-wave potential begins
to deviate from the low pH 1limit is shown in Table 2 and can
be seen to be related to the spectrophotometric pXa value.
It is to be expected that the actual pXa values wili be
different from fhe spectrophotometric value beéause of
differences in solution composition (ionic strength).

The high pH mechaniém 1s not as clear as the low pH
mechanism. The phase angle data reported in Figure 12 at
high pH are not as unusual as the low pH data. A maximum
in the cotangent versus applied potential curve is expected
for quasl-reversible reductions, chemically'coupled single
step reductions, and multistep charge transfer reactions
(1,9,11). The single step quasi-reversible reduction is
disregarded when considering the acidic mechanism.

Multistep charge transfer reactions which give maxima in the
cotq) versus potentlal curve usually give values of cotqD
larger than those obtained in this investigation and so the
multistep charge transfer scheme is disregarded (9). A
maximum which occurs after the half-wave potential indicates
a coupled chemical reaction occuring after the charge

transfer reaction (EC mechanism)(l). If the alkaline
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TABLE 2

pH at which the Half-wave Potential becomes a Functlion of pH

Isomer P pka®
L-C1 3.8 2,73
2-Br 1.2 0.90
L-Br 3.2 2.79
2-1 a0 1.82
3-1 ‘ 3.0 3.25
b1 2,5 2.93

a. pH at which the half-wave potentlal beglins to devlate
from the low pH limit

b, Spectrophotometrically determined pKa's
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mechanism is as proposed by the previous workers, a phase
angle function similar to that obtained at low pH would be
expected, From the above arguments 1t appears that the
alkaline mechanism is a two~electron simgle-step charge
transfer reaction followed by a rapid chemical reaction.

The critical data which must be explalned by the
alkaline mechanism is the equivalence of the dc polaro-
graphic half-wave potentials of all the iodopyridines,
Several possible explanatlions of this have already been
discussed,

Assuming that the EC mechanism 1s correct, a
mechansim is written for the alkaliline halopyridine reduction
in which the carbon-halogen bond is polarized by the électrice
field in the neighborhood of the electrocde prlor to reduction,
This polarization can be written in a formal sense by

writing the resonance forum of the lodopyridine shown below:

®) — Q +Ze<'+H20 __.,@ +0H™ + 17
1 L N

I1I

A structure simlilar to III was written by Brown and McDaniel
to explain some of thier pKa data (44). One can object to
using a resonance form as the electroactive speclies, but
this is only a formalization to show the polarization of the
bond., The reas?n that this polarization 1s necessary
(change of mechanism) 1s probably because the intermediate
radlcal shown 1h the acldic mechanlism is too unstable unless

it 1s stabllized by a proton.
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Thls mechanlsm explains the pH independence of the
half-wave potentlal at high pH and the equivalence of the
half-wave potentials of all the lodopyridine isomers and

1s not inconsistent with the ac polarographic data,
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The Reaction of Uranium (III) with Nitrate

Introduction .

The chemlstry and electrochemistry of uranium have
been extensively studied by many workers. Uranium chemistry
1s complicated by the existence of many stable oxidation
states (64,5+,44,3+) and numerous hydrolysis and
polynuclear products (45). Therefore, a complete and
consistent picture has not been obtalned. Part of the
problem lies with the limitatlions of the techniques which
have been applied previously - e.g. dc polarography. Ac
polarography has been applied to the uranium system only to
-the extent of finding that an ac reduction wave could be
obtained from uranyl (U(VI)) solutions (32).

The first reported electrochemical reduction of uranium
was by Herasymenko, but other than indicating that U(VI)
could be electrochemlcally reduced, this work was of little
importance (46),.,. Strubl studied the reduction of uranyl
solutions in 2 N NH,OH*HCl and found tow dc polarographic
reduction waves with half-wave potentials of -0,28 and
-1,08 V versus SCE respectively (47). The height of the
second wave was found to be 2} times that of the first wave.

Harris and Kolthoff studied the polarographic reduction
of uranyl ion in 0.0l - 0.20 M HC1 (48)., They found that
the uranyl reductlion took place in two steps, The first
reduction wave had a half-wave potential of about -0.,18 V

versus SCE and the second wave had a half-wave potential
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of about -0.92 V versus SCE, The first was found to be a
one-electron reversible wave because a plot of 103(1/1d-1)
versus potentlial gave a straight line of 0.062 V slope.
This is a necessary, but not sufficient criterion for
reveréibility; the reversibility of the first reduc£1on
step was conclusively shown to be reversible by other
workers (49). A plot of log(i/i,-1) versus E for the
second uranyl wave dld not glve a stralght line for Harris
and Kolthoff, but Kritchevsky found that this could be
resolved into two straight line segments (48,50). He
claimed thls as proof that the second wave was really a
compound wave of U(V) — U(IV) — U(III) where the half-wave
potentials for the individual steps are close together.
This conclusion agreed with the conclusion of Harris and
Xolthoff., The U(V)— U{IV) reduction was irreversible
(non-Nernstian) while the U(IV) — U(III) reduction was
reversible (50).

It has been well established that uranyl lon exists
as UO§+(48,u9). Because the first uranyl wave is a
reversible one-electron reduction and there 1s no hydrogen
ion effect on the half-wave potential, the pentavalent
uranium species was established as Uog (48,49)., The first

uranyl wave has thus been rather convincingly shown to be

24 _Jev +
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Uranium (V) disproportionates in the presence of
hydrogen lon via the followlng sequence (49,51):

PR + 24 b
2U0, + LH — 1102 + U 4 2H20

This Is a little surprising in view of the stability of

Nb(V) and Pu(V) (51). The effect of hydrogen lon on the

rate of disproportionation has been studied (49,52,53).

The disproportionation of uranium (V) occurs slowly at

pH=2 (51). Below pH 2 the rate of disproportionation
increases and at higher pH hydrolysis products are formed
which also increase the rate of disproporticnation (51)}.

Thus 1t 15 necessary to maintain the'hydrogen ion concentration
at about 10-2 M if appreclable concentrations of uranium

(V) are to be generated and maintained,

The effect of disproportionation of the electrolysis
product upon the polarographic currents has been studied
from a theoretical viewpoint (54)., The effect of uranium
(V) disproportionation upon the current observed from the
first uranyl wave has been studied experimentally (52).

The electrochemical reduction of uranium (IV) was
studled by Kritchevsky who found that the U(IV) = U(III)
couple was reversible (50). He found that, contrary to
Kolthoff's observations, the half-wave potentlal of the
second uranyl wave was a function of pH. He studied the
U(IV) = U(III) couple as a function of acid (HCl or HClOu)

and of acld concentration and decided that the couple

L - ' '
Ut + € :ﬂIUB* was reversible with Eo = -0,886 V versus SCE
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in 1M fICl. Above pH2 hydrolysis products of U(IV) caused
half-wave potential shifts and decreased the diffusion
current. He explained the "apparent" irreversibility of
this couple previously noted as due to the slow hydrolysis
of U(iV) (48)., If U(IV) solutions were allowed to stand
the plot of 108(1/1d-1) versus E was a stralghf line, but
did not have the theoretical slope, 60 mv,

The conclusion from the above work 1s that the second
wave of the uranyl reduction is believed to be a composite
of the irreversible U(V)— U(IV) and the reversible
U(IV) =U(III) reductions. The exact route by which the
Uo; ion loses 1ts oxygen atoms to become Uu* or UOH3+.
which 1s probably the reason for the irreverslbility,,
is not known with certainty although several workers have

studied the problem (50,55).

Uranium (IV) hydrolyzes to UOHB*via the reaction

L
U 4+ 2H,0 —UoH>* . H30+

with a pXa of 1.45 (51). At high pH U(IV) hydrolyzes to
a polymeric form, but Kraus and Nelson found no evlidence
for any hydrolysis product intermedliate between UOH3+ and
the polymer (51).

Harris et, al, found that when nitrate lon is added
to a uranyl solution the observed limiting current of the
second uranyl wave (U(V) —U(III)) is greatly increased.
They assumed that the increased current was due to the
reduction of nitrafe ion which was in some way catalyzed

by a uranlum specles, Using the Ilkovic equation with
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D=1.92 X 10-5 cm2/sec (the diffusion constant of nitrate
jon) they predicted that five electrons were involved and
that the product of reduction was N,, They also found that
chlorate ion does not react (nitrate 1mpur1t1es in KCluB
could be determined by this method).

Collat and Lingane studied the nitrate;uranium reaction

by controlled potential electrolyslis. A solutlion of UOS+

and Nd} was electrolyzed at -1.1 V versus SCE until the
current dropped to a low value (close to zero}(57). The
products of electrolysis were analyzed by standard chemical

means and were found to be NHZOH and a little NH_. for the

3

nitrate and the uranium was incorrectly reported to be
present as U(IV). Because the potential of the electrode
used in the electrolysis was on the diffusion plateau of

the U(V) —U(III) wave, the product of the uranium reduction
must be U{III). A rather large amount of hydrogen ion

was also consumed in the process. They proposed that there
was a catalytic reaction involving U(III) and NO3 as shown

below:

U(IV) + e &= U(III)

I NO

The kinetics of the above reaction were studied by

Koryta using a dc¢ polarographic technique (58). The method
involved measuring the increase in the diffusion current as
a function of nitrate concentration. The rate of the

catalytic reaction was determined from the equation:

(13/1d) = 0.81 (kot)?
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where 1k is the diffusion current at a particular nitrate
concentration, 1d is the diffusion current when no nlitrate
is present, kc is the rate of the catalytic reaction and t
is the drop time of the electrode. Koryta found that t
the reaction was first order in nitrate ion and involved

the oxidation of U(III) to U(IV). The kz (rate divided

by the nitrate concentration) was 1.6 X 106 mo1~1 liter
sec'l. He did not study the rate of the catalytic reaction
as a function of uranyl concentration.
The reason for the hydrogen ion consumption noted

by Coilat and Lingane is the competing catalytlc oxidatlon
of U(III) by hydrogen ion

0 B =y, O
as well as consumption of hydrogen lon by the nitrate

vt . Noj + 75— 60" 4 NH,OH + 2H,0
This reaction has not been well-studied, but 1s known to
occur (59). One result of the present work willl show that,
under the conditions used here, the reaction of U(III) with
H+ is slow enough that it can be assumed not to affect
the analysis of the uranium data.

The above, while far from a complete éurvey of the
uranium literature, glves the background for the present

study and indicates some of the complexitles of the system.

The overall uranyl system 1is then:



2+ - +
vo. + e~ £&E% uo,)
24

2
Ly
2005 + BH — U0, + U +2Hy0

+ -
U0y, + ¢ —> U0

2
UOZ + e'—-—*U‘#+ 2H,0
Uu+ Y o= rev,U3+

. —

75

5.

- L
6U +N03+7H+—--»60++NH0H=2H06.

2

2
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Purpose of uranium study

There are two reasons for re-examining the catalytic
uranium (III) -« nitrate reaction using modern electro-
chemical technigues, First, although the system has been
well-studied, and the reaction of U(III) with nitrate has
been known for a long time, to date no mechanism for the
reaction has been written. The mechanism must explain
why nitrate will oxidize U(III) while perchlorate and chlorate
will not.

The second reason for pursulng this research is the
fact that many papers have appeared recently dealing with
theoretical predictions of ac polarographic responses for
various reduction pathways (1,2,3,4,5,8,9,10,11,12, 13),.

To date, however, there have been very few experimental
studies., The only previous experimental use of the avallable
theory.was reported by Smith who studied the catalytic
chlorate - titanium (III) system (12):

b+ -
Ti + e Ti3+

r—

1 c1 05

The data gathered would thus serve two purposes: to

explain the mechanlism and to supply experimental tests of

the existing, but experimentally unteéted, wealth of

theoretical predictions.

Experimental

All solutions were aqueous 0.01 N in HC1 and 0.1 N

in ¥Cl. Uranyl acetate (Fisher, Certified Reagent) was
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used without further purification as the source of ﬁranyl
lons, Uranium tetrachloride prepared by reaction of
Uoj(Alfa Inorganic Chemical Company) with hexachloropropene
(J.T. Baker Chemlcal Company) after the method of Hermann
and Suttle was used as the source of U(IV) ilons (60).
Potassium nitrate (Baker, Analyzed Reagent) was used without
purification as the source of nitrate ions.

All polarographic data were taken on the solid state
polarosraph described in section 1. The cell was kept in
a Faraday cage wlth temperature control provided by the
controlled atmosphere of the room (a constant temperature
water bath was found to introduce excessive noise into
the output of the lock-in amplifier and so was not used).
Controlled potential electrolyses were performed with a
YWenking model 61RH potentiostat at a sturred mercury
cathode; the anode compartment was separated by an ultrafine
sintered glass disk. The data were displayed on a Mosley
model 7030A XY recorder,

The phase angle was determined by taking the ratio of
the in;phase current and the quadrature current after
correcting the quadrature current for the capacitive-
contribution as shown in section 1.

The frequency calibration of the LIA was used as is
to determine the applied frequency. The voltage calibration
of the LIA was also used as is. The applied potential was
10 mv peak-to-peak and was measured with the lock-in

before each run. The in-phase setting of the LIA was
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determined by tuning the LIA phase adjustment for minimum
output at an initial (dc) potential where no faradalc
current flowed, This tuning procedure achieved two things:
first 1t compensates for phase shifts in the instrument
and it also accomplishes a rough "1R compensation."
Because a dropping mercury electrode is used, the 1R
compensation 1s only correct at one point in the drop
growth, Uncompensated 1R losses were not serious because
the correction of the quadrature signal for capacitive
current was the greatest source of experimental error. The
LIA was operated at a long time constant (10 seconds)
and the scan rate was very slow (1«2 mv/sec) so that the
dropping electrode nolse could be eliminated without serious
loss in resolution.

Results

Proof of a Chemical Oxidation of U(III) by N03,

It has been assumed in the previous work that the
reduction of the nitrate ion was a purely chemlcal reaction
of nitrate and U(III). The previous data could be explained,
however, by an electrochemical reduction of the nitrate
with the uranium specles acting as an "electron bridge" to
lower the. overpotential of the nitrate lon. The controlled
potential of Collat and Lingane was performed with nitrate
in the solution and, hence, did not establish whether the
reactlion was chemical or electrochemical.

In order to establish that the reaction 1s a chemical

reactlion, a centrolled potential electrolysis of uranium (IV) .
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with no nitrate in solution was performed at -1.1 V

versus SCE. When the current had dropped to a low value
(1t 1is not possible to get to zero current because of the
oxidation of U(III) by hydrogen ion) the potentiostat was
disconnected and a platinium electrode was inserted into
the solution. The potential of the electrode was measured
(versus the SCE) with a Corning model 12 pH meter. Due to
the reaction of the U(III) with hydrogen lon, the potential
was not steady and thus a potentlometric titration was not
possible, However, when a potassium nitrate solution was
added to the electrolysis solution, the green U(IV) color
immediately appeared and the platinium electrode potentlal
changed by several hundred millivolts. Because of the
reaction of U(III) with hydrogen ion and the subsequent
inability to electrolyze completely the Uu+ to U3+ 1t was
not possible to do a true potentiometric titration. However,
the rapld change in electrode potential on addition of
nitrate (from about -500 mv to -200 ﬁv versus SCE) clearly
indicates a chemical reaction between U(III) and NOS.

When the electrochemically generated U(III) solution,
to which excess nitrate ion had been added, was allowed to
stand under nitrogen, the green U(IV) color of the solution
turned dark brown over a period of about one-half hour..
The dark colored solution was stable under nitrogen for
séveral days, but faded in 1-2 hours in alr, The color also,
faded when solvent was removed with suctlion from a water

asplrator; however, if the solvent was boiled off, a black
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precipitate was formed.

The brown solution color changed to the yellow uranyl
(U(VI)) color immediately upon additlion of H202 to the
solution. Addition of concentrated hydrochloric acid to the
dark colored solution d4id not change the color so long as
the solution was kept under nitrogen. It was not possible
to remove the colored species from the aqueous phase with
any of the common organic solvents used for this purpose
(Etzo, CeHe, CgHsCHy, MIBK, CHClB). The colored species
did not "precipitate" on addition of elther tetraphenylborate,
tetrabutylammonium, or hydroxide ions, The vislble absorption
spectrum of the colored aqueous phase showed approximately
constant absorbance over the entire visible region. It was
not possible to obtain a meaningful infrared spectrum of
the colored species because it was not possible to remove
it from the agueous solution.

If an acidified solution of KNO3 was added to the
electrolytically generated U(III) solution and allowed to
stand under nitrogen, the development of the brown color was
greatly diminlshed, compared to the color developed when a
neutral solution of KNO3 was used. |

The above data suggest the possible formation of some
type of uranium - NO (or NO,) compound analegous to the
"brown ring test" ferrous - NO compound. An experlment to
syntheslze the proposed compound by direct chemical reactlon
was performed., A solution of uranium tetrachlorlide was

electrolyzed, as before, but, after the potentlostat was
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disconnected, NO gas (alorg with nitrogen) was bubbled
through the U(III) solution. The dark color d4id not form
in this experiment nor in an analogous experiment in which
NO2 was bubbled through the electrolysis solution. No

dark colored specles was found to form when NO gas was
passed through a uranium (IV) solution either., While these
attempted chemlcal preparations did not succeed in proving
the existence of the suspected compound, they did not
disprove the possible dormation under the conditiéns of the

3+ -
reaction U + excess NOB‘

Because of the greatly decreased color (essentlally

not formed) when an acidified KNO3 solution was reacted

with electrolytically generated U3+ and because the

attempted chemical syntheses were fallures, the dark color
of the solution is considered as do to the formation of
colloidal U0, which 1s formed when the pH 1s raised by the
consunption of hydrogen ilons in the reactlon:

3+

- + by
6U + N03‘+ 7H — 6U + NH_OH + 2H.O

2 2
The colloidal UO, is assumed to dissolve slowly in acid,

but is rapidly oxidized to soluble uranyl by H202. It has
not been possible to rule out completely a uranium NO or
NO2 complex, but in view of the lack of information on these
compounds, except in liquid NOZ' the colloidal UO2 formation
seems reasonable (61).

The electfolysis experiments reported above confirm

the chemical oxldation of U(III) to U(IV) by nitrate ion.
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This chemical oxidation does not, however, rule out a

possible électrochemical reaction also,
Ac Polarographic Behavior of U(VI) and U(IV), No nitrate,

An examination of the ac polarographic response of
uranium solutions was undertaken for the reasons already
stated. Only the second uranyl (U(VI)) wave (U(V) —
U(IV) — U(III)) and the uranous (U(IV) -~ U(III)) waves
were studled,

The second uranyl wave has been shown to be a composite
wave of the irreversible U(V) — U(IV) and the reversible
U(IV) = U(III) reductions (50)., The ac polarographic
wave obtained for this overall U(V) —s U(III) reduction
will be assumed to be due only to the reversible U(IV)F—
U(III) reduction (i.e. the U(V)—U(IV) reduction does
not contribute to the ac current) for reasons given below,

The assumption that the observed ac wave 1s due only
to the reversible U(IV) —= U(III) couple is reasonable
because the U(V) — U(IV) couple is irreversible (50).

Smith has shown that a plot of log ((Ip/I)é-(Ip-I/I)%)
versus potential (where Ip is the peak current and I is
the current at a given potential) should be a straight
line of slope (120/n) mv for a reversible reduction at
25°C (1), When an analysis of the rising current portion
of the second uranyl wave was performed, this plot had a
slope ‘of 89 mv. A similar plot of the data from the

reduction wave obtained from a solution containing U(1v)
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zave a stralcsht line of 91 mv slope. These two results
agrec within experimental error (¥ Lmv) for these plots
which are shown in Figures 13 and 14,

It has also béen shown that the width of a reversible
ac polarographic peak at half-height is (90/n) mv (1). The
half-peak width found for the second uranyl ac wave is 95 mv,
in reasonable agreement with an n value of 1.

The above data supportithe asslignment of the second
ac polarographic uranyl wave as due to the U(IV) =—U(III)
(one electron) couple., The first electron transfer of the
compound wave (U(V(—U(IV)) is then seen as a complication
of the U(IV)+== U(III) reduction. This is discussed
further below,

That the plots.of 1og((1p/1)§-(1p-1/1)5) for the
second uranyl wave and the U(IV) wave give the same non-
;nteger value of n from the equation slope=120/n nv
‘supports the assignment, but i1s a little disturbing. These
non-integer values of n can be explained in two eays. First,
if the reduction is not a one electron (single step) process,
the slope of the line will vary with the difference in half-
wave potentlials of the individual steps as shown by Smith
(62), Because the uranium (IV) reduction can not be more
than one electron and because the slopes are the same in the
two cases, the above explanation has been discounted. Second,
the deviation from an integer value of n may reflect the
non-perfectly reversible behavior of the system and/or the

chemlcal reactions which precede and follow the electron transfer.
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FIGURE 13

1 1
Log((Ip/I)a—(Ip-I/I)a) versus E for the second uranyl

Wave, 0.25 mM UOS"', 22 Hz
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FIGURE 14
1 1
Log((ID/I)z-(Ip-I/I)z) versus E for the Uranous Wave

Ly _ L L
0.2 mit U, 22 Hz, §-(Ip/I)2-(Ip-I/I)2
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Ac polarographic theory predicts that the cotansent
of the phase angle obtained from a quasli-reversible re-
duction should be directly proportional to the square root
of the applied frequency (1). The slope of the straight
line obtained when cot is plotted against the square
root of frequency will have a slope of

2% /x (exp(- « J)+ exp(p 3))/D* (1)
where'ks 1s the electron transfer rate constant, « 1s the
transfer coefficlent, f =1-«, D is the diffusion coef-
ficient and J is (nF/RT)(E-E%). If the phase angle is
measured at the half-wave potentlal, the equation of the
slope of the line can be written as
slope = Dé/zkks (2)
The variation of the cotangent of the phase angle of the
second urényl wave with the square root of frequency 1s shown
in Figure 15. The slope of the strailght line obtained for
the uncomplicated (by nitrate reaction) uranyl reduction is
0.02 sec'é. Using equation (2) above and assuming a value
of the diffusion constant of 1X% 10-5cm2/sec a value of 0.1
cm/sec is calculated for ks. This value compares favorably
with the value of 0.34 cm/sec found for the electron transfer
rate constant of the "reversible" cadmium ion reduction (25).
Because of this high value of ks and the linear increase in
reak current with the square root of frequency up to 200 Hz
(see figure 24)!'the second ac polarographic uranyl wave 1is
established as due only to the reversible one electron

reduction of U(IV),

It is to be expected that the variation of cotq) of the
uranium(IV) reduction with the square root of frequency

(no nitrate in solution) will be the same as that observed
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FIGURE 15

Cotangent of Phase Angle versus Frequency,

+ % D D L]

e © @ O

Second Uranyl Wave

No Nitrate, 0,25 mM U(VI)

0,085 mM NOZ, 0.145 mli U(VI)
0,196 mM NOS, 0.1%45 m}f U(VI)
0.394 m NO3, 0.145 mi1 U(VI)
0.3% mM NOZ, 0.25 m}M U(VI)

1.09 mf NO3, 0.25 mli U(VI)

0.025 m} NOZ, 0.25 mM U(VI)
0.064 mli NOZ, 0.25 mlM U(VI)
0.113 m}l NOZ, 0.25 mM U(VI)
0.258 m{ NO5, 0.25 mi U(VI)
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for the second uranyl wave. These data are reported in
Figure 16. Unfortunately, the experimental scatter of the
U(IV) data i1s so bad that no strailght line can be drawn,

The reason for this high degree of scatter in the U(IV)

data is the complicated agueous chemistry of U(IV) around

pH 2, It was previously noted that the reversibllity of
U(IV) solutions depend upon the age of the solutions (50).
This observation was attributed to a slow hydrolysis of
uraniun (IV) to some unknown species (probably UOH3+ as later
shown by Xraus (51)).

Theoretical ac polarographic studies predlct'that a
reversible reductipn will give ac currents with phase angles
of u5° (cot(b =1) at all potentials (1). A plot of cot
versus applied potential for the uranium (IV) reduction
(fresh U(IV) solution) 1s shown in PFigure 17. As seen from
this figure, the U(IV)+=—U(III) couple behaves as a rever-
sible couple (cot(p =1 at all potentials) up to a little
beyond the peak (Ep = -0.825), past the peak the phase angle
becomes greater than 45° (cot(b<:l). A phase angle greater
than 450 ls characteristic of adsorption of the electro-
active species (1). There 1s no other way, to my knowledge,
that a phase anglé greater than 45° can be obtainéd. Because
the adsorption does not appear untll potentlials after fhe
peak, a U(III) species is probably responsible,

The relationship between the applied potential_and the
cotangent of the phase angle for the second uranyl wave 1is
shown in Figure 18, The varlation of the phase angle is

seen to be considerably different from the behavior of the
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FIGURE 16
Cotangent of Phase Angle versus Applied Frequency,

Uranous Wave
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FIGURE 17
Cotangent of Phase Angle versus Applied Potential,

Uranous Reduction
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FIGURE 18
Cotangent of Phase Angle versus Applled Potential;
Second Uranyl Reductlion, 0.25 mM U(VI)
® = 22 Hz
28 Hz

®
n

300 Hz
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U(IV) = U(III) couple. The adsorption noted in the u(1v)
reduction does also appear in the uranyl reduction at high
potentials but, before the peak, the wave does not have the
characteristic reversible phase angle. If we assume that
the ac wave seen for the second uranyl reduction is due to
the U(IV) U(III) reaction, the phase angle behavior 1is
similar to the behavior expected of a reversible reductlon
preceded by a chemical reaction (1). If this 1s true, the

mechanlism for the reduction of U(V) to U(III) is then

uoy + e —— U0, (8)

Uo, + bHt — u™t +2H,0 (9)

t 4 s Ut (10)
and not

vol + 28" — U0t 4 HyO (11)

UO3+ s+ 2HY 4 e'-—~U4+ + H,0 (12)

s em — Ut (13)

A recent more rigorous treatment of the ac polarographlc
response of a Nernstlan system_with a preceding coupled
chemical reaction, such as shown below, indlcates that phase
angle functions such as those shown in Figure 18 are expected
in this case (following chemical reactions give nirror
images of these functions) if the chemical reaction rate
constants and/or the equilibrium constant are small (8).

Y B —-0x + ne- ——Red Kea = %, /k,
k2

Because the controlled potential electrolysis experiments
indicated the formation of 002 which apparently reacts
slowly with hydrogen lon, it seems that the mechanlism post-

ulated above for the reaction of U(V) to U(III) (reactions
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8 - 10) 1s reasonable, Theoretically it should be pos- -
sible to determine the rate of reaction of U0, with hydrogen
ion from the present ac polarographic data if the equilibrium
constant for the reaction were known, Becsuse the equilibrium
constant 1s not known and the task of evaluation of the rate
with a lnown equllibrium constant 1s a complicated job, no
attempt was made to evaluate the rate of reaction of UO2

with hydrogen lon. These data do esteblish, however, with
little uncertalnty that the electron transfer step occurs

before the U(V) is deoxygenated,

The effect of the reaction of U(III) with nitrate ion on

the ac polarographic behavior of U(VI) and U(IV).

The effect of catalytic regeneration of starting mater-
ial upon the ac polarographic response has been considered
theorétically (1, 12)., The most strikingifeature of the
theoretlical predictions is the unique cotq) versus square
root of applied frequency dependence. A reproduction of the
theoretical curves derived assuming a simple catalytic

mechanism

OX 4 ne = Red | + Z
T

is shown in Figure 19,
It has been assumed that the catalytic oxidation of

U(III) involves a simple catalytic reaction:

o s em = UMt . NO

L |

and in particular that the preceding reduction of U(V) to
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FICURE 19
Theoretical Cotangent of Phase Angle versus Frequency?

Simple Catalytic Mechanism

‘a, From Reference (12)
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U(IV) does not affect the catalytic response of the system,
The effect of nitrate upon the phase angle versus square

root of frequency relaticnship of the second uranyl wave

is shown in Figure 15. The qualitative agreement between
theory and experiment is evident. A similar ac polarographic
study of the Ti (III) - 0105 reaction also gave excellent
agreement between theory and experiment (63), This agreement
shows that either the approximation of a simple catalytic
mechanism is valld or that the variation of cotq) with
frequency 1is not very sensitive to slight deviations from
the theoretically assumed mechanism.

Theoretical treatments of the catalytic mechanism pre-
dict that the phase angle as a function of applied potential
should have the same symmetry as that function in the absence
of a catalytic reaction (1,12). The phase angle versus ap-
plied potential curve of the second uranyl wave in the presence
of nitrate lon is shown in Figure 20, Comparison of Figure
20 and Figure 18 shows that the catalytic reaction affects
not only the magnitude of the phase angle, but also the sym=-
netry of the cot(b versus applled potential curve, contrary
to theoretical predictions. The disagreement between theory
and practice is a manifestation of the difference bétween
the true mechanism and the simple catalytic mechanism. No
hint of this disagreement was obtained from the cotq) versus
frequency plot, indlicating that the cotqb versus poten?ial
criterion 1is probably more sensitive to slight changes in
mechanism than 1s the cot(b versus frequency. Smith has

studied some more complicated catalytic type mechanisms such
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FIGURE 20
Cotangent of Phase Angle versus Applied Potential,

‘Second Uranyl Wave with Nitrate,

0.25 mM U(VI), 0.34 mM NOg

28 Hz

® = LI Hz
150 Hz



300¢

2,001

104

0.80

085 <
0.90 :
0.95 1-60

-E VS SCE



105

as those shown below (10,63):

y-—kl—a OX 4+ ne = Red 4+ 2
k2 1 |
k -

y-——l—* Ox + ne = Red + 2

ko

1

and has pointed out that systems which show evidence for

more complicated mechanisms from the potential dependence

of cotq) may not show anything unusual in the cot(p -
frequency behavior. This appears to be the case in this
instance (i.e. a rmore complicated mechanism is apparent

from the cotq) versus potential data, but a simple cat-
alytic mechanlsm 1s suggested from the cctQ) versus frequency
results). PFurther examination of the cotq) versus potential
curve for the second uranyl wave in the presehce of nitrate
shows that the phase angles greater than 45° are no longer
present which is consistent with the adsorption of some U(III)
specles because it is to be expected that the adsorption
vould decrease as the catalytic reaction rate increases,

The most unusual feature of this function is the minimization
of the cotangent of the phase angle around the peak of the

ac wave, To my knowledge, no system thus far treated theor-
etically predicts that the cotangent of the phase angle
should reach a minimum as showvn in Figure 20, The fact that
no theoretlcal treatment has thus far predicted the above

behavior 1s not surprising because the uraniun system
presents a problem which is much moreée complicated than the

previously considered mechanistic schemes (1,2,3,4,5,8,9,10,

11, 12, 13).
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The phase angle versus applled potential function for
the uranium (IV) reduction (fresh solution) with nitrate
added is shown in Figure 21. It is apparent from the
ficurc that the adsorption of U(III) is no longer present
(just as it was no longer present when nitrate was added to
the uranyl solution above). More important than the disap-
pearence of the U(III) adsorption is the observation that
the symmetry of the wave with nitrate (or lack of symmectry)
i1s more nearly the same as the symmetry of the curve with-
out nitrate in solution (compare Figures 21 and 17). It
would appear that when U(IV) i1s reduced in the presence of
nitrate the reaction 1s more nearly approximated by the
simple catalytic mechanism than is the reduction of U(VI)
in the presence of nitrate. This conclusion is not sur-
prising in view of the fact that using uranium (IV)

eliminates several preceding chemical and electrochemical

reactions.

The rate of reaction of U(III) with nitrate ion and the

mechanism of the reaction

From the measurement of the phase angle (cot.¢ ) it is
possible to determine the rate of the chemical reaction if
the mechanism is knowm (1,2,3,4,5,8,9,10,11,12,13), The
equations derived by Smith which relate the measured phase

angle to the rate of chemical reaction are shown below for

the simple catalytic case (12, 63);

(2w )%+ ((1457)7 4 g/1 + &2)3
cotd - e o)

((1+2)% - g/1 + g2)2
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FICURE 21
Cotangent of Phase Angle versus Applied Potential,

Uranous Reduction with Niltrate
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} !
(2. D)% s +((1+g%)3e/146%)2
cot = Kqfll®p )™ '+ (‘92 ) ) (2).

max -
T —T
((1 + g2)% - g/ 1+8°)3

Equation (2) was used for the calculation of the rate
constants in thls work using cot(bmax as the phase angle at
the peak of the ac wave, The equatlon was simplified by
assuning that & = 0.5 (32) and that the first term does not
contribute significantly to the phase angle  (this is valid
because k_ 1s relatively large and (ZuJD)% is rather small).

The simplified equation used in this work 1s then:

((1+g )2+g/1 4+ 7 )2 .
ot oy = ((1+g )2 - g/1 + g°)2

(3)

The working curve shown in Flgure 22 was constructed from
equation (3). This working curve shows the phase angle as

a function of the parameter g (kcﬁd , Where kc 1s the rate
of the catalytic reaction and .1is the clrcular frequency

of measurement). From a measured phase angle at a known
frequency, the rate of the reaction pould be determined by
finding that value of cot(b on the ordinate and the correspond-
ing value of g on the abscissa and hence the value of kc.
This method is usable onlyv for those rates and frequencies
vhere the phase angle 1s large enough to be measured ac-
curately. This simplified equation gave reasonable agre-
ement with the rates determined by Xoryta using a dc¢ polar-

ographic technique (58). Because the extrapolation method
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FICURE 22
working Curve for Determination of Catalytic Reaction

Rates from Phase Angle Datsa
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1s used to determine the quadrature signals in evaluating
the phase angles, the range of rates measurable by this
method 1s limited. The errors and noise level involved
with this instrument 1imited the usable phase angles to

1

about cot™" 10. A different method of evaluating the rate

of reactlion was used in those cases where the phase angle

was close to 0°, This other method will be discussed below.
Because values of the reaction rates obtained from the phase
angle measurements are in good agreement with those reported
In previous work, the simplyfing assumptions used tec develop
the working curve used are reasonable (i.e. a simple catalytic

mechanism, cotq) at peak = cot¢ma first term in equation

xl
(2) does not contribute a measurable amount to the phase angle)

(58).

The rate of reaction as a function of nitrate conc-
entration determined by this method from the data of the
second uranyl wave ls shown in Figure 23, The first order
dependence of the rate on nitrate concentration agrees well
with the previous ﬁork of Koryta (58); however, due to the
scatter of the experimental points, the unity reaction
order with respect to nitrate is not unambiguous. Assuming
that the reaction is unity order in nitrate the wvalue kz =
kc/(NOB) is found to be 1.3 X 106 sec™t M 11ter~! (at 0.145
nM uranium (VI) concentration) which is in good agreement

with the value of 1.6 X 106 sec™t M 1iter~! found by Koryta

(58). Because measurements of small phase angles are doomed
to high experimental errors by virtue of the large capacitive

correction necessary and in view of the many approximations
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FIGURE 23
Rate of Reactlion of Nitrate ion with U(III) Determined

from Phase Angle Data

o = 0.145 mM U(VI)

.
i

0.25 mM U(VI)
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made, too much importance should not be placed on the specifilc
values of the rate constants, but the interpretatlion should
be based upon the change in rate of reactlion with change 1n
concentration of reactant. The above is simply statling

that an underlying assumption in this work is that errors
will be more or less the same so that trends wlll be accurate
even though specific rates may be in error. It appears

from this rate study at two different uranium concentrations
that the rate of. reaction increases as the concentration of
uranium decreases. This will be discussed in more detall
below,

Because the reaction 1s so fast at reasonable nitrate
concentrations, the phase angle soon becomes too small to
measure with any tolerably small experimental error at
usable frequencies (i.e. below those frequencies where
charge transfer kinetics begin to become important). For
the above reason a new method, based upon a recent paper by
Smith was devised (64). This method does not involve the
measurment of phase angles, but rather current levels (very
analogous to the dc nethod previously). Therefore it does
not have the experimental error limitatlon of the phase
angle evaluations. If one considers the effect of a catalytic
reaction upon the alternating current which flows in an ac
polarographic experiment, it can be shown that, in the limit
where the rate of the catalytic reaction is much faster
‘than the applied frequency (g very large, cotd very large),
the current is given by (64):
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s

2. 2 # 1
I( W t) - n F ACO (cho)‘ AE

sin{( W t) (&)
URT cosh<{j/2)}

where I{ W t) is the ac current, n 1ls the number of electrons
involved, F is the Faraday, A the area of the clectrode,

C: the bulk concentration eof Ox, kc the rate of the catalytic
reaction, D_ the diffusion constant of Ox, AN E the peak-to-
peak magnitude of the applied ac voltage, R the gzas constant,
T the absolute temperature, j 1s a function of the difference
between the potential of measurment and the nhalf-wave
notential, W 1is the circular frequency (2 m ) and t is
time. Because the measurment which 1s performed 1ls the RIS
value of the ac current, the sine term becomes a constant
(0.707). Comparing equation (4) with the expression

derived for a simple reversible ac polarographic wave (1,64):

22 3% 1.

n“F“AC, (w D,)2 AQE
T = 0 sin ( Wt) (
rev TRT cosh2 (3/2) 5)

it becomes apparent that the only change in current magnitude
is that in the limiting case the current 1is independent of
frequency and is proportional to the rate of reaction whille
the magnitude of the uncomplicated charge transfer current

is the diffusion controlled value (i.e. Loy (W )%).

Dividing equation (5) by eguation (4) yields:

Tpe/Tl W E) = W /k )3

and hence

k= WAL /I( wt))? ~

rev
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This means that the rate of the catalytic reactlion can be
evaluated by measuring the current (peék current 1s used)
wlthout nitrate present and then the current, at the same
frequency, with nitrate present and taking the ration of the
two. It 1s necessary, of course, that the phase angle be
measured also to be sure that it 1is close to 0° to confirm
the validity of the 1limiting law approximation.

It is necessary for the terms in cosh2 to cancel if the
above equations are to be valid for the determination of
rate constants, Cancelling the cosh2 terms assumes that the
peak in the presence of the nitrate occurs as far from the
reversible half-wave potential as the peak without nitrate
does, The peak potential shifts with added nitrate, but so
does the half-wave potential so that this assumption states
that these two potentials shift by the same amount. If this
assumptlon 1s not valid, an error of 100 mv will introduce
an error of about a factor of 2 in the measured rate constant,
An error of 100 mv is larger than any possible error in this
work, ZEven 1if the assumption 1s not valid, the error intro-
duced will agaln be a constant one so that the‘trends will
still be valid,

The variation cf peak current with frequency as a
function of nitrate concentration is shown in Figure 24,

Aﬁ high nitrate concentration and low frequency the peak

current 1is found to obey the limiting law given above,

equation (4): the current is independent of frequency and
greater than the diffusion controlled case (because the limiting

law 1s--valid when kc:§>(d » the theory predicts that the



Variation of Peak Current with Frequency at Varlous

Nitrate

-

®@ o +

Concentrations, Second Uranyl Wave

= No Nitrate, 0.25m}M U(VI)

= 0.064 mi NOT, 0.25 m¥ U(VI)
= 0.34% m} NOL, 0.25 mli U(VI)
= 0.113 m¥ NOE, 0.25 mM U(VI)
= 0.258 m}f NOJ, 0.25 mM U(VI)
= 1,09 mM NO'B', 0.25 m} U(VI)
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;urrent will be greater than the diffusion limited case).
At higher frequencies, however, where the limiting ap-
proximation 1s no longer valid, some rather unexpected
behavior 1s noted. The current is found to decrease with
Increasing frequency over a narrow region and then to in-
crease (more or less linearly) with the square root of
frequency, but at a decreased slope from the diffusion
controlled case, At very high nitrate concentrations
the peak current is almost independent of frequency,
but remains less than the diffusion controlled current.
The theory of the simple catalytic mechanism predicts
that the ac current will be described by the equation
shown below (the limiting equation is obtained from this
by letting kc>>w)(6l&):
n®FPACt ( W Dy)E A E

I t) = 2 2
(W t) AT oostZ (375) (2/7° + U%)sin(wt+ d) (6)

2\% 2,1
where T = ((1 4+ g87)% + g/ 1 + g°)=

2.} 2,k
and U = ((1 + g°)2% - g/ 1 4 g°)% & = kK, /w

Introducing the equation for the diffusion controlled
wave (equation (5)) and remembering that the current
measured i1s the RMS value (the sine terms become constants)
yields equation (7) below
_ 2y%
{wt) = I (2/T° 4 U7) (7)
which by algabralic manipulation can be rearranged to give
) 2,1
I(wt) = Iey(l +8%) (8)
Because (1 + g2) can not be less than unity without intro-

ducing imaginary numbers, the catalytic current can not be
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less than the diffusion controlled current. Hence,'the
theory of the simple catalytic mechanism falils to predict
the observed current behavior in this case; in fact it
predicts the oposite effect.

The explanation of the unusual current variations
noted above lies in recalling that at high frequencies
(small g) the effect of the catalytic reaction will be
small because the current reversal takes place before the
catalytic reaction can proceed to any great extent., If
the data at high nitrate concentration and at high fre-
quency are treated as if the catalytic reaction is not taking
place, 1t can be seen that this behavior predicts either
a non-reverslible electron transfer step or a coupled
chemical reaction.

If there 1s a preceding chemical reaction involving
the formation of a nitrate complex (es) which is not electro-
active, the current level would decrease at high frequencies
where the potential varies faster than the dissociation
of the complex to the electroactive form. At low
frequencles the effect would be negligible because the
dissoclation reaction would be able to keep up with the
rate of potential changes. Uranium (IV) complexes with
nitrate lon are known, but are not very stable (65,66,67).
The peak current as a function of nitrate concentration at
high frequency 1s shown in Figure 25, Assuming that the
lowering of the current is due to the formation of an

electroinactive nitrate complex and that the current is



FIGURE 25
Variation of PeaX Current at 150 Hz with Varlatlon in

Nitrate Ccncentration, 0.25 mi U(VI)
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a measure only of the uncomplexed U{(IV), the calculated
formaticn constant of the complex (U(N03)3+) 15 log K = 5.5;
this is in poor agreement with the value of log X = 0.36
found by other workers (65,67).

The effect of a chemical reaction which follows the
charge transfer step producing an electroinactive complex
would be expected to give similar results (if we scén from
the opposite direction, the following chemical reaction
would become a preceding reaction in exactly the same
manner). In view of the poor agreement between the cal-
culated formation constant and the literature value of
the U(IV) - NOS complex, further discussion of the cur-
rent function ls deferred untlil the mechanism 1s intro-
duced.,

Koryta had studied the rate of this reactlon as a
function of nitrate concentration, but had neglected to
consider the effect of uranium concentration., He also
assumed that the reaction was flrst order in nitrate and
did not check to see if the experlimental data had suf-
ficient scatter to fit with some other reaction orders,
The Koryta data were reevaluated considering the possibility
of non-unity orders; the data were found to agree within
the same limits of scatter (approximately) with several
non-unity orders. The results of this reevaluation are

shown in Figure 26. Because the rate of U(V) dispropor-

tionation lincreases with changes in pH from 2 (either

direction), the effect of hydrogen ion on the reaction rate



FIGURE 26
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was not studied; all measurments were made at pH=2,

The rate of reaction as a function of nitrate and
uranium concentration was studled by the current ratilo
technique explained above. 1hese data arec sumnarized in
Figure 27, The reaction is first order (more or less) in
nitrate in agreement with previous work and the phase angle
data (58)., The apparent negative order with respect to the
uranium concentration which was mentioned with reference to
the phase angle data is clearly confirmed by the current
ratio data. Figure 28 shows a plot of kz as a function of
uranium concentration obtained from the data in Figure 27.

Because the previous worker did not study the effect
of uranyl concentration, the data can not be compared. A
brief study was performed to ascertain if this negative
order was the result of the method of measuring the rate or
a fact of the reaction. The rate was determined by the dec
method used by the previous author at two uranyl concentrations.
The results were in good agreement with those obtained by
the ac current ratio technique. This strongly suggests
that the negative order 1s a true phenomenum of the reaction
and not an artifact of the method of measurment, Once
again the importance of the rate data is the change in rate
with concentration and not the specific numbers at any part-
lcular concentration. The experlimental error involved in
making measurements by the ac current ratio technique is less
than that involved using the phase angle technique; however,

assuming that the cosh2 terms cancel in the current functions
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FIGURE 27
of U(III) with NOS Determined by
Technique as Functlon of Nitrate

Concentration

0.004 m¥ U(VI)
0.04 mli U(VI)
0.102 m}t U(VI)
0.205 mi U(VI)
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PIGURE 28
Variation of kg with U(VI) Concentration Determined

by Current Ratlio Technique
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introduces another error not present in the phase angle

method,

The rate law which can be written from the data shown

in Figures 27 and 28 is of the form:

-\X 24y
rate = kl(NO3) - k2(U02 )

(9)

where x and y are not necessarily unity (the possibility

of non-integer values of x and y is introduced because of

the experimental error precluding a more precise statement).

The rate referred to above, equation (9), is the ratc of dis-

sappearence of U(III) when phase engle measurements are used

and the rate of appearence of U(IV) when current
are used. From the rate law it 1ls clear that the
mechanism 1s not simply a collislonal reaction of
NOS; there is a conpeting recactlon involving some

specles which removes reactants from the sequence,

measurements
reaction
U(III) and
uranium

It is

also apprarent from the above rate law that the rate control-

ling step does not involve uranium! This presents a dilemma

because the nitrate ion does not reduce at these potentials

if uranium is absent.

The mechanlism of the uranium catalyzed electrochemical

recduction of nitrate lon written from all of tese data is
shown below:

vt y T === u* (a)

(stow) — NO3 4 2H" 4 e —U(Iv), NO, + H,0  (B)

(fast) 5H+ i 2 5U3+ + N02 I 5Uu+ + NHZOH +(C)

HZO

u

+ 0§ — s U™ LN (D)
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The above reaction sequence 1s interpreted in the fol-
lewing manner, after U(IV) is generated at the electrode
by the reduction of U(V): addition of an electron to the
U(IV) at the electrode can do two things; the electron can
reduce U(IV) producing U(III) (reaction (A)) or it can be
passed to a nitrate ion "associated" with the U(IV) to
produce NO, (reaction (3)). The NO, then chemically
reacts (reaction (C)) with the U(III) produced viz reaction
(A) thereby giving rise to the ecatalytic current. Reaction
(D) represents the termination reaction and because it
depletes the NOS concentration near the electrode it causes
the negative order with respect to uranium., The U(III)
which diffuses away from the electrode reacts chemicallj
with nitrate ion 1in the diffuse double layer, lowering the
effective concentration of nitrate available for reaction
(B)., BReaction (B) must be faster than reaction (D)., The
product of reaction (D) would diffuse away from the electe
rode and so would not enter inteo any more reactions. Be-
cause the amount of U(III) which diffuses away from the
electrode is proportional to the bulk concentration of
uranyl, the effect of the termination reaction (reaction
(D)) on the rate is proportional to the bulk uranyl concen-
tration. .

The reason for the zero order dependence on uranium
in the rate controlling step is that only a small fraction
of the total nitrate concentration is "assoclated" with

U(IV)., This means that there is a large excess of U(IV)
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over that needed by the nitrate. At very lcw uranium
concentrations a decrease in the reaction rate is noted
(see Ficure 28) showing that at these concentrations the
amount of U(IV) around the electrode is no longer in larcge
excess over that neceded by the nitrate,

In essence the uranium (IV) acts as an f'electron
bridce" from the electrode to the nitrate ion. A mechanism
similar to thls was originally proposed for the "“catalysis"
of nitrate by some other ions (La (IiI), Ce (III)), but was
later discounted by others who were, however, unable to
decidé what is the correct mechanism (56,68),

Another mechanism which is consistent with the rate

data is shown below:

Uth + e” p— y+ (E)

2u* + U3+ + NOS —_— Uu+ + N02+H20 (F)

2N0, _ N,0, (G)

21,0 + 3,0, — 2NO + L+H++4No‘3' (H)
) .

HY 4+ NO 4 3USY — Uttt . NH,,OE (1)
. N -

Uog + WO, + 2t S | A +NO3 + Hy)  (J)

Sequence E - J was discounted because reaction F,
due to its very large equilibrium constant, predicts that
the concentration of U°¥ and of N03' around the electrode
would be very close to zero and reaction (J) will not go
for thermodynamic reasons.

Other metal ions have been reported toc "catalyze"

the electrochemical reduction of nitrate (68,69,70).

Because these data are not reproducible and there is a
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question as to whether the waves occur at the same potential
as '"uncatalyzed" nitrate reduction, there is a great deal

of doubt as to the interpretation of the previous
observations,

The unusnal variation of the ac peak current with
applied frequency can now be discussed in terms of the
proposed mechanism, From sequence (A) - (D) it is seen that
the electron given to a uranium (IV) species "associated"
wlth a nitrate lon does not go to reducing the uranium, but
to reducing the nitrate. At low frequencies this electron
transfer occurs fast enough that the U(IV) can also'be
reduced before the ac potential reverses and, hence, the
current measured 1s that predlicted by the theoretical equat-
lons of a catalytic mechanism. At high frequencies there is
not enough time for all the "assoclated" U(IV) species to
be reduced to U(III) and the current contribution from the
catalytic sequence is small, Hence, the current is determined
by the current due to the t"unassociated" U(IV) and the
current due to electron transfer to nitrate (probably non-
Nernstian). The irreversibility of the electron transfer
introduced in this manner would reduce the current below the
diffusion controlled value. Non-Nernstian charge transfer
reactlions give non-linear plots of current versus square
root of frequency. The apparent contradiction with the above
data (Figure 24) is resolved if one recalls that- the current
should be zero at zero frequency. If the origin is included

the current curves deviate significantly from reversible

_—

g,',.
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(linear) dbchavior,

The rate of the catalytic oxidation of U(III) by
hydrogen ion was determined from the phase angle of the
ac polarographic wave at -0.90 V versus SCE of a 1.96 mM
solution of uranium (VI}. The rate was approximately
2 sec™l, This rate is sufficiently slow relative to the
rate of oxidation by nitrate lon that hydrogen ion 1s

assumed not to contribute to the measured rates of the

earllier experiments,
Concluslons

The catalytic reduction of nitrate lon 1s stlll not
fully understood. Previous work has been characterized both
by lack of agreement and by poor reproducibility among the
various workers. Catalysis by uranium 1s somewhat different:
from catalysils bj other metal ions in that the data have
been more reproducible, but lack of agreement in conclusions
has been equally bad, At least part of the blame for the
confuslion surrounding these redﬁctions can be placed on the
complexity of the uranium chéﬁistry. The techniques used
by previous workers were more or less classlcal electro-
chemical techniques such as dc polarography, potentiometry,
etc. which are somewhat limited in terms of mechanistic
data which can be obtalned.

As with vi:tually all mechanistic lnvestigations, this
work has not coﬁclusively proven the proposed mechanism; it
has indicated that the mechanism is more complicated than

previously assumed and one possible mechanlism has been dis-
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proven. The crucial question which any other mechanism must
explain 1s: 1f the reaction is negative order with respect
to uranium, why is uranium necessary for the nitrate re-
duction to proceed at all? The mechanism proposed in the
present work explains this on the basis of a rate control-
ling step not invelving uranium except as a '"catalyst® and
a depletion of the nltrate in the reaction layer by a

chemical reaction of uranium and nitrate,
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