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3.1 INTRODUCTION

The electron transfer between the electrode and the redox couple
in solution is the central act of interest in electrochemistry. And
hence it is but natural that the study of interfacial processes starts
with the study of electron transfer. Many of the ¢lectron transfer
processes of practical interest are of course slow processes, and
hence their kinetics must be studied in addition to their thermodyna-
mics. However, there is equally a large number of electron transfer
processes which are indeed very fast over the time scales of practical
interest. These processes (which are called electrochemically reversi-
ble ones) are much casier to study. Their properties are completely
defined by two easily measurable parameters (n and E°, sec Section
3.2.1). These processes give a well-defined boundary condition for
the solution of mass transfer problems which are inevitably encoun-
tered in any electroanalytical technique. Hence this chapter will
consider the cyclic voltammetric studies of such reversible electro-
chemical processes in solution. The methodology for the study of
fast chemical reactions coupled with such reversible electrochemical
progesses (Section 3.2.2) are also very similar to the simple electro-
chemical processes mentioned above. And hence this chapter will
also consider these processes.

During the nineteenth century and the earlier decades of the
twentieth century, the electron transfer was indeed presumed to be
reversible and the kinetic aspects were greatly overlooked. This trend
was slowly reversed in the fifties and the sixties of the present
century; a lucid account of these developments is now available [I].
Following this trend many of the recent books in electrochemical
phenomenology generally attempt to present a kinetic approach to
electron transfer. This type of emphasis of kinetics has gone to the
extent of completely neglecting reversible thermodynamics in these
texts. There is need to emphasize that the thermodynamic under-
standing of a process indeed forms a sound basis for any kinetic
study. This chapter thus discusses the enormous amount of chemical
information obtainable frome simple measurements of E° values.
These would form the basis for understanding the kinetics of electro-
chemical (Chapter 4) and chemical (Chapter 5) processes in later
chapters.

The next section discusses the phenomenological model em-
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ployed to describe the electrochemical equilibrium. The implications
of the model parameters (E°, » and K) are considered in detail. The
relevant mass transfer equation is also discussed. The mathematical
solutions for various experimental techniques under various situations
are discussed in Section 3.3. A number of experimental studies
relating to electrochemical equilibrium which illustrate the evaluation
and correlation of the model parameters are described in Section
3.4. The scope of this model is analytical. Other applications are
finally discussed in Section 3.5.

3.2 THE MODEL

The model for describing the reversible electrochemical processes
outlined here consists of only three interfacial phenomena (Chapter1):
the charge transfer reaction, chemical reaction and mass transfer in
solution. Each of these shall be discussed subsequently.

It must be remembered that important restrictions are being
imposed even in these phenomena. First of all, one assumes that
the electrode material is chemically inert. It only serves as a source
or sink for electrons (reactions involving electrode materials arc
considered later in Chapters 6 to 10). One also assumes that the
electrode reaction does not exhibit any surface effects (that is, it is
assumed that any electrode material will show the same electro-
chemical behaviour for the reaction of interest. This assumption is
removed later in Chapters 11 to 14), Finally, one also assumes that
the reactants and products do not interact or adsorb on the electrode
surface (the adsorption effects again are specifically considered later
in Chapters 7, 11 and 12). Although these and the reversibility of
chemical as well as electrochemical processes appear to be very restric-
tive, there are still several processes which obey all these restrictions.

3.2.1 THE ELECTROCHEMICAL EQUILIBRIUM

Assume that the oxidized species Ox is reduced at the inert electrode
surface according to equation 3.1.

Ox 4 nesR 3.1

As mentioned earlier (Chapter 1) the potential of the electrode-elec-
trolyte interface at which this reaction occurs cannot be measured
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directly in an electrochemical cell. If a reference electrode reaction
is used at another electrode such as

(P1) 12 H,=H*+ ¢ 3.2

one can measure the potential of the first reaction with respect to
this second reaction. The actual poteatial difference between these
two electrodes will in fact be the electromotive force or emf of this
cell (E..u). The overall reaction now is

Ox+ 1/2H,= R - H* 3.3

This is a simple redox reaction. The E,.y, ., is related to the
activities of the reacting species as follows:

RT . (Ox)(1/2 H)

[/]
Ecotty eq =—=E

cell

+

In this expression (X) refers to the activity of the species (X) and
EZ,; is the standard emf of the cell when the activities of all the

reacting species are unity. EZ,; is related to the free energy of reac-
tion 3.3 (AG) and equilibrium constant X by the following expres-
sions.

AGe = — nF E° 3.5
0 RT
cel.!m .H_'F ln K 36

Although EZ.;, is a quantity of great significance by itself (Section
3.4.3) at present the interest is in the electrode potential of reaction
3.1and for this purpose, conceptually equations similar in structure
to equation 3.4 may be written for the half cell redox reactions 3.1
and 3.2

RT | (09

0
EOX'IRS eg — on}vR_i“
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RT H+
En+jia iy, 00 = EI;““/ZH*‘E T F In (T/(HZH_M)_j 8

By substracting equation 3.8 from 3.7 and equating Eceir = Fox/r
— Epia, and Edyy = Edyr — Efripnj2 22 €quation 3.4 is  obtained.
Now if it is assumed that Ez+i2 g, is zero at unit activity of H*
and 1/2 H, (this is the assumption of 0.0 V for standard hydrogen
electrode potential) one gets equation 3.7 straightaway from equa-
tion 3.4. _

Similarly the equilibrium electrode potential for a half cell reaction
involving » electrons may be derived.

Ox - ne=R 3.9

0 RT (Ox)
Eoxir, eq = Eqy izt a In '(E)” 3.10

In this expression Eqyyr is the equilibrium electrode potential at

all activities of Ox and R and Eg,;z is the standard electrode poten-
tial at unit activites of Ox and R. It is worthwhile remembering
one important aspect of the above derivation. Whenever reference is
made to the standard electrode potential of any half cell reaction at
an electrode-electrolyte interface, it is in fact being referred to the
standard emf of the cell constructed by this half cell in combination
with the standard hydrogen half celi. Similar consideration also
applies when any other reference electrode is employed. Therefore,
although based on arbitrary scale, F° values are perfectly thermody-
namic in nature and are useful in understanding and predicting
thermodynamics of electrochemical systems.

The F,, and E® values in equation 3.10 (hereafter the suffix Ox/R
is removed which is of course implicit) are connected by activities
of Ox and R. These activities may be expressed in terms of activity
coefficients (y) and concentrations (C). Equation 3.10 now becomes

R7 TOx) R7 Cox
'y = o Lx — In == 3.11
E., (E + o In e + of o

" In a number of experimental situations it is quite difficult to
obtain activity data, since cyclic voltammetry starts with just one
- of the redox species, Ox or R, However often very dilute solutions



108 Cyclic Voltammetry and Electrochemistry

(millimolar solutions) are employed and at such concentrations the

y values would be close to unity and in any case the ratio (Yox/Yr)

would not change substantially. Thus the entire term in the bracket

may be defined as the formal electrode potential (E/)
RT |, Cox

= Ff 1. —
Eey = Ef - nFIn Ca

3.12

If both Ox and R are stable entities in solution and the electron
transfer is fast, the above equation may be used to measure Ef
values by measuring E., at various Cox/Cr concentrations. This is
the basis of potentiometric measurements. When both Ox and R
are not stable enough, cyclic voltammetry is the powerful technique
to evaluate £/ as well as n values. As seen subsequently (Section
3.4.1) these equilibrium properties of systems can be estimated the
lifetime of which may be of the order of a few milliseconds or even
less. Also multielectron transfer may be encountered at different
formal electrode potentials (E,/, £ etc.). These processes are also
discussed in detail later (Section 3.4.2).

3.2.2 CHEMICAL EQUILIBRIUM ASSOCIATED WITH CHARGE TRANSFER

This section briefly outlines a few important thermodynamic
properties which can be derived from the measurement of £/ values

under various experimental conditions. Actual experimental results
are considered later (Section 3.4).

a) Suppose there are the following two redox reactions Ef values
of which could be measured by cyclic voltammetry

B 3.13
Ox, + ne<—=R, :
ESf
().x.2 + ne.(___z_._Rz 314

The difference (£, —E,f) gives the standard emfof the cell consisting
these two couples and the equilibrium constant of the resulting
redox reaction 3.15 may be easily estimated using relation 3.16.

Ox, + R, = R, + Ox, 3.15

RT
E[ —E = —r I K 3.16
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Such redox equilibrium constants are very important parameters
for a proper understanding of biological redox processes and redox
catalysis (Section 3.4.4).

(b) In organic redox processes, radical icns are often generated.
Consider the formation of radical anions and dianions from neutral
molecules.

Elf

A+ ne T A" 3.17

Eyf
A=+ e A* 3.18

e

If the redox potentials are known, E,f — E,f gives the equilibrium
constant of the disproportionation reaction 3.19 by an equation that
is identical to equation 3.16.

24- & A* 4 A 3.19

One will encounter a few examples of such measurements later
(Section 3.4.3).

¢} Electrochemical reduction or oxidation results in the increase
of negative or positive charge on the species Ox or R respectively.
These charged species interact more strongly with the solvent and
forms solvated species the total entropy of which generally decreases.

These entropy changes can be monitored by measuring Ef values at
various temperatures

nFEf = — AG = TAS — AH 3.20
Therefore
dEf  AS
16T = aF 3.21

Such entropy change meaurements using equation 3.21 may give
some vital information of solvent-redox couple interactions (Sec-
tioa 3.4.5). Knowing AG® (from E° values) and AS using equation
3.21 one may also calculate the heat of a reaction using equation
3.20 which would enable the evaluation of heat changes during
electrochemical processes,

- d) So far, one considered the reactions of species Ox and R at
the electrode surface and the reactions among themselves. It must
also be remembered that they can also interact with the solvent
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(solvation equilibrium — Section 3.4.6), acids and bases (acid-base
equilibrium—Section 3.4.8), cations and anions of the supporting
electrolyte or added salts (ion-pair formation—Section 3.4.7), and
finalty with any specifically added complexing agent (complex for-
mation—Section 3.4.9). One can generalize that any such interac-
tion that stabilizes the reactant Ox (equation 3.22) will shift the
equilibrium potential of the redox reaction 3.23 in the negative
direction (the reaction becomes more difficult). Alternatively, any
interaction that stabilizes the product R (equation 3.24) shifts the
same potential in the positive direction (the reaction becomes
easier). One may represent the whole sequences as follows:

Z = Ox + pX 3.22
Ox + ne = R 3.23
R+gx = Z 3.24

In these equations X refers to the interacting species (solvent, ion
complexing agent etc.) |

The corollary of the above arguments must be clear. These in-
teractions can be measured only if the interactions on Ox and R
arc different (that is they must stabilize either Ox or R). If the
interactions on both Ox and R are the same, then the evaluation is
impossible by this method.

As an example of chemical interaction, suppose that X (say a
complexing agent) interacts with Ox alone (equations 3.22 and 3.23
alone operate), then the chemical equilibrium constant for reaction
3.22 is

~ Cox- &y 3.25
K = . .
And hence Coy is given by
K * Cz
COx = Cxp

Substituting this value in the Nernst equation for a redox process
such as equation 3.23 (that is, equation 3.12) one gets

Fopm B+ XLy g+ Xy G
nf

7 N Ger O

If Ef and »n in the absence of X have been independently evaluated,



Reversible Charge Transfer and Diffusion 111

one can evaluate K from evaluating the variation £,, with C, and
Cy (Sections 3.4.6 to 3.4.9). Some useful thermodynamic expressions
discussed above are compiled in Table 3.1.

Table 3.1

Potential concentration relations of electrochemical equilibrium

(i) Ox -- ne = R

0.059 C
E. = Ef 4+ —— log 9% 3.1.a
I CR
039
Ef = o 4 009 g Yox 3.10b
£ 'YR
dE® AS
- _ == 3.1c
d(AT) ~ nF
(i) Ox, + R, = R, + Ox;
Ef(Oxy/R,) — E]f(OxI/Rl) = 0.059 log K 3.1.d
(itiy Z = Ox 4+ pX;, Ox + ne & R
0.059 0.059 C
Ey=E + —log K + log ——— 31e
n CR' CXP
(iv) Ox + e =2 R, R4+ gX¥X = 2’
0.059 059 Cpy-Co
E,, = Ef + log K + 0.0 log ~% ¥ 3.1f
/] C,
L2004+ pX;0x + e =2 RR+gr =2
0.059 0.059 CzC
Eog=E + —log K 0;-Kg + —— log 2% 3.1.8
b7) H Cy
E.q Equilibrium electrode potential
E° Standard electrode potential
Ef Formal electrode potential
Y Activity coefficient
c Concentration
K Equilibrium constants
A Entropy change .

(All potential values are in volts at 298 X),
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The constant values are computed at 298 K where they are quite
often employed.

3.2.3 THE MASS TRANSPORT

So far the relationship between concentrations of reactants and
equilibrium electrode potentials and equilibrium constants are
discussed. All the above relations would hold only at strictly
equilibrium conditions, that is when the concentrations themselves
do not change with time (z) as well as distance (x) from the electrode
surface. )

In the cyclic voltammetry (CV), exactly the opposite situation
would prevail. As soon as the current flows in the electrode-
electrolyte interface (say in the cathodic direction), the concentration
of Ox would decrease and that of R would increase at the interface
(that is, Co, as well as Cp varies with distance). Cyclic voltammetry
is, in fact, a transient technique. The potential input itself varies
with time. Hence the concentration changes‘ would also increase
with time. In this context of changing concentrations with both time
and distance, how does one measure the equilibrium properties of
‘the system ?

This paradoxical question does possess a simplified answer. It is
assumed that at aay mome:nt of time the surface concentrations
Cox (0, t) and Cg (0, t) obey Nernst equation 3.12: (In all the ex-
pressions for concentrations, the first variable in parenthesis refers
to distance and the second variable refers to time). Nernst equation
now becomes

RT COx(os t)

f .
E = E+ l Cr(0, D) 3.27

The concentrations may change according to the mass transfer
laws, but their surface concentrations must obey the above expres-
sion. This is the expression (called the boundary condition to the
solution of mass transfer expression) which enables us to obtain
thermodynamic parameters from CV measurements.

Now turning to the mass transfer problem itself, as discussed ear-
lier (Section1.4.11), the diffusion of electroactive species in stationary
solutions (that is, in the absence of convection effects) can be
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described by Fick’s law of diffusion. For diffusion necar a planar
electrode surface these equations are given by

8Cox(x, 1) _ 1, 8*Cox(x. 1) 328
ot ox?

oCr(x, 1) D 02Cx(x, 1) 3.29
af - ox? .

The goal is to obtain the expressions for Cox (X, t) and Cg (X, ¢)
in terms of x and ¢. This requires the integration of these second
order partial differential equations. For this, one must define one
initial condition (at ¢ = 0) and two boundary conditions (at > 0
for x = 0 and x = a) for each of these equations.

At the beginning of the experiment, the concentration of Ox
through the electrolyte is uniform and is equal to the bulk concen-
tration Cox. In CV usually R is not taken in the electrolyte. Hence
one may define the initial conditions as follows:

COx(xy 0) == COx 330
Cr(x,0) = 0 3.31

During the electrochemical experiment only the surface concentra-
tion of Ox and R undergo changes. At sufficiently long distances
from the electrode surface there is no change in the concentration.
This gives the first set of boundary conditions.

limit Cox(x, ) = Cox 3.32
X P
limit Cg(x,t) = 0 3.33

e J¢4

At ¢t > 0, that is, when the electrochemical experiment is carried
out, the surface concentration by two boundary conditions must
also be defined. One¢ boundary condition has been defined earlier
by adopting Nernst equation at the surface, namely by equation
3.27. Another boundary condition can be obtained from the law of
conservation of matter. For each O, molecule reacted, one mole-
cule of R must be produced. Or the rate of change of concentra-
tion of Ox with time (decrease) mustbe equal and opposite to the
rate of change of concentration of R with time (increase), thatis,

_-Do, [ECOxi:E’_Ql :DR[QE’_MX~ f)] 334
x  Jx=0 Xe=q

P ox
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With the limiting conditions 3.27 and 3.30 to 3.34, one can solve the
partial differential equations 3.28 and 3.29, and obtain Cox (¥, #)
and Cg (x, 1) by analytical or numerical methods. The required
expression for current as a function of potential and concentrations
is then given by

. ”FADOJ‘!—?‘C‘%S’ r)] 3.35
i X=0

The solutions to this semi infinite linear diffusion at planar elec-
trodes are available for a number of techniques related to CV.
Those who are interested in the actual derivations may refer to the
original references cited hereafter. Some excellent coverage of the
entire mathematical derivations [2-4] for all solution phase pro-
cesses are also available. In what follows in the next section (Sec-
tion 3.3.1), only the results of these derivations are discussed and
the useful expressions presented which can straightaway be used for
the analysis of one’s own experimental data.

The semi-infinite linear diffusion to a planar electrode surface
discussed above is the easiest one to solve and is the most widely
used solution till date. However, in practice, non-planar electrodes
are employed. Spherical and cylindrical electrodes are, for example
commonly employed. The Fick’s diffusion laws take quite differe-
ent forms under these conditions. These non-linear diffusion effects
arc becoming even more important with the introduction of very
small electrodes and micro-heterogeneous electrodes. These effects
will hence be considered briefly in Section 3.3.2.

One may also carry out LSV and CV experiments in convective
diffusion conditions (Section 1.4.12) and other forms of hydrodyna-
mically modulated conditions. A brief mention on these works
is made in Section 3.3.3.

3.3 The method

3.3.1 SEMI-INFINITE LINEAR DIFFUSION

Mathematical solutions for a number of techniques are available.
However, LSV, CV and semi-integral or the convolution sweep
voltammetry are the most popular ones till date. They will be
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considered in detail separately, before the other techniques are
briefly considered.

a) Linear sweep voltammetry
For the cathodic process 3.1, one can write the equation for the
variation of potential with time as

E = E; -t 3.36

where E; is the initial potential selected so that no net charge
transfer takes place at this potential and v is the sweep rate in
volts/sec.

By developing a mental picture of what happens at the electrode-
electrolyte interface when this potential input is applied, the
potential £ slowly moves in the negative direction. According to
3.27 the concentration Cpx (0, ) must decrease and Cg (o, t)
must increase to adjust to the negative shift of potential. This
implies that the reduction' process will take place at the
mterface. Now the surface concentrations have changed and so
the diffusion process would set in. Since the Ox species concentra-
tion is lower at the surface bulk, Ox would move towards the
surface. Similarly R would move away from the surface. At

3 £
(3) (b)

Fig. 3.1, (a) Representation of a portion of i-t-E surface
for a Nernstian reaction. Potential axis is in
units of 60/r mV (b) Linear potential sweep
across the surface [WH Reinmuth, Anal
Chem 32 (1960) 1509].
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short time intervals, there will be a sharp concentration gradient
(Fig. 3.l.a) and hence the current will be high. But as the
time increases, the diffusion current will decrease because the con-
centration gradient {dCop. (¥, £)/dt] will slowly decrease with time.
Thus there are these two opposite influences. With time, the poten-
tial shifts cathodically and hence the cathodic current must increase
with time, With time, the concentration gradient decreases and
the current also decreases. At short time intervals the influence
of potential predominates and the current increases with time. At
longer time intervals the mass transfer effect predominates and
hence the current decreases. At some intermediate point of time a
peak in the current potential curve results. The current value at
the peak is called the peak current (/,) and potential corresponding
to the peak is called peak potential (£,).

The mathematical solution to this problem has been achieved
independently by Randles and Sevcik [5, 6]. Figure 3.1.a shows
the separate influences of potential and time on current {7]. At
cach time, the current increases with potential and reaches a limiting
value. At each potential, the current decreases with time. In this
experiment, £ varies with time and the diagonal of X~Y axis shows
the LSV wave with the peak. Numerical solutions have been tabu-
lated [8, 9] which would enable calculation of LSV curve if Dg,, #
and E¢ values are known.

A typical LSV curve for such reversible process is presented in
Fig. 3.2. Although the entire curve may be numerically simulated,
in regular LSV analysis only three important diagnostic parameters
are measured. These are i, E, and Ep, — Ep, and their values are
given by the following expressions:

12
i, = 0.4463 nFACox (1%) y2pie 3.37
RT , DY RT
Ey= £+ o5 In i — 1109 (HF) 3.38
E, — Epy, = 2.2 g_g | 3.39

In the simple electron-transfer processes, the Ox and R species
differ only in the number of electrons they carry. Their sizes would
not be affected by this factor to any significant extent. Since the
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Fig. 3.2 Typical lincar potential sweep voltammogram for
reversible charge transfer. The function X(E)
is a parameter which is directly proportional to
current

X(E) = i|nFACox(n FvDg/RT)?2

diffusion rate is primarily controlled by molecular size, in the
present case it is Do, = Dg, and hence one may also write equation
3,38 as

E, = Ef — 1.109 (RT) 3.40

nf
These useful expressions at 298 K are collected in Table 3.2. The
numerical constant from most computations in 3.2.a is 2.69 x 10%
at 298 X [10-12].

It is obvious from 3.2.a that i, is directly proportional to Cox
and square root of sweep rate v'Y2; i,/vU/? at constant Co, and
ip/Cox at constant v must be constant; i, versus Co, at constant v
must be a straight line and pass through the origin. £, must be
independent of sweep rate according to 3.2.b. E, — £,, must also
give a constant value of (56.5/n) mV as suggested by 3.2.c. If all
these criteria arc obeyed, then the process which is a reversible
diffusion controlled one may be confirmed.
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Table 3.2

LSY and CV equations for reversible charge transfer

Ox 4 ne =2 R — Linear Sweep Voltammetry

iy =2.69 x 105n312ADgi 2C,, 32.a
12
59 D 28.5
Ep=Ef+-—log-ﬁ—2—-—mV
7 DO; n
28.5
—56.5
Cyclic voltammetry
ip, alipyc =1 3.2.d
| 592 )
Epa—Ep, ¢ = —-H—mV N 3.2¢
Ef = ﬂg.;_’fp_f 3.2

In equation 3 2.a, i, is in amperes, 4 in cm?,
D in cm?/sec, v in volt/sec and C in moles/cm?

Once this fact is established, one may again employ the same
equations to evaluate the unknown parameters of interest. If a
compound Ox of known concentration is taken, equation 3.2.a
contains two unknowns # and Dg,. Equation 3.2.c would enable
one to find #. Using this value, one can evaluate Do,. Equatioh
3.2.b can be used for the evaluation of Ef knowing n again. Hence
all the three physicochemical parameters of a reversible charge
transfer process, namely »n, Ef and Do, may be evaluated using
Table 3.2.

Consider the limits over which this technique may be employed.
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1t is employed over a sweep rate range of 0.010 mV/sec to 20,000
volts/sec. Below the slower sweep rate limit, the measurement is
made over a fairly long period. Here the assumption that mass
transfer occurs entirely by diffusion will fail. Convection effects
would complicate matters and equation 3.2.a will not be valid any
more,

Even above 1 volts/sec, two effects must be considered. If the
solution resistance is higher (R,), the potential drop will increase
with sweep rate since the i, increases with sweep rate (Eig = i,-Ry).
Positive feedback technique (Sec. 2.7) is most often employed to
minimize this effect.

It is noted that the clectrode-electrolyte interface itself hasa
double layer and hence a double layer capacity Car(Section 1.3).
At higher sweep rates, the capacity current -or the non-faradaic
current (ins) due to this Cg itself can become very high, This is
given by

by, = Cg -v" 3.41

Note that i, increases in proportion with v/2 (3.2.a) whereas iy,
increases even faster in proportion with v (equation 3.41). Usually,
the 7,, ris measured as the background current 4in the absence of
Ox and later this value is subtracted from the total current response.
As seen later (Section 3.3.1.d) some differential techniques usually
eliminate the influence of Cy.

b) Cyclic voltammetry

The first half of the cyclic voltammetric curve is the same as the
one presented above for LSY. The potential input for the first half
is again given by equation 3.36. For the reverse potential sweep,
the potential £1s given by

E =L —2x + vt 3.42

where A is the time taken for completing the linear sweep in each
direction.

Now let usagain describe the happenings at the interface during
the reverse sweep. If the potential is taken to atleast (35/n) mV past
.the E, in the negative direction before reversing the potential [9],
it is ensuring that the surface concentration of Ox becomes zero, .
and hence the surface concentration of R at this potential i1s equal
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to the initial concentration of Ox, that is, Cp == Cgx. When one
systematically moves the potential towards the positive region, R
slowly gets oxidized. The influence of the potential increases the
current and the mfluence of mass transfer decreases the current at
longer times. Hence, exactly as in the case of LSV, there isa current
peak in the anodic direction as well (i,,)

Mathematical solutions using cquation 3.42 as the potential
programme are available [9, 13-17]. A typical cyclic voltammetric
curve is presented in Fig. 3.3. In addition to the three expressions

—“5*

!

-

E ~
Fig. 3.3 Typical cyclic voltammogram for reversible

charge transfer. The measurable parameters
are also indicated in the figure.

used in LSV (equations 3.2.a-3.2.c) there are three more expressions.

ipafipe = 1 3.43
RT

Eps — Epe = 2.303 - 3.44

Ef = (Ep,a + Ep,o)l2 3.45

These expressions are also included in Table 3.2.

In the experimental analysis of CV data, evaluation of i,, , (the
reverse peak current) deserves some attention. The base line for the
reverse peak is not a simple straight line. The reverse current is in
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fact comstructed on an exponentially decaying forward current.
This decaying portion can be obtained experimentally by operating
the recorder in the ¥—r mode and recording a LSV even after the
negative end point is reached (Fig. 3.4.a) [4, 18]. This decay curve
may also be obtained by numerical extrapolation using a digital
computer. Another stmpler method 1s to hold the electrode at the
reversing potential for some time till the / value does not change
substantially with time and then recording the reverse current
(Fig. 3.4.b) (18, 19]. As pointed out recently [20], this method

Fig. 3.4 Methods for the evaluation of reverse peak currents
(a) current-time extrapolation method (b) potential
hold method, -

however must not be employed for measuring i, , wherever slow
chemical reactions (Chapter 5) are involved. If the base line cannot
be obtained by either of the two methods suggested above, the real
ip, a/p, c value may be obtained by the following expression [21],

ina _ (ol 4 04830 | g6 3.46

ZPJ c ZP9 [ lp’ c

In this expression (i,, ), i1s the anodic current below the current
zero line (Fig. 3.3) and (i, ,), is the current at the reversing poten-
tial £y (Fig. 3.3).

The same convection limitation at slow sweep rates and Cy
and iR, effects at higher sweep rates discussed for LSV also applies
to the CV technique (Sec. 3.3.1.a). A new method of plotting
i, + i, obtained from the forward and reverse sweep together as a
function of potential has been suggested for overcoming Cy effect
[22]. The i,, s values in the forward and reverse scans cancel each
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other in this total current. Original literature must be referred to
for more details of this rather infant method.

c) Semi-integral or convolution sweep method

LSV and CV techniques discussed above are the simplest techniques
of this kind and are the most often employed ones. However, they
do have certain disadvantages and new techniques are “eing
developed to overcome theni.

One important difficulty in LSV and CV is that the i, value
depends on the reversibility of the charge transfer process. The peak
current expression (equation 3.2.a) will not be applicable for
quasi-reversible and irreversible processes (Chapter 4). Morcover,
in the voltammetric curve obtained, one analyses only a very small
portion of the peak current, peak potential and the half peak
potential for the analysis of data. The rest of the information
contained in the voltammogram is left unutilized.

These difficultics arise because the current value at each potential
is dependent on sweep rate and hence is time dependent (Note the
v1/2 term in equation 3.2. a). This time effect is caused by the time
dependence of surface concentration Cox (0, ¢) which is obtained as
an intermediate step in the solution of diffusion equations 3.28 and
3.29.

I

1 i(u) du

COX (09 I) = CO.x e T;1/2 FA Dgi (t - u)l?é_
0

In this expression, the integral quantity atany time u can be obtained
numerically by measuring (i) and integrating the function I of
equation 3.48 using a computer.

£

1 i(uy du

I=n I(r W 3.48
L]

If I(t) is known, equation 3.47 takes a very simple form

I

N 3.49
nkA Dg?;

COx(O: l‘) = COx —

A

347"
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At suflicient cathodic potential Co, (0, #) becomes zero and hence
the 7 value reaches a limiting value /. From equation 3.49.

I

Cor = W 3.50
Inserting this value in equation 3.49 one obtains
L—1I
COx (0, t) == W 351

Similarly, one may also obtain another expression for Cg (o, t)

I
Cr{0,t) o= ——— — 3.52
rl0:8) = DI :

Using the surface concentrations in Nernstien reversibility condition
(equation 3.27) another useful expression is obtained

RT . DY RT L—I
fo n—
E—-Eqn In 1324}1}?11} Vi

3.53

Note that value of I (equation 3.50) as well as the current-
potential expression (equation 3.53) do not depend on sweep rate or

bl

—
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Fig. 3.5 (a) Typical cyclic voltammogram and (b) the
corresponding semi-integral voltammogram
of a reversible charge transfer process,
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time. A typical cyclic voltammogram and the corresponding semi-
integral voltammogram for a reversible charge transfer process are
presented in Fig. 3.5. The three unknowns looked for namely #», E°
and Doy values may be obtained as follows: Plotting £ versus log [(1;—
I)/1] according to equation 3.53 obtains the straight line the slope of
which is (0.059/n) mV. Obtaining » from this slope can get Dox from
equation 3.30. The intercept of the straight line according to equa-
tion 3.53 at the potential axis would straightaway give the £ value.

This idea of semi-integral [23] or convolution sweep voltammetry
[24] was almost simultaneously proposed. Extensive refinements to
the theory were subsequently reported [25-29]. As in LSV and CV,
convection, R, and Cy still influence the semi-integral analysis.
However, these effects are more easily noticed by irregularities or
deviations from the regular behaviour [30]. The forward and reverse
scans may not coincide as in Fig. 3.5, the I; may slowly increase
without reaching a limiting value or the reverse wave will not reach
zero value. Such deviations are very helpful in identifying and
correcting for the effects.

The semi-integral quantity I has the dimension of amp sec!2. If 1
versus £ gives a limiting wave represented in Fig. 3.5, the differential
of this quantity with respect to time d//dt versus £ would give a sym-
metric peak (Fig. 3.6). The quantity d//dt will have the dimensions
of amp sec~Y? and hence called semi-differential voltammetry {27,
3]. This differential technique is more sensitive than the semi-integral
technique itself since the Cy effect is minimized to a great extent
(Ca is almost constant over a wider potential region and hence
dCafdt will be close to zero).

It must be noted, however, that these techniques require more
mvolved computation. Although analog circuit has been proposed
[25] for semi-integration, computer analysis is essential for these
techniques. These mathematical as well as mstrumental sophisti-
cations have limited the usefulness of these techniques. There are
still very few takers other than the proponents of this technique.
Perhaps, with greater availability of dedicated instrumentation in
future, the situation might change.

d) Pulse voltammetric and otiier techniques
In all the techniques discussed so far, the necessity of measuring
the i,, y due to the double layer capacity is indicated and correcting
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for this effect when the ir1s analysed. This is, of course, accompli-
shed by manual subtraction of background current from the total
current or using a computer for this purpose. However, it is always

better to devise techniques which would minimize the influence of
Cx on measured parameters.

T T e T T

Fig. 3.6 (a) Typical semi-integral voltammogram and (b) the
corresponding semi-differential voltammogram of a
reversible charge transfer process.

As early as 1952, Barker has indicated that when a potential
input is applied at an electrode-clectrolyte interface, the capacity
current i, r has a transient nature and hence falls off to zero very
quickly when compared with the faradaic current ir [32]. Hence, if
one applies a potential pulse to the electrode and measure the
current after a time lag (), then the measured current contains less
contribution from i,, r and more contribution from ir. This idea
forms the basis for a host of pulse voltammetric techniques such
as staircase voltammetry [33-34}, square wave voltammetry [35~37],
and differential pulse voltammetry [38]. The potential inputs for these
techniques were presented earlj\er (Fig. 2.6).

N

S
..
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In staircase voltammetry, the current is measured just before the
application of each step. The staircase voltammogram thus looks
very much similar to the LSV. The theoretical analysis and the
resulting current-potential expressions are also very similar provided
the step intervals are sufficiently small [33-34]. CV analog of stair-
case voltammetry is also possible.

Square wave [35-37] and differential pulse voltammetry |38] ~re
differential techniques in the sense that the difference in current
just before the application of potential input and after time ¢ of
application of next input A/ is measured as a function of potential.
The current respense s thus a symmetric peak like semi-differential
voltammetry shown above (Fig. 3.6). The mathematical expression
for the peak characteristics are of course quite different.

Another method of eliminating the influence of Cy is to obtain
the derivative of the measured current i, (di/dt) as a function of
the potential [39]. This derivative voltammetry greatly improves
the sensitivity of current values for analysis [39] as well as potential
values in mechanism evaluation [40].

As mentioned carliecr usually only a small portion of voltam-
mogram for an analysis is employved. An alternative discussed
earlier was to use semi-integration or convolution sweep voltammetry.
This method requires computers for integrating (equation 3.48).
A method called linear current~-potential analysis has recently been
introduced where i/i, versus E between 0.5 i, and 0.75i, is analysed
[41]. A linear relation seems to exist and the slope is characteristic
of the electrochemical process proper. This idea has further been
developed into a normalized current-potential voltammetry (NPSV)
covering the entire current-potential region [42-44].

All these methods are in the developmental stage. Except perhaps
staircase voltammetry [33, 34], these techniques have been employed
only by those who have proposed these techniques.

3.3.2 NON-LINEAR DIFFUSION AND CONVECTIVE DIFFUSION EFFECTS

So far the electrode process on an clectrode where diffusion takes
place under semi-infinite linear diffusion condition has been discussed.
What is meant by this lengthy phrase? It means that the mass
transfer of Cp, and Cg takes place only in the direction perpendi-
cular to the surface of the electrode. This assumption is built up in
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the basic equations 3.28 and 3.29 where one considers the concentra-
tion changes in x direction alone.

Now, what is the limit of applicability of this assumption? As
long as the radius of the ¢lectrode surface is larger than the diffusion
length L of the electrode-electrolyte interface given by

L =(2 Doz )12 3.54

Usually Do, 1s around 10-5 cm?/sec; ¢, the time scale of the
experiment is given by 1/v where v is the sweep rate in volt/sec
assuming that one is sweeping a voltage range of 1/v in an experi-
ment. For the slowest sweep rates, say 0.020 voit/sec, ¢ will be 50
sec and hence L will be around 0.33 mm. Usnally the electrode
diameter of disc electrodes (3.0 mm-5.0 mm) will be larger than
this value and hence the above linear diffusion assumption will be
correct.

However, deviation from these linearities will be noticed under
two circumstances: (a) when the radius of the electrode is much
smaller and hence becomes < L, and (b) when very slow sweep
rates are employed when L becomes larger (equation 3.54). Under
these conditions, the diffusion expressions depend very much on
the electrode geometry. The Fick’s expressions for such spherical,
cylindrical or any other diffusion geometries are quite different
from equations 3.28 and 3.29. In the following paragraphs, these
will not be described in detail, but qualitatively the variations
obscrved from semi-infinite lincar diffusion behaviour are discussed.

a} Spherical diffusion

Although the equations in Table 3.2 were derived for semi-
infinite linear diffusion to a planar electrode, they are most widely
used in studying electrode processes on Hanging Mercury Drop
Electrodes (HMDE) which possess spherical geometry. The reason
why these equations are successful under spherical diffusion must
be obvious from the above discussion. The radius r, of HMDE is
close to or greater than L (3.54). Hence the influence of spherical
diffusion is marginal.
~However, efforts have been made to evaluate accurately the
influence of spherical diffusion on such processes [45-48]. Numerical
solutions in the form of Tables [45, 47] as well as analytical
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solutions [46, 48] are available. A practical expression for Spherical
diffusion at the peak current is [48]

nF-DOx COx

Fy

Iy s=1Ip p--0.725X 10° 3.55

where i,, s 1s the peak current at the spherical electrode and #p, p 1S
the peak current at the planar electrode of the same surface area.
Equation 3.55 may be used for understanding the general concept
discussed above. As r, increases, the correction factor decreases
and hence the peak current i, , becomes approximately equal to
iy p-

Unless very accurate evaluations are needed, one may employ
linear diffusion equations for HMDE and other spherical electrodes.
However, one must exercise caution when very low sweep rates are
employed and when L may become > r,.

b) Diffusion to micro-electrodes

Another electrode geometry often employed is a small wire
electrode (say, of Pt, Ag or Au) fused in a glass tube. If the bottom
tip of the electrode also is fused in glass, an electrode is obtained
the active surface of which may be described as a cylinder. The
diffusion to such cylindrical geometry [49] was considered in detail.
As in the above case of spherical diffusion, when r, is sufficiently
large and sufficiently high sweep rates are employed, these correc-
tion effects are indeed marginal.

Recently very small micro-electrodes (Section 2.2) of 5-10 pm
radii such as the carbon fibre and metal fibre electrodes have
entered electroanalytical chemistry, Cylindrical diffusion effects to
these microcylinders are indeed substantial [50, 51]. The non-linear
diffusion effects may be discussed on the basis of a dimensionless
parameter

p = r, (nfv/DY? 3.56

When p is smaller, non-linear diffusion effects will be larger. Thus,
with a decrease in the radius of the cylinder and decreasing sweep
rate (increasing ¢ and increasing L according to equation 3.54) the
non-linear diffusion will predominate and the peak current value
will be substantially higher [50-51].
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The micro-electrodes may also be embedded in a disc. The
exposed surface then has a geometry of a circular disc. Diffusion
to such micro-disc electrodes [52-54] may also be discussed using
the same parameter p discussed earlier (3.56.) Again when r, and
v are small, non-linear diffusion effects predominate.

One important advantage of such micro-electrodes is the sub-
stantially higher peak current or limiting current (when p is very
small) when compared with the semi-infinite linear diffusion current
to a planar electrode. This advantage is very valuable from the
analytical point of view. As on date, however, no analytical solution
or peak current expression for these electrodes is available. Hence
an analyst must depend on graphical methods for at least some
more time for quantitative analysis, using such micro-electrodes

[50-54].

¢) Micro-heterogeneous electrodes

Metal minigrids used as the optically transparent clectrodes
(Chapter 15) were probably the first micro-heterogeneous electrodes
employed in electroanalytical chemistry. The mass transfer to this
electrode [55] has been considered for chronoamperometry. The
conclusions reached are, however, applicable for LSV as well
and are similar to the ones discussed above. The non-linear effects
predominate at short times (higher sweep rates) and when r, (here
the thickness of the grid wire of the electrode) is smaller than L
(the diffusion layer thickness).

In recent years, a number of micro-heterogenous surfaces has
entered electroanalytical chemistry. Metal or carbon fibres described
above may be embedded in an inert disc such as Kel-F material.
An active electrode surface may be partially covered by an electro-
inactive film (Chapter 8), thus creating an artificial micro-hetero-
genity in situ.

LSV and CV solutions to such electrodes have also been considered
recently [56-59]. Depending on the fraction of the surface arca
which is actually active (0) the size or radius of the individual
micro-electrode which is active (r,) and the distance between such
active centres (R) a variety of LSV or CV curves may be obtained.
Exact numerical simulations [56-58] arrived at have been experi-
mentally verified [59]. In these electrodes also, non-linear dlffusion
effects enhance the peak current signal and hence these electrodes
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are also of greater analytical interest [59]. For more detailed infor-
mation, however, the original literature may be referred. Some .in
situ blocking effects are considered in Chapter 11.

d) Convective diffusion

Section 3.3.1 considered that Ox and R diffused to or from a
planar electrode. Section 3.3.2 so far considered that non-linear
diffusion effects related to various electrode geometries. However,
all these discussions assumed that the mass transfer takes place only
by diffusion. It has also been indicated that at slow sweep rates,
natural convection of the whole ¢lectrolyte solution may take place
and under these conditions the diffusion ¢xpressions may not be
obeyed. So far the mass transport has not been considered by con-
vection and diffusion together, that is, convective-diffusion as it is
commonly termed.

Carrying out LSV or CV experiments under forced convective-
diffusion conditions using, for example, a rotating disc electrode
(RDE) may be useful in certain cases. For example, one may mini-
mize¢ or even eliminate mass transfer effects. Some attempts in these
directions have been made recently. Convective diffusion problems
for RDE have been solved recently [60-63]. In such experiments,
there are two input variables, the sweep rate (v) and the electrode
rotation speed (w). The mathematical analysis as well as expressions
of course become more involved [60-63].

Other than RDE, convective diffusion problems for LSV have also
been solved for tubular electrode {64]. Hydrodynamically modulated
voltammetry [65; 66] has also been developed.

In this section on methodology (Section 3.3) an attempt is made
to cover a large variety of techaniques related to LSV and CV which
are being developed. AC techniques have not been touched upon
which are also very closely related (linear sweep and cyclic AC
voltammetry, for example). This excrcise was undertaken just to
indicate the active developmental works that are going on in this
area. However, the fact still remains that only the simple LSV and
CV techniques are the most commonly employed technique in this
group. Semi-integral or convolution sweep voltammetry is gaining
some momentum at present. The analysis of staircase voltammetry
data is not at all different from the analysis of LSV and CV data in
most cases. Hence all subsequent discussions are maostly restricted
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to these techniques alone. Tables 3.1 to 3.3 contain all the relevant
expressions for analysing reversible charge-transfer processes under
these conditions.

Table 3.3

Relation between peak width and separation of Formal Electrode Potentials

Ox; + e = R(E/); Ox, + e = Ry(E))

Ey/—E) (mV) ~(Ep—Epp) {mV)
179 29
89.9 31
77.1 32
643 33
411 34
30.8 35
20.6 37
10.3 39
0.0 41.5
—-10.3 44
—20.6 48
—-30.8 54
~41.1 61
—314 69

From Ref [100]

34 THE PHENOMENA

In this chapter oneis concerned with only three of the large number
of phenomena discussed in Chapter 1, namely, charge transfer,
chemical reaction and mass transfer. The charge transfer as well as
chemical reactions are assumed to be in equilibrium and the kinetics
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are not considered here. The charge transfer equilibrium can be
compilectely described by the parameters n and Ef. All associated
chemical equilibria may be described by the equilibrium constant X
and related quantities such as AS and AG. The mass transfer pro-
perties may be described by the parameter D. The significance of
these parameters is discussed, as below, based on primarily cyclic
voltammetric measurements. The processes discussed must neces-
sarily be 1llustrative and not exhaustive. The references cited here
would form the basis for further study.

3.4.1 FORMAL ELECTRODE POTENTIALS AND STRUCTURAL
CORRELATION

When both Ox and R of a redox reaction (equation 3.1) are very
stable, £/ values and even E° values may easily be measured by
potentiometric titration method. In this method, E values at various
ratios of Cpx/Cr may be measured and plotted against E in the log
(Cox/Cg) form. The slope value would give » according to equation
3.12 and the intercept at potential axis would give £/. This is the
classical method of determination of Ef and most of the redox
potentials represented for example in Fig. 1.11 were obtained only
by this method.

But unfortunately, most of the oxidized or reduced products of
an electron transfer process are chemically reactive and hence if Ox
is stable, R is generally unstable and vice versa. In the study of
electrochemical processes, however, the £/ values of such couples
are very important. For example, in the reduction of an organic
compound A, a radical anion 4- is formed. These are highly unstable
in aqueous media where they undergo protonation. In non-aqueous
media the anion radicals of some highly conjugated redox systems
(substituted anthracenes and other higher order polycyclic aromatics)
have stabilities in the polarographic time scale. The Ef values (£
values in polarography) of such compounds were determined and
correlated with the electron energy levels in the very early works
[67]. The cation radicals (A4*) formed by anodic oxidation
were even less stable. It was not even possible on certain specific
occasions to establish when the oxidation was a le [68] or 2¢ [69]
Process.

In 1967 three cyclic voltammetric studies on the anodic oxidation
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of diphenyl anthracene in acetonitrile [70], methylene chioride [71]
and nitrobenzene [72] media were reported by three independent
groups. These studies clearly established the formation of cation
radicals by le oxidation. The voltammetric curves showed all the
characteristics of reversible cyclic voltammetric waves presented n
Table 3.2 at higher sweep rates (milli-second time scales). The sta-
bility of the cation radicals were found to increase in the order:
acetonitrile << methylene chloride < nitrobenzene.

These studies were followed by extensive studies by a large num-
ber of groups. A variety of organic compounds was analysed by CV
and Ef values determined using equation 3.2. New groups of mole-
cules such as viologens [73] are also being analysed. The E/ values
of a particular structurally correlated hydrocarbon are found to
show linear correlations with their electron energy levels obtained
by molecular orbital calculations [74] and also with ionization
energies of the molecules [75]. A great deal of such studics has
appeared. Some of the reviews [76-78] may form the basis for entry
into this area of research.

A number of well behaved simple inorganic redox systems and
inorganic complexes was used in the earlystages of CV experiments
to verify the theoretical expressions derived. Even today such redox
systems such as Fe?+/Fe3+, ferrocyanide/ferricyanide and Ce3+/Cett
are being employed for characterizing new techniques (Sec. 3.3)
and new media such as molten salts [79, 80], and low
temperature melt systems are being reinvestigated more closely
[82]. More interesting, however, are the new and more
active complexes where species R or Ox alone is stable asin
the case of organic radical anions and cations. Some reports
on Co [83] and Cr [84] metal ion complexes are available. The pro-
perty of each specific metal ion complexes can be varied substantially
. by change in the structure of the ligand. For example, it was shown
that the £/ value of Ni%**/Ni%*t redox process may vary from + 1.5
to —0.5V depending upon the structure of cyclic ligand [85, 86].
Similar studies on Ru complexes |87, 88], Rh complexes [89] and a
number of other metal ions are reported. Instead of choosing specific
metal ion and study of E’ values of various ligands, one may also
choose one specific ligand [90] and study the influence of a number
of metal ions that form complexes with that ligand. As in the case
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of organic systems in these inorganic complexes, as well as E* values
of related species are correlated with other structural properties.

Very closely related to the inorganic complexes discussed above
are the organometallic compounds of biological interest [91], and
the redox properties of such compounds of varying structures {91,
92] and the biological molecules containing such species [93, 94].
Two books of bioelectrochemical interest [95, 96] are cited which
coniain extensive CV data on the redox properties of biologically
important smaller molecules as well as proteins.

Electrochemists now have a wide potential energy range of 6V
(approximately + 3.0 V versus NHE) over which they can study
the oxidizability or reducibility of any chemical of interest to them.
They can measure the £ value of any redox system that is stable
over this range or less with CV whose sweep rates can now go up
to 10,000 volts/sec. A powerful oxidizing agent has more positive
E7 value, Extensive data of E7 values of such unstable redox systems
have already accumulated from CV studies. As shall be seen in the
rest of this chapter and subsequent chapters, these E” values form
the basis for understanding many other properties. There is scope
and need for compiling all the redox properties of chemical systems
including new data although the authoritative compilations of
carlier steady state data [97] and some new data [98] in a different
context are available.

3.4.2 MULTI-ELECTRON TRANSFER

Since we have a wide energy level of 6 V in electrochemical inter-
face, we can also expect multi-electron transfer or transfer of more
than one electron from the electrode to the molecule (reduction) or
from the molecule to the electrode (equations 3.17 and 3.18). The
phenomenological components for describing such systems are very
similar to the single electron transfer discussed above. There are ny,
n,... electrons involved in e¢ach step and £y, £, ... as the formal
electrode potentials of each step. The other parameter D for all the
species may be assumed to be equal since A, 4~ A% would have the
same size {equations 3.17 and 3.18). It would be interesting to know

how the voltammograms would look like and what would be the
method for evaluating the above parameters.

Some detailed simulation works [59, 99] were carried out for the
LSV and CV behaviour of multi-electron transfer processes repre-



Reversible Charge Transfer and Diffusion 135

sented by equations 3.17 and 3.18. These studies indicate that the
voltammetri¢ behaviour depends very much on the difference in the
formal c¢lectrode potentials (£ —E{ = AE7). If AE? is less than
—180n mV, that is A—1s reducible at a potential which is more than
180/n cathodic to the first wave, two separate LSV or CV waves
are noticed (Fig. 3.7a). Each of these waves may also be character-
ized by the equations of the single step process (Table 3.2). As the
AE’ value decreases both the waves begin to merge (Fig. 3.7b).
When AE/ =~ 0, both the redox processes take place at the same
potential and the wave height will be just the added values of wave-
heights of individual waves (Fig. 3.7¢). If AE* has a positive value
that is, if A~ is much more easily reducible when compared with 4, a
single wave of (n; -+ m,) electrons obeying all the equations in Table
3.2 would be obtained (Fig. 3.7d), (For example if #, = s, = 1 the

total wave height under these conditions would be 2.8 times the
height of a one electron wave).

1.0 } ta) {c})
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Fig. 3.7 Cyclic voltammograms for a reversible two-step system
with #, = Hy =1
(a) AE?=—180 mV (by AEC=—99YV
(¢} AE°=0, and (d). AE° =180 mV
[DS Polcyn and I Shain, Anal Chem 38 (1966) 370 and 376].
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As the AE7 becomes closer, it becomes much more difficult to
obtain independent values from the experimental cyclic voltammo-
grams. In LSV, at least one method is available to obtain AE7 values
under these circumstances [100]. E,— £, value for multistep process
would be much greater than (56.5/n) mV expected for a single step
process. A working curve is available which correlates very well the
AEf value with the experimentally observed £,~E,, value [100].
The curves of required sensitivity may be obtained from the corres-
ponding Ef and E,— E,, values presented in Table 3.3. In the semi-
integral voltammetry also AE? values may be obtained from the
inflection slopes of the logarithmic plots [101]. Unfortunately, how-
ever, both the methods [100, 101] become ineffective as AEf becomes
much closer to zero or positive.

In actual experimental works, however, A~ species are guite often
much more difficult to reduce than A4 species. The waves are often
distinct provided no other chemical reactions take place. Distinct
multi-step redox waves are noticed in a number of inorganic com-
plex systems [102, 103]. Some typical multi-electron processes
showing multiple cyclic voltammograms are presented in Fig. 3.8.
Even cyclic voltammograms with four successive electron transfers
have been observed [104]. Two-clectron successive oxidation or
reduction of organic compounds may also be noticed if the dication
or dianion thus formed are quite stable. This can happen in the
case of very large organic molecules with substantial electron
stabilization [105].

However, in the case of a number of organic compounds, the
radical cations and radical anions are very reactive. Reversible cyclic
voltammograms are observed only at fairly fast sweep rates (Section
3.4.1). The dications and dianions formed are even less stable.
The second reduction wave in most cases looks like irreversible
waves. A number of precautions must be taken to enable the
measurement of Ef, values. The reactivity of these dications and
dianions increases with temperature. Hence experiments at very
low temperatures give the reversible redox behaviour for the
dications as well as the dianions [106]. Another way is to scrupulously
eliminate the nucleophiles and electrophiles that react with the
dications and dianions respectively. Water is the miscreant of this
type in most cases. Complete vacuum lines may [107] be employed
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to eliminate moisture completely {108]. Another simpler method is
adding anhydrous alumina {109} in the eclectolytic cell itself. This
method gives reversible waves for dications [110] as well as
dianions [111]. Another method is to employ very fast sweep rates.
Since sweep rates of the order of 10,000 volts/scc may now be
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Fig. 3.8 Cyclic voltammograms obtained at 100 mV/sec
(—)and differential pulse voltammograms at 2
mV/sec and a modulation amplitude of 25
mV/sec’ on a platinum electorde(........) for
different tetraphenyl phorphyrin complexes in
methylene chloride — 0.1M tetra n-butyl ammo-
nium perchlorate medium [KM Kadish, IJK
Cheng, IA Cohen and D Summerville, ACS
Symp Series 38 (1977) 65].

employed on micro-electrodes {112], £, values can easily be evalua-
ted by this method. Recently, another method of stabilizing the
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radical ions has been introduced. Micellar scolutions stabilize the
ion-radicals of opposite charge [113]. For example, the nitrobenzene
anion radical has been stabilized in aqueous micellar solutions
[[13].

Once the reversibility of the charge transfer is established by any
of this means, further experiments may be carried out as slow sweep
rates in the presence of nucleophiles and electrophiles and the
chemical reaction kinetics may be easily determined. These reactions
involving slow chemical kinetics will be discussed later (Chapter 5).

Methods for estimating FEf values of closely spaced multistep
waves [100, 101] have not found extensive applications. Statistically
the A E/ values between successive electron transfers must be at
least —35.6 mV [101]. A E7 values closer than this must be indicative
of attractive interactions between partially reduced and oxidized
species [114]. This type of attractive interaction and the merger of
two electron wave to a single two-electron wave was recently
demonstrated in the case of basket type tetra-phenyl prophysin
complexes [92]. A Ef values as well as E/ values of four one-electron
steps of reduction of a cytochrome C; molecule were accurately
estimated recently by numerically using CV as well as differential
pulse voltammetric experiments [115].

3.4.3 DISPROCPORTIONATION EQUILIBRIUM

When a single molecule undergoes two stepwise electron transfers
as in equations 3.17 and 3.18 and when the Ef values of both steps
or the peak potentials of these steps under equilibrium conditions
are available, one can employ the following useful relation to obtain
the equilibrium constant K of reaction 3.19.

AEf:E‘;,z'—EP,[::-ﬁ_ijln KDisp 3.57

where Kj?;isp is given by equation 3.58, namely.

[4*] 4]

I 3.58

Kpisp =

A large potential separation for reduction process would result
in a highly negative value in equation 3.57 and hence a very small
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K. This would naturally mean a very high stability for the monoanion
radical species (large 4~ value when compared with 4%~ as well as
A) according to equation 3.58. This argument indicates that dispro-
portionation pathways are important only when £/ values involved
in the individual processes are very close [116].

E, and hence the disproportionation equilibrium constants of a
number of organic compounds have been estimated in recent years
[107], 117-120]. These estimations are very useful in further evalua-

tion of kinetic rate constants involving such radical cations and
anions.

3.4.4 MULTICOMPONENT SYSTEMS: REDOX EQUILIBRIUM

LSV and CV methods described in Section 3.4.2 for multi-electron
transfer |99-101] are also generally applicable for voltammetric
behaviour of mixtures of redox components such as Ox,; and Ox,
(3.13 and 3.14). If A Ef values are sufficiently high, the Ox species
that has higher £/ value will be reduced first. When A Ef values are
close to zero, the waves overlap and again Table 3.3 may be used
to obtain £/ values from £, — E,;, values [100].

When the Ef values of two different redox systems (3.13 and
3.14) are known, one may casily calculate the equilibrium constant
of the redox reaction 3.15.

AE — By — Epy = 2L 10 Keegon 3.59
nkF
where Kiegox 1S given by
_[R,] [0x)]

Kredox _ [0x2] [-Rl] 3.60
Equilibrium constants of a number of such redox reactions have
been determined in this way. This method is very useful when two
components such as R, or R, are not stable when potentiometric
methods cannot be employed.

Kregox values are also useful parameters in a number of kinetic
studies. For example, in anodic substitution reactions Ef value
measurements establish whether the substrate aromatic compound
or the nucleophile is the active species. If the Kregox is estimated,
one may use this for further-estimation of chemical kinetics of the
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redox reactions [120]. A recent review on this subject is available
[78].

Some strongly solvated small molecules and very large biological
molecules may not undergo fast heterogeneous electron transfer at
the electrode surface. Coulometric redox titration method [121] is
usually employed for estimating the » and £/ values of such
systems. For such work, a number of fast redox couples called
mediator titrants with closely spaced Ef values are requird. One
such table was prepared based on cyclic voltammetric methods
[122].

3.4.5 ELECTRON-TRANSFER ENTROPY AND SOLVATION ENTROPY

Apart from »n, £/ and K values, the entropy change (A S) in an
electron transfer reaction can also provide some very useful infor-
mation on the redox reaction. Consider, for example, the oxidation
and reduction of a neutral organic molecule 4. In the oxidation
process, one organic species A4 is split into two particles, one
positively charged cation radical (4%) and an electron. Hence, if
no other influence of the medium is present, the entropy or random-
ness must increase in this process. Similarly, since the reduction
of A involves association of 4 and an clectron, this process must
involve negative entropy [123]. A positive A S change would corres-
pond to a positive shift of Ef with T and vice versa according to
equation 3.21. Such positive entropy changes for oxidation and
negative entropy changes for reduction have indeed been noticed in
a number of cases [123, 124].

During electron transfer process, some other chemical interac-
tions are also of importance. For example, when a neutral organic
molecule is oxidized, it becomes charged and hence it is likely to be
more effectively solvated than the neutral molecule, This
solvation process actually decreasesthe entropy and hence a negative
dE/dT slope must be observed. This indeed is noticed in some
tetraphenyl porphyrin complexes [124]. The solvation entropy of
dianion formation during the reduction of an organic compound is
found to be higher than the solvation entropy of anion radical
formation [125]. This type of studies provides some very important
clues towards the structural changes of redox species during electron-
transfer. The entropy changes in proteins during electron-transfer
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[96] may also provide further insight into the redox chemistry of
biological systems.

3.4.6 MEDIUM EFFECTS—SOLVATION EQUILIBRIUM

So far, primarily concentration has been on the redox reactions of
redox species, but it must be remembered that both Ox and R are
present in an ionic medium. The medium can vary from water to
non-aqueous solvents, melts and solid electrolytes. The solvation of
the redox species in the medium can influence measured E, values.
Similarly, the added electrolyte ions, acids and bases and also
added complexing agents can also interact with Ox and/or R and
hence shift the peak potential. X has been indicated as the interac-
ting species in a general sense in equations 3.22 to 3.24. It is worth-
while repeating what has been indicated in Section 3.2.2. Whenever
the medium component such as the solvent, ions, acids, bases and
the complexing agents interacts and stabilizes preferentially the
reducible species Ox (reactions 3.22 and 3 23}, the redox potential
is shifted in the cathodic direction with increasing concentration
of the added component. Similarly, if these components stabilize
R by interacting strongly with it (reactions 3.23 and 3.24) the
redox potential will be shifted in the positive direction.

Now consider the general method adopted for the estimation of
K, the equilibrium constant of medium effect. One first evaluates
E{;, by measuring LSV or CV curve in the absence of X, then one
measure the Ef. shifts with the concentration of X in the negative
direction and then Ox interacts /geferentially with X. If Ef, shifts
in the positive direction, R interacts preferentially with X. If Ox
alone interacts with X, the relevant expression may be obtained
from equations 3.12 and 3.26 and is given by

; .5 _ RT PRT
Ex—on——;—-FanOx“——nF“IBX 3.61

where p denotes the number of X species involved in reaction 3.22.
By plotting the left hand side parameter against In X, a slope is
obtained from which one can get p value if » is known. K, can
easily be obtained using equation 3.61.

If both Ox and R interact with X, the expression becomes

Ef —Ef = %; In I[{("*— (p—n?;) Rl 1 x 3.62
R

T ——
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The measured K, now is only a ratio which is equal to Ko./Kgz.
Extensive studies are available in literature regarding these
medium effects. The equilibrium constants relating to these interac-
tions namely solvation equilibrium, ion-pair equilibrium, acid-base
equilibrium and complex formation equilibrium have been measured.
In the following readings omnly some general information, general
review works and some recent experimental works are presented.
Consider the reduction of a neutral organic molecule. In water,
the reduced species (4-) will be more easily solvated when compared
with the neutral molecule. On the other hand, in aprotic solvents
the reactant species (4) is more soluble and stable. Hence, these
molecules must generally be easily reducible in aqueous media when
compared with non-aqueous media. This is indeed found to be the
case in a number of aromatic compounds. Quantitative shift of E,
(or Ef) with addition of a new solvent into the original solvent

(say, DMSO in acetonitrile) may be measured and using equation

3.61 or equation 3.62, K, for solvation may be estimated [124].

The influence of solvation may also be estimated as discussed
above (Section 3.4.5) by measuring the entropy of reaction. A larger
positive or negative entropy value (say >> 10 e.u.) would indicate
solvation entropy. The electron transfer process entropy would be
much smaller [123, 124]. A positive AS value of this order would
suggest greater solvation of the oxidized species Ox. The negative
entropy AS value of this order, however, indicates greater solvation
of the reduced specics.

- More detailed information on solvation equilibrium may be
obtained by measuring all the equilibrium parameters in two different
media. Some detailed studies of solvent effects in organic [120, 126,
127] and inorganic [128] redox reactions may be consulted for
further details.

3.4.7 1ON-PAIR EQUILIBRIUM

During electron transfer the charge of the redox species is being
changed. When a neutral molecule is reduced, a negatively charged
species would be formed. This would interact with the cation of the
supporting electrolyte to form an ion-pair. Such an ion-pair
formation stabilizes the product and so with increasing concentra-
tion of cation in the supporting electrolyte E/ would shift positively
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if the ion-pair formation is present. One can use the general method
described earlier (Section 3.4.6] to evaluate Kijon-paic [129].

To evaluate an ion-pair formation accurately, one must first have
EY,. without adding the ion-pair forming species. Generally, heavily
solvated ions would not form ion-pairs. For example, in aqueous
medium, Lit ions would be heavily hydrated and they would not
form ion-pairs. One may thus obtain E%, in the medium. Then by
adding different cationic salts and measuring E%,. one can evaluatc the
Kion.pair- A great number of experimental evaluations of ion-pair
formation by this method are available [130-131]. Ore must also
remember that ion-pair formations miay also depend on the medium.
For example, tetra-alkyl ammonium cations may form ion-pairs im
aqueous medium. But in aprotic media, they may be more
solvated. Instead, Li* ion may form ion-pairs.

When neutral molecules are oxidized, cationic species are formed.
They may form jon-pairs with the anions of the supporting electro-
lyte. This positive shift of oxidation potential with increasing anionic
species concentration may also be used to evaluate the equilibrium
constant of an ion-pair formation [132].

3.8.4 ACID-BASE EQUILIBRIUM

Consider hydrated or solvated H* as a cation and solvated OH- as
the anion. Cations would stabilize the reduction product and hence
the reduction potential would shift in the positive direction with
increasing H+ ion concentration or decreasing pH. This type of acid
base equilibrium is well-known in electrochemistry. Potentiometric
titrations [133] and polarographic techniques [134] have been extensi-
vely used for studying the acid-base equilibrium involving charge
transfer.

When multi-electron processes with unstable intermediates are
studied, LSV or CV methods must be employed for E7 value
measurements and their variations with pH. Acid dissociation
constants X, may be estimated using equation 3.61. Oxidation states
and their E7 variations with pH for different compounds have been
evaluated by the method [135-137]. The potential-pH diagram of
aquo-cobalamine [138] related to vitamin B,, molecule is presented
in Fig. 3.9. This diagram primarily obtained from CV studies clearly
shows the potential and pH regions of stability for various Co®*,
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Fig. 3.9 [E° versus pH diagram showing the ranges of thermodynamic
stabilities of various forms of ¢yanocobalamine related com-
plexes—vitamin B,,q, Bysr and By,s- Please refer to original
work for detailed molecular structures [D Lexa, JM Saveant
and J Zickler, J Am Chem Soc 90 (1977) 2786].

Co**, Cot complexes containing different axial ligands (H,O or OH-),

Water is a very good protic medium. Anion radicals produced in
this media easily react with proton in this medium except in highly
alkaline media. The proton donating capacities of aprotic media has
been recently evaluated [139]. These data presented in Table 3.4
may serve as a useful guide for selecting the medium with the
required-porton donating capability. For example, if very stable
radical anions are required, the medium with the lowest proton-
donor capability must be chosen.

3.4.9 COMPLEX FORMATION EQUILIBRIUM

Complex formation has similar effects [140, 141]. Complex forma-
tion effects of many new inorganic complexes, macrocyclic complexes
and biologically important compounds are being investigated in
greater detail recently. The same general trend is noted in all
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Table 3.4

Effective acidities (,K,) and half peak potentials (E,5) of reduction of
various Bronsted acids in four aprotic solvents

Bronsted PK, (Eppy V versus NHE)
acids Acetonitrile DMF Pyridine DMSO
(H,0)CIO, —8.8 (+0.452) 0.7 (~0.108) 4.6 (—0.338) 2.6 (—0.218)
2,4(NO,),PhOH 4.2 (-0.253) 4.5 (—0.268) 5.5 (—0.323) 4.9 (—0.288)
(Et,NH)Cl 10.0 (—~0.593) 9.9 (-0.583) 7.6 (—0.448) 12.7 (—0.748)
PhCOOH 79 (~0.468) 11.5 (—0.678) 11.6 (—0.683) 13.6 (—0.803)
PhOH 16.0 (—0.943) 19.4 (—1.148) 20.1 (—1.188) 20.8 (—1.232)
H,0 30.4 (~1.776) 34.7 (~2.030) 30.5 (—1.782) 36.7 (—2.148)

From Ref {139].

the systems. If the ligand stabilizes Ox, the redox potential is
shifted in the negative direction. If the ligand stabilizes R, the
redox potential 1s shifted to more positive potentials. Complex
formation constants may also be determined using equation 3.61 as
in the above case [142].

As in the case of acid-base equilibrium, one may also construct
a potential versus log concentration of ligand diagram for each
redox system. The influence of potential and CN- ion concentration
on the stabilities of cyanocobalamine complexes are again presented
in Fig. 3.10. This diagram was constructed primarily from CV data
[143]. -

The influence of chemical equilibrium on £/ values have been
considered very briefly, but an attempt is made to show the close
correlation between the different chemical equilibria (Sections 3.4.6
to 3.4.9), All these processes are chemically similar. Their influence
on Ef values are similar and there is a simple unified method of
approach for the evaluation of equilibrium constant. The study of
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Fig. 3.10 E° versus log CN— diagram for cobalamine complexes [D Lexa
JM Saveant and J Zickler, JAm Chem Soc 102 (1980) 2654].

medium-redox couple interactions considered here are very impor-
tant for understanding the structural and redox behaviours of bio-
logical molecules. It is hoped that more attention will be paid to this
type of research in the near future.

3.4.10 MASS TRANSPORT

The transport behaviour of electrochemical species is also of
importance to us. The intensive property of molecular transport is
its diffusion coeflicient D. If a redox species obeys all the charac-
teristics of a reversible process as indicated in Table 3.2, LSV me-
thod can be used to estimate Dg. or Dy using equation 3.2.a. In
this equation » and D are the only unknowns. If »n, the number
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of electrons involved im an electrochemical reaction is known (it
can be estimated using, for example, equation 3.2.b) D value can be

estimated. A number of LSV or CV experimental works always
reports D values in addition to # and E/ values.

Measurements of D values themselves may provide a number of
clues towards other electrochemical properties. Variation of D with
solvent, for example, must be related to solvent viscosity (with
increase in viscosity, D must decrease). Any anomalous behaviour
(a reverse relation or even abnormal variation in a single solvent)
may indicate stronger solvation or molecular aggregation [144]
effects. At higher redox species concentrations, 7,/C value decreases
slightly in any electrode material. This is why most of LSV and CV
experiments employ mM level of concentrations. The decrease of
i,/C value at higher concentrations must at least partly be due to
aggregation effects of redox species themselves. Accurate evalua-
tion of ip,, as well as i,,. values(Section 3.3.1) by CV method may
also reveal small changes in D values of Ox and R. However, all
these aspects seem to have received very little attention and are
worth further consideration.

There are, of course, some interesting developments in the study
of mass-transfer properties using LSV and CV such as, for exam-
ple, studies in micelle systems [145, 146]. Suppose A is neutral and
hence more soluble in the micelles. 4~ is a charged species and
must be more soluble in water. So, there is a partition equilibrium
for 4 alone. If 4 and 4~ in the aqueous phase alone are reducible,
one would expect the wave height of 4- to be higher when compared
with that of 4 (Fig. 3.11). From the measurement of i, values one
can indeed evaluate the partition coefficient of 4 between aqueous
and the micelle phases [146].

The study of transport of ions as well as electrons across a liguid-
liquid interface such as nitrobenzene-water interface has received
great attention recently [147-150]. Of course, this nterfaceis shi-
ghtly different from the usual electrode-clectrolyte interfaces ccnsi-
dered in electrochemistry. The cell set-up, electrode arrangements
and the mode of applying potential are also different. However,
the phenomenon of mass transfer is exactly the same in both the
cases. The cyclic voltammogram obtained at a liquid-liquid inter-
face, for example, is presented in Fig. 3.12. The exact resemblance
to the CV curves of electrode-electrolyte interface may be noted.
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sec [MJ Eddowes and M Gratzel J Electro-
anal Chem 152 (1983) 143).

Many interfacial properties such as charge separation as well as
charge and mass transport may be inferred from such studies [147-
150]. These studies are likely to throw further light on the charge
transport in membranes. In this context, it may be worthwhile
noting some pioneering CV studies using bilayer membranes [151,
152]. The conclusions reached in these works must be considered
as very tentative in nature. The species responsible for the mass
transport controlled peak current themselves are still to be estab-
lished.

3.5. APPLICATIONS AND SCOPE

As described above, LSV and CV methods have found extensive
applications for evaluation of thermodynamic (£7, n, K, AS, AG)
and mass transport (D) phenomena of a number of redox reactions
and associated chemical reactions. These methods are especially
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uscful when both Ox and R as such arc not quite stable over long
periods of time. A great deal of information has already been
accumulated. There is scope for compiling such information. Of
course, there is still great scope for studying newer systems of in-
terest in future.

The primary objective of developing these LSV and CV techni-
ques was analytical, both qualitative as wel]l as quantitative. The
peak current is proportional to concentration. Hence, this method
can be used for the estimation of a number of inorganic, organic
and organo metallic compounds. The various correction efforts
for non-linear diffusion (Section 3.3.2) and a2 host of newer techmi-
ques related to basic LSV and CV methods (Section 3.3.1) are
made just primarily to improve upon the analytical sensitivity of
the method.

In addition to regular analytical applications, many new deve-
lopments arc taking place. CV studies in rat brain [153), in vivo
studies in animals [154,155], bacteria [156] and even plants [157]
are picking up. With the introduction of newer electrode materials
of very small size [112], these methods of chemical analysis in living
systems might grow even faster. CV studies in fused salts and solid
electrolytes [158] might prove very useful for trace analysis. Volt-
ammetric detectors may also find increasing applications in chro-
matography [159, 160]. This is an example of a situation where
an analytical tool of great importance also supplements the appli-
cability of another analytical tool of great scope. Scientific disci-
plines indeed grow by mutual interactions.
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