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CHAPTER I




(A) GENERAL INTRODUCTION




The invention of polarographic technique by Prof.
J. Heyrovsky, in 1920 is a landmark in the domain of physical
chemistry in general and electrochemistry in particular.
Though originally polarography was essentially an electro-
analytical technique, it goon found wide applications in
electrochemistry and many other branches of gience and

technology.

The importance of this discovery can be realised by
the honour conferred on Prof. Heyrovsky, the discoverer, who

was awarded the Nobel Prize in chemistry in the year 1959.

In polarographic studies dropping mercury electrode
(dme) occupies a unique position, due to its reproducible
character and the ease of operation. The theoretical basis
of the current-potential curves given by dme has been

thoroughly worked out .

Quantitative polarography is based on the fact that
in a solution containing a small easily polarigable electrode
{(dme) and the other a large non-polarizable electrode (SCE)
a complete concentration polarization is obtained which
results in a limiting current over a range of potential,
Within this range any material reaching the electrode will
be reduced or oxidised immediately and the current will be
determined by the rate of supply of this material from the

body of the solution. The factors which contribute to the



limiting current are residual current, migration current,
adsorption current, diffusion current, catalytic current and
kinetic current. liethods are available by which each of
these currents can either be measured or may be eliminated
if not of significance in a particular situation. Residual
current can be measured from blank run and the migration
current is eliminated in the practical work by the addition
of a relatively high concentration of supporting electrolyte.
The other remaining currents can be recognised by observing
the dependence of the current upon the variation of the

K
experimental factors as given in the following table”.

Table I

Characteristics of the important types of polarographic elec-

trolytic currents.

conc. 1 di

Current (c) h 1.di pH Buffer
i aT
Diffusion(id) k ¢ ky/h 1.6% independent independent
Kinetic (ik) ke kh° 1.6-20% dependent dependent
1

Adsorption(i,) limit. kh different independent independent
Catalytic(i,/ 1limit. different - flependent dependent

The potential at which the current is half of the
diffusion current is known as the half-wave potential (Eg 5).
While the EO.S is characteristic of the reducible or oxidi-

sable substance, the magnitude of diffusion current (id) is



oroportional to its concentration. In thermodynamically
reversible systems E0.5 is almost identical with E° in the
familiar Nernst equation

o RT (Red),

EaliC 9! )
nr va)o

L-6

The Heyrovsky-llkovic equation , the modified form of Nernst

equation, applicatle to polarographic technique is

b o= & - = 1ln

From the gimple theoretical considerations based on
the linear diffusion of depolarizer towards the electrode,

an equation has been derived by Ilkovic':

m2/3t1/6D1/2

ig = 706 nc (for instantaneous currents)

max,
2
ig = 607 ncm2/3t1/601/

B (for mean currents).

In deriving the Ilkovic equation, the curvature of
the electrode was neglected and only linear diffusion was
considered, this led a few workers7—1h to take into accoung
the spherical diffusion towards & growing spherical electrode
and the following modified egquation was suggested :-
ap1/2,1/6

_ 1/2__2/3.1/6
= 607 nD "/ "cm™ ‘¢ (1 » XVE

ig )

avee.

where the numerical constant A is 39 according to Lingane-

L O : 9
loveridge and 19 according to M. Von Stackelberg”.



The most sophisticated treatment by Koutecky13’1h

gives A = 34.7 and also provides the following equation:-

i 1/2.1,6 1/2.1/6 2
1/2 2/3.1/6 D p1/2¢1/6,
idave. = 607 nb cm t 1"31]..7 T7—3—— *100(——_0.11/3 / |

here,
c is concentration of depolarizer in millimole/liter
in the body of the solution,

D is diffusion coefficient (cm‘.sec'1.),
t is drop time in seconds,
m is mass of mercury in milligram flowing per second,

n is the number of electrons involved in the electrode
process.

Diagnostic criteria for the characterisation of polarograms

In a current-voltage curve, on the platéh, electron
transfer is so fast that the lons or molecules of the electro-
active substance are reduced or oxidized as rapidly as they
arrive or are formed at the electrode surface. As the poten-~
tial moves from the plateau of the wave towards its foot, the
rate of the electron-transfer process decreases and the reduce
tion or oxidation becomes less and less complete. It is
convenient to divide electrode reactions into two extreme

classes.

(1) Reversible - which are so rapid that thermodynamic

equilibrium is very nearly attained at every instant



during the life of a drop at any potential. For such
reactions the variations of current with potential
reflect the changing position of the equilibrium, which

is described by Nernst equation.

(1i) Totally irreversible - which are so slow that they
proceed only a fraction of the way towards equilibrium
during the 1ife of each drop. For these reactions
it is the rate of the slectron transfer process and
the manner in which this is influenced by the electrode
potential that governs the relationship between current
and potential. In additlon to the irreversibility
caused by slow electron transfer one encounters irre-
versibilility consequent to some other rate determining
steps which can be either ordinary chemical reactions

preceding the electrode reaction or catalytic reaction.

Reversible waves follow the Heyrovsky-Ilkovic equation

and give a straight line with slope equal to - 2.3 E% for
n

a plot of E vs. log 1i/(i4-i). If t (drop timel varies
appreciably over the range of potentials covered by the rising
part of the wave, a correction for this has been suggested by
Le Meites15 and E vs. [}og i/lid-i) - 0.546 log ﬁ] plot is

made to test the reversibility.

Another criterion, more rapid and convenient to apply,

involving the measurements of E% - E; from the polarogram



(potentials corresponding to currents equal to & iy and

5 14, respectively) was originally suggested by Tomes16.

For a reversible cathodic wave

0.0564

u:-zg- n .
The half-wave potential of a reversible wave is nearly
1
indevendent of drop time 7, while that of an irreversible
cathodic wave becomes more positive, as the drop time is

18,19 wave

increased . For a totally irreverslible, at 259¢:

ABo,s5 _ 0.02957
Alog t &n

a

where the transfer coefficient, «, is defined as the coefficient
of transformation of electrical energy into energy of activa-
tion or, as it is usually described, as the fraction of the
applied potential effective in the forward reaction. "na"

is the number of electrons involved in the slow step. And

E0.5 and t have usual significance.

The irreversibility of the reduction process of the
system has also been tested by the observations on the varia-
tion of current with the height of the mercury reservoir.
From theoretical consliderations of Laitinen and coworkerszo
it has been indlcated for irreversible processes that the cur-
rent at the foot of the wave is independent of the height of
the mercury reservoir (h), while, the diffusion current (1)

varies linearly with changes in '/Ecorrected’



Ey.c 1s independent of concentration of the depola-
°)

rigzer or that of the supporting electrolyte in case of
reversible waves, whereas, for irreversible waves alteration

in E is generally encountered. #oreover, temperature

0.5
coefficient of Ey . 1s wually small for reversible systems,
while, in case of irreversible systems, EO.5 usually has

positive temperature coefficient and exceeds several milli-

volts per degree.

Of the various criteria reviewed above E vs. log i«id-i)
plots and the values of Ef - E; have been the most popular
tests for reversibility, whereas, for irreversibility the

tests of E vs, log i/{i4-1) and i vs. ¢/h are often

corrected
used.

Organic polarography

The polarographic studies of various organic substances
including aldehydes, ketones, unsaturated acids, halogenated
compounds, nitro and nitrosc compounds, quinones of various
types, have been carried out from the early stages. The
reduction of the organic compounds generally proceeds in more
tnan one step, one of which is slow. This fact mgkes the
reduction process irreversible in nature. Until recently it
wag not possible to analyse comprehensively the datge on
irreversible systems because of the lack of suitabie theore-

tical formulations. In the recent years, however, satlisfactory



thecretical treatments of irreversible systems have been
developed which have given an impetus to the study of pola-

rography of organic compounds.

The basic problem in organic polarography is pH control.
Frequently the pH of the medium has a great effect upon the
hal f-wave potential since hydrogen ions often participate
in the electrode process. Thus, it is desirable to work with
buffer solutions as in an unbuffered solution the pH at the
electrode surface changes considerably and this causes the
waves to be drawn-out or sometimes even the appearance of

two wavese.

The type and concentration of the buffer system may
affect the shape of current-voltage curves of irreversible
waves and the half-wave potential in the reduction of organic
substance321-23. It must also be remembered that with a
buffer golution there is always the possibility of inter-
action between the substance under examination and the buffer

24,25
components .



(B) THEORY OF IRREVERSIBLE

ELECTROUDE PROCESSES




4 quantitative treatment of the current-potential
26 2
curves was employed by Randles and Seveik 7 for reversible

processes and by Delahay

for irreversible processes.
Reactions which can be followed from polarographic curves

can be divided into tlhree groups:

(1) Electrode reaction.
(2) Chemical reaction occurring close to the electrode
surface and caused by perturbation of the chemical

equilibria of the system of the electrode reaction.

(3) Homogeneous chemical reactions occurring in the
bulk of the solution which are not influenced by

the electrode reactlon.

The 4th process, which accompanies all polarographic
processes, is diffusion and for polarography it is characteri-
stic that at least two of the mentioned processes proceed
at the same time. From the kinetic point of view polaro-
graphy is the oldest of the so-called competition method530
for following rapid reactions. In the following section the

"Electrode Reaction'" will be discussed in detéal.

Electrode Processes

The electrode reaction is a fundamental polarographic
process. During this process one form of the redox couple

1s consumed and the other one generated so that at the electrode
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the concentration distribution and equilibria undergo a

disturbance, which induce further process.

It is assumed for the application of the Nernst equa-
tion to the oxidation-reduction reaction at the electrode
tnat electrochemical equilibrium is achieved at the electrode,
but there are other cases in which the equilibrium is slow
to attain. The interpretation of such electrode processes
involves kinetic considerations. For the reaction represen-
ted by

0"'ne— —_— R (1.1)
_—

If the electrode process is agsumed to be of the first order,
the rate of the reaction expressed in moles of the substance
transformed at the electrode surface per unit of time and

per unit area, is

- = = k_ C — k C .
% oGt £,h o ~ ¥b,h g (1.2)

where the C's are the concentrations and the K's are the
formal rate constants for the forward and the backward
processes. Constants kf,h and kb,h are interpreted by
introducing additional kinetic considerations. The concept
that a substance which undergoes a chemical transformation
has to overcome an energy barrier, is applicable to any type
of reaction, but for an electrochemical reaction, the effect

of the electric fleld has to be taken into account. If E is



the electrode potential referred to !..L.'., the fraction

«E of this potential fgvours the cathodic process and

(1- «)E favours the anodic process. The parameter « is
the transfer coefficient of the electrode process. Taking
these into consideration the rate constants can be expressed

by;

k = k° exp

xnl’ ..
f,h f,h - T.L] (1.3)

(1- o)nf
kh,h = kob,h exp if——i%—EL.;} (1.3a)

where (koh)'s are the values of rate constants for E = zero.

Once the rate of reaction is known, the current is
obtained by multiplying the rate by the area of the electrode
(A in cm?.) and by the charge involved in the reduction of

one mole of the substance 'C'. Thus

_ - onFE (1- x)nF
= nFA|C_ k°. . ex {(—-‘3‘-’1——}_ k° {31 eiaf o
i & f,h P T / CR b,h exp AT E
(1e4)

or

- xnF o} (1~ x)nlF o

i= - i . B,
nFA ks,hj%o exp { T (E E,) CR exp { T (E EC)}
(1.5)

The value of Eg is generally not very different from the
standard potential E®, and Eg can often be identified with
EY. Comparing equations{1.4)and(1.5),



_ 0 -O(nF-E.O\ 1.6)
Ksh = g,n P TRT e (
X K°  ex (1~ oduF E® (1.6a)
sk T ¥ pop OF RT . C

From equation (1.5), current is now a function of the
difference of potential (E-Egl whereas in equation (1.4,
it depends on E. Therefore, ks,h is truly characteristic
of the electrode process whereas the constants k° and

i £.h
kLb b depend on the difference between the potential Ez and
H
the zero of the scale of potentials. 1t is, therefore,
O (o}

k ther than k and k
more advantageous to use s,h rather £,h nd b,h’
in comparing the kinetic characteristics of the electrode

DrOCESS8eS.

The derivation of the current-voltage relationship
for the electrode process has nelped much in the understanding
of the kinetics of the electrode reactions. It may be pointed
out here that the theory of the reversible polarographic
process - the Heyrovsky-~ILlkovic equation - represents only
a limiting case of this more general treatment. The nature
of the irreversible processes can be explained quantitatively
from the current-voltage curve. In case of irreversible
waves, a rather drawn-out wave is obtained which is shifted
to more cathodic potentials. The quantitative explanation

for this is as follows. In the lower segment of the wave,



b
)

the rate of the electrochemical reaction is so slow that
virtually no current is observed. Ag tle potential is made
more cathodic, the rate of the electrochemical reaction
increases and an appreciable current 1s observed. The flow

of current causes concentration polarization, and in the upper
plateau of the wave the cuwrent is virtually diffusion con-
trolled. Ilkovic equation can, however, be applicable. The
difference between the 50.5 cf the irreversible wave and the
standard potential E® (virtually equal to E0.5 of a reversible

wave) is the polarographic over-potential (over~voltage) q1/2

.0

= (Eq &/ - E
h1/2 Ml irreve.

Thus an electrochemical reactlon occurring without any
measurable over-voltage is said to be reversible. The slow
establishment of an equilibrium between the oxidised and
reduced form at the electrode surface, i.e., a slow electrode
process, is regarded as the cause of irreversibility. The
electrode process in this sense refer only to the electron
exchange between the depolarigzer and the electrode and not
to the mass transfer towards the electrode. If this is to
be included, the term overall electrode process or depolari-
zation process is used. A slow electrode process results
when the transition of the depolarizer into a form capable
of exchange of electrons with the electrode is slow and

requires a certain energy of activation., The values of «n



P
[EESS

and kof can be determined from the wavej1. The sipnificance

32
of the bo.ﬁ' the dependences of this on drop~time  , etc.,

have been derived from the theory.

Delahay10 compared the general equation regardless
of the degree of irreversibility with Ilkovic equation and

deduced a general criterion for polarographic reversibility.

The general equation for the polarographic wave
corresponding to the reduction of the oxidized form of the

redox system 1s given by the expression,

i o)
1d—1 nF(E—Eo) 1.13 .;;E . ex [CXHF(E—E )}
1 = exp {T]* kg'h L P RT ‘107)

Now two limiting cases can be distinguished according

to the value of the rate constant kS e If kS is suffi-

h

]

ciently high so that the expression ks h'J% »> 1 the 2nd
’

term on the right hand side in equation (1.7) can be neglected

anc the Heyrovsky-Ilkovic equation is obtained,

14-1 _ i nF(E-—EO)} (1.8)
1 = eXp y RT »

which expresses the shape of the polarographic curves corres-
ponding to a reversible electrode process. In this case the
EO.s differs from the standard redox potential E° of a true

redox system (both forms in the solutiod)only by the term

RT ln'#EQE y which is, in most cases, negligible.
aF Dreq



If on the other hand, the value of the rate constant
k  p» is lower than about 2 x 107° cm.sec”'., the second term
in the R.H.S. of the equation (1¥7) is no longer negligible
and the half-wave potential is measurably shifted to meore
negative value and the wave is less steep. Such electrode
processes are called irreversible. In these reactions the
scope of obtaining information is broadened, because in this

case the rate of the electrode reaction can be measured with

high accuracy.

The theory of the irreversible waves was first developed
23

0
by Eyring and coworker53 and Tanaka and Tamamushi””,but a

more rigorous treatment was made independently by several

woBkers Irreversibie waves can be divided into two

groups according to the magnitude of the rate constant k B
Sy

(1) If the rate constant (ks,h) lies within the
limits 2 x 10"2 to 3 x 10-5 Cl. sec~1.. the

reaction is termed quasi-reversible.

(2) If k £ 3 x 10“5 cm.sec"1., the reaction is

s,h
termed totally irreversible.

For totally irreversible systems the treatments of

29,37 3
36, Delahay . i Kouteckyjb and Randles30 are available

59,40

Meiman
whereas for quasi-reversible, Matsuda . GEllingh1, Korytahz
and modification of the method of Randles ang Strombergh3 by

Sathyanarayanahh are avalilable.



Case of consecutive electrochemical reaction

Electrochemical reaction involving ne can in princi-
ple involve up to n consecutive electrochemical steps and
possibly subsequent chemical transformation. The rate of the
overall chemical reaction obviously depends on the kinetic
characteristics of each of these reactions. In the case of
an overall electrochemical reaction involving two steps as

represented by the equation -

k -
b e 2o Hed s (1.9)
x n.e n,é

The rate of reduction of O, to Red. depends upon the kinetics
of each step. Jince these steps are in series, the corres-
ponding rates are equal but the concentration of Z depends on
the kinetics of each step as well as on the rate of transfe-
rence of substance Z from the electrode towards the bulk of

solution.

Electrochemical Reaction involving only one rate

determining stepi-

It is quite often pogsible to assume that the overall

electrochemical reaction involves only one rate determining

|

(=2

step. In this case intermediate products such as Z in equation

(1.9) are virtually consumed as soon as they are formed. The

number of electrons involved in this rate determining step



2

will be represented in subsequent discussions by the symbol
n, in order to differentiate it from the total number of
electrons {(n) involved in the overall reduction (electro-
chemical)s Under such condition equation (1.3) should be

written in the form -

k = k° exp

-G{naF oL «10

RT

Thus the kinetics of the electrode process is partially
determined by n, but the current depends upon the total
number of electrons n. This is so because the process which
follows the rate determining step involves {n-n,) electrons
and is by definition much faster than tne rate controlling

step. Equation (1.10) can also be written as

L (1«31}

log k = log k9. . xnaf
BE Stk adaltt 2 .3RT

According to thls equation (1.11) a plot of log ke b
xngF g
RT

vs. E yields a straight line whose slope is -0.43L

the parameter kof h and «n, can thus be determined experi-

’
mentally for various values of E. This is done by measuring
the ratio.of current for various points along the wave to the
diffusion current (i/i;) and by determining the corresponding
value of the dimensionless parameter ,& which is defined by

the equation -

1/2 D-1/2

A= kppt (1.12)



and the ratio i/i4 is related to A by equation

= ﬁ1/2 A exp(/\‘J erfc(A) 11.13)

1.
14

where erfc(A) = 1-erf(A) L1e1l)

and erf (A} is the error integral defined by the formula

A
2
erf(A) = -—%75 i exp(~2~) dZ (1.15)

~

It should be noted that the function erf (A) is defined
under the form of a finite inté;al having zero as the lower
limit and A as the upper limit of integration. Therefore,
values of erf(A) are determined only by the variable (A), Z

being simply an auxiliary variable in the equation (1.15,.

L5

Delahay and Strassner18' were the first who applied

tnis method, measured average currents during the drop-life
and obtained kf,h by a graphical integration methodzg. The
treatment of linear diffusion being used, Kouteckyl*6 has
computed a table of A for various values of i/id and thus
the values of kf,h can be calculated with the help of this

table.

In the present investigations the corresponding values
of A for the experimental values of i/id has been found from

the theoretical plot of fléwﬂ- V5 i/id’ as given by



b=

Kouteckyh7. Once A 1is known at various potentials it is

a trivial matter to calculate ky , from equation (1.12),
since the drop-time (t) can be measured and the diffusion
coefficlent "D" can be readily calculated from the Ilkovic
equation or any other suitable method. «n, can be calculated

from the slope of the line obtained by plotting log kf,h vs. E.

At the half-wave potentlal (EO 5) the current (i) is
by definition equal to one-half of diffusion current i,. It
follows from equation (1.12) that the parameter A can be

replaced by'.K1/2 at potential E = EO.S; then k. at E

J:h C.5
' 1/2 /1/2
’<1/2 Y //é

By introducing E = E in equation (1.3), we get

0.5
-"‘ OcnaF
— B

= A D'/i/él/z

will be

Q
Kpp = K g p oXP

1/2
or (o]
1lnk
B e, b o BT ing (1.16)
0.5 on, F ’(l D1/2 2 xn,F
2

It follows from the equation (1.16) that EO 5 depends on the

0
quantitles t, U, k £,h and xn, .

It should be kept in mind that in organic polsrography



e
e

it is Z customary to plot E0.5 for a series of substances
against some parameter which characterizes the substances
being studied. Half-wave potential for reversible waves

are related in a simple manner to the free energy change

for the reactlon, but this is not so for irreversible pro-
cesses. 1n comparing substances which are reduced irreversi-
bly in a reaction invelving one rate determining step it is

the value of the rate constant ﬁ},h which is significant.

The foregoing discussion for the irreversible electro-
chemical reaction involving only one rate determining step
can be summarized on the following lines. If we assume that
the reduction process is controlled by dirfusion and by only
one rate determining step and that the backward reaction can
be neglected, the heterogeneous rate constant kf for the

h
)
forward reaction can be calculated from the relation

Kf,h = A‘Di/i/21/2

where D 1is the diffusion coefficient of the reducible species,
t is drop-time and /& a cowplicated function of i/:ld {1 is
a current along the wave and i4q is the diffusion current). A

table of ,A for different values of i/id is available from

the Koutecky's original paperB“.

Furt her kg p s related to the electrode potential (E)
by the equation (1.11)
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[y

& G{naF -
k, = log k .
log £,k og £,h 2+.3RT

The symbols have usual meanE}ngs- Plot of log kr L Vse E
)

XIgH

2 « 3RT

should be straight line with slope equal to - , from

which the. value of xn, can be calculated, and the intercept

at E = zero should give the value of log kof he
]

Irreversible reactions involving more than one rate

determining step:-

When a plot of -~log kf,b vs. E does not yield a straight
line it indicates that the assumption that the electrode
process involves only one rate determining step, is not valid.
This indicates the possibility that the apparent single elec-

trode reaction involves two or more slow consecutive reactions.

ZHIEF

The thneoretical treatment of two consecutive irrever-
sible electrochemical reactions in the case of semi-infinite
linear diffusion has been developed by Berzius and Delahayzs.
Suzuki and Elvinghs have congtructed the polarographic waves
for more general conditions and reached the general conclusion
that, when the log kf.h vs. E plot is a bent line, the electrode
process very likely involves two rate determining consecutive

reactions, whose kinetic parameters cannot be evaluated by

analyzing each segment of the plot.

- -
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CHAPTER 1II




(A) EXPERIMENTAL TECHNIQUE
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Experimental Technique

The major part of the work embodied in this thesis

emplcyed a manual polarograph assembled in the laboratory.

This consists of the following parts:

1o

5e

6.

7-

Vernier potentiometer, A, (Cambridge Instrument Co.
Ltd. England) to measure the potentials developed

across standard resistance (D).

Toshniwal polarograph (Type No. CLO2A, Sr.No. 083)
for applying potentials to the dropping mercury

electrode, dme, {(HM).

Lead accumulators (C).

Standard resistance (D), 10,000_(2,
Weston standard cadmium cell (F).

Spot Galvanometer of long period, (G), (Cambridge
Instrument Co. Ltd. England).

Saturated calomel electrode, SCE, (H).

Reaction cell (I).

The electrical circuit employed is given in figure.

The potentiometer B comnnected to a 4 volt lead accumulator

"C" gave potential (V) of the desired magnitude. B was
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initially calitrated against standard cell F. The poten-
tials applied by B could be read with an accuracy of 0.01 mV,
with the help of the potentiometer A. Cathodic potentials
were applied to dme (i) which consisted of a fine glass
capillary (Sargent and Co., U.S.A.) connected through a
polythene tubing to a reservoir of mercury which could be

adjusted to any height.

The potentiometer A was also calibrated against the
standard cell F and was employed for measuring potential (E)
across the resistance "D" in series with the dme. The current
(i) passing through the system, at a particular applied po-
tential V, due to the electro-chemical reaction occuring in
the reaction cell (I) is then calculated from the Ohm's law
i.e., 1 = E/R, Thus the current is calculated for different
applied potentials (V) and the current potential curve recor-
ded. To ensure the correctness of the applied potential and
current, the calibration of the potentiometers was checked

with standard cell from time to time during the experiment.

In the early stages of the work Type "LP60™ polarograph
(made in Czechoslovakial) was used for the current-voltage
curves manually. This polarograph is attached with EZ2 compen-
sating type electronic line recorder. The accuracy of the
polarizing voltage is = 1.5 mV and the current is recorded

with an accuracy of 0.2%.



The procedure employed for the determination of m and

t was the same as recommended by lMeites and othera‘.

The significance of the purity of mercury to be used
in polarographic work, is well known. Slight contamination
of the mercury leads to series of erratic and irreproducible
features during polarographic studles and sometimes the
choking up of the capillary. Initial treatment with nitric
acid, followed by thorough washing with distilled water,
drying, pinholing and finally distilling under reduced pres-

sure, appeared to give mercury of suitable purity for polaro-

graphic work.

The potentials applied to the dme were measured directly

against saturated calomel electrode (SCE) or otherwise men-
tioned. SCE was prepared in the conventional manner and was
connected to the experimental cell by means of a agar - KC1l

salt bridge.

A polarographic cell of capacity about 100 ml convenient

for our purpose was constructed. The lid to cover the mouth

of the cell had an arrangement for the inlet and outlet of the

N2 gas and for insertion of capillary of the dme and the salt

bridge.

Nitrogen gas with oxygen content less than 0.5% was

used for removing the dissoclved oxygen. The gas was further

purified by passing through alkaline pyrogallol solution and
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bott les
distilled water connected serially with the polarographic

cell., In case of higher percentage of the solvent, or pure
solvent (other than water), the N, gas was also pre-saturated
by passing through a portion of test solution btefore leading
it into the polarocgraphic cell. An atmogphere of h: was
maintained in the cell during the recording of the current-

voltage curves.

The current-voltage curves were recorded at a constant
temperature (%0.2°C/ maintained with the help of a Towson and

Yercer thermostat.

Phillips (PR9LOO Model) pH meter/Beckman (lodel H2)

pH meter were employed in pH measurements.

The assembled manual polarographic unit was examined
for its accuracy by studying the Cd-system and comparing the
values of half-wave potential and diffusion coefficient (D)with
the values reported in literature2 » Determination of the
diffusion coefficient and the number of electrons involved in

the reduction process.—

The knowledge of the number of electrons (n) involved
in the reduction process is of marked significance especially
for understanding the mechanism of the electrode process. The
conventional methods for the determination of the value of n
from the slope of log i/id-i vse E plot or from Eﬁ—Eé values

are applicable only to reversible systems. It is the limi-



tation of Heyrovsky-Ilkovic -Lquation that it cannot be

applied to irreversible reduction processes.

The number of electrons can be calculated from Ilkovic
equation provided along with the polarographic data employed
in this equation, the diffusion coefficient of the reducible
species is also known. Diffusion coefficient of the depola-
rizer was determined using lcBain-Dowson cellB. This was a
symmetrical double cell. Botk the lower and the upper com-
rartments were fitted with the pyrex stop-cocks so that either
compartment could be filled or emptied without disturbing
the liquid in the other compartment. The diaphragm in between
was made of pyrex sintered glass of medium porosityh (Gl
10 to 15 pu/» The volumes of the upper and lower compartnents
were 168 ml each. To minimise an”y bulk flow through the
diaphragm the supporting electrolyte concentration in compart-
ments A and B was kept identical. The diffusion coefficient

was calculated using King and Cathcard equation§

VaVp ] C

ADt = v log 2 "
A"'B Co - (1 + =2)cC

Vg

o
where /4 1s the cell constant, t is the time, diffusion in
seconds, Vg and Vg are the volumes of the upper and lower
compartments, Gy is the initial concentration and ¢ the con

centration in the lower compartment after diffusion
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The cell constant " /' was found as follows. The
lower compartment of the cell was filled with tlank (buffer)
and the upper compartment with the same buffer having C, mV./L
of depolarizer (nitrobenzenel. Tue cell was kept vertical
in the constant temperature air thermostat. The amount of
nitrotenzene (C mb/L) diffused into the lower compartment in
time (t) was determined by finding the value of diffusion
current (i,) from the polarographic current/voltage curves
recorded for the solution of the lower compartment. Using
tlhis value of (id) coerresponding concentration of nitrobenzene
was computed from the calibration curve (id vs concentration,
obtained polarographicallyi. Also the value of diffusion
coefficient (D) for nitrobenzene can be known from the Ilkovic
equation as the number of electrons involved in the reduction
process 1s known (4Le, 1st step). Thkus the value of /3 obtained

for our cell was 2.63.

Using this value of /3 and finding the amount of
depolarizer diffused in certain time (from calibration curve
igq vs. concentration from polarographic megsurements), the
value of "B" for the depolarizer was obtained and thus (n)

from Ilkovic equation.



(B} PRUPGSED WORK AWD RESULTS
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Proposed work by the candidate

During the last two decades oxidation or reduction
of a large number of organic compounds nas been studled by
the application of this technique and nas proved useful in
detecting and estimating a large number of organic functional
groups, in the study of the kinetics of the reaction taking
place in the bulk of the solution and the correlation between

the structure and reactivity, etc.

The influence of adsorption on electrode processes,
involving organic depolarizers, has also been studied by this
technique. It has been found that the presence of surface
active substances affect the electrode processes in a number

of ways.

Although considerable work has been done on the conven-~
tional polarographic studies of organic niﬂ?—compounds, there
are still many aspects of the problem which need systematic
and detailed investigations. This thesis, therefore, containg
the results obtained in the systematic and detailed study of
the following investigations on which very little or no data

are available in literature.

(A) Reduction mechanism of some organic nitro-compounds at
the dme and the effect of various physical factors on

their kinetic parameters:
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Polarographic studies of the following nitro-compounds
with the idea to gain information on the mechanism of their
reduction at dme and to evaluate the kinetic parameters

(-log x° and mna), under the influence of various physical

factors.

I. 5-nitro-ace-naphthene.
II. &-nitro-orotic acid.
III. Ortho and para nitro-cinnamic acids.
IV, 2- ﬁ-methyl-m 4§-nitro-2-pyridyi)-aminé ~gthanol,

V. ©NWitrobenzene.

(B) Influence of substituents on the polarographic reduction

of aromatic nitro-compounds:

Polarographic studies of the influence of substituents
on the reduction of aromatic nitro-compounds, taking the values
of rate constants at EO.25’ EO.s and EO.75’ instead of the
half-wave potentials, as the baslc quantity to study substi-
tution effect and its applicability to Hammett equation have

been madee.

(C}) Polarographic studies on the kinetics of the reactions

in solution:

Polarographic studies on the kinetics of the conversion
of normal nitro-compounds into polarographically inactive aci-

form taking place in the solution. The following compounds
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have been used:

I. 1-chloro-1-nitro-propane.
II. B-nitro-propionic acid.

I1I. Ef-nitro-ace-naphthnene.

(L) Studies on the influence of surface active substances

on electrode processes:

The effect of certain nonionic, calionic and anionic
s.a.s. has been investigated on the reduction of nitro-group,

in the following aromatic nitro~-compounds:

I. 2—[N—metnyl—N—(5-nitro—2-pyridyé)-amino%—ethanol.

IT. 5=nitro-ace-naphthene.

III. 5S5-nitro-orotic acid.

It is expected that these studies will throw mere light
in the elucidation of the electrode process at the dme in the

presence and absence of the adsorted films.
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RESULTS

(A) Reduction mechanism of some organic nitro-compounds at
the dme and the effect of various physical factors on

their kinetic parameters:

This work deals with detailed and systematic studies

on -

I. Polarography of 5-nitro-ace-naphthene.
II. Polarography of 5-nitro-orotic acid.
III. Polarography of ortho and para nitro-cinnamic acid

in aqueous-methanolic medium.

IV, Polarography of 2—[ﬁ—methyl-N(5-nitro—2-pyridyl)-

amino|~-ethanol in different supporting electrolytes.

V. Polarographic studies of the effect of various
physical factors on the kinetlic parameters of the

reduction of nitrobenzene at dme.

The following are the main results obtained as a result

of such investigations:i-

Polarography of 5-nitro-ace-naphthene has been carried
out in the pH range 1.7 to 11.35 using different buffer systems,
in 40% ethyl alcohol medium, at a constant temperature (332

0.2°C) and ionic strength, 0.27 M. It gave a single step
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reduction below pH 3 and two steps above pH 3. Number of
electrons (6e) involved in the reduction process over the
whole pH range was found by using McBain-Dowson's Cell.

Above pH 5.7, the lowering of the total current (id) was due
to the conversion of normal nitro-compound into polarographic
inactive aci-form. Kinetic parameters (-log k°® and «n_)
have been reported using Koutecky's method. Nechanism for
the electrode reaction has been proposed for its reduction

at dme.

Polarography of 5-nitro-orotic acid in aqueous medium
has been carried out in the pH range 1 to 10, using different
buffer systems. It gave well defined two steps up to phH 9.0,
the 1st step was purely diffusion controlled, (6ée) reduction,
at all pH values. The 2nd step involved Ae and was purely
diffusion controlled in acidic range. Above pH 9, the compound
was reduced in tihree steps. The first was purely diffusion
controlled, 4e, reduction. 2nd (4e) and 3rd (2e) steps had
adsorption character. However, at pH greater than 11, although
the reduction 1lnvolved three steps, the wave heights were not
reproducible. The number of electrons involved in the diffusion
controlled process was determined by comparing the wave~height
with that of the 1st step of nitrobengene under identical
conditlons. It was also confirmed by finding the diffusion
coefficient (D) with the help of MeBain-Dowson's cell.

Kinetic parameters (txna and -log k") have been
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determined for the diffusion controlled 1st step at all pH
values (1 to 10), using Koutecky's method. Plots of -Eg

and ~log k® vs. pH (pH 1 to 9) for the 1st step, ressulted

in identical S~shaped curve. Plot of ~log k vs. £ at all

pH values for the 1st step (ph 1 to 10) and the same plot

for the 2nd step (pH = 1.0) resulted in straight lines -

thus showing single rate determining step. The effect of
various physical factors such as concentration of depolarizer
and height of the Hg column on xn,_ and -log k® has been
studied, for the 1st step (pH 1,9 and 10) and also for the

2nd step at pH 1.0. The reduction mechanism has been explained
on the basis that below pH 9, there are two species in equili-
briuz (i) neutral and (ii) singly charged ~ which undergo

6e (1st step) and 4e (2nd step) reduction, respectively. Above
pH 9, there may be =ingly and doubly charged species in equi-
librium -~ each giving a Le reduction wave and the hydroxyl-
amine of the singly charged species further undergoing a ¢

reduction (3rd step, pH 10.0) to the amine stage.

Polarographic study of ortho and para nitrocinnamic

acids (Transforms) have been carried out at various pH values

using acetate buffers in 80% methyl alcohol. Nitro-group
showed the normal behaviour, i.e., twe steps {4e, 28) reduc-
tion in acidic medium and single step (L€ at all other pH
values. In highly alkaline pH (0.1 M-NaOH, 80% methyl alcohol,

pH = 11.5) another wave appeared which was for the saturation
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of the double bond (~C=C-). Analysis of these waves indicated
that the processes were irreversible, for which kinetic¢ para-
neters xn, and -log k°) have been reported using Koutecky's

method.

The nitro-group in 2-[N—methyl—N(5-nitro-2-pyridyl)-
amino) -ethanol, gave the usual two steps {4e, 2e) reduction
in acidic pH and single step (4e) in higher pH values. In
the acidic range the height of the first step was fairly cons-
tant but at further pH values it increased with pH. Also the
height of the first step was independent of the nature of the
cations or anions and the ionic strength of the supporting
electrolyte. The electrode process became more irreversible
with the increased atomic welght of the cations and was acce-
lerated with the increased adsorbabilities of halide ions.
Increase in ionic strength of the supporting electrolyte also
facilﬁ?ted the electrode process. The results have been
explained on the basis of the theory of electrical double

layer.

The effect of various physical factors, such as, drop=-
time, concentration of depolarizer, temperature, concentration
of solvent, nature of solvent and pH on the kinetic parameters
(cxna and -log k°) for the irreversible nitrobenzene reduction
were investigated by analysing the 1st polarographic reduction
wave of nitrobenzene, using Koutecky's theory of the slow

electrode reaction. The results obtained indicated that (a)
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the kinetic parameters were independent of the nitrobenzene
concentration and of drop-time (b) these parameters decreased
with the increase in temperature both in aqueous and metha-
nolic media, (¢) with the increase of ethyl alcohol percentage
in aqueous-alcoholic mixture, the reaction rate seems to be
retarded by a film of ethancl adsorbed on electrode surface,
(d) plots of -log k vs. E in protic media resulted in a
straight line whereas in aprotic media thig plot gave one
inflection indicating that there were two slow processes which
determine the rate of reduction and (e) in weakly acidic,
neutral and alkaline medium {both aqueous and methanolic),
-log k vs. E plot gave straight line, thus showing single

rate determining process, whereas, in highly acidic aqueous

as well as methanolic media thigplot showed a break indicating
that more than one rate determining step were involved. Pro-
bable reduction mechanism has been discussed to support the

observed factse.

(B) Influence of substituents on the polarographic reduction

of aromatic nitro~compounds:

Nitrobenzene was taken as the parent compound. The
theory of irreversible reaction rates as developed by Keoutecky

was applied. The rate constants were determined at different

potentlals. These obeyed the Eyring equation k = k e-txnaF/RT
o

From the data, the values of
’ es rate constants at Ep.25: EO.5
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and EO 25 were determined. The influence of substituents
on rate constants was studied. Hammett's rule was applied
to the values of rate constants at E0.25’ E0.5 and L0.75

wnich gave satisfactory results.

(C) Polarographic studies on the kinetics of the reactions

in solution:

Polarography has been used as a tool to study the
tautomeric conversion of certain nitro-ccmpounds into polaro-
graphic inactive aci-form. The following systems were taken

up for detailed and systematic studies:

I. Polarography of 1-chloro-1-nitropropane.
II. Polarography of B-nitropropionic acid.
I1I. Polarographic study on the kinetics of the
conversion of 5-anitro-ace-naphthene into

aci~-form.

The following are the main results:

Polarography of 1-chloro~1-nitropropane has been
carried out over a wide pH range, using different buffer
systems in aqueous medium, at a constant temperature 25°C
and ionic strength (m = O.54 M}. The test solution after
allowing to stand for 24, hours to attain equilibrium, gave
two steps (4e, 2e) reduction wave over a wide pH range. The

total wave height decreased with increase in pH and no wave
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could be recorded above pH 8, due to the conversion of the
whole of the normal nitro-compound into polarographic in-

active aci-form. Kinetic parameters ( xn, and -log k%)

a
for its reduction at dme (for 1st step) and the rate cons-
tant of its conversion into aci-form in solution have been
reported. The rate of conversion was found to te of first

ordere.

Polarography of /-nitropropionic acid has been
carried out over a wide pH range, using different buffer
systems, in aqueous medium, at a constant temperature (35°C)
and ionic strength (0.54 M). It gave a single step reduc-
tion over the whole pH range. Number of electrons {4e)
involved in the reduction process was found by lMcBain-Dowsonk
cell using king-Cathard equation. Above pH 6, the appreciable
lowering of the wave height was due to the conversion of
normal nitro-compound into polarographic inactive aci-form.
No wave was recorded beyond pH 10, as whole of it was con-
verted into inactive aci-form. Kinetic parameters (-log k°
and cxna) for its reduction at dme and the rate constants
of its conversion into aci-form in solution have been reported.
The rate of conversion was found to be of first order. The
thermodynamic parameters are derived for the activated complex

formed during the transformation into aci-form.

The kinetics of the conversion of 5-nitro-ace-naphthene

into polarographic inactive aci-form have been investigated



and found to be of second order. The presence of two final
products was confirmed by thin layer chromatography. The
thermodynamic parameters are derived for the activated com-

plex formed during the transformation into aci-form.

(D) Studies on the influence of surface-active-substances

on electrode processes:

The effect of certain nonionic, cationic and anionic
surface active substances, has teen investigated on the
reduction of nitro-group, in the following aromatic nitro-

compounds:

] ) 1
Ls 2—[N-methyl-N-(5-n1tro—2-pyr1dyl)—aminoJ—ethanol.
II. &~nitro-ace-naphthene.

III. 6&S-nitro-orotic acid.

The following are the main results obtained:

The nitroegroup in 2-[ﬁ-methyl—N-(5-nitro-2-pyridyl)-
amino]—ethanol, gave the usual two steps (4e, 2e) in acidic
pH and single step (4e) in alkaline pH. Study of s.a.s. on
this compound was taken up at two pH's acidic {(1.85) and
alkaline (0,05 M - NaCH + 0.2 M - KCl)}. Gelatin, Triton X-100
and camphor (nonionic}), cetyl pyridinium bromide ang methylene
blue (cationic) and Aerosol OT (anionic) were used as s.a.s.
in acidic pH. In case of all these s.a.s., with increase of

their concentration, both the steps shifted to more cathodic

R
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sicde, second one to the extent that it was completely re-
moved at higher concentration. In case of Triton X~100 and
Aercsol (T, the first wave indicated a inflection in the
lower portion of the wave (height of this new step decreased
with increase in concentration of s.a.s.} indicating the
increased stability of the intermediate anion radical.
lethylene blue gave a pre-wave of adsorption characteristics,
which appeared due to the adsorption of the reduced form

of the methylene tlue at dme.

In basic solutions - gelatin, Triton X£-100, camphor,
Tween 20, Tween 40 and Tween 80 (nonionic), bromocresol
purple and Aeroscl CT {anionic) and methylene blue and cetyl
pyridinium bromide (cationicl) s.a.s. were used. In case of
gelatin the single step was shifted to more cathodic side
with increased concentration of s.a.s. and the diffusion
current showed & dacrease, whereas, in case of the remaining
nonionic s.a.s., the step split into two and a decrease in
the total wave height was noticed with increase in concentra-~
tion of s.a.s. This split was due to the increased stability
of the (R—NGE) anicn radical. Bromocresol purple and aerosol
UT both showed a cathodic shift of the wave, lowering of
its height and a pre-wave of adsorption characteristics, at
higher concentration of s.a.s. Cetyl pyridinium bromide at
higher concentration distorted the wave in upper portion,

while methylene tlue, along with its usual adsorption pre-wave,



split the main step into two indicating the stability of the
anion radical. Values of rate constants for the electrode
process have been computed in presence of varied concentra-

tion Of Sed 2 Se

5-nitro-ace-naphthene gave single step (6e) reduction
velow pH 3, and two steps (4e, 2e) above pH 3. No appreciable
change in the total wave height was observed up to pH 5.7,
beyond which the lowering of wave height was due to the con-
version of the normal nitro-compound into polarographic in-
active aci-form. Ph's 1.85 and 5.7 were chosen to study the
effect of Triton i-100, Tween 20, Tween L0 and Tween 80,
camphor and gelatin (nonionic), Aerosol OT, sodium lauryl
sulpnate and bromocresol purple (anionic) and cetyl pyridinium
bromide and methylene blue (cationic) surfactants. At pH 1.85,
camphor could not remove the polarographic maximum even up
to 0.12% of its concentration, whereas, 0.012% gelatin could
remove the same. In case of remaining s.a.s. (except for
methylene blue and bromocresol purple) a well defined single
step (6e) was observed even up to 0U.OL% concentration of
se.aese. In case of methylene blue the main step preceded by a
pre-wave of adsorption nature, which was due to adsorption of
the reduced form of methylene blue. Bromocresol purple with
concentration » 0.0048% indicated a sharp maximum on the
limiting current region of the maln wave, which may be due to

the degorption of the s.a.s.



At pH 5.7, Triton X-100, Tween 80, cetyl pyridinium
bromide showed similar results, i.e., removal of the second
step at higher concentration of s.a.s. DBoth the steps
existed in case of camphor, sodium lauryl sulphate and Aerosol
OT. The second step showed a marked increase in magnitude
at higher concentrations of Aerosol OT, which may be probably
due, at least in part, to catalytic hydrogen evolution and
presumably the Aerosol OT serves to accelerate the catalytic
step. Behaviour of bromocresol purple was more interesting,
i.e., fusion of the two steps and increase in height of the
thus resulted single step, with increased concentration of
S.a.8. lethylene blue gave a pre-wave of adsorption nature
and removed the second reduction step at its higher concen-
tration. Values of rate constant for the electrode process
have been computed 1n presence of varied concentration of

Se& el

During the polarographic studles on 5-nitro-orotic acid
it was observed that it gave two reduction steps (6e, 4e) up
to pH 9. Two pH's 3.0 (acidic) and 9.0 (basic) were chosen
to study the effect of Triton X-100 and Tween 20 (nonionic),
Aerosol OT and bromocresol purple (anionic!) and methylene
blue and cetyl pyridinium bromide (cationic) surfactants.

In aclidic pH Triton X-100 and Tween 20 behaved similarly,
i.e., shifting of both the waves to more cathodic side and
at higher concentration of s.a.s. only first gtep remained.

In case of Aerosol OT both the steps existed; the first showed
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a greater shift to cathodic side with no change in wave height.
The second step was not much affected even at higher concen-
tration of s.a.s. Fusion of the two steps in case of bromo-
cresol purple was noticed, along with the appearance of a

pre-wave of adsorption characteristics.

Cetyl pyridinium bromide shifted both the steps to
more cathodic side and the second step vanished at its higher
concentration. Behaviour of methylene blue was more interes-
ting. Appearance of a pre-wave (adsorption character) and
removal of the second step was accompanied by splitting of
the first step (6e) into two (4e, 2e), i.e., the hydroxylamine

intermediate stage was stablished by the presence of s.a.s.

Again the behaviour of Triton X-100 and Tween 20 was
identical in alkaline pH, i.e., shift of the first step to the
extent that it got fused into the second step, thus resulting
in a single step only. At higher concentration of Aerosocl OT
no reduction steps could be recorded. Both the steps, along
with a pre-wave, were observed with methylene bluéfgiomocresol
purple. Cetyl pyridinium bromide shifted the first step to
more cathodlic potential with no appreciable change in wave
height, while the second step was deformed into peak at higher

concentration of cetyl pyridinium bromide.

Rate constant for the electrode process have been
computed in presence of varled concentration of s.a.s.

L
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CHAPTER IIL




REDUCTICN MRCHANISE OF SOKL ORGANIC

NITRO-CONPOUNDS AT THE dme AND THE

EFFECT OF VARIQUS PHYSICAL FACTORS

ON THEIR KINETIC PARAMETERS.




I NTRODUCTION

The polarographic behaviour of nitro-compounds has
attracted considerable attention. The nitro group is a
powerful electron seeking group, it is therefore to be ex-
pected that its ability to capture an electron and hence its
reducibility at d.m.e. will be affected by the nature and
position of other electron donating or electron seeking subs-

tituents in the molecule.

Nitrobengzene was the first organic substance to be
ctudied polarographically. M. Shikata1 measured its reduc-
tion potential at various pH values and subsequently, with
the help of hls collaborators, studied the nitrophenolsz,
dinitrobenzenes, dinitrophenols3 and nitroanilinesh.

A. Wink915 et al. later investigated the effect of pH on the

reduction potential of nitrobenzene.

Since the earlier work does not contain information
on the nature of the electrode reactions, and as arbitrary
"Reduction" potentials were quoted rather than E0.5'S, the
investigation has been repeated and additional nitro-compounds
have been examined, mainly by M.J. Astle and P.J. Elving in
America, by L. Holleck in Germany, and by J. Pearson and by

J.E. Page and his colleagues in England. The substances
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studied include the mono, di, tri- nitrotenzenes y nitro-

15'16, p-nitro-

toluenes, nitrophenols1"14, nitroresorcinols
aniline, mono-nitrocresols17 nitroanisoles and nitrobenzoic

acids and the methyl nitrobenzoates.

Below pH 4, nitrobenzene gives a h4e and 2e step, repre-
senting reduction to the hydroxylamine and amiline respec-
tively. The 2nd step is not well defined and disappears above
pH 4. Addition of alcohols, however, shifts the steps to
more negative potentials and makes the 2nd step more distinct.
The nitrotoluenes, nitroanisoles, and methyl nitrobengzoates
differ from nitrobenzene in the pH value at which the 2nd

wave dlisappears.

Dinitrobenzenes and dinitrotoluenes undergo a 12e
reduction in acid and a 10e (or less) reduction in alkaline
solution. Trinitrobenzene and trinitrotoluene undergo a
greater than 12e reductlon in acid and a 12¢ reduction in
alkaline solution. Thus mono, di and tri- nitrobenzene and
nitrotoluene in neutral and alkaline solutions are reduced
to the corresponding hydroxylamine, but at acild pH the reduc-
tion proceeds stepwise through the hydroxylamine to the amine.
At pH between 3 and 6 a mixture of the hydroxylamine and the
amine 1s formed. Eg, g's vary linearly with pH, but the slope
of the curves changes in the pH range (i.e. about pH = 4.0)

in which the reduction process changes.

18,19
L. Holleck ™’ et al. reported that p%ﬁitrobenzene
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gave very peculiar multistage curves caused by two con-
current processes. In acid solution one nitro group was
reduced to -NHOH group(L4e) and the 2nd to -NHp group (6el.
But in alkaline solution a stable tautomeric quinonoidal
intermediate state was formed via a 2e reduction process
which was then reduced (8e). The 2nd reaction was inhibi-

ted over a wide pH range.

20
L, Holleck and B. Kastening suggested the following
mechanism of the polarographic reduction of aromatic nitro-
compounds in alkaline solution and in the solution of low

concentration of proton;

| 1e - by
(H-chJads. — (R-Noz)ads_ e (R'“oz’soln.
Rev.
RE
(R-NOEQJ Wil i Product.

where the rate determining step is the 2nd electron transfer
process. The rate of the electrode reaction is affected by
the substituents of the benzene ring, the component of the
solution and the nature of the electrode surface especially
in the presence of surface active substances. In acid solu-
tion containing inhibitors such as 0.1% camphor, the overall

reduction process is represented by

R-NO, + H® —» R-NOJH — 1%, R-No,4 _Fast

[

R-NUH™ ——> Product.

Proguct
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(rtho, meta and para- nitrophenols resemble nitrobenzene
in forming two steps in acid solution, but the ortho and pera
isomer differ from nitrobenzene in that the e step increases
to a 68 step with increase in pH. Ortho and para- nitroaniline
also gave similar behaviour at higher pH values. Z2~nitro-
resorcinol behaves differently than ortho and para nitro-phenols
and ortho and para nitroanilines, as in its case a single 6é€
wave was observed over a pH range 2 te 12. Their reduction
pattern should obviously be different due to the formation of
such phenylhydroxylamines which can be converted into rapidly

reducible quinonoid form as -

NO- NHOK NH NH
|
4 e 2&
4= ~H20 2 W
OH OH o ok

W—-NJy 48 ~NWOH
OH 4+ oM —"10 Q.H"

Nitropyrimidines containing (-~OH} group at positiong
sultable for a single 6e reduction step - through quinonoid
form, were 5-nitrobarbituric acid, 5-nitrouracil and 5-nitro-
orotic acid. These were taken up by P.C. Jain ang R.C.Kapoor21
and it was shown that they undergo 6e, single step reduction

over a wide pH range.
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An interesting behaviour is of h-nitrocatechol15 for
which the reduction of the intermediate nitroso~-compound
occurs at a more negative potential than the reduction of
the nitrc-form. The wave far the hydroxylamine is well
developed only in acid medium up to pH 2.0, The wave be-
comes more drawnout and decreases in helight with increasing
pH. It finally disappears at pH 6.3. This behaviour ingi-
cates that the cation corresponding to the aryl hydroxylamine
is the reducible form and that the unionised hydroxylamine

is usually not polarographically active.

2:4 and 2:6 dinitrophenols resemble the dinitrobenzenes
]

but picric acid showed a 17e reduction and probably is reduced

to bis - 3:5 diamino-L-hydroxyphenyl hydrazine which rearranges



in acid to give a benzidinezz. Styphnic acid also behaves

— 15
like plcric acid in pgiving a 17e step .

Polarographic reduction of 2-nitro-, 2:4-dinitro-

and 2:6—d1nitror'esorcinol15 is simpler than that of nitro-
benzenes and nitrophenols; the appropriate amine is formed

at all ph values. The ortho, meta and para nitro-derivatives
of anisole, benzoic acid and methyl benzoate form characteri-
stic polarograms. The nitrobenzolc acids yield two reduc-
tion steps in both acid and alkaline solution. Their half-
wave potentlals do not change with concentration, but vary

2
linearly with pH over a limited pH range 3.

Polarographic reduction of o- and p~ nitrobenzoic
aclds, p-nitrosalicylic acid, 5-nitroanthranilic acid and
5-nitroaniline was studied over the pH range 2 to 10 by
V.M. Gorokhovskizh et al. The variation of E0.5 with pH
was shown graphically for these compounds. At low pH value
p~COOH group facilitated the reduction of the -N02 group
but at higher pH the reduction of the latter is retarded
possibly owing to the negative charge of the ionised carboxyl

group.

25

M.E. Runner et al. have shown that o~nitroisomer of

N-nitrophenyl-N'-phenylacetamide is reduced more readily than
the meta or para isomer, indicating that internal hydrogen

bonding takes place.
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Ramaiah and Tewarizs, on polarographic studies of
ox-nitroso- A-naphthol, have established, that it forms an

intra-molecular hydrogen bonding.

Polarographic reduction of 5-nitro-5-phenylcyclo-
hexane and a number of its derlivatlives has been carried out

by GaM. Goward27 et ale.

Very few nitro-compounds derived from the heterocyclic
ring systems have been studied polarographically, R-nitro-
furanzs-Bo 1s significant among those studled. At dme the
reductlon of this compound occurs with a 4e transfer process.
With increase in the molarity of alcohol in water-alcohol
mixture the Le wave decreased to 8 1e wave. The decrease
in the wave was caused by the slowing of the rate of proto-
nation of the nitro-group and the formation of its anion
radical. It has been suggested that the nitro-group ig
reduced via a protonised R-Nozﬁ* to 2-hydroxylamino furan

and to Z-amino furan occurred via the 2-hydroxyl ammonium

catione.

Polarographic reduction of nitro-derivative of
pyrrole and thbphene were investipgated by laurice and

-
.

-
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Pearson31. E«G. Novikovah et al. took L-nitro-derivatives
of N-oxides of pyridine, picolines, lutidines, quinolines

and quinaldines for polarographic studies.

Nitro and nitroso derivatives of guanidine and urea

33 et al. at

were studied polarographically by k. Laviron
pH1-14. Nitroguanidine was reduced to aminoguanidine in

a gingle 6e step (or two poorly defined steps) in acid medla;
in alkaline media (pH > 8) two 2e reductions led successively
to nitrosoguanidine and guanidine. Nitrourea and N-nitro-
N-methylurea were reduced in a single 6e step to the semi-
carbazides in acid media (pH < 2). At pR 2-6, a two step

6e reduction was observed. In neutral sclution, a two step
Leé reduction took place. At pH < 8, a single step 4e reduc-
tion took place and probably led teo the formation of urea

and methyl urea as a result of breaking of N-N02 bond.

Mechanism proposed were confirmed by controlled potential

electrolysis.

Kyosti Penttinenja et al have used nitro-derivatives
of guaiacol, vanillin, o-vanillin, vanilli acid and o-vanillic
acid in buffered organic-water solutions for d.c. polarogra-~

phic studies and have discussed ortho effects of substituents.

Ralph N. Adam535 has reported electrochemical and
E.P.R. spectroscoplc measurements of several p-nitro-tri~

phenylamine compounds. Polarographic investigation of nitro-~
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furagzone (R-nitrofurfural-semicarbazone) has been taken up
by ¥. Kemula36 et al. between pH 2 to 12.4 in water and
ethyl alcohol solution. An intermediate product is formed
in the reduction process. An increase of ethyl alcohol
concentration from 8 to 25 volume per cent increases the
polarographic product. The latter is probably an azoxy

derivative (at NO, group) of nitrofurazone.

G. Paly137 during the polarographic investigations
on 3-nitro-4-cihloro-benzene sulfonic acid observed that the
nitro-group is irreversibly reduced to hydroxylamine by a

Le process at dme.

Recently preparative electrochemical reduction of
substituted mono-nitro-benzenes with a controlled potential
on a Hg cathode was carried out in acid medium by M. lLe.
Guyader. Hydroxylamines and corresponding amines were thus
prepared. In some cases hydroxylamines underwent Gattermann
rearrangement to give amino phenols. By using a mercury
cathode at the appropriate potential the reduction could be
controlled to get yields up to 80%. Five types of general
reactiong were observedjs.

Nitroparaffins in strongly acid solution yield one
polarographic step, which has been attributed to the formation
of the alkyl-hydroxylamine; in weakly acid solution, a 2nd

step thAt has been attributed to the alkyl-amine, appear539



hAccording to P.E. Stewart and W.A. I34:>nner’+o

y however, in
well buffered solutions only one 4e step appears at all

pH values.

k1 observed that nitromethane

M. Suzuki and P.J. Elving
is reduced in a single step, 4e, at all pH values. They
analysed the wave by Koutecky's theory of slow electrode
reaction. Effect of various physical factors such as phH,
concentration of depolarizer, drop-time, concentration of
solvent and temperature on kinetic parameters ( on and
-log k®) were evaluated. In acidic and neutral media there
is a single slow process which controls the rate of the
reduction but below pH three the rate determining step seems
to involve two consecutive irreversible electron transfer
reactions. This process has been interpreted as due to two
congecutive single electron transfer processes followed by
the addition of two protons and decomposition of the resul-

ting CH3N02H2 to H20 and CH NO which undergoes further

reduction.

Reduction of hydroxy nitrobutanes and their esters
and others has been discusced by P.d. Elvinghz- 1-phenyl-2-
. o .
nitroethanol, 1—(p-broqphenyl)—2-n1troethanol, and 1-phenyl-
2-nitroethancl methylate have been studled by V.N.LeibzonLB’hu

et al.

Med o ﬁ.st;lez’5 et al. were able to use polarography to

study the kinetics of the conversion of the nitroparaffins



into their aci-form. Recently H. Sayo and i. Masuihﬁ have
done polarographic investigations on alkaline decomposition
of several aliphatic tertiary-nitro-compounds. Xinetics of
the conversion phenyl-nitromethane and nitrocyclohexane

into aci-form were studied by D. Jannakoudakish7.

Ainion radicals are formed in the reduction of ali-

b9

phaticl"8 and aromatic”’ nitro-compoundas in acetonitrile

and dimethyl formamide50. The formation ¢f the anion radi-
cal has been verified by electron spin resonance studied for
both aliphatic and aromatic nitro-compounds and the aliphatic

radical was found to be unstable.

Although considerable work has been done on the
polarographic studies of organic nitro-compounds, there are
still many aspects of the problem which need systematic and

detailed investigations.

This chapter, therefore, contains the studies on the
following systems on which very little or no data are avail-
able in literature, with a view to study their reduction
mefhanism and the effect of various physical factors on

their kinetic parameters.

I. Polarography of 5-nitro-ace-naphthene.
II. Polarography of 5-nitro-crotic-acig.

III. Polarography of ortho and para nitrocinnamic acid

in aqueous methanolic medium.

CH

>
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Polarography of 2-[N-methyl-N-(5-nitro-2—pyridyl)-
amino | -ethanol in different supporting electro-

lytes.

Polarographic studies of the effect of various
physical factors on the kinetic parameters of the

reduction of nitrobenzene at dme.
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I. Polarography of 5-nitro-ace~-naphthene

No data are available in literature for the reduction
of 5-nitro-ace-naphthene at the dme. The present investiga-
tion, therefore, gives the results obtained 1in the reduction
of this compound, which contains both aliphatic and aromatic
characters, with a view to elucidate the mechanlsm of elec-

trode processese.

Experimental

Stock solution of 5-nitro-ace-naphthene (Aldrich
Chemical Comp., U.S.A., mp 102°C) was prepared in redistilled
absolute alcohol. Cther chemicals used for buffer systems
and supporting electrolytes were analytical reagent grade.
Double strength stock solutions of HC1/KC1, NaZHPOA/citric
acld, boric acid/NaOH and NaOH buffers were used. The ionic
strength (u = 0.54 M) of these buffers was brought to a
definite value by adjusting the amount of supporting electro-
lyte. The pH in 40% ethanol was always found higher than
in aqueous medium. Triton X-100 (0.001%} was used as maximum
suppressor. Experiments were carried out at 33°C. Tpe
capillary used for dme had m = 2.931 mg/sec., t = 3.05 sec/
drop in O.54 M KC1 (open circuit) at h = 40.0 cms {uncorrected

for back pressure).

The current/voltage curves were recorded with using

a manual setup,after the test solution had stood for 24 hours.



This was necessary as the current values changed with time

but gave a reproducible curve after 24 hours.

Recsults and Discussion

(A) Current, voltage curves at various pH values

The test solution after attaining the equilibrium
gave the current/voltage cwves shown in Fig. (1). Below
pH 3, a single step reduction took place and pH above 3,
the reduction involved two steps which became more and more
well defined with the increase of pH. No appreciable change
in the value of total current (i4) was observed up to pH 5.7,
but further increase of pH was accompanied by a regular
decrease in the total heipht (ig, + idz) of the waves. The
height of the first step (id1}, above pH 3, gradually de-
creased with increase in pH, whereas no regularity was
obcerved for the height of the second step (idz). The EO.5
values for the single step (below pH 3) and for the first
step (above pH 3) became more negative up to pH 10.4, where-
as, for the second step, the shift occurred only up to pH
8.25. Values of ig/c within the concentration range 0.1;(10-3
to 1.25 x 10'3m, 14//h, the negative shift of Ep, 5 with con-
VSe

centration of the depolarizer, and plots of log 1/(id_1)

E (all at pH 1.i7) showed that it was a diffusion-controlled

irreversible reduction.



(B) Determination of number of electrons involved in the

reduction:

Comparison of the wave-height for the reduction of
S5-nitro-ace-naphthene with that of the 1st wave (four elec-
trons) of nitrobenzene recorded under identical conditions,
showed that the present reduction involved four electrons.
But as no suitable mechanism could be proposed to explain
th;tgfep reduction above pH 3, the number of electrons in-
volved was confirmed by another method. The number of
electrons can be calculated from ILlkovic equation provided

that along with the polarographic data the diffusion coeffi-

cient (D) of the reducible species is also known.

The diffusion coefficient of the depolarizer was
determined by the McBain-Dawson cell with the King-~Cathard
equation51. The value of D for this compound was calculated
as 5.53 x 10-6 cmz/sec. This value of D in Ilkovic equation

gives the number of electrons as 5.97 = 6.

Figure (1) shows that the magnitude of the total current
(id) is of the same order up to pH 5.7, but with further
increase of pH, id decreagses. This decrease is not due to
any change in the number of electrons, but due to the con-
version of the normal nitro-compound into polarographically
inactive acl~form, the remaining normal nitro-compound under-

going six slectron, two-step reduction. Thus at all pH
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values (1.7 to 11.35) the reduction of nitro-group involves
six electrons. Below pH 3 the reduction is one-step of six
electrons, and above pH 3, the hydroxylamine stage (four

electrons) becomes more and more stable, with further reduc-
tion to amine (two electrons) in the second step. The kine-
tics of the conversion of the normal nitro-compound into

aci-form has been studied polarographically by us and found

to be second order; details are given in Chapter V.

Taking D = 5.53 x 10.6 cm?/sec. and using foutecky's
method, values of kinetic parameters (txna and -log k°) were
evaluated from the data for the polarographic waves at various
pH values. The -log k vs. E plot for single steps (pH less
than 3) and the same plot for the first step (pH greater than
3) ylelded straight lines (Fige 2), thus showing that there
ig only one slow process that determines the rate of the
reduction. These results are given in Table I. Values of
xn, showed a regular decrease between pH 4.8 and 11.35. Plots
of -log k% and EO.S for the first step as well as the plot of
E0.5 for the second step against pH showed similar results
(Fig. 3). These values of -log k° and EO.S first increased
up to a certain pH and then decreased with further increase
of pH. The decrease beyond a certain pH may be due to the
fact that at higher pH values the amount of active depolarizer

left is much less (more of the normal nitro-compound converted

into the aci-form) and the concentration ef fect on Eqy . as
o5



well as on -log k® overcomes the influence of pH on these
quantities .

The probable mechanism {below pH 3) when single step
six electron reduction is taking place, may well be
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Tatle 1
Kiretic parameters at different pH values

Concentration of depolarizer = 1.04 millimole

(W |

Ionic strength #t = 0.27 M; Ethyl alcohol = 40%; Temp. = 33°C
Height h = 40 cms.

51. ig iy iy -log k° E! Eg ;

No  BE p.;. p.i. p.a. NJH.E, vgii volt “a

{S4CEs) (5+C.Es)

1. 1.7 21.2 - 21.2% 3.661  0.385 - 0.333
2. 2.95 20,8 -  20.8% 4.213  0.490 - 0.330
3. 3.9 15.0 5.6 20.6 4.573 0.500 0.865 0.399
Le 48 14.8 5.8 20.6 5.077 0.560 1.00 0.437
5. 5.7 14.0 6.4 20.4 5.35 0.600 1.180 0,418
6. T+15 13.4 6.0 19.4 6.239 0.710 1.40 0.4131
7. 8.25 13.2 3.2 16.4 6.488 0.820 1.527 0,383
8. 9.55 12.6 3.2 15.8 6.936 0.880 1.440 0.380
9. 10.4 12,5 2.9 15.4, 6.780 0,880 ) T X 0.370
10. 10.95 3.2 L.8 14.0 6.406 0.820 Leh3 0.364

11. 11.35 el 1.9 4e3  5.646  0.730 1.20 0.333

* Single gtep reduction.



Fig. 1:

Fig. 2:

Fig. 3¢

Legend of the Fipures

Current-voltage curves of 5-nitro-ace-naphthene
(1.04 millimole) at various pH values, after

allowing the solutions to attain equilibrium.

Curve at pH 1.7

Curve C at pH 3.9
at pH 5.7

Curve E at pH 8.25

A

Curve B at pH 2.95
C

Curve D

Curve F at pH 10.95
Curve G at pH 11,35

Plot of ~log k vs. E at various pH values
Curves A, B, C, D, E, F, G, H, I, J and K at
1.7, 295, 3.9, L8, 5.7, 7.15, 8.25, 9,55,
10.4, 10.95 and 11.35, respectively,

1

Plots of -log k° and B0 s

for the first step and

the plot of E2

0.5 for second step against pH.
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I1. Polarography of 5-nitro-orotic acid:

Kapoor and Jain21 during the polarographic studies
of some nitro-pyrimidines have reported that 5-nitro-orotic
acid undergoes a single step (6el} reduction between pH 7
and 9 in Britton-Robinson buffers and above ph 9, the re-
duction process splits into two waves, one corresponding to
e followed by another wave of 2e. They explained it to be
due to the retardation of the reduction of 5-nitro-orotic
acid possibly owing to the negative charge of the ionised

carboxyl group.

The author while studying the effect of surface-
active-substances on the reduction of nitro-group in certain
aromatic nitro-compounds observed two well defined steps
for the reduction of 5-nitro-orotic acid at pH 8, in the
absence of s.a.s. This led us to repeat the polarographic
study of S5-nitro-orotic acld which gave some interesting
results and the same have been incorporated in the present

worke.

Experimental

Stock golution of 5-nitro-orotic acid (potassium salt,
anhydrous) - Sigma Chemicals Co., U.S.A., was prepared in
redistilled air free water. AnalaR reagents were used to

prepare the following HC1/KC1, Nagﬁpoh/Citric acld, boric acid/



NaCH and NaQHPOh/NaOH buffer systems of constant ionic
strength {(m = 0.54 M), adjusted by KCl. Triton X-100

(0.0004 to 0.001%) was used as maximum guppressor. The
capillary used for dme had m = 2.931 mg/sece, t = 3.05 sec./
drop in O.54 M-KC1l (open circuit) at h = 40.0 cms(uncorrected

for back pressure).

Results and Discussion

Current/voltage curves at various ph values:

5-nitro-orotic aclid gave twe steps cathodic wave bet-
ween pH 1 and 9. Above pH 9 the reduction wave split into
three steps, Fig. (1). The half-wave potential (EO.S) for
both the steps shifted to more negative values with increased
pH from 1 to 9. In order to know the nature of these reduc-
tion steps, effect of concentration of the depolariger and
the height of the mercury column (Fig. 2, 3a, 3b) on these
reduction steps were examined at ph 1, 9 and 10. Studies at
pH 1.0 showed that ig/c and i,/yh were constant for both steps,
whereas at pH 9, these quantities were constant for first step
only and for the second step id/c showed a decrease and id/h
was constant (rather than i,/4/h). At pH 10.0, i4/c and
id//ﬁ were constant for the first step only and for the second
and the third step 1;/c showed a decrease, while i4/h were

constant. These observations indlcated that the first step
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(pH 1 to 10) was purely diffusion controlled. The second
step too was diffusion controlled in highly acidic medium,
but exhlibited adsorption characteristics in alkaline medium.

Also the third step at pH 10.0 had adsorption characteri-

stics.

Effect of concentration of depolariger and that of
height of mercury column on E_ 5 as well as, the slopes of

the linear plots of log(i/ig~i) vs. E at pH 1, 9 and 10

showed that it was irreversible reduction.

Number of electrons involved in the electrode process,
at various pH values, was determined by comparing the limiting
current values of 5-nitro-orotic acid with those of the known
wave (4e) of nitrobenzene under identical experimental condi-
tions. These were further supported by determining the values
of diffusion coefficient (D) at pH 1, 9 and 10 with the help

of McBain-Dowson's cell, using King-Cathard equation.

Table 1

Number of electrons from FMc¢Bain-Dowson®s cell

Number of electrons Tor

by D cmz/sec. step diffusion controlled step
1.0 102 X 10-6 1St 6.21',: 6
2nd 393 = 4
9.0 9,315 x 107 15t T
6

10,0 10,15 x 10~ 1st Lsls =4
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From these observations it was concluded that 5-nitro-
orotic acid was reduced in two steps up to pH 9; first step
corresponding to a 6e and the second one to a Le process.
However, above pH 9, the first and the second steps were ke

each and third step a 2e reduction process.

Values of kinetic parameters ((xna and -log k°) were
determined by using Koutecky's method, for the diffusion
controlled first step at pH 1 to 10. Results are tabulated
in Table II. The plots of -~log x° vs. pH andg Eé.s vse ph
(pH 1 to 9) resulted in identical S-shaped curves, whereas,

the B 5 vs. phi (ph 1 to 9) was a linear plot (Fig. L).

The -log k vs. E plot for the first step (pH 1 to 10)
and the same plot for the second step {pH 1.0) yielded straight
lines (Fig. 5); thus showing that there was only one slow
process which determined the rate of the reduction. Values of
xn_ showed no regularity, but -log ko increased with pH,
indicating electrode process becoming more irreversible with
increage in pH. This may be due to the increased difficulty
of avallable H* iong which play an important role in the

reduction process.

Effect of concentration of depolarizer and the helght
0
of mercury column on on, and -log k have been shown for
the diffusion controlled first step, at pH 1, 9 and 10 and

algo for the second step at pH 1.0. The results are given

in Table IIIa and IIIb,



The probable reduction mechanism of the 5-nitro-orotic

acid below pH 9, where two steps (6e, Le) are obtained - may

be ag follows.

The equilibrium, given below, may exist

below pH 9, involving neutral and singly charged species.

CcOOK

coo

(2 = 0 ¥
HOJ\N oH ‘_‘HO’K e

The neutral molecule is reduced at dme in single step,

6e, through quinonoid form and the singly charged undergoing,

Le, single step reduction,

First step, 6e:

COOK
N;;][Nol ie |
ro—y, J-on SREv.
C 00K
N;%HTNHI Elaﬂ*:
H0J§N oH FAST

Second step, 4e:

cO00K

Ho*ﬁq o

-

Coo

-
N’SIN024QﬁH
ne A Jon” 7

OH _r,0 ol om
N

= +
1€ ,2H
SLOW

~—H,0

FasT

c o0

& NHOH

COOK

o

N NGoH
HO’gN CH

- +

'Hlolle)lH

FasT
cC o0k

~N NHON
Ho Ay OH
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However, above pH §, tune species present in equili-

brium may be singly and doubly charged as mentioned below:

-

Coo' coo

*
N NO; — ~N N_OI -+ ol
HO J‘\N" e HO _l‘\{—-o

Here the singly and doubly charged species undergo
Le reduction leading to corresponding hydroxylamines, through
first and second steps respectively. The third step corres-
ponds to the further reduction of singly charged hydroxylamine

to the amine stage.

coo

c00
- +
i NO3 4‘9)4"" N)\[NHOH 1st.5t®p.
D 1 on = H,0 Ho’k\"- oH

coo
- -
o €,4h NHOH 27 Stap.
N N_;_ 4 : N\ e tQ.P
o N, ° ~H20 HO™S\
coo™ coo
P,
NHon 28, 2H N NHo v .Stap.
¥ on “Hg® Ho—s M-oH > P
HO’\‘ N
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It can be seen from Table Il that the half-wave poten-
tials of thne first and the second waves shift, regularly, to
more cathodic value with increase in ph from 1 to 9. However,
at pH 10, this sequence breaks and the half-wave potentials
for the first and the second waves are much positive as com-
pared to the values of half-wave potentials at pH 9, This
fact shows that the reduction mechanisms at pH 9 and 10 are

dif ferent and involve different species.

&
Tueci-> et al. studied the relative stability of the
complexes of certain 5-substituted orotic acid derivatives

and have given the order 5—NH2 > 5-1 7 5-Br > 5-NC This

x
order suggests that the complex forming capacity of 5-nitro-
orotic acid is the least and that of its 5-amino~-crotic acid
ie the greatest. Thus, the adsorption character of the second
wave at pH 9 and second and third waves at pH 1C may be due to
the formation of a complex between the reduced form of the

depolarizer and the mercury.



Table Il
Values of xn, and -log x® at various pH
O.4 mli of depolarizer; Temp. = 30°C; Height = 40.0 cms.

Ionic strength of buffer = 0.54 M.

i i )

d O o)
S1. voltg xn, -log k Remarks
No. pH Haa. g N.H.E.

s Triton X-100
Te 100 10.&5 0-250 0.3h13 2.954 0.001%

7.50°  0.928 - )

2. 2.0 10.25%2 0,328 0.420 3.485 0.001%
6.60°  1.052 - -

5, H.0 9.40% 0,395 0.353 3.7585 Nil
6.80°  1.130 - -

Lo dipeld 9,28 0.450 0.2943  3.945 Nil
6.600  1.250 - -

5. 5.8 g.3% 0.700 0.2775 5.037 0.0004%
6,252  1.530 = "

6. 7.1 7.7° 0,880 0.374  6.8943 0.,0004%
5.6 1.60 - .

7. 7.95 10.0% 1.010 0.3812 7.732 Nil
342 1.73 ’ -

g. 9.00 8.6% 1.080 0.3458  7.721 0.001%
3.852 1,745 < -

9. 10,00 6,02 1.065 0.4165 8,582 0.001%
Lok 1.560 - )
2.1¢ 1.90 - -

8 oo 18t step; D see 2nd Step; C eae 3rd Step.



Table Illa

o
Concentration effect on on and -log k

Temp. = 35°C; Height = 40.0 cms, Triton X-100 = 0.001%

)

pH Concentration -log k° xn -Eq 5 volts
ml¥ N.H.E. S.C.E.

For 1st step

1.0 0.20 2.52813 0.5625 0.230
0..40 2 .8266 0.4613 0.250
C.70 3.0740 0.2815 0.308
1.00 3.1432 0.2359 0.348

Tor 2nd step

0.2 10.4553 Q.747 0.860
Ok 9.953 0.624 C.945
Tisl 8 4492 0.35994 1.180
For 1st step
9.0 0.3 73285 0.333 1.080
O 7.1161 0.312 1.090
0.7 6.6090 0.262 1.125
1.0 6.2260 0.223 1.170
For 1st step
10.0 .20 7.726 0.3820 1.065
0.30 7493 0.3525 1.080
0.40 7.2611 0.,3262 1.090
0.70 6.8076 0.28284 1140

% 0,1 ml = 0.08 mM depolarizer.



Table IIIb

Height effect on «n, and log k°

Temp. = 35°C; 0.32 m¥ of depolarizer; Triton X-100=0.001%

pH Height -log k° xn -Eg, 5 volts
CINS » N.H-E. S.C.Ea

For 1st step

1.0 40,0 2.8266 0.4613 0.250
50.0 2.93013 0.3915 0.270
60.0 249753 0.3712 C.275
For 2nd step
40.0 9.952 0.624 0.945
50.0 10.254 0.604 0,986
60.0 11.94734 0.5807 1.000
For 1st step
9.0 40,0 7.1161 0.312 1.130
50.0 3-916h 03557 1.130
60.0 « 568 0.336 1.130
For 1st step
40.0 7.726 0.3820 1.065
50.0 8.021, 0.4080 1.065




Fig. 1¢

Fig, 2:

Fig.3a:

Figo ll-:

Fig. 5"

Legend of the Figures

Current-voltage curves for C.4 mM. depolarizer

at various phH values.

Current-voltage curves for various concentrations

of depolarizer, at pH 9.0 and pH 10.0,

Effect of helight on the current-potential curve

at pH = 9-00

Effect of height on the cwrent-potential curve

at PH = 10000

2
Plot of <~log ko, Eé.s and EO.S against pH.

~log k vss E plot at various pH values.

r
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I1I. Polaropgraphy of ortho ané para nitrocinnamic acid

in aqueous-methanolic medium:

Polarographic behaviour of cinnamic acid and its
derivatives has been studied by several workersz-SS_ The
more recent studies were made by NM.J.D. Brand59 et al. and
H. Lundéo. They have studied the polarographic behaviour
of cis- and trans-cinnamic acids and substituted cinnamic
acids in 50% ethyl alcohol using acetate buffer, which showed

a 2e reduction wave between pH 4 and 8.

A review of the literature indicated that no polaro-
graphic study has been made on the nitro-derivatives of
cinnamic acid. In the present investigation the polarogra-
phic reduction of ortho and para- nitrocinnamic acids (trans-
forms) has been carried out with the aim to record the reduc-
tion wave (S) for the nitro-group and for the saturation of

the ~C=C~ double bond.

Experimental

Methyl alcohol (B.D.H., A.R.) used for stock solutions
was redistilled at 54.5°C in all-glass fractionating column
and the middle one-third of the distillate was used for experi-
mentse. Ortho-nitrocinnamic acid was L. Light and Co. product
and para-nitrocinnamic acid of B.D.H. (.R.) grade. Other
chemicals for buffer systems and supporting electrolyte were

of analytical reagent grade. HC1/KC1l, ammonium acetate/NaCH



and NaCH buffer systems (n = 0.58 N} were used for various
pH values. All experiments were carried out at a temperature
of 32°C. The capillary used for dme had m = 2.586 mg/sec.
and t = 2.96 sec./drop in 0.58 M KCl (open circuit) at

h = 65.0 cms (uncorrected for back pressure).

Results and Discussion

It wag observed that in highly acidic medium the
nitro-group gave the usual two waves, first being a 4e re-
duction resulting with the formation of hydroxylamine which
further showed & 2¢ reduction giving amine. This view was
supported by the comparison of the magnitudes of the first
wave for the reduction of ortho-nitrocinnamic acid and that
of the first wave (4e) of nitrobenzene reduced under identi-
cal conditions. DNo wave could be récorded for the saturation

of the double bond (-C=C-) due to the hydrogen discharge.

In weakly acidic, neutral and alkaline media only
nitro-group gave one step reduction up to hydroxylamine
stage, whereas, in highly alkaline medium (0,1 M - NaOH,

80% methyl alcohol, pH = 11.5) the nitro-group gave the
usual 4e single step reduction and another wave at quite a
far cathodic potential which was due to the saturation of
the double bond (~C=C-) involving 28 as reported ?'%°, That

the reduction of nitro-group of the acid in highly alkaline

CaD

e,
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medium {O.1 M - NaOH, 80% methyl alcohol, pH = 11.5) involved
Le was supported by the fact that the magnitudes of this

wave height and that of the nitrobenzene {at pH = 11.5) under
identical conditions were again similar. This was further
confirmed from the value of diffusion coefficient "D" deter-
mined by McBain-Dowson cell using King-Cathard equation.

The value of "D" thus obtained was 10.08 x 10_6 cm2/sec.

from which the value of "n" for the reduction of nitro-group
of the acid came to be 3.86 == 4. OSeparation of the second
wave (for the saturation) was better defined in the case of
ortho derivative than the para derivative as shown in Fig. 1.
The use of maximum suppressor was eliminated because no

maximum appeared at any pH values.

The plots of i1, vse ¥R grracteq FOF both the waves
at pH 11.5 were linear indicating that the currents were
diffusion controlled. Plots of log i/(i4-1) vs. E were
linear for the nitro-group reduction wave but their slopes
were much higher than the expected theoretical value. Also
the same plots for the second wave deviated from linearity
(Fig. 2), indicating tiat the electrode processes were
irreversible. Further the half-wave potential of both the
waves shifted to more cathodic potentials with increase in
height of the mercury reservoir, which also supported the

fact that processes were irreversible.

The plots of 14 vs. C (concentration of the depolarizer)
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for both waves were linear within the range of 0.4 to 1.0 mi,
During the study of the effect of the concentration of the
depolarizer on 1,, it was observed that the E0.5 of these

two waves shifted towards more cathodic potential with the
increase of the concentration of the depolarizer and thus

at higher concentration (1.0 mM.) the separation of the
second wave from the wave due to the discharge of the suppor-
ting electrolyte cation became less sharp particularly in

the case of the para derivative.

The kinetic parameters were calculated by Koutecky's
method for irreversible processes. The plots of -log k vs.
E for nitro-group reduction up to hydroxylamine stage yielded
straight lines at all pH values and for the second wave at
pH 11.5 the same plot gave a linear curve (Fig. 3}, indica-
ting that these processes were controlled by a single rate
determining step. From the slope of these plots the values
of xn, were computed and the value of rate constant at

zero potential (k°) were also found out. The results are

summarised in Table I.

The reduction of the nitro-group can be explained as
suggested by L. Holleckzo. Brand and Fleet suggested that
above pH 8 the cinnamic acid is reduced without preprotona~
tion and below this pH the acid is reduced in the forn of

mono-protonated anion. Thus we can conclude that under the



above experimental conditions there is no pre-protonation
of the acid and that the two electron addition be a single

slow process controlling the rate of the electrode reacticn

/T[;.uou . 23 4 24" slow
« W.CH=CH-COCH !
N

ﬂ:NHOH
CHZ-CHE-COOH

R
o

1



Table 1
Values of kinetic parameterg for the reduction of ortho and
para derivatives of cinnamic acid.

u=0.5 M; Temp. = 32°C; H = 65,0 cms; 80% methyl alcohol

Urtho-nitro-cinnamic acid

pH Ldyo, -Eg. an, -log k©
el o volt N.H.E.
8sCuEs
1.4 10.8 0.290 0.385 1.975
36" 0.850 " =
L.75 9.3 0.530 0.286 3.690
5.5 9.2 G585 0.281 4.019
6.3 8.8 0.630 0.326 L.489
6.9 8.8 0.688 0.311 L.635
8.5 9.7 0.892 0.165 L.895
9.25 8.9 0.920 0.190 4904
11.5 8.9 0.948 0.282 5e421
115 3-2bJ 1.900 0.529 18.070

Para-nitro-cinnamic acid:

1.8 10.8 0.240 0.375 24451
5,28 0.815 - -
Le75 9.8 Oulbh5 0.318 Lo2L,5
5.5 9.75 0.525 0.371 L .834
6.3 9.50 0.598 0.387 L.975
6.9 9.50 0.668 0.364 5241
8¢5 9.30 0.890 0,210 5 421
9.25 9460 0.930 04345 6.600
1145 9.50 0.960 0.420 7.630
11.5 2.85) 1.960 0. 541 17.825

a) The 2nd wave for NO, group in acidic medium.

b) Wave for the hydrogenation of -C=C- bond in O )
807% methyl alcohol. n 0.1 M ~ NaOH,



Fig. 1:

Fig. 2:

()
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Legend of the Figures

Current-voltage curves for ortho and para nitro-
cinnamic acids in 80% methyl alcohol, at various

pH values. Concentration of depolarizer 0.6 mk.

Plots of log ———— vs. -E V. 5.C.E., for -NO,
i -1 2

d
group and for the saturation of double bond (C=C)
in ortho and. para nitro-cinnamic acids in 0,1 M -~

NaOH, 80% methyl alcohol (pH = 11.5).

Plots of -log k vse -E in 0,1 M - NaCH, 80% methyl
alcohol (pH = 11.5).

Curve A for saturation of ~C=C-~ bond in ortho-

derimtive .

Curve B for saturation of -C=C- bond in para-

derivative.

Curves C and D for para and ortho nitro-derivatives,

regpectively. -
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IV. Polarography of 2—[N-metnyl-N—(5-nitro-2*pyridyl)—aming:

ethanol in different supporting electrolytes:

As no polarography studies have been reported on this
compound, it was taken up to study its behaviour at the dme
at various pH and also to investigate the effect of the nature

of supporting electrolyte on its kinetic parameters (cxna and

-log k°).

Experimental

Stock solution of 2-[N-methyl-N-(5-nitro_g_pyridyl)_
amino|-ethanol was made in double distilled ethyl alcohol.
Other chemicals used for buffer systems and supporting elec-
trolytes were analytical reagent grade. HC1/KC1, NazﬂPoh/
citric acid, boric acid /NaOH and NaOH buffer systems of cons-
tant ionic strength (u = O.54 M), adjusted by KC1, were used.
Triton X-100 (0.001%) was used as the maximum suppressor. The
capillary used for dme had m = 2.931 mg/secs., t = 305 sec/drop
in 0.54 M KC1 (open circuit) at h = 40.0 cms (uncorrected for

back pressure.

Results and Biscussion

The current-voltage curves recorded at various pH values
showed that the nltro-group gave the usual reduction pattern,

i1.e., 1in highly acidic pH (pH £ 4), the reduction was two



steps {4e, 2e) respectively. Whereas, in weakly acidic,
neutral and alkaline pH the reduction stopped at hydroxylamine
(4e) stage because of its increased stability. Fig. 1 glves
the current-voltage curves recorded at 3300. In the acidic
range (pH 1 to 5) the helght of the first step was fairly

constant, but increased with further increase in pH,

Koutecky's method of the slow electrode reaction was
applied for the analysis of the first reduction wave which
was found to be diffusion controlled irreversible process and
involved single rate determining step as the ~log k vse. E plot
of this step yielded a straight line at all pH values. Results
are given in Table I. «ng, did not show any regularity. EO.s
and ~log ko increased with pH, thus electrode process became
more irreversible with increase of pH because of the increased

difficulty of the availability of the H' ions which are in-

volved in the reduction process.

The effect of the nature of the supporting electrolyte

En g and =log k° was studied by taking Li*, Na*, &

2
as monovalent, Mg’ . Ca'z and Ba’z

on  &ng,
) *3
as divalent and La asg

trivalent cations and €17, Br~, I as monovalent anions. The

experiments were carried out at constant pH.

Table II gives the effect of halide ions on the kinetiec
parameters. From the observations it was seen that EO 5 as

well as omn, did not change appreciably with KI, KBr and KC1
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as indi fferent electrolytes. But -log x° decreased in the

order I™) Br ) Cl .

Table III gives the results on the influence of suppor-
ting electrolyte cations on the kinetic parameters. EO.S
and an, did not show any regularity with LiCl, NaCl and KC1l
as indifferent electrolytes. But -log Kk° increased in the
order K’]>Na’> Li*, i.e., with the increase of the atomic
weight of the catlion the electrode process became more irre-
Similar obgervations were noticed in divalent cation

systems, i.e., -log k° increased in the order Ba*2'> Ca"2 >

versible.

Mgv2. an, did not alter much, whereas, EO-S shifted to more

+2
cathodic side from Ba+2 to Mg .+ These results are tabulated

in Table IV.

Table V gives the effect of mono, di and trivalent

cations on the kinetic parameterse. xn, and EO.s showed no
appreciable variation. However, the value of -log k° showed

a slight increase with increasing atomic weight and valence

of the cations.

Further, the values of Eg g, xn, and -log k° decreased
with increase in ionic strength (p) of the supporting electro-
lyte vide Table VI. Similar observations were also made by

Holleck for m—chloro-nitrobenzenezo.

From these observations it 1s, therefore, concluded

that,



(a) Wave-height is practically independent of the nature

of cation or anion and ionic strength of the supporting

electrolyte.

(b) The value of ~log k° decreases in the order I- > Br~ X
Cl . The tendency of halide ions to increase the apparent
reversibllity is in conformity with theilr absorbabilities&_é4
on the mercury drop surface. The accelerating effect on the
electrode reaction may be attributed to the change of elec-
trode surface by the adsorption of the halide ions. This
accelerating effect on the electrode process with increase
in adsorbability may be due to some sort of activated complex
formed at the electrode surface which results in the decrease
of the activation energy of the electrode. The same effect

of halide ions on the kinetic parameters was also observed

at different concentration (0.6 mM) of the depolarizer.

(c¢) The value of -log k° increases with increase in the
atomic weight of the cations. This may be due to the increase
of the radius of the cations with increase in their atomic
weicht. The thickness of the electrical double layer is thus
enhanced and thereby increasing the value of zeta potential

and thus retarding the electrode process by offering a greater

potential barrier.

The -log k° increases only %0 a small extent in solutions

of mono, di and tri- valent cations (Table V) as compared to



&1

the values in gsolutions of indifferent electrolytes having
cations of the same valence but increasing atomic weight

(Table IIT, IV). This small variation of -log k® in solutions
of mono, di and trivalent cations may be due to the accelerating
effect of increased valence of the cations on the electrode
processes, thereby, counteracting the retarding effect of

increasing atomic weight of these cations.

(d) The values of EO-S’ an, and -log x° decrease with
the increase in ionic strength of the supporting electrolyte.
This is again due to the lowering of the thickness of the
electrical double layer, thereby, reduclng the zeta potential

and accelerating the electrode processes.



Kinetic parameters { xn and -~log k°) at various pH's.

Concentration of depolarizer = O.4 mM; 4 = 0.5, M (Buffers)

Table T

Helght = 40.0 ems.; Temp. = 33°C.
R 2
St SN R P B
S0 808
140 845 2.8 0.135 0.620 1.901 0.469
2.0 8.k 3.0 0.145 0.960 2.788 0.559
2.9 8a1 3.2 O.341 1.090 34779 0.619
4.0 8ol ggﬁiggél 0.430 ~ L <64 0,600
L8 8.55 no wave 04490 - L.813 0,503
6.0 9.55 = 0.604 - 5.056 0.408
72 9.35 — 0.685 - 5.521 0.381
8.0 10.25 - 0.740 - 5+833 0379
9.0 10.75 - 0.804 - 5.894 0.333
10.0 10.95 - 0.850 - 6.017 0.334
11.0  11.0 - 0.865 - 6.29% 0.439
Ez and id2 for 2nd step.

0.5

D

[§)



Table II
Kinetic parameters (tnna and -log k°) in KI, KBr, and KCl

as indifferent electrolytes.

Temp., = 33°C;  Helght = 40.0 cms.;  pH = 6.25.
Supporting id -EO 5 aANg ~log k°
Electrolyte _ .
B3 e NoH.E
$.C.E. wike

Concentration of depolarizer = 0.4 mM

0.2 M-KI 113 C.854 0.2969 £,6225
0.2 M-KBr 112 C.847 0.3093 5.6G45
0«2 M~KCl 11.2 0.847 0.3150 51590

Concentration of depolarizer = 0,6 mM

0.2 NM-~KI 1601-} 0.905 0.2272 £,123

U.2 M-KBr 164 0.900 0.2293 5.134

0.2 K-KCl 16.2 0,900 0.2330 5.166
Tatle 111

. o)
Effect of Li%Y, ha*, k¥ on xn, and -log k.

Temp.= 33°C, Height = 40.0 cms.; pH = 6.25,

Concentration of depolarizer = C.4 mi.

i
Supporting d -Eg. xn wlew 12
Electrolyte s Volg a ) 3
5.G.E. Haks
0.2 M-NaCl 10.9 0.833 0.2947 5.499

0.2 M-KCl 11.2 0.847 C.3150 5.759




Table IV

+2

Effect of Mg'’ , ca’® and

+2 o
Ba on xn, and -log k.

Temp. = 33°C;  Height = 40.0 cms., pH = 5.90
Supporting ig -E “loz Kk°
Electrolyte . =g .
Hed e VOlt N.H.E.
S.CuEa
O.4 mM. depolarizer
0.2 M-MgCl, 10.75 0.800 0.3125 50528
0.2 M-BaCl, 13425 C.820 0.3314 5+810
0.6 mM. depolarizer
0.2 M-MgCl, 15.8 0.848 0.2477  5.148
0.2 H-CaCl, 16.6 0.867 0.2558 54273
16.6 0.875 0.2562 5,347

02 M-BaClz




Table V

2

Effect of Na+, Ca*z, and La'’ on xn, and -log x°.

pH = 2.0; Temp. 3300; Height = 40.0 cms.

Bupporting 14 -Eg, 5 o
Electrolyte xn -log k
Hede volt a
S.CuEy N.H.E.
Oely mM. depolarizer
0.2 M-NaCl 845 0.218 0.5095 24522
0.2 M-CaCl, 8.3 0.225 0.5416  2.576
0.2 M—LaCl3 8.2 0.230 0.5153 24598
0.6 mM. depolarizer

Q.2 M-LaClB 1109 01260 00420 2.875




Table VI

Effect of ionic strength (n) on xn, and -~log k°,
0
Height = 40.0 cms., Temp. 33 C;
Ionic strength ig 59,5 7 o
cn -log k
(FJ Hedoe Vo.lt.’ a g
S.C.E. N.H.E.
0.4 mM. depolarizer
0.1 N-KC1+0.03M-NaCH 10.9 0.887 0.459 7. 542
0.5M-KC140.03M-NaOH 11.05% 0.872 Q.5 74250
1.,0M-KC1+0.03M-NaOH 11,0 C.862 C.413 6.803
0.6 mM, depolarizer
0, 1M-KC1+0.03M~NaGH 15.95 0.930 0.308 6.188
0O«5M-KC140,03M-NaOH 16,30 0.915 0.297 5,992
1,0M~KC140.03M-~NaCRH 16.05 0.91C 0.293 5914




Fig. 1:

Fig. 2t

Legend of the Figures

Current-voltage curves at various pH values

(0.4 mM. depolarizer).

-log k vs. -E plot at various pH values.

-
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V. Polarographic studies of the effect of various physical

factors on the kinetic parameters of the reduction of

nitrobenzene at dme:

Although considerable work has been done on the reduc-
tion of nitrobenzene in aqueous and agueous-organic solvent
mixtures but no attention has been paid to the effect of
the experimental conditions on the kinetic parameters ( xn
and -log k°). The present investigation deals with the
detailed study of the variation of these parameters by the
alteration of various physical factors, such as, drop-time,
concentration of depolarizer, temperature, concentration of

solvent, nature of solvent and pH.

Experimental

Nitrobenzene (B.D.H., A.R.) was redistilled at 209°¢C
in an all-glass fractionating column and the middie one-thirg
of the distillate was used for experiments. For non-aqueous
study, methanol and all other organic solvents used were of
B.D.H. quality and were fractionally distilled before use.
Formic acid and glacial acetic acid (B.D.H.)were used as such
without further purification. Other chemicals used for buffer
systems and supporting electrolytes were analytical reagent
grade. In aqueous medium HC1/KC1, NazHPOL/citric acid,glycine/
NaCOH and NaOH buffer systems were used. Ionic strength

(n = 0.58 M) was brought to a definite value by adjusting the



amount of supporting electrolyte. SCE was used as reference
electrode. In case of formic acid and glacial acetic acid
mercury pool was used and the potentials converted with
respect to SCE. "1R" correction was made in the study of
non-aqueous media. Triton X-100 was used as maximum suppre-
ssor. The capillary used for dme had m = 2,586 mg/sec. and

t = 2.96 sec./drop in 0.58 M«KCl (open circuit) at h=65.0 cms.

(uncorrected for back pressurel.

A recording polarograph LP60 was used for these inves-

tigations. The potentials were varied manually and the maximum

currents recorded. Some of the observations were also taken

using a manual set-up and average currents were recorded in

this case.

Results and Discussion

Koutecky's theory of the slow electrode reaction was
used for the analysis of the ist polarographic reduction wave
which is considered to be a completely irreversible process

and consumes Le per molecule resulting with the formation of

pheny lhydroxylamine.

(1) Effect of m and t on kinetic parameters

It is seen from Table I that the values of &xn, and
~log k® were independent of drop-time, whereas, E0 5 shifted

towards more negadtlve values with lncrease of height. If k ig



not a function of t, this shift in EO.5 with height is given

by the relation,

AE RT 7 ty
—] r], =—— o
0.5 (xnaF t,2

Using the Ej 5 values at h = 45.0 cms. and 65.0 cms. the

measured values of A EO 5 was found to be 7mV, whereas the

corresponding calculated values using above equation was

6.5 mV. Also the plot of i/i59 vs. ¢h/h,y (Fig. 1) showed
) 65

the expected behaviour of an irreversible process .

(2) Effect of concentration of the depolariger on the kinetic

parameters:

Values of xn, and -log k® did not change with con-
centration of electro-active species for a given amount of

alcohol content and pH (Table II).

(3) Effect of temperature on kinetic parameters

With increase of temperature (both in aqueous and
methanolic medial idmax. showed a regular increase. xn,
decreased and -log k® values showed that system was less
irreversible with increase in temperature. E0.5 values dig

not show any appreciable change in both cases (Table III).

(4) Effect of ethyl alcohol concentration on kinetic parameters

With increase in concentration of ethyl alcohol, &n
a

decreased and -log k° increased. Bo,5 shifted to more



negative potentials and iy first decreased up to about 4L0%
ethyl alcohol and then agaln increased with increase in per-

centage of alcohol (Table IV).

The fact that id first decreased and then increased
with increase in percentage of ethyl alcohol might be due to
the change in the viscosity of aqueous-alcoholic system,
which showed gradual increase in the viscosity of the system
up éﬁj;g% ethyl alcohol and then decreasegéregularly with
further increase in percentage of alcohol . Similar varia-
tion of 1y with increase in concentration of ethyl alcohol
was observed in case ofF-nitroanilineé?. Hecently R.S.

subrahmanya68 et al. have also reported similar obtservations

during the study of nitrobenzene in ethanol.

That the change in the magnitude of the current by
change in the percentage of alcohol in aqueous solution was
due to the change 1in the viscosity of the system and not due
to the variation in the number of electrons involved in the
reduction process was further confirmed by comparing the
value of diffusion coefficient of nitrobenzene calculated from
Iikovic equation (n=4) to that of lodobenzene reported in

literatureég, under similar conditions.

The shift in the 50.5 with increase in ethyl alcohol
concentration to more cathodic potentials might be due to
adsorption of alcohol on dme and thus requiring more activation

energy for the reduction processes to take place. The
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adsorption of ethyl alcohol at dme could be confirmed from
the shape of electro-capillary curves (Fig. 2). The changes

of ®n,, and ~log k° with ethyl alcohol concentration might
be due to the changes in the structure of the electrical double

layer by the adsorbed film.

(5) Effect of the nature of the solvent on kinetlc parameters

Thene can be no obvious trend in the E0.5' ~-log ko
and xn, of ions in different solvents since these quantities
are a complicated function of various physical properties of
the solvent. However, some encouraging results were obtained
particularly considering the calculated values of rate cons-
tants at EO.s as it 1s known that at EO.s’ the current is

controlled both by diffusion and the rate of the reaction70.

The solvents used were methyl alcohol, ethyl alcohol,
normal propyl alcohol, iso~-propyl alcohol, gle acetic acid
and formic acid which are protic and dimethyl formamide, ace-

tone, methyl-ethyl-ketone, acetonitrile and pyridine which

are aprotic in nature.

Nitrobenzene gave one wave (be) in methyl, ethyl, igo-
propyl, and n-propyl alcohols. Plot of -log k vs. E resulted
in straight line (Fig. 3} thus showing single rate determining
process in all these alcohols. Table V gives the various
parameters in alcohols wsing lithium ciloride as supporting

electrolyte at a fixed pH 5.6 (unbuffered). Current decreased



[
s
—

from methyl alcohol to n-propyl alcohol, whereas -log ko 5
increased, i.e., reduction of -N02 gr. became more difficult
as solvent was changed from methyl to n-propyl alcohol.

E0.5’ om, and -log k° did not give any regular variation.

Experiments in these four alcohols were repeated using
1iCl (0.25 M) and sodium perchlorate (0.25 M) as supporting
electrolytes without any pH adjustment. It was observed that
in both the cases of the supporting electrolytes used, the
change in EO.s’ -log k0’5 and id was similar. xn_ and -log x°
did not show any regularity in LiCl as supporting electrolyte,
whereas they were increased in sodium perchlorate as supporting

electrolyte. These results are given in Table VI.

d and formic acid using 1.0M-Amm.

In gl. acetic acid
acetate as supporting electrolyte, -NO2 group reduced in one
step and the rate of reactlon was controlled by one slow pro-
cess as the plot of -log k vse E ylelded straight lines
(Figs 4) in both acids. Table VII gives the values of an_,
and -log ko in these two acids. Reductlon was easler in formic

acid as already observed for inorganic cations72.

In aprotic media, 0.25 M-sodium perchlorate was used
as supporting electrolyte. In acetone, acetonitrile73, methyl
ethyl ketone and pyridine single step reduction(4e) took place
whereas in dimethyl formamide7h-77 two steps (1e, 3e) were
involved. The magnitude of 1, increased in order acetone »

acetonitrile ) methyl ethyl ketone 3 dimethyl formamide 5



pyridine. The variation of 1, with nature of the aprotic
solvent might be due to the difference in physical properties
of these solvents. Plots of =-log k vs. E 1in case of
acetone, acetonitrile, methyl-ethyl-ketone and the same plot
for the 2nd wave in dimethyl formamide showed single inflec-
tion (Fig. 5), suggesting, thereby, that there were more than
one slow processes which determined the rate of reduction.
However, in case of pyridine, reduction was more complicated

as -log k vs. E plot is S-shaped.

(6) Effect of pH on kinetic parameters:

The dependence of om_, -log k° and EO.5 on pH are
summarised in Table VIII. Plots of -log k vs. E for pH
5 to 11 yielded straight lines, but in more acidic medium
(pH 1 to 3), this plot showed a break (Fig. 6) indicating
that more than one rate determining steps were involved. Plot
of E vs. pH and -log k® vs. pH (Fig. 7) resulted in identi-

C.5 7

8
cal S-ghaped curves as expected + It was seen that EO 2

and -log k® increased regularly with increase in pH, whereas
on, was gradually decreased with increase in pH from 5 to 11.0.
It may be noted from TablesV and IX that the values of igs

EO-S' and -log k° at pH 5.6 were higher in unbuffered methanolic

medium than the corresponding values in buffered ones. However,

«ng ¥m was independent of buffer capacity.

Table IX gives the results obtained in the study of the

effect of pH on kinetic pargmeters in methamolic buffered medium.



Plot of -log k vs« E in weakly acidic medium and neutral
medium gave straight lines but in bhighly acidic medium this
plot showed a break (Fig. 8) as observed in aqueous medium,
indicating that more than one rate determining steps were
involved. It was seen here that the values of idmax.' EO-S’
-log ko and xn increased with increase in pH, whereas,
there was no regularity in iﬁmax observed in aqueous medium.

Also on, decreased in aqueous medium with increase in pH.

Recently R.S. Subrahmanya68 et al. have also observed
that -log k vs. E plot deviates from linearity in highly acidic

They explained thils departure from linearity as due

to potential dependence of m79.

aide.

It appears that in weakly acidic, neutral, and alkaline
aqueous and alecoholic medla the reduction of nitrobenzene

involves only one rate determining step as proposed by Holleck2

and given below:i-

- CH
— ez 1e I/
C.H.NO, + 1@ ——— C HNO, —— C_ HN
67572 T 675772 oyt 6‘5\0H 25
slow Fast se*
~H_O
2
06H5NHOH

However, in highly acidic medium (both agueous and alcoholic)
where the rate determining step involves two consecutive

reactions, the result may be interpreted as due to two



consecutive 1le

1
06H5N02 e —
Rev.

and 2e

06H5N02

transfer processes as given below:

— ,OH
le C,H_NI
————
2H? 6 5 \\OH
slow
-H20 fast
C.li N=0
675
i * - “
27,2k 28 ,2H
elow slow
Acidic /NH2

CeH.NHOH ———— (¢ H
6‘. < 6 "
= Medium lr\\OH



Table I:

pH = 11.0 buffered;

Temp. = 35°C;

Bffect of m and t on kinetic parameters.

10% ethyl alcohol;

1 = 0.58 M; Concn, = 5.0 x 10"hM (nitrobenzene).

Height ldmax. t -log k° cxna -EO 5 volt
R Med. Sege (N.H.E. ) (s.c 8.1
65.0 6.4 2.96 9.01 0.782 0,700
55.0 6.0 3449 9.00 0.786 0.697

L5.0 S5ely L.35 8%995 0.784 0.693
Table II: Effect of concentration of the depolarizer on the

kinetic parameters.

Temp. = 359C;

10% ethyl alcohol;

# = 0.58 M; Height=65.0 cms.

Gomste of o e, CWEE w8y il
in millimoles Hed. (N.H.E.P (S.C.E.)
ph = 71.0 buffered
0.30 3e55 8497 0,788 0.694
0. 50 6440 9,01 0.782 0,700
0.70 7.35 8.95 0,789 0.689
0.90 9.60 8.94 0,778 0.69¢4
pH = 7.2 buffered
0.50 5.70 6.015 0.861 Oulbly
0.90 10.80 6.050 0.859 Cukly9




Table TII:
both in aqueous and methanolic

Effect of temperature on kinetic parameters

medla.

Ethyl alcohol = 0.5%; Concn. = 0.5 x 10-3K Nitrobenzene,

pH = 7.6 buffered; Helght = 65.0 cms.; 1 = 0.58 M
i D 10"6 -log k° E
Temp. 1. . 2. g xn -0, 5
Hedoe CY'\-/SQC (N.H.E. ) VOJ.t
(8.C.E}
10% 6.7 be 55 7e7h 0.991  0.505
23°¢ 7k 5.38 7.28 0.944 0. 508
30 8.0 6.30 7413 0.922 0.510

Methyl alcohol = 100%; Concn. = 0.48 x 10°

3

M Nitrobenzene,

pH = 5.7 buffered; Helght = 65.0 cms.; 1 = 0.40 M,

10%¢ 9.00 11.25 7.859 0.756 0.617
20°¢C 10,65 15.75 7.302 0.712  0.615
30°%¢ 11.75 19.17 7.016 0.693 0.612
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Table IV: Effect of ethyl alcohol concentration on kinetic
parameters.
Temp. = 20°C; Height = 65.0 cmse; f = 0.250 M lithium chloride;

Concn. = 0.6 x 10'3 M. nitrobenzene.

0]
o R
10 777 L .074 0.31 0.495
30 6.95 L.638 0.298 0.790
50 7.20 o765 0.269 0.880
70 8415 5.514 0.228 0.947
100 10.90 6.640 0.192 0.958

Table V: Various parameters in alcohols using lithium chloride
= as supporting electrolyte at a fixed pH 5.6 (unbuffered).

0.48 x 10"3 M nitrobenzene;

Temp. = 30.5°C; Concn.
Height = 65.0 cms., pH = 5.6 unbuffered; q = 0.25 M.

o
Alghol idmax. -log k xn, 'EO.5 -log k0.5
J.loa. (N-H-E.) . volt (S.C.E.)
(5.C.Es)
Methyl
Zlcghol 12 .45 8,194 0.6677 0.750 2« 690
Ethyl
eibohel WSS 8.755 0.7645  0.720 2.835
Iso~-propyl ;
alcghol 8,75 6.472 0.3280 0.898 2,975
n-propyl

alecohol 8.25 5.038 0.3485 0.800 3,020




Table VI: Various parameters in alcohols using lithium
chloride and sodium perchlorate as supporting
electrolytes.

Temp. = 30.5°C; Concn. = O.48 x 102N Nitrobenzene;

Height = 65.0 cms.

o)
bleabol.  Alpg ~log k an,  Ro.5  -log k.
Helo (N.H.E S volt (5.C.E.)
(S.C.E.) )
0.25 M ~ lithium chloride as supporting electrolyte
lMethyl '
alcohol 1344 . 8.399 0.566 0,863 2.708
Ethyl
alcohol 10.7 7.391 0.420 0.907 2.832
I so-propyi
alcohol 845 7.842 0.436 0.931 2,970
n-propyl
IPohel 8.10 7.405 0.410  0.900 3.030

0.25 M - sodium perchlorate as supporting electrolyte

NethloL  11.80% 5,636 0.2368 0.970 2.84
Bobyl o 5.945  0.2494 1.006 2,88
Sioohol™ ! g.uzse  6.66L  0.2907 1.035 e
giggiggl 8.1 5% 6.883 0.3166 0.999 2.99

% Average currentse.
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Table VII: Various parameters in fermic acid and gl. acetic
acid using 1.0 M-Amm.acetate as supporting
electrolyte.

Temp. = 30.5°C; Concn. = 0.48 x 10-3M; Nitrobenzene;

Height = 65.0 cms., 1.0 M Ammonium acetate(supporting electrolyte).

Solvent ldave -EO.5 volt an_ Ll ko

Mol (S§.CsBy) (N.H.E.)

Formic acid  7.40 0.090 0.4193 1.850
Gl.acetic

acid 6495 0.465 0.378 Le16L

Effect of pH on kinetic parameters in aqueous

Table VIII: :
mediume.

-3
Temps = 36°C; Concn. = 0.5x10 "Mjnitrobenzene; Height=65.0 cms.

Ethyl alcohol = 10%; m = 0.58 M.

i -log k° xn -E volt Potential of
Bufggred dmax. (N-HoE.} - (S?C?E-J inflection
Lels point vs,
5ol ol
a8 6. 50 2.00 0.798 0.160 —0.171
28 6.60 2.90 0.980 0.240 -0.240
3a 6:35 3.56 0.875  0.275 ~0.287
5 6450 5429 0.878  0.4025 b
742 5.70 6.015 0.861  Oubil b
9.1 7.10 8.115 0.856  0.6025 b
1140 6.4 9.01 0.782 0.700 b

a - an, and -log k® for these rusp have been evaluated from

the lower segment of the straight line én Fig.6, these
values are doubtful for the reasens Kougkﬁy's met hod
does not hold good when more than one rate determining

step is involved.

b - No band .



Table IX: Effect of pH on kinetic parameters in methanolic
medium.

-

Temp. = 30.5°C; Concn. = 0.48 x 107 M nitrobenzene;

Height = 65.0 cms., u = 0.25 M
pH ig -log k© xn, ~EQ. 5 Potential of
Buf fered p— (N.HE.) ol inflection
Med e oit point Vs,
(S'C.E.) S.C.E.
2,92 7.00 2.99 142 0.1025 -0.1215
3,62 10.95 L.97 0.5405  0.4925 =-0,52
is'? 1142 5.779 0.6430 0.5320 b
5.6 11.75 6.167 0.6679 0.558 b
7.9 1341 9,022 0.6882 0.810 b
a - &Ny and -log k° are doubtful as pointed earlier in

Table VIII.

b - No band.



Fig. z:

Fig. 33

Figo ZI-:

Figo 5:
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Legend of the Fipures

Dependence of curve on drop-time (mercury height)
at various potentials for solution of 10# ethyl

alcohol, pH = 11.0 and 1 = 0.58 M.

Electrocapillary curves for various ethyl alcohol

concentrations, based on variation of the drop-time
at the dme with potential. Percentage ethyl alcohol
A = 20%; B =30%and C = 405. Time %6 expressed in

seconds for 50 dropse

Plots of -log k¥ vs. =-E (S.C.E.) using sodium

perculorate (0.25 M) as supporting electrolyte.

Curve & in Methyl alcohol
Curve B in Ethyl alcohol
Curve C in Iso-propyl alcohol

Curve D in n-propyl alcohol.

Plot of -log k vse ~E (Hg.pooll, using 1.0 M -

ammonium acetate as supporting electrolyte.

Curve A in Formic acid.

Curve B in gl. acetic acid.

Plot of -log k vse. =E (8.C.E.), using 0.25 I .

sodium perchlorate as supporting electrolyte.

Curve A in Acetone



Figo 6:

Fige. 7

Fig. 8

Curve B
Curve C

Curve D

Curve E

Plot of

Curve A
Curve
Curve
Curve
Curve

Curve

Q = B9 o w

Curve

in Acetonitrile

in Methyl ethyl ketone

in Dimethyl formamide (In case of D x-axis
shifted by 0.2 V to
L.H.S,)

in Pyridine.

-log k vs. -E (S.C.E.) in aq. medium.

at pH = 1.0

at pH = 2.0

at pH = 3.0

at pH = 5.0

at pH = 7.2

at pH = 9.1

at pH =11.0

Variation of E0.5 and ~log k° with PH in aq. medium.

Plot of

Curve

A
Curve B
Curve C
Curve D

E

Curve

-log k vs. ~-E (S.C.E.) in methyl alcohol.
at pH=2.9

at pH = 3.6

at pH = 4.7

at pH = 5.6

at pH = 7.9
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C HAPTER IV




INFLUENCE OF SUBSTITUENTS ON THE POLARGGRAPHIC

REDUCTION OF ARCMATIC NITRO-CONMPOUNDS
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INTRODUCTION

Une of the recent trends in the field of Chemistry
is to gcquire the knowledge regarding the factors affecting
and controlling the reactivity of substances. Ip this
connection the influence of structural modifications of a
molecule on its reactivity has been extensively investigategq
by taking the rate (k) and equilibrium (X) Parameters as g
measure of reactivity. For exgmple, kinetieo studies of g2
series of compounds undergoing similar reaction but with
difference in structure, can be utilized to examine as to
how the change in structure affects the rate of reaction.
Similarly in the reactions which involve equilibrium, equi-
librium constants1 ere utilized for structure-reactivity

correlationships. These studies are of immense valye from

the point of view of reaction mechani sm® . At the same time,

the applications of such investigations for elucidation of
the structure of the reacting molecule, have also been made

and the usefulness of such investigations ig widely recognisedB.

The introduction of a substituent in the molecule can

affect its reactivity in a number of ways. In other wordg,

the overall substitution effect may be one or the combination
of more than one of the following effects, guch 48, polar,

resonance and steric’, which have been well described by

Taft Jr.5.
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For a long time chemists have tried to correlate

reactivities of organic compounds by devising some form of

empirical relationship. The reasons for the usefulness of

the rate and equilibrium constants as a measure of reactivit
y

are very fundamental in nature. From the principles of

thermodynamics we know that change in free energy plays a

major role in the occurrence of a reaction. Equilibrium angd

rate constant are related to change in free energy. The

former is related to standard free energy change and the

latter to the free energy of activation.

—AF = RTInK
~AF#% = RTlnk + RTln-%}

The above observations indicate that any quantity characteri-

stic of a reaction which is related to free energy change

could be made use of as the basis of structural correlations.

6
In the early 1930's, Hammett™ at Columbia and Burkhardt'’

at Manchester, discovered llnear relationship involving log k

or log K for a nunber of systems.
: 8
tion (1937)°7. This equation

This work led to the

formulation of the Hammett equa
the influence of polar meta- Or para- substituents

describes
on the side-chain r

not apply to the influence
The Hammett equatlon takes the forms;

eactions of benzene derivatives. It doeg

of ortho-substituents, which may

exert steric effects.
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log (k/ko) 6-’/9

log (K/K,)) = o6pP

where k or K is the rate or equilibrium constant, re
2 spec-

tively, for a side-chain reaction of a meta- or par
- ara=-
substituted benzen
e system, and k, or K, is the constant for
KR ﬂparentn compound. The substituent constant, & i
’ y 18 a

measure of the polar offect of the substituent (relative t
o
and is, in principle, independent of the nature

hydrogen),
of the reaction. The reaction constant "P" depends on th
e

tion, also depends on reaction conditions
?

nature of the reac

but is independent of the kind and position of the substi

ttents.

Extensive work on the application of this rule to rate

and equilibrium processes involving meta- and para~ substituent
uents

in aromatic nucleus, has been carried out’o and this led to

ing molecular structure and reac-

valuable information regard

tion mechanism.

The first application of this rule to polarographic

ounds with similar st
sibility of jnvestigating the influence of

ructure led a few Workers11'17

data on comp

to examine the POS

uents on polarographic reduction taking halfwave poten

substit
c of the compounds undergoing

sic characteristi

tial as the b2
~related the halfwave potentials of a

Zuman co

reduction.
stitution function (67} and found

series of compounds for sub
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the Hammett's equation to polarographic reduction, taking
E0.5 ds the basis of correlation (z)EO.S =), to be fairly
successful specially in the case of reversible systems.

In the case of irreversible Systemis it is the free energy
of activation ( AF*) which poverns tphe oceurrences of the
process. AF* is related to rate constant rather than E, 5
and, therefore, the consideration of the values of rate .

constants for structural correlations in irreversible ey

tems appears more reasonable.
As no data are available in literature relating rate

constants obtained polarographically with the structure of
the reducible substances, the present investigation gives
the results obtained in the study of the influence of substi -

tuents on rate constants of the reduction of aromatic nitro-

compounds by conventional polarography.

EXPERIVMENTAL

Nitrobenzene and meta-nitrotoluene were redistilleg

in all glass fractionating columnbnd the middle one-thirg
of the distillate was used for experiments. Solid compounds

which were of either B.D.H. or E. Merck's quality, were
Other chemicals used fop buffer

recrystallised before use.
systems and supporting electrolyte were analytical rengni

grade. Disodium hydrogein phosphate/citric acid and boric

acid/sodium hydroxide huffers of constant ionic strength



(0.58 M)} were used. 0.001% Triton x 100 was used as maxi-
mwn suppressor throughout the studies. Experiments were
carried out at 2506- Capillary used for dme had m=2.586 mg./
sec. and t = 2.96 sec./drop in 0.58 M KC1 (open circuit) af-

h = 65.0 cms. (uncorrected for back pressure).

RESULTS AND DISCUSSION

The necessary condition for a discusgion of struc

tural effect can be as follows

(1) The number of electrons transferredﬁn the reaction
= ]

as indicated by the wave-height, is the same.

(2) The courses of plots of Eg s v/s pH and 115, v/8

pH are analogous for all substances studied; the

glope of EO.5 v/s pH graph remains practically
constant in the entire reaction series.

The character of all the compared limiting currents

(3)
in all cases the limiting

is the sane (iae0y
currents are diffusion-controlled; when kinetic
rrents are involved & correction of the measured

¢
is necessaryl.

values of the Eg,5

(4) The degree of irreversibility of all compared

stems is the same, i.e., either all the systemg

sy
involve

4 are reversible, or for irreversible

systems vhe slopes of the wave determined, for



example, from a logarithmic analysis ang expressed
in terms of the transfer coefficient does not

vary substantially for the substances in question

{5/ When the composition of the supporting electro-
lyte (in particular, the presence of non-aqueoug
solvents and the type and concentration of cations
or anions) or the presence of surface-active-
substances has a pronounced effect on the polaro-
graphic behaviour of any of the substances, it has

the same effect on all members of that particular

reaction series.

The mechanism is assumed to be identical for the entire

reaction series if the above conditions are fulfilled. For

such compounds, and only for such compounds, can the structural
effects on shifts of the Fg s (or on rate constant k) be

treated quantitatively.

ot al. observed that t he substituents, nitro,

1
Dennls 7
chloro, methyl, make the reduction of nitrobenzene

carboxyl,
Nitro and carboxyl

difficult in that order.

increasingly
pesition show a greater effect than

group in ortho and para
Two methyl substituents, as in 1:4

in the meta posibion.

dimethyl 2-nitrobenzeneé and 1:2 dimethyl-B-nitrobenzene, have
little effect on the ease of reduction of the nitro-group,
but met.h}"l Frougs 5ub5tituted in a way that 1nhibits SteriCally

th sonance of the nitro-group in nitro-mesitylene and
e re
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nitrodurene make the nitro-group more difficult to reduce<?

In order to examine the influence of substituents on
polarographic lrreversible reductions of substituted nitro-

benzenes in this investigation, the rate constants at E
zero?

Eos
E0.25¢and EO.75 have been compared. The use of the values
of rate constant at EO.‘ has also been suggested by Tanaka21

-

et al. as it is known that at 50.5» tae current is controlled

both by diffusion and the rate of reaction. It may be noticed

that in this reaction series, the values of dEo 5/dpﬂ are
constant (Table I) indicating that the nalfwave potentiale of

all compounds compared were no longer prH dependent.

Table II gives the values of rate constants at zero

potential at pH 6.8. From the magnitudes of the rate cong-

tants at zero potential, it 1is noticed that the reduction

of nitro-group becomes more difficult in para position with

the substituents in the order -
-NO? > CHC > COCH > Cl > CH3 > OCHB

except for halogen derivative, with

which agrees fairly well,
the order reported in literature taking EO.S &s the basic
quantity. The deviation found for halogen derivatives may

be due to the changes in ¢©
oms are’ deformable end in some electrode reactions

he values of the transfer coefficient.

Halogen at

they are assuned b
tives the orisntation in the transition state differs

o act as electron bridges. Hence for halogen

deriva



flg. I and IT give the comparative study of the plotg

of E

~-log k0.25, -log k0.5 and -log k
The slopes of these plots (Table III) corresponded to the

0.257 §0.5 and EO.75 v/s o” (substitution constant) ang
0.75 8gainst o Teéspectively,

1 'loh : .
reaction constant / wiich were found to be in zo0d —

with each other. However, the plot of ~log k© v/s o= did not
give satisfactory results. (The failure of the values of

vfs o™ .
-log koiwas bLecause, at zero potential the rate constang "y

is pure kinetically controlled, whereas op Lhe rising part
of the c/v curve it is both diffusion and kinetig controlled. )

it can, therefore, be concluded that the hammett'g equation

can alsc be applied to the values of rate constants at E0 259

EO.5 and EO.75’ respectively.

It is generally observed that the pointg of pPara ang

meta acids deviate from the straight line plot. These devia-

tions may be explained due to the influence of unit charge on

the orientation of the molecule at the moment of impact or

by the effect of the strong coulombic field of the ionized
22

grouping on the transition state™ .

From the fairly satisfactory values of o obtaineq

from the plots, it can De concluded that the echanigam of

electrode reaction postulated

5 OH
e . oM .._'.§.a..2—H—9. R-N{
R-NG,+18 SEY=R-NO, —== | OH
| 28,28

R-NHOH
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with a single rate determining step {under-given conditions
- log k v/s E plot yielded straight line) is valid. Secondly
that the polarographic rate constants at EO.25, Eq 5 and E -

can also be made use of as the basis of understanding the

influence of the substituents on polarographic reduction.
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Table I
Values of o0s5 i i
ues o 3 pH for substituted Nitro-btenzene series.

EO.5 measurements were done at pH 10.3 and 4.4

Substitution dEg, 5/d pH

H 0.054

p-C1 0.057

p-OCHy 0.0575
p-CH 0.058
w-CHy 0.0562
p-CHO 0.063
m-CHO 0.047
p-COCH 0.061
0.064

m~COOH




Table II

o) .
Values of -log k= for different sutstituted nitrobenzenes.

pPH = 6.8 buffered; 1 = 0,58 N; Temp. = 25°C

S.No. Substitution -log k©
N.H.E

1. p-0CH, g.068
2. p-CH, 7.042
A o m—CH3 6.852
L. H 6.066
5. p-Cl 6.049
6. m-CO0OH 5.950
7s p-COOH 5.586
8. m-CHO 5463
Ge p-CHO bhe519

10. m-NO,, 4.392

4 +007

11. p-NO2
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Table III

Values of reaction constants () obtained by plotting EO.ZS’

EO.SO’ 80.75 and -lOg k0.25’ ‘log kO.ﬁO’ "10[_' k0075 against

(o) substitution constant.
x

Reaction constant

Plot
(2)
- 0.1
-EO.25 VS o‘x 95
~log k0.25 VSe 5% 0.220
_ 0.215
-EO.5 VS G—'x
0.18
-log k0.5 VSe oy 180
Ve > 0.258
-EO.75 Be a3,
0.224

~log kg 75 V8. o5
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CHAPTER V




POLARCGRAPHIC STUDIES ON THE

KINETICS OF THE REACTIONS IN

SOLUTIONS



1
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INTRODUCTION

Use of polarographic analysis in the field of reac-
tion kinetics has been reviewed by G. Semerano1. The appli-

cability of the method depends on the direct or induced
polarographic activity of one or more of the organic substancesg

taking part in the reaction. The technique has been employed

in the kinetic measurements during decomposition reaction52,3'
addition reactionsh, oxidation-reduction reactions5’6, hydro-

lytic reactionéz dihydrochlorination reactionsa, auto-oxida-

0 .
tionsg’ polymerisation reactions , diazotisation reactions11,

electrolytic dissociation equilibrium of weak acids'® ang

13,14
tautomeric changes 3115,

The use of polarographic technique in the study of
reaction kinetics in solution of a system undergoing tautomeric

change will, however, be taken in detail as the studies in
this chapter are related with this aspect.

The nitro-paraffins have been recognised as pseudo
They dissolve in alkaline solution through the forma-

acidse.

tion of salts according tO the equation

B CH2N02 + OH —a R - CHNOo, + 1'120 (1)

elatively slow process and the

This neutralization is &7
£ neutralization by different bases have been investigated

rates ©



by Maron15 et al. and more recently by Pearson16. In both

the investigations the reaction rate was followed conducto-
meterically.

]
D. Turnbull'” et al, represented the tautomeric equi-

librium between the normal nitro-paraffin ang its aci-nitro-

form as follows:

(The latter three molecules are collectively called "aci-

nitro-paraffin’s) The equilibrium is slow enough that the

aci-nitro~component can be estimated by titration with bro-

mine!7-19, in much the same way as enols can be determined
in the presence of thelir keto tautomers. The equilibryrium

ratio
(R - CH = NOoH)

i S TN

increases by successive alkyl substitution and also the

accumulation of nitro-groups on the same carbon atom further

increases the proportion of the aci-nitro-form.

P.J. Elving19 et al. applied high frequency technique

to follow the tautomeric interconversion of nitro—paraffins

in presence of hydroxyl ions., The values of rate constantg
17-24

obtained by these different met hods
nitromethane > nitroethane > 1-nitropropane > JEC

are in the order
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Use of polarographic technique as a tool to evaluat
e
the rate of tautomeric interconversion depends on the fact

that the aci-form is not reduced polarographically even at

the most negative potentials avallable for ordinary aqueou
s

solutions. M.dJ. Ast',le13 et al. studied the kinetics of che
converslon of normal nitro-paraffins into POlaPOgraphically

1nactive aci-form between pH range 6 to 11.0 ang rates were
found to decrease in the same order as mentioned above. Durj
L] ng

the polarographic study of hydroxy—tertiary-nitrobutanes
H

2
Elving 5 et al., reported that the decrease in polarographie

wave helght in alkaline media was due to the cleavage of the

26
tertiary nitro-group. H. Sayo ~ et al. observed a decreasge

in the height with o-nitro-iso-butyric acid derivatives but

no evidence was obtained on the fission of the nitro-group,

They further extended the studies on ethyl «-nitro-igg-

butyrate, «-nitro-iso-butyramide, t-nitro-butane ang tris-
( hydroxy-methyl)-nitromethane and found that the decrease in
polarographic wave helght of these allphatic tertiary nitpo-
compounds, 1n moderately alkaline media, was not dque to the
cleavage of the nitro-group but to other reactions of othep

substituents leading to the formation of the aci-ion of
Phenyl-nitromethane and nitro-

secondary nitro-compounds
cyclohexane also undergo aci-conversion and kineticg of this

saki 2
have been taken up by D. Jannakoudakis —.

This chapter gives the results obtained in the polarp-

graphie study of the reduction of -



I 1-chloro-1-nitro-propane.

II /i-nitropropionic acid.
I1I Sf-nitro-ace-naphthene.
and the kinetics of their conversion into POlaPOgraphically

inactive acli-form on which no data were available in litera-

ture.

Cal

LW
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I POLAROGRAPHY OF 1-CHLORO-1-NITROPRGPANE

The present investigation gives the results obtaineg
in the polarographic study on the reduction of 1-chloro-1

nitropropane and of the kinetics of its Conversion into aei

form in solution, on which no data are available in literature

Experimental

1-chloro-1-nitropropane (Fluka) was redistilleq in an

all-glass fractionating column and its stock solution (0.10 M)

was made in redistilled ethyl alcohol. Other chemicals useg

for buffer systems and supporting electrolyte were analytical
reagent grade. HC1/KC1, Na2HP0,+/citric acid, boric acid/NaOj
and NaOH buffers were used. Ionic strength (n = 0.54 M) was

brought to a definite value by adjusting the amount of Suppor-

ting electrolyte. DMaximum suppressor was not needed as no

maximum appeared over the whole pH range.
maintained at 25 C. Capillary used for dme had m = 2.931 mg/

3.05 sec./drop in 0.54 M KC1 (open circuit) at

Temperature was

sec. and ¢t =
h = ,0.0 ems (uncorrected for back pressure) .

The current-voltage curves were recorded, after allowing

the test solution to stand for 24 hours. Thils was necessary

g the current values were changing with time even at pH = 1.0,

The kinetic studies were made between pi 1 to 9,05, The con-

version into aci-form above ph 8.05 was too fast tg record
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current values accurately with time. The potential at which
the currents were measured at regular intervalsg of time

]
corresponded to the potential at the plateau of the second

step in the reduction of the depolarizer,

Results and Discussion

(a) Reduction of 1-chloro-1-nitropropane

The test solution after attaining the equilibrium gave

the cwrrent-voltage curves as shown in Fig. (1), The total

height (id1 and idg) of the two steps decreaseg gradually with
the increase of pH and no wave could be recorded beyond pH 8.

The height (id1J of the first step showed a regular decrsase

with increase in pH, whereas, no regularity was observed for

(idzJ, height of the second step. Similarly E0.5 for first

step showed a positive shift with increase of pH and no

j b d in B for the second step (Tapl I)
regularity was observe “0.5 P ({Table é

. 13,2931
During the study of nitro-paraffing 7' t was

observed that these undergo single step (4€) reduction in
buffered solutions of wide pH range and the appreciable decrease

in the wave height was observed only above pH 5 ang EO.S first

shifted to cathodic side up to 2 certain pH value ang then
However, in case of T*Ch10P0—1-nitr0propane

showed constancy.
it was observed that the current decreased with tipe even in

acidic medium (pH = 1.0). The aci-conversion of 1~chloro-1-
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nitropropane even in strougly acidic medium may be due to the
presence of chlorine atom in the molecule. Further, it was
observed that with the decrease of the concentration of tHe
depolarizer (solutions analysed after attaining the equili-

. N
brium), the % . showed a positive shift (Table II). Thus

.,

the positive shift of the Eé,5 at all pH values may be for

the reasons:

(1) either half-wave potential is independent of pH
and the positive shift is due to the decrease in
the concentration of the depolarizer {(as more of
it is converted into polarographic inactive aci-
form and remaining normal nitro-compound under-
coing two steps ke and 2¢ reduction at dme);

the concentration effect on half-wave potential

(i1)
predominates the pH effect and thus results in a

positive snift.

)
The kinetic paramcters (-log k~ and <xna) for its
roduction at various pi values were calculated by analysing
; 2

the first step, using Koutecky's method
coefficient needed for rate constant calculag¢ion

. The value of

diffusion-
.383 x 10"5 cmz/sec., reported in literature

was taken as 1 s

sion coefficient could not b
ersion into aci-form even in strongly acidic medium.

e found experimentally because

of its conv
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~log k vs. E plot for first step yielded a straight line (Fig.2),

thus shcwing single rate determining step at all pH values.

These results are given in Table I. Values of an showed no
a

regularity, whereas, the values of -log k° and Eg 5 showed &

regular decrease with increase in pH, which may be due to

reasons as mentioned above.

as follows:

Cl
|

(‘-t{—; oc}ir OC-“
g “

|+
"

/ N\
.

O

?1

CH3.CH2. ?—H

NH,

Cl
18 l 18 ,2H.
o - e
— CH3 OCHQ I? H i >
Rev. , slow
L%
C C
cl
2é, 2H* |
e -
il CHB'CHZ'? H
-H20
<nd step /ﬂ\
H OH

The reduction mechanism can be

o1
CHB.CHZ.?-H
N
F N
HO  CH

2e, 21"
~H,0

fast

(b) Kinetics of conversion of 1-chloro-1-nitropropane into

aci-form

It ig clear from the equation (I) that the conversion

of normal nitro-compound into aci-form will depend on (a)

concentra

(CH™) ionse

tion of the depolarizer and (b} concentration of

The buffer solution ensures the constantcy of

(OH™) and hence the rate of transformation will depend on the



concentration of depolarizer only. Fig. 3 gives the varia

tion in the magnitude of the current with time. Excellent

constant values of rate constants were obtained using a first

order equation (Table III). This is further confirmed from

(a=xq)
——— vse {ty-t,), (in terms of current by

the plot of log
{ a=X2 !

log it1/it VSe (tz-t1)), which yielded a straight line (Fig.3

Curve A').

Thus the rate of reaction may be given by

ix
= = ) 1
= (a-x) o 1y

where "a“ is the original concentration,

nett 3o the fraction of depolarizer converted into

aci-form in time t.

Or K = 2t3 loglz2z)

1).

k = .—zlz—log(

2 1

In terms of current it can be shown that the above equation

takes the form

223 1og (ig,/ity! (II)

where 1g, and iy, are currents corresponding to concentration
of normal nitro-compound at time intervals t, and tg.
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Values of rate constant for the transformation, at

various pH values, obtained by using above equation (II), are

tabulated in Table IV,

Alvhough vhe rate of transformation increased with pH,
there was no direct relation between the rate of conversion
and OH- ions in the solution. This might arise from the fact
that OH ion is not the only base present in the solution and
that the bases used as buffers may play an important role in

controlling the rate of reaction as reported in previous

, 1
studies 3.
The equilibrium between normal nitro-compound and its

aci-form can be represented as follows:

cl (lll ?l
' -
-0OH - CH,.CH_..C
. .C_H ———— CH .CH .C "&-"" - w_
CH3 CH2 | T—"""_— 3 2 " 7 < "’
oo I\ P
/3 - . -
0// \0' 0) 0 0 0
Cl
l .
i,
R
=0 CH

Aci-form
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Table I
Values of currents, Eg g's and rate constant (k) at various

pH values.

Temp. = 25°C; Concentration of depolarizer = 1.0 mM,
n = 0.5,M; Height = 40.0 cms.
8., A -Eé* -log k" om.  ig. -Eg -
Noo PH  uh vole® N.mE.  © mA. Vot
S.C.E. S.C.E.
1 1.0 8.4 0,290  3.048 O.419 1.2 0.770
2 1.9 8.0 0,290 3.04L8 0.419 1.2 0.840
3 2.95 7.65 0.282 3.0374 0.4663 0.7 0.80
L L0 6eh 0270 2.9112 0.4534 1.05 0.780
5 5.0 6.0 0.255 2.815 0.4714 0.90 0.860
6 6.0 55 0.245 2.7709 0.4657 1.10 0.900
7 7415 342 0.200 2.7363 0.538 0.80 0.900
g 8.05 1.30 0.190 - - 1.10 0.880
9 9,05 No wave could be recorded.
% Por first step. #% For second step.
Table (I

Effect of concentration of depolarizer on E6,5

Temp. = 25°C; m= 0.5 ; Height = 40.0 cms.
pH Concentration i .2, Eé.f Volts
al Total S.CL.E,
2495 2.00 13425 0.320
1,00 8430 0.282
0060 5'50 0.270
4,00 2.00 12,40 0.315
1.00 7ol+0 0.270

0-60 5-10 0.260




Table III

1

Rate constant (k) for the transformation of 1-chloro-1-nitro-

propane into aci-form.

Temp., = 2500; 1.0 mM depolarizer pH = 1.90
p = 0,54 M
ﬁiﬁﬁtes k x 103 Mln-1.
7 3.22

12 3.642

3 3.788

22 3.806

27 3.820

32 3.850

37 3.870

43 4.000

Koye, = 384 x 107 mint,
Table IV

Values of rate constant (k) of the transformation of normal

nitro-compound into aci-form, at various pH values.

Temp. = 25°C;

1.0 mM. depolarizer, u = 0,5, M,

pH k x 10 > Min~?,
1.9 3.84
4.0 4392
6.0 L.816
215 13400
52 4400

8.05

&



Figo 1:

Fig. 2:

Fig. 3¢

Legend of the Figures

Current-voltage curves at various pH values after

allowing the test solutions to attain equilibrium.

Curves:

A, B, C, D, E and F at pH 1.0, 2.95, 4.0,

5.0, 6.0 and 7.15, respectively.

Plot of ~log k vse. E at various pH values.

Curve A

B

pH 1.0 and 1.9
pH 2.95

pH 4.0

pH 5.0

pH 6.0

pR 715

Variation of current with time at

pH 1.0 - Curve A

pH 4.0 - Curve B

pH 8.05 - Curve C

Curve A', plot o

i
f log -{-—1 V8e (52't1)o

t2
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II PCLAROGRAPHY CF /5-NITRCPROPIONIC ACID

The present investigation gives the results obtained
in the polarographlc study of the reduction °fz6-nitr0propionic
acid and the kinetics of its conversion into aci-form in

solution, on which no data are available in literature.

Experimental

Stock solution of A-nitropropionic acid (Aldrich
Chemical Coe., UsS.A., mp 63°C) was made in double distilled

water. Other chemicals used for buffer systems and supporting

electrolyte were analytical reagent grade. HC1/KC1, NaQHPOh/
citric acld, boric acid/NaOH and NaOH buffers were used.

Ionic strength (n = 0.54 M) was brought to a definite value

by adjusting the amount of supporting electrolyte. Maximum
suppregsor wasg not needed as no maximum appeared over the
whole ph range. Temperature was maintained at 3500. Capillary

used for dme had m = 2.931 mg/sec. and t = 3.05 sec./drop in
0.5, M KC1 (open circuit} at k = 40.0 cms (uncorrected for

back pressurel.

roducible current-voltage curves were recorded,

Rep
e test solution to stand for 24 hours. Thig

after allowing th
ent values were changing with time

was necessary as the curr
Tue kinetic studies were done between pH & and

beyond pH 6.

9 as below pH 8, the conversion into aci-form was too slow and
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above pH 9, it was too fast to record current values accu
rately with time. The potential at which the currents were
measured at regular intervals of time, corresponded to the

potential at the plateau of the reduction step of the depo-

larizer.

Results and Discussion

() Reduction of /3-nitropropionic acid:

The test solution after attaining the equilibrium

pave the single step reduction wave (as shown in Fig. 1)

over the whole pH range. No appreciable change in the value

of diffusion current was observed up to pH 6, but further

increase of pH was accompanied by a regular decrease in the

wave height and no wave could be recorded beyond pH 10. Hzlf-

wave potential shifted towards more cathodic side up to ph 8.s.

Beyond this pH, EO.5 show
-4 -3
14/c within concentration range 1.0 x 107 to 1.6 x 107 ¥,

1d//H , cathodic ghift of EO.5 with the concentration of the
g of log I%:— vse E (all at pH 2.1)

depolarigzer and the plot 1
t it was diffusion controlled irreversible reduction.

ed a positive shift. Values of the

showed tha
cefficient "D" (1.383 x 10-5 sz/sec.J

The diffusion ¢
d by McBain-Dowson cell using

of the depolarizer was obtaine
This value of "D" agrees fairly well

King-Cathard equation””.
np" reported for similar structure —

with the value of
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viz. 1-nitropropane (1.285 x 10~ cmz/sec.)13. Using the
above value of "D" in Ilkovic Equation the number of elec-
trons involved in the reduction was 377 = 4, at all pH
values and the decrease in the magnitude of 14 with increase

in pH (beyond pH 6) was not due to any change in the number

of electrons, but due to the conversion of the normal nitro-
compound into polarographic inactive aci-form and the remaining

normal nitro-compound undergoing Le reduction at dme.

Taking t he value of D = 1.383 X 10_5 cmz/sec. and

using Koutecky's method, the values of kinetic parameters

( xn, and -log k°) were evaluated from the data for the pola-
rographiec wave at various pH values. -log k vs. E plot (Fig.

2) for each step yielded a straight line, thus showing single

rmining step at all pH values. These results are

rate cete
showed no regularity,

given in Table I. Values of an,

the values of ~log k® and Eg 5's first increased up

whereas,
H 8.5 and then decreased with further increase in pH,

values of ~log k® and E0_5 beyond a cer-
at at higher pH values the

to p
The decrease in the

tain pH may be due to the fact th
much less (molne of normal

amount of active depolarizer left is
d converted into aci-form) and the concentration

nitro~compoun :
effect on Eg, 5 85 well as on -log k predomlnates the influence
of pH on these quantities.

The probable reduction mechanism may be as follows:



CH, .CH,.
s lip:COOH ?H2.0H2.COOH . CH,.CH,.cooH
) ‘Rev. -/\ i
5 B 7% o P
Gy -CHy -COOH 28,2H"
% -HpC Fast
/\
H  OH

(b) Kinetics of the conversion of A-nitropropionic acig

into aci-form

Fig.(3), curve "A", gives the variation in the magni -
tude of the current with time at various pH values. Excellent
constant values (Table II) of rate constants were obtained
using a first order equation (IT), (As derived earlier for

1_chloro-1-nitropropane). This is further confirmed from the

a-xq
vse (t,-t ), (in terms of cur

plot of log(a_xz ) 2=y s rent,

s &

" ; . . :

log I_l vs. (ty-t,)), which ylelds a straight line (Fig. 3,

L
curve B).

Values of rate constant for the transformation at

various pH values, obtained by using the first order equation,

are tabulated 1in Table III. The extent of conversion of normal

nitro-compound into aci-form at a specific pH wag found to be

independent of initial concentration of the depolarigzer.



In this case also the rate of transformation inereased

with pH, as explained earlier (Chapter V, Part I)

Thermodynamic parameters, i.e., increase in free energy
( AG), increase of heat content ( AH) ang increase of entropy
( AS) for the activated complex formed during this transforma-
tion process have been calculated from the values of rate
constants (2.532 x 10"3 and 6.053 x 10"3 Min—1. at 239 —
3500, respectively) using Eyring theorth’BS. The values of

AG, AH and AS are 21.28 k.cal/mole, 133 k.cal/mole, and

-64.79 cal./deg. mole, respectively, at 35°C.

The equilibrium between normal nitro-compound and its

aci-form can be represented as follows:-

CH,.CH, .COOH CH.CH, .COOH CH.CH...
e BT e CH. Cl - COOH
N’ bH 3 N’ z 3 N+
/' \ —a* /N Wi
¢ 0 “0 O o o

e

CH.CH, .GOOH
|

N"“
sl Ny
0 OH

Aci-form.



Iable I

Kinetic parameters -log k°, xn_ and bO.j at various pH values.

Temp. = 3560, Height = 40.0 cms, w = O.54 M

Conc. of depolarizer = 1,0 mM,

I
1 1.0 22.3 0.695 0.213 L4380
2 2.1 21.0 0.725 0.225 Le523
3 4.1 20.86 0.740 0.211 L5548
4 LL,0 19.4 0.800 0,252 5.131
5 5.0 19.5 0.900 0.246 5.825
6 6.0 197 0.970 0.2596 5.900
7 7.0  17.0 1.010 0.2954 6.4,76
g 8.5 15.8 1.140 0.210 6.938
9 9.0 11.8 1.040 0.2437 6.686
o 10.0 4.10 1.000 0.210 64241

9




)
(% )
(SN}

Iable IT

fate constant (k) for the transformation of,ﬁ-nitronropionic

acid into aci-form.
Temp. = 23°C; 1.0 mM, depolarizer, pH = 845; m = 0.5, M

k x 10 2 Min~?!,

Time
2ol 52
¢ 2.616
" 2.76
i 2.593
“ 2.580
28 2,595
73 2.537
L 2.487
i 2441
58 2.428
68 24371
Ky, = 2.532 x 1070 min”T,

Table 111

Value of rate constant (k) for the trensformation of normal

nitro-compound into aci-form.

Temp. = 35°C;  m = 0.54 M;
S_No pH k Min"1.
- 8.0 1.963 X 10"3
1
805 6-053 X 10‘3
: -2
9.0 1.925 x 10

3




Fig. 1:

Figo 23

Figo 3:

legend of the Figures

Current-voltage curves at various pH values, after

allowing the solutione to attain equilibrium.

Curves A, B, C,D, E and F at pH value 1.0, 4.0,

6.0, 8.5, 9.0 and 10.0, respectively.

-log k vs. E plot at various pH values.

Curves 4, B, C, D, B, F, G, Hand I at pH, 1, 2.1,

3.1, L, $a 6: 7s 8: and 9, respectively.

Gurve A, variation of current with time at pH = §,

g.5, 9.0, 10 and 11, respectively.

4
Curve B, plot of log ;;— VSe (tz t13 at pH 8.5.
2
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KINETICS OF THE CONVERSION OF 5-NITRO-ACE-NAPHKTHENE

IIT
INTO THE ACI-FORE

The present investigation is a polarographic study of

the kinetics of conversion of 5-nitro-ace-naphthene into

the aci-form in solution, on which no data are available in

literature.

Experimental

_nitro-ace-napnthene (Aldrich

A stock solution of 5
mp 10200) was prepared in redistilled

Chemical Comp», UeSefhes
Cther chemicals used wer

0.001%) was used as maximum suppressor.

e analytical reagent

absolute alcohol.

grade. Triton X-100

o
I—— ¢ hroughout the experiments was 33 C.
ail -

for the dme f&Vve m = 2.91 mg/sec., t = 3.05
(open cireuit) at b =

Temperature m
The capillary used

sec./drop in 0.54 M-
for back pressy

Kol 4L0.0 cms
re)-
(uncorrected
n highly alkaline solutions

made 1
. . studles were _
Kinetic S . at pH < 11. The potential

ate of convers
was measure

d at reglllar
e second step in the reduction

since the r intervals of time

at which current
h

teau of ¥

a »~ 1II, Part I)s

was that of the pl

of S-nitr

piscussion
sults and
Resul
of pormal nitro-compound into

convers>?

From {I)'



acli-form will depend on (a) concentration of the devolarizer

and (b) concentration of OH . If OH™ isg present in excess
H

the transformation will depend only upon the concentration

of depolarizer. Fig. 1, Curve A, shows the variation of

current with time in presence of excess of OH™ ions. Fairly
constant values of rate constants were obtained using a second

order equation (Table I). This is further confirmed from the

plot of t Vs. 1/(a-x) (in terms of current, t vs. 14/I)

which ylelded a straight line (Fig. 1, Curve B)/. The slope of

this plot gave the value of k which agrees fairly well with

the value of k obtaine
These results are tabulated in Table II.

d using a second order equation (as

given below!.

Thus the rate of the reaction follows the equation

23 ——> Products,

with
2
dx (x(a_xJ X 1t’

—

t

i & concentration of depolarizer and

is the initia

where 'a'
ed into aci-form in time t.

'x' is the concentration convert

This on integration gives
-(8-x1)-(a—12)
to-ty r?é-x,)(a-xz)

k =

t it can be shown that

in terms of currel



e
o
=3

where 1t1 is current corresponding to normal nitro-compound

at time t4 and itz is the current corresponding to normal

nitro-compound at time t,.

The reaction can probably be represented as follows:

H H H "
H H M H %
2 -1 "
nt Nt N
-/ N \
o © 2" “ow ff/\bH

Although the rate of transformation increased wita

o of CH , vhere was
nd the concentration of OH . Similar obser-
rted in case of nitro-paraffins13.

increas no direct relationship between rate

of conversion &

vations have beel repo
f the parent compound was

oholic golution ©

quilibrium in @
d on a silica gel thin layer plate,

The alc
queous alkali. The pro-

allowed tO attain e
chromatographe

gtinct gpots
g of the parent compound and the two

duct was
other than the parent compound

whereby two di
were detecteds Re value

were VUi

o)
Vel

aci-forms
o This also supports that

chloroform as t



two different compounds are formed by the action of alkgli.

Thermodynamic parameters, i.e., increase of free
energy ( AG), increase of heat content ( AH) and increase
of entropy ( AS) for the activated complex, formed during
this transformation process, have been calculated from the
values of rate constants {7.68 x 10'“ and 3.63 x 10'3 concn.”!
Min~'. at 14°C and 33°C, respectively) using Eyring theory 137,
The values of AG, AH and AS are 21.44 k.cal/mole, 14.28 k.cal/

mole and ~23.45 cal./deg. mole, respectively at 33°¢.
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Table I

Rate constant (k) for the transformation of 5-nitro-ace-

naphthene into aci-form.

Temp. = 33°C; 0,25 M-NaOH, 1,25 mM depolari zer.

i 9

Time (Min.) k x 10’3 (cone-1.min-

3 3.869

5 3911

8 3.695
10 34849
13 3.835
15 3.656
18 3.701
20 3.616
25 3435
27 34383
30 3.36
35 3.35

-3 -1 -1
- omi .
Kove. = 3.63 x 10 ~ conc” '.min

Table II

Rate constant (k) for transformation.1.25 mlM depolari zer,

Temp., = 33°C; Ionic strength (adjusted with KC1) = 0.25 M

-1 -1 -1 -1
» conc .min k conec «min

Concn. of NaOH Kave
M from equation from slope
2,58 %16~ 2,13x162
.10 3 ) :
g 115 2.86% 19 2.3 x 163
0.25 3.63~1° 2,94 x 167




Fig- 1:

Legend of the Figure

Curve A, variation of current with time in

Curve B, plot of 1/V§; Vs. © (0,25 M ~ NaOH)
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CHAPTER VI




STUDIES ON THE INFLUENCE OF SURFACE

ACTIVE SUBSTANCES ON ELECTRCDE

PROCESSES
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Introduction

The influence of surface active substance (s.a.s.)

has been a frequent subject of study. The presence of &
S.a.8., even in trgces has the following effects on the
polarographic curves of a depolarizer; a decrease in the
limiting current or even the elimination of the wave, a
shift of a reducticn wave towards negative and of a oxida-
tion wave towards positive potentials, often accompanied by
a depression of the limiting current, a splitting of a single
wave into two waves and a minimum in the limiting current.
These effects are classified as inhibitions of the electrode

On the other hand, adsorbed substances may, some-

process.
Under this heading

times, accelerate the electrode process.
fall the effects shown by a series of compounds that lower

gen over potential and the effects observed during

tane hydro
the reduction of week organic acld anions and of other re-

1
ducible anions .

Following are the two different mechanisms for influen-

ing on th
cing the depolarization process, depending e type of
In the presence of an uncharged se.a.s. it is

adsgorbate.
but with charged adsorbable substances

mostly a steric effect,
g an additional electric effect (change of ¥ potential)

there i
eric inhibitor when the charges on the

reinforcing the st

depolari zer
when the signs are different.

opposing it
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less attention has been paid to the influence of
S«8.8. On organic depolarizers. Their Presence here can
affect the number and the shape of the waves, tnpe half-wave

potentials and the reduction mechanism of T'eversible ang

especlally of irreversible Processes. The inhibitory effect

of eosin on the polarographic reversible behaviour of some

quinones has already been described by K. Wiesner~, It

depresses limiting current of the reversible cathodic wave

for the quinone without affecting the EO.5' Additional more

negative wave can be observed, which corresponds to the

inhibited reduction at the covered surface. In irreversible

reductions, both steric inhibition by the film and electric

effects due to a change in the k-potential of tphe electric
These facts

double layer (for ionic s.a.s.) can operate.
S=11

have been pointed out by a number of authors

Remarkable results were obtained in an investipation
of surface-active-substance on the reduction of nitro-compounds.
L Holleck’Z et al. studied the polarographic reductiop of

p-nitro-aniline in solutions of different pH with varying
These agents go

ar.
concentration of tylose, gelatign and ag
not only suppress maximum but also alter the mechanism of the
ot o

This is demonstrated by the formation of definite

process. .
in the polarographic curve, the relative hejght of
steps 1in

1l ch depeiids on the kind of s.a.s. used. Studies were also
wialch depe
ct of tylose on the reduction of B-nitrobenzoic

made of the effe
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acid and para and meta nitrobenzaldehyde at different pH

The effects varied, depending on the natupe and configuration

of the reacting materials.

“ifect of gelatign on the Polarographic waves of para-

and crtho- nitroanilines was taken by N.Tanaka!3 et al. At

pH 8.8 the addition of more than 0.01% gelatiﬁn to a solution

containing para or ortho nitroaniline causes the wave to SpIeL

into two waves separated by C.3 to C.4 volt. With 1ncreasing

concentration the ratio of the height of the New second wave
gelation

to that of the 1st wave increases, at any particulapr
Thig

concentration this ratio is larger for para compound.,

permits a simultaneous determination ( toz 10%) of the two

compounds in their mixtures.

Lia Holleck1b et al. studled the effect of camphor on
the reduction of p-nitroaniline and observed that the addition

of increasing amounts of camphor to para-nitroaniline solutions

at pH of 2.8, 7 and 11, tends to a limiting value for the

This height

height of the 1st plateau of the polarogram.

decreases with increasing phH.
1st stage 1s about 1/6 of the total neight.

Holleck!9* 16 reported that the deformation of ghe

L,
polarographic current-voltage CUrves, resulting from the addi-
arog.

£1 7 materials active in lowering surface tension to solu-
on of m

ds, leads to the conclugt
ni tro-compounds, el
tions of aromatic



the nature of the intermediate radicals arising during cathodic

reduction. These are weak acids which exist in equilibrium

with the corresponding acid anion

R~ NOH == R-No, +4,

=

L.Holleck17 et al. has suggested that inhibitors
(camphor) in the reduction of nitro-compounds act by Stowing
up the penetration reaction, based on examination of the
current-time curves of the polarographic single drop. The
cessation of inhibition at certain potentials depends not

only on the potential dependence of the adsorption equilibrium
but also on a delayed equilibrium.

During the studies of s.a.s. on para-nitrochlorobenzene,

Holleck17 ot al. reported that cyclopentanone oxime, belzal-
doxime, valeronitrile, benzonitrile, para-tolunitrile, diben-

zylsulfoxide, diphenyl sulfoxide and dibenzyl sulfide (listed

in increasing activity) acted as imhibitors on the polarogra-
phic reduction of para—nitrochlorobenzene, causing its wave

to split into two waves, the Eo. 5 of this 2nd wave was

X

EO.S = CODST’- - x log Cink‘. ’

oncentration of inhibitor and x and o

where Cynp, is the c

are specific constants;
e required by an inhibitor particle.

x = space required by depolarizer

particle/spac
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Inhibiting action of Se8.S. On the Polarographic bep
3 a-

viour of nitronaphthols was taken up by L. Holleck ang D

18
Jannakoudakis . The addition of 0,1¥ triphenylphosphime o i
xide

has no effect at pH L, but decreases the wave height at pH 5

to 10, giving no wave at pH 12. The addition of camphor ang

tylose has no effect at phH 4, but depresses the diffusion

current at pH 7 to 9. Naphthol has no effect on E or
.5

diffusion current.
1y

B. Jakuszewski
heptadencyl-5-pyrazolone as anionic-active and (stearamido

took 1-(4 -phenyl-B-sulfophenyl }=3-

ethyl) tri-methyl ammonium methyl sulfate as the cation-actiye
agent. Separation of polarographic waves of nitrobenzene in
alkaline solutions took place only in the presence of anion-
active substances or of compounds containing negative groups.,

S. Hacobian20 et al. have taken up the effects of pH

and inhibitors on d.c. and sine wave polarographic studies of

ortho, meta and para- nitrophenols. Fietrzyk and Rogers® paye

used dedecyltrimethylammonium chloride as s.a.s. to study its
effect on the polarographic reduction of nitrobenzene, parga-
chloronitrobenzene, orthe and para-nitroanisole, O-nitrophencl,
met hy 1-p-nitrobenzoate and p-nitrobenzaldehyde. In acigic

solution, the two waves for each compound were shifteq in a

more cathodic direction, the 2nd being shifted 600 my, op more.

In basic solutions, large shifts towards less cathogie poten-

tials were found in the 2nd wave for several nitro-compounds.

8



These anodic and cathodic shifts gave an applicatio
n to

analyses of mixtures.

From this available literature on effect of s.a.s
on the reduction of nitro-group, it is evident that in t;e
reduction of aromatic nitro-compounds in alkaline solution
the first electron reduction step, associated with the up-l
take of the electron, is not inhibited by surface active

substance. In the presence of s.a.s. {(camphor), only th
’ e

subsequent electrode process involving three or five elect
rons

(with aniline) is inhibited; this reduction corresponds with

the formation of a substituted hydroxylamine or amine. Th
. e

snhibition causes a splitting of the original single wave

into two waves. The first electron wave appears at the ori
einal potential whilst the second wave is displaced to more

The shift depends on the kind and on

negative potentials.
It 1s remarkable that thig

the concentration of the s.a.s.
effect can be achieved by certain s.a.s. (diphenyl-sulphoxide

p
i tri-phenyl'PhO%?ine} even in anhydrous methanol®!,
in which the group 1is protonated, the

In acidic media,
even the first electron and the

S.aes. hinders the uptake of
for example, is shifted to more

whole wave for nitroaniline,
The initial one electron reduction of

negative potentials.
d molecule produces an anionic radical

the unprotonate
_ s — R-NO_
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which appears to be stabilized by the presence of the s.a.s
This process is reversible with a half-wave potential between
-0.6 to -0.9 volt (vs. S.C.E.), depending upon the substituent

in the benzene nucleus. This radical can reduce chemically

certain inorganic anions, such as periodate, the electrode
reduction of which is completely hindered in the presence of

22 ‘
Se.2+Se .+ A typical catalytic current results, in which the

periodate is consumed through the reduction of the R-NO,,

couple, leading to a current many times larger than the

R-N02

diffusion current for reaction (I)e



This chapter gives the results obtained in the study

of — )
the behaviour of non-ionic, cationic and anionic s.a.s
® L [

on the reduction of

I 2—[ﬁ—methyl-N-(5—nitro-2-pyridyl)-aminé]-ethanol
II S-nitro-ace-naphthene

IIT S-nitro-orotic acid.
at dme using conventional polarographic technique on which

no data are gvailable in literature.

Experimental

Tre following Ss8.5¢ were employed in these studies:

(A) Non-ionic se8Se
(1, Gelati¢gn (0.20%, aqueous)

(2) Triton X-100, 74100, (0.50%, aqueous)

Polyoxy ethylene (20

(0,55, aqueous/

(20) sorbiton monopalmiate,

& ) sorbiton monolaurate
(3) .
Tweell 20,
polyoxy ethylene

(&)
pween 40, (0.5%,aqueous)
(5) Polyoxy ethylene (20) sorbiton monooleate,

(Oo 5.'”, aqueoub)

Tweell 80,
5%, othyl alcohol).

(6) camphor, (O



(B} Cationic sa.s.
(1) Cetyl pyridinium bromide, C.P.B. (0.50%, aqueous)

(2) MethLylene blue, K:B., {0.5%, aqueous)

(C) Anionic s.a.s.
(1) Bromo cresol purple, B.C.P., (0.4%, ethyl alcohol)
(2) Sodium lauryl sulphate, S.L.S., (0,5%,aqueous)
(3) Aerosol 0.T., AOT, (0.5%, aqueous).

The capillary used for dume had the following characteri-
stics, m = 2.931 mg/sec. (in O.54 I~KCl, open circuit), t =

3.05 sec./drop at h = 40.0 cus (uncorrected for back pressure),

koutecky's method was used to calculated the kinetic

o
_log k°) for the electrode processes.
parameters { om, and g
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Results and Discussion

I Effect of s.a.s. on
2-[ﬁ-methyl-N (5-nitro-2-pyridylJ—aminé]-ethanol.

During the polarographic studies of this compound

’

it was observed that it gave the usual two steps (ke, 2e)
4

reduction in acidic pH and a single step (4e) in weakly acidic
¥

neutral and alkaline media. Acid pH 1.85 (HC1/KC1l buffer)

and alkaline (0.05 M-NaOH+0.2 M-KC1) were selected for the

At pH 1.85, O.4 mi. of depolarizer was

experimental work.
e blue, 1.0 mii. of depolarizer) to

used (except for methylen
0
5°C, whereas, the cur-

record the current-voltage curves at 3
rent-voltage curves in alkaline pH were recorded for 0.6 ml

of depolarizer, at 33°C.

n acidic medium (pH 1.85)

(A) Studies 1
Gelati¢n (0,002 to 0.02%) - the current-voltage curves

rizer at different coO
At 0,002% of gelation two well defined steps

of the depola ncentration of gelatign are
given in Fig. 1-
corded but with furt

h the steps ghifte

of sas 2 0,008% ©
i this shifted to more cathodic side

her increased concentration of

were re
4 to more cathodic potentials.

gelati¢gn, botb
nly first step remained.

At concentration

Half-wave potential o

+ decreased with further increased concentration

and its helgh o
( on, and -log k ) were calcu-

Kinetic parameters

Of 5.a05-
Db, decreased, while -log k©

lated for the first stePe
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increased wi
th the 1increased concentration of
increase‘j i . SedaSe Show.
rreversibility of the electrode pro | .
cess. Table I

.,i a
jsives the values of on_, and -1 0
a og k™ at various concentrati
ration

of gelation.

Triton £-100 (0,001 to 0.012%) - the current
curves at varied concentration of Tx100 are given L;j:ltage
Along with the cathodic shift of both the steps and fi:é;lz-.
removal of the 2nd step at higher concentration { >0 025%?
an interesting point observed was that the first step‘showe;

a inflection in its lower portion, the helght of which d
g

e in concentration of the s.a.s It wa
[ ] ] S

creased with increas
to the increased stability of the product re

probably due
rom the consumption of 1e by the protonated nitro

sulting f
. e o *
group (R-LC,H + 1e ——> R NO. + H ). However, this effect

which has been noted for th
om the normal behaviour,
odic potential with increase in concentra=-

e first time in acidic medium is

where the whole wave

different fr

shifts to more cath
thereby that the first electron

tion of the Sedede)» showing

e protonated nitro-group 1is algo hindered by

addition to th
.log k® in the absence of

5-8.5.23. The values of oy
Tx100 and 1in presence of 0.001%
respectively indicating that the electrode

e irreversible

and
Tx‘]OO were C. 520, 0.501 and

2.30, 2.3325,
in presence oOf s.a.s.

process became Mo¥
; (0.002 - 0'026'} - the current-volt.age curves
amphor are given in Fig. 3. The

Campho
centration of ¢

at various con
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wave height of the first step, although decreased with in-
creased concentration of s.a.s., its Ej 5 remained unchanged

The second step exhibited a marked cathodic shift and dis-

appeared at concentration of s.a.s. > 0.018%.

Cetyl-pyridinium-bromide (0,002 to 0.018%), Fig. 4

gives the current-voltage curves for varied concentration
of C.P.B. Both the steps shifted to more negative potentials,
the height of the first ste

concentration 0f sea.8s and second step disappeared at con=-

and -log k° showed

p decreased with the increase of

centration > 0.004 . Values of «n,
that the electrode process became more lrreversible with

concentration of sas (Table II/.

c02 to 0.04%); Fig. 5 gives the

Methylene blue {0
centrations of I.B.

curves at various con

current-voltage
on characteristics was noticed at all

A pre-wave of adsorpti

concentrations of %.B. 1t wa
24'25 at dmee.

s due to the adsorption of the

Along with this pre-wave,

reduced form of Me3e
the decrease in the wave height

the gecond steP»
i plft with increase in
i ta cathodiC S
of the first steP and 1US
were obserVed.
ed the jncreased irreversibility

removal of
Kinetic parameters

concentration of e+

0) indicat
jncrease in s.a.s. coucentra-

( xn, and -log kK

itn
of the electrode process W

tion (Table II1/-
& 0.015%J - the current-voltage

.t’ t
parosol oT (0.002;
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curves at varied concentration of ACT are given in Fi 6
n Fig. 6.
Behaviour of AUT was similar to that of Tx100 i.e val
s lees, remova
of second step and splitting of the first step into 1e and
- an

3e process. Kinetic param
p eters (cxna and ~log k%) were 0,442

and 2.5363, respectively, at 0.002% of AQT.

Further, Figures 7 and 8 give the -log k vs. E plot
. ots

for various concentrations of different s.a.s., which ar
’ are

linear and show single rate determining steps.

Studies in alkaline medium (0.05 FH-~NaOH+0.2 [-KC1)

(B)
Gelatign (0.002 to 0.025%) - current-voltage curves

recorded at various concentrations of gelatign are given in
At all concentrations of the gelatign the well defined

Fig. 9.
This step suffered & decrease in its

single step appeared.
magnitude and its Eo, s chifted to more negative potentialsg
concentration of s.a.s.
0.012% and 0.018% of gelatin

with increase 1in Kinetic parameters
were calculated at 0.008¢%,

The -log k Vse
s at the other two concentrations it

(Table IV). E plot at 0.008% yielded a

straight line, wherea

showed a break jndicating tha
e slow step at higher concentration of gelatin.

t the electrode process involved

more than on
n-ionic sas (Tx100, camphor, Tween 20
)

The remaining no
4 Tween 80) split the single step into two (Figures

Tween 40 an

10 to 14); the wave helpht of tha first step 1s 1/4th of the



n Corresponds 1
to the (R-NO ’ anion I‘adlcal

forma A
tion. Thus in alkaline pH, the first electron reduction

step, associated with the uptake of one electron is not inhi

bited by these s.a.s. OUnly the subsequent electrode process

involving 3¢ is inhibited. This inhibition is the cause of

splitting of the single wave into two. Kinetic parameters

were calculated for 0.001% Tx100, Tween 20, Tween 40 and

Tween 80 and 0.008% of camphor (Table V). The -log k vs. E

plot for Tx100 showed a break, indicating that more than one
In case of the remaining

rate determining step were involved.
ded a straight line, showing single

S.3.5. the same plot yiel
e of electrode reaction.

slow process which controls the rat
In presence of perosol OT (0.001 to 0.01%} and bromo-
0.015%), the well defined single step

cresol-purple (0,002 to

along with a PT
ch was due to the adsorption of the s.a.s.

was recorded e-wave of adsorption characteri-

stics (Fig. 151, whi
The height of T
e negative poten

at dme he main step decreased and its EO 5
tials with increase of s.a.s.
on, and ~log k°) were

£ 0.002,

shifted to mor
Kinetic parameters (

concentration.
tion process in presence o

calculated for the reduc
The =108 k vs. E plot (for con-

and 0.01% AOT-
) ghowed a break, thus at higher

> 0.004%
the clectrode process is controlled

0,004, 0.007
centration of 8¢8°F°
cOncentration ()f Se Qele

The same plot for B.C.P. gave

ne slow stepe
At 0.004L% of AOT

by more than © ,
0.01% of Se36Se
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a‘ L] . L]
nd B.C.P., «n_ were 0.354 and 0.3013 and -log k° £6.70 and

6.153, respectively.

Cetyl-pyridinium bromide (C.002 to 0,015%) distorted
the wave in the upper part at concentration > 0.004%. Methy-
lene blue (0.002 to 0.008%) gave the usual pre-wave of ad-

sorption characteristics (Fig. 16). At higher concentration

of M.B. {> 0.002%) the main wave split into two for the same
, etc., i.e., uptake of

reasons as observed in case of Tx100
dical anion not affected but further

18 forming (R-NOJ) ra
The =log k vs.

hibited by M.B.
0.004%) yielded a straight

= 6.737)e The

38 addition phenomenon is in

E plot for C.P:Be (concentration‘—
= 0.368 and -log x°

xn_
ven at 0.002% of s.a.s. gave a break.

line (at 0.0047,

same plot for M.B. €
rd the plot of -log k vs. E for

Figures 17 to 20 reco

., at different concentrations.

Various s.2.S



Table I

9] .
Kinetic parameters ( on, and -log k°) in presence of gelatin.

40.0 cms., concentration

PH = 1,85; Temp. = 35°C; height =

of depolarizer = 0.4 mb,

| id -50.5 volt -log x° .

> Gelatin  u.a. S.0:E. N.H.E. .
0.002 9,00 0.200 2.3363 0.465
00008 8060 0'250 2’8130 0'396
0.020 8,20 0.330 3.2926 0.370

Table Il

O s
4 > k%) in presence of cety.
Kinetig parameters (cxna and -log

Pyridinium bromide.
Height = L0.0 ClSs y

PH = 1,85; Temp. = 35C =
= Oolb =
Concentration of depolarizer
T -Bg,5 Vot -loE K o,
ig * N.HeE.
’ C'PQB. ‘poQO S'C.
— Oo
- o0 0.220 2.5482 L579
.OO 2 O 120
? 0.330 302460 ;
0.008 g+30 0.410 3.6550  0.3312
0.018 800 '
B e

s



Table IIT

Kinetic r i
parameters (cxna and ~log k°) in presence of methylene

blue.
pH = 1'85’ Temp. = 3500; Height = 40.0 cmS., 1.0 mﬂj depolarizer

id -E . (8] x
% M.B. Hea. 0,5V0t% -log k an tade.

I N.H.E, 2 1ed s

0.002 17.8 0.340 2.7756 0.308 0.60
0.012 172 O0«405 3.6800 0.303 2.60
0.040 16,0 0+460 L.0567 0.322 6.00
*® iads. s e adsorption current.

Table IV

Kinetic parameters ( on, and -log k®) in presence of gelatin.

(0.05 M-NaOH+0.2 M-KC1}.

Height = L0.0 cms.,

0.6 mM depolarizer.

Temp. 3300;

% Gelatin id -Eo5 volt -log k° on,
,u.a. S.C.E. NoHeE.

0.008 154 0.920 6.163 0.3137

0.012 14L.8 0.930 -log k vse E plot

0.018 145 0.960 gave a break.

0.025 14.15 0.975




Table V

Kinetic parameters (cxna and ~log k°) in presence of s.a.s.

(0.05V~NaOH+0,2M-KC1}.

Temp. = 33°C; Height = 40.0 cms., 0.6 mM. depolarizer.

-E_ volt .log k°

% S.A.S. 15 0.5 -

Heite S.C.E. N.H.E. 2

0,008 % Camphor 15.6 0.920 64690 0.360
0.001 % Tween 20 1547 0.920 64728 0.3813
0.001 % Tween 40 15.7 0.920 6.751 0.3652
15.7 0.920 6.761 0.3681

0.001 % Tween 80
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ffect of S.4.S. on S5-nitro-ace-naphthene

During the polarographic studies of 5-nitro-ace-
napanthene 1t was observed that it gave single step (68)
reduction below pH 3 and two steps (Le, 2e) above pH 3.

No appreciable change in the total wave height was observed
up to 5.7, beyond which the lowering of the current was att-

ributed to the conversion of the normal nitro-compound into

polarographic inactive aci-form. The kinetics of this con-

version has already been discussed (Chapter V, Part III).

Current-voltage curves were therefore, recorded at constant

temperature of 35°C using 1.0 millimole (at pH 1.85) and

0.5 millimole (at pH 5.7} of the depolarizer.

(A) Studies at pH 1.85
not be used successfully even up to 0.12%

Camphor could
whereas, 0.012% of gelatin suppressed

to suppress the maximum,
the polarographic maximum. With Triton X-100 (0.002 to O.4%),
Tween 20, Tween 40 and Tween 80 (each 0,004 to 0.04%), single
step (6e) was exhibited at all concentrations of these s.a.s.
th increased concentration

The height of this step decreased wi

Half-wave potential of the step re
in case of Tween 20, Tween 40 and

mained constant

of s.2.9.
in cage of Tx100, whereéas,
Tween 80, it shifted to more cathodic side with increased
’
o
Kinetic parameters ( xn, and -log k }

concentration of Se8eSe
e reduction of the depolarizer at varlous

were calculated for th
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concentrations of s.2.s Th
- [ [ e -lOg k vs E
. plot yielded

strai i
aight line even up to 0.04% of Tx100. The irreversibil
s ity

of the electrode proce reased as =1
ss in o s
c S og k~ increased

with concentration of Tx100. The ~log k vs E plot i
plot in

Tween 20, Tween 40 and Tween 80, at higher concen

case of
tration of these s.a.s. showed a break indicating that th
e
rate of electrode process is controlled by more than one sl
slow

These results are tabulated in Table I. Current-

step .
voltage curves in presence of different concentrations of
Tx100, Tween 20, and Tween 80 are drawn in Fig. 1. In Fig. 2,
the -log k vs. E plot in presence of these s.a.s. at their
varied concentrations are glven.

Aerosol 0T (0.012 to C.04%), sodium lauryl sulphate
(0.012% to 0.04%) and bromo-cresol-purple (0.002% to G.0192%)
. Concentration below 0.012% in case

were used as anionic s«8.8
could not remove the maximum, whereas,

of A.0,T. and S.L.Se
with concentration > 0.0096% a sharp maxi-

in case of B.C«FPe

mum reappeared, whose height jncregsed with further increased

n Of SeQeSa The reapp
may be due toO the desorption

Of B-c .Po
he step ig independent of the

id showed a decrease

earance of the maximun at

concentratio

higher concentration

Of the SoaOSO The BOIS Of tl
f these Sed+5+) whereas,
. concentration.

jculated and it was se
i,e., the process

concentration O
4.5 Kinetic parameters of
en that

with increase in s.
de process were c&

while =108 k© decreased,

the electro

cxna was constant,
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1s rendered less irreversible with increased concentration

of B.C.P. In case of S.L.S. and AOT, amn, and -log k° both

increased with concentration of these s.a.s. These result
L S s

As the ~log k vs. E plots yvielded

are tabulated in Table II.
£ 0'04%’

straight lines even up to these concentrations ( AQT
S.L.S. € 0,04/ and B-.C.P., &£ 0,0096,), single rate determining

step was involved in the reduction of the nitro-compound at

dme .

In case of cetyl-pyridinum bromide (0.002 to 0.04%)

and methylene blue (0.002 to 0.04%), Ey, 5 of the reduction

step shifted to more cathodic side and i, decreased with
increasing concentration of sea.s. The pre-wave of adsorption
characteristics in case of M.B. is due to the adsorption of
24’25. xn, and -log k°

the reduced form of M.B. at the dme
oncentration of these s.a.se

increased with increase in ¢
The -log k vs. E plots in presence of various

(Table III.)
s of C.P.B. and M.B- also yielded stralght lines.

concentration
Figure 3 gives current-voltage curves in presence of

varied concentration O0f Se8eSe

(B) Studied at pf 5.7

) and Tween 80 (0.004 to

Triton X-100 {(C.002 to 0.024%
0.048%) showed similar behaviour, i.e., and step disappeared
at higher concentrations of seasses With increased concentration



of both Sede X
S+, the Zg g of the first step shifted to more

in ¢
ase of Tween 80 and decreased in case of Tx100. In
Y case

of
camphor (0.004 to 0.048%) both the steps existed And ste
D

at hi
higher concentration of camphor experienced a sudden dip
?

jus £

Just before the discharge of the supporting electrolyte cations

Kinetic par = .
parameters (<xna and -log k) were calculated for

different concentrations of these turee s.a.s. (Table 1V}
Plots of -log k vs. E were gtraight lines at all concentrations

an, and -log k© were independent of camphor

Cf E;.als. i 2

concentration.
presence of Tx100, Tween 80

reduction of the depolarizer in
and camphor.

0.002 to 0.03% ) exhibited two steps. Up
able change in 14 and 50.5 of
,03% of AsUT., the first
155, while, the height

Aerosol OT(
to 0.014% of seaese RO appreci
s was noticed but at ©

rease in helght by
st doubled (Figs 5)« This consi-

second wave is of great
e wave heights

of the 5:845,

the two step
step, showed an inc

of the second step was almo
derable increase in height of the
sually observed that th

interest as it is U
reasing the concentration

normglly decrease by inc
In this particular case the wave may be probably due, at least
alytic hydrogen evolution, and presumably the
om, and ~-log k©

in part, to cat

AOT serves to accelerd
81 and 6.0593, respectively,

te the catalytic stepe
&t 0.002% of 3.8¢3¢

were 0.6



(0.002 to 0.037%) did not

Sodium lauryl sulphate
The E0.5 of the second

of the first stepe
its height decreased with

E plot

affect 14 and EO.5

step too remalned constant, while,

(Fig. 5). The -log k Vs

of S.L.S5. gave straight line. &n.
esol purple (0.0024

concentration of s.3e8Se
at varied concentration
n in Table Ve
uliar pehaviour.

the two steps was obse

and -log k® are give , romocr
to C.0384%) showed 2 pec
merging of

reage in the hel
0
and -log K

At higher concen-
rved along

ingle

tration of s.a.Se
ght of the resulting s

with a marked 1nc
were 0.615 and

Values of Ba

step (Fige 5)e
0.0024% of B.CoPo

£.7588, respactivelys at

ium promide (0.002 to 0.,03%)

for the first

were constant

In case of €
oved at concentrat.ion)

moved the second step

step. Second
e=-wave due to the

jced at all
first step

adsorption ©
concentration

shifted to moré ©

incfeasin ations of these Sef«8e

ged, while, -108 k©
tion 0.002%, the
a o 005085

oncent?

height with
t vﬂfious
decrea

meters were ©

(Table VI)- ;
(@)
increaseds +° ghe cas® praight 1ine (xn
IS Yi elded 2 .
-log k vse g plot . pdeher concentrations this plot
) and 2
503020

and -log k° =



suowed a break indicating that more than one slow step were

involved in controlling the rate of electrode process.

The -log k vs. E plots for various s.a.s. at pH 5.7

are given in Fig. 7.



Table I

Effect of nonionic S.A.S. on kinetic parameters (Q(a

Depolarizer = 1.0 md;

n, and -log k )
Temp., = 35°C; Height = 40.0 cms.

pH = 1-85;
SR 14 -EQ. 5 Vol o
serer e 0.5 Yolt xn -log k
p.a. a
S.C.E, N.H.E
Tx100
0.002 23.6 0.390 C.30792 3.62566
0,012 226 0.390 0.3060 3.6335
0.04o 2143 0.390 0.3216 3,7288
Tween 20
0.004 23.8 0405 0.2955 3.6859
0.016 22.7 0.420 0.2922 3.7789
. O ~log k vs. E plot gave a
0.040 22 ok 435 OB
Tween 40
0.3240 732
0.004 23.1 0.400 324 3.7
4 -log k vse B plot gave a
0.016 2340 e breake.
-dO-
0.040 2235 Ol ?
T 80
ween 0.408 0.3140 3,7262
0.004 2367 5w
Ooll5 ~log k VSe E plot gav
0.016 233 preak.
-d0=
0460
0.04L0 2249 T




Table II

Effect of anionic S.A.S. on kinetic parameters ( n and
a

~log k°)
pH = 1.85; Depolarizer = 1.0 mM, Temp. = 359¢;
Height = 40.0 cms.
1
% S.A.S. id; -Bj g Volt cn,  -log 0
o S-CIE. N'H'E'
S.L. 5.
0.040 22.0 0.390 0.342 3.7135
A.0.T,
0.006 23.6 0.390 042934  3.6545
0.024 2246 0.390 0.3300 3.7175
B.C.Po
. .6056
0.0024 2405 0.390 0.307  3.605
0.301 « 5901
0.0048 20 oby 0.390 3 Fee
0.390 0.304  3.5853

0.0096 2442
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Table III
Effect of cationic S.A.S. on kinetic parameters ( xn_ and
a
-log k°)
pH = 1.85; 1.0 illimole of depolarizer, Height = 40.0 ems
Temp, = 35°.
o
p'a. .5 a HQHQEQ
5+.C.Be
C‘Pth
0.002 2446 0.400 0.302 3.6552
0.010 23.5 0.400 0.316 3.7214
0.040 213 0,400 0.325 3.8021
£eBe 1g{adg.)*
Medo
0450
0.00 op.2 04380 0.309  3.6458 5
o 6775 2 .00
85 00331 3.
01012 21-8 0.3
0 410 00321
00040 2067 »

*
d(adSQ)



Table IV

Effect of nonlonic S.A.S. on kinetic parameters (‘xna and
~log k')

Height = 40.0 cms., Temp. = 35°C.

rid S-A.S. id1 —Ec’).s VOlt c\na —log ko
Med o 5..0.5 N.H.E.
Tx100
0.002 8410 0. 540 0.5565 545664
0.006 7450 0.545 C.5655 5.6871
0.024 7.10 0.560 0.5310 5,9425
Tween 80
0.004 7.90 0.550 0.,2760 L8130
0.028 7 .80 D.625 0.4104 545300
0.048 7.80 0.635 0.4110 5.5843
Camphor
oo . 0,621 5.,8040
0.012 740 0.525 .
. 0.525 0.6265 5,8000

0.028 7035

. 2 |

pcke



Table V

Effect of sodium lauryl sulvhate on kinetic parameters

( em, and -log k°).

Height = 40,0 Cms. ; Temp.=35oc

pPH = 5,7; 0.5 mb;
SolB. 26 ‘510.5 an,  -log k° la, g2
Medl e Volt (IJOH.E.) Red, '5

fa) E VOlt

v-C. ] SaC.E‘

0.002% 8.0 0.530 0.648 5954 4430 1.080
0.014% 8.0 0.530 0.6294 5.834 4e20 1,080
0.030% 8.0 0.530 0.5760 5.638 3,60 1,080

i5 and E2 are for 2nd reduction step.
' .
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Table VI

of cationic S.A.S. on kinetic parameters ( «n, and

Effect
-log k°)

0.5 mk of depolarizer; Temp. = 35°C;  pH = 5,7

HEight = 1&0.0 CINS ¢
4 (4]
% S.a.5. 14 . n 5
: Ue? & N.H.E.
Jweds volt oHe
SCEs
0.013 £.00 0.530 log k Vs- E plot gave a bend.
~do-
9.030 5,00  0.530 &
M.B ty .
= (adS¢)
Med.
1.10
) 88 5'#69
0.002 7.60  0.555 0.5 o
B 610 0,5?6 6-408
0. o a0 A .
o 7+20 0.546 605005 5
0.030 7.00  0.638
\\ -
* 1 .. adsorption waver
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III Effect of S.A.S, on 5-nitro-orotic acig:

Polarograth of 5-nitro-orotie acid was carried "
ou

in aquecus buffers of pi 1 to 10. Below pH 9, it gave ¢
)i '{e] steps

{62 and 4e), first step being diffusion controlled at all pH
values and the second too was diffusion controlled in acigi
C

pH, but attained adsorption character in alkaline range. Aboy

- e

PH 9, the compound was reduced in three steps, first being
diffusion controlled (4e), while second (4&) ang third (23)
were of adsorption character. The detailed study of its re-
duction at dme has already been discussed in the third chapter

of thig thesis.

Studies of the effect of s.a.s. on the reduction of this
acid (0.32 mM), using NaZHPOh/citric acid buffer (pH = 3,0,
u = 0.5, K) and boric acid/NaOH butffer (pH = 90, u = 0,54 M)

0
were carried out at constant temperature of 30°C,

(A) Studies at pH 3.0

Triton X-100 (0.001 to 0.006%) and Tween 20(0.001 to

0.01%) influenced the reduction of this acid in identical

manner. Both the steps were shifted to cathodic side, second

one to such an extent that only first step was observed at

higher concentration of s.a.s. (Fig. 1). The -log k vs. E

plot for the first step at 0.001% Tx100 gave a straight line

( xn. = 0.3825 and -log k® = 3.6906), whereas, this plot
a

indicated a break in presence of 0.001% of Tween 20.
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B
romo cresol purple (0,001 to 0.01%) ang Aeroscl OT (0
.001
to 0.01%) were the anionic sas tried. In the p
resence of

B.C.P. j
fusion of the two steps into one, along with tn
e app-

earance of a pre-wave due to the adsorption of B.C P
*Uel e Was

noticed at higher concentration of s.a.s. (Fig, 2), &
L] . . t

concentration = 0,005% of AOT, no wave could be recorded
rded.
o
The -log k= vs. E plots (for the first step only) for
B.C.P. and AOT (0.001% each) yielded straight lines givi
ng

on, 0.3555 and 0.3645 and -log k® 3.7109 and 34539, respec~

tiV Bly .

Cetyl pyridinium bromide (0,001 to 0.01%) and methylene

blue (0,001 to 0,01%) were the cationic se.a.s. used. In the

case of C.P.B., both the steps shifted to cathodic side and
step existed at concentration 0.01% (Fig. 3). The

only first

-log k vs. E plots (for the first step) yielded straight

1ines even up to 0.,01% of C.P.B. @n, decreased and -log k©
(Table I).

increased with concentration of s«a+Se
s were obtained with methylene

Some interesting result
4% M.B., although the

In the presence of 0.001
s - the separation of the second step from

factory and the first step split

blue (Fig. 3!.
acid gave two step
the hydrogen wave was unsatis

into two. At higher concentrations of

d and the splitting of the first step
This pre~wave of adsorption charac-

M¥.B., second step
was well defined

disappeare
and & pre-wave appeared.
n of the reduced form of

teristics was due to the adsorptio
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The splitting of the first step could be explained

E.B.zh’25

as follows. The total helight of the two steps (formed due

to the splitting of the first step) was equal to the original
first step (8 p.a., 6e proces

s.a.5. and the splitting was due to the in
e hydroxylamine stage at hlgher concentra-

s) at all concentrations of
creased stability

of the intermediat

tion Of t":- B.

(B) Studies at pH 9.0

1 to 0.006%; and Tween 20

Again Triton X-100 (0,00
(0,001 to 0.01%) influenced the reduction of the acid in an

At bhigher concentration of
e) to the extent th

gingle step resulted

GedeSe the

identical mannere.
at it gobt

p was shifted {cathodi

first ste
econd step and thus a

fused into the s
whose helght was equal t
d constant with further i

with Tween 20 showed & sli

wo steps and re-

o the sul of the t
entration of

maine ncreage of ¢on¢

Tx100, but
creased concentration of SeaeSe;

1 oT ( 0,001 %O 0.01%! poth the
Although

In the case of Aeroso®
ntration of se8°8°

hserved a2t 21l conce
shiftﬁd

steps vere 0

the height of the first
to more cathodiC sice wit |
4 not alter appreciably (Fig-

whereas, the S
; ¢ parameters ( omy

ccond step di
and -10

Kinetb
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the first step only at 0.001, 0.002 and 0.01% of
Ol se.a.s,

S B.So

as the value of -log x° decreased at O, 002%. Ho
wever, at

0.0 -
1% the -log k vs. E plots indicated a break, sho 3
’ wing

that the electrode process involved more than one sl
slow

processe.

Both the reduction steps existed at all the concent
nira-

tions of bromo-cresol purple (0.001 to 0,01%) At high
* er

concentrations of s.a.s. a pre-wave of adsorption characteri
eri-

stics was also noti ige 5/ i
s also noticed (Fig. 5). The Ej 5 shifted to cathodic

side and i, decreased for the first step, whereas, for the

second step these quantities did not alter appreciably. Kinetje

parameters for the first step at various concentrations of
Ssa.8. are tabulated in Table I1i. The reduction was hindred
by s.a.s. as -log k® increased with increased concentration

of SedeSe
In the case of cetyl-pyridinium bromide (0,001 to

0.005%) the first step shifted to more cathodic side with
no appreciable change in its height. The second step was

deformed into peak at higher concentration of C.P.B. {Fig.6)
and -log k® at 0.001%

Table IV gives the values of «n
and 0.002% of s.a.s., showing the increased irreversibility

of the electrode process. Both the steps, along with a pre-
f adsorption nature were recorded at all concentrations

wave O
Kinetic parameters for

Of MlBl (00001 to 0001%)’ Figu 6.
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the first step (which showed a cathodic shift with no appre-
ciable alteration in its height with concentration of s.a.s.),
were calculated, Table IV. The electrode process was more

irreversible at higher concentration of s.a.s.

Fig. 7 gives the -log k vs. E plots for the various

s.a.s. (at different concentrations of se2.s. and pHl.



Tablg__z_

ph = 03 = : i
* « = 30 C,

0.32 mi, depolarizer.

S.A.S ig E. 1
® 1 0.5 YO t on N o
Mede S 0.E a log k
N.H.E.
0.001 .
0 ) 7 Sadt 0.357 3.610
002
» @l 0.375 0.354 3.700
Ue010%
Table I1
) Effect of Aerosol OT on &n, and =-log x°
pH = 9.0; u = 0.54 M; Height = 40.0 cmg; Temps = BOOC;
0,32 mM. depolarizer.
. i 1 volt xn _log k°
SvoS. d'f -EU.S a N.H.E.
4 s S.C.E.
- ; 7.6236
0.001 7 .60 1,040 0.372
0,339 743910
0,002 7.60 1.070 32 ol
-108g k V3. v pA0O gave a
0.0‘IO 7060 1.265 break-




Table TIT

Effect of bromo-cresol purple on n
a
# = 0.5, M, Height = 40.0 cms., Temp, = 30%;

and

-lOg ko.

pH=9.0;

0.32 mM. depolarizer.

S 14 E! 1

u.f.s. p.;. “Ep. 5 VOlt on, -log k°
4 SeC.E, N.H.E.

0.001 75 1.035 0.5119 9,.2081

0.010 6.7 1.112 0.4985 10.0980

Table IV

o
Effect of cationic S.A.S. onxn  and -log k~.

0
pH = 9.0; 3 = 0.5k 1 Height = 40.0 cms.; Temp. = 30 C;

0.32 mM. depolarizer.

SeAdS 1d1 -E volt -log k°
Joe en o i ] ana N.H.E.

2 S.C.E.
C!P.BI
0.,001% 7¢5 1.035 0.3315 6153
0.,002% 745 1.060 0.2930 6.+729
M.B.

.32

0.,005% 8.30 Tek415 0.342 9 215
0.010% 8.35 1.460 0.492 12.
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