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ABSTRACT 

Second reduction potentials of some nitroaromatic compounds, 

3-Nitroaniline, 4-Nitroaniline. 4-Amino-3-Nitrotoluene, I-Nitronaphthalene 

and l,3-Dinitrobenzene have been studied by single sweep triangular wave 

cyclic voltammetry. To check the accuracy and reporducibility of results, 

investigati~were carried out first using gold wire as reference electrode 

and then using ig/AgN03 as reference electrode. 

It was found that the first reduction potentials of the compounds 

studied were reversible. The second reduction potentials were found to be 

irreversible for all the compounds except l,3-Dinitrobenzene. 

To check the reversibility and irreversibility different types of 

cr iter i a were used. It was found that for the fi rs t reduc t ion potent i a I s 

Up >c/ Up )a= I, (E"I2)&=( El/i a' Ep - El/~ 28 to 30 mV, Ep/2-EI7228 to 

30 mV, and (Ep)c -(Ep ) .. ~ 58 to 60 mV and the value ofiXn ~ 1 all prove 

that the 1st reduction potentials are reversible. USing the s.me criteria, 

second reduction potentials were found to be irreversible and the value of 

om found was approximately 0.3, which also confirms that they are irreversible. 

Thus the overall picture emerged as multistep reversible-irreversible processes. 
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1. INTROOUCTION 

Since the discovery of polarography in 1922 by Heyrovsky it has 

undergone many developments and at present it is one of the most reliable 

analytical tool in chemistry. In the early stages of polarography only the 

dropping mercury electrodes were used, then for more accurate recording of 

current-voltage curves oscilloscopic polarography was introduced. The use of 

stationary electrode added a new ~imension to the polarographic studies and 

opened a new field of cyclic voltammetric studies ( 4, 15 ) at solid electrodes 

as well as stationary mercury drop electrode. The polarographic studies (or in 

more general terms voltammetry) incl~des kinetic studies, molecular structure 

investigation, adsorption phenomenon and ther~dynamic properties. 

The well known Nernst equation ;s only applicable to systems having 

some thermodynamic significane. Sut only the reversible systems have thermodynamic 

signific nce. when a~uring the reduction pot nidI , i' N rn5t eqUation i~ 

applicable the reduction potential will be reversible.It means the reduction 

potentials has thermodynamic significance if these are reversible. It can be 

observed experimentally whether the reduction potential is reversible or 

irreversible. If the reduction potential is irreversible it means some chemical 

reaction is coupled with it. Reversibility can be proved both polarographically 

and cyClic voltammetrically. In polarogra~hy if a plot of log id - i vs 
id 

E gives a straight line, it means the system is reversible. If E3/4 - El~ 56{~., 

it is also a proof of reversibility. In cyclic voltammetry there are some 

criteria for reversibility. For example if 

~ 28 to 30 mv. 
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It means the system should be reversible. There is one more authentic 

criteria of reversibility. It is that the ratio of anodic to cathodic peak 

currents should be unity. 

Gokhshtein 0) calculated that if two waves behave as independent 

reversible waves. a certain minimum potential separation of about 118/n mv 

is required between the for al reduction potentials. Irreversible wave will 

be more drawn out and the current corresponding to the irreversible wave will 

be lower. The irreversible waves depend on the charge transfer co~fficient 

~n which is calculated by the relation Ep.Ep/2= 47.70}Xn. The smaller the value 

of~n, the more the wave drawn out and more the chan~es of it being irreversible. 

Nicholson and shain along with a team of workers (5-7,10,33-40) did a lot 'or 

the development of voltammetric studies. Works of Matsuda, Ayabe, Reinmuth, 

saveant, Kemula and so many other workers ( 18,19,46-51,60-61,64,66) are also 

a valuable asset for those studying electrochemical phenomenon. New 

Nit~oaromat~ics have been subject for Polarographic and cyclic 

voltammetric studies (2,8-9,16,)1-32,51). Geski and his callaborators did .he 

polarographic studies of nitroaromatic compounds. They mainly devoted their 

observations to the changes of 0' and e alongwith half-wave potential and ~ 

E S R spectra for nitro-aromatic compounds having different substitutnts. Where 

f is a constant characteristic of the reaction series, and oris a constant 

peculiar to the substituent. Rieger and Fraenkel ( 52 ) also carried out the .. 

polaoographic studies of Nitroaromatic compoundS. They mainly stressed on the 

H. o. energies and Spin densities and their relation with hatf-wave potential. 

Kemula and Kublik ( 64 ) carried out the voltammetric study of 4"Nitroaniline 

in aqueous media. 

No cyclicvoltammetric investigation has been reported for nitroanilines 
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particularly the nature of second reduction potential have not been investigated 

by earlier workers. We carried out cyclic triangular wave voltammetric studies 

on 3-Nitroaniline (3~NA) • 4~NitroaMiline (4-NA), 4~ino~3~nitrotoluene (ANT). 

m-Dinitrobenzene (ONB) and l-Nitronaphthalene (NN) in acetonitrile solution. 

-----Me-u-Oin-i--trobe-n-zi!lle-was us-ed-as- tes-t ~ystem. on-hang+ng- mer-e-ury-d.-.ep~e-1-ee-tFode-- -

in acetonitri Ie, to investigate the nature of second reduction potentials. 
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2. THEORY 

1. Voltammetry 

A number of new controlled potential techniques have been developed 

which can be applied to the study of electrode reactions. One of the most useful 

of these has involved the use of a stationary mercury electrode, the hanging 

mercury drop electrode ( 63 ). The hanging mercury drop electrode has been use~ 

in studies of the reduction of nitrowcompounds. Voltammetry with continuously 

varying potential using this electrode is very rapid and reprodu~ ibl e, and is 

more sensitive, and powerful than conventional polorography. 

The use of stationary electrodes in voltammetry offers several 

distinct advan ages over th dropping mercury electrode. In addition to ~e 

reduced charging current, the constant area of the electrode makes it possible 

to scan the current-voltage curve in a relatively short time. 

Stationary platinium electrodes have been studied by Laitinen 

and Kolthoff ( 25 ), Rogers, Miller,Goodrich, and Stehney ( 58 ) and, Nicholson 

( 35 ) among others. Mercury pool electrodes were investigated by streuli aud 

Cooke ( 62 ) Who reported increased sensitivity ( due to the large electrode 

area) and lower charging currents. Unfortunately, it is difficult to reproddce 

the area of mercury pool electrodes. Furthermore, rather large amounts .f 
mercury are consumed, as the electrode must be removed frequently. 

The development of the hanging mercury drop electrode by 

Gerischer ( 15 ) and Berzins and Delahay (4) has made available a very 

reproducible stationary spherical m~rc~ry electrode which shows great promise 

as an analytical tool. The solution of the equations for spherical diffusion 

with continously varying potential by Frankenthol and Shain ( 10 ) provide. a 

reliable and accurate interpretation of the experimental results. ( 45 ). 
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Although these are significant advantages over the dropping 

mercury electrode, the major advantage from the . stand point of a Kinetic 

study lies in the fact that the products of the electrode reaction remain 

in the vicinity of the electrode surface where they can be subjected to further 

reduction in order to characterize intermediates or to reoxidation in order 

to characterize the back reaction ( 63 ). 

A. Polarography At Constant Potential :-

In Polarography at drappi ng mercury electrode the scan rate 

of potential is so low that it is about the study of current at constant 

potential. Since we have carried out cyclic vOltamrnetric studies a very 

brief summery of this method (Polarographic method) only be given here. 

For detai Is vadous books may be consul ted (~", :l."I-J"''''''''>7_). 

Using the Nernst equation as fundamental equation the 

equation of the type given below have been derived (~") 2..t'1 ). 

E = EO .. 0.0591 log fred Kox 0.0591 log i-(id)a 
n fox Kred n ( id)c- i 

El/Z = EO .. 0.0591 log fred Kox , , 
fox Kred 

E = £1/2 • 0.0591 log i-(id). 
n (id)c -i 

is the half*Wave potential. The potential of the 

point on the current-voltage curve at which the diffusion current is one 

half of its limiting value is known as the half-wave potential. This potential 

is independent of the concentration of the reacting ions in the solution, the 

size of the mercury drops and the instrumentation and is characteristic of 

the kind of ion being deposited from a given base electrolyte ( 30 ). 



When one considers the reactions of substance R in a 

solution containing an excess of background electrolyte. The solution is 

unst irred and linear diffusion is maintained. The Me.rast equation is 

assumed applicable to the electrode process. 

(6) 

B. Polarography at continuously changing potential: Linear Scan 
Cyclic Voltammetry:~ 

In this case the potential is swept.t perceptable rate. 

The sweep voltage can be represented by E = Ei-Vt ---------------( I ) 

Where Ei is the initial potential,y the rate of potential change in volts 

per second, and the time interval of electrolysis. Ei is set at a value 

where R is not reduced. Substance R
W 

is assumed absent at time t = O. 

The diffusion problem was first solved and translated into a 

current-potential curve independently by Randles ( 24 ) and Swvcik ( I ). 

An excellent account of the details is given by Delahay ( 44 ). A vatuabt 

graphical representation of the process in terms of a three~imensional diagram 

has been presented by Reir~uth ( 46 ). For a reversible reduction taking 

place at plane electrode. 

R + ne ~ R! 

The bondary value problam will be 

dCR ::I DR d2CR (1 ) 

dt dx2 

dC* -0* d2CR R - R 

dt dx2 
(2) 

t = 0, x ) 0 

0 * o · 
CR = CR . CR = CRtii' , (3 ) 



t ) 0, 

t ) 0, )t: = 0 

* =-ol{ dCR 
dx 

~ = exp [(nF IR"!) (E_Eo») 
CR* 

; (4) 

(5a) 

(5b) 

Where CR end CR* are the concentration$~f substances R and R~xis the 

~ 0* 
distance froa the electrode, t is the time, CR and CR are the bulk 

(7) 

concentrations of substances R and R*, ORand DR* are the diffusion coefficients, 

n is the number of electrons, E is the potential of the electrode, EO 's the 

formal electrode potential, and R,T, and F have their usual significance. 

The potential in equation 5b it a function of time, given by the relations. 

E = Ei -vt (6a) 

E = Ei -2VA + vt (6b) 

Ei is the initial potential, v is the rate of potential scan, and A 

is the time at which the scan is reversed (the triangular wave voltammetry) 

The applicabH ity of the Fick's diffusion equations and the initial <.1 

boundary conditions has been discussed by Ren.muth ( 51 ). Nicholson .nd 

Shain ( 37 ) solved the boundary value problem by rigorous .athematics and 

got the equation. 
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and establi'_ed the equation showing the values of the 

i =nF AC~ J 1TORa ~~ X(at) 

( 8) 

( 8) 

(9) 

The ireversible stationary electrode polarogram for a plane 

electrode exhi bits a maximum value of ip~FA JORa e~ ) = 0.4463 at a 

potential 28.50/n mv; cathodic of E1/
2

(37) i.e., 

(Ep _Eo) n +Rt/F In),= -28.50 t 0.05 mv. (10) 

Or 

( 11) 

Actually, the peak of a reversible stationary electrode polarogram 

is fairly broad, extending over a range of several millivolts (37). Thus it 

is sometimes conv'nient to use the half peak-potential as a re~erence point 

(59), although this has no direct thermodynamic significance (37). The half 

peak potential precedes El/2 by 28.0/n mv; Or 

Ep/ 2 = El/2+ 1.109 (RT/nF) (12) 

The E1/ 2 value can be estimated from a reversible stationary 

electrode polarogram from the fact that H occurs at a point 85.171% of 

the way up the wave. 

eycl ic voltammetry is an extension of the potential sweep technique 

in which the potential is swept back and forth over the same region several 

times. 
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If the working electrode potential is swept negatively, a current 

peak due to reduction results. During the first part of the sweep, no 

current flows until the decomposition potential of the substance is reached. 

Once this point is passed, the current rises rapidly as the substance is 

consumed at the electrode surface. Since the solution is unstirred, the 

substance concentration at the electrode surface is soon depleted, and 

the current begins to drop. This process i. repeated when the potential 

is sufficient to electrolyze the next electoactive species ( 59 ). 

If, at the end of one potential sweep, the sweep direction 

is reversed, electrolysis of the products of the forward sweep takes 

place. 

C~cli vol ~ ~tric technique was first practlced by Sevcik 

( 1 ). An excellent series of papers by Kemula and Co~orkers employing 

the hanging mercury drop electrode pointed the way to studies of electrode 

mechanism (64 - 68). 

For cyclic voltammetry the sweep rates can be about the 

same as in single-sweep voltammetry, but values of 10-100 vlmin are 

frequently of interest. Large amplitude signals of 0-3 V are used, depending 

upon the potential range of interest. The data are best presented on an 

x-v recorder (l~ec pen response), although conventional x-time or strip -

chart recording can be used. Oscillographic recording is also used. 

~ 

A rapid charge-transfer process (reversible system) twill 

show cyclic polerograms. Actuall" for a reversible system, the anodic 

and cathodic peaks are not at exactly the same potential, but a separation 

is predicted. This is verified by eq. 

V 



Which shows that Ep,c for a reduction is 0.029 V 
n 

more cathodic than Ey~ • Correspondingly, Ep,a for the ~xidation of the 

( 10) 

same system will be 0.029 V more anodic than E1/
2

- The potential increme~~ 
n 

between the peaks for a reversible system will be (44,18). 

Ep,a- Ep,c =. (0.029/n ) = 0.058 V 
n 

(14 ) 

Above equation holds for single-~weep polarograms of individual 

sol~tions of Ox and Red_ Conditions in the actual cyclic polarograms are 

Slightly different. For the reduction of a SUBstance R, the concentration 

of R at the electrode surface is not zero at the peak potential and only 

beco s zero at potentials considerably beyond Ep.e.Since all R- for 

reoxidatio co s from the cathodic sweep, if the switching potenti 1 

(cycl ic reversa l) hJ too "C lose" o Ep c the value of R-w;t 1 , , be slightly 

less than the initial bulk concentration of R. Thus the initial condition 

for the anodic reversal is not the same as for the starting cathodic sweep. 

The result is a small anodic shift of the oxidation wave, and the separation 

of peak potentials will be slightly greater than that predicted b, eq. ( 14 ) 

Nicholson and Shain have calculated the shift of Epfor the reverse sweep 

in terms of the switching potential EA • Provided the sweep is carried far 

enough such that (E1/2 -EA ) n is of the order of 2-300 mV, the position 

of the reverse wave is relatively unaffected for sweep rates as slow as 

3 v/min. This represents a time inter.al of only 4-6 sec past the peak. 

Now there is a difference between the first two or three cycles 

and continuing cycles. In the absence of coupled chemical reactions, continuing 

cycles merely gradually alter the concentration profiles near the electrode 

surface. The anodic and cathodic peaks Slightly change .hape and decrease 

until a steady state is achieved. With slow sweep rates this steady state 

appears after about 5.10 cycl~s. For a reversible system Matsuda showed th 



the difference between initial and steady-state Epl$ was only a few 

millivolts and relatively insignificant. A thorough discussion of cyclic 

poJarograms at steady-state conditions is given in the original paper by 

Hats nda ( 19 ). The slight changes observed in cycling to steady -state 

conditions are very different from the gross alterations that may occur 

with coupled chemical reactions. The latter are most marked during the 

(11 ) 

first few cycles. For most cases the most revealing information is contained 

with in the fi.st five cycles and continuing on to the steady-state level is 

uninteresting. 

C. Coupled Chemical Reactions:-

For coupled chemical reactions, stationary electrode polarography 

provi n ex mely powerful method of investigating the kinetic parameters. 

A variety of poSSibilities exist. Chemical reactions may prece~e a reversib 

or irreversible electron transfer. Chemical reactions may follow a reversible 

or irreversible charge transfer. 

In addition, an important, more complex, situation is frequently 

met where a chemical reaction is coupled between two successive electron 

transfers, i.e., electron transfer-chemical reaction-electron transfer--

commonly referred to as an ECE mechanism. ' 

A large group of coupled chemical reactions involves cases 

in which the electroactive species is produced by a Chemical reaction 

preceding a reversible charge transfer ( 37 ). 

R 

ne 
R+ne~R 

The cases in which a reversible chemical reaction follows a 



reversible charge transfer 

R + ne 

ne: 
R 

Kf 
>. z < 

include a fairly large group of organic electrode reactions. 

In another case of coupled chemical reaction, an irreversible 

Chemical reaction follows a reversible charge transfer. 

R + ne ~ Rne 

The boundary v I pro f r up1 'Ie I s~es r quit 

involved and has been ~iscussed by Nicholson and Shain ( 37 ). Here we give 

only qualitative ~iscussion. For the case when 1st wave is reversible and 

(12) 

lInd irreversible, then the irreversible wave will have the same characteriatics 

as described by Nicholson and Shain ( 37 ) earlier -Nicholson and Shain ( 37 ) 

derived the relation 

(15) 

and showedt that both the peak potential and the half-peak potential are 
\ 

functions of the rate of 'potential scan. 

( Ep/ 2 )2" (Ep/ 2 )1 = {Ep h .. (Ep )1 :I: [RT~nF ~ ) In ) Vl /Y2 (16) 

and thus, for a totally irreversi ble wave , there is a cathodic shift in peak 

potential or half-peak potential of about 30/~n millivolts for each ten-fold 

increase in the rate of potential scan. For the cyclic scans no anodic wave is 

observed 'or the corresponding cathodic irreversible wave. Xn can be calaulited 

from the relation g.an above ( 59). 
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II. MULTISTEP CHARGE TRANSFERS,. 

The case ~hen reduction takes place in steps like 

.. 
R + e ~ R + ne R* (1) 

the proble . is more involved • 

.. 
Qualitatively if Rand R react at sufficiently separated potentials 

with R more e sily ... 
reducible than R , or we may say that stepwise addition 

of electrons takes place, then the polarogram for the overall reduction of 

R to R* consists of two separate waves. The first wave corresponds to the .. 
reduction of R to Rand • in thi& pot ntial range, substance R diffuses into 

the solution. As the potential1scaned toward cathodic values, a second ~ave 

appears which is made up of two parts superimposed. The current related to 

species! which is still diffusing towards the electrode, increases since 

this species now is reduced directly to R* by ( 1 + ne ) electrons. In 

addition the spedes R", which was the product of the first wave ;s also 

being reduced in this potential region, and a portion of this material 

diffuses back toward the electrode and reacts. Gokhshtein and Gokhshtein 

(12,13) has also discussed such a type of multistep charge transfers 

involving reversible, quasireversible, or irreversible system in various 

combinations for any .umber of successive reactions. Later on Polcyn and 

Shain (7) applying this theory for the interpretation of experimental 

voltammetry, restric~ed their tre.t.e~ to only two species~ But they 

did not limit the addition of electrons one by one. Rather they 

gernalized that unspecified number of electrons may be a dad in each 



(14) 

step. To correlate these theories with expert nt, here addition 

of one electron in 1st step and ne electrons for lInd step case only 

are considered. 

These volt.-metric characteristics depend on many factors, 

including the nature of the charge step" the potential separation between 

the individual charge transfe~, the number of electrons in the specific 

steps, and whether the experiment is performed as a single potential scan 

or as a cyclic potential scan (7). 

For a two-step electron transfer, the ! boundary value problem 

is (]). 

dCR .. /dt =0 -
R 

( d C w/d ~ 2 
2 R I, x ) 

* * d C* dCR/dt =01 ( 2 R/dx2 ) 

t = 0, X)o: 0 
CR- CR 

.. .. 0 
CR = R J CR* = CR* 

CR'" , CR* c::::::!.. 0 

t ) 0, x = 0 

n... (dC ) + DR'" 
I( R/dx 

C*~O R 

) +D~ (dC~ I 
Idx 

) = 0 

(2 ) 

(3 ) 

(4) 

(5) 

(6 ) 

(7) 
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C ~ , C . , C * = f (E , t) 
R R R 

Here x is the distance from the electrode surf.ce, t is the 

time, CR' , CR- end C~ are the concentrations of the substances R, R-, 

• 0 0_ o. 
end R , CR CR ' and CR are the bulk concentration>and DR • DR- and 

Dt are the respective diffusion co-efficients. The function f(E.t} 

for stationary electrode polarography is a periodic tr'~ngular 

variation of the electrode potential. The total current for the two 

step react i on is given b, 

The solutions to boundary value probles has .150 been discussed 

by (37.38,43). 

The flux of substance r is the negative of the flux of substance 

~, in the potential region of first wave; thus the entire second ter does .. 
not appear and the current merely corresponds to the flux of substance 

R. ' Polen and Shain (7) have discussed the integeral equat ions for R-R 

R~, I~ and I-I charge transfer reactions and their solutions in detail 

(7). 

A. Reversible Charge Transfers:-

Effect of Potent ial Separation:- Gokhshtein (13 ) have calculated 

that in order the polarogr of two waves behave as independent reversible 

waves. a certain minimum potential separation, AEo 
I of about 118;' mY. 
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is required betwe n the formal reduction potentials.polycn and 

Shain (7) have calculated ~ .e theoretical polarogram with a potential 
D 

separation 4 E of-l 80 mV and is shown ie fi gure I , it is f urther said t hat 
If) 

when ~ E is less than 100/n mV ; the individual waves me ge into one 

.. distorted wave ~ose peak height and shape are no longer 
, 

characteristic of a reversible wave. The wave is broadened like 

irreversible wave, but can be distinguished from the irreversible wave, 

because the distorted wave does not shift on the potential axis as a 

function of the scan rate. When .a1Eo =0 and each step involves one 

electron, then both the waves merge into one another and the peak height 

observed is that of between a one-electron and two-electron reversible wave 

and Ep-El/2iS about 21 mV . When it i s eas ie r to reduce R- than R, the 

wave height increases and the peak narrows until it reaches the heig~ 

and shape of a two-e lectron wave. The height of t he two...electron wave 

is ( 2)~/ i~ times that for the Single electron revers ible wave and 

Ep.EV2 is 14.25 mV and reaction seems to be direct reduction of R to R*. 

The effective EO for the eomposite wave of two electrons is given by 
o off 

(El + E2 >/2· 

Effect of Number of Electrons.- As it is known that number of 

electrons are the multiplying factors in the equations for current a~ 

potential, therefore the variation of number of electrons f two-step 

charge transfer reactions effects both the position and shape of waves. 

When both the waves are well separated then each wave iA proportional 

to (n)¥Z2 and the potential range covered by each wave is determined 

by the individual value of ( E~EO) n. For distor t ed waves the effect 

of varying "1 and n2 is complicated. 
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The effect of single scan and cyclic voltammetry for two-s.~p charge 

transfer reactions are similar to those as for single step charge transfer 

rea~tions ( 7, 37 ). 

B. Irreversible Charge Transfer:-

( R, __ I, ... 1 __ R, ... 1 ___ 1 ):-

(where R stands for reversible and I stands for irreversible). 

When one of the waves is .reversible and the other is irreversible, 

the characteristics of the irreversible charge transfer will be like those 

a. discussed by (37). The wave will be more drawn out and the current 

"'" corspo~ing to the irreversible wave will be lower. The current function has. 

value of 0.496 at the peak, Ep - £0/2 =47 .70/O(n (7). For cyclic scan, no anodic 
" 

wave is observed for the corresponding cathodic irreversible wave. Irreversible 

waves depend on the charge transfer co-efficient ex. When AEo (potential separ-

ation) for two Waves is less than about 100)Xn mV, the waves merge and a distorted 

wave is obtained. When ~oE =0, theha composite wave ha+ing the characteristics 

of both the waves is obse rved. When R is easier to reduce than R, then the 

wave height increases and the peak becomes sharper. Voltammogram for selected 

systems involving a reversible -irreversibl e charge transfer step is .hown 

in Fig. 2 by Polcyn and Shain (3). 

To investigate the second wave a base line should be established 

f~m the descending branch of the preceding wave. Gokhshtein and Gokhshtein 

(12,14) established equations for '~is purpose and later on Polcyn and 

Shain (7) did some imporvements. 

Sometimes it becomes difficult to distinguish between multistep charge 

transfer reactions and systems in wh ich coupled chemical reactions ' 
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ar e present. But there are two things which can be used as df gnostic 

criteri a . Firs t i s t~at over the entire range of scan rates , the quaat t 

t p lfi is a constant for syste.a inv'hing only lDul tistep charge transfers · 

Secondly if 
o 

4 E is sufficiently negative. the type of .ultistep charge 

transfer system aaft be determined from the number of anodic waves. (7) 
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III. Criteria of Reversibility:-

As was mentioned before tnat for the reduction potential to be 

reversible it should fulfill certain criteria. If it is not fulfilled then 

it is suspected th~t some other phenomena are involved. In the following 

sections these criteria are discussed. 

A. polarographic:-

The fundamental criteria of reversibility is that: if the 

half-reaction is reversible, the cathodic wave o~ained with the oxidized 

form alone, the anodic wave obtained with the reduced form alone, and the 

composite wave obtained with the mixture of two must all have the same 

half-wave potentia and all must obey an equation of the form (26). 

E log i-{id )a 

(id >c -i 
(1) 

Where E~ is the half-wave potential, i is the current passing id is the 

diffusion current, c and a represent cathodic and anodic wavesrespectively. 

Sometimes electroactive impurities may cause invonvenience (2). 

From the equations (26) given below it ;s 

E = E1j2-
0.05915 log i (i) (cathodic) 

n {id )c -i 

E E1j2-
0.05915 log (id)a -i = (i i) (anodic) n i 

(2 ) 

E EV2-
0.05915 109 i- (id ) a (ii i) (compositive wave) = n (id)c- i 

apparent that a plot of -E vs the log term appropriate to the kind of 
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wave being considered should be linear and should have a slope of 59.15fo·-. 

This linear relation ;5 a pr f of reversibility. Mertes (26) says that 

plot in the rang of-I.S ~ 'o + 1.5 volts ust be linear .nd any serious 

divergince in this range is • definite proof of irreversibility, because 

this corresponds to values of the current ranging from about 3 to 97 % of 

the diffusion current and error due to residual current is negligible. 

iU\d 

so that 

From the equations (2) El/4 and El1. can easily be evaluated. 

• EIA .. 0.05915 log 1 -n 3 

El/4 • El / 2'" 0.05915 log 3 
n 

E .. E 
3/4 1/4 

-. 0.05915 log 9 

n 

=. 0.0$64 
n 

(3) 

(4) 

($) 

Here ~14 and El~ are the potentials at which the current is equal 

to one-fourth and three~fourths of the diffusion current. Thus eq. (5) 

is another proof of reversib'j~~y. 

Sometimes irreversible waves or half-reactions invol!ing two or 

.ore electrons may give log plots having about the slope of eqs. (2). 

Therefor., n should not be calculated from log plot or E3/4 - 11/4 rather 



(21) 

it should be obtained from diffusion-current data (27). Now again there 

are couplas whose red~ced for given anodic waves that seem to be 

reversible according to these criteria, but whose oxidized forms cannot be 

reduced at all or can be reduced only at much more negative potentials. 

Thl$ behaviour arises from a mecllanis ike 

A+ne~B (reversible ) 

B --4> C (slow) 

Which shows that a reversible electron-transfer step is followed 

by an irreversible tearrangment, which may be due to some coupled chemical 

reactton. This system cannot be calculated as reversible from the simple 

fact that the slope of the log plot or the value of E3/4 - Elj4 for the 

wave of A agrees with the reversible prediction, rather the difference 

bet'Neen the cathodic and anodic half.ave potentials will slow that the 

A ____ C couple is irreversible. 

Thus from the preceding discussion it is apparent that these two 

criteria of log plot and E3/4 ME~ are not definite proof of reversibility. 

But if the slope of a log plot appreciably exceeds 59.2/n mV. or if the 

numerical value of E3/4- E1/4 appreciably exceeds 56.4 mV. the couple should 
n 

be taken to be irreversible wi thout further ado. It means that these two 

criteria should be used to prove irreversibility and not reversibility. 

There are some other criteria of reversibility which are rarely 

used. First is that appreciable variation of El/2 with concentration can 

be usually taken as concl~sive proof of the irreversibility of the 

half-reaction. The converse does not hold true. The second is that, a 
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1 ge positive t perature co-efficient of the half-wave potential, usual l y 

signifies that the hal f-reaction is irreversible . The temperature cow 

efficient of the half~.ve potential of • reversible ' wave is usually 

small, typically between .2 and + 2 MV/deg. Irreversibla waves often 

have hatf-wave potentials with similarly small temperature co-efficient 

(28), but there are some whose temperature co-efficients are positive 

and exceed several millivolts per degree. This is due to substantial 

heat of activation. Thirdly a comparis.n of half-wave potentials 

theoretically calculated and experimentally determined can also be 

used as a proof of reverSibility or irreversibility. 

B: Cyclic Triangular Wave Voltammetric: w 

In voltammetry the basic criteria of reversibility is that 

(ip is the peak height from the base line and c and a stand 

for cathodic and anodic respectively). We can directly estimate the 

electrode reversibility, because the potentials at which oxidation and 

reduction occur are observed directly_ For example, at low frequencies 

of scanning it may be possible with a given system that electrochemical 

equilibrium alwa~y is maintained at the electrode surface. Under these 

conditions the separation of cathodic and anodic peak potentials ;s 

about 60/n mV, and the reaction is reversible ( 40 ) 

Thus 

(6 ) 

For irreversible system, the peak separation AEp is always 



greater than 60 .V. (40) 

The other di agnostic criter i a of reversi bil i t y is that, when 

the ratio of anodic to cathodic peak current is unity. This shows that 

(23) 

the system is completely reversible and there is no coupled chemical 

~eactton (37). 8y using for the base line the cathodic wave which would 

have been obtained if there had been no change in direction of potential 

scan, all of the anodic curves are the same, independent of switching 

potential, and indentical in height and shape to the cathodic wave. 

Experimentally the cathodic base line can be obtained by extending a single 

scan cathodic sweep beyon the selected switching potential, or if another 

reaction interferes by stopping the scan at serne convenient potential past the 

peak, and recording the constant potential current-time curve. The latter 

"thod of obtaining the base l i ne has been proposed fo r anal yt ical purposes 

by Rei uth (71). 

The only reaction which alongwith the reversible case gives a 

constant value of unity for the ratio of anodic to cathodic peak heights 

on varying the .witching potential is the catalytic reaction. 

Matsuda and Ayabe studied the relations in voltammetry for 

reversible, and totatly irreversible systems, i.e} when one must consider 

the retative rates of charge transfer and mass transfer (18). For the 

reversible case they found that simple relations exist between the Ep , Ep/ 2 

(such as at 25°C (55) ), and the conventional E1/2. 

Ep • E1/2 -0.029 V (i) 
n 

Ep/ 2 = E1/2 + 0.028 V (ii) (7) 
n 

(Ep - Ep/ 2 ) = Q.OS7 V (Hi) 
n 
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These above equations serve as good criteria of reversibility. 

It can be seen fro eq (iii)-7 that the ~peak polarogram of a reversible system 

in sharp,spanning a voltage range of roughly 0.12 V for a one electron system. 

The peak potential is 0.029/n mV. more cathodic 'for a reduction) than the 

more anod i c. 

The equations for a totally irreversible peak polarogram are 

considerably more involved (44). No simple relation exists between Ep and 

EY2 __ the expression involves both the heterogeneous rate constant for the 

charge transfer and the transfer co-efficient • The prod~c_t of tpe transfer 

co-efficient x and the number of electrons in the rate-determining step 

n can be fownd from the effective slope of the peak polarogram. 

:: 0.048 
exn 

V (8) 

It can be observed that as (~n) decreases, the peak polarograms 

become more spread out and the peaks tend to be rounded rather than sharp. 
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IV. Electrode System:-

In early stages of polarography two electrode system was used 

to study the electrochemical processes. The electrodes being the dropping 

mercury electrode acting as working electrode and a large mercury pool, 

which in presence of Kcl in aqueous solution, acted as a non-polarizable 

reference electrode and anode as well. wtth the development of non-aqueous 

polarograph" where large IR drop was involved three electrode system has 

been found to be more advantageous. 

In two-electrode system by coupling the test-electrode with a non­

polari&able reference electrode two ~uantities can be measured: (i ) the 

Changes in the potential of the test electrode and (ii) the potential of 

the test electrode relative to the reference electrode. Such a two-electrode 

system is quite adequate for the asurement of equilibrium relative electrode 

potentials. An electrode t hrough which a fi nite current is pass i ng has 

a potential different from its zero current or equilibrium value. This 

difference is ordinarily called overvoltage or overpotential and is given 

the symbol ~. It has been calculated that (21 ). 

Or 

1t = - RT 
-( 1-.. -a'"'"':) F=--

= .. 2.303 RT log 10 
( I-B )F 

+ RT 

+ 2.)03 RT 
(I-B)F 

In i ( 1) 

log i (2 ) 

All termsin these equations are explained (22 ) . Thfs, when the 

electronation current i becomes too sma l l for lonsideration, the current 

producing or the current-produced potential (the overpotential ) is a 

linear function of log i. Now determine the overpotential, it is 

necessary to al ter the two-electrode system by bttr. . "em 
electrode, which is also called the counter electro~. 



three.electrode arrangement is set up. In such a set up the counter 
n 
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electro is connected to the test-electrode via a polarizing circuit 

(e.~, a power source) through which a controllable current is made to 

pass and produce alterations of the potential of the test electrode. 

Between the nonpolarizable reference electrode and test electrode is 

co-nnec-tec:r an in-sturmen~ wtlich is capable of measur ing the potent; al 

difference between these electrodes. The measuring instrument must have 

a high input impedance (23). 

In equilibrium conditions at the test electrode-electrolyte 

interface the potential difference Ee is given by 

Ee = b J1e + A;0contact + A »ref,e f3) 

Here A cont ct an~~ ref,e are the potential diffp-renc~s 

across the metal-metal contact and reference interfaces. 

On passing current I through the polarizing circuit, (i) the 

potential of the teat electrode changes from Ll ~e to ~ If ; 

(ii) the potential difference across the metal~etal contact can be 

considered to be unchanged; (iii) the potential of the reference electrode 

remains at the equil ibrium Va1ue,AJ{ ref,e, because no current flows 

through the measuring circuit (i.e; between the reference and test electrodes) 

and (iv) a potential drop arises in the electrolyte through which the 

polarizing current flows. Under these conditions, the;,:JI\easured potenH al 

difference between the test and reference electrodes ;s 

E = l1ft + A( 
contact 

+At 
ref,e 

-IR (4 ) 

IR is the potential drop developed between when the polarizing current 

I overcomes the resistance R = tl q'A of the electrolyte between the test 

electrode and the so-called Luggin tip or probe by means of which the 
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reference electrode makes ionic or electrolytic contact with the test 

electrode. 

From Eqs (3) and (4 ) 

= A~ .. A~ = (EwE ) ... IR e e (5) 

The IR drop Can be eliminated by minimizing R, i.e; by choosing 

high-conductivity electrolytes and using small distances between the test 

electrode and Luggin tip. 

From the preceding ~fscussion it is clear that ~ can be observed 

experimentally using a three-electrode system, measuring the potential of 

the test electrode with respect to a reference half-cell. 

Thus, 'It is the total overpotential 'll.h which experimentally 

may be composed of three quantities (20): Ohmic overpotentiat no or IR, 

concentration overpotentiat ~c, and activation overpotential ~a. 

Thus, 

(6 ) 

Concentration polarization is the very basis of voltammetry. A 

current-voltage curve is nothing more than the measurement ~f concentration 

overpotential effects at an electrode. The polarizable (test) electrode used 

in voltammetry is one at which it is possible to obtain extreme evidence of 

concentration overpotential. When this high degree of ~ develops, limiting currents 

are obtained. 

In the strictest sense there are no nonpolar;zable electrodes (41) 

However, ~is quite small at a large electrode provided the concentrations 

of electroactive material are very large. Such an electrode is .aid to be 

relatively non-polarizable and ser~s as reference electrode in voltammetry. 

The activation overpotential is associated with a slow or rate-determining 



electron-transfer processes and 1'to and ltc are a natural resul ts of the 

current flow (56)Q 

(28) 
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3- Experimental.-

A.- purification of Kercur~. 

In ~st of the experimental work, hanging mercury drop 

electrode was used as test electrode. Kerc~ry metal used was of Fisher 

Scientific Company. According to the certificate of analysis of the company, 

its specification was as follows: At wt. 200.59. Foreign metals not more 

than O.OOOs %. Appearance of impurities was nil. This available mercury metal 

was further purified by passing mercury supplies through a pinhole in the 

cone of a No. 40 Whatman filter paper. Thh process was continued and repeated 

many times inti. the last drop of mercury left on filter paper was as shining 

as the oth., part. 

To verify whether mercury was completely purified, one te5t was 

applied. Kercury was placed on a clean smooth glass turface. Tailing of the 

mercury occurs with the contaminated specimens whereas no tailing visible is 

with very pure mercury. No tailing was observed with the above purified mercury. 

8.- Purification of Chemicals •• 

Different chemicals used were of laboratory reagent grade , 

they were further purified to get good results. 

i) Purification of I-NitftUephthalene,. 

l-Nitronaphthalene of Riedel-De Haen Ag Seelze-Hannover, Germany 

was crystallized twice from ethyl alcohol (42). Very nice yellow coloured and needle 

shaped crystals were obtained. The melting point of the compound was determined. 

K.Pt. was found to be 60.ooC and the literature value is 61.00C (17). 

ti) purfication of 1,3-0initrobenzenel. 

l,)-Dinitrobenzene of BDH-themicals Ltd., was purfied by crystallizing 



it ~ice from ccl4 (42). Its melting point was determined and was found 

90.50 C and the literature value (1]), is 91 <>c. 

iii). Purfication of 3-Nitroaailine a-

(30) 

3-NitroaMiline was crystallized twice from benzene (42). Its 

melting point was found to be at 11S'C and literature value (17) in 114°c. 

iv) Purfication of 4.Nitroaniline:_ 

4-Nitroamiline of EGA-Chemicals,Germany was also crystallized 

twice from benzene. It melting point was found to be 147°C and the literature 

value (1]) is 14;>C • 

v). purification of 4.Amino-3~itro-Toluene Or 2-Nitro-p-Toluidine:-

4-Amino.3-Nitr~totuene of Hopkins and Williams Ltd. was crystallized from 
-

benzene twice (42). Its melting point was found to be 116.50 C and the 
~jo 

literature value (17) is 117°C. 

c. Solvents: 

i) Acetonitrile:. 

Acetonitrile was used as a solvent to carry out the main 

experiments. ACS certified acetonitrile of Fisher Scientific Ca.pany was used 

directly. Acetonitrile of BDH chemicals Ltd., was used after distillation with 

P2 Os • Distillate between 81°C to 82°C was collected and used. 

ii) Benzene,Carbon Tetrachloride,and Ethyl alcohol:-

Laboratory reagent grades were used .irectly for crystallizations 

Alcohol used was Analar Alcohol of BDH Chemicals. Carbon tetrachloride used 

was P.P.H. polskie Odezynniki Chemiezne-Gliwice, Poland. Benzene used was of 

BDH-Chemicals. 
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0,- Electrolytes-

Tetrabutylammonium perchlorate of Eastman Kodak Co. was 

used directly as the electrolyte i n all the experiments. 

E:- Innert Gas:~ 

Innert gas N2 from lecture Bottle (H.P. dry) of Matheson 

gas products was used to remove dissolved oxygen from the solution by 

bubbling N2 through the solution. 

FI- Electrodes:-

The electrode system used was as followss-

1~ Test Electrode •• 

Hanging mercury drop electrode was used as a test 

electrode. It was prepared bJf::" attaching a small drop of purified mercury 

to the end of a gold wire sea led in a capillary glass tube of 0.0-6 mm 

with the help of araldite. No ill effect of araldite was found and the 

results were reproducible. This electrode is shown in fig. 3. 

ii) Counter Electrode:-

A pJatinium wire electrode (supplied by Heath Co. in 

their polarographic assembly) was made into a cr·tcle surrounding the mercury 

drop and was used as a counter electrode. This is shown in fig. 4. 

gold wire 

Ii i) Reference E 1 ec trodes , -

Different reference electrodes we~ tried. At first gold 
I;.~ . 

reference electrode was used. Reproducible resul ts were obtained 

with this reference electrode for all the five compounds. 



FIG.3 . 
Test electrode 



FIG.4. 
Counter electrode 



FIG.S .a. 
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An aqueous satur~ted calomel electrode was also tried as reference 

electrode. However a Ag/Ag N 03 electrode is ma- e practical. for the 

electrochemical studies carried out in acet~ftrile (72). All the five 

compounds were studied using this eleetrode as reference electrode. to 

prepare A9/A9N03 electrode about 10 mI. of 0.1 molar solution of tetrabutyl­

amonium perohlorate in acetonitrile was taken. It was then made O.OlMin 

AgNO • This solution was filled into an out.r jacket of a SeE electrode, 
j 

which had been washed thoroughly to get rid of Kcl. The tip was suitably 

plugged by the manufacturer (Beckman) of SeE electrode. A silver wire was 

dipped in the above solution to make Ag/AgN03 electrode. It is shown in fig.S. 

G. Electrolysis Cella-

For all experiments, a cell of ahe type shown in fig.6 was used. 

The teflon cell cap shown in fig. 7 was carefully machined to fit tightly 

on the cell. Through this cap passed the test electrode, the counter electrode, 

the reference electrode, the nitrogen inlet tube and nitrogen outlet tube. 

All of the teflon to glass joints were m~de as air tight as possible. 



FIG.S.b 
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Electrolysis Cell 
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Instrumentationa-

All the first and second re.uction potentials of all the compounds 

were measured on Heath Company's polarography Laboratory model Eu-402 V 

including EUA-19-2 Polarography Module, EUW-19 B operational Amplifier, 

EUA-19-4 Amplifier stabIlizer, EU-20V Multispeed Recorder, EUA-19-6 Dropping 

mercury electrode assembly installed in the Institute of Chemistry, 

University of Islamabad. Dropping mercury electrode was changed to hanging 

mercury drop electrode. To see the reversibility and irreversibility of 

waves for first and second reduction potentials, oscilloscopic recording 

assembly was also employed besides the chart recorder. For studies at 

higher scan rates (for triangular cyclic voltammetry) a Tektronix function 

generator (model 1M 501) was used and the signal displayed on an oscilloscope 

(Tektronix 453 A)., 

S~eep rate was kept 2V/min for most of the readings. Chart speed 

and micro-ampere full scale were adjusted accordingly to get best possible 

graphs of current VS voltage curves. All the measurements were made at the 

ambient temperature. 

Host of the readings were recorded on EU-20V multispeed recorder. 

To check the accuracy of the instrument waves were also seen on the oscillosc9,e. 

Under the experimental conditions and for the purpose of measurement of 1st 

and IInd reduction potential, EU-20 V mUltispeed recorder WaS found to be 

sufficiently accurate except it seemed to have some artif'ct for second 

reduction potential. 



4- Results And Discussion 

The results of cyclic voltammetric studies are collected in 

tables (1-3). The cyclic voltammograms of l-Nitronaphthalene, (I-NM) 

3-Nitroa.iline (3-NA), ~Nitroaniline (4-NA), 4-Amino-3-Nitrotoluene and 

m-Dinitrobenzene (m-DMB) are also shown in figs (8-12). Except fer 
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m- ~Dinitrobenzene, two cathodic and one anodic peaks were observed for the 

remaining compounds studied. For (m-DNS) two cathodic and two anodic peaks 

were observed. As for as m-Dinitrobenzene is concerned, it has .lready been 

confirmed (73) that its first and second reduction potentials both are 

reversible. Therefore, it was used overhere as a test and reference system. 

The second reduction potentials of the remaining compounds in non-aqueous 

media has not been studied by cyclic voltanwnetry. To study the reversibUty 

or irreversibility of these compounds, different criteria were used which has 

already been discussed in the chapter-2. The (Ep ~c- (Ep )a~ 60 mV. on 

HMD electrode, (i p )c lOp )~ ratio as uni ty and Ep,hE1h (where E1/ 2 is the 

potential corresponding to 85% of the peak cur .. ht) :=:. 2' mV criteria for 

reversibility (in addition of the trivial condition (E~'a = (Elite calculated 

as already mentioned) all confirm that the first reduction potential of each 

compound, is re~rsible and the reduced species, the anion redicals are stable. 

It was seen from the recorded voltammogram that the second reduction potentials 

of these compounds except mwdinitrobenzene are irreversible. This can be seen 

from the figures (8-12) given for these compounds. 

Quantitatively ~he equations for a totally irreversible peak 

polarogram are considerably more involved (44,18,37). No simple relation 

exists between Ep and flj.2 ,theEexpression involves both the hetero!eneous 

rate constant for the charge transfer and the transfer co-efficient. The 

product of the transfer co-efficient« and the number of electrOnS n in the 
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rate -determining step c~n be found from the effective slope of the peak 

vo 1t 8Il11109 ram 

It is apparent ; f rom the equation that as ~n) decreases, the peak 

polarogr.m becomes more spread out. Also the peaks tend to be rounded tather 

than Sharp. In other words we may say that when~n is unity the correspondi ng 

peak or reduction potential will be reversible and when it is much less than 

unity then the corresponding reduction potential will be irreversible. We 

have calculated the~n values for all t he five compounds. As it can be seen 

from the table (3) the value of ocn f JtII-dinitrobenzene;s approximately 

equal t o one which has rever s ibl e lInd reduct ion poten t i a l . Now for the 

rem~n ; ng four compounds 3-Nitroa.iline, 4-Nitroaniline and 4~ino-3-Nitro­

tol uene the value ofocn j! approximately equal to 0. 3, which pr oves that 

second reduction potential s of these compounds are completely irreversible. 

The value ofoc~ for l-nitronaphthalene is a little higher i.e; approximately 

equal to 0.4, which suggests that it is also irreversible. At the same time 

it may be possible that it is reversible for a very short time, which we 

were unable to see experimentally. Anodic peaks corresponding, to second 

cathodic peak could not be observed. The signal for faster scan rate 

(e.g. O.sOO V and 5.00 V per second etc.) were fed into oscilloscope and 

steady state (for faster scan rates) signal as well as single sweep (slower 

scan rate) both showed absence of anodic peak corresponding to the second 

cathodic peak at these scan rates. For m-Dinitrobenzene 'the anodic peak 

corresponding to second cathodic peak were observed both by single scan as 

well as for fast scan rates and the remaining compounds 3-NA, 4-NA, 4-AN T,I-NN 

did not show t he anodic peak corresponding to second cathodic peak. 
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There are two possibilities which may be the cause of absence of 

anodic peak corresponding to the second cathodic peak. These could be due to 

either irreversible electron transfer or coupled chemical reation. The case 

of multistep charge transfer in which an electron transfer is followed by 

an irreversible process 

R + I (2 ) 

-
R + e * ~ R (3 ) 

This type of multistep electron transfer process has been discussed 

by Po~yn and Shain (1). The cyclic voltammograms f~ 3-Nitroaniline, 

4-Nitroaniline, 4-Amino-3-Nitrotoluene and l-Hitronaphthalene differ from the 

(ideal) cyclic voltammogram shown in fig. 2- The height of the second peak 

in the ideal case (irreversible heterogeneous electron transfer) is not much 

larger than the 1st one. But the height of the second peak in the cyclic 

vo 1 tanmogr ams of the above mentioned four compounds is much larger than the 

1st one. This leads us to suspect a process like (4) 

R + e ~ R-
~ 

- + 
(4-a) R + ne + nH --7 Products 

Or 

-ft,+l )e 
R + ne ~ R 
~ 

-(n+I)e 
R +{n+I}H ~ products (4 .. b) 

to occur · ~e nature of the product w~ not investigated. It was observed 

on the oscilloscope that with the increase in the scan rate the second peak 

shifted cathodically (while the first peak lid not shift). For a reversible 

electron transfer process followed by chemical reaction the Ep shifts 
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cathodically (37). Thus we may conclude that in our case the 1st peak 

or 1st reduction potential is reversible followed by a process 'i ven in 

the equation4(b) above '~e possibility given in4{a) can not be ruled out. 

No theoretical study has been done about the effect of scan rate on peak 

potential for process4(a). We suspect the oonversion of H0
2 

group to NO 

(nitroso) or HH2 group. 

Thus the overall picture emerges as a reversible electron transfer 

(first peak) followed by an irreversible electron transfer involving simultan­

eously protonation (second peak). 



.(. 

(E1/ 2 >J 
;" 

No (E

'

/l >c (Ep )c 

1. -1.11 -1.065 -1.15 

-1.65 .. 1.76 

~1.13 -1.08 -1.17 

~'!' 
-1 .677 -1.77 

I 

-1.1fi -1.075 -1.16 

2-

-1.652 .1.765 

TABLE. I. 

Table-I:- )-Nttroa~tline 

i" 
(Ip}c/(Ip) : 

"" 
(Ep ) a (EIY'2) c 

-1.032 about 1 -1.075 

-1.58 

-1.0)7 about 1 -1.09 

-1.585 

-1.035 about I -1.08 

-1.583 

vu 

EWta Red Poten'ial 

- 1.085 1st 

IInd 

-1.10 1st 

IInd 

-1.09 1st 

IInd 

Ref.electrode 

Go.d..,ire 

.. 

" 

II 

.. 

.. 

-~ .. "\ 

I 

........ r ... 
\N ,-: 
ClO c ', -



eont;nued •••••• 

Table-I,. 4 -Nitro~il;ne 

No ( E1f2 >c (E
'
;2 ' .. (Ep )c {Ep 'a (Eph ) .. (Ep/z )a, 

1 • -1.283 -1 D273 .1.333 -1.266 -1.256 -1.293 

-2.044 -3.12 -1.97 

2. -1.292 -1.282 -1.343 -1.270 -1 .268 -1.30 

-2.046 - -2.125 - -1.975 

-1.285 -1.275 .1.338 .. 1.260 -1 ,,244 -1.304 
3. 

-2.092 -2.t 6 -1.99 

I 

(I p ) c/ ( i p) a eRod.pot 

about I 
I 

1st 

IInd 

I 
about I 1st 

I IInd 

about 1 1st 

lInd 

'- Ref.electrode 

Gold-wire 

II 

II , 

I 

1 

, 

I 

II 
I 
I 

Y 

u 

-
u 

, 

-\.AI 
\0 --



Continued ••••••• 
Table 1.- 4~tno-3~Nitretoluene 

~ .g. (Ellie ~El/i· (Ep). (Ep >. (Ep/~c (Ep/2 'a (Ip'c/(Ip) a Red Pot. Ref .electrode 

-1.131 ~1.134 -1.152 -1.09 -1.11 - 1.167 about I 1st gol d-wire 
1 .. 

-

-1.942 -2.0 -1.84 - lInd II 

-1.135 -1.132 1.16j -1.10 -1.115 -1.166 about I 1st .. 
2. 

.1.950 .2.0 -1.835 lInd II 

-1 .140 .1.136 .1.163 -1.10 -1.116 -1.168 about I lit .. 
,3. 

-1.952 -2.01 .1.84 lInd " 
~---~. - - . -

L-________ _ -- --

-g -



Continued •••••••• 
Table-l:- I-Nitronaphthalene 

Opl.jOpla] {Epftl 
i , 

No. (E,pc: (E1j2) a (Ep )c: (Ep ) a (E AA ) Red.Pot I ~ef.e 1 ec: trode 

'/ . 2a 
, 
, 

.. 0.9~ -0.93 .0.986 -0.902 about I -0.91 -0.952 1st Go~d""tliire 

1 • I 
-1.33 .1.395 -1.29 lInd ! 

-0.955 .0.928 -0.99 -0.908 about I -0.916 -0.949 .st It 

2. 

-1.334 -l.ft OS -1.305 IIhd It 

... 0.945 -0.925 .0.984 -0.905 about I -0.914 -0.960 Is.t II 

J. -

-1 .J28 ... J .40 .1.295 lInd .. 

-~ ... -



Notel~ rable-I,-

(i) (El/tc is the cathodic half-wave potential (ii) (El/2).1s the anodic half-wave 

potential. 

Ofi) (Ep)c is the cathodic peak potential. (iv) (Ep>a is the anodic peak potenti.l 

(v) Up)c represents the cathodic peak current and Up)a represenU the anodic peak 

current (vi) {Epic is the cathodic half peak potential (vii) (Eph'. re,resents 

the anodic half-peak potential. 

-~ -



-TABLE-2. .$:'" 
(X) 

l. NftroUlf l ine 

-S -



-.t" 
VJ -Continued •••••• 

rable";2, ... 4-HitroLI.i1 ;ne 

U 

No. (E
lh 

)c (Eyz) a (Ep )c (Ep ). (Ip)c (It (Eo/ ) (E%). Red.Pot Ref.electrode p ,Ii 2c 

-1.553 -1.543 -1.60) -1.536 14 .u. A 12 .u A -1.526 -1.563 1st A9/A9NO) 
1. 

-1.314 -2.39 39- .. -2.24 lInd 11 

-1.562 -1.552 -1.613 -1.54 15 " 12 " .. 1.538 -1.57 1st II 

2. 
-2.316 .. 2.395 42 " ..2.245 lInd It 

J 

-1.555 -1.545 -1.608 -1.53 16 .. - 13 II -1.514 -1.574 1st II 

3. 

-2.362 -2.43 45 II -2.26 lInd .. 

-f: -



-
~ont i nued ••••••• f: -

rable-2:" 4.~ino-3-N itrotoluene 

-~ 
\Il -



Cqntinued •••••• -.s:-
\1"1 

Table-21- I-Nftronaphthalenes- -
No. (E'lie (E 11z>. (Ep >c (Ep ). (Ip )c (Ip ). (E p/2

)c (E p/ 2
) • Red.Pot Ref.electrode 

-1.328 -1.305 -1.366 -1.28 33 )J. A 30 }.J.. A .1.29 -1.33 1st Ag/A9N03 , . . 

1 c 

--1.~15 -1.78 76 II -1.67 IInd \! 

2. 
.1.329 .1.305 -1.366 -1.27 34 II 30 II -\.295 -1.325 1st II 

-1.72 -1.78 80 n -1.66 lInd II 

J 

3 • 
-1.333 -1.31 -1.368 -1.29 36 It 32 " .1.305 -1.3'5 1st at 

-1.73 -1.79 74 u -1.67 IInd II 

-1.330 -1.315 -1.367 -1.285 34 It 30 .. -1.295 -1.33 1st tI 

4. 
... 1.73 -1.80 80 " -1.68 lInd Il 

-1.,,8 -1.31 -1.367 -1.28 35 " 31 " -1.30 -1.338 1st " 5. 

-1.73 -1.81 74 II -1.68 lInd II 

-1.333 -1.32 -1.370 -1.29 35 " 32 " -1.305 -1.340 1st " 6. 

-1.734 -1.82 76 II .-1.69 Ilnd II 

-g: -



Continued •••••• 

Table-2:- 1,3-0in itrobenzene 

No. (EYl)c (E
Vta (Ep )c (Ep ). (Ip )Q (Ip)~ (E%)c (Ery;. Red. Pot. Ref. electrode 

-1.16 -1.12 -1.20 -1.10 26 Jl A. 22 )J. A -1.133 -1.15 1st A9/A9N03 
1. 

.. 1.41 -1.38 -1.442 -1.30 104 .. 95 " -1.38S -1.405 lInd II 

-1.15 -1.12 
2. 

-1.19 -1.09 27 .. 25 .. -1.130 -1.14 1st " 
-1 okOS -1.38 -1.435 -1.29 106 II 92 .. -1 .38 -1.395 lInd " 0, 

-'.16 -1.11 -1 .195 -1.095 24 " 20 " -1.131 -1.14 1st .. 
3. 

-1.40 -1.37 -1.43 -1.28 10' .. 90 .. .. 1.375 -1.39 lInd " 

-1.15 -1.11 -1. 19 -1.09 2S .. 20.5 II -10130 -1.14 1st .. 
4. 

-1.40 -1.365 -1.427 -1.26 104 .. 88 II -1.37 -1.385 IInd II 

Note: ( EY2 )c' tEY2'a' (Ep )c I (Ep la' (lp)c. {Ip )a' (E~)c and (Eph). have the same meaning as explained 

in Table -I. 

-g:. -

-!; -



N •• (Ep )c (Ep/ 2)c 

1 • ..e.06 -1.88 

2. -2.06 -1.87 

3. -2.04 -1.863 

4. .1009 .1.920 

5. -2.10 -1.930 

6. -2.115 .1.940 

7. .2.06 -1.88 

TABLE -3. 
Table "3:- 3-Nitroani~ 

Ep - Ep/ 2 exn = P/2 

- 0.1 B ~0.266 

-0.19 .to.2S1 

00177 e.269 

0.17 0.28 

0.17 0.28 

-0.175 0.27 

-0.18 0.266 

Red. pot Ref. electrode 

lInd A9/AgNO) 

II .. 

It Il 

It " 

II Il 

II rA-

II 11 

,....... zP' " .- .­
-.I :~ 

........, '-.... 

-.f:" co -



-Conti nued ••••••• ~ 
\0 

Table-Ja-- 4- Nitroanfline -
\ 

No. (Ep)c (E~)c ( Ep - Ep~ ') n Red. Pot Ref.electrode 

1. -2.39 -2.24 +0.15 0.)18 lInd A9/A~t~03 

L _ 

2. -2.395 -2.245 0.15 0.318 IInd " 

3. -2.~3 -2.26 0.17 0.28 lInd II 

-~ -



&ontinuted ••••••• 
Table-),. 4- Amino-3- Nitrotoluene ,. 

No. (Ep )c (Ep/ 2 )c ( Ep - Ep/ 2) OCn 

1. -2.26 -2.10 0.16 0.298 

2. -2.26 -2.095 0.165 0.29 

3. -2.27 -2.10 0-17 0.28 

Red. Pot. Ref. electrode 

lInd A9/A9N0
3 

II .. 

II .. 

-'" o -

-'" o -



Continued ••••••• 
• 

r.ble-3a- I-Nitronephthalene 

No. (Ep )c fEp/ 2)c Ep - Ep/2 OCn 

1 • -1.78 -1.67 0.11 0.434 

2. -1.78 -1.66 +0.12 0.397 

3. -1.79 -1.67 0.12 0.397 

4. -1.8 -1.68 g.12 0.397 

s. -1.81 -1.68 0.13 0.367 

6. -1.82 -1.69 0.13 0.367 

t.: 

Red. Pot Ref.electrode 

lInd A9/A9N03 

" II 

.. " 

.. .. 

II It 

Ie .. 
I' 

-VI ... -

-VI ... -



No. 

1 • 

2. 

3. 

• 

Continued •••••• 

Table-):- 1,3- Dinitrobenzene 

(Ep )c (Ep/ 2 )c Ep .. Ep/ 2 
OCn Red. Pot-

-1.435 -1.38 0-055 0.87 lind 

-1.442 -1.385 0.057 0.8 It 

.. 1.43 -1.375 0.055 0.87 II 

-1.427 -1.37 0.057 0.8 " 

47.7 
Note:. (1)<xn was calculated from the relation E -Ep},=----

P /1. cxn 

(Ep)c and (Ep/ 2 )c has the same meaning as explained in table-1. 

Ref.electrode 

A9/A9N03 

It 

It 

It 

-\n 
to.) -
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