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‘ABSTRACT
é
ELECTRODE REACTION KINETICS DETERMINER BY
CYCLIC VOLTAMMETRY AND RELATED STUDIES

Shachar Nadler

o

A commeréially available voltammetric system was
evaluated and found éuitable for cyblic.voﬁtammetry,&CV)
work. The initial assessment was carried out by evalu-
atihg the standard reaction rate“copstants (Ks) for the
cadmium and zinc systems at the hanging-mercury-drop
electrode (HMDE). The reéhlts obtained were in good
agreement with values reported in the literature. The CV
technique used is based on the anodic/cathodic peak po-
tentials separation.

The ' versatility of CV was demonstrated from
data collected from several chromium polypyridyl com-
plexes. It was shown that pertinént déba such as
peak-height-to-concentration ratio and polarographic
half-wave potentials can be eagily determined from cy-

clic voltammograms. Three existing methods for computing

Bl/2 were compared. Best results were obtained using a
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" \3\ technique based on the fact that 31/2 occurs at a point : ]

. Y 85 17% up the cathodlc slope. Consequently, all the E1/2

values needed for the computation of reaqtion rates were

P

determined by this technique.
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The reaction rate constants (Kf) fér aqueous

N [Cr(2,2'-bipyridine)3]+3 and [Cr(4,4'-dimethyl-2,2" ’ A .
—bipynfdine)3]+3 were evéluated by CV. These complexes
displﬁi-similar electrochemical behaviour in water; i.e.

a reversible electron transfer is followed By an irre-
, :

.versible chemical reaction in the form of .
- . ‘1?‘
./ s Kf
0 + nea==R-—">1], : S e " o,
-~ Kf can be computed from its relation to °~the anodic/
! cathodic peak height ratio (i, /i ). Existing techniques

for evaluating i, /i_ were not qpplica%le due to complif

cation created by the "charging current.® Conséquentlx,
N ) a semiempirjical method was developed to properly ;evalu-

ate ia/ié. Using this techhiqqe,_ good results ‘were'

"obtdined for the rate of reaction (Kg) for both com-
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CHAPTER 1

A

INTRODUCTION

3
- .

1.1 Introductory Remarks

Perhaps no other single instrumentalvmethod has
had so profound an influence on analytical chemistry as
voltammetry. Possessing both qualitative and quantita-
tive capabilities, véltammetry has proven to be a power-
ful tool with a wide range of application from simple

trace-metal determination in the low ppb range to the

less mundane in vivo monitoring of brain chemistry (1,2,

3,4).

Rapid-sweep single and cyclic voltammetry is
commonly used in the study of the redox behavior of
chemicaI’species as this applies to electrode reaction
situations. In recent years, this relatively new branch
of voltammetry has éﬁerged as the most convenient method
for the investigation of rate of reaction, electrode
kinetics, and mechanism of reactio (5,6,7). This
aspect of voltammetry is the focal po(:t of this experi-

mental work.

»
1.2 Experimental Objectives
' This project has three experimental objectives:

\
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Part A: To evaluate/éhe suitability of a commercially
available cyclic voltémmetry (CV) unit in Ehe determina-
tion .of the standard rate of reaction for cadmium and
zinc, [

Part 'B: To demonstragé the general versatility of
cyclic voltammetry.

Part C: To determine the rate of reaction for pro-

cesses where a charge transfer is followed by an irre-

versible chemical reaction.

1.2¢1 Part A: Instrumental evaluation on cadmium and

zinc systems

Although the Metrohm voltammetric system will be
evaluated throughout the experimental phase, the initial
assessment as to accuracy and reproducibility will be
made by determining the rate of reaction of simple and
well-known processes; i.,e., the standard rate constants
(KS) at' the hanging mercury drop electrode (HMDE) for
the cadmium and zinc systems:

K
+2 s
Cd" ~ + 2e &= Cd(Hq)

K

+
Zn 2 + 2e1£:%; Zn(Hg)

The cadmium and zinc ‘Bystems were chosen

because:

i

(a) Their standard rate constants have been reported

in the literature.

o s g
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(b) Cadmium is a highly-reversible system,«/@hile‘
%inc is a quasi-irreversibie system, _

N(c; The differencéi in the reversibility of ° the two

systems permits~demohs£ration of the impoftance of both

the slow and rapid sweep methods of approach in Cv.

1.2.2 Part B: The versatility of cyclic voltammetry

This .aspect of cyclic voltammetry will be demon-
- .

strated using four different chromiggbcomplexes:

~

[Cr (bipy) 41 (C10,) 5 *3H,0
[Cr(4,4'—me2—bipy)3](C104)3'H20
[Cr (terpy) ] (6104-) 3 '.2%320

[Cr (phy=bipy) 3.; (C10,) 3" 2H,0

When in non-aqueous media, these complexes are

known to have four reversihle oxidation state reactions.

-

We shall see ;hat the transitions between these states

» I's
can be easily observed. In addition, it will be seen

that other information, such as the peak current to con-,

<
centration ratio and the polarographic half-wave poten-

L tial (El/z) may be obtained concurrently. Three differ-

ent methods of obtaining 81/2 are compared.

1.2.3 Part C: The rate of reactions of [Cr(bipy)3]+3

+3

and [Cr(4,4'-me,bipy) 31"~ in aqueous solutions

'
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behavior {p aqueous solutions; that is, folldwing the
first reducﬁion wave, an irreversible chemical reaction
occurs. The rate of reiction (Kf) for [Cr(bipy)3]":3 h;s
béen previously ' determined B& a variety of techniques,
inéluding.cyclic voltammetry.

Vi Thus, while the rate of teéction for both
these Zcoqplexes will jﬁe 'deterﬁined here, that for
[Cr(bipy)3]+3 will be used fér comparison and calibra—
tion purposes only. Th; maih emphasis of this experi-
mental phase is, however, again on technique and inétru-
mentaé evaluation,

.
¥

I

N .
i N

Both. these complexes demonstrate similar .
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CHAPTER 2

VOLTAMMETRIC PRINCIPLES AND INSTRUMENTATION

v

1

2.1 General Introduction Y

Much of the following is derived from the wor%;

of J. Heyroveky (8), J. G. Dick (9), L. Meites (10), P.

belahay (11) and R N. Adams (12).

Vol;ammetry may be defined as the study of the
current-potential (i-E) relationships in an electrolytic
medium as measured by the use of microelectodes. More
specifically, it is the determination of the potential
of a single microelectrode during the course QF a sus-
tained electron transfer at an electrode surface, i.e.i
while a net current flows through the electrochemical
cell. The procéss usually involves the controlled appli-
cation of potential and the measurement of the asso-
ciated current flow situation—-hencg, the term "voltam-
metry.,"” That branch of voltammetry which involves the

use of a microelectrode of the dropping mercury form

(dme) is called polarography.

2.1.1 The nature of the currents generated in voltanm-

metry

The surface’ area of the microelectrode used

!
!
|
|
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ﬁrei:aisasurement processes is very‘small; consequently

the tents under study are also very small, ranging

E . from microampere to fractional nanoamperes. It follows
-~ then that voltammetric systems have to take into consid-
eration several factors, such a%:
/

S (a) iR drop (ohmic behaJior within the solution

undeg study). -
(: / (b) the dependence of current flow on the electrode

reaction rate, and

(c) the stabi}ity ok the potential which, for all
practical pqrposesaiis kept constant when the current is

measured. !
b _— -
The currénts generated din- voltammetry are,
generally a function of mass transfer processes. A
discussion‘of voltammetry requires a clear understanding

of these processes.

Electrode processes are reactions which consist

ot LR el t

of three consecutive steps,
1. Transfer of the species to be rgacted to the . ;.
electrode surface, |
2. Electron transfer at the electrode surface. i
? ' 3. Transfer of the species reaction product away é

o 1
from the electrode surface.

This last step may involve transfer of the reac-
tion product into the mercury d?op or into the solution.

The overall rate at which an electrode reaction proceeds
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depends gener®lly on E‘L kinetic parameters for these
three steps. In addition, surface adsorption phenomena
may also have to be considered, as well as problems

[ N
arising from the coupling of the electron transfer pro-

ces with subsequent, purely chemical reactions.

.

2.1,2 Mass transfer processest : . .

These are processes- or mechanisms which govern
the distriﬁution of the reaction épecies within the
eiectrochemical reaction and, in parLi ular, in the
immediate ﬁeighbourhood of the working mi rgelectrode
surface. The three most important mass transfer modes in
electrochemical work are:c

(a) diffusion / —
(b) convection
(c)’ electrostatic migration. .

Diffusion is observed whenever there exists a
difference in solute concentration between two adjacent
solution zones. The direction of solute diffusion is
from tbe higher to the lower concentration zone, and
the rate of diffusion at constant temperature is a
function of the concentrafion difference. An associated
definition is that diffusion occurs over zones of dif-
ference in chemical potential fﬁ?:a given species,

Convection results from mechanical or thermal

stirring actions. The latter occurs as the result of

¥
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heating or cooling processes. The dme causes ggme
convection (stirring) with the fall o} each drop of mer-
cury. ‘ 5

Miération is the motion of a charged species to
(or away from) the charged working electrode. This mass
transfer by electrostatic attgpaction complicates the
inte}pretation of results obtained in voltammetry. The
migration effect is minimized by providing, in the solu-
tion, in‘the case of cathodic mic;oelectrode reduction
prdcesses, a concentration of a positively charged® ion
that will be attracted to the cathodé but, in the solu-
tion medium involved, not discharged or reduced. The
concentration of the salt providing such an ion, called
the supporting electrolyte, will be high relative~to the
concentration of the species ([0]) in the bulk of the
solution,

In single- and cyclic-sweep voltammetry, as in
the case of ci%ssical D.C. polarography, diffusion is
the principal method of mass transfer. It follows thén
ghét the diffusion.current is alsé Fhé only current of
interest. However, in order to £fully understand the

current-potential relationship in single- and cyclic

sweep voltammetry, it is important to comprehend these

relationships in DC polarography.

2.2 Classical D.C. Poiarography
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D.C. polarography is based on Heyrov;,§'s

. . findings (13), as reported .in 1922, while investigating
. é electrochemical processes at the dme. He found that, at'’
ot particular potentials, the current flow between two
~ electfodes (one of which was a dme) in an electrolytic )
cell is related to the concentration of one 6f the

TR

. - i .
species present in the cell. With the advances of .-

PR

technology the polarographic system became the subject ¢
- r
of humerous modifications,'including a three electrode

e o o Sttt & o

cell arrangement. The basic principle, however,v :
remained the same, aand;polarography is commonly used ;
for quantitativs and qualitative analytical work. g
' Although\\fhe‘ diffusion current is the only ;

o

current of interest, it is not the only current ;
existing at the dme. Iﬁ is necessary to consider‘all
current situations existiné' for the changing dme
surface. Due to the nature of the dme, the .flow rate
+0of mercury into the drop thrnghout its liféfime is
constant. However, while the volume;'of the drop .

increases at a constant rate, the surface area of the

drop doés not so change, as can be seen from Figure e
‘2¢1. As the drop grows, its surface area increases at
first very rapidly, proportionally speaking, and this
rate of growth falls off with time to drop dislodgement.
At the same time, the drop sa}face moves into the solu—'

tion, at first rapidly, and then slowly near the end of

’ o

[ 4
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the drop life. Both of these effects cause increases in
the measured current. Such increases become m{pimal near
the end of‘the drop iife, when a concentration-depleted
zone is formed at the electrode surface for‘“the active
species. The net current result is as éhown in Figure

, 2=2, The sudden fall of the drop stirs the solution suf-

ficiently to destroy the concentration gradient zone. As

a result the current-time (i-t) [curvé remains the same
for successive drops, again as shown in Figure 2-2. The
depletion of reacting species within the electrolytic
cell with successive drops is generally negligible.

As shown in Figure 2-2, current meagurements are
taken almost throughout the lifetime of each drop.
From the nature of drop surface growth, however, it is

~’)evident that the current generated is to some extent
due to the droplet expansion into the solution at the
beginning of drop 1life and largely due to diffusion
towards the end of drop life. A complete current poten-
tial curve (or wave) 1is obtained by determining the
‘ average currént as a function of the dme potential as
shown in Figure 2-3. The current corresponding to the
upper plateau of the wave is generally refe;red to as
the "diffusion current” (id). ‘However, in cases where
there is partial or total control of the current by a

chemical reaction, the upper ' plateau is called the

"limiting-current.” The expression "limiting current" is

S v A ke
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Figure 2-3: The polarographic wave. \
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] also applicable to currents partially or totally con-
trolled by convective transfer. The propertieé of these

waves are very important from the analyt&égl point of

view, since the diffusion current is proportional to the

concentration of the analyté.

o s o, R R

The total height of a D.C. pofarographié wave in
the absence of any complicating factors is due to three
sepagateJcontributions: ' ' ' .

1, ‘diffusion current (analyte)
2. impurities current
3. charging current. ' ‘ -

The last two currents are often'éescribed as the
residual current. The impurities current is ' due to
reduction or oxidatior of trace electroactive impurities
in the solvent and supporting electrolyte. The charging.
;current (i) is a émall nonfaradaic current necessary to
charge the electrical double layé} of each individual
meEcury drop. Simply by recording a polarogram, of the
supporting electrolyte (blank) alone and subtracting it
from the total limiting current, one obtains the degired
diffusion current. "

The corkelation between the diffusion current

- (i4) and the analyte concentration involves many fac-
tors, such as droplet boundary ésnditions, diffusion ,
,coefficients, and the electrochemical reactions in-

~

» yolved, The earliest solutilon to the diffusion current/

T rmre v e
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concentration relationship was presented by Ilkovic
(14) . Over the years, several solutions evolved among
which Equations 2-1 and 2-2 describe the commonly

~

accepted solutions.

- -

17 2/3,1/6. 1/2 o
iy = ;10709nm £/ _*/%c at (2-1IT
I, = 607nm/3 7176D01/2co (2-2)

. - ‘ .

where at 25°C:.

\id=average diffusion current (ua)

n =number of electrons in the transfer
t =time (sec)

T ;drop life (sec) = -
m =rate of mercury flow (mg/sec)

bo=diffusion coefficient (cmz/sec)

C°=concentration of analyte (mM)

’

The constants 607 and 709 are derived from the

products of several factors such as Faraday's constant,
" the quantity 7 from the spherical equation and : the

-density of mercury at 25°c.

1
The next important factor in D.C. polarography

is the residual current. The major contributor to this
current is the charging current, provided that dissolved
oxygen has been removed from the solution by passage of

an inert gas (e.g., nitrogen).

1

2,2.1. The charging current

T gy Wi.}'m.n.-,,

i
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Due to the adsorptive nature of the supporting

ks 4

electrolyte, positive electrolyte ions will migrate to

CH

. 'thé‘surface of the negative (potential) dme. Thus, the
dme takes on a net positive charge which in turn

attracts another layer of negative ions. This double

§ yer, which does not involve electron exchange, behaves

as a condenser (capacitor). With each drop formed, a

Bt T e

certain current is needed to charge and establish this 3

double layer. This quantity of electricity is wusually

referred to as the charging or capacity current. The

TSR S

equation for the charging current derived by Ilkovic

PN

(14) shows the following relationhips:

. P« | _ ! ‘
ig +, and (2-3) ;
< lT- ) ;l'
i, = ?Solcdt (2-4) . ;
where icncharging current i
Ic=avetage charging current *
: ]
t =time ,

7 =drop life

. Q =charge gquantity (coulombs).

The distorting effect of the charging ‘current
can be clearly "seen from the ratio of Qasacity current

to the peak (total) current,

i, _g yi/2 o
‘. ' T; = 2,3x10 ;575(:— | ) (2"5)‘

0

O
[
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where =g% i.e., potential sweep rate (v/sec) R

4

n =number of electrons -
C°=concentration of analyte. f’\\

Equation 2-5 proviées information concerning the
limit of detection of the D,C. method. In the practical
sense, the limit of detection is reached when the dif-
fusion current average approaches the charging current
average. Experimental work at the dme (8,11) shows that
the lower limit of detection, whicg is 1limited by the

5

capacity current, is approximately 10 °M, The i-E curves

in Figure 2-4 demonstrate the effect of Ic on the total

[

current read-out.

2.2.2 The polarographic half-wave potential (El/ZL

This is another important quantity in polaro-

graphy since it is a prime qualitative indicator.
Equation 2-2 is based on the assumption that
Co(x=0) is negligible at the time the drop dislodges. In

the case where C =o)‘°' Delahay (11) shows that the

o(x
Ilkovic equation becomes

I-= 607nm2/3Dol/le/6[C°-C )] at 25°C (2-6)

o(x=0

=T 2/3..1/2 _1/6 . -
or 1 iq - 607n0m"/ "D T Co(x=0) (2-7)

-

Now, considering the reaction 0 + nemR, if one

defines Cr as [R] at electrode surface,

e

H
H

]
5
H

<
H
3
3
i
P
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Figurxe 2-4: Distortion of current-potential curve by.
charging current (ic) (Ref.1ll).
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then : Co-co(x=0) = Cr(an)

_Therefore, Equation (2-6) becomes

- - 2/3, 1/2 _1/6, -
1= 607nm D, T Cr(x=0) (2-8)
from Equations 2-7 aﬁgT2-8 ' ' "y
c D q1/2 I.-i ~
Q(g=0) = | <£ d -
20 =[5 -T. - (2-9)
r o :
Applying the Nernst relationship, one obtains
£ D q1/2 I.-i
. a0 RT r o RT d
E =E - 3Fin -f-— [5—] + AR (2-10)
r .
0
I.-i
RT ad
=Ei2 *uRit I _ (2-11)
where
' £_ D 1/2\ e
o RT | o 0
Bi72 = F " wEh E ['ﬁ';] IR
and

E =electrode potential (vs. known reference)

E°=st$ndard'potential for the O-R couple e

El/zshalf—wave potential

f =activity coefficient

D =diffusion c;efficient

i -average.current at any potential

Id-avefage diffusion current.

Hence, Equation 2-12 can predict and/or identify

the potential at which a given species willcreact, and, ' i
ih addition, Equation 2-10 describes the polarographic

v A . ,' “ , t‘

st o e




19

wave by showing the relation between i-E and Td—E.

-

}

2.2.3 Differential pulse polarography (DPP)

The DPP technique was-developed .as an offshoot
of square wave polarography where the general aim was to
minimize‘the effects of the charging current. The tech-
nigque involves the application of a fixed amplitude
pulse at regqular intervals on a slow potential sweep
similar to that of D.C. polarography. The pulse is
repeated .for each drop and 1is synchronized with the

boint of maximum growth of the mercury drop. The: system

then samples the current flowing into the working elec-’

trode twice during each operating interval. The first
current sample is taken just before the application of
the potential pulse and would be -equivalent to that
obtained in normal D.C. polarography. Immediateiy after
the current sampling, a pulse of potential (5 to 100mV
amplitude) is applied to the electrode. This change in
potential will, if the D.C. potential sweep is in the
lower half of the S-wave forms, result in an increase in
the current, If the potential sweep is in the upper half
of the S~wave form, a current decrease will occur. To
start with, additional current must flow to change the
double layer capacitance of the electrode to the new
applied potential. In addition and simultaneously, cur-

rent may flow if the applied potential has changed to a

|

i
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point where the equilibrium between 0 and R is sh&fted.

The applied puléé is maintained long enough to
allo& the capacitance current to decay to a low value,
During this time the faradaic current also decays, but
it does not drop below the diffusion-controlled level.,
Towards“the end of the pulse life the cufrgpt is sampled
again., The difference Betﬁeen these two current samples
is then amplified and presented\as the output current in
the i-E curve as shown in Figure 2-5. The peak height
of this éurve above the baseline is proportional to the
concentration of the analyte.

The main advantage ;f this ‘technique is the

minimization of the influence of the charging current,

"since i_ is being subtracted in the difference between

c
the two current samples. This provides an improved reso-

lution and a better lower limit of detection, 1077

8

to

10"°M for most metallic cations (15, 16).

d

2.3 Rapid-Sweep Voltammetry

In conventional voltammetry/polarography the

potential is changing in a slow linear ramp‘over a rela-

"

~tively long period of time, so that,‘ in the intervals

during which the current is measured, the potential can
be considered stationary. In single and cyclic voltam=-
metry techniques, the i-E relationship is obtained by

the use of a rapid potential sweep. The sweep rate 1is

1IN
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ugsually of such a magnitude that the £full range of
potential (range of interest) car; be covered within the
lifetime of one Hg drop when the dme is used. As such,
the dme can be considered as a stationary hanging mer-

cury drop .electrode (HMDE). In general, these techniques

s 3 I

{ utilize stationar-y electrodes (e.g., HMDE or solid elec- -
trodes).
When discussing voltammetry with cohtinuously

variable (rapid sweep) potential, a distinction should

be made between the i-E relations obtained in single

sweep, multi-sweep and cyclic-sweep approaches.

3

° 2.3.1 S{ngle-sweep voltammetry,

The method derives its name from the fact that

each drop (dme) during its _li’fe receives only one’

A e st vt v A

impulse of polarization potential, usually a éaw-toothed
’ syeep such as shown in Figure 2-6a. Tﬁe‘production of
very rapid voltage sweeps necessitates the use of elec-
tronic impulse generators which permit good 1linearity
and variation of the sweep frequency within wide limits.
For example, a frequency of 50Hz with an amplitude of 2
: volts corresponds to a sweep rate of 600 volts/minute.

The saw-toothed voltage must also have exact 1linearity,

besides being as constant as possible in duration and
amplitude.
Whereas in ordinary polarography the diffusion

L ]

N~ . | .
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current is independent of the speed of the voltage

. sweep, in rapid-sweep polarography the peak current is

} ‘ ‘ influenced by the rate of voltage sweep, as will be
§ » | shown later. In addition, the choice of timing at which B |
the impulse is applied to the dme is of utmost in@or— 8

] ‘ tance. In order to obtain good reprdducible results, the (

impulse and drop-time must be exactly synchronized. This = - -
is achieved electrically by‘apply?ng the potential with
regular cgntrolled intervals idelays) as shown in Figure
2-6b., Minimization of charging current is obtained by , L

applying the potential pulse towards the end of the drop

life, This consideration is not of interest when sta- -

! tionary electrodes are used.
If one considers the reduction of an \analyte in

- )

)
| ,
7 )? } an unstirred solution containing an £ background .-
electrolf%e, so that linear diffusion is maintained,
W

the Nernsty relation is assumed to be applicable to the

electrode process. The sweep voltage can be represented -
, by ,) ' / , 1
f E=E,-Vt - (2-13) _ ;

o | - where E;=initial potential (volts) ‘ ‘ PEREN
~ V =rate of potential sweep (volts/sec.)

: ' t =electrolysis interval (sec.). ‘

No reduced substance is assumed to exist at t=0;

hence, with the exception of the variable potential Vt,

,
.
D \ =
; |
4 -
.

| | Pl
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Figure 2-6:

A
B.

. K C. }sosceles triangle for cyclic voltammetry.

Types of potential‘swéeps in rapid scan

voltammetry.

sqwtoothed wave for single & multisweep fhethods
sawtooth with delay between sweeps

v
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conditions{are identica} to'thogg for converitional pola-
rography. \ '
The diffuéioh problem for rapid-sweep polaré-
graphy was first solved and translated into a curfent:
potential relatiogship independeqtly by Randle and
éevcik (17,18). The i-E curve exhibits a maximum or

peak, and the peak current is given by

— 3/2 1/2 1/2 . -
1p = Kn ADo va (2-14)

where ip=peak current (amperes)

A =electrode surface area (cmz) - -

« K =Randle-Sevcik constant

Cb=concentration of analyte (moles).

It should be}Poted that the peak current (ip) is

directly proportionai to the concentration and the sweep

rate,

. The i-~E curves obtained from single-sweep pola-
roqraphy are commonly!called peak polarograms, and the
technique became known as peak voltammetry. This is due
to the nature of the electrode process. In this tech-
niéue, the fdfl process occurs within the lifetime of a
single mercury drop or at a stationary electrode. Conse-
quently, as the potential s&eep passes the peak poten-
tial (Ep), the electrode process results in a depletion
of degolarizer (analyte) in the vicinity of the elec~

trode so that the system displays a current drop, as can

e e i Do A

17 N e
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be seen in Figure 2-7.

The single-sweep polarogram may be characterized
by the peak potential (Ep) or the half peak potential
(Ep/z). The latter is defined as the potential at which
i=ip/2. The relationships lgetween charge transfer and
peak height, location, and shape and their correlation
to the polarographic half-wave potential, were derived
by Matsuda ané Ayabe (19) as follows:

For reversible processes at‘25°C,

-‘ip/g =E1y2 4 109%% =By * 9'—3;2—%, (2-16)
By Epsz = T SV (2=
or 188/, = L450 e

7 1§ can be seen from Equation (2-18) that the
peak polarogram of a reversible system is sharp, span-
ning a voltage range of roughly 0.12 wvolts for a one

electron transfer system. The peak potential in a reduc-

. tion process is 0.029/n volts more cathodic than the

corresponding El/Z' and the half peak potential is
0.028/n volts more anodic. In pragtice, the peak for a
reversible process at a stationary electrode is fairly
broad and extends over a range of several millivolts.

Hence, it is sometimes convenient to use the half peak

o e e e i ey 10

-
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current

baseline

‘potential

<«

Figure.2-7: Current - potential curve of a rapid, single

sweep process.
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potential (Equation 2-16) as a reference point (20), al-

: though this has no direct kinetic or thermodynamic sig-
- ' nificance. 1In addition, it has been shown that the

~polarographic El/2 can be estimated from a reversible

stationary electrode polarogram, based on the fact that

\

it can be found at a point 85.17% up the cathodic slope
(21). ,

f

O S PN S

- A i S A e e

> The equations for totally irreversible systems

e e

are much more involved, and no simple relationship

exists between'Ep and 51/2’ One has to consider the /

rate of electron transfer and its relationship to the

rate"" of potential sweep, etc. For # simple quasi

A

N o T M s B el

\
|

<

+

\ irreversible cases, it has been shown (5,19) that one

!

e e F o

obtains: .

0.048 ) : _
Ep/z—Ep = —aTV . (2-19)
where; « =charge transfer coeffiecient (rate). It can be

L
seen that as on decreases the peak polarogram becomes

PP R ST LAPE PN L At

more spread out and rounded at the maximum,

Finally, the Randle-Sevcik constant, K in Equa-
tion 2-14, - has been shown to be a function of the
experimental parameters, i.e., electrode type and shape,
cell structure and the nature“of aﬁalyte and supporting

electrolyte. Consequently, K has a range from 2X105

5

to

3X10 coulombs/(volt)l/z.
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2.3.1.1 Current as a function 6?’a§plied potential

The most up~-to-date treatment of the’ i-E rela-
tion in rapid-sweep voltammetry was arried out by
Nicholson and Shain (21,22). A study of a large number
of -electrodes and electrolyte solutions yielded a

numerical solution to the electrode boundary and diffu- ]

3 ‘ 3 . 3 (3
sion values. This numerical solution gave rise to a cur-

rent function which, when multiplied by the ordinary

P N P

paraneters of electrode processes, yields the current as

0

PRy F TN

a function of applied potential, In its final form the

equation can be written in terms of the current function .

X'. ™~

For reversible processes:
i = 602n3/2ap1/2y1/2¢ (x1) (2-20)

.

where X' =1r1/2x(at)
~ =BE 3 — “ .
at RT(E11 E) :
. (Ei-E)can be replaced by (E—El/z) i
A =electrode surface area (cm2)
=aiffusion coefficient (cmz/sec)

=rate of potential sweep (volts/sec)

=concentration of analyte (moles)

m O < O

=Ei-Vt potential (volts)lét any givéh time
Ei=initial potential (volts).
This relation can be readily modified to fit the
irreversible case by replacing n3/2 by n(an)l/2 and

1 e Y "lllﬂlﬂllllil iﬁl II —
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using somewhat modified X'.

From Equation 2-20} Nicholson also derived theo-
retical treatments for rates of reaction, transfer coef-
ficients, appiications to processes with coupled chemi-
cal reactions, and for electrqp transfers preceding or
following chemical reactions; however, single sweep vol-
ammetry, by itself and especially in the case of solid
electrodes, is séverely limited in the study of elec-
trode processes. Conseguently, these aspects of single

sweep voltammetry wil not be covered here.

2.3.1.2 Multi-sdeep techniques

In‘;he multi-sweep technique, the i-E curve is
repeatedly recorded while the appiied potential wunder-
goes its periodic variation with time, This technique is
used mainly under very rapid scan conditions and in
cases where the technology to record a single sweep 1is
not available. The main drawback ' to this technique,
however, lies in the fact that, with each successivg

B .
sweep, theEF occurs a depletjon of analyt“sconcentra-
g

tion in th vicinity of the stationary electrode andg,
A

consequently, a corresponding decrease in peak current,

2.,3.2 Cyclic voltammetry

Cyclic voltammetry (CV) employs an isosceles

)

triangular wave shown in Figure 2-6c. Hence, the poten-

tial decreases at the same rate as it increases, Two

e
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polarograms are thﬁs produceda one representing reduc-
tion and the other oxidation, with both occurring during
one unit sQeep or cycle. Each polarogram is, of course,
the same as would be obtained from single-sweep voltam-
metry. However, the height and position of the anodic
(oxidation) peak of the polarogram will depend on the
switching potential, Esw' being applied, as ’'shown in
Figure 2-8,

Cyclic voltammetry is not commonly used for ana-
lytical purposes‘due éo the cost factor and availability
of more sensitive techniques. However, due to the
nature of the technique, CV can be employed as an excel-
lent tool for the study of electron transfer reactions,
kinetics and mechanisms of complex reactions, Vithin
its working range of analyte concentration, CV also can
be applie@ for qualitative and quantitative analysis
with results somewhat better than D.C. polarography.

In CV there are definite correlations between
the separation of peaks (ZSEP), peak height ratios and

the generél polarogram shape to the nature of the elec-

trode reaction’' and chemical processes, For example,

Equation 2-15 shows that Ep for reduction 1is 0.029/n
volts more cathodic than E1/2’ .Correspondingly, Ep for
the oxidation of the same speciﬁg will be 0.029/n volts
more anodic than E1/2' Hence, the pqtential increment

between the peaks for a reversible system will be (11,
o~

e e
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Figure 2-8: Current - Potential curve obtained
from cyclic voltammetry.
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19): ST

E = 2(0.029/n)=0.058/n volts (2-21)

Ep(0) " Ep(x)

Consequently, peak separation becomes a function
of the reversibility of the reaction, and a nAEp of
equal to or less than 60mV indicates a highly\reversible
reaction. Some of these correlations will be described
and demonstrated in subsequent chapters.

- Finally, in a magser similar to that for single
sweep work, a distinction should be made between the
first two or three cycles and continuing cycles. In the
absence of a coupled chemical reaction, continuing
cycles merely alter gradually the concentration profile
near the electrode surface. The anodic and cathodic
peaks change slightly in shape and decrease in size
until a steady-state condition is achieved., Most of the

work in this thesis will be based on data obtained from

single-cycle CV.

2.4 Electrode Systems

In the analytical cell of a modern voltammetric
system the potential and its .corresponding current are
controlled and monitored by the use of a three- electrode
system. These are the working electrode, the reference
electrode and the auxiliary electrode as hereafter

described,
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2.4.1 Working electrodes

In voltammetry, the term “working electrode"
(WE) is reserved for that electrode at which the primary
polarogra;hic reaction occurs (i.e., the electrode at
which the species of interest is either oxidized or
reduced). However, strictly speaking, any electrode
may be called a working electrode whenever a net current
flows threugh the cell.

A number of working electrodes have been
employed, and these may be classified as follows:

a. Dropp{ngwmercury electrodes. (dme)

b. Stationary electrodes . ¢
1. quiet solutions
2, stirred solutions
3. flowing electrolyte

c. Rotating electrodes

d. Vibrating electrode systems.

Working electrodes can also be classifed
according to the electrode material. These are often
selected on.tﬁe basis of price, of duraﬂility, and, most
importantly, from.the viewpoint of their effect on the
overall product yield, purity and effective working

potential range. Common WE materials are mercury elec~-

. trodes (dme or HMDE), platinum, gold, carbon, graphite

and thin-layef mercury electrodes.

The size and shape of the working electrode are

\
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also of considerable importance, since they govern the
nature of the mass transfer action and othg; parameters

of the electrochemical process.

2.4.2 Reference electrodes

-

The potential within the analytical cell (i.e.,
the potential of the ﬁE) is measured with respect to a
reference electrode, This latter involves a half-cell
having a known and stable potential. The most frequently
used reference electrode (REF,) is the standard calomel
electrode. For certain purposes the silver—-silver
chloride (Ag/AgCl) system is useful, Mercury-mercﬁrous
sulfaté and lead amalgam-lead sulfate systems have been

used.

All the reference half cells used in'

polarography/voltammetry can be coupled to any type of

WE. There are no specific types peculiar to stationary

or solid electrodes, The potential of the chosen refer-

ence electrode is standarized by measqrement against a
standard hydrogen electrode or a fixed potential system,

In general, unless another system is specif-
ically required, the standard calomel (SCE) system is
used, since much of the polarographic half-wave potent-

ials (El/z) in the literature is reported versus SCE,

2.4.3 Auxiliary electrodes
- N

Originally éolarography work was carried out in
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a cell containing‘only two electrodes--a working and a
reference electrode. 1In such systemé the reference
/electrodg was often exposed to large currents (flowing
\@hrough the cell). These @urrents could damage the sen~
sitive reference electfodes. Consequently, é three
electrode cell bas developed.. Here one speaks of an
ofposgd working electrode or auxiliary electrodes (AUX),
Hence, in an oxidation process the WE is the anode and
the AUX acts as cathode, and it follows that the oppo-
site is true in reduction'ptocesses. The potential of
the auxiliary electrode is seldom of interest. It serves
to carry the current between the working and auxiliary
electrodes so that no excessive currents need be paséed
throﬁgh the reference electrode. 1In the three-electrode
system, the reference electrode measures the potential
applied to the working electrode under lthe practically
zero-flow current conditions obtained by high-impedence
circuitry. ,ihué/;he potential reported as being épplied
to the WE is the actual potential applied. The most com=-

mgnly used AUX electrode materials are -piatinum, gold,
P

~

" mercury pool, glassy carbon and carbon paste,

2.5 Instrumentation

The following equipment and- instruments were

used -in the various phases of the experimental workx

2.5,1 Electrodes: Metrohm séries

- i b i, 2t OB

.

oodabasnin,

LT ST T

3
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? WOrking electrodes (WE)"

EA-290: a - micromeéeter capillary
electrode (HMDE) manually
set .to give a, ﬁénging
mercury drop of radius
0.265, 0.333, 0.384,
0.423mm, etc.

EA-267: a carbon paste electrode

EA-276: a glassy carMgn electrode

Auxiliary electrodes (AUX) ‘
EA~285: platinum microelectrode
- BA~202: platin;ﬁ wire €lectrode
Reference electrodes (REF) \
EA-402: stgndard calomel (satur-
ated KCL) electrode
EA-427: Ag/AgCl (saturated KCl or
NaCl) electrode/\y
EA-437:. double junction elec-
trode; Ag/AgCl (saturated

e /

2.5,2 Polarographic/voltammetric instrumentation

The pélarograph used was a multipurpose
research instrument. The following describes only those
operating functions and parameters applicable to " this

experimental work.
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'Polarograph

Pz%arography stand
)

.
-

erating modes used
s ' +

Potential range

-

Poteqtial range stéps

Potential scan rate

v )
Current sensitivity.

Drop life

1

"Pulse amplitude

Pulse duration

Metrohm ES506 Polareco&d

" Metrohm E505/1 gtand

DPP and DC for cyclic vo%-
tammetry

-3.0 fo +2.0 Volts in lmV
‘steps

125, 250, 500, 1000 (per
250mm)

+0.04 mV/s ' minimum to

+40.0 mV/s and ;60 nv/s b

. maximum

DC; 0.1, 0,15, 0.25. . . .
1.0 nA/mm to . . . . 5.00
A /mm

DP; 0.01, 0.015, 0,025
e o« « o0.1 Na/mm to, . .'.l
6.5 A/mm

0.4, 0.6, 0.8, 1.0, 1.2,
1.4, 2.0, 3.0, 4.0, 5.0,

6.0 seconds -

]

'+100 mV in JpV steps

60 msec.

2,5.3 Wave Function generator (for CV) '

.Function generator

Metrohm Model E-612 VA

scanner



Function
Delay
Cycle control

Amplitude control

~i

.Sweep rate

Cycle trigger

A
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o

¥ \
Isosceles or sawtoothed
signal

Betzfen waves; 0 to 10

secondg
-1,2,4,8 cycles or mu1££;§-

cle

Controlled by initial (U)
and ?inal (AU) voltage
settings. Each .with a
range of +2.000 volts,
thumbwheel control allow-
ing 1mv ihcrements

Dial control; 1mV/sec to
1000 Y/sec

Manual start or  external

’
signal start

2.5.4 Data acguisition (for CV)

Oscilloscope

Tektronix model 465. Dual
chaghel with polargid cam-
era for mul?isweep fagt
scan.

Tektronix model 564B
@3A72, 344) storage oscil-
loascope for fast scan sin-

gle sﬁeep

-

PRESEEE—————
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X-Y record H.,P., model 7001 AM, for
slow-sweep single’ and
multi-sweep scans

2.5.5 Circuit description for cyclic voltammetry set-up-

S+ v
The equipment used for cyclic voltammetry is

coupleq in the manner shown in Figure 2-9. . The dotted
line represents the optional triggering mechanism used

to synchronize the signal generator and recording device .
with ﬁhe drop life whén the dme is used.

This coupling permits the’potenpial across the
electrodes to be goverﬂed by the function generator,
while Ehe reéﬁlting currents are monitqred by the' poléL
rographic unit. Although the initial, maximum and final.
potentials gf@ controlled by the function generator, it -
is possible to shift the full triangular wave both posi-
tively or negatively. THis is controlled by the initial
potential setting on the polarographic unit, Conse-

quently, the potential sweep of the CV system 1is

extended to cover a range of from +4 volts to -5 volts.
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X-Y Recorder or
oscilloscope

. potential current
(X-axis) (Y-axis)

T

»-

{; o Polarecord E-506
) !

it-function

shield

' !

-0 pilot voltage in

-------- f--c-eecmesenmeccrmmeo-ad..0 trigger out

WE. XUX. REF..

A

T I —
" signal pilot R .

o , out - " voltage ;
out(10:1) :
® , E
start trigger !

(manuak in O --i--=-- g ,

trigger) s

Function generator

/

Figure 2-9: Instrumental coupling for cyclic
’ voltammetry.
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CHAPTER 3

THE STANDARD RATE CONSTANTS FOR CADMIUM AND ZINC

3.1 Introduction and Theory .

The following is based on the principle that
electroqhemical processes which appear to be reversible
at one frequency (sweep rate) may be made to exhibit
kinetic begavior at higher frequencies as N&ndicaé&d by
increased seéaration between the cathodic and anodic
peak potentials.

Nicholson (235 has used the separation of peak
potentials to measure standard rate constants for elec-
tron transfer in simple processes of the type 0 + ne = R
(i.e., processes which are not gomplicated by preceding
or following chemical reactions). Application of the
absolute rate theory to the electrode process and a
numerical solution of an integral equation provided a
correlation of the separation in peak potentials AEp

with a functiop ¥ given by:

v =v% % (3-1)
- [7Dga] 172 o

where: « =electron transfer coefficient ) ~

o

() ,
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D =diffusion coefficient (cmz/sec)

Ks=standard rate constant (cm/sec)

-

nFv

RT

V =potential sweep rate (volts/sec)

and w, F, R, T have their usual meanings and

values.
5-cm

o -
Using the approximations?Y = 1,D, = 1X10 ~ ==

and F/RT=39.2 one obtains a practical relationship be-
tween \[/ + K and V, which is useful for estimating the

sweep rates required to evaluate a given  process, The

simplified relationship becomes: ‘
K 7/
— s -
Y= 28.5 ;Iﬁ (31 2)

The variation of AE‘.p with ¥ was derived by
iteration (23) to give a working curve. The curve
shown in Figure 3-1 indicates that a ¥ value of 0.5 is

about optiinum for measurement purposes. Thus:

| 0.5 = 28.5 \%—2- | (3-3)
Using 'the above, one can either "tune in
the rate constant" by increasing the sweep rate or, if
the system already shows a peak separation in excess of
reversible (AEP>60mV/n) behavior, vary the sweep rate
to obtain AEP values which fall within the working
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210 1.00 : . 10.0  20.0
) |

Figur% 3~1: Nicholson's working curve; nAEP vs. ¥
(Anal. Chem.,37,1351(1965)).
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range‘bf V . For quite reversible reactions, the value

]
of V should-be increased to yield V' values between 0.35 f
and 0.80, with 0.50 being about ,optimum, For quasi !
irreversible reactions, the range may be extended to
lower values (e.g., 0.20 to 0.80). It should be noted,

however , that for very’ slow rates or for irreversible

j systems this technique is useless, Usually sdch pro-
cesses show only one peak (reduction or oxidation) or
peaks with AEp outside the working range of V¥ .

% This technique is applied in the following

‘ determinations of the reduction standard rate constants

b ey bt e

for cadmium and zinc.

+

3.2 Experimental o . i
. , i

] { Y
3.2.1 Preparation of analyte and suppor%&ng electrolyte

The sample solutions in duplicate for both
cadmium and zinc were prepared as indicated in Appendix
A-1 to yield:

2x107%M cdso, in 1M Na,SO, pH 6.0 (unadjusted)

[

i and 3x10™4M Zn+2 in 1M KCl pH 2.2 (unadjusted).
Nazso4 and KC1l were chosen as supporting elec-

trolyte in order to facilitate the comparison of results

TP n S R A o o

with literature values obtained under similar condi-

tions.
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3.2.2 Preparation of the working curve and equations

‘The working curve was coﬁstructed as per
Nicholson's (23) tabulated values as described in Appen-
dix A-2,

Equation No. 3-1 was simplified by isolating KS
and eva&uating all pertinent parameters as follows:

A starting with «=0,25 (Ref. 23) for cadmium

- i , ‘
® p_ = 0.72X10 5 cm?/sec (Ref. 24)
- -5 2
Dr = 2,07X10 cm“/sec (Ref. 24)
v = (2212 _ (9:12\1/2 _ o 500
B_ 307 0. \
4
e v09:25 20,876
nFv * a0 |
= “RT 38.2 nV at 23°C /
. \l/[n(ag 2) (0.72x1075)11/2y1/2
Ke 0.876
and since n=2 \/:
o =(4.807X10° )\va/z at 23°C (3-4)

similarly for zinc, with
D = 0.72X107° cm?/sec’
o™ 0. cm”/sec’ (Ref. 24)

D, = 1.57%107° cmZ/sec (Ref. 24)

and a = E§¥ = 39.1 nv at 24°C
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one obtains
K, = (4.637x1o'2)xl/v1/2 at 24°¢ . (3-5)

3.2.3 Apparatus and experimenta}ﬁitfameters

All measurements were made with a three elec—-
trode cell circuit as described in Chapter 2, consisting
of:

WE: BMDE (radius 0,265 mm)

AUX: Pt (platinum microelectrode)

REF: Ag/AgCl (saturated KCl)

The detectors were the Tektronix 465 and 564B

oscilloscopes for fast scan, single-cycle and multicy-

cle, and the HP 7001AM X-Y recorder for slow single scan.’

3.3 Results and Discussion: Cadmium
\ ?heldetermination of the standard rate constant
for the reaction of cadmium was carried out using both
single-cycle and multicycle (steady-state) experiments.
For all experiments an initial potential of -0.4B0 volts
vs. Ag/AgCl was used, and the amplitude of the triangu-)

lar wave was always 160 mV,

3.3.1 Results obtained from'rapid—sweep Ccv

Preliminary éweepa on the cadmium samples indi-
cated that optimum results could be obtained using
potential sweep rates in the range of 30 to 100

volts/sec, Consequently, the experiment was designed so
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as to obtain results from potential sweeps of 40, 60, 80
and 100 volts/sec.

Results for the reduction of 2x10”%

M cadmium in
lM'NaZSo4 are summarized in Tables 3-1 and 3-2 for sin-
gle and multicycle respectively. The buXk of the data
and pertinent c0mputedbvalués are listed in Appendix
A-3. After statistical treatment of data, the £final
values for the standard rate of reaétion obtained for
cadmium at 23°C are as follows:
by single-cycle CV K, = 0.22%0.02 cm/sec
by multicycle CV . Kg = 0.20%0.03 cm/sec
The vglues of Ks,in Table 3-1 agree reasonably
well with Nicholséh's results in Table 3-3 and with
determinations made by other methods (25). The coﬁputa-
tion of KS may be best demonstrated by an example. The
polarogram in Figure 3-2 shows a typical redox cycle of
sample 2 at 60 V/sec multicycle, The oscilloscope _and
the Polaroid camera were adjusted so that the horizon-
tal axis read 0.1 V/cm, Now, from the polarogram,
AEp=48mV, and since n=2, nAEp=96mV. From the working
curve (Appendix A-2) one obtains a ¢ va%Pe of 0.655 for
nAEP=96mV. Thus using Equation 3-4,
R, = (4.807X1072) (0.655) (60)}/2 = 0.24 cn/sec
Although the differences in standard rate
constant values obtained by the multicycle and

single-cycle approaches are within experimental error,
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Table 3-1: Standard rate (Ks) determinations for the
reduction of cadmium using single-cycle CV.

Table 3-2: Standard rate

scan rate n AEp Ks
volt/sec. nv, 4 cm, /sec,
40 91 0.78 0.23
60 98 ) 0,63 0.23
80 107 0.48 0,21
100 lli 0.41 0.20

(Ks) determination for the

reduction of cadmium using multicycle CV.

r s
s

scan rate n AEp Ks
volt/sec, mv 4 cm, /sec.
40 93 0.73 0.22
60 98 .0.62 0.23
80 109 0.46 0.20
123 0.34 0.17

100

Table 3-3: Nicholson's Ks values for the reduction of
.cadnium using single-cycle CV (Anal. Chen,
37,1\351 (1965))

.
R—

scan rate nAEp y Ks
volt/sec. mv cm,/sec.
448 94 0.70 0.25
60 98 0.61 0.25
90 108 0.48 0.24
120 115 0.41 0.23
n A

A e iy s
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2x10™*M caso 4 in 1M Na,so,
PH 6, 23 C

WE: HMDE 0.265 mm

AUX: Pt microelectrode
REF: Ag/AgCl

o CV: 60 Volts/sec.
multisweep.

volts

Figure 3-2: A. Scan of 1M Nazso4 (blank).

B. Multiple fast scan CV for the
cadmium system.
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the average for the‘multicycle approach is about 10%
smaller than the average r'if’or the single-cycle approach.
This results from the'fact that, in multicycle work,
;he analyte in tﬁs vicinity of the HMDE is depleted
after the first several cycles to a point where an
electrochemical "steady state" is achieved., As a
resuit, the polarograms obtained for the multicycle

process show rounded peaks with a slight increase in

' peak separation, as can be seen from Figure 3-3. In

addition, it is important to remember that the thegreti-
cal equations are based on the single-cycle procesi\
where, among other conditions, it is assumed that ini-.
tially the analyte is in one of. its two oxidat101 states
or in static equilibrium,

e o
3.3.2 Redox behavior at low sweep rate

- The same samples of cadmium sulfate in sodium
sulfate were analyzed using single-cycle CV at the low
sweep rates of 0.2V/sec, 0.1V/sec and 0.05V/sec.

At these low scan rates where the potential

. . '/
sweep rate does not compete with the kinetic process

(23), the electrochemical redox procegs of cadmium
appears perfectly reversible. Figure 3-4 shows that,
at all the low sweep rates used, the peak sépatation
obtained is approximately 30mV.

However, a closer look at the polarograms in
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single scan— % 3.0-

Vlts I V'V R
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Figure 3-3: A comparison of single and multisweep,
’ *
-rapid scan CV for the cadmium system.
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_QJﬂ' -.60 =
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in 1M\Na,50, -.80-
PH 61 3 5°C N
WE: HMDE r=0.;33 mm -1.00
AUX: Pt
REF:AgﬂEﬂJ =1.20 4
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+2 )
q €4+ 2e—>0Cd . ' 1.20

lim-
. ow-

ow-

reduction

volts -

~0.80 . 0.50 . -0.30 ~0.20

. oM v
Figure 3 4: A COmparison of Single Cycles CV for Cadmium at
Low Scan-rates; 0.05, 0.10, and 0.20 volt/acc.
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0.754

0.504

. \\\‘
s cathodic

(deuction) 0.259

A

volts

v ' ¥ f
-0.80 -0.70

oy
o

xS

anodic ]
(oxidation)

v 2x10”4 M caso,

=1 in 1.0 M Nast4
M WE:* HMDE r*‘.333 mm
. REF: Ag/AgCl
AUX: Pt
CV:. scan rate 0.05 V/s

~ L

]

Figure 3=5: The Effecé of Switching potential on the
Anodic Peak.
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Figure 3-4 reveals that the anodic (oxidation) peaks

7

are significantly larger than the corresponding cathodic

peaks. This is common with highly reversible systems,

o since the reduction process continues rapidly even past é
- /‘ :

the cathodic peak. This produces an excess of reduced i

+

substance (also, amalgam formation (26)). As a result, j

T TR O ™ bt s 3

at the anodic position of the scan, the electrode system
produces a current which is proportional to this concen-
tration gradient. This effect introduces another impor-

tant factor in CV, namely the switching potential Esw
a

M

s SR The influence of E__ on the anodic peak is
¢ . demonstrated in Figure 3-5 where, at a given sweep rate,
the switching potential goyérns the dimensions of the
peak. 1In processeslwhef; the kine;ic\studyuutilizes,the

anodic-cathodic peak as a function of rate of reaction,

‘ Esw is an important~parémeter, as will be seen in Chap- =

-

/) ter -5, However, in this experimental phase, as long as*
the switching potential is not less tQan 60mV past the
cathodic peak, it will not influence tie peak seﬁaration

(Figure 3-5) or the pertinent kinetic results (27-28).

3.4 Results and Discussion: 2inc

The standard late of reaction for zinc was
evaluted using single-cycle CV, Preliminary sample
sweeps indicated that optimum results would be obtained

using potential sweep values of 10 to 200 mv/;ec. The

[

TS el ot S e M L o, . o Bt .



-

" it o e W

L

T D Y o g, v

ey

e ey ey

apri® 56

location of the anodic and cathodic peaks dictated an

initial potential of -0.8 volts and a triangular wave
1

amplitude of 300mV. All potentials were measured versus

Ag/AgCl (saturated KCl) at 24°c,

4 2

Results for reduction of 3X10 %M zn* in 1M kC1

at different sweep rates within the range are summarized
in Tablé 3-4., From duplicate samples, a total of 48
polarograms were evaluated (Appendix A-4), and the final
value for the standard rate constant obtained was:

3

zn*? (24°C) K = (4.05:0.22)X107° cm/sec.

Thié value is in excellent agreement with
resudts obtained by other methods [e.g., K = 4x1073
cm/sec. (29,30)]. )

Th? quasi—irreversiblé behavior of zinc is also
’.anifested'in the nature and shape of its polarograms.

A typical i-E curve for zinc is shown in Fiqgure 3-6.

- Her?, unlike the case of the "highly reversible siira-

" tion for cadmium, there is a  significant difference

between éhe anodic and cathodic\qegments. In the reduc-
tion phaée (cathodic), the reluctance of Zn+2 éo accept
electrons is manifested in a shallow slope and rounded
peak with an ill-defined maximum. The slow‘ rate of
reduction also causes a slow rate of ion ?epletion in
the vicinity of the WE. As a result the current fails to

drop sharply past the cathodic peak.
: )

TR TSR A vy -
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Table 3-4: Standard rate (Ks) determination for the
reduction of zinc using single cycle CV,
scan rate nAEp Ks
volt/sec, mv v cm./sec.x10™>
" 0.1 90 . 0.79 3.4
¥ 0.02 99 0.60 4'9
0.03 106 0.49 4.0
0.04 110 0.46 4,2
' 0.05 115 0.40 4,1
0.06 117 0,38 4,3
‘ 0.07 121 0.35 4,3 -
0.08 129 0,30 4.0
. 0,09 131 0.30 4,2
0.10 133 9.29 4,2
0.15 148 0,22 4.0
0.20 158 0.19 3.8 ;
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Zn+2 + 2@ =—=p 7N

7

0.50+

0.25—

anodic cathodic

(oxidation) {reduction)

——————— (]
§ volts

B T
-0.8 -0.7 -0.6

3x10™4 M 2zn*?

in 1.0M KC1

pH 2, 24°C

WE: HMDE r=0.265 mm
REF: Ag/AgCl

AUX: Pt

Figure 3-6: Redox Behavior of Zinc by CV.

!

4 CV: 0.04 V/s 2n —=2n"2 + 2e

T
‘0.2

-0.50
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3.5 Conclusion

- The results obtained from this experimental
phase suggeét that thé Metrohq polarographic instruments
are indeed suitable for CV analysis. The system showed
excellent reproducibility of results, having random
variations of less than 5%. These small variations are
possiblyfdue to fluctuation in the size of the HMDE,
wh%ch in this experiment were set manually and therefore
opén to human error. One could obtain a higher drop-size
reproducibility by the use of commercially available
electro-mechanical HMDE drives.

From the analytical point of view, this section
has demonstrated the relative ease and simplicity of
Nicholson's technique for the determination of standard
rate constants for simple redox systems. The merits of
this technique can be further stressed when used for
fast estimations, and pertinent parameters such as «, Y
and Do are not available. 1In such cases, Equation 3-3
can be used with striking results. For example, the
estimation equation was used’ on the cadmium and zinc
samples. Uéing the mid-range voltage sweeps (70V/sec
for cadmium and 80mV/sec. for zinc) yielded:

K. = 0.15¢cm/sec for Cd

8
R, = 4.9%1073 cm/sec for Zn

'

' It should be noted that these values are within +25% of

the results obtained by the more precise approach.
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"Finally, it-is perhaps appropriate to mention
here that it is possible to extrapolate .N§cholson's
working curve to facilitate more difficult cases (31).
Other workers have developed a technique which does not
depend on a working curve and can be used on a wider

range of peak separations (32).
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CHAPTER 4 e
THE VERSATILITY OF CYCLIC VOLTAMMETRY

4.1 Introduction and Theory

Cyclic voltammetry has been claimed to be the
simplest and most useful électrodhemical technique for
providing a quick, overall picture of an electrode reac-
tion (12). Pertinent literature sho&s, however , that not
all the information available from this technique is
used or reported. Generally, wgen CV is used, the
results are presented in terms of i-E curves, peak sepa-
rations and/or computed kinetic parameters. But data
such as El/2 and peak currents are detgrmined by other
techniques (e.g., D.C. polarography). This gives ri;e to
ambigquity, since these entitites can be, and’ usually
are, extracted from CV polarograms for kinetic computa-
tions.

Although the results obtained by other tech-
niques are useful for the general description of a pro-
cess, it is perhaps wise to o?g%%%fand presen; as much
data'as.possible from the CV tecﬁnique.

This is important for two reasons. First, one

can describe an entire electrochemical process occurring

within a given set of experimental conditions. Second,

A
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use of techniques other than CV will beceme unnecessary
in many cases. The versatility of CV will be demon-
strated in this chapter using polarograms obtained from
several chromium-pdlybyridyl complexes. From polarograms
obtained under conditions. in which these complexes dis-
play multiple reversible oxidation states, data such as
peak'sepération, 31/2 and peak current-to-concentration
ratios will be extracted and interpreted.

The polarographic half-wave potential for rever-
sible processes may be determined using three different

computational techniques. The first two methods are as

described in Chapter 2 as follows:

0.029 _
El/2 = Ep + n volts . (4-1)

- : 0,028 _
and 31/2 = Ep/z - = volts (4-2)

where Ep = the potential at which the peak amougt ip is

maximum
E - = t ' = s .
p/2 the potential when i 1p/2
The third method utilizes Nicholson's (28)

empirical approach, where E1/2 is estimated to occur at

a point 85.17% up the cathodic wave, These three tech-

niqueé'are summarized graphically in Figure 4-1.
‘ The accurate measurement of‘peak current is of
great importanqe in Cv, since the ratio of the anodic

and cathodic peak currents is significant in the deter-

-
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mipatioﬂ of re;ctibn rategs, as will be noted in Chapter
5. Numerous'techniques have been developed for these
evaluations (33,34,35,36). However, for simple ip/con—
centration evaluation one could obtain i_ values as in

« P
D.C. polarography. Hence, the current is measured from

a-base-line governed by the residual’'current, as can be"

[4

seen in Figure 4-2,

4,2 Experimental

-

4.2.1 ‘Ptepaiation of analyte and supporting electrolyte

The following complexes were received from Dr. N.

Serponé,'Concordia University.

1. [Cr(2,2'-bipyridine);](C10,), ° %520

abbreviated Cr(bipy);3

-

2. [Cr(2,2",2"~terpyridine) ,1(C10,); * 31,0 L 5
: +3 . !

abbreviated Cr(terpy)2 *

L3, ‘[c:(4,4'-dimethyl-z,2'-bipyridine531(c1o4)3 * §,0

i . ’ ) .
abbreviated Cr(mez—bipy);3 " N
4, [Cr(4,4'-diphenyl-2,2'-bipyridine),](C10,), ° 2320’

L
abbreviated Cr‘(phz-bipy);3

With the exception of drying at 50°C, these com-
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plexes were used as received.

The electrolyte solution was composed of O0,1M°

tetraethylamqnium—tetrafluoréboratg (TEABF4) in spectro-
grade acetonitrile. This supporting electrolyte pro-
vided a potéﬁ!@al window or working range af +0.5 to
-2.5 volts versus Ag/AgCl (saturated RCl) reference.

The drying and preb;ka%ion procedures for  the
supporting electrolyte and sample solutions are

described in Appendix B-1 and B-2.

4.2.2 Apparatus and experimental’ parameters

All measurements were obtained with the three

electfode cell as described in the —prebious chapters,

I

consisting of:

[

WE: HMDE (radius 0.333mm)
AUX: Pt (platinum microelectrode)
REF: Ag/AgCl (saturated KC1l)

o

In order to protect thé'non-aqueous sample solu-
tio; from possible water contaminaﬁion, a special double
junction reference electrode was used. This electrode
(85-437) provided a buffer zone of shppbrting electro-
lyte between the agueous KCl and the Eample solution,
Hence, the electrochemigal éescriptiqg of“the reference
electrode“is actually: 0

Ag/AgCl-saturated KC1/0.1M TEABF ,-acetontrile,

»

Preliminary measurements indicated nmo potential

o “

o . s e A A S L sumae B -
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difference between the standard and the double-junct;oﬁ
reference electrodes.

. To further elﬂﬁihate possiblg, water coptamina-

’ tion, an acetonitrile ttapl was added to -the normal

washing sya%em on th§ deoxygenating line, Prepurified

nitrogen was used for 30 min. for the deaeration of each

. qamplefand subsequent blanketing of.samples'undeg analy-
sis, | - )

All measurements were made at 2411°C using

- single-cycle CV at 0.1V/sec with a pote;tﬂzi range of

0.0 to -2.2 volts. Pertinent instrumental settings are

alisted in Appendix B-3.

4.3 Results and Discussion ~

4.3.1 Redox behaviour of Cr-polypyridyl complexes

“in acetonitrile b

Previous voltammetric studies of cqomplexes Bf
chromium with polypyridyle ligands in acetonitrile have
shown that, in all cases, chromium forms reversible
‘five-membered redox chains with the metal in formal
oxidation vagates. of +III, #II, +I, 0 and -I.“ A
detailed hexaminatién Of \;hé above by D.C. and AC
polarography and controlled ‘petential.elecgrglylis (37,

',38) indicated that in the first three redox couples for

. “ , *~
: each complex (III—1II, II-I, I—0) the ligands help to
stabilize the.additdon of electrons to the ‘ molecular
. v R T
¥} )

B S
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4

orbitals, which are primaril§ metal-centered. By

contrast for the last couple (0—-I), the metal helps to -

—_—

stabilize the addition of an electron to a.

ligand-centered- molecular orbital.

Preliminary CV runs on the four given complexes '

‘'indicated that while ' the first-. three electron

gransitions 'could be . easily observed, the foﬁrth
transition (0-*FI) was usually obscured by a large
cathodic wave: This wave is caused by the reduction of
excess liéand in the solution, and 1is considerabl

]

enhanced by the presence of proton donors, such as water

.(39} 40, 41). The residual amounts of water could have

been removed (42) from the acetonitrile, and the excess

ligand extracted from the éample solution., However, duéqa

to limited availability 'of chromium samples and the more
genefal gim of this experimental phase, it wak decided
to ¢éoncentrate Jmainly on’ the first three redox
transitions. '

The polatograﬁs in Figures 4-3 to 4-7 show the

i-E CV curyes for the blank (0.1M TEABF, in

" acetonitrile), Cr(bipyY3, Cd&erpy)z, Cr(Mezbipy)3 and
’.Cr(phz-bipy)3. In addition, Figure 4-8 shows a differ-

ential pulse polarogram (DPP) (Appendix B~4) of
Cr(bipy); at the HMDE. visual inspection ‘of these
polarogrqpa suggested that indeed all the complexes

undergo three equivalept transitions, A mofe ‘procilc~

»
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description of thed redog behaviour is summarized in
Table 4-1. The tabulated values represent averages of
at least loimeasu;ements obtained from two or three sam-
ple solutions of each of the chromium samples. The bulk
of the data is tabulated in Appendix B-5.

As was described in Chapter 2, the degree of
reversibility can be determined from the anodic—cathodic
peak’separations and from the rising slope of the catho-
dic wave, For the ideal reversible case

AEp=60/n mV and
|ep - Ep/zl =57/n mv,

Table 4-1 lists two different values of AEp
obtained as shown in Figure 4-8%, The true value of the
peak separation is. probably an average of these two.
The symmetry of the peaks and the values obtained for
AEp and Ep - By for each transition leads to the
conclusion ghat all the complexes under study have
indeed three reversible oxidation state§; and each
transition involves one electron (n=l). This cobnclusion

is supported by the equivalent values obtained for

ip/c. ‘ .
Peak current-to-concentration ratio is an
import?nt parame£er in voltammetry, since it is an
indicator of sensitivity as well as of quantity. The
fact that no technique other than CV need be used may

be best demonstrated by a compatfhon of the CV values

!
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natural biased

¢tomplex couple No of AEp AEp Ep-Ep/2 ip/C *
{redox) runs (mV) (mV) (mV)* (nd/mM)
Cr (bipy) ,

III-»II—+II1 12 83.0 57.5 58.7 2,03
II —=I —=II ** 12 71.0 51.0 62.0 2.21
I—+0 —I 12 76,0 53.0 62.0 2,21

Cr (terpy):a K‘

IIT—II—III 13 69.0 47.0 59.0 2.39

II —I —=II 13 63.0 47.0 62.0 2.12

I—=0 —=I 13\ 66.0 44.0 60.0 2.10

Cr (mez-bipy) 3

III—=II—III 24 66.0 43.0 60.3 1.94
’\II'—*I —II 24 61.0 43.0 | 58.6 1.75

I—=0—>T 24 €4.0 42,0  57.6 193

Cr (ph2 -bipy) 3 -

III—=II—>III 11 60.0 42.0 53,2% J;.53

II —=I —II 11 63.0 43,0 61.5 -1.55

I—>0 —I ‘ 11 65.0 42,0 59,5 1.66

LAk
P
S

Table 4-1: CV data pertinent to the evaluation of the
degree of reversibility and equivalency
for 3 electron transitions in four different
chromiumq complexes.,

. { * computed only from reduction pe\‘aks
** Roman numerals represent oxidation state

e e =%
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of ip/c with values obtained by other techniques. Table
4-2 lists a ‘comparison of results obtained for Cr(bipy)3
and Cr(terpy)2 by D.C. and AC polarography (37) and by

DPP and CV. The tabulated values indicate that, other

than in the degree of sensitivity, there 1is no

significant difference between the methods. It should

be noted here that the magnitude of the peaks for DPP

l and CV could be easily increased by increasing the sWze

of the HMDE a;‘ld/or by increasing the sensitivity of the

voltammetric instrunent,
1}

4.3.2 Polarographic half-wave by cyclic voltanmetry

The polarographic half-wave potentials were
extracted from the CV polarograms obtained for the four
chr.omium complexes using the following methods:

M’ethod A: E1/2 = Ep + 0.029/n volts
Method B: E1/2 = Ep/z - 0.028/n volts
Method C: E1/2 = a point 85.17% up the cathodic

wave,

w

The results obtained by these methods were
subject to rigl\orous statistical treatment both between
samples and between methods. The reproducibility of
results within a method was examined by the use of the
Q-test within a sample and the analysis of variance
(Anova) F-test between samples. A summary éf the final

averages is tabulated in Table 4-3.

A

-
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\ POLAROGRAPHY
complex couple pc ac @ " ppp D cv P .
(reduction) j!i/C* id /C* id/c* - id/c*
Cf(bipy)3
III—II 335, 3.45 1.8 2.0
II—»1I 3.60 3. 40 1.84 2.21
I—0 3.26 3.50 2.02 2.21 -
Cr(terpy),
III—» II 3.15 3.30 1.81 2.39
II—I 3.40 3.40 1.89 ° 2.12
E g

Table 4-2: Comparison of (peak) current-to-concentration
ratios obtained by different technigues.

a. data from Hughe & Macero (Inorg. Chem.,IS,

. 2040(1976)) .
L) ("
b

. results obtained in this experiment;
*  CV: 0.1 V/S, HMDE Vs. Ag/AgCl. ‘
DPP: 10 mv/S, 30 mV pulse, HMDE Vs. Ag/AgCl

* all units are in uA/mM - : .

'y ‘ ' -

.

.
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-~

=1.713

complex couple El /2* as determined by methods:
(reduction) A B c
Cr (bipy) 4 _
III— 11 -0.200 +0.003 -0.199 +0.003 -0.198 16.001
IT—>I .720 £0.002  =0.714 $0.003  -0.717 %0. 003 '
I—»0 -1.282 $0.002 -1.278 £0.Q02 -1.280 *0. 001
Cr (terpir) 2 ‘
CIII—»1I1 -0.lQ4 0.002 -0.102 £0.002 -0.103 20.002
II—1I -0.511 £0.004  —0.506 +0.005  =0.509 +0.004
I—0. -1.028 t0.002{ -1.026 +0.003 -1.028 +0.002
0—»=-I -1.563 :O.EOS =1.952 0.005 -;1.956 +0,005
Cr (me,~bipy) 3
IIT—1II -0.366 *0.003 -0.361 *0.003 -0.362 $0.002
IT—»1I -0.868 £0.003 -0.866 *0.002 -0.867 +0.002
I—0 -1.388~ +0.003 -1.388 +0.002 -1.390 +0.003
0—»-I -1.997 $04006 -1.987 +0.004 -1.987 +0.004
Cr (phz-bipy)} .
III— I1I -0.219 +0.003 -0.223 +0.003 %-Q.221 0,003 -
IT—>I ) -0.657 $0.003 —0.653 +0.002 -0.654 0,002 .
I—r0 (L4.171 40,004 -J.169 £0.003  ~L.170 £0.004
0 —@I Fl.726 +0.008 +0.005 -1.719 $0.003

Table 4-3: Half-wave potentials (El/z) for chfomium c‘bmplexes( .

g

in acetonitrile as determ:.ned by 3 different

methods from cv polarograms.

* vOolts

+ standard deviation, Vs. Ag/AgCl at 24°C .
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A striking feature”’ of the data in Table 4-3 is,

the fact that 'in 90% of the cases, the values obtained
by Methods A and B;'are~the upper and lower limits
respectively, while the values for MetJod C are
contained within this range. - The 1logical explanation
of this phenomehon is " based on the nature of the

methods. Both Methods A and B were derived

theoretically and are based on the ideal reversible case

where IEP - Ep/2|= 57/n me As ‘such, they are slope

dependent, Any departure from the ideal reversible
process will affect the ;athodic slope, and ﬁence cause
a divergence between the two methods. On the other
hand, Methoé C, which was derived ‘emerically, is not
affected by changes in slope. Rather, it seems tq
define the pivot point around which the slope is
changing as governed by the degree éf reversib}lity.
Logically, one would expect the values obtained
by ﬁethod C to be the average of those obtained by
Methods A and B, This, however, is not the case.
Method A gyaluates El/2 utilizing the péak potential

(i.é., the potential at which the current is maximum),

‘This maximum, however, is not always well-defined. The

‘peaks are often round at the maximum and, in the cases

where other electrochemical processes occur in the
vicinity, the peaks are distorted to a point ‘where they

appear in the shape,df ‘a plateau. This is clearly seen

1
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in Figure 4-10, where the reduction 0—-I1 of Cr(ph,
) ' >
-bipy), is influenced by the reduction of the free

ligands. Hence, the exact determination of Ey is
difficult and subject to large experimental (measure-
ment) errors. i

The performance of the three methods was also
compared statistically within samples. From 11 sample
solutions, 60 polarograms were recorded, showing a

total hof 196 peaks. This permitted the comparison of

" 37 groups with an average of 6 peaks per group. The

equivalency of the 3 methods was determined by sub-
jecting the individial averages and standard deviations
to"the F-test at the 95% (FO.OS) significance level
(Appendix B=6). | |

The éomputed'stagistical’ results show that in
38% of the cases Ehé'values obtéined by Method A QF?
not equivalent to theée of‘ﬁethods B and C, while the
latter two are quivalent and covarying in 87% of the
cases.” The equivalency of M%thods B and C is also
gpparent froml the data in Table 4-3 (between sémples).
Both methods“produce covarying reéults whpse difference
never exceeds 5"mV. This is expected, since Method B
is affected mostly by the degree of reversibility of
the chemical process and very lit;le_ by the shape of

the maximum region of the peak.

Of 'the three methods, Method C seems to be the

D
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sfiost  suitable and reliable. It has shown the best

record of reproducibiiity, with an "average standard

deviation of less than 3 mV, which is well “within the
experimental error of +5 mV. In addition, as described
before, it is to -a considerable extent independent of
peak shape and degree of peversibility.

The results for E1/2 as. obtained by Method C
are in good agreehent with literature values obtained
by using D.C. polarography. Table 4-4 shows a comparison

between techniques for Cr(bipy)3 and Cr(terpy)z.

4.4 Conclusions

Although conclusions are drawn only for a
specific group of chemical processes having similar
characteristics, this chapter 'demonstrates that CV has
the capability of providing-all the data needed for the
interpretation of a given electrochemical process.

When solid working electrodes are used, due to
their nature, the correlation of peak potential to the
classical 31/2 is infrequent (12, 43, 44, 45). 1In such
cases, however, the half peak potential should be

recorded and reported, since E /2 could easily replace

P
E

come a commonly used reliable tool, results should be,

presented as shown in Table 4-5 for Cr(phzbipy)3. All

the data shown in this table were extracted from the

»

1/2 as a qualitative parameter. Thus, if CV is to be- -
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complex couple C.v. D.C. pOLARothpnY
(reduction)rb . E1/2a El/zb E&/zc El/zd
Cr(bipy) , '

_III—aII . =0.198  -0.209  =-0.210  N.A.*
II—»1 -0.717  =0.715  -0.725  N.A.
I—=0 -1.280  -1.280  -1.280  N.A.
Cr(terpy)z ‘ o
11T — 11 -0.103-  -0.110  =0.110  -0.118
IT—p1 -0.509  -0.516" ~0.510 ~=0.519
I —=0. -1.028  -1.030  -1.030  -1.027
Ot -I -1.952  -1.950  N.A. -1.950

> .‘ ‘

Table 4-4: Comparison of half-wave potentials (El/z);
- CV Vs. DC polarography. ‘ .
a. Obtained in this experiment using method C,
- volts Vs. Ag/AgCl at 24°C. .
' b. Resultg obtained by Hughes & Macero (Inorg.
' Chem.,15,2040(1976). _
c. Same as b, under conditions of excess ligand.
d. Results obtained by Rao et al. (Inorg. CHim.
Acta, 18,127(1976) . '
* Not available
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pola;ogram in Figétév4-10.
Techniéally, the instrumental system presented

two probl;ms, both caused by the supporting electrolyte.

Due to the viscous nature of acetonitrile, it was diffi-

cult to suspend the mercury drop (BMDE) for the duration -

of the experiment, This prablem - was solyed by using
relatively small mercury droplets, and by adjusting the
WE capillary so‘that the droplet was suspended just
beneath the surface of’the ?olution. The best solution
for such prob}ems is perhaps the U-shaped capillary tube
described by -Kolthoff (46) on which the mercury droplet

sits rather. than hangs.

L

The second problem involved the double-junction
reference electrode. The frit in the inner Jjunction

(i.e., at the interface between the aqueous KCl1l and the

TEABF4 acetonitrile) kept precipitating salts, pfobably.

potassium tetrafluorobbrate. As a result, the reference
( .

potential began to fluctuate. This problem is not uncom-

mon when working with non-agueous electrolyteé (46).

Once discovered, this difficulty was easily solved by

. periodic wiping of the inner junction frit.

!
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(g;\e As was seen in Chapter 4, in an aprotic solvent

' regorted no evidence of dissociation of the complex

CHAPTER 5
THE RATE OF REACTION OF Cr (bipy); AND Cr(me,-bipy);
IN AQUEOUS SOLUTIONS

5.1 Intrqg%gbion and Theory

uch as acetronitrile, the tris bipyridine chromium com-
plexes are reduced in four, well-defined, one-electron

steps. The glectchhemistry of these ions in water is

- however not 8o simple due to catalytic ligand exhanges

at the electrodpf(WE) surface.
o ‘
5.1.1 Aqueous pehavior of [Cr(bipy)
; | i
From i+E curves obtained using a commutator

+3.
3]

polarogf;p?ic kechnique (square wave), Vicek (47)
rePorted /hree p?larographic waves (El/2 vs, SCE of
-0.36, -&.73, and -1.38 volts) for the [Cr(bipy)zl+3

ion in aqueous/ 0.5M NaCl supporting electrolyte. Vlcek

during any stage of the reduction proceéss and concluded
that each of«phe‘polarographic waves corresp&nded to a
reversible one-electron transfer leading finally to
[Cr (bipy) ;1°.

In a more extensive study using conventional

polarographic techniqﬁes, Baker et al. (48) and Tucker

- N T AR A ket 4k
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et al., (49) obtained four polarographic waves with E

1/2
potentials that were substantially different from those

‘obtained by Vlcek. From the behavior of the first two
polarographic waves with regard to ph and temperature,

Baker suggested the mecRanisms shown below:

(cr (bipy)51* + e”== [cr (bipy) 512

. - EByjp = -0.49V R ' (5-1)
fr +2 R
[cx (bipy) ;12 + 2Hz°=i§* \
" [Cr(bipy), (B,0),1*2 + bipy (5-2)
' Ui 43 +2 K};
{ ) 0
(Cr (bipy) 51*2 + [Cr (bipy), (B,0),1*3 (5-3)

i .
i : . . +3 -
|

(e (bipy) (800 ,1"2 By = <072V (5-4)

X K
- [Cr (bipy)2(320)2]+2 + bipy a‘x‘:-'—‘

(cr (bipy),1*2 + 28,0 | (5-5)

The [Cr(bipy)3]+3 undergoes  catalytic 1ligand
exchange at the ' dme surface to [Cr(bipy)z(ﬂzo)zl*a,
\
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which is rgduced at a potential more cathodic’ than the
original tris complex. The ligand exchange process was
also confirmed by controllea-ﬁbtential electrolysis and
cyclic voltammetric techniques.

The reactions in Equations 5-1 and 5-2 are by
themselves reversible. The ;igand exchange ‘in Equation
5-2 does not affect the electron transfer in Equation
5-1. But when, in the CV electrochemical process,
[Cr(bipj)z(HZO)zl+2 is formed in. the presence of
[Cr(bipy)2]+3, the diaquo complex is very rapidly
removed in the reactioen described in Equation 5-3.
Under these conditions Equatign 5-2 appéars
irreversible. Thus, Equation 5-1 and 5-2 described an
electron exchange followed by an irreversible chemical
reaction. The rate of dissociation of the. complex (Kl

in Echation 5-2) can be evaluated as hereafter

described. . //

5.1.2 Methodology

~

In their classical ' paper on stationary
electrode - kinetics, Nicholson ‘and Shain  (21),
described . a technique for the evaluation of 'raﬁes of
reaction for irreversible chemical processes which are
éreceded by a reversible electron transfer. The

electrochemical process can be described by the

following equations:

-4
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/’ ' ,
/ 0 +ne mR ‘ ‘ (5-6)
Re /
R =t 7, ‘(5'7)

Their technigque permits the evaluation of Kf in Equation
5-7 from the a'nodic/cathodic peak height ratios obtained
from the reversible reaction (Equation 5-6) by the use
of f:ycfic voltammetry. From a larée number of theoreti-
cal polarograms, Nicholson and Shain derived a working
curve of( ia/ic versus 'lﬂ(f'r ‘(Figute 5-0) , where 7 is the
elapsed time between tixe potential at which the scan is
reversed (Esw) and the El/2 of the cathodic Wf..l?rom
this relationship one can see that 7 is essentially
controlling ia. A large 7 will permit Equation 5-7 to
eliminate a large amount of reduced species, As a
re'suit, the oxidation part of the  cycle will yield a

smaller anodic peak (1,). The variation of i with T

. will therefore permit K. to remain a constant and _in

effect eli_mi'nate the scan raﬁe and the swi;.ching poten—
tial as variables in the computation of th '\ki\e'tic
parameter. -

The only difficulty with this technique lies in
the evaluation of ia/ic‘ While i, can be easily
measuvred from a well-defined base line (the residual
current) , thé anodic peak ia is quite difficult to
measure since the polarograms do not show a base line

et AR o amed d e e e B in Wieet § . el ; AR t% SR Ackh  AaE
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Figure 5-~0: Nicholson's working curve ia/ic' vs. Kf‘r
' (Anal. Chem.,36,706 (1964)) .
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.at. all for the oxidation portion of the scein. In

order to obtain a clear (horizontal) base line, one

would have to scan well past - the:
’ &

However, due to the nature of the chemical process,

‘this will allow Equation 5-7 to dominate, resulting in

an excellent base line but a poor ‘anodic peak. To solve

"this problem, Nicholson (28) has developed a semiempiri-

cal procedure which permif:s calculation * of the ratio

e

ia/'ic from -a single-cyclé polarogram. The- terchnique

involves the utilization of three easy-to-measure quan-
tities. b These are the cathodic peak (ic) r the apparent
anodic peak‘ (iaa) a;nd the current at t;he switching
potential zisw‘)'.' As can be s from Figure 5-1, the
latter \two quax;tities are also measured from thg catho-~

dic base line. Using° these measurable parameters, ¢the

‘true peak ratio was Yound to be: N ' " ~
i1 0.4851 '
a aa 8w
) = + + 0.086. (5-8)
I T , \

This relationship essenr:ially allocates a
portion of the switching current to the anodic current
and | hem;e estimates where the anodic base line would
have beén.

The elapsed time can be easily evaluated, since
El/2 can be computed by either Method B or C as

described in Chapter 4. Therefore, in theory, one could

.

L

A

cathodic peaki— | .

-
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Figure 5-1: Nicholson's easy-to-measure parameters

(E ~ El/g)n, mv

'from CV polarograms.
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evaluate the kinetic parameter Kf from a single-cycle
polarogram, ‘

I~ A striking feature of this techniluq is that the
ratio of peak heights is -independent of such experimen=-
tal parameters as diffusion coefficients and electroae

~
size and surface area (50,°51).

5.2 Experiﬁéntal

5.2.1° Preparation of analyte ahd'sqggg:ting.electrolzte

The sémple solgtions in duplicates for both
¢Cr(bipy)3 and Cr(mez-bip_y)3 Qere prepared as indicated
in Appendix C-1 to yield:

5

5.5X107° M complex in 0.1M potassium chloride.

The concentrations and the supporting electro-

11$e were chosen in order to facilitate the comparison
of rgsults with literature values under ‘similar condi-
) ;

tions (for Cr(bipy)3).

\

'5.2,2 Apparatys and experimenEEI parameteré

All measurements were obtained with the three
electrode cell ;s descriB;d in the previous {Sbapters,‘
consisting of: . )

WE: EMDE (radius 0.423, 0.384, 0.333, and,0.365mm)
~AUX: Pt (platinum microelectrode) ‘\
Ref: standard calomel, SCE (saturated KCl) and
Ag/AgCl (saturated KC1),

A vorneithe o
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All measurements were taken at an ambient
temperature of 24il°C or, when needed, at elevated
temperatures of up to 35°C, controlled by passing hot

water through the built-in glass jacket of the cell.

a
Al

5.;‘“$esults and Discussion
N\ A\

5.3.1 Preliminary results and complications: Cr(bipy)3
Initial runs on the Cr(bipy), samples were

carried out at 25°C with an unadjusted pH of 5.2, and

'éll potentials were measured versus the Ag/AgCl (satur- '

ated KCl) reference electrode. The resulting polarograms
suggested the ©presence of ‘'multiple complicating
factors, of which the most outstanding was a large
residual current (capacitance). When measured from the
zero-current line (start), the residual current was
pften half the size of the reduction peak, as can be
seen from :Figure 5-2. A 3!sua1 comparison of the
polarogram in Figure 5-2 with that of the ideal case in
Figure 5-1 suggested'that straightforward measurements
of i, i,, and i ‘are quite impossible.

8w

In addition, the cathodic peak gave a maximum
at -0.44 volts versus Ag/AgCl with a computed Ei/z of
-0.410 volts., Adding -0.04 volts to the Ey /1y value (in
order to compensate for the difference between the
Ag/AgCl and fhe SCE reference electrodes) yielded a

value which was still 40 mV more positive than that
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E(volts)
.k
-0.7

- 2 1 anodic

. -1.0 4
5.5x107x (Cr (higy) 5 '
in 0.1M K°1
P 5.2, 25°%
WE: EME re0.384 mn
Ref.: Ag/AgCl

. AlX: Pt

’ ' CV: 0.20 V/s

v

-3,0 -

t

Figure 5-2: CV polarogram of aqueous C;(bipy)3.
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reported in the literature (E1/2 = ~0.49V), Furthermore,
at lower than 0.2'V/sec. scan rates, the cathodic wave
became rounded and ill—defined.

’Another puzzling phenomenon was the size of the
anodic peak. While, -according to theory, it was
suppbsed to be much smaller than its cathodic counter~
part, in‘reality (Figure 5-2) it was equal or larger. In
addition, the anodic peak did not always occur at the
same potential. It.was at times broad and occurred at
the same potential as the cathodic peak, which again,
from the theoretical point of view, is impossible.

All of the above observations suggested that the

i

process involved more than’ one electrocdhemical

- =

reaction. Since the time iapses between scans at the

HMDE somewhat resemble those in polarographic

. gstripping techniques (52,53), suspected impurities such

as lead (Pb) were removed by electrolysis from both
the mercury and _the supporting electrolyte (Appendix
c-2). This, however, did not improve the results,
suggesting that the problem lay within the complex

sample. That this was probably the case became more

vapparent when the scan was extended to -1.20 volts.

R =
R P

Both anodic-first and cathodic-first scans in Figures
5-3 and 5-4 show the two expected reduction -waves;
+3 — +2 for [Cr(bipy),]*> and [Cr (bipy, (8,0),1*>. How-

ever, the oxidation portion of the scans presented

—
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several large anodic peaks which did not correspond to
any ob~ious reduction or chemical process. In addition,
the feduction peak for [Cr(bipy)2(320)2]+3 was quite
broad, in@icating that it was the result. of éeveral
peaks. This became m?re apparent when\multicycle Cv was
used. The polarogram in Figure 5-5 shows that the catho-
dic peak is actually composed of three peaks, of which
the most relevant is the small, peak circled in the

polarogram. This peak seemed to be shifting with both

the scan rate and the switching potential (E.). For

sW
example, Figure 5-6 shows,it appearing at as IOW"as
-0.615 volts (designated X). The sharply rising slope of
this peak and its general shape and size suggeg;gﬁ that
it might be caused.bf the fast reduction of an «interme-
diate species or that it was due to charge deloéalizing
on the chromium in the catalytic reaction (Equation
5-2). Figure 5-6 also shows that the anodic peak (peak
A)‘for the reoxidation of [Cr(bipy)3]+2 is also composed
of‘mofe than one peak; This isomerization-like behavior
could be caused by two similar species (i.e., the pro-
duct of the primary reaction in - Equation 5-1 and the
product of the catalytic reactions in Equations 5-2 or
5-5.)

All of the foregoing indicated that the

solution (as prepared) contained more than one system

at equilibrium and that the primary reaction (Equatién

v
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-0.40  -0.30 -0.20
]
| - T -1.04

' '5.5x10"° [Cx (bipy) 353 -2.0 1
" in 0.1M KCl,pH 5.2,25°C

WE: HMDE r=0.333 mm. \ 04
" Ref.: Ag/AgCl

| C.V.: 0.10 V/S. ,

. , : )

. |
-
A

Figure 5-6: CV polarogram of aqueous Cr(bipy)é. The anodic
(oxidation) peak 'A' suggests the presence of
more then one peak, and peak 'X' indicates the
the existance of an intermediate species.
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5-1) is‘probably further comp}icated by the presence of
excess ligand - (as was described in Chapter 4) and by
other subspecies (54), "such as iCr(bipy)(820)4]+2 and -

[Cr(Hzo)6]+2. /

a
» /

"5.3.2 Preanalysis sampL@ treatment

It became obvious from Section 5.3.1 that in

order to proceed with the determination of " the rate of

reaction K¢, two major complicating factors had to be

eliminated or at least gréétly miniyi;ed. These were

tbe size of the chargiqg (residual) current. and the

presence of intermediafe species at the outset.

) The effect of charging current was .greatly
~

reduced by decreasing the size of the working electrode

(smaller Hg-droplet). This action was decided upon after

it was observed that the size of this electrode has a

gréater effect on the charging current than on the fara-

- daic current.

The secopd problem was solved by the use of
prolonged electrolysis at fhe HMDE. The technique.
inv%lved multicycle scanning between 0 and +0.3 volts
ve. SCE while passing N, through the solution (as
stirring). The positive potential scanning induced

most of the analyte to form the primary species

'[Cr(bipy)3]+3. This process, however, took about 40 min-

utes, and the accidental fall of the HMDE made it neces-

»
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sary to‘gtart~ov£i again, Figure 5-7 shows the metamo;-
phic transition at a point 15 minutes into the process.
The original cathodic peak has split ,into two distinc£
ggaks.‘ The peak at =0.33V will eventually ‘shift moré
anodically and finally diéappear, while thé peak at
~0.49V will grow and shift to -0.51V bo yield the final
product.

Attempts were made to reduce the duration of
the above process by using\elecérq}ysis at a platinum
{Pt) gqauze electrode. However, this proved to be
ineffective; probably due to differencés in catalytic

effect between platinum and mercury.

5.3.3 Results: Cr(bipy)3

Although the glectrolyzed’saméie gave large -and
well-defined peaks, the residual currents were not
completely minimized, and their effect was noted both
at the beginning of the cycle and at the switching point
(Esw). As a result, the potential at which the scan. was
reversed had little or no effect on the anodic peak, as
is clea}ly seen in Figure 5-8, This made it impossible
‘to use the techniqu® described in Section 5.1.2 to esti-
mate the true ia/iC ratio, since only isw varies with

-7 and this is not sufficient to malntain Kf cbnstantn

Hence a different method had to be developed.

*fE was observed that the residual current at the

»
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o
: : 2.0"
: 1.0+
5 5 I
H : [~~—s
E (volt) ' '
t "
0. 49 -0.33 -0.20 | \
. L}
-100 -
5.5x10™°M [Cr(bipy) 5
*in 0.1M KCl1l, pH 3.5,25°C
WE: HMDE r=0.384 mm. © =2.0 7
Ref.: SCE saturated.KCl. - N
AUX: Pt. _ . -
Cc.V.: 0.10 V/S. : ’
) ! ™

Figure 5-7: Aqueous Cr(bipy)3;'cathodic (reduction) peak
splitting after 15 min. of electrolysis.
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5.5x10" "M tCr(bipy)al'B 150 +

in 0.1M KCL,pH 3.5,25°C
WE: BMDE r=0,265 mm
Ref.: 3CE (saturatsd KCl)
AUX: Pt.

C.V.: 0.10 V/S

. loo -
- gipony

o

Ks.supporting -
electrolyte (blank)

T . 1 i
=-0.40

-100 -

o

Figure 5-8: Agqueous Cr(bipy)B;composition of three. .
polarogramg having different switching
\ .
potentials. From this polarogram it cap

be seen timt Egwitcn 90€S nog ;ffect the
anodic peak 'A'.
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r.start of the scan was mainly due to the supporting

‘electrolyte (Figure 5-8). However, due to the nature

of the 'electrochemically evaluation (one Hg drop
suapépded for an hour), it was hardly possible to
obtain scans for both tge supporting electrolyte and
the analyte solution at the same quE.‘ Consequently,
a large nuﬁber of scans were recorded for the

supporting electrolyte (blank) at different potential

8can rates. This permitted ~ the construction - of

‘theoretical blank models (Appendix C=3), which. were

then superimposed on the sample runs and provided the

[}

.bage line for the measurements of the cathodic peaks.

-

For‘ reasons described in detail in Appendix C-4, the
anodic pewks _(true‘values) were measured from a point
at which the current reaches equilibrium when the cycle

\} -
is stopped at the switching potential. Figure 5-9

demonstrates the éechnique by which all the polarograms-

were evaluated to yield the true values of ia and ic.and
hence their ratio. .

Finally, the analyte solutions were acidified

and adjusted to pH 3.5. « This was done in order to

‘prevent sample deterioration, so that the saﬁplea could
be analyzed over several weeks,

The rBsults obtdined from duplicate samples of
Ct(bipy)s at 23° and 25°C are summarized ’in Table 5-1.

v The Kf values tabulated at each ségn'rate are averages

.

A 1o e e M SR s 1 o il e 58




- ‘ 108

|

: ~ , . 10 1

o . X o—\ W ~ . .

‘ E ey 0.00

~-0.60 :

e " 43
5.5x10 "M [Cr(bipy)3l
in 0.1M KCl,pH 3.5, 23°C
WE: HMDE r=0.265 mm.
Ref.: SCE, saturated KC1.
AUX: Pt. . ‘ :

© )\ c.vi: 0.05 v/s. :

L]

Figure 5-9: Peak magnitﬁde determinations. Reduction
peak (ic) is measured from the residual

current. Oxidation peak (ia) is measured
from a point of current equilibrium (X)

at half cycle.
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4

obtained from a minimum of four determinations. The

bulk of the data is tabulated in Appendix C-5.

Averaging all the iates of reaction (Kf) at all the

. 'scan rates yielded the final values for Cr (bipy) 5+

1

K. = 0.293+0.022 sec — at 23°C

f

1l

: ) - o “
| Ke = 0.343%0.028 sec ~ at 25°C
'ﬁ‘ L]

!

The relatively high values for the standard
deviations are due to the fact that the reproducibility -
of the polarographic (CV) determinations was Q%thin
+10%, a range which has also been reported by other
workers (48). 1In addition, no attempts were made to.
reject high or low values, since in princible one
should be able to estimafe Kf froh a sihgle polarogram—-
for example, from the polarogram in Figure 5-9, ia/ic =

0.613. From this ratio one obtains from the working

curve K. 7 = 0.594. The elapsed time is then

E - E .
- 1/2 Sw _ =0.475V-(-0.575V) _
T = “SCAN RATE - — '0.05V/Sec 2.00 sec.
K. 7T
f 0.594 _ .. -1
~— Hence Kf = === 2.000 0.297 sec.
'h - ’ The results obtained at 25°C, pH 3.5, are in

reasonable agreement with reported resulté, Kf = 0.38
sec,'l, obtained by other polarographic techniques and
by direct chemical methods (48,56). The 10% difference
between the results obtained in this experiment and the

reported values could be attributed to differences .in

\\
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pH. The pH, however, was not specified in the
literature.

. On the otber hand, the value of 0.293 sec™!
obtained at 23°C and‘ pH-3.5 was in total disagreement

with 0.108 sec™ !

at pH § reportedrby Soignet and Hargis
(54) and obtained by the same CV technique. Such a lagge
difference in Kf.values could not be " attributed to
differences in PH (48),. A close examinq&ion of the data

presented by Soignet revealed the reason for at least

. part of .the observed difference in Kge In his computa-

tion he estimates E) ,, by simply multiplying the ﬁgak
poteﬁtial by 0.8517 (85.17%). This kind of "short-cut"
yields a correct value only when the'slope of the catho-
dic peak begins to rise at zero volts; in Aall other
cases this would lead to a divergence 'in obtained
values. This is especially significant when one wishes

to compare two or more similar species with coathodic

peaks at different potential as Soignet and Hargis did

(54,56) and as this experimental work will essay for
Cr(bipy)3 and Cr(mez—bipy)3.

The balance of the difference in the Kf values

\is probably due to the different treatment given to the

residual currents. The effects of capacitance currents
are not mentioned in their paper, but neither do they

show pictures of pertinent polarograms.
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5.3.4 Results: Cr (me,-bipy) 5

The agueous behaviour of Cr(mez-bipy)3 is simi-

lar to that of Cr(bipy), as described in Section 5.1.1.

Hence the reactions of interest are

[Cr(mez_bipy)3]+3 + e'EE=‘_¥.[Cr(mc—zz_b;u;.y)3]/'/2 (5-9)

el
Fd

K / .
. + £
[Cr (mez—blpy)3] 2 4 2320 % ;

/
!
» Q )
[Cr (me,~bipy) , (H,0) ;112 + bipy y (5-10)
u

B

Here again, the aim is to determine the rate of
reaction/dissociation (K;) in an electrochemical process

where a reversible electron transfer is foilowed by an

\

A

irreversible chemical process.
All the detérminations were obtainéh at room
‘temperature (25°C) and, for comparison purpoges, all
analyte selutions were adjusted to pE 3.5, Potentials
were measﬁred versus SCE. (
The,results. obtained from dupliéate samples at
varioug scan rates are summarized in Table 5-2. The
- tabulated K. values represent an‘average of a minimum
of four déterminations. The bulk of the data is
listed in Appendix C-6. Avefaging the RK: values
obtained at all scan rates yieléed, fo; 5.5X10"° M
Cr(me,-bipy)3 in 0.1M RCI1:
Ky = 0.353£0.032 sec™! at 25° C
|
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~where: log A = plot intercept
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This is in exéelient agreement wifh the results obtained
for Cr(bipy)3.’

The rate &f reaction, Kf, was aiso determined
at a variety of temperatures as summarized in Table
5-3. All the‘preéented values were determined at 0.1
V/sec and are an average of 4 determinations.. An
Arrhenius plot of these rate constants was performed
2)
points showed a correlation coefficien; of 0.986.

(log Kf vs.

From the slope of the plot an activation energy, E of

al

18.4 Kcal was calculated using the relation:
E

o = o —t
log K = log A - 5—=53gF

R

gas constant
o]

T temperature in “K

The _energy of activation obtained here (18.4
Kcal) is somewhat lower than reported values for similar
complexes, where the range is 20 to. 26 Kcal (48, 54,
56, 57). However, this kind of comparison is not very
meaningful since, like K., E_ varies with pH and other
experimental parameters, such as excess ligand, in this
determination.

Finally, Figure 5-10 demonstrates the:. transi-
tions fn the polarographic (CV) peaks as a fuﬂétion of

temperature. It should be noted that, in these cases,

" K¢ is affected not only by changes in the ia/ic ratios

IR T A Y

and the least-squares.line through the

i e R e "
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but also by the anodic shift of E1/2 with the dncrease

in temperature, as can be seen in Table 5-3,

'

5.4 Conclusions

The CV technique described in this chapter is o

commonly used for fast estimations of reaction rates.

*However, this chapter demonstrat;s the importance of
fully unde:standihg the technique. .- Parameters such as

residual currents and half-wave potentials should be

taken into”account and properly evaluated.

The semiempirical method developed in this

T e e >

experiment for the true evaluation of ia/i has proven

c
to be reasonably réiiable, as’' can be deduced from the ' i

-

fact that. the results (K¢) at the various scan rates

did not diverge.

The merits of CV as a general tool were again
demonstrated since, in addition to estimating Kf, it
also gave a clear picture of the overall electrochemical
process and indicated ﬁoééi%le trouble spots such as
peaks due to intermediate reactions. Moreover, taking :
into account the complexity of the evaluating method ﬁnd
the fact that the determinations were carried out over
several weeks (using the same samples), the technique
produced excellent results. Reproducibility of results,
b6th within and between samples, was always within +108%.

This gave an overall average of +7%, which is equal or
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better than reported literature valu‘es (48, 54).
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CHAPTER 6
GENERAL CONCLUSIONS, INSTRUMENT EVALUATION, AND
SUGGESTIONS FOR FUTURE RESEARCH

6.1 Conclusions

Throughogt all the experimental phases, the
cyclic voltammetry technique has proven to Dbe a
powerful tool in the study of electrode kinetics. From
the simple rate evaluation of Ct.i and Zn to the complex
béhaviour of aqueous chromium complexes, data was
always easily reproducible. Fu}thermore, the  work
carried out here indicates that in many instances CV
could be self-sufficient and provide all 'the needed
electrochemical data for a .given species.

The. resultss obtained in Chapter 3 ‘and
particularly these of Chapter 4 were the foundation
for the work in Chapter 5. These preliminary
approaches provided proper methods for the evaluation
of the pertinent parameters, " such as half-—.wave
potential and current behaviour at switching potential.
Consequently, the semiempirical method developed in
Chapter 5 has proven to be reliable; it produced Kf
values for Cr(bipy)3 (Table 5~1) which were in good
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agreement with the literature results.
Based on the above, the results listed in Table

" 5-2 for the original work on the rate o& reaction (Kf) . !

of aqueous Cr(mez-bipyf3\ can be considered as highly |
reliable. ‘ ' |

{' ' 6.2 Instrument Evaluation N

Both the polarograph and the signal generator

used in these experiments démonstrated a high degree of
linearity, good signal—to—noise ratig and good reproduc-
i ibility. - The smali‘ variations in current magnitude
(i.e., peak heights) that were observed were due mainly
to the variations in the size of the HMDE, This, hoy-
ever, did not influence Eﬁé'kesultg, since the. computa-
tions were based on peak current ratios. In cases where

absoluteapeak value* are needq..bphe problem can be eas-:

il§ rectified by using automatic, electronically con-

tro}led hanging mercury drop electrodes which are com-

mercially available (Metrohm). 'y

6.3 Suggestions for Instrumenf§jal Modifications and

I3

: ' Improvements
: ( ‘ The proble/s afising from charging currﬁyté were
' reported to be reduced to a neglig}ble level 1in more

advanced CV instruments (58, 59, 60). These systems
S . employ small-anm{jfude square—wéve .pulses or an AC wav;

\\\\\‘ superimposed on the CV potential ramp and are

; . . ' .
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synchronized by didital computers to yield optimum
results, In such cases 'Nicholson's sfmple technique

‘for peak ratio evaluation can- and should be used.

various pulse techniques of - the multifqnctfon polaro-
graph (E-506) with the CV technique. This could yleld a
CV instrument Qiéﬂ a sensitivity comparasle to DPP, ‘both
in terms of minimizht@g& of‘rgsidual cur;ent effects and
of peak definitions,

The existing controls for scan-rate on the

function gepérator (E-612) are graduated ‘so that only

. Hence, it would be very\ profitable to integrate the’

emultiples of 9,001, 0.01, 0.1, 1.0 and %0 V/sec. can be

set  accurately. Consequently, one cannot B8et a
scan-rate of 0.15 V/sec ;r f.s V/sec etc. without exter-
nal calibration. This problem can and should be recti-
fied by'thehgddition of a gotentiémeter and/or laiger
diﬁls with subdivision graduations.

o Finally, as 1is the case with ﬁbst commercially
available function generators, the fletrohm E-612 has
only two controls that govern the’ triangular poten;ial

wave; one sets the start and finish potential and the

other controls the amplitude. It would be an asset to

- have two separate controls for start and finish. This

would facilitate the study of complex reaction
mechanisms, since, for example, one could start a CV

scan at a poterntial past a particular reduction value

o)

¢

o .
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occurs at the poiné of potential switch-over (E
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and sthen continue <cathodically. However ; on the
{ ;

returning anodic portion of the sweep, one could set

the finish péint so that the oxidation process for the

above reduction could be recorded.

A

'6.4 Suggestion for Future Research Work .

From the conclusions drawn in this thesis, as
.well as from the work of other researchers, the scope
and range of application of cv is obvious.
The following suggestions are based only on observations
and data collected by the author .msing CV and other

techniques.

6.4.1 Charging current ingggclic voltammetry

?

Unlike | other polarographic techniques, the
effects of charging current (ic) in CV are compounded.
To start with, as can be seen from Equation 2-5, ic is
progportional to the scan rate. Hence, in all‘ rapid

~

sweep techniqués, the magnitude of ic is not
insignificant. In addition, in CV work, one is
conf;onted with'three versions of ic‘ The first occurs
at the“beginning of the sweep and 1is similar to that
for all other voltammetric techniques. The second
sw)'
Finally, the discharge occurs at the end of the cycle.
Due to the cyclic nature of the potential sweep,' total

charge 1is equal to total discharge, This, however,

R —— ———— N

T
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does not shed much light on the behaviour of ic at Esw‘

Consequently, most workers by-pass the probiem of ic

by creating empirical-methods or by the use of sophisti-
o . cated equipment. Hence, the author suggésts a mathemat-

i : ical investigation of the relationships between .the
charging currents, ho& they are influenced by Esw' and
f , their effect on the location of the baseline for the

|

returning portion of the sweep.

6.4.2 Comparison of techniques: év vs. Kalousek

i . Ralousek polarography (61) is a variation of

e

} square-wave and pulse techniques. Here the recorded
| current results in part from the oxidation of the
reduced species produced at the working electroqe.
- Thus, the technique enables investigation of reversibil-
ity to be carried out in one sweep (non-cyclic)., 1In
addition, it is possib}e to determi;e the rate constants
of electron transfers, the number of transferred . elec-
trons and, to some extent, the life periods of interme~

diate species generated at the electrodes (62-67).
t A comparison between CV and Kalousek wéuld.
; . basically evaluate the advantages and disadvantages of

the rapid-sweep and slow-sweep techniques used in

. electrochemical kinetics studies. .
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6.4.3 +IV oxidation state of chromium-polypyridyl

complexes

. The preliminary investigation of the non-aqueous
behaviour of chromium complexes {Chapter 4) also
included some anodic (oxidation) scans. In these runs
several electrolyte solutions and a variety of elec-
trodes were tried in order to establish the best combin-
ation that would allow scans to greater than +2.0 volts.,
The sqluéions that were examined were acetonitrile and
DMSO with either TEABF4 or TEAP depolarizer. The working
electrodes that were tnieé were platinum, carbon paste
and glassy carbon., The best results were obtained using
0.1M TEAP in acetonitrile with a platinum auxillary,
platinum working electrode and Ag/AgCl (double junctioﬁ)
reference.* This combideéion provided a positive scan
range of +2.65 volts.,

The polarograms in Figure 6-1 show a run of the
supporting electrolyte and a scan of 1.694 mM

Cr(terpy)2+3. The anodic peak at +2.28 volts (denoted

X) might be due to Cr(terpy)2+4. Although there is a

hint of a cathodic peak for this transition, the rever-
sibility of this reaction:is not clear. Dr. N. Serpone

of Concordia University also suggested that the anodic

peak might be due to deterioration of excess per-

chlorate. The author feels that further investigation
of this scan range could yield some interesting and im-

portant results.
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A-1l Preparation of Supporting Electrolye and Analyte

Solutions; Cadmium and Zinc

Since this thesis is not concerned with
analytical limité of detection or with the effects
of concentration gradiants, the preparation of ana-
lyte solutions was a sttaightforwarg Eask (i.e.

accurately measured, without standarization).

Sodium sulfate (Fisher Scientific A, G.)

1M Na,50,: 142.02 g Na,50, dissolved and diluted:

to one liter in glass distilled Hzo

Potassium chloride (Fisher Scientific A. G.)

1M RCl: 74.56 g KC1/1000 ml 820 (glass distilled)

o

4w ca*?/in Na,S0, y

0.0104 g Cdsb4 (M.W. = 208.46)/250m. 1M NaSo,

2X10~
N\

4

3x10”% zn*?/1M kC1

LB T AR

2

solution diluted ¢to 10 ml

2 ml of 1000 ppm Zn*2

using 1M KC1

/,,//

e e LI

i
i
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¥

&Otking Curve of nAE:p vs V¥

The working curve shown in Figure 3-1 was
constructed as per Nicholson's (58) tabulated
values listed below. For .practical purposes how-
ever, the'\\f value’_s were obtained by the use of a

curve fittihg computer program,

4 -
nAE, Y
20.00 61
7.00 63
| 6.00 64 /
- 5.00 65
4.00 66
3.00 68
2.00. 72
1.00 ' 84
0.75 92
0.50 105,
0.35 121
0.25 141
0.10 212 S

. L~
Standard Rate of Reaction (Ks) Data for the Reduc-

tion of Cadmium - a

The K, \alues obtained by single-cycle 'CV

for both aampies of cadmium are recorded in Table

*
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A-l. Values for peak sepération were measured from
the(Fcreen of the storage oscillescope (pictures
are not available). The correéponding values were
then determine*from the working curve in A-2, and
Ks was computad using Equation 3-4,

In the case of multicycle CV, peak K separa-
tions were-measured from polarograms recorded on

polaroid film. The computed K, values  from this
technique are listed in Table A-2.

a

Standard Raté'of Reaction (Ks) Data for the Reduc-

tion of Zinc
e .
The results for zinc are 1listed in Table

¥

A-3. The tabulated values at each scan rate repre-
9
sent an average of results obtained from two deter-

minations (polarograms). - ‘

-
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Cd

+2

at 23°% Using Single-=Cycle CV

~~
. 134 ™~
©
SCAN RATE nAEp ¥ K,
(v/8) (mV) {cm/sec)
40 90 0,800 0.24
— 40 90 0.800 0.24,
40 91 - 0.770 "0.23
40 91.5 © 0,760 0.23
60 96 0.655 0.24
60 98 -, 0.620 0.23
60 96 0.655 0.24
60 99 0.600 0.22
: ' SAMPLE 1
80 108 0.465 0.20
80 108 M 01465 “ 0|20 -
80 108 0.465 0.20
80 109 0.455 0.20
100 114 . 0.405 0.20
100 112 0.425  ° 0.20
100. 113 0.415 0.20
100 114 ~0.405 0.20
40 91 0.770 0.23
40 91 0.770 0.23
40 91.5 . 0.760 0.23
40 91 0.770 0.23 )
60 . 97 0.635 0.24
60 98 - 0.620 . 0.23
60 98 . 0.620 0.23
60 98 . 0.620 0.23
‘ SAMPLE 2
80 106 0.485 0.21
80 105 - 0.500 0.22
80 106 0.485 0.21
80 - 106 £.485 0.21
100 114 .405 0.19
100 116 - 0.390 0.19
100. ‘114 0.405 0.19
100 115 0.400 0.19 \
/
TABLE A-]1: Coﬁ%uted Ké Values for the Reduction of




/

135
f§r #
FRAME scim" RATE nA Ep ¥ Ry
(V/8) (mV) (cm/sec)
1 40 ° 94 0.700 0.21
2’ 60 100 0.580 0.22
3 80 106 0.485  0.21-
.4 100 126 0.325 0.16
\,-u/ . . .
1 40 92 0.750 0.23
2 60 96 0.655 0.24
3 80 112 0,425 0.18
, , ,
4 100 120 0.360 0,17
D,

&
{
{

TABLE A-2: Compuited Ka_/\;glués for the Reduction

of ‘Cc}+2

<
B Y N VP

SAMPLE 1

SAMPLE 2

at 23°% Using Hultftcycle Cv,



X N .
. . ] _3

SCAN RATE n AEP | v K x10 ) /
(mV/5) (mV) - (cm/sec)
10 89.5 0.810 3.8
20 100.0 0.585 3.8
30 104.0 0.515 4.1
40 109.0 0.455 4.2
50 114.0 0.405 4,2
60 116.3 0.385 4.4 _ SAMPLE 1
70 121.3 0.350 4.3
80. 12808 ‘r 0.305 ’ 400
90 131.3 0.295 4.1
100 133.8 0.285 4,2
150 148.8 0.223 4.0
200 157.5 0.185 3.8
10 ) 91.3 0.760 3.5

.20 98.8 0.470 4.1 .
30! . “107.5 0.470 3.8

. 40 110.0 0,455 4,2

50 . 116.3 0.385 4.0 |,
60" 117.5 0.375 4.3 SAMPLE 2
70 121.3 0.350 . 4.3 :
80 < 130.0 0.300 3.9
90 130.0 0.300 4.2
100 132.5 0.287 4,2

. 150 147.5 0.225 4.0 .

3.8 h )

200 . 157.5 0.185

TABLE A-3: Cdmputed 53 Values for the Reduction

2

of zn** at 24°C pH 2, Using single

cycle CV, >

AN



APPENDIX B

Preparation of Supporting Electrolye: 0.1M

Tetraethgleamonium—tetrafluoroborate in Acetoni-

trile

(-3

Acetonitril; Eastman spectrograde’(99.+%). TEABF4;
Alfa products, M.W. = 217.06g/M.

Otper than being kept dry by the use of
zeolyte (molecular sieve), the acetonitrile was
u%gd as received. Prior to use, the zeolyte was
drieé at 80° to 90° C under vacuum for 48 hours.
The zeolyte treatment was found to be very useful,
since it absorbed all the moisture (HZO) without
adding any electrochemical interferences.

TEABF, was also used as received., Initial
sample preparation indicated.that recrystallization
wasR)nnqpessary. However again,‘in order to elimi-
nate water problems, the crystals were dried for 24
hours at 50° C under vacuum priof to use.

The 0.1M TEABF4/acetonitrile was prepared

in 5 aliquots by dissolving 4.341 g TEABF, and

diluting to 200 ml,
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Chromium Complexes: Preparation 35 Analyte Solu-

tions

e

' Prior to use, all complexes were' dried at
70° C in vacuum. Due to rapid deterioration of sam-
ple solutions, the analytes were preparéd.in small
qu&ntities according to need. Hence, the prepara-

tion of analytes (sample solution) was a straight-

forward process.

Cr(bipy)3

@ R
[Cr(2,2'-bipyridine) ;1(C10,), . %nzo T

-

M.W., = 827,840 g/M

\\

mple 1: (0.01355 g complex in 20 ml 0,1M TEABF4/

‘\\acegphitrile) 0.8153 mM Cr(bipy)3+3:

~

Sample 2: (0.01350 g complex in 20 ml 0.1M TEABF4/

acetonitrile) = 0.8153 mM Cr(bipy)3+3{
Sample 3: (0,01360 g complex in 20 ml 0.1M TEABF,/

0.8214 mM Cr(bipy)3+3.

acetonitrile)

.Cr(terpy)2

[Cr(2,2',2"-terpyridine),] (C10,), * 23H,0
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MW, = 861.9298 g/M

Sample 1:

Sample 2:

Samplé 3:

(0.0180 g complex in 25 ml 0.1M TEABF4/

acetonitrile) = 0.8353 mM Cr(terpy)2+3.

*(0.91802 g complex in 25 ml 0.1M TEABF,/

acetdnitrile) = 0,8353 mM Cr(terpy)2+3

(0.0155 g complex in.25 ml 0.1M TEABF4/
LY

acetonitrile) = 0,7193 mM Cr(terpy)2+3

\
Cr(mez-bipy)3

[Cr(4,4'—dimethyl-z,2’-bipyridine)3](ClO

X

a)3 = HO

M.W. = 921.084 g/M

Sample 1l: (0.0146 g complex in 20 ml 0.1M TEABF4/
ace?onitrile) = 0,7925 mM Cr(mez-bipy)3+3
Sample 2: (0.14603 g complex)/20 ml
) = 0.7926 mM Cr(me,bipy),*>
Samplg 3: (0.01430 g gomplex/zo ml B
= 0.7708 mM Cr (me,-bipy),*> ) .
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[Cr(4,4'diphenyl-z,2'-bipyridine)31(c1o;737;(%320
M.W. = 13V1.524 g/M

Sample 1: (0.02050 g complex in 25 ml 0.1M TEABF4/
, J

. acetonitrile) = 0.6250 mM Cr(ph,-bipy),*?
Sample 2: (0.0210 g complex/25 ml = 0.6404 mM
Cr(phz-ﬁipy3+3

Instrumental Settings for the Analysis of Chromium

Complexes in Acetonitrile

Cr(bipy)3 ]

Samplé 1
E612 (function generator): E506 (polarography):
U(E start) = 0.000 volts Mode = D.C.
AU(E switch) = 1.600 volts U = 0.00 volts
Scan; isosceles triangle AU = 2.00 volts
Scan rate = 0.10 volt/sec ‘mm/t

drop = 2'tarop =
6 sec.

Sens. = 1.5%x1078

Amp./mm

X-Y Recorder: X = 0,1 V/cm |
Y = 0.1 V/cm = 0.255 pA/cm”

*
The values for the current axis (Y) were
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obtained by measuring the deflection in mm. or cm.
along the Y-axis of the oscilloscope or X-Y record-
er resulting from rotating the current compensation
potentiometer on the E506 a fixed number of units
and is given by the following:

[T (dez.)][Fpot.(mm/dev.)][Sens.(A/mm)]

- = comp’ -
i(Y-axis) [deflection (mm) ]

where Fpot = potentiometer factor = 1.056 mm/dev.

Sample 2

Same as Sample 1, but with an expanded

voltége axis, i.e.

G

X-Y Recorder: X = 0.05 v/cm
Y = 0.1 V/ch = 0.255 uwA/cm.

Sample 3
/[
E612:  E506: o
U = 0.00 V D.C. SR
AU = -2,05 V U=0.00V, AU = -2,5 V
Scan: isosceles triangle mm/tdrop" 2,‘tdr»op = FB
Scan rate: 0.10 V/S A/mm = 4%1078 A/mm

X-Y Recorder: X = 0.1 V/cm
Y = 0.1 V/cm = 0,684 uA/cm

Cr(tergx)2

Sample 1
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E612: . ‘ E506:
U= 4+0,20V - D.C.
Ny
AU = -1.40 V g U=0.00 V, AU = -2.00
Scan = isosceles triangle mm/tdrop = 2, tdrop = 68
Scan rate = 0,10 V/S A/mm = 2.5 & 4X107% A/mm
X-Y Recorder: X = 0.1 V/cm N . )
Y = 0.1 &0.05 V/cm = 0.426 & 0.340 puA/cm
e " ;
Sample 2 . L |
E612: E506:
U = +0.15 V D.Co ' R
; AU = =-1.40 V U=0,00V, AU = -2.00 )
\ £
‘ Scané isosceles triangle mm/tdrop = 2, tdrop = 6,4 '
Scan rate: 0.10 V/sec A/mm = 4){10"8 A/mm
X-Y Qgcorde::‘ X = 0,1 V/cm «

Y = 0.05 V/cm = 0,3408 pA/cm
{

:
{ Sample 3
i E612: E506;
| U = +0.095 V D.C.
AU = -2.05 V U=0.00 V, AU = -2.,00 ‘
: Scan = isosceles triangle mm/tdrop = 2, tdtop = 68

Scan rate = 0.10 V/sec A/mm = 2.5%10°8 A/mm

X-Y Recorder: X = 0.1 V/cm
Y = 0.1 V/cm = 4,255 pA/cm

v




’
T

143 J
Cr (mez-bipy) 3
Sample 1
E612: E506:
U = 0.00 V ' D.C.
‘A0 = -1.85 V U =0,00 VvV, AU = =2,00
Scan = isoscelés triangle - mm/t =2, t = 6

drop drop 8
Scan rate = 0,1 V/sec A/mm = 1.5x10'8 A/mm

X-Y Recorder: X = 0,05 V/cm

Y = 0.1 V/em = 0,255 uA/cm

Q
A ST i S e AR 3t

Sample 2
E612: E506: )
4 ,
0=0,00V - D.C,
AU = -1,90 V U= 0,00 V, AU = -2,00 ;

Scan = isosceles triangle mm/tdrop = 2, tdrop = 55 ;

Scan rate = 0,10 V/S A/mm = 1.5%10"8 A/mm
. * X-Y Recorder: X = 0.1 V/cm
Y = 0.1 V/em = 0.4255 pA/cm .
Sample 3
E612: ‘ ' E506:
U‘- _dolo V D.Co
(W AU = -1,90 V & =2.10 U =0.00 V, AU = -2,00 ~

Scan = isosceles triangle mmﬂdmp =2, tdrop - 65

Scan rate = 0,10 V/sec—— A/mm. = 2.5x1078 A/mm
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X-Y Recorder: X = 0.1 V/cm

Y = 0,1 V/cm = 0,4255 uA/cm

Cr(PHz-bipy)3

Sample -1
E612:; ES506:
U : —0.05 v D.Cl

AU = -1,90 V
Scan = isosceles triangle
Scan rate = 0.10 V/S

X-Y Recorder: X = 0.1 V/cm

Y = 0.1 V/em = 0.1702 & 0.2553 puA/cm

'

~

U= 0.00 V' AU = _2.00

mm/t 6

dropﬂ=.2 tdrop =

A/mn = 1x10~8

Sample 2
E612: E506:
U= 0,00 V ) D.C.
AU = -1,6 V U=0.,00V, AU = =2,00

Scan = .isosceles triangle

Scan rate = 0.10 V/S

X-Y Recorder: X = 0,05 & 0.1 V/cm

mm/t 2

drop = “’ tdrop =
A/mm = 1X10~8 A/mm
2.5%10°% A/mm

4x10~8 A/mm

Y = 0,10 &« 0.05 V/cm

Potentials for all

complexes) were measured vs. Ag/AgCl

samples (from  all

I

(double junc-

6

& 1.5%10"8 A/mm

3

o

i
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tion) at the HMDE of radius 0.333 mm.

B~4 D.P.P.: Instrumental Settings for Cr(bipy). &
Cr(terpy)2
E506: - -
Modé: P (differential pulse) WE: HMDE R = 0.333 mm
U=0.0V REF: Ag/AgCl (double
Au = -2.00 v junction)
tdrop = O.f sec- §UX: Pt.
mm/t = 0.5
D.P. (pulse émplithde) 20 & 30 mV
. S
Scan rate 10 mV/sec
B-5 Results for the Reduction of Ch:oﬁium Complexes - in
Acetonitrile )
In the following tables, Roman numerals
represent oxidation states. The data iisted were
acquired using instrumental settings as described :
'1n Appendix B-3 and B-4 for concentrations
described in B-2. — ' R
The half-wave potentia%fin the DPP mode for
Cr(bipy), and Cr(mez—bipy)3 listed in Tables B-4
. and B-1l was computed using
" 31/2 = Ep - 0.028 mV-
. t S e
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Statistical Comparison of the Half-wave Potentials

as Obtained by Methods A, B and C

The half-wave pbtentials listed in Tables
B-1 thiough B-13 were subjected‘ to staéisticél
analysis of variance (ANOVA). ihe ahalysis involved
the comparison of means obtained by the various
methods, both betweqh methods and bétween samples.

The computed "F" values were obtained as shown “in

_ the following table.

TABLE B-14: ANOVA -

SOURCE OF | DEGREE OF SUM OF MEAN COMPUTED
VARIATION FREEDOM SQUARES SQUARE P
. S2
; 2_SSA 1
TREATMENT R-1 SSA ST=1=T Fssz
2
K(n-1) _ . 2 SSE .
ERROR O N-K). ° SSE n‘Szfﬁ:-
TOTAL ‘ SST

where SST = total sum of squares = Y- Ex“-— &
im]l J=1

L

K 2 2
T Ti T
LI

SSA = treatment sum of squares = .
D 1.1 ni F'

el
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SSE = Error sum of squares = SST - SSA
Number of groups being<compared
Number of measurements per-.group

total number of measurements.

r

The test hypothesis is that all the means

are equal at the 0.05 (95%) level of significance.

Table B-15 shows an éxample of ANOVA re-

_sults for statistical treatment between methods

within a given sample of Ci(me—hb;px)3. Similarly,
Table-B-lsilists results obtained Jbetween samples

for a given method. : s

E .
3

b
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APPENDIX C

Prqparation of Aqueous [Cr(b12z13]+3 and
[Ct(mez—bipy)3]+3 Analyte Solutions

Analyte solutions for both C:(bipy)3 and

5

Cr (me,-bipy), were prepared to yield 5.5X10 M con-

centrations by diluting 1000 ppm stock solutions of

chromium complexes in 0.1M KCl.
Cr(bipy)3 M.W, = 827,89 g/M

2.30 ml of 1000 ppm diluted to 50.5 ml (KCl)

’ ’ ¥ "'2 )
= 4,554X107° g/m] = 42334X10 — 1 .5,501 .

>
Ct(mez-bipy)3 M.W. = 921,084 g/M )
2.50 ml of 1000 ppm diluted to 49.5 ml (0.1 KCl)

”»~ ..2 i - .
.= 5,051X1077 g/m] = 2:031X10 - gL = s.48x107° ¥

. Adjustment of pH 3.5 was made by acidifying
the 0.1M RCl supporting electrolyte Qith ultra-pure
EC1 prior to sample dilution.
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C-2 Purification of Mercury (for HMDE) and Supporting

Electrolyte

The purification by electrolysis was car-
ried out in a cell system built and developed by
Seto (68) and is based on the principles of elec-
trochemical stripping. The cell consisted of three
electrodes--a mercury p;ol, a large cylindpfcal
platinum gauze electrode and an Ag/AgCl (saturated
KC;) reference., The latter two were contained with-
in beakers with frigﬁed-disc bottoms so that they
were physically sep;rated from the solution under-
going purification. When the cell was used for the
purification of the supporting electrolyte (0.1M

KCl), the electrodes were connected 80 that the

mercury pool was the cathode and the platinum elec-

trode acted as anode. The potential across the

electrodes was adjusted to -1.00 V vs Ag/AgCl with
an initial current flow of 25 mA. Thus, any metal-
lic impurities in the solution were reduced at and
adsorbed by the mercury pool. The process was car-
ried out for 12 hours, and purification was consi-
dered complete when the monitoring current meter
indicated no current flow (zero Amperes or steady
state).

For the purification of mercury, the Hg

)
3

o
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needed for the HMDE was used as the mercury pool

electrode. However, in this case, the Hg pool was
the anode and the platinum gauze acted as the cath-
ode. Hence, trace metals within the " mercury were
oxidized and came into solution in the electrolyte
(0.1M KCl). The process was carried out at +0.300 V
vs Ag/AgCl for 12 hours, by which time the meter
indicated zero current flow. Impurities of 1.5 gr
were collected from three 1lbs. of Hg. ’
The electrolysis was powered by the poten~
tiostat Hewlett-Packard, Series STB, Model 6113A,
and the potential was monitored by Metrohm E 300-B

pH/mV meter.

Blank Evaluation: 0.1 M KCl Supporting Electrolyte

Initial CV scans of the supporting electro-
lyte within the needed working range (-0.30 to
~0.60 Volts) indicated the following. First, the
shape of the polarogram was not affected by the
other than a proportional decrease 1in

/ .
Spcond, as dan be seen from Figure C-1, the

sweeprate

size).

switching potential (E ) also did not affeét

\switch

eral shape of th curve. Finally, the

the g

residual current (the.upper plateau in Figure C-1)
is parallel to the zero current baseline, .

. Based on these observagions, it was decided

»
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!

20 4

VOLT —0.40  -0.30

Figure C-1: CV scan of 0.lM KCL supporting
electrolyte (blank).

Figure C-2: Measurable parameters from blanR (0.1M KCl).

i
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)
té construct a theoretical "blank" Polarogram which
;n turn could be used in the evaluation of tﬁe
Cr(pipy)3 polarograms. The construction of the
theoretical curves was based on the measurement of
the parameters indicated in Figure C-2. These were
measurea at different scan-rates, four polarogramsl
at each scan-rate with Fhree different samples. The
data, summarized in Table C-1, represent the final
averages for the pertinent measurements. The bulk
of the data, as obtained from the three samples, is
listed in Tables C-2, ¢C-3, and C-4. Pigure C-3
shows the polarograms constructed from the above
data (Table C-1). It should be noted here that the
quantities Icf and ia represent the charging cur-
rents (see Figure 5-2) for the cathodic (reduction)
portion of the sweep, and that their magnitude is
the only parameter which does not change with the
addition of the analyte to the supporting electro-
lyte. Hence, in the cases where the computed blanﬁ
did not fit a given Cr(bipy)3 polarogram, a newd
blank was constructed based on the measurement of
the scan I . + i, and its relation (ratios) to the

other parts of the model.

[
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NO. GRAM RATE = 2 b fer  Ter Ta
. v/s
Ia 1 0.10 0.50 0.60 2.40 2.20 3.55
Ia 2 0.10 0.45 0.55 2,40 2.20 3.45
Ia 3 0.10 0.50 0.50 2.40 2.20 3.40
Ia 4 0.10 0.50 0.50 2.35 2.25 3.45
Ia 1 0.09 0.30 0.45 2.15 2.10 3.00
Ia 2 0.09 0.45 0.45 2,10 2.00 3.00
Ia 3 0.09 0.35 0.45 2.05 2.00 3.00
ia 4 0.09 0.40 0.40 2,15 2.00 2.95
Ib “ 0.08 0.35 0.45 1.90 1.80 2.65
Ib 2 0.08 0.30 0.40 1,90 1.85 2.65
Ib 3 0.08 0.35 0.40 1,90 1.85 2,65
Ib 4 0.08 0.35 0.40 1,90 1.80 2.60
Ib 1 0.07 0.15 0.35 1.70 1.70 2.35
Ib 3 0.07 0.25 0.35 1.65 1.60 2435
Ib 4 0.07 0.20 0.30 1,65 1.65 2,35
Ic 1 0.06 0.25 0.40 1,40 1.35 2.05
Ic 2 0.06 0.20 0.40 1,40 1.30 2.00
Ic 3 0.06 0.20 0.35 1,20 1.45 2,00
Ic 4 0.06 0.15 0.30 1.35 1.40 2.00
IC 1’ 0-05 0.15 0'30 ‘1020 1015 1065
Ic L2 0.05 0.05 0.25 1,20 1.20 1.70
Ic 3 0.05 0.05 0.25 1,20 1.25 1.65
Ic 4 0.05 0.00 0.20 1.25 1.25 1.65
Ic 1 0.04 0.00 0,25 1,05 1.00 1,30
Ic 2 0.04 0.00 0.25 1.05 1.00 1.30
Ic .3 0.04 0.05 0.15 0.95 1.00 1,30
Ic 4 0.04 g.oo 0.15 0.95 1.00 1.80

PABLE C-2: Measured Dimensions from Blanks at Different

Scan Rate:

Sample 1

\
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RAPH -
v/Ss
‘ITIa 1 0.10 0.55 0.50  2.65 2.30 3.50
IIIa 2 0.10 0.50 0.50 2.70 2.30  3.45
IlIa 3 0.10 0.45 -~ 0.55  2.55 2.40  3.45
IIIa 4 0.10  0.45  0.50  2.55 2.40  3.50
IIIa 1 0.09 0.35  0.60 ° 2.20  2.20  3.25,
IIIa 2 0.09 0.40 0.45 2.25 2.20  3.15@
I1la 34 0.09 0.40 0.30 2.20 2.20  3.10
IIla & 0.09 0.35  0.40 2.25 2.20  3.10
I1Ib 1 0.08 ,0.35  0.45  2.05 1.90  2.75
IIIb 2 0.08 0.30  0.45 2.00 1.90  2.75
IIIb 3 0.08 0.40  0.45 2.05 1.95  2.75
IIIb 4 0.98 0.30  0.45 2.05 2.00 2.80
IIIb 1 0.07 0.35  0.35 1.90 1.70  2.40
IIIb 2 0.07 0.25  0.45 1.85 1.75  2.40
IIIb 3 0.07 0.20  0.45 1.70 1.80  2.45
ITIb 4 0.07 0.20  0.50 1.70.  1.75  2.45
IlIc 1 0.06 0.15  0.30 1.65 1.55  2.05
QI1Ic 2 0.06 0.15- 0.40  1.60  1.45 2,05
I1Ic 3 0.06 0.20  0.40 1,45 1.50  2.05
IIIc 4 0.06 0.20, 0.35. 1.55 1.50  2.00
IITc 1 0.05 0.10  0.15 1.30 1.35  1.65
IIIc 2 0.05 0.10  0.20 1.§o 1.35 1.70
I1Ic 3 0.05 0.05  0.30 1.20 1.30 . 1.70
IIIc 4 0.05 0.10  0.25 1.30  1.35  1.70
IIIc 1 0.04 0.05 0.20 1.05 1.10 . 1.35
IIIC "-“.':«2 0004 0.00 0.20 1|10 1000 1.35
IlIc 3 0.04 0.05  0.25 1.00 1.10  1.40
IIIc 4 0.04 0.05  0.30 1.05 1.05  1.35
TTBLE C-3: Measuréﬁ Dimensions from Blanks at Different Scan

Rate: Sample 2
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- v
GRAPH  POLARO-  SCAN i i I I I
NO. GRAM RATE a b cr ‘et a
v/s ‘
%

Va 1 0.10 0.75 0.70 2.35 2.35  3.55
va 2 0.10 0.75  0.75 2.35 2,30 3.45
Va 3 0.10 0.75 0.75 2.30 2.40 3.60
: Va 4 0.10 '0.65 0.65 2.30 2.30 3.45
f Va 1 0.09 0.45 0.55 2.20 2.10 3.00
! Va 2 0.09 0.55 0.50 2.15 2.15 3.05
va 3 0.09 0.55 0.50 2.00 2.15 3.15
Va 4 0.09 0.50 0.50 2.10 2.15 3.05
: Vb 1 0.08 0.45 0.55 1.85 1.90 2.0
Vb 2 0.08 - 0.45 0.55 2.00 1.90 2.65
§ Vb * 3 0.08 0.50 0.70 1.65 1.95  2.65
! Vb 4 0.08 0.40 0.40 2,00 1.95 2.60
§ Vb 1 0.07 0.40 0.50 1.65 1,70  2.35
i Vb 2 0.07 0.45 0.50 1.65 1.70 - 2.30
3 Vb 3 0.07 0.45 0.50 1.60 1.70 2.35
‘ Vb 4 0.07 0.40 0.50 1.60 1.75 2.30
AL 1 0.06 0.30 0.80 1.45 1.50 2.00
Ve 2 0.06 0.25 0.50 1.40 1.50 2.05
Ve 3 0.06 0.20 0,30 1.50 . 1.55 2.00
f Ve 4 0.06 0.25  0.30 1.0 1.55 2.00
Ve 1 0.05 0,15 0.20 1.35 . 1.30 1.70
, Ve 2 0.05 0.20 0.30 1.30 1.30 1.65
s Ve 3 0.05 0.15 0.35 1.10  1.40 1.70
i Ve 4 ¢.05 0.15  0.30 1.25 1.30 1.70
Ve 1 0.04 0.05 0.20 1.00 1.10  -1.35
Ve 2 0.04 0.10 0.20 1.05 1.10 1.35
Ve 3 0.04 0.05 0.20 0.95 1.15.  1.35
Ve 4 0.04 0,10 0.20 0.95 1.10 1.35

TABLE C'T" Measured Dimensions from Blanks at Different Scan
Rate: Sample 3
> X
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C-4 Baseline for Anodic Peak Measurements

. . Although the superimposed blank provided an
“Sexcellent baseline for the cathodic peak and a good
baseline for the aéparent anodic peak current mea-

. (surements, it did not solve the problem’ of the
switching current (isw in Figure 5-1). The cEapaci-

tance effect mt the switching point did not. corre-

late to that of the "blank (Ia)" and in addition Ia

did not have a logical baseline. It was also impos-
% ‘ sible to decide whether I, should be measured to a
point before or after the capacitance effect.
Hence, the theoretical® model ended up providing
- - only the ’baseline for the true cathodic peak, and

b
it was decided not to use- Nicholson's technique.

. Consequently, a.new method had to be developed in

e

order to evaluate the true value of the anodic

peak--to replace the apparent anodic and switching

T

- currents used in Nicholson's equation of ratios.
There are several techniques for the estab-
lislment of the proper baseline for anodic measure-

N\

ments (34, 69). These involve stopping the scan

e o ot RIS T ARG 7 +

* upon completion of the cathodic portions and
allowing the curfent lto decay to a point of elec-
trochemical eguilibrium at the switching potential.

. A horizontal line (parallel to the =zero current
; l l:l'n_e) passing through this point betomes the base-
:
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line for the sz]ic faeak, since this point is the
h

location from ich the anodic scan begins to give

the oxidation portion of-the CV polarogram. This -

techaique jis reliable and, although several minutes
are required to complete a CV cycle, it is an ex-
¥ellent method for the evaluation of uncomplica%ed
reactions. However, in\complex reactions, as in the
case oghCr(bipy)3‘where an electron transfer 1is
followed by an irreversible chemical reaction, this
technique cannot be applied directly., Stopping the

séan at the end of the cathodic (reduction) portion

will permit the irreversible process (Equation 5-7)

to dominate and consequently distort the shape and

size of the anodic peak, This, however, does not
affect the equilibrium (current) at the switching
potential, :ince BEquation 5-7 does not ipgvolve
electron transfer (i.e. the catalytic “reaction ig
not detected by the electrode system). C;nsequently
thﬁﬁfollowing procedure'was adopted. Each deier-
minﬁtion involved *two scans. The first produced
thé full cycle,‘and the second scan,was used only
cathodically and yielded the equilibrium .point

which was used in the measurement of the true ano-

|dic peak (Figure 5-9),
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C-5 Rate of Reaction (Kf)~ Results for Agueous
~—_dCr (bipy) ;1*3 '

— . ' Tables 'C-5 and C-6 list the pertinent data
fand the computed values Qf $f q&‘ differeng scan
rates for both samples'Lduplicates) at 23°C. The
data were extgacted from CV polarogr;;s' obtained

for 5.5X10°°

M [Cr(bipy)]1*™? in 0.1M KC1
* pH 3.5, at the HMDE (radius = 0.265 mm) vs
SCE saturated KC1. ,
Table C—7‘lists results for the same sam- v
'\ples'at‘25°C. | .
In these tables,the values for the cathodic
and anodi¢ currents (;c and Ia)» are iisted in .
units of length (dm.) rather than the proper
"amperes." The reason for this lies ‘in the fact
‘that the main inténest hereiis to obtain an accur-
ate ratio of these values (Ia/Ic), and since con-
version to current units mighf introduce new
ertors, it was decided against it. Neverthelegs,
the‘amplitude conversion factor for these parémé—
ters is ; |

-

1.17 cm. = 10 nAmperes
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) C s

Rate of Reaction Results, - for Aqueous

[Cr (me,-bipy) 51 *3

Tables C-8 and C~9 show the pertineﬁt data
and the computed values of K. at different scan
rates for the duplicate shmples of Ct(mez-bipy)3 at .
259C. The data were extracted from CV polarograms
obtained for: . ' '

5.5X10™5M [Cr (me,-bipy);]*> in 0.1M KC1
pE 3.5, at the HMDE (tadiu8‘='0.265 mm)
vs SCE saturated KCl
E506: 1Xx10~% A/mm, D.C., ™/tgop = 0425,
g tdrop = 6 sec °
E612: U =--0.450 & -.500 V, AU = -0.745 to -0.760
(according to need), Scan rates: ,0;04, 0.08
and 0.10 Volt/sec ‘
X-Y Recorder: X =Y = 0.05 V/cm

From Y = 0,05 V/cm a;d sensitivity 1x10-9
A/mm, one obtains for the current axis- '

8.51X10 -9 A/cm or 1117 cm = 10 nAmperes.

‘Table C-10 lists the results obtained for
Sample 1 at different temperatures. The temperature
was cornitrolled by passing "hot water through the
outer sbell of the analytical cell, the ;;ter be'ing "

supplied from a thermostatically controlled source.

{ ]
The data were collected under the 'same experimental
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parameters as described above (for 25°C).

The baselines forathe measurements of Ia

and Ic' however, were slightly. different from those

used for Cr(bipy)3. While the anodic peak (Ia) was

/
measured “again from a point of equilibrium at half

cycie, the cathodic peak (ic) had to be measured

from an inclined baseline. FPigure C-4 shows a
polarogram of the supporting electrolyée in the
analytical working pange at a scan rate of 0,10
V/S. 1t was observed that, at this scan rate as
well as at 0,080 and 0.060 Volt/sec, the upper pla-
teau of the residua% current had- an inclination
angle of 3.5°, Tp?s angle had t? be used when the
baseline for the cathodic geak was traced. At scan
rates slower than 0.050 V/S, the observed anéle was
2.5°. ~
For the polarograms obtained at the higher
Eemperature, ;t was difficult to reproduce the
blanks (supporting electrolyte) at exactly the same
temperature, Consequently, the baseline ' for the
cathodic peak had to be constructed with respect to
its position relative to the equilibrium point at

half-cycle as it was observed at 25°C.
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Figure C-4: CV scan of 0.1M KC1l supporting
electrolyte (blank) ..
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