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ABSTRACT

The ﬁolarography of cadmium and lead'complexes of
diethylenetriaminepentaacetic acid has been studied in an agueous
medium from pH = 2,00 to 9.00 at 25,0°C and with an ionic strength
of 0.20 M, Three distinct types of polarographic behavior Wére
noted as the PH range was spanned., The first wave (Wave A) was re-
Versiblg,vi.eothe reduction of the free metal for which the

v

followiﬁg mechanism was postulated for the lead complex,

- +t

POHA™ S=Fb  + H A
‘and ]

can b+ B ==t 4 ¥y
for the cadmium complex.' Wave A for both metal complexes was
kinetically controlled when itsvheight was small (%i < 1.0pA)
compared, to the overall reduction wave height. . The sécond wave
(Wéve B)'Was irreversible, notb diffusiqn controiied but kinetically

controlled, as indicated by temperature and bressure studies. The

reduction mechanism postulated for both complexes was

MHAT = uEAS 4+ H

(reducible) (non-reducible)

where the doubly protonated complexes ( CdH2A° and PszAn) were

the electroactive species, The third wave (Wave ¢) was also irre-
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versible and kinetically controlled. The mechanism postulated for

both metals (same mechanism) was:

' MEA < MAT + H
(reducible) (non-reducible)

The individual rate constants for the various mechanisms have been

calculated. The stability constants for the various metal

complexes were calculated from El/2 data and are summarized below:

i log KCdA = 19,15 log Kﬁ?A‘ = 19,10
H |
log Kqmn = 2.95 log Koy = 4, o5
v Kfi B H 3 4o
log Keqg o = 2.95 . log Kpyyr o = -
. K}{ 2 . H 2
log CdHBA = 2.75 log beHBA = 2,75

A nuclear magnetic resonance study of both C4d-DTPA and Pb-DTPA
was also undertaken. These studies were carried out in an agueous
medium from pH = 2,00 to 10.00 at 0, 38, and 72°C with an ionic

strength of approximately 2.5 M, The protonatién of both metal

complexes was studied and structures were postulated for each.,. From
the N.M.R, data, the relative life-time was estimated for an indivi-
dual metal-ligand bond, Both investigations indicated that the

doubly and triply protonated complexes play an important role in the

co-ordination chemistry of metal~DTPA chelates.
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CHAPTER 1




INTRODUCTION

Polyaminopolycarboxylic acids have bscome one of the most important
classes of complex forming agents known to the analytical chemist.i Ethye
lenediaminetetraacetic acid (EDTA) was introduced in 1947 by Schwarzen-

vbachl, and its applications to analyticsl methods were clearly documented
by'Wélcherz, Pribilj, Flaschkah, and SchwarzenbachS. By now (1969) there
are some 1500 papers in the literature on this compound alone.
EDTA |

HOOCHZC CH,,COOH

2

NnCHszHZ»N

HOOCH,C CH,,COOH
2 2
The next higher homologue of EDTA, i.e. diethylenetriaminepentaace.
. ; oy . . .6 '
tic acid (DTPA) was first examined by Wanninen in 1955, He fournd that

it would complex with the alkaline esrths to a larger degree than EDTA,

This generated a lot of interest for mere re

7

garch in this field, as evie

8

denced by the papers of Durham’ et a1, Frost® et 2l, ard Chabe?ek9°ll

et al, to mention a few,
DTPA

100CH 'H,, COOH
hOOuLZC\\\ %HZ I ‘//CHQCOOH
Ne:CH, wCH, «NeeCH, ~CH__I
2 2 2 7o \\\

HOOCH,,C CH, coon
‘L
, 8 q s . .
In 1956, Frost ™ reported the synthesis of trict
1

.

. TNIT R 3 o 2 ey N T SR . k4 £ - el Y .
hexacetic acid (TTHA). Seme five years later Pribil™™ ussd TTHA as a

i}
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titrating agent, followed by such workers as Bailar13 et al, Grimes
et al, and Naftall 15 et al. It became evident however that the coaplex~

ing abi lzty'of TTHA with transition and rare earth metals was less than that

of DTPA.
T HOOC : | CH..COOH H.CO0
TTHA HuOCHZC\\\ IHZ OH //Cdz H
wlH  wCHAeNeCH «CH N «CH N
N-CH,~CH, CH,~CH,, f CH,~CH,,-N
HOOCH,.C™ CH,,COOH CH_COOH

2 . 2 S2
During this time the Geigy Chemical Co, in Basel, Switzerland had

prepafed a small quantity of tetraethylenepentaaminehsptascstic acid'(TPHA),
This compound is aﬂbvemely difficult to prepare and purify, hence little

. crv s 16 ‘e o
work has been dons with it. Cateh™  and Jofdan did camp¢ex Ce end P
with it, but found DTPA a better reagent for doing so. Academieally, it
should be -z very interesting ligand becsuse it has twelve co-ordinating

positions as compared with ten for TTHA and eight for DTPA.

TPHA
"»-nCH . mC I
- HOOC-CH,, H,~COOH HZmCOOh//// CHi,-CO0t
NCH,C JCH cENCH, cH, NeE_can
27 2 2| 2 2o 2\
HOOC-CH] CH,,COOH CH,~COOH

The cadmium EDTA complex has been studied polar@graphically by
1 18 f
Koryta and Koesler 7 and Pecsok ~ who found no redusticn wave for Lh@ GO
19 20
plex. .However Heyrovsky and Matyas ? reported a d&a%?et wave, and Tanaka

- . . . 21
et al found a single wave. Schmid and Reilley — resolved these contradice

tory observations by studying the kinetic character of the reduction wave.




The cadmiuwm DTPA complex had not been studied polarographically, although
cadmiwn TTHA was investigated by Conrédi.zz

With this background it seemed worthwhile to systematically study
the complexes of cadmium with DTPA. A second metél. e.ge lead was studied
similariy. Thé polarographic tscﬁnique was chossn because of its versatil-
ity in obtaining equilibria information and the relatively low concentra-
tions of complexing agents required. The nuclear magnetic resonance
technique was also applied to obtain further information on the structures

of the metsl complexes.




CHAPTER 2




THE POLAROGRAPHIC METHOD

A, Introduction

Voltammetlry is a branch of electroanalytical chemistry that deals
with the éffect of‘the potential of an electrode in an electrolysis cell
on the current flowing through lte The electrode whose potential is
varied is the indicator electrode while the reference electrode remains at
a constant potesntial,

Polarography is that branch of voltammetry in which a dropping
mercury elestrode (DJM.E,) is used as the indicator electrode though é
numbsyr of modifications ¢f this electrode are in use today. The DMLE,
is described fully in the experimental section. Its main advantage is that
the drops of mercury coming out of the capillary tip are identiecal in size

and growth rate with fresh mercury expossd to the solution every few

el

are perfectly reproducible from one

F

soconds, Conssguently the current

R

drop to the nsxzt,

The polarographic method of analysis is based on the currente

voltage curves arising at a microclectirede when diffusion is the rate-

detsrmining stage in the discharge of ions. The voltage necss sary for
the electrolysis indicates the nature of the reacting substence, while
the current cbserved is a function of its concsmivation. The mothed is
best applisd to sclutions having a concentration of elseivoreducible or
R 3.2 Iy ) 2 x » ’ "'6 "'2 -
electrooxidizable ions in the concentration range of 10 7 to 10 7 M. f&n
At e P - I )
accuracy of = 1k ray be expected in the range of 107° teo 10 M, and only

L, U . .
~ 5% below 10 fe  From the currente Jo}tagv curves ong can often dsterming

Q.‘

. .

wnknowns gqualitatively ahd’quantit&tlvelyg halfe-wave potentials, equilibria




W

involved in the discharge process, kinetic rate constants and sfability,
constants of complex ions, |

In 1922 HeyrovskyzB published his first results that 1ed'to the
inventionjof a2 polarcgraph in 1925 with the help gf‘Shikata. Heyrovsky
coined the term "polarograph" to indicate that the instrumenf graphically
records currentevoltage curves obtained with a polarized electrede, In
1959 he was presented with the Nobel Prize in Chemistry for his contfim o
butiens to ths field of polarography.

‘There are well over 10,000 papefs published iﬁ the field of
polarography, along with a nurber of excellent books. A few of the well

2 . 2
known text-books are written by Meites 4, Heyrovsky and Khtazz, Lingane 5,

Kolthoff and Lingan326, Zuman and Koltheff27, Milﬁe?28, Muller29, LomgmuirBO

and Deléhéﬁal, With this background of available litevature the theory

section of this paper will be kept to a minimum.




B. Basic Principles

A simple circuit diagram which could serve to obtain current-
voltage curves with a dropping mercury electrode is shown in Figure 1.
The solution under investigation is placed in the D.M.E. compartment of the
He.call, o?ygeﬁ reﬁoved by bubbling nitrogen throﬁgh the sélution for 15
minvutes and the capillary immerséd in the testwsoiutiono Figure 2 ine
‘dicates the general arvangement of the Hecell arnd DM.E. assembly. It
consists of a merewy reservbir connected with neoprene tubing té the
stand-tube, which in turn is connected to a piecs of fine glass eapillary
tubing;« The mercury ressrvoir above the lower end of the capillary ié
raised until the mercury drops fall into the solution at & rate of about
one dropﬁevery'h + 2 seconds. The reference electrode (S.C.E.) is in
elsctrical contsct with the test solution viz an agar plug and a sinteved
glzss diéé”in‘the comnecting arme. The S.C.E, is cormected to the pesitive

side of the battery viz the slidewlre contact. The D.M.E. funetions as

the cathode in . Figure 1 though it may serve as the anode in other
determinations. By keeping the DM.F. quite small and the S.C.E. area

- relatively large, one keeps the potential of the S.C.E. constant while the

D Ee is essily polarized, adopting the potential of the applied e.u.f.
zcross the Hecell. A sensitive galvanometer is cormected between the

negative side of the battery and the DM.E., and with the sid of the shunt
& wide range of currents ean be recorded by the golvancuster. Any desired
voltage may be spplied (0.0 to 3.0 v.) across the Hecell by merely adjuste

ing the slidsewire contact appropristely. The galvanometer records oscile

ions between maxinum and minimwm velues owing to the periodic change in




3 Volt Battery Variable Resistor
+ - : '
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Voltmeter
-

g\

Slidewire

Aryton 2 Shunt

L o

SC.E. - l D.M.E.
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- FIGURE | BASIC CIRCUIT FOR OBTAINING CURRENT-VOLTAGE
| }CURVES POLAROGRAPHICALLY.
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area of each drop és it grows and falls. In the present investigation a
‘commercial polarograph was employed, in conjunction with & precision po-
tentiometer to check all potentials recorded as shown in Figure 3,

The fechnique, therefore, is to gradually increase the potential
difference across the twa'electrédes, and meazsuring small eurvents, of
the erder of microampsres, produced by the reduction of ions at the DM.E.
A typical current-voltage curve is shewn in Figdre 4 which illustrates the
result of electrolyzing an oxygen-free solution of cadmium ions in a
sodium perchlorate-acetic acid solution. At low potentials (below 0.55 v)
from A te B virtually no current is flowing and hence nothing is reducing
at ths D.M.E, Hewever the current sharply increzses from B to D indicat-
»iﬁg_that reduction is taking place. Since the solutien is not stirred
the current resches a maximum plateau Dto B quickly and a concentration
gradient is esteblished betwesn hhe electrede surface and the bulk of the
solut ono Tc keep ions from migrating toward the D JMoEe a large excess of
"backgrouwnd glectrolyte" (NGC“O ) is addua to the test solution and serves
to conduct current without undergeing any elect?@de reaction, Hence the

currents observed gre due to the ffusion of Cd ions into the electrode

(Y‘\

layer. According to Fick's law the rate of diffusion of 2 partievlar ionic
species is directly proportional to the concentration gradient = of the

sclution. This is a characteristic property of a completely polarized

“

electrode, and serves as the basis for quentitative anslyses.

.

The conditions lesding to the

(’)

pr 3du ilcu of this limiting cuvrren

platesu DB #re explained as fcﬂ}s“s@ At B csdmiuvn ions in the D.M.E, layer




FIG. 3

THE EXPERIMENTAL SETUP
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are reduced and dissolve in the mercury according to the expression
-+ - 0
Cd + 2e + HE -—3 Cd(Hg)

When the mercury drop falls away from the cathode the cadmium is removed

as a weak amalgam. The cadmium thus lost is replenished by the diffusion
of fresh ions from the bulk of the solution. At the anode the following
reaction 1is occuring at the same time:

OHE + 2017 ~— 2 + He,CL,

As-the applied e.m.f. is increased further the current gquickly épproaches
a limiting value and beécmes constant (apart from a slight increase due.
to the residual current) and independent of further e.m.f. increases,
Under thése circuﬁstances a steady rate of diffusion is set up giving
rise to the "diffusion current”, iy @s shown in Figure L,

The potential of the point C on the current voltage curve at which
the current is one-half of its limiting value is known as the half-wave
potential, El/2’ which in most instances is characteristic of an element,
giv§n the background electrolyte used. El/E values are independent of

the concentration of the reacting ions in solution, the size of the

mercury drops and galvanometer sensitivity. Fach species (electroreducible
or electro-oxidizable) gives rise to a current voltage curve having its
own particular half-wave potential and charts have been drawn up for a

large number of substances in various background electrolytes by many

23-25

different authors
The choice of a background electrolyte is quite important for it

may change the value of the half-wave potential substantially, as well as
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the general nature of a polarogram. Essentially the background electrolyte

should be one that does not interfere with the ions under investigaﬁion.

- Thus it should not cause any precipitation or abscrption of the ions being

studied, its cations should have a very negative E1/2 value to avoid over-

lapping with the ions undor observation, it should provide a medium where

the obssrved ions are in one definite chemical form and in general provide
welledefined and well-separated waves for 2ll constituents. In practise

very often a compromise must be rsached between these desirable features

and the chemical nature of the lons studied. The salts of the alkali,alkaline

earth metals and of : the mineral zeids are used as background electro.

lytes because their decomposition potentials sre aboub 1.6 to «2.2 volts

with respect To the S.0eE., sufficiently negative not to IFLCTTCP” with most

determinations. Variocus other electrolytes are used to eliminate the mige

- - 24
ration current and ons example of such a collecticn is given by Meites .

A current veltage curve as shown in Figure 4 hes a limiting current
plateau DE made up of the residusl current AB and the diffusien current i;.

Generelly speaking the limiting current which is caused by an extreme state

of concentration polerization by the depletion of electroactive substances

®

at the DM.E. may also contain contributions sush az the migration current,
kKinetic currents, cetalytic and sbserption curvents. Apart from thess,
"maxima' mey occur as well as interference from dissolved oxygen in the

solution under investigation. The cause and effect of each conbriby

L Y
<
d-
(2e
~
ot

ca




of a "condenser" current and a ”faradéic” current. When a DM.E, is
placed in an "inert" electrolyte eg, (KC1) its potential can be varied
from the oxidation of mercury (+iv vs S.C.E.) to the discharge of
potassiun ions (~1.87 vs S.C.E.). This change of the potential of the
mercury relative to the solution results only in a change in the chafge
density of the "electrical double layer" at the DM.E, solution interface.
The layer of negative charge at the surface of the electroede and the layer
of positivsly chafged_solution adjacéﬁt to it constitute the so-called
electrical double 1ayer. There is no transfer of chavge acress it sueﬁ

Y

as ococurs in an electrochemical reaction. The interface thus behaves as
an electrical condenser, the charée.om one side being p?ovidad by an
excess or defieit of electrons in the mercury, and on the other by an
excess of cations or anions in the adjacent solution. At <0.U46 velts vs
SeCek. marcury inAabl mslér potassium chleride solution has a "null
potential’ where the charge on eithef.side of the double layer is zero,
corfesponéiﬁg to a meximum in the interfacisl tension. Hence this point
is ealled the "electrocapillary'maximuﬁ” of meréufy'in that selution,.
.The presence of anions that tend to be zbsorbed on the HMeroury surfaee
shifts the rnoll peint in a negative dire@%i@ﬁ'and absorbed cations cause
zn opposite shift. Whenever the D.M.E. has a p@ten{ial different from
this null potential a current must flow through the externsal circuit.
This is required in order to provide the charge on the two sides of the

- interface, remembering that in the absence of any electrochemical process

as the electrade, ne chavge cen cross the interface. The average value
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of the condenser or charging current is quite small, dependent on capile
dary characteristies and potential, with a slope of about 0.15 microamps per

volt in the region of AB (see Figure 4)., If one examines a cémplete polar-

ogram.qf'én inert electrolyte, there isegn initisl rise (oxidation of mer
cury) and a final rise (discharge of cation) apart from the region just
examined, where even at the electrocapillary maximum the current is not
zero., These pﬁencma are due to the occurrence of faradaie processes, which

are quite 1naepehdcnt of double layer charging. Traees of impurities in -

the background electrclyﬁe account for the faradaic contribution at tﬂe
electro capillary maximum. Hence one must be careful to use the best
grade of chemiecals available, or if ne essary purify the chemicals as the
deue*miﬂdtIOH requires, In practise the residusl currents mey be extra-
pula ed and then subtiactsd from the limiting current, as shown in Figure
L, to yield the diffusion current.

The rate of diffusive transfer to the electrode depends directly
on the Gsﬁcentraﬁicn gradient at the sufface of the eleeﬁrode, or on the
difference in concentration betwesn thé bulk of the solution end the elec

trode surface. As the applied potential is inereasssd above the decomposie

tion potential and the current rises from B to D (see Figure 4), the demsnd
for the cadmium ions at the electrode increases, but its concentration at

the eleéiroda surface decresases, Consequently, the rate ef diffusive transes’

”

fer increases. Ultimately 2 condition is reached in which the cadmium

~ions ave reduced as rapidly as they diffuse to the electrode surface, and

its concentration at the DJM.E. sinks to o minis value whieh remsins
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practically constant with further inerease in potential. The rate of
diffusive transfer, dependent on the difference in concentration between

DM.E, surface and the bulk solution, thus becomes constant, and corres-

pondingly.a diffusion-controlled limiting current results. In 1934, Il-
kovic3, in collaboration with Heyfovsky, succeeded “in deriving the now
famous equation which is the foundation of quantitative polarography.

The relation is:

iy = 607 n D1/2 c m2/3 tllé

where n is the mumbsy of faradays of elect vic ity per molay unit of elec-
trode reaction, D thes diffusion cosfficient of electfaactivelsubstance,
C is the congentration in millimoles peﬁ liter, m is the‘rate of mercury
flOW'(mg/SSC) and t is fhe drap time in ssconds. The great virtus of the §
Ilkévic-eq ation is that it a2ccounts QU%nbit2i1V6ly'fOT the influence |
of a]l'tnm many factors which influencs the diffusion eurren

The migraticn current is known as that portion of the total current
which is due to an electrical force that affects the rate at which elecw-
troactive ions reach the electroede surface. Thi§'inereases as the transe

ference number of the ion responsible for a wave increases, and it also

depends on the charge carried by that ion. Cations are attracted to a
negatively charged electrode, and thus the electrical forcs under these

conditions leads to an increase of the limiting curvent, so that the

migration current is positive. Exaetlv the opposite is true when the

electroactive spscies is anionic. In either cass the tvupslercnﬂe nuber

can be reduced to a negligible value by addition of & backeround elsetrolyte
. g LECLy e,

.3 s

whose ions assist in conducting electricity through the solution.  Hence
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it is customary to carry out all polarographic measurements in the pre-

sence of a supporting electrolyte whose concentration is 0.1M or higher,
The supporting electrolyte serves an additional purpose of deéreasing the
Hecell fesistance to only a few hundred ohms, reducing‘the iR drop: through
the sclution to 2 negligible vaiue, thereby permitting one to equate thé
voltage appiied from the external ecireuit to the potential difference be-
tween the D.M.E. and S.C.E,

The kinetic contribution to the limiting current may afise when an
electroactive substance is formed from an inert species at a rate céﬁparaa
ble to the diffusion rate. The classie example of a kinetic current is
found for ths rsaduction of py%uvic acid,CHBCO COCH, which can be abbre-

viated to HA. The resction is as follows:

k - +

S ]
k
v :
ne ne

products products
Only one wave is observed in strongly acidic medium, correspondin
¥

to the reduction of HA, two waves cccur at intermediste pH values and only

one wave for the basie region, correspornding to the reduction of the anicn

Age In general, the two waves in the intermediate pH range do not réfleét
the relative equilibriwn concentrations of the undisseciated acid HA or
the anion A” in the bulk of the solution. Instead, the first wave'(du;
to HA) is relatively larger than the concentration of HA would warrent

and yet not large encugh to account for the equilibrium being completely

shifted to the left. Hence it is concluded that this first wave is nob
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{ ' -+
due to diffusion alons, but also affected by the rate at which H

combines with A~ to form HA. The second wave is affected by the rate'&f
dissocation of\the acid in a similar manner. Since rates of reaction
are‘highly‘temperatura dependent, more so than diffusion, these kinetic
contributions may be identified by a temperature study. Secondly,
kinetic currents are virtually independent of mercury pressure, quite
different from a diffusion-controlled current, and lastly, they are depend.
ent on plH and ionic strength. An exaﬁple of a kinetic current is i1lus-
trated by the first wave in Figure 5. A thcrcugh account of this situs-
tion will be given later becauss kinetic currents were observed in this
studye

An example of a catalytic contribution to the limiting current is
the reductiion of ferric ions in presence of hydrogen peroxide. Hydrogen
perexide is only reduced at a very negative potential so that the iron re-
duction wave is well separated from it. However, with hydrogen peroxide
present the ferriec iron wave is mueb larger than in the sbhssnce of hyw
drégan peroxide. The explanation.is obvious, i;e. the ferrous ions formed
by reduction of ferric ion are oxidized back to the ferric ion by the
.hyﬂrogen peroxide at the surface of the DM.E., aﬁd.sa the freshly produced
ferrie ion is reduced égain, Thus the limiting cnrfeﬁt of ferric ion is
much greater than corresponds to the concentration of ferric icn in the bulk
of the solution. If the rate constant of oxidizing ferrous to ferric ions
were small, then the limiting current weula be essentially diffusion con-
trolled, and if ﬁhé rate caéstaﬁt were large the limiting current would be

proportional to the concentration of hydrogen peroxide in solution. For
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this Fe++ FeTHt case, the rate is 1nterﬁed1ate and one can not relate
_ wave height to ferflc concentration directly. Though the heights of
catalytic waves are sensitive to variatiops in pH, tempgrature and other
experimental conditions, the use of a catalytic wave for analytical pur-
poses may often be advantageous because of the high sensitivity that can’
be attained, Actually catalytic waves are useful especially in the
determination of trace amounts of molybdate, vanadates and tungstates.
Absorption waves may be due either to the reactant elsctrosctive
species ébsorbed on the electrode (post-wave) or to the absorption of the
product of the electrods reaction (pre-wave). If the reduced form is
absorbed a small prewave of constant height which is indeperdent of cone
centration will be followed by 2 "normal" reduction wave. The totai
dlfqu1Gn current (sum of the prewave and the normal one) is proportional
to the concentration of species in solution. The sscond wave decreases
with a decrease in concentration, until finally, (5 x 107 M) only the pre-
waye remains. The El/Z of the pgcwave is slightly'more positive than the
true redox potential of the system. This differénae corresponds to the
energy invelved in the abserption of the reduced form on the DoM.E., and
disappears at high tewoewacwvﬂ (90 C) becau5ﬂ of a dccze sz in absorption
with & rise in temparaturee Sixifarly an increase of pH very often
causes the two waves te coalesce into one wave. The postwave has similayr
characteristies. In either case the absorption wave is proporticnal to the

nunber of molecules absorbed on the mercury drop during its life-time

kS

(5 sec). Hence the absorption current is dependent on temperature,
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- mereury height, and concentration of electroactive spaéies,
Thé fundamental criterion for absorption waves is the direct proportionality
on the corrected height of the mercury colum.e .Absorption waves have
been observed in solutions of methyiene blue, riboflavin and other organic
conpound se

Not 21l current-veltage curves are as symmetrically S shaped and
well defined as the lead wave in Figure Lk, 1In fact one of the genersl
charectar sties of current-voltage curves obtained with a DM, F are the
Ymaxima' present unless measures have been tzken to eliminste their occur-
rence. There are two types of maxima, ie.e. "maxima of the first kind"
and "maxima of the second kind". TIn the first kind the curvent increases
linearly with an incrsase of veltape (Ohm's Law) to 2 value much larger
than the true d1f1u31on current then suddenly falls to a steady normal
diffusion curvent. One finds that the height of the mayzxum is greatly
dependent on tﬁe c@neéntr‘ticn of the reducible substance. In gensrel,
metal jon solu jous do not yield maxima below O odrt. As a2 rule there is
no simple relation between maxima hClgh ts and concentration. The mag-
nitﬁdes of the maxima also depend on the drop time, becoming smaller the
"slower the drop tims, and.élsa smaller with & dec*“aS@ in concentration
of electrozctive »pecié$e Maxima are es pec 1ally prevalent when the F1/2
is considerably removed from the electrocapillary zmerc of wercury. Upon
examinztion of msxima one must conclude that the supply of reducible ion
at the DM.E. is abnormally high. Now two explanations have been proposed,

the first by Heyroveky and Tlkovie and the sccond by Antweiler and von

[
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/
j 26
Stagkelberg, both of whose theories are reviewed by Kolthoff and Lingane .

! Heyrovsky attribuies the increased supply of reducible ions at the
D.M.E, to absorption on the mercury drop gimilar to the condenser current
cése mentioned previouslye. This intefpretation explains some simple cases,
but faces certain difficulties in other circumstances. For instance,vthe
direction of the eleciric field responsible for absorption must change at
the electrocapillary maximum, and so reducible ions of a given sign only
should be absorbed, by electrical attraction, on one side of the elec-
troeapiliary maximum, but not on both. Hence cations which are absorbed
on the negative side of-the electrocapillary maximum would be repelled
on the other side. Actuzlly, it is found, in contradictio& to the Hey-
rovsky-Ilkovie theory thgt the discharge of cations gives rise to maxima
on both sides of the electrocapillary meximum, e.g. lead (bl/2 bS v)
and nickel (El/Z = 3.0 v)e

Some rather ingenicus experiments of Antweiler have shown that
pa&ncunccd "streaming" of the llqud avaupd th@ D.M.E, does account for
the maxima. He made diffusion layer@ and stlrrvnﬁ visible mierophotoe
graphi@ally by applying a ”Schllereﬂrpuhcd”26. In this visw, due to the
shielding effect of the capillary tip, the current density is greater at
the bottem of the drep than at the top, and so causes é potential difference
between the top and bottom of the drop and hence a difference of intere
facial tension. FElectriesl double layers esn ﬁig?ate uwnder the influsnce
of a pctential gradient and so cause streaming of the diffusion layer.

- This streaming could provide a mechanism for allewing an increased supply
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[ .
of the reducible ions to reach the mercury drop. On this basis, one can

explain why cadmium has no maximum, becsuse its half-wave potential is
close to the null point of mercury. In genersl, Antweiler's theory can
account for most of the maxima characteristics ehcountered.

Fortunately, mexima can be suppressed by the addition of surface
active substances to the aqueous solution under investigation, These
compoum&s (gelatin, dyes, TX100, etc.) are called maximum suppressors.

- The function of any such suppressor is to form an absorbed layer on the
équeous-side of the mercury solution interface which in turn prevents
streaming of the diffusion layer. Care is needed in this method because
even small concentrations e.ge. 2s low as (0.01%) can alter the shape of
a polarographic wave markedly, along with the value of the diffusion
current. A detalled study of these effects is given in & later ssetion.

| Moxima of the secénd kind were discevered by Kryukova 23 in 1940
and named by her as such, They ocour on both caihadic and snodic diffusion
currents in concentrated SGlﬂblOzS of supporting electrolyﬁe of about 0.1M,.
Thesa maxima do not decrease abrupfly but rathe%‘slowly decresse in a

.

straight line towsrd the true diffusion current height. They are ceused

.by & turbulence arising inside the drop because of 2 hwgh flow rate of

=3
(]

reurye. Hence the 6¢16“t increases with an increzse of dfop time, and

n add

tjn

tion it is most efficiently transmitied to the.surrounding layer
T solution at the elsctrocapillary ma?lmhng wnere the interfacial tension
betwesn drop and solution is greater, NGPPwVC?, the effect depends on the

concentration of the supporting electrolyte, being more proncunced for mors
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‘co?centrated solutions. These maxima are directly proportional to the
heﬁght of the mercury colum. Again these maxima may be eliminated by
sgationary electrodes, reducing flow rates, using a streaming mercury
electrode or adding a SUppressor.

Another important feature of a curfentuvoltage curve is the half-
wave potential Ei/z, mentioned already in previcus pages. Undér any de-
fined set of expsrimental.conditidns, each substance has its own charac-
téristic half-wave potential and this is the basis of qualitative polarow
graphiévanalyses. 31/2 values are dependegt cn the concentration of
supporting electrolyte, damping of the pclarograph, resistance of the He
cell, pH, temperature, structure of the electrozetive ions, maxirmum SUp--
pressor ard the electrical dowble layer and reversibility of polarographic
wavese To have any meaning this E1/2 paraneter ﬁﬁsi be csrefully deter-
mined under econtrolled eonditions which are reproducible. There are numer-
ous ways of measuring the El/z of which a few will be mentioned., The most
common method is illustrated in Figure 6. Parallel lines are drawn through
the average fesidual and limiting cuffént55 Then a line is drawn through
the average oscillations on the steep rising part of the wave. Whers the
mid-point of tié diffusien currents, measured perpendicular to the residual
éurrent, coincides with line drawn on the rising wa%é,'that point is the
half-wave potential, E1/2° To gain accuracy the E1/2 area is scanned with
a2 low voltage span to spread out the wave as much as possible, ,

A more accurate method and one which was used extensively in this

study is illustrated in Figure 7. This is the so callsd "ogarithmic plot”
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method. A polarogram must be obtained with a long drop time, no damping

and a drawn out wave spread to minimize errors in the measurement of the

poténtial as well as individual diffusion currents. At about ten points

equally spacded along the potential axis on the rising part of the wave,
an oscillation is picked and the average height of a growing drop 05011a
lation is marked. The vertical distance betwmen each such point and th&
extrapolated residual-current llne is proportional to the value of (i)

at the corresponding potential. This value is :subﬁraeted‘f?om'the avers

/

/diffusion current (1 ) to obtain (1‘ - 1), Then the log( )
ig-i
es zero the half«

aﬂC

i
log w=r bec
. (1g-1)
wave potential must be located. This method then is based on ten read~

applied potential is plotted. Where the

ings and the best straight.line drawm through these points, with the

- added advantage of using any convenisnt scale on the graph paper. This
El/Z need not be cerrected for an iR drop if fhe resistance through the
polarcgraph and Hecell is under 1000 chms. At high sensitivity the pélaro-
graph may hav&a“resistéﬁﬁe of several thousand ohms;, at which point a
eof?eeﬁion is necessary when the curreﬁt is abo%e luh. The reason being

that the iR drop now is of the orvder of several millivolts. In this

study'the largest iR drop was under one millivolt which made any core

rections winecessary.




CHAPTER 3
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POLAROGRAPHIC THEORY

A detailed treatment of polarographlc theory may bs found in a

numbﬁr of ’ce}{t-mbcmksZB’ZLr 26,28

thus only a brief review will be‘given
here. "In the preceeding chapter various contributions to the limiting
current were discussed and the diffusion~controlled current was singled
out as the most important parameter in polarography. In order to see

the significance of the alff sion current, a closer look at the process

of diffusion is necessary.

A, The Diff n Current

Diffusion may be desciibed as a sporttansous process leading to

equilibration of concentration differences in solution, where solute
starls to move from areas of high to those of lewer concentration, The
.rate of diffusion is proportional to.the concentration gradient, but also
depends on the properties of the diffusi sing particles. If diffusion occurs
in one direction only the process is ealled "linsar diffusion". Consider
& cylinder with a cross-sectional afea, A, and a plane electrode at one
end. The concentratien of electroactive species decreases in the direction
perpeﬁdicula? to the eléetrcde owing to an electrochenical ehange~ét the
elec*“vvodee The number of moles dN of the substance that diffused zeross
th@ eves A et a distence x is‘prcpsrti@nal to &, to the concentration
gradient dC/dx and the time interval dt in the following manner:

AN = DA 82 A6 wueciierennorannoceennaea(l)

This is knowm as PLek‘s First Lsw, which was derived in 1855, The pro-

ient) indicztes the nusbsy of
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moles of the substancs that passes by diffuéion through unit arvea at a
unit concentration gradient in unit time. The magnitude of D is of the
vordér, 10"5 cmz/sec. The numbsr of ﬁolés of substance that diffuse
through unit area in unit time is called the unit flow or flux., Tt is
given by the following expression:

v _ 5 9¢C ‘
m — D ax .0'006900600009’.0_0900009.0000(2)

As the diffusion proceeds, the concentration gradient decreases and hence _
the flux decreases accordingly. Therefore equation (2) is valid at a given
insgant:of tire only. To caleulate the amount of material diffusing

across a given plane in a finite interval of time one must know how 2

, éhange in concentration varies with time, at 2 given plane at a giveﬁ
instent. This concentration gradient may be cslewlated fr@m Fick's

" Second Law:

é 2
ac _, 3%

g'{’, B %xz

This is the fundamental eguation for linsar d:ffu51@ne The diffusion

00006@OeOQO@GOGQ@OGOO@B&@QOOG(B)

current is determined by the c@n60ﬂ+r“t1@n gradient at the gurfaca of the
electrode, i.€.:

. aN

1= nf a‘{ = nFDA (%‘:“ oooceoeooooeoaeeeeeee(u')
where n 1s the number of electrons inveolved in the electrode process, F
is a faraday (96,500 coulombs) and D, A, and C and x have their ususl

significance., From equation (4) it can be showm that the current at a

plane stationary electrode is
Ct - C

. .
X SY:FDA “”;T-i)?-‘*’ﬂ““ ocoseaeeoeeoeoaaeeee9500000(5)
R 3929




or for the limiting diffusion current (Co

i, = nFDA

.00.500060..°0.090'.0..00°.(6)

where C* is the concentration of electroactive material in the bulk of

the solution, Co is the concentration at the electrode surface and the

square-root term is the differential thickness of the

which is 2 function of tinme.

diffusion leyer

In symmetrical spherical diffusion the elsetro

active species

its radius. In this ease

- diffuses toward the centre of a

1ecirode.'

thL diffusion field could be a spherical shell surround

The radius of the electrods is designated by r

diffusion shell by re It is assumed that the

world Laxb

finitesimally thin, the thickness being dr.

~on the follewir ing form:

+

dN = l’frrrzD

QOOQO%OGGOGOOOOOﬁOQ(?)

Vhen determining th iwcentyration gradier

elecirods the derivation rust

in spherieal cowordir wtes:
dcC

e wue

dt

tovards a stationary- spheri

s Second Law, which is given

o

eooeeeaeoooeeaoo(8)

W?AJ

From the solution of equation (8), with app

and boundary

the solution of the

conditions, it follows that whey

e r approaches L

N

equation resembles that for diffusion towards a plane electrods

diffusion within 2o cqow distancs

ce of sphericsl electrode

¥

’_(h
Ao

can bte shown
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~of the diffusion layer &Tﬁﬁw (for small t) is considerably less than »

3

1 1
+"‘"‘) ‘...oooeooooocca00(9)

=t =

The first term on the right-hand side corresponds to thé expression for

i = nFDAC* (

diffusion towards 2 plane électrode (eg. 6) and its magnitude is a funetion
of time., The second term is a time-independent constant. If the thickness
fodd
it follows that the value of the first term exceeds that of the second

term and that the diffusion towards a2 spherical drop (DME) is governsd

- by the laws of linear diffusion. Verifying ean. (9) expé?imentally is
quite difficult because at longer drop-times (t), convection occurs in the

vicinity of the electrode giving rise to streaming that disturbs the

diffusion 1ajero

Diffusion at a DM.E. is spherically symmetrical, but dus to the
pericdic growth and fall of the mercur ury d sg' the ares of the diffusion
field changes continuously during the life of a drop. The diffusion
then takes place in a mediun which is moving with respsct .to the centre
of the drop in a direction cpposing thc dire tmo& of diffusion. Caleculse
tion of the concentration gradient towards a gfcwing dropping electrede
. . . . 32 .
is quite complicated. The problem was first solved by Ilkovie” in 1934

with the assumption that the dropping electiede behaves as a plane elecw

‘trede with an ares equal to that of the surface of the drop 1.8., an area

inereasing with time. The derivation of the famous Ilkovic equation was
Q

suggested actually by experimertal work which showsd that Llinf¢eu with

Iy

(..A

equal flow rates give equal limiting currents and +the dependence of the

o

diffusicn currents cn the height of the mercury colum is parabolic. By

Y .

applying Fick!s laws of diffusicn and considerin
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mercury drop Ilkovic obtained an expression for the mean diffusion current:

a

The mean diffusion current is considered because with the ordinary D'Ar.

1
= 00627 nFCD.Z m2/3 tl/é oooooocoooaooeoa.onooo(lo)

sonvdl galvanometer used in polarography, the complete current time curves
are not observed, because the inertia of the moving coil is so large

that it is unable to follow the complete perledic change in the current,

Thus the average diffusion current, 1ncorporating F into a numerieal

pcnstant is; .
| i, = 607 nopt/2 y2/3 (116

where C is exprassed in millimoles (rM1) per liter, m, in mg. per ssecond,

.0606000000000301)69000&(11)

t, the drop time in seconds, and ig innﬂéraamper@s,/ﬂge It is evident
from the above equation that for given values of m and t, i.e. if the same
capillary is used with a constant height of mercury, the diffusion ecurrent
is directly proportionazl to the analytieal csﬁcamtration of the elestro.
active species in solution:

g RO eecreeeriveecenenonnennnnnnsnnn(12)

where k = 607 nD1/2 m2/3 tl/é.

4

In practical work the average of the galvanometer oseillations is

measured, corresponding very closely to the tyrus average current. The
diffusion currents obtained with a D.M.E. are perfectly Y@p“odlﬁ ible for

reasons that have been discussed alrsady. Ant@ﬂjﬁﬂBB howad that the

thickness of the normal diffusion layer was only of the order of 0.05 rmm,
The diffusion layer is thus so thin that there ie no apprecisble stirping

effect due te density gradients, which accounts for the perfect repro-
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ducibility of the D.M.E. current., If the diffusion current values of
electroactive ions are plotted against concentration, a straight line

passing through the origin is obtained, which may be used as a calibra-

tion curve for determining the concentration of the ion in unknown same

ples. When the Ilkovie egquation is rearranged as

- 1/2 |
Id -—-607nD -275“‘/6 ofooooonooooo(ls)

we have an expression for the diffusion current constant, I,. This

Ammediately leads to an absolute method for the determination of unknown

coricentration cnce a known sample is run, i.e. once Id is knowm. Simi-
larily unknown concentrations may be obtained by direct comparisocn, of
h@lgnts, standard ad dltiOh and internal standard methods. Thus the

Tlkovie equation is of paramount importance and the we ery foundation of

quantitative polar uphlﬁ analysis.

On the whole, the validity of the IlKOVTC equation has been
proved satisfactorily by many investigators. Thus the linear dependence
of the diffusion current, id’ on concentration is satisfied with = 1%,

2/3 t1/6

. PR : 1 .
the dependence on m within = 3% and the constancy of the diffusion

. . . . I Y 1s
current constant Id’ as given in equation (13) within —~ 5ke It was this

big change in Id with m and t that led to corrections on the original
Ilkovic eqguation.

In deriving the Tlkovie equation the curvaiure of the electrode

a5 neglected and only linesr diffusion was econsidered. The First derie-

1

vetion that accounte d for the curvaturs of the elsctrods was presented by
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Lingane and LoveridgeBn. Essentially they multiplied the second term on

the r.hes. of equation (9) by Y I/3 . Their final result was that:

1/2 t1/6

1, = 607 nopH/2 y2/3 (2/6 (1 | p D TT—)  eeeeeneeen(1B)
m

where B is a numerical coefficient. Varicus authors attempted the same
task and in all cases obtained an equation similar to the one above dif-

fering only in the value of B. Lingane gnd Loveridg@Bu set B equal to

39, Strehlow and von Stackelbérng chose 17. A rigorous treatment by

‘Koufeekyz?

P 1/2,1/6 1/2 1/6
' id = 607 nCDl/Z m2/3 tl/é (l -+ 394 Dl/Bt ?*[l 1/3 1 )oea€15)

n
On the basis of Kontécky's equation, the diffusion currents for the nor-

gave a complex equation as follows:

mal capillaries should excsed thoss calculated from the stmple Tlkovie
‘equation by 5-10%. However the variations in flow rate with time and
transfer of ecnceﬁtratlon polarization upset the theovetieal prédietimno
Years of ressarch have shcwn that the correction for Sphericalidiffuﬁioﬁ
is approximetely counterbalsnced by the transfgr of concentration polari-
zaetion and that the variation in flow ra{e is within the experimental

error of the recording polarograph. Hence the mean currents measured with

a normal polargraph i.e. vertical capillary and serial drops, arve in satis-
. . . R ey
factory agreement with the Ilkovic equation. Reinmuth s Markowitz and

38
Elving37 and Meltes  have all compared the corrected eguations to that

of the original Ilkovic and coms te the canelugien that th@?& is no
o
3

significant adva PLagG of uvsing one or the other for des ribing the currente

potential curve,




-plateau of the wave, where it is v1ruually Andependent of the potential
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B. Electrochemical znd Theoretical Princinles
] .

i

The last section discussed the behavior of the current at the

-

of the D.1M.Esy iee., the condition of complete concentratlon polarization.
It is now sppropriate to consider the manner in which the current is

affected by the electrode potential on the rising part of the wave. In

order to explain the shape of the current-potential curve, one must know

the relationship between the concentration of electroactive species at

the electrode surface and the potentisl at any given point on the wave.
For reversible prucesses “this relationship czn be obtained from the Nernst
equation:

E :Eo [‘E'*“z

rl £‘ Z 0&000.00~090000600000'5(16)
4 .

Red and Ox denote the concentratiéns of reduced énd oxidized forms
of the depolarizer, E® is the standard oxidation-reduction petential of
the system, E the potential of the DM.E., R is the gas constant, T is
the-absclute‘tempe?ature and nl has its-usual. szgniflc““

The Nernst equation holds only for reversible thermodynamic

equilibrium, l.e. under conditions when no current is flowing. In fact

a small current does flow for the elsctrode process in polarography.
Hence the question arises, when is a reaction reversible? Thermodyrisae

rically 2 reaction is reversible vhen equilibrium is attained at any and -

‘every instant of time. In polarography this would mean that thermodynamic

equilibrivs would heve to be very nesyrly attained at every instant during

the life of & drop alt any potential. For such reversible reactlons the variatien
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of/ current with potential reflects the changing position of the equili-
brium, slightly disturbed in favour of the reduced form due to the small
current flowing during the reaction. At the other extreme is the class
of totally irreversible reactions which are so slow that they preceed only
a fraction of the way toward equilibrium during the life of each drop.
For thess reactions it is the rate of electron-transfer process that
governs the relationship bétween current and the potential. Between thess
two extremes is an intermediate class of reactions that are fast enough
to approach equilibriumm during the drop life, but not detectible as ifrem
versible within expsrimental measurements. Hence a reaction is said to
be reversible if, within the limits of experimental errvor, its behaviour
cannot be distinguish@d from an infinitely fast reaction. However, vale
uable information can be obtained.frem.bo%h reactlons using the polare-
graphic technique, though it is ne simple task to positively identify, a
"reversible wave",

There are four pccalbllltles to cans1d@r in the reduction and
ekldation of simple metal ions at the DoMoEe First, reduction of cations
to the metallic state fermzng an awalﬁam, i.6e, the metal is soluble in
marcuéyo Secsmdiy, reduc%ion to the metallic staie.where the matél is
inseluble in msrcury. 'Thirdg reduction Qr‘oxidatian from one soluble
exidation state to another; e.g. Fe -t to Fe Lastly s combination ef’v
case three with either the first or second, so that avstepwisa reduction
occurs and a polarcgranm is obtained with t#@, oY NOYe Waves.

To illustrate the theory, cass one will be examined. The trsate
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meq% here is a swmary based on the reviews given by'Meiteszg, Kolthoff
23

and Eingan626 and Heyrovsky and Kuta™ ., The electrode reaction cor=-

responds to: _ : A _
I"In+ + ne -+ Hgo = M’.(Hg) ooo'oooooooooocoooa;‘ocoe.v.c(].?)

where Mn+ represénts,the metal cation, and M(Hg) is the amalgam formed at
the DJM.E, If the reaction is reversible and very fast when compared to
the diffusion of ions to the electrode surface, the DM.E, will be sub-
Ject only'to concentration polarization. The coneentrétion of metal

atoms to nmetal ions at the DM.E. must conform to the Ne rast equation:

E =% . ———E—M—S}i‘ﬂ .eooosoeaoo(]8)

15
deMeee. s a o P Elglk]

: e - . ° .
(2 denotes activity) whers f denotes the activity coefficient, E_ is

the standard potential of the simple metal ion and_gH.d“'is unity be-

- hg
cause the amalgam formed is very dilute and hence it is regarded as pure
mercury. Equation 18 may then be written:

T SR X5 o

B = B .
delle€e s nf -k
fs_ M

If ths electrcde reaction is diffusion controlled, the current, i,
e

is proportional to the difference bucweeﬁ the concentration of M7 in the

" bulk of the selution and that at the elsctrede sur 208, lee. Fick's Law,

Since the concentraticon of ions at the electrode surface at any potential

on the platean of the wave is wvirtuvallyizero-fora veversible pracess, be-

cause the ions sre reduced as rapidly as thsy reach the electrode the

current is egual, by definition, to the diffusion currsnt as stated in
ztion 12:
i, =k C
d s

wnere s denotes simple metal ion. The concentration of the metal atoms
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/
iﬁfthe amalgam at the drop surface is alse preporticnal to the current:

/ =

i : i=- k Com *ceccvseccocssccoccnsssccs(20)
where subscrlpt am refers to the atoms instﬂad of ions as in equation

12. The negative k g 2PDSAYS because a negative current is obtalned when
metal atoms are belng oxidized at the drop surface, as for a dropping
metal-amalgam electrade in a sclution of the supporting-elsctrolyte alone.

Combining the sbove equations for the condition when i = i
Z

.

narely the halfewave potential:

-

"'El -aﬁ‘"'"ln""“”“"““"’{ o'oooeeoeoenoooeee(zl)

or at,25°C equatien 217 simplifies to

- «05915 i |
Ed_em,e, - E—%— = n lOg id - i -o‘_oeeeoaoooe(ZZ)

In the above equation i is the cathode current fesgltiﬁg frem the rew
duation of Mn+. Similarly equations can be derived for anodic currents
or a "composite" condition of an ancdic-cathedic wave. On examining
equation 22 one realizes that a plot of log gfgtfg-vso Edem@ee should
yvield a straight line having a slope of égégéé‘fr@m which n can be dew
termined. As has been menticned previously such a plot is extremsly

| useful to find E% values, i.e. where the log term is zero. 'The log term
of equation 22 can be transformed to include diffuéi@n coaffici@nis N
stead of currents if so desired. The Ilk@vic equation then predicts:

£ 1Dsz

E.‘L 2E° s 0059‘“5 l,@g ST S c-seecoseeoeeeeaceeaoe(ZB)

) s n 2
S am

The various uses ard lmplications of equation 22 will be discussed

later.
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| :
/ If the solution contains a complexing agent, so that the metal ion

is present as a complex rather than as the simple ion, the half reaction -
can be described by the equation

- (n-pb)+ -b

p
where X is the complexing agent, p is the number of ligénds attached to

+ ne + HgO =M(Hg) + p X esscecscoccoscssal2lt)
the metal ion and b is the charge of the ligand, It is convenient to

imagine that the reduction proceeds in two steps:

I{Xp(nmpb)+ = Mn+ + p X-b .0.90GQOQOOEGGOOOOOO‘OﬁG'G(ZS)

M 4 ne 4 Hgo = M(Hg) cce;aoeoooeoeooeaeeocooooooa(Zé)-
This méy‘nst bé the actual kinetic mechanism involved, but it serves to
facilitate an explanation of the thermodynamic relationships involved,
If the feregoing reactions are rapid- and reversible zt the D.M.E. then the

potential of the latter at any point on the wave is given by equatien 19

°© BT 1, Luam)
Edemoea - Es T nr in gm fg EI@%?Z

When the dissocation of the complex ion is very fast so that equilibrium

-

with respeclt to reaction 25 is maintained at the electrode surface then
™ can be replaced by:

Mn% = ¥, [ux] 7,

where Kc is the dissociation constant of the metal ion complex. If ons

0595@5009‘3006(’25@0@06(27)

assunes that the caaplexing agent 1s in large excess over the complex

. ~b . - .
then the liberation of X = at the D.M.E. has a negligible effect on the
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b%lk concentration X b. Secondly, Kc is normally so small that the free
4™ in the bulk of the solution is also negligible.

- With these.assumptidns the Nernst equation predicts that

E =E°+B:zln&%§{“-”~ [le—LD cescoess(28)
demee. = “a T BF £ P W [m]

Upon subst1tut1n5 in the relatlonshlps of currents to concentrations

one gets an expression for the half-wave potential:

Kf k : '
0.05915 cMx a 0.0591.5 ‘
El/Zc Fa o n ~10g f k =P n log £, [XI neee(29)
at 25 C, wherse §§ = S;ﬁ" « It is evident from equation 29 that the con-
] Dc

centrdLWQn of the net al ion complex does not enter into the EH/Z expre S-
s_:':.ono ' Tt has been verified experimentally that the El/z is constant and
independent of the concentration of the complex metal ion. Hence the
half wave potential of a éompléx matal icn should. shift to more negative
valués of potentiel with changing activity of the ligand as follows:

B1/2
= = 0.05915 . "
log[_XJ fx '“va n ccoo.oeca-:nqcoeooue(_)O)

From this relationship one can determine the coordination nunber, p, of

the complex, and thus its formuls. From equation 29 it is clear that the

Ei/Z depends on the legarithm of Kc and it is nmore negative the smaller
c :

the value of K,s legoy the more stable the complex ion. This is reasonable

thermedynamically; that is, it would take a more negative potential teo

reduce 2 more inert or non-labile complex. The most zccurate method
of determining Kc-in practice is to measure ths difference between

-

E and E under similar conditions, where ¢ and s denote complex
/2 “1/2g . i




41

i
and' free metal ion respectively. It follows from the above equations that:

!

- Kfk

H .- . 09 ° B

CB g s 2e09915 4, cEs g 0 02915 log [x} £ ieves(3D)

zc 55 n s ¢

For approximate purposes most textbooks simplify the above expression to

0.0591 0.0591
Ezl..e il E_%S = "’“‘“‘""5"9'“"‘5‘ 10g KC = D ""‘""""3‘2"“5‘ log£ X] oooooeoeaono(Bz)

For exact work the ratio of ks/kc can be determined experimentally
from the ratio of the observed diffusion currents of the simple and com-
plex metal ions at the same polarographic conditions according to the

Ilkovie equation:

[

k 2 1

¢ Do ¢
I{’*:‘;mz =‘f"“ .ooeeeeoeaoeooeoooecooseeceo(BB)
2 s

s D
3

Hence knowing the diffusion current constants, Ic and IS, one ¢can ¢l
culate the ratio of k to k_. An error of 4+ 10% in this ratio corresponds
e s S = ,

: 2.4 ‘ :

to only i,mi%-mv in the difference between B, and Ej o More care must
2z 2

be exevcised however when the ligands ave large, e.g. EDTA and DTPA, for
here the diffusion coefficient of the complex will be significantly dif-
ferent from that of the simpls metal ion. Activity coefficients are
difficult to estimzte but fortunately they may be omitted in many cases.
When the concentrations are kept low (as in polarcgraphy) and the metal
ion and the complex have comparsble charges e.g. Ci{CZOu)g and C{EDTA)™
the error intreducsd by neglecting activities is no greater than the wne
certaintity in liquid junction potentials, especially in solutions of
equal icnic strength. Hence equation 32 ylelds remarkably good values

of Kc in most cas2s.
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A log plot based on equation 30 often gives p & non integral

g
[w]

valus, If the plot is a straight line only one complex exists over t
range of ligand concentration studied, and a curved line is obtained

when a mumbsr of differant complexes exist in the same solution., If p
is 1.5, this doss not mean cne has an eguimolaer mixture of complexes with
p=1and p =2, The mathematical tresiment of data on such systems has

been worked out by Hume and Deford (39).

0

When all the factors in equation 31 are coensidered, a value of K

3,

from polarogrephic data should not be assignsd an accuracy batter than

< 504, thoush batteyr seouracy very often is obtained. VWhen n is 2 this
IVile J

'
A
i

errer corregnonds to T 5 mv. errcr in the neasured

ard B 15 Usuzlly activity coefficients and liquids
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Thé Tlkovic equation (see equation 33). The equilibrium should be rapid
i
/

and the concentration of M (roughly) should be equal to the concentration

of MX, This method is suitable for chelons where Iﬁiﬁ% Iﬁx and the dig-

coas . : : aa=L5y’ .
sociation constants are relatively small (éé, 10 5). Some complex ions
cannot be reduced directly but must dissociate first. This is true of
many metal chelonates, which have been extensively investigated and the

l .
mechanism elucidated by Koryta27’ko. One reascn, among others, is pro-

- bably that the metal ion cannot '"bridge" to the electrode as it does

for simple complexes of C17, SO&, ete. If the dissociation is slow, a
kinetic wave is obtained, and if the resulting free metal ion is rever-

sibly reduced it can be shown that:

0,05915 d '
= - T """‘108;'."“ oeooeeaeeoowoooooe(BS)
E1/2c B1/2k n i, *
where El/z is the half wave potential and id the average diffusion current
of the hypothetical reversible wave that would be cbtained feor instaneous

b}

dissociation, while El/Zk and 1, refer to the actual kinstiec wave. The
1

d

fusion contrelled waves, and so El/? can be obtained for further use
2 ) _ .

value of i, is estimated from data on similar complexes that do yiéld ‘dif-

in ealculations of Kc. Such kinetic behavior was observed Tor Cd (ED A)
L1

: by‘Schmid and Reill for Cd (HEDTA)* by Koike nd Humaguc 142 and for

o

" 22 . s _
Cd (m“ A) by Conradi, Kopanica and Koryta . In thls study similar obe

2 -

servations were made with respect to Cd (DTPA). Thus the next section

b

will be devoted to kinetie current phenomena.

vinstrizazetic acid (HEDTA)

AL Ty Iy
WrITLen ( I}..-.J".in.i) .Ld)
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 Kinetie Wave Theory

There are an appreciable number of electrode processes where the

current is controlled by a homogeneous chemical reaction taking place in

the vicinity of the electrode. These currents, which have certain char-
acteristic propsrties, are czlled kinetic currents. The quantitative ine

vestigation of these currents was initiated by Wiesner43 in 1943, He

found a kinetic current arising from the transformation of a non-reducible

'Species, X, into a reducihle one, Y, at potentials at which Y is reduced

as rapidly as it is formed. These kinetic currents have two distinguishing
polarographic characteristics; first, their valuve is less than that prew
dicted for the reduction of 2ll of the X present, but 3irger than the value
pradicted for the reduction of the equilibriim concentration of Y, and
secon@ly, the current depends only on the rate of transformation of X

into Y and therefore independent of m and t, so that 1 is irdependent of
the mercury heighte The latter characteristic is the fundamsntal eriterion

of a kinetic wave., Pronourniced deviations from this idealized patitern will

¢}

be cbserved if the equilibrium concentration of Y in the bulk of the 501«

ution is apprecisble compared to that of X, or if the rate constant for
“the transformation of X into Y is large; in either case the curvent will

display properties intermsdiate between those just deseribed and those of

a true diffusion currente.

-

~ocesses in three

o
@ -
e

Chemical reactions may be combined with electrox

ways; (2) the reaction precedss the ver, (preceding

[
o)
]
[¢)
(ead
R
]
jan
(o]
o
e
[
€3
®
4]
o0
s
=
]

reaction) where the electrode~active form of the depolarizer is produced
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1

by!a chemical reaction from a polarographically inactive form with which
it is in mobile equilibrium, (b) the reaction runs parallel to the elec-
trede process, which involves a chemical regeneration of the original
depolarizer from the product of the electrode process, and (c) the reac-
tion follows the electrode process (subsequent reaction) where the primary
product of a reversible depolarization process is transformed to a polaro-
graphically less active or inactive form.. A theoretical analysis of the
currents produced in the above reactions permits the determination of the
rate constont of the chemical reaction. ‘This may be done by an approxiﬁate
method or a rigorous zpproach.

. The zpproximate method, worked out by Brdicka and'Wiesnerau,
~assumes the existencs of a thin reaction layer at the electrode surface,
where the electrode process and the associated chemical reaction proceed
uﬁdef steady state conditions. The thickness of the reaction layer (for
large reaction rates) is very small compared to the diffusion layer, and
thus the thickness of the reaction layer is related to the rate constant
for the corresponding reaction. The éecrease in concentration of the
reaction components within the reaction layer is counterbalanced by dife
fﬁsion from the bulk of the solution; This method yields satisfactory
rosults for very fast chemical reactions and is descfibed fully by Brdicka,

12753 27,30, 4
et aiz ”O, and Koryta“(*7" O.

. . it L5.18
The problem was approached in a rigorous fashion by Koutecky 5

and finally solved in 1953, He expressed the changes in concentration at

the electrode cauvsed by diffusion and chemical reaction by a system of
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diﬁferential equations, in the first instance foria planar electrode aﬁd
fi;ally including a correction factor for the growth of the mercury drops.
He attempted to ﬁse ngfas 2 correction factor from Ukovie's theory, but
found that for kinetie currents the factbrvapproachéd unity rather than
_Sm?; A brief account of both metheds for a preceding reaction follows
a5 sumarized from references 23,24,27, and 49, The method for a pPré-
ceding reaction is derived because it is applicable tqvthe data in this
investigation.

~In this type of reaction, form Y of the depolarizer is froduced
by a chemical reaetion_from form X, which is inactive in the given range
of potentials. In the electrode process Y is ﬁrénsformed into the amgl-

gem product Z. The reaction scheme may be weitten:

k

. T .\

X ..::.:. Y q"“‘“ Z oooteeoeeeooeoesegcogé
K ;

where kf is the rate constant for the formation of Y; it may depend on the
concentration of other substances participating in excess in the chemical
resotion. The rate constant for the reverse reaeticn is.k »? and the ratio
of the two constants may be given by an equ1w1%?13m constant . Henee:

Ky - [x1 Y

0 ;" hand IYI "'K 000060990006000009003/

#

and if the ratio [XZ} is very small, the limiting current is controlled

almost entirely by the rate of the chemical reaction; at large values of

12

this rab109 the diffusion of Y from the bulk of the solubion makes 2
significant contribution to the current. The kinetic component of the

current is favored by increasing kfg seg. by temperaturs increase and by
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a change in pH,

/ The rate of formation (v) of Y is given by a first order reaction

i

relationship:

vl [X]0 0 ceeiiiiiin..38
where the subseript o denqtes the concentration at the electrode surféce.
Let us assume that only those particles of Y are reduced which are formed
in the reaction-layer of thickness s, surrounding thebelectpode, according
io equation 36. Then the current is proportional to fhe concentration of

Y forﬁed in a volume &V = 13, where § is the mean area of the electrode

. . 2 e ) . -
expressed in cm and gs is the thickness of the reaction layer in em. The

©

mean curyent is given by:

S=pnpp
L= dt

according to equation 4, where dN/dt is the number of moles of depolarizer

[l

reaching the D.M.E, per second. This can be set equal to the number of

moles of Y produced in a reaction volume & V per second as follows:
an . Ly alxl .3
at = @ V at =5 e 10 kf [X]O oosseeceeeooeoe39

consequently, for the mean Llimiting kinetie curyent we have

3

A’Akffxl .ﬂOOOOQGGQOOQOGOOOOEQO

kg —— 'r\"” i
1 =nf g . 10_ o

3 ct

“where the factor 10 nanges the reaction volume (%) to liters. {-X?o
represents the concentration of non-reducible X in the reaction layer and

is taken to be constant due to the thinness of the reaction layer. Since

X is the only species transported to the reaction layer by diffusion, the

Ol

bt

kinetie currents may be expressed, in an approximst
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// o . nFqu ke
: 3%
i, = 107 X .
’/ k n F qM kf 1dx ooonooooanqeooolw"l
. 14—
10”7 K

From this equation, the properties of a limiting current controlled by the
rate of a preceding chemiecal reaction can be formulated. From the Ilkovie

equation id = IT{C, and if the reaction is slow (n F qm kf << lO3 K), the

éec@nd term in the denominator of equation 41 may be neglected, Then:

{k =nFg. 10‘”3,5,@. ko C  eessecesesssecalt?
where 1K £< i 3 and there is no significant -depletion: of X in the reaction
volume. Since the mean surface area g is independent of the height of the
mercury colum (mt = comstant), the kinetic current is likewise independent
of hng Unless the eondition ik {81 3] is valid, the ssceond teym in the
denom’inator in equatic‘m 4l camnot be neglected. In this case the current
is controlled partially by the diffusion rate of X, the inactive form, and
such currents -depend on the mercury ﬁead (semi-kinetic currents), If the
rate of reaction is greater than the rate of diffusion (n F §,t§, kf>> 103 E)s
unity may be neglected in equatioﬁ 41 relative.'to the second terwm aund the
1inﬁti1ig current is controlled entirely by diffusion:

ik’:-,‘f%cx'id | seceessescooaciaenesl3

In order to caleulate the rate constant kfg the thickness of the

reaction layer fimust be known. The reducible form Y produced in a chemical

reaction at a certain distance from the D.M.E. must reach the electrode

during its life-time if it is to be subject to an electrochemical change.,
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ﬁhe differing life-times of individual particles of Y may be replaced by
the meaﬁ life~time 7. Hence, the distahce,within which the reaction

product is within range of the electrode is equal to its mean displacement

-~

in one dimension during its mean lifetime I « This displacement is given
by the Einstein-Smoluchowski formula:

5 = (&i?)l/z

L3,
.0..000‘0'0000’9.0..411’

where D is the diffusion coefficient of the depolarizer Y. Koutecky and

Brdicka showed that the corrsct relationship for g4 was:

M= (D'x")l/2 cesesscocscosacocsects
The mean'life~time of Y for a monomolecular reaction is given by the
reciprocal of the rate constant kr° If K = ;i, then T = %; and egua-
tion 45 becomss: ‘ i
| . <§§>1/2 P

I

Substituting this relationship into equation 41 and sstting q = 0.51 m2/3t2/3

and K = 0,627 n F , 10”3 DJ“/2 m2/3 tl/é, the final formula is obtained:

0.81 (X kf t)l/z

)
Qooaaoooeeesoeal‘f7

e

1/2
d, 1+0.8 (¥ ke t)

Koutecky's rigorous sclution for the curvent at a2 growing D.M.E.,
controlled by a preceding chemical resction, uses differential equations

and dimensicnles

in

parameters. He obtained an eguatiocn for ik quite similar

to the equation above:

0.886 (¥ X, £)1/2
= .aee&cooneoooooz‘;’S

d 1+ 0.886 (X kf‘t)1/2

i

~
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/ {k 1/2
" . v T = 0886 (Kk t) .‘.‘ﬁ..'i’.‘.ﬁogg

The above theory can explain thé currents observed during the re-
duction of certain metallic conplexes, which are limited by the rate of
dissociation to a more easily redueible, free cation. These kinetie cur~
rents were discovered by Koryta5o, in 1951, for cadmlum and 1eao,cemplex¢d
with nitrilotriacetic acid (NTA). Later Koryta5 and Schmid and Reilleygl
examined Cd-EDTA which showed a similar behaviour to the NTA complex.
These systems give a double wave, the first corresponding to the reduetion
of free catlons with an important kinetie component and the second to an
irreversible reduction of the corplex itsslf. For the Cd-NTA system the

following equilibria are involved:
k
d

v e EwY -3
Ca X B Cd + X
T
x2 4yt = Bx®

where X is anion of NTA. Provided that the concentration of NTA is in
excess so that the preceding chemical reaction is firsteorder, eguation 49
can be used to caleculate the disscciation rate constant, kd.‘ For this

system kd is a function of the hydrogen ion coneentration; and

S AN S .
£ oot ke T '
and [fx jz'lk related to the avalyblc*l concentration of N”A
ST (1 “3}
_— [}{ j +‘[HX“v and its disscciation constant = .

ERTS)




Then:

I x=3
f {. ] [ +] + K

and in a buffered medium at pH4-6, the value of K3 is negligible w1th

respect to {h 1 and can be neglected, accordlngly,
[ -
T

Substitution into equation 49 results in:

..QOGQGDOOOOOISSO

ig =

Koryta5o aiso presented a general solution of the problem for dise
soclation rates in systems comprising of a series of complexes, MY, MXZ,
.,eMXne The asswmption being fhat'there is only ons slow caner81onID%{w>
Mkal’ the complexes of higher and lower order being in rapid equilibrium
with each of these species, respectively. The system is buffered and the
complexing agent is in excess. The free cation and the complexes from
MY to Mkal are assumned to be reducible, whereas the other complexes from
MXk'to MXn are.nst redusible, If these conditions are applied to equation

L9, a genersl formula

k-1
: _ _ k Jy1/2
Yo ene (kgegeeeoke [ XI5 & ke [x]7 o) o
id - 1k §‘ j ®O 08 Ji -
jv“a: ¥ I\Oﬁekj LXZ .

whays koekj are the equilibrivm constants for consecutive complex formation
of the cation with the ligand X, I, moreover, the formation of reducible

complaxes with the ligand Y tekes place with the corvesponding rate cone
D T i g
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| o
stants for consecutive complex formation ké ...kj, then the above formula

!
i

becones:
. b 1/2
kK o.886 Gy %o ko '"k IY]J t) )
8~ % 1+ j%:() kp ees ks [x}:’ (klfx])l /2

The azbove equations can be modified to satisfactorily treat systems which
are not buffered and alsoc where the complexing agent is.riot in execess.

' The s{ability constants of metal complexes (Cd-NTA, Cd-EDTA, etc.)
ean also be determined from the halfwwave petentla ls of kinetie currents,
as demonstrated by Kory{a . He found that the kinetic wave had the same
form mathemstically as a reversible diffusion-controlled wave. For the

half-wave potential of the complex, he obtained:

E = E “_Q..E_Qi_gj;j lOg KI XI 51 g"’; 0009053

1
4]

If consecutive complex formation takes place ard the Sl@ﬂ step governing

the kinetic wave is
R N
kT Mg K

a general equation for the shift in the E1/2 can be shown to be:

, n i
0, 0501 o i . 0.0591 d
A Ep, = T T g, B R e PR
5 . j= k J _Lk
where the concentration of electroactive eomplexes is much Jess than the
electro-insctive complexes. This ex xpressi also assumes the diffusion

coelficients of metel and complex to be the ssme. Teking into account

the formation of reducible complexes with ligand Y equation 54 becouss:




i 3 1
. + 0.0591 1
“__52_2 log i sonscssece5’
k

where the last term of equations 53=55 makes a kinetic current correce
tion to the diffusion controlled equation. Equations 48-55 will be
applied to the data obtained in this jnvestigation in a later section,

with slight modifications,




CHAPTER &




[ - .
/" : EXPERTMENTAL

A Materials

DTPA was obtained from the J.T. Baker Chemical Co, It was

recrystallized from hot water, dried at 110°C overﬁight aﬁd dissolved
in distilled water by the addition of sodium . hydroxide to make up
the stosk solutions. Except foerTPA, all chemicals used were of reagent
gra&e and hence not further purified. Chlorcacetic acid and sodium hyu'

droxide were used to buffer the solution from pH = 2,00 to pH = 4,00,

Frqm lez 400 to 7.00 acetic acid and sodium acetate were used as buf.
fers. Cadmium acetate(J.T, Baker Chem. Co.) was used to prepare stock
solutions of cadmiwm. ILead nitrate (Fisher Scientific Cos) was used to
- prepare stock solutions of lead; Sodium perchlorate was used to adjust
the jonic strength. The maximm suppreésars used were TX100 (Rohm and
Haas Co.) and gelatin (BDH).

TriplyAdisti¢1ed mercury $hawinigan Chsm, Co.) was used for the
dropping mercury electrode, NGOpreﬁe.tubing'was used to connect the

various parts-of the elsctrode assembly as showm in Figure 2, The best

grade of ccmmercial nitrogen was used to remove cxygen from the solutions
-under investigation. All solutions were stored in polyethylene bottles

because DIPA does slowly attack glass given encugh time.
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, :
« { Solutions

i 3.9335 gm. of DTPA was weighed out and dissolved in distilled water

to a2 volume of one liter. Since the solubility of DTPA is only 0.5 gm.
per 100 ml. of water at 20°C some sodium gydroxide had to be added to
make it soluble. - This 0.01 M stock solution of DTPA was used to make up
the various solutions under study.

0.20 M and 0,01 M stock solutions of cadmium were prepared by
welighing out the appronrgate amount of cadmium acstate and dissolving in '
hldistillad water. 1.00 M stock solutions of chloroacetlc aeid and acetlc
acid were used as buffers in the pH ranges of 2,0 = 4.0 and 4.0 - 7.0
respectively. The pH of individual solutions was ad justed by addition
of either sodium hydro zide or perchloric acid solutions,

0.5 gn. of gelatin was dissolved in 100 ml, of distilled water
to make a 0.5% stock solution. This had to be warmed at 65°C for at
least a half an hour to be completely soluble., Furthermore the gelatin
solution was prepared freguently to aveid using a "5uale” selutlane A
002% TX100 stock clutlon was prbpured 51m11aw}y This solution was
stable during the time of the study (3 yrs.), in fact Meitesz% claims

TXlCO is stable for at least 10 years,
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C» Equipment
/

!
!

i

A Sargent Model XAI Polarograph was used for this study. The polar-

ograms were recorded by a Brown strip chart recorder and all potentials

recorded were checked by a Rubicon type B precision potentiometer, in
conjunction with a Leeds.and Northrup type E galvanometer,

An Hecell zs showm in Figure 2 similar to the one described by
Lingane and Laitinenza was employed. One compartment of theancell COYie

tained a ssturated calomel reference electrode. This slectrode was preée-

pared by adding pure mercury to the reference compartment to give a layer

2 cme deep. The mercury was then covered with an equaliy thick 1ayeriof

a paste made by mixing equal weights of mercurcus and potassiuvm chlorides

in 2 few milliliters of saturated pofaséium chloride. Finally the com-
partment was filled with a saturated solution of potassium chloride con-
ta;nlﬁg a large excess of solid salt, Electrical comnection Lo the EE%?
omel compartment was made in the ususl Fashion with & platinum wire. sealed
in 2 glass tube as shown in Figure 1. The second compartment contained

the solution under investigation and the df@pﬁing nercury electrode (defoeeo)e

The two compariments were separated by a sintered glass disc fused into the

middle of the connecting arm. To aveld any mixing of solution into the

L3g

calomel compartment or viee verss, an agar plug was inserted on the re-

_,’

ore the calomel electrode was prepared. The plug ccn:isﬁed

,

ferencs side bef

~ 7 . - » a
of a 4% solution of agar in saturated potassiwm chlorids.

he dropping electrode assembly as shown in Figure 2 consisted
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barometer tubing
[

obtained from E.H. Sargent Co, (4S - 29417) was used, The capilliary
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tu?ing used was 18,5 cm. long. It was cormected t6 the stané-tube with
nsoOprens tubiﬁg which is less likely to contaminate mercury thap rubber
tubing. The stand-tube and mercury reservoir were of the standard type
25 shown in Figure 2. A shortened meter stick was fastened to ths glass
tubing in such a way that it read the height of mercury directly. The
mercury reservoir could be raised and lowered to any desired position.
This was facil.itéted by 2 home-made rack and pinion welded to the re-
servoir holdez. A1l neoprene tubing connections were tightenéd by wire
to prevent bresaks and the spiliing of mercurye. The electrical connection
to the mereury reservoir was similar to the calomel cormection.

The water thermostat tath (18"L, lOfW; 12'D) was controlled at
25°C and other specified temperatures by a commercial Tecanm temperature
controls. Effective cireulation of the water wasAmaintained by having a
stirrer housed within the heating-coil unit. Ths teméerature vas maine
tained within io16C, sufficiently accurate for polarographic work since
the diffusion currents usually vary oniy by 105%/0C, The water bath was
grbunded and the stirrer turned off for all ?olarog?apdic runs, The latter
précauiicn was neseséary'because the electrode assembly experienced small

_vibrations from the stirring action. The D.M.E. is very sensitive to

vibrations and hence all precautions were taken to avoid them.
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D: Procedurs
To illustrate the general technique in detail a typieal example

is given for a solution of Cd: DTPA in the ratio of 2:1. 25,00 + .05 ml,

of 0.01M DTPA stock solution and 50.00 £ «05 mls of 0.01M cadmium stock
solution were delivered into a 400 mle beaker., Then 25 ml. each of 1.00 M
sodium perchlorate stock solution and 1,00 M acetic acid buffer were added
‘to the solutien. This brought the ionic strength/ﬁi = 0.2 as seen later.

Distilled water was added to make epproximately 200 ml., Then the solution

was checked for its exact pH value, and sodium hydroxide or perchloric acid
added as needed. These additions were negligible in coneentration when
compared to M= 0.2, After the pH adjustment enough distilled water was
added to make exactly 250 ml, Hence, the csncantratiﬁn of cadmiwm and
DTPA were 0.002M and 0,001H respectively. This solution was allowed to
comeAtQ equilibriwm overnight though this seemed to be instantaneous,

From this prepsred selution 25 mle were placed in the H-cell., The
Hecell when not in use contained saturated potassium chloride solution.
The sclution compartment was cleahed.befare an& after each run.by flushing

with distilled water, spraying the inside with dilute nitric acid and

finally rinsing with five 20 ml. pertions of distilled water,
Next the H-csll was lowewed into the water bath as shown in

Figure 3¢ Then 0.,10ml, (2 drops) of 0.5% gelatin stosk solution was

o~

added to give a2 OQOO27€gelaﬁin concentration. This was nscessary especially
in the pH renge from 2,00 « 4,00 whers "maxima' were lecated. Then nitro-

gen was slowly bubbled through a wash bottle containing a 0.2 solution of
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/odium perchlorate and then passed through the test solution. This was.

done to saturate the nitfogen gas with water vapor to prevent the evapora~
ting of an appreciable quantity of the test solution during the oxygen
remcval peried. Fifteen minutes was sufficient time to remove the oxygen.
After this the nitrogen was passed over the top of the solution to pre-
vent oxygen from redissolving into the solution during the time of a
polarographic run.

The next step was to lower the d.m.e. into the solution compart
ment and raise the level of the meyrcury reservoir to 60 cﬁg above the tip
of the capillary as indicated by the attached meter stick on the stand.
tube. This was done with an accuracy of better than + 1 mm.

Then the polérograph, wﬁich was on ”stané«by“ at all times was
ad justed. A sensitivity of 0.04 )A@A/ﬁm was most frequently used in order
to ﬁbtéin diffusion currents of the order of a few microamps (/ggﬁ)c A
voltage span of 0,00 - 2,00 volts was necessary fer the investigation due
to the reduction potential value of the metals and their complexes.
Finally the instrument was turned "on" and a %ypical polarogram obtainsd
as showm in Figure 8. The potential at varicus intervals was checked by
5 Rubicon potentiometer. This was achieved by stopping the recorder and
turning the en.f, to ”éoﬂstamf”o The eﬁaet pctential to 4 o2 millivolt
(mV) was marked on the chart paper arnd propsr corrections made during )
the analysis of the datz. Most solutions were yun a numbsy of times in
crder to check répra,ucibilityg The soluﬁiéns were also run at mercury
heights of 50, and of 70 Cie, except for the pressure studies wher¢ the

intermediate hsights of 55:65 and 75 cme were slso wsed,
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RESULTS
{
|

A, / DROP-TIME STUDTIES ~ Capillary Characteristics

/

The Tlkovic equation predicts that the diffusion current of
a reversible wave depends directly on m2/3-t1/6; (see>Eq'n 12)
termed the capillary characteristics, Thus the capillary
characteristics must be given in order to be able to compare the
polarographic results with similar work being done by other in-
vestigators. The variastion of m and t with mercury preséure has
been diécussed by ILos and MhrrayBo. They refer to the Poiseuille
equation, which points out the fact that m depends on the "effective
pressure” of mercury. Tﬂé effective pressure,‘or usually called
"corrected.pressure” of mercury, can be obtained by correcting for
the interfacial tension between mercury and solution and by sub-
tracting the back hydrostatic pressuré of the solutién. By teking

_an average value of 400 dynes/cm for the interfacial tension and

combining the numerical constants for 25° €, they obtained an

)

equation for the corrected mercury pressure (héorr

h sol'n d sol'n

' = 3.1
hCOI‘I'_hHg - 5.5 - m;i75 B 1S

where hHg is the direct reading of the mercﬁry heighf; The last
~term on the r.h.s. gives the back pressure due to interfaciagl
tension at the drop surface., The second term is due to hydrostaﬁic
back pressure of the solution, and usually is only 1 or 2 mm.

In this investigation the capillary tip was immersed in the
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I

{
te%t solution to a depth of approximately 15 mm. Hence the
hydrostatic pressure correction was slightly over 1 mm. The

product of mt for the capillary used was 8.698, which gave an

interfacial tension correction of 1.508 cm. Therefore

= hHg - (.10) - 1.508

hcorr
with an approximate correction value of 1.60 cm used through-
out this work dge to the fact that the mercury height on the
'meter stick could only be read with an accuracy of fvl mm, The
capillary characteristics are given below for the heights of

mercury most often used.

hHg cm B OO m mg/sec .t sec mt m2/3 tl/6
50 48,4 1.733 5.02  8.699 1. 8867
60 58,4 . 2,071 h2o  8.698 2,0640

70 68.4 2.396 3.63 8.697 2, 2171

The above measurements of m and t were made with an open circuit
and the capillary dipped into a solution of Cd-DTPA, where

o 3
cd = 1,0 x 10

M, DIPA = 2,0 x 107 M, This was done 4o
obtain the capillary characteristics in a medium similar to

the experimental conditions used later. - The time was recorded

for 50 drops of mercury to fall from the capillary, the mercury

dried and weighed to obtain m in the table above,
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i

/ The effects of the corrected mercury preséure, hcorr’ on
m and t are such that m2/5 tl/6 is proportional to hcorrl/2 ?5
It follows from the Ilkovie equation
id = 607 n Dl/2 C m2/3,t1/6
1/2

that the diffusion current (i.) is proportional to h
d corr

Hence the ratio of ld/hcorrl/2 must be constant for a given

1/2

concentration of reducible species. The ratio of 1d/hcorr

provides a convenient check as fo whether or not a particular
wave is diffusion controlled and was used frequenﬁly in later
sectlons,

To determine how many electrons are involved_in a particular

reduction step one can employ equation 22 :

_ _.05915 i
Bam.e. = B/ n o 1og (i5-1)

A plot of log(zjtg) vs. B should yield a straight line

d.m,e
a4 0.05915 |
having a slope of 1~—Ef-, from which n can be calculated.

0.05915
n

Secondly if the ratio is not approximately 60, 30 or 20 nV,

i.e. integral values of n = 1, 2 or 3, the reduction step is
irreversible and likely controlled by chemicsal reactions preceding

-1 )vs. E is &

reduction. Hence the plot of log léi S me

d

a standard check‘for reversibility of a reduction step in polarography.




B. | SUPPRESSOR STUDIES

Polarograms of Cd-DTPA and Pb-DTPA solutions exhibited a
maximum from pH = 2,00 to pH = L. 00, Thié maximum could easily
be suppressed by the addition of‘gelatin or TX-100, After a
close study of suppressor effects on the polarographic waves,
gelétin was chosen for the C4d-DTPA and TX-100 for Pb~DTPA
solutions, because one suppressor seemed to perform better
than the other for the two metal-ligand solutions involved.

A detailed suppressor study is. shown in Figures 9 and 10 for
Ca~DTPA.

Free cadmium was virtually unaffected by gelatin concen-
teations below 0,003%, whereas the C3d-DTPA wave ﬁas lowered
substéntially by that amount of suppressor. The maximum
concentration of gelatin was needed around pH = 3,0 and here
0.002% was sufficient., This amount of'gelatiﬁ caused no
diétortion in the overall wave nor.énvthe cufreﬁt—voltage
wave of any individual drop., It was discovered that an excess
.of éuppressor deformed the top (maximum value) of an oscillation,
while too little suppréssér would cause erratic behévior on
the bottom (minimum &alue) of an oscillation, Hence it was
relatively simple to add just enough suppressor at any given

pH to obtain well defined waves, Most solutions were also run
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~pH = 40
hcm = 48.5¢cm
1200~ p = 0.2(NaCIO,)
' 0.00%
3 GELATIN CONCENTF%ATR
10.00 - -~ [0.001%
)y 0.002%
0.003%
800 , |
0.005%
- / 0007%
.6'@@“ | J//0.0E%
4.00-
2 00
! )i 1 ] 1
20 €0 .00 140 .60
VOLTS SCE.

FIG. O SUPPRESSOR EFFECT ON Cd-DTPA



66

Cd** = 1.0 x IGM
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f
WiFh a constant amount of gelatin ( ,002%) to compare the be-
havior of both techniques.

TX-100 (TX-100 < 0.003%) had little effect on free lead
but suppressed the complex wave significantly. A study of the
suppressor effect on Pb-DTPA is given in Figure 11. These
solutions proved to be quite different from the Cd-DTPA
solutions, in that the lead complex waves couid not be uni-
formly suppressed by TX-100. There were two sensitive areasg
in the maximum, one at -0,60v and the second around -0.75v.
The first maximum could be suppressed with 0,0006% TX-100 and
the second with 0.0014% TX-100, Hence a compromise was taken,
that of 0,001%. This controlled the second area‘at the

expenée of .suppressing the first, yet the polarograms were not

distorted.
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C./ DIFFUSION CURRENT CONSTANTS

Polarograms were run of various concentrations for free
metal ion against constant pH, hHg’ suppressor and temperature,
The diffusion current constants were calculated according to

equation 13,

The results and experimental conditions are given below.

' 4+
TABLE 1 Diffusion Current Constant of C4d

i

+’i“ . . . 2 l 6 d °
[cd’ '] moles/liter i, vA Cnm /3 t / Iq = - m273‘t176

1.0 x 10"1L M 0.68 0,206} - 3.29

1.0 % 107" u 2,71 0.8256 3oy

5.0 x :Lo'LL M - 3.h0 1.0320 3,29

8.0 x 107 1 5,52 1.6512 3.3k
)

1.0 x 107 M+ 7.03 | 2, 0640 o 3,40

i

Average Id 3.33 I .07

Experimental conditions: pH = 3.00, p = 0.2, gelatin = 0,002%,
= 58,4 cm and m2/5 tl/6 = 2,06k ‘

h
corr

When the concentration of cadmium was kept constant and

the pl varied from 2.0 to 6.0, a similar value for Id was ob-

tained, At low pH the Id value was higher (3.145) than the

average value (3.35) and at high pH the opposite was true (Id = 3,25).
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The diffusion current constants for C4d-DTPA complexes vary
from zero to a maximum value of 2.5, depending on pH and metal
to ligand concentration ratio, The reason being that various
complexes form at certain pH intervals and some complexes do
not reduce under the experimental conditions used.

Free lead exhibited a similar diffusion current.constant I
when compared to cadmium under identical experimental conditions.

The/results are tabulated below.

i
/

' S+
TABLE 2 Diffusion Current Constant of Pb

) i
[Pb++] moles/liter id in pA C mE/? tl/6 Id = - m27§ tl/g

b

1.0x 100 M 0.73 0. 2064 5;55
.2.0 X 1o'h M 1.k5 0.4128 - 3.51
h,o x 10‘1‘L M | 2.88 0. 8256 3.48
8.0 x 1070 u - 6.00 1.6512 3.63
1.0 x 107 u 7. 40 i>2.o6ho. - 3.60

+
Average Id = 3,55 - .08
Experimental conditions: pH = 3.00, u = 0,2, TX-100 = 0.001%,

h = 58,4 en ana m2/5 tl/6 = 2,06k,

corr

d)
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D.  METAL-LIGAND CONCENTRATION STUDY

Polarograms were run for metal to ligand concentration

ratios ranging from 5:1 to 1:10 as shown in figures 12 and 13.

These solutions were prepared by keeping the metal concentration
constant and increasing the DTPA concentration., The first wave

(later called wave A) in figure 12 had an E value-of 0,62

1/2

++
v. vs, ‘S.C.E,, i.e. a free Cd wave, The El/2

ﬁas/virtually independent of DTPA concentration which was

of this wave

further evidence that the Cd++ ions were not coming from a

complex, such aé 062 (DTPA), 22 for if this ﬁere’the case the

El/2 would shift toward more negative values ﬁith an increase

of DTPA, The cadmium wave was found to be reversible, diffusion
\controlled and slightly dependent on pH. The cadmium wave height
decreased with an increase of DTPA until it disappeared at the

1:1 concentration ratio. The second wave increased as the DTPA
concentration increased reaching a ﬁaximum at the lil concentration

ratio. This second wave (later called wave C) was poorly shaped

or "ill defined" and showed evidence of a third wave (later
called wave B) at its base., The El/2 of the second wave was
_l.OSV vs, S.C.E. at the 1:1 ratio and increased to 1.10 v at

- +
the 1:10 ratio. The El/2 of the third wave was 0.88 -~ .01 v

vs., S.C.E, Each of the above waves will be examined in detail

later.
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Figure 13 shows a. similar set of polarograms for Pb-DTPA
solutions, Again fhe first wave (wave A) was due to free lead
and it slowly diminished as thé DTPA concentration was in-
creased to a 1:1 ratio, where virtually all of the lead was
complexed by DTPA, The Pb-DTPA complexes formed only reduced
at higher negative potentials just as the Cd-DTPA complexes
showed 'in figure 12. Thus for Pb-DTPA (at a 1:1 ratio) at
fH 7 4,00, three distinct reduction waves were observed at
app;oximately ‘0750, "0.70 and ~0.90v respectively. Since the
behavior of these metal-ligand solutions Was‘highly pH
dependent; these solutions (ratio 1:1, 1:2, etc,) will be

discussed individually in the following sections.
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E. ~ VARIOUS pH STUDIES

a) Free Metal Solutions

Polarograms were obtained from cadmium gng lead solutions
of varying concentration while the pH, ionic strength, buffer
and suppressor were kept constant., The El/2 values were ob-
tained by a log-plot method as. shown in figure 1. The results
are tabulated below.

Table 3 El/2 o? Cadmium and Iead.

I M moles/liter - By, a’t - Ey /o Po
2.0 x 107 | 0.607 +.002V  0.13% + .002V
10 x 107 | 0.610 " o.k37 "
6.0 x 10'” 0.608 " 0. 435 "
8.0 x 107" 0.611 " 0.433 "
1.0 x 107 . 0.609 " 0.k436 "

+ +
Average 0.609 — .00kv  0.435 =  ookv

Experimental conditions: pH = 4,0, p = 0.2, acetate buffer,

++ ++
10.002% for Ca , TX-100 = 0,001% for Pb

1!

Suppressor; gelatin

Next the concentration of the metal was kept constant and
the pH varied from 2.0 to 6.0. These results are tabulated in

table L and shown in figure 1k,
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Table 4 El/2 of free metal vs. pH.

pH - By, vs. S.C.E. - catt - By, vs. S.C.E. - Pb+f
2,00 0.602 + ,002V 0.417 + .002V
2,50 0.60% " O.k20 "
3.00 0.606 " o.ﬁeh "
- 3.50 | . o.607 " 0.kpg - "
' ll-.’/OO 0.609 " o 0. 1435 n
k.50 : 0.611 " - oo "
5,00 0.613 " | 0.4k "
5.50 - 0.615 " 0.8 "
. 6.00 ‘ 0.617 " o 0.khs2 !

Experimental Conditions: p = 0,2 (NaCth), acetate
’ ++ )
buffer, gelatin = 0,002% for Cd ', TX-100 = 0,001%

++ . o
for Pb , Temp = 25°C, and hHg = 60 cm.
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(b) CA-DTPA ratio of 2:1

An excess of ligand to metal concentration is required for

the usual polarographic calculations (reaction rates, mechanisms

and stability constants) Involving complex equilibria, Hence
this part of the investigation, with an excess of metal to
iigand, is recorded for general information only. Figure 15
shows a number of Cd-DTPA polarograms for.a metal to iigand

ratio of 2:1. The first reduction wave (El/2=% T0.62v) is. due

to ##ee cadmium and the second wave (El/eﬁ: -l.lOV) is pre-
sumebly due to a Cd-DTPA complex. From the heights of the two
reduction waves it can be concluded thalt one half-of the
cadmium is free and the other half complexedvto DTPA; If a : 5;1
2:1 complex formed (there was no evidence for a 2:1 complex in |
this study) under these conditions it would heve to digsociate §
readily (unstable or labile complex) into free cadmium ions and

a 1l:1 complex to fit the experimental data.

An increase of pH shifts the half-wave potential of the

second wave to larger negative values (figure 15). This

indicates an increase in the stability of the complex with an
increase in pH which is eipected for metal-aminopolycarboxylic

acid complexes, With an increase in pH the redueible Cd-DTPA

complex slowly changed into a non-reducible complex, which in turn
caused the complexiwave height to diminish (figure 15) until
finaily at pH = 6.5 no complex reduction could be observed at

all,




]

1400

1200

/IG.@@«

t

600F

e
¥

)

79
Cd = 20 X I0°3m
DTPA = 1.0 X I0M
p = 02 NaCig,
BUFFER (HAc-NgAc)
_ TEMP. = 25°C
- pH=400 hegr = 58.5cm
N ATIN = .001%

FIG.IS A pH STUDY OF Cd-DTPA(2:1).

o F et o

VOLTS VS. SCE . |

e




80

(¢) CA-DTPA ratio of 1:1

Figure 16 illustrates a pH study. of the equimolar Cd-DTPA
solutions. At low pH (pH < 2.0) essentially free cadmium exhibited
a reduction wave A. Wave A was reversible and diffusion controlled
at average wave height (id > l.OpA). At a pH = 2,50 it split into
two reduction waves, the second wave, labelled B, was.presumably
due to a protonated Cd-DTPA complex. Later at pH = 35.50, wave A
had ecreased considerably in height, and wave B was separéting
iﬁtd‘two different reduction steps as shown in figure 16. The
third reduction Wave, labelled C, being due to a second Cd-DTPA
complex, was more stable than the first complex Jjudging from the
larger negative half-wave potential. Wave C slowly decreased in
height witﬂ an increase of pH until finally it disappeared at
PH = 6,50, indicating that the reducible complex had slowly changed
into a non-reducible complex.

Except for wave A the redﬁction waves wereaill-defined making

accurate measurements (E and ;i) extremely difficult. The

1/2
individual Wave'heights were difficult to measure especially in

the pH range from 3.00 to 5.00. In general the half-wave potentials
(for metal-ligand solutions) were measured with a precision + .005
volts, and the wave heights (%ﬁ, limiting currents which include
both diffusion cbntrolled and kinetic controlled currents) to

approximately + 2%. The halfwave potentials and wave heights are

recorded in table 5,
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L= 0,2, Byg = 60 cm., temp = 25°C and Gelatin = 0,002%,

Table 5 El/2 and ?X for C3-DTPA (1:1)
Wave A . Wave B Wave C
PH B1/p ig B1/0 2 B/ P
.00 0.63 V 6.0 pA
.25 0.6k 4.8
.50 0.65 k,0 poorly defined waves
L5 0.65 2.9
00 0.66 1.65
.25 0.66 0.80 o _
. 50 0.66 0.40 0.80 v 2.5 pA 0.90 V 2.0 yA
.75 0.67 0.10 0.82 2,0 0.9k 2.6
00 0,67 0.05 0.84 1.35 0.98 3.1
.50 - 0.00 0.88 0,20 1.05 2.7
.00 0.00 1.12 1.h
.50 1.1k 6.75
.00 1.17 0.20
.50 - 0.00
Experimental conditions: Cd'' = 1.0 x 107 M, DIPA = 1.0 x 10™ M,
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(a) __CA-DTPA ratio of 1:2

The Cd-DTPA solutions with an excess of DTPA to metal
concentraﬁion (ratio 1:2) exhibited reduction waves that were
better defined compared to the equimolar solutions., In table
6 are recorded the half wéve potentials and wave-heights for
the pH range of 2.00 to 6,50. The wave heights are compared
and illustrated in figure 17. The half-wave poteniials are
plotted in figure 18, Figure 19 clearly depicts three waﬁes,
i.eﬁ three different reduction steps labelled A, B and C. The
three waves will be discussed in sequence,

Wave A, at average heights (id > Q.OpA), was a reversiblé,
diffusion controlled two electron reduction step of free

cadmium ions, This was determined from a plot of log(z~3j~z)

+ ' d
vs. E (slope 31 ~ e mV and h = 2) and the dependence of the
wave height on the mercury pressure (~m£~«~ = constant),
corr

However, when wave A was small (i <’O{50pA) compared to wave B,
there were indications that wave A was a kinetically controlled,
reversible reductidn of cadmium ions, in table 7 the temperature
study showed the wave height of A to increase 2.0% / °C which

1s above the normal diffusion controlled value of 1.5% / °C.
Secondly, a pressure study (table 8) revealed that the wave A

height no longer was directly proportional to mercury pressure
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Table 7 Temperature Study of Cd-DTPA (1:2)

Wave A height = Wave B height . Wave C height
at pH = 3,50 at pH = 14,50 at pH = 5.75
?o°c 0.36 .01 0.26 ¥ o1ua 0.50 T.014a
és 0.40 ’ 0.28 0.5k
30 0.45 0.30 0,58
35 0.50 0.33 0.61
4o _ 0.56 0.36 0.66
45 0.62 0.39 0.69 | ]
50 0.68 . 0.k2 - 0.75
Aidé,l, 2.0% /°C 1.8% /°c 1.9% /°¢
' . p ++ -3
Experimental conditions: Cd = 1,0 x 10 7~ M,
DTPA = 2.0 x 10'5M, po=0.2, by = 60 cm, and

Gelatin 0,002%. (used only for pH = 3,50).
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Table 8 Pressure Studies of Cd-DTPA (1:2)

Wave A Wave B Wave C v
at pH = 3,50 at pH = 4.50 at pH = 5.75
I 1078 I xi072 L a07°
corr hCOI‘I‘ hCOI’I‘ hCOI‘-I’ corrxr
.380 . ' .
18 em  6.957 %——3—57 - 5.16 %—S«?—% = 1,09 g.ggg = 7.76
55,4 7507 22— 5.3k ?:gg? - 3.85 %f%g%'= 7.46
58,4 7.6h2 —-55—-%1*02 - 5.23 -H%ES% =3.66 5223 = 7.20
)
63. 1 T7.962 —?—:—9%% = 5.15 —%—g-g-g = 3.52 -(;—'-g%g = 6.97
68. 1 8. 270 %—215% = 5,08 g'g% = 3.39 %%5—8 = 6.77
75. L 8.567 %% = 5,02 %:%g% =327 g—:-g-g% = 6.60
) :
78. 4 8. 85k %—‘%% = ko7 %—_’%gg = 3,00 %%%513 - 6.3
i un_certaiﬁty : 2% p 2% j 2%
corr
Experimental conditions: Gd'' = 1.0 x ZLO"BMJ DTPA = 2.0 x lO_BM,

n = 0.2 and Gelatin = 0.002% (for pH = 3.50 only).
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(1AJhcorr'¥ constant). Both of these checks indicate a
kinetic wave., A plot of E vs, pH (figure 18) gave a slope

T
of 30 ~

1/2
mV'/ oH.

Wave B was throughly examined ét small wave heights due
to the difficulty of obtaining accurate measurements at
intermediate heights where wave A interfered, A plot of
: +
log;C;-—%—Ej vs., E gave a slope of 60 ~ 2 mV, This meant
a one ilectfon'reduction step (n = 1) or én irreversible two
electrén reduction. Most investigators agree that the
redﬁction éf a metal complex ion occurs by a stepwise unwrapping
of fhe ligand from the metal, where finally the metal ion
reduces to free metal. Since cadmium has no staﬁlé + 1
oxldation state it was concluded that wave B was an irreversible
reduction step. A pressure study (table 8) showed that wave
B was not diffusion controlled (i/Jhcorr *gcohstant). The
temperature coefficient (dhi/£5T) from table 7 was slightly

above the normal diffusion controlled value also pointing to

a semikinetic reduction wave. The slope of E]/é vs. PH

+
(figure 18) was 75 ~ > mV / pH.
The characteristics of wave C were similar to Wave B, A
. . +
plot of log 14@ ~-i) vs. E gave 75 - 2 mV. Hence wave C was

d

an irreversible reduction step. Both temperature (table 7) and
pressure (table 8) studies pointed toward a kinetically

controlled reduction wave.
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(e) Cd~DTPA ratio of 1:4 and 1:10

The Cd-DTPA solutions with a metal to ligand ratio of 1:L4
were briefly studied. The half-wave potentials and wave heights
were recorded in table 9, A brief check with table.6 shows

fhat the Cd-DTPA (1:2) case was quite similar. Hence no new

information was obtained from the 1:l ratio except that the El/2

values of all three waves became slightly more negative
(£>$l/2 Y 0.01 V). Since most of the theoretical calculations

23

of metal complexes in polarography require‘a large excess of
ligand, the 1:10 ratio was studied next.

Teble 10 shows the half wave potentials and wave heights
for CA-DTPA (1:10). Agaiﬁ a comparison with teble 9 revealed

that the El/ values moved to more negative values, - However

2
the polarograms in general were not as well defined as for the
lf2 or 1l:k4 series, thus making accurate measufements difficult,
Therefore it was decided to study the'l:8 ratio of metal to

ligand which seemed to be a good compromise between well

defined waves and a large excess of ligand.
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Table 9 E and ;ﬁ.for Ca-DTPA (1:4)
Wave A Wave B Wave C
pH E1/0 1, /0 i, B1/p o

2.00 0.63 V 5.4 pA
2.25 0.64 5.0
2,50 0.65 L5

- 2,75 0.65 4,5
2,75 0.65 3.7
3,00 0.66 2.5 0.78 Vv 1.6 pA 0.85 Vv 1.3 uA
3.25 0.67 1.20 0. 80 2,0 0.89 2.0
3,50 0.68 0.55 0.82 2.2 0.9 2.3
3.75 0.68 0.20 0.83 2.0 0.98 2.
4,00 0.69 0.05 0.85 1.60 1.02 2.5
L, 50 - 0,00 0.88 0.50 1.06 2.3
5,00 | 0.92 0.10 1.13 1,20
5.50 - 0.00 1.14 0.50
6 00 1.15 0.10
6.50 - 0.00

Experimental conditions:

™ = 1.0 x 10”

5 M, DTPA =

4,0 x 107 M,

hHg = 60 cm., Gelatin = 0.002%, u = 0.2 and temp. = 25 C.
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Table 10 El/

and %ﬁ for C4-DTPA (1:10).

p = 0,2, Gelatin = 0,002%, hHg

60 cm., and temp = 25°C,

2
Wave A Wave B Wave C
PH /0 19 “B1/p 1 /o 19
2,00 0.64 V 4.6 uA |
2.25 0.65 b oL
2.50 0.66 b1
2,75 0.67 3.5
3,00 0.68 2.0 0.7 Vv 1.3 pA 0.84 v 1.2 yA
3.25 0.68 1.20 0.79 1.9 0.88 1.6
3. 50 0.69 0.55 0.80 2.3 0.9% 2.0
3.75 0.70 0.15 0.82 2.k 0.98 2.3
4,00 - 0.00 0.85 1.60 1.02 2,4
L, 50 0.89 0.50 1.10 2.h
5,00 0,00 1.17 1.20
5.50 | 1.19 0.25
6.00 1.20 0.05
6.50 - 0.00
Experimental conditions: Cd++ = 1,0 x 10_5 M, DITPA = 1,0 x lO—gM,
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(1) oa-DmEA ratio of 1:8

The half-wave potentials and individual wave heights for
Cd-DTPA (1:8) afe recorded in table 11. The data is similar to
the 1:2 ratio study (table 6). When wave A was small (i <’O,50pA),
compared to wave B, it was reversible but not diffusion con-
trolled (table 13). Table 12 shows wave A to have a temperature

coefficient of 2.5% / °C indicating a kinetic contribution to

the reduction step. The plot of E vs., pH had a slope of

" 1/2
w0~ Cay / DH.

i Wave B was irreversible from a plot of log 1{i - i)vs.

d
E(slope - 4ot .JEmV) and not diffusion controlled (table 13)
according to pressure studies. However wave B had a temperature
coefficient of 1.5% / °C similar to that of a diffusion
‘controlled.wave. |

+
Wave C'had a slope of 70~ e mV for the plot of log

i . . .
- : vs. B and thus was determined to be an irreversible
(1d - 1) 4
reduction step. It was not diffusibn;controllqd according to
the pressure studies given in table 13. The temperature
coefficient (LB% / °C) was slightly above the normal diffusion

controlled process, which might point to-a kinetic contribution

in the reduction step.
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Table 12 Temperature Study of Cd-DTPA (1:8)

Wave A height ' Wave B height Wave C height

Temp at pH = 3.50 : at pH = 41,50 at pH = 5.75

20°¢ 0.27 ¥ 0.o1a 0.25 T oA 0.60 ¥ oA
25 0.30 " 0.25 " 6.64 "
30 | 0.3 " | o.27 " o.72 - "
35/ 0.38 " 0.29 . 0.76 "
ho; 0.k3 " 0.3, " | 0.84 "
b5 0.k " 0.33 " e
50 0.56 " 0.36 " 0.99 "
Aly ) 2.5 %/°C 1.5 %/°c 1.8 ¢/°C

' 4+ -
Experimental conditions: Cd = 1.0 x 10 3 M,

DIPA = 8.0 x 1070 M, p = O.2,‘hHg

Gelatin = 0,002% (used only for pH = 3.50).

=60 cm, and




b = 0.2 and Gelatin = 0,002% (for pH = 3.50 only).
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Table 15" Pfessure Studieg of Cd-pTPA (1:8)
Wave A Wave B Wave C
at pH = 3,50 at pH=LL5O- at pH = 5,75
i -2 -2 i -2
. : hCOI’I’ - hCOI’I’ corr 0 corr = | JE;J—;I" -
h8./h em  6.957 %:-ggf_; = k.02 %L-g% = 3.50 2_’5?7 = 8.91
53.4 7,307 P00 = 3.9 %g% = 3.4 %% - 8,60
s 7642 T = 5.5 IR = 521 %65_2% - 8.37
,'6_3.14 7.962 ’%ggg=585 %%g=320 %}%%:816
_»68:‘1; e 8210 = 515 50302 58 1o
75,1 B.561  glo-se % 2 - 2. Tl = .02
7.4 8. 85 g:ggg = 3.67 %%‘55% = 2.88 -gfg?—,: =~ 7.68
1 uncertainty J-’ 2% - 24 I 1%
corxy .
Experimental conditions: ca* = 1.0 10™M, DTPA = 8.0 x 107y,
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(g) Po-DIPA ratio of 1:2 |

The Pb-DTPA solutions (ratio 1%2) also exhibited three
separate reduction waves labelled A, B, and C‘as shown in
figure 20. The halfwave potentials and wave heights were
recorded in table 1k, The half-wave potentials were plotted
against pH in figure 21. The wave heights are compared and
illustrated in figure 22, Whereas the C3-DTPA waves dis-
appeared at pH = 6.50, the Pb-DTPA reduction waves extend
to pH = 9;00. Again the three waves (A, B,>and C) will be
aispussed in sequence,

Wave A, at average heights (id > 2.OHA)'was a reversible,
diffusion controlled two electron reduction wave of free lead
iqns, Thié wis concluded from the plot of log(fggthﬁ) vs.

E (slope = 29~ e mV and n = 2) and a half-wave potential
similar to that of free lead ions. The dependence of wave
height on mercury‘pressuré ( -E%-«4=,constant) confirmed the
wave to be diffusion controlled?orrﬂowever whe@ wave A was
small (i < 0,50pA) compsred to weve B it no lonéer had a direct

1/2

proportionality to hCOIT as seen from table 16, A

temperature study'(table 15) of wave A showed it was
sensitive to a change 1in temperature. The temperature
coefficient CﬁlékT) was h.l% / °c indicating a kinetically

controlled reduction step. A plot of E vs. pH (figure 21)

N 1/

gave a slope of 28 ~ 2 mV / pH.
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Table 15 Temperature Study of Pb-DTPA (1:2)

Wave A height Wave B height Wave C height

Temp at pH = 4,00 at pH = 6.00 at pH = 7.00
20°¢ 0.27 T .oma  o0.17 Loma 135 % opua
25 i 0.31 0.26 1.65
30 ' 0.38 0.24 . 1.90
35 0.45 0.28 . 2.25
“ho 0.52 0.31 2.50
hsmwmw“ 0.61 0.35 | 2.75
50 0.75 .0.39 3.05
?51A§T 4.1% /°c 35.9% /°c 3.8% /°C
Experimental conditions: Pb & =.1.0 x 10M

DTPA = 2.0 x 10'3M, p = 0.2, TX-100 = 0.001%

(used for pH = 4.00 only) and hHg = 60 cm.
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Table 16 Pressure Studies of Pb-DTPA (1:2)
Wave A Wave B Wave C
at pH = 4.00 at pH = 6,00 at gH = 7.50
I x107° I x107° I g0t
W h vh
CcoxrY corr corr corr cory
48.% em  6.957 96-'—%%97— = 402 2:%2? 2.73 2:827 1.39
0.2 0.195 0.
5,31 7.307 7.5(9)2 = 3.9 7.52,57 = 2.67 7.287 = 1.35
58. 7.6h %?%%g~= 3,90 %L%%% = 2.62 %;%%5 = 1.30
€3.1 7,962 %f%%g = 3.89 %f%%% = 2.57 %f%%ﬁ = 1.26
68. 4 8.270 %L%%%‘= 3.87 %*g%% = 2.18 %3225 = 1.2}
7.4 - 8.567 %:—-2%‘% = 3.85 %—:%% = 2,15 %—:%‘7 - 121
78. 4 8. 85k %f%%% = 3.83 %f%%% = 2.3 %f%%x = 1.19
i uncertainty i 2% f,z% T 1%
corr

-+ - -
Experimental conditions: Pb = 1,0 x 10 5 M, DIPA = 2,0 x 10 ™ M,

u = 0.2 and TX-100 = 0,001% (for pH = 14,00 only).
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Wave B was studied at small wave heights (pH = 6.00) Just

as for the Cd-DTPA case. A plot of log i{id - i)vs. E showed
+ .

a slope of 56 EvmV indicating a reversible one electron
(n = l) réduction or an irreversible two (n = 2 or higher) :
electron reduction. For the same.reasons as outlined for the
Cd-DTPA case (wave B) it was concluded that wave B was an
irreversible reduction step. A pressure study (table 16) showed
that wave B was not diffusion controlled (.iAJhcorféa.constant).
Secondly, the temperature coefficient (éable lO) was 5.9% / °c
indicating a kinetic wave.
i/

Wave C proved to be irreversible (slope of log l(id - 1)
4

vs. E was 94 ~ b mV) and not diffusion controlled. The value

of S varied beyond the limits of expefimental errors as
corr . as

seen in table 16. The temperature coefficient (table 10) was

above the normal diffusion controlled value indicating a kinetic

contribution to the reduction step.
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(n) Pb-DTPA ratio of 1:8

The half-wave potentials and individual wave heights for
Pb-DTPA (1:8) are recorded in table 17. The data in table 17
are quite similar to the Pb-DTPA (1:2) study in table 1k, Wave

A, when small (i < O.SOHA) compared to wave B, was a reversible

) +
two electron reduction (log(z~jt~§) vs. Bo slope = 30 ~ 2 nV).
q :

It was a kinetic wave because of a large temperature coefficient

(4% / °C) and not diffusion controlled from pressure studies

. + o
vs. PH had a slope of 32

(table 19). A plot of E mV/pH.

/2 ", .
Wave B had a slope of 62 mV for the plot of log
i
T“"”“T} vs. E indicating an irreversible reduction process., It
@d -1
also had a large temperature coefficient (4% / °C) indicating a
kinetic conﬁrolled wave, It was not diffusién controlled
according to pressure studies (table 19).
Wave C proved to be irreversible again, where the slope
i/ t 2
of log (i - i)vs. E was 91 mV. The temperature
coefficient (table 18) was 4% / °C showing some kinetic character
"~ to the reduction wave. The pressure studies (table 19) showed
wave C was not diffusion controlled, since ——* was not

constant for the pressures (50 - 80 cm) used.corr
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Table 17 E

' o .
Experimental conditions: Pb = 1.0 x 10

M, DTPA = 8,0 x 10 M,

wo= 0,2, hHg = 60 cm,, temp = 25°C and TX~100 = 0,001%.

1/2 and iﬂfor Pb-DTPA (1:8).
Wave A ‘ Wave B Wave C
pH -_JJE . l/Q, -El/2 lj, —El/2 1)2
2, 0,50V 4,0 pA - 1.4 pa
2, 0.50 3.6 - 1.8
2. 0.51 3.0 - 2.4
2, 0.52 2.6 - 2.7
3, 0.53 2.3 0,62V 2.9 S 0,75V 0.2 pA
3. 0.53 1.5 0,64 3.5 0.78 0.4
3. 0.5k 0. 90 0.66 3.9 0.81 0.6
3, 0.55 0.55 - 0.68 L0 - 0. 84 0.8
L, 0.56 0,28 0.70 3.9 . 0.87 1.1
L, 0.56 0.12 0.72 3.4 0.89 1.6
k, 0.57 0.05 0,7k 3.0 0.92 2.3
L, - 0.00 0.76 2.4 0.95 3.2
5. 0.78 . 1.7 0.98 3.9
5. 0.79 1.20 1.01 b1
5. 0,80 0.85 1.05 4.3
5. 0.81 0.40 ©1.09 LL
6. 0.82 0,18 1.12 4,3
6. 0.83 0.0k 1.18 3.1
7,00 - 0.00 1.25 - 1.35
7.50 1.28 0.60
8.00 1.33 0.25
8. 50 - 0,00
3 3
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Table 18 Temperature Study of Pb-DTPA (1:8)

Wave A height Wave B height Wave C height
Temp at pH = 4,00 at pH = 6.00 at pH = 7.00
20°¢C 0.24 I .O1pA 0.13 T LOT1uA 0.99 T .02uA
25 0.29 0.18 L35
30 0.35 0.21 i.5o
35 0.42 0.25 1.75
4o 70,50 0.28 : - 2,08
L5 0.59 . 0.32 - 2.35
50 0.68 0.35 275
i b.gh ] °c 409 / °¢ “Lo% / °c

/AT ,
Experimental conditions: Pb++ = 1,0 x iO-BM

DIPA = 8.0 x 107 M, u = 0.2, TX-100 = 0,001%

(used for pH'= 4,00 only) and hHg = 60 cm.
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Table 19 Pressure Studies of Pb-DTPA (1:8)

Wave A Wave B Wave C
at pH = 4,00 at pH = 6,00 at pH = 7,50
i -2 i -2 i -2
x10 ' x10 x10
corr corr1/2 Jhcorr \ corr Jhcorr
Mhen 6957  gef-hoe o 220 = 8.53
0.28 0. : 0.
53.L 7.307 ﬁ";— = 3.9 7.%5; = 2.39 T% = 8,07
. 6
58. 1 el TEB-s7e 23R -oe3s S50 -
65.h‘ 7. 962 %%é%g = 3,71 %%%%g = 2,26 %52%5 = 7.66
68. 1 8.270 g:gggiz 3.62 %&%%5 = 2.23 %;g$~ = 7.49
. 0.1 0.
R - 8.567 %T%%% = 3.56 Ef%%% = 2,10 é?%%? = 7.35
-~ 0.310 _ 0.185 . n  0.6h
8.k 8. 85k '8*:*@5-5 = 3.50 .65k ~ 2.08 8.85% © T.22
i uncertainty T 2% T 2% ot 2%
b
cory
. s ++ -3 -3
Experimental conditions: Pb = 1,0 x 10 © M, DTPA = 8,0 x 10 ~ M,

p = 0.2 and TX-100 = 0,001% (for pH = 4,00 only).




CHAPTER 6
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l THEORETICAT, CALCULATIONS AND DISCUSSION-

i
!

/ The experimental data given in chapter 5 clearly indicated that
all the reduction waves encountered for the various complexeg were
kinetically controlled.and only Wave A was a reversible reduction
process, i.e. Waves B and C were irreversible and not diffusion
controlled., The polarographic method of determining formation
constants of metal complexes requires a reversible equilibrium in
the over-all electrode reaction°25‘26 Hence the information ob-
tained about Waves B and C could only be used to formulate a
reasonabie reduction mechanism, The stability constants were all
calculated using Wave A data. The Koryta andiKoutecky kinetic wave
‘tfeétment (see p. 45~53) was applied to each wave and gave satis-
factory results for Waves A and C, when wave heights were employed,
HalfJﬁave potentials were algc used to analyze the data from Wave A -
with reasonable success,. Wave B did not fit into any one particular
mechanism (as derived by Koryta and Kbutecky), but seemed to be
cohtrolled by two or more competing chemical-reactions'preceding
reduction. 'The waves are discussed individually.
A, Wave C -

There is general égréement among inveétigator359ﬂh2 that the
nonprotonated metal chelates (of EDTA, DTPA, etc.).are non-reducible

at the D.M.E. This accounts for the disappearance of the complex

reduction wave under basic conditions (pH = 6.5 - 9.0). Tt seemed

=R
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logical to start analyzing Wave C results since one of the products
would be the non-protonated metai—DTPA complex, Various mechanisms

were proposed with the best fit obtained for the following:

| dy |
MHA™ == MA™+ H+ (slow)

- ke | L
MHE + Hg® + 2¢- <= M(Hg) + HA™ (fast)

where A represents the DTPA anion, kr is the recombination rate

27

constant and k has

a is the dissociation rate constant. Koutecky

theoretically derived the kinetic equatidns applicable to a number

i
t

of %eduﬁtion mechanisms ambng which is one that is similar to the

proposed mechanism above namely:

1 N

P .
N
A e Ay + Ay

where A.2 and AB.electroinactive, Al is reducible and present in
small quantities, p is the dissociation rate constant and £ ¢ 1s the
recombination rate constant. Resbating the Vérious terms for our

metal-DTPA mechanism;

rate —>

i

ky DMA] = pDMAAT . 2=k

rate <— = k [Ma) () = polmal , ..o k()
) +
L VI S sl

) (5] ¥a £

for which the following general solution is given by Koutecky, et al,g7
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which is quite similar to equation 49 as developed in chapter 3.
Upon the proper substitutions for a metal-DIPA system as proposed

above, equation 56 becomes

|}
b

1

+
CftE;) 0.886 EE 7] l kdt and rearranging
d d

-+
0.886 [H'] erfﬂ{A toeeeiea. 5T
ik
It is evident from equation 57 that a plot of log ZE;tE£7
vs. PH should yield a straight line plot with a slope =~1,00,
(Note: ik = %Q in this study.) The calculations for such a plot
are given in table 20 and éhown graphically in figure 25 for C4d-DTPA,
i

The slope of log - k. vs. PH was approximately -1.00. Hence
(145

Wave C is associated with the equilibrium

CAHAS = Cak + H

The identical treatment was applied to the Pb-DIPA data., - Table

21 gives the calculations and figure 24 shows a plot of log
i

i ) Kk .
k/(id_ik) vs. pH. The slope of the log ZE~:€£7- vs. pH for
Po~DITPA was approximately -1.00, Thus it was concluded that Wave C

was due to the equilibrium

Y = +
PoHA T PbA" + H

Eqguation 57 was then used to solve for kr' In the case of

1
-‘l'" o= ':)_. > = :)-
Pb-DIPA at pH = 6,00, t = 4,2 sec, hHg 60 cm, log K;bHA k52
i
(Schwarzenbachg . 152) and log (wa;m. = 0,66, then

a4
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Table 20 Tog =l vs., pH for Cd-DIPA.
1.~1
a &
1:2 1:8
oH 1 g1 log b 3 14 Tog, ——id
ya a L 1d-%£ 2 a~AL 1d—;ﬁ
3., 50 2.5 2.5 0.00 o1 2.9 1,86
3.75 2,2 2.8 1.90 1.8 3,2 1.75
L, 00 1.7 3.3 T.71 1.4 3,6 T.59
k. 25 1.05 3,95 T. ko 0.95 &, 05 1.37
14,50 0,28 L 72 2,77 0.25 4,70 2,80
4,75 0.10 4, 90 2.31 0.12 L, 88 2.%9
5,00 0.05 4,95 3.01 0.0h Lk, 96 3,90
Y, 75 2.6 2,4 0.03% 3.0 2.0 0,17
5,00 2.1 2.9 1.86 2,3 2,7 1.9%
5,25 1. 3.5 1,63 1.5 3.5 1.63
5,50 1.13 3,87 .46 1.1 3.9 T.45
5,75 0.5k INpITS 1.08 0. 6L 4,36 1.16
6.00 ~ o0.22 kT8  _ B.67 0.25 L, 75 B.72
6.25 0.10 h,90 2,31 0,10 Lk, 90 2.31
Experimental Conditions: -'id = 5.00uA, by = 60 cm and

Wave B

Wave C




YIT -

30 40 50 60 70
FIG. 23 - Log —A— vs. pH for Cd-DTPA.
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Table 21 ILog

vs, pH for Pb-DTPA,

no suppressor used.

a

1l:2 Ty 1:8

. - B! . - :
va 1} ld_%ﬁ, log id’%ﬁ l}L 1d_lﬂ. log id“?l
L, 50 3.k 2,0 0.23 3.0 2.k 0.10
4,75 2.6 2.8 1.97 2.k 3.0 1.9
5,00 1.8 3.6 .70 1.7 3.7 1.66
5.25 1.2 L2 1.45 1.20 L, 20 .45
5.50 0.85 4,55 T.2k 0.85 L, 55 T.2h
5.75 0. 40 5.00 3.90 0. 40 5. 00 2.90
6.00 0.20 5.20 2,58 0.18 5.22 2,53
6.25 0.12 5.28 2,34 0.10 5.30 2,27
6. 50 0.05 5.35 3.97 0.0k 5.36 .87
6.00 4.6 0.8 0.76 L3 1.1 0.59
6.50 3.3 2.1 - 0,20 3.1 2.3 0.13
7.00 1.65 3.75 T.6L 1.35 4,05 T.52
7.50 1,00 4. Lo 1.3%6 0.60 L, 80 1.10
8.00 0.ko 5,00 2,90 0.25 5.15 2,69

Experimehtal conditions: hHg = 60 cm, i. = 5,L40pA and

Wave B

Wave C




for

9.0

Pb-DTPA.,

91T
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0.66 = 1.91 -~ 6,00 + 1/2(log k, + 452 +0.62)
6.66 = -0.09 + 1/2(log K+ 5.1k)

", log k. = 13.50 - 5.1k = 8,36

and k=23 x 108 Titer mote™t sec™!

The rate constants for acid recombinations range from 107

15

to 1077 liter mole—:L sec_l according to Brdickagl. Thus the

recombination rate constant for Pb-DTPA was of g reasonsble magni’-

tude.
For -C4-DTPA at pH = 6,00, t = 4,2 sec, hp, = 60 cm,
. %1 E
log KH = 4.17 (Chaberek) and log ,~—%— = 2,70 (an average
CAHA (1d-11{)

value), then

2.70 = T,91 - 6,00 + 1/2(log k, ho17 + 0.62)

-1

and log kr =k, 79, .', kr = 6.2 x ZLO)+ liter mole“1 sec
This value is unusuvally small when compared to the Pb-DTPA case.

It would appear that some steric rearrangement is necessary in

the CA-DIPA complex before protonation becomes possible.
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B) Wave'B

A similar theoretical treatment (as the one used for Wave -C)
was applied to the Wave B data for both metal complexes. The
mecha.nism proposed was

53

- — = -+
MHEA Vk;"MHA+H

where MEIEA- was the electroactive species, The general solution

is give_n by

. |
| £ _ 5 +
Iy T = 0-8% [H]’kr @}{2“..,............58

i

guite similar to equation 57. Tt is apparent from equation 58 that
i

1

slope = -1,00, Flgures 23 and 2L illustrate such plots for Cd-DTPA

“ar'plot of log( ) vs. PpH should yield a straight line with a
and, Pb—DTPA regpectively, Both metal éomplexes exhibited curved
lines (ﬁlmmes 23 end 2&,) with 1m1t1ng slopes of approximately
»l 5 Slnce the concerntratlon of MHAT varies w:Lth pH in the kinetic
region of Wave B, a correction was applied to/ao‘ si.e., the effective

concentration of MHA™ is equal to;

[total conc. of complexes ] = EE;Q_L
[ MHA | [ MHA ]
pr= el BN and ¢ = XA HY ]
Y k., - -
Gty 4 oy )

Upon substitution into equetion 58,

_ M. = o0.88 HTwmms ] K
e LUHA
1 d 1 )Z, ‘ r 1H2A

[MAT ]

10610000000959
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For convenience let

/ log "u" T =[-1og[MHA] - loghm,] - pH] N (¢!
1 HB

It is evident from equation 59 that a plot of log (i L‘Q vs. log

should yield a straight line with a slope equal to l 00. The experi-

mental values for the above plots are given in table 22 and illustra-
ted in figure 25. The slopes for the Cd-DTPA and Pb-DTPA waves were
approximately 1.0 and O.7 respectively. Again both plots showed some

curvature at large wave heights (i:>l.§uA) which was to be expected

since (the Koryta - Koutecky theory'only'appliésto purely kinetic waves)

the reduction waves only showed #inetic character at small wave heights.

ﬁhe large deviation from the theoretical slope for Pb-DTPA probably in--

. dicated that another mechanism was involved in the rate-determining

step, though we were unsuccessful in trying to solve the problem.
Equation 59 %as used to ealculate kr’ i.e. for CAd-DTPA vwhere the

H
log ( - :Q 2.80, H = A.SO, log KMH A= 3.32, etc., and applying logs
2

to equation 59;

-1.20 = -0.05 - pH -0.49 + glog k, +3.32 +0;62)

) . -
then k = Lo, .°, kr = 10" liter mole 1 sec 1
- - Ty = et
For Pb-DTPA at pH = 6.00, log (i JQ = 2.53, log KPbH A 3.5 (estimated),

ete.,

-1.47 = -d.os - PH - 1.51 + 3 (log k, +3.5 +0.62)
-1

then log k= 8.0, . k, = 10 8 liter mote 1 sec

Hence the respective rate constants are of the same magnitude as the
ones calculated for Wave C and thus indicate that the above proposed
mechanism is a reasonable one.

Alternative mechanisms were proposed for CAd-DTPA with the
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i

Table 22 Log( z ) and Log "a" values for Wave B.

Cd-DTPA (1:8)

id-iﬂ
Pb-DTPA (1:8)

12 W B 1y .
pil Log i Log "Gy _prpa P Log i1 Log "op, prpa
3.50 1.86 -3.76 - L, 50 0.10 -4.82
3.75 1.75 -3.98 1 L, 75 1.90 ~5.20
4,00 1.59 -4, 26 5,00 - 1.66 ~5.62
L, 25 .37 ~l4 s 60 5.25 1.h45 -6.07
4. 50 .80 -4.99 5,50 T.2h ~6.5L
L, 75 2,39 ~5 .41 5.75 2,90 ~7.02
5,00 3.9 -5.87 6.00 2,53 ~7.51
- - - 6.25 2.27 -8.00
- - - 6.50 3.87 -850
Experimental Conditions: . = 60 cm, t = Experimental Conditions: hHg = 60 cm, t =
4,2 gec., ig = 5.0pA and Gelatin = 0,002% 4,2 sec, ig = 5.40A and no suppressor.



o.so. =
0.00._
E O
Log—%-
ERA
1.00L
2.50L
_ Cd-DTPA
2.00L o
! 5 1 ! R
-3.00 -5.00 =700  -9.00
FIG. 25, Logrt: vs. Log"? ® for  WAVE B.
: : . d—/*- . ‘

T2T
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++
best £it obtained for (Note: M is the reducible species)
!

/ K

when correction factors were inserted (sﬁggested by Conradi, et.

al,eg) into the kinetic equation (equation 56) for the formation

of buffer complexes, for the varying concentration of the proton-
ated metal complex (MHQA) and for the concentration of ligand

(HQA), The calculations for the above corrections are given in

tables 25 and QM,Vwith the theory outlined below.

i

Tet )
[11]

(4]

[, ]

For protonated complexes of DTPA;

R, =L gl

[H] [MA]

i

concentration of "simple" metal ion

1!

total concentration of "free" DTPA

1l

total concentration of metal-DTPA complexes

|

KLIH-I .= MEE‘%M , Kﬁﬂ W= _.M[TILM?
2% [MEA}[E ] 57 [MEAIE]
‘Then |
(M) = [[MA] + [MHAY + [MA] + [MEAD + ... ] e reeen e, el 61
or

1l

O +.2. H L3
[a,] = (4] [1 F L [H] Iﬁﬁgﬁﬁmm 154 @}Hﬁﬁméﬁm[ﬂ ] ..}.62
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Table 23 Iog "q functions" for Buffer Corrections,

pH logc log o "K" values

cd Pb
2.00 0.10 O.18_ Chloroacetic Acid Buffer
2.25 0.15 0.26 [buffer] = 0.10 M
2.50 0.21 0.35
2.75 0.26 0.13 129 =27
3.00 0.31 0.19
3.25 0.35 0.5k 108 Kpgp = 145
3.50 - 0.37 0.57
35.75 0.39 0.59 tog Kppp = 1.2
L.00 0.40 0.60
k.00 0.2k 0.60  Acetic Acid Buffer
L. o5 0.3% 0.7k [buffer] = 0,10 M
). 50 0.h1 0.86 ‘ '
75 0.48 0.95 P = k5
5.00 0.53 1.02
5.25 0.57 1.07 Tog Kpgp = 21
5.50 0.59 1.09
5.75 0.60 1.11 - log Kppp = 1.5
. 6.00 0.61 1.12

The various equilibrium constants were taken from "Stability
Constants" by Bjerrum, J., Schwarzenbach, G. and Sillén, L. G.
Chem. Soc. (London) Spec. Publ., 7(1958)
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Table 24  Iog "a functions" for DTPA and Metal-Complexes.

PH log ogpp l?g aHeA log aHBA log aCdA 1og Cyamy 108 %oan log Ol CUpm A
2,00 9,98 3.31 0.97 - 3,52 1.32 0.02 k01 1. 0.01
2,25 9.19 2.77 0.68 3,0L 1,09 0.0k 3,52 1. 0.02
2.50 8.46 2.29 0,45 2.57 0.87 0.07 3,04 1. 0.0k
2.75 7.80 1.88 0.29 2,11 0,66 0.11 2,57 0. 0.07
3.00 7.20 1.53 0.19 1.69 0.k9 0.19 2.12 0. 0.12
3.25 6.64 1.22 0.13 1.30 0.35 0.30 1.70 0. 0.20
3,50 6.12 0.95 0.11 0.96 0,26 0,46 1,32 0. 0.3%2
3.75 5,64 0.72 0.13 0.68 0.23 0.68 0.99 0. 0.Lk9
4,00 5.19 0.52 0.18 0,46 0.26 0, 96 0.71 0, 0.71L
4, 25 4,78 0.35 0.26 0.30 0.35 1.3%0 0.49 0. 0.99
4, 50 4, ko 0.23 0.39 0.19 0.49 1.69 0.32 0. 1.32
4,75 L, 06 0.1k 0.55 0.11. 0. 66 2,11 0,20 0. 1.70
5.00 3.76 0.09 0.75 0.07 0,87 2,57 0.12 0. 2.12
5.25 3.7 0.05 0.96 0.0k 1.09 3,04 0.07 0, 2,57
5. 50 3,20 0,03 1.19 0.02 1.32 3.52 0.0k 1. 3.0L
5.75 2,954 0.02 1.43 0,01 1.56 L, o1 0,02 1. 3.52
6.00 2,68 0.01 1.67 0.01 1.81 4,51 0.01 1. L, o1

Constants used:

values and log K?%H A
2

- average pK}s, Ca-DIPA -~ Chaberek's values, Po-DTPA - Schwarzenbach's
= 3,5 estimated value from this study.
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with the part in parenthesis abbreviated to aMA equation 62 becomes

[MAL] = [MAJE ) e .63
It follows then that
[MA_] [MA, ] [Ma, ]
aMA=-—1\—/[——AT-—-, (ZMHA: T andOlMHA=MAT
[MA] [MHA] 2 [MHZQA]
Secondly;
[AT] = [[A] + [HA] + [gQA] + [HBA]' + [HA] + [H#&]J cerseseonas 6l

or |
R A 1 &

with Tthe part in parenthesis abbreviated to aL(H) equation 65 becomes

‘ + +.2 +.3
[AT]=[A][1+[§]+[H] + LB

[AT] = [A] O‘L(H) .............................................. 66
Then
A +. 1 3 +.2 + K|

(04 ::—*E—[l*: ——[-:I—L—-]——-——--+ [H] + [H] + L-I:I—-—]—-+l+——§-_,6

HA HA K:LKQI%KLL KEKBKLL KBKLI- KlL H+ 7

S DA CA o R ¢ K, KK

o = = = + + + 1+ + ..68
HA - HA [KlKeKB KEKB 5 (5] [H+}2 |

<

[(£1%  [E]

. and +
_ A‘I‘ - [H ]2 4 _[Ei« + 1+ E 4 KBK)'P : KBKLLKQ ...69
K2 H+

Secondly for the buffer corrections; '

B o anmy 1 pimp -

M [] BTy
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where [MB} is the concentration of metal-buffer complex., Since

KMB = 1~ equation 70 becomes
[M][B]
| [5"][B]
=1+K_[B], andk = &EJEB]
@M . KMB a [MB]
-for the buffer where [HB] + [B] = Cy = total buffer concentration,
c : .
s <O = l + 'iwwﬂlm occeac-¢ew--o.ocascecauouﬁo»oaQ?l
" [H]
(i+ )

Restating the proposed mechanism;

k N
P -_ﬂgm:«. -+t .=
MHQA iij M+ HQA

cand wrrlting out the rate constants, one obtains

. ‘zr\ O e MH Y o= 21 ME : = q
rate - kd[utgﬁ] i [mQA], . . kd Ja«

4 EN T
e T e T M oz = T‘ 2y
rate kr[I'}.EA][ll ] /J[M Lo p kl[lgA]

Recalling equations 63, 68 and Tl and applying the correction

factors (OL, UH A and QMH2A>
o kd o kr[AT]
/3 = a"l:i‘ﬂﬂ;; ana ﬁ = &::’*‘AOL“
o Hott
. k‘d Yrph Oy

SR L Sk
Uy Vo A

When the above corrected constants are transposed into equation

563
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i k At
- f% = 0.886 kd Pt M r T ... e e 72
a4 ¢ A O N e W
upon rearranging
1p  o.88 | g Cmph 0w b -
i —i - M . S o 0 00 . e 6 0 &6 6 00 o000 - L 3
amh o A A [Ap]
i

It oan be seen from equation T3 that a plot of log (1 1 ) VS.
L/E(log aH A + log aM) - log aMHQA (later abbfev1ated to log
)should yield a straight line with a élope = 1,00, The
experimental values for the above plot are given in table 22, and
illustrated in fig@re 26. The slope was 1.00 which is in perfect
agreement with the theoretical value, though some of the experimental
points are off the straight line plot by & 10%. Hence it appeared
as though the above mechanism was a reasonable one.

Bquation T35 was used to calculate the dissociation rate

For C4-DTPA (1:8) at pH = 4,50, t = 4,2 sec, A
1

14 .ﬂ) -

constant, k

ar
-3 M
7 x 10 "M, log Kde2A

and applying logs to equation 73 one obtains;

T

80

pn

= 7.3 (Chabarek's value), log (i

-1.20 = log 0.886 + 1/2(log ky + log o A + log opy + log t -
M

KMH - log Ap) - log aMHEA
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where

log k., = 5.0, . k= lO5 sec

d

since

K
% =L, kx =2x107 (10)°= 2 x 10%°
. 2A kd r

The recombination rate constant, kr’ lies within the range of acid

13)

recombination (107;, 10 constants., However the kr value is

unreasonable for complex formation which is what it represents in

the proposed mechanism above. Hence the above mechanism was dis-

carded as an unreasonable choice,.
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C) Wave A
For a reversible diffusion—controiled reduction of a metal

complex the half-wave potential is given by,

0.05915
” log Kéff (CL)° oo sessensavans e

similar to equation 29 (chapter 5), where Kéff is the effective

stability constant and (CL)O is the concentration of ligand at the

electrode surface defined as:

~ ik '
§0L)3—CL+0MT5.... ........... Cecennenans Cereens ceeenn veereo (5

i

where CL'is the concentration of free ligand and QM_iE is the
!

concentration of ligand coming from the metal'complex upon re-

du&tion of the metal ion at the D.M,E, Equaﬁion 35 (from chapter

3) corrects for the kinetically-controlled reduction process:

i
b 009905 5

ERC RS i

Equating equations 35 and 74 one obtainss

. 005915 ' 0.05015 , . k
E’%(k) E‘%(S) = o lOg Keff (CL)O n log 1d o e 76
or ‘ .
;. . 0.05915 0.05915 .. 'k
VAN o= -7 log K .. (Cp)o 2 log P T
Solving for log Kéff,
n ik :
log K _,.. = 5765155 ( AE%) - log 5 log;(cL)o .............. 78
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If,one neglects the complexing effect of the buffer (since this
/ v
ogly effects El/Q(s) and cancels out in solving for A E

QEI

1/27>

then (from Kopp =

[MI[A]
eff - ) - ® 0 8 00600 00CE T OO
(4] [4]e 1 g L(H) ,

where

1o_gKeff=1og%+1ogaMA-1ogocL(H) ceecsceann ..80
or rearranging

+ =
log Keff log (%) log KMA 108 Oy eevenennns .. 81

Recalling equation 62, Oy MY be written as

which lends itself conveniently to a mathematical check as to

how many protonated complexes are involved in the overall

equilibriumn.

Teble 25 gives the various dissociation constants (four

independent sources) of DIPA and the log a.L(H) values based on

the average pH's found in the literature. TFigure 27 diagrammatically
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Table 25 Dissociation and Stability Constants Information.
Durham -+ 8
pH Log O‘L( ) DTPA Wénninen Ryskiewich7 Frost Ringbom® Average
: H
2,00 18,46
2,25 17,4k K, 1.86 - 2,08 1.79 1.9k 1.92
2.50 16. 47 | | )
2.75 15.55 oK, 2.79 2,41 2,56 2.87 2,66
3,00 14,70 , _
3.25 13.89 Pk L. 29 h.26 L. ke k.37 L5k
3.50 13,12
3.75 12,39 Py, 8.61 8.60 8.76 8.69 8.67
4, 00 11.69
4,25 11,03 pKS 10,48 10.55 10. k2 "10,56 10. 50
L, 50 10,40 ’
Chabeﬁek, Frost Anderegg, ...+ Holloway + - Durham +
et al Schwarzenbach®¥* Reilley*#*+ Winninen~ Ryshiewich

log Ky, 18.9 19.31 19.0 19.06 18.93
108 Koqma b, 17 - - - - .
log KCdHeA : 3.32 - - - -
log Kp ,° - 18.87 - *%% Anal. Chem. 32 2h9 (1960)
log Kppp : - h,52° **¥ Helv. Chim. Acta L2 827 (1959)
log KPbH A : - *Complexation in Analytical Chemistry, Interscience p. 351

. 2 (1963)
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shoys the various forms of DTPA present at any given pH. A brief
f

su#vey of this diagram (fig. 27) strongly suggests that protonated

complexes would be expected in the pH range from 2.0 to 6.0, Some

possible equilibria involve:

+ -
ca™ + Ea 2 = camA

++ - N -
Ca + HQA 5 = CdH_A

4+ - N =
cd  + HA h < CaHA~

- The necessary calculations involved in equation 81 are recorded in
6, r Cd- ] +
tables 26% and 26% for ?d DTPA. A plot of log Kéff log QL(H) vs.
PH is shown in figure 28, Similar calculations and a graphical
hpioﬁ are given for Pb-DTPA in tables 27é and 27b and figure 29
respectively, A computer programme (least squares method) was
written and applied to equation 8l to find the best theoretical fit
po —_ = - , + -
to the experimental averages of log Kéff log aL(H) fpr both metal
complexes. The inclusion of doubly (casea) and triply (caseb)

protonated complexes in o

A generally gave the best fit, i.e.

for -C4-DTPA,

“a
case

= 18.81 + log (1 + 10°-927FPH | 100~ 86-2pl

)

-+ J‘
log aL(H)

case

19.15+10g(1410% 99-PH 1 /5. 90-2pH, | 8. 65-3pH)

i

»1..
108 K pp + 108 0y gy
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Table 268 Equilibrium Calculations for Cd-DTPA (Wave A)

pH %2 (CL)Ox:Lo'5 log %% + log (), &E /p log K_.q log K_.. + 1og'aL(H)
2,00 0.88 1.88 3,21 0.018 3.40 21.86
2,25  0.80 1.80 3,16 0,025 3.69 21,13
2,50 0,68  1.68 3,06 0.035 h.ie 20, 59
2.75  0.55 1.53 T, 90 - 0.043 b, 55 - 20,10 .
3,00  0.36 1.36 L, 68 0.051 5.05 19. 75 1:2
3.25 0,23 1.23 L, 46 0.054 - 5.37 19. 26
3.50  0.057 1,06 5.79 0.060 6.2h 19.36
3.75 0.017 1.02 5. ek 0.067 . 7.03 19. ke
4,00 0,007 1.01 .85 0.07L ~  7.55 19. 2k
2,00  0.77 3.77 3.7 0.028 3,48 21,94
2,25  0.71 3. TL. 3.h2 0.037 3.8 21. o7
2.50 0.6k 3.6k 3,37 0,046 19 . 20. 66
2,75  0.53 3,53 3,27 0,050 k2 19,97 Lik
3,00 0,36 3.36 3.08 0.05L L.75 19. 45
3,25 0,17 3,17 4,73 10,063 5,41 19. 20
3,50 0,071 3,07 L, 3L 0,073 6.13 19. 25
8 3,75  0.028 3,05 .. 5.93 0.078 . 6.7L 19. 10
4,00 0,007 3,01 ' ‘ 5.33 0.081 7.1 19. 10

Experimental Conditions: id = 7.00p4, hHg = 60 cm and Gelatin = 0,002%.
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W W. W W PO o oo

Table 26b Equilibrium Calculations for Cd-DTPA (Wave A)

W W W W PO o oo

pH %ﬁ (CL)Oxlo'5 log %? + log (CL)O A;EE/E log Kéff log Kéff‘+ log aL(H)
.00 0,70 7.70 3. 73 0.028 3,00 21.68

.25  0,6L 7,64 3,69 0.037 3.56 21.00

.50 0,60 7.60 .66 0.0L6 3,90 20,37

75 O.bT7 707 3.55 0,051 4,18 19.73

.00 0,28 7.28 .32 0. 06k L, 85 19.55 1:8
.25 0,11 7.11 T.o1 0,073 5,56 19,45

.50 0,043 7.0k .48 0,083 6.%53 19,45

.75 0,01k 7.01 5.99 0.087 6.96 19.35

L00 0,65 9.65 3.79 0.038 3. 50 21,96

.25 0.63 9.63 3,78 0,047 3,81 21,25

.50 0.58 9.58 3, 7h 0.056 4,15 20,62 1:10
.75 0.50 9. 50 Z, 68 0,065 4,52 20,07

.00 0,28 9,28 3. Lo 0,07k 5,09 19. 79

.25 0,17 9,17 3.19 0.078 5.45 19,3k

.50 0,070 9,07 I, 81 0,083 6.00 19.12

.75 0.01kL 9,01 L. 10 0.091 6.98 19.37

—_—

Experimental Conditions: 1

d

= 7.00u8, hy = 60 cm and Gelatin = 0.002%,
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Table 27a Equilibrium Calculations for Pb-DTPA (1:2')

and TX - 100 = 0,001%.

Wave A
pH ilq,/id (CL)Ox:Lo'5 log i){/id + log (CL)O AEI/E log X .. log K .. *'log ocL<H>
2,00 0.6k 1.6 3,03 0,053 4,76 2% .00
2.25 0.5k 1.5k - koo 0.059 5.07 22,57
2,50 0.148 1.48 L. 85 0.065 5.35 o1, 82
’ 2,75 oppnn 1.4k T, 80 0.07h 5,71 21.26
3,00 0.3k 1.34 L. 66 0,081 6.08 20,78
3.25 0.27 1.27 L, 51 0.083 6.30 20,19
3,50 0.20 1.20 I.38 0,092 6.7k 19.86
3.75 0.067 1.07 5. 86 - 0.095 7.36 19.75
4,00 0.0L0 1.0k 5,62 0.100 7.77 19.46
L, 25 0,013 1,01 5.13 0.103 8,36 19.39
4,50 0,005k 1.005 6.73 0,108 8.93 19.33 -
Experimental Conditions: Pb == 1.0 x 10—5M,; DTPA = 2,0 x lO"Z'M,' iy = 7. bAoA, hHg = 60 cm,
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Teble 27b = Equilibrium Calculations for Pb-DIPA (1:8)

Wave A
pH i/Q/id (CL)OXJ_O"5 . log ij{»/id + log (CL)O A El/2 log K _... log K_.. *+ log aL(H)

2,00 0,54 7,54 ?.61 0,080 5,10 23,56
2,25 0.L8 7.48 3.55 0.085 5.29 22,73
2,50 0. 40 7.40 3. 47 0.09% 5.68 22.15
2,75 0.35 7.35 3.h1 0.100 5,98 21.53
3.00 0.31 7.31 3.35 0.106 6.2k 20, 9k
3.25 0,20 7.20 3.16 0.110 6.57 1 20.46
3.50 0.12 7.12 I, 90 10,113 6.93 £0.05
3,75 0.074 7.07 L2 0,120 7.35 19,74
L, 00 0,039 7.04 I, bk 0.126 7.83 19.52
L, 25 0.016 7.02 L. 05 0.128 8.28 19.31
L, 50 0,0067 7.01 5,68 0,130 8,73 19.13

Experimental Conditions: Po' = 1.0 x 10'3M, DTPA = 8.0 x 10 "M, o= 7. 4hpA, hHg = 60 cm,

and TX - 100 = 0,001%.

—_—



24.0,

orT




1k

Table 28 gives the average experimental values and the calculated

+ log @

values of log Ké L

P (3) for both cases. Close inspection
of those values led to the conclusion that three protonated

complexes were involved in the overall equilibrium. Taus (from

equation 82) the best fit was obtained for

.
log Ky = 19.15, 108 Kogyy = 2%
tog K%dHEA.z 2.9 1og K%dH5A = e

imilas L of cs 1 eriments ¢ + Yo g
A‘S}mimif set of calculated and experimental log Kéff log OL(H)
values for Pb-DTPA are given in table 28, The best £it (calculated
to experimental) wags obtained when the doubly (casea),and Triply

o b . A
protonated (case ) complexes were included in QMAA , namely:

a

3.55-pH

). OpH
4 107 FHERH

. .I— >
tog Kope ¥ 108 Oy

= 19,05 + log(l + 10
and,

b
case

. hoo5-pH, . 7.h5-2pH, . 10, 20-3pH
- 1 ¥ == 1 'X" ) i "} - ° B —}- ° . " -[-' °
log K ..tl0g aL(H) 19, 10+Llog (1410 10 10 )

. b . . -
Again case gave the better £it of the two. Recalling equations

&1 and 82 onc obtains:

log KPbA = 19.10, log

N = b.
pip 00
.H - % ) o H . -
1og KPbHQA = 2.H0, log KF%H5A =215
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Table 28 Experimental’éﬁd Calculated Iog "K" Values.

Iog Kéff + Tog aL(H)
C4-DTPA Pb-DTPA
Average a b Average e b

. pH Exp, Value Calculated Calculated Exp. Value Calculated Calculated
2,00 21,90 21,69 21.86 23,13 22.99 23,37
2,25 21,16 21,21 21,18 22,69 22,49 22,68
2,50 20.57 20.73 20.55 22,00 21.99 22,01
B.T5 ~  19.99 20.26 20,02 S 2Lko 21. 50 21. 40
3,00 119.63 19.83 19. 6k 20. 87 21,00 20, 85
3.25 19.33 19. 46 19.41 20,33 20,52 20,38
3.50 19.30 - 19.19 19.29 19.96 20,07 20,00
3.75 19.28 - 19.01 19.22 19.82 19.67 19.70
%, 00 19.18 18.92 19.19 19,48 19.37 19. 48
), 25 ‘ 19.36 19. 20 19. 3k
4,50 19.2k4 19,11 19.2k
,Casea Gaseb Case® Caseb ‘
log Kcﬂé 18.81 log ch% = 19,15 log KPbA = 19.05 ﬁ log KPbA 19.10
Log Kugga = 330 log Kuqgn = 2.95. log KPbH.A = 3,35 log KPbHA 4, 05
log KCdI}{IQA = 3,58 log KCdII[{-rTQA 2,95 1log KPbH Av = 14,59 . 1log KPbH A= 3 ho

. log KCdHBA = 2.75 : log = 2.75
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Table 28 gives a summary of thé calcuiated stability constants
obtained from Wave A,

In table 25 are given the literature values for various
Ca-DITPA a?d Pb—DT?A stability constants. In the case of log KMA’
the constants obtained in this study (for both Cd-DTPA and
. Pb-DTPA) compare very well with tﬁe literature values. In fact
for CA-DIPA our value falls within the range of values gives in -
the literature (see tables 25 and 28), In the case of Pb-DTPA
our lqg KMA value differs from the‘lone literature value by 0.23
log K (ige; literature value 18. 87, ourivalue 19.10), This is

consldered excellent agreement for stability constants obtained

by electroanalytical methodsgBﬂ26.

Fo?(lgg KﬁﬂA»the agrecment wag not as good. Only one (p, 132)
Literature value was given Tor éach metal coﬁplex (log KééHA.z H.l?;
log Kfiﬂﬁ‘: L, 52) differing from-our values by 1.25 log Kunits for
C3~-DTPA and 0.47 log K for Pb-DIPA, Similarly log KﬁH A
(log KfZHéA.: 3.32) for C4d-DITPA differs from the literiture value
by 0.37 log X units. ILog KE has not been ré@orfed to date.

bHQA
No values could be found for log ¥

MH., A
5

The relabively few literature constants determined to date (for

for either metal-DTPA complex,

protonated complexes of Cd or Pb) indicates a measure of the
difficulty encountered in obtalining stability consbants for pro-
tonated metal-DIPA complexes. It is not too surprising then to find

g

B H
arge differences between log K ..
large differences between log BMHXA

values which were determined by

different methods and under different conditions.
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A number of mechanisms (kinetically controlling Wave A)

were proposed among which the best fit for Pb-DTPA was obtained

k
. a
with; - A -
rith; PHA" T EAZ 4P (slow)
k2 - |
Tt S -
+- —
. Pb "+ Hg? + 26 = Pb(Hg) ‘ (fast)

which is of the same form as the Wave C mechanism except that

++ -
free Pb is the electroactive species and not the PbHeA

. complex, Applying'the Koryta and Kbutecky27 kinetic treatment

(Note: the rate constant/jw'is always used for the reaction

yielding the reducible component) one obtains:

v

'y
3
v

rate —> = kd[PbHEA] = po [PbHEA], . k,d /00‘

Il

1

rate L = kr[HeA][Pb-l—F] = /o[Pb-H], P kr[HgA]
kg

and ¢ = % .
kr[HzA]

with some charges omitted for simplicity.

Substitution of the above‘constants into equation 56 yields

In the pH range from 2.0 to 6.0, the approkimate concentration

of [EA] is,
A XK S
[HEA] & ~ g B - which when substituted into
| B,

equation 83 yields

. 0.886 & o kK, t ...... 8k
T8k kg NS d

1l

k. [H] 2.+_ [I_f]g:g '\[..M‘._w.
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i

for which a plot of log( ) vs, pH should have a slope of

approximately -2, OO dependlng on the relative magnitude of Ké
and [H 1. However the above plot for Pb—DTPA exhibited a curved
liﬁe.from PH =.2.5 to 3.5 and an almost straight line (sldpeﬁy
- 1.50) between pH = 5.5 and b5, Conredi, et 81.%2 nave
Ppointed out that under écidic conditions cofrections must be
applied for the concentrations of protoﬁated complexes, for the
complexing effect of the buffer used and for the concentration

-of ligand if not used in large excess,

/ Rewriting thevréte constants with the above correction factors;

P o=k [HpA] pr = K

-GF - . S and [H,

while upon substitution into equation 56 yields;

i k.o [k [HA] ¢
;‘;.1; = 0.886 — 32 i.&im. ceee 85
a kr[HEA]‘ozNEEA : i
rearranging
3 2 .
k0,886 | %q O At o
aTx 0 %ma ke Lol |
but
-
o
k- 1A
o % 0,886 Kg oA L gy
iy

Tr o A Ki\MﬁI o LAg)
o
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Her'lce when a large excess of ligand is used (1:8, where AT = con-
/ i

st,é;rlt) a plot of log (ik-ik) vs. 1/2(log oy + log o A) - log o 4

! d 2 B~

should yield a straight line with a slope = 1.00, For convenience

n_.un

A
sake, let 1/2(log oy + log aHgA) - log QMHQA = Tog "a"p popa

1
1n_n

vs., log "«

Figure 30 illustrates a plot of log Pb_DTPA

1
(1g71p)
with a slope = 0,90, This was the best fit obtained for any of

the mechanisms proposed. Hence it was concluded that the Wave A

 equilibrium for Pb-DTPA was due mainly to |

- N -+ =
PPHA" = Fb  + HAA

When the ligand concentration is not in large excess, a
correction must be applied to equation 87 . Koutecky, et. a,l.27

have shown that the corrections for the sbove mechanism are

R L )1/ 2 0,886 | Ba % %At | gg
- —- [ ] - - 'V—[
a7 Ay 14 O‘M;QA % R [AT]

2

where if AT >> MAT equation 88 reduces to equation 87 . In this

study the 1:8 ratio data are employed using equation 87,
In order to make use of equation 87 for the éa;lcula‘cion of

k., one must evaluate Kivl . This was possible by writing
d \/JHQA _

DEA] D] [1A]

. ) [H][HA)
ot [MI(EA]  [E[1mA] [M][HA] [H,A]
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i
Table 29 Tog 6——%—1—/@'1‘ Iog "o values for Wave A.
d

o~
<t
i _
Cd-DTPA (1.:8) Pp-DTPA (1:8)
H log 2 1o "a"A : 1o 2 log "o
| P & 11 & % cq.prea VY, & % pp-prPA
5 2.50 0.72 - 2,23 0.09 1.28
2.75 0.28 . 2.60 T.97 1.08
; . 3.00 I.82 2,95 1.87 0.82
| | 3.25 T.28 : 3.5 1.58 0.58
; o 3,50 2.80 3.75 1.30 0.30
3.75 2.30 L, 21 1.05 -0,02
- | 4,00 | - - 2.7k -0.40
- : L, 25 - - 2.%6 -0.82
’ L. 50 | - - 3,97 -1.26
Exj)ex'imental conditibns: hHg = 60 cm, t = 4,2 sec,| BExperimental conditions: h’Ig = 60 cm,
i, = 5.0uA and Gelatin = 0,002%, t = L2 sec, 1, = 5.41A and TX-100 =
‘ ° 1" HA — : BN ° 1" HA . -
Note: Iog,"0"qy rypy = 1/2(1os %, + log o) - | 0.001%. Note: lLog "a'pnnpy =
log O‘CdHEA - pH T -t 1/2(log @ y T log o HQA) - log o ME A
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applying logs,
.

!
]

D tog Bl e o iy 4200 2 <53,
: 2 2

for which the r.h.s., constants are known. Chaberek’s values were

H
used except for log KPbH A where our value of 3.5 was used,
2

Then log KiSHEA = 3,5+ 12,8 - 8.7= 7.6

Cd

and log KCdHQA =33 +12.7-8.7="7.3

Writing "out equation 87 and applying logs,

i

’ / _ Kﬁé, .
PR P, . ER b . - 4 -
";?g(ia“?ﬁ log 0.886 + 1/2(log k; - log i log t - log Ag)

+ 1/2(1og oy T log oy A) - log oypr 5
2 2

For the Pb-DTPA(1:8) data; t = k.2 sec, AT =7 x 10_5

, PH = 4,00, etec.;

il

- 1.36 = -0,05 + 1/2(log ky - 7.6 + 0,62 + 2,15) - 0,10

then log k, = 2,15

. de= 1.1k x 102 = 114 séc-l
kr ‘ 7
since = KE/&[H =4 x 10
k. A
a 2

then kr'i'f 5 x 109 mole 'lit'er-l sec'“l which is of a reasonable magni-

tude for an acid recombination procegs, The value of kr furnishes

further validity to the mechanism proposed above,

For CA-DTPA the following mechanism gave the best fit;




150

k
- + X 4r - ]
CQH A™ + H <— €34 + B AT (slow)
2] kf )
catt + Hg% 26 == cCa(Hg)  (fast)

for which;

rate —> = k [oam A][E"] =peleanpl, .. pe = kr[H+]
rate ~— = k, [ca*‘*][HBA]= plod™, L. p = ElEAl
and § = _fr [H%}
kp [H;A]

Upon substitution into equation 56;

/ K iﬂ R kl" [H+]
I 5~ = 0,886 ——— ko [ A] ¢ ceees 89
a™y ke [HA]

~and upon rearranging

Foae

It

i B
2= 0.886 x_ [H] e f ceene DO
1_-1,- r

a4 ke [HA]

Rewriting the rafle constants with the corrections for buffer com-

pléxes, ligand and metal-DTPA protonated complexes one obtains:

[E:A] . k (6
E J T oo
P oy _’P %A
x [H] k
0—' - I aM and npen E:E'_
kd [HBA] O(MH5 A T

wﬁere kf ig used instead of kd because the reverse reaction is not

a true dissociation reaction., When the above corrected constants agre ,

transposed into equation 56;
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+
iy -k [H o k. [HA] t
e 0.886 L. Cd _ f(x ) eeee. 91
a4 K, [H5A3aCdH2A M
A
and rearranging <H5A -
OH, A
5
i k o, t
4 0.886 [5] rHn o
T % can, A g L Ap ]

. i
It is evident from equation 92 that a plot of log(zwﬂz~) vS.
a g

1/2 (loga + logg,.) = pH - log o should have a slope of
| HA W

CdHéA
- 1%00.;_Figure 31 shows such a plot for C4-DTPA exhibiting s
i T
slope of -1.25. A perfect mathematical fit was obtained (i.e.
| +.3/2 . L ) .
slope = -1,00) when [H ] was inserted into equation 92, This
ihdicated that the overall equilibrium for Wave A was probably a

mixture of two competing reactions. Hence it was concluded that

the main mechanism responsible for Wave A was
~ T = =
+ == +
CdHéA. o Z Cd HéA
with some contribution from
+ ++ -
T+ PH e +
CngA 2H =2 Cd HAA ‘

+
which would have [H ]2 in the kinetic equation thereby giving an

: + ‘ .
average [H ]5/2 dependence in equation 92 . Under these
circumstances no attempt was made to calculate kr'

It was evident from the experimental results and theoretical
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considerations outlined in This chapter that the protonated com~
plexes (CdHXA and PbHXA) of both metals played an Important role

in the polarographic investigation. Thus a supplementary study

was undertaken to obtain additional information about the chemical
properties and behavior of these protonated compléxes, i.e. an

N.M.R., study of Cd~-DTPA and Pb-DTPA,




CHAPTER 7
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NUCLEAR MAGNETIC RESONANCE STUDIES

A. vIntreduction

Early in 1946 Edward Purcell at Harvard University and Felix

Bloch at Stanford University announced, almost simultaneously, that they
had observed the first nuclear magnetic resonance (N.M.R.) signals of

hydrogen. Purcell detected the hydrogen nuclear resonance absorption in
paraffin wax, and Block obssrved the hydrogen signal in water. For this

important discovery they received 3c1nt1& the 1952 Neobel Prize in Physies.

Th? technique of applying nuclear magnetic resonance to inocrganic
camplex.iog studies was only begun in the 60's, although the organic
chemists had employed this approach since the early i950'ss Thué the

'apﬁlicaﬁion of N.McRo to elucidate the structure, kinetics, exchange
reactlonq and instability constants of metal-aninopolycarboxylic acid
complexes is & relatively new flela_cf endeavor. Some of the prominent
workers in this arsz are Reilley and 'Sawyer’ - in the U.S.A., Sargeson
in Australia and Shaw in England.

A nueleus with a megnetie moment can be tr§;ted as though it were

L

a bar magnet spinning on its axis. When placed in an external field, the

interaction of the msgnetic moment with the externsl magnetic field

preduces a torque. T his torque imteracts with the angular momentum and
couses the magnetic moment to precess about a fixe applied field vector
The angular frequency of th@ precession is referred to as the Larmoer - .

freguency, dependent on t% pvlLed flela, magnetic moment and spin angular

* e

momentu of the nucleus, In an NeMoRe cypellm\uﬁ one applies a strong




homogenous magnetic field to the sémple caus

156

ing the nuclei to precess,

N.M.R. spectroscopy is mest often concerned with nuclei having a nuclear

of %, ieCe Hl; F19 and P

comparable to the precessing freguency is th

spin gquantun number

frequency transmitter. When the applied fre
is egual to the Larmor frequency, the two ar

and energy can be transferred to and from th

31. Radiation of energy
en imposéd with a radio.
quency from.the transmittér
e said to be in resonance,

& source (i.e. the transmitter)

and the sample. The net result of this rescnance is that some nuelei ave

excited from a lower energy state to a highe

%3

r energy state by absorption

of energy from the source at a frequency egual to the Larmor frequency.

Energy will be extracted from the rf source

dition is fulfilled., A third electronic com
used to observe ths frequency at which the 1

mitter occurs sllowing the resonance frequen

frequeney is matched to the applied radio fr

only when this resonance conmf
ponent, namely a detector ié

oss in energy from the trans-
cy to be ﬁeasﬁred, The Larmor

squency Ey»varying the field

strength, i.e. fixed frequency probes (source and detector) are employed.

The N.M.R. phenomenion has significan

the energy of the resonaunce is dependent upon the

about the nucleuse The electrons shield the

Lo

i

=

of the field seen at the nueleus, HN.,is ai

.

Ho.

. H

o

e}

[=3

presents the shlelding ef the nucleus by ths

ce to the chewist because,

electronic envirerment

nucleus, so that the magnitude

fevert from the applisd field,
eoccseoOtcBOECOOR A 95 :

elsctrons. The valus of
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the shieldina constant depends on several factors, among which are the

hybri é izstion and elebtronegat1v1ty of the groups attached to the atom

containing the nucleus being studied. Hence identical nuclei in different

chemical environments absorb energy at different radiofrequencies (for

a given applied field) and give different resonance signals. The separa-

tion between the various resonance frequencies is called the chemical shift.
‘The position of the peak is a characteristic of the molecule. Since

chemical shifts camnot be measured absolutely, that is, from 2 nucleus
1 t

qtripped'q§ its electrons, the signﬁl frowm a reference compound is uséd

as an arbiérary Zero. A ggitgble compound fqr il resonance is tetramethyl-
silane (TeMcS.) for organic solvents and scdium Bn(trlvahylsilyl)mlm
proPﬁﬂe sulfonate (T.M.S.*) for aqueous solutions. It is customary %0'
quote chemical shifts in the dimensienleSS'pafamete? & (in units of parts
per million p.pan.) defined by - ‘ ) . |
| B - ¢ e L

- oy = (B 10
R HR

where Og -~ Op is the differencs in shielding constants between sample and-

PRLOBCEOLCLDOECOBO O 9)4'

reference, being equal to Hy - Hpe These field measurements cannot be

made with certainty hence it is wore convenient to caleulate § from tha

expression

Vs " Wy 6 | |
= (m‘q:&*‘vm‘ﬁm) 10 S OLOTOLOEOG EBOG 95

G

vhere ¥ _ - 33_ is the chemical shift difference between sample and ree

1 . . , ,, ,
les see o Since dlfferant NeloRe sp@etrcmene?s gre opsrated

at & variety of frequencies & , egu &’t,lcn 95 gives s methed of reporting
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! Compounds having magnetic nuclei in mors than one chemical ene

/
i

virorment can have absorption bands showing fine structurs. This struce
, P g ,

ture, known as multiplet splitting, has its origin in the coupling between

magnetic nuclei taking place via bonding eleéctrons. The magnitude of the
coupling, the coupling constant J, can be determined by measuring the
separation of the multiplet components providing that the chemical shift
difference of the ceupled-nuelei isvmuch greater than the magnitude of

the multiplet splittings.

This band separation is independent of the field strength, hence

'J is reported in cycles secml and not in pepem. The magnitudes and types

of band splittings can be used to determine the relative positions of
functional groups in a molecule. In the present study, N.M.R. spectrs

were obteined to examins the followingiprotonation sites efADTPA with &
variation in pH, metalmligand bond life=times, tempeyéture and concentrae
.tion effects oﬁ the complexes of DTPA and to elucidate the steye@chemistry.';
of these metal complexes. A thorough treatment of N.M.R. theory is readily

51=55

available from g number of téxt-books,
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Bes Experimental

The proton nuclear magnetié resonancé (P.M.R.) spectra were re-
corded with a Varian A 56/60A spectrometer. Most of the spectra were
recorded at OOC, 38°¢C and 70°C with én accuracy of 1%, The spectra
were obtained first with a 500 c.p.s. span and then enlarged on a 100
CePeSe Spane The‘Spectral data reported are average readings of severél
recordings: ‘ with an aécuracy or 1t 0.4 c.p.s. |

3oLt gms, of DTPA were weighed out into a?prcximately 800 ml. of )
distilled yater. This solution was stirred with the élow addition of
p@tassiﬁm ﬂydrcxide pellets until the acid had completely dissolved. It
required three moles of base to every mole of acid te convert the acid to
a gﬂiuble/pctassium szlte By the addition of distilled ﬁate? the soluticn
was brovght-to exactly one liter. This 1,00 M stock solution of DTPA
was used to prepare the N.M.R. solutiens by aliquot. 1,00 M stock solue
tions of cadmium and lead were prepafed from their nitrate salts (R@agént
Grade) . From these stock solutions various metaleligand solutions were
?repared, ranging in concentration from 0.10M to 0,50M with respsct to
both metal and ligand. Under thess concentrated c&nditions, which wers
necessary to obtain a proper NJM.R. signal, no buffer was needed, iaé;
DTPA served as its own buffer.

A Radiemater type PH28 pH-meter was used to determine the pH of
all the solutions. The pH was adjusted by thé addition of potassium

hydroxide since the DTPA stock solution was quite acidic to begin withe
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Pure (Eisher Seientific Co.) tertiary butyl alcchol (T.B.A.) was added
to th% test solutions as an internsl standard referernce for the NeM.Ro -
/ .

measurement s. 1%'by volume of T.BeA. was sufficient to yield a good

reference signal at 1.233 pepem. downfield from sedium trimethylsilyl-

propane sulphonate (TeM.S.*). The advantage of using T.B.A. is that it
is readily available and it has a single peak close to the ares under in-
vestigation. The T.BeA. signal is also independent of ionic strength and

6
pH. '
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C. Results

i

The structural formula of the DTPA penta@nion is given below.
There are eight basic sites in the moleculé; five carboxyl groups

and three nitrogen atoms.

(a) (a)

“00C —— CH,, “00C — CH,, CH,, — €00~
. YN——.CHE--wCHg N CH, CH,, N
g ooe @ ]
"00C —— CH,, . CH,, —— €00~

qugndly, there are four types (a, b, ¢, and a) of‘non-labile
protons in DIPA, Eight acetate protons are labeled (a) and two
acetate protons are iabeled (d). Since neither a or d protons
are appreciably spincoupled to any other nucleus, two sharp siﬁglets
containing relative areas of 4 : 1 would be expected. The two
types of ethylenic protons (b) and (c) are strphgly spin-coupled
and should give rise to an AEBE pattéfﬁ.when their chemical
shift differénce (&5650) is sufficiently large.

When all sites are protonated in an acidic solution (pH = 2.0),
Sa and Sb are nearly equél,'givinc rise to adjacent singlets as
shown in fig. %2, Sb and 60 are sufficiently different to produce
four distinct ﬁeaks (AQBQ) as indicated in table30 and fig.v52}

56

Acéording to Anderson”” such an A_B, pattern can be realized when

272

the ratio of coupling constant to chemical shift is approximately
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Teble 30 PROTON POSITIONS OF FREE DPTA vs., T.M,S.*
PH Temp °C a " b+ ¢ protons
o 237.0 217.6 -~ - - -
2,00 38 233,5 216.5 207.5 202, 5 197.0 192,0
70 232.5 217.5 207.0 202,0 197.0 192.5
0 235.3 215.7 208.2 203, 8 195.2 190.8
3,00 38 231.3 21k, 1 . 206, 8 202, 8 194, 6 189.6
70 230.8 215.0 . 206.6 200, 5 195.5 . 190.5
0 232.2 - 211.2 207.2 203.2 . 189, 2 180.0
4,00 38 229,5 - 208, 5 205, 7 200,5 - 191.5 - 187.1
70 229, 0 208, 0 . 205,3 200, 3 192.3% 187.0
0 231, L 207.6 207.6 200, 6 192, 4 179.0
4, 50 38 229.3 205, 8 205, 0 200, 0 191.3 186.2
70 228,3 205, 0 205,0  200.0 191.7 186, k4
: 0 230, 7 199.6 204, 5 199.6 183.7 179.7
5.00 38 228, 8 196. 4 203.3 197.8 188.5 183.2
70 228,0 "198,1- 203, 6 1981 189.5 184.3
0 230, 5 197.0 203,77 198.0 182.0 179.0
6.00 38 228, 8 196. 4 203,3 197.8 188.5 183.2
70 227.7 195,7 203, 2 197.8 189, 0 183.3
0 230, 2 197.7 203, 7 197.7 188.2 179.2
7.00 38 227, 7 196.7 202, 0 196, 7 187.7 182.5
70 206.9 195.8 202, 5 197.5 189,0 183.5
0 214, 2 209, 7 - - 189, 27 - S -
8.5 38 -213.0 206.0 - - 188,07 - -
70 212.5 203, 6 - - 187,47 - -
0 199.7 212,k = - 180,97 - -
10.0 38 199.0 207.3 - - 179,37 - -
70 199.0 20k, 0 - - 178,57 - -
at 60MHz, The concentration

The proton positions are given in c.p.s. recorded

0.20 M,

v The cenﬁer of a broad AQB

peak,

of DTPA is



164

one;half. As one increases the pH, the question arises which will
be the less favored protonation sites. Reilley57 has reasoned that
due to electrostatic repulsién the central nitrogen and carboxyl
positions Wéuld lose their protons quite readily. For this to be
the case one would expect the d profons to show a significant
change-in chemical shift and this is confirmed by experimental
evidence, As the pH changes from 2.0 to 5.0 the d protons move
upfield and remain steady until a pH of 7.0 is attained. Then the
trend ié ieversed and af pH = 9.0 the 4 péak has moved downfield
to almost its original acidic position. This must mean that at
pH_= 2.0 the cgntral nitrogen is prétonated a larger'percentage

of the-time than the end nitrogens. Reilley57 has computed, from
R data,vfﬁéf after the addition of a single equivalent of proton
to a basic solution of DTPA; the terminal acetate groups are not
protonated to any detectable extent, the terminal nitrogen groups
are protonated 26% of the time each, the central nitrogen is
protonated 41% of the time, and the central acetate group is
protonated 7% of the time. When a second equivalent of protons is
added the d resonance undergoes a negative proﬁonation shift ahd
crosses over the a resonance position as shown in fiéureng_ This
indicates that the twolprotons-are spending most of their time on
. the terminal nitrogens leaving the cenfral nitrogén rosition empty.

Simultaneously, a, b and ¢ resonances undergo large protonation

shifts as the pll changes from 2.0 to 10.0. This would indicate that

[RSARRGRea
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the five carboxyl groups experience similar protdnation time with
thé pH change. In this study the AEBQ pattern of the ethylenic
protons sepgratedbinto four distinct peaks whereas Sudmeier and
Reilley58 found a brbad doublet, There was perfect agreement at
high pH values (8.0 - 10.0) where the A2B2 pattern becomes one
broad peak.

- Spectra of free DIPA were recorded at 0, 38 and 70° C. An
increase in temperature sharpened up the peaks considerably as
indicatediin figure 33. There are three contributions to line
~width, i.e. natural line width ( l/ﬁ T2 dependent on temperature,
viscosity), instrumental broadening (1/ﬂ T2' dependent on instrument
tuning) agq“}ifetime broadening ( l/ﬁﬁy dependent on chemical
kinetics in the slow exchange limit)Su. .Sudmeier and Reilley59
have examined the above contributions. in detail for Cd-EDTA and
attribute the sharpening of spectral lines to a decrease in

viscosity caused by an increase in temperature, This explanation

was accepted as a correct one and will be referred to later.




FIG.33.CHEMICAL S
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(v) C3d-DTPA Studies

- The C4d-DTPA spectra were recorded at O, 39 and 70°C with the
proton positions given in table 31. An increase in temperature
again helped to sharpen up the peaks. The C3d-DTPA spectra were
not as sharp as the ones for DTPA. The b and ¢ protons yielded a

broad unsymmetrical A2B pattern as shown in fig., 34. In this

2
broadened area only a few individual quartet peaks could be measured
énd so the centers of the A2B2 peaks are given in table 31.

Speétga were obtained for Cd-DTPA solutions ranging from
PH = 2.0 éo pH = 10,0 and the chemical shifts plotted in figure 35.
Fig. 35 shows that the a, d, b and ¢ protons all experience a
simélar change in chemical shifts as the pH changes from 2.0 to
10,0,  Tabie 31 indicates that the a proton peak breaks up into
an AB spectrum after pH = 6;0 and becomes quite distinct at
PH = 10.0 (Fig. 36 ). Actually only a ‘doublet is seen for the AB
pattern Whefe the side peaks are lost in the noise level, Day6o
studied C3-EDTA and found a similar spectrum for the acetate
protons. He pointed out that this effect was caused by cadmium
isotopes with spin zero being bound to nitrogeﬁ in the'complexiwith
a relative;y long life-~time whenAcompared to the N.M!R. time scalé.
Cadmium isotopes (111 and 11%3) with spin one-half have a natural

_ abundance of 25%, and theoretically should cause én ABX gpectrum

as’well., This was not observed for the cadmium compiexes, probably
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Table 31 PROTON POSITIONS OF CA(DTPA) vs. ‘T.M,S.*

© pH

Temp. °C a d b+ e protons
. 0 £21,0 £11.0 - - 186.07 -
2.0 39 217,k 207.0 - - 18%.07 - -
.70 £15,8 206.0  186.,2  183.6  181.57  180.8  178.3
0 205.0 198,0 - - - 174, 07 - -
3.0 39 204, 0 196.0 - - 17k, 07 - -
70 202, 1 1940  177.3  175.2  173.57  172.0  169.8
0 201,0 195.5 - - 172,07 N -
L.o 39 199.5 193.2 - - 171,57 - -
70 198.5 192.0 - 173.5 172,07 - . 170,5
0 199. % 195, 8 z - 171.07 - 167.5
5.0 39 197.5 192,5 - - 170,07 - -
70 196.6 191.0 - - 169, 47 - -
0 197.8 194, 0 180.5 - 171.07 - 167.0
6.0 39 197.6 196,0 192, 7 - - 169,57 - -
70 196.1 190.7 - - 168,67 - -
0 197.5 193.7 180.0 175.0 - 170.57 . T167.0
7.0 39 197.6 196.0 192.5 180, 2 172.5 169,07 - - 166.0
70 ' 195.8 : 190.8 - 169.0 168,07 - . 166, 1
0 200, 0 197.0 19%.5 180.5 174, 6 170.07 - 166.7
10.0 39  198,5 195.5  191.5 - 172.5 169,07 - 165.2
70 197.7 195,0 190.5  180.1 171.5 168,07 - 16h, 7
The proton posgitions are giveﬁ'in c.p.s. recorded at 60 MHz. The ratio of Cd: DIPA is equi-

molar (1:1) at a concentration of 0,50 M.
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because of fhe generally broadened spectfa obtained.

Cd-~-DTPA solutions with a metal-ligand ratio of 1L ¢ 2 and 2 ¢ 1
were also examined, in the first case (ratio 1 : 2), with an
excess of DTPA, the spectra showed a fre€ DTPA portion supefimposed
on the complex portion of the spectra. Both portions were generally
as sharp as the individual spectra under the same conditions, Hence
if was concluded that the exchahge of free DIPA to complexed DTPA
was minimal,

17 thf second case (ratio 2 : 1), ﬁith an excess of cadﬁium,
tMe@aﬁ%xﬁmmdashﬁhrpﬂﬁamtoﬂme@umﬂw(ﬁ$ﬁ%
solutions under the same conditions. In other words, the NMR study
failted to differentiate between a 2 : 1 and 1 : 1 metal-ligand
mixture..

Lastly a solution was examined containing one part of lead and
one part of cadmium to two parts of DIPA at a pH of 8.5. Here one
could clearly identify the Pb-DTPA complex portion and the C3-DTPA -
complex portion. Both Qomplexes exhibiﬁed AB patterns for the a
. protons, but the ABX part for lead ﬁasllost in thé noise level of the

spectrum,
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(c) Pb-DTPA Studies

Pb-DIPA spectra were obtained at O, 39 and 72°C with the proton

positions given in table 32. Generally an increage in temperature

sharpened up'the peaks. By comparison the Pb-DTPA spectra were
much sharper than the C3d-DIPA spectra. The a protons showed a poor:
AB spectrum at low temperature in acidic solutions and a very well
aefined AB and ABX pattern in basic solutidns especialiy at high

temperature. The d pfotons remained as a single sharp peak during

tﬁe e?ti;s study. The b and c protons formed a broad peak under
acidig co;ditions and became more clearly defined in basic solutions.
Spectra were obtained for Pb-DTPA solutions ranging from pH %
2.0"to pH = 10.00 and the chemical shifts plotted in Figure 37.
Figure 37 éhows the a, b and ¢ protons to unde?go the same change
iﬁ chemical shift with equal pH changes., However the d protons
almost ignore all pH change effects, This must mean that the
central acetate protons see a constant electrical environment,
irrespective of thé protonation takiné place in the rest of the

complex. As mentioned above, with an increase in pH, the a protons

clearly form AB and ABX patterns. Reilley57 studied Pb~EDTA and
found the identical situation there. Iead with spin zero gives the

20
AB spectrum and Pb lf (spin = 1/2) produces the ABX pattern. The

relative abundance of the two isotopes is 79% and 21% respectively. ‘ ’
The area of the two patterns (AB and ABX) is approximately 5 : 1

inggood agreements with isotope concentration. The b { ¢ protons
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Table 32 PROTON POSITIONS OF Pb(DTPA) v

5. T.M.S.%

v The center of a broad ApBy peak.

P Approximate p051t10ns from a poorly defined AB

pattern.

pH  Temp °C a d b+ protons
0 ool 8P 220, 5° 226, 0 - 186.5” -
2.0 39 ' 023.3 o2l 8 188. 87
e 002, 8 2030 189. 77
0 22k, 0P 219.5P 226.0 186.57
3.0 39 . £223,0 225,0 189,07
T2 222,0 223.0 189,67
0 221, kP 216.6P 225.,0 184,57
4,0 39 219.5 22k, 0 186.57
72 219, 3 202, 5 187.27
0 215.7 — 210.% 2243 -
5.0 39 212. 4 002, 7 180.7 177,27 -
: 70 211, 8 001,k 180, 8 178.07
O) 213.8 208.2 255,38 - 181.5 - 171.0
6.0 39 212.8 208, 2 222, 7 185.5 181.5 173.5 171.0
72 210.2 221, 5 - 180, 2 175.0 171, 2
0 213.2 207.6 2235. 4 - 181.5 - - 170.2
7.0 39 21e.1 207, & ee2 184, L 181.0 1740 170.0
72 210.5 207.5 221,0 - 180.0 173.2 170.2
_ 0 213.8 208.2 2053.3 T - 181.5 - 170.5
8.0 39 212.0 207.6 222,3 185.0 181.0 17k 4 170.0
72 211, 4 207.6 221.6 184, 5 181.5 17h, 1 170.7
0 213,6 208,1 223, 6 - 181.6 - 170.3
9.0 39 212, 1 207.5 222, 5 185,1 1 181.0 174, 5 170.1
72 211.0 207.1 221, 2 184, 2 181.1 1746 170. 4
0 213.5 208, 1 2236 - 1814 - 170. 1
10.0 39 212.0 _ 207.2 222, 2 184, 7 181.0 17k, 0 170.2
72 211,0 - - 207.,0 221,11 184,3 181.0 17k, 2 170.0
roton positions are given in c.p. s. recorded at 60MHz. The ratio of Pb: DTPA is equimolar
(1: 1? at a concentration of 0.50 M, : . 4
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form an A2B2 pattern which becomes sharper as the pH increases. At
pE = 10 the spectrum is a fairly sharp quartet but unsymmetrical as
shown in figure 38.

Pb-DTPA solutions with a meétal-ligand ragio of 1 : 2and 2 : 1
were also examined; With an excess of DTPA (ratio 1 : 2), the free
DTPA spectrum was superimposed on the complex (Pb—DTPA) portion.
Both NMR portions were as sharp as the individual spectra run under
the same conditions. This indicated that the exchange between free

DTPA and complexed DTPA was insignificant.

In the second instance (ratio 2 : 1 ) with an excess of lead,

il

spectra could only be obbtained at pH 1.5. The reason for this was
that Pb(OH)2 was insoluble (above pH = 1.5) in the concentrated
solutions used., At this low pH free DTPA began precipitating as

well, Hence a poor spectrum of free DIPA portion could be detected

similar to a free DTPA spectrum taken at pH = 2.0,

AT R i
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D. Theoretical Discussion

NMR measurements can be very usefui in elucidating the
lability of the individual bonds of a multidentate complexing
agent attached to a metal ion. DIPA contains both oxygen
(acetate) and nitrogen donor atoms and depending on the
lability of the wvarious metal-ligand bonds, four clearly
defined possibilities can arise. The lifetimes of both the
metal-oxygen and metal-nitrogen bonds are short or long; and
on thg.other hand, the lifetime of the metal-oxygen bond is
lbng!whfie that of the metal-nitrogen bond is short, or vice
versa., All of the above possibilities will be examined with
wthe aid of the following octahedral configurations for both

metal-EDTA and. metal-DTPA complexes.

. 0 o 0 kd)
(a) ﬁxﬁ/’"égz\ 0'"‘kx\ ,,@ﬂ;;i}\

-N N N
\\ - ~ _
f/ Vias ﬁ (a) 7/7 .b\l\/H”f
P \\O // " \\ ;

e e

, /e

0
- T

0 . 0

—~

Metal~EDTA complex : Metal-DTPA complex

Note: The curved lines with large dots represent C - C

linkages, where the C - H and C - O bonds are omitted,

The protons are labelled as previously outlined on page 161.
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First, the lifetime of both metal-oxygen and metal-nitrogen bonds
may be short. EDTA complexes of diamagnetic metal ions (and having
" negligible amounts of isotopes with spin one half) should have

simple NMR spectra exhibiting two sharp pesks corresponding to the

ethylenic and acetate protons, as has been reported for a number

1
of- such chelates6 .. The reason for this is that the complex should
exist in various stages of unwrapping of the EDTA molecule, and

although the rates of unwrapping and wrapping mayfbe fast, the

lifetime ?f a given EDTA molecule on a given metal ion may be long.
Thus the éthylenic or acetate protons aré made equivalent by inter-
nal exchange caused by rapid umbrella inversioﬁ of the nitrogen
a%é&s thereby collapsing any possibly multiplets caused by proton-
protoﬁ splitting., If the ﬁetal ion has appreciable abundance of
isotopes with spin one helf and a high degree Qf covalént bonding,
metal—proton splitting occursvbecause the isotopes can couple to
the EDTA prbtons so long as the chelate does not exchange rapidly
With free metal lon or free EDTA, This metal-proton splitting

"persists despite the short lifetime of the metal-nitrogen bonds

and rapid inversion of the nitrogen because the nitrogen-metal
bond always reforms to the same metal ion; hense all nuclei are

still in the same spin states as present prior to the bond rupture

and the coupling is not relaxed. An example of this system is

60

, where each ethylenic and acetate proton peak is s?lit

Pb-EDTA

int9 doublets qor:espoﬂding in size to the concentration of lead
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with spin one half. For a DTPA complex bne would expect the identical
vsituation for the acetate protons and a very complex pattern for

- the ethylénic-A232 portion, In this study the AQB pattern was a

broad quartet for free DTPA and it would have been vefy difficﬁlt
to detect é further metal-proton splitting in the complex for
isotopeg of épin one half.

In the second situation, where both the nitrogen-metal and
'oxygén—metal bonds have long iifetimes,'rather coﬁplex spectra
would be gxpected bécause the aéetate groqps'would not be equivalent
- and, depegding on the stereochemistry of the compleg, even the
ethylenic protons may be non-equivalent. In the case éf an
o¢tahedral DTPA complex where all nitrogen atoms are bound and two
acetate gngps'are free,lvarious possibilities can be imagined.

If one assumes the case above with a central acetate bound, then in
a.given optical form (dextfo or levo), the free acetate groups
would differ from the bound, and the central acetate would be
different from either of the terminal»agetate grou?s. The two
meth&lene protons on a given acetate group are in1éifferent magnetic
énvironments giving an AB pattern. Therefore the four types of
acetate protons may exhibit four different AB patterns. Secondly.
the rigidity of such a structure may affect the two sets of

ethylenic protons so that they no longer would be equivalent A 32

2

'components. The overall spectrum could be a very complex one

60

indeed. An example of a relatively simple case is Co-EDTA ",
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Here Fhe acetates exhibit two différent AB patterns, where two
» | .
acet#%e groups are in the plane and,-two out of the plane with
respéct to the metal;nitrogen'bonding plane, An interesting study
of Co(IIT)-EDTA with one coordinating position taken up by a nitro
group was undertaken by Smith62. He found three distinctly
different acetate protons; oﬁe type for the free acetate group and
the other two for in plane and out of plane bonding.
Tn the third case, Where the lifetime of the metal~qugen bond
is shorf gnd the metal-nitrogen bond ig long, the acetate and
4 )

'ethylenicépfotons exhibit different NMR. spectra for EDTA complexes.
The.ethylenic carbons ha&é two highly probably "gauche" confor-
mations where the CH protons exist as two equivalent axial-
eghatorial pairs. These two conformations can rapidly inter-
convert.and thus average out any différepée of the tWo protons on
o a given ethylenic carbon. The symmetry'gf the chelate makes the
two carbons equivalent so that all four ethylenic protdns are
equivalent even if the metal-nitrogen bqnd has-a long lifetime.
Hence only one resonance peak is expeqted under tﬁese conditions.
For DTPA an A2B2 pattern would be expected for the ethylenic protons
: bécause of their unsymmeﬁrigal environment. For bdth'EﬁTA and
DTPA complexes the methylene protons on a given términai acetate
are not equivalent. If the acetate group is free to rotate about
-‘th§‘acgtate—carbon—nitrogen bond, then varibus_rotational staggered
cogfigurations are possible. Many of these are non-equivalent Just

as in the case where the carbon is bound to an asymmetric carbon
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atom5l. Any one acetate group sees an ééymmetric quaternary
nitrogen atom. Hence the inherent dissymmetry or the different
amount of time the proton spends in various rotational con-
formations leads to an AB splitting pattern for the acetate.
protons., An example of this type is Cd—EDTA q The ethylenic
vsihgle peak is split into 4 doublet by isotopes of spin one
half. The acetate protoﬁs exhibit an AB pattern which 'is split
finto two doublets (ABX) by isotopes of cadmium with spin one half.
Fof a/DTPé complex one Woulq theoretically expect the A2B2
ethylénic?portion to be undisturbed excepf for isotopes of spin
one half, and the acetate protons should each yvield their own AB
péf%ern.

Thevlaét.case where the nitrogen-metal lifetime is short and
: thé metal-oxygen lifetime is long seems highly unlikely. If the
structure of a DTPA complex is examined, it is unlikely that the
metal-nitrogen bond could be broken without prior rupture of the
metal-oxygen bonds on its associlated écetate groups. Investigations
so far have not provided any evidence of this typé of complex
bonding6q Thus the first three cases aré the most probable ones
to ¢ncountef.

In this investigation, Cd-DTPA spectra gave the Tollowing
information., At a pH below 4.0 the a and d protons gave singlets and
.the ethylenic protons (b + c)vshoﬁed a broad single peak. At a
pH\of 5.0 the a singlet began to split into a doublet and became

an AB pattern at pH = 10.0., Similarly the b and ¢ protons slowly
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separated info an A232 pattern as the solution became more basic.
These trends are éhown in figure 36; where the A2B2 pattern also
‘becomes slightly unsymmetrical with an increase of pH. This would
indicate that at low pH (below 4. 5) the metal-nitrogen bonds are
-short—iived, allowing free rotation of the acetate groups Whoée
prbtons can then average out any hoh—eqpivalence and yield singlets.
'~ Under basic conditions (pH above 7.0) the metal-nitrogen bond
7lifetime becomes longer and the acetate protons no longer experience
a éin%le gverage magnetic enyironment due to an asymmetric
quateénar& nitrogen atom. - Thus the dissymmetry or different

amounts of time the proton spends in various rotational confor-
m;fions leads to an AB pattern for the-é protons, The d protons
remain as a singlet throughout the entire study. This means that
thé central acetate group has a symmetrical environment (similar

to free DTPA) so that the two d protons are equivalent. From
figure‘BS if is oﬁvious'that all the DTPA protons are affected
similarly upon protonation, since'they all experience the same
chemical shift with a change in pH. The chemical‘shift moves up-
field below pH = ﬁ.O, and remaiﬁs constant thereafter, Thué various
proﬁonated Cd-DTPA complexes exist below pH = 4,0, Tt seems reason-
able to predict protonated species in this PH range, since there

| is a steady upfield protonation shift from pH = 1.0 to pH = L. o.

The unsymmetrical A portion could be attributed to the time it

oBs

takes the DTPA molecule to wrap or unwrap itself around the metal
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ion, dﬁring,wﬁich time tﬁe individual ethylenié protons
experience an unsymmetrical magnetic enviromment,

Tﬂus, the predicted structure for the Ca~DTPA complex is an
-~octahedral one, where under acidic conditions (pH < 4,0) the
metal-1igand bonds.are relatively short-lived with some of the
acetate groups and nitrogen atoms protonated to various degrees.
In.basic solution the metal-nitrogen bond lifetime is relatively
_1ong—lived compared to the metal-oxygen bonds. The fivé acetate
groups afé cémpeting» Tor three remaining co-ordinating positions
on the/dcgahedral éomplex, with at least two acetaté groups leff

|

f

free at any given instant. The reasons for the choice of an

octahedral structure will be outlined later,

'

The Pb-DTPA specéra were different from those of Cd-DTPA,

First the d protons.completely ighored all protonation changes

as shown in figure 37. An explanation for this would be that

the central acetate group was bound to the metal a large percentage
of ﬁhe fime, and. sO could not be pfotonated. Thé a, d, b andlc |
protons exhibited broad singlets at low pH éimilar’to the Cd-DTPA
complex., Under neutral conditions the a protons showed a poor

AB pattern which became very well defined at pH = 9,0 as shown

in fig. 0.  Tn fact the ABX pattern from Pb-C! twith spin one

ha;f was clearly visible under basic conditions. The ethylenic .

~protons similarily split into an AQB

o vattern in basic solutions.

Again the A232 pattern became slightly unsymmetrical at high piH.

The- a and b + ¢ protons experience similar chemical shifts with
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|
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" F1G.40. NMR SPECTRUM OF Pb-DTPA AT pH 9.0.
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pH (fig. 37), Which‘mo&e upfield from pH =:3;5bto 6.0, This.
points to tﬁe factlthat deprotonation begins at pH %'5.5 and is |
complete by pH = 6.0, _ﬁen;e the Pb;DTPA complex below pH =‘5.5
is a stable protohé%ed species, then loses the profons between
pH 3.5 to 6,0 and finélly'forms & stable non-protonated species
in neutral or basic solution, |

" A reasonable structure for the Pb-DIPA complex is an octahedral
one, where in acidic medium (pH < 6.0) the free acetate groups and

the nitrogen atoms are protonated to various degrees depending

on.thquH, and in basic medium (pH > 6,0) they arevnot. In basic
oot )

media the metal-nitrogen bond lifetime is long and the metal-

oxygen bond lifetime is short, except for the central acetate

gfbub which is bound to the metal ion most of the ﬁﬁne.

A survey of the coordination chemistry of divalent metal-
aminopolycarboxylate complexes revealed ample evidence for
. o 6367 . L
octahedral chelation , especially for lead and cadmium,
However DTPA, being an octadentate ligand, could wrap around

a metal ion in many different ways and still exhibit an

octahedral configuration. A number of possibilities are
shown on the next page. The arguments and experimental
evidence used in predicting a particular stiructure in neutral

or basic media for C4~-DTPA and Pb-DTPA follow.




R e AR RERES

STRUCTURE |

(@) O

-0 (o) ()
-0 _ >

R ++/
N*-free complex _ _ M ~ (a)

Hy0 Z l 0

0

STRUCTURE 11 0

0 (a)
STRUCTURE 111 - \Y\»\
T Ol TN
(a) N ——N
~ -~
\ o N - (v)
N¥-in-plane complex l\/I'Ith
_ - Noox (C)

188




B B e R S S i e R il e : S R R ey

In Structure I one of the end nitrogen atoms with two

accompanying acetate groups is free a 1argé percentage of the

time. One can readily imagine numerous isomers of Strﬁcture I_
that would yield similar NMR spectra. In all cases separate
_épectra would be expected for bound and free acetate or ethylenic
protons. This behaviour was reported by'Smith62 for-Cb(III)-

DIPA, where the in-plane and out-of-plane acetate groups were

alsé'id§ntified from different NMR signals. The CAd-DTPA and
Pb—bTPArspectra obtained in this investigation did not show
different spectra for the terminal acetate pfotons at any given
‘ﬁﬁ. Hence Structure I can be eliminated as a possible model,
‘except for. the case when the terminal nitrogen and carboxyl
groups are rapidiy bonding to and coming ffeé from the metal
ion., Even this possiﬁility is only consistent with experimental
evidence under acidic-conditions (pH < 5.0) where only a singlet

is observed for the a protons. Since these metal-DTPA complexes

are guite labile at low pH no definite structure was assigned to

them under those conditions.
In Structure II a terminal nitrogen atom is bonded to the

metal ion out of plane with respect to the other two nitrogen-

metal bonds. Stereo-models show a plane of symuetry through
the metal ion-center nitrogen boﬁd, which would indicate

similar spectra for the a protons. This is consistent with the




190

MR data ob£ained. However a Fischer—Hirchfelder metal-DIPA
modél revéal; that Structure IT is favored for large metal

ions (r > 1 2) and shows considerable strain and congestion for
small ions (r < .75 A). The ion radius of Pb++ is 1.20 A and
for Cd++ is 0,97 &. Thus Structure IT is a possibility except
for considerable steric hinderance of the terminal écetate
groups.

/ Sﬁ%ucture ITT has all the nitrogen atoms bonded to the
metal ion in one plane. Such a structure eliminates the steric.
hﬁindrénge: of the end acetate groups. Stereo-mddels show
that there 1s some strain on the chelate rings in the nitrogen—
metal plané for lafge ions (r > 1.10 i). Thqs the information
from stereo-models indicates that Cdf+ would favor Structure IIT
and Pb++ would haVe a slight preference for Structure II to
eliminate the strain produced when all nitrogens bond in one
" plane. The stereo-models also show tﬁat for vefy large ions
(r > 1.30 K) both Structure IT and ITI experience considerable
strain in the chelate rings, and would be highiy unlikely to

exist as such.
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CONCLUSTION

The polarograms and NMR spectra for the C4d-DTPA solutions were
not as well defined as those for Pb-DTPA. This made the experimental
measﬁrements guite difficult and reduced the accuracy of these.
measurements as well, especially in the polarographic study. Inspecé
tion of table 28 reveals that the protonated CdHXA stability constants

range from log KC?HA = 2,95 to log K = 2,73, Thgse values are

H
A
CdHB

somewhat unreasonable in that (on purely statistical grounds) one

would expect that the probability of protonating a CAHA complex in

| .

sucqésste steps should decrease by approximately 0.6 log K units
(probability of 4 tovl). However the Pb-DITPA (tablev28) stability
*constants were quite reasonable from this standpoint.

On examining ﬁhe NMR spectra: of both Cd-DTPA and Pb—DTPA
solutions as a function of pH (Figures 35 and 37), one Wouid con-
clude that the protonation of CJA began at pH = 4,5 and at pH = 5.5

: . . ' E
for PbA., Thus an estimated log KCdHA

and log Kié%Aiwould be approximately 5.0. Chaberek's value 9 then

for log KC§;A = 4,17 would seem to be a reasonable one, and

Schwarzenbach's log K?i%A = 4,52 might seem somewhat low, However,

would be approximately 4.0

the difference in concentrations and ionic strengths employed in the
two independent studies (NMR and polarography) could account for the
discrepancy. By comparison, our values of the Pb-DTPA protonated
complexes (table 28) are also low, yet éxhibiting a decreasé in
stability with each ﬁroton added to the complex. Our values for'the

stability constants of CJHA, CdHEA and CdH5A.Were low and failed to
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show a marked decrease in the stability of the complexes upon suc-
cessive protonation. Thus it was concluded that the polarographic
technique was not the best technique available to study Ca-DTPA, |
but could be used with reasonable success for Pb-DTPA.

The NMR spectra. pointed out that the protonation of the com-
plexes occurred'mainly at the basic nitrogen sites rather than on
the carboxyl groups. Secondly,'the Pb-DTPA complex seemed to be
‘more lgbile than the Cd-DTPA complex, i.,e. the Pb-DTPA spectra were

/

sharper, than the Cd-DTPA Qnes-(NMR), and the Pb-DTPA complex
unwfapped and reduced faster at the D.M.E, than the Cd-DTPA complex

(polarography).

) An interesting extention to the polarographic study would be
to use a Vibrating'dropping mercury electrode (V}DaMoE.). Recently
bovervand Connery 68 have demonstrated that a V.D.,M,E. has certain
advantages over the conventional D.M.E. since it can suppress maxima
of the first and second kind without the addition of surfactants.
Secondly, kinetic currents can be minimized or .eliminated at the
V.,D‘,M,,Eo A natﬁral extention to both the NMR and polarography would
be to use TTHA and TPHA, These ligands; which were difficult to
obtain in a pure state, have recently been prepared (apparently with-

69

out difficulty) by Site and Baybarz O who used them to complex Am'>,
The higher homologs of EDTA (TTHA and TPHA) open up new areas of

investigation in the co-ordination chemistry of metal-aminopoly-.

carboxylic acid complexes.
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