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ABSTRACT

The interaction between polymethacrylic acid
(PMA) and divalent metal ions has been studied at
25°C and. varying conditions of ionic strength, polymer
concentration, cation concentration and degree of
ionization by different experimental techniques.

The experimental techniques used were conductance
measurements, viscometric titration, spectrophotometric
titration, dialysis equilibrium, potentiometric titra-
tion and light scattering.

Data from different experimental methods reveal
that both copper and zinc interact quite strongly with
preionized MMA to form complexes. Copper has been
found to he a stronger hinder than zinc.

Copper ions bind RMA to form complexes involving
four, two and one carboxylate groups per copper ion
while zinc forms complexes involving two and one car-

hoxylate groups per zinc ion.



FMA molecules exist in tightly coiled state when
unneutralized or at low degrees of ionization (0.1>a).
The ionized molecules undergo a configurations! tran-
sition in the range 0.1 < a <0.27. The transition
is completed at a = 0.27. Maximum chain extension
has been achieved at 70% neutralization. The uncoiling
of the polymer molecule has been attributed to strong
electrostatic repulsive forces between the charged
carboxylate groups along the polymer backbone. The
uncoiling of the compact PMA molecules is a single-step
process.

It has been established that some experimental
techniques used were more sensitive than others. With
conductance measurements, spectrophotometry and poten-
tiometric titrations it is quite possible to detect
almost all types of complex species present in M*" -PMA
systems with their corresponding co-ordination numbers,
while viscometric titrations and dialysis equilibrium
will only detect the most stable complex formed and
the corresponding co-ordination number.

The results presented in chapter 4 for spectro-
photometries titrations show that Cu’-FMA complexes are

charge-transfer complexes.

In chapter 5, equations were derived for M*° PMA



systems to enable the author to calculate the stability
constants and the co-ordination numbers of complexes
formed. These equations were tested graphically and
there was satisfactory agreement between theory and
experiment. It was found that, on the average, each
cation formed complexes involving two carboxylate groups
per metal ion and that the mode of binding could be
either intramolecularly or intramolecularly depending
on the ionic strength and degree of ionization (a).

It has been shown convincingly in chapter 6 that
the acid dissociation constant K, is not a constant but
afunction of a Potentiometric behaviour of PMA in
the absence and in the presence of divalent cations
has been discussed in light of double layer effect
and also in light of the empirical equations developed

for calculating [coo]bound and [M?*]bound.

Light scattering studies confirm that at low
degrees of ionization a dimer is formed in the presence
of Cu?" and Zn?" ions because the molecular weight is
approximately doubled. This suggests that the most
likely mode of binding is intermolecularly. Light
scattering studies also confirm that partially

ionized PMA molecules exist in random coils.



Finally in chapter 8, the results obtained from
different chapters are compared and the interpretation
and deductions made are found to corroborate. Cumula
tive constants 3 have been calculated for the various

complex species in the reaction mixture.



CH.PTER
1

~ o U\ = W

CONTEDNTS

Introduction, Previous work and General
Theory of Binding <. e . .
Gomuctmce stUdiCS . e . .

Viazcosl ty "

-w L - s L ]

8pectrophotometric Titrations .. .o
Dialysis Equilibrium ve e “o
Potentiometric Titrations oe .o

Light Scattering Studics of the binding
of Potsasium, Zinc and Copper to PMA

Comparison of Data and Conclusions

appendlilx

140
141
180

229
267



Te1e
1 .2.
1.2,1.

12242
103-

1-3.1.

1e3, 20

1343,

1.3.14'.

1-3.5.

1 .LL.

Chapter 1

INTRODUCTIQN, FREVIQUS WORK AND

GENERAL, THEORY OF BINDING

CONTENTS Page
Introduetion .. . e »e .o 1

Previous work on Polymethacrylic acid .. G

On the structursal conformations of PHA

in solutions .. .o .o ee G
On Ton-binding by PMA ve .o e 21
General Theory of Binding oo es 27
Multiple Equilibria . o o 27

Binding by identical and completely
independent sites = Single
ASSOCiation .e e e »e 30

Cases where more than one ligand per
metal ion isa bound 'R .o 'y 32

Identical sites with Electrostatic
Internction between them .. ve 36

Electroastatic Interaction and Free Energy
of Polyelectrolytes .. .o .o 38

References .o os +e 45



CGhapter 1

1.1 INTRODUCTTION

Polyelectrolytes are polymeric substances which
incorporate ionic subatituents in their polymer chains.
Chemically, these substances constitute an extremely
heterogenous group, whose various structures and
functions endow them with o broad spectrum of physicel
propertiea,

Polyelectrolytes can be divided broadly Into two
categorleat naturally occuring macromolecules and
synthetic macremolecules, Much of the stimulation for
the study of linear synthetic macromolecules has been
derived from the fact that profeins and nuclelic acids
which are occcuring naturally and are so indispensable
to life,fall into tle category of polyelectrolytes.

It has been pointed out by Staudingerﬂathat both
gmthetlc and natural polyelectrolytes present charace
teristically similar problems. The natural polyelectro-
lytes are complex materials and have complex chemi stries

which make interpretation of derived data difficult.
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It has therefore been suggested that in order to
understand fully the chemistry of these complex
mterials, appropriate studies should be carried out
on synthetic polyelectrolytes containing a single
type of repeating unit along the polymer chaine
Zlcetrochemically, the polyelectrolytes conprise
polyacids and polybases with a single or sevcral types
of ioniznble groups, and polyampholytes with both acidie
and basic groups. Some typical examples of polyacids
are polyacrylic acld, peoelymethacrylic acid, alginic
acid and polygalacturonic acid. In these materials
the ionizable groups are weakly acidic so that the
charge density along the molecular chain can be varicd
at will by varying the degree of neutralization.
Strongly ionizing polymers aré available in poly{vinyl-
sulphonic) acid and poly(styrene sulphonic) acid.
Weakly basic polymers are available in polyvinylamine
and poly(L-vinyl pyridine) which may be converted to
a strong base by quanternization. Amphoteric poly-

electrolytes are obtained in two naturally ¢ccuring

rms - the proteins and nuclelc acids as well as - -, .

synthetiec copolymers.



Polyelectrolytes are usually studied in aqucous
solutions. The properties of such solutions are
strongly affected by such factors as molecular weight
and molecular weight distribution, the extent of chain
brongiing, rigidity of the molecules and additian of
simple electrolytes. Another feature of such solutions
may bc that a molecule of polyelectrolyte dissociates
into numerous cownterions and a polyion and hence the
thermodynamic properties of pelyelectrolyte solut ions
such as the second virial coefficient are highly affected
by the properties of the counterions. DBecause of the
cormbination of these various features, the physical
behaviour of polyelectrolyte solut ion is quite complicated.

To understand the solution properties of polyclect-
rolytes, it is imperative that appropriate means to
elucidate the structure of the molecule being studied
are found, and suitable relationships must be establis-
hed to express the dependence of chemical, physical
and electrochemical properties on the structure so
evaluated, It is well known that solutions of lincar
polyelectrolyte show various characteristic physical
properties among the most important of which is the high

expansion of the polyion coil. This high expansion is



brought dbout for charged polymers, by the charges
along the polymer chain, If a molecule which has a
coiled structure is converted by titration or chemical
modification to a chain carrying a large number of
ionizable groups, the mutuwol repulsional forces bhetween
adjacent ionized groups along the molecular chain will
lead to chain expansion and the coiled structure onens
to o rod-like one as the chain stiffens. The radius
of gyration of n polylon in solution is not only much
more jnereased than that of a corresponding non-=ionic
polyner but alse choanges more markedly with the
axperimental conditionse. The ionic charges attached

to the peolymer chain do not affect only the conformation
of a molecule, they also create a high local charpgs
deneity which must affect very strengly the properties
of sinple ions in the solution.

It hnas long been known that certain naturally
occurin; substances like proteins and nucleic acids
which Tall in+to the category of polycldctrolytes
form stable complexes with ions of heavy metals. And
although the metals in these complexes no lenger
behave as simple inorganic lons, the complexes are in

equilibrium with a proportion of inorganic ions from



which they are formed. It is also known that octler
biologlenlly importont substances have a similar
affinity for metallic ions., Hence it may be profitable
to think of cells and tissues of all kinds as areas
1n which traces of m¢tallic ions are competed for by
various complex-forming agents present. However, the
conplex chemistry of these natural materials wukes
interpretation of derived data extremely complicoated,
It i3 the hope B8f the author that studies on sinpler
polyelectrolytes would serve as a useful guide and the
behaviour of these complex,naturally occuring systems
can bc explained by modifying data derived from studies
on simple synthetic polyelectrolytes. |

S0 that in understanding this work, the author
is concerned with various phencmena. It is intended
to investigate to what extent the polymer chain will
be expanded as & result of mutual repulsion of +he
fixed charges and how this eéxpansion will affect the
mroperties of the peolyelectroltye solution. The authpr
2l80 wishes to know how the electrochemistry of the
solution is modified by the presence of the simple ions.
It is intended to study quantitatively

(i) affinity of the polyelectrolyte for the ions

of various metals



(ii) to establish if those complex-forming
metnls affect the stability of the structure
and if they have any influence on the
properties of ionizable polyelectrolyte.
It is quite clear that the ob jectives outlined above
can not be strictly separated., The interaction of
simple divalent cations with polyions will lead to o
distribution of the ions which modifies the repulsion
of the polyions. Conversely, not only thé charge but
also the shape of the polyion will determine its
interaction with the metal ions. It is this interdepen-
dence coupled with the objectives outlined above waich
is regponsible for the complexities and the fascination
of this field of study for the author.
There exists a wealth of data on the expansion
of lincar polyelectrolytes, notably polymethacrylic
acid and polyacrylic acid but there is comparatively
little infarmation about the binding of heavy metal ions
to polymethacrylic acid. No investigator has yet
presented a detaliled study on stoichiometry, mechanism
and extent of binding of these ions to polymethacrylic
acid. HMamy investigators feel confortable by presenting

their experimental result s only without making any



eritical analysis of the derived data. Many hove
studied thiec solut ion properties of polyelectrolytcs
either from a theoretical or experimental points of
view, but many problems such as the relation between

the expansion coefficient 'md ionic strength or limiting
viscosi ty number, the possible dimerization of pelymer
molecules in the presence of divalent cations have

been left insolved,

Attempts have been made by the author to ocolve
some of these problems, A detniled study has becen mode
on conventional polymethacrylic ncid using potentio-
metric titration techniques, Also, dialysis equilibrium
and light secattering techniques have been used,

Light scattering constitutes a particularly
powerful means of studying the complicated physical
behaviour of polyelectrolytes since it is the best
means of determining the radius of gyration and molecular
weizght without ambiguity and also provides reliable
data on the second virial coefficient,

Using combined viscometric andi spectrophotomctric
titration techniques, attempts have been made to
determine the molecular weight of the polymer and also
the shape and configurntion of the polymer in solution.



Similar studies have been carried out on
polynethacrylic acilid using dinlysis equilibriun and
conductionce methodse These studies provide mems of
evalunting the stoichiometry nnd extent of binding,
Attempts have been mnde to obtain wvalues for the binding
constant,

Interactions between polymethacrylic acid rnad
divalent cations have been studled in great detail by
potentiometric and viscometric titration technicucs.
These have heen carried out with 2 view to finding out
to whnt extent the chain has expanded as a result of the
repulsion of the fixed charges and how this exprmsion
has alTedted the properties of the polyelectrolyte
solutions, especinlly the clectrostatic interaction
between thoe charged sites., The resulis and conclusion

arrived at have been presented in this thesis.



1.2.

PREZVIOIS TIORK OF POLYMETHACRYLIC ACID (PUA)

On the structural conformations of PMA in solutions:

Polynethacrylic acid (PMA) is one of the vinyl

polyclcetrolytes whose physicochemicnl properties have
been studied in great detail. Particular intercsot
in PI1A has arisen because the solution propertics of
PA exhibit deviations from the expected behaviour of
synthetic polyelectrolytes as found in other polyvinilic
compounas1"7. PMA represents the first dear exainle
of gynthctic vinyl polyelectrolyte whose chain can
wndergo in agueous so&ution a pd - induced conformational
transition of' distinctly co-operative character,
Murthcermore, to the author’s knowledge, polymcthacrylie
acid is the only vinyl polyelectrolyte available in
samples with a different degree and type of stercorc-—
gularity. OSuch samples have been prepared and examincd
in considersble detail by various workess — 10,

The author will now bricfly review the available
experimental evidence on the basis of which occurcnce
of a conformational transition of PMA chains has bcen
advanced to account for the peculiar behaviour of X4
in aqueous sclution. Wherceower possible, comparisons

will be made between solution properties of isotactic,

syndiotactic and conventional PMA.
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Tarious authors have used the potentiometric
method to invegtigate the structural changes of P74

7 first recognised the

in solution, Mandel and Leyte
existence of two conformations of FilA and said th:t
this was responsible for its abnormal titration
behaviour, GreacenziB showed that in the potentionectric
titration of syndiotactic and isotactic PA, the isotactic
PIA 1s scen to behave as a weaker acld over the whole
range of degree of neutralisation, o,

S8inilar results on potentiometric titration of
conveniional, isotactic and syndiotactic PMA were
obtained by Nagaawa and co-workersg. They found that
the pll values for the isotactic form are always hiher
than for the syndiotactiec form, The correspondi:yr
valucs for conventional PMA are intermediate, They

accounted for the differences in the two stereoregular

forms by assuming that the isotactic PMA has 2 loeally

0

helicel structure in solution. Loebl and 0'1-331111 also

reported that significant differcnces exist in the
titration bohaviour of isotactic and atactic PMA, their
apparent dissociatian constant differing by 0.3 pK units,
In all cases, when the potentiometrically obtained pil
values are plotted against & in a Henderson-iHasselbnlch
presentation, one finds a more or less clearly defincd

step between @ values correxponding to values of tle



11
denreec of dilssociation of about Q.1 to 0.3 whiclh is
ebsent in the titration curve of PAA or otheor viiyl
polyeclectrolytes so far studied. The anomalies have

2

been cttributed dDy Mandel and Leyte to a confomationcsl
transition of co~operative charadter taking place in

the PHA chains over this narrow range of o valuca.

In this roange, the two states exist in comparable
concentrationg. This anomalous behaviour of PHA sanples
of diffcrent types and amnounts of chain stereorcgularity
cver a narrow range of degrec of neutraligation has

been confirmed using a number of different experimental

12,13 that the

techniques11. It is alsc well known
potentiometric titration eurve of a polyelectrolyto

is to o laprge extent independent of polymer molceular
weirht and concentration,

AL the different technigues employed +o monitor
the trangition consistently indicate that this cccurs
over a narrow range of o roughly 0.1 to 0.3, Mandel
and Leyto6 nlso showed from their spectroscoplic studies
thet at o = 0.17 the two states are present in ogqual
concentrations, While a coiled form predominates at
small dogress of ionization (<€ 0.1), PMA at larger

values of o (&) 0,3) exists mainly in an open stretehed

out form. The stretching out of the hitherto compact
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molecules during the coursce of titration is the vezult
of iIncrensing clectreostatic repulsion between cach
individunl chain segmcnt3’6’7’1a. Schaffa and
Hansjurgcn15 confirmed the dbservation of MHandel and
Leyte7 and also recognised that the range of conforma-
tional transition depends on the concentration of BiA,
They also concluded that the stability of the compact
atate with respect to the extended state at zcro depree
of noutralisantion decrengses with increasing temperatura.
Zhie transport propertics of PMA have bceen unased by

11,1521 13 2 means of studying

a nunber of investigators
the structural properties of PHA., These studies hwe
becen oxtremly valuable as a means of determining the
structurc and size of the polyion in selution.

fatchalsky and Lifson23 calculated the eleotrostatic
free encpgy of rodlike, prrtially ionized PMA nolcoulces,

Caleulatced ogmotic coefficients were close to tlo

13

experimentnl osmotie coefficients determined by llern 7,
at hish degree of nceutralization and dilute conecentrae
tions, !rom these theoretical studics, it is concluded
thot the shape of the macromolecular ion (polyion) is

between thoat of o ecclled chain and a rodlike structure
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dependins upon the degrce of ncutralization and
concertration of polyclectrolyte solution,

Tron the peculiar trend of BIA viscosity against
the desrce of ncutralization it was Tirst argucd7
that the eonfomational transition of PMA may be
visunlised as an unwinding of a thightly ceiled wndis—
sociatcd polymeric acid, impermeable to flow of solvent,
stable at low degrees of necutralization., On icnization,
thce ehnin opens in favour of a highly solvated
co:ﬂ‘ormationz at high ddgrees of ionization. This
observation is linked with the revelation in potentio-
metric plots i.c. a fraction of the carboxyl groups
would not be accessible in thc compact PMA structure
stable at low pH values, as thesc become titratable
only above the transition.

Overbeck and co-—workor1 observed the peouliar
shape of the plots of the viscosity and pK against
a where pil = pH -« log T-%E md a = degree of neutrali-
zation, Similarly, this was found by Az-nca:f.dl‘l in his
plots of pK against ¢ ., He observed, however, that
the peculiarity is absent in the plots of PAA which was
conf'irned by Mandale. The sigmoid shape of the viscosity

eurvc vas also observed by Gregor, Cold and ‘edoric5.
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Prom the work of Arnold and Ovcrbeck1 it noy be
scen that specific viscosity of ‘IO"'2 eq./litrc P&
in the »Hresence of 10-3H KC1l increascs moderntcly during
the first 10% dissociation, then inercases greatly and
levecls at about 30% dissociation, The apparcnt pii as
derived Irom potentiometric titrations exhibits o
dependence on ¢ and that may be correlated with
observed changes in viscosity. In the first re;ion of
viscosity increase, the apparent pK is secn to inercase
greatly. The region of large viscosity increase
coincides with nearly constant pK. In the last region
both pK and viscosity increase moderately, -:ntchalsky3
and Arnoldh relate thesc phenomena qualitatively to
conformational changes of the polymer chain as a result
of the repulsion of the identical charges that arc
fixed on thc chain,

ILisht seattering and viscosity data by Oth and
Doty15, indicate that the expansion of thc polyicn is
gbout seven fold when the degree of neutralization (c)
of FIIA was increased from 0 to 70%. It has also icen
concluded from light scattering that entropy and heat
of diluvtion of PMA are negutive’6. The expansion of
the molecule of PMA, according to Oth and Doty15 is to



approximnatcly one half of the contour length of the
polyion. These congMions were confirmed by thec results
of the diffusion properties of PMA by Kedem and
Katchnldky17. They showed that the pelylon is caonlctely
extended at 70% neutralization, These authors also

show that uncoiling is a one step process occuring,
between 15-25% degree of neutralization. They derived

an equation for the diffusion of polyclectrolytes as

a function of thc hydrodynamic resistance, the nwiber

of counterions and the osmotic pressure,

T cuewvadves LI w8 )
PV + 3¢/(31nm) ]

D =

where D is the diffusion coefficient, P is the
hydrodynamic resistance, V is the numbcr of ionized
groups, is the osmotic coefficient, n is the nusber
of moles of gsolutes per millilitre, k is the Boltzman
constant, and T is the absolute temperature and n is
the viscogity of the solution., TFrom equation (1 - 1)
above, onc c¢an sce that D is inversely proportional to
the size of the pdlyion due to the hydrodynamic
resistimec and directly proportional to the number of
ionized ;roups. Because of thc mobility of thc

coumterions, a Nearst potential is develcped, which
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effeetivecly increascs tho diffusion coefficicent of the
polyclcetrolyte ng the degrecce of ncutralization is
inercnsced, Thus, diffusion measurcments can be uced
to study both the size and the degree of ionization of
the polyion.

An independent meang of determining the size =nd
ghape of tlhe polyion, is by the measurement of the
clectrical nnisctropy effect by a Coutte apparatus
dcseribed by several workers in the fiecld of colloid
aciencczu"26. The measuremcnt of the clectricrl
anisotropy cffect allows estimation of the rotational
diffusion constant, which is relatced apvroximately to

the length of the charged particle by the cquaticn18

be} A (BkT/HnOD .l'l‘.t!i‘ll..( 1"2)

cm r)
vhere L is the length, M, 1s the viscosity of the
solvent and D, is the rotational diffusion constant,
Recently Kern and Anderson18 reported the usc of
diffusion propertiocs and anisotropic clecetrical conduc—~
tivity of PMA to determince the structure of BiA at
varying degrees of neutralization and at diffcrent

concdntrations. - They coneluded in both kinds of

measurcncnts that the polyion chain gocs from a coiled
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to m extended configuration ag the chain is lonilzed,.
Their diffusion data shoved that at 0-10% ncutr-li-
zation, the molceculcs of PHMA are in a hypercoilced state.
Ab 10-25¢ ncutralization, the macromolecules opon to
an extended configuration., In addition, it wae Tovnd
that at low eoncentrations, the opening of the chain
is n two-stcp process, whereas at higher concentration,
the mechonism involves a single step. Their viscosity
plots nlso show an irrcgular shape in the range of @
between 105 and 25% presumably by the effeet mentloned
above o

The cucstion of what facters arc responsible for
the stabilization of the coiled form has bcen the
sub joet ol several investigations, but it is not yot
wmaonbiguously answercd, Sceveral pecullar properiies
asaoccinted with the tightly coiled statc of FHA ohaldne
at low derrees of neutralization in dilute agucous
sclutions hove been found from studying the bindings of
acridine oronge onto FMA?7 and in particular, fthe
solubility ol ﬂliphaticzﬁ and aPOmﬂtic28 hydrocarbons
in P4 solutions.e The data showed that the oxtinctlon
cocffioient of monomerie acridine orange bound to 74
ig higher than that exhibited by the dye bound to PAL

for @ <0,2 but rapidly deereases at highep dcegrees of
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neutralization. The solubility of hydrocarbons in
unncutrolized PMA solutions which is some 25 (hexnne)
or 3 (pentane) times the solubility in purc water Qrops
to very low values when a exceeds about 0.15. The sanme
phenonenon has been cbserved in the case of some
aromatic hylrocarbonsza’zg.

fhis ovidence as well as that presented by otler
workers led Ligquors nnd colla‘bomtorsﬁ to concludce that
In the tishtly coiled random chnins of PMA most of the
methyl groups have been conceived of as being in the
interior of the coils together with a fraction of tic
earboxyl gsroups, compatible with the obvious worlk of
steric restrictions controlling the loend conformation
of thc chain. Accordings to this picturc, the roandomly
coiled chains of unneutralized PMA provide non-polar
corcsy strbilized by hylrophobic interactions in which
insertion of polar molccules of some hydrocarbons
would cccur with an overall frec cnergy variation more
favourahle than that accompanying the dissolution of
the samc hydrocarbon in bulk water, Hydrophobic
internction weuld also producc the effect obscrved

with ncridin027. Beyond the critical value of the

degree of ncutrnlization which makes the onset of P4
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conforittion transition, the tight coils ropicly expand
into morc golvated conformations and the peolycleetrolyte
loses 1ts solubilizing power.,

dowever, the view thnt hydrophobiec forces arc
respongible for the compact structurc of PL at low
derrces of neutralization which was also held by the
Russign workerajo has been severcly critisized by

31

Mandel an! Leyte and Lern and Anderson18. lHondel and

Leyt031

drav on spectroscopiec and potentiometric
measurements carried cut on convention PMA in water

and in water-methanol (40%) nixture. According to them,
the stability of the compact state with respect to the
extended state of PMA, nt zero degree of neutrnlization,
deecrecases with increasing temperature and alse in the
mixed solvent the conformntionnl transition of PRIA
still occurs at about the same region of a as in water,
Mandel and I-cytc?'concluded that the s tabilizotion

of t hc compact statc of PMA is not primarily due to
hydropiiwobie binding but shonld be ascribed to a dircet
stabilization of certanin chain conformations by Van dor
Wa:ls internctions between the methyl side choins,

Kern and ."u"zﬂcraon18 on the othcr hand attributcd the
counpact statc of PMA to hydrogen bonding at low dogrces

of ncutralization.
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CrcaoenziB hns noted thnt the conelusions rcached

7 appears rather misleading ~d if

by Hondel and Leyte
genernlized could lead to erroneous predictions of
"strble! conformation of polymers in the dissolved
stote, Digeussion of factors controlling chain cond'ore
mations considering side chain interactions which is the
casc in FIA and many other water soluble polymers and
polyclcetrolytes should take into account the effcct

of solvent - water - an the polymer,

In this ecase, therefore, the dnata prescnted by
Liquorl“ and his collaborators seems fairly conclusive,
It will be recalled that it has been stated earlier
on that the heat and entropy of dilution of FiiL are
negative '°, This evidence led Silberterg, Elinssaf
nd Kntchalsky16 to agsume thot there is a "partioularly
marked build-up of structurc (of the solvent) in the
solutions of PMA", in other words, hydrophobic bonding
would rrently impose on the physico-chomicnl propertics
of this polyncid in dilute agueous solutions, Therefore
it could be concluded that in the cose of RIA specific
solvent cffeets thus appear to be extremely relevant,

At the 1965 International Union of Pure and JApplied

Chenisiry Symposium of Macromoclecular Chemistry in Prague,
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the oonpnot state of PMA wns sinultaneously discussed
in two papers which both conecluded that the uncharied
molecule in water is essentially stabilized by
bydrophoble interactions in analogy with some theories

about 2lobular proteins,

1.2.2. On Lon-Binding by BiA:

The cuthor is now passing to a brief exanination
of sone of the properties of PMA apart from conforma=’
tional tronsition, the interesting point of hov
stercorcrmlari ty influences physico-cheémical propertics
of FilA solutions.

The interaction of polyions with monovalent
conterions has heen thoroughly investipgated nnd some
intercsting results have been obtnined, Counterion
bindin:s; of alkali cations hns becn demonstrated hy
dilatometric meusurementsjz. The current-coarry
propertics of polyelectrolytes ns related to ion binding
phcenonenon hnas been investigated by Fouss and ddolsonBB.
These two nuthors showed that even wvhen those polyclceo-
trolytes in which the nonomeric components are conpletely
ionized show the conductometric bchaviour of wenl:

15

clcotrolytes. ©Oth amd Doty studied the behovionr

of PlL. neutrnlized with sodium hydroxide using the
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the tcehniques of light scattering, viscosity,
potentionetric titration and conductance, The crlculated
root mean square extension of the polymer from viscocity
and titration dat~ were in agrecement. The incrcaoscs

in reduced viscosity with increansing counterion size
undoub tedly reflects the uncoiling of the polyncr chain
as o result of its incrcased chﬁrgeju.

The associntion of divalent cations with polyelcce
trolytes to form chelate complexes has been investigated
in °~ number of laboratories. The various systems which
were investipated include those containing zine,
maggnesium, eadmium and copper ions with partially

fonized PiA20s21,36-38

The divalent cations Torm
more stable complexes with polyanions than the mono-
vodent cations, Of the cations studied so fnar, copper
(II) in partially ionized PMA has received greatcor
attention, Its interpretation has been somewhot
difficult, In the PHA-Cua+ system the ligand groups
are cvenly spaced along the polyion and the ention is
capnblo of Torming complexes with up to four corboxylnte
Erovps,

4L nensure of copper binmding to PMA has been
obtained by Kotlair and Morawet220 Trom equilibrium
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dinlysis mcasurements. Such measuremaits of conicr
binding hy PMA were carried out using large polyncric
acid/copper ratios in the presence of high concentration
of potassium nitrate to swamp the Donnan effcet and
ninimizc clecetrical free encrgy of complexation. It
wns nlso found that the affinity of Cu(II) deercnscs
with inerensing polymer concentration Which secns to
indionte o competition of polymer-polymcr association
with ion binding. Such data gave no information about
the nnture of the complex,

Various author 320 92145 6=38

s have used the
potentiometric titration tcchnique to demonstratc the
formotion of o complex between BlA and copper ond zine,
They obinined pronounced shifts to lower pH vnlucs
in thc titration curves and they aseribed this to
complex formation., Similar concentrations of 2lk~aline
earth ions produce no shift in the titration curves of
P in strong salt solution, The data obtained have
becen interpreted to indicate the presence of chelates
vith two earboxylate groups bound to a cupric ion,

The results of spectroscopic studies of PIL.-Cu(II)
systems in acetate buffer both in the visible and uv
rezions by Kotlair and Morawet220 and by }10rawotz36

pointed to the formation of a copper=tetracarbo:zylate
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complex in the prescnce of PlA, This coneclusion is
in ngrcenent with the results obtained by these
authorazo from dialysis equilibrium me¢asurcmant s,
Murthcrmore, this finding is also in agrecment with the
work of Klotz and Fc:l.sna3 9 who hnd earlier shoved thrt
the bsorption maximum shift from 770 to 750 to 730mu
as coppcr ions bind onc, two and three acetatc proups.
Kotlair ~and I.{ornwetzezo interprctation of UV studics
met with o leot of opposition from Mandel and Lcytciﬁ?
who found tint from viscometric, spcctroscopic and
cleotrophoretic mecasurements two enrboxylate groups
arc hbound to onc cupric ion, Hmdel and Lcyt037 have
also studied tle binding of zinc, magnesium, cadniumnm,
Mickel and Colbalt by BMLL using titration shift mcthodl,
They showed that all ions arc bound leéss stronsly by
Pl then Cu(II)e. It is noted that the order of binding
strength is

co?*¢ mi2¥g cu?r¢ m?i¢ ca
as 1s usual for these 101'1539. A1l these ions have a
co=ordination numbcr of ono oxcept copper having two,

38

Guite recently Bolewski and Lublina” found n similap

ordcr 2&12"'( Gda"'( Cu®* for these ione using thc method

of' polarography.
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Interesting results have been found in tho
propertics of isotactic and syndiotactic PMA by sotudyiag
their Pinding capacity towards various counterions,
Recent clcetrophoretic studicsm have shovm that
isotactic &L moves slower in clcetric field th-t
syndiotrctic B'A. Comparative studics of Gu2+ nnd Hg2+ Lo
with isotactic, syndiotactic and conventional Pll.
werc carricl out by dinlysis equilibrium over o rroyge
of ionization of the polymeric acid, It was found that

the isotnctic polymer has a higher affinity for Cu2+,

2+ is bpound more strongly to the syndiotactic

while lig
spceies, Significant differences have also

recently been pointed out in the extent to which

Na' ions bind to isotactie and syndiotqctic.RiAjE.

The d ot obtained showed that the fraction of lla” ions
bound to the conventional (and syndiotactic) PilL. is
greater thom that bound to isotactic PHA, The diffe-
rence extends over the whole range of G- values,

In this casc also, the difference in counterion binding
efficicnoy on the stereoisocmecrism of PMA chains is not

readily understoed, The suggestion is thnat in the

author's opinion, these findings scem to suggest tiiat
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chelate formation involves carboxylate groups vwhich

arce ept nt well dcefined spacing from one anothecr by
prefered conformntion of the chain backbone. In addition,
the cleetrostatic free cnergy chenge due to the bringing
together of ncgatively charged €00~ groups cnuscd Ly
netnl complex formation may be more favourablc in one

caose than in the other,
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GENERAL THEORY OF BINDING

Practically all polyelectrolyte interactions with
cations produce complexes with the components prcsent
in molecular guantities other than in a simple ratic
of one to one. This feature of these interactions must
be kept in mind in the interpretation of the derived
data, as well as in designing experimental procedures,
A Tfull appreciation of the characteristies of multiple
equilibria is, therefore desirable as a prelude to a
discussion of the significance of the experimental
findings.

Multiple Eguilibrig?hphé

Any treatment of ion or molecule binding by
macromolecule must take into account the fact that it
is possible for more than one ion or molecule to be
bound by a macromolecule which may have a large number
of compining sites. Before going to treatments fop
simple cases, it is profitable to thjnk of equations
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resulting from multiple equilibria, The following

equations describe the resulting equilibria.

P4 = PNk, = [PM ) E[P:I [M:l )
P41 = P, k, = [szjl ([PM][M])

r 1 1 L 1 ( 1 —3)
PMn:1+M = PI:{n I::n = [PMn]I([EMnu1}[M])

In the above equations P is the free polymer,
M is the free metal and n is the maximum number of
metal ions which can be bound. The concentrations of
the individual speciesa [P], [PM], .....[PMn] are not
usually experimentally determinable, Ingtead in a
study of the interaction of a macromolecule with =&
smaller ion the experimental guantity which is most
useful in describing metal-macromolecule interaction is
r, the average number of moles of M bound per melec of P,

This quantity 1s measured as

T - MOleS ObeO'llnd lu‘.lc.l.‘(1,"‘h")’
T Teotal moles of P present

The various methods available for determining r have

been described in appropriate sections in this thesls,
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It is possible to express r in terms of the association
constants using equation (1 -3)

(] = x M][P]

[m,] = splmu] = wpe[e](u]? veeaid=5)

i

8] - sl 000 - gk o (PP

So that the equation for r becomes

poo (P ve{m]emlmel )
t;]_ + [;u + evecer |PM

n

Substituting from expression in equation (=3) for the

concentrations of each species of complex in equation (1-6)

in terms of the free metal, free polymer and equilibrium

constants,

poo K] 2epulP e kg ALl
A I A T T e T

Equation (1=7)is perfectly general, and involves only

the assumption that the interaction is reversible and
that the polymer has a fixed number of sites for binding

the metal,
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Binding by Jccnilesl and completely
independent sitcs - single Association:

ooooooo

LlL=46

Let P be a large polricric molcule having n sitcs
capablc of binding lirand ¥, JAssume that the interacting
sites are structurally 2 elecoctirically identieal and
devoid of clectrostatic oi* aleric interactions between
them, Consider, first the sinplest situation in which
the polymeric moleculc P coabines with only one
molecule of ligand il to form 2 single complex P! so that

P4M =Pl soevooesssioali=B)
znd the association constant 1 1s defined by the following
equation

k= [Py ([PlKD ceiniei(1-9)
in w:ich the square brackets rcohresent the concentrations
off the respcctive specics. It follows readily from
equation (1-9) that

[BI] - k‘f?]rrjl e el =00
In addition, it will bc usefuvl to make a substitution
for :P] in equation (1-10) by ucans of the relation
r "
(2] =] + "B} ciiimsenans o(1e11)

where Pt represents the total nolymcr concentration.

By combining equations (1-10) =ond (1-11) it follows that
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|pt] = k{[Pt] - [PM]}[g] IPPUNPRPINY & [

and by rearrangement [PM] + k[u][PM]= k[ﬂ][Pt] eeo(1-13)

or {P“] - k[“] svvasns ssamel A-0id)

e

t

The ratio LPM] is evidently the number of moles of
Lptl
bound M per mole of total polymer. Thus

r = _}f_[]_ﬁl_ vensusenes] Fo15)
1 +k[M]

Eqguation{(1-15) is essentially the same as that derived
by Langmuir to describe certain adsorption isotherm,
Several alternative farms of eguation({-15) are pariicu-
larly useful in connection with fitting of equations
to data, IFor such purposes a linear equivalent is

especially desirable, On rearrangement, equation (41=15)

transforms to !M] = 1 +M csneesesl{inib)
r k

and another equivalent form of equation (1-16) ig

j]; = -11- .% -+ 1 o-oc'IOl(1-17)

and a third form is given by

1 ~r = 1 = ki = ] vonwe{1=18)
1+ k[u T k[m]
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Hence from equation (1 - 18)it follows that

. k[m] cevesensensaf1-19)

and finelly a simple linear relationship is ¢btained
by transposition to the form

k - kr
— k(1 "'r) .-It‘.l.-(1-‘2o)

Expressing equation (1- 20) in logarithmic form,

it gives log k = 1log T§? - 1og[M] ceneesea{te2d)
13,3, Cages where more than one ligand per

metal lon dis homg_:hu"ué

Now let there be n combining sites which are
identical and have mo effects upon one another
whatgoever, The n association constants can all be
related to a single assccliaition consbtant k. Suppose
that the n identical sites of a macromolecule P could
be labeled in some way, s¢ that they could all be
distinguished, There would then be n different Iforms
the specieg PM, n(n-1)}| 2! of the species P, and in
general nlf 1! (n-1)! forms of the species PMy. The
foms P and PM would be unique. If PM* represent a

particular species of M, i,e., @& species with M attached
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to a particular site, then tle association constant
[+ ] (P[] wouia, for identical sites, nave tie same
value of k for every possible species, There being

n equally probable forms of PM and only one form of P,
The first sssociation constant [PM]![P][M], which is

the sum of all the possible [PM#]{[P][M], would bc equal
to nk, There being n{n-1)| 2! forms of PA,,

Kk, = [pm2]|[P][M2} would similarly be equal 4o

n{n-1 )kg[ 2l; i.es k, would be equal to F(n-1)k.
Therefore, from the above cansiderations a general
expression for ky will be ky; =k n—i + 1 esesaa(d=22)
and. ir this is substituted in equation {V-7F ) we
o E ﬂﬁ.(g_:iﬂ)}ki[ui]
r = I=1 j=1,_ 5

........(1-23)
1 +i§ij§1(n-§+1)}ki[mij

The product appearing in equation ( 1 - 23) is simpliried

thus 31 ( )
_Il HP:_“‘-]+1 = nz lc----agc( 1—2}_’.
J=1 3 (m=iyvir )

Sc¢ that equation ( 1 - 23) becomes

n -
L1

r = i=t in-—?}.i-(k[m:’)i ,,,,.,("-—25)

T Ry G
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n 2 '
and differenting equation (1 - 26) with respect to

k[M] leads to

a1 s+ x[u]) _ x[M]n(1 + x[u ]
d(k|M}|)

k m]

e . )
1511 Gﬁ"".—il(k[ﬁ])i eee(1=27)

A close look at equation (4 - 26) and (4 - 27) reveals
that they are the same with the denominator and

numerator, respectively, of equation (1 - 25) so that

the latter becomes

nk[“] eee(1-28)

1 % k[Ml
)
and rearranging equation (1 - 2Z8) we get

K ] R

Both eguations (1 4 12) and (1 - 29) are identical.

A plot of jz': against -[J—' should be linear with the slope
M

of -1:]%- and the intercept on the ordinate is /n.

The constant k appearing in eguation (1 - 29)

can be redefined as the equilibrium constant for the
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reaction at a single site. Now let the state of
equilibriun at any such site be represented by its
degree of association 8, 8 = 5§ represents the fraction
of such sites (on different molecules) which are
conmbined with M. The uncombined fraction is then 1-0

and the equilibrium condition becomes

8 =Keq[}4] veseneees(1=30).

S——ay

1-0
A treatment similar to that applied above for
the association may be applied to equilibria viewed
in terms of dissociation. If a is the degree of
dissociation at any site and k is the dissociation
constant for the reverse of the following equation
Frece site + M & combined site ..veses (4=31) then

one may WI'i‘be T%& » % - » ......lll(1—32)

The adventage of equatians (41 - 49) and (1 - 30) is
that they represent polyequilibria by a single constant
rather than n sepagrate comstants. The assumption made
in their derivations is not of course generally
applicable i.e. these equations rarely, if ever, it
experimentel curves. In light of these, it is necessary
to mention briefly the chidf factors responsitle for the
ohserved deviations and also methods which take into

account these deviatioms.
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Sely Tdentical Sites with FElectrostatic

Interaction hetween th,em:}"f’

Suppose a macromolecule has n identical electro-
statiscally charged sites which interact with one
- another in such a way that the binding 2t any site
affects the binding affinity at other sites, For ¢xample,
camsider the oliphatie dibasic acid, it can be sean
that 50-0-(01‘{2)11—000- spe:cies should have a gregter
affinity for H' ion than does the HOOC-(CH,) ~C0OO0™
specien Decause of the added electrogtatic attrasciion
due to the second CO0~ group in the formeyr, This
electrostatic attraction tends to make k1 y the first
agsociation constant greater than ky, - the second
associntion constant, If n 1s iarge, however, ky and
ko, epproach each other. It is possible to allow for
the former effect without in smy way alitering equation
(1-19) simply by allowing k ond AFC (standord frec cnergy
charge of complexation) to vary as r varies. Now, the
intrinsic association constant Kint defined as the
liniting valuve of ka.ss when r = Q0 i.e. before my
interaction due to binding occcurs. Oorres’ponding to
K‘int there is the intrinsic stondard free encerpy change
when elecirostatic factors are taken into account is

given by 87° = 4Fipp + RT O(F) .......(1-33).
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Expression®-26) can be expressed in terms of the

asgociation constants i.e.

L s -
:KEI.SS = hinte i Y ococ-('t 3’-‘-)

Where @(5) is some function of r such that Q(F) =0
when r = 0. and §(F) is a completely unrestricted function
Now, if L')(F) is an increasing function of 7,
binding ot some zites makes binding at other sites
diffieult, but if §(¥) is a decreasing function of r,
there is co=-operative interaction between sites i.e,
occupation of some sites facllitates binding at other
gites, |
I{ should be clearly stated at this stage, thot
interacting identical sites do not remain identical
when binding takes place; sites located neareat tle
occupied site will be subjected to a stronger interaction
than those farther away. Here AFC and O(F) represents
average properties, averaged over all sites and 2ll
configuration at any value of r.

By combining eguatioms {(1-23) and {(1-27) we get

X [M] _ Kinte'¢(;)[M] vee (1-35)

b 8
-.—I—.-: = e = ass
N1 18
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which when rc=eXprecssed ives

log o = 1og[u1 + 1oounss = 1oghint 0.43L O(F)..(1-36)

Bquation (1-36) above eon be voed with great advantoge

if tle reacting sites arc identienl and the number n is
known, thcen it could be 2anilied directly to determinc
the qualitative nature of %lc interaction between the
sites, If calculations of tic clectrostatic term arec
m-de, and the necessary corrcctions to egquation (1-36)
are made, ideal behaviour of polyelectrulytes in solution
will be obtained. Since tlcrce is very great difficulty
in attempting to ealculatc ¢(F) and therefore most
workers are satisfied with aporozimate treatment of

eXperincental data,

1.3.5 Zloctrmostatic Interaction and “ree dnergy of
Polyelectrolytes: ™

The predominant form of intcraction between
polyclecirolytes and the gimlec iens is clectrostatic
in natuvre i,.c, ¢(F) ic dircetl;” related to the effect
of charged sites on the cheiitienl potential of the
rcacting species, £lectrosianitic forces are non-specific
in nature, and it is therciforc necessary tc modify

the prececding treatment so as to allow for interaction
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between all chargedsites i.e. not only the charges
resultin: from r bound ions but alsc those which mny
be present elsewhere in the molecule, In the licht

of thce anticipated modification in the interaction
toaking ploce, the intrinsic properties of a site are
redefined as those whieh 1t would have in the abscice
of any charges, rather thon when r = O, The majority
of cquilibrium studies have involved polyampholytes -
thesc are macromolecules which possess no form devoid
of charges. For these molecules, the intrinsic
propertices arce defined ns those which such a molecule
would poagess in a hypothetical discharged stnic. In
this state of affairs, it is assumed thaot 211
electrostatic interactions vanish when the avernge net
charpe per molecule 2 is cqual to zero, and thus the
intrinsic properties of n site nre def'ined as thosc it
possesses when Z = 0. For a mneromolccule which crn
posscss charges of only one kind, c.g, poly(methacrylic)
acid, the state Z = O is infact the discharged statc,
If boih negative and positive charges are present, the
interaction between them does not vanish at Z = 0, nd
the intrinsic properties defined here then differ from

those of a completely discharged state, At thiz stnge,
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an equation similar to equation (§=36)can be written in
terms of the number of charges being carried by thc

polyion:

AL = AF + RT 0(2) -alcoccuo( 1"'37)

‘D
int
where A7° and ﬁant have the usual meanings. ‘Herc, 0(Z)
will be a positive function of Z for combination with a
positive ion and a negative function for combinnation
with 2 negative ion i.c. 2 net positive charge will
alwnys tend to repel a positive ion and attract o

negative one and viece versa. Similarly, an analogous

equntion to equation ( 1 = 2§) is

-3 (2
8 = k[ﬂ] i kin‘be " )[H] eeeee\1=38)

1-8

i

e
1
)-,

0(Z) is rclated to the clectrostatic free cnergy Wyy of
a macromolecule, To show this relationship, 2 simple
approximation has to be made i.e. the averange frcc
energy of complexation per molecule in a solution is
replaced by the free cecnergy of complexation of the average
molecule,

liow, consider the process of adding on the average

dr ions of charge z; to a macromolecule which alrcady
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has an average 2 so that on the average % ions will
be added to each of the n identical sites for binding.
Henece the resultant frec energy change per mole of

gsites is given by

o 8 dar
dr = [AF + RTIn Tm)“]_ﬁ es s s (1"‘39)

Now let us consider the process of discharging n
macromolceule with charge Z. The resulting free cnergy
change per nole of macromolecule will be - chl(Z)
wherc -‘".el is the elecgrostatic energy of a single
macroion 'md N is the Avogndros number, The corrcs—
ponding frce encrgy change per mole of sites will be

. I'I‘!'.’el(Z)]n . Per mole of sites %L moles of smnll

n
ions are being added, and they are also discharged with
free cnergy change - NW,drn wherc W; is the wark of
charging n single ion of charge Zse

We next combine the sites on the discharged mtcro-
molecule with the dischnarged ions, Since the depcendonce
of AP on 0 and on C is entirely independent of whecther
the combining species arc charged, the result will again

be dfn times the value of AF giving the following ecquation

AF = AF® %1_ + RT(%) In(?_f-é')m p-ooooo(‘!-uo)
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where AF# rcpresents the standard free encrgy.
Finally let the charge previously removed bhe restored
and assume all of it goes onto the macro ion, which
now has n charge of (2 + 2;dF). The frec cnergy

change per nole of sites is + NWel(E + zid¥) or

awel)zi dr where N is the Avogndros

N7 (Z)] N.(
el b RYA n

nunbcr, The overall freec energy change is obtoincd by

adding ~11 these contributions. Hcncc

- oW
a' = [&F* -+ ziN( ;1)

or tc--taoo(‘!-ll-'l)

8
RIIn (728w
Bquation(l=41) is identical with equation (41-31) and
follows thnt
o

hF - AF. - wi + ziﬂfﬂ?-v-l-e-l) -.00000(1'J'L2)
dZ

But :-.'!e = A(Z)2 ........-..(1'—1#3)

1

Differentiation of equation(1=43),to get (awél), rives

dZ
ApY = APe o NW; 4 2ANZiZ covoaesass(1-L4)

But &R° - AF when Z = O.

int
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i Ty = ?
Thus AF Ty fi} ks hence
Ar® = &¥° . 4+ 2ANZ 27 (1-45)
- i;lt i @ &« ® 80P 0

By comparins ccuotion (1-45) with equation (1-41)
one gets 0(2) = ZANziZfRT = zwail PR, 1,
where w = AW/IRT eeieeses(1-47)

is constant inde»nendent of Z3 and 2, Thus equation
(1-46) gives tlic clectrostatic contribution of the fixcad
chargcs on = nolyclectrulyte. If calculations of O(Z)
are made, and tic necessary corrections made to equation
(1-46) for ex-. >le, ideal behaviour of polyelcctrolytes
in solution will bc cbtained., But all other constants
appearing in ecveciion (1-46) and the preceding ones have
values of 6(2) obtrined is to have any reasonable meaning.
It normally precoenis extreemly great difficulty in attemp-
ting to calculate ©(7) or Q(r) and consequently, most
workers arc saticis'ied with an approximnte treatment of
experimental data,

The value of w appearing in equation (1-47) depends
on the model chozen to represent the macromolecule i.e.
on which particular cequation is used, for uel and on the
parameters cccuring ian these equations such as radius
or length, ionic sirength or temperaturc, w is indepen-
dent of the coubiniing site. Various equations have becn

propesed to calculate wél



For a {lexible linear polyelectrolyteh5

- 5§ [KERS -1+ (1 + KRS)Q.
R

2K o

e..zmae]} ceeeesoe(1=48)

Where R, is the radius of sphere equivalent to the
polyelectrolyte ion., D is the dielectric constant,
H.’Lllu2 hos also computed Wél for long cylindrical ions.
In his derivation, he assumed that a cylindrical ion of
length L can be considercd to have the same electrostatic
free energy as a section of length L of an infinite
cylinder i.e. he neglected the faet that the electros-
tatic field at the ends of rcal cylinders must be some-

what different from that nearer the middle, His results

could be represented in the following equation

Wy, = [E EF o) + In %] eeread LS

where R is the radius of the cylinder, a is the radius
of exclusgion, 2 is uniform charge spread cver the
surface and KO and K1 rcpresont modified Bessel functions

of the second kind.
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Chapter 2

CONDUCTANCE STUDIES

Theoretical:

The conductance of solutione containing polyeléctro-
lytes a3 well as simple electrolytes may be considered
as the sum of the contributions made by the small ions
and the polyions, It 1s usually assumed that the
mobility of the small ions is the same in a polyelectro-
lyte asolution as in a simple s8alt selution of the same
ionic¢ strength, This assumption has been critically
exanined by Fujita and Iﬂlermzmsl1 who found that it
applies rigorously in all cases where the elecirophoretio
behaviour of the peolyion is that expected of a Tree
draining coil, This means thnt at all salt cocentrations
the Debye-Huckel shielding length '/k should ve smell
compared with the hydrodynamic shielding length of the
polymer coil.

& quantity commenly used in dsscribing conductance
changes in a solution is the molar conductance )‘m'

This can not ve easlly measured directly but can be

48



49

computed from specific conductance L which oen be neasured
easily and the concentration of solute expresssed in

moles per litre. Am is glven by

m

1 = 1000& .00.‘0-(2"-1)
¢

If it 1s assumed that all mobile jons in a systen,

in which the molar concentration of the charges carried
by polyion is mp and the concentration of o uni-univalent
electrolyte is Mgy contributing independently to the
conductance, then it is not difficult to obtain an
expregsion for L. Assuming also that only a fraction

Qg of the polyion charges are dissociated from their
counterions then the gpecific conductance L is given by
L = [(?%55){%“(1% + mgl, o+ (mg +mr“d)ﬁc}]“(2“2)
where P is the Paradays constant, ﬁp, iy and p, are

the mobilities of the polyion, byion and counterions
respcctively. Husenga et 3;2 were the first to apply
equation 2~2 to calculate o3 for salt-free polyccrylic
acid, partially neutralized with sodium hydroxide,

Their results predicted that lon binding is extensive

at high charge densities.
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It is also appropriate at this stage to consider
how tl degree of counterion dicscciation aq depends on
the counterion concentration., Mock et 5;3 found that
with polysulphonic acids g is independent of polymeric cCamoa Won

TS babpumwne 18 (Aaadcymaidne
~ » ~ Of the polyions which would not be expected to form

gpecific complexes with their counterions., It has been
severally observced that with sodium salts of polymeric
acids molar conductance of the polyelectrolyte
decreases slowly with increasing sodium ions concen-
tration2? 7 h’ reflecting apparently on increasing
tendency towards spccific complex formation.

The conductance of long chain polyelectrolytes
is independent of the chain length of the polyion,
but a chain length dependence should be observed at
relatively low degrees of polymerization. Schindewoolf5
found that the ecquivalent conductance of polyelectrolyte
first increases with the degree of polymerization and
later decreases to approach an asymptotic value. This
behaviour reflects the superposition of two eflfects.
Firsgtly, the ratic of the charge of the polyion to its
frictional coefficient tends to increase with increasing

chain length. ©Secondly counterion binding increases as

the polyion chain increases in length,
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When pelyions exist in 2 highly extended Torm,
their mobilities become significantly larger in the
direction of maximum chain extension than in other
directions. Thus, if the polyions are induced to assume
a prefered gpatial orientation, the elcecetricnl conduce-
tivity of the solution becomes dependent on the direction
in which it is being measured. This interesting effect
has bheen observed in solutionsof polyelectrolytes
oriented by high shear gradientss’ 6.

In conduetometric titrations, practically all ions
contribute to the comduectancs so that the patiern of
variation in conductance will revenl any specific chonges
taking place in the solution, such changes ean
modify the structures of the molecule and thereby
affecet the macromolecular pﬂrameters; Conductonce
neangurements will be expected, therefore, to reveal
any chnnges in stoichiometry, naturc of complex formed
and effeet of the complex formation in medifying the
maeromolecular structure, also amall ion concentration
variat jons.

Volumetric analyses are classified under the
headings of neutralization, oxidation reduction,

precipitniion ete, During the progreas of each ol these
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types of reaction, there is, in genernl some change

of electrical conductivity. This change of conductnnce
1s useful to follow the progress of n renction nnd
particularly to declde when it has reached completion.
The equivalence point is ususally denoted by o specific
choange in the slope of the conductance/ concentrni ion
plot. The change in slope is indicated by discontinuities
in the siraight lines which result from the plot,

There wmoy be one or more equivalenss points nnd aach
corresponds to o specific degree of co-ordination. When
all the charged sites have been occupied, the condw tance
Increases since the divalent ions are free to move and

carry electricity.

2,2 EXpérimqggal Detailsg:
A highly sensitive Wayne Kerr Universal Comluctivity

Bridge Model B221 was used for conductnnce measuremnents.
The mensurcments Were made at 220¥and 50C|Sec .-,

The voliage was stobilized by an 'advanced adjustoble
stabilizer' across the conductiviity bridge. The conduce
tivity cell used was of the dipping type with plotinum
¢lectrodes, coated with platinum black. The cell constant
was 1,07 en™'. The experimental solutions were contoined

In a glngs container capable of holding 50 ml o7 sclution.
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A1l conductance measurcrenits were madce at 2510.1%3f
Conductivity water obteoined mHy bvagsing double glass
distilled water throuch a resin was uscd for all
solut ion preparations and for rinsing of the cell
and c¢ell holder, Conductoinetric titrations were carried
out in | Gkl KN03 and at various degress of neutrali-
zation of polymethacrylic acid,

the pgpeneral procedure in a typleal experiment was
as follows:~

Before titrations of the wpre-ionised PHA with
divalent cations were carried ouvt, the reproducibility
of thc measurements wos teated with the conductance
bridge. This was done by measuring the specific
corductance of increcasing concentrations of added zinc
nitrate or copper nitrate, In order fo achieve this,
25,0 mls of ©N )41 KI\T{}3 vicre placed in the glass cell
holder and 0,10 ml aliquota of the stock solutions of
zn(NO3)2 or Cu(N03)2 were added. The corresponding
conductance of the solution was read after each addition
and after shaking for abouvty threc minutes to ensure
thoroush mixing and attaimicnt of ghermal equilibrium.
Cenerally low concantrations of the cations were uscd = of

the opder of 107, A graph of specifiec concductance
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against comentration of added cation was plotted,

A gtraight line was obtained showing that ench mobile
lon present in the solution eontributed independently
to the overall conductance. The procedure was repeated
after one week and the two results were found to be in
good agrecment.

Generally, conductometric titrations with divalent
metal ions in the presence of polymer were carricd out
with polymer solutions pretitrated to varying dcgreeas
of neutralisation using KOH solution. Four different
degrees of neutralisation (@=0.3 to a=0,7) were used.
Por each sclution at a particular degree of neutrali-
Zzation, a reference titration was always carried out.
Fer each titration 25.0 ml of the polyelectroltye
(2.5 x 10-3M) in %M KNOy was always used. In cach
casey o total of 3,5 ml of the stock solution of
Zn(N03)2 or Cu(N03)2 was added in 0,10 ml aliquots.
Correction was made Tor dilution efficts after each
addition and plots of gpecifie conductance agalinst

concentration of added cations Were made.
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RIJUT. TS AD DILCTLUGION

The conductancc study ¢ the binding of divalent
cations to nartially ionizcd WML has attractced very
1ittlc attention. This ic “robably becausc information
which onc would scck fro; suc studics is cobtainablc
from simnler methods ond ~lso intcrprcectation of derived
data is extremely difficuvlt ~nd entircly qualitative
in nature, In the prcscont vori;, thc author has drawn
attention to the stoichiomctry of the complcex formed
between PA and divalent cations and also to obtain

information about posivility of molegular aggrcgation,

Aqgults:,
Figures 2.1-12 rcprcscat the plot of change in

spccific conductance againsi coacentration of added
cation for various socluvtions, Conduchdance titrations
werc obtained for solvtions of KFOB - water and

various conecntrations o’ acucous copper or zinc
nitrate. 8Similarly, datn werc obtained for PIA - KN03
and various conccntrations of copper or zinc nitrate
addedy DEach of the pgranis i Tipures 2.1-3 and Pigures
2,7=9 was obtaincd by subtracting thcinitial conductance
reading i.c. contribution by Wnter-KN03 or watcr-HA

i
112+] EdQJ frum any otiier subsequent valucs of

(at A Ja
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gonductmnee for the aiflfere.t concentration of the

divalent cation, 1In tincge Jirurces, the granh Tor
Kﬁ03 - 12t is above thnt of KE03 - PMA - H2+ pwing to
the subtraction of the initinl conductance (i,e,

.2+ s
condustancee at i = 0) values which was greater for

24

KNDB - PIA = 11 system. Yo obtain thce graphs in

Figures 2,4~6 and Tigures 2,10-12, the conductance valucs

for the PHA = 527 - K0, were subtracted from the

2+ gyatenge Tho resuliting contribu-

valucs for KNOB -}l
tions were plotted against the concentration of the
cation, 1liost of the »oints fall on straisht lines
intersceting ot equivalent noints. The linee are in
different segsments havin: different slopes, indicating

that conduetuanee of PA 15 hiphly affected by tlhe

presence of divalent cations,

The end-points of Titrationa:

o A

flal

Three end points were cobserved in Pigures 2,1-6
for copper nand these end-pointe are mnnifested by the
appearance of discontinuity in the straight lincs,

In thie casec of gine nitrate i,¢, Figures 2,7-12, two

end~points have been observed, If the concentration
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of the divalent mctal ions are known one coald
caloulate the ratio of original number carboxylote

groups n vound per metal ion present.

(o = [Gog;lidﬂmz*’]wml)

where the concentration of the carhexylate is expressed
in monomeric units per litre. These have been ealculated
in Tables Z-T-and 2-IT. Iz oclewlating 7, the assumption
18 made that neariy oli metal isn nddod and axl Coo™

groups arce bound.
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Tables £-I and 2~IT below show a sumiary of reaultas
Obtaincd from conductance titrations showing the
concentration of metal ion at the equivalent points
and the »umber o carboxylate groups binding per metal

lon at various degree of ionization of PMA in  Odli K0z .

Table 2-I

o [Cu2+] X 1;h at E No, of caﬁboxyl;£o
equivélent point | groups per Gu2+ ion
Ce3 1.95 3.85
3.70 2.03
7.45 1.00
05 3400 Lel7
6.40 1.95
12.56 100
Os7 b4e30 4.07
8,20 213
17.50 1.00




Table 2~II.

. —

ion

- e

- -

-:d'l?nz"'] X 1014'_at No, of Carboxylate groups
equivalent point binding per an+

05 6425 2,00
: 12,45 f 1,00
é 0.6 :: 755 i 1.99
v 15.00 ) 1,00
0.7 ‘ 8,70 2.01
17.40 1401

I R e p—

5'|

-
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2.3.2.218¢usston;
Conductance measurements have been ecarried out in
sk ™ KNOB. KNO3 does not bind appreciably with DA

but its nresence in solution helps to reduce the
clectrostnatic energy. The conductance of solutions
contoining PIA as well as added simple clectrolyte l';.'-.'-"Oj,
may be considered as the sum of the contributions made
by the small ions and the pelyions., It is assumed thot
the mobility of the smnll ions is the same in polyeclcectro-
lyte soluvtion as In a simple salt of the same innic
strengthe This assumption is doubtful but it is tiw
only assumbytion that con be made, Sinece it is only the
concentration of the divalent cation and their =mnions,
that are effeetively changing, then one attribute tho
variation in conductance of the system, to the variation
of concentration of these small ions., Therefore, it can
be agsumed that any major changes in the pattern of
conductancce nay be attributed to changes in the concen-—
tration of divalent cations which bind the PUA,

It is cvident from the blank titrations shown in
Figurcs 2,1~3 and Pigumes 2,7~9 ‘that all mobile dons
contribute linearly t0 the overall conductance of the

solutiom, In c¢ach of these figures, it can be scen that
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the arophsfor KNO5 - M2+ systemér;;ovc that of Phid <217 -
KITC-5 systens, This observation can be correlated with
obascrvations in potentiometric titrations. In potciitio-
metrie titrations, there is a shift to lower pH volwnes

as divalent cation is added and this has been internrcted
as o tondency for the divalent cation towards specilic
couplcex farmat ion, In conductometric titrations on the
other hand, the conductance of the solution contoining

e+ is found to shift to lower wvalues ol conduc—=

PUA = 1
tanece vwhen the values arc compared with the corrcsponding
KNO3 - cation graph at the same concentration of divalont
cation. Yhis means that M2+ are bound to polymcric
specics in svlution. Tranference cxperiments by
Wanll g;,g;9 have clearly demonstrated that the mobility
of large ims is sulfiecicntly great to mnike appreciabhle
contribvution te the conductance of solution; so throt the
reduction in conductance is the combined effect of
complex Topmation which mokes the polymer less cleatri-
cally mobile and the reduction in the number of divalent
cations coused by binding to FHA.

ow considering the graph for the solution, one finds
that {he comductance incrcases with inereasing concentra-

tion of added divalent clectrolyte. It has Just Loen
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stated thot conductance of metnl -~ PMA complex docrenses
with increosing binding. Howeder, as hinding tnkcs
place, 5 are being thrown out into the solution, and
nitrate ions from the copper nitrate are also incrcasing

* ion has = high mobility

with incrcasc in binding., 4
a0 also does the NOE ion; so thnt the observed inerence
Tron onc ¢nd point to another is due to the contribution
of i ions released by bound Mzthathe niteate ions,

The discontinuitices in these curves and especinlly
the dependence of these discontinuities on the concen~
tration of M2+ added is 2 clear indiecation of gpeeiflic

pinding of M2+

to A, The conduectances of the oomnlcx

a2t these end points shift with change in composition as

is cxpeesed from theory. The end points are characterised
by chmiines in slope on going from onc eegment to ~notherp
but no derinite pattern is followed., These end points
have becn agsociated with change in type of binding
between the H2+ and CO0 . If the concentraticns of the
cation nt those points arc known, and subject to the
conditions mentioned previously, it should be posgsible to

find the stochiometry of the binding of Cu(II) ol Zn(II)
with BPiA,
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Prom Pigures %l-6 1i,e, in thc case of copper, threc
equivalent points were cobinined. The ratio
[000"]/[H2+]added at the eguivalent points has been foumd
tc correspond to four, two and one carboxylate gcroup
bindin~ per copper ion, Thesc hnve heen presented in
Tablezg-ITor various degrecs of ionization studied., In
the casc of zinc i.e. from Figureg 4712, two end pointis
were obtained and the ratic [C00” Y/[MZ*] ., has been
found to correspond to two and one carboxylate pgroups
binding per zinq ion. These have been presented in
Tblo 2-II, 7

Ihe four fold co-ordination achieved in the casc
of ¢opper nnd not in the ease of zine call for on
explanntion, Morawetz and Kotliar? have nlso obtaincd
four-fold oo=~ordination for copper binding PMA Dby
dialysis oquilibrium method and alsc a copper-tetracor-
boxylate cauplex in acetate solutions using UV Specetro-
sccpys. The results of these authors 4id not give rny
informntion about the structure of the complex and tho
mrthors themselves made no attempt to cxplain their
results, It has been suggested by the present worlker
in the seetion on viscosity (Chapter 3 ) that thore

exists a posibility of dimerization of the polymer in the
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Prescnce of copper. It is also sugrested in the smae
acetion thnt copper forms stable sguare-planar comploxes
whercas the tetrahcdral complex with zine is unoinble,
Therc arc two forces acting in the proccss of cauplexing
the cleotrostatic repulsive forces due to ionized groups
and attractive coulombic forces between the COOT Crauns
md M2+. The process of complexing could be pictursd as

a reaction betwoen metal ions M and ligands L, so tiact

in the presence of excess lignnds one gets
M + L -~ ML

In the present study, the ligonds are the carboxylnte

groups and il are the cupric ions. Once M2+

ions nre
held in the vicinity of CO0™, the electrostatic
repulsive farces are reduced and this process ewmhnnces
the approash of more COC groups to further interact
with the metal ions. In copper — PMA scolutions, this
could hapnen when cﬁtion concentration is low and the
carboxylntc groups concentration is high, This could
icad 4o dimerization. It is not easy tolsay the actral
mode of linkage i.e, whcther it is intrachain or
interchain linkage, in actual fact both are feasible.

It has heen suggested from viscometric studies thot

partially ionized PMA molecules exist in roandom coils
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hetween 0.35&‘0.?. The present study has becn
conducted within this range, In this case, thc metal
fons couldl form a link between different segmenta of

the sriic inter-winding chain in such a way that coch
sermemt would furnish the metal ion with two carvoxylato
groups i.c. intrachain linkage or the metal ions could
form a link betwecen two iInter-winding chains to _ive
interch~in linkages In this case each chain would
supply the copper ion with two carboxylate groupns.

One would not expect a four-co-ordinated Cu2+ - A
complex to be of exceptionnal stability hecause of the
much tnliked of electrostatic encrgy will incur sonme
strain or the moleculce, On addition of more copper
ions the four-co~ordinated camplex is likely t::gg;n to
a more cnergetically favoured 2:1 complex i.c. the
ratio fboo }bound/[uz+]added is 2, This happens in
presence o' excess metal ions., On further addition of
more H2+ ions the two co-ordinated complcx further
is also 1liely to down to a one to one co-ordinction in
the prescnce of larre excess of 1*:12"'. Similar obser-—

vations were made for zinc.



2.3 R2AELTeet of Conduetnonce Curve on Confipgupation of
Polymethacryiic acids
Moleccoular aggregation in the presence of Cu(Il)

will producc a considernble decrease in the mobility
of the polyion and consequently a reduction in the
gonductivity. The polyion becomes loss mobile aos M2+
are hound, This is one of the reascons for the obascrved
decrense in conductance of the solution. Figures & 1-3
and Pipures2i A9 show that the increnase in relative
specific conductance before the first end point is
reached is gquite smalls This will be expected since
the molecvule will be quite larpge owing to four fold
co=-ordination =and will be less mobile than one involving
a co=ordination of two. The incrense is greatcst after
the third end point is reached in the case of copper
and after sccond end point is reached in the case of
zinc. Hore it is assumed that maximum bindinr has
oceurad and once agnin the metal ions and the mitrote
lons ar¢ rrec to move,

Pihe graphs for difference in reclative specific
conductance ngainst coneentration of M2+ i.ce Mg, 2,8-6

rd 240-~12 do not geem to follow any particular patiern.
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Fron thcesce figures it would appear that the conductnonce
of Pl is a very mild function of polymer size, The
shapes of the graphs in the presence of l:2+ arc strongly
influcnced by the degree of ionization, It has ucen

siated waer viscosity studies that PuA moleculies

udergo configurational transitions between a=0,1 und

0=0,3, Delow a=0,3 they exist in raniom coils and above

a=0.3 they exlist in extended random coils, Maximum extension is

achieved nt a=0.,7«. Because PMA changes configuration

a8 o increases up to a=0.7, onc would cxpect each
confisuration to respond differently to conductonec
measurcncntse This probably explains why various typcs
of grophs are obtained for PMA-copper complex ns
varies from 0.3 to 0.,7. In the case of zine, studics
have becen earried out between a=0.5 and a=0.7. 7ith this
range of a values, PMA exist in the same form and onc
would not cxpect any abnormal behaviocur, and truc to

expcectation, figures 2,-12 have identical shapes,
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4=0.5, I-01, [PMAl= 2.5 X IO3 M



¢

WOl X §°2 = [VId] ‘I'o=1 90 =p
2,52 1P 21D dUIZ YUK ONX U YId O uonpuyy ANAndnpuod gz 94
yOI X 2JY[/21043U Duiz  JO SO
ot 8l 91 4 (4 ol 8 ¥ 2

— -

——

214122ds  2A11D2Y

WY LOIX 22UDIINPUCD



Specific  conductance x 104 ohnmi

Relative

5 10 5 20 25
Moles of zinc nitrate/litre x 104
FIG 2.9 Conductivity titration of PMA in KNO3 soltion

With zinc nitrate at 25°% .
d=07 I=0.1 [PMA] = 2.5 X103Mm




relative specific conductance x 105  ohl

Ditterence in

FIG 2.10

v
Moles

Conductance
with  zinc

of= O5 |

)
of

B IS 12 T4
zinc nitrate/litre x (O4

titration ot PMA in KNO3 solution

nitrate at 25°%

L=01y (PMAI= 25 x iR



| e e
__\zm..o_xm ¢ = [VId]

2,52 0 21Dauu duiz

8l 91

yum EONN Ul YNNG  j0

Ol
Vi

X 24)]/21Da3u DUz
cl ol

1'0=]

i

9'0O=yp

uonRJIIY  ABtAIRNPUOD

J0
8

SO
S ) 4

R4

Ol4

v v

g

Ol

22U24)i]]

2A1ID|24 U

214192ds

2 0o
LWYO Ol X 22UDIINPU



W

f

OIX S2 = [VWd] ‘1 0= L'O =p

DeSC W 2DJPU duiz yus oy w YWd 0 uohouiiy  Ayandnpuod cl'z 94
$OI X 210/23043u 2uiz jo  saoW

C 8! 9l A [4] e 8 9 ¥ e

5 < oy

e) ©
Yo O X22UDIONPUOD D1 JIoads 2ANDIY Ul 29U2J2}}1Q




2l REPERENCES

1.

e

S

TN
5.
6e

Te

8.

Fujitel H. and Hermans J, J., Proc, Roy.
Netherland Acad, Sc. B58, 188, (1955)

Huizengn J. R., Gueger P. P, and Wall F, T,, J, 4Am,
Chem, Soc. 72, 2636, (1950).

Mock R. A., Marshall C. A. and Slykhouse T, E.,
Js Phys., Chem. 58, 498, (195u§.

Oth A, and Doty P., J. Phys. Chem. 56, 43, (1952).
Jncobson B., Rev. Sci. Instr. 24, 949, (1953).

Schinderwold U., Z., Phyzik. Chem. (Frankfurt)
1. 129, (1954).

Kotliar, M. ard Worawetz, H., J. fm. Chem. Soc,.
17, 3692, (1955). |

i‘.-iol"a\_’-'c‘tz, H-, J. POly. SC- 1_2’ M-I-Z, (1955)

Well, F, T. and Gill, S, J,, J. Phya. Chem 38,
1128, (1954).

68



3.1,
342

3e3.
34341,
3.
3.l
3eli,1,1.
Seliet,2,
3elie1.3,
345,
346

Choner 3

VISCO0OSITY

COLNTENTS

Introduction .. oin .o .o

Development of ~encral equations and
general cousidorations of
polymer viscogity .o .o

Hethods of Measurin, Viscosity ..

Capillary Flow Method .o e

Viscometric 'itroations .o o
Procedure .o oo e .o
Preparation of Solution .. o
Cleaning of Viscometer .e .o
Viscosity I'ensurcencent .o oo
Results and Jiscussion oo .o
References .o .



VISCOSITY

Je1. Introdugtlon:
In the laboratory, and especially in industrial

work, the viscosity of dilute solutions of polyners is
very of'ten used as a quick measure of molecular wei~hts
and ot r macromolecular pnrameters1’2'3.

a‘:taudingerl+ first noticed the dependence of thec
viscosity of dilute polymer solutions on their molecular
welshita ond attempted to express it quantitatively.
However, subsequent invastigatiqns5’6 did not confirm
the simplc relatimmship between molecular wei;ht and
viscosity ([n} = kM) proposed by Staudinger. ‘'he visco-~
eity of polymer solutions depends in the first place on
the factors which determine the volume occupied by the
macromolcecule in solution, i.e. molecular weight,
interaction of the solvent with the polymer, chenilcal
structure of the polymer and the concentration of the

solution, The effects of these factors have been the

sub ject of nunmerous studics.

69
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Hovever, despitec the abundance of experimentol
data, it i not yet possible to give a couplete gquanti-
tative description of the ceffects of these factorc on
the viscous properties of solutions, Hence viscosity
can not He used as an absolute method of molecular
velerht deternination, TO find molecular weight Tron
viscosity data, it is necessary to use cempirical ccnations
which give viscosity as a function of molecular welght,
Nevertheless, measurement of the viscosity of dilute
solutions, vrovides one of the simplest methods of
obtainins infermation about the size and shapec of the
molecules. The information is however not very dimeoct
and interpretation of viscosity results in terms ol
moleculayr structure and ion binding, must be aceepted

with caution, since tley involve a number of assunptions,

Development of general equations and general

considerations of polymer viscosity:

The limiting viscosity number [q] is the wost
frequently used parameter in the characterisation of
the icleoular weight of flexible chain polymers. 1t is
also Irecuently employed for the estimation of the

dinensions of the molecular coil, The empirical depen-

dence estubliehed far a pdlymer of a specified chenieal
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structure is only valid for a given solvent and tempera-
ture, Viscosities of polymer soclutions are usually
higher than those of pure solvents. The relative
inerenent in the viscosity of the solvent in the viscosity
of the solvent caused by the dissolved substance is

called the specific viscosity (ﬂap)

n = ﬂ—ﬂa = nrel""’o onao.(j"'1)

where 7 i1s the viscosity of the solution and 7, is the
viscosity of the solvent. The relative increment in
viscosity may be found for example from the ratio
between the eflux timeés of the solvent t, and the

solution t,

n =—-£—...1 = ﬂrelﬁ-" IR, . - 2)

sp t‘o

Provided -E-«- is not too close to unity and .E;h- #2. <1he
specific viseosity increases with the 1ncre§se in the
cancentration of the polymer solution, The concentration
dependence of the viscogity of the polymer solytions

is dealt with by extrapolation of the measured values

of the reduced viscosity nal/c or the logarithn of the
reduced relative viscosity ~Plpel to infinite ailution.
It is this extrapolated valuec that is called the liniting

viscosity number, Tor uncharged polymers, a plot of



72

ﬂsx/u azoinst ¢ (where ¢ is the cancentration) usuolly
gives a straight line over a short range of ¢, or :
gentle surve vhich is easy to extrapolate,

In polyelectrolytes the situation is quite diflerent.
If the viscosity of polyeleetrolyte solutions contniniag
no adaed salt is to be investigated, the data can not
be interpreted in terms of polylon expansion, since
consecuences of the mutual interaction of the polyions
can not be properly taken into account. With uncharged
chain nolecules, effects of particle interaction arc
elininated by extrapolation of ﬂsp/b to zero soluie
concentration, but this extrapolation is possible only
beceuse the shape of the individual polymer coil depends
only sli~htly on solution concentration, The situation
is very different in polyelectrolyte solutions: here
an increasing dilution provides increasing volune for
the cowmterions, which will then tend to distribute
theiiselves at larger distances from the polyion, 48
a consecucnce, the shielding of the fixed charges will
be reduced, their mutual repulsion will inerecase, and
the polyion will tend to expand., It is then not
Ssuprisin: to find that reduced viscosities of polyclec-—
trolytes will typically incrcase sharply on dilution,
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Plots o ﬂsp/b against ¢ arc frequently curved nal:in
en extrapolution impossible, A sugrestion for tic
trecatment oi' such data was provided by '.'-‘oussBa Who
sui:rested a relation of the type

z =R iusessea( 3 - 22
R A

with .
which prcdicts (nlEl I/c)" to be linear/ ve. 'While this

relation scems satisfactory in many cases, it has Decen
showm to ve inadequate if the polyion is very lonp9.

It has just beéen stated that therc is a marked incrcase
in “sﬁ/° as the polyeclectrolyte is diluted. It will also
be scef later that the variation of reduced viscosity
depends largely on the extent to which the polyion
Interactss Onoe would expect the size of the polyion

to affcot the shape of the Nao!© against ¢ curve,

With majority of low and moderate molecular weirhtis
polyner the general shape of the nsp/c against € plot
is usually concave upwards. This has been observed

Tor a number of polyelectrolytes; polymethacrylic

6
59 7 anda some polyampholytes,

acid s sodlum polyacrylate
All these ;ive curves similar to type (a). With the
majority of the high molecular weight polyel ectrolytes,

the concave upwards was not observed., For example a
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maximun (type b) was obtained for PMA havin; = uoleccular

weisht off two m11110n9 and also for high molecul:r

—
weisht Sl

nal/a \ ﬂap/o \\

(a) \'

™e explanation for such behaviour as put forward
by veriovs people is summarised below.

(1) The Blectroviscous Effect: The charges on
the polyclectrolyte induee oppositc charges in the
surrounding solution thereby forming an electric
douhle layer, This clectric double layer is carried
with thec charged groups when the molecules move with
the rcsgult friction is increased. This effect vorics
with pid andl this affects the degree of ionization of the
molecules and hence their charge. It also varics with

the imnio strength of the solution.

(11) A second cause for increascd rcduced viscoasity

is tu2 gize of the polyion which expands on diluiion
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due to deercased binding of the gegeions. As the sizo
inercases, any interaction due to the size will
incrcase and as the molcoeule extends, the viscosity of

the solviion will incrense,

(11i) "Thirdly, the polyion may interact with tho
environnent and this cffect decreases as the concentra-

tion of the polyion decrenses,

(iv) There is also a fourth offect, which 18 that
due to the shear gradient which cen affect the molecular
volume, In this case, zero shear viscometers shovld
be uscd mnless molecular weights are not very largc.
llowever, for PMA at high salt concentretion it is
prcobably not necessary.

When neutral salt is added to a polyelectrolyte
solution, the reducecd viscosity undergoss o chango,

Tha shepe off the curve ocbtained depends on the conoeyw
tration of thc salt, molecular weight and concentration
of the nolyeleetrolyte. At galt concentrations below
10““H . for low molecular weight polyelectrolytes,

& sharp maximum is chtalned, As the salt concentrotion
1s increased, the maximum flattens out until a lincar
plot is finndlly obtnined, In medium ionic strengths,

the plot of ﬂsp/c against ¢ apprecaches a straight line
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Just as is found for uncharged polymers. On moing o
hizh ionic strengths, the limiting viscosity number
falle below the value cxpected from the same wolceule

in @ dischargéd statea. This is a8 a result of thc
charge belng reduced to zero and the coll shrinling as

a result of intra-molcecular attraction of the sort which
stabilized the ionic lactice.

SJor polyampholytes, when both positive and negative
ghorpes are preésent, the molecule is fully contraotod
at the 1goelectric point, where the charges balance and
there is z minimum 1n the viscosity. A change ol pid
in either direction alters the ionization of the charged
grouns ani increcases the preponderance of either
nogative or pogitive charges. The mutual repulsion
of like charges exterds the molecule and leads to an
inerense in viscosity. Similarly, the viscosity of 2
weal polymeric acid inereases as the ionlzation increases
Indicating an eXpansion of the coil due 1o clectrostatic
repulsion,

Mark1o and Houwink11 made a study of extensive
experincmt ~1l material and found the most general
equation expressing the dependence of the limiting
visoosity number'on the molecular welight

©
:_‘q = 'KMG‘ .onoooan.-aoccc.al-ooo( 3"‘3)‘
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BEquation ( 3 = 3) contains two empirical coefficients
k and ¢, wvhich are conctant for a given polymer in na
given solvent over a bromd range of molecular vel-hts,
Thus the logarithm of the limiting viscosity nwiver is
a lincar finetion of the logarithm of the moleculoar
weisht:
(ol
A

The theory of solutions of macromelecules is extra-
ordinarilly complicated and can be rigerously developed
only for simple models, It is believed at prescnt that
most dissolved macromolccules can be represented as
randon coil which moves through the solution whilo
occluding a certain amount of the solvent,

Eiemn.ns'm and Kuhn and Kuhn13 have carried ouvt
seanréhing; analyses of the limiting viscosity number to
be expected of a free-~draining coil. Their results
predictcd that coils with very high internal viscosities
should be oriented to some extent in the direction of
flow lincs leading te a decrease in [ﬂ] with increcasing
shear aradient, Thcy also said that ccils with zero
internal viscosity which are cxpanded and compressed
in phasc with the alternating hydrogynamic stresscs

during each revolution of the coil, should have liniting
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viseosity number independent of velocity gradient.
15

Kirltwood nnd R."Lseman“L and Debye and Bueche proyosed
a theory according 1o which the solygtion viscouity
changzes with the permeability of the ceolil, Thay
introdreed the concept of the sereening factor and
computed the depondence of @ on the sereening Toctor.
In othcr worda, they took into account the hydrofynanic
interaction between the monomer units and the disturved

flow ol solvent through the coil. The results of the

Kirkwood-"ipgeman theory may be written in the forn
r 3y
‘ﬂ] = %HR'H(?{)FH .a-aa---oo(3 ""5)

where %‘rﬂ‘i s the volume of the rigld sphere whicll has

the samc limiting viscosity number as an impermcceble
Gausign coil and P'ER is the function deseribing the
hydrodynanic permeability parameter. The Kirkwood-'lsenan
thecory is more ripgorous and représents o more complete
descripiion of the stote of things, Forlg - o,

G = I & ¢ R = 0.9 (52)—‘:" . Later it was Tfound that

the Ilirlwood~Riseman theory contained errors which led

to an over-cstimation of Rﬂ' According to Aller nnd

16 R, = 0.87¢ 32> 2 and an almost identical

n
repgult waas obtained by Z:me17

Gardnor
by a differint method.
Equation {( 3 = 5) predicts that [ﬂ} is proportional to

the volume occupled by the spherc i.c. (%) IIR.?T-
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In proctice, the interpretation of 1limiting
viscosity number dnta is greatly simplified by L Toct
that coils formed dy flexible chain molecules closcly
approxinate the behaviour expecected for the 1limiti:y
easc of couplecte impermenbility, cven if the chain
backbone oontains only a few hundred atoms, This
generalization proposed by Flory18 has proved ciipconly
successful in interpreting a wide variety of cxnerimental
datn. TFlory's theory predicts then that the liniting

viscosity number is related to the mean square radius

of gyration by
‘ﬂ-' = l1 (82)'%/3 Q..C...CI...( 3"'6)

where §' = %n N[R/ (92)’3_} which should be a wniversal
constant independent of the naturc of the macromoleculc
(provided only that the macromolccular chain is suffi-

ciently flexible) and independent of the solvent mcdiume

Usually ¢ is defined by
r 3
n} 2‘} mz)gm |.l.|a¢l0.i(3 -?)

where rﬂ-l is in decilircs per gram as originally uscd
by .1lory, The formulation in equation ( 3 - 6) has the
advantase that ‘(_82,) is an cxperimentally mcasurcd
gquantity. If the chains arc linear flexible chains then



%) = 6 (8%)

Beewe s e - 8
ad B = 10063/235 § k30

{

e and using

17

is n constant and is equal to 2.1 x 10
the recults of Auer and Gardncr16 or of Zimm ° the
conshuﬂ;f}?has a value of 4.2 x 102h.

e effeect of conecentration on tihne viscosity of
uncharsed polymer solutions have hecen freated thecoretically
by Z-Iu{;,'jin::\.'g and for dilutc solutions, the followii
equation has been obtained.,

r
ﬂgp/c o Ln? + k'[ﬂ}zc ooc--o---t( 3 - 9)

The coefi'icient k' varies from system to systcem, but
is approxinately constant for a given polymer, solvent
and touperaturc,

liany other «'Jq_w.un::!.an:zazomz2 have becen arrived at
cmpirically and found to agrcc reasonably well with
experimanial data for 2 given systcm op class of rclated
systens, Illost of them, howcver, seem to be less
gecnerally applicable thoan equation ( 3 - 9). This is
probnbly not truc, however, of a relationship proposed

23,24

by Martin which may be written in the form

1
1Og1o(n8ﬂfc) = log1o[ﬂ1 + %%gggg wroil3 = 40)

For solid uncharged sphcres, k' should be a counstant
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approximntely cqual te 2.0. This has becn found Lo he

25

true Loth in theory and in practicez6. For flexible

polymer nelecules, in a good solvent, k' is always
about 0,35 and in a poor solvent k' is always hiﬁhorig.
Weisbers gt a127 have pointed out that molecular
partielcs may form short-lived doublets, with an
asgymmetry smaller or larger than the iseolated solute
moleculecs nnd sincc the concentration of sach douvblets
in dilvte systems would be proportional to the sguore
of the concentration, the hydrohynamic conseguences of
such assoclation may lead t0 an incrense or reduction.
in k', It has also been shown in n number of cn39328’29
thot the oonstant k' in Huggins cquation ngﬁ/c = Lﬂ] +
k'ﬁﬂ}zc is independent of molecular weight for lincar
volymers., It has however been found recently thot
polystyrcne solutions may show an increasc in k' with
Incrensc in molecular weight when the latter beoconca

h3°’3*. The reversce behaviour i.e. decrease

very hir
in k' with incrensing in molccular weight has been
reported by Leacﬁﬂ

Usually, all viscosity results involving polyclec-
trolytes are extrapolated to zerce solute concentration

in order to apply thce theoreticnal equations.s In salt

solutione, polyelcctrolytes behave more like Newtonion
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liguids n~ince the molecules arc morc symmetric, For
highly chiorged polyions nt low snlt conecentrations, the
macronolcoular coil is much more assymmctric than the
coil formed by an uncharged chain, morcover it can no
longer be considered to be hydrodynamienlly impcrmeablo,
Under such eonditions the application of the Florye-i'ox
theoyy to the interpretation of limiting viscosity
numbers in terms of chnin expansion (sce equation (G - 8)
is no lonzer justified,

In the present study, the author has corriad out
all viscoslity mcasurcment s in a 0.02M 121403 and at tuis
snlt concentration all the theoretical equations statad
above con adequately deseribe the configuration,

interaciion and expansion of the molccule.

Se3. Mathods of Mgagurdng Vigcosity:

Anong; the many mcthods of measuring viscosity,
the threce that have most commonly been used, owing: to
the combination of a sound theoretical basis aid
reasontblc case of measuwrement, nre known as the Calling
sphcre, ooncentrice cylinder and cnpillary methods,
Fallins spheres viscometers are used only for very
viscous licuids. Falling sphercs viscometers arc not

required for work on dilute polyclectrolyte soluitions
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and are not described further here,

In tho concentric cylinder method, o solution is
placed in the sprcc between two eoncetrie ¢vlinders
ana one of them is rotated at a constant speed while
the other 1l1a held by a torsion wire, the viscovs drog
will exert a turning moment on the suspended cylindcer
whiich will bhe balanced by the torque in the wire,
By measuring the torque with the aid of a mirror and
senle, the viscoslty of the liquid enn be obtnined
from a enlibration of the torsion wilre, The main advan-
tege of this method is that the whole liguid is sheared
a2t n nearby wmiform rate and the rate of shoenr, which
eon be voaried over o wide ronge, can be determined
accuratelys The method is, however, limited in itoc uses
sinee the construction ~nd operation of concentric
cylindecy or Coutte viscometers capoble of giving
accurnte results for the difference betweon solution and
solvent viscosities for dilute solutions, arc too
complex for normal usc, The accuracy is in any cusc
considerably less than obtainable with a capillory
visconcetere The difficulties are due toc the fact that
with liguids of low viscoslity it is necessary to measure
very small tosional effects or to use o very naprow

gap between the cylinders, The width of the lattcr is
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linited by the practical difficultics of maintsinin:
a norrow wmiform scparation between cylinders when one
of them is turning. The usc of concentric cylindexr

visconcters is not considered fur ther herc,

3e3e1. Capillary Ilou Hethod;

In the capillary flow mcthod, thec flow of o
solution throngh a suitable tube is timed, If the total
volume of liquid passing through two fixed marks on
a tube o pndiue a nnd lenth 1 (where 1&}}&) is V and
thce flow times for solution of viscosity ny ~nd solvent

of viscosity mp are ty; and t, respcctively, then

L

-‘11- - [IP1a '10.---.0000.0&.-..‘3"9)
L

¥ _ 1Py

t2 'g-ﬁz_i- .'...OCIOICII.IIQIC3-1O)

where Py and P, are the respective pressurc hends for
the solution and solvent,

Hence _111 = t1P1- cc.-.coonqan...-.-o(3ﬂ'11)
M2 %,

If the s~me average height h is present in each case,
so that the two pressurcs are in the ratio of the
densitics of solution and solvent Py and P2 then

= - ;1 ; ;13 © (3-12)
"']2 2 h 28 t2P2 R I I R -
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But for dilute solutions, P, and P2 are practically

idenvicad and hence wi thout commiting very serious

errors
n t
1 o "
ﬂz "'t? .-lc..'o.......l(} 13)
where El = Tre1 ( relative viscosity)
N2
Hence n = t1
rel ———
2

3e4oViscometric Titrations:

‘"he Viscometric titrations were carried out by
measuring the solution viscosity as a function of
degree of neutralization both in the presence and avsence
of divalent cations notably zinc and copper. The
visconcter used was the Ubbelohde 'suspendend type'
dilution viscometer, This means that the head of
liquid wien the Tlow time was being measured was inde-
pendent ol the amount of solution in the viscometer,
These viscometers also have incoporated in themn sintered

funnels,

Jekeds Brogedyre;,

5#.1-1.Preiggr_e5t,i_o_;l of §Olgtlgn
A stock solution of 0,05 base molar PMA was

prepared, nough of the stock soluti on was pipctted
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into each of the eleven 10 ml Volumetric flasko to

glve the required concentration of pHA, (Concentrations
ranging from 0.005 - 0.01M were used). ILnough KL03

wag added to give the required concentration of (.02,
Varying cuantities of 25.0 x 10”2 KOH were added bo

each of the flasks in turn to give a degrece of neusra-
ligation ranging from &=0 to &=1,0, The fluasgkg vicre
made w: to the mark with distilled watcr.

In the case of the éxperiments involving the netol
ions, tie solutions were prepared an above except that
zine nitrate solutions werce added to the preioniszcd
polymer in KNOS before making up to the mark, oinilarly,
in the dase of copper, copper nitrate solutions were
added to the preionized polymer solution., In all eoses,

rive metnl ion concentrations were used (0.00M, 0,0005,

0,001, 0.0015, and 0.002M),

3l 2810amins of Viscometers:
The viscometer was filled with chromic acid and

allowed to stand for 24 hours after when it wos canptied,
The viscometer was then washed with distilled water
several times., Finally, the viscometer was flushod with
acctone and then sucked dry. This procedure gove a

¢lean dAry viscometer,
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34t 3.Viscogd by Jleasurenent;

The viscometer was placed suitably in the thermostat
keont at 2530.100. All sclutions used were fil.tered
throuch ithe incorporated sintered filter, ®ince dust
can cause serious errors in the very fine capillurics,
The flow times werc measured on a stop watch reading to
0.010 secce The flow time for the pure solvent was also

meagurad,
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3.5. " RESULTS AND DISCUSSION

The vigscometric behavicour of polymethacrylic reoid
solution hns been investigated in severnl laWoratorics
over the pnat several year332—36. These authors hnve
vested their interests on the effect of ionizatlon
on the strmicture of the polymer choin. A1l the
previcus results have pointed te the fact thnt the
polymcthnerylic acid molecule tends to be a coiled=coll
in the wmevtralized state d also at low degrces
of neuwtrnlization (@ ¢40%). Interpretations of tic
derived data yith respect to the mechanism of wuncaolling
have hcen rather nmbigous. There have been very
little snid sbout the influcnce of henvy metnl lono
on the ionized polymer particularly their stoichiow
metrics cnd effects on chaln conformation.

In the present study, the author has focused
attontior on the extension of the molecule brousht
fbout by the ionigZation of the carboxyl groups clon”
the polymer chnin, and the interaction and influcnco

of Cu(ZI) and Zn(II) ions on the preionized ehoin,
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Moure 34 ghows the viscomctric titrations of .
carried out by mecasuring the solution viscosity nz o
function of the degree of ionization at two polymcr
concentrations mmd in 0,02i1 1{:403. One notablc fenture
of this mraph is the inercascd rcduced viscosity above that
of the solvent (reduced viscosity has been obtrincd
from rel-tive viscosity)., This figure shows in cnch
of the »nolymer concen trations, a rise in thc measurod
viscosity up to 2 maximum and then a levelling off,.
On malysis of the curves, thrce distinet rcgions cn
be obscrved; a first region where the reduced viscosity
inercnscs wvery slovly i.e, at 0 a<0,1; a second
rerion of large viscosity increase 0.1 a<0.4 and
a third rcrion of nodercte viscosity incercnse which
finnll;r Jcvels off at a = 0,70,

There is a wealth of data which shows very
convineingly that the PLA nolccule is a tight coil
when vmw.cutraiizcd. Liquori and his collnborntors:se
have said that the compact structurc of PMA is dve to
hydrophobic bonding of the methyl groups. This view
is 2180 held by the Russian worker33 7. Mandel ond
Lcyt038 hove attributed the compaet structurce to the

Vander “nn1's forces, FKern and Anderson32 attributed
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such o compact structure to hylrogen bonding. The
forepoin; conelusicons em be uwsed as a basis Lfor ni
explanntion of the cbhscrved viscogity changesa whilc
stron~ly believing that extension of the chrin is
brou;nt cbout by ionization of the molecule,

In tha region of slow viscosity inereasec, the O
groups fron nlkali solution added to ionize the ~CO0H
groups on the moleenle, find it very difficult to
penatrate the ¢olled - coll and ionize the buriced
~C00d, Only donization of the few -COQOH groups
sceatcered outside the coll can take place, hence tie
gnall viscosity obtnined., As the titratlon procecds,
the hitherto conpact structure co-operntively opcns uwp
in favour of an extended structure bcecouse the
existin, colled - soil below 0% dissocintion enn no
longer vithstand the great accumulatlon of eleetroatatie
enersys. In this region the chnin is stretchins out
t0 o rad«like form, The expmsion of the moleccular
chnin occurs beeause of the strong repulsive foroes
among the negntive charges along the choin, At hisher
deprees of ionization ( CL)O.TO) the reduced viscosity
appears to be indeperndent of &, This seemingly

suggests that at such high degrces of ionigation fsirere
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is ~ siructural limitntion to the molccular extension,

’nother striking featurc in Pig. 3-1 is the
proportionality between the reduced viscosity and the
concentration of the polymer in solution, This probobly
sugrests strong interactions in solution when
C 0. ~utler gt 3},39, ave proposced two possible
thecorics,

“he Tirst is refered to as "attraction thoo "
md briefly is as follows, The intcrnctions btetwvcen
chrirpod. nolymer particles and their counterions ¢
arisc from thc interionic forces of the type token
account of in the Debye-Huckel thecory of simple
disperscd cleetrolytese In such case, the counterions
will cndeawaur to complete thair innie ntmospheres ond
in the nbscnec of other salts, ¢an only édo 80 by
interacting with parts of two or more polymer ch-ins,
Owin;, to sterie fnctors, this will bc possible orly
to n 1linited oxtent, but it nny be sufficient to sgive
risc to n considerable molecular interactions in
polyclecetrolyte solutions, However, 2s soon as ~n
addec simple clectrlyte contoining both charges is
prescat, it wvill be possible for the cownterions to

complete their ionic atmospherce and this will ;rently
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diminishh thc tendency to attract the polyclcétrolyto
moleevless. This attractive force between clemcats of
two chnineg is 2 function of the distonce between then
and the position of the counterions,

The sceond theory is known ns the "Repulsion
Theory™.

Conaider a system of polyelectrolyte particles
repelliing caech other; in such a system, thc particlcs
will toXke up positions as far as possible from one
another, “hien each particle is surrounded by o diffusc
dodwle loyer its hydroGynamic cross~section will bo
much greater than its actunl eross scetion, IF the
double laycrs rcpel cach other therc will be dn faet
a restriction on the relative motions of the prwrticles,
viiich will increase with their concentration. 8ince
incereasc of added counterion diminishes the thiclziwsas
of the dovble lnyer and may also nffect the size of
the porticle, it will deercnasc their range of inter-
actions,

ifow considering the above theories frou point of
view of experimeontnl results then onc of them can Lo

L1

uscd to explain the derived data. Butler has

suceessfully used the attraction theery to formulnte
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an equntion which accounts for most of the observed
faets in Flg.j.i. &ccording to the equotion, the
inereaze of the raduced viscosity N sp/c is proportional
to the solute coneentration, Heasurement with partly
ionized FiA shown in Figure3esishows an inercasc in
reduced viscosity with increasing concentration, in
Tact the reduced viscosity is doubloed when the concCiie
tration is doubled, It is difficult 40 explaln thesc
facts on nny other grounds than interaction and tic
theorieg nentioned above are quite applicable,.

Plpurc 32is obtained from a plot of change in
reduced viscosity with the corresponding change in @
against &, i,e, d(“sp/c)/ﬂa ageinst . The purponc
of sueh a plot is teo determine the degrec of ionizotion
over wiich configurational transition takes place cud
also the nwiber of steps through which the polywcr
uwneceolls. Tpom the figure it can be seen that, for hoth
figures d(nSI/c)/da inercases gradually between
0<a 0,1 then increascs smoothly and rapidly between
0,1<¢ & {0.27. Moximunm value is obtoined at a = 0.27
and beyond this crictical value the dircetion of the

curves chmnge decreasing smoothly down to & = 0,70,
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After ¢ = 0,70, thc curves level off. HNandel and
Leytc.-38 have suggested that configurational troancition
talies place between @ = 0,10 and @ = 0,30 and thot in
this rerion two states of PMA exist. In the prescat
stuly the point of maxinum change in d(ﬂsp/ e)/dy 1o
ngsocinted with ths point where configurationnal trnsie
tion is canpleted,s Below @ = 0,1 the molcculces ¢xist
predominantly as coiled - coils, while, at a {0.27

they cxist as random coils stretching out to n rod<liko
chain and rencling maximum extension at about & = 0470,
Betwean a = 0.1 and a = 0,27, the two forms of FIl.
mentioncd above exist in comparnble concentrations,

The nagnitudes of the slopes of the curves at any point
depend on the final viscosity and this mny rcflcet

the rote of accumulation of elcetrostatice cnergy by

the polyion as dissociation procecds i.c, thc ratc at
which struetures are built up in solution,

32 showed from {twcip

eecently Kern and Jnderson
mnisotropie clectrical conductivity data that nt low
concentrntions (e.ge 0.0058 moles per litre) tihe
opening of the PMA moleculcs is a1 two-step proccss
vhile at ligh concentration (such as 0.,0291 moles ner

litre) the mechanism is 2 single step process.
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According, to the figure presented in this thesis, the
ruthor hns found from viscosity measurcments thot
tronsition from one state to another is a sinfle-~step
proccss occuring between 10 - 27% dissociation, The
figurc nlso shows that the rcegion in which the
tronsition takes placce is independent of polymncr eoncen—
tration in the same ionic strength.

Thic intepaction of Pl with divalent cations
notably Cu(Il) and Zn(II) has also becen investigated,
Pigurcs 3.(3—6) show various plots obtained fron
viscomciric titrations of PA solution in the ~bscnec
and prescnee of Cu(II) and 2n(II) ions. It is oasily
scen fron figurcs 33 and 3« that the reduced viscosity
first Ccercascs te a minimum at about 10% neutrali-
zation wvhen the metal ion prescnt is 5.0 x 10_}41‘ and
to a ninimunm 2t about 209 neutralization when the
solutitn contained 10,0 x 10-1"1-'1 nctal ion concentrotion,
Beyond thc ninimum, the viscosity increcases. /LGt tie
nininuwa viscosity, a balanec exists between the charged
carboxylate groups nand the bound metal ions and the
molecule is fully contracted just in the same way a
polyampholyte at the igoionie point exhibits mininun

visaosity. The minimum viscosity is nssocited with
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the point of equivalence of metnl and base i.c, tho
miniine: Heoint on the curve represents a point wiere

an nnount of COO~ groups equal to the eation present
is bouwxl to the divnlent metal ions. At this point the
nct charpe on the molecule is zcro. The divaleat ncial
ions present in the solution of partially ionized PiL
cnuses cloetrostatic sercening of the C00™ groups Ly
interaoting with them and this in turn causes a 1lorge
rcduetion in the clectrostatic repulsion between tie
charged sroups resulting in the contraction of this
moleoulc nrxl this is made maifest in the observed
deercnsc in rcduced viscosity. It is found th it fron

£ips 323 the ratio of [coo“y{cu2+:]totnl is 2:1 ~a

2+
]totnl

the ninimum viscosity is 2:1. This could mean thnt

also fron fig, 3*4 thec ratio of [COO".'/[Zn nt

both copper and zine form chelatc complexes involving
two enrboxylates groups to onc met~l ion provided the

bindin; constant is high enough, These findincs arc
4o

in agrecement with thosc of l'andel nand Leyte™ Dbut arc

in contrrdletion with thosc of Kotliar ond Mornwotzh1

h2 who, using the tcchnique of spcetropho-

and lioravetz
tometry =l cquilibrium dialysis, found that coeh

copper ion binds four earboxylate groups. It has been
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stated earlicr that the golution viscosity of o
partinlly ionized wenk polymeric acid increascs ns tho
ionizaticn increases beeruse of the strong forcecs of
rcpulsion betwecn the negative charges on the chain,
The incrense in reduced viscosity after the ninimun
mcng expwsion of the Pli. nmolccule Jduc to clcetro-
stotic repulsion aformcentioned.

Yirpe 3*5and 3.6 show: a plot of tl(flsp/c)/da
ngeinst o, Certnin intercsting features of these
grophs deascrve comnent.

(1) For solutions containing no mctal ions,
ninimun viscosity is obtained at zero degrec of
ioniz:_t‘t‘;inn and this probably means thc melcculc is
nost compaet in ‘.'1 stnate of very low ionization,

(i1i) Por solutions containing 5.0 x 10""1{ and
10.0 x 10—1"};{ metnl ion concentration, the volue of
d(ﬂsI/C‘-}/da is zero at ¢ = 0.1 nnd & = 0,2 respcctively,
This agnin confirms that the most compact structure
of the moleecule is achieved at thesc respecetive degrees
of neutralizntion. Below these @ valucs, d(nsx/o)/d“
is nerative and above thesc a values d(nal/c)/da is
positives This implics thnt in the former casc,

contraction of the molccule takes place, whilc in the
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latter easc cxpansion of the molcculc takes plocc,

(111) 4 maximum value of d(ns}/c)/da_ is obtainod
in ¢nch onse and this significs completion of confi -
rational transition,

(iv) The rcgion of transition shifte to higher
a voalues ns the concentration of the metal fon inercases,
the shiift being proportionnl to the amownt of met:l
ion prcscnt,

{(v) - for zinc tends to the same valuc ~t high
G, but not so in thc easc of copper.

Pirme 3.7 and 3.8 are further plots to monitor
conficgur~tion transition, Thesc arc plots of end—to=cnd
dincnsion (obtained by extrapolating concentr-tion to
zero) against a for four diffcrent metal ion concon-
trations, Here alsc minima arc obtaincd for ench nctal
ion and as in previous figse, 39 and 3*4 thcsc arc
obtninud when the reduction in the clecetrostotic
potential enused by binding with metal ion is enourh
to bnlrnee the potential by the charged groups, fhils
agnin is another cevidenee that the most cunpact structure
is nehicved when the net charge on the molecule iso zoro,

Alcotrostntic consideration reqguires a deercose in

the reduced viscosity nnd conscoucntly in the cn-lto=cnd
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distonce as the eoncentrzotion of the added divelent
cation inercases and if the structurce of PMA -~ Cu(II)
comnlex is to be more compact than thnt of the
PMA - Zn(TX) complex, than the roduction in the reduced
viscosity for corresponding concoentrations should e
gronter for coppere Fige 3-9 which compares the plot
for copper amd zince benrs this out convineingly., The
shaps of onech curve remains essontialliy the sne, tho
shift ©o lover viscosity being proportlonnl to the
anount of cation added.

linrked differcnces exist between the shapes of
the ocurves Tor solytions contalning Cu{II) ions and
those of solutions containing Zn{Il) ions. In Tir8.3-3
and 2.8 the highest reduced viscosity reached and the
maximun end-to-cnd distanees respectively depend on the
degreec of neutrnlization and independont of the amount
of eation present, These figures predict that conplex
formatlon docs not impose structural restrictions on
the expension of the molecule i,e. the cextension of
the moleosule is in no way hindered by the confisurction
of the complex, In figw, 3.4 ard 3% the highest
viscoglty rcached depends largely on the concemtrntion
of Gu(II) ions present, JAfter moaximum oxtension ot

¢ = 0,70, the shape is independent of &, In this case,
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the struecture of the complex formed hinders further -
exponsion of the nmolecule.

The difference in the shapes of the curves for
copper nitrate titrations and zine nitratc titrntions
eall for an explanation. The fact that the spoeliflic
visgusity in the prescncc of Cu2+ reaches a constqnt
value at ¢ = 0.7 and that the curvces for Zn(II)
sontinve to rise even obove o = 0,7 to nttain the same
volue Cor a metal frec Pia solution implics Cu P
complex moy be more stable thon Zn - PA complex or 1t
may be thot the ovscrved diffcrcnces in the shapcs
of the curves may Jjust be due to structural configue
ration, The binding of Cu{II) to PMA restricts
further cxpansion of the polymer beyond that dbtaindbla
in salt solution where as the binding of Zn(II) socms
to have no cffeet on the expansion of the chain, It
has bocn shown that the binding strength of Cu(II)
Zn(II)uz'hG. The binding strengths for copper nnd the
bindine sirengths for zinc are proportional to their
various ¢ffcetive free cnergy changes. Two typegs of

frec cncergy changes arc encountered in this respoct:
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(a) &g = 4G for M2* 4 CO0™ 1.c.

Chemn
(1) the frec emeprgy change due to the bLinding

of metal ion to the monomer or (ii) AC for

r. -
H2+ - LCOO_ i.e. free encrgy change ane
Cco0
te chelation.
(v) &Galec. this is the cleetrostatic free

¢nergy change vhich could be favoursble or
unfavourable as far as metal binding is
concerncd. aeblec is favourable under the
following condition.
“hen @ incercases, the concentration of CO0™ inercases
and this ncens increased attraction of metal ione to
the vicinity of the chnrged molccule and this will
usunlly enhance binding. AGélac could be unfavourablo
vherc o is sufficiently high for the molecule to
extend to a configurntion which may be wunfavournblce
for eithcer (1) chelation which will require folding
i.a. the bringing together of many carboxylate srouvns
to bind on mectal ion will be difficult owing to strong
clcetrostntic repulsion which will exist between the
charzed sroups, or (ii) dimemization which requircs
alimment of two highly charged molecules - agnin

beenuse of high repulsive forces existing between the
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eharged sitce, It is seen that the two conditions

under which ﬁGe operate just stated abeye 2ct

lec
oppositc cach other, It is the cffecetive AG

clee
acting in conjunction with aGChcm which detcrmines the
frece cnergy of complexation of the systems, The
snallcer this gquantity the morc stoble the complex
obtrined, I'rom figne 3 e3, 3el am %e §,thc viscosity
reached nt any corresponding a mnd concentration of
Cu(ﬂ03)2 and Zn(N03)2 is always lower for thc copper
nitratc than for the zinc nitratec i.ec. when thc euwrves
for Cu(.i?’OB)2 and Zn(lT05)2 are comparcd for the same
mctal 1on conecentration thc ones for copper arc slways
displacel to lower viscosity than the ones for zinc,
It is most probable that 4Gy, - will play o morc

dominont role than the AG It is thereforc

elec’
concludod that the frec energy change duc to bringing
together of GO0~ groups csused by metal binding FIL.
nppenrs to be less unfavourable in the case of coper
than in thc case of zinc,

It should be realised that such stable Cu -~ ML
complaex is not difficult to otain on remembering the
L5

Irving - illinms scries of metals:

Cr2+( MEW Fez"'( 002+< N12+< Cu2+ }an"'



103

which »redicts the stabilities of complexes of o~ large
nunbcer of liginds and found thnt the maximum veluce is
renched in copper(II). Most of the cupric carboxylates
arc dimcric either in erystalline state, in solution 5r
bothh7. Gach metal fon is usunlly surrounded in o
square-planar manner or approximatcly, by four atons

of oxyren binding the acetate groups. If it is assunmed
that netnl - PMA complex is four co-ordinated (asg
explained later) such a four eo-ordinated configuration
will ¢ square planor whilc in Zn-PMA o four cowoprdie *
natlon configuration will probably be tetrahedrd,
sinecc 2ino prefers a tetrahedral co-aordination. Thc
squarc=planar comploxes of copper are morce sinble thon
the tetrahcdrally co-ordinnted complex and onc nay
anticipatc a break down of tho zinc-BHA ng the clcotroe
stotic encrgy inereaseos, Also it is gquitc possiblc
that the tetrahedrally co-ordinnted complex would be
stericnlly lcss possible, This assertion is surported
by the shape of the curves. The two types of comnleXes
would respond differcntly o inereasing number of charged
groups and this may lead to finnl different confisurantion

of thec comnlexes,
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The four co=ordination Jjust mentioncd implics
prossiblc dimerization of the molcculcs. In this
respcet, it would be possible to consider molceular
ngeregntion, the effeet of limiting viscosity
number iﬂ? (used to ealeculnte emg=to~cnd distanecc) on
1inkins twoe polymer chains through a metal ion.

[ﬂ] is n fuanction of the axin2l ratio of the hydrodyna-—
micnlly cguivalent ellipsold of revolution, ITf
dimcrizotion takes place, this may lead to an incronse,
or a decrensc in the limiting viscosity number depending
on whecther the association occurs cnd=to-cnd or
slle-by=-side, resulting in 2n inerease or decrensg in
the assymmetry of the particle, The following nodcs of

dimerizantion have been suggested,

a

oM S ——x =
il : £ =

c

Dimerization of
polyme thaerylic acid
molecules,
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(a) Ind-to-end association, may lead to an
increase in [ﬂ} hence R,

(b) cide-by-side association lcading to o
rcduetion in [ﬂ} and consequently h.

(e) n intermediatc type of association, moy
leave [ﬂ] and consequently h unchmmged.

(a) Intramolecular type of associntion and this

- =Y
may lcad to a considerable decrensc in 1|

and also in h.

In the system under study, structurgrébOVU is
elininnted on the ground that incrcasecd cnde-toecrd
dinmenesions werc not observed., BStructure (b) scciaa to
be o nost appropriatc model in the c¢asc of copper
for dimcrization to occur at nny a value, In nll cnses,
the vnlue of the and-to-cnd dimenssion is rcduced ~md
the reduciion is proportional to the amocunt of coppcr
nitratc prescnt, This model would also survive in the
casc of zinc at low and moderatc dcgrecs of ionization.
However, at high a, the graphs indicate a possible
brenik~doevm of the complex to a morc cncrgetienlly
favourcd onc. The structurc (e¢) is not quite visible
on thc ground that owing to strong repulsive forecs

between the charged groups such an alignment of the FL.
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molceulcs will be difficult, The structure (a)
rceprescnts the possible structurc of complex in its
most compact staté and also at low degrees of ioni-
zation presumnbly nt a€ 0.1, Here the cation farms 2
bridge between different segments of the coiled
molceule, 1'inally it is quite feasible that in both
cases of copper and zinc, dimerization may be inpossible
at bizh a, Becnuse of the strong rcpulsive foreccs
botwcon the charged groups the sort of alignment shown

in (b) moy not be possible,
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FIG 3] Vicometric studies of PMAat varying concentration of PMA at 25°C
©{PMA]=O-OIM ; - PMA OOO5M , lonic strength = O-02
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FIG. 3.7 Viscometric titrations of PMA at varying

concentration
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Chapter 4

SPECTROPHOTOMETRY

L.1 Theoretical:

There are two classes of spectra, namely emission
and absorption spectra. An emission spectrum iy obtained
by analysing the light emitted by a luminous source.

An gbgorption spectrum ie obtaipjed by the spectroscopie
analysis of the light transmitted by an absorbing
medium which is placed between the light source and the
spectroscope,

There are two basic laws which govern absorpticn
intensity, These laws are well-known in their combined
form as the Beer-Lambert Law of light absorption which
gtates that the fraction of the incident light absorbed
is proportional to the number of molecules in the path
length. That is, if a substance is dissolved in a
solvent, the abgorption by the sclution will be nrepor-
tional to its molecular concentration, provided the
solvent itself does not have any absorption Iin that
region, This law 1s exXpressed as

10310;2 = €le cesenanves {l=1)
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Where log,, Eg = optical density (0.D.) or Absorbance
(A) or Bxtinction (E), e is the absorption coefficient,
¢ is the concentration and 1 is the path length., If ¢
is measured in gram moles per litre and 1 in cm, then
the absorption coefficient becomes molar extinction
coeficient. The absorption intensity is usually
expressed in terms of ¢ and the majority of the avpli-
cations in spectrophotometry are based on the above
meéntioned equation. If the molecular weight ol the
1em

gubstance is not known, the expression E1% is often

used, This is related to € by the equation

glem _ e _x 10
“1% - MOleculaI' wt. UUOGOOI(L’-_z)

According to Beer-Lambert law, the optical density
of a solution should remain constant as long as the
product of the concentration amd the path length is
constant, But this is not alwasys true. Quite often,
the nolar extinction coefficient varies appreciably
with the concentration of the solute., These deviations
nay be due to one of many possible causes: molecular
association of the solute at high concentration, ioni-
zation ol the solute in the case of acids and bases,
fluorescence of the solute and poor transmission of the

solvent,
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The obsorption intcisity of nn electronic transi-
tion 1t any wavelength is -overned by the probability
of the tronsition nnd the size of' the absorbing
molccule, The absorption nazimum of 2 band thercfore
corresponds te the most orobnble transition in that
repion of absorption, The extinetion coefficient may
be expressed as

€ = ¥Pa  ,.eceeees(li=3)
where I is a constant of tiic order of 1020, P is the
probability of a transition »nd a is the area of cross
section of the moleculo1’2. ~ssuming the probability of
an electronic transition is wnity, the maximum theore-
tical extinction coefficient for an average orgnnic
molecule (a = 1022) noy be onlculated to be of the
order of 105. In fact, tle lorgest extinction coeffi-
cients experimentally obgoerved are also of the order of
10°,

It hns been known for guite sometime thnt certain
groups within a molecule - ive rise to absorption bands
in definite regions of the spectrum more or less
independent of the moleculc, “The groups containing
electrans responsible for thec absarption are called
chromophores. There are also sane groups which by

tkemselves do not contoin cleetrons which could give
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to absorption but they could increase the intensity of
ab sorption, BSuch groups are called auxechrcmes.

i'here are four basic classes of absorption bands.

(a) & . & * (bvetween ¢~ orbitals) )Fron a bonding
orbital in the

(b) n1 - nu* ( " 1 bonds) ground state
to an oroital
of higher
CICTYEY o

(¢) n - 10* (To Il ortitals) )From a nen-bonding
atomic orbital
n - 6 * (To ¢ erbitals) )to a high energy
molecular orbital.

Generally, the position of maximum absorption band
depends on the size of the chromophoreand alsc on the
extent of conjugation and substitution.

Substitution or structural changes in organic
compounds result in changes in the ‘wavelength and in the
intensity of absorption bands. Wavelength changes to
longer values are called bathochromic shifts and changes
to shorter wavelengths are called hypsochromic shifts.
An incrcase in the intensity of a band is called
hyperchromic effect while a decrease is called hypo-
chromic eflect,

+he structural character and psotion of absorption

bands depends on the nature of the solvent. Generally,
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poor solvents tend to shift the position of the bhands
and diminish the vibrational structure of the bands;
particularly in hydroxylic sclvents, the structurc gets
blurred, Llon-polar solvents produce little change in
the band compared with gas phase spectra. Solvent
effects have heen employed for the characterization of |
electronic transitions. Solvent and substituent effects
were Tirst employed by Burawu'nrcr:.lyj"’LL tc characterise
electronic tranaitions. His ideas have been revived by
Kasha5 and. McCon.e.ll6 who have suggested that solvent
oeffects may be of valus in distinguishing between
T 4% and n . o* transitions. The wavelengths ol the
n - I* bands are generally faund to decrease with
inercase in polarity of the solvent. The individual
vibrational structure of the n o U* hands is completely
blurred in polar sclvents. Polar solvents generally
ghifl't the II - T* transitlons to longer wavelengths.
¥From ths above considerations, a generalised
statenent can be made. The absorption bards of almost
all organic molecules normally faund in the near
ultra-viclet and vislble regions arise from eitlier
0L 0 orn o ™ tramsitions. Alsc the @I o 0% trunsi-

tions may be very intense {allowed) or weak (forbidden).
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he n - 1% are generally forbidden and consequently

of weak intenseity.

Le1.1 Bpectra of Transition Metal Complexes:

Because of the large number of known transiti on
metal complexes, and the many factors which have (o te
taken into account, it is not possible to give a jeneral
description of the kind of spectrum these canpounds
exhibit which holds gcod in each case and every example.
Commonly, the visible and the near infra-red region
contains rather weak absarption bands for which €nax
values fall in the range {1 - 102, and that toward the
ultra-violet, much stronger absorption sets in, with

3 or 10“.9

¢ now reaching 10
There exist a number of different possible origins
for the electrbhnic absorption spectra of cample:es
involving transition metals. These are:
(a) Spectra associated principally with the ligand;
(v) Spectra involvink electronic transition
between the metal and the ligands;

charge-transfer Spectra;
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(¢) Spectra associated principally with the
metal, influenced by the presence of tle

ligands; 4@ - & spectira.

Bach of these will be treated briefly.

Bateled 1 Spectras
Orgenie molecules frequently occur as ligands

in transition metal complexes, and, particularly if

the se nolecules already contain II - electron systcns,

they will themsleves possess charateristic absorption

spectra which will usually be located in the ultra-vioclet

region, These are usually intense bands due to II - [I*

transition. Where the organic molecules are bonded to

a metal in a complex ion, it generally seems thut only

anall alterations occur in the ligand spectrum,

Usually in the complexes, the intensity will be

increased and the band is usually shifted to lower

wave numbers, This is a common effect in all the ligand

specira and the magnitude of the shift often turns out

to be a function of the oxidation state of the metal atom,

In addition to organic molecules inorganic ions such as

thiocyanate, nitrite and nitrate commonly possess very

intense tands in the ultra-viclet range as a result of

internal transitions.
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4e1e1.2 Charge-transfer Specira:

Because of the loose environment of the metsl atom
and the lipgands, and the bonding between them, the
likelihood exists of new transiti ons occuring, liese
involving the transfer of an electron from the lisand
to tiae metal or vice-versa. This type of transiti on is
indeed known to occur and is called a Charge-traansfer
transition, The charge-tramnsfer bands are often located
in the ultra-violet but may partly intrude into the
visible (hence the intense yellow colours of soluiions
of somec ferric salts). Occasionally, discrete ciurpge-
transfer bands are located in the visible region such
as those giving rise to intense colours of permanganate

‘-Mno&—wl amd chromate [CPO%L—] ions. In both of these,

the metal has formally a do electronic canfiguration
s0 that pure d-d transitions are not possible amnd colour
can not arise in that way. Similarly, the intense
colours of those metal complexes which are used as
redox irdicators in titrimetric analysis, originaote
through charge-transfer,

L charge-transfer transition must be viewed as
a transitli on between two molecular orbitals, one of which

has nore ligand character than the metal, the other more
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metnl choracter thm tle lir~nd. Charge-transfer
specetrt are normally clitr~cicrised by intense nbsorp-
tion, There are three rencrnl nodes of charge-transfer
which are known to occur,

(1) Those in which cleetrons frum & bonding
orbitnls are excited to cupily M% ur@ * orbitnls.,
3ince the former are Hreconin~utly ligmmd orbitols
and the latter mainly met~l orbitnls, thcee transitions
transfer charge from ligond to metol,

(11) Those in which clcetrons from filled II
orbitnls localized m~inl; on tihe ligands arc excited
to the § # op N orbitals of the metal. Again transfer
of charge is from ligrnd to unetal,

(ii1) Those in which clectrons from bonding
orbitnls are excited to voecant IT orbitnls locnlized
predoninantly on the li;and. In these, the charrme-trons-
fer is modest nnd is fron metl to ligand., Charge-trn-
sfer depends on the ensc of reduetion of 1MF o ﬁ(n“1)+
for L - Il transfer. The aquantity of charge transfer is
also ddpendent on polarity of the environment e.g. the
intensity of chorge tr-nsfer dcecpcecnds on the polarity

of the medium in the vieiaity of the charge,
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L.,1.1.3 d-d Spectra:

wherecas charge-transfer and pure ligand transitions
are uvsuvally observed in the spectrum as pather inteise
absorption bands, quite the opposite is true for
d-1 spcetra, Electronic transition between d-orbitals
of the same¢ quantum shell are strictly forbidden Ly
Larporte rule, so that even allowing that no violation
of the spin selection rule occurs, the resulting
absorption banmds, if observable at all, can only ne
expected to be very weak, These bands which occur
principally in the visible region for transition metal
complexes, originate from these d-d4 transitions., The
fact that these transiti ons are not absolutely fortidden,
but do have some intensity is of considerable intercst
in the present work and has greatly helped to clarify
sone doubts about the structure of the complex. 1i'here
are usually several d-d absorption bands in the svectrum
of a given complex, and their number and poms:..ons are
strougly dependent on the metal and its oxidation state.
The geonetry of the complex will alsc have a marked

effect on the ocpectrum, not only in respect of the
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nmumber and relative positions of the bands, but also
their intensities, the position of the bands depends on

the ligand field spliting cncrgy, A and assymetry of

the molecule.
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L.2 EXPERINLEITAL

Various experiments were carried out under varying
corditions of polymeric acid concentratiory, ionic
strength, degree of ionization and copper(II) cmcen-
tration. A typical run for a constant BRIA concentration,
constant ionic strength, constant copper(II) concentra-
tion and varying degrecs of ionization is as follows:

0,04M stock solution of RIA was prepared. 0.50 ml
of the stock solution was put into each of 11
groduated flasks, to give 2.0 x 10™°M FPMA solution.
Enough KNO3 solution was added to each flask to give
the desired constant ionic strength., This was followed
by enough of 25,0 x 107 KO to give the desired
degree of ionization (a goes from 0 - 1,0).

Enough Gu(N03)2 of 0.1l stock solution was added
to give the desired metal ion concentration. Four metal
ions concentrations werc used (2,0, 4.0, 6.0 and

8.0 x 10"“M). The flask was then made up to the mark
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with distilled water, The spectrum of each solution
was ru on the same chart using the Sp.800 self
recording gnectrophotometer for measurements in ithe
U«sVe range, For measurements in the visible ranie ihe
Hilger and Watts Spectrophotometer was used. The optical
deneity at maximum absorption was recorded for cach
golution, A plot of optical density against tlc degree
of ionization was constructed for each metal ion
concentration.

In otler experiments, the conditions were suitably

modified in order to investigate the desired properties.
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Le3 RESULTS AIlD DISCUSSION

The Spectrophotometric titration of polymethacrylic
acid and polyacrylic acid has been studied by many
investigators principally liandel and LeyteT, Kotliar

? ond Woil and 611110, In a11

and uorawetza, Morawetz
these investigations, results obtained have been very
contradictory. The results obtained from viscometric
studies in chapter 3 indicatec a copper chelate complex
invelving two carboxylate groups. The results obtained
Trom conductance studies presented in chapter 2 indiente
a copper-FllA complex involving four, two and one
carboxylate groups binding per metal ion. This chopter
describes the titrations of BIA in the absence and in

the presence of copper nitrate, under different condie
tions of polymeric acid concentration, ionic strength

and copper(II) concentration. Unlike the previous
investigators, an attempt has been made by the author to
clarify the naturc of the conmplex and propose a mechanism

Tfor the complex formation.

I—L0301p Regglba:
In Fig. 4-1, the Ulsra-viclet absorption spectra

for PMA in the absence -md in the presence of copper
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nitrate are compared. It is seen that a new aobsorstion
peak appears in the presence of copper nitrate. he
copper ions form a complex as borne out by the shilt

in A {where Apax 1€ the wavelength of maximum

max
gbsorption) from 213mu for unneutralized polymer 1o

ax

26l Tor the complex, The formation of a Gu (IT)-P4A
conplex is also suggested by an intense blue colour
which formed on addition of dilute potassium hydroxide
in contrast with the usual pale blue colouration of
cupric hydroxide. The intensity of the colour seenad

to depend on the amount of complex formed, the most
intense colour probably corrcgponding to maximum complex
formation and such normally gave the highest optical
density. The posttion of the absorption regions agrees
with tie results of previous workersT-g. Fige 4.1 shows
a siil't to lower wavelength as the degree of polymer
ionigzation increases.

Pigure L.2 shows a plet of 0.D. sgainst o for
varying concentrations of copper nitrate at an icnic
stréngth of 0.10. It is seen from these graphs that
first, the 0,D. increases linearly with increuasing o
after which the 0.D. rises to a maximum and somewhat

further the absorbance starts to decrease. This was
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established for dif ferent EHLA}/[Cu(NO3)2] ratio.
Figure 4.4 is a plot of 0O.D. against a for four diffe-
rent ionic strengths at EGu{ﬂOB)z] = 4.0 x 10"%{.

Apart from the absorption peak found in the
ultra-violet region, cncther absorption peak was observed
in the visible range and some measurements weére conducted
in this region. These have been presented in figures
L.6 and 4.7. The intensity of obsorption in this region

is not as great as in the ultra-violet region.
Ll-l}ozo D cussi

4.,3.2.17. Absorptior in tle Ultra-Viclet Region:
It has been stated above that absprption occurs

in the U,V, region of thec gpectrum. The absorption
in the U.V. range 1s quite intense amd occurs at 264my
for the Cu-PllA complex with n high extinction coeffi-
cient of the order of 10ﬁ. These are electronic tran-
sitions and this probably suggests charge~transfer
spectra, The charge-transfer is from the carboxylate
(=C007) groups to tke empiy dxz--y2 orbital of the copper
ions,

Fige 4.2 shows, in each case of Gu2+ concentration,

an initial smooth increasec in absorbance which indicates
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a smooth Tormation of Cu-MMA complex in the couwrse of
titrations, This builde-up of copper-FMA complex
continues wuntil all the Cu2+ ions are bound by CO0~
groups. This is achieved at the maximum value o 0,D.
Within the range of concentrations of copper uuwed,
Beep-Lamberts Lav was found to te valid, This means
that in this region of maximum 0.D,, according o Becr's
law, the concentration of the complex will algo be maxi-
mum il a single cemplex existed. The configuration of
the complex as a whole will be most stable in thic
region also, However, as the degree of ionization
increases, excess COQ  are produced and the &lectrostatic
potential of these excess CO0 groups coupled with the
expansion of the molecule taking place may make the
complex less stable and may cause o partial disinte-
gration of the complex, If this happens there will be
an overall reduction in the coneentration of the complex.
That this happens is manifested in the observed decreasc
in the measured otpical densities beyond maximum complex
formation, Partial disintegration in favour of new
form of binding must have occured., However, no new
absorption reghon was obgerved. T+t is quite possible

that the new region is masked by the existing pesoks
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The exact nature of the new form of binding is not
clear, nevertheless, change 1in kmax ocCcurs.

rrom Fig, L4.2, it is seen that the positian of
the moximum O.D. depends on the Gu2+ concentration and
on the amount of C00~ groups present for a given
constant concentration of FMA, If the peint of gouiva-
lence is taken as the end of the linear partion on each
curve, it is found that the ratio {Coowlérigihalé
Ecu2+]Tcﬁal = 4-1n all ¢opper concentrations investi-

gated with the exception of [Cu2+] = 8,0 X 10““M.
A
On the other hard, if the assumption is made,the maxi-
mum point on each curve corresponds to maximum binding
[ .2+
WOrIginal/Lcu 1

is wvery nearly four for the same sopper concentrations,

capacity of Cu2+, the ratio [COO- b ound
Prom tihis observation, it is suggested thot probibly

a copper-ifl{A complex involving two carboxylates groups

is first formed, This is then followed by a four-Told

coordination., Thils suggestion is in agreement with the
results of Morawetz® Who compared the spectra of Cu(II)
8olutions in FMA with the spectrum in 0.02M acetatls

in which the bulk of copper is present as Cu(0Ac) 5o
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formed, A8 binding takes place the amount of free

carboxylate sites decreases until finally a maximum

amount of complex is formed and the ratio [cooloriginal/
I 2+T
‘M e remains constant. At this stage all or

nearly all COO~ groups must have been bound t0152+.

The shapes of the curves obtained at high a suggests
that a new form of binding is taking place and this is
bourne out by the observed decrease in the amount of
the original complex formed at low metal ion concentra-
tions, This observation is similar to the one made in
fige 4e2 and various reasons have been given for this
observation.

The results presented in fig. 4.3 are similar to
those obtained in dialysis presented in chapter five
and detailed treatment has been given in that chapter,

There are a number of reasons for the observed
decrease in 0.D. observed in fig. 4.2 amd fig. 4.3,

The viscosity studies presented in chapter three reveals
that the minimum points on figure 3,4 are associated
with the most stable and compact state of the complex
formed, The rapid increase after the minimum point is

due to rapid expansion of the molecule as it changes
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configuration from o9iled state to an extended state,
Generally the complex as a whole will adopt tie most
stable state since this would inwlve minimum energy of
camplexation, However, electrasiatic consideraiion
requires She molecule to beceome less atcble mn the whole
aa the degree of ionization incereases i.c. as the molecule
expands, probably due to excessive negative charges
surrounding the bound cations. This obgervation is
closely related to the results cbiained Tfrom
gpectrophotometric titration wwhere a decrease in 0.D,
1s obtained at high o values., This ecan only be exhlained
in terms of break down of the complex at high o values,
The decrease in 0.D. at high o values is due to the
instability of the:complex as more and more COO™ groﬁﬁs
are produced i.e. as the molecule changes from coiled

to extended configuration at high o values. Also, where
extensive coiling has occured, copper with four
co-ordinated square-~planar complex may, because ol its
spatial orientation in the molecule cause z shielding
effect on othér complexed ions with the result +that not
all complexed ions will be exposed to radiation and

this will lead to a decrease in 0.D. This is known as

hypochromic effect. It has earlier been suggested that
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for an expanding molecule to enter into a four-co-ordi-
nated complex with copper dimerization probably takes
place,s I{ a dimer is formed hgpochromic effect will be
quite considerable as observed in D.N.A11, if two planes
are lying one on *op of the other so that one suiields
the other effectively from radiation. This means thnt
not all the cJmplexes formed will be exposed to radiae-
tion equnally with the resultant reduction in observeda 0,D.
It has been stated that the value of the extinetion

coeficient is of the order of ’10}'L

y which may imply
a charge-transfer complex. The following is the pro-
posed structure for a two- co-ordinated (I) and four

co-ordinated (II) complexes.,

Oy 1‘6\ /?q\‘:e (6)2
% cu®* o c; cu* )
o® o }J" /b’

In each case, some ccntribution to the total charge
transfered is made by each of the charged sites in the
imnediate vieinity of the copper ions. Any of tle
above structure can lead to dimerization dependiiy; on

the degree of ionization. It is quite possible thnt
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the chorged sites are lacated on different chainsg,

In the case of dimerization leading to four-fold
co-ordination, a similar contribution te structure II
from another chain will complete the process of dimeri-
zation, The me chanism of bonding could be exploinred
in the following mamer. First Coulumbic ottraction
(bonding) between Cu®* and GoG” tokes place. Orce

2* jong are held in the vicinity of the CO0™

the Cu
groups the bonds begin to vibrate and if the period

of vibration is long enough for a guantum ¢f radiation
to be obasorbed, transition of charge from COO  groups

to Cut

can take place. Once the complex is Tormed,
there will be a reduction in the excitation energye.

The actual magnitude of the charge-transfer is not
known but probably only partial change in she oxidation

2+ . Cu’ has taken place. This proceas may

state of Cu
be likened to an ionic contribution which occurs at

a Tairly low energy. In both structures T and II, one
does not lnow how much charge is contributed by ench
chain %o form a dimer and the structure II in particular
may be tought of as a type of resonating structures.,

Now considering the above postulate from the point

of view oi' experimental findings then one is placed in
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a position to further explain the cbserved decrecasc in
0.D, in figure 4.2, Yokoi ard Isohe12 have made sone
rather similar observations far Cu(TI) complexes
with uncharged molecules, ethylenediamine., They
suggeated that for these complexes, absorption is due
to electron transfer from ligand < -bond orbital to an -
antivonding orbital associated with copper. According
to them, as the ¢ -bonding becomes more covalent tie
charge~transfer band shifts to longer wavelengths,
However, the present study involves charged CO0™ rroups
and Cu(IT) ions, A shift to lower wavelength was
ocbtained far the charge transfer band. As the degrge
of ionization increaseg, excess C00~ groups produced
surrounding the bound cation may cause a weakening in
the O0~Cu bond because of the effect of repulsive clcetro-
static forces on the bond, This will limit the amount
of charpge-~transfer which can take place. This may also
affect the stability of the complex and will aid
disintegration., In such a situation, a decrease in 0,D
values will be observed,

Another explanation far the decrease in amount of
charge~transfer is as follows: Consider a cation

surrounded by charged CO0~ groups repelling each other;
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in such o case, the repulsive interaction between tihe
charsed C00~ groups will force the particles to ta:e
vp positions as far as possible from each other. ‘his
will lead to a situation where "no bond structure® is
obtained i.,e, no apprecidble § ~bonding and the intensity
of the charge-transfer depends on the proximity of
the C00™ groups to the metal ions. Therefore at hizh
a, the strong electrostatic repulsive forces will unot
allow easy approach of more than one CO0~ to the mectal
ions thus limiting the amount of charge-transfer, 7This
observation may also lead to a reduction in O.D.

For the U,V., region, Fig. 4.4 shows a plot of
Aoy B82inst the degree of ionization (a) for three
different ionic strengths. One notices a shift to
shorter wavelengths as @ increases from C.6 o 1.0,
The maximum shift of 8md is obtained at a = 1.0,
The shift of the charge-transfer band to lower wayelength
means that the energy difference between bonding ortitals

T

becomes larger i.e, € = hge , 1f A is emnaller then ¢

must increase since h andlc‘are constants and they are
Plankkk's constant and velocity of light in the medium
respectively. The reasons for the increase in energy

have Leen explained in the preceeding paragraphc,
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It is also noted that the shift in lmax always occur
at about the same a i,e. it is independent of the iouic
strengsh of the medium, It is also noted that the

2+

shift in Amax does not depend on Cu concentration Ior

the same volue of ionic strength.

he3.2.2 Lffect of Ionic Strength:

Pigs Le5 18 a plot of 0.D, against a for four
different ionic strengths at constant copper ion concen-
tration and constant IMA concentration, Consider the
following reaction:

M1’1+

+ oL = M7 LD,

Thic is a reaction in which the number of free ionic
charges are deoreasing. In this type of reaction the
effect of jonic strength will be enhanced in diluze
solution and will be most marked at medium a. At low
@ i.e, at low concentration of the ligands L~ and
sufficiently high Gu2+, cust will be in excess ond

the anount of complex formed will bhe entirely dependent
on %, This is shown in fig. 4.4 where at low C ncarly
equal amount of cemplex 1s f ormed irespective of the
ionic strength. Similarly at high o, i.e. when excens

of the ligands will be present, then the concentration
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of the aomplex will depend almost entirely on cencent-
ration of M (Cu2+). This is also seen in fig. /1.5
that 2t high ¢, where irrespective of the ionic strength,

equnl amount of complex is formed. However, in the

2+ and CO0™ arve

middle region, the concentrations of Cu
present in comparable guantities and it is in this region
the equilibrium constant is a determining factor, 1t
is also in this region where one might expect {he ionic
strength to be most effective, This if found to he
the casc in fig. 4.5. As the ionic strength increapes,
the amount of complex formed decreases between
0= 043 ond ¢ = 047

Pinally fig. 4.6 shows 3 plot of ¢.D. agoinst
A for two FMA concentrations at two different degrees
of jonizotion., It is interesting to note from this
Tigure that spectophtometric evidence shows that the
nature of the complex is independent of dilution of PuA,
This is what would be expected since the number of
carboxylates with which a complex ion will associate

depends only on the conditions which exists within the

polymer coil to which the copper ion is bound.
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Le3.2.3 Absopption in the Visible region:

In fig. 4.7 the spectra for PMA - in the prescice
of two different concentrationscf copper nitrate arc
presented. As in the U,V, region, first an initinl
smootly increase in % absorption is obtained with
increasing a3 this then rises to a peak and furthoer
the 0,D. decreases with increasing ¢., The same
observation is established in the two camcentrations
of copper nitrate used. The decrease in %A beyond
the maximum is an indication that the complex formed

di sintegrates. In figure 4,7 the ratio of
lcoo | / [Cuz;\

- original’ Total
portion in both curves is 2 and the same ratio is 3.5

at the end of the linear

and 5.0 for the PMA containing 10,0 x 10~ Cu* wd
5«0 x 10"“11[ Cu2"' respectively. This is in agreenent
with the results obtained for the same ratio in the U.V,
regione.

i"igs 48 shows a plot of O.D. against A for
constant (Pia) and [Gu2+-] at two degrees of ionization.
Here a shift of lmax to longer wavelength is obitanined
with increasing a.

The above observations are accounted for as {ollows.

The absorption is probably due to a d-d transition which
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as a rpie is usually of weak intensity. This iz so
because the electron is Jumping from one orbital which
is eentrosymnetric to another orbital whiéb is alaso
centresymmetric and that all transitions of thiu wyne
are nomally"forbidden. Generally, the intensity and
position of the transition is related to the ligund
field spliting erergy ~A., In the visible region, the
Gu2+(H20)6 absorption is very wesk and broad but is
jnereancd by complexing with PMA (although region of
abaorption is roughly the same wavelength interferecnce
is quite negligivble)., The type of reaction one mipht
envisage ic as follows:

Cu(}izo)é"' + nl =3 Cu2+(1-120)6_nLn + nH0. 01*';_.59113

o+ ions take part in complex

has suggested that when Cu
formation the de_y2 and d22 orbitals are destabilized
by the ligmds and are infact degenate in an octrahedral
environnent and the usual symmetry is lost, Thus tle
Incrense in intensit y in the Cu-PMA canplex may he due
to lack of envirommental symmetry of the Cu2+ ilon. The
position of the band is typical of Cu(II) complexoes

and sinee ligand field for water and oxalate complex is

sinilar, then ocne might expect absorption in similar

region fa: Gu(H20)§+and Cu-PMA complex.
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Gu2+(320)6 has A at 800mu, Since lmax at
o = 0.3 is less than kmax for Gu2+(H20)6 the assumphion
is made that erystalfield spliting energy is greater
for RIA complex or the contribution of vibrational
effects increase A, therefore the cbserved increase in
A (Fig. le8) would terd to suggest a break down of the
complex so that less CO0™ groups will be attached %o
Cu2+ and the vacancies created will be replaced by
Hy0 i.e, the equilibrium in the sbove equation will
be dispaced to the left,

As a result of' the operation of Jahn-Teller effect,
the intensity of the observed hand is increased by
distortion due to mixing of orbitals, therefore, the
extent of distortion may decrease as the number of Dound
groups decreases 1.e., as the complex breaks dowi.

This will lead to decrease in observed % absorption as
seen in Pig. 4.7« If this happens, this will be agninst
the normal eguilibrium where M+ nl ., MEn and

where L is present in excess and n is maximum co-ordina-
tioen nuwnber. The configuration of the complex may be
against this equilibrium and the complex will break

down,
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Chapter 5

DIALYSIS EQUILIBRIUM

5.1. Inteodugtion:
“he use of equilibrium dialysis tcchnique1 permite

the gathering of precise gquantitative data on polyclec-
trolyte - metal equilibria in solution. 8Since the time
of development of the method many studies of polyclectro-
lyte-metal interaction have been carried out and a

great denl of information obtained as to the molccular
basis for the interaction but 1little has been said

about the structual features required for binding,
Kotliar and Horawetza using the method of dialysis
eaquilibriwn obtained the amount of copper bindings to

Pis but their data gave no information about hic

nature of the complex., To contribute to the clrrifi-
cation of these interactions, attempts have becrn nade

to obtain, by the method of dialysis equilibrium both
qualitative and quantitative information about the A =
metal complex, In principle this technique congists

of a vessel divided into two compartments by a shcecially

1141
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preparcd nembrane which is impermeable to the nac:’O-
molecule but fully permeable to the small molecules

and icns, If the macromolecule ie confined to onc
comnartment and if it binds some of the small ions, then
at ecquilibrium, the total number of small ions in Tle
macromnolecule - containing chambar will exceed thnt in
the macromolecule-free chamber, The differcence between
these two concentrations is a measure of the concentra-
tion of bound molecules provided the Donnan effect has

been suppressed, or accounted for.

5¢2.The "heory of Bquilibrium Dialysis:
.‘;ttempts:s’h have been made to explain the peculiar

clectric2l and other effects which occur in a system
in which two sclutions containing elecgrolytec are
separated by a membrane which is freely permeable to
most ol the ions but impermeable to one of them, . cloar
idea of thc phenomena in question may be cbtained by
considerins a very sinplc case, Suppose that a neubrane
Il separates two solutiona (1) and (2) of egqual constimt
volune, containing initially only the salts Nait and.

~+

KA, reepnectively, the membrane being permeable to KK

and 7a’ ions not to the A anions. Evidently, tle
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cations 1.7 and Nat can exchange places freely by

meons of diffusion across the membrane, but this
eiXchnnre is sub ject to the restraint comition of
equinolnr quantities, The whole system is thereicre
sub ject o two comditions of restraint. At first one
might e inclined to thirk that the interchange or
sodiuwn and potassium ions would continue until tie;” are
equally distributed throughout the whole volume of

the solution, This would occur if the membrane vere
permeable also to the ion A, but that it will not
generclly occur in the present case can be secn reilye.
Assuning couplete ionization, the initial and the final

states are represented as follows,

)i | M

01Na““ 1‘:*02 G, =x Nat 1 wNat x
x KT ' K*’Gn—x
|
1 i 2 1 I 2
Initial State Equilibrium State.

If i denotes the free energy of the syster, then
the equilibrium state is characterised by the condition
(dP)P = Os If the following variation is considered,

dn moles Nat(1) = (2)
dn moles K¥(2) o (1)
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then elecirical work terms vanishe and what we get 1is

aF = RT{dnlf’gENaj*! + dnlog [szl =0

+ +7 )
v, <,
S0 that FH3+?1 [Na+]2 01
g+ ) fxt P
T L ]2

Thus onlyv when C1 02 is it true that for equilibrium

%.:Nﬂqu = [K+11 and [Na+]2 = [K+]2

Novwr 1=zt the above sgimple consideration be applied
to o polyelecirolyte of high melecular weight sepaprated
by senl-permnesble membrane from water., In this cnse
the ﬁiyion ic present only on one side of the membrane
and phenocmenon in question is more complex. &1lthoush
the polyclectrolyte contains mobile counterions wilch
are small encugh to pass through the membrane no such
passgage will actually be possible, since 1t would
involve a sepoaration of polyions and counteriens ol a
rapid bulld vp of very large electrostatic charges »f
opposite sign in the two portions of the system,.
However, il a uvni-univalent electrclyte such as I_{?L'TO3
ig odded on sither side of tle membrane, its coltions

and anions may diff'use together and the problen then
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arises of' how the presence of the polyion affects

the equilibrium distribution of these ionic species,
‘his problem was solved by Domm‘53’5 mcthod,

by imvosing two conditions. The first requirces the

solutions on either side of the membrane to be clectro~

neutral, Thus, if me is the molarity of the fired

charges in the solution containing the pelyelectrclyto

and mg 1s tie molarity of an added uni-univalent

salt, the molarity of the byions will be Ty = Mg and

that of the counterions will be m, = mp + M. In the

dialyzote both ions will be at the same molarity

m = mé = mé. Since the diffusible electrolyilc must,

at ecuilibrium, have the same thermodynamic activity

on both sides of the dialysis membrane,
2
o 11wl
mbmc;‘%_ - m'bmcb';
2 2,y 2
and (r% . ms)msx__t= (mé) (3;) srsnen( 5e1)

whereb’f md6'12 are the squares of the mean inoniec
activity coefficients in the presence and absence of
polycleotrolyte respectively. Now, ccnsider rirst, the
result vhich would be obtained if the activity coelfi-

cients oould be neglected. In that case equation (5-1)
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gives for o relation between my and mé the following

expression

mg = m.f/2 +\/(rmf/2)2 + (m;)z — T

If m'y/ma (<1, then m = mi(mi/mo) i.e, the added salt
is lorpely excluded from the polyelectrolyte colulion,
In the other extreme case, when m!l/m,)>1, an exponosion

of equation ( 5-2 ) yields

20 4
n = me — mf/2 -l-mf/ﬂma....-o( 5—3 )
which leads to a difference in the total molarity of

the moh:ile ions ami on the two sides of the menbrane,
2
. 1 ¥ -
Bmy = my+my =ml-m o= mp/hm e (50 )

This difference in mobile ion concentration contributes
to the osmotic pressure of the poclyelectrolyte solutions.
The expression in equation 5.), shows that the effcet

is minimized by increasing the concentration of' the
added solt. In practice, large forces between polyions
and their counterions will inevitably depress the ioaic
activity coefficient, so thntd +<J ‘;. This will have
the effect of increasing the dif ference in counterion
concentration and decreasing the difference in tle byion

concentration on the two sides of the membrane.,
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If the ionic concentration is determined analytically,
equation (541) may be used to caleulated s, since the
activity coefficient x’-_l-., corresponding to a cinple
salt soluition may be determined by conventional m@thods

or obtained from tabulated data,

5¢2¢1+ Detailed treatment of Donnan's Membrane Bguilibri: ;.‘5 ’ 1°.

Since a polyelectrolyte has a net charge (cxeent
at the isoionic point) the concentration of the Irec
ions will net be equal on the opposite side of tie
membrane dve to the Donnan effect. This means that the
net clecotrostotic charge on a polyion has a profound
effect upon its behaviour. When a charged particle is
retaincd a Donnan equilibrium is set up. From therno-
dynamical oansiderations, equations have been derived
to accowmt for the Donnan equilibrium and Donnan correciion,

L,et us now consider two phases separated Ly a
semipcrmeable membrane and containing the same solvent
on either side, One phase B contains the macromcleccular
lonic spceies which can not diffuse through the
membrane to the other phase a, Also present in the
systen are other small ions i, Jj, k, 1 ....which are

reacdily diffusible through the mebrane,
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Tor the solvent (designated by subscript 1)
0
!.11 (P) — I.l1(P) — RTgEmi.....'..u'

= u*, + PV, = RTEEM; «ooeed5-5)
wherc u is the chemical potential, u?(P) is tie value
of My (the chemical potential) for the pure solvent at
the pressure P and wj is the value for the pure
golvent in the limit of zero pressurc, and g in the

osnotic coefficient defined by
11’)"— = —gzmi .oocoooclaotton(B“'s)

ny is t'v mole ratio of the ionic species, 1, to the
solveat, P; and P;) are the vapour pressurcs of the
solution and pure solvent respectively.

or ionic species i1 we can write

By = PV, + Z¥ + RTlog AT 4 2Mlor nizfi
veesss (5-7)

wherc 3~ 1o the absolute a&tivity independent of tie
pressure and Ki is the activity coefficient, 2 is the
valence, 7y is the Faranday, ¥ is the clectrostatic
potential und Vi is the partial molar volume,

The condi tion for thc membrane equilibrivi: eon be
written in gencral form as

u.?': Nf u-oo.n.uo.uouuu.'(5—-8)
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and since the same solvent is present on either side
of thc membrane we have u? = u? su wennil 399)

Now using equation 5-5 in 5-8 and expression for the
equilibrium of the pressure difference is obtained

PB —Pu :'—-E-g(gazimg) -.a--.-ciiﬂ.'(5-10}
Vv

1
and using equation 5-7 in 5-9 one gets

B
m mixg -+ ZF(*B_*O.) = {Pa-PB)viaolotlotI(S"‘!‘l)
mCI. a
i i

and substituting equation 5-10 into 5-11

By B
In m!J'; Z,F (¢8-¢%) = vi(gaiimg - gagimg)...(5-12)

+ ~1

aya RT

nfd § Vi
The importance of equation 5=-12 lies on whetherdi can
be computed. If they can, then (ta—t“) can be computed
since all other quantities in cquation 5-12 are measu=-
rable, In any case, the tera (tﬁ—ta) can be eliminated oy

ing *rpeeSien (s-¢%) s S el lpvee Sypegies
forming an elcctrically neutral combination -« i.e, for

electrical neutrality
ZiF(¢B—¢u) = 0 .a.l-.c..'ao(5—13)

Thus for equilibrium distribution of the diffusible
electrolyte consisting ol V1 cation 1 and VJj anion
J we obtain



(ng)'t (f’ii) e 1)" M= e e -

V. V v
() (0 3(5’“) 1

- gB(mi-rmg)]. eevee (5=1l)

In the ecasc of potassium nifrate, with f ions and

Nog lons, thon they arc denoted by my and my respectively.
The above treatment is now applied to the vinding

study hetween a macro-ion {PMA) and divalent clectrolyte

zinc and copper nitrate in the presence of potassiun

nitrate as the supporting clectrolytec, A zimilar Hut

morc extended equation has been ocbtained, The ilons

2+ 2+

encountered here are Zn or Cu™", k+, and Nt‘)}"

desirmated by i, j, k and then equation 5=14 bceeones

V..
ln(‘ni) (m ) J(ml) k(»’ XE _
'V 3 ‘if
() *(5%) I(n %’“ T o d”av
y._ti.__:.v_l_l ] fe (m_,L + m:; + mli)— gB(mE o+ mg + mli)?‘f
' erenersaa(B=15)

At high gilutions the quantity on the right hond of

gquation 5=15 may he so smnEll that it comes very close
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to zero (ns the ions zare small) and the term nar be
nerleeted and under such conditions equation 515

reduces to

. v v V, 4V V4V
() 1) Im) BBt By K

Vv v V. V.+V V oV,
= D)t D KD Iy T (s6)

Howcver, this above statcment is not strictly trmee in
casc of thc present study and in most other dialysis
studics, 7To make this cxpression applicable in thec
prescent work extrapolatiomn to zero will be neccssary
but if this is done cvaluation of variation of conceri-
tration with binding will not be possibie, Thercforc,
a furthcer assumption is made and thnt is that over the
conccniration range used in the prescent study, the
guantity on the right hand of cquation 5-15 is nesligible
and ccuntion 5-16 is again obtaincd.

In the system studied, partially ionized Fi4L of
concentration P on one side of the semipermenblo
menbrone is braight to eouilibrium with the cation
solution of concentration ! in the same solvent os is
on the otler sides The low molecular weight cotion

passcs Irccly across the membrane such that its activity
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on both sides of the membrane is the sawe when
equilibrium is rcached, The solutions on tihe tio gides
werc nade sufficiently similar by addition of simple
celectrolytc - KN’O3 so that activity coefficients

should <l so be the same on both sides. This was
necessary hecausc both P and ¥ arc ionic and the Lonnan
effcect must be suppressed,

Lhe theory of dialysis equilibrium just discusscd
have intercsting bearing on the ionic and other
exch'nges which take place in living cells or tissucs
and. their circumnatant fluidse. In thesc cascs,
howevcer, thc phenomena may be complicated by the
variablec permeazability of the cell membranes and by
many other factors, so that the cxtremely simple
relatiouships which reésult . fron ideal membronc
equilibrin as presented in the forcecgoing scections will
recpresent only a very small part of thc asspcinted
complex of phcnomena which make up the reaction of the
cecll tovards variation of its environment, But in the
phecnonenn of living matter, as in other branches ol
scicnec, the complex ean only be understood by analysing
it into its simplest constituents and ascertaining,

on¢ by onc, the laws which govern the operation - the
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action nnd the cquilibrium - of these constitucnts.
Since unniy living cells do exhibit sclcetive pernce
ability as rcgnrds ions, it is possible that ionic

exchmeccs and equilibria of the sort discussed -hove

may occur between the cell and the external i’luidB.
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Dede EYPERTNENTAL DETAILS

56341, Annanatus:

Scmipermeable membranc (Viskin tubing % inch)
which is pcrmecable to watcer and small molecculcs ~2xi ion
and inpcrmeable to PMA  molecules, pyrex test tibes
25 x 200mia and a low tcmperature bath capable of

keeping the temperaturce to within #0.1 dcgrec.

5¢3e2. Rerycnts:

(a) Zater:

In omler to climinate any unnecessary cont o
mination the water used in the treatment of dinlyvsis
casings ag wcll as in nll solutions preparations was
distilled water which has been redistilled in on

all - floss apparatus,

(v) .Buffer golutionipd = 10:

3incec cach experime nt was conducted at o particular
Pi and at onc ionic strength, it was possiblce to use a
sin~lc buvifer. 142 ml. of concentrnted ammonin
solution was added to 175gm of ammonium chloride ond
was diluted to 250 ml of distilled wnter. This jove
a buffer solution of pH = 10,
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(¢} Dye Solutions;

The sriochrome Black fa'indicator for the entinn-
tion of gzinc ions was preparcd by dissolving the rengent
in triethimelamine and absolute wlceohol. In the cnse
of copper estimation, Fast Sulphon Black ﬁ* indicoator

was uscd, A O.5 percent equation sclution was predared.

(a) Stock Solution of EDTA (Q.10M):

37,23 gm of disodiumdihydrogen ethylene dicninc
tetrancetate dihydrate (analytical grade) was dissolved
in distilled water and diluted to one litre in o

volunctric Tlask with distilled wnter. -

5e303¢ HNethod:
5¢3e3.1. (o) ZPreparation of Membranec:
Lengths of Viskin tubing npproptlate to tie

volume of neid solution (10.0 ml) to be used worc put
In water and heated on a steam bath for one houvr, The
tubings were transfered to fresh water, and the heoting
repeated. The tubings were next sooked at room
temperature for 2 few hours in each of geveral addi-
tional portlons of wnater. Finally the tubings were
soaked in 0.1M KNO5 for 2y hours. The pH of the

solution was adjusted occassionally to the desired
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value since the tubing cwmld lower the pH of o neutral,
unbufiered salt. A nore rigorous treatment thon tihe
one deseribed abeve may impair the propertics of e
dinlysis tuhes., Heating the tubinge on a steca both
for as Long s 72 hours mokes the tubings permeadblc to

1
moleowlens of molecular weipght of 69,000 '.

50,3.3.2, (b) #41ling the Dialysis Tubes:

A plcoece of dialysis tubing was removed from the
potassiwn nitrate solution, and the excess liguid was
removed, L knot was tied at one cnd of the tubing,
10.0 n1 of aolution of PMA . at a particular degrec of
lonization and suppeorting clectrolyte to give thel '
desired jonle strength werc added. The tube was c¢losed
and tied with a nylon string .md suspended in the
polymer frce solution contained in the pyrex teot tube.
The pyrex test tuwbe contained a2 totnl of 10,0 ml of
solution nmoade up of a varying quantities of Zn(lfoj)2
and KI-I'O3 to give the desired equilibrium concentrotion
and ionic strength of O,.,1l. In all the experiuacnts
2,50 X ‘IU":5 bhase molar PMA solution was uscd and
stuiles wera carricd out at varying degrees of neutrne
lization and with varying quantities of Zn(N03)2 ieCe

for o partigualar degreo of neutralization, varying
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quentitics of Zn2+ were used to obtained maximunm
binding. The same procedure was repeated in the case

of the TMA —copper sycsten,

5e¢3+3.3. (c) Attainment of Bguilibrium:

Adequate agitation was necessary before equilibrium
could be attained in the shortest possible tine., To
obtain the most efficient mixing, the method of
Karush. was adopted., The dinlysis bag was taut and
had an alrspace provided inside the bag. Bgquilibriun
dialysis studies were carried out at 25 & 0,1%, |
Por each metal ion copcentration stdudied, it was
reecessary to determine the time required to rcach
dialysis equilibrium. It was also necessary to detor-
mine that an appreciable amount of polymethacrylic acid
d4id not diffuse through the dialysis membrane in the
time reguired for the metal ions to preagh equilibriunm.,

The time to rench equilibrium was determined from
experimenta in which dialyeis bags containing supporting
electrolyte were ilmmersed in the metal sclution and
shaken for varioug lengths of time. This showed on
analysis of zinc solution, the time required to attain
equal zine ifon conceniration on both sides of the

membrane and alsc the fraction of zinc ion bound to the



5elte
Selidd,

158

menmbrang, It was found that five days were reqguired
for equilivrium to be attnined and that the amount of

zine or copper ions bowrxt to the membrane was ncegligible.

(a) Annlysis of Sclutions at Bguilibrium:
Deterpination of Zing:

The anlysis of PMA ~free solution far metal ions

was corricd out titrimetrically. The method of analysils
was with the Beckman/Spinco Madel 153 Microtitratoﬁ?
The milorotitrator does. routine titrations on amall
voluncs. The burette a small glass tubing which contains
the titration sclution, has a micrometer-driven
displacenent piston which gives remarkable reproducibie
lity. “he volume of titration solution delivered is
indicated on a large diale .. This e~n

be returned to zero ofter each titration by pressing

the zero hutton. A vigorous vibration stirrer is
imnersed in the solution dwing titration., There is

no splashing of auall drops. The poeition of the
delivery tip and stirring tip are ad justable, Tais

model of mierotitrator has a multi-cup turntable wivich

acoommodates 10 disposable 50041 titration cups.
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The method of microtitration is an adaptation of
the ordinary volumetric analytical method. In principle,
a highly elkaline sample of solution is titrated wlih
EDTA in presence of Erio T in the case of sinc or
Sulphon Black F in the case of copper. The metal
ions present are chelated by EDTA., The absence of
cations is indicated by a colour change from wine-red
to blue in the case of zinc and from blue to dark green
in the case of copper, The microtitration method is
a particuld.ly useful one for determining concentration
of ions present in trace amounts., It also has the
advantage of performing a serieg of deteminations
rapidly on small volumes - pf the order of 1 - 200ul.
An estimate of about 0.005yul has been made for the
accuracy of measurement with this instrument.

Preparation of Calibration Curve;

Zinc or nitrate solutions of known concentrations
ranging from 0-25,0 x 10"“M were prepared, 100yl of
each solution was titrated with EDTA in the presence of
Erio T and buffer and the volume required for complete
complexation was determined. A graph of concentration
of metal ions versus the corresponding volume of EDTA to
completely complex 100yl was plotted to obtain the
calibration curve., From the straight line graph, the
unknown concentrations of any other solution wasg
determined once the volume of EDTA needed for 100yl of
the solution was known,
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5.L|'l3‘

One hundred microlitre of =zine ion solution
outside tiic dialysis bag was treated with one hundrod

microlitre of buffer pH 10 and tcen micerolitre of

1
|

Erioehraue Black T indiecrtor in a microtitrator cup.
The solution was titrated with BEDTA sclution until the
colour changed from wine~red to bluc. The camcecentration
of zine ion wias then dbtained from a calibration curve
rreviously prepared,

The concentration of the bound zinc ions wos
deterinined ns o dif ference in total concentration of
zince inside and outside the bag, ‘

The average numbcr of gzinc ions bound per Dhasze
molar polymor molecule, r, is egual to the molar
concentration of bound zine ion divided by the melor

coneoentration of the polymecr prescnt.

Egtinnation of Cepper:

Various mnalytical methods are available for tho
estimation of copper. Bpectroscopy offers a relichle
method of egtimating copper ion concentration hut the
results are unreliable when copper ions are prescnt in

trace or wery small amounts of the order of 10-9.
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Titrinctrio method affords a more reliable mctirod of
estinatin;, free copper ions and especially the mcthod
of ultramicroanalytical system when the ions are
present in small amounts and in small volumes,

As in the @stimation of zinc, 1004l of copper
solution was treated with 1004l of buffer (conc. Nﬁ5).
1011 of Sulphon Black I' indicator was added, ‘he
solution was titrated with EZDTA until the colour
changed from blue to deep green to give the end-point.
The amount of copper ions present in the solutfon was
obtained from a calibration curve obtained in a sinilar

moanner vith that of zine,
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Summayy of results cbtained from dialysis equilibrium
studies showing the amount of the metal lons bound and
the amount of metal ions added at various degrees ol

ionization of PMA in 0.0 M KNO;.

Tdble 5-A
- o [zn2+.1added X 10“’ } [Zn2+—‘bounéx 10 7]
0.30 | 5.0 l 1430 :
75 i 2.35
10.8 2.85
15.0 | 3.25
175 3434
. 20.0 3.48
O li5 5.0 2413
75 2495
10,0 3, 7%
15.0 4,50
1745 4.55
i 20.0 L4450
0.60 5.0 2.50
75 : 2455
10,0 e 25
15.0 5.50
! 17.5 |
20,0 6420
| 25.0 6,70




Table 5=

. o i 2 N "
[- e | o] 44ea X 107 | [Ou™* T quma * 10 .]
! 0,30} 2,58 1 :
i \ .
: ¢ 3-?5 ; 1"}'15 8
: ¢ 5.08 ] 2.25 ’
‘ ! 6.53 ' 3,00 :

750 3,30

10,0 3.80

12.50 b P L

C.L4o 2.5 0.80

3,75 1.80

5400 2,65

6450 3.50

750 4.00

10,00 L4e 70

12.50 5010

= i
L”-‘---‘-i--- 15 OO 5 1 - - -.—J




Table 5=-B continued

a [Cu2+]added" [pu2+]bound

0.50 2,5 1.0
3.75 2.0

5,00 2.90

7450 hel5

10,0 5. 60

1245 6415

15,00 6,20
0460 2.5 -
3.75 -

5,00 3.10

6.50 e 20

75 L.90

10,0 6.75

12,50 7.20

15,00 7.10
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Tables 5-C and 5-D below show the ratio of the orisinal
carboxylate groups bound per metal ion, when maximum

binding occurs at various degrees of ionization of TMA,

Toble 5=C

-l _
{ l 33U2+1 x 1U* at ) Ratio of original
e G : ! earboxylate groups to

f

-l
ey o e -

E binding oy
i Cu“" ion bound.
SRS S —
Qa3 3. 80 197
0.4 5.15 1.94
0«5 6.25 2.00
0.5 « 30 2.0
.;__.iJ-_ ;7 3 5 )
Teble 5-D
e
r2n2+] at Ratio of original
o, e - carhboxylate groups to

——

[iaximum binding

A

Zn ion bound,

0.30
045
0.50

3.35
L. 70
6e75

[ R S P ———

2.23
2436
2,22
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5¢64 RESULTS AND DISCUSSION

It is quite difficult to find a single physical
method wikie¢h will offer an up-to-date and most satis-
factory method for determination of stability constants
ol bonds hetween polymeric acids and divalent metallic
lons., A4 lot of background therretical work to detecrmine
the co-~ordination numbers and stabllity constanits of
small molecules has been done by Bjerrum12 and for large
molecules hy Gregor et g;ts. Other workers such as

Zﬁbay1&

, Jlandel and Leyte15 have gpplled the saue
knowledpe, with some modifications to study the chnlate
bond s bhetween large molecules and metallic ions.
Bolewgl~i and Lublina16 have recently applied the theory
of multiple equilibria te study the interaction between

24 2+

n~, Ca®" and Cu®T ions and PMA using polarograpiic

tecliniove., Various other analytical methods such us

15

potentionetric titrations ', spectrophotometric methOds17
have been used to determine the co-prdination numbers
and stability constants between copper(II) and A,

In the present study, the authcor has not only nnde

use of the multiple equilibrium theory but has «lso
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considered the type of binding taking place., ¥Ywec types
of reactions have been considered and equations have
been obtained and tested for each type of reaction,

In the Tirst case, the reaction between M2+ and iMA
has hec:n considered as a straight forward chelation

and secondly as chelation leading to dimerization of

the nolecules. In the former case the reaction

M+ (C007), = M(C00),
M(coo)2

v e e

[u][coo],

the relation above it can be shown that
1 2 + 2 ccc-ov--(s"' 17)

’ Ry

giving 31 has been considered, Iro.

If % ic plotted agalnst 1/M, the slope is K?‘ and an
intercept of 2,

In the second sase, if the co-ordination is
assuned to be two i,e, n = 2, a two co-ordinated coinlex
may be obtained or dimerization inw lving two separato
C00~ proups i.e.
H2+

1.0, Ky = ¥(C007),
[][e00™]

+ 20007 = M(Co07),
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Considering the above equilibrium, it can be showm that

i iL?/mb - u(L-ub)} - Eiﬁ} ceneses{5=18)

where I, = !’coo"]orimnal
M‘b = Conecentration in moles of the bound metal 1ons
l-!r = Concentration in moles of free metal ions,

The above eguation should also apply to the equilibrium

) 2+

+ 2(Co07), = M(coo")h

where I becomes original concentration of (CUO'"')2
resultin; in a j-co-ordinated complex, again either
within a single polymer molecule or as a conseqguence

of dimerization.

Regulta:

'8, 51-7% .,are the various plots obtalned from
dialycis equilibrium studies, Figg, 5.1 and 5.2 &re plots
of amownt of divalent cation bound against totel amount
of divalent cation added. These figures have Lcen
obtained from data presented in Tables (5-A) and (5-3).
Tables (5-C) and (5-D) show the co-ordination muber
n( & EI_GOO--_V[H%Jbomd) i.e. maximum number of
carboxylate groups bound per metal ion when maximum

amount of metal ion is bound. This is based on the
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assumption that nearly all CO0~ groups originally
present are bound and this is probably true at nigh
metal ion concentration. These have been deriwved

from figures £+91 and 5v2.

In the case of Zinc-PMA camplex a smooth curve
which finndlly levelg s obtained for each degrec of
ionization studied. The levelling off is obtained when
the ultimate binding capacity has been reached. In this
case the co-ordination number has been found to be
appro-inately equeal to two as seen from table (5-D).

A situation slightly more difficult to analyze is
encountered in coprer-PMA solutions. The shapes of the
curves in figures 5=-2 suggest two types of equilibria
and probably indicating two types of complexes; onc
existing at high charge density and low metal ion
conecentration and the other at high charge density ond
high netal ion concentration, (A similar observation
has been made in the potentiometric titrations). If the
former complex exists i.e. high [GOO-}/[¥2+jbound, it
will probably correspond to four carboxylate groups
bound per metal ion while the latter will probably ~ive
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as ratio 2:1 the guantity {COO‘]/[M2+]qund. whe lotter
hag been fomd to be true as recorded in table (5-C),
Magures 51 and 5-2 reveal thoat binding increases
with inorcasing M-t wntil the ultimate binding is
reached - which probably gives a most stable complei,
This mcans that the ratio [Cooﬂjfree/[mz+]bound alse
deereases asg binding takes place probably due to absence
of available free COO~ groups caused by metal binding.
When maximum binding has taken place, the ratio of
E3OO-}/E£2+}bound remains unchanged and this meens that
a stable complex has been obtained, At this astage all
or neéarly all charged sites must have been bound to
the mctol ions. Figures 571 and An2 alsgu indicate
that pinding decreased with decreasing degree of ioniw
zation, This is to he expected because of changes in
the net charge carboxylate sites on the polyion.
Figurs 5%7 shows a plot of maximum metal Linding
against the degree of jionization. The figure slows
that in both cases, the amount of metal bound is dircetly
proportien to a. The figure alsc reveals that waen the
value of et bound for zinc and copper at the sane
value of ¢ are compared, more copper is bound to LLo

polymer thon zine, These findings secningly indiocates
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that tht Linding is dependent almost entircly on the
number of charged sites availsble assuming exchange
equilibriuwn existing is very small. These findings olso
suggest thnt the copper lons show a greater affinity

to bind BFIA than 2zinc,

Effest of Tinding on Polyion Configuration:

At the degrees of ionization at which the wresent
study was carried out, the molecule which would he
expected to be stretching out to a rod would not be
forced to do so because of the high ionie strcength of
the medium, The high concentration of k¥ ions wouvld
produce o considerable screening effect for the Coo~
grouns, conscgucently a large reduction in electrostntic
repulsive cnergy and the moleceuvic would still exist
in a hirh degree of ceoiling. Under these conditions,
there arc two ways in which interaction can occur,

These arc only suggestions since the data presented hcre
does ot sive a detailed picture of the structurc of tac
complexcs. Binding can take placs by (1) intrachain
interactions and (ii) interchain 1lnteractions.

(i} In intrachain interactions, hinding of a

cation to carboxylate groups on the same pelymer choin
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ooan tolkte place. In this case two near nelghbours arc
involved., Intrachailn interactions may lead to coiling
of the nolcenlss at low degrees of ionization.
Intrachain interactions involving more than two carboxX-
ylate grouns would be difficult (but not impossihle)

on account of stereochemistry. If more than tio
carboxylate groups are bound, interchain interactions
would prohably be favoured, For polymethactylic acid,
the following arrangement may be favoured in introchain

inter~nocti ons.

l ] | 1 |
olololN /coo“ COOH coo~ /coo'
~ et ~ u2*

Figure (a)

[N
]
]

(ii) Interchain interactions involves bindin' of
& divoalent metal ion to two carboxylate groups onc from
each Li chain. In the present work, the ratio ol tho
chargod carboxylate groups to the bound netal ions at
maximum binding capacity, has been found to hc two,
Bearing this in mind, interchain interactions con only
be expluoined in terms of dimerization of the macro-

molceules, This means that two chains have to ali'mn
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themsclves in such a way that the M2+ ions will foru o

brid;e between them. Whether this will be possible

or not dcpends on the ionic strength of the medivm nd
the concentration of M2+. At low ionic strengtihh ond

low 32+ concentration, two highly charged macronolccules
will find it dif ficult to approach each other becenune

of thec strong elcetrostatic force of repulsior,, In this
casey, intcerchain linkage may not be feasible. Iowever,
at hish ionic strength c.g. I = .1 and high 12+
coneeéntration, the electrostatic force of repulsion due
to thc charged sitce will be reduced considerably dve

to screcening cansed by kt ions and binding caused by
cu®* and Zn°* and alignment of two polymer chains will
be possiblec, The following type of structure will
probabiy be favoured for interchain interaction involwving

two cnrboxylate ions binding to one divalent cation,

e o i
Coo Coo G0
ke e e
[ I é _
Co0 Coo 00
| | |
Figure (b)

Both types of complexes illustraied in figures (a) and

(b) could be very stable,
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CAnother possibility is dimerization of tie
macromolceule involving four carboxylate ions. In this
ense, cach chain will supply twe carboxylate grouns

to the M2+ ion.

566022 8tapility of Cu-FMA and Zn-PMA GomplexXes:

S it Al -

In an attempt to evaluate the bpinding constants of
the complexes formed equations 5-17 and §- 48
have hecn obtained. PFigures 5«3 and 5. 't show plots
ghtained from equation  5-~147 for zine and copper
reagpcctively. Figure 5«3 shows plats for threc dificrent
degrces off ionization of the macromolecule, while
figure Bedy shows plots for four different deprccg of
ionizgation., It is evident that there are a number of
differcnecs in the shapes of the curves cbiained,.
In the cage of zine-PMA complexes, all the points 11
on & @ingle straight line for all the degrees of
lonizrtion, This probably suggosts.that a singlc
type of complex is formed., This is also indicoted in
Fig. P»]., The intercept should give n which is scon
to be approximately 2 and this is the value predicted
by theory equation F-17 . The equation nalso prodicts
2 sinsle hinding constant invariant with . This would
support the reaction

Mt (Co07), = M(CO0T),.
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The bindin;, constant obtained is equal to 1,84 x 103.

In the case of copper i.e. figurc 5l,the plot for
each cegrece of ionization give definite curves
(concave upwards). The fact that curves and not stroizht
lincs are obtanined suggests that a complex of varyines
gtability or varying co-ordipntion number is formod at
each staze of the reaction. In all cascs, however, the
graphs exirapolate to 2 which is thc¢ value predicted by
equation 5 - 17.

drures 5.5 and 56 showrthe plots derived fron
the expression in equaticn 5«18, The shapes of thc
curves obtained here are quite different from tic
previous oncs i.¢. figures 53 and 5S5el4. Eguaticn 5-18
predicts thnt the plot should give a straight line
passing through the origin. VWhat is obtained aowecver
is quite different from that expectcd from thcory,
In both firures all tie curwes converge to the origin,
This shows that therc is deviation of experimental
findinzs from thcory. In the case of zinc, it is scen
that as o increascs, the plots tend to approach tiic
thecoretical prediction. In the case of copper, there
is no particular order, It is here recalled thrt in
the present work and with the new equations beiny tested,
it is ouite difficult to estimate the values of



176

{ with absolutec certainty. An attempt has been nadc
in thc ca2sc of zinc where the lincar portions oif the
cuarves in figure 5+5 have becn extrapolated. Tlhe
followin;: values havec been obtainad for the bindin

constant at various degrecs of ionization:

& = 0.30, K = 8.0 x 1073 @ = 0.45, X = 10.16x10°

and (24 == 0160’ K = 1301&5 X 107-

As scen from the data prescnted above, bindin:
constant incrcascs with increasing a. These valucs could
not be compared with those of previous workers becausc
of thc unc of different expressions. Nevertheless, the
author is happy to notc that the value of the co-ordina-
tion nunber obtained is in agreement with thosc of
Bolewski and Lublina16 and with those of Mardel and
Leytcs The present result is however in contradiction
with thosc of Hornmetz17.

5.7 Gonclugion:
1o It has becen found that both copper and zinc
interact quite strongly with PMA to form cheloto
complcxes with copper interacting more stron ly

than zinec,
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uXvrcessions have been obtainced to enable thc
avthor to calculatc the binding constant T a.d the

co=ordination number n.

Bach cation form complexcs involving two carboxylate
rroung to one metal ion and that the modc ol
binding could be eitucr intramolecularly or intcr-—
molceularly dcecpending on the cation concentration,

ionic strcngth and the degrec of ionization,
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FIG 5-3 Computation of stability constants and
co-ordination  number of In—PMA complexes
PMA] = 2.5 X IO3M ;,  I-0.10 .
0-2=0.30; A-w=045;, g-d=0-60 .
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FIG 5.4 Computation of stability constants and
co-ordination number of Cu—PMA complexes
[PMA] = 2.5 X 1G0°M I=0 D

a-a&=03, -d=0.4; A-d=0.5; B-d =06
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FIG 55 Computation

of

stability

In—PMA complexes at
[PMA] = 2.5 X IG°M ;-

o-d« Q. 30;

constants for
25%
I=Q.10 .

A-d=(). 45 : B-od= Q. 60 -
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FIG 56 Computation of stability constants for Cu— PMA
complexes at 25°%C . [F—’l\.f!.Al-.z-S><~IC)"3!~.«1.J I- Q'O

B-4d=0.-30; A-d=0.40; o-d=0- sojem:o. 60



Kimum binding

N

(M) at

w

Ol

FIG 5.7

o3 03 . ¥’} 05 08 o7

Plots for two metdl ions at maximum binding
o - copper . @ — zing .



1.
e

S
L.

5e

Te

8.

9e

10.
1.

13

REFERENCES

Osborn W.A., J. Physiol. 34, 84, (1906).

Hotliar, A. M, and Morawetz, H.; J. Ame Chaon,

Soc. 77, 3692, (1955).
Donnan, G, F.; Chemicnl Reviews 1, 73, (1924).

Ostwalt, W, Address to Sterling Chemistry
Laboratory (189).

Donaucn, G, M. and Guggenheim, E. A.; Z, Physil,
Chem, (Leipzig) 162, 346, (1932),

“arbur~, 0,3 Biochem, J, 16, 307, (1922).

Vogel, A, I., Quantitative Inorganic Chemistry,
ppe433, Lid.

Kaprush, P, and Soncnber, M.; J. Am. Chem, Soc,
.11—! 1369! (1914—9) .

Beckmmn Instrumcent Inc., Technienl Bulletin
o, 6071C, (1960),

Gurrenheim, E, A,; Thermodynamics, pp.337-338.

‘oroviitz, M. G.; Analyticnl methods of Protcin
Chemistry 2, 133, (1960).

Ht“m,n., 2. ?\..\5'.1» o , ip_\;, 2\ ,h‘\ﬁ-’a]

178



13.

&
6.

16.

9,

179
Gregor, H, P,, Luttinger, L., B, and Loebl, B, M,,
J. Phys. Chem. 59, 34, (1955).
Zubay, C., J. Phys, Chem, 81, 377, (1957).

Mandel, M. and Leyte, J. C.,, J. Poly. Sc. A2,
2883, (1964),

Bolewski, K. and Lublina, M., Rocznikil Chemi.
Ann, Soc. Chim. I, 647, {1970).

Morawetz, H.,Jd. Poly. Sc, 17, hh2, (1955).



Gela
6.1.1‘

6.2,
Ba2ete
5.2.1.1.
6.2.7,2.
642,143

Ge3a
€.341.
6.3.2.
Bedelele

6034242

6‘302.3|

6'3I2‘)—1|-l
6.l

Chapter &

POTENTIOMETRIC TITRATIONS

CONTENTS

Theory .. .e . " ae .

Theoretical analysis of titration
cuwes * B LI a0 [

Experimental .. .o . v

Potentiometric Titration of PMA

Titration at Changlng ionic Strength
Titration at Constant ionic Strength

Potentiometric Titration of PMA with
zinc nitrate and copper nitrate

solutions .e .o .
Results and Discussions .. .-
Results ve . - -
Discussion ve .o .o ’ e

Potentiocmetric behaviour of agueous

solution of PMA . .

Potentiometric behaviour of PMA
sclutions in the presence of
Cu(NO3)2 and Zn(m3)2 .

Transformation of titration curves to

complex formation curves v
Effect of ionic strength .. oo

References e .e

180

180
198
198
198
199

200
202
203
204

204

208

217
22l
226



POTENTIOMETRIC TITRATIONS

6+1+ Theory:

The eguilibria which exist between hydrogen ions
and macromnolecules which are acidic, basic or amphoteric
in nature have been studied more extensively than nost
other equilibria in polyelectrolyte systems, This is due
at least in part to the fact that pH measurement provides
an eagsy neans of determining the activity of the hydrogen

-4

ions over a range from about unit activity to 10 .

Before considering the ionization equilibria of
polymeric species with a large number of ionizable
groups, it is necessary to deal with the titration of
materials such as monocarboxylic and dicarboxylic acids.

In dilute sclutions, a weak monobasic acid .

oan be described by the following equations,

H:A = H+ -+ A.— R R N (6“1)

and the¢ ionization constant k expressed by

kK = [Aﬁ agt = ?%E Byt ceeseecenss (6~ 2)
EHA!

| .

where o = A-/cn =£_ + k -oacncc-.oa'(e"'})
3-H+
180
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and these expressions assume &~ = YHA‘

In the above equations, k is the ienization constant,
o is the degree of ijonization of the carboxyl proups,
Gn ig the concentration of the zcid in equivalents
(moles) per litre, @+ is the sctivity of hydrogen,
- and agm_are the activity coefficients of the species
AT and H. respectigely and the bracketed quantities
are the analytical qguantities of the various entities.
From the above relationship it can be seen that tie pdA
at any degree of jonization can be calculated provided
k is known, It can also be seen that as a conseguence
of equation 6-3, that pH depends on a only and not on
the concentration of the acid.

The ionization equilibria in a dibasic acid usay

be reprecented schematically by

X, T + gt
S 3 -
COOH COOH ~~—=-= CO00H oo ceees( B 1)
PO ¥ —
HZA e HA + gt
k, + H
— T | '
Co0H o0 coo” CO0T ar.el (6~ 5)
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The jonization constant k1 and k2 are defined as

[HAHJaH+ coesecsnreares{ 6 = 6)
[24]
Ky = Ej‘fﬁ" N G- 5
(2]

and the dogree of ionization a is given by

4

P I g B, He '
n 14 El N k1k2

L o
A+ ZaH+)J

If the icnizeble groups are far from each other, the
ease of jonization of each of the carboxyl groups will
be independent of the state of ionization of the othey.
The titration curve will then be 1indistinguishablc from
that of a monocarboxylic acid with an ionization
constant k° and a concenstration equal to the stoichio-
metric caprhoxylic concentration of the dicarhoxylic
acid (Gn). Ior any overall degree of ionization Oy 9
there will be a fraction (1 - ai)z of unionized, and

? of dovbly ilonized

2@1(1 - ui) of singly ionized and «
molecules, The identical result is obtained if to the

firet ionlization step is assigned and equilibrium
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eonstant k2 = kq/2, since two carboxyls may lose a

proton in the first step, while a proton may attach

itsell to two alternative sites in the second eguilibhrium.
If the carboxyls are sufficiently close to one

another, the removal of the proton will be impeded by

the dlsctrostatic attraction of the neighbouring carivoXy¥e

late group, To overcome it, “he mclar free energy for

the segond Jonizatlion step will have to be increased by

electrostatic free energy of ionization" AG;‘ riven by

2
1 =
aGlﬂNrm ““.%dr:: NBQ/DI‘B..-..--‘:--{G—Q)

[2) .
r=r, Dy

D is the dielectric constant of the medium and re ias
the distance between the twe loniszsble groups and the

ratio of the first and second ionization constanbs

] 5 k
becomes then fEl =1 exp( - aGéI/RT) R - [e)
2

As a consequence of equation 6=10, if there is no
interaciion between the carboxyl groups, the ratio ;:
should e equal to u1.

Ir Te is small, the proper choice of D usually
presends some difficulties. Kirkwood and Westheim6r2
pointed out that it is incerrvect to use the wvaluve of the
dielectric constant of water (~ 80). Since moat of tho

electrical lines of force will pass through the crganic
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molecule, wWhich is charaterised by a much lower dielcoiric
constant (~2), They showed that the experimental results
can be accounied for by using a model in which the ionie
charges are placed on an ellipsoid with the dielectric coustant
of an organioc substance and this ellipsoid is immersed intoe
the aqueous medium. It should be noted, however, that such
agreement bctween predicted and experimental data presuppoces
a good knowledge of the conformational distribution o' the
dicarboxylic acid in its unionized, singly ionized anc doubly
ionized state, !'or instance, Eberains, reported that in the
meso and the raceionic forms of a,B~dialkylsuccinic acids

R R R R

[ I 1
HOOG-C-(E;—GOOH HOOC—C-{E-GOOH

i

oo "'I R

> may differ by a factor as large as 10 if the

R groups are 1 sufficiently bulky.,.

Hl

the wvalue of

Tor a polymeric acid having p monomer units per rolymer

molecule, the apparent stepwise dissociation constgat is

defined by
M o]
4 = :"_'Q-'IA JaH-'. .l'.ll..ll.lllll.l..l.( 6-— 11)
r
_Hpé]-.] .
=

. i
Iv!{_.g"'n“"'ﬂ‘n’-{i. loo.caou.ooqncano..cq(s -—12)

r ]
LHp~n+1A”

A
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Hence the desree of ionization a is given Dby

o = £ n[Hg-nmA] feeeereanerenrennnenes (6=13)

Cn

n=p n. M K
tese & = TEHOT T e (6 -10)

P Lk,

T a.+
n=ouﬂ

where Gn ig the concentration of the scid in equivalents
(moles) per litre., In the above expressions the hydpogen 1on
activity has been used rather than hydrogen ion concentration,
because the pi measurement, although it is not a measure of

the activity of hydrogen ions as one would define it, it i=s
¢leser to it than it is to a measure of hydrogen ion
concentration, However, hydrogen ion activity is considered

to be pH = -~ logay+ in all the work done, The constantsIy
which occur in eguation §-15 are stepwise apparent dissociation
constants for a reaction such as —COOH — =C00~ + H' at

single sites. The apparent dissociation constant Ky is not

a constant but is a function of the pH or degree of ionization,
It is howsver practically impossible to determine the varlous
Ki‘s for each dissociating site. However many authors have
developed enplriocal formulae which relate the potentliometiplo

bhehaviour of polymeric acids to a single dissociation constant.
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It was T.inderstrum - Langu who first applled the

5

theories o Bjlerrum” and Debye to the dissocciation ol
polyelectrolytes, He derived equations for a hypothetical
polyvalent ampholyte which were partleularly desi;nced

to desoribe the effects of ionic strength on the disco-
ciation of proteins. Unfortunately, data adequate Jor

a eonprehensive test were not available at the time it
was Geveloped., Von Multrat6 applied the Law of ilass
Action tc the polyvalent ampholyte. He pointed out that
the dilssociation curve of such materials can be simulated
by that of an appropriate mixture of univalent aclds.

A number of reconstructions of proteins have been nadse on
this princip167’8. There 1s however a considerabile
latitude in the choice of the number of different uwni-
valent acids which shall be employed, the preportiors in
which they shall be mixed, and the dissociation constants
which shall be assigned to them, The choices nade in

a2 successful reconstruction, therefore, bear no neocessary
relation to the ionizing groups in the protein, lioreover,
this nethod of approach affords no rational basis for

& deseription of the Iimpertant effect of the ionio
strenrth on the shape of the curve.

geveral other workers have produced empirical

equations to describe the titration behaviour of polymeric
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acid solutlons pnder varylng conditions,. Kern9 and
Katchalsky and Spitnikﬁo found that u single titration
curye of polymeric acld may be described empirically

by constants pK and n according to the following escuations,

PI = DE® + BDPH vierernceress(6=16)

PK, =~ n 108 1=0 .......(6-17)
a

Equation 6-16 was that ebtained by Kern and equation 6-17

and pil

that due to Katchalsky and Spiltnik, This is a modified
form of tie Tamous Henderson-Hassebalch eguation:

PH = pI{ -log 1-"& oan.tlo'-u(6"18)
a

vhere pKk=, B, PE, ard n are constants for a given
titration, Nagasawa and Rice11 pointed out that
equation 6s16 and E~17 are the same if n = 1/(1-5).
Katchalsky and Spitnik worked extensively on poten-~
tlometric titrations of PMA at different concentrations,
dif ferent molecular weights, in the presence and absence
of neutral sali{s as well as in dioxane-water mixtiurss,
I'rom their own data10 and that of Kern9 it was deduced
that titration curves of polymeric acids of concentration
C and polymerizatlion degree P show no inflexion points
and in this respect resemble the tigration curves of
monobasic acids of coﬁcentration PC, Katchalsky and

10

3pitnilk Tound from their data that the pK and n are
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independent of molecular weight, Both pll and n show a
definite tendency to decrease with increasing concentra-
tion, This tendency was shown to be an apparent one on
introducing activity corrections. This correcition
presuposes that the Debye-Huckel ionic atmospherc 1s

built round each group. The equation obtained was

pH = PK - 2logPC — b - Yb co-.o(;6—19)
C

where P is the degree of polymerization, ¢ 1s the
concentration of the polymer and b is the astoichonetrig
concentration of anions. Egquation 6-19 did not fit
experinental data and an empirical constant A had to he
introduced, |

PH = PK - 210g Pc-‘b - Rﬁ—-onnu tao(é—EO)
&

A varies Cfrom 1 to Iy but the most frequent value is 3.

The physical meaning is that the ionic atmosphere is built
round more than one group but less than two on tle average,
CGenerally, neutral salts extert a strong influence
on the pi of solutiong of PMA. The pHd decreases in the

presence of salts, the decrease in pH increasing with
the salt concentration, Xatchalsky and Spitnik1o

conductcd n series of potentiometric titrations in thé

presence of different concentrations of sodium chloride,
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They found that equation 620 accounts adequately for
the decreage in pH at lower ionlic strength. Al hishor
galt concentrations, the salting out effect comes intc
operation md a corresponding term was added, transfor—
ming eguation 6-20to ;

pi = pK - 2log§9_é-_1_3, - 2 Vu + K u -“(6721)

where KS denotes the salting vut constant. The validity
of equation 6-21 was tested oy titrations of P4 in
dioxane-water mixture,

The degeyiption of titration curves of polyuneric
acids DLy an equation of the type exemplified by the
following equation

Pd = PE = nlog 1=0  seeseecs(0+18)
- o
was fouwnd to suilt the titration curves of certain

proteins calong the nearly linear segment of the curve11.

11

Cannan = deseribed the validity of equation €-~18 as being

dvue to ite approximation to a more fundawmental equation
based on the calculations of Linderstrom-Langh. The

12 in their

equation used by Cannan, Kirbrick and Palmer
investigation on the tijratien curves of egg albumin
and lactalbumin was

pi = pK -~ log 1-a - O.868w(n-am)....(6u22j
a .
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.
where v denotes e%_ & T—:—% s ¢ iz the electromic
oCIT B a ;

charge, U is the dielectric constant, k is the Boltzﬁan
constant, © is the radius of polymeric ion, a is the
radiva,necarest approach of cpposite ions, % is the ;
thickness of the ionic atmosphere in the Debye—Huckei
theory, m the number of carboxyl groups and n the nunmber
of cationic groups. 1In the case of FMA (or polyacids in
general) it carrics no cationic groups (n = o) aud the
nunber of carboxyl groups m is equal to the degree of
polymerization P (m = P) then equation 6-22 transforas to

PH = pK + 0.86Bawp-log 1§g cereniecsse(Ba23)
At constant w, this formula should yield a straight line
for plot of o apainst pd + log l&g_ A comparison of the
Pl volues of two curves of different @ values ;ives ths
following relation bpetween pH and «,

6pH = 0.868a(wy = W) seseeesnrs-{6=20)

Neither equation €-£3 nor -2l was found to hold
for tle titration of polymethacrylic acid. It mi;ht be
expected that the spherical model underlying the calcula-
tions of LinderstromrLanga'is untenable when applied to
fibrillar, randomly kinged molecules.

13

Kapawa has proposed an empirical formula for the

titration of polymeric acids,

m+1
2pH = pPK_ - log (1=c8

- 10g Cm .....F(G-r.?.fi)
>4 .
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whers Cm denotes the polymer concentraticn, and pKS

and m are constants. It hos been shovn by Latchalsky

and ccJ--v.arc:cc.‘tcer531LL that equation 6~25 is the same as
equation &6~17 provided n ia equal to 2&&1 and pE 1s

equal to (pK, + log 2~log0m)/2. Hence the limitations

on the usc of empirical constants pK arnd n of equation
e-~¥7 apply equally to the constants pKS and m in equation
*-25,

Reoently, Spenser15 showed that the titration constant
pK* which appears in equation €~16 differs frum P, and
b, which appear in equation 6-F7 and 6-25 respectively,

npk* = pK, = DK seasceassee(Be26)

Spenser15 showed that pH® is a characteristic constant
for a polycarboxylic acid. It is sensitive to changes
In ionie strength and concentration, while D, md n
decrease smoothly with increasing ionic strength or |
concentration. Spenser showed from his titration data,
that pI* is a common peint in the family of cwvoes
cbtained when pH is plotied against log 1§g in eouation
6-17. 'Me plot of pH¥/n against log iig reduces the
family of curves te a single line which is independent
of ionio strength. .

The theory of titrations of ionizable polymeric

chains under canditions where only electrical interactions
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between neighbuuring ionized groups need be considered
has been formulated by Marcus16. If Pe is the frce
energy roquired to move two equivalents of isolated

fonized groups to positions on the chain where tigy

form nearest neighbour pairs, then

¥ - x, %4 /X - 20441) ceennd (B27)
80P ® T e TR + 2000 |

where x = hg1(1-ai)[exp(AFe/RT) - 1].
If APe = 0, the titration behaviour of the polymer reduces

1

to that of  the monofunctional anelog. On the other innd,
ir é§%>> 1, the lonization of the neighiouring oreuns
becomes very difficult and alternate groups on ihe
polymeric chain tend to he ionized first. Only vhen
ai}*D.E will 1t be necessary to ionize the intermidiate
groups, a nrocess which i8 being resigtcd by the eleotro-
statio interactions of two neighbouring ionic chargea,
The polymer then approXimates the behaviour of o divasic
acid or basgse whose two lonization congtants differ Ly

a foaotor of sxp.[Q&Fe/RTJ. However, such a behaviour

has never been observed with polymeric acids, 21 though
with polymeric bases nearest neighbour interactions do
dominate the titration behaviour even when the concenfra-

tion of simple electrolytes 1s relatively low17.
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I'any other authors have proposed theoretical
equations 10 analyse the potentiometric behaviour of
polyeleotrolytes18’19 and their attempt may be swinarised

by the Tollowing eguation:

i

10 0 (are) -
pH o b ""J:k%!é 'g'f' X 30(6 20)

pKo - log
where plii, 18 an intrinsic dissoclation constant charaCe.
teristic of the ionizable group of the pulymer and
independent of the ionic strength, Fe is the electrostatic
free ererpy of the ionized polyelectrolyte molecule
carrying V negatively charged groups and » is the inverse
Debye radius determined by the concentration of the small
ions in the solution, On the other hand, equation 6-29

describes the potentiometric behaviour of polybases
R B QU343 (30e) B
p-{ IJl\O "e J.Og 1‘-8 - kT ?g— " .o -(6 29)

where in this case, pKB represents the dissociation
constant of' the cationic acid conjugate to the sin;gle
basic sroup of the polymer, B is the degree of ionization
of the polybase and € is the number of positive iocnized
groups carried by the polymer,

Mpom equations 628 and 6-20 one would expect the
electrochemical behaviour to be charaterised by a sinile
dissocinting constant, but also to depend on the way in

which the clectrostatic field energy varies with the number
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of charged pgroups and with the ionic strength ol the

medium,

Apart from Xatchalsky 9312;18, Arnold g 2;19

Marcus16 and Katchalsky1? et al various other pe0p1320”25

have made attempts to calculate electrostatic Iree

25

enerpgy. KRatchalsky and Lifson proposed the following

expresaion for a randomly kinked polycarboxyllic acid

2 2 ’
a' V CC S —'S " T -
(2Pey - 2JVe [An(1+ 6h . a(8,-8.) 6n/Khg ] (6-30)
3V /n Dbh Kh o8 2
o 1+6h/Kh }
and a corresponding equation holds for (%%E " 1.

for polybases. Here h is the end to end distance of the
ionized, vpolymolecule, stretched by the electirostatioc
repulsion of the V charges spread over the molecule,

hO is the end to end distance of a discharged molecule,
I this ecuation is now introduced into equation 29 for

potentiometric titrations of polymeric acid, we set,

2 2
" 1= Ve Kh
pad = pk - log aa +  Shem [log( 02+ 6h) -~
Ehg

.33 a(8;=80). __&u ] ... (6-31)

29 Eh, + 6h
whére h = Z2b and b = hydrodynamic length of the monomer
and Z the degree of polymerisation. According to Kuhnze
B2 28D rreinereennenes(6+32),

Q
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"here S igc the number of monomers per statistical |
element. 'The value of S depends on steric factors and
on solute~solvent interaction. When the polyacid is
highly soluble, S is independent of o, When the
polyacid is only slightly soluble at low degrees of
lonization and becoming highly solvated with increaging
o, then 8 becomes markedly dependent on the degree of

lonization and this dependence is represented hy a

linear funetion thus i
8 = (1 '—a) SU + si ....t.ll..l.t(&.g.s)’

Equation 6-33 expresses the fact that the statistical
elenent of the slighitly sclvated, undissolved polyuer
inereasea wWith the number of higher solvated ionized

gIoups.

In sone polyelectrolytes e.g. polyuwenieo acids,
|

27

steric factors cause the molecules to be highly
stretched alrcady even at low degrees of ionization
80 that h = Zb to a good approximation, Moreover, as
the hydroxyl group of the polywawa acids make the
golubility largely independent of the degree of ioni-
zation, S5 become independent of o and 8; ~ S, = O,
Thege twe simplifications when applied consegquently
reduce the potientiometrie titration expression to

2
- 1=-0 . 2q¢€
PH = pI"o = log o + DkaJ 108'(1 *+ 'I'Eé"-"') L) 9(6“314-)
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Ixtensive potentiometric measurements were carried out
in order to test the wvalidity of the equations mentioned
dgbove for FiA. It was found by Katchalsky et alz?,

15 %

and H, ¢, Spenser hat potentiometric data are

independent of molecular weight., The relation betweén

PE and pKO and n for a stretched molecule is

(pK ~ p¥_ )/ (n-1) = 0.866

whereas for a randomly kinked molecule the relationship
gives 2,56, |

Recently, Letyte and Mande128 and Mandel et a129
have applied a thermodynamic treatment to explain the
configurational transition which occurs when Pild is
titrated with a base, The transition has heen described
as oceuring between two forms, 2 ~ dominating at low
values of ¢ and a more extended form b which is predo-
minantly present at higher values of a. They obtalned
in terns of pH the enthalply difference between the

two forns a and b. ;

" o i
[ o - pE®)ae = __1 (HO-H3) oo (6-55)
© 2.3037ZkT |
This expression is now transformed to a relation which

is a frnetion of pK's

ax r b 1 b a -
Io (% - PK)do = 5yeggEr (H - H) ... (636)
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Thus fro equation 6-36 it is seen that the tramsition
free enthalpy at a=0 may be determined experiment~lly

ir pI‘:b is Imown in the region of o values below @ = Cye
This was also established by Zimm and reice:zm for helix -~
random coil transitions, To obtain pr, an apparent

pKk was introduced to extended Henderson~Hassebalch

equation 1.e, equation 6=17 and this gives
pl{ = pKa - (n-1 )10g j_';_a" EEEEE) (6"37)

Bquation 636 5‘ integration between &, and 1-%, shows
p’t:a to be egqual to pK at a=0,5. Thus pK is largely
dependent on ¢ and this attributed to the increase of
electrostatic free enthalpy of the ionized molecule
during titration., By extrapolation of the titration
plots into the transition region, it would then he
poseible to obtain pfib values which may be transformed
into pl{b values need to evaluate equation B=36.
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Beloy EXPERINENTAL
Celele Potentiometric Titration of Polymethacrylic Acid
i
Method,
62,141, Mitration at Changings ionic Strength:

A Deckman pH meter Model G3 was used for these
titrations at 24L.5 # 0.100. The Model G2 pHd meter
only uses Beckman Glass Electrodes in conjuction with
Beckman Reference Electrodes for pH determination and
other clectrochemical - potential measurementis. Fhe
glass electrodes have low electrical resiastance permiting
the construction of thick bulbs which are nearly
unbreakdble and have excellent chemical durahility,
Accuracy and reprodueibillity were abtained to within
0,02 pid vnit, MNeasurements were made inside tle
electrostatistically shielded compartment by using the
anall electrodes and sample beaker mounted on the door.
A null~type meter system assured sasccuracy indepeindent
of tlw mechanlcal properties of a registering meter
and of changes in the amplifier. Accuracy is further
agssured because the maximum sensitivity of the anplifier
occurs at the balance point.

1.0 ml of 0.01 base molar PMA was pipetted into the

titrating vessel. Enough KNQ3 wag added to give the
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deaired concentration after the solution had been
diluted o 4,0 mls. I'ive concentrations (1.0, 0.05,
0.025, 0,01 and 0.00)M I{NO3 were uged. The solution was
titrated with 25.0 x 10™M KOH, The results obbained
have been presented in graphical form. |

6241420 Titration at Constant Ionic Stqgngt@1u

Tue titrations reported in the preceding section
are founded on a progreagive change of ionic strengthe
The constant ionic strength titration permitted rirorous
comparison of titration curves. Two solutions were
prepared, one of the free polymeric acid (A) and the
other of the fully n3utralised polymeric acid () of
equal polymer concentration. Now, sclution (A) was
titrated with solution (B) up to a=0.50 and vice-versa
and the pH values determined., By this device,'practi-
cally the whole range of oo from C tc 1 was covered at
constant concentration of the sglt and constant FMA
concentration, A sevries of potentiometric titrations
off FMA at constant cacentration (0.00, 0.01, 0.05, 0,1

and 0,05 KN03 were carried out at 24.5 1 0.1 °C,
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Belels3. Potentiometric Titration of Polymethaerylic

acld with zine nitrate and Coper Nitrate
solytionsg:

It has peen reported by various authors that
polymethacyylic acid forms stuble complexes with Cu(IX)
¥ EN
ion331"53, while Mandel and LeyteBh, 0'leil et all?)

snd Dolewiski und Lu‘bix\a36 have reported that Zn2+,

2+ 2+ also form stable complexes with PrA,

ca®*, gt and Cu
FPurthermore, it has been stated that the Cu-PMA chelate
probably involves four carboxylate groups for every
copper boundBB. In order to0 contribute to the

existing knowledge about PMA - cation interaction, the
avthor has c¢arried out a series of potentiometric

titrations involving PHA, zinc and copper ions,

(a) Principle:

I eations are bound by a polyanion, their elceetro-
static fields alone will affect the acid base character
of the titratable groups. This effeect can be conveniently
measured hy determination of changes in titration

cuIrves,

Erogedure:
A ctock solution of PMA (0.01 base molar) was

prepared axl dilutions made as required., Generolly

2,50 x 10™ base molar PHA solutions were used throughout
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:
the titrations. Potentiometric titrations were carried
gut at vorious degrees of ionization and variouvs ionic
strengths,

The general procedure in a typical experiment was
as Tollows: i

740 ml of 0,01 bhose molar PMA was pipetted intb
the titrating vessel. DLnough XKOH solution of known
strength was added to give the desired degree of neutra-
lization and also enough ENO5 was added to give the
degired concentration when the golution was diluted to
4,0 m1, The solution was then titrated with 12,0 x $0 i
Zn(NO3)2 solution and the pH of the solution read
from a Deckman pH Meter Model GS, after addition and
after stirring for about three minutes. The volume
added cnocoh time was also noted,

Generally, titrations with metal ions were carried
out with the polymer pretitrated to varying degrecs
of neutralization (from g=0.1 {0 @=0.9). Pretitnation was
carried out by adding known quantities of 25 x 107
KO0d, Tour concentrations of added salt were uscd :
(0.01, &2}@5, 0,05, 0.10)M Ki0;. 4Also, for cach titran
tion, a blank titration was carried out to investigate
the effect of dilution on metal-polymer interaction,

All titprations were carriled out at 24.5 + 0.100.
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6.3 Resgu nd Discu n

The potentiometric titration of polymethacrylic
acid and polyacrylic acid has been studied by many
investigators either from theoretical view point or
experimcntally1-27. In general, the experimental results
for a single titration can be expressed by the modified

form of Handerson-Haosclbalelh cguation

pH = pKa +n10g71% 010000006_17

It appears in general from the published experimental
evidence that the solutian properties of PHA are sonewhat
peculiar.

It hag also been shown by several workers that both
polyacrylic and polymethacrylic acids form stable
complexes with copper and zinc51'36. It has been stated
that copper crhelate probably involves four carboxylate
groups for everybound copper ion32‘33. Some authorsz’u’36
hove proposed that the Cu-PMA complex involves two
carboxylate groups to one metal ion bound. I'rom the
available results up to the present day, it has been
difficult to decide what the co-ordination number of
copper and zinc complexes with PMA 1s.

The potentiometric behaviour of PMA in the presence

of copper and zinc has been investigated by the author
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Unlike the previous workers, pH bshaviour of PMA
rretitrated to various extents with a strong base and
subsequently titrated with strong counté®ion binder:
Zn(N03)2 and (3\1(1:0‘,))2 has been reported here, These
have been carried out in various constant ionic strength

media,

6.3.1 Results:

The results reported heére have: been obtained by
method of titration at constant ionic strength and
constant pelymer concentration. These titrations were
carried out as outlined in sections 6.2.1.2 and 6.2,1.3.
Figs 6.1 to 6,16 are various plots cbtained from the
potentiometric titrations of ™A in the absence ard
in the presence of divalent cations. Figs 6.1 and 6.2
are the plots obtained for potentiometric titrations of
aqueous PMA soluition at constant [PMA.-] and at various
constant ionic strengths at 25.0. Pig 6.1 i8 a plot of
pH against log -:I%E while Fig 6,2 is a plot of pKa =
[PH - log TEE ] arsainst a. These plots have bheen derived
from equation 6-17 and are designed to monitor the
solution properties of PMA,

rig. 6,3 to 6.8 are the various plots obtained for
potentiometric titration of pretitrated PMA with copper
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nitrate solution at various experimental comditions
while figures 6,9 to 6,12 are the various plots for
titration of pretitrated BA with zinc nitrate solu%ions.
Fig., 6.13 anl G.14 compare the amount of CO0  bownd by

M2+

at a = 03 aud also the variation of Coobound with
a respectively, In figure 6,15 and figure 6.16 the
ionic strengths effects on Cu~-PMA and Zn-PMA complexes
resgpectively, are compared at various degrees of iogi-
zation of the polymeric acid. i
6.342+. . Discussion:
6.3.2,%, Potentiometric behaviour of aguecus solution of
polyme thacrylic acid (PMA), .

According to Xatchalsky and Sptinik10, the plot

1
a large range of o values a straight line corresponding

of pH against log w%a should yield for a polyacid for

t» equation 6-17 which is an extended form of Handerson-

38 and Gregor

iHasselbach eguation 6~18, ., MacLaren
et a131 obtained virtually straibght 1ine plcts for pﬁ
against log P yorn while Mandel and Leyte39 ¢btained two
linear segments; one sxisting at o (0.1 and the other
at a )0.3. In the pregent veport, Tig. 6.1 shows some

striking differences from those of previous workers.
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Each curve in figure 6.1 can be divided into three
segments and thc se have been interpreted in terms of
configurational changes. The depressed (concave
upwards) region represents the region vwhere configura-
tional transition takes place. In figure 6.1, the value
of n (from eguation 6-17) which modifies log ?EE is not a
congtant and appears to vary along each curve,

Also for these titrations, values of pKa and the
degree of ionization (a) have been calculated from pH
values and polymer concentrations. However, the values
obtained for (g) are not absolute values as will be
ssen‘ shortly., I'izure 6.2 shows the plot of pKa against
a at various ionic strengths. This figure in particular
reveals intercsting properties of WMA, The figure shows
that the apparent dissociation constant ¥, of a

polycarboxylic acid defined as

o = &y [co0™}/[coon] .......6-38

is not a constant but is a function of the degree of
ionization i.e. plia is largely dependent on a. The shape
of potentiemetric titration curves of PMA in salt
soclutions may be interpreted by assuming a configura-
tional transition in the region of low degrees of ioniza-

tian?'27. Generally, fig. 6.2 shows, first, a decrease
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in pKa which is followed by a rise to a platean and
eventually increases again at high charge densities
of the polyion, Tlis interesting but complicated
behaviiour scems 1o suggest a conformational transitinn
in the region characterised bMZ%Eateau. It must be

wernt 1oned here that the complexities associated with the
behaviour of RIA are largely caused by polylon configu-—
rational changes (which brings about expansion as COO
are produced) and the distributiongie mobile ions in
the vieinity of the charged chain. This will probably

be understood if one considers a sort of doubple layer

Bffect- J
o
_. ¢t . gt |
)
-~ '
.-z . , ut
- gt K+K+ I
!
- +
R S
/ 1
Polymer Associated Bulk Solution
chain. layer

The picture presented above shows a polymer chain
carrying negative charges. These charges are surroundénd
by y* and ' ionsg with some negatively charged byions

80 that one gets a sort of douhle layer. Now let a

hyprthetical situation exist where the double layer
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(Associated layer) is separated by a mexbrane (shoﬁn
in broken line) from the bulk sclution. Now when the
electrodes are dipped into the solution  the [H+] in
the bulk sclutivn will e measured. Variocus situations
can naw be congzidered depsnding on tre movement «f lons
across the hypothetical membrane. {

Ap with Donnan effect mentioned in chapter 5,
the number of jons in bulk solution will be less than
in the double layer but in actual Tact the distribution
of these ions is determined by the ionic atrength i
¢f the medium, One will probably find that at high
ionic strength, the I:EI+] in the dowble layer will
probebly be the same as in hulk solution because thel
laons tends to distribute themselves evenly acrogs the
hypothetical -membrane, However, at low ionic strength,
because of maintance of equilibrium between the double
laysr and the polymer, more iens will tend to be found
in the dcuble layer. 1i.e. the distribution of ions |
is probably dissimilar and this may lead to measured
rH not being a true representation of the degree of
ionizatien of PLA,

It ie noted that as the ionic strength increases;

the transition region seems to spread over a larger E
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titration interval. In chapter 3, it was suggested
that the increase in nap woas due to repulsion caused
by the fixed charges on CO0  groups. Thus the large
dependence of pKa on @ is generally attributcd o the
increage in electrostatic free energy of the ionized
groups ag the titration procceds.

However, before considering the effect of KN03 on
AGel, ong should first of 2ll cmsider the effect of I
on pKa, The variation of ionic strength with & has
a long range effect on pKa tham the short range. It has
been suggested by Morawetzuo that in a highly ionized
polymethacrylic acid only cne water mclecule is believed
t0 have space between two ionakzable groups so that ionic
strength effect is expected (o have little influence
on ad jacent groups but will have a considerdble effect
on the long range groups, This probably accounts for
the slopes of figure 6.1 having nearly the same value.

High concentration of KNOB has little effect on
near neighbour GO0~ greups but hos a screening effect
on the long ronge internctions with the result that the
long-range electrostatic field of the polyion is
minimized. In fact Katcholdsky and Sptinik1o have fouhd

that in many cases ﬁGi

1lec is approximately proportional
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to log T%F over an extended range of the titration
of polymeric acids (0,1< g€ 0,9). With this in mind,

equation {6-17) is now modified to give

PH = pI{.O + n’ log ﬁai 000116 - 39

where deviation of n' from unity is a mzasure of the
magnitude of the slectrosatic effects., If AGjelec is
relatively small, then a plot of pH against log ?%%i
sheuld be linear with slope = 1. Figure 6,1 ig a

, 1
revelation of the fact that AG elsc

1s quite large
in these interactions. |

The first initial decrease in pKa is assgoglated
with the compact siructure of the PMA melecule, In
this region, only the ~COOH groups on the periphery are
Peing titrated and thig does not lead to expansion of
the molecule. Chain expansion only starts when the

sclvent is able to penetrate the coiled molecule and

ionize the buried -COOH groups,

6.3.2.2, Potentiometric behaviour of squeous solutions
of PMA in the presence of copper and zine
nitrates

In this process, the hydrogen ion cencentration

of the sclution was measured against the concentration
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of the metal 1on added and the pH reasding was plotted
ag a function of the concentration of the metal ion
uged to titrate the preionized fMA gelution, It was
obgerved that when cations were added, the pH generally
"decreased, Thus it may be said that the pH changes
preduced by the addition of u2* 1ons {M2+!Cu?+ or Zn2+)
to a partially neutralized MA solution in KNO3 is
agsociated with speciflec effects ¢of these ieno.

A resction of this nature may occur.

+ 24
M T

- - 2+ +
GO0 H + CO0 + MMJ + H

\"""""‘V‘_"‘

Agsociated Measured. |
The curves obtained from above procedure may therefo;e
be used to estimate quantitatively cation affinities
for polyions i.e. the magnitude of the digplacement
towards a lower pil is a measure of the degree of binéing
assuming hydroclysis is negligible.

Figures 6.3 ard 6.4 and figures 6,9 and 6.10 are
plets of pH + log [COOH] againet metal len concentratien
for Cu-PMA and Zn-PMA systems respectively. These
Plots have been derived frem plots of pPH againat concen-
tration of metal ion added. It can be seen from these
four plots that two types of equilibria exist i.e. -

cerresponding to a double titration curve. Thie double
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titration probably indicates a change from one mode

of binding to ancther. This double egquilibriz can
also be interpreted tc moniter changes in co-ordination
number, Jach of these curves is characterised by a
first rapid decrease in pH as H2+ ions are added. This
region is then Colleowed by ancther region of moderate
pH change (hereafter called a plateau) and finally

2+ tons are

a last region of large decrease in pH as I
added which finolly levels off, This plateau is seen

2 occur in all the degrees of ionization studied hut

it is more pronounced at high a values. Ancther
possible explanation of the plateau region is in terms
of configuraticinal transiticen. Because the polymer has
been pretitrated to such high a values, one would expect
1t te exlist in o fairly extended form and one would be
titrating an extended chain with the metal ions. As

o+

M“" ions are bouad, the concentration of free GO0~

groups will he reduced to such 2 number which permits
transition from the extended state tc a coiled state,
If one draws a cross section as shown in fig. 6.3 one
finds that irrespective of the degree of ionization E
and as lenn as the ionic strength is kept constant %

the amount of 1i°" needed in each case fer coanplete |
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transition (re«ion a-b) is the same. This is established
in all the firvires,

In the presen; work, attention has been locussed
on the concentration of hydrogen ions produced [H+]p
(and censequently the concentration of CY0~ groups
available for binains) by the ceunterion binding scurce
H2+. The guantity was calculated from pil values,
Cerrections for dilvutions and other experimental
artifacts have becn taken inte consideration. Since
pH behaviour on ad itisn of divalént cations is dependent
on the degree ol Jretitration of the acid with a strong
base, [H+1p has been related to the degree of ionization
and concentration of' the polymer. The degree ol disso-
ciation is relzoted to the number of COO groups in
the followin’ nanver

{Coo'] = ol

where C is the co centration of the ZCOOH] groups
eriginally present. Similarly the pH of the solution

is related to ¢7 by the relation

PA = BEL. + 10B 9o=n  ee.eese6el0
= =log(1=-aC) + 1log &
KI’
a
= 1 + log ?39
La.
where Q remains vi tually constant and this cames from

the original value of 4% release.

o » ApiH ¢ Alog —%% Eeeeea o edesOnlEl
‘a
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This equation is using the Handerson-Hasselbalch

equation where 2l nodifications are represented by

the varigble value of Ké, This means therefore, that

the cbserved chanpes in pd in Figures 6.3 and 6.4 and

figures 6.9 amd 5.10 may be due to changes in ECOO_l

as cations are bound which causes the 117 te he released

into the bullk solution. This relationship affords ene

the opportunity of calculating the amount of bound COOH

as M2+ ions are added. ‘ |

Hewever, befcre proceeding to treat the experimental

data in detall it is profitable to think of the way

in which the polyner environment affects the measured

pH, To do this one shombd take a look once mere = the

diagram presented Tor double layer on page { 206)

Let there be, in acdition t» the Kt and HY ions in ﬁhe

asgnelated layer, the hinding ione under investigation,
24

M™ . One can now consider three situvations depending

en the mevement of lons across the hypothetical membrance.
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1 I 1
T - - SR
1 L]
:-+ 1] + [ -+ ] +
- i ! H H '{ +
- '{+ ' y'* 1
' 1 ) '
- 7" * LS &
% '
”.Associated Pulk yt '
Polymer Layer Solution Associated Bullz
Pelymer layer Scluiion
(1) T = 0, e =0. (<) I =X, Bame a as
ut_o dn (1)
at [
e -I i K+
= o 1 +
e 0o (111) T =3, W2t = v
- . B gt Same a as in
- Bt ' (1) and (ii)
1
- 1
- 1 ! y*
- * !
/ -\ssociated Bulk
Pnlymer layer Solution

The binding mechanism may be pictured as a sort cof

o+ iens for the

competition between the H+, k' and M
charged sites, Diarram (i) above represents the charged

polymer chain syw'ronunded by the !—I+ iens maintained in
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close proximity to it, This situation exists at

I =0 and m2+ = 0, Decause of the strongs attraction
of #' for CO0T, very few 3% fons will be released to
the bulk soluvtion, Iiowever entry of the potassium
ions into the douvhlc layer will release #* 1ons to the
bulk selution, This will lead to a decrease in the
measured pi. Tois situation is illustrated in (ii)
above. Also in (1ii) entry of 11%* into the double layer
will release K™ and I ions to the bulk and this will
lead tc a further decrease in measured pd. The binding
equilibrium which e:xists between the ions in the double
layer and the pclymer depends on a number of factors.
The number of "t icns in the deuble layer will be
dependent cn T i,e, the addition of K% ione will
decrease the concentraticn of both 47 and M2+ in the
dcuble layer, so that at higher ionic strengths, low
2*] in the dowble layer will lead to a decrease in
Pinding until excess:;2+ is present, At excess Fu2+]

ions, and owins to stronger affinity ef 1%t for COO™

than K ions the 11" ions will be able to penetrate
the double layer to bind the chargal sites, with the
result that no decreose in binding will be observed

-

at high ionic strenpgth and excess EH2+]. It should be
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noted at this stage that not all the dissocinted gt
ions could be released to the bulk seolution. Some |
H* ions will still be held in the double layer which
means they can not he measwred. Therefore in this type
of titration it must be bourne in mind that the [H*]p
can not be strictly considered as equivalent to the
amount of M2+ iona bound. It can only be a partial
measure. In this respect, the amount of COO~ groups
if measured will be a more rcliable means of measuring
the amount of M2+ tound, This has been treated in
section 6.3.2,3. Thus one sces from the foregoing con-
siderations that the movement of ions across the :
hypothetical membrane leafls to the establishment of two
equilibria.
(a) an equilibrium exist between the polymer
and the double layer and this largely depends
on the concentration ¢f the ionsg in the double
layer, and |
(b} an equilibrium exists between the double
layer and the bulk solution.
The concentration of the ions in the double layer will
be affected by the concentration of ions in tle bulk
solution from point of view of Donnan equilibrium |

treated in chapter §, 2
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Generally, if LHJ’-\ in the double layer decreases,
then further ionization of tle near carboxyl groups
will occur in order to maintain the equilibrium

cood = 0Co0~ + H*

This will be expected at low degrees of ionization.

The decrease of (H+1 in the douwble layer may be caused

4

bty the presence of II° or Ma+ and it may be sajd that

once the M2+ ions are held in the vieinity of the COO™

greups, Coulombic attraction sets into action, Once
M2t Yons are ueld near COO~ greups, ienization of
the COOH groups nuy be made ceagier and the nearest

CO0H group enters into chelation.

6.3.2.2, remsiornatien of titration curves to complex

L
fommaticn curves:

3l

Gregor and coworker531f Mandel and Leyte have
all modified tihe method of Bjerrum for evaluating forma-
tion constants and co-ordination numbers of divalent
metal ions associating with polyelectrolytes, The
methed of titrations employed in the present work is guite
different from thot used by other workersBT’Bu, and this

necessitates a dilferent appreach towards calculation

of fermation curves, It was stated in the preceeding
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section that the aiount of COO™ groups rather than
[H+3p will ~ive a better measure of the amount H2+
bound. It is tlerefore necessary to calculate the
amount of bound -00~ groups.

In order Lo do this, a reference plot of pH +
log c00H| = p! + leg G00”| against log[coo™] is

3H at various ionic

constructed for Pui| = 2.5 x 107
strengths. T[he rclationship between change in pd (and
consequently pi + 1ogE§OOH]) and of has been stated in
equation 6-U41, 'Ster correccing for dilution, then

DH + log| COOH | will correspond to a certain value of
103[000"], since pK; is a function of @, This means

that the amount of 200. can be obtained. Also

free
assuming that within the concentration range used, the
pKa doés not vary aporeciably, then a series of curves
of varying log T could be obtained, Therefore by
allowing for dilviicn, then one can cbtain a graph of
PH + log (1-a1) + log €, against log @, + log C, lying
on an equivalent curve to the previous one but displaced

by an amount proportional to log C,
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|
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Jowever, it ca be seen frem fig, 6.2 that
variation of pﬁa is quite considerable and therefore
allowance must be made for this., Therefore if the pH

change as pil and @ change the following relatioenship

become valid,
I o
pH + log 00T, = pK_ + log[C’)O .

r - —
Se that a plot of plo, + 1-gLGOO ] against 1ng[¢00 ]
can be obtained, One is then in a position to cbtain

)
any value of pid + 1ogﬁCOOH] = pH + log(4-a)C + log a
; C

corigindr. Therefore if 1lrg opEthal is known then one

can obtain lo-; 300;0 ; at every addition of 12+

ions.
When the procedure eutlined abcve is new employed
various plots are cbunined, !'igures 6.5 and 6.7 and

fig. 6.11 are plets cf log an* against [M2+ for copper
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and zinc respectively. These figures have been derived
from figures 6.3 and 6.4 and from 6.9 respectively.
The plots of log AHY against [M2+] are much more
sensitive than the plois of pH + 1og[COOH} against [M2+].
It has been suggested earlier that a double titration
is obtained, In figures 6.5 and 6.7 points of inflextion
are obtained., These inflextion points have been asgso-
ciated with the end of one of the double titration while
the second part of the titration curve is obtained
beyond the_inflextion peints. If the titration is carried
far eaough, one obtains a more or less levelling off
of the curves in the presence of excess 0u2+ ions. This
is clearly seen from fig, 6.7. The zame observation

2+

has been made in the case of 2n~" in fig. 6.11. It

ghould he mentioned that anh absolute levelling off of
log At is imposible because as the concentration of M2+
in the double layer is increase more and more H' will be
disgplaced to the bulk solution and there can be no parti-
cular point when all " in the doudble layer will be
completely displaced.

Wwhen the procedure outlined for calculating the

amount of bound CO0  groups is employed figs. 6.6. and

6.8 are obtained for copper and fig. 6.12 1s obtained
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for zinec. These curves are more reliable because they
represent tie true Hosition of what happens in tre
pelyien. They actvally represent the formation curves
of the complexes. Ihe shapes of fig. 6.6 for Cu-RIA
cemplex ard of fir, 6.12 for Zn-AIA canplex suggest two
types of equilibria which probably indicate two types

of complexes or sinply a change in stereochemistry.

The interpretation here is twofold. Tirst, the
inflection point may represent the end point of the
first of the dovble titration earlier predicted. One
clearly sees that the amount of ECOO-}bound at inflection
point is about half of the total CP0~ groups. Seconaly,
the inflection point may be thought of as change in the
mode f bindin, i.e, chaige in stereochemistry brought
about by change in configuration. It could also mean
that the inflection point reflect a break down of the
complex to a new fom: of association,

However, at hi~h ionic strength, this strange
behaviour is absent, It would appear that the complex is
stabilized in hi~h ionic strength medium, In all cases,
the graphs arec seen to level off. The figures reveal
that the amount of complex formed depends on the amount

of ¥2* amd GOO™ available up to maximum binding.
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If the amount cf Coobound is taken as a maasure of the
complex formed, it is seen that amount of comrlex
formed increases it increasing a., The final levelling
off achieved in ench case will mean the maximum binding
capacity of the metal ions. In each case of the a
studied and at low {H2+] the concentration of C0O™
originally free is usually more than the rM2+} present.
This means that the ratio [coop Y/[MZ*]. . will ve
very large arxl will depend on the rM2+] i.e. at low metal
ion concentration, the amount of complex formed depends
on [Mz“]. Cn the other hand, at high [ug‘*] present,
the amount of comnlex f'ormed depends on [COO-].

It is worth noting that in figs, 6.6 and £,7 and
also in fip, 6.12, the amount of [coo“}b reaches a
stable state, when no mere could be produced, This is
evident from tle nood flattening out obtained in these
curves. This is vy this kind of plot is more reliable
than those of log AI* against [M2+:l; where even at high
[Ez+} present 4% ions are still being produced owing
to the fact thot they have been trapoed in the double
layer, Thus the pleot in figs. 6.6, 6.7 and 6,12 are
a better measure of thc amount of the complex formed,
Unfortunately, this trype of plot does not give the amount

metal reqguired for maximum binding.
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In fig., 6.13 the amounts of carboxylate groups
bound for the sane nectal ion cencentration are compared
for copper arxi zine at o0 = 0.3 and icnic strength = 0.10.
This fipgure shows :cnerally, that copper is a sironger
binder than zine, ..t low metal ion concentration, the
ratio zcoo"lb/{“2+antal in the case of copper is twice
that in the case of zinc, This means that the co-ordina-
tion sphere of ccpper is twice that of zinc, This
revelation praobably helps to explain why at low metal
ion concentration, cooner was able to accomedate four
carboxylate :(rouvus and zinc only two in the conductance
measurements, Yhe ratio [GOO—]b/[EQ+]Tntal tends te
appreach the same value at high metal ion concentration.
This also means tht at any [M2+J, copper forms more

complexes than zine,

Fig. 6~1l; shows a plet of maximunm Coogound against

+ 2+

at I = 0,1, and 0,05, and for Zn
This figure shows that the amount of carboxylate groups
bound (hence amovnt of complex formed) is directly
propertional to o, .t any a, more CO0~ groups are
bound in the casc of copper than zinc when they are

compared at the same ionic strength. This fipgure also

shows that the maximua number of COO groups produced
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is independent of the ionic strength in the case of

COPRErs.

6.3.2."1. Effect of ionic Strength:
- ~ 2
Tig. 6.15 is a plot of fooo ]b against LCu +]added

at ¢ = 0,3 and a = 0.5, and at two different ionic

strengthe (0.05 and 0.10). 1'ifge 6416 1s also a similar
plot for zinc at a = 0.3 and a = 0.6 and at ionie
strength (0.01 and 0.10). In the case of copper, it is

seen that at low rGu2+] present the amount of complex
formed depends on [COO-] 2)d independent of the ionie
strength, Also at high metal ions the amount of complex
formed scems to be independent of the icnic strength

and depends only on rCOO_1 i.e. eurves of the same a

and in different ionic strengths converge to same point.
However, in the middle region, the concentrations of
C00~ and Cu®t are present in comparable guantities.

Here the equilibrium constant is the determining factor
on the amount of complex formed, It is also in this
region where as can be seen, the ionic strength effect
is playing a dominant role. This is probably due to
the fact that the concentration of X' ions in the double
loyer controls the [M2+] in the double layer. This
reaction understudy involves one in which there is a
decrease in the number of free ionic charges i.c.

L LT =m0,
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This type of reaction i1s geherally more senhanced in
low ionic strength medium, As can be seen, the amount

of COO, in 0.05 ionic strength is greater than in

bound
and ionic strength of 0.1. In high ionic strength
medium, it appears that the binding cfficiency of Cu2+
ions is greatly decreased in the middle region probably
because of the great screening effect of the kKt ions.

In the case of zince i.c. Lig. 6.16, the amount of
complex formed depends on the ionic sirength of the
medium even at low metal ion concentration. However,
at low metal ion concentration and in the same ionic
strength medium the amount of complex formed depends only
on [COO*}. In the middle region of the curves, ionic
strength effects are more pronounced in Zn-FMA than
in Cu-PMA complexes prdbably because of the reasons
outlined for copper aboue, This will also be associated
with the binding power of the two ions, copper being
a stronger binder than zinc., It 18 also gquitenoticable

2+ the 1lonic sitrength

that at low o values and high M
effect is quite nemligible., It also appears that the

Zn curves at a = 0,6 may eventually meet at high EZn2+].
The figures show that binding of divalent cations is much
more Lavoured in low ionic strength medium than in high

icnic strength mediume.
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FIG6<2 Potentiometric titration of PMA at constant ionic
strengths and constont [PMA] at 25°C
0,1=00I;, »,I- 0.05; 4 I~0O; ©,1=10; [PMAl=25XIC M
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FIG 6.3 Potentiometric  titration of partialy ionized

PMA solutions with copper nitrate solution

in the presence of constant ionic strenath

and wvarious degrees of neutralization(a
PMA] = 2.50X103M ; 1=0.05
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FIG 6.4 Potentiometric titration of partially ionized
PMA  solutions  with copper nitrate solution
in  the presence of constant ionic  stregth
and  various degrees of neutralization (o )
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FIG 6.5  Formation curves of PMA -Cu(NO3), complexes at
[PMA}= 250 XI03M , 1= 0 O5 and varying values of o
a4 - (0)0.30; (@)0.40; {4) 0.50; {R)0.60; (®) O70 -
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FIG 6.6 Complex formation curves of Cu-PMA at
constant ionic strength and polymer concetration
at various degrees of neutrdlization(«)

[PMA] = 2.50X10%M ; I=0.05
= {0)0.60; (3) 050 ; (A)0O-40 () O30
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FIG 6.9 Potentiometric titration of partially ionized

PMA solutions with zinc nitrate  solution

in the presence of constant ionic strength
and various degrees of neutralization(d)
4+ (©0)0.60,(B)045 ; (A)0.30
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FIG 6 10 Potentiometric titration of partially lonized

PMA solutions with zinc nitrate solution

in the presence of constant ionic strength
and various degrees of neutralization{d )

A:- () 075, (8) 0.60,(4)0.45; (m) Q-3C
[PMAI=2S0 XIO3M ; 1-.0.10
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FIG 6-i1 Formation curves of PMA-—Zn{NO312 complexes at
various values of & . [PMA]=250XIO3M, 1. O.0O!
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Comparison of maximum of carboxylate groups bound
for Cu=-PMA and Zn—PMA at varying o0 of PMA

and in the presence of varying ionic strengths .
(@) Cu PMA at [=0.05;(®) Cu-PMA at =010
(4) Zn-PMA at 1=0.10
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FIG 6&I15 Etfect of ionic strength on binding of copper
to PMA a [PMA] = 2.50 X IOSM
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Chapter 7 i

LIGHT SCATTERING STUDIES OF THE BINDIKG
OF POTASSIUM, ZINC AND COPPER TO
POLYNETHACRYLIGC ACID (PMA ).

7ete THDORY |

Telels Introduction:

Although the genernal phenomenon of light scattcring
has heon well understood for several years, it is only
withwthe last few years that its utility in the study
of macromolceules has clearly been established1. As a
comsequence it is now possible to determine the shape,
sizc and activity coeffiecients of macromolecules in
solution by making relatively simple optical measurcments.
The method of light scattering is boeth supplementnry
md complementary to other physieal methods (e.g.
viscosity and sedimentation), of investigating the
propertics of macromolecules and therefore offcrs both
2 mems of measuring and providing completecly new rnd
absolute information, Scveral papers and reviews of

the theories of light scattering 1-15 pave veen published

229 | I'
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but mn attempt is made here to present only the
theories relevant to the present study.

This presentation is concerned primarily with fhe
application of the method of light scattering to the
study of the binding of divalent cations to polynctha-~
erylic rneid in the presence of KNO3 with a view {o

finding out the effect of tinding on

(1) the structure of polymer |
(ii) the extended length and rndius of
gyration of the ionized molecule

md (1i1) the possible dimerization of the polymer.

7.1;2; Lord Rovledigh's Treatmegt1:

The scattered light arises from the interaciion
of the ineident 1light with tho electrons of the scattering
molecule, The passage of light waves may be considered
a3 ereating an alternating electric field which induces
corrcspending osclllations of the electrons. If the
choracteristic frequency is far from those nt which
dbgorption occurs, these induced oscillations set up
secondary light waves of the same frequency which are
emitted in all directions. The intensity of the light

abgorbed and re-emitted in this way depends firstly, on

|
|



the intensity I, and wavelength A, of the incldent
beam; sccondly on the pol-rigability of the scattering
prrticles, nnd thirdly on the number ol moleculcs in
a given wvolume, the concentrntion ve The theorics which
relate these are oomplex1'15 and only fin~dl egquntions
are piven here,

The cquantitative treatment of light scenttering
beging with the work of Lord Rayleigh1 who investigated

the secattering from a dilute gas composed of smnll,
i
independent molecules. Rayleigh showed thut the ]
onsle :
intensity ig senttered at an,6 from the ineident beam,

relative to the incident intensity, Tgr is given by the
|

expression !

ig _ 8I° o° (1 + Cosgﬂ) cevenses71)

.

a
lo rs

where & is the polarizability, I0 is the incident

intensity, A, is the wavelength of light in wvaecuo, v

0 8

i1a the distance bhetwecen the illuminated volume nnd the
point of observation. The polarizabiiity is not cxperi-
mentally determinohle but Maxwell hns related this to
the refractive index of the medium and replacing v,

the concentration, by Ne/M 5



2 2] |
@ = [n - 0 A eores (7=2) 1
e LIt |

md equntion T-1 beconmes !

2 2
_ieIﬁg _ [ﬁfg (%%) ] Mo(1 + Cos28) +.(7-3)
0 o}

where n i the refractive index of the solute, n, is
the rofractive index of the solvent, N is the Avogadros
nuher, M is the moleécular weight of the solute, © is
the concentration in gm/ml and dn/de 1s the refractive

index increament.

2
In practice the qummtity iﬂrs is meansured ond not
o]

the individunl terms. It has bectme usucl to follow

16 i

the suggestion of Zimm =~ and enll this Hayleigh's

ratio or reduced intensity Re 80 that squation 7=3

R, = [231%%&%212] Me(1 + 00528) eao(7=0)
o

For molecules whose size is smnll compared with the

becomes

|

wavelength of light, Ry is found to be independent of 8
but when the particles have dimensions greater thmn
1/20 of the wavelength the molceules will incur a

degtructive interference from different ports of the
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gsome nolocule and the amowmnt of destructive inserfercnce
Increnses with incrensing € i.e. decrensing Re neE

8 increasesg' 75 8.

|
The light scattering of a gns crn be sinply 1
obtained by summing the eontributions of 211 thce molccoules
in the seattering volume. However, it is possible to
caleculnte the light seattering of solutions, not by
conaidering individunl molecules, but by considering
the system ns a whole. Light scottering of solutions
c¢on be considered in terms of the fluctuntion in i
canceniration of the solute molecules by Browninn ’
movement in smnll volume elements in addition to the
density fluctuntions of the solvent itself. Sinec these
two properties con be relnted to measurable gumntitics,

a theory of light scattering of polymer solutions hns

been formulated, !

7ot43e Lisht Scattering by Maoromoleculea: i
T7+14344. Debye Eguaﬁion18 |

Light scoattering by mneromolecules has been mueh

investigated., The¥eory used was developed by Debye18

-I

who used n turbidity term (7)em” , the fraction of

Incident light scattered in all directions by unit voalume,

l

1
|
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In arriving at an expression for T, he made use of
EBistcin's fluctuation theory - the additionnl scattering
from n solution ns compared to thnt of the solvent is
considercd due to spontmecous fluctuations in concen-
tl‘f‘.tion19. Debye related the intensity of scaitering
to the change in index of refraction connected witil: o
chomee in concentration. The relationship eon be

expressed s for isotropic and non-interncting particles
T = HCRT(dp)dc) 01-0001(745)

2
wherc 1 = (32n2n0 dn/ﬁc)[SNloh
where 2ll the terms have the usual meanings, Dcbyc has
nl3o shown thnt the equation for the scttering due

to a solute ~t concentration c (gm/cc) cnn be written as

2Hn02 (T/30)2 ¢

- - —

Mo

+ ZBC eese.(7=6)

1
R0 M
In the above expression, Ngy Ny Ay M, ¢ have the usual
memings nd R90 is the reduced intensity at 900 mgle

of scattering mnd B is a constant. The optical comstants

are usually gnthered together nnd equation 7-6 written-as

%— = ‘E{' -+ ZBC ----nc-(?"?)

90
or if turbidity is measurcd

H o oo_ 1
T T k

+ 2Bc .aato.lc(?"a)

—
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l
wheres thc constoant B is a mensure of the polymer-~sglvent

interaction and therefore the value of B depends on

the environment., In o good solvent B is lnrge and i
positive, in a poor solven B c¢nn be zero or even

negativeao"aj. Therefore from the measurcments of

o) . .
Rayleiph's ratio at 90 scatiering and refrnctive index

increanent, plotting Xc or He against c, the molecular

Rgg v |
weight con be obtained from the resiprocal of the |

intercept on the ordinnte i.e. (ﬁg)c=0 and the sloﬁe

is 2B,

71322, Zinm Eguntions16

-

The preceding trentment has bheen built upon the
assumption that the particles are smnll compared with
the wovelength of light, isotropic and thnt they do
not strongly interact with one another., The theory

16 to tnke nccount of thase

has hecen extended by Zimm
restrictions, When the light sentterers have dimensions
greater thon L/2O, then Ry has been found to be depen-
dent on e'. The interference between radintions from
differcnt parts of the same molecule is zero for i

genttering in the forwnred direction but incrcases with

angle ol observarion. Also, the amount of interfercnce



|
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depends upon the distridbution in space of the mnrcro-

i
|
]

molecule, .
The rntio of the omowunt of 1light scattercd whaﬁ

internal interference occurs to that which would Le

geattercd in the @b sence of this effeet can be crluulnted

from an ecquation first given by Dehye for x-ray

sentiering nnd extended by him to light scattering1.

This calculation involves summing the intcrference

between all different segments of a melecule as functions

of wovelength and the angle of ohservation., This |

requires that the extension in space of the molcculé

be knowﬁ for certnin models. This menns that it 1is

necessnry to make some assumpitions dhout the shope of

the prrticle bofore its size con be determined from these

factors., Debye also introduced a correction ficior

known ns the particle geattering factor P(G)T?’ Eh. !

The molecular welght ean he c¢alculated using the equation

-

]

el —

1
fg0  M(90) |

This methed was found not to be applicable to larger

+ 2Bep(90)  ....{(7~9)

md more extended molecules and it becomes necessary
to measure the full angular distridbution of light scnt-

tering. At finite concentrations the intensity of the

i
i
1
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scattered light is generally altered due to solute
intersction aos characterised by B ns well as internnl
interference. These dual effeect have been rigorously

regolved by Zimm1 6-

Ke (1 + Gosze) w1 + 2Be ..(7-10)
RG Ml:?3}

By this means it is possible to extrapolate to zZecro
cngle Ry where internnl interference disappears ~uxl P({E)
beeconcs unity. K, ¢, Ry nnd B hnve the usual nconings
in equntion 7-10 and also P-1(9) appearing in cquation
7-10 is given by

o~ 2

P = 1 + 161

(8) > ({-3)231:1291 2 oo (7-11)
for linear coiling molecules, n model of greatest
interest to the polymer chemist. Finally, equation 7=10

tnke the form

- 2
IR{.§(1 + Cos®0) = 315 1 +[.1.§L?'1;5)2 sin?6| 2 + 2B (7-12)

1

where 'g = radius of gyration, A = wavelength

-
==

o on

of light in solution, 0
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7e1:3.3, Barticle Jeattering any_gg__P(O) |

Tie fnctor by which the observed intensity ot oo
angle 8 must be multiplied Lo carrect for interterence
ig plven by the reciprocl of the particle scattering
factor oppearing in equation 7=14. The expression
provides a unigue opportunity for me asuring tic radius
of gyration of o moleceule without anbiguity. The values
obtined from such measurements nre absolute, in thnt
they do not depend on the knowledge of some other |
molecular paramctcers or some other physicenl constrnta,
Expresslons for PE;) for the three models commonly
enpcountered in the field of polymer chemistry howe been
derived by various Workers5’ Y7, 25, 26, 27. Theae
expression are

For a sphere of dinmeter D,

P(R) = [15 (sinx -~ xcosx)]2 where X = E%Q - {743)

&

For o rod of length L,

1.2% .
P(e) = -i'; sinww dw - (s}lcmg)g, where X = ;gg_r;. L7«14)

For 0 random coiling polymer for which the root memn

agqunre cnd-end length is h 1

g T x 2.2, 2 :
Pooy = =€ -(1-x)] where x = X°8%h° ...(7+15)
(0) = 3 S
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In the three procodéding exprocscions K = %4 md the
anglc as 8 = 28in6/2. It is tie last expression
which is of the grentest interest to the prese:t study

~nd hne oppeared in equation 7-12.

7e1elie Averope liolecular Weights:

I - substance is not homogencous with regpcet
to its moleceular weight, therc arec various wnys of
averaging moleculnr weights wmnd ench may be approprinte
to what is needed. Three types of average molecular
weighte nre encountered viz: the number avernge
moleculnr weight ﬁn' the weight avernge molccular
weight fi, md the Z-average molecular weight i, . It vas

Zimm and Doty28 who first demonstrated that the molecular

L o=ing
weicht dbtnined in light is the weight average molecular

weight given by

Mw

or = Yeci uilzci

smi ME vmi Wi

where Mi is the molecculnr weight, ci denotes weipght
cancentrntion and mi denotes molar concentrntion of its
componcnt, The dependence of light scattering on
molecular weight average has bhe consequence that ninute

quantitios of particles having quite high effective
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moleculnr weights such as dust and other foreign,
collodi~l suspendcd matter will seriously affect the
results ohtained. Light scattering represents tiic only
method begides sedimentation equilibrium of obdaining
weishi wernge molecular weightse

It is only if the materinl is completely hoiogencous
with rcspecet to the moleculnr weight that all thc averoges
would be exnetly equal to each other, If the materinl
is not homozencous ﬁz7 f,yM . Indeed, the ratios of
the various avernges to €nch other gives some iden of

the degrece of heterogencity.

T2, THE PRACTICE OF LIGHT SCATTERING

Various forms of photoeclectric apparatus for the
measurcnent of the angular dcpendence of light senttering
from polymer solutioms have becen descrived by various
1nvcstigutor92' 23-33,  the model used for the present
study is the Brice Phoenix 2000 Series Universsl Light
Scattering Photometer, n detnil description of which is
found in the manual of Phoenix Precision Instrument
Gompany15. This equipment incorporates some inportmnt

refinements over the previous types. All light



Py

scnttering photometers basically consist of n povweriul
gourcc of monochromatic polarized or unpolarized light
(54614° or 13604°), an arrangement of lenscs ond 6lits,
2 eccll holding the experimental solutions and - rotable
photomultiplier so that measurements ¢~n be nade ~t
varying mgles,

In the present study the intensity of scattercd
light wns neasured nt varying nngles between u5° and
1350 Tor studies involving angular dependence of light
scattering and nt 90° for the turbidity measurement.
Detnils of thesc meansurements arc found in rei‘cmncc15.
The technicnl problems characteristic of light scatice-
ring, ~re essentially the preparation of the solutions
in such 2 state of opticnl clarily that light iniensity
actunlly uceasured is due only to the solvent ~nd
solutionse This merms that the removal of dust nd
extroneous highly scattering particles is certainly o

ajor source of error and poses 2 major problen forcing

Bl 2

miny workers in this ficld. Various workers have

used centrifugntion in conjuction with filtration
through sintered filters to clarify the solution whilst

millipore Tilters were used to clarify the solvent.
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2.1+ Iregtne L Data:
In the present study, two methods can be uscd to
give the information required.

(i) By measuring the turbidity =t o fixed
angle 90o and 2t various concentrntions
of the solute, the moleculnr weirht rnd
polymer-solvent interaction emn be
obtnined,

(ii) The measurement of Rayleigh's ratio ot
different angles of scattering, will :ive

ﬁw’ pg '-lrld B.

Te2:141, Turb Me :

rollowing from equntion of Debye
He/T = 1/M + 2BC .....(7-8)

the ratio He/T is plotted ns n function of ¢, Where c
is exprcssed in gm per ml, The scattering at 900 is
measurcd ~nd various values of R90 for different
cancentr~tion would give the corresponding volues ol 7.
The plot of He/r ngninst ¢ is expected to be lincar,
The straipght line cnn be extrapolated to thce ordinntc

and the intercept (%9 is equal to the reciprocnl

)
c=0
of thc molccular weight. The slope of the groph is 2B,
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7¢2.1.2. Rowleigh's Ratio (Pouble Bxtrapolation Method):

Pirstly, Re has to be determined. A conveniont
meéthod is %o wensure the intensity of scatterin: nt
vorious magles for the solvent wnd the selution.

This is done by measuring n series of Gy and G, (ior
solvent ond then sclution) where Gg and Gw refer to
aenttering intensity nt the zero nngle amd the ongle
concerned respectively. These valuwes npre then cohverted
to RB by merns of the equation given by Tomimntasu rmd

|
PnlmerTJ. The wvalues of such RG chtnined have been

represciited graphically in a2 Zimm plot30 whe %ﬁ (1+00829)
i1s plotted ns a function of ke + sin29|2 where k 1s
an arbiteory constont chosen to sprend the abseissn
scnle, In the present work, values of Rg have heoen
enleulnted with the nid of o ICL 1901 computer, The
compilntion of g% (1 + cosge) md Ko + sin28]2 hoave
been cnrried out by the computer. The program usced
for this nnalysis is presented in the appendix, The
Zimm plot just ment ioned makes double extrapolation
possible. Smoothed lines are drnwn through the
experimental points nt n constrmt mgle and at o
constant concentration, thereby forming o series of

gridlines. Each of the lines is extrapolated to zero

I
I
l
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aple or zero concentration, Lines nre drawm tarough
thesc extrapolnted points, the two lines should ncet

at the some intercept nnd "the reciprocal of the intercep
is equnl to the molecular weight if the incident liht
is vertierlly polarized,; or is equal to twice the
molecul v weight if unpolarized light h:s boen uneduB.
The slopc o” the line of zero mgle gives the valuc of

B mad the slope of the limiting line at zero concentroe
tion gives the rndius of gyration P from the followving

E
relationships.

02 . 2= peN a2 Blope
E 161-[2 [—9. Intercept
e
1610 P2
i.e, Liniting slope = L5 where N = L, «.(7-16)
3, ™ n

In extropolntion, it is better to extrnapolnte
the linecs at constant coneentration to zere angle before
extrapolnting the lines nt constant angle to zcro
concentration. If the shape of the molécule is known
especinlly from viscosity studies then the rel-tions
given below c¢nn be used tc obtain the characteristic

dimencion from the rndius of gyrntion.
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For n sphez'e,w" sz = 30| 20
Por o rod of length LI P2 = L9 12
For » random coil of end to end distance N}lk
2
— 6.
pg?_ hl

702.4.3 L' s Hethod"
For particles having high molecular weights,
double extropolation of Zimm plot is frequently dilficult
and uncert~in, With very nasymetric molecules this
extrapolation 1s:d1fficu1t one owing to the extrcume
steepncss of the Zimm plot. An alternntive method of
obtriring the same results wns evolved by Yﬁngu5 wihich
obviates some difficulties nnd serves ns n good check
upon the accuracy of the extrapolation. Yang modified
the originnl equation from which the Zimm plot wns

derived. DEquntion 7-12 c¢'m be rewritten as

Ic (1 + 00326) = m-ain23| 2 + 2Bc + (Key. . «7-17)
Rg (Rg =0
=0

In the expression above, m = 161129&_2' 3ﬂ'w1'2 fron which
the rndius of gyration is determined and just ns in
Zimn's plot, if iﬁ (1 + cosze) is pibttud against c
a lincnr graph will be obtained having (msinzelz - ‘-1-1,3 )
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ns the intercept and B ns the slope nnd ~t 0 = O,

Ke

the intercept leong(R becomes T:'q' .

c=0 w

9:0
Now by dividing equation 7-17 211 through by ﬂin2fl| 2y

Yong obinined

Ke(1 +co§23) = m + 2Bc + 1/1‘."-'.'1],.,.535.1120[2
R 8in“9|2 singelz

= mn + 1 (2Bc + 3_ ) ..--(7-118)
M

sin“gl2 W

Thus the plot of Ke(4 + 00329}| Reain29|2 agninst
*/sinzel?. is expected to be linenr nnd have an intercept
of m nnd ~ slope of (2Bec + 1/ﬁw), becoming 1/§fw fop
the c=0 line, m has been identified with the liaiting
slope of the Ke(1 + cos29)] Ry agninst 31n26|2 in che
Z2imn plot. Now, by extrapolating to zero concentrntion,
n zero concentration line cn be drawn passing through
m rnd having o slope of 1/f . Once fl, is obtnincd Iron
the slope, Pg con be determined using equntion 7-16,
There are severnl ncethods nvnilnble for obtoining
the zero concentration line "nd only two in common use
will be mentioned le re,
(i) Ymg hns shown that 2t mny given value of
1/sin29|2
Ke(1 + cosEB)i Reain28|2 = {cz[Kc(1+cosze)|

2 2
- ¢4 Ke(14c0s®6)| Rysin o[z]cp}pg-g
L (7—19) )

2
R48in 8]2]01
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whore ¢y wmd ¢, nre my experimentnl points. fais
expression ¢n be used to obtain [Kc(‘l-l-coa‘?B)i I‘:fsinzﬂlg?c:o.
For nccurnte extrnpolation, morc¢ than onc point is
needed for three points in the following combinntio,

Cy nnd Chs Cp and Czs 03 nd ¢, or six camcentrations
for four points in the following combination e, ond Cos
Co d c3, c3 ~nd cu, cy and C39 Cy md cy ~nd Cn nd Cy e
In each ense, the nvernge of =11 the vilucs is L lion

a8 TL—‘I:c(Hcosae), Rgsin29|2 ]c.—.o for o chosen v~lue of
1/sin26|'_-‘. Severnl vnlues of 1/61112912 are chosen nnd
the corresponding vnlues of [Kc(1+00826)1 Resin29|2 ]c=o
are cilcul~ied nnd plotted to definme the c=0 line,

(i1) A second method -nd one which has becn
applicd in the present work consists of plotting =~
graph of 1:0(1-&-003%)[ Rasin23i2 agnainst concentration c
for chosen v~lues of 1/sin2912 « The intercept on the
ordincte i;klc(1+coa.29)l R931n26|2 ]c=o is determincd for
ench "ngle ~nd plotted ng~inst the corresponding
1/81112'3"2 to define the e=o0 line,

Yoang applied this method successfully to the data

of Benoit, Holtzer nnd Dot')'u6

on cellulose nitrate nd
obtnined vnlues consistent with the vnluecs obt~incd by

the ~uthors,
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Te3e . ' EXPERIMENTAL E
7+3.71. Introduction: I

With the great majority of Zimm plots reported
in the literature, the set of angular measuremcnts on
each solution generally follows n systematic patcrn
which 2llows ready extrapolation to zero angle. The
correspond ing extrapolation to zero concentration are
much lcss certaine. Thus whilst errers of calibration
nay be the cause of variations in the level of results
between different workersu7 and faults of instrumental
design would most probably give systematic errorsua, the
major source of uncertainty within a given set of data
results from the practicnl difficulties in preparing
the solutions. )

The removal of particles and extronecus scatiersrs

from s0lwvent amd@ solutions required for scattered

light intensity measuwrements is a formidable experimental

problem pecullar to this technique.

|

7e3+2 Apparatus Cleaning, Preparstion and Clapificotion.of .
golvent nnd experimental solutions:

The avoidance of contamination, s0 far as possible,
during aolution preparation is desirable. All glassware

was thoroughly cleaned with o cleaning mixture of %
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”HZSOM camtaining & 1little NaN03 and NhClOu. The
apparatus was later washed with all glass-distilled
water nnd rinsed several times with ultrafiltered
water. The ultrafiltered water was obtained by
repentcdly passing the water through =2 0.224y millipore
filterug. ﬁ

Tho optiecally polished cylindrical and sguare
cells used in the light scattering apparatus were nmade
scrupulously clean both inside and outside by first
cleaning them with deacon 90 and later rinsing several
tines with ultrafiltered water. The cells were
Tfinally cleaned by flushing with a jet of redistilled
acetone in mn all glnss closed apparatusug. Once .
cleaned, all glassWare was kept in a desiccator which
has Leen scrupulously cleaned as well, !

Al agueous solutions other than the polymer i
gsolution were clarified by Tiltration under pressuré
using 0.22u millipore filterst,

The extransous material found in solutions of
polymers is made up of the dust, fibre and particleé
accunulated throughout its preparation, A variety of

methods have been recommended for clerification of
30,50«52

solutions In the present work centrifugaticn
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in conjuction with filtration through sintered glass!
was used to clarify the polymer solution. Centrifugo-
tion at 17,000 rpm for 8 hours and at 25°C was found
to give satisfactory results. The centrifuge tubes
were quite large, easily accessible so that no siaking
of solution occured when removing the seals. Only about
half of the polymer soclution in each centrifuge tube
waa removed With o clean pipette and this was used as
the finnal stock solution. The Ffinal concentration of
the polymer solution was determined spectrophotochemie
cAdly at 213 millimicrons with the aid of a calibration
curve previously prepared. |

5
|
i

Te3e3.. GENERAL PROCEDURE FOR PREPARATION
OF SOLUTIONS FOR LIGHT SCATTERING
MEASUREMENTS.

L

|
The interaction of PMA with divalent cations has

been studied in KNOB and at a degree of neutralizntion
a = 0030'

Dilutions were made from the stock solution to
contnin the required concentration of PMA and 4R,

KN03 to give a strength equal to 0.05M was added.
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Each golution wos filtered slowly under low pressure
of nitrogen through sintered glass (porosity 3)53;
the filtrate being collected directly into the
scrupulously cleéan scattering cell. An ultrafiltered
solution of KOH wazs added from a micropipette in amounts
equivalent to 0,50 of the total acid present. The total
volunc of the base added was in all cases sbout 1% of
the volume of the solution., In studies involving
divalent cations, the solutions werc prepared ns above
excdpt thnt divalent cations were added after filtration
and nddition of KOH.

As rightly pointed out by Arnold and Gaplan53 the
use of sintered glass filter after centrifugation rather
than wltrafiltration recommended by some authors for

PMA solutions was necessitatalby high viecdseity of

aqueous polymer golution,

Sgatter Meagurementa:

Light scattering measurements were carried out at
roon tempernture of 25 % 1% using unpolariged
monochromatic light (green mercury line A = 5461%).
The solvent used was ultrafiltered water, Two types
of mensurcments were made, (1) Turbidity measurenent
at 90° seattering angle and (ii) Angular dependence of
light scattering.
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Todelle?s Turbid ity Measurements:

The mean molecular weight of ionized polymethn-
crylic ncid in 0.05M KNOy was determined at 90°
scattering. Its value was also determined in the presence
of copper and zinc ions. The turbidity of e ach solution
was obtained by the relative degree of scattering of
light at 90° @mna 0°, For each solution He/T wns

calculnted and plotted as a function of polymer concen-

tration in gn/ml.

7e3elie2, agular Depepdence of Light Scattering:

The scattered intensity was measured for each
solution at angles ranging from 45° to 135° at 50
intervals, This was done to ensble various values of
Rg 2t each angle to be calculated. These various
values have been computed by ICL 1901 Computer,

A c¢ylinirical cell or the square cell was ued for all
measurements:;ystema containing ionized PMA ,
copper-FMA and zinc-PMA; is presence of 0,05M KO3
were studied, The results obtained in (1) wmd (ii)

have been presented graphically.



Tolie RESULTS AND DISCUSSION

Telo1Resultg:

T-hles 1 = 3 below show the datn obtained fronm
1isht scittering mensurcments for the determination
of molceulnr weight of P4 in KNOg, Gu(N03)2 anid
Zn(xo5)2 by Turbidity Method,

Treble 7+I DA _in 0,091 KNOz at @ = 0,30

r - A . - y - Co..--ﬂp
I 5
GonOOJtraﬁion of Turbiﬁity_$¢) 2ok % 50° on o
PMA = 40" gm/m1i! x 10" cm
e L - -aqr-—----r-———-‘--- ---ot‘-{l
L}
141930 372940 11157
: 24,2391 1 4 .1420 1 .5036
2.9859 4.9320 1.6837 _
3,732 5414530 1.,9035 !
lLe 789 6.23%18 1.9988
e 8 = — - e - el




r -
Toble7-I1: P4 _in Cu(NO4), at o = 0.3 and ___11‘__’: = 2,0
[Cu Hi
L
oo it : = Dy e
Concentrotion of | Turbidity 6
A x 10* gm/ml § X 1o o) HO/r x 107 gn on
111930 549291 : 0.7000
2,239 8.,8797 0.7014 i
: 2,6127 f 9.3502 | 0.7771 E
g 2.9859 P 9.3379 | 0.8893 '
! 3,732 ! 10,0934 | 1,028l
| Let789 | _recomt | -.___..0-?.51?.6.....-{
l"m:']
Toble 7-I: BUA_in Zn(M0s), ot o= 0.3 U = 2,0
&
e — - - -
Conccntration of ! Turbidity (r) 6
L_..Pllh‘«. = 10% a/ml | x io* em™ ! HO/T x 107 gm en
2,6127 10,2916 { 0.7100 :
2.9859 1143877 I 0.7292
3,732l i 11,8235 | 0.8779
1111789 [ 13.8687 l 0.8981
5e2251 16,0306 0.9065
60500 16,3350 I 1.0300
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The Tables below show n summary of the results obiained

from tic

study

of the angular denendence of lirsht

scrttering in determining the llolccular parmmeters

(ﬂw, £ ~nd R) of PM/L molecule ~ssuming the rrndom

coll

nodel

Tcble 7-1IV:

- & w - - - - —— o r—— . - - el
' R vt _]
Systoen Fige. No. Concentrntionluol._Jt.pgnm ;hnm .
Studied of cation (M)}x 10"}
N e e -——y— p e s
) 1 1 0.05 0.500 & =
2 0.05 0.470 135,40186.67
L S i I I -— - - EePee B 4
Lverage Valuces 0,479 |35.09}85.92
- e e e e - ‘."-‘

Table 7-V:

S -p- '
Systen {gpig, No. [Aia /[cation] — :%—F -
Studied ¥ i 1 ox 10 €nm

f = = q-m-l:-i‘[-t-— 'L—-—‘- e s e s ape—
PUA =Zn I 2.0 1.110 ! o= - |
| : 3 2.0 1.125 $29,96173,38 |
| ! 6 2.0 | 0.990 30,31 ;7h.2L
. -—---" Jﬂ-m--—-----.-.-.--‘-———-—-—-—-- = v wg . = mey

Avorags Velwes: . o) 3075 PO IT3.07
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Table 7-VI1:
[ syston ] A ] [uor, wel . | —[
MEge Nog | mmeees 6t P + DIy
: Studicd | ‘ Cation] jx 10 6 ! E‘nm! !
lL'""""% -+ - —— -
'IHIA.-—’?u':""l 7 ! 2,0 i 0,988 : = E -
' {8 ! 2,0 } 1.023 | 28.52:69.08 }
. ‘ .
I 9 l 2,0 0,970 [ 27.78] 68,05
lvercge Values 0.994 ! 28.15168,97

7.4.2.Discusgion:

Danto from viscomctric titrations, conductnnecc
titrotion nnd equilibrium dialysis indicate that {wo
carboxylate groups bind one divalent mctal ion, YFrom
viscomctric and conductometric titrations there arc
stron;; indications that dimerization of ionizcd Pk
molceules in the presence of divalent cations occur,

It wae therefore thought desircrnble to carry out light
scatterins study on PiA and Cu2+ and an* ions with

emphagis on the mode of binding of thesc cations to
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polyncric chains, determination of moleculnr wecight
md nolceulnr paramcters,

In the present work, vorious nttempts worce nwde to
study lizht senttering of FMA in ngqucous sclutinms
wvithouvt added simple clectrolytc. No rceproducibvle
resullts werce obtnined and it wns impossible to dpw
n Zimnm plot. Trom thc data obtained, it vas conoluded
thnt in the obsence of simplce clecctrelytes the intensity
of scnttercd lipght is greatly rcduccd anxl makes it
inpossible to mrke any rcensonnble measurcements. It has
also bheen atated39 that angular distribution is no
lonper o sinple function of the molecular dimcnssions
in thec ~bscnee of salt,

<11l the experiments were performed in presence
of 0,051 KID-j. Fipgurcs 7e1=3 show various plots chitnined
from 1isht scattering of RIA in 0,051 KNOB and at
o = 0,30, The weight average molcculnr weight (ﬁw)
obt:inecd for the PMA sample was found to be 0,179 x 106.
All plots; (Turbidity mcthod, Yong's mcthod an Zimm
method) gove comparnble results as seen from T-ble IV,

It s been stnted in scetions on viscosity,
conductance and potentiomctric titrntions that K" does

not interaet to nny appreciablec extent with ionized Pi..
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The prcsence of KH03 is to help stabilize the structure
of the nolceule in solution, ©Onc would thercforc not
cxpeet the moleculor weight to be affected by tho
presenee of KN03, so th~t thc molecular weight obtnined
by turbidity measurcment is a true molecular weight of
Pll..e This observation is in agrecment with Olaycmi'553
observatione He observed that the molecular weight of
polyclcetrolytes is independent of thc prcesence ond
concentration of added simple cleetrolytce The ole of
KNDB wes therefore to enhance the intensity of sceatterod
light tirouzh stabilization of molecular structurc,

The above picture is quite differcent in the
prcscnee of copper anl zine ions. The weight averaze
molecculnyr weight hns been found to be dependent on the
concentration of divalent cations. PFigures 7.4-6 ~nd
figures 7,7-9 show the various plots for PUL-Cu(II)
complex and PA-Zn(II) complex respectively. The dnta
shown in Tnbles V and VI show th~t in thc prcscnce of
thesc eations, tle molecular weight is approxinntcely
dovbled, 'This is yet another evidence in support of
carlicr suggestions thht dimerization of PMA molccules

in the prescnee of these divalent cations was fensible,
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Dincrizntion here mcansg association of two polyclcetro-
lyte chains (through divalent cations).
‘Mease results can be uscd to predict the moda of

aspocition, Two strmeturcs are shown belovw:

‘.'1-“‘ r p
\ W

:u—-'\--m—.._“_‘

(v)

.t low degrecs of ionization, P4 molececulcs ciiist
as rondonr coils. .8 the degrec of jonization incrcascs,
the coils unwind and tend. to stretch to a more rijid
siructurc, the extent of strctehing depends oft derree
of ionization, Structurc (a) above, shows the oouils
with the divalent eations crosslinking the two chain
segments, Because of the strong repulsive forces the
molecules tenld to obtnin a more rigid rod-like
structurc (b) with divalent entions forming ~ bridpe
between two chnins, However, a fully stretched
molecule thnt will give the structurce showm in (b) is
difficult to obtnin. It has been recordeﬁl5q‘ that FiA

molecules rarely extend beyond half their contour
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lengths cven when @ = 1,0, The victurcs presented hopc
should therefore bc scen ns two cxtreme cascs nl the
actunl structurc of the complex formed is between the
coile nolcecules and rod -like moleculcs, Any of theso
structurcs will lend to a shortening of the meleculnr
chain when binding tnkes plncce From Tablee 7-Vand 7-VI,
it is scen that %3) E’Cu< Hm, but the ~ctunl
differcnecc in values is not cnought to prediet with
certainty the prefercd mode of associntion, Zinc is
gsunlly totrahedrally co~ordinated whilc copper nlunys
forms scuare planar complexcs., This woy of bhinding may
have n sheeific effect on the structure obtained and
may well account for the observed differcnces,

It is nlso obscerved th~t in thc présence of
divalent centions, the valuc of B in Dcbye equation
£11s. In PMA-KT, B = 2,0 x 10™> vhoreas in Pih-Zao'

-3 2+ -5 nd e

little Ciffcercences probnbly account for the vorious

B =1,0 % 1077 and in PUACu“", B = 0.95 x 10
shrpes of Zimm plotse, The sccond virial coefficicnt
is not constont and as secen from above, depends on

thc molccular weight and prdbably on moleculonr weipght
distribuvtion,
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In eleculating the various molecular paromcteirrs,
the random coil model was assumcd for partinlly
ionizced P, Pig,ZFi0 shows n plot of P(e)"" ageinst
sin27g- where }5’(9)'-1 is the particle scattering focior
for n randomly coiling polymer {equntion E 2 Il]:'[n all
the three enscsy, straight lincs were obtninced showing
th~t thc ~doption of random coil model was suit~blc in

the system studied,

Telbe3. Mumber Svepage ond Weight Sverage Jlolcecular Welght
and _Polydidspersi ty:
The reciprocnl of the slopec of zero concentration
linc in Yng's plot gives the nverage molecular weicht
(fw). Yoo also suggested that the number overase
molcoul~r weight (ffn) Tfor very large particles could

20
3 against

be obtnined from a plot of Ke(1 + .00328)/}18111
1/ sin2~q. Locording to him, the intcreept alons tho
ordinate for low angles (€80°) gives 4/flw while the
assymotote at high angles (2 80) of the Zimm plot givcs
as the intercept on the ordinate 1/2ﬁn. In praotice
sueh estinntion is very difficult and Hn valucs obtained

could bc very inaccurate,
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In the present work, M, viscosity avernge

molccular weight has becn obtnincd from viscogity

measurcnents and ﬁw cbtnined light scattering. The

volue of ﬁv from viscosity is 0.516 x 106 which is

6

comparable with the valuc of 0,479 x 10 obtainced for

vieight average molceular weight from light scattering

experinents,

750 Sumuony:
1. The cnd=to-cnd distance of PM. was found to

S

Le

depend on the divalent ¢eation, The cnd-to-cnd
di strmec was found to be of the order ch< H2n<
EK‘ The little differences in length could be due
to vrefercd configuration,

The hinding of copper nnd zinc to PM.. lcads to
dimerization of PMA moleculcs, The moleculnr
weisht was opproximatcly doubled in prescncc of
divalent cation,

the vnluc of the sceond virinl cocefficicnt L,
which appeared in Dcbye equation dcercnses in
prceence of Cu2+, Zn°* cna K* ions and in thnt
ordcy thus acccounting for the various shapes of
Zima nlots.

Particlly ionized PM.. molcculcs appear to cxist

a8 2 random coil molcculc.
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Concentration of PMA in gm/ml x 104

Determination of weight average molecular
weight of PMA in KNO3 solution at
4= 030 ; I=-005; My=0.5Xx 105,

B =23X103
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FIG 7.2
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Yangs plot  for PMA in KNO3 at d=0.3
and 1-0.05

Cocentiration of PMA in gm/ml -(& O.-00,
0—-2.45;A —3675 , ©—4.288) xIO*
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FIG 73 Zimm plot for PMA in KNO3 atd-0O3; [-0.05

My=0481X10% ; h=857nm ; € =34.77nm
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FIG 7.4
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Concentration of PMA in gmml x 104

Determination of weight average moiecular
weight for PMA in Zn(NO3z), soltion at

d=0.3 ; I=005 |, _LEM.AJT__
' ’ [CuNO3),) .

My=HIOX10° . B =1.0XI03
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FIG 75 Yangs plotof PMA in Zn(NOy), solution at ¢.03,

) -2
1-005 T%E{MA];;DNO

Concentration ot PMA in gmm - (8 — O.000,
A—2.26; B— 4.479; ©—5.225)x IG* .

My = 1.125x10°. h = 73.38nm. £, ==29.96nm.
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Chapter 8

COMFARTSON OF DATA AND CONCLUSIONS

Figures 2,1=-3 are plots of relative speciflic
conductance against moles of copper nitrate added

obtained frow1 data in chapter 2., These show three

end points and these have been associated with a i
change in the mode of binding. The results presenteé

in table 2-I show among other things the various walues
of co-ordination numbersranging from 4 to 2 to 1. |
8imilarly, in the case of zinc, (fig. 2.7-12) two

end points corresponding tc different types of co-ordi.-
nation have been dbtained, The data presented in

table 2-IT show that zinc can form co-ordinate complexes
involving two and one carboxylate groups per mctal ion.,
These co-ordination numbers have been evaluated from

the ratio of original carboxylate groups to the total
amount of metal ion added to reach the end-points. |
These observations and how they affect the structure

of the complex formed have been greatly discussed in
chapter 2, It should be noted that the actual aiount
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of copper or zine binding at the respective end-points

in the curves could not be known by this method but

as can be seen later, it has been possible to link

these points with the similar observations made in

chapters 5 amdl 6. E
In chapter 5, figs. 5.1 and 5.2 are pletas of '

2+ . !
addod Tor zino and copper respectively at varying |

|
degrees o jonization of polymer at I = 0.1. It has

M

been shown in ssction 5,5.2 that the shapes of the
curves in fig. 5.2 suggest two types of equilibria
which probably indicates two modes of binding: one
existing at high charge density and low metal ion cone
centration and the other at high charge density amd
high metal ion concentration., It was suggested that
the Cormer probably correaponded to a four-co-ordi-
nated complex while the latter was found to be a
two-co~ordinated complex, However, in the case of
zine, there was no indication of the existence of four
fold co=-ordination but a stable complex having a |
co~ordination of two was found. The great importance
of these curves in relation to other iypes of measure-
ments licc in the fact that at any stage, the amount
2+ 2+

of MM bound could be obtained for any amount of M 1ded
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24 _ 2 :
The values of Mbound could then be rclated to M&dded

in other experiments provided that the experimeintts

are done at the same condition of ionic strengtl,
polyner concentration am degree of ionization
assuning that the Donnan equilibrium gffects the
reactlons to the same extant. This type of relation-
ghip lhas been applied to the end points occuring In
fipae 2415 2.2, 2,10 and 2,12,

The pesults presented in chapter 6 dealt with
potentionetrice titrﬁtions under various conditions
already nentioned., In that chapter new methods of
caleulating the amounts carboxylate groups boundzggse—
loped (6.3.2.2) and these methods have been used 1o |
calculate the complex formation curves, As it lhas been
stated in section 6,3.2.2., it was not possible to
know tiic amount of M2+ which would be needed to satu-
rate all the charged sites even when the actual amounts

OZ CO0y sung Were known. However, if the amount of |
+ !

Madaea is kmown this could also be related to the valuos
2+ .
of Mhound obtalned from figs. 5.1 and 5.2 and by ploth-

ing graphs of Mggund against coo;ound as series of |

graphs could he obtained. A5 a consequence of sugh



plots, figs, 8.1-=3 have been obtained for copper-IHA
sy stems and fig. 8.4 has becen obtained for zinc-Hilk

systems., !

Iy each of figs. 8.1-3, three linecar segments
have becn obtained and the ac segments have been inter—
preted asc indication of different modes of binding,

In actual fact, the slope of each segment should give

the co~ordination number n{; [900 ]bound} for eaoch
Fyp 2+
M
[ }bound

mode of binding. In figs. 8.1-=-3, the ratio has heeg
found to follow the predicted order in chapters 2 té
5« The co-ordination number, n, for copper has heen
found to vary from 4 to 2 ﬁg 1 and these have been
shown on the graphs es MLLI_,ZEIQ)& ML1 respectively, Thess
results siiow convincingly that all the suggested
stoichiometries in chapter 2 are in agreement with the
recontly obtalned values, In the case of zinc~BPIA
systcems presented in fig. 8.4, two segments have becn
found t0 give a co-ordination number of 1 and 2 and
these have been marked on the graph as ML, and ML2

respectively. In this case, MLy 1s first formcd while

ML2 is building up, ML, is formed last probably



becaunse it is the most stable compleXx formed as
supgested in chapters 3 to 5. This is also in agrcco-
ment witl: the reésults prescnted in chapter 2, It is
also intcrosting to notc that the present results have
been obtained as a result of combination of data
obtained from two different experimental technicues,
The fascination of these results concerning thc wvalues
of n is that it is an embodiment of thec previous
auggostiona1-h. These results also probably clear the
previous contradictions, Previous interpretations have
alwaye becn in 1solation,

It has been stated earlicer that one could obtain

e+ which would be bound by PMA at the

the amount of M
erd-points in figs, 2,1 and 2,2 for copper if the amount
of ug;und taken from fig. 5,2 for an added amount of
H2+ and this is related to a corresponding amount of
addel M°* in figs, 2.1 and 2.2, If this is done, it

can be seen that the breaks occuring in figs. 2.1 and
242 and in figs, 8.,1=3 occur at the same amount of
2t 4+ This means that equal amounts of Cu’' wore
required to give the same ratio of COOTALSL .. A

similarly interesting agrecement has been reached in
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the ecase of PMA-Zn complexes in filg, 8.4 and fig. 2,8,
Thus it is satisfying to note that by comparing the

data obtained from threc different experimental teoh—
I

nigues it iz found that there is good agreement ‘
between the ovepall results and the deductions obitained
from individual methods. The agreement obtained betwoen
these methods point to the faet that copper is ﬁﬁlo|

to form a compleX involving four, two and one carioxy-
late groups to one medal ion. These results alazo ;
confirm that it would bhe difficult if not impossiblé
for zinc to form a four co-ordinated complex with PMA
but very capable of forming complexes involving two
and one carboxylate groups to one zinc ion.

It has been suggested in chapters 2 to 5 that
whenever copper forms a four co-crdinated complex,
such a complex may not be very stablce for various
reasons given earlicr in those chapters., In addition,
increase in Mp/Ley ratio will tend to decrease the
co~ordinatlion number of any complex formed., It was also
suggested that this complex probably breasks down in

fayour of another form of dbinding, In chapters i and

5 whore it was suggested that a four co-ordinated



273
complex first formed, it was only the most stable
state of two co-ordinated complex that coixld he detected.
In order to confirm that the four co~ordinated complex
breaks down, attempts have been made to calculate the
anounts of complex farmed at every stage of the reaction.
In this respect, data from dialysis e¢xperiments have
been combined with data from potentiometric titratiohs.
The results of such calculations have been presented
in tablesg 8,1-VII. It was also suggested in chapter 2
that the two cowordinated complex formed hetween RHIA
and zinc and between PMA and copper probably breaks
down in favour of a one co-crdinated complex, Calcu-

lations have also been made to verify this suggestion.

Tables 8.1-VII below show the amounts of complex
forned at various stages of the reaction between A
and M2+IE Cu2+ or Zn2+] at the degree of ionization

shown and at I = 0.,10.

Table O=I:
a GUOE X 10& Cu§+ X 1OJ’L ML& X ‘IOLL ML2 b 10u |
0.30  hLlOO | 1,35 0.65 0.70 |
4.50 1.84 0.4 13 i

M,GS 2 .00 D33 1.68 :

5.00 2.35 015 2420
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Tablo 8-I1:

)
o GOOE x 10h Ou§+ X 10h' ML1 X 10“’ ML2 x 10*

0.30 5030 2.75 0.20 2.55
’ E«50 3.056 0.60 o115
55«30 3450 1.20 2630

(400 3485 1.70 2415

Ge10 L4 400 1.90 2010

Table 0-II1:

@ Coop x 1ot G1J§+ x 10% MI,, X 10™ ML, X 10
0,110 11400 1,10 0.90 0,20
e 5O 1.45 0.80 0.65
5400 1. 80 0.70 1,10
5450 2.13 0.62 1.91
6.00 2,50 0450 2,00
6450 2.83 Oel2 241113

Table &-IV:

- !
@ Coop x T cm%+ x joit ML, x 0% ML, X j0't

0140 750 5475 0.00 1P L
7487 4,25 0.63 3,62
3,00 Le40 0.83 3.60
8.25 Le75 1.25 350

8,50 5.05 1.60 3.445
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Table 8-V:
& Coop x 10% ou§+ x 10* ML), x 10* ML, X 10%

0450 e 25 1,25 0.875 0,375
51,00 1.70 0.80 0.90
5400 2,30 0.70 160
Ge50 2,60 0.65 1.95
7.00 2,90 0.60 2,30
SQOO 3.50 0.50 3.0"-1
8450 3, 80 0.45 3435

Table 8~VI:

@ coop x 104 cu§+ x 10% ML, x 10% ML, X 104

0,50 9+25 L,53 0,00 Lo53
9450 .83 0.13 467
10,00 5143 0,86 Le57

10,50 6,05 2.60 Loli5
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Table &-VII:

N ]
@ COOp x 10k an*‘ x 10 ML, X 10" ML, X 10"

0460 1420 1400 0.20 0,80
1.85 1.50 0.35 g I L
2.35 2.00 0.35 1.65
2.95 2.50 0.45 2,05
5450 2.95 0.57 2.36
l,,00 3.30 0.70 2.60
L.65 3,65 1,00 2,65
5427 3.95 132 2.63
5485 Ie25 1.60 2465
6450 Le55 1.95 2.60
7.10 L. 82 2.27 2655
765 5410 2445 2,65
3.15 5¢33 2.82 251

The abovc calculations are based on the existenoc of
only dvo typoa of conplczcas at any onc time, In tho
segment labelled MLH in figs, 8.1-3, it is assuaed
that a four co-ordinatcd complex is obtained and this
is 1likely to be the case in view of the small amounts..
of Cu* prosent in a large cxcess of C00~, In thc
seoment labelled ML2 it is assumed thnt a mixturc of
ML& and ML2 probably exist in thc mixture whilc in

the sement labelled ML1 a mixture of ML2 and HL1

probably cxist. Now taking tables 8-~ and 8-I1 as
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of zine n = 1.56, On one hand, if it assumed that

n nmust be a whole number then thé co-ordination
numbcr for these ions is 2., On the other hand, t'w
fractionnl nature o these values may be interpreted
that the tmue co-ordination number is a mixture of

1 and 2,

I'igres 8,7 shows curves comparing spcctrophoto-
metric and viscometric titration curves, Two metal
ion concentrations have been used [10,0 x 107 ana
5.0 x 10781 Cu(M05),]| at an lonic strength of 0,02,
The spcetrophotometric titrations have been carricd
out in thx wvisible range, These results have becn
discussed in great details in chapters 3 and 4, never-
theless, it will be profitable to think of corrclating
these results, In chnpter 3, in fig. 3.4, the
minimum points were associated with the points of
equivalcnce of metal ion and ligands i.e. the mininum
point on each curve represcnts a point where an amount
of CO0O~ :roups equal to the coppcr ions present is
bound to the copper ions, It was found that at theseo
points the ratio GO0y, angFOUE e o & 2y

In chapter 4, by thec method of spectroscony,
the ratio COOG., s ./Cus® ~ at the end of the linoar
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portion in fig. L.7, was found to he equ=l to 2.
The oend of the lincrar portion was associated with thc

point of oculvalence of copper and ligands.

The fascination of the forepgoing cXplanations is
that the end of thc said linear portion in thc preces—
ding pzragraph coincidces cxactly with the nininum
points on the visceosity curves as is evident in

fig. 8.7. At thesc points the same value is ovtained

N cust, .
original Total

curves, tle maximum points give a value of approxXi-

for the ratio CQO In the spectra

mately I for the ratio COO~ /Gu2+ Beyond

vriginal Total®
the moxinwm point, the fall in pcrcentage absorption
as scen in fig. 8.7 has been attributed to a partisal
break-down of a four co-ordinated complex, This f

suggestion is in agreement with the suggestion made

I
garlier when potcentiometric titrations and dialysis

equilibrium techniques werc compared 1l.e. this surmpeg-

tion 1s in agrecment with the fall in !:MLLJ recorded

in tables 8,I-VI; so that it appcars possible to :

co=ordinate all the experimental methods to moniior

similar facts. %
On the stability of the complex, attempts have |

been made to calculate the cumulative or gross constant

!
By, for the various speecies present in the reaction |
|
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mixture, 1In doing this, Bn is given by

M < n.IJ = MLn.

_ [MLn]

2+

Bn

24

where in this case M = Gu®” or Zn“" and I = C00 .
In caloulating the cumulative constants two possible
i

nodes of canplex LTormation must be considered: -
dimerization and chelation, |

To obtain valucs of 84 the following cequilibrium

shogld be consideraed

2+

MY+ 2(0007), = M (C00)

rgﬁij[(coo-)z]z

8 = M(Qoo)LL )
L [M2+][(C00)2]2 vesreveransssB=1

This cxprecssion assumes chelation as the mode of

bindinge This is guite possible if twe carboxylate

groups are regarded as contributing one bond in a
four co=-ordinated complex and the following will bo

a typical structure
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| |
uo-c-c-ﬁ\ 0 =@ = - Mo
v il
H é 0 = 0 éﬂ
: aa
24
11a.-c('-c-o o-c-é—rﬁo
(Is ) = " ]

If the nade of complex formation is assumed to Lc a
dimerization involving four carboxylate groups then

equation 8«1 becomes

B, = [M(co0),,]

The structure given above is still applicable but the

CIC B A o-8—2

carboxvlate groups would be assumed to arise from
diffcrent regions of the polymer. To obtain values
of Bz the following equilibrium has been considercd,

24

M + 20007 = M(C007),.

o, = _[M(000),] o s B

[u“ﬂcoo‘]z

Equation 8-3 assumes the complex formed to be ¢ dimer

resultin; in a two co-ordinated complex, as a conscw

quence of dimerization, If the complex formed is
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a chelntc o Then cquation 8-3 becomes

0, = [g(coo)z]
[ﬁ] [(coo')a]

The type of structures envisaged are (i) for a dimer

Ilt.....i.a—j*

wvhere the earboxylate groups is assumed to arisc ('rom

diffcerent chains,

or (ii) ns a chelate where the CO0~ groups come fron
near €itecg on a singlc polymer chain

O‘
!
Ql

Me = C = G \\
/
cH, ° M2+
! /
Me - C - C =0
! # =
0

To caleulate By the equilibrium obtained is
M + C00~ = MCOO™

80 that B, = [MCOO-] senssvansed = 5
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The varionzs g valucs obtnined are presented below.

Tehle O-VIIIL:

-6 -5 -8 -2
2 B, x 10 B, x 10 B, X 10 B, x10
& M & 2(dimer) ’Chelate 1
0.3 Cu 1.37+0.1 9,4-29 .1 10.0=-43 -

OULJ- CU. 1006i0.05 1.0—’-‘-510 0025"‘1300 8.91_‘1-5
0.5 Cu 0.82440.3 1.7-34.7 4.2-47.2 1.26+40.,5
0.6 Zn - 0,5840.2 2.3240.2 1=5

As can be secen from table 8-VIII, reasonably constant
values of B were obtained for MLu and ML, wherc as for
MLQ, a range of value of g were obtained, In ecalcula~
ting i cquation 8-1 has been used where chelation
was assumed to bBe the mede of binding. In enlculating
Bos both chelntion ond dimerization have been considered.
In nctual fact, the values of B, obtained for both
reoaslbilities prather justify that there is the likelyhood
for both tynes of complexes to0 be co-existing., In
chapter D it was not possible to obtain any valne of
B for copper but in the case of zine, a single value
of 1.84); x 103 wng obtained when the reaction
M2t (GOO")Q = M(G00), was considered.

In oli the chapters in this thesis, there nre

various suggestions as to the actual mode of binding
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and the structure of the complex formed. It was
suggeoted in chapters 2 to 5 that for a four co-ordi-
nated eaqiplcx to he able to exist, dimerization would
probabkly have to result, It was suggested in chapter
5 ti~t the mode of binding could be intramolecularly
or intermolecularly dcpending on the ionic strength,
charge density and divalent ion concentration., I'ow,
combinin; the results presented in this chapter wiith
thosc of chapters 4 and 5, it may be said that wicn

a two co~ordinatc complex is formed it may involve

a single interwinding polymer molecule or two separate
molecules forming a dimer. However, co-=ordination
involvin:, interwinding chain may be unlikely owing

to the clcctrostatic effectss It has been concluded
from licht senttering studies that the binding cf
copper nnd zine to PMA at a = 0.3 lecads © to dineri-
zation of FLIA molecules because the molecular weight
was approxinntely doubled in the presence of thegse
cations, Since it has just been concluded that the
most st ble structurc of Ma‘—HJA complex is onc

involving two carboxylate groups binding per metal ion



286

and since the molecular weight was approximately
doubled in presence of !d2+ [! Cu or Zn] then one

on¢ may tentatively conclude that dimerization

leading to doubling of molecular weights will probnbly

involve two separante polymer chains.
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APPENDTIX

THE _FOLLOWING  PROGRAMNES WAS USED IN GCOMPUTER . NALYSIS

FROM _ T,T GH

OF _THE RESULTS _OBT.ILI

FORTR.N COIFIT..TION BY A/XF/M MK 4E

LIST

PROCR.3 {CQHIF)

INFUT 1 = GRO

OUTPUT 2 = LPO

COLPRESE IMECER AND LOGIC/L
TR/CE 2

END

WASTER COUP

PROGR/i! 7O DO C/LCULATIONS FOR RRICE PHOBNIX
LIGHT SCALTTERING PHOTOMETER

SEE OPERTICH M/ ANUAL OM=2000 PAGE 32

DEP/RTEIT OF CHEMISTRY, AL,B,U,

NOXT CARDS IN PLIRS E1 SOLVENT
2) SOLUTION
T=THET.A
1Y T GF GF F G180-T QW F
2 Gr GWw F (180-T GW P R/R!
NUMBERS SLPARATED BY AT LEAST ONE SPACE

L.ST C.RD PUCH #»a#2 IN COLUMNS 1-4

0.007773 0.0381 1000 ,0,0000001661 0.0002435

52*95.0 96,51 2 3 4 98,5 96,01 23 4

ANY NUMBER OF DATA PACKS MAY BE RUN AT ONE TINI,

e TH COLUMNS 1L

QaQaaCaaaQQQQQAQAQAQOQCGo

CALLL RE.ILM.STER
EMD

END OF GSI@IBYT, LENGTH 6, NAME COMP

SCATTERING . STUDLE

INPUT: FIRST C/RT INITIAL CONSTANT TD*A...R.ZALLIL,BIGK,C

FOR F I HWIPZRS MUST BE PUNCHED -~ ZEROS USED TO M KE UP 4
E,G, OITTING C IN COLUMN 1 -~ CHANGING G TO #® FOR L.ST CARD

THE LAST BEING TERMINATED BY AN ADDITION.Y, C.RD WITH




SUBROUTI!E REALMASTER
INTEGER EOP
COMIMOIr I II),BIGK,C,
1 T ,7(20) ,ONEPLUSC 2T (20) , SIN2HALFT( 20) ,RTU( 20 ) , ZOI'
DIMEISION IF1(1¢5,IF180MT1(L;),IFQ(L;},IN&OMM(M)
EXTERI/L EIDOK
1 TT=0
ALL ETRAP(EMDOK)
READ(1, 2)IC,R,3M/ALLK,BIGD,C
2 FORMAT(10r'0,0)
WRITZ(2,3)I"C,R, M/LLK,BICK,C
3 FORIAT(1:71,61TD®Aese=,F12.8,34 R=,F12,8,8H SI/LLI=,T12.1,

1 61 BIGK=,F12.10,3H C=,F12.9)
WRITZ(2,4)

L FORMAT(4 ,7Z,LU4H - = = = = ~- SOLVENT = = = = - & 3
1 LU & - - - - - SOLUTION = = = = = - [/
2121H 0 G0 @8 F Gi180-0 GW F GO
3 G P G180-0 G F R/R' R O,U /

L1241+ = - - -

5 - - )
EQF=0

FR=1,0/( (1.,0-R) =22 #* (1,0-L4.0#R#*2) )
DTR=3,14159265359/180.,0

7 TT=TT+
RFLD(1,14)7(IT),GT1,GW ,IF1,G180MT1 ,GW180MTY ,IF1801.71,
1 er2,N2,IF2,G1 80MT2,GW1 8OMT2 ,IF1 80K T2 ,RDRP
IF(ZOr,B%.1) GO TO 1

14 F‘ORI:L';T(T‘O.O,LL&QFO.O,hIO),FO.(‘!)
cm:coaiuuwr IT))#%2
ST=SQRT(1,0-C2T)
ONEPLUSC27(IT)=1,0+C2T
TP=ST/0EFL.USC 2T (IT)
SIN2H/LPT(IT)=SIN(DTR#T(IT)#0,5)#*2
w=m'2ap§-.1mg/sw2
X=0T1 P (171 )/ o
Y= (1 80LIT2F ( IF1 80MT2 ;/(}W1 80OMT 2
2=G18011T1 =F( IF180MT 1)/ QW1 80MT 1
RTU(IT)=FCaRDRP#*TT#FR#( (W-X)=2.0#R%(Y=-2) )
WRITE(2,23)7(IT),GT1,0WV1 ,IF{,C180MT1, GW180OMT1 ,IF1 801,

1 ) GT2,GW2,IF2,G180MT2 ,GW 8OMT 2, IF1 8011 2 JRDRP ,RIUIT
2
23 FORMAT(1:0,0'741,4(2F7.1,412) ,F8.4,F16.10)
GO TO 7

END

END OF SDQIDI'T, LENGTH 287, NAME REALMASTER




TUNGTTION F{IF) |
DIMENSION TR(L) ,IF(Y4) g
DATA TR/0.491,0.261,0.122,0.0551/ a
V:".O '
D0 1 I=1,4L
IF(I7(I).?3.0)60 TO 2
1 V=VaTr(Ir(I))
2 PV
RETURN
END

END OF SLkaimiT, LENGTH 65, NMEF !

SUBROUTIIE IDOK(IE)
IF(IE,CT.0)0G0 TO 5
IF=67008--IF
WRITE(0,100)IE

100 FPORMAT{1711 Z¥ECUTION ERROR ,Al,1H') !
RETURN i

5 IF(IE,ED,405)G0 TO 102 :
WRITE(0.101§IF

101 FORMAT(17:1L%ECUTION ERROR ,I3)
RETURN

102 CALL FINIGHORFE
RETURN
END

END OF SBQENT, LENGTH 71, N/ME ENDOK

SUBROUTIE TINISHOFF
INTLGIER FOP !
CORRION §4.1LX,BIGK,C, B
1 IT,¥(20),0NEPLUSC2T(20) ,SIN2ILLFT(20) ,R1U(20) ,EOF
IF{Z0F.2q.1)570P ;
EOF=1 !
WRITE(2,1) |
1 PORMAT( 1:1 ¢38H 2 2 -/
1 11 ,380 0 SIN 0/2 + KC{1+C0S 0)/R 0,U /
2 174,38 - - - - /)
S L LIC=5 . T1. 1 4G
BRI IC=BI (A C
DO 2 I=1,IP=i
A=SIT2HALIT(I) +SMALLKS
B=DTACH0NEPLUSC2I (1) /RTU{(T)

2 WRITH(2,3)T(I),A,B

3 PORIL.T(4T0,P7.1,F13.4,P18.10)
RETURN
EID

END OF SE@{ENT, LENGTH 102, NAME FINISHOFF




FINISH
PROGR/M ILME A4CGiP, CORE 5068,LOWER /RE/. 603,PROGRI 3725
EMD OF COIPIL.IION - NO ERRORS



