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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.
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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
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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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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
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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



74

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



83

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



20

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






