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CHAPTER-1I

INTRCTUCTION




1. ntiRappoiioH
1.1 O«nTal Introduotlon

Polyeleotrolytei are a broad mpeotriui of macro>
noleottlar ooa”otzadt carrying peadant lonieable groups.
Biolegioally aetlTo naeroBoleculoB (protttine, nacl«lo aoidi,
peotlBs). synthetic polypeptides (poly «<-aaino acids saoh
as poly -Ir-lysine* poly-Ir*glute»iio acid etc.)t copolypeptides
and sooe synthetic polyners |poly(acrylic acid), poly
(nethacrylic acid), polyCrinyl sulphonic acid) etc*] can be
classified as polyelectrolytes* The large nolecular weights
and the interactions between ionised groups impart unique
physico-chemical properties vrhich place polyelectrolytes as
a separate entity, apart ffom both electrolytes (like sodium
chloride etc.) and unionising polymers [ e.g. poly(aorylamide)»
poly(H«Tinyl pyrrolidone)], despite diyersities in their
origin and structure.

The first Impetus to the study of polyelectrolytes,
especially polyampholytes, as simpler analogues of the more
complex biomacromoleoules was proTided by Staudinger”.

The biological actiTities of proteins and other biomaoro>-
molficules were traced to their stereochemistry and
conformation. The physico-chemical studies of polyelectrolytes,
which has since becwDe an interdisciplinary domain, reveal
their aihi~>e and sise to be sensitire to the solvent

environment, pH and hence the degree of side chain



ionisation | ionio stmigth, ttmperature, shear forot
field*, specific and non-speoifio binding of ions,
electrostatic, hydrogen bonded and hydrophobic interactions*
The analogy with globular proteins is, howsTer, extrenely
tenttous since the synthetic polyelectrolytss (with an
essentially carbon back-bone) differ from the proteins and
polypeptides (with G~-C, -F-C” and linkages) in
their chain flexibility. The conforaational changes in
synthetic polyelectrolytes arise mainly the side chain
ionisation and hydrophobic Interaction, while additional
factors like and bond rotation, intraaolecular
hydrogen bonding etc*, oontribute to the confomaticn of
biIMnaeronoleoules* It cannot, hcweTer, be ruled out that
the synthetic polyelectrolytes partial!® serve as sivpler
nsodels for the acre c<»plex bioaacroDolecules.

IEhe synthetic polyeleotrolytes - polyacids carrying
anionic centres, polybases carrying cationic centres and
polyaiopholytes carrying a randoa distribution of both -
ionise in aqueous solutions resulting in electro-static
interactions between the charged centres attached to the
polyfIMr chain and free ions in the solution* The shape
and nean dimwiisions of the flexible oacroTOlecule Msune
that of the lowest potential energy* The nuaber of
charges on the weak polyeleotrolytes like poly(nethacrylic
aoid)f poly(Tinyl pyridine), which ionise only partially,

can be altered by titration i>?lth etrong base or acid.



D lltttlon in ion trw water leads to InereaMd lonizatlcm.
fhe oonfornatlonal ohaag9B effeottd by obanges io ioale
strtn/rtht oonoentration of aaorcnBoleottle, eleotrcstatiot
hydrophilio and hydrophoble iateraotlons hay« been studied
exhaustiTely by potentlosetry and Tlsoosityz_loo

The naeroradloals fomed during the course of poly-
aerlsation of lonlo monomers» differ trom the polyeleotrolytes
only In that they carry reaetire centres at the growing end
and hence are Influenced by the same electrostatic and
hydrophobic interactions which affect polyelectrolytes*
Addition of ionising species considerably affect the rate
of chain growth. Kinetic InYestigationsof polyBerisatien
behaviour of ionic mononers hare reflected this trendll'll\-

fhe influences of the electrostatic and hydrophobic
interactions on the hOBopolyoerisatlon rate have also been
reflected on the copolyBerlsatloa behaYlour of ionlsable
nononers. The rather limited range of Inrestigatlons in
this regard have shown the influence of (i) pH of the
nediuB In aqueous solutions and (11) dielectric

2)

constant of the solvent even under apolar conditions*
on the ocpolyaerisatlon kinetic paraneters, naoely* the
DonoBMr reactiTIty ratios.

The present work involves an investigation of two of
the factors (pH, lonic strength) that affect the nonoaer
reactivity ratios in binary copolynerlsatlons of ionising

monoaers (eujrylic an<? methaoryllc acids) with neutral



water solttl3l« unionising Donoaara (K-rinyl pyrrolidw*
and aozylanide). It has also b««n ehovn that a parallel
exlste between the honopolyBerlBatica rates of the
ionising Bononers and their nononer reaotiritjr ratios in
the aysteas jjnTestigated under similar experimental
conditions.

The eonforaatiim of polyaethaoiylio aeid ohain at
low pH is the subjjeot of considerable interest in the
context of collapsed structure of globular proteinsgzo
The compact globular fora at low degrees of ionisation
undergoes a cooperatiTe transition to the expanded
structures at high pH* To obtain as insight into the
nature of hydrophobic interactions in the ohainf a study of
the conformational behariour of the randcns copolymers of
methaorylio acid with a nonionic hydrophilic monMier will
b« of considerable interest. One such copolymer is
inrestigated in the present work by physico-ohemical

techniques.

1.2 Copolvmerisation and Monomer Reactivities

Copolymerisation reactions involre the
simultaneous incorporation of two or more monomers in the
sane <”aln during polymerisation. The first attempt at a
quantitatlTe* oomprehensiTe theory of copolymerisation
was made by Dostalqo, later established quantitatirely

by Mayo and Lewi331*



In binary free radical oopolyaserizations the following

four principgd, mutually ocnpetltivet propagation reaotions

are well recognized 38
Nl
N2
n21
H - > —-(1)
where M* and are the monoisers and —"li*. and <— N~

the correeponding growing polyner radicale with the
terasilnal groups and My oarzying the free radical centre.
The differential form of the polyner ooapoeitloo equation
is then arrived att aseuslng a etea”™ state for the free

radical concentration™”

o1 o
[st: (2)

d DA rg @2 ™A 18 @2

where the nononer reactiyity ratio* r (» kllyiclz ) and
rgC- ~2/71) are the kinetic paraxaeters which neaetire the
relative rate of addition of a radical to Ite own oonomer
and the addition of the eaoie radical to the oomonOBier.
[MI] and [M,] are the molar concentrationa of the two

BionomerB in the feed and d[*1 / d[j*3 is the relative



rate of addition of the tw) monwaere to the chain, for
low converflione the latter quantity may be approxi»ited
to the mole ratio of the reepeotlTe vonoaer in the oopolyaer.
IThe differential fora of the copolyner ooapoeition equation
hae also been deriyed on the baaie of probability of
sononer addition ¢ This is suggestive of the eorreotness
of the four basic competitiTe reactions assuned in the
kinetic treatment of binary copolymerizations.

The probability of addition of aonooer to a chain

radical — is:

Kii Os*] &i 3+%?2 N2

o [Mg]
Similarly 712 (4)

[MI]

(5)
2L i vg)

122 ®)

Ilhe probability of occurrence of a sequence of *n*

molecules of species in a copoljroer chain is:

n-1
“l A11* A12 @

The weii™t fraction of all sequences is:



7o*11 -1/7M12 («>
Likewiset the weight fraction of all sequenoea ia:
\ » I/P7i

The ooBpoBitioo of the copolyner is giren hy:

\ 1/\2

A Tg [K2>
549 “ DM

tia” D2
(2)

The binary copolymerisation equation correctly
predicts the composition of the Initial copolysier fcmed,
from a knowledge of the monomer feeds and monomer
reactiTity ratios. The copolymer composition equation is
mostly employed to determine the monomer reactiTity ratios
for low conversion copolymerieations. lhe copclymerisation
systems are characteriseei by their monomer reactivity
ratios under particular set of conditions (solvent,
temperature etc*)* Different methods, varying in accuracy
and ease of operation, have come into existance for their
determination”™”and excellent reviews*~A*A" have

appeared recently. For low conversions (<5")t the



differential equation is approxinated to;

rnTMi] ~ [I1M]
®2 iMgl Mgl + 1%
where 07] and [M2I are the molar eonoentrations in the
feed and and nig in the eopolyner. The differential fora
Of Mayo and Lewie equation31 ie generally used in the font:

i [Mil 10)

in v?hich each experimental point of mononer feed-oopolymer
coapoBiticn yields a straight line of T as a function of
r"A, The coordinates of the best weighted point of inter-
section of several experimental lines represent r® and T. »
This is known as the intersection method of Mayo-lewis plot31-
The ’best point of intersection* is inrariably spread orer
an area and large uncertainities lie in the evaluation of

and The better known Fineman and Hoss procedure41
linearises the differential equation into the fozns (11) and

(12);

" rg " (11)

2)
where F = N

I and f are computed from the monoBer feed, and



copolymer ooapoaltion data respeotlTely. Plots of (f-1)/F
againet (11) and F (I-f)/f againrt P~/f (12) yield rg
and r~t and firon slope and intercept respeetlTely.
These equations are tmsynaetrioal with respect to r® and T
and the experimental data are unequally weighlid. The data
obtained under extrene experimental conditioas low
in (11) and yery low in (12)] have the greatest
influenoe on the slcpes of the lines drawn* An loproTed
fom of the differential aetbod was proyided by the 7BF
prooedure”™f which eliasinate® the unsynBetrical nature of
the Fineoan-Ross equations (11) and (12). fheTBR nethod
oonbines both the unsynmetrical equations of Fineaan'-Foss

to yield a ~fnnetrioal equation:

A -7 M2 7

where 7 and f have the sane significance as in Flnenan-Ross
equations. The method yields rm® and ™ values iriiich are
very reliable even at conversions as high as 207, if
‘average raonooer feed* (computed from the initial and
final zsonoBier ooncentrations, the copolymer composition and
weight fraction conversion) is used in the calculation46-
The shcrtc(»gings of the various differential methods

have been well brought out by Tidwell and Mortimer47 and
the use of a nonlinear least squares procedure47 o1 has
been suggested.

The copolymerisation equation has been integrated by
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M, 70-L8wi»  and Stookmeyer"’Rg for binary syBtras, later
extanded to ternary ayetemB by Walling and Brigg*"" and
to multiooBponent systems by Skeist54- The numerical
ooBpatatione inrolved in the integrated equation are
quite tedioue and ite use has now ccHse to practice vith
the arailability of ooBputere to handle the naeeiire
oaloulatione. Ifontgoaery and illuetrated that the
olassioal aethode of determining the aonoam:' reactirity
ratioe from the differential oopolyaer ooBpoeition
equation are erroneoui. The low Boleoular weight speoiee
foraed by teraination through eide reactions and iapuritieBt
and the handling of oaall quantities of the copolyaer
magnify the errors. Purification by dieeolution and
precipitation entails lose of the low aolecular wei”t
species* The polyner conversions are also generally high*
Tiolating the low conrersion requireaent. The differential
form of the copolymer composition equation does not take
into consideration the drift in the aonoaer feed* due to
the unequal reactivities of the aonoaers with conTersion*
The copolyaers obtained at high conversions are the true
representatives of the reaction dictated by the aonoaer
reactivity ratios* Kblle the initial copolyaers are
governed to a large extent by the aonoaer feed.

The integrated copolymer conspoeition equation3X is

rearranged as;
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log
(14)
1«8;T",:! log
C»i J
where and refer to the noles of the nonoaer* 1 and

2 present initially, and and H2 to the noles of the
monoBers r«naining unreaoted at the stoppage of the reaction.
The integrated equation oorreots for the drift in the
monoaer feed at eTerj instant, using the conferslon data.
P is an integration yarlable, expressed as a function of
the reactiYity ratios P « (l-ru®)/(l~r2)e« 5lie integrated
equation procedure of Montgcnery and ?xy has heen applied
to styrene'*n~divinyl benzene and p-dlvinyl bensene systens
carried to high oonTsrsions and the rarlations in the
monoiaer reactirity ratios with conTersion has been fvell
brou”t out"%g -

Recently a linear graphically evaluable equation
reported by Kelen and Tudos has been tested for a ntmber
of cationic copolyneri®ation ~78tens by Kennedy*®* This

semi-efliplrioal equation OTercomes the shortcoaings of the

lineman and Foss linearisation and provides accurate

yalues of r-j* and T. » equation may be represented as:
A -rgA (15)
where is a suitably chosen constant and

D a 0A<+F ; Ny fM A
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With C - and F «

Th« X and T are the stole ratios of the Dononpre and

M2 in the feed and the oopolyner* * and ~ are Tarlables
obtained A*oa the feed and oopolyaer ooBipoeltlon respectively.
It was suggested”™ that the linearltjr of the T) rersns 7

plot testifies the applloablllity of the oopolyaer eoBposltlon
equation and the simple two paraaeter nodel InpUolt in

it to the binary qretem under consideration* Plotting ™ as

a function of ~ (0,1), a straight line is obtained n”ioh

on extrapolation to ~ * 0 and | * 1 gives -r2/'< and r as
the respeotlYe intercepts.

In general, the Mayo-*Lewis treatment of free radically
propagated oopolyi”~rlzation kineti(:s31 talces into account
only the interactions between the growing polymer radicals
and the monomers. Ignoring the interactions between the
free monomers* If the reacting mon(»ners are polar, carrying
pendant electron donating or electron withdrawing groups,
the monomer<~mcnomer Interactions become highly significant*
Thus, the formation of a molecular complex between aa
electron donor monomer and an electron acceptor monomer
has been recognized in tres radical copolymerieatioa of
styr««ne and malele anhydride*’57* The charge-transfer
complex formed by one electron transfer f*om the donor
(styrene) to the acceptor (maleic anhydride) undergoes
homopolymerisation through a di-radical coupling mechanism

yielding a etrlC'tly alternating copolymer*®""",



AR ¢
\
(A)
0
fIf o 1 u) | t<
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In syetcDB Ilk* methyl nethacrylatc, styrsna/allyl
ooapoundB or butane lIsoaerB, such at Isobatylene, 1 or 2-
butenot the free radioally produced oopoljnere have
greater oononoQer content of the latter type than 1b
noraally noted* if laetal halldee like ZnCI2 are present62’63
The netal halide InoreaeeB the electron acoeptorablllty of
methyl methacrylate or acrylonitrile as a reault of
cooplexation» facilitating the formation of charge**transfer

62.63 frtiich can undergo

conplex between the comonfmerB
hoBopolymerlIBation* Similarly, studleB on terpclymerlEation
of a monomer pair capable of forming a molecular complex
synd a third monomer, would Bhow the apparent change in

the monomer reaotirity ratios with both dilution and the



N
nature of the |oITent6 . In the terpolymeri®atlon of

p-ohloroethyl vinyl ether-maleic anhyaride-acrylonitrile,
the dcncr acceptor contents in terpoXyner obtained are
foand to be the «ane» regardleee of the oononer feed« and
may be treated as the copoljmerlsation of aorylonitriXe
with the oharge transfer complex.

The copolymer composition equationt based on the four
conpetitiTe propagation reactions» was developed initially
for H”ee radical chain reactions* It has been extended to
earboniUB ion propagated cationic copoljraerisations™”
where the monomers are electron donating relative to the
attacking species (e.g. the styrene*'~chlorostyrene-stannic
chloride>carbon tetrachloride system). Solvent and catalyst
effects are observed. lonic copolymerisations are required
to be carried out at sufficiently low temperatures to
arrest side reactions67. As predicted by llayo and LewisBl,
the copolymer composition equation has been decisive in
distinguishing between cationic, anionic and free radical
propagations (styrene-methyl methacrylate egrstem6s«*7Q).
Amine initiated anionic oopolymerisation of Ir>leucine )Wd
L-glutamate N-carbO3iyanhydrides in N,K-dimethyl formamide
has also been treated by the binary copolymerisation

.71
equation e

1»3 Polvmerigation of lonising Monoawrs in Aqueous Mediim

The behaviour of free radicals in aqueous media

is of considerable importanoe for both the biological and
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phyeioal ohemist to jurtijPy InveitigationB of these poly-
merlxation reactions* despite the experlsaental dlIffioultiet

InroIYed72_74- It is eesentlally a free radical prooess73

vith practically no chain transfer76*77- 3%he choice of
nononerst for the inreetigation of poljroerisaticn kinetios
in water* is restricted tc a few unsaturated acids, their
deriratiTss and a few aainee due to the solubility linita-
tione of the monomer and the cozresponding polyaer in water*
The kinetic investigation necessitates a preliminary
knowledge of the electrochemical properties of both the
monomer and the polymer* 4s compared to unionisabls polymer
syst«Osy additional factors such as dissociationt g>eoific
and non**speoific binding of ions, electrostatic and
hydrophobic interactions come into play. Polyelectrolyte
radicals present during the polymerisation of the ionic
monomers in aqueous medium and the free radical centres
forming a part of the propagating coil are also liable to
the influence of their microsurroundings. Thus, a direct
relation between the physico-chemical state of ths macro-
radical and its true reaotiTity can be envisaged*

The polymerisation rate of mpthacrylic acid in ion
free aqueous solutions» with hydrogen peroxide as the
initiator, has been found to decreass (from an initial

Talus for the propagation rate constant kp 1 1*94 x 10'4 sec._1

at pH 2*41) with increase in the pH of the system” attaining

a near sere yalue at pH 5*5* It was reasoned that

unionised moncaaer alone takes part in the polymerisation®"*



XnT«8tlgatlon of the same monoEatr, with potaeeiu®
perflulpliate as ioltiator, also showed a deorsas* in
rsaotlTIlty with Inortass Ixi le2 hut polynorisatlon was
ohssTTsd eyen at pH 13. 0?ht deoreass In the rate of
polyBerisaticn was attributed to the decrease in the
reaotlY Ity of Biethaorylate artlos (pCa of nethacrylio acid
18 4.32) arising from eleotrostatio eharge repalsion between
the nonoaerio anions as well as the icnised growing polyner
radical12- She effect of pH on the rate of polynerisation
of a”ylie and nethacrylio acids has been studied in detail
by Blatteris 15 Ihe rate of polymerisation of methaorylio
acid was found to drop gradually with inorease in pH»
reaching a minimum between pH 6 and 7. The ninimum obserTed
corresponds to I/I5th of the rate at pH 4.0. Above pH 7.0
the polymerisation rate rises slowly and nearly levels off
between pH 9 and 12. The rate of polymerisation of acrylic
acid decreases till pH 7.0 (pEa of acrylic acid Is 4.2 and
pKa of polyaoryllc acid is 6.4) and then rises slowly
Added salts inorease the rate of polymerisation of both the
acids below pH 10 but decrease the rate between 11 and 12.
The inorease in rate abore pH 7 was attributed to the

partial decrease in the rate of termination due to electro*-

static repulsion between ionised growing polymer radicals.

16

The eystem was recently reinrestlgated in greater detail**~n,

It was observed that the presfoioe of different alkali metal
ions of varying ionic radii and charge density under

eimilar experimental cfmdltions have differing effects on
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the rate™* ThuSt the alkali aetal ionf rary in their
ahility to ehleld eleotroetatio interaotlone by the
fomation of ion pair* with the growing polyelectrolyte
radical78- The rate of polyaerieation of acrylic acid in
the alkaline range wae fbund to be nearly parallel to that
at rery low pH while the increase in the rate of polyseri-
eation of methacrylic acid wae only m_arginal when eodiun
hydroxide wae used for pH adeEtnenteIg- When the pH wae
adjueted with triethylanine the enhancement of rate in the
alkaline range wae nore pronounced for nsethaiorylic acid18
as the ion pair can be etabilieed by the hydrophobic inter-
action between the ethyl group of triethylaaine and the
aethyl group of the growing poly(methacrylic acid) chain*
thereby reducing the electrostatic repulsiTe interaotlone*
7hue, ion binding to polyelectrolytee is specific16*19.

I f the enhanoement in the rate of polymerisation at high
pH YalMS is due to a decrease in the rate of 'termination
(thereby an increase in the ratio kp/14) gib thought of
by earlier workers S then introduction of neutral
etrong electrolytes into the systm should enhance the
rate of termination and decrease the overall rate of
polymerisation (Table<*l). HoweTer* the introduction of
large concentration of a strong electrolyte was shown to
enhance the rate furthert indicating that the variation

in the rate of polymerisation ie due to a Tariation in

the rate of propagation with pH. Determination of



Fig. :1 Relative polymerization rate ( Rp/ Rpftin ) versus pH fixed by
NaOH for AA (lI) and MA (2) poly merizatlon at 60®C ,



Rp min

Fig.: 2 Polymerization of AA(l) and MA(2) in aqueous solution
of T”lethyl amine
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individual rate oonstants kp and by rotating »ector
neasurttmenta haye Bheimn that kp Tari«i with pH while Kk*
is invariant®™ (lable~1), Tha«t the ion paire®M*"*" present

mainly influence the rate of propagation.

Table-1: Elementary Rate Conetants for Polymerisation
of Aczylate (AA) and Methacrylate (UkK) anione'?

[aa]- 1.2 M 8.3x10”" M.A365 nM, 23°C
Aqueoue eolution» pH adjuetment « KaOlt

oH RpXior k*"x10"®
M3ec"?
lon free, 7.9 0.51 650t 85 2.6+0.27
1.5 MHacCl, 7.9 2.50 31502:140 2.6+0.26
lon freet 11.0 5.00 66007925 2.7+C.29
lon free* 13.6 2.10 250(~380 2.8H;0.26
[ma]« 0.92 M, "B - 2.5x10"" M,A365 nM, 23®0
Aqueoue eclution* pH adju8tment » NaOH
lon free* 8.6 0.42 670+ 80 2.1+0.20
lon free* 13*6 1.20 19507160 2.25+0.23
1.4 CepolyBierigation of lonio Monomere

Primarily the interect in polyeleotrolytee grew
from their abnormal conformations and hydrodynamic behsviour
in aqueoue eolation under oonditione influencing the

ionisation of the pendant polar groupe®™®”. Amphoteric
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polyaleotrcljtes «er« Btudi«d as Bynthetio analogues of
the Bore ooaplesc bloisaoroiioleoul«e83- Interesting
features were obserred during binary oopolynerisations of
ionising Bonoaiers leading to the preparation of the poly-
anphclytes. Alfrey* Overberger and Pinner20 observed that
the oonposition of the oopclyner syeten oethaorylie aoid-
diethyl amine ethyl methacrylate depends markedly on the
pH of the mediun(Table-2).

Z0
Table~2: Variation in ReactiTity Hatio with pH
H Diethyl amino ethyl Methaorylio aoid
P methacrylate
vl N2
1,2 0.90+0.23 0.970. 16
7.2 0.63+0*03 0.08+0.015

Ihtis» a rerersal in the nononer reaotlYity ratios was
obserred due to the ionisation of the oarbo:qrl group in
methaorylio acid. Ilhe syatem aorylio aoidhaorylwide was
inrestigated independently by Boardais22 and Staets et aI21
in aqueous and organic medium respeotlTely* fhe obserred
ralues of reaotirity ratios are presented in Table~3.
Copolymerisation in aqueous medium was also inreeti-

gated recently by Kabanor et al * for the methaoxylie aoid-

H-vinyl pyrrolidone and methacrylic acid-acrylamide systems
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Tatolg-3: Monomer Reactiylty Ratior of the 3y8tem
Acrylic acid-Aorylamide

. Aoi”lic acid Aoiylamlde
Condition o
Low pHAM 1.43+0.03 0.6C>t0.02
High pH"2 0.35+0.03 1.10+0.05
Bensene21 1.38 0.36

to p«rcelT« whethar a parallel exists between the rarlations
in hoBOpolyBerlBation rate and monomer reactirlty ratios in
binary copolymerlsatlons (with nonionio monomers) with
rarlations in pH. The qreten methaorylio aold-N-vinyl
pyrrolifione was also inreetlgated in DM? by Chapiro et aI’134

Their results are presented in Table-".

Table~4t Monomer ReaotlTIty Ratios of the stems 2

Methaorylio aoid-N«vinyl ]pyrrolldone and
Methaorylio aold-Acrylamlde

System Medium
MA(1)-inrP(2)" " DV 4.7i01 0.07tool
MA(1)-HVP(2) lon iSree pH 8.0 0.65+0.02 0.370.01
14A(1)-HVP(2) 2M HaCl pH, 8.0 0.9CH:0.04 0.3070.03

MA(1)-NVP(2) lon free pH, 10.0  1.40+0.02  0.30t0.01
MA(1)-AM(2) lcn free pH, 8.0 0.25+0.03 0.12+0.02
MA(1)-Ai;.(2)  2M HaCl pH, 8.0 1.36+0.02  0.18+0.Cl
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Ilhe aysten aorylio acid-acrylaaide wa» inTeatigated in
th« aoidio pH rang« by ‘- t al”™ and a gradual
refersal In the reaotlvity ratios of both the mononere

was obserTed. Shelr results are presented in Table-**

Tablets: Peactirlty Ratios of Acrylic acid (r*) and 24
Acrylaaide (r2) at different pH at 60®C

pH A1 n2
2.17 1.73+0.21 0.48+0.06
3.77 0.56+0.09 0.56+0.09
4.25 0.45+0.03 0.67+0.04
4.73 0.42+0.02 C.95+0.03
6.25 0.35+0.03 1.32+0.12

Ilhese inrestigatlons have* in general, betti carried out
in a narrow pH range to show that monomer reactirily ratios
of ionising nonoaers are drastically influenced by the
reaction Dediiao. The stu” of reactirity ratios of these
systemst oyer a wide pH range, including the alkaline eide
would enable a more comprehensiTe understanding of the
monomer reaotiTities in terms of electrostatic and other

secondary interactions between the reacting species.

1.5 Polyelectrolytes

Polyelectrolytes, the macromolecales carrying



22

p«ndant lonlKabls groups, undergo lIcnlEatlon in dilutt
agqueouB eolutlons* Th« degree of ionlKation ie
determined by the pH of the eolutlon.

Por weak po3yelectrolyte«:

N »AY

where le the total number of ionisable groups present

in the polyeleotrolyte and N ie the nunber of ionised groups
at a given pH. For a weak polyaoid X >> 0 and for a weak
polybase -x -> 1 at low pH. For polyaoids and polybaees, '
rarlation of pH by the addition of a titrant (base or acid)
progresBITely changes » and the pendant groups of the macro-*
molecule are subjected to repulsive electrostatic charge
interactions. In polyaiapholytes and proteins«repulsive and
attractive interactions, short and long range are operative.
These are determined by the number and sequence difrtribution
of the different types of ioniscAile groups. Polyaoids and
polybases progreesively undergo transition to expanded
conformations with increased degree of ionisation due to the
repulsive interactions between the ionised groups. The
charged molecules adopt the size and shape governed by the
potential energy of the molecule* In many polyelectrolytes
the intermolecular electrostatic interactions can largely be
suppressed by shielding the charges by the addition in
large exoeBs (1 to 2 mcles) of a strong electrolyte (NacCl).
The conformation and the sise then tends towards that in

the nonionising situation.



The oonforBlJational transition which ©ould be froa
a globule -> random ooll -> rigid (or flexible) rod or
helix -> ooil can be followed by the physico-cheiBioal
meaearenente like Tiecosityt light eoatteringt potentio>*
oetrio titration* etc* In proteins and polypeptides the
conformational transition can alec be followed by oiroular
diohroism» optical rotatory dispersion and gel permeation
chromatography. For synthetic polyelectrolytes like poly
(methacrylic acid) the simpleet methods of conformational
study, namely* potentiometric titration and Tiscoeity ar9
frequently fitdopted.

1.6 Potentiometric Nitration

The potentiometric titration curres of polymeric
acids can be described by the generalised Itendersoa-

Hasselbalch equation79-

pH <« pKj*p-n’ log 1

where ™ Is the degree of lonisation* Hlor aonobasio acid
n* * 1 and log [*"3 is approximately proportional to

OTSr a wide range of X (0*2 to 0.8) slncei

» 7:3753 C(1-2"<)+(1-2’<)®/3 + (1-2M)®/5 +

Squation (16) may be transformed to:

pH « pK,-n» + 2n*~

23

(16)

(17)

(18)
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The basicity of tha acid, n*, estlnated fsron the slope
of the titration ourye at the middle region84i will be
[iflpH/d'<]/2. Por a nonobasio acid the Henderson-Haeselbaloh
equation follows from the law of naBe aotlon. For polyaerlc
acids of DP > 20, the dsTlatlon firon the titration behaTlonr
of monobasic aolde is due to the electrostatic work expended
in the reiBoral of proton fron the field cf the ionised
oarboityl groups* She Render8on-~Ha8selbaloh eaaation modified
to account for the additional electrostatic work for the

ionization in dilute solutions is given by85

pH pK-logfen + *6 /M (19)

where /KT is the electrostatic work tern, the electro-

static free energy per unit charge being:

with the degree of ionisation. <« N and Hco are the
number of charges at a degree of ionization mxand the total
niasber of charges and 0~ Is the Gibbe free energy.

For flexible polyelectrolytes an expression due to

Katchalslcy”™ describes the electrostatic free energy:

x o rl=xi . ro ., h ..S
o ok togt5 g Joalotsf - R, @)

where <h%> le the mean square end-t&~end distance of the
polymer in the uncharged reference state, 6 is the

electronic charge, Kis the Pebye~Huokel parameter
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[kr>4irl/DK7j, D»K,T are the dielvotrlo conitantt the
Bcltznann oonstant, and the abeolute tenperature. X« the
ionic strength » i ! ®i ralency
and nuaiber of the 1th ion*

fhe increase in the eleotrostatic flree energy Fq (™
corresponding to the charging procese of the flexible

chain polyoer ie giren by another expression used by Wada86:

1 @2)

where h™ and W™ are the root mean square end~to~end distance
of separation of the coil in the absence and presence of
electrostatic interactions* e is the electronic charge*

For rigid rod polyelectrolytest aseuning a cylindrical
oodel with sasared out charge distribution on its surface
('<>hellx in the case of polypeptides)* the electrostatic

free energy has been shown to be87:

FA(-C) » C4irVI~/I3)Kjj(kb)/kbk~(kb) (23)

where 1n ie the segnent length* b the radius of the cylinder*
k~* kN are the Bassel functions of the second kind* )
the charge dmslty of the helix surface and k the inrerse
radius of the ion atnosohere. If tlw rod like aodel is
applicable* the electrostatic potential or the ion distri-
bution around the rod can be calculated by the Polsson-
Boltsmann equation:

A1, . -AAa (24)
2 107
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with A'(r) the electroetatlo potential at the position r
from the centre of the rod» e the eleotrcnio charge» k the
BoltzBiann oonstantt the eonoentratlon of the uni<*
univalent eIectronte(Ig (fflolea litre ).

If the Bebye®Huckel approxination ie applicable:

e/>(NDAS! « 1 and equation (24) reduces to:

AQA - KA (25)

Where « 8weN

The paraneters pH, the degree of ionisation «< the
negative logarithm of the dissociation constant pKMj»
describing the hydrcgen lon titration ourve are then related
byj
PKapp - pH ¢+ log E "] (27)

PKapp ” P*0o * 0-«4(«"'/lcl) (28)

K”ere pK™ is the negative logaritho of the intrinsic
dissociation constant of the lonisable group in the poly-
electrolyte and (e*I’) is the work done by the ionising proton
against the attractive force of charges on the rod.

If the electrostatic potential 7 at the surface of
the rod or sphere is given as a function of the nunber of
charges of the noleoule* the e<«el’ (the electrostatic free
energy) of the molecule can be calculated by varying the

charge of the molecule from zero to that obtained finally,

6,1 - «< a* (20)
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where H 10 the number of ionlzable groups in the polyeleotro-
Ilyte* The equation describing the hydrogen lon titration

of polyaolds and polybases Is» In generalt repres«Dted ast
pH - log{"] - PK. ¢+ .27 (31)

where ™ is the degree of ionisation» the intrinsle
dissociation constant and the electrostatic and oonfoz2~
matlonal energy. At high electrolyte concentrations* the
lalue of the Debye-Huckel parameter K becomes large.
Correi“ondlnglyt the electrostatic free energy tern vanishes
and equation (31) reduces to the simple Henderson-lEteisselbaloh

equation:

pH * pK* + log (32)

1.7 gltration Behaviour of Synthetic Polyelectrolytes

The synthetic polyelectrolytest Mlth an essentially
carbon backbone, do not exhibit heliX'-COil confonsatlonal
transitions unlike proteins and polypeptides* The titration
carre of a simple polyelectrolyte like poly(acryllc acid)

I8 essentially featurless* especially at < values below 0.3,
Implying the absence of any conformatlcmal transition.
Poly(methaoryllc acid) on the other hand, exhibits a
conformational transition in the range 0.1 < < 0.3. The

molecule at a low pH is characterleed by a coopact globular
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Btruotare, whioh th«n expands to a ooil at higher pH
laluesy with a free energy of transition (globule -> ooil)
of the order of 180-250 calg/mole aa determined fron the
potentionetrie titration ourre53*4-

She oonpaot form of the poly(iaethaorylio acid) ie
attributed to the hydrophobic interactions arising fron
the aethyl-ffletlyl contacts in aqueous enTironiaent4*92%1152°/oX'53\
The hydrophobic interactions are entroplc in origin (and
not energetic) and hence exhibit an increase with a rise
in teaperature #1R4, A similar hydrophobic interaction
influenced confomoational transition is obserred in synthetic
polypeptides with pendant nonpolar groups* Synthetic poly-
peptides (of the Tinyl type) also generally exhibit a
oonfoTtoatKaial transition fron randon coil to rigid or
flexible rod state at higher degrees of ionization due to
the electrostatic repulslTe interactions between slnilarly
charged centres with progressiTe stretching of the ooil.
Ihis confornational behaviour nay be obBerTed firon the pH
titration ourTes as well as fron the Yiscosity and light
scattering neasurements at raried pH.

The influence of hydrophobic interactions in the
conformational transition of copolymers of malelo acld-
n>alkyl vinyl ethers has been Bystenatlcally inrestigated
by Straussg4. Copolymer of malelo acld-n-butyl vinyl
ether exhibits a conformational transition in the region

X« 0.0 to 0.7 while such a change is unobserveable in



copolyaerp of nalaic acid-ethyl vinyl eth«r. Tha free
energy change ag" for tha transition £ron tha traoharged
oompaot fora to the hypothetical onohargad randon coil
fora aBtimatad from tha area hound by tha hump of the
titration curve for n-butyl vinyl ether-nalaio acid
copolyaar superimposed on the corva obtained for tha ethyl
vinyl ether-maleic acid copolymer, is of tha order of
280 oale/nole of the dibasic acid unit, a value close to
that theoretically estijsatad by Nenethy and Scheraga for
the formation of hydrophobic interactions of Binimom
strangth””~. The transition range is broadened to higher
values of  with increase in the length of tha n-alkyl
unit of the vinyl ether* Increase in the nuaA)er of oarbon
residues in the side chain leads to an increase in the
free energy of traneltion®”™* Addition of protein
danaturants lika urea destabilise the hyper-coiled stats
of hydrophobic polyelectrolytesl7- fhis is obsarv ibla
from the decrease in tha free energy of stabilisation of
tha ccBpaot struotura of n**hexyl vinyl ether-raaleio acid
copolyaar from 1100 cals/mole residua to 830 cals/mole
residua in tha presence of urea97.

further insight Into tha conformational behaviour of
hydrophobic polyelactrolytes is provided by the recant
study of styrene-Hw»ethaujrylic acid copolymersgs. The

uncharged polyeleotrolyte chains are found to asbubs a

compact globular conformation with tha phenyl side chains
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of Otyr«ie making a Bajor contribution# The BtabiTity

of th« globule was found tc inoreaee with an inoreaee in
the styrene content. Seiri-quantitatiTe eetiiaatee of the
radii (r) of the globule ehow an inoreaee in r yaluee with
increase in Ifhe oonfoTiDational transition from globule
to coil takes place only after sufficient expans’ion of the
globule* Thus, the globule does not directly participate

in the confornational transition

1.8 Oonforaational Transition by Tiscesi”®

The dilute solution theories of polyner solutions
are based on the assunption that the polyner coil is non-
draining in the solTent and that segnents of a polyner
chain have a Gauseian distribution around the centre of
the mass* Excluded volume studies of poly(acrylic acid)
chainsAr*~*A show that the coil of ionised polyelectrolytes
iB not free draining although at high ionic strengths, the
expansion factor tends to obey the excluded Toluoe theories
for nonionio polyners* The radius of gyration (S)
estinates of poly(nethacrylie acid) solutions at different
cono«atrations by snadl angle elastic neutron scattering”
in the absence of added electrolyte show that (S) renains
constant in the polyner concentration range 0.32 eq/litre
to 0.10 eq/litre and registers a sharp increase at lower
conc«itrations. Thus« there is a critical concentration
for each polyelectrolyte above which the characteristic

polyelectrolyte behaviour is not predoninant* The 1 of
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poly(methaorylio acic!) wa« 49A® at the lowe«t cono«ntration
(O.C™ eql/litr«) when ~ * 0.27 ae comparefl to S « 1CHAR

for the fully stretched polyion. The polyelectrolyte
segnents have a Oaueslan dietributlon at high coneentrationst
which break down at lower concentrations to a Eig~eag
confoxvatlon with only a fetp sub-unitThe dilute
solution behaTiour of oolyelectrolytes are characteriKed

by large intermolecular interactions reflected in the
aneuBOlous values of the second virial coefficient A2 tor

the syeteosi Poly(styrene eU'phOnatee)102 ,103

» poly
(acrylic acid)*®**®® and polyCmethacrylic acid)*"®".

The conforraational changes and the acooiapanying
Tsuriations in the hydrodynaisic volune of a polyelectrolyte
are easily followed by the intrineic viscosity in aqueous
solutions of low electrolyte concentrations. The intrinsic
viscosity is proportional to the reciprocal square root

of the ionic strength104

and approaches the value of
nonionic polyisers at high electrolyte concentrations as

the charges on the polyelectrolyte molecules are effectively
shielded, Kkt low ionic strength, the viscosity behwlour

is represented

| +1 C* (33)
LVA/0 hi>

where A and B are enpirical constants and C is the concen-
tration .

At sufficiently high ionic strengths* the well known



relationBhipa””™ between the Intrlnelo tiecoBity [»?]» the
root Bean square end-to-end dietanoe <h >*“ and the

expansion factor are applloable to polyeleetrolytee:

[n] - * <> ®" M (34)
[»)/]'ile =~ (35)

where v Is the Plory constant» Mthe noleoular weight

the intrinsic Tiscosity at the % tenperature, and

A0 rp/rj0 with Tg referring to the unperturbed state.
Howerert the flory constant | for polyelectrolytes differs
largely from the standard ralue for nonlonio polyners and
shows strong dependence on the expansion factor102 «e The
intrinsic Tiscosity of a giren polymer chain which depends
on the Talue of (r")MA/M, increases sharply in the following
order with respect to ocmforaation. Olobule < randoo coil <
rigid rod. The [»?], ? and Ag of poly(styrene sulphonate)
and polyCmethacrylic acid) in water hare been ahcwn to
decreaiee with increase in tenperature®*"*A®*". The [*] of
poly(raethacrylic acid) is nearly independent of ionic
strength and is nuch loiter than the value of in methanol
at 26AC, an organic ™ solyent ¢ She later Talue is 3*3
tines higher than that in an aqueous % solvent (0.(X)2 If HCI
at 30®C)M. HoweTert &?] incrpasee with the degree of
ionisation ” till N >*6« the increase being greatly

ntirked ae the ionic strength le decreased”™. These features
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have now been explicitly diecaased in terne of the data
on unperturbed dlmeneionB of poly(acarlio acid) and poly
(nsethaoryllo acid) in aqueous and organic nedia by
lieoosity and light eoatteringlOB. The hydrophobic
contractione of polymer coll has been Illttstrated in the
study of a randoB copolyner of etbyl acrylate and acrylic
acid (2:1) whoee unperturbed dimeneione In an organic «
solvent "ere 1.3 to 1.4 times those obtained for a fully

108

ionised polyaer in an aqueous « solvent The compact

structure tends to break at higher ionic strengthr,

10
The Stockm y r-Flxman relationships qi

= + 0.51B 5 (36)

I’ﬂ’. (37)

where N the Flory constant is "s 2.5x10" dl/gt ie
mean square unperturbed end-to-end distancei B is a value
which depends on the long range segment Interaictions,
have been applied ae such for poly(acrylic acid) by
Hagasawa et al”” and Ptlt*yn*® with the assumption that
long range interactions In polyelectrolyte molecules can
be considered to be analogous to those in uncharged
polymers. The for po3y(njethaorylic acid) obtained
from these relationships shew that on increasing from
0.1 - 0.2 to 0.5 - 0.6 the compact structure of poly

(methacrylic acid) disappears and the unperturbed
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dlnensions inoreaee marktdly eqaalizlng those foimd in
organic solvent8 at » 0,6 Th« long range electro-
static interaction parameter *B* obtatined from the
Stockmeyer-Fixioan plots has been shown to have only slight
dependence on irtien < 0.2 for poly(methaorylic acid),
unlike in poly(acrylic acid) where the dependence is
considerable* This indicates that the long range electro-
static interactions have practically no effect on the
dimensions of poly(methaorylic acid) moleoales which are
compact®*  So suBraarise« the dimensions of poly(methacrylie
acid) mol<”~cules« unperturbed by long range interactifms,
increase with the degree of ionisation, from «* 0*1 - 0.2
to s 0*5 - 0.6 and remain constant at lower as well as
higher degrees of ionisation* suggesting that the cooperative
breakdown of the secondary structure of poly(methacrylio
acid) produces a cooperative increase in dimensions. In
contrast, the long range interaction parameter *B* for
po3y(acrylic acid) depends to a laz™e extent on at

low degrees of ionisation.

In addition to the repulsive side chain and contracting
hydrophobic interactions, the side chain bnlkiness
considerably influences the conformational rigidity. An
interesting c(ag>ariscn®” of the three polymersi sodium
salts of poly(vinyl sulphate), poly(styrene sulphonate)
and poly(3-iaethacryloyloxy propane”l-eulphonate) for the
polymer chain flexibility la terms of the characteristic

ratio at Infinite ionic strengths, ie given by:



2/3
—__g*

(iriitre ° is ffikan square unperturbed end~to>end
distance, n the number of bonds, 1 the bond length,

the Mark-Houwlnk constant at <6 temperature and the
monoioer aolecular weight) shornd that the chain of
sodium poly(vinyl sulphonate) is nost flexible and eodlua
poly(a-njethaoryleyl oxy propane-l-sulphonate ie the »ost
hindered®””* In scdiun poly(styrene sulphonate) and
BodiuB poly(3-aiethacryloyl oxy propane-l-sulphonate) the
hydrophobic interactions and ion hydration aroimd the
bulky groups contribute to the rigidity. All the three
polyelectrolytes Cwhose characteristic ratio < 15 ]
are found to be flexible coils. The bullgr groups of the
long hydrated side chain of sodium po3jr(3-methacryloyl oxy
propeme-l-sulphonate)f due to higher side chain mobility,
reduce the counter ion screening by the added electrolyte
on the coil and remain expanded even in high salt

concentrations.

le Present Inveetination

In the present work the copolynerisation
behaTiour of four systems, each comprising of an ionisable
monomer and a nonionic water soluble monomer, were
InTeetigated as a function of the degree of ionisation of

the ionising monomer, <lie ionic strength of the mediu
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lon binding «to. Th« exp«rlo«ntal data was exaniacd in
th« light of th« honopolyn«riBation behaviour of th«
lonieabla nononer in ord«r to undtrstand ths monoasr
rsactlTity patterns as a fioaotion of the pH of the
reaction medium.

A study of the effect of folding of poly(methaorylie
acid) chain vilth methaorylio acid sequences randomly
interrupted by a single unit of a nonionic hydrophilic
segment like N->Tinyl pyrrolidone which does not contribute
to the hydrophobic interaction an6 ewrres only as a diluent
to the methyl**n)ethyl contacts show frether long range
methyl contacts plfi* any part in bringing about the collapse
of the poly(methacrylic acid) chain at low pH* In the
present inTestigationi such random oopolymers of methaorylio
acid with rarying N-rinyl pyrrolidone contents were
prepared and their hydrogen ion titration behariour and
lieoosity were studied, especially at lower degrees of
ionisation, to understand the collapsed structure of poly

(enethaorylic acid) chain*

36
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TPEATMENT OF TATA




2. jQREATMjaiT OF DATA

2.1 OODolyerlgatlon

She oopoljiBerlzatioii reaotiont are oharaoterized
by the nonoaer reaotlrity ratio* of the reacting Bononere.
Reviews on the Tarlous prooedures available for their

evaluation have been presented in Iiterature46*47

« A few
well known prooedures are reviewed in the introductory
chapter of this Thesis.

Reliable solution for the nononer reactivity ratios
r®~ and V2 in binary copolyaerixation of nonoaers and
M2 are obtained by the nonlinear least square procedure41
or the "YBR* nethod for low conversion data. Mayo and
Lewis integrated equation * « howevert yields the best
solution for r™ and rg for both low and high conversion
data.

The experiaental data in the present work were
treated by (1) the differential fora of the oopolynerisation
procedure using the 'YBR* nethod* and (ii) the Mayo»Lewis
integrated equation. The r® and T. values obtained by the
integrated equation were accepted as the more z”~liable
values for discuesion.

The applicability of the recently proposed equation
by Kelen and Tudos4<3 was tested for our copolyaerisatlon

148 . . .
systeas involving conversion lees than 60~.
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2.1.1 YBR Method®®

The *YBR' equation* which In effect le a eyometrioal
form of the Pinenan-ltoee type equation* is derired as

follows. The dlfferentied form of the oopolyaer oanposltioa

equation:
dHi L\] [KgJ
@)
\J22i  rg&ig] + bil
icay he expressed as:
(39)
N
where K * <!
a«™  [MI] Ha [j*i]
o[\
where and N are the nononer mole ratloe in the
Inoreaental copolymer fbrmed andand 0”~] the monomer
concentrations in the feed. Equation (2) hecomee:
(39a)
Dividing by [I"],
Krg KF 1 rF-fl or
o1 » IM"AF-Krg where F h%] / M
SITiding by Kyields:
(40)

Dirision of equation (39a) by F yields:
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| - K- 1 rjTj~ (41)

Sqaationa (40) and (41) which are efieentialljr the FlInttman
and Robb equations (11) and (12), give different ralues

of r* and due to dl~yfflaetry with reepeot to and rg*
Squation (40) le best suited for eyaluaticn idien F » 1

amd equation (41) is best suited when F « 1* The equations
are InteroonTertlble by multiplying equation (40) by -K/r
?jnd equation (41) by -P/K. A ayBioetrio equation with
respect to r® and T. ctui thus be arrlTed at by aultiplylng
equation (40) by Jz/V and equation (41) by JI/n.

IKF- 1/ To » rj® /irT2_/k7f (42)
Substituting f/F for K in equation (42) and rearranging,

we get,

AR (U)

This linearization known asthe YBRnethod is iqrBinetrical
with respeot to r™ and rg*

Solution for rj® and rg is obtained in the following
manner* Equation (42) on multiplication by ?/K and /IT’

gives,
rM~MIK - rg- F-1/K (40)
rgK/F - mM»1 - K (41)

Squations (40) and (41) on stmmation tc H data points

becone:
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and N 18 th« number of experlnente.

Equation (43) and (44) can be recelTed for
Multlplloatlcn of equation (43) by 9 and equation (44) by

A™ followed by adding and

MAMN -

“IMAN + T2AN2

r2(A37A2-HA)

T2

SiBiilarly,

Il 530 5

rearranging,

- ACg ¢+ NC
AnCo  H
S B ji
+ CgH
* —.y

and rg*

40

“)

(46)

(49)

* A2 A (50)

(51)

(52)

(53)
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the method of least squares oan be applied to evaluate
the mean square error in tlie determination of the moncner
reaotlTity ratios» by substituting in equation (13) the
Y and V: values obtained from equations (52) and (53).

where aJ . (r* “omy, [fA (55)

Thus, the expression for mean square error in the determi-

nation of r™ and rg is*

a
4 - - 2 "56)
n AMAg-N”
2
- N2 (57)
N2 AjNAg-If
The exact values of and rg are then:
A"C, + NC5 [ANA,
- 127 i [ - N (58)
AAg - IT < AJ"Ag-NA

Aj '
iCa KO, N /U\_« (59)

A™g - N y AAGN

Thust the method gives very balanced average parameters in

spite of any stray experimental error in a set of data.



Ihough th« method is suited theoretically for experiments
oarried to rery low oosTereions (<5")» it hae been found
to give fairly accurate valttee eren at oonTereione as high
as 20~ e She range of applicability of this equation
increases to higher oonTersions 1>s7) if the aTerags
monomer feed ralues as defined by Joshi46 are used fear
computation*

She arerage feed values are defined:

b+ a (1-M§ )

MC - WG -= - =
mg b »a (I-Og )
r. 2*1 - (4 v »2>
7L m - -
A 2(1-MFC)
where MFC and are the mole fraction and weight fraction

conTersions respectiyelyt and b are the molecular weights
of monomers, and and m" are the mole fractions of
the monomer 2 in the initial feed, its average mcle
fraction in the feed and its average mole fraction in the

copolymer respectively.

2.1*2 Integrated Equation

Experiments carried out to low conversions suffer
from many inaccuracies™”. Copolymerizations could alter-
natively be carried out to high conversions and the

integrated oopoljrmer composition equation31 used to compute

42
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and T.» 3he Mayo and Lewis integrated equation*' ie
resclTed toy Joehi’e prooedure®”™. Ihio procedure involTea
a preliaainary deterwination of r® and rg toy the YBR
differential nethcd45 using average monomer feed yalues.
The values of r™ and rg arbitrarily represent a point on
the hypothetical rg versus r* plot of Mayo and Lewis
differential equation31 which 1e the sane as the toest point O
intersection of the several lines representing rg versus .,
Using this toest pointt the coordinates of the point of
intersection of the normal to the ith line are found. The
new coordinates of the point of intersection to a line on
the Mayo-Lewis plots are designated (r*™)" and By
narrowly altering the values of <uad (r2)j* around the
toest point toy “appropriate magnitudes with the help of an
auxiliary constant, Z» 0.1, three values of P

N ke ¢
L l-r]

are ototained. Usinr the«e three values of P, the Mayo-
Lewis integrated equation31 ie solved and the appropriate
portion of the integrated curves in the significant region
are ototained on rg versus r™ plot. 1Ilhe portion of each
integral curve representing the points ototained f*om the
three values of P is approximated as the root mean square
straight lines and their slopes (n » FA/f) and Intercepts
Cc»F(-) -1)]Jare computed. Ihese new elopes (m) and

intercept (C) are treated in the same manner as in the



dljrrertntial YBR procedure and tiie final yalues of and
T. with tholr standard deriatlons are obtained.

2.2 Conforaatlonal Studies

2.2.1 Potantlonetrio Titration

Ziara and Kiee®”" haye iriiolaEi that A 6™]" ralttes
oan be obtalnttd from the pottxttionetrio titration data of

ionieabl« randon coll polypeptides for the transforoiation

(unoharged coll) (imoharged helix)

This iB based on the equation*

pH » pKG§ 109 A« At Apk(X)

the ocnplete change In free energy upon lonisation of the

leaoroffioleoule (bamd on one aole of the monomer unit) is

given by;

&lon - 2.303 PT fpH-logCir*O
7he teriB free energy change due to the
conformational transition. |If the change In conformation

takes place orer anarrowraj®e of pH, then the free
energy term for lonisationoan be separated by graphical
extrapolation of the part of the titration curre at large
<to <« 0. Subtraction of the free energy of ionisation
from the total free energy yields the free energy of

conformational tr*sitlon.

44
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ANconf.Transition * ®@OTAX) “ “lonination

{total « conformational change ionisation”

“conf “ 2.303PT (65)

where N refer* to ioni«ation without conformational
transition and to the situation involring both ionisation

and confomational transition* Thus,

°oonft,r«.tion ° ax (66)

The method of Nagasawa and Holtzer™” auseuises eguillbrium

between the undiesooiated forms of the helix and the ooil.

~0 T 0

‘'vith the standard free energy change of the reaction
AO® - -HI 1,][g,o/0" ] (68)

InTclving charge independent factors* The eonoentration of
the helix as ooil of any charge was conputed from the theory
of protolytic equilibriun and the indiridaal cnrTes of the
helix and the coil* The total free energy change of

confomational transition was derired as:

60 - NG, + d(pH)

['G,, - 2.303 RI/P* d(pH) (69)
P«o
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whera 'th® difftrenoe between th« degrsee of
ionisation of the two oonformaticne at the given pH and
pHjj i» the nature of pH for irtiiloh ax * 0 (or in other

words to very snail ag”, the free energy of confor-

mational transition is given by:

AO- - 2.303 RT /W (dpH) (70)

»«0

where pH” is the aid point of the oonforisational transitione
She oonfornational free energy estinates by the methods
of Ztum and Rioe™" and Hagasawa and Holtsei® are shown to
be theoretically equivalent-aA. lhe potentiometrio
titration curve (pH titration curves) have been shewn to be
independent of the polyaer concentration (in the dilute
solution range) and the aolecular weight of the saoples*"~.

7he negative free energy of confomatimal transition
per sole of the titratable carboxyls («<AP®A) of the
uncharged ooBQ>act fora to the h.vpothetically uncharged

expanded form is estimated by the equation:

« 2.303 RT F pKg'pp dX * 2.303 RTA (71)

2.2.2 Intrinsic Viscosity

Fuoes and Straues observed that the sharp rise in
the reduced viscoeity *?gp/0 of polyeleotrolytes soluti<ms
in ion free water with dilution could be represented by

the empirical expressionxg1 132



r c. — " 4 D

whort A and B are tBpirioal oonstantet (A-"B) ia th«
Uniting value of as the oonoontration C approaoh«s
e«FO and B is dependent on the dielectric oonarfeaat of the
isedithB*5 and Boleoalor WeightTO6- fhe B tera has heen
interpreted as a neaeure of the h”rdrodynaaio voltine of the
uncharged poljrner ooil and serres primarily as an

ad;}astable peu'aneter to give a linear plot* The equation

can be rearranged ae:

- d] -

Aplot of I/~~~ [c-D) glTee the value of ~ at
infinite dilution* S ie not always negligiVtle hut may be
disregarded for low aoleoular weight polyelectrolytes®””?

and the yalue of Ais determined from the extrapolation of

S plot to * 0 and is takm as [»}].

(72)
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3. gtPERIMENTAL
3.1 Gopolynerigation Studlea
3.1.1 Rtagentg and Chamlcalg

PotaBBiun peroxydlBulphata/sodlun sulphite and
potasBium pBroxydiBulphatc/floditto hydroBulphite wer* used
as tbs redox initiator pairs for the aqueous solution
copolyaericatlon studies. Standard sodiua hydroxide and
hydroohlcric aoid solutions were used for adjusting the
pH during copolymeriziationB. Sodium chloride was used as
the electrolyte. Hydroquinone was used for terfsinating
oopolymerisations. Potassium sulphatet nerourio oxidet
seleniUB and sulphuric aoid were used as catalysts and
NaOH 48" w/t, Ha2E203 44~ w/v as digestion nixture in
semiaicro Kjeldahl nitrogen eetination for the charaeteri-
zatlon of the copolyiaere. Boric aoid as 4~ aqueous solution
Was used to absorb the erolred anmonia. Potassiua diohromatef
sodioB thiosulphatst potaseiun bronatst potassium bromide*
potassium iodide* starch (0.171) were used for the monomer
purity determinationB. These reagents and chemicals were
of analytical reagent grade and were used without further

purification.
3.1.2 Monomer Purification

The monoBere - aorylio acid« methaorylio acid
and R-Tinyl pyrrolidone- were all of commercial grade carrying
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Bultabl* Inhibitors. Th« monoiners w®re trmei from
inhibitorB by distillation wunder rsduoed prsFSurs orer a
blankst of purifiad nitrogen. In each case the niddls
fraction boiling at constant temperature Cacrylic acid
48.5®C (15 torr)~~~, nethacrylio acid 60®C (12 torr)~AN
and K-Yinyl pyrrolidone 96°C (14 torr)"~"] were used,
proYided a purity of > 9 3 was attained. !lhe aononer
purity was checked by gas chromatography and broside/bronate
mixture (bromine addition method1X3)* Acrylanide wused, in
the copolymerization studies was also of commeroial grade*
The monomer was purified by recrystallisation twice from
chloroform followed by recrystallisation once firom bensent:
ethylacetate (7:3) mixture. The purity was determined by

melting point (84®G)™” and bromideAromate method A,

3.1.3 SolTents

Acetone | bensene* ethyl acetatet chloroform *
dioxanCf dimethyl formaioide» ethanol and methanol were
all oonaDercial grade and purified by standard procedures114
and were distilled prior to use. Water used in the
oopolymerisatlon studies was doubly distilled over alkaline

potaesiiOB permanganate and was ion f”ee.
3.1.4 Apparatus
3.1.4,1 Constant Temperature Bath

The copclymerisiation experiments were carried

out in a constant temperature ’thermostat’ water bath



maintained at 30+0.05**0 by a ’toluene regulator* and an

electronio rel”.
3.1.4,2 Purified Nitrogen

Nitrogen used for the dIf?tlllation of aonoraere
and in eopolynerleatlon studlee wae of a high purity grade*
It iras f*eed fron traoee of oxygen by paeeing through
Pleeer'B solutlon®”” (alkaline eodlua hydrosulphite lolutlon
containing email amount of eodiun anthroquinone p-eulphonate)*
Sulphurous inpuritiee were removed by bubbling through 107
lead acetate solution an(® moisture was eliminated by
bubbling through 98" sulphuric acid* Nitrogen for oopolymeri-*
sation experiments was saturated with water vapour by
bubbling through ion free water before admitting into the

reaction vessels.

3.1.5 Polymerlgation Procedure

The copolyaerlsations were carried under nitrogen
atmosphere at fixed pH values in specially designed
oyllndrical flat bottomed corning reaction vessels (7.5 om
length and 3.5 cm diameter) fitted with a fi-34 F joint.

The total reaction volume wae adjusted exactly to 20 ml

for the systems acrylic acid (A )- N-vinyl pyrrolidone (IIVP)
(1) and methaorylic acid (JfiA)- N-vinyl pyrrolidone (NVP) (I1)
and to 10 ml for the systems acrylic acid (AA)-acrylamlde
(AM) (111) and methacrylio acid (MA)-acrylanide (AM) (1V).

The total monomer concentration was kept around 1 mole/litre.



Ter each pH,the mcnouer molar feed ratioe were raried In
the range 9*1, 7i3, 111, 3:7 and |i9. [Ilh« redox pair
ayiteraB AA-NVP(I) and NA

NY? (I1). The myetenB AAAM (I11) and M-AM (IV were
Initiated by the redox pair K2S20g-Na2Sj,0".

lon free water (5 bl) was taken in the reaction
leeeelB and the two aonoBiert under inveetigatica were
aoourately weighed into the TesselB in the required sole
ratios. The pH was raried by addition of exactly known
yolume of standardieed ecdiun hydroxide Bolution (~ 2N)
and the pH readings were recorded by a 1 1-10 model Elico
pH meter with an accuracy cf pH unit. The glaae
and calomel electrodes were standardised with buffers of
known pH (4.00, 7.00 and 9.18). The electrodes were washsd
with anall anouats of deionised water and ths washings were
added to the monomer feed. The pH of the solutions were
again checksd for any poesible drift. The reaction yesssls
were then thermostated and the contents flushed with

nitrogen for about 13 minutes. The freshly prepared

initiators in oxygen and ion free water were then introduced,

first the persulphate followed by the reducing agent
(NagSO"* Na2” 4). The initiator concentrations were in
the range 2.5x10_.3 to 5x10 raoles/lltre. The nitrcgen
bubbling was then stopped. Nitrogen bubbling during
pclymerisations hae been shown to retard the rate™”. ihe

polymerization under nitrogen atmosphere has a rate

ol
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paralltl to that in 8«al«d ampules after elaborate
freeze-thawing””. Though the initiator wae effective
in the entire pH range” only operating in

the alkaline range/N*/A*AAA

3.1.6 iBolation of Polymerns

The polymerizations were stopped after a pre-
determined time interral (1 to 5 hours) toy the addition
of hydrcquinone* at tv~ioe the initiator concentrationt in
ion free water. The pH of the [“ret«B was then brought to
zero by the gradual addition of 30™ HCI. Water was then
pumped out from the reaction Tessels under reduced
prePBure (10 torr) at 30® . To facilitate the quick
removal of water# acetone was added frequently. The
copolymers were precipitated from the concentrated
solutions (<5 ml) by the addition of acetone (250-300 ml).
Hydroquinone added to terminate the polymerisation
completely dissolyed in acetone and the sodium ions added
dioring the pH adjustment, in the form of NaCl, were
completely precipitaed by acetone along with the copolymer.
The solids were redlesolyed in ion free water and re-
precipitated with acetone. The dlssolutions-precipitations
were repeated twice. The solids were quantitatively
collected by filtration* dried *in vacuo’ at 60®C to
ccnetant weight. The weight of the copolymer obtained in

each case was corrected for by subtracting the weight of



Bodiuin ohlcrid* formed. The wel~t of Fodluo chloride

was computed fi2om the knoim amount of Na* lone introduced
during the pH adjustment* Slank rune with the monomer
mixtures showed no oopolymeriKation during the isolation
procedure and the sodium chloride formed was found to he
equivalent to the amount of Na® introduced. Acetone:water
mixture in the ratio (15<5) found to precipitate the
electrolytes completely even in the presence of polyelectro-
lytes which are good soluhilising agents. Ho homopolymeri-
sation occurs since all the copolymerinations were
terminated very much prior to the depletion of either of
the monomers. The copolymers were characterised hy their
nitrogen content, estimated by the semimicro Kjeldahl
methcd*®"~AMA”,  The procedure gave a systematic error of
-15*%1~ for po3y(N-rinyl pyrrolidone) Cas found by us by
blank estimation of pure poly(K-vinyl pyrrolidone) and by
othersM"A*AAANZE in the nitrogen estimation and this error
was corrected for the copolymers containing N-rinyl

pyrrolidone.

3.1.7 Hitrogea Estimation : Semimicro Kjeldahl Procedure

The solids quantitatlTely collected and dried to
a constant weight were weighed accurately into Kjeldahl
digestion flaske. For each ICX) mg weight of the sample
exactly 1»5 gn of finely ground catalyst mixture consisting
cf 30x2x1 ratio by weight of potaesium sulphate, mercuric

oxide and selenium was used. Exactly 5 ml of AB sulphuric

53



acid was added for each 1«3 gn of the oatalyet mixture*
The eample wae digested in a ohamher maintained around
4a.®C, aTOldIng boiling» till a clear pale yellow
aolutlon resulted. Xhe contents were cooled and
transferred quantitatlTely to a mLaro Kjeldahl set op,
20 ml of 48" w/v sodlUB hydroxide solution and 4 ml of
4N w/t sodlun thlosulphate solution were then added and
the contents were stean distilled under pressure. The
ammonia liberated was absorbed In boric acid solution.
The solution was then titrated against 0.01 HHCI wusing a
few drops of a mixed indicator of methyl red andbrono<*
oresol green (1:3 ratio of 0.1”" w/t solutions of MR and
BCa in alcohol:water mixture). The end point was

indicated by the change in colour from green to red.

3.1.8 Sygtems InTSstligated
3.1.8.1 AeryU p acid®N-vinyl pyrrclidone®”

The copolymerleations were carried out at 3(>O.03'0C’

at pHs 4,3,7t8 and 9 in ion free water and at pK 6.3 in

the presence of 1 molar sodium chloride. The total

Tolume was kept at 20 ml and the mononer concentration

at 1 M At each pH the molar monomer feed ratios were

laried in the rang« j;If 7:S, 1:1, 3:7 and 1:9. The

redox system concentration
range 3xlo“~ Mat low pH to 2.3xlo"" Mat high pH. The

polymerisation time ranged from 3 tc 3 hours. The
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experimental obeerrationa are presented in Tables 6-11.

3.1.8.2 Methaoryllc aoid-H-ylnyl Pyrrolidone””

The eopolyiaerization behaviour was investigated
at the pHs 2t3t4,3,6t7t8») and 10 in ion free water and
at pHs 3,7 stnd 10 in the presence of 1 oolar sodium chloride.
At each pH the molar monomer feed ratios were varied in
the range 9:1, 7*3, 1*1, 3:7 and 1*9. The temperature
was maintained at 30+0.("®C. Hhe redox system
Ha2S02 in the concentration range 5?rIC"* mcles/litre at
lor pH to 2.5x10 molsB/litrs at high pH, was used for
initiating the copolyBK~riBations. The total monomer oonoen*-
trations were kept at 1 molar and the voliaae at 20 ml.
The copolynerisation time varied between 1 and 3 hours.

The observations are presented in Tables 12-23.

3.1.8.3 Aerylie acld>»Aorylaaide™n

The copolymerisations were carried in nitrogen
atmosphere at 30+0*05"0 at the pH values 2,4,6,8 aod9in
ion free water and at pHs 4 and 6 in the preeence of
1 molar sodioB chloride. The total monomer concentration
was kept around 1 molar and the volixsie exactly at 10 ml.
At sach pH the molar raonomer feed ratios were varied ab
O9: If 7*3, 1JI, 3*7 and 1*9. The redox system
NagBj*O" at the constant concentration of 2.5x10"" moles/litre
was used to Initiate the copolymerisation. The copoly-

merization time ranged from 1 to 3 hours. The
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experimental reaulta are presented in Tables 24>31*

3.1.8.4 Methacrylio acld-Acr.yl aalde 12s

The oopolyaerlsatlone were carried under nitrogen
atnoephere at 3C"0*0$"C at arrested pHs 4,5,6,6,9 and 10
in ion free water and at pHe 4 and 10 In the presenoe of
1 nolar eodium chloride solution. At each pH the nolar
ncnomer feed ratios were Tarled as 9:1, 7:3, 1:1, 3:7 and
1:9* The total iBonoiser concentration was approxl|Bately
1 oolar and the vclune was exactly 10 ml. The redox pair,
* constant concentration of 2.5x10 molar,
was used to initiate the copolymerisation. The copolymeri-
sation time Taried from 1 to 3 hours. The experimental

details are presented In Tables 32-40.

3.2 Conformational Studies
3.2.1 Introduction

The copoljrmers of methacrylio acid and N-vinyl
pyrroUdone* a nonionic hydrophilic monomer, were
synthesised by redox initiated aqueous solution copolymeri-
sation of methacrylic acid and N-vinyl pyrrolidcne at
3CH|:0.05®C in the absence of metal ions. The H-Tinyl
pyrrolidone content variea from 2.23 to 35*91 mole percent
in the copolymer. The side chain ionisation induced
conformational transition wae studied by potentiometric

titration and Tiecosily.



3.2.2 SyntheBle of Methaoryllc acid (MA)-N-Vinyl

gyrrolldonc (HVF) Copolymera

The purified Bonoawre, inethaorylio acid and
K-vinyl pyr~olldone were oopolynerieed at 3CHO0.05®C by
the redox ”~atem KgSgOg/lfag™a water at pH 3
as deeoribed in Section 31 i*t <= The BonoiMr reaotiyity
ratios of the Byatem at pH 3 ae deterained earlier 2% #2*
i« r™ » 8.3 and rjjyp r 0. Proper feed ratios of the
fflononere were ohoeen to arrive at copolya»re of the desired
ooapoeltioa. The total sonooer and initiator oonoentratlone
were mdlIntaiiied around 1 aole/litre and 2.5x10"~ nolee/lltre
reepectlTely. The copolyBierls;atione were stopped after
euffiolent ccnverBioB ran®e (5 to 10" hy 1he addition of
hydroquinone (5x10 mclee/litre) and the copolymere were
precipitated by the addition of an exoese of Isl aoetone<
ethylaoetate mixture. The oopclyoerB were further purified
by precipitation of their solutionB in ethanol with the
Baae non-Bolvent nixture (acetone* ethylaoetate 1*1).
dried at 40®C under vacuua (lo”” torr) to a constant
weight and were charaoterised by their nitrogen content
estimated by the semi micro Kjeldahl procedare“7» as
deeoribed for the copolyners in Section 3; 7
Ihe samples were stored under anhydrous conditions in
raouua desiccators. It follows from the monomer reactivity

Lrr = 8.3 and rN™"p = 0 T that the

. 123 ,124
ratios *

distribution of the H-vinyl pyrrolldone units in the

¥



poly(niethacryllo acid) ohain ie randon. |In the fflethaorylio
acid rloh copolynere long sequenotts of methaorylie acid
will be interrupted by a single unit of K-vinyl pyrrolidone.
At higher H-vinyl pyrrolidone ocmtente e.g. 307, the
N-vinyl pyrrolidcne length will etill be of one eegnent
interposed between diads of siethaerylio acid, ihe

and henoe a N-Tinyl pyrrolidone unit oannot add on to
another unit of the same kind in the polyner chain* The
monomer feed copolymer ooBpoeition data are presented in

Table-41.

3.2.3 Potentioaetrio Titration

Potentionetrio titrations were carried out in
ion free water,in 0.10 molar NaCl solution. The copolymer
solutions were prepared by weighing accurately the dry
oopolymers into ion £ree v?ater or 0.10 molar HaCl solutions
and adding calculated arount of sodium hydroxide solution
till exact neutralisation i.e. the degree of ionieation ie
equal to 1. The copolymer concentration was kept around
(3-5)xlIc“”™ equivalents of the titratabls groups per litre*
The experiments were conducted under nitrogen blanket at
30+0.C3"C with 0.5 molar hydrochloric acid solution keeping
the electrolyte concentration constant. Small Increments
of hydrochloric acid were added and the correeponding pH
were recorded with a EI-10 model Elico pH meter accurate

to 0.05 pH unit (standardised with buffers of known pH).

58
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Titrations were carried to X » 0. Blank titration* wtr«
carried out and the corrections, found to be negligible
in the experinental pH range, were not applied. Precipi-
taticn occurred below pH 3.5 for systenB richer in NVP.
The degree of ionization "<when the sodium salt Is

titrated by the acid is given by:

Volune of HCI added to Total volume of HCI
titrate at a given pH required for titra-
tion to x“ 0

The apparent pH (pK”pp) for different values of Xx

were computed from the equation795

P/\app * N

The intrinsic pK (pK”) values were obtained by extra-
Selation of pKj*pp versus plots to « 0 as suggested
by Arnold126. The titration data from high < (random coll
region) in the pK versus plot were extrapolated to pK~
by curved e xtrapolation”The free energy of
conformational transition per mole of the titratable
carboxyls (-Ay®/N) of the uncharged expanded form was

R
estimated by the 7?Aim and Rice procedure 9,

AT®
» 2.303RT ~ P app “ 2.303 RTA

where A is the area enclosed by the loop formed by the



experia«ntal titration ourvt, the extrsqjolated ourr* and
the pK™ on the ordinate. The pK™pp yb. plots for

a representatlTe oopolymer in ion free water and 1 molar
1odium chloride solution are shoim in Flga. (3) and (4).
The pH and pK”™pp plota in ion f!ee water and 1 molar

aodiuin chloride solution are ahcwn in Piga. 5 to 17.

3.2.4 Viscosity MeasttreaHinta

The intrinsic Tisoosities were determined from
the Yisooslty measurements in the copolymer concentration
range 0.0$% to 0*5 gm/dl in 0.10 molar sodium chloride
solution using Ubbelhode type suspended lerel Tiscometers

at 30+0.05®@C* The shear rate correction

shear rate * rhgd/2inj.»)(j

where and are the solvent tiscoelty and relative
viscosity of the sclution was nut fotoid to be appreciable
under the experimental conditions (capillary radius

0.026 cm, length 12 cm, efflux time for 0.10 molar sodium
chloride folution * 170 secs.) even for extended molecules
and hence was not applied. Polymer elutions at 'K 0.1,
0.2, 0.3 and 0.85 were prepared inoiomolor sodium

chloride solution and the diluting solvent was maintained
at the same pH as the polymer solution. Hie Fuoss

plot (cAlgp Huggins plot (n,p/C vs. C) are

shown in Figs.I&-31. 1lhe Hu™ins plot was used for * « 0.1.



The luoBfi-StrauBB ecuation”"A/MNAN:

(A/1 + BC™ )
was u8ed for the deteminatlon of at higher yalues
of CA/Bp was plotted against and the intercept

/& A»8p]c->0 taken as t?].

fil
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POIENTIOMEIRIC TITRAIIOH
Peterminatlon of p£~ . Amrold's Method

P~app lersuB

Fig.3. (MA-NVP) Copolymer, 2*23 mcle %
NVP in ion tree ?rater

Fig.4, Poly(H'ethaerylic acid) in 0.10 M
sodium chloride solution.



Fig 3 DeTermmation of pK" Arnold's method
pKapp Vs of (MA-NVP) copolymer(2-23mole % NVP) in ion

free water.



1/ 3

Fig. 4 Determination of pK? pKapp Vs. ec”® plot of poly ( nnetha
crylic acid ) in O-IOM NaCl solution. Arnold’s nnethod.



pomfiOMBIRiIcC zzm ncir curves
in lon free water pl®ppT8.*c

Pig. 5 0 BOl« ~gmrp yig,6 2.23 nole » NWP
Fig.7 4.52 mole HWP Tig.8 9.51 nole % STB
Fig.9 15.24 Bole % »VP Pig.10 35.92 BOle  HVWP



oC

Fig 5 pH, pKa Vs plots of poly ( methacrylic acid ) in

ion free water



Fig. 6 pH, pKapp Vs. oc, MA-NVP copolymer in ion free water
(2-23 mole % NVP )



Fig. 7 pH, pKapp Vs. o. { MA-NVP." copolymer in ion free wafer
(4 52 mole % NVP }



Fig 8 pH, pKapp Vs ( MA NVP) copolymer in ion free water
( 9-51 mole Vo NVP )



o<C

Fig. 9 pH, pKapp Vs. «:. ( MA-NVP ) copolymer in ion free water
( 15-24 mole % NVP )



o<:

Fig. 10 pH, pKapp Vs oc. ( MA-NVP) copoly mer in ion free water

(35-92 mole Vo NVP )



POEENTIOMETRIC TI2?RATKai CURYES

in 0.10 molar sodium chloride solution

Pig. 11 0 mole ™~ HYP

Pig.12 2.23 mole y MP
Pig.13 4.52 mole y% HWP
Pig.14 9*51 mole o HVP
Pl«.15 15.24 mole o HVP
Pig.16 26.62 mole 9% HVP
Pig.17 35.92 mole g HWP



oC
Fig Il pH, pKapp Vs. oC. Poly 'methacrylic acid ) in O-IOM

NaCl solution.



0<

Fig. 12 pH pKapp Vs ©c « (MA-NVP) copolymer in O-IOM NaCl solution

(2 23 mole % NVP )



oC

Fig. 13 pH, pKapp Vs oc (MA-NVP) copolymer in OIOM NaCl solution
(4-52 mole % NVP )



oC

Fig 14 pH, pKapp Vs. oC-(MA-NVP) copolymer in OIOM NaClsoln.

( 9-51 mole </ NV? ;



Fig 15 pH, pKapp Vs. c<;.

{ MA-NVP) copolymer

(1524 mole % NVP)

in O-IOM NaCl solution



8-0 -otentiometric Fitration Curve

70
C*
< O
6 0 i. T
>
v/'
XT
.Cr-'
50
40 -
1 -1 1 ! A 1
0 0 0" 2 0-3 0" 4 0-5 0-6
cC
Fig 16 pH, pKapp Vs .(Ma-NVP)copoiymer in O-IOVI

(26 62 mole % NV~ )

0-7

NaCl

n9-0

80

7-0

PH

bO

5-0

-14-0

0-h

solution



Fig. 17 pH, pKapp Vs oC.(MA-NVP)copolymer in O IOM NaCl solution
(35 92 mole % NVP )



HD&ans VU.T n o.10 h laol soiiufiai

18 0 moU % WFS
Pig. 19 2.23 Kole ¢ VFI
yi«. 20 4.52 1ole o IYP
Pig. 21 9.51 MOl« 9 IYP
Pig. 22 15.24 Bole o ITP
Pig. 23 26.62 sole o ITP
Pig. 2« 35.92 1ole o ITYP



01 0-2 0-5 0-4 0-5 0-6 07 0-8
C(gm/dl)

Fig. 18 Huggins plot of poly (methacrylic acid ) in 010 M NaC! solution



C(gm/dl )

Fig 13 Huycii.*s plc® of (MA-NVP)copolymer in O-IOM NqCl solution
(2-23 mole % NVP )



C(gm/dl)

Fig. 20 Huggin's plot of ( MA-NVP) copolymer In O IOM NaCl solution
(4-52 mole % NVP )
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Fig. 21 Huggin's plot of (MA-NVP) copolymer m O fOM NaCl solution
(9-51 mole % NVP )



Fig. 22 Huggins plot of (MA-NVP) copolymer In 010 M NaCl solution
( 15-24 mole % NVP )
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Fig 23 Huggins plot of (MA-NVP) copolymer in 0-10 M NaCl solution
(26-62 mole % NVP )



C (gm/ dl)

Fig. 24 Huggin’s plot of (MA-NVP) copolymer in O-IOM NaCl solution
(35 92 nnole % NVP )



R30S PIOf IN 0.10 MaOl SaUNaK

Pig.25 0 Bole o JiVP
Pig.26 2.23 Bola 9 MW
Fig.27 4.52 sole o HVWP
Fig.28 9.51 mole o IVP
Pig.29 15*24 sole ¢ HWP
Pig.30 26.62 sole o HW
Pig.31 35.92 sole o HWP



Fig, 25 Fuoss plot of poly ( methocrylic acid ) in O-IOM NaCl solution
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Fig. 26

01

Fuoss
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cr2(gm / dl )"2

Fig. 27 Fuoss plot of { MA-NVP) copolymer in O-IOM NaCl solution
(4-52 mole % NVP )
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Fig. 28 Fuoss plot of (MA-IMVP) copolymer in O IOM NaCl solution
(9-51 mole % NVP )



c'"2( gm /dI )'/2

Fig. 29 Fuoss plot of ( MA-NVP) copolymer in OIOM NaCl solution
( 15-24 mole % NVP )
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Fig. 30 Fuoss plot of ( MA-NVP) copolymer in OIOM NaCl solution
( 26-62 mole % NVP )



Cgm /dl )V2

Fig. 31 Fuoss plot of (MA-NVP) copolymer in O-IOM NaCl solution
( 35-92 nnole % NVP )
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4. BISCDSSIOI
4.1, Copolygarlgatloa Stadlaa
4.1.1 Introduction

Th« oopolyoerisatlont w«r« oarritd to high
oonTertions and th« axperintBtally d«terniii«d aonoBer f««d<>
oopolyo«r ooapoeltlon data w«r« treated by lioth th« YBR
differential procedure4R using ayerage aonoMr feed raluee
and by the Mayo-Lewie integrated equation™” reeolTed by
Joshi*e procedure™® to oovpute r* and r 2«

The eoltttione of and r£ obtained by the two Bsthode
are not drastically different inepite of very high oonver-
alone (<70”) In eone experiments. Joshi has pointed out
the close agreeaent between the differential TBR and the
integrated equation after a surrey of a large nosber of
experinental data46. In the four iyBtens InTestigated
In the present nork, the agreenent in a good nunber of
oaMs is well within 10j» The qrsteBie are discussed in
the light of the data obtained by the solution of the
integrated equation since it aooouats for the drift in
the Bonooer concentrations with copolyMrisation andthence,
is Bore exact. The experiaental results are ccagpared with
the existing results of the sane syaten under different
conditions. She ~y”etens acrylic acid-acrylaaide and

aethacrylic acid~acryla«ide pclynerised to relatlTely
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low eonT«r»ioBS( wer« also treated 'by the recently
prepared Kel«n-TUd6«"*~ nethod and these two qretens

are dIBoueied on the haeis of the observed results148

4.1.2 Aoryllo acld-S-vinyl gyrrolidone

The systent loTestlgated by Van Paeseohen and
AMts in hulk at 7500186 and by Chs”iro and Le Dean Trung
In toluenet ethanolf IKF and In bulk, gives eonflioting
values for the nonoaer reaotirity ratios (Table-"2).
Chapiro et al obeerTed that the reaetlTity ratios were
nearly the sane in bulk, toluene and in ethanol. Copolymers
fomed in SMF contained a sonewhat larger fraction of
acrylio aoid» caused possibly by the faraation of a oonplex
between acrylic acid and dixsethyl formaaide* However* the
differences between the ccMspositions did not exceed 10 to
157, Tarious physical neasureaents like phase diagraaX38»
flow tiae and infra-red analysis of the aonoaer aixtures
reveal a strong aolecular interaction between tlui two
aonooers. A kinetic study of the polymerisation of acrylic
acid in the presence of poly(F-vinyl pyrrolidone) in dilute
aqueous solutions has also revealed a polymer coaplex* of
poly(N-vinyl pyrrolidone) and the polymerised acrylio acid,
which precipitated during the course of the polyaerisationl?’7*138
The formation of aesociatlon complex between the aonoaers,
however, does not seea to control the copolyaerieatlon134
The copolyTCrisations in these investigations had been

carried to low conversions and the aonoaer reactivity



[7p]
‘o <'o T
' o 3= o< cy
O.mA = m W £ W
O.ﬂm -0 9 S8 o L)
O.mm - O _‘m %HO WlIO.LOl .OII.W o ‘O A_Q.O.dl.m m e—d | v -
m . 1
O.mw —EdC zIxo = 2X0°0 ‘A8 50 18.01 Wm.OMA '8 ¥ Cummdmd T
o ¥ o O cO AF =T » @MB 0 o8 o8z L X sy
co "o o o O IS it 8 O =z ‘£x8'E ® " " v ¥+ ¢
- L 8 T o
A= . : WL Lo
%o o0 £)  0F oty mmmmmmiQ HG— WL - ¢

o —

=B O v, Yo , D ST o E w @ W
8.m>$mu\§ .Oo.ou =/ 04 v - =

<M

Y



ratios 'vtera detenslned firca th« dlIff«r«ntial fom of th«
copolyis«r oonpoiitlon equation.

In the present Inyeetlgation the oopolyaerisation
of aorylie acid with N-vinyl pyrrolldone wae oonduoted
at pH 4,5,7,8 and 9 In lon free water and at pH 6.$% In
1 Bolar sodlina chloride eolutlon122- The ooaputed r*

(for acrylic acid) and (fox* N-vloyl pyrrolldone) are
presented In Table-42.

The reactiTItjT ratio for aonrllo acid drops from
5.26at pH 4.0 i<hen 45~ of the mononer Ic lonilxed |pKa for
acrylic acid » 4.2 and pKa of Poly(acrylic acid) 1» 6.4]*""
to 1.3 at pH $.0 when nearly 86)" of the mononer le lonleed.
In thle pH range, the copolyner chain Is predoftlnantly
unionised. She r Increases to 8.1 at pH 7.0 and
fluctuates between 6 and 7 as the pH le raised froa 7.0
to 9.0. Addition of 1 nolar sodiua chloride at pH 6.5
slightly reduces ™ to 5.8 (rj* » 8.1 at pH 7.0), which is
however sinilar to Its value at pH 4.0. A minlmuiB in
r®~ 1 1»3 obTOrved at pH 5.0 is due to the electrostatic
repulsion between the ionized non<nBer noleoules approaching
the growing oopolyeier chain. A further decrease in r”?
would be expected above pH 5.0 as the growing copolyner
chain also begins to ionize. At pH 6.0, for inetance, the

polymeric acid is already 40” ionised. She higher value

of r» in this range (6.6 - 8.1 in the pH range 7.0 - ).0)

can partly be understood by exaalnlag the homopolymerisation

101
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rate Rp of aorylio acid (RpXIO™ for AA i« 3.6, 2.1, 0.43,
1.9 and 8.1 at pH 4, 5 and 6,7,8 and 9)**. Ilhough Rp
haa a niniauB in th« pH rang* S™?, It sharply inoreasae
and exoatda th« taluta at pH 4.0 when the pH le 8.5*
The polyaoid anione are eatable of binding oatioae present
in aqueous solutions"**~"® . |he propagating oopoljraer
radicals maj also be considered as being eosposed of
dirided lon pairs . The electrostatic repulsion
between the like charged nonoaeric ions and the ionised
growing copolyaer radicals “proaohing each other are
diainished, increasing thereby the probability of addition
of the ionised Bonoaer. Honopolyaerisation rates are
directly proportional to r™" propagation rate
constant) as the ternination rate constant is independent
of pH as shewn by rotating sector oeasurenents (T«ble-*l)Xg.
In the present syetea, I~vinyl pyrrolidone does
not ioniss and hence *12' inrariant with pH. Therefore
nay be assuBied to be proi®ortional to and
hence the rate of polymerisation of acrylic acid. The
data on sodiUD ion binding (both loose and tight binding)
to polyacrylic acid**~"® shows that 50,63 and ss” of
the Ha* ions are bound to the polyaerio acid at pH 6,7
and 7*5 respectively. This ion binding considerably
reducee the negative charge density on the polyner
backbone. Consequently the electrostatic repalsiye

interactions between the ionised isonoaer imlts and the
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growing polyror ehain are ninlaised. She oatlont present
in the system partially shield the negative charge* on
the lonized nonoBers* resulting in the faster rate of
addition of the nonoaer units to the growing oopolyaier
ohain* This is reflected in the inorease of M in the
alkaline range. The T. values for H-vinyl pyrrolidone
are mall, either positive or negative in all oases except
at pH 50« Together with the standard deviation, r* oan
be taken to be equal to sero. The r2 value of 0«S " at

pH ~*0 rneQTl probably be due to the lowering of the local
concentration of ionised acrylic acid aonraer at the site
of addition, giving a better chance for the incorporation
of H-vinyl pyrrolidone molecule and hence a copolyaer
richer in N-vinyl pyrrolidone* At pH 6*5, when the
polyner is about soJionised and the aonoaer is totally
ionieed, addition of 1 aolar sodium chloride restores the
Mi to the situation where the nonoawr is only partially
ionised. It is aiesuBed that the pKa of the copolyaer of
acrylic acid and N-vinyl pyrrolidone is close to the pKa
of poly(aorylic acid). This is evident £roa the fact that
the copolyaers obtained froa different aonoaer feed ratios
are always richer in acrylic acid. Since the r” is
considerably greater than unity, and the T. is nearly
equal to eere, the copoljrmers would consist of long
sequences of acrylic acid interrupted by short units of

N-vinyl pyrrolidone, irtiich is a close approxiaation to



poly(aorylio acid).
Th« reaotlTlties of acrylic acid and H-rinyl
pyrrolidone towards copolynerisation in balk has shonn
th« former to bt a more rcactire oononer136- recant
etudy of Chapiro et al, as already discueeed134f has also
shcim a small reactivity for N-vinyl pjrrrolidons (Table«-41»).
The smaller values of r® obtained by Chapiro et aI134
for acrylic acid are in rariance from the results obtained
in the present InTestigation in aqueoue solution* Xhis
can be partially explained on the basis of plurimoleoular
aggregation of aeryHo acid monomer in aqueous sclution141
leading to a long sequence of the monomer interrupted by
a few units of li-*vinyl pyrrolidone. In hydrocarbon solvents
those aggregations break down to individual monomer units
mioroscopioally distributed in a way similar to their
macrosooplc distribution in the system ao a whole* Therefore

a slight solvent effect is observed in BMP, as compared to

toluene I a hydrocarbm solvent.

CjH-CHg (jIHCHg
@
HCA CH (2)
C»0....HO-C
\ /

OH.... 0

n =
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Th« pcisibility of o”boxylic aold« aiBoolatlng (I)
IIn«arly has been reported for formic and aoetio acidsl42*143
Iheae plurlnoleoular aggregates with a very short half
lifet aseuned on themodynaxaio considerations to represent
only a oinor fraotlon of the hydrogen bonded aseooiationsf

are In a dynastic equilibrlua with the more abundant dimer (11)<
The high viscosi'® obserred for acrylio acid and its

eolation in high dieleotrio constant solvents is explainable
in terras of plurimolecular aggregate5134- Copolynerisation

of aorylio aoid under conditions favouring the formation

of these aggregates will lead to a long sequence of aorylio
aoid resulting in poly(aorylic aoid) blocks. Addition of
bensene and other hydrocarbon solrents decreasesthe

Tiscosity of aoxylio acid solution3134- Simultaneously

there is a considerable fall in the reaetivilgr. Under

these conditions the plurimolecular aggregates may aBsumec(

to be dissooiated™"/.

4.1.3 Methacrylio acid-K-vinyl gyrrolidone

The iiystem has been inTsstlgated by Kabanor et
aI16 in ion free water and in 2 molar sodium chloride
solution at pH 8 when methacrylic aoid as well as the
growing copolymer chain are predominantly ionised. The
system has also been investigated by Chapiro et aI:I'S4 in
DMF and methylene chloride solutione using gaunraa ray

initiation at room temperature and at 42°C by £ndc et al*?



In6

using aeo bis ieobutyronitrils as initiator* IThsir
results ars oonflioting in nature* Chapiro st aI134
obserrtd reaotiTity ratios as r*KA) « 4.7+0.1 and

r"CNVP) « 0*07+0*02 whils Endo et al**”™ reported oopolyaers
of almost constant coBtposition over a wide range of
mcnoner feed (Table-"N)*

In the present InTeetigation the oepolyserisation
behaTlour of nethaorylio acid and N-vinyl pyrrolidone was
Investigated at pH ralues 2|S,4,5,6,7|8,9 and 10 In ion
free water and also in 1 nolar scdiua chloride solution
at pH 3,7 and 10* The aonomr reaotiTity ratios obserTed,

for fflethacrylio acid and T for S-Tinyl pyrrolidone f
are presented in Table<*43.

She experinental results clearly indicate that in the
investigated pH range nethacrylic acid adds faster than
K-Tinyl pyrrolidone to the growing copolyser chain.
N-vinyl pyrrolidone shows enhanced rate at pH 7 and 8*

The drops from 6-8 at pH 2-3 to 2*9 at pH 4 (when about
30% of the Donoaer is ionised) f continues to be low (4*9 -
4*0) in the pH range 5-7 and drops to 0*92 at pH 8*C ii"en
in addition to the total ionisation of nethacrylic acid,
92~ of the growing poly(methacrylie acid) chain is also
ionised* As the pH is increased to 10, the r® shows a
gradual increase to 3*6* In the presence of 1 molar
sodium chloride* r remains fairly ccmstant (r*»4*9 - 4%*4)

in the pH range 3-10*
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The hOBiopolyiBerlsatioii rate of aiethaorylio acid is
known to rary with the pH of the medittn®**~"~. fhe rate
regirteri a gradual fall, in the pH range 1-6, with
mininun at the pHs corresponding to the pK” of methaorylio
acid IpK™ “ 4.32]*"" and the pK”™ of poly(nethacrylio acid)
[pKg* - 7.6]"". The rate then shows a slew gradual increase
in the pH range 7-12. As the pH of the nedium is increased
the aonoaeric acid begins to ionise and the nononer-iocnomr
electrostatic repulsive interactions become proainant in
the Ticinity of the pK™ of the nonoaerio acid thereby
decreasing the rate* With further increase in pH, the
pendant carboxyl groups of the growing polyaer chain begin
to ioniee aind aonomer-growing polyaer electrostatic
repulsive interactions also ooae into play around the pKa
of the polyacid resulting in a further decrease in the
rate (Fig.l). At pH 8*5f the electrostatic repulsion
between the monoaer units in the pclyaer is aaxiaun19 and
hence electrostatic repulsion between the ionized growing
polyaer chain and the approaching ionized monoaers aay
also be asauaed to be aaxissua.

In the present inrestigation the ainiaua observed
for r™ at pH 8 (0.92) can thus be accounted for. With
further in(»rease in pH, the negative charges on the
cNirbo3«yl ions are partially shielded by the Ifa** ions
introduced liito the aystea for pH adjustaente. She
fflonoacr-aonoaer and monoaer-growing copolya»r chain

repulsive interactions are reduced marginally, resulting
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In a falter rats of a(~dition of methacrylata anion to

the growing oopolymer chain* 2lhe rate of addition of
N-vinyl pyrrolidone remalni InTariant with pH. lhe rf
therefore, ehowe a gradual increaee lyon 0.92 at pH 8 to
3.5Sat pH 10. She inoreaee in r™ in the alkaline pH,
though notioeablet ie not ae pronounced ae in the acrylic
acid-N-yinyl pyrrolidone eyetem. This parallele the
hoaopolynerisation behariour of the two aclde (Fig.l).
Polynethacrylate anion binds eodiua ion to a iBUoh leeeer
extent than polyaerylate anion18- Thue» at high pH the
electrostatic repulsive interactions in the syetem
methacrylic aold-N~Tiqyl pyrrolidone still persist to a
significant extent resulting in a less draaatic increase

in r™ in the alkaline range. Cation binding to polyelectro-
lyte ie specifi019~ Xhe kinetic inTestigation of polyDeri-
sation of nethaczylic acid in the alkaline range (pH 9.%)
shows that the rate is influenced by the type of cation
present . This nay largely be attributed to the
different capacities of the respective catione to fora lon
padre at the propagating end of negatively charged polyner
radicals. If the pH adjustment ie made with the aid of
trinethylamins, the enhancement in rate in the alkaline

pH is appreciable for nethacrylic acid but is only narginal
for acrylic acid®® (Fig.2). The feasibility of hydrophobic
Interaction between poly(nethaorylic acid) radicals and

triethylanine probably contributes to the stabilisation



of th« ion pair18-

A ecignifioantincrpa»« in i» noted at high pH
in the preoenoe ofl molar eodium chloride and the
raluee are eomewhat restored to thoee at pH 5-7. However,
M~ values are etill laoch lower than that ohserved under
the noalonio situation preEunahly because the added sodiuii
chloride disrupts the hydrophobic interactions and the
pluriBolecular aggregates responsible for the high rate

of polymerisation at low pH144-

Methaorylic acid exists
predominantly as a dimer and the hydrophobic interactions
between the methaorylic acid monomer and the growing
poly~thacrylic acid)chain is broken by IfaCIl47.

In the present disouc’eion it is assumed that the
pK* of poly (methaorylic acid-c.-N-vinyl pyrrolidone) is
nearly the same as the pK” of poly(methflusrylie acid) sinoe
the copolymers obtained are alwe”s richer in methaorylic
acid. The reactivity ratios of N-vinyl pyrrolidone are
very small either negative or positive and together with
the standard deviations may taken to be sere. Shus, the

copolymers have a long sequence of met®aoz”lio acid units

interrupted by very short intervals of N-vinyl pyrrolidone.

The relatively high r£ values (0.28 and 0.67) at pH 7 and

110

8 may perhaps be due to the decrease in the rate of addition

of methacrylate anion to the predominately ionised

propagating copolymer radicals. Hence* an unionised

N-vinyl pyrrolidone molecule will have a greater ohanoe of



addition yielding copolyn«rB rioh«r in N~vinyl pyrrolidon«.
K~ anoy tt aI18 in their rather limited study of this
eyetoB report ™ “ 0.651”72 * 0.33 and r® » 0.90, rg % 0.30
at pH 8.0 in ion free water and in 2 arolar flodiun chloride
solution respeotlTely. The oonputational prooedure was
not described in their work and the inoreass in r® is not
appreoiahle in the presence of HaCl. Comparison of the
reactivity ratios ohserTed in the present Inrestigation
with those arrired at by Kabanov et aI16, iriiottld be
treated with caution, fhe Fineioan and Fot?s treatment

most probably applied to these calculations is inadequate
in cfMsparison with the 7BR differential method and Kayo-

Lewis integrated equation used in the present investigation<

4.1,4 Acrylic aoid~Aorylaroide

Copolymerizations of the fQrstem acrylic €tcid->
aorylanide were investigated at pH values 2(4,6» 8 and 9
in ion free water and at pH 2,4 and 6 in 1 molar eodiuB
chloride solution. The observed monomer reactivity ratios
r~ (for acrylic acid) and rg (for acrylamide) are
represented 1In Table-44125.

The for acrylic acid is maximim (0.92) at pH 2
where leee than 1” of tlw acid ie ionised. It decreases
sharply tc 0.32 at pH 4 corresponding to 457 icnisation
of acrylic acid (pKa 4.2)19. The lowering ot Tj is

caused by electrostatic charge repulsions among the
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Icnistd Bononer noleoul«t approaching th« growing eopolyiaer
radloal. The rm* renalns low (0.3/) at pH 6 when in
addition to the nearly o«nplete ionizationof the monoaeric
aoidt the aorylio aoid unite in the copolys®re w>uld also
predoainately ionize. The pKa of poly(aorylio aoid) ie
6.419 and in the aorylio aoid-acrylanide oopolyaere
obtained in the present work, tlw pKa would shift to
lower values since the mean sequenoe length of acrylic
aoid units are not long for all the nonoBer feed ratios.
In other words, the pEa aiajr be aeeuned to be nearly equal
to 6. As discussed for the earlier systems, at this pH,
moncBer-growing polyner electrostatic repulsiTC interactions
will also be felt in addition to the eleotro static repulsions
between ioniKed aiononers. 33iis trend is siisilar to the
hoBOpolynerifiation behariour of aorylio aoid as a function
of pH. Ic recapitulate the earlier syetens, the rate of
poljraerisation of acrylic aoid, at different degrees of
ionisation, is directly proportional to the corresponding
propagation rate constant 17* the tensination rate constant
remaining invariant vIith pH, as shewn by the rotating
sector meaeureroentan. Therefore, r"C*
taken to be proportional to 1 [ and hence Rp of acrylic
aoid3t asBUBsing the inrarlance of kg2 rate constant
for the addition of ntm"ionising aorylamide unit to an

acrylic aoid unit. The honopolyaerisation rates (I*) of

acrylic acid determined by oH independent initiation at



60'C ar« (RpXIO®) tqual to 3.6, 2.1, 0.43, 1.9 an« 8.1 at
pH 4,5 (6 and 7)"and 9 r«BpectIyer18 (lig.l). Ae ahonn
earlier the higher rates is alkaline pH are oaaeed by
Bodius ion binding to the groiflng polyacrylate anion»
partially neutralieing the negatlre charges on the growing
polymeric ¢ h a i n a s well as on the ionised nononer
noleoalest thereby facilitating greater mononer addition.
The increase in " at high pH ralues la thus understandable*
Hoi»eTer, the low value of 0.3 for r® at pH 9 is unexplainable.
The high value of T. at pH 9 (r2“0.95) euggeets faster
incorporation of acrylamide units in the oooolyraers, resulting
in low acrylic acid content. Addition of 1 molar sodium
chloride solution to the syBteai at pH 4 restores r fron
0.32 (in ion free water) to 0*92, the value at pH 2.
Addition of 1 molar sodium chloride solution to the ay.'tea
at pH 6 contributes only to a partial increase of ficryllc
acid addition in the presence of acrylamide. A ggreater
concentration of the electrolyte is needed to completely
screen the charges and bring about a condition sictiXar to
that at low pH. The presence of acrylamide in the systsm
eeems to play a negative role in the addition of acrylic
acid units at high pH, in contradiction to the homopoly*
merisation behaviour of acrylic acid. It is net clear
whether the alkali metal ion binding to acrylic acid is
affected. The r™ for acrylamide shows a gradual increase

with pH except at pH 8.0, irtiere it is low. Addition of
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1 molar Bodiun chlorldt to the oysteie results in a sharp
Inoreass of at pH 4 and 6* A few experijaents v-vtb
conduoted on the hooopolymerleatioii of aorylamlde at pH 4,
6 and 10 using the eane initiator systen
and 1 molar concentration of nonoaer in the presence and
in the absence of 1 molar sodium chloride. The rate of
polymerisation showed 3-10 fold increase in the presence
of NaCl. The increase in T. oan only be explained in
terms of faster addition of aorylamide units in the
presence of sodium chloride*

The systesi has also bewi investigated in water at
low and high pH Talues by 3ourdai522t in benssns by Smets
et aIZ:L and more systematically as a function of pH in the
range 1*77 to 6.25 by Oabanesr et aI24- They obserred an
inTersion in the reactivity ratios (Table-5). However, it
IS incorrect to compare their data with the data in the
present work for the following considerations (a) the
monomer feed in their experiments are of the order of
mlllimolar ccmcentrations as against a constant total
concentration of 1 mole/litre in the present work. Mon<aaer-
monomer interactions like plurimolecular aggregations will
be leee prominent in the dilute solutions used by CeCbanees
(b) the ccpolymerieations were carried out at 60®C ae
against 3070 in the present investigation (c) Cabaness et al
have carried oopolymerizatlons to low conversions and the

experimental data were treated by Fineman and Ross
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linearisation n<>>thod41 udiioh is «ho«n to har« Iimitations46 L

as ocaapared to the Mayo-liswis integrated ocpolynsrisation

equation31 used in the present inTsstigation.

4.1.5 Methacrylio aoid-Aorylanidt

The reaotirity ratios r» for methacrylio acid
and V: for aozylanids as a funotion of degree of ionization
cf nethacrylic aoid, are tabulated in Sable-*43.

The copolyaerisation data of this syeten oorroborates
with the hcmopolyaerisation rate of the mononerio aoid
better than the systen aorylio aoid/aorylaiside. Xhe r*
for nethaczylio aold {MK) is naximus! at pH 4 and drops
sharply till the pH 6 (™ is 2.81, 1.94 and 0.19 at pH 4,
5 and 6 rhen 307, 82" and 93" of the Konoiser is icnised.}.
The decrease of r™ is again understandable in cf
eleotrostatio charge repulsions between the reactire
species. The pK™ of polyCaiethaeryllo aoid) is 7.0"". The
sequence length of methacrylio acid in the growing copolymer
chain, computed fl*om the monomer reactivity ratios at pH
6 and 7, is not too long. The pKa copolymer would
tend towards a lower value. Hence, the mlninum cf r#
at pH 6-7 is also caused by the repulsion between the
negatively charged propagating polymerio ion and the
monomer ions. In the alkaline range, as expected from the
arguments presented for the foregoing systems, faster

addition of methacrylio acid to the copolymer chain and
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BiiBttltancouely an increase in (to 0.32, 0*34 and 0.39

at pH 6,9 and 10 respectively) results but nerer approaching
the r~ values at low pH. Shis ie because ths Ha™ binding

to the pcly(Bsethacrylic acid) units is auch lower as
ooBpared to that of poly(aerylie acid)18. In the unionized
state at low pH methaorylio acid is present as aggregates
stabilized by hydrophobic interactions. This results in
high values for r®. At higher pH partial shielding of the
eleotrostatio repulsive interactions by the Ha" ions
introduced results in a marginal increase in r~. The r?
values*however* do not approach that at low pH. Introduction
of 1 Bolar sodium chloride at pH 4 results In a decrease in
r-j* (1*7:0» instead of an increase over the r™ value observed
at the saae pH in ion flree water. This oust be due to the
disappearance of nethyl-methyl hydrophobic interactions in
the presence of sodiun chloride leading to the breakdown

of the aggregates of the reacting qpecies. The breakdown

of these aggregates is siailar to the denaturation of
proteins in the presence of strong electrolytes. Such
hydrophobic interactions between the units of poly
(isetheu”rylic acid)**” as well as the hydrophobic association
of water soluble substituted hydrocarbons (e.g. alanine)™”
are well known. In the absence of sodium chloride the r”

is as high as 2.81at pH 4 fin sharp contrast tc its values

at other pH. In the presence of 1 molar sodium chloride

the r~ at pH 10 (0.51) regirters only a 30" increase over
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Its value of 0.39 In lon free water. The added electro*'
lyte conoentratlon 10 not sufficient to bring about the
oonplete shielding of the ionic centres*

The T2 ralues of acrvlaBlde show a gradual rise with
respect to pH, increasing fron 0.20 at pH 4 to O.3S at
pH 9. In the prei®“nce of eodiun chloridet the T pH
4 showed a 75" increase in keeping with a sinllar trend
observed in the homopolynerissatlon rate of acrylamide in
sodiuD chloride solution* Ho*'evert the r2 Talue of 0*22
at pH 10, 1 BDolar sodium chloride is toe low and Is

unexplainable.

4.1.6 ETaluation of Kelen-Tiidos Method

The systens acrylic acid-acrylaaide foid Bethaorylio
acid-acrylaiBlde were oopolyaerieed to high conversions
(5-60;1),at different pHs as mentioned earlier, and the
ffiOQcnnr reactivity ratios r and rg were oonputed by the
Mayo-lewls integrated equation31 using a nodified ooaputer
ppoopdaTG™* The salient features of these systems are;
(i) the reacting aonomeric acid (AAMA) ionizes predomi-
nantly during the reaction especially at pH > pKa of the
acids (pKa of AH * 4.2 and pKa of MA» 4.32)" and (11)
the copolynerle acid formed during the course of the
reaction also predominantly ionises in the vicinity of the
pKa noly(acrylic acid) and poly (methaerylie acid)

[pKa ofP(AA) -6.4 and P(MA) * In these nystems.
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In addition to fre« radical reactivitieB which control
oopolymerization, slectroatatlo charge interaotlona betweon
the lonieed carboxyl groups are also present and the binary
OOpolymerisation equation nay not be ideally appllos”le.
Recently Kelen and Dudbs49 proposed a new differential
equation for the eraluation of nonaner reactivity ratios.
It has been shown to be the nost reliable fora of the
differential aethods based on the well known monomer feed-
oopolymer composition equation®™* The equation also
determines the prerequisite for the applloability of the
differential equation to the system. She equation has,
since* been tested and found suitable for a number of
oatlonio oopolymerisation data by Kennedy”".

It was pointed out that the binary oopolymerisation
equation tends to become inapplioable if the reacting
system has irregularities arising from intra and inter
molecular interactions between the reacting species* In
Tiew of the fact that the Kelen Tiid&s method was fbund to
be well applicable to oatlonio oopolymerisation reactions
which generally proceed to high oonTersions and are
presumably not free from inter molecular interaotions
between the reacting species* it was felt vcrthwhile to
test the reliability of the r® and r® values obtained by
the Selen-Stidds procedure for high conversion flree radical
oopolymerisation systems. The r and r£ obtained by the
Mayo-Lewls integrated copolymer equation are used as

reference for oomparieon.
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The K«l«n-Tudi)» equation was treated by the method
of least equaree and and T for MAAM and AA-AM
eyeteae are listed in Tea}le-"6. The MA-NYP and aa'<NVP
eyetens do not yield eatiafactory yalaea einoe the conTer-
eione ore too high and therefore the teet reeults are not
diaeuesed. It will auffioe to aay that oonvereiona abore
50" are generally unauitable for treatraent of data.

A oonpariBon of 4, and rg obtained from the Kelen-
liidca prooedure49 with thoae ocmputed fron the ataadard

3X ahowa that except for caeea of

integrated equation
oonTeraion higher than 407 (the deTlation in these oaaea
from the integrated equation being in the range > 7-97) the
deTiationa are leaa than 5%* It ia intereating to note

that the deviationa are only in the range 0.3 - in ayetena
when the conv«raion doea not exceed and an excese of a
etrong electrolyte (.e.g. 1 aolar aodiua chloride) ia

preaent to auppreaa the electroatatio interactiona between
the reacting apeoiea (AA-AM, pH 4 and 2 in the preaenoe of

1 BOlar aodiun chloride and MA-AIl, pH 4, 1 molar aodlon
chloride). At higher conTeraiona« aa in the ayatoa MA-AM,
pH 10, 1 molar sodium chloride* the deviation becomea

more pronounced. Although it is too drastic to make
generalisation from the limited ntmber of experiments
examined, it can be said with certainty that the Kelen-Tudoa
method can be applied to copolymerisation data with

converaiona at leaat upto 25-*0% without much loea in
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preolaion of and rg* Av«rag« nonomer f««d valuen

(Egn*60) should be used for ooaputation in equation 15

4.2 Potentloaetrio and YlsooiBetrlo Studies on BAAoNW
OopolYners: Collapsed Conformatloa of PolyCnethacryllo
acid) Ohaia
The free energy -Ay®/N of transitica froa uncharged

ooBpaot globular to the hypothetioally uaoharged expanded

fora for polyCaethaoxylio aold) in 0.10 nolar sodiua
ohloride solution CIn the oonoentration range (3 to 5)xlo"™
equivalents/lltrej conputed from its titration ourTe (Fig.11)
is equal to 158 eal nole~"* v”ioh ie In fair agreement with
the value of 165 oal nole_1 reported7 for the saae poly«er

in 0.$0 aolar w>diua ohloride solution in the aaoe oonoen*-

tration ran<;e. It has been pointed out7 » however* that

the average value of -Ay®/» for polyCmethaoiylio aoid)

obtained froa the conflicting values of different iverker?

anounted to 136 cale mole** with high values of 190 oal

»ole“” found by Ptitayn” and 220 oal aole“” by Conio et

98. The value of 158 oal mole"I obtained in this work

al
is taken as the reference for the po2y(raethacrylic acid)
chain. The titration curves for nethaorylic aoid*>K->vinyl
pyrrolidone copolyners (Fig.5-17) show a progressive
decrease in the area of the loop between the experimental
titration ctzrret the extrapolated curve and the pK" on
the ordinate with increasing K~vinyl pyrrolidone content.

The characteristic ‘hunp' disappears for the oopolyaers
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with 26 and 36 uole percent N-yinyl pyrrolidone. The
titration behaviour of poly(Biethacrylic acia) and
Bethacryllc acid-H-vinyl pyrrolidon# oopolyners In ion

free nater (Fige. 5-10) ehow a eiinilar trend. The oopolyner
oompoiitione are presented in Table-41. The free energy
Talues Tire listed in Table<-47 and are graphically plotted
against the mole percent of N~Tinyl pyrrolidone in Fig.33.
2he progreeeiTe deoreass in the -AIM/N values is indicatiye
of the gradual destabilisation of ooapact structure with
increase in the mole percent of N-vinyl pyrrolidone. The
conpact structures are nonexistant at H-vinyl pyrrolidone
contents greater than 16 aole percent in the methacrylic
acid N-vinyl pyrrolidone copolyfficrB* The titration curres
for high If-vinyl pyrrolidone content copolymers nearly
resemble those of poly(acrylio acid) in which no significant
conformational changes occur at low degrees of ionisation.
The viecosity plots of these copolymere in 0.10 molar
sodium chloride solutions show siisilar charaoteriatics of
molecular sire (Flg«32). The D?] values of all the
polymers lie ne ~rly in the came range at » 0.1 but show
divergence at higher values of The curves for 2.33 and
4.52 mole percent IT-vinyl pyrrolidone copolymers lie close
to the polyCmethacxylic acid) curve* while the values for
higher nole percent copolymere lie for below. The steep
rise in the hydrodynamic volume with for poly(methacrylic

acid) and the too low N-vinyl pyrrolidone content
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" re <PLOTS OF PMA AND MA-N7P COPOLYMEBS
in 0.10 MNaCl Solution

Pig .32 a) O"NHVP
b) 2,23~ HTP
c) 4.52" NVP
d) 9.51” NVP
e) 15*%24jC NWP
t) 26.62% RVP
g) 35.92" NVP



oq
a) 0 % NVP, b) 2 2 mole % NVP, c¢) 4-5 mole % NVP, d) 9-5 mole 7o0NVP,
e) 15-2 mole 70 NVP, f) 26 6 mole NVP , g) 36 mole NVP

Fig. 32 Lt|]] Vs « plots of P(MA) and(MA-NVP)copolymers inO IOM

NaCl solution



PKo

a) Free energy oOf conformationa! ‘ronsition
as a function of moU % NVP

b) pKgOS a function of mole % NVP

Fig 33
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copolymer8 ie of slrriilar nature, ultloately reaching a
maxiauiB ralue at » 0.85 ~10h corresponda to the
naxlmua e”ttenslon of the poly(BBethacrylic acid) chain®*"",
lhe A 0.857 high for high H-Tinyl
pjrrolidone content oopoljriBerSt «ugg”8ting the exietaaoe
of relatirely expanded structsres even at low X in these
copolyrors. lhe *S’ shaped nature of these curres suggest
a cooperatlTS breakdown of ooiipaot structures as suggested
for the pure DOIlyCmethacrylio acid) chaingz. The
Tiscosities are for unfractionated polyaers and the data
can he used only for a qualitative interpretation Of the
general hydrodynanic behaTiour of these oopolynerr.
HciveTer, the fTeatures reTealed in the potentiooetric
titration data are brought out. The potenticoetrio titration
data are unaffected by the molecular weight and nolecular
weight distribution of the polymere7.

It has been pointed in the experimental section that
the c»}olysers contain single N-Tinyl pyrrolidone unit
distributed among long sequ«mces of methacrylic acid in
a r&ntom mannert with the average lengths of the methacrylic
acid sequences decreasing with increase In N-yinyl
pyrrolidone content, the average length shortening to
nearly 3 and 2 for 26.62 and 37.92 percent N~vinyl
pjrrrolidone contents. The decrease in the conformational
free energy with increase in N-vinyl pyrrolidone content

(Fig.33) indicates that the mpthyl-reethyl hydrophobic
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contactB ar« not favoured by ’dilation' of th« methyl
8«queno«B by N-vinyl pyrrolidone, a nonionlo hydrophilic
monomer. The lowest H-vinyl pyrrolidone content eaoplea
(2.23 and 4,52 mole percent) hare about 40 and 20
methacrylic acid sequence! and diow the txistance of
eonpact structuree, but of lesser stability. tThe 15*24
H~vinyl pyrrolidone mole percent copolyaerf iriiich still
shows a slight contraction, has only an average of 5
aethacrylio acid sequences. Lower methaerylic acid
sequences do not bring about any measurable oontraotion
as shown in the titration curves for the 26.62 and 35*92
N-vinyl pyrrolidone mole percent copolyners (Fig.16, 17).

It was shown from the viscosity studies of poly
(methacrylic acid) by Ptit*yn”~ that the long range electro-
static interaction parameter obtained tron the Stoctoeyer-
Fixman plots has only a slight dependence on when
"C< 0.2, suggesting that the long range interactions have
practically no effect on the dimensions of noly(methaorylio
acid) molecules. In other words, these interactions are
not considerable.

Likewise, long range interactions of methyl groups
do not seem tc occur, in which case, the molecules of
higher H-vinyl pyrrolidone contents should fold. As
pointed out by Ptiteyn92 about 30 units of methacrylic
acid sequencer are required to bring about a stable

collapsed molecule. This requirement is met in the 2.23



mol# percent H-vinyl pyrrolidone copelyiaer with 44 onite
of and partly in the 4*52 mole percent W-vinyl
pyrrolidone cooolyner with 20 units of MA aeqaenoe
and the conpact structures are fctind In them though with
slightly lesser stability. Only weak hydrophobic contacts
are possible at ehcrter sequence lengths* An instance is
known» howevert in which only 40 percent of arothyl groups
in a long chain polyaer143 cdiowed oonsiderabls collarm

in aqueous soluti<») at neutral pH. fhis is a terpolyiaer
of glutamic acid* lysine and alanine (3t3t4 nole ratio)

in fairly random sequence wi<”™ relatirely long sequences
of alanine in fHCtich electrostatic attraction between the
negative glutamate side chains and positive lysjl side
chains compact the mclecule in addition to hydrophobic
alanine**alanine contacts* Such a situation does not arise
in the methacrylic acid-N-vinyl pyrrolidone copoljrmers
with all the ionieable groups carrying the sane negative
charge.

She decrease in tendency to collapse raay also be
partly attributed to the hydrophilic shielding of the
methyl groups by the N-vinyl pyrrolidone side ohains*
Such a shielding also occurs in pure poly(methacrylie
acid) at high values of when carboxyl gronps are
ionisedy as pointed out by Ptitsyn””~. fhe destabilisation
of collapsed etructures even at low pH, with increase in

N~vinyl pyrrolidone content in the poly (methacrylie *»cid)
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chain oan poeeibly be attributed to the hydrophllio
Bhielding of the methyls by pyrr( lidone ring ia addition
to the dilution of the methyl sequences. This partly oan
explain the relative Inetabillty of the 2.23 and 4.52 oole
percent N-ylnyl pyrrolidone conpolyinere in spite of
having long methacrylic acid seguenoes. The intrlnnio

pK (pKj*) values increase with the N-vinyl pyrrolidone
content (fig.33) indicating the hindrances in the proton
release from the carboxyl groups. Ijnteraction between
the carboxyl groups and pyrrolidone rings are also well
knownX38. 5ydrog«n bonded interactions of the type
proposed"® betv~een the acidic hydrogen (fron phenols) and
the pyrrclidone ring could exist in the case of carboxyl

groups. !Qiese interactions have to be;

between neighbouring unite and reight also hinder the free
Bjoveroent of polymer eegments obstructing the relatively
ehcrt range raethyl-njettQrl contacts at low degrees of

ionisation.
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5. COSCLOSICB

5»1 Copolyiaerlgation

Aqaeotts solution oepol7»«ri.Katioiis of ionisabl*
EBonoBierB jaoryllc acid (AA) and oethaoryllo add (MA)] with
nonlonlsabl* water solal)l€ monoaiera {K*ylnyl pyrrolldont
(HVP) and acrylaalde (AM)1 show a dependenoe on the pH of
th« reaction Bediiim. The Tsarlatlon In the aononer reaetl-
Tlty ratios of the aoids show a definite trend with respect
to the degree of ionisation of both the monomer and the
growing polyner aoid» as well as wltii the degree of sodItiB
lon binding to the polymer* hydrophobic Interactions and

. 1227»12*5
plurlmoleoular aggregations

xhe reaotlTIty ratios
for the twc suslds yary with the degree of ionisation in
parallel to their homopolymerisation behaylotir*

fhe r~ yalues (AAMA) are ratber high at low pH and
drop to a mininium aroand the pH corresponding to the pKW
of monomeric acids when monomer-'monomer electrostatic
repalEire interactions come into play. [lhe reactirity ratio
continues to be low as the pH is incoreased and drops to a
second minimum in the ticlnlty of the pK” of the growing
polyacid when mcnomer-polyion repulsions come into play.
Further increase in pH leaide to an increase in the ralue

of rj*t nearly approaching Its value at low pH for acrylic

acid sy«t«BS. Howeyert the increase in the reactivity



ratio for methacrylic acid ie only narginal. This
difference ie due to much lece Na* ion binding to poly
methacrylate ion and the absence of polyiaer-njonoaer
aggregates as a r<»sult of the diesippearanee of hydrophobic
interactione normally preeent at low pH in methacrylic acid
systems. Addition of an excess of a strong electrolyte

like sodium chloride at high pH nearly restores the reactivity
of acrylic acid to its low pH yalue systems by the complete
shielding of the repulsiTe electrostatic interactions! by
appreciable Na® binding to the carboxyls* Addition of
sodium chloride to raethacrylic acid arjrstems disrupts the
hydrophobic interactions and hence the increase in the
reactivity ratio of methacrylic acid, in the presence of
added electrolyte at hi“h pHt is only marginal. The «sall«r
effect of Na® in methacrylic acid system is also due to the
much less Na” binding to the same*

She reactivity ratio of HVWP generally are very small
either positive or negative and together with the standard
deviations can be taken to be zero. !Ehe reactivi'ty ratio
of acrylamide on the ether hand show a gradual increase
with increase in pH.

These trends in the variation of the reactivities of
the ionizing monomers in copolymerisation will be of
considerable help in synthesising water soluble copolymers
of different compositions and sequ«ao« lengths* which

are simpler models for biological polyelectrolytes.
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5.2 Pot»ntloaetrie and VIBcoaetrio Studltg

Tbh« Btudy of copolymeps of nethaoryllc acid
and N-rinyl pyrrolldon* with long e«queno«« of nethacrylio
acid interrupttd at randon by single s«gmenta of the
nonionio hydrophilic inonoBiert K-yinyl pyrrolidone, shovre
that the oollapeed structure of poly(n}«thaoxylio aoid)
chain ie progreesirely deetabilissed as the length of
methaorylic aoid eequenoee, ie reduced. The ocopaot
structureB are nonexistant at N~vinyl pyrrolidone content
greater than 16 nole percent. She reeulte indicate that
the long range methyl-iaethyl hydrophobic contacts hy
segmental notion in a random coiled polymer like poly
(methaorylic aoid) at low pH are ineffeotiYe in bringing
about the collapse of the molecule. As predicted from
the hydrodynamic etudies on poly(methaorylic acid), the
short range interactions involring-30 segment lengths
are essential to compact the molecule* She destabili-
satioa of the collapsed structure could also arise from
additional factors like the shielding of the hydrophobic
methyl groups by the hydrophilic pyrrolidone rings.
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