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ABSTRACT
FULL NAME: MOHAMMAD ABU JAFAR MAZUMDER
TITLE OF STUDY: SYNTHESIS AND SOLUTION PROPERTIES OF SOME
POLYSULFOBETAINES
MAJOR FIELD: CHEMISTRY
DATE OF DEGREE: MAY 2003

The reaction of diallylamine with 1,3-propanesultone led to the synthesis of the
zwitterionic monomer 3-(N, N-diallylammonio) propanesulfonate. The sulfobetaine was
cyclopolymerized in water in the presence of sodium chloride using #-butylhydroperoxide
as an initiator to afford a polysulfobetaine (PSB) in very good yield. The PSB, upon
treatment with sodium hydroxide, was converted into an anionic polyelectrolyte (APE).
While the APE was found to be readily soluble in salt-free water, the PSB needed the
presence of low molecular weight salts (e.g., NaCl, KI etc, in the range 0.135-1.04 N) for
its dissolution. The solution properties of the PSB and APE were studied in some detail
by potentiometric and viscometric techniques. Basicity constant of the amine is found to
be apparent and as such follow the modified Henderson-Hasselbalch equation; as the
degree of protonation (o) of the whole macromolecule increases, the protonation of the
amine nitrogens becomes increasingly more difficult. The composition and phase
diagram of the aqueous two-phase systems of APE/PSB and poly(ethylene glycol) (PEG)
were studied.

A special monomer, sodium N- (3- sulfopropyl)- 3- (N, N diallyl amino) propane
sulfonate, containing the electrolytic as well as zwitterionic feature incorporated within
same molecule, was synthesized. The monomer underwent free radical polymerization in
aqueous medium using #-butylhydroperoxide as an initiator to give the corresponding
homopolymer, poly(electrolyte-zwitterions) (PEZ). The copolymer of this electrolyte-
zwitterionic monomer with sulfur dioxide was synthesized in dimethyl sulfoxide
(DMSO) using azo-bis-isobutronitile (AIBN) as an initiator. The solution properties of
these polymers were discussed in detail. Both the homo and copolymer were found to be
readily soluble in water; thus demonstrating the electrolytic behaviour of the PEZs. The
PEZs showed polyelectrolytic viscosity behaviour; the intrinsic viscosity values
decreased by increasing the ionic strength of its aqueous solutions.

MASTER OF SCIENCE DEGREE
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Water-soluble polymers are produced in large quantities, and are widely used in
industry and consumer products. There are two major classes of water-soluble polymers;
non-polyelectrolytes and polyelectrolytes. All water-soluble polymers share the common
element of having hydrophilic polar functional groups that may be non-ionic, anionic or
cationic. The anionic and cationic polymers together are referred to as polyelectrolytes,
while the non-ionic ones are called non-polyelectrolyte. The major contributors to the
nonpolyelectrolyte group of water-soluble polymers are poly(acrylamide), poly(acrylic
acids), poly(vinyl alcohol), poly(ethylene oxides) and the naturally occurring water-

soluble polysaccharides.

Cationic polyelectrolytes can be grouped into three categories; ammonium

(primary, secondary, tertiary and quaternary), sulfonium and phosphonium compounds.



Of these, the ammonium-based polymers are the most extensively used in

industry [1-3].

Phosphonium compounds have not been synthesized to high molecular weights,
and sulfonium monomers are generally unstable and less readily available than
quaternary ammonium monomers [4]. The quaternary ammonium functional group is
highly hydrophilic lending high water solubility to the quaternary ammonium

polyelectrolytes.

The cationic polyelectrolytes have found extensive industrial and commercial
applications [5-10] as paper additives, as de-emulsifier of dispersed oil, in sludge
dewatering, in sedimentation of suspended polymers, as paint thickeners, as flocculating
agents, in enhanced oil recovery and coagulant aid in potable water, for electro

conductivity in electropolarography and wastewater treatment.

Butler and coworkers have polymerized a large number of diallyl quaternary
ammonium salts. Pioneering works of Butler and coworkers [11-14] led to the
cyclopolymerization of a variety of diallyl quaternary ammonium salts 1 (scheme 1) to
yield water-soluble homo- 3 and co-polymers 4. The polymerization proceeds via
alternating intra-inter-molecular chain propagation, termed cyclopolymerization,
involving the kinetically preferred five-membered cyclic structure 2 [15] instead of

thermodynamically stable six-membered ring 5.



Poly(diallyldimethylammonium chloride) alone accounts for over 1000 patents
and publications. The dialkyldiallylammonium salt- sulfur dioxide copolymers [16-19]
are also manufactured commercially, and are useful as textile furnishes, polymer
additives, coagulants and thickeners [16]. Cross-linked polysulfones are used as ion
exchange beds. Tri- or tetraallylammonium salts have been used in removal of salinity

from brackish water [20] and in the extraction of uranium [21].
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Scheme 1

Modifications of Butler’s monomers have provided entries [22-29] into the
amphoteric polymers containing zwitterions on the same monomer (i.e, betaines) or along
the same backbone (i.e, ampholytes). Amphoteric polymers have also found many
applications in various fields [30,31] including their use as a simple model [32,33] for
understanding the complex behavior of proteins.  Amphoteric polymers, unlike
polyelectrolytes, can exhibit “anti-polyelectrolyte” behavior [34-39] i.e, enhancement in
viscosity and solubility in the presence of added electrolytes (e.g. NaCl) due to the
neutralization of the ionically cross-linked network in a collapsed coil conformation of

the polyampholytes.

Hydrophobically associating copolymers of the monomeric salts 1 may have
potential application in enhanced oil recovery (EOR) and other applications where
viscofication of water is of interest [40,41]. Modified diallylammonium copolymers
containing a few mole percent of a long chain alkyl (R) group have been shown to
increase viscosity due to interchain association of the appended hydrophobic tails [42-
44]. Further extensions into the area of water-soluble polymers have been reported [45-
47] which describe the synthesis of a novel class of piperazine based homo-and co-

polymers containing quaternary as well as trivalent nitrogen in the same polymer 6.
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(6)

Quaternary ammonium salts having carboxy group in the pendant have been
cyclopolymerized to polybetaines that show pH responsive solution behavior due to the
incorporation of the pH-triggerable carboxybetaine functionality [25,27-29,48]. However,
the use of amine salt 7 (instead of a quaternary salt) with a carboxy pendant permitted
[49,50] the generatation of trivalent nitrogens in the resultant homo 8 and co-polymers 9
(Scheme 2). The cationic polyelectrolyte (CPE) 9 has been converted to the cationic acid
salt (CAS) 10, the anionic polyelectrolyte (APE) 11 and polybetaine (PB) 12. The
presence of strongly basic trivalent nitrogen as well as weakly basic carboxy
functionalities has demonstrated [49-51] interesting pH-responsive solution behaviours in
a wider spectrum of the pH scale. These polymers and poly(ethylene glycol) (PEG) have
been used [49,50] to construct aqueous two-phase polymer systems, which may offer a

friendly environment for the separation [52-55] of labile proteins.
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There are only few reports [22,56] in the literature of polysulfobetaines (PSB)

(polyzwitterions) derived from zwitterionic diallyl quaternary ammonium monomers e.g,

13, 14.
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The development in the cyclopolymerization process has in recent years entered a
new stage that deals with synthesis of pH-responsive ionic polymers. Quaternary
ammonium salts-derived cyclopolymers 4, 15, 16 (RI;é H) [22,24-26,35] with an anionic
pendant show pH responsive solution behavior due to the incorporation of the pH-
triggerable betaine functionality. However, the use of amine salt-derived polymers 4
(scheme 1) and 15 (R' = H) permitted the generation of two pH-responsive groups (a
trivalent nitrogen as well as a carboxy) in the resultant polymer [36-38]. The presence of
strongly basic trivalent nitrogen as well as weakly basic carboxy functionalities has
indeed demonstrated interesting pH-responsive solution behavior in a wider spectrum of
the pH scale. One of the most gratifying aspect of the polymer 4 (R' = H; R? = CH,COy)
is its almost zero solubility [36] in water below pH ~7 in presence or absence of salt thus,
making it a suitable candidate [39] for applications in protein purification in two-phase
aqueous polymer systems [40] since it will permit its effective removal from solution by

precipitation.
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1.2 Aim of the work

Viscosity curves for the poly(quaternary ammonium salts) are typically of
polyelectrolytes in general, and unlike the behavior of nonionic polymers. Reduced
viscosity increases with dilution thus resulting in very large intrinsic viscosities. This is
attributed to increase in hydrodynamic volume of the polymers in dilute solution where
large repulsive forces between positively charged nitrogen leads to the expansion of the
polymeric backbone. The viscosity of polyelectrolytes in presence of strong electrolytes
such as NaCl behaves like normal polymers, and the added salts decrease the viscosity of
the polyelectrolytes tremendously. The polyampholytes (polyzwitterions), on the other
hand, display opposite effect (which is called antipolyelectrolytic effects) in the presence
of added salts; the addition of NaCl increases the viscosity of the polymer solution. In
most cases polyampholytes are insoluble in water. Osmotic force, which tends to draw
solvent into the polymer, is not of sufficient strength to rupture the three-dimensional
network of intra and inter-chain ionic interactions. However, in the presence of added salt
(e.g,. NaCl) the mobile ions are able to neutralize a portion of the ionic cross-links, thus

resulting in the dissolution of the polyampholyte.



The objective of this research is

D To synthesize the diallylamine zwitterionic monomer [3-(N, N —diallylamino)
propanesulfonate] 20 and electrolyte zwitterionic monomer [sodium 3-(N, N
—diallylamino) dipropanesulfonate] 24 from the widely available starting

material diallylamine 17 as shown in schemes 3 and 4.

®
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(II)  To homopolymerize the zwitterionic monomer 20 to the polysulfobetaine 21
and anionic polyelectrolyte 22.

(II)  To homopolymerize and copolymerize the electrolytic zwitterionic monomer
24 to give poly(sulfobetaine — sulfonate) 25 and poly(sulfobetaine -
sulfonate)-co-sulfur dioxide 26.

(IV)  To study in detail the solution properties of the polymers 21, 22, 25 and 26.

(V)  To determine the basicity constant of the protonation of polymer 22 and its
use in the constitution of aqueous two-phase polymer system with

polyethylene glycol (PEG).
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1.3 Work Methodology:

The monomers 20 (zwitterionic monomer) and 24 (electrolytic - zwitterionic
monomer) would be subjected to polymerization reactions using different radical
initiators in different solvents at different temperatures in order to optimize the yield of
the polymers 21 and 25 (shown in schemes 3 and 4) and their solution properties. In our
endeavor to synthesize special polymers containing pH-triggerable functionality (N) that
are expected to exhibit pH responsive solution behavior, the polymer 21 would be

converted to the anionic polymer 22 on treatment with sodium hydroxide.

The zwitterionic monomer 20 will be treated with sodium hydroxide to give the
anionic monomer 23, which on reaction with 1,3-propane sultone is expected to give the
special monomer 24 containing the zwitterionic and electrolytic functionalities on the

same monomer (Scheme 4).

The copolymerization of the electrolytic-zwitterionic monomer 24 with sulfur
dioxide in dimethyl sulfoxide using azo-bis-isobutyronitrile (AIBN) would also be

studied (scheme 4) to synthesize copolymer 26.

The copolymerization reaction conditions will be optimized and solution

properties of the copolymer 26 will be investigated.



12

It would be interesting to investigate the solubility behaviour of these polymers
21, 22, 25 and 26 in aqueous medium. Zwitterionic polymers (known as polybetaines) are
insoluble in water and can be solubilised by addition of strong electrolytes such as
sodium chloride. This is because the added electrolyte ions break the strong inter-chain
associations occurring in polybetaines. It will be interesting to investigate whether the
presence of electrolytic ion pair in zwitterionic polymers will 25 and 26 impart water

solubility in the absence of added electrolyte.

Furthermore, polybetaines exhibit increasing intrinsic viscosity in solutions of
higher salt concentrations. This is referred to as anti-polyelectrolyte effect.
Polyelectrolytes, as is well known, exhibit decreasing intrinsic viscosity with increasing
salt concentration. The presence of both the electrolytic and zwitterionic functionalities

may impart interesting viscosity behaviour in these polymers.

In our endeavor to synthesize special polymers containing pH- triggerable
functionality (N) that are expected to exhibit pH responsive solution behavior, we have
directed our attention to cyclopolymerize the diallylamine salts 20 and 24 (scheme 3 and
4). To the best of our knowledge the polymers based on amine salt of the type 20 and 24
containing sulfobetaine moiety have not been reported to date. In fact the polymer based
on diallyl quaternary ammonium salt 24 containing zwitterionic as well as electrolytic
sulfobetaine moieties on the same monomer will indeed represent the synthesis of a novel
class of polymers with tremendous theoretical and practical significance. The anticipated

polymers 21, 22 and 25 will indeed provide a unique opportunity to study the solution
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behavior of these interesting classes of polymers. The study would also provide an
opportunity to compare the viscosity behaviour of the PSB 21 and its corresponding APE

22 having similar degree of polymerization.



14

CHAPTER 2

HISTORICAL DEVELOPMENT

2.1 History of Polymerization of Diallyl Amines

Diallylamines belong to the broad class of non-conjugated dienes. In the early
1930’s Staudinger [56] proposed that non-conjugated dienes lead to cross-linked, hence
insoluble, nonlinear polymers or copolymers. In 1949, Butler & Bunch [10,57]
polymerized tri and tetra allyl quaternary ammonium salts to form highly cross-linked
water insoluble polymers. The first instance of an exception to Staudinger’s proposal was
reported in 1951, when Butler and Ingley [12] polymerized diallyl quaternary bromide
salts to yield water-soluble linear polymers. Early investigation involving degradation
studies [58] revealed that the polymer possesses cyclic structures. Flory [59] proposed a
six membered structure for radical initiated cyclopolymerization of 1,6-dienes
(symmetrical or unsymmetrical) where predominance of more stable intervening radicals

controls vinyl polymerization.
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Scheme 5 shows the possible ring structures in cyclopolymerization of
diallylamines. It has now been shown that the cyclopolymerization of diallyl quaternary
ammonium salts 27 leads to five membered cyclic structure 34 via the less stable
intermediate 30 under conditions of Kinetic Control [60]. The formation of this structure
by the reaction sequence 27—29—30—34 corresponds to a head to head polymerization

process.

Scheme 5
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Predominant or exclusive formation of five membered ring is observed in the
radiation induced cyclopolymerization of N-substituted dimethacrylamides [61-63] 36 in

the liquid, super liquid and crystalline states.

ji I/ Radiation n
_—
Z N A 0 i\ N O

Five membered rings are also obtained by copolymerization of certain
diallylamines and quaternary ammonium salts [64] which corresponds to a head to head
polymerization process. However, when the allyl groups are substituted in the position 2,
mixture of both five and six membered rings were formed. The polymer 37 has been
shown [6] by '*C NMR study to consist predominantly of five membered ring linked

largely in a 3,4 — cis configuration.
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Most non-conjugated dienes appear to undergo cyclopolymerization involving an
intramolecular ring-closing mechanism rather than polymerization through a single allyl
group, which would lead to cross-linking or other mode of propagation [2]. The
preference for cyclization has been attributed to a smaller decrease in entropy relative to
intermolecular addition. The kinetic control of the intermolecular cyclization reaction is
explained in terms of stereoelectronic requirements of the transition state [65]. Maximum
overlap of half filled p-orbital with the vacant [ orbital of the double bond demands the
approach of the radical along a vertical line from one of the carbon atoms of the double
bond with the orbital holding the three electrons in the same plane throughout the

reaction. This requirement is met in the 1, 5 cyclization but not in the 1,6 cyclization.

However, introducing bulky 5 substituents leads to increasing preference for the

six membered ring structures.
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Polymerization studies of unsaturated quaternary ammonium compounds
containing propargyl substituents showed that only those compounds containing two or
more allyl groups 40, 42 produced polymer and that the propargyl groups did not enter
into the polymerization process. The unsaturated quaternary ammonium bromide 43
yields [66] water soluble polymer, from those compounds containing only two allyl
groups in addition to the B-vinyloxyethyl group and water insoluble crosslinked polymers
from those compounds having three allyl groups in addition to a B- vinyloxyethyl group.

It was found that the B-vinyloxyethyl group did not enter into the polymerization under

the conditions used.

@ J @ . .
SN Br — > No Polymerization

~
r(38)
\K J\

©_ B —>  No Polymerization
-

X
® ©
Br / — > Soluble Polymer



19

® o
N ~ ~—— > NoPolymerization
N~
(41)
X P
o ) o
N r —> Insoluble Polymer
= @2) X
0]
N
N
R2
(43)

Generally, diallyl amines do not undergo free radical polymerization readily, but
the protonated or quaternary salts do polymerize. The presence of electrophilic N-

substituents in diallyl amines 44 activates the monomers towards radical attack [67].

1)

R
(R =CN, COR', SO2R' etc)

(44)
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It is known that allyl compounds do not yield high molecular weight polymers
due to depropagation and chain transfer reactions involving hydrogen abstraction from
allylic position. Polymers of diallyl quaternary ammonium chlorides have higher
molecular weights (and are therefore more useful) than the polymers of diallyl quaternary
ammonium bromides [68]. Initiator radicals probably oxidize the bromide ion more easily
to bromine, which then inhibits polymerization by consumption of initiator radicals, and

by termination of propagating chains.

. ) C) .
R + Br —> R + Br

Br + Br — > Bn

R + CHy=CHCH,X ——> R - CHp -CH - CHyX

R-CHy -CH - CHX + Bry ——» Br + R -CHy - CHBr - CH)X

Diallyl quaternary ammonium bromide 45 is a vesicle forming monomer. The double tail
lipophilic portion of 45 makes it capable of forming vesicles in water. Polymerization of
45 by gamma ray irradiation yields the polymeric counterpart. It has been shown that the
polymerized vesicles retain the structure of the monomeric vesicles and simultaneously

exhibit higher stability [69].
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CH2 CH2

(CH2)10 (CH2)10

CH3 CH3

(45)

N, N-diallyl pyrrolonidiniun bromide (DAPB) 46 has been polymerized to poly-
DAPB 47 by free radical polymerization. That the polymerization proceeds by
cyclopolymerization leading to the five-membered ring structure was confirmed by

comparison of *C NMR spectra of poly-DAPB with those of model compounds [70].

@ B ®
:N: > N B
(46) @7

N, N-diallyl-4-formylpiperazinium chloride 48 was polymerized using tertiary
butylhydroperoxide initiator. The aqueous two-phase system of the homopolymer 49 and

copolymer (with SO,) 50 was studied [18].
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Polymerization of 51 wusing ammonium persulphate (APS) initiator to
polyelectrolyte 52 (which was hydrolyzed to the zwitterionic polymer 53) has been
reported recently [28]. It has been shown that 53 exhibits antipolyelectrolyte viscosity

behavior like most zwitterionic polymers.

\f I gt

N
CH2C02Et Me/ \CH2C02Et Me/ ™~

(51) (52) (53)

)
CH2CO?2
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2.2 Copolymerization in non-conjugated dienes.

Alternating copolymers 55 are obtained on cyclopolymerization of diallyl
compounds 54 with sulfur dioxide [19,71] in different solvents with free radical initiators
such as ammonium persulfate, azobisisobutyronitrile, -butylhydroperoxide, and dilauroyl

peroxide.

It is reported [72] that dimethyldiallylammonium chloride 56 undergoes

copolymerization with acrylamide to give the polymer 57.

CO2NH?2

Lo -

1
- C
(56) (37
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Ion exchange resins were obtained by the polymerization of the tetraallyl

derivatives 58 of 1,n- diaminoalkanes [73-75]

X F X F
\\\ @ /l;@ \\\ ® J;@ — > Cross-linked polymer
N\ / i

(CH2)n

(38)

Amphiphilic cyclopolymerization [41] of diallyldimethylammonium chloride and
diallyl alkyloxybenzyl methylammonium chloride was studied by free radical
polymerization in aqueous solution. It was observed that addition of sodium dodecyl
sulfate (SDS), below the critical micelle concentration, to the copolymer solution results

in a large increase in the viscosity of the polyelectrolyte.

Polyelectrolytes  have also been  synthesized by terpolymerizing
dimethyldiallylammonium chloride with acryl amide and acrylic acid. These polymers,

59, are used as dry strength resins in paper manufacturing [76].
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(59
Hydrophobically associating ionic copolymers [40,41] of diallyl dimethyl
ammonium chloride 56 with 1 to 4 mol% of diallyldecylmethylammonium chloride 60
and methyldiallyl (1,1 dihydropentadecafluorooctaoxyethyl)- ammonium chloride 61 are
synthesized and the copolymer exhibited significant increases in the viscosity compared

to poly(diallyldimethylammonium chloride).
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A review and use analysis of poly(diallyldimethylammonium halide) has been
published [3]. A variety of commercial products have been developed using
cyclopolymerization of these quaternary salts. Poly(diallyldimethylammonium chloride)
is the first polymer in this series to be manufactured by a number of suppliers. It
possesses optimum functional properties for application to electrographic paper reduction
processes [1]. This polymer has also found application as paper additives. It is used in
water treatment as a flocculant. In the industry, this polymer has found application as a
coagulant in the coal floatation process. It is used as a de-emulsifier of dispersed oils in

the cosmetic field, as a biocide in water, and as a detergent additive.

The copolymers of these quaternary salts with sulfur dioxide [19] have similar
industrial uses. Tetraallyl diammoniumdichloride salts give ion-exchangers of both

superior rate and capacity for use in extraction of uranium [21]. Polytriallylamine [77] is
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reported to be a thermally regenerated ion exchange resin [20] for the cheap removal of
salinity from brackish water. Diallylamine hydrochloride with a suitable cross linker is
reported to give a polymer used as a super anion exchanger. Cyclopolymerizaton of
suitable salts have also resulted in the formation of strongly basic ion exchange resins
[73,75]. The hydrophobically associating copolymers may have potential application in

enhanced oil recovery and other applications where viscosification of water is of interest.

Polyelectrolytes are generally prepared by free radical (homo- and co-)
polymerization of an ionic monomer or neutral monomer. In the latter case, the
subsequent reaction on the preformed neutral polymer leads to ionic polymers. However,
the first case offers greater advantage in controlling over the structure and properties of
the final polyelectrolyte. The second case is more difficult to control as the amount of
charge becomes greater and greater during conversion of a neutral polymer to one of high

charge density, and as such most reactions rarely go to completion.

There has been considerable academic and industrial interest in the preparation of
new ionic polymers [76,78]. These studies included the area of cationic and anionic

polyelectrolytes, since both classes have unique chemical and physical properties.
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2.3 Polyampholytes

Ampholytic (zwitterionic) polymers are either formed from polymerization of inner

salt (zwitterionic) monomer or from the preformed neutral polymer.

The polyampholytes show unusual properties in aqueous solution [79,80]. The
polymers are insoluble in water and have hydrogel characteristics. However, the
polymers could be dissolved in certain aqueous salt solutions. The solution properties are
found to depend on the type and concentration of the salt added. In contrast to
polyelectrolytes, the reduced viscosities of polyamphoytes increases with increased salt
concentration. The greater the site binding ability of either the cation or anion, the greater

the reduced viscosity [80].

For the solubilizaton of polyampholytes by aqueous salt solution, the cations and
anions of low molecular weight electrolytes could be considered to enter ionically cross-
linked network of the polymer through osmotic forces [35]. These forces cause the
polymer to swell when placed in water. The insolubility of plyampholytes in water is
attributed to the fact that osmotic forces that tend to draw solvent into the polymer are not
sufficient to rupture the ionic crosslinks. Polyampholytes swell until elastic forces of the
network balance the osmotic forces. In the presence of added salt (NaCl) the solvent
(H,0O) along with the mobile ions is drawn into the polymer, and the polymer swells as

usual. However the mobile ions of the added salt neutralize a portion of the ionic
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crosslinks resulting in the continual decrease of the elastic forces, which tend to oppose

the continued swelling, as a result polymer swells until the gel finally dissolves.

One of the major drawbacks of the use of high molecular weight polyelectrolytes
in enhanced oil recovery (EOR) is the drastic decrease of the viscosity of their aqueous
solutions in presence of salt (NaCl, etc) [81]. However zwitterionic polymers show
“antipolyelectrolyte behavior’[37] and have low or no solubility in water but greatly
enhanced solubility and extensive chain expansion, hence viscosification, upon

increasing salt concentration.

Quaternarization of N vinylimidazole 62 with propanesultone 63 gives inner salt
64, which on free radical polymerization yielded the polyzwitterionic homopolymer 65

[35].

CHy = CH CHp = CH —cHp— Cﬁlﬁ
N
‘[ > e ‘[ > ‘[N%
(|CH2)3 (|CH2)3
SO§ so¥

@2 (64) (65)



30

A disadvantage in all reported synthesis of poly(vinyl sulphobetaines) is that only
propane- and butane- sultones are known to yield ampholytic monomer. In order to
circumvent the problem, the following monomer 67 was synthesized using

alkenylsulfonylchlorides [34].

« N jLCHz - CH%
1. CHp =CH - SO)Cl Q Q
> —_—
Q HOACc,Ac20 N ® N'®
N" 2 Hmo |
(|CH2)2 ((|3H2)2
€]
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(66) (67) (68)
CH3
TLCHz - CH% [ |
® [ CH2 CH ]
N—(CH2)2 |
| o C = O MC
SO3 | |
O—(CHz)z—lTI—Me
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(69) (70) 2z
SO3

% CH> - ?H%
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N—CH—R
F o () R=H
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The monomer, on free radical polymerization afforded the polysulfobetaines 68.
Likewise, the polysulfobetaines 69-72 were synthesized. As anticipated, the
polysulfobetaines 68-71 are insoluble in water but readily dissolves in aqueous NaCl.
Such behavior has been interpreted [37,82] by assuming the presence of a collapsed coil
in water due to intrasalt and intrachain interactions. Such interactions are broken up in the
presence of added low molecular weight electrolytes. While the polysulfobetaine 71 was
found to be insoluble; the polymer 72 readily dissolves in water. The presence of bulky
groups near the quaternary center diminishes the effectiveness of the intrasalt and
intrachain interactions. Structural modifications thus affect the delicate balance between
intramolecular interaction and hydration. The temperature and molecular weight have

also been shown to govern the solubility of polyampholytes [37].

Upto 1987 only two other poly sulphobutaines 73 and 74 were known [36] to be
soluble in water. Their solubility was again attributed to the presence of bulky groups

near the quaternary nitrogen center.

1|V[e
—CH2—CH—

L

/(CH2)2

C\(CH )

+{cmy- CH% Et._ 1%/ 2
N

QN@— (?H2)3 Et/ (?H2)3
so§ s0%

(73) (74)
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Attempts [34] to quaternize the polymer 75 were accomplished only to the extent of 65%.

~-cH - o) —|-cnp - cneHa - e

_ 0.35n 0.65n
O)==2 0 0O
N 1|\I@

N

(CH2)2
(75) (76) SOf(s9

Synthesis and bulk properties of several polyzwitterionic surfactants have been
reported [22,83]. The solubility of these polymers is correlated with their molecular
geometry. Molecular architecture of polyampholytic surfactants (poly soaps) envisages
three main types of structures. In structure 77 the charge centers remain close to the
polymeric backbone and is called ‘“head-attached” type. Structure 78 represents
polyampholyte of the “mid tail- attached” type. The structure 79 represents polymers of
the “tail — end” type where the hydrophobic tail is attached to the backbone. Polymer 80
(“tail end- attached” type) is found to be soluble in fomamide and water but insoluble in
ethanol. The polymer 81 (“mid tail- attached” type) is soluble in formamide but insoluble

in water and ethanol.
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The polymer 82 (“head- attached type”), however, is found to be insoluble in
water and formamide but soluble in ethanol. The tail end attached type polymer as
represented by 80 is found to be soluble in water. It was noted that the solubility of these

polymers in water is improved by adding salt as expected.

Obviously, the “skin” of the polymers exposed to the solvent mainly controls the
solubility characteristics. Thus ionic/zwitterionic ‘“‘skins” require polar solvents, and
hydrocarbon skins require less polar solvents. In agreement with this, polymer 81, which
represents the mid- tail attached type, exhibits intermediate solubility behavior. These
fully zwitterionic polymeric surfactants represent an unconventional but interesting type
of micellar polymers (polysoaps). They combine advantageously the behavior of ionic

and non - ionic poly soaps.

There are a few references in literature of polyampholytes derived from N, N —
diallyl quaternary ammonium monomers. Zwitterionic polysoaps are prepared by radical

homo-polymerization of the monomer 83.



ANg \

&)
(CH2) (CH2)3SO3 Me (CH2)3SO3
CH3
(83) (84)
CO2H
CO2H AN
‘ + LN
N COzH
COoH |
Me Me
(85)
COoH
\i * Nt
COzH M D Me
(86)

While the homo-polymer of the sulfobetaine 84 has been reported in the literature

[34], the solution properties of this polysulfobetaine have not been described.

Alternating ampholytic copolymers of maleic acid with allylamine, diallylamine,
methyldiallylamine and diallyl quaternary ammonium salt were synthesized by free
radical polymerization [84] (to give, for example, the copolymers 85, 86 etc). The
copolymers are characterized by viscometry, potentiometry and turbidimetry, and their
properties are found to depend on pH and ionic strength of the aqueous solutions of the

polymers. The influence of the cationic units on solution properties of the
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polyampholytes is discussed from the aspect of zwitterions formation. It was found that
the viscosity of the polymers (e.g, 86) decreases with increasing concentration of added

NaCl; a marked contrast to the behavior observed in case of usual polyampholytes.

Ionic strength (I), and pH dependence of the intrinsic viscosity ([n]) of betaine-

type polyzwitterions 87 have been investigated recently [85].

0
APCHZ—(ﬁ; o]
®
COz(CHz)zOﬁ’O(CHz)zNMeg

O
87)

The linear relationship between 1/VI and [n] for ordinary polyelectrolyte was also
observed for the polyampholyte 87 at low ionic strength near the isoionic pH (3.35) and
over a wide range of ionic strength at other pH at high ionic strength and at pH 4, a
reverse tendency is observed i.e, viscosity increases with increasing ionic strength. This
suggests the release of attractive interactions between different charges with the increase
of ionic strength. The polyampholyte behaves as a polyelectrolyte when positive charges
are excessively populated in the molecule (pH = 1.0) and also even when a slight amount
of net charges exists in the molecule as long as the magnitude of ionic strength is
sufficiently low. Near isoelectric point, where the net charge in the molecule reduces to
zero, the intermolecular attraction between oppositely charged groups on the chain is

expected to make the polyampholyte coil tightly [86,87] in salt free condition and to be
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expanded with increasing ionic strength .The drag reduction efficiency of several well
characterized water- soluble polyampholytes has been studied [30]. Polyampholytes can
reduce the energy loss due to friction in turbulent flow. A polymer molecule interacts
with vortices that are formed in turbulent flow and dissipate energy necessary for the

vortices to grow and thus reduces turbulence.

Polyampholytes have found applications [31] in biosensors and in amphoteric
buffer for electrophoresis. Polyampholytes can also serve as a simple model [32,33] for
understanding the complex behavior of random copolymer such as proteins. Preparation
of novel biodegradable polyampholyte from partially dicarboxylated chitosan has been

reported [88].

Complexation behavior of proteins with polyampholytes using turbidimetric
titration has been investigated [89]. Acrylic polyampholytes have been used for protein
separation [90]. Recent [91] study also includes the thermodynamic investigation of the

sorption of Fe’* and Cu’* ions by a fibrous polyampholyte.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1  Synthesis of Monomer Precursor (19).

1,3-propanesultone, on treatment with two equivalents of the diallyl amine 17
gave the salt 18, which on treatment with one equivalent of sodium hydroxide, afforded

sodium 3-(N, N-diallylamino) propanesulfonate 19 in excellent yield (90%) (Scheme 6).
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Scheme 6
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The monomer is a crystalline solid and found to be hygroscopic. The monomer is
found to be soluble in methanol but insoluble in acetone. The IR spectrum of monomer
19 is shown in Appendix A (I). The IR spectrum indicates the presence of the sulfonate
group by its characteristic bands at ~1200 and ~1040 cm™. '"H NMR, “C NMR, off
resonance and decoupled 13C NMR are shown in Figures 1, 2 and 3 confirms the structure
of the monomer 19. The thermal gravimetric analysis of a monomer sample is shown in

Figure 4. The monomer is found to be stable upto 270 °C.

3.2  Synthesis of Zwitterionic Monomer (20).

The precursor molecule 19, upon cation exchange using cleaned (deionized water
and filter) Dowex50 wx8 as a cation exchange resin, gave the zwitterionic monomer,

sulfobetaine 20 (95%). (Shown in Scheme 6).

The zwitterionic monomer 20 was found to be soluble in water and methanol but
insoluble in acetone. The IR spectrum of monomer 20 is shown in Appendix A (II). The
IR spectrum indicates the presence of the sulfonate group by its characteristic bands at
~1200 and ~1040 cm™. "H NMR and *C NMR spectra shown in Figures 5 and 6, which

confirm the structure of the monomer 20.
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3.3. Synthesis and Characterization of Polysulfobetaine (PSB) 21 and

Corresponding anionic Polyelectrolyte (APE) 22.

The monomer was subjected to cyclopolymerization reaction with ¢-
butylhydroperoxide as an initiator to give the polysulfobetaine (PSB) 21 in very good
yields. The PSB 21, upon neutralization with sodium hydroxide, was converted into the

corresponding anionic polyelectrolyte (APE) 22 (Scheme 7).
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Scheme 7

The results of the polymerizations under various conditions and the intrinsic
viscosities of the resultant polymers 22 are given in Table 1. Most of the polymerizations
were run in the presence of NaCl that prevents precipitation of the polymers during the
reactions. As is evident from the Table 1, the highest yield and viscosity value are
obtained for the polymerization reaction under entry 11 with a monomer concentration of
75% (wiw) (cf. entries 1, 3 and 11). The viscosity value increases slightly by keeping the
initiator concentration constant and decreasing the molarity of the NaCl (cf. entries 9, 11-

13).



TABLE 1: Effect of Concentration of Monomer and Initiator [tertiary butyl hydro
peroxide, (TBHP)], Sodium Chloride, and Hydrogen Chloride on Cyclopolymer

ization of the Monomer 20.

Entry Monomer® NaCl HCI TBHP Yield,™ Intrinsic
Concentration (M) (mmol) (mg) (%) Viscosityd

(%wIw) digh
1 60 3 0 10 78 (55) 0.228
2 60 7 0.5 50 44 (35) 0.0750
3 65 3 0 10 80 (61) 0.270
4 65 7 0.5 50 30 (19) 0.0576
65 7 0.5 85 52 (40) 0.0590
6 75 0 0.5 85 85 (65) 0.117
7 75 3 0.5 85 72 (57) 0.115
8 75 3 0 85 95 (75) 0.174
9 75 7 0 10 35 (24) 0.117
10 75 3 0 50 93 (74) 0.222
11 75 3 0 10 86 (72) 0.338
12¢ 75 1.5 0 10 86 (69) 0.333
13 75 0.7 0 10 88 (73) 0.378
14 75 0.7 0 5 77 (65) 0.521
15 75 0.35 0 5 87 (71) 0.510
16 75 0.35 0 35 83 (76) 0.570
17 75 0 0 85 74 (61) 0.214

*Polymerization reactions were carried out using 7.5 mmol of the monomer in
aqueous medium at 80 °C for 24 h followed by 90 °C for 24 h.

®Determined by 'H NMR analysis. Isolated yields are written in parentheses.
“The yield after 24 h at 80 °C was found to be 76% (by 'H NMR), which was
changed to 86% after additional heating at 90 °C for 24 h. Further heating did
not increase the yield.

4Viscosity of 1-0.125 % polymer (21) solution in the presence of 1 equivalent of
NaOH in 0.1 N NaCl at 30 °C as measured with an Ubbelohde viscometer
(K=0.005718).
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In some polymerization reactions, HC] was added in order to ensure the complete
protonation of the nitrogen; however, there were no improvement in the yields (cf. entries

7 and 8).

The IR Spectrum of the polysulfobetaine (PSB) 21 is displayed in Appendix A
(IIT). The IR spectrum indicates the presence of the sulfonate group by its characteristic
bands at ~1200 and ~1040 cm™. "H NMR and '"H NMR decoupled *C NMR Spectrum of
the polysulfobetaine (PSB) shown in Figure 7(a) and 8(a) confirms the structure of the
polysulfobetaine 21. The absence of any residual alkene proton or carbon signal in the

spectra suggested the degradative chain transfer process [92] for the termination reaction.

The polysulfobetaine 21 is a hygroscopic solid and has the following onset of
thermal decomposition (closed capillary): the color changed to brownish black at 275 °C,
but the polymer did not melt or char up to 400 °C. The thermal gravimetric analysis of
the polysulfobetaine (PSB) 21 samples, shown in Figure 4 (vide supra), supports the

melting point data.

The IR Spectrum of the anionic polyelectrolyte (APE) 22 is displayed in
Appendix A(IV). The IR spectrum of the anionic polyelectrolyte (APE) 22 indicates the

presence of the sulfonate group by its characteristic bands at ~1200 and ~1040 cm ™.
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Figure 7: '"H NMR Spectrum of (a) Polysulfobetaine 21 (in the presence of
sufficient concentration of NaCl) and (b) Anionic Polyelectrolyte

(APE) 22 in D,O at 20 °C.
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'H NMR and 'H NMR decoupled Bc NMR Spectrum of the anionic
polyelectrolyte (APE) 22, is shown in Figure 7(b) and 8(b), confirm the structure of the
anionic polyelectrolyte (APE) 22. The absence of any residual alkene proton or carbon
signal in the spectra suggested the degradative chain transfer process [92] for the

termination reaction.

The anionic polyelectrolyte (APE) 22 is a white solid, and has the following onset
of thermal decomposition (closed capillary): the color changed to blackish brown at 350
°C, but the polymer did not melt or char up to 400 °C. The thermal gravimetric analysis
of the anionic polyelectrolyte (APE) 22 samples, shown in Figure 4 (vide supra), supports

the melting point data.

Among all the polymerization reactions, the highest viscosity value was obtained
under entry 16; the Table 1 (vide supra) suggests that the intrinsic values increase with
decreasing concentrations of both the NaCl and initiator at a constant monomer
concentration (cf. 9, 11-16). In the absence of NaCl, however, the polymer yields

become low unless a high concentration of the initiator was used (entry 17).

The proton signals of PSB 21 are, as expected, shifted downfield in compare to
APE 22 due to the presence of positively charged nitrogen in the former. The
assignments of the '*C peaks are based on earlier works [2,6,27,70] on quaternary
ammonium salt monomers that undergo cyclopolymerization to afford kinetically

favorable five-membered ring structures. The use of the amine salt monomer in this
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work, however, does not change the preference the spectral data point to the dominating

(if not exclusive) formation of the pyrrolidine rings.

Integration of the relevant peaks in the '*C spectrum yielded a 76/24 cis-trans ratio
of the ring substituents, which is similar to that observed for the polymers derived from
quaternary ammonium salts [27,28]. The substituents at the C-b of the polymers 21 and
22 can either be in the symmetrical cis or unsymmetrical trans dispositions (Figure 8).
The unequal splitting of the cis form can be attributed to the difference in the
configuration at N; - the cis substituents at C-b being cis or trans to the N-(CH,);SO;  in
unequal proportion. Only one form is possible for the unsymmetrical minor frans isomer,
and its C-b and C-b' signals show two weak lines of equal intensity [Figure 8(a)].
However, the polymer 22, with trivalent nitrogen, undergoes fast nitrogen lone pair
inversion in the NMR time scale, and as such the N-(CH;);SOs; group looses its
stereochemical integrity, and the splitting of the carbon signals in the cis or trans forms is

not observed [Figure 8(b)].

The solubility behavior of the PSB 21 and APE 22 are shown in Table 2. The
APE 22 was found to be very soluble in most of the protic solvents except methanol and
acetic acid. Like the overwhelming majority of reported [23,35,36] polybetaines,
polysulfobetaine 21 was found to be insoluble in water, as well as in most of the protic
solvents except formic acid and formamide. In three separate solubility tests, a sample of
the polymer PSB 21 (80 mg) was soaked in 4 cm’ of deionized water, 0.1 N NaCl and 0.1

N HCI at 25 °C for 48 h. In each case, the polymer was recovered almost quantitatively,



TABLE 2:  Solubility*"of polysulfobetaine 21 and

Corresponding Anionic Polyelectrolyte 22

€ PSB 21 APE 22
Water 78.4 - +
Methanol 323 - -
Formic acid 58.5 + +
Formamide* 111.0 + +
Ethylene glycol 37.3 - +
Triethylene glycol 23.7 - +

Acetic acid 6.15

2% (w/w) of polymer-water mixture (solution) was made

after heating the mixture at 70 °C for 1 h and then cooling

to 23 °C.

b4’ indicates soluble; ‘-’ indicates insoluble; ‘*’ indicates

partially soluble.
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thus indicating its virtual insolubility in these aqueous systems. However, as anticipated
for zwitterionic polymers, PSB 21 was found to be soluble in aqueous solutions of HCl
and various salts of sufficient strengths including divalent cation such as Ca®*, which is

known to precipitate out polyelectrolytes.

The low molecular weight anions and cations of the added electrolyte enter and
partially neutralize a portion of the intra-chain interactions in PSB, thus allowing the
collapsed coil in pure water to expand in the presence of small ions. For various salts, the
critical minimum salt concentrations (CSC) required to promote water solubility of PSB
21 at 23 °C are shown in Table 3. For a common anion, Cl, the sequence of increasing
solubility power (decreasing order of CSC values) was found to be:

Li* <H" < NH," < Ca>’< Na* = K".

The Ca®*is placed before Na* because each mole of the former is associated with
two moles of the chloride ions; the anions are known to play a more dominant role in
deciding the solubility behavior. The hydration shell of the cations, especially the H, Li*
and Ca®*, in water is generally fairly large due to their large charge/radius ratio, and
presumably cannot approach close enough to effectively neutralize the charge on the
sulfonate group [35]. For a common cation, K*, the CSC values are very sensitive to the
nature of the anions. The sequence of increasing solubilizing power was found to be:

Cl<BrT



TABLE 3: Critical Salt Concentration for aqueous

Solutions of Poly sulfobetaine 21 at 23 °C.

Salt CSC (M)
LiCl 1.04
NaCl 0.670
KCl 0.638
KBr 0.331
KI 0.135
NH,Cl 0.718
CaCl, 0.541
HCl 0.940
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The concentration of KCI required to promote water solubility was found to be
4.7 times more than that of KI. The iodide anion is the most polarizable (soft). Therefore,
it is particularly effective in neutralizing ionic crosslinks, increasing the solubility of the
PSB. There is a considerable difference in the concentration of common electrolytes
required to promote solubility of PSB 23; amounts of the salts required were found to be
much higher than required in the cases involving polymers of quaternary ammonium

sulfobetaines [35,36].

The amine N in PSB 21 is less crowded since H instead of an alkyl group is
attached to it, and as such the negatively charged SO;3 is expected to have closer
approach to the positive nitrogen so as to enjoy greater electrostatic attraction. The
increased internal neutralization of the charges would make the polymeric backbone
tightly coiled and less hydrated. It is interesting to note that the corresponding
polycarbobetaine 15 (R' = H or Me; m = 1) is readily soluble in salt-free water, 0.1 N

NaCl or HCI solution [27,51].

The viscosity data for PSB 21 (entry 16, Table 1) and APE 22 (entry 16, Table 1,
obtained by treating the PSB 21 with 1 equiv of NaOH) in deionized water and in NaCl
and various other salts of several concentrations were studied. The results are depicted in

Figures 9 and 10.
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Figure 9: Viscosity behavior of the APE 22 (obtained
by the basification of the PSB 21 from entry 16, Table 1) in
(a) salt-free water and (b) 0.1 N NaCl at 30 °C with an
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In the absence of added salt (NaCl), the plot for APE 22 [Figure 9] is typical for a
polyelectrolyte; that is, it is concave and upward in the concentrated solution. However,
at a higher dilution, the reduced viscosity tends to fall off owing to the formation of the
zwitterionic species (as in PSB 21) by partial protonation of the basic amine nitrogen in
APE; the relative proportion of the zwitterions as well as the compactness of the polymer
chains are expected to increase with dilution. As expected, the viscosity values for the

APE decrease in the presence of added salt NaCl [Figure 9].

n
+ HO —= x y
N N @
“ \
" (CH N ZUN
( d O%SN ® (CHo)s ™ ey
37 Na SO Na® SOL
22

The reduced viscosities of the PSB 21 in aqueous solution containing various
added salts (NaCl, KBr, KI) were studied and are illustrated in Figure 10. An increase in
the intrinsic viscosity of the PSB 21 with increasing NaCl concentration (0.7, 1.0 and 1.5
N) is a demonstration of the antipolyelectrolyte behavior of the polysulfobetaine 21. The
sequence of increasing intrinsic viscosity is found to be:

HCI < NaCl < KBr < KL

Iodide having the smallest charge to radius ratio is more polarizable, hence it can
approach closely to the cationic center in the chain thus effectively neutralizing the
charge. It is noteworthy that the salt effects on the viscosity and CSC values (discussed

previously) are very similar.
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The presence of inorganic salt disrupts the intramolecular interaction of the
quaternary ammonium and sulfonate groups, thus causes the tightly coiled
polysulfobetaine to behave as a flexible coil as shown in Scheme 8. The addition of salt
makes the polysulfobetaine to achieve a more rod-like conformation in order to relieve

the repulsion between pendent sulfonate anions.

However, presence of the Na* cation can also shield the pendant anions. It seems
apparent that while cationic charge on the polymer chain could be effectively neutralized
by strongly binding chloride anions, the anionic pendent group is not shielded to that
extent by the cation, Na*. The hydration shell for a positively charged ion (e.g.; Na¥) in
water is generally fairly large, hence the distance of closest approach is not sufficient to
neutralize effectively the charge on the pendent sulfonate anions so the overall effect of
the addition of NaCl is to make the polymer more rod-like hence to increase the intrinsic
viscosity of the polysulfobetaine solution. Increase of intrinsic viscosity with increase of
added salt indicates increasing chain expansion as a result of columbic interaction
between charge of the polymer and the added ions. This type of behaviour has been

characterized as “ anti-polyelectrolyte”.

Scheme 8
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The solubility behaviors of PSB 21 were studied in water and dilute salt (NaCl)
solution. As expected for all polysulfobetaines, polymer 21 is insoluble in water but

dissolves in dilute NaCl solution. This so-called “antipolyelectrolyte effect” is explained

in Scheme 9.

Salt (High Salt)

Water (low salt) ® (0]

v D

@O_ S= 0 @— S—0O
9l > NaCl | Na
—» _ N_
@
Intra Group Association

(light ion pain) Solvated Group

(more ionic/water soluble)

Polyelectrolyte
(Concentrated)

/ “High Dilution
-Large Hydrodynamic Volume

Added NaCl -Hifh Reduced Viscosity

Scheme 9

As shown in Scheme 9, in water the polysulfobetaine molecules assume a
collapsed confirmation due to strong intra chain and intra-group associations resulting

from electrostatic attractive forces between opposite charges of the zwitterionic moieties.
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These associations prevent the polysulfobetaine from dissolving in water. Upon addition
of salt, however, these associations are disrupted and the macromolecule assumes as

expanded confirmation thereby going into solution.

To gain further information on the conformational transitions, we determined the
basicity constants, K’ [Appendix B (I)], and the corresponding n values relative to the
protonation of the tertiary amine of both the monomer precursor 19 and APE 22 in salt-

free water and 0.1 N NaCl solution.

I PN

n @ n
+ H @
N PR
~
(CHo; Ho (s
505 Na 505
(22) (21)
Z +  H+ K 7H*
(22) (21
logk =pH -log[(1-0)/ a] (D)
pH = logK0 + n log [(1-a)/ a] (2)
logk =1ogK’ + (n-1) log [(1-0)/ o] (3)

The protonation constant of the amine nitrogen, log K, was calculated at each pH
value by the well-known Henderson-Hasselbalch equation (eq 1), where the degree of
protonation () is the ratio [ZHi]eq/ [Z]o. The [Z], is the initial analytical concentration of

the monomeric units in the APE 22 (or PSB 21), and [ZHi]eq is the concentration of the
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protonated species at the equilibrium given by [ZH*]eq = Cy* - [H'] + [OH], where Cy" is
the concentration of the added HCI; [H'] and [OH] at equilibrium were calculated from
the pH value [93]. The typical electrolytes having apparent basicity constants could be
described by eq 2, where log K’ is the pH at oo = 0.5 and n = 1 in the case of sharp
basicity constants. The linear regression fit of pH versus log [(1-o)/at)] gave log K° and n

as the intercept and slope, respectively.

Simultaneous protonation of the two basic sites was least likely because the
basicity constant for the SO3™ group was less than that of the amine group by at least 8
orders of magnitude. In the case of 19, the second step protonation constant (log K>)
involving the protonation of SO3;  was not determined because it would require a large
amount of HCI to protonate the very weakly basic sulfonate group to a meaningful extent.
In any case, the determination of log K, was not possible since the APE 22 started to
precipitate in 0.1 N NaCl and salt-free water after the addition of around 0.80 and 0.97

equivalent of HCI, respectively.

The experimental details of the potentiometric titrations are summarized in Table
4. Inserting the value of pH from eq 2 into eq 1 leads to modified Henderson-
Hasselbalch equation (eq 3),[94,95] where n — 1 gives a measure of the deviation of the
studied polymers from the behavior of small molecules showing sharp basicity constants

(for molecules having sharp basicity constants, n becomes 1) (Figure. 11).



TABLE 4:  Experimental Details for the Protonation of Monomer 19 and Polymers
APE 22 (Z) at 25 °C in Salt-Free Water and 0.1 N NaCl with 0.1015 N HCL

Run ZH** or Z' (mmol) o Range pH Range Points® Log K°¢ n¢ R,

Polymers in Salt-Free water

1 0.4008 (ZH*) 0.61-0.95 10.66-8.62 10 10.90 1.84 0.9864
2 0.4970 (ZH*) 0.59-0.97 10.65-8.20 12 10.79 1.76 0.9905
3 0.6293 (ZH*) 0.56-0.97 10.78-8.24 16 10.83 1.79 0.9825
4 0.4636 (Z) 0.57-0.98 10.74-7.35 13 10.78 1.85 0.9853
Average 10.82 (5) 1.81 (4)

Log K = 10.82 + 0.81log [(1-aw/ct] For the reaction: Z™+ H === ZH*

Monomer in Salt-Free water

1 0.3028 (Z) 0.099-0.89 9.43-7.49 11 8.48 1.03 0.9973
2 0.4129 (Z) 0.034-0.79 9.82-7.78 14 8.46 1.02 0.9889
3 0.5224 (Z) 0.15-0.92 9.32-7.46 18 8.58 0.97 0.9901
Average 8.51 (6) 1.01 3)
. - +
Log K ®= 8.51 For the reaction: Z ™+ HY—=ZH~

Polymers in 0.1 N NaCl

1 0.3990 (ZH*) 0.25-0.83 10.69-8.94 14 9.90 1.53 0.9951
2 0.5144 (ZH*) 0.22-0.84 10.76-8.90 18 9.88 1.55 0.9936
3 0.6197 (ZH*) 0.17-0.82 10.72-8.91 21 9.78 1.42 0.9982
4 0.5168 (Z) 0.23-0.74 10.77-9.27 16 9.95 1.55 0.9992
Average 9.88 (7) 1.51 (6)

Log K =988 + 0.1 log [(1-o)/ct]  For the reaction: Z~ + H+‘—_‘ ZH*

Monomer in 0.1 N NaCl

1 0.2944 (7)) 0.091-0.899 9.16-7.11 11 8.30 1.03 0.9850
2 0.4144 (Z) 0.072-0.86 9.33-7.48 14 8.36 0.98 0.9881
3 0.5141 (Z) 0.059-0.84 9.42-7.52 17 8.33 1.02 0.9914
Average 8.33 (3) 1.01 3)

Log K ¢= 8.33 For the reaction: Z~ + H'=—=7H*

*The polysulfobetaine 21 is treated with (one) 1 equivalent of a 0.1046 N NaOH and the resultant APE 22 is
then titrated with 0.1015 N HCl.

PNumber of data points from the titration curve.

“Values in the parentheses are standard deviations in the last digit.

“R = Corrélation coefficient.

‘logK = log K’ + (n-1)log [(1 - o)/at].
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The solution of the anionic polyelectrolyte (APE) 22 was titrated at 25 °C with
0.1015 M HCI under N,, and the pH of the solution at each addition was recorded with a
Corning 220 pH meter. Basicity constants and the corresponding n values as well as the
experimental details of the potentiometric titrations are summarized in Table 4. Inserting
the value of pH from eq 2 into eq 1 leads to modified Henderson-Hasselbalch equation
(eq 3) [94,95] where n — 1 gives a measure of the deviation of the studied polymers from
the behavior of small molecules showing sharp basicity constants (for molecules having

sharp basicity constants, n becomes 1) (Figure 11).

Some of the representable graphs (Table 4) for values of n and R’ are shown in
Figures 12, 13, 14 and 15. Detailed representation of the data (Table 4) is depicted in

appendix B (I-VI).

The basicity constants of this polymer are apparent [94-98] because the n values
were greater than 1, and as such they decreased with the degree of protonation (Q) in salt
free water as well as 0.1N NaCl (Fig. 11 a, b)[Appendix B]. The magnitude of n reflects
the polyelectrolyte effect, and can be regarded as an index of accessibility of the proton to
the amine nitrogen during the protonation reaction. The basicity constants for the
corresponding monomer 19, as expected, were found to be “real” with an »n value of 1,
and as such that they are constant with the degree of protonation in salt free water and in

0.1IN NaCl (Figure 11 c, d).
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Figure 12: Protonation behaviour of Monomer 19
(Zp) at 25 °C in salt free water and with 0.1015 HCI.

[Appendix B (III)]
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Figure 13: Protonation behaviour of the Polymer 22 (Z') at 25

°Cin 0.1 NaCl and with 0.1015 HCI. [Appendix B (IV)]
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Figure 14: Protonation behaviour of the Anionic Polymer

(APE) 22 (Z) at 25 °C in 0.1N NaCl and with 0.1015 HCI.

[Appendix B (V)]
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The basicity constant (log K°) of the amine group in APE 22 is higher by almost a
unit in salt-free water in compare to 0.1 N NaCl (Fig. 11 and Table 4). The n values in

salt-free water and 0.1 N NaCl were 1.81 and 1.51, respectively (Table 4).

The n values greater than 1 indicated that the approach of the incoming protons to
the amine nitrogen groups became more and more difficult as o for the whole
macromolecule increased. The basicity constant (log K), therefore, decreased
progressively because of a decrease in the electrostatic field force as a result of a

decreasing overall negative charge density in the macromolecule (Figure 11 a, b).

Several studies [96] have indicated that the entropy effects involving release of
water molecules from the hydration shell of the repeating unit that is being protonated
dictate the protonation of polymers. The APE 22 in salt-free water is highly extended as
indicated by higher viscosity values (Figure 9), and as such more hydrated (more water
molecules in each hydration shell) than in salt solution (0.1 N NaCl) where the polymer
chain adapts a compact conformation because of screening of the negative charges by the
sodium ions. Thus with progressive protonation, the number of water molecules released
from the hydration shell of the repeating unit being protonated becomes greater in salt-
free water than in 0.1 N NaCl. This is reflected by the higher n value (1.81), greater
basicity constant (log K: 10.82), and greater changes in the basicity constant in salt-free
water [Fig. 11(a)] than in the 0.1 N NaCl where the basicity constant and the n values are

found to be 9.88 and 1.51, respectively. It is to be noted that the log K values for the
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corresponding monomer precursor 19 were found to be much less; 8.51 (in salt-free

water) and 8.33 (0.1 N NaCl).

A viscometric titration of a 0.0228 M (0.5 g/dL) solution of the PSB 21 in the
presence of 1 equiv of NaOH at 25 °C is depicted in Figure 16 .The Figure also includes
the distribution curves of the different ionized species ZH* (PSB 21) and Z" (APE 22)
calculated from the basicity constants (vide supra) and pH values. Reduced viscosity
decreases continuously as the concentration of the zwitterionic species, ZH" increases
and that of the anionic species, Z, decreases. The observations presented above are

supported by the viscometric studies.

The study of phase diagram was an important step in this work. The phase
diagram and the tie lines (A-E) for a system composed of PEG-35,000 and PSB 21
(+0.60 equiv NaOH) in 0.1 N KCI is constructed by turbidity method and '"H NMR
technique, [18, 49] respectively. The binodal curve (Figure 17) distinguishes between
single- and two-phase regions and provides information about the concentration of both

polymers required for protein separation work.
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Figure 16:  Reduced viscosity (1,/C) of a 0.0228 M (i.e. 0.50 g/dL)
solution of polymer PSB 21 (+1 equiv NaOH) in 0.1 N NaCl (#) versus
equivalent of added HCI at 25 °C. Distribution curves (dashed lines) of

the various ionized species calculated from the basicity constants log K in

0.1 N NaCl at 25 °C.
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Figure 17:  Phase diagram of the system containing PSB 21 (treated with 0.60

equiv NaOH) and PEG-35,000 in 0.1 N KCl at 23 °C.
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The phase separation took place at relatively low total polymer concentrations,
typically below 10%; phase separation in a low concentration could be useful from an
industrial point of view. The PEG and PSB displayed preference to remain in the top and
bottom phase, respectively. The tie lines were helpful in constructing two-phases with
suitable volume ratio of the top and bottom phases. For instance, the total system
represented by the point A will have the volume or mass ratio of the top and bottom
phases determined by the ratio of length A-Apy and A-Ap, respectively. Aqueous two-
phase polymer systems as constructed above may offer a friendly environment for the
separation [52,53-55] of labile proteins. Purified dextran, used in the most common
dextran-poly(ethylene glycol) system for protein separation, is quite expensive and
biodegradable [99]. The pH dependent solubility behavior of the new polymer described

in this work may allow its effective removal and recycling.
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3.4 Synthesis of the Zwitterionic-Electrolytic Monomer (24)

Sodium 3-(N,N-diallylamino)propanesulfonate 19, on treatment with 1,3-
propanesultone, afforded the special zwitterionic-electrolytic monomer 24 in excellent

yield (90%) (Scheme 10).
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This monomer was found to be soluble in water, methanol, DMF, DMSO but
insoluble in acetone, acetonitrile and many other less polar common solvents.
Interestingly, the monomer was found to remain in solution in a 90:10
acetonitrile/methanol mixture at 20°C but precipitates out as the solution is heated
(~40°C). The IR Spectrum of the zwitterionic-electrolytic monomer 24 is displayed in
Appendix A (V). The 'H NMR and ">C NMR spectra are shown in Figures 18 and 19,

respectively.

3.5 Synthesis of the PEZ (25)

The monomer 24 was subjected to cyclopolymerization reaction in aqueous
solution using #-butylhydroperoxide as an initiator to give the poly(electrolyte-zwitterion)
(PEZ) 25 in very good yields. The results of the polymerizations carried out under
various monomer concentration and the intrinsic viscosities of the resultant polymers 25
are given in Table 5. As is evident from Table 5, the highest yield and viscosity value are
obtained for the polymerization reaction under entry 2 with a monomer concentration of

70% (w/w) [Scheme 10].
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PEZ 25 and 26 in D20 at 20°C.
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TABLE 5: Effect of Monomer 24 concentration on the

cylopolymerization.

Entry Monomer" TBHP® Yield,®  Intrinsic
Concentration (mg) (%) Viscosity‘]l
(Fowlw) (digh)
1 65 10 78 (63) 0.145
2 70 10 89 (74) 0.161
3 75 10 85 (72) 0.151

*Polymerization reactions were carried out using 11 mmol

of the monomer in aqueous medium at 70 °C for 20 h

followed by 80 °C for 20 h.

®Initiator [tertiary butylhydroperoxide, (TBHP)]
‘Determined by 'H NMR analysis.

written in parentheses.

YViscosity of 1-0.125 % polymer (25) solution in 0.1 N

NaCl at 30 °C as measured with an Ubbelohde viscometer

(K=0.005718).

Isolated yields are

80
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3.6 Synthesis of the PEZ Copolymer (26) with SO,

Cyclopolymerization of the monomer 24-SO, in DMSO using AIBN as the
initiator went smoothly to give the copolymer PEZ 26 in excellent yields (Scheme 10).
The results of the polymerization under different concentration of the monomer in DMSO
and initiator, and the intrinsic viscosities of the resultant polymers are given in Table 6.
Lower monomer and high initiator concentration lead to polymers with lower viscosity

values.

The IR Spectrum of the poly(electrolyte zwitterions) (PEZ) 25 is displayed in
Appendix A(VI). The IR spectra of the PEZ, 25 and 26, indicate the presence of the
sulfonate group by its strong characteristic bands at ~1190 and ~1047 cm™. The two
strong bands at 1308 and 1132 cm™ were assigned to the asymmetric and symmetric
vibrations of SO, unit in the copolymer 26, which is shown in Appendix A (VII). 'H and
C NMR spectra of the monomer 24, PEZ 25 and copolymer PEZ 26 are displayed in

Figures 18 and 19, respectively.

The absence of any residual alkene proton or carbon signal in the spectra suggested
the degradative chain transfer process [92] for the termination reaction. The proton
signals of PEZ 26 are, as expected, shifted downfield in compare to APE 24 due to the

presence of electron withdrawing SO, group in the polymer backbone.



TABLE 6: Effect of concentration of monomer and

initiator on the monomer 24/SO, copolymerizartion®

Entry DMSO Initiator”  Yield Intrinsic

Number () (mg) (%) Viscosity”
dg"

1 5.2 35 77 (65) 0.556

2 5.2 55 85 (76) 0.285

3 8.5 55 86 (73) 0.293

“Polymerization reactions were carried out in DMSO
using 11 mmol each of the monomer and SO, at 57 °C for
24 h.

» Azobisisobutyronitrile.

“Viscosity of 1-0.0625% polymer solution in the presence
of 1 equivalent of NaOH in 0.1 N NaCl at 30°C was
measured with a Ubbelohde Viscometer (K = 0.005718).
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The assignments of the Be peaks are based on previous works [2,6,27,70]; the
spectral data (specially the number of signals) point to the formation of the pyrrolidine
rings rather than the unsymmetrical six-member ring structure. Integration of the
relevant peaks in the >C spectrum yields the cis/trans ratio of the ring substituents to be
70/30, which is similar to that observed for the polymers derived from quaternary

ammonium salts [27,28].

The solubility behavior of the PEZ 25 and copolymer PEZ 26 are shown in Table 7.
Both the homo- and co-polymers were found to be very soluble in majority of the protic
solvents except methanol, triethylene glycol and acetic acid. The solubility in water is a
demonstration of the electrolytic behavior the PEZs, since the zwitterionic trait [23,35,36]

in the polymers are expected to impart insolubility in water.

Viscosity data for PEZ 25 (entry 2, Table 5) is presented in Figures 20 and 21. In
the absence of added salt (NaCl), the plot for PEZ 25 is typical for polyelectrolyte i.e.
concave upward. In the presence of added salt the viscosity curves become linear as
expected of any polyelectrolyte; the intrinsic viscosity values decreases with increase in
the NaCl concentration and converge to a minimum at 0.3 N NaCl. The viscosity remains

almost the same thereafter in 0.5 and 1 N NaCl solution.



TABLE 7: Solubility*” of PEZ 25 and 26
Solvent € HOMO 25 CO 26
Water 78.4 + +
Methanol 32.3 - -
Formic acid 58.5 + +
Formamide 111.0 + +
Ethylene glycol 37.3 + +
Triethylene glycol 23.7 - -
Acetic acid 6.15 - -

2% (w/w) of polymer-water mixture (solution) was made

after heating the mixture at 70 °C for 1 h and then cooling

to 23 °C.

b4’ indicates soluble; ‘-’ indicates insoluble.
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Figure 20: The viscosity behavior of PEZ 25 (entry 2, Table 5) in

salt-free water and various NaCl solutions at 30 °C using an Ubbelohde

Viscometer.
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Figure 21: Dependence of viscosity behavior upon temperature of

PEZ 25 (entry 2, Table 5) in 0.1 N NaCl using an Ubbelohde Viscometer.
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The variation of intrinsic viscosity and Huggins parameter, k', with temperature
for the PEZ 25 in 0.1 N NaCl are given in Figure 21 and Table 8. The intrinsic viscosity
passes through a maximum at 30 °C and thereafter decreases with increasing temperature.
Huggins parameter, which is a measure of solvent-polymer interaction, increases
significantly at higher temperatures. The screening of the positive charges on the polymer
chain may be altered with temperature as a result of any perturbation of the ionic

atmosphere of the binding counterions of the added NaCl.

Viscosity data for the copolymer PEZ 26 (entry 1, Table 6) is presented in Figures
22 and 23. The viscosity plots ascertain the polyelectrolytic behavior of the copolymer.
As in the case of the homopolymer, the intrinsic viscosity values decreases with increase
in the NaCl concentration and converge to a minimum at 0.5 N NaCl; the intrinsic

viscosity changes slightly there after in 1.0 and 2.0 N NaCl solution.

The variation of intrinsic viscosity and Huggins parameter, k', with temperature
for the PEZ 26 in 0.1 N NacCl is given in Figure 24 and Table 8. Unlike in the case of the
homopolymer, the intrinsic viscosity increases continuously with increasing temperature.
An average value of 0.330 for the Huggins parameter, k', is obtained. The intrinsic
viscosity in 0.5 N NaCl also increases with the increase in temperature. Which is shown

in Figure 25.



TABLE 8:
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Dependence of the intrinsic viscosity and Huggins parameter k' of PEZ

(25) and Copolymer PEZ (26) upon temperature for 0.1 N NaCl

Temp Homopolymer 25 Copolymer 26
Intrinsic Intrinsic
viscosity K viscosity K
(°C) (dL/g) (dL/g)
20 0.152 0.277 0.500 0.332
30 0.161 0.346 0.556 0.251
40 0.130 1.988 0.552 0.412
50 0.124 2.656 0.602 0.326
60 0.123 2.410 0.610 0.335
70 - - 0.621 0.328




’I‘lsp/C, dL/g

C, g/dL

Figure 22: The viscosity behavior of PEZ 26 (entry 1,

Table 6) in salt-free water at 30°C using an Ubbelohde

Viscometer.
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Figure 23: The viscosity behavior of PEZ 26 (entry 1, Table 6) in

various NaCl solutions at 30°C using an Ubbelohde Viscometer.
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Figure 24: Dependence of viscosity behavior upon temperature of PEZ

26 (entry 1, Table 6) in 0.1 N NaCl using an Ubbelohde Viscometer.
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The intrinsic viscosities of the PEZ 26 are also measured in solution containing
various concentration of KI and are given in Figure 26. Polybetaine chains assume a
collapsed conformation due to strong intrachain and intra-group associations, resulting
from the electrostatic attractive forces between opposite charges of the zwitterionic

moieties.

The iodide is among the most polarizable (soft) anion and has been shown to be
extremely effective in screening the positive nitrogens on the macromolecular chain of
polybetaines. Thus, the associations are disrupted and the polyzwitterions assumes an
extended conformation, thereby going into solution, and the intrinsic viscosity has been
found to be higher in the presence of iodide ions in compare to chlorides. But in the case
of the PEZ 26, the intrinsic viscosity values are found to be almost similar in the presence
of iodide and chloride ions, thus indicating the absence of the effect of the anions on the

viscosity values.
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Figure 26: The viscosity behavior of PEZ

26 (entry 1, Table 6) in various KI solutions at

30°C using an Ubbelohde Viscometer.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

A very convenient synthetic route for obtaining the new ionic polymers 21, 22, 25
and 26 using inexpensive starting materials has been achieved. The work described in
this thesis represents the first example of a cyclopolymerization involving amine salt
containing sulfobetaine moiety. The interesting pH-responsive solution properties
associated with this structural feature enabled us to utilize the polysulfobetaine, for the
first time, in a two-phase aqueous polymer system. Conformational behavior of the
polymers is strongly influenced by the nature and the net charge on the chain. The
protein’s affinity toward a particular polymer phase in a two-phase system is influenced
by the hydrophilicity and hydrodynamic volume of the polymer. As indicated by the
viscosity and basicity constant data, the hydrophilicity and the hydrodynamic volume of

the polymer APE can be controlled by the degree of protonation of the pH-responsive
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amine functionality.This new ionic polymer may have applications in protein
purification; its almost zero solubility in water in the absence of added salt below pH ~7
will permit its effective removal from solution by precipitation, thus leaving the protein

in the solution.

42 RECOMMENDATIONS

p—

. The hydrophobic modification of these polymers can be studied.

2. The potential application of these polymers in protein separation can be

analyzed.

3. The toxicity of these new polymers should be evaluated. Otherwise, this can

hamper its application in the industry despite their promising features.

4. These polymers should be fully characterized using techniques such as low-
angle laser light scattering technique, vapor pressure osmometry and
membrane osmometry. This will provide vital information about the polymer

size as well as interaction parameters between these and other polymers.
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CHAPTER 5

EXPERIMENTAL

5.1 Physical Methods

Melting points were recorded in a calibrated Electrothermal [A9100 Digital
melting-point apparatus at heating rates of 1 °C/min in the vicinity of melting points.
Elemental analyses were carried out in a Carlo Erba model 1102 elemental analyzer. IR
spectra were recorded on a Perkin Elmer 16F PC Fourier transform infrared spectrometer
(spectral resolution = 4 cm™', number of scans = 19). 'H and ">C NMR spectra of the
polymers were measured in D,O with dioxane as an internal standard on a JEOL LA 500-
MHz spectrometer. Viscosity measurements were made with an Ubbelohde viscometer
(viscometer constant = 0.005718 cSt/s at all temperatures) using CO,-free water under N,
to avoid CO, absorption, which may affect the viscosity data. A gentle stream of N, was
passed through distilled deionized water at 90°C for 15 min in order to remove dissolved

gases. This water was used in viscosity measurements.
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5.2 Materials

t-Butylhydroperoxide (80% in ditertiarybutylperoxide), diallylamine and 1,3-
propanesultone from Fluka Chemie AG (Buchs, Switzerland) were used as received.
AIBN from Fluka Chemie AG (Buchs, Switzerland) was purified by crystallization from
a chloroform-ethanol mixture. Acetonitrile (HPLC Grade) was dried over Linde 4A
molecular sieves. Dimethylsulfoxide (DMSO) was dried over calcium hydride overnight
and then distilled under reduced pressure at a boiling point of 64-65°C (4 mmHg). All
glassware was cleaned with deionized water. For dialysis, a Spectra/Pore membrane with
a molecular weight cut-off (MWCO) value of 6-8000 was purchased from Spectrum
Laboratories, Inc. Poly(ethylene glycol) (PEG) with a molecular weight of 35,000 was

purchased from Merck-Schuchardt.

5.3 Sodium 3-(N, N-diallylamino) Propanesulfonate (19)

A solution of diallylamine 17 (49.6 g, 98% pure, 0.500 mol) and 1,3-
propanesultone (28.3 g, 98% pure, 0.227 mol) in acetonitrile (65 cm’) was stirred under
N, at 40 °C for 24 h. The solvent and the excess diallylamine were removed by a gentle
stream of N, at 60 °C. The residual mixture was treated with 1 N NaOH solution (235
cm®, 0.235 mol), and was extracted with ether (3x100 cm3) to remove the excess
diallylamine. The sodium salt of the monomer 19 was recovered from the aqueous layer
by freeze-drying followed by crystallization from methanol/acetone mixture as white

crystals (49.4 g, 90.2%). The melting point was 125-127 °C (closed capillary).
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ELEM. ANAL. Calcd. for CoH;sNO3SNa: C, 44.80%; H, 6.68%; N, 5.81%; S,
13.29%. Found: C, 44.5%; H, 7.09%; N, 5.67%; S, 13.09%.

Vmax (KBr): 3625 (w), 3452 (w), 3078, 3006, 2976, 2932, 2806, 1644, 1450, 1420,
1354, 1262, 1194 (broad), 1148, 1110, 1056, 994, 950, 918, 842, 792, 736, 620 cm’".

o (D20): 1.79 (2 H, quint, J = 7.9 Hz), 2.47 2 H, t,J =79 Hz),2.73 2H, t, J =
79Hz),3.02(4H,d,J =6.8Hz),5.13 (4 H, m), 5.75 (2 H, m), (HOD: 4.65).

dc (Dy0): 21.51, 49.93, 51.66, 56.58, 120.16 (CH,, t, by undecoupled spectra;

Figure 3), 134.44 (CH, d, by undecoupled spectra; Figure 3) (dioxane, 67.40 ppm).

54 3-(N, N-diallylammonio) Propanesulfonate (20)

A solution of the sodium salt 19 (44.6 g, 0.185 mol) in water (55 cm3) was stirred
with Dowex 50Wx8 (78 g) at room temperature for 1 h. The aqueous solution becomes
acidic as indicated by litmus test. The solution was filtered through a cotton bed in a
column and the resin was thoroughly washed by passing deionized water (150 cm?)
through it. The zwitterionic monomer was recovered by freeze-drying. The thick liquid
was then dried to a constant weight in vacuo at 65 °C to obtain 38.5 g (95 %) of the
sulfobetaine (SB) monomer 20 as a light yellow thick liquid.

Vmax (neat): 3448, 3000, 2672 (broad), 1462, 1212 (broad), 1164, 1036, 952, 784,
730 cm’™.

Oy (D,0): 2.10 (2 H, quint, J = 8.0 Hz), 2.89 2 H,t,J=7.3Hz),3.23 2H, t,J =
8.1 Hz),3.73 (4 H,d, J=7.3 Hz), 5.53 (4 H, m), 5.85 (2 H, m), (HOD: 4.65).

dc (D20): 20.17, 48.45, 51.38, 55.70, 126.18, 127.61 (dioxane, 67.40 ppm).
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5.5 Sodium N- (3-sulfopropyl)-3-(N, N diallyl amino) Propane

Sulfonate (24)

A mixture containing the sodium 3-(N, N-diallylamino) propanesulfonate 23 (25
g, 104 mmol) and 1,3-propanesultone (25 g, 205 mmol) in dry acetonitrile (500 cm?) was
stirred at 70°C in a closed vessel for 48 h. The sodium salt was partially soluble in the
mixture and the reaction proceeded then a clear solution was obtained within 6 h.
Continued reaction resulted in the formation of more product which settled as a thick
liquid at the bottom of the flask. At the end of the elapsed time, the mixture was
concentrated to an approximate volume of 100 cm’. The supernatant liquid was
decanted, and the thick liquid was dissolved in methanol (50 cm?) and precipitated in
acetone (250 cm’). The process was repeated thrice to obtain the electrolyte-zwitterionic
monomer 24 as a highly hygroscopic white solid, which was dried to a constant weight
(29.9 g, 79.2%) at 60 °C under vacuum. The melting point was 202-207 °C (closed
capillary).

Vmax (KBr): 3447(s), 2971, 1647, 1545, 1475, 1424, 1364, 1194 (s), 1047, 961,
736 cm'l;

oy (D20): 2.12 (4 H, quint, J = 7.9 Hz), 2.85 (4 H, t, J = 7.1 Hz), 3.31 (4 H,
apparent t, J = 8.6 Hz), 3.85 (4 H, d, J = 7.4 Hz), 5.62 (4 H, m), 5.91 (2 H, m), (HOD:
4.65).

dc (D,0): 18.26, 47.99, 57.30, 61.68, 124.42, 129.82 (dioxane, 67.40 ppm).
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5.6 General Procedure for the Polymerization of (20)

All the polymerizations were carried out under the conditions described in Table
1. The experiment under entry 16 was repeated on a large scale as described next. A
solution of the monomer 20 (10.5 g, 47.9 mmol) and NaCl (72 mg) in CO; and O, free
deionized water (3.5 g) in a 10 cm’ round bottomed flask was purged with N, and after
adding the required amount of the initiator (22.5 mg), the mixture was stirred in the
closed flask at 80 °C for 24 h followed by 90 °C for another 24 h. The reaction mixture
remained transparent throughout the process. At the end of the specified time, the 'H
NMR spectra of the crude reaction mixture revealed the composition of the
polysulfobetaine (PSB) 21 and unreacted monomer 20. The reaction mixture was cooled,
dissolved in a minimum amount of 1 N NaCl, transferred to a dialysis bag and dialyzed
against deionized water for 24 h for the removal of the unreacted monomer and the added
salt (NaCl) (checked with AgNO; test). Within an hour, the polymer started separating
out of the solution. The dialysis was continued for an additional 72 h. The separated
polymer was then dried at 70 °C in vacuo, and then crushed into powder and redried to a
constant weight at 70 °C to obtain the PSB 21 (7.95 g, 75.7 %) as a white polymer.

Onset of thermal decomposition (closed capillary): the color changed to brownish
black at 275 °C, but the polymer did not melt or char up to 400 °C.
ELEM. ANAL. Calcd. for CoH;7NOsS: C, 49.29%; H, 7.81%; N, 6.39%; S, 14.62%.
Found: C, 48.7%; H, 8.25%; N, 6.25%; S, 14.6%.

Vinax (KBr): 3458, 2932, 2742, 1654, 1466, 1204 (broad), 1038, 734 cm™.
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5.7 Conversion of the Polysulfobetaine (PSB) 21 to Anionic

Polyelectrolyte (APE) 22

The PSB 21 (0.877 g, 4.0 mmol) was treated with 2 N NaOH (3.0 cm3) at 20 °C
for 5 min, and the resulting APE 22 was precipitated into acetone (25 cm”). The polymer
was redissolved in water (1 cm®), and reprecipitated in acetone (25 cm®). The polymer
was then soaked in methanol for 12 h, and then dried at 70 °C in vacuo to a constant
weight (0.782 g, 81 %).

Onset of thermal decomposition (closed capillary): the color changed to blackish
brown at 350 °C, but the polymer did not melt or char up to 400 °C.

ELEM. ANAL. Calcd. for CoH;(NNaO3S.H,O: C, 41.69%; H, 7.00%; N, 5.40%;
S, 12.36%. Found: C, 41.5%; H, 7.3%; N, 5.25%; S, 12.0%.

Vimax (KBr): 3456, 2926, 2854, 2800, 1656, 1458, 1200 (broad), 1050, 798, 738 cm'".

5.8 General Procedure for the Homopolymerization of the Monomer
(24)

All the polymerizations were carried out under the conditions described in Table

5. The experiment under entry 2 was repeated on a large scale as described next. A

solution of the monomer 24 in CO, and O, free deionized water in a 10 cm’® round

bottomed flask was purged with N, and after adding the initiator the mixture was stirred

in the closed flask at 70 °C for 20 h followed by 80 °C for another 20 h. The reaction

mixture remained transparent throughout the process. At the end of the specified time,
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the "H NMR spectra of the crude reaction mixture revealed the composition of the PEZ
25 and the unreacted monomer 24. The reaction mixture was cooled, and transferred to a
dialysis bag and dialyzed against deionized water for 24 h for the removal of the
unreacted monomer. The polymer solution was then freeze-dried and subsequently dried
to a constant weight at 70°C under vacuum. The hygroscopic white polymer was then
kept in a desiccator.

Onset of thermal decomposition (closed capillary): the color changed to brownish
black at 340 °C, and black at 400 °C.

Vinax (KBr): 3443 (s), 2923, 1653, 1461, 1191 (s), 1048 (s), 737, 601 cm’".

5.9 General procedure for the Copolymerization of the Monomer 24

with SOZ

All the polymerizations were carried out using conditions as described in Table 6.
The experiment under entry 1 was repeated on a large scale as described next. In a typical
experiment, required amount of SO, was absorbed in a solution of the monomer 24 in
DMSO. The required amount of the initiator (AIBN) was then added under N, and the
closed flask was stirred using magnetic stir-bar at 57°C for 24 h. Within hours, the
magnetic bar stopped stirring and finally the reaction mixture became cloudy. At the end
of the elapsed time, the mixture was soaked in methanol, filtered and washed with liberal
excess of hot (50°C) methanol to ensure the complete removal of the unreacted monomer
(as indicated by 'H NMR). The copolymer was then dried to a constant weight at 55 °C

under vacuum. The white copolymer PEZ 26, was stored in a desiccator.
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The onset of thermal decomposition (Closed capillary): the color suddenly
changed to black at 320°C.
Vmax (KBr) 3444 (s), 2961, 2923, 1646, 1464, 1418, 1308, 1188 (s), 1132, 1046,

928, 860, 796, and 736 cm’.

5.10  Solubility Measurements and Cloud Point Titrations in Aqueous Salt

Solutions

Solubility of the PSB 21, APE 22, PEZ 25 and Copolymer PEZ 26 in organic
solvents at room temperature was established for 2% wt/wt solutions, after preheating at
70 °C for 1 h. The Critical (minimum) Salt Concentration (CSC) required to promote
water solubility at 23 °C was measured by titration of 1% w/w polymer solution at
sufficiently high salt concentration with deionized water. The accuracy of the CSC
values, obtained by visual determination of the first cloud point, was approximately *1-
2%. The results of the solubility are given in Tables 2 and 7, respectively. The result of

CSC for aqueous solutions of PSB 23 is depicted in Table 3.

5.11 Potentiometric Titrations

The potentiometric titrations were carried out at 25 °C. A gentle stream of N, was
passed through distilled and deionized water at 90 °C for 15 min for the removal of
dissolved gases. This water was used for titration in salt-free and salt (NaCl, 99.9%

purity) solutions and for viscosity measurements. For each titration, 200 cm® of a salt-
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free or 0.1 N NaCl solution containing a weighed amount (usually ca. 0.40-0.63 mmol) of
the anionic monomer 19, PSB 21 (or APE 22) was used. In the case of PSB, the polymer
was first dissolved in one equivalent of 0.1046 N NaOH, and then diluted to the required
volume. The solution was titrated at 25 °C with 0.1015 M HCI delivered by a burette
under N,. After each addition of the titrant (0.25 cm3), the solution was stirred briefly
with a magnetic stir bar under N,. The pH of the solution was recorded with a Corning
220 pH meter. Under the conditions (including a large volume of 0.1 N NaCl), the small
amount of polymers or the small volume of the titrant used did not contribute much to the
ionic strength, and as such, the data were not corrected to zero ionic strength and the

activity coefficient corrections were not applied.

The protonation constant of the amine nitrogen, log K, was calculated at each pH
value by the well-known Henderson-Hasselbalch equation (eq 1), where the degree of
protonation (Q) is the ratio [ZHi]eq/ [Z]o. The [Z], is the initial analytical concentration of
the monomeric units in the APE 22 (or PSB 21), and [ZHi]eq is the concentration of the
protonated species at the equilibrium given by [ZH*]eq = Cy" - [H'] + [OH], where Cy" is
the concentration of the added HCI; [H'] and [OH] at equilibrium were calculated from
the pH value [93]. The typical electrolytes having apparent basicity constants could be
described by eq 2, where log K’ is the pH at o = 0.5 and n = 1 in the case of sharp
basicity constants. The linear regression fit of pH versus log [(1-0))/a)] gave log K” and n
as the intercept and slope, respectively. The experimental details of the potentiometric

titrations are summarized in Table 4.
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5.12 Viscometric Titration

The viscometric titration was performed at 25 °C in the presence of various
amounts of HCI, but the concentration of the polymer was kept constant throughout.
Two stock solutions of 0.02280 M (#A) and 2 x 0.02280 M (#B) polymer APE 22 were
prepared in 0.1 and 0.2 N NaCl, respectively, (the stock #A contained 0.5 g/dL of the
PSB 21 neutralized with one equivalent of NaOH). The reduced viscosity and pH of the
0.02280 M stock solution were measured. A known volume (usually about 0.4-0.7 ml)
each of a 0.1015 N HCI and the stock solution #B was added to a known weight or
volume (~20 ml) of the stock solution #A in an Erlenmeyer flask Equal volumes of HCI
solution and stock #B (having twice the molarity of the stock #A) were added to the stock
#A to keep the concentrations of NaCl and the polymer unchanged. The reduced
viscosity and pH of the new solution A; were measured. The results described the
representing system is depicted in Table 9. The solution was then returned to the original
Erlenmeyer flask, and its weight was noted. Again, an equal volume of #B and 0.1015 N
HCI1 were added to the known weight of the A;. The pH and viscosity of the new

solution A, were measured.



TABLE 9:

Viscometric Titration Behaviour in Presence of Various Amount of HCI at 25 °C

Entry no. |ViscosityZ] Z™® | HCP equiv | HClequiv |Red. Visco®.| pH |log (1-a)/a= o ZH* z |1 005/10.7) zZ
(Mole) |(Each entry) |(Combined)| (dL/g) (pH-logk®)/n® (% of a) |(% of 1-a) |Red. Visco. | Red. Visco.
1 212.95 0.0228 0 0 0.6586 11.44 1.0331 0.0848 8.48 91.52 0.0594 0.6406
2 210.90 0.0228 0.0021 0.0936 0.6330 11.11 0.8146 0.1329 13.29 86.71 0.0930 0.6070
3 208.30 0.0228 0.0048 0.2104 0.6005 10.75 0.5762 0.2097 20.97 79.03 0.1468 0.5532
4 205.35 0.0228 0.0074 0.3245 0.5637 10.40 0.3444 0.3115 31.15 68.85 0.2181 0.4819
5 198.20 0.0228 0.0108 0.4752 0.4744 9.89 0.00662 0.4962 49.62 50.38 0.3473 0.3527
6 187.25 0.0228 0.0140 0.6129 0.3377 9.52 -0.2384 0.6339 63.39 36.61 0.4437 0.2563
7 172.75 0.0228 0.0169 0.7404 0.1567 9.22 -0.4371 0.7323 73.23 26.77 0.5126 0.1874
8 167.95 0.0228 0.0177 0.7749 0.0967 9.08 -0.5298 0.7720 77.20 22.80 0.5404 0.1596

%0.4469 mmol Of PSB 21 neutralized with 1 equivalent of NaOH then diluted to 19.6 cm® by adding 0.1N NaCl to make the 0.02280M stock
solution A with concentration 0.5 gm/dL.
PAll cases equal quantity of stock B solution was added with required quantity of HCI to keep concentration of the polymer and NaCl
unchanged. 0.4240 mmol Of PSB 21 neutralized with 1 equivalent of NaOH then diluted to 9.3 cm’ by adding 0.2N NaCl to make the
0.04560M stock solution B with concentration 1.0 gm/DL.
‘Reduced viscosity = ngp/c.

Yo is the degree of protonation.

“logk” and n is determined from Figure 18(b).

LOT
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The dilution changes the mole equivalent of the added HCI, and its amount should
be recalculated. Each time, the viscometer is cleaned and dried. Similar dilutions were
done to obtain pH and reduced viscosity values of the 0.02280 M polymer solution in the
presence of different amounts of added HCI, the range of which is shown in Figure 16.
Pure CO,-free water was used throughout, and the solutions were used immediately after
preparation. A gentle stream of N, was passed over the open arms of the viscometer to
prevent carbon dioxide absorption. The percentage of different ionic species in the

solutions was calculated using eq 2.

5.13 Phase Compositions and Phase Diagram

Stock Solution (A) 25 w/w % (PSB: APE):

1.68 gm (7.66 mmol) of PSB 21 in deionized water (5.0 cm’) was treated with
0.60 equivalent [184.0 mg (4.6 mmol)] of NaOH.To the resulting solution containing
40:60, PSB/APE was added 37.2 mg KCl to make the solution 25 w/w % in original PSB

and 0.1 N KClI (total weight of the mixture 6.73 gm).

Stock Solution (B) 25% w/w PEG:

2.04 gm (46.2 mmol) of PEG 35,000 was dissolved in deionized water (6.0 cm’)

and add 44.8 mg of KCl to make the 25%w/w PEG stock solution in 0.1 N KCI.

The following Stock Solutions are used to determine the Phase Composition and

construct the Phase Diagram by NMR and Turbidity method.
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()  NMR Method

To a mixture of 147.6 mg (0.5906 gm of stock solution B) of PEG-35000 and
157.3 mg (0.6294 gm of stock solution A) of PSB 21 (Entry A, Table 10) was added
0.5299 gm of water. The mixture was shaken to complete the solution process. The phase
separation happened within minutes after thorough shaking, and the mixture was kept at
23 °C for 24 h. The volume of the top and bottom layers was found to be 0.7947 and
0.8514 cm’, respectively. Density of the top and bottom layer was determined to be
1.0473 and 1.0777 gem™, respectively. The 'H NMR spectra of the top and bottom layers
were measured in D,O (after removal of H,O by a gentle stream of nitrogen and
repeating the process after adding some DO to the residue). The top and bottom layers
were found to be overwhelmingly rich in PEG and PSB, respectively. The top layer was
found to contain (PEG/PSB) , in a respective ratio of 150/1 and that of the bottom layer

0.25/1.69, respectively.

Weight percent of each polymer is determined by using the equations

[PSBV+ [PSB]V}, = PSB,/ MMpsp “4)

[PSBV ([PEG]/ [PSB]); + [PSBy] Vs ([PEG] / [PSB]), = PEG, / MMpgg (5)

Where, subscript t and b represent top and bottom phase, respectively. [PSB] and [PEG]
represent concentration of the polysulfobetaine and poly(ethylene glycol) in mmol of

L3
repeat unit cm™.
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TABLE 10:  Phase Composition of the PSB 21 — PEG 35,000 - H,O System in 0.1N

KCl at 23 °C
Total system Top phase Bottom phase
Syste Volume
m PSB |PEG| PSB PEG |d°top| PSB PEG |d° bottom| ratio®
(o/oW/
(Yow/w) | w) | (YoW/w) | (YoW/W) (YoW/w) | (YowW/w)
8.437
A 8.9919 6 0.5711 | 17.198 |1.0473| 16.629 |0.4915| 1.0777 | 0.933:1
8.413
B 5.5701 6 0.5529 | 12.899 | 1.045 | 14.354 |0.7661| 1.0683 | 1.786:1
5.501
C 6.4426 8 0.5139 | 10.318 |1.0464| 12.258 |0.7776| 1.0669 | 001:001
7.113
D 4.2701 6 0.5029 | 10.099 |1.0487| 12.154 |0.8661| 1.0689 | 2.133:1
4.221
E 6.2575 8 0.4091 | 8.2144 |1.0498| 10.759 |1.1489| 1.0656 | 0.781:1

*volume ratio of top and bottom phase.

°density of the top and bottom phase.
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PSB, and PEG, represent total mass in mg of the polymers and V represent the volume in
cm’. MMpsg and MMpgg represent molar masses of the repeat units of the PSB and PEG
were taken as 219.3 and 44.03, respectively. [PEG]/[PSB] represents molar ratio of the
polymers as determined by 'H NMR integration. After multiplying equation (4) with

(PEG /PSB); and then subtracting from equation (5) , a simple rearrangements leads to

PEG,/44.03 — (PSB,/219.3)([PEG]/[PSB]);
[PSB,] = (6)
Vu{([PEG]/[PSB]), — ([PEG]/[PSB])}

The mass of polymer PSB in the bottom phase is then calculated using

PSBy = [PSBy]Vp x 219.3 mg. (7)

Once one of the polymer concentrations is known in a phase, then the rest of the
concentrations and weight percents of the polymers in the two phases are easily

calculated from the known volume, density and mass of the two phases.

For instance, if the total system represented by the point A, will have the volume
or mass ratio of the top and bottom phases determined by the ratio of length A — Ao and

A — Ay, respectively.



112

The results just described represent system A in Table 10. Likewise several other
systems of known compositions of PEG-35, 000 and PSB 21 in 0.1 N KCl as described in

Table 10 and 11 (as represented by points A- D, E in Fig. 17) was made.

In the presence of PSB and APE (since the mixture contained a 40:60 mixture of
the ionic polymers), the determination of the mole ratios were difficult because the
singlet for PEG at  3.58 overlapped with the signals for the PSB protons which were
shifted downfield. However, basification (K,CO3) leading to the APE followed by 'H

NMR measurements allowed us to determine the mole ratios.

The 'H NMR signals for the polymers were well separated in the absence of HCI,
and the mole ratios of the repeating units of the polymers were easily calculated using the
integration of the four-proton singlet at 6 3.58 for PEG and the sixteen-proton complex
signals in the range 80.75-3.10 for the polymer APE. The tie lines A-E were

constructed using the wt% of the polymers in the top, bottom and total systems (Table

10).
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TABLE 11:  Phase Behaviour of PEG 35,000 and PSB 21 at 23 °C.
Data Stock A | Stock B | ZH+, Z-a PEG PEG-tot Total |%ZH%, Z-| %PEG
Points (gm) (gm) (gm) (gm) (gm) (gm) (FoW/w) | (%ow/w)
1 1.4614 0.0648 | 0.36535 | 0.01620 | 0.0162 3.044 12.004 0.5323
2 1.4614 0.0524 | 0.36535 | 0.01310 | 0.0293 3.566 10.244 0.8215
3 1.4614 0.0642 | 0.36535 | 0.01605 | 0.0454 4.162 8.778 1.0896
4 1.4614 0.1028 | 0.36535 | 0.02570 | 0.0711 4.778 7.644 1.4865
5 1.4614 0.1218 | 0.36535 | 0.03045 | 0.1015 5.378 6.792 1.8868
6 1.4614 0.1358 | 0.36535 | 0.03395 | 0.1355 5.942 6.149 2.2796
7 1.4614 0.1822 | 0.36535 | 0.04555 | 0.1810 6.788 5.383 2.6668
8 1.4614 0.2484 | 0.36535 | 0.06210 | 0.2431 7.744 4.718 3.1396
9 1.4614 0.2328 | 0.36535 | 0.05820 | 0.3013 8.750 4176 3.4435
10 1.4614 0.3558 | 0.36535 | 0.08895 | 0.3903 10.134 3.605 3.8508
11 1.4614 0.3586 | 0.36535 | 0.08965 | 0.4799 11.522 3.171 4.1653
12 1.4614 0.4166 | 0.36535 | 0.10415 | 0.5841 13.108 2.787 4.4556
13 1.4614 0.5594 | 0.36535 | 0.13985 | 0.7239 15.212 2.402 4.7585
14 1.4614 0.593 0.36535 | 0.14825 | 0.8722 17.334 2.108 5.0317
15 1.4614 0.6762 | 0.36535 | 0.16905 | 1.0412 19.678 1.856 5.2909
16 1.4614 0.7974 | 0.36535 | 0.19935 | 1.2406 22.212 1.645 5.5847
17 1.4614 0.762 0.36535 | 0.19050 | 1.4311 24.906 1.467 5.7459

Stock Solution A: 25 %w/w (PSB: APE;; 40:60).

Stock Solution B: 25 %w/w PEG.
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(1)  Turbidity Method

1.46 g of a concentrated solution (25 %w/w) of PSB (treated with 0.60 equiv
NaOH) [Stock Solution A] in 0.1 N KCIl was taken in a flask and titrated with a
concentrated solution (25 %w/w) of the PEG (in 0.1 N KCI) [Stock Solution B] of
molecular weight 35,000 and stirred with a magnetic stir bar until the transparent system
turned turbid. Then, a known weight of 0.1N KCI solution was added drop wise until the
system became transparent again. At this point, the final composition of the two polymers
calculated corresponds to a point on the binodial curve. After obtaining the first point, a
concentrated solution of PEG was added again to obtain a turbid suspension, and dilution
with water (0.1N KCI) was repeated to obtain a second point on the binodial. This
procedure was continued until a sufficient number of points for the construction of the
binodial curve were obtained. Points obtained by turbidity method are shown in Table 11

and are joined together in Figure 17. The experiments were carried out at 23 °C.
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Figure A (I): FTIR Spectrum of Monomer 19 in KBr at 20 °C.
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Figure A(1D):

FTIR Spectrum of Zwitterionic Monomer 20 in KBr at 20 °C.
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Figure A(IIT): FTIR Spectrum of polysulfobetaine (PSB) 21 in KBr at 20 °C.
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Figure A(IV):

FTIR Spectrum of anionic polyelectrolyte (APE) 22 in KBr at 20 °C.
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Figure A(V): FTIR Spectrum of the Zwitterionic Electrolytic Monomer (24) in KBr at 20 °C.
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Figure A(VI): FTIR Spectrum of PEZ Homopolymer (25) in KBr at 20 °C.
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Figure A(VII): FTIR Spectrum of PEZ Copolymer (26) in KBr at 20 °C.
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