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Water swelling, brine soluble imidazole based zwitterionic
polymers — synthesis and study of reversible UCST behaviour
and gel-sol transitions

Zwitterionic polymers with higher hydrophobic characteristics
and enhanced secondary interactions were designed and
synthesized. The unique UCST characteristics exhibited by these
polymers in brine solution make them suitable for applications in
enhanced oil recovery, low-temperature precipitation of proteins,
as membrane materials and a variety of other applications.
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New vinylbenzene substituted imidazole based zwitterionic polymers
with unique characteristics like swelling in water and solubility in
concentrated brine solution in which they exhibited a reversible upper
critical solution temperature (UCST) and gel—sol transitions are reported
herein.

Zwitterionic polymers,' such as polybetaines, have gained much
importance of late due to their wide applications in antifouling,*®
membranes,” biotechnology,® " enhanced oil recovery (EOR),'® as
coatings,”” etc. The three main classes of zwitterionic polymers
developed so far include carboxy betaines, phosphobetaines and
sulfobetaines. Among these three classes, sulfobetaines are the most
convenient to synthesize®'® and thus employed widely."® Sulfo-
betaines derived from acrylamide and methacrylates (Scheme 1)
are two of the prominently used monomers for making zwitterionic
polymers which are also commerecially available.”® > However, these
monomers are hydrolytically unstable. These monomers undergo
hydrolysis to varying degrees even during polymerization of the
zwitterionic monomers resulting in the formation of poly(actylic
acid) along with the zwitterionic polymer. For example, the ester
based zwitterionic monomer (Scheme 1a) undergoes hydrolysis
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Scheme 1 Chemical structure of zwitterionic (a) poly(methyl methacry-
late) and (b) poly(methyl methacrylamide).

“ Institute of Chemical and Engineering Sciences (ICES), Agency for Science,
Technology and Research (A*STAR), 1 Pesek Road, Jurong Island, Singapore
627833. E-mail: vivek_vasantha@ices.a-star.edu.sg, aparthiban@ices.a-star.edu.sg

b MESA+ Research Institute for Nanotechnology, Faculty of Science and Technology,
University of Twente, P. O. Box 217, 7500 AE Enschede, The Netherlands

i Electronic supplementary information (ESI) available: Detailed experimental

description and results including "H NMR, GPC, DLS, detailed phase studies etc.

See DOI: 10.1039/c3cc44407d

46 | Chem. Commun., 2014, 50, 46-48

reversible UCST behaviour and gel-sol

Vivek Arjunan Vasantha,*® Satyasankar Jana,® Anbanandam Parthiban*® and

to the extent of 12-15%, and 8% of the amide derived zwitterionic
monomer (Scheme 1b) is hydrolyzed during polymerization.>* One
of the important applications of these zwitterionic monomers is to
prepare polymer brushes, which are potentially useful for making
antifouling biomedical devices.>*** Thus such polymer brushes are
not only contaminated but are also vulnerable to lose the
brush nature sooner due to hydrolysis. The unique hydration
characteristics which are the source of special properties such as
antifouling will also disappear with the loss of the brush nature
as a result of hydrolysis.

With the aim of synthesizing polysulfobetaines free from
hydrolyzable linkages we recently designed and synthesized
imidazole based sulfobetaine monomers (Scheme 2 and
Scheme S2, ESIt).

As reported herein, these imidazole based polysulfobetaines
exhibited many unusual solubility characteristics. Unlike the acry-
late and acrylamide derived polysulfobetaines which are soluble in
water, the benzimidazole based polysulfobetaines are only soluble
in concentrated brine solution (22.6 wt% NaCl) and also swell in
deionized water. We believe such solubility characteristics are
potentially useful for applications like EOR which is gaining
significance due to depleting petroleum reserves. These imidazole
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Scheme 2 Chemical structures and polymerization of newly synthesized
zwitterionic monomers (ZIMs).
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Table 1 Summary of free-radical polymerization of ZIM 1 and 2

Monomer/initiator (mmol) Time Yield? M cpc (g mol ) PDI Elemental analysis

ZIM 1 (3.29)/ACVA (0.0165) 1.5h 98% 6500 2.02 Calc. N, 8.13; S, 9.31; Exp. N, 7.78; S, 9.00
ZIM 2 (2.81)/ACVA (0.0189) 24 h >98% 10600 1.40 Calc. N, 5.29; S, 6.05; Exp. N, 5.14; S, 6.04

“ Determined by gravimetry after drying the polymer at 50 °C in vacuo.

derived polymeric zwitterions are unique in that quite apart from
the ionic nature they also exhibit other interactions like donor-
acceptor as well as comparatively more hydrophobicity than the
conventional sulfobetaines. This characteristic is the source of the
difference in solubility as described below.

The precursors ZIM 1 and 2 were synthesized by reacting
vinylbenzylchloride with imidazole and benzimidazole, respectively,
followed by a nucleophilic addition reaction with 1,3 propane
sultone in good yield (65-74%). To the best of our knowledge, ZIM
1 and 2 have not been reported before. The monomers ZIM 1 and 2
were obtained as hygroscopic powders, which were characterized by
NMR, FTIR, ESI-MS, and elemental analysis (Fig. S1, ESIt). The
characterization results are summarized in Table S1 (ESIt).

ZIMs were polymerized at 90 °C using 4,4’-azobis(4-cyanovaleric
acid) (ACVA) as the initiator in aqueous sodium bromide solution
(25 wt%) as shown in Scheme 2. The polymerization results are
summarized in Table 1. The polymeric zwitterions, PZIs, were
characterized using H NMR, FTIR, GPC, and UV-Vis spectroscopy
(Fig. S2-S5, ESIT). These studies have confirmed that the zwitter-
ionic nature is unaffected during polymerization. The solubility of
PZIs was tested in various solvents as detailed in Table S2 (ESIT).

PZI 1 and 2 behaved like hydrogels and the equilibrium
swelling ratio measured in deionized water is shown in Fig. S6
(ESIT). The swelling tendency and the lack of solubility in
deionized water in spite of their zwitterionic character are
due to the comparatively higher hydrophobic nature as well
as due to strong donor-acceptor type interactions. The hydra-
tion studies of PZIs are summarized in Table 2.

The addition of salt readily enhances the solubility of PZIs in
water, mainly due to the “anti polyelectrolyte” effect.” The effect of
the amount of salt on the solubility of these polymers, ie. the
minimum (critical) salt concentration (CSC) necessary to dissolve
the polymers, was determined by volumetric titration, transmit-
tance and dynamic light scattering (DLS) studies as shown in
Fig. S7 (ESIt). The presence of an additional benzene ring in PZI 2
induces a significant solubility difference as shown in Table 2. The
CSC for PZI 2 is higher than that for the other sulfobetaines
reported in the literature.*® In comparison, the acrylamide based
sulfobetaine polymer formed a clear solution at 0.25 wt% of NaCl

Table 2 Solution behaviour of PZI 1 and 2°

Critical salt concentration (CSC, wt%)

Swelling ratio

Sample (SR, %) Titration Transmittance DLS
PZ1 1 85.23 £4.26 1.71 £ 0.2 (0.17 M) 1.52 1.74
PZI 2 134.76 £ 6.74 7.67 £ 0.2 (1.31 M) 7.82 8.20

“ SR = [(weight of swollen polymer — weight of dry polymer)/weight of dry
polymer] x 100. For CSC, 0.9 wt% of polymers were dissolved in 22.62 wt%
of NaCl solution and titrated with deionized water at 25 °C (Fig. S6, ESI).
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solution and formed an opaque gel in NaCl solution at a concen-
tration of 27.8 wt% at 20 °C.*° A combination of factors such as
rigid structures, which could shorten the Debye length, additional
donor-acceptor interactions, increased hydrophobicity, etc. are
responsible for this change. The unusual solubility behaviour at
high concentrations of salt solution and a lower pK, (Table S3,
ESIY) of PZIs could be indicative of a more stable sulfonate anion.*
The stability towards pH 2 to pH 13 makes PZIs potentially
applicable for EOR'® and antifouling.®"

Aqueous salt solution also promoted the temperature-
dependent phase separation of PZIs. Both PZIs exhibited reversible
UCST phase transition®*** behaviour between 5 °C and 95 °C in
NaCl solution (12.13-5.1 wt% NaCl solution for PZI 2). As illu-
strated in Fig. 1, the polyzwitterions reached a maximum UCST >
95 °C at low salt concentrations (5.1 wt% NaCl). Fig. S7 (ESIt)
shows the phase transition (UCST) of PZI 1 and 2 as a function of
NaCl concentration with respect to transmittance observed visually
by the cloudy appearance of the solution. The UCST of PZIs was
tuneable by changing the salt and polymer concentration. The
reversible thermal responsive behaviour of zwitterionic polymers
during heating and cooling was also evidenced by DLS (Fig. 1b) and
viscosity studies.

Above the UCST, a transparent solution was formed, and no
aggregate was detected by DLS (Fig. S8 and S9, ESIt). The mono
modal peak observed at high temperatures indicates that the
polymer may exist as a coil of globular conformation** or may
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Fig. 1 UCST of PZIs (a) PZI 1 and PZI 2 in NaCl solution during heating;
(b) temperature dependence of the Z average diameter of PZI 1 and 2 in NaCl
solution during heating and cooling cycles. @: PZI 1 (0.07 wt% of PZI 1 in
1.62 wt% NaCl) is 39.14 + 0.097 nm at 40 °C and 3986 + 559 nm at 20 °C; l:
PZI 2 (0.31 wt% of PZI 2 in 7.89 wt% NaCl) is 63.39 + 2.44 nm at 40 °C and
514 + 38.2 nm at 20 °C. Each data point was obtained after equilibrating for
10 min (Fig. S8, ESIY); (c) photographs of PZIs 1 and 2 at variable temperatures
and (d) schematic representation of reversible UCST thermal phase transitions.
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Fig. 2 Gel-sol transition behaviour of PZI 2 in 22.6 wt% NaCl (a) and
schematic representation of sol—gel behaviour (b).
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exhibit micelle behaviour.® In the micelles, the backbone of PZIs
made up of hydrophobic polystyrene may act as a core and the
hydrophilic zwitterionic moiety could function as a shell. The
interaction between the zwitterionic polymer and the salt at UCST
was reversible during heating and cooling cycles. Upon heating the
solution to 40 °C the turbidity disappeared completely, which
reappeared upon cooling to 20 °C due to the formation of
aggregates as illustrated in Fig. 1c. Furthermore, the experiment
confirmed the reversible thermo responsive behaviour of PZIs.

The viscosity was studied at UCST of PZI 1 and 2 as shown in
Fig. S10 and S11 (ESIf). Both PZI 1 and 2 exhibited non-
Newtonian behaviour. The intermolecular association between
charged species of the zwitterionic polymer is assumed to be
responsible for the shear thickening behaviour (dilatancy).
With increasing temperature, the viscosity of the solution
dropped rapidly, though the rate of change was different with
a larger change observed for PZI 1 which may be because of less
interaction between polymer chains as well as lower rigidity of
the polymer backbone combined with its low molecular weight.

Zwitterionic polymers (PZI 1 and 2) acted as reversible,
temperature-sensitive gels in brine solution. Similar to agarose and
gelatin, the polymer gels flow upon heating above the critical
temperature (Tge). This has been attributed to the disruption of
the equilibrium existing among salt, water and zwitterions. Upon
cooling, the equilibrium reverted back to the more stable configu-
ration. This gel-sol and sol-gel cycle was repeated several times
without any hysteresis. PZI 2 displayed superior gelation properties
in that a transparent gel formed at a low concentration of the
polymer (3 wt% vs. 42.34 wt% for PZI 1). Fig. 2 shows the thermo-
reversiblity (gel-sol) of PZI 2 gel. The gel window became wider and
shifted to a higher temperature when the polymer concentration was
increased from 9 to 16 wt%. The PZI 1 also showed similar gel-sol
phase transition behaviour, and a detailed study is in progress.

In summary, new hydrolytically stable imidazole based
sulfobetaine zwitterionic polymers were synthesized. The PZIs
exhibited reversible phase transitions due to the formation of
expanded chains at elevated temperature and aggregates below
the UCST as studied by DLS, transmittance and viscosity
measurements. The unique thermoreversible gelling properties as
well as unusual solubility characteristics make them interesting
materials for a wide range of applications. Work is in progress to
make polymer brushes from these novel vinylbenzene substituted
imidazole based sulfobetaines.
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