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Sulfobetaines, indeed betaines in general, are inter-
esting for numerous reasons that include antipolyelec-
trolyte behavior in aqueous salt solution® and their bio/
hemocompatible properties.2 Numerous examples exist
of polybetaines synthesized via conventional free radical
polymerization and include those reported by McCor-
mick et al.,® Galin et al.,* Laschewsky et al.> and
Salamone et al., to name but a few.

Our group has a long-standing interest in the syn-
thesis and characterization of water-soluble (co)poly-
mers. Recently, we have been particularly interested in
the controlled synthesis, and application, of homo- and
block copolymers in both aqueous and nonaqueous
media prepared via reversible addition—fragmentation
chain transfer (RAFT) polymerization.” Herein we re-
port the first examples describing the controlled polym-
erization of acrylamido-, methacrylic-, and styrenic-
based sulfobetaine monomers directly in aqueous salt
solution via RAFT (see Figure 1).

Very few examples have been reported concerning the
direct synthesis of controlled-structure/near-monodis-
perse polymeric betaines. The first were reported by
Lowe, Billingham, and Armes® and were synthesized by
the postpolymerization modification, with 1,3-propane
sultone, of near-monodisperse poly(2-dimethylamino)-
ethyl methacrylate homopolymers, prepared by group
transfer polymerization. Subsequently, sulfobetaine
block copolymers were reported using the same meth-
odology.® The first examples of polybetaines synthesized
by RAFT were those reported by Donovan, Lowe, and
McCormick, in which poly(N-(2-N,N-dimethylamino-
ethyl)-N-acrylamide) (M, = 9300 and My/M, = 1.23)
was homo- and copolymerized via RAFT using benzyl
dithiobenzoate as the RAFT CTA. The homopolymer
was then derivatized with 1,3-propane sultone to yield
the corresponding poly(sulfopropylbetaine). In related
work, Jaeger et al.'! synthesized poly(4-vinylpyridine)
by nitroxide-mediated polymerization and then deriva-
tized the precursor (co)polymer to yield the correspond-
ing carboxy- or sulfobetaine. More recently, Lobb et al.*?
reported the direct polymerization of 2-methacryloy-
loxyethyl phosphorylcholine in aqueous media via atom
transfer radical polymerization (ATRP). Although the
conditions employed were extremely facile, ATRP suf-
fers from restricted monomer choice and postpolymer-
ization catalyst contamination—a potentially serious
issue for in vivo applications. During the preparation
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Figure 1. Chemical structures of 3-[2-(N-methylacrylamido)-
ethyldimethylammonio]propanesulfonate (MAEDAPS), 3-[N-
(2-methacroyloyethyl)-N,N-dimethylammonio]propane-
sulfonate (DMAPS), and 3-(N,N-dimethylvinylbenzylammonio)-
propanesulfonate (DMVBAPS).

of this paper, Arotcaréna et al.’® disclosed the synthesis
of AB diblock copolymers, via RAFT in organic media,
of N-isopropylacrylamide and 3-[N-(3-methacrylami-
dopropyl)-N,N-dimethyllJammoniopropanesulfonate. The
authors used benzyl dithiobenzoate as the RAFT chain
transfer agent (CTA) and clearly state that the primary
objective was to obtain the desired diblock architecture
and not necessarily to synthesize the diblocks in a
controlled fashion. Indeed, neither polydispersity values
for the diblocks, kinetic plots, or size exclusion chro-
matograms were reported to confirm either block co-
polymer architecture or the controlled nature of the
polymerizations.

In the work reported here, 3-[2-(N-methylacrylamido)-
ethyldimethylammonio]propanesulfonate (MAEDAPS),
3-[N-(2-methacroyloyethyl)-N,N-dimethylammonio]pro-
panesulfonate (DMAPS), and 3-(N,N-dimethylvinylben-
zylammonio)propanesulfonate (DMVBAPS) were po-
lymerized in aqueous salt solution (0.5 M NaBr) at 70
°C using sodium 4-cyanopentanoic acid dithiobenzoate
(CTPNa)” (9.98 x 1072 mmol) as the RAFT CTA and
4,4'-azobis(4-cyanopentanoic acid) (V-501) (2.02 x 1072
mmol) as the initiating species, with the CTA/I ratio
held constant at ~5/1 and a [monomer] = 0.706 M. In
all instances, the target DP was 177. The polymerization
solutions were purged for 30 min with argon to remove
oxygen prior to the addition of V-501. Polymerizations
were conducted for varying times depending on the
monomer. DMVBAPS was left for ~200 min prior to
guenching, while both MAEDAPS and DMAPS were left
for ~560 min. Aliquots were withdrawn at predeter-
mined time intervals for analysis by aqueous size
exclusion chromatography (ASEC—using an eluent of
80% 0.5 M NaBr/20% acetonitrile, a Viscotek TSK
Viscogel 4000PWxL column, and Polymer Labs LC 1200
UV/vis, Wyatt Optilab DSP interferometric refractome-
ter, and Wyatt DAWN EOS multiangle laser light
scattering detectors; see Table 1). ASEC was likewise
employed for the determination of conversion by moni-
toring residual monomer using the RI detector.

From Table 1, it is evident that we observe excellent
control over the molecular weight for the CTPNa-
mediated polymerizations, at least in the case of the
DMAPS and DMVBAPS polymerizations. In all in-
stances, a target DP of 177 was aimed for, yielding
target molecular weights of ~49 200, 49 100, and 49 900
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Table 1. Summary of the Molecular Weights and
Polydispersities for the Homopolymers of MAEDAPS,
DMAPS, and DMVBAPS

conv theor obsd mol M,/

sample (%)° dn/dce mol wt  wt (Mp)? M4
PMAEDAPS2 91 0.1533 +0.0036 44100 58250 1.08
PDMAPS2 93 0.1293 £ 0.0008 45700 47500 1.04
PDMVBAPS2 90 0.1578 +£0.0021 44900 47200 1.06

a Prepared using 4-cyanopentanoic acid dithiobenzoate as the
RAFT CTA. P As determined by the residual monomer concentra-
tion employing the RI detector. ¢ Measured using Wyatt’'s Optilab
differential refractometer in 80% 0.5 M NaBr/20% acetonitrile.d As
determined by aqueous size exclusion chromatography in 80% 0.5
M NaBr/20% acetonitrile using Wyatt's DAWN EOS multiangle
laser light scattering detector.
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Figure 2. Aqueous size exclusion chromatograms for the
controlled polymerization of MAEDAPS showing the evolution
of molecular weight with time (a) and the corresponding
pseudo-first-order kinetic plot (b) and the M, vs conversion
data (c).

for MAEDAPS, DMAPS, and DMVBAPS, respectively,
at 100% conversion.

Figure 2 shows the aqueous size exclusion chromato-
grams demonstrating the evolution of molecular weight
with polymerization time (a), the pseudo-first-order
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kinetic plot (b), and the molecular weight vs conversion
plot (c). The aqueous size exclusion chromatograms
clearly show the peak shift to lower retention volume
with increasing polymerization time, which is at least
qualitatively indicative of a controlled polymerization.
The chromatograms are unimodal and symmetrical with
no evidence of either high or low molecular weight
impurity indicative of termination products. We have
found that the aqueous polymerization of charged
monomers via RAFT generally proceed smoothly with
few side reactions such as termination by radical—
radical coupling of polymer chains when conducted
under appropriate reaction conditions.’ed

Figure 2b shows the plot of In(M¢/My) vs time. We
observe an induction period of ~30 min, which is
consistent with our previous observations regarding the
use of CTPNa as the CTA, after which the polymeriza-
tion exhibits pseudo-first-order kinetics, consistent with
a controlled polymerization. Figure 2c shows the plot
of My vs conversion. My, values were determined using
a Wyatt DAWN EOS online light scattering detector;
the dn/dc for PMAEDAPS was determined to be 0.1533
+ 0.0036. We observe reasonable agreement between
the observed and theoretical molecular weights for the
polymerization of MAEDAPS, although the experimen-
tally determined My, values are consistently higher than
the predicted values. At present we are unsure of the
cause of the deviations but is possibly due to low-level
CTA hydrolysis. (We are currently in the process of
exploring this as a possible “side reaction”.) Most
importantly, the evolution of molecular weight with
conversion is linear, and the resulting polydispersity is
low (Mw/M, = 1.08), thus confirming the controlled
nature of the polymerization. Similar results (Figure 3)
were obtained for the polymerization of both DMAPS
and DMVBAPS.

Consider first the DMVBAPS polymerization (Figure
3a—c). The kinetic plot indicates a short induction period
(~50 min), after which the kinetics follow a pseudo-first-
order relationship. The size exclusion chromatograms
confirm this with little conversion during the first 45
min followed by an increase in molecular weight with
polymerization time. All traces are unimodal with no
evidence of high molecular weight species arising from
termination products/uncontrolled polymerization. The
increase in molecular weight with conversion is linear
and is in reasonable agreement with the theoretical
values.

DMAPS, on the other hand (Figure 3d—f), shows a
much more rapid rate of polymerization than either
MAEDAPS or DMVBAPS. A shorter induction period
of ~10 min is observed for DMAPS, after which the
polymerization proceeds rapidly, reaching ~97% conver-
sion in ~160 min. The SEC chromatograms also confirm
rapid polymerization, with little change observed in the
molecular weight (i.e., retention time) after ~150 min.
The increase in molecular weight with conversion is
linear and agrees closely with the predicted molecular
weights.

Herein we have demonstrated one of the primary
advantages of RAFT over other controlled radical po-
lymerization techniques, namely its versatility with
respect to monomer choice. Controlled structure ho-
mopolymers of acrylamido-, methacrylic-, and styrenic-
based sulfobetaines have been reported employing
sodium 4-cyanopentanoic acid dithiobenzoate as the
RAFT CTA. Significantly, the polymerizations were
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Figure 3. Pseudo-first-order Kinetic plots for DMVBAPS and DMAPS (a, d), the aqueous size exclusion chromatograms
demonstrating evolution of molecular weight for both species (b, €), and the M, vs conversion plots (c, f).

conducted directly in aqueous media. All the polymer-
izations exhibit pseudo-first-order kinetics as well as
linear increases in molecular weight with conversions—
both good indicators of controlled polymerization. Mo-
lecular weight control is best for both DMVBAPS and
DMAPS. Interestingly, the rates of polymerization for
the three monomers increase in the order DMAPS >
DMVBAPS > MAEDAPS (methacrylate > styrenic >
acrylamido) under the conditions studied here. The
slower rate of polymerization for MAEDAPS is interest-
ing considering that the rate constant for propagation
is typically higher for acrylamido-based monomers than

either styrenics or methacrylates under classical free
radical polymerization conditions. The slower Kinetics
exhibited by MAEDAPS may be indicative of a higher
rate constant of addition for the propagating MAEDAPS
macroradical toward a macro-CTA or, possibly, a lower
rate constant for fragmentation of the macro-RAFT
intermediate radical.}* Considering the higher reactivity
and lower bulk of the MAEDAPS acrylamido radical
compared to those of the DMAPS methacrylate radical,
contributions from both possibilities are likely. These
sulfopropylbetaine homopolymers are currently being
employed as macro-CTAs for the synthesis of novel
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stimuli-responsive AB diblock copolymers and will be
the subject of a future publication.
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