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ABSTRACT: Polystyrenesulfonate (PSS), as one of the most important
categories of polyelectrolytes, has received increasing attention due to its @
A

great potential in the applications of energy- and biomedical-related fields.

However, most of the previous studies only focused on linear PSS and its So-
derivatives, but little attention was paid to nonlinear topological PSSs. So Sulfonation

far, the synthesis of nonlinear PSSs with well-defined structures is still a PEi,CO080,H, 7= 40
challenging task, and the main obstacle lies in the stability issue of ¥
functional chemical linkages during the sulfonation process of polystyrene ) <
(PS) precursors, such as the carbon—oxygen-containing linkages. Herein,

N~ N~
by rationally designing the chemical structure of the functional linkage, we '5 ’5

introduce a versatile and efficient strategy for the preparation of
topological PSSs. Specifically, by embedding firm triazole linkages (without
carbon—oxygen linkages) into the backbone structure of cyclic and
hyperbranched PS precursors, the backbone and functional linkages are found to present excellent chemical stability under
certain sulfonation conditions, which eventually lead to the successful preparation of cyclic and hyperbranched PSSs. By using
two sets of PSS samples with varied molar masses, the scaling relations between the number of repeating units and the
sedimentation coefficient are established for both linear and cyclic PSSs. We believe that our proposed synthetic strategy is
universal and could be extended to the synthesis of other types of topological PSSs.

ecently, polyelectrolytes have attracted much attention pathway by introducing atom transfer radical polymerization

due to their broad applications in the fields of biomedical (ATRP) and using trifluoroacetate as the degradation agent.”
research,’ membranes,” and electrochemistry.” Among related Their results further indicated that cyclic PEGylated PAA
studies, topological polyelectrolytes with nonlinear structures comb polymers had a significantly longer elimination time and
were extensively investigated for the purpose of inheriting the a greater tumor accumulation.” On the other hand, hyper-
unique E‘r_olgerties demonstrat'ed by neutral topological branched PAA was synthesized by Miiller and co-workers
polymers.””~ Namely, for cyclic polymers, the advantages, through hydrolysis of a hyperbranched poly(tert-butyl

such as higher glass transition temperature,” lower intrinsic
viscosity,14 longer circulation half-lives,"> and enhanced
micellar stability,'® are anticipated. For instance, Grayson
and co-workers reported the synthesis of cyclic poly-
(ethylenimine) (PEI) through the hydrolysis of cyclic
precursor poly(2-ethyl-2-oxazoline) and demonstrated that
cyclic PEI exhibited higher gene transfection efficiency without
a compromise with the cytotoxity.” Pun and co-workers
thesized cyclic poly((2-dimethylami thyl methacrylat
?I,’I;DI e[S;ZEeM;};C; ‘f ?ozgl(d thj?iyc}lrijr;glol) 3eE1\ZAn;1ea d Tziyrr?ilz)r However, most of the related studies have only focused on
gene transfection efficiency compared with the linear counter- linear PSS and its derivatives, but little attention was paid to
part but a lower cytotoxity.® Moreover, a series of topological the nonlinear structures, such as a well-defined hyperbranched
poly(acrylic acid) (PAA) were synthesi,ze d previously.**3 For or cyclic structure. Note that Matsushita et al. synthesized

example, cyclic PAA homopolymer was first synthesized by

acrylate), which was prepared from self-condensing vinyl
copolymerization of tert-butyl acrylate and an allyl monomer
with a pendent bromine group.''

In addition to the categories mentioned above, polystyr-
enesulfonate (PSS) has also received much attention in the
past decades as an irreplaceable type of polyelectrolyte, which
has been widely used in ion exchange membranes,'”"®

molecular weight standards,"” and drugs for hyperkalemia.”’

Kubo and co-workers through living anionic polymerization of Received: April 9, 2019
tert-butyl acrylate followed by formic acid-assisted hydrolysis.® Accepted: May 29, 2019
Additionally, Szoka and co-workers expanded the synthetic Published: June 4, 2019
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Scheme 1. Schematic Synthesis of Cyclic and Long-Subchain Hyperbranched PSSs (c-PSS and h-PSS)
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cyclic PSS through sulfonation of cyclic PS prepared by anionic
polymerization-based ring-closure reaction and reported a
direct observation of cyclic PSS chains on the surface by
atomic force microscopy (AFM).”" Star-like PSS homo- and
copolymers were also successfully synthesized through
sulfonation of the PS precursors prepared by anionic
polymerization through an arm-first method.””~** However,
despite the success of some special cases,”' ~° these synthetic
routes are not promising for other topological systems.
Especially, for the star-like PSS system, it is difficult to control
the exact number of arms to realize the ideal structure.
Moreover, it is well-known that anionic polymerization
generally suffers from poor monomer compatibility and
tedious experimental preparation due to its high sensitivity
to impurities. Overall, due to the poor versatility, time-
consuming feature, or poor control of chain parameters, these
methods are hard to extend to other systems, such as the
preparation of well-defined hyperbranched polymers. Usually,
for well-defined polymer architectures, the backbone length is
the only chain parameter to consider for model linear and
cyclic chains; for a model star-like chain, the precise control
over both the arm length and the arm number is necessary; and
for a model hyperbranched chain, both the subchain length
between two neighboring branching points and the overall
chain size must be controlled. With these requirements, ring-
closure reaction, polyaddition reaction, or polycondensation
reaction are the prior choices, rather than the chain-growth-
based reactions. Thus, the stability issue for the existing liable
linkages is the first consideration during the sulfonation
process.

Nowadays, a combination of controlled radical polymer-
ization and click chemistry has been proven to be a powerful
synthetic tool for the construction of topological neutral
polymers.”*™*® Specifically, a combination of atom transfer
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radical polymerization (ATRP) and copper-catalyzed azide—
alkyne cycloaddition (CuAAC) was widely used for the
preparation of cyclic PS and its derivatives. Unfortunately, in
most of the related studies, alkyne-functional initiators with
labile ester linkages were used in ATRP processes.'”>*** ™%
Without doubt, the existence of labile ester linkages could be
fatal under the harsh conditions of various sulfonation
processes. Therefore, the feasibility of using C—O bond-
containing initiators for the construction of topological PSSs is
still questionable. We anticipate that the avoidance of
introducing labile linkages into topological PS precursors is
critical for the successful preparation of corresponding PSSs.

Herein, we introduce a novel synthetic scaffold for the
preparation of well-defined topological PSSs with varied
structures. Specifically, by embedding firm triazole-linkages
(without C—O linkage) into the backbone structure of cyclic
and hyperbranched PS precursors, we successfully enhanced
the chemical stability of backbone and functional linkages
under the harsh conditions of the sulfonation process.
Moreover, the sedimentation coeflicient of cyclic and linear
PSSs with the number of repeating units ranging from 63—140
was briefly investigated by analytical ultracentrifugation. The
scaling relations between the number of repeating units and
the sedimentation coeflicient were established for both linear
and cyclic PSSs. The aim of this work is to provide guidance
for the rational design of firm chemical linkages to construct
well-defined topological PSSs.

Starting from two specially designed initiators bearing alkyne
and bromine functional groups, but without labile linkages,
such as the carbon—oxygen (C—O) linkage, well-defined cyclic
and hyperbranched polystyrenes could be synthesized. The
synthetic route is shown in Scheme S1 and the 'H NMR
spectra of the initiators and related content are shown in
Figures S1 and S2. The calculated ratios of the integral areas
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Figure 1. (A) GPC curves of the key precursors I-PS-11k (black solid line) and ¢-PS-11k (red dash dotted line) for the preparation of c-PSS. (B)
GPC curves of the key precursors Alk-(PS-Br), (black solid line), fractionated h-PS (red dash dotted line) and unfractionated h-PS (blue dashed

line) for the preparation of h-PSS.

(A) for different protons from initiators (A,/Ap/A/Aq=21/2/
2/2 for c-initiator and Ae/Af/Ag/A}l = 1/2/1/4 for h-initiator)
are consistent with the theoretical ones, indicating the
successful synthesis of initiators. As shown in Scheme 1, two
precursors, that is, TIPS-PS-Br with one alkyne and one
bromine and Alk-(PS-Br), with two bromines and one alkyne
group, could be first obtained via the polymerization of
styrene. After the azidation and deprotection process, they
could be further converted into alkyne/azide functionalized
Alk-PS-N; (I-PS) and Alk-(PS-N;),. One of the two key
neutral precursors, cyclic polystyrene (c-PS), could be obtained
via the intramolecular cyclization of I-PS through CuAAC
“click” reaction in a dilute solution. Similarly, the other key
neutral precursor, long-subchain hyperbranched polystyrene
(h-PS), could be obtained via the interchain “click” coupling of
Alk-(PS-N;), in semidilute/concentrated solution.’® Finally,
cyclic and hyperbranched polystyrene sulfonate (c-PSS and h-
PSS) could be prepared via the sulfonation of their neutral
precursors, cyclic and hyperbranched polystyrenes (c-PS and h-
PS).

Experimentally, [-PS was prepared through ATRP with the
designed initiator (c-initiator) and with a low polydispersity
and then converted to ¢-PS. Figure 1A shows the GPC curves
for ¢-PS and I-PS, where the number average molar mass (M,,)
for I-PS-11k is ~1.12 x 10* g/mol. Clearly, a significant shift to
a higher retention time is observed for the cyclized product c-
PS-11k due to its much smaller hydrodynamic volume
compared with the linear counterpart (I-PS-11k). The GPC
curves for other sets of ¢-PS and I-PS with a M, of 6.6 X 10° g/
mol and 1.46 X 10* g/mol can be found in Figure S3. The
ratios of peak molar masses of cyclic ¢-PS and linear [-PS
samples are ~0.77, which agrees well with the reported values
in previous studies.”>* Moreover, the accurate molar masses
of cyclic and linear products obtained by light-scattering
detector are almost the same (Table 1), which indicates the
discrepancy between the apparent peak molar masses is
attributed to the restriction of the cyclic topology. The GPC
characterization results for Alk-(PS-Br), and h-PS before and
after fractioned precipitation are shown in Figure 1B. For Alk-
(PS-Br),, a narrowly distributed GPC curve is observed,
whereas for unfractionated h-PS, the GPC curve gets much
broader after the interchain “click” coupling process. After
fractional precipitation, h-PS with moderate polydispersity
(fractionated h-PS, M, ~ 7.57 X 10* g/mol) was obtained.

In addition to GPC characterization, the structural details
for cyclic and hyperbranched neutral precursors were also
confirmed by '"H NMR (Figures S4 and S6) and Fourier-
transform infrared (FT-IR) spectroscopy (Figures SS and S7).
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Table 1. Gel Permeation Chromatography Data for Linear,
Cyclic, and Hyperbranched PS Samples

M, M, My, vargs
(g/mol) (g/mol) M,/M, (g/mol) M, /M,

samples
[-PS-7k 6600 7270 1.10 7790 0.76
c-PS-7k 5230 5810 1.11 7950
I-PS-11k 11120 12160 1.09 11490 0.77
c-PS-11k 8360 9960 1.19 11460
I-PS-15k 14610 15650 1.07 14720 0.77
¢-PS-15k 10960 12330 1.12 14800
Alk-(PS-Br), 8290 9200 111 9280
h-PS 22000 93000 4.23 200200
fre;lctionated 75700 99500 131 187700

-PS

Briefly, combined evidence based on the disappearance of the
characteristic peak for azide group at 2100 cm™" (Figures S5
and S7), the shift of the signal for the methine proton next to
the azide group, and the appearance of the signal for the
triazole ring (Figures S4 and S6) signify the high coupling
efficiency between azide and alkyne groups during click
reaction. Overall, the characterization results demonstrate
that the ATRP polymerization, intrachain cyclization and
interchain coupling processes were carried out in a controlled
manner, which led to the successful preparation of key
precursors, that is, c-PSs with varied molar masses and
fractionated h-PS with low polydispersity. The details for
their molecular information are summarized in Table 1.
Next, all the monodispersed neutral precursors in the
present work were sulfonated using “acetyl sulfate” method for
12 h, and then ¢-PSSs and h-PSS were obtained.” Figure 2A
and Figure 2B shows that the normalized sedimentation
coefficient distributions for ¢-PS-11k and [-PS-11k before and
after sulfonation. Before sulfonation, sedimentation coefficient
(s) of c-PS-11k (1.49 S) is larger than that of I-PS-11k (1.31 S)
due to its smaller hydrodynamic size. After sulfonation (Figure
2B), ¢-PSS-11k still exhibits a larger s (2.55 S) compared with
I-PSS-11k (228 S) in aqueous solutions and the weight-
average molar masses of ¢-PSS-11k and [-PSS-11k measured by
analytical ultracentrifuge are close to each other, which clearly
demonstrates the successful synthesis of cyclic PSS. Moreover,
the average hydrodynamic radius of ¢-PSS-11k ((R,) = 2.81
nm) is indeed smaller than that of the linear counterpart I-PSS-
11k ((Ry) = 3.61 nm) and the frictional ratio (f/f,) of c-PSS-
11k is 1.69, which is smaller than that of I-PSS-11k (f/f, =
2.05), further indicating the more symmetric structure of cyclic
PSS. Similar results were observed for other ¢-PSS samples
with different molar masses (Figures S8 and S9 and Table S1).
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Figure 2. Normalized sedimentation coefficient distributions c(s) of
(A) ¢-PS-11k (red dash dotted line) sample and its linear precursor I-
PS-11k (black solid line) in THF, (B) ¢-PSS-11k (red dash dotted
line) sample and its linear counterpart /-PSS-11k (black solid line) in
100 mM NaCl aqueous solutions, (C) fractionated h-PS (red dash
dotted line) and corresponding macromonomer I-(PS-Br), (black
solid line) in THF, and (D) sulfonation product of fractionated h-PS
(red dash dotted line) and corresponding macromonomer I-(PS-Br),
(black solid line) in 100 mM NaCl aqueous solutions.

For h-PS, Figure 2C,D shows that the sedimentation
coefficients of fractionated h-PS and h-PSS are much larger
than those of macromonomer counterparts in organic or
aqueous solutions, apparently due to the much higher molar
mass.

It is well-known that for topological polymers, both
sedimentation coefficient and diffusion coeflicient at infinite
dilution are scaled to the molar mass (M,,) as s, = KM,,* and
D, = KpM,, ™, where a + f# = 1. These two scaling indexes
could give the information about the chain conformation. For a
compact sphere, a random coil, and a rigid rod, a is 0.67, 0.4—
0.5, and 0.15, respectively.41 We know that sedimentation
coefficient s at a finite polymer concentration (C,) is related to
s, by the equation s = sy(1 — kSCP), where k, is the
sedimentation concentration coefficient, which reflects the
interaction between polymer chains and decreases with the
decreasing molar mass."”** In this study, k, is measured to be
0.04 and 0.017 for I-PSS-15k and ¢-PSS-15k (Figure S10),
respectively, indicating that the concentration dependence of s
is weak for both [-PSS and c¢-PSS. Therefore, the value of s at
Cp = 0.25 mg/mL was used to substitute s, Figure 3 shows
that the sedimentation coefficients of I-PSS and ¢-PSS scale to
the number of repeating units as s, = (0.34 + 0.06)N# =00
and s, = (043 + 0.03)N"¥*%%" " indicating I-PSS adopts a
similar conformation with ¢-PSS, although for each pair of
samples, the s of c-PSS is always larger than that of I-PSS. Note
that Amis and co-workers also found that the values of scaling
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Figure 3. Number of repeating units dependence of sedimentation
coefficient of linear and cyclic PSSs (I-PSS and ¢-PSS).

index f for linear and cyclic poly(2-vinylpyridine) (P2VP) in
0.23 M HCI were similar to each other, namely, D" ~ M, %
for cyclic P2VP and D, ~ M,, ™% for the linear counterpart.”
Moreover, for linear PSSs, the fitted scaling index g is quite
close to the value reported by Zhang and co-workers,** which
indicates that both I-PSS and ¢-PSS adopt a random coil
conformation rather than a rigid rod in 100 mM NaCl aqueous
solutions since the electrostatic interaction is well shielded.

Prior to the preparation of topological PSSs, the linkage
stability must be the major concern since it is quite a harsh
postmodification process for the sulfonation reaction. There-
fore, choosing a robust linkage and appropriate sulfonation
condition must be the main consideration. Herein, in order to
test the stability issue of the triazole ring linkage during the
sulfonation process, a diblock polystyrene sample (PS-triazole-
PS) with a triazole ring linkage in the chain center was
synthesized as a model sample. The synthetic details can be
found in Scheme S2. As shown in Figure 4A, two
representative sulfonation methods were used in experiments.
In method I,*> PS-triazole-PS powder was dissolved into an
excess amount of 97% concentrated sulfuric acid and kept
stirring at 90 °C for 3 h. In method II, acetyl sulfate was used
as the sulfonation reagent, instead of concentrated sulfuric
acid, and accordingly, a milder condition (in dichloroethane at
40 °C for 12 h) was used.*’

Figure 4B shows the normalized sedimentation coeflicient
distributions c¢(s) for PS-triazole-PS diblock and its linear
precursor [-PSS-3k. The sedimentation coeflicient s of PS-
triazole-PS is found to rise to 1.09 S compared with that of the
linear precursor (0.91 S), indicating the successful synthesis of
the diblock polymer. The characterization results for method I
(“hard” sulfonation) and method II (“soft” sulfonation) are
shown in Figure 4C,D. For method I, the result shows that s of
the sulfonated products of PS-triazole-PS and I-PS-3k, that is,
PSS-triazole-PSS and [-PSS-3k, are pretty close to each other
(Figure 4C). Such an observation unambiguously demon-
strates that the PS-triazole-PS diblock suffered degradation and
degraded into half due to the instability of triazole linkage
during the “hard” sulfonation process (method I). Moreover,
both distribution curves show shoulder peaks at large-s
regimes, demonstrating the formation of interchain cross-
linked product under such condition. Figure 4D shows the
result for “soft” sulfonation method (method II). Both PSS-
triazole-PSS and [-PSS-3k display unimodal distributions. More
importantly, s of PSS-triazole-PSS is much higher than that of
I-PSS-3k, indicating that triazole ring is intact under this mild
sulfonation condition. The experimental result clearly demon-
strates that the stability of firm triazole linkage could be
guaranteed only under mild sulfonation condition.
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Figure 4. (A) Schematic for the testing of chemical stability of triazole
linkage during two representative sulfonation processes by using a
diblock PS-triazole-PS containing a triazole ring linkage as the model
sample. Method I: concentrated sulfuric acid at T = 90 °C for 3 h;
Method II: acetyl sulfate in dichloroethane at T = 40 °C for 12 h. (B)
Normalized sedimentation coefficient distributions c(s) of I-PS-3k
(black solid line) and the corresponding dimer PS-triazole-PS (red
dashed dotted line) in THF, (C) normalized c(s) of the
corresponding sulfonating product of I-PS-3k (black solid line) and
the dimeric product PS-triazole-PS (red dashed dotted line) in 100
mM NaCl using method I, and (D) normalized c(s) of the
corresponding sulfonating product of I-PS-3k (black solid line) and
the dimeric product PS-triazole-PS (red dashed dotted line) in 100
mM NaCl using method IIL

In addition to the triazole ring linkage, it is also intriguing to
explore the stability of ester linkage during sulfonation process.
Since the introduction of synthetic methodology based on the
combination of ATRP and CuAAC for the preparation of
cyclic homo- and copolymers by Grayson and co-workers,*
numerous topological neutral (co)polymers have been
synthesized by this synthetic protocol.”” ™" Among most of
related studies, ester linkages were embedded into the
backbone structures of cyclic products, but the stability issue
of ester linkage has not been addressed yet. Thus, a control
experiment was further carried out to test the stability of ester
linkage during sulfonation process, and the result will be
beneficial for the rational design of synthetic protocol for the
preparation of well-defined topological polyelectrolytes under
harsh postpolymerization modification processes. For this
purpose, a polystyrene model sample (PS-ester-PS) with two
ester linkages in the chain center was synthesized, as shown in
Scheme S2. We found that the ester linkage was cleaved, even
during the “soft” sulfonation condition. Figure S11 summarizes
the normalized c¢(s) for PS-ester-PS before and after
sulfonation. For comparison, the result for a linear PS sample
(I-PS-4k) is also shown. Before sulfonation, s of PS-ester-PS is
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higher than that of [-PS-4k, but after sulfonation, s of the
corresponding sulfonation product is smaller than that of I-
PSS-4k, clearly indicating the degradation of PS-ester-PS
during the sulfonation process. Obviously, the result suggests
that the oxygen-containing linkages will suffer stability issues
even when they are exposed to a “soft” sulfonation condition,
and the use of C—O linkage-containing initiators for the
preparation of topological PSS is not feasible.

For further optimizing the sulfonation condition, the effect
of sulfonation time (t) was studied under “soft” sulfonation
condition (method II). The degree of sulfonation for I-PS-4k
was determined by '"H NMR by calculating the ratio of the
integral areas between the protons from backbone and
aromatic ring. Time dependence of the degree of sulfonation
is plotted in Figure S12. The degree of sulfonation increases
dramatically to 75% at t = 7 h and subsequently reaches to 92%
at t = 12 h, which is comparable with the commercialized
product.”® Eventually, the degree of sulfonation increases to
~94% at t = 18 h. In this study, all PS precursors were
sulfonated by method II for 12 h to suppress possible side
reactions.

In conclusion, we have introduced a versatile synthetic
pathway toward the preparation of polystyrenesulfonates with
different topological structures. Using designed initiators
without C—O bond-containing groups, cyclic and hyper-
branched polystyrenes with triazole rings as the only linkage
were successfully synthesized through the combination of atom
transfer radical polymerization and copper-catalyzed azide—
alkyne cycloaddition, which have proved to have great stability
during the sulfonation process using acetyl sulfate as the
sulfonating reagent. Subsequent analytical ultracentrifugation
characterization further demonstrates the cyclic and hyper-
branched structure of the sulfonating product, as indicated by
the higher sedimentation coeflicients induced by a smaller size
for cyclic structure or higher molar mass for a hyperbranched
product. The scaling relation between the sedimentation
coefficient and the number of repeating units indicates that
both I-PSS and ¢-PSS adopt a random coil conformation in
aqueous solutions. Our research supplies a novel and accessible
way for the synthesis of polystyrenesulfonate with different
topologies. Moreover, this synthetic scaffold could provide an
accessible way to investigate the solution behavior of
topological polyelectrolytes. Further investigations on the
effect of chain topology on the complexation between
polyelectrolytes are underway in our laboratory.
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