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We report on an unexpected lower critical solution temperature
(LCST)-type phase transition of a poly(vinyl thiazolium) polymer in
acetone solution, which was synthesized via radical polymerization of
its corresponding ionic monomer bearing no thermoresponsiveness in
acetone. The phase transition temperature can be conveniently varied
by polymer concentration, ionic strength and addition of a cosolvent.

Stimuli-responsive polymers are a group of “smart” macro-
molecules that are able to switch between different states in
response to certain alterations in the environment. Such tran-
sitions are often highly selective and can reversibly respond to
subtle perturbations in a specific and precise manner. Research
of such materials is not only driven by scientific curiosity, but is
also important for various potential applications, including
drug delivery, separation, (bio)sensing, catalysis, and “smart”
coatings, to just name a few."

Polymers exhibiting lower critical solution temperature
(LCST) are a subclass of these systems and their stimuli-
responsive character in solution can be often macroscopically
observed as a thermally triggered aggregation of polymer chains
above a specific temperature (defined as a cloud point tempera-
ture — T,). Such a reversible behavior can be easily manipulated
since the control of temperature is less complicated in lab than
tuning other environmental parameters, such as pH, humidity,
or pressure. Poly(N-isopropylacrylamide) (PNIPAM) is to date the
most commonly studied LCST-type polymer in aqueous phase.
Its popularity stems from phase transition near body tempera-
ture, which is adjustable by the incorporation of comonomers
of different hydrophilicity/hydrophobicity. Nevertheless, other
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LCST-type polymers have been investigated due to some
restricted features of PNIPAM, such as its questionable biocom-
patibility, phase transition hysteresis, and a significant influence
from the end group.”? These polymers include poly(N-vinyl-
alkylamide), lactam/pyrrolidone/pyrrolidine based polymers,
poly(dimethylaminoethyl methacrylate), polyoxazolines, and
poly(alkyloxide) copolymers, which are dominantly neutral or
weakly charged in solution.”

Ionic polymers are often intrinsically responsive towards
stimuli such as pH or ionic strength.>” To be thermo-responsive,
they often require extra structure designs to finely balance the
polymer-polymer and polymer-solvent interaction.**> Several
research groups succeeded in different ways in synthesizing ionic
polymers exhibiting LCST-type phase transition in aqueous
solutions. A simple, effective approach was to copolymerize ionic
monomers with comonomers, such as NIPAM or propylene oxide
(PO), whose polymers are known to be thermoresponsive.**™'” The
ionic part of these copolymers renders, exemplarily, a strong
interaction with surfaces of different materials, while PNIPAM or
PPO units make them vulnerable to thermal triggers. An alter-
native approach encompasses the design of intrinsically thermo-
responsive ionic homopolymers. The reported polyanions
were typically based on the structure of poly(styrene sulfonate)
or poly(3-sulfopropylmethacrylate).’*>" In the case of LCST-type
water-soluble polycations, the common ones are poly-
tetraalkylphosphonium or polytetraalkylammonium.”>* It
should be mentioned that supramolecular interactions have also
been applied to endow ionic polymers with thermoresponsive
function.*

Ionic polymers with LCST-type phase transition in organic
solvents are comparably less studied and only a few polycations
have been reported.'*”** The reason might be related to the
difference in intermolecular interaction in organic media and
in aqueous phase. In organic media, hydrogen bonding and
hydrophobic interactions can be seriously weakened and even
cancelled. Aoshima et al. demonstrated that certain poly(vinyl
ether)s with imidazolium salts as pendant groups exhibit
LCST-type phase transition in chloroform, tetrahydrofuran and
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acetone.””* In the other study, Luis et al. presented chiral ionic
homopolymers bearing imidazolium moieties which show
LCST-type behavior in chloroform-ethanol mixtures.?®

Recently, our group expanded the structural toolbox of
thiazolium polymers, a class of ionic polymers that has been so
far rarely studied. From a chemical structure point of view,
compared to common imidazolium polymers, in the case of the
thiazolium polymers a nitrogen atom is simply replaced by
sulfur in the heterocyclic cation ring.* This tiny structural
variation alters to some extent their chemical and physical
profile and expands property window. We previously reported
that the thiazolium polymers possess tunable physical proper-
ties and serve as excellent stabilizers for carbon nanotubes and
as binders in electrodes of lithium ion batteries.*>** In spite of
these primary achievements, novel properties and functions are
expected to emerge from this group of polymers. Herein, we
report the synthesis of a vinylthiazolium-type polymer bearing
a hexafluorophosphate anion (PFs ), poly(4-methyl-5-
vinylthiazolium hexafluorophosphate) [P(MVTh'PF, )], which
exhibits an usual LCST-type phase behavior in acetone.

The synthetic method for the thermoresponsive vinyl-
thiazolium polymer is depicted in Fig. 1. Initially, a vinyl-
thiazolium-type monomer bearing iodide as counterion
(MVTh'T") was synthesized, according to our previously re-
ported procedure, in a quaternization reaction of 4-methyl-5-
vinyl thiazole (MVTh) with methyl iodide.** The successful
synthesis of MVTh'T~ was confirmed via proton nuclear
magnetic resonance (‘H-NMR) and carbon nuclear magnetic
resonance (*C-NMR) spectroscopy (Fig. S1A, B and S2A, BY),
respectively. Consequently, the iodide monomer was subjected
to an anion exchange reaction with potassium hexa-
fluorophosphate in water, yielding a hydrophobic monomer
(MVTh'PF, ") that precipitated out of water. The incorporation
of PFs  anions was confirmed by ATR/FTIR spectroscopy
(Fig. 2A). Todide counterion of MVTh'I™ is silent in the IR range.
Hence, in the IR spectrum of MVTh'I™ only the thiazolium
cation is responsible for the recorded absorption pattern. When
exchanging iodide to PFs~ a strong band at 823 cm ™" appears
and can be attributed to antisymmetric stretching of PFs ™. A
further titration test using silver nitrate confirms the quantita-
tive replacement of iodide by PFs .
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Fig. 1 Synthetic route towards P(MVTh*PFs~) by radical polymeriza-
tion of ionic monomer MVTh*PFg ™.
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Fig. 2 (A) ATR/FTIR spectra. (B) TGA curves (recorded under N, at
a heating rate of 10 K min™%) of MVTh*I~ and MVTh*PFs~, respectively.

In the final step, MVTh'PF,~ was radically polymerized in
dimethylformamide (DMF) to produce the targeted ionic poly-
mer P(MVTh'PF,~). The successful polymerization is accom-
panied by the disappearance of the "H-NMR signals of the vinyl
protons (at 7.16, 6.03, and 5.69 ppm), which after polymeriza-
tion are bound to sp® carbons in the polymer backbone and
appear at the high field (Fig. S1C and D). The disappearance of
vinyl group was also confirmed by *C-NMR spectroscopy
(Fig. S2C and Df). The apparent number-average molecular
weight is determined by gel permeation chromatography to be
19 kDa with a dispersity index of 2.6.

Anion exchange typically has a significant effect on the
thermal properties of ionic monomers and polymers. In the
case of thiazolium monomers, substituting PFs  for I
improves thermal stability. The ionic monomer MVTh'PFs~
decomposes at 345 °C (determined as temperature of 10% mass
loss, Fig. 2B), which is 125 °C higher than MVTh T". This is in
agreement with our previous reports that thiazolium monomers
having large-sized fluorinated counterions as weaker nucleo-
philes exhibit remarkably better thermal stability than their
halide-containing precursors.*® Surprisingly, in terms of
thermal stability, MVTh'PF,~ slightly outperforms its polymer
(310 °C, Fig. S37). We also subjected MVTh*I~ and MVTh'PFg~
to differential scanning calorimetry (DSC) measurement,
detecting their melting points at 123 °C and 137 °C, respectively
(Fig. s47).

Anion exchange can strongly affect hydrophilicity/
hydrophobicity of ionic monomers and polymers.> In this
work, the solubility of MVTh'PF~ and P(MVTh'PF, ) in a wide
range of solvents was tested at ambient condition and
compared with their I counterparts (Table 1).>' Polar organic
solvents of high boiling point, such as DMF and DMSO, are in
general good solvents and ethyl acetate (EtOAc) and chloroform
(CHCIl;) are bad solvents for all the samples, independent on
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Table1 Solubility table of vinylthiazolium monomers and polymers in various solvents ("+" soluble at 1 wt%, “+/—"at 0.1-1 wt%, "—" insoluble at
0.1 wt%)

Compound H,O0 MeOH Acetone THF ACN DMF/DMSO EtOAc/CHCl,
MVTh'T™ + + - _ _ ¥ _
MVTh'PF~ - +— + +/— + n _
P(MVTh'PF, ") - - + - + + -

the anion type. MVTh'I™ is overall hydrophilic and soluble in
water and methanol (MeOH), while MVT'PF~ turns insoluble
in water and only slightly soluble in MeOH. MVT'PF,~ is fairly
soluble in other common organic solvents of low boiling point,
such as acetone and acetonitrile (ACN), but a limited solubility
in tetrahydrofuran (THF) was observed. Its polymer is soluble in
acetone and ACN.

The uniqueness of the herein presented thiazolium polymer
over its previously reported counterparts stems from the unex-
pected stimuli-responsive behaviour in acetone solution. At an
elevated temperature, P(MVTh'PF, ") undergoes thermally trig-
gered aggregation and precipitation in acetone, i.e. LCST-type
phase transition, at 7. (defined as the temperature at 80%
transmittance at A = 700 nm). It is worth mentioning that LCST-
type phase transition is so far observed in polymers with imi-
dazolium, pyridinium, tetraalkylphosphonium and tetraal-
kyammonium cations in their repeating units. The current
example is the first reported in the poly(vinyl thiazolium)
family, which bears a LCST-type phase behavior in acetone.®
Additionally, some recently observed LCST-type polycations
were discovered actually from their corresponding thermores-
ponsive monomers in the same solvent. It becomes a popular
trend to screen LCST-type ionic monomers to find ionic poly-
mers bearing the same solution property. Our example here
indicates that LCST-type ionic polymers do not necessarily
require their monomeric species to be thermoresponsive.

In the turbidity test, T. of P(MVTh'PF,") exhibits
concentration-dependence (Fig. 3A and B). At 5 wt% T, is 33 °C
with a sharp phase transition. At lower polymer concentrations,
T. gradually increases and is accompanied by a noticeable
broadening in phase transition. At the lowest concentration
measured here at 1 wt%, T, is 47 °C with a transmittance of 30%
at 55 °C, which is the upper liquid temperature of acetone. The
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Fig. 3 (A) Turbidity curves for acetone solutions of P(MVTh*PFg")

measured at various polymer concentration. (B) Photographs of
a P(MVTh*PFg™) solution in acetone at 3 wt% below T, (left) and above
Tc (right).
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dependence of T.s on polymer concentration can be associated
with the turbidity method, in which higher polymer concentra-
tions trigger faster nucleation and produce more macroscopically
detectable aggregates at the same given transition temperature.*
This behavior is commonly observed for the polymer-solvent
systems showing LCST-type phase transition at the polymer
concentrations lower than the critical concentration.®

The T.s of P(MVTh'PF, ) solutions can be tuned by addition
of external salts as well. Here, three salts, lithium bis(tri-
fluoromethane sulfony)imide (LiTFSI), potassium hexa-
fluorophosphate (KPFs), and lithium tetrafluoroborate (LiBF,)
were tested at a polymer concentration of 3 wt%. The concen-
tration of the given salts in the final solutions varied from 0.001
to 0.01 M, except for LiBF, from 0.001 to 0.008 M due to its
limited solubility in acetone (Fig. 4A and S5-S71). It is observed
that addition of LiTFSI increases T.s from 37 °C (pure polymer
solution) to 45 °C (at 0.01 M LiTFSI). By contrast, the presence of
KPF, and LiBF, decreases T.s. In the case of KPFg, a gradual
decrease in T, down to 30 °C at 0.01 M KPF occurs. T, seems
more sensitive towards the addition of LiBF, (down to 23 °C at
0.008 M LiBF,). This behavior is understandable since typically
phase transition strongly depends on the solvophilicity/
solvophobicity balance of the polymer as well as the ionic
strength.”® The noticed change in T¢s results from the common
salting-out effect (governed by the solubility product law) and
the anion exchange effect which alters solvophobicity of the
polymer. In the case of KPF, variation in T is purely driven by
salting-out effect, as the anions are identical. As for LiTFSI and
LiBF,, the salting-out effect is accompanied by the competing
anion exchange event. From our previous experiments, it is
known that P(MVTh'BF,”) is insoluble in acetone (thus
“acetone-phobic”) while P(MVTh'TFSI™) is fairly soluble in
acetone (thus “acetone-philic”). Thereby, it is understandable
that P(MVTh'PF,~) solution which undergoes partial anion
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Fig.4 T.smeasuredina3wt% P(MVTh*PFg") solutions in acetone: (A)
at different concentrations of external salts; (B) at different concen-
tration of cosolvents.
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exchange with LiBF, or LiTFSI, contains partial P((MVTh'BF,")
and P(MVTh'TFSI™) units, respectively. Therefore, the former
polymer turns less soluble and precipitates out at lower T.s,
while the latter exhibits the opposite effect, showing increased
solubility in acetone (consequently precipitation caused by
salting-out effect is only visible at higher T.s).

Solvophobic interactions (apart from coulombic interac-
tions) play an important role in LCST behavior of ionic poly-
mers.>**® Therefore, we explored the possibility of tuning
solute/solvent interactions by the addition of a cosolvent to
acetone to impact the T,s of P(MVTh'PF, ) solutions. A 3 wt%
P(MVTh'PF, ) solution in acetone was used as a reference and
three common organic solvents, THF, DMF, and dichloro-
methane (DCM) were tested as the additives (Fig. 4B and S8-
S10t). DMF is a good solvent for P(IMVTh'PF, ). It is expected
that the addition of DMF will promote solute/solvent interac-
tions due to the increased solvophilicity of P(IMVTh 'PF, ) to the
solvent mixture and possible hydrogen bonding between the C2
proton of the thiazolium ring and solvent molecules. It is
indeed the case, since addition of 2 and 4 wt% of DMF resulted
in the T, elevated from 37 °C (the reference sample) up to 43 and
49 °C, respectively. At 6 wt% T. goes beyond the investigated
temperature range. Oppositely, T.s decrease by mixing the
polymer solution with a poor solvent, such as THF and DCM.
With the addition of THF, a gradual downturn of T, is detected
(T. ~31°Cat 6 wt% and 27 °C at 10 wt% of THF). The analogous
but more pronounced behaviour is observed when DCM, a non-
solvent for P(IMVTh'PF, ), is used as a cosolvent additive (T, ~
24 °C at 6 wt% of DCM).

Conclusions

In summary, for the first time a poly(vinyl thiazolium) polymer
was reported to present a LCST-type phase transition in acetone.
The phase transition varies from room temperature to the
boiling point of acetone in response to alterations in the poly-
mer concentration and the addition of salts or cosolvents. The
findings in this work introduce above all a new thermores-
ponsive ionic polymer structure and additionally offer a model
system to analyze the polymer-solvent interaction that is of
future research interest. The work also announces that LCST-
type ionic polymers may be prepared from a monomer non-
thermoresponsive in the same solvent.
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