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Introduction

Influence of counterions on the thermal and
solution properties of strong polyelectrolytes+

® Jin Pierik,® Andrea Giuntoli, 2 ¢
*xb

Théophile Pelras,*** Julien Es Sayed,
Anton H. Hofman, (2 ° Katja Loos )  and Marleen Kamperman

Strong polyelectrolytes (i.e., macromolecules whose charge density is independent of the medium’s pH)
are invaluable assets in the soft matter toolbox, as they can readily disperse in agueous media, complex to
oppositely charged species — polymers and small molecules alike — and can be implemented in a
plethora of applications, ranging from surface modification to chelating agents and lubricants. However,
the direct synthesis of strong polyelectrolytes in a controlled fashion remains a challenging endeavour,
and their in-depth characterisation is often limited. Additionally, producing a set of charged macro-
molecules with the same chain length but varying counterions would open doors towards a fine control
of the polymer’s chemistry and physical properties. Unfortunately, this either necessitates the direct poly-
merisation of several monomers with potentially varying reactivities, or a time-consuming ion exchange
from a single batch. Herein we explore the facile and efficient production of strong polyanions through
the deprotection of a poly(3-isobutoxysulphopropyl methacrylate) using a range of inorganic and organic
iodide-containing salts. Owing to the contrasting nature of their counterions, the resulting polyanions
exhibit a wide range of glass transition temperatures, which follow a non-monotonic trend with increasing
counterion size. While all polymers readily dissolve in water, some can also be dissolved in non-aqueous
media as well. This strategy, applied to block copolymers, permits the production of a library of amphiphi-
lic macromolecules with consistent hydrophilic and hydrophobic blocks, yet varying nature of their poly-
anionic segments. All amphiphiles, regardless of their counterions, readily disperse in agueous media and
form well-defined micelles featuring a hydrophobic core and a charged hydrophilic shell, as evidenced by
dynamic light scattering, {-potential and transmission electron microscopy. Additionally, a handful of
block copolymers are capable of yielding polymer micelles in organic solvents, opening an avenue to the
build-up of nanostructured soft matter in non-aqueous media.

isation of micelles and other types of nanoparticles featuring a
hydrophobic core.®> Additionally, when combined with an

Polyelectrolytes (i.e., macromolecules possessing either posi-
tively or negatively charged repeating motifs throughout their
chains) can readily be found in nature, where their charged
character is required to fulfil specific tasks. In materials
sciences, charged polymers play an important role, as they can
be used in a variety of applications including energy storage
and ion transport," surface lubrication® and even for the stabil-
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opposite-charged polymer, electrostatic interactions occur and
permit the build-up of intricate nanostructures,”” the pro-

duction of underwater adhesives,®° the formation of cargos for
10-12

the pinpoint delivery of therapeutics or genetic
material,">'* as well as for the functionalisation of surfaces
15,16

with anti-fouling properties.

The counterion, which is a small molecule compensating the
charge of the polyionic repeating motif, is a key component of
polyelectrolyte systems. Oftentimes, small-sized inorganic coun-
terions (e.g., iodide anion in quaternised amino-based polyca-
tions'” or a proton in polystyrene sulphonate'®) are present, but
larger organic-based ones (e.g., tetra-substituted ammonium,*>*
oligo-ethylene glycol ammonium?" or imidazolium>>** species)
can also be featured, as their nature vastly influences the chemi-
cal and physical properties of the polymer chains.>*

Research on surfactants has already shed light on the influ-
ence of the inorganic counterions on their surface excess,**>°
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primarily explained by their difference in size, with smaller
ions possessing a larger hydration layer and therefore looser
packing.* Furthermore, some organic counterions (e.g., bis
(trifluoromethylsulfonyl)imide) act as plasticisers and hence
reduce the glass transition temperature of polyelectrolytes.
This effect is explained by the weaker ionic interactions
between charged components, which cause fewer and weaker
physical crosslinks within the polymer chains.>’”">° However,
while size is a key factor in determining the strength of these
interactions, other intrinsic parameters of the counterion,
such as symmetry, nucleophilicity, charge delocalisation and
flexibility also play important roles.>® Interestingly, the effect
of counterion size on the glass transition temperature has
been postulated to be non-monotonic, due to competing
effects of electrostatic and van der Waals interactions,*'* an
effect that has been clearly observed in simple ionic liquids
but not distinctly in poly(ionic liquids).

Beyond the fundamental research aimed at understanding
the behaviour of macromolecules, the ability to readily tailor
their physical properties can be exploited in applications
where polymer softness is of prime importance. For instance,
the introduction of plasticising counterions within polymers
and ionomers lowers their glass transition temperature,
which vastly increases their electronic and/or ionic con-
ductivity.>”72%3373% Furthermore, self-assembled nanoparticles
can respond to the exchange of either organic or inorganic
counterions. Groschel et al. demonstrated the transition of
nanoparticles into worm-like micelles and superstructures by a
simple exchange of iodide to triiodide anions, explained by a
decrease in the hydrophilicity of the polymer chains.*
Another study demonstrated the transition from disk-like to
worm-like micelles and later to spherical particles by introdu-
cing a variety of diamine-based counterions.®”

However, few studies have so far systematically investigated
the effect of the nature of the counterion on the physical pro-
perties of polyelectrolytes, mostly due to the challenges of pro-
ducing a large set of nearly identical macromolecules. Whilst
vast developments in controlled polymerisation techniques
have facilitated the production of lab-made (strong) polyelec-
trolytes, their synthesis with tailored chemistries and function-
alities, as well as their in-depth characterisation remain chal-
lenging endeavours. Strategies to produce positively charged
macromolecules often involve the quaternisation of tertiary
amines*®*° which, albeit not always driven to completion,*>*!
remains efficient and permits thorough analyses of the hydro-
phobic precursor. This route is however not as straightforward
for strong polyanions i.e., whose charge density is independent
of the medium’s pH, as they often rely on sulphonate groups
that are soluble in a very limited number of media and can be
incompatible with certain types of polymerisation methods.
Furthermore, a systematic study of the influence of the coun-
terion either necessitates the production of multiple polymers
each requiring the same chain length, or the synthesis of one
precursor whose counterion can be exchanged. The latter
method is often favoured, but requires cumbersome ion
exchange processes (e.g., passage through an ion exchange
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membrane and extensive dialysis®') or the use of a large
excesses of salt to induce a selective precipitation.*

We have previously developed a mild yet effective strategy to
produce sulphonate polymers through (i) controlled polymeris-
ation of a protected sulphonate acrylate**** or methacrylate>**?
and (ii) nucleophilic deprotection using iodide-based salts. This
methodology not only permits more straightforward characteris-
ation of precursors and easier synthesis of (amphiphilic) block
copolymers, but also allows the tailoring of the nature of the
counterion through simple change in the nucleophile. For
instance, sodium iodide typically used for the nucleophilic de-
protection can be replaced by other inorganic®® or inorganic®®**
salts while maintaining similar reaction conditions and purifi-
cation protocols. To the best of our knowledge and besides our
preliminary work,>*** no study has yet systematically screened a
wide range of counterions and investigated their effect on the
thermal and solution properties of polysulphonates with con-
stant chain lengths.

Herein, we produced an extensive range of polyelectrolytes
based on poly(sulphopropyl methacrylate) (PSPMA) with the
same chain length and rigidity, but featuring a variety of in-
organic and organic counterions. Our previously reported
methodology was employed, starting with the synthesis of a
hydrophobic  poly(3-isobutoxysulphopropyl = methacrylate)
(PBSPMA) precursor through controlled radical polymeris-
ation, and subsequent deprotection using iodide-based
nucleophiles (Scheme 1). These polyanions not only exhibit
different thermal properties (i.e., thermal stability and glass
transition) but also solubilities. Their capacity to be dispersed
in aqueous and sometimes non-aqueous media, coupled to a
block copolymer synthesis strategy, was used to produce
charged polymer micelles suspended in organic media.

Results and discussion
Synthesis of polyelectrolyte homopolymers

First, we employed reversible addition-fragmentation chain-
transfer (RAFT) polymerisation, using a commercially available
4-cyano-4-(thiobenzoylthio)pentanoic acid chain-transfer agent
(CTA) and tailor-made 3-isobutoxysulphopropyl methacrylate
to produce a poly(3-isobutoxysulphopropyl methacrylate)
homopolymer (PBSPMA). The isobutoxy moiety, installed on
the monomer, acts as a protective group and renders the
polymer hydrophobic, which greatly facilitates its synthesis as
well as its characterisation prior to modification. Proton
nuclear magnetic resonance (1H NMR) spectroscopy was
invoked to determine the conversion and thereby the homopo-
lymer chain length and molecular weight (DPpgspyva = 114, My,
pespma = 30400 Da). Further 'H NMR analyses of the purified
polymer (Fig. 1A) revealed an excellent correlation between the
isobutoxy protective group and alkyl spacer signals, confirming
the absence of unwanted deprotection during the polymeris-
ation. Additionally, size exclusion chromatography in N,N-di-
methylformamide (DMF-SEC) was used to determine its dis-
persity (Ppespma = 1.10) and verify the absence of chain-chain

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Tailoring the nature of the polyelectrolyte counterion through nucleophilic deprotection. (i) Controlled radical polymerisation is used to
produce (ii) a protected poly(3-isobutoxysulphopropyl methacrylate) homopolymer. (iii) Subsequent nucleophilic deprotections using iodide-based
salts are performed to remove the protective groups and yield (iv) a range of strong poly(sulphopropyl methacrylate) polyanions featuring various in-

organic and organic counterions.
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Fig.1 Comparative *H NMR spectra (400 MHz) of (A) protected PBSPMA;, and polyelectrolytes featuring various counterions, including: (B)

PSPMA-Nay;4, (C) PSPMA-TMA;14 and (D) PSPMA-EMIMyy4.

termination (ESI Fig. S1-1f). Notably, poly(methyl methacry-
late) (PMMA) was produced under similar conditions as a
reference, yet yielded shorter chain length (DPpya = 68, My
pmMa = 7100 Da), due to a lower conversion attained after
18 hours (conv.ypa = 60% Vs. cOnv.gsppma = 96%, Fig. S1-2 and
Table S17).

The PBSPMA,;;, homopolymer was then subjected to
nucleophilic deprotection in dimethylsulphoxide (DMSO) at

This journal is © The Royal Society of Chemistry 2025

70 °C for 24 hours using a variety of iodide-based salts. This
enables (i) the exposure of the sulphonate groups, yielding
strong polyanionic poly(sulphopropyl methacrylate) (PSPMA-R,
R = counterion), and (ii) the inclusion of various inorganic and
organic counterions. One advantage of this method over more
time-consuming ion exchange protocols, is the straightforward

purification step. Isolation of the polymer only involves a

single precipitation in a non-solvent system (i.e., a mixture of

Polym. Chem., 2025, 16, 69-81 | 71
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n-hexane and ethanol, see the ESI for further detailst), fol-
lowed by a few washing cycles to remove the excess salt. The
success of the deprotection reactions was confirmed by 'H
NMR, as the polymers are now soluble in D,O, but also
possess different proton signals. After reaction with sodium
iodide, the spectrum of poly(sulphopropyl methacrylate)
sodium salt (PSPMA-Na, 4, Fig. 1B) i.e., our benchmark polya-
nion, no longer features the characteristic signals from the iso-
butoxy protective groups (CH,, 2H, 4.1 ppm; CH, 1H, 2.1 ppm
and CHj3, 6H, 1.0 ppm) and only signals from the backbone
and the C3 spacer (3 x CH,, 2H each, 4.2 ppm, 3.1 ppm and
2.2 ppm) are visible. Quantitative deprotection was also
achieved when other iodide salts from the alkali metal group
(i.e., lithium iodide, potassium iodide and caesium iodide)
were used in lieu of sodium iodide, which enables the for-
mation of polyelectrolytes with differently sized counterions.
Although the efficacy of the deprotection can still be verified
by '"H NMR (Fig. S21), no further information about the nature
of the counterion itself can be extracted using this technique.
The use of organic iodide salts however brings additional
proton signals, based on the chemical nature of the counterion.
A simple salt such as tetramethylammonium iodide (TMATI)
only features one sharp proton signal at 3.2 ppm (originating
from the four CH; groups of the ammonium) in the spectrum
of poly(sulphopropyl methacrylate) tetramethylammonium salt
(PSPMA-TMA,,4, Fig. 1C). Increasing the length of the
ammonium alkyl chains (i.e., using tetraethylammonium iodide
(TEAI) or tetrabutylammonium iodide (TBAI) to produce poly
(sulphopropyl methacrylate) tetramethylammonium salt and
poly(sulphopropyl methacrylate) tetrabutylammonium salt,
respectively; Fig. S2) adds additional CH, proton signals to the
spectra. Here, "H NMR can be used to verify that adequate
amounts of SPMA units and organic counterions are present in
the samples (i.e., no deficit or excess of salt is present). While a
slight excess of TMA can be found in PSPMA-TMA,4,, despite
extensive washing cycles (1.2 : 1 salt : polymer ratio), quantitative
amounts of counterions were found for the longer alkyl chains.
Furthermore, a range of iodide salts with more complex
chemical structures (i.e., 1-ethyl-3-methylimidazolium iodide
(EMIMI), triethylphenylammonium iodide (PhTEAI), 3-(tri-
fluoromethyl)phenyltrimethylammonium iodide (FPhTMAI)
and butyrylthiocholine iodide (BTCI)) were used for nucleophi-
lic deprotection. Again, the success of the deprotection can be
assessed not only by the loss of the isobutoxy protective
groups, but also by the presence of the organic counterions.
For instance, poly(sulphopropyl methacrylate) 1-ethyl-3-
methylimidazolium salt (PSPMA-EMIM,,,, Fig. 1D) features
very distinct signals from the imidazolium ring (3 x CH, 1H
each, 8.8 ppm, 7.5 ppm and 7.4 ppm), while poly(sulphopropyl
methacrylate)  3-(trifluoromethyl)phenyltrimethylammonium
salt (PSPMA-FPhTMA,q,, Fig. S21) features aromatic (4H,
7.8-8.3 ppm) and methyl ammonium (CHj, 12H, 3.7 ppm)
signals. Interestingly, fluorine nuclear magnetic resonance
(**f NMR) spectroscopy was also conducted on
PSPMA-FPhTMA,;, and the pristine salt (Fig. S3f). Both
species exhibited fluorine signals at ~—62 ppm, further con-
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firming the presence of the fluorinated counterion in the
polyelectrolyte.

Albeit neither quantitative nor as precise as 'H NMR,
Fourier transform infrared (FTIR) spectroscopy was also used
to characterise the various polyelectrolytes (Fig. S471). All the
polymers feature typical S=O stretching at 1045 and
1192 cm ™" after deprotection, and some include signals that
are specific to their counterions, such as the C-F stretching
mode of PSPMA-FPhTMA,,, at 1324 cm™" or the C=0 ketone
of poly(sulphopropyl methacrylate) butyrylthiocholine salt
(PSPMA-BTC;,,) stretching at 1699 cm™".

Due to their charged nature and to the absence of large
hydrophobic spacers, our polyelectrolytes can no longer
be dissolved in DMF, so aqueous SEC (Fig. S51) was used
to verify that nucleophilic deprotections did not affect the
integrity of the polymer chains. Except for of PSPMA-
FPhTMA,,, (possibly due to interaction with the column
material®®), all samples feature a monomodal peak, which
confirms the absence of side-reactions during deprotection.
The various polyelectrolytes also possess the same retention
volume and similar molecular weights, as observed else-
where,”" which suggests little influence of the nature and
size of the counterion on the polymer coil size and polymer-
solvent interaction.

Thermal and solution properties of polyelectrolyte
homopolymers

As evidenced in previous studies,”*** the nature of the coun-

terion, particularly inorganic vs. organic, strongly affects the
thermal properties of a polyelectrolyte. Therefore, the thermal
stability and the presence of transition temperatures were
investigated by thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC), respectively, and compared to
those of the PBSPMA,;, and PMMAy; reference materials.
The protected homopolymer is typically stable up to a tempera-
ture of ~180 °C, after which it decomposes with an initial
loss of mass of ~15-20%, attributed to the removal of the iso-
butoxy protective groups. Further loss of mass occurs at
~200 °C through acid-catalysed hydrolysis of the acrylic
ester,*® before the final degradation of the backbone around
~400 °C (Fig. S6-17).

While all samples featuring inorganic counterions are now
stable up to 200-250 °C (excluding the evaporation of trace
amounts of solvent, Fig. 2A and ESI S77), their decomposition
still occurs through a multi-step process.** Interestingly,
PSPMA-K;,4 features an early loss of mass at 210 °C, while
other polyanions only start to degrade at 250-270 °C; therefore,
their thermal stability is not entirely dictated by the size of the
counterion. While the protected precursor almost fully
degrades before reaching the maximal temperature of 700 °C,
polyelectrolytes with inorganic counterions retain a large
weight fraction, and the heavier the cation is (i.e., lower in the
alkali metal group), the greater the weight percentage remain-
ing at the end of the ramp. The residues at the end of the
heating ramp typically consist of complex salts/ceramics that
are not volatile in the measured temperature range. Most

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Thermogravimetric and differential scanning calorimetry analyses of the polyelectrolyte homopolymers. (A) TGA and (B) DSC of polyelectro-
lytes with inorganic counterions: PSPMA-Liy 4 (red), PSPMA-Naj14 (orange), PSPMA-K;14 (green) and PSPMA-Csyy4 (blue). (C) TGA and (D) DSC of
polyelectrolytes with simple quaternary ammonium counterions: PSPMA-TMA;14 (red), PSPMA-TEA,1,4 (orange) and PSPMA-TBA;14 (green). (E) TGA
and (F) DSC of polyelectrolytes with other organic counterions: PSPMA-EMIMy,4 (red), PSPMA-PhTMA;,4 (orange), PSPMA-FPhTEA; 14 (green) and

PSPMA-BTC;14 (blue).

notably however, no thermal events occurred for any of the in-
organic counterions (Fig. 2B), while the PBSPMA; 4, precursor
exhibited a glass transition temperature (Ty ppsma = 16.7 °C,
Fig. S6-2). This absence of a T, in the measured range, pre-
viously observed for both acrylic®>*> and methacrylic>**?
systems, is consistent with the brittle nature of polyelectro-
lytes, which can possess glass transition temperatures up to
228 °C,*" exceeding the capability of our instrument and the
thermal stability of our polymers.

This journal is © The Royal Society of Chemistry 2025

The presence of an organic counterion appears to greatly
decrease the thermal stability of the polyelectrolyte to
150-170 °C, without any remarkable trend (Fig. 2C and E).
However, the fully organic nature of the polyelectrolytes
permits their complete decomposition with a remaining char
weight <5 wt%, thus the salts that are formed upon heating
are somewhat more volatile and do not yield complex salts/cer-
amics.** Most importantly however, new glass transition temp-
eratures, generally below room temperature, appear for most

Polym. Chem., 2025, 16, 69-81 | 73
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polyelectrolytes with organic counterions, akin to the plasticis-
ing effect observed in poly(ionic liquids).*> The only outlier,
PSPMA-TMA, 14, remains brittle and does not exhibit any T, in
the measured temperature range, while longer alkyl analogues
do possess one, also affected by the number of carbons (T,
pspma-EA = —12.6 °C and Ty pspma-tea = 2.7 °C, Fig. 2D). Other
organic counterions also provide the polyelectrolyte with a T,
ranging from —50.2 °C for PSPMA-EMIM,,, to 55.1 °C for poly
(sulphopropyl methacrylate) phenyltriethyl ammonium salt
(PSPMA-PhTEA, 4, Fig. 2F and Table S47).

View Article Online
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The exact relationship between the counterion and the
observed glass transition temperature is however difficult to
pinpoint, as several competing effects may be at stake. The
size of the hydration layer around the counterion,>* a plasticis-
ing effect due to weaker ion/counterion interactions,” > or
intrinsic parameters such as symmetry, nucleophilicity and
the charge delocalisation®® may all play important and poss-
ibly contradictory roles. As a general observation, the glass
transition temperature seems to be very high for small in-
organic counterions, decreasing sharply for sufficiently large

Table 1 Solubility tests of PSPMA-R homo-polyelectrolytes featuring various counterions

Polyelectrolyte Water DMSO Methanol Ethanol Acetone THF ACN
PSPMA-Lij14 o p* p* p* X X X
PSPMA-Na; 4 o p* X X X X X
PSPMA-K;14 o X X X X X X
PSPMA-Cs114 o p* X X X X X
PSPMA-TMA; 14 o p* p* X X X X
PSPMA-TEA; 14 0 p* p* (o] X X P
PSPMA-TBA;14 o p* p* o o X P
PSPMA-EMIM, 14 o o o o X X P
PSPMA-PhTEA; 4 [o) [¢) o) o X X )
PSPMA-FPhTMA, ,, o o o p* X X X
PSPMA-BTC 44 o o o p* X X P

Qualitative assessment of the solubility at 25 °C with concentration kept at 5 g L™" across the whole series. o: fully soluble. p: partially soluble
(i.e., particles and hair-like aggregates can be seen by eye). p*: partially soluble in neat solvent and soluble in ‘wet’ solvent (i.e., 10-20 vol%

water). x: insoluble.
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Scheme 2 Synthesis of hydrophobic/strong anionic amphiphilic block copolymers capable of self-assembly in aqueous or organic media. (i)
Controlled radical polymerisation is used to produce (ii) a poly(methyl methacrylate) segment, which is (iii) chain extended to yield (iv) a protected
poly(methyl methacrylate)-block-poly(3-isobutoxysulphopropyl methacrylate) hydrophobic block copolymer. (v) Nucleophilic deprotection is then
performed to produce (vi) a range of poly(methyl methacrylate)-block-poly(sulphopropyl methacrylate) amphiphiles, (vii) capable of self-assembly in
various media to produce (viii) polymer micelles with consistent hydrophobic cores and varying natures of their charged shells.
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organic counterions but increasing again for even larger
species. These findings are in line with the empirical model
proposed by Bocharova et al.,>* which predicts a non-monotonic
dependence of T, on the molecular volume V;, (i.e., the volume
of the monomer unit + counterion complex) based on the com-
peting contributions of electrostatic (~Vy, *) and van der
Waals (~V,2”) interactions. Interestingly, this non-monotonic
behaviour is predicted by molecular dynamics simulations®**?
and has been clearly observed in simple ionic liquids, while the
presence of a clear minimum is not obvious for polymeric ionic
liquids. Admittedly, only TMA', TEA®, and TBA" are the three
counterions with a clearly defined trend in molecular volume
Vi, and the difference in T, between TEA" and TBA" (~15 °C) is
significant but not larger than the fluctuations in data reported
in previous literature.’" A larger difference in the T, (~100 °C) is
observed for the large organic counterions EMIM, PhTMA and
FPhTEA, but their complex structure makes it challenging to
estimate and compare their molecular volumes.

A change in the counterion, while having large repercus-
sions on the thermal behaviour of the polyelectrolytes, also
greatly influences their ability to be dissolved in non-aqueous
solvents. While apolar solvents such as n-hexane or cyclo-
hexane cannot dissolve any of the polyelectrolytes featured in
this study, a series of polar solvents were selected and solubi-
lity tests were conducted (Table 1 and Fig. S8-11). Inorganic
counterions do not provide solubility in organic solvents,
except for ‘wet’ DMSO (i.e., DMSO with 10-20 vol% water, also
used as a medium for the deprotection reaction) and only
PSPMA-Li;;, can be dissolved in ‘wet’ methanol and ethanol.
Surprisingly, PSPMA-K;,, did not dissolve at all in DMSO, as
evidenced during deprotection, when the polymer precipitated
over the course of the reaction. Note that this phenomenon
does not hinder full deprotection, as shown previously using
acetone i.e., another non-solvent for PSPMA-Na as medium.*?

Polyelectrolytes ~ with simple counterions (ie.,
PSPMA-TMA,,,, PSPMA-TEA,;; and PSPMA-TBA,,) also dis-
solve in ‘wet’ DMSO, in ‘wet’ methanol and in dry ethanol for
longer alkane chains, while larger cations (ie., EMIM",
PhTEA', FPhTMA" and BTC') permit dissolution in neat sol-
vents. Aprotic polar organics (i.e., acetone, tetrahydrofuran and
acetonitrile) provide little ability to dissolve the polyelectro-
lytes, except for PSPMA-TBA,,,4, which disperses into acetone
(see ESIY). To further confirm the capacity of some organic sol-
vents to dissolve polyelectrolytes, 'H NMR spectra were
recorded in DMSO-ds, methanol-d,, ethanol-dg and acetone-dg
(Fig. S2t). For all polyelectrolytes, the relative integration of
signals was maintained, and no peak broadening was
observed, confirming their solubility in these organic solvents.

Synthesis and self-assembly of block copolymers

To expand our study, a series of amphiphilic block copolymers
(BCPs) featuring a hydrophobic block and a hydrophilic
PSPMA-R segment were produced via sequential RAFT poly-
merisation, followed by nucleophilic deprotection (Scheme 2).
A poly(methyl methacrylate) macro-CTA was synthesised
(PMMA; 14, M;, sgc = 11400 Da, D = 1.27) and chain extended

This journal is © The Royal Society of Chemistry 2025
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with our protected sulphonate monomer, yielding an organo-
soluble protected precursor (PMMA,,,-b-PBSPMA,,,, M,
seEc+NMR = 44 800, D = 1.18) that is straightforward to character-
ise (Fig. S9-11). 'H NMR analysis of the purified BCP con-
firmed the successful addition of BSPMA units onto the
PMMA,, segment and enabled an accurate calculation of the
chain length of the second block by comparing the PBSPMA
CH, signals (2H, 4.2 ppm, 2H, 3.2 ppm and 2H, 2.2 ppm) to
the PMMA methyl signal (3H, 3.6 ppm). Note that a consistent

PMMA T,=118°C

T.=48:4%C

60 40 20 0 20 40 60 80 100 120
Temperature (°C)

Normalised Heat Flow (endo —)
3
o

BCP-TMA

BCP-TBA T.=64.4°C

Normalised Heat Flow (endo —)

60 40 20 0 20 40 60 80 100 120
Temperature (°C)

BCP-EMIM
T,=186°C

BCP-FPhTMA T =105°C

porere
T,=73.1°C
60 40 20 0 20 40 60 80 100 120
Temperature (°C)

Normalised Heat Flow (endo —)

Fig. 3 Influence of the type of counterion on the glass transition temp-
erature of the block copolymers. (A) DSC thermograms of PMMAji4
(black), PMMA114'b'PBSPMA126 (red) and PMMA114'b‘PSPMA'Na125
(green). (B) DSC thermograms of PMMA;;4-b-PSPMA-TMA 56 (red),
PMMA114'b-PSPMA'TEA126 (orange) and PMMA114-b'PSPMA-TBA126
(green). (C) DSC thermograms of PMMA;i4-b-PSPMA-EMIMy,¢ (red),
PMMA14-b-PSPMA-PhTEA;,¢ (orange), PMMA;14-b-PSPMA-FPhTMA ;¢
(green) and PMMA;14-b-PSPMA-BTC,¢ (blue).
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ratio was found between the PBSPMA isobutoxy CH; signal
(6H, 1.0 ppm) and abovementioned CH, signals, which con-
firms that the isobutoxy protective groups are preserved during
chain extension. Furthermore, SEC corroborated the quantitat-
ive chain extension, with a full shift of the polymer signal
towards a lower retention volume/higher molecular weight, as
well as the absence of chain-chain termination.

Then, a series of nucleophilic deprotections were con-
ducted with most of the iodide-based salts, which enabled the
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production of BCPs with a constant PMMA molar fraction
(*ppamia = 0.48) but varied the nature of the polyelectrolyte. The
successful deprotections, albeit established on homopolymers,
were verified using "H NMR (Fig. S91) by monitoring the dis-
appearance of the isobutoxy protective groups and, if appli-
cable, the presence of new proton signals from the organic
counterions. Once the chemical nature of the deprotected
block copolymers was verified, the effect of the various coun-
terions on the overall thermal behaviour was investigated

Fig. 4 Self-assembly of selected amphiphilic block copolymers in aqueous media. (A;—C,) DLS size distribution plots (bars) and corresponding cor-
relograms (solid lines) and (A,—C;) negatively stained TEM images of polymer micelles obtained from PMMA;14-b-PSPMA-Na;¢ (green), PMMA14-b-
PSPMA-TMA ¢ (blue) and PMMA,;4-b-PSPMA-EMIM,¢ (purple) at 1 g L™ in 10 mM KNOs.
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10 mM KNO, methanol ethanol

PMMA14-b-PSPMA-FPhTMA 26 PMMA14-b-PSPMA-PhTEA ;5 PMMA ;14-b-PSPMA-EMIM 6

PMMA 4-b-PSPMA-BTC 5

Fig. 5 Comparative self-assembly of amphiphilic block copolymers in various types of media. Negatively stained TEM images of polymer micelles
obtained from (A) PMMA;14-b-PSPMA-EMIM;56, (B) PMMA;14-b-PSPMA-PhTEA ¢, (C) PMMA;14-b-PSPMA-FPhTMA 6 and (D) PMMA;4-b-
PSPMA-BTC;,¢ in 10 mM KNOs, methanol or ethanol.
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using DSC. While PBSPMA and PMMA possess vastly different
glass temperatures (Ty pgsma = 16.7 °C vs. Ty pyma = 108 °C), a
single T, was observed for the protected block copolymer (T,
scp = 18.1 °C, Fig. 3A). This could indicate a mixed phase,
albeit not in agreement with the volume fractions of the
blocks and the Flory-Fox equation. Previous studies on acrylic
analogues®>** also evidenced this behaviour, where two separ-
ate T, were observed for block copolymers with a low protected
sulphonate content, and a single one close to that of the sul-
phonate homopolymer when this ratio increased. Therefore,
we suggest that both blocks are capable of phase separation,
but with a short-range order only. Upon nucleophilic de-
protection with Nal or TMAI, no T, can be detected in the ther-
mograms of the BCPs, despite the PMMA block remaining
pristine during the deprotection, a behaviour that has also
been evidenced before.”>**> However, the presence of larger
counterions, introduces new glass transition temperatures,
ranging from 18.6 to 73.1 °C (Fig. 3 and Table S5%). The values
appear to be in part dictated by the nature of the counterion
and to lie between those of a polyelectrolyte homopolymer and
the PMMA block, in line with the Flory-Fox equation. For
instance, the glass transition temperatures of the PMMA,,,
and PSPMA-PhTEA,,, homopolymers are Ty pyma = 108 °C and
Ty pspma-phtea = 11.7 °C, respectively, while that of the PhTEA-
based block copolymer is measured at 68.6 °C. This could be
indicative of a single mixed phase between PMMA and
any of the polyelectrolytes featuring organic counterions.*’
Comparative DSC thermograms of the PMMA;;, macro-CTA,
polyelectrolytes and deprotected BCPs are available in
Fig. S10.7

The amphiphilic nature of these BCPs allows them to self-
assemble in aqueous media. To enable the screening of the
polyelectrolyte segments and hence reduce particle aggrega-
tion (i.e., slow diffusion mode),*® a small amount of salt was
added. The ‘direct dissolution’ method was employed (i.e., an
appropriate volume of 10 mM KNO; was charged into a vial
loaded with dried BCP to achieve a 1 g L™' concentration),
which readily enabled the formation of micelles with a hydro-
phobic core and a negatively charged hydrophilic shell, as evi-
denced by ({-potential measurements (Table S6T). Dynamic
light scattering (DLS, Fig. 4 and Fig. S117) revealed the pres-
ence of polymer micelles with hydrodynamic diameters
between Dy = 50-75 nm and relatively narrow polydispersity
indices PDI ~ 0.2 for all but one block copolymer. Only the
FPhTMA-based BCP possesses a larger mean particle diameter
and polydispersity index (Dy, pcp-rrht™va = 95 NM, PDIpcp-pphTva
= 0.383), suggesting a slight inhomogeneity in the self-assem-
bly process. Transmission electron microscopy (TEM, Fig. 4
and Fig. S121) was used to visualise the particles, aided by the
application of a negative stain. Here the PMMA core (i.e., low
electron density) appears bright, while the uranyl acetate stain
(i.e., high electron density) penetrates the negatively charged
shell of the micelles, thus appearing dark. All amphiphilic
BCPs form well-defined spherical micelles in aqueous media,
once more suggesting that the counterions have little influence
on the self-assembly mechanism. A few elongated or fused
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micelles within a sphere-dominated population were observed
for the PMMA,;4-b-PSPMA-FPhTMA,,s block copolymer, in
accordance with the larger Dy and PDI values measured by
dynamic light scattering.

With some of the polyelectrolytes possessing the ability to
dissolve in non-aqueous solvents, attempts have been made to
produce nanoparticles in organic media using the same ‘direct
dissolution’ method. The key to this protocol lies in the choice
of the medium, one that would enable the dissolution of the
polyelectrolyte domain but not of the PMMA segment. As
such, acetone, acetonitrile, DMSO and THF are incompatible,
while methanol and ethanol remain potential candidates.
Multiple populations, large dispersity indices and poor corre-
lograms were measured by DLS for all samples dispersed in
methanol (Fig. S13f) and for most dispersed in ethanol
(Fig. S14t%), suggesting non-homogeneous self-assembly in
those media. Nonetheless, negatively stained specimens were
prepared and imaged using TEM (Fig. S15 and Fig. S16%).
Through a direct comparison with polymer micelles self-
assembled in aqueous media (Fig. 5), it is evident that metha-
nol and ethanol, albeit usable solvents for the formation of
aggregates, do not permit the fabrication of particles with
homogeneous shapes and narrow polydispersities. Often, very
large and ill-formed particles are present within populations
of small spherical micelles, and a few worm-like specimens
were observed (i.e., PMMA,4-b-PSPMA-EMIM,,¢ in methanol
and PMMA,,,-b-PSPMA-EMIM,,¢ in ethanol). This might be
explained by the limited solubility of PMMA in these solvents
and/or by their low dielectric constant, resulting in limited
charge repulsion between the charged coronas of the particles
and therefore poor dispersion.**>°

Conclusion & outlook

Herein, we report a simple yet effective methodology to
produce polyelectrolytes featuring a range of counterions,
from simple alkali metals to more complex organic salts. The
nature of the counterion has a strong effect on the thermal
stability, on the presence of a glass transition temperature, as
well as on the solubility of the polyelectrolytes. Polyelectrolytes
including inorganic counterions tend to have a higher thermal
stability, but exhibit no phase transition and lack solubility in
organic solvents. Larger organic counterions on the other
hand provide a wide range of glass transition temperatures,
which appear to follow a non-monotonic trend with respect to
counterion size, and provide moderate solubility in polar
organics.

Our strategy also permits the production of copolymers,
including a hydrophobic block and a polyelectrolyte segment.
The protected diblock precursors are fully hydrophobic, which
facilitates their characterisation, yet tailoring the counterion
relies on the simple choice of a nucleophile during de-
protection. All the amphiphilic block copolymers readily self-
assemble into spherical micelles in aqueous media, with
similar hydrodynamic diameters and relatively narrow polydis-
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persities. The dispersion of some copolymers in methanol and
ethanol has been attempted, and while our system does not
exhibit consistent formation of well-defined polymer micelles,
it opens up avenues for the design of structured soft matter
outside the boundaries of aqueous media.
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