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Abstract

A block copolymer poly(ethylene glycol)-b- poly(vinylbenzyltrimethyl ammonium triflate), PEG-PVBTMA-OTf, and
a homopolymer PVBTMA-OTf were synthesized through RAFT reactions. The polymers were studied in aqueous
triflate solutions with varying temperatures, changing also the polymer and salt concentrations. The hydrophobic
triflate anion turns polycations thermoresponsive and they show an UCST. In the block copolymer, the
interaction between the PEG and the cationic block makes the phase separation occur in distinct steps. Upon
cooling, transparent solutions first turn turbid and then, partially clear at T... The T is not observed in a mixed
solution of PVBTMA-OTf and PEG macroCTA. By considering the interplay between ionic, hydrogen bonding, and

hydrophobic interactions an overall picture of the complex phase separation processes is suggested.
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Introduction

There are two types of aqueous thermoresponsive polymers, i.e. those phase separating upon heating above

the lower critical solution temperature LCST and those phase separating when cooled, at the upper critical
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solution temperature UCST. Aqueous polymers with a LCST have been thoroughly studied? but the interest

on the aqueous polymers with an UCST has recently considerably increased.3®

The polymers with an UCST may be either chargaed or non-charged. In the case of the charged polymers,
polyelectrolytes, the UCST owes to multiple interactions between the polymer chains: ionic, hydrogen bond, and
hydrophobic interactions. The non-charged polymers interact through H-bonding and hydrophobic interactions.
Whereas the hydrophobic interactions dominate upon heating, increasing thermal energy breaks the ionic and

H-bonds thus leading to the dissolution of the polymer at the UCST.”

Several polycations have been observed to show thermoresponsive behavior under certain conditions. Their
solubility can be tuned by changing the counter ion. Depending on the counter ion, the polymer may be totally
(in)soluble in water or may dissolve when heated, at the UCST.2? Recent studies on the UCST behavior of poly
(2-(methacryloyloxy)ethyltrimethylammonium iodide) (PMOTAI) and poly(3-methyl-1-(4-
vinylbenzyl)imidazolium  chloride) polycations  with  bis(trifluoromethylsulfonyl)Jamide  (NTf,) or
trifluoromethanesulfonate (OTf) as counter ions have revealed that a hydrophobic counter ion can induce the
UCST behavior. An important finding is that in order to observe the cloud /clearing point a sufficient ionic
strength is required. The necessary ionic strength may be introduced either with the hydrophobic salt or other

added electrolytes.’

While the number of studies on polymers with UCST is increasing, it is quite natural that chemists have started
to synthesize also polymers with coexisting UCST and LCST.*4% Polymers with a certain solubility window are
considered useful for certain applications, as, e.g., carriers of active substances.?>?! A few reports may be found
on random copolymers with both UCST and LCST while most of these are on block copolymers.??22> What comes
to the UCST polymers, probably the most common of these are non-ionic ones, the solution properties of which
are governed in water mainly by intra and inter molecular hydrogen bonds. Zwitterionic polymers often show

UCST,*** as well as some polyampholytes.?>?® Both UCST and LCST has been observed for PEG-polyzwitterion



block copolymers.?” Block copolymers of PEG and poly(dimethylaminoethylmethacrylate) undergo both UCST

and LCST transitions in the presence of trivalent counterions.?

In the present work, block copolymers which comprise of a poly(ethylene glycol) block connected to a polycation
have been synthesized. The rationale behind choosing the PEG-based polycations for subject of study was, firstly,
the expected UCST-type behavior of the polycation and secondly, the fact that PEG is normally well soluble in
water at all temperatures below 100 °C. Pegylation is a widely used method to stabilize various entities in water.
PEG macro-CTA (see Scheme 1) was used as a chain transfer agent, the synthesis giving PEG-PVBTMA-OTf as a
product. Owing to the synthesis method there is a short alkyl chain in the end of the cationic block. For
comparison a homopolymer PVBTMA-OTf was prepared as well. In the homopolymer synthesis, 2-cyano-2-propyl
dodecyl trithiocarbonate was used as the chain transfer agent and thus, both polymers carry the same short alkyl
chains in their ends. Hydrophobes tend to increase the UCST but in the present case the effect is the same with
both polymers. The triflate (trifluoromethanesulfonate) counter ion was in preliminary experiments observed to
create a polymer with an UCST in a measurable temperature range. The choice of PVBTMA was justified by firstly
the fact we have investigated the solubilities of various polycations and observed the complex diversity in their
phase behavior.'3>?3 PVBTMA may be regarded a polymeric ionic liquid and thus, it will probably find several

applications. As a polycation it may be applied in biomedical, catalysis and energy fields.?>-32

We report on properties of both the homopolymer PVBTMA-OTf and the block copolymer PEG-PVBTMA-OTf in
aqueous solutions of lithium triflate. The phase separations to be discussed were not observed in pure water.
The homopolymer shows UCST in water in the presence of salt, whereas the block copolymer shows consecutive
cloud and clearing points (Tcy and T) within a certain range of ionic strength. Interestingly, the clouding and
clearing of the systems are complicated and take place in steps. We try to rationalize these in terms of the
interactions between the cationic and the PEG blocks, as well as of those between the OTf ion and the polymers.
In addition, we have observed that a prerequisite for the coexistence of the Ty and T is that the two blocks are

covalently linked. In a mixed solution of PVBTMA-OTf and PEG macroCTA, only the UCST is observed. Overall, the
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aqueous polymer-salt solutions to be discussed turned out to be complicated. Or, in other words, we try to show

the multiple possibilities to fine tune the properties of these systems.

Experimental

Materials

(Vinylbenzyl)trimethylammonium chloride [(VBTMA)CI; 99%)], 4,4'-azobis(4-cyanovaleric acid) (ACPA; >75%)
were recrystallized from methanol while 2-cyano-2-propyl dodecyl trithiocarbonate (CPDTC; 97%, Sigma) was
used as received. Trifluoromethanesulfonic acid lithium salt (LiOTf; 99.995%), sodium formate (HCOONA; >
99.0%), and poly(ethylene glycol) methyl ether 2-(dodecylthiocarbonothioylthio)-2-methylpropionate (PEG
macroCTA; average M, 5,000 g mol™) were used as received from Sigma. Methanol (Fluka), acetone (Honeywell)
were used as received, and acetonitrile (Fluka) was distilled over 4A molecular sieves. Deionized water was
purified with ELGA purelab ultrapurification system. Distilled water was used in the dialysis. Dialysis tubings of
regenerated cellulose from Orange Scientific, with the molecular weight cutoff of 5000-8000 g mol™ were used

for purification of polymers.

Syntheses

The monomer (vinyl benzyl) trimethylammonium trifluoromethanesulfonate (VBTMA-OTf) was obtained by
counter ion exchange conducted in acetonitrile (see the Supporting Information). Both the homo and block
copolymers were obtained via aqueous RAFT polymerization. The polymerizations were thermally initiated with
a water soluble azo based initiator ACPA (see Supporting Information). The RAFT polymerizations were

conducted with reagent ratios [monomer]: [CTA]: [ACPA] of 100: 1: 0.2.



Sample preparation

All the samples were prepared with a similar protocol. Initially, polymer stock solutions with concentrations of
20 mg mL™ or 10 mg mL were prepared. The solutions were shaken at room temperature overnight before
sample preparation. To prepare the samples, a salt solution was first made to the vials and next, a needed
amount of the stock solution was added. A detailed procedure to prepare a sample with 50 mM LiOTf and 1 mg
mL™ polymer was as follows. First, 150 uL of 1 M LiOTf solution was diluted with 2550 pL of water and stirred

vigorously. Next, 300 uL of 10 mg mL™* polymer solution was added.

1H NMR spectroscopy

The degree of polymerization and molecular mass (M,) of the polymers were determined with end group analysis
by *H NMR spectroscopy using a Bruker Avance 11 500 MHz spectrometer (10 mg mLpolymer samples in DMSO-
de). The temperature dependence of the NMR spectral intensities was measured in D,0. In these measurements
the polymer concentration was 2 mg mL™ with 50mM LiOTf and 1.47 mM of HCOONa. Sodium formate or the
solvent signals were used as a reference when integrating the intensities of the lines. The measurements were

conducted by cooling from 60 to 20 °C.

Transmittance

The transmittance of the solutions was measured as a function of temperature with a JASCO J-815 CD
spectrometer equipped with a PTC-423S/15 Peltier temperature control system or with JASCO V-750 UV-Visible
spectrophotometer equipped with a JASCO CTU-100 thermostat system. The transmittance was measured at
600 nm wavelength. Temperatures were measured directly from the sample while controlling the temperature

with the sample holder. The heating and cooling rates were 1 °C min™.



Prior to the measurements the sample solutions were degassed in vacuum below 10 °C. The experiments were
typically conducted by heating the sample to elevated temperature and stabilizing for 10 minutes. The solutions
turned transparent within this period. Then the measurement followed by cooling the holder stepwise to around

10 °C. Next a heating cycle was measured, with 10 minutes of an initial stabilization at the starting temperature.

Differential scanning micro calorimetry (micro-DSC)

Micro-DSC measurements were conducted with a Malvern MicroCal PEAQ DSC micro calorimeter. Prior to the
measurements, the cells were stabilized at 80 °C for 10 minutes. The measurements were done by cooling the
cells from 80 to 10 °C with a cooling rate 1 °C min™. Then the reversibility of the transition was studied with
controlled heating. First, sample was stabilized at 10 °C for 10 minutes, then heating it to 80 °C with heating rate
1 °C min™L. The polymer concentrations of the samples varied from 0.5 to 3.5 mg/ml (in 50 mM LiOTf solution)

The effects of varying heating rates were studied on a sample with polymer concentration 2mg mL™.

Dynamic light scattering (DLS)

Two types of instrumentation were used. The temperature dependent intensities and size distributions of the
polymer solutions were studied with Malvern Instruments ZetaSizer Nano-ZS equipped with a 4 mW He-NE laser
operating at 633 nm. Hydrodynamic diameters were measured at 173°. Measurements were carried out in the
temperature range 70-20 °C. The samples were allowed to equilibrate for 3 min at each temperature.

Hydrodynamic diameter is given by intensity and intensity is given as counts of photons per second.

The angular dependence of the scattered light intensity was measured using a Brookhaven instrument BI-200SM
goniometer, BIC-TurboCorr digital pseudo-cross-correlator and BI-CrossCorr detector including two BIC-DS1
detectors. Pseudo-cross-correlation functions were collected in a self-beating method. Light source was Bl-mini

L140 at 637 nm, operated with 50% power, this giving incident light of 70 mW. All measurements were conducted
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on samples with 2mg mL* polymer and 50mM LiOTf. The samples were filtered into the cuvettes with 0.45 pm

Millipore PVDF filters.

Results and discussion

Syntheses

The syntheses of the polymers were started by changing the chloride ion on the VBTMA monomer into OTf. The
monomer was characterized with **F NMR which confirmed the presence of the OTf counter ion (Figure S1). The
syntheses of both homo and block copolymers were conducted in water- methanol mixtures with identical ratios
of the monomer and CTA (Scheme 1). The reaction mixtures were clear at elevated temperature but turned

cloudy when cooled to room temperature, this indicating the thermoresponsive character of the polymers.

The conversions of the polymerizations were calculated from the integrals of the aromatic and vinyl protons in
the *H NMR spectra taken from the reaction mixtures. The molar masses of the polymers were determined from
the NMR spectra in DMSO-ds by end group analysis for the PVBTMA-OTf homopolymer using the -CHs from the
aliphatic hydrocarbon chain as a reference. The CH; signals of the PEG repeating units were taken as reference

in the case of the block copolymer. The proton spectra are shown in Figure S2.

The details of the reaction conditions and the polymer molar masses are given in Table 1. Size exclusion
chromatography (SEC) was conducted for both polymers in with water/ NaNOsand in DMF/ LiBr as eluents. These
measurements did not give any result because of either too low solubility of the polymers or adsorption to the

columns.

Tablel. Syntheses of homo and diblock copolymers of VBTMA-OTF



Polymer [M]:[CTA]:[1] Conversion of DP(nwvir) M (theo) M (NMR) M (NMR)
VBTMA-OTF (VBTMA-  PVBTMA)- PVBTMA-OTfC PEG-PVBTMA-
OTf) OTf)b ot
PVBTMA-OTf 100:1:0.2 90 % 60 30000 20100 -
PEG-PVBTMA-OTf 100:1:0.2 97 % 81 36500 23400 30700

2The monomer conversion determined from NMR-spectra. ® The theoretical molecular mass obtained from the

equation [M]/[CTA] x conv. x My + Mcra. M, of the macro-CTA 5000 g/mol according to the supplier, M, from

SEC is 4900 g/mol with PDI 1.01, from *H NMR average DP is 93 ). ¢ The molecular mass determined by 'H NMR.
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Schemel. Synthesis of homo and diblock copolymers of VBTMA -OTf via RAFT polymerization.



Phase separation and mixing of the polymers in aqueous LiOTf solutions

The homopolymer PVBTMA-OTf and the diblock copolymer PEG-PVBTMA-OTf are both soluble in pure water and
do not show any thermal transitions. However, they behave very differently in aqueous lithium triflate solutions.
Whereas the homopolymer shows only UCST in aqueous LiOTf, the block copolymer goes through both a cloud
(Tew) and a clearing point (Tc). Upon cooling, the aqueous block copolymer first turns turbid (Tcy) and then,
partially clarifies (Tc). The appearance of the T, depends on the concentration of OTf anion. In the following, we
shall first discuss the observations by transmittance and calorimetric measurements on the homopolymer and
after this, we show the corresponding findings for the block copolymer. The cloud point temperatures Ty and

T were determined from the normalized transmittance curves as shown in Figure S3.

Homopolymer PVBTMA-OTf. Transmittance and DSC

The homopolymer PVBTMA-OTf is soluble in pure water at room temperature but upon the addition of LiOTf the
transparent polycation solution turns opaque. This was observed already during the synthesis in a
water/methanol mixture where the initially clear reaction mixture turned cloudy when cooled down to room

temperature.

Firstly, the effect of LiOTf on the solutions was studied. The UCST type phase separation appeared at room
temperature already at 10 mM of LIOTf in the 1 mg mL? aqueous polymer. 10 mM is in this case a notable
concentration compared to that brought to the solution as the counterion in the polymer (3 mM). When the salt
concentration was increased to 100 mM the UCST phase transition disappeared, i.e. the polymer was insoluble.
It was observed that stable dispersions form only when the LiOTf concentration is in the range 20 - 30 mM. With

higher amounts of salt the polymer slowly precipitates at room temperature.



The instability of the formed polymer particles at higher LiOTf concentrations is explainable with competition
between dissociation and ion pairing at the surface of the formed associate. With lower concentrations, the
charged groups near the surface will dissociate and positively charged particles will form. This leads to colloidally
stable particles. If a significant amount of OTf counter ions is already present in the solution, dissociation
becomes less favorable and more OTf ions will be bound to the particle surface, which leads to the precipitation
of the polymer. A similar interplay between ion pairing and dissociation is probably also behind the fact that a
threshold concentration of LiOTf is needed before the polymer becomes insoluble in water, although there is

already a stoichiometric amount of OTf ions compared to the cationic repeating units.

Next, the influence of the polymer concentration on the phase separation in aqueous solutions with constant
salt concentration (30 mM) was studied. The transmittances of the solutions were measured while first cooling
and then heating the samples. The data and the corresponding phase diagram are shown in Figure 1. Note that
we take the upper inflection point as the cloud point T, consult Figure S3. Ty is not only dependent on the
added LiOTf but also strongly depends on the polymer concentration. There was a 10 minutes interval between
the cooling and heating cycles and correspondingly, the transmittance values at 35 °C are different. From the
phase diagram we see that T,y reaches the maximum at 0.5mg mL? and then decreases with further increasing
the polymer concentration. This is in good agreement with the observations by Yoshimitsu et al. on the UCST of
polycations®!2, The intra and inter molecular ionic interactions through the ion bridging cause the UCST transition

or soluble-to-insoluble (S-1) phase transition upon cooling.
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Figure 1. Data collected upon cooling and heating the samples. (A) Transmittance curves for PVBTMA-OTf
solutions with various polymer concentrations and constant LiOTf concentration (30mM); and (B) Corresponding

phase diagrams for PVBTMA-OTY{.

Reversible phase transitions, insoluble-to-soluble (I-S transition) were observed during heating cycles with
certain hysteresis (~5 °C) for all studied polymer concentrations. The hysteresis is mainly due to the strong intra
and interpolymer ionic interactions which need higher energy to break down.'? The hydrophobic end group of
the polymer chain may also influence the cloud point temperature and the hysteresis, especially while increasing
the temperature. The cloud points were in general not affected by changing the cooling and heating rates,
however, a small change was observed in the 1mg mL? PVBTMA-OTTf solution in the presence of 30 mM LiOtf,

see Figure S4.

The phase separation can well be observed with micro calorimetry, especially during cooling the samples. The
onset points of the thermograms in Figure 2 are shown in Figure 3 and they correspond to the transmittance
data. The transitions observed during cooling runs are much sharper than those measured during heating. The
phase separation and mixing processes are most conveniently followed during the cooling of the samples

because while doing this we start from homogeneous solutions. The absolute values of the enthalpy changes are
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close to each others. The enthalpies are shown and discussed further below (in Figure 6) together with the values

from the block copolymers.
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Figure 2. The micro-DSC thermograms for PVBTMA-OTf different polymer concentration solutions with

constant LiOTf (30 mM). Cooling on the left, heating on the right.
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Figure 3. Onset temperatures from the thermograms in Figure 2.



Diblock copolymer PEG-PVBTMA-OTY. Transmittance and DSC

The block copolymer dissolves in pure water at room temperature and a clear solution is obtained, but adding
of LiOTf induces cloudiness. Figure 4 shows the transmittance of PEG-PVBTMA-OTf solutions with a constant
polymer concentration (1 mg/mL) and varying salt concentration upon cooling, and the phase diagrams from
both cooling and heating cycles. The T, data, however, could not be collected from the heating curves. The
transmittance curves measured with heating can be found in the Supporting Information (S5). As in the case of

the homopolymer the phase separation processes are observable within a certain salt concentration range.

As is seen in Figure 4A, when the salt concentration is above 50 mM, two consecutive transitions appear. When
cooling the samples from 55 °C, they suddenly turn turbid and but partially clarify upon further cooling. An

important observation is that the T, disappears when the salt concentration exceeds 100 mM.
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Figure 4. (A) Transmittance curves measured during cooling for PEG-PVBTMA-OTf (1 mg/mL) with LiOTf

concentrations from 30 to 170 mM and (B) Phase diagrams for PEG- PVBTMA-OTf cloud point temperatures T..

and T as a function of salt concentration upon both cooling and heating.
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Thermal behavior of PEG-PVBTMA-OTf solutions is very strongly dependent on the ratio of cations to anions.
Series of transmittance curves of polymer solutions with constant LiOTf concentration but varying polymer
concentration is shown in Figure 5, together with a phase diagram. Knowing the correlation between the overlap
concentration, the molar mass and the radius of the polymer it is clear that the studied solutions are in the dilute
regime. Interestingly we see that the phase separation at the Ty takes place in two steps, the first one observed
as a shoulder in the transmittance curve at high polymer concentrations and as a separate peak with low polymer
concentrations. The cloud points are collected in a phase diagram in Figure 5B. The Ty increases with polymer
concentration up to a certain limit, around 2 mg/mL (cation to anion ratio approximately 1:10) and keeps
constant above this. The finding is important and suggests that the ratio describes the approximate number of
counterions clouding around the polymer, and especially around the cationic repeating units. Chaotropic anions
as OTf are known to interact with ethyleneoxide units and to group around tertiary amines.?*?’ The interactions

between the polymer repeating units, water, and ions is schematically shown in Scheme 2.
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Figure 5. (A) Transmittance curves of polymer solutions with constant LiOTf concentration (50 Mm) and varying

polymer concentration and (B) the corresponding phase diagram.
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Figure 6 presents the thermograms of PEG-PVBTMA-OTf with varying polymer concentration and a fixed salt
concentration (50 mM). In this case the onset of the transition in the cooling scans is more instantaneous than

in the case of homopolymer. The transition is broad and step-wise, as was observed in the transmittance studies.

Enthalpy changes of the phase transitions of both the homopolymer and the block copolymer measured through
cooling and heating scans are shown in Figure 7. In spite of the observed thermal hysteresis the functions are
symmetrical, indicating that even though in some cases the absolute values measured during cooling are higher
than the corresponding values measured in the heating runs, overall the transitions are reversible in the time
scale of the measurement. That the transitions observed as varying degrees of cloudiness are associated with
enthalpy changes indicates that the processes, which occur during cooling the solution, are not just

morphological changes in the aggregates.
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Figure 6. The micro-DSC thermograms for PEG-PVBTMA-OTf different polymer concentration solutions with

constant LiOTf salt heating (right) and cooling (left).
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Figure 7. Transition enthalpies measured for the homopolymer (red) and the block copolymer (black) during

cooling (first) and heating (second) scans. The AH is given as kJ per repeating cationic monomer unit.

The fact that the homopolymer in aqueous LiOTf shows only UCST behavior but the block copolymer under
similar conditions goes through a cloud point and a clearing point while being cooled, deserves to be further
discussed. The phase transition behavior of the diblock copolymer is, in fact, even more complicated. In Figure 5
one can see how upon cooling the system, the turbidity increases in steps. Whether the first step is observed as

a shoulder or a separate peak depends on the polymer concentration.

The stepwise clouding and partial clearing may be understood based on the observation that PEG-PVBTMA-OTf
is not soluble in aqueous triflate at room temperature but forms micelles/vesicles. Evidently the micelles/vesicles
are stabilized by PEG chains dangling in the aqueous triflate solution. Increasing thermal energy loosens the
bridging between PEG and the triflate ions.3® The increase of turbidity in the temperature range 35-45 °C is then
obviously due to the aggregation of the micelles which is accompanied by the binding of the PEG chains to the

surfaces of the positively charged particles, directly or through ionic bridging 273334, At higher temperatures
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(around 50 °C) the polycation turns soluble and the micelles/vesicles disintegrate. Thus, we conclude that the
driving force for the step wise phase separation of the diblock copolymer is the interaction of the cationic block
and the PEG block, mediated by counter ions. The interaction of chemically different blocks is not, however,
spontaneous. When two homopolymers, PVBTMA-OTf and PEG macroCTA are dissolved in aqueous LiOTf in the
same ratio as in the experiments above, only one process is observed at the UCST of the PVBTMA-OTf. The
transmittance curve for a mixture of PEG macroCTA and PVBTMA-OTf is shown in Supporting Information, Figure
S7. It needs to be noted that the PEG macro CTA phase separates at temperatures above 90 °C in the presence

of 50 mM LiOTf.

The short hydrophobic block in the end of the polycation may further complicate the phase separation process,
as well as the fact that the aqueous phase contains triflate anions which are considered as chaotropic ones. These

points will be discussed further below.

Some more experiments were conducted measuring the transmittances of polymer mixtures. This was
considered necessary because after the synthesis we failed to separate the possible homopolymer PVBTMA-OTf
from the block copolymer. Also, a possibility exists that unreacted macroCTA may be left in the sample in spite
of careful dialysis. Thus, samples were prepared where into the block copolymer, 20 mass% of homopolymer or
18 mass% of PEG were added. The transmittance curves are shown in Supporting Information, Figure S7. The
experiments proved that even the high quantities of added polymers did not change the main observation, that
the homopolymer shows the UCST and the block copolymer both Ty and Te. The fact that the addition of
homopolymer to the solution of the block copolymer supresses the T transition may be rationalized by assuming
that the ratio of the number of the cationic repeating units to that of the free (dissociated) triflate ions is an
essential parameter. As already noted, the chaotropic triflate ions prefer binding to the cations® and adding an

extra amount of the polycation consumes a number of free triflates. Thus, the PEG block behaves as it would in
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a less saline solution. Intersting questions for further studies are the comparison of various counterions
(chaotropic vs. kosmotropic), the effects of the length of the polycation block, and that of the hydrophobic end

group.

Light scattering on the solutions of PEG-PVBTMA-OTf

The phase separation and partial remixing can be observed visually, as is shown in photographs in Figure 8. The
same sample was measured by light scattering, and the intensity averaged size distributions at three
temperatures are also added in Figure 8. The intensity averaged function at high temperature is bimodal owing

to the polyelectrolyte effects, and the corresponding volume averaged distribution is shown as well.
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Figure 8. Left: Photographs of the sample at three temperatures, right: size distributions measured at 173°
scattering angle of PEG-PVBTMA-OTf. 2 mg mL?* polymerin 50 mM LiOTf solution. Symbols! Insert the volume

average!

Intensity of scattered light is weak for PEG-PVBTMA-OTf (2 mg mLtin 50 mM LiOTf solution) above 50 °C owing
to thermodynamically good quality of solutions, see Figure S8. Weak scattering makes detailed multi angular DLS
analysis difficult. However, DLS was studied using back scattering angle (0=173°, ZetaSizer), which gives a large

scattering volume. The selected results are shown in Figure 8. At 55 °C the polymer is molecularly dissolved and
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the dimension of the polymer is of the order of 10 nm. Figure S8 reveals clear peaks in LS intensity as a function
of temperature between 42 and 50°C. Positions of the peaks upon step wise cooling down from 70 to 20°C
followed by heating remain the same though the area under the peak obtained upon heating is significantly
smaller. This is in line with microcalorimetric studies (Figure 6) and suggests thermal hysteresis: the rate of the
polymer redissolution is slower and more time is required for the chain expansion.?*® In the case of PEG-
PVBTMA-OTf (2 mg mL™in 50 mM LiOTf solution) we observe two transitions (see Figures 5 and 6), the rates of
which may differ and result in hysteresis. LS intensity increases upon further cooling below 42 °C due to
worsening of the solvent quality. Below 42 °C and above 50 °C, LS intensity is the same upon cooling or heating

thus suggesting reversible process.

While comparing the DLS data collected at 25, 45, and 55 °C the main observations are the following. At the
highest temperature the polymer is dissolved and in a coiled conformation, and the scattering intensity is low.
Small number of large multimolecular aggregates may be present in solution. Between 42 and 50°C, LS intensity
is too high due to the formation of large multimolecular aggregates, multiple scattering does not permit analysis
on the radius of gyration (Rg). When the liquid is cooled to 45 °C (the “turbid region” in the phase diagram, see
Figure 5) we observe homogeneously sized but huge scattering objects (diameter over 1000 nm at 6=173°). At
25 °C the diameter of the scatterers is of the order of 100 nm and the Rg/Rn ratio is of the order of 1.0, obviously
indicating the presence of drain-through structured entities. To conclude, the polymer aggregates existing at

room temperature coagulate to large but loose ensembles at 45 °C, but totally disintegrate upon further heating.

The multi-step phase separation and mixing processes were demonstrated also in an experiment where
scattered light intensity was followed with continuously changing temperature (approximately 1 °C/min). First,
the sample was allowed to cool from 55 to 25 °C and after 3 minutes, it was reheated. Measuring the exact
temperatures during this exercise was not possible but the result (Figure 9) shows how in a cooling liquid, huge
scattering objects appear and then vanish. For a while, they reappear when again heating the system. An over-

all description of the macromolecular self-assemblies is given in Scheme 3.
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spheres with PEG coronas, (B) turbid dispersion at 45 °C; aggregates of spheres, (C) solution at 55 °C.
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NMR studies on solutions of PEG--PVBTMA-OTf

Parts of the 'H NMR spectra of a 2 mg/ml solution of PEG-PVBTMA-OTf in 50 mM LiOtf at various temperatures
are shown in Figure 9. The spectra were recorded during cooling the samples. The integrated intensities of the
signals from the polycation backbone, the aromatic ring, and the quaternary ammonium change discontinuously
during the phase separation of the polymer (Figure 10), as was expected. The data indicates the build-up of a
cationic core in a core-shell structure.?” The shape but not the intensity of the signal of PEG changes with
temperature. At temperatures below 30 °C the signal is clearly a superposition of a narrow and a broad resonance
line. At higher temperatures, mainly the narrow line can be detected. This indicates that in the aggregates
observed at 25 °C, part of the PEG chains are bound to the aggregated polycation. Spévacek et al.3®3° have
extensively studied the phase separation of block copolymers of PEO and PNIPAm and shown that the integrated
intensity of PEG decreases at elevated temperatures where the PNIPAm block has collapsed. The behavior of the
present polymer is not perfectly analogous even though the interactions at low temperatures are visible. Similar
motional freedom of the PEG blocks was observed by NMR also in the case of PEG-polyzwitterion block
copolymers.?” The appearance and disappearance of the large particles between T and Tq occurs in a very

narrow temperature range and could not be detected.

PEG Quat-NCH3
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Figure 10. 'H NMR spectral lines of PEG and the protons of the quaternary ammonium in PEG-PVBTMA-OTf with

2mg mL! polymer concentration in 50 mM LiOtf solution as function of temperature.

The NMR measurements were conducted twice. After the first series of measurements, the polymer was dialysed
against water for a week, freeze-dried, and redissolved in aqueous triflate. This convinced us of the evident fact
the narrow PEG signal is not from an impurity but from the PEG block of the copolymer. The finding is important
and shows that within the whole temperature range being studied there are, more or less, freely tumbling PEO
chains which contribute to the colloidal stability of the polymer particles. As one can see in Figure 11 the

integrated intensity of the PEG signal is constant through the measured temperature range.
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Figure 11. Integrated intensities of the NMR signals against temperature, sodium formate was used as a
reference. Corresponding data without the added formate is shown in Supporting Information, Figure S9. In this

latter case, water signal was used as a reference.
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Conclusions

Cationic block copolymer PEG-PVBTMA-OTf has been synthesized through RAFT polymerization in a
water/methanol mixture using a PEG macro chain transfer agent. Solution properties of the block copolymer
have been compared to those of the homopolymer PVBTMA-OTf. Both the block copolymer and the

homopolymer carry triflate anions as counter ions.

The behavior of the aqueous polymers is strongly dependent on the addition of salt, LiOTf in this case. In the
presence of salt, the homopolymer undergoes a rapid dissolution process at the critical temperature Ty (UCST).

Tcu is dependent on the salt and the polymer concentrations.

When cooling the solutions of the block copolymer the polymer undergoes consecutively a soluble-insoluble
transition at the Ty and an insoluble-soluble transition at the T.. It has been shown that the two transitions are
because of the two mutually interacting blocks when the blocks are covalently connected to each other. The S-I
transition observed upon cooling is step wise, and such is the corresponding I-S transition observed with heating.
This is indicative of several inter and intramolecular interactions in play during the phase separation and phase

mixing.

Based on the experimental data collected in this work it is possible to rationalize the thermal processes by taking
into account the existence of ionic interactions, the interactions between the cationic groups and ether oxygens,
as well as hydrophobic interactions between the short hydrophobic stickers in the chain ends. OTf anions serve
as hydrophobic counter ions without which the UCST of the polycation would not be observed at all. There is
evidence that triflate ions are chaotropic ones which can bind even to nonpolar hosts.*® So far we do not know
more about the chaotropicity of the ions but their role in mediating the ionic interactions seems clear. The
occurrence of the T is because the two different polymers are covalently bound to each other, and because the

triflate ions facilitate their interaction.
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The overall picture of thermal behavior of the block copolymer is the following. At high temperature, around 55
°C, the polymer dissolves more or less molecularly. The hydrophobic interactions between the short alkyl chain
ends do not disappear with temperature but they are overdriven by the dissolution of the polyelectrolyte. In the
dissolved state the polymer is in a coil like conformation. Cooling the solution to the intermediate temperature
range (the “turbid region” in the phase diagram) forces the polycation to collapse and aggregate (step 1 of the
soluble-insoluble transition). Loose particles stabilized by PEG chains are formed but owing to the anion
mediated interaction forces, large coagulates build up. During further cooling, in the step 2 of the transition, the
collapse of the polycation continues. Finally, at room temperature (the “less turbid region” in the phase diagram)
the polymer coagulates have disappeared owing to the total compression of the polycations into nanoparticles,
stabilised by the soluble PEG blocks. PEG-PVBTMA-OTf polymer is dispersed in the agueous medium as micelle

like aggregates where the hydrophobic stickers and the ionic units are in the core.

Changes in the conformation and in the aggregation state of the PEG-PVBTMA-OTf chains in the aqueous triflate
solutions turned out to be complicated. The present study shows how in detail one may modulate thermal

behavior of the polymer by the choice of the counter ion and by varying the salt and polymer concentrations.

Supporting information

Syntheses, 'H NMR spectra, transmittance curves, and light scattering data are presented in the Supporting

Information.
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Polycation-PEG block copolymer undergoes step-wise phase separation
process in aqueous triflate solution
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Syntheses

Monomer (vinyl benzyl)trimethylammonium trifluoromethanesulfonate VBTMA-OTf

In the reaction flask, 20.15 g (0.095mol) of (VBTMA) Cl in 100mL of acetonitrile and 21.29 g (0,136 mol) LiOTf in
70 mL of acetonitrile were added. The reaction mixture was kept stirring overnight at room temperature. After
phase separation, the organic phase was concentrated by evaporating the solvent. Then the monomer was
precipitated into diethyl ether three times to obtained white solid crystal product. The monomer was dried under

vacuum and then analyzed with °F NMR and 'H NMR spectroscopy. The yield was 23.49 g.
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Figure S1. *H NMR and **F NMR spectra of monomer VBTMA-OTf in DMSO-ds.

Poly (vinyl benzyl) trimethylammonium trifluoromethanesulfonate PVBTMA-OTf

Monomer VBTMA-OTf (0.502 g, 1.59 mmol, 100 equiv) in 6 mL of water, CPDTC (5.311 mg, 0.015 mmol, 1 equiv),
ACPA (0.86 mg, 0.0031 mmol, 0.1 equiv) in 1 mL of methanol were added to a reaction flask, which was equipped



with a stir bar and sealed with a rubber septum. After purging with nitrogen gas for 40 min, the reaction mixture
was stirred in a preheated oil bath at 75 °C for 23 h. The polymerization was stopped by quenching the reaction
with liquid nitrogen. The pure homopolymer was obtained from reaction solution by dialysis against water-

methanol mixtures.

Synthesis of diblock copolymer PEG-b-PVBTMA-OTf

Synthesis of diblock copolymer PEG-b-PVBTMA-OTf was conducted as follows. To the 0.507 g (1.55 mmol) of
VBTMA OTf monomer in 6 mL of water, 0.078 g (0.015 mmol) of PEG macro-CTA and 0.87 mg (0.0031 mmol) of
ACPA in 1 mL of methanol were added. The reaction mixture was purged with nitrogen gas for more than 40
minutes and then heated up to 75 °C. After 41 h reaction time samples from hot reaction mixture were collected
for the determination of conversion. Then the mixture was immersed into liquid nitrogen to stop the reaction.
The reaction solution was diluted with distilled water and transferred to dialysis tubing. The mixture was dialyzed

against water and water/methanol mixtures for 3 days and freeze dried.
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Figure S2. *H NMR spectra of (A) homo and (B) diblock copolymers of VBTMA-OTf in DMSO-ds.

Phase separation of homo and diblock copolymer
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Figure S3. Determination of the cloud point temperatures T.y and T, from the cooling curves of (A) homo; and
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Homopolymer PVBTMA-OTf
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Figure S4. Transmittance curves for PVBTMA-OTf (Img mL? with 30mM LiOTf) with different cooling rates.

Block copolymer PEG-b-PVBTMA-OTf
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Figure S5. Transmittance curves for 1Img mL? PEG-b-PVBTMA-OTf polymer solutions with various LiOTf salt

concentrations as a function of temperature. Cooling scans on the left and heating scans on the right.
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Figure S6. Cooling curves for a mixed solution of PEG-mCTA (0.36 mg mL?) and PVBTMA-OTf (1.64 mg mL?) in
50mM LiOTf (black,m), a mixed solution of PEG and the diblock copolymer (0.178 mg mL*and 1 mg mL? in
50mM LiOTf solution) (blue, A ), a mixed solution of homo and diblock copolymer (0.2 mg mL? and 1 mg mL?in

50mM LiOTf solution) (red,®), PEG-PVBTMA (2 mg mL? in 50 mM LiOTf solution) (green, A, from Figure 4),

PVBTMA-OTf (2 mg mL? in 30 mM LiOTf solution) (purple,o, from Figure 1).
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Figure S8. Integrated intensities of the NMR signals. Water signal was used as a reference.



