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block copolymers.27 Block copolymers of PEG and poly(dimethylaminoethylmethacrylate) undergo both UCST 

and LCST transitions in the presence of trivalent counterions.28 

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.13,23  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.29–32  

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 (TcU and TcL) 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 TcU and TcL 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)Cl; 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 Mn 5,000 g mol-1) were used as received from Sigma. Methanol (Fluka), acetone (Honeywell) 

were used as received, and acetonitrile (Fluka) was distilled over 4Å 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−1 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. 
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Sample preparation 

All the samples were prepared with a similar protocol. Initially, polymer stock solutions with concentrations of 

20 mg mL−1 or 10 mg mL-1 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−1 polymer was as follows. First, 150 µL of 1 M LiOTf solution was diluted with 2550 µL of water and stirred 

vigorously. Next, 300 µL of 10 mg mL−1 polymer solution was added.  

 

1H NMR spectroscopy 

The degree of polymerization and molecular mass (Mn) of the polymers were determined with end group analysis 

by 1H NMR spectroscopy using  a Bruker Avance III 500 MHz spectrometer (10 mg mL-1 polymer samples in DMSO-

d6). The temperature dependence of the NMR spectral intensities was measured in D2O. In these measurements 

the polymer concentration was 2 mg mL−1 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−1.  
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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−1 . 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−1. 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-1. 

 

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 BI-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-1 polymer and 50mM LiOTf. The samples were filtered into the cuvettes with 0.45 μm 

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 19F 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 1H NMR spectra taken from the reaction mixtures. The molar masses of the polymers were determined from 

the NMR spectra in DMSO-d6 by end group analysis for the PVBTMA-OTf homopolymer using the -CH3 from the 

aliphatic hydrocarbon chain as a reference. The CH2 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/ NaNO3 and 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.   

Table1. Syntheses of homo and diblock copolymers of VBTMA-OTF 
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a The monomer conversion determined from NMR-spectra. b  The theoretical molecular mass obtained from the 

equation  [M]/[CTA] × conv. × MM + MCTA. Mn of the macro-CTA 5000 g/mol according to the supplier,  Mn from 

SEC is 4900 g/mol with PDI 1.01, from 1H NMR average DP is 93 ). c  The molecular mass determined by 1H NMR.  

 

 

Scheme1. Synthesis of homo and diblock copolymers of VBTMA -OTf via RAFT polymerization. 

Polymer [M]:[CTA]:[I] Conversion of 

VBTMA-OTf
a  

DP(NMR) 

(VBTMA-

OTf) 

Mn (theo) 

PVBTMA)-

OTf)
b  

Mn (NMR) 

PVBTMA-OTf
c
  

Mn (NMR) 

PEG-PVBTMA-

OTf 

PVBTMA-OTf 100:1:0.2 90 % 60 30000 20100 - 

PEG-PVBTMA-OTf 100:1:0.2 97 % 81 36500 23400 30700 
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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 

(TcU) and a clearing point (TcL). Upon cooling, the aqueous block copolymer first turns turbid (TcU) and then, 

partially clarifies (TcL). The appearance of the TcL 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 TcU and 

TcL 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-1 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. 


