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From Particles to Stabilizing Blocks – Polymerized 

Ionic Liquids in Aqueous Heterophase 

Polymerization 

 

Ran Yu, Klaus Tauer* 

Suspensions made of polyvinylimidazolium salts with long alkyl chains (polymerized ionic 

liquids) are a new class of reactive electrostatic stabilizers for aqueous polymer dispersions 

which can be used in double function - as reductant in a redox initiator system and as colloidal 

stabilizer. Studying the properties of di- and triblock copolymer dispersions (with N-isopropyl 

acryl amide and / or hydrophobic monomers) made with these reactive suspensions reveal an 

interesting behavior which is described as principle of relative hydrophilicity. Following this 

principle, the colloid chemical behavior of the polyvinylimidazolium salt block depends on the 

relative hydrophilicity in comparison with the other blocks. 

 

1. Introduction 

The search for new stabilizers in heterophase polymerization is 

an everlasting topic since the very first attempts to copy 

natural rubber in chemical reactors. The choice of the proper 

stabilization strategy is extremely crucial because it determines 

not only the stability of the latex but in addition also the 

morphology of the latex particles, the polymerization kinetics, 

and many application properties.1-3  A very recent 

development in this area is the application of polymerized 

ionic liquids (PIL) as stabilizers in aqueous heterophase 

polymerization.4-7 Particularly, it has been found that poly (3-

n-tetradecyl-1-vinylimida-zolium bromide) behaves 

extraordinarily and appears as kind of ideal colloidal stabilizer 

for emulsion polymers because it changes from hydrophilic in 

the wet to hydrophobic in the dry state.  Consequently, the 

hydrophilicity of an emulsion polymer coating, expressed by 

means of the contact angle of a sessile water drop, made with 

PIL stabilizer is significantly reduced compared with 

commonly used emulsifiers.8 These results support the 

hypothesis that the stabilizing PIL units are quite mobile and 

can adopt different conformations. The PIL with long alkyl 

chains might alternately be considered as kind of polymerized 

self-assembled, self-organized structures (lyotropic 

mesophases; or surfactants), considered also as being a 

subclass of polysoaps,9 which are key for membrane-based 

chemical and physical processes.10, 11 Polysoaps are a topic in 

colloid chemistry already since the 1950-ies.12-14 

Ionic liquids are organic salts with quite low melting points 

(typically below 100 °C) enabling their use as solvents with 

very particular properties, such as high polarity and ionic 

conductivity with very special effect on the kinetics of all 

kinds of chemical reactions.15  

Ionic liquid monomers (ILM) containing a polymerizing 

double bond in their molecular structure resemble 

polymerizable surfactants or surface active monomers 

(surfmers).16 Like surfmers which are hydrophobically 

modified water-soluble monomers, ILMs show the typical 

behavior of self-associating monomers and polymers.17-21 

Before, during, and after polymerization, interactions of the 

hydrophobic tails can cause quite strong association leading to 

gel formation even for copolymers where the content of 

hydrophobically modified units is only about 1 mol-%.22 

Interestingly, the solubility behavior of polymerized 

dimethylaminoethyl methacrylate salts quarternized with n-

alkyl bromides (C8 – C18)
17 is very similar to that of the PIL 

used in this study. Both are insoluble in water but dissolve in 

polar organic solvents.  Also, the formation of lamellar 

structures on substrates is observed for partially quarternized 

poly(styrene-b-2-vinylpyridine) copolymers.20 These few 

examples demonstrate the quite far-reaching similarity 

between PIL and polymerized surface active monomers. In 

fact, IL monomers are, depending on the influence of the 

hydrophobic parts either ionic monomers or surfmers (IL-

surfmers).  Thus, in the family tree of polymers PILs can be 

spotted somewhere between polyelectrolytes and polysoaps. 

The molecular architecture of the monomer, particularly the 

arrangement of the different functional groups (ionic or 

hydrophilic, hydrophobic, and polymerizable double bond) 

determines also the properties and the behavior of PIL as it is 
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generally the case in chemistry and also for polymerized 

amphiphiles.9  

The imidazole group is known to be quite active in 

nucleophilic catalysis of carboxylic acid derivatives.23 

Polymers bearing imidazole units have a history starting from 

the early 1960-ies as model compounds for synthetic enzymes 

based on the observation that the histidine group plays an 

active role in encymatic hydrolysis.24-32 The first synthetic 

polymers of this kind mimicking enzymes were homo- and 

copolymers of 4-vinylimidazole25 made via free radical 

polymerization.  The first polymerization of vinylimidzolium 

iodide and methylsulphate salts was described in the open 

scientific literature only 1973.33 But already in the 1950ies 

patents have been filed describing the polymerization of 

vinylimidazolium salts and possible uses of the (co)polymers.  

Copolymers containing ionic liquid (IL) moieties 

(imidazolium cations) have been for the first time described 

only in 2004.34, 35 These were block copolymers with 

polystyrene made starting from poly(styrene-b-chloromethyl 

styrene) precursors. In a subsequent polymer analogous 

reaction the chloromethyl styrene block was quaternized with 

1-methylimidazole in the presence of NaBF4 to yield the 

polystyrene-IL block copolymers.   In the subsequent years 

more PIL-containing copolymers have been synthesized via 

various radical polymerization techniques. Amongst them are 

random copolymers  and block copolymers made via normal 

free radical and reversible addition-fragmentation transfer 

(RAFT) polymerization of N-2-thiazolylmethacrylamide and 

2-(1-butylimidazolium-3-yl)ethylmethacrylate, respectively, as 

polymeric ligands in magnetic complexes with Ni2+ and 

Nd3+.36 Also, double hydrophilic block copolymers of 3-(1-

ethylimidazolium-3-yl)propylmethacrylamidobromide and 

acrylamide or methacrylic acid have been prepared via RAFT 

polymerization in methanol.37 Block copolymers with another 

type of IL group are described in.20 Starting from poly(styrene-

b-2-vinylpyridine) made via anionic polymerization and 

subsequent quarternization of the 2-vinylpyridine units with 

Li-bis(trifluoromethylsulfonyl)imine the authors obtained 

polymeric IL-block copolymers with pyridinium cations with 

tunable lamellae domain size in the bulk block copolymer. 

All kind of polymers containing IL-moieties are interesting 

materials because the counterion and solvent stimuli 

responsiveness of ILs add new properties to these hydrophilic 

or amphiphilic polymers and promise new materials for new 

applications. For instance, exchange of the bromide or chloride 

counterion with bulkier anions such as terafluoroborate, 

hexafluorophsohpate, or bis(trifluoro-methanesulfonyl) 

changes the properties of the IL from hydrophilic to 

hydrophobic. The interested reader can find instructive 

examples in the following references.37-45 

Temperature is an easily applicable trigger for property 

changes and hence, block copolymers with thermosensitive 

units became quite popular during the last decades. 

Thermosensitivity is a very typical and general property for 

solutions of all polymers.46  However, poly-N-

isopropylacrylamide (PNIPAM) is the most prominent 

example because its lower critical solution temperature 

(LCST) of about 32 °C is in an easily accessible range and 

very attractive for biomedical applications.47, 48 Therefore it is 

not surprising that nowadays also block copolymers containing 

PIL and PNIPAM units as temperature responsive component 

are in the focus of research on the way to produce multi-

responsive smart polymers.49-54 To the best of our knowledge 

the first reports regarding the synthesis of PIL-PNIPAM block 

copolymers appeared only in 2009. One procedure uses RAFT 

polymerization in organic solvents starting with the PNIPAM 

block.49 The other procedure started from the PIL block with 

ceric ion redox radical generation in water.50 

In this contribution, we describe the synthesis and 

characterization of block copolymer particles with 

poly(vinylimidazolium) groups (particularly poly (3-n-

tetradecyl-1-vinylimidazolium bromide)) as PIL block. The 

synthetic strategy takes advantage of the facile and robust ceric 

ion redox heterophase polymerization technique which has 

already frequently been applied for block copolymer 

production, cf.2, 55-57 and references therein. 

Aqueous poly (3-n-tetradecyl-1-vinylimidazolium bromide) 

dispersions, either cross-linked or not, with hydroxymethyl 

chain ends were used as reductants in the initiation process 

with ceric ion as oxidant (cf. Scheme 1). Despite the fact, that 

the PIL reductant is used as suspension and that the final 

product is a suspension as well, the PIL particles do not serve 

as simple seed particles in the common sense. We are 

discussing results regarding the colloidal and morphological 

characterization of diblock particles with N-

isopropylacrylamide (NIPAM), butyl acrylate (BA), butyl 

methacrylate (BMA), and styrene (STY) as second monomer 

and triblock copolymer particles with NIPAM as second and 

BA, or BMA, or STY as third monomer block. In addition we 

are considering the thermoresponsiveness of the copolymers 

containing PNIPAM blocks by means of dynamic light 

scattering and speed of sound data. The block copolymers 

under consideration consist of very different units with each of 

them possessing a very particular aggregation behavior under 

very specific conditions. Consequently, each block has a 

particular influence on the particles’ morphology. The results 

convincingly reveal quite a high mobility of the hydrophilic 

blocks (PIL, PNIPAM) arranging themselves in order to 

minimize the free interfacial energy of the dispersion with 

substantial influence on the morphology of the particles. The 

properties of the hydrophobic block have a great influence on 

the morphology of the dried particles as observed on 

transmission electron microscopy grids. 

 

2. Experimental Section 

2.1 Materials 

Crosslinked poly (ionic liquid) (P1) and non-crosslinked poly 

(ionic liquid) (P2) are synthesized as described elsewhere58-60 

using the following recipe: 15 g (0.04 mole) of 3-n-tetradecyl-

1-vinylimidazolium bromide (ILM), 1.623 g (0.004 mole) of 
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1,4-butanediyl-3,3'-bis-1-vinylimidazolium dibromide as 

crosslinker,  360 ml of water, 450 mg of 2,2’-azobis[2-methyl-

N-(2hydroxyethyl)propionamide (VA-086) as initiator, 

polymerization temperature 70 °C. All of the PIL samples 

have been carefully dialyzed against deionized water for about 

3 weeks until the conductivity of the dialysate reached a 

constant value.  

Two kinds of poly (ionic liquid) dispersions were used in our 

study, crosslinked (P1) and non-crosslinked samples (P2) with 

particle size 43.1 and 27.8 nm, respectively. Both of them 

were diluted to 1 wt% before being applied in the experiments. 

STY, BMA, and BA (all of 99% purity from Sigma-Aldrich) 

were distilled under reduced pressure to remove inhibitors. 

NIPAM (99% purity, Acros) was recrystallized from hexane. 

Ceric ammonium nitrate (CAN) from Sigma-Aldrich was used 

as received. Water was taken from a Seral purification system 

(PURELAB Plus) with the conductivity of 0.055 µS cm-1. 

2.2 Synthesis 

Diblock copolymer particles 

To a 25 mL Duran glass vial, 10 ml of P1 or P2 dispersion (1 

wt%) and 0.5 g monomer (STY, or BMA, or BA) were added 

and the glass vial was sealed with a rubber stopper. The 

mixture was deoxygenated by purging with nitrogen for 20 

min via two syringe needles. Afterwards, the glass vial was 

placed in a thermostat bath at 60 °C. After stirring for about 5 

min, the initiator solution (0.026 g ceric ammonium nitrate in 

1 mL water) was injected and the polymerization was 

continued for 4 hours.  

Triblock copolymer synthesis 

To a 25 mL Duran glass vial, 20 mL P1 or P2 dispersion (1 

wt%) and 0.4 g NIPAM were added and the glass vial was 

sealed with a rubber stopper. The mixture was deoxygenated 

by purging with nitrogen for 30 min via two syringe needles.  

Afterwards, the initiator solution (0.052 g of ceric ammonium 

nitrate in 1 mL of water) was injected and the polymerization 

was conducted at room temperature. After 3 hours, 1 g of 

hydrophobic monomer (either STY, or BMA, or BA) was 

added and the polymerization was continued at room 

temperature for 48 h.  

2.3 Characterization 

During the polymerization samples were withdrawn and the 

solids content (SC) was determined with a HR 73 halogen 

moisture analyzer (Mettler Toledo, Giessen, Germany). With 

the SC the monomer conversion was calculated. The reaction 

products were dialysed against distilled water (dialysis tubing 

made of regenerated cellulose, type: membra-cell MD44, cut-

off 14 kilo-Dalton) and the water was replaced daily. The 

dialysis was continued until no more change in the 

conductivity of water in the dialysis bath was detected. This 

lasted in average about three weeks. If not otherwise stated, 

only dialysed samples were characterized. 

Infrared spectroscopy was carried out with a Varian 1000 FT-

IR spectrometer as ATR measurements.  

The average hydrodynamic particle size is expressed as 

intensity weighted diameter (Di) determined with a Nicomp 

particle sizer (model 380, PSS, USA).  

The zeta potential was measured with a Zetasizer Nano ZSP 

(Malvern) at room temperature.  

The change in the speed of sound was measured with the 

ResoScan URT System (TF Instruments GmbH, Heidelberg, 

Germany) based on ultrasound resonator technology. 

Shape and morphology of the particles was investigated with 

electron microscopy. Transmission electron microscopy 

(TEM) was performed with a Zeiss EM 912 Omega 

microscope operating at 120 kV according to standard 

procedures (suspension preparation on carbon coated copper 

grids).  

2.4 Sample abbrebiations 

The following abbreviation for the block copolymer particles 

will be used throughout the manuscript: P1: crosslinked PIL; 

P2: non-crosslinked PIL; P1-N and P2-N: diblock copolymers 

of the corresponding PIL with PNIPAM; P1-BA and P2-BA: 

diblock copolymers of the corresponding PIL with poly(butyl 

acrylate); P1-BMA and P2-BMA: diblock copolymers of the 

corresponding PIL with poly(butyl methacrylate); P1-S and 

P2-S: diblock copolymers of the corresponding PIL with 

polystyrene; P1-N-BA and P2-N-BA: triblock copolymers of 

the corresponding diblock copolymers with poly(butyl 

acrylate); P1-N-BMA and P2-N-BMA: triblock copolymers of 

the corresponding diblock copolymers with poly(butyl 

methacrylate); P1-N-S and P2-N-S: triblock copolymers of the 

corresponding diblock copolymers with polystyrene. 

 

3. Results and discussion  

Block copolymer formation 

The polymerization strategy as outlined in Scheme 1 which 

has been applied already several times successfully for the 

synthesis of a variety of block copolymers relies on a 

heterogeneous intermediate generated by the collapse of the 

PNIPAM above the LCST. Starting with a hydrophilic 

precursor polymer bearing methylol endgroups the precipitated 

diblock generates an amphiphilic reaction environment 

enabling the uptake of both hydrophilic and hydrophobic 

monomers for further block building. This block copolymer 

formation strategy relies on the following facts. Firstly, the 

redox initiation is very fast and it lasts only a few minutes.55 

Secondly, the radical termination probability is quite low as 

only polymeric radicals are involved.2 The whole process can 

be typically carried out at temperatures well above the LCST 

of PNIPAM, thus allowing fast polymerizations.   

For ‘common’ water soluble polymers such as poly(ethylene 

glycol), poly(styrene sulfonate),  poly(diallyldimethyl 

ammonium chloride) temperature is no issue and the final 

product is a stable thermoresponsive block copolymer latex.61 
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However, the situation changes when PILs are applied as 

reducing water soluble polymer to synthesize triblock 

copolymer latexes containing a hydrophobic polymer as third 

block. In this case, a polymerization temperature above the 

LCST of PNIPAM causes breakdown of both the latex 

stability and the polymerization reaction after charging the 

hydrophobic monomer to the reaction mixture. Interestingly, 

when the polymerization is conducted at room temperature, 

colloidal stability is maintained throughout the entire reaction, 

however on expense of the reaction time which will be 

extended accordingly. In contrast, diblock copolymer 

formation can be carried out at any temperature.   

Only the synthetic pathway to non-crosslinked copolymers is 

shown. The corresponding crosslinked samples were prepared 

starting in reaction a) of Scheme 1 with ILM and 1,4-

butanediyl-3,3'-bis-1-vinylimidazolium dibromide (10 mol-% 

relative to ILM). Other hydrophobic monomers were butyl 

acrylate and butyl methacrylate resulting in P2-BA, P2-N-BA 

and P2-BMA, P2-N-BMA di- and triblock copolymers, 

respectively. 

The data depicted in Figure 1 show a conversion – time curve 

for the triblock copolymer formation process at room 

temperature with sequential NIPAM and STY addition starting 

with P1. The polymerization of NIPAM (diblock copolymer 

formation) takes only 3 h to get a monomer conversion higher 

than 96%. The formation of the hydrophobic block takes much 

longer (about 38 h to reach a monomer conversion greater than 

80%). This huge difference in required polymerization time or 

polymerization rate reflects the different propagation rate 

constants between both monomers.62, 63 
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Figure 1. Monomer conversion - time curve for the synthesis 

of P1-N-S triblock copolymer dispersions; the grey and 

patterned symbols describe the NIPAM and styrene 

conversion, respectively. 

 

Within the present study two different PIL dispersions have 

been used. P1 and P2 made in the presence and absence of 

cross-linker (1, 4-butanediyl-3,3’-bis-1-vinylimidazolium 

dibromide) as described in58-60. Both, the crosslinked and non-

crosslinked PIL, form an aqueous dispersion with a positive 

zeta potential of about 50 and 60 mV and an average 

hydrodynamic particle size of about 43 and 28 nm, 

respectively. The inner morphology of these particles is very 

peculiar because the PIL molecules arrange themselves in 

circular lamellae58-60 consisting of consecutive nonpolar / 

hydrophobic (alkyl chains) and polar / hydrophilic (ionic) 

layers. Interestingly, this kind of morphology has been 

reported for crosslinked and non-crosslinked PIL particles58, 59 

and observed only on cryo-TEM micrographs. The PIL 

particles on normal TEM micrographs in the dried state show 

different morphologies depending strongly on the 

concentration and maturation of the PIL dispersion. The 

conditions during drying in addition to the local properties at 

the drying spot of the carbon coated copper TEM grid are also 

of importance. Clearly, PIL particles behave differently 

compared to normal latex particles made of hydrophobic 

polymers. 

The characterization of the block copolymer particles has been 

carried out in the dispersed and dried state and the results have 

been used for the characterization of the colloid chemical 

features and the block copolymer composition (to control the 

success of the applied polymerization strategy), respectively. 

For amphiphilic block copolymer particles as under 

consideration it is important to bear in mind that the 

morphology as observed by electron microscopy in the dried 

state must not represent the dispersed state.64 Typically, 

hydrophilic polymer chains which are stabilizing the particles 

in the dispersed state, collapse in the dried state onto the 

hydrophobic core. Thus, sizing via dynamic light scattering 

and analysis of electron micrographs leads to different results.   

All analytics has been carried out with carefully dialyzed 

samples. The composition of the copolymers has been checked 

by FT-IR spectroscopy. The expected characteristic absorption 

bands of the different building blocks were clearly detected 

and the corresponding wave numbers and assignments are 

summarized in Table 1. 

Zeta potential 

Valuable information regarding the morphology of the 

particles in the dispersed state has been obtained from zeta 

potential measurements. The zeta potential is the electric 

potential in the diffuse electrical double layer surrounding the 

particles measured at the slipping plane which is located in a 

certain distance from the geometrical particle surface because 

the particles tow a water layer which contains counter and 

coions while moving. So, the composition of the electrical 

double layer in the gap from the particles’ surface to the 

slipping plane determines the potential. For the kind of 

particles considered here, this value is essentially governed by 

sample functional group characteristic frequency (cm-1) bonds 

P1, P2  imidazolium 2920, 2850, 1158 C-H stretch, C-N stretch 

P1-N, P2-N amide  1636, 1527 and 1457  C=O stretch, N-H bending,  

C-H bending 

P1-BA, P2-BA ester  1728, 1150 C=O stretch, C-O-C stretch 

P1-BMA, P2-BMA ester  1728, 1150 C=O stretch, C-O-C stretch 

P1-S, P2-S aromatics 3010, 750, 699 C-H stretch, o.o.p  C-H ring 

P1-N-BA 

P2-N-BA 

amide 

ester 

1636, 1527, 1457,  

1728, 1150 

C=O stretch, N-H bending,  

C-H bending , C=O stretch,  

C-O-C stretch  

P1-N-BMA 

P2-N-BMA 

amide, ester 1636, 1527, 1457 and  

1728, 1150 

C=O stretch, N-H bending, C-H bending  

C=O stretch, C-O-C stretch  

P1-N-S, P2-N-S amide, aromatics 1636, 1527, 1457 and  

3010, 750 and 699 

C=O stretch, N-H bending, C-H bending  

C-H stretch, o.o.p. C-H ring  

Table 1. Characteristic FTIR absorption bands and assignment of functional groups in the various polymers and copolymers of this study. 
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the concentration of imidazolium groups at the surface 

stretching out into the aqueous phase and the concentration of 

ions (counterions and coions) diffusing inside the gap up to the 

slipping plane. Model polystyrene particles made with 

cetyltrimethyl ammonium peroxodisulfate as surfactant – 

initiator complex possess a positive zeta potential proving that 

it is not the anionic polymer end group that determines the zeta 

potential but the surface active cationic counterion which is 

reaching farther away from the surface. The inverse initiator 

surfactant complex, that is cationic initiating radicals and 

anionic dodecylsulfate as counterions, leads to PS particles 

with negative zeta potential. In this context, it is necessary to 

recall that for latex particles made surfactant-free with ionic 

initiators the charge of the polymer endgroup controls the sign 

of the zeta potential. These findings regarding the zeta 

potential – determining ions are important for evaluating the 

zeta potential data obtained for the PILs and block copolymer 

particles as discussed below. Figure 2 shows clear differences 

in dependence on the polymer / copolymer composition and, 

for the block copolymers, these data allow reasonable 

conclusion regarding the arrangement of the blocks. The most 

interesting behavior is observed for the diblock copolymers 

where the PIL diblocks with the hydrophobic partners possess 

a similar zeta potential like the pure PIL particles. In contrast, 

for the PIL-PNIPAM diblock particles (P1-N, P2-N) the zeta 

potential is an order of magnitude lower. However, adding a 

third hydrophobic block, the zeta potential slightly increases 

again to values of 15-20 mV. Notably, the increase for the 

triblocks made with the crosslinked PIL (P1) is higher 

compared with that for the non-crosslinked PIL (P2) as starting 

material. These experimental data, particularly the data for the 

diblock copolymers, lead us to introduce the idea or the 

principle of relative hydrophilicity (PRH). The PRH means 

that a given hydrophilic polymer in combination with a more 

hydrophilic polymer behaves hydrophobic and vice versa. 

Accordingly and considering PIL and PNIPAM, the less 

hydrophilic PIL blocks form the core of these diblock 

copolymer particles. The particles are predominantly stabilized 

sterically by the PNIPAM blocks and consequently the zeta 

potential is drastically reduced compared with the PIL 

hompolymer particles. In contrast, in the diblock copolymer 

particles with more hydrophobic monomers the PIL blocks 

stretch into the aqueous phase and ensure the stability of the 

dispersion. The thermodynamic driving force behind the 

principle of relative hydrophilicity is the minimization of the 

free energy which always brings the more hydrophilic 

component in direct contact to water thus, lowering the excess 

interfacial free energy. For the triblock copolymers, the third 

hydrophobic block tries to avoid contact with water at all and 

moves towards the core of the particles. This causes drastic 

rearrangements of the particles morphology bringing the PIL 

units again in closer contact with water as indicated by the 

moderate increase in the zeta potential. 

 

Figure 2. Correlation between the zeta potential (ζ) and 

polymer / block copolymer composition; the grey- and white-

filled symbols represent the polymers with P1 and P2, 

respectively. 

Particle morphology  

The particular properties of the PIL stabilizer and the PRH 

lead to the assumption that the morphology as observed with 

common TEM in the dried state might not reflect the particles’ 

morphology in the dispersed state64 and might cause quite 

huge differences between the hydrodynamic average particle 

size and the average resulting from enumerating TEM 

micrographs. Additionally, the properties of the hydrophobic 

block, particularly the glass transition temperature (Tg), 

influence the appearance of the dried particles on the TEM 

grids.   

The TEM micrographs of the di- and triblock copolymer 

particles displayed in Figure 3 and 4, respectively, clearly 

prove the enormous influence of the nature of the hydrophobic 

polymer block on the appearance of the polymer dispersions in 

both the wet state dispersed in water and the dried particles on 

the TEM grids. Mainly two important conclusions can be 

drawn. Firstly, the higher the glass transition temperature (Tg) 

of the hydrophobic block is, the clearer a solid sphere 

morphology of both the di- and triblock copolymer particles 

can be seen. Tg of the hydrophobic blocks changes in the order 

PBA (-55 °C) < PBMA (20 °C) < PS (100 °C).65 Secondly, the 

differences between the morphology displayed by the diblock 

copolymer particles with crosslinked and non-crosslinked PIL 

are significantly larger than the ones observed for the triblock 

copolymer particles. This is especially obvious comparing the 

micrographs of P1-BMA and P2-BMA particles. The P1-BMA 

particles prepared with crosslinked PIL maintain their sphere 

morphology on TEM micrographs while film formation and 

microphase separation is observed for P2-BMA particles with 

non-crosslinked PIL. In general, the influence of crosslinking 

the PIL starting dispersion is less pronounced than one might 

expect for 10 mol-% crosslinker relative to the ILM. This 

indicates that the efficiency of the crosslinker is pretty much 
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limited which is reasonable considering that a significant 

mismatch is given regarding the molecular size of the ILM and 

crosslinker.  Figure S1 details this behavior by means of 

additional TEM micrographs. 

The combined evaluation of the corresponding average values 

as measured by DLS at room temperature (Di) and by 

enumerating TEM micrographs (D) is a way to quantify the 

only qualitative impressions gained from the TEM 

Figure 4. TEM micrographs of the triblock copolymer dispersions and the starting PIL-NIPAM diblock dispersions showing the 

typical structures observed when the dispersions were dried on carbon coated copper grids; the photographic snapshots arranged 

on the sides of the figure illustrate the dispersions as obtained after dialysis. The bar indicates 200 and 500 nm for samples P1-N, 

P2-N, P1-N-S, P2-N-S, P1-N-BMA, P2-N-BMA and P1-N-BA, P2-N-BA, respectively. 
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micrographs (cf. Table 2 and Figure 5). 

 

 

Figure 5. Comparison of hydrodynamic diameters from DLS 

(Di, grey spheres) and average diameters from TEM images 

(D, black spheres) of PILs and their corresponding block 

copolymers latexes at room temperature; DLS measurements 

and preparation of TEM grids at room temperature; lines are 

just for guiding the eye. 

 

The comparison of the average diameters from DLS and TEM 

in Figure 5 clearly supports the reservations regarding the 

applicability of TEM to determine the morphology of this kind 

of amphiphilic block copolymer particles in the dispersed 

state. The DLS data (grey spheres) decrease with increasing Tg 

of the hydrophobic block which is particularly clear for the 

triblock copolymers. The copolymers containing PBA as 

hydrophobic block expectedly show a strong tendency to film 

formation thus, leading to the largest particles on the TEM 

micrographs. For the triblock copolymers with PBMA and PS 

as hydrophobic block the diameter from the TEM micrographs 

are much smaller than Di proving the collapse of the 

hydrophilic blocks in the dried state on the TEM grids. For the 

triblock copolymers the Di-values from DLS at room 

temperature are much higher than that of all other samples. 

This result is a consequence of the hydrophilicity of the 

PNIPAM-block at temperatures below its LCST. 

Thermoresponsiveness 

Both the morphology in the dispersed state and the 

hydrodynamic particle size depends for the particles 

containing PNIPAM in one or the other way more or less 

strongly on the temperature.66 The changes are initiated by the 

behavior of PNIPAM which is either hydrophilic or 

hydrophobic at temperature below or above the LCST, 

respectively. The temperature sensitivity of the polymers 

containing NIPAM-blocks was studied by means of DLS and 

the ultrasound resonator technology (URT). Both are 

complementary methods allowing to study specific features of 

the polymer solution state in dependence on temperature. URT 

technology evaluates the temperature dependence of the 

difference in the speed of sound (∆U) between the polymer 

dispersion and water. U depends in fluids on the 

compressibility and density of the medium. At the lower 

critical solution temperature of PNIPAM the polymer 

precipitates and water is released. The overall compressibility 

of the sample solution increases and hence, the speed of sound 

decreases compared with pure water. In essence, URT tracks 

quantitatively changes in layer of water molecules surrounding 

solutes.67, 68 Contrary, DLS measures the change in the size of 

the dissolved / dispersed matter. Evaluating the DLS data of 

charged molecules or particles at different temperatures one 

must additionally consider the change of the electrostatic 

interactions.  The higher is the temperature the shorter the 

Bjerrum and the larger the Debye length. Indeed, comparison 

experiments with electrostatically stabilized, surfactant-free 

polystyrene latexes show a slight increase of Di with 

increasing temperature which should be considered in the 

following discussion (data not shown). The data of Figure S2 

prove an analogous behavior for the cationically charged PIL 

dispersions. Interestingly and regardless whether the particles 

are crosslinked or not, the temperature dependence (dDi/dT) is 

for both dispersions very similar. One can now expect that also 

the temperature sensitivity of P1-N and P2-N is qualitatively 

identical. The data summarized in Figure 6a and 7a prove that 

 

Sample: P1 P1-S P1-BA P1-BMA P2 P2-S P2-BA P2-BMA 

Di (nm) 43.1 89.9 105.2 96.5 27.8 124.1 178.8 80.5 

± SD (nm) 19.1 41.3 51.8 42.4 9.8 65.8 74.8 41.6 

D (nm)  47.9  75.2  103.9 213.8 127.0 

± SD (nm)  6.8  9.0  19.4 40.9 28.0 

Sample: P1-N P1-N-S P1-N-BA P1-N-BMA P2-N P2-N-S P2-N-BA P2-N-BMA 

Di (nm) 116.4 281.9 486.3 359.9 155.3 287.8 381.1 324.0 

± SD (nm) 0.3 9.0 36.0 27.7 0.8 16.3 33.3 20.5 

D (nm)  152.3 428.9 134.2  133.6 403.6 133.3 

± SD (nm)  15.8 87.1 19.9  10.7 63.0 12.1 
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this is in fact observed experimentally with both DLS and 

URT measurements. 

 

 

Figure 6. Correlation between Di and temperature for a) P1-N, 

P2-N and b) for triblock copolymers with styrene; graph a) the 

grey and white symbols are P1-N and P2-N, respectively; 

graph b) the grey and white symbols are P1-N-S and P2-N-S, 

respectively. 

Figure 7. Correlation between the change in the temperature 

gradient of hydrodynamic diameter (from DLS, dDi/dT, the 

two lower curves) and of the speed of sound (from URT 

heating, d∆U/dT, the two upper curves) with temperature for 

P1-N, P2-N diblock copolymer particles (graph a)) and P1-N-

S, P2-N-S triblock copolymer particles (graph b)). 

 

The data in Figure 6a show that the particle size increases for 

both samples sharply between 32 and 35 °C. The position of 

the extreme value in the temperature curve of the first 

derivative dDi/dT (cf. two lower curves of Figure 7a and 7b) 

gives the LCST of the particular sample. Another possibility to 

determine the LCST is the position of the extreme value of the 

first derivative of the speed of sound (d∆U/dT) in dependence 

on temperature (upper two curves in Figure 7a and b). For the 

sample P1-N and P2-N the maximum of dDi/dT and the 

minimum of d∆U/dT are positioned at the same temperature.  

This clearly proves that the sharp increase in temperature the 

particle size in these samples is caused by the change in the 

solution behavior of the PNIPAM block. The increase of the 

hydrodynamic diameter above the LCST, which is much 

steeper than the temperature-caused changes of the 

electrostatic interactions of the pure PIL (cf. Fig. S2) points 

towards aggregation processes of the particles. The 

aggregation is however limited and, at least at such low 

concentrations as used for the measurements, complete 

aggregation with macroscopic coagulum formation is 

prevented by a certain stabilization capability of the PIL 

chains. In contrast, PNIPAM homopolymer leads to 

macroscopic coagulum formation (drastic increase in the 

hydrodynamic size) and block copolymers with styrene 

sulfonate or diallyldimethylammonium chloride change from 

transparent solutions to stabile dispersions with PNIPAM core 

and stabilizing polyelectrolyte shell (decrease in the 

hydrodynamic size).61 Obviously at temperatures below the 

LCST, the PIL-PNIPAM particles are mainly stabilized by the 

PNIPAM chains and hence, they collapse after the PNIPAM 

chains turn hydrophobic. Generally, this interpretation is in 

accordance also with the zeta-potential data (cf. Fig. 2). 

Interestingly, for all triblock copolymers the DLS and URT 

data show a distinctly different behavior for the crosslinked 

(P1) and non-crosslinked (P2) PIL as exemplarily depicted in 

Figure 6b and 7b for styrene as hydrophobic block. The 

hydrodynamic diameter of the triblock particles with P1 

decrease with increasing temperature and the dDi/dT curves 

show a clear minimum at the LCST. However, for the triblock 

copolymer particles with P2 (non-crosslinked) Di initially 

decreases with increasing temperature but in the range of the 

LCST Di changes the direction and increases to values larger 

than those at room temperature (cf. Fig. 6b). Such behavior is 

in accordance with limited aggregation as already discussed 

for the behavior of the PIL-PNIPAM diblock particles based 

on the DLS data. The limited coagulation finds in the URT 

data only indirect expression as the LCST (extreme value in 

the d∆U/dT curve) is unchanged but the width of the peak 

increases. The width of the base of the d∆U/dT curve measures 

the temperature range in which changes in the speed of sound 

or in the amount of released water take place. Thus, increasing 

width as observed for the P2-triblock copolymers is expected 

for LCST-induced aggregation. A closer look at the base width 

of the peak in the d∆U/dT – T plots for all samples containing 

PNIPAM blocks reveals interesting results (Figure 8). In our 

understanding, this is a significant experimental observation 

because the width of the base is an expression of the sharpness 

of the LCST transition which is an important characteristic of 

thermoresponsive devices. 
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Figure 8. Width of the base of the d∆U/dT peakes (BW) for 

the various PNIPAM-containing block copolymer particles; 

grey and white symbols are samples prepared with crosslinked 

(P1) and non-crosslinked (P2) PIL, respectively, triangles up 

and down indicate heating and cooling cycle, respectively; the 

line is the linear regression of the corresponding data points 

(all data except for P1-N-S and cooling for P2-N-S). 

 

Quite surprisingly, the base width of the peak in the d∆U/dT – 

T – curves strongly depends on the properties of the 

hydrophobic block and not so much from the property of the 

PIL block (crosslinked or non-crosslinked). With increasing Tg 

of the hydrophobic block the base width increases except for 

heating and cooling of P1-N-S and cooling of P2-N-S. The 

behavior might be explained considering the temperature 

where the changes are observed (LCST) in relation to Tg of the 

hydrophobic block. For PBMA and PBA as hydrophobic block 

the LCST is much higher than Tg and hence, they are quite 

mobile and do not strongly influence the inflow and outflow of 

water molecules as well as the unfolding and folding of the 

PNIPAM block during cooling and heating, respectively. For 

PS as hydrophobic block the situation is, however, different. 

The PS particles with crosslinked PIL (P1-N-S) are the hardest 

of the samples under consideration.  In these particles, only the 

PNIPAM chains are mobile in the vicinity of the LCST. For 

the non-crosslinked PS particles (P2-N-S) the mobility of the 

PNIPAM is less influenced and hence, during heating the 

particles follow the trend as expressed by the regression line. 

To understand the behavior during cooling it is necessary to 

remember that the P2 - particles form aggregates at 

temperatures above the LCST. Dissolution or unfolding of the 

collapsed PNIPAM chains requires disaggregation which is, 

compared with P2-N-BA and P2-N-BMA particles, 

significantly hindered by the hard PS segments.         

The data collected in Figure 7 show that the LCST value 

determined by the URT heating curve and DLS measurement 

coincide quite nicely. In contrast to DLS, URT measurements 

allow the separate evaluation of the heating and cooling 

behavior and thus, the determination of two critical solution 

temperatures and a possible hysteresis. Typically, the critical 

temperature determined during heating (for precipitation) is 

greater than that during cooling (for dissolution).  This 

difference, ∆Tp-d, depends on the rate of the temperature 

change (dT/dt) and has a finite value even at dT/dt = 0.68 This 

underlines the conclusion that transient and equilibrium 

(isothermal) studies such as URT and DLS measurements, 

respectively, must not lead per se to identical results.69 For the 

samples in this study, the hysteresis, ∆Tp-d, seems not 

significantly to depend on the composition. ∆Tp-d for all 

samples is with 0.785 ± 0.23 ° in a similar range as observed 

for block copolymers of very different composition and is 

mainly determined by the rate of the temperature change (300 

mK/min).57, 68 

4. Summary 
The main experimental findings of our investigations are: 

1. Within the class of reactive surfactants PIL 

dispersions represent the first example proving that 

even polymer dispersions can act as kind of reactive 

stabilizer for initiating aqueous heterophase 

polymerizations. 

2. Crosslinked and non-crosslinked PIL dispersions, P1 

and P2, respectively, behave similarly in the 

polymerization reaction. 

3. The amphiphilic nature of the PIL chains enables 

them to adjust their behavior in dependence on the 

properties of the other block(s) to be either 

hydrophilic or hydrophobic. 

4. In diblock copolymer dispersions of PIL with a 

hydrophobic second block, the PIL is hydrophilic and 

stabilizes the particles. 

5. In triblock copolymer dispersions with a PNIPAM 

middle block, the PIL block is hydrophobic and the 

particles are stabilized by PNIPAM. 

6. The PNIPAM containing block copolymer 

dispersions show an LCST in the range typically 

observed for PNIPAM homopolymers. 

7. The sharpness of the LCST transition depends 

strongly on the composition of the block copolymer 

dispersions and is the highest for the triblock 

copolymer dispersions with polystyrene. 

8. Both the diblock copolymer PIL-PNIPAM and the 

triblock copolymers made with the non-crosslinked 

PIL dispersion undergo at temperatures higher than 

the LCST of PNIPAM limited aggregation. 

9. The morphology of the dried particles is governed 

mainly by the glass transition temperature of the 

hydrophobic block. 

 

5. Conclusions  
The experimental results show the quite easy applicability of 

suspensions of poly (3-n-tetradecyl-1-vinylimidazolium 

bromide), either crosslinked or not, in double function during 
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the synthesis of polymer dispersions. On the one hand, when 

equipped with 2-hydroxyethylpropionamide endgroups the   

PIL chains act as reductant for ceric ions in an aqueous redox 

system thus leading to formation of free initiating radicals at 

the methylol group carbon. On the other hand, the PIL 

molecules act as electrostatic stabilizer during heterophase 

polymerization of hydrophobic monomers. Within the class of 

reactive surfactants this kind of PIL dispersions represents the 

first example showing that polymer dispersions can act as kind 

of reactive stabilizer for heterophase polymerization. 

There is no sign in the experimental results that the PIL 

particles act as simple seed particles. The stabilizing action of 

the PIL dispersion is rather unique and is characterized by 

quite a high mobility of the PIL chains. Zeta potential 

measurements clearly show that the PIL dispersion is 

amphiphilic in nature. This means, the PIL block is able to 

adjust its behavior depending on the properties of the other 

block(s) within the molecules following what we call the 

principle of relative hydrophilicity (PRH). Accordingly, the 

poly(ionicliquid) block is hydrophilic if connected to a less 

hydrophilic (more hydrophobic) block such as polystyrene but 

hydrophobic if attached to a less hydrophobic (more 

hydrophilic) block such as PNIPAM (at temperature below the 

LCST).  

The behavior of the crosslinked and non-crosslinked PIL 

dispersions during the polymerization and with respect to the 

PRH is remarkably similar. This result indicates that the 

efficiency of the crosslinker is pretty much limited which is 

reasonable considering the layered structure of the PIL 

particles and the mismatch of the ILM and crosslinker size.  

The introduction of a PNIPAM block gives to the 

corresponding di- and triblock particles reversible 

thermoresponsive properties. Interestingly, studying the 

temperature-dependent properties revealed an influence of the 

crosslinking of the PIL particles. The triblock particles made 

with non-crosslinked PIL lose their colloidal stability in the 

vicinity of the LCST and undergo limited aggregation which 

causes a net-increase in the hydrodynamic particle size during 

the temperature increase. In contrast, the triblock copolymer 

particles originating from the crosslinked PIL shrink and swell 

during temperature increase and decrease relative to the LCST, 

respectively. Both kinds of diblock copolymer particles, with 

crosslinked and non-crosslinked PIL, show in accordance with 

the PRH, limited aggregation when the LCST is reached. The 

width of the LCST transition depends strongly on the 

composition of the block copolymer dispersions. It is the same 

for the diblocks with crosslinked and non-crosslinked PIL 

dispersion but strongly dependent on the nature of the 

hydrophobic block. The sharpness of the transition is the 

highest for the triblock copolymer dispersions with 

polystyrene as hydrophobic block.   
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