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Abstract 

A series of poly(dimethylacrylamide) (PDMA) bottlebrushes with various side chain length 

tailoring on the backbone were synthesized by the “grafting-from” approach using reversible 

addition-fragmentation chain transfer polymerization (RAFT). ATRP was employed to 

synthesize poly(2-hydroxyethyl methacrylate) (PHEMA) with high molecular weight (degree of 

polymerization, DP = 500) , followed by reacting with EMP to yield PHEMA500-EMP as a 

macro-CTA (backbone). N,N-dimethylacrylamide (DMA) was grafted from macro-CTA to yield 

a series of bottlebrushes (PHEMA500-EMP-g-PDMA) with various side chain lengths. 

Bottlebrushes were characterized by gel permeation chromatography (GPC) and 1H NMR. The 

molecular weight distribution was low (Mw/Mn = 1.2-1.3). Transmittance spectra of the aqueous 

solutions of linear homopolymer and bottlebrush polymer of PDMA at 650 nm were measured 

by Uv-vis for comparing the effect of change in architecture on LCST behavior of PDMA with 

the same degree of polymerization. The results demonstrate that PDMA is dramatically affected 

by changes in architecture and PDMA bottlebrushes exhibited LCST below 100 oC. 

           

    

 

Keywords: 

Poly(dimethyacrylamide) (PDMA); polymer-polymer interaction; polymer architecture; 

reversible addition-fragmentation chain transfer (RAFT); bottlebrush; LCST.  
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1. Introduction 

The architecture of polymers greatly affects the properties of the polymer. The architecture of 

interest is bottlebrush polymers are with long, densely grafted linear side chains on a linear 

backbone, mostly known as bottlebrush polymers, have unique properties that attracted great 

attention in various fields.1-6 Bottlebrushes are chemically attached to the flexible backbone with 

the linear side chains separated by a distance much smaller than their unperturbed dimensions, 

bottlebrushes show extraordinary rheological properties, connected to a shift of entanglement 

molecular weight to higher values, which are the main focus of research so far.7-10 

Moreover, the properties of polymer brushes are controlled by changes in the length of the side 

chains in the grafting density.1,12 Brush polymers have been synthesized by three methods: 

grafting-onto,39 grafting-through,40-42 and grafting-from.43-45 The grafting-from method has been 

broadly studied due to its ability to synthesize brushes with high grafting density from a 

backbone. 

In the last two decades, thermoresponsive polymers showing phase transition at low critical 

solution temperature (LCST) occupy a large space in polymer science.13-17 The decrease of 

polymer solubility with increasing temperature is a kind of thermo-responsive polymer and 

known to exhibit a well-known lower critical solution temperature (LCST).18 The process of 

LCST is that the polymer chains precipitated and dehydrated at temperatures above the LCST, 

and completely dissolved and hydrated at temperatures below the LCST.24 One of the best 

known thermo-responsive polymer is poly(N isopropylacrylamide) PNIPAM which displays a 

LCST in the water around 32 °C, has been the most studied thermoresponsive polymer due to its 

LCST being close to body temperature.17,19-23 Generally, the smart response in thermo-

responsive polymers is frequently realized by copolymerizing N,N-dimethylacrylamide (DMA) 

with stimuli-responsive macromolecules.25-28 The lower critical solution temperature (LCST) of 

PDMA, whose phase-transition temperature in pure water is far higher than the usual critical 

temperature range (5–100 oC) for smart polymers. According to previous studies, LCST for 

PDMA was previously estimated to be above 200 oC.25-28  Interestingly, LCST of PDMA is the 

highest phase-transition temperature among all poly(N,N-dialkylacrylamide)s. 

In the literature, it has been reported that the LCST of the polymers can be controlled by a 

variety of methods. One of the most interesting method is the preparation of thermo-responsive 

polymers by copolymerization with hydrophilic and hydrophobic comonomers.30-33 Furthermore, 

the addition of salts34 and/or surfactants,35 pH,36 and organic solvent37,38 to the polymer solution 
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was also found to be an effective method to control LCST behavior (Scheme 1). 

More specifically, interactions that lead to attraction between polymer-water and polymer-

polymer are the dominant factors for the determination of LCST behavior. Structural factors that 

enhance the polymer-water interactions result in increase in LCST. However on the contrary, 

increment in the polymer-polymer interactions decreases the value of LCST. Further, LCST 

transition mainly is driven by the effect of entropy which is determined by the change of 

configuration numbers of water molecules, while the latter originate mainly from the enthalpic 

interaction between polymers, such as ionic and hydrogen bonding, which changes more 

gradually. Based on these hypotheses, we report the LCST of PDMA can be controlled by the 

effect of the change in the polymer architecture on the LCST value of the PDMA which is unlike 

the method in the literature. For this purpose, we synthesized PDMA bottlebrushes that were 

different side chain lengths, high molecular weight, and relatively low polydispersities using 

grafting-from approach by RAFT. 
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2. Experimental 

2.1 Materials 

2-Hydroxyethyl methacrylate (HEMA, TCI), and N,N-dimethylacrylamide (DMA, TCI, 

99.0%) were purified by passing through a column filled with basic alumina before the 

polymerization to remove inhibitors. 2,2'-Azobis(isobutyronitrile) (AIBN, Sigma-Aldrich, 

98%) was recrystallized from ethanol. N,N-dimethylformamide (DMF, 99.8%), ethyl 2-

bromoisobutyrate (98%) (EBiB), methanol anhydrous, potassium phosphate, 2,2′-Bipyridine 

(bpy) were purchased from Aldrich. Anisole, N,N`-dicyclohexylcarbodiimide (DCC), 4-

dimethylaminopyridine (DMAP) (99%) from TCI. Ethanethiol (99%), and carbon disulfide 

(99.9%) were purchased from Acros. Copper (I) Bromide (CuBr, Sigma-Aldrich) was purified 

by washing with glacial acetic acid, followed by washing with ethanol and acetone, and then 

dried under vacuum. 1,3,5-Trioxane (99%) were purchased from Aldrich and used as received. 

All other chemicals were of analytical grade and used without further purification unless 

otherwise stated. 

2.2 Characterization 

The apparent molecular weight and molecular weight distributions were measured by gel 

permeation chromatography (GPC, Agilent Technologies 1200 series) using a poly(methyl 

methacrylate) (PMMA) standard with DMF with 0.01 M LiCl was applied as the eluent at 

30 °C at a flow rate of 1.00 mL/min. 1H NMR spectra of the monomer and polymer were 

collected in DMSO-d6 and CDCl3 on a Bruker Avance 300 MHz NMR spectrometer. 

Ultraviolet-visible (UV–Vis) spectra were recorded using a Varian Cary-100 UV-Vis 

spectrophotometer equipped with a digital temperature controller. A 650 nm wavelength was 

used to determine LCSTs. The temperature range was from 20 to 90 oC with a heating and 

cooling rate of 1 oC/min. The hydrodynamic diameters were measured by dynamic light 

scattering (DLS) instrument (Nano ZS, Malvern, UK) using Zetasizer software 7.01. Average 

size and count rate were calculated from the three replicate measurements and reported as mean 

diameter ± standard deviation. 
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2.3 Synthesis 

 

2.3.1 Synthesis of 2-(((Ethylthio)carbonothioyl)thio)-2-methylpropanoic Acid (EMP) 

were prepared as previously reported.46 

 

2.3.2 PHEMA500 was prepared by according to the following general procedure. A clean and 

dry 25ml Schlenk flask was charged with HEMA (10 mL, 82.45 mmol), bpy (25.75 mg, 0.164 mmol), 

methanol (7 mL), anisole (3 mL), EBiB (12.1 μL, 0.08245 mmol). The flask was deoXygenated by 

five freeze-pump-thaw cycles. During the final cycle, the flask was filled with argon and CuBr 

(11.8 mg, 0.08245 mmol) was quickly added to the frozen mixture. The flask was filled with argon 

and the polymerization was contucted at room temperature (RT). 6 h later, polymerization was stopped by 

exposing the solution to air. The resulting solution was diluted with me thano l  and  passed through 

neutral alumina to remove the copper complex, and the polymer was precipitated twice in diethyl ether 

and dried under vacuum at room temperature for 24 h.  Mn,GPC = 195500 g/mol,   Mw/Mn = 1.29 

determined by GPC using DMF as eluent and linear PMMA standards. 1H NMR (300 MHz, 

DMSO-d6, δ in ppm) was as follows: 4.82 (1H, s, CH2OH); 3.89 (2H, s, O-CH2-CH2); 3.58 (2H, 

s, O-CH2-CH2); 2.0-1.8 (2H, d, CH2-C(CH3)); 1.1-0.94 (3H, d, CH2-C(CH3)). 

 

2.3.3 PHEMA500–EMP (Macro-CTA) PHEMA500 (0.7734 g, 5.94 mmol per HEMA 

repeating unit), EMP (2g, 8.91 mmol) and 4-dimethylaminopyridine (DMAP, 72.6 mg, 0.59 

mmol) were added sequentially into a 50 ml round-bottomed flask containing 20 ml of DMF. 

The reaction flask was placed into ice-water bath for 30 min and DCC (1.84 g, 8.91 mmol) in 5 

ml of DMF was then added drop-wise. The reaction was stirred for 1 h in the ice bath then the 

reaction mixture was allowed to stir 24 h at room temperature. During this period, the reaction 

mixture slowly turned brown and insoluble DCC urea precipitated out. After filtration to remove 

the solid, the polymer product was diluted with dichloromethane, the polymer was precipitated 

into hexanes three times to remove any excess DCC and DCC urea. Polymer was separated and 

then dried under high vacuum at RT for overnight. Mn,GPC = 72,300 and Mw/Mn = 1.42 

determined by GPC using DMF as eluent and linear PMMA standards. Successful synthesis of 

macro-CTA was confirmed by using 1H NMR (300 MHz, CDCl3, δ in ppm) was as follows: 4.3-

4.14 (4H, d, -O-CH2- CH2-O-), 3.3-3.2 (2H, q, S-CH2-CH3), 1.95-1.50 (6H, m, O-(C=O)-

C(CH3)2), 1.34-1.25 (3H, t, S-CH2-CH3).  
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2.3.4 General Procedure for the Preparation of PDMA Bottlebrushes Reversible 

addition-fragmentation chain transfer polymerization (RAFT) was used to synthesize the 

bottlebrush polymers. DMA (12 ml, 116.45 mmol), macro-CTA (0.196 g, 0.5823 mmol), AIBN 

(9.6 mg, 0.05823 mmol), 1,3,5-trioxane (0.3 g, 3.33 mmol, internal standard), and toluene (20 

mL) were sealed in a 50 mL Schlenk flask equipped with a magnetic stir bar. The reaction 

mixture was purged with argon for 30 min, and the reaction flask was placed in a preheated oil 

bath at 40 oC. Samples were taken periodically by syringe to determine the molecular weight 

and PDI by GPC and monomer conversion by 1H NMR spectroscopy. The polymerization was 

stopped by cooling the flask at room temperature and exposing the solution to air. The 

solution was concentrated and the polymer was precipitated into cold diethyl ether. The polymer 

was redisolved in dichloromethane, and reprecipitated into cold diethyl ether three times and 

dried under vacuum at room temperature for 24 h. 

 

2.3.5 General Procedure for the Preparation of Linear PDMA 

DMA (16 ml, 155.3 mmol), EMP (0.174 g, 0.776 mmol), AIBN (3.2 mg, 0.0194 mmol), 1,3,5-

trioxane (0.3 g, 3.33 mmol, internal standard) were added to a 50 mL Schlenk flask with 20ml 

D M F .  The reaction mixture was purged with argon for 30 min, and the reaction flask was 

contucted in a preheated oil bath at 50 oC. The samples were removed periodically by syringe 

to determine the molecular weight and PDI by GPC and monomer conversion by 1H NMR 

spectroscopy. The reaction was stopped by cooling the flask at room temperature and 

opening the flask to air. 
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3. Results and Discussion  

Scheme 1. Schematic illustration of the effect of change in the architecture of PDMA on 

LCST. 
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Scheme 2. Synthesis of PHEMA500 and subsequent Macro-CTA backbones (a), and 

the synthesis of bottle brushes with PDMA side chains grown from a Macro-CTA 

backbone by RAFT polymerization (b). 
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Figure 1. 1H NMR spectrum of PHEMA500 in DMSO-d6 and PHEMA500-EMP macro-

CTA (backbone) in CDCl3. 
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Figure 2. 1H NMR spectrum of PHEMA500-EMP-g-PDMA17 (a), and PHEMA500-EMP-g-

PDMA21 (b) in CDCl3 . 
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Figure 3. 1H NMR spectrum of PHEMA500-EMP-g-PDMA29 (a), and PHEMA500–EMP

-g-PDMA38 (b) in CDCl3. 
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The synthesis of PDMA bottlebrush polymers are schematically illustrated in Scheme 2. 

PHEMA500 was prepared via atom transfer radical polymerization (ATRP) as a precursor of the 

brush backbone. A CuBr/bpy as a catalyst system was used for the ATRP of HEMA using ethyl 

2-bromoisobutyrate (EBiB) as an initiator. ATRP polymerization, the ratio of 

[HEMA]:[EBiB]:[CuBr]:[bpy] was fixed at 1000:1:1:2 and a mixed solvent system of 

anisole/methanol (2/1 by volume ratio) was employed to ensure a homogeneous reaction 

mixture throughout the HEMA polymerization. The molecular weight and molecular weight 

distribution of the resulting PHEMA were determined using a GPC DMF line with polymethyl 

methacrylate (PMMA) standards (Mn = 195 500 g/mol, Mw/Mn = 1.29). The successful synthesis 

of PHEMA500 was confirmed by 1H NMR spectroscopy (Figure 1). 

 

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

           

 

Figure 4. GPC traces of PHEMA500-EMP macro-CTA and a series of PHEMA500-EMP-g-

PDMA bottlebrushes measured by using linear PMMA standards. 

The EMP was selected as an efficient chain transfer agent CTA. In the next step, the -OH 

groups of PHEMA500 were reacted with EMP to yield PHEMA500-EMP as a macro-CTA in the 

presence of dicyclohexylcarbodiimide (DCC) as a coupling agent. The resulting PHEMA500-

EMP was analyzed by GPC using DMF LiCl line (Mn = 78 500 g/mol, Mw/Mn = 1.3) (Figure 4). 

The 1H NMR spectra provided evidence of the successful synthesis of macro-CTA. As shown in 
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Figure 1, the transformation of PHEMA into PHEMA500-EMP by monitoring the disappearance 

of the peak of (c) of a PHEMA hydroxyl group peak at 4.82 ppm after esterification. 

 

Table 1. Properties of synthesized macro-CTA backbone and series of PHEMA500-EMP-g-

PDMA bottlebrushes. 

 

 

 

 

 

 

 

a)  Experimental degree of polymerization (DP) determined by 1H NMR spectroscopy is given 

as a subscript; b) Determined by 1H NMR spectroscopy; c) Theoretical molecular weight 

determined from monomer conversions; d) Experimental molecular weights calculated from 1H 

NMR spectroscopy; e) Apparent number-average molecular weight and PDI determined by GPC 

using a PMMA calibration, DMF with 0.01M LiCl as the eluent; f) Lower critical solution 

temperature (LCST) as determined by turbidimetry using UV-Vis spectroscopy. 

 

Synthesis of PHEMA500-EMP-g-PDMA bottlebrush polymers, PDMA side chains were grown 

from PHEMA500-EMP macro-CTA by RAFT in the presence of AIBN. Polymerization of 

bottlebrush conditions were used for the side chain synthesis: [DMA] : [Macro-CTA] : [AIBN] : 

[trioxane] = 200:1:0.1:5 for the synthesis of series of PHEMA500-EMP-g-PDMA. 1,3,5-trioxane 

was used as an internal standard at 40 oC. The concentration of AIBN was studied by selecting 

Macro-CTA : AIBN ratios of 1:0.1. The reaction temperature was only 40 oC for the system in 

order to decompose AIBN very slowly. 

Samples were taken from the reaction mixture by syringe at regularly spaced intervals during 

polymerization to obtain the PDMA with different side chain lengths as well as to monitor 

conversion and molecular weight evolution. Monomer conversions by 1H NMR spectroscopy in 

DMSO-d6 by comparing the integration area of the vinyl protons of DMA and OCH2 protons of 
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the 1,3,5-trioxane internal standard. 

The resulting PHEMA500-EMP-g-PDMA bottlebrush polymers were analyzed by GPC using 

DMF with LiCl and 1H NMR spectroscopy using CDCl3 as the solvent. 1H NMR spectroscopy 

was used to calculate the final incorporation ratio of the DMA, and Macro-CTA by comparing 

the relative integral area of the signals from (f) of -SCH2 group peak of Macro-CTA at 3.3-3.2 

ppm, (e) of -CHCO group peak and (d, d) dimethyl protons of DMA at 3.2-2.25 ppm (Figure 2 

and Figure 3). The GPC traces of the bottlebrush polymer clearly shifted to the higher molecular 

region with increasing side chain length is observed, which is qualitatively indicative of the 

molecular weight increasing throughout the side chain length, as shown in Figure 4. Also, the 

molecular weight distribution was relatively low, indicating good controlled growth of the side 

chain from macro-CTA. Results from the various side chain length of bottlebrush polymers are 

summarized in Table 1. Moreover, the apparent molecular weights of all bottlebrush polymers 

obtained by GPC were higher than the theoretical molecular weight calculated from the DMA 

conversion due to the difference in hydrodynamic volumes of PDMA and PMMA standards. 

However, the theoretical molecular weights were relatively close to NMR molecular weights. 
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Figure 5. 1H NMR spectrum of linear homopolymers, PDMA30 (a), and PDMA24 (b), and 

PDMA17 (c) in CDCl3. 
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Linear PDMA homopolymers were synthesized via reversible addition-fragmentation chain 

transfer (RAFT) polymerization. The polymerization condition was fixed at [DMA] : [EMP] :   

[AIBN] : [trioxane] = 200:1:0.025:5 for the synthesis of series of linear PDMA homopolymer. 

1,3,5-trioxane was used as an internal standard at 50 °C. The successful synthesis of series of 

linear PDMA homopolymer were confirmed by 1H NMR spectroscopy (Figure 5). Furthermore, 

the resulting series of linear PDMA homopolymers were synthesized as the same degree of 

polymerization (DP) of PDMA bottlebrush polymers. 

As in the literature, the lower critical solution temperature (LCST) of PDMA was determined 

to be above 100 °C which are around 200 °C. This LCST of PDMA is the highest phase-

transition temperature among all poly(N,N-dialkylacrylamides)s. PDMA bottlebrushes studied in 

this work, we focused on the effect of the change in architecture on LCST, which is by using the 

polymer-polymer interaction that is one of the significant properties of the bottlebrush polymer, 

as shown in Scheme 1b. More specifically, these studies showed that the PDMA bottlebrushes 

exhibited LCST below 100 °C with increasing polymer-polymer interaction on side chains and 

the effect of entropy of side chains of bottlebrushes. The transmittance of aqueous solutions of 

PDMA bottlebrushes were measured using a UV spectrometer in order to determine the effect of 

side chain length on LCST behavior. The transmittance of 1 wt % aqueous solution of the 

bottlebrush polymer was monitored at 650 nm at a heating or cooling rate of 1.0 °C min -1. 

LCST study temperature range was from 20 to 90 °C. UV-vis measurements shown in Figure 6, 

the containing shorter side chain length PHEMA500-EMP-g-PDMA17 exhibited an LCST near 

31 °C. The LCST of PHEMA500-EMP-g-PDMA21 , PHEMA500-EMP-g-PDMA29 exhibited at 

52 and 72 °C, respectively. Note that the LCST values can be affected by side chain stretching 

and side chain length of bottlebrushes. 
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Figure 6. UV-vis transmittance spectra for effect of the side chain length on the temperature 

dependence of optical transmittance changes at 650 nm for 1% aqueous solution of 

PHEMA500-EMP-g-PDMA bottlebrush polymer. 
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As expected, decreasing the side chain length of PDMA bottlebrushes decreases LCST 

(Figure 6). According to UV-vis transmittance results, when increasing side chain length by a 

difference of 10, there is showing 20 oC increases in each LCST. Therefore, containing the 

longest side chain length PHEMA500-EMP-g-PDMA38 did not show an apparent thermal 

transition up to 90 °C. Above the DP 30, solution of PDMA brush polymer can not appear LCST 

at below 100 °C due to hydrophilicity is strong in the PDMA side chain. Interestingly, increasing 

side chain length increases the flexibility of side chains, and the distance between the side chains 

decreases. Hence, above 100 °C is required to break the polymer-water interaction between the 

side chains. Therefore, above DP 40 of PDMA bottlebrush is exhibited behavior of soluble due 

to the entropy of side chains are positive (Figure 6). We have also compared the 

thermoresponsive behavior of linear and bottlebrush PDMAs with the same chain length. 

According to the results of the UV-vis, for the series of linear PDMA can not appear LCST 

below 100 °C (Figure 7a). This could be due to the dissolved linear polymers in free form in 

aqueous media, polymer-water interaction increases than polymer-polymer interaction and the 

hydrophilic forces in PDMA are greatest. In addition, the distance between the linear polymers 

being long causes the soluble behavior when the entropy to be positive and enthalpy to be 

negative. Hereby, above 100 °C is required to break the polymer-water H bonding between the 

polymers. 

In contrast to Linear PDMA, the series of bottlebrush PDMA in aqueous media appear LCST 

below 100 °C (Figure 7b). The physically significant difference between brush polymers and 

linear polymers is that the bottle brush architecture consists of a linear backbone with tailored 

linear side chains. Therefore, the dissolved bottlebrush polymers in the aqueous media, 

increasing polymer-polymer interaction due to architecture of bottlebrush, and polymer-water 

interaction of bottlebrushes is less than linear PDMA. When increasing temperature cause the 

hydrophobic forces in brush PDMA are rising and aggregation between side chains begins.  

More specifically, the distance between side chains being short causes the LCST behavior when 

the entropy to be negative and enthalpy to be negative. 

All of the PDMA bottlebrushes were measured by dynamic light scattering (DLS) to 

determine the hydrodynamic and count rate values in heating/cooling. The hydrodynamic and 

count rate values were monitored at 0.1 wt % aqueous solution in the temperature range of 25–

70 °C with a step-size of 1 K for both heating and cooling. After changing the temperature, the 
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sample was equilibrated for 2min and then measured three times. Each reported value was an 

average of 12 runs. The results are reported in Figure 8. It can be clearly seen that the 

hydrodynamic size increased for the brush samples in increasing temperature. The aggregates 

formed upon heating for all bottlebrushes were small but did not immediately deaggregate upon 

cooling (Figure 8). Note that by raising the temperature of a homogeneous solution, phase 

separation will occur accompanied by an endothermic heat effect. Interestingly, as seen in Figure 

8, the reason for the hydrodynamic and count rate values of all PDMA bottlebrush solutions to 

form irregular curves,  after cooling the remixing exotherm is somewhat smaller than the 

demixing, it causes indicates that the remixing of the PDMA brush solutions is slower than the 

demixing of these systems. 
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Figure 7. Effect of the architecture on the temperature dependence of optical transmittance 

changes at 650 nm for homopolymer and bottlebrush polymer DMA aqueous solution. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 8. Temperature-cycled dynamic light scattering (DLS) for bottlebrush polymer 

at 0.1 wt.-% solutions concentrations, PHEMA500-EMP-g-PDMA17: (a,b); PHEMA500- 

EMP-g-PDMA21 : (c,d); and PHEMA500-EMP-g-PDMA29 : (e,f). Left: count rate vs.  

temperature, right: hydrodynamic diameter (DH) vs. temperature, heating curve (red  

squares), cooling curve (blue circles). 
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4. Conclusion 

Well-defined water-soluble PDMA bottlebrushes were synthesized with PDMA side chains 

growing from macro-CTA by the “grafting from” approach using RAFT polymerization 

techniques for the effect of the change in the polymer architecture on the LCST value of the 

PDMA. The synthesized bottlebrushes were of high molecular weight and relatively low 

polydispersities. Herein, unlike the methods in the literature, the effect of the change in polymer 

architecture on PDMA which does not show LCST below 100 °C was proven by comparing it 

using UV-vis with the linear homopolymer PDMA synthesized at the same DP with PDMA 

bottlebrush polymers. PDMA bottlebrushes with different side chain lengths showed an LCST 

below 100. In the bottlebrush polymer, the polymer-polymer interaction is increased due to the 

close distance of the side chains causes the entropy of the polymer brushes to become negative 

at LCST. The LCST values of series of bottlebrush decreased when decreasing PDMA side 

chain length on bottlebrush.  
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