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Abstract:

 2-Dimethylamino)ethyl methacrylate/styrene statistical copolymers (poly(DMAEMA-stat-styrene)) with feed compositions fDMAEMA = 80–95 mol%, (number average molecular weights Mn = 9.5–11.2 kg mol−1) were synthesized using succinimidyl ester-functionalized BlocBuilder alkoxyamine initiator at 80 °C in bulk. Polymerization rate increased three-fold on increasing fDMAEMA = 80 to 95 mol%. Linear Mn increases with conversion were observed up to about 50% conversion and obtained copolymers possessed monomodal, relatively narrow molecular weight distributions (polydispersity = 1.32–1.59). Copolymers with fDMAEMA = 80 and 90 mol% were also cleanly chain-extended with DMAEMA/styrene mixtures of 95 and 90 mol% DMAEMA, respectively, confirming the livingness of the copolymers. Copolymer phase behavior in aqueous solutions was examined by dynamic light scattering and UV-Vis spectroscopy. All copolymers exhibited lower critical solution temperature (LCST)-type behavior. LCST decreased with increasing styrene content in the copolymer and with increasing solution concentration. All copolymers were completely water-soluble and temperature insensitive at pH 4 but were more hydrophobic at pH 10, particularly copolymers with fDMAEMA = 80 and 85 mol%, which were water-insoluble. At pH 10, LCST of copolymers with fDMAEMA = 90 and 95 mol% were more than 10 °C lower compared to their solutions in neutral, de-ionized water. Block copolymers with two statistical blocks with different DMAEMA compositions exhibited a single LCST, suggesting the block segments were not distinct enough to exhibit separate LCSTs in water.
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1. Introduction

Stimuli-responsive polymers have sharp and reversible responses to small changes in environmental conditions such as temperature, pH, light, ionic strength, electric and magnetic fields, and they have emerged as a class of materials known as “smart” materials [1,2]. Water-soluble polymers that can respond to one or more stimuli include poly(N-isopropylacrylamide) (PNIPAM), poly(hydroxypropyl acrylate) (PHPA), poly(oligo(ethylene glycol)methyl ether methacrylate) (POEGMEA) and poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). These are being extensively studied for numerous potential applications, particularly in the biomedical field, such as drug/gene delivery systems, bioseparations, biosensors, and tissue engineering [2-7].

PDMAEMA is a water-soluble polymer sensitive to both temperature and pH changes. It exhibits a lower critical solution temperature (LCST)-type phase separation upon heating at neutral or basic conditions and is completely water-soluble in acidic media [8-10]. To fine-tune the transition conditions and polymer properties, DMAEMA has been incorporated into block copolymers with various counter blocks such as the pH-sensitive poly(2-vinyl pyrindine) to obtain pH-dependent micelles [8], a temperature-responsive block such as POEGMA [9] and PNIPAM [11] to alter the LCST, and a hydrophobic block such as poly(2-(N-carbazolyl)ethyl methacrylate) to make amphiphilic diblock copolymers with hole-transport properties [12].

In order to synthesize well-defined polymers and block copolymers that are crucial to obtain the desired performance, precise controls of molecular weight, block sequence length and molecular weight distribution are required. To achieve these goals with relatively robust experimental conditions, controlled radical polymerization (CRP) techniques like atom transfer radical polymerization (ATRP), reversible addition-fragmentation transfer (RAFT) and nitroxide mediated polymerization (NMP) have emerged [13]. For DMAEMA specifically, ATRP [14-16] and RAFT [9,17,18] have been successfully applied to obtain well-defined (co)polymers. NMP, being a solely thermal process, does not involve metal catalysts that ATRP requires or bimolecular exchange with sulfur-based agents as in RAFT, which is potentially advantageous for synthesis of non-cytotoxic polymers for biomedical applications [19-21] or electronic applications where metal contamination is undesirable [21]. However, controlled polymerization of methacrylates like DMAEMA is still challenging for NMP because methacrylates have very high equilibrium constant K resulting from slow recombination of nitroxides and sterically-hindered poly(methacrylate) radicals, leading to high concentration of propagating radicals that can promote self-termination, resulting in “dead” polymers at low conversions [21,22].

First-generation nitroxide mediators such as TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxy) limited NMP to mostly styrenic-based monomers [23-25]. Important monomers like acrylates and methacrylates could not be controlled with TEMPO. More recently developed alkoxyamine initiators have opened up possibilities towards accessing (meth)acrylic-based polymers. Aside from the alkoxyamines synthesized specifically for methacrylates [26,27], a commercially available SG1-based unimolecular alkoxyamine called BlocBuilder (N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl) hydroxylamine; molecular structure of SG1 and BlocBuilder shown in Scheme 1(a)) has achieved controlled polymerization of a range of methacrylates, including methyl [28,29], ethyl [30], butyl [31], benzyl [32] and poly(ethylene glycol) methyl ether methacrylates [20], with a small amount (4–10 mol%) of styrene in the feed and in the presence of about 10% excess of free SG1 relative to the BlocBuilder initiator. The success of such a copolymerization approach was attributed to the low cross-propagation rate constant (kp/reactivity ratio) and much lower equilibrium constant K of styrene compared to methacrylates [22,32,33], which dramatically lowers the product of the average propagation rate constant, <kp>, and average equilibrium constant, <K>, <kp><K>, which is often used to assess control of such NMP polymerization processes.

Scheme 1. (a) Dissociation scheme of BlocBuilder. (b) Synthesis of succinimidyl ester terminated BlocBuilder (NHS-BlocBuilder).
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Besides controlling polymer microstructure, the alkoxyamine initiator fragment can permit functionalization and derivatization, such as using an initiator bearing an activated ester moiety. N-hydroxysuccinimidyl (NHS) esters readily react with nucleophiles in single-step reactions [34] and precursors functionalized by NHS have been reported for ATRP [35] and RAFT [36] to yield α-functional polymers. Vinas et al. synthesized the first NHS-functionalized initiator for NMP using BlocBuilder [37]. The NHS-BlocBuilder (Scheme 1(b)) has been used to effectively control the homopolymerization of styrene and n-butyl acrylate, as well as statistical copolymerization of glycidyl methacrylate and styrene without aid of additional free SG1 nitroxide [37,38].

In this study, the NHS-BlocBuilder was used as an initiator to statistically copolymerize DMAEMA with a small amount of styrene as the controlling co-monomer (80–95 mol% DMAEMA in the feed) at 80 °C in bulk (Scheme 2). The combination of NHS-BlocBuilder with DMAEMA-rich feeds was envisioned to enable the development of a water-soluble PDMAEMA with LCST behavior that could also later be conjugated to biological compounds or other amine-containing materials. Further, NMP with NHS-BlocBuilder will be tested to see if no additional free SG1 nitroxide was required, as has recently been shown for other methacrylate-rich feeds [38]. The following study details results concerning the NMP synthesis of DMAEMA-rich copolymerizations (kinetics, level of control and livingness of the copolymers) followed by the responses of the copolymers to temperature and pH changes in aqueous media.

Scheme 2. Synthesis of statistical copolymers of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and styrene using N-hydroxysuccinimidyl-functionalized BlocBuilder (NHS-BlocBuilder) as the initiator.
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2. Experimental Section


2.1. Materials

Styrene (99%), 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%), N,N′-dicyclohexylcarbodiimide (DCC, 99.9%), N-hydroxysuccinimide (NHS, 98%), basic alumina (Brockmann, Type I, 150 mesh), and calcium hydride (90-95% reagent grade) were purchased from Aldrich. Tetrahydrofuran (THF, 99.9%), pentane and hexane were obtained from Fisher; deuterated chloroform (CDCl3) was obtained from Cambridge Isotope Laboratories Inc. N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl) hydroxylamine, also known as BlocBuilder (99%), was obtained from Arkema and was used as received. Styrene and DMAEMA monomers were purified by passing through a column of basic alumina mixed with 5 wt% calcium hydride; they were stored in a sealed flask under a head of nitrogen in a refrigerator until needed. All other compounds were used as received.



2.2. Synthesis of N-Hydroxysuccinimide Functionalized BlocBuilder (NHS-BlocBuilder)

The following procedures for the synthesis of NHS-BlocBuilder was first described by Vinas et al. and adapted for use here as follows (Scheme 1(b)) [37]. BlocBuilder (15.0 g, 38 mmol) and N-hydroxysuccinimide (NHS, 5.43 g, 47 mmol) were dissolved in dry THF (60 ml) and placed in an ice-water bath. In a separate flask, N,N′-dicyclohexylcarbodiimide (DCC) was dissolved in 15 mL of dry THF. Both solutions were degassed by bubbling ultra-pure N2 gas for 30 min. The degassed DCC solution was then added to the NHS/BlocBuilder solution. After stirring the mixed solution at 0 °C for 90 min, the precipitated N,N′-dicyclohexylurea (DCU) was removed by filtration. The filtrate was concentrated under reduced pressure to about one third of its volume. The residual DCU was precipitated at −20 °C overnight and removed by filtration. Precipitation of NHS-BlocBuilder was done in pentane and the obtained white solid was washed with de-ionized water to remove residual NHS. After drying under vacuum at room temperature, NHS-BlocBuilder was obtained as a white powder (10.6 g, 22 mmol, 56% yield). The structure of the NHS-BlocBuilder was confirmed by 1H NMR (400 MHz, CDCl3, δ, ppm): 1.1–1.4 (24H), 1.6–1.9 (6H), 2.7–2.9 (4H), 3.2–3.4 (1H), 3.9–4.4 (4H).



2.3. Synthesis of Statistical Copolymers of 2-(Dimethylamino)ethyl Methacrylate and Styrene (Poly(DMAEMA-stat-styrene)) by NMP

Statistical copolymerizations of DMAEMA and styrene were performed in a 50 mL three-neck round-bottom glass flask equipped with a reflux condenser and a thermal well. Target molecular weight (number average molecular weight Mn at 100% conversion) of 30 kg mol−1 was used for all copolymerizations. A typical procedure is given as an illustration. The initiator, N-hydroxysuccinimidyl-functionalized BlocBuilder (NHS-BlocBuilder, 0.097 g, 0.20 mmol), was dissolved in the monomer mixture (6.0 g) with initial molar compositions with respect to DMAEMA (fDMAEMA) varied from 85 to 95 mol% (Table 1). Dissolved oxygen in the mixture was removed by purging with an ultra-pure nitrogen flow for 30 min prior to heating. The mixture was then heated by a heating mantle to 80 °C at a rate of about 8 °C min−1 while maintaining a nitrogen purge. The time when the mixture reached 80 °C was taken as the start of the reaction (t = 0). Samples were taken periodically to determine conversion and molecular weight. Polymerization was stopped when the reaction mixture became too viscous to withdraw samples. The copolymers were precipitated in hexane, decanted and dried in vacuum at room temperature overnight; the copolymers were then re-dissolved in THF, re-precipitated in hexane, decanted and dried under vacuum to obtain the final purified copolymers.


Table 1. Experimental conditions of the bulk copolymerizations of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and styrene (S) at 80 °C using N-hydroxysuccinimidyl-functionalized BlocBuilder (NHS-BlocBuilder) as initiator.



	
Experiment ID

	
[NHS-BlocBuilder]

	
[DMAEMA]

	
[Styrene]

	
fDMAEMAa

	
Mn,targetb




	






	
mol L−1

	
mol L−1

	
mol L−1

	
mol%

	
kg mol−1






	
DMAEMA/S-95/5

	
0.031

	
5.729

	
0.313

	
95%

	
30.2




	
DMAEMA/S-90/10

	
0.031

	
5.529

	
0.608

	
90%

	
30.2




	
DMAEMA/S-85/15

	
0.032

	
5.340

	
0.885

	
86%

	
29.7




	
DMAEMA/S-80/20

	
0.031

	
5.068

	
1.287

	
80%

	
30.2






aInitial feed composition with respect to DMAEMA.bMolecular weight at 100% conversion.




Two chain extension experiments were performed using the copolymers synthesized. The copolymers DMAEMA/S-90/10 and DMAEMA/S-80/20 were used as the macroinitiators (0.35 g, 0.03 mmol). The chain-extensions were performed using the same methods as described for the statistical copolymerizations. The macroinitiator was chain-extended with a mixture of DMAEMA and styrene (a total of 3.0 g) after purging with nitrogen for 30 min followed by heating up to 80 °C. The work-up was identical to that used for statistical copolymerizations. The detailed experimental conditions are listed in Table 2.


Table 2. Experimental conditions of the chain extension experiments at 80 °C in bulk.



	
Macroinitiator

	
[Macroinitiator]

	
[DMAEMA]

	
[Styrene]

	
fDMAEMAa

	
Mn,targetb




	






	
mol L−1

	
mol L−1

	
mol L−1

	
mol%

	
kg mo−1






	
DMAEMA/S-80/20

	
0.010

	
5.718

	
0.328

	
95%

	
107.2




	
DMAEMA/S-90/10

	
0.010

	
5.573

	
0.542

	
90%

	
106.1






aMolar composition with respect to DMAEMA in the monomer mixture.bMn of block copolymer at 100% conversion.






2.4. Polymer Characterization Using Gel Permeation Chromatography (GPC) and Nuclear MagneticResonance (NMR)

Monomer conversion and copolymer composition were determined by 1H NMR with a 400 MHz Varian Gemini 2000 spectrometer using CDCl3 as solvent. Conversion of DMAEMA was calculated using the two protons adjacent to the ester oxygen of the monomer (δ = 3.7–3.8 ppm) and those corresponding to the polymer (δ = 3.9–4.1 ppm). Styrene conversion was determined using the three vinyl protons (δ = 6.6–6.7, 5.6–5.7, and 5.1–5.2 ppm) of the monomers and the five aromatic protons of both monomers and polymers (δ = 6.9–7.2 ppm). Average conversion was then calculated using the composition of the copolymers with respect to DMAEMA (FDMAEMA, mol%) determined by the same NMR spectra (Conv.ave = FDMAEMA × Conv.DMAEMA + (1 − FDMAEMA) × Conv.styrene). Molecular weight and polydispersity index (PDI) were characterized by GPC (Waters Breeze) using THF as the mobile phase. The GPC was equipped with three Waters Styragel HR columns (molecular weight measurement ranges: HR1: 102 − 5 × 103 g mol−1, HR2: 5 × 102 − 2 × 104 g mol-1, HR3: 5 × 103 − 6 × 105 g mol−1) and a guard column. The columns were operated at 40 °C and a mobile phase flow rate of 0.3 mL min−1 during analysis. The GPC was also equipped with both ultraviolet (UV 2487) and differential refractive index (RI 2410) detectors. The molecular weight measurements were calibrated relative to poly(styrene) narrow molecular weight standards in THF at 40 °C. The percentage of copolymer chains capped by SG1 was determined using 31P NMR with a 200 MHz Varian Gemini 2000 spectrometer using CDCl3 as solvent and diethyl phosphite (DEP) as internal standard. In each sample, known amounts of copolymer and DEP were dissolved in CDCl3. The ratio of SG1-capped chains to DEP was calculated using the 31P resonance at δ = 24–27 ppm for SG1 and δ = 8–9 ppm for DEP. This ratio was then compared to the molar ratio of copolymer to DEP in the sample to calculate the percentage of SG1-capped chains.



2.5. Transition Temperature Characterization Using UV-Visible Spectrometry and Dynamic Light Scattering (DLS)

The statistical copolymers and block copolymers were dissolved in de-ionized water and buffer solutions of pH 4 and 10 with 0.1, 0.3 and 0.5 wt% concentrations. Light transmittance of the solutions at various temperatures was measured using a Cary 5000 UV-Vis-NIR Spectrophotometer at 600 nm. The solutions were equilibrated for 10 min at the starting temperature and then heated at a rate of 0.5 °C min−1. The transmittance was recorded every 0.5 °C.

The DLS measurements for these solutions were performed using a Malvern ZetaSizer (Nano-ZS). The instrument was equipped with a He-Ne laser operating at 633 nm and an avalanche photodiode detector. In a typical DLS measurement, the solution was filtered using a 0.2 μm pore size filter into a plastic cuvette. The cuvette was then placed in the temperature-controlled measurement cell and equilibrated at the starting temperature for at least 30 min. Measurements were then performed automatically for every degree Celsius after an equilibration time of 2 min. The first-order intensity correlation function, g1(t), was measured at a scattering angle of 173° using Non-Invasive Back-Scatter (NIBS) and analyzed by the method of cumulants [39] to estimate the average decay rate, Γ, and the width of the decay, μ2/Γ2.
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(1)




The average decay rate Γ is given by:
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(2)




where D is the translational diffusion coefficient, and q is the magnitude of the scattering vector defined as:
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(3)




where n is the refractive index of the solvent, λ, is the wavelength of the light in vacuum and θ is the scattering angle.
In the limit of low concentrations, D can be approximated as the diffusion coefficient for spherical particles, D0, which is related to the hydrodynamic radii of the particles, Rh, by the Stokes-Einstein equation:
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(4)




where kB is the Boltzman constant, T is temperature in Kelvin and η is the viscosity of the solvent.



3. Results and Discussion


3.1. Synthesis of Statistical Copolymers of 2-(dimethylamino)ethyl Methacrylate (DMAEMA) and Styrene


3.1.1. Kinetic Results of the Statistical Copolymerizations

The kinetic results of the copolymerizations of DMAEMA and styrene using N-hydroxysuccinimide functionalized BlocBuilder (NHS-BlocBuilder) as initiator are presented in Figure 1. All copolymerizations obeyed first order kinetics as described by Equation 5 and generated good fits to linear kinetic plots as shown in Figure 1(a).

Figure 1. (a) Kinetic plots of ln[(1-conversion)−1] versus time for the statistical copolymerizations of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and styrene at 80 °C with initial feed composition with respect to DMAEMA (fDMAEMA of 80 mol% (×), 85 mol% (▲), 90 mol% (◆), and 95 mol% (■). (b) Product of average propagation constant, <kp>, and concentration of propagating radical, [P•], <kp>[P•] (slope of the kinetic plots in Figure 1(a)), versus initial feed composition with respect to DMAEMA (fDMAEMA) error bars represent standard deviations of the slopes from Figure 1(a).
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(5)




In Equation 5, [M]0 and [M]t are concentrations of monomer at time zero and subsequent later time t, respectively; <kp> is the average propagation rate constant; and [P•] is the propagating radical concentration.

The apparent rate constant represented by the slopes of the kinetic plots, <kp>[P•], increased rapidly with the initial DMAEMA feed composition (fDMAEMA), especially when fDMAEMA ≥ 90 mol%, as shown in Figure 1(b). This result is expected as methacrylates have generally higher kp and much higher K (defined by Equation 6 when SG1 is the nitroxide) compared to styrene [22,32,33].
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(6)




where [SG1•] is the free nitroxide concentration and [SG1-P] is the concentration of the dormant initiator.
The result is consistent with similar copolymerization studies of methacrylates with styrene using BlocBuilder [20,28-31]. The kinetic results showed that the feed composition had a strong effect on the polymerization rate of the DMAEMA-rich mixtures and the polymerization rate of DMAEMA using NHS-BlocBuilder as the initiator can be controlled with as little as 5 mol% styrene.



3.1.2. Level of Control of the Copolymerizations and the Livingness of the Copolymers

Linear molecular weight increase with conversion and narrow molecular weight distribution of the polymers are characteristics generally associated with controlled polymerizations. In Figure 2(a), number-average molecular weight (Mn) was plotted against conversion for the various copolymerizations. Mn increased linearly with conversion for all copolymerizations up to about 50% conversion. However, the slopes of the Mnversus conversion with different compositions varied and differed from the theoretical one as shown in Figure 2(a). For copolymerizations with fDMAEMA = 80–90 mol%, the slopes were very similar but slightly smaller than the theoretical predicted line. The small deviation in slopes can be attributed to the differences in hydrodynamic volumes of the copolymers and that of the poly(styrene) standards that used to calibrate the GPC. The copolymerization with fDMAEMA = 95 mol%, on the other hand, had a significantly flatter slope compared to the others, where the difference in hydrodynamic volumes cannot be the sole reason. The copolymerization with fDMAEMA = 95 mol% exhibited the most rapid kinetic behavior as shown in Figure 1. The fast kinetics was the result of not only higher <kp>, but also likely a comparatively higher <K> from the highly methacrylate-rich mixtures [28]. The latter point is particularly important for the level of control because high concentration of propagating radicals favors self-termination and the large K of methacrylates such as methyl methacrylate was claimed to be the main cause for its uncontrolled homopolymerization using nitroxides [22]. Such irreversible termination reactions can lower the overall Mn and lead to the decrease in slope, as was observed for the copolymerization with fDMAEMA = 95 mol% as observed in Figure 2(a).

Figure 2. (a) Number-average molecular weight (Mn) and (b) polydispersity index (PDI) of poly(DMAEMA-stat-styrene) with initial feed composition with respect to DMAEMA (fDMAEMA) of 80 mol% (×), 85 mol% (▲), 90 mol% (◆), and 95 mol% (■) versus conversion; solid line in (a) represents theoretical trend. Mn determined by GPC calibrated with poly(styrene) standards.
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The change in control as a function of feed composition was also reflected in the observed PDIs of the copolymers. The copolymer PDIs with fDMAEMA = 80–90 mol% remained relatively constant at about 1.3–1.4 throughout the polymerizations. In contrast, PDIs of copolymers with fDMAEMA = 95 mol% started at about 1.4 and continued to increase to about 1.6 at 49% conversion. The broadening of the molecular weight distribution is a sign of chain termination events, which is consistent with the results of the Mn trend with conversion.

The results of the DMAEMA/styrene statistical copolymerizations using NHS-BlocBuilder as initiator are summarized in Table 3. Statistical copolymers had compositions very similar to the feed compositions and copolymers with higher styrene content possessed lower PDIs. The percentage of SG1-capped polymer chains (fLC, Table 3) was also examined since the reversible SG1 termination is necessary for the re-initiation of polymer chains. This was the measure of the living fraction of the chains. From the results shown in Table 3, copolymers with FDMAEMA up to 89 mol% had more than 80% living chains, whereas the copolymer FDMAEMA = 96 mol% had only 69% living chains. The results of fLC can vary by about ±10% because of the uncertainties in Mn due to different hydrodynamic volumes between the copolymers and poly(styrene) standards. Nonetheless, the fLC results confirm the high level of livingness of the copolymers with FDMAEMA up to 89 mol% and decrease in livingness for the copolymer with FDMAEMA = 96 mol%, in agreement with the kinetic data.


Table 3. Results of the copolymerizations of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and styrene at 80 °C in bulk using N-hydroxysuccinimidyl-functionalized BlocBuilder as initiator.



	
Exp. IDa

	
Polymerization time

	
Conversionb

	
FDMAEMAb

	
Mnc

	
PDIc

	
fLCd




	



	






	
min

	
mol%

	
kg mol− 1






	
DMAEMA/S-95/5

	
140

	
49

	
96%

	
9.6

	
1.59

	
69%




	
DMAEMA/S-90/10

	
260

	
53%

	
89%

	
11.1

	
1.39

	
106%




	
DMAEMA/S-85/15

	
270

	
43%

	
84%

	
9.5

	
1.36

	
105%




	
DMAEMA/S-80/20

	
435

	
50%

	
81%

	
11.2

	
1.32

	
83%






aThe experiment ID donates the molar ratio between DMAEMA and styrene in the feed.bConversion and final DMAEMA molar composition in copolymer determined by 1H NMR.cNumber-average (Mn), weight-average (Mw) molecular weight, and polydispersity index (PDI = Mw/Mn) determined by GPC relative to poly(styrene) standards in THF at 40 °C.dPercentage of living polymer chains that are capped by SG1, determined by 31P NMR using diethyl phosphite as internal standard with experimental errors about ±10%.




To further investigate the ability of the copolymers to re-initiate and form block copolymers, two chain-extension experiments were performed using the statistical copolymer synthesized in DMAEMA/S-80/20 (FDMAEMA = 81 mol%, Mn = 11.2 kg mol−1, PDI = 1.32) and DMAEMA/S-90/10 (FDMAEMA = 89 mol%, Mn = 11.1 kg mol−1, PDI = 1.39) as the macroinitiator. The experimental conditions and results of the chain extension experiments are summarized in Table 4. With a fresh mixture of 95 mol% DMAEMA, the DMAEMA/S-80/20 macroinitiator with FDMAEMA = 81 mol% was extended with a more DMAEMA-rich block with Mn of approximately 16.5 kg mol−1 and the overall DMAEMA molar composition of the block copolymer was increased from 81 mol% o f the macroinitiator to 90 mol%. On the other hand, the DMAEMA/S-90/10 macroinitiator with FDMAEMA = 89 mol% was chain-extended with a DMAEMA/styrene mixture of similar composition (fDMAEMA = 90 mol%) to obtain a block copolymer that was essentially a statistical copolymer. The two chain extended copolymers were also used to examine the effect of polymer microstructure and molecular weight on LCST behavior, which will be discussed in Section 3.2.5.


Table 4. Summary of the experimental results and polymer properties in the chain extension experiments at 80 °C in bulk.



	
Macroinitiator properties

	
Chain extension conditions

	
Block copolymer properties




	






	
FDMAEMAa

	
Mnb

	
PDI b

	
fDMAEMAc

	
Conv.

	
Polymer ID

	
FDMAEMAa

	
Mnb

	
PDI b




	



	



	






	
mol%

	
kg mol−1

	
mol%

	
mol%

	
kg mo−1






	
81%

	
11.2

	
1.32

	
95%

	
40%

	
D/S80/20-b-D/S95/5

	
90%

	
27.8

	
1.91




	
89%

	
11.1

	
1.39

	
90%

	
36%

	
D/S90/10-b-D/S90/10

	
91%

	
26.6

	
1.70






aDMAEMA molar composition in the macroinitiator and chain extended block copolymer determined by 1H NMR.bNumber-average (Mn), weight-average (Mw) molecular weight, and polydispersity index (PDI = Mw/Mn) determined by GPC relative to poly(styrene) standards in THF at 40 °C.




The PDIs of the block copolymers (1.91 and 1.70) were significantly higher than that of the macroinitiator (1.32 and 1.39), indicating either termination occurred during the chain extension or some macroinitiator was not initiated.

The results of the chain-extension experiments can be more clearly observed by examining the GPC trace of the macroinitiator compared to the chromatogram of the chain-extended polymer in Figure 3. The trace of the chain-extended polymer retained generally its mono-modal nature and has a clear shift to the left, indicating most of the macroinitiators were extended and the level of livingness was high. The tails of chain-extended copolymers overlap to some degree with the associated macroinitiator traces in both cases, but the tailing was slightly more apparent for the chain extension of the DMAEMA/S-80/20 macroinitiator. From the fLC results listed in Table 3, DMAEMA/S-80/20 macroinitiator had a slightly lower percentage of SG1-capped chains than the DMAEMA/S-90/10 macroinitiator but the second batch of monomer was richer in DMAEMA. As noted previously for the statistical copolymer, control was poorer with broader molecular weight distributions when the feed was very rich in DMAEMA (fDMAEMA = 95 mol%). This suggested a small amount of “dead” macroinitiator combined with a richer DMAEMA second feed contributed to the broadening of the molecular weight distribution after chain-extension. Baseline drifts immediately after the main peaks were also observed in all traces. To investigate the potential reasons for the drifts, the copolymers were fractionated to remove any low Mn chains and were re-examined by GPC. The baseline drift persisted for the fractionated copolymers, indicating adsorption of the polar amine group of PDMAEMA to the GPC column is likely the cause for the baseline drift observed [14,40].

Figure 3. GPC traces of macroinitiators (dashed line) and chain extended polymers (solid line) for the chain extension of (a) DMAEMA/S-80/20 with a second feed of fDMAEMA = 95 mol% and (b) DMAEMA/S-90/10 macroinitiator with a second feed of fDMAEMA = 90 mol%.
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In summary, well-defined DMAEMA-rich copolymers capable of initiating a second batch of monomer relatively cleanly were synthesized using NHS-BlocBuilder. To our knowledge, this is the first time such a synthesis using nitroxide-mediated polymerization is reported. Lokaj et al. [41] attempted to synthesize a block copolymer of styrene and DMAEMA using TEMPO-terminated poly(styrene) macroinitiators. However, conversion stopped increasing after 2 h of reaction and the final copolymer contained only about 40 mol% DMAEMA. Low conversion and early termination can be results of the slow initiation of poly(styrene) macroinitiator [29,42] and/or β-hydrogen transfer from the propagating radical to the initiator [43,44].

SG1-base initiators such as BlocBuilder have lower activation energy and much higher dissociation rate constant (kd) compared to TEMPO-based initiators [45]. Additionally, Dire et al. [46] confirmed that the rate constant for β-hydrogen transfer (kβtr) of methyl methacrylate/SG1 system was three orders of magnitude lower compared to a n-butyl methacrylate/TEMPO system. As a result, SG1-based initiators can be activated at lower temperatures and allow controlled polymerizations of a wider range of monomers, such as methacrylates, compared to TEMPO. However, when polymerizing non-styrenic monomers using BlocBuilder, additional SG1 nitroxide was required to further reduce polymerization rate and produce well-defined copolymers [28,47-49].

The kd of NHS-BlocBuilder measured by Vinas et al. was about 15 times higher than that of BlocBuilder (5 s−1 for NHS-BlocBuilder and 0.32 s−1 for BlocBuilder) at 120 °C in tert-butyl benzene [37]. Under the same experimental conditions, they also found that the activation energy of NHS-BlocBuilder (Ea = 105 kJ mol−1) was lower than that of BlocBuilder (Ea = 112 kJ mol−1). The high dissociation rate and lower activation energy of NHS-BlocBuilder led to fast initiation and quick release of the regulating SG1 nitroxide, which mimics the situation when additional SG1 free nitroxide is added at the onset to the solution to improve control. Consequently, controlled polymerization of the DMAEMA-rich mixtures without the requirement of additional SG1, as is typical for methacrylate-rich polymerizations by BlocBuilder, was largely accomplished. The results of the DMAEMA/styrene statistical copolymerizations demonstrated that NHS-BlocBuilder was not only an effective initiator for synthesizing DMAEMA-rich copolymers, but also simplifies polymerization procedures and provides opportunities for further functionalization of the copolymers. Our group earlier noticed similar performance for NHS-BlocBuilder controlled copolymerizations of glycidyl methacrylate with styrene [38].




3.2. Studies of Temperature and pH Sensitivities of Copolymers in Aqueous Solutions

The sensitivity to both temperature and pH of PDMAEMA in aqueous solution is a hallmark of such materials for applications requiring it as a stimuli-responsive material. The LCST of such a polymer can be affected by many parameters, including molecular weight [50,51], polymer composition [9,52,53], solution concentration [50], and pH [8,9] in the case of PDMAEMA. Because the DMAEMA/styrene copolymerizations using NHS-BlocBuilder were relatively controlled as demonstrated earlier, final copolymers obtained have similar Mn (10.4 ± 0.9 kg mol−1) and PDI (1.42 ± 0.12). Therefore, the second part of this study was to determine the LCST of the copolymers as a function of polymer composition, solution concentration and pH. This is necessary as the small amount of styrene required as a controlling comonomer for the BlocBuilder-mediated NMP may affect the LCST compared to that of pure PDMAEMA.


3.2.1. LCST-Type Phase Separation Illustrated by UV-Visible Spectrometry and Dynamic Light Scattering

UV-Visible spectrometry (UV-Vis) and dynamic light scattering (DLS) were used to characterize the phase behavior of the copolymers. UV-Vis monitored the light transmittance of the solutions as temperature varied. DLS measured the hydrodynamic radius (Rh) distribution of the polymers in solution. Each copolymer was dissolved in de-ionized water at concentrations of 0.1, 0.3 and 0.5 wt% and buffer solutions of pH 4 and 10 at 0.5 wt%. Figures 4 and 5 show the changes of light transmittance and Rh with temperature of solutions in de-ionized water, respectively. Copolymers with up to 16 mol% styrene (DMAEMA/S-85/15) were soluble in de-ionized water at all three concentrations. Copolymer with 19 mol% styrene (DMAEMA/S-80/20) was only soluble in de-ionized water at 0.1 wt%.

Figure 4. Light transmittance as a function of temperature of poly(DMAEMA-stat-styrene) copolymers with (a) FDMAEMA = 96 mol% (DMAEMA/S-95/5) (b) FDMAEMA =89 mol% (DMAEMA/S-90/10) (c) FDMAEMA = 84 mol% (DMAEMA/S-85/15) (d) FDMAEMA = 81 mol% (DMAEMA/S-80/20) at 0.1 wt% (dotted line), 0.3 wt% (dashed line) and 0.5 wt% (solid line) in de-ionized water measured by UV-Vis spectrometry.
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Figure 5. Hydrodynamic radii of copolymers (Rh) as a function of temperature of poly(DMAEMA-stat-styrene) copolymers with (a) FDMAEMA= 96 mol% (DMAEMA/S-95/5) (b) FFDMAEMA= 89 mol% (DMAEMA/S-90/10) (c) FDMAEMA= 84 mol% (DMAEMA/S-85/15) (d) FDMAEMA = 81 mol% (DMAEMA/S-80/20) at 0.1 wt% (▲), 0.3 wt% (■) and 0.5 wt% (◆) in de-ionized water measured by dynamic light scattering.
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The light transmittance profiles reflected typical behavior of LCST-type phase separation, where solutions were 100% transparent at low temperature and became cloudy (0% transmittance) quickly above the critical temperature, illustrating the sudden solubility drop of the polymer in water. The transition temperature decreased as concentration increased. The shapes of the profiles were similar for different copolymers at the same concentration, where the transitions became broader as the concentration decreased from 0.5 wt% to 0.1 wt%.

In the DLS measurements, Rh was below 10 nm at low temperature for all cases and rapidly rose up to about 500 nm for 0.3 and 0.5 wt% solutions and about 100 nm for 0.1 wt% solutions when the critical temperature was reached. It demonstrated the transformation of polymers from small, dispersed unimers [54] to large aggregated particles upon heating. The shifts of critical temperature with concentration were similar to those observed by UV-Vis.

Figure 6 shows typical Rh distributions near the critical temperature using the 0.3 wt% solution of poly(DMAEMA-stat-styrene) with FDMAEMA = 96 mol% as an example. Below LCST (temperature = 40 °C in Figure 6), a unimer peak of Rh < 10 nm can be observed with a trace amount of loose aggregates. As temperature approached the LCST (temperature = 41 °C in Figure 6), the amount of aggregates increased and the width of the overall distribution (μ2/Γ2) became much broader as phase separation started. At temperature = 42 °C in Figure 6, the peak corresponding to unimers completely disappeared, leaving only the narrow peak representing large aggregates with μ2/Γ2 below 0.1. Because the distributions were intensity-based, the height of the peak is proportional to the corresponding size to the sixth order, according to the Rayleigh approximation. Therefore, the distribution was heavily biased toward larger sizes as long as peaks of different sizes coexisted. Given this, the LCST was defined as the temperature where the large aggregate peak (Rh ≥ 100 nm) became the only peak in the distribution (42 °C in Figure 6). For UV-Vis, LCST was defined as the temperature where the transmittance dropped to 80%.

Figure 6. Hydrodynamic radius distribution (using mean % intensity) for 0.3 wt% solution of poly(DMAEMA-stat-styrene) with FDMAEMA = 96 mol% (DMAEMA/S-95/5) at 40–42 °C.
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3.2.2. Effect of Polymer Composition on LCST

Composition plays an important role on LCST of statistical copolymers with comonomers of different hydrophilicity [9]. Higher content of the less hydrophilic comonomer decreases LCST whereas higher content of the more hydrophilic comonomer increases LCST. Many researchers have fine-tuned the LCST of different copolymers by varying their composition [9,52,53]. In this study, styrene is a hydrophobic comonomer and it was expected that with more styrene incorporated into the copolymer, the LCST would be lower.

Indeed, the LCST of the statistical copolymers decreased with the higher styrene content in the copolymer as shown in Figure 7. The results from DLS and UV-Vis were very similar with the largest difference of 5 °C for the 0.1 wt% solution of the least soluble copolymer with 81 mol% DMAEMA (DMAEMA/S-80/20). Since the copolymer with 81 mol% DMAEMA was not soluble at 0.3 wt% concentration, 0.1 wt% was likely close to its saturation limit at the storage temperature (5 °C). As temperature increased, small amounts of polymer may precipitate before large aggregates could be formed due to a decreasing saturation concentration with temperature. This could introduce errors in its LCST measurements. For copolymers with 84 mol% or more DMAEMA, LCST changed linearly with composition and the slopes of the trends for different concentrations were very similar, which is consistent with the results of other studies [9,52,53].

Figure 7. LCST of poly(DMAEMA-stat-styrene) as a function of DMAEMA molar composition in the copolymer (FDMAEMA) in de-ionized water at 0.1 wt% (▲), 0.3 wt% (■) and 0.5 wt% (◆) concentration; filled symbols are DLS results and hollow symbols are UV-Vis results.
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3.2.3. Effect of Concentration on LCST

The LCST of poly(DMAEMA-stat-styrene) copolymer solutions in de-ionized water at 0.1, 0.3 and 0.5 wt% were summarized in Figure 8. Overall, LCST decreased as concentration increased, which is consistent with the literature [55,56]. The LCST decreased by 7–10 °C when concentration increased from 0.1 to 0.3 wt%, whereas the LCST for 0.5 wt% solutions were very similar to those for 0.3 wt% solutions, with much smaller differences (0–3 °C).

Figure 8. LCST of poly(DMAEMA-stat-styrene) with 96 mol% DMAEMA (DMAEMA/S-95/5, ■), 89 mol% DMAEMA (DMAEMA/S-90/10, ◆), and 84 mol% DMAEMA (DMAEMA/S-85/15, ▲), as a function of solution concentration in de-ionized water; filled symbols are DLS results and hollow symbols are UV-Vis results.
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From a thermodynamic perspective, when both the enthalpy (ΔHm) and entropy (ΔSm) become negative upon mixing with a dominant entropic term (ΔSmT), the Gibb's energy of mixing (ΔGm) becomes negative and a polymer with some solvatophobic structures may be solvated below the LCST [57]. In aqueous solutions, hydrogen bonding between water molecules and polymer chains can lead to formation of a layer of clathrate-like structures around a hydrophobic structure in a polymer chain which lowers the entropy of mixing and increases the solubility of the polymer in water [58,59]. As temperature increases above a critical temperature, the ordered water layer is disrupted and the polymer chains collapse and form large aggregates.

It was found that LCST in aqueous solutions was not very concentration-sensitive as long as the solution was not too dilute (typically above 1 wt%) [56,58,60]. For dilute solutions, large amounts of water molecules are present in between each of the polymer chains, which can increase the energy needed to bring polymer chains together to form aggregates. This explains the broader transitions and smaller aggregate size for 0.1 wt% solutions shown in Figures 4 and 5. Because the transitions for 0.3 and 0.5 wt% solutions were very similar in terms of LCST, sharpness of the transition and the size of the aggregates, 0.5 wt% is likely close to the critical concentration, above which LCST is no longer sensitive to concentration.



3.2.4. Effect of pH on the Solubility of Copolymers in Aqueous Solution

It is known that PDMAEMA is pH sensitive with a pKa of about 7.3 in water [51]. To investigate the pH sensitivity of the statistical copolymers, solutions at pH 4 and 10 were prepared and their phase behavior was compared to that in de-ionized water solutions. The results are summarized in Table 5.


Table 5. Lower critical solution temperature (LCST) of poly(DMAEMA-stat-styrene) at different pH at 0.5 wt% concentration.
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LCST b

	




	






	
mol%
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∼ pH 7 c

	
pH 10






	
100% [9]

	

	
47

	
35




	
96%

	

	
39

	
24




	
89%

	
soluble d

	
31

	
18




	
84%

	

	
25

	
insoluble e




	
81%

	

	
insoluble e

	
insoluble e






aDMAEMA molar composition in copolymers.bTemperature at which unimer peak completely disappeared in dynamic light scattering.cIn de-ionized water.dNo LCST observed from 5–90 °C.eInsoluble at 5 °C.




All copolymers, including the one with 81 mol% DMAEMA (DMAEMA/S-80/20), which was only soluble at 0.1 wt% in de-ionized water, were soluble at pH 4 at 0.5 wt% and no LCST was observed up to 90 °C. At pH 4, PDMAEMA is completely ionized [8] into a polyelectrolyte. As a result, the solubility of PDMAEMA in water greatly increases and becomes insensitive to temperature [8,9]. Because the charged copolymer is highly hydrophillic, even with as much as 19 mol% styrene, the copolymer was completely water-soluble at 0.5 wt%.

At pH 10, LCSTs were observed and decreased with DMAEMA content in the copolymer, similar to the results in de-ionized water solutions. However, the LCST is more than 10 °C lower when comparing the copolymers in the pH = 10 solutions to the neutral, de-ionized water solutions. Additionally, the copolymer with 84 mol% DMAEMA (DMAEMA/S-85/15) that was soluble in de-ionized water was not soluble at pH = 10. In Figure 9, the hydrodynamic radii of the copolymers with 96 and 89 mol% DMAEMA (DMAEMA/S-95/5 and DMAEMA/S-90/10, respectively) increased rapidly from below 10 nm to ∼μm at their LCST. Because pH 10 is higher than the pKa of PDMAEMA, the copolymers were totally deprotonated. As a result, the copolymers became more hydrophobic and easier to precipitate, indicated by the lower LCST at pH 10 than that in neutral water (Table 5). These results demonstrated the DMAEMA/styrene statistical copolymers with 89 and 96 mol% DMAEMA possessed similar pH sensitivity to that expected for PDMAEMA homopolymer.

Figure 9. Hydrodynamic radii of particles (Rh) as a function of temperature of poly(DMAEMA-stat-styrene) with 96 mol% DMAEMA (DMAEMA/S-95/5, ■) and 89 mol% DMAEMA (DMAEMA/S-90/10, ◆) in pH 10 buffer solution at 0.5 wt% concentration.
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3.2.5. Effect of Polymer Microstructure and Molecular Weight on LCST

DMAEMA has been incorporated into various block copolymers to obtain pH and/or temperature induced micelles in aqueous solutions because of the sensitivity to both pH and temperature of PDMAEMA [8,12,15,61]. In this study, a diblock copolymer (D/S80/20-b-D/S95/5) was synthesized by chain-extending a macroinitiator with 81 mol% DMAEMA (DMAEMA/S-80/20, Mn = 11.2 kg mol−1) with a fresh mixture of DMAEMA and styrene (fDMAEMA = 95 mol%, Mn,2nd block ≈ 16.6 kg mol−1, Mn relative to poly(styrene) standards, Table 4) and its phase behavior in water was studied. Since the two blocks have different hydrophilicities as demonstrated earlier, it was anticipated that micellization with a D/S80/20 core and D/S95/5 corona might occur at temperatures above the LCST of D/S80/20 and below the LCST of D/S95/5, followed by aggregation of entire polymer chains above the LCST of D/S95/5.

In Figure 10, the Rh of the block copolymer as a function of temperature was compared to its macroinitiator (DMAEMA/S-80/20, FDMAEMA = 81 mol%, Mn = 11.2 kg mol−1) and the statistical polymers with similar composition and molecular weight as the second block (DMAEMA/S-95/5, FDMAEMA = 96 mol%, Mn = 9.6 kg mol−1). The Rh of the block copolymer remained relatively constant at below 10 nm up to 23 °C with no obvious change at the LCST of the copolymer with FDMAEMA = 81 mol% at 20 °C. Above 23 °C, Rh increased quickly to about 100 nm and stayed constant even above the LCST of the copolymer with FDMAEMA = 96 mol% at 49 °C. These results showed a single step phase separation of the block copolymer similar to the observations of the statistical copolymers was occurring and microphase separation between the two blocks was not observed (i.e., two distinct LCST transitions).

Figure 10. Hydrodynamic radii of particles (Rh) as a function of temperature of poly(DMAEMA-stat-styrene) with 96 mol% DMAEMA (DMAEMA/S-95/5, ■), 81 mol% DMAEMA (DMAEMA/S-80/20, ▲) and block copolymer (D/S80/20-b-D/S95/5, ◆) in de-ionized water at 0.1 wt% concentration.
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The reason for the absence of two LCSTs was most likely the lack of sufficient solubility difference between the two blocks in aqueous solution. The constituents of the two blocks were essentially the same except for the slightly different compositions. It is obvious in this case that the solubility parameters of the blocks were not sufficiently different to induce specific micellizations corresponding to each block. The slightly larger Rh below the LCST of the block copolymer was due to the higher molecular weight (Mn = 27.8 kg mol−1) of the block copolymer compared to the statistical copolymers (Mn = 9.6 and 11.2 kg mol−1). The higher LCST of the block copolymer compared to its DMAEMA/S-80/20 macroinitiator was a result of increased water solubility from the more DMAEMA-rich second block.

Since the D/S80/20-b-D/S95/5 block copolymer synthesized had an overall composition (FDMAEMA,overall) of 90 mol% DMAEMA, its phase behavior was also compared with the statistical copolymers with FDMAEMA ≈ 90 mol% that only differ by molecular weight (DMAEMA/S-95/5 and “block copolymer” D/S80/20-b-D/S-90/10, which was essentially as statistical copolymer since the chain extension was done with the same feed composition as the macroinitiator). As shown in Figure 11, the block copolymer had a considerably lower LCST compared to the statistical copolymers with similar overall composition. The two statistical copolymers with FDMAEMA ≈ 90 mol% had the same LCST despite the difference in Mn, indicating Mn did not influence the LCST of the statistical copolymers significantly in the range of 10–30 kg mol−1 and was not the cause for decreased LCST of the block copolymer.

Figure 11. Hydrodynamic radii of particles (Rh) as a function of temperature of block copolymer (D/S80-b-D/S95, FDMAEMA,overall= 90 mol%, Mn = 27.8 kg mol−1, ◆), and poly(DMAEMA-stat-styrene) (DMAEMA/S-90/10) with FDMAEMA = 89 mol% (Mn = 11.1 kg mol−1, ▲), and D/S90/10-b-D/S90/10 block copolymer with FDMAEMA = 91 mol% (Mn = 26.6 kg mol−1, ■) in de-ionized water at 0.5 wt% concentration.
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The change of LCST probably resulted from the differences in polymer microstructure. As reactivity ratios of methacrylates and styrene are generally similar and less than unity [62], the distribution of DMAEMA and styrene in the statistical polymers should be relatively random. In the block copolymer, although distinctive microscopic phase separation was not observed, the LCST behavior became more complicated because DMAEMA was more concentrated in one block than the other.

Park et al. reported that gradient copolymers of poly(2-alkyl-2-oxazoline)s showed sharp transitions at their LCST and did not find any evidence of micelle formation [63,64]. Okabe et al. observed gradual phase separation of the gradient copolymer of 2-ethoxyethyl vinyl ether with 2-methoxyethyl vinyl ether, in contrast to the sharp transitions of the corresponding block copolymer [52]. Moreover, the gradient copolymer started phase separation just 3 °C higher than the LCST of the block copolymer. From Figure 10, the block copolymer D/S80/20-b-D/S95/5 had a slightly broader transition compared to the statistical copolymers. Additionally, the LCST of the block copolymer was lower than the statistical copolymers with similar overall composition and close to the micellization temperature (LCST of the D/S80/20 block) if there was one. These observations implied the phase behavior of D/S80/20-b-D/S95/5 resembled more of what would be expected of a gradient polymer. The exact mechanism of phase separation for such a copolymer was still not clear and should be examined in a more detailed study in the future.





4. Conclusions

In this study, DMAEMA was statistically copolymerized with 5–20 mol% styrene using NHS-BlocBuilder. Polymerization accelerated with increasing DMAEMA content in the feed as the average propagation rate constant <kp> and average equilibrium constant <K> increased. The linear increase of Mn with conversion and successful chain extensions demonstrated the polymerizations were controlled without aid of additional SG1 and the obtained copolymers were living and relatively narrow in molecular weight distribution (PDI = 1.32–1.59). Slight decreases in level of control and livingness were observed for the most DMAEMA-rich copolymer, which is likely attributed to the higher average equilibrium constant <K>. The copolymers exhibited LCST-type behavior in aqueous solutions, as expected. The LCST was tuned by varying copolymer composition, solution concentration and pH. The block copolymer of two statistical blocks with different DMAEMA compositions had a single LCST and did not exhibit microphase separation, likely due to the lack of sufficient incompatibility between the two blocks. This study marks the first time that DMAEMA could be polymerized with a small amount of comonomer by NMP and without any additional free nitroxide, due to the use of the NHS-BlocBuilder initiator. Such water-soluble DMAEMA-rich statistical copolymers and block copolymers could later be conjugated with various nucleophiles using the NHS-fragment from the initiator.
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