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Abstract

:

This research aimed to investigate a new fabrication of poly-(2-dimethyl(aminoethyl) methacrylate)-co-styrene in a porous polymer monolithic morphology. Poly-(2-dimethyl(aminoethyl) methacrylate) (PDMAEMA) is responsive to changes in pH while styrene remains unresponsive to external stimuli. IR, UV/Vis, and SEM were employed to determine that the proposed porous polymer (PPM) monolith can present pH-initiated stimuli response while remaining intact. The copolymerization of PDMAEMA with styrene has not been previously documented in a PPM morphology. It is important to demonstrate that the PPM retains tunable capabilities without destruction to the material. The utility of PDMAEMA copolymers is wide-reaching and this new adaptation of its tunability in a resilient PPM can serve as a distinct preface to original applications in fields such as surface modification, membrane technologies and stationary phases. To further the groundwork of this communication, dynamic studies on the interactions of small molecules with the pores of the monolith will be essential and accomplished via capillary electrochromatography.
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1. Introduction


Poly-(2-dimethyl(aminoethyl) methacrylate), or PDMAEMA, is a stimuli-responsive material that was introduced in the 1990s [1,2,3]. It exhibits a strong morphological response to changes in environmental pH (as well as temperature) [4]. When PDMAEMA is subjected to a low pH environment, the amino group of the monomer is protonated. This protonation causes repulsion along the bonding backbone of the polymer chain, which results in elongation due to the electrostatic repulsion of the protonated monomers [5]. Conversely, when PDMAEMA is exposed to high pH, very few of the amino groups are protonated. With fewer protonated amino groups, less repulsion occurs and a more compact polymer chain is observed [5].



This pH-dependent tunability has made PDMAEMA a material of great interest across multiple fields and applications. It has been studied for its utility in gene delivery, as a sensor, and a mediator for drug encapsulation and release [6,7,8,9,10,11,12,13]. This methacrylate polymer is usually polymerized into self-assembled moieties, brushes, dendrimers, and star-like forms [7,14,15]. It is also combined with common monomers such as styrene and polyethylene glycol to make for more flexible and expanded usage [10,11,16]. This includes surface modifications as well as stand-alone structures [14,17,18].



One way that is not present in the literature is the attempt to crosslink PDMAEMA with a compatible monomer into a porous polymer monolith (PPM) morphology. The present group utilizes PPM morphologies to study the mass transport mechanisms of analytes at the solid-liquid interface via capillary electrochromotography [19,20]. The tunability of PDMAEMA presents an interesting choice for surface modifications. However, a fundamental understanding of the small molecule dynamic interactions should be pursued to fully understand the potential of this material. To attempt the study of small molecule dynamics at the solid–liquid interface, an attempt to form a monolithic co-block polymer of PDMAEMA-co-styrene and assess the sturdiness of the monolith under changing environments was made. While polystyrene is not a stimuli-responsive material, it is a strong vinyl polymer ubiquitous in everyday materials. The goal of the present experiment was to create a monolith that retained the structural tunability of the PDMAEMA that also possessed the stability and strength of the polystyrene and proved resistant to degradation. A copolymer with a pH-dependent structural response and a resistance to degradation over time could contribute greatly to work on analyte capture and release, drug delivery, separation science, sensors, and more. The present study attempts to confirm the presence of the tunable features of the co-block polymer in PPM form while remaining intact.




2. Materials and Methods


DMAEMA:Styrene Polymers: Representative polymers A, B, and C were selected as representative samples (Figure S1). The casting solutions contained 10 mL of 2.5 mM sodium phosphate buffer (at pH 8.8–8.9), 30 mL of propanol, 60 mL of acetonitrile, and 250 mg of both 2,2′-azobisisobutyronitrile (AIBN) as the free-radical polymerization initiator, and acrylamido-2-methyl-1-propanesulfonic acid (AMPS) to support electroosmotic flow initiators. All three preparations consisted of 3.5 mL of the casting solution, which contained either a dibasic (A/B) or monobasic (C) 2.5 mM sodium phosphate buffer, and 1.7 mL of DMAEMA:Styrene in predetermined ratios. Polymer A was 75:25 (v:v) DMAEMA:Styrene; Polymers B and C were 85:15 (v:v) DMAEMA:Styrene. Polymers A and C received 1.00 mL DI water to the polymerization solution; Polymer B received 0.75 mL of DI water to the polymerization solution. The solutions were sonicated for 10 min to degas and ensure homogeneity. The various polymer solutions were then sealed in air-tight scintillation vials and submerged in a 90 °C water bath for a period of 48 h.



Spectroscopic Sample Preparation: IR spectra (Nicolet iS10, Thermo Scientific Smart iTR, Madison, USA) and UV/Vis spectra (Varian 50 Bio UV/Vis, Cary Instruments, Palo Alto, USA) were taken of the 0.01 M HCl (pH 2.0) and 0.01 M NaOH (pH 11.9) solutions that contained submerged portions of the polymer samples (A, B, and C). Spectra of the exposed solutions were obtained every other hour, over the course of seven hours. IR spectra were also collected for solid samples of the polymers.



Scanning Electron Microscope: The untreated polymer samples were air-dried, transferred onto a conductive and adhesive carbon tape mounted on an aluminum stage. The treated polymer samples were rewetted with either a drop of 0.1 M HCl (pH 1.1) or 0.1 M NaOH (pH 12.6) on top of the dried polymer. The samples were then allowed air dry for at least four hours.



Morphological characterization of the samples was performed using SEM (Phenom XL, Nanoscience Instruments, Waltham, USA) working in the high vacuum mode at 1 Pa. Viewing was performed at a working distance of 10 mm, with a voltage of 15 kV and a spot size of 5.




3. Results


3.1. Synthesis


The polymer solutions prepared were clear and had the viscosity of water. The polymerization of these solutions resulted in opaque, white solids that were tacky and malleable.




3.2. Spectroscopic Analysis


3.2.1. IR Analysis


The IR spectra collected show that all three polymers remain stable when submerged in both acid (0.01 M HCl, pH 2.0) and base (0.01 M NaOH, pH 11. 9) solution. This can be seen in Figure 1, where the spectra remain mostly unchanged over seven hours of exposure.




3.2.2. UV/Vis Analysis


The UV/Vis spectra collected also show that all three polymers remain stable when submerged in both acid (0.01 M HCl, pH 2.0) and base (0.01 M NaOH, pH 11.9) solution. This can be seen in Figure 2, where the spectra remain mostly unchanged over the seven hours of exposure.





3.3. SEM


After the air-drying process, the samples were no longer tacky and had lost most of their malleability. To the naked eye, the acid and base exposure did not cause any changes to these polymers.



SEM images of the unexposed air-dried polymers, the acid exposed polymers (0.1 M HCl, pH 1.1), and the base exposed polymers (0.1 M NaOH, pH 12.6) showed distinct changes in the morphology of the polymers (Figure 3). When compared to the unexposed air-dried polymer, the acid-exposed polymer samples had a relaxed structure, and the base-exposed polymer samples had constrictions that appear pinched. This corresponds to the expected behavior of pure PDMAEMA. When it is exposed to acidic environments, the lone polymer will swell. When exposed to basic environments, the lone polymer will constrict. This is seen in the bulk behavior of the co-polymer presented in Figure 3.





4. Discussion


This analysis aims to study DMAEMA in a co-block PPM with styrene for the first time. DMAEMA has been shown to exhibit very strong morphological changes in response to altered pH environments [21,22,23]. The amino groups of the monomers are protonated in low pHs which results in repulsion along the polymer chain. This is observed as swelling behavior of the polymer in acidic environments [5]. Conversely, in high pHs, the polymer chain does not have the electrostatic repulsion due to the absence of protons and collapses upon itself [5].



To understand this phenomenon when incorporated into a PPM morphology, three successful fabrications of the co-block PPM (A, B, and C) were tested in extreme acidic and basic environments. SEM images were taken of these with and without exposure to solutions with adjusted pHs. These images showed a consistent behavior that is reliant on environmental pH. These PPMs are reacting in a uniform manner in response to stimuli, which gives them a unique range of potential.



Initial efforts to characterize this PPM were performed via SEM. The images collected from the air-dried samples show a distinct and pH-reliant behavior (Figure 3). These were all white, opaque, and flexible solids (SI Figure S1). It can be observed across all three polymers that the polymers exposed to acid appear to relax the solid surface (Figure 3b,e,h). This is especially apparent in polymer B (Figure 3e). A contrasting effect can be seen in the samples exposed to a basic solution, as the polymer appears to constrict and tighten in pockets and veins (Figure 3c,f,i). This illustrates the expected swelling (in acid) and shrinking (in base) behavior of PDMAEMA. However, it is the first time that a PPM fabrication of this copolymer has been reported.



IR and UV/Vis readings were taken of HCl and NaOH solutions that had been exposed to the polymers of interest (A, B, C) over the course of seven hours. These measurements were performed to ensure that the exposure of the PPM to the adjusted pH solutions does not alter, or degrade, the PPM. The representative spectra for sample B are shown here (Figure 1 and Figure 2), as this was the sample that appeared to undergo the most change during SEM analysis. Representative spectra for samples A and C can be seen in Supplemental Information Figures S2–S5. PDMAEMA characteristically shows IR stretches at 1180 cm−1 (C-O), 1650 cm−1 (N-H) and 1710 cm−1 (C=O) [24]. These stretches do not appear in Figure 1. This is a clear indication that the polymer is not disintegrating in the acid/base solutions. In a parallel manner, no additional stretches appear in the UV/Vis spectra (Figure 2). This is a clear indication that the polymer is not disintegrating in the acid/base solutions. The time-lapse shows that, although there are small variances present, they do not result in the appearance of the DMAEMA monomer in the solution over time (Figure 1 and Figure 2). Peaks characteristic to the polymers were identified and used for comparison to the time-lapse spectra to check for polymer degradation. When comparing the IR spectra of the polymers themselves (Figures S6–S8) to that of the acid/base solution spectra, polymer-specific peaks at 1180 cm−1 (C-O), 1650 cm−1 (N-H) and 1710 cm−1 (C=O) are not present in the solution spectra [24]. This confirms that the polymer is not degrading into solution in acidic or basic environments, and therefore the PPM remains structurally intact. This leads us to believe that the change observed under SEM is not chemically destructive, but simply a behavior in the morphology of the solids.



Various DMAEMA:Styrene co-block polymers were observed in this study. It was shown that the co-block polymer can be formed into a monolithic morphology and retain the stimuli-responsive features of DMAEMA. Exposure to acid and base resulted in a distinct change in the appearance of the sample. The changes mimic those seen in strand morphologies while remaining in a monolith. The pH sensitivity observed indicates a level of environmental interactions that impact the physical morphology of the solids without impairing their chemical integrity. These features had not been observed and characterized in this manner previously. This is exciting information that has brought on new questions and ideas for future experimentation. Future efforts aim to analyze the transport behavior of analytes within the PPM [19,20].
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Figure 1. IR Time Lapse of B with 0.01 M HCl (a) and 0.01 M NaOH (b). Zero, one-, three-, five- and seven-hour IR time lapse of polymer B with exposure to 0.01 M HCl (a) and 0.01 M NaOH (b). The overlay of the spectra suggests that the polymer does not significantly degrade over the course of exposure. 
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Figure 2. UV/Vis Time Lapse of B with 0.1 M HCl (a) and 0.1 M NaOH (b). Zero, one-, three-, five- and seven-hour UV-Vis time lapse of polymer B with exposure to 0.1 M HCl. The overlay of the spectra suggests that the polymer does not degrade over the course of the exposure. 
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Figure 3. Comparative SEM images of polymers (A–C) that have been air dried (a,d,g), exposed to 0.1 M HCl (pH 1.1) solution (b,e,h), and exposed to 0.1 M NaOH (pH 12.6) solution (c,f,i). 
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