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Abstract:

 This paper describes the Z-RAFT-star copolymerization of n-butyl acrylate (BA) and N-isopropyl acrylamide (NIPAm), respectively, with N-ethylacrylate-3,4-dimethylmaleimide (1.1), a monomer carrying a UV-reactive unit that undergoes photocrosslinking. Addition of 1.1 slows down the polymerization rate both for BA and for NIPAm polymerization. Double star formation due to radical attack to the 3,4-dimethylmaleimide moiety was found in the case of BA. Dead polymer formation, presumably due to aminolysis as side-reaction, was pronounced in the NIPAm system. These two effects broadened the molar mass distributions, but did not impede the formation of functional star polymers. The composition of the copolymers as well as the reactivity ratios for the applied comonomers were determined via NMR spectroscopy (BA-co-1.1 r1.1 = 2.24 rBA = 0.95; NIPAm-co-1.1 r1.1 = 0.96 rNIPAm = 0.05). In both cases, the comonomer is consumed preferably in the beginning of the polymerization, thus forming gradient copolymer stars with the UV-reactive units being located in the outer sphere.
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1. Introduction

The internal crosslinking of a polymeric entity (single chain or molecular ensemble) is a powerful way to stabilize its shape in solution and thus, to achieve a stable functional particle. Following this approach, amphiphilic nano-carriers for drug-delivery can be generated by crosslinking of star-shaped polymers from RAFT-polymerization [1,2,3,4,5], as we are reporting elsewhere [6]. The aimed nano-carriers are established by using multifunctional, star-shaped RAFT-agents in block copolymerizations with monomers carrying a crosslinkable unit. Thereby, star block copolymers with outer blocks that may undergo internal crosslinking are available. There are different reaction mechanisms for such crosslinking reactions, which can be used to conduct the formation of a carrier’s shell: On the one hand, functional groups introduced into the polymer by appropriate monomers can be linked via additional crosslinkers. Known examples are esterification reactions between hydroxyl-groups being part of the polymer and bifunctional acid chlorides or dichlorosilane compounds [7], de-epoxidation of glycidyl methacrylate (GMA) units with the bifunctional cystamine [8], as well as the 1,3-dipolar Huisgen-cycloaddition (so called “click-reaction”) between alkynes and azide-groups [9,10]. In all of these cases, it is essential to obey an exact stoichiometry, which is difficult as there are usually uncertainties in the determination of the polymer’s molar mass—commonly determined via Size-Exclusion Chromatography (SEC)—and uncertainties in the content of linkable comonomer—e.g., determined via NMR spectroscopy. For these types of crosslinking reactions, the systems also have to be rather dry and clean to assure complete conversion, which is essential for effective crosslinking. On the other hand, crosslinking between monomer units themselves is plausible, for which they need to carry dedicated functional moieties. In this case, the coupling reaction takes place without additional compounds: The reaction is triggered by favorable conditions, e.g., change in temperature or irradiation with light of appropriate wavelength, or bifunctional monomers, such as ethylene glycol dimethylacrylate (EGDMA) [11] or divinylbenzene [12], can be used. Another example is the reaction of cyclobutene at high temperatures (T ≈ 250 °C) of which, two form eight-membered rings [13]. In this kind of crosslinking procedure, the danger of polymer decomposition by heat is given. A non-destructive and versatile pathway is provided by photocrosslinking via [2+2]-cycloaddition stimulated by UV-irradiation, since wavelength and applied energy entry can be easily controlled. Many photocrosslinkable monomers can be found in the literature, e.g., based on N-alkyl-3,4-dimethylmaleimid (DMI) [14], anthracene [15,16], stilbene [17], cinnamic acid [18,19], uracil derivatives [20] or coumarine [21].

This paper presents the results of the RAFT-mediated copolymerizations of n-butyl acrylate (BA) and N-isopropyl acrylamide (NIPAm) with the UV-reactive monomer N-ethylacrylate-3,4-dimethylmaleimide (1.1, Figure 1) mediated by six-functional star-shaped RAFT-agents that follow the so-called Z-group approach (Figure 2), where RAFT moieties are linked to a central core via the stabilizing Z-group. The beneficial consequence of this strategy is that (i) radical centers never sit on the star polymer, which reduces star-star coupling via termination, and that (ii) no linear controlled polymer is formed next to the stars, as the RAFT groups never depart from the star molecules. For details about Z-RAFT star polymerization see [22].

Figure 1. The monomers n-butyl acrylate (BA), N-isopropyl acrylamide (NIPAm) and N-ethylacrylate-3,4-dimethylmaleimide (1.1).
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Figure 2. The RAFT agents dipentaerythriol-hexakis(3-S-phenylethyl-tricarbonylpropanoate) R62 for BA and dipentaerythriol-hexakis(3-S-(methyl-2-propanoatotrithiocarbonyl)propanoate) R63 for NIPAAm polymerization [22,23,24].
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In order to place the functional monomers more or less evenly distributed along the polymer backbone—which is beneficial for homogeneous crosslinking—the respective reactivity ratios of the two involved comonomers, i.e., the basic monomer and the monomer carrying the UV-reactive unit, should both be close to one. It was expected in this work that the C2-bridge in 1.1 is sufficient to separate the reactive double bond for polymerization from the UV-reactive rest of the monomer, i.e., the polymerization activity of 1.1 was assumed to be close to the one of butyl acrylate (BA). NIPAm was also tested in copolymerization with 1.1 in order to obtain photocrosslinkable hydrophilic polymer. The dissimilarity of 1.1 and NIPAm (acrylate vs. acrylamide), however, may lead to deviations from reactivity ratios being close to one. An inhomogeneous distribution of functional groups along the polymer backbone may consequently result, as the chain growth is controlled by RAFT throughout the polymerization, and gradient copolymers may thus be formed. The present report considers these aspects, and is the first one that studies the copolymerization of 1.1 in RAFT-polymerizations, as well as providing information that is necessary to obtain functional polymers that may undergo homogeneous and reproducible photocrosslinking.



2. Experimental Section


2.1. Materials

Butyl acrylate (BA, Aldrich, ≥99%) was freed from inhibitor by passing through a column of neutral aluminium oxide (Aldrich, Brockmann activity I). N-isopropyl acrylamide (NIPAm, Acros Organics, 99%) was re-crystallized from n-hexane. Azo-bis-(isobutyronitrile) (AIBN, AkzoNobel, 98%) was re-crystallized from methanol. Solvents used in syntheses and polymerizations were purchased from different suppliers in pro analysi quality and used as received. Tetrahydrofuran (THF) and N,N-dimethylacetamide (DMAc) for SEC-analysis were purchased in HPLC-grade from Sigma-Aldrich. NMR-solvents were purchased from Deutero or Aldrich (99.8 atom % D) and used as received.



2.2. Syntheses

The comonomer N-ethylacrylate-3,4-dimethylmaleimide 1.1 was synthesized in accordance to literature-known procedures: First, the precursor dimethylmaleimido ethanol was synthesized in accordance to Gupta et al. in 98% yield [25]. Afterwards, it was used without further purification in a Steglich esterification with acrylic acid (overall yield 80%) [26].

The six-functional RAFT-agents R62 and R63 were synthesized as described earlier [22,23,24].



2.3. Polymerizations

Solvent and liquid monomers were degassed via at least three freeze-pump-thaw cycles. Along with the polymerization vials, the RAFT-agent, initiator, and the comonomer were transferred to an argon-filled glove box (oxygen-content below 2 ppm). There, the stock solutions for the polymerization were prepared and charged to glass vials and sealed with Teflon/rubber lids. The vials were inserted into a block heater at 60 ± 0.1 °C and removed after preset time intervals. After cooling in an ice bath for quenching the reaction, the monomer-to-polymer conversion was determined gravimetrically by precipitating the polymer from the reaction mixture (poly-BA with methanol, poly-NIPAm with diethyl ether). The polymer was separated via centrifugation and dried under vacuum.



2.4. Size Exclusion Chromatography (SEC)

The molecular weight distributions of BA-based polymers were determined with a SEC Analysis Systems 1260 Infinity by PSS Agilent (PSS Agilent Technologies 1260 Iso Pump, Agilent 1260 ALS injector, pre-column PSS SDV, 8 mm × 50 mm, particle size: 5 µm, three separation columns PSS SDV, 8 mm × 300 mm, particle size: 5 µm, pore size: 105, 103 and 102 Å) with the UV-detector PSS Agilent Technologies 1260 VWDVL at a wavelength of 310 nm [27] and the RI-detector PSS Agilent Technologies 1260 RID. As eluent THF was used with toluene (>99.7%, dry, from Sigma-Aldrich) as internal standard (flow velocity 1.0 mL∙min−1 at 35 °C). The system was calibrated with polystyrene standards of low dispersity from PSS. The Mark-Houwink-coefficients (BA: K = 0.0122 cm3∙g−1, a = 0.7; Sty: K = 0.0162 cm3∙g−1, a = 0.71) [28,29] were used to gain access to the molecular masses of the homopolymers according to the principles of universal calibration. The molecular weight distributions of poly-NIPAm samples were determined with a SEC Analysis Systems 1260 Infinity set up by PSS Agilent containing a PSS GRAM (polyester copolymer network) pre-column, 8 mm × 50 mm and three PSS GRAM separation columns, 8 mm × 300 mm, particle size: 10 µm, pore sizes: 30, 103 and 103 Å. As eluent DMAc with 0.1 wt % LiBr was used (flow velocity 0.8 mL∙min−1 at 45 °C). The UV-detector PSS Agilent Technologies 1260 VWDVL at a wavelength of 310 nm [27] and the RI-detector PSS Agilent Technologies 1260 RID were applied. Again toluene was used as internal standard. The system was calibrated with poly-MMA standards from PSS. McKee et al. proved by using NMR-analysis parallel to the SEC measurements that poly-NIPAm behaves very similar to poly-MMA in solution [30].



2.5. NMR Spectroscopy

Different NMR-experiments (1H NMR, 15N-HMBC, H,H-COSY) were conducted on a Bruker Avance III 400 MHz spectrometer (BrukerBiospin, Rheinstetten) with a broadband-observe probe, z-gradient and temperature unit. All measurements were performed in CDCl3 applying a relaxation time d1 of 0.1 s and a pulse length p1 of 10 µs. As no literature data was available for the 15N chemical shift of the comonomer 1.1 it had to be characterized thoroughly. Acetonitrile was applied as nitrogen standard. Furthermore, the chemical shifts of the ethyl-bridge protons in the 1H NMR spectrum had to be clarified. A two-dimensional NMR method, 15N-HMBC (Heteronuclear Multiple Bond Correlation), was applied to yield straightforward data despite the low natural abundance (0.37%) of 15N. In a 15N-HMBC experiment the connectivity information along several bonds between the 15N and 1H nuclei is detected.




3. Results and Discussion


3.1. Copolymerization of 1.1 and BA

Polymerizations of BA and 1.1 were conducted in a BA: toluene mixture of a volume ratio of 7:3, which corresponds to ca. 5000 mmol∙L−1 BA. 0.6 mmol∙L−1R62 and 1.1 mmol∙L−1 AIBN were added and the reactions were carried out at 60 °C for up to 155 min. The concentration of 1.1 was varied systematically between 29 and 279 mmol∙L−1. With these amounts of 1.1, the final crosslink density may roughly be varied between 1 crosslink per 200 monomer units and 1 crosslink per 20 monomer units. In Figure 3 the number average molecular weights, Mn, and the dispersities, Đ, of these different polymerizations are plotted against the monomer conversion.

Figure 3. Developments of the number average molecular weight, Mn, and dispersity, Đ, with the monomer conversion for homopolymerization of BA and four copolymerizations of BA and 1.1 with 0.6 mmol∙L−1R62 and 1.1 mmol∙L−1 AIBN in toluene at 60 °C.
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A controlled process of the polymerization can be recorded for all copolymerizations in toluene, even for the higher comonomer concentrations, proven by the linear development of Mn with monomer conversion as illustrated in Figure 3 and by the SEC-traces (shown in the electronic supporting information (ESI) Figure S1). In general, it has to be noted that the Đ-values of these solvent copolymerizations are higher than typically obtained in Z-RAFT star polymerizations, where values below 1.25 were obtained [22]. On the one hand this may be due to the good thermodynamic dissolution quality of the applied solvents, as could be shown for solvent Z-RAFT star polymerizations of styrene earlier [31]. On the other hand, it is observed that the Đ-values are getting higher for higher concentrations of 1.1 in the monomer feed. The corresponding SEC-traces show bimodal distributions which cause the high Đ-values (Figure 4 and Figure S1 in ESI). It is noticeable that the formation of material with higher molecular weight causing bimodality depends on the comonomer concentration and reaction time. Here the chromatograms obtained by RI-detection are shown. The molar mass distributions after long reaction times (Figure 4b) additionally show a shoulder at smaller molecular weights. These result from dead material, which is generated during the RAFT polymerization process due to continuous termination of two individual arm macroradicals, which naturally are smaller than the complete star consisting of six arms (main peak). As the low molar mass material is formed by termination of propagating radicals, it does not contain RAFT-units.

Figure 4. Molar mass distributions (SEC) from different copolymerizations of BA with 1.1 in toluene with 0.6 mmol∙L−1R62 and 1.1 mmol∙L−1 AIBN at 60 °C taken after 45 min (a), 155 min (b).
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With increasing concentration of the comonomer, decreasing molar masses are obtained after identical reaction times (see Figure 5, lower part), which directly reflects a slowing down in polymerization rate, whereas the formation of dead polymer proceeds approximately to the same extent for all cases. The plots of monomer conversion vs. reaction time (Figure 5, upper part) confirm these qualitative findings and indicate that increasing amounts of 1.1 as comonomer slow down the reaction and thus reduces molar masses after identical reaction periods. This rate reduction is often observed with copolymerizations and may here originate from the steric congestion when the bulky monomer 1.1 adds to the BA macroradical, which consequently slows down propagation due to a reduced frequency factor of the corresponding Arrhenius equation.

Figure 5. Developments of monomer conversion and number average molecular weight with time in homopolymerization of BA and in different copolymerizations of BA and 1.1 in tolueneusing 0.6 mmol∙L−1R62 and 1.1 mmol∙L−1 AIBN at 60 °C.
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For higher monomer conversion, i.e., here after 155 min, a shoulder in the region of high molecular weight can be seen besides the main signal which results from star polymer and dead material. We showed earlier that in Z-RAFT star polymerization of BA this high molar mass shoulder was caused by star-star coupling via intermolecular transfer-to-polymer [22]. By β-H-abstraction from the polymer backbone by a propagating radical, an intermolecular transfer of the radical functionality takes place. A tertiary radical, a so called mid-chain radical, is formed and dead polymer is generated. This mid-chain radical does not undergo RAFT-equilibrium reactions due to its hindered nature, but propagates, forming a secondary radical. This star radical species, which normally does not occur in Z-RAFT star polymerization, subsequently participates in the RAFT equilibrium yielding star couples. However, as the polymerization shown here was carried out in solution (monomer:solvent 7:3), the effect of star-star-coupling via transfer-to-polymer is expected to be small, due to the reduced polymer concentration. It is furthermore evident that in polymerizations with higher comonomer feed, the multimodality of the distribution is much more pronounced and that poly-BA homopolymer does not show this high molar mass fraction at all (see Figure 4). These findings imply that in this particular case the coupling originates via some other mechanism.

The examination of the chromatograms resulting from the ‘corrected’ UV-data (Figure 6), which selectively detects polymer carrying RAFT groups only, confirms an increase of the high molecular weight side product, both with increasing comonomer concentration and reaction time. The correction of the UV-data was conducted in accordance to the procedure described earlier [22] and accounts for the fact that the UV detector is set to a wavelength by which only RAFT groups are visible. The corresponding UV signal is proportional to the number of molecules instead of being proportional to the weight of the polymer, as is true for RI-detection. Correcting the UV-signal, i.e., multiplying by the molar mass, thus makes UV and RI signals comparable weight distributions, which should be identical in the case that every chain is carrying the same number of RAFT-groups. With star couples, however, two absorbing RAFT centers occur per macromolecule, which amplifies the corresponding corrected UV signal by a factor of two, giving evidence for the molecular structure of this star couple. This becomes clear from inspection of Figure 6, which directly proves that progressive star-star coupling occurs during the studied copolymerization.

Figure 6. Corrected UV-SEC-traces of the aliquots quenched after 115 (a) and 155 min (b) of copolymerizations of BA and different amounts of 1.1 using 0.6 mmol∙L−1R62 and 1.1 mmol∙L−1 AIBN at 60 °C, (for details see text).
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It can be concluded that the dimethylmaleimide-moiety is prone to undergo side reactions which yield polymer material with higher molecular weights than a single star polymer. The assumption seems plausible that the probability of star-star coupling is intensified by these units. Of the copolymerizations with 56, 146 and 279 mmol∙L−1 of 1.1, each fourth and fifth aliquots were probed for star-star-coupling, which results in doubling of the molecular mass (Table 1). Here, the molecular weights of the peak maxima (MP) of both peaks were compared. “MP,high” corresponds to the molecular weight at the peak maximum of the high molecular weight material, i.e., multi-stars, “MP,low” to the peak maximum of the peak of the material with the smaller molecular weight, i.e., single stars.

Table 1. Comparison of the molecular weights of the two maxima of the MWDs of selected aliquots resulting from the copolymerization of BA and different amounts of 1.1 using 0.6 mmol∙L−1R62 and 1.1 mmol∙L−1 AIBN at 60 °C.


	Aliquot
	MP,high (g∙mol−1)
	MP,low (g∙mol−1)
	Ratio





	4 (0.056 mol∙L−1)
	740,000
	398,000
	1.86



	5 (0.056 mol∙L−1)
	890,000
	490,000
	1.82



	4 (0.146 mol∙L−1)
	980,000
	447,000
	2.19



	5 (0.146 mol∙L−1)
	1,000,000
	470,000
	2.12



	4 (0.279 mol∙L−1)
	933,000
	355,000
	2.63



	5 (0.279 mol∙L−1)
	1,100,000
	407,000
	2.69










The assumption of double star formation is further strengthened by these data, as MP,low is in all cases approximately about a factor of 2 smaller than MP,high. Furthermore, a trend can be observed, as the ratio between the molecular weights is increasing with increasing comonomer concentration. For the highest comonomer concentration, the ratio is almost threefold larger, which indicates that entities consisting of more than two stars are formed to some extent. A thermal initiation of the [2+2]-cycloaddition is thermodynamically forbidden. The only conceivable pathway is therefore via the reaction of a radical with the dimethylmaleimide-moiety: Maleimides themselves are nominally 1,2-disubstituted ring-shaped vinyl monomers and may be attacked by a growing radical. Disubstituted double bonds are known to propagate very slowly [32]. Maleimide is nevertheless known to undergo copolymerizaton with styrene [33] and with acrylates [34] to some extent. Additional substitution of the double bond with two methyl groups on either side is further reducing the probability of being partner in a radical polymerization. It can thus safely be anticipated that propagation of 1.1 occurs via radical attack to the acrylic side of the monomer. However, a single event on the maleimide side, although being very unlikely, will result in the incorporation of this monomer into two polymeric chains, that is, in the formation of a star-star couple. It is thus believed that the star-star couples in Z-RAFT star copolymerization of BA and 1.1 originates from such sporadic macroradical attack to the dimethylmaleimide-moiety. The increasing amount of dimethylmaleimide units in the system by increasing the comonomer feed of 1.1 is thus directly increasing the amount of star-star couples.



3.2. Copolymerization of 1.1 and NIPAm

Copolymerizations of NIPAm and 1.1, mediated by the six-functional RAFT agent R63, were also studied. Solutions of 5000 mmol∙L−1 of NIPAm and 28 mmol∙L−1, 56 mmol∙L−1, 140 mmol∙L−1 and 280 mmol∙L−1 of 1.1 in DMF were polymerized with 0.6 mmol∙L−1 of R63 and 1.1 mmol∙L−1 of AIBN at 60 °C. In Figure 7 the corresponding development of the molecular weight and the dispersities with monomer conversion are plotted.

Figure 7. Evolution of the number average molecular weight, Mn, and dispersity, Đ, with the monomer conversion for a homopolymerization of NIPAm (full symbols) and various copolymerizations of NIPAm and 1.1 using 0.6 mmol∙L−1R63 and 1.1 mmol∙L−1 AIBN in DMF at 60 °C.
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It can be seen that the molecular weights increase in a linear fashion with monomer conversion and that the Đ-values for polymerizations with no or a low amounts of comonomer in the monomer feed are reasonably low. A controlled reaction behavior can therefore be concluded. For high comonomer concentrations, the Đ-values increase above values which are typical for RAFT star polymerizations (see below). As with BA, a rate reduction by the addition of 1.1 takes place (see Figure 8), which is even more pronounced in the case of NIPAm than for BA. This may be due to the differences in the parent structure of the monomers 1.1 and NIPAm, i.e., acrylate vs. acrylamide.

Figure 8. Development of the number average molecular weight, Mn, and the monomer conversion with the reaction time for a homopolymerization of NIPAm (filled symbols) and various copolymerizations of NIPAm and 1.1 using 0.6 mmol∙L−1R63 and 1.1 mmol∙L−1 AIBN in DMF at 60 °C.
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Similar to the BA-polymerization, it can be observed that the effect of rate reduction is more pronounced for systems with higher comonomer loads. Comparing the chromatograms of aliquots taken after the same period of time (Figure 9) consequently shows a decrease in the molecular weight with increasing comonomer concentration.

Figure 9. Molar mass distributions (SEC, RI) from different copolymerizations of NIPAm with 1.1 using 0.6 mmol∙L−1R63 and 1.1 mmol∙L−1 AIBN in DMF at 60 °C after 30 min (a) and 127 min (b).
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In contrast to the corresponding chain length distributions from copolymerizations with BA, no clear bimodalities with shoulders in the region of high molecular weights were observed. This indicates that hardly any star-star coupling occurs in Z-RAFT star polymerizations of NIPAm. The poly-NIPAm macroradical is apparently not active enough to attack the dimethylmaleimide-moiety.

The chromatograms obtained by RI-detection (Figure 10), however, are broad and partially bimodal with peaks occurring at the low molar mass side, due to dead polymer chains generated in the polymerization process. The effect is most prominent in systems without any 1.1 (see Figure 10). Information can again be drawn from UV detection after SEC: Whereas the UV-data, which is only sensitive to polymer carrying RAFT groups (stars in this case), indicates a unimodal distribution, it can be seen that a large amount of UV-inactive material, i.e., dead polymer without RAFT-moieties, is present at low molar masses resulting in high overall Đ-values from RI-detection (see Figure 10). The formation of dead polymer material increases with reaction time. It thus appears that termination is rather high in this system, which, however, is in conflict with findings by Gilbert et al., who qualitatively found that termination in aqueous NIPAm polymerization is low [35]. As propagation in acrylate and NIPAm polymerization is similar [36,37]—note that a slow propagation may also lead to high amounts of terminated chains after the same extent of monomer conversion—lower amounts of terminated RAFT polymer would thus be anticipated according to Gilbert’s findings, which clearly is not the case. It is therefore more likely that some other mechanism than biradical termination leads to deactivation of chains under loss of the RAFT-units. The acrylamide-type monomer NIPAm may form small amounts of amines via hydrolysis, which in turn is known to cleave RAFT-polymer [38]. The hydrolysis of amides in neutral water is known to occur slowly with a rate coefficient of 3∙× 109 s−1 [39], which is, however, sufficient to produce free amines in the order of tenths of millimoles in these highly concentrated NIPAm solutions after the respective reaction times. The same level of concentration was chosen for the star RAFT agents, which may thus be decomposed significantly. The result of this process between amines and thiocarbonylthio-moieties is also a continuous formation of RAFT-group-lacking arm polymer, equal to the material that may form via termination. High amounts of dead polymer, which constitute arm polymer chains that have been separated from the star polymer, imply that significant amounts of the star polymer have lost at least one of their arms. The assumption for the UV-trace correction that all macromolecules carry the same amounts of absorbing groups is thus not fully valid any longer, which may affect a potential quantitative analysis using both RI- and corrected UV-traces. The qualitative conclusions drawn in the present work are, however, not affected by this small uncertainty.

Figure 10. Chromatograms of aliquots of the NIPAm homopolymerization using 0.6 mmol∙L−1R63 and 1.1 mmol∙L−1 AIBN in DMF at 60 °C after different periods of time (full = RI-data, dashed = corrected UV-data).
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In Figure 11, the chromatograms determined by RI-detection of copolymerizations with various amounts of 1.1 are shown. It is interesting to note that the fraction of dead arm polymer at the low molar mass side of the star polymer is highest in the homopolymerization of NIPAm and is getting less prominent when increasing the concentration of 1.1 as comonomer. This finding is in line with the above interpretation about RAFT degradation via monomer-derived amines: when using lower concentrations of NIPAm, as is the case in copolymerization, less amounts of amines are expected, i.e., star degradation may proceed with lower rates. In any case, very homogenous copolymers carrying photocrosslinkable croups are obtained via the chosen strategy.

Figure 11. Chain length distributions (SEC, RI-detection) of copolymerizations of NIPAm with 1.1 using 0.6 mmol∙L−1R63 and 1.1 mmol∙L−1 AIBN in DMF at 60 °C up to a reaction time of 127 min.
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Next to the formation of dead polymer at the low molar mass side, a small broadening effect originating from star-star coupling was observed at high molar masses. When inspecting the living material via UV-detection (see Figure 12), it can be seen that at prolonged reaction times and at high concentrations of 1.1, small amounts of star couples occur. In the last set of chromatograms of the copolymerization with the highest comonomer concentration the peak maxima are marked. They differ roughly by a factor of 2, i.e., indicating that a very small amount of double stars are formed. However, the formation of high molecular weight material is clearly not as pronounced as in the copolymerizations with BA.

Figure 12. Corrected UV-SEC-curves of the copolymerizations of NIPAm with 1.1 up to a reaction time of 127 min. (a) 140 mmol∙L−1; (b) 280 mmol∙L−1.
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3.3. Determination of the Copolymer Composition

A special interest of this work was determining the copolymer composition of the product. The here studied star polymers that serve as template for nano-carriers are containing polymer blocks consisting of two statistically distributed monomers, one of which carries the photocrosslinkable group. NMR spectroscopy was used to determine the composition of the copolymer. A standard method for this is the comparison of the integrals of specific signals belonging to the various monomer-moieties which build up the polymer [40]. A requirement to apply this method is the full characterization of the comonomer 1.1.

In order to gather connectivity information between N and H and to check whether the concentrations of the different compounds in the system are sufficient, 15N-HMBC experiments were carried out with the reaction mixture (c1.1 = 105 mmol∙L−1, cAIBN = 0.85 mmol∙L−1, cR62 = 0.55 mmol∙L−1 in a toluene: BA mixture 1:1, equals cBA = 351 mmol∙L−1). The 1H NMR spectrum of this mixture is shown in Figure S3 of the ESI. Figure 13 shows the 15N-HMBC of this polymerization mixture. On the y-scale, the 15N NMR spectrum, and on the x-scale, the 1H NMR spectrum (Figure S3 in ESI) are plotted. The observed cross-peaks are the result of a transfer of magnetization between the 1H and 15N nuclei in proximity to each other. Interactions between two cores generally occur via one to three bonds so that structural conclusions could be drawn by these cross-peaks.

Figure 13. 15N-HMBC spectrum of the reaction mixture recorded in CDCl3 (15N versus 1H).
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The chemical shift of 1.1 in the 15N-HMBC was determined to be 4.36 ppm in the 1H dimension and −238.18 ppm in the 15N dimension. For acetonitrile values of 2.00 ppm and −135.25 ppm were found which are confirmed by the literature [41]. Accordingly, the triplet in the upfield region at approximately 3.8 ppm should result from the protons of the CH2-group directly adjacent to the oxygen atom. H,H-COSY measurements confirm this statement. The corresponding H,H-COSY plot is shown in Figure S4 of the ESI. Based on the cross-peaks, it could be proven that the protons of the CH2-group adjacent to the nitrogen, which was classified previously in the 15N-HMBC experiment, are interacting with the protons of the CH2-group adjacent to the oxygen atom, i.e., they are directly connected through bonds. With these data in hand, it can be stated that the triplet of the ethyl bridge in 1.1 in the downfield region at 4.36 ppm results from the protons which are directly adjacent to the nitrogen atom of the DMI-moiety. Furthermore the triplet at 3.78 ppm arises from the protons which are directly adjacent to the oxygen atom. This information helps in the determination of the amount of 1.1-units in the copolymer by integration of the peaks. It has become apparent that it is not feasible to use HMBC investigations for the polymer samples as the broadening of the signals caused by the polymer environment often inhibits the detection of the cross-peaks. 1H NMR spectra were recorded and analyzed instead (Figure 14).

Figure 14. Extract from the 1H NMR spectrum of p(BA-co-1.1) in CDCl3.
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Figure 15 shows the superimposed 1H NMR spectra of a copolymerization with 5000 mmol∙L−1 BA and 280 mmol∙L−11.1 using 0.59 mmol∙L−1R62 (MR62 = 1864.84 g∙mol−1) and 1.09 mmol∙L−1 AIBN in toluene at 60 °C.

Figure 15. Superimposed, standardized 1H NMR spectra measured in CDCl3 of the first, third and fifth aliquot of a copolymerization of BA and 1.1 using 5000 mmol∙L−1 BA, 280 mmol∙L−11.1, 0.59 mmol∙L−1R62 and 1.09 mmol∙L−1 AIBN in toluene at 60 °C.
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The triplet caused by the methyl group of BA at 0.91 ppm and the signal at 3.70 ppm due to the CH2-group of 1.1 were integrated. In accordance with the procedure described in literature [40], the integral (IBA, I1.1) of the single peaks are referred back to the protons causing the signals. These values are put in relation to each other yielding the molar share [F (mol %)] of each monomer in the polymer. With molecular weights of the monomers (M1.1 = 223.23 g∙mol−1, MBA = 128.17 g∙mol−1), the molecular share is converted to the weight share of each monomer. From the molecular weight of the polymer minus the molecular weight of the RAFT-agent the weight of one star polymer molecule (wstar) is obtained by applying the Avogadro constant. One star of the first aliquot (Mn = 121,000 g∙mol−1) without its RAFT-core of the here introduced aliquot has a weight of 1.97∙× 10−19 g. Determining the polymer share of 1.1 with the weight share (w%1.1), and divided by the weight of one monomer molecule, the number of monomer units in one star molecule is determined. In the ESI, an example for the calculation of the number of 1.1-units is shown. The calculation for the BA-units was carried out accordingly. In the introduced example 81 1.1-units and 785 BA-units were calculated. Table 2 summarizes the polymer composition in monomer units for the three aliquots of the copolymerization of BA and 1.1 shown in Figure 15.

Table 2. Determined numbers of BA- and 1.1-units in different polymer samples of a polymerization with 4920 mmol∙L−1 BA, 280 mmol∙L−11.1, 0.59 mmol∙L−1R62 and 1.09 mmol∙L−1 AIBN in toluene at 60 °C.


	t (min)
	Mn (g∙mol−1)
	Number of 1.1-units in the star
	Number of BA-units in the star





	45
	121,000
	81
	785



	115
	305,000
	190
	2,032



	155
	405,000
	246
	2,718










In addition to determining the polymer composition by monomer units, the molecular share of a specific monomer in the polymer, F, can be used to apply the Lewis-Mayo-equation and obtain the reactivity ratios. To do so, the integral of the BA’s methyl group at approximately 0.91 ppm is compared with the integral at 3.70 ppm belonging to the CH2-group of the comonomer, as shown before. Now the molecular composition of the polymer (F) is plotted versus the composition of the monomer feed (f) for all reaction mixtures and fitted via the Lewis-Mayo-equation (Equation (1)) in OriginPro 8.1 giving the reactivity ratios r1.1 (a) and rBA (b) (see Figure 16).

Figure 16. Copolymerization plot for a set of copolymerizations with BA and 1.1 using 0.59 mmol∙L−1R62 and 0.97 mmol∙L−1 AIBN in toluene at 60 °C and 90 min reaction time.
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(1)






Reactivity ratios of 2.24 for 1.1 and 0.95 for BA could be determined. Reactivity ratios above 1 are a signal that the growing radicals favor their own monomer, while monomers with reactivity ratios below 1 favor the opposite monomer. Here, the incorporation of the comonomer into the polymer is favored by both types of macroradicals. Thus, 1.1 is consumed preferably in the beginning. With decreasing concentration of this comonomer in the feed, the probability of consumption eventually also decreases, hence BA is more strongly consumed in later phases of the copolymerization.

By taking a closer look at these reactivity ratios, it can be concluded that a gradient copolymer is formed. This can also be seen from Table 3, in which the copolymer composition is collated for polymer of various chain-lengths. It can be seen that the nominal proportion of 1.1 is decreasing with increasing chain-length, which is correlated to increasing monomer conversions, due to the controlled nature of the studied system. This drop in F1.1 with chain length directly reflects the composition drift due to monomer conversion. As chain length and monomer conversion cannot easily be separated in RAFT polymerization, this composition drift adds to the uncertainty of the absolute values of the reactivity ratios, even when monomer conversions are targeted to be as low as possible.


Table 3. Comparison of the molecular percentage of monomer units in the copolymers.



	
Copolymerization with

	
Copolymerization with




	
5000 mmol∙L−1 BA and 1350 mmol∙L−1 1.1

	
5000 mmol∙L−1 BA and 280 mmol∙L−1 1.1




	
Mn (g∙mol−1)

	
F1.1 (mol%)

	
FBA (mol%)

	
Mn (g∙mol−1)

	
F1.1 (mol %)

	
FBA (mol %)






	
88,000

	
37.9

	
62.1

	
120,000

	
9.4

	
90.6




	
160,000

	
33.6

	
66.4

	
305,000

	
8.6

	
91.4




	
310,000

	
30.1

	
69.9

	
405,000

	
8.3

	
91.7











For NIPAm-based copolymers the procedure was carried out similarly. Figure 17 shows the 1H NMR spectrum of a poly-NIPAm sample recorded in CDCl3. In Figure 18, a 1H NMR spectrum of a copolymer sample is superimposed with a homopolymer sample.

Figure 17. 1H NMR spectrum of poly-NIPAm recorded in CDCl3.
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Figure 18. Superimposed, standardized 1H NMR spectra of poly-NIPAm (blue) and poly-(NIPAm-co-1.1) (black) recorded in CDCl3.
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The addition of the comonomer 1.1 causes a singlet at 1.95 ppm resulting from the methyl groups of the dimethylmaleimide-unit and a signal at 3.72 ppm, which stems from the CH2-group adjacent to the oxygen atom of the ethyl bridge in the comonomer which was classified by 15N-HMBC before. The second signal of the ethyl bridge is overlapped by the large signal of NIPAm’s CH-group. Signals of diethyl ether, the precipitant for poly-NIPAm, were found in all spectra despite drying the samples for five days under vacuum at 50 °C. For the determination of the molecular composition of these polymers, the integrals of the half-peak widths of the singlet at 1.11 ppm caused by NIPAm’s terminal methyl groups and of the comonomer signal at 3.72 ppm were used as described earlier. In an example of a copolymerization between NIPAm and 1.1 (3600 mmol∙L−1 of NIPAm with 107.2 mmol∙L−1 of 1.1 using 1.3 mmol∙L−1 of AIBN and 0.5 mmol∙L−1 of R63 in DMF) after 55 min of reaction time star polymer with 95.2 mol % NIPAm and 4.8 mol % 1.1 and after 85 min with 95.7 mol % NIPAm and 4.3 mol % 1.1 were obtained. From the set of copolymerizations introduced earlier (5000 mmol∙L−1 of NIPam and 280 mmol∙L−1 of 1.1 in DMF were polymerized with 0.6 mmol∙L−1 of R63 and 1.1 mmol∙L−1 of AIBN at 60 °C) the molecular composition was determined. Figure 19 shows the superimposed, standardized 1H NMR spectra of this copolymerization.

Figure 19. Superimposed, standardized 1H NMR spectra recorded in CDCl3 of the copolymerization with 5,000 mmol∙L−1 NIPAm and 280 mmol∙L−11.1 using 0.6 mmol∙L−1R63 and 1.1 mmol∙L−1 AIBN in DMF at 60 °C.
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The area between 3.60 and 4.15 ppm was magnified. From this area it can be observed that the amount of incorporated 1.1 in the polymer decreases in comparison to the amount of NIPam. This is supported by the molecular share F determined (Table 4).


Table 4. Molecular shares of both monomers and number of monomer units per star molecule in the samples of the copolymerization with 5000 mmol∙L−1 NIPAm and 280 mmol∙L−11.1 using 0.6 mmol∙L−1R63 and 1.1 mmol∙L−1 AIBN in DMF at 60 °C.



	
t

	
Mn (g∙mol−1)

	
FNIPAm

	
F1.1

	
Number of NIPAm

	
Number of 1.1




	
(min)

	
units in the star

	
units in the star






	
30

	
49,000

	
76.0

	
24.0

	
266

	
84




	
60

	
70,000

	
80.9

	
19.1

	
404

	
95




	
92

	
86,000

	
83.9

	
16.1

	
548

	
106




	
112

	
103,000

	
85.1

	
14.9

	
675

	
118











The ratio of 1.1-units to NIPAm-units allows the statement that the incorporation of 1.1 in the beginning of the polymerization is again favored, similar to the findings in the BA-polymerizations. Reactivity ratios were obtained in accordance to the procedure shown before. Values of r1.1 = 0.96 and rNIPAm = 0.05 were determined, indicating that the resulting polymer is close to an alternating copolymer. As 1.1 has a reactivity ratio of almost 1 and NIPAm strongly favors the comonomer, it can be concluded that 1.1 is preferably integrated as long as the local concentration is high enough.




4. Conclusions

This paper describes the Z-RAFT-star copolymerization of BA and NIPAm with N-ethylacrylate-3,4-dimethylmaleimide (1.1), a monomer carrying a UV-reactive DMI-unit. Experiments with BA and NIPAm showed that the addition of 1.1 slows down the polymerization rate. The effect increases with increasing comonomer concentration. In the case of copolymerizations with BA, it was found that the comonomer reinforces double star formation. It was proposed that the coupling of stars proceeds via a singular propagation step between a DMI-unit and a growing macroradical. Such coupling reactions were significantly less pronounced in copolymerizations with NIPAm. In the NIPAm systems, however, a strong formation of dead material during the polymerization process leads to smaller molecular weights than expected and to broadening of the molar mass distributions.

Furthermore, the composition of the copolymers as well as the reactivity ratios for the applied comonomers were determined via NMR spectroscopy (BA-co-1.1 r1.1 = 2.24 rBA = 0.95; NIPAm-co-1.1 r1.1 = 0.96 rNIPAm = 0.05). In both cases the comonomer is consumed preferably in the beginning of the polymerization. It can be concluded that gradient copolymer stars are formed carrying the UV-reactive units in the outer sphere; a fact that can be considered as beneficial for the formation of nano-carriers. The present system is thus excellently suited for the generation of peripherally crosslinked star polymers.

The functional copolymer stars presented here may be used in a subsequent polymerization forming amphiphilic star block copolymers that carry photocrosslinkble groups in the outer sphere. These may form nano-carriers after intramolecular crosslinking by UV-light, which closes the carrier’s shell [6]. The functional stars may also form model networks when crosslinked under high concentration conditions. These and other applications are currently explored.
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