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 Electron Spin Resonance Study of Conventional Radical Polymerization oftert-ButylMethacrylates Using Radical Precursors Prepared by Atom Transfer Radical Polymerization 1
 
 2
 
 Atsushi Kajiwara and Mikiharu Kamachi
 
 1Departmentof Materials Science, Nara University of Education, Takabatake-cho, Nara 630-8528, Japan 2Department of Applied Physics and Chemistry, Fukui University of Technology, Fukui 910-8505, Japan
 
 Abstract: Radical precursors of poly(meth)acrylates with given chain lengths were prepared by atom transfer radical polymerization (ATRP) technique. Model radicals with given chain lengths were generated by reaction of the precursors with organotin compound. The radicals were observed by electron spin resonance (ESR) spectroscopy. ESR spectra of methacrylate model radicals with their degrees of polymerizations(Pn)of 30, 50, and 100 were measured. In comparison with these spectra, clear chain length dependence was observed and a detection of polymeric propagating radicals was clearly shown in the conventional radical polymerization. ESR spectra of model radicals of acrylates did not display chain-length dependence. The spectra suggested a formation of significant amount of mid-chain radicals from acrylate propagating radicals via 1,5hydrogen shift. ESR spectra of dimeric model radical of acrylate clearly provided experimental evidence of the 1,5-hydrogen shift.
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 Introduction Electron spin resonance (ESR) spectroscopy can theoretically provide direct information on the structures, properties, and concentrations of propagating radicals (1,2). Accordingly, ESR spectroscopy is a promising technique for obtaining information on the propagating radicals in the radical polymerization, if well-resolved ESR spectra of propagating radicals are observed (2-4). We have detected well-resolved ESR spectra in the radical polymerizations of styrene and its derivatives, diene compounds, methacrylates, and vinyl esters in benzene or toluene solution (3-10). A l l these spectra are reasonably interpreted as propagating radicals. As an extension of the previous works, in the present work, conventional radical polymerizations of (meth)acrylates were investigated with the aid of controlled radical polymerization technique. ESR spectra of model radicals with given chain lengths generated from radical precursors prepared by atom transfer radical polymerization (ATRP) were measured, and chain length dependent phenomena could be examined in the experiments. Information on the chain lengths of propagating radicals is very important for kinetic study of radical polymerizations. We have estimated propagation rate constants (Λρ) of radical polymerizations of several kinds of monomers by an ESR method (4-10). As part of the method, ESR spectra of propagating radicals have been detected and used for both of investigation of structures and estimation of steady-state concentrations of propagating radicals. The spectra have been considered to be due to propagating radicals whose chain lengths are long enough for estimation of k^. However, there has been no clear experimental information on the actual chain length of the propagating radicals observed by ESR. The chain length was just speculated to be "long enough' . In general, higher initiator concentrations than in usual radical polymerizations were employed in the ESR experiments for detection of well-resolved spectra. Under such conditions, the chain length of the propagating radicals will be shorter than that under the usual conditions. The chain length of the resulting polymers in the ESR samples can be estimated by measuring size exclusion chromatography (SEC) after ESR experiments. However, the resulting molecular weights, even i f high enough, do not guarantee ESR detection of radicals with the high molecular weights, because detection of shorter radicals is much easier than that of longer radicals. Therefore, the chain length of the propagating radicals in the polymerizations should be examined carefully. In this work, ESR experimental evidence for the detection of polymeric propagating radicals in methacrylate polymerizations will be shown. Historically, the interpretations of ESR spectra of radial polymerizations of acrylates have been much more complicated than for methacrylates. There have been some unsolved problems with the ESR spectra of propagating radicals of acrylates. Several kinds of ESR spectra under various conditions were reported as spectra of propagating radicals (11-17). Presence of mid-chain radicals in the course of radical polymerizations of acrylates has been discussed (14-18). In the present work, we investigated ESR spectra of model radicals of propagating radicals of acrylates with given chain lengths at several temperatures. As a 1
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 Scheme J Generation of propagating radicals (a) and model radicals (b). ESR spectra of methacrylate showed chain length dependence. ESR spectra of acrylate clearly exhibited occurrence of 1,5-hydrogen shift.
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 so
 
 00
 
 90 result, ESR spectra of propagating and mid-chain radicals were observed separately and were clearly assigned.
 
 Results and Discussion tert-Butyl Methacrylates When a mixture of monomer and a radical initiator was heated or photoirradiated in an ESR sample cell, propagating radicals were formed and polymerization proceeded (scheme la, R = CH ). Well-resolved spectra of propagating radicals of tert-butyl methacrylate (fBMA)have been clearly detected at various temperatures as shown in Figure 1. The 16-line spectra were different from those of methacrylates (13-line or 9-line spectra), but is reasonably assigned to propagating radical as follows. Since the long-ranged hyperfine structures due to the methyl protons of the ter/-butyl groups in the ester side chain did not appear, splitting lines due to three α-methyl protons and two β-methylene protons were clearly observed. Thus the values of their hyperfine coupling constants can be determined precisely. The spectroscopic feature of the spectra showed clear temperature dependence and it can be interpreted by hindered rotation model with presence of two stable conformations (2). The intensity of the inner 8 lines increased with raising temperature, indicating that there are two exchangeable conformations whose existence have been shown in the elucidation of ESR spectra of methacrylates (2). At 150 °C, the intensity of the inner 8 lines increased and the ESR spectrum can be interpreted as a single conformation, indicating that the energy difference between the two conformers is small.
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 3
 
 The observed ESR spectrum of propagating radicals of i B M A at 150 °C is shown in Figure 2a along with simulated spectrum. The spectrum is completely simulated using hyperfine splitting constants of 1.40 mT for one proton, 1.16 mT for one proton, and 2.17 mT for three protons (Fig. 2b). A characteristic point of this result is estimation of different hyperfine splitting constants for the two methylene protons. This means that the rate of rotation of the end radical is not so fast as to be detected as equivalent methylene protons on the time scale of the ESR measurement. It is a 16-line spectrum. If the two β-methylene protons were equivalent, the total number of splitting lines would be 12 (4 (CH -) χ 3 (CH -)). This finding suggests the presence of a long propagated chain that hindered the rotation of the terminal bond for the propagating radical of 16-line spectrum. If we can observe the ESR spectra of radicals with given chain length, chain length dependent phenomena could be examined. In order to clarify the phenomena, model radical precursors were prepared by the ATRP technique. ATRP can provide polymers with controlled molecular weights and the resulting polymers have terminal carbon-halogen bonds (19-24). When the 3
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 a)
 
 b)
 
 c)
 
 2mT
 
 d)
 
 Figure 1 ESR spectra ofpropagating radicals of tBMA at various temperatures: a) 150, b) 120, c) 90, andd) 60 °C.
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 a)
 
 Figure 2 Structure ofpropagating radical of tBMA, ESR spectra of the propagating radical of tBMA at 150 °C (a), and simulated spectrum (b).
 
 Figure 3 Structure of oligomeric model radical ESR spectra of the oligomeric model radicals of tBMA (P = 2-7) at 150 ° C (a), and simulated spectrum φ). n
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 93 carbon-halogen bonds would be cleaved homolytically by reaction with organotin compounds, model radicals of propagating chains with given length could be generated (Scheme lb, R = CH ) (25). First, a mixture of oligomers containing 2-7 monomer units (P = 2-7) was prepared by ATRP and model radicals with short chain lengths were generated. The ESR spectrum of the radicals observed at 150 °C showed clear 12-line spectrum as shown in Figure 3a, which shows that the two β-methylene protons are almost equivalent in such small radicals at such high temperature. This finding indicates that rotation of the radical end is too fast to be detected as different methylene protons on the time scale of ESR spectroscopy. 3
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 n
 
 Figure 4 Comparison of ESR spectra of radicals with various chain length at 150 °C a) oligomeric model radical, b) model radical with P = 100, and c) radicals in a radical polymerization (propagating radical). Characteristic lines have been enlarged on the right hand side. n
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 94 In order to estimate the critical chain length which would show splitting of 16-line spectrum, model radical precursors with degrees of polymerization (P ) of 30, 50, and 100 were prepared by ATRP. ESR spectra of radicals generated from these precursors were observed at various temperatures. These spectra showed similar temperature dependence as shown in Figure 1. In the case of P = 100, a 16-line spectrum was clearly observed at temperatures lower than 120 °C. The intensity of the inner 8 lines increased with raising temperature, and seems to coalesce into a single line at 150 °C (Fig. 4b). Similar ESR spectra were observed in radicals from polymeric precursors with P = 50 and 30. The intensity of the inner 8 lines seems to coalesce more clearly to a single line at 150 °C. The ESR spectra seemed to be 12-line spectrum, but the 4 lines coalesced insufficiently, indicating that the rate of the rotation of the end radical is not sufficiently fast for the methylene protons to be detected as equivalent on the time scale of the ESR experiment. The inner 4 lines of 12-line spectrum begin to separate into two lines at P = 30, and the separation becomes larger with increasing P owing to the lowering of the rate of the rotation. The separation was more clearly observed in the propagating radical, indicating that mobility of the end radical is restricted. Comparison of the ESR spectra of oligomeric radicals (Fig. 3a), model radicals with P„ = 100, and radicals in polymerization system (Fig. 2a) at 150 °C in one figure is shown in Figure 4. From the comparison of the separation of inner lines, P of the propagating radical is considered to be higher than 100. Molecular weight (M„) of the isolated polymers from polymerization system (Fig. 4c) was determined to be 30000 (P = 210) by SEC. The inteipretation of the ESR spectra suggests that they correspond to "long" propagating radicals, and it is in agreement with what SEC tells us. It follows from what has been said that kinetics data on radical polymerizations determined on ESR spectra would have some more reality and reliability than before. We can conclude that the 16-line spectrum in our ESR measurements is ascribable to polymeric radicals. ESR spectroscopy has provided structural information of the propagating radicals at their chain ends. Direct information on the chain length of the radicals has not been obtained from ESR measurements. Data shown in this research provide this information for the first time. Further information on dynamic behavior of the propagating radicals can be obtained from these ESR spectra. The temperature dependence of these spectra can be simulated in consideration with dynamics of the radicals (26). Averaged exchange time between the two conformers was calculated from the simulation of the spectra in Figure 1. The activation energy of a rotation of the terminal C -Cp bond was estimated to be 21.2 kJ/mol (27). n
 
 n
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 teit-Butyl Acrylate Interpretations of ESR spectra observed in acrylate polymerizations have been very complicated (11-18). ESR spectra observed in radical polymerization systems of acrylates are not agreement with a spectrum of propagating radicals even under almost the same conditions as for methacrylates (Fig. 5d). Accordingly, it is difficult to interpret the spectrum to be that of propagating radicals. Spectroscopic change was observed in ESR spectra in the solution polymerization of tert-butyl acrylate (tBA) as shown in Figure 5. In the initial stage, a 6-line spectrum with narrow line width (Fig. 5a) was observed. This spectrum is reasonably assigned to be a propagating radical with two βmethylene protons and one α-proton (Fig. 5b). The spectrum had very short lifetime and readily changed to a totally different, long lived 7-line spectrum with broader line width (Fig. 5d). Observation of the latter spectrum was much easier than the former one. It was very difficult to detect the spectrum of the first species. Overlapped spectra of the first and latter spectra were observed in the intermediate stage (Fig. 5c). Two potential explanations for this change have been considered. One is a chain-length dependence of the spectra and the other is the occurrence of some kind of chemical reactions. These possibilities were examined by analysis of ESR spectra of model radicals with various chain lengths generated from polymeric radical precursors prepared by ATRP (19-24). Precursors of P = 20,50, and 100 were prepared. The model radicals were generated by reaction with organotin compounds and the radicals were observed by ESR spectroscopy (25). The three kinds of model radicals showed very similar ESR spectra and spectroscopic change. The ESR spectra observed for P = 100 are shown in Figure 6 as an example. These radicals showed almost the same 6-line ESR spectra of propagating radicals at low temperature (-30 °C ) in the initial stage just like as shown in Figure 6a. This result indicates that there is no chain length dependence in the ESR spectra as the propagating radicals of acrylates. Furthermore, the observed 6-line spectra changed with raising temperature to 60 °C, and their change in the spectrum is in agreement with the change in the ESR spectra observed in the radical polymerization. A l l these things make it clear that some kind of chemical reaction is thus concluded to have occurred. Next step is to clarify what kind of reaction takes place. In the case of radical polymerization of acrylates, 1,5-hydrogen shift to form mid-chain radical has been discussed for some time (14-18). Yamada et al. observed ESR spectra like Figures. 5d and 6b, and reported that the spectra were due to mixture of propagating and mid-chain radicals (16, 17). We show clear interpretations of ESR spectra of propagating and mid-chain radicals in this work. n
 
 n
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 a)
 
 Figure 5 ESR spectra ofradicals in radical polymerization oftBA at -30 °C (a) its simulated spectrum (b), at -70 °C (c), and at 60 °C (d). The initially observed spectrum (a) readily changed to thefinalone (d) irreversibly with raising temperature or with time at constant temperature. t
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 a)
 
 Figure 6 ESR spectra of model radical (P = 100) at -30 °C (a) and at 60 °C (b). Chain length was the same and spectrum showed irreversible change from (a) to (b). n
 
 Figure 7 Schematic diagram of 1,5-hydrogen shift ofpropagating radical of tBA. In Advances in Controlled/Living Radical Polymerization; Matyjaszewski, K.; ACS Symposium Series; American Chemical Society: Washington, DC, 2003.
 
 98 The proposed mechanism of 1,5-hydrogen shift is shown in Figure 7. Formation of six-membered ring enables the radical to migrate to the monomer unit two units before the terminal unit. Since this shift needs at least three monomer units, it is speculated that mid-chain radicals cannot be formed in a dimeric radical. A dimeric radical precursor was isolated from a mixture of oligomeric radical precursors, and the ESR spectrum of the dimeric radical was measured.
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 a)
 
 Figure 8 ESR spectra of dimeric radical of acrylate at 40 °Cfor 2 min (a) and 4 min (b) after generation. Spectra at center of the spectra indicated by dashed lines are probably due to tin radical.
 
 The ESR spectra of dimeric model radical showed no change even at relatively high temperature (40 °C). Accordingly, formation of the mid-chain radicals took place through a 1,5-hydrogen shift reaction. As a result, the radical observed later (Fig. 5b) was due to mid-chain radicals. This mid-chain radical can also be formed by hydrogen abstraction from polyacrylates by oxygen centered radicals in the presence of polyiBA. The spectrum was very similar to both of those observed in the polymerization system (Fig. 5d) and reported by Westmoreland et al (18). Furthermore, it was reasonably simulated in consideration with the structure of the mid-chain radical. It is well known that polyacrylate prepared by conventional radical polymerizations has many branches. Direct observations of the origin of the branching were provided by the present research work. On the basis of the results, we may say that estimation of kp for acrylates is difficult by ESR method.
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 Conclusions In the case of tert-butyl methacrylate, chain length dependent spectroscopic change was clearly observed in ESR spectra at 150 °C. At 150 °C, the ESR spectrum can be interpreted as a single conformation. Difference among various chain lengths was revealed apparently on the hyperfine splitting patterns in the spectra at the temperature. Clear experimental evidence for ESR detection of polymeric propagating radicals in radical polymerization was shown. In the case of tert-butyl acrylate, experimental evidence for formation of significant amount of mid-chain radicals from propagating radicals via 1,5hydrogen shift was shown. Progress in controlled radical polymerization enables us to investigate conventional radical polymerization systems in detail.
 
 Experimental Materials: Monomers, initiators, copper salts, and ligands were purified in a usual manner. Polymerization: The general procedures for the polymerization reactions can be obtained from ATRP literature (19-24). Generation of radicals: Model radicals were generated by cleavage of terminal C-Br bonds using organotin compounds (25). ESR measurements: ESR spectra of radicals were recorded on a JEOL JES RE-2X spectrometer operating in the X-band, utilizing a 100 kHz field modulation, and a microwave power of 1 mW. A T E n mode cavity was used. ESR measurements were performed in mesitylene at 150 and 120 °C and in toluene at 90,60, and 30 °C. Characterization: Molecular weights and molecular weight distributions were measured using a TOSOH CCP&8020 series GPC system with TSK-gel columns. Polystyrene standards were used to calibrate the columns. Presence of terminal bromine atom was confirmed by ESI-MS spectroscopy. 0
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