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Chapter 5
 
 Electron Paramagnetic Resonance Study of Conventional and Controlled Radical Polymerizations 1
 
 2
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 Electron paramagnetic resonance (EPR) spectroscopy has been applied to both conventional and controlled radical polymerization systems. In the study of conventional radical polymerization, well-resolved signals of radical species in the polymerization systems were clearly observed by careful optimization of experimental conditions. Precise information on the structures of the primary propagating radicals could be obtained. E P R spectroscopy and kinetic analysis were applied to controlled radical polymerization (atom transfer radical polymerization, ATRP) systems of styrene and (meth)acrylates. Although only a copper (I) species was added to the system initially, E P R signals of copper (II) species were clearly observed in the polymerization mixtures. A s the polymerization proceeded, the concentration of copper (II) increased gradually until a nearly steady state was reached. The correlation between time dependence of concentration of copper (II) species and kinetics of polymerization is discussed for various ATRP systems.
 
 © 2000 American Chemical Society
 
 69 Electron paramagnetic resonance (EPR) spectroscopy is a very useful tool to investigate paramagnetic species. Structures, concentrations, and dynamics of paramagnetic compounds can be obtained from EPR measurements in the study of radical polymerizations. ' E P R has been applied to the investigation of elementary processes of radical polymerization. Initiation, propagation, and termination rate constants have been estimated by EPR methods. If the steady state of the radical concentration can be measured by E P R spectroscopy, the propagation rate constant (k ) can be determined directly from R (=-d[M]/dt) = Â: [P .][M] (1) or its integrated form ln([M] /[M] ) = A [P .](Vt ) (2) where Rp and [Ρ ·] are the rate of polymerization and the concentration of the propagating radical, respectively, and [M]j and [ M ] are the monomer concentrations at time t and tj, respectively. The estimated rate constants are very important for understanding elementary processes of radical polymerizations. E P R has also been applied to mechanistic studies of atom transfer radical polymerization systems. ATRP has proved to be a method for obtaining polymers with low polydispersities and predictable molecular weights. E P R spectroscopy can be used to investigate the chemistry of paramagnetic metal complexes of ATRP systems. E P R can potentially yield information on the local structure, coordination structure, aggregated structure, symmetry, and concentrations of paramagnetic copper (II) species. Correlation of the concentration of ccpper (II) species with the kinetics of polymerizations in ATRP systems was also investigated. 1
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 Conventional Radical Polymerization Direct Detection of Propagating Radicals in Polymerization Systems Direct detection of propagating radicals of radical polymerization by E P R spectroscopy has been very difficult, mainly due to both the labile nature and the extremely low concentration of the propagating radicals. About 20 years ago, Kamachi et al observed E P R spectra of propagating radicals of methacrylates under similar conditions to conventional polymerization by means of a specially designed flat cell and cavity. Recently, better resolved E P R spectra of propagating radicals have been observed using a commercially available cavity and normal sample cell, due to both improvement in E P R spectrometers and careful optimization of preparation of the sample. Well-resolved spectra provide detailed information about the structures and chemical properties of the radicals. E P R spectra of the propagating radical of styrene were clearly observed in a bulk polymerization at various temperatures under irradiation. A typical example 1
 
 6
 
 70 of the E P R signal of the propagating radical of styrene in a conventional radical polymerization is shown in Figure la. A well-resolved signal with good S/N ratio was obtained by careful choice of experimental conditions. Simulation of the spectrum fit with the observed spectrum of the propagating radical of styrene. GPC measurements showed that polymers of molecular weight above 10000 were formed in the polymerization systems, so the signal was considered to be due to a polymeric radical.
 
 Figure 1 a) EPR spectrum of the normal propagating radical of styrene initiated by tBPO under irradiation at 0 °C. b) EPR spectrum of the primary propagating radical of styrene initiated byMAIB under irradiation at 0 °C.
 
 When azo initiator (dimethyl 2,2'-azobis(isobutyrate), M A I B ) was used in photo-initiated polymerization of styrene, an EPR signal was also observed (Fig. lb). The spectrum was very similar to that of the normal propagating radicals, but the precise values of the hyperfine splitting constants (hfc's) were different
 
 71 from those of the propagating radical. Results from various experiments suggested that the signal is due to a primary propagating radical, which is formed by an addition of a fragment of the initiator to one monomer (Fig. 2). In that case, the electron density of the protons of the styrene unit is changed. 1
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 Figure 2 Structures and hyperfine splitting constants of normal and primary propagating radicals ofstyrene.
 
 Two kinds of information could be obtained from the results of the E P R measurements of the azo-initiated polymerization. One is concerned with the chain length of the radicals. The result showed that spectra of very short radicals (primary propagating radical) can be distinguished from those of longer propagating radicals by the precise E P R measurements. That finding will be helpful in choosing the polymerization conditions for estimation of rate constants of propagating radicals. Another finding is important information which is concerned with a penultimate effect. In the normal propagating radical of styrene, the penultimate unit is a styrene unit. However, in the case of a primary propagating radical, the penultimate unit has an M M A structure. A difference in hfc's between normal and primary propagating radicals is considered to be caused by the different electronic interaction of a penultimate M M A unit compared to a penultimate styrene unit. The postulated penultimate effect for eopolymerization systems has been investigated. The difference in hfc's between the well-resolved EPR spectra of the normal and primary propagating radicals indicates that the qualitative difference of the electronic state of the propagating radicals was clearly observed, which is probably the origin of the penultimate effect on the eopolymerization. Detection of the well-resolved spectra of propagating radicals in EPR spectroscopy provides further information on the polymerizations. 7
 
 72 Estimation of Propagation Rate Constants The steady state radical concentration can be calculated by double integration of the E P R spectrum. Values of were calculated from eq. 1 or 2. Previously, k values have been estimated for styrene, methacrylates, and dienes by the E P R methods. - * For example, the were ca. 400 (at 70 °C) , ca. 150 (at 5 °C) , and ca. 400 (at 20 ° C ) for styrene, butadiene, and dodecyl methacrylate (DMA), respectively. In some cases, (e.g. D M A and styrene) the values showed good agreement with those determined by the Pulsed Laser Polymerization (PLP) method. , some (e.g. butadiene) did not. The disagreement might be caused by a difference in both the chain length of propagating radicals and the extent of oligomer formation. When considerable amounts of soluble oligomers wre formed in a polymerization system, the amount of consumption of monomers will be over estimated to give larger k value. p
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 Figure 3
 
 EPR spectra ofpropagating radicals of nBMA at various temperatures.
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 Figure 4 Arrhenius plot for k values for nBMA. p
 
 Table 1
 
 Estimated A values for Various Monomers p
 
 monomer
 
 temperature, °C
 
 Κ
 
 ref.
 
 n-butyl methacrylate
 
 90 60 30 0 -30 40 10 40.1 10 70 5 5 5 5 5
 
 2000 ± 2 0 0 1070 ± 5 0 410 ± 2 0 220 ± 10 55 ± 7 714 321 899 ± 5 1 480 ± 87 450 ± 7 0 150 ± 4 0 125 ± 3 0 35 ± 10 20 ± 1 0 16±12
 
 11 11 11 11 11 10 10 9 9 8 2 2 2 2 2
 
 dodecyl methacyrlate benzyl methacrylate styrene butadiene isoprene 2-methyl-1,3-pentadiene 1,3-hexadiene 2,4-hexadiene
 
 Recently, values for w-butyl methacrylate (nBMA) were estimated by the EPR method. In order to calculate the steady state radical concentration, E P R spectra of propagating radicals of n B M A were observed at various temperatures (Figure 3). As shown in the figure, the features of the spectra changed gradually
 
 74 with temperature. We interpret this change in terms of the dynamics of the propagating chain end affecting the spectra. This is a characteristic feature of the EPR spectra of methacrylates. Steady state radical concentrations were calculated by double integration of the spectra and k values were calculated by eq. 1 or 2. A n Arrhenius plot of the results is shown in Figure 4. The activation energy (E ) and preexponential factor (A) for the photo-initiated radical polymerization of wBMA were estimated from the slope and the intercept of these plots to be (22.0 ± 1.0) kJ/mol and (3.40 ± 0.4) χ 10 M s\ respectively. The results was compared with those from P L P method to investigate a precision and an accuracy of the obtained values, which have been independently reported to be 23.3 kJ/mol and 3.44 χ 10 M V , (20.6 ± 0.3) kJ/mol and (1.81 ± 0.3) χ 10 M " s" , 21.9 kJ/mol and 2.65 χ 10 N T ' s , and 23.6 kJ/mol and 4.78 χ 10 M-V7 respectively. The E showed fairly good agreement among EPR and PLP method. The A is also in fair agreement with an average value of these exponential factors obtained by P L P method. Detailed analysis for both analyses should be considered for more accurate determination in the future. Values of k for benzyl methacrylate were also estimated by the EPR method and already reported. v
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 Controlled Radical Polymerization EPR spectroscopy has been applied to investigations of ATRP systems.
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 Scheme 1 shows a typical process of ATRP. In the scheme, the initiating radical, propagating radical, and copper (II) species are paramagnetic and EPR observable. In principle, all of the paramagnetic species could be observed by EPR spectroscopy; however, unfortunately (or fortunately) only the paramagnetic copper (II) species can be observed due to its high concentration relative to the initiating and propagating radicals. The concentration of the organic radicals in these systems is usually in the range of 10* - 10" mol/L. The concentrations of copper (II) species in this system are above 10" mol/L which is 10 — 10 times 8
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 Figure 5 EPR spectra of the polymerization mixture measured at 25 °C after 0, 20, and 180 min at 110 °C,for a system of (styrene/1-phenylethyl bromide/CuBr/dNbipy = 100/1/1/2 in toluene (50 %)).
 
 higher than the initiating and propagating radicals, according to a persistent radical effect resulting from irreversible radical termination. Thus, the copper (II) species is the predominant species observed by EPR in the ATRP system. ATRP systems of styrene and (meth)acrylates were investigated by E P R spectroscopy. Polymerizations were carried out in an E P R tube at 110 °C (styrene) or 90 °C ((meth)acrylate) and spectra were recorded at room temperature (styrene) or 20 Κ ((meth)acrylates). For example, the result of the time dependence of the E P R signal of copper (II) species in the ATRP of styrene is shown in Figure 5. The spectrum which was observed after 20 min of heating is considered to be a typical axially symmetric copper (II) signal and can correspond to either trigonal bipyramidal or square pyramidal structures. Frozen state signals of copper (II) species might provide more detailed information about the structure of the copper complexes (vide infra). The concentration of copper (II) species was estimated by double integration of the spectra. The time dependence of the concentrations of these species for various polymerization conditions of styrene and (meth)acrylates is shown in Figure 6. Concentrations of copper (II) species in ATRP systems of styrene, M M A , and methyl acrylate (MA) were ca. 2.5 - 3 m M , ca. 0.7 - 0.9 m M , and ca. 0.6 m M , respectively. The percentage of copper (II) formed from copper (I) was calculated to be ca. 5 - 6 %, ca. 5 - 6 %, and ca. 3 % for styrene, M M A , and M A , respectively. In the case of a typical styrene ATRP system (styrene/l-phenylethyl bromide/CuBr/dNbipy = 100/1/1/2 in toluene (50 %)), approximately 5-6 % of the
 
 76 copper (I) was converted to copper (II) species during the polymerization, leaving 94 - 95 % of the initial amount of copper (I) still in the monovalent state. These values obviously depend on the initial concentrations of the initiator and copper (I) species and should correspond to the particular concentrations used for experiments presented in the Figures. 16
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 Figure 6 a) Plots of time dependence ofproportion of copper (II) species formed from copper (I) species by ATRP initiated by 1-phenylethyl bromide (open circle) , 1-phenylethyl chloride (open triangle), and benzyl bromide (filled circle) in toluene solution and bulk polymerization initiated by 1-phenylethyl bromide (filled triangle) as well as in the presence of externally added CuBr (open square), b) Plots of time dependence of proportion of copper (II) species formed from copper (I) species by ATRP initiated by ethyl 2-bromoisobutyrate (open circle) and p-toluenesulfonyl chloride (open triangle) in diphenyl ether solution and MA ATRP initiated by methyl 2-bromopropionate (filled circle). 2
 
 E P R signals at a polymerization temperature of 110 °C have also been measured and investigated. The spectra are very similar to those measured at 17
 
 77 16
 
 room temperature (25 °C). Estimated concentrations of copper (II) species are almost the same as those at room temperature. These results show that the E P R data at room temperature can be used for analysis of the mechanism of ATRP.
 
 Correlation of Copper (II) Concentrations and Kinetics of ATRP. A correlation of the copper (II) concentration and kinetics of the same polymerization system was examined (Figures 7 and 8). This correlation is useful for a discussion of the mechanism of A T R P . In the case of a 1-phenylethyl bromide initiated and CuBr catalyzed system (rapid initiation system), plots of copper (II) concentration, Mn, and M / M as a function of monomer conversion are shown in Figure 7. The copper (II) concentration reached a pseudo-steady state within 30 min. M„ increased linearly with conversion and showed good agreement with the theoretical prediction (solid line). Polydispersities decreased with conversion and remained low, MJhAn < 1.15, during the polymerization. 17,18
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 Figure 7 Molecular weight, M„, and molecular weight distribution, MJM , dependence on monomer conversion for a polymerization system of (styrene/1phenylethyl bromide/CuBr/dNbipy = 100/1/1/2 in toluene (50 %)) as well as copper (II) concentration dependence on conversion. n
 
 78 On the other hand, in a 1-phenylethyl chloride initiated and CuCl catalyzed styrene ATRP system, the copper (II) concentration increased slowly and did not reach a steady state (Figure 8). Copper (II) concentration was more than 1 m M above 20 % conversion. A t less than 10 % conversion, M„ was larger than the theoretical prediction, perhaps due to an insufficient rate of deactivation. Above 20 % conversion, M,, showed a linear relationship with conversion and agreed with the theoretical prediction. The higher than predicted M ^ in the initial stage of polymerization indicates incomplete initiation and slow deactivation. The copper (II) concentrations are relatively low in this polymerization system compared to the polymerization process which showed a steady M„. This may mean that the concentration of copper (II) species is too low to control the radical polymerization. After a considerable amount of copper (II) species is formed, the system starts to become self-controlled. This is indicated by the observation that with the continuous increase of the copper (II) concentration, polydispersities decreased dramatically (relative to other cases) from M /M„ =1.7-1.2. w
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 Figure 8 Molecular weight, M„, and molecular weight distribution, MJM , dependence on monomer conversion for a polymerization system of (styrene/1phenylethyl chloride/CuCl/dNbipy = 100/1/1/2 in toluene (50 %)) as well as copper (II) concentration dependence on conversion. n
 
 79 Insight into the Structure of the Copper (II) Complex Frozen state signals of copper (II) species in the ATRP systems might provide more detailed information about the structure of the copper complexes. Frozen state E P R spectra of ATRP systems of styrene, M M A , M A , and acrylonitrile (in toluene solution) at 20 Κ showed almost identical spectra. The spectrum in the case of a M A - A T R P system is shown in Figure 9. This finding indicates that the structure of the copper (II) complex in these systems should be almost the same.
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 Figure 9 Frozen state EPR spectra of MA ATRP systems (monomer/1phenylethyl bromide/CuBr/dNbipy = 100/1/1/2 in toluene (50 %, v/v)) at 20 K.
 
 Spectroscopic simulation of the frozen state signal may provide structural information for the copper (II) complex. The signal was reasonably simulated to be a highly anisotropic pattern which has three kinds of coupling constants (190.4 G, 203.5 G , and 421.3 G for A , A , and A , respectively) and three kinds of g values (2.0079, 2.1564, and 2.1809 for g , g , g , respectively). E P R spectra of various kinds of copper (II) complexes have been investigated in the past. Similar E P R signals have already been reported for some kinds of copper (II) bis(bipyridine) complexes. ' Furthermore, crystal structures of these complexes ([Cu (bipy) X] X-, (bipy = 2,2'-bipyridine, X = CI, Br, and PF )) have determined that they have a trigonal bipyramidal structure. Therefore, the complex in the ATRP systems is considered to have a trigonal bipyramidal structure consistent with their characteristic three different A values and g values. This speculation is supported by E X A F S and X-ray crystallographic analysis of the complexes in ATRP systems. x
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 Experimental EPR measurements EPR spectra of propagating radicals in conventional radical polymerizations 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 0.2 mW. A T E Q H mode cavity was used. Temperature was controlled by a JEOL DVT2 variable-temperature accessory. EPR spectra in ATRP systems were recorded on a Bruker ESP-300 X-band EPR spectrometer. A 0.2 mL sample was taken from the polymerization systems and put into an E P R tube (o.d. 4 mm) under argon. The sample was degassed 3 times by freeze-pump-thaw cycles and sealed under vacuum. Spectra were recorded at room temperature after polymerization at controlled temperature for a given time. It is recognized that the concentration of growing radicals is much higher at polymerization temperature ([Ρ·] ~ 10" M at 110 °C) than at room temperature ([Ρ·] « 1 0 " M ) . However, this does not affect the concentration of copper (II) species, which can change by less than 0.01 %, since [copper (II)] >10" M. Concentrations of copper (II) species were estimated by double integration of spectra. Spectra of Cu (trifluoroacetylacetonate) in the same media under the same conditions were used as standards. Materials: Monomers, initiators, copper salts, and ligand were purified in the usual manner. Polymerization: The general procedures for the polymerization reactions can be obtained from ATRP literature. Characterization: Monomer conversion was determined from the concentration of residual monomer, with THF as internal standard, using a Shimadzu GC-14 gas chromatograph equipped with a J & W Scientific 30 m D B - W A X column with a Shimadzu CR501 Chromatopac. Molecular weights and molecular weight distributions were measured using a Waters 712 WISP autosampler and the following Phenogel G P C columns: guard, linear, 1000 À and 100À. Polystyrene standards were used to calibrate the columns. 7
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