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Abstract: Electron spin resonance (ESR, aka electron paramagnetic resonance, EPR) investigations have been
conducted on radicals formed during radical polymerizations and provide a detailed characterization of the
active radical species. Active propagating radicals can be observed during actual radical polymerizations
by ESR/EPR. The chain lengths of the observed radicals were estimated by a combination of atom transfer
radical polymerization (ATRP) and ESR/EPR. The structures of the chain end radicals were determined by
analysis of the ESR/EPR spectra. An increase in the dihedral angles between terminal p-orbital of radical and
C,-H bonds was observed with increasing chain lengths of methacrylate polymers. Radical transfer reactions
were observed during radical polymerization of acrylates. A combination of ATRP and ESR/EPR clarified
a 1,5-hydrogen shift mechanism of the radical transfer reactions using model adamantyl acrylate radicals.
Penultimate unit effects were also observed. Time-resolved ESR/EPR (TR ESR) spectroscopy clarified the
initiation processes of an alternating copolymerization of styrene with maleic anhydride and the copolym-
erization of styrene with 1,3-butadiene. Several unsolved problems in conventional radical polymerization
processes have been clarified using combinations of ATRP with ESR/EPR and TR ESR. Characterization of the
radicals in radical polymerizations using various ESR techniques would definitely provide interesting and
useful information on conventional radical polymerizations.

Keywords: 1,5-H shift; alternating copolymerization; ATRP; ESR/EPR; initiation; POLYCHAR-25; propagation;
radical polymerization; radical reactions; RAFT.

Introduction

Electron spin resonance (ESR, aka electron paramagnetic resonance, EPR) is utilizes magnetic resonance
spectroscopy for observation of the behavior of unpaired electrons in materials [1-6]. ESR/EPR spectra of
propagating radicals can be observed during actual radical polymerization processes under normal radical
polymerization conditions [7-14]. Clear and well-resolved spectra were observed for n-butyl methacrylate
(nBMA), 1,3-butadiene and styrene during their actual radical polymerizations as shown in Fig. 1 [5, 14]. The
actual structure of the radicals can be estimated from the values of hyperfine splitting constants (hfc’s) meas-
ured from the spectra. The structures of the propagating radicals are clearly assessed from these results, with
concrete experimental evidence. For example, the small doublet observed in the spectrum of 1,3-butadiene
indicates that a delocalized allyl radical is the structure of the chain end propagating radical.

On the basis of these observed spectra, the chain end structures of the radicals are clearly identifia-
ble. Moreover, the steady state radical concentrations and the molecular dynamics of the radicals can be
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Fig. 1: ESR spectra of propagating radicals of (a) n-butyl methacrylate, (b) 1,3-butadiene and (c) styrene with their structures
and measured hyperfine splitting constants (hfc’s). Spectra were observed at 120 °C (a), 0 °C (b) and 25 °C (c) in toluene.

investigated from these spectra [3, 12]. On the other hand, other properties like chain lengths of the radicals
and penultimate unit effects were difficult to examine solely from these spectra.

In the field of macromolecular chemistry, new techniques were developed, in 1995-1996, for controlling
radical polymerization processes allowing preparation of polymers with pre-determined molecular weights
with narrow dispersity [15-18]. A combination of these controlled radical polymerization techniques with
ESR/EPR spectroscopy can provide significant information on various chain length dependent phenomena
of the propagating radicals. One of the techniques is called atom transfer radical polymerization (ATRP). The
generation of model (meth)acrylate propagating radicals, with determined degrees of polymerization and
narrow dispersity, from their precursors is shown in Fig. 2. The radical precursors prepared by ATRP have
a terminal carbon-bromine bond and the bond can be cleaved homolitically in the presence of organo-tin
compound to generate the radicals with pre-determined structures [16, 17].

The pre-determined degree of polymerization and narrow dispersity are transferred to the radicals at the
beginning of the generation procedure. Using this combination technique, ESR/EPR spectra of model propa-
gating radicals with different chain lengths (degrees of polymerization, DP) can be compared and the chain
length dependent phenomena in the spectra can be examined [12, 19, 20]. The results provide information
on the chain lengths of the observed real propagating radicals during actual radical polymerizations. Meth-
acrylates are the most suitable monomers for evaluation of chain length dependency of the ESR/EPR spectra
mainly due to their very sensitive spectroscopic features on molecular dynamics. In the case of acrylates,
model propagating radicals showed the occurrence of radical transfer reactions through a 1,5-hydrogen shift
mechanism to form mid-chain radicals [13, 21, 22]. In this research work, the results of the case of adamantyl
acrylate (AdA) are shown.
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Fig. 2: Generation of radicals from radical precursors prepared by atom transfer radical polymerization (ATRP).

ESR/EPR spectroscopy can be applied not only for investigation of radical homo polymerizations but also
radical co-polymerizations [23, 24]. The penultimate unit effects (PUE) have been discussed on the nature of
the terminal radicals during Kinetic studies of radical co-polymerizations [25-28]. A combination of ATRP/
ESR methods can clarify the nature of the PUE from both electronic and steric effects through examination
of the ESR/EPR spectra of model radicals with various terminal monomer structures. In this research work,
three kinds of dimeric model radicals with terminal tert-butyl acrylate ({BA) units were examined. These are
H-tBA-tBA, H-ethyl methacrylate (EMA)-tBA, and H-styrene (St)-tBA radicals. The hfc’s of the B-methylene
protons of the tBA in H-St-tBA radical clearly showed a temperature dependent change due to PUE [20, 22, 29].

Typical ESR/EPR spectroscopy is based on steady-state of spin state of radicals. It is also called steady-
state ESR/EPR (SS ESR) spectroscopy. The measurement processes of the SS ESR contains “field modula-
tion” process and the process provides the higher sensitivity and resolution of the spectroscopy. On the other
hand, the process utilizes 100 kHz field modulation which limits time resolution. Radical reactions that occur
shorter than the 10 us (=100 kHz) cannot be observed by the SS ESR. However, time-resolved ESR/EPR (TR
ESR) spectroscopy provides not only estimations of addition rate constants and activation energy of radical
addition reactions in initiation reactions of radical homo-polymerization reactions [20, 30], but also allows
investigation of the initial step of copolymerizations [23].

The combination of results from both SS and TR ESR spectroscopy are a strong tool for detailed examina-
tion of the mechanism of copolymerization reactions. TR ESR spectroscopy can exclusively observe the first
radical addition reaction of a radical, generated from an initiator to a monomer. Laser pulse generated spin
polarized radicals relax to a thermally stable state with Boltzmann distribution and the relaxation process can
be observed as ESR/EPR signals. 2,4,6-Trimethylbenzoyl diphenylphosphine oxide (TMDPO) has a carbon-phos-
phorous bond that can be homolytically cleaved by a 355 nm laser pulse [31-37]. Both C- and P-centered radicals
are spin polarized but the P-centered radical addition to monomer is faster than that of C-centered radical. Spin
polarization of the P-centered radical is transferred to the chain initiating radical formed by an addition reac-
tion of P-centered radical to a first monomer unit. Thus, polarization and relaxation of the chain initiating radi-
cals can be detected in the ESR/EPR signal by TR ESR spectroscopy. The transferred spin polarization will relax
within 2-3 us which is before second radical addition. That is why the first radical addition reaction is selectively
observed. This method has been applied to the polymerizations of (meth)acrylates, styrenes, dienes and other
monomers for estimation of addition rate constants and activation energies [34-36]. In this research work, the
TR ESR spectroscopy was applied to the investigation of both alternating and random co-polymerizations.
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Experimental

Materials

Cu'Br (99 %, Sigma-Aldrich Japan, Tokyo, Japan) was used after purification to remove any copper (II) species.
(1-Bromoethyl)benzene (PhEtBr) (>95%, TCI, Tokyo, Japan), ethyl 2-bromoisobutyrate (EBriB) (99 %, Sigma-
Aldrich Japan, Tokyo, Japan), ethyl 2-bromopropionate (EBrP) (99 %, Sigma-Aldrich Japan, Tokyo, Japan),
methyl 2-bromopropionate (MBrP) (99 %, Sigma-Aldrich Japan, Tokyo, Japan) and tert-butyl 2-bromopropionate
(tBBrP) (99 %, Sigma-Aldrich Japan, Tokyo, Japan) and N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA)
(99 %, Sigma-Aldrich Japan, Tokyo, Japan) were distilled under reduced pressure before use. tert-Butyl acrylate
(tBA, TCI, Tokyo, Japan), dodecyl acrylate (DoA, Wako, Osaka, Japan), methyl methacrylate (MMA, nacalai-
tesque, Kyoto, Japan), n-butyl methacrylate (nBMA, TCI, Tokyo, Japan), and styrene (Wako, Osaka, Japan) were
distilled over calcium hydride under reduced pressure and stored in the freezer before use. 1,3-Butadiene (TCI,
Tokyo, Japan) and maleic anhydride (nacalai-tesque, Kyoto, Japan) were used as received. 1-Adamantyl meth-
acrylate was received from Idemitsu Kosan Co. Ltd. and used as received. 1-Adamantyl acrylate was prepared
by a reaction of 1-adamantanol (TCI, Tokyo, Japan) with acryloyl chloride (TCI, Tokyo, Japan) and was purified
by recrystallization. Dimethyl 2,2"-azobis(isobutyrate) (MAIB) (>97 %, Wako, Osaka, Japan), di tert-butyl perox-
ide (¢BPO) (>98 %, Sigma-Aldrich Japan, Tokyo, Japan), and bis(tri-n-butyltin) [(nBu),Sn),] (>90 %, TCI, Tokyo,
Japan) were used as received. Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TMDPO, Wako, Osaka, Japan)
was purified by re-crystallization from ethanol. All other reagents were purified before use.

General procedure for preparation of model radical precursor of poly(meth)acrylates

A model radical precursor of a polymeric AdA with a degree of polymerization (DP=50) was prepared by
ATRP. CuBr (19 mg, 1.32x107* mol), AdA (6.60 g, 2.75x1072 mol), tBuBrP (0.91 g, 5.02x 10~ mol), PMDETA
(23 mg, 1.33x10™* mol), and degassed acetone (7.0 ml) were mixed under nitrogen in a Schlenk flask. The
flask was flushed with nitrogen by standard Schlenk techniques. The resulting mixture was placed in an oil
bath at 60 °C for 72 h. Formed poly AdA (DP=50) was separated from the mixture and purified by repeated
precipitations. Yield was 3.15 g. Mn =14 575, Mw/Mn =1.10.

General procedures for generation of model radicals
Uniform oligo model radicals

Model radicals were generated by reduction of the corresponding alkyl bromides [37]. For example, genera-
tion of the radical from H-EA-methyl methacrylate (MMA)-Br was performed according to the following proce-
dure. H-EA-MMA-Br (20 mg, 9.61x10° mol) and [(nBu),Sn], (20 mg, 1.15x 10" mol) were dissolved in toluene
(200 mg) in a quartz tube (0.d. 5.0 mm). The tube was flushed with argon. After setting into an ESR cavity, the
mixture was irradiated with UV light at a temperature of 30 °C. Irradiation was carried out with a 500 W ultra
high-pressure mercury lamp (Ushio USH-500D) at a distance of ca. 15 cm from the tube in the cavity. An IR-cut
filter (Toshiba IRA-25S) was used.

Polymeric model radicals

Poly(AdA)-Br (DP=10) (50 mg, ca. 2.5x10~° mol), [(nBu),Sn], (4.5 mg, 2.60x10~° mol), and tBPO (3.7 mg,
2.58 x 10° mol) were dissolved in toluene (150 mg) in a quartz tube (o0.d. 5.0 mm). The solution was flushed
with dry argon for several minutes and was placed in an ESR cavity. Radicals were generated under UV-
irradiation at -30 °C.
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General procedure for in situ ESR detection of (meth)acrylates propagating radicals

Dodecyl acrylate (DoA) (30 mg, 1.25x10* mol) and tBPO (2.0 mg, 1.36 x 10° mol) were dissolved in toluene
(170 mg) in a quartz tube (o0.d. 5 mm). The solution was irradiated with UV-light in an ESR cavity to initiate
polymerizations at —30 °C. The formed propagating radicals were observed by ESR/EPR.

Measurements

SSESR

The ESR/EPR spectra of the 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 TE ,, mode cavity was used. Tempera-
ture was controlled by JEOL DVT2 variable-temperature accessory. ESR/EPR measurements were performed
at 90, 60, 30, 0, -15 and —30 °C in toluene and at +120 and +150 °C in mesitylene. Spectroscopic simulations
were carried out by JEOL IPRIT Data Analysis System. Toluene and mesitylene can be used as a solvent for
ESR/EPR measurements of acrylate polymerizations. Polymerization results of acrylates were almost the
same in toluene and in benzene. No trace of ESR/EPR spectra of benzyl radicals generated from hydrogen
abstraction from toluene (or mesitylene) by initiating or propagating radicals were observed.

TRESR

TMDPO (Sigma-Aldrich Japan, Tokyo, Japan) was purified by recrystallization from ethanol before use. Benzyl
benzodithioate (BTBA, Sigma-Aldrich Japan, Tokyo, Japan) was used without further purification. (Meth)
acrylate monomers were purified by distillation just before use. A toluene or benzene solution of TMDPO (0.1
M) containing various concentrations of monomers was taken in an ESR/EPR sample cell. JEOL JES-LC11 flat
flow cell and micro tube pump (Tokyo Rikakikai Co. Ltd., EYELA) were used for flow method. Laser pulses
were irradiated by using a Q-switched Nd:YAG laser (Spectra Physics Quantaray DCR-2) operated at the third
harmonic (10 mJ/flash at 355 nm with a 6-ns fwhm). For the measurements of the TR ESR, a JEOL JES RE-2X
spectrometer, equipped with a WBPA2 wide band pre-amplifier, was operated without magnetic field modu-
lation, and the data were stored in a Tektronix TDS520A digital oscilloscope. Magnetic fields at resonance
signals were determined by an Echo Electronics ES-FC5 NMR field meter. Measurement temperature was
controlled by a JEOL DVT2 variable-temperature accessory. Data analysis was conducted by CIDEP software
provided by JEOL Ltd.

SEC

Molecular weights and molecular weight distributions were estimated by size exclusion chromatogra-
phy (SEC) using a TOSOH CCP&8020 series GPC system with TSK-gel columns. Linear combination of two
G2000H, , and two GMH,, columns was employed. Polystyrene standards were used to calibrate the columns.

ESI-MS

ESI-MS was performed using a SCIEX API III* triple quadrupole mass spectrometer (Perkin-Elmer Sciex)
equipped with a nebulizer-assisted electrospray (ionspray) source. Calibration was performed in positive
mode using poly(propylene glycol) ions. Mass spectra were analyzed using a Quadra 950 data system (Apple
Computer Inc.). MacBioSpec software (Perkin-Elmer Sciex) was used to calculate the mass.
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Results and discussion

ATRP/ESR combination technique

Estimation of chain lengths of propagating radicals from ESR/EPR spectra

Model radical precursors of tert-butyl methacrylate ((BMA) were prepared by ATRP. Oligomers were polymer-
ized in one-pot and the resulting mixture contains oligomers from dimeric to around decameric tBMA [12,

38]. Each uniform oligomeric model radical precursor was purified using preparative HPLC and the struc-
tures were confirmed by 'H NMR and ESI-MS spectroscopy. Figure 3 shows the ESR/EPR spectra of model

60° 60°
H H
CHy COOR
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Fig. 3: ESR spectra of model propagating radicals of tBMA with different chain lengths (@) DP=2 (b) DP=5, (c) DP=100 and
(d) actual propagating radical observed in an actual polymerization system. Newman projections of the radicals with dihedral
angles are also shown.
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propagating radicals of tBMA with DP =2, 4 and 100 along with the spectrum measured in an actual radical
polymerization of tBMA. These spectra were recorded at 150 °C. At that temperature, molecular rotation
around C,-C, bond was very smooth and molecular dynamics due to restricted rotation did not need to be
considered [3, 5, 12]. These spectra can also be simulated using an isotropic simulation program. From the
resulting hfc’s, dihedral angles between prn-orbital and CB—H bond can be calculated using cosine square law.
Rotational motion of the terminal CB—Ca bond would have two energy minimums [3, 5].

The terminal radical has sp? type flat structure and the plane just makes a pendulum like motion. Newman
projections of each radical are also shown along with the spectra. As we can see, the stabilized structure of
each radical is distorted with increasing chain length. Plots of the calculated dihedral angles against the
degree of polymerization (DP) are shown in Fig. 4. The dihedral angles show clear chain length dependence.

Although the reason for the increasing distortion from the symmetrical structure with increasing chain
length is not clear yet, this correlation could be used for estimation of the chain lengths of the radicals
observed during actual radical polymerizations. The increasing distortion means the increasing the dif-
ference between hfc’s of two -methylene protons and the increase of the splitting constants reach steady
values. In the extrapolation of the plots, the hfc values of actual propagating radicals are located around
DP=200. The Mn of the resulting polymer after ESR/EPR measurements were estimated by SEC and they were
around 30 000. These results are consistent. Judging from the results, observed propagating radicals have a
chain length around DP =200 [12, 22, 38].
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Fig. 4: Chain length dependence of dihedral angles between p-orbital of radical and C,~H bonds (above) of tBMA model (filled
circle and triangle) and actual propagating radicals (open circle and triangle). The oligomer region was expanded in the bottom
plot.
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Fig. 5: ESR spectra of propagating radicals of (a) adamantyl methacrylate and (b) methyl methacrylate, both observed in
toluene at 120 °C.

Before development of ATRP, there was no method to estimate the chain lengths of the propagating radicals
observed by ESR/EPR. Now the chain lengths can be estimated with experimental evidences. Methacrylates
show very clear chain length dependent spectroscopic change in ESR/EPR spectra and the correlations were
confirmed for not only tBMA but also for nBMA, adamantyl methacrylate (AdMA), and MMA (Figs. 1a and 5).

In these cases, 16-line signals due to inequivalent B-protons were clearly observed. The same combina-
tion technique of ATRP/ESR has been applied to other monomers including acrylates, dienes and styrenes.
They also show chain length dependent changes in their ESR/EPR spectra, however these differences are
much smaller than the case of methacrylates. Based on these results, ESR/EPR spectra of propagating radi-
cals observed during actual radical polymerizations can be used for kinetics treatments as the spectra of real
propagating radicals with sufficiently long chain lengths.

Clarification of radical transfer mechanism in acrylate
polymerizations

Interpretation of ESR/EPR spectra observed in acrylate radical polymerizations have been very difficult
[39-48]. The ESR spectra observed during radical polymerization of acrylates are very different from those
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Fig. 6: 1,5-Hydrogen shift reaction of chain end propagating acrylate radicals.
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from methacrylates, even under almost identical conditions. In the acrylate radical polymerizations,
ESR/EPR signal of propagating radicals was observed at lower temperature (below —10 °C) and that of
mid-chain radicals was observed at higher temperature (>60 °C) [20, 49]. Figure 6 shows a 1,5-hyrdrogen
shift reaction for terminal propagating radicals of acrylates [38]. The radical transfer reaction occurring
through six-membered ring structure had been discussed for long time for ethylene [50], acrylate [51], and
vinyl ester [52-56] polymerizations but there had been no clear experimental evidence for the mechanism.

38 40 42 44 46 48 50
Elution time, min

Fig. 7: SEC election diagrams of purified oligomeric model radical precursors of AdA. A gray line is original diagram. Diagrams
of (a) dimeric (line), (b) trimeric (dot and dashed line), (c) tetrameric (dashed line), and (d) pentameric (dotted line) model radical
precursors are shown.

Fig. 8: ESR spectra of model propagating radicals of AdA observed in toluene at 120 °C. (a) Dimeric, (b) trimeric and (c) tetra-
meric model propagating radicals.
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The combination of ATRP/ESR provided evidence of the mechanism of this reaction for various acrylates
[13, 19, 20, 38, 49].

The method employed is very similar to the case of methacrylates discussed above. A mixture of oligom-
ers of adamantyl acrylate was prepared by ATRP and each oligomer from dimer to pentamer was purified
using preparative HPLC as shown in Fig. 7. Model propagating radicals were generated from each purified
oligomer and were measured by ESR/EPR at various temperatures.

Selected results of ESR/EPR spectra of the radicals are shown in Fig. 8. They are the spectra of dimeric (a),
trimeric (b) and tetrameric (c) model propagating radicals measured at 120 °C. At 120 °C, the radical transfer
reactions are completed and the resulting radicals were observed for trimeric and tetrameric model propagat-
ing radicals.

The dimeric model propagating radical shows almost the same spectra at various temperatures from
-30°C to +150 °C. The trimeric and tetrameric model propagating radicals showed spectroscopic change
with increasing measurement temperatures. At low temperature in the range of -30-0 °C, an ESR spectrum
just like the dimeric model radical was observed. With increasing the temperature, new and different spec-
trum appeared as the original signal disappeared. The observed spectra for trimeric (Fig. 8b) and tetrameric
(Fig. 8c) model radicals at 120 °C can be interpreted the radicals formed through a 1,5-hyrdogen shift reac-
tion via a six-membered ring structure. The proposed structures of the observed radicals in Fig. 8 are sum-
marized in Fig. 9.
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Fig. 9: Structures of the observed (a) dimeric, (b) trimeric and (c) tetrameric model propagating radicals.
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Different types of radicals were observed for trimeric and tetrameric model radicals at 120 °C. These results
allow the possibility of intermolecular chain transfer to be discarded. Nothing happened for dimeric model
radical and the migrated radicals were located at the unit two units before of the original position strongly
indicating the occurrence of a 1,5-hydrogen shift reaction in acrylate radical polymerizations. The original
model propagating radical is a secondary radical and the resulting radical formed by transfer reaction is a
tertiary radical. This transformation is a thermodynamically favorable process and the reaction through a six-
membered ring structure is a kinetically favorable process. Therefore, it is clear that the propagating radical
migrated to form mid-chain type radical by a 1,5-hydrogen shift mechanism.

The combination method of ATRP/ESR clearly confirmed the mechanism of the radical transfer reac-
tion of acrylates. On the other hand, there is still no clear evidence for the mechanism of radical transfer
reactions that had been discussed in the cases of ethylene [50], vinyl esters [52-54] and acrylamides [56, 57]
polymerizations. Although clear ESR/EPR spectra of mid-chain radicals are shown in the cases of acrylamide
polymerizations, the radical migration mechanism is still not clear. Kinetics studies of acrylate radical polym-
erizations including mid-chain radical formation have been conducted by Buback and co-workers using ESR/
EPR techniques [58-61].

Penultimate unit effect

The combination of ATRP and ESR techniques can also clarify penultimate unit effects (PUE) in radical copo-
lymerizations of (meth)acrylate and styrene. Hetero dimeric model radical precursors were prepared by ATRP
and purified. The dimeric model radical precursors are H-tBA-tBA-Br, H-ethyl methacrylate (EMA)-tBA-Br and
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Fig. 10: Structures of model dimeric radicals for observation of penultimate unit effects to terminal acrylate radicals. (a) H-tBA-
tBA radical, (b) H-EMA-tBA radical and (c) H-St-tBA radical.
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H-St-tBA-Br. Structures of the generated radicals from these precursors by a reaction with an organo-tin com-
pound under irradiation are shown in Fig. 10.

In each case the terminal radical structure was the tBA radical but the penultimate units are different.
ESR/EPR spectra of H-St-tBA radical observed at +30 and 0 °C (at 303 and 273 K) are shown in Fig. 11a and
b, respectively. These are typical ESR/EPR spectra for dimeric model propagating radicals of acrylates as
discussed above.

These spectra are highly resolved and suitable for precise analysis of the hyperfine splitting patterns. The
values of hfc’s can be measured precisely from these spectra. Plots in Fig. 12 are the temperature dependent
hfc values of the dimeric radicals of H-tBA-tBA, H-EMA-tBA and H-St-tBA, respectively. Although the values
of hfc of H-tBA-tBA and H-EMA-tBA radicals did not show clear temperature dependency, characteristic tem-
perature dependent change was observed for the H-St-tBA radical as shown in Fig. 12c.

This characteristic change is considered to be due to an electronic interaction between m-electrons in the
phenyl ring and unpaired electron in pr-orbital. These observations are clear experimental evidence of the
electronic effects of the PUE that have been discussed based on kinetic studies [25-28]. Various combinations
of monomer units would provide significant information on the PUE of radical co-polymerization.

Investigation of the initial stage of a radical polymerization using
time-resolved ESR spectroscopy

Alternating copolymerization of styrene with maleic anhydride

The first radical addition reaction in the alternating copolymerization of styrene with maleic anhydride has
been investigated by TR ESR spectroscopy. Cleavage of a radical initiator was caused by laser pulse irradia-
tion and the generated radial would then add to a monomer to form a chain initiating radical. TR ESR can
exclusively observe the formation of the chain initiating radical. The general procedure for the alternating
copolymerization of styrene with maleic anhydride is shown in Fig. 13a and the potential first radical addition
reaction that can be observed in TR ESR spectroscopy are shown in Fig. 13b.

In this work, TR ESR spectroscopy has been applied to investigate the initiation mechanism of an alter-
nating copolymerization of styrene and maleic anhydride and the result was compared with that of copo-
lymerization of styrene with 1,3-butadiene. Structures of the chain initiating radicals formed by radical
addition of diphenyl phosphinoyl radical to styrene (a), maleic anhydride (b) and 1,3-butadiene (c) are
shown in Fig. 14.

In a previous study, SS ESR spectroscopy demonstrated that the maleic anhydride terminal radical was
the predominant radical species during the propagation processes using a reversible addition fragmentation
chain-transfer (RAFT) agent as a spin trapping agent [24]. In this research work, the initiation step of the alter-
nating copolymerization was examined by TR ESR. TR ESR spectra of styrene only, maleic anhydride only,
styrene with maleic anhydride (1:1), and styrene-d, with maleic anhydride (1:1) are shown in Fig. 15.

When copolymerization systems, with both styrene and maleic anhydride present, were examined
overlapped signals of those styrene and maleic anhydride were observed as shown in Fig. 15c indicating
that P-centered radical added to the each monomer just as in a homo-polymerization even in a co-polymer-
ization system. Although, in principle, TR ESR spectroscopy does not provide quantitative results, we can
state that first radical addition of the P-centered radical to each of the monomers was done without any
selectivity. The reactivity of the radical addition reaction of each monomer seemed to be determined by
the individual reactivity of the each monomer. TR ESR spectrum of the chain initiating radical of styrene
is somehow complicated due to many splitting lines of phenyl protons. In order to simplify the spectrum,
fully deuterated styrene (St-d,) was employed. The resulting TRESR spectrum of St-d, with maleic anhy-
dride is shown in Fig. 15d. The TR ESR spectrum of the chain initiating radical of St-d, is appeared as two
broad peaks and the peaks can be distinguished clearly from those of maleic anhydride. There was no clear
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Fig. 13: (a) Alternating copolymerization of styrene with maleic anhydride and (b) first radical addition of diphenyl phosphinoyl
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Fig. 14: Structures of chain initiating radicals formed by radical addition of diphenyl phosphinoyl radical to (a) styrene, (b)

maleic anhydride, and (c) 1,3-butadiene.
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Fig. 15: Time-resolved ESR spectra of (a) styrene only, (b) maleic anhydride only, (c) styrene with maleic anhydride and (d)
styrene-d, with maleic anhydride.

observation of a radical species due to some kinds of interaction between styrene and maleic anhydride
with the potential formation of a charge transfer complex that had been discussed in such alternating
copolymerization systems [62]. Kinetics of fully deuterated styrene polymerization were also reported by
Kattner and Buback [63].

Next, copolymerization of styrene with 1,3-butadiene was examined by TR ESR. Monomer reactivity
ratios of this copolymerization are r, (styrene)=0.58 and r, (1,3-butadiene) =1.35. In this case, the reactivity
of 1,3-butadiene is higher than that of styrene for both styrene and 1,3-butadiene radicals. TR ESR spectra
of styrene only, 1,3-butadiene only, and styrene with 1,3-butadiene are shown in Fig. 16. Figure 16c is the TR
ESR of styrene with 1,3-butadiene (1:1). The spectrum of 1,3-butadiene looks predominant in the figure which
means that radical addition reaction of P-centered radical to the 1,3-butadiene is more favorable than that to
styrene. This result is reasonable from the values of the monomer reactivity ratios.

Judging from the results of both previous studies and the present study, an alternating copolymerization
of styrene with maleic anhydride is initiated with no selectivity but is propagated in alternating manner prob-
ably from second monomer addition, and the maleic anhydride radical is predominant during propagation
steps. In the case of copolymerization of styrene with 1,3-butadiene, radical addition reaction to 1,3-butadi-
ene looked predominant, although addition reactions to both styrene and 1,3-butadiene occurred.
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Fig. 16: Time-resolved ESR spectra of (a) styrene only, (b) 1,3-butadiene only, and (c) styrene with 1,3-butadiene.

Conclusion

Several unsolved problems regarding the propagating radicals in conventional radical polymerization pro-
cesses have been clarified using a combination of ATRP and SS ESR and TR ESR. Direct ESR observation of
actual radical polymerizations of (meth)acrylates, styrene, and 1,3-butadiene clearly showed the structures
of the propagating radicals. A combination of ATRP and ESR provided information on the chain lengths of
the observed radicals in actual polymerization systems, the mechanism of the chain transfer reaction in
acrylate polymerizations, and origin of PUE of copolymerization. TR ESR spectroscopy gave information
on initial radical addition reaction of alternating copolymerization of styrene with maleic anhydride and
copolymerization of styrene with 1,3-butadiene. Characterization of the radicals in radical polymerizations
using various ESR techniques would provide interesting and useful information on conventional radical
polymerizations.
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