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ABSTRACT: Radical additions of 2-cyano-2-propyl radicals to styrene (St), methyl methacrylate (MMA), and ethyl
acrylate (EA) in the presence of large amounts of addition fragmentation chain transfer (AFCT) agent, methyl α-
bromomethylacrylate (MBMA), gave low molecular weight unsaturated oligomers. The methylene protons of the ω-
unsaturated end groups can be distinguished by 1H NMR spectroscopy depending on the number and the structure of the
monomer units bound to the end groups. The relative amounts of oligomers containing one, two or three monomer units
and the unsaturated end group were determined to evaluate the rate constants for chain transfer relative to propagation
of the oligomer radicals. The rate constants for chain transfer were greater than those for propagation and the ratio of
these rate constants depended on the chain length of the oligomer radical. MBMA gave its dimer together with the
oligomers of St, MMA, and EA. These results confirm that propagating radicals smoothly add to MBMA to yield the
adduct radical exclusively undergoing β-fragmentation and that homopropagation of MBMA is much slower than those
of the monomers to function as an effective AFCT agent.

KEY WORDS Radical Polymerization / Elementary Reaction / Propagation / Chain Transfer /
Addition-Fragmentation / Oligomer / End Group /

Addition-fragmentation chain transfer (AFCT) is in-
dispensable for efficient synthesis of polymer bearing
unsaturated end groups and control of the degree of
polymerization because of advantages arising from its
applicability to a variety of monomers and from chain
transfer constants (Ctr) sometimes close to unity.1–9 Al-
though the unsaturated end group resulting from AFCT
is not homopolymerizable, the end group is feasible
to addition of a propagating radical followed by cou-
pling with another propagating radical or fragmentation
depending on the substituent of the double bond, the
penultimate unit, and the attacking radical.10–13 There-
fore, AFCT can also be utilized for polymer architec-
ture such as preparation of branched and block copoly-
mer simultaneously with control of molecular weight
using bifunctional chain transfer agents.11, 12

Methyl α-bromomethylacrylate (MBMA)2, 5, 6, 13, 14

as well as α-(alkylthiomethyl)acrylate1–4 and α-
(arylsulfonylmethyl)acrylate7 are effective AFCT
agents in the polymerizations of methyl methacrylate
(MMA), styrene (St) and methyl acrylate (MA). In the
cases of methyl α-chloromethylacrylate15 and methyl
α-(2-carbomethoxyethyl)acrylate (MA dimer),16 the
respective adduct radicals undergo propagation and
fragmentation, simultaneously. Differences in behavior
among the α-(substituted methyl)acrylates may be
explained by competitive reaction of α-(substituted
methyl)acryloyl radicals between fragmentation and
propagation; the strength of the dissociating bond

and steric hindrance to propagation may be decisive
factors that govern the effectiveness as a chain trans-
fer agent. An additional requirement on the chain
transfer agent is rapid reinitiation by the expelled
radical. The rates of reinitiation by bromine atom
from MBMA and the subsequent few propagation
steps seem to be slower than propagation of macrorad-
icals, because the polymerization rates of conjugative
monomers were slightly depressed in the presence
of MBMA.5,14 Although the adduct radical of the
α-(arylsulfonylmethyl)acrylate and polymer radical
was detected by ESR spectroscopy,7 detection of the
adduct radical of MBMA was unsuccessful.17 The pri-
mary and secondary propagating radicals may exhibit
different reactivities from sufficiently long propagating
radicals toward monomer, because β-bromomethyl-
and the 2-bromopropyl groups as the β-substituents of
the respective radical centers are expected to result in
different addition rates toward MBMA.

Under conventional conditions of radical polymer-
ization, the oligomer radicals propagate rapidly and no
oligomeric product can be isolated. Nitroxide trapping,
which can compete with propagation, has been em-
ployed to estimate the reaction rates of oligomer rad-
icals, and the propagating rate constants for primary
propagating radicals (kp1) and secondary propagating
radicals (kp2) have been separately obtained.18, 19 Some
monomers20–22 showed that the rate constants for the
first few steps of propagation including the reaction of
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the primary and secondary propagating radicals are not
the same as for macroradicals.

In this paper, the oligomers of MMA, St, and
ethyl acrylate (EA) (M) were synthesized using large
amounts of MBMA. The mixtures of oligomers ob-
tained were analyzed by NMR spectroscopy to deter-
mine the composition of the product for consideration
of competition of propagation with AFCT of the pri-
mary and secondary propagating radicals which can be
shown by Br–M• and Br–M2•, respectively.

EXPERIMENTAL

Materials
MBMA was prepared as described in the litera-

ture.5 Commercially available St, MMA, and EA were
distilled under reduced pressure before use. 2,2′-
Azobis(isobutyronitrile) (AIBN) was purified by re-
crystallization from methanol.

Reaction Procedure
A benzene solution of 5.0 mol L−1 of monomer, a

variable amount of MBMA, and 5.0 mmol L−1 of AIBN
in a glass ampoule was degassed, sealed under vacuum
and immersed in a thermostated bath at 60◦C for 0.5–
2.0 h. After the reaction, the ampoules were immersed
in an ice-water bath to prevent the further reaction. The
solvent and the monomer and some amount of unre-
acted MBMA were evaporated from the resulted reac-
tion mixture at room temperature.

Measurements
A recycle preparative high-performance liquid chro-

matograph (HPLC), Japan Analytical Industry LC-908
equipped with JAI GEL-2H and JAI GEL-1H columns
and a differential refractometer detector, was employed
for isolation of individual oligomers from the reac-
tion mixtures for structural analysis by NMR using a
JEOL JNM A-400 spectrometer. 1H NMR (400 MHz)
and 13C NMR spectra (100 MHz) of the oligomers dis-
solved in CDCl3 were recorded. 2D 1H,1H-COSY
(400 MHz) spectra were recorded using the standard
pulse sequence on the same spectrometer in CDCl3 at
room temperature. Based on the 1H NMR spectra of
chemical shift range from 5.0–6.5 ppm assigned to the
unsaturated methylene protons, the molar ratios of re-
action products bearing the unsaturated end group were
obtained.

RESULTS AND DISCUSSION

Conversion
All the oligomers were preliminary separated from

higher molecular weight products by HPLC, and the
monomer conversion was not obtained. In the case of
St, MMA, and MA, reduced polymerization rates in the
presence of MBMA ([MBMA]/[M] ≤ 0.1) have been
reported.5, 14 The conversions of monomer as well as
MBMA in the presence of a large amount of MBMA
in the present study would thus be low enough to avoid
further reaction of the resultant oligomer.

St Oligomers
AFCT in competition with propagation (Scheme 1)

would be the dominant chain stopping event in the St
polymerization because of a sufficiently high concen-
tration of MBMA and a large chain transfer constant:
Ct = 2.34, 60◦C.5 Figure 1a shows the HPLC elu-
tion curve of the reaction product in the presence of a
comparable amount of MBMA to St, and the 1H NMR
spectrum of the main fraction is depicted in Figure 2.
Two sets of signals with similar intensity at 5.42 and
6.11 ppm, and 5.83 and 6.33 ppm indicate the presence
of only two types of unsaturated oligomers. No reso-
nances assignable to the olefinic protons of MBMA to
be observed at 5.97 and 6.34 ppm were detected.5

As shown in Figure 2, the intensity of the resonances
due to the 2,6- and 3,5-protons of the phenyl group
(7.15–7.20 and 7.28–7.35 ppm, respectively)23 in Br–
St–a is roughly twice that of the resonances due to the
CH2=C(CO2Me)– of a (5.42 and 6.11 ppm) where a de-
notes the unsaturated end group arising from AFCT.
This figure also contains the COSY spectrum of the
product mixture showing the correlations of the res-

Scheme 1.
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Figure 1. Recycled (once) HPLC elution curves of the prod-
ucts mixture initiated by AIBN (5.0 mmol L−1) in benzene at 60◦C:
(a), [St] = 5.0 mol L−1, [MBMA] = 2.8 mol L−1, 30 min; (b), [St] =
5.0 mol L−1, [MBMA] = 0.1 mol L−1, 40 min; (c), [MMA] = 5.0
mol L−1, [MBMA] = 1.4 mol L−1, 2 h; (d), [EA] = 5.0 mol L−1,
[MBMA] = 2.8 mol L−1, 2 h.

onance at 5.42 ppm with that at 6.11 ppm, and these
are unambiguously assigned to the CH2=C(CO2Me)–
of Br–St–a. The signals at 5.42 and 6.11 ppm have cor-
relations with the signals at 2.67 and 2.94 ppm, which
are assigned to the C=C(CO2Me)CH2–. The resonance
at 3.27 ppm correlating with the CH2=C was due to the
CH of the St unit in Br–St–a. Furthermore, the corre-
lations of the two signals at 3.59 and 3.61 ppm indicate
that they can be assigned to the protons of the BrCH2

of Br–St–a. Reinitiation by bromine atom produces the
primary propagating radical, Br–St•, and further reac-
tion with MBMA gives Br–St–a. The chemical shifts of
the protons of Br–St–a are shown in Figure 3 together
with those of other St oligomers mentioned later.

Some of the resonances in Figure 2 could not be as-
signed to neither Br–St–a nor Br–St2–a; nevertheless,
all the phenyl protons detected are due to Br–St–a as
confirmed by the consistent chemical shift and intensity
ratio of the resonances. The resonance at 5.83 ppm cor-
relates with the signals at 2.77 and 6.33 ppm indicating
that these resonances can be assigned to protons within
the same molecule. It was deduced that the dimer
of MBMA was formed as shown in Scheme 2 where
X = Br. The dimer was also obtained by the reaction of
MBMA using AIBN (5 mmol L−1) in the absence of St
for three days at 60◦C after purification by HPLC. All

Figure 2. 1H NMR and 1H,1H-COSY NMR spectra of the frac-
tion signed in Figure 1a. The signals with the asterisks are due to
the dimer of MBMA.

Figure 3. 1H NMR spectra of IS (a), IIS (b), and IIIS (c). The
signals with the asterisks are due to the dimer of MBMA.

the signals of the NMR spectra of the dimer can be as-
signed as follows. 1H NMR (CDCl3): δ = 2.77 (s, 2H,
CH2C=C), 3.71 (s, 3H, CH3 (d in Scheme 2)), 3.73 (s,
3H, OCH3 (b in Scheme 2)), 3.65, 3.86 (d, 2H, BrCH2),
5.83 (s, 1H, trans-CH=C), and 6.33 (s, 1H, cis-CH=C).
13C NMR: δ = 35.8 (BrCH2), 36.0 (CH2C=C), 51.2
(CCH2), 52.2 (OCH3 (d in Scheme 2), 52.6 (OCH3 (b
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Scheme 2.

in Scheme 2)), 130.0 (CH2=C), 134.8 (C=CH2), 170.4
(CO2Me (c in Scheme 2)), and 177.5 (CO2Me (a in
Scheme 2)). A decrease in MBMA concentration re-
sulted in the change in the HPLC elution curve from
Figure 1a to Figure 1b. The 1H NMR spectrum in Fig-
ure 3a, which is similar to the spectrum in Figure 2,
shows formation of MBMA dimer as the main product
in IS indicating that Br• is feasible to add MBMA.

The addition of Br–St• to MBMA results in Br–St–
a, and the St radical would add to St leading to the
secondary propagating radical, Br–St2•, which reacts
with MBMA to give Br–St2–a under the conditions to
form IIS and IIIS. Figures 3b and 3c illustrate the 1H
NMR spectra of IIS, and IIIS. The highly split signals
at 3.3–3.6 ppm in Figures 3b and 3c were assigned to
the BrCH2 protons of Br–St2–a and Br–St3–a as well as
the resonance at ca. 3.6 ppm for the BrCH2 protons of
Br–St–a. In Figure 3b, the resonances at 5.1–5.2 ppm
suggest the presence of only two types of unsaturated
oligomers; no additional resonances were assigned to
the protons of the unsaturated methylene. Br–St2–a
and Br–St3–a, which have two and four sets of enan-
tiomers, respectively, can be distinguished. Therefore,
it could be concluded from the longer elution time for
IIS than IIIS (Figure 1) that the resonances at 5.20 and
5.24 ppm, and four-line (two lines of four lines actually
overlapping) resonance centered at ca. 5.15 ppm can be
assigned to the trans-CH=C(CO2Me)– of Br–St2–a and
Br–St3–a, respectively, in contrast to 5.42 ppm for the
corresponding proton of Br–St–a.

It was revealed by 1H NMR spectroscopy that IS con-
tains Br–St–a and the MBMA dimer and that IIS and
IIIS consist of Br–St2–a and Br–St3–a. The chemical
shifts of the protons of Br–St–a, Br–St2–a, and Br–St3–
a are summarized in Figure 4. Although the monomer
and dimer radicals of MBMA might add to St followed
by AFCT, expected products of these additions were
not detected in the 1H NMR spectra of IS, IIS, and IIIS.
After addition of the MBMA radical to monomer, the
radical formed would extend the main chain to poly-
mer radical in competition with AFCT. Only a small
portion of the monomer reacted could be isolated as
the oligomers, and the product from the MBMA radical
among the oligomeric products of the monomer would
be too small amount to be detected.

Figure 4. 1H NMR chemical shifts of protons of the St
oligomers in ppm. Br–St2–a and Br–St3–a have the stereoisomers
showing two or three different chemical shifts for the individual
protons.

All the main peaks in the NMR spectra were assigned
as in Figure 4 except for the resonances at 4.84, 5.98,
and 6.43 ppm (the intensity ratio of the resonances rel-
ative to the CH2=C(CO2Me)– of Br–St–a were 0.41,
0.25, and 0.23, respectively) correlating with each other
were observed in the spectrum of IIS. Additionally,
the ratio of the total intensity of the signal assigned to
the phenyl protons (6.6–7.4 ppm) to those assigned to
methoxy and Br–CH2– protons (3.2–4.0 ppm) is unex-
pectedly small as a compound consisting of two St units
and one MBMA unit. However, the resonances can-
not be due to neither Br–St–a nor the MBMA dimer,
and the unknown resonances cannot be assigned to the
CH2=C(CO2Me)– of Br–St–MBMA–a referring to the
MBMA dimer. The unsaturated group of the unknown
compound which could be formed by a reaction other
than the sequence of addition to St followed by AFCT
leading to the product without St unit.

MMA Oligomers
In conformity with Ct = 0.93 for MMA polymeriza-

tion,5 the reaction mixture of MMA with MBMA ini-
tiated by AIBN yielded oligomeric products as shown
in Scheme 1. The reaction products were examined by
HPLC, and the elution curve is shown in Figure 1c. The
1H NMR spectrum in Figure 5 shows that IM mainly
consists of the MBMA dimer. Br–MMA–a could also
be present in the fraction IM because the hydrodynamic
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Figure 5. 1H NMR spectra of IM (a), IIM (b), and IIIM (c). The
signals with the asterisks are due to the dimer of MBMA.

volume of the MBMA dimer can be expected to be sim-
ilar to that of Br–MMA–a. All the 1H NMR chemical
shifts for the protons of Br–MMA–a are summarized in
Figure 6.

IIM and IIIM should comprise mainly Br–MMA2–
a and Br–MMA3–a, respectively, as deduced from a
shorter elution time than Br–MMA–a. The 1H NMR
chemical shifts of some of the protons of Br–MMAn–
a are expected to depend on tacticity because Br–
MMA2–a has two stereogenic centers. The spectrum of
IIM in Figure 5b shows the resonances of the cis- and
trans-CH=C(CO2Me)– at 5.50 and 5.53, and 6.22 ppm
for Br–MMA2–a referring to the chemical shifts of the
CH2=C(CO2Me)– of the PMMA obtained in the pres-
ence of MBMA.5 The eight lines at 1.8–2.4 ppm may be
assigned to the CH2 protons between two asymmetric
carbons of the consecutive MMA units. Furthermore,
the six lines at 3.2–3.6 ppm in Figure 5b are a part of
the resonances due to the BrCH2– of Br–MMA2–a be-
cause the chemical shift range is in reasonable agree-
ment with the eight lines resonance at the correspond-
ing methylene protons of the PMMA obtained in the
presence of MBMA.5 The remaining two lines for the
resonances due to the BrCH2 of Br–MMA2–a were hid-
den by the resonances due to the CH3O of MMA unit.
Other signals were assigned using systematic correla-
tions appeared in the COSY spectrum referring to the
spectrum of the PMMA5,25 as listed in Figure 6.

The spectrum of IIIM given in Figure 5c is compara-
ble to the spectrum in Figure 5a which exhibits fewer
lines at the respective chemical shift ranges. It was de-

Figure 6. 1H NMR chemical shifts of protons of obtained
MMA oligomers in ppm.

duced that the main component of IIIM is Br–MMA3–a
with three stereogenic centers. The eight possible iso-
mers predicted are listed in Figure 7. The 1H NMR
spectra of the enantiomers are identical, and the sig-
nal for each trans-CH=C(CO2Me)– appears at 5.48–
5.53 ppm. However, the chemical shifts of the reso-
nance due to the cis-CH=C(CO2Me)– was ca. 6.2 ppm
regardless of the structure of the oligomer. A total of
eight lines at ca. 3.2–3.4 ppm can be assigned to the part
of the spectrum of the BrCH2 of Br–MMA3–a as well
as that of Br–MMA2–a. The remaining lines are prob-
ably hidden by the stronger signals due to the CH3O at
lower magnetic field. The intensity ratios of the four
lines due to the trans-CH=C(CO2Me)– in Figure 5c
at 5.48, 5.49, 5.52, and 5.53 ppm (1.0 : 0.57 : 0.29 :
0.13) are in good agreement with those of the lines due
to the BrCH2 at 3.19, 3.36, 3.21, and 3.38 ppm (1 :
0.54 : 0.30 : 0.17). Coincidence of the intensity ra-
tios would indicate that these protons are assigned to
the respective enantiomers arising from combination of
meso- and reacemo-diad configurations5, 24 as summa-
rized in Figure 7.

Figures 5b and 5c show the resonances due to the un-
saturated end groups of Br–MMA2–a and Br–MMA3–
a at 5.4–6.3 ppm, indicating that IIM and IIIM consist
of Br–MMA2–a and Br–St3–a, respectively. Actually,
no other resonances assigned to the methylene pro-
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Figure 7. Four sets of enantiomers of Br–MMA3–a shown by
Fischer projections and the chemical shifts of their protons in ppm.
a) Overlapping with the methoxy protons.

tons of other unsaturated end group were observed. It
can be concluded that all the end groups detected are
formed by the competitive reactions of the Br–MMA•,
Br–MMA2•, and Br–MMA3• with MMA and MBMA
according to Scheme 1.

EA Oligomers
EA as well as St and MMA yielded oligomers as

shown in Scheme 1: Ctr = 2.93 for MA polymeriza-
ton.5 The HPLC elution curve in Figure 1d was ob-
served for the reaction mixture of EA. IE was a mix-
ture of the MBMA dimer and Br–EA–a (ca. 2 : 1)
as confirmed by the 1H NMR spectrum depicted in
Figure 8a. The intensity ratio of the signals due to
the trans-CH=C(CO2Me)– at 5.70 ppm, the CH2O at
4.18 ppm, and the CH3 at 1.27 ppm is 1.00 : 1.97 : 2.85
which is close to 1 : 2 : 3 predicted for Br–EA–a. The
characteristic resonances of Br–EA2–a, the structure
of which is shown in Figure 9, are found in the spec-
trum in Figure 8b together with weak resonances due
to the MBMA dimer. The 1H NMR spectrum of IIIE

is depicted in Figure 8c, and the resonance due to the
BrCH2– at > 3.4 ppm is too complicated to be assigned
in detail because of the coupling of the protons bound
to the adjacent α-carbon and the presence of two enan-
tiomers. The COSY spectrum indicated that the cor-
relation of the signals can be used for the unambiguous
assignment summarized in Figure 9. The signals at 5.58
and 6.20 ppm are assignable to the CH2=C(CO2Me)–
of Br–EA2–a. The intensity of the resonance due to the
CH2O at 4.0–4.3 ppm and those due to the CH3 at 1.1–

Figure 8. 1H NMR chemical shifts of protons of IE (a), IIE (b),
and IIIE (c) in ppm. The signals with the asterisks are due to the
dimer of MBMA.

Figure 9. 1H NMR chemical shifts of protons of EA oligomers
in ppm. a)Counter parts of two sets of pairs were hidden by the
resonances due to CH3O.

1.4 ppm are roughly twice and three times of that due to
the CH=C(CO2Me)–. Other signals were assigned us-
ing the COSY spectrum. The resonances of Br–EA3–a
were also assigned similarly as listed in Figure 9.

Formation of the significant amount of unsaturated
end group other than those of the EA oligomers can be
ruled out because the main resonances at 5.6–6.3 ppm
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are due to the EA oligomers consisting of up to three
EA units. During the polymerization of acrylic esters,
intra- and intermolecular hydrogen abstractions yield-
ing mid-chain radical cannot be neglected in the poly-
merization of acrylate.25–32 However, mid-chain rad-
ical formation in competition with fast AFCT actu-
ally would not affect the structure and amount of the
oligomers of EA up to only the degree of polymeriza-
tion of three.

Reactivities of Propagating Radicals
If the oligomers are formed by the reactions given in

Scheme 1, eqs 1–3 can be derived.

d[Br–M2•]
dt

= kp1[Br–M•][M] − kp2[Br–M2•][M]

−ktr2[Br–M2•][MBMA] (1)
d[Br–M–a]

dt
= ktr1[Br–M •][MBMA] (2)

d[Br–M2–a]
dt

= ktr2[Br–M2][MBMA] (3)

where the subscripts p1, p2, and p denote propagations
of the primary, secondary, and ordinary propagating
radical, respectively. The subscripts tr1, tr2, and tr are
designated to chain transfer of the primary, secondary,
and ordinary propagating radicals, respectively. For ex-
ample, kp1 means kp for primary propagating radical.

At the steady state where all the concentrations of the
transient species remain almost constant, the following
equations can be obtained from eqs 2 and 3,

d[Br–M–a]
d[Br–M2–a]

=
ktr1[Br–M•]
ktr2[Br–M2•]

(4)

The ratio of d[Br–M–a]/d[Br–M2–a] can be cal-
culated from 1H NMR spectral intensities of the
CH2=C(CO2Me)– of the corresponding products as the
products ratios, [Br–M–a]/[Br–M2–a], at low conver-
sion.

[Br–M–a]
[Br–M2–a]

=
ktr1[Br–M•]
ktr2[Br–M2•]

(5)

Equation 1 may be converted to eq 6 since the left-hand
side of eq 1 is equal to zero at the steady state with
respect to Br–M2•.

[Br–M•]
[Br–M2•]

=
kp2

kp1
+

ktr1

ktr2

[MBMA]
[M]

(6)

Equation 5 can be written as follows by use of eq 6.

[Br–M–a]
[Br–M2–a]

=
ktr1

kp1

kp2

ktr2
+

ktr1

kp1

[MBMA]0

[M]0
(7)

Therefore, a plot of [Br–M–a]/[Br–M2–a] vs.
[MBMA]0/[M]0 should give a linear relationship
where ktr1/kp1 and ktr2/kp2 which correspond to the

chain transfer constants for the primary and secondary
propagating radical can be obtained from the slope
and the intercept, respectively. It is noted that eq 1
involves the terms showing the rates of formation and
consumption of Br–M•. Formation of higher molecular
weight products including polymer would not affect
the validity of eq 1 because the second and third terms
of eq 1 may be given by eqs 2 and 3 leading to eq 7.
The ratios of the rate constants, ktr1/kp1 and ktr2/kp2, can
be evaluated based on the quantities experimentally
determined, [Br–M–a]/[Br–M2–a], and formation of
polymer, the MBMA dimer, and other products would
not bias the product ratio.

The resonances of the trans-CH=C(CO2Me)– of Br–
St–a (5.42 ppm) and Br–St2–a (5.21 and 5.24 ppm)
were conveniently used to evaluate the product ratio.
However, the signals due to the CH2=C(CO2Me)– of
Br–MMA2–a (5.50, 5.53, and 6.22 ppm) overlap with
those of Br–MMA3–a (5.48–5.53, 6.20, and 6.21 ppm)
and the resonances at 5.48 and 6.20 ppm due to the un-
saturated end group of PMMA–a.5 Therefore, IIIM and
higher molecular weight products were separated from
the bulk reaction mixture of MMA using HPLC before
determination of [Br–MMA–a]/[Br–MMA2–a]. In the
case of the reaction of EA, the intensities of the sig-
nals arising from the cis-CH=C(CO2Me)– of Br–EA–
a at 6.26 ppm was weaker than that at 5.70 ppm by ca.
10% in intensity. The signal at 5.70 ppm probably over-
lapped with some unknown signal. Consequently, the
resonance at 6.26 ppm (cis-) for Br–EA–a and 5.60 ppm
(trans-) for the Br–EA2–a were chosen in the calcula-
tions. The expanded 1H NMR spectra used for determi-
nation of [Br–M–a]/[Br–M2-a] for each monomer are
depicted in Figure 10.

The plots of [Br–M–a]/[Br–M2–a] vs. [MBMA]0/
[M]0 according to eq 7 are shown in Figure 11, and
linear relationships are obtained. For the plot of EA,
ktr1/kp1 and ktr2/kp2 were calculated from the range of
the slope and intercept as shown in Table I because
the experimental points at the lowest [MBMA]0/[M]0

strongly affects the slope. The solid and broken lines
are drawn with consideration of all the experimental
points and the points except for the lower point at
[MBMA]0/[M]0 = 0.2, respectively. The line drawn
based on the points except for the high point gave in-
finitely large ktr2/kp2 which is an erroneous value. The
ktr1/kp1 and ktr2/kp2 values which are larger than unity in
Table I are not in agreement with those of Ctr (= ktr/kp)
of MBMA for the respective polymerizations. The
ktr1/kp1 and ktr2/kp2 values for St and EA are greater than
those for MMA as well as Ctr value suggesting that only
a small effect of the end group on the reactivity ratios of
the radicals because Ctr cannot be affected by the end

614 Polym. J., Vol. 34, No. 8, 2002



Oligomerization by Addition-Fragmentation Chain Transfer

Figure 10. 1H NMR spectra to obtain [Br–M–a]/[Br–M2–a]
for St before separation by HPLC (a), MMA after the removal of
Br–MMA3–a and higher molecular weight products by HPLC (b),
and EA before separation by HPLC (c). ∗indicates the signals of
CH2=C(CO2Me)– protons of Br–M3–a. Shadowed peaks were used
for calculation of the amounts of Br–M–a (lower magnetic field)
and Br–M2–a (higher magnetic field).

Figure 11. Plots of [Br–M–a]/[Br–M2–a] vs. [MBMA]0/[M]0

for oligomerizations of St (©), MMA (�), and EA(�) at 60◦C.

group. All ktr1/kp1 values are less than ktr2/kp2 values in-
dicating that faster AFCT relative to propagation tends
to occur at the second step of propagation than the first
step.

One of the reasons for a large difference between
ktr1/kp1 or ktr2/kp2, and Ctr for EA might be ascribed
to the uncertainty in kp value of acrylic ester.27, 28 kp

values for the monomers are also summarized in Ta-
ble I, and the larger kp for EA than St and MMA by
two orders are noted. Ctr for EA as the ratio of kp to ktr

might be greater than 2.9 because the polymerization
of acrylic ester in the absence of chain transfer agent is
already affected by back biting followed by fragmenta-
tion to decrease chain length.31, 32

For further consideration, the kp1 and kp2 values with
respect to the primary and secondary propagating radi-

Table I. The ratio of the rate constants according to the plots
in Figure 11, and kp value and Ctrfrom the literatures

Monomer ktr1/kp1
a ktr2/kp2

b kp
c (L mol−1 s−1) Ctr

d

St 2.9 4.8 337 2.3
MMA 1.2 2.2 820 0.9

EA 4.0–4.7 10–13 30600 2.9e

aThe slope of the linear relationship in Figure 11. bCalculated
from the intercept on the ordinate of the plot in Figure 11. ckp

for St and MMA at 60◦C from refs 33 and 34, respectively. kp

for n-butyl acrylate at 60◦C as kp for EA from ref 35. dCtr for St
and MMA from ref 5. eCtr for MA from ref 5.

cals at 60◦C were required. The kp1 and kp2 for R–Stn•
(n = 1 or 2) where R was the fragment from AIBN
or benzoin were assumed based on the results obtained
by GPC analysis of polymer prepared by pulsed laser
polymerization at 60◦C.21 The kp1 and kp2 at 60◦C for
H-MMAn• and PhCO2–MAn• (n = 1 or 2) were deter-
mined by kinetic analysis of catalytic chain transfer22

and the nitroxide trapping method,18 respectively. The
values of kp1, kp2, and kp, which are summarized in
Table II, increase in the following order: St < MMA
< EA. The fragment of initiator as the end group of
the oligomers radical would affect the reactivities of
the primary and the secondary propagating radicals. In
such a case, the effect of the end group on kp1 could
be more significant than that on kp2 to bias the com-
mon tendency, kp1 > kp2, because different types of the
groups, 2-cyano-2-propyl or PhC(OH), H, and PhCO2,
were bound to the respective monomer units as the end
groups. The polar effect of the end group through C–C
bond cannot be the prominent reason for kp1 > kp2. Al-
ternatively, the steric effect was considered to be a dom-
inant factor to decrease kp2 from kp1, and the minute ef-
fect of the end group might be predicted in conformity
with the consideration based on ktr1/kp1, ktr2/kp2, ktr/kp,
and Ctr. It was considered that the kp1 and kp2 values
for the oligomer radicals in the present study can be ap-
proximated by those for the respective radicals of St,
MMA, and MA.

A significant difference in bulkiness, steric effect, be-
tween the one and two monomer units consisting of the
oligomer radicals would cause the common tendency,
kp1 > kp2. Difference in the bulkiness between the one
and two monomer units would be the largest for MMA
unit because of an 1,1-disubstituted ethylenic structure
of MMA unit; St and EA units are monosubstituted
ethylenic structures. Comparison of kp values for poly-
mer radicals in Table I with those of kp1 and kp2 in
Table II reveals kp1 > kp2 > kp for the St and MMA
polymerizations. However, kp2 < kp for EA and the kp

might be overestimated.27, 28 Using the experimentally
evaluated ktr1/kp1 and ktr2/kp2, and kp1 and kp2 from the
literatures, we calculated ktr1 and ktr2 values as in Ta-
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Table II. kp Values for oligomer radicals at 60◦C from the literatures, and numerical values calculated

Monomer
kp1

L mol−1 s−1

kp2

L mol−1 s−1 kp1/kp2
ktr1

a

L mol−1 s−1

ktr2
b

L mol−1 s−1 ktr1/ktr2
ktr

c

L mol−1 s−1

St 4000d 900d 3.8 11600 4320 2.7 775

MMA 14000e 3600e 12.4 16800 3240 5.2 738

EA 37000f 14000f 3.3
148000–
173900

140000–
182000

1.0–0.96 88740

aktr1 = (ktr1/kp1) × kp1. bktr2 = (ktr2/kp2) × kp2. cktr = Ctr × kp. dRef 21. eRef 22. fRef 18.

Table III. Comparison of ktr1, ktr2, and ktr for different monomers

Monomer ktr1(M1)/ktr1(M2)a ktr2(M1)/ktr2(M2)b ktr(M1)/ktr(M2)c

MMA/St 1.45 0.75 0.95

EA/St 13–16 34–97 120

EA/MMA 8.8–11 43–130 115
aCalculated from ktr1 values in Table II. bCalculated from ktr2 values in Table II.

cCalculated from Ctr and kp values in Table I.

ble II where the values for MA were used for EA.
If the rate determining step of AFCT of MBMA

would be addition step, ktr1 > ktr2 can be rationalized
similarly with kp1 > kp2. Although an excess amount
of monomer relative to MBMA is preferable for incor-
poration of MBMA unit as a unit consisting of main
chain, MBMA as effective AFCT agent cannot be in-
corporated in the copolymers of St, MMA, and MA un-
der the conditions of higher monomer concentrations
than MBMA ([MBMA]/[M] < 0.1).5 Furthermore, the
adduct radical of MBMA cannot be detected by ESR
spectroscopy.17 These findings indicate that addition to
MBMA is slower than β-fragmentation of adduct radi-
cal.

The EA radical would be inherently more reactive
than those of the St and MMA radicals as expected from
the larger Q values for St and MMA than EA.36 The EA
unit smaller than the St and MMA units would result in
a smaller difference between ktr1 and ktr2 in the mag-
nitude as can be seen from Table II. The ktr1/ktr2 value
decreased in the similar order with the kp1/kp2 value and
the largest values for MMA were estimated. Compari-
son of the ratio of the rate constants in Table III reveals
that the ratios for EA/St are the largest. Although the
ktr1(M1)/ktr1(M2) and ktr1(M1)/ktr1(M2) values for the
reactions with MBMA depend on the reactivities of the
oligomer radicals of M1 and M2 at the same degrees of
polymerization, the steric effect ascribed to the one or
two monomer units consisting of the radical would be
a decisive factor to generate a considerable difference
between kp1 and kp2 (kp1 > kp2).

The polar and resonance effects of the substituent
on the rate constants should be considered when we
compare the reactivities among the oligomer radicals

of St, MMA, and EA. For example, the greater rate
constants of the EA radicals would be ascribed to less
significant resonance effect of the carboethoxy group
in comparison with the phenyl and the methyl and car-
bomethoxy groups for the St and MMA radicals, re-
spectively. However, the effects of polar and reso-
nance effects, which were not so siginifcant as the
steric effect, on the reactivities of the primary and sec-
ondary propagating radicals could not be discussed in
the present study.

CONCLUSIONS

The unsaturated oligomers of St, MMA, and EA
were obtained using high concentrations of AFCT
agent MBMA to estimate the reactivities of the primary
and secondary propagating radicals in chain transfer
polymerizations. Kinetic equation for determination of
the ratios of rate constants, ktr1/kp1 and ktr2/kp2, based
on the relative amounts of the oligomers consisting of
one and two monomer units. Although the 1H NMR
resonances of the products were not completely as-
signed, quantification of the amount of unsaturated was
possible using the resonances of the protons of the un-
saturated end groups arising from AFCT. The rate con-
stant of AFCT for primary propagating radicals, sec-
ondary propagating radicals, and polymer radicals were
evaluated as ktr1, ktr2, and ktr, respectively, using the rate
constants for propagation of the respective radicals, kp1,
kp2, and kp values, in the literatures. The rate constants
for AFCT for primary propagating radicals, secondary
propagating radicals, and propagating radical as well
as the propagation rate constants decrease in the fol-
lowing order: ktr1 > ktr2 > ktr. The similar reactivity
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orders for different reactions suggest that the steric ef-
fects arising from one and two monomer units primarily
differentiate the reactivities in propagation and AFCT.
The dimer of MBMA was found to form together with
the unsaturated oligomers from the monomers because
much slower propagation rate of MBMA radical sup-
pressed extension of the MBMA sequence. Formation
of the products consisting of more than three monomer
units would not bias the ktr1/kp1 and ktr2/kp2 obtained in
this study.
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