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ABSTRACT: The synthesis of anthracene end-capped poly(methyl methacrylate)s via atom transfer radical
polymerization (ATRP) and the kinetic analyses thereof are reported. Methyl methacrylate was
polymerized in toluene at 90 °C (or 60 °C) via ATRP using 9-anthracenemethyl-2-bromoisobutyrate as
the initiator and CuBr/N-(n-hexyl)pyridylmethanimine as the catalyst. Anthracene end-capped polymers
with predetermined molecular weights and low polydispersities (PDI < 1.3) were obtained and
characterized by 1H NMR and UV-vis. The initiator and Cu(I) concentrations, initially added Cu(II)
concentration, and reaction temperature of the ATRP system have a decisive effect on the kinetics of the
reaction. When the initiator and Cu(I) concentrations or the reaction temperature are relatively high, or
the initially added Cu(II) concentration is relatively low, and consequently the radical concentration in
the system is relatively high, the kinetics of the polymerization fits Fischer’s equation (ln([M]0/[M]) ∝
t2/3). On the other hand, Matyjaszewski’s equation (ln([M]0/[M]) ∝ t) can be fitted quite well when the
initiator and Cu(I) concentrations or the reaction temperature are so low or the initially added Cu(II)
concentration becomes so high that radical termination is negligible. This kinetic transition is of great
importance for better understanding the mechanism of ATRP. The equilibrium and termination constants
(Keq and kt) for the studied ATRP system at 90 °C are 9.1 × 10-8 and 1.3 × 108 M-1 s-1, respectively. The
experimental evidence for Fischer’s theoretically derived threshold Cu(II) concentration for the kinetic
transition, i.e., [Cu(II)]0,t ) (3Keq[RX]0[Cu(I)]0kt/kp)1/2, is provided.

Introduction

Anthracene-containing polymers have attracted much
attention due to their potential use as semiconductors,
photoresist materials, and fluorescent probes.1-3 Vari-
ous methods have been developed to attach anthracene
moieties to polymers.1-12 Conventional free radical
polymerization is usually used for the synthesis of
anthracene-containing polymers since it is easy to
perform,1-8 but the structures of the polymers obtained
in this way are ill-defined; i.e., the molecular weights
are not predetermined, and the molecular weight dis-
tributions are broad. Anionic polymerization has been
used to solve this problem, and well-defined anthracene-
containing polymers with predetermined molecular
weights and low polydispersities were obtained.9 How-
ever, anionic polymerization requires very stringent
reaction conditions, which makes it difficult to perform,
and the choice of monomers is quite limited.

In recent years, atom transfer radical polymerization
(ATRP) has received rapidly increasing interest due to
its versatility.13-16 ATRP is based on a fast, dynamic
equilibrium established between the dormant species
(alkyl halides) and active species (radicals), with transi-
tion-metal complexes acting as reversible halogen atom
transfer reagents, which keeps a very low radical
concentration (approximately 10-7-10-8 M)17 in the
reaction system and thus results in negligible radical
termination and controlled polymerization. It not only
provides polymers with controlled molecular weights
and narrow molecular weight distributions but can also
be performed using ordinary radical polymerization
procedures for a variety of monomers, avoiding the

stringent conditions needed for living ionic polymeri-
zation. Many monomers have been successfully poly-
merized by ATRP, such as styrene, (meth)acrylates, and
acrylonitrile, and polymers with low polydispersities and
specific functional end groups have been obtained.15,16

ATRP and a combination of ATRP with other methods
have been used to synthesize anthracene-containing
polymers.10-12 Kim et al. reported the preparation of
anthracene-labeled poly(methyl methacrylate)s (PM-
MAs) via ATRP, where PMMAs bear anthracene units
in the middle of the chains, but the initiation efficiency
of the polymerization was rather low (<20%), which was
presumably due to some side reactions that compete
with the initiation reaction.10 Ohno et al. synthesized
well-defined anthracene-labeled polystyrenes via ATRP
using 9,10-bis(1-bromoethylcarbalkoxymethyl)anthracene
as the bifunctional initiator and CuBr/4,4′-di(n-heptyl)-
2,2′-bipyridine as the catalyst with an initiation ef-
ficiency of 100%.11 More recently, Tong et al. reported
the synthesis of (meth)acrylate-based diblock copoly-
mers bearing an anthracene group at the junction by
combining anionic polymerization and ATRP.12

This paper reports the synthesis of well-defined
anthracene end-capped PMMAs via ATRP using 9-an-
thracenemethyl-2-bromoisobutyrate (AMBIB) as the
initiator and CuBr/N-(n-hexyl)pyridylmethanimine (NHP-
MI) as the catalyst. The high initiation efficiency
obtained and the well-defined structures of the obtained
polymers indicate that the experimental system is free
of significant side reactions and is thus quite suitable
for kinetic studies. Therefore, the kinetics of the system
was also studied to continue our effort in understanding
the mechanistic aspect of the ATRP system. Two well-
known equations have been proposed to describe the
kinetics of the ATRP system by Matyjaszewski (eq 1)18

and by Fischer (eq 2).19
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A third equation was derived by Snijder et al. for the
specific system where Cu(II) has a limited solubility in
the reaction mixture.20 Since the presently studied
system is homogeneous, the equation by Snijder et al.
will not be considered here. Matyjaszewski’s equation
(eq 1, M-Eq) has been used in almost all kinetic studies
of the ATRP,18,21-25 and only recently has Fischer’s
equation (eq 2, F-Eq) proven to be applicable in the
ATRP system.26 The present work further explores the
kinetics of the ATRP by using a combination of M-Eq
and F-Eq and presents the effects of the initiator and
Cu(I) concentrations, initially added Cu(II) concentra-
tion, and reaction temperature of the ATRP system on
the kinetics of the polymerization.

Experimental Section
Materials. Methyl methacrylate (MMA) (Aldrich, 99%) was

washed twice with an aqueous solution of sodium hydroxide
(5%) and twice with distilled water, dried with anhydrous
magnesium sulfate overnight, and then distilled over calcium
hydride under vacuum. The distillate was stored at -18 °C
before use. Toluene (Biosolve Ltd., AR) was distilled over
calcium hydride. CuBr (Aldrich, 98%) was stirred with acetic
acid for 12 h, washed with ethanol and diethyl ether, and then
dried under vacuum at 75 °C for 3 days. The purified CuBr
was stored in an argon atmosphere. Dichloromethane (Biosolve
Ltd., HPLC) was dried with calcium hydride and then distilled.
NHPMI was synthesized by condensation of pyridine-2-car-
boxaldehyde (Acros, 99%) and n-hexylamine (Acros, 99%) as
described elsewhere.21 CuBr2 (Aldrich, 99%), 9-anthracen-
emethanol (Aldrich, 97%), 2-bromoisobutyryl bromide (Aldrich,
98%), aluminum oxide (activated, basic, for column chroma-
tography, 50-200 µm), and all the other chemicals were used
as received.

Synthesis of AMBIB. Triethylamine (2.633 g, 26.02 mmol)
was added to a solution of 9-anthracenemethanol (4.166 g,
20.00 mmol) in dry dichloromethane (90 mL). The solution was
stirred in an ice bath, and 2-bromoisobutyryl bromide (5.985
g, 26.03 mmol) in dry dichloromethane (10 mL) was added
dropwise over a period of 0.5 h. The reaction mixture was
stirred at 0 °C for 1 h and then at 25 °C overnight. The solution
was filtered, washed three times with an aqueous solution of
hydrochloride (0.5 M), and then washed three times with
distilled water. Finally, the solution was dried with anhydrous
magnesium sulfate overnight, and the solvent was removed
under vacuum. The obtained crude product was purified by
recrystallization three times from methanol to give a pale
yellow solid (5.1 g, 72%); mp 84-85 °C. UV-vis (chloroform):
λmax/nm (ε/L mol-1 cm-1) ) 334 (2971), 350 (5919), 368 (8792),
388 (8117). 1H NMR (CDCl3): δ ) 8.53 (s, 1H, Ar-H (10)),
8.36-8.34 (m, 2H, Ar-H (1,8)), 8.06-8.03 (m, 2H, Ar-H (4,5)),
7.61-7.48 (m, 4H, Ar-H (2,3,6,7)), 6.23 (s, 2H, CH2), 1.88 (s,
6H, CH3).27 13C NMR (CDCl3): δ ) 172.00 (COO), 131.45
(Ar-C (9)), 131.22 (Ar-C (8a,9a)), 129.51 (Ar-C (4,5)), 129.19
(Ar-C (1,8)), 126.81 (Ar-C (10)), 125.62 (Ar-C (2,7)), 125.22
(Ar-C (3,6)), 123.99 (Ar-C (4a,10a)), 60.80 (CH2), 56.03 (C-
Br), 30.81 (CH3).27 MS: m/z ) 358.0 ([M + H]+, calcd for
C19H18O2Br 358.2).

Polymerization Procedure. A typical ATRP was carried
out as follows. CuBr (0.270 g, 1.88 mmol) and NHPMI (0.818
g, 4.30 mmol) were added to a solution of MMA (9.459 g, 94.48
mmol) and toluene (17.360 g) in a three-neck round-bottom

flask (100 mL). After the reaction mixture was bubbled with
argon for 30 min in an ice bath, the initiator AMBIB (0.669 g,
1.87 mmol) was added. The solution was bubbled with argon
again for 20 min in an ice bath. The flask was then immersed
in a thermostated oil bath at 90 °C and stirred. The poly-
merization was sampled at suitable time periods throughout
the reaction. The sample was diluted with tetrahydrofuran
(THF), and part of it was used for gas chromatography (GC)
measurements to determine monomer conversion. The rest
was passed through a column of basic aluminum oxide prior
to size exclusion chromatography (SEC) measurements. After
6 h, the reaction was quenched by cooling the solution. The
reaction mixture was passed through a column of basic
aluminum oxide to remove the catalyst, part of the solvent
was evaporated, and the rest was precipitated into methanol.
After washing three times with methanol, the filtered product
was dried at 50 °C under vacuum for 3 days to give polymer
I in 89% yield.

Measurements. The melting point of the initiator was
determined by a melting point measuring apparatus named
after Dr. Tottoli (W. Büchi Glass Apparatus Factory, Flawil,
Switzerland). 1H NMR and 13C NMR spectra were recorded
on Varian-300 and Varian-400 spectrometers using TMS as
an internal standard. Gas chromatography-mass spectroscopy
(GC-MS) measurement was performed on a GC-MS QP-5000
(Shimadzu). Monomer conversion was determined from the
concentration of residual monomer using a Hewlett-Packard
5890 GC, equipped with AT-Wax capillary column (30 m ×
0.53 mm × 10 µm) using toluene as an internal reference.
Molecular weights and molecular weight distributions were
measured by SEC using a Waters GPC equipped with a Waters
model 510 pump and a model 410 differential refractometer
(40 °C). THF was used as eluent at a flow rate of 1.0 mL/min.
A set of two linear columns (Mixed-C, Polymer Laboratories,
30 cm, 40 °C) was used. The calibration curve was prepared
with polystyrene (PS) standards, and molecular weights were
recalculated using the universal calibration principle and
Mark-Houwink parameters (PS: K ) 1.14 × 10-4 dL g-1, a
) 0.716; PMMA: K ) 0.944 × 10-4 dL g-1, a ) 0.719). UV-
vis spectra were recorded on a Hewlett-Packard 8453 UV-
vis spectrophotometer. The calibration curve was obtained by
plotting absorbance vs concentration for solutions of AMBIB
in chloroform. With these values, we could either assess the
degree of anthracene incorporation or, assuming complete
incorporation, calculate Mn,UV (number-average molecular
weights determined by UV-vis method) for the samples. Glass
transition temperatures (Tg) were measured with a Perkin-
Elmer Pyris 1 differential scanning calorimeter (DSC) using
a heating rate of 10 °C/min. All samples were scanned twice
in order to eliminate the thermal history, and the results from
the second scan are reported. Glass transition temperatures
were read as the midpoint of the change in heat capacity.

Results and Discussion
Degree of Control of the ATRP System. The new

anthracene-containing initiator, AMBIB (Scheme 1),
was synthesized by reacting 9-anthracenemethanol with
2-bromoisobutyryl bromide and then purified by recrys-
tallization from methanol. Its purity was confirmed by
thin-layer chromatography (TLC), 1H NMR, 13C NMR,
and GC-MS. AMBIB is soluble in toluene, chloroform,
and THF. MMA was polymerized in toluene at 90 °C
(or 60 °C) via ATRP using AMBIB as the initiator and
CuBr/NHPMI as the catalyst (CuBr2 was added if
necessary) (Scheme 1). The volume of toluene used was
always twice that of MMA in each ATRP system, and
the molar ratio of AMBIB to CuBr to NHPMI was
always 1:1:2.3. A homogeneous dark brown solution was
obtained when the reaction mixture was heated to 90
°C (or 60 °C).

Figure 1 shows that the number-average molecular
weights of the polymers determined by SEC, Mn,SEC,
increase linearly with increasing monomer conversion

ln([M]0

[M] ) ) kpKeq
[RX][Cu(I)]

[Cu(II)]
t ) kp[R

•]t )
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ln([M]0
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3kt
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and are quite close to the theoretical values determined
by Mn,th ) ([M]0/[RX]0)MMC + MRX, where [M]0 and
[RX]0 are the initial concentrations of monomer and
initiator, respectively, MM and MRX are the molecular
weights of monomer and initiator, respectively, and C
is the monomer conversion. This, together with the low
polydispersity indices (PDI) of the polymers (<1.3 in
most cases), suggests that the polymerization is living
and well-controlled. The initiation efficiency of the
polymerization, i.e., Mn,th/Mn,SEC, was calculated to be
88%, 90%, and 96% for the ATRP systems with reactant
ratio æ ) [MMA]0/[AMBIB]0/[CuBr]0/[NHPMI]0 of 50/
1/1/2.3, 100/1/1/2.3, and 150/1/1/2.3 at a reaction time
of 6 h, respectively,28 indicating that the polymerization
is better controlled at lower initiator and Cu(I) concen-
trations, just as discussed later (see the kinetic analyses
section). The high initiation efficiency obtained demon-
strates that side reactions are quite limited in the
polymerization process. Note that the radical polymer-
ization of acrylates and styrene in the presence of
anthracene or its derivatives is usually perturbed by the
competing radical addition to the 9- and/or 10-position
of the anthracene. Methacrylate monomers, however,
do not show these side reactions in the presence of
anthracene or its derivatives.12,29,30

Polymer Characterization. Three polymers, namely
polymers I, II, and III, were prepared using different
reactant ratios æ in the ATRP system (Table 1). TLC
analyses showed that all of them are pure and free of
unreacted AMBIB. The strong blue fluorescence ob-

served for all these polymers under a 350 nm UV lamp,
therefore, indicates that the anthracene moiety has been
chemically incorporated into the polymers. The Mn,SEC
and PDI for polymers I-III are listed in Table 1.

Figure 2 (parts a and b) shows the 1H NMR spectra
of AMBIB and polymer I. The typical proton signals of
the anthracene moiety in Figure 2a are also seen in the
spectrum of the polymer (6.0-8.6 ppm, Figure 2b),
suggesting that the anthracene moiety has been suc-
cessfully attached to the polymer. Compared with the
single peak of the proton signal in -CH2- connected to
the anthracene group of AMBIB at 6.23 ppm (Figure
2a), the multiple splitting of the proton signal of the
same group in the polymer at 6.1 ppm further indicates
that the anthracene moiety is chemically bonded to the
polymer. Furthermore, the number-average molecular
weights calculated by comparison of the integration
values of the aromatic protons in anthracene and the
protons in -COOCH3 of the MMA units (Mn,NMR) were
determined to be 5380, 8020, and 10 700 for polymers
I, II, and III, respectively (Table 1), which agree quite
well with Mn,SEC. This confirms that the polymer chains
are quantitatively functionalized to generate the desired
anthracene end-capped PMMAs.

The UV-vis spectra of the anthracene end-capped
PMMAs in chloroform are identical with that of AMBIB
in both the shape and peak positions (334, 350, 368, 388
nm) (Figure 3), indicating that anthracene units are
definitely present in the polymers and that the ATRP
of MMA was not perturbed by the anthracene unit in
AMBIB, which is consistent with the previous report.12

By assuming that the molar extinction coefficient (ε) of
the polymer-attached anthracene unit is the same as
that of AMBIB and that there is only one anthracene
group per polymer chain, the number-average molecular
weights of the polymers can be calculated by comparing
the UV-vis absorbance of the polymer solutions with
that of AMBIB, i.e., UV-vis calibration curve of AMBIB.
The number-average molecular weights obtained in this
way, namely Mn,UV, agree well with Mn,SEC and Mn,NMR
(Table 1), suggesting that the above assumptions are
reasonable, and the anthracene moiety has further
proven to be incorporated into the polymers quantita-
tively.

The glass transition temperature of the polymer
increases with increasing molecular weight, as expected
(Table 1).

On the basis of the limited side reactions during the
ATRP process and the well-defined structures of the
obtained polymers as shown above, we conclude that the
studied ATRP system is well-controlled and is thus quite
suitable for kinetic and mechanistic studies.

Scheme 1

Figure 1. Dependence of Mn,SEC and PDI on monomer
conversion for the ATRP of MMA in toluene at 90 °C. [MMA]0/
[AMBIB]0/[CuBr]0/[NHPMI]0 ) 50/1/1/2.3 ([), 100/1/1/2.3 (b),
and 150/1/1/2.3 (2). Lines represent the theoretical molecular
weights (Mn,th).
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Effect of Initiator and Cu(I) Concentrations on
Kinetics. A series of reactions at different ratios of
monomer to initiator and Cu(I) ([initiator]0 ) [Cu(I)]0)
were carried out at 90 °C to investigate the effect of the
initiator and Cu(I) concentrations on the kinetics of the
ATRP. The results are shown in Figure 4 (parts a and
b). When M-Eq was used to fit the data points of the
ATRP systems with reactant ratio æ of 100/1/1/2.3 and
150/1/1/2.3, straight lines with linearity regression
coefficients (R2) greater than 0.99 were obtained. How-
ever, the kinetics of the ATRP system with a reactant

ratio æ of 50/1/1/2.3 deviates from M-Eq, as demon-
strated by a curve (Figure 4a). If we plot ln([M]0/[M])
against t2/3 for this system, however, a straight line with
R2 ) 0.9965 is obtained (Figure 4b), indicating that this
system can be better described by F-Eq. This may be
attributed to the radical concentration change following
the change of the reactant ratio in the ATRP systems.
The radical concentration is relatively high for the
ATRP system with a reactant ratio æ of 50/1/1/2.3 due
to the relatively high initiator and Cu(I) concentrations,

Table 1. Number-Average Molecular Weights Determined by SEC, 1H NMR, and UV-vis, Polydispersity Indices, and
Glass Transition Temperatures of the Anthracene End-Capped PMMAs

polymera reactant ratiob reaction temp (°C) reaction time (h) Mn,SEC (PDI) Mn,NMR
c Mn,UV

c Tg (°C)

I 50/1/1/2.3 90 6 5790 (1.19) 5380 5240 103
II 100/1/1/2.3 90 6 9100 (1.11) 8020 8610 105
III 150/1/1/2.3 90 10 11500 (1.11) 10700 11100 109

a Polymers I, II, and III were prepared via the ATRP of MMA in toluene using AMBIB as the initiator and CuBr/NHPMI as the
catalyst and then purified by precipitation into methanol. b [MMA]0/[AMBIB]0/[CuBr]0/[NHPMI]0. cMn,NMR and Mn,UV are calculated by
assuming that only one anthracene group is incorporated into each polymer chain.

Figure 2. 1H NMR spectra of AMBIB (a) and polymer I (b)
in CDCl3.

Figure 3. UV-vis spectra of AMBIB and anthracene end-
capped PMMAs in chloroform: (a) AMBIB (0.018 mg/mL )
4.99 × 10-5 M), (b) polymer I (0.294 mg/mL), (c) polymer II
(0.456 mg/mL), (d) polymer III (0.573 mg/mL).

Figure 4. Plots of ln([M]0/[M]) vs reaction time (t and t2/3) for
the ATRP of MMA in toluene at 90 °C. [MMA]0/[AMBIB]0/
[CuBr]0/[NHPMI]0 ) 50/1/1/2.3 ([), 100/1/1/2.3 (b), and 150/
1/1/2.3 (2).
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which will lead to some radical termination during the
polymerization process. This is consistent with the
persistent radical effect; i.e., because of bimolecular
radical termination, a Cu(II) level is built up which
controls the deactivation reaction.31 Therefore, M-Eq is
inappropriate for this case since it is based on an
assumption that radical termination can be neglected.
On the contrary, the prerequisite of F-Eq (i.e., radical
termination exists) could be met. When the concentra-
tions of initiator and CuBr decrease to such an extent,
as in the ATRP systems with reactant ratio æ of 100/
1/1/2.3 and 150/1/1/2.3 (the radical concentrations of
these two systems were determined to be 3.7 × 10-8 and
1.9 × 10-8 M, respectively, on the basis of M-Eq and
the propagation rate constant of MMA, i.e., kp ) 1625
M-1 s-1 at 90 °C32), that the radical concentration will
be low enough to ensure negligible radical termination,
M-Eq describes the kinetics better than F-Eq (Figure
4a,b). The initiator and Cu(I) concentrations in ATRP
systems thus have a decisive effect on the kinetics of
the polymerization, and the kinetics of the ATRP system
switches from fitting F-Eq to fitting M-Eq following the
decrease of the initiator and Cu(I) concentrations. The
effects of the initiator and Cu(I) concentrations on the
kinetics of the ATRP systems have been extensively
investigated.21-26,33,34 However, to the best of our knowl-
edge, no kinetic transition has been found following the
change of the initiator and Cu(I) concentrations. This
may be due to the reaction conditions selected in the
previous studies, including different monomers, ligands,
and reactant ratios. In addition, the ATRP systems with
reactant ratio æ of 100/1/1/2.3 and 150/1/1/2.3 have an
induction period of about 20 min. The cause of this
induction period is not very clear yet, and further
investigation is going on.

Effect of Initially Added Cu(II) Concentration
on Kinetics. CuBr2 was added at the beginning of the
reaction to study its effect on the kinetics of the ATRP
system, where [MMA]0/[AMBIB]0/[CuBr]0 ) 50/1/1 and
[CuBr]0 + [CuBr2]0 ) [NHPMI]0/2.3. Figure 5 shows the
kinetic plots of the ATRP systems with different amounts
of initially added Cu(II). When the initially added Cu-
(II) concentration relative to Cu(I) is lower than 15%
(i.e., [Cu(II)]0/[Cu(I)]0 < 0.15), the kinetics of the system
is better described by F-Eq. On the other hand, when
[Cu(II)]0/[Cu(I)]0 > 0.15, the kinetics fits M-Eq better
than F-Eq. This can also be explained in terms of the
radical concentration change following the addition of
Cu(II) at the beginning of the polymerization.

Figure 5 also shows that the kinetic transition from
fitting F-Eq to fitting M-Eq occurs at a Cu(II) concen-
tration relative to Cu(I) of 15%, where the kinetics of
the system can be equally well fitted by both M-Eq and
F-Eq (i.e., both fitted lines have linear regression
coefficients greater than 0.99). This implies that a
concentration of 15% Cu(II) relative to Cu(I) is a
threshold level for the switch between the two kinetic
regimes. This threshold level is higher than that of the
MMA/HEBIB/CuBr/NHPMI system, where HEBIB is
2-hydroxyethyl-2-bromoisobutyrate and the threshold
level of Cu(II) is approximately 10% relative to Cu(I),
even at higher initiator and Cu(I) concentrations (i.e.,
[MMA]0/[HEBIB]0/[CuBr]0/[NHPMI]0 ) 30/1/1/3).26 The
discrepancy may stem from the different initiators used,
which are likely to influence the equilibrium constants
Keq and the radical concentrations of the systems. As
shown in Figure 5, the induction period appears to

depend on the initially added Cu(II) concentration, and
its origin is still under investigation.

The almost equal slopes of the kinetic plots for the
ATRP systems with [Cu(II)]0/[Cu(I)]0 ) 0, 0.11, and 0.15
(i.e., slope ) 0.0023, 0.0024, and 0.0023 s-2/3, respec-
tively) indicate that the polymerization is almost inde-
pendent of the initially added Cu(II) concentration when
[Cu(II)]0/[Cu(I)]0 e 0.15 (Figure 5b). This means that
the same amount of Cu(II), i.e., 15% Cu(II) relative to
Cu(I), is present in the ATRP systems after the “self-
regulation” process at the beginning of the reaction.
According to M-Eq, the polymerization rate is inverse
first order with respect to the steady-state Cu(II)
concentration. Therefore, if we assume that the steady-
state Cu(II) concentration is close to the initially added
Cu(II) concentration when [Cu(II)]0/[Cu(I)]0 g 0.15, i.e.,
little self-regulation and radical termination take place
in the reaction, the ratio of the slopes of the kinetic plots
for the ATRP systems with [Cu(II)]0/[Cu(I)]0 ) 0.15 and
0.20 should be 1.33 on the basis of M-Eq, which is in

Figure 5. Plots of ln([M]0/[M]) vs reaction time (t and t2/3) for
the ATRP of MMA in toluene at 90 °C using different amounts
of initially added CuBr2. [MMA]0 ) 3.0439 M, [AMBIB]0 )
[CuBr]0 ) 0.0609 M, [CuBr]0 + [CuBr2]0 ) [NHPMI]0/2.3.
[CuBr2]0/[CuBr]0 ) 0 ([), 0.11 (2), 0.15 (9), and 0.2 (b).
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excellent agreement with the experimental result (1.33)
(Figure 5a), demonstrating that our assumptions are
reasonable and that the self-regulation process due to
bimolecular radical termination in ATRP can be mini-
mized when enough Cu(II) is added at the beginning of
the reaction. This result provides direct evidence for the
existence of the self-regulation process caused by the
persistent radical effect in the ATRP system and a
method to minimize it. In addition, the calculated
concentrations of propagating radicals for the ATRP
systems with [Cu(II)]0/[Cu(I)]0 ) 0.15 and 0.20 are
sufficiently low (3.7 × 10-8 and 2.8 × 10-8 M, respec-
tively, based on M-Eq and the kp of MMA at 90 °C32) to
prevent significant chain terminations, which is con-
sistent with the above discussion.

The equilibrium constant Keq and termination con-
stant kt of the studied ATRP system can be derived from
Figure 5 (parts a and b). When [Cu(II)]0/[Cu(I)]0 g 0.15,
the kinetics of the ATRP system fits M-Eq (Figure 5a),
and the steady-state concentrations of initiator, Cu(I),
and Cu(II) will be close to their initial concentrations
(i.e., [RX] ≈ [RX]0, [Cu(I)] ≈ [Cu(I)]0, and [Cu(II)] ≈ [Cu-
(II)]0). Therefore, M-Eq can be rewritten to eq 3 in this
case.

On the basis of eq 3 and the propagation rate constant
of MMA (kp ) 1625 M-1 s-1 at 90 °C),32 a Keq of 9.1 ×
10-8 is derived from the slopes of the straight lines in
Figure 5a. Using F-Eq, kp, and the obtained Keq, we can
also obtain a kt of 1.3 × 108 M-1 s-1 from the average
slope of the straight lines in Figure 5b. These results
are reasonable compared with the kinetic data reported
elsewhere.22,26,35

Recently, Fischer et al. proposed that the transition
from nonlinear behavior to linear behavior for the
kinetic plots of ATRP systems (i.e., the plots of ln([M]0/
[M]) vs reaction time t) should occur at a theoretical
threshold initial Cu(II) concentration of [Cu(II)]0,t )
(3Keq[RX]0[Cu(I)]0kt/kp)1/2,36 which corresponds to a [Cu-
(II)]0,t of 0.0090 M in our ATRP system. This value
agrees well with the experimental result ([Cu(II)]threshold
) 0.0092 M).

Effect of Reaction Temperature on Kinetics.
Figure 6 shows the effect of reaction temperature on
the kinetics of the ATRP system with a reactant ratio
æ of 50/1/1/2.3. Since higher temperature enhances the
reactivity of polymeric halides toward Cu(I) species,
resulting in higher concentration of radicals,37 the
kinetics of ATRP should depend on the reaction tem-
perature. When the polymerization was carried out at
90 °C, the radical concentration in the system was so
high that radical termination took place. Therefore,
F-Eq described the kinetics better than M-Eq in this
case (Figures 4b and 6). On the other hand, when the
reaction temperature decreased to 60 °C, the radical
concentration in the ATRP system became so low (2.4
× 10-8 M based on M-Eq and a kp of 834 M-1 s-1 for
MMA at 60 °C32) that radical termination was negli-
gible. Accordingly, the system was described well by
M-Eq (Figure 6).

Haddleton et al. also studied the effect of the reaction
temperature on the kinetics of the ATRP of MMA in
toluene (the weight ratio of MMA to toluene is 1 to 3)
using ethyl 2-bromoisobutyrate (EBIB) as the initiator

and CuBr/N-(n-pentyl)pyridylmethanimine (NPPMI) as
the catalyst with a reactant ratio [MMA]0/[EBIB]0/
[CuBr]0/[NPPMI]0 of 100/1/1/3 and found that all the
kinetics follow M-Eq, and no kinetic transition occurs
when the reaction temperature changes from 90 to 15
°C.38 This is understandable because their system was
even more dilute than our system with a reactant ratio
æ ) [MMA]0/[AMBIB]0/[CuBr]0/[NHPMI]0 of 100/1/1/2.3
(the volume ratio of MMA to toluene is 1 to 2 and the
corresponding weight ratio is 1 to 1.85), which fits M-Eq
at 90 °C (Figure 4).

According to the above discussion, we conclude that
F-Eq should be applicable in the ATRP systems where
no side reactions take place except radical termination,
and the rate constants are independent of the chain
length. M-Eq will be applicable as long as the radical
concentration in the ATRP system becomes so low that
radical termination can be neglected no matter which
of the following three methods, i.e., reducing the con-
centrations of initiator and/or Cu(I), adding enough Cu-
(II) at the beginning of the polymerization, or lowering
the reaction temperature, is used.

Conclusions

Well-defined anthracene end-capped PMMAs were
synthesized via homogeneous ATRP in toluene at 90 °C
using AMBIB as the initiator and CuBr/NHPMI as the
catalyst. 1H NMR and UV-vis spectroscopy character-
izations showed that anthracene units were attached
to the polymer chain ends quantitatively (one an-
thracene group per PMMA chain). The experimental
molecular weights of the polymers increase linearly with
increasing monomer conversion and are very close to
the theoretical values. This, together with the narrow
molecular weight distributions (PDI < 1.3), indicates
that the polymerization is living and well-controlled.
The kinetic studies showed that the initiator and Cu(I)
concentrations, initially added Cu(II) concentration, and
reaction temperature of the ATRP system can greatly
affect the kinetics of the polymerization process. When
the reaction proceeds at relatively high initiator and Cu-
(I) concentrations or at a relatively high reaction tem-
perature, or at a relatively low initially added Cu(II)

Figure 6. Kinetic plots for the ATRP of MMA in toluene at
60 °C (b) and 90 °C ([), respectively. [MMA]0 ) 3.0439 M,
[AMBIB]0 ) [CuBr]0 ) [NHPMI]0/2.3 ) 0.0609 M.

ln([M]0

[M] ) ) kpKeq

[RX]0[Cu(I)]0

[Cu(II)]0
t ) Kappt (3)
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concentration, the radical concentration in the system
is relatively high. In that case the kinetics of the
polymerization can be better described by F-Eq (ln([M]0/
[M]) ∝ t2/3) due to the presence of radical termination.
On the other hand, when the initiator and Cu(I)
concentrations or the reaction temperature are so low
or the initially added Cu(II) concentration becomes so
high that radical termination is negligible, the kinetics
of the polymerization switches to fit M-Eq (ln([M]0/[M])
∝ t). The equilibrium constant Keq and termination
constant kt for the studied ATRP system at 90 °C are
9.1 × 10-8 and 1.3 × 108 M-1 s-1, respectively. Fischer’s
theoretically derived threshold Cu(II) concentration for
the kinetic transition from F-Eq to M-Eq, i.e., [Cu(II)]0,t
) (3Keq[RX]0[Cu(I)]0kt/kp)1/2, was experimentally veri-
fied.
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