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Synthesis of poly(alkyl methacrylate)s with well-defined struc-
tures has received significant research interests from both aca-
demic and industrial polymer chemists." Nowadays, poly(alkyl
methacrylate)s are utilized as versatile materials such as plastics,
adhesives and elastomers containing a number of different
reactive functions. In general, these commercially available
methacrylate polymers are prepared by radical polymerization
processes. Recent development in living radical polymerization
method offers great promise,” and a number of methods using a
capping agent have been developed such as degeneration or
exchange chain transfer, atom transfer radical polymerization,
nitroxide-mediated radical polymerization, and reversible addi-
tion—fragmentation chain transfer polymerization.’

In contrast, living anionic polymerization of alkyl methacry-
lates does not need a capping agent.* Therefore, living anionic
polymerization is very fast compared to living radical polymer-
ization. Living anionic polymerization also provides easy access
to tailor-made macromolecules, such as graft, block, star, a,w-
difunctional polymers and macromonomers.” However, in a
conventional macrobatch reactor, living anionic polymerization
of alkyl methacrylates should be carried out at low temperatures
such as —78 °C to obtain polymers of narrow molecular weight
distribution.® The requirement of such low temperatures causes
severe limitations in the use of this highly useful polymerization
technology in industry.

Recently, polymerization in microflow systems’ ° has at-
tracted a great deal of attention,'” and extensive studies on
radical'' and cationic polymerization'? of vinyl monomers have
been reported. However, to the best of our knowledge, only a few
reports on the use of microflow systems for anionic polymeriza-
tion have been published.'® Thus, we initiated our project on
living anionic polymerization of alkyl methacrylates, and herein
we report the results of this study.

Various initiators having different counterions such as Lit,
Na*t, K*, and Cs™ are developed for anionic polymerization of
methyl methacrylate (MMA). Among them, Li™ is very popular.
In a macrobatch system, organolithium-initiated living anionic
polymerization of MMA should be carried out at low tempera-
tures such as —78 °C.'* It is necessary to use an additive such as
LiClO4 and N,N,N',N'-tetramethylethylenediamine (TMEDA)
to accomplish the Ii)olymerization at higher temperatures such as
—20 and —40 °C."> However, these additives contaminate the
product polymers and decrease the polymerization rate.

We reexamined the polymerization of MMA in a macrobatch
reactor in the absence of an additive at various tempera-
tures (0, —28, —48, —78 °C). A solution of MMA in tetrahydro-
furan (THF) (0.50 M, 6.0 mL) was added to a solution of
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1,1-diphenylhexyllithium in THF/hexane (99/1 v/v) (0.050 M,
2.0 mL) in a 20 mL flask. The reaction mixture was stirred
for ¢+ min (¢ =1, temperature = 0, —28, and —48 °C; =5,
temperature = —78 °C), and the polymerization was quenched
with methanol (0.33 M in THF, 3.0 mL). As shown in Table 1, the
number-average molecular weight (M,) was greater than the
theoretical value, presumably because of insufficient temperature
control of the macrobatch reactor. It is also important to note
that the molecular-weight distribution of the obtained polymers
was not very narrow even at —48 °C. The ratio of the weight-
average molecular weight (M) and the M, was 1.44. A further
increase in the temperature caused an increase in the M /M.
This phenomenon is well-known for conventional macrobatch
polymerization.14

Next, we examined the anionic polymerization of MMA using
a microflow system composed of two T-shaped micromixers (M1
and M2) and two microtube reactors (R1 and R2: inner diameter
(¢)=1000 um, length (L)= 50 cm) (Table 2). A solution of MMA
in THF (0.50 M) and a solution of 1,1-diphenylhexyllithium in
THF/hexane (99/1 v/v) (0.050 M) were mixed using M1, and the
resulting solution was introduced to R1, where the polymeriza-
tion took place. The polymerization was quenched by adding
methanol using M2. The results obtained with varying the
temperature (7: 24, 0, —28, —48, and —78 °C), the inner diameter
of micromixer M1, the flow rate of the solutions of MMA and
1,1-diphenylhexyllithium, and the residence time in R1 are
summarized in Table 2.

The polymerization at 24, 0, —28, and —48 °C was complete
within the residence time of 11.8 s to give polymers in quantitative
yields. The molecular-weight distribution was narrow even at
temperatures higher than —28 °C (entries 1—9). Extremely fast
heat transfer of the microflow system seems to be responsible for
preventing decomposition of the reactive polymer chain end.
Polymerization at higher temperatures such as 24 and 0 °C
resulted in a slight increase in the M, /M, presumably because
of decomposition of the reactive polymer chain end (entries 3, 6).
At 24 °C, a decrease in the residence time causes a decrease in the
M,/ M, (entries 1—3). Therefore, short residence times in micro-
flow systems also seem to be responsible for preventing decom-
position of the reactive polymer chain end.

The M,/ M, of the polymer obtained at —48 and —78 °C was
also large presumably because of slow initiation (entries 10—13).
These results show that precise control of the reaction tem-
perature is very important to control the molecular-weight
distribution in the microflow system. The M,/M,, also strongly
depended on the flow rate. In fact, the M,,/M, increased with a
decrease in the flow rate (entries 9, 14—17). This is presumably
because mixing speed decreased with a decrease in the flow rate,
which is well-known in the literature.'® The M, /M, also
depended on the inner diameter of micromixer M1. The use of
M1 with 500 or 1000 um inner diameter resulted in lower
controllability (entries 9, 18, 19). This is because of the decrease
in the mixing speed caused by an increase in the diffusion path in
the microstructure. Thus, the present results indicate that ex-
tremely fast mixing as well as precise temperature control is
responsible for the observed excellent controllability of mole-
cular-weight distribution in the microflow system. Moreover, M,
can also be controlled by changing the concentration of the
initiator solution (entries 9, 20, 21). Higher monomer/initiator
ratio led to the formation of the polymers of higher M, (entry
20: M, =7,100; entry 21: M, = 11,000). Further increase in the
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Table 1. Anionic Polymerization of Methyl Methacrylate in a
Conventional Macrobatch Reactor”

)\ (30 eq)
CO,Me

in THF
Ph T°C (t min) Ph COR
Bu v*»Li Bu
MeOH (10 eq) H
Ph in THF PR "

temperature (°C) reaction time (min) convn (%) M," My/M,’

0 1 97 5400 1.80
—28 1 100 5100 1.60
—48 1 100 5300 1.44
=78 5 100 5400 1.32

“A solution of methyl methacrylate in THF (tetrahydrofuran)
(0.50 M, 6.0 mL) was added to a solution of 1,l-diphenylhexylli-
thium in THF/hexane (99/1 v/v) (0.050 M, 2.0 mL) in a 20 mL flask.
After the reaction was stirred for ¢ min, the polymerization was
quenched with methanol (0.33 M in THF, 3.0 mL). ® Polymers were
analyzed with size-exclusion chromatography calibrated with poly-
styrene.
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monomer/initiator ratio will hopefully give rise to higher M,,.
Polymerization reactions of other alkyl methacrylates were also
examined using the microflow system. Thus, n-butyl methacry-
late (BuMA) and tert-butyl methacrylate (Bu'MA) underwent
the polymerization in a highly controlled manner to give the
polymers of narrow molecular-weight distribution at 0 or 24 °C
(entries 22—27). Presumably the bulkiness of the alkyl group
seems to suppress side reactions such as the attack of propagating
enolate on the carbonyl group.!” These results indicate that
microflow systems open a new possibility of living anionic
polymerization of alkyl methacrylates.

Itisimportant to characterize the reactive carbanionic polymer
chain end because its livingness leads to the production of
end functionalized polymers and block copolymers. Thus, the
following experiments were carried out at —28 °C (MMA), 0 °C
(BuMA), and 24 °C (Bu'MA) to verify the living nature of the
polymer chain end. Thus, using the microflow system shown in
Figure 1, a solution of an alkyl methacrylate in THF (0.50 M, flow
rate: 3.0 mL/min) and that of 1,1-diphenylhexyllithium in THF/
hexane (99/1 v/v) (0.050 M, flow rate: 1.0 mL/min) were intro-
duced to micromixer M1, and the polymerization was carried out

Table 2. Microflow System Controlled Anionic Polymerization of Alkyl Methacrylates”

cooling bath
Ph
Bu
Ph
)\COZR Ph CO,R
Ph nH
MeOH
flow rate of flow rate of 1,
alkyl bath tem- inner diameter methacrylates  1-diphenylhexyllithium residence convn
entry methacrylate” perature (°C) of M1 (um) (mL/min) (mL/min) timein R1(s) [MJ/I] (%) M, My/My

1 MMA 24 250 6.0 2.0 0.736 30 81 3200 1.35
2 MMA 24 250 6.0 2.0 2.95 30 95 3700 141
3 MMA 24 250 6.0 2.0 11.8 30 99 4000 1.44
4 MMA 0 250 6.0 2.0 0.736 30 76 3000 1.25
5 MMA 0 250 6.0 2.0 2.95 30 98 3600 1.25
6 MMA 0 250 6.0 2.0 11.8 30 99 3600 1.27
7 MMA —28 250 6.0 2.0 0.736 30 39 1600  1.22
8 MMA —28 250 6.0 2.0 2.95 30 89 3000 1.17
9 MMA —28 250 6.0 2.0 11.8 30 99 3400 1.16
10 MMA —48 250 6.0 2.0 2.95 30 96 3400 1.20
11 MMA —48 250 6.0 2.0 11.8 30 100 3900 1.19
12 MMA =78 250 6.0 2.0 11.8 30 58 2600 1.31
13 MMA =78 250 6.0 2.0 23.6 30 74 3300 1.30
14 MMA —28 250 9.0 3.0 11.8 30 100 3600 1.15
15 MMA —28 250 3.0 1.0 11.8 30 100 3700  1.17
16 MMA —28 250 1.5 0.50 11.8 30 100 3700  1.44
17 MMA —28 250 0.75 0.25 11.8 30 78 3200 2.04
18 MMA —28 500 6.0 2.0 11.8 30 100 3600 1.21
19 MMA —28 1000 6.0 2.0 11.8 30 100 3600 1.32
207 MMA —28 250 6.0 2.0 11.8 50 100 7100  1.19
21¢ MMA —28 250 6.0 2.0 11.8 75 97 11000 1.24
22 BuMA 24 250 6.0 2.0 11.8 30 100 6000  1.32
23 BuMA 0 250 6.0 2.0 11.8 30 100 5700  1.24
24 BuMA —28 250 6.0 2.0 11.8 30 100 5500  1.30
25 Bu'MA 24 250 6.0 2.0 11.8 30 99 6600 1.12
26 Bu'MA 0 250 6.0 2.0 11.8 30 100 6900 1.16
27 Bu'MA —28 250 6.0 2.0 11.8 30 89 7000  1.40

“A solution of an alkyl methacrylate in THF (tetrahydrofuran) (0.50 M) and a solution of 1,1-diphenylhexyllithium in THF /hexane (99/1 v/v)
(0.050 M) were reacted in the microflow system. A resulting solution was quenched with a solution of methanol (0.33 M in THF, 3.0 mL/min) in
microflow system. ” Alkyl methacrylate: MMA (methyl methacrylate), BUMA (n-butyl methacrylate), or Bu'MA (fert-butyl methacrylate). ¢ Polymers
were analyzed with size-exclusion chromatography calibrated with polystyrene. “The concentration of 1,1-diphenylhexyllithium in THF/hexane
(99/1 v/v) was 0.030 M. ¢ The concentration of 1,1-diphenylhexyllithium in THF /n-hexane (99/1 v/v) was 0.020 M.
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H
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Figure 1. Schematic diagram of the microflow system for the synthesis of block copolymers, flow rate of a solution of alkyl methacrylates (first
monomer)in THF (0.50 M): 3.0 mL/min, flow rate of a solution of 1,1-diphenylhexyllithium in THF /hexane (99/1 v/v) (0.050 M): 1.0 mL/min, flow rate
of a solution of alkyl methacrylates (second monomer) in THF (0.50 M): 3.0 mL/min, M1, M2: T-shaped micromixer. R1, R2: microtube reactor.
Temperature of cooling bath in polymerization: —28 °C (MMA), 0 °C (BuMA), 24 °C (Bu'MA).
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Figure 2. Size exclusion chromatography traces of block copolymers
obtained in the microflow system: (a) methyl methacrylate—methyl
methacrylate, (b) n-butyl methacrylate—n-butyl methacrylate, (c) tert-
butyl methacrylate—zert-butyl methacrylate, (d) tert-butyl methacry-
late—methyl methacrylate, (e) tert-butyl methacrylate—n-butyl metha-
crylate, and (f) n-butyl methacrylate—methyl methacrylate.

in microtube reactor R1 (MMA, ¢= 1000 um, L =25 cm; BuMA,
¢ = 1000 um, L =7.0 cm; Bu'MA, ¢ = 1000 um, L = 100 cm).
Immediately after the polymerization, a solution of the same
monomer in THF (0.50 M, flow rate: 3.0 mL/min) was intro-
duced to micromixer M2, which was connected to microtube
reactor R2 (¢ = 1000 um, L = 50 or 200 cm) where the second
polymerization took place. As shown in Figure 2, parts a, b, and
¢, the M, increased by the addition of the second monomer
solution, but the molecular-weight distribution stayed very
narrow. These facts show that the polymer chain end is really
living within the residence time (2.95 s (MMA) or 0.825 s (BuMA)
or 11.8 s (Bu'MA)) in the microflow system.

Based on the livingness of the polymer chain end, we
synthesized structurally defined block copolymers composed

of two different monomers using the microflow system
(Figure 1). After polymerization of an alkyl methacrylate
in R1, a solution of a different alkyl methacrylate in THF
(0.50 M, flow rate: 3.0 mL/min) was introduced to M2. A
polymer of higher M, was obtained with narrow molecular-
weight distribution (Figure 2, parts d, e, and f), indicating that
the present method serves as an effective method for synthesis
of block copolymers.

In conclusion, we have found that living anionic polymeriza-
tion of alkyl methacrylates initiated by 1,1-diphenylhexyllithium
can be conducted in microflow systems. Polymers of narrow
molecular-weight distribution were obtained at —28 °C — room
temperature (24 °C) by virtue of fast mixing and residence time
control. Block polymerization has also been achieved by sequen-
tial use of two monomers in the microflow system. The observa-
tions illustrated here open a new possibility of living anionic
polymerization for synthesis of structurally well-defined poly-
mers and copolymers having various functions in both laboratory
synthesis and industrial production.
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