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ABSTRACT: The polystyrene living polymer end, which was produced by butyllithium initiated anionic
polymerization of styrene in a flow microreactor system was found to be effectively trapped with
1,1-diphenylethylene. The resulting organolithium species could be used as a macro initiator for anionic
polymerization of alkyl methacrylates to obtain styrene-alkyl methacrylate diblock copolymers using an
integrated flow microreactor system. A high level of control of molecular weight was achieved at easily
accessible temperatures such as þ24 to -28 �C by virtue of the fast mixing, fast heat transfer, and residence
time control. Triblock copolymers were also synthesized by sequential introduction of styrene and two
different alkyl methacrylates in a similar manner.

Introduction

The synthesis of structurally well-defined functionalized poly-
mers has attracted a great deal of attention.1 Precise control of
molecular weight andmolecular weight distribution, selective end-
functionalization, and highly controlled block copolymerization
are key to synthesize such polymers. Living polymerization2

enables such control.3-5 However, development of an alternative
method for synthesizing such polymers without deceleration by
capping agents has been strongly needed.

Recently, we have proposed the concept of flash chemistry,6 in
which extremely fast reactions are conducted in highly controlled
manners using flow microreactor systems.7-9 Based on the
concept, flow-microreactor-system-controlled polymerization
has been developed.10 In the cationic polymerization, excellent
molecular weight control and molecular weight distribution
control can be achieved without deceleration by the equilibrium
between active species and dormant species.11 Characteristic
features of flow microreactors including fast mixing stemming
from short diffusion path,12 fast heat transfer by virtue of high
surface-to-volume ratio, and short residence time13,14 are respon-
sible for the control of the polymerization. In addition, it is
noteworthy that the molecular weight of polymers can be con-
trolled by modulating the flow rates of the solutions of an
initiator and a monomer to produce libraries of polymers for
high-throughput evaluation.

Radical polymerization can also be conducted in flow micro-
reactor systems.15-17 Although polymers with narrower molec-
ular weight distribution are obtained without deceleration, the
polymerization is not living. To achieve living radical polymer-
ization, a capping agent to slow down the polymerization is
needed even in flow microreactor systems, presumably because
lifetimes of radical growing polymer ends are too short in
comparison with typical residence times in flow microreactors.

Anionic polymerization serves as an excellent method for the
synthesis of polymers of well-defined end-structures, because the
anionic reactive polymer ends are living even in the absence of a
capping agent.4,18 The anionic growing polymer ends (usually
organolithium species) can be utilized for end-functionalization

reactions with various electrophiles and block copolymerization
with another monomer. Recently, it was found that a flow
microreactor is effective for accomplishing the controlled anionic
polymerization of styrenes or alkyl methacrylates.19 A high level
of control of themolecular weight distribution can be achieved in
a flow microreactor under easily accessible conditions such
as þ24 to -28 �C by virtue of the characteristic features of flow
microreactors including fast mixing, fast heat transfer, and
precise residence time control.

Another advantage of flow-microreactor-controlled polymer-
ization is easy modulation of flow microreactors to integrate
polymerization reactions and/or end functionalization. For ex-
ample, space integration20 of polymerization reactions by se-
quential introduction of different types of monomers using an
integrated flow microreactor system leads to the formation of
block copolymers, which have received significant research
interest from a viewpoint of functional materials based on
microphase separation structures.

In this paper we focus on the integration of the anionic
polymerization of styrenes and the anionic polymerization of
alkyl methacrylates to produce copolymers consisting of
blocks having different natures. To the best of our knowl-
edge, block copolymerization of styrenes and alkyl metha-
crylates using an integrated flow microreactor system has not
been reported so far. At first glance, direct integration does
not seem to be successful because a polystyrene living poly-
mer end is too reactive and may attack the alkoxycarbonyl
group of alkyl methacrylate. To achieve copolymerization,
the polystyrene living polymer end needs to be trapped with
1,1-diphenylethylene before subsequent polymerization with
an alkyl methacrylate.21

Here, we report that the polystyrene living polymer end
produced in a flow microreactor system could be effectively
trapped with 1,1-diphenylethylene and that copolymerization
of styrenes and alkyl methacrylates was successfully achieved
using an integrated flow microreactor system. Diblock and
triblock copolymers were obtained with a narrow molecular
weight distribution under easily accessible conditions.
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Results and Discussion

Trapping of the Polystyrene Living Polymer End with
1,1-Diphenylethylene in a FlowMicroreactor System.We first
examined the trapping of the polystyrene living polymer end
with 1,1-diphenylethylene using an integrated flow micro-
reactor system composed of three T-shapedmicromixers and
three microtube reactors (Figure 1). A solution of s-BuLi
(0.050 M in hexane, 3.12 mL/min) and a solution of styrene
(0.80 M in THF, 1.95 mL/min, 10 equiv based on s-BuLi)
were mixed using micromixerM1, and the resulting solution
was introduced into microtube reactor R1, where the poly-
merization took place. The resulting solution containing the
polystyrene living polymer was introduced to micromixer
M2, where 1,1-diphenylethylene (0.050M in THF, 3.12 mL/
min, 1.0 equiv based on s-BuLi) wasmixed. The solution was
passed through microtube reactor R2, where the trapping
reaction took place. The resulting solution was quenched
withmethanol (0.50M in THF, 3.12mL/min, 10 equiv based
on s-BuLi) using micromixerM3 and microtube reactor R3.
The whole system was dipped in a cooling bath, the tem-
perature of which was maintained at 0 �C, because this
temperature was found to be suitable for conducting polym-
erization of styrene in a flow microreactor in the previous
studies.19b The results obtained by varying the residence time
inR2 by changing the length ofR2 are summarized in Table 1.
The conversion of 1,1-diphenylethylene increased with an
increase in the residence time in R2 until the residence time
reached ca. 1.4 s because of the progress of the trapping
reaction. However, further increase in the residence time did
not cause a significant increase of the conversion.

In a previous study, it was revealed that the polymeriza-
tion of styrenes can also be carried out at 24 �C effectively
using flow microreactors.20b Therefore, we also examined
the polymerization of styrene followed by trapping with 1,1-
diphenylethylene at 24 �C using the integrated flow micro-
reactor. As shown in Table 1, the trapping was effective even
at 24 �C. The conversion of 1,1-diphenylethylene increased
with an increase in the residence time inR2until the residence
time reached ca. 0.7 s. A further increase in the residence
time, however, did not cause an appreciable increase in the
conversion.

Although it was difficult to obtain quantitative conversion
of 1,1-diphenylethylene (a maximum conversion was ca.
80%, presumably because of insufficient initiation of sec-
BuLi leading to a smaller number of polystyrene living end
than the theoretical value), the present data indicate that the

polystyrene living end can be effectively trapped with
1,1-diphenylethylene (the residence time greater than ca. 1.4 s
at 0 �C, the residence time greater than ca. 0.7 s at 24 �C).
Therefore, we conducted the trapping reaction under such
conditions to examine the subsequent copolymerization with
an alkyl methacrylate in the following studies.

Synthesis of Styrenes and Alkyl Methacrylates Diblock
Copolymers Using an Integrated Flow Microreactor System.
Next, we examined the anionic polymerization of an alkyl
methacrylate using an in situ generated adduct of the poly-
styrene living polymer and 1,1-diphenylethylene as a macro
initiator. An integrated flow microreactor system composed
of three T-shaped micromixers and four microtube reactors
was used (Figure 2). It should be noted that the suitable
temperature for polymerization of alkyl methacrylates de-
pends on the nature of the monomer. For example, it was
found that the best temperature for the polymerization of
methyl methacrylate (MMA) is -28 �C, whereas that for
tert-butyl methacrylate (ButMA) is 24 �C in the previous
studies. Therefore, we conducted the polymerization of
styrene and trapping with 1,1-diphenylethylene at 0 �C,
whereas the polymerization of alkyl methacrylates was car-
ried out at a temperature suitable for themonomer. Thus, we
divided the system into two parts and each part was dipped in
a different cooling bath.

A solution of s-BuLi (0.050M in hexane) and a solution of
styrene (m1) (0.80 M in THF) were mixed using micromixer
M1, and the resulting solution was introduced into microtube
reactor R1, where the polymerization took place. The result-
ing solution was passed through micromixer M2, and two
microtube reactors R2 and R3 (residence time: 2.92-4.38 s),
where the trapping reaction with 1,1-diphenylethylene (0.050
M in THF) took place. Microtube reactor R3 was used to
change the temperature for the next polymerization. The
resulting solution and a solution of alkyl methacrylate (m2)
(1.2 M in THF) were mixed using micromixer M3, and the
resulting solution was introduced to microtube reactor R4,
where the second polymerization took place. Copolymeriza-
tionwas carried out by varying themonomer ratio, whichwas
controlled by varying the flow rates of the solutions.

The block copolymerization of styrene and MMA was
carried out at T=-28 �C (entries 1-6). The copolymers of

Figure 1. Flowmicroreactor system for trapping of a polystyrene living
polymer end with 1,1-diphenylethylene at 0 or 24 �C. T-shaped micro-
mixer: M1 (φ = 250 μm), M2 (φ = 500 μm), and M3 (φ = 500 μm).
Microtube reactor: R1 (φ = 1000 μm, L = 100 cm (9.29 s)), R2 (φ =
1000μm,L=3.5 or 6 or 12.5 or 25 or 50 or 100 or 200 cm), andR3 (φ=
1000 μm, L = 200 cm (8.33 s)). Solution: s-BuLi 0.050 M in hexane
(3.12 mL/min), styrene 0.80 M in THF (tetrahydrofuran) (1.95 mL/
min), 1,1-diphenylethylene 0.050 M in THF (3.12 mL/min), and
methanol 0.50 M in THF (3.12 mL/min).

Table 1. Trapping of a Polystyrene Living Polymer End with 1,1-
Diphenylethylene in an Integrated Flow Microreactor Systema

T (�C)

residence
time in
R2 (s)

conversion of
1,1-diphenylethylene

(%)

conversion
of styrene

(%) Mn
b Mw/Mn

b

0 0.201 48 99 1200 1.09
0 0.345 65 99 1200 1.09
0 0.719 72 99 1200 1.08
0 1.44 79 99 1200 1.08
0 2.88 81 99 1200 1.08
0 5.75 81 99 1300 1.10
0 11.5 79 99 1300 1.10
24 0.201 55 quant 1100 1.08
24 0.345 67 quant 1200 1.08
24 0.719 78 quant 1200 1.08
24 1.44 81 quant 1200 1.08
24 2.88 80 quant 1200 1.08
24 5.75 80 quant 1300 1.09
24 11.5 80 quant 1300 1.09
aA solution of s-BuLi (0.050 M in hexane) and a solution of styrene

(0.80 M in THF (tetrahydrofuran), 10 equiv) were reacted to produce
a polystyrene living polymer, which was treated with a solution of
1,1-diphenylethylene (0.050 M in THF, 1.0 equiv), and the resulting
solution was reacted with methanol (0.50 M in THF, 10 equiv) in an
integrated flowmicroreactor system. bPolymerswere analyzedwith size-
exclusion chromatography calibrated with polystyrene.
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higher molecular weight were obtained by the introduction
of MMA as the second monomer, although a small amount
of polystyrene homopolymer was produced because the
inevitable side reaction of 1,1-diphenylalkyllithium with
the ester carbonyl groups (Figure 3a).4a,22

The increase in the amount ofMMA caused an increase in
the molecular weight (entries 1-3). The increase in the
amount of styrene also led to an increase in the molecular
weight (entries 3, 5, 6 and entries 2, 4). The block copoly-
merization of styrene and other alkyl methacrylates, such as
tert-butyl methacrylate (ButMA) and butyl methacrylate
(BuMA), was also successfully achieved to produce the
corresponding block copolymers with a narrow molecular
weight distribution (entries 7-18) (Figure 3b,c).

Moreover, substituted styrenes, such as p-dimethylsilyl-
styrene, can be used as the first monomer (m1) for copolym-
erization with alkyl methacrylates (Table 2, entries 19-21).
In this case the first polymerization and the trapping with
1,1-diphenylethylene could also be effectively carried out at
0 �C. The subsequent polymerization reactions with MMA,
ButMA, and BuMA were successfully achieved at tempera-
tures suitable for the polymerization of the secondmonomer.

The results show that the combinatorial synthesis of
polystyrene-poly(alkyl methacrylate) block copolymers
with various molecular weights can be easily achieved using
an integrated flow microreactor system. It should be noted
that the temperatures for the present copolymerization range
from þ24 to -28 �C, much higher than those used for
macrobatch polymerization.

Figure 3. Size exclusion chromatography traces of block copolymerizationwith styrene and alkylmethacrylates using the integrated flowmicroreactor
system (styrene, 10 equiv based on s-BuLi; alkylmethacrylate, 75 equiv based on s-BuLi): (a) styrene-MMA; (b) styrene-ButMA; (c) styrene-BuMA.

Table 2. Flow-Microreactor-System-Controlled Block Copolymerization of Styrenes and Alkyl Methacrylatesa

flow rate of solution (mL/min) conversion (%)

entry
monomer1

(m1)
monomer2

(m2)b
[m1]/

[s-BuLi]
[m2]/

[s-BuLi] s-BuLi m1

1,1-diphenyl
ethylene m2 T (�C) m1 m2 Mn

c Mw/Mn
c

1 styrene MMA 10 25 3.84 2.40 3.84 4.00 -28 99 99 3900 1.14
2 styrene MMA 10 50 3.12 1.95 3.12 6.50 -28 quant 99 6500 1.23
3 styrene MMA 10 75 2.56 1.60 2.56 8.00 -28 quant 99 9000 1.30
4 styrene MMA 25 50 2.40 3.75 2.40 5.00 -28 quant 99 9100 1.21
5 styrene MMA 25 75 2.24 3.50 2.24 7.00 -28 quant 99 11500 1.31
6 styrene MMA 50 75 1.60 5.00 1.60 5.00 -28 quant 96 15600 1.37
7 styrene ButMA 10 25 3.84 2.40 3.84 4.00 24 99 99 5000 1.10
8 styrene ButMA 10 50 3.12 1.95 3.12 6.50 24 quant quant 7100 1.15
9 styrene ButMA 10 75 2.56 1.60 2.56 8.00 24 quant quant 9200 1.19
10 styrene ButMA 25 50 2.40 3.75 2.40 5.00 24 quant quant 8300 1.15
11 styrene ButMA 25 75 2.24 3.50 2.24 7.00 24 quant quant 10900 1.20
12 styrene ButMA 50 75 1.60 5.00 1.60 5.00 24 quant quant 12400 1.22
13 styrene BuMA 10 25 3.84 2.40 3.84 4.00 0 99 99 5100 1.30
14 styrene BuMA 10 50 3.12 1.95 3.12 6.50 0 99 100 7600 1.48
15 styrene BuMA 10 75 2.56 1.60 2.56 8.00 0 quant quant 12200 1.55
16 styrene BuMA 25 50 2.40 3.75 2.40 5.00 0 quant quant 8900 1.40
17 styrene BuMA 25 75 2.24 3.50 2.24 7.00 0 quant quant 11300 1.56
18 styrene BuMA 50 75 1.60 5.00 1.60 5.00 0 quant quant 16900 1.44
19 p-Me2HSi- styrene MMA 10 50 3.12 1.95 3.12 6.50 -28 quant quant 8100 1.40
20 p-Me2HSi- styrene ButMA 10 50 3.12 1.95 3.12 6.50 24 quant quant 13600 1.18
21 p-Me2HSi- styrene BuMA 10 50 3.12 1.95 3.12 6.50 0 quant 99 12000 1.59
aAsolution of s-BuLi (0.050M in hexane) and a solution ofmonomer1 (m1) (0.80M inTHF (tetrahydrofuran)) were reacted in the flowmicroreactor.

The resulting solution was trapped with a solution of 1,1-diphenylethylene (0.050 M in THF). The resulting solution was reacted with a solution of
monomer2 (m2) (1.2 M in THF). bAlkyl methacrylate: MMA (methyl methacrylate), ButMA (tert-butyl methacrylate), BuMA (butyl methacrylate).
cPolymers of the peak in the region of high molar masses were analyzed with size-exclusion chromatography calibrated with polystyrene.

Figure 2. Flow-microreactor-system-controlled block copolymerization
of styrenes and alkyl methacrylates. T-shaped micromixer:M1 (φ=250
μm), M2 (φ= 500 μm), and M3 (φ= 250 μm). Microtube reactor: R1
(φ=1000 μm, L=100 cm),R2 (φ=1000 μm, L=12.5 cm),R3 (φ=
1000 μm, L= 50 cm), and R4 (φ= 1000 μm, L= 400 cm).



Article Macromolecules, Vol. 43, No. 20, 2010 8427

Synthesis of Styrenes, Alkyl Methacrylates and Alkyl
Methacrylates Triblock Copolymers Using an Integrated
Flow Microreactor System. Next, we examined the block
copolymerization of polystyrene, poly(ButMA), and poly-
(MMA) using an integrated flow microreactor composed of
four T-shaped micromixers and five microtube reactors, as
shown inFigure 4a. In this case the polymerization of styrene
and trapping with 1,1-diphenylethylene was carried out at
24 �C. The subsequent polymerization of ButMA was also
carried out at 24 �C. Thus, solutions of s-BuLi (0.050 M in
hexane, 3.12 mL/min) and styrene (0.80 M in THF, 1.95 mL/
min, 10 equiv based on s-BuLi) were introduced to micromixer
M1 using syringe pumps, and the mixture was introduced into
microtube reactor R1, in which the first polymerization took
place. In the next stage, a solution of 1,1-diphenylethylene
(0.050M inTHF, 3.12mL/min, 1.0 equiv basedon s-BuLi) was
passed through micromixer M2 and microtube reactor R2. In
the third stage, a solution of ButMA (1.2 M in THF, 3.25 mL/
min, 25 equiv based on s-BuLi) was introduced to micromixer
M3. The reactionmixture was introduced tomicrotube reactor
R3, where the second polymerization took place. Then, the
reaction temperature was changed from þ24 to -28 �C using
microtube reactor R4. In the final stage, a solution of MMA
(1.2 M in THF, 3.25 mL/min, 25 equiv based on s-BuLi) was

introduced to micromixerM4. Then, the reaction mixture was
introduced to microtube reactor R5, where the third polymer-
ization tookplace.After theproduct solutionwas introduced to
methanol to quench the polymerization, the reaction mixture
was purified by GPC to remove the unchanged homopolymer
of lowermolecularweight. This sequential polymerization took
place effectively with good control of the molecular weight
distribution (Mw/Mn=1.23) (Figure 4b). Themolecularweight
of the triblock copolymer (Mn = 8800) was higher than that
of the polymer obtained without adding the third monomer
(Mn = 6600) and the polymer obtained without adding the
second and third monomers (Mn = 1500). Moreover, the syn-
thesis of polystyrene-poly(ButMA)-poly(BuMA) triblock
copolymers was also achieved using this integrated flowmicro-
reactor with a good control of the molecular weight distribu-
tion, as shown inFigure 4c. In this case the thirdpolymerization
was carried out at 0 �C. These results show that flow micro-
reactor systems are effective for the synthesis of polystyrene-
poly(alkyl methacrylate)-poly(alkyl methacrylate) triblock
copolymers.

Conclusions

We have found that controlled anionic diblock copolymeriza-
tion of styrene-alkyl methacrylate and triblock copolymeriza-
tion of styrene-alkyl methacrylate-alkyl methacrylate can be
carried out in an integrated flow microreactor system. A high
level of control of the molecular weight distribution was achieved
easily under accessible conditions because of fast mixing and
residence time control. The present observations open up a new
possibility in anionic polymerization and synthesis of structurally
well-defined block copolymers having various functions.

Experimental Section

General Information. GC analysis was performed on a SHI-
MADZU GC-2014 gas chromatograph equipped with a flame
ionization detector using a fused silica capillary column.Hexane
was purchased fromWako, distilled before use, and stored over
molecular sieves 4A. Tetrahydrofuran (THF) was purchased
from Kanto as a dry solvent and used as obtained. All mono-
mers were distilled twice over CaH2 before use. 1,1-Dipheny-
lethylene was purchased fromAldrich and distilled before use. s-
BuLi in cyclohexane/hexane (95:5) (1.03M)was purchased from
Kanto and used as obtained. Stainless steel (SUS304) T-shaped
micromixers having inner diameter of 250 and 500 μm were
manufactured by Sanko Seiki Co., Inc. Stainless steel (SUS316)
microtube reactors having inner diameter of 1000 μm were
purchased from GL Sciences. Micromixers and microtube reac-
torswere connectedwith stainless type fittings (GLSciences, 1/16
OUW). The flow microreactor system was dipped in a cooling
bath to control the temperature. Solutions were introduced to a
flow microreactor using syringe pumps, Harvard Model 11,
equipped with gastight syringes purchased from SGE.

Molecular Weight and Molecular Weight Distribution. The
molecular weight (Mn) andmolecular weight distribution (Mw/Mn)
were determined inTHFat 40 �Cwith a ShodexGPC-101 equipped
with two LF-804 L columns (Shodex) and an RI detector using a
polystyrene (polySt) standard sample for calibration.

Trapping of Polystyrene Living Polymer End with 1,1-Dipheny-

lethylene in an Integrated FlowMicroreactor System.An integrated
flow microreactor system composed of three T-shaped micromix-
ers (M1,M2, andM3) and three microtube reactors (R1, R2, and
R3) was used. Microtube precooling units (for P1, φ= 1000 μm,
length = 50 cm; for P2, P3 and P4, φ = 1000 μm, length = 100
cm) were connected to each inlet of the micromixers. The whole
microflow system was dipped in a cooling bath of 0 or 24 �C. A
solution of s-BuLi (0.050 M in hexane, 3.12 mL/min) and a
solutionof styrene (0.80M inTHF, 1.95mL/min) were introduced
toM1 (φ=250 μm) by syringe pumps. The resulting solution was

Figure 4. Flow-microreactor-system-controlled block copolymeriza-
tion of styrene-alkyl methacrylate-alkyl methacrylate. (a) Schematic
diagram of the flow microreactor system. T-shaped micromixer: M1
(φ=250 μm),M2 (φ=500 μm),M3 (φ=250 μm), andM4 (φ=250
μm). Microtube reactor: R1 (φ = 1000 μm, L = 100 cm (9.29 s)), R2
(φ = 1000 μm, L = 50 cm (2.88 s)), R3 (φ = 1000 μm, L = 100 cm
(4.12 s)),R4 (φ=1000 μm,L=100 cm (4.12 s)), andR5 (φ=1000 μm,
L = 400 cm (12.8 s)). Solution: s-BuLi 0.050 M in hexane (3.12 mL/
min), styrene 0.80M inTHF (1.95mL/min), 1,1-diphenylethylene 0.050
M in THF (3.12 mL/min), ButMA 1.2 M in THF (3.25 mL/min), and
MMA or BuMA 1.2 M in THF (3.25 mL/min). (b) Size exclusion
chromatography traces of styrene-ButMA-MMA. (c) Size exclusion
chromatography traces of styrene-ButMA-BuMA.
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passed through R1 (φ = 1000 μm, length = 100 cm) and was
mixed with 1,1-diphenylethylene (0.050 M in THF, 3.12 mL/min)
inM2 (φ=500μm).The resulting solutionwaspassed throughR2
(φ= 1000 μm, length = 3.5, 6, 12.5, 25, 50, 100, or 200 cm). The
resulting solution was quenched with methanol (0.50 M in THF,
3.12 mL/min) using M3 (φ = 500 μm) and R3 (φ = 1000 μm,
length=200 cm).Residence time inR2wasvariedby changing the
length ofR2. The conversions of styrene and 1,1-diphenylethylene
were determined by GC. The solvent was removed under reduced
pressure to obtain the polymer product and the polymer sample
was analyzed with size exclusion chromatography with the cali-
bration using standard polystyrene samples and the results are
summarized in Table 1.

Typical Procedure for Synthesis of Polystyrene-Poly(alkyl
methacrylate) Diblock Copolymers Using an Integrated Flow
Microreactor System. An integrated flow microreactor system
composed of three T-shaped micromixers (M1, M2, and M3)
and four microtube reactors (R1, R2, R3, and R4) was used.
Microtube precooling units (for P1, φ= 1000 μm, length = 50
cm; for P2, P3, and P4, φ = 1000 μm, length = 100 cm) were
connected to each inlets of the micromixers. M1, R1, M2, and
R2 were dipped in a cooling bath of 0 �C. R3,M3, and R4 were
dipped in a cooling bath of a different temperature (T �C). R3
was used to connect R2 andM3. A solution of s-BuLi (0.050 M
in hexane) and a solution of styrenes (monomer1,m1) (0.80M in
THF) were introduced to M1 (φ = 250 μm) by syringe pumps.
The resulting solution was passed through R1 (φ = 1000 μm,
length = 100 cm, 0 �C) and was mixed with 1,1-diphenylethy-
lene (0.050 M in THF) in M2 (φ = 500 μm). The resulting
solution was passed through R2 (φ = 1000 μm, length = 12.5
cm, 0 �C) and R3 (φ = 1000 μm, length = 50 cm, T �C)
(residence time in R2 and R3: 2.92-4.38 s) and was mixed with
alkyl methacrylates (monomer2, m2) (1.2 M in THF) in M3

(φ = 250 μm). The resulting solution was passed through R4
(φ=1000 μm, length= 400 cm, T �C). After a steady state was
reached, the product solution was introduced (30 s) to methanol
to quench the polymerization. The polymerization was carried
out with varying flow rates of solutions. The conversions of
styrenes and alkyl methacrylates were determined by GC. The
solvent was removed under reduced pressure to obtain the
polymer product and the polymer sample was analyzed with
size exclusion chromatography with the calibration using stan-
dard polystyrene samples and the results are summarized in
Table 2.

Polystyrene-Poly(alkyl methacrylate)-Poly(alkyl methacrylate)
TriblockCopolymersUsingan IntegratedFlowMicroreactorSystem.

An integrated flowmicroreactor system composedof fourT-shaped
micromixers (M1, M2, M3, and M4) and five microtube reactors
(R1,R2,R3,R4, andR5) was used.Microtube precooling units (for
P1,φ=1000μm, length=50 cm; forP2,P3,P4, andP5,φ=1000
μm, length = 100 cm) were connected to each inlets of the
micromixers.M1,R1,M2,R2,M3, andR3were dipped in a cooling
bath of 24 �C. R4,M4, and R5 were dipped in a cooling bath of a
different temperature (-28 or 0 �C).R4was used to connectR3 and
M4. A solution of s-BuLi (0.050M in hexane) (flow rate: 3.12 mL/
min) and a solutionof styrene (m1) (0.80M inTHF) (flow rate: 1.95
mL/min) were introduced toM1 (φ= 250 μm) by syringe pumps.
The resulting solutionwas passed throughR1 (φ=1000μm, length
= 100 cm) and was mixed with 1,1-diphenylethylene (0.050 M in
THF) (flow rate: 3.12 mL/min) inM2 (φ=500 μm). The resulting
solutionwaspassed throughR2 (φ=1000μm, length=50cm) and
was mixed with tert-butyl methacrylate (m2) (1.2 M in THF) (flow

rate: 3.25mL/min) inM3 (φ=250 μm). The resulting solutionwas
passed throughR3 (φ=1000 μm, length= 100 cm) andR4 (φ=
1000 μm, length = 100 cm) and was mixed with methyl methacry-
late or butylmethacrylate (m3) (1.2M inTHF) (flow rate: 3.25mL/
min) in M4 (φ = 250 μm). The resulting solution was passed
through R5 (φ= 1000 μm, length = 400 cm). After a steady state
was reached, the product solutionwas introduced (30 s) tomethanol
to quench the polymerization. The cooling bath was controlled at
the appropriate temperature (styrene, 24 �C; MMA, -28 �C;
BuMA, 0 �C;ButMA, 24 �C). The conversions of styrene, tert-butyl
methacrylate, and methyl methacrylate or butyl methacrylate were
determined by GC. The polymer sample was analyzed with size
exclusion chromatography with the calibration using standard
polystyrene samples, and the results are summarized in Table 3.
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