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Abstract

Flow microreactors are expected to make a revolutionary change in
chemical synthesis involving various fields of polymer synthesis. In fact,
extensive studies on cationic polymerization, anionic polymerization, radical
polymerization, coordination polymerization, polycondensation, and ring-opening
polymerization using flow microreactor systems have opened new possibilities in
polymer chemistry and polymer industry. This article provides, in a concise form,
a current overall picture of polymerization using flow microreactors.

1 Introduction

Microtechnology is no longer the field of electronics, but is now moving
into many different areas of science and engineering, including mechanics, optics,
and fluids, because it provides better efficiencies while also answering the
demands of society for conserving resources and energy. Following remarkable
advances in microfabrication technology, microtechnology has been used in the
field of chemistry since the 1990s. Micro devices that are used for chemical
reactions are called microreactors; reactors with micrometer-size channels for
conducting chemical reactions.

Microreactors are normally set up as flow-type reactors (flow
microreactors) with a continuous flow of a solution through the reaction chamber.
Nowadays, chemical synthesis in flow microreactors has received significant
research interests from both academia and industry [1-24]. Recent investigations
revealed significant features of flow microreactor systems involving fast mixing
stemming from short diffusion paths and fast heat transfer by virtue of high
surface-to-volume ratios, which are advantageous to increase the selectivity of
chemical reactions [25-28]. Short residence time in a microchannel is beneficial
for controlling highly reactive intermediates [29-45]. By taking advantages of
such features of flow microreactor systems, various chemical reactions for organic
synthesis have been developed so far [46-56].

Polymerization reactions that convert small molecules into macro
molecules by repeating chemical reactions are a fascinating field in the
applications of flow microreactors. Extensive studies on cationic polymerization,
anionic polymerization, radical polymerization, coordination polymerization,
polycondensation, and ring-opening polymerization using flow microreactor
systems have been carried out so far. Reviews on various polymerization methods
in microreactors have been reported by Hessel et al., Wilms et al., Mcquade et al.
and Serra et al [57-61]. The main objective of this article is to provide, in a



concise form, a current overall picture of polymerization using flow microreactors,
especially from a view point of industrial applications. Because of space
limitations, polymer particle synthesis will not be discussed here. Serra and Chang
has reported an excellent review on synthesis of polymer particles with an
improved control of their sizes, size distributions, morphologies and compositions
using microreactors [62].

1.1 Characteristic Features of Flow Microreactors

Flow microreactors can influence the very essence of chemical reactions,
because of the following characteristic features derived from their small size and
flow nature.
(1) Fast mixing [63, 64]: Many chemical reactions involve combining two
substances, and for this reason mixing to achieve homogeneity in solution is very
important, especially for fast reactions. Mixing occurs due to molecular diffusion.
According to the theory of molecular diffusion, the time needed for molecular
diffusion is proportional to the square of the length of the diffusion path.
Therefore, the marked shortening of the diffusion path in a microreactor results in
a mixing speed that is unobtainable in a macroreactor. The working principle of a
typical micromixer (i.e., a multilamination-type micromixer [65]) is shown in
Figure 1. The solutions to be mixed are distributed into several segments of flows
of small width by using the microstructure. The mixing takes place through the
interfaces of the segments of flows by virtue of the short diffusion path.

Distribution of solutions Mixing of solutions
using microstructure by molecular diffusion
A

Figure 1 Working principles of a multllamlnatlon -type micromixer.

(2) Temperature control: Heat is transferred between the interior and exterior of a
reactor via the reactor surface according to the theory of heat transfer. Therefore,
area per unit volume of the reactor is a crucial factor for heat transfer. Generally,
volume is equal to the length cubed, while surface area is equal to length squared.
When the length is shortened, surface-to-volume ratio increases. Thus, a feature of
microspaces compared to macrospaces is that they have larger surface-to-volume
ratios (Figure 2). Because microreactors have a greater surface area per unit
volume than macroreactors, heat transfer occurs rapidly in a flow microreactor,
enabling fast cooling/heating and, hence, precise temperature control.
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Figure 2 Numerical aspects of decreasing size.

Another characteristic feature of microreactors derived from their much
greater surface-to-volume ratios is that they make phase-boundary reactions such
as gas/liquid, liquid/liquid, or solid/liquid reactions more efficient. This feature of
flow microreactors is also advantageous for photochemical [66-75] and
electrochemical [76-86] reactions, which have received significant attention from
a viewpoint of environmentally benign synthesis.

(3) Residence time control: The length of time that the solution remains inside the
reactor is called the residence time. In flow reactors, the residence time increases
with the length of the channel and decreases with the flow speed. In flow
microreactors the residence time can be greatly reduced by shortening the length
of the microchannels. This feature of flow microreactors is extremely useful in
controlling reactions involving unstable short-lived reactive intermediates.
Unstable reactive species can be transferred to another location to be used in the
next reaction before they decompose (Figure 3). By taking advantage of this
feature, chemical transformations that are very difficult or impossible in
macroreactors can be achieved in microreactors [87-90].
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Figure 3 Principle of generation and reaction of unstable short-lived reactive
intermediates based on residence time control in a flow microreactor.

1.2 Cationic Polymerization
1.2.1 Basic Principles of Cationic Polymerization of Vinyl Monomers

Cationic polymerization [91, 92] is one of the most fundamental methods
for synthesizing polymers. Although there are several types of cationic



polymerization, the most important one is cationic polymerization of vinyl
monomers having a cation stabilizing group (Y) (Scheme 1).
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Scheme 1 Cationic polymerization of vinyl monomers.

The initiation usually involves the addition of a cationic species (A*) to a
vinyl monomer to produce a carbocationic intermediate associated with a counter
anion (X°), which is derived from the initiator. In general, proton acids or
carbocations generated from their precursors by acid promoted ionization
reactions [93-95], are used as initiators. The carbocationic intermediate thus
obtained adds to another molecule of the monomer to give the next carbocationic
intermediate, which adds to another monomer (propagation step). The
carbocationic intermediates are usually highly reactive and unstable. They
undergo a number of side reactions such as chain transfer and termination. Chain
transfer to monomer is the most problematic from a view point of molecular
weight control and molecular weight distribution control. Namely, the B-proton of
the carbocationic intermediate is inherently acidic because of the positive charge
on the carbon. On the other hand, monomers used in cationic polymerization are
inherently nucleophilic or basic. Therefore, the proton abstraction from the
carbocationic intermediate by the monomer is inevitable and is very difficult to
suppress (Scheme 2).
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Scheme 2 Chain transfer as a side reaction in cationic polymerization of vinyl
monomers.

1.2.2 Controlled/living Cationic Polymerization of Vinyl Monomers Based on
Cation Stabilization

One of the most important breakthroughs in cationic polymerization is
the discovery of living cationic polymerization. The inherent and serious
drawback of cationic vinyl polymerization is instability of the carbocationic
intermediates, which causes the chain transfer leading to the formation of



polymers of broad molecular weight distribution. Higashimura and Sawamoto et
al. proposed and verified experimentally that living cationic polymerization can be
attained by stabilizing the carbocationic intermediate by nucleophilic interaction
with a suitably nucleophilic counter anion or an externally added Lewis base (B)
(Scheme 3) [96-98].
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Scheme 3 Stabilization of the carbocationic intermediate by nucleophilic
interaction with a suitably nucleophilic counteranion or an externally added Lewis
base.

In both methods the positive charge of the carbocationic center is reduced
and thereby the acidity of the B-proton is reduced to suppress the chain transfer.
As a result, good molecular weight control and molecular weight distribution
control are attained. On the basis of the principles, a number of initiating systems
have been developed for living cationic polymerization [99].

1.2.3 Controlled/living Cationic Polymerization of Vinyl Ethers Based on
Cation Stabilization Using Flow Microreactor Systems [100]

Living cationic polymerization of vinyl ethers initiated by SnCls/RCI
catalytic system can be carried out in a continuous microreactor system, which
consists of a mutilamination micromixer M (channel width = 40 um, IMM) and a
micro tube reactor R (Figure 4). A solution of a monomer and an initiator’s
precursor is mixed with a solution of SnCl, using the micromixer at -78 °C and the
resulting mixture was allowed to react in the microtube reactor at the same
temperature. For example, isobutyl vinyl ether (IBVE) can be polymerized using
functionalized initiators to obtain the end-functionalized polymers of narrow
molecular weight distribution (Mw/Mn < 1.2). Block copolymerization of IBVE
and n-butyl vinyl ether (NBVE) can also be successfully achieved using a
microreactor system consisting of two micromixers and two microtube reactors to
obtain the corresponding copolymer of narrow molecular weight distribution
(Mw/Mn < 1.3).
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Figure 4 A flow microreactor system for controlled/living cationic polymerization
of vinyl ether initiated by SnCls. M: IMM micromixer, R: microtube reactor.

1.2.4 Controlled/living Cationic Polymerization of Vinyl Ethers Without
Stabilizing Carbocationic Intermediates Using Flow Microreactor Systems

One of the major drawbacks of the controlled/living cationic
polymerization based on stabilization of the carbocationic intermediates is slow
propagation. Because the concentration of the active propagating species is very
low because of the equilibrium between active species and dormant species,
overall polymerization reactions are much slower than those without the
equilibrium. Another important drawback of the controlled/living polymerization
is the use of additives such as Lewis bases. Such additives should remain in
polymer products and are generally rather difficult to be removed from the
polymer products.

Recently, it has been demonstrated that good molecular weight control
and molecular weight distribution control can be attained by using microreactor
systems without stabilizing the carbocationic intermediates. The concept of this
new technology (flow-microreactor-system-controlled polymerization) is
described in the following section.

1.2.4.1 Concept of Flow-microreactor-system-controlled Polymerization
Technology

Molecular weight and molecular weight distribution control in
polymerization can be seen as control of competitive consecutive reactions as
shown in Scheme 4, where A is an initiator and B is a monomer.
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Scheme 4 Polymerization as a competitive consecutive reaction.

polymer

In the first step, A (initiator) reacts with B (monomer) to produce the first
carbocationic intermediate P1. In the second step, P1 reacts with another monomer
to produce the second carbocationic intermediate P2. Further reactions lead to
polymer formation. If the initiation step to give P1 is faster than propagation steps,
there is a chance to get good molecular weight control and molecular weight
distribution control based on monomer/initiator ratios. However, this is the case
only when the reactions are slower than the mixing and the reactions proceed in a
homogeneous solution. If reactions are faster than mixing a significant amount of
P2 (and Pn (n>2)) is formed before A is consumed even if ki >> ky. In this case, it
is meaningless to define concentration of A and B based on the total volume of the
solution, because the solution is not homogeneous, and the product selectivity is
not determined by kinetics. This problem is similar to the problem of disguised
chemical selectivity for competitive consecutive reactions [101], this problem can
be solved by extremely fast micromixing. In fact, the enhancement of product
selectivity of competitive consecutive reactions [102] such as Friedel-Crafts



reactions [103, 104], [4+2] cycloaddition reactions [105, 106], lithiation of
dibromobiaryls [107-110], iodination of aromatic compounds [111, 112], and the
reaction of a Grignard reagent with B(OMe)s [113] by virtue of extremely fast
micromixing using flow microreactor systems has been reported. These successful
results suggest the possibility of molecular weight and molecular weight
distribution control by using flow microreactor systems.

In flow-microreactor-system-controlled polymerization extremely fast
mixing of an initiator solution and a monomer solution is achieved by extremely
fast mixing leading to selective initiation. Propagation proceeds based on the
monomer/initiator ratio under homogeneous conditions, and therefore polymers
are obtained with good molecular weight and molecular weight distribution
control. Minimizing local deviation of temperature by fast heat transfer through
the wall of a microreactor by virtue of high surface-to-volume ratios is also
important because polymerization processes are usually highly exothermic.

1.2.4.2 “Cation Pool” Initiated Polymerization of Vinyl Ethers Using Flow
Microreactor Systems

Flow-microreactor-system-controlled cationic polymerization requires
extremely reactive initiators, and highly reactive organic cations serve as effective
initiators for this method. Usually organic cations such as carbenium ions and
onium ions are generated by an acid-promoted reversible process from their
precursors. Yoshida et al. have developed the “cation pool” method [114, 115] in
which organic cations are generated irreversibly by low temperature electrolysis
and are accumulated in relatively high concentration in the absence of
nucleophiles. N-Acyliminium ions [116], alkoxycarbenium ions [117-122],
diarylcarbenium ions [123, 124], and glycosy! triflate [125] have been generated
and accumulated by this method. Yoshida et al. reported that N-acyliminium ion
pools serve as extremely reactive initiators for cationic polymerization in flow
microreactors.

A pool of an N-acyliminium ion is generated by low temperature
electrochemical oxidation of its precursor, a a-silyl-substituted N-acylamine.
Cationic polymerization of butyl vinyl ether (NBVE) using the N-acyliminium ion
as an initiator in a conventional batch reactor gives the polymer in a quantitative
yield after quenching with i-Pr.NH/CHCl,, but the molecular weight distribution
is broad (Mn = 5700, Mw/Mn = 2.56). The reverse addition sequence (the N-
acyliminium ion to the monomer) gives rise to a similar molecular weight
distribution (quantitative yield, Mn = 13100, Mw/Mn = 2.25). The simultaneous
addition of a monomer solution and a solution of the N-acyliminium ion does not
improve the molecular weight distribution control (quantitative yield, Mn =
24500, Mw/Mn = 2.43). The molecular weight, however, strongly depends upon
the method of mixing because the rate of the polymerization is so fast. In contrast,
the use of a flow microreactor system consisting of two micromixers (M1 and
M2) and two microtube reactors (R1 and R2) shown in Figure 5 leads to excellent
control of molecular weight and its distribution (Mn = 6700, Mw/Mn = 1.14)



[126]. Solutions of N-acyliminium ion [127] and NBVE are introduced to M1 by
the syringe pump technique at -78 °C. Then, the reaction mixture is introduced to a
microtube reactor (R1) (¢ = 1.0 mm, 10 cm), in which the polymerization takes
place. In the final stage, i-Pr.NH/CHCI, is introduced at M2 to quench the
polymerization. The polymerization takes place quite effectively and is complete
within the residence time of 0.05 s to give the polymer with narrow molecular
weight distribution (Mn = 6700, Mw/Mn = 1.14). The molecular weight can be
controlled by changing the monomer/initiator ratio. The molecular weight (Mn)
increases linearly with the amount of NBVE, indicating that chain transfer
reaction does not play significant roles in this system.
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Figure 5 Flow microreactor system for polymerization of vinyl ether initiated by
N-acyliminium ion (cation pool). M1, M2: micromixer; R1, R2: microtube
reactor.

The effect of the flow rate on molecular weight distribution (Table 1,
runs 4-6) indicates the importance of mixing, because it is known that mixing
efficiency decreases with a decrease in the flow rate in the micromixer [128].
Reaction temperature is also important for controlling molecular weight
distribution. Mw/Mn increases with an increase in the temperature (runs 4, 7, 8,
and 9). Anyway, a high level of molecular weight control can be achieved by
control of the initiation process by fast micromixing. Precise control of
polymerization temperature also seems to be responsible for the remarkable
control.

Table 1 Cationic polymerization of NBVE initiated by N-acyliminium ion using a
flow microreactor system

run monomer flow rate Temperature Mn Mw/Mn
(equiv) (mL/min) (°C)
1 10 5.0 -78 1500 1.40
2 25 5.0 -78 2900 1.26
3 35 5.0 -78 4400 1.17
4 50 5.0 -78 6700 1.14
5 50 3.0 -78 5600 1.35
6 50 1.0 -78 6200 2.84
7 50 5.0 -48 8200 1.30
8 50 5.0 -27 5500 1.34
9 50 5.0 0 6500 1.61
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The polymer end is living within the residence time of 0.5 s at -78 °C, and
can be effectively trapped by allyltrimethylsilane. Moreover, the present “cation
pool” initiated polymerization using a microreactor system can be applied to other
vinyl ethers such as isobutyl vinyl ether (IBVE) and tert-butyl vinyl ether (TBVE)
to obtain the corresponding polymers (Mw/Mn = 1.12 (IBVE), Mw/Mn = 1.50
(TBVE)), though the corresponding polymerization using batch macro reactors
results in much poorer molecular weight distribution control (Mw/Mn = 4.31
(IBVE), Mw/Mn = 2.29 (TBVE)).

1.2.4.3 Brgnsted Acid Initiated Polymerization of Vinyl Ethers Using Flow
Microreactor Systems

Proton addition is one of the most simple and straightforward methods
for the initiation of cationic polymerization. Brensted acids are effective for this
purpose. However, if we use a weak Brgnsted acid, i.e. a conjugate acid of a
strong nucleophilic anion, the addition of a Lewis acid is necessary to establish a
reversible activation of a covalent end group for effective propagation. On the
other hand, if we use a strong Brgnsted acid, i.e. a conjugate acid of an extremely
weak nucleophilic anion, the addition of a Lewis base is required to stabilize the
carbocationic propagating polymer ends [129]. In the absence of a Lewis base,
highly ionic polymer ends are too reactive, and participate in transfer reactions by
loss of B-protons leading to a very broad molecular weight distribution.

Trifluoromethanesulfonic acid (TfOH) is an effective initiator for cationic
polymerization. For example, TfOH-initiated polymerization of isobutyl vinyl
ether (IBVE) in 1,2-dichloroethane using a macro batch reactor [130] is complete
within 10 s at -25 °C. The molecular weight distribution is, however, rather broad
and Mw/Mn ranges from 2.73 to 4.71, presumably because of chain transfer
reactions due to high reactivity of polymer ends. By employing flow microreactor
systems consisting of a T-shaped micromixer and a microtube reactor, however,
cationic polymerization using a strong Brgnsted acid such as TfOH can be
accomplished in a highly controlled manner without adding a Lewis base (Figure
6) [131]. The polymerization is complete within the residence time of 0.37-1.5 s at
-25 °C (almost quantitative yields). The degree of molecular weight distribution
control strongly depends on the inner diameter of the mixer and the flow rate as
depicted in Table 2. Mw/Mn decreased with a decrease in the mixer inner
diameter, presumably because faster mixing is achieved by a mixer of smaller
diameter. Mw/Mn also decreases with an increase in the flow rate, probably
because the increase of the flow rate enhanced the mixing efficiency. High level of
molecular weight distribution control can be attained even at -25 °C. It is
important to note that very low temperatures such as -78 °C, which might be an
obstacle to industrial-scale applications, are not required.
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Figure 6 Flow microreactor system for polymerization of vinyl ethers initiated by
TfOH. M: T-shaped micromixer; R: microtube reactor.

Table 2 TfOH initiated polymerization of isobutyl vinyl ether (IBVE) in
microreactor system.

T-shaped inner flow rate Mn © Mw/Mn ®
diameter (mL/min)

(um) NBVE TfOH

250 2 2 2900 2.30
3 3 2400 2.34
4 4 1600 1.61
5 5 1500 1.22
6 6 1500 1.22
7 7 1500 1.19
8 8 1500 1.22

500 5 5 2000 2.54
6 6 1500 1.82
7 7 1400 1.67

800 6 6 2500 2.27

One of the advantages of controlled/living polymerization is that the
method allows flexible synthesis of structurally defined block copolymers
composed of different monomers, offering greater opportunities for synthesis of
organic materials with interesting properties.

An example of microreactor systems for block copolymerization is
shown in Figure 7. The first monomer IBVE is mixed with TfOH in the first
micromixer (M1). Introduction of the second monomer (NBVE or EVE) at the
second micromixer M2 results in the formation of the polymer of higher
molecular weight with narrow molecular weight distribution [132]. Block
copolymerization can be carried out with any combination and with either order of
monomer addition as shown in Table 3, demonstrating that the present method
serves as a flexible method for the synthesis of block copolymers. Therefore,
flow-microreactor-system-controlled polymerization serves as a powerful method
for synthesis of structurally well-defined polymers and copolymers in industry.
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Figure 7 Flow microreactor system for block copolymerization of vinyl ether
initiated by TfOH. M1, M2: micromixer; R1, R2: microtube reactor.

Table 3 Block polymerization of vinyl ether initiated by TfOH using the flow
microreactor system.

monomer-1 monomer-2 Mn b Mw/Mn b
IBVE - 1500 1.18
IBVE NBVE 2300 1.43
IBVE EVE 2400 154
NBVE - 1000 1.24

NBVE IBVE 1700 1.45
NBVE EVE 1900 1.55
EVE - 860 1.16
EVE IBVE 2100 154
EVE NBVE 2100 1.41

1.2.5 Cationic Polymerization of Diisopropenylbenzenes Using Flow
Microreactor Systems

Polyindanes have received significant research interest because of their
remarkable thermal resistance. Extensive work on the synthesis of 1,1,3-trimethyl
substituted polyindanes by cationic polymerization of 1,4-diisopropenylbenzenes
and their thermal properties has done by Nuyken and coworkers [133, 134]. The
polymers of high indane-unit content serve as useful materials having high
thermal resistance and low dielectric constants. The use of flow microreactor
systems is effective for increasing the indane-unit content. In fact, indane-unit
content (99%) was much higher in the flow microreactor system than that (71%)
for the batch macro system wunder similar conditions (70 °C, [1,4-
diisopropenylbenzene] = 0.1 M, [TfOH] = 2 M) (Figure 8) [135]. The
characteristic features of flow microreactor systems including fast mixing and
uniformity of the temperature seem to be responsible.

o 70°C
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Figure 8 Flow microreactor system for cationic polymerization of 1,4-
diisopropenylbenzene initiated by TfOH. M: T-shaped micromixer; R: microtube
reactor.

1.3 Anionic Polymerization
1.3.1 Controlled/living Anionic Polymerization of Vinyl Monomers

Living anionic polymerizations have received significant attentions since
Michael Szwarc’s first report in the 1950s [136]. Anionic polymerization [137-
141] serves as an important and powerful method for macromolecular engineering
permitting the preparation of highly defined block copolymers, star polymers, and
further complex architectures, because the anionic polymer ends are living even in
the absence of a capping agent [142, 143]. In fact, the anionic growing polymer
ends (usually organolithium species) can be utilized for end-functionalization
reactions with various electrophiles and block copolymerization with other
monomers. Major drawbacks of conventional anionic polymerization in polar
solvents in batch macro reactors include the requirement of low temperatures,
such as -78 °C [144]. Such a requirement causes severe limitations in the use of
this highly useful polymerization in industry. Using nonpolar solvents, the
polymerization can be conducted at higher temperatures, but much longer reaction
time is needed for completion. It is also problematic that frequently the use of
individually manufactured laboratory equipment is necessary.

The kinetic studies on anionic polymerization in a continuous flow mode
have also been reported by Szwarc and Schulz et al [145, 146], and Lochmann and
Muller et al [147, 148]. However, preparative anionic polymerizations in
continuous flow mode have not been studied until recently.

1.3.2 Controlled/living Anionic Polymerization of Styrenes

Anionic polymerization of styrenes is a highly useful technique for the
synthesis of polystyrenes with precisely adjustable molecular weights and
molecular weight distributions and is applied for the synthesis of structurally well-
defined polymers such as end functionalized polymers and block copolymers.

1.3.2.1 Controlled/living Anionic Polymerization of Styrenes in Polar Solvent
Using Flow Microreactor Systems [149]

In a conventional anionic polymerization of styrenes in polar solvents in
a batch macro reactor, major drawbacks include the requirement of low
temperature such as -78 °C. In contrast, Nagaki and Yoshida reported that
controlled anionic polymerization of styrene can be conducted under easily
accessible conditions such as 0 °C in a polar solvent using a flow microreactor to
obtain the polystyrene with narrower molecular weight distribution (Mn = 1200 ~
20000, Mw/Mn = 1.09 ~ 1.13) (Figure 9) [150]. Moreover, the molecular weight
can be easily controlled by changing the flow rates of monomer and initiator
solutions. Furthermore, these methods can be applied to styrene derivatives having
silyl, methoxy, alkynyl, and alkylthio groups on the benzene ring. Léwe and Frey
also reported the anionic polymerization of styrene at 20 °C using a flow
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microreactor [151]. Polystyrenes in a broad range of molecular weight with the
narrow molecular weight distribution can be obtained within several seconds (Mn
= 1700 ~ 70000, Mw/Mn = 1.09 ~ 1.41). It should be noted that strict dryness of
the apparatus and high vacuum techniques is needed in the classical batch methods
but that such experimental effort can be significant reduced by using flow
microreactors. Residual impurities and moisture can be removed by purging the
reactor with solutions of a monomer and an initiator before a solution of a desired
polymer product is collected at the outlet of flow microreactors.

0°C
B ——
s-BulLi ..—‘/ Ph
2.0~245 By +/L]\
Zph / Mn = 1200 ~ 20000

in THF Mw/Mn =1.09 ~1.13

Figure 9 A flow microreactor system for anionic polymerization of styrene in
THF. M: T-shaped micromixer; R: microtube reactor.

Integration of chemical reactions enhances the power and speed of
organic and polymer synthesis, and recently it has been recognized that flow
microreactors enable space-integration of reactions [152-157]. On the basis of
livingness of the polymer end, structurally well-defined polymers such as end-
functionalized polymers and block copolymers can be synthesized using
integrated flow microreactor systems consisting of two micromixers and two
micro tube reactors. For example, functionalization of a living polymer end using
chlorosilanes such as chlorotrimethylsilane and chlorodimethylvinylsilane is
effectively achieved by using integrated flow microreactor systems to obtain
polystyrenes bearing the silyl group at the terminal. Block copolymerization can
also be achieved using the integrated flow microreactor system at 0 and 24 °C to
obtain structurally defined block copolymers composed of two different styrenes
in quantitative yields (Figure 10).

0or 20 °C

SBULI s—
/R1 /

R
= =/ D0
%OJ—/_B
'/ n m
R Mn = 1500 ~ 26000
R = t-BuMe;SiCgH,, Me;HSICgH, Mw/Mn = 1.06 ~ 1.21
f—BUOCeH4
Figure 10 An integrated flow microreactor system for anionic block
copolymerization of styrenes in THF. M1, M2: micromixer; R1, R2: microtube
reactor.
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End-functionalization with epoxides is also popular, since epoxides high
have reactivity toward nucleophiles by virtue of ring strain. Use of functionalized
epoxides enables a further transformation after deprotection. For example,
polymerization of styrene followed by end-functionalization with the various
glycidyl ethers having acetal structures such as ethoxy ethyl glycidyl ether
(EEGE), 1,2-isopropylidene glyceryl glycidyl ether (IGG), and trans-2- phenyl-
1,3-dioxane glycidyl ether (PDGE) can be accomplished using a flow
microreactor system (Figure 11) [158]. The acetal and ketal protecting groups in
the glycidyl ethers are stable toward the highly reactive carbanionic living
polymer ends but they can be easily cleaved under acidic conditions to afford
multihydroxyl end-functionalized polymers (Figure 12).

- 25 ~ 80 °C
s-BulLi

7 v

R Mn = 1900 ~ 7500
Mw/Mn =1.13 ~ 1.36

O><O o] H
R= fVOTOW éé\/o\)_/ é!\/o{ xPh
(o]
Figure 11 A flow microreactor system for anionic polymerization of styrene in

THEF initiated by s-BuLi and subsequent functionalization reaction with epoxides.
M1, M2: micromixer; R1, R2: microtube reactor.
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Figure 12 Synthesis of multihydroxyl end-finctionalized polystyrenes

The syntheses of various branched polymers with complex architectures
such as star polymers and dendrimer-like star-branched polymers based on living
anionic polymerization have been studied extensively. These branched polymers
have attracted much attention from theoretical, synthetic, and practical viewpoints



16

because of their unique and interesting properties in solution, melt, and solid
states. Block copolymers having different polymer chains on a core are especially
interesting. To synthesize such a structure, selective 1:1 reaction of a living
polymer chain and a poly-functional core molecule is essential in the first step. In
a conventional batch macro reactor, an excess amount of poly-functional core
should be used to obtain the monosubstituted compound selectively [159-161].
This requirement is problematic because an excess amount of functional core
should remain unchanged in the first step, and therefore, it should be removed
before proceeding to the second step. The use of a flow microreactor system
serves as a powerful method for solving this problem (disguised chemical
selectivity [102-113]). As shown in Figure 13, the end functionalization with one
equivalent of dichlorodimethylsilane leads to selective formation of a product
having a single polymer chain on silicon (Mn = 1400, Mw/Mn = 1.13), although
use of a batch macro reactor leads to lower controllability (Mn = 1300, Mw/Mn =
1.21). Extremely fast 1:1 micromixing of the living polymer chain and
dichlorodimethylsilane enables the selective introduction of a single polymer
chain into silicon. Therefore, the subsequent reaction with another living polymer
chain using an integrated flow microreactor system gives block copolymers
having two different polymer chains on a silicon core. The chlorosilane having a
single polymer chain can be used for the subsequent reaction with alcohols and
Grignard reagents.

— Li

s-BuLi—‘/, “Bul -
R1 h Ph

j il

/ ssu*\r},\r ~|

Zph R2 h Ph

(60 eq) 4}5—/ y
—

S
Si
n m “Bu

Ph Ph Ar Ar

Ar = p-Me;HSI-CgHy
M,, = 8600, M,/M, =1.12
Ar = p-'BuMe;Si0-CgH,
M,, = 8700, M, /M, = 1.11

Z A

(10 eq)
Figure 13 An integrated flow microreactor system for the synthesis of block
copolymers having two different polymer chains on a silicon core (M1, M2, M3,
M4: T-shaped micromixers; R1, R2, R3, R4: microtube reactors).

1.3.2.2 Controlled/living Anionic Polymerization of Styrenes in Nonpolar
Solvent Using Flow Microreactor Systems

Anionic polymerization of styrenes can be conducted in nonpolar
solvents at room temperature in a macro batch reactor. However, much longer
reaction time is needed for completion. It is also important to carry out the
polymerization with < 20% by volume styrene because the reactions with > 20%
by volume styrene may result in rapid increase in reaction temperature, potentially
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causing danger. The use of flow microreactor is effective for solving the problem.
In fact, controlled anionic polymerization of styrene initiated by s-BuLi in
cyclohexane as a nonpolar solvent can be conducted at 80 °C by using a flow
microreactor system to obtain polystyrenes in quantitative yields within 1 ~ 5 min
(Figure 14). The controlled polymerization of styrene in cyclohexane under high
monomer concentration (25~42%, by volume styrene) at 60 °C can be achieved by
using an aluminium-polyimide microfluidic device (Figure 15) [162]. Moreover,
the molecular weight distribution of polymers is influence by the channel patterns
((straight, periodically pinched, obtuse zigzag, and acute zigzag channels).

80 °C
s-BulLi

R /
Mn= 570 32000

in cyclohexane Mw/Mn = 1.08 ~1.26

Figure 14 A flow microreactor system for anionic polymerization of styrene in
cyclohexane at 80 °C initiated by s-BuLi. M: T-shaped micromixer; R: microtube

._mm_‘.. - S, |
H

/‘\ 60 °C Mn = 5400 ~ 8700
= "Ph Mw/Mn =1.10 ~1.19

s-BuLi

in cyclohexane
- high concentration: 25 ~ 42% (vol %)

Figure 15 A aluminium-polyimide microfluidic device for anionic polymerization
of styrene initiated by s-BuL.i in cyclohexane at high concentrations at 60 °C.

1.3.3 Controlled/living Anionic Polymerization of Alkyl Methacrylates Using
Flow Microreactor Systems

Synthesis of poly(alkyl methacrylate)s with well-defined structures has
received significant research interests as versatile materials such as plastics,
adhesives and elastomers containing a number of different reactive functions. The
use of living anionic polymerization of alkyl methacrylates is very popular for this
purpose. Living anionic polymerization of alkyl methacrylates does not need a
capping agent, and therefore is very fast compared to living radical
polymerization. However, synthesis of poly(alkyl methacrylate)s via anionic
polymerization using a conventional batch macro reactor should be carried out at
low temperatures such as -78 °C to obtain polymers of narrow molecular-weight
distribution [163, 164]. The requirement of such low temperatures causes several
limitations in the use of this highly useful polymerization in industry. However, if
the problem is solved, living anionic polymerization of alkyl methacrylate serves
as a powerful method for synthesis of poly(alkyl methacrylate)s.
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Controlled anionic polymerization of alkyl methacrylates initiated by 1,1-
diphenylhexyllithium using a flow microreactor gives the corresponding
poly(alkyl methacrylate)s with high level of control of molecular weight under
easily accessible temperatures compared with conventional batch macro
polymerization (-28 °C (methyl methacrylate (MMA): Mw/Mn = 1.16), 0 °C
(butyl methacrylate (BUMA): Mw/Mn = 1.24), 24 °C (tert-butyl methacrylate (t-
BuMA): Mw/Mn = 1.12). Precise control of the reaction temperature and fast
mixing of a monomer and an initiator seem to be responsible (Figure 16) [165].

Ph TeC

. Ph  CO,R
R1 2
. 4}’—__,/ /oo N
CO:;R R2 Fh n
(30 eq) — rd - _ 3 _ -
MeOH /" R=Me (T=-28 °C): Mn = 3800, Mw/Mn = 1.15

R =Bu (T=0°C): Mn = 5700, Mw/Mn = 1.24
R = Bu (T = 24 °C): Mn = 8600, Mw/Mn = 1.12

Figure 16 A flow microreactor system for anionic polymerization of alkyl
methacrylates initiated by 1,1-diphenylhexyllithium. M1, M2: T-shaped
micromixer; R1, R2: microtube reactor.

Livingness of the reactive carbanionic polymer end is important to
produce end-functionalized polymers and block copolymers. Livingness of the
polymer end in a flow microreactor system can be verified as shown in Figure 17.
A solution of an alkyl methacrylate and that of 1,1-diphenylhexyllithium are
mixed micromixer M1, and the polymerization is carried out in microtube reactor
R1. Then, a solution of the same monomer is introduced at micromixer M2, which
is connected to microtube reactor R2 where the sequential polymerization takes
place. By changing the length of R1 with a fixed flow rate, the effect of the
residence time in R1 can be examined. The Mn increases by the addition of the
second monomer solution. However, an increase in the residence time in R1
causes an increase in the Mw/Mn, presumably because of decomposition of the
polymer end (Figure 18). By choosing an appropriate residence time in R1
(MMA: 2.95 s, BUMA: 0.825 s), the sequential polymerization can be successfully
carried out without significant decomposition of the living polymer end [166]. The
polymer chain end is really living within such residence times. Moreover, the
subsequent reaction of the living polymer end with a different alkyl methacrylate
leads to the formation of a block copolymer having narrow molecular-weight
distribution (Table 4).
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Figure 17 An integrated flow microreactor system for the sequential anionic
polymerization of alkyl methacrylates initiated by 1,1-diphenylhexyllithium. M1,
M2: T-shaped micromixer; R1, R2: microtube reactor.
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Figure 18 Size exclusion chromatography traces of polymers obtained in the
integrated flow microreactor system. Effect of residence time on the molecular
weight distribution. (a) methyl methacrylate - methyl methacrylate, (b) butyl
methacrylate - butyl methacrylate.

Table 4 Block copolymerization of alkyl methacrylates initiated by 1,1-
diphenylhexyllithium using the integrated flow microreactor system.

monomer-1 monomer-2 Mn Mw/Mn

MMA - 3200 1.17
MMA MMA 8600 1.29
BuMA - 4700 1.22
BuMA BuMA 9900 1.39
BuMA 'BUMA 9000 131
'BUMA - 5300 1.13
'BUMA 'BUMA 10000 1.13
'BUMA BuMA 9500 1.16

‘BUMA MMA 8400 1.15
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1.3.4 Controlled/living Anionic Block Copolymerization of Styrenes and
Alkyl Methacrylates Using Integrated Flow Microreactor Systems

As mentioned above, flow microreactors are effective for accomplishing
the controlled anionic polymerization of styrenes and alkyl methacrylates. A high
level of molecular weight distribution control can be achieved under easily
accessible conditions such as 24 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
polymerization is easy modulation of flow microreactors to integrate
polymerization reactions. In fact, by using integrated flow microreactor systems,
the polystyrene living polymer end, which is produced by butyllithium initiated
anionic polymerization of styrene can be effectively trapped with 1,1-
diphenylethylene, and the resulting organolithium species can be used as a macro
initiator for anionic polymerization of alkyl methacrylates. Therefore, styrene -
alkyl methacrylate diblock copolymers can be synthesized with high level of
molecular weight distribution control at easily accessible temperatures such as 24
to -28 °C (Figure 19) [167]. Moreover, triblock copolymers can be also
synthesized by sequential introduction of styrene and two different alkyl
methacrylates in a similar manner (styrene — tert-butyl methacrylate — methyl
methacrylate triblock copolymer: Mn = 8800, Mw/Mn = 1.23, styrene — tert-butyl
methacrylate — butyl methacrylate triblock copolymer: Mn = 9000, Mw/Mn =
1.35).

0°c
A,
sBuli s——————— sBy
Li
/ 4 Ph Ph
R1 B
#Ph —)“—/ / et
el oY 4
4 MeOH
)\Ph s R3
)\ — Ph © Ph COR

COR / sBu
75 H
(75 eq) Te°C [Ing m

R =Me (T=-28 °C): Mn = 9000, Mw/Mn = 1.30

R =Bu (T =0°C): Mn = 12200, Mw/Mn =1.55

R =Bu (T = 24 °C): Mn = 9200, Mw/Mn =1.19
Figure 19 Integrated flow microreactor system for the anionic block
copolymerization of styrene and alkyl methacrylates initiated by s-BuLi. M1, M2,
M3: T-shaped micromixer; R1, R2, R3: microtube reactor.

1.4 Radical Polymerization
1.4.1 Free Radical Polymerization Using Flow Microreactor Systems

Free radical polymerization is an important process for the industrial
synthesis of macromolecules because free radicals are compatible with a wide
variety of functional groups that do not survive in ionic and metal-catalyzed
polymerization [168]. Because free-radical polymerization is usually highly
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exothermic, the precise temperature control is essential for performing free radical
polymerization in a highly controlled manner. Therefore, the polymerization in a
conventional batch macro reactor often suffers from a low level of molecular
weight distribution control because of inefficient heat removal and the lack of
homogeneity of the reaction temperature. Therefore, the controllability of the
reaction temperature is a major concern in free radical polymerization from
viewpoint of industrial applications. As a matter of fact, heat removal capacity is
often a limiting factor in polymerizations in batch macro reactors. Therefore, the
advantage of flow microreactors for radical polymerization is obvious, because
they enable fast heat transfer.

Iwasaki and Yoshida reported the free radical polymerization of various
monomers using flow microreactor systems. Polymerization of butyl acrylate
(BA) gives the polymer of much smaller Mw/Mn than that obtained with batch
macro reactor because of a much higher heat-removal efficiency of the flow
microreactor (Figure 20) [169]. For the polymerization of benzyl methacrylate
(nBMA) and methyl methacrylate (MMA), the effect of the flow microreactor on
molecular weight distribution control is smaller than the case of BA. For the
polymerization of vinyl benzoate (VBz) and styrene, no appreciable effect is
observed. The tendency indicates that the flow microreactor is quite effective for
highly exothermic polymerization such as that of BA, but it is not so effective for
less exothermic polymerization. Similar results on the polymerization of styrene
have been reported by Leveson et al [170]. Moreover, a microchemical pilot plant
for radical polymerization of MMA has been built by numbering up eight
microtube reactors (vide infra) [171].

—
AIBN / 100 °C 0°C
5 min
polymer
RISy R2
monomer polymerization termination
ield (%
100 Y'eld (%) o BA
| < « BMA monomer batch micro
80 o MMA
x VBz BA Mw/Mn=34 Mw/Mn=10
60 o St BMA Mw/Mn=20 Mw/Mn=27
a0} MMA Mw/Mn=1.8 Mw/Mn=2.2
VBz Mw/Mn=19 Mw/Mn=1.8
20 St Mw/Mn=17 Mw/Mn=1.8
0

Figure 20 A flow microreactor system for the free radical polymerization initiated
by AIBN and relative rate of the polymerization in the flow microreactor. M: T-
shaped micromixer; R1, R2: microtube reactor.
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Effects of mixing in radical polymerization of methyl methacrylate are
interesting [172]. The use of 5 mm static mixer leads to fouling in the reactor. In
contrast, the use of IMM micromixer with 36 lamellae of 25 um thickness results
in the reduction of the fouling. The numbering-up approach enables production of
2000 tons per year without the fouling problem [173].

Serra et al. studied the outstanding effect of mixing on conversion,
molecular weight and polydispersity in free radical polymerizations of styrene by
a numerical simulation using different micromixer geometries [174,175].

Latex production by miniemulsion polymerizations [176-178] in
continuous tubular reactors has also been reported by McKenna et al [179].

1.4.2 Living Radical Polymerization Using Flow Microreactor Systems

The major drawback of free radical polymerization is the low
controllability of macromolecular structures, and the polymers have broad
molecular weight distribution. Living radical polymerization [180-184] has been
developed to overcome the problem. Because more than 50% of polymers are
produced via free radical processes in industry, living radical polymerization
offers a possible solution to synthesizing polymers of narrow molecular weight
distribution [185]. Various methods including the atom transfer radical
polymerization (ATRP) [186-191], the reversible addition-fragmentation chain
transfer radical polymerization (RAFT) [192-194], the nitroxide-mediated radical
polymerization (NMP) [195-197], organoiodine-mediated radical polymerization
(IRP) [198], cobalt-mediated polymerization [199] and organotellurium-,
antimony-, or bismuth-mediated living radical polymerization (TERP) [200-205]
have been developed for conducting living radical polymerization.

1.42.1 Atom Transfer Radical Polymerization (ATRP) Using Flow
Microreactor Systems

Atom transfer radical polymerization (ATRP) [186-191] is one of the
most extensively studied living radical polymerization because of its simplicity
and broad applicability, and serves as a method for synthesizing previously
inaccessible well-defined nanostructured polymeric materials [206]. One of the
main drawbacks is low catalytic efficiency and deep color of the final product. In
general, the use of 0.1% ~ 1% catalyst results in the formation of the colored
polymer containing the residual catalyst. Therefore, after polymerization,
additional purification by passing the solution through silica- or alumina-gel is
needed to remove the catalyst from product. A possible solution to this problem is
the use of supported catalysts.

A continuous column reactor packed with silica-gel supported CuBr-
HMTETA catalyst for ATRP of methyl methacrylate (MMA) exhibits high
catalyst retention, high catalytic activity, and good stability up to 100 h (Figure
21). Moreover, the product solution is colorless [207]. In addition, the molecular
weight of the resulting PMMA can be controlled by simply changing the flow rate
of MMA. The polymerization in the reactor is in first order with respect to
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monomer concentration, typical for ATRP process. However, the polydispercity
index of the resulting polymer is about 1.8, which is larger than that for the
polymer prepared using the same supported catalyst in batch (about 1.1). This is
presumably because back-mixing in the column and trapping of polymer chains in
the silica gel pores take place. The system in which two column reactors are
connected in series has been developed and is applied to block copolymerization
of MMA with n-butyl methacrylate (nBMA) (Figure 22) [208].

methyl a-bromoacetate
(initiator) CuBr-HMTETA-silica gel

" packed column reactor
MMA e~ Polymer

+
toluene 90 °C Mw/Mn = 1.8

Figure 21 CuBr-HMTETA-silica gel packed column reactor for the atom transfer
radical polymerization of MMA initiated by methyl o.-bromoacetate.

BMA + toluene
methyl a-bromoacetate
(initiator) CuBr-HMTETA-silica gel CuBr-HMTETA-silica gel
+ packed column reactor packed column reactor
—_— \

MM o — | [ ——— POYmer
+ 4
toluene 80 °C /. MwiMn=1.7

Figure 22 CuBr-HMTETA-silica gel packed column reactor for the atom transfer
radical block copolymerization of MMA with butyl methacrylate (nBMA)
initiated by methyl a.-bromoacetate.

Photopolymerized microfluidic device consisting of two inlets, active
mixing chamber containing a magnetic stir bar, a single reaction channel (500 X
600 um), and one outlet has been used for ATRP reaction of 2-hydroxypropyl
methacrylate (HPMA) initiated by methyl 2-bromopropionate (Figure 23) [209].
The molecular weight can be controlled by changing the residence time at the
different flow rates (Table 5). The kinetics and polymer properties are similar to
those for the batch reactions reported in the literature [210]. Furthermore, a block
copolymer poly(ethylene oxide-block-2-hydroxypropyl methacrylate) (PEO-b-
PHPMA) can be prepared by the copolymerization of HPMA with a PEO
macroinitiator prepared by reaction of the terminal hydroxy group of the PEO-OH
with a two-fold molar excess of 2-bromoisobutyryl bromide and triethylamine
(Figure 24). The stoichiometry of the reactants can be easily changed by varying
relative flow rates [211].

+stir bar

MBP + HPMA -1
(initiator)
~t->PHPMA

CuCl + bpy + HPMA -~
(catalyst)
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Figure 23 A microfluidic device for the synthesis of poly(2-hydroxypropyl
methacrylate) (PHPMA) using a MBP initiator.

Table 5 Microchannel polymerization of HPMA at different pumping rates and
initiator concentrations.
[MBP]/[HPMA] pumprate residencetime conv. Mn Mw/Mn

(ul/h) (h) (%)
1:40 50 2.00 92 6240 121
150 0.67 74 5560 1.19
300 0.33 47 3950 1.26
400 0.25 29 3300 1.27
500 0.20 17 2770 1.32
1:100 50 2.00 62 12740 1.26
_/stir bar

PEO-Br + HPMA
(macro initiator)

1 *PEQ-b-PHPMA

[M)i[] = 39 ~ 150

Mn = 6500 ~ 12200
Mw/Mn=ca 1.2

Figure 24 A microfluidic device for the synthesis of poly(ethylene oxide-block-2-

hydroxypropyl methacrylate) (PEO-b-PHPMA) using a PEO macroinitiator.

CuCl + bpy + HPMA
(catalyst)

1.4.2.2 Reversible Addition-fragmentation Chain Transfer Radical (RAFT)
Polymerization Using Flow Microreactor Systems

Reversible addition-fragmentation chain transfer radical polymerization
(RAFT) [192-194] is known for its compatibility with a wide range of monomers,
temperature, and impurities, as compared to other living radical polymerizations
such as ATRP and NMP.

RAFT polymerization in miniemulsion has been carried out in a tubular
reactor. Emulsion is prepared in a batch reactor using sodium dodecyl sulfate
(SDS, surfactant), Triton X-405 (surfactant), styrene (monomer), hexadecane
(costabilizer), and 1-phenylethyl phenyldithioacetate (PEPDTA, RAFT agent),and
is pumped into a continuous sonication vessel to obtain miniemulsion (Figure 25)
[212]. The miniemulsion is introduced to tube reactors where the polymerization
takes place. The polymerization in the tube reactor behaved kinetically similar to
the batch polymerization. However, the tubular reactor produces polymer with a
slightly higher molecular weight distribution than that for the polymer produced in
a batch reactor, presumably because back-mixing or axial dispersion effects in the
tubular reactor that would broaden the residence time distribution of particles
within the reactor. The present systems can be extended for the synthesis of block
copolymer of polystyrene and poly(butyl acrylate) [213].
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Figure 25 A multi-tubule reactor for RAFT polymerizations using continuous
miniemulsion.

RAFT polymerizations of N-isopropylacrylamide (NIPAM) as monomer
and a trithiocarbonate as chain transfer agent has been carried out using a flow
microreactor under homogeneous conditions (Figure 26) [214]. In flow process, an
increase in the inner diameter of the tube results in slightly lower conversions and
wider molecular weight distributions. Polymerization rates in a flow microreactor
are considerably higher in comparison with those of batch polymerization because
of uniform heating (Table 6).

o] heating
s s — oil bath
HO \"/ + AIBN 100 °C
S in 1,4-dioxane :! : &0 min m
n
=
in 1,4-dioxane

Figure 26 A continuous flow reactor for the reversible addition-fragmentation
chain transfer radical polymerization. M: micromixer; R: microtube reactor.

Table 6 Conversion of the RAFT polymerization and
poly(nisopropylacrylamide)(PNIPAM) properties after 60 min at 90 °C.

method heating method conversion (%) Mn Mw/Mn
flow oil bath 88 21500 1.15
flow oil bath 78 17200 1.31
flow oil bath 79 20000 1.31
batch oil bath 40 13400 1.12
batch microwave 85 19400 1.16

Then, RAFT polymerizations of various monomers including
acrylamides, acrylates, and vinyl acetate has been studied by Hornung at al [215].
Polymers of narrow molecular weight distribution and average molecular weights
similar to those of batch polymerizations are obtained on a multigram scale.

1.4.2.3 Nitroxide-mediated Radical Polymerization (NMP) Using Flow
Microreactor Systems
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Nitroxide-mediated radical polymerization (NMP) [195-197] can be
applied to a wider range of monomers such as styrenes, acrylates, acrylamides,
acrylonitrile, and 1,3-dienes. Acyclic nitroxides such as 2,2,5-trimethyl-4-phenyl-
3-azahexane-3-nitroxide (TIPNO) or N-tert-butyl-N-(1-diethyl phosphono-2,2-
dimethylpropyl) nitroxide (DEPN) enables the reversible termination of the
growing polymer chains.

Nitroxide-mediated radical polymerization (NMP) of styrene and n-butyl
acrylate at 140 °C has been performed in a continuous-flow microtubular reactor
(Figure 27) consisting of a stainless steel tube reactor and a back pressure
cartridge [216]. In the case of styrene polymerization, there is no difference
between batch reactors and flow microreactors. However, for n-butyl acrylate, a
better control of the polymerization has been observed in the flow microreactor
(Mw/Mn = 1.80 (batch reactor), Mw/Mn = 1.44 (flow microreactor)). Moreover,
consumption of the monomer is much faster using the flow microreactor (Figure
28).

*O-N

YO_N
Bh Ph + Ph 140 °C
back pressure

. @ = 900 um cartridge

styrene or butyl acrylate %—@— polymer
+ '

acetic anhydride | ( batch > :::ﬁ: - 11':7:

Figure 27 A continuous flow microreactor system for nitroxide-mediated radical
polymerization (NMP) of poly(styrene) or poly(n-butyl acrylate). R: microtube
reactor.
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Figure 28 Conversion vs residence time of nitroxide-mediated radical
polymerization of styrene and n-butyl acrylate without or with acetic anhydride.

Nitroxide-mediated radical polymerization of styrene in a miniemulsion
can be also performed in a tubular reactor [217]. In the first step, a macroinitiator
is prepared by bulk polymerization in a batch reactor and the subsequent
miniemulsion polymerization is carried out in a tubular reactor. The
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polymerization kinetics in the tubular reactor is similar to those in a batch reactor.
It is also noteworthy that both the preparation of a macroinitiator and
miniemulsion polymerization can be achieved in a continuous tubular reactor to
obtain polystyrene-block-poly(butyl acrylate) diblock and polystyrene-block-
poly(butyl acrylate)-block polystyrene triblock copolymers [218].

Continuous nitroxide-mediated block copolymerization of n-butyl
acrylate (first monomer) and styrene (second monomer) can be performed using
two serial 900 um inner diameter stainless steel microtube reactors (Figure 29)
[219]. For the second polymerization process, the influence of mixing was
examined by changing micromixers. The use of a high pressure interdigital
multilamination micromixer (HPIMM) provided by the IMM (Mainz, Germany)),
can significantly reduce the polydispersity index (Mw/Mn = 1.36, 120 °C)
compared with that obtained in a batch macro reactor (Mw/Mn = 1.74, 120 °C).
Efficient mixing of a viscous solution of poly(n-butyl acrylate) and a solution of
styrene by virtue of small diffusion paths caused by small lamination widths
seems to be responsible. Conversions, molecular weights, and molecular weight
distributions are significantly influenced by the nature of micromixers [220]. The
results obtained with three micromixers, i.e. two HPIMMs with different
lamination widths and a slit plate micromixer (LH2) manifactured by Ehrfeld
Mikrotechnik BTS (Wendelsheim, Germany) are summarized in Table 7.
Molecular weight distribution and molecular weight strongly depend on the factor
F (F = I/N(Wc+ WL) (N: number of channels per inlet, Wc: channel width, Wy: slit
or aperture width)). The relationship between molecular weight distribution or
molecular weight and F is linear, enabling prediction of copolymer features.

Table 7 Interdigital multilamination micromixer characteristics

micromixer HPIMM HPIMM LH2
ML45 ML20 ML50
number of channels per inlet N 16 15 10
channel width Wc/um 45 20 50
microstructure thickness/um 250 100 300
Slit or aperture width Wi /um 60 60 50

Form factor F/mm- 0.59 0.83 1.0
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Figure 29 A continuous flow microreactor system for nitroxide-mediated radical

block copolymerization of n-butyl acrylate and styrene. R1, R2: microtube
reactor.

Very recently, Ryu and Studer et al. also reported the use of highly
sterically hindered amines [221,222] for the nitroxide-mediated radical block
copolymerization (NMP) of styrene and butyl acrylate in a flow microreactor
[223]. The polymerization in the flow microreactor is faster than that in the batch
system, although polymers with slightly smaller molecular are obtained in flow.

In general, gel permeation chromatography (GPC) is wused to
characterized polymers. However, sample preparation and analysis requires long
time. The integration of a flow microreactor with analytical devices to monitor the
progress of polymerization in real time allows fast screening and optimization. For
example, the continuous online rapid size-exclusion chromatography monitoring
of polymerizations (CORSEMP) system has been developed by Serra and
Hadziioannou et al [224]. It consists of automatic samplings, dilutions, and
injections every 12 min of polymers synthesized in continuous flow (Figure 30).
In addition, this system also includes a viscometer, Rl and UV detectors, and a
GPC to determine the molecular weights and molecular weight distributions. The
nitroxide-mediated block copolymerization of n-butyl acrylate and styrene can be
monitored ‘near real-time’ with good accuracy and repeatability. Very recently,
bifurcation analysis and grade transition dynamic optimization for NMP of styrene
in a tubular reactor have been demonstrated by Flores-Tlacuahuac et al [225, 226].
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Figure 30 The continuous online rapid size-exclusion chromatography monitoring
of polymerizations (CORSEMP) system for nitroxide-mediated radical block
copolymerization of n-butyl acrylate and styrene.

1.5 Ring Opening Polymerization Using Flow Microreactor Systems

Ring-opening polymerization is categorized into chain-growth
polymerization, in which the terminal end of a polymer acts as a reactive center
[227]. The reaction of cyclic compounds with a polymer end causes the cleavage
of the ring and repeating of this process lead to the formation of high-molecular-
weight polymers. The synthesis of polyamides from lactams, polyesters from
lactones, and polyethers from cyclic ethers has been widely used.

The most popular approach for the synthesis of polyamides from amino
acids [228] is an amino acid N-carboxyanhydride (NCA) method (Figure 31)
[229]. The initiation with a base such as tertiary amine followed by the reaction of
another NCA molecule with the resulting activated NCA anion produces a dimer
with an electrophilic N-acyl NCA end group and a nucleophilic carbamate group.
Then, N-carbamic acid is detached as carbon dioxide during the propagation
reaction. It is known that deprotonation of NCA and the attack of NCA anion are
relatively fast [230]. Therefore, it is important to control these steps. However, in
conventional batch systems, the polymerization control would be difficult due to
local gradients of the concentrations. In contrast, flow microreactor systems
enable such control (Figure 32) [231]. For example, polymerization of N-
benzyloxycarbonyl-L-lysine using a flow microreactor system consisting of a
polydimethylsiloxane-based multi-lamination mixer and a PTFE microtube leads
to narrower molecular weight distribution (flow: Mw/Mn = ca 1.2, batch: Mw/Mn
= 1.5), although molecular weights are similar (flow Mn = ca. 20,000, batch: Mn =
ca. 18,000) [232]. The use of a simple T-shaped connector as a mixer leads to
broader molecular weight distribution, indicating the importance of fast
micromixing. The present flow microreactor system can be applied to
polymerization and copolymerization of other amino acid NCAs to obtain
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poly(Glu), copoly(Lys, Ala) and copoly(Lys, Leu) of narrower molecular weight
distribution than those obtained from the batch reactor (Table 8).
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Figure 31 Mechanism of polymerization of amino acid N-carboxyanhydride
(NCA) initiated by a base.
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Figure 32 A flow microreactor system consisting of a polydimethylsiloxane
(PDMS) multi-layered laminar micromixer and PTFE microtubes for
polymerization of amino acid N-carboxyanhydride (NCA) initiated by
triethylamine.

Table 8 Comparison of polymer properties.

polymer Mn Mw/Mn
Poly(Glu) batch 40200 1.56
microreactor 40000 1.17
Poly(Lys, Ala) batch 17700 2.56
microreactor 18800 1.64
Poly(Lys, Leu) batch 18100 2.13
microreactor 19200 1.54

A silicon-glass based flow microreactor system that is suitable for long
periods of use has been developed and applied to the polymerization of amino acid
NCAs [233]. The flow microreactor exhibits excellent controllability of the
molecular weight distribution. Moreover, a single flow microreactor can produce
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100 mg/min of poly(Lys/Leu). It means that more than 200 g of poly(Lys/Leu)
acids can be produced in 2 months.

Hyperbranched polymers have attracted much attention because these
polymers exhibit different characteristic features, such as a lower viscosity, higher
solubility, and higher amount of terminal groups, compared with those of the
corresponding linear polymers. Such polymers can be prepared by ring-opening
multibranching polymerization. Hyperbranched polyglycerols are popular because
they have a large number of hydroxyl groups and exhibit excellent
biocompatibility [234]. Continuous micromixer-assisted flow process for the
synthesis of hyperbranched polyglycerol by ring-opening multibranching
polymerization of glycidol was demonstrated by Wilms et al (Figure 33) [235].
The polymerization was carried out in the presence of trimethylol propane (TMP)
as a multifunctional initiator and potassium methoxide necessary to deprotonation
10% of the hydroxyl groups to obtain well-defined hyperbranched polyglycerol
with molecular weights up to 1,000 g/mol. However, higher flow rates results in
the partial formation of high molecular weight probably because of the formation
of “hot spots” where the polymerization proceeds much faster.
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Figure 33 A flow microreactor for synthesis of hyperbranched polyglycerol by
ring-opening multibranching polymerization of glycidol. M: micromixer.

The continuous-flow microwave-assisted polymerization of 2-ethyl-2-
oxazoline was reported by Schubert et al [236]. The flow process overcomes the
problems associated with scale-up of the batch process including safety issues.

1.6 Polycondensation Using Flow Microreactor Systems

Polycondensation reactions are important processes for the synthesis of
polyesters,  polycarbonates,  polyamides, and  polysiloxanes  [237].
Polycondensation reaction is classified into a step-growth polymerization, which
involves a stepwise covalent-bond-forming reaction between functional groups of
two monomers, between a functional group of a monomer and a polymer end, or
between functional groups of two polymer ends. Because the propagating
polymers and monomer do not contain an active species, such as cations, radicals,
or anions, the polymer chains reach moderately high molecular weight even at
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very high conversion. Therefore, in principle, it is difficult to control molecular
weight and molecular weight distributions precisely.

Polycondensation of 4,4’-oxydianiline (ODA) and isophthaloyl
dichloride (IPA) followed by terminal modification has been carried out in a flow
microreactor system (Figure 34) [238]. The polymerization in the flow
microreactor is faster than that in the batch system. A higher mixing efficiency of
monomer seems to be responsible for the faster reaction. It is also important to
note that the molecular weight distribution of the polymer obtained in the flow is
slightly narrower than that obtained in batch. Precise control of reaction
temperature in the microreactor seems to be responsible.

Figure 34 A flow mlcroreactor system for polycondensation of 4,4’-oxydianiline
(ODA) and isophthaloyl dichloride (IPA) followed by terminal modification. M1,
M2: micromixer; R1, R2: microtube reactor.

Dendrimers, which have highly branched 3D structure provide a high
degree of surface functionality and versatility. Polycondensation reactions are
widely used for synthesizing various dendrimers. The synthesis of polyamide
dendrons (G1 Dendron, G2 Dendron) and a dendrimer (G1 Dendrimer) as shown
in Figure 35 has been carried out using flow microreactors [239]. The use of flow
microreactors enables significant reduction of reaction time. In addition, the
reaction can be performed at a constant temperature such as 30 °C in flow,
whereas low temperature such as 0 °C is necessary for the first mixing to avoid
side reactions in batch. Moreover, polyamide dendrons can be deposited onto the
functionalized glass surface through amide bond formation in flow.
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Figure 35 Reactions of the convergent synthesis of polyamide dendrons and
dendrimers.

By polycondensation of trifunctional silanols, poly(silsesquioxane)s,
which emerge as materials for various applications ranging from low dielectric
constant materials [240] to flame-retardant material [241], can be prepared. The
polycondensation reaction of methyltrimethoxysilane (MTMS) and various
trimethoxysilanes involving p-(chlormethyl)phenylethyltrimethoxysilane (1),
dithiobenzoic acid benzyl-(4-ethyltrimethoxysilyl) ester (2), dithiobenzoic acid 1-
ethylphenyl-4-(ethyltrimethoxysilyl) ester 3) and N,N-
diethyldithiocarbamoylethylphenyl(trimethoxy)silane (4) [242, 243] can be
successfully achieved in a microreactor to obtain  corresponding
poly(silsesquioxane)s (Figure 36) [244]. The yields are significantly higher than
those in batch. The polydispersity indexes can be smaller than 2, whereas they are
usually between 2.2 and 3 in batch. Moreover, molecular weights, which range
from Mn = 1900 to 11000, can be controlled by changing the residence time
(Table 9).
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Figure 36 A flow microreactor system for polycondensation reactions of
trialkoxysilanes. M: micromixer; R: microtube reactor.

Table 9 Molecular weight and molecular weight distribution obtained in
microreactor synthesis.

initiator temperature (°C) residence time (min) Mn Mw/Mn
1 0 0.22 1900 1.47
0 0.66 3450 1.49
0 1.32 4350 1.50
0 1.98 6250 1.54
0 2.64 8400 1.59
1 20 0.22 2700 1.71
20 2.64 9550 1.93
2 0 0.22 2100 1.46
0 2.64 8200 1.69
2 20 0.22 3200 1.79
20 2.64 9700 1.87
3 0 0.22 2200 1.53
0 2.64 8900 1.65
3 20 0.22 3400 1.71
20 2.64 10100 1.92
4 0 0.22 2250 1.39
0 2.64 8100 1.61
4 20 0.22 3700 1.87
20 2.64 11000 1.95

1.7 Ziegler-Natta polymerization Using Flow Microreactor Systems

Ziegler-Natta polymerization [245, 246] is an important method of vinyl
polymerization because it allows us to make polymers of specific tacticity. As
reported by Santos and Metzger, Ziegler-Natta polymerization can be carried out
in a flow microreactor system coupled directly to the ESI source of a Q-TOF mass
spectrometer (Figure 37) [247]. In the first micromixer M1, a -catalyst
(Cp2ZrCl2/MAO) and a monomer solution are mixed continuously to initiate the
polymerization. The polymerization occurs in a microtube reactor. The solution
thus obtained is introduced to the second micromixer M2, where the
polymerization is quenched by acetonitrile. The quenched solution is fed directly
into the ESI source. The transient cationic species can be characterized by mass
spectrometry. This is the first case where an alkyl zirconium cation intermediate in
the homogeneous Ziegler-Natta polymerization of ethylene is detected directly.
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Figure 37 A flow microreactor system for Ziegler-Natta polymerization.

1.8 Fabrication of Polymeric Structures inside Microchannels Using Fluid
Flow
1.8.1 Polymerization on the Surface of Microchannels

Surface-initiated polymerization is an attractive method for fabricating
microfluidic devices [248-251]. For example, Beers et al reported surface-initiated
atom transfer radical polymerization inside microchannels to produce flat gradient
and patterned surfaces [252]. A solution of 2-hydroxyethyl methacrylate (HEMA)
is introduced into the microchannel (300 mm x 8 mm x 4.5 cm), which was
manufactured on a silicon wafer and functionalized with initiator-functionalized
self-assembled monolayer (Figure 38). A polymer gradient is created inside the
microchannel so that the thickness of the polymer brush decreases linearly from
the inlet to the outlet.
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Figure 38 Microchannel confined surface-initiated polymerization (uSIP).

Microfluidic system can be applied to generate complex gradient
solutions [253-255]. Recently, the generation of the solution gradient in a
microfluidic passive mixer [256] is used to synthesize a surface-grafted statistical-
copolymer-brush composition gradient via surface-initiated atom transfer radical
polymerization (Figure 39) [257]. Using surface-initiated polymerization, the
monomer solution gadient of butyl methacrylate (nBMA) and 2-(N,N-
dimethylamino)ethyl methacrylate (DMAEMA) is applied to synthesize a
statistical-copolymer-brush composition gradient. Burdick et al. also reported a
similar approach to fabricating photo-cross-linked hydrogels with gradients of
immobilized molecules and crosslinking densities using a
microfluidics/photopolymerization process [258].
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Figure 39 A schematic drawing of the setup used for the patterning of a surface

with a statistical-copolymer-brush gradient.

1.8.2 Fabrication of Polymer Membranes inside Microchannels

Characteristic features of controlled laminar flow in microfluidics devices
have been utilized in many applications such as diffusion-based separation and
detection solvent extraction, mixing and hydrodynamic focusing [259, 260].

A method of microfabrication based on multicomponent laminar flow
inside microchannels was developed by Whitesides and Kenis et al. [261, 262]
Laminar streams of solutions enable a reaction at the interface between streams to
make membranes inside the microchannel. For example, the reaction at the
interface between two aqueous phases containing oppositely charged polymers
(poly(sodium 4-styrenesulfonate) and hexadimethrine bromide) flowing laminarly
in parallel produces a polymeric structure (membrane) deposited on glass at the
laminar flow interface (Figure 40).
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Figure 40 A polymeric structure deposited on glass at the laminar flow interface
of two solutions of poly(sodium 4-styrenesulfonate) and hexadimethrine bromide.

Beer et al. demonstrated the formation of a laminar flow interface of
immiscible liquids in a microchannel using partial chemical modification of the
channel surface [263]. Synthesis of a polyamide nylon membrane by an interfacial
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polycondensation reaction of adipoyl chloride in 1,2-dichloroethane and
hexamethylenediamine in water can be achieved in the cross-junction of the
microchannel. Kitamori et al. also demonstrated design and synthesis of nylon
polyamide membrane structures by an interfacial polycondensation reaction of
adipoyl chloride in 1,2-dichloroethane and hexamethylenediamine in water
(Figure 41) [264]. Uozumi et al. also reported that catalytic membrance-installed
microchannel devices prepared from linear polymer ligands and palladium
complexes and applied to Suzuki-Miyaura coupling reaction, oxidative cyclization
of alkenols, allylic arylation, and hydrodehalogenation [265-269]. In addition, the
influence of microfluidic device geometry and flow rate on the membrance
formation by the interfacial polymerization was also demonstrated by Gargiuli et
al [270].
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Figure 41 Polymer membrane formation under organic/aqueous two-phase flow
in an X-shaped microchannel.

Single and parallel dual-membrane structures are successfully prepared
by using multilayer flow such as organic/aqueous two layer flow and
organic/aqueous/organic three-layer flow inside a microchannel, and this method
can be applied to preparing surface modified polymer membranes (Figure 42). For
example, horseradish peroxidase is immobilized on one side of the membrane
surface, and this enzyme-modified membrane realizes substrate permeation and a
subsequent reaction.
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Figure 42 Channel patterns and cross-sectional views of the nylon membrane
prepared inside a microchannel. (a) Single membrane formed under
organic/aqueous two-layer flow, (b) parallel dual membranes formed under
organic/aqueous/organic three-layer flow.

Protein-polymeric membrane in a microchannel is prepared by using a
concentric laminar flow (Figure 43) [271]. Cross-linking condensation reaction of
a cross-linked enzyme aggregate (CLEA) [272] with aldehyde groups, which react
with amino groups of the enzyme in a concentric laminar flow results in the
formation of the cylindrical enzyme-polymerized membrane on the inner wall of
the microtube. The use of this technology for membrane formation in a
microchannel can be extended to a broad range of functional proteins.
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Figure 43 Schematic illustration of the procedure on preparation of enzyme-
membrane in micro-tube.

1.9 Industrial Applications

It is easily anticipated that flow microreactors can enjoy industrial
applications by virtue of inherent advantages based on microstructures and flow
nature. Significant ~ progress  in  flow-microreactor-system-controlled
polymerization to obtain structurally well-defined polymers has already been
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made to meet the demands of the chemical industry. No need of cryogenic
conditions for anionic polymerization may enable commercial production. Some
pilot plants have already been built and tested to examine the feasibility and
durability of polymerization in flow microreactors. For example, a microchemical
pilot plant for radical polymerization of MMA has been built by numbering up
eight microtube reactors which can be operated continuously for 6 days to produce
4.0 kg of the polymer, indicating that flow microreactor systems can be used for
industrial production of polymers (Figure 44) [171]. The information which has
been accumulated in laboratories and pilot plants should profit the development of
this field to realize commercial plants for making polymers in the future.
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Figure 44 A pilot plant for radical polymerization.

1.10 Conclusion

The examples shown in this review article demonstrate that a variety of
methods for polymer synthesis have been developed in flow microreactors. The
continuous flow synthesis enables serial combinatorial synthesis, in which a
variety of polymers in a sequential way using a single flow reactor with flow
switch. Space integration, which enables the synthesis of structurally well-defined
polymers without isolating living polymer ends, also enhances the power and
speed of polymer synthesis. Because several test plants for continuous production
have already been built, there is no doubt that flow microreactors can contribute to
polymer production in industry.

In conclusion, continuous flow polymer synthesis will be an
indispensable technology for research in a laboratory and production in industry.
Various methods for polymer synthesis by virtue of characteristic features of flow
microreactors will be developed, and they will work together to help meet the
demanding expectations in polymer chemistry in the future.
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