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bstract

The synthesis of poly(n-butyl acrylate)-block-poly(styrene) copolymers by nitroxide-mediated radical polymerization (NMRP) in two serial
ontinuous microtube reactors have been performed. The influence of the micromixer used to mix the first block with the second monomer, either
n interdigital multilamination micromixer or a T-junction, on the control of the polymerization reaction as well as the copolymerization temperature

as investigated. Results were compared with those obtained in a macroscale batch reactor. The main advantage of interdigital micromixers is

heir ability to achieve an efficient and intimate mixing between a viscous (first block) and a liquid (comonomer) fluid due to the small film
hicknesses of the lamellae. In all experiments, the microtube reactors coupled with a multilamination micromixer give the narrowest molecular
eight distributions, which implies that the control of the copolymerization reaction is improved.
2007 Elsevier B.V. All rights reserved.
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. Introduction

During the last 20 years, new polymerization techniques
o called controlled/‘living’ polymerizations permit to synthe-
ize well-defined macromolecular architectures [1] (block, graft
r multifunctional copolymers with various reactive pendant
nd terminal functions). These techniques allow controlling
redetermined molecular weights and molecular weight distri-
utions. In particular, nitroxide-mediated radical polymerization
NMRP) can be applied to a wide range of monomers [2]
styrene, acrylates, acrylamides, acrylonitrile, 1,3-dienes. . .) in
resence of acyclic nitroxides such as 2,2,5-trimethyl-4-phenyl-
-azahexane-3-nitroxide (TIPNO) or N-tert-butyl-N-(1-diethyl
hosphono-2,2-dimethylpropyl) nitroxide (DEPN also well
nown as SG1), which terminates reversibly the growing chains
Scheme 1). Copolymerization reactions are usually carried out
n macroscale batch [3,4] or semi-batch [5] reactors.
The use of microfluidic devices are now widely used in chem-
cal engineering [6] but these microsystems only begin to be
mplemented within the framework of polymerization processes
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7]. So far, very few references are available on the synthesis
f block copolymers in microfluidic devices. Shen and Zhu [8]
ave successfully synthesized methacrylate-based block copoly-
ers in packed column reactors of 4 mm inner diameter (ID)

tainless steel tubing containing silica-supported ATRP (Atom
ransfer Radical Polymerization) catalyst in a continuous way.
ore recently, Wu et al. [9] have prepared some poly(ethylene

xide-block-2-hydroxypropyl methacrylate) (PEO-b-PHPMA)
lock copolymers also by ATRP, on a microchip using a PEO
acroinitiator.
The main advantage using microstructured micromixers is

heir ability to put in contact two fluids achieving a rapid and
fficient mixing. In addition, homogenization of the reaction
edium is also considerably improved due to the small film

hickness, typically smaller than 100 �m, which implies a better
iffusional mass transport in the time scale of the polymerization
eaction.

In this paper, nitroxide-mediated block copolymerizations
NMBC) of n-butyl acrylate (BA) and styrene (S) in two serial
ontinuous microtube reactors are studied and compared to a

acroscale batch reactor. The two-stage copolymerizations are

arried out without any intermediate purification step. For the
ontinuous process, the viscous poly(n-butyl acrylate) (PBA)
rst block and the liquid comonomer, i.e. styrene, are mixed

mailto:SerraC@ecpm.u-strasbg.fr
dx.doi.org/10.1016/j.cej.2007.07.038
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cheme 1. Activation–deactivation equilibrium in TIPNO-mediated radical
olymerization.

hrough an interdigital multilamination micromixer or a basic
-junction prior to enter in the second microtube reactor. The
nfluence of the process, either batch mode or continuous mode
ith a multilamination or a bilamination micromixer, and the

opolymerization temperature are investigated. It is expected
hat by increasing the contact area in the multilamination

icromixer, the overall distribution of the copolymers will be
arrower.

. Materials and procedure

.1. Materials
n-Butyl acrylate, styrene and acetic anhydride were
urchased from Aldrich. Monomers were passed through

basic alumina column to remove inhibitor. Toluene and

(
s
e
c

Fig. 1. Continuous microfluidic set

Fig. 2. Microfluidic devices considered: (a) High Pressure Interdigital M
g Journal 135S (2008) S242–S246 S243

cetic anhydride were used as received. The nitroxide
IPNO and the unimolecular alkoxyamine initiator 2,2,5-

rimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (PhEt-
IPNO in Scheme 1) were prepared using the procedures,

espectively, developed by Benoit et al. [3] and Matyjaszewski
t al. [10].

.2. Microfluidic setup

Continuous two-stage NMBC were carried out in two serial
00 �m ID stainless steel tube reactors (�R1 and �R2). The
etup is shown in Fig. 1. It is composed of a pressure sensor
Swagelok PTU Series UHP Transducer) and a temperature con-
roller. The system is kept under a minimum pressure of 20 bars
o that all components remain liquid by means of a back pres-
ure cartridge (Upchurch BPR 300). Temperature and pressure
ata were collected through Labview® software. The polymer-
zation solutions were injected in the microtubes with two 307
C HPLC Gilson piston pumps. Microtube reactors were heated
ith heater collars.
Two micromixers were used as depicted in Fig. 2: (a) High

ressure Interdigital Multilamination Micromixer (HPIMM)
rovided by the IMM Company (Mainz, Germany) [11] and
b) a basic 1/16′′ T-junction (TJ) purchased from Swagelok

Paris, France). The HPIMM laminates both inlet flows (PBA
olution + styrene) into 15 lamellae of 20 �m thickness for
ach flow. These lamellae are arranged in staggered rows and
onfined in the half-moon shaped focusing section (Fig. 2a).

up for the two-stage NMBC.

ultilamination Micromixer (courtesy of IMM) and (b) T-junction.
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Table 1
Synthesis of poly(n-butyl acrylate) at 140 ◦C in microtube and batch reactors in
presence of acetic anhydride

Experiment Reactor xa (%) Mn,th
b (g/mol) Mn

c (g/mol) PDId

1a �R 90 32800 26600 1.44
1b BR 95 34800 29700 1.80

a Monomer conversion.
b Theoretical Mn were given in function of the conversion, x, according to:

[BA]0/[PhEt-TIPNO]0 × MBA × x + MPhEt-TIPNO where MPhEt-TIPNO and MBA

are, respectively, the molecular weight of the alkoxyamine and the n-butyl
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in microtube reactors (�R) with two different mixers: either a
multilamination (ML) or bilamination (BL) micromixer. The
results for the second stage reaction (copolymerization) carried
out at 125 ◦C are presented in Table 2.

Table 2
Synthesis of PBA-b-PS block copolymers at 125 ◦C in microtube and batch
reactors

Experiment 1st block Process xBA
a (%) xS

a (%) Mn
b (g/mol) PDI
244 C. Rosenfeld et al. / Chemical Engi

ith this micromixer the contact area between the two flu-
ds is greatly increased by the multilamination (ML) of each
ow as compared to the TJ micromixer [12,13] which can be
onsidered as a bilamination mixer (BL) with two streams of
50 �m width.

.3. Characterizations

Monomer conversions were determined by nuclear mag-
etic resonance (NMR) (Bruker 300 Ultrashield Trade Mark
00 MHz) using deuterated chloroform (CDCl3) as solvent
nd the internal solvent peak as the reference. Size exclu-
ion chromatography (SEC) measurements were performed in
etrahydrofuran (THF) on a PL-gel 5 �m mixed-C, a 5 �m 100 Å
nd a 5 �m Guard columns in a Shimadzu LC-10AD liquid
hromatograph equipped with a Shimadzu RID-10A refractive
ndex detector. Molecular weights are reported in polystyrene
quivalents.

.4. General procedures

.4.1. Microtube reactor (μR process)
Polymerization solution containing 75 vol.% n-butyl acry-

ate, 25 vol.% toluene, the unimolecular alkoxyamine initiator,
mol% nitroxide (TIPNO) and two molar equivalents of acetic
nhydride with respect to the alkoxyamine are firstly degassed
ith nitrogen for 30 min at room temperature. Then they are
umped through the first microtube reactor (�R1) with a flow
ate of 9.7 �L/min so that the residence time is 190 min. The
emperature of that reactor is kept constant and equal to 140 ◦C.
he flow coming out of this first microtube reactor is then mixed
ith the pure styrene either with the HPIMM (�R-ML process)
r with the TJ (�R-BL process). Then the resulting mixed solu-
ion flows through the second microtube reactor (�R2) heated
t 120, 125 or 130 ◦C. The liquid comonomer is pumped with
flow rate of 9.3 �L/min so that the overall residence time in

he second microtube reactor is 190 min. After at least three
esidence times, i.e. when the steady state is reached, 2 g sam-
les were collected at the exit of each microtube reactor for
nalysis.

.4.2. Batch reactor (BR process)
In a Schlenk flask, 2 g of the same initial first block solution

as degassed with nitrogen by three freeze-pump-thaw cycles
nd the flask was sealed and placed in an oil bath at 140 ◦C to
tart the reaction. After 190 min, the polymerization is stopped
y cooling with cold water. For the block copolymerization, the
econd monomer is directly added into the Schlenk flask and
he same procedure is used to degas. The flask was again sealed
nd placed in an oil bath at 120, 125 or 130 ◦C to copolymerize
or another 190 min. After the reaction time, the polymeriza-

ion is stopped by cooling and the polymer is collected for
nalysis.

In both cases, the conversions were determined by 1H NMR.
he polymers were dried at 50 ◦C under vacuum and were ana-

yzed by SEC without further purification.

2
3
4

s

crylate.
c SEC results in PS equivalents.
d Polydispersity index.

. Results and discussion

.1. n-Butyl acrylate homopolymerization

The results are summarized in Table 1. These are used as a
eference for the polymerization of the first block at 140 ◦C in
icrotube and batch reactors.
In order to avoid gradient segment as much as possible

nto the copolymers, one needs to polymerize at least 90%
f the monomer. The first block PBA has been prepared in
resence of two equivalents of acetic anhydride. This reagent
s known to be a rate-accelerating agent in NMRP [14]. It
llows reaching higher monomer conversions faster. Due to
higher surface to volume ratio, we showed that the heat

eleased by the acrylate polymerization reaction is more effi-
iently removed from the microtube reactor than from the batch
eactor [15]. As a consequence, the polydispersity index of
he PBA is much lower (1.44) in the microtube reactor than
n the batch reactor (1.80). This difference in the PDI val-
es between those two processes already shows that using
icrotube reactor leads to a very good control over the poly-
erization, which will necessarily echo on the copolymerization

esults.

.2. Two-stage block copolymerization

.2.1. Influence of the process
Block copolymerizations were carried out in batch (BR) and
1a �R-ML 96 50 36600 1.40
1a �R-BL 99 36 26600 1.73
1b BR 99 50 33600 1.74

a Monomer conversions, respectively, of n-butyl acrylate and styrene mea-
ured by 1H NMR.
b SEC results in PS equivalents.
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used (Fig. 4a). On the other hand, the increase of the copoly-
merization temperature enhances the styrene conversion for all
processes (Fig. 4b). Indeed, polymerization rate increases as
each rate coefficient follows its own Arrhenius law.
ig. 3. Evolution of the molecular weight distribution of the first block PBA and
he block copolymer PBA-b-PS synthesized (a) in batch and (b) in microtube
eactors.

In batch reactor, styrene conversion reaches 50% (experiment
in Table 2). Moreover, it can be seen that the copolymer synthe-

ized in this system has roughly the same molecular weight than
hat of the first block PBA (33600 g/mol (Table 2) as compared
o 29700 g/mol (Table 1)). On the other hand, the polydispersity
ndex is slightly decreasing from 1.80 for the first block (Table 1)
o 1.74 (Table 2) for the copolymer. One can also observe that
he normalized RI response of the copolymer exhibits no shift
owards higher molecular weights (see right part of the chro-

atogram in Fig. 3a). This means that the longest PBA chains
roduced at the first polymerization stage are no longer living,
robably resulting from a termination by combination. As a
onsequence, these chains cannot incorporate the comonomer.
urthermore, the shift on the left part of the block copoly-
er curve indicates that the smallest TIPNO-terminated PBA

hains have been extended by few styrene units. Thus, the results
btained for the BR process illustrate that the mixing is not
fficient and therefore that the control of the copolymerization
eaction is quite low.

In microtube reactors, the rate-incorporation of styrene is
igher with the HPIMM than with the TJ (experiments 2 and
in Table 2). Moreover, number-average molecular weight of
he copolymer synthesized in the microtube reactor with the
PIMM (36,600 g/mol) matches with the incorporation of 5%
f butyl acrylate and 50% of styrene in the first block PBA

F
c
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26,600 g/mol). This gives evidences that conversely to the batch
eactor one obtains a copolymer. It is worthwhile to note that the
istribution of that copolymer is getting narrower as the lamina-
ion increases, down to 1.40 for the multilamination micromixer
ompared to 1.73 for the bilamination micromixer. Indeed, for
he later, the film thickness of each fluid (450 �m) put in contact
s too large so that a good mixing through diffusional trans-
ort can be fully achieved in the copolymerization time-scale
τ2). Only a fraction of the styrene and the first PBA block
an react, mainly at the interface between the two fluids. This
s confirmed by the SEC distribution curve which exhibits a
houlder (see Fig. 3b) meaning that TIPNO-terminated PBA
hains are still present in the medium along with copolymer
hains.

The mixing is therefore much better with the HPIMM and
elps to improve the control over the copolymer synthesis.

.2.2. Influence of the copolymerization temperature
After the first polymerization step, only few percents of BA

onomer are left, which are diluted twice with styrene just
efore the copolymerization step. Thus, since the n-butyl acry-
ate concentration is very low (0.24 and 0.13 mol/L, respectively,
n the continuous and batch reactors), the BA polymerization
ate is getting slower and as a consequence the conversion does
ot change very much (about 5%) from the homopolymeriza-
ion, whatever the copolymerization temperature and the process
ig. 4. Influence of copolymerization temperature and process on the overall
onversion of (a) n-butyl acrylate and (b) styrene.
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Fig. 5. Influence of copolymerization temperature and process on the overall
copolymer polydispersity index.
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ig. 6. Evolution of the number molecular weight distribution of the first block
BA and the block copolymer PBA-b-PS synthesized in microtube reactors with

he multilamination micromixer (HPIMM).

In the microtube reactor coupled with the T-junction, the
ontrol over the polymerization is slightly improved with the
ncreasing temperature, as the polydispersity indices go down
rom 1.74 to 1.67. Since the mixing is poor (low contact area),

temperature increase improves the diffusional transport by
educing the medium viscosity.

With the multilamination micromixer, the polydispersity
ndex increases with temperature but only of 3% every 5 ◦C
rom 1.36 at 120 ◦C to 1.44 at 130 ◦C. This increase of the
DI values can be attributed to the activation/deactivation equi-

ibrium in NMRP which is shifted to the active species when
he temperature is getting higher. Since the monomer conver-
ion increases, the shift in the SEC distribution curves to higher
olecular weights is coherent as shown in Figs. 5 and 6. In this

onfiguration, the very efficient mixing would permit to increase
he copolymerization temperature to achieve higher comonomer
onversion while keeping very narrow distributions.
. Conclusion

Continuous two-stage nitroxide-mediated block copolymer-
zation of n-butyl acrylate and styrene in two serial 900 �m

[

[

g Journal 135S (2008) S242–S246

nner diameter stainless steel tube reactors has been demon-
trated for the first time. For the continuous process, two different
icromixers, either a multilamination micromixer or a bil-

mination micromixer, as well as different copolymerization
emperatures have been investigated. The use of microflu-
dic devices, i.e. microtube reactors along with an interdigital

ultilamination micromixer, can significantly reduce the poly-
ispersity index of the copolymer synthesized (1.36 at 120 ◦C)
s compared to a macroscale batch reactor (1.83 at 120 ◦C).
his improved control over the polymerization reaction is quite

mportant for the synthesis of poly(n-butyl acrylate)-block-
olystyrene copolymers since the highest exothermic monomer
enefits from the advantages not only of the microtube reactor,
.e. a high surface to volume ratio to remove the heat released
y the polymerization reaction, but also of the microstructured
icromixer, i.e. the small film thicknesses of the lamellae to

nhance the mixing between the viscous poly(n-butyl acrylate)
nd the liquid styrene. The use of a multilamination micromixer
s compared to a bilamination micromixer allows on one hand to
ncrease the comonomer incorporation rate into the copolymer
hains and on the other hand to notably reduce the overall molec-
lar weight distribution. This results directly from the increasing
ontact area as the lamination increases.
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