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Abstract

Polymerization has a fast, complex reaction kinetics, which is difficult to control with
conventional equipment. We employed a micro flow system to design ideal reaction
conditions based on a kinetic model. Rate analysis was conducted at a wide range of
reaction times, from 10 to 3600 s. The concentration profile of an active intermediate was

estimated and utilized for designing advanced reaction schemes, which required rapid
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concentration and temperature changes. A block copolymer of hexyl norbornene and
norbornene carboxylic acid alkyl ester was synthesized by developing a sequential
polymerization system. The temperature jump operation, with 0.5 s initiation at 60 °C
followed by 30 s propagation at 0 °C, generated a hexyl norbornene polymer with a sharp
molecular weight distribution.
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1. Introduction

A flow reactor with a small scale diameter, typically tens of microns to a
millimeter, enables rapid mass and heat transfer via the short diffusion length, high
surface to volume ratio and controlled secondary flows [1,2]. Therefore, a micro flow
reactor is an attractive tool for producing fine chemicals and materials that require the
strict control of process conditions for product quality [3,4]. For instance, monodispersed
quantum dots were synthesized in a silicon carbide micro flow reactor with rapid heating
[5]; a synthetic retinoid TAC-101 was synthesized via the Br/Li exchange reaction with
rapid mixing [6]; and zeolitic imidazolate flamework-8 particles with controlled sizes,
shapes and gate adsorption characteristics were produced using a micromixer with 10
sub-streams [7]. Continuous flow synthesis also improves reproducibility [8] and
productivity [9]. Therefore, small sized flow reactors, which do not necessarily have a
microscale, have been intensively applied for on-demand production, especially of active
pharmaceutical ingredients [10-12].

Micro flow reactors have been employed for precision polymerization for
decades [13]. First, rapid mixing and heat removal have a significant advantage to make
a sharp molecular weight distribution by providing strict control of the concentration and
temperature. For example, improvement of molecular weight distributions in the radical
polymerization of styrene [14], cationic polymerization of vinyl ether [15], and Grignard
metathesis polymerization of 3-hexylthiophene [16] have been reported. Smaller polymer
particles with a tighter size distribution were generated in an ultrasound-assisted,
surfactant-free emulsion polymerization in a narrow channel reactor coil [17]. A tiny
reaction volume with pressure resistance has advantages that allow us to safely conduct

an unconventional reaction scheme that involves hazardous chemicals and high
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temperature and pressure. End group modification using trimethylsilyl azide at 120 °C
and 20 bar, which would have explosion risks and the formation of extremely toxic HN3
gasses in a batch reactor, was successfully achieved in a commercial microchip [18]. The
flow system can be equipped with in-line purification and process automation, which
dramatically improve productivity and scalability. A modular flow system with a
membrane separator achieved sequence defined polymer synthesis with a 66 g day*
throughput [19].

Almost all of the above polymerization studies with micro flow reactors have
been empirically optimized by changing the temperature, residence time, concentrations
and reactors, i.e., without kinetic modeling. One reason is probably the complexity of the
polymerization mechanisms. However, optimization based on reaction Kinetics would
effectively improve the quality and productivity of the process. Kinetic modeling and
micro flow reactors would have a strong synergy. Micro flow reactors can acquire reliable
data for rate analysis by controlling the reaction time at a surprisingly high-resolution on
the order of milliseconds [20]. Furthermore, the complicated behavior of secondary flows
and concentration profile in a microreactor can be analyzed and optimized with the
assistance of computational fluid dynamics simulation and 3D printing techniques [21].
An automated experiment that changes numerous variables is also possible with a
compact system consisting of a micro flow reactor, pumps, and an analyzer [22]. Rapid
heat and mass transfer enable us to realize the ideal conditions derived from the kinetic
model, even if they require temperature changes within a second.

This study intended to invent a precision polymerization procedure based on
polymerization Kkinetics. We chose the non-living coordination polymerization of

norbornene derivatives as a model. Fig. 1 illustrates a proposed reaction mechanism for
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this system based on Barnes et al. [23]. Polymerization proceeds via insertion and
coordination of a monomer to the nickel complex. There are two types of termination via
proton transfer to an end group norbornene, where one is in the state of one monomer
coordination (termination 1) and the other one is in the state of two monomer coordination
(termination 2). This study attempted to acquire the kinetic parameter for each step and
design a procedure to synthesize a block copolymer and a polymer with a monodispersed
molecular weight distribution. These are challenging objectives in a non-living system in
which an undesirable termination reaction exists. However, it would be a promising
approach to intensify the versatility of polymer processing by expanding the scope of

precision polymerization.

/.‘- N
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Fig. 1. Proposed reaction mechanism based on Barnes et al. [23]
2. Methods
2.1. Materials

Monomer materials of hexyl norbornene (monomer A) and norbornene
carboxylic acid alkyl ester (monomer B) and an initiator of (n°-tolunene)Ni(C¢Fs). were
supplied from SUMITOMO BAKELITE (Tokyo, Japan). Toluene, tetrahydrofuran (THF),
ethyl acetate, 30 wt% hydrogen peroxide, and acetic acid were purchased from Wako Pure
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Chemical Industries (Osaka, Japan). The monomer was diluted with a mixture of toluene
and ethyl acetate at a weight ratio of 3:7. The prepared monomer solution was dried by
bubbling with nitrogen gas for 30 minutes before usage. The initiator solution was
prepared by diluting (n°-tolunene)Ni(CeFs)2 with toluene. The aqueous peracetic acid
solution for termination was prepared as THF = 27 wt%, H20 = 53 wt%, H>0, = 8 wt%,
and CH3COOH = 12 wt%.
2.2. Constant temperature polymerization for Kinetic analysis

Fig. 2(a) illustrates the reactor system. The reactor was constructed using SUS
tubing and tees. Tubing with an outer diameter (0.d.) of 1/16” and an inner diameter (i.d.)
of 1.0 mm was connected to union tees (Swagelok, USA) with an i.d. of 1.3 mm. All
tubing was coiled to enhance the heat and mass transfer and to reduce the residence time
distribution [24,25]. The first tee mixes the monomer and initiator solution, and the other
tee injects the peracetic acid solution to terminate the reaction. All were placed in a water
bath to keep the temperature constant. The reaction time was controlled by changing the
flow rate and length of tubing between tees. Two meters of tubing was used for reaction
times from 10 to 20 s, 5 m of tubing was used for 30 to 60 s, and 10 m of tubing was used
for 150 to 3600 s. Four concentration sets were examined. The monomer A ([M]) and
initiator ([I]) concentrations after the first tee for each set are listed as follows:
set 1 (monomer 5 wt%): [M] = 0.25 M, [I] = 0.0049 M
set 2 (monomer 10 wt%): [M] =0.49 M, [1] = 0.0049 M
set 3 (monomer 15 wt%): [M] =0.74 M, [1] = 0.0049 M
set 4 (monomer 14 wt%): [M] = 0.68 M, [I] = 0.0048 M.
The ratios of the flow rates of the monomer solution, 5 kg m™ initiator solution, and

terminator solution were 0.86 : 1 : 1 for set 4 and 1.3 : 1 : 1 for the other sets. The flow



rate was controlled using PHD Ultra syringe pumps (Harvard Apparatus, Massachusetts,
USA).

To confirm that the Kinetic parameters were not contaminated by heat and mass
transfer issue, which originates from the enhanced viscosity with molecular weight build
up, we measured the viscosity of a polymer solution. The sample polymer solution was
obtained by polymerization in a batch reactor. Set 4 concentration was employed. A
conical flask placed in a water bath at 25 °C was used as a batch reactor. Air was purged
with nitrogen gas before the injection of initiator solution. After 1 h reaction, kinematic
viscosity of the solution was measured by an Ostwald viscometer with an inner diameter
of 1.75 mm (As One, Osaka, Japan). Terminator solution was not added for measuring
the viscosity before the dilution. The density of the solution was also obtained by

weighing the 1 mL solution to convert kinematic viscosity to absolute viscosity.

2.3. Block copolymer synthesis

Fig. 2(b) illustrates the reactor system. Union tees with an i.d. of 0.33 mm were
used. The first tee mixes the monomer A and initiator solutions. The second tee mixes the
reacting stream and the monomer B solution. The third tee injects the terminator. Two
water baths were used to change the temperature from 40 °C to 25 °C. The lengths of
tubing were 2 m for both the first and second steps. The concentrations after the first tee
were [M] = 0.61 M and [I] = 0.0043 M. The concentration of monomer B was 0.825 M
after the second tee. The residence times were 30 s and 15 s for the first and second steps,
respectively. The flow rates were 0.85, 0.73, 1.58, and 3.16 mL min for the monomer A
solution, initiator solution (5 kg m™), monomer B solution, and terminator solution,

respectively. All other conditions were the same as described in section 2.2. For the
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control experiments, polymerization of monomer A alone with the first step and the block
copolymer synthesis with twice the residence time (60 s for the 1% step and 30 s for the

2"9 step) and with half the flow rate (0.43, 0.37, 0.79 and 1.08 mL min™) were conducted.

2.4. Homopolymer synthesis with temperature jump

Fig. 2(b) illustrates the reactor system. Of note, a 0.13 m length of tubing with
an i.d. of 0.5 mm was used for the high temperature zone; a 2 m length of tubing with an
i.d. of 1 mm was used for the low temperature zone. A water bath with a drilled screw
hole was placed in a larger bath. Two tubes were connected at the drilled hole. The inner
bath was kept at 60 °C by a heater. The outer bath was maintained at 0 °C with ice. The
residence times were 0.5 s and 30 s for the low and high temperature zones, respectively.
The flow rates were 1.44, 1.70, and 1.57 mL min* for the monomer A solution, initiator
solution (30 kg m), and terminator solution, respectively. The concentrations after the
first tee were [M] = 1.0 M and [I] = 0.033 M. All other conditions were the same as those
described in section 2.2. For a control experiment, constant temperature operations for a
0.5-s reaction time at 60 °C and for a 30-s reaction time at 0 °C were conducted by

removing one of the tubes.

(b)
(@) LJ monomer 2 LJ
= product - product
monomer AT— monomer 1 g (i———=={Tm-
- 55 C WE = sC 25
initiator initiator
terminator terminator



- product

Fig. 2. Reactor setups: (a) constant temperature operation for kinetic analysis; (b) block
copolymer synthesis; and (c) homopolymer synthesis with a temperature jump
2.5. Analysis

Conversion of the monomer was calculated from the monomer concentration
in the solution after the reaction as determined by gas chromatography. A GC-2010
(Shimadzu, Kyoto, Japan) equipped with a flame ionization detector and a non-polar
capillary column TC-1 (GL-Science, Tokyo, Japan) was used. Molecular weight
distributions were obtained by high-performance liquid chromatography (HPLC). The
separation column was a Shodex GPC LF-804 column (Showa Denko, Tokyo, Japan). A
refractive index detector RID-6A (Shimadzu) and esa Corona charged aerosol detector
(DIONEX, California, USA) combined with an SPD-20A UV detector (Shimadzu) were
used as detection units. THF was used as the mobile phase with a 1 mL min flow rate
and was pumped with a LC10-ATvp HPLC pump (Shimadzu). Gradient polymer elution
chromatography (GPEC) was conducted to analyze the composition and homogeneity of
a copolymer. An Alliance 2695 HPLC system (Waters, Massachusetts, USA) equipped
with a Luna C18(2) separation column (Phenomenex, California, USA) with a 2420
evaporative light scattering detector (Waters) was employed for GPEC. The flow rate of
the mobile phase was fixed at 1 mL min™t. A mixture of acetonitrile and THF was used as
the mobile phase. The linear gradient was adapted, and the percentage of THF was

changed from 40% to 100% over 7.5 min after 0.5 min of operation. The composition
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was again changed from 100% to 40% over 0.5 min after 11 min of operation.
2.6. Parameter fitting

A kinetic model based on the mechanism in Fig. 1 was built as shown below.

Initiation Coordination1l |+ M 2 Ro r = kiu[1][M]—k-n[Ro]
Coordination2 Ro+M 2 R; I = ki2[Ro][M] —k-12[R1]
Insertion Ri — P1 r = kis[Ru]
Propagation Coordination Pi*+M 2 Rops1 r = kv[Pn*][M] — k-m[R
n+1]
Insertion Rn — Pp* r = ke[Rn]
Termination Termination 1 Pn* — Pp r = kr1[Pn*]
Termination 2 Rn — Pna r = kr2[Rn]
M: Monomer  Pi*: Active intermediate with polymerization degree i
I: Initiator Pi: Dead polymer with polymerization degree i

Ri: Monomer coordinated complex with polymerization degree i.

The number of parameters was reduced from ten to five by introducing the quasi-steady

state assumption for the concentration of Ri. The simplified kinetic model is shown below:

Initiation |+2M — Py ri = ki [IT[M1?/(kiz+[M])
Propagation Pi* +M — Pny” rp = ke[Pn*][M]

Termination Termination 1 Pn* — Pn 1t =ku[P*]

Termination 2 Pn*+ M — Pqri=ke[P*][M]
Ordinary differential equations for parameter fitting were derived from the above model

using the method of Carvalho [26]. The calculation cost was reduced by introducing
supporting variables X;i and Yi. All experimentally obtainable variables, the monomer
concentration, the number averaged molecular weight M,, and the weight averaged

molecular weight My, were included in the equations as follows:

e

X = ) ni(B] + [B))

n=1
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n=1
d[I] _ dX, _
dt  dt !
d[M]
_t - _rp T2 — 1
d[P*] dY,
dt = E =N —Tun —Te
dy; _
FT T+ 71— kal: — ke [M]Y;
dX;
E T'p + i
dX,
W = ka[M]Yl + 7
M, =1y
n XO
M, =22y

where M indicates the molecular weight of a monomer. Five parameters were
simultaneously fitted for minimizing the sum of squared errors of the normalized
monomer concentration, M,, and My. Data analysis software IGOR Pro (HULINKS,
Tokyo, Japan) was used for fitting. The value of ki always took the negligibly smaller
compared with the value of [M] when we fit the five parameters. So we emit ki> and
recalculated other four parameters all at once.
2.7. Polymerization simulation

The Kinetic Monte Carlo (kMC) method, modified for polymerization
simulation [27], was adopted to simulate molecular weight distributions from a reaction
model and reaction conditions. The code was written in C++ and run by Visual Studio
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2010. The basic algorithm of the kMC method is as follows:
1. Initialize reaction time tas 0
2. Form a list of reaction rates, ri (i = 1....n), for all possible reactions
3.CalculateRifori=1....nas R;_; = Z§'=1 77, Where n is the total number of transitions
4. Get a random numberu (O <u<1).
5. Find the transition event i that satisfies Ri.1 < URn <R;
6. Carry out the event i associated with r;
7. Obtain a new random number u’
8. Advance t by At = Ry n(1/u”)
9. Update all ri (i = 1...n) affected by this move
10. Return to 3 until t reaches the total polymerization time.
3. Results and discussion
3.1. Constant temperature polymerization

The results for constant temperature polymerization are shown in Fig. 3.
Markers in Fig. 3 show the conversion of the monomer, My, and My against the reaction
time at each temperature and monomer concentration. First, we confirmed the successful
termination of the polymerization by peracetic acid. The monomer concentration of the
obtained solution did not change after it was maintained at room temperature for days.
Peracetic acid solution would instantly deactivate the end group by protonation of the end
group. Second, we also confirmed that the viscosity issue was negligible. Obtained
absolute viscosity of the polymer solution was only 32.6 mPa s after 1 h reaction with
monomer 14 wt% at 25°C. The polymer solution maintained the fluidity and neither
gelation nor adhesion to the wall occurred. The increase in the temperature significantly
accelerated the reaction; conversion reached 50% at 30 s at 55 °C and at 3600 s at 0 °C
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for the same concentration set (Fig. 3(a) and (f)). On the other hand, M, and My, decreased
at the higher temperature; the My at 55 °C was approximately one tenth of the My at 0 °C
with the same concentration set. Increasing the monomer concentration increased both
the conversion and molecular weight (Fig. 3(a) and (b), (f) and (g)). This supports the
reaction model shown in Fig. 1 in which the monomer is involved in initiation and
propagation, while it is not involved in termination. The temperature dependence of the
polymerization steps can be qualitatively estimated from these results. The termination
step should have a greater temperature sensitivity than the propagation step to satisfy the
tendency of the molecular weight. The initiation step should have a larger sensitivity than
the termination step to make conversion larger with a higher termination reaction rate.
The best fit results obtained by the procedure described in section 2.6 are shown in Fig.
3 with lines. The fitted curves represent the experimental data well, indicating the validity
of the reaction models. The frequency factor ko and activation energy E were determined
by the Arrhenius plots shown in Fig. 4 and are listed in Table 1. All E values were in the
reasonable range, and the order of each step agreed with the previously discussed

temperature dependency, with initiation > termination > propagation.
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Fig. 3. Reaction results with model fitting: (a) 55°C, 10 wt%; (b) 55°C, 15 wt%; (c) 40°C,

14 wt%; (d) 33°C, 14 wt%; (e) 25°C, 14 wt%; (f) 0°C, 10 wt%; and (g) 0°C, 5 Wt%
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Fig. 4. Arrhenius plots of kinetic parameters: (a) initiation, (b) propagation, (c)
termination of a one monomer coordinated Ni complex, and (d) termination of two
monomers in a coordinated Ni complex

Table 1 Kinetic constants obtained from Fig. 4.

ki1 Kp ki1 ki2
E 98.0kImolt  29.6kiImol?  51.7kJmol?  62.1 k]I mol?
Ko 1.48x108 m® 8.44x10° m® 1.59x10’s* 2.90x105 m3
mol? st mol? s mol? s

The kinetic model enabled estimation of the concentration profile of active
intermediates. Fig. 5 illustrates the estimated concentration of the active intermediate for
the experiment at T = 55 °C (monomer 10 wt%), T = 40 °C, (monomer 14 wt%), and T =
25 °C, (monomer 10 wt%). A higher temperature makes the initiation faster and creates a
higher number of active intermediates. The peak was around 10 s at T =55 °C and around
20 sat T =40 °C. We tried to utilize the estimation by initiating the reaction at the higher
temperature and changing the reaction conditions around the peak of the estimated Pn*

concentration.
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Fig. 5. Concentration profile of Pn* corresponding to (a), (c) and (e) in Fig. 3.

3.2. Block copolymer synthesis

To demonstrate the validity and availability of the estimation, we synthesized a block
copolymer. After polymerization of monomer A at 40 °C for 30 s, monomer B was added,
and polymerization continued at 25 °C for 15 s. We intended to make a block of monomer
B by adding an excess amount of monomer B and by setting the temperature lower after
addition so that the deactivation reaction would be suppressed. Fig. 6(a) shows the
molecular weight distributions obtained from the designed scheme and control
experiment with only the 1%t step. The My and M, of the obtained copolymer were 6.6x10*
and 1.2x10°, respectively. An apparent shift of the molecular weight from the control was
observed, which suggested the sequential growth of the active intermediates generated at
the 1% step. Fig. 6(b) indicates the results of GPEC for the obtained polymer in the
designed scheme and the homopolymers of monomers A and B. The obtained polymer
had three peaks. The small and sharp peak overlapping with monomer A corresponds to
the dead polymer generated in the first step. The largest peak around 8 min corresponds
to the copolymer, which started polymerization at the first step and continued propagation

at the second step. The smallest peak at the position with a slightly longer retention time
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than the homopolymer of monomer B would correspond to the copolymer that began
polymerization during the second step. The composition would reflect the monomer
concentration at the second step, which consists of a high level of monomer B and a minor
level of monomer A that was not consumed in the 1% step. To validate the estimated profile
of active intermediates, we conducted the block copolymer synthesis with twice the
residence time and half the flow rate. Table 2 compares the conditions and conversion of
each monomer species. By increasing the residence time, the conversion of monomer A
naturally increased, but the conversion of monomer B decreased. This tendency can be
attributed to the deactivation of the active species during the extended residence time at
the 1% step and supports the estimated concentration value of active intermediates, which
was decreased in the control scheme.

Based on these pieces of evidence, we can conclude that the estimated profile of active

intermediates was valid and we successfully synthesized a block copolymer.
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Fig. 6. (a) Molecular weight distribution and (b) GPEC profile of the obtained copolymer

Table 2 Comparison of conversion with different residence times

Residence time (1% Conversion of Conversion of Estimated Pn*
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step- 2" step) [s] monomer A monomer B concentration after

the 1% step [M]

30-15  (designed 0.208 0.083 7.1X10°
scheme)
60-30 (control  0.434 0.072 5.8X10°
scheme)

3.3 Homopolymer synthesis with temperature jump

To synthesize a polymer with a monodispersed molecular weight distribution,
it is effective to make the initiation reaction faster than the propagation reaction and to
make the termination reaction slower than the other reactions. A higher temperature can
boost the initiation reaction, and a lower temperature can efficiently suppress the initiation
and termination reactions. We designed the temperature jumping operation for conducting
the initiation reaction at the high temperature, 60 °C, and the propagation reaction at the
lower temperature, 0 °C. The concentrations of monomer and initiator were fixed at 20
wit% and 0.033 M, respectively. The residence time at 60 °C was designed based on the
KMC simulation. Fig. 7 summarizes the results of the simulation with the Kinetic
parameters in Table 1. In the case of the constant temperature operation at 60 °C, the value
of Mw/My increased almost linearly against the conversion by the simultaneous initiation,
propagation and termination reactions. The temperature change had a significant impact
on the profile. The Mw/Mn decreased after cooling because the active intermediates
generated in the high temperature zone uniformly propagated and terminated. Then, the

Mw/Mn increased again with the conversion. This is attributed to the new active
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intermediates generated in the low temperature zone. Rapid cooling after 0.1 s of reaction
at 60 °C enabled a surprisingly small Mw/M,, around 1.05, in the minuscule conversion
region. The 1.0 s reaction in the high temperature zone enabled the more stable Mw/Mn
curve, although the dead polymer that formed within 1.0 s increased the Mw/Mn. Then,

0.5 s was determined to be the optimal residence time for the high temperature zone.

---01s —=05s —1.0s
1.8 |

16|

Curve at 60°C e

Mw"{Mn [']

0 02 04 06 038 1
Monomer conversion [-]

Fig. 7. Simulated Mw/M, profiles in the case of the temperature jumping operation. The

legend shows the residence time in the high temperature zone.

Fig. 8 shows the molecular weight distribution obtained by the designed scheme and
constant temperature operation with the same concentration set. The designed scheme
successfully resulted in a sharp peak owing to the uniform propagation of active
intermediates generated at the high temperature. Table 3 summarizes the experimental
and simulation outputs for the designed system and control experiments. The designed
scheme showed much higher conversion than the simple summation of 0 °C, 30 s and
60 °C, 0.5 s. However, both the conversion and Mw/My of the experimental results were
worse than those of the simulated values. The most likely reason was the effect of ethyl
acetate, which was essential for reducing the molecular weight and preventing clogging,

but it was not included in the kinetic model.
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Fig. 8. Molecular weight distributions of the polymers synthesized in the temperature

jumping operation from 60 °C to 0 °C and the constant temperature operation at 0 °C

Table 3 Output of various schemes: monomer 20 wt%, initiator 0.033 M, and [M]/[I] =

30/1
conversion [-] Muw/Mn Mn
60 °C,0.5s 0.09 2.07 17909
0°C,30s 0.04 1.62 59792
designed scheme 0.28 1.71 72557
designed scheme (simulation) 0.38 1.21 65980

4. Conclusions

The micro flow reactor was successfully applied to the rate analysis of
polymerization by allowing for a short reaction time and rigid temperature control. The
validity and utility of the kinetic analysis were demonstrated by synthesizing a block
copolymer with a non-living polymerization system. The temperature jumping operation,
0.5 s initialization at high temperature followed by 30 s growth at low temperature, was

examined based on the estimated kinetic model. Although the experimental results were
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worse than the simulation for the Mw/Mn and conversion, the sharpness values of the
molecular weight distribution and productivity were improved from the constant
temperature operation. Therefore, a micro flow reactor system supported by reliable
kinetic information would be an ideal tool to improve both the productivity and quality

of highly functionalized polymers.
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