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ABSTRACT: To investigate the process for the preparation of well-defined poly-dimethylsiloxane-b22,2,3,3,4,4,4-heptafluorobutylme-

tharylate block copolymers via a macroinitiator initiated atom transfer radical polymerization (ATRP), a model for the batch and

semi-batch ATRP process was presented based on the method of moments. The ATRP mechanism, the diffusion limitation, and the

reactor choice were considered in the model. Besides, the polymer molecular weight, monomer conversion, and polymer polydisper-

sity index as a function of polymerization time were described by this model. The model was validated by comparing simulated

results with experimental data and was also used to investigate the effects of diffusion limitation and reactor choice (i.e., batch and

semi-batch reactors). VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 3473–3481, 2013
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INTRODUCTION

Fluorosilicone block polymers which combine the unique prop-

erties of silicone polymers and those of fluorinated polymers,

such as polydimethylsiloxane-b-2, 2,3,3,4,4,4-heptafluorobutyl-

metharylate (PDMS-b-PHFBMA)1–3 have been achieved mainly

by living polymerization techniques4 including living radical

polymerization (LRP).5–9 Much interest has been devoted to

LRP recently, as it provides greater monomer diversity and less

stringent reaction conditions.10 Among the LRP techniques,

atom transfer radical polymerization (ATRP) can be applied to

prepare well-defined block copolymers with easy controllable

polymer architecture, molecular weight and molecular weight

distribution, and it only needs moderate experimental condi-

tion.11 Recently, a series of PDMS-b-PHFBMA diblock copoly-

mers were prepared by the ATRP.7–9 The excellent properties,

including low surface energy, self-assembly, and microphase sep-

aration behavior have been investigated deeply and precisely.

But the polymerization was operated in a batch reactor and the

polymerization kinetics was not involved.7–9 The effects of the

diffusion limitation as well as the reactor choice (i.e., batch and

semi-batch reactors) were not mentioned, although they are

very important for the polymerization kinetic study/modeling

and may influence the polymerization results greatly.12,13

Furthermore, the semi-batch reactor is much flexible for the

preparation of polymers,14 for example, Zhou and Luo recently

used the semi-batch Cu(0)-mediated LRP technique to produce

linear gradient copolymers.15 Another study published by the

same authors clearly demonstrated the effect of synthesis meth-

odology on the molecular structure. Based on theory models,

batch copolymerization leads exclusively to random copolymer,

and di-block copolymer can be produced by sequential homo-

polymerization. Meanwhile, semi-batch polymerization based

on the developed model can easily be performed to create poly-

meric materials having a gradient composition.16 Herein, we

pay special interest to the kinetic modeling of the production of

fluorosilicone diblock copolymers, which is important in poly-

merization reaction engineering and also can be promoted to

other polymerization systems.

Models for ATRP have been developed by several research

groups.17–21 The previous work was done in a batch reactor. It

is notable that the models developed initially for ATRP did not

contain diffusion limitation,17 and the effect of diffusion limita-

tion on controlling of ATRP was studied later on.18,19 Zhang

and Ray developed a comprehensive mathematical model for

ATRP of styrene to provide a tool for the study of process

development and design issues.20 In their work, polymerization

results in batch, semi-batch, and a series of continuous tank

reactors were analyzed. Wang et al. developed a model and
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simulated copolymerization system with various reactivity

rations in a semi-batch reactor to control of gradient copolymer

composition in ATRP.21 Recently, Zhou and Luo reported a sys-

tematic study, which was carried out on the preparation of

poly(methyl methacrylate-grad-2-hydroxyethyl methacrylate)

with simultaneously tailor-made chain composition distribution

and Tg through semi-batch atom transfer radical polymerization.22

In this work, we develop a comprehensive mathematical model

for the solution ATRP of HFBMA using the PDMS-Br macro-

initiator. Moreover, our present work is focused on the investi-

gation of the effects of the diffusion limitation as well as the

reactor choice on the polymerization process.

EXPERIMENTAL

The experimental section in this work is similar to those

reported in our previous work7,22 and Sun et al.’s work.23,24

Herein, in order to keep the completeness of the study, the

experimental section was still described here in brief.

Materials

Monocarbinol-terminated polydimethylsiloxane (PDMS-OH,

with an average molecular weight of 5000 g/mol) and 2-bomo-

2- methylpropionylbromide (98%) were obtained from A Better

Choice for Research Chemicals (ABCR) GmbH & Co. KG. Trie-

thylamine was supplied by Sinopharm Chemical Reagent Co,

Ltd. (SCRC 99%) and stored over 4-Å molecular sieves. N-Pro-

pylamine (98%) and pyridine-2-carboxaldehyde (99%) were

obtained from ABCR. HFBMA (98%) purchased from Lancaster

was washed with 5% aqueous NaOH solution to remove the

inhibitor. Copper (I) bromide (98%) obtained from Aldrich was

purified to remove Cu (II) by precipitation from the concen-

trated HBr acid by addition of water under nitrogen atmos-

phere. All other reagents and solvents were obtained from

SCRC and used without further purification.

Synthesis of PDMS-b-PHFBMA Diblock Copolymers

via Batch ATRP

Polydimethylsiloxane macroinitiator (PDMS-Br, R0X, I) and

N-(n-propyl)-2-pyridinylmethanimine (ligand) were synthesized

as reported previously.7 The PDMS-b-PHFBMA diblock

copolymers were prepared by batch ATRP using PDMS-Br

macroinitiator (Scheme 1). It should be emphasized that the

number-average molecular weight and molecular weight distri-

bution of PDMS-Br measured by gel permeation chromatogra-

phy (GPC) are 5650 g/mol and 1.03, whilst the molecular

weight calculated by 1H-NMR is 5150 g/mol.7 The typical syn-

thesis process is as follows: First, the macroinitiator PDMS-Br

(I), toluene, ligand, and CuBr were added into a dried round-

bottom flask equipped with a magnetic stirrer bar. Next, the

flask was purged with N2 and then vacuumized. After three rep-

etitions, a predetermined amount of HFBMA was added with

an injector under N2. The flask was placed in a preheated and

thermally regulated oil bath at 94�C. All the polymerization

conditions are summarized in Table I.

Synthesis of PDMS-b-PHFBMA Diblock Copolymers via

Semi-Batch ATRP

Different from the method above, the present synthesis is via

semi-batch ATRP which is similar to previous works.22–24 The

deoxygenized monomer (HFBMA, M) was continuously fed to

the flask by metering pump. The feeding rate (Vf 5 1.2 lL/min)

is determined according to the simulation result, which corre-

sponds to targeted monomer conversion within the batch reac-

tion time. Other polymerization conditions are the same to the

batch process.

Samples were taken out from the flask at regular intervals with

a syringe and then handled as described as follow: Diluted with

THF, and precipitated in methanol, the obtained polymer was

rinsed with methanol for several times and dried to constant

weight under vacuum at 50�C. The monomer conversion was

measured by gravimetry.

Measurements

The polymers samples were measured by nuclear magnetic reso-

nance (1H-NMR) on a Bruker AV400 NMR spectrometer in

deuterated chloroform. The molecular weight (Mn) and molecu-

lar weight distribution (Mw/Mn, polydispersity index (PDI)) of

the polymer samples were determined at 40�C by GPC. GPC

was carried out using tetrahydrofuran (THF) at a flow rate of 1

mL/min, with a Waters 1515 isocratic HPLC pump equipped

with a Waters 2414 refractive index detector and three Waters

Styragel HR columns (1 3 104, 1 3 103, and 500 Å pore sizes).

Monodisperse polystyrene standard samples were used for

calibration.

MODEL DEVELOPMENT

Scheme and Kinetic Equations for Batch ATRP of HFBMA

As described in Scheme 1, the present ATRP process to prepare

PDMS-b-PHFBMA diblock copolymers consists of one-step

ATRP using the PDMS-Br macroinitiator. In order to simplify

the modeling work in the specific ATRP system. The following

three assumptions, which have been proved to be sufficient for

Scheme 1. Synthetic scheme of the PDMS-b-PHFBMA diblock copoly-

mers via ATRP.

Table I. Recipes Used for the Experimental Runs of ATRP of HFBMA

Expt.
HFBMA
(mL)

Toluene
(mL)

PDMS-Br
(g)

Cu(I)Br
(g)

Ligand
(mL)

1 1.06 6.0 1.08 0.03 0.06

2 2.54 8.0 1.08 0.03 0.06
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describing the ATRP process, are applied18: (1) the value of the

rate constant for each step is independent on chain length; (2)

only chain transfer to monomer is considered; (3) the value of

the initiator-activation rate constant is equal to that of the dor-

mant. Therefore, elementary reactions can be obtained as

follows:

Chain initiation : R0X1C $ka=kda

R0 �1CX (1)

R0 �1M!kin
R1� (2)

ATRP equilibrium : Di1C !ka=kda

Ri �1CX; (3)

Chain propagation : Ri �1M!
kp

Ri11�; (4)

Chain transfer to monomer : Ri �1M!ktr
Pi1R�; (5)

Chain termination : Ri �1Rj � !
ktc

Pi1j ; (6)

Ri �1Rj � !
ktd

Pi1Pj ; (7)

There are three types of chain species involved in the ATRP: (1)

dormant radical chain, Di , (2) propagating radical chain, Ri�,
and (3) dead chain, Pi . For these species, the following molar

balance equations/kinetic equations can be derived:

for D i :
d Di½ �

dt
52ka Di½ � C½ �1kda Ri�½ � CX½ �; (8)

for Ri�:

i51;
d R1�½ �

dt
5ka D1½ � C½ �2kda R1�½ � CX½ �2kp R1�½ � M½ �

2ktr R1�½ � M½ �2 ktc 1ktdð Þ R1�½ �
X1
i51

Ri�½ �;
(9)

i � 2;
d Ri�½ �

dt
5ka Di½ � C½ �2kda Ri�½ � CX½ �1kp Ri21�½ � M½ �

2kp Ri�½ � M½ �2ktr Ri�½ � M½ �2 ktc 1ktdð Þ Ri�½ �
X1
i51

Ri�½ �;
(10)

for Pi:

i51;
d P1½ �

dt
5ktr R1�½ � M½ �1ktd R1�½ �

X1
i51

Ri�½ �; (11)

i � 2;
d Pi½ �

dt
5ktr Ri�½ � M½ �1ktd Ri�½ �

X1
i51

Ri�½ �1
ktc

2

Xi21

r51

Rr �½ � Ri2r �½ �:

(12)

Table II. Differential Moment Equations

Zeroth order
moments

Dormant
chains

dk0

dt
52ka C½ � k0½ �1kda CX½ � l0½ �

Propagating
radical
chains

dl0

dt
5ka C½ � k0½ �2kda CX½ � l0½ �2ktr M½ � l0½ �2 ktc 1ktdð Þ l0½ � l0½ �

Dead chains ds0

dt
5ktr M½ � l0½ �1ktd l0½ � l0½ �1

ktc

2
l0½ � l0½ �

First-order
moments

Dormant
chains

dk1

dt
52ka C½ � k1½ �1kda CX½ � l1½ �

Propagating
radical
chains

dl1

dt
5ka C½ � k1½ �2kda CX½ � l1½ �1kp M½ � l0½ �2ktr M½ � l1½ �2 ktc 1ktdð Þ l0½ � l1½ �

Dead chains ds1

dt
5ktr M½ � l1½ �1ktd l0½ � l1½ �1ktc l0½ � l1½ �

Second-order
moments

Dormant
chains

dk2

dt
52ka C½ � k2½ �1kda CX½ � l2½ �

Propagating
radical
chains

dl2

dt
5ka C½ � k2½ �2kda CX½ � l2½ �1kp M½ � l0½ �12kp M½ � l1½ �2ktr M½ � l2½ �2 ktc 1ktdð Þ l0½ � l2½ �

Dead chains ds2

dt
5ktr M½ � l2½ �1ktd l0½ � l2½ �1ktc l0½ � l2½ �1ktc l1½ � l1½ �

Small molecules HFBMA
monomer

dM

dt
52 kp1ktr

� �
M½ � l0½ �

Activator C½ �5 C0½ �2 CX½ �

Deactivator CX½ �5 I0½ �2 k0½ �
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Definition of Chain Moments and Derivation of Moment

Equations

The methodology used in this study is an extension of Zhu

et al.’s previous work on ATRP.17 The moments of chain species

are defined in eqs. (13–15):

for D i : km5
X1
i51

im Di½ �; (13)

for R i� : lm5
X1
i51

im Ri�½ �; (14)

for Pi : sm5
X1
i51

im Pi½ �: (15)

The moment equations could be obtained by combining the

moment definitions given in eqs. (13–15) with the population bal-

ance shown in eqs. (8–12). A complete set of moment equations

can be derived as summarized in Table II. The polymerization

kinetics or the chain properties such as monomer conversion (X),

number-average molecular weight (Mn), weight-average molecular

weight (Mw), and PDI can be readily described as follows:

for X : X5
M½ �02 M½ �t

M½ �0
; (16)

for Mn : Mn5
k11l11s1

k01l01s0

3Mm1Mn;PDMS ; (17)

for Mw : Mw5
k21l21s2

k11l11s1

3Mm1Mm;PDMS ; (18)

for PDI : PDI 5
Mw

Mn

: (19)

Combination of Reaction and Diffusion

In free-radical polymerization, when the polymerization proceeds

to intermediate and high conversions, the reacting mixture

becomes viscous and the reactants experience diffusion limita-

tion.23 However, it could be acceptable to provide that when the

polymerization conversion is low, only the diffusion-controlled

termination reactions are considered herein, and the effects of the

diffusion limitation on other elementary reactions such as equilib-

rium, propagation, and transfer/deactivation are ignored.18,19,25,26

For the diffusion-controlled termination reactions, on the basis

of an encounter-pair model, the relative contributions of chemi-

cal activation and diffusion to the termination rate constant can

be described as follows23,27,28:

1

ktc

5
1

ktc ;chem

1
1

ktc;diff

(20)

1

ktd

5
1

ktd;chem

1
1

ktd;diff

(21)

Equations (20)–(21) describe the relative contributions of the

chemically and diffusion-controlled termination reactions.

The ktc;chem and ktd;chem of termination reaction step, which are

involved in the free radical polymerization of BMA, are

obtained from literature data (see Table IV).

The diffusion-controlled rate coefficients can be calculated using

the following free-volume-based on Vrentas-Dual model and

Smoluchowski equation28:

ktc;diff ktd;diff

� �
54 p Rd Dmd 1Drdð ÞNA; (22)

where, Rd is the molecule interaction radius in solution, Dmd

and Drd are the centroid and reaction diffusion coefficients,

respectively. For Rd, it is the catch/reaction radius of active chain

and can be determined by the electriferous capability of the

active group included in the active chain. Accordingly, its value

can be directly obtained by the corresponding covalent-bond

length.28 In this study, Rd is the summation of the covalent-bond

length of the end-group of Ri� and the covalent-bond length of

the end-group of Rj �, namely, the twice value of the covalent-

bond length of the end-group of Ri� or Rj �. From eqs. (6), (7), it

can be found that the terminations by combination or dispropor-

tionation are happened between two radicals. Therefore, ktc,diff

and ktd,diff can be considered to be equivalent. Namely,

ktc;diff 5ktd;diff : (23)

In addition, Dmd can be obtained via the following

equation27,28:

Dmd 5D0exp 2
x m

�V �m 1 x s
�V �s 1 x p

�V �p

� �
�VFH

2
4

3
5exp

2E�

RT

� �
;

(24)

where, �V �m ; �V �s ; �V �p are described using the specific occupied vol-

umes of monomer, solvent, and polymer, respectively and E� is

the critical energy which a molecule must possess to overcome

the attraction force holding it to its neighbors. Here, when

E� � 0,25,27 then the “zeta factor” exp 2E�

RT

� �
equals to 1.29 Fur-

thermore, the specific occupied volumes (V �m;s;P
2

) can be esti-

mated as the specific volumes of monomer, solvent, and

polymer at 0 K, which are as follows:

V �m
2

5V 0
m 0Kð Þ; (25)

V �s
2

5V 0
s 0Kð Þ; (26)

V �P
2

5V 0
P 0Kð Þ; (27)

where, V 0
m 0Kð Þ, V 0

s 0Kð Þ, and V 0
P 0Kð Þ can be obtained via the

group contribution method.29 Furthermore, �VFH can be

obtained based on eq. (28):

�VFH 5xm
�Vm1xs

�Vs 1xp
�Vp ; (28)

where,

�V i5
Ki;1

c
Ki;21T2Tg ;i

� �
; i5m; s; and pð Þ (29)

And Drd can be obtained via the following equation27,28:

Drd 5
1

2
kp M½ �a2: (30)

Semi-Batch Reactor Model

Considering the choice of reactor, a reactor model for the semi-

batch polymerization must be developed. Compared to the

batch operation process, only the volume and concentration

change of species need to be considered in the semi-batch oper-

ation process. In addition, a well-mixed isothermal tank reactor

is assumed in this work. Furthermore, due to a trace amount of

initiator and a constant volume of solvent, only feeding mono-

mer and resulting polymer significantly contribute to the change
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of volume (V) and density (q) in the semi-batch operation pro-

cess. Therefore, the mass balance equations for all entities can

be worked out in the semi-batch reactor.

For the semi-batch reactor, the following mass balance equation

can be derived:

dV

dt
5Vf 2

Xn

i51

Mm;iRpi

1

qm;i

2
1

qp

 !
V : (31)

where Vf is the volumetric flow rate of monomer into the reac-

tor, Mm;i is the molecular weight of i-type monomer and Rpi is

the intrinsic propagating rate of i-type monomer.

In order to simplify the model, the change of volume that

occurs during polymerization due to the difference of density

between monomer (qm;i) and polymer (qp), is ignored. Accord-

ingly, eq. (31) can be simplified as follows:

dV

dt
5Vf ; (32)

Equation (33) can be obtained by integrating eq. (32):

V5V01Vf t : (33)

For the ith species in the semi-batch reactor, the following mass

balance equation can be derived:

d VCið Þ
dt

5Vf Cif 1VRi; (34)

i:e:;
dCi

dt
5

1

V
Vf Cif 2Ci

dV

dt

� �
1Ri: (35)

Combining eqs. (32) and (35), the following equation can be

obtained:

dCi

dt
5

Vf Cif 2Ci

� �
V

1Ri; (36)

where, Ri is the intrinsic reaction rate of the ith species, as

expressed in Table II. Therefore, eqs. (13–36) and equations.

described in Table II constitute the semi-batch reactor model.

MODEL IMPLEMENTATION AND MODEL PARAMETERS
ESTIMATION

Equations (8–36) and equations described in Table II comprised

a set of stiff and ordinary differential equations. The ode23s-

Table III. The Main Thermodynamic and Property Parameters and Their

Values Applied in this Work

Parameters Values References

D0 1.0 3 1026 29

Rd (m) 1 3 1029 30

a 1 3 10210 30
�V�m (cm3/g) 0.965 30
�V�s (cm3/g) 0.917 29
�V�p (cm3/g) 0.905 28

Ki;1
c (cm3/g K), i 5 m, s, p 29

m 2.97 3 1023

s 2.20 3 1023

p 9.32 3 1024

Ki;22Tg;i(K), i 5 m, s, p 29

m 2160.38

s 2102.72

p 281.0

T(K) 368.15 30

NA (mol21) 6.022 3 1023 Avogadro
constant

Figure 1. Comparison between models predictions and experimental data

for batch solution ATRP of HFBMA: Monomer logarithmic conversion

versus polymerization time (the molar ratio of each component of [M]/

[I]/[Cu]/[ligand] 5 25 : 1 : 1 : 2 or 60 : 1 : 1 : 2 stands for Experiment 1

or 2). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 2. Comparison between models predictions and experimental data

for batch solution ATRP of HFBMA: Number average molecular weight

versus monomer conversion (the molar ratio of each component of [M]/

[I]/[Cu]/[ligand] 5 25 : 1 : 1 : 2 or 60 : 1 : 1 : 2 stands for Experiment 1

or 2). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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function provided in Matlab 6.5 software was used to solve the

ordinary differential equations.

The main thermodynamic and characteristic parameters and

their values applied in this work are listed in Table III. In addi-

tion, the kinetic constants were collected and listed in Table IV.

Since the values of the bulk reaction kinetic constants are inde-

pendent on the reactor choice, activating and deactivating

kinetic data can be obtained from the batch polymerization

experiments. These experimental data (batch process) described

in Refs. 7,34 were used to estimate the activating and deactivat-

ing kinetic constants according to least-square method. Further-

more, it could be found that the fitting data and the

experimental data are almost equal. Corresponding correlation

coefficients (R2) is close to 1 (>0.97). Here, two sets of repre-

sentative results are shown in Figures 1 and 2. The obtained

parameters are shown in Table IV.

RESULTS AND DISCUSSION

Comparison between Experimental Data and Simulated Data

By substituting the model parameters listed in Tables III and IV

for related terms in the above model respectively, the simulated

results are obtained.

Figures 3 and 4 illustrate the comparisons between the experi-

mental and simulated data with two different initial recipes at

the semi-batch polymerization condition (the two initial recipes

are the same as those described at the above batch

polymerization condition), which show a good agreement

between the experimental data and the simulated results. The

correlation coefficients for corresponding experimental data all

exceed 0.97. Combining the above comparisons shown in Fig-

ures 1 and 2 corresponding to the batch polymerization condi-

tion, it can be found that the simulated data obtained via the

kinetic modeling corresponding to the batch and the semi-batch

polymerization conditions meet their corresponding experimen-

tal data well. Once the model was testified, it was used to inves-

tigate the effects of diffusion limitation and reactor choice (i.e.,

batch and semi-batch reactors) on the polymerization process.

Effect of Diffusion Limitation on Polymerization Kinetics at

Semi-Batch Process

With two different initial recipes at the semi-batch polymeriza-

tion condition, the model was used to simulate the ATRP pro-

cess with or without concerning the diffusion limitation.

Figures 5–7 show the effect of diffusion limitation on the poly-

merization kinetics at semi-batch condition. As a whole, Figures

5–7 prove that the effect of diffusion limitation on the

Figure 3. Model predictions and experimental data of monomer logarith-

mic conversion versus polymerization time for semi-batch feeding process

(the molar ratio of each component of [M]/[I]/[Cu]/[ligand] 5 25 : 1 : 1 :

2 or 60 : 1 : 1 : 2 stands for Experiment 1 or 2). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Model predictions and experimental data of number average

molecular weight versus monomer conversion for semi-batch feeding pro-

cess (the molar ratio of each component of [M]/[I]/[Cu]/[ligand] 5 25 :

1 : 1 : 2 or 60 : 1 : 1 : 2 stands for Experiment 1 or 2). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table IV. Kinetic Rate Constants of HFBMA ATRP Used in Simulation

Parameters Values (L mol21 s21) References

kp 3:803106
exp 22754=Tð Þ 31

ktr 1:563102
exp 22621=Tð Þ 31

kt (ktc 5 0.9 kt;
ktd 5 0.1 kt)

7:13109
exp 22249=Tð Þ 32,33

ka 0.27 This work

kda 2.05 3 107 This work

Figure 5. Monomer logarithmic conversion versus polymerization time

for semi-batch feeding process with or without effects of diffusion limita-

tion. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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polymerization kinetics is not obvious due to the low conver-

sion in our simulated system. In keeping with the conclusions

from other references, this result demonstrates that the effect of

diffusion can be ignored when the polymerization conversion

does not reach very high values (>80%).23,24 However, slight

differences indicate that the effect of diffusion limitation still

remain on the polymerization kinetics.

First, all curves in Figure 5 show that the polymerization con-

version (i.e., the monomer logarithmic conversion in this study)

increases with polymerization proceeding. When considering

the diffusion limitation, one can find that the conversion

increases and the increasing value is more and more obvious

with the polymerization proceeding. It means that the diffusion

can increase the polymerization rate. Furthermore, with the

increase of polymerization conversion, the number average

molecular weight (Mn) increases as shown in all curves in Fig-

ure 6. Meanwhile, at the same conversion, the distinction

between the obtained Mns, with or without considering the dif-

fusion, is not obvious. Certainly, as described above, the

difference can be ignored at low conversions. Next, the effect of

diffusion on the polymer polydispersity (PDI) is also obtained

via the above model and is shown in Figure 7. The PDI differ-

ence with and without concerning the diffusion limitation is

almost unobservable. It is well known that ATRP proceeds in a

controlled manner and is used to prepare polymers with narrow

molecular weight distribution. Namely, the polymers obtained

via ATRP have low PDIs (<1.2). Based on the low PDIs at low

conversions, the effect of diffusion limitation on the resulting

polymers can be ignored. Consequently, for the ATRP process

for the production of PDMS-b-PHFBMA diblock copolymers in

a semi-batch reactor, the effect of diffusion on the kinetics is

not obvious and can be ignored at low conversions.

Effect of Reactor Choice on ATRP Kinetics

Herein, the effect of reactor choice (i.e., batch and semi-batch

reactors) on polymerization kinetics is also simulated prelimi-

nary and the simulated results are shown in Figures 8–10.

Figure 8 shows the comparison of polymerization conversion

versus polymerization time between semi-batch process and

Figure 6. Number average molecular weight versus monomer conversion

for semi-batch feeding process with or without effects of diffusion limita-

tion. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Polydispersity versus polymerization time for semi-batch feeding

process, with or without effects of diffusion limitation. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. Comparison between semi-batch process and corresponding

batch process: Monomer logarithmic conversion versus polymerization

time, with the effects of diffusion limitation. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Comparison between semi-batch process and corresponding

batch process: Number average molecular weight versus monomer conver-

sion, with the effects of diffusion limitation. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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batch process at the same initial conditions. Although the effect

of diffusion on the kinetics can be ignored at low conversions,

the polymerization system will become diffusion controlled

reaction at high conversion. Herein, we concern the diffusion

limitation, namely, this simulated results (in batch and semi-

batch reactors) are obtained with considering the diffusion limi-

tation. In batch process, the polymerization conversion is higher

than that in the corresponding semi-batch process with the

same initial condition at the same reaction time. The slower

reaction rate of semi-batch operation is stem from the relatively

low concentration of reaction monomer in the reactor. From

Figure 9, a linear relation between the average molecular weight

and polymerization conversion can be found, which implies

“living”/controlled characteristic of ATRP. In addition, it can be

found that the polymer Mn in the semi-batch process is lower

than that in the corresponding batch process at the same mono-

mer conversion. The rate of transfer reaction (only chain trans-

fer to monomer is considered) resulting from the low monomer

concentration via semi-batch operation might be relatively lower

than it via batch process, and thus the transfer reaction is

suppressed. Another important feature of ATRP is the low PDI.

In general, the polymer PDI is high at very low monomer

conversion and rapidly decreases to values near 1.1 with the

increase of polymerization conversion yet. Furthermore, our

model prediction agrees well with this tendency, as described in

Figure 10. The simulated results are almost the same in both

batch and semi-batch process. Accordingly, the reactor choice

has little influence on the PDI.

CONCLUSIONS

A model of the ATRP considering the diffusion limitation and

the reactor choice for preparation of fluorosilicone diblock

copolymers, poly-dimethylsiloxane-b-2,2,3,3,4,4,4-heptafluoro-

butylmetharylate block copolymers, has been developed. Next,

activating and deactivating kinetic data are obtained from the

batch polymerization experiments via least-square method. The

model was preliminarily validated by comparing simulation

results with experimental data obtained in semi-batch reactors,

and was used to investigate the effects of diffusion limitation

and reactor choice. The simulation results with or without dif-

fusion limitation indicated that the diffusion effect described by

the free volume theory has some influence on the reaction. The

phenomenon of increasing the polymerization rate can be found

in the polymerization process when considering the diffusion

limitation. Certainly, the diffusion effect can be ignored from

the viewpoint of engineering, especially at low conversions. In

the aspect of reactor choice, the results showed that semi-batch

operation keeps the monomer concentration at a relative low

level, thus the transfer reaction is suppressed. Such advantage

leads to higher molecular weight at the same conversion with

respect to batch process. As a whole, the modeling of ATRP for

preparing novel fluorosilicon diblock copolymers can help

researchers to deeply understand the polymerization process.

NOMENCLATURE

a average molecule radius, m

C activator and catalyst at the lower oxidation state

Ci concentration of the ith species, mol/L

CX deactivator and catalyst at the higher oxidation state

D dormant chain

Dmd centroid diffusion coefficients

Drd reaction diffusion coefficients

D0 exponential factor

R0X macroinitiator

k a activation rate constant, L mol21 s21

kd a deactivation rate constant, L mol21 s21

kp chain propagation rate constant, L mol21 s21

ktr chain transfer rate constant to monomer, L mol21 s21

ktc chain termination rate constant by combination, L

mol21 s21

ktd chain termination rate constant by disproportionation, L

mol21 s21

Ki,1 free-volume parameter, m3/g K

M monomer

km mth-order moment of dormant chain with

lm mth-order moment of propagating radical

sm mth-order moment of dead chain

Mm monomer number-average molecular weight, g mol21

NA Avogadro constant, mol21

P dead chain

Ri� propagating radical species

Rd molecule interaction radius, m

Ri intrinsic reaction rate of the ith species, mol L21 s21

T temperature, K

V volume, m3

Vf volumetric feeding rate, m3 s21

V �2 specific occupied volume, m3

V 2 specific free volume, m3

x mass fraction

c overlap factor which accounts for shared free volume

q density, kg m23

Subscripts

f feed

i chain length i or the ith species

j chain length j

Figure 10. Comparison between semi-batch process and corresponding

batch process: Polydispersity versus polymerization time, with the effects

of diffusion limitation. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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m monomer

p polymer

s solvent

0 initial state
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