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With controlled/living radical copolymerization, the composition profile along poly-
mer chains becomes a tunable parameter in preparing copolymer products for novel
materials properties. In this work, a novel series of styrene/butyl acrylate (St/BA)
copolymers with precisely designed composition profiles (uniform, linear gradient, tanh
gradient, and triblock with a linear gradient mid-block) were produced using a semi-
batch reversible addition-fragmentation chain transfer copolymerization mediated by
benzyl dithioisobutyrate. The comonomer feeding rate was programmed based on a ki-
netic model with the targeted composition profile as an objective functions. The experi-
mental composition and molecular weight profiles agreed very well with the model pre-
dictions. The polymer molecular weight distributions were narrow with polydispersity
index values about 1.3. The amount of dead chains was controlled below 10%. The
glass transition behaviors of the St/BA copolymers were evaluated and their Tg values

were found to be in an order of uniform \ linear gradient \ tanh gradient \ triblock

with 108C for uniform and 1408C for triblock copolymers. � 2008 American Institute of

Chemical Engineers AIChE J, 54: 1073–1087, 2008

Keywords: semibatch reactor system, computer-aided design, RAFT polymerization, co-
polymer composition, gradient copolymer, block copolymer, polymerization kinetics

Introduction

Over half of the total polymeric materials are produced by
free radical polymerization processes. In the conventional
free radical polymerization, polymer chains are continuously
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initiated and terminated. The lifetime of a propagating chain
is very short at a level of seconds. Under such a condition,
precise control over microstructural properties of individual
chains becomes very difficult. The recent advent of con-
trolled/living radical polymerization (CLRP) techniques pro-
vides a great opportunity for tackling this problem and makes
the control of chain properties no longer a formidable task.1–3

Several CLRP techniques have recently been established
including nitroxide-mediated polymerization (NMP),4–6 atom
transfer radical polymerization (ATRP),7–9 and reversible
addition-fragmentation chain transfer radical polymerization
(RAFT).10–12 CLRP has been extensively exploited for the
synthesis of a large variety of polymers with predetermined
molecular weight (MW) and narrow molecular weight distri-
bution (MWD), as well as with well-defined block, star,
graft, and brush architectures.13–17

On the other side, copolymerization is of particular impor-
tance in tuning and balancing materials properties of polymer
products. Adjusting the type and amount of comonomers
allows us to tailor-make the materials properties such as glass
transition temperature to meet specific requirements for certain
applications. Different from homopolymer products, copoly-
mer composition (CC) and copolymer composition distribution
(CCD), as well as MW and MWD, are all the key parameters
that determine materials properties of copolymer products.

Controlled/living radical copolymerization (CLRcoP) com-
bines CLRP with copolymerization. It provides great oppor-
tunities for producing unprecedented copolymer products
with tailor-made chain microstructures and thus materials
properties. It is well-known that a batch-wise process of con-
ventional free radical copolymerization produces a copolymer
product which is actually a blend of individual polymer

chains of various compositions. This is due to a ‘‘composi-
tion drifting’’ effect caused by the different reactivity ratios
of the comonomers, as well as to the ‘‘instantaneous’’ growth
of individual chains (in seconds). In this case, one monomer
is consumed faster than the other, and thus the early born
chains are in rich of the fast-monomer units and the later
born chains contain more slow-monomer units.

In CLRcoP, individual polymer chains are all born in a
relatively short period of time at the beginning, but grow
slowly and continuously throughout the whole course of po-
lymerization that usually takes hours. All the chains thus
have similar compositions but possess a composition profile
from one end to the other. Such products are termed ‘‘gradi-
ent’’ or ‘‘tapered’’ copolymers.1 The synthesis of gradient
copolymers using batch CLRcoP processes has been well
demonstrated.18–22 However, the obtained copolymer prod-
ucts have as-synthesized gradient compositions determined
only by the comonomer reactivity ratios.

Scheme 1. Schematic representation of the CC profiles
with uniform, linear gradient, inverse linear
gradient, tanh gradient, and triblock with a
linear gradient transition mid block.

The open circles denote Monomer 1 (St) and the closed
circles denote Monomer 2 (BA).

Table 1. Elementary Reactions Involved in RAFT
Copolymerization

Reaction Type Scheme

Initiation I����!f ;kd
2P�0

P�0 þMj����!
ki;j

P�i;j

Propagation P�r;ij þMk ����!
kp;ijk

P�rþ1; jk; r ¼ 1; 2; . . .

Preequilibrium P�r;ij þ TP0 �����!
ka;j=kf ; j

Pr;ij
_TP0 ������!

ka;0=kf ;0
P�0

þ TPr;ij

Coreequilibrium P�r;ij þ TPs;kl �����!
ka;j=kf ; j

Pr;ij
_TPs;kl ������!

ka;1=kf ;1
P�s;kl

þ TPr;ij
Termination P�r;ij þ P�s;kl����!

ktc;jl
Psþr

P�r;ij þ P�s;kl����!
ktd;jl

Pr þ Ps

P�r;ij þ Ps;kl
_TPt;mn���!kct Prþsþt

Table 2. Definition of Various Chain Moments

Type of Chains Definition of Moments

Propagating
radical

Yij
m ¼

P1
r¼2 r

m½P�r;ij�

Dormant Zij
m ¼

P1
r¼2 r

m½TPr;ij�
Primary

intermediate
radical

Tij
m ¼

P1
r¼2 r

m½Pr;ij
_TP0�

Intermediate
radical

Xij;kl
m ¼ 1

2

X1
r¼2

rm
Xr�2
s¼2
½Ps;ij

_TPr�s;kl� ði ¼ k; j ¼ lÞ

Xij;kl
m ¼

X1
r¼2

rm
Xr�2
s¼2
½Ps;ij

_TPr�s;kl� ði 6¼ kÞ or ðj 6¼ lÞ

Xij;kl
m;n ¼

X1
r¼2

X1
s¼2

rmsn½Pr;ij
_TPs;kl�

Dead Qm ¼
P1

r¼2 r
m½Pr �
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Table 3. Differential Moment Equations

Zeroth-order
moments (i.e.
molar conc. of
chains)

Propagating radical
chains

dYij
0

dt
¼ kp;ij½P�1;i�½Mj� þ

X
k

kp;kij½Mj�Ykl
0 �

X
k

kp;ijk½Mk�Yij
0 � ka;jY

ij
0

�
½TP0� þ

X
k

X
l

Zkl
0

�

þ 1

2
kf ;j

�
Tij
0 þ

X
k 6¼l

X
orl6¼l

Xij;kl
0 þ 2

X
k¼i

X
l¼j

Xij;kl
0

�
� ½ktc;0½P�0� þ

X
k

X
l

ðktc;jl þ ktd;jlÞYkl
0 �Yij

0

� kctY
ij
0

�
½P0

_TP0� þ
X
k

X
l

Tkl
0 þ

X
k

X
l

X
m

X
n

Xkl;mn
0

�

Dormant chains dZij
0

dt
¼ 1

2

�
kf ;0T

ij0
0 þ

X
k

kf ;kT
ijk
0 þ

X
k 6¼i

X
orl6¼j

kf ;lX
ij;kl
0 þ 2

X
k¼i

X
l¼j

kf ;lX
ij;kl
0

�

�
�
ka;0½P�0� þ

X
k

X
l

ka;lY
kl
0

�
Zij
0

Primary
intermediate
radical chains

dTij
0

dt
¼ ka;0½P�0�Zij

0 þ ka;j
X
½TP0�Yij

0 �
1

2

�
kf ;0 þ kf ;j

�
Tij
0 � kctT

ij
0

�
½P�0� þ

X
k

X
l

Ykl
0

�

Intermediate
radical chains dXij;kl

0

dt
¼ ka;jY

ij
0Z

kl
0 � kf ;jX

ij;kl
0 � kctX

ij;kl
0

�
½P�0� þ

X
m

X
n

Ymn
0

�
ði ¼ k; j ¼ lÞ

dXij;kl
0

dt
¼ ka;jY

ij
0Z

kl
0 þ ka;lY

kl
0 Z

ij
0 �

1

2

�
kf ;j þ kf ;l

�
Xij;kl
0 � kctX

ij;kl
0

�
½P�0� þ

X
m

X
n

Ymn
0

�

ði 6¼ kÞ or ðj 6¼ lÞ
Dead chains dQ0

dt
¼ ðktc;0 þ ktd;0Þ½P�0�

X
i

X
j

Yij
0 þ

1

2

X
i

X
j

X
k¼i

X
l¼j

ktc;jlY
ij
0Y

kl
0

þ
X
i

X
j

X
k 6¼i

X
l6¼j

ktc;jlY
ij
0Y

kl
0 þ

X
i

X
j

X
k

X
l

ktd;jlY
ij
0Y

kl
0

þ kct½
�
½P�0� þ

X
i

X
j

Yij
0

��X
i

X
j

Tij
0 þ

X
i

X
j

X
k

X
l

Xij;kl
0

�

First-order
moments (i.e.,
molar conc.
of monomer
units in chains)

Propagating radical
chains

dYij
1

dt
¼ 2kp;ij½P�1;i�½Mj� þ

X
k

kp;kij½Mj�Yki
0 þ

X
k

kp;kij½Mj�Yki
1 �

X
k

kp;ijk½Mk�Yij
1

� 2
X
k¼i¼j

kp;ijk½Mk�Yij
0 � ka;jY

ij
1

�
½TP0� þ

X
k

X
l

Zkl
0

�
þ 1

2
kf ;j

�
Tij
1 þ

X
k 6¼i

X
orl 6¼l

Xij;kl
1;0

þ
X
k¼i

X
l¼j

Xij;kl
1

�
� ½ktc;ij½P�0� þ

X
k

X
l

�
ktc;jl þ ktd;jl

�
Ykl
0 �Yij

1

� kctY
ij
1

�
½P0

_TP0� þ
X
k

X
l

Tkl
0 þ

X
k

X
l

X
m

X
n

Xkl;mn
0

�

Dormant chains dZij
1

dt
¼ 1

2

�
kf ;0T

ij
1 þ

X
k 6¼i

X
orl6¼j

kf ;lX
ij;kl
1;0 þ

X
k¼i

X
l¼j

kf ;lX
ij;kl
1

�
� ðka;0½P�0� þ

X
k

X
l

ka;lY
kl
0

�
Zij
1

Primary
intermediate
radical chains

dTij
1

dt
¼ ka;0½P�0�Zij

1 þ ka;j½TP0�Yij
1 �

1

2

�
kf ;0 þ kf ;j

�
Tij
1 � kctT

ij
1

�
½P�0� þ

X
k

X
l

Ykl
0

�

Intermediate
radical chains dXij;kl

1

dt
¼ ka;j

�
Yij
1Z

kl
0 þ Yij

0Z
kl
1

�
� kf ;jX

ij;kl
1 � kctX

ij;kl
1

�
½P�0� þ

X
m

X
n

Ymn
0

�
ði ¼ k; j ¼ lÞ

dXij;kl
1

dt
¼ ka;j

�
Yij
1Z

kl
0 þ Yij

0Z
kl
1

�
þ ka;l

�
Ykl
1 Z

ij
0 þ Ykl

0 Z
ij
1

�
� 1

2

�
kf ;j þ kf ;l

�
Xij;kl
1

� kctX
ij;kl
1

�
½P�0� þ

X
m

X
n

Ymn
0

�
ði 6¼ kÞ or ðj 6¼ lÞ

dXij;kl
1;0

dt
¼ ka;jY

ij
1Z

kl
0 þ ka;lY

ij
0Z

kl
1 �

1

2

�
kf ;j þ kf ;l

�
Xij;kl
1;0 � kctX

ij;kl
1;0

�
½P�0� þ

X
m

X
n

Ymn
0

�a

Dead chains dQ1

dt
¼ ðktc;0 þ ktd;0Þ½P�0�

X
i

X
j

Yij
1 þ

X
i

X
j

X
k

X
l

ðktc;jl þ ktd;jlÞYij
1Y

kl
0

þ kct½
�
½P�0� þ

X
i

X
j

Yij
0

��X
i

X
j

Tij
1 þ

X
i

X
j

X
k

X
l

Xij;kl
1

�

þ kct
X
i

X
j

Yij
1

�
½P0

_TP0�
X
i

X
j

Tij
0 þ

X
i

X
j

X
k

X
l

Xij;kl
0

�
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Producing copolymers with a precisely controlled compo-
sition distribution along backbones provides a great challenge
for polymer chemists and engineers. In our previous work,23

we developed a kinetic model for the semibatch RAFT
copolymerization. The work theoretically demonstrated the
feasibility of designing and control of CCD in RAFT poly-
merization using semibatch feeding policies. This theoretical
development was later extended to atom transfer radical
copolymerization (ATRcoP).24 In the experimental area, we
demonstrated the first programmed synthesis of two simple
types of copolymers (uniform and linear gradient copoly-
mers) via semibatch RAFT copolymerization.25 The former
had a uniform composition distribution from one end to the

other along backbone for all the individual polymer chains.
The composition of the latter copolymer increased linearly
from one end to the other. Smulders et al.26 produced unique
(multi)block copolymers of styrene and n-butyl acrylate by
continuous RAFT miniemulsion polymerization.

In this work, we carried out a systematical experimental
study on the preparation of copolymer products with various
unprecedented chain microstructures through programmed
semibatch RAFT copolymerization. We used styrene (1)/
butyl acrylate (2) as a model system initiated by 1,10-azobis
(cyclohexane-carbonitrile) and mediated by benzyl dithioiso-
butyrate (BDIB). The microstructures included uniform, lin-
ear gradient, inverse linear gradient, hyperbolic tangent

Table 3. (Continued)

Second-order
moments

Propagating
radical chains

dYij
2

dt
¼ 4kp;ij½P�1;i�½Mj� þ

X
k

kp;kij½Mj�Ykl
0 þ 2

X
k

kp;kij½Mj�Yki
1 þ

X
k

kp;kij½Mj�Yki
2

�
X
k

kp;ijk½Mk�Yij
2 � ka;jY

ij
2

�
½TP0� þ

X
k

X
l

Zkl
0

�

þ 1

2
kf ;j

�
Tij
2 þ

X
k 6¼i

X
orl6¼l

Xij;kl
2;0 þ

X
k¼i

X
l¼j

Xij;kl
2

�
� fktc;0½P�0� þ

X
k

X
l

ðktc;jl þ ktd;jlÞYkl
0 gYij

2

� kctY
ij
2

�
½P0

_TP0� þ
X
k

X
l

Tkl
0 þ

X
k

X
l

X
m

X
n

Xkl;mn
0

�

Dormant chain dZij
2

dt
¼ 1

2

�
kf ;0T

ij
2 þ

X
k

X
l

kf ;lX
ij;kl
2;0

�
� ðka;0½P�0� þ

X
k

X
l

ka;lY
kl
0

�
Zij
2

Primary intermediate
radical chains

dTij
2

dt
¼ ka;0½P�0�Zij

2 þ ka;j½TP0�Yij
2 �

1

2

�
kf ;0 þ kf ;j

�
Tij
2 � kctT

ij
2

�
½P�0� þ

X
k

X
l

Ykl
0

�

Intermediate
radical chains

dXij;kl
2

dt
¼ ka;j

�
Yij
2Z

kl
0 þ 2Yij

1Z
kl
1 þ Yij

0Z
kl
2

�
� kf ;jX

ij;kl
2 � kctX

ij;kl
2

�
½P�0� þ

X
m

X
n

Ymn
0

�

ði ¼ k; j ¼ lÞ
dXij;kl

2

dt
¼ ka;j

�
Yij
2Z

kl
0 þ 2Yij

1Z
kl
1 þ Yij

0Z
kl
2

�
þ ka;l

�
Ykl
2 Z

ij
0 þ 2Ykl

1 Z
ij
1 þ Ykl

0 Z
ij
2

�

� 1

2
ðkf ;j þ kf ;lÞXij;kl

2 � kctX
ij;kl
2

�
½P�0� þ

X
m

X
n

Ymn
0

�

ði 6¼ kÞ or ðj 6¼ lÞ
dXij;kl

2;0

dt
¼ ka;jY

ij
2Z

kl
0 þ ka;lY

ij
0Z

kl
2 �

1

2
ðkf ;j þ kf ;lÞXij;kl

2;0

� kctX
ij;kl
2;0

�
½P�0� þ

X
m

X
n

Ymn
0

�a

Dead chains dQ2

dt
¼ ðktc;0 þ ktd;0Þ½P�0�

X
i

X
j

Yij
2 þ

X
i

X
j

X
k

X
l

ktc;jlðYij
2Y

kl
0 þ Yij

1Y
kl
1 Þ

þ
X
i

X
j

X
k

X
l

ktd;jlY
ij
2Y

kl
0 þ kct½

�
½P�0� þ

X
i

X
j

Yij
0

��X
i

X
j

Tij
2 þ

X
i

X
j

X
k

X
l

Xij;kl
2

�

þ kct
X
i

X
j

Yij
2

�
½P0

_TP0� þ
X
l

X
j

Tij
0 þ

X
i

X
j

X
k

X
l

Xij;kl
0

�

þ 2kct
X
i

X
j

Yij
1

�
Tij
0 þ

X
i

X
j

X
k

X
l

Xij;kl
1

�

Small molecules Initiator d½I�
dt
¼ �kd ½I�

Monomers d½Mi�
dt
¼ �kin;i½P�0�½Mi� �

X
j

kp;ji½P�1;j�½Mi� �
X
k

X
j

kp;kjiY
kj
0 ½Mi�

*These equations are necessary for closure of the differential equations.
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(tanh) gradient, and triblock with a linear gradient mid-block
profiles, as illustrated in Scheme 1. The experimental data of
CC, polymerization rate, average molecular weight, and poly-
dispersity were compared to their theoretically targeted val-
ues. In this work, we also evaluated, for the first time, the
thermal properties of this novel series of copolymer samples
and illustrated that the copolymers with different composition
profiles have distinct thermal properties.

Theoretical Part

In our previous work,25 we developed a detailed kinetic
model for the semibatch RAFT copolymerization. The ele-
mentary reactions involved in the RAFT copolymerization,
the definitions of various chain species and moments, the key

mass balance equations, and the semibatch reactor model are
briefly summarized in Tables 1–4, respectively.

Table 5 lists the values of all the kinetic rate constants
employed in the simulation of the St/BA copolymerization
system. Also listed in Table 5 are the values of all the physi-
cal and transport properties employed for the calculation of
the diffusion-controlled terms.

The reactor model (Eqs. 4–6) together with the mass bal-
ance equations of various species in Table 3 form a complete
set of equations for the semibatch RAFT copolymerization.
Given appropriate initial conditions and values for the pa-
rameters, we can solve these ODE’s numerically to obtain
the average chain properties such as number–average chain
length, weight–average chain length, polydispersity index,
cumulative CC, as well as molar fraction of dead chains,

Table 4. Diffusion-Controlled Termination Model and Semibatch Reactor Model

Diffusion-Controlled Termination Model Semibatch Reactor Model

vf ¼ ½0:025þ apðT � TgpÞ�up þ ½0:025
þ am1ðT � Tgm1Þ�um1 þ ½0:025þ am2ðT � Tgm2Þ�um2

þ ½0:025þ asðT � TgsÞ�us ð1Þ�

dV

dt
¼ Vs;in þ

X2
i¼1

Fi;inmwmiqmi

�
X2
i¼1

Rp;imwmið 1qmi

� 1

qp
ÞV

(4)

ktii;D ¼ k0tii;Dð�rNÞ�a expð�b=vfÞ ð2Þ��

dV

dt
¼ Vfqf

q
� V

q
dq
dt

(5)1

ktii
¼ 1

ktii;C
þ 1

ktii;D
ði ¼ 1; 2Þ ð3Þ†

dCi

dt
¼ 1

V
VfCi;f � Ci

dV

dt

� �
þ Ri (6)

*Ref. 27
**Ref. 28
†Ref. 29–31.

Table 5. Model Parameters

Parameter Value Parameter Value

kd (s
21) 1.58 3 1015 exp(215503/T) 32 qm2 (g cm23) 0.9211 2 1 3 1023 (T 2 273.15) 42

kp11 (L mol21 s21) 4.266 3 107 exp(23909.61/T) 33 qp (g cm23) 1.05 42

kp22 (L mol21 s21) 7.37 3 105 exp(21156.90/T) 34 ap (K
21) Fn1ap1 1 Fn2ap2

ktc11 (L mol21 s21) 1.91 3 109 exp(2958/T) 35 ap1 (K
21) 4.5 3 1024 43

ktc22 (L mol21 s21) 2.57 3 108 exp(2672.35/T) 36 ap2 (K
21) 4.8 3 1024 44

ktd11 (L mol21 s21) 0 37 am1 (K
21) 1.0 3 1023 43

ktd22 (L mol21 s21) 0 38 am2 (K
21) 1.19 3 1023 44

kt12, kt21 (L mol21 s21)
�
kt11 � kt22

�1=2 39 aS (K21) 1.215 3 1023 45

r1 0.956 40 Tgm1 (K) 185.15 35

r2 0.200 40 Tgm2 (K) 185.15 44

s1 1 41 TgS (K) 115 46

s2 0.012 41 Tgp1 (K) 373 43

ka,0 (M
21 s21) 2.5 3 106* Tgp2 (K) 218 44

ka,1 (M
21 s21) 1 3 105* Tgp (Tgp1/1 1 0.85Tgp2/2)/(/1 1 0.85/2)

47

ka,2 (M
21 s21) 2.5 3 106*

�
kct

�
=
�
kt
�
** 0.04*

kf,0 (s
21) 1 3 104* k0t11;D 3.5 3 1012†

kf,1 (s
21) 1700* k0t22;D 1 3 1012†

kf,2 (s
21) 1 3 104* a 0.6†

qm1 (g cm23) 0.9193 2 6.65 3 1024 (T 2 273.15) 42 b 1.2†

*Obtained by our work.
**

�
kt
� ¼ p21kt;11 þ 2p1p2kt;12 þ p22kt;22 where pi is the relative concentration of terminal radical i.

†Obtained by experimental data fitting.
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�rN ¼

P
i

P
j

P
k

P
l

ðYij
1 þ Zij

1 þ Tij
1 þ Xij;kl

1 þ Q1Þ
P
i

P
j

P
k

P
l

ðYij
0 þ Zij

0 þ Tij
0 þ Xij;kl

0 þ Q0Þ
(7a)

�rW ¼

P
i

P
j

P
k

P
l

ðYij
2 þ Zij

2 þ Tij
2 þ Xij;kl

2 þ Q2Þ
P
i

P
j

P
k

P
l

ðYij
1 þ Zij

1 þ Tij
1 þ Xij;kl

1 þ Q1Þ
(7b)

PDI ¼ �rW
�rN

(7c)

Fni ¼ Mi0 �Mit �MirP2
j¼1
ðMj0 �Mjt �MjrÞ

(7d)

Mn ¼
X2
i¼1

�rNFnimwmi (7e)

Ndead ¼ Q0P
i

P
j

P
k

P
l

ðYij
0 þ Zij

0 þ Tij
0 þ Xij;kl

0 þ Q0Þ
(7f)

On the other hand, when a special composition profile is
targeted, we can also solve ODE’s to obtain the feeding rate
vs. time profile by imposing a constraint equation,

F1 ¼ f ð�rNÞ (8)

where F1 is CC, r̄N is number–average chain length. The
form of function f can be designed according to the targeted
composition profile. We designed four different composition
profiles in this work: uniform, linear gradient (and inverse
linear gradient), tanh gradient, and triblock with a linear gra-
dient middle portion as transition block, as shown in Figure
1. The function f of these composition profiles are expressed
as follows:

Uniform: F1 ¼ Rm1

Rm1 þ Rm2
¼ 0:5 (9)

Linear gradient: F1 ¼ �rN
�rN;targeted

(10)

Tanh: F1 ¼ 1

2
þ 1

2
tan h kð �rN

�rN;targeted
� 1

2
Þ;

ðk ¼ 6 in this workÞ ð11Þ

Triblock:

F1 ¼ 0 �rN � 5�rN;targeted
12

F1 ¼ 6�rN
�rN;targeted

� 5
2

5�rN;targeted
12

< �rN � 7�rN;targeted
12

F1 ¼ 1 �rN >
7�rN;targeted

12

8><
>: (12)

By including the corresponding composition equation in
the model, we can obtain a curve of feeding rate vs. time for
a specifically targeted microstructure. The programming chart
is illustrated in Scheme 2.

Experimental

Materials

Styrene (Shanghai Ling Feng Chemical Reagent, 99%) and
BA (Shanghai Chemical Reagent, 98%) were purified by vac-
uum distillation. 1,10-Azobis (cyclohexane-carbonitrile) (ACC,
Aldrich, 98%) was purified by recrystallization from methanol.
Toluene (Hangzhou Chemical Reagent, 99.5%) was used with-
out purification. BDIB was synthesized following a procedure
previously reported.25 All the other chemicals were commer-
cially obtained and used without purification.

Batch solution copolymerization

The batch RAFT solution polymerizations of St/BA were
conducted at 888C in 70 wt % toluene solutions (Run 1 in
Table 6). The batch polymerizations were designed to inves-
tigate the influence of monomer composition on the polymer-
ization kinetics. By fitting the kinetic models to the experi-
mental data, the adjustable parameter for the diffusion-con-
trolled termination (k0tii;D,a,b) in Table 5 could be obtained.
In a typical run, the mixture of St, BA, toluene, ACC, and
BDIB was transferred to several glass tubes of 7 mm diame-
ter, followed by deoxygenation with pure nitrogen for five
times. The sealed tubes were subsequently submerged in a
water bath with the temperature controlled at 888C. Each
sealed tube was taken out at a preset time interval. The reac-
tion was quenched by cooling the solution in an ice bath and
a small amount of hydroquinone was added to stop the poly-
merization. The polymer materials were collected by evapo-
rating the solvent and residual monomer. The final conver-
sions were measured by gravimetry.

Semibatch solution copolymerization

A solution of St, BA, toluene (70 wt % monomers and
30 wt % toluene), and BDIB was initially charged to a

Figure 1. CCDs along chain backbone of the targeted
copolymers: (a) uniform, (b) linear gradient,
(c) hyperbolic tangent gradient, and (d) tri-
block copolymer.
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500 mL five-neck flask, equipped with a condenser, a
nitrogen inlet, a mechanical stirrer, and a syringe pump.
The solution was stirred at room temperature for 20 min,
and then immersed into a thermostated water bath at 888C.
The reactor was deoxygenated for 30 min before the solu-
tion was charged and was further deoxygenated by purging
with nitrogen for 10 min at the water bath temperature.
The addition of ACC in 5 g toluene set the zero time of
the polymerization. The deoxygenized comonomer solution
(70 wt % monomer in toluene) was continuously fed to the
reactor according to a programmed feeding rate controlled
by a metering pump connected to the computer. The sam-

ples were regularly withdrawn and quenched with hydro-
quinone.

Characterization of the polymer products

The average molecular weight and MWD of the copolymers

were measured by gel permeation chromatography (GPC) on

Waters 2487/630C with three Waters PL columns (10,000,

1000, and 500 Å) at 308C. The eluent was tetrahydrofuran

(THF) with a flow rate of 1 mL min1. The resolution curve

was calibrated using narrow PS standard samples with the mo-

lecular weight ranging from 580 to 710,000 g mol21.

Scheme 2. Schematic calculation process.
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The cumulative polymer composition was determined by
1H NMR spectroscopy (Bruker AC-80 spectrometer operated
at 400 MHz). The analysis was carried out at room tempera-
ture in deuterated chloroform (;8% (W/V) solutions). The
relative amounts of the comonomers incorporated in polymer
chains were estimated from the areas under assigned peaks
of the spectra. For St/BA copolymers, the peaks at approxi-
mately 6.5 ppm were assigned to the five protons on the ben-
zene ring of St, while the peaks at approximately 3.5 ppm
were assigned to the two protons of the methylene group
close to the oxygen in the ester moiety of BA. The CC was
determined by comparing the integrated intensities of these
resonance signals.

The thermal analysis was carried out using a differential
scanning calorimeter (DSC) of TA Instruments operated with
TA Advantage Control software version 2.6D. Cooling was
accomplished by a TA Instruments liquid nitrogen cooling
accessory (LNCA). The dry nitrogen was purged into the

DSC cell with a flow rate of 50 mL min21. The calorimeter
was calibrated with an indium standard. The samples were
annealed under vacuum for 36 h at 1508C to eliminate ther-
mal history. Around 10 mg of sample was loaded into an
aluminum pan with an empty pan serving as a reference.
Each sample was cooled to 1008C at a rate of 408C min21,
and then heated to 1508C at a rate of 108C min21.

Results and Discussion

Batch solution copolymerization of St and BA

The objective of this work is to demonstrate the use of the
model-based computer-controlled semibatch RAFT copoly-
merization technology for preparing various copolymer prod-
ucts with carefully designed and precisely controlled compo-
sition profiles. The model serves as a predictive tool to first
correlate conversion data for an estimate of some parameters.
The model is then used to predict CC and to design the
monomer feeding rate profile for a targeted composition dis-
tribution.

Figure 2. Comparison of model prediction and experi-
mental data for the monomer conversion of
St and BA with six different initial monomer
ratios.

Polymerization temperature 888C; [monomer]0:[BDIB]0:
[ACC]0 5 1000:3:0.645; solid content: 70%; initial mono-
mer ratio (Expt. 1a, fSt,0 5 1; Expt. 1b, fSt,0 5 0.75; Expt.
1c, fSt,0 5 0.5; Expt. 1d, fSt,0 5 0.25; Expt. 1e, fSt,0 5 0.1;
Expt. 1f, fSt,0 5 0). The points are experimental data while
the lines are theoretical predictions.

Figure 3. Comparison of model prediction and experi-
mental data for the cumulative styrene CC
vs. the total monomer conversion in the St/
BA RAFT copolymerization at three different
initial monomer ratios.

The experimental conditions are the same as in Figure 2.

Table 6. Recipes for all the Experimental Runs

Expt St (g) BA (g)
Initial St Molar
Fraction, fSt,0

Amount of St(BA) Added
in the Second Stage (g)* Toluene (g) ACC (g) RAFT (g)

1a 19.60 0 1 – 8.40 0.0296 0.1184
1b 13.90 5.70 0.75 – 8.40 0.0280 0.1121
1c 8.79 10.81 0.5 – 8.40 0.0266 0.1064
1d 4.18 15.42 0.25 – 8.40 0.0253 0.1012
1e 1.63 17.97 0.1 – 8.40 0.0246 0.0983
1f 0 19.60 0 – 8.40 0.0241 0.0865
2 19.58 51.20 0.3197 38.09 30.33 0.1260 0.5040
3 0 51.20 0 95.63 21.94 0.1260 0.5040
4 41.66 0 1 78.26 17.85 0.1260 0.5040
5 0 51.20 0 110.57 21.94 0.1260 0.5040
6 0 51.20 0 121.88 21.94 0.1260 0.5040

*The recipe for semibatch copolymerization.
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Figure 2 shows the conversion histories at six levels of the
initial St mole fraction (fSt,0). The solid curves are the theo-
retical results while the points are the experimental data.
From this set of rate data, we estimated the diffusion-con-
trolled termination parameter (k0tii;D,a,b), as given in Table 5.
It is evident that the polymerization rate decreased with an
increase of fSt,0. This is due to the higher value of BA propa-
gation rate constant. The agreements between the theoretical
and experimental values are good. The model was then
employed for predicting the CC. Figure 3 gives the cumula-
tive St mole fraction (Fn1) with respect to the total monomer
conversion for three different fSt,0 levels. An excellent agree-
ment exists between the model prediction and the experimen-
tal data. The model predicted that the cumulative styrene CC
changed dramatically at low monomer conversions, which is
different from the trend of conventional free radical polymer-
ization (i.e. non-RAFT). It is attributed to the effect of
RAFT process on the radical concentrations and to the selec-
tivity of initiation reactions.48

St/BA copolymer with uniform composition

In most copolymerization systems, comonomers are con-
sumed at different rates determined by the steric and elec-
tronic properties of reactants (i.e., monomer and radical spe-
cies). Consequently, CC drifts with conversion in a batch

process. Therefore, copolymers produced from a batch pro-
cess generally do not have a uniform composition at a mo-
lecular level. In RAFT polymerization process, polymer
chains grow slowly during the entire course of polymeriza-
tion (in hours). This kinetic feature in chain growth yields
copolymer chains with a gradient composition distribution
along chain backbones from one end to the other. Through a
semibatch process, RAFT copolymerization allows us to pro-
duce copolymers with well-controlled composition distribu-
tion profiles. In this section, we designed a copolymer with
uniform chain composition at F1 5 0.5 (Expt. 2). BA was
charged to the reactor in the full amount at the very begin-
ning of polymerization. St was partially charged to the reac-
tor at the beginning. The amount of St initially charged to
the reactor was calculated from Mayo-Lewis equation with
the targeted CC (F1 5 0.5), as seen in Table 6. As the poly-
merization proceeded, the rest amount of St was continuously
fed to the reactor through a programmed metering pump.
Incorporating Eq. 9 as the constraint condition into the
model, we obtained the volumetric feeding rate vs. time
curve through the model simulation as shown in Figure 4a.

Figure 4b shows the cumulative St mole fraction as a
function of the number-average molecular weight with the
programmed monomer feeding profile in Figure 4a. It is evi-
dent that the semibatch operation provided a good control
over the drifting in CC (compared to Figure 3). It should be

Figure 4. Semibatch St/BA RAFT copolymerization targeting for the uniform composition profile of F1 5 0.5 (Expt.
2): (a) variation of volumetric feeding rate with time, (b) cumulative styrene CC vs. molecular weight, (c)
molecular weight vs. reaction time, and (d) polydispersity vs. molecular weight.
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pointed out that the control CC at the initial stage of poly-
merization was difficult because both radical concentration
and CC changed dramatically. The feeding of St started after
the RAFT system reached its steady state. As a result, the
composition approached to the targeted value after the chains
grew to 6 or 7 monomer units. Figure 4c shows the develop-
ment of the molecular weight during the polymerization. The
model successfully predicted the variation of molecular
weight with reaction time. Figure 4d shows the trend of poly-
dispersity and compares the experimental data to the simu-
lated results. The experimental PDI values are less than 1.3
in a long period of the polymerization; however, the simu-
lated values data are significantly lower than the experimen-
tal data. The deviation might be caused by branching reac-
tion involving in the BA polymerization, which was not con-
sidered in the current model.

St/BA gradient copolymers with linear
and tanh gradient compositions

Gradient copolymers have unique physical properties com-
pared to traditional block or random copolymers of similar
composition. However, preparation of gradient copolymers
with controlled composition profile is challenging. In this
section, we produced two representative symmetrical gradient
copolymers: linear and tanh. For the linear gradient copoly-

mer with Fn1 5 0.5, using Eq. 10 as the constraint condition,
we obtained the feeding rate vs. time profile as shown in Fig-
ure 5a. BA was initially charged to the reactor and St was
fed by the programmed metering pump. The cumulative St
mole fraction increased linearly from 0 to 0.5 as the chains
grew (see Figure 5b). That is, the instantaneous CC of St
increased linearly from 0 to 1, as Line b in Figure 1. Figure
5c shows the development of molecular weight with time
and Figure 5d shows the polydispersity. It is evident in Fig-
ures 5b,c that the model predictions are in a good agreement
with the experimental data. In Figure 5d, the model captures
the trend. However, the experimental PDI data deviate from
the model prediction, in particular, at high molecular weight
(i.e. high conversion). This can also be explained by polymer
branching reactions that involve BA units.

For this symmetrical linear gradient copolymer, we can also
change the direction of polymer chain growth by initially
charging the total amount of St to the reactor and feeding BA
by the metering pump (an inverse mode of operation). In this
case, the constraint condition should be as follows:

F1 ¼ 1� �rN
�rN;targeted

(13)

The model results and experimental data are given in Fig-
ures 6a–d. It is of interest to see the complexity of the feed-

Figure 5. Semibatch St/BA RAFT copolymerization targeting for the linear gradient CC F1 5 r̄N/r̄N,targeted (Expt. 3):
(a) variation of volumetric feeding rate with time, (b) cumulative styrene CC vs. molecular weight, (c) mo-
lecular weight vs. reaction time, and (d) polydispersity vs. molecular weight.
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ing rate vs. time curve. There is a compositional azeotropic
point in the copolymerization of St/BA at about fSt 5 0.948.
When fSt is higher than 0.948, BA consumes faster than St
does. When fSt is lower than 0.948, St consumes faster.
Therefore, in the early of stage of polymerization, where BA
consumed faster, the BA feeding rate needed to increase to
meet the composition constraint. When the system passed the
azeotropic point, St consumed faster than BA. When fSt in
the system was lower than the value required by the con-
straint equation, the BA feeding rate decreased. When F1

approached 0, fBA in the reactor needed to be dramatically
increased by a large amount of BA being charged to the re-
actor within a short period of time. In comparison of the two
modes of operation, it took about 42 h in the inverse mode
while it required 60 h in the normal mode to achieve the

same targeted Mn and CC profile. The inverse mode is
clearly advantageous over the normal mode in the polymer-
ization rate. We compared the copolymers prepared by two
modes in terms of NMR, GPC, and DSC data, respectively.
The observed results are listed in Table 7. It can be con-
cluded that these copolymers have similar structures.

For the tanh gradient copolymer, Eq. 11 was applied to
obtain the feeding rate profile that is shown in Figure 7a.
There was a maximal value in the feeding rate at about 39 h.
At this point, the comonomer composition reached the azeo-
trope. After this point, St consumed more slowly than BA.
Figure 7b shows the cumulative St CC profile (corresponding
to the profile in Figure 1c). Figures 7c,d show the develop-
ment of molecular weight and polydispersity, respectively.
There is a fair agreement between the model prediction and
experimental data. Some deviations in the agreement with
composition and molecular weight are likely due to experi-
mental errors.

St/BA triblock copolymer

Besides the uniform and gradient composition profiles, we
also produced triblock copolymers with a linear gradient
mid-block (refer to the profile (d) in Figure 1). Equation 12
was used as the constraint condition in calculating the mono-
mer feeding policy. The triblock chain structure was accom-

Figure 6. Semibatch St/BA RAFT copolymerzation targeting for the inverse linear gradient CC F1 5 1 2 r̄N/r̄N,targeted
(Expt. 4): (a) variation of volumetric feeding rate with time, (b) cumulative styrene CC vs. molecular
weight, (c) molecular weight vs. reaction time, and (d) polydispersity vs. molecular weight.

Table 7. Summary of Fn1, Mn, and Glass Transition
Temperature Data for the Linear Gradient Copolymers

Produced in the Two Modes of Operation

Sample Fn1 Mn (g mol21) T0* (8C) Te* (8C) DTg (8C)

Normal 0.50 27,616 236 37 73
Inverse 0.52 30,594 239 34 73

*T0 and Te are the starting and ending points of the glass transition range,
respectively.
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plished in three steps. First, the total amount of BA was
charged to the reactor. When the targeted degree of polymer-
ization of the first block was reached, St was fed to generate
the linear gradient block through a programmed metering
pump. Finally, the rest amount of St was charged to the reac-
tor to produce the homopolymer block of St. The simulation
results and experimental data are shown in Figures 8a–d. The
experimental data followed the model prediction. Again, the
deviation of PDI can be seen in the high molecular weight
section because of possible branching reactions. It can be
seen in Figure 8c that the polymerization rate to generate the
linear gradient block was much lower than that to of
the homopolymer blocks of BA and St. The reason is that
the apparent propagation rate constant of the St/BA copoly-
merization was lower than the propagation rate constant of
the BA homopolymerization, and that the monomer concen-
tration in the second stage was lower than that in the third
stage.

Another important chain microstructural property in the
CLRP is the fraction of dead chains in product. This infor-
mation was also provided in our simulation. The molar frac-
tion of the dead chains Ndead is shown in Figure 9. It can be
seen that during the semibatch copolymerization, the molar
fractions of dead chains were about 10% in all the five dif-
ferent cases. The amount of dead chains varied a lot, even
though the ratio of RAFT and initiator concentrations

remained the same. The reason for this is a variation in the
polymerization rate, noting that the amount of dead chains is
determined by the amount of decomposed initiator instead of
the total amount charged to the reactor.

Thermal properties of the resulting copolymers

The glass transition behaviors of the above gradient
copolymers were studied by DSC. The DSC heating curves
of the products are shown in Figure 10. It is intriguing that
the copolymers with the different composition profiles exhib-
ited very different thermal properties. The uniform gradient
copolymer gave a single value of Tg and a very narrow range
of transition temperature (DTg ; 108C). In contrast, there
were substantial differences in the temperature range with
the linear and tanh gradient copolymers. It was nearly 658C
with the linear gradient copolymer and 1008C with the tanh
gradient copolymer. As far as the triblock copolymer is con-
cerned, we observed multiple glass transitions in a broad
temperature range (DTg ; 1408C) that extended from the Tg
of polystyrene to that of poly(butyl acrylate). The broad
range of transition indicates that there existed various time
scales in chain relaxation, which can be attributed to the
nano-heterogeneity of the materials.49 Such materials have
potential applications in sound and vibration damping. This
preliminary DSC study clearly shows that the thermal proper-

Figure 7. Semibatch St/BA RAFT copolymerization targeting for the hyperbolic tangent gradient CC as described
by Eq. 12 (Expt. 5): (a) variation of volumetric feeding rate with time, (b) cumulative styrene CC vs. molec-
ular weight, (c) molecular weight vs. reaction time, and (d) polydispersity vs. molecular weight.
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Figure 8. Semibatch St/BA RAFT copolymerzation targeting for the triblock copolymer as described by Eq. 13
(Expt. 6): (a) variation of volumetric feeding rate with time, (b) cumulative styrene CC vs. molecular
weight, (c) molecular weight vs. reaction time, and (d) polydispersity vs. molecular weight.

Figure 9. Molar fractions of dead chains vs. number–
average chain length in the semibatch St/BA
RAFT copolymerization that targets for uni-
form, linear gradient, tanh gradient, and tri-
block composition distributions.

Figure 10. DSC heating curves for St/BA copolymers
with uniform, linear gradient, tanh gradient
and triblock composition distributions.
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ties of gradient copolymer can be controlled by designing
composition profiles with the semibatch strategy developed
in this work.

Conclusions

In this work, we applied the developed semibatch RAFT
copolymerization technology for the design and control of
various gradient copolymers with unprecedented composition
profiles. Using the technology, we produced a series of novel
St/BA copolymers with uniform, linear gradient, tanh gradi-
ent, and triblock with a linear gradient mid-block composi-
tion profiles. The RAFT process proceeded in a living man-
ner. The molecular weight data agreed with the model pre-
dictions. The MWDs were narrow with polydispersities about
1.3. The amount of dead chains was controlled below 10%.
The experimental CCs followed the targeted profiles. This
work demonstrated the usefulness of the model-based poly-
merization reactor technology in producing polymer materials
with tailor-made chain microstructural properties. With this
technology, we can design and prepare copolymer products
with any gradient composition profile at will. We also carried
out a preliminary study on the thermal properties of this
novel series of copolymer products. It was found that the
gradient profile has a significant effect on the glass transition
behavior. The range of transition temperature increased in
the order of uniform, linear gradient, tanh gradient, and tri-
block from 108C for uniform to 1408C for triblock. This dif-
ference in the glass transition behavior reflected different
morphologies that are determined by chain microstructural
properties.
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Notation

a5 adjustable parameter for diffusion-controlled termination
b5 adjustable parameter for diffusion-controlled termination
Ci5 concentration of species i in reactor, mol L21

Ci,f5 concentration of species i in feed, mol L21

fBA5BA mole fraction
fSt5St mole fraction

fSt,05 initial St mole fraction
Fi5 instantaneous copolymer composition of monomer i

Fi,in5molar flow rate of monomer i into the reactor, mol s21

Fni5 cumulative copolymer composition of monomer i
ka5 addition rate coefficients, L mol21 s21

kct5 cross-termination between propagating and intermediate radi-
cals, L mol21 s21

kd5 Initiator decomposition rate constant, s21

kf5 fragmentation rate coefficient, s21

kp5propagation rate constant, L mol21 s21

kt5 termination reaction rate constant, L mol21 s21

\kt[5 apparent termination rate constant for copolymerization, L
mol21 s21

ktc5 termination by combination rate constant, L mol21 s21

kt,C5 chemical activation termination rate constant, L mol21 s21

ktd5 termination by disproportionation rate constant, L mol21 s1

kt,D5diffusion-controlled termination rate constant, L mol21 s1

k0t;D 5 adjustable parameter for diffusion-controlled termination

mwmi5molecular weight of monomer i, g mol21

Mi05 total mole of monomer i
Mir5mole of monomer i in the reactor
Mit5mole of monomer i in the tank
Mn5number-average molecular weight, g mol21

Ndead5mole fraction of dead chains
pi5 relative concentration of terminal radical i
P�0 5primary radical

PDI5polydispersity index
Pr5dead chain with length r

P�r;ij 5 propagating radical with chain length r, i-type penultimate
unit and j-type terminal unit

Pr,ij
_TP05primary intermediate radical chain with chain length r, i-type

penultimate unit, and j-type terminal unit
Pr,ij

_TPs,kl5 intermediate radical that have two ‘‘arms’’ with chain lengths
r and s, adjacent penultimate units i and k, adjacent terminal
units j and l

Qm5moment of dead polymer chain
ri5 reactivity ratio for monomer i
Ri5 reaction rate of species i, mol L21 s21

Rp,i5 intrinsic propagation rate of monomer i, mol L21 s21

r̄N5number-average chain length
r̄W5weight-average chain length
Si5 radical reactivity ratio for monomer i
T5 temperature, K
Tg5glass-transition temperature, K
Tijm 5moment of primary intermediate radical chain
TP05RAFT agent

TPr,ij5 dormant chain with chain length r, i-type penultimate unit,
and j-type terminal unit

V5 reactor volume, L
Vf5volumetric feeding rate, L s21

Vs,in5volumetric flow rate of solvent into the reactor, L s21

Xij;kl
m 5moment of intermediate radical chain
Yijm 5moment of propagating radical chain
Zijm 5moment of dormant chain

Greek letters

a5 thermal expansion coefficient, K21

u5volume fraction
mf5 free volume fraction, cm3 g21

q5density of reaction mixture, g cm23

qi5density of component i, g cm23

qf5density of feeding materials, g cm23

Subscripts

mi5monomer i
p5polymer
S5 solvent
15St
25BA
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