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ABSTRACT: Recent studies have demonstrated that gradient

copolymers exhibit unique thermal properties. Although these

properties can be determined by copolymer composition,

other factors such as chain and sequence lengths and their

distributions can also influence them. Accordingly, the synthe-

sis of gradient copolymers requires simultaneously tailor-

made chain structure and thermal properties. In this work, we

carried out a systematic study on the preparation of poly(-

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

MMA-grad-HEMA)] with synchronously tailor-made chain

composition distribution and glass transition temperature (Tg)

through semibatch atom transfer radical polymerization. First,

a comprehensive model for simultaneously predicting gradient

copolymer microstructure and Tg was presented using the

concept of pseudo-kinetic rate coefficients and Johnston equa-

tion. The model was validated by comparing simulation

results with the classical reference data. Furthermore, the

model was used to guide the experimental synthesis of the

poly(MMA-grad-HEMA) gradient copolymers potentially as

excellent damping material. The thermal properties of these

gradient copolymer samples were evaluated. VC 2012 Wiley

Periodicals, Inc. J Polym Sci Part A: Polym Chem 50: 3052–

3066, 2012

KEYWORDS: computer modeling; copolymer composition distri-

bution; glass transition temperature; kinetics (polym.); model-

ing; poly(MMA-grad-HEMA); semibatch atom tranfer radial

polymerization (ATRP); thermal properties

INTRODUCTION Gradient copolymers are copolymers in
which the instantaneous composition of the polymer changes
continuously from one end of the chain to the other.1,2 As a
novel type of chain microstructures, synthesis of gradient
copolymers, and evaluation of their materials properties
have received increasing interest recently.3–8 Both theoretical
and experimental investigations have suggested that the
composition distribution along chain can be an important
microstructural parameter for fine-tuning nanomorphologies
and thus physical and functional properties of polymer mate-
rials.9–14 These investigations have also demonstrated that
the gradual change in composition along the length of gradi-
ent copolymer chains results in less intrachain and inter-
chain repulsion compared with block copolymers, lending to
unique behaviors, especially unique thermal properties in
bulk gradient copolymers.2 For instance, Torkelson et al.
have shown via differential scanning calorimetry (DSC) that
unusually broad glass transition temperatures (Tgs) are pres-
ent in strongly segregating styrene/4-hydroxystyrene (S/HS)
gradient copolymers.15 These properties of Tg are highly de-
sirable in vibration and acoustic damping applications, which

means that gradient copolymers are more excellent damping
materials when compared with random and block copoly-
mers.16,17 Recent work from Torkelson et al. has indicated
that these Tgs and glass transition breadths can be mainly
tuned through the choice of monomer pairs and copolymer
composition.18 Besides, other factors such as chain and
sequence lengths and their distributions can also influence
Tg.

4,12,15 Therefore, when the gradient copolymers are
applied in damping field, the synthesis of gradient copoly-
mers requires simultaneously tailor-made chain composition
and thermal properties.

The recent advent of controlled/living radical polymerization
(CLRP) techniques makes the control of chain structure no
longer a formidable task.19–30 Among them, currently, some
well established mechanisms are nitroxide mediated poly-
merization (NMP),20,21 atom transfer radical polymerization
(ATRP),22–25 reversible addition fragmentation chain transfer
polymerization (RAFT),26,27 and single-electron transfer and
single-electron transfer degenerative chain transfer living
radical polymerization,28–30 etc. They have been extensively
exploited for the synthesis of a large variety of polymers
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with predetermined molecular weight (MW) and narrow mo-
lecular weight distribution (MWD), as well as with well-
defined block, star, graft, and brush architectures.31 In gen-
eral, introducing a comonomer in CLRP offers a possibility to
prepare tailor-made copolymers with specific desired charac-
teristics. However, in a batch process, composition drift is
very common due to differences in the reactivity ratios of
the monomers. To control copolymer composition, a semi-
batch operation is commonly used. It was experimentally
and theoretically demonstrated that, through optimized feed-
ing in a semibatch reactor, copolymers with uniform compo-
sition or linear gradient composition can be successfully
designed and controlled.21,32–37 In this field, Luo et al. have
done excellent works.33–37 For instance, they have developed
a kinetic model for the semibatch RAFT copolymerization.
The work theoretically demonstrated the feasibility of con-
trol of copolymer composition distribution in RAFT polymer-
ization using semibatch-feeding policies.33 This theoretical
development was later extended to atom transfer radical
copolymerization (ATRcoP). Nevertheless, this model did not
consider the chain length dependence of termination rate
coefficients for such polymerization, and also it was not vali-
dated via experiment.34 But, it is undeniable that they car-
ried out a systematic experimental study on the preparation
of styrene/butyl acrylate (St/BA) copolymer products with
various unprecedented chain microstructures through pro-
grammed semibatch RAFT copolymerization.35,36 Recently, Ye
et al.38 developed a model with sequence lengths of chains
and their distributions for RAFT copolymerization in semi-
batch operations using moment equations, Unfortunately,
their model is not evaluated by any practical data and the
idea of tailor-made materials properties such as Tg using
chain and sequence lengths and their distributions is not
reflected in their work. Wang et al.21,32 introduced a compu-
tational tool based on kinetic Monte Carlo simulations for
NMP that can generate recipes to synthesize copolymers
with predesigned monomer sequences, but it also fails to
predict any materials properties.

To simultaneously tailor-make chain composition and ther-
mal properties/Tg, the chain composition and Tg equations
must be solved synchronously. As described above, the
models for the semibatch CLRP (including ATRP and RAFT
polymerization) process have been deeply developed.
Besides, there are also some models regarding Tg, espe-
cially the Tg of gradient copolymers. For instance, Hashi-
moto et al.39 presented a mathematical model to predict
the dynamic mechanical response for different spatial dis-
tributions of tapered block copolymers in 1983. The
results showed that gradient copolymers could take the
concept of tapered block copolymers one step further,
with the tapered region extending along the entire length
or the majority of the copolymer chain. Thus, one would
expect more dramatic effects to be observed via dynamic
mechanical testing of gradient copolymers. Fevotte et al.40

suggested a model to predict/control the Tgs of free radi-
cal copolymers in 1998, whereas their model was failed to
predict the chain structure due to the application of con-

ventional free radical polymerization. Martin-Gomis et al.41

investigated the Tg of copolymers based on dimethyl
amino ethyl methacrylate and two structural hydroxy-func-
tional acrylate isomers (HEMA and EHMA), along with the
intramolecular and intermolecular structure and Johnston
Equation, enabled a description of the experimental varia-
tions of the copolymer Tg. Liu et al.42 proposed a equation
to predict the Tg of sequence distribution-copolymers
based on the extended Gibbs-DiMarzio equation in view of
bond rotation flexibility and additivity of the correspond-
ing stiff energies. More recently, Tonelli et al.43 discussed
the Tg of styrene/4-styrene copolymers with comonomer
compositions and sequence distributions dependent con-
formational flexibilities of copolymers, as gauged by their
conformational entropies. As a whole, the above models
can be used to predict Tgs of different polymers including
gradient copolymers, and thus the control of Tg is possi-
ble. Although they are only on Tg, it is possible to concur-
rently tailor-make chain composition and Tg when these Tg
equations are incorporated/combined with the chain com-
position models.

In this work, we make effort to develop strategies through
experiment and theoretical simulation approaches for the
synthesis of gradient copolymers with simultaneously tailor-
make chain composition and Tg. We use the preparation of
poly(methyl methacrylate-grad-2-hydroxyethyl methacrylate)
[poly(MMA-grad-HEMA)] through semibatch ATRP as an
example for the work to obtain the poly(MMA-grad-HEMA)
gradient copolymers potentially as excellent damping materi-
als. In addition, in this work, we also evaluate the thermal
properties (Tg) of these gradient copolymer samples and
compare to the model prediction.

MODEL DEVELOPMENT

Polymerization Mechanism and Kinetic Equations
for Semibatch ATRcoP
When the classical mechanism is applied to a specific ATRP
system, some assumptions will be needed to simplify the
model. In this work, the following assumptions, which have
been proven to sufficient for describing the ATRP,44 are
applied: (1) the value of the rate constant for each step is in-
dependent on chain length, except the termination rate con-
stant; (2) only chain transfer to monomer is considered; (3)
the value of the initiator-activation rate constant is equal to
that of the dormant. Therefore, the elementary reactions
could be summarized in Table 1. Furthermore, for simplicity,
in this work, we use a terminal model and also neglect some
side reactions, such as thermal self-initiation and Propaga-
tion, b-H elimination by deactivator, which have been applied
and proved in open reports.34

There are three types of chain species involved in the ATR-
coP: (1) propagating radical chain (Pr,i�), (2) dormant radical
chain (Pr,iX), and (3) dead chain (Pr). The subscript notation
r denotes the length of chain, whereas i is the terminal unit
of chain. For these species, the following molar balance equa-
tions (i.e., kinetic equations) in a batch reactor are summar-
ized and listed in Table 2.
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Pseudo-Kinetic Rate Constants
Compared with homopolymerization, copolymerization
involves more polymerization kinetic steps and requires
more complex population balances. The mathematical treat-
ment of copolymerization can be greatly simplified using the
method of pseudo-kinetic constants developed by Hamielec
in the early eighties.45 Using the terminal model for copoly-
merization,46 the equations for the pseudo-kinetic rate con-
stants for propagation (kp), chain transfer (ktr), termination
by disproportionation (ktd), and termination by combination
(ktc), are summarized in Table 3. In addition, Al-Harthi
et al.47 applied the pseudo-kinetic rate constant method to
ATRcoP. In their work, they defined the pseudo-kinetic rate
constants for activation and deactivation in ATRcoP equilib-
rium (i.e., ka and kda), which are also summarized in Table 3.

In Table 3, three parameters must be defined. Among them,
the mole fraction of polymer radical terminated in monomer
of type i (/i) is given by:

/i ¼
½R�i�PN
j¼1 ½R�j�

(1)

the mole fraction of monomer i in the monomer mixture (fi)
is given by:

fi ¼ ½Mi�PN
j¼1 ½Mj�

(2)

the molar fraction of dormant chains terminated in monomer
i, (si), is given by:

si ¼ ½Di�PN
j¼1 ½Dj�

(3)

Diffusion-Controlled Reactions
In free-radical polymerization, when the polymerization pro-
ceeds to intermediate and high conversions, the system
becomes viscous and the reactants experience diffusion limi-
tation, even though in the solution polymerization, it just
delay the diffusion limitation.35 Here, we use the free volume
theory to describe the diffusion effect for all the reaction
rate constants involved in this work.

During the polymerization, the free volume of the reac-
tion mixture depends on the volume of the components
present in the system. The total volume is calculated
as:

vf ¼
X# of components

i¼1
0:025þ ai T � Tgið Þ½ �Vi

V
(4)

Chain-length dependence of reactions among large macro-
molecules is considered here by using different averages
of the kinetic rate constant for such reactions. As shown
in Table 1, only termination involves reaction between two
large macromolecules. In addition, propagation, transfer
between growing chain and catalyst, and transfer to small
molecules involve reaction between a large and a small
molecule, and a single average of the corresponding ki-
netic rate constant is adequate in those cases.48 Accord-
ingly, all the diffusion-controlled rate coefficients are sum-
marized in Table 4.

TABLE 1 Elementary Reactions Involved in ATRcoP

Type of reaction Scheme

Initiation P0X þ C  !Keq

P0 � þCX

P0 � þMi �!
kin;i

P1;i �

Propagation Pr;i � þMj �!
kp;ij

Prþ1;j �

ATRP equilibrium Pr;iX þ C  !Keq¼ka=kda
Pr;i� þCX

Transfer Pr;i � þMj �!
ktr;ij

Pr þM �

Termination Pr;i � þPs;j� �!
ktd;ij

Pr þ Ps

Pr;i � þPs;j� �!
ktc;ij

Prþs

TABLE 2 Kinetic Equations for Each Type of Chain Species

Type of chains Mass balance equations

Propagating radical d½Pr;i��
dt

¼
X
j

kp;ij½Pr�1;j��½Mi� �
X
j

kp;ij½Pr;i��½Mj� þ ka;i½Pr;iX�½C�

� kda;i½Pr;i��½CX� �
X
j

ktr;ij½Pr;i��½Mj� �
X
j

X
s

ktc;ij þ ktd;ij
� �½Pr;i��½Ps;j��

Dormant d½Pr;iX�
dt

¼ kda;i½Pr;i��½CX� � ka;i½Pr;iX�½C�

Dead d½Pr�
dt
¼
X
j

ktr;ij½Pr;i��½Mj� þ
X
i

X
j

Xr
s¼0

ktc;ij½Pr;i��½Pr�s;j�� þ
X
i

X
j

Xr
s¼0

ktd;ij½Pr;i��½Ps;j��
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Method of Moments and Derivation of Moment
Equations
The methodology used in this study is an extension of Zhu
et al. work for ATRP.48 The moments of chain species are
summarized in Table 5.

With these moment definitions, the moment equations
could be obtained by combining the moment definitions
given in Table 5 with the population balance shown in Ta-
ble 2 and the pseudo-kinetic rate constants shown in Ta-
ble 3. A complete set of moment equations can be derived
as summarized in Table 6. Therefore, one can readily
describe the polymerization kinetics, such as monomer
conversion (Conv.), cumulation copolymer composition
(Fcum), number-average chain length (rn), weight-average
molecular chain length (rw), polydispersity index (PDI),
number-average molecular weight (Mn), and instantaneous
copolymer composition (Finst). Corresponding equations
are as follows:

Conv: ¼
PN

i¼1 Mi0 �Mis �Mirð ÞPN
i¼1 Mi0

(5)

Fcum ¼ Mi0 �Mis �MirPN
i¼1 Mi0 �Mis �Mirð Þ (6)

rn ¼
P

i k1i þ l1i þ s1
� �

P
i k0i þ l0i þ s0
� � (7)

rw ¼
P

i k2i þ l2i þ s2
� �

P
i k1i þ l1i þ s1
� � (8)

PDI ¼ rw
rn

(9)

Mn ¼
XN
i

rnFcumMn;i (10)

Finst ¼

P
j
kp;jil0j Mi½ �P

i

P
j
kp;jil0j Mi½ � (11)

Semibatch Reactor Model
A reactor model for the semibatch polymerization must
be developed due to the control of the composition dis-
tribution along the chain. In addition, in this work, a
well-mixed isothermal tank reactor is assumed. Further-
more, due to a trace amount of initiator and a constant
volume of solvent, only monomer and polymer signifi-
cantly contribute to volume (V) and density (q) in the
semibatch operation process. Therefore, in the semibatch
reactor, the mass balance equations for all entities can be
worked out.

For the semibatch reactor, the evolution of reaction volume
V can be derived:

dV

dt
¼ Vf �

Xn
i¼1

Mn;iRp;iV
1

qp
� 1

qi

 !
(12)

The evolution of density in the reactor can be obtained via
applying mass balance to all entities:

d Vqð Þ
dt

¼ Vf qf (13)

i:e:;
dq
dt
¼ Vf qf

V
� q
V

dV

dt
(14)

TABLE 4 The Expression for Diffusion-Controlled Rate

Coefficients

Type of reaction Diffusion-controlled rate coefficients

Propagation kp
� � ¼ kp exp �Bp

1

vf
� 1

vf0

� �� �

ATRP equilibrium kah i ¼ ka exp �Ba

1

vf
� 1

vf0

� �� �

kdah i ¼ kda exp �Bda

1

vf
� 1

vf0

� �� �

Transfer ktrh i ¼ ktr exp �Btr

1

vf
� 1

vf0

� �� �

Termination
ktdh i ¼ ktd

rn
rw

� �x=2

exp �Btd

1

vf
� 1

vf0

� �� �

ktch i ¼ ktc
rn
rw

� �x=2

exp �Btc

1

vf
� 1

vf0

� �� �

TABLE 3 Definition for Various Pseudo-Kinetic Rate Constants

Type of reaction

Definition of pseudo-kinetic

rate constants

Propagation
kp ¼

XN
i¼1

XN
j¼1

kp;ij/ifi

ATRP equilibrium
ka ¼

XN
i¼1

ka;isi

kda ¼
XN
i¼1

kda;i/i

Transfer
ktr ¼

XN
i¼1

XN
j¼1

ktr;ij/ifi

Termination
ktd ¼

XN
i¼1

XN
j¼1

ktd;i;j/i/j

ktc ¼
XN
i¼1

XN
j¼1

ktc;ij/i/j
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In addition, for the ith species in the semibatch reactor, the
following mass balance equation can be derived:

d VCið Þ
dt

¼ Vf Cif þ VRi (15)

dCi
dt
¼ 1

V
Vf Cif � Ci

dV

dt

� �
þ Ri (16)

Glass Transition Temperature Model
For control purposes, a satisfactory model should satisfy
an acceptable compromise between simplicity and accu-
racy of the predictions. In this work, the instantaneous
Tg is calculated using the Johnston equation,49 which
can be considered as an extension of the earlier work of
Fox.50 The selected instantaneous Tg model can predict
Tg in terms of monomer unit sequences (dyad sequen-
ces) in a copolymer with assuming that M1M1, M1M2 or
M2M1, and M2M2 dyads have their own Tgs. Accordingly,
the overall Tg of a copolymer can be described as
follows:

1

TgðtÞ ¼
w1ðtÞP11ðtÞ

Tg11
þ w2ðtÞP22ðtÞ

Tg22
þ w1ðtÞP12ðtÞ þ w2ðtÞP21ðtÞ

Tg12
(17)

TABLE 5 Definition of Various Chain Moments

Type of chains Definition of the moments

Propagating radical lmi ¼
X1
i¼1

im Pr;i�
	 


Dormant kmi ¼
X1
i¼1

im Pr;iX
	 


Dead sm ¼
X1
i¼1

im Pr½ �

TABLE 6 Differential Moment Equations

Zeroth order moments Propagating radical chains dl0
dt
¼ kah i C½ � k0½ � � kdah i CX½ � l0½ � � ktrh iM½ � l0½ � � ktch i þ ktdh ið Þ l0½ � l0½ �

Dormant chains dk0
dt
¼ � kah i C½ � k0½ � þ kdah i CX½ � l0½ �

Dead chains ds0
dt
¼ ktrh iM½ � l0½ � þ ktdh i l0½ � l0½ � þ

ktch i
2

l0½ � l0½ �

First-order moments Propagating radical chains dl1
dt
¼ kah i C½ � k1½ � � kdah i CX½ � l1½ � þ kp

� �
M½ � l0½ �

� ktrh iM½ � l1½ � � ktch i þ ktdh ið Þ l0½ � l1½ �

Dormant chains dk1
dt
¼ � kah i C½ � k1½ � þ kdah i CX½ � l1½ �

Dead chains ds1
dt
¼ ktrh iM½ � l1½ � þ ktdh i l0½ � l1½ � þ ktch i l0½ � l1½ �

Second-order moments Propagating radical chains dl2
dt
¼ kah i C½ � k2½ � � kdah i CX½ � l2½ � þ kp

� �
M½ � l0½ �þ

2 kp
� �

M½ � l1½ � � ktrh iM½ � l2½ � � ktch i þ ktdh ið Þ l0½ � l2½ �

Dormant chains dk2
dt
¼ � kah i C½ � k2½ � þ kdah i CX½ � l2½ �

Dead chains ds2
dt
¼ ktrh iM½ � l2½ � þ ktdh i l0½ � l2½ � þ ktch i l0½ � l2½ � þ ktch i l1½ � l1½ �

Small molecules Monomers dM

dt
¼ � kp

� �þ ktrh i
� �

M½ � l0½ �

Activator C½ � ¼ C0½ � � CX½ � ¼ d½C�
dt
¼ � kah i C½ � k0½ � þ kdah i½CX�½l0�

Deactivator CX½ � ¼ P0X½ � � k0½ �

d½CX�
dt

¼ � d½C�
dt

ARTICLE WWW.POLYMERCHEMISTRY.ORG
JOURNAL OF

POLYMER SCIENCE

3056 JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY 2012, 50, 3052–3066



where, Tg11 and Tg22 are the Tg of the homopolymers, Tg12 or
Tg21 is the Tg of an ideally alternating copolymer. Namely,
Tg12 ¼ Tg21,

40 wi is the instantaneous weight fraction of
monomer i in the copolymer, Pij(t) is the dyad distribution
and can be defined via eqs 18 and 19:

1

PijðtÞ ¼ 1þ ri
½MiðtÞ�
½MjðtÞ� i ¼ 1 or 2; i 6¼ jð Þ (18)

PiiðtÞ ¼ 1� PijðtÞ i ¼ 1 or 2; i 6¼ jð Þ (19)

where, ri is the well known free radical polymerization reac-
tivity ratio, [Mi(t)] is the instantaneous concentration of
monomer i.

When using the above model to predict the breadth of Tg,
we defined ~Tg as follow:

DTg ¼ Tg11 � Tg tð Þ ðin normal modeÞ (20)

DTg ¼ Tg tð Þ � Tg22 ðin inverse modeÞ (21)

Model Implementation and Estimation of
Model Parameters
Equations 1–19 and equations described in Tables 2–6 con-
stitute the integrated model, which can be used to predict
concurrently chain composition and Tg. In addition, these
equations include a set of stiff and ordinary differential
equations. The ode23s-function, based on a modified

TABLE 7 Kinetic Rate Constants of the MMA/HEMA-TMS ATRcoP used in Simulationa

Parameter Value Ref.

kp11 (L/mol �s) 106.427 exp (�22360/RT) 51

kp22 (L/mol �s) 106.954 exp (�21900/RT) 52

ktc11 (L/mol �s) 1.0 � 107 53

ktc22 (L/mol �s) 0.9kt2 ¼ 0.99 � 106 54

ktd11 (L/mol �s) ktc11 � 2.43 � 103 exp (�15460/T) 53

ktd22 (L/mol �s) 0.1kt2 54

kt11,kt21 (L/mol �s) (kt11 � kt22)
1/2 55

r1 0.86 56

r2 0.66 56

ttr11 (1/s) 0.0198 Set to an arbitrary low value

ttr22 (1/s) 0.0122 Set to an arbitrary low value

ttr12, ttr21 (1/s) (ktr11 � ktr22)
1/2 Use the same method as kt

kal (L/mol � s) 0.6035b This work

ka2 (L/mol � s) 0.5767b This work

kda1 (L/mol � s) 0.2518 � 107b This work

kda2 3.2231 � 107b This work

a HEMA-TMS(use parameters of HEMA by analogy) b Obtained by experimental data fitting.

TABLE 8 Materials Properties for the MMA/HEMA-TMS ATRcoPa

Parameter Value Ref. Parameter Value Ref.

qm1 (g/cm3) 0.9569–1.2129 � 10�3 (T � 273.15) 57 Tgp1 (K) 387 53

qm2 (g/cm3) 0.929 (1.073) 54 Tgp2 (K) 328 54

qp (g/cm3) 1.15 54 Tgm1 (K) 167 53

ap1 (1/K) 0.00048 53 Tgm2 (K) 213 54

ap2 (1/K) 0.000075 54 TgS (K) 115 58

am1 (1/K) 0.001 53 Bp (dimensionless) 0.65 6 0.32 48

am2 (1/K) 0.0005 54 Bt (dimensionless) 6.64 6 0.75 48

ap (1/K) Fcum1 ap1 þ Fcum2 ap2 59 Btr (dimensionless) 0.5 48

aS (1/K) 0.00107 60 Ba (dimensionless) 5.0 6 0.023 48

Tgp 1/Tgp ¼ w1 P11/Tgp1 þ w2P22/Tgp2 þ (w1P12 þ w2 P21)/Tgp12 49 Bda (dimensionless) 3.0 6 0.41 48

a All the properties of HEMA-TMS are similar to HEMA’s
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Rosenbrock formula of second-order, provided in MATLAB
7.0 software was used to solve the ordinary differential
equations.

To solve the above model, some kinetic, thermodynamic, and
property parameters related to the model must be obtained
in advance. The main parameters and their values applied in
this work are listed in Tables 7 and 8.

EXPERIMENTAL

Materials
Methyl methacrylate (MMA, 98%) was supplied by Sino-
pharm Chemical Reagent (SCRC) and was rinsed with 5 wt
% aqueous NaOH solution to remove the inhibitor. 2-Hydrox-
yethyl methacrylate (HEMA, 95%) and Tetrabutylammonium
fluoride (TBAF, 1M in tetrahydrofuran) were obtained from
TCI (Shanghai) Development. HEMA was purified by washing
an aqueous solution of monomer with hexane to remove eth-
ylene glycol dimethacrylate, salting the monomer out of the
aqueous phase by addition of NaCl, drying over MgSO4, and
distilling under reduced pressure. Ethyl 2-bromoisobutyrate
(Eib-Br, 98%) were obtained from A Better Choice for
Research Chemicals GmbH & Co. KG. (ABCR). 4,40-Dinonyl-
2,20-bipyridyl (dNbpy, Nanjing Chemzam Pharmtech, 99%)
was recrystallized three times from ethanol. CuBr (SCRC,
99%) was purified by washing it with acetic acid and metha-
nol alternatively three times, and dried under vacuum at 45
�C for 24 h. Potassium fluoride (KF, 99%, SCRC) was used as
received. All other reagents and solvents were obtained from
SCRC and used without further purification.

Synthesis of HEMA-TMS
Due to poor solubility of HEMA in low polar solvents, HEMA
was often polymerized in its protected form, 2-(trimethylsilyl)-
ethyl methacrylate (HEMA-TMS). The resulting polymers
were more compatible with organic media, especially when
used for the synthesis of block copolymers followed by
deprotection to make amphiphilic materials or homopoly-

merized then followed by a transesterification with 2-bro-
moisobutyryl bromide to subsequently prepare graft copoly-
mers, leading to polymer brushes.61 The detailed synthesis
procedure of HEMA-TMS can be found in Ref. 62.

Synthesis of MMA/HEMA-TMS Random, Diblock, and
Gradient Copolymers
The gradient copolymers were synthesized through semibatch
ATRP described in Scheme 1. A typical procedure can be
described as follows: Toluene, CuBr, CuBr2, dNbpy, and MMA
or HEMA-TMS were first added to a dried round-bottom flask,
and the mixture was degassed three times by freeze/pump/
thaw cycles. In addition, in another reaction flask, CuBr,
CuBr2, dNbpy and HEMA-TMS, or MMA were added and
degassed by three freeze/pump/thaw cycles. After stirring the
mixtures for 30 min, the primary flask was placed in a pre-
heated oil bath at 90 �C, and the initiator Eib-Br was added.
The secondary reaction mixture was transferred into an air-
tight syringe and assembled to a syringe pump. Synchro-
nously, the continuous addition of the secondary reaction mix-
ture to the primary one was started at a model optimized
rate, which corresponds to targeted monomer conversion.
Samples were taken of about 0.1–0.2 mL every 1.5 h. After
6.5 h, the HEMA-TMS or MMA addition was complete. The
reaction was stopped after 7 h by cooling the flask to room
temperature and exposing the reaction mixture to air.

Random copolymers were made using batch ATRP with Eib-Br
as initiator. The monomers, solvent, and catalyst system were
combined in a dried round-bottom flask, and the mixture was
degassed three times by freeze/pump/thaw cycles. After stir-
ring the mixtures for 30 min, the primary flask was placed in a
preheated oil bath at 90 �C, and the initiator Eib-Br was added
with an injector under N2. After 7 h, the flask was removed
from the oil bath and allowed to cool to room temperature.

Diblock copolymers were synthesized using sequential, batch
ATRP. The PMMA macroinitiator was first synthesized in

SCHEME 1 Experimental apparatus for the semibatch ATRP.
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toluene with Eib-Br as initiator. Then, the macroinitiator, sol-
vent, and catalyst system were combined in a dried round-
bottom flask; the flask was degassed three times by freeze/
pump/thaw cycles. After three repetitions, a predetermined
amount of HEMA-TMS was added with an injector under N2.
The flask was placed in a preheated and thermally regulated
oil bath at 90 �C. After 7 h, the reaction was stopped.

All of the above polymer solutions were diluted with CHCl3 and
passed over an alumina column to remove the catalyst. The sol-
vent was distilled off under vacuum using a rotary evaporator
at 25 �C, and then the polymer was precipitated in petroleum
ether, finally dried under vacuum for 24 h. Monomer conversion
was measured by gravimetry. Recipes for all the experimental
studies were listed in Table 9 (Expt. 2 and 3 were used to syn-
thesize the polymer with linear gradient and inverse linear gra-
dient composition, respectively; Expt. 4 and 5 were for synthe-
sizing the random and biblock copolymers, respectively).

The overall ratio of incorporated monomer in resulting co-
polymer was determined using 1H-NMR (Fig. 1, taking linear
gradient copolymer for example) measurements by compar-
ing the peak area ratio of characteristic signals for PMMA
(3.4 ppm, 3H, AOACH3) and PHEMA-TMS (3.94 ppm, 2H,
ACH2AOCOA, and 3.62 ppm, 2H, ACH2AOASi(CH3)3; 0.05–
0.16 ppm, 9H, ASi(CH3)3).

Preparation of MMA/HEMA Random, Diblock,
and Gradient Copolymers
Each kind of copolymer (2 g) was dissolved in 50 mL of dry
THF. KF (100 mg, 1.64 mmol) and TBAF (164ll, 0.164
mmol) were added to the polymer solution and stirred for
24 h at room temperature. A part of solvent was evaporated
under reduced pressure, and the polymer was precipitated
in water. After filtration, the polymer was dried under vac-
uum for 24 h, and the copolymer of MMA and HEMA was
obtained. The 1H-NMR (Fig. 1) result indicated that the TMS
group on the copolymer was fully removed [absence of
TMSAOA resonance d ¼ 0.05–0.16 ppm, 9H, ASi(CH3)3].

Measurements
The copolymer compositions were determined by nuclear mag-
netic resonance (1H-NMR) spectroscopy (Bruker AV400 MHz)
in dimethyl sulfoxide-d6. To obtain the relative amounts of the

comonomers incorporated in polymer chains were estimated
from the areas under assigned peaks of the spectra. The copol-
ymer composition was determined by comparing the inte-
grated intensities of these resonance signals as above mention.

The molecular weight (Mn) and molecular weight distribution
(Mw/Mn, PDI) of the polymer was determined at 40 �C by gel
permeation chromatography (GPC) equipped with a waters
1515 isocratic HPLC pump, three Styragel columns (Waters HT4,
HT5E, and HT6) and a waters 2414 refractive index detector
(set at 30 �C), using THF as the eluent at the flow rate of 1.0 mL
min�1. A series of poly(methyl methacrylate) (PMMA) narrow
standards were used to generate a universal calibration curve.

The thermal analysis of the MMA/HEMA copolymers was car-
ried out using a differential scanning calorimeter (Netzsch DSC
204). Cooling was accomplished by a liquid nitrogen-cooling
accessory. Around 10 mg of sample was loaded into an alumi-
num pan with an empty pan serving as a reference. The dry
nitrogen was purged into the DSC cell with a flow rate of 50 mL
min�1. The samples were first heated at a rate of 10 �C min�1

to 150 �C and held at constant temperature for 5 min to elimi-
nate thermal history. The samples were then quenched at a rate
of �40 �C min�1 to 0 �C before being reheated to 150 �C at a
rate of 10 �C min�1. All data associated with glass transition
measurements were obtained from the second heating scan.

TABLE 9 Recipes for all the Experimental Studies

Expt.

MMA

mmol (mL)

HEMA-TMS

mmol (mL)

Initiator

(mmol)

CuBr

(mmol)

CuBr2

(mmol)

dNbpy

(mmol)

Solvent

(mL)

Vf

(mL h�1)

1 r. f. 30.98 (3.3) 0.12 0.09 0.0046 0.18 1.07

a. s. 34.08 (7.1) 0.10 0.0051 0.20 2.5 1.52

2 r. f. 30 (3.2) 0.12 0.087 0.00435 0.174 2

a. s. 24 (5) 0.07 0.0035 0.14 1.5 1.00

3 r. f. 24 (5) 0.12 0.07 0.0035 0.14 1.5

a. s. 30 (3.2) 0.87 0.00435 0.174 2 0.80

4 r. f. 30 (3.2) 24 (5) 0.12 0.157 0.00785 0.314 3.5

5 r. f. 24 (5) 0.12 0.07 0.0035 0.14 3.5

r. f., reactive flask; a. s., airtight syringe.

FIGURE 1 1H-NMR spectrum of the MMA/HEMA and MMA/

HEMA-TMS linear gradient copolymers.
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RESULTS AND DISCUSSION

Model Validation
To validate the model developed above for the semibatch
reactor, the simulation results were first tested against ex-
perimental data recorded in Matyjaszewski and coworkers
report.63 In that report, the experimental conditions are as
follows: the ATRcoP of MMA and HEMA-TMS at 90 �C in a
semibatch reactor, which corresponds to Expt. 1 described
in Table 9. In addition, due to the absence of the activat-
ing and deactivating rate constants for our studied system
in open reports, they are estimated via the least-square
method based on the experimental data reported in Refs.
62 and 64 and the estimated values are listed in Table 7.
Moreover, the adjustable free volume parameters used in
the diffusion-controlled rate coefficients equations are dif-
ficult to estimate. These used adjustable parameters were
directly available from the literature for similar system.48

The results show that such approximation is acceptable.
By substituting the model parameters described in Tables 7
and 8 for related terms in the above model, respectively,
the simulated results were obtained and shown in
Figure 2.

From Figure 2, one can know that the compared parameters
include instantaneous composition, monomer concentration,
molecular weight, and polydispersity index. Namely, Figure
2(A) shows that the instantaneous composition of MMA
mole faction decreases continuously with an average poly-
mer chain from 1 in the beginning of chain to 0.23 at the
end. The deviation between experimental data and the simu-
lated data is due to the slow initiator decomposition rate.
The results confirm the synthesis of a gradient structure.
Figure 2(B) illustrates the evolution of molecular weight
(Mn) and PDI during gradient copolymerization. Figure 2(C)
shows that the evolution of monomer concentration during
the gradient copolymerization. Fast consumption of MMA
can be observed during the early stage of the polymerization
as a result of a high initiator concentration and a low con-
centration of competing HEMA-TMS. During the polymeriza-
tion process, the rate of consumption of MMA slows down
due to a dilution of MMA with increasing amount of HEMA-
TMS. The prediction for the MMA concentration deviates
from experimental data at the initial time owe to the condi-
tions of simulation, which are more ideal than actual opera-
tion. In addition, Figure 2(D) indicates the molecular

FIGURE 2 Comparison between model predictions and experimental data from classical literature (Ref. 63) for the semibatch

ATRP for producing linear gradient copolymers: A instantaneous composition of poly(MMA-grad-HEMA-TMS) versus degree of po-

lymerization, B molecular weight and polydispersity index versus reaction time, C monomer concentration versus reaction time, D

molecular weight versus polymer yield based on monomer conversion.
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weights (Mn) versus polymer yield based on monomer con-
version. The model prediction for Mn tracks the experimen-
tal data of theoretical molecular weight closely and the lin-
ear increase of Mn with polymer mass indicates a constant
number of chains. From Figure 2(B and D), the deviation
between Mn (GPC) and Mn, conv (GC) can be observed after
3 h, when the polymer mass is about 3 g. As explained by
Matyjaszewski and coworkers,63 the decrease of the overall
MMA to HEMA-TMS ratio in the formed copolymer results
in an increasingly different behavior of the copolymer in
comparison to narrow PMMA standards. For PDI, the model
captures the trend. The deviation from the simulation at
high conversion (at long reaction time) can be explained by
the ideal conditions of simulation based on some assump-
tions, which is needed to simplify the model.

As a whole, Figure 2 illustrates the comparisons between the
experimental and simulated data at the semibatch polymeriza-
tion condition, which shows a good agreement between the ex-
perimental data and the simulated results. It means that the
semibatch model can be utilized for further simulation study.
Next, the above model will be used to predict the effect of the
feeding rate of HEMA-TMS on the gradient copolymer composi-
tion to guide for synthesizing the linear gradient copolymers.

Model Application
As mentioned previously, the semibatch operation is the best
methodology for synthesizing the gradient copolymer. The
gradient copolymerization process is influenced by two im-
portant parameters. First, the monomer addition rate, it
affects the kinetics, thereby affecting the conversion and then
the structure of polymer chain. Indeed, if monomer addition
is faster than monomer consumption, it will result in the
decrease of conversion. Second, the choice of added monomer
is also one of important parameters. Working with two mono-
mers characterized by different reactivity ratios, it is essential
to add the more reactive monomer to force the incorporation
of this monomer in the macromolecular chains to form a spe-
cific gradient molecular structure. Herein, we use the above
model to predict their effects on gradient copolymerization.

Effect of the Feeding Rate on Gradient Copolymer Compo-
sition in Semibatch Process
First, the effects of four different feeding rates on instantane-
ous copolymer composition and monomer concentration are
simulated via the above model. During the simulation, we
have adopted the same experimental conditions done by
Matyjaszewski and coworkers.63

The simulated results are shown in Figure 3. From Figure
3(A), all the instantaneous compositions of MMA decrease
continuously with the increase of average polymer chain at
different feeding rate. In addition, with the increase of feed-
ing rate, the curve for instantaneous composition becomes
closely to linear. Figure 3(B) shows that, both the two-mono-
mer conversions decrease with the increase of feeding rate.
However, when the feeding rate greatly exceeds the rate of
consumption for HEMA-TMS, a dilution of MMA will happen,
which is attributed to the accumulation of HEMA-TMS in the
system. However, the decrease of the conversation of MMA,
in turn, can dilute the concentration of HEMA-TMS in mix-
ture. Nevertheless, if the feeding rate was too slow, it would
be difficult to form the gradient structure and tend to be
block copolymer. As a whole, based on the simulated results,
one knows that the feeding rate can not only control the
structure of polymer chain but also affect the monomer con-
version. Accordingly, the effects of feeding rate on the con-
version and the instantaneous composition must be concur-
rently considered when one selects an appropriate feeding
rate. The feeding rate data used by Matyjaszewski and co-
workers63 is a classical example.

Gradient Copolymers with Linear Gradient and Inverse
Linear Gradient Composition
In this subsection, the effect of added monomer on the chain
composition is predicted via the above model. For the linear
gradient copolymers with a symmetric composition along
chain, there are two approaches to be used to synthesize
them with different direction of chain growth. For example,
we can synthesize a normal linear gradient copolymer by ini-
tially charging all monomer (here is MMA) to the reactor and

FIGURE 3 Effect of monomer feeding rate on instantaneous composition of poly(MMA-grad-HEMA-TMS) (A) and monomer con-

centration (B) at semibatch ATRP process.
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feeding the other monomer (here is HEMA-TMS) by the
metering pump, the reactants and their recipes are listed in
Table 9 (Expt. 2). If we charged all HEMA-TMS to the reactor
and feed the MMA by the metering pump, an inverse linear
gradient copolymer would be synthesized (Table 9, Expt. 3).
Here, the model is used to investigate the synthesis of the lin-
ear gradient and inverse linear gradient copolymer at the sim-
ilar experimental condition.

The experimental and simulated results are given in Figure 4.
It is evident that the model predictions are in a good agree-
ment with the experimental data. From Figure 4(A), the in-
stantaneous composition of first monomer decreases contin-
uously with the increase of the average polymer chain. For
linear gradient copolymerization (normal mode), MMA is
from 1 at the beginning of chain to 0.20 at the end and for
inverse linear gradient copolymerization (inverse mode),

FIGURE 4 Comparison between model predictions and experimental data for the semibatch ATRP for producing linear (normal)

and inverse linear (inverse) gradient copolymers: A instantaneous composition of poly(MMA-grad-HEMA-TMS) versus degree of

polymerization, B molecular weight and polydispersity index versus reaction time, C and D monomer concentration versus reac-

tion time, and E and F molecular weight versus polymer yield based on monomer conversion.
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HEMA-TMS is from 1 to 0.19; however, the relationships
between the instantaneous composition and degree of poly-
merization show that inverse mode is almost linear, which
imply this pattern is more closed to ideal gradient composi-
tion. The composition along the chains deviates from the lin-
ear expression when the chains are short is also due to the
slow initiator decomposition rate. Both the low PDI and
the linear increase of Mn with reaction time shown in
Figure 4(B) reflect the controllability of reaction. However,
the influence of ideal conditions of simulation based on
some assumptions on the deviation from simulation results
remains at the end of reaction.

Figure 4(C or D) shows that both the two monomer conver-
sions are quite different at the same reaction time, 78% for
MMA and 28% for HEMA-TMS in normal mode at the end of

reaction, while 46% for MMA and 63% for HEMA-TMS in
inverse mode. It can be explained by the higher polymeriza-
tion rate of MMA than HEMA-TMS and the feeding rate of
second monomer. What is more, Figure 4(E and F) illustrate
that, the relationship of Mn with polymer mass obvious with
no great difference for normal and inverse mode. However,
the Mn is up to 46,000 g mol�1 in inverse operation while it
only reaches 38,000 g mol�1 in normal operation, that is to
say, the total conversion has increased. Based on the above-
simulated results, one can find that the inverse mode has a
clear advantage over the normal mode in the monomer con-
version and structure of polymer chains.

Thermal Properties of the Resulting Copolymers
The microstructure of linear gradient copolymer has been
investigated through model and experiment. Gradient copoly-
mers attract so many researchers to study mostly because of
its intriguing thermal properties. Figure 5 provides the DSC

FIGURE 5 DSC heating curves for the MMA/HEMA copolymers

with FHEMA values from 0.22 to 0.25 (random copolymer,

FHEMA ¼ 0.25; block copolymer, FHEMA ¼ 0.24; linear gradi-

ent copolymer FHEMA ¼ 0.22; inverse linear gradient copoly-

mer FHEMA ¼ 0.52).

FIGURE 6 Comparison between model prediction and experi-

mental data for the evolution of the Tg breadth in MMA/HEMA

linear gradient copolymers as a function of reaction time.

FIGURE 7 DSC heating curves for the MMA/HEMA linear gradi-

ent copolymers with different reaction time.

FIGURE 8 Comparison between model prediction and experi-

mental data for the evolution of the Tg breadth in MMA/HEMA

inverse linear gradient copolymers as a function of reaction

time.
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heating curves for the MMA/HEMA copolymers with FHEMA

values from 0.22 to 0.25. It indicates that the random copol-
ymer (Expt. 4; FHEMA ¼ 0.25) possesses a single, narrow Tg
while the block copolymer (Expt. 5; FHEMA ¼ 0.24) possesses
two discernable Tgs. In contrast, the linear gradient copoly-
mer (Expt. 2; FHEMA ¼ 0.22) and inverse linear gradient co-
polymer (Expt. 3; FHEMA ¼ 0.52) exhibit one broad Tg.

Further study is used to understand the apparent relation-
ship between the compositional gradient forms along the co-
polymer chain length and the evolution of Tg in the resulting
gradient copolymers as a function of polymerization time.

Figures 6–9 illustrate the evolution of the Tg breadth (~Tg) of
the MMA/HEMA gradient copolymers as a function of polymer-
ization time. From Figures 6–9, one knows that the breadth in
Tg observed in the MMA/HEMA gradient copolymers is a direct
consequence of the conversion and the composition gradient
along the chain and the model prediction agrees well with the
experimental results. In normal mode (Figs. 6 and 7), as the
compositional gradient builds across the copolymer chain
length during the semibatch reaction involving a gradual incor-
poration of HEMA into the copolymer, there is a gradual
decrease in the Tg response at temperature approaching those
of pure PHEMA without a loss of Tg response at higher temper-
ature associated with the Tg of PMMA. Nevertheless, the con-
trary result can be found in the inverse mode (Figs. 8 and 9).
For this result, it is explained by the presence of two factors,
which can simultaneously affect Tg. The first one is the continu-
ous increase in molecular weight with conversion would induce
an increase in Tg of copolymers until reaching a plateau at high
values where Tg becomes invariable, which can be rationalized
by the reduction in free volume as the number of chain ends
decreases with increasing molar mass; the second one is a
composition variation causing a change in Tg.

65,66 In this case,
both the Mns obtained by the normal mode and the inverse
mode increase during the reaction process, which give rise to
the increase of Tg. Simultaneously, there is a gradient composi-
tion with the enrichment of HEMA causing the decrease of Tg
in the normal mode, while MMA causing the increase of Tg in

the latter mode. Hence, combining the two factors, we can
understand the results described in Figures 6–9.

However, Figures 6–9 also demonstrate that the changes of the
breadths of Tg (~Tg) with polymerization time for the two gra-
dient copolymers are obviously different, the one produced by
the normal mode is wider than the other produced by the
inverse model. The Johnston theoretical model employed on
this study can account for the phenomenon. According to the
model function, one can find that the change rate of Tg
becomes larger gradually with the increase of monomer mass
fraction and the dyad distribution after some mathematical
manipulations. In addition, we listed the Tg data (see Table 10)
based on Figures 6–9. As a whole, various structural character-
istics, such as composition, microstructure, and molecular
weight, influence the glass transition temperature. Accordingly,
it is indispensable to consider all these variables since they
play an important role in understanding the relations between
molecular structure and properties. The quantitative details on
the change in Tg as a function of temporal development of the
copolymer structure during the gradient copolymerization
have been elaborated above. Therefore, our model can be
applied to design the material with predetermined Tg.

CONCLUSIONS

A systematic study was carried out on the preparation of
poly(MMA-grad-HEMA) with simultaneously tailor-made
chain composition distribution and Tg through semibatch
ATRP. The model was first validated by comparing simulation
results with a classical reference data. Second, the model
was used to investigate the effect of feeding rate on gradient
composition and also guide the experimental synthesis of
the poly(MMA-grad-HEMA) copolymer potentially as one of
excellent damping materials. The model predicted the instan-
taneous composition, molecular weight, polydispersity index,
monomer conversion, and polymer mass. The experimental
data agreed well with the model prediction. Finally, The ther-
mal properties of three different compositions copolymer
samples has demonstrated that the gradient copolymers can
possess distinctively broad Tgs in comparison with random
and diblock copolymers. This difference in Tg reflected differ-
ent morphologies that are determined by chain microstruc-
tural properties. The model prediction for Tg breadths

FIGURE 9 DSC heating curves for the MMA/HEMA inverse lin-

ear gradient copolymers with different reaction time.

TABLE 10 Glass Transition Temperature Data for the Linear

Gradient Copolymers Synthesized by Two Modes with

Different Reaction Time

Mode Time (h) Tg0
a (�C) Tge

a (�C) ~Tg (�C)

1 Normal 3 80 107 27

2 Normal 5 65 105 40

3 Normal 7 58 105 47

4 Inverse 3 55 70 15

5 Inverse 5 56 73 17

6 Inverse 7 55 78 23

a Tg0 and Tge are the starting and ending points of glass transition

range, respectively.
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exhibited by normal and inverse gradient copolymer evolved
with the polymerization time was in accordance with the ex-
perimental results. It could be concluded that a comprehen-
sive model for simultaneously predicting gradient copolymer
microstructure and Tg value was presented.
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NOMENCLATURE

Capital and Small Letters

Ba Adjustable parameter for activation
Bda Adjustable parameter for deactivation
Bp Adjustable parameter for chain propagation
Btr Adjustable parameter for chain transfer
Btc Adjustable parameter for combinative termination
Btd Adjustable parameter for disproportional

termination
C Activator and catalyst at the lower oxidation state
Ci Concentration of the species i in the reactor

(mol m�3)
Ci,f Concentration of the species i in the feed (mol m�3)
ka,i Activation rate constant for dormant chain with

i-type of terminal unit (L mol�1 s�1)
kda,i Deactivation rate constant for radical with

i-type of terminal unit (L mol�1 s�1)
kp,ij Chain propagation rate constant for monomer j

adding to radical with i-type of terminal unit
(L mol�1 s�1)

ktr,ij Chain transfer rate constant for monomer j adding
to radical with i-type of terminal unit
(L mol�1 s�1)

ktc,ij Combinative termination rate constant between
radicals with i and j types of terminal unit
(L mol�1 s�1)

ktd,ij Disproportional termination rate constant between
radicals with i and j types of terminal unit
(L mol�1 s�1)

Mn;i Number molecular weight of monomer i, (g mol�1)
Mi Monomer i
P0 � Primary radical
P0X Initiator
Pr Dead chain with length r
Ps Dead chain with length s
Pr,i � Propagating radical chain with length r and i-type

of terminal unit
Pr,iX Dormant chain with length r and i-type of terminal

unit
ri Reactivity ratio of monomer i
Rp,i Intrinsic propagation rate of the monomer i

(mol m�3 s�1)
Ri Intrinsic reaction rate of the species i

(mol m�3 s�1)

R Gas constant (J K�1 mol�1)
T Temperature (K)
Tgi Glass transition temperature of component i (K)
Vi Volume of species i (m3)
V Volume of total system (m3)
Vf Volumetric feeding rate (m3 s�1)
CX Deactivator and catalyst at the higher oxidation

state

Greek Letters

ai Thermal expansion coefficient of component i
(L K�1)

sm mth-order moment of dead chain
kmi mth-order moment of dormant chain with i-type of

terminal unit
lmi mth-order moment of propagating radical with

i-type of terminal unit
mf Free volume fraction (cm3 s�1)
mf0 Free volume fraction (cm3 s�1)
xi Mass fraction of monomer I in the copolymer
v Monomer conversion
q Density of reaction mixture (kg m�3)
qi Density of component i (kg m�3)
qf Density of feeding materials (kg m�3)

Subscripts

0 Value at initial conditions
1 MMA
2 HEMA-TMS
m Monomer
p Polymer
S Solvent
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