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Abstract Well-defined PS-b-PS/Bd diblock copolymers were
synthesized via reversible addition-fragmentation chain transfer
(RAFT) miniemulsion polymerization instead of anionic poly-
merization, which was environmental friendly, energy and cost
saving for most monomers. In order to precisely design styrene/
butadiene block with targeted composition profile given the
feeding program, binary monomers RAFT miniemulsion poly-
merization kinetic models were formulated. In butadiene RAFT
seededminiemulsion polymerization, it was well performed, and
the RAFT equilibrium constant between butadiene and 1-
phenylethyl phenyldithioacetate(PEPDTA) was estimated to be
18.3L/mol×s at 70 °C. Furthermore, the modeling curves could
well predict styrene/butadiene RAFT miniemulsion polymeriza-
tion kinetics, including monomers conversion, volume fraction
of monomers, number-average molecular weight and composi-
tion. The copolymers were characterized by fourier translation
infrared spectroscopy(FT-IR), hydrogen nuclear magnetic reso-
nance spectroscopy(1H-NMR), transmission electron
microscopy(TEM), and differential scanning calorimetry(DSC).
FT-IR and 1H-NMR results indicated that the microstructure of
the polymer was mainly 1, 4-trans butadiene with small amount
of 1, 2-units. Microphase morphologies of the copolymers were
lamellar, cylinder and disordered phase by TEM, which was
identical to self-consistent field calculations. And thermal prop-
erty results showed that glass transition behaviors were corre-
sponding with their microphase separation, sequence length and
composition from DSC.

Keywords Kinetics . Microstructures . Reversible
addition-fragmentation chain transfer(RAFT) .Miniemulsion
polymerization

Introduction

Styrene-butadiene copolymers were important parts of the
polymer materials, which was widely used in rubber, high
performance impact plastics, motor lubricant oil and adhe-
sives [1–4]. Anionic polymerization was mostly used in in-
dustrially synthesizing styrene-butadiene block copolymers
with different macromolecular architectures and composition.
However, anionic polymerization required anhydrous and
anaerobic reaction condition, and usually performed in solvent
and lower temperature, which was restricted in the cost and
environmental protection [5]. Reversible Addition-
Fragmentation chain Transfer(RAFT) miniemulsion polymer-
ization was an environmental friendly, energy saving and high
efficiency for most monomers, which was considered to be
one of the most prominent “living”/controlled free radical
polymerization for both industrial and commercial perspec-
tives [6–8]. In our previous work, preparation and nanoparti-
cle structure of styrene-butadiene block copolymers via RAFT
seeded miniemulsion polymerization mediated by different
RAFT agents indicated that it was an efficient, controllable
and environmentally friendly polymerization [9–11]. And
other related research also mainly focused on synthesis and
nanoparticles structure of the styrene-butadiene block copol-
ymers for thermoplastic elastomers [12, 13]. Furthermore,
styrene-butadiene diblock copolymers were the basic units
for complex copolymers. Therefore, how to precisely produce
the styrene/butadiene block with targeted composition and
sequence length was very critical.

As we knew that different structure of styrene/butadiene
block with targeted composition and structure was prepared in
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anionic homogeneous polymerization by sequentially charg-
ing and monomer ratio change, which based on the kinetic
model. Copolymerization kinetics is the only way to achieve
targeted block composition copolymers. In RAFT retardation,
fast fragmentation and irreversible termination mechanism
played an important role to explain experimental phenomena
[14, 15]. Thence, kinetic model for RAFT homogeneous
polymerization was formulated, and produced copolymers
with targeted composition and sequence [16]. Compared to a
bulk or solution polymerization, more factors in the heteroge-
neous polymerization system such as the number of
particles(Np), number of propagating radical (n ) and mono-
mers transport contributed to the RAFT heterogeneous
miniemulsion polymerization kinetics [17]. So far, literatures
about preparation and kinetic modeling for PS-b-PS/Bd
diblock copolymers via RAFT miniemulsion copolymeriza-
tion were not reported.

In this work, the binary monomers RAFT copolymerization
kinetic models were formulated, and a series of PS-b-PS/Bd
diblock copolymers with well-defined structure and composition
were synthesized via RAFTseeded miniemulsion copolymeriza-
tion, in which the modeling curves could well predict the exper-
imental process. Additionally, gel fraction was reduced and
avoided because of high monomers to polymers ratio in the
miniemulsion nanoreactors [18]. The microstructure and the
relationship between molecular structure and properties of the
PS-b-PS/Bd diblock copolymers were investigated.

Theoretical development

It was well known that kinetics of emulsion or miniemulsion
polymerization was described by the classical Smith-Ewart
theory, which was obtained by population balance method. In
general “0–1”case, the reaction rate was proportional both to
the number of propagating radicals per particle and number of
particles, which was expressed by Eq. (1).

−
d M½ �
dt
¼ kp � Np � n

NA
� M½ � ð1Þ

where − d M½ �
dt was reaction rate, kp, Np, n , [M ] and NA

represented the propagation rate constant, the number of par-
ticles, average number of propagating radicals per particle, the
monomer concentration and Avogadro constant, respectively.

The retardation effect was founded in RAFT bulk and
miniemulsion polymerization system. The cross-termination
reaction was attributed to the intermediate radicals with the
propagating radicals in bulk RAFT polymerization [19]. How-
ever, in RAFT miniemulsion polymerization, Luo [17, 20]
demonstrated that the most important factors contributing to
the retardation in RAFTminiemulsion polymerization was the
decrease in number of propagating radicals and particles.

Based on the classic Smith-Ewart emulsion polymerization
theory, the average number of propagating radicals for per
particle was formulated by Eq. (2).

1

nRAFT
¼ 1

nblank
þ 2K RAFT½ � ð2Þ

Where K was the RAFT equilibrium constant, which was
ratio of the addition rate constant and the fragmentation rate
constant in RAFT polymerization process. nblank and nRAFT
were the average number of propagating radicals per particle
in free RAFT and RAFT miniemulsion system, respectively.

The possible mechanism of binary monomers RAFTcopo-
lymerization was described in Scheme 1.

In Scheme 1, binarymonomers RAFTelementary reactions
were demonstrated as follow Eqs.(3)–(6), in which the copo-
lymerization kinetics was identical to the terminal model.

Initiation : I →
kd 2R˙

0;R
˙
0 þM j →

kin; j
P˙

J ð3Þ

Propagation : P˙
ij þMi →

kp;iji
P˙
ji ð4Þ

Core� equilibrium : P˙
i þ TP j  !

ka;ij;k f ;ij
Pi T

˙
P j  !

ka;ji;k f ;ji
P˙

j þ TPi ð5Þ

Termination : P˙
i þ P˙

j →
kt;ij

P;P˙
i þ Pi T

˙
P j →

kc;iij
T ð6Þ

During the binary monomers RAFT copolymerization re-
action process, instantaneous different radical concentration
was formulated by the binarymonomers elementary reactions,
and the total radical concentration was a constant approxi-
mately in steady state. The equilibrium coefficient 〈K〉 and
propagation rate coefficient 〈kp〉 were apparent [21], which
were described as Eqs. (7)–(8).

Kh i ¼
r21 f

2
1k

2
p;22
K2

11
þ r1r2 f 1 f 2kp;11kp;22K11K22 þ r22 f

2
2k

2
p;11K

2
22

r21 f
2
1k

2
p;22
K11 þ r1r2 f 1 f 2kp;11kp;22 K11 þ K22ð Þ þ r22 f

2
2k

2
p;11K22

ð7Þ

kp
� � ¼ r1 f

2
1 þ 2 f 1 f 2 þ r2 f

2
2

r1 f 1
kp;11

þ r2 f 2
kp;22

� � ð8Þ

Where r1 and r2 were reactivity ratio for monomer 1 and 2,
K11 and K22 were the homoequilibrium coefficients. f1 and f2
were molar fraction of monomers, which were expressed by
Eqs.(9)–(10).

f 1 ¼
M 1½ �

M 1½ � þ M 2½ � ð9Þ

f 2 ¼
M 2½ �

M 1½ � þ M 2½ � ð10Þ
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According to Mayo-Lewis theory, instantaneous molar
fraction in the copolymer chains was expressed by
Eqs. (11)–(12).

F1 ¼ r1 f
2
1 þ f 1 f 2

r1 f
2
1 þ 2 f 1 f 2 þ r2 f

2
2

ð11Þ

F2 ¼ r2 f
2
2 þ f 1 f 2

r1 f
2
1 þ 2 f 1 f 2 þ r2 f

2
2

ð12Þ

In this binary monomers RAFT copolymerization, such
hypothesis was proposed. The number of particles in aqueous
phase was a constant during the copolymerization process.
When the particles average diameter was less than 300 nm, the
double radicals termination has no effect on the copolymeri-
zation kinetics [22]. When monomers were swelled in batch
reactor for a few hours, the whole monomers all migrated into
particles before copolymerization. When monomer was con-
tinuous feeding in the reactor, and the volume fraction of
monomers in the particles less than that of the critical phase
equilibrium, monomers immediately migrated into particles to
react with other monomers at the stirring rate.

In this case, feeding of styrene and butadiene was batch or
continuous, in which 1 and 2 represented monomer of styrene
and butadiene, respectively. During the copolymerization

process, instantaneous monomers concentration and volume
of the particles were described by Eqs. (13)–(15).

d M 1½ �
dt
¼ D1⋅ρm;1

V
−

M 1½ �
V
� dV

dt
−Fi;1⋅ kp

� �
⋅ M 1½ � þ M 2½ �ð Þ⋅nRAFT ⋅Np

NA
⋅
Vseed

V

ð13Þ

d M 2½ �
dt
¼ D2⋅ρm;2

V
−

M 2½ �
V
� dV

dt
−Fi;2⋅ kp

� �
⋅ M1½ � þ M2½ �ð Þ⋅nRAFT ⋅Np

NA
⋅
Vseed

V

ð14Þ

dV

dt
¼ D1 þ D2−V � R1 � 1

ρm;1
−

1

ρp;1

 !
þ R2 � 1

ρm;2
−

1

ρp;2

 !" #
ð15Þ

Where D , ρ and V, R1 and R2 represented feeding rate,
density, volume of particles and reaction rate for monomer 1
and 2, m and p were monomer and copolymer, respectively.

As long as the initial conditions were given, which was
labeled by 0, the sequence equations can be solved numeri-
cally using the “ODE45” routine in MATLAB. The instanta-
neous monomers’ concentration and volume of the particles
could be obtained. Then kinetics could be calculated during
the RAFT binary monomers copolymerization process, such
as instantaneous monomers conversion, number-average mo-
lecular weight and the total molar fraction in the copolymer
chains, which were expressed by Eqs. (16)–(20).

x1 ¼ 1−
M 1½ �⋅V

M 1½ �0⋅V 0 þ D1⋅t⋅ρm;1
ð16Þ

x2 ¼ 1−
M 2½ �⋅V

M 2½ �0⋅V 0 þ D2⋅t⋅ρm;2
ð17Þ

Mn ¼
M1⋅ M 1½ �0⋅V 0 þ D1⋅t⋅ρm;1

� �
⋅x1 þM2⋅ M 2½ �0⋅V 0 þ D2⋅t⋅ρm;2

� �
⋅x2

RAFT½ �0
þMRAFT

ð18Þ

Fn;1 ¼
M 1½ �0⋅V 0 þ ρm;1⋅D1⋅t
� �

⋅x1
M1½ �0⋅V 0 þ ρm;1⋅D1⋅t
� �

⋅x1 þ M2½ �0⋅V 0 þ ρm;2⋅D2⋅t
� �

⋅x2
ð19Þ

Fn;2 ¼
M 2½ �0⋅V 0 þ ρm;2⋅D2⋅t
� �

⋅x2
M1½ �0⋅V 0 þ ρm;1⋅D1⋅t
� �

⋅x1 þ M2½ �0⋅V 0 þ ρm;2⋅D2⋅t
� �

⋅x2
ð20Þ

Experimental

Materials

Deionized water(conductivity<4μS/cm) was used as received.
Styrene(S, Sinopharm Chemical Reagent Co) was puried by
reduced pressure distillation under 40 °C. Butadiene(Bd, Qilu
Petrochemical Co) was distilled directly from a 2.0 L stainless
storage vessel into a cooling one at −18 °C. Hexadecane(HD,
costabilizer, >99 %, from Aldrich), potassium persulfate (KPS,
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Scheme 1 Possible mechanism of binary monomers RAFT
copolymerization
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initiator, >99 %), sodium dodecyl sulfate (SDS, emulsifier,
>99 %) and hydroquinone from Sinopharm Chemical Reagent
Co. were used without further purification. 1-phenylethyl
phenyldithioacetate(PEPDTA, RAFT agent) was synthesized
and purified as previous reported [23], which was characterized
by hydrogen nuclear magnetic resonance spectroscopy(1H-
NMR). In Fig. 1, the chemical shifts and peak integral of the
protons in PEPDTA were in good agreement with the target
molecular structure.

Styrene RAFT miniemulsion polymerization seeds

The homogeneousmixture of organic phase including styrene,
1-phenylethyl phenyldithioacetate were mixed and stirred for
15.0 min, in which the recipes were listed in Table 1. Then,
aqueous solution of sodium dodecyl sulfate was added to the
organic phase and stirred for 20 min. The heterogeneous
mixture was homogenized by ultrasonic cell crusher at the
amplitude of 70 % output in ice batch for 120 s. The styrene
miniemulsion droplets whose particles average size was less
than 100 nm were obtained. The resultant seeds miniemulsion

was charged into a 1,000 mL stainless reactor equipped with
mechanical stirrer, nitrogen inlet, thermometer and sampling
syringe, which was purged with nitrogen for about 15.0 min at
0 °C.Aqueous potassium persulfate solution was injected into
the reactor to initiate the polymerization and kept the reaction
temperature at 70 °C.When molecular weight of the polysty-
rene block increased to designed value, reaction stopped by
decreasing the reaction to 0 °C, and sample was withdrawn.

Estimate the nblank and KBd

Butadiene RAFT miniemulsion polymerization was carried out,
styrene miniemulsion droplets as seeds. When styrene polymer-
ization completed, butadiene was injected into the stainless reac-
tor through high pressure pump under 0 °C, and swelling about
4 h, then increasing the reaction temperature to 70 °C. The
experimental recipes were listed in Table 2, in which Run 1–5
was used to determinate the RAFTequilibrium constant between
butadiene with PEPDTA, and Run 6 was to determinate the
average number of propagating radicals per particles in free
RAFT miniemulsion polymerization system by additional initi-
ator KPS based on additional amount of monomers.

Synthesis of PS-b-PS/Bd diblock copolymers

In order to synthesize different composition and molecular
weight of the styrene/butadiene block, especially tapered or
uniformed, two types of feeding method were taken. The first
one was different amount of additional styrene and butadiene
were swelling for about 4.0 h at 0 °C, then copolymerized with
increasing temperature to 70 °C, which was batch feeding.
The other was that additional styrene and small amount of
butadiene were swelling at 0 °C, then increasing temperature
to 70 °C. Then butadiene was continuously injected into the
reactor at different flow rate through high pressure pump until
the end of reaction, which was semibatch feeding. Experimen-
tal recipes were listed in Table 3, and samples were taken
every hour.

8 7 6 5 4 3 2 1 0

CH2 C

S

S C
H

CH3

PPM

d e
b

a

c

a, 3.08b, 2.07

c, 1.00

d+e, 10.17

Fig. 1 1H-NMR Spectrum of PEPDTA

Table 1 Recipes of styrene
RAFT miniemulsion polymeriza-
tion seeds

Run S/g Water/g SDS/g HD/g PEPDTA/g KPS/g Reaction time/hour

1 80.0 740.0 4.0 4.0 0 0.312 4.0

2 80.0 740.0 4.0 4.0 0.48 0.312 4.0

3 80.0 740.0 4.0 4.0 0.95 0.312 4.0

4 80.0 740.0 4.0 4.0 1.30 0.312 4.0

5 80.0 740.0 4.0 4.0 1.60 0.312 4.0

6 80.0 740.0 4.0 4.0 0 0.312 4.0

7 80.0 740.0 4.0 4.0 0.90 0.312 1.5

8 80.0 740.0 4.0 4.0 1.30 0.312 2.5

9 80.0 740.0 4.0 4.0 1.45 0.312 2.0

10 80.0 740.0 4.0 4.0 1.60 0.312 3.0
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Characterization

Conversion of monomers was measured by gravimetry. Gel
permeation chromatography (GPC, Waters 1525/2414) was
used to determine molecular weight and molecular weight
distribution of the samples. Composition of the copolymers
and molecular structure of PEPDTA were characterized by
hydrogen nuclear magnetic resonance spectroscopy(1H-
NMR, Bruker,400 M), and the molar fraction of butadiene in
the copolymers was calculated from Eq. (21).

FBd ¼ 5R−3A
5Rþ 3A

ð21Þ

In which, Awas the proton peak integral of benzene ring, and
R was the proton peak integral of butadiene and aliphatic chains.
And in term of self-consistent field theory [24], microphase
morphology of the copolymer could be predicted theoretically
from the relation between thermodynamic parameter χN and
volume fraction Φ, which was calculated from the molecular
weight and composition by GPC and 1H-NMR.

Fourier translation infrared spectroscopy (FT-IR,
Nicolet5700) was used to identify the addition structure of
butadiene including 1,4-trans units, 1,4-cis units and 1,2-units
according to their the characteristic peaks [25]. The particle size
of miniemulsion droplet was measured by dynamic light

scattering(DLS, Malvern Instrument 3000HSA), then the num-
ber of particles (Np,/L H2O) was derived from Eq. (22).

Np ¼ 6M 0

π Dv

� 	3
ρ

ð22Þ

WhereM0, Dv and ρ represented monomer and polymer’s
concentration, weight average particle size and density of the
droplets, respectively.

Transmission electron microscopy (TEM) was used to
observe the morphologies of the copolymers. The final
5 wt.% copolymers of Run 7~10 dissolved in toluene solu-
tions evaporated slowly for about two weeks at room temper-
ature, under static conditions close to thermodynamic equilib-
rium. And the resulting films, ca. 0.3 mm thick, were dried for
4.0 h under vacuum at 60 °C and annealed for 24.0 h at
100 °C. Ultrathin sections, ca. 40~80 nm for TEM observa-
tion were obtained, cut with a diamond knife at −100 °C on a
Leica Ultracut cryo-microtome. These sections were collected

Table 2 Recipes of butadiene RAFT miniemulsion polymerization

Run Butadiene/ml Additional KPS/g Reaction time/hour

1 80.0 0 3.0

2 80.0 0 4.0

3 80.0 0 4.0

4 80.0 0 4.0

5 80.0 0 4.0

6 220.0 0.34a 6.0

a By 0.05 % or 0.02 % of additional monomer in batch or semibatch
polymerization, mol

Table 3 Recipes of styrene/butadiene RAFT miniemulsion
polymerization

Run Additional
styrene/g

Additional
KPS/ga

Butadiene Reaction
time/hour

Batch Semibatchb

7 0 0.34 220.0 0 8.0

8 40.0 0.38 220.0 0 8.0

9 0 0.10 0 15.0 8.0

10 20.0 0.12 25.0 25.0 8.0

a By 0.05 % or 0.02 % of additional monomer in batch or semibatch
polymerization, mol
b At the flow rate, ml/hour

Table 4 Model parameters

Parameter Value Reference

kp,1(L /mol × s) 2.2×107×exp(−3.26×104/RT) [26]

kp,2(L /mol × s) 1.2×108×exp(−3.89×104/RT) [26]

r1 1.03 [26]

r2 1.41 [26]

ρm,1(mol /L) 8.7 [26]

ρp,1(mol /L) 9.9 [26]

ρm,2(mol /L) 11.48 [26, 27]

ρp,2(mol /L) 16.3 [26, 27]

KS(L /mol × s) 22.0 [17]

KBd(L /mol × s) 18.3 this work

0.0 0.2 0.4 0.6 0.8 1.0
0
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for Run 2
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for Run 4
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N
pE

17
/(

L
-1

)

Conversion

Fig. 2 Evolution of Np vs. Bd conversion for Run1~5
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on 400 mesh copper grids and exposed to Osmium tetroxide
(OsO4) vapors for about 45.0 min. Transmission electron
micrographs were obtained on JEM-1230 operated at 80 kV.

The glass transition temperature of the copolymers was
determined by differential scanning calorimetry(DSC) on TA
instrument equipped with DSC Q100 module. The thermal
history of samples was removed by annealing with keeping
the temperature at 120 °C for 5 min, then they were cooled to
−120 °C at the cooling rate of 40 °C/min. Therefore, samples
were scanned from −120 to 120 °C with the heating rate of
10 °C/min.

Results and discussion

Binary monomers RAFT miniemulsion copolymerization ki-
netic models were formulated. Feeding methods based on the
models could precisely controllably produce the copolymers

with different molecular structures. And kinetic parameters
used in the modeling were listed in Table 4.

Kinetic parameters identification in Bd RAFT miniemulsion
polymerization

The number of particles was a key parameter in S/Bd RAFT
miniemulsion copolymerization, and butadiene RAFT
minimulsion polymerization kinetics were very importantly
basic experiments for identification the average number of
propagating radical per particle np;exp and the RAFT equilib-
rium constant K used in the kinetic model.

Changes in the number of particles

When styrene miniemulsion polymerized for 4.0 h in Run 1~
6, conversion of styrene was about 0.95. It was considered that
styrene polymerization completed due to thermodynamic con-
trol. Under the previous swelling conditions, butadiene

0 60 120 180 240 300
0.0

0.6

1.2

1.8
 for Run 2
 for Run 3
 for Run 4
 for Run 5

-l
n(

1-
x)

Time/min

0 20 40 60 80 100 120 140 160 180 200
0.0

0.5

1.0

1.5

2.0

for Run 1
Y=-0.2318+0.01148*t

-l
n(

1-
x)

Fig. 3 The polymerization
index(−ln(1-x)) vs. time for Run
1~5

Table 5 The experimental data
for Run 1~6 Run

Dv=nm Np=L
Vparticles/L Vemulsion/L −d ln(1−x)/dt

np;exp

1 76.1 3.83E17 0.171 0.93 0.01148 0.37

2 79.3 3.38E17 0.171 0.93 0.0088 0.32

3 81.3 3.12E17 0.171 0.93 0.0074 0.29

4 86.2 2.62E17 0.171 0.93 0.0057 0.27

5 90.8 2.24E17 0.171 0.93 0.0045 0.24

6 85.0 2.60E17 0.310 1.05 0.0056 0.425

288, Page 6 of 13 J Polym Res (2013) 20:288



monomer all diffused into the seeded droplets. Then increasing
the reaction temperature to 70 °C,butadiene RAFTminiemulsion
polymerization was carried out. Changes in the number of par-
ticles in Run 1~5 was studied by relationship between particles
size and monomers’ conversion (Eq. 22) during the polymeriza-
tion process, which was shown in Fig. 2, where Np E 17 was the
meaning of Np×10

17 in the Y axis.
In this series of experiments, the higher PEPDTA concen-

tration in the droplets, the larger particles size, the number of
particles in per liter was less in Run1~5, which was accounted
for the effect of superswelling in the seeds early nucleation.
With butadiene conversion increase, the number of particles
per liter gradually decreased, but the reduced fraction was less
than 5 %. Based on above experimental results and analysis,
the effects of secondary nucleation and coalescence were
negligible in butadiene RAFT miniemulsion polymerization.

Kinetics of butadiene RAFT miniemulsion polymerization

Butadiene RAFT miniemulsion polymerization with different
PEPDTA concentration in Run1~5 was performed. The rela-
tionship between the polymerization index (−ln(1-x)) and
reaction time was shown in Fig. 3. Comparing Run 1 with the
others, it was RAFT free miniemulsion polymerization, and
reaction rate was faster than the others, therefore sampling inter-
val was 20.0 min. In Run 1, it was clearly shown that the
polymerization index (−ln(1-x)) increased linearly with reaction
time, when reaction for 3.0 h butadiene conversionwas 0.83with
a small amount of gel. In Run2~5, with RAFT concentration
increasing, the polymerization index decreased, whichwasmain-
ly contributed to the decrease inNp and np . Figure 3 showed that
was first order reaction, which meaning the characteristics of
“living”/controlled radical polymerization.

Estimate of np;exp and K

The average number of propagating radical per particle
np;exp and the RAFT equilibrium constant K were impor-
tant kinetic parameters, which was characterized the initia-
tion rate and the ratio of addition and fragmentation coef-
ficient between RAFT agent and monomer. In the
semibatch seeded miniemulsion polymerization process,
the decomposition rate of the initiator kd decreased gradu-
ally with increasing the reaction time, although it was a
constant within its half-life. In Run 1~5, the remaining
KPS in the reactor reinitiated butadiene polymerization after
the seeds polymerization completed. However, the reaction
rate is reduced since the consumption of the initiator in
butadiene polymerization process, while the reaction time
longer, the emulsion instability and severe gelation hap-
pened. Therefore, during the butadiene polymerization pro-
cess, additional initiator based on the monomer weight ratio
was necessary. The average number of propagating radical
per particle np;exp in Run 1~6 was calculated by Eq. (23).

np;exp ¼
−
dln 1−xð Þ

dt
� NA � Vpaticles

60� kp � Np � Vemulsion

ð23Þ

The average number of propagating radical per particle
np;exp listed in Table 5.

From Tab. 5, it was found that the polymerization index
and the average number of propagating radical per particle
decreased with increasing RAFT concentration in the same
conditions for Run 1~5, which was in good agreement with
our previous works [28]. In Run 6, the average number of
propagating radical per particle np;exp for butadiene free
RAFT miniemulsion polymerization was 0.425, which was
the average number of propagating radical per particle slightly
lower than that of styrene free RAFT miniemulsion
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polymerization 0.43 [28], because of the solubility of
styrene greater than that of butadiene in aqueous phase.
According to “0–1”case in the classic Smith-Ewart the-
ory [27], the average number of propagating radical per
particle was described by Eq. (24).

n ¼ ρ
2ρþ k

ð24Þ

Where ρ and k were the entry rate coefficient and the exit
rate coefficient, respectively. The value of n was less than 0.5,
which was consistent with the theoretical. In copolymerization
experiment simulation process, the average number of propa-
gating radical per particle np as 0.43 was taken.

According to RAFT mechanism, miniemulsion poly-
merization kinetics was a very suitable method for esti-
mation the RAFT equilibrium constant, while the RAFT
equilibrium constant for butadiene was estimated by
Eq.(2). And plots of n−1RAFT−n

−1
blank versus [RAFT ] was

shown in Fig. 4, in which slope of the fitted line was to
estimate the RAFT equilibrium constant for butadiene
polymerization mediated by PEPDTA.

In Fig. 4, the fitted line was Y=36.6×[RAFT] with R2=0.99,
therefore the RAFT equilibrium constant K for butadiene poly-
merization mediated by PEPDTAwas 18.3L/mol×s in 70 °C.

Kinetics of S/Bd copolymerization

Based on the formulated models, styrene/butadiene RAFT
miniemulsion copolymerization kinetics were identified,
which including the number of particles, monomers conver-
sion, volume fraction of monomers in particles, Mn with its
distribution(PDI), and composition.

The number of particles for S/Bd copolymerization

In Run7~10,the number of particles in per liter was shown in
Fig. 5. As can be seen that Np decreased with increase
PEPDTA concentration and reaction time, which was in good
agreement with the previous works for Run 1~5. However,
the Np decreased slightly, which has little effect on the poly-
merization kinetics simulation. Therefore, the initial value
of S/Bd seeded miniemulsion was considered as a con-
stant during the copolymerization process, when second-
ary nucleation and coalescence effect on polymerization
kinetics were ignored.
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Monomers conversion

In Run 7~10, the two former and two latter trials were batch
and semibatch seeded miniemulsion polymerization, respec-
tively. It was shown that the theoretic modeling curves formu-
lated in Eq. (16)–(17) were approaching to the experimental
data in Fig. 6. Later in S/Bd copolymerization, the experimen-
tal data of monomers conversion were slightly higher than that
of modeling curves. The main reason for this deviation be-
tween experiment and modeling may be that the particles
viscosity increased with monomers fraction decrease and
small amount of particles coalescence. In the whole S/Bd
seeded RAFT miniemulsion polymerization, the kinetic
models well predicted the experiment processes.

Volume fraction of monomers

In emulsion polymerizationIandIIstage, the volume frac-
tion of monomers in particles was a constant because of

thermodynamic balance between the mixed and interfa-
cial energy. According to the literature [29], the volume
fraction of styrene and butadiene were 0.604 and 0.592
in emulsion polymerization, respectively. Therefore,
monomers instantaneously diffused into the seeded par-
ticles in semibatch experiments, when the volume frac-
tion of monomers was less than about 0.60. During
butadiene semibatch feeding process, the volume frac-
tion of monomers in Run 9~10 was shown in Fig. 7.

As could be seen that the volume fraction of mono-
mers in Run 9 is less than 0.50 in Fig. 7, and that of
Run 10 is slightly lower than 0.60. Late in polymeriza-
tion, experimental data is below the modeling curve
because of monomers conversion deviation. During the
semibatch polymerization process, the volume fraction
of monomers was below the critical point. Therefore,
butadiene instantaneously diffused into the seeded parti-
cles to react together with other monomers.
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Mn and PDI of the PS-b-PS/Bd copolymers

Number-average molecular weight(Mn) and its distribution(PDI)
of the copolymers were shown in Fig. 8. It was found thatMn of
the experiment increased linearly along with the increasing of
time,whichwas close to the kineticmodeling curveswith narrow
distribution described in Eq.(18), meaning the characteristics of
“living”/controlled radical polymerization. Along with
time, PDI of the copolymers gradually increased about
from 1.20 to 1.50, due to the increase of “dead” chains.
Additionally, gel fraction was not obviously observed
even at high conversions, because of high monomers
to polymers ratio in the miniemulsion nanoreactors.

Composition of the PS-b-PS/Bd copolymers

Composition and sequence of individual copolymer chains
was controlled by programed feeding. Different composition
and sequence copolymers was obtained by semibatch feeding
polies, such as uniformed, gradient or tapered composition

profiles. Composition and sequence in the PS-b-PS/Bd and
PS/Bd block of the copolymer chains was tailored.

Cumulative composition of the copolymers Butadiene molar
fraction in PS-b-PS/Bd copolymer chains was shown in Fig. 9
for Run 7~10. It was the result that the composition of
butadiene for experimental characterization was in good
agreement with the modeling curves for Run 7~10. As one
of the most important targets to predict composition of the
copolymers was an effective polymerization method based on
the feeding strategy formulated by the kinetic models. It was
evident in Fig. 9 that butadiene composition profiles formu-
lated by kinetic models well predicted that in styrene/
butadiene RAFT seeded batch or semibatch miniemulsion
copolymerization.

Composition of the S/Bd block in the copolymers Butadiene
molar fraction of PS/Bd block in PS-b-PS/Bd copolymer
chains was calculated by molecular weight of the first block
PS, diblock PS-b-PS/Bd copolymer chains and butadiene
molar fraction in the copolymers both for experiment and
modeling curves. Butadiene molar fraction in PS/Bd block
was shown in Fig. 10. The results showed that composition
profiles with a constant lines and curves were formulated by
the kinetic models. From Fig. 10, it was indicated that differ-
ent copolymer chains structure with uniformed and gradient or
tapered composition were controllably synthesized by batch
or semibatch feeding strategy based on the kinetic models.
And the deviation between the experimental data and the
modeling curves was mainly due to small amount of dead
chains. During the copolymerization process, molar fraction
of Bd in S/Bd block was close to the modeling curves in the
copolymer chains.

Microstructure, microphase morphology and thermal property
of the copolymers

The produced copolymer chains structure was character-
ization by FT-IR and 1H-NNR spectrum. microphase
morphology and thermal property of the products was
studied by TEM and DSC.

Molecular microstructure of the copolymers

According to FT-IR spectrum of sample 7 in Fig. 11, the
characteristic peaks of 1,4-trans units’ stretching band at
760 and 967 cm−1, and 1,2-units’ stretching band at
910 cm−1 were observed, but the characteristic peaks at 724
and 1,650 cm−1 of 1,4-cis units were not observed obviously.
And other peaks were shown that where 700 cm−1 was the
peak of hydrogen atoms on the benzene ring bending vibra-
tion, the peaks of 1,450 and 1,490 cm−1 were C-H bending
vibration. Where 1,600 cm−1 was the peak of benzene
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vibration, 1,640 cm−1 was the peak of C=C in the copolymers.
The peaks of 2,800~3,000 and 3,000~3,100 cm−1 were
C-H in the benzene bending vibration and stretching
vibration, respectively. Moreover, that of other samples
was almost in the same. It was suggested that the
structure of butadiene in the copolymer chains mainly
should be 1, 4-trans and 1, 2-units.

1H-NMR was used to identify content of butadiene and
proportion of 1, 4-trans , and 1, 2-butadiene in the copoly-
mers. Figure 12 was 1H-NMR spectrum of sample 7 dissolved
in CDCl3, which was representative of all samples. According
to 1H-NMR spectrum, the peak at δ=6.4~ 7.1 ppm range
corresponded only to the protons of styrene (Ha, Hb and Hc),
and the peak at δ=5.3~5.4 ppm range represented the protons

of 1, 4-butadiene double bond(He), and two peaks at about δ=
4.9 ppm and 5.5 ppm related to protons of 1, 2-butadiene
double bond (Hl and Hk), while δ=1.2~2.5 ppm range
belonged to the protons of methyl and methylene(Hd, Hf,
Hg, Hh, Hi and Hj) in the 1H-NMR spectrum. FT-IR and 1H-
NMR results indicated that microstructure of the copolymers
was mainly 1, 4-trans butadiene with 10 % content of 1, 2-
units, and copolymers composition was obtained.

Microphase morphology of the copolymers

Difference in cohesive energy density of units in copolymer
chains, microphase separation with long range order structure
appeared thermodynamically. According to thermodynamics

Fig. 13 TEMmicrographs of PS-
b-PS/Bu diblock copolymers: a
for sample 7, b for sample 8, c for
sample 9, and d for sample 10

Table 6 Molecular characteristics of PS-b-PS/Bu diblock copolymers

Sample Ntotal NS1 FS xS,S/Bd χeff ΦPS χeff Ntotal Morphologya

7 651 164 0.31 0.0784 0.037 0.425 24.1 L

8 438 123 0.41 0.1816 0.029 0.533 12.7 C

9 246 95 0.57 0.3001 0.022 0.685 5.5 DIS

10 306 99 0.47 0.2200 0.027 0.593 8.3 DIS

FS = NS/Ntotal, xS;S=Bd ¼ FSN−N1−N2

N−N 1−N2
, χeff=(1−xS,S/Bd)2χS/Bd, χS/Bd=6.59×10

−3 +13.6/T
a L lamellae; C cylinders; DIS disordered phase
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theory, the main contribution were enthalpy and entropy con-
tribution to the free energy density, which was defined as χ
and N−1. χN was an important thermodynamic parameter in
the equilibrium state of block copolymers. According to ref-
erences [24, 30, 31], styrene/butadiene block copolymers
thermodynamic parameters were listed in Table 6, and
microphase morphologies of the copolymers by TEM were
shown in Fig. 13, which produced by RAFT batch or
semibatch miniemulsion polymerization.

Where Ntotal and NS1 were the statistical units of the
copolymers and styrene, FS was the molar fraction of styrene
units in the copolymers, and χeff was the interaction parameter
between the PS and PBd segregation, respectively.

In terms of the self-consistent field theory calculations on
basis of relationship between volume fraction ϕ and combi-
nation parameters χN [32], it could precisely predict diblock
copolymers morphology in thermodynamic phase diagram. In
Table 6, morphology of sample 7 and 8 could be lamellar and
cylinder morphology, and the others could be disordered
phase, as predicted by self-consistent field theory. And further
studies were to identify the microstructure of the copolymers
by TEM, which was shown in Fig. 13.

From Fig. 13, as could be seen that in picture a, the
lamellae microphase separation structure was very clear,
and the width of the two phases was uniformed, in which
the white and black areas were polystyrene and polybuta-
diene aggregate. And in picture b, polybutadiene aggregate
uniformly embedded in the polystyrene aggregate areas
with cylinders microstructures. While the others of sample
9 and 10 were not clear in corresponding microphase
separation structure, it was in disordered phase due to its
lower molecular chains. TEM identification results indicat-
ed that morphology of the copolymers was consistent with
the self-consistent field theory prediction in thermodynamic
equilibrium phase.

Thermal properties of the produced copolymers

The glass transition behaviors of the programed feeding pro-
duced copolymers for Run 7~10 were studied by DSC. The
DSC heating traces of the final copolymers for Sample 7~10
were shown in Fig. 14. As can be seen that two glass transition
temperature(Tg) behaviors exhibited in the −80~0 °C and 0~
120 °C range for Sample a and b. For Sample a, two Tg were
about −50 and 75 °C, and for b, that were about −15 and
65 °C, respectively. In sample a and b, the S/Bd block in the
copolymer chains were uniformed, and the butadiene compo-
sition of sample a was greater than that of sample b, while the
molecular weight of the first PS block was larger than that of
sample b. This was the cause of glass transition behaviors and
microphase separation. While in sample c and d, there were
not obvious Tg in the −80~0 °C range, only a single Tg were
90 and 65 °C of each sample, as the result of PS content. The
S/Bd block composition of c and d were gradient or tapered,
and the chain length was relatively less, which cause a wide
range of glass transition behaviors and weak microphase
separation.

Conclusion

In this work, binary monomers RAFTminiemulsion copolymer-
ization kinetic modeling was developed to predict and produce
PS-b-PS/Bd copolymers with different well-defined structure
and composition for controlled RAFT radical copolymerization.
In butadiene RAFTminiemulsion polymerization, the number of
particles and the polymerization index (−ln(1-x)~t) was almost a
constant. And the RAFTequilibrium constant between butadiene
and PEPDTA was estimated, which was 18.3L/mol×s under
this reaction conditions. During styrene/butadiene RAFT
miniemulsion copolymerization process, the experimental data
of monomers conversion, volume fraction of monomers,
number-averagemolecularweight and compositionwere in good
agreement with themodeling curves, which indicated themodels
could well predict styrene/butadiene copolymerization kinetics.
The copolymers molecular structure were characterized by FT-
IR, 1H-NMR.The results showed that the copolymers was main-
ly 1, 4-trans butadiene with 10 % content of 1, 2-units.
Microphase morphologies and thermal properties of the copoly-
mers were identical to their microphase separation, sequence
length and composition by TEM and DSC.
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