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Abstract: A series of three-armed star polystyrene-block-poly
(n-butylacrylate) copolymers (PS-b-PBA)3 were synthesized
to study the phase-transition behavior of the copolymers.
The order-to-disorder transition temperature has been
determined by oscillatory at different temperatures and
dynamic temperature sweep at a fixed frequency. Moreover,
the micro-phase separation in the block copolymers has been
evaluated by time–temperature superposition, while the
free volume and the active energy of the copolymers
have been calculated. Interestingly, active energy decreased
with the increase in the molecular weight of the PBA com-
ponents. To further determine the order-to-disorder transi-
tion temperature precisely, small angle X-ray scattering was

performed at different temperatures. These results confirm
that the chain mobility of the star-shaped copolymers is
strongly dependent on the arm molecular weight of the
star polymers, which will be beneficial for the processing
and material preparation of the block copolymers.

Keywords: star block copolymer, phase-transition, poly-
styrene-block-poly(n-butylacrylate)

1 Introduction

Block copolymers covalently bonded by chemically dis-
tinct repeat units in their molecules have showed special
features (1–13). One of their most important features is
the melt phase behavior (3,8,14–18). Due to their distinct
chemical units, special microphase separation can be
detected (3,17,19). For example, formed ordered micro-
domains with the length scale of the order at distinguished
temperature which is comparable to the size of the mole-
cules. This transition of the copolymers is called order–
disorder transition (ODT) and the temperature when the
transition occurs is called the order–disorder transition
temperature (TODT) (20–24). For linear block copolymers,
an order-to-disorder transition can be observed in the
block copolymers, which consist of two dissimilar polymer
counterparts with favorable segmental interaction between
the two components. To our best knowledge, linear block
copolymer loses “solid-like” properties in the disordered
state, which is well evidenced by a sharp drop in storage
modulus (G′) (14,25–27). But for star block copolymers,
due to the existence of star core which hinders the chain
retraction of the branched chain, thus, resulting in their
different phase behaviors. Although, some of the star
blocks show ODT when increasing the temperature,
others undergo a transition from disorder-to-order
when heated (e.g., LDOT) (14,21,28–30). However,
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the influence of the branched chain on the phase transi-
tion behavior is still not very clear.

Buzza et al. studied the ODT of the hetero-four-arm
star copolymers (A2B2), and found that A2B2 have a
slightly higher TODT than that of diblock copolymers
with similar segment interaction (16,31). Xu et al. studied
the phase behavior of 21-armed star branched polymer in
bulk and confinement using the self-consistent mean
field theory (32). Based on the stimulation results, they
found that star block copolymers showed symmetrical
phase diagram in bulk. In addition, the phase boundaries
of star block copolymers shift when increasing the arm
numbers. Wu et al. studied the influence of the arm
number on the phase behavior of star blocks using
rheology measurement with the volume fraction of one
block fixed at 0.50 (25). With the computer stimulation,
they found that the relaxation time of the blocks increased
with the arm number, and the phase behavior of the
blocks changed from disorder to order when the tempera-
ture is increased (17). Regarding the phase behavior, self-
consistent field theory simulations have confirmed that the
inner blocks of the star copolymers preferentially locate
inside of the micro-domains (15). All these studies focus
on the influence of the arm numbers and the composition
of the star copolymers on the phase behavior of the star
blocks. However, the influence of the volume fraction of
the block or the molecular weight of the blocks on the
phase behavior of the star block copolymers is still not
very clear.

In this work, a series of three-armed star polystyrene-
block-poly(n-butylacrylate) copolymers were synthesized.
The order-to-disorder transition of the copolymers was
investigated by rheology and small angle X-ray scattering
(SAXS). Moreover, the influence of the molecular weight on
the visco-elastic properties andmicro-phase separation was
systematically investigated. The (PS-b-PBA)3 showed disor-
dered structure at low temperature. The low disorder-to-
order transition temperature (TLDOT), the active energy, and
free volume changed with the variation of molecular weight
of the block copolymers; and the properties of block copoly-
mers will change accordingly, which will be beneficial for
preparing and processing the block copolymer materials.

2 Experimental section

2.1 Materials

Copper bromide (CuBr, 99.999%) and 1,3,5-tribromomethyl-
benzene were purchased from Aldrich. 2,2′-Dipyridyl was

purchased fromAlladin. Styrene (99%), n-butylacrylate (99%),
phenyl ether, toluene, N,N-dimethylformamide (DMF, AR),
tetrahydrofuran (THF, AR), dichloromethane, ethanol,
and neutral alumina were purchased from China National
Medicines Corporation Ltd. Styrene and n-butylacrylate
were distilled over CaH2 prior to use. Toluene was purified
by Braun system. All the other reagents were used as
received.

2.2 Synthesis of three-armed
polystyrene (Sx)3

Three-armed PS was synthesized by atom transfer radical
polymerization (ATRP) based on our previous report (33,34).
CuBr (0.60mmol) and 2,2-bipyridyl (Bipy) (1.20mmol) were
added into a dry flask. The flask was sealed with a septum
and subsequently purgedwith dry argon for several minutes.
Then, 30mL of distilled styrene was added with a degassed
syringe. The mixture turned dark brown, indicating com-
plexation of CuBr and Bipy. At last, 1,3,5-tribromomethylben-
zene (0.60mmol) was added with a precision syringe. The
mixture was heated at 100°C in an oil bath. After 2–12 h, the
experiment was stopped by opening the flask and exposing
the catalyst to air. The final mixture was diluted with
CH2Cl2/THF. The solution was filtered through a column
filled with neutral alumina to remove the copper complex.
After that, the polymer was precipitated in ethanol. Finally,
the product was dried at 60°C under vacuum for more than
48 h. 1H NMR (CDCl3) δ (ppm): 7.3–6.3 (m, 5H, aromatic),
4.5 (broad, 1H, CHBr), 2.1–1.0 (m, aliphatic main chain).
The obtained samples were named as (Sx)3, in which x repre-
sented the weight-average molecular weight of (Sx)3.

2.3 Synthesis of three-armed star
polystyrene-block-(n-butylacrylate)
copolymer (Sx-b-By)3

CuBr (0.60mmol) and 2,2-bipyridyl (Bipy) (1.20 mmol)
were added into a dry flask. The flask was sealed with a
septum and subsequently purged with dry argon for sev-
eral minutes. Then, 25 mL of distilled n-butylacrylate was
added with a degassed syringe. The mixture turned dark
brown, indicating the formation of complexation of CuBr
and Bipy. Subsequently, a certain content of (Sx)3 dis-
solved in toluene was added with a precision syringe.
The mixture was heated to 100°C in an oil bath. After
3 h polymerization, the experiment was stopped by opening
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the flask and exposing the catalyst to air. The final mixture
was diluted with CH2Cl2/THF (1:1) and was then filtered
through a column filled with neutral alumina to remove
the copper complex. Subsequently, the polymer was pre-
cipitated in ethanol, followed by drying at 60°C under
vacuum for more than 48 h. The obtained samples are
symbolled as (Sx-b-By)3, in which x and y represents
the number-average molecular weight of PS and PBA,
respectively. b represents the volume faction of poly-
styrene (ϕPS), which is calculated by the following
relationship:

( )
=

/

− / + /
−

ϕ
M ρ

M M ρ M ρw
PS

w,PS PS

w,PS BA w,PS PBA ,PS PS
(1)

where Mw,PS–BA and Mw,PS are the molecular weight of
(PS-PBA)3 and PS chain, respectively. ρPBA and ρPS are
the density of PS and PBA with the value of 1.05 g·cm−3

and 1.08 g·cm−1 (26), respectively.

2.4 Characterization

1H NMR spectra were recorded on a Bruker AV 400MHz
spectrometer with CDCl3 as a solvent. Number-average
molecular weights (Mn) and polydispersity indices (PDI)
were measured by size exclusion chromatography (SEC)
coupled to a multi-angle laser light scattering (MALLS)
detector (HELEOS, laser wavelength λ = 662 nm), a refrac-
tive index detector (Optilab rEX, λ = 658 nm), and a visc-
osity detector (ViscoStar) (Wyatt Technology). For all SEC
analyses, HPLC grade THF was used as the mobile phase
at 25°C (flow rate: 1 mL·min−1). The refraction index
(dn/dc) values were measured by an Optilab T-rEX (Wyatt
RI detector, LED light 658.0 nm) through six different
concentrations of polymer solution with a flow rate of

1 mL·min−1. Data acquisition was performed using Wyatt
Technology WinAstra6 software. Mn, PDI, dn/dc, and Rg

of star copolymers are summarized in Table 1, as well as
the molecular weight of the arm (Ma) of (PS-b-PBA)3.
Differential scanning calorimeter (DSC, Mettler-Toledo
DSC 1) measurement, calibrated with an indium stan-
dard, was performed with a sample mass of 5–10 mg.
Dry N2 was passed (95–100 mL·min−1) through the DSC
cell during measurement. The block copolymers were
heated from room temperature to 200°C at a rate of
10°C·min−1, followed by holding at 200°C for 5 min to
erase the thermal history. Then, the samples were cooled
to −100°C at a rate of 10°C·min−1. The samples were then
reheated to 200°C at a rate of 10°C·min−1 (e.g., second
heat). Data associated with the glass transition were
extracted from the second heat scan. The rheological
experiments of the samples were performed on a strain-
controlled rheometer (ARES-G2, TA Instruments) using a
parallel plate geometry (diameter: 25mm). Temperature
was controlled by a forced convection oven unit under a
nitrogen gas purge to minimize the degradation of the
samples. Strain amplitude sweep at a fixed frequency
(ω = 1 rad·s−1) was performed to establish the linear vis-
coelastic regime. Oscillatory frequency sweeps were per-
formed from 0.1 to 200 rad·s−1 with a strain in the linear
regime at various temperatures (110–200°C). Temperature
ramp was performed at a fixed frequency of 0.25 rad·s−1.
To prevent the degradation of the polymers, all the mea-
surements were performed under N2 atmosphere. SAXS was
performed on aXeuss 2.0 systemof Xenocs France equipped
with a semiconductor detector (Pilatus3R 1M, DECTRIS,
Swiss)andtheX-raysource isMetalJet-D2 (Excillum,Sweden).
Thewavelengthof theX-ray is0.134 nm.All themeasurements
wereperformedatdifferent temperatures ranging from30°C to
160°C with the temperature interval at 2.5°C. All the measure-
ments were performed without changing the detection place.

Table 1: Molecular structure parameters of the (Sx)3 and the star block copolymer (Sx-b-By)3

Sample Mn
a Mw dn/dc Mn,PBA

b PDI Rg ϕPBA
c

(kDa) (kDa) (kDa) (nm)

(S15.4)3 46.3 49.9 0.1814 0.0 1.08 5.6 0.00
(S15.4-0.94-B1.4)3 50.6 52.9 0.1760 4.3 1.05 6.3 0.06
(S15.4-0.48-B16.7)3 96.3 103.9 0.1213 50.0 1.08 8.6 0.52
(S15.4-0.28-B34.3)3 149.0 182.0 0.1034 102.7 1.22 11.8 0.72
(S15.4-0.21-B46.6)3 186.0 241.0 0.0839 139.7 1.29 12.6 0.79

aDetermined by SEC-MALLS in THF at 25°C. bCalculated by the relationship as follows:Mn,PBA =Mn,SPS-BA −Mn,SPS,
cCalculated through Eq. 1.
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3 Results and discussion

3.1 Synthesis of three-arm star polystyrene-
block-(n-butylacrylate) copolymer
(Sx-b-By)3

In this study, a series of three-armed star polystyrene-
block-(n-butylacrylate) copolymers were synthesized using
bromo-terminated (Sx)3 as the macromolecular initiator
via ATRP polymerization. Scheme 1 illustrates the synth-
esis procedure for the star block copolymer. The mole-
cular weight of the block copolymers was determined by
SEC-MALLS, which is given in Table 1. Figure A1 shows
the typical 1H NMR spectrum of (Sx-b-By)3. The peak at
7.3–6.3 ppm can be ascribed to the protons in the aro-
matic of the block copolymer, while the peaks at 4.03,
2.28, and 1.90–0.94 ppm can be ascribed to the protons
in –OCH2, (–C]O)–CH–, and the aliphatic main chain
in (Sx-b-By)3, respectively.

3.2 Thermal properties

Figure 1 shows the DSC results measured at the heating
rate of 10°C·min−1 from −100°C to 200°C. The DSC curves
were obtained during the second heating run to eliminate
the thermal history, while the glass transition tempera-
ture (Tg) estimated from the curves is summarized in
Table 2. Tg of three-armed star polystyrene (S15.4)3 was
103.4°C, while it is 71.6°C for (S15.4-0.94-B1.4)3. The
copolymer (S15.4-0.94-B1.4)3 showed a single thermal
transition peak, like the homogenous polymer (S15.4)3,
indicating that no phase separation appears in the block
of the polymer. In contrast, (S15.4-0.48-B16.7)3 showed
double Tgs peaks at −41.9°C and 84.2°C. Similarly,
double Tgs peaks (at −43.2°C and 85.8°C, respectively)
appears when the volume fraction of PBA raises to 72%
(S15.4-0.28-B34.3)3. The two separated Tgs indicated a
pronounced micro-phase separation due to the immisci-
bility of PS and PBA (14). However, single Tg (at −45.5°C,
close to Tg of PBA homopolymer) appears again with the

Scheme 1: Schematically shows the synthesis procedure of three-arm star polystyrene-block-(n-butylacrylate) copolymer.

Figure 1: DSC curves for all the synthesized copolymers: S46, (S15.4-0.94-B1.4)3, (S15.4-0.48-B16.7)3, (S.4-0.28-B.3)3, and
(S.4-0.21-B46.6)3. (a) Heat flow of the synthesized polymer and (b) differential of the heat flow versus temperature for all the block
copolymers. These curves were obtained during the second heating run.
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PBA fraction increasing to 79% when the arm molecular
weight of the star block copolymer reaches 62 kg·mol−1.

3.3 Rheology measurement

Dynamic rheological measurement is an efficient way to
determine the order-to-disorder transition temperature
(TODT or TLDOT) of the block copolymers, thanks to the
sensitivity of the rheology in viscoelastic response of dif-
ferent micro-phases. TODT (or TLDOT) can be determined
accordingly from a significant increase in the storage
modulus (G′) at a certain temperature (8,14,16,25,35).
The dynamic modulus including G′ and loss modulus
(G″) at different temperatures were measured. Besides,
the dynamic temperature sweeps were carried out as
well at a fixed frequency of 1 rad·s−1 and strain of 1%
within the linear viscoelastic region. Figure A2 shows G′,
G″, and complex viscosity (|η*|) versus angular frequency
for (S15.4)3 and (S15.4-0.94-B1.4)3. No clear difference can
be seen inG′ and G″ for both (S15.4)3 and (S15.4-0.94-B1.4)3,
suggesting that no aggregates or phase separation appear
during the measurement. Thus, the active energy and
free volume of these two polymers were determined.
For the homogeneous polymer and copolymer with tem-
perature far above the TODT, G′ and G″ can be constructed
via time–temperature superposition (TTS) (16,36–39). The

G′ and G″ at different temperatures were shifted horizon-
tally along the x-axis with respect to a reference tempera-
ture (Tref = 150°C), and the shift factor was independently
calculated to ensure the best overlap between the adjacent
isotherms. The shifted curves were expressed by the fol-
lowing equation:

( ) ( )=

# #G T a w G T w, ,T ref (2)

where T and Tref represent the measuring temperature
and reference temperature, respectively. G# represents
G′ or G″, ω is the angular frequency, and αT is the
horizontal shift factor. The G′ and G″ of (S15.4)3 and
(S15.4-0.94-B1.4)3 obey TTS principle, suggesting that the
sample is homogeneous within the measuring range. This
is coincidencewith theDSC results that both samples appear
as single Tg. Comparing the G′ and G″ of (S15.4-0.94-B1.4)3
with (S15.4)3, the lower modulus of copolymer can
be observed at the same temperature, which can be
ascribed to the soft PBA chains in the block copolymer
(S15.4-0.94-B1.4)3. Moreover, shift factor can be deter-
mined (Figure A2c and e) according to TTS principle.
The relationship between shift factor and temperature
can be depicted by Arrhenius (Eq. 3) (40) and Williams–
Landel–Ferry (41,42) (WLF, Eq. 4) relationship:

⎜ ⎟( ) ⎛

⎝

⎞

⎠
= −α E

R T T
lg 1 1

T
a

ref
(3)

where αT represents the horizontal shift factor, T and Tref
are the measuring temperature and reference tempera-
ture, respectively, and Ea is the active energy. WLF equa-
tion can be written as follows:v

( )
( )

( )
= −

−

+ −

α
T T

T T
lg

C
C

g

gT
1 g

2 g
(4)

where Cg
1 = B/2.303fg and Cg

2 = fg/αf, αT represents the
horizontal shift factor, T and Tg represent the measuring
temperature and glass transition temperature, respectively,
fg is the fractional free volume at Tg, αf is the temperature
coefficient of fractional free volume, and B is a constant.

Table 2: Glass transition temperature (Tg) of the block copolymers

Sample Tg (°C) Delta Cp

Onset Offset Midpoint

(S15.4)3 101.4 105.7 103.4 0.268
(S15.4-0.94-B1.4)3 69.8 76.4 71.6 0.140
(S15.4-0.48-B16.7)3 −49.9 −41.8 −41.9 0.171

70.2 87.8 84.2 0.083
(S15.4-0.28-B34.3)3 −49.7 −38.1 −43.2 0.277

72.3 89.2 85.8 0.075
(S15.4-0.21-B46.6)3 −50.8 −40.4 −45.5 0.238

Table 3: Viscoelastic properties of all the (PS-b-PBA)3 samples at Tref = 150°C determined from rheology measurement based on Arrhenius
and WLF relationship

Sample C1 C2 Ea fg/B fref/B αf/B×10−4

(S15.4)3 6.82 112.25 175.75 0.0372 0.0637 5.67
(S15.4-0.94-B1.4)3 3.77 114.78 116.02 0.0413 0.115 10.03
(S15.4-0.48-B16.7)3 2.86 107.11 95.35 — — —
(S15.4-0.28-B34.3)3 3.32 174.01 74.72 — — —
(S15.4-0.21-B46.6)3 2.16 212.83 33.83 0.0206 0.200 9.42
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When Tref is different from Tg, Eq. 4 can be rewritten as
follows:

( )
( )

( )
= −

−

+ −

 α T T
T T

lg C
CT

1
ref

ref

2
ref

ref
(5)

where C1
ref = B/2.303fref, C1

ref = fref/αf and fref is the frac-
tional free volume at Tref. αf is the temperature coefficient
of fractional free volume, and B is a constant. From Eqs. 3
and 4, the active energy and free volume can be calcu-
lated and summarized as in Table 3. According to the

Figure 2: Corresponding vGP plot of phase angle (δ) versus complex modulus (|G*|) of (a) (S15.4-0.48-B16.7)3, (b) (S15.4-0.28-B34.3)3, and
(c) (S15.4-0.21-B46.6)3.

Figure 3: (a) Storage modulus (G′) and (b) loss modulus (G″) versus angular frequency (ω) from dynamic oscillation at a fixed temperature
range from 100°C to 210°C with the interval of temperature at 1°C for (S15.4-0.48-B16.7)3, (c) isochronal plots of G′ versus temperature (T) for
(S15.4-0.48-B16.7)3, (d) temperature dependence of the storage modulus (G′), loss modulus (G″), and complex viscosity (|η*|) obtained at
the strain amplitude 1% and a signal angular frequency 1 rad·s−1 during the cooling of (S15.4-0.48-B16.7)3.
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WLF theory, we can obtain that fref = fref + αf (Tref – Tg).
Based on the relationship in the latter part, the free
volume at Tref and Tg can be calculated through the rela-
tionships given below:

( )= / + −C C C C T T1
g

1
ref

2
ref

1
ref

g ref (6)

= + −C C T T2
g

2
ref

g ref (7)

( ) ( )= + − /f B C T T C C2.303g 2
ref

g ref 1
ref

2
ref (8)

Thus, after introducing the PBA chains, active energy
of the copolymers is significantly reduced to 175.75 kJ·mol−1

for (S15.4)3 and 116.02 kJ·mol−1 for (S15.4-0.94-B1.4)3, while
the free volume strongly increased from 0.0637 (for S15.4)3
to 0.115 (for S15.4-0.94-B1.4)3. All these results confirm that
the incorporation of PBA increases the mobility of polymer
chains.

The phase angle (δ) versus complex modulus (|G*|) in
van Gurp-Plamen (vGP) (24) at different temperatures are
plotted in Figure 2. The plot for (S15.4-0.48-B16.7)3 exhi-
bits a maxima δ peak and clear superposition behavior (at

lower temperature |G*| obey TTS principles) at higher
value of |G*|, while it shows less value at lower value of
|G*|, which are hypothesized to arise from gradual align-
ment of the block copolymer domains. This confirms that
the star block copolymers show lower disorder-to-order
transition (LODT). For (S15.4-0.28-B34.3)3, a transition of
δ can be seen at the temperature ranging from 110°C
to 130°C (Figure 2), which indicates a transition from
disorder to order at this temperature range. Similarly, for
(S15.4-0.21-B46.6)3, a transition from disorder to order can
be seen at the temperature ranging from 100°C to 110°C.
These results confirmed that the transition temperature
decreases with the increase of PBA volume fraction.

To further investigate the LDOT behavior of (PS-b-PBA)3,
rheology measurement was performed by dynamic oscil-
lation at different temperatures. As shown in Figure 3,
S(S15.4-0.48-B16.7)3 with higher volume fraction of PBA,
both G′ and G″ showed weaker dependence on angular
frequency (ω) when the temperature was higher than
200°C (Figure 3). An abrupt change in G′ and G″ can

Figure 4: (a) Storage modulus (G′) and (b) loss modulus (G″) versus angular frequency (ω) from dynamic oscillation at a fixed temperature
range from 100°C to 210°C with the interval of temperature at 10°C for (S15.4-0.28-B34.3)3, (c) isochronal plots of G′ versus temperature (T)
for (S15.4-0.28-B34.3)3, (d) temperature dependence of the storage modulus (G′), loss modulus (G″), and complex viscosity (|η*|) obtained
at the strain amplitude 1% and a signal angular frequency 1 rad·s−1 during the cooling of (S15.4-0.28-B34.3)3.
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be seen, which identifies the ODT (35,43). TLDOT can be
determined based on the changing trend of G′ at the
fixed ω versus T (Figure 3c). Meanwhile, TLDOT can
also be estimated from isochronal plot of G′ versus T
(Figure 3d).

It should be noted that TLDOT of (S15.4-0.48-B16.7)3
obtained by these two ways are nearly the same
(TLDOT = 130oC). Besides, the G′ and G″ of (S15.4-0.48-B16.7)3
display slightly out of the fitting by the TTS principle
(Figure A3), which could be ascribed to the phase separa-
tion in this sample. The shift factor can also be determined
with the same method as (S15.4)3. The active energy is
calculated to be 95.35 kJ·mol−1, which is lower than that
of both (S15.4)3 and (S15.4-0.94-B1.4)3. This result indi-
cates that the mobility of (S15.4-0.48-B16.7)3 increases
when concentration of PBA chains increases. Unfortu-
nately, the free volume (S15.4-0.48-B16.7)3 cannot be
determined due to the existence of two Tgs. Additionally,
TLDOT drops significantly with the PBA concentration rising
to 0.72 (123°C) and 0.79 (110°C), which is consistent with the
DSC results that the Tg drops with the increase in PBA con-
centration. Similar to the copolymer (S15.4-0.48-B16.7)3,

G′ and G″ of (S15.4-0.28-B34.3)3 and (S15.4-0.21-B46.6)3 are
out of the TTS principle (Figures 4 and 5, Figures A4 and A5).

The TLDOT was 123°C and 110°C. The results by dynamic
measurement and temperature sweeps are coincident
with each other. TLDOT decreased with the increase of
the volume fraction of PBA. Fortunately, the active
energy still can be roughly estimated, which is
74.72 kJ·mol−1 for (S15.4-0.28-B34.3)3 and 33.83 kJ·mol−1

for (S15.4-0.21-B46.6)3. It can be clearly seen that the
active energy decreases with the increase of PBA concen-
tration, indicating that the mobility of the polymer chains
increased with the increase of PBA concentration. Notably,
Ea decreases as well when Mn increases for (PS-b-PBA)3
(Figure A6). It seems that this result contradicts the general
concept that high molecular weight reduces the mobility
of the molecular chains due to the high entanglement of
the polymer chains (32,33). The reason can be ascribed to
that the mobility of the copolymer chains is more sensi-
tive to the concentration of the component with high
mobility, which can be further confirmed by the abrupt
decrease in Ea when small molecular weight PBA chain
was grafted on the end of PS chain end.

Figure 5: (a) Storage modulus (G′), (b) loss modulus (G″), and (c) complex viscosity (|η*|) versus angular frequency (ω) from dynamic
oscillation at a fixed temperature range from 100°C to 210°C with the interval of temperature at 10°C for (S15.4-0.21-B46.6)3, and
(d) isochronal plots of G′ versus temperature (T) for (S15.4-0.21-B46.6)3.

966  Qingwen Shi et al.



3.4 SAXS

From rheology measurement we know that block copo-
lymer showed phase transition behavior when the volume
fraction of PS decreased to 0.48 and even lower.
The transition temperature for (S15.4-0.48-B16.7)3,
(S15.4-0.28-B34.3)3, and (S15.4-0.21-B46.6)3 determined by
rheology was 130°C, 123°C, and 110°C, respectively. But from
rheology we cannot know whether the ordered structure is
formed or not, but the TODT determined from rheology is
not so accurate. Thus, SAXS was performed from 30°C to
150°C to study the phase transition of the block copolymer
carefully. Figure 6a–c shows the SAXS spectra of the block
copolymers at different temperatures. The intensity profiles
were obtained from 30°C to 160°C with the temperature
interval at 5°C. When volume fraction of PS was at 48%,
at lower temperatures (T < 217°C) intensity weakens and
broadens into a broad maximum with the increase in tem-
perature, indicating a transition from an ordered to a dis-
ordered state. To our best knowledge, density of SAXS for
block polymer is dominated by the scattering concentration

fluctuations (44–46). The maximum intensity of the scat-
tering peak for (S15.4-0.48-B16.7)3, (S15.4-0.28-B34.3)3, and
(S15.4-0.21-B46.6)3 versus temperature is given in Figure 6a–c.
From the abrupt change in 1/I(q) (Figure 6d), we can
determine the phase transition temperature of the star
blocks. Phase transition temperature for (S15.4-0.48-B16.7)3,
(S15.4-0.28-B34.3)3, and (S15.4-0.21-B46.6)3 is 87.6°C, 82.9°C,
and 80.9°C, respectively. With the increase in temperature,
the star blocks showed ordered structure. The results of SAXS
further verified the disorder-to order transition of the star
block copolymer PS-b-PBA. Except for the phase transition
temperature, themain phase of the block copolymer can also
be determined. The main phase in the block copolymer was
spheres because only one broad peak can be observed.

4 Conclusions

In summary, a series of three-armed star polystyrene-
block-poly(n-butylacrylate) copolymers (PS-b-PBA)3 were

Figure 6: SAXS intensity profiles for the three-armed star block copolymers: (a) (S15.4-0.48-B16.7)3, (b) (S15.4-0.28-B34.3)3, and
(c) (S15.4-0.21-B.6)3 at different detection temperatures (from 30°C to 160°C). (d) Inverse of the maximum intensity (1/I(q*)) at the peak
position as a function of the inverse temperature (1,000/K) for (S15.4-0.48-B.7)3, (S15.4-0.28-B34.3)3, and (S15.4-0.21-B46.6)3.
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synthesized by using ATRP. The (PS-b-PBA)3 showed dis-
ordered structure at low temperature. The TODT was deter-
mined by oscillatory and dynamic temperature sweep,
which decreases with the increase of the volume fraction
of poly(n-butylacrylate) (PBA) chain. When the volume
fraction of PBA chain was small (<0.48), G′ and G″ of
the block copolymers obey TTS principle. With the increase
in the content of PBA, TTS principle failed to explain our
result due to the existence of the phase separation as the
polymer melts. Moreover, the active energy and free
volume was calculated based on Arrhenius and WLF
relationship. The active energy decreased with the
molecular weight of the block copolymers, while the
free volume of the sample increased due to the incor-
poration of PBA chain, which can strongly enhance the
chain mobility of the block copolymers. The disorder-
to-order transition temperature of star block PS-b-PBA
was further determined by SAXS. Phase transition tem-
perature for (S15.4-0.48-B16.7)3, (S15.4-0.28-B34.3)3, and
(S15.4-0.21-B46.6)3 is 87.6°C, 82.9°C, and 80.9°C, respec-
tively. With the increase in temperature, the star blocks
showed ordered structure.
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Appendix

Scheme A1: Illustration showing the procedure for the synthesis of three-arm star polystyrene-block-(n-butylacrylate) copolymer.

Figure A1: 1H NMR of the synthesized three-arm star polystyrene-block-(n-butylacrylate) copolymer (Sx-b-By)3 with CDCl3 as the solvent.

Figure A2: (a) Storage modulus (G′) versus angular frequency (ω) at temperature from 130°C to 200°C for (S15.4)3, (b) the master curve at
the reference temperature of 150°C for (S15.4)3, (c) the X-shift factor versus temperature for (S15.4)3, (d) storage modulus (G′) versus
angular frequency (ω) at temperature from 110°C to 200°C for (S15.4-0.94-B1.4)3, (e) the master curve at the reference temperature of 150°C
for (S15.4-0.94-B1.4)3, and (f) the X-shift factor versus temperature for (S15.4-0.94-B1.4)3.
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Figure A3:Master curve of (S15.4-0.48-B16.7)3 with G′, G″, and tan δ
versus angular frequency (ω) with the reference temperature
at 150°C.

Figure A4:Master curve of (S15.4-0.28-B34.3)3 with G′, G″, and tan δ
versus angular frequency (ω) with the reference temperature
at 150°C.

Figure A5:Master curve of (S15.4-0.21-B46.6)3 with G′, G″, and tan δ
versus angular frequency (ω) with the reference temperature
at 150°C.

Figure A6: Active energy as a function ofMn of (PS-b-PBA)3 at 150°C.

972  Qingwen Shi et al.


	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Synthesis of three-armed polystyrene (Sx)3
	2.3 Synthesis of three-armed star polystyrene-block-(n-butylacrylate) copolymer (Sx-b-By)3
	2.4 Characterization

	3 Results and discussion
	3.1 Synthesis of three-arm star polystyrene-block-(n-butylacrylate) copolymer &QJ;(Sx-b-By)3
	3.2 Thermal properties
	3.3 Rheology measurement
	3.4 SAXS

	4 Conclusions
	References
	Appendix


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


