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Abstract To determine the impact of molecular architec-
ture on the molecular dynamics of the glass relaxation
processes of soft blocks in different types of block
copolymers, model block copolymers with a variation in
both molecular architecture and chemical composition were
studied. Four block copolymer models, namely, two
styrene—butadiene—styrene (S-B-S) block copolymers and
two styrene—styrene butadiene—styrene (S-SB-S) were
chosen. In each pair of block copolymers, one is linear
triblock and the other is star asymmetric. For the sake of
comparison, two polybutadiene (PB) homopolymer sam-
ples, having similar chain lengths of the PB blocks present
in the S-B-S block copolymers, have been investigated.
Dynamic mechanical measurements have been carried out
for the real and imaginary parts of the complex shear
modulus (G', G”) in the temperature and frequency ranges
from —110 to 30 °C and from 10 2 to 15.9 Hz, respectively.
Complete master curves have been constructed for all
samples investigated. Moreover, broadband dielectric spec-
troscopy has been carried out to cover wide temperature
and frequency windows, =120 to 0 °C and 10™" to 107 Hz,
respectively. The results showed that the molecular dynamics
of'the glass relaxation process of the PB or statistical PSB soft
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phases in the block copolymers is dramatically changed when
compared to the PB homopolymer. In addition, the molecular
architecture is found to be an important factor in determining
the molecular mobility of the soft blocks. The results are
discussed in terms of the applied confinement of the counter PS
hard phase, block lengths, domain thicknesses and the type of
end-to-end junctions between the different polymeric blocks.
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Introduction

Block copolymers demonstrate a number of unique prop-
erties as a result of their microphase separation (Pakula and
Floudas 2000; Hadjichristidis et al. 2003; Allen and
Bevington 1989). The resulting dimensions of microphases
can vary between 5 and 500 nm, which can be controlled at
the synthesis level (Floudas et al. 1999). These microphases
often develop highly organised domain morphologies
(Pakula and Floudas 2000; Hadjichristidis et al. 2003; Allen
and Bevington 1989; Floudas et al. 1999; Hueckstaedt et al.
2000; Xu and Lin 1996; Horak et al. 1996). These unique
structures of block copolymers lead to a wide range of
applications. Block copolymers can be used as engineering
materials (Pakula and Floudas 2000; Hadjichristidis et al.
2003) or as compatibilisers (Xu and Lin 1996; Horak et al.
1996) for incompatible polymer blends. It has been
suggested that block copolymers could be used in the
development of new electronic devices (Morkved et al.
1994), the synthesis of mesoporous solids (Archibald and
Mann 1993; Kresge et al. 1992), and in the fabrication of
nanofibers (Liu 1997). Block copolymers exhibit periodic
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nanostructures due to immiscibility between the incompat-
ible (4 and B) sequences (Bates and Fredrickson 1999).
Classical block copolymer microdomain morphologies
include spheres of A(B) on a body-centred cubic lattice in
a B(A4) matrix, cylinders of 4(B) on a hexagonal lattice in a
B(A) matrix and co-alternating lamellae. In the past two
decades, several complex (bicontinuous) nanostructures
like the perforated lamellar, gyroid (G) and double-diamond
(D) morphologies have received considerable interest
(Hajduk et al. 1994, 1998; Wohlgemuth et al. 2001). These
nanostructures may develop if the copolymer composition
falls within a narrow range between the cylindrical and
lamellar morphologies.

Significant effort has been invested over the past decades
to investigate the morphologies of a variety of block
copolymers by means of several techniques [transmission
electron microscopy (TEM), atomic force microscopy,
small angle X-ray scattering] as a function of numerous
parameters (composition, molecular weight, molecular
architecture, method of preparation, annealing time and
annealing temperature, contact media, blending). These
investigations have been summarised in several review
articles (Hadjichristidis et al. 2003; Allen and Bevington
1989). One key finding is that when block copolymers like
styrene—butadiene—styrene (S-B-S) are heated above the
upper glass-transition temperature (7;), the microstructure
of the polymer will vanish, and a homogeneous phase will
form. The critical temperature is called the order-disorder
transition (ODT) temperature. The rheological behaviour of
block copolymers near their ODT has been reported
extensively by many authors over the past three decades
(Bates 1984; Rosedale and Bates 1990; Wu et al. 2004;
Ryan et al. 1992).

The morphology and microphase separation of block
copolymers with nonlinear architectures, such as a star
block and graft copolymers, have been the focus of a
considerable amount of recent work (Adhikari et al. 2003,
2005; Geiger et al. 2002; Knoll and Niessner 1998; Huy
et al. 2003). These nonlinear architectures have been
demonstrated to allow the control of morphologies inde-
pendent of the familiar composition window that works in
the case of linear diblock and triblock copolymers.

Based on the above, most of the previous investigations
in the field of block copolymers are mainly concerned with
the dependence of their morphology on several factors, as
mentioned above. In contrast, the molecular dynamics of
the glass relaxation processes of the different phases as well
as other possible relaxation processes in block copolymers
have been less investigated. Dynamic mechanical and
differential scanning calorimetric experiments show that
the glass transition in such systems is smeared out and
spread over wide temperature range (Knoll and Niessner
1996, 1998; Nakajima 1996; Sierra et al. 1997; Tse 1989),
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especially when the volume fraction of one of the phases is
less than one third. As a result, glass relaxation processes in
such block copolymers are difficult to determine.

The objective of the present paper was to determine the
impact of molecular architecture on the molecular dynamics
of the glass relaxation processes of soft blocks in different
types of block copolymers. To this aim, broadband
dielectric spectroscopy and dynamic mechanical measure-
ments in wide temperature and frequency ranges have been
performed. Four candidates of block copolymers were
chosen for this study. Two are S-B-S and S-SB-S linear
triblock copolymer. Another two S-B-S and S-SB-S are star
asymmetric. The styrene content in all the investigated
samples is similar (about 74 wt% in each). Polybutadiene
(PB) samples with similar chain lengths in block copoly-
mers are also examined and compared with those PB soft
phase in block copolymers.

In addition, TEM measurements are achieved to corre-
late the morphology as well as the domain sizes of the
different phases (microscopic properties) with the macro-
scopic properties of the samples (dielectric and dynamic
mechanical spectroscopic).

Experimental part
Materials

The block copolymers tested in this work were kindly
supplied by Dr. K. Knoll, BASF, Ludwigshafen, Germany.
Block copolymers were synthesised by butyl- and lithium-
initiated living anionic polymerisation. The star asymmetric
block copolymer molecules (either S-B-S or S-SB-S) have
approximately four asymmetric arms with a polystyrene
core. Each arm is considered a linear asymmetric triblock
copolymer, and one of these arms is much longer than the
others (possesses a long PS tail). The PB block lengths (in
the star asymmetric S-B-S) are uniform and have a number
average molecular weight value of ~6.0 kg/mol. Converse-
ly, the SB soft blocks in S-SB-S are statistically random
chains of styrene and butadiene units in equimolar ratio.
The lengths of the SB blocks in the star asymmetric block
copolymer are similar (~13.8 kg/mol). More information
about the synthesis and the structure of materials is
available elsewhere (Geiger et al. 2002; Knoll and Niessner
1996, 1998). A detailed description of the investigated
block copolymers and homopolymers is given in Table 1.

Sample preparation
Dynamic mechanical measurements

Homopolymers and copolymers sheets of ~1.0-mm thick-
ness were prepared by compression molding at 180 °C
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Table 1 Chemical composition and physical characterization of the investigated block copolymers and homopolymers

Material Styrene block Soft block  1,2-vinyl T, °° C M, PS block M, (soft block)  Total M, PD%=
name content (Wt%) fraction? (kg/mol) (kg/mol) (kg/mol) My /M,
Soft Hard
block block
S-B-S° 74.0 Butadiene  0.088 -98.5 92.0 28.9 20.3 78.0 1.11
KR2691
S-B-S°¢ 74.0 Butadiene  0.086 —85.5 95.5 - 6.0 92.0 1.58
693D
S-SB-S° 48 Styrene— 0.092 —54.5 93.0 22.6 48.9 94.0 1.36
BX6205 butadiene
(1:1)
S-SB-S¢ 48 Styrene— 0.091 -62.5 95.0 - 13.8 106.0 1.70
BX butadiene
6230 (1:1)
PB 0.070 -99.7 - - 6.2 1.04
PB 0.071 -100.0 - - 21.0 1.04

Polydispersity index

® Linear symmetric triblock copolymer

¢ Star asymmetric block copolymer

9 Determined from '* C NMR and ' H NMR spectroscopies

¢ Determined from the second heating scans using DSC at heating rate of 10 K/min

under vacuum for 1 h. Samples were then cut into

rectangular strips of dimensions 40.0x6.0% 1.0 mm?.

Dielectric measurements

The sample capacitor consisted of two parallel gold-coated
brass plates with a diameter of 20 mm between which the
sample was sandwiched. The plate distance of 0.1 mm was
kept constant by small Teflon spacers. Samples were
pressed directly between the two electrodes at 180 °C.

Transmission electron microscopy

From the same sheet used for dynamic mechanical
measurements, ultra thin sections (~50-70 nm) were
prepared for TEM measurements. Samples were cut under
liquid nitrogen. Then, these ultra thin sections were
positioned on a copper grid on which an osmium tetraoxide
layer was applied by vapor deposition for 24 h. The
function of osmium tetraoxide is to get contrast between the
different phases in the block copolymers. Unsaturated
blocks (such as PB) react with osmium tetraoxide and
appear black, while unreacting blocks appear white.

Methods
Dynamic mechanical spectroscopy
Measurements have been performed on a Rheometrics

dynamic mechanical spectrometer (model RMS 800).
Isothermal measurements of the complex shear modulus

(G*=G'—i G") have been carried out in the frequency range
0.0159 to 15.9 Hz. The temperature was varied from —110
to 30 °C (depending on the material investigated) at
isothermal steps of 5 and 10 °C/min, depending on the
velocity of the process under consideration. The sample
temperature was controlled with nitrogen gas. A resolution
of 0.1 °C in temperature was achieved, and that of the loss
factor (tan 6=G"/G') was better than 1072, At each
isothermal step, strain sweep experiments of the complex
shear modulus were carried out at two different frequencies
(1.0 and 10 Hz) to identify the linear viscoelastic range.

Dielectric spectroscopy

Dielectric measurements were carried out to cover a broad
frequency range from 10~ to 10" Hz. Isothermal frequency
scans were performed in the temperature range from —120
to 0 °C. A broadband dielectric spectrometer Novocontrol
BDS 4,000 (based on the high-resolution ALPHA analyzer)
was used to measure the dielectric function £*(v)=¢&'(w)—
i€ (v) at 10 points per frequency decade in a frequency
range of 10'-107 Hz.

TEM type EM 301 from Philips was used. The magni-
fication factor applied is 100,000.

Results and discussion
Figure la (I) depicts the isothermal frequency scan

measurements of the real and imaginary parts of the
complex shear modulus (G*=G'—i G") for a PB homopol-
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ymer sample having number average molecular weight of  in block copolymers, master curves are then constructed.
21.0 kg/mol in the temperature range from —110 to —40 °C.  Using the well-known time—-temperature superposition
Within the examined temperature and frequency ranges,  principle (tTS) (Ferry 1980; Eisele 1990) where an arbitrary
two relaxation processes are detected. To compare the  reference temperature is selected (referred to an isothermal
relaxation spectra of homopolymers and those behaviours  step including the relaxation frequency of the maximum of
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Fig. 1 a (I-V) Isothermal measurements of the real and imaginary temperature for PB homopolymer sample (21.0 kg/mol), S-B-S KR
parts of the complex shear modulus of PB homopolymer sample 2691, S-B-S 693D, S-SB-S BX6205 and S-SB-S BX6230 block
(21.0 kg/mol), S-B-S KR 2691, S-B-S 693D, S-SB-S BX6205 and S- copolymers. ¢ Shear modulus master curves of the PB homopolymer
SB-S BX6230 block copolymers, respectively. b Shift factors against samples (6.2 and 21.0 kg/mol) reduced at —100 °C

@ Springer



Rheol Acta (2007) 46:1109-1119

1113

6 7 L 4
41 * ¢
A
|
~ 27 * >
[$] 4
S
S 0+ OO CIRSCAY SCDCIORIA (7
1 A
2 - 'S x ‘
4 - L 2 oh ©
1 on , o
-~ L]
= -6 - \/
i;.’ L J A.
k) ] u v
-8 A Horizontal Vertical
| v shift  shift
A PB (21.0/kg/mole) = o
10 v S-B-SKR2691 [ ] [¢]
A $-B-8693D A a
v S-SB-SBX6205 ¥ v
-12 S-SB-SBX6230 * iod
T T T T T T T T T
0.7 0.8 0.9 1.0 1.1

Ty /T

Fig. 1 (continued)

the process under consideration). Then, higher and lower
temperature isotherms are shifted on the frequency axis to
achieve the best superposition (Ferry 1980; Eisele 1990).
Figure 1b shows the frequency shift factors (horizontal
shifts) and the vertical shift factors as a function of
temperature. It is clear in Fig. 1b that almost no vertical
shifts have been applied, indicating the reliability of the
constructed master curves. The absence of vertical shifts
could be attributed to the narrow frequency range used
where some vertical shifts might be expected to take place
at lower frequencies than those involved here.

The relaxation spectra of the imaginary part in Fig. Ic
reveal two relaxation processes. The first process appearing
at higher frequencies around log fi,.x ~0 is attributed to the
glass relaxation process of the PB homopolymers. This
process is characterised also by a dramatic drop in the log
G’ values (about three orders of magnitudes). The low
frequency relaxation process (see Fig. lc) is attributed to
the entanglement coupling resulting from the locus adher-
ence, local kinks or long range contour loops between
polymer chains (Ferry 1980; Eisele 1990). The appearance
of this process is taken as direct evidence that the molecular
weight of the investigated sample is much higher than the
value of critical molecular weight of the polymer. In
addition, for such relaxation spectra, it is found that the
higher the molecular weight, the more extended the plateau

modulus, which is in accordance with the results in Fig. 1c.

Figure 2a shows the temperature dependence of the
dielectric loss (£”) over the frequency for the PB homopol-

log (G'/ Pa)
T

O PB (6.2 kg/mole)
O PB (21.0 kg/mole)

log (G"/ Pa)

log (f/ Hz)

ymer sample (21.0 kg/mol). Isothermal scans in the
temperature range from —120 to —100 °C reveal the
secondary (f3) local relaxation process of the PB sample
which can be characterised by its low activation energy (the
values of log f.x increase rapidly with increasing the
temperature). The o glass relaxation process starts to
contribute to the relaxation spectra above —95 °C. The
rheological and dielectric properties of PB samples are
consistent with previous findings (Zorn et al. 1995, 1997,
Hofmann et al. 1996). In addition, Roland and Ngai (1991)
and Zorn et al. (1995) have found that the shift factors of
the glassy and terminal regimes, as obtained from dielectric
measurements, are generally not the same. They have
mentioned that the terminal range of PB (21 kg/mol, 7%
vinyl content) starts at —59.6 °C and continues at higher
temperatures. This provides a tentative explanation for the
deviation of the shift factors of the PB samples (Fig. 2¢)
above —60 °C. As the glassy regime is the range of current
interest, shift factors of PB homopolymers above —60 °C
will not be included when comparing the activation
behaviour of the glass process of PB homopolymers and
PB phase in block copolymers.

Using the nonlinear least-square Levenberg—Marquard
method (Havriliak and Negami 1967), the relaxation
processes were fitted by a superposition of two Havriliak—
Negami (HN) functions (k=2):

% AEk
€ ((D) = €0 + zk: (1 + (l.(l)‘Ck)ak)Yk (1)
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Fig. 2 a Isothermal measurements of the dielectric loss of PB
homopolymer sample (21.0 kg/mol) at different temperatures. b An
example of the analysis of the dielectric loss of PB homopolymer

with o=27f, €, being the high frequency limit of £ ()
outside the dispersion zone, A€ the intensities of each
process and 0<a<1, 0<y<I1. The maximum loss frequency
wmax for each process is given by (Kahle et al. 1999):

l( sin [7ro/2]
7 \tan [ra,/2(y + 1)]

Omax =

— cos [7ra/2])1/a (2)

For 0<<®max and @>>w., the HN function for £’ (o)
reduces to a power law with the exponent o and ay,
respectively. To fit the o process, all parameters were left
free, whilst for the intermediate and fast secondary or f3
process, the asymmetry parameter y was set to 1 (corre-
sponds to a symmetric peak which is typical for the (3
process). A representative example of the analysis is given
in Fig. 2b where the circles represent the measured values,
and the solid curve passing through the experimental points
is the summation of these two relaxation processes. The
evaluated values of log fn.x of the PB homopolymer
samples (6.2 and 21.0 kg/mol) are depicted in Fig. 2c. It
can be observed that the activation curves for the glass
relaxation process in both samples are almost identical
(typical behaviour above the critical molecular weight),
regardless if they are determined mechanically or dielectri-
cally. Moreover, the activation curves of the glass process
evaluated from G” and £’ are parallel to each other. This
result is in good agreement with literature data (Heinrich
and Stoll 1988; Weyer et al. 1997; Mohammady et al. 2001,
2002). For this reason, it is possible to carry out vertical
shifts of the activation curves to be exactly superimposed
on a single common activation curve to increase both the

@ Springer

sample (21.0 kg/mol) by means of Eq. 1 (at =95 °C). ¢ Activation
curves evaluated for PB homopolymer samples (6.2 and 21.0 kg/mol)
both from dynamic mechanical and dielectric measurements

number of data points and the width of the frequency
covered decades. This will be done in this work when it is
possible to evaluate the activation curves mechanically and
dielectrically.

Isothermal frequency scans of the complex shear
modulus for S-B-S KR2691, S-B-S 693D samples have
been carried out in the temperature range from —110 to
—30 °C to construct the master curves (reduced at —100 °C)
which are shown in Fig. 3a. The results indicate the
following:

1- log fmax values of the glass process of the PB phase in
the block copolymers is lower than that of pure PB.
The values are 0.5, —0.7 and —5.5 for pure PB, S-B-S
KR2691 and S-B-S 693D, respectively (Fig. 3a, b). It is
worthwhile to mention here that the molecular dynam-
ics of the local 3 process of the PB phase in the block
copolymers are faster than that observed in PB
homopolymer (Fig. 3b). A difference of about one
decade is observed in the S-B-S KR2691 sample. This
may be attributed to some sort of defects within the PB
blocks due to the incorporation of the PS end blocks in
the PB domains.

2- A broadening of the G” spectra of the block copoly-
mers is observed as compared to that of pure PB. The
full width at the half maximum (FWHM) of the
different samples, as a mean to quantify the width of
the relaxation spectra, are ~3.2 and ~5.9 decades for
homopolymer and block copolymers (Fig. 3c).

3- The maximum value of the G” spectra is much lower in
block copolymers than in pure PB. This can be
attributed to the high fraction of PS hard phase in the
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Fig. 3 a Shear modulus master curves of the PB homopolymer samples
(21.0 kg/mol), S-B-S KR 2691 and S-B-S 693D block copolymer
samples reduced at —100 °C. b Activation curves evaluated for PB
homopolymer samples (6.2 and 21.0 kg/mol), S-B-S KR 2691 and S-B-

block copolymers. The hard polystyrene domains act as
reinforcing filler and as physical cross-links that
constrain the rubbery matrix.

4- The plateau modulus of the linear S-B-S KR2691
copolymer is ~3.8 times higher than that in the star
asymmetric S-B-S 693 D block copolymer. This
pronounced difference in the plateau modulus values
can be attributed to the difference in morphology in
both block copolymers (Fig. 4a, b).

It would be of interest here to recall the literature data
reported in the field of confinement and size effects on the
glass transition temperature. Significant effort has been made
to investigate the glass transition temperature in confined
geometries both for small molecules confined in nanopores
(Alcoutlabi and McKenna 2005; Wendt and Richert 1999;
Wang et al. 2004; He et al. 2005; Jackson and McKenna
1991; Zhang et al. 1992) and ultra thin polymer films
(Alcoutlabi and McKenna 2005; Jain and de Pablo 2002;
Dalnoki-Veress et al. 2000, 2001; Roth and Dutcher 2004).
Deviation from the bulk properties was observed. It is
surprising to find that confinement may increase, decrease or
not affect the glass transition temperature. Existing theories
of glass transition are still unable to explain the range of
behaviour observed at the nano-sized scale. This may be
attributed to the fact that the glass transition phenomenon
itself is not completely understood.

Block copolymers of different microdomain morpholo-
gies could be considered as finite confined systems

S 693D block copolymer samples both from dynamic mechanical and
dielectric measurements. ¢ Normalized plot of the loss modulus as a
function of frequency for PB homopolymer samples (21.0 kg/mol),
S-B-S KR 2691 and S-B-S 693D block copolymer samples

depending on their morphology. For instance, block
copolymers exhibiting cylindrical microdomain morpholo-
gy may be considered as systems confined in nanopores
(Alcoutlabi and McKenna 2005; Wendt and Richert 1999;
Wang et al. 2004; He et al. 2005; Jackson and McKenna
1991; Zhang et al. 1992). However, block copolymers
exhibiting lamellar microdomain morphology may be
considered as systems possessing thin film confinement
(Mohammady et al. 2001, 2002; Mansour et al. 2003). For
small molecules confined in nanopores, the confinement is
considered as hard confinement (i.e. an increase in the glass
transition temperature, 7,; Alcoutlabi and McKenna 2005;
Wang et al. 2004; He et al. 2005; MacFarlane and Angell
1982), but for spheres or nanodroplets suspended in fluid
environment, the confinement is considered to be soft (i.e. a
reduction in the glass transition temperature, ;). The
concept above can also be applied to the results obtained
in Fig. 3a—c.

The PB cylindrical microdomains in S-B-S KR2691
block copolymer are effectively confined within nanopores
of dimensions of 83 nm within the hard PS matrix
(Fig. 4a). However, TEM results (Fig. 4b) show that the
morphology of the S-B-S 693D sample does not fit into the
common morphology scheme of block copolymers, as it
reveals an irregular wormlike morphology. Styrene and
butadiene form an interpenetrating network with styrene as
the predominant phase. Large styrene worms (24 nm),
small PS inclusions in PB (6 nm) and PB lamellae (7.5 nm)
are observed (Knoll and Niessner 1996, 1998). The

@ Springer



Rheol Acta (2007) 46:1109-1119

a S-B-S KR 2691

'l }I'I .
VA .."?'4-1 !
'i' i)) ‘

.rJ' py
i /
J

b s-B-s 693D

100 nm
Fig. 4 TEM, of a S-B-S KR 2691 and S-B-S 693D block copolymer samples and b S-SB-S BX6230 block copolymer samples

distribution of the various domains in the block copol-
ymers controls, to a great extent, the macroscopic me-
chanical properties of the samples. The reduction in the
log fiax values as well as the broadening of G” spectra of
block copolymers as compared to pure PB (Fig. 3a—c)
can be attributed to constraint applied by the PS hard matrix
confinement on the PB domains. However, the dramatic
reduction in log f,.x values of the glass relaxation process
in S-B-S 693D sample (about six orders of magnitude) is
augmented further due to the difference in domain thick-
nesses of the PB phase in both block copolymers (Fig. 4a,
b). The dramatic drop in the log f..« values of the glass
relaxation process of S-B-S 693D sample may be attributed
to the increased number of network junctions between PB
and PS domains which act as points of cross-links that
enhance the restrictions on the molecular mobility of the PB
phase in the sample. As S-B-S KR2691 is a linear triblock
copolymer, the distance between ‘cross-links’ here is the
same as the PB block length (20.3 kg/mol; Table 1). For
comparison, the PB block length in S-B-S 693D is 6.0 kg/
mol, such that the distance between two successive cross-
links in S-B-S 693 D is ~ 3.5 times shorter than in the
linear S-B-S KR 2691 sample. This would be the most im-
portant factor that prohibits the molecular mobility of the
PB phase in the asymmetric star block copolymer (Fig. 3a—
c¢) which is in good agreement with results observed by Ge
et al. (2000) who reported that in case of constrained films,
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C S-SB-S BX 6205

d s-SB-S BX 6230

100 nm

where there is a strong interaction between the polymer and

the substrate, an increase in the T, (or a reduction in log

fmax) With decreasing film thickness was observed for
different polymers. In the current work, the number of
network junctions between the PB phase and the PS matrix

(acting as a substrate in our block copolymers) is greatest in

the S-B-S 693D sample.

Figure 5a depicts the shear modulus master curves of
the S-SB-S BX6205 and S-SB-S BX6230 copolymers
reduced at —50 °C. The results, as shown in Fig. 5a, in-
dicate the following:

1- log fmax values of the glass process of the SB phase in
S-SB-S BX6205 (block copolymer having linear
molecular architecture) is ~2.1 decades lower than that
S-SB-S BX6230 (star asymmetric block copolymer).
This behaviour is quite unlike that observed in the S-B-
S samples (Fig. 3a—c) where the value of the PB phase
for S-B-S KR2691 (linear triblock copolymer) leads
that of the corresponding PB phase in the star
asymmetric one by ~4.8 decades.

2- The FWHM of the G” spectra are very broad (7.3 and
6.9 in S-SB-S BX6230 and S-SB-S BX6205, respec-
tively). The exhibited large FWHM values, compared
to homopolymers (3.2 decades for PB; Fig. 3c), can be
considered as a proof of the presence of an additional
confinement of the PS phase (Alcoutlabi and McKenna
2005; Pissis et al. 1994).
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Fig. 5 a Shear modulus master curves of S-SB-S BX6205 and S-SB-S
BX6230 block copolymer samples reduced at —50 °C. b Activation curves
evaluated for S-SB-S BX6205 and S-SB-S BX6230 block copolymer

3-

The plateau modulus of the S-SB-S BX6230 sample is
about two times higher than that observed for the S-
SB-S BX6205 sample.

The question now is why the molecular mobility of the

glass process of the SB phase in S-SB-S BX6230 (star
asymmetric block copolymer) is higher than in the S-SB-S
BX6205 linear triblock copolymer? To answer this ques-
tion, the following effects should be considered:

1-

The nature of the S-SB junctions: We have mentioned
previously that the PS—PB junctions can be considered
as chemical ‘cross-links’ in S-B-S block copolymers,
and their increase led to a great reduction in the
molecular mobility of the soft PB phase. However, the
situation is different when we consider the PS—-SB
junctions in S-SB-S block copolymers. The interaction
between the PS and SB phase is significantly higher
compared to the PS-PB system. This can increase the
amount of the SB segments that are able to incorporate
in the PS domains. This can be clucidated by the
presence of the fuzzy borders of the PS and SB
microdomains in the S-SB-S BX6230 sample
(Fig. 4d) where less contrast is attained from TEM
measurements (indicated by the presence of grey areas
in Fig. 4d). This can be taken as a proof of the presence
of an extended interface typical for a system near to the
so-called ‘order—disorder transition temperature, ODT’

samples both from dynamic mechanical and dielectric measurements. ¢
Normalized plot of the loss modulus as a function of frequency for S-SB-
S BX6205 and S-SB-S BX6230 block copolymer samples

in block copolymers (Knoll and Niessner 1996, 1998;
Mohammady et al. 2002). This extended interface will,
in turn, reduce the hard character of the PS domains,
leading to a reduction of the stiffness in the star
asymmetric S-SB-S BX6230 block copolymers when
compared to the linear one.

The number of end groups: The SB block length in S-
SB-S BX6230 is ~3.5 times shorter than in S-SB-S
BX6205 (Table 1). As the SB ends at the PS-SB
junctions are still labile (proven by their ability to
extend within the PS phase as shown in Fig. 4d),
increasing their number would increase the molecular
mobility of the SB phase in the sample (Fig. 5a, b).
The average domain thicknesses (Fig. 4¢, d) of the SB
phase in S-SB-S BX6230 and S-SB-S BX6205 are 7.5
and 10.1 nm, respectively. The cooperative rearranging
regions, CRR, which are responsible for the glass
relaxation process in a series of random styrene
butadiene rubber (SBR copolymers) covering a wide
composition range, have been found to be in the order of
10-12 nm (Richter 1996; Mohammady et al. 2001,
2002). The average domain thickness of the SB domain
in S-SB-S BX6230 (7.5 nm) is lower than the CRR
region in bulk SBR and still lower than that of the S-SB-
S BX6205 sample. This, in turn, would lead to an
enhancement of the molecular mobility of the SB blocks
in the star asymmetric block copolymer (Fig. 5a—c).
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Conclusion

The molecular dynamics of the relaxation processes of the
soft blocks in different types of block copolymers having
different molecular architectures have been investigated.
Four model block copolymers were investigated, namely,
two styrene—butadiene—styrene (S-B-S) block copolymers
and two styrene—styrene butadiene—styrene (S-SB-S) where
the soft blocks are PB homopolymer and statistical SB
random copolymer (having styrene/butadiene molar ratio of
1:1), respectively. Dynamic mechanical measurements were
made and master curves constructed for temperature and
frequency ranges from —110 to 30 °C and from 102 to
15.9 Hz, respectively. Broadband dielectric spectroscopy
was also carried out in the temperature and frequency
windows from —120 to 0 °C and 10°' to 107 Hz,
respectively. The results show that the molecular dynamics
of the glass process of the soft phase in block copolymers
are dramatically changed as compared to the behaviour in
the bulk. For instance, the relaxation frequency of the
maxima (log fi.x) of the glass process of the PB in S-B-S
KR2601 (linear triblock) and S-B-S 693D (star asymmetric)
lags that in pure PB by 1.2 and 6.0 decades, respectively.
On the other hand, the log f,.x value of the SB soft blocks
in the star asymmetric S-SB-S BX6230 block copolymer is
found to be ~2.1 decades faster than in the linear triblock
candidate (S-SB-S BX6205). It is concluded that the
molecular architecture plays an important role in determin-
ing the molecular mobility of the soft blocks. The results
are explained in terms of the applied confinement of the
counter blocks, block lengths, domain thicknesses and the
type of end to end junctions between the different blocks.
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