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1H spin-diffusion solid-state NMR, in combination with other techniques, was utilized to investigate the
effect of molecular architecture and temperature on the interphase thickness and domain size in poly
(styrene)-block-poly(butadiene) and poly(styrene)-block-poly(butadiene)-block-poly(styrene) copoly-
mers (SB and SBS) over the temperature range from 25 to 80 �C. These two block copolymers contain
equal PS weight fraction of 32 wt%, and especially, polystyrene (PS) and polybutadiene (PB) blocks are in
glass and melt state, respectively, within the experimental temperature range. It was found that the
domain sizes of the dispersed phase and interphase thicknesses in these two block copolymers increased
with increasing temperature. Surprisingly we found that the interphase thicknesses in these two block
copolymers were obviously different, which was inconsistent with the theoretical predictions about the
evolution of interphase in block copolymer melts by self-consistent mean-field theory (SCFT). This
implies that the interphase thickness not only depends strongly on the binary thermodynamic inter-
action (c) between the PS and PB blocks, but also is influenced by their molecular architectures in the
experimental temperature range.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In heterogeneous polymer systems, such as multicomponent
and multiphase polymers, the interphase between adjacent phases
is an important factor in determining many physical properties in
such materials [1]. The interphases are not only highly dependent
on the compatibility of the components, but also influenced by heat
treatment, aging and molecular architectures. Characterizing the
temperature dependence of nanoscale interphase is very important
for understanding the relationship between microscopic structure
and macroscopic behavior, which will help polymers blend effec-
tively integrated into modern technologies.

Various theories concerning the quantitative relationship
between the interphase thickness ditp and the thermodynamic
interaction parameter c for immiscible polymer pairs have been
proposed in the past decades. In the early 1970s, Helfand et al.
[2,3] first constructed a self-consistent mean-field theory (SCFT) of
polymerepolymer interphase. The finite molecular weight effect
of the components was further considered theoretically by Broseta
et al. [4]
: þ86 22 23494422. ;
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where b is the Kuhn segment length (effective length of per
monomer unit, 0.8 nm) [3,4],Ni (i¼A, B) is the number of segments
of each block and the FloryeHuggins interaction parameter, c,
usually depends on temperature, blend composition and compo-
nent molecular weights [5]. The interphase in block copolymers
comprised of incompatible blocks has been attracted significant
attention in the past decades [6,7], since such materials are
increasingly being used as compatibilizers, surfactants, and adhe-
sives in polymer industry. A more general theoretical work by SCFT
method for block copolymer melts were reported by Matsen et al.
[8], and such calculations indicated the similar interphase thickness
for the AB and ABA copolymers in lamellar phase. On the basis of
this theoretical work, the evolution of the interphase under
different c in heterogeneous polymer melts can be well
understood.

Due to the extremely small volume fraction of the interphase in
a typical polymer blend, experimental determination of interphase
thickness is still a challenge. A variety of experimental techniques
including small-angle X-ray scattering (SAXS) [9], dynamic
mechanical measurements [10], transmission electron microscopy
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(TEM) [11], fluorescence spectroscopy [12], thermal methods [13],
small-angle neutron reflectivity (SANS) [14], oxygen permeability
[15], ellipsometry [16] and nuclear magnetic resonance(NMR)
[17,18] were utilized to investigate the thickness and composition of
interphase. Most of the existing theoretical and experimental
results agreed that the interphase thickness of immiscible polymers
could range from a few to tens of nanometers [7,19]. Solid-state
NMR (SSNMR) spectroscopy has been proved to be a non-
destructive and powerful technique to study the structure and
dynamics of polymers [20,21]. The work of Zumbulyadis [1] group
has determined the interphase mixing in symmetric diblock
copolymers based on the 1He2H cross-polarization and magic
angle spinning (CP-MAS) NMR approach. Based on the differences
in molecular mobility in different phases, proton spin-diffusion
NMR experiments have been extensively applied to investigate the
microphase structure in multiphase solid polymers, such as poly-
mer blends [22,23], block copolymers [24,25], core-shell polymers
[26] and so on. Models that capture the essence of the spin-diffu-
sion process have been proposed [27,28]. Very recently, a novel
NMR method using high-resolution MAS and double-quantum
filtered 1H spin-diffusion was used to study the component profile
in the interfacial region in block copolymers [29]. In spite of these
previous studies, little experimental work was reported to inves-
tigate the evolution of interphase in block copolymer with different
Fig. 1. (a) Pulse sequence with a 12-pulse dipolar filter for 1H dipolar filter and spin-diffusio
dipolar filtered Hahn spin echo pulse sequence to measure T2 of the mobile phase and (d) p
quantum (DQ) filter.
molecular architectures where the two blocks were in the state of
glass and melt, respectively, at a special temperature range. This
temperature range is very important for practical applications of
the block copolymer in industrial field. The combination of glass
andmelt state enable us to prepare toughmaterial, which is widely
used in our everyday life (e.g. High Impact Polystyrene, HIPS). The
nanoscale interphase properties for block copolymers in such
temperature range are still far from being well understood, there-
fore, detailed information about these issues needs to be further
elucidated.

In traditional NMR works, interphase thickness can be
determined by computer simulation of the measured spin-
diffusion data [30], however, this method needed a specific
diffusion model and was not suitable to small interphase (e.g.
<1 nm). Recently, we have developed a new method to deter-
mine interphase thickness by using dipolar filtered and spin-
diffusion 1H SSNMR [22]. The key point is that the immobilized
component in interfacial region can be determined by varying
dipolar filter strength in spin-diffusion experiment, and the
interphase thickness can then be directly calculated from a strict
mathematic relationship between interphase and domain size.
The above method has been successfully used to characterize
the influence of binary polymerepolymer interaction on the
phase behavior, domain size and especially the interphase
n experiment, (b) pulse sequence to measure T1 of the mobile phase (tr was varied), (c)
ulse sequence to measure the line width of the 1H spectrum with a five-pulse double-
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thickness in thermoset blends ER/PE-PPO-PEO and UPR/PEO-
PPO-PEO with weak and strong microphase separation, respec-
tively [22]. In this work, we aim to use the above NMR method
to further elucidate the influence of temperature and molecular
architecture on the interphase thickness in diblock and triblock
copolymers of styrene and butadiene (SB and SBS). These two
block copolymers contain equal PS weight fraction (32 wt%),
which forms a microphase structure of the rigid PS domain
dispersed in the mobile PB matrix. The selected experimental
temperature range in this work is choose from 25 to 80 �C,
where PS and PB blocks are in glass and melt state, respectively.
The NMR results were then compared with previous theoretical
results for the immisible block copolymer melts studied by SCFT,
which may provide new insight into the interphase behavior for
block copolymers with glass and melt blocks, respectively.
2. Experimental

2.1. Materials and preparation of samples

Poly(styrene-b-butadiene) (SB) diblock (Molecular weight,
Mw¼ 73,930 g/mol; Polydipersity index, PI¼ 1.1) and the matching
(styrene-b-butadiene-b-styrene) (SBS) triblock (Mw¼ 140,000 g/
mol, PI¼ 1.2) copolymers having equal polystyrene (PS) weight
fraction [31,32] were purchased from Aldrich Chemical Co. The
calibrated weight fraction of styrene in SB and SBS by 1H liquid-
state NMR in CDCl3 was 32 wt% as shown in Figure S1 in
Supplementary material. The samples were annealed under
vacuum at 120 �C for 10 h and gradually cooled to room tempera-
ture for NMR experiments. The glass transition temperatures of the
samples were measured by differential scanning calorimetry (DSC,
NETZSCH DSC 204) as shown in Figure S2 in Supplementary
material.
2.2. Small-angle X-ray scattering (SAXS) experiment

All SAXS experiments were performed on a Bruker Nanostar
small-angle X-ray scattering system consisting of Siemens X-ray
(40 kV and 35 mA), operating at a 0.154 nm wavelength (l) for Cu
Ka radiation. The sample-to-detector distance is 106.35 cm. The
plot of SAXS intensity was presented as a function of the scattering
wave vector, q (¼4p sinq/l, where 2q is the scattering angle). The
long period, dL, is inversely related to q, dL¼ 2p/q. The domain size
of the dispersed phase, ddis, can be calculated from the relationship
dL ¼ 1:0f�1

S ddis (lamella) and dL ¼ 0:95f�1=2
S ddis(cylinder),

respectively, where 4S is the volume fraction. An alternative
method to calculate dL and ddis using the correlation function
obtained from SAXS profile is also given in Supplementary material
as shown in Figure S3. The temperatures were set at ranging from
25 to 80 �C, a temperature equilibration period of 2 h was used
before SAXS datawere acquired at eachmeasurement temperature.
Fig. 2. Temperaturedependenceof SAXSprofiles for (a) SB and (b) SBSblock copolymers.
Temperatures from top to bottom are 80, 50 and 25 �C, respectively. The peak ratios
(relative to thefirst peak positionmarked as q*) for the correspondingordered structures
are indicated by arrows.
2.3. Transmission electron microscopy (TEM) experiment

All TEM experiments were performed on a H-800 transmission
electron microscope, operating at acceleration voltage of 200 kV.
Sections 70e100 nm thick were obtained by slicing the sample
with a diamond knife at �110 �C. To enhance the contrast of the
images, the samples were stained for 40 mins in an OsO4 solution,
which selectively reacts with the double bond of PB and stays with
it. The dark regions of the brightfield TEM images are identifiable
with the polybutadiene (PB) domains whereas the bright regions
are PS.
2.4. NMR experiments

Liquid-state NMRexperiments were carried out on a UNITYplus-
400 narrow-bore (54 mm) NMR spectrometer operating at a proton
frequency of 400.1 MHz, all samples were dissolved in CDCl3. Solid-
state NMR experiments were performed on a Varian Infinityplus-
400 wide-bore (89 mm) NMR spectrometer operating at a proton
frequency of 399.7 MHz. A conventional 4 mm double-resonance
CP/MAS T3 NMR probe was used for all experiments, and samples
were placed in a 4 mm zirconia PENCIL rotor with 52 ml sample
volume. Variable-temperature 1H SSNMR experiments were
carried out in the temperature range of 25e80 �C with a Varian
Model-L950 temperature controller, a temperature equilibration
period of 10 min was used before NMR spectra were acquired at
each measurement temperature. Furthermore, we find that
a longer equilibration period of 2 h does not change the result. All
the NMR data were processed with Varian Spinsight software. The
1H chemical shifts were referenced to external TMS. The pulse
sequences for solid-state NMR experiments shown in Fig. 1 are the
same as used in our previous work [22] and Ref. [23], and briefly
described below.
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Proton spin-diffusion experiments [27,34,35] with a 12-pulse
dipolar filter [35] were used to achieve amagnetizationmodulation
across a dynamically heterogeneous sample (Fig. 1a). The dipolar
filter with several cycles selects the 1H magnetization from the
mobile phase with low glass transition temperature (Tg), which has
longer transverse relaxation times than those of rigid phase with
a higher Tg. After application of the 12-pulses dipolar filter, a pair of
90� pulses was then placed immediately with 0� and 180� phase-
cycled in order to eliminate the effect of T1 relaxation during the
mixing period. The following step is a “mixing” period (tm), in
which the remaining proton magnetization stored on the �Z axis
diffuses to neighboring spins and eventually reach an equilibration
of the inhomogeneous magnetization distribution. The final step is
the direct 1H detection. The domain sizes can be determined using
proton spin-diffusion when the polarization gradient is relaxed.
The effects of T1 relaxation were removed from the spin-diffusion
decay curve by making use of T1 values, which were independently
measured using a inversion-recovery sequence before the dipolar
filter (Fig. 1b) with a recycle delay of 3e5T1. The 90� pulse length in
dipolar filter is 2.5 ms and the inter-pulse spacing of s is typically
15 ms. All spin-diffusion experiments in this work were performed
under static conditions to avoid being influenced by MAS
[20,30,36]. The spin-diffusion coefficients of the mobile PB phase
were determined by the transverse relaxation time (T2), which
weremeasured by 1H dipolar filtered Hahn-echo NMR experiments
[33] (Fig. 1c). For the minor rigid component, PS, its spin-diffusion
coefficients were obtained by measuring the line widths of proton
NMR signals with double-quantum (DQ) filter pulse sequence
(Fig. 1d) [37], where s is the excitation and reconversion time, and
tDQ is the evolution time (3 ms). The determination of the interphase
thickness in multiphase polymers by 1H spin-diffusion SSNMR was
performed by using our previous method [22].
3. Results and discussion

3.1. Phase behavior, morphology and microdomain structure
characterized by SAXS and TEM experiments

SAXS and TEM are traditional and convenient methods to
determine the phase behavior, morphology and microdomain
Fig. 3. TEM micrograph of (a) SB and (b) SBS. The specimen for TEM
structure of multiphase polymers. SAXS experiments were first
used to identify the ordered microstructure of SB and SBS. Fig. 2
shows the typical scattered intensity I(q) profiles against wave
vector (q) for the two block copolymers measured at temperatures
ranging from 25 to 80 �C.With increasing temperature, the primary
peak intensity increases, and higher order reflections develop.
Furthermore, all peak positions shift to the left (lower q value) for
both SB and SBS, indicating an increase in domain spacing dL (¼2p/
q). The peak ratio (relative to the first peak positionmarked as q*) in
Fig. 2a is 1:2, indicating an ordered lamellar structure in SB. The
calculated dL and domain size of the dispersed phase (ddis) are
33e35 nm and 9e11 nm at temperatures ranging from 25 to 80 �C,
respectively. For SBS triblock copolymer, the peak ratio as show in
Fig. 2b is 1:

ffiffiffi
3

p
, indicating a hexagonally packed cylindrical

morphology. The calculated dL and ddis are 33e34 nm and
19e20 nm at temperatures ranging from 25 to 80 �C, respectively.

Themorphology of the studied samples can be observed directly
by TEM. Fig. 3 displays the TEM images obtained for the SB and SBS,
respectively, which evidently reveal that there are ordered phase
separation structures in these two samples. The dark areas are the
PB microphases which can be preferentially stained with OsO4

compared to the rigid PS phases. On the basis of Fig. 3, onemay thus
conclude that the microstructures for SB and SBS are lamellar and
cylinders-like structures, respectively. The long period, dL, of the
lamella or cylinder in these two samples is about 30e35 nm. The
TEM experimental results are in good agreement with that
obtained from the above SAXS experiments. Although TEM exper-
iments provide direct information about the morphology, it is
difficult to determine the interphase thickness and monitor its
temperature dependence. In the following section, the 1H spin-
diffusion experiments enable us to quantitatively determine the
interphase thickness and its temperature dependence.
3.2. Solid-state NMR study of domain size and interphase thickness

In our previous work on thermoset blends containing triblock
copolymers (ER/PEO-PPO-PEO and UPR/PEO-PPO-PEO) [22], we
developed a new method based on 1H spin-diffusion experiments
to quantitatively determine the interphase thickness in multiphase
polymers containing rigid and mobile components. For SB and SBS
observation was stained with OsO4 and the scale bar is 100 nm.



Fig. 4. 400 MHz solid-state 1H spin-diffusion NMR spectra of PSePB with increasing
mixing time tmix from 1 to 500 ms under Ncycle¼ 10.

W. Fu et al. / Polymer 51 (2010) 2069e2076 2073
block copolymers, the rigid PS phase is expected to disperse in
mobile PB matrix as indicated by TEM results.

Before carrying out the spin-diffusion experiments, the stoi-
chiometric proton ratio (75.0%) of the mobile PB in the SB and SBS
block copolymers was determined by 1H liquid-state NMR. Fig. 4
presents the typical static spin-diffusion spectra at mixing time
tm from 1 to 500 ms for SB with Ncycle¼ 10 and s¼ 15 ms. The spin-
diffusion cures for SB and SBS at different filter strengths are shown
in Figure S4 in Supplementary material.

Fig. 5 shows the selected fraction in spin-diffusion experiments
for the samples with different filter strength (Ncycle) (the 1H spin-
Fig. 5. Selected fraction as the function of filter strength (Ncycle) for (a) SB and (b) SBS
at room temperature.
diffusion curves with increasing dipolar filter strength (Ncycle) are
shown in Figure S4 in Supplementary material). The final value
(69.0% at Ncycle> 10) is slightly lower than that expected from the
stoichiometric proton ratio (75.0%), indicating the strong phase
separation and the existence of a small interphase region in the
block copolymers, this behavior is similar with that of UPR/PEO-
PPO-PEO blend in our previous studies [22].

In our previous work, a strict mathematical relationship
between interphase thickness, ditp, and the domain size of
dispersed phase, ddis, was established as

ditp ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� lDFS
p
q

�
ffiffiffiffiffiffiffiffiffi
lDFS

p
q �

ddis=2 (2)

where the parameter lDFS represents the residual proton fraction of
mobile phase in stoichiometric mobile phase, which can be directly
measured by 1H NMR experiments as shown in Fig. 5, p represents
the dimensions (1, 2, 3). For dispersed rigid phase (ddis), such as the
case in SB and SBS used in this work, lDFS is simply changed to
(fsr� fi)/fsr¼ 1� fi/fsr. Where fsr is the stoichiometric proton fraction
of dispersed rigid phase as shown in Fig. 5.

Traditional NMR strategy can be used to determine ddis if SAXS
and TEM cannot provide quantitative structural information due to
either lower electron density contrast or low stain contrast
between different phases, such as the case for ER/EO80 in our
previous work [22]. The domain size of the discrete phase B in the
two-phase A/B mixture, ddis, can be determined by the following
equation
Fig. 6. Spin-diffusion curves, plotted as the normalized intensity I/I0 against the square
root of the mixing time tm for (a) SB and (b) SBS with Ncycle¼ 10 at room temperature.



Table 1
Volume fraction, and proton density used to calculate the domain size.

Parametersa fPS rHPS (g/cm3) rHPB (g/cm3)

PSePB
0.318 0.081 0.112

PSePBePS

a (a) fPS is the volume fraction of the rigid phase PS, which can be calculated from
the 32.5% weight ratio of PS, as well as the density for PS and PB of 1.05, 1.01 g/cm3,
respectively. (b) rHPS and rHPB are the proton density for the PS and PB, respectively.
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ddis ¼ fB=fA � 3�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Deff t

s;0
m =p

q
(3)

where fm (m¼A, B) is the volume fraction of the mobile phase A or
rigid phase B. The 3 represents the dimensionality, and its value
depends on the morphology and is 1 for lamellar, 2 for cylindrical,
and 3 for spheres (or cubes) in a matrix. ts;0m is the characteristic
mixing time of spin-diffusion introduced by Mellinger et al. [34],
and it can be determined by the intercept of the extrapolated linear
initial decay with the X-axis in the spin-diffusion curves, as shown
in Fig. 6. Fig. 6 presents the spin-diffusion plots for the SB and the
SBS, respectively. The initial linear portion of the curve is extrap-
olated to give a ðts;0m Þ1=2 value of 42.8 ms1/2 for SB, and 48.0 ms1/2 for
SBS at room temperature. The effective spin-diffusion coefficient
Deff is defined according to the following equation

ffiffiffiffiffiffiffiffiffi
Deff

p
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
DADB

p
�
rHA=r

H
B

� ffiffiffiffiffiffi
DA

p þ
ffiffiffiffiffiffi
DB

p (4)

where, rHA and rHB are proton densities. The spin-diffusion coeffi-
cient of the mobile and rigid phase, denoted as DA and DB here,
Fig. 7. Temperature dependence of the 1H relaxation time T1 (a), T2 (b) and the 1H spin-diffus
SB (-) and SBS (C).
respectively. Table 1 lists some of the parameters used in the spin-
diffusion calculations.

3.2.1. Temperature effect on the 1H spin-diffusivity
In order to calibrate spin-diffusion data by T1 as shown in Fig. 6,

we further measured the 1H relaxation times of PB as well as the 1H
line width of the rigid PS in all samples at the temperature range
from 25 to 80 �C. The resulting of T1 for SB (black line) and SBS (red
line) are plotted against the temperature in Fig. 7a. Since spin-
diffusion coefficients will change with increasing temperature,
therefore, the spin-diffusion coefficients should be determined at
different temperatures for accurate analysis of domain size and
interphase thickness in the block copolymers as a function of
temperature. For the mobile fractions of SB, the spin-diffusion
coefficients of DA can be calculated from the following equations
proposed by Mellinger et al. [34] through transverse relaxation
time (T2) measurements:

DA

	
T�1
2



¼

	
8:2*10�6T�1:5

2 þ 0:007


nm2=ms; 0 < T�1

2

< 1000 Hz

(5)

DA

	
T�1
2



¼

	
4:4�10�5T�1

2 þ 0:26


nm2=ms; 1000 < T�1

2

< 3500 Hz

(6)

Fig. 7b, c shows the temperature dependence of the T2 relaxa-
tion time and the spin-diffusion coefficient in the range of
25e80 �C, respectively. Upon increasing temperature, the T2
ion coefficient of the soft fraction (c), and the 1H line width of the rigid phase (d) for the



Fig. 8. Changes of the domain size (ddis) dependence of the temperature (a) and
dependence of interphase thickness (ditp) on temperature (b) from 25 to 80 �C for SB
(-) and SBS (C). The solid lines are least squares fits of experimental data.
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relaxation time increases, and the calculated spin-diffusion coeffi-
cient decreases due to an increase in the molecular mobility. It
implies that the PB block in SB is more mobile, for the T2 relaxation
time of the PB in SB is longer than that of the SBS. That agrees with
the comparing results of T1 for SB and SBS.

The diffusion coefficient of the rigid phase (DB) can be calcu-
lated from the following equation that is valid for the Gaussian
line shape [37]

DB ¼ k < r2 > DnB1=2 (7)

where k is a numerical factor. This relation is valid only for
a Gaussian NMR absorption spectrum. <r2> is the mean-square
distance between the nearest spins (typically be of the order of
0.04e0.06 nm2 in polymer), DnB1=2 is the full width at half height of
proton signals obtained by solid-state 1H NMR experiment with
double-quantum (DQ) filter [38]. The diffusivity can be readjusted
for the rigid phase using the scaling relation Eq. (8).

DB ¼ Dref �
< r2 >B

< r2 >ref
�
DvB1=2
Dvref1=2

(8)

The reference material used here is a PMMA-PS diblock
copolymer24 with Dref¼ 0.8� 0.2 nm2/ms, Dvref1=2 ¼ 38 kHz, and
<r2>ref¼ 0.0625 nm2. Fig. 7d shows the decrease of DnB1=2 for the
PS block with increasing temperature, which indicates that DB is
influenced by temperature (not shown here).

3.2.2. Temperature dependence of the domain size and the
interphase thickness

In order to investigate the temperature effect on the domain size
and interphase thickness, 1H spin-diffusion experiment was per-
formed for SB and SBS at temperatures ranging from 25 to 80 �C.
Fig. 8a shows the temperature dependence of the domain size of
dispersed phase, ddis. The ddis increases with increasing tempera-
ture for both SB and SBS, which is consistent with that of the SAXS
results. Furthermore, the ddis values for the triblock copolymer are
larger than that of the diblock copolymer.

Fig. 8b indicates that the interphase thicknesses (ditp) increase
with increasing temperature in SB diblock copolymer and its SBS
triblock counterpart. It is well known that the binaural component
interaction (c) is the key factor controlling the final microstructure
and morphologies of the phase separation [39]. The c parameter is
usually a function of temperature, T(K), which can be written
(empirically) as [40]

c ¼ aþ b=T (9)

where a and b are constants. Therefore, by combing the values of
ditp with the SCFT from Eq. (1), the change of ditp values with
increasing temperature in all samples is qualitatively in good
agreement with that of the theoretical predictions by Matsen et al.
[8]. Surprisingly, we also found that the interphase thicknesses in
these two block copolymers are obviously different. It is inconsis-
tent with the theoretical predictions about the evolution of inter-
phase in block copolymer melts by Matsen using self-consistent
mean-field theory (SCFT) [8], where the (c) parameters for the
diblock and triblock systems were given identical values. This
implies that the interphase thickness not only depends strongly on
the binary thermodynamic interaction (c) between the polystyrene
(PS) and polybutadiene (PB) blocks, but also is influenced by their
molecular architectures in the experimental temperature range
where the two blocks are in the state of glass andmelt, respectively.

It is noted that the interphase thickness of the SBS is bigger than
that of the SB. To check the influence of the dimension parameter (p
in Eq. (2)) in the calculation of ditp, we compared the experimental
results of ditp using p¼ 1 (lamella) and 2 (cylinder) for SB and p¼ 2
(cylinder) and 3 (sphere) for SBS as shown in Figure S5 in
Supplementary material. No obvious different of the ditp can be
found, which implies that the calculated ditp is insensitive to the
morphologies. While further theoretical work is needed for block
copolymers where different blocks are in melt and glass state,
respectively. So the c parameters deduced by the SSNMR experi-
ments combined with the theoretical calculation are looking
forward to the developments of the SCFT for the non-melted block
polymers.

The difference of the domain and interphase size in SB and
SBS with the same S/B composition ratio should be correlated to
the morphological difference as shown in Fig. 3, where SB
exhibits lamellar but SBS does cylinder-type phase separation. In
previous work on block copolymers using Monte Carlo simula-
tions [41], it was found that ABA triblock chains can form loop
and bridge configurations, therefore the arrangement of chain
ends and segmental loops are different from those in diblocks,
which would be origins for these morphological differences. On
the other hand, TEM results shown in Fig. 3 also indicate that SBS
is lack of long range order when compared with SB. This would
be another reason for interphase size difference in the two
copolymers.
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4. Conclusions

In combination with other techniques, we have investigated the
effect of temperature and molecular architecture on the interphase
thickness and domain size of SB and SBS copolymers by 1H SSNMR
experiments in the temperature range from 25 to 80 �C. The
domain size and the interphase thickness of the two block copol-
ymers obviously increase with increasing temperature. It was
found that the interphase thickness not only depended strongly on
the binary thermodynamic interaction (c) between the PS and PB
blocks, but also is influenced by their molecular architectures in the
experimental temperature range. This result was not agreement
with that of the theoretical results by SCFT for polymer melts. We
hope that our results may motivate further theoretical works on
block copolymers where different blocks are inmelt and glass state,
respectively.

Our current NMR work on block copolymers and previous work
on thermoset blends demonstrate that our improved 1H spin-
diffusion NMR technique for measuring the interphase thickness is
a useful tool to elucidate the phase behavior and subtle microphase
in multiphase polymers with obvious heterogeneous dynamics. By
using this NMR method, the temperature dependence of the
interphase thickness can also be captured to establish structur-
eeproperty relationships of multiphase polymers.
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