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ABSTRACT: The complementary techniques of solid-state NMR and small-angle X-ray scattering (SAXS)
have been used to determine the microdomain structures of a series of commercial poly(styrene-b-
butadiene-b-styrene) triblock copolymers with different molecular weights. The relative locations of
multiple scattering peaks, indirect transform, and Porod analysis have been used to determine the
morphology and the sizes of various domains as well as the interfacial thickness between them. Solid-
state NMR of 1H spin diffusion measurements was also used to estimate the microdomain structure
parameters by simulating the spin diffusion processes with a model that considers the effects of 1H spin-
lattice relaxation. The interfacial thickness, 2 nm for all five materials, and the interdomain distances,
ranging from 30 to 42 nm, from NMR agree well with results from SAXS techniques. There are some
discrepancies for some of samples regarding the domain sizes of dispersed polystyrene phases obtained
from the above two techniques. These discrepancies may be mainly caused by the limited quality of the
fitting procedure using indirect transform methods.

1. Introduction

Microphase separation in a two-component block
copolymer is a well-known phenomenon in which the
two different components form different ordered micro-
domains. One class of block copolymers, thermoplastic
elastomers, has attracted much attention because of its
quite useful properties. These thermoplastic elastomers
are phase-separated materials, consisting of a dominant
rubber phase and a dispersed rigid polystyrene phase.
The dispersed polystyrene blocks form hard domains
within the elastomer matrix and act as physical cross-
links. These cross-links give the material its high tensile
strength while the rubber blocks give its elasticity. The
properties of materials are strongly related to the
morphology, the sizes of domains, and the interfacial
thickness of the materials.

A variety of techniques, such as thermal analysis,
relaxation, microscopy, spectroscopy, scattering, and
computer simulation, are available to probe the hetero-
geneity of multiphase systems. Each method has its own
advantages and disadvantages. With increasing de-
mands on the control of the properties of advanced
materials, improvements of the characterization tools
are needed. Solid-state NMR has been proven to be a
very powerful method for characterizing the micro-
domain structures in various polymer systems, such as
polymer blends1-5 and block polymers.6-10 The spin-
lattice relaxation time in the laboratory [T1(H)] and
rotating frame [T1F(H)] can be used as probes to identify
the heterogeneity of the materials at different levels,
and the actual values can be used to estimate the lower

and/or upper limits of the domain sizes. The two-
dimensional heteronuclear wide-line separation (WISE)
technique can be used to establish a correlation between
the microphase structure and segmental mobility in the
probed system. In addition, various spin diffusion
techniques have been used to quantify the sizes of each
domain and the interface between the domains. Spin
diffusion is a spatial diffusion of nuclear magnetization
mediated by dipolar couplings normally without mate-
rial transport. This process is distinct from a process
involving mass transport of atoms in the sample, which
might also cause a diffusion of nuclear magnetization.
The experiment contains three steps: an initial pulse
destroys the magnetization of one component and leaves
the magnetization of the other component as a magne-
tization source. In the following mixing time, the
magnetization can redistribute in space by “spin diffu-
sion”. The integral distribution of the magnetization in
the spectrum is then detected for varying mixing times.
The microscopic dimensions of the polymer domains can
be extracted from computer simulation of the NMR
signal intensities as a function of mixing time in the
spin diffusion experiments.

The major advantages of this method are the very
high resolution and its generality of application. The
detectable domain sizes range from nanometers to
hundreds of nanometers. Because of its high resolution,
it is very useful for interface studies. Recently, there
has been increased interest in the interfacial structure
of heterogeneous polymer systems from both theoretical
and experimental points of view. Small-angle X-ray
scattering (SAXS) and small-angle neutron scattering
(SANS) techniques have proven useful to estimate the
thickness of interface in previous studies. The resolution
of more standard techniques such as scanning electron
microscopy (SEM) and transmission electron microscopy
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(TEM) is not, in general, sufficiently high for interface
studies. Solid-state NMR offers another possible tool for
high-resolution measurements of interface. Further-
more, because of the its generality, it can be used to
study a much wider range of polymer materials than
other methods.

The absence of any sample modification requirements
is yet another significant advantage of this method.
Because of this, it can be used to investigate the effect
of processing conditions on the microdomain structure
of polymers.

One of the primary disadvantages of the NMR method
is that no morphological information is directly avail-
able. Furthermore, determination of the domain sizes
from the spin diffusion experiment is dependent upon
the morphological information. Small-angle X-ray scat-
tering, as a complementary method, is an ideal tool for
providing access to this type of data.

The dependence of the domain size information on
simulation models must also be acknowledged as a
potential obstacle. So far, a few of models have been
developed to obtain various domain size parameters
from the NMR measurements.6,11-13 The spin diffusion
process, which is measured by NMR experiments as
mentioned before, can be numerically simulated by
solving spin diffusion equations with proper initial and
boundary conditions.

In this paper, the microphase structure and the
interface of a few poly(styrene-butadiene-styrene)
triblock copolymers are investigated. A combination of
SAXS and NMR measurements allows us to evaluate
the shape and the size of the domains as well as the
thickness of the interface. This combined approach also
allows us to examine the validity of the simulation
model used for NMR analyses.

2. Experimental Section
2.1. Samples. The poly(styrene-butadiene-styrene) (SBS)

samples are commercial triblock copolymers that were gener-
ously donated by the Shell Company. The polystyrene (PS) and
polybutadiene (PB) homopolymers are supplied by Aldrich, and
the polybutadiene rubber consists of about 90% 1,4-butadiene
which is similar to the rubber component of the copolymer
microstructure. The chemical structure of these samples is
given in Scheme 1. The weight ratios of the polystyrene and
the butadiene rubber, as determined by solution NMR and
given in Table 1, are consistent with the data given in the Shell
catalog. In this paper, the abbreviation SBS-n (n ) 1, 2, ..., 5)
will be used for the five samples. The molecular weights and
polydispersities of these samples, as determined by GPC, are
also listed in Table 1.

2.2. Sample Preparation. As mentioned in the Introduc-
tion, it is not necessary to make extensive sample modification
for NMR measurements. However, to compare the results from
solid-state NMR and SAXS methods, films were made and
used for both NMR and SAXS measurements. The film
specimens were obtained from a toluene solution of about 5
wt % polymer concentration by evaporating the solvent slowly
at room temperature for a week. To further remove the
toluene, the films were vacuum-dried at room temperature for
about 4 days.14,15 For the NMR measurement, the samples
were prepared by cutting the film into about 2-3 mm2 small
pieces.

2.3. SAXS Measurements. Small-angle X-ray scattering
(SAXS) measurements were made using both in-house and
synchrotron facilities. The in-house data were obtained using
a Cu X-ray tube with a similar setup as described in our
previous publications.16,17 The results from the in-house data
were used to calibrate the synchrotron data through compari-
son of the scattering profiles from identical samples.

The Brazilian synchrotron SAXS facility is described in the
paper by Kellermann et al.18 All of the measurements were
made using a Kodak SO-230 image plate with a spatial
resolution of 218 µm at a wavelength of 1.608 Å (6.9 keV). A
sample-to-detector distance of 1256.5 mm was used for all of
the relevant data. The minimum accessible angle, as seen in
the analysis plots provided, is about 0.07 Å-1.

The image plate is a 2-dimensional detector. Preliminary
2-D scattering profiles are reduced to 1-D data using the X-ray
program, Version 1.0 (1996), Université Mons Hainaut, for
further analysis. Sector integration is done assuming a 100
µm pixel width and integrating over an arc width of either
25° (for the short or x range of data with the highest signal-
to-noise ratio) or of 9.0° (for the longer angular range).

2.4. NMR Measurements. All NMR measurements were
made on a Bruker ASX-200 spectrometer, operating at 200 and
50.29 MHz for 1H and 13C, respectively. The 13C spectra were
obtained using cross-polarization and magic angle spinning
techniques. The optimum contact time used for all the 13C
spectra is 1 ms, and all the spectra were obtained at room
temperature (about 19 °C).

1H spin-lattice relaxation times were measured using an
inversion-recovery pulse sequence through cross-polarization
to 13C. Spin diffusion measurements were carried out with 13C
detection through cross-polarization using a dipolar filter pulse
sequence.19 The selection of the mobile component was achieved
by five repeating cycles with a 9 µs delay time. Phase cycling
(PC, an alternation of a π pulse or no pulse) was used after
the selection in the measurements.

3. Results and Discussions

3.1. Morphology Information. As mentioned ear-
lier, the shape and sizes of the microdomains are very
important to many use properties exhibited by the
materials. The theory of the microphase separation has
been first provided by the work of Helfand and Wasser-
mann.20,21 They described the microphase separation as
an equilibrium of several factors; the interaction be-
tween A and B segments is repulsive and therefore gives
a driving force for domain growth so as to reduce the
surface-to-volume ratio. The equilibrium morphology of
the domains, size and shape, should be determined by
a balance of surface-to-volume ratio, loss of conforma-
tional entropy, and repulsive segment interaction. It has
been found, especially by electron microscopy, that the
dispersed microphases can be, in general, three-dimen-
sional spheres, two-dimensional cylinders, or one-
dimensional lamellae. However, 1H spin diffusion mea-
surements cannot provide us such information directly.
Furthermore, the determination of domain sizes by 1H
spin diffusion measurements is dependent upon the
morphological information on the probed materials.

Scheme 1. Chemical Structure of the SBS Samples

Table 1. Characterization of the SBS Samples

sample
code

wt ratio
(PS/R)

vol fraction
of PS

total Mw
(kg/mol)

Mw of the
S block
(kg/mol) Mw/Mn

SBS-1 30/70 0.27 93 28 1.37
SBS-2 28/72 0.25 96 27 1.27
SBS-3 31/69 0.28 137 42 1.49
SBS-4 31/69 0.28 209 65 1.27
SBS-5 30/70 0.27 280 84 1.91
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SAXS Studies. Synchrotron SAXS studies for all five
samples have been performed, and the reasonably high
electron density contrast makes it possible to examine
the phase behavior of all the triblock copolymers. The
synchrotron scattering patterns of the SBS series samples
exhibit multiple interaction peaks and the relative
intensities as a function of q for all the SBS samples
are given in Figure 1. The momentum transfer, q, is
defined as qmax ) (4π/λ) sin θ, where 2θ is the scattering
angle and λ is the wavelength. From the SAXS profile
shown in Figure 1, it can be seen that, in general, the
peak positions have a relation of 1, x3, x4, x7, and
x9 for all samples except for SBS-4. This is typical for
d-spacings of hexagonally packed cylinders with suf-
ficiently long-range order,14,22 and the results are con-
sistent with previous studies by Keller et al.23,24 and
Lewis and Price.25-27 For the SBS-4 sample, it seems
that there is a scattering peak at a relative q value of
x8 instead of x7, and the reason for this is not yet clear.
No conclusions regarding the actual domain shapes can
be made by this analysis. On the basis of the volume
fraction of this material in Table 1, we may assume
cylindrical polystyrene domains with hexagonal packing
in the polybutadiene matrix. As is well-known, unlike
electron microscopy which can easily visualize the two
types of blocks if one of them is stained, X-ray diffraction
cannot distinguish the chemical nature of the different
blocks and to identify which blocks form the cylinders
and the matrix. For our SBS systems, it is evident that
the cylindrical polystyrene domains are hexagonally
arranged in polybutadiene rubber matrix based on the
large volume fraction difference between the two blocks
in all five samples.

3.2. Domain Size Information. SAXS Studies. The
observed first-order maximum for all five samples in
Figure 1 can be interpreted as a result of interparticle

distances, and the calculated domain spacings are give
in Table 2. This is obtained using the relation28

Here d is the plane spacing associated with the first
Bragg peak for a hexagonally ordered system and dL
(NMR) is the interdomain distance. To further confirm
our results, analysis of desmeared scattering in-house
data from identical samples was also done, and the
calculated results for the interdomain distances are in
very good agreement with those results obtained from
synchrotron data given in Table 2.

Since there is no clear evidence of single particle
scattering, estimation of polystyrene particle sizes from
Figure 1 is not attempted. Feigin et al.29 have discussed
Guinier analysis and shown that a linear relation should
be observed at sufficiently small angles with a slope of
-Rg

2/3 for 3-dimensional globular particles where the
useful angular range is generally limited to values of q
with qRg < 1. A Guinier plot in the form of ln(intensity)
vs q2 (q ) momentum transfer) was attempted in order
to estimate the radius of gyration, Rg, of the scattering
particle, and a significant linear region was found for
the SBS-1, SBS-2, and SBS-4 samples. The radii of
gyration of about 26.1 nm for SBS-1, 27.5 nm for SBS-
2, and 23.8 nm for SBS-4 samples were found from the
analysis of these linear regions. No clear linear regions
have been found for the SBS-3 and SBS-5 samples due
to the presence of interaction structure and estimation
of the polystyrene particle sizes for these two samples
are not made. The linearity of the Guinier plots can be
interpreted as a partial confirmation of the 3-dimen-
sional structure of the microdomains. However, no
definite conclusions can be made regarding the true
nature of the particle anisometry by this analysis. In
fact, Guinier analysis was also attempted assuming
rodlike shapes since the SAXS scattering pattern indi-
cates a hexagonal structure, implying a cylindrical
morphology14,22 for all samples except for SBS-4. How-
ever, no significant improvement over the 3-D Guinier
analysis could be determined. This result probably can
be explained as due to the limited length of the cylinder
in relation to its diameter, meaning that it is still
essentially a 3-dimensional particle. It is very reason-
able to assume that the shape of the particles is
ellipsoidal given the volume fraction30,31 and multiple
Bragg peaks of the SAXS data profile. For a 3-dimen-
sional ellipsoidal particle shape, the radius of gyration
of the particle obtained by a Guinier plot is actually an
average of the length of the elongated axis and the cross-
sectional dimension.29 Assuming that the length of the
elongated axis is much longer than the length of the

Figure 1. Synchrotron SAXS scattering intensity distribution
as a function of scattering angle for the SBS samples.

Table 2. Microdomain Structure Results from SAXS
Studies

sample
code

qmax (
0.005 nm

dL
a (nm)

( 2 nm Rg
b (nm)

dPS
c (nm)

( 2 nm dI
d (nm)

SBS-1 0.185 39 5.1 ( 0.5 14 1.6 ( 0.3
SBS-2 0.240 30 1.1 ( 0.3
SBS-3 0.190 38 4.3 ( 0.4 12 2.1 ( 0.3
SBS-4 0.187 39 5.2 ( 0.4 15 0.9 ( 0.3
SBS-5 0.150 48 4.6 ( 0.5 13 1.4 ( 0.4

a dL is the distance between the polystyrene domains. b Rg is
the radius gyration of the polystyrene domains. c dPS is the
diameter of the polystyrene domains. d dI is the interfacial thick-
ness.

dL(SAXS) ) (4/3)1/2d ) 1.15d, where d ) 2π/qmax
(1)
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cross-sectional axis, the radius of gyration of the par-
ticles obtained in this way will be much larger than the
radius associated with the cylinder model. In this case,
using Guinier analysis to estimate the sizes of single
particles is no longer appropriate.

Particle size estimates were made through indirect
transform analysis32 of the high-q scattering data (after
interaction structures) from the SBS samples. The
indirect transform analysis was performed using the
program GNOM33 which allows one to choose between
several general structural models for analyzing SAXS
data from a dilute systems. A monodisperse system of
rodlike particle model was chosen to fit the synchrotron
data at values of q excluding the interaction peaks. In
all cases, this model gave “reasonable” fits to the
truncated data, and the estimated values for radii of
gyration using this approach are about 5.1 nm for the
SBS-1, 4.3 nm for SBS-3, 5.2 nm for SBS-4, and 4.6 nm
for SBS-5 samples. These values can be used to provide
rough estimates of the cross sections (assumed circular)
of the rods by multiplying a factor of x2.29 The obtained
particle sizes for the SBS-1, SBS-3, SBS-4, and SBS-5
are summarized in Table 2. No information is available
for the SBS-2 sample since it would require far too much
deletion of low-q information to permit a reasonable
interpretation of the data. The indirect transform
method of small-angle scattering data treatment is
relatively insensitive to low-q information and also
provides a measure of the pair distribution function,
P(r), of the scattering objects. No insight into the shape
of the cross section was obtained from the P(r) curves
using rodlike model results given the relatively poor
quality of the fit results with the truncated data.

Proton Spin-lattice Relaxation Time. The fact
that proton spin-lattice relaxation time in the labora-
tory frame, T1(H), and in the rotating frame, T1F(H), can
be used to semiquantitatively estimate the microstruc-
ture of heterogeneous system has been previously
demonstrated by many authors.34,35 Each parameter
gives information on the sizes of domains at different
levels. Separate T1F(H)’s and T1(H)’s have often been
used as proof for lack of miscibility, and the actual
values can be used to estimate upper and/or lower limits
of domain sizes.

In Figure 2, 13C CP/MAS spectra of the PB, PS, and
SBS-3 are shown. By comparison, it is easy to assign
each peak for the SBS-3 spectrum. For each resolved
signal and the spinning sideband of the protonated
aromatic carbons of the PS peak in the SBS spectrum,
T1(H) values were measured, and the results are sum-
marized in Table 3. The T1(H)’s of polystyrene and
rubber homopolymers of comparable molecular weights
were also measured and are 1600 and 260 ms, respec-
tively. These values are taken as the respective intrinsic
T1(H)’s for the polystyrene and the rubber in the
copolymer. From Table 3, it can be seen that separate
T1(H)’s are obtained for all five samples, and this
indicates the phase separation for all the studied
materials. It is evident that spin diffusion causes a
partial averaging of the two T1(H)’s for all the observed
copolymers in the Table 3. This implies that spin
diffusion and spin-lattice relaxation occur at compa-
rable rates in these systems, and the existence of
different spin-relaxation times in the materials will
affect the spin diffusion process.13

Spin Diffusion Experiments. Solid-state NMR of
1H spin diffusion measurements has been used to

quantitatively extract the microdomain structures of
polymer materials.3-7,9,10 The mobility difference be-
tween the rigid polystyrene and the mobile polybuta-
diene rubber allows us to apply a dipolar filter pulse
sequence to obtain the spin diffusion measurements.
The dipolar filter pulse sequence19 contains 12 π/2
pulses separated by a delay time td. If a relatively long
delay time is used and the cycles are repeated for a few
times, the rigid component decays faster than the mobile
component, and it cannot be refocused by the pulse
sequence in the end. The proton magnetization of the
mobile component will be selected as the magnetization
source. During the following mixing time, the protons
in the rigid component will gain magnetization from the
protons in the mobile component through spin diffusion.
To identify different protons and get a high-resolution
spectrum, the spectra were recorded through 13C detec-
tion.

In Figure 3, a series of spectra of the SBS-3 sample
at different mixing times are shown. It can be seen from
the spectrum taken at the shortest mixing time (500
µs) that only the magnetization of the mobile polybuta-
diene is present, and the magnetization of the polysty-
rene component has been eliminated by the dipolar filter
pulse sequence. With the increase of mixing time, the
polystyrene magnetization appears and increases. After
the complete recovery of the polystyrene magnetization,
the intensity of all the peaks is reduced. This decrease
is directly related to the phase cycling used in the spin
diffusion measurements. As discussed in the litera-
ture,36 spin-lattice relaxation leads to magnetization

Figure 2. 13C CP/MAS NMR spectra of the PS, PB, and SBS-3
samples.

Table 3. T1(H) Values for the PB and PS in the SBS
Samples

sample
code T1 of the PS block (ms) T1 of the PB block (ms)

SBS-1 515 ( 10 360 ( 20
SBS-2 448 ( 20 385 ( 20
SBS-3 470 ( 30 300 ( 10
SBS-4 508 ( 60 312 ( 15
SBS-5 471 ( 30 346 ( 20
PS 1600 ( 100
PB 260 ( 20
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contributions that cannot be distinguished from that of
spin diffusion. Its effect can be reduced by a simple
alternation of a π pulse and no pulse before the mixing
time. If the selected proton magnetization is aligned
along +z and -z axes in alternating scans, most of the
T1(H) relaxation contributions are canceled. The ap-
plication of phase cycling causes all of the observed
signals to decrease in intensity at long mixing times.
The reduction in the measured signal intensity is
corrected by exp(tm/T1), where tm is the mixing time and
T1 is the proton spin-lattice relaxation time for the
resonance being measured. Quantitative analysis of spin
diffusion curves with the measured signal intensity
being corrected in the experiment by use of phase
alternation has been previously reported.7,8,13,36 How-
ever, such data correction based on exponential multi-
plication for a heterogeneous system with different
intrinsic T1(H)’s in the two regions sufficiently corrects
the spin-lattice relaxation effect only when the two
intrinsic spin-lattice relaxation times are longer than
the time needed to reach the spin diffusion equilibrium,
as discussed by Friebel et al.37 It is not necessary to
correct the raw spin diffusion data if the T1(H) effect is
explicitly treated in the simulation of the spin diffusion,
as discussed in previous literature.9,11,13 The magnetiza-
tion recovery of the polystyrene at different mixing time
for the SBS-3 sample without T1(H) correction is shown
in Figure 4. Since there is a chemical shift overlap of
polystyrene and polybutadiene peaks at about 127 ppm
in the 13C spectrum, the magnetization of the polysty-
rene at different mixing times was obtained by sub-
tracting a factor from the total integral of this peak.

Here I127 and I33 are the integrals of the carbon
resonance at 127 ppm and the peak at 33 ppm, respec-
tively, and f is the integral ratio of I127/I33 from the
dipolar filter spectrum without a mixing time.

Simulations of the Spin Diffusion Curves. As
discussed above, the magnetization recovery of the

initially suppressed component as a function of mixing
time contains information about domain sizes. However,
a quantitative determination of the domain size requires
numerical simulation of the spin diffusion curves.

The simulation model of spin diffusion, including the
T1(H) spin-lattice relaxation effect, used in this work
has been described in detail by Wang et al.13 and used
to extract microdomain structure information in two
polymer systems.9,17 The combined spin diffusion and
spin-lattice relaxation is described by the following
diffusion equation:

where cz
A(r,tm) is the specific spin magnetization, DA is

the spin diffusion coefficient, and T1A is the intrinsic
spin-lattice relaxation time in phase A. cz

∞ is the
equilibrium value of the specific spin magnetization in
the system. A similar equation exists for the B phase.
The above two equations should be solved with proper
initial and boundary conditions as outlined by Wang in
a previous publication.12 The total spin magnetization
in each phase, which is proportional to the NMR signal
intensity, can be conveniently obtained by integrating
the specific spin magnetization over the corresponding
regions, ΩA or ΩB; i.e.,

where FH
A is the proton concentration in the phase A.

Simulated spin diffusion curves were obtained by plot-
ting the total spin magnetization in the PS domain as
a function of xtm.

A system with an interface in which the chemical
composition gradually changes across the phase bound-
aries is considered in the simulation model, and such a
system can be divided into three regions: source, sink,
and interface. We further assume that linear changes

Figure 3. Dipolar filter spectra of the SBS-3 sample at
different mixing time: (a) 500 µs, (b) 5 ms, (c) 150 ms, and (d)
400 ms.

Figure 4. Magnetization growth of the protonated aromatic
carbons of polystyrene for SBS-3 sample as a function of
mixing time using the dipolar filter method. The solid dots
are experimental data. The fitting parameters are the poly-
styrene domain dPS ) 18 nm, interface dI ) 2 nm, and long
period dL ) 39 nm.

∂cz
A(r,tm)
∂tm

) DA∆cz
A(r,tm) +

cz
∞ - cz

A(r,tm)
T1A

(3)

MZ
A(t) ) FH

A∫ΩA
CZ

A(r,t) dr (4)

IPS ) I127 - f I33 (2)
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of the spin diffusion coefficient, proton concentration,
and intrinsic proton spin-lattice relaxation rate occur
across the interfacial region and that the linear change
of intrinsic relaxation rate can be written as

where fA is the composition fraction of A component.
It can be seen from eq 3 that the spin diffusion

coefficient, D, is an important parameter in the numer-
ical simulation. Therefore, knowledge of the spin diffu-
sion coefficient is a prerequisite for accurately charac-
terizing the domain sizes. There are relatively few
discussions about the spin diffusion coefficient in the
literature,6,38 and many unknowns remain in this area.
In this work, spin diffusion coefficient values of 0.8 nm2/
ms for the PS and 0.05 nm2/ms for polybutadiene have
been used to perform the simulations.6,38

It also can be seen from eq 3 that solutions for the
diffusion process will depend on dimensionality or
morphology of the materials. However, it is difficult for
NMR itself to provide such information. SAXS is a very
good method for morphology studies, as discussed in
section 3.1. For all five samples, a dimensionality of 2,
cylindrical polystyrene domains arranged in a polyb-
utadiene matrix as suggested by SAXS studies, was
used for all of the simulations. All other information
used in the simulations is given in Table 4.

As discussed in a previous paper,17 although a cylin-
drical domain arrangement in a hexagonal lattice is
thought to better describe the true morphology of the
materials, there are a few reasons that make it difficult
to use such a model to simulate the spin diffusion
curves. For simulation simplicity, we assume that a
rectangular parallelepiped with a square base in a two-
dimensional simple square lattice arrangement is formed
in the rubber matrix. Such a model will introduce two
main errors in the results.17 One is in the domain sizes
of the dispersed phase which will be underestimated by
about 13% with the model assuming a square base
instead of a circle base cylinder domain. The other error
is in the interdomain distance, which is underestimated
by about 7% by assuming a two-dimensional simple
square lattice instead of the more accurate hexagonal
lattice.17 Details about the model and the possible errors
introduced by it were discussed in a previous publica-
tion.17

The initial slower increase of intensity in the spin
diffusion curve (Figure 4) may suggest the presence of
a small interface between the polystyrene and the
rubber phases.3,12,19 Therefore, in our model, the mi-
crophase structure of the sample is assumed to consist
of a polystyrene square, surrounded by an interface, and
then a continuous rubber phase. The area of each square
represents the volume fraction of the corresponding
domain. For a given set of microphase structure param-
eters, two separate simulations with different initial
conditions were performed. The first one corresponds
to the process in which the data are collected im-

mediately after the dipolar filter pulse, and the initial
magnetization for the source and sink are 1 and 0,
respectively. The second one is related to the data
collecting process after a π pulse and the initial mag-
netization of the source and sink are -1 and 0, respec-
tively. The difference of magnetization in the PS (or
rubber) region from the above two simulations is directly
comparable with the experimental data obtained using
phase alternation. To obtain the microstructure of the
samples, the domain size of PS, dPS, and the interfacial
thickness, dI, have been changed independently to fit
the spin diffusion curve. It has been found that the spin
diffusion curve is sensitive to the various domain size
parameters. The best fitting parameters obtained for
SBS samples are summarized in Table 5. The uncer-
tainties in each parameter in Table 5 are estimated from
the fitting process only. Domain size parameters chosen
outside of the uncertainty range give a poor fitting. For
example, if the domain size value of the dispersed
polystyrene is chosen to be dPS ) 16 nm or dPS ) 20 nm
(outside of dPS ) 18 ( 1 nm), there are visible differ-
ences in the magnetization growth curves when com-
pared to the experimental curve. The best fitting curve
for the SBS-3 sample is shown as a solid curve in Figure
4 with the inner polystyrene domain size, dPS ) 18 nm,
and the interface, dI ) 2 nm. The long period, the
distance between two adjacent polystyrene squares, is
dL ) dPS + 2dI + dR ) 39 nm. The agreement between
experiment and simulation is quite good for all of the
copolymers. The simulations using the model including
the effects of 1H spin-lattice relaxation capture the
basic feature of the spin diffusion curves, that is, the
sigmoidal shape of the experiment. The signal of poly-
styrene increases slowly at the beginning and reaches
the maximum at tm

1/2 ≈ 12.5 ms1/2 and then decays
because of proton T1 effects.

For comparison, the microdomain structure results
obtained from NMR and SAXS are given in Table 6. It
can be seen that the interdomain distances obtained
from the two methods are in good agreement and
generally increase with the increase of the total molec-
ular weight. The domain sizes of polystyrene obtained
from NMR measurements generally increase with the
increase of the molecular weight of the styrene blocks.
These results are consistent with the prediction of
equilibrium theory.21 However, there are some discrep-
ancies for some samples regarding the domain sizes of
polystyrene phase obtained from NMR simulation and
SAXS indirect transform methods. These discrepancies
may be mainly or at least partially caused by the limited
quality of scattering data after excluding the interaction
peaks. This example further demonstrates that SAXS
and NMR methods complement each other, and the
combined approach greatly increase the reliability of the
findings.

3.3. Interface Information. Porod Analysis. As
mentioned in the Introduction, SAXS and SANS have

Table 4. Some Parameters for the Two Components in
the SBS Samples

phase
proton

fraction
density,

g/cm3

proton
density,

g/cm3

diffusion
coeff,

nm2/ms

T1
relaxation,

ms

PS 0.077 1.060 0.081 0.80 1600
PB 0.111 0.900 0.100 0.05 260

1
T

) 1
T1A

+
1 - fA

T1B
(5)

Table 5. Microdomain Structure Results from NMR
Techniques

sample dPS (nm) ( 1 nm dI (nm) ( 0.5 nm dL
a (nm) ( 3 nm

SBS-1 15 2.0 33
SBS-2 14 2.0 32
SBS-3 18 2.0 39
SBS-4 17 2.0 37
SBS-5 20 2.0 42

a dL (long period) ) dPS (polystyrene) + 2dI (interface) + dB
(polybutadiene).
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previously been the only useful methods for estimating
the interfacial thickness and have been used by many
authors in the literature.15,39-41 In this section, the
results of interfacial thickness obtained from Porod
analysis will be discussed. Porod analysis is generally
performed in the region of the final slope of the scattered
intensity. The final slope of the scattering curve implies
the high-q region of the small-angle scattering profile.
The simple geometric arguments that can be found in
the texts by Glatter and Kratky (1982)42 and Feigin and
Svergun (1987)29 lead to the prediction that the (ideal)
slope of the scattering goes as39,40-42

The invariant, Q, is a measure of the total scattering
intensity. The parameter S is the total interfacial area
of the particles while the volume V would be the total
volume occupied by the particles. That is, the specific
surface, S/V, can be obtained from the final slope of the
scattering curve given a valid estimate of the invariant,
Q. Porod analysis is generally done by plotting the data
in the form of Iq4 vs q4 and obtaining a value of the
constant at high q. This is, of course, the ideal case and
very rarely seen in real materials. The derivation of the
above expression is based on the simple model of
completely uniform electron density within the distinct
phases (i.e., particle and background) with an infinitely
sharp boundary separating them. In real systems, there
will always be some heterogeneity within the phases due
to atomic structure as well as possible phase intermix-
ing. If the heterogeneity occurs at sufficiently small
length scales, the resulting scattering contribution may
be represented as a constant in the small-angle region.
That is,

Then a plot of Iq4 vs q4 will yield a straight line of slope
C0 at high q.29 Identification of a significant linear
region at high q usually means that the dominant
heterogeneity is, indeed, at significantly smaller length
scales than the particle sizes, and the effect can be
corrected. With the measured value of C0 subtracted off
from the original data to yield Icorr, a new plot of Icorrq4

vs q4 is generated. Assuming that the scattering back-
ground has been adequately removed, an estimation of
P, the parameter containing details of the interface, can
then be made. In the case of a finite interfacial thick-
ness, the plot of Icorrq4 vs q4 will show a negative
deviation from the ideal constant value at high q. The
interfacial thickness can be estimated from this plot by
assuming a convolution of the ideal electron density
profile (sharp interfaces) with a Gaussian smoothing
function of the form exp(-r2/2σ2), σ being the standard
deviation and a measure of the interfacial thickness.

With this simple model, the fully background-corrected
scattering is predicted to have the form

Given this form, a plot of ln(Icorrq4) vs q2 should show a
linear region at high q with a slope of -σ2. The
interfacial thickness is then simply given by (2π)1/2σ.

A plot in the form of Iq4 vs q4 was carried out for all
five samples, and a linear region at high q was found
in every case. In Figure 5, a typical plot of Iq4 vs q4

(circles) and a linear fitting at high-q region for SBS-1
sample are given. Initial determination of a constant,
C0, did not completely remove the high-q scattering
background. A plot of (I - C0)q4 vs q4 again showed a
clear linear region of positive slope at somewhat lower
q values. A new, corrected intensity is then obtained
by subtracting the value of this slope from (I - C0). This
scattering intensity is used for further analysis of the
interface structure. Plots of Icorrq4 vs q4 were attempted
for all samples, and a negative deviation was found in
all cases. A sample plot of Icorrq4 vs q4 (squares) for the
SBS-1 sample is also shown in Figure 5. Figure 6 shows
a Porod plot in the form of ln(Icorrq4) vs q2 for the SBS-1
and the linear fit used for estimation of the interfacial
thickness of this sample (dI ) 1.6 ( 0.4 nm). In all cases,
a region of negative slope, although very weak, is readily
identified. All of the results pertaining to the interfacial
thickness from Porod analysis are summarized in Table
2.

Simulation Model. Porod analysis from SAXS mea-
surements is very efficient for extracting interface
information and has been used for many years.39,40

However, it should be noted that one of the biggest
problems with this type of analysis is poor counting
statistics at the relevant high-q regions. It is also
impossible to proceed when the electron density het-
erogeneities leading to unwanted background scattering
are sufficiently large to obscure any valid Porod regions
corresponding to the homogeneous approximation.

Table 6. Comparison of the Results from NMR and SAXS

sample
code

dL (nm)
(NMR) ( 3

dL (nm)
(SAXS) ( 2

dPS (nm)
(NMR) ( 1

dPS (nm)
(SAXS) ( 2

dI (nm)
(NMR) ( 0.5

dI (nm)
(SAXS)

dI (nm)
(ref 43)

SBS-1 33 39 15 14 2.0 1.6 ( 0.3
SBS-2 32 30 14 2.0 1.1 ( 0.3 2
SBS-3 39 38 18 12 2.0 2.1 ( 0.3 2
SBS-4 37 39 17 15 2.0 0.9 ( 0.3
SBS-5 42 48 20 13 2.0 1.4 ( 0.4

I(q) ) Q
π

S
V

1
q4

(6)

I(q) ) C0 + P
q4

, P ) Q
π

S
V

(7)

Figure 5. Porod plot in the form of Iq4 as a function of q4 for
the SBS-1 sample.

I(q) ) P
q4

exp(-σ2q2) (8)
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The NMR method has been found to be a more direct
approach to the study of interfacial structures than the
small-angle X-ray scattering (SAXS) method.43 The
initial slower increase of intensity in the spin diffusion
curve (Figure 4) suggests the presence of an inter-
face.3,12,19 However, estimation of this interfacial thick-
ness must be performed through a simulation model. If
the model is well defined for the description of the spin
diffusion process, this is an efficient way to extract
interfacial information. As discussed in section 3.2,
interfacial thickness, dI, is one of the independent fitting
parameters used to fit the spin diffusion curve. The
estimation of the interface thickness for the SBS
samples was obtained using a simulation model includ-
ing the T1 effect, as described in section 3.2, and the
results are given in Table 5. A 2 nm interfacial thickness
was found for all of the SBS samples. These results are
generally consistent with the SAXS results as well as
with previous studies.43 It is also found that our simula-
tion model is very sensitive to the interfacial thickness.
To illustrate this point, simulations with different
interfacial thickness, dPS ) 18 nm, dI ) 1 nm, and dPS
) 18 nm, dI ) 3 nm, have been performed, and the
results for the SBS-1 sample are given in Figure 7 as a
dashed line and a solid line, respectively. It is obvious
that there is a visible discrepancy for both fits. A
relatively larger PS domain size parameter, for example,
dPS ) 19 nm, dI ) 1 nm, and a relatively smaller PS
domain size parameter, for example, dPS ) 17 nm, dI )
3 nm, can be chosen to fit the experimental curve for a
given interfacial thickness, dI ) 1 nm and dI ) 3 nm,
respectively, However, a good fit cannot be obtained
without changing the interfacial thickness parameter.

It can be seen from the above discussion that Porod
analysis is a powerful method for interface analysis but
that poor counting statistics at high q as well as
significant heterogeneity region may preclude quantita-
tive estimation of interfacial thickness in some applica-
tions. The more direct and simplest approach to quan-
titatively estimate interfacial thickness is the spin
diffusion simulation, which is itself dependent on the
validity of the simulation model.

The validity of our simulation model that includes the
spin-lattice relaxation effect has been previously dem-
onstrated, and the results obtained using this simula-
tion model including the T1 effect are more accurate
than those obtained using the pure spin diffusion
model.13,9,17 In this case, the spin diffusion experimental
data (solid dots) for the SBS-4 sample and the simulated
curves made by both models are given in Figure 8. Since

the previous model without the proton T1 effect will be
used to simulate the spin diffusion experiment, the raw
spin diffusion data for SBS-4 sample have been corrected
by multiplying a factor of exp(tm/T1), as described in the
literature.6-8,36 T1 is the spin-lattice relaxation time
for the PS component in the SBS-4 copolymer given in
Table 3. The domain size parameters for SBS-4 in Table
5 (dPS ) 17 nm, dI ) 2 nm, dL) 37 nm), obtained by
simulating the raw spin diffusion data using a model
that includes the T1 spin-lattice relaxation effect, were
used to simulate the corrected spin diffusion data, and
the results are shown in Figure 8 as a solid line. It can

Figure 6. Porod plot after all background correction in the
form of ln(Icorrq4) as a function of q2 for the SBS-1 sample.

Figure 7. Magnetization growth of the protonated aromatic
carbons of polystyrene for SBS-3 sample as a function of
mixing time using the dipolar filter method. The solid dots
are experimental data. The fitting parameters are the poly-
styrene domain dPS ) 18 nm, interface dI ) 1 nm for the
dashed line, and the polystyrene domain dPS ) 18 nm, interface
dI ) 3 nm for the solid line.

Figure 8. Corrected magnetization growth of the protonated
aromatic carbons of polystyrene for SBS-4 sample as a function
of mixing time using the dipolar filter method. The solid dots
are experimental data after multiplication a factor of exp(tm/
T1). Details are in the text. The solid line is fitting curve
obtained using a model that considers the T1 effect with the
polystyrene domain dPS ) 17 nm, the interface dI ) 2 nm, dL)
37 nm. The dashed line is the fitting curve obtained using a
pure spin diffusion model with the same parameters as above.
The dash-dot line is the best fitting curve obtained using a
pure spin diffusion model with the polystyrene domain dPS )
9 nm, interface dI ) 3 nm and dL ) 23 nm.

Macromolecules, Vol. 32, No. 22, 1999 Poly(styrene-butadiene-styrene) 7569



be seen that the agreement between the experimental
data and the simulated data is reasonably good, which
in reverse illustrates that the raw spin diffusion data
and the corrected spin diffusion data contain the same
information on the domain sizes of the material. The
correction of raw spin diffusion data is not necessary if
the simulations were made using a model that considers
the proton spin-lattice relaxation effect. A simulation
using the pure spin diffusion model12 with the same
domain size parameters was also made, and the result
is shown in Figure 8 as a dashed line. It is evident that
a large discrepancy exists for using a pure spin diffusion
model, without considering the proton spin-lattice
relaxation effect. It can be seen that the simulated curve
obtained by the pure spin diffusion model12 predicts a
much slower magnetization recovery than that of ex-
periment. To fit the experimental data, a smaller
domain size for the PS and a slightly larger interfacial
thickness parameter have been used to fit the data, and
the best fitting curve obtained using this pure spin
diffusion model is given in Figure 8 as a dash-dot line
with the domain size parameters, dPS ) 9 nm, dI ) 3
nm, and dL) 23 nm. In comparison with the results
from SAXS studies given in Table 6 and previous studies
in the literature,43 a value of 3 nm interfacial thickness
suggested by the simulation using the pure spin diffu-
sion model12 seems slightly large but still reasonable.
However, the long period of 23 nm (interdomain dis-
tance) is much smaller than the value suggested by
SAXS (39 nm in Table 6). On the other hand, the
interdomain distance of 37 nm in Table 6 obtained using
the simulation model which considers the spin diffusion
effect agrees very well with the result of 39 nm in Table
6 obtained from SAXS. In Figure 8 it is also evident that
only the simulation model which includes the effects of
the spin-lattice relaxation reproduces the decrease of
the magnetization after a maximum point, which agrees
with the experimental results for the SBS samples. This
phenomenon has been found for other polymer sys-
tems13,9,17 and indicates that the microdomain structure
parameters obtained using a simulation model that
includes the T1 effects may be more accurate than those
obtained using a pure spin diffusion model.

4. Conclusions

A combination of SAXS and solid-state NMR tech-
niques has been used to investigate the microdomain
structure of a series of SBS block copolymers. The
multiple long-range order peaks in the SAXS data
profiles indicate that majority of the studied SBS
systems has a cylindrical morphology with hexagonal
packing, and these results are consistent with previous
reports. The microdomain structure parameters were
obtained by simulating proton spin diffusion experi-
ments with a model that considers spin-lattice relax-
ation effects. It was found that the quality of the
simulations using a model that includes the T1 term is
very good for all of the materials. The interdomain
distances obtained from solid-state NMR agree well with
those obtained from SAXS. The simulation of the spin
diffusion experiments indicates that the interfacial
thickness is 2 nm for all SBS samples, and these results
are generally in very good agreement with the results
obtained from both Porod analysis and previous T2
spin-spin relaxation studies.43

There are some discrepancies regarding the domain
sizes of polystyrene between the SAXS indirect trans-

form and NMR simulation. These discrepancies may be
mainly or at least partially caused by the limited quality
of the scattering data after excluding the interaction
peaks in the indirect transform SAXS analysis.
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