
Characterization of Morphology in Chemically Modified
Styrene-b-(Ethylene-co-Butylene)-b-Styrene by Solid-State
Nuclear Magnetic Resonance
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ABSTRACT: Multiphase triblock styrene-b-(ethylene-co-
butylene)-b-styrene (SEBS) copolymers chemically modified
with maleic anhydride (MAH) in the presence of a radical
initiator by reactive extrusion were studied by solid-state
1H-NMR and 13C-NMR. In the experiments performed, the
concentrations of MAH and initiator were kept constant,
whereas the temperature profile in the extruder was var-
ied. Samples with known extents of grafting and crosslink-
ing were analyzed with NMR with techniques based on
proton spin diffusion to investigate the microphase struc-
ture of the modified copolymers. The 13C-NMR results
show that the size of the rigid domains was about 15 nm

and was not significantly changed by the modification.
Alterations in the rubbery phase were illustrated by meas-
ured changes in proton spin-spin (T2) relaxation times.
The fraction of protons having intermediate mobilities
increased slightly in modified SEBS with respect to that
observed in unmodified copolymers. These results were
found to be independent of the extruder temperature pro-
files used, at least in the range studied. � 2007 Wiley Peri-
odicals, Inc. J Appl Polym Sci 107: 2656–2664, 2008
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INTRODUCTION

The modification of polymers is a very active area of
research because of its significance to industrial poly-
mers.1,2 The design of polymer materials for new
applications and the improvement of their perform-
ance for existing ones often require blends of two or
more polymers and mixtures of polymers and inor-
ganic components that lead to heterogeneous struc-
tures. Also, the increasing availability of recycled
plastics is generating mixtures of incompatible poly-
mers that require aid to facilitate their processing
and obtain end products with adequate properties.
In any of these scenarios, the physical and mechani-
cal properties of the polymer materials depend not
only on the intrinsic properties of their components
but on how intimately they are mixed.

Since the early 1980s, it has been widely accepted
that the achievement of desired performance in a het-
erogeneous polymer system requires the optimization
of molecular interactions across the interphase be-
tween its components. Numerous efforts to improve
the compatibility between phases are ongoing; one of

the most intensively pursued efforts is the reduction
of interfacial tension, broadening the interphase by
means of interfacial agents obtained by the chemical
modification of well-known polymers.

An example of the latter is the multiphase triblock
copolymer styrene-b-(ethylene-co-butylene)-b-styrene
(SEBS). These copolymers are used as interfacial
agents in blends of, for example, polyolefins with poly-
styrene.3–6 Furthermore, to enhance the properties of
SEBS as a compatibilizer and extend its application,
the chemical modification of the copolymers by graft-
ing polar groups has been studied.7,8 However, the
complexity of chemical modification, including
unwanted degradation processes and flow dynamics
imposed by the reactor where the reaction takes place,
coupled with the low yield of grafting generally
achieved prompt the need to perform more research
to obtain a better understanding of these processes.9

In this regard, the characterization of the morphology
of these reactant polymer systems by determination of
the critical dimensions of domains and interfacial
regions and how the chemical modification alters the
raw polymer microstructure is crucial. For this pur-
pose, various techniques can be used.

Solid-state NMR has been shown to be a powerful
tool for the characterization of microheterogeneities in
polymer systems, particularly when they are lacking
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long-range order.10,11 This is because of the sensitivity
of intrinsic NMR properties (e.g., chemical shifts,
relaxation times) to the local chemical environment
and to changes in molecular mobility. Moreover,
NMR methods offer the advantage of not requiring
any special procedure to prepare the sample to be
measured; this allows the study of changes caused by
processing on the microphase structure of the hetero-
geneous polymer systems. In this article, we describe
the characterization by solid-state 1H-NMR and 13C-
NMR of SEBS chemically modified with maleic anhy-
dride (MAH) in the presence of a radical initiator by
reactive extrusion. At room temperature, this thermo-
plastic elastomer consists of rigid domains (polysty-
rene) dispersed in a rubbery matrix (ethylene–1-butyl-
ene copolymer). To get a better understanding of the
possible changes in morphology induced by chemical
modification, well-characterized samples were ana-
lyzed with NMR with techniques based on proton
spin diffusion to investigate the domain structure of
the modified copolymers.

EXPERIMENTAL

Experimental samples of triblock copolymers of SEBS
with a styrene content of 30% (mol/mol) and a
weight-average molecular weight of 81,000 g/mol
were provided by Repsol YPF (Madrid, Spain) and
were used as received. Also, for the NMR experi-
ments, a reference sample consisting of SEBS (Aldrich,
Gillingham, UK) with 29% styrene units and a weight-
average molecular weight of 89,000 g/mol was used.

The coreactant, MAH (Panreac, Castellar del,
Vallés, Spain), and the radical initiator used in the
chemical modification were used as received. A 50/
50 blend of the thermal stabilizers Irganox 1010 and
B225 (Novartis, Barcelona, Spain) was added to the
reaction media to minimize undesired degradation
processes.

The samples of chemically modified SEBS with
grafted MAH chosen for this study were obtained
by reactive extrusion. Reactive dry blends of coreac-
tants, initiator, and thermal stabilizers were fed
into a twin-screw extruder (Collin ZK50, SEMSA,
Barcelona, Spain) operating at 100 rpm and with two
temperature profiles: 185–2158C [high-temperature
profile (HTP)] and 160–1958C [low-temperature pro-
file (LTP)]. Five experiments were performed at each
temperature profile, and the concentrations of MAH
and initiator were kept constant and equal to 4 and
2% w/w, respectively.

After they were dried at room temperature, pellets
of MAH grafted with SEBS were washed in boiling
xylene (Panreac), precipitated with methanol (Pan-
reac), and filtered. The solid fraction [nonsoluble
(crosslinked) and precipitated copolymer] thus

recovered was dried in vacuo to a constant weight,
and the chemical modification (i.e., amount of graft-
ing and crosslinking) was characterized.

The extent of succinic anhydride grafted in the
modified copolymers was determined by the hot ti-
tration method described elsewhere.12 In addition,
the amount of undesired crosslinking reactions
induced in SEBS during the chemical modification
was assessed by the extraction of modified copolymer
samples placed in standard meshed metallic cells in
boiling xylene for 3 h. The nonsoluble fraction was
determined by the weighing of the material remain-
ing in the cells after they were dried in vacuo for 48 h.

The solid-state 1H-NMR and 13C-NMR measure-
ments were performed in a Bruker Avance 400 spec-
trometer (Bruker Analytik GmbH, Karlsruhe, Ger-
many) equipped with a 89 mm wide bore and a 9.4-
T superconducting magnet (proton and 13C Larmor
frequencies at 400.13 and 100.61 MHz, respectively).
All reported data were acquired at a temperature of
295 K, with a standard Bruker double-resonance 4-
mm cross-polarization (CP)/magic-angle spinning
(MAS) NMR probe head with 908 1H and 13C pulse
lengths between 3.1 and 4.2 ls. The MAS spinning
rates were 4.0 and 6.5 kHz for the 1H and 13C
experiments, respectively, with the exception of
those performed with static samples to measure pro-
ton T2(H) relaxation time. The 13C detection experi-
ments were carried out with 4-mm zirconia rotors
(ca. 60 mg of sample). Proton spin–lattice relaxation
times in the rotating frame [T1q(H)’s] were measured
with a 1H–13C CP pulse sequence with increasing
proton spin locking times. We accumulated 1000–
2000 scans for each spectrum with contact times of 5
ms and repetition delays of 5 s.

The proton detection experiments were performed
with a small amount of sample (a few milligrams)
placed in 12-lL zirconia rotors to avoid preamplifier
saturation and to keep a homogeneous radio fre-
quency field over the sample volume. Proton spin-
lattice relaxation time (T1) and spin-spin relaxation
time (T2) measurements of the rubbery component
were performed with inversion recovery (IR) and
Hahn spin–echo pulse sequences, respectively.

Proton spin diffusion was measured with a dipolar
filter pulse sequence13 consisting of twelve 908 1H
pulses to saturate the rigid (polystyrene) phase. We
varied the strength of the filter by changing the pulse
spacing between 2 and 40 ls, and the number of
cycles of the filter sequence was repeated from one to
six times. After the filter was applied, a phase cycling
pulse stored the magnetization alternately along 1z
and 2z to minimize the T1 effect, and because this
was not very effective at long mixing times (tm’s), the
data were corrected by the factor exp(tm/T1). For
experiments with 13C detection, 2000 scans were aver-
aged with a contact time of 1 ms and a repetition
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delay of 3 s. For those with 1H detection, 24 scans
were averaged with a repetition delay of 3 s.

All free induction decays were processed with the
spectrometer manufacturer’s software. The spectra
were externally referenced to tetra methylsilane
(Scharlau, Sentamerat, Spain).

RESULTS AND DISCUSSION

The functionalization of SEBS could be achieved by
the reactive extrusion of the copolymer with MAH
in the presence of an initiator producing free radi-
cals. The modification aimed at increasing the polar-
ity of the olefinic domain without changing the styr-
enic phase significantly. At the same time, degrada-
tion and crosslinking reactions should have
remained at conversions as low as possible. In this
context, to characterize the products resulting form
the modification of the SEBS block copolymers,
chemical analysis and solid-state NMR were used.

Chemical analysis

The results obtained by chemical analysis of the
modification achieved in samples of the SEBS
copolymers included in this study are shown in Ta-
ble I. Although for each temperature profile and in
all cases the same set of starting reaction conditions
was used, a significant variability in the degree of
grafting and crosslinking among the analyzed sam-
ples was observed. However, the results were in
agreement with the outcome that could be antici-
pated for these processes with the unsteady charac-
ter of the graft reaction considered.12

Proton relaxation time measurements

The proton spin–lattice relaxation times in the labo-
ratory frame T1(H) and in the rotating frame T1q(H)
are related to the spin diffusion process and can be
used to estimate the domain structure of heterogene-
ous polymer systems.11 Because T1q(H) and T1(H)
usually have values of a few and several hundred
milliseconds, respectively, each relaxation time pro-
vides information about the morphology of these
systems at different scales. The relaxation measure-
ments in the block copolymers studied (see the
results in Table I) showed that the T1(H) data fit well
to a monoexponential, which suggested the apparent
presence of one component. The observed values
represented an average of the values reported for
styrene homopolymer and olefinic rubbers of similar
structure.14 The averaging was caused by the phe-
nomenon of spin diffusion. On the other hand, the
results of the T1q(H) measurements (see Table II)
showed that protons in the rigid phase behaved dif-
ferently from those in the rubbery phase, which sug-
gested the presence of a heterogeneous system at the
T1q(H) scale. With these results, if we considered the

TABLE I
Extent of Grafting and Crosslinking and 1H-NMR Relaxation Times

in the Raw and Modified SEBS

Sample
reference

Grafting
(mmol of MAH/g of SEBS)

Crosslinking
(% w/w) T1(H) (ms) T2(H) (ls)a

SEBS-rb 0.0 0.0 500 (3) 229 (5)
SEBS 0.0 0.0 535 (5) 255 (4)
HTP-1 0.020 1.61 481 (5) 185 (2)
HTP-2 0.039 1.06 487 (5) 212 (3)
HTP-3 0.039 0.88 485 (5) 194 (3)
HTP-4 0.118 5.72 491 (4) 192 (2)
HTP-5 0.108 52.6 500 (3) 183 (2)
LTP-1 0.039 1.31 484 (5) 204 (3)
LTP-2 0.034 0.90 490 (5) 211 (3)
LTP-3 0.039 1.19 486 (5) 229 (4)
LTP-4 0.088 5.85 487 (5) 201 (2)
LTP-5 0.098 16.5 485 (3) 188 (3)

Standard deviations are in parentheses.
a Proton spin–spin relaxation times corresponding to the rubbery (olefinic) phase.
b Block copolymer obtained from Aldrich and used as a reference.

TABLE II
T1q(H) Values of the SEBS Block Copolymers

Sample reference

T1q (ms)

Rigid phase Rubbery phase

SEBS-ra 5.34 (0.08) 2.44 (0.04)
SEBS 4.9 (0.2) 2.5 (0.1)
HTP-2 5.75 (0.07) 2.50 (0.05)
LTP-2 5.3 (0.2) 2.50 (0.05)

Standard deviations are in parentheses.
a Block copolymer obtained from Aldrich and used as a

reference.
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early stages of the spin diffusion process and
assumed that it started uniformly and varied linearly
across the interphase, it was possible to estimate
the minimum size of the domains present with the
equation

hx2i ¼ ð4=3ÞD t (1)

where hx2i represents the mean square displacement,
D is the spin diffusion coefficient, and t is the time-
scale represented by the relaxation measurement.15

With the fact that the relaxation measurements
showed a homogeneous system from the T1 perspec-
tive and a heterogeneous one from spin-lattice relax-
ation time in the rotating frame (T1q), and with the
assumption of a value of D for the rigid domains of
0.8 3 10215 m2/s,10 the estimated upper and lower
limits of the styrene domains were 23 and 2.4 nm,
respectively. These results were similar to those
reported for SEBS block copolymers of different ori-
gin elsewhere.16 It was noteworthy that the modifica-
tion of SEBS with MAH did not significantly alter
the values of T1(H) and T1q(H), at least with the ex-
perimental conditions used in this study.

Measurements of T2(H) were used to study the
interface of multiphase styrenic block copolymers.17

In this study, the relaxation measurements of T2(H)
of protons associated with the olefinic phase showed
a decrease in the values of T2 corresponding to
modified SEBS with a high extent of crosslinking
and grafting compared with those measured in
unmodified SEBS, as shown in Table I. The results
observed in modified SEBS show a reduction of seg-
mental mobility in the rubbery phase caused, most
likely, by the presence of crosslinks and grafted
MAH. However, no correlation was found between
the observed reduction in the values of T2 and the
extent of crosslinking, as shown in Figure 1. These
results suggest that the crosslinks were not ran-
domly or homogeneously distributed throughout the
rubbery phase.

Proton spin diffusion

The difference in molecular mobility (glass-transition
temperature) between the two phases present in the
SEBS block copolymers allowed us to use proton
spin diffusion to investigate the structural organiza-
tion of the various domains involved. To accomplish
this goal, two approaches can be followed. On ap-
proach involves a 13C detection scheme with CP to
transfer magnetization from the abundant spins, 1H,
to the rare ones, 13C. This transfer of magnetization
is very efficient within the rigid domains and, conse-
quently, allows the study of the styrenic phase.
However, the use of a CP time, typically on the
order of several hundred microseconds (in our case,
1 ms), to transfer the magnetization from the protons

to the carbons masks the initial part of the spin dif-
fusion process and, as a result, hampers the determi-
nation of information about the interfacial region. A
second approach consists of a 1H detection scheme,
which allows observation without delays of the spin
diffusion phenomenon and provides a more accurate
picture of the interphase. Moreover, the high sensi-
tivity of 1H-NMR facilitates the detection and quanti-
tative analysis of the mobile component. Therefore,
using both strategies to study the copolymers of in-
terest provides a more complete picture of the phase
structure.

Figure 2 shows typical 13C-NMR spectra obtained in
a spin diffusion experiment corresponding to samples
of SEBS [Fig. 2(a)] and modified SEBS HTP-2 [Fig.
2(b)] at various tm’s (spin diffusion times). After the
initial selection of the magnetization corresponding to
the rubbery phase (ethylene–1-butylene copolymer,
peaks between 20 and 40 ppm), the buildup of the
magnetization associated with the rigid phase (poly-
styrene blocks, peaks at 140 and 127 and between 40
and 50 ppm) with increasing tm was observed.

The size of the domains in heterogeneous polymer
materials can be calculated from the time course of
the magnetization transfer between the rubbery and
rigid phases, in our case, between the polyolefin and
polystyrene blocks of SEBS. It has been shown that a
good estimate for the size of the dispersed phase
(ddis) and the interdomain distance (d) can be
obtained by the extrapolation of the initial buildup
rate to the plateau value in the spin diffusion recov-
ery curves.10 ddis for a binary system ab is given by

ddis ¼ qHaUaþqHbUb

UaUb

� � 4eUdis

� ffiffiffiffiffiffiffiffiffiffiffiffi
DaDb

p �
ffiffiffi
p

p �
qHa

ffiffiffiffiffiffi
Da

p þqHb

ffiffiffiffiffiffi
Db

p �
0
@

1
A ffiffiffiffiffi

tm
p

(2)

Figure 1 Graph illustrating the variation of T2(H) corre-
sponding to the mobile fraction of protons with the extent
of the crosslinking as a result of the chemical modification
of SEBS by reactive extrusion in the presence of MAH.
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where qHa and qHb are the proton densities, Fa and
Fb are the volume fractions, Fdis is the volume frac-
tion of the dispersed phase, Da and Db are the spin
diffusion coefficients, and e is the dimensionality of
the phase structure, a geometric factor equal to 1, 2,
or 3 for planar, cylindrical, or spherical structures,
respectively.

d is given by

d ¼ ddis

U1=e
dis

(3)

Figure 3 illustrates the variation of the normalized
magnetization corresponding to the samples of
unmodified and modified SEBS as function of the
square root of tm. For each sample, we corrected the
effect of T1 on the measured intensities, multiplying
by the factor exp(tm/T1). Also, for each curve, we nor-
malized the data by setting the highest value of
the magnetization to 1. All samples exhibited similar
behavior. No difference was observed between
untreated and treated samples nor between those
processed at high- or low-temperature profiles. The
extrapolation of the slope observed at early diffusion
times intercepted the plateau value at tm equal to the
so-called characteristic spin diffusion time (tm*). With
D values of 0.8 3 10215 m2/s for rigid domains
and 0.05 3 10215 m2/s for rubbery domains10,18 and

a dimensionality of two, characteristic of SEBS
systems,19,20 the domain size and period were calcu-
lated with eqs. (2) and (3). The results are shown in

Figure 2 Solid-state 13C-NMR spectra after application of the dipolar filter corresponding to (a) SEBS and (b) modified
SEBS HTP-2 at tm’s of (from bottom to top) 0.25, 4, 100, and 200 ms. A buildup of the magnetization associated with the
carbons in the rigid phase (polystyrene blocks) with increasing tm was observed. Asterisks indicate spinning sidebands.

Figure 3 Plot of the normalized change in magnetization
associated with the rigid phase of SEBS after application of
the dipolar filter. The extent of modification and the tem-
perature profile in the extruder did not alter significantly
the behavior of the magnetization transfer in the samples
studied. The standard deviations were calculated by mea-
surement of the root mean square (rms) in each spectrum.
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Table III, and as indicated earlier, no significant differ-
ences between the treated and untreated samples
were observed. The calculated values of the domain
size of the styrenic (dispersed) phase were within the
limits estimated from spin lattice relaxation measure-
ments, and the values of ddis and d agreed well with
the results obtained previously by others with NMR14

and techniques such as small-angle X-ray scattering,
transmission electron microscopy, and atomic force
microscopy.19,20 Although apparently the rigid do-
mains did not seem to be perturbed, the involvement
of styrenic chain segments located at the interphase
could not be ruled out because, as mentioned earlier,
of the 13C experiments lack of sensitivity to detect
changes occurring in that region. This issue was also
explored with the application of two-dimensional het-
eronuclear experiments to investigate these samples.
Two-dimensional wideline-separation spectroscopy
(WISE) was used in the study of heterogeneous poly-
mer systems to correlate high-resolution 13C chemical
shifts to the proton line width to qualitatively assess
the mobility of each component.21 The results of WISE
experiments performed on raw and modified SEBS
(data not shown) did not reveal any significant
changes in the proton line shapes associated with car-
bons in styrenic or olefinic domains.

The 1H detected spin diffusion allows one
to observe the signal decay associated with the ole-
finic regions right after the magnetization gradient
is established in the polymer system of interest.
Although the proton signal of the styrenic domains
decays very rapidly (T2 � 12 ls)17 due to the lack of
molecular mobility and was not observed in these
experiments, changing the strength of the dipolar fil-
ter could unveil detailed information about the rub-
bery domains and the interface and, indirectly, about
the rigid domains. The strength of the dipolar filter
could be modulated by changes in the number of
cycles that the filter was repeated (nc) and the time
between the radio frequency pulses (s). In the
experiments performed, we increased the strength of
the dipolar filter by either increasing nc while keep-
ing s constant or by increasing s and keeping nc con-

stant. Figure 4 illustrates typical examples of the var-
iation of the normalized magnetization associated
with samples LTP-1 [Fig. 4(a)] and HTP-1 [Fig. 4(b)]
with increasing values of tm and nc varied from 1 to
6 at s 5 10 ls. Similarly to the 13C detected spin dif-
fusion experiments and for each sample, the data
were corrected for the T1 effect by the factor exp(tm/
T1), and the initial value of the magnetization (M0)
was set to 1 for each curve. The reduction of the
NMR signal followed similar patterns when nc ‡ 4,
independently of the temperature profile set in the
extruder and the extent of the modification. Figure 5
shows the decrease in the proton magnetization
associated with the olefinic regions with increasing
tm, with s varied from 2 to 40 ls and with nc kept
equal to 1, for the samples indicated previously,
LTP-1 [Fig. 5(a)] and HTP-1 [Fig. 5(b)]. With these

TABLE III
Dimensions of Rigid (Styrenic) Domains and d Values

in the SEBS Copolymers

Sample
reference

tm*
0.5

(s0.5)
Rod diameter

(nm)
Interrod

distance (nm)

SEBS-ra 0.358 14.1 25.7
SEBS 0.392 15.4 28.2
LTP-2 0.392 15.4 28.2
HTP-2 0.389 15.3 28.0
HTP-5 0.397 15.6 28.5

a Block copolymer obtained from Aldrich and used as a
reference.

Figure 4 Variation of the normalized proton signal inten-
sity corresponding to the olefinic regions in samples (a)
LTP-1 and (b) HTP-1 as a function of the square root of tm,
with nc 5 (^) 1, (&) 2, (~) 3, (*) 4, (3) 5, and (1) 6 and
s 5 10 ls.
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conditions, the essentially T2 selective nature of the
dipolar filter experiment was easily visualized. At
short values of s, only highly rigid segments of the
polystyrene blocks were saturated, and therefore, a
small amount of the magnetization stored in the rub-
bery phase was transferred to the rigid phase to
reach equilibrium. As s increased, the filter strength
increased, and segments of polymer chains with in-
termediate mobility, such as those at the interface or
crosslinks, were also saturated, and more magnetiza-
tion from the rubbery phase needed to be trans-
ferred to reach the equilibrium conditions. Thus,
alterations in the fraction of intermediate and highly
mobile protons could systematically be detected and
evaluated.22 In the systems subject to study here, we
observed that for each sample, the residual magnet-
ization changed very slightly when s ‡ 20 ls and

reached a plateau value at about that value corre-
sponding to the stoichiometric ratio between protons
in the rigid and rubbery phases. The proximity of
the curves observed at high values of s were indica-
tive of a relatively sharp interface between styrenic
and olefinic domains, as has been found in unmodi-
fied SEBS17,19 and other styrene–olefin block copoly-
mers.14,22

Figure 6 illustrates the variation of the normalized
proton magnetization corresponding to the olefinic
regions of SEBS samples modified at high-tempera-
ture [Fig. 6(a)] and low-temperature [Fig. 6(b)] pro-
files in the extruder. As a reference, each graph
includes the values obtained for unmodified SEBS.
The values of s and nc used in the dipolar filter were
10 ls and 6, respectively. In all cases, the results cor-
responding to samples with the highest extent of
modification (i.e., high values of grafting and cross-
linking) exhibited magnetization curves below those

Figure 5 Variation of the normalized proton signal inten-
sity corresponding to the olefinic regions in samples (a)
LTP-1 and (b) HTP-1 as a function of the square root of tm,
with s 5 (^) 2, (&) 4, (~) 6, (*) 10, (3) 20, (1) 30, and
(l) 40 ls and nc 5 1.

Figure 6 Plot of the change in normalized magnetization
associated with the rubbery phase versus the square root
of the diffusion time in samples processed at (a) high- and
(b) low-temperature profiles in the extruder. The samples
having higher extent of modification exhibited slightly
steeper initial slopes and lower plateau values.
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corresponding to slightly modified and unmodified
SEBS. These results suggest an immobilization of the
olefinic chain segments caused by the crosslinking
and grafting of MAH to the polymer chains, which
might have occurred in the bulk of the mobile phase
and at the interphase.

To obtain more insight as to whether the polymer
segments at the interphase were involved in the
modification or not, the results obtained for all
samples starting with a weak dipolar filter and in-
creasing its strength were compared, as shown in
Figure 7. By increasing the strength of the dipolar fil-
ter gradually, step by step, we were able to visualize
the progressive transfer of magnetization stored in
the rubbery phase to the rigid phase, incorporating
regions with intermediate segmental mobility.

It was shown that a dipolar filter with nc 5 1 and
s 5 10 ms is sufficient for suppressing only the contri-
bution of rigid polystyrene domains.22 Thus, at low
filter strengths, nc 5 1, the reduction of the magnetiza-
tion could be attributed to its transfer from the rub-
bery regions to the most rigid domains only (the poly-
styrene blocks). Then, an increase in nc led to a
decrease in the proton signal associated with the rub-
bery domains due to magnetization transfer to
regions with increase mobility, that is, the interphase
and olefinic chain segments at crosslinks. The remain-
ing magnetization at equilibrium represented the frac-
tion of the mobile component in the copolymers.

The results show that at low filter strength, the
amount of rigid fraction in treated SEBS was
reduced compared with that of the untreated SEBS.
All treated samples with low extents of modification

showed similar behavior. For the samples with
higher extents of crosslinking and grafting, the
reduction in the amount of rigid component was less
pronounced, and the value of the magnetization left
at equilibrium indicated that the amount of mobile
component was lower than in the unmodified SEBS.
In proton spin diffusion experiments with an equiva-
lent variation of the dipolar filter strength, that is,
varied s with constant nc, similar behavior of the
magnetization transfer was observed.

These results suggest that the modification took
place mainly at the interphase. If the crosslinking and
grafting of MAH had occurred in the bulk of the ole-
finic phase, a reduction in the amount of the most
rigid component would have not been observed. On
the contrary, an increase in the transfer of magnetiza-
tion from the olefinic to the styrenic phase would
have been observed in the modified SEBS with respect
to that in unmodified copolymers at any strength of
the dipolar filter. Also, this hypothesis was in agree-
ment with the outcome of the T2 relaxation measure-
ments, which suggested a heterogeneous distribution
of the crosslinks in the mobile domains.

The fact that the 13C experiments did not show a
significant change in the size of the rigid domains af-
ter the modification should not be surprising because
the technique has limited sensitivity to changes
occurring at the interphase; the experimental condi-
tions were not set to discriminate well the regime
with intermediate mobility from those with high and
low molecular motion. Moreover, the 13C measure-
ments placed the emphasis on the polystyrene blocks,
and it was estimated that for styrenic–olefinic block
copolymers, the amount of styrenic segments in the
interphase represents only about 20% of the macro-
molecular segments in that region.17

On the other hand, only a minor variation in the
domain size seemed to be required to reproduce the
behavior observed in the modified copolymers, as
shown by the sample of block copolymer used as
reference (also included in Fig. 7). A reduction in the
rigid domain radius of 0.7 nm, from 7.7 nm in raw
SEBS to 7.0 nm in SEBS-r, represented for cylindrical
morphology, a decrease in volume of about 18%,
which was proportionally close to the observed
reduction in the fraction of styrenic domains, from
0.2 to about 0.15, at nc 5 1, as shown in Figure 7.
Therefore, it might be said that the amount of poly-
styrene at the interphase, that is, that exhibiting an
intermediate level of segmental mobility, increased
as a result of the chemical modification.

CONCLUSIONS

The proton spin diffusion measurements on SEBS
block copolymers with the 13C-NMR detection

Figure 7 Variation of the normalized proton magnetiza-
tion corresponding to the olefinic region in samples of
SEBS as a function of filter strength (nc) for s 5 10 ls and
tm 5 400 ms. The modified SEBS copolymers exhibited a
small reduction in the fraction of rigid component com-
pared to the untreated SEBS, which corresponded to an
increase of the interfacial fraction. To facilitate the reader’s
visualization, the traces associated with the reference and
raw (untreated) samples of SEBS are shown.
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approach showed that the rigid phase with domain
sizes of about 15 nm and d values of about 28 nm
was not significantly perturbed by their chemical
modification. Alterations in the olefinic component
were illustrated by measured changes in the proton
T2 relaxation times that most likely occurred at the
interface, particularly at low extents of modification.
The results obtained with proton detection experi-
ments show a reduction in the amount of the mobile
phase with increasing crosslinking and grafting. In
addition, the outcome of the experiments performed
with varied dipolar filter strengths suggests that the
modification of the copolymer chains might have
primarily taken place at the interphase. These results
were found to be independent of the extruder tem-
perature profiles used, at least in the range studied.

The samples analyzed in this research were obtained
under an outsourcing research contract signed between
Repsol-YPF and Instituto de Ciencia y Tecnologia de Poli-
meros/Consejo Superior de Investigaciones Cientı́ficas
(Ministerio de Educación y Ciencia). Kind support from
Repsol-YPF to carry out this work is acknowledged. Also,
the authors thank J. A. Barrio and I. Campoy (Repsol-YPF)
for their helpful comments.
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