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ABSTRACT: The work reported here is concerned with the quantification and correlation drawn on the effect
of nanoclay platelets in the lamella orders in the nanocomposites of poly[styrene-b-(ethylene-co-butylene)-b-
styrene] triblock copolymer (SEBS) and polar-modified SEBSs by using small-angle X-ray scattering (SAXS)
and modulated DSC (MDSC) studies with morphological evidence from atomic force microscopy (AFM) and
transmission electron microscopy (TEM). 2—4 wt % organically modified nanoclay OMT loading assists increment
in the lamellar orders of the neat SEBS owing to interaction in these hybrid systems indicated by the positive
shift in glass transition temperature by DSC. Polar-modified SEBS samples show deviation of the corresponding
ordering lengths and pattern supported by MDSC, while their unmodified MT nanoclay based nanocomposites
exhibit structural regeneration of ordering pattern and morphology evidenced from AFM and TEM due to nucleating

effect of the added nanoclay.

Introduction

Polymer—clay nanocomposite is a class of expanding re-
searched systems in the world under hybrid nanocomposite
materials in which at least one dimension of the reinforcing
phase is in the order of nanometers in the polymer matrix.'~
These polymer—clay nanocomposites possess superior properties
to conventional microcomposites due to maximized interfacial
adhesion and finely dispersed nanoclays distributed all through
the polymer matrix.'”’ The smectite nanoclays as layered
silicates are considered in our present investigation for the
preparation of polymer-based nanocomposites because of their
suitable charge layer density, 2:1 tetrahedral—octahedral layer
structure, accommodation of exchangable interlayer cations due
to octahedral substitution of +1 or +2 cations for AI**, high
aspect ratio of platelets, and improvements in the mechanical,
barrier, and thermal properties of polymer nanocomposites as
observed in our earlier studies.®'' Specialty elastomer—clay
nanocomposites reported from our laboratory have interesting
results due to unique interfacial bonding between nanofillers
and polymer matrix, which is a function of the rubber, the
solvent used for casting, the nature of clay, and so on.®™'"?

Because of the self-assembling characteristics of the block
copolymers (BCP),'*'? various types of block copolymers have
attracted attention as nanoscale materials on their own for their
microphase separated morphological phenomena.'®= Still, less
attention has been paid so far to the development of nanocom-
posites based on thermoplastics elastomers/block copolymers.
The work by Ha et al.*® describes the PS-functionalized
montmorillonite NA+ clay layers into SBS microdomains.
Though the work explains well the reason for flipping of BCP
layers due to clay layers, it demonstrates inferior mechanical
properties on clay loading to poly(styrene-b-butadiene-b-styrene)
(SBS) matrix. Though a few studies are available on poly(styrene-
b-ethylene-co-butylene-b-styrene) triblock copolymer (S-EB-
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S)-clay nanocomposites,?®® organically modified costly orga-
noclays are employed for compatibility with hydrophobic
polymer. For the nonpolar nature of S-EB-S, workers including
the present authors'"'? have found it very difficult to disperse
and exfoliate montmorillonite clays (MT) mostly due to the
incompatibility with hydrophilic clay from its tactoid form. The
versatility of S-EB-S block copolymer has been significantly
improved'? by grafting polar functional groups like maleic
anhydride, acrylic acid, and sulfonic acid. This novel approach
of synthesizing grafted SEBS—clay nanocomposite has shown
that unmodified clay (MT) can be successfully intercalated and
exfoliated by grafted SEBS systems.

Though small-angle X-ray scattering (SAXS) and transmis-
sion electron microscopy (TEM) investigations on block co-
polymers have been routine for the past two decades or so,'*2°
detailed SAXS studies along with DSC and modulated DSC
for SEBS— and modified SEBS—clay nanocomposites have not
been reported and are helpful in correlating microstructure with
properties. The work reported here is concerned with the
quantification and correlation drawn on the effect of nanoclay
platelets in the lamella orders in the nanocomposites of SEBS
and modified SEBSs by using SAXS, MDSC studies, and
morphologies evidence from atomic force microscopy and
transmission electron microscopy.

Experimental Section

Materials and Sample Preparation. The SEBS block copoly-
mer (Kraton G 1652, molecular weight of 57 000) used was
obtained from Shell Chemical Co. Ltd., Washington Blvd., OH,
and the weight ratio of styrene:ethylene—butylene was 30:70.
Grafting reactions, leading to chemical modification of SEBS to
impart polarity using maleic anhydride, acrylic acid, and sulfonic
acid, were reported in our earlier communication.'* Unmodified
sodium montmorillonite clay (MT, d-spacing of 001 plane was 1.17
nm from wide-angle X-ray diffraction) and long-chain quaternary
ammonium ion modified nanoclay (OMT, Cloisite20A, d-spacing
of 001 plane was 2.32 nm from wide-angle X-ray diffraction) were
generously supplied by Southern Clay Products, Gonzales, TX. We
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had adopted a solution intercalation process for dispersing the
nanoclays adequately into different SEBS matrices, details of which
were discussed in our earlier work.''™'* Toluene, nonselective to
both the phases, was chosen as solvent for synthesis of the
nanocomposites. As sulfonated SEBS did not dissolve properly in
toluene, we had to go for an appropriate solvent like tetrahydrofuran
(THF)/methanol 90:10 mixture. The solution intercalation method
was adopted to disperse nanoclays in 10% w/v SEBS solutions with
varying clay loading (2, 4, 6, and 8 phw; pbw = parts per 100
parts of SEBS by weight). All the processes were carried out at
room temperature, and care was taken to dry off the entire solvent
from the samples.

Small-Angle X-ray Scattering Studies. Small-angle X-ray
scattering (SAXS) patterns were obtained using microfocused Cu
Ka radiation (45 kV, 60 mA) generated by an X-ray diffractometer
(Rigaku Ultrax 4153A 172B) and an imaging plate detector at room
temperature. The camera length of the SAXS was kept at 740
mm.The exposure time was 4 h for each measurement. Finally,
Lorentz correction®® was performed for all the SAXS profiles, after
subtracting the air scattering. The corresponding length (L) of each
scattering peak in the profile was calculated following eqs 1 and 2.

L=2x7lq H

where g denotes the magnitude of the scattering vector as defined
by

g =47"" sin(6/2) )

with A and 6 being the wavelength of the incident X-ray beam (4
= 0.154 nm) and the Bragg scattering angle, respectively.

DSC and Modulated DSC. Differential scanning calorimetry
(DSC) and modulated DSC (MDSC) studies were carried out in a
Q1000 machine by TA Instruments (USA) at a rate of 5 °C/min in
an inert atmosphere (N, atmosphere) using aluminum pans. The
temperature range for DSC studies was from —100 to 150 °C.

The MDSC experiment was conducted at the same range as in
DSC for three representative samples and then from 50 to 250 °C
for all samples with an additional sinusoidal heating rate (i.e.,
modulated) of £0.5 °C every 40 s to improve resolution and
sensitivity. Reversible heat flow was correlated with specific heat
component and nonreversible with the kinetic component®'~3* as
per eq 3.

P=C,dT/dt + iz, T) A3)

where T stands for temperature and ¢ for time.

Baseline and temperature calibrations were done in the required
temperature range as per ASTM E967 and E968. The total heat
flow was segregated into reversible and nonreversible heat flow.*®-*!
Modulated DSC is an enhancement to conventional DSC that
provides superior sensitivity and accuracy for measurement of
reversible and nonreversible heat flows, which is not possible with
conventional DSC studies.

Morphology by AFM and TEM. Aromic Force Microscopy
(AFM). AFM phase images were acquired in tapping mode
(TMAFM) using etched silicon probe tips (TESP) in air at ambient
conditions (25 °C, 60% RH) using a multimode atomic force
microscope from Digital Instruments Inc. (Veeco Metrology Group),
Santa Barbara, CA,** attached with a Nanoscope Illa feedback
controller. Nominal spring constant of ~40 N m~! and higher length
of 225 um of TESP ensured proper scanning of intricate hard and
soft segments in the block copolymer nanocomposites in the present
study. Images were recorded with the set point ratio (ry, = Agy/Ao,
where Ay = free oscillation amplitude and Ay, = set point amplitude
selected for the measurement, where the feedback mechanism in
TMAFM was controlled by this set point ratio) of 0.8—0.9. In order
to have a very smooth surface for AFM analysis, the samples were
first cooled to —80 °C by using liquid nitrogen and then sliced by
using a diamond knife attached to a Leica Ultracut UCT cryomi-
crotome unit.

Transmission Electron Microscopy (TEM). Bulk morphology was
studied with a JEOL 2010 (Japan) TEM operating at an acceleration
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Figure 1. Effect of montmorillonite nanoclay loading on neat SEBS:
(a) Lorentz-corrected SAXS profiles (vertically shifted for better clarity)
showing effect of nanoclay and (b) lengths corresponding to first- and
second-order scattering vector position along with their 2-dimensional
SAXS patterns for each sample (indicated at arrowhead) for clay-loaded
nanocomposites. (CL = OMT nanoclay).

voltage of 120 keV in the bright field mode. The approximately 50
nm thick sections required for TEM studies were microtomed at
—100 °C using a ultracryomicrotomy using a Leica Ultracut UCT
(Vienna, Austria) with a freshly prepared glass knife of cutting edge
45°. These sections were then vapor stained with RuOy (ruthenium
tetroxide) for '/, min at room temperature to differentiate different
constituting components in the nanocomposites.>>-*® Digital images
of transmission electron micrographs were acquired with a Gatan
camera coupled with acquisition.

Results and Discussion

SAXS Studies. The effects of nanoclay on the order structure
of SEBS have been evaluated by comparing the intensity vs
scattering vector plots by small-angle X-ray scattering (SAXS)
for neat SEBS and its nanocomposites (Figure la). All the
samples show at least two-order scatterings with the peak
position ratio of 1:2, indicating the layered (lamellar) structures
(Figure 1a). Both the first- and the second-order peaks display
a trend of increasing the corresponding lengths calculated from
scattering vector positions (¢, nm™') from eqs 1 and 2 with
nanoclay loading, among which incorporation of 2 pbw (parts
per 100 parts per rubber by weight, here SEBS) loading of
organoclay (OMT) has shown the maximum increase with 4
pbw almost having similar effect as shown in the Lorentz-
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corrected SAXS profiles in Figure la,b. In order to further
confirm the effects of nanoclays on SEBS, 2-dimensional SAXS
studies were performed, which clearly detect a distinct pattern
at 2 pbw of OMT loading. Isotropic circular rings are observed
in the 2-D SAXS pattern for the as-cast sample films. These
rings are ascribed to diffraction resulting from one-dimensionally
alternating lamellar microdomains, and the ratio of g values for
the first and second diffraction rings can relatively be assigned
to 1:2. After 4 pbw loading of OMT organoclay, the patterns
become more and more diffused and corroborate well with
SAXS profile. With higher loading of nanoclay, the lamellar
ordering length tends to get reduced, especially at 8 pbw loading.
The intensity of both the scattering peaks is also found to
increase due to good dispersion of clay platelets in SEBS chains
for SEBS-OMT2 and SEBS-OMT4 nanocomposites. The or-
dered structure of SEBS base matrix is maintained with nanoclay
loading up to 6 pbw. With 2 pbw of nanoclay loading, the
ordering is found to enhance to 1:2:3 as shown in Figure 1a,
while SEBS-OMTS shows a tendency toward lowering of both
the scattering peaks and widening of the peaks with scattering
peak position disturbed to 1:2.3 in place of exactly 1:2 for neat
SEBS. The maximum increase of the corresponding order length
is found with only 2 pbw of clay, indicating extensive interaction
and excellent dispersion of fine nanometer-sized clay platelets
with SEBS chains. The first peak position shifts from g* = 0.220
nm~! (corresponding to the length of 28.5 nm) to ¢* = 0.198
nm~! (length of 31.7 nm) for this 2 ppw OMT-loaded SEBS-
OMT?2 nanocomposite, indicating good dispersion and interac-
tion in the matrix. Earlier, the nanocomposites at 2 and 4 pbw
of OMT had shown exfoliated morphology (from wide-angle
X-ray diffraction) in SEBS.'"'? The shorter period is also
changed on OMT loading. But the unique phase separation really
gets disturbed on adding 6—8 pbw of OMT as shown by the
diminishing tendency of the second scattering peak. The
occurrence of smaller long period of SEBS block copolymers
at higher OMT loading indicates that OMT and SEBS have
limited compatibility, which yields diffused scattering pattern.
This is a result from both enthalpic and entropic interaction
between OMT and SEBS. The present SAXS studies on
interaction of clay platelets have agreement with the earlier
studies.'''® This interaction can be correlated with modulated
DSC data discussed later.

For nanocomposites with nanoparticle dispersed in a polymer
matrix, the SAXS measurements sometimes give a clear form
factor scattering peak. This form factor shows the relation with
the g of g72, ¢~3, or g* depending upon the shape of the particle
and the extent of dispersion of the particles. However, this kind
of form factor scattering is seldom found in the polymer
composites by melt blending or solvent casting due to the
irregular dispersion of the nanoparticles. It can be observed in
some gel nanocomposite systems.’” However, it cannot be
confirmed from the present results whether the form factor
peaks, if any, is merged with the first or the second scattering
peak. Monotonic increment in second ordering peak intensity
from neat SEBS to 8 pbw loaded SEBS-OMT8 composite may
indicate the presence of this form factor at this region.

For the lamellar structure of SEBS, the peak position (g) of
the second-order peak is 2 times of the first peak, indicating
the microphase-separated lamellar structure for SEBS in both
neat SEBS and nanocomposites.

Similar to the previous analysis, both the neat SEBS and the
SEBS-MT nanocomposites have lamellar structure. The periods
in SEBS are almost unchanged upon adding MT, inferring
insignificant effect of MT clay on SEBS matrix, as shown by
the SAXS profile. This is evident from the second ordering peak
in Figure la (inset) and diffused 2-D pattern in Figure 1b. A
similar observation is made from WAXS studies.'""'

Macromolecules, Vol. 41, No. 16, 2008

) —masess ] o _SeSEBS —AAGSEBS
1200 E MASKNE MIY | l SGSEBS-MT4 ~—— AAGSEBS-MT4,
=" [ )
10004 o [\
800 o
02 o4 0 08 1 02 04 0 0 10 02 04 06 08 o
qonty qunty q(ont')

600
=3
= —SEBS

== MA4-SEBS
——S6-SEBS

MA4- MAA4SEBS- pAcs AAGSEBS S6- S6SEBS-
SEBS MT4 SEBS -MT4 SEBS MT4

o -~ © @ © § ©o

Regular  Oriented Improved Oriented  Improved Disturbed Improved

/

A_~A

A long order
A short order

©w
-3
!

A

J1 LT LA

20+

154 A A Az AN
very diffused
10 No or very little 2nd peak -
disturpted microphase
separated morphology

Corresponding length(nm) from q
o
1

m/ \vA

“"‘°§w’:;i:\‘*““.w’:fsee‘-‘f““ e

L]

(b)

Figure 2. Effect of chemical modification of SEBS: (a) Lorentz-
corrected SAXS profiles (insets show MT-based nanocomposites from
modified SEBSs); (b) corresponding lengths from first and second
ordering scattering vector position along with their 2-dimensional SAXS
patterns for each sample (indicated at arrowhead) of modified SEBSs
and their corresponding MT4 based nanocomposites.

Chemical modification has clear effect on SEBS microstruc-
ture as well-ordered lamellar patterns get disturbed indicated
in first and second ordering peaks (Figure 2a,b). The corre-
sponding 2-D SAXS patterns also get diffused and oriented on
chemical modification of SEBS as modification brings about
changes in the microphase separated ordered morphology. For
MAA4SEBS (SEBS grafted with 4 wt % maleic anhydride) and
AAG6SEBS (SEBS grafted with 6 wt % acrylic acid) samples, it
is observed that lamellar structure has been retained, but the
corresponding order length from first scattering peak becomes
smaller compared to SEBS. The ordering pattern also gets
disturbed from 1:2 for neat SEBS to 1:7/2 for MA4SEBS and
1:5/2:7/2 for AA6SEBS. Though the later shows a proof of
improvement in ordering due to the presence of the third
ordering peak, the intensity falls in a very low range. For
S6SEBS, the presence of only one distinct but very broad
scattering peak indicates distortion of phase-separated morphol-
ogy and architecture in this case. The difference in the SAXS
results between the SEBS and the modified SEBS may be
attributed to polarity of the structure, which causes difference
in internal phase separation from that of neat SEBS.
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Figure 3. Effect of (a) modified (OMT) and unmodified (MT) clay loading and (b) polar modification and its MT4-based nanocomposites on shift

of Tys from normal DSC traces (CL = OMT nanoclay).

The corresponding order length from first peak for SEBS
(denoted by filled symbols in Figure 2b) has clearly decreased
on polar modification. On loading 4 pbw of unmodified
nanoclay, unlike the previous analysis on neat SEBS and MT
clay, this corresponding length has increased from that of the
aforesaid modified SEBS polymers, suggesting significant
interaction between MT nanoclay and polar-modified polymer
chains, thus improving the basic lamellar structure (Figure 2a,b).
An important observation is that the ordering pattern has also
improved to a peak position ratio of 1:2 for both MA4SEBS-
MT4 and AA6SEBS-MT4 nanocomposites. Superlative interac-
tion of MT clay with these polar-grafted SEBS matrices as
discussed in our earlier paper explains the results.''~' Interfacial
tension calculated by the same authors has much lower values
(0.03 to 0.6 mJ m~?) for polar-grafted SEBS-MT4 nanocom-
posites compared to neat SEBS-MT4 composite (1.46 mJ m™2),
which explains the easier formation of nanocomposites with MT
clays in the former case.

No or very little second peak is seen in Figure 2a due to
disturbed phase-separated morphology in the case of the
modified SEBS, i.e., MA4SEBS, AA6SEBS, and S6SEBS. This
is the reason for getting diffused and oriented 2-D SAXS
patterns (Figure 2b) for the modified SEBS systems. Now, the
second ordering peak gets regenerated (denoted by open symbols
in Figure 2b) on incorporation of 4 wt % of MT nanoclay to
these polar-modified SEBS matrices in the resulting nanocom-
posites, which is also indicated by 2-D SAXS circular patterns
for these modified SEBS-MT4 clay nanocomposites. This
interesting finding can be observed mainly due to nucleating
effect of fine clay layers with a large number of interacting
hydroxyl groups in the matrices.

The calculated enlarged corresponding length due to impreg-
nation of MT clay to MA4SEBS matrix has clear effect on order
and microphase-separated morphology. Physical properties and
wide-angle X-ray diffraction and TEM morphology studies in
our earlier publications''~"? reveal that fine clay layers are fully
distributed in MA4SEBS and AA6SEBS matrices in the
resulting nanocomposites. Because of the fine lamina of
nanoclay layers interacting well with the matrix and acting as
nucleating agent, the ordering might have improved for
MAA4SEBS and AAG6SEBS. On sulfonation, the microphase
separated morphology gets a distorted form (Figure 2a) in
S6SEBS. Addition of MT clay seems to have very little effect
on the ordering profile of S6SEBS excepting increasing the order
intensity, but the 2-D SAXS pattern suggests regeneration of
order structure observed with 4 wt % of MT clay in the
nanocomposite.

DSC for T, Shift. DSC scans of various SEBS samples are
shown in Figure 3a,b.

Rubbery block (PEB) T, at =57 °C for neat SEBS has been
shifted to —54 and —53 °C for SEBS-OMT2 and SEBS-OMT4
nanocomposites, respectively, inferring positive interaction
between clay and SEBS. This positive shift remains unchanged
on further loading of organically modified nanoclay (OMT 6—8
pbw), as the strength of interaction between OMT and SEBS
should be characteristics of surface chemistry of OMT and SEBS
or on addition of unmodified nanoclay (MT 4 pbw), indicating
insignificant interaction. The same trend is observed in the case
of plastic (PS) T, of SEBS with 2—4 pbw OMT-loaded samples
showing maximum shift in 7 (from 70 °C for neat SEBS to 77
and 80 °C for SEBS-OMT2 and SEBS-OMT4 nanocomposites,
respectively) as shown in thermograms in Figure 3a. MT4-based
nanocomposites of AA6SEBS and MA4SEBS register similar
positive shift of ~2—3 °C from their precursor modified SEBS,
respectively. T, for the rubbery PEB segment does not change
at all on sulfonating SEBS, while tan 0 maxima of PS moiety
lowers down and shifts toward positive temperature (72 °C),
indicating clear proof that sulfonation reaction has taken place
in the styrene moiety only (Figure 3b). In the case of MT4 clay
modified SSEBS sample, the 7, for PS further gets shifted to
77 °C, showing considerable interaction between MT clay layers
with S-SEBS matrix.

MDSC for Different SEBS Samples. In order to further
study these effects of clay loading and modification on SEBS,
modulated DSC was carried out. Our work claims to be the
first study on SEBS and modified SEBS clay based nanocom-
posites employing MDSC. In this temperature-modulated DSC,
the signals have been divided into two parts: (i) signal dependent
on the rate of temperature change connected mainly with the
heat capacity of the sample and (ii) signal dependent on the
absolute value of temperature connected mainly with the kinetics
of physical and chemical transformations as per eq 3.

Total heat flow MDSC traces of representative SEBS,
MAGSEBS, and SEBS-OMT samples, as shown in Figure 4a,
demonstrate two Tys for two blocks (rubbery PEB and plastic
PS) present in neat, polar-modified and nanocomposite samples
(like DSC traces in Figure 3a,b). Apart from two glass transitions
for rubbery PEB and plastics PS blocks, one transition near 20
°C occurs (evident in all DSC thermograms in Figure 3a,b and
MDSC full scan in Figure 4a) due to the melting of the ordered
—(CH,—CHy), in the poly(ethylene-co-1-butene) block (PEB)
in SEBS, modified SEBS, and their clay-based nanocomposites.
Slight shift is observed in clay-based nanocomposites and also
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in chemically modified SEBS and their nanocomposites (Figure
3a,b and Figure 4a).

These MDSC traces also indicate advent of two endothermic
humps at ~70 °C and ~150 °C. So, a thorough study by
nonreversible MDSC heat flow was carried out on the said range
of temperatures (from 50 to 240 °C, indicated by the box in
Figure 4a) to investigate further into the behavior of these two
humps on clay loading and modification and subsequent
nanocomposite preparation (Figure 4b,c). After the T, of PS
moiety of SEBS at ~69 °C, segmental motion gives rise to an
extra endothermic hump at relatively lower temperature (we
have termed it as lower temperature hump, LTH). This hump

originates due to nonreversible relaxation by partial chain
movement. The enthalpy relaxation of PS blocks of SEBS is
induced by the framework movement of the side benzene ring
and the initiation of softening of the PS phase at this temper-
ature. Now the hump area is increased on increasing the clay
or changing the type of clay or modifying the SEBS matrix
itself (Figure 4b,c). As the organic surfactant content is very
low (clay dose itself is only 2—8 wt %), we can assume that
the surfactant plays insignificant role compared to the main
SEBS matrix behavior. Another hump originates mostly due to
clay—polymer interaction and also for polar-modified samples
due to entire movement of PS moiety in the microstructure at
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Figure 6. Tapping mode AFM phase images of (a) lamellar spaghetti-like morphology for neat SEBS, (b) oriented morphology of MA4SEBS, (c)
lamellar with spherical PEB patchy domains morphology of AA6SEBS, (d) distorted (from lamellar) with near spherical morphology of S6SEBS
(all insets show corresponding 2-D FFT). Bright-field TEM morphology of (e) neat SEBS (stained), (f) agglomerated SEBS-MT4 (stained), (g)
exfoliated SEBS-OMT?2, (h) intercalated—exfoliated SEMS-OMTH4, (i) thick stacks of SEBS-OMTS, (j) near—exfoliated MASEBS-MT4, (k) exfoliated
SSEBS-MT4, and (1) AAGSEBS-MT4 nanocomposites after selective staining.

~130—150 °C (higher temperature hump, HTH). This corre-
sponds to the entirely viscous flow temperature of the chains
of the PS phase. This is also corroborated from the SAXS studies
at high temperature, as discussed later. This type of specific
transition has been reported by other workers too in block
copolymers.'3'7-1921 T, shift as well as area change in these
humps can be correlated to interaction of clay platelets with
SEBS chains. These nonreversible MDSC thermograms for
representative chemically modified SEBS-MT4 nanocomposites
(Figure 4c) show much change in irreversible heat flow involved
due to interaction between clay and polymer chains.

On adding OMT nanoclay, this hump area (LTH) increases
due to irreversible enthalpy relaxation near T, of PS of SEBS
(Figure 4d). Positive shifts of 4—8 °C are also observed on OMT
clay filled nanocomposites with a maximum hump area change
for SEBS-OMT4 nanocomposite (Figure 4b,d) suggesting
maximum interaction and dispersion in this system as cor-
roborated from our SAXS studies. A minimum area change for
SEBS-MT4 tally with SAXS results in the previous section.
The peak areas have increased much with 2—4 pbw clay
loadings. The area gets reduced for 6—8 pbw OMT and 4 pbw

of MT loaded nanocomposites from neat SEBS. The above
results suggest more unrecoverable energy involved due to
interaction of clay and SEBS chains during chain relaxations.

The transition in the form of endothermic hump at ~150 °C
(HTH) arises due to entire movement of PS moiety in SEBS,
SEBS-clay and modified SEBSs, as evident from Figure 4a,c.
Similar to LTH, the change in area of hump is associated with
positive temperature shift. This corroborates nanoscale interac-
tion between nanoclays and the nanodimensioned modified
SEBS domains (Figure 4b,d).

At first sight, it was thought that this peak at ~150 °C arises
due to order—order transition. There are a few reports on
order—order transition for SEBS in the literature.'®-*** In order
to verify if order—order transition really occurs in our systems,
we carried out high-temperature SAXS for neat SEBS and its
nanocomposite (SEBS-OMT4). Almost no change is observed
from the SAXS profiles at 150 °C, for both neat SEBS and its
nanocomposite (Figure 5a,b). Hence, this transition corresponds
to the entirely viscous flow of the fundamental chains of the
PS phase.
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With polar-modified SEBS matrices, lesser LTH area is
observed for AA6SEBS and MA4SEBS mostly due to the
change in chemical structure of the polymer matrix itself. For,
S6SEBS, the LTH is obtained at 102 °C due to change of its
microstructure. On incorporation of MT nanoclay, LTH comes
to the relatively original position of previously ascribed for
phase-separated ordering (~85 °C) which can be correlated to
increment in SAXS intensity with regeneration of 2-D SAXS
pattern for the said MT-based nanocomposite (Figure 4c). The
exfoliation mechanism of clay platelets has been explained in
terms of thermodynamic parameters presented elsewhere.'? It
has been shown that interfacial tension of these modified SEBS-
MT4 nanocomposites has lower value compared to neat SEBS-
MT4 nanocomposite, indicating easier nanocomposite syntheses
for the former. These indicate more interaction between fine
clay layers and modified SEBS chains leading to restriction in
chain movement and thereby reducing the irreversible heat flow.
Now, the HTH hump area is increased and position gets shifted
to 170 °C for MASEBS-MT4 due to interaction between SEBS
and polar MT clay layers. The similar trend is followed in
AA6SEBS-MT4 and S6SEBS-MT4 also.

Morphological Proof by AFM and TEM. In order to
correlate the microstructure evaluated by SAXS studies, the neat
and hybrid block copolymeric SEBS nanocomposites have also
been examined by atomic force microscopy (AFM) and
transmission electron microscopy (TEM). As these samples are
made from nonselective solvent (toluene) cast process, lamellar
architecture is formed as shown by periodicities of the archi-
tecture of SEBS from 2-dimensional power spectrum (2-D FFT
as inset with each AFM phase image). Microphase-separated
lamellar morphology driven by chemical incompatibility be-
tween the constituting blocks of neat SEBS as revealed from
AFM (Figure 6a) and bright field TEM microphotographs
(Figure 6e) are observed to change on chemical modification
with structural irregularities in the case of MA4SEBS, AAG6SEBS,
and S6SEBS (Figure 6b—d). The corresponding 2-D FFTs
(insets of Figure 6a—d) of the entire image depict deviations
from regular ordered lamellar morphology for these different
modified SEBS systems. It clearly shows that lamellar morphol-
ogy of neat SEBS changes to oriented one for MA4SEBS,
lamellar, with spherical PEB patchy domain one for AAGSEBS
and distorted morphology for S6SEBS which have full agree-
ment with our SAXS studies. Impregnation of the unmodified
nanoclay, MT, into neat SEBS (having proper lamellar mor-
phology as seen through TEM image in Figure 6e), form
agglomerated thick stacks (20—50 nm thick) of clay layers
(Figure 6f) due to low interaction between the two. When the
organoclay (OMT) is impregnated, fine exfoliated clay layers
and intercalated—exfoliated layers are observed from TEM
picture in Figure 6g,h for SEBS-OMT2 and SEBS-OMT4,
respectively. This is mainly due to more interaction of SEBS
with OMT nanoclay at low loading corroborating our SAXS
studies on these systems. Generation of thicker stacked layers
of the same OMT nanoclay can be observed in the case of
SEBS-OMTS (Figure 6i) due to higher loading of clay spoiling
the intercalated—exfoliated morphology. With the MT nanoclay,
polar-modified MA4SEBS and S6SEBS show interacted hybrid
nanocomposite having fine dispersed clay layers as shown in
Figure 6, j and k, respectively. TEM image of AA6SEBS-MT4
nanocomposite (Figure 6l) indicates that MT nanoclays are
dispersed well with lamellar microphase separated morphology
which is regained on addition of the MT nanoclay.

Conclusions

The quantification and correlation drawn on the effect of
nanoclay platelets in the lamella orders in the nanocomposites
of SEBS and polar-modified SEBSs by using SAXS, DSC, and
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modulated DSC (MDSC) studies with morphological evidence
from atomic force microscopy (AFM) and transmission electron
microscopy (TEM) have been reported in this paper. SAXS
studies show that, on loading of nanoclay, the corresponding
lamellar order lengths (from first and second peaks) increased
from that of the neat SEBS polymer, suggesting interaction in
these hybrid systems. Two and 4 pbw organoclay (OMT)
demonstrate maximum interaction and dispersion, while higher
loadings (ca. 8 pbw) impart disturbance in ordering period in
the matrix due to presence of thick stacks. Polar-modified SEBS
samples show deviation of corresponding ordering lengths and
nature, while their unmodified MT nanoclay-based nanocom-
posite exhibit structural regeneration of ordering pattern and
morphology due to nucleating effect of added nanoclay. Shift
in Tys determined from DSC for nanoclay-loaded SEBS and
modified SEBS samples has agreement with SAXS studies. The
low-temperature endothermic hump near 70 °C is generated due
to enthalpy relaxation of PS blocks, which is induced by the
partial movement of the side benzene ring and the initiation of
softening of the PS phase, whereas the high-temperature hump
at ~150 °C is the result of the initiation of entire chains’
movement of the PS phase. In the resulting nanocomposites,
change in area of these endothermic transitions with nanoclay
loading is evident with maximum interaction being predicted
in the case of 4 pbw. Neat SEBS registers best interaction and
dispersion with 2—4 pbw OMT in the nanocomposites, while
polar-modified SEBSs show the same with hydrophilic MT clay
at 4 pbw loading. Investigation by AFM and TEM provides
proofs of morphology generated on nanoclay loading and shift
in morphology on chemical modification and subsequent nano-
composite preparation.
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