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a b s t r a c t

SEBS block copolymers were treated under mild conditions in an ozone atmosphere, producing very
slightly chemically-modified surfaces. The thermal stability was analysed by chemiluminescence and
related to morphological changes observed by AFM. The intrinsic thermal stability was diminished by
ozone exposure, but the oxidation induction times were delayed which indicates an enhancement of
thermal stability under oxidative conditions. Also, chemiluminescence analysis showed the presence of
a typical orderedisorder transition at temperatures around 120 �C. Two different sets of samples which
showed different morphological patterns were imaged by AFM. The effects of micro-domain separation
and inter-domain structure on thermal properties are discussed and explained by a coarsening of the
internal interface induced by ozone. A detailed 2D Fourier transformed analysis of AFM images allowed
us to identify a regular wrinkled nano-pattern induced by uniaxial strain combined with ozone treat-
ment, offering new opportunities in applications ranging from organic electronics to bio-patterning.

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

Styrenic block copolymers SEBS are triblock copolymers where
polystyrene is the end segment and the elastomer segment is based
on poly(ethylene-butylene). These different segments are incom-
patible whereas chemical connectivity between the blocks prevents
macroscopic phase separation. As a result of this competing trend,
SEBS forms a two-phase separated system and self-organizes into
complex structures like lamellar, cylindrical, hexagonal-packed
cylinder, body-centered cubic sphere phases, etc. [1,2]. If the elas-
tomer is the main constituent, polystyrene forms separated domains
dispersed in the elastomerphase. Thesematerials aremembers of the
family of thermoplastic elastomers. Their excellent thermo-
mechanical properties are associatedwithmultiphasemorphologyof
polystyrene micro-domains dispersed in a rubbery matrix. They
exhibit many of the physical properties of rubbers, such as softness,
flexibility and resilience and due to the presence of the hard styrenic
segment which are not covalently crosslinking points between
macromolecular chains, mechanical properties can be clearly
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improved, allowing the use of conventional techniques for thermo-
plastic processing. These thermoplastic elastomers are impressive
engineering materials; current research seeks ways to enhance their
modulus and toughness while maintaining ease of processing. In
addition to these advantages, the resistance to oxygen and ozone
attack is drastically enhanced as a result of hydrogenation of the
olefinic double bonds, respect to the corresponding SBS materials.

Although there are a wide number of publications reporting
degradation studies on styrenic block copolymers, the analysis of
ozone attack has been only the topic of few contributions. The
mechanism of ozone attack on SEBS copolymers has been studied
by Allen and compared to that of thermal oxidation [3,4]. Ozone
may react with the remaining olefinic double bonds although the
degree of hydrogenation in the industrial production is claimed to
be almost quantitative. The mechanism of degradation by ozone
has been difficult to elucidate due to the lack of sensitive analytical
tools for quantitative determination of double bonds present in the
copolymers. Recently it has been reported that high absorption
coefficients of ozone in the region of 254 nm (1830 cm2 mol�1)
allow one to measure rather small amounts of C]C bonds on the
order of 10�9 absolute moles that can as yet hardly be determined
by other methods [5].

Moreover, ozone treatment of polymers has been used as
a useful method of creating reactive hydroperoxide groups that

mailto:cpeinado@ictp.csic.es
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab


Table 1
Concentration of antioxidants, tris (2, 4-di-t-butylphenyl) phosphite (AO-1) and the
sterically-hindered phenol 3,30 ,30 ,5,50 ,50-hexa-tert-butyl-a,a0 ,a0-(mesitylene-2,4,6-
triyl)tri-p-cresol (AO-2), in the SEBS block copolymer samples.

Sample AO-1 (%w) AO-2 (%w)

SEBS-1 0.17 0.08
SEBS-2 0.25 0.11
SEBS-3 0.26 0.12
SEBS-4 0.35 0.10
SEBS-5 0.52 0.14
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allows further chemical modification [6]. This procedure opens new
channels to obtain interesting new building bricks in block copol-
ymers that heretofore has not been studied exhaustively but which
holds great promise for self-assembly.

Chemiluminescence analysis has become in a attractive way to
study different processes in polymers [7,8], in particular, the high
sensitivity of this technique has been found very useful for studying
crosslinking [9] and oxidation from the very early-stage of the
process. The CL signal measured in nitrogen reflects the concen-
tration of peroxide groups in the polymer [10]. Though a complete
understanding of the CL phenomenon in polymers is not yet
available and an effort to describe the process represents a chal-
lenge for those who want to predict the remaining service life of
polymer materials, such a technique may provide useful informa-
tion on the extent of polymer stabilization, on initial molar mass
effects and even on rate constants of individual reactions in the
course of polymer degradation [11,12]. Thereby, it seems very
promising to study modification induced by ozone in polymers.
From the best of our knowledge chemiluminescence analysis has
not been used with this purpose up to now.

Here, we explore the effects of ozone exposure under mild
conditions together with a stretching field on the thermal and
morphological behaviour of a series of SEBS block copolymers. The
degree of phase separation is not only a function of system ther-
modynamics, but also may depend on kinetics as well as thermo-
mechanical history. Thermal stability of ozone-treated samples was
related to their phase behaviour imaged by AFM.

2. Experimental

2.1. Materials and sample preparation

Samples of poly(styrene-b-ethylene-co-butylene-b-styrene)
triblock copolymers SEBS were synthesized by sequential living
Fig. 1. CL emission intensity as a function of temperature during heating (2�/min) under nit
during different times.
anionic polymerization of styrene and butadiene, using alkyl
lithium as initiator. Then, metallocene-catalyzed hydrogenation
was carried out. The prepared copolymers contain 30% weight of
styrene and were kindly provided by Repsol. Two commercially
available antioxidants, tris (2, 4-di-t-butylphenyl) phosphite (AO-1)
and the sterically-hindered phenol 3,30,30,5,50,50-hexa-tert-butyl-a,
a’,a’-(mesitylene-2,4,6-triyl)tri-p-cresol (AO-2), were added in
different concentrations. Polymer sheets were prepared by rolling
at 180 �C and pressing at 205 �C.

Antioxidant concentrations were determined by HPLC analysis
after solvent extraction at 40 �C before and after processing the
polymer sheets. The characteristics of the samples are shown in
Table 1.

2.2. Ozone treatment

Samples were maintained in an ozone chamber under 40 ppcm
and 40 �C at different times. Stretched samples were prepared
under constant uniaxial tension strain (initial elongation ¼ 20%)
during 72 h. Specimen dimensions were 4 � 14 � 3 mm3.

2.3. Chemiluminescence analysis

Chemiluminescence was measured using a CL400 ChemiLume
Analyzer from Atlas Electric Device Co. The SEBS films were held in
a small aluminium pan (20 mm diameter) in the sample cell under
a continuous flow of dry nitrogen or oxygen (60 ml/min). The cell is
temperature-controlled and was heated up to 185 �C, at a heating
rate of 2�/min, for isothermal experiments. During dynamic
experiments, a heating rate of 2�/min was used. In order to ensure
reproducibility of CL signals the dimensions of the specimens were
kept constant: discs of 3 mm of thickness and 6 mm of diameter for
experiments under oxygen atmosphere or 8 mm of diameter under
nitrogen. The films were covered by a lens focussing the emitted
light from the sample to the water-cooled photon counting pho-
tomultiplier, which was previously calibrated using a radioactive
standard provided by Atlas. The light emitted was measured as
a function of time as the sample was heated isothermally or as
a function of temperature for dynamic experiments.

2.4. Thermal analysis

Thermogravimetry (TGA) measurements were performed in
a PerkineElmer thermobalance, model TGA 7. Measurements were
carried out using 5 mg of sample and heated at a rate of 10 �C per
rogen atmosphere for (a) SEBS copolymers and (b) films under strain (20% elongation)



Fig. 2. CL emission intensity as a function of temperature during heating (2�/min)
under nitrogen atmosphere of stretched SEBS-2 samples pre-treated for different times
in ozone atmosphere (40 ppcm) at 40 �C.

Fig. 4. CL emission intensity as a function of time during heating at 185 �C under
oxygen atmosphere for non-stretched SEBS-1 exposed to ozone treatment. An
amplification of the first period of the curve is shown in the inset.
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minute under nitrogen atmosphere. The onset degradation
temperature was defined as the initial temperature of degradation,
corresponding to the intersection of tangent drawn at the inter-
section point of decomposition stepwith the horizontal zero-line of
the TG curve.
2.5. Surface characterization using contact angle and AFM

The contact angle on the surfaces was measured at room
temperature by the “sessile drop”method using water as the probe
fluid and a CAM200 KSV tensiometer. Sessile drop contact angle
measurements were performed dynamically, by using a motor-
driven syringe to pump liquid steadily into the sessile drop from
below surface [13]. In actual experiments, an initial liquid drop of
about 0.3 cm radius was carefully deposited on the surface to
ensure that the drop will increase axisymmetrically in the centre of
the image field. In this way advancing contact angles, qA, were
determined of the SEBS surfaces subjected to several ozone treat-
ments. However, if the solid surface is not very smooth, irregular or
inconsistent contact angle values will be dependent on drop posi-
tion in the sample. Therefore, receding contact angles, qR, were also
Fig. 3. Activation energy as a function of amount of antioxidant AO-1 (5% w) loaded in the
samples and (b) non-stretched samples. Lines are drawn only for guidance of eyes.
determined using the embedded syringe tip method as described
above by removing water from the drop.

Tapping-mode atomic force microscopy (TM-AFM) measure-
ments were conducted in air with a Nanoscope IV system (Digital
Instruments) with a triangular micro-fabricated cantilever with
a length of 115e135 mm, 1e10 Ohm-cm phosphorous (n) doped Si
pyramidal tip, and a nominal spring constant of 20e80 Nm�1. A
resonance frequency of the cantilever typically at 275 KHz was
chosen for the tapping mode oscillation. Moderate tapping forces
were used by setting the set-point ratio between 0.6 and 0.7. The
AFM images were obtained with a maximum scan range of
20 � 20 mm2. Root-mean-square (rms) roughness measurements
were determined using standard Digital Instruments software.
3. Results and discussion

The effect of ozone on the surface of SEBS copolymers was
analyzed by AFM and their thermal stability was studied by TGA
and monitoring chemiluminescence emission after different
periods of ozone treatment. The thermograms of all the samples
overlapped independently of the time of ozone treatment. The
onset temperature of decomposition of these materials lies
SEBS copolymer films exposed to different periods of ozone treatment. (a) Stretched



Table 2
Oxidation induction times (determined by isothermal analysis of chem-
iluminescence emission under oxygen at 185 �C) of SEBS samples exposed to ozone
(40 �C, 40 ppcm during different time intervals).

Sample Time under
O3 (h)

OITnon-stretched
(min)

OITstretched
(min)

SEBS-1 0 410 e

1 515 620
2 560 635
4 470 835

SEBS-2 0 580 e

1 705 610
2 870 660
4 680 670

SEBS-3 0 480 -
1 870 590
2 705 790
4 735 670

SEBS-4 0 665 e

1 1035 965
2 1130 990
4 875 900

SEBS-5 0 910 e

1 1327 1240
2 1555 1290
4 1530 1385
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between 420 and 425 �C and total decomposition is reached at
470e475 �C. Thus, the sensitivity of TGA was not accurate enough
for detecting changes induced on SEBS by ozone exposure, at least,
under the mild conditions used here.

3.1. Chemiluminescence analysis under nitrogen

The dynamic chemiluminescence analysis was carried out under
nitrogen heating from 30 to 250 �C (heating rate ¼ 2�/min). The
chemiluminescence intensity increases during heating of the
samples under nitrogen atmosphere, as it can be seen in Fig. 1(a).
The intensity of the CL emission increases above 100 �C, next to the
glass transition temperature of polystyrene domains, and at lower
temperatures for SEBS-1 which contained the lowest amount of
stabilizers. It was observed the formation of an earlier peak
(shoulder) of chemiluminescence at temperatures between 120 and
160 �C for the samples SEBS-4 and SEBS-5 (which contain the highest
amount of antioxidants). This peak appeared when the temperature
of the films reached a temperature close to the temperature of the
orderedisorder transition measured for a similar triblock copolymer
[14]. The onset of the transition was detected between 120 and
130 �C. Therefore, the peak emission at this temperature range was
related to the rearrangement of micro-domains in these block
Fig. 5. Comparison of the plots of OIT as a function of content of AO-1 antioxidant for (a
copolymers that led to a higher mobility favouring radical recombi-
nation in the elastomeric fragments, responsible of chem-
iluminescence. To confirm this hypothesis samples were
unidirectionally stretched and the appearance of a CL peak depend-
ing on the period under strain is shown in Fig. 1(b). The orderedis-
order transitionwas induced in the stretched samples which did not
show the corresponding peak previous to the strain field. Such
polymers, where the glassy end blocks are the minority component,
will often recover completely from modest strains (<50%).

Fig. 2 shows the chemiluminescence intensity as a function of
temperature of sample SEBS-2 pre-treated in ozone atmosphere
(40 ppcm) at 40 �C during different times. This behaviour was also
plotted for samples under strained conditions (20% of elongation)
and using as a reference the CL emission from the non-treated
sample.

The series of samples studied showed similar results. The
chemiluminescence intensity increases as the time of ozone pre-
treatment for both stretched samples and non-stretched ones does,
with the exception of the stretched sample after 4 h of ozone
treatment. This is in accordance with a general higher degree of
degradation of SEBS materials by ozone attack whilst after 4 h the
formation of aggregates in the surface may contribute to a decrease
of chemiluminescence intensity, explained later. Ozone treatment
causes the introduction of oxygen-containing groups such as C]O,
CeO and C(]O)O, as confirmed by XPS and ATR-FTIR, leading to
thermally labile copolymers. As stretched samples were main-
tained for longer periods in the ozone chamber a decrease of the
intensity of the earliest CL peak was detected. This feature is
explained as a consequence of the rearrangement in the material.
SEBS block copolymers separate on a microscopic scale forming
styrene- and elastomer-rich domains separated by an extensive
amount of internal interface. A mismatch in entropic stretching
energy of these blocks gives rise to the spontaneous curvature of
the internal interface which affects the geometries of the domains.
In an earlier study we suggested that the ozone attack initiates on
the phase boundaries [15]. This feature may decrease the quantity
that controls the degree of segregation governed by the product,
cN, where c is the FloryeHuggins parameter and N the number of
segments per chain, and lead to a change from strong segregation
regime (i.e., cN > 10) [16] as expected for these block copolymers
towards a weak segregation regime (i.e., cN w 10). This crossover
is induced by the coarsening of the internal interface. This
hypothesis is related to the changes of the geometries of the micro-
domains observed by AFM in the next section.

The values of the activation energies were obtained from the
slope of the corresponding Arrhenius’ plots in the lowest temper-
ature range of CL emission. Fig. 3 shows the plots of activation
energy versus antioxidant concentration for (a) stretched samples
and (b) non-stretched samples.
) non-stretched and (b) stretched samples after different times of ozone treatment.



Fig. 6. AFM images of non-stretched SEBS-5 (a), after 2 h of ozone treatment (b) and after 4 h of ozone treatment (c and d). Left: AFM height images, middle: AFM phase images and
right: AFM amplitude images. The size of images are: (a) 3 � 3 mm2, (b) 1 � 1 mm2, (c) 1 � 1 mm2, (d) 10 � 10 mm2.
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The values of activation energy were lower for stretched
samples than those for the non-stretched samples. This featuremay
indicate that the induced order caused by the applied strain favours
degradation of these copolymers. This hypothesis is based on the
coarsening of the internal interface in agreement with the model
we propose here for the effects caused by ozone exposure on SEBS
block copolymers.

In general, a good correlation between the activation energy and
the antioxidant concentration was found, the dependence is more
pronounced for the stretched samples than that for non-stretched
ones. The activation energy increases with the content of process-
ing antioxidant AO-1. The antioxidant prevents further degradation
and, consequently the highest activation energies were found for
the sample SEBS-5. This stabilizer mainly acts as a secondary
antioxidant peroxide decomposer, giving rise to stable products.
Furthermore, we have previously reported on the activity of this
stabilizer as a radical chain breaking antioxidant in these copoly-
mers [13]. Ozone treatment causes a decrease of the activation
energy for thermal degradation. An anomalous behaviour was
observed for the stretched samples when the ozone treatment was
carried out over a period of 1 h; it seems that it is a short period to
reach a stationary regime under the experimental conditions for
ozonolysis.

3.2. Chemiluminescence analysis under oxygen

The chemiluminescence emission of the SEBS sheets showed
two peaks under oxygen at 185 �C. As a model emission from non-
stretched SEBS-1 is shown in Fig. 4. The first peak appears in the
first minutes of heating and corresponds to the decomposition of
the intrinsic radicals (inset of Fig. 4). The intensity of CL emission
increases as the period of ozone treatment. As a consequence of the
ozone exposure, modification of SEBS copolymers progressed and
the oxidation induction time (OIT) is delayed for the ozone-treated
samples whereas an increase of chemiluminescence emission area
Fig. 7. AFM images of non-stretched SEBS-1 (a), after 2 h of ozone treatment (b) and after 4
The size of images are: (a) 2 � 2 mm2, (b) 3 � 3 mm2, (c) 1 � 1 mm2, (d) 3 � 3 mm2.
was detected. It is proposed that ozone exposure causes, mainly,
degradation of the elastomeric fragments at 40 �C, well-below glass
transition temperature of polystyrene domains. Moreover, the
antioxidant AO-1 may be located in polystyrene domains due to its
aromatic nature. The degradation of the r-EB block may induce
certain migration of the antioxidant to the interface giving rise to
an increase of the OIT. Larger OIT after ozone treatment are also in
accordance with the coarsening of the internal interface.

Table 2 compiles the OIT determined by isothermal analysis of
chemiluminescence emission under oxygen at 185 �C of SEBS
samples, stretched and non-stretched, exposed to ozone (40 �C,
40 ppcm during different time intervals). The OIT increases with
the time of ozone exposure for stretched and non-stretched
samples. In general, the values of OIT for the stretched samples are
lower than those of non-stretched ones after ozone treatment
although stretched SEBS-1 showed higher OIT than that of non-
stretched samples due to the lowest amount of stabilizer. This
behaviour indicates that the applied longitudinal strain also plays
a role in the location of the stabilizer between the elastomeric,
thermoplastic micro-domains and interface.

Fig. 5(a) and (b) compare the plots of OIT as a function of content
of antioxidant AO-1 for non-stretched and stretched samples,
respectively. The OITs before ozone treatment correlate well with
the antioxidant concentration and increase with AO-1 content.
After different periods of exposure under ozone atmosphere OIT
increases and a good correlation with the AO-1 content is main-
tained. The highest differences between OIT before and after ozone
treatment were observed for the sample SEBS-5 that contains the
highest amount of antioxidant. This is in accordance with our
proposal considering a possible migration of the antioxidant
towards the internal interface as a result of elastomeric phase
modification due to ozone degradation. It is worth recalling that
OITs depend on both AO-1 content and ozone exposure time for
non-stretched SEBS sheets while OITs only depend on AO-1 content
for stretched samples.
h of ozone treatment (c and d). Left: AFM height images and right: AFM phase images.
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Moreover, it is desirable to assess the sensitivity of the copol-
ymer morphologies to ozone treatment, since this family of triblock
copolymers with immiscible blocks gives rise to micro-phase
separated patterns and thermal stability seems to be affected by
rearrangement of micro-domains during ozone exposure.
Fig. 8. AFM images of stretched SEBS-5 after 2 h of ozone treatment (a and b) and after 4 h
right: AFM amplitude images. The size of images are: (a) 30 � 30 mm2, (b) 10 � 10 mm2, (c
3.3. Morphology of SEBS surface studied by AFM

Tapping-mode atomic force microscopy (TM-AFM) has been
used to study soft block copolymers, among them SEBS [17].
Moderate tapping condition, large free oscillation amplitude
of ozone treatment (c and d). Left: AFM height images, middle: AFM phase images and
) 10 � 10 mm2, (d) 1 � 1 mm2.
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and low frequency were selected to avoid contrast-reversal
artefacts [18].

Two sets of SEBS samples with different morphology were
chosen for AFM study on the effects of ozone treatment. The degree
of phase separation is not only a function of system thermody-
namics, but also may depend on kinetics parameters. Furthermore,
this feature leads to a dependence of material response on thermal
and mechanical history of the sample.

TM-AFM images of SEBS are displayed in Figs. 6e9. According to
other authors [19], the brighter areas in phase image correspond to
the hard polystyrene domains when the interaction between tip and
sample is dominated by repulsive force [20]. Thus, the dark domains
were assigned to the poly(ethylene-r-butylene) block. The phase
images of SEBS-5 exhibits reasonably well-defined, microphase-
separated structural elements (Fig. 6(a)). The intrinsic morphology of
SEBS-5 consists of a highly defective layered morphology which
extends on longer-range (image size, 10 � 10 mm2, not shown). The
phase imaging provides good contrast between the phase-separated
PS and PEB regions, primarily because of the large compliance
difference between the twomaterials. The size, dispersity, shape, and
spacing of the bright domains vary within the sample.

As it is evident from the images provided in Fig. 6(bed) a clear
change in the appearance of the micro-domains was observed after
ozone treatment. In the case of SEBS-5, the exposure to ozone
causes a destruction of the alternating lamellae morphology and
the appearance of semicrystalline domains, located by arrows in
Fig. 9. AFM images of stretched SEBS-1 after 2 h of ozone treatment (a) and after 4 h of oz
images are: (a) 2 � 2 mm2 and (b) 3 � 3 mm2.
the image. Close inspection of the copolymer after 4 h of ozone
treatment in Fig. 6(c), reveals more randomly oriented wormlike
structures in partial areas of the AFM phase image.

In Fig. 7 AFM images of SEBS-1 are shown. Note that this
morphology differs substantially from that of SEBS-5, highly
defective lamellar, whereas SEBS-1 showed a vermicular
morphology with some spherical-like structures. The phase image
clearly showed the microphase separation typical for ABA triblock
copolymers with immiscible blocks. The PS micro-domains have
shapes of spheres and cylinders distributed in the PEB matrix. On
the other hand, the copolymer SEBS-1 showed cylindrical struc-
tures that appeared to be connected, forming a more complex
branchedmorphology after 2 h of ozone exposure and the signals of
ozone degradation were more evident after 4 h. No long-range
order was, however, discernible. The phase contrast increased with
increasing exposure time and showed a new third phase which was
attributed to oxidized PEB domains, because ozone caused chem-
ical modification in PEB, and thus, the compliance of the PEB region
may change. This interface seems to be particularly sensible to
ozone attack leading to the formation of nano-holes as seen in
height AFM image in Fig. 7(b) and c. It is note recalling the differ-
ences on morphology changes after ozone treatment between both
samples whichmay explain the larger activation energy barrier and
OITs for SEBS-5 compared to those for SEBS-1.

The aggregation patterning of SEBS-5 (semicrystalline regions)
and SEBS-1 (multi-scale aggregates assembling into multi-patterned
one treatment (b). Left: AFM height images and right: AFM phase images. The size of



Table 3
Roughness values of SEBS samples, stretched and not stretched, exposed to ozone
(40 �C, 40 ppcm during different time intervals).

Time under
O3 (h)

SEBS-1 no-st SEBS-1 st SEBS-5 no-st SEBS-5- st

rq ra rmax rq ra rmax rq ra rmax rq ra rmax

0 61 40 443 e e e 10 8 102 e e e

2 11 7 251 52 32 422 24 18 198 28 23 198
4 15 10 173 14 10 120 94 69 537 193 151 1096

r: roughness in nm (from AFM height image).
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clusters) at the surface of the solid substrates after ozone was
completely different. Combining two or more self-organizing
mechanisms, such as crystallization and inter-block repulsion, into
a single polymer yields morphological richness [21]. In these block
copolymers it is conceivable that the micro-domain interface could
act as a locus for nucleation. In Fig. 6(d) it can be seen that crystal-
lization induces a break out of microphase segregation on SEBS-5.
The mechanism underlying the break out may involve distortion of
the micro-domain interface by the growing crystal; sufficient
distortion could allow the interfaces of neighbouringmicro-domains
to meet, permitting extended crystal growth. Polymer crystals
formed lozenge or diamond shaped thin platelets [22]. In this regard,
coexistence of microphase separation and crystallized areas were
observed after 2 h ozone treatment, while crystallized domains were
highly extended after 4 h eradicating the initial lattice present in
the raw material. In the case of SEBS-1 the merge of the domains
after ozone treatment explains the big domains found in Fig. 7(d).
The onset of the aggregation process of SEBS-1 coincides with the
moment when the thickness of the elastomeric layer becomes
smaller than polystyrene domains which is accompanied by
a coarsening of the boundary limits.

Generally, a stretching or shearing field is considered to be
important factors on final morphology of block copolymers [23].
Robertson [24] proposed a model that assumes that the shear stress
changes the rotational conformations about backbone bonds and
causes the fraction of flexed bonds with other than the preferred
conformation to increase. In this model, localized regions with an
enhanced fraction of flexed bonds behave like a liquid because of the
freer rotation of flexed bonds. Very recently, Chen and Schweizer
[25] proposed a statistical mechanical theory for stress-induced
mobility in polymer glasses. This molecular-level approach is built
upon a theory for segmental barrier hopping in polymer melts and
glasses [26]. The basic concept is that stress lowers the effective
barriers for hopping by inducing an instantaneous force on
a segment. Only recently the response of molecular motions to the
Fig. 10. 2D-FFT AFM phase images
deformation of a polymer glass has been directly investigated by
nuclear magnetic resonance [27], an optical technique [28], and
rheodielectric methods [29]. After ozone treatment the observed
morphology changed drastically for the stretched samples SEBS-5
(Fig. 8). Here, the applied strain caused a pronounced rearrangement
of micro-domains giving rise to the formation of bigger aggregates. It
is expected that the soft phase always orients more easily than the
hard phase because of its lower Young’s modulus allowing the
formation of laterally extended lamellar crystals. This is attributed to
the ductile nature of the thermoplastic and, on the other hand, to the
heterogeneous stress distribution with local stress concentration.
However, the applied strain does not cause such drastic morpho-
logical changes for SEBS-1 after ozone treatment (Fig. 9). Again, the
appearance of a third phase, which corresponds to the coarsening of
the interface, can be clearly distinguished.

The micro-roughness values of the films measured by AFM
height images within 5 � 5 mm2 are given in Table 3. After ozone
treatment the surface of the SEBS-5 became rougher while the
opposite behaviour was observed for the SEBS-1. This behaviour
corresponds to the observed morphological changes.

2D-FFT analysis (2D-Fast Fourier Transformed) was used to
study the domain orientation and structure and provide informa-
tion over “hidden” symmetry patterns of the material surfaces. Fast
Fourier transform provide a mathematical analysis of the image
that is similar to producing a diffraction pattern. From this
“diffraction pattern” information on the order in the system can be
obtained. Broad halos in FFT patterns came from unoriented poly-
mers in addition to sharp shapes due to oriented or crystalline
material. In Fig. 10(a) FFT image shows a non-well defined ellip-
soidal shape which is in accordance with a lamellar morphology for
SEBS-5 whereas more disordered morphology was observed for
SEBS-1 (Fig. 10(b)).

Fig.11 shows FFT images, for non-stretched (a and c) and stretched
(b and d) samples SEBS-5, after different periods of ozone treatment.
When the copolymers were stretched, the deformation was essen-
tially affine at small deformations. FFT images showed the presence
of a higher level of organization than the lamellar corresponding to
the presence of crystalline structures for stretched SEBS-5 in
Fig. 11(b and d). The meridional intensity increased, which can be
attributed to increasing ordering and reorientation of the micro-
domains as crystallization is induced by the stretching field. The
disordered copolymer (SEBS-1) showed no geometrical rearrange-
ment upon uniaxial strain (data not shown). It is relevant to note that
the morphology of ordered and disordered set of samples showed
different response to deformation and it was observed that ordered
films behaved as softer materials than disordered [30].
of SEBS-5 (a) and SEBS-1 (b).



Fig. 11. 2D-FFT AFM phase images of SEBS-5 after 2 h of ozone treatment, non-stretched (a) and stretched samples (b) and, after 4 h of ozone treatment, non-stretched (c) and
stretched samples (d). Images: 3 � 3 mm2. Inset window: 30 � 30 mm2.
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Two-dimensional Fourier transformationwas applied to the real
space images to obtain information about the characteristic
wavenumber, which is related to the domain spacing. Fig. 12
presents the structure factors obtained by radial average of the
2D-FFT height AFM image (referred to as power spectral density);
Fig. 12. Power spectrum (in relative units) obtained from the radial average of the 2D-
FFT topographies (based on 400 � 400 nm2 scans), represented as a function of
q ¼ 2p/L for stretched SEBS-5 after 4 h under ozone atmosphere.
these are represented as a function of q ¼ 2p/L. The AFM structure
factors shown were extracted from 400 nm2 scans for stretched
SEBS-5 after 4 h under ozone atmosphere. The periodicity of the
structure was detected in the nanometre scale and was not
observed in the rest of the samples. A regular wrinkled pattern is
produced which consists of sinusoidal waves induced by uniaxial
strain combined with ozone treatment. Micro- and nano-
patterning of these soft materials based on SEBS block copolymers
opens a wide range of applications from organic electronics [31] to
bio-patterning [32].

The contact angle of surface-modified or degraded polymers has
been proven to be function of elapsed time from modification or
degradation exposure [33]. Therefore, contact angles weremeasured
by sessile drop technique after ozone exposure, keeping the samples
at room temperature during one month. It is expected that the
hydrophilic-lipophilic balance (HLB) of the surfaces was settled
during this time by the rearrangement of macromolecular domains.

Since the chemical composition and surface energies of poly-
ethylene and polybutylene are very close [34], for their copolymer,
PEB, we can expect contact angle to be close to that of polyethylene
(99�) [35]. The values of contact angles of the non-treated samples
were lower than those reported for PS surface (90�) [36] and for
polyethyleneebutylene copolymer surface (99�). This difference
indicates that surfaces were definitively non uniform and to study
the effect of roughness advancing and receding contact angles
(qA and qR, respectively) were determined.

Table 4 compiles the values of qA and qR of surface samples
SEBS-1 and SEBS-5. The difference between advancing and receding
contact angles is termedhysteresiswhichhas remerged as a popular



Table 4
Contact angles of SEBS samples, stretched and non-stretched, exposed to ozone
(40 �C, 40 ppcm during different time intervals).

Time under
O3 (h)

SEBS-1 no-st SEBS-1 st SEBS-5 no-st SEBS-5- st

qA qR qA � qR qA qR qA � qR qA qR qA � qR qA qR qA � qR

0 61 48 13 e e e 82 51 31 e e e

2 72 56 16 73 61 12 80 54 26 79 65 14
4 79 64 15 78 68 10 94 83 11 95 84 12
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topic because of the recent interest in superhydrophobic and self-
cleaning surfaces. Advancing and receding angles increased with
time of ozone treatment independently of strainwas applied on the
samples. This indicated a decrease of hydrophilic character induced
by the rearrangement of micro-domains. It was expected that ozo-
nolysis of these elastomer thermoplastics will improve hydrophi-
licity due to the oxygen-containing polarity groups such as CeO,
CeO, and C(eO)O that were introduced onto the rPEB chains. Some
differences were observed between the two samples. Advancing
and receding contact angles of sample SEBS-1 were lower than
those of SEBS-5, indicating a lower hydrophilicity of this last
copolymer which was more resistant to ozone attack. The main
feature was the pronounced decrease of the hysteresis of SEBS-5
after ozone exposure. This sample showed the highest hysteresis at
time zero but after ozone exposure a considerable decrease of the
hysteresis value was observed; reaching that of the rest of the
samples (12� � 2�) independently of the ozone time or applied
strain. The decrease in the contact angle hysteresis was attributed to
the switching from a surface where water could penetrate between
asperities (Wenzel state) to a situationwhere thewater droplet was
partially suspended on top of the surface (CassieeBaxter state). This
hypothesis was also in accordance with an increase of micro-
roughness shown in Table 3.

4. Conclusions

Chemiluminescence analysis and morphological studies by AFM
provide evidence for surface rearrangement of separated micro-
domains after ozone treatment and, also by combining ozone attack
and an applied strain. The chemical modification of the elastomeric
block changes the strong segregation regime to a weak segregation
one as a consequence of coarsening of internal interface. This
behaviour leads to the enhancement of oxidative thermal stability
with larger OIT (oxidation induction time) after ozone treatment
under mild conditions while lower activation energies were deter-
mined for thermal degradation under nitrogen atmosphere. It is
worth noting that TGA showed the same results for all the studied
samples under nitrogen and no significant differences on thermal
behaviour were observed in the ozone-treated samples. The typical
orderedisorder transition of block copolymers was identified by
chemiluminescence for SEBS samples andwas favoured by the ozone
exposure as well as by the uniaxial strain applied on the samples.

A stretched field was applied also on the ozone-treated samples
showing a decrease of activation energy and an increase of OIT.
Thus, it has been proposed that the longitudinal strain also plays
a role in the location of the stabilizer between the elastomeric and
thermoplastic micro-domains and the interface.

By combination of two self-assembling driven forces, such as
micro-domain segregation in the SEBS block copolymers and ozone
induced crystallization, more complex morphologies were
observed. Prolonged times of ozone exposure lead to a break out of
micro-domain segregation induced by crystallization which may
explain higher oxidative thermal stability.

Our results show that the thermal and structural phase behav-
iour of modified triblock copolymers SEBS is a function of both the
directionality and strength of the interactions (immiscibility)
between elastomeric, thermoplastic andmodified phases and these
interactions can be tuned by ozone treatment.
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