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Abstract

The dielectric properties of hanocomposites of giyheneb-poly(ethyleneco-butylene)b-polystyrene
(SEBS) triblock copolymers containing organicallydified clay nanoparticles featuring controlled
spatial orientation at the nanoscale: isotropidallyp oriented and partially oriented, have been
investigated and correlated with the nanocompasitephologies. A slow dielectric relaxation process
attributed to elastomer chains with reduced magbiibnfined at nanoparticle/polymer interphase was
observed in all the nanocomposites and was fourimk tdependent on the orientation of nanoclay and
polystyrene (PS) domains, the location of claydias as well as the PS block fraction. A dielectric
“interfacial” glass transition temperaturg; Bissigned to this characteristic relaxation wasneséd to
occur at temperatures ranging between 6 °C an€C3%epending on the nanocomposite, which is much
higher than the bulk rubber phase glass transimmperature, normally lower than -40 °C for the
studied block copolymers. Interestingly, the high&g were associated with the nanocomposites

featuring random or partial orientation and/or sele location of nanopatrticles in the rubber phase

) Introduction

In nanocomposite materials, controlled orientatioin certain anisotropic nanoparticles such as
nanoclay? carbon nanotubgsnd recently boron nitride nanotubes and nanositestvery beneficial
for a wide spectrum of applications requiring eler@l mechanical, electrical and/or thermal propstti
For example, in the case of mechanical reinforcéntiea alignment of nanoclay was reported in sdvera
publications to induce an improved mechanical sfifein the alignment directiénin the specific case
of nanodielectrics, more efficient electron scatigrand consequently higher breakdown strength
perpendicular to the nanoparticles alignment divecivere reported®° Simultaneously, nanoparticle

alignment was shown to reduce dielectric lossateéndirection perpendicular to the main plane ef th



aligned nanoparticlés This controlled orientation can be obtained usingide range of techniques
although spatial alignment of nanoparticles acewydo 2D and 3D patterns is still a challengindgfief
study?®.

In applications requiring tuned spatial distribuatiof nanopatrticles, the use of block copolymers can
be really an asset due to the different nanoscalemologies these materials presétt>14°Tg
probe the effect of tailored morphology and oriéota of such designed nanocomposites on their
polymer-filler interactions and implicitly on theiinal performance, techniques such as broadband
dielectric spectroscopy (BDS) are often requifed

In fact, the performance of polymer nanocompositegyeneral is governed by the interphase
regiont®® which consists mainly of a bound layer where the motibrmacromolecular chains is
strongly restricted affecting several propertiesitiding dielectric and mechanical propertied?2?
The thickness and volume fraction of this interghassually depend on the geometry of the
nanoparticles and their compatibility with the polr matri>?*?>?° |t was estimated using both
experimental techniqu&s® and molecular dynamics simulati6h$® Furthermore, an additional glass
transition corresponding to the interfacial polymbains with restricted mobility was observed imso
nanocomposites featuring strong attractive intéafanteractiond®?!23:24:2>:26.27.28.29.303L.3q nredicted
by modeling and simulatiofisas well, for relatively thick bound layers.

The reduced mobility of polymer chains in the iptease region of homopolymer-based
nanocomposites has been well investigated durieglahkt years, especially the effect of interaction
strength between nanopatrticles and the polymerxmé&towever, to the best of our knowledge, there is
only little literature regarding the interphaseioggin block copolymer based nanocomposite systems
and specifically the effect of the orientation adnoparticles and block copolymer nanodomains on

polymer dynamics in this interphase region. In [fantthe case of nanocomposites prepared from



multicomponent polymer matrices, an additional degof complexity is added to the system as the
nanofillers can interact differently with the canstive components? These interactions are usually
interdependent and hard to quantify separately. Bewlies investigated the dielectric behavior of
copolymers and its dependence on chemical and tstalicfactors such as sulfonatfdnand
compatibility with different nanofillers. In thisootext, Vo et al?® studied the dielectric behavior of
styrene-butadiene rubber (SBR) random copolymkxdfilvith three different nanoparticles: nanoclay,
silica and carbon black. They reported a new ré¢iemamode for all three systems attributed to the
segmental motion of rubber chains with reduced ftitgbat the polymer-nanoparticle interface.
Moreover, they evaluated an interfacial glass itemstemperature § associated with this relaxation
process. The highestiwas attributed to the SBR/clay system indicatitngrger interaction and better
compatibility compared to the two other fillers.

In this work, we investigated polystyrebgsoly(ethyleneeo-butylene)b-polystyrene (SEBS)
thermoplastic elastomer as the block copolymer imaince it presents excellent features suitabte fo
many applications, such as good mechanical prasertf, good resistance to water treeihij as well
as good electromechanical coupfihglt is a symmetric triblock copolymer composed twfo
polystyrene (PS) end-blocks of the same lengthhatextremities and a poly (ethylene-co-butylene)
(PEB) rubber mid-block. Organically modified nared, known for their beneficial effect on
mechanical and dielectric properties of polymer atamposites including breakdown strength,
resistance to surface erosion and reduction ofespharge accumulatiof”®°1%4% were added to the
thermoplastic elastomer. Four sets of block copelynanocomposites containing three different weight
fractions of PS phase (0.13, 0.20 and 0.30) werestigated in total. Depending on these ratios and
using several fabrication processes, different moligies were successfully prepared: isotropic vs.

totally oriented vs. partially oriented polystyrenanodomains and clay nanoparticles. Moreover, the



degree of exfoliation and location of clay partici@side PS or PEB domains were tailored using a
specific SEBS grade with a maleic anhydride (MAgfggd on the PEB block.

In a first step, the orientation of nanoclay &®inanodomains in the different samples as wehleas
state of order of the block copolymer were fullyadcterized by SAXS and TEM. In a second step, the
dielectric response was studied as a function efuency and temperature in order to investigate the
influence of the block copolymer tuned architectare the polymer dynamics, which may affect
implicitly the engineering properties such as ditle losses, breakdown strength and mechanical
stiffness, to name a few. The dielectric spectrpgaesults were correlated to SAXS and TEM results
in order to come up with a template of block copady nanodielectriés with controllable morphology
and properties suitable for different dielectrigplgations. In particular, a slower dielectric peddion
mode compared to the main relaxation responsibléh®dbulk glass transition of the rubbery phase wa
observed in all nanocomposites and attributed ¢osggmental motion of rubber chains with reduced
mobility located at the polymer-nanoparticle inteipe. An interfacial glass transitior; Bssociated
with this new relaxation mode was estimated andl atgegquantify the interaction strength between the
nanoparticles and the polymer chains dependindnercanfiguration, the styrene block content and the
location of the nanoparticles in one block or aprotiBesides, this new dielectric relaxation process
attributed to rubber chains located at the intéafdayer, was also observed in the dynamic medaani
responses of samples prepared from SEBS gradeiogt80 wt% of PS block. Finally, the thickness
of the interfacial layer was estimated in the raig) nm.

II) Processing

Materials and methods

Four grades of symmetric triblock copoymBSEBS donated by Kraton were used: G1643,

G1645, G1652 and FG1901. These grades containetifféractions of PS block ranging from 13 to 30



wt%. Besides, the FG1901 grade contains 1.4-2 wit%haleic anhydride (MA) group attached to its
elastomeric PEB block. All the grades contain 0%diiflocks. More details regarding the physical
properties and morphologies of these polymers eperted in Table 1. Montmorillonite clay grade
Cloisite 20A purchased from Southern Clay (GonzalesSA) and modified with dimethyl
di(hydrogenated tallow) quaternary ammonium sattiswsed as nanofiller for the nanocomposites
preparation. More details regarding the physicapprties of the polymers as well as the modifigatio
and size of clay particles were provided in thevignes studies published by co-authors in the same
context of resear¢i***3 All the materials studied in this paper were uagdeceived.

Table 1.Properties of SEBS-13, SEBS-20 and SEBS-30

Block Grade | PS MFI p° Toot® (°C) Toot*
copolymer wt% | (g/10min) | (g/cn?) (°C)
SEBS-20 G1643 | 20 18 0.9 always cylindrical | > 200
between 150 and 160
SEBS-13 G1645 | 13 T 0.9 (transition to 190-200
spherical)
SEBS-30 G1652 30 5° 0.91 always cylindrical >200
SEBS-30-MA [ FG1901 | 30 22 0.91 always cylindrical >200

@ melt flow index measured at 230°C/2.16 Kg, ASTM2B8, provided by the supplier
P melt flow index measured at 230°C/5 Kg, ASTM D12a&vided by the supplier

¢ specific gravity, provided by the supplier

d order to order transition (OOT) estimated from bmaplitude oscillatory shear (SAO$
and small angle X-ray scattering (SAXS) measuremeat presented in this manuscript.

® order to disorder transition temperatures (ODT)inexted from small amplitud
oscillatory shear (SAOS) and small angle X-ray tecetg (SAXS) measurements not
presented in this manuscript.

" FG1901 grade contains 1.4-2 wt% of maleic anhyd(hA)
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N
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The nanocomposites were prepared by solvent castimeget die extrusion or film blowing extrusion
to achieve different morphologies. In the case @Vent casting process, the SEBS powder and the
nanoparticles were mixed in toluene by magnetigistj at 60 °C. The mixture was subsequently
poured into a Petri dish and left in open air untter fume hood for several days until complete

evaporation of solvent. They were subsequentlyddimea vacuum oven and annealed according to



specific temperature profiles selected dependinghenstyrene content, in order to reach equilibrium
morphologie$*. For SEBS-13 and SEBS-20, the sequence: 10 miati&3 °C, 30 minutes at 110 °C, 2
hours at 150 °C and 24 hours at 60 °C was usecdiISEBS-30 and SEBS-30-MA, the sequence 20
min at 60 °C, 20 min at 100 °C, 20 min at 150 °@ 40 min at 200 °C was used as published in
referenc& The samples prepared by sheet die extrusion efsméned according to referentés In a
typical procedure, clay nanoparticles were mixethV8EBS in a twin screw extruder equipped with a
sheet die, at a temperature profile ranging frof 6190 °C for SEBS-20, equal to 150 °C for SEBS-
13 and equal to 200 °C for SEBS-30 and SEBS-30-MA a screw speed of 100 rpm. The films
prepared from SEBS-20 by film blowing extrusion agrocessed in a first step following the same
procedure of sheet die extrusion. Subsequentlysaingples were processed in a single screw extruder
using the same temperature profile and a screwdspgeal to 30 rpm. The latter was connected to an
annular die with controllable air pressure insitie tube in order to induce lateral elongation and
promote biaxial orientation of the block copolymierthis study, the resulting films were inflatedaw

air at two blow-up ratios: R1=1 and R3=3 in order ihitiate respectively uniaxial and biaxial
orientation directions. More details regarding thiscessing method are available in referénce
published by co-authors. The sheet die extrusiahtla film blowing extrusion processes are illusda

in Figure 1.

(a) (b)
Figure 1. lllustrations showing (a) sheet die extrusion, (b) film blowing with iaR1= 1 andc) film
blowing with ratio R3= 3 (Coordinate system usededsrence is indicated at the left of the figure).



The samples prepared by solvent casting were us#tbuwt any other treatment for further
characterization. The samples prepared by sheebdiasion and film blowing extrusion were pressed
for 2 min at 150 °C for SEBS-13 and SEBS-20 an20& °C for SEBS-30 and SEBS-30-MA, under 10
tons before further characterization, in order &vehfilms with comparable thicknesses. The average
thickness of all the films was around 5o@®. Short time and relatively low temperatures wesed to
avoid possible changes in morphology or transitmlisordered state (as what will be shown later in
the manuscript). The list of samples and their nofsure are presented in Table 2.

Table 2. Nomenclature of nanocomposites

Polymer Nanoparticles Porcessing method Nomenclature
wit%
SEBS-20 0 Sheet die extrusion SEBS-20-extrusion
SEBS-20 5 Sheet die extrusion SEBS-20-20A-extrusion
SEBS-20 0 Solvent casting SEBS-20-solution
SEBS-20 5 Solvent casting SEBS-20-20A-solution
SEBS-20 0 Film blowing ratio R1 SEBS-20-film blowing R1
SEBS-20 5 Film blowing ratio R1 SEBS-20-20A-film blowing R1
SEBS-20 0 Film blowing ratio R3 SEBS-20-film blowing R3
SEBS-20 5 Film blowing ratio R3 SEBS-20-20A-film blowing R3
SEBS-13 0 Sheet die extrusion SEBS-13-extrusion
SEBS-13 5 Sheet die extrusion SEBS-13-20A-extrusion
SEBS-13 0 Solvent casting SEBS-13-solution
SEBS-13 5 Solvent casting SEBS-13-20A-solution
SEBS-30 5 Sheet die extrusion SEBS-30-20A-extrusion
SEBS-30 5 Solvent casting SEBS-30-20A-solution
SEBS-30-MA 5 Sheet die extrusion SEBS-30-MA-20A-extrusion

It is worth noting that the morphology and the dattic response of the materials prepared from the
SEBS-30 and SEBS-30-MA grades have been alreadytesbin previous studié&®® In particular, it
was demonstrated, by TEM and XR[hat in the presence of MA, clay particles arestiyoexfoliated

and located in the PEB phase while in its absencmtarcalated clay structure is dominant and clay



tactoids cross PS domains. At increasing clay logadp to 7.5wt%, both the average distance between
(100) planes of the cylindrical structures anddtaneter of PS cylinders increde

In terms of dielectric properties, it was showntttiee alignment of PS cylinders results in an ahiti
decrease of the breakdown strength that was comapzhdy the improvement induced through the
alignment of clay tactoids. The highest increass wqual to 45% compared to unfilled and aligned
SEBS-30, at 5wt% loading of clay. In this manudgtipe frequency-domain dielectric response oféhes

samples will be investigated in terms of comparison

[II) Characterization

The morphology of the as-obtained nanocompositescaracterized by small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEBbsequently, the dielectric properties and the
dynamic mechanical properties were characterizedmeans of respectively broadband dielectric
spectroscopy (BDS) and dynamic mechanical anafizs$A).

Small Angle X-ray Scattering

The SAXS patterns were obtained using Bruker Na#dSWith 1.5 kV CuKa radiation. The sample-
to-detector distance was 650 nm. Besides, bidirneakidetectors were used in order to evaluate
potential anisotropic features in the samples. ddta were analyzed using Fit2D software, withoyt an
background subtraction.

Transmission Electron Microscopy

The TEM was performed with a JEOL 2100F microscéfréeor to observations, ultrathin sections of
few tens of nanometers were cryo-cut using an -ntiaotome operated at -100 °C and deposited on
copper grids. The grids were also stained duringnitutes with ruthenium tetroxide Ry®apor in

order to determine the block copolymer morphology & evaluate the location of clay nanoparticles.



Broadband dielectric spectroscopy

In terms of dielectric properties, the complex eadtic permittivity of the nanocomposites was
measured using a Novocontrol broadband spectron@pecimens of 20 mm in diameter were placed
between two parallel brass plated electrodes. Measents swept through a frequency range froh 10
Hz up to 16 Hz at a temperature range varying from 25 °C to°G@0at 5 °C steps, under an rms
excitation voltage of 1 V.

Dynamic mechanical analysis

The measurements were performed using a TA Q8Q@ument operated in tensile mode. All the
scans were done from -100 °C to 130 °C. The tasitions were as follows: rate of heating equad to
°C/min, resonant frequency equal to 1 Hz and steamplitude equal to 0.1%. The tensile storage
modulus (E’), loss modulus (E”) and damping fa¢tand) were evaluated.

IV) Results and discussion

Morphology

SAXS analysis was performed on every sample bedareafter pressing in order to check the type
(cylindrical, spherical, lamellar...) and the stalyilof the morphology as well as the orientatiorboth
PS domains and clay nanoparticles. The diffracpatterns, before and after pressing, were similar,
indicating that the compression molding did not ucel any significant change in the initial
morphologies. In addition, SAXS patterns were rdedrat different temperatures up to 140 °C in order
to check for changes in the morphology and staterdér that might be encountered during thermal
annealing or dielectric spectroscopy scans, aetbass were carried out as a function of tempezatur
The relative plots indicating peak positions wenéegrated as well from the 2D patterns. In the

following sections, the different samples are aredlyand classified depending on PS block and clay
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nanoparticles orientations in three different categp: totally isotropic, totally aligned and palty
aligned morphologies.

Totally isotropic morphologies

Isotropic morphologies with totally random oriemat of PS nanodomains and clay nanoparticles
were obtained in all the samples prepared by solvasting independently from the polystyrene block
content (13, 20 or 30 wt%). Typical diffraction fghs corresponding to SEBS-13-solution and SEBS-
20-solution materials are reported in Figure SthefESI file (annex I). The patterns feature cotrden
rings, in the 3 directions of measurement indigatigotropic orientation of both PS domains and
nanoclay. In the case of the pure copolymer, theeatric rings are related to the scattering frdgn P
domains while in the nanocomposite, this scattersngverlapped with more intense scattering from
clay nanoparticles. Similar features were obseimetanocomposites prepared from SEBS-30-solution
(SAXS data available in the ESI file of referefjc@ EM micrographs corresponding to SEBS-30-20A-
solution nanocomposite are reported in Figure ShefESI file as well (Annex 1V). They confirm the
isotropic distribution of clay tactoids and PS oylers in samples prepared by solvent casting method

Figure 2 presents SAXS radial plots of sraty intensity as a function of scattering veajor
corresponding to neat materials and nanocompopitgsared by solvent casting from SEBS-20 and
SEBS-13 matrices. Results regarding samples prepfaoen SEBS-30 were already published in a
previous studi The profiles were integrated for 5 different tergiures ranging from 25 °C to 140 °C.
In Figure 2(a) and Figure 2(b) corresponding topeesively neat SEBS-20-solution and its
nanocomposite, the relative g-positions of Bragakpeollow the sequencei3:v/7 characteristic of a
hexagonally packed cylindrical structure. It canskeen that the intensity of the second peak inetkas
slightly with increasing temperature, as indicatgdhe arrows, which infers a positive effect cdrtinal

annealing in reaching equilibrium morphologies amhsequently improving long-range ortferin
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Figure 2(c), corresponding to the neat SEBS-13tsoluthe same features were observed. However, in
the case of the nanocomposite (Figure 2(d)), tist fieak was detected at the same position but the
second peak was very weak or completely abserdddfition, no obvious improvement was observed
with increasing temperature. These results inditae the state of order is altered in the presaice
clay nanoparticles and does not improve with anngalln particular, this behavior might indicate
improved dispersion and degree of intercalation, timaaddition to random nanoparticles distribution
help to freeze the block copolymer structure eveemsubjected to thermal annealing and to reduee th
mobility of polymer chains located at the interpha#\ higher clay interlayer spacing, d, and
consequently intercalation degree has been alregulyrted for nanocomposites prepared by solvent
casting from SEBS-13 (d=3.59 nm) compared to nampasites prepared from SEBS-30 (d=3.09 nm),
both containing Cloisite 15A nanoparticlesThis observation will be correlated later witteldictric

spectroscopy results.

Intensity (a. u.)
Intensity (a. u.)

0.0

12



q q
¢\I3q 1‘13‘]

l \7q i clay
‘ |
25°C .
> 25°C
80°C 80°'C
kwi N

Intensity (a. u.)

Intensity (u. a.)

120°C 120 °'C

140°
140°C 9.6

T T T T T T

T T T T T
T T T T T
0.0 05 10 15 2.0 25 30 0.0 0.5 1.0 15 2.0 2.5 3.0

q (nm™) q (nm-l)

(©) (d)

Figure 2. Scattering intensity as function of scattering vect at different temperatures of: (a) SEBS-
20-solution and (b) SEB-20-20A-solution nanocomiggc) SEBS-13-solution and (d) SEBS-13-20A-

solution nanocomposite

Totally aligned morphologies

Diffraction patterns corresponding to samples pregdy sheet die extrusion from SEBS-20, SEBS-
30 and SEBS-30-MA are not shown in this manussaiipte they exhibit totally aligned morphologies in
the extrusion direction. Typical patterns were jasly reported by co-authors in referehf SEBS-

30 materials. TEM micrographs of SEBS-30-MA-20Araston nanocomposites exhibiting aligned and
mostly exfoliated clay layers are reported in Fgg&6 of the ESI file (annex V). Aligned morpholagie
were not obtained in the case of SEBS-13-extruasothis material has limited tendency to align ttue
the low fraction of PS bloék The case of SEBS-13-extrusion will be treatethi following section
within partially aligned morphologies.

Partially aligned morphologies

In addition to totally random morphologies and Hgtaligned morphologies, some intermediate
configurations were successfully achieved dependimdghe content of styrene and the process used.
More specifically, materials prepared from SEBSH0film blowing extrusion exhibit two distinct

morphologies depending on the blowing ratio: R1¥R8=3. Figure 3 shows the diffraction patterns
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((a)-(b)) and the TEM images ((c)-(e)) correspogdito SEBS-20-film blowing R1 and its
nanocomposite SEBS-20-20A-film blowing R1. In pautar, the sections examined by TEM were cut
perpendicular to the flow direction (i.e. paralielXZ plane indicated in Figure 1). Diffraction pahs
corresponding to neat SEBS-20-R1, presented inr&ig(a), show evidence of hexagonal packing of PS
cylinders in the Y direction while in the X and #ettions, two sets of Bragg peaks can be observed
indicating the alignment of the majority of PS agers parallel to Y axis (the initial direction of
extrusion as indicated in Figure 1). Relative tmowmposites, diffraction patterns corresponding to
SEBS-20-20A-R1 (Figure 3(b)) show strong diffusetspelated to the scattering of nanoclay along the
X and Y directions, which indicates dominant aliggmhof nanoclay parallel to the XY plane (the aliti
direction of the flow). The presence of maxima lre tdiffuse spots is characteristic of intercalated
nanoclay structure, which was confirmed by X-rafyrdction results reported by co-authors for simila
sample$*®. TEM images confirm preferential alignment of P&mains and nanoclay in the main
direction of the flow (when PS domains appear aallswell-defined circles as indicated by the fufid
white rectangle in Figure 3(e)). Nevertheless, theyeal the appearance of additional directions of
orientation for both PS cylinders and nanoclayless important fractions though. In some regions, a
fraction of PS cylinders rotated across the thiskn@s indicated by the white dotted rectangles in
Figure 3(e)). However, the angle of orientatiomisnost of the cases lower than 90°, meaning they t
do not succeed in orienting perfectly along thekhess. Besides, less strong scattering is alsenodxs

in the Z direction of the nanocomposite diffractjettterns (Figure 3(b)), which indicates orientatid
some clay tactoids in the YZ plane (across thekttgss of the sample). This observation is condisten
with the TEM image of Figure 3(c) showing that sosmall clay nanoparticles (indicated by the
arrows) are aligned perpendicular to the main ¢atgon of bigger tactoids. This effect could be

promoted by the presence of a normal force (panallg axis) induced by the tubular die. Howeubg

14



orientation of a small fraction of clay particlas directions other than the main flow direction was
reported even for samples prepared by sheet dieséof. Radial plots of scattering intensity as a
function of scattering vector g of the neat matearad the nanocomposite are presented in Figuref S2
the ESI file (annex ). The 43:v/7 sequence characteristic of hexagonal structuodserved in both

the neat and the nanocomposite confirming the danta of hexagonal cylindrical structure.

© e (e)

Figure 3. (a)-(b)2D SAXS patterns of: (a) SEBS-20-film blowing R1dgy) SEBS-20-20A-film
blowing R1, (c)-(e) TEM images of SEBS 20-20A- film blowing R1 at 3feient magnifications
showing imperfect alignment of PS cylinders arad/¢hctoids: (d) zoom on the section defined by
black square in (c), (e) the white square indicedggons featuring perfect alignment of PS cylirsder
the extrusion direction while dotted white rectasgindicate other directions of alignment (PS dowai
were stained with Rugddark phase))
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Figure 4 shows SAXS diffraction patterns and TEMwges of neat SEBS-20-film blowing R3 and its
nanocomposite SEBS-20-20A- film blowing R3. Thefrdiftion patterns, presented in Figure 4(a)-(b),
reveal the existence of a less perfect hexagoraimg of PS cylinders along the Y axis, compared to
SEBS-20- film blowing R1. Besides, Bragg peaks uest in the X and Z directions are wide and
almost form concentric rings indicating deviatioanh the dominant alignment of cylinders along the Y
direction (as observed in SEBS-20-R1) and formatiba network of isotropic PS cylinders parallel to
the XY plane due to the high blowing ratio and @msently important lateral forces. This observation
is further supported by the TEM images presentdelgare 4(c)-(d), showing that more PS domains are
oriented in isotropic directions different from timétial flow direction. In Figure 4(b), correspoind to
the diffraction pattern of SEBS-20-20A-film blowin@3 nanocomposite, similar features could be
observed in the X and Y directions with more inee@d narrow scattering indicating more perfect
alignment of nanoclay parallel to the XY plane. Hwer, by contrast to SEBS-20-20A-film blowing
R1, no specific scattering related to the orientatf clay tactoids in the Z direction is detecté&tis
fact is most likely due to the high lateral forcesluced by the R3 blowing ratio that are able to
overcome the normal forces applied by the tubuiar @nly lateral movements of nanoclay should be
possible; thus alignment in the initial directioitlee flow is maintained. The radial plots corresgimg
to SEBS-20-film blowing R3 and its nanocompositeBSE20-20A-film blowing R3, presented in
Figure S3 of the ESI file (annex II), exhibit agahe sequence ¥3:v/7 characteristic of hexagonal
structure. However, it is worth noting that theemdities of the peaks decreased, compared to R1
samples, which might indicate a lack of order daethe increased stretching induced by the high
blowing ratio. Moreover, the effect of increasimgniperatures in improving the intensities of thekpea
is less obvious in these samples, which might atdia permanent alteration in the block copolymer

ordered state due to the important applied defoomsit All these observations regarding lack of long
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range order and alteration of initial alignmenttire extrusion direction are in a good agreemerth wit
previous results reported by co-authors in refeeéii¢® stating that samples where initially aligned PS
cylinders are subjected to high strain values enttansversal direction exhibit misalignment du¢hi
rotation of PS domains that tend to align paratiehe deforming force direction. However, thisatain

is incomplete due to the competition between thgnalent of PS domains and copolymer molecules
which don’t have enough time to relax. This streighresults as well in breakage of cylinders inrgro
domains and reduced long range order. More datgiarding these phenomena could be consulted in

the cited referencé&*®

)(d
Figure 4. (a)-(b)2D SAXS patterns of: (a) SEBS-20-film blowing R3 ail EBS-20-20A- film
blowing R3 nanocomposité;)-(d) TEM images of SEBS-20-film blowing R3 at different
magnifications (PS domains (darker phase) weraedavith RuQ)
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As it was mentioned before, the materials prepém@a SEBS-13 matrix by sheet die extrusion do
not exhibit totally aligned morphologis Therefore, their case will be discussed in thistisn. SAXS
diffraction patterns and radial plots correspondmghese samples were integrated, in a similaudtte
the previous samples, and reported in annex lhefESI file (Figure S4).

In the diffraction patterns (Figure S4(a)-(b)), ytte Z direction is reported for the case of theep
material, as the 3 directions were similar. In jgatér, concentric rings related to the scattefiogn the
PS phase were observed in the 3 directions, fdr thet neat copolymer and the nanocomposite. This
fact indicates that the majority of PS domains weskeable to orient by the applied shear forcesngur
extrusion and remain randomly distributed due ®Iltdw polystyrene fraction. However, the scattering
from the nanoclay features direction dependenagu(EiS4(b)). In fact, 2 strong spots aligned pakall
to Z direction corresponding to Bragg peaks assedgiwith scattering from nanoclay were observed in
the XZ and YZ planes. These signals indicate thgnalent of nanoclays parallel to the extrusion
direction. Since this alignment may potentially uod simultaneous orientation of a fraction of PS
cylinders, a partially isotropic PS/partially oried PS configuration will be rather considered tfoe
case of SEBS-13-20A-extrusion nanocomposite. Ragiats (Figure S4(c)-(d)) reveal similar
characteristics compared to the samples preparedgabyent casting in terms of dominance of
hexagonally packed cylindrical morphology and etiolu of order degree with increasing temperature
and presence of nanopatrticles.

In Table 3, a summary of all the studied samplestief description of their morphologies, i.e. the
orientation of clay tactoids and PS cylinders, asllvas the corresponding illustrations of the
morphologies are presented. The nomenclature ofdheples is also updated to recall the concluded
morphologies. In particular, the samples that &ieher totally aligned nor random will be refertedas

“partially oriented” to indicate the presence ofmnthan one preferential orientation of PS cylisdar
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clay tactoids or both of them. The direction of #ygplied electric field that was used for dielectri
spectroscopy measurements, discussed in the folgpsection, is specified in one of the illustrai@s
well and remains valid for all the samples.

It is worth noting that since the achieved orieptat of PS cylinders and clay particles are depeinde
on the processing technique, the obtained morphedagre metastable and may change if the samples
are subjected to additional processing steps. Tdrerea verification of the morphology is needed if
further steps are required. For instance, somdestughmples in this manuscript were hot pressed to
obtain films of a precise thickness. To avoid pogmodification of the morphology, the pressinge
and temperature were limited as possible. Thelgtabf the morphology after this step was checkgd

SAXS.
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Table3. Nomenclature, morphology description and morphpkigetch of the nanocomposites

oriented

the flow direction along Y axis
Oriented nanoclay in the flow

Nomenclature Morphology description Morphology skéch
SEBS-20-oriented Uniaxially oriented PS cylinderg
S SEBS-30-oriented in the flow direction along Y | @ Clay
g SEBS-30-MA-oriented axis © PEB
> SEBS-20-20A-oriented | Uniaxially oriented PS cylinders @ ps
w SEBS-30-20A-oriented and nanoclay in the flow
SEBS-30-MA-20A-orienteq direction along Y axis
<4 SEBS-13-isotropic
*@ SEBS-20-isotropic Isotropic PS cylinders
= SEBS-30-isotropic Electric
= SEBS-13-20A-isotropic Isotropic PS cylinders and l field
= SEBS-20-20A-isotropic nanoclay
n SEBS-30-20A-isotropic
Mainly oriented PS cylinders ir
_ ) the flow direction along Y axis
SEBS-20-partially oriented  \inor fraction oriented across
R1 the thickness along Z axis
Mainly oriented PS cylinders
) and nanoclay in the flow
o | SEBS-20-20A- partially direction along Y axis
§ oriented R1 Few PS cylinders and nanoclay
o oriented across the thickness
‘g parallel to YZ plane
T | SEBS-20- partially orientedl Isotropic orientation of cylinderp
R3 in the flow direction parallel to
XY plane
Oriented nanoclay in the flow
direction along Y axis
SEBS-20-20A- partially | Isotropic orientation of cylinderg
oriented R3 in the flow direction parallel to
XY plane
Partially isotropic PS cylinderg
) ) Partially oriented PS cylinders |n
= SEBS-13- partially oriented tne flow direction along Y axis
@ Partially isotropic PS cylinders
= _ Partially oriented PS cylinders
L SEBS-13-20A- partially

direction along Y axis
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Didlectric properties

The complex dielectric permittivity of an insutgy material measures its response to an applied
electrical field either through polarization mecisams or charge carrier fluctuatidis The
corresponding equation is described in annex \thefESI file (equation (S1)).

In this manuscript, the dielectric response ofgshalied materials has been characterized as funsctio
of frequency and temperature. To better underdfamarigin and the dynamics related to the relaxati
modes observed in each material as well as to atlthe contribution from charge fluctuations,
depending on the orientation of PS cylinders andookay, dielectric permittivity spectra of all
nanocomposites were fitted according to equati@)*(S described in annex VI of the ESI file, which
comprises a power law term to describe the corttdhuof charge fluctuatio6*® and a sum of
Havriliak-Negami (HN) functions to take into accoutihe observed dipolar dielectric relaxation
processes?%?49 There are as many terms in the sum of HN funstias there are observed
relaxations. Commercially available software wasdu® obtain the curve-resolved spectra. Both real
and imaginary parts of the dielectric permittivilere considered for the fitting, computed based on
nonlinear procedures. However, only curve resolsjeectra of the imaginary part are reported in the

manuscript. More details regarding the fitting @dare are available in annex VI of the ESI file.

It is worth noting that the fitting of the experintal data to equation (S2) was applied to the digte
spectra of all nanocomposites in the temperatungeradrom 40 °C to 90 °C, where no specific
molecular relaxation processes are supposed tor aocthe neat material as reported by previous
studied**° In fact, the segmental relaxation associated thighbulk glass transition of the rubber phase
is too fast and could not be observed within teimpgerature window while the relaxation associated

with the glass transition of PS phase is too slod @ould not be observed either.
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Figure 5 shows the imaginary part of the dieleghecmittivity of neat SEBS-20 (Figure 5(a)) and its
nanocomposites (Figure 5(b)-(e)), prepared by liheet processing techniques mentioned previously, at
different temperatures ranging from 30 °C to 90 @@ly SEBS-20-partially oriented R3 was presented
in Figure 5(a) as the other control samples, withtday, prepared by sheet die extrusion or solvent
casting feature similar dielectric behavior. Moregvfor the sake of simplicity, the real part o€ th
dielectric permittivity is not reported in this mastript since relaxation phenomena are observable i
both real and imaginary parts and the analysiefitaginary part is more straightforward. Typical
spectra of real part of the dielectric permittivdguld be consulted in Figure S8 of the ESI filan@x
VII).

The real part of the dielectric permittivity of theat SEBS is almost frequency independent and
nearly equal to 2.35. At increasing temperature$) the real and the imaginary parts of the dielect
permittivity of the neat copolymer remained equeabt slightly decreased below the value exhibited a
room temperature (as it could be seen in the indelfigure 5(a) and Figure S8 of the ESI file). Shi
decrease is probably related to the decreased polg®nsity at increasing temperatures, which is
linearly affecting the relative permittivity; In addition, the high frequency relaxation peslited to the
glass transition of the rubber phase shifts towhaidker frequencies with the temperature increasé (
observed in the studied range) causing a decrdabe dielectric losses in the 4b 1¢ Hz frequency
window.

In all the nanocomposites, bathand e” increased simultaneously compared to neat SHB§ufe 5
of the manuscript, Figure S7 and Figure S8 of tBé fife), up to orders of magnitude, particularly a
low frequencies and high temperatures, indicatingiraportant contribution originating from the
inclusion of nanoclay to the low frequency dispErd*® In particular, a pronounced increase is

observed in the isotropic samples featuring randtay tactoids distribution compared to the samples
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where clay particles are aligned perpendiculahé&diectric field (Figure 5(e) compared to Figufe)b
(d)). This behavior is most likely attributed to anisotropic nature of clay conductivity which midfe
considerably lower across the nanoplatelets thgktigan along their surface and the interlayerisgac
covered by a diffuse ionic laye¥. Another possible contribution to this remarkaiterease of
permittivity could be attributed to the presenceadfaction of polar organic solvent that was tegp
during the solvent casting process used for thpgpegtion of the isotropic samples.

It is worth noting that there is only little infoation regarding the experimental values of dielectr
permittivity and electrical conductivity of nanoglavhich strongly depends on the type of surface
modification and the density of adsorbed cafidrihe dielectric properties of an organically mistif
clay tactoid, similar to the one used in this studgre estimated through modeling Bgvid et al.’. In
particular, the pure direct current conductivityctdfy was estimated to be equal t6° B/m.

The fitting of the dielectric permittivity to equah (S2) confirmed that all the nanocomposites
exhibit, in addition to the charge fluctuation terwo relaxation modes that were not observed at ne
materials. Similar behavior was reported in therditure for clay nanocomposites in genetatand
clay/rubber nanocomposites specificdi§%. The charge fluctuation term is few orders of magle
higher in the isotropic nanocomposite. In particut@nsidering the case of pure electronic condiigti
in the fitting process (n=0 in equation (S2)), thdues of conductivity, are in the range 0to 10*
S/m for the isotropic nanocomposite while theyiarthe range 18 to 10 S/m in the case of oriented
and partially oriented nanocomposites. In termsralaxations, the first peak is located at low
frequencies and is often overshadowed by the l@guency dispersion. It is attributed to Maxwell-
Wagner-Sillars (MWS) polarization and is at thegoriof the step-like increase observed in the peat
of dielectric permittivity at the lowest frequensieThe second relaxation process was observed at

intermediate frequencies and is shifted to highegjdencies at increasing temperatures. It is abtiigen
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of the second step-like increase observed in reahittivity at intermediate frequencies. This aduhial
relaxation could be probably due to a MWS processfwater absorbed at nanoparticles surface for
instancé’>* or to local segmental relaxation of rubber chainith reduced mobility located at
polymer/clay interfaces, which is slower than th@mmsegmental relaxation responsible for the bylk T
of the elastoméf"®, In the case of SEBS, the dynamigof the PEB rubbery block is in the vicinity of -
40 °C, depending on the polystyrene block fraéfidh An example of this fit is presented in Figure
5(f). It corresponds to the dielectric loss speuttaf SEBS-20-20A-partially oriented R3 nanocompsit
at 75°C (Different colors are used to denote tlfierdint contributions).

Moisture absorption in nanocomposites was repaéeral times in literature, especially for epoxy-
based nanocomposites containing polar groups andfparticles modified with functional groups of
relatively low hydrophobici§#*®*’ The absorbed water could form an interfacial cwtigte layer
between the nanoparticles and the matrix matesiich gives rise to an interfacial loss proc¢ési
this study, the hypothesis of moisture absorptsodiscarded as SEBS is an apolar copolymer extngpiti
very low water uptake and Cloisite 20A, the orgalyemodified clay used, features high hydrophobic
character due to its dimethyl ditallow ammoniumdshsnodifier®. It has also been reported that 24
hours of immersion in water was not found to haw&gmificant impact on the dielectric response of

HDPE containing 10wt% of organically-modified ctdy
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Figure 5. Imaginary part of the dielectric permittivity aguaction of temperature of: (a) neat SEBS-20-
partially oriented R3, (b) SEBS-20-20A-oriented, $EBS-20-20A- partially oriented R1, (d) SEBS-
20-20A-partially oriented R3, (e) SEBS-20-20A-isgic and (f) an example of the fitting
corresponding to SEBS-20-20A-partially orientedd®35 °C (Different colors are used to denote the

different contributions)

Effect of orientation on dielectric behavior

In order to confirm the origin of the second relk&m process, i.e. glass transition of the intadiac
rubbery chains with reduced mobility, and to eveuthe effect of PS cylinders and nanoclay
orientations on it, the temperature dependencehefrélaxation times relative to this process was
analyzed. At each temperature, the relaxation tioreesponding to the peak maximum frequency was

determined from the HN fit according to equatioB)t§ described in annex VI of the ESI file.

Figure 6 presents the relaxation times relativahi relaxation process observed at intermediate
frequencies as a function of inverse temperatureallothe nanocomposites prepared from SEBS-20.
The temperature dependence of the relaxation tisme®ll described by the empirical Vogel-Fulcher-

Tammann (VFT) equation (equation (S4) describeghimex VI of the ESI file), which is usually used to
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fit the segmental relaxation process related tohii glass transitiod. This behavior supports the
hypothesis of molecular relaxation at the origirtted second peak observed at intermediate fregenci
The parameters of the VFT fit of each nanocompeg@iee computed and listed in Table 4.

Besides, a dielectric “interfacial” glass trangitilemperature g was associated to this relaxation
mode in analogy with the glass transition tempeeatissigned to the segmental relaxation of the bulk
rubber phase. This temperature was estimated mapotating the VFT fit to an extremely long
relaxation time, conventionally chosen equal to $66ond¥*°. The calculated temperatures are listed

in Table 4 as well.

In particular, the obtained values of the VFT pagtersty, B and T related to this new relaxation
mechanism governing the mobility of the interfaatlains are in the same range of those reported
previously by several groups for different rubbasdéd nanocomposites where a similar phenomenon
was observed such ago et al?® for their SBR based nanocompositésn et al.”® for their
Poly(vinylacetate)/silica nanocomposites amdi et al.®° for their Butadiene-Styrene-Vinyl pyridine

rubber/Graphene Oxide nanocomposites.

In addition, the kinetic fragility index F, whictharacterizes how rapidly the dynamics of a material
slow down as it is cooled toward the glass tramsitemperature, was estimated according to equation
(S5P+%2 described in annex VI of the ESI file. Considgrihat the behavior of the relaxation time as
function of temperature is described by the VFTatgum, the derivative could be calculated for each

sample. The calculated values of F are reportddbie 4 as well.

It could be seen from Figure 6 that the sample wibkropic orientation features the highest relaxat
times and consequently the slowest dynamics whike @riented nanocomposite exhibits faster

dynamics. Interestingly, both partially orientechaeomposites R1 and R3 exhibit even more reduced
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relaxation times especially toward the highest istidemperatures. This speed up of chain dynamics
was reported in literature for rubber-based nan@umites at increasing clay and graphene oxide
nanopatrticles loadings and it was attributed tgosegsion of cooperativity of polymer chains condine
in the intercalated structures, when the confinameume becomes comparable to that of the
cooperative rearranging regiéh&°®® Moreover, at decreasing temperatures, the part@iented
samples feature increased dependence on tempeeatdreonverge to the behavior of the isotropic
nanocomposite. This special behavior might be dication of strong intermolecular coupling, i.eeth
relaxation times diminish more rapidly with increstemperaturé$®°:°

The analysis of the calculated interfacial glasmgition temperature 4T reveals that the new
relaxation process is located, depending on th@cwmnposite configuration, in the temperature range
between 26 and 35 °C; much higher than the bulksglaansition of PEB phase which will be studied by
DMA analysis in a following section. Furthermorieist T; Seems to depend as well on the orientation of
both nanoclay and PS cylinders, as it was expdcoted the observed difference of the dependence of
relaxation times on temperature. Overall, the aedrsamples prepared by extrusion exhibit the lowes
interfacial glass transition temperature, which mhigdicate that this controlled configuration help
decreasing the induced molecular chains confingnagmt consequently the interaction strength in the
interphase region. In fact, the isotropic and tadially oriented samples exhibit characteristjgup to
9 degrees higher, which is in good agreement wigir tmorphology featuring more complex patterns
and disorder. Indeed, the calculated values dfilita index confirm that partially oriented and

isotropic samples feature more fragile behavior eodsequently higher intermolecular coupling and

interaction strength at the interface.
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Figure 6. Temperature dependence of the relaxation timeegmonding to SEBS-20 nanocomposites

prepared by different processes: symbols corresporelaxations times retrieved from the HN funotio
and solid lines correspond to VFT fitting.

Table 4. VFT fitting parameters corresponding to SEBS-28ddlananocomposites

Samples To (S) To(K) B (K) T 4i (K) F
SEBS-20-20A-partially oriented R1  4.24E-08 271 86¢ 30€ 87.¢
SEBS-20-20A-partially oriented R3  7.33E-07 28( 48t 30€ 95.¢

SEBS-20-20A-oriented 1.05E-08 22¢ 162( 29¢ 43.7
SEBS-20-20A-isotropic 6.00E-04 285 23z 305 80.1

While Ty is indicative of interaction strength, the dietectstrength of the related relaxation
mechanism partially corresponds to the numbertefacting dipoles involved in the relaxation pra;es
according to the Debye-Frohlich-Kirkwood thebry/®® Therefore, a weaker signal is expected to
correspond to less interacting polymer comparea stronger signal. However, it is difficult to coanp
guantitatively the signal strength among differsamples due to some inaccuracies such as in sample
thickness measurements. Thus, this parameter dmeildonsidered only qualitativéfy lllustrative
values of dielectric strength corresponding to esarinple are reported in Table 5, at two tempersture
60 °C and 80 °C. It could be seen that the isotrepmple featured the highest dielectric strengthes

followed by the partially oriented samples in acet level while the oriented sample featured the
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lowest values. Hence, the amount of polymer chaitis restricted mobility, located at the interphaise
larger in these samples featuring complex morphesgvhich is consistent with the conclusions made
earlier from T; results.

Table 5. Dielectric strength of SEBS-20 based nanocompesit®&0 °C and 80 °C

Samples Ag at 60 °C Ag at 80 °C
SEBS-20-20A-partially oriented R1 0.369 0.379
SEBS-20-20A-partially oriented R3 0.383 0.345

SEBS-20-20A-oriented 0.295 0.273
SEBS-20-20A-isotropic 0.540 0.528

Effect of styrene content and diameter of PS cglimd

In order to elucidate the effect of nanoclay intéicn with each phase of the block copolymer on the
polymer chain dynamics at the interphase regiomparisons were made between isotropic samples
and oriented samples prepared from the differeatkotopolymer matrices containing respectively 0.13
0.2 and 0.3 polystyrene fractions. The dielectpectra of the samples prepared from SEBS-30 are
available in referenéavhile the results related to SEBS-13 based nanposites are reported in Figure
S7 of the ESI file (annex VII). Examples of thdifig according to equation (S2) of the ESI filer fo
each type of nanocomposite are presented in Fig(Rfferent colors are used to denote the differen
contributions). In particular, nanocomposites predafrom SEBS-13 are well fitted by a power law
term and two HN functions (similar to previous sdespprepared from SEBS-20), such as the example
reported in Figure 7(a), corresponding to SEBS-QB-Botropic. SEBS-30-20A nanocomposites, in
comparison, are rather fitted by three HN functionaddition to a power law term (Figure 7(b)). The
third relaxation peak has less dielectric strertbtin the two other peaks, i.e. the MWS peak and the
interfacial glass transition peak, and is mostlilatributed to PS/PEB interphase region, whidrtst

to be more important with increasing PS content.
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Relaxation times corresponding to the interfaciasg transition relaxation peak are plotted as a
function of temperature in Figure 8. The resultsresponding to nanocomposites prepared from
SEBS-20 discussed earlier (Figure 6) are repogathdor the sake of comparison. The VFT equations
corresponding to each sample are plotted as wkllewhe VFT parameters are summarized in Table 6.
In particular, SEBS-13 nanocomposites, featurireglthvest content of styrene, show similar values an
dependence on orientation of their interfacigl fompared to samples prepared from SEBS-20, while
SEBS-30 nanocomposites, containing the highestidracof styrene, show the lowest values and
sensitivity to orientation featuringglvalues in the range of 6 to 9 °C. The fragilitdex values confirm
this observation as well. This fact might indicttat although clay nanoparticles exhibit more dtfito
the aromatic rings in PS blodkshey affect more the mobility of chains in thébery PEB phase, and
consequently are located more in contact withphisse. This latter observation is consistent wEMT

images reported in Figure 3(d)-(e), showing thes@nee of intercalated nanoclay that either cross PS
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cylinders or are located completely outside PSndgdrs if they are relatively big. Another possible
reason could be related to the cylinder diametdichvis reduced with decreasing PS block content,
providing more space for the contact between thg nhnoparticles and the PEB blocks. In fact, the
diameter of PS cylinders in SEBS-13 is estimateldet@qual to 9.7 nm according to calculations based
on SAXS results (not reported in the manuscripthilevin SEBS-20 and SEBS-30, the estimated
diameter is respectively equal to 12.5 nm, accgrttinthe TEM image reported in Figure 3(e), and 13.
nm according to a TEM image reported in referénée a consequence, in samples prepared from
SEBS-30, the contact volume between clay nanopestiand rubber chains might be reduced by the
increased diameter of glassy PS rods, in a simi&yr in both oriented and isotropic samples, resgilti

in less sensitivity to orientation.

From another point of view, it could be seen tihat telaxation times corresponding to SEBS-13 and
SEBS-30 nanocomposites are both smaller than ttmsesponding to SEBS-20 nanocomposites. This
behavior could be partially related to the bulksglaransition temperature of PEB phase, which might
depend on its overall fraction in the block copofymin fact, the J of a specific block is usually
different from the glass transition temperaturé¢hef corresponding homopolymer, and it depends en th
interphase region between the blocks. In generdy, when the compatibility between the blocks of a
block copolymer is weak, a sharp interface is okesrdue to strong segregation and tQeoT each
block is equal to the glof the corresponding homopolyrfiérHowever, in the case of SEBS, the
pendant groups of the hard PS phase might be nixdte soft PEB phase forming an interphase
region, as predicted from the small relaxation palaserved in SEBS-30 (Figure 7(b)). It will be simow
later, by DMA measurements, that the Tg of eaclelblocreases with increasing fraction of that block

in SEBS block copolymer.
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In general, it is expected that the block copolymmetrices featuring higher bulky ©f their PEB
phase exhibit higher interfacial glass transitiemperature and slower dynamics at a given temperatu
above the §; if other factors such as the orientation anditberaction of nanoparticles with the block
copolymer phases are maintained unchanged. Thiavlmehis partially achieved. In fact, SEBS-30
based nanocomposites exhibit the lowest bylkfthe PEB block as what will be shown later by AM
and simultaneously the fastest interfacial dynaraitsg the lowest Jf compared to materials prepared
from SEBS-13 and SEBS-20. However, one should keepind that the motion of polymer chains at
the interphase region does not depend only on eheesponding bulk J of the rubber phase, but it
depends also on other parameters including theaictten of nanoparticles with each block and the

orientation as concluded earlier.
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nanocomposites are presented again for comparison
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Table 6. VFT fitting parameters corresponding to SEBS-18 8&8BS-30 based nanocomposites

Samples To (S) To (K) B (K) Tgi (K) F
SEBS-13-20A- partially oriented 6.80E-09 244 128( 29¢ 55.4
SEBS-13-20A-isotropic 7.16E-06 284 36€ 307 94.¢
SEBS-30-20A-oriented 5.70E-1C 22( 153( 27¢ 53.c
SEBS-30-20A-isotropic 2.59E-07 25C 64z 282 76.¢

Effect of nanoparticles location and intercalatidegree

To further understand the effect of the nanopasiclontact with one block or another on the obskrve
interfacial peak, samples where nanoparticles amaptetely located in PEB phase are studied and
compared to the previous results. The affinity ahoparticles to PEB phase was increased by the
attachment of maleic anhydride (MA) to it. MA exitdbgreat compatibility with the organic groups
attached on the nanoparticles surface. Furtherntoi®,increased affinity results in more pronounced
intercalation of the elastomer chains in clay gadke disrupting the regular stacked layer striectifrthe
organoclays and giving rise to mostly exfoliatetlsture, as reported in our previous stUdyEM
micrographs of SEBS-30-MA-20A nanocomposites eximdi exfoliated structure are available in
Figure S6 of the ESI file, annex V). Hence, a higfiaction of elastomer chains is expected to be
involved in this interphase region compared to shmples prepared without MA. The comparison of
relaxation times between SEBS-30-20A and SEBS-3020A samples, plotted in Figure 9, shows that
the presence of MA attached to the rubber phasetafl remarkably the dynamics of the interphase
region. In particular, relaxation times increasedhe sample containing the MA graft, which indesat
slower dynamics. This behavior is expected dueh&oselective location of clay in the rubber phase,
which increases the amount of elastomer chainshethto the interface. In addition, the degreelay c
exfoliation is improved in the presence of MA, whicsults in a larger number of interfaces and less
efficient restriction of chains motion comparedimtercalated structures. Hence, the cooperativity o

interfacial chains is higher, resulting in increaselaxation time¥. These hypotheses are in agreement
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with the increased estimated; €qual to 20 °C for SEBS-30-MA-20A, when compared t°C for the
sample prepared without MA. These values were patated from the VFT fitting parameters reported
in Table 7. The comparison of the dielectric sttbngalues of the two nanocomposites reported irlerab
8 supports the same conclusion as well. In faet,dielectric strength of the sample containing MA i
considerably higher than that of the nanocompasiti@out MA.

Table 7. VFT fitting parameters corresponding to SEBS-30-RIM-oriented nanocomposite

Samples To (S) To(K) B (K) T4 (K) F
SEBS-30-MA-20A-oriented  7.91E-10 237 143C 29¢ 58.7

Table 8: Dielectric strength corresponding to SEBS-30-2BASEBS-30-MA20A
nanocomposites prepared by extrusion

Samples Ae at 60°C Ag at 80°C
SEBS-30-20A-oriented 0.252 0.233
SEBS-30-MA-20A-oriented 0.865 0.830
108
105 .
104 .
< 10 4
i
X 102 A
£
‘\_ 101 4
100 _
10 - m  SEBS-30-20A-oriented
A  SEBS-30-MA-20A-oriented
102

2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3

1000/T (K1)
Figure 9. Temperature dependence of the relaxation timeegmonding to SEBS-30-MA-20A-

oriented nanocomposite: symbols correspond to aéitanxs times retrieved from the HN function and
solid lines correspond to VFT fitting, plot corresgling to SEBS-30-20A-oriented nanocomposite are

presented again for comparison
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Overall, BDS data revealed the appearance of aralaxation mode attributed to rubber chains with
restricted mobility located at polymer/nanoparticieerfaces, in all the nanocomposites prepareoh fro
SEBS-13, SEBS-20, SEBS-30 and SEBS-MA-30 grad€k, Associated with this process is estimated
to occur in the range 6 to 35 °C depending on #r®oomposite morphology. To confirm the molecular
origin of this relaxation process, DMA was perfoindResults will be discussed in the following

section.

Dynamic mechanical analysis

Dielectric spectroscopy data discussed in this paj@ee mainly performed in the temperature range
from 30 to 90 °C and analyzed as a function ofdsegpy. In order to extend the study of relaxation
phenomena to lower temperatures, to confirm thgiromf the new relaxation peak observed in BDS
and to evaluate the dependence of bulk glass timmdiemperatures of both PS and PEB blocks,
respectively Jeegand Tgps 0N styrene fraction and clay addition, dynamicchamical analysis was
carried out in a large temperature range from -XD@o 130 °C. In fact, in this range, bothedsand
Typsare expected to appear as peaks in DMAStgnaphs. Besides, any potential peak that will appe
in addition will be certainly due to a moleculalaseation, by contrast to BDS spectra, where reiarat
phenomena observed in hybrid materials could betdueither a molecular origin or separation of
charges at inner dielectric boundary layers (MWEuzation).

Figure 10 shows talh graphs corresponding to selected samples prepesed SEBS-30 (graphs
corresponding to samples from SEBS-13 and SEBSH2Mat reported). It is worth noting that the
DMA measurements were conducted in the transveisectidn for all the studied samples
(perpendicular to the main direction of PS cylirmdalignment). In general, all curves show evidesice
two peaks which correspond tgeEs(at low temperatures) andyk (at high temperature). The values of

Tyres and Typs corresponding to each material are reported ine€r@b except Jes corresponding to
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SEBS-13 samples where no clear peaks were obseqved 130 °C. In a general trend, the glass
transition temperature of each block, either PSPEB, and the height of its corresponding peak
increases with increasing fraction of that blockSEBS. This behavior is due to the fact that more
chains of the considered block are involved in gh&ss transition phenomena leading to a larger
damping. Besides, thegTemperature and the intensity of the peak depenthe orientation of PS
cylinders. Indeed, gbsof SEBS-20- partially oriented R1 material prejplg film blowing is 6 degrees
higher than SEBS-20-oriented, 106 °C vs.100 °C.uBaneously, the intensity ofy#sis reduced and
that of Types is considerably higher. This behavior might be twéhe fact that these samples are not
completely aligned in the extrusion direction whlehds to an increasing fraction of PEB chainde t
transverse direction, which is the direction of tl&t, as well as more hindrance of PS chains itbil

In the nanocomposites, the addition of clay resiltsome cases, in the reduction gfpeak height
and the broadening of the peak, such as the peakssponding to gsin both SEBS-30-20A-oriented
and SEBS-30-MA-20A-oriented nanocomposites, as shiowFigure 10. These behaviors respectively
indicate lower number of chains participating ie thulk glass transition and wider distribution bams
mobility due to the restriction of motion imposeg dday nanopatrticles. In addition, the glass tramsi
temperatures of both blocks are either maintairreshdted to higher or lower temperatures. Shifts o
bulk Ty to both higher and lower temperatures have begorted in the literature. The experimental
results reported in the literature are in generdl gonclusive due to the complex nature of various
polymers and nanocomposites that were investigat@dDifferent reasons were suggested to explain
the phenomena depending on the cases. In partithdaincrease was mainly attributed to restrictbn
chain mobility at the interfaé® while the decrease was attributed to differeasoms such as a specific
form of mechanical coupling between the filler, teund layer and the bulk rubb&f? an increase of

mobility”® or an increase of free volume and decrease ofaulalepacking density.
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Figure 10.tané of different SEBS-30 materials (prepared by skee=extrusion) from -100 °C to 130
°CatlHz

Table 9: Tgs of both PS and PEB blocks in different sampleSEBS based nanocomposites

Sample TqPEB (OC) qus (OC)
SEBS-13-patrtially oriented -23 -
SEBS-13-20A-patrtially oriented -27 -
SEBS-20-oriented -26 100
SEBS-20-20A-oriented -26 100
SEBS-20- partially oriented R1 -26 106
SEBS-20-20A- partially oriented R1 -20 110
SEBS-30-oriented -35 107
SEBS-30-20A-oriented -34 105
SEBS-30-MA-20A- oriented -33 104

In addition to the bulk glass transitions of PS &&B blocks, nanocomposites prepared from SEBS-
30 seem to exhibit an additional low intensity pemdcurring at intermediate temperatures between
Tyres and Typs Which might correspond to the glass transitiomédrfacial rubber chains with reduced
mobility (as indicated by the arrow in Figure 1Bjowever, this peak is not well resolved and as a
consequence, resort to curve fitting was necesgstiiough, there is no theoretical expression to
describe dynamic mechanical relaxations as a fomctif temperature, the use of some empirical

equations which reproduce satisfactorily the asytrynef tan delta peaks has been reported in the
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literature. One such is the exponentially modiftggussian (EMG) which was used Byagarapoulos

et al** and Cowie et al’® to characterize g peaks and particularly peaks related tooT interfacial
layers observed in several homopolymers containgtatively high fractions of fillers such as silica
nanoparticles and cellulose tricarbanilate. Anotmedel based on the three-parameter double sigmoid
(ADS) equation was successfully used Awyighi et al. * to characterize JTof the interfacial layer
observed in styrene butadiene rubber (SBR) comigisilica hanoparticles.

In this study, we adopted a model based on ADStemyasimilarly to reference, to describe both
bulk Ty peaks and the new interfaciaj feak. More details about this equation and itgatharistic
parameters are available in referédfi@md annex X of the ESI file (equation (S6)). Teaeral model is
composed of 3 ADS terms to describe the 3 peaksadiiitional ADS term with a large asymmetry in
the high temperature side was also considereck®itdo account the increasing baseline towards hig
temperatures. For consistency, the same paranve¢eestaken for the baseline term in the neat SEBS-
30-oriented and the nanocomposites. Examples dittimg of both neat SEBS-30-oriented and SEBS-
30-20A-oriented nanocomposites showing the resolygukaks are reported in Figure 11.

0.4 - Experimental

0.35 —Fitted model

- Experimental

0.35 - —Fitted model
03 1™ Baseline 03 T Baseline
- -Tg (PEB) - -Tg (PEB)
025  _. Tg(PS) 025 --Tg(Ps)

(7] w Tgi
c 0.2 % 0.2
[ ©
0.15 0.15
0.1 0.1
oos SN = g . 0.05
~ &
/ o -
0 ——e e P 0 . —
-120 -70 -20 30 80 130 -120 -70 -20 30 80 130
Temperature (°C) Temperature (°C)

)(@ (b)
Figure 11.Fitted tan delta curves showing bullsTof PS and PEB blocks as well gsdf the

interfacial layer (an additional ADS term is coresied for the increasing baseline): (a) SEBS-30-

oriented and (b) SEBS-30-20A-oriented
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The peak corresponding to the glass transitiorhefimterfacial layer, 4, in both nanocomposites,
resulting from the curve-fitting process, is chaeaeed by low intensity and a broad shape indicpt
large distribution of chains mobility in the intacial layer. Temperatures corresponding gopEaks
maxima are reported in Table 10. Taking the difieeebetween these values angeg values reported
in Table 9, T; of the interfacial rubbery layer is estimated tour 72 degrees higher than the bulk in the
case of SEBS-30-20A-oriented and 86 degrees hitjiaer the bulk in the case of SEBS-30-MA-20A-
oriented. This result is consistent with many firgi in the literature expecting the glass transitod
tethered chains confined at the interface to oéuio 110 degrees higher than the bulR?TH is worth
noting that these values of; Tetermined from DMA data at 1 Hz are higher tHaose estimated earlier
by BDS through the extrapolation of the VFT equatat very low relaxation times (100s): 38 °C vs. 6
°C for SEBS-30-20A-oriented and 53 °C vs. 20 °C3&BS-MA-30-20A-oriented. However, the trend
is maintained. Hence, to check the similarity of tlesults given by both BDS and DMA techniques,
dielectric permittivity of SEBS-30-oriented and S&EBO0-20A-oriented materials were mapped in an
extended temperature range [-100, 150 °C] and alieteloss spectra were plotted as function of
temperature at 1 Hz (data available in the ES] &ilenex 1X). At this frequency, the peak correspogd
to Tgeeg is Observed at -45 °C, which is 10 degrees hitfean DMA and the peak corresponding tp T
is observed at 40 °C, which is 2 degrees highen tha value obtained by DMA. This difference
between the results given by the two methods igmks even when equivalent formalisms are used:
electric modulus vs. mechanical modulus. Thuss itather due to experimental conditions such as
different heating raté8

The fraction of bound polymer chains participatinghe interfacial glass transitiongdang could be
determined by dividing the area undey peak by the sum of the areas of ajl peaks. Values of

integrated area under each peak and estimated b@aatidns are reported Table 10 as well. The bound
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fraction in SEBS-30-20A-oriented is around 7.5% levhn SEBS-30-MA-20A-oriented, it is around
12%. This is expected as the higher degree of iexifmh in the latter nanocomposite results in more
interfacial area. Taking into account data aboataherage particle size of clay nanoparticles iBSE
30 nanocomposites, which were published previobglyoauthors the thickness of interfacial layer
around each particle could be estimated in a sirfakhion to the work oArrighi et al. *. More details
regarding this procedure could be consulted inanhef the ESI file (equations (S7) to (S10)).

Table 10: Interfacial Ty, bound fraction and interfacial layer thicknesSEBS-30 based

nanocomposites
Sample T4 (°C)  Apes Aps Aint Feound  T(nm)
SEBS-30-20A-oriented 38 9.475 10.15 1.59 0.075 10.5
SEBS-30-MA-20A-oriented 53 9.42 10.04 2.58 0.12 7.6

The average tactoid thickness, average lateral rdiioes and average number of clay layers per
tactoid were determined based on the TEM quantéadnalysis of clay dimensions in SEBS-30-20A
and SEBS-30-MA-20A nanocomposites reportedCiayastan et al’. These values are listed in Table
11.

Table 11: Average dimensions of clay tactoids based on THREhtjtative analysis published Barastan et al?

Average thickness Average lateral size  Average number of

(nm) (nm) layers
SEBS-30-20A-oriented 7.3 243.3 3
SEBS-30-MA-20A-oriented 3 116.3 2

To calculate the thickness of the interfacial layerboth nanocomposites, the clay tactoid was
considered as a solid particle surrounded on taghrdl sides with constrained rubber chains. Sihee
thickness of one tactoid is much smaller thandtsrhl dimension, the fraction of chains that cdugd
constrained along the thickness was neglected. , Tthencalculated interfacial layer thickness, tswa
adjusted to take into account that some chainsadher confined in the interlayer spacing, consider

that the thickness of 1 clay layer is equal to ArB4These approximations are illustrated in Figure 12.
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With these approximations the calculated valuemiaffacial layer thickness are respectively edoal
7.6 nm for SEBS-30-MA-20A nanocomposite and 10.5fomSEBS-30-20A. They are in agreement

with findings from the literature which reportedtismtions of thickness of the interfacial layer.

Whether evaluated experimentafty" or theoreticall§’?®’’ the values reported in the literature did not

exceed few nanometers ranging from 2 to 10 nm istrobthe reported studies.

t t
Interlayer 1
Interlayer 2
t t

(a) (b)
Figure 12.Scheme of the interfacial layer covering the ldtside of clay particles: (a) First

approximation: clay tactoid as a solid particlg,gbrt of the interfacial layer is between claylgja¢s

Hence, the fitting model based on ADS equation miless satisfactorily the bulk glass transitions of
both PEB and PS blocks as well as teof interfacial chains with restricted mobility. |[#ads to an
approximation of the interfacial layer thicknesdlvire agreement with values reported in the litarat
However, it is worth noting that an important hypedis was assumed in the calculation of the
interfacial layer thickness, which is the absenterm immobilized layer corresponding to polymer
chains that are tightly bounded and don't parti@ga neither bulk § nor interfacial '5i32. In fact, the
total number of chains participating in glass titams phenomena in a nanocomposite is generallytow
than the number of chains participating in the gaansition of the neat material. Thus, by conmgari
the total area under Tg peaks in respectively dmoomposite and the pure material, the fraction of
immobilized layer could be determined and excludddn calculating the thickness of the interfacial
layer't. The thickness of the immobilized layer was estédan the literature to be in the range 0.5 to 2

71

nm'~. In our case, comparing the tan delta curves ef mnleat SEBS-30 and its corresponding

nanocomposites, we could see that the total arbayleer in the case of nanocomposites, which gives
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the impression that more chains are involved inglass transition phenomena compared to the neat
copolymer. This behavior is puzzling and for thémson comparison with neat and estimation of the
immobilized fraction were not possible. As a consawe, the estimated thicknesses of the interfacial
layer might be smaller in reality. Another behavibbat requires more investigation is the fact that

Ty peak related to interfacial rubbery chains was observed in SEBS-13 and SEBS-20
nanocomposites by DMA, by contrast to BDS. Onlytstof bulk T, temperatures were obvious by this
technique. However, for nanocomposites prepared 8&BS-30 and SEBS-30-MA, the new relaxation
process was confirmed by both DMA and BDS. Furtleeen T, temperatures estimated by both

techniques were in agreement.

V) Concluding remarks

In this study, nanocomposites of SEBS block copelymith cylindrical morphology and organically
modified clay nanoparticles have been successfpibpared with different configurations of PS
cylinders and clay nanoparticles. In particulaotnspic vs. oriented vs. partially oriented morpggées
have been successfully prepared by different psicgdechniques and confirmed by SAXS and TEM.

In all the nanocomposites, a glassy interphasemegias formed and gave rise to a new relaxation
mode corresponding to the interfacial rubbery chaiith restricted mobility.

A dielectric “interfacial” glass transition gl associated with this process, is estimated taroat
temperatures ranging from 6 up to 35 °C, dependimghe orientation of both PS domains and clay
nanopatrticles, the fraction of polystyrene blocknedl as the location and the degree of exfoliatddn
clay nanoparticles, which was tuned through the afsmaleic anhydride graft. The thickness of the
interfacial layer was estimated through fitting@%A data and was found to be in the range 7.5-10.6

nm for nanocomposites prepared from SEBS-30 andSSEBMA.
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Overall, the relaxation mode related to this int@ge region was sensitive to the following key
parameters:

- Distribution of interfaces: oriented vs. isotropis. partially oriented; which affects the ared #me
volume of the “interphase region” as well as thebility of polymer chains. In particular, samples
featuring random or partially oriented morphologreere found to exhibit higher interaction, dielectr
strength and ¢, up to 9 degrees higher, compared to their orieteunterparts. Besides, partially
oriented samples prepared by film blowing extrudeatured the most “fragile” behavior and the faste
dynamics at temperatures above estimatgd dompared to oriented and isotropic samples. This
behavior could be attributed to suppression of eoatpvity of interfacial chains motion due to stgon
confinement in this configuration.

- Ratio of PS/PEB, which affects thgdf the bulk PEB block, the diameter of PS cylindasswvell as
the amount and the mobility of PEB chains locatedhie interphase region. In particular, thg Was
found to decrease and to be less sensitive totatien effects, with increasing styrene contentsimo
likely due to reduced amount of rubber chains imgdlin the interphase region and increasing diamete
of PS cylinders resulting in a similar trend of inement in both oriented and non-oriented samples.

- Location of clay nanoparticles either in PS orBPElocks, which was modulated by the use of
maleic anhydride attached to the rubber phaseafticplar, in the presence of MA, clay particlesrave
located exclusively within the elastomer block,uféag in increased amount of rubber chains invdlve
in the interphase region and consequently highaediric strength associated to the relaxationgsec
Moreover, the degree of exfoliation of clay tacwig improved, which induced slower dynamics
compared to intercalated structures where stroogihfined rubber chains exhibit reduced cooperativit

and consequently reduced relaxation times.
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Finally, the charge fluctuation contribution to tlkkelectric loss was dependent as well on the
morphology. In particular, the conduction loss weduced by 2 to 4 orders of magnitude in the sasnple
with controlled architecture, i.e. oriented andtigdly oriented, as clay nanoparticles were quéghad

perpendicular to the electric field in these coufegions.

Associated content
Supporting electronic information (ESI) file: 2D and 1D SAXS patterns, TEM micrographs and
dielectric spectroscopy data related to the studeubcomposites are available. The procedure of the

estimation of the interfacial layer thickness iplained as well.
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