ABSTRACT

TALLURY , SRINIVASA SYAMAL SANMATH . Melt Spun Bi/TrtComponent Fibers
Exhibiting Shape Memory: A Mesoscale to Macroscale Experimental and Theoretical Study
(Under the direction dProfessor Melissa A. Pasquinelli and Professor Richard J. Spontak

Formations of shape memory polymé®MP) and soft smart structures that respond
to the external stimuli have been in the forefront of polymeric materials development for the
past three decaded?hysical combinations of network forming and stinsdnsitve
macromolecular species ensure a highly versatile, scalable and cost effective means of
creating SMPs materials. The incorporation of physically cross linked network formers not
only allows excellenprocessing methodige melt spinning and injection niding, but also
permits the structures thus formed to be reused and recycled. A sustainable route to achieving
large scale production of SMP materials is explored by coprocessing linear low density
polyethylene and polystyreneco-(ethylene butadierjo-styrene (SEBS) into bicomponent
filaments. By controlling the composition, interfacial area and esesonal geometries of
the bicomponent filaments, tunable SMP filaments were produced that respond to thermal
activation. Bicomponent filaments composed @LDPE/SEBS exhibit shape fixity at
ambient temperatures due to the increased orientation in the homopolymer component
resulting from plastic deformation. While the SEBS core component retains rapidly
recoverable elastic strain. The recovery is obsergduketspontaneous following the supply
of heat that elevates the temperature of the LLDPE component and thereby making it mobile.
Conventional shape memory behavior induced by heated programming is also possible in the
bicomponent filaments and is investigd by means of thermal (differential scanning
calorimetry), mechanical (tensile) and morphological(scanning electron microscopy) studies.

The storage of macroscopic strain in the ambient temperature programming of SEBS/LLDPE



filaments is supported by stied on increase of crystalline and amorphous orientation using
optical birefringence. The release of the shape after heating the filaments is rapid and
mechanical andhicroscopic evidence points out thermanent loss of properties due to SMP
cycling. TheSMP behavior is quantified in terms of strain recovery and strain fixity ratios
and is dependent upon the composition, interfacial area and intended maximum strain of the
SEBS/LLDPE filaments. The stability of the interface even at high strains is iddrasi the

key to maintaining shape memory performance of these bicomponent filaments. Mesoscale
simulations using dissipative particle dynamics (DPD) were employed to study the
microphase segregation and network formation in the triblock copolymers cat®reth
homopolymers. Firstly, the adaptation of the simulations to the present coarse graining and
implementation of a spatial clustering approach to quantify the fraction of chains existing as
bridges loops and dangling ends is discussed. Interfact&kihtéss, microphase segregation

and network strength is studied with respect to varying incompatibilities among endblock,
midblock and homopolymer species. In the simulation of experimental equivalent system, the
fraction of bridges along the SEBS/LLDPEdrface is estimated to linearly decrease with
increasing PE volume content. Whereas the fraction of chains with both endblocks
unsegregatethcreases rapidly from an insignificant number (0.05) at 50% to a large fraction
(0.84) at 90% PE content by volumkastly, the investigation of molecular network
formation in asymmetric triblock copolymers with increasing second endblock is conducted.
A linear increase in the bridging and looping fractwith the asymmetry parameter is

reported with a correspondimigcrease in dangling ends
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Chapter 1

I ntroduction and Review of Literature

1.1  Motivation

AThe most |[differendeabetweert campounds of low molecular weight and
macromolecular compounds resides in the fact that the latter may exhibit properties that
cannot be deduced from a close examination of the low molecular weight materials. Not very
different structues can be obtained from a few building blocks; but if 10,000 or 100,000
blocks are at hand, the most varied structures become possible, such as houses or halls,
whose special structure cannot be predicted from the constructions that are possible with only
a few building blocks... Thus, a chromosome can be viewed as a material whose
macromolecules possess a widfined arrangement, like a living room in which each piece
of furniture has its place. 0
& Hermann Staudinger, quoted by Ralph Oesp@hi humarside of Scientists

If matter was divided based on their internal eneldjyiito hard and soft matter, $of
matter represents the materials that interact with ambient conditionkT,wherek is the
Boltzmann constant, an@i = 300K) Polymeric materials constitute a major part of soft
matter along with living beings, foods, gels and other organic matter.farbes holding
these 6softodo solids in place are relatively
such as mechanical and thermal enérgye interaction among several forces of similar

magnitude facilitates the existence of many metastable states in soft matter. This enables us



to engineer and apply structures that respond to relatively weékaulisavailable in
everyday life.

Polymeric materials impact our lives to a great extent by simplifying and advancing
the materials technology that surrounds us. The global plastics consumption is projected to
reach close to 300 million ton by 2015 dwestrong influence by the development of new
applications and growing focus on green chemistygreat amount of research has been
focused on the development of polgric materials to apply them as commodity plastics as
wel | as specialty plastics. However, -there
responsived polymer material s.

The motivation behind this work lies in developing scalable, sustainalbéatie and
robust stimulresponsive technologies based on polymeric materials. We envision that in the
near future, there will be a revolutionary change in the inanimate objects, apparel,

prosthetics, etc. that will make them interactive and resporsiveir environment.

1.2  ShapeMemory Materials

Shapememory materials possess the ability to assume one or more temporary
def ormed states and o6érememberd its origina
stimulus? While the shapenemory effect was first discovered in alloyshape memory
polymers (SMPs) comprise of a wide range of materials tunable to respond to various

external stimulf*’



1.2.1Introduction to shape memory in polymers

Since their discovery in the 1980shape memory polymers (SMPs) have captured a
lot of interesf®® The SMPs are materials capabdé undergoing large recoverable
deformations under the ajtion of an external stimuld8.While most shape memory
alloys rely upon reversible martensitic transformation as their triggering phenomenon, all
SMPs possess two distinct structural features namely, thpomes and the switching
segment§:** The netpoints or the crosknks are responsible for the permanent shape of the
SMP system whereas the switchinggeents hold the temporary shagae. thermally
activated SMPs, the switching segments are characterized by a transition temgé&atdire
above vhich the segments are mobil€he SMP is heated above,ls and is fixed by
dropping the temperature quickly at an 1 ndu
shape. When reheated above thgdtheir originalpermanent shape iscovered*2

In addition to thermal activatiorEMPs can be stimulated by electric andgnetic

fields,*® light,"* moisture™*°

chemicaland pH stiumli*” etc. The main advantages of SMPs
over their metallic and ceramic counterparts include high strains, low density, ease of
processig and hence in tailoring the properties, programmability and control over recovery
behavior etc. Most importantly SMPs can be produced at significantly low costs compared to
metallic or ceramic alloy¥

It is also possible to develop muitinctional SMPs and their composifegvith the

advent of nanotechnology, incorporation of nanoscale materials into SMPs has resulted in a

wide array ofapplications of these materidlsThe ktest developments enable SMPs to



accommodate the demands of a specifipliaation such as biomateridfs®® sensors,
actuators;'! etc. Recent applications of SMPs include space deployable structures (e.g.,
hinges and trusses), morphing skins used in folding wings in aircrafts, biomedical and
biomimetic sytems (e.g., vascular stent with drug delivery function, smart sutures), SMP
textiles and selhealing system®

Recent advances in the shape memory matehaNe led to the development of
multiple shape ecoveries in an SMP netwotk? The networks are capable of recovering
partially to a secondary temporary shap®. Latest developments are even capable of
multiple-shape memory effect where in several temporary states of the material can be
captured esroute to the finalrecovery of the SMP network For example, triple and
quadruple shapmemory stimulad by temperare was demonstrated in NafithSuch
capabilities open new avenues for SMPs in the fields of deployable space structures, smart

dry adhesives and aslaptive biomedical devicd%"*

1.2.2Fundamentals of Shagdemory Polymers

All SMPs are network structures and the crosslinking type and density controls the
permanent shape of the maaer Generally, SMPs consist of two components; while one
component is highly elastic, another that is able to reduce its stiffness upon the application of
a particular stimulus should be present. The reduction of stiffness may be caused by

molecular phenmenon or by stimulus sensitive domains. Recovery in SMPs is caused upon



exposure to a certain stimulus when the strain energy stored in the temporary shape is

released.

Most common SMPs are triggered by the application of thermal stimulus. Magnetic,
optical and moisture triggered responses are also common. Figure 1 illustrates the

macroscopic behavior of a thermally activated SMP during one cycle. The SMP materials is

initially in its permanent shape O0Bdaofand
load after heating above thgals Thi s temporary shape O6AD
the material below theyJnsrapidly. This step is called programming a deformation into the
SMP. Reheating the SMP above thg.Jis termed as recoverguring which process, the

SMP returns to its original shape 06B6.

1.2.3Molecular Architecture in SMPs:

Polymeric materials exhibiting shape recovery require a molecular or supramolecular

network that consists of long chairthat define the initial shap® The networks are

stabilized by "binding" or "net" points, which remain intact upon exposure to the stimulus

and thus enablememory of the initial shape Therefore, the net points in a SMP network

c

define the original shape and the chains connected by the net points impart the elasticity

required for the deformed network to reacquire its initial shape after stimufa®irape

memory polymers also need least oneemvery elements, or switching segments, in the

network that are capable of forming temporary interactions. The interactions between these

switching segments are affedtdy the external stimulus’ The retention of temporary

S
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shape and the tratisn to the original shape are determined by the sthmagponsive
switching segmentS These switching segments thus determine the transition/stimulation
conditions of SMPs.

Figure 2 delineates a schematic of the molecular mechanism responsible for the shape
memory behavior. The netpoints are depicted as red dots whereasttihengvsegments are
delineated as green (permanent) and blue (temporary) line segments. This is an example of
SMPs withcrystallizing segments. Shapgemory effect is brought about by a variety of
other structures and their corresponding stinkijure 3summarizes the structures, stimuli
and shapenemory functionality of some of the prominent shapEmory polymer materials.

It can be envisioned from Figure 3 that SMPs can be classified based on several
different aspects such as compositi®synthesis techniqué$ structue, type of stimulu¥
and functionality to name a few. As the most common SMPs are thermally responsive and
most commercial applications are concerned with the thermal activation of materials,

thermally activated shapmenory materials are classified in detail belbw.

1.2.4Classification ofThermallyResponsiv&MP materials:

A schematic classification of the SMPs based on theictsire is presented in Figure
4. Further classifications and a detailed structural description of each type are also given
below. Shapememory polymers are broadly classified on the basis of compositionras
different types®

1. Covalently crosdinked glassy networks



2. Covalently crosginked semicrystalline networks
3. Physically crosdinked glassy copolymers

4. Physically crosdinked semicrystalline block opolymers

Covalently crosdinked glassy thermoset networks:

These materials are composed of a ctivd®d polymer network that exhibits a sharp
glass transition temperaturefTThey behave as elastomers beyogdwihich can be tuned
by varying thecrosslink density and, in the case of bi/multicomponent systems, the
composition. For example, a chemically crtigked vinylidene random copolymer of
poly(methyl methacrylate) and poly(butyl methacrylate) hays Bf 110 and 20 °C
respectively. By vaing the composition of these two species in the material, a sharp and
tunable | can be achievedf the resulting SMP netwofR Ultra-high molecular weight
glassy polymer networks also can be considered as this type of SMPs as they do not flow
above their Tg. These types of materials also show good shape fixity due to vitrification.
Examples of such materials include higiolecularweight poly(methyl methagtate)?®
Poly(alkyl methacrylate) copolymers, epoxy networks and amorphous polyurethanes

constitute other examples of chely crosslinked glassy SMP$"*°

Covalently crosdinked semucrystalline networks:

Polymers in this category employ their inherent crystallinity to establish the

conditions associatedith shape fixing and memofyin this case, the melting temperature



(Tm) of the polymer effectively becomes the transition temperature for the SMP network.
The permanent shape of these networks is established similar to that of the fyatydaye
chemical crosginks. Since melting is a firsbrder transition (unlike a glass transition, which

is second order), the shape recovery is much faster as compared to the first case. The
transition temperatures aaéso much narrower in rang€heseSMPs include bulk polymers

that form phasaeparatd crystalline microdomaingExamples of materials in this category

of SMPs include chemically crodisked semicrystalline rubbef* polycaprolactoné®**and
polycyclooctené?

Once initially shapedthe above two types @MPs cannot be processed again into
another shape or form. They also present significant challenges to rgcgolihreusé.
Chemical crosginking is introduced by sitgpecific reactions that form covalent bonds
between neighboring chains and is therefore a stochastic phenomenon that can continue
beyond the time of the primary reaction. Theutess additional crostinking and evental
embrittlement:*® Physically crossdinked networks developed on the basis of microphase
separation or sitepecific interactions (e.g., hydrogen bondij or electrostatic
interactions) possess significant adizages over the previous materials for kiegm enduse

applicationg "%

Physically crosdinked glassy copolymers:
These SMPs have unique advantages due to their rheological properties that facilitate
melt processing using conventional thermoplastics technology. This class of materials is

characteized by the presence of rigid, amorphous microdomains that serve as physical cross



links. An excellent example of such materials includes micropbagarated block
copolymers’’*® These materials exhibit excellent recovery beyond the transition temperature
and some varieties can be tuned even for biomedical applicalidumther species is,
however, required to introduce temporary shape fixation in the network through either
crystallization or vitrification.

Other examples of such materials include polylactide copolyrfferaromatic
amide/polycaprolactone blentfs polyamide/polycaprolactone blerfds and polyethylene
terephthalate/polyethylene oxide blerfd&’ Polyurethane block copolymers exhibiting a
sharp glass transition also belong to this category. Another example is the miscible blend of a
segmented polyuretha with phenoxy resin and polycaprolactdneln addition of block
copolymer systems, homopolymer blends such as those composed of poly(methyl
methacrylate) and poly(vinylidene fluoride) can yield a makcible system over all
compositiond?® In this case, the poly(methyl methacrylate) is amorphous while the
poly(vinylidene fluoride) crystallizes to serve as the source of physical-lonessy and
likewise contributes to the modulus of the blend. The SMP transitions at the glass transition
of the acrylic. Other physical associations such as hydrogen bonding and ionic clusters can
also serveas physical crosbnks.?**' These crostinks exist in the hard segments of the
networks and can be dissociated when m@itsolutionprocessing the polymenetwork.

Such a material is reusable and can be reshaped multiple times.



Physically crosdinked semicrystalline block copolymers:

In this case, the block copolymers contain a soft segment that is capable of
crystallizing so that the melting point this species establishes the transition of the SMP
network. A classic example is the poly[styrdréransbutadieneb-styrene) triblock
copolymer?® The styrenic endblocks constitute-30 wt% of the molecule, and the system
develops into a stronglyegregated network composed of the serystalline polybutadiene
midblock. Endblockrich micelles exhibit a glass transition at 92°C (depending on block
length), above which the copolymer can be meticessed. The midblock on the other hand,
melts at 68°C, thereby providing a 30° window for the sima@eory functioning of the
copolymer.

An entire class of thermoplastic polyurethanes (TPUs) with-seystalline segments
has evolved as excellent shapemory candidates. These TPUs can be envisaged as
multiblock copolymers with alternating hard and soft segments. The hard segments interact
via hydrogen bonding, whereas crystallization of soé segments is responsible for the
transitioning phas&.*° Addition of other species such as PQ8®rid monomers can be
used to induce segregation in the segmented polyurethane speCigstallization of the
soft segments introduces a secondary shape in the SMP network. These materials are of
considerable interest duto their tunable stiffness and transition temperature and they are
readily foamed.

One class of materials that deserve a special mention is liquid crystalline elastomers

(LCEs)*? The wide range of combinations among mesogens and soft segment moieties

10



available for this type of chemistries enable a great way of tuning thes-steapory
applications of LCESY > Ahir and cavorkers® have also been able to produce fibers with
such materials. A series of studies on LCEs caagrof azobenzene units report the two
way lightsensitive shapememory effect”*® The variation in alignment order propels the
shapememory in such LCEs. A detailed review on these materials by lkeda and coffbrkers

presents the versatility of LCEs in designing photoresponsive materials.

1.2.2Quantifying Shap&emory Behavior

Shapememory behavior in polymers can be characterized by analyzing the mechanical
respnse of the material on a stretgain curve, as depicted in FigureEhe signature
response can be described in terms of four different steps as the network cycles through the

loading.

1. The SMP is first heated above the transition temperadturganda load is applied. The
first step therefore corresponds to a deformaijpunder a given applied stress.

2. The temperature is then lowered belby,sand the temporary shape is fixed in the
network.

3. The load is withdrawn from the SMP and a sttairemains. A small strain is recovered
due to chain relaxation.

4. Upon heating abov&ansagain, the material recovers its original shape. A permanent

strainQis introduced into the system as a result of this cycle.
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Two metricsare often employed to describeape memory in polymers: strain fixity and

strain recovery. These are defined below.

Strain FixityS : This denotes the strain fixed in the temporary shape wansietr of loading

conditionsand is given by

e, (N)

S, (N) =

where N is the cycle number.

Strain Recoverys : This corresponds to the strain introduced in the recovered SMP after

returning to its original shapand can be written as

m

e - ep(N)

S (N) =
e

Thermoplastic elastomers are capablexafellent strain fixity, as well as strain
recovery of above 95% under sustainable loading levels. Physicallyliciass networks as
described as Type lll and IV are also capable of moderatehydgfprmation up to 200%

strain.*®
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1.2.3 Emerging Directions ShapeMemory Polymers

As emerging class of materials, SMPs find applications in a widetyaof
applications ranging from imivo implants®®®?to outer space applicatiohSTheir low
densities and large allowable deformations make them suitable floydbje components in
aerospace These applications include hingesusses, antennas, optical reflectors and
morphing sking. While the tailoring of SMPs toward specific applications is intriguing, new
avenues are emerging with the disery of multifunctional SMPS, two-way reversible
SMPs®*®structures capable of multiple transitidAsind sustainable thermoplastic SMPs.
In these directions we review a few important developments in -foakttional SMP

materials.

1.2.3.1Multi-functional SMPs

Polymer structures exhibiting triple shape memory were designed in the recent years
by employing two separate domains with respective transition temperatures with
chemically®® and physicall§ crosslinked network, with LCEY and with a bilayer
approactf® The chemical approach is exemplified by Behl and cowotkengre a network
comprising of PEG side chains with one end free to interact wit@lanetwork. A similar
effect was obtained from linear or branched PE elioksd with peroxid€® and a more
novel approach involving complementary hydrogen bonding in methacrylate copolymers.
Physical approaches include polyurethanes with multiple crystalline phases such as two soft
segments with different melting poirffs.Bothe and coworkef$ employed POS®CL

networks where the glass transitions of the segments were also utilized as the transition
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temperatures for the triple shape memory. While LCEs route involved a side chain liquid
crystalline network capable #fvo shape fixities via isotropinematic transition and glass
transition!? the bilayer approached utilized two epoxy SMPs bearinigla gap between the
glass transition temperatures reactively held together by curing one over th& other.

Xie and coworkers first demonstrated a quadruple shape memoppgities of
perfluorosulphonic acid ionomer. Later the cycling behavior was reported to affect the SMP
performance significant/§? Another development from the same group employe®fand
CNT regions in an SMP composite system that can were stimulated at different
radiofrequencyranges’?® Interpenetrating network system with a broad glass transition
temperature range and a melting temperature was investigated by Li and coWorkers.

With the expanding variety of the physical and chemical routes to devise SMPs,
there are umpteen possibilities of realizing a future with commercial use of responsive
polymer materiald? But we believe that the development of scalable, sustainable, and cost
effective alternatives will propel shapgemory polymers to the forefront of materials

development for sevdrdecades in this century.

1.2.3.2ShapeMemory Filaments and Textiles:

Textile and fibrous materials constitute a large portion of polymers material
consumption. The value addition associated with textile applications and filamentous media
drives mag commercial and academic research groups toward innovation. Fibers with a

wide range of diameters can be prepared to possess shape memory capatslity. and
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coworkerg® studied macro scale shape memory polyurethane filaments prepared from melt
spinnirg as well as wet spinning techniques. They report better properties as well as efficient
route of manufacture to be melt spinning of SMPUs. Kaursoin and cowGrkarsstigated
polyesterpolyol based SMPUs under different drawing and heat setting conditions during
melt spinning. Yet another group studied the effect of cationic group composition on the
shapememory behaviorof polyurethane ionomerS. Nanofibers of SMPUs were also
reported to retain the shape memory efféct.

Grafting of polyurethane on cottbhand finishing applied on cottBh were
performed in an endeavor to transfer the shapenory property to the cotton fabric/yarn.
Membraned?® and nonwoven weB&%® were evaluated for shampeemory properties.
Electrospun webs prepared from SMPUs were subjected to differatiesstior shape
memory behaviot*®®" While nanofibers impart high surface area and enhanced
functionality such as antimicrobial activitythe main promise in scaling up SMPs lies in
developing macro/micro fiber materials capable of shape memory behavior.

Filaments produced via melt spinning of SMPUs exhibited excellent shape recovery
properties® Other studés investigated for molecular orientation, recovery stress, and post
treatment on the SMPUs maipun filaments® A comparison of the mechanical and
temperature response of SMP filaments with existing-made fibers (Figure 6) reveals the
superior performance of SMPU filamentdeng and coworker$ prepared SMPU hollow
filaments (Figure 7) by using medpinning that can change the interior diameter based on
the temperature. Electroactive SMP fibers containing carbon nanotubes and temperature

regulating smart fibers weralso prepared by the same research labor#tdty.
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Early developments in fabrics incorporated with SMP fini§hesveal improvements
in crease recovery.A schematic of the process is shown in Figure 8 and Figure 9 provides

the shape memory recovery effects of the finished fabric.

1.3Block copolymers asetwork formers

Block copolymers are comprised of segments of polymer chains connected along the
backbone. When such segments are comprised of species that are incompatible with each
other they phase segregate to form microdonidifihe segregation of block copolymers
and the resulting microstructures (Figure & governed primarily by thermodynamic
factors such as incompatibility between blocks, temperature and pressure and molecular
architecture such as chain length and composition of the bldgké wide spectrum of
applicationg® spanning from membrar¥sto electroactive polyme?$ utilize block
copolymers as nastructured base materials with unique properties. Block copolymers are
often used to compatibilize polympolymer interfaces and improve adhesioi?°

Triblock copolymers of ABA type are given much importance as they form molecular
networks capable of excellent mechanical strength and elond&ttiiABA copolymers are
often used as network forms containiBgselective solvent to form a famous class of
materials termed as thermoplastic elastomer %ef8.Recently, ABA copolymers with
styrenic endblocks was utilized to prepare shapenory materials and phase change
materials in conjunction with paraffin waxes as the switching (midblock selective)
component®1%” Several studies in the literature investigated the homopolymer/AB

8110

copolymer interfacé and efficacy of AB copolymers in the compatibilization ofBA
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interfaces-***?However, for the case of ABA copolymer homopolymer blends, only low
molecular weight homopolymers have been stutfi2d"

19118 and coworkers first addressed the network formation in ABA triblock

Matse
copolymer systems via seatbnsistentfiled theory calculations. predicted the Mattice and
coworkers have employed Monte Cadanulationsto study the network formation in
triblock copolymer systems under different conditibfie?® Recently, dissipative particle
dynamics were used to investigate the network formation in triblock copolymerfhattd
ABA systems with Bselective solvent&?!? However, most of these studies assume a
strong segregation regime for the AB incompatibility and a comprehensive understanding of

the network evolution with the effects of compatibility and molecular weight is still

necessary.
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Figurel.7: Hollow fibers made of SMPU shajpeemory material that is able to change the
internal diameter based on the exposed temperdture.
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Chapter 2

Melt-Spun SEBS/LLDPE BicomponentFilaments Exhibiting Versatile
ShapeMemory Behavior

Syamal S. Tallury,"* Melissa A. Pasquinellj’ Behnam Pourdeyhimf~andRichard J.
Spontak'*

'Department of Materials Science & Engineering, North Carolina State University, Raleigh, NC 27695
“Fiber & Polymer Science Program, North Carolina State University, Raleigh, NC 27695
3Department of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

2.1 Abstract

This work explores physical means of achieving thermallyaietd shapenemory
behavior in polymer filaments prepared using commercially available, cost effective
materials as well as processing technique. The species contributing as a molecular network
former (poly(styreneo-(ethylene butylenego-styrene) is ceprocessed with a polyolefin
(linear low density polyethylene) via bicomponent nsglinning. The LLDPE participates as
the switching species through two mechanisms 1. Conventional -st&pery behavior
where LLDPE is softened and later cooled to programngporary shape; and 2. Ambient
temperature shapmemory where mechanical loading alone induces a stable temporary
elongation due to increased molecular orientation. The two types of shape memory behavior
are subjected to thermal, mechanical and morphocdbgitudies to explain the underlying
mechanisms. The shape memory filaments thus produced possess excellent recovery ratios

while capable of repetitive cycling with minimal loss of properties. Our work extends the

" To whom correspondence should be addresseuh{e Rich_Sponta@ncsu.edu).
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boundaries of shap@emory material manatture into physically designs that enable large

scale production and application of shapemory polymer filaments.

2.2 Introduction

Shapememory polymers (SMPs) can assume one or more temporarily programmed
deformed states until an external stimulugses the materials to recover to their original
shape:? Thermally responsive SMPs are the most abundant manifestations of shape memory
effect in polymers:* Two features that are necessarily present in SMPs are a molecular
net work responsible for the d6édmemoryd of the
least one species capable of switching from rigid to mobile states depending on the
application of an external stimuldsSeveral recent developmehtsave combined different
triggering mechanisms to create struetucapable of dualtriple®** and quadruple shape
memory material&?

Several chemical approaches to achieving shape memory effect in polymers have
been develped to be able to tune the response of the resulting $MRsvariety of
structures, stimuli responsible for triggagithe shape memory and resulting functionalities
were recently summarized by Hu and coworKevghile a large selection of materials and
methods exist to tailor a SMP material to the conditions and properties demanded by a
particular applicatiori;***°large scale application of SMPs in our day to day life is still far
from reality. Limitations appear due to the complexity in the chemical processes required to

produce SMPs, cost associated with the manufacture and issues concerning sustainable usage

of materialst®*’
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Physical network formers stand out as viable alternatives to the aliemessed
limitations owing to their ability to reshape upon processig.Block copolymers in
particular appear as excellent ordered materials capable of unmatched set of pf8peérties.
Although manystudies have focused on the inclusion of small molecular compounds in
copolymer networké? % the use of triblock copolymers in conjunction with homopolymers
is relatively unexplored. Recent studies have utilized physical approaches to devise SMPs
based on styrenic triblock copolymers and aliphatic oligoiéfsHowever, the processing
techniques employed by these studies limit their scalable manufacture.

Scalable techniques such as melt spinning of polymers have been utilized before to
produce shape memory filameAt$® Filaments with cross sections responsive to the
temperature are also possible with this versatile techrifotile the current knowledge of
shape memory fibers permits the production of filaments capable of thermal shape

menory,***°

the substrates are restricted to shape ongnpolyurethanes (SMPUs). We
again encounter a limitation on the scalability of such filaments due to the chemistry
involved in the preparation of the SMPUs structdfeés.

Our approach focuses on the combining materials capable of forming physically
crosslinked molecular network and switching mechanisms in 4s@lining. Specifically,
SEBS copolymer and a polyolefin (LLDPE) were subjected to bicomponenspaeiting in
core/sheath crossectional morphology respectively. We investigate the theynaalivated
shapememory in thus formed filaments with a battery of characterization tools revealing the

underlying mechanisms affecting the shapemory performance. Such a route ensures easy

processing, low cost, and the ability to tune the properti€di#s by physical design.
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2.3 Materials
The triblock copolymer (SEBS) used in this study is a “ketiwn commercial

polymer obtainedrbm Kraton Polymers Inc. under the trade name of G1643 that is suitable
for melt spinning. The copolymer chains contain 20 wt. % styrene and 80 wt. % ethylene
butylene random copolymer. Whereas the polyolefin is a linear low density polyethylene
(LLDPE) grade containing short side chains responsible for low crystallization in the
homopolymer. The LLDPE was under the trade names Exxact 0230 from ExxonMobil
Chemical Co. The homopolymer grades utilized in this study are suitable for injection

molding.

Table2.1. Details of the materials used for the bicomponent iskamdsa spinning.

Commercial : Density Softening
Polymer Supplier Temperature
Name y o, 9/ o
Tm, °C
SEBS | Kraton G1643| Kraton Polymers Inc. 0.9 95.3
LLDPE Exxact ExxonMobil Chemical C¢ 0.9 70.5

! The density values for these polymers were obtained from the polymer data sheet supplied
by the supplier.

2 The softening temperatures of all polymers were estimated from differential scanning
caloimeter at a heating rate 8§0°C/min.
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The materials included in this study are specific examples of polymers capable of
being processed by melpinning while satisfying the condition that the switching
component should soften well below the disruptibthe physically croséinked molecular
network. We have performed the msiftinning process at significantly lower speeds (300
m/min) compared to the commercial process in order be able to prepare samples uniformly.
Negligible drawdown ratio was applied limit the inline stress development in the spinning

and winding processes.

2.4. Methods
2.41 Productionof Bicomponent Sheath/Core and Sheath/Cgf@ore, Filaments

Filaments bearing sheath/sore cresstions were produced on i | | 0's Il nc
Bicomponent melt spinning machine whereas the tricomponent spinning machine by the
same manufacturer was utilized to prepare sheathjfowes filaments. The first set of
filaments bear LLDPE in the sheath and SEBS component as the core of the filament cross
section. The second set of filaments comprise of LLDPE in the sheath ap¢irmoaemost)
and SEBS as coreThese filaments were obtained of each component to produce 20/80,
30/70, 40/60, 50/50, 60/40, 70/30 and 80/20 LLDPE/SEBS by volume ratio respe(iiyvely
controlling the melt pump ratios). The extruder temperatures were mact&i2é0°C, 220
°C, 230°C, and 24C°C in the four zones for SEBS component &9@ °C, 195°C, 200°C,
and 210°C for the LLDPE component respectiveljhe filaments were collected about 1

meter below the quenching zone (maintained at@pbby directly winding. The speed of
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winder was set to collect at a similar rate as the filaments were spun and this rate was set

constant at about 300 m/min.

2.4.2 Optical and Scanning Electron Microscopy

Scanning electron microscopy on the filament specimens wasuctea onFEl
Quanta 3D FEGnicroscope. In order to obtain the electron micrographs of each component,
we have isolated the LLDPE component by dissolving the SEBS in toluene for 12 hours and
drying the filaments in vacuum for 2 hours. We have fréemetured the filaments under
liquid nitrogen to obtain cross sections of the filaments prior to the fastening the samples on
the SEM stage. No sputter coating was applied on the filament samples to preserve the
surface features that resulted from the spinnind ® avoid thermal damage. The optical
micrographs were obtained using Nikon Eclipse 50i POL optical microscope.

Optical Birefringence measurements were made using Becke Line rffetimothe
polarized light microscope. The refractive index media used were obtainedRrofm

Cargille, Inc. (Cedar Grove NJ USA)

2.4.3 Differential Scanning Calorimetry

Thermal analysis of the bicomponent filaments and the polymer resins was performed
on Perkin Elmer Diamond DSC calorimeter. Samples ranging between 4 to 5 mg were
subjected to a heating rate ¥°C/min and in the temperature ranges fizbn’C to 200 °C.

The melting and softening temperatures for the polymer species were obtained by analyzing
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the calorimetry data for the average peak melting temperatures and glass transition

temperatures from three different samples.

2.4.4Thermo-Mechancal and ShapeMemory Testing
The shapenemory testing of the filaments was performed on TA Instruments

Rheometric Solids Analyzer Ill. The samples were prepared from bundles-b0080
filaments while maintaining the average crgsstional area constanthe testing was
conducted at different gauge lengths ranging from 5 to 50 mm, and a gauge length of 10 mm
was chosen for consistency. Evaluating thepememory performance involvedhe
measurement of strain stored in the temporary state as well asctheered strain after
heating the filaments.The testing procedurfor conventional shape memory testiisgas
follows:

a) Start at a gauge lengtti 10 mm, heat the sample to %@

b) Increase the load at a constant strain rate of 0'd reach a @rscribed strain

c) Hold at the presthed strain, quench the sampbe30 °C (programming)

d) Release the sample and measure the strain at a very small tensile load (~ 0.1 Pa)

e) Heat the sample to AT and measure the strain under a very small telosite

f) Repeat the above steps for successive cycles
For the shape memory testing with ambient temperature fixity, the testing methodology is as
follows:

a) Start at a gauge length @ tfam
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b) Increase the load at a constant strain rate of 9.1 s

c) Stopat the prescribed strain

d) Reduce the load until the stress reaches 0 MPa

€) Return to 0% strain or to the initial gauge length

f) Repeat the above steps for successive cyslethermal)

g) Heat the sample frommbient temperaturte 70 °C at 20 °C/rim
h) Cool the sample from0PC toambient temperatura 20 °C/min

i) Repeat the above stefpem step afor successiveecoverycycles

2.5 Results and Discussion
2.51 Morphology andMicrostructural Analysis

The scanning elean micrographs of sheath/core and sheath{tmes filaments in
the unstrained configuration are provided in Figure 1. The images of thesecigms were
obtained with only LLDPE component visible dissolving the SEBS component in toluene.
The filamens in sheath/core and sheath/gfmere cross sections are also visible in the
longitudinal view. The overall diameter of the mghun filaments was observed to be
uniformly distributed aroundt 01 . 2N8. 4 em for the sheath/co
sheath/corgcore filaments in the unstrained configuration.

The morphology of the filaments strained to 300% strain under ambient temperature
conditions as well as those in recovered state (obtaftedheating t&0 °C) are presented
in Figure 2. There is a clear distinction in the morphology of sheath/core and

sheath/corgcore filaments in the deformed state under ambient conditions. Firstly, the
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sheath/core filaments exhibit a microscopic stefanorphology akin to shear banding
(visible in the inset of Figure 2) wherein the sheath polymer undergoes large degree of
orientation due to the plastic deformation past yielding. Macroscopically the filaments curl
significantly. There diameter of flamet s i n this state i s meas:!
indicating a 40% decrease in the direction transverse to loading axis. Shegtdosre
filaments depict no such curling macroscopically but their diameter is reduced by 37%
(62.8N4.5 & m). cablbeckplaiged olyithe balamce df stresses present in the
innermost core (coge and the sheath components for the case of sheatiibcoee
filaments The absence of surface morphology indicates a uniform yielding with balanced
strains along the radidirection of the sheath/careore filaments

The recovered morphologies from the ambient temperature deformation of 300%
strain are also provided in Figure 2. The sheath/core filaments recover to 96.2% of their
original diameter whereas sheath/gtrere, flamentsshow a recovery of 97.5% measured
in terms of the microscopic diameter recovery. The surface morphologies occurring in the
temporary state for the sheath/core filaments are absent after the recovery process. This
suggests that the LLDPE compmn has reshaped itself after softening whereas the core
component is causing the elastic recovery of the structure. A similar effect is seen in
sheath/corgcore filaments

Electron micrographs of the structures in temporary and recovered states for the
conventional shape memory behavior are provided in Figure 3. Measurements from these
structures indicate a microscopic recovery of 93.3% and 92.1% for sheath core and

sheath/corgcore filaments respectively. The ratios compare lower to the ambient
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tempeature SMP behavior as the filaments undergo heated drawing that may contribute to a
higher permanent set in the SEBS component as it is the only load bearing component during

the programming step.

2.5.2Conventional Shapeanemory behavior of SEBS/LLDPE Bamponent Filaments

Figure 4 delineates the shape memory behavior of thermally activatedrsbapey
behavior of SEBS/LLDPE filaments under heated programming with bundles of filaments.
The strain, stress and temperature during the themeahanical testig of 80/20
SEBS/LLDPE filaments is depicted using three different ordinate axes. The black (solid)
curve depicts the strain of the material; red (dash) curve indicates the stress response in the
filaments and the blue (short dash) curve indicates theeatype throughout the test. These
three quantities are plotted on the ordinate axes whereas the time (seconds) is plotted on the
abscissa.

The temperature (blue/short dash curve) starts at 70 °C at which state the LLDPE
component is mobile. After straimg the first 170 s of the test @l s, the temperature is
ramped down to 30 °C, thereby fixing the temporary shape in the filaments due to the
solidification of the LLDPE component. The SEBS component is still in a network
throughout this cycle and isurrently in a strained state at about 170% strain. It is also
observed that when the filaments are held at the strained state from 150 to 600 s, the stress
drops as the LLDPE component solidifies. When the sample is let go at 600 s, the instrument
tries b keep the sample taut while engaging the filaments in slight tension from 600 to 900 s.

During the time, we can notice that the filaments are just taut (stress (red/dash) reaches zero)
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at about 150% strain. As soon as the instrument oscillates abovpattiatilar strain, a
corresponding stress is registered indicating that the filaments are engaged. The strain at
which instrument equilibrates from 600 to 900 s is the temporary fixed strain as the LLDPE

component is immobile at this stage. This meansthigastrain fixity of this sample is

S = Strain fixity = Unrecovered strain/Maximum strain = 85.3%

After 900 s in to the test, the temperature (blue/short dash) is increased back to 70 °C
while maintaining a slight tension in the filaments to follow the material response. At this
stage the LLDPE is mobile again, but the SEBS recovers the ddfomvery rapidly.
Although it takes less than 2 s for the filaments to recover to a lower strain (black/solid curve
past 900 s), the instrument is allowed to equilibrate and measure the strain recovery in the

filaments. The measured strain recovery mtst is calculated by

Sr = Strain recovery = Strain recovered/Maximum strain =-Zd&)0170 = 84.7%

This procedure measures the shapamory behavior of the filaments under heated

programming for the first cycle. The filaments register strain fixity89f3% and a strain

recovery ratio of 84.7%. The above themechanical cycle is repeated for 5 successive

cycles to investigate the mechanical response following the initial deformation.
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2.53 Effect of Maximum Strain and Cycling on the Conventional &peMemory
Behavior

This shapanemory behavior was tested for different maximum strain levels of 70,
120 and 170%kFigure 5 depicts the evolution of strain ratios at the three different maximum
strains with the increasing number of cycles for 60/40 SEB3HAE filament in core/sheath
crosssection. It can be noticed that the best shape memory behavior is observable at 120%
strain. Overall the increasing cycles result in improvement of the SMP behavior due to more
involvement of SEBS component. While strdirity registers a minor increase during
cycling, the strain recovery ratio is shown to have enhanced rapidly after the first SMP
cycles. We investigated the effect of composition on the SMP behavior of the first cycle to

further understand this behavior.

2.5.4Dependence of Shapmemory Behavior on the SEBS/LLDPE Volume Ratio

Figure 6 captures the conventional shape memory performance for the first cycle of
sheath/corgcore filaments as a function of the SEBS/LLDPE composition. The shape fixity
ratios emained above 94% all through the compositional variation but no particular trend
was observed as a function of the composition.

The recovery ratios however depict an increase from 30/70 to 40/60 LLDPE/SEBS
volume ratio, beyond which there is a steadyrel@se in the recovery ratios reaching as low
as 70% at 90/10 LLDPE/SEBS volume ratio. This trend suggests that the decrease in the

molecular network content provides a small entropic and enthalpic incentive for the filaments
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to retract. Moreover, higher owpliance in the SEBS component allows the LLDPE to

remain in the oriented state and fails to recover the filaments to their original shape.

2.5.5 Investigation of Ambient Temperature Shapemory Behavior

In order to understand the ambient temperatuebabior of the SEBS/LLDPE
filaments we have subjected the filaments to cyclic mechanical loading under isothermal
conditions (Figure 7a) followed by heating and cooling cycles (Figure7b). There is a
semicrystalline response in the filaments in the firading cycle. It is clear that after the
first loading cycle the filaments possess a hysteresis of about 32% of the maximum intended
strain. The red curves (dashed) in Figure 7b indicate the response of the filaments after
heating to 70 °C and cooling to 30. The filaments recover to start loading from close to O
strain after the first loading cycle past heating and cooling. It is evident that there is a loss in
the mechanical property of the filaments in terms of the maximum stress and modulus. Yet
thereis a recovery associated with the sheath component that resets the loading to occur from
98% of the initial dimensions.

Optical birefringence measurements, provided in Figure 8a, indicate that the filaments
possess increased orientation in the axial toeccorresponding to increased amorphous
and crystalline orientation in the filaments upon ambient temperature loading. However, a lot
of this orientation remains in the filaments upon releasing (dashed curves in Figure 8a). The
crystallinity was also food to increase by up to 6% in the case of 80/20 (LLDPE/SEBS by
volume) sheath/core filaments. The appreciation in the crystallinity was found to be heavily

dependent upon the LLDPE content as it is the only crystallizing component in the filaments.
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This efect was similar in the case of sheath/gm@e filaments except that even in
comparable compositions of 50/50 and 30/50/20 there was a 3% lower crystallinity

associated with the sheath/cdcere filament counterparts.

2.6 Conclusions

We have inveggatedthe efficacy of thermally responsive shapemory effectin
filaments prepared by medpinning of SEBS and LLDPE with sheath/core and
sheath/corgcore crosssection The filaments exhibited excellent spontaneous recovery
within a second of heating to soften the LLDPE sheath component. Two types of shape
menory behavior namely via ambient temperature loading and conventional heated
programming were discovered in the filaments. Conventional shape memory behavior was
investigated at different compositions and the strain recovery was noted to drop rapidly with
increasing LLDPE volume content in the sheath/¢ooee, filaments beyond 50% LLDPE.
Further SMP cycles improved the strain recovery ratios by 14% in the case of 60/40
SEBS/LLDPE filaments but the strain fixity ratios registered only a minor increasehh wi
2%. The microscopic morphologies revealed interesting orientations in sheath/core cross
section filaments, increasing curling resulted when released after room temperature loading.
A radial balance of stresses in the sheath{tmes filaments elimnated this curling effect.
The ambient shape memory effect is found to occur due to increased oriented amorphous and
crystalline regions as evidenced by optical birefringence and calorimetry measurements as a
function of strain. A robust physical desigm &hape memory filaments is demonstrated in a

step toward developing commercially relevant SMP technologies.
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Figure 2.1. Scanning electron micrographs of lA)DPE sheath with scale bar representi
50 ¢ omstkaiped sheltcore with scale bar representihdd 0 e m ¢ ) LLD
core in sheath/corgcore filaments with scale bar similar t¢a) and d) unstrainec
sheath/corgcore filaments with a scale bar similar (o).
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Figure2.2. Scanning electron micrographs obtained AQrsheath/core filaments strained
room temperatur®) recovered state from ambient temperature strairihgnd D indicate
sheath/corgcore filements in strained and recovered states respectively.
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Figure 2.3. Scanning electron micrographs obtained (&) sheath/core filaments fixed ¢
70°C (B) recovered state from ambietémperature straining{C) and (D) indicate
sheath/corgcore filements in strained and recovered states respectively.The scale bi
similar for left column and right column respectively

56



200

,"-I —— Strain [
: - — ' Stress L 20 L 80
---- Temperature
fw*“ .......................... .
d . .
1 - 1 M : -
i I : - 16 70
1 \ : .
NS -
o
Y- - 60
- .I s - 12 o e
i 100 1 . S | o
C_U 1 1 - E
& : : Q -50
1 : F8 = o
| w =
: ! @
. 1 o -
501! o : - 40
1 . :
| . 5 e |
I | :M
| " |
L T, ? —~ 30
P " \ -“.'l
0 T T T I T “— r | T T r 0 L
0 200 400 600 800 1000 1200
time (sec)

Figure2.4. Shapememory behavior of 20/80 LLDPE/SEBS filaments with sheath/core
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Chapter 3

Dissipative Particle Dynamics ofTriblock Copolymer Melts:
A Midblock Conformational Study

Syamal S. Tallury,*? Richard J. Spontak'®andMelissa A. Pasquinelff’

'Department of Materials Science & Engineering, North Carolina State University, Raleigh, NC 27695
“Fiber & Polymer Science Program, North Carolina State University, Raleigh, NC 27695
3Department of Chemica# Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

3.1 Abstract

As thermoplastic elastomers, triblock copolymers constitute an immensely important
class of shapenemory soft materials due to their unique ability to form mdbecnetworks
stabilized by physical, rather than chemical, cilogss. The extent to which such networks
develop in triblock and higharder multiblock copolymers is sensitive to the formation of
midblock bridges, which serve to connect neighboring mdiemains. Microphasseparated
molecules can likewise adogitreeother midblock conformations: loopdangling endsral
unsegregated chain®Vhile prior theoretical and simulation studies have endeavored to
elucidate the midblock bridging fraction in tidck copolymer melts, most have only
considered strongly segregated systems wherein dangling ends become relatively
insignificant. In this study, simulations based on dissipative particle dynamics are performed
to examine the seHssembly and networkaltiti of moderately segregated triblock
copolymers. Utilizing a densilgased clusterecognition algorithm, we demonstrate how the

simulations can be analyzed to extract molecular conformation information and permit

" To whom corespondence should be addresseahdé: Melissa_Pasquinelli@ncsu.edu).
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explicit quantitation of the midblock bgghg, looping danglingand unsegregatddactions

for ABA copolymers varying in chain length, composition and segregation.

3.2Introduction

Due to their unique ability to spontaneously undergo microphase separation and self
assemble into a variety of spfieriodic nanostructures as a consequence of thermodynamic
incompatibility; block copolymers continue to capture the attention of numerous
fundamental studies and technological innovations. Triblock copolymers composed of hard
(glassy or semicrystalle) A endblocks and a soft (rubbery) B midblock are of particular
widespread interest from a commercial standpoint because they constitute thermoplastic
elastomers (TPE$) a class of elastic materials that rely on the formation of molecular
networks staltized by physical, rather than chemical, crisks. The moleculatevel
details of these networks will be discussed further below. Since their initial
commercialization, TPEs have been commonly used in the-$@aje manufacture of
consumer productsanging from automotive parts to sporting and household/office goods.
More recent efforts have demonstrated that these versatile materials can be broadly
incorporated into biomedicaknd microfluidi¢ devices, vibratiodampening medi&,soft
electroactuairs?'° pressuresensitive adhesives;'? shapememory fibers:® and largestrain
flexible electronics**® Unlike their chemically crosknked analogs, TPEs can also be
recycled and reprocessed through the use of either solvent or thermal meansdto avo
contributing to solidvaste pollution. From a fundamental viewpoint, ABA triblock
copolymers, alone or in the presence of one or more -snuddicule or polymeric additives,

are interesting because they can-seffanize into the same nanostructlités(as well as
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other$®?) observed in simpler AB diblock copolymer systems. The primary difference
between the two copolymer genres lies in the ability of ABA copolymers to form molecular
networks.

Previous experimental studfé$* have explored the confmational transition from AB
diblock to ABA triblock copolymer through the use of molecularly asymmetriBAA
triblock copolymers grown from a parent;B\ diblock copolymer. These efforts have
demonstrated that the phase behavior, ordered nanostructureeaténical properties
exhibit a noticeably abrupt transition at a critical size of the progressively grawn A
endblock. Complementary theoretical and simulation consideratioeseal that this
transition coincides with the formation of an equilibriumiwak composed of bridged
midblocks, thereby establishing a direct connection between diblock and triblock copolymer
archetypes. While this strategy has been recently extended to -brgleer multiblock
copolymers?® only molecularly symmetric ABA copolymg (with Maz = Maz, where M
denotes block mass) are considered further in the present work.

Under strongsegregation conditions wherein the A and B blocks comprising an ABA
triblock copolymer are highly incompatible, a copolymer molecule typicallyasséimbles
in two ways, as depicted in Figure 1: (1) by depositing both of its endblocks in a single
microdomain, thereby causing the midblock to adopt a looped conformation; or (2) each
endblock in a neighboring microdomain, thereby causing the midblocstoree a bridged

"8 and theoreticd?*° studies have sought to

conformation. Numerous experimenif
guantify the fractions associated with these conformations so that molecular conformations

can be directly related to macroscopic (specifically mechgnmroperties. In moderately
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segregated systems, howevether midblock conformatian dangling ends(hereafter
referred to as fdanglaadudsegregated ¢chaimsist bednelddedi n
in the population analysis.

In their seminal wdt, Mattice and cavorkers® have previously utilized Monte Carlo
simulations to ascertain the fractions of bridges, lpafmngles and unsegregated ends
(denoted here ds, fg, fp andfy, respectively, wherg + fg + fp + fy = 1) in ABA triblock
copolyme-solvent systems and ABA copolymers confined between two parallel surfaces. In
this work, we determine these fractions in moderately and strongly segregated ABA
copolymer melts by employing dissipative particle dynamics (DPD), an approach akin to
molecula dynamics simulations that combines a conservative force with viscous and random
forces to facilitate the simulation of viscous matfahile DPD simulations have been used
to investigate the selissembly of diblock copolymers in prior studi&® their recent
application to networdforming triblock copolymer melts has been limited to strongly
segregated systers®®in which casefz can be discerned explicitly from chain etodend
distributions. Here, we demonstrate that a desisised clusteringlgorithn can be applied
to analyze the trajectories from DPD simulations to extract the midblock conformational
fractions for ABA triblock copolymers varying in segregation level, chain length and

molecular composition.
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3.3Computational Methods

The coarsegrained particles (or beads) in DPD simulations are compressible and thus
behave as soft spheres, which are linked together to replicate polymer chains-gisringad

equivalents. The net forcE)Y experienced by each bead during a DPD simulasigivien by
O B O O O O (2)
in which the summed forces account for all pairwise interactions between different beads

(designatedi and j) within a cutoff radius R:), which is commonly set to unityThe

conservative (repulsive) forc&)) is written as

0 | p — Q¢ Y @
Tt Q¢ i Y

whereg; is the repulsion potential amglis the dstance between beadandj. Note that'O
in Eq. 2vanishes if; > R.. The dissipative™© ) and random™Q) forcesin Eq. lare defined
as

O rzow 11 i (3a)
and

0 ,zZw 1 —i, (3b)
respectively whereo representshe viscousdrag paameter,v; denoteghe relative velocity

between two beadandd; is a randomly fluctuatingerm thatobeysGaussian statistics. The

weightingfunctions WP andW') areexpressed as

@ i @ i : (4)
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and the dissipative and random forces are related through the fluctdesgraion
theorend® by &°= 2 gTk where kg is the Boltzmann constant arfl denotes absolute
temperature. (Note that this theorem naturally enforces a system thermostat.) Lastly, the
spring force {O) in Eg. 1 accounts for bead connectivity and is givgn

O w1 ()
In contrast to the other forces in Eq."Q, is not equal to zero whan 'Y so that bead
connectivity is maintained throughout the simulation.

A reduced system of units is employed in D&iBwulations, and the unit of length in our
simulations translates to 1.73 nm (the smallest cell we used has an edge length of 39.5 nm).
All simulations have been performed using a microcanonical ensefodestant mass,
constant volume and constant engrgyith the system thermostat set to 373 K, in which case
ksT is set equal to unit thermal energy. Values of the number bead défsity gare held
constant at 3.0 and 4.5, respectively. The -pgiulsion parameters are calculated from
group-contribution methods for the specific case of a triblock copolymer composed of
styrene (A) and ethylereo-butylene (B) moieties. According tGroot and coworkers, the
value of the like pairepulsion parametersafa and agg) is calculated to be 25.0 from
X P"[Q"Y The cross paramete@sz) is commonly calculated from o’ Xp
o8j 0 & ..., whereN is the numbe of beads per chain anghs is the FloryHuggins
interaction parameter estimated from 1 j 'Q"Y In this expressiong represents the
solubility parameter of species(wherei = A or B). These pureomponent properties are

accurately approximated for nonpolar species from group contribution méthodss] =
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21.59 MP&%and] = 16.97 MP42 In the current degree of coarse grainiigthe volume
of a DPD beadcorresponds to about 10 styrenic units (100§/cml), or about 1.725 nfn
which is consistent with earlier DPD resuftom Maly et. AP°. Thus, for moderately
segregated chains composed of 50 beaglsis calculated to be 48.3.

Initially random chain structures are generated from the chain.py routiniaein
LAMMPS computational packaffeand then subjected to equilibration runs of 100,000 steps
with periodic boundary conditions. Subsequent production runs are performed for 500,000
steps with a time step of about 2 ps in real time, thereby yielding artwtalime of
approximately 17%. Simulations have been conducted for systems containing copolymer
chains systematically differing in length)( molecular compositionf{) and number. Here,
fa corresponds to the fraction of A beads in a copolymer chain and is varied to interrogate the
role of morphology on network formation: sphericil £ 0.2), cylindrical {5 = 0.3) and
lamellar € = 0.5).

Since single and completdinkage hierarchical clustering methods are either too
sensitive to background noise or insufficiently sensitive lbooad range of existing clusters,
we have elected to use a dendigsed clustering algorithm (DBSCAWN that ensures
reachability while enforcing a minimum cluster size to systematically identify copolymer
microdomains. This pattemecognition algorithmis considered robust in a variety of
contemporary applications, ranging from identifying broadband internet user time
preferencé? lipid rafts in mixed lipid bilayer¥ and objects in noisy video footdgeto
elucidating chromatin interactions in gefie#n general, DBSCAN commences by assuming

that each bead lies in a different cluster. Two independent parameters are then used to
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establish the existence of an actual clusg;,, the minimum number of observations
required to classify a grouping asegitimate cluster, and the reachability that defines the

span over which clustdrased linkages exist. If beads meet the conditions required by both
parameters, they are allocated to the core of a cluster. If the conditions esatebyatisfied

but those ofPni, are not, the corresponding beads are assigned to a cluster boundary. Beads
that do not meet either condition are considered as noise and rejected from clusters. In terms
of triblock copolymer melts, clusters correspond to endbtadkmicrodonains, whereas the

noise from snapshots of DPD simulations identifies beads belonging to the midblock
matrix (depending on the copolymer composition, since the morphology may consist of
lamellae). In our adaptation, we force microdomains to obey pefadindary conditions in

all three dimensions by unwrapping bonded beads (along the endblock) if they cross a

periodic wall in the simulation box.

34 Results and Discussion

3.4.1Production of Microphase Morphologies

We first validate that the DPD sidations provide reasonable representations of the
copolymer morphologies. The evolution of systems containing chains varyigcam be
followed up to 1.0 from timeresolved trajectories of endblock beads, such as those
portrayed forN = 50 in Figures SB3 in the Supplemental Information (wherein the
midblock beads are transparent). The ultimate microphase morphology€pislprovided

in the left coumn of Figure 2 for increasing values faf While the endblock beads are

69



initially positioned randomly throughout the simulation box in FiguresSS1noticeable
organization is evident after the simulation progresses for justs0 At intermediate timas,
endblock beads diffuse further as the morphologies becomes increasingly refined and
equilibrium is approached. In Figure 2 (left)-rish micelles developvhen fo = 0.2.
Although stronglysegregated block copolymer micelles are routinely positionea long

range body or facecentered cubic lattice, the present simulation analysis displays a more
loosely defined bodgentered cubic symmetry. Moreover, the micelles are not always
spherical. These differences in shape and extent ofreomge order arattributed to the
moderate copolymer incompatibility investigated Bt = 50. At higher endblock
compositions, welllefined hexagonaltpacked cylindersf{ = 0.3) and alternating lamellae

(fa = 0.5) are clearly observed after 17®. A noteworthy featurefdhese relatively lowN
simulations is that a nontrivial fraction of endblock beads remains located in-tice B
regions.

After ensuring that the simulations yield stable, representative copolymer morphologies
at the conclusion of 1.@, we apply the dwesity-based cluster algorithm to quantify the
midblock conformationsin Figure 2, the final microphase morphologidsom the DPD
simulations (withN = 50 for 500 chains) after 1. are provided alongside the
correspondingly delineated clusters from BBSCAN algorithm and favorable qualitative
agreemenis observed. In addition, individual endblock beads that do not belong to any
cluster (and are considered noise) are included and colored in black. [Note: Regrettably,
some clusters in the spherical anygindrical morphologies also appear black.] Qualitative

comparison of the panels in Figure 2 immediatgiyulges that the population of nen
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clustered endblock beads, which are responsible for dangles and unsegregated chains,
decreases systematically Wwiincreasinga. This observation is discussed further in the next
section. Similarly, simulation trajectories and identified clusters for systems varying in size at
constantfa (= 0.2) andN (= 50) are presented in Figure S4. In this sequence of
simulatian/cluster results, the number of clusters within the isochoric simulation box, but not
their size, is observed to increase with increasing system size, which is consistent with
intuitive expectations. Due to microdomain crowding, however, it is diffieultzisually
distinguish the differently (and often repeatedly) colored clusters, as well as the non
clustered endblock beads (blacKhe DBSCAN clustering approaclhowever,enablesa
guantitative approackince it assigns® unique cluster number to eacitentified cluster.

Thus, midblock conformations extracted from DRiddered clusters according to the
criteria introduced earlier can be quantified as functions of chain length and repulsion
potential (incompatibility), copolymer composition (morphologyll &ystem size, as will be

described in Section 3.3.

3.4.2 Parameterization of Densi#gased Clustering

A significant challenge associated with using the DBSCAN clustering algorithm lies in
choosing sensible values Bf,i» and e which tend to be speaififor an intended application.
Chepelev and coworkef§, for instance, have used DBSCAN to elucidate chromatin
interactions in a genome. their studythe optimal parametewraluesselectedor identifying
clustersare set equal tthe number of detecteidtra-chromosomal pairedndtag clusters

that aresignificant ata false discovery ratef < 5%. Thusthe first objective in the present
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studyis to develop a systematic approdshwhichto assignvaluesof Py, and ethat are
reasonable for our DPD simulations. To this end, we first examine the characteristic size of
endblockrich micelles (afa = 0.2) by calculating it from the radial pair distribution function,
g(r), which is defined as

MV ETTFUN (6)
wheren(r), the number of beads located up to a DPD distamcestimated from the volume
of of a sphere of dius r with a bead density of 3 panit volume.The average micelle
diameter can be discernedgdt) = 1, and the micellar periocn likewise be estimated from
the distance corresponding to the second maximuggr)n Comparison of the differerf(r)
functions in Figure 3 for different chain lengths) (@and system sizes immediately reveals
that both the microdomain size and periodr@ase monotonically with increasily as
expected, and that an increase in the size of the system has no discernible effect on the
simulation results. In addition, the magnitude of the first maximum is also observed to
increase with increasing due to he change in the number of bonded bead pairs.

The minimum cluster participatiofPi,) value can be ascertained for each chain length
on the basis of the findings displayed in Figure 3. Consider, for example, the tases0f
According to itsg(r) function, the micelle diameter measure332, independent of system
size (500 versus 2000 chains). The valu®qf is therefore set equal to the corresponding
number of beads occupying a micelle of this size, which is a®tdr N = 50. A similar
methodobgy is followed to determinePn, for the other copolymer compositions
(morphologies), and the corresponding values of the micelle diameter and the number of

beads/cluster are presented in Figure 4 as a functidriaff, = 0.2.
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Conversely, reachabilitywalues possess greater variability due to the intrinsically
stochastic nature of the simulation trajectories. From each simulation run, the dependence of
eon the number of clusters counted is examined. This relationship, displayed in Figure 5 for
N = 50 andfs = 0.20, reveals that no clusters registerabege 3. 5 f or 500 chai
5aorbeloned 0. 13 for 1000 chai nsameterquaitifiesiaranges5 b . A
for the number of clusters, it contains no information regarding the size of the clusters. Since
the size and uniformity of the clusters (microdomains) is more important than their number,

we introduce the weigkdverage clustesize §,) as

(3} B
Y 5 @

wherex; is the number of clusters possessmdpeads per cluster. Figure 6 givBg as a
function of efor the same cases introduced in Figure 5. The inset in Figure 6 highhghts
results in the vicinity oPnin,, which ensures at least 29 beads/cluster, and confirms that no
clusters exist betweef, = 0 andS, = 29. Each value ofextracted from the corresponding
point of intersection (0.15 fdl = 500 and 0.19 foN = 1000) r@resents the best system
specific choices to describe cluster reachability in the present DPD simulations. Thus, the
values forPnin and e that were used in the rest of this study (including Figure 2) are
calculated for each case as per the radial pairilolition function without the need for any

prior knowledge of the expected number of clusters.

3.4.3 Characterization of Network Formation

Since we developed a systematic and quantitative cltestegnition protocol, the
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uniquely identified clusters fared by the endblocks can then be analyzed in terms of
network connectivity (Figure 1). A chain that participates in two different clusters, for
instance, provides evidence of a midblock bridge. Alternatively, a midblock loop is identified
when both endblde reside in a single cluster. If one or both endblocks remain niehB
region (in no cluster), the midblock is considered a dangle or unsegregated copolymer
molecule, respectively.

In the case of the spherical morpholody £ 0.2), Figure 7 provideshé fractions of
midblock bridges, loopsdanglesand unsegregated chairgdisplayed as functions ahe
number of beads per chaii)(and system size. These fractions are obtained from three
independent runs, and an error bar measurlo=a50, which was loserved to have the most
variation in the simulations, is included in the figure to provide an overestimate of the
standard error in the data. The system size, which ranges from 500 to 2000 chains, is
observed to have little effect on the bridging fractfty) from N = 50 toN = 200, whereas
the looping fractionf() is more sensitive to system size at low to intermediate valuls of
when the system consists of only 500 chains. Interestingly, except for some small
fluctuations at lowN, fg is also relativly insensitive toN over the range oN examined. In
contrast, both_ and the fraction of danglef) are more dependent dh f_ increases, while
fp decreases, to plateau levels with increasiagrhe onset of the plateaus ffprand fp
occurs aNa (@ Dhere is a small fraction of unsegregated chiyiasN = 50, but beyond\
= 75 there fractiofy, is negligible.

The extent of microphase segregation in block copolymers is dictated by the

thermodynamic incompatibility, which is expressed as the ptodii¢the FloryHuggins
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interaction parameterc{g) and, for linear copolymers, the number of statistical units along
the copolymer backbone. In the limit of strong segregation, the blocks comprising each
copolymer molecule are highly segregated and skdtctormal to the interphase, and some
morphological characteristics (e.g., the interphase thickness) become indepemtdhivef
presume that midblock confogtions likewise become independent Nfin this limit, it
follows that strongsegregation betvior first develops at the selected paipulsion
parametergps=48.3)wherlNa 100, which translates into
kDa for a poly[styrendd-(ethyleneco-butylenejb-styrene] triblock copolymer. Below this
value, dangling ends are more prominent at the primary expense of looped midblocks.
Since the networkability of TPEs via midblock bridging is largely responsible for their
desirable propertgoverning characteristics, we now focus exclusivelygoihe simulation
results given in Figure 7 for copolymers setfanized into spheroidal miées indicate that
fg ranges from a systeaverage of 0.61 at low to about 0.59 in the strorgggregation
regime. For the micellar morphology, previous efforts employingcsigistent field theory
(SCFTY), howeve, report a significantly higher value ff (0.75 at an incompatibility of 40)
at thermodynamic equilibrium. This nontrivial difference between prior SCFT predictions
and our DPD simulations can be attributed to two reasons. The first is that DPD sinsulati
represent copolymer chains that experience the same kinetic influences faced by real chains
in the melt, whereas SCFT predictions yield a limiting value irrespective of the copolymer
selfassembly pathway. This difference helps to explain why the rotogies displayed in
Figure S1 do not exhibit perfectBhaped spherical micelles arranged on a hightiered

body-centered cubic lattice. While SCFT provides predictions in the limit of thermodynamic
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equilibrium, many polymer systems never reach theireki energy state due to kinetic
barriers (e.g., vitrification) encountered as the chains seek equilibrium and endeavor to relax.
In conjunction with this consideration, the DPD simulations explicitly account for the
existence of dangles and unseged chains, whereas SCFT does not (and implicitly
assumesfg + fi = 1). We therefore contend that, while SCFT predictions provide an
insightful, thermodynamic limit fofg, the value ofg extracted here from DPD simulations,

as well as the corresponding mieelsize and shape distributions, may be more indicative of
real copolymer melts. Such disparity is open to experimental interrogation.

As the block incompatibility depends on both the HbBlyggins interaction parameter
and chain length, an alternativeute by which to explore the role of copolymer
incompatibility on midblock conformations is by varying the pair repulsion parameter. In all
of the results reported thus fag has been held constant at 48.3. In Figure 8, the midblock
conformational fragbns in the limit of the micellar morphology are presented as a function
of aag ranging from 30 to 90 for 500 chains, each wWith= 50. The lower limit onaag is
chosen due to the observation that copolymer chains evaluateg at 25 remain fully
phasemixed. Even atasg = 30, the simulations reveallarge population of dangles (&4
and unsegregated chains (0.8)ich is indicative of relatively poor microphase separation.
As apg is increased in this graph, however, bflandf_ increase to platedevels (at 0.63
and 0.34, respectively), whilg andfy decreasdo a negligible value wheaag > 70. It is
interesting to note thds becomes independent afg whenaxgd 50 . f, Hiamdd,e

continue to evolve with increasingsg beyond this valuewe propose thatinsegregated
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chains andlangles prefer to transform into loops rather than bridges for-teahgred cubic
micelles. Comparison of Figures 7 and 8 also confirms that the transition to strong
segregation in ABA melts ipreceded by a nomear decay irp, fy and a corresponding
increase inf.. Since apg Is related tocas, and cag generally depends on reciprocal
temperature, it stands to reason that all three midblock conformations should change in
opposite fashion from Figure 8 as the temperature is increased. This expectation is evident
for the micelar morphology f» = 0.2 and ass = 48.3) in Figure 9, wherei is
systematically increased from 0.75 for 500 chains With 50. In this case, an increaseTin
introduces more random forces (Eg. 3b) and lessens the conservative forces (Eq. 2), thereby
reducing the driving force for microphase separation as the -dislender transition is
approached. The results portrayed in Figure 9 are qualitatively similar to those obtained from
ontlattice Monte Carlo simulations of molecularly asymmetriBA; triblock copolymers?
Although many triblock copolymers intended for use as TPEs possess a relatively small
endblock fraction to ensure the formation of a dispersed morphology (i.e., spherical or
cylindrical micelles) within a rubbery matrix, copolymer compgosit constitutes an
important consideration since changes in morphology relate directly to variations in
interfacial area. That is, the spherical micellar morphology possesses the highest interfacial
area density of the classical morphologies. Interfacrala adensity decreases for the
cylindrical and lamellar morphologies in that order, in which case we anticipate a systematic
variation in midblock conformations. To test this hypothesis, valuef, df, fp and fy
extracted from simulations conductedaag = 48.3 for 500 chains witN = 50 are displayed

as a function ofa in Figure 10. Included in this figure are ranged$gafeported from SCFT
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and experimental studies. While the trends are certainly comparable, the DPD results
significantly underestinta these prior fractions evaluated for dispersed morphologies. Once
again, we primarily attribute this difference to the presence of dangles, which account for
about 10% of the midblock conformations in the spherical and cylindrical morphologies.
Renormalzation offg andf, to eliminatefp andfy (so thatfg + f. = 1) yields the results in
Figure 10 that are in closer agreement with previous findings. As expected on the basis of
considerations such as the interfacial area density, faotind fy, decreasewhereasf,
increases, monotonically with increasifig There is no significant change i3 with
increasingfa relative to the measured standard deviation. Wherkagetuction irfy most

likely reflects enhanced microphase segregatioip ssincreasé (cf. Figure 8). In addition,

the diffusion of endblocks to microdomains is facilitated in three dimensions (spherical
micelles) relative to two dimensions (cylinders) or one dimension (lamellae). Trends similar
to those included in Figure 10 have beeseasteed by increasiny to 75 and 100, bufiy
becomes increasingly negligible in those cases, which supports the renormabasgon

comparison performed above.

3.4 Conclusions

Since thermoplastic elastomers constitute a fundamentally and technolomigzilyant
class of soft materials, the objective of this study is to elucidate the midblock conformations
of microphaseordered ABA triblock copolymers varying in segregation and composition
through the use of DPD simulations and a dedsised cluster gbrithm. We have found
that the parameters employed during cluster recognition can be conveniently estimated from

the radial pair distribution function of microdomdorming beads, in which case no prior
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knowledge of the cluster size or number is requifidte DPD simulations performed here
yield classic copolymer morphologies (i.e., bamntered cubic spherical micelles,
hexagonallypacked cylinders and lamellae), which are then analyzed in terms of bead
clustering to extract the fractions associated he three possible midblock conformations:
bridges, loops and dangles. These fractions are evaluated as functions of several important
material/simulation considerations, namely, chain length, system size, bead repulsion,
temperature, and copolymer comsgimn. In all of these cases, the system size is determined

to have relatively little effect on the midblock conformations, whereas systematic variations
in chain length and bead repulsion reveal the onset of strong segregation (wherein the
fraction of dagles is negligible). Quantitative comparison of the results obtained here with
previously reported results for the midblock bridging fraction illustrates some discrepancy
for the case of the dispersed (spherical and cylindrical) morphologies, whichtisikalys

due to the exclusion of dangles in theoretical formalisms based on equilibrium
thermodynamics. Because the clustering methodology employed here is systematic and
robust, it can be applied to a wide range of triblock copolymer systems in whicbrketw

formation is of considerable interest.
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Figure 3.1. Schematic diagram of the possible midblazmnformationsof a microphase
ordered ABA triblock copolymer exhibiting a dspersed (spherical or cylindrical)
morphology.
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(@) (b) ()

Figure3.2. Microphase morphologies after& of DPD simulations for 500 chains wibh=

50 at three values df: (a) 0.2 (b) 0.3, and (c) 0.5. Top: Snapshots depicting the copolymer
microdomainsthat are formed; Bottom: clusters identified by applying the DBSCAN
densitybased clustering approach to the corresponding simulations at the top, where each
unique cluster is aggned a different color (that may repeat). Black beads (not in clusters)
identify endblock beads that locate in midblaath regions. Note: some of the clusters also
appear black.
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Figure 3.3. Radial mir distribution function for DPD systems containing 500 copolymer
chains varying in lengthN) at constant copolymer compositidia € 0.2). The legend faN

is provided in the inset, which is an enlargement of the boxed region to highlight the
intersectbns indicated by arrows. Also included for the caséaf 50 is a DPD system
containing 2000 chains (bold dashed line). The solid lines serve to connect the data.
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radial pair distributions given in Figure 3 at constant copolymer compositien((2). The
solid lines serve to connect the data.
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ensured from two independent runs: first (black) and second (red). The solid lines serve to
connect the data.
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Figure3.6. Weightaveraged cluster size presented as a functi@f@fN = 50 andfa = 0.2

for two DPD system sizes: 500 (circles) and 1000 (triangles). Reproducibility is ensured from
two independent runs: first (black) and second (red). The inset énlargement of the data

in the region corresponding to the cluster size estimated from the micellar diameter (dashed
line). The solid lines serve to connect the data.
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Figure3.7. Dependence of midbl&dractions {g, black;f,, red;fp, blue fy, magentaonN at

fa = 0.2 for DPD systems containing 500 (solid square), 1000 (open circle) and 2000 (open
triangle) chains. The error bar corresponds to the standard error determined for the system
with N = 50. The solid lines serve to connect the data.
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Figure 3.8 Dependence of midblock fractiorfg,(black;f., red;fp, blue fy, magentfon the
pair repulsion parameteafg) atN = 50 andia = 0.2 for DPD gstems containing 500 chains.
The error bars correspond to the standard error, arsbligeines serve to connect the data.
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solid lines serve to connect the data.

93



0.8

0.6

0.4

0.2

I e
0.2 0.3 0.4 0.5
Endblock Weight Fraction (f,)

Midblock Fractions
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atN = 50 for DPD systems containing 500 chains. Data renormalized to exclude the fraction
of dangles are included as open circles. They regions indicate results from previous
theoretical and experimental studiesd ahesolid lines serve to connect the data.
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Figure 3.11. Snapshots of the DPD simulation showing thelation of copolymer
microdomains fothe case oN = 50 andfs = 0.2 at six different times (im$): 0.0, 0.1, 0.3,
0.6, 0.9 and 1.¢arranged left taight andfrom top to bottom).
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Figure 3.12. Snapshots of the DPD simulation showing theolation of copolymer
microdomains fothe case oN = 50 aml fo = 0.3 at six different times (ims): 0.0, 0.1, 0.3,
0.6, 0.9 and 1.¢arranged left toight andfrom top to bottom).
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Figure 3.13. Snapshots of the DPD simulation showing theolation of copolymer
microdomains fothe case oN = 50 andfy = 0.5 at six different times (ims): 0.0, 0.1, 0.3,
0.6, 0.9 and 1.¢arranged left toight andfrom top to bottom).
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Figure3.14. Left side: snapshots of DPD gitations showing copolymanicrodomaingor
sydems varying in the number of chaiin$00 (top), 1000 (middle) and 2000 (bottoimat N

= 50 and fa = 0.2. Right side: densitpased clusters identified in the corresponding DPD
simulations and assigned difent colors (which may repeat). Black beads (not clusters)
identify endblock beads that locate in midblaath regions. Note: some of the clusters also
appear black.
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