ABSTRACT

MINEART, KENNETH. Utilization of Network-FormingBlock Copolymes and lonomers
in the Development of Novel Nanostructures and Responsive Mgthder the direction of
Dr. Richard J. Spontak

Network forming block copolymers, i.e. thermoplastic elastomers (TREs)ne of the
highest commodityforms of block copolymers due to themompetitive elasticity and
extendability as well as their ity to be melt and solution processéPEsowe many of
their advantages to a comhbtion of hard and soft blocks. Tkeft blocks which must be
covalently bound at both ends to hdndcks, connect adjaent hard domains resulting in
physicaly crosslinked systemsHerein, simulations and theory are used to provie
molecularlevel depiction ofthe evolutionfrom diblock copolymerswhich do not contain
the ability to form physical crodsks, to network forming triblock copolymers. In addition,
systems withhigh interblock incompatibilityhat are within the diblocko-triblock transition
(i.e. having high molecular asymmetry) are identified to fahmee component (ABC
triblock copolymer) phasefsom copolymer containing only two chemically distinct blocks.
Following this work, which emphasizes the fundamental principle of TPEs, the dissertation
shifts focus to physicallyand chemicallymodified triblock and pentablock copolymer TPEs.

Recent prgresshas sought to broadéRPEsto include propertieshat are above and
beyond their inherent mechanical benefits, including responsiveness to external Stieuli.
first examples presented here consist of TREgpared in combination witamorphous
hydrocarbon additiveso yield TPE gel§TPEGS) The resulting TPEGSs, which maintain the
beneficial processing properties of TPEs, are subsequently molded emd 2D arrays of
microchannels that are filled with liquid metal. The final devices exhibitnssensitive

electrical conductivityto at least 600% straifmave tunable compliance (ease of stretching),



and are fully recyclableThe substitution of the amorphous hydrocarbon component for
crystalline analogues with melting points <100 yield TPE conposites (TPECs). The
TPECs gain the added capability of thermdatlggered shapenemory actuationwhich
results in a number of design possibilities includimgnultiple-transition shapenemory in
single acomposite (i) complex actuationin laminates and, i) thermallyresponsive
electrical conductivity in microchannemolded composites filled with liquid metalThese
shapememory TPECs can also be tuned to have different sim&peory response rates
through the addition of an amorphous hydrocarkackifier, which serves to ditea the
crystalline content without altering TPE concentratidhe second set of functionalized
TPEsexamined arenidblocksulfonated block copolymers, which have substantial ion and
water transport abilities, but are often restricted in thermal processafitity.casting
solventdependent morphology of midblock sulfonated pentabloatopolymer highlighg

the impactof solvent templating on resulting film domain structures. It is shown that film
deposition from a miscible mixture of toluene and isopropanol (TIPA) leads to spherical
sulfonated domains within a nonpolar matrix whereas deposition from neat tetrahgarofur
(THF) produces a combination of lamellar and hexagofmbk cylinder nanostructures.
These morphologiegan both be converted to the anticipated equilibriumorphology
alternating lamellaeusing THF vaporannealing.Further, the morphologyesulting from
each solventastingapproachimpacs the rate and overall capacity at which films absorb
water Specifically,THF-cast copolymerswell faster ando a greater extent. Howevegrse
intrigue lies in theransformation of th& IPA-cast copolymeupon swelling, whichyields
disordeed, but continuous, hydrophilidomains. The disordered morphology outperforms

ordered analogues in solar simulation experimiglisatinghigher ion conductivity
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CHAPTER1
The Themoplastic Elastomer Revolution:

Functionality and Responsiveness

Abstract

The discovery of thermoplastic elastomers (TPEs) provided the beneficial mechanical
propertiesof conventional, covalently crod¢imked elastomers combined with the melt and
solution processability of thermoplastics. Examples of this class of materials initially
included segmented copolyurethanes and copolymers, but have since evolved to include an
endless number of blocky copolymers that contain hard and soft units along the backbone.
Traditional TPE exploration was mostly targeted at utilizing their mechanical benefits in
fibers and textiles. However, their use has since evolved to include a mafmimeful and
intriguing functionalities that have revolutionized their existence. Herein, the subclass of
ABA triblock copolymer TPEs, in which the A endblocks are hard (crystalline or glassy) and
the B midblock is soft, and their gels (TPEGs) and caitps (TPECs) are of focus. The
coverage provided is not meant to serve as a comprehensive review of the current literature,
but rather to highlight vast range of properties achievable in ABA triblock copolymer TPEs.
Covered functionalities include opticahermal, and electrical responsiveness, electric and

ionic conductivity, material transport, and environmefiiahdliness.



1.1. Introduction

Thermoplastic elastomers (TPEs) began their history as prevalent materials in the mid
20" century when scidists at ICl and Du Pont were independently working on condensation
copolymers (i.e. copolyesters and copolyurethanes) and discovered that their products had
relatively high achievable strain, elasticity, and toughnebsh e fiv i r tluianlkleyd 6c r o
materials found nearly immediate success in the fiber industry under trademarks, such as
Lycra®, but the nanoscale infrastructure accounting for their mechanical properties was not
entirely understood. Thielentity of the utilized copolymers led many to believe that it may
be related to their polarity or hydrogen bondingowever, itwas eventually proven that
TPEs owe their array of beneficial properties simply to the presence of hard and soft
segments along the polymer backbdnie.was the same study that introduced the first,
entirely nonpolar TPE, [styreAgbutadieneb-styrene] (SBS), into the discussion. This
expanded the number of possible TPEs to a nearly endless list of hard and soft segment
combinations. Eventually, a completesdription of the hard and soft segment roles within

the TPE infrastructure was pieced together and has since become unanimously accepted.

1.1.1. TPE Fundamentals

As mentioned, it is the hard and soft segmented molecular archite¢tifREs, which
canalternatively be termed as blocky, that plays the key role in their final properties. The
blocky units inherently segregate into hard and soft domains providing a network of
mechanicallyrobust, physical (i.e. necovalent) cros$inks interconnected by #o liquid-
like connections. This phenomenon can most easily be described further using an ABA

triblock copolymer, which is defined by its chemically identical endblocks and dissimilar



midblock. The endblocks, which must be tharch component, form the aforementioned
physical crosdinks by segregating from the soft segments via crystallization or
thermodynamic demixing followed by vitrificatidhThe soft, liquidlike midblocks are
tethered at both ends to the hardi¢h domains due to the interblock covalent linkages
resulting in two possiel chain conformations. Chains that connect two separaiehA
domains are deemed bridges and account for much of the TPE eld$tiltgrnatively,
chains that are bound at both ends to the samehAdomain are called loops (Figurela),

and can also contribute to elasticity and strength through entanglement and interlocking with
other chains due to the high midblockncentration in the Bich domain’ Comparison with

AB diblock chain conformations further solidifies the concept of physicasdirdking in

ABA triblock copolymers. The absence of a second hard, A block yields B blocks that are
tethered at a single end providing no connection between the hard domains {(Fipyre
This key difference has been confirmed to be the major caudee dfignificantly higher
elasticity and extendability in triblock TPESIn fact, studies by Sponta&t al''** on
asymmetric ABA, triblock copolymers with progressively longer, Alocks show that
triblock like behavior, which is exhibited above a critical ock length, accounts for the
precipitous mechanical gains of triblock copolymers. The ABA triblock copolymer
description of a physically crogsked network can now be easily expanded toudel
copolymers containing increasing numbers of blocks. The additional blocks continue to
segregate into hard and soft domains with the hard blocks forming the physicdink®ss

and the soft blocks exhibiting looping and bridging conformattons.



The addition of solventdhomopolymers, particles, or other components to TPEs can
have a variety of desired impacts without destroying their physically-tné&sl networks.

As will be made more clear below, care must be taken when these various additives are
included such thathe hard, endblock domains do not become plasticized. For example,
incorporation of a soft block selective solvent yields a TPE gel (TPEG) with tunable
mechanical properties based on the composition of solvent in the FPEThe selectivity

of the solvent leads to its exclusive segregation in the soft domains and leaves the vital hard
domain crosdinks entirely unaffected® Hard additives such as metallic nanoparticles may
also be incorporated into TPEs, but can have the capability tcerasyivhere within the
mechanical infrastructure as long as the hard block domains are not mechanically
compromised®? Blends of TPEs with hard additives will be referred to henceforth as TPE
composites (TPECS).

It is clear that the number of possible TPEs, TPEGs, and TPECs are exponential due to
the possible hard and soft segmh combinations, as well as the variety of potential additives.
The copolymer architecture, which can vary from three to ~10 bfoekd can be made
more complex through the use of gfafand miktearm staf* geometries, can moreover
effect the final properties. In order to maintain a reasonable stiopionality imparted to
ABA triblock and ABCBA pentablock copolymer TPEs and their corresponding gels and

composites are the focus of this review.

1.1.2. Block Copolymer Selissembly
The segregation of ABA triblock copolymers into hareiéh and softB-rich domains

not only produces a physically crelasked network, but also results in welidered,



nanoscale featuré3.The force that drives demixing in these systemsamdributes to the

specific morphological features formed is the interblock thermodynamic incompatibility,
which is commonly descri bed b-kHugdink mtergctiom d u c t
parameter between the blocks and N is the statistical nunibbepeat units per polymer
chain®Nearly all AB bl ock pairs present in TPEs exhi
segregation of the blocks and produce ordered nanoscale dofhdihs. resultant domain
morphology, however, is also significantly dependent on the fraction of each laotd(k

[=1-fa]). Upon increasing A from a low value, the copolymer equilibrium sasembly
transitions from Arich spheres on a BClattice within a Brich matrix to hexagonally

packed Arich cylinders within a Bich matrix to the bicontinuous gyroid and finally to
alternating lamellae whenY 0 . ?5Following the crossover offto themajority fraction,

the same morphological progressmecurs in the reverse order and witkriéh spheres and
cylinders residing in an Aich matrix (Figurel.2). The morphologyan further be altered
through the incorporation of a singleor multiple®®®* endblock or midblockselective
additives that swell their inclusive domains altering the effective fractions of the blocks and
thus changing the morphology accordingly.

The inclusion of an dditional dissimilar block, as in ABCBA pentablock copolymers,
results in a greatly expanded realm of nanoscale struéfufémse reported so far include
combinations of the morphologiepresent in ABA triblock copolymers (e.g. spheres and
cylinders within lamella®3 and entirely novel morphologies (ethe knitting patterft and
helix-wrapped cylinderf). These structures likewise depend on the copolymer

thermodynamic incompatibility and block fractions; however, the presence of three unique



blocks requires more independent variablesedd ne t hg, s86/a8acamd g). 6
Therefore, less design formalisms have been calculated or experimentally produced for the
morphological transitions in ABCBA pentablock copolymers, though this factor has not

inhibited their exploration asinctional TPEs.

1.2. Functional TPE Progress

Progress made on TPEs, TPEGs, and TPECs in the 21st century has shifted a significant
focus to their broad functionality, which is accessed through means of novel TPE synthesis,
gel and blend formulation, andombinations thereof. TREased material advancement
includes optical, thermal, and electrical responsiveness, electrical and ionic conductivity,
material transport, and environmentally friendly synthesis and decomposition. Recent

literature highlighting ach of these functional areas will be presented below.

1.2.1. Optical Functionality

Amorphous TPEs and TPEGs are generally transparent and colorless in the UV and
visible wavelength range of the light spectrum due to their nanoscale domain sizes and
minimd light absorbing chemistries. This proves beneficial in a number of circumstances
where they serve as passive media through which high light transmittance is desired. For
example, attempts to track the fluorescence of labeled nucleic acids within nmiicoflu
channels constructed of poly[styrendethyleneco-butylene)b-styrene] (SEBS) TPE and
SEBS/mineral oil TPEGE have proven successful. More interestingly, lighpoesive and
color emitting chemistries can be incorporated into TPEs via synthetic means giving them

novel characteristics.



The most popular path to light triggered response is incorporation of the liquid crystalline
mesogen azobenzene. The azobenzenggsmmerizes frontrans to cis upon exposure to
UV radiation, which consequently causes polymers containing it to decrease in liquid
crystalline ordering from nematic to isotropf&.number of studies have synthesized TPEs
with sidechain azobenzene covatyy bound®“® or ionically complexet to the hard
endblocks, while few others have sought liquid crystal mesogen functionalization in the soft
midblock®*® These studies have shown a number of responses due to the isomerization of
the mesogen. The visible light absorption of thebamaenecontaining TPEs undergo a
blueshift and/or a decrease in the visible light absorption of the molecules depending on the
group at the terminal end of the azobenzene mesdgere triggered isomerization has also
been concluded to induce block copolymer morphological transitions due to a change in the
volume occupied by the mesogeontaining blocks, which stems from the decrease in liquid
crystalline ordering? Further, the change in domain volume can macroscopically translate to
a strain response up to 3% and is rebéesupon cycling the UV exposure on and Bff.
Similar TPEC photeactuating devices have been produced feanfacemodified carbon
nanotubespresent in conventioridl and novel® TPEs. The case in which the nanotubes
preferentially segregate into the soft domains provided more stahlat@st due to the
minimal disruption of the physical creieks. The stable devices were shown to have
tunable strain actuation based on the intensity of a red laser used for irradiation due to the
carbon nanotube capacity to convert the light to heait tlaums relax straboriented polymer
chains in their vicinity. Moreover, the optimal composite actuateeaxiaily up to 4.5%

strain.



Alternatively, materials that change their optical properties upon other stimuli have
focused on mechanochromic respemgi.e. appearance change due to mechanical stimulus).
One exampl€ does so by synthesizing a poly[styrdmén-butyl acrylate)b-styrene]
triblock copolymer containing a single spiropyrarP{Sunctional group in the center of the
mi dbl oc k. The SP gr-oxyger lsondwanabk mechanically brakenr b o n
under sample strain to convert the yellowish precursor to its ring opened form, merocyanine
(MC), which exhibits a purplishcolor (Figure 1.3). A second cas@ incorporates
hydrocarborcoated gold nanorods into SBS. Initially, the random orientation of gold
nanorods results in polarization independent absarptd near infrared (NIR) light.
However, upon straining the sample up to 400% the nanorods align causing the NIR
absorption to be highly polarization dependent. The high elasticity of the SBS and minimal
diffusion of gold nanorods makes the alignment reoée by simply cycling the induced

strain.

1.2.2. Thermal Responsiveness

Materials with a thermomechanical response (e.g. thermal shepwry polymers
[tSMPs]) are by no means a new development, but the use of TPEs in such actuators has
made significanprogress recently. This is especially exciting due to their higher elasticity
and extendability compared with existing tSMP devices. The driving principle behind all
tSMP devices is the coexistence of a temporary and permanent n&twmdén heating, the
temporary network trasitions through a phase change (e.g. melting of crystalline domains),
and consequently causes any temporary deformation to be released through geometric

actuation. In the case of TPE tSMPs, the permanent network is nearly always provided by the



physical cosslinks formed by the hard blocks. The temporary network(s), on the other hand,
must be located outside of the physical clodss and have been formulated by various
routes.

The first TPE applied in a tSMP varied only slightly in structure from canves SBS.
The polybutadiene midblock was polymerized under controlled conditions such that it was
mostly present (895%) in thetrans-1,4 isomer form, and therefore crystallizes aé #-65
°C>? The elastic TPE network maintains structural integrity even when the polybutadiene is
molten, and the reversibility of the polybutadiene melting can lock in rigid temporary shapes
that are recovered simply by melting and allowing the TPE network to snap back to its
permanent shape. One main limitation of crystalline SBS tSMPs is the smp#ragare
range at which they can be operated (between polybutadigaadipolystyrenegd 95 AC) .
Synthetically designed TPEsuch as poly[(@anethyt2-oxazoling-b-(tetramethylene oxide)
b-(2-methyt2-oxazoling], have greatly widened the operatingrange s pan from 42°¢
130 °C>3 Other bulk TPE systems have sought specialty thermomechanical resansks t
not require induced deformation. One example involves a telechelic TPE with a midblock
composed of makshain azobenzene groups that form a similar nematic phase to those
discussed in the previous sectf8much like UV irradiation, the addition of thermal energy
causes a transition from the nematic liquid crystalline phase to an isotropic state subsequently
resulting in macrescale actuation, which is revdsk upon cooling.

An alternative approach physically, rather than chemically, alters TPE systems by adding
other, midblockselective components that act as the temporary network. The addition of

various hydrocarbon waxes to SEBY and polycaprolactone (PCL) to midblenkaleated



SEBS"*® result in similar actuating materials to those described above. However, these
materials have the additional advamagf enabling multiple shape memory in a single
TPEC. This is accomplished through judicious selection of hydrocarbon waxes such that the
melting points are far enough apart thatccgstallizationis avoided and therefore multiple
temporary networks aragsent. These TPE blends have been shown to exhibit triple (Figure
1.4) and even quadruple shape memory behavior with high ftithe temporary shapes

and high recovery of the permanent sh&pé.

1.2.3.Electro-Actuation

Their soft, elastomeric characteristics make TPEs good potential candidates for
electricallyinduced actuators. The two main classes, which have both been explored with
TPEs, TPEGs, and TPECs, are dielectric elastomers (DEs) and ioryimepahetal
composites (IPMCs). The principle behind DEs is the electrostatic attraction that occurs
when a voltage is applied between oppositely charged electrodes on either surface of the
elastomer film. The electroedectrode attraction creates a conggree stress on the film
that drives the two surfaces together and consequently causes expansion in the lateral
direction®® The first thrust of TPEs as DEs focused on reducing their compressive modulus
to maximize areal actuation strain. The meatelrtailorability afforded in TPEGs wherein
variation of the copolymer composition directly relates to the modulus is perfect for
addressing the task. In fact, a number of refdftshave combined SEB®&ith midblock
selective mineral oil and achieved tunable control over the electric field response rate and
maximum areal actuation based on theagehposition (Figurd.5). Thebest of these cases,

5/95 wt/wt SEBS/mineral oil, obtained massive areal @aciuao ns o f a4250% and

10



with and without prestrain, respectively. The next advances came from attempts to create a
higher dielectric medium, which theoretically translates to a stronger electric field across the
film at constant applied voltage. e attempts include utilization of polar TPEs such as
maleatedSEBS” and various alhcrylic TPEs (e.g. poly[(methyl methacrylate\n-butyl
acrylate)b-(methyl methacrylate)] (MBMJ®¢%8 as well as polar additives like-dctyl
phthalate (DOPY, dibutyl sebacatéDBS) and oligomeric poly@butyl acrylate}’. The most
promising example of which (45/55 wt/wt MBM/DOP) extende@ thighest achieved
prestrainf r ee areal actuat® on in TPEs to 4120 %.
Alternatively, IPMCs actuate under applied voltage due to the diffusion of charged
components from the bulk towards the oppositely charged electrode causing an anisotropic
material gradient across the film. This phemown results in macroscopic bending towards
the repulsive electrod®.The application of TPEs in IPMCs requires the presence of ionic
components that will preferentially diffuse towards one of the charged electrodes on either
surface of the film. The first examples of TPE IPMCs utilized modified SEBS that was
ionically chargedhrough endblocisulfonation (SSEBS) and prepared both flemd with
carbonaceous fillef§” The studies conclude that highectuation (200% increase) and
more mechanically robust IPMC devices are obtained if composites are fabricated as opposed
to those of only sSEBS. Alternative approaches have placed the ionic charge in the TPE
midblock (e.g. polymerized ionic liquidlor ionic liquid-swollen poly[methyl methacrylat€]
both capped with polystyrene endblocks) enabling the copolymer to be further swollen in
polar or ionic solvents without loss of mechanical gitgb These examples result in higher

ion content and more mobility within the bulk film, but comparison to previous attempts is
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difficult due to inconsistencies in the experimental approach (i.e. absence of a normalized
measurement of actuation). The mecent set of studies has utilized a midblock sulfonated
pentablock copolymer, NexXdrin combination with a number of solvents and fillers.
Successful  examples include incorporation of midblselective sulfonated
montmorillonit€® and ionic liquid”’® Other instances incorporate ethylene glycol and

glycerol into Li-exchanged Nex&**™

resulting in a lower ionic concentration and
conseqently a slower response, but with one of the highest overall actuations ever captured

for anIPMC (Figurel.6).

1.2.4. Conductivity & Transport

Electrical conductivity has been imparted into normally insulating TPEs through the
incorporation of conductivenancfillers. In this thrust, conductive TPECs have been
produced from carbon nanotube/SBS mixtures prepared by melt extfusiowl
hydrocarborfunctionalizedpolyaniline (hPANI)/SEBS mixtures through solvent castiffg
Carbon nanotube/SBS composite conductivities were shown to relate directly to their degree
of uniaxial deformation, whereas hPANI/SEBS composite conductivities were related to
compressive stress. Therefore, either composite could sudbessfve as an electric strain
sensor. Additional paths to electric strain sensors rely on the facile processability of TPEs
and TPEGs to create microchannels in molded films or extruded®filbeitewed by filling
with a liquid metal. These devices have shown electrical continuity up to high #06%0
strairf>®* (Figure1.7).

Conversely, TPEs and TPEGs have been tailored for ionic conductivity on the molecular

scale. As discussed previously, the sulfonation efdtyrenic endblocks of classic SEBS

12



type TPEs has been accomplished on multiple occa%i8hghe presence of bouridSOs
groups provide promising potential for operation as proton and lithium exchange
membrane&’® For example, highly endbloesulfonated poly[srreneb-isobutyleneb-
styrene] (sSIBS) achieves proton conductivity of ~0.1 Sfcithe placement of positively
charged endblock repeat units, such as quaternized vinylpyfidirend polystyren&®

have alternatively shown promise for anion exchange and -chretttanol fuel cell
membranes due to their bound tedrdstituent N groups. However, endblodknic TPE
membranes are not structurafigund upon exposure to polar liquid environments, as in fuel
cells, due to compromised physical cria&s. A large amount of recent progress has
focused on shifting similar functional groups to the midblock of TPEs. Timglest
approach to this goal is to move sulfonated styrene to the midblock and replace the endblocks
with ionophobic blocks such as certain acryfi¢aor further substituted styrene (epara-
tertbutyl styrenef® The sane solution has been applied to quaternized styrene wherein
acrylic endblocks were utilizef.A second possible route to achieve ionicdilgctionalized
midblocks is to leave the traditional styrenic endblocks and iomifteramidblock groups.
Examples of this route include sulfonating butadiene units in*SB8aternizing butadiene
units in SB&®, and fully replacing conventional midblocks with polymerized ionic
liquids™*° The midblock approach has been shdwenhance the mechanical shortcoming
of endblockionic TPEs and maintain comparable conductivity at similar sulfonation &vels.
Alternative midblock ion incorporation has been realized through mixing ionic liquids with
neutral, ionphilic midblocks such as poly(ethylene oxXidéf?and poly(acrylates$® to form

iongel s. However, t hd@edetsade o protenlcandubtisity.e a a10
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Application of TPEs with high ionic conductivity extends beydhe realm of cation and
anionic fuel cell membranes. The incorporation of dye molecules into conductive TPEGs has
also resulted in competitive solar cell electrolytes. For example, TPEGs composed of
poly[styreneb-(ethylene oxidep-styrene] (SOS)/ionitiquid'®* and Nexar®/HO'%'% each
containing RG*-b a s e d dy e, have achievedansdd.®ar ef f
respetively (Figure 1.8a). The thermodynamic gstability of these TPEGs also greatly
enhances their operational lifetime (Figur&b) as compared to liquidased electrolytes,
which have a tendency to dissolve or degrade the cell sealant and leach imartvareent
over time!%

The production of polar and ionic TPEs and TPEGs also translates to intriguing material
transport properties due to their favorable interactions with polar moleculesalisndThe
midblock sulfonated pentablock TPE, Neékdnas proven especially promising in this regard
as indicated by water vapor transmission rate measurements as high-2& 20
kg/m?/day®’'%® The same material also competes with-M@fEs as a water desalination
membrane due to the high water affinity.**? Other systems, such asllbB0S™ SOS
blended withpoly[ethylene glycofi**, andSOS/ionic liquidTPEGs'* present a high affinity

for CO, gas over H which enables their consideration as rewseective gas membranes.

1.2.5. Environmentally Responsible
While renewablysourced and biodegradable materials do not currently exude
responsiveness to conveartal stimuli, it may be argued that their capacity to be produced

independent of fossil fuel resources and their ability to degrade under hydrolytic conditions
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(H20, pH 7.4, T=37 °C) are invaluable functionalities. Most importantly, these attributes
suppot the currengreendirection that research and industry are moving towdrds.

The biggest effort in the synthesis of renewalglyourced TPEs has focused on the use
of both crystalline and glassy polylactide (PLA) endblocks. The initial studies combined
PLA endblocks with conventional midblocks including polyisobutytéhepoly(dimethyl
siloxane}*®, and polyisoprerfé’*'® The latter case, which was the only one tested for
mechanical properties, indicated elasticity and elongation (up to 680féminiscent of
conventional TPEs. However, each of these examples utilizes renawsblece monomers
for only a portion of the copolymer. Other works eagplaced the midblock with newable
derivatives to create entirely biorenewable TPE options (Figuee!'®'?> Of these,
Hillmyer et al*** showed that entirelyraorphous PLAb-polymenthideb-PLA (PLA-PM-
PLA) has reasonable potential as a pressarsitive adhesive, which is a frequent
application for TPEs. Mechanical data from these studies further support the goal that
renewable TPEs closely imitate their convamal analogs (e.g. high extendability [~1000%]
and sufficient Youngds modulus and wulti mate
regarding ther mal aspects (e. g. crystallini
amor phous PL@WIE@ 60e IALCt)i.veMoy el recently, other
upon these results by replacing PLA with glassy, highealternatives that more closely
resenble polystyrene in molecular structure and thermomechanical propéHie<Entirely
biorenewable itaconic acid derivatives have similarly been invediigatenewablysourced

acrylic triblock TPEs (Figurel.9) %
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One added benefit of syntheieg TPEs using renewable monomers is that the products
typically have a higher rate and quantity of environmental degradation compared with
conventional analogs; the degradation products also have a less negative impact on the
environment. Glassy, as apged to crystalline endblock domains are especially important for
degradation due to their markedly lower diffusional barriers to small moleéa@so of
the renewableesourced TPEs discussed ad6¥€° have been shown to have rapid
hydrolytic degrdation as evidenced by a significant decrease inautde weight & 3-80%
decrease) and a reasonable decrease in sustainedansdecreasein only 1620 wks.
Hillmyer et al?? further postulate that increasing the TPE hydrophilicity may lead to even

quicker and more complete dadation due to increased water presence in the copolymer.

1.3. Summary

Thermoplastic elastomers got their start as segmented copolyesters and copolyurethanes
and were initially developed mostly as fibers and textiles. The discovery of the first entirely
nonpolar copolymer with only three blocks, which exhibited a very similar response to
previous cases, brought fundamental understanding and enabled a nearly infinite list of
potential TPEs. The capability of the many TPE possibilities has only just begame to
fruition in the form of functional and responsive TPEs, as well as@d3€d gels, blends,
and composites. Examples of some of these developments include the addition of a
mechanical response to optical (UV irradiation), thermal, and electtiicalls Additionally,
TPEbased materials with a mechanochromic (color change from mechanical deformation)

response have been synthesized. Aside from responsiveness, electric and ionic conductivity
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have been incorporated into TPEs and their derivativesigir macroscopic (liquid metal

filled microchannels), mesoscopic (gels and composites of TPEs with conductive additives),
and moleculatevel (ionically and covalently bound conductive groups) pathways. The
resulting devices and materials are applicableextsemestrain sensors (in the case of
electric conductivity) and competitive as iemchange membranes (in the case of ionic
conductivity). Finally, TPE synthesis utilizing renewabgsourced materials and their
subsequent postse biodegradability havgaining increased attention in trend with green
initiative of the entire chemicals industry. It is anticipated that these advances will serve two
main platforms moving forward: (i) the feasibility of scaling up functionalized -b&&ed
materials willlead to their commercialization and (ii) more complex functionalization (e.qg.
multi-stimuli responses in a single material or stimidased electric/ionic conductivity

change) will be obtained.

17



Figure 1.1. Schematics indicating the molecular conformation of block copolymer chains in
an ABA triblock copolymer (a) and an AB diblock copolymer (b). The A and B blocks are
indicated by blue and green dumbs, respectively, and -Ach and Brich domains are
correspondingly colored. In addition, examples of loop and bridge conformations within the

ABA triblock schematic are provided.
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Figure 1.2.An ABA triblock copolymer phase diagram reproduced ff8mvhere S, CYL,
G, and LAM represent the bodaentered cubic sphere, hexagongacked cylinder, gyroid,
and lamellar morphologies. Depictions of the corresponding classical morphologies are also

included.
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PnBA PnBA
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Figure 1.3.Mechanochromic response of poly[styednn-butyl acrylateb-styrene] (PS
PnBA-PS) TPE with a single spiropyran (SP) at the center of each chain. Tkmpaning
reaction of SP to merocyanine (MC), which o

color change, is also included. This figure was adapted ffom

20



T=70°C

Figure 1.4.The triple shape memory behavior achieved *Byusing a poly[styrené-
(ethyleneco-propylene)b-styrene] (SEBS) TPE in combination with two waxes, {E

32°C, w28 61AC). The sampj.e Thw@svheedtavasenisd alalf T > T
turn, cooled to F,2> T > Ty1 (b) where it was twisted another half turn, and then cooled to

Tm2> Tm1 > T (c). Each half twist is then recovered individually by heating to the same
incremental temperatures without any applied stress (chi) fiiure was adapted froth
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Figure 1.5. Areal actuation response of SEBS/mineral oil TPEGs as a function of applied
electric field for various gel compositions (a) including points that correspond to the images

in (b) and (c). This figure was adaptiedm 2,
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Figure 1.6. Subsequent, overlaid images of an IPMC (under 7 V applied voltage) fabricated
from a midblock sulfonated pentablock copolymer, N&xamn exchanged to contain‘Land
swollen in glycerol (a) and corresponding actuation rate data (where L/R is the ratio of the
IPMC length to its radius of curvature) for varoius applied voltages (b) where the blue data
are from the image set in (a). This figure was adapted fom
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Figure 1.7.Images of a SEBS extruded hollow fiber subsequently filled with liquid metal at
0% (a) and 900% (b) uniaxial strain, as well as normalized resistance dajav(iefie R and

Ro are the resistances at a given strain and at 0% strain, respgaivel function of strain

(c) for a molded microchannél ¥* and an extruded fibeg}®* each subsequently filled with
liquid metal. Images were adapted fr8in
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Figure 1.8.Photocurrentlensity as a function of voltage for Rudyed TPEGs:
poly[styrere-b-(ethylene oxide}p-styrene]/ionic liquid (SOS/IL) and NeXdH.O (a), and a
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(b). Data were adapted frotff'° The inset in (a) indicates the constructidra TPEbased
solar cell, adapted frortf>, wherein the layers from top to bottom are: Fd@ated glass
(orange), dyecontaining ionieTPEG (green), poly[dimethyl siloxane] spacer (transparent),

and Platinurrelectrode (silver).
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Figure 1.9. Block chemistries used in constructing TPEs from renewable resources where
blue and green indicate endblock and midblock polymers, respectively. The acronyms and
sources for each polymer are as follows: polylactide (PPA7™'%°  p entethylefeo-
butyrolactone] (PMBLY?®, p emethyipira-methylstyrene] (PAMMSY?, poly[N-
phenylitaconimide] (PPHIT®, poly[3-(R)-hydroxybutyrate] (PHBY°, poly[1,3trimethylene
carbonate] (PTMC¥>*?° polymenthide (PMf'1?1% poly[myrcene] (PMYRY, poly[6-
methytUcaprolactone]  (PMCLf®>,  and  poly[dibutyl  itoconate]  (PDB®
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CHAPTER2
MolecularLevel Insights into Asymmetric Triblock Copolynser

Network and Phase Development

Abstract

Molecularly asymmetric triblockopolymers progressively grown from a parent diblock
copolymer can be used to elucidate the phase and property transformation from diblock to
networkforming triblock copolymer. In this study, we use several theoretical formalisms and
simulation methods tcexamine the moleculdevel characteristics accompanying this
transformation, and show that reported macroselgwiel transitions correspond to the onset
of an equilibrium network. Midblock conformational fractions and copolymer morphologies

are provideds functions of copolymer composition and temperature.

*This chapter has been published in its entirety:
S. S. TalluryK. P. Mineart, S. Woloszczuk, D. N. Williams, R. B. Thompson, M. A. Pasquinelli,
M. Banaszak, R. J. Spontak.Chem Phys 2014, 141, 121103.
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2.1. Introduction

Block copolymers remain one of the most extensively studied genres of macromolecules
to date due to their intrinsic ability to) (SelForganize spontaneously into a wide variety of
periodic nanostructur& and (i) compatibilize immiscible polymers! as well as stabilize
polymer nanolaminates’ by locating at polymer/polymer interfaces. These intriguing soft
materials can likewise form molecular and supramolecular networks upon microphase
separation. Molecular ngorks develop in multiblock copolymers possessing at least one
midblock capable of spanning between, and physically connecting, neighboring
microdomains, whereas supralecular networks are nanostructural motifs that can be
described as connected microuin channel§® which frequently vyield bicontinuous
morphologies? In this study, we only consider molecular networks created by microphase
ordered ABA triblock copolymers with glassy endblocks and a rubbery midblock
(generically regarded as thermopiastlastomers). Due to their highly elastic molecular
network, ABA copolymer systems are ubiquitous in a wide range of contemporary
technologies requiring, for example, highly stretchable wires for flexible electrSnics,
nanostructured membranes for Ifgells® micromolded substrates for microfligg,* high
permittivity nanocomposites for sensdtsand energsefficient dielectric elastomers for
actuators and enerdiarvesting medi&®*® Here, we seek to follow the transition from
diblock copolymes, a soft materials archetype responsible for elucidating the mechanism of
molecular self assembly, to triblock copolymers, another soft materials archetype in which
molecular architecture enables network formation and imparts valuable macroscopic

propertes.
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Independent experimentdf® and theoreticat*

investigations have long sought to
correlate the fraction of midblock bridging with bulk mechanical properties in molecularly
symmetric copolymers (with &ndblocks of equal repeat unit numbeg) M the melt, as
well as in the presence afelectivesolvents®® In this case, each copolymer molecule can be
classified as either a bridge (each endblock resides in a different microdomain), a loop (both
endblocks are located within the same microdomaanyjangle (one endblock sits in a
microdomain while the other remains in theriéh matrix), or mixed (both endblocks are
unsegregated and stay within the matrix). The classifications arising from microphase
segregated clras are depicted in Figuizla. Toexplore the transition from an AB diblock
copolymer with a B tail tethered at a single junction to an ABA triblock copolymer with a B
midblock tethered at both ends (to form a bridge or loop), Hametsih”> have examined
the phase behavior of;BA; triblock copolymers custoraynthesized from parent diblock
copolymers so that N I AN Their results reveal that the orefisorder transition
temperature (dpr) first decreases as the Block is initially grown and then increases upon
further progressianAlthough several theoretical models have been propdSem explain
the phase behavior of BA, copolymers, the Maye®lvera de la Cruz (MOC) theofY,
which extends earlier fluctuation thediyhas been used, along with-tattice Monte Carlo
(MC) smulations*° to quantitatively predict such unusual phase behavior.

To relate molecular asymmetry to the disttibn of A segments in the endblocks, we
defineUas Nui/(Na1 + Nao) andU as the asymmetry corresponding to the minimumdirT
While variation in U also promotes differences in copolymer nanostructure and bulk

properties’*? changes in midblock bridging withhave only been indirectly inferred thus
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far. In this workthe MOC theory and setfonsistent field theory (SCFH&ye ugd in concert
with both MC and dissipative particle dynamics (DPD) simulation mettm{} discern the
molecular origin of U, as well as fundamental relationships betwd@nmidblock
conformations and morphology and (i) transcend earlier studies désd exclusively to
either diblock or triblock copolymers by establishing a moleeighael connection between

these two important soft material archetypes.

2.2. Methods

Details of the MOC theory are providad Ref.26, whereas the SCFmployed here is
based on the framework developedo predict the bridging fraction in molecularly
symmetric ABA triblock copolymers with b = Na2 (U= %). WhileDPD simulations have
also focused on such copolymé&té> we extend suclsimulationsto molecularly asymmetric
triblock copolymer systems varying hand containing 1000 molecules ranging in length up
to 224 connected beads (each bead is ~0.33 Kiya)sing the parameterization described in
Ref. 36 and the Larggcale Atomic/Molecular Masgly Parallel Simulator (LAMMPS)
software suité’ The interaction energy between segmétsdj (i,j = A or B) is designated
as(§ with Gha = Gg = 25kT andlhg varying from35kT or 50kT, where k is the Boltzmann
constant and T denotes absolute tempeed®3® After equilibration at 100°C, we
differentiate chain classifications by identifying how beads contribute to the copolymer
morphology according to densibased shapeecognition algorithni® thereby avoiding
oversimplifying assumptions due toramtg segregation. The MC simulations utilize a

cooperative motion algorithm performed on a facedtered cubic lattice, as detailed
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earlier®® The simulation box size is chosen to fit the copolymer chain, and all lattice sites
within the box are completelfilled with chain segments (each ~1 kDa) so that the move
ment of one segment necessitates the cooperative motion of other segments. Pairwise
interaction energies are given b = (g = 0 andUg = U= &kT/(z i 2), wherea is the
Flory-Huggins paramete and z (42) is the coordination maber. Each simulation is
equilibrated at T (= kT/Q, and parallel temperiftfyovercomes local free energy minima at

low T and long relaxation times.

2.3. Results and Discussion

The observed minimum in Topr at U as Ny is increased (antidecreases from unity)
can be interpreted in terms of a dilution effect: shost ehdblocks are insufficiently
incompatible with B midblocks to microphaseparate and remain mixed in the midblock
rich matrix. Inclusion of A endblocls in the matrix serves to reduce the effective
thermodynamic incompatibility of the copolymer and, henegrTWhen the A endblocks
are long enough, they microphaseparate along with the;Adlocks as the incompatibility
between A and B blocks (andydy) increases. This trend is evident in Figaréb, which
displays predictions df from the MOC theory as a function of the chemical composition of
the parent AB copolymer (expressedbas Ns/Na1). An increase ib translates into higher
copolymer incomatibility under isothermal conditions if A is held constant. For
copolymers with styrenic endblocks and an isoprenic midbldakxhibits a lower limit ab
4 1.8, below whicHJ cannot be discerned. To relate these predictions to chain classifications

(i.e., midblock bridges, loops and dangles), we seek to discern the molecular origjin of
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Following the concept proposed by Mat$8the initial reduction in §or with decreasing)

can be attributed to shortdlocks remaining mixed as dangles withne B8 matrix due to a

low enthalpic penalty relative to the associated entropic gain. As glm@ogk is grown, a

critical block mass is reached at which the enthalpic penalty promotes microphase separation
of the A, blocks and, thus, elmcation of the A and A blocks with few remaining dangles.

In this view, U corresponds to the transition at which each B midblock transforms into a
bridge or loop.

To develop a moleculdevel picture of how this transition proceeds have conducted
DPD simulations ora styrendsoprene copolymer with a 9 kDa-#Alock and a 45 kDa B
block (referred to as -85A,) to match an experimental system reported edfier.
Simulations results are analyZetb discern how the fractions of bridges)(floops (f) and
dangles () vary with U [Since unsegregated chains consistently account for e88p »f
the chain populations, they are includedgnd avoid confusion, in which casg+ f_ + fp =
1.] The results presented in Figt@a reveal thatsfand { both initially increase, whilegf
decreases, with decreasifiband then reach plateau levels. Gradual, rather than abrupt,
increases in bothgfand { due to the initial growth of the Aendblock indicates that the
dispersed Aich microdomains are surrounded by loopedibtocks and loosely connected
by bridges to form clustef§:* This picture of micrdomain clustering fundamentally differs
from the previous idea that midblock bridging occurs only when a critighldtck mass is
achieved. The transition at whick &rd f, become independent dfis denoted(y;, and
signifies the formation of a fully developed network.U& Uy, the population of dangles and

mi xed chains dr opsgrbeemaciw sa 7n%,ar wtlye rceoanss t fa nt
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intersection of the regressdihes in Figure2.2a, the clusterY network trandion is
estmatedafyd 0. 78, which coi O0.7)eobtained by fittihng MOE v al u .
theoretical predictions to discrete experimental &a8uch agreement is consistent with the
notion trat the onset of network formation, and not the onset of molecular bridging, is
primarily responsible for the transition from diblock to triblock copolymer behavior.
Figure2.2a also includes values @f &nd f calculated from SCFT (initial parent diblock
6N = 70) for a 9.446-A, copolymer subject to the constraint that-ff_ = 1 (since f cannot
be discerned from SCFT). These predictions are extracted from 2D segmental distributions of
A, FromU= 0.7 toU= 0.5, § and f remain relatively constant at 0.61 and 0.39,
respectively, which agree reasonably well with the DPD simulations considering that the
contribution from § is omitted. AsUis increased beyond 0.7g flecreases, while, f
increases, slightly until the Asegnental distributions become sufficiently diffuse to prevent
further analysis. In Figur2.2a, this cutoff occurs al= 0.78, quantitatively matching both
and (.. At larger values of) SCFT is inapplicable due to the npegligible populations of
dangks. A single set of MC simulation results obtained for464 copolymerat T& 3 i s
provided for comparison in Figu&2a to demonstrate further agreement between simulation
methods and theory in the network regime. Figig® displays the variationfdy and the
network bridging fraction ) with respect td from DPD simulations performed at two
values ofCAs. These findings indicate that, while the valuesjpflo not change very much
with b, they clearly increase with increasing copolymer incatibity. This trend is also
predicted from SCFT in the inset of Figi#@b, which showd}, as a function of the parent

AB copolymer incompatibility §N, wherec depends on the value Gz used and N = N +
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Ng). If the number of repeat units in the @air AB copolymer is constant (as in the-26tA,
series), then changes @\ relate to temperature since~ 1/T, thereby establishing thij
depends not only on copolymer composition but also on temperature.

Included in Figure2.2b are DPD simulationresults for the composition dependence of
fs.n, Which appears to be independent of copolymer incompatibility but sensitiveTtios
observation is consistent with the expectation thatdecreases as the copolymer becomes
increasingly Arich and the miphology of the system eventually transforms from dispersed
A microdomains at relatively highto lamellar in the vicinityoba 1. As al l uded f
morphological transitions are more conventionally induced by changing temperature, which
suggestshat the reduction ingfy apparent in Figur.2b may alternatively be driven by
thermal means. Such dependence is confirmed by the MC simulation results shown in Figure
2.3 for a 9454 copolymer. At low T, fzy varies relatively little (between 0.57 afd52)
and then decreases significantly (to < 0.30) asrTis approached. Concurrently; nf
decreases slightly (from ~0.38 to 0.32) with increasingbiit then increases close to 0.50
near Tor. Finally, font emai ns negl i gi bl y ans thenlmonotoniall . 0 5)
increases with increasing .TThese simulation data collectively establish that increasing
temperature only slightly affects midblock conformations at conditions far removed from
Topr. As transition temperaturesre approached, howew fz y can decreassubstantially,
and the copolymer network consequently weakens, in favor of increased populations of both
loops and dangles. On the basis of these results, we select518 in the following
discussionas the highest temperature stdlfficiently removed from dpr to avoid

significant changes in the conformational fractions described above.
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2.4. Conclusion

Thus far, only isomorphic copolymer systems have been discussed in terms of \ériable
or T. Figure 2.4 displays the effect of simultaneously varyitkand e i t ha,rmoré
traditionally, G = Nai/(Nai+Ng) = { dn+tlie) phase behavior of 1BA, triblock
copolymers in the form of an isothermal phase diagram generated from MC simulations.
According to visal inspection and Fourier analysisll &f the expected equilibrium
morphologies representative of microphasdered AB and ABA copolymers are evident.
Isolated regions of perforated lamellae, which are likely tdigbly metastablédue to an
expected’ reduction in packing frustrationyre also observed. These results confirm that an
increase in the length of the,Mdlock, and a corresponding reductionUrdrom unity, at
constant not only introduce midblock bridging but can also drive morphologrealsitions
in this class of block copolymers. A change in morphology is, however, accompanied by a
change ing, as discussed earliesf(Figure2.2). In this spirit, endblock asymmetry can help
promote the formation of oth@rganizedhanostructures, sh as vesiclesn the presence of
an endbloclkcompatible matriorming specie§ When U < (4 and the A blocks
predominantly cdocate with the A blocks, they form a bidisperse brush insofar ag N
Na2. As a singlemolecule rout& to such brushes inonfined nanoscale environments, the
A1BA, designcan providevaluable insight into theffect of bidisperse chain packing on
interfacial curvature and copolymer phase behawr Kigure 2.4) without resorting to
physical blending In general, thidargely unexplored multiblock copolymetesigr® is

helpful in elucidating fundaental relationships between molecular architecture and the
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evolutionof macroscopic properties.
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Figure 2.1. (a) Schematic illustration of triblock copolymer micelles depicting bridges, loops
and dangles (labeled(b) Values oft” evaluated from the MOC thedfyas the value of)
corresponding to the predicted minimumTigot (or, alternatively, the maximum N at the
orderdisorder transition)andpresented as a function of the parent diblock compositipn (
The dotted vertical line identifies the point belavhich t is no longer observed. The
depictedmolecules correspond to= 1 andt = ¥ (labeled).
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Figure 2.2. (a) The dependence of the midblock fractions (&d; f, blue; §, black) from

DPD simulations withCAg = 35kT (open symbols), MC simulations (filled symbols) and
SCFT predictions (solid lines) dnin the 946-A, copolymer series. The intersecting dashed
lines yield the value dfy, and the gray stripe identifi¢s determined from the MOC theory.

(b) DPDsimulation results dffy (green) andgy (red) as functions db for two values ofag

(in units of kT): 40 (open symbols) and 50 (filled symbols). The solid lines represent linear
regressions of the data, whereas the dashed line serves as a guideyer Te variation of

tn on parent diblock copolymer incompatibilitg]) from SCFT is included in the inset, and
the solid line is a linear regression.
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Figure 2.4. Isothermal phase diagram alongh @ b Icanstueted from MC simulations.
The morphologies are labeled: lamellae (L), perforated lamellae (PL), gy@ieh)(
hexagonallypacked cylinders (H), and boagntereecubic spheresQmsm). The second

abscissa axis convertsh e  bto thecnaote eonventiml A-fraction basisK), defined in
the text.
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CHAPTER 3
Dual Modes of SelAssemly in Super StronghSegregated

Bicomponent Triblock Copolymer Melts

Abstract

While ABC triblock copolymers are known to form a plethora of dualde (ie., order
onorder)nanostructures, bicomponeiBA triblock copolymers normally sedsserble into
single morphologies ahermodynarit incompatibility levels up to the strorgggregation
regime. In his study, we employ olattice Monte Carlo simulations to examine the phase
behavior of molecularly asymmetrié;BA> copolymerspossessing chemically identical
endblocks differing signifiantly in length. In the init of superstrong segregatianterstitial
micelles composed of the minorifg endblock are observed arrange into twalimensional
hexagonal arrays along the midplaneéBeafich lamellae in compositionallgymmetric (50:50
A:B) copolymers.Simulations performed here establish the coupled moleasianmetry
and ncompatibility conditions undewhich suchmicelles form, as well as the temperature
dependence of their aggegn number. Beyond an optimiahgth of theA, endblock the
propensity for interstitial micelles to developcdeases, and the likelihood foolocation of
both endblocks in thé&;-rich lamellae increases. Interestinglye tstrongsegregation theory
of Semenov developed to explain the formation of free heiedby diblock copolymer
accurately predicts the onsef interstitial micelles confined at nanoscale dimensions

between parallel lamellae.

*This chapter has been published in its entirety:
S. WoloszczukK. P. Mineart, R. J. Spontak, M. Banaszakys.Rev E 2015 91, 010601.
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3.1. Introduction

Block copolymers constitute one of the most widely studied classes of soft materials to
date due to their fascinating ability to microphasparate and spontaneously seéemble
into a rich variety of orderedanoscale morphologies that are of significant fundamental
and technologicaf interest. Tricomponent ABC triblock copolymers can exhibliraad
assortment ofmorphologies:>°with some displaying unique supramolecular motifs (e.g., the
knitting” pattern) while many showing evidence of dual sssembly modes (e.g., spheres
on or in cylinders or lamellae). Bicomponent ABA triblock copolymers, in contrast,
generally behave ia similar fashion as their diblock analogs and commonly organize into
single morphologies that can be described as A(B) spheres arranged on arfhody
centered cubic lattice or A(B) cylinders positioned on a hexagonal lattice in a continuous
B(A) matrix, bicontinuous channelsand alternating lamelld’ These morphologies,
retained in physical blends of ABA copolymers with macromolecular and/or-smédcule

additivest®!!

arelargely dictated by interfacial chain packitfgyhich can be systematically
altered via the copolymer chemical compositiof the copolymer orthe (liquid)
crystallinity*>'* of one or both blocks Most studies of commercially relevant ABA
copolymer melts have focused on moderatébystronglysegregated systems wherein the
chain trajectories can be quantitatively described by existing theoretical

§891215163nd the thermodynamic incompatibility, definedehk(whereg is the

framework
Flory-Huggins interaction parameter and N represents the number of repeat units along the

copolymer backbone), is typically <100.
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At higher values oEN, interfagal tension is expected to dominate over chain packing to

regulate morphological development in superstrongly segregated (sSS) block copolymers, as

17
l; |18

theoretically described by Nyrkovat al”’ and Semenowt al.” Descriptions of such
copolymers, however,emain lacking due to one of two practical reasons. At commonly
encountered values af, the value of N must be large. While higiolecularweight
copolymers have been shot¥o possess, for example, interesting photonic properties, the
likelihood of geneating kinetically frozen nonequilibrium or defddted morphologies
increases with increasing N. Alternatively, at more experimenfiagdgdly chain lengths, the
needed increase mwould require the use of constituent species that differ substantially
chemical compatibility. To satisfy this requirement, nonionic sSS block copolymers
containing at least one halogenated (usually fluorifatédblock have been successfully
synthesized. Nontraditional morphological features observed in aqueous s&fssy
possessing dispersed microdomains include diskamellar sheefd and spindldike
vesicles? whereas quadraticaliperforated lamellae have been identifféd sSS copolymer
melts. Superstrong segregation can likewise be achieved throughetlod cisarged block
copolymers, which has resulted in the formation of toroidal assembliesall these
investigations of both bicomponent and tricomponent sSS copolymers, a single morphology
or a mixture of structurally related morphologies has beeortexgh We are not aware of any
bicomponent copolymer at any segregation level that has exhibited two modes- of self
assembly resulting in distinctly different morphological characteristics.

Previous studié8 of molecularly asymmetric A, triblock copolyrers synthesized

from a parent diblock copolymer so that;N  aN(where Ny and Ny, denote the number of
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repeat units in the fand A blocks, respectively) have helped to elucidate the molecular and
property changes accompanying the transformation from an AB diblock to a molecularly
symmetric ABA triblock copolymer (with N = Na2). Recent Monte Carlo (MC) simulations

of moderately seggated copolymers have yielded results that quantitatively agree with
unexpected experimental findings, most notably a pronounced minimum in the order
disorder transition temperature ag,N6 progressively increasédln this study, we employ

the same snulations to investigate the morphological features of sEM\Acopolymers and
discern how the difference in size between the chemically identical A endblocks affects their

ability to seltorganize.

3.2.Methods

Since details of the MGimulationsare povided elsewher&,an abbreviated overview of
the simulation strategy is presented here. The simulations are perfornaethaactentered
cubic (fcc) latticein which the length ofa bondi s a, &Berea denotes the fcc lattice
constant.To ensure thatdndsalong each copolymer chain are mobken or stretchedye
invoke standard periodic boundary conditions. Hiee of each simulatiobox is chosen to
fit the length of thechainexamined andall lattice sites within the box are completely filled
with chain segments (each ~1 kDa) so that the meve of one segmentwhich defines a
single MC step (MCS)necessitates cooperative motion of other segmdiiis.nearest
neighbor interaction energidé®tween andj segmentdi,j = A or B) aregiven bye;, with
ean = ess = 0 andeas = ckT/7.522 where k is the Boltzmann constant and T denotes absolute

temperatureThe A-B interaction parametds also used to defintme reduced temperature
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(T') as kTkss. Each simulationcommences by equilibrating copolymehains in the

athermal limit so that thelyecome uniformly distributedcrom the number of MCSs required

for a chain to diffuse a distance 140 the or
equilibration is conducted foBx10’ MCSs, after whichthe chains are quenched a
predetermined temperature in the neeiid equilibrated for an additionak1(® steps The

following 3x1C° steps aredevoted todata samplingand eachsimulation is repeateéx

starting from different iitial states to eliminatbias.

To alleviatecomplications associated with nonequilibration due to long relaxation times
(especially at low temperatures) parallel tempering algorithm has been applied to all
simulations performed in this studfccording to this protocol, M replicas of each system
were simulated for a set of discrete temperaturgs,<TT, < é &, inTwhich the
minimum (T;') and maximum (¥ ) temperatures were fixed and intermediate temperatures
were selected to provide antwpal representation of replicas in temperature space. For a
given number of MCSs, adjacent replicas were exchanged in random order according to the
probability (p) given by:

p(T ® Top)=min{lexp[-6, -.p ) (U (3.1)
wh e r,®(kTp)™ and U denotes the potentianergy of the replica at;T If a system was
trapped at a low temperature, it was heated to overcome its energy barrier. By using this
procedure, improved statistics were generated with fewer MCSs. Here, M = 36, with each
replica starting in an indepeat athermal state. After 3000 MCSs, replicas simulated at T

were exchanged with neighboring replicas @t Taccording to EquatioB.1. The minimum
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and maximum temperatures were fixed af E 1 and B = 10, respectively, and

intermediate temperatwevere chosen to follow a geometric distribution.

3.3. Results and Discussion

While the MC approach employed here to simulai®Ay triblock copolymers has
yielded all the conventional morphologies expected in moderately segregated, nonionic
bicomponent block copolymet8,the crosssectional snapshot displayed in Figure 3.1a
clearly shows the existence of two different modes ofasdEmbly in a compositionally
symmetric (i.e., 50:50 A:B) 488-2 copolymer. The long terminal ;Ablocks form the
primary morphology composed of lamellar microdomains, whereas the sheridblocks
organize into a secondary morphology designated heratastitial micelles, positioned
along the midplane of the-Bmella. In this simulationgN = 480 and the Afraction (fa2),
where fiz = Na2 / (Na1 + Ng + Na2), is 0.021. A planar view of the micelles is included in the
inset of Figure 3.1a and revealattihe micelles are arranged on a mensional (2D)
hexagonal lattice, resembling a monolayer of block copolymer micelles in ultrathir*films.
Since the fraction of A repeat units in all the copolymers examined here is %2, the lamellae
evident in Figure3.1a agree with intuitive expectation. In numerous instances, however,

perforated Alamellae reminiscent of those reported by Burgeral®

and predicted by

Matsen are observed instead, and the corresponding interstitial micelles tend to locate in the
B-lamellae at the points of perforation, as shown in Figure 3.1b. These micelles generally
appear spherical, unlike the discr®ofsSSAmul t i

associating polymers in solution. A schematic diagram of intersiti@elles located
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between lamellar microdomains is provided in Figure 3.1c to illustrate a distinguishing
characteristic of these micelles: They serve as intermediate physicallickosges to
connect the primary lamellar morphology across a distanc®aging twice the length of

the B midblock. In contrast, a midblock bridge in an ABA triblock copolymer network is not
capable of extending beyond the distance dictated by the length of its midblock.

Unlike the results presented in Figure 3.1, a verytshpblock in moderately to strongly
segregated MA, copolymer systems would remain mixed (and forming a dangling end)
within the Blamellae, thereby vyielding a single lamellar morphology. Formation of the
interstitial micelles is therefore a unique masthtion of the conditions examined here.
Although theoretical frameworks predicting the coexistence of two different morphologies in
a molten sSS copolymer are lacking, the theory proposed by Semeab¥ describes the
thermodynamics of micelles inéhsSS regime. Since morphological development is largely
governed by interfacial tension in thyeir mo.
that signifies the onset of superstrong segregation, as well as the micellar aggregation number
(Qthat ensue s The furctional farms>d. and Q derived for spherical micelles,
however, assume that the coronal free energy can be written in the same fashion as that in the
strongsegregation limit. Their theory also addresses the formatioaS& nonspherical
mi cel |l es, i ncl| uadandg~ HT, their sheory SluggestethabsSS-micelles
should become less stable with increasing temperature. We explore this behavior for two
systems possessing different values of N in Figurewhizzh shows the effect of temperature
on chain trajectories by displaying the fractions effocks involved in forming interstitial

micelles @y), conventional bridges and loops wherein both endblocks colocate - in A
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lamellae §,), and nonassociatagangling ends3p) as functions of TThese fractions are
subject to the constraint thay; + | 3 3p = 1 since completely unsegregated chains are
expected to be negligible in this regime.

In the first system examined (Figures 3dathe ABA, copolymeris designated (48)-
40-x, where x is varied from 1 to 4. When x = 1 (Figure 3.2a) at the lowest temperature
considered (T= 1.0), the system consists primarily of doubtehored chains with, =
088.AsTi s increased sgreachgshatakingum (at 23)&rid th&n)drops to
zero as Tis increased further. In contrast, generally decreases, whitg increases, up to
T* & 7. 7. Abova showsisigns af imarepsing whitglstares to decline. As
the short terminal block is hgthened (x = 2 in Figure 3.2b), the system displays slight
evidence of micelldorming bridges over a finite Trange extending from about 1.9 to 3.3
w h i | remaigs above 0.90. An increase in temperature promotes a continued incegase in
and a corregmding decrease ig_ until the two fractions cross and then become nearly
temperature independent. When x = 3 (Figure 3.2c) and x = 4 (not shown), the systems
appear similar and are composed entirely of double anchored chains with no-foroeiitey
bridges or dangling ends at low.TThe distinguishing feature between the two is the value of
Tat whdedbe as g incrdases) shiftsto higher temperatures (2.9 when x = 3 and
4.3 when x = 4). Comparable results are observed in the second copalgsignated (43
X)-48-X, in Figures 3.2d. One noticeable difference is that the fraction of miefdening
bridges remains nonzero over a finite temperature range for-8 ¢bat reduces to zero for
all T when x = 4). The results displayed in Figur@ &dicate that fewer chains form

interstitial micelles, and the micelles ultimately become unstable, at elevated temperatures. In
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addition, while the copolymer systems initially favor douaatehored chains at low Bs x
is increased, an increase in kT eventually generates dangling ends due to the corresponding
reduction in incompatibility between A and B segments.

Average values of Q measured from several simulations are provided as a function of T
in Figure 3.3 ad confirm that the interstitial micelles evident in Figure 3.1 generally develop
atlow T (high GN) for copol y melocks. Iwicomplemenwmilyat i v e
dissipative particle dynamics (DPD) simulations performed under the conditions described
elsewhere® the perforated lamellae and interstitial micelles generated in MC simulations are
also observed. While Q consistently remains between 10 and 20 in the DPD simulations,
Figure 3.3 reveals that a slight increase in the size of thdo&k can pomote a significant
increase in Q, along with enhanced thermal stability. If theblack becomes too large,
however, then micelles do not form. This observation suggests that, for a given copolymer
incompatibility, interstitial micelles develop over aat@lely narrow range im$. To explore
this relationship, we plot the corresponding upper and lower stability limits of interstitial
micelles as discerned from a compilation of simulations in Figure 3.@\ Aelow the lower
stability limit, not all theA, blocks form doubleanchored chains, in which case dangling
ends existdf. Figure 3.2). WhereN lies above the upper stability limit, every Block is
sufficiently incompatible with the B midblock to microphassparate and colocate with the
A; blocksin the Alamellae. The range over which the micelles are stable for a giien
value is not large (< 1%). Intended to serve as a guide for the eye, each of the solid lines

included in Figure 3.4 obeys a scaling relationship of the fagm fn(GN). By seting equal
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the regression equations for the two limits, we estimate that the stability regime for
interstitial micelles terminates in the vicinity ghfa 0 . 0 dN6 &a n8dl .

Although a rigorous theoretical treatment of the present copolymer system mslliago
scope otfthis work, wefirst considetthe free energy damellaeforming asymmetric triblock
copolymers in the strorgegregation theory proposed by Mafsefhe dimensionless free

energy (F/nkT, where n is the number of chains) evaluated at aiigoegm lamellar period

IS
F _3¢2h(3 BaN
=—¢ y+G N i 3.2
nkT 4§ 3 Y L (32)
wher g =e2hofa) ( 1.9H3@-fa) , ais assumed in this framework to equal

1-3p. The inset in Figure34 shows freeenergy predictiondrom Equation3.2 for the

limiting caseof dangling ends only3( = 0) at several values of.f As expected, the free

energy increasesith an increase in N, confirming that the existence of long dangling A
endblocks in Blamellae becomes increasingly less energetically favor@le way tdower

the free energy in this limit is for both endblocks to colocate withlamellae, which at the
opposite extreme c q=*lXimlsdedimtdesnset. QVhite hesultsd@ga s e o f
= 0.04 areshown predictions forlower fa, areindistinguishable at the scale showithe
simulations reported here indicate that another way to reduce the free energy not considered
in Equation3.2 is by the formation of interstitial micelles. Although Equat® can, in

principle, be extended into threendnsions to account for the presence of interstitial

micelles, we consider an alternative means of analyzing the data in Figure 3.4. According to
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SemenoV’, the conditionsignaling the formation of a singkeee micelle by AB diblock

copolymer molecules ithe SS limit is satisfied by
_ 1 3
U -Az'§|nf + (3.3)

wher e A Siace eabhffendblock is restricted to anlamella in the present scenario,

only the A endblock and B midblock of each copolymer molecule participate in micelle
formation. In this case, we treat these blocks as the equivalent of a teth&ratiblck

mol ecul e and correspondBd atlhy = Maad(NagtNd). Thee U i 1
resutantpredictionsdisplayed in Figur@4gquant i t ati vely match the N
300 without any adjustable parametensci&favorableagreemenimplies that, despite being

(i) constrained between lamellae (which behave as soft parallel sdffa¢istethered at

one chain end, and (iii) surrounded by dowdehored midblocks, the interstitial micelles

reported in this study form as if they were free micelles in the bulk.

3.4. Conclusios

While bicomponent ABA triblock copolymers normally ordeto single morphologies,
numerous experimental studie® have demonstrated that coexisting morphologies
frequently develop during solvent casting. Recent evidénaequired from melspun
bicomponent fibers confirms that duabde nanostructures (e.¢ubes containing centerline
micelles) can likewise form in solvefree systemsThe MC simulationgoresentechere
establish that molecularly asymmettitblock copolymers can exhibit twdifferent modes

of selfassemblynear equilibriumin the sSS rdge: lamellae and interstitial micelles (in

64



some cases positioned on a 2D hexagonal lattice). These results have been validated over a
wide range of simulation conditions and have likewise been confirmed by DPD simulations.
Detailed analysis of the MC sirfations indicatesthat the population of micel®rming

chains, as well as the micelle aggregation number, is sensitive to copolymer composition and
incompatibility. Using molecularly asymmetric triblock copolymers to decorate a primary
morphology (e.g.the lamella observed here, or spheres or cylinders at other copolymer
compositions) with interstitial micelles opens a different route to generating two concurrent
and independent levels of spatially modulated nanostructures in bicomponent block
copolymers and provides an opportunity to explore variations in the phase behavior and
properties (due, for instance, to enhanced physically stabilized molecular networks) of

designer multiblock copolymetsin the largely overlooked sSS regime.
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Interstitial
micelle

Figure 3.1.Snapshots of MC simulations of molecularly asymmetrigBAy triblock
copolymers in the sSS regime revealing the existence of interstitial micelles between
lamellae [(a) edge view] and perforated lamellae [(b) parallel view through the perforation].
Included in (a) is an inset showing the lateral hexagonal pacdiitite micelles in (a). The
schematic illustration in (c) depicts the placement of the blocks (not drawn to scale). Shades
of blue and green refer toj&and A features, respectively, whereas red signifies individual B
midblocks in (c).
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Figure 3.2.Values of the A block fractions extracted from MC simulations of sSSBA,

triblock copolymers (a) 3340-1, (b) 3840-2, (c) 3740-3, (d) 47481, (e) 4648-2, and (f)
454831 provided as functions of reduced temperature.(The fractions shown include
micellef or mi n g \p circlek)y @oabla(n3c h o r e d |, twidngles,rmasd déngling

e n d g, squaes). The solid lines connect the data, and the size of the simulation boxes
employed here are ([@}) 80x40x40 and (dff) 96x48x48 to explore size eftts.
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interstitial micelles in ABA triblock copolymers with short Ablocks compiled from MC
simulation results for copolymers varying in chain length (N): 80 (squares), 96 (circles), and
112 (triangles). The solid lines are guides for the eye, and the dashed line corresponds to
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CHAPTER4
Ultrastretchable, Cyclable arfdecyclable 1and 2DimensionalConductors

Based on Physically Cros¢isked Thermoplastic Elastomer Géls

Abstract

Stretchable conductors maintain electrical conductivity at large strains relative to their
rigid counterparts thatafl at much lower strains. Here, we demonstrate ultrastretchable
conductors that are conductive to at least 600% strain and may becgtiaith without
significant degradation to the mechanical or electrical properties. The conductors consist of a
liquid metal alloy injected into microchannels composed of triblock copolymer gels.
Rheological measurements identify the temperature window with which these gels may be
molded and laminated to form microchannels without collapsing the microscale features.
Mecharncal measurements identify the gel composition that represents a compromise
between minimizing modulus (to allow the polymer to be stretched with ease) and
maximizing interfacial adhesion strength at the laminated pohpolgmer interface. The
resulting D stretchable conductors are notable for their ability to maintain electrical
conductivity up to large strains, their mechanical durability, and their ability to be recycled

easily with full recovery of the component species.

*This chapter habeen published in its entirety:
K. P. Mineart, Y. Lin, S. C. Desai, A. S. Krishnan, R. J. Spontak, M. D. Dicl&oft Matter
20139, 7695 7700.
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4.1. Introduction

Stretchable electronics incorporate electronic functionality into substrates that are
deformable, conformal and duraBlé.Although common solid metals exhibit electrical
conductivities on the order of 18/m at ambient temperatutéheir corresponding values of
elongation to break are relatively low (typically within a few percentrgtfaBtructuring
metal films into corrugated geometries on elastomeric substrepgesentsone way to
increase the elongation of such filfmalternative materials, such as carbon nanotube pastes
conductiveinks, and nanowire networks have also beerlogggd to overcome the inherent
mechanical limitations of solid metdl$1° Another attractive materials design exploits the
deformability of liquid metals, which also possess high conductivities and are capable of
withstanding significantly larger strainwhile remaining electrically conductive™® Of
particular interest in this study is eutectic gallium indium (EGaln) with a medured
conductivity of 3.4x10 S/m at 22°C. Because allog$ gallium develop athin solid oxide
skin at restithey can be physically molded into \aariety of shapes suitable for use as
antennas, electrodes, sensors,-selfling wires, interconnects, and metamatet{ai&’
Injecting this lowviscosity metal into microchannels fabricated in a polymer matrix afeords
facile route by which to define its shapéd fabricate structures capable of achievarge
strains'? 28

Thus far, most studiemmed at marrying the electrical conductivity of liquid metals with
the robust mechanical properties pblymers (in paicular, elastomers) have focused
primarily on using polydimethylsiloxane (PDMS) as the polymer matrix due to its low cost

and convenienc®. The extensibility of PDMS is, however, limiteahd dependsn the
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PDMS grade and sample preparation protocol epenld’ For example, Sylgard 184 is one

of the most popular polysiloxanes employed for this purpose and fails well below 100%
strain. In addition, PDMS is subjett mechanical hysteresis upon strain cyckmgl cannot

be fully recycled due to the covaletrtosslinks that stabilize the molecular network. The
extensibility of conductive PDMS infused with metal can be increased to ~225% through the
introduction of a microstructurg.Other elastomers can likewise be utilized to increase the
elongation of liqid metal conductors encased in a polymer matrix. For instance; melt
extruded hollow fibers composed of a thermoplastic elastomer (TPE) maintain conductivity
to 700% strairt? but the formation of fibers does not afford the same diversity-pfane
geometies that can be produced lithographically through the use of microfluidics.
Alternatively, Ecoflex, a platinursatalyzed polysiloxane, can be stretched to 900% strain,
but fabrication considerations associated with the retention of -filedl microchanels

(e.g., sealing and interfacial bonding) limit the practical extensibility to ~120% strain. Here,
we identify another elastomer system that is not only suitable for defining stretchable
microchannels that are both durable and cyclable, but alsadéalglable.

Styrenic TPEs, such as poly[styrem€ethyleneco-butylene)b-styrene] (SEBS) triblock
copolymers, constitute a particularly attractive class of materials for use in this rEyesd.
commercial copolymers are inexpensive, moldable and maaigrobust. Theycommonly
undergo microphase separation so that the endblockasseiimble into nanoscale domains
within a thermodynamically incompatible midbledkh matrix**** Because the endblock
rich microdomains are glassy at ambient tempegatad a substantial fraction of the rubbery

midblocks form bridges between neighboringcrodomains® a molecular network that
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endows the material with considerable elasticity is established. Its mechanical properties can
be controlledby adding on® or more®” midblockselective compouis (e.g., aliphaticich

oils or hydrogenated tackifying resins in the case of SEBS copolyriassimultaneously

alter the modulus and the viscoelastic nature obylséem At low copolymer concentrations

(but above thecritical gel concentration at which the network fidgtvelops®), midblock
solvated copolymers behaveptsysical gels capable of achieving giant striifs2500% in

some cases) and are broadly suitable for conventional uses as vibration dampening media
pressuresensitive adhesives and conductive hanocomposites. These physicalin&exs
materials generally exhibit relatively low mechanical hysteresis upon strain cycling, which is
critically important for stretchable electronic deviceSelectively solvated triblock
copolymers can be molded and welded together into laminate structures tstretchable
microchannelé® This fabrication process is nontrivial since two layers of material that are
largely liquid must be welded without deforming thecroimolded features. Processes
designed taveld sheets of solvated copolymer networks together are sensitive to copolymer
molecular weight and composition and must be tuned accordingly.

Inspired by the potential applicability dfis latter finding'® we ®ek to establish the
design rules yieldingiY 1- and 2dimensional microchannels filled with liquid EGaln in a
midblock-solvated SEBS copolymer (hereafter referred to as a TPE gel, or TPEG))and (
ultrastretchable, strain cyclable and fully recyclabieeg that remain conductive up to at

least600% strain
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4.2. Experimental

The molecularly symmetriSEBS copolymer employed here (G1654) was manufactured
by Kraton Polymers and usedi@seived.The manufacturer listhé styrenic content of this
copolymeras 31 wt% Sizeexclusion chromatography analyssfiowed themolecular
weight and polydispersityo be 144 kDa and 1.04. (In previous studféshe molecular
weight characteristics of the copolymer reported by thaufe&turer were provided.) For
consistency with our previous TPEG studie¥, an aliphatic:alicyclic (70:30) mineral oil
(Hydrobrite 380) with a molecular weight of ~500 Da was obtained from Sonneborn, Inc.
and used without further purification. Reaggrade toluene and hydrochloric (HCI) acid
were purchased from Sigrafddrich and likewise used agceived.

We prepared’PEGs by dissolving the SEBS copolymer and mineral oil in toluene at a
concentration of 5 wt% SEBS. Upon stirring for 150 min at ambientperature, each
solution dried quiescently in a Teflon mold over the course of 72 h, after which time the
resultant film wasannealedn an ovenat 140°C for 8 h under vacuum to remove residual
solvent and promote nanostructural refinement. All films evptpressed into sheets
measuring 1.5 mm thick at 140°C for an additional 40 min. As schematically depicted
Figure4.1, aPDMS mold subsequently pressed into the film at 100°C with minimal pressure
generated- and 2dimensionaimicromolded featureS.he micromolded film was thermally
welded to a flat TPEG film to yield microchannels, which were then filled with liquid EGaln
via a syringe.

Dynamic rheology of TPEGs varying in copolymer concentration was performed on a

Rheometrics RMSB00 rheometer edpped with parallel plates separated by a 1.0 mm gap.
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After identifying the linear viscoelastic limit from dynamic strain tests, isochronal
temperature sweeps were recorded at a frequency of 1 rad/s and a heating rate of 2°C/min.
Quaststatic uniaxial tenke and peel (T or 180°) tests were conducted on an Instron 5943
frame operated at crosshead speeds of 50 and 60 mm/min, respectively, at ambient
temperature to measure the tensile modulus of each TPEG and the interfacial adhesion
between welded TPEG filsnforming microchanneled laminates. A fqaoint probe setup

was used to measure thenductivity of TPEG/EGaln composites as a function of strain by
attaching electrodes to the composites in close proximity to the grips (which only allowed

strains up to 600% before the electrodes induced specimen failure).

4.3. Results and Discussion

To develop stretchable conductors containing EGaln, we first igzhtiife conditions by
which to thermally laminate molded and flat TPEG films without deforming the
microchannels. Effectivdout minimal, TPEG lamination occurs when the copolymer chains
possess sufficient mobilityo diffuse across thpolymer / polymeiinterface and create new
midblock entanglements. The most effective adhesion occurs by forming mixed micelles
across the interface, thereby effectively eliminating the interface and gageaasingle
TPEG capable of achieving maximum elongation without delamination. These conditions
must be satisfied while simultaneously preventing excessive chain mobility, which would
cause the molded features to collapse or distort, at high temperathesgheologybased
procedureeported® to fabricatestable microchannels in TPEG laminates for microfluidics is

extended here for a higholecularweight copolymer used to prepare a series of TPEGs
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varying in copolymer concentration. Rheological measuntésnéentify the temperature
range over which TPEG laminate welding can be achieved without negatively impacting the
quality of the microchannelg\n example of an isochronal temperature sweep of a TPEG
containing 25 wt% SEBS is displayed in #ig 4.2a fa illustrative purposes and identifies

two temperatures of intest here.

The firsttemperature (denoted by an arrow near 13@WZ)esponds to the maximum in
the dynamic loss shear modulus (G") and (not shown) damvhere d denotesthe
displacement anglerhis temperature, noticeably above the glass trandgimperature (J)
of the polystyrene blocks in the SEBS copolymer, is attributed to lattice disordering, which
results from endblocks migrating from one moltemicelle to anothr (a relaxation
mechanism commonly referfd® to as endblock hopping) to relieve stresses in the
copolymer nanostructure. At temperatures aboyge tfnsient dangling endblocks.&,
endblocks remaining in the incompatible matrix) become more numerous and weaken the
network as they diffuse within the matrix in search of new molten micelles to join.

The second temperature (also highlighbgdan arrow in Figurd.2a) reveals the order
disorder transition (ODT), at whichldbng-range nanostructural order is lost and the doad
supporting copolymer network failmechanically as the dynamic storage modulus (G') falls
sharply Since welding oifich TPEG films requires that the lattices tbe two films be
sufficiently soft and flexible to entangle and merge at the molecular level without losing the
ability to support an applied load (which would cause micromolded features to collapse), the
welding temperature must lie between the latticesalution temperature and the ODT.

Included in Figire4.2b are both temperatures presented as a function of SEBS concentration.
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Values of these temperatures depend sensitively on the population of copolymer molecules
available to selforganize into a motalar network. As the concentration of SEBS is
increased, the width of this process window increases, but laminate welding should be
conducted at the lowest temperature defining wiredow at a given copolymecontent.
Conversely, the operating window effevely collapses as the critical gebncentration
approaches 5 wt% SEBS.

Once the optimal thermal conditions that allow welding are determined, the copolymer
concentration that allows substantial uniaxial extension and strong interfdioési@n must
be identified on the basis of mechanical propertiEse tensile modulus, shown in Figure
4.3a, characterizes the stiffness of each TPEG and scales as (copolymer concérifration)
quantitative agreement with previously reported reééffsincluded for comparison in this
figure are data reported by Shankaml* for the sare TPEG system up to 30 wt% SEBS.
Soft TPEGs possessing low copolymer loading levelsngdrstand remarkably high strains
due to the presence of a loose network watlatively few nornetwork entanglements. For
this reason, we hereafter consider the tensile compliance, given as the reciprocal of the
tensile modulus, as a materials design progbedty should be maximized to enable electronic
components thatre easy tetretch Also displayed in Figre 4.3a arevalues of the TPEG
laminate adhesion strength, measured in terms of the force required to induce delamination in
T-peel tests, as a function of copolymer concentration. The laminate adhesion strength should
alsobe maximized to ensure tmeicrochannels remain intact during deformatibmthese
tests, both layers of the laminate are identical in terms of composition and molecular weight,

and the welding temperature and time employed correspond to 140°C and 45 min,
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respectively.

It is not surprising that adhesion strength increases systematically with increasing
copolymer content sincéhe probability increases that copolymer chains will span the
interface and fornentangled midblocks and mixed micell@$ie lamirate adhesion strength
and tensile compance are crosplotted in Figure4.3b to identify an optimal SEBS
concentration for use in the design of ultrastretchable elastomers featuring microch¥snels.
seen in Figurel.3b, the discrete experimental data poiftifow an empirical exponential
decay function, which reveals regimes of low and high adhesion strength at high and low
compliance levels, respectively. The crossover from high to low adhesion strength is
identified by the point of intersection between tangent lines extending from each regime
(provided in Figire 4.3b). This intersection lies very close to the TPEG containing 20 wt%
SEBS, which is soft to the touch, easy to handle and mechanically robust.

By fabricding microchannels inhis TPEG ¢f. Figure 4.1) and subsequently injecting
EGaln into the microchannelse have generatembnductive TPEG/EGaln composites in the
form of 1-dimensional wires and-@mensional structures, as illustrated by the photographs
in Figures 4.4a and4.4b, respectively. Due to its inherently low viscosity, the EGaln wire in
Figure 4.4a conforms to the shape of the microchannels while the TPEG laminate is strained
up to 1000%. Figure4.5a presentshe corresponding resistance val@Bsnormalized with
respect to the initial resistanc®;) of thesewires as a function of strain. As expected
intuitively, thenormalized resistance increases monotonically with increasing strain, and this
increase agrees favorably with predictions made solely on the basis of wire geometry

(assuming a Poisson’'s ratio of 0.5). Although the wires could be strained to 1000% by hand
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before the polymer failed mechanically, the experimental methodoérggloyed for
measuring resistance caused the TPEG to fail prematurely just beyond 68006Adtlarge
strains ¢f. Figure4.4a), the liquid metal displays no evidence of physical diszoity (due
to capillary breakup) when observed by eye or under an optical microscope

An important advantage of TPEGs relative to conventional elastomers is that they tend to
exhibit negligible mechanical aging and hysteresis upon strain cycling bigicartolecular
network is a consequence of microphase separation, a thermodynamic process, rather than a
kinetically-driven reaction process associated with chemical dnodsg. The results
displayed in Figure4.5b demonstrate that the TPEG/EGaln contpogsan be cycled
repeatedly between 0 and 500% strain with less than +5% variation in normalized resistance.
At larger strain levels (beyond our present measurement capability), we expect that the
hysteresis will increase, as evidenced by the mechanyst¢ress loops shown in Figure
4.6. The hysteresis energy density,(Ehe energy within each loop) is included as a function
of the maxmum strain in the inset of Figur&6 to provide an indication of the extent to
which the hysteresis would likely irease.

Another important feature of TPEGs compared to covalently dirdssd elastomers is
that the former, composed of physical (thermoplastic) diks, can be reheated or
redissolved to disrupt the molecular network and recover a macromoleculdr Tdpait is,
unlike elastomers derived from PDMS or natural rubber, TPEGs can be completely recycled.
In an era demanding greater environmental responsibility and material sustainability, this
life-cycle consideration is nontrivial. Immersing a TPEG/EGaimgosite wire sth as the

one portrayed in Figurel.7a in a twephase solvent bath composed of 50/50 w/w
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toluene/HCI acid promotes concurrent TPEG dissolution and defrsisn EGaln
sedimentation as a single bead due to the high surface tension oftéh¢tineeacid removes
the oxide skin on the metal surface). This facile separa@eults in full recovery of all

material components.

4.4. Conclusions

This study establishes that solvated thermoplastic elastomer gels composed of a triblock
copolymer swllen with a midblockselective oil can be micromolded and welded into
mechanically robust laminates containing discrete microchannels that can be filled with a
liquid metal to produce ultrastretchable conductors. The temperature used for laminate
weldinglies between the lattice disordering and otdisorder transition temperatures, which
are both compositiedependent. A gel consisting of 20 wt% SEBS copolymer represents a
tradeoff between the tensile compliance and the laminate adhesion strengtldl E@ain
injected into 1 or Alimensional microchannels generates conductive composites capable of
achieving uniaxial straitevels of at least 600% without loss of conductivity, thereby making
these materials ideal for use as ultrastretchabl# durable @nductors. This strain level,
which is the maximum measurable but not the maximum achievable, is almost an order of
magnitude greater than that of conventional PDMS microchannels filled with alloys of
gallium?® Repeated strainycling of these materiat® 500% strain has little effect (within
1+5%) on their electrical and mechanical propertigse conductive substrates can also be
flexed, twisted, and deformed easily. In addition to these attractive properties, TPEG/EGaln

composites can be fully sepadtand their constituentecovered upon dissolutioof the
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copolymer so thahew composites can be subsequently fabricated. The ability to pattern
ultrastretchable conductors has implications for a number of applications including wires,
interconnects, d@annas, optical elements, and resonant structures (e.g., metamaterials). The
materials described here are particularly attractive for applications that require mechanical
durability and physical conformability, or that necessitate large geometric changetatlic

structures.
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PDMS Mold T EG
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Figure 4.1. Stepby-step proced@ by which microchannels are fabricated in TPEGs. A
PDMS mold with a desired pattern (a) is first prepared. A TPEG film ispnedised onto the

mold (b and c) according to the temperature considerations described in the text to leave an
imprint of the paern once the mold is removed (d). The molded TPEG filmea#-pressed

with an unmolded TPEG film (e) to yield the desired microchannels (f).
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(20 wt% SEBS) used to fabricate laminates in this study.
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Figure 4.4. (a) Photographs of a TPEG/EGaln composite before (top left), during (bottom)
and dter (top right) stretching to 1000% strain to illustrate its ultrastretchable and elastic
nature. (b) Photographs ofdmensional arrays that can be achieved by injecting liquid
EGaln into the microchannels fabricated in TPEG laminates.
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denotes the wire length and tepresents the initial length at rest. The solid line in (b) serves
to connect the data.
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Figure 4.6. Cyclic uniaxial tensile tests with an incremental 200% step strain of the TPEG
composed of 20 wt% SEBS at ambitarhperature. The inset shows the hysteresis energy
density (k) as a function of the maximum strain in each cycle, and the solid line serves as a

guide for the eye.
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Figure 4.7. A TPEG/EGaln composite wire prior to recycle (top) and after 10 min of
immersion in a mixture of toluene and HCI acid (bottom). The copolymer and oil dissolve
completely in the toluene phase, whereas the density of EGaln and the presence of acid cause
the metal to bead up in the bottom of the dish.
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CHAPTERS
PhaseChange Thermoplastic Elastomer Bds for

Tunable Shape Memory [Bhysical Desing‘

Abstract

Shapememory polymers (SMPs) change shape upon exposure to an environmental
stimulus™™ They are of considerable importance in the ongoing development of stimuli
responsive biomedichl and deployabfedevices, and their function depends on the presence
of two component5The first provides mechanical rigidity to ensure retention of one or more
temporary strain states and also serves as a switch capable of releasing a temporary strain
state. The second, a netwddtming component, is required to resttine polymer to a prior
strain state upon stimulation. In thermadlgtivated SMPs, the switching element typically
relies on a melting or glass transition temperatireand broad or multiple switches permit
several temporary strain stafég. Chemic# integration of networkorming and switching
species endows SMPs with specific propefti®sHere, we demonstrate that phasenge
materials incorporated into netwefrming macromolecules yield shapgemory polymer
blends (SMPBs) with physicallifunable switching temperatures and recovery kinetics for

use in multiresponsive laminates and shajenge electronics.

*This chapters under reviewat time of dissertation submission.
"See AppendiB for adjoining Supplemental Information.
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5.1. Introduction

Phasechange materials are of growing interest in home and office construction to
regulate temperature and use energy more efficiéntAt their melting temperature £J,
heat is absorbed from the local environment under isothermal iomsdiSince the phase
transition is reversible, heat is likewise released upon cooling. Normal hydrocarbons are
appealing as abdlant and sustainable phaseange materials because they possess
relatively high latent heats at,f* Macromolecules to whicka phasehange material is
added must form an elastic network capable of reshaping SMPBs upon stimulation. While
numerous thermoplastic elasiers (TPEs) are suitable for this purpbseye consider a
triblock copolymer due to its raively simple moecular architectur® At typical
application temperatures, the minority btatks are rigid (often glassy), whereas the-loy
majority midblock is flexible (rubbery). Incompatibility between the blocks promotes self
assembly of copolymer molecules intke same nanoscale morphgiks reportetl for
diblock copolymers. In triblock gmlymers, however, the rigid miatomains act as physical
crosslinks that stabilize a rubbery network.

Inspired by previous studies of thermoplastic elastomer gels (TPE@Ggaining a
midblockselective oil to generate hyperelastic soft matéftdlsand the efforts of Wiet
al.*®?! to achieve shape memory by adding paraffin wax to TPEs, we illustrate the basic
mechanism of SMPBs ifrigure 5.1a Here, the TPE is @ommercial poly[styrené-
(ethyleneco-butylenejb-styrene] (SEBS) triblock copolymer, and the phesange
additives are crystallizable hydrocarbons, each designated HCn, where n denotes the number

of carbon units. Unlike prior effo$?* to generate SMBs with wax, each HCn possesses

97



well-defined thermal properties. Moreover, as described inEttgerimental sectignthe
process developed for preparing TPE/HCn blends systematically derives from TPEGs. At
low temperatures (belowy) in Figure 5.1a, the TPE establishes a contiguous network of
rubbery olefinic midblocks (green) stabilized by glassy styrenic micétt). The HC
crystallizes in the midbloekich matrix and forms an opaque blend due to the presence of
HC crystals. Upon heating to T >, Tthe crystals melt and an ultrastretchable, transparent
TPEG capable of being straaycled with little mechanical hysteresis forms. At this
temperature, the TPEG is deformed to a temporary strain state and then cooled tadl < T
induce HC crysllizationand lockin (fix) the new strain state. Upon reheating to T,y fhe

TPE/HCn blend fully recovers so that the cycle can be repeated.

5.2. Experimental

The SMPB samples were prepared by first dissolving the SEBS copolymer (31 wt%
styrene, numbeaverage mlecular weight= 144 kDa and polydispersity index < 1.10;
Kraton Polymers), HC20 (99%, Fisher Scientific), HC30 (98%, Sigma Aldrich), HC40
(5%, Sigma Aldrich), and TR (molecular weight = 230 Da, ExxonMobil Chemicals) at
predetermined quantities in tohe (389.5%, Fisher Scientific) so that the total solids content
was 5 wt%. Resultant solutions were-sast and dried in Tefldf molds at T > T, of the
HC utilized to prevent crystallization, followed by thermal annealing under vacuum‘@ 120
for 24 h. This systematic procedure, derived from previous stiftfidsof TPEGs,
fundamentally differs from previous effofs* to generate TPE/wax blends stochastically

varying in phase miscibility through the use of solviewliced precipitation. Melt pressing
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was used to produce films at 14Dand fabricate channels for electrical devices at@B0
Where necessary, thermal welding of SMPB films was accomplished by positioning
pressed/molded films and subsequently heating the assembly 1€ 14030 min. For
electrical devices, eutectic gallium indium (EGaln, Indium Corporation) was syfedgato
microfabricated channels. The DSC tests were performed on a TA Instruments Discovery
unit at a heating rate of 10/min. Concurrent SAXS/WAXS was conducted on bdama
12-ID-B in the Advanced Photon Source at Argonne National Laboratory, and a Linkam
TMS600 hotstage permitted precise temperature control between 20 & Shape
memory properties were measured by either DMTA on a TA InstrumentsliR8Aimage
analysis with a highresolution digital camera. Examples of the procedure employed to
extract measurements from digital images are providedrigure B.6, and specimen
replicates indicating the level of reproducibility are supplied in Figi® The electical
properties of EGahtontaining conductive specimens were assessed usiAgoatdprobe

setup.

5.3. Results and Discussion

We establish the physical properties of SMPBs by first examining the thermal signatures
of three phasehange material® HC20 (n-eicosane), HC30nftriacontane) and HC4h{
tetracontane)d incorporated into the TPE at 80 wt% HC. In Figddb, differential
scanning calorimetry (DSC) thermograms indicate that each HC exhibits a sharp melting
endotherm and that the peak positidnTg increases with n. Figurg.1lc verifiesthat Tp

values extracted from such thermograms compare favorably with those of puré?#Cs,
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implying that HC crystals are largely unaffected by the TPE at compositions where the HC
resides in the continuous mat(70 and 80 wt% HC). Moreover, the area under each peak in
Figure5.1b yields thespecific heat of meltingDH,). The ratio ofDH, measured from the
blends to that of the pure HCs (248, 252 and 272 J/g for HC20, HC30 and HCA40,
respectivelﬂrs) providesthe crystallinity (). In the TPE/HCn blends examined, values of
Xecplenafange from 69 to 75% (séggure5.1c for values). If only the crystallizable species is
considered, then g%yt varies from 86 to 94%, confirming that ~90% of the HC molecules
crystallize in the presence of the TPE. In marked contrasts Xnuch lower (240%) in
SMPs? One other noteworthy feature in Figubdb isthat a ternary HC mixture added to

the TPE retains the individual (albeit shifted) melting point of each HC sonthbiple
thermal switches can be controllably introduced and judiciously spaced.

Combined smalhngle/wideangle Xray scattering (SAXS/WAXS) tracks the
temperaturalependent morphological evolution of a 20/80 w/w TPE/HC30 blend fixed at
200%in Figure5.1d (with corresponding TPE/HC20 blends presentedriguresB.1 and
B.2). At ambient temperature, scattering from the TPE morphology asdattering vector
(q) values reveals the presence of a poorly ordered morphology. At higher g, the sharp peaks
are ndicative of crystalline HC30. As the temperature is increased beypno §0°C, the
high-q peaks vanish and leg peaks positioned according to a basyntered cubic
morphology emerge as the SMPB converts into a TPEG and recovers. Upon subsequent
cooling the highq peaks appear again as the HC30 molecules recrystallize, while toe low
peaks again become diffuse due to a poorly ordered TPE morphology. Integrated peak

intensities measured from binary 20/80 w/w TPE/HC20 and TPE/HC30 blends, as well as a
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ternary 20/40/40 w/w/w TPE/HC20/HC30 blend, are displayed as functions of temperature at
both lowq (Figure5.1e) and highg (Figure5.1f). As the temperature of the binary blends
approaches , the peak intensity at higp drops while that at lowy concurratly increases.

The inset includedn Figure5.1f (and Figure B.3) demonstrates that these SMPBs can be
thermally cycled with no loss of structural detail at either length scale. In the ternary blend,
peak intensities at lonand highq signify the presence of two correlated changes, indicating
that two distinct crystgbopulations occupy thEPE matrix.

Figure5.2adisplays a sequence of uniaxial strain, stress and temperature measurements
acquired by dynamic mechanical thermal analysis (DMTA) from a 20/80 w/w TPE/HC20
blend, which is first heated to ~60°C (abowgeT38°C) to form a TPEG and then strained to
170%. Shortly after this strain state is reached, the temperature is lowered to 34°C under
isostrain conditions. When T =,J the stress is removed and the strain drops slightly to
164%, resulting in a strainxity of 96.5%. Fixity levels of 95+% are common in these
SMPBs. Upon reheating to 70°C, the temporary strain drops, and the blend recovers, when T
= Tm. While the rate ofecovery is relatively slow, instantaneous recovery indicative of an
elastomer is aébved when the SMPB is abruptly heated to T,» The thermomechanical
results included irFigure 5.2a provideevidence for shape recovery by an SMPB designed
with a single thermal switch (one HC). In addition to preparing SMPBs with multiple HCs
and, theefore, several thermal switches, the present SMPBs can be fabricated into
macroscopic laminates wherein each layer is programmed with a different switching

temperature.
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Thermal welding two or more SMPB films together at temperatures above the TPEG
lattice-disordering temperature promoti® formation of mixed molten micelles that ensure
film adhesior> The laminate displayed in FiguEe2b consistof two 20/80 TPE/HC films,
film 1 with HC20 and 1 and film 2 with HC30 and J, meltwelded at 140°C. Gre
formed, the laminate is uniaxially stretched to 100% strain at 70°C and fixed by rapid
cooling so that },» > T2 > T to lockin the desired strain state. Increasing the temperature
above T,: allows the TPE/HC20 film to return to its original lengbue to interfacial
adhesion between the films, however, film 2 accommodates the recovery of film 1 by curling
the laminate into a new strain state. At T z2I'shape recovery is complete. As indicated in
FigureB.4, more complex intermediate shapes arsspae for bilaminates. The number and
types of temporary strain states achievable depend on the number and arrangement of
HCs/laminates employed. Prior studies have welded molded TPEGs to fabricate contiguous
channels for flexible electroniéImbibing such TPEG constructs with liquid métayields
conductors that exhibit excellent mechanical extensibility and flexibility with negligible
mechanokectrical hysteresis. Figure2c demonstrates that metaintaining SMPBs exhibit
similar behavior even witlout-of-plane (coiled) strain states. The normalized resistance
values included in Figurb.2d indicate that the electrical properties of the temporary strain
states likewise display good agreement with predicted behavior, establishing that such SMPB
compasites behave as letwsteresis shapmemory wires. The inset in FiguBe2d affirms
that this approach extends td2patterns for shapmemory antennae.

Incorporation of a second midblockmpatible additive, such as hydrogenated

polycyclopentadiengackifying resin (TR) with a glass transition temperaturg OF 74°C,
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to TPEGs results in timeomposition rheological equivalentewhich provides similar
mechanical property information as classical ti@@perature superpositioning, but under
isothemal conditions. According to theéherma@rams presented in Figurg.3a for a
TPE/HC/TR ternary blend with 20 wt% TPE and a range of TR mass perceg)sn(the 80
wt% HC/TR mixture, addition of TR to SMPBs promotes systematic decreases injoth T
and DHp, (crystallinity). Nearly linear reductions inpTand X pieng With increasing wg are
visible in Figure5.3b and reveal that these thermal properties are compegitiable.
Included in Figures.3b are values of s Which indicatethat, in a 50/50 yw HC/TR
mixture, more than 85% of the HC molecules crystallize so thatfldghty fixation is
retained. When v is increased to 60 wt% andcys: drops to 75%, however, the HC
crystals fail to fix a temporary strain, suggesting that the HC crydtalaot provide a
sufficient loadbearing framework. The TR loading level at which shape memory is no longer
achieved depends on the restorative capability of the TPE network, dictated by the TPE
content. In a TPE/HC20/TR blend with 30 wt% TPE, this TR eatration decreases to 50
wit% (cf. FigureB.5).

While TR influences the H@egulated switching temperature in ternary SMPBs, it also
affects the recovery kinetics, as evidenced by the resufgyures5.3c and5.3d for blends
with 20 and 30 wt% TPE, respectively, fixed at 100% strain and subsequently heated to T
In both cases, increases in the TR content accelerate shape recovery even §haugh T
Tmne This counterintuitive outcome can be explained by considéniagniscibility of the
TR/HC matrix. Increasing the concentration of glassy TR disrupts the formation of HC

crystals, as observed Kigures5.3a and5.3b and depicted in the top panel of Figbrge.
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Once the HC crystals melt, liquid HC plasticizes the $Rce the Jof HC20 is- 116°CZ’

the Ty of the 50/50 w/w HC20/TR mixture is estimated from the -Foty equation to be
-57°C, in which case the matrix with the highest TR conceaftrdin Figure5.3c) remains
liquid-like at Tn. This state is illustrad in the bottom panel of FiguEe3e. As the T, and
Xc,crystvalues of the HC crystals are reduced, less energy is required to induce melting and so
liquefadion of the matrix occurs more rapidly. In the 20 wt% TPE blends, the time to 50%
recovery drop§8% as the TR loading is increased from 0 to 50 wt%, whereas SMPBs with
30 wt% TPE exhibit faster restoration and a 76% reduction in recovery time as the TR
loading level is increased to 40 wt% TR. Differences in recovery kinetics due to TPE content
are eyected to reflect the network density. This is not the case, however, when actuation

time is presented as a function afp¥ngin the inset of Figuré.3d.

5.4. Conclusions

Unlike SMPs thatij chemically integrate netwotfiorming and switching moietieand
(i) possess fixed thermomechanical properties specific to the moieties EhbSEBIMPBs
can be physically generated from a wide range of netfworking TPEs and various rubber
compatible, crystallizable organic species. The thermal propertig@saskechange materials
such as normal hydrocarbons, which have recently been refiaedxhibit unexpected
crystallization attributes, endow SMPBs with precise tunability in terms of switching
temperature and energy, with little mechanical hysteresishagh strain fixity and recovery
levels. These straightforward and inexpensive systems are recyclable, and they provide

insight into the crystallization of relatively small molecules residing in a contiguous polymer
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network. Physical incorporation of and midblockcompatible species, a tackifying resin,
promotes additional tunability of shapbhange properties and recovery kinetics, which can

be critically important in microfluidic? While the results presented here showcase several
property and fuational benefits of SMPBs, contemporary applications such as -shape
memory earphones activated by body heat and bimdfphanstructs fabricated from
welded multilaminates are anticipated as the versatile properties of SMPBs are explored
further. In the spirit of physical blending, SMPBs can be designed for specific uses and

produced with relative ease.
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Figure 5.1.(a) Schematic diagram of a TPE/HI@signed SMPB (from left to right) relaxed

at ambient temperature, heated aboweoT the HC, deformed to a temporary strain state,
cooled below T, to fix the temporary strain state, heated abowetd promote strain
recovery, and cooled again to permit striarmal cycling. (b) DSC thermograms acquired
from SMPBs containing one or three HTabeled and colecoded). (c) T, as a function of
carbon number (n) for HCs incorporated into a TPE. The solid line correspongsfoo T
pure HCs predictéd by [2347(ni 2) + 1953(2)]/[56.5 19.2log + 9.2], wheres = 0.97 is

a rotational symmetry pameter and = 0.61(n7 2) 1 1 relates to the number of torsional
angles within the HC. Values ofcXend and X cyst discerned from the latent enthalpies of
melting are tabulated in (c). (d) Combined SAXS/WAXS intensity profiles acquired from a
20/80 ww TPE/HC30 SMPB initially fixed at 200% strain upon progressively heating to
80°C (top half) and reooling to 23°C (bottom half). Integrated peak intensities calculated
from the lowq and highg regimes identified in (d) are presented for three SMPBel@d

and colorcoded) in (e) and (f), respectively. The inset in (f) displays -haid lowq
integrated peak intensities (black and red lines, respectively) for a 20/80 w/w TPE/HC20
SMPB upon thermal cycling.
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Figure 5.2.(a) Timedependent sequencé uniaxial strain, nominal stress and temperature
measurements (colmoded) acquired from a 20/80 w/w TPE/HC20 SMPB. The dashed
horizontal line identifies J. (b) Series of optical micrographs acquired from a bilaminate
SMPB illustrating the two temponasstrain states achieved with two different HCs differing

in Ty (see text). (c) Optical micrographs of a 20/80 w/w TPE/HC20 SMPB fabricated with a
centerline channel, imbibed with liquid metal (dark feature) and strained into a coil upon
heating above [ to form a shapenemory conductor. Normalized resistance values
measured from replicates strained to different levels are provided in (d), along with
calculated values based exclusively on the assumption of a constantdwprarel cross
section (solid ling Included in (d) is a-D pattern, indicating that these conductive SMPBs
can be used as shapgmory antennae.
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Figure 5.3.(a) DSC thermograms measured at different concentrations of a tackifying resin
(wrgr) in the HC/TR mixture incorporated intoett20 wt% TPE matrix of the SMPB. Values

of Tm and crystallinity (X pena@nd X crys) are presented as functions ofgwn (b, color
coded). While the solid and dashed lines are intended to serve as guides for the eyg, both T
and X piend@ppear to deease linearly with increasingrw The shaded region identifies the
range of X cysifor SMPBs that are capable of fixing a temporary strain state. Strain recovery
kinetics are displayed at different TR loading levels for TPE/HC20/TR SMPBs with 20 and
30wt% TPE in (c) and (d), respectively. The times required to reach 50% (fuchsia) and 90%
(green) recovery are included as a function gfie¢qin the inset of (d) for SMPBs with 20
(circles) and 30 (triangles) wt% TPE. The solid lines are linear regnssiiothe data. (e)
Schematic depictions of a strdired TPE/HC/TR ternary SMPB before (top) and after
(bottom) heating abovenT
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CHAPTERG
Morphological Investigation of Miolock-Sulfonated Block lonomeiBrepared

from SolventdDiffering in Polarity*

Abstract

Recent developments regarding charged multiblock copolymers that can form physical
networks and exhibit robust mechanical properties herald new and exciting opportunities for
contemporary technologies requiring amphiphditributes. Due to the presence of strong
interactions, however, control over the phase behavior of such materials remains challenging,
especially since their morphologies can be soklemiplated. In this study, transmission
electron microscopy and midmwnographyare employedio examine the morphological
characteristics of midbloekulfonated pentablock ionomers prepared from solvents differing
in polarity. Resultant images confirm that discrete, sphericatiabnmicrodomains form in
films cast from arelatively nonpolar solvent mixture, whereas an apparently mixed
morphology with a continuous iemich pathway is generated when the casting solvent is
more highly polar. Detailed 3D analysis of the morphological characteristics confirms the
coexistence ohexagonallypacked nonpolar cylinders and lamellae, which facilitates the

diffusion of ions and/or other polar species through the nanostructured medium.

*This chapter has been published in its entirety:
K. P. Mineart, X. Jiang,H. Jinnai,A. TakaharaR. J. SpontakMacromol.Rapid Commur2015
36,432 38.
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6.1. Introduction

Block copolymers remain one of the most extensively studied classes of macromolecules
to date mainly because of their fascinating ability to spontaneousigrgalhize into a wide
variety of ordered nanostructures as a result of thermodynamic incompatibility between the
blocks!? Because of their surfactalike nature, these materials are also of considerable
interest as compatibilizing agents in bulk polymer blérasl stabiliing agents in thidilm
polymer laminate$ The most commonly encountered periogliorphologies in bicomponent
AB diblock and ABATtriblock copolymers include spheres positioned on a bodyace
centered cubic lattice, cylinders arranged on a hexagotialelabicontinuous channels
classified as the gyroid (wittke3d symmetry), and alternating lamellae. Relatively recent
additions to these categories include Eugld network™® and the Frankk a s p ehas€.d
Chemical addition of a third dissimilar bloc& an AB diblock copolymer yields an ABC
copolymer, which, depending on block lengths and incompatibilities, can exhibit
significantly enriched phase behavior by microphaskering into various combinations of
the morphologies listed abo%&!° as well & morphologies that are unique to ABC
copolymers (e.g., the knitting pattétand twisted helicé&™d.

Linear multiblock copolymef8 composed of three or more blocks may also microphase
order in such fashion as to generate another feature of cotdederehnological interest: a
physically crosdinked molecular network. This is a signature characteristic of thermoplastic
elastomers (TPESY, the simplest of which is an ABA triblock copolymer with glassy or
semicrystalline terminal blocks and a rubpeniddle block. In this case, both-lMlocks of

each copolymer molecule must-lozate in the microdomains of a single morphology to

112



ensure that the Blocks can form flexible bridges to connect neighboring microdomains and
form an equilibrium network® This network is responsible for the shape memory required
in, for example, stretchable electrontésand the fraction of molecules that participate in
network development is predicted by theoretical formaft8msd molecular simulatiofsto
depend on copgmer morphology. Physical incorporation of a midbleskective, low
volatility organic solvent into a nonpolar TPE tends to swell the molecular network, thereby
yielding a thermoplastic elastomer gel (TPEG) at low copolymer concentrations (but above
the critical gel concentratiorf?*® These soft materials possess highly tunable
(electro)mechanical properties and are of considerable interest in the development of
dielectric elastomers;?’ flexible electronic& and microfluidic substrates.

In some mnstances, ABA triblock copolymers have been specifically designed with a
nonionic hydrophilic (typically ethoxylaté®*?) middle block to facilitate inclusion of water,
ionic liquids or other polar liquids for use in contemporary technologies supbrssnal
care products, fuel cells and separation membrinas. alternative route by which to
produce networiforming amphiphilic block copolymers is through the introduction of a
charged middle bloc®=° The presence of ionic groups (e.g., sulfonatesyell-defined,
connected microdomains provides a practical route to multifunctional polymeric materials
with high ionic conductivity for use in fuel cells and other-®rchange applicatiors.
While the technological advantages of-@mntaining blockcopolymers, or block ionomers,
are apparent, understanding the phase behavior of this class of materials presents new
challenges due to the existence of highly repulsive forces between ionic and nonionic groups

in adjacent blocks (and a correspondinglyhhigterblock incompatibility). Efforts design&d
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to elucidate the phase behavior of sulfonated block ionomers (SBIs) have employed
relatively lowrmolecularweight designer materials (< 10 kDa) and, by doing so, established
that thermal annealing has suspngly little effect on morphological equilibration.

In the present work, we use transmission electron microscopy (TEM) and transmission
electron microtomograpfy*® (TEMT) to scrutinize the morphological features of two
relatively highmolecularweight SBIs (83.689.2 kDa, depending on the extent of sulfona
tion) derived from the same parent copolymer. These materials are mechanically robust and
have been successfully used as separation memfftames electroactive polymefs.
Previous studies reportéxy Choiet al*? have monitored the nanostructural development of
these SBIs in nonpolar (cyclohexane/heptanes) solutions and films cast therefrom. Here, we
consider the effect of solvent polarity by utilizing two different solvent systems, and

demonstra that the ultimate SBI morphology is exquisitely solvent sensitive.

6.2. Experimental

Two poly[t-butyl styreneb-(ethylenealt-propylenejb-(styreneco-styrenesulfonatel-
(ethylenealt-propylene)b-t-butyl styreng SBIs (with the respective blocks labeled as
T-EP-S/sS EP-T, as portrayedy the chemical structure provided Figure 6.1a) were
generously provided in film form by KratoPolymers (Houston, TX). These ionomers were
prepared by midblockelective sulfonation of a parent pentablock copolymer (with
corresponding block weights of 11%-28-10-15 kDa) to different levels (26 and 52 mol% of
the midblock in this work). The resily materials are hereafter designated as)>§Bihere

X represents the degree of sulfonation (DOS, expressed in mol%) of the suksiyeted
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midblock. Films were prepared by first dissolving the SBIs in either pure tetrahydrofuran
(SBI-x-THF) or an 8515 v/v toluene/isopropyl alcohol mixture (SBITIPA) to produce 2
wt% solutions. [Agreceived specimens (SRIAR), which are commercially cast from
cyclohexane (CH), were also examined for comparative purposes.] Solvent dielectric
constantsK) were usedo assess polarity differences among the casting solvents employed:
Kre = 7.43 kripa = 4.91 andken = 2.02% Films resulting from solution casting, followed by
solvent evapor atnndhitk andwer suttherepmcessed fol TEM(T) via
two different protocols. In the first, cast films were sectioned to a thickness&tf Ath on a
Leica UC7 ultramicrotome maintained-&85°C, and subsequently stained with Rw@por
at a pressure of 500aFor 30 min. Alternatively, bulk films were immersed in a saturated
Pb[acetate]solution for 8 h, followed by vacuum drying for 12 h, prior to ultras@ssisted
sectioning to similar thicknesses on the same unit at ambient temperature.

After sectionirg in both cases, electrdransparent specimens were coated witla thin
layer of evaporated carbon measuring 20 nm thick to reduce beam damageg gottl (
nanoparticles measuring 5 nm in diameter to facilitate image analysis in TEMT. Single and
serid images were acquired on a JEOL JRRDOFS microscope operated at an accelerating
voltage of 200 kV. Images for TEMT were collected at tilt angles ranging {itBf to +75°
in 1° increments along a singli#t axis, and aligned with theyold fiducial marlers.
Tomography was restricted to specimens stained with Pb[agdtiattduse they were more
stable under the electron beam than their Rst@ned analogs. Negligible dimensional
changes caused by beam damage were confirmed by quantitatively compapogitioas

of the fiducial markers on images at 0° tilt before and after collection of the tilt series.
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Aligned and massormalized image sets were reconstructed using the filteregighted)
backprojection method; and reconstructed volume elementsravgenerated through the

use of qualitative pixel thresholding.

6.3. Results and Discussion

Block copolymer morphologies are imaged frequently by TEM and occasionally by
TEMT.*** Both techniques require sufficient phase contrast for imaging purpoges.tBé
SBIs investigated here possess insufficient inherent contrast for TEM(T) imaging on the
basis of their atomic composition, the two chemical staining methods described in the
Experimental section are employed in this study to enhance phase cont@splementary
fashion. The first relies on the reaction of Rw@por with thet-butyl styrene (T) endblocks
and the nossulfonated styrene (S) units in the midblock. While Re@n also be used to
stain the amorphous regions of aliphatic polymers sischolyethylene, polypropylene and
copolymers thereof [ethylerat-propylene (EP)], these reactions generally require longer
exposure times than that used here. The second staining procedure exploiteituhange
potential of these SBIs by replacing ins on the sulfonated styrene (sS) midblock units
with heavy metal cationgi Figure6.1d). For this purpose, Pb[acetatbps been chosen as
a source of PY ions to ensure high phase contrast for TEMT imaging and improve specimen
stability under thénigh energy electron beam.

Due to its intrinsically polar nature, the S/sS block is expected to be the most strongly
segregated of the three chemically dissimilar blocks comprising the SBIs. Images of-the SBI

52-AR specimen subjected to Ry@nd Pb[acetai, staining are provided for comparison in
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Figures6.1b and6.1c, respectively, and clearly reveal that the staining agents yield reverse
contrast. In both cases, the images display a disordered spherical morphokagyre®.1b,

the RuQ stain targetgshe T and EP blocks, as well as the S units in the S/sS midblock,
depicted inFigure6.1a The Pb[acetatgeftain only reacts with sS units (thereby making the
S/sS blocks more electron dense than the other blocks present), which confirms that the
spherical microdomains evidentkigure6.1c consist of the S/sS blocks. Further comparison

of Figures6.1b and6.1c reveals that Rugis not very effective at staining the S units in the
S/sS midblock. Measurement of spherical domain diameters from images such as these
permits a more quantitative comparison between the two staining methods: 17.1 + 2.3 nm
from RuQ, ard 22.6 + 2.9 nm from Pb[acetateWe propose that the discrepancy in size
may reflect a diffuse S/sS layer along the periphery of the spherical microdomains (allowing
for RuQJ/S or Pb[acetatgsS staining). A remarkably similar morphology is evidentnn a
image of the SBb2-TIPA specimen, stained with Pb[acetat@hd presented iRigure6.1d.

In this case, the spherical microdomains measure 23.4 + 2.4 nm in diameter, which agrees
favorably with those in th8BI-52-AR material. Such close agreement ireplthat the TIPA
co-solvent introduced here promotes micellization of the S/sS blocks in similar fashion as the
nonpolar (CH) solvent environment used in production of thee@sived material® For

further comparison, the SBI6-AR material likewise pogsses spherical microdomains
measuring 18.6 £ 2.7 nm in diameter (which is consistent with the lower DOS) and
displaying less evidence of impingent due to their smaller size, which can be noted in
Figure6.2.

Substitution of THF for TIPA as the castinghgent yields the results shown Kigure
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6.3. As with the images presented kigure 6.1, the RuQ and Pb[acetatg]stains are
observed to generate reverse phase contrast upon compaguages 6.3a and 6.3Db,
respectively. The primary solvemduced diference evident here is that, unlike the-AiRd
TIPA-cast specimens, the THfast material exhibits a highly ordered morphology that
appears to be composed of either hexagospalbked cylinders oriented in orthogonal
directions or a combination of cylindeand lamellae. The apparent uncertainty associated
with this issue is resolved later. On the basis of the staining targets discussed in relation to
Figure 6.1, we conclude that the upright cylinders are composed of T and EP blocks with
diameters that meare 33.6 £ 1.2 nm from RuGstaining and 32.6 + 1.7 nm from
Pb[acetate] staining, whereas the matrix in which the cylinders reside consists primarily of
S/sS blocks. This same assignment holds for the lamellae, which exhibit two distinctly
different thiknesses: the ierich lamellae are significantly thinner (12.3 + 1.9 nm from
RuQ, staining and 14.1 £ 1.3 nm from Pb[acetagthining) than the nonpolar lamellae (24.9

+ 1.9 nm from Ru@staining and 29.0 + 1.4 nm from Pb[acetastdining).

The dissimilar lamellar thicknesses evidenfigures6.3a and6.3b can be analyzed in
terms of the SBb2 composition, since the S/sS midblock accounts for 43.4 vol% of the
ionomer?’ The experimental | amell ar r ahisfactdnd 2:
should be closer to 33 vol%, suggesting that some of the randomly disttlb8tend sS
units comprising the S/sS midblock reside with the nonpolar T and EP blocks. Included for
comparison inFigure 6.3c is an image acquired from the SB&-THF material, which
likewise displays coexisting nonpolar cylinders and lamellae. While the mean cylindrical

diameter (31.3 + 0.7 nm) is comparable to that measured in th&2SBHF system, the
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lamellae appear noticeably thinner: 22.2 £ 1.1 (nonpolarPahd 1.1 (iomrich) nm. In this
material, the lower DOS translates into a smaller S/sS occupied volume (41.63aih
accounts for the reduction in the taoh lamellar thickness. The measured lamellar ratio
yields a reduced S/sS content (30 vot%d) at al so happens to be a 11
expected from the copolymer composition. As with the-SBTHF system, this difference
is attributed to the presence of S andiafts from the S/sS midblock in the T/EP lamellae. A
unique feature obseed in the SBR6-THF ionomer ¢f. Figure6.3c andFigure 6.4) is the
existence of relatively large, nonuniform regions where Pb[acgesttehed S/sSich
lamellae abruptly terminate or become completely isolated. Such regions are attributed to the
net ileduction, as well as the likelihood of localized fluctuations, in the sS content-@6SBI

A reversecontrast TEMT 3D image of the SBR-AR material is shown ifrigure 6.5a
along three viewing angles and qualitatively supports the previously reffartetiusion
that the S/sS spheres are tightly packed and approach being percolated. Close examination of
the image in this figure strongly suggests that the S/sS microdomains are elliptical, rather
than spherical. Such deformation could be the result ofr@lewensiderations:i) the
microdomains were mechanically sheared during sectionindgh€é microdomains reside so
close together that they impinge upon each other;iioyr the high DOS drives the
microdomains toward the cylindrical phase boundaryngusolvent removal. Preparation of
SBI-52 films from the more polar solvent (THF) results in the mixed morphologies seen in
Figure 6.3. Often, microphaserdered block copolymers that appear to be lamellar in 2D
projections are actually iplane cylindersoriented parallel to the specimen surface (i.e.,

normal to the electron beaff) Therefore, it is conceivable that the hypothesized mixed
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morphology actually consists of cylinders oriented along orthogonal directions. Moreover, on
the basis of both experntal observatioft§ and theoretical prediction§ the bicontinuous
gyroid (or metastable perforated lamellar) morphology is expected to exist between cylinders
and lamellae. A TEMT image of the SBR-THF system is included iRkigure 6.5b (under

the same display conditions &&gure 6.5a) to provide qualitative evidence that a mixed
morphology excluding the gyroid morphology does indeed develop in this material upon
removal of THF. Recent results acquired from synchrotron sanglle sca#ring
furthermore substantiate that, upon solwesgpor annealing, the mixed morphology converts
completely to lamellag*

To perform a more rigorous quantitative analysis of the TEMT data, we first select a
series of crossectional traces normal to thentellae. The positions of example traces are
provided in the lateral image presentedFigure 6.6a, whereas the corresponding cross
sectional slices along the specimen thickness are numbeFaguire 6.6b. These extracted
slices reveal that almost all tife lamellae (both stained and unstained) curve in similar and
concave fashion to the left. If they were cylinders, the thick (nonpiclay lamellae would at
least exhibit alternating curvature and, more likely, show evidence of closed circles in cross
section. The mean radius of curvature measured from the unidirectionally curved lamellae in
these slices is 30.4 £ 7.1 nm (lamellae appearing straight insgosen are not included in
this analysis as they would possess an infinite radius of curvati®e the radius of
upright nonpolar cylinders is much lower (16.3 + 0.8 nm), it is highly doubtful that the
lamellaeappearing elements are-ptane cylinders, in which case the curvature reported

above most likely reflects inherent bending of the ldmeebr a shearing artifact induced
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during specimen preparation. This conclusion is supported by the observation that the cross
section of gold nanoparticles utilized as fiducial markers for image alignment in TEMT

appear nearly circulact, the inset irFigure 6.6b).

6.4. Conclusions

Midblock-sulfonated multiblock ionomers exhibit ordered nanostructures that can
strongly impact a wide range of i@xchange technologies and concurrently afford desirable
mechanical properties. A fundamental understanding®vell as precise control over, the
phase behavior of these complex materials remains lacking, however, due to the formation of
morphologies that appear templated by the polarity of the casting solvent. We have employed
TEM and TEMT to explore two distctively different morphologies produced by varying the
casting solvent, and independent specimen preparation and staining strategies confirm the
morphologies observed. The materialsrexeived and cast from a mixed nonpolar/polar
solvent display iofrich spherical microdomains, which suggests that the polar solvent
evaporated early during nanostructure development and the ionomer was effectively
templated by the nonpolar species. Alternatively, the use of a single polar solvent results in
coexisting nonplar cylinders and lamellae, as confirmed by a cmEsgional curvature
analysis of 3D TEMT images. While various mixed morphologies have been previously
observed in block copolymers, the sulfonated midblocks in the present system comprise
lamellae andhe matrix wherein nonpolar cylinders reside, thereby providing a continuous
pathway through which ions and other polar species can diffuse. Our results highlight the

importance of solvent choice in controlling the phase behavior of block ionomers, motivate
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reconsideration of previous studies for potentially undiscovered phase behavior, and affirm

the importance of 3D TEMT imaging when analyzing complex polymer nanostructures.
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(a)
® qle O

OH

T-EP-S/sS-EP-T

Figure 6.1. (&) The chemical structure of the SBI material examined here. Included are TEM
images of the (b) Ru@stained SB52-AR, (c) Pb[acetatglstained SBH2-AR, and (d)
Pb[acetate}stained SBH2-TIPA materials, and the insets are enlargements to display finer
detail. The electron opaque (dark) features in (b) correspond to nonpolar (T and EP) blocks,
where as théight characteristics identity S/a&h nanostructural elements. The contrast is
reversed in (c) and (d).
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Figure 6.2. TEM image of the Pb[acetatedtained SBR6-AR material. The most electron
opaque objects correspond to gold nanoparticles. The B/si&tare selectively stained and
appear dark, whereas the light features consist of unstained nonpolar blocks.
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Figure 6.3. TEM images of the (a) Ruastained SBE2-THF, (b) Pb[acetate]stained SBi
52-THF, and (c) Pb[acetate$tained SBR6-THF materals. The dark spherical speckles
apparent in (b) are gold nanoparticles deposited on the film surface for image alignment
purposed in TEMT. Image contrast is the same as that described in the caption od.Eigure
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///// illﬂl /
Figure 6.4. TEM images of the PB[acetdt-stained SBR6-THF material displaying
relatively large, nonuniform areas such as the boxed region in (a), which is shown at higher

magnification in (b). Dark nanostructural elements identify the stained S/sS blocks, and light
features correspond toghunstained nonpolar blocks.
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Figure 6.5. Isocontour 3D images acquired by TEMT of the Pb[acetatajned (a) SBb52-

AR and (b) SBI52-THF materials displayed at three viewing angles. In these
reconstructions, the contrast is reversed from earlier TTedes so that the white features
identifyionr i ch mi cr odomai ns. Each reconstructi on
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Figure 6.6. (a) A planar slice of the Pb[acetatslained SB52-THF TEMT reconstruction
wherein linear traces along the lamellar normal indicatddbation of the crossectional
(thickness) slices provide by number in (b). The egesgional view included in the inset in

(b) confirms that the gold nanoparticles (circled) used for alignment purposes in TEMT are
not severely distorted.
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CHAPTER 7
A SolventVapor Approach Towards the Control

of Block lonomer Morphologiés

Abstract

Sulfonated block ionomers possess advantageous praepfentia wide range of diverse
applications such as desalination membranes, fuel cells, electroactive media, and
photovoltaic devices. Unfortunately, their inherently high incompatibilities and glass
transition temperatures effectively prevent the use @fnthl annealing, routinely employed
to refine the morphologies of nonionic block copolymers. An alternative approach is
therefore required to promote morphological equilibration in block ionomers. The present
study explores the morphological charactersstiof midblocksulfonated pentablock
ionomers (SBIs) differing in their degree of sulfonation (DOS) and cast from solution
followed by solvertvapor annealing (SVA). Transmission electron microscopy confirms that
films deposited from different solvent syste form nonequilibrium morphologies due to
solventregulated selassembly and drying. A series of SVA tests performed with solvents
varying in polarity reveals that exposing cast films to tetrahydrofuran (THF) vapor for at
least 2 h constitutes the mogteetive SVA protocol, yielding the anticipated equilibrium
morphology. That is, three SBI gradesbgeted to THFSVA selfassembleinto well-
ordered lamellae wherein the increase in DOS is accompanied by an increase in lamellar
periodicity, as measured lsmallangle Xxray scattering.

*This chapters in pressat time of dissertation submission
K. P. Mineart, B. Lee R. J. SpontakMacromolecule2016
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7.1.Introduction

The potential application of charged block copolymers, such as sulfonated block
ionomers (SBIs), for use as fuel ¢élland water desalinatidi membranes, as well as
components in polymer actuatbfsand flexible photovoltaic devicéshas catapulted the
popularity of these fascinating materials, which couple the valuablasseihbly attributes
of block copolymers with the unique chemical properties of polyelectrolytes. Much like their
homopolymer analogs, SBIs exhibit tunable iono/hydrophilicity due to chemical
incorporation of ionic groups. What sets SBls apart from commoniljorated
homopolymers, however, is the ability of SBIs to-ss§emble and microphaseparate into
ordered nanostructuré'* Microphase separation of block copolymers generally stems from
interblock thermodynamic incompatibility (described &y, wheae G is the FloryHuggins
interaction parameter and N is the number of statistical units along the copolymer backbone)
and results in the formation of nanoscale structural elements that can provide a wide array of
benefits'®*® With SBIs, the presence sfuch nanostructures permits independent control
over the ionArich and ionlean microphases so that ion or water transport, for example, can be
increased while mechanical stability is maintaifietivhile early studies of SBIs focused
extensively on endbloekulfonated styrenic triblock copolymerst® the present work
focuses on midblockulfonated SBIs that can retain their physicaligsslinked molecular
network even in the presence of polar solvénts.

The spatial characteristics of block copolymer rhotpgies are usually expressed in
terms of interfacial curvature and depesitbngly on interfacial chain packing, which often

directly relates to copolymer composition expressed in terms of block volume fraétipns (
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The range of accessible morphologefxemplified by considering the simplest case of an
amorphous AB diblock copolymer. As the volume fraction of the A bl&ck s increased,

the equilibrium morphology generally transitions fronriéh spheres positioned on a bedy

or facecentered cubitattice to hexagonallpacked Arich cylinders to bicontinuous gyroid
channels and finally to alternating lamellaeFag- 0.5. Upon increasingr o further, the
inverted morphologies develdp. The number of morphological possibilitiegrows
dramatically as the number of chemically dissimilar blocks comprising the copolymer
increases®® Previous studies of linear ABC triblock copolymers have identified
combinations of classical morphologies (e.g., spheres or cylinders on or witlghale), as

well as entirely novel nanostructures (e.g., the knitting patteamd helixwrapped
cylinder$?). If one of the blocks is charged, however, the existence of ionic clusters
frequently prevents block ionomers from attaining their equilibriumpmalogy?*%° Balsara

and ceworkers® have endeavored to overcome this complication by synthesizing diblock
ionomers with relatively short block lengths and have established that block ionomers can
order into the same morphologies as nonionic diblocklyopers.

In addition to their intriguingsel-assemblybehavior, block copolymersomposed of
three or more blocksalso possess the ability to organidato physicallycrossinked
molecular networks2®?® This molecular architecture is the basis for matsrknown as
thermoplastic elastomérs (TPEs) wherein the simplest example is an ABA triblock
copolymer containing glassy A endblocks and a rubbery B midbld¢gon microphase
separation, the B midblocks of the copolymer are anchored at both tendsrich

microdomains, which, in the case of bridged midblocks, serve to imitate covalent crosslink
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sites in covalentherosslinked elastomers and provide TPEs with considerably enhanced
elasticity and toughned8>! Weiss and cavorkers®*® have successfullextended these
beneficial elastic properties to higher temperatures by selectively sulfonating the glassy A
rich (styrenic) microdomains. Such materials are, however, susceptible to endblock
plasticization and accompanying loss of mechanical stabilitppfications where they come

in contact with polar solvent molecules. One solution to this shortcoming is to sulfonate the
midblock, rather than the endblocks, of the copolymer so that the glassy endblocks remain
intact as physical crosslinks. Several inelegent studied?>**** have examined such
networkforming SBIs and reported on their morphological characteristics and
thermomechanical properties. One unrelenting challenge generally associated with SBIs is
their frequent inability to reach morphologiequilibrium.

Thermal annealing, which is the most common equilibration approach for nonionic block
copolymers, has been shotrio be relatively ineffective with regard to morphological
refinement in SBIs due largely to the high, often inaccessibles gtansition temperature
(Tg) of the sulfonated block(S§.To reduce the ability of ionic clusters to immobilize chains,
solventbased process steps such as solution casting and sedyemtannealing (SVA) must
alternatively be considered. Solution tiag inherently relies on drying kinetics and can
likewise involve complex solution thermodynamics, resulting in the possibility of solvent
templating*®” and the formation of nonequilibrium nanostructures. Conversely, SVA
enables macromolecular chainsiitecome mobile and therefore respond to their chemical
environment®*° In this regard, SVA has repeatedly protféfi successful in the refinement

and reorientation of conventional block copolymer nanostructures in thin filmslGaém
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thick). In the ame spirit as thermal annealing, SVIA [§lasticizes vitrified chains and thus
increases chain diffusion andii)( reduces interfacial tension between copolymer
microdomains by reducing. Hel f and*havé Fagamisted that th
copol ymer in the pr egeande exgrdssedas lavuection ofthd e no't
solvent volume fractionfg) and t he degree eE(lsfa)l @ Nt csel ec
- Gsg|), where A, B and &present the A and B blocks and solvent, respectively. While later
studieé®>*® have interrogated the rigor of this relationship, it immediately follows that a
relatively nonselective solventd. , as -| G| a4 0) can sufAthaught i al | vy
SVA appears to hold tremendous promise as a general and facile route by which to regulate

the morphological characteristics and corresponding properties of block iorfdroaty,

limited efforts have thus far explored the impact of SVA on midblsckorated block

ionomers.

The present study explores the effects of both solvent casting and SVA on a midblock
sulfonated pentablock ionomer. First, we examine the morphologies resulting from casting
solvents differing in polarity. The resulting nanostructurestablish the various
nonequilibrium morphologies that can develop on the basis of casting solution alone. Next,
examination of solventapor polarity and timelependent morphological transformations
provides a fundamental understanding with regard teetfeetiveness of SVA as a viable
route to alter controllably the morphological characteristics of bulk SBI films. Finally, film
morphologies generated after SVA conducted at conditions that yieldegedibrium

nanostructures are comprehensively charaee.
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7.2. Experimental

7.2.1. Materials

Three commercial grades of a sulfonated pentablock ionomertgroly(ityl styreneb-
(ethylenealt-propylene)b-(styreneco-styrene  sulfonate)-(ethylenealt-propylene)b-tert-
butyl styrene], schematically depicted Stheme7.1, were generously provided by Kraton
Polymers (Houston, TX). According to the manufacturer, the block weights of the
unsulfonated parent copolymer were 15, 10 and 28 kDa for asthutyl styrene (T),
ethylenealt-propylene (EP), and styrene (S) block for a total copolymer molecular weight of
78 kDa. The midblock was subsequently sulfonated (S/sS) to 26, 39 and 52 mol%. These
three copolymer grades are hereafter designated ax,Silere x denotes theegree of
midblock sulfonation (DOS, in mol%). Toluene, isopropyl alcohol (IPA), tetrahydrofuran
(THF), chloroform (CH), and methanol (MeOH) employed in solvent casting and vapor
annealing were all obtained from Fisher Scientific (Pittsburgh, PA) agdi wghout further
purification. Lead(ll) acetate trihydrate (Pb[acetdt¢}O]s) was provided by Acros

Organics and sed ageceived.

7.2.2. Methods

Bulk SBI films were prepared by dissolving each SBI grade in either pure THF or an
85/15 vlv toluene/IPAnixture (referred to as TIPA for brevity) at a concentration of 2 wt%
SBI. Each solution was dried under ambient conditions in a T&flomold for 24 days,
depending on solvent system and SBI grablee resultant films were then subjected to

vacuum at amient temperature for 18 h to help remove residual solvent (exposing the films
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to elevated temperatures was avoided to prevent material degradation). Dried films measured
4110 mm thick. Selected films were subjected to SVA using a segless annealing
chanber maintained at ambient temperature. Solvent vapor was produced by passive
evaporation of a liquid solvent within the annealing chamber. The theoretical volume of
solvent (¢) necessary for SVA was estimated from the idge relationship: & =
(Md/r 5)(P°VIRT), where M is the solvent molecular weightsg is the solvent mass density,
P° corresponds to the saturated vapor pressure of the solvent at 25°C, V is the volume of the
annealing chamber, R represents the universal gas constant, and T denotes absolute
temperature. The volume of liquid solvent provided to the SVA chamber was 861000
excess of this theoretical estimate to ensure a sufficient supply of solvent throughout the
SVA process. Following SVA, films were transferred to a drying chamber maintained at
ambient temperature with a small positive pressure of compressed air for 12 h

Film morphologies were examined using a combination of transmission electron
microscopy (TEM) and small angle-tdy scattering (SAXS). Since TEM of soft materials
such as those under examination here routinely relies on selectively staining of one or mor
microphases to enhance electron contrast, the S/sS midblocks were chosen to be selectively
stained by placing films into saturated Pb[acetadgueous solutions for 8 h, followed by
subsequent drying under vacuum at ambient temperature for 12 h. Simnsedere then
sectioned to thicknesses of-80 nm with an ultrasoniassisted diamond knife onlL&ica
UC7 ultramicrotomeperating at ambient temperature. Finally, a layer of evaporated carbon
measuring 20 nm thick was deposited onto sections to nzmitneam damage during

imaging Images were acquiredn JEOL JEM2200FSand FEI Tecnai F20 microscopes
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operated at an accelerating voltage of 200 ®gmplementary smalingle Xray scattering
(SAXS) was conducted on bedme 12ID-B in the Advanced PhotoSource (APS) at
Argonne National Laboratory. A samgiedetector distance and beam spot size of 2 m and
0.5 x 0.025 mrf respectively, were used, and samples were exposed to a 14 keV beam (with
a wavelengthp; of 0.087 nm) at an approximate flux of'd@hotons/s for 1 s. Scattered
photons were collected on &®2Pilatus 2M detector and were azimuthally integrated to yield
scatteringprofiles in which intensity is expressed as a function of scattering vector (q), where
g = (4o/l )sing andq is half the attering angleAll SAXS profiles were analyzed with the
Irena computational package provided by the AP$h-situ SVA measurements were
conducted under the same experimental conditions in a cimtdihsolventvapor chamber

constructed with Kaptdhwindows to ensure high-¥ay transmission.

7.3. Results and Discussion

7.3.1.TheoreticalEquilibrium Morphology

Before considering the experimental effects of solvent casting and SVA on the SBI
morphology, we first explore the anticipated equilibriurhdgor on the basis of theoretical
and simulation considerations. The SBI molecular architecture (ABCBA linear pentablock,
where A, B and C correspond to T, EP and S/sS, respectively) and block volume fractions
(listed in Table 7.1on the basis of tabulat® mass densities) provide necessary pieces of
information for making this prediction. Few previous studies have been performed to
describe this specific copolymer arrangement, and both utilizesetistent field theory

(SCFT). Yeet al® report thatfor casN  cNG N & 60, the copolymer should exhibit
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the 4layer, 3microphase lamellar (4,BAM) morphology illustrated inFigure 7.1aliu et
al®reach a si mil ampNc eeNsGlcNd& 80 Pravibus expesimental
studies? of ABC triblock copolymers further indicate that the 4,8M morphology can be

reasonably expected at the same block composition encountered in the present work.

A Dissipative Particle Dynamics (DPD) simulation using similar parameters as DPD
studies recently repod®’?® has been performed to discern if the present SBI, with its
unequal a n ¢N values, ragrees avith previous SCFT findings and intuitive
expectation from the block volume fractions providedrable 7.1 (It is important to note
here that thissimulation does not account for ionic interactions within the sulfonated
midblock, but rather takes them into consideratimough the use dbrgelyi ncr eas ed
values. Thisapproachhas proven successful in analogous Monte Carlo simuldtid)sThe
simulation is based on SBR, and theDPD beads are coargeained to&2 nnt each,
resulting in a total of 1000 chains, each possessing-E)-BB-10-13 sequence. The DPD
interaction parameters are setlai = 4 &= WO Opgcahod( 8N 90, 6cN & 300
andescN a ® finic strong segregation between the T and EP blocks and superstrong
segregation between the T/EP and S/sS blocks. The resulting simulation is in qualitative
agreement with previous SCFT results, confirming formation of &AM morphology in
Figure 7.1b Examination of the corresponding segmental vohfiraetion profiles extracted
from this simulationEigure 7.1¢ further supports the existence of the-4/AV morphology
and, as expected from the high interblock incomgatilvalues employed, suggests that the

A-, B- and Grich lamellae are nearly pure. In reality, the T and EP blocks are anticipated to
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be more compatible than calculated here, which could result in some degree of microdomain
mixing.>*>°
7.3.2. Solven€Cast Morphologies

Previous independent effoits’ have established that the morphology of these SBI
materials can be templated by the casting solvent used for dissolution and subsequent film
deposition. In this study, we employ suitable solvents to exploeerange of solvent
templating in SBI films. First, SBI morphologies in films cast from the miscible
nonpolar/polar TIPA solvent mixture are investigated. Electron micrographs e625fims
reveal the existence of a predominantly dispersed morpholuatycan be described as
stained spherical S/s&h microdomains embedded in an unstained matrix comprised of
both EP and T blocksf, Figure 7.23 According to TEM and TEMY images, the S/s8ch
spheres in SB52 measurd0.4 = 1.0 nm in radius and nggnally reduce in size t6.1+ 1.1
nm when the DOS decreases to 26B&amination of the SAXS profiles acquired from
TIPA-cast SBI films Figure 7.2B allows for more quantitative interpretation of the
morphological features evident in TEM images. Fitst, location of the primary peak (g*) in
each SAXS profile relates to the characteristic spacing (Pp/g*Rof the morphology. Since
the TEM images have already established that the morphology present ircd3PAImMs
consists primarily of irregularly dispersed S/sS spheres in a continutfrich matrix, D
constitutes a measure of the cefitecenter distance between adjacent spheres. As
anticipated from the corresponding TEM images, the series of profiles presertigiia
7.2breveals that this distance does not appear to be a strong function of the DOS in SBI

films: 31.6, 30.1 and 34.7 nm for SB6, SBF39 and SB2, respectivelyThese values
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comparefavorably with those previously report&tifor the same SBI grades cast from
cyclohexane/heptanes (CH) mixtuiet. Table 7.2. In addition, the absence of sharp, higher
order peaks, which woulde associated with the structure factor S(q), indicates that these
materials do not exhibit loagange order on a clearly discernible body facecentered
cubic lattice. This result likewise agreesth TEM images such as the one displayed in
Figure 7.2a

Additional morphological information present in the SAXS profiles can be extracted
from the form factor P(g). Assuming that the S(q) scattering contribution becomes nearly
negligible beyond the primary peak region, intermediate values of g-{®.2m") can be
modeled with anappropriate P(q) function. On the basis of our TEM analysis (which
confirms the presence of spherical microdomains), we employ a simple model for uniform

spheres of radius r for this purpose:

Y o . ,.,2

_e3asin(gr) cos(qr) g
P(q) = ¢ a1+ B (7.2)

arE@r  ar %

where B accounts for the backgroufidThe range of spherical microdomain sizes
determined from TEM measurements is introduced in the regression analysis through a
summed Gaussian distribution of spherical P(q) functions, thereby vyielding a standard
deviaton of the radius, or polydispersity (PD). The S/sS sphere radii extracted from the data
fits in Figure 7.2 increase noticeably as the DOS of the SBI increases: 10.7 + 1.6 (PD =
0.15),10.8 + 1.1 (PD =0.10) and 15.1 + 1.5 nm (PD = 0.10) for26BEBI39 and SBi52,
respectively. These values confirm both the size range and trend measured from TEM

images.In the same fashion as the equilibrium-£8V morphology predicted above, the
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EP and T blocks may further segregate (at least partially) on the Hasmdernlock
incompatibility. Due to the possibility of partial phase mixing, as well as experimental
limitations associated with selective staining (TEM) and lowa) scattering contrast
(SAXS), between EP and T, however, it is difficult to differentié®erich and Frich phases.
Nonetheless, the existence of spheres in these-T#ASBI films highlights an important
point: highly nonequilibrium nanostructures can develop as a result of stéveplating.
According to SCFT results reportedor analgous nonionic block copolymers, spherical
S/sSrich domains in either a T/Efixed matrix or encased within ERh shells in a Trich
matrix are predicted to form in copolymers with S/sS, EP and T volume fractions closer to
~0.050.25, ~0.060.15 and ~0.5-0.85, respectively.

The second filnrcasting solvent examined here is pure THF. It is immediately apparent
from TEM images such as those providedrigures 7.3and 73bthat SBI selfassembly in
THF-cast films yields considerably different results igato comparable TIPAast films.

In this case, e morphology consists of alternating lamellae coexisting with hexagenally
packed FEP-rich cylinders in a continuous S/sBh matrix. (Detailed examinatidh of

TEMT images of this mixed morphology hasriied that the lamellae are not cylinders lying
parallel to the specimen surface.) Selective staining further enables identification of thinner
lamellae as S/s8ch microdomains and thicker lamellae and cylinders a&Pfrich
microdomains. Increasindhé DOS promotes increases in the thickness of the-rigisS
lamellae (9.4 £ 1.6 nm for SB6 and 15.4 + 2.4 nm for SBR) and the fraction of
cylindrical microdomains present (10% for SB3 and 54% for SB52). Microdomain

periodicities measured for theexagonallypacked cylinderand lamellae are 37.2 and 32.4
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nm, respectively, in SB26 and 39.2 and 44.5 nm, respectively, in-SBl According to the
corresponding SAXS profiles presentedFigure 7.3¢ SBIF52 exhibits S(q) peaks at g*,

2q7*, a 7aql*2,g *andas wel | as a weak shoulder at
hexagonallypacked cylinders. The peak at 2g* is also consistent with the lamellae evident in

the TEM images. The SEI6 and SBI39 grades display fewer S(q) peaks (at g*, 2g* and
a?2q*) and a very weak shoulder at a3q*, whi ¢
but less ordered and/or abundant. The primary peak in the SAXS profiles can be used as
before to extract a morphological spacing. Because only one principal peakestpand it

has been established that both hexagosmdlked cylinders and lamellae coexist, a single

value of g* for each material yields an average periodicity of both morphologies. Keeping

this ambiguity in mind, the SBI microdomain spacing is nogles found to increase (from

40.4 to 45.4 nm) with increasing DOS, in agreement with the trend established from TEM

images.

7.3.3. SVA Solvent Selection

Identification of an appropriate solvent for SVA is crucial in ensuring that the process has
the desied impact on morphology. As mentioned earlier, the most suitable solvent candidates
that permit strongly interacting moieties in block copolymers/ionomers to order into nearly
equilibrated nanostructures should possess high solubility and be relativedglaotive. A
solvent satisfying these criteria for the SBI materials is difficult to hypothesize since the SBI
grades are amphiphilic and therefore have vastly different block polarities. In this study, SBI
films are exposed for 24 h to several solverora to ascertain their SVA effectiveness: one

highly polar (methanol, MeOH), one highly nonpolar (chloroform, GHCAnd one of
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intermediate polarity (THF). These specific solvents have also been selected due to their
relatively high ambient vapor pressuy> 0.1 atm).

The ascast SBi52 morphologies produced by TIPA and THF (described above) serve as
starting points by which to interrogate the efficacy of each solvent in SVA, and the resulting
SBI morphologies are investigated in terms of the SAXS m®8upplied irFigure 7.4 The
profile acquired from TIPAcast SBI52 films exposed to MeOH vapor, for instance, can be
fit using the P(q) model for uniform spheres (Eq. 1), and the results indicate a significant
change in either size or shape (elongatférj shape is conserved, r increases to 16.4 nm
and likely reflects selective swelling of the S/sS domains upon vapor incorporation. Such
swelling is anticipated to remain intact (kinetically trapped due to vitrification) upon removal
of the MeOH. Additonally, the primary peak shifts to lower q, indicating an increase in the
centerto-center distance (D = 38.1 nm) between the microdomains presumably as a
consequence of their size increase. Thig-cast analog alsexhibits a substantial reduction
in morphological order, as evidenced llye disappearance of peaks greater than 2g* and
S(q) peakbroadeningupon exposure to MeOH vapdn this case, the periodicity remains
nearly unchanged (D = 45.5 nm). These resulting minimal andfégsirable changes lead to
the elimination of MeOH fronour list of SVA candidates. Exposing TIRéast films to
CHCI; vapor yields features that are similar to thecast film. Analysis of the primary peak
position and P(q) yields spheres with a 15.2naadius (PD = 0.11) and a 44.2 nm spacing.
Relative to the asast precursor, the characteristic S¢phere size does not change within
experimental uncertainty upon SVA, but the microdomain spacing increases noti@éably (

Table 7.3. This vapofinducedalteration is attributed to CHEkelectively swellingof the
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nonpolar FEP-rich microdomain(s), which templatethe redried morphology upon
specimen vitrification. Conversely, CHCWVapor appears to change tmeorphological
features altogether in TH€ag films. After SVA, clearly distinguishable S(q) peaks reside at
g*, 29*, 3g* and 50g*, indicating that the film consists entirely of alternating lamellae and that
the degree of ordering has increased (due to the presence ofdndbescattering peaks).
Quantification of the microdomain spacing (D = 46.7 nm) further reveals that the nonpolar
lamellae have also become swollen following exposure to @h&por. While it is
comforting that CHGl SVA successfully converts the THfast SBI morphology from a
mixture of cylinders and lamellae to pure lamellae as predicted by theory and simulation, the
inability of CHCk vapor to transform the TIRA&ast starting morphology into lamellae
implies that SVA using &lock-selectivesolvent is only effective when the mptology is

not far from its desired (in this case, equilibrium) state.

The last solvent vapor examined here is THF, which possesses intermediate solvent
polarity relative to MeOH and CHgland generates a mixed cylindrical/ lamellar
morphology in all thre SBI grades directly from casting. Exposing the-SBffilms to THF
vapor yields similar final morphologies regardless of the starting morphology. Both SVA
films (TIPA-cast and THFeast) possess wellefined, relatively sharp peaks at g*, 2g*, 3g*,
4qg*, and 5g*. The TIPAcast film also exhibits a discernible peak at 6g*. These sharp, high
order S(q) peaks confirm that the-@sst morphology has not only converted entirely to
lamellae, but also that the morphology is highly ordered. Interestingly, the doimein
spacing of these two materials with different starting morphologies converge to the same

value of 44.4 nm, suggesting that this might constitute the spacing of the equilibrium
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morphology. Producing the morphology predicted by theoretical means froon
significantly different starting points provides strong evidence that THF vapor can be used in
the SVA of sulfonated block ionomers derived from styrenic TPEGs as a facile means to
achieve morphological equilibration irrespective of theast morphalgy. On the basis of
these findings, the SVA process can likely be added as a unit operation to a commercial
production line to provide an efficient and economic route by which to control the

morphological features of temperatigensitive block ionomers.

7.3.4. TimeDependent SVA

In-situ SAXS experiments have been performed here to establish the kinetics associated
with the process of SVAnduced morphological transformation in THF vapor and ascertain
the minimum time required for SVA. For this purpose,fallow time-dependent variations
in three specific metrics extracted from the SAXS profiles presentedjime 7.5for TIPA-
cast SBI52 during SVA. First, the location of g* is observed to decrease significantly with
increasing exposure time. While thabservation does relatively little to improve our
fundamental understanding of the morphological transformation process, it indicates a
corresponding increase in microdomain periodicity that can be used to identify the time
required for equilibrating thepgcimen in the THiapor environment. In this regard, D
appears inFigure 7.6ato achieve a constant value after about 5 min of vapor exposure.
Second, the primary pedlecomes sharper during SVA due to increased ordering, and its
sharpness is quantitatiyedescribed by measuring its full width at half maximubBg)
According to the Scherrer equation (which states that the grair? s&zéD), the size of

oriented lamellar grains during SVA initially decreases slightly and then increases
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monotonically with increasing exposure timeHRigure 7.6b In conjunction with the SAXS
profiles displayed irFigure 7.5 the observed initial reduction in grain size can be attributed
to the conversion of the &sist spherical morphology to lamellae. @namellae have

for med, the grain size increases to a |1

Achieving 90% of this | imiting valwue occur

process of SVAnduced longrange lamellar ordering takes more tinoeproceed than the
initial conversion of the morphology from spherical microdomains to lamellae.

The third metric investigated here focusestioaintermediate gange in which broad
P(q) features previously assigned to the sphere model for-GH#8ASBIfilms exist. At short
exposure times, these features are quickly replaced by the sharp S(q) peaks representing
lamellae. Conversion of such P(q) features to lamellar S(gq) peaks reveals that the
morphology evolves directly from spherical microdomains to &lae surpassing
intermediate morphologies, such as cylinders. Further, the results includédume 7.5
clearly indicate that spherical microdomains are replaced after ~5 min with lamellae. The
time-dependent variation in intensity of the lamellar S{gaks can further contribute to an
estimate of the minimum SVA time required for conversion. Basslilracted intensity of
peaks at 2g*, 3qg* and 4g* are measured for each progressive SAXS profile, since the peaks
at 5g* and 6g* are too weak to measubharges accurately. These thshependent 2g*, 3g*
and 4g* intensities are observed kigure 7.6bto increase with increasing time after the
morphological transformation to lamellae.

The normalized peak intensities reportedrigure 7.6bcan be fit to a fistorder kinetic

rate expression of the forid[I()]/d(t-U) =kl , where k, t, U, and
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experimental time, lag time, and corrected peak intensity, respectively. The intensities are
normalized so thatyl= (I[t] +)/(Is - I;), where |, li, and | denote the normalized, initial
and final intensities, respectively, and the boundary conditiont 1Y D) = 1 result
integrated expression E1- ¢®Y)  Fitting each set of peak in
and theanticipated {, which was not achieved during the 30 min study. These regressions
reveal t hat the 2qg*, 3qg* and 4qg* series p
consequently fall on the master fit curve presentdegare 7.6b Averages of the indidual
val ues of U ( 3mind)indidate that @0% af thEnal peak itkeéhsitiesan be
attainedafter 60.1 min of exposure to THF vapo©On the basis of all three metrics, we
therefore anticipate that at least 1 h of SVA at ambient temperatd HF vapor should be
sufficient for equilibrating the morphological transformation of Ti€ast SBI films.

Results fromin-situ SAXS experiments conducted on THd&st SBI52 films, provided
for comparison inFigure 7.7 can be analyzed in similar fash as above. According to
Figure7.8 D i ncreases modestly up to a10 min, af
remainder of the test. Similarly, the lamellar grain size also appears to reach a limiting value,
but at a | at er @xrpFRgsre T.8&Thet kineties of(thke 2ndrphoiagical
conversion from cylinders+lamellae to lamellae can be elucidated by evaluating the higher
order S(q) peaks. With increasing SVA time, &h& cshoulder and 2g* peak present in the
ascast film appearte har pen, whereas the peak | ocated
the peak at a412q* does not significantly <che
since the S(q) peaks a3 g* a7q* and al2q?*, whi cpgackedor r e s g

cylinders, should systematically vaip scattering intensity. One possible explanation for
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these seemingly inconsistent changes in peak intensities is that P(q) from the cylindrical
morphology shifts to lower g with increasing exposure time and encroaches up@e&(s

so that one P(g) minimum approaches the pos
peak intensity) while another moves away fromadh®8 gpé&ak (causing an apparent increase

in peak intensity). Although spatial complexities arising from laygring P(q) and S(q)
peaks hinder quantitative analysis of the morphological transformation irRc@stFSBi52

films, one aspect is clear: the conversion from a mixed cylinder+lamellae morphology into
uniform lamellar, as expected from the 24 h SVA dafaorted inFigure 7.4 is incomplete

over the relatively short interval of exposure times examined (30 min). On the basis of our
SAXS results acquired at short and long times, we conclude that the morphological
conversion required for cylindrical microdams to fuse together to generate lamellae is

substantially slower than the previous spNel@mellae transformation in TIR&ast films.

7.3.5. SBI DO#fluence

Thein-situ SAXS experiments discussed in the previous section establish)ti#® A-
castSBI-52 films transform from their asast morphology to a uniform lamellar morphology
more rapidly than THfeast films andi{() both starting points convert to the same lamellar
(presumably equilibrium) morphology after a sufficiently long vapor exposaore. tTo
assess the effect of DOS on SBI morphology after SVA, all three SBI grades have been cast
from each of the two solvents, exposed to the vapor of THF for 2 h at ambient temperature to
achieve neaequilibration, and subsequently dried. Consisterth \he findings for SBb2
exposed to THF vapor for 24 h ihigure 7.4 the resulting morphologies appear to be

independent of the starting morphology on the basis of the SAXS profiles displdyigdra
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7.9. Although other minor peaks and/or shoulders\asible in some of these profiles, each
SBI grade exhibits S(q) peaks at 2g*, 3g* and 4g*, indicating that a predominantly lamellar
morphology is achieved. This result is consistent with the large area occupied by-the 4,3
LAM morphology in previously reprted phase diagrams for nonionic ABCBA' and
ABC>? block copolymers. Unlike SB32, the SBI26 and SBI39 grades exhibit less order
following 2 h of SVA, as evidenced by the absence of scattering peaks located at 5g* and
60g*. The lamellar period of thélms after SVA is found to increase with increasing DOS;
38.4 (SB#26), 39.5 (SBi39) and 45.0 nm (SB32); due to the increase in segmental volume
that accompanies sulfonation of the styrenic midblock. This trend is further confirmed
through direct obseation of the THFcast, vapotreated SB26 and SBI52 grades in the
TEM images provided ifrigure 7.10 From images such as these, the lamellar periods are
measured as 40.2 and 44.8 nm, respectively, in good agreement wWi#AXE results
extracted fran Figure 7.9 These images also substantiate that, after SVA, th&&3Brade

possesses a much higher level of ordering than the lower DOS grade.

7.3.6. OrientatiorConsiderations

Thus far, this study has focused largely on the bulk morphology of SH $ilrhjected to
SVA. While investigating longange morphological alignment is relatively uncommon in
bulk polymer films (>> 100 nm thickf>° TEM images such as the one picturedFigure
7.10awarrant further investigation of S\VAnhanced lamellar aligment. While the lamellae
evi dent i n’imade iofsSBI%2Spp&ar te e surprisingly welligned, the degree
of l amel | ar orientation correspofdannbg t o

guantitatively determined from analysis of 2D SAXS paterfi a specimen consists of
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randomlyoriented (i.enonaligned) microdomains, the corresponding 2D pattern is expected
to display concentric rings of uniform intensity centered around the transmitted incident
beam. Patterns collected from S&& films cat from TIPA and subsequently subjected to
SVA for 2 h in THF vapor provide examples of such isotropic scattering patteFigures
7.11a and 7.11¢the rings are much more distinct after SVA). In some cases, however, the
2D SAXS patterns show evidencklarge scale lamellar alignment by displaying either arcs,
or spots, instead of uniform rings. Thegree of lamellar alignment can be conveniently
guantified from the 2D scattering patterns through the Hermans orientation function, which is
expressed iterms of an order parameter (8§?

Alternatively, 2D profiles of films that have some degree of orientational alignment
exhibit either arcs or spots instead of uniform rings. The arcs or spots irDipedtiles can
be quanti fi e drdeofnctiondS):Her mans 6

. 3(costi) -
2 (72)

wherej denotes the azimuthal angle at a given scattering anglé(mﬁfiﬂ is definedoy

/2
N 1a.d) ’cos G
(cosi) —

ﬁ 1(g,d ) sin (73)

The integrals in Equation 3 are evaluated so that S =0 and S = 1 correspond to randomly and
perfectly oriented microdomains, respectively. According to the SAXS patterns presented in
Figure 7.11 the 2D patternsacquired from SBbB2 cast from THF (Figur&.11b) and

subsequently exposed to SVA for 2 h (Figure 7.11d) clearly exhibit arcs rather than rings.

154



Analysis of these arcs in the context of Equations 2 and 3 yields S = 0.27 forcthet &bn
and S = 0.44 for the peSVA film. Since these order pam@ters are much larger than those
resulting from analysis of TIPA&ast films before (S = 0.02) and after (S = 0.03) SVA, we
propose that the degree of microdomain alignment preceding SVA improves the level of
domain alignment achieved after vapor treatmé&hus, while the SAXS profiles provided
for SBI-52 in Figure 7.9 indicate that SVA conducted in THF vapor ultimately yields
identical (equilibrium) morphologies with identical lamellar periods, these order parameter
results further reveal that lofrgngelamellar alignment varies between p&tA specimens
with different solventasting histories (and different levels of qgpdsting morphological
alignment).

The improvement in lamellar orientation evident in Figure 7.11 is not anticipgigdri
from the SVA process and likely reflects the enlarged grain sizes measured in Figures 7.6b
and 7.8. We recognize that independent std?ésemploying directed solvenapor
permeation are, in marked contrast, designed specifically for the purpose of enltengeng
scale morphological alignment in block copolymer thick films. In such efforts, solvent vapor
is permitted to permeate through a block copolymer film under prescribed thermal and
steadystate conditions. Since permeation proceeds directionally frgmtbilow chemical
potential (expressed in terms of solvent pressure), penetrant molecules diffuse from one side
of the film to the other and, by doing so, orient anisotropic microdomains such as cylinders
or lamellae in the process. During the SVA testdyng the results portrayed in Figure 7.11,
solvent molecules sorb and subsequently diffuse into dried SBI films prepared in solvent

resistant Teflon™) casting molds. Although this is not a steatigte permeation process,
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unsteadystate (.e., concentation-dependent) diffusion nonetheless occurs from the exposed
film surface to the polymer/mold interface until the solvent solubility limit is reached.
Likewise, film drying occurs directionally as solvent molecules diffuse back to, and desorb
from, the exposed film surface. Thus, while SVA mechanistically differs frontailed
solventvapor permeation, solvent transport is honetheless directional in both instances, but
to different extents. It is therefore not surprising that steaye permeation ingpts
significantly greater morphological alignment than SVA, which most likely promotes the

improved alignment apparent in Figure 7.11 through enlarged lamellar grains.

7.4 Conclusions

Midblock-sulfonated block ionomers are of significant technologicalartance due to
their ability to maintain a robust molecular network while permitting the transport of ions or
polar liquids. This combination of properties makes these materials ideal candidates for a
growing list of contemporary applications. Due to sgoelectrostatic interactions that
escalate interblock incompatibility and glass transition temperatures, however, block
ionomers frequently become trapped in solstentplated nonequilibrium morphologies. The
present work indicates that solvergpor annaling constitutes an effective alternative to
thermal annealing and promotes the morphological transformation of commercial materials
after relatively short SVA exposure times. Here, we demonstrate that, after SVA, ABCBA
pentablock ionomers differing in D®level convert into a lamellar morphology reminiscent
of the 4,3LAM equilibrium morphology expected from SCFT predictions and DPD

simulations of analogous ABCBA pentablock copolymers. Interestingly, theSyaSst
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lamellar morphology develops irrespectieé casting solvent, which results in vastly
different initial morphologies. While examination of specimens after long SVA times
elucidates the characteristics of the-4/AM morphology, timedependent SVA experiments
performed at short time scales with-situ SAXS reveals the kinetics associated with
morphological transformations. An unexpected result is that SVA likewise enhances
microdomain alignment in block ionomerkie to a progressive increase in grain size,
suggesting that, if given sufficient bloakobility, strong interblock interactions might
overcome the grain boundaries arising from misalignment of anisotropic microdomains.
Moreover, posSVA alignment improvement is observed to dependhe preSVA degree

of alignment. Taken together, our résuyprovide new insights into the broadening field of
block ionomers by establishing a facile approach to morphological control so that block

ionomers can be designed and used more effectively for spmgications.
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T -EP - S/sS - EP - T

Scheme7.1. Chemical structure of the midbllosulfonated pentablock ionomEBI) used
in this study with corresponding block abbreviatiotest-butyl styrene (T), ethylenalt-
propylene (EP), and styree-styrene sulfonate (S/sS).
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Table 7.1. Predicted block volumfactions £ ;) of each SBI material used in this stiidy.

Copolymer Fr Fep F s/ss

SBI-26 0.366 0.270 0.364
SBI-39 0.356 0.262 0.382

SBI-52 0.347 0.255 0.398

& Calculated on the basis of tabuldfenass densitiesn( g/crrf’): rr=0.95r=0.86,rs=1.05, and =
1.10.
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Figure 7.1. Schematic illustration (a) and DPD simulation screenshot (b) of theANB
morphology for alABCBA pentablock copolymer. The single chain included in (a) depicts
one possible arrangement within the nanostructure, and D indicates the microdomain
periodicity. Corresponding segmental volume fraction profiles, wherein x denotes the
direction along thelamellar normal and L is the length of the DPD simulation box, are
provided in (c).
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Figure 7.2.1n (a), a TEM image of SB%2 cast from TIPA. In this and all subsequent
images, dark (stained) and light (unstained) regions indicaterisfsSand TF/EP-rich
microdomains, respectively. A series of SAXS profiles acquired from all three SBI grades
cast from TIPA is provided in (b). The arrows included in (b) indicate the location of the
primary peak (g*), and the thick orange lines represent model fitgpfild Eq. 1 to each

data set.
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Table 7.2. Summary of morphological parametexstracted from SAXS profilefor CH-
and TIPA-cast SBI films before and, in some cases, after sclegmr annealing (SVA) in
identified media.

SBl Grade r(nm) PD D (nm)

SBI-26

CH* 0 0 27.4
TIPA 10.7 0.15 31.6
SBI-39

CH* 0 0 29.6
TIPA 10.8 0.10 30.1
SBI-52

CH* 0 0 34.0
TIPA 15.1 0.10 34.7

SVA-MeOH 16.4 0.20 38.1
SVA-CHCl, 15.2 0.11 44.2

|34

Valuesreported by Choét a
® Assumes no change in microdomain shape during or after SVA.
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Figure 7.3. TEM images and enlargements of (a) $Rland (b) SBR6 cast from THF. In

the corresponding SAXS profiles (c), as well as in all SAXS profiles hereafter reported, filled
arrows idatify the primary peak (g*) and open arrowheads indicate the S(q) peaks discussed
in the text.
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Figure 7.4. SAXS profilescollected fromSBI-52 cast from TIPA (black) and THF (blye)
and subsequentlubjected to SVAor 24 h using methanol (MeOH), chloroform (CHGbr
THF vapor. As-cast profilesprior to SVA are included for comparison, and the thick orange
lines represent model fits of P(q) from Eq. 1 to each T¢Rst data set.
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Figure 7.5. Time-dependent SAXS profiles fan-situ SVA (displayed at 2 min intervals) of
a TIPA-cast SBI52 film subjected to subsequent THF vapor exposline. S(q) scattering

peaks are discussed in the text.
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Figure 7.6. Microdomain spacing (a) and normalizefSpeak intensitiesréd and 2/Dq
values (blue) (b) as functiom of SVA exposuretime for TIPA-cast SBiI52 films. The
normalized intensities correspondtte peaks positioned ag* (@), 3g* (O) and 4g* A) in
Figure 5. Color-matchedsolid lines serve t@onnect the data, whereas the black solid line in
(b) represents a nonlinear regression of the-dirder kinetic rate expression introduced in
the text
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Figure 7.7. Time-dependent SAXS profiles fan-situ SVA (displayed at 2 min intervals) of
a THFcast SBi52 film subjected to subsequent THF vapor exposure. The S(q) scattering
peaks are discussed in the text.
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Figure 7.8. Microdomain spacing (black) ang"/Dg values (blue)as functios of SVA
exposurdime for THF-cast SBI52 films. The solid lines servi® connect the data
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Figure 7.9. SAXS profilesacquired fromall threeSBI grades(DOS values are labeledast
from TIPA (blue) and THF (blackjpllowed bya 2h exposure to THF vap@nd subsequent
drying. The S(q) scatteringeaks are discussed in the text.
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Figure 7.10. TEM imagesof (a) SBF52 and (b) SBI26 cast from THF, exposed to THF
vaporfor 2 hand dried
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Figure 7.11. 2D SAXS patterns obtained froi8BI-52 ascast from(a) TIPA and(b) THF, as
well as after SVA inTHF vaporfor 2 h (c andl, respectively).
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CHAPTERS8
Sulfonated Pentablock Copolymer Hydrogels:

A Kinetic and Thermal Exploration

Abstract

A number of studies have begun &bucidate optimal chemistries and processing
conditions to yield high ion and water transport through sulfonated block copolymers,
including those with architectures necessary for physical dirdseg, and therefore, gel
formation. However, there is acla of fundamental hydrogel characterization of these
materials even in the midst of the many potential applications which rely on them to be
swollen with water. The current study focuses on the kinetics and thermal dependence of
water incorporation into midblock sulfonated pentablock copolymer. Water uptake kinetics
are characterized using small angleay scattering (SAXS) and absorption measurements,
which directly correlate macroscopic water intake with nanoscale domain changes.
Equilibrium water uptke is used to define the swelling capacity of these materials as a
function of temperature. The discovery of a hydrated, poly(stycerstyrene sulfonate)
glass transition near 480 °C is discovered and further explored using tensile and SAXS

experiments
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8.1. Introduction
The inherent attributes of sulfonatentaining block copolymers make them practical in
a vast number of applications including as components in electractliyted composite$

and as fuel cell®,

water desalinatidh’, and photovoltai¢®** membranes. The most
important of these characteristics is the ordered, nanoscale morphologies that sulfonated
block copolymers form upon microphase segregdtidfiThe copolymer blocks, which have
considerable incompatibility (typicallgyuant i fi ed by &N,-Hiuggmer e ¢
interaction parameter and N is the statistical number of repeat units per chain), desire to
demix into separate phases. However, covalent bonds between the blocks eliminate the
possibility of macroscopic segaion, and a balance of the resulting interfacial energy
between the dissimilar phases and the entropic penalty paid for chains to pack in specific
morphological geometries dictates the resulting infrastructures exhibited at equifiBrium.
The transitionsthat occur for two component block copolymers (i.e. AB diblock, ABA
triblock, etc. copolymers) follow the same qualitative trend wherein increasing the fraction of
A blocks present () causes the conversion of-rieh spheres on a bodyentered cubic

lattice to hexagonalklpacked Arich cylinders (each in a-Bch matrix) to the bicontinuous
gyroid, and finally to alternating-Aand Brich lamellae whensfY 0 . '%" Further increasing

fa leads to the reverse transitions witkriBh discrete domains (with surrounding Arich

matrix) in the case of spherical and cylindrical morphologies. The functionality of each phase
in these block copolymer structures can then be independently tuned for the desired function.
For example, sulfonated block copolymers contilfonaterich phase(s) that have a high

capacity to transport ions and water while sulfoet® phase(s) can provide mechanical
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support or other functionality. In most of the aforementioned applications, however,
sulfonated block copolymers do not ogie in a neat, or mostly pure state, but rather are
swollen considerably in polar solvents, like water, or ionic liquids.

Block copolymer film stability in the presence of higisigluble penetrants relies on the
copolymer architecture to avoid simply dissng into a micellar solution. One molecular
based approach to this issue is the use of netfoonking block copolymers (i.e. those with
>2 blocks)'®*® An ABA triblock copolymer, which represents the simplest case, forms B
midblock connections betweekrich domains due to their covalent linkages at both ends
with the A blocks”® The subsequent addition of asBlective solvent (one that preferentially
resides in the Bich domains) swells the -Bch phase(s), but leaves therish physical
crosslink domains unaffectet:?>Gels structured in this fashion have mostly focused on the
incorporation of aliphatic, nonpolar solvefit§'into conventional triblock copolymers, such
as poly[styrend-isopreneb-styrene] since they do not require any furthdrerical
modification. These studies have exposed two unique pathways for preparing block
copolymer gels, which lead to fundamentally different materials. The block
copolymer/solvent gels can be equilibrated following mixing of the components, often
resultnhg in a morphological transition from the neat copolymer due to a larger effective
f5.2?° Alternatively, the block copolymer network can be formed first followed by solvent
addition, producing gels that have become known in the literature as meésdy®lesogels
retain the initial morphology of the block copolymer, but have enlargeidhBdomains,
compared with the pure copolymer, stemming from the presence of the $offamhile

each class of block copolymer gel has its advantages, the prindipglasng mesogels are
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more applicable in consideration of styreb&sed hydrogels since the temperatures required
for polystyrene equilibration exceed the normal boiling point of water.

The current study focuses on midblock sulfonated pentablock coprdythat form
mechanically stable, physically crelasked hydrogels in the presence of water. These
materials have been the focus in a number of recent studies owing equally to their high water
transport and ion exchange capacity and their commercidhbii#y**. Works by Choiet
al.*>% and Geiseet al.”** briefly explore the equilibrium water uptake of these materials
under ambient conditions, as well as the nanoscale structural evolution during water uptake
over several days. However, several fext®quire expansion due to more recent findings:

(i) a comparison between two different pentablock morphologies controlled solely by casting
solvent should be conducted to determine the optimunt‘cgsk measurement of shorter

timescale water uptakeretics (i.e. ~10 s) are required to fully characterize the sulfonated
pentablock copolymerés rapid water absorben

structural characterization of hydrogels at increased temperatures are necessary to identify

desirel and/or undesired thermal changes.

8.2. Experimental

8.2.1. Materials

The midblock sulfonated pentablock copolymer pelst-butyl styreneb-(ethylenealt-
propylenejb-(styreneco-styrene sulfonated-(ethylenealt-propylenejb-tert-butyl styrene]
sulfonated to 26, 39, and 52 mol% of the middle block {381 SBF39, and SB2,

respectively) was graciously provided by Kraton Polymers, LLC (Scheme 1). All of the
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considered SBI grades consist of 25.3, 38.5, and 36.3 mol% aérHautyl styrene (T),
ethylenealt-propylene (EP), and styremme-styrene sulfonate (S/sS) blocks, respectively,
and the parent unsulfonated copolymer had a molecular weight of 78 kDa. Deionized (DlI)
water was obtained from a MHQ water purification systenand toluene, isopropyl alcohol
(IPA), and tetrahydrofuran (THF) were purchased from Fisher Scientific and used without

further purification.

8.2.2. Methods

Films were prepared by first dissolving each individual SBI grade into either pure THF or
an 85/15 v/v mixture of toluene and IPA (TIPA) at 2 wt% SBI. The resulting solutions were
allowed to cast under ambient conditions fo#d Zdays depending on size ar®BI
grade/solvent combination. The resultant, mostly dry films were placed under vacuum at
ambient temperature for 18 h. All samples were preparéti@ds m t hi c k .

Small angle Xray scattering (SAXS) was performed on beam lineld-B at the
Advanced Phain Source within Argonne National Laboratory. A 14 keV beam with
wavelengthg) of 0. 087 ¥ photansisdrradiated x 0.50¢0.5 rhsfot size on
each sample for 1 s per collection. Teampleto-detector distance was maintained
throughout allexperiments at 2 m. Scattered photons were collected eb ®itatus 2M
detector and azimuthally integrated to yieldD1scattering profiles.In-situ swelling
measurements were conducted using a custaith cell that served to both contain liquid
waterand enable high Xay transmission. Acrylic sheets cut to the proper dimensions were
sealed together in the cell geometry using epoxy, and Kapton® windows were attached to

each side of the cell (Figuigl). Prior to the addition of water, dry measurememtse
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conducted to ensure that the cell did not distort the scattering to an appreciable degree. The
in-situ experiments were performed at the same conditions as described aboveDand 2
patterns were collected at a frequency of 2:86eginning upon thaddition of liquid water

to the custonbuilt cell and increased to 10.88 following 120 s. For data analysis, the
profiles for the empty and watéiled cell were subtracted from dry and-situ swelling

data.

Transmission electron microscopy (TEM) waerformed using a JEGR200FS
microscope operating at 200 kV. Film preparation for TEM consisted of bulk staining with
lead(ll) acetate in aqueous solution followed by sectioning at room temperature using a Leica
UC7 microtome with an ultrasonassisteddiamond knife at room temperature. The final
SBI sections were 480 nm thick. Water uptake measurements were carried out using 1.25
cm diameter SBI discs that were fully immersed in DI water for the desired time at an oll
bath equilibrated temperature. @kample masses were measured following disc extraction
and light drying of their surfaces (a). The discs were then dried at 30 under vacuum
and in the presence of desiccant for 18 h. Finally, the dry mag$ Was measured and the

water uptake (WWcould be calculated:

My~ ITldry
WU = L9 x100% (1)
m
dry

Tensile testing was conducted at ambient temperature on an Instron 5943 frame operated at a

crosshead speed of 10 mm/min.
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8.3. Results and Discussion

8.3.1. Dry Film Morphology

The dry film morphology for SBI cast from TIPA and THF have been previously
described in detai However, it is important to briefly review these morphological features
in order to put their nanostructural characteristics into context for discussion below. A short
range ordered, corshell sphere model applied to TIRAst film SAXS data combined with
staining information from TEM micrographs shows that these systems exhibit spherieal S/sS
rich cores encapsulated in fieh shells, and ultimately embedded in-aidh matrix (Figure
8.2a). In the lens of liquid water sorption, the nanostructure consists of hydrophilic spheres
that grow larger with increasing degree of sulfonation (DOS) (8.6, 9.7, and 13.7 nm for SBI
26, SBI39, and SBK2, respectively), surrounded byhgdrophobic matrix. The alternative,
THF-cast films exhibit a significantly different morphology that includes alternating- S/sS
rich and ERT-rich lamellae and hexagonalhacked ERT-rich cylinders in a S/s8ich
matrix (Figure 8.2b). The coexistence fo these morphologies is clearly not
thermodynamically stable, but has been fully confirmed in other WdrkThe domain
periodicity (D) extracted from SAXS on these films provides a measure of the lamellar
period and the cylinder centar-center distarng, which can be noted as nearly equivalent in
the micrograph. The domain size in THd&st films increases with increasing DOS much like
the identified change in TIRA&ast films (D=40.4, 40.6, and 45.4 nm for SH, SBF39, and
SBI-52, respectively). Agaiin the perspective of water sorption, the Siig8 lamellae and

cylinderencompassing matrix will be preferentially swollen.
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8.3.2. Hydrogel Swelling Kinetics

The difficulty of conductingin-situ TEM experiments, especially utilizing a liquid
component sch as water, limits the ability to probe nanoscale structural changes that occur
upon hydrogel swelling to SAXS.-Kay scattering can be conducted at ambient conditions
and the utilization of a synchrotron source provides high enoughyXlux to probe
phenomena that occur on the order of seconds:52Bilms cast from TIPA solutions were
first analyzed using this experimental design (Figi). The dry film 1D patterns have
features that closely match the dry film micrographs above and have beditatjualy
evaluated previously (sphere radius [r] 13.6 nm and céoveenter distance [D] 34.3 nm).
Therefore the customonstructed cell fom-situ experiments clearly does not artificially add
to the data. Further-I profiles of films submerged ilquid water have two main, notable
feature changes. First, the position of the primary peak (g*) shifts towards lower values as
the swelling time increases indicating that
which is anticipated since watexpands the SBI phases. However, a more direct measure of
the hydrophilic domain swelling arises from tracking the first minimum,Xgn the
scattering profile that corresponds to the first minimum in the form factor. The form factor
model utilized preiously®® provides an estimation of theydrophilic sphere size based on
the relationship between,g and sphere radius=4.493/g,. In order to clearly monitor the
kinetics of the swelling process in TIR#ast films the sphere radiistracked as a fugtion
of swelling time, and is noted as increasragidly followed byhitting a plateawafter a short
period of timefor SBI-52 and SB39 films (Figure 8.4a). The differences between thé1l

SAXS features reside nearly entirely in the magnitude of theirgy and plateau sphere
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radius. The SBR6 film, on the other hand, shows almost no feature change®i®AXS
profiles upon exposure to liquiater. A more quantitative comparison between the film
swelling rates can be extracted by fitting the detag first order kinetics, which effectively
account for the timelependent swelling behavioFirst order kineticsemploy that the
capacity for the domains to swell (S) is dictated by d(S)idb= Integrating this relationship
with the swelling capacity himdary conditions S(t=0)s#r, and S(t)=p-r, where  and &
are the swollen and dry equilibrium sphere radii, respectively, yields:

r=r+(g-r)e (2)
where k the firsbrder rate constant. Clearly, the rate constant, k, is the only parameter that is
unknown and can be extracted from fitting ihesitu SAXS experimental data. The resulting
k-values (kaxs) indicate that TIPAcast SBI hydrogels swell merrapidly as DOS is
increased (Tabl8.1). The swelling rate trend extracted for nanoscale dimension changes via
SAXS can be further compared with macroscopic swelling through measurement of water
uptake at ambient temperature (Fig8ib). The first obserable difference between the two
sets of experiments is that the SH films, which showed no nanostructural change
according to SAXS, uptake a slight -3®@mmunt of
SBI-52 hydrogels uptake increasing quantitiesmater as DOS is increased, as anticipated
both conceptually and following SAXS data analysis. A quantitative rate comparison
between the two sets of experiments can be conducted through extracting the first order rate
constant from water uptake data. A Banexpression to that described above can be used,
however, WU(t=0) (i.e. WL) equals O resulting in the modified boundary conditions

WU(t=0)=WUs and WU(t)=WUp-WU, and slightly different equatiéh
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wuU=WU, (1-¢€&*" (3)
The first order rate anstants from the water uptake experimentgy)kcorroborate the
findings from SAXS experiments in that the rate of swelling monotonically increases with
the hydrogel DOS. It is surprising how close the nanoscopic (~10 nm) and macroscopic
experiments indendently produce rate constants similar in magnitude, aside from the
TIPA-cast SBi26 hydrogel, reflecting the direct nanoscale dependence on water
incorporation into the hydrophilic domains.

The swelling behavior of THEast SBI hydrogels can similarly lmharacterized using
in-situ 1-D SAXS profiles, but the dominant features are different and therefore require slight
variation in analysis. The dry film clearly
that all support the presence of hexagonpHigked cylinders. The peak ag* is also
expected to arise from lamellar morphologies. The peaks corresponding to coexisting
hexagonallypacked cylinders and lamellae are not surprising considering their presence in
TEM micrographs (Figur&.2b). Upon swelling, the transformationthie 2D profiles once
again reveal a shift of g* to lower values (Fig@#®) indicating that the morphology is
increasing in dimension (i.e. larger lamellae periodicity and céoteenter cylinder
spacing). Tracking the g* as a function of swellingdienables the domain spacing (D) to be
followed as a function of swelling time for each SBI hydrogel grade (Figi6eg. The data
at low immersion times follow first order kinetics similar to the TiBa#st analogs (Equation
2, with r replaced by D), butediate at 30 and 60 s for SBR and SBI39, respectively.
Referring back to the SE32 1-D profiles (Figure8.5), it is apparent that complications arise

as the structure factor peak at a3Qg0soappear
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swelling whle the 2g* peak disappears. This may suggest that the lamellar phase domains
are converting to hexagonalbacked cylinder domains, which is understandable considering
an increase in the fraction of the hydrophilic, S/sS block would lead to a morphblogica
transition of this sort. The rate constants associated with-th&AXS swelling kinetics can
still be extracted from the earlier times in the experiment. Thgskvalues (Table3.1)
suggest the opposite trend with increasing DOS than that noted Ré+CBist hydrogels.
Again, these results can be confirmed with water uptake measurements gag)revhich
have ky, values (Table8.1) in relatively good agreement with theaks parameters. In this
case, there is less absolute agreement between thdiffei@nt experiments, which likely
results due to the complications arising in SAXS profiles due to the described morphological
transition.

The contrasting trends between the swelling rate constant and DOS for theadPand
THF-cast SBI hydrogels mustcur due to the difference in the morphological characteristics
of the hydrophilic, S/sS domains. In TIRAst films, the hydrophilic copolymer segments
are refined to discrete spherical domains in a hydrophobic, surrounding matrix. Increasing
the DOS lads to larger spherical domains that become more interconnected, which provides
a less tortuous pathway for water diffusioff.Conversely, the THfast hydrogels have
continuous hydrophilic, S/sS domains for all DOS. The randomly oriented area for water
incorporation increases with DOS and therefore less directed uptake decreases the swelling
rate. The impact of this nanoscale structural difference can be further noted in the tensile
properties of the hydrogels. At all DOS values, the SBI hydrogels ebtaia THFcasting

have tensile modul i t h-casthydrogels (Riguf? Theevatsr t h an
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uptake difference between the films supports this finding, but cannot account for such a
marked decrease. The difference in SBI concentratiohirwithe hydrogel films, which
ranges from @ wt% for SBt39 and SBI52, is predicted to translate to <35% decrease in
modulus for these materials based on data from physically-limées organogeld’*® The
different hydrophilic/hydrophobic domain geetries must therefore explain the remaining
difference. Composite micromechanics thegr&sch as the Halpifisai equationgclearly

show that fillers with high aspect ratios contribute more to the overall modulus than those
which have aspect ratios appehing unity>® Applying these theories to the present systems
translates to a larger mechanical contribution from the soft, hydratedi&is®mains in the
planar lamellae and cylind@ncompassing matrix phases in FE&&St hydrogels than from

the sphegal phases in the TIRAast hydrogels, which accounts for the remaining reduction.

8.3.3. Hydrogel Temperature Dependence

An understanding of changes that occur in SBI hydrogels in the presence of water and
increased thermal energy are important for appbo in increased temperature
environments (e.g. fuel cell operation). The SBI films, at all DOS and from both casting
systems, have monotonically increasing water uptake as a function of temperature (Figure
8.8a). More specifically, the films all increasn their capacity to uptake water linearly to 50
°C at which point there is a transition to a second, higher sloped linear trend. b2 SBI
hydrogel films (both TIPA and THFcast) represent the most extreme case starting from
Aal140% water eampt akemm@méeér aatmbrie ri sing modestly

sharply increasing up to a1000% uptake at 70
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a possible thermal transition, likely the S/sS domain hydrated glass transition, in the films
around 50C.

Hydrogels exposed to conditions that plasticize their-8d5domains should maintain
different water uptake capacity following cooling, which is proven simply based on
reswelling water uptake experiments. The experiments consist of immersing filmgematva
increased temperatures for 24 h, drying them in a vacuum oven at ambient conditions, and
then reswelling at ambient temperature. While all of the films are immersed in identical
water for the reswell, they uptake increasing quantities of waterfascaon of the water
temperature in the initial soak (FiguBe8b). The THFcast SBI films continue to follow a
constant linear trend even above 50 °C whereas -Ed5Afilms display a significant break to
a much higher rate of change at 50 °C. The fibloasnot match their previous swelling
capacity (&100 &%, butglvo ackieve nuohr hign@rBvalues than at usual
ambient conditions (725% vs. 125% at ambient, again for52BI

Mechanical properties are exploited to further probe the thermaliticem Generally,
dynamic thermomechanical analysis would represent the best option to probe such behavior,
but shorter testing is necessary in order to maintain film hydration. -€#3A films
immersed in water at increasing temperatures were subjectethtively short tensile tests
at ambient conditions. The moduli of these hydrogels follow a similar, but decreasing, trend
relative to the temperature of the water used for swelling (Fi&9e9 wherein their rate of
change i s near40yC wheregal morg abbupt,econstanttratel of change occurs.
The qualitative structural changes present-id $AXS profiles lend a final nanostructure

description of the sempermanent changes that occur following the proposed hydrated
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thermal transition. kMdrogel films immersed in water at the temperature range of interest and
subsequently dried were analyzed to compare films in an identical state (dn39 $SiBhs
exposed to liquid water at 23 and 35 °C exhibit similar features to tbasagilm in the
intermediate gange (0.31.0 nm') wherein the form factor of spheridite S/sS domains is
expresset, though they become broader due deviation from regularity following swelling
and deswelling (Figure3.9b). Immersion in water at 45 °C and redryinigngficantly
broadens the intermediate g features, and even higher temperatures (55 and 65 °C) fully
eliminate the finer form factor characteristics. The disappearance of features suggests that
there is no longer any substantial ordering in the hydrotgekfiagain exemplifying the

considerable changes that occur in the range of the hydrated thermal trans+s0r ()0

8.4. Conclusions

Kinetic and thermal investigation of water incorporation into midblock sulfonated
pentablock ionomer films provides fammation vital to their application as hydrated
membranes, for example in water desalination and fuel cell membranes. The kinetic aspects
of water uptake provide the approximate start up time required for fully swollen hydrogels to
be achieved. Converselthermal findings can be used to define the temperature operating
range required to maintain desired water content and mechanical properties. The current
study first explored the kinetics of water uptake into SBI hydrogels using a combination of
nanoscaleand macroscopic techniques (SAXS and water uptake, respectively). The resulting
information enables conclusion that a direct relationship between hydrophilic domain size

and the quantity of water in the film can be quantitatively measured. Each individual
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phenomenon was characterized by fitting data to first order rate kinetics, and the resulting
rate constants were in close agreement across the two different techniques. Further, SBI films
prepared by TIPAcasting exhibited increasing rates of swelling wehas those from THF
casting had the opposite trend. This and tensile property differences between the two casting
systems were explained based on the different morphologies present in the two variations of
hydrogel films. Next, the impact of increasedrthal energy on the films in the swollen state

was probed using macroscopic water uptake and tensile properties, which came to the
unanimous conclusion that a hydrated glass transition of theri§fs8omains exists in the
vicinity of 40-50 °C. Additionaly, 1-D SAXS profiles showed that minimal nanostructural
change occurs following swelling and redrying below 40 °C whereas the same processing

above this temperature led to loss of all veldfined ordering.
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Figure 8.1. Front (a) and side (b) schematic views of the cudbaitt chamber forin-situ
SAXS experiments. The arrow in each indicates the sample location (orange film), the
dashed line and gray cone in (b) indicate the incident/transmitted and scatteagd, X

respectively.
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Figure 8.2. Micrographs collected for SE32 films cast from TIR (a) and THF (b), where
in light and dark regions are hydrophobie/HP-rich and hydrophilic, S/sch domains.
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Figure 8.3. 1-D SAXS profiles obtained for TIP&ast SBI52 films duringin-situ swelling

with liquid water. The profiles progress from (fop) to 37.18 s (bottom) exposure at
increments of 2.86 s. The red and blue arrows indicate the position of the primary peak (g*)
and first minimum (gin), which corresponds to the first minimum in the form factor,

respectively.
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Figure 8.4. The sphere radii extracted froimsitu 1-D SAXS profiles (a) and macroscopic
water uptake (b) as functions of TIRxast film immersion time in liquid water. The black,
blue, and red points are data that correspond to the three DOS grade SBIs empld3@d (26,
and 52, respectively) whereas the solid lines arednd¢r kinetics fits for each data set.
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Figure 8.5. 1-D SAXS profiles obtained for THEast SBI52 duringin-situ swelling with

liquid water. The profiles progress from 0 (top) to 37.18 s dbottexposure to water at
increments of 2.86 s. The red, blue, and green arrows indicate the position of the primary
peak (q*) and structure factor peaks at &a3q+*
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