ABSTRACT

KRISHNAN, ARJUN SITARAMAN. Multicomponent Solvated Triblock Copolymer
Network Systems: Fundamental Insights and Emerging Applicationsger the direction
of Dr. Richard J. Spontak).

Block copolymers have received significant research attemigrcent times due to
their ability to spontaneously sei§semble into a variety of nanostructures. Thermoplastic
elastomers composed of styrenic triblock copolymers are of great importance in
applications such as adhesives and vibration dampening dtieeito shape memory,
resilience and facile processing. The swelling of these polymers by adding midblock
selective solvents or oligomers provides an easy route by which to modify the morphology
and mechanical behavior of these systems. We first considernary blend of a
poly[styreneb-(ethyleneco-butylenejb-styrene] triblock copolymer (SEBS) and mixtures
of two midblock selective esolvents, with significantly different physical states. We use
dynamic rheology to study the viscoelastic response wida variety of systems under
oscillatory shear. Frequency spectra acquired at ambient temperature display viscoelastic
behavior that shifts in the frequency domain depending on Hseleent composition. For
each copolymer concentration, all the frequedata can be shifted by tirm@mposition
superpositioning (tCS) to yield a single mastarve. tCS fails at low frequencies due to

presence of endblock pullout, which is a fundamentally different relaxation process from

segmental relaxation of the midblo

As an emerging technology, we examine SEBSil gels as dielectric elastomers.
Dielectric elastomers constitute one class of electroactive polymers (EAPS), polymeric
materials that respond to an electric stimulus by changing their macroscopic dimgnsio

thereby converting electrical energy into mechanical work. We use standard configuration



of EAP devices involving stretching, or “prestraining,” the elastomer film biaxially. The
effect of experimental parameters such as film thickness and amoprestfain on the
(electro)mechanical properties of the material become apparent by recastibginsd
electroactuation data into compressive electromechanicaligtess curves. The ultimate
dielectric properties of the specimen are strongly cogeélaith specimen composition and

experimental conditions.

We shed light on the effect of biaxial prestrain on copolymer morphology. We use
smallangle Xray scattering (SAXS) to probe the nanostructure of SEBf gels by
systematically changing the camtration of polymer and the biaxial prestrain. Azimuthally
integrated intensity profiles are used to ascertain the extent of deformation of polystyrene
microdomains. The structure factor data correlates with prestrain, and is fitted using the
PercusYevick approximation for interacting spheres. While a hard sphere interaction
model is sufficient for unstrained gels, the additional attractive potentials observed in
stretched samples are indicative of soft coronal interactions due to interpenetration brought

aboutby strain.
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Figure 3.5.
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1.1. Introduction

Gels comprise an intermediate state of matter that is neither solid nor liquid. Generally
speaking, gels are at least binary systems that consist of a crosslinked network swollen by a
liquid, which constittes the major component of the system. Due to their inherently high
concentration of liquid, gels tend to be soft and possess the cohesive properties of a solid
but the diffusive properties of a liqutdAlthough they are largely liquid, gels behave
mechaically as solids because the dominant liquid species is entrapped in a sold three
dimensional network by capillary forces and adhesion. The underlying network responsible
for gel behavior is stabilized by crosslink sites, and gels may be classified basibeof
the nature of their crosslinks. In chemical gels, the crosslinks (i.e., thermally irreversible)
are permanent due to the formation of covalent bonds. Chemical gels are routinely
produced by either connecting individual polymer chains with a thiginer)functional
crosslinking agent or synthesizing macromolecular networks from small molecules in the
presence of a crosslinking agent with at least trifunctionalitymost cases, chemical gels
are examples of molecular gels, wherein crosslink saesot be experimentally delineated

from the remainder of the network.

Physical gels, the subject of this chapter, can be generated when microphase separation
or weak physical interactions (e.g., hydrogen bonding, ion complexation, van der Waals
forces,conformational changes amdr stacking) promote the formation of crosslinks and,
hence, contiguous networks. Because microphase separation is generally enthalpically

driven and the interactions involved in creating such crosslinks are on the order of kT



(where k denotes the Boltzma constant and T represents absolute temperature), formation

of crosslinks is usually thermoreversible, which means that physical gels frequently exist as
liquids at elevated temperatures and undergo reversible gelation upon cooling. One of the
bestknown examples of a physical gel involves the protein gelatin in water. Gelatin
molecules possess a random coil conformation at elevated temperatures, but spontaneously
adopt a triple helix conformation at 37°C, thereby crosslinking individual molecules and
forming a thermoreversible network that can be dissolved upon reheating abové 37°C.
Although gelatin provides an excellent example of a system known to form a physical gel
in water, we only consider physical gels tdatvelopin organic solvents (to yielslo-called
"organogels"). Moreover, we focus specifically on systems capable of generating discrete

nanoscale crosslink sites that can be experimentally interrogated.

While physical gels are often, and sometimes mistakenly, identified on the basis of a
liquid-rich system undergoing solidification (at temperatures well above the fusion
temperature of the liquid) upon cooling, a more scientifically rigorous, quantitative
definition of a gel remains a matter of disciplsgecific debate. One of the most wigdel
accepted definitions of a gel derives from its response to dynamic mechanical deformation
and is thus of rheological origin. In dynamic rheology, a relatively soft specimen, such as a
physical gel, is subjected to oscillatory shear deformation betweemtal plates. The
magnitude and frequency of deformation can be independently adjusted and used in concert
to probe structure existing within the specimen. Measurements are normally expressed in

terms of the dynamic storage modulus (G') and the dynawsi rnodulus (G"), which



correspond to the iphase and otf-phase components, respectively, of the response of
the specimen to oscillatory deformatidt the specific case of classifying systems as gels,

Kramer and coworkefsecommend the following griirements:
(1) No experimentally discernible equilibrium modulus,
(2) A storage modulus that exhibits a prominent frequendgpendent plateau,

(3) Frequency spectra wherein the G' plateau extends to time scales (i.e., reciprocal

frequencies) on the order of secondsnore, and

(4) Values of G" that are lower than those of G' by an experimentally significant

difference (usually taken as one order of magnitude) over all frequencies.

Most physical gels relax at very low frequencies, eventually causing reductions iG'both
and G", and so the applicability of the definition offered above depends on the experimental
time scale. In addition, some physical gels "ripen” (i.e., the extent and stability of their
network improves) over time under quiescent conditions, and sicienfftime must be

permitted for such gel networks to mature fully.

This chapter is divided into two sections on the basis of the type of nanostructured
network that spontaneously develops in an organic solvent due to molecukssssifbly.
While homopdymer molecules can undergo a variety of conformational transitions, such as
helix formation (e.g., a mixture of syndiotactic and isotactic poly(methyl methacrylate),
PMMA, in a variety of solvenfsor atactic polystyrene, PS, in carbon disuffjder

crydallization, in organic solvents, such systems are not considered further due to the lack



of a clearly identifiable networkorming nanostructure. For this reason, we likewise
exclude liquid crystalline polymer solutions that can form gels due to inteculaie
association between mesogenic groups along the backbone or in sid€ thstizasd, in the

first section, we focus on macromolecular systems composed of chemically heterogeneous
chains (e.g., block copolymers) that microphssparate to form seissembled micellar
networks (SAMINs). The second section addresses physical organogels generated when
low-molarmass organic gelators (LMOGs) undergo specific interactions in organic

solvents and organize into selésembled fibrillar networks (SAFINS).

1.2 Block Copolymer Gels

Block copolymers are macromolecules composed of long contiguous sequences
("blocks") of chemically distinct repeating units that are covalently linked together. If the
blocks are suftiiently incompatible, they can microphassparte into a rich variety of
periodic nanostructures, including spheres on a bgoly face) centered cubic lattice,
cylinders on a hexagonal lattice, bicontinuous channels exhiblt/@l symmetry (the
"gyroid") or alternating lamella®: * Microphase separation results from the competition
between enthalpicaligriven block stretching to reduce repulsive contacts and entropically
driven block elasticity to minimize chain deformation, and the resultant morphology is
generally dictated bychain packing along the interface that divides the chemically
dissimilar microdomains. In many, but not all, cases, interfacial chain packing relates to
molecular composition, expressed in terms of the number fraction (f) of one of the blocks.

As stated atwe, block copolymers microphaseparate if they are suffently



incompatible, where thermodynamic incompatibility is given by the coupled parayh&ter
wherey is the temperaturdependent FlonHuggins interaction parameter and N is the
number of repat units along the copolymer backbdhds illustrated in Figure 1.1 for an

AB diblock copolymer composed of A and B repeat ufiitm increase igN for a given £

tends to favor microphas®dering foryN > (xN)opr, where ODT denotes the order
disordertransition. Similar behavior is observed for block copolymers possessing different
molecular architectures. The architecture of primary interest here is the linear ABA triblock
design. Unlike their simple AB analogs, ABA copolymer molecules are capafdarohg
supramolecular networks by depositing their A endblocks in different microdomains. More
specifically, the ABA copolymers discussed hereafter possess glassy (PS or PMMA)
endblocks at ambient temperature so that the A microdomains effectivelyasgoigsical

crosslinks upon gel formation.
1.2.1. Concentration Effects

When an ABA triblock copolymer is dissolved in asBlective organic solvent (i.e., the
solvent is more compatible with, and thus preferentially swells, the B block), the A
endblocks an, under propitious conditions, sasemble to form microdomains that
measure on the size scale of the endblé&sDepending on factors such as the copolymer
composition (f), copolymer chain length (N) and copolymer concentration in the solvent
(wsc), the microdomains will adopt a thermodynamicd#lyored morphology at a given

temperature (where T varies inversely wyth In this work, only solvated ABA systems



composed of discrete micelles (SAMINS) with glassyiidh cores are considered further
At the critical micelle concentration (cmc), flowdte micelles first develop by a closed
association mechanism characterized by dynamic equilibrium between unimers (u) and

micelles (m) such that
nM (u) ¢ s M (m)

where M denotes mass and rthe molecular association number of the micelle. In the case
of a flowerlike micelle, both A endblocks of each copolymer moleculgeside in the
same micelle so that the molecule forms a loop, or one endblock remains in the
incompatible matrix to yielé dangling end. Although thermodynamically unfavorable, the

effect of dangling ends on the phase behavior and ordering of molecularly asymmetric
A1BA; triblock copolymers possessing A endblocks that differ in Iengt}sgl(;t NAz) has

been systmatically investigated in copolymer melts. In solvated systems consisting of
molecularly symmetric ABA copolymers, dangling ends may become energetically
preferable due to the entropic penalty.dff associated with midblock looping in the

micellar corma, which can be written %s

Foop :%kTIn(nXNB) (1.1)

At copolymer concentrations beyond the cmc, all copolymer chains added to a solution
form micelles™® The solvent molecules serve to increase the effective volume fraction of

the copolymer midbldcin the phase diagram and concurrently decrease théd e ct i v e

G



screening repulsive 8 contacts’ Micellization is generally favored when the endblock
size is large, and corresponding values of n may be high. Conversely, when the copolymer
midblock is large, dangling ends are favored due to the mgiopmy of loop formation,

which leads to smaller association numi3&r&onflicting trends of micelle association
number and size with regard to block copolymer size and chemistry reported in independent

studies®

can be attributed to different solvdribck interactions causing one of the
blocks to become dominant. If the concentration of triblock copolymer is increased further,
the number and size of micelles both increase, resulting in a lower intermicellar Spacing.
Due to their respective free egg penalties, loops and dangling ends eventually form
bridges wherein the endblocks locate in different micelles (cf. Figure 1.2), thereby
generating a thredimensional network stabilized by glassy micelles (SAMINsS). The
concentration at which a percadt SAMIN first develops is termed the critical gelation
concentration (cgc), and the cgc is often significantly higher than the cmc under isothermal
conditions. In the specific case of an ABA copolymer having glassy A endblocks and a
rubbery B midblock, ta neat copolymer is widely referred to as a thermoplastic elastomer
(TPE) and the physicaHgrosslinked, thermoreversible gel formed upon midbleelective
solvation has been previously terrfied thermoplastic elastomer gel (TPEG). Although

TPEGs exhilii substantially lower moduli than their TPE precursors, they tend to display

remarkable elasticity, as evidenced by elongations to break in excess of 2000% strain.

The effect of copolymer concentration on molecular conformation and, hence, midblock

bridging and network formation is elucidated by the frequengyspectrum obtained from



dynamic rheology. Below the cgc, the copolymer solutions exhibits terminal responses that
are characteristic of a liquid: G'v” and G" ~o. At the solgel transition, howver, G' ~

G" ~ o™ according to the Winter and Chambon critefdrExperimental values of m
commonly range from 0.4 to 0?*?whereas percolation models predict values of m between
0.65 and 0.75! If the gel is sekisimilar, the Kramerronig relationsip can be invoked to

yield tars = G"(0)/G'(e) = t a*hAt oopdlythér concentrations above the cgc, G'
ultimately becomes independentwfas required in the definition of a gel and evidenced in
Figure 1.3. The plateau modulug (Bcreases with increasing copolymer concentration (c)
as Gy ~ ¢". At low c (c > cgc), the intermicellar distance of SAMINSs is sufficiently large so
that the micellar coronas remain unentangled and the modulus only incorporates
contributions from bridged midblocks that behave as elastic springs in the unentangled
chain Rouse) limit® with o = 1. The corresponding plateau modulus depends on molecular
weight Mg of the bridge and is given By

Rouse RTC

G -
0 Mg

(1.2)

At higher c, the midblock loops become entangled atideoretically increases to 2.25 in
the presence of a good-dlectve solvent’ While several studiéd 3 32 have
experimentally demonstrated thatcan be close to this theoretical value, otffefé have
reported values ofi between 3 and 4 for copolymer concentrations just above cgc. This

variation is attributedat the presence of a large number of clusters (or flocs) not physically

10



attached to the network at the gel point. Roos and Crdawe derived an expression for

the plateau modulus in this entangled regime by first considering the neat ABA triblock
copolymer, which can be envisaged as an elastomer filled with hard spheres. If ¢
represents the concentration of endblock microdomains ("hard spheres"), then, according to

Guth*
G, = /Twﬂ (1+25c, +14.1c,%) (13)

wherep is the midblock density and Ms the molecular weight between entanglements.
The plateau modulus of the gel is consequently obtained by considering the copolymer in a

B-selective solvent so that

Go(gel) _ ¢2.2560(nea') (14)

where. is the volume fractin of copolymer. More elaborate frameworks such as the Slip
Tube Network (STN) model proposed by Rubinstein and Panykovdepict polymer
networks subject to uniaxial tensile deformation provide a more physically realistic
representation of block copaher gels, and its applicability to such nanostructured gels
varying in concentration and molecular weight has been recently estabfistsediscussed

in Section 2.4.

K o R &tkal® *° have confirmed the presence of block copolymer clusters in the
vicinity of cgc by probing the dynamics of a styrenic triblock copolymer in a midblock

selective solventntheptane) with dynamic light scattering. Different dynamic modes ar

11



observed in the relaxation time distributionsg)A(cf. Figure 1.4), depending on whether

the solution resides in the dilute or sedilute regimes, which are separated by the overlap
concentration (9. The overlap concentration is defined as BMNARQ3), where the
gyration radius scales as’Mith 0.5 < v < 0.6 for good solvents. At ¢ < the correlation
function is a simple exponential decay that indicates a single diffusive dynamic mode. This
single mode at low copolymer concentrations is attedub the translation diffusion of
flower-like micelles. However, as-sc, the correlation function becomes the sum of
several simple exponentials (corresponding to flelker micelles) and a slower stretched
exponential. These dynacsi reveal that, close to the overlap concentration, individual
micelles, as well as polydisperse clusters of connected micelles, undergo translational
diffusion, with the diffusion mode of the clusters being slower than that of the micelles. At
c > c, three different dynamic modes are identified. The slow and fast modes appear
diffusive in nature, while the middle dynamic mode is a relaxation mode at low
temperatures but a diffusive mode at temperatures above 40°C. The authors have
hypothesized that for fficiently high copolymer concentrations, a gel network forms, and
the fast mode reflects the collective diffusion of networked micelles. The middle mode
arises due to the relaxation of nodes comprising the network. When the temperature is
increased, theatwork starts to break down as a consequence of endblock pullout, in which
case the middle dynamic mode becomes diffusive. Although the slowest diffusive mode has
been previously observ&dand is presumed to correspond to the presence ofdaaje

hetepgeneities (impurities), its origin nonetheless requires further investigation.

12



Watanab®: ** has developed a dielectric technique to experimentally ascertain the
fraction of midblock loops .(.) in a triblock copolymer melt or solution. Dielectric
propertes are dependent on the polarizatiBhd¢f the system under investigation, which, in
turn, depends on the arrangement of the dipoles pre€empolyisoprene molecules
posses-a0ftdypel es, in which case their di po
backbone andP is proportional to the chain exid-end vector. Thus, in a poly(styrebe
isopreneb-styrene) (SIS) triblock copolymer system, dielectric measurements provide
information regarding the relative movement of chain ends. Since the domain besinda
are immobilized in a quiescent state at ambient temperature, SIS is dielectricall ihert.
dipole inversion is introduced at the center of the midbldetks proportional to the
difference between the eid-center vectors. This type of triblocklbreviated as SIIS) is
dielectrically active even under quiescent conditions. Quantitative comparison of the
dielectric behavior of SIIS triblock and matched SI diblock copolymers yfesdsimple
expression for the fraction of looped midblocks)( For a triblock copolymer dissolved in
n-tetradecane, | is found to decrease from 0.8 to 0.6 as the copolymer concentration is
increased from 20 to 50 wt%. The contributions to the overall modulus made by midblock
loops, due to osmotic effects of nmotattice formation, and midblock bridges, due to
physical crosslinks, measure on the same order of magnitude, with that due to midblock

bridges being larger by a factor of32.

A block-selective solvent can induce morphological transitions in block cows/

because it serves to increase the effective volume fraction of the compatible block and
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reduce the effectivg of the system by screening repulsiveBAmonomer contacts. Thus,

gels initially possessing a lamellar nanostructure transform into gels midellar
nanostructures (cylindrical or spherical) by increasing the solvent frd¢tRepresentative
transmission electron microscopy (TEM) images illustrating this morphological progression
are provided in Figure 1.5, in which a microphasearated IS triblock copolymer
swollen to different extents in mineral oil exhibits lamellar (Figure 1.5a), cylindrical
(Figure 1.5b) and spherical (Figure 1.5¢) morphologies. In these figures, the unsaturated
isoprenic midblocks are selectively stained and apgdegk. In Figure 1.5c¢, the coronas
around the periphery of the micelles are delineated. It is important to recognize that
nanoscale strands between and connecting neighboring micelles are evident in this image
(and not in images wherein the styrenic endkdoare stained), which suggests that some
bundles of bridged midblocks are sufficiently correlated that they become detectable upon
staining. Morphological transitions in solvated triblock copolymer systems can be
accompanied by abrupt changes in mechampoaperties, such as the plateau or tensile
moduli** and are readily identified by smalhgle scattering patterns such as those shown

in Figure 1.6 due to signature peak ratios corresponding to various ordered morpHdlogies.
While relatively few studig have systematically addressed the phase behavior of triblock
copolymers in the presence of an organic solvent, Lodge ambi@rs® have broadly
scrutinized the effects of solvent concentration and selectivity on the phase behavior of

diblock copolymes.
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It is appropriate at this juncture to mention that several répoffsn the literature
describe diblock copolymer gels. Diblock copolymer molecules swollen in a selective
solvent can selbrganize into the same morphologies observed for solvatbbbcki
copolymers, but there remains an important moledelsl difference. In a micellar
morphology, for the sake of illustration, diblock copolymer molecules can only adopt a tail
topology wherein the solveimicompatible block forms the micellar coradathe solvent
compatible block accounts for the solvamtollen corona. Intermicellar bridging is not
possible. At low copolymer concentrations, such systems behave as suspensions of soft
particles. As the copolymer concentration is increased, the nsicetlier on a cubic lattice,

a process that has been refetfad as microlattice structuring. Watanabe and Kotaka
have studied the microlattice formation of Sl diblock copolymers-ietradecane, an |
selective solvent. In moderately concentrated 8swlgf overlapping coronas assume
random conformations to maximize the conformational entropy, but are forced to maintain
a uniform concentration distribution to minimize the free energy. A compromise yields
mutually correlated microdomains with overlappifand thus entangled) coronal blocks.
When a small strain is applied, the local variation in concentration promotes an osmotic
pressure gradient, which, in turn, generates a restoring force. Micellar solutions of diblock
copolymers at moderate or high centrations are elastic below a "yield" point. These
systems, although géke at low strains, are not strictly considered organogels, since they
undergo relaxation at ambient temperature. The presence of bridges in triblock copolymer

organogels serve tongrease relaxation times, so that at sufficiently high copolymer
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concentrations (¢ > cgc) and molecular weights, the copolymer network never relaxes at
ambient temperature, which explains why G' is independent of frequency in rheological
tests. Because dhe copolymer network, SAMINs derived from triblock copolymers can
undergo large strains and subsequently snap back to their original shape, indicating that

they possess shape memory.

1.2.2. Temperature Effects

At ambient temperature, a TPEG behaves aslastic solid with relatively little
hysteresis (i.e., nerecoverable, or permanent, strain) induced upon cycling. When the
temperature is raised above thg af the endblocks, the netwestabilizing crosslinks
soften, and the gel transforms to a vidastc liquid with a distinct yield stress due to pull
out of endblocks from their microdomains upon deformation. According to dynamic
rheological analysis, the glass transition is manifested by a small decrease in the storage
modulus (G') and a broad maxim in the loss modulus (G*.One must be careful,
however, not to confuse the endblock glass transition with other copolymer transitions, such
as ordetorder transitions (OOTSs), corresponding to morphological transformations, and the
orderdisorder trasition (ODT), sometimes termed the lattdisordering transition. In the
latter case, longange (lattice) order is replaced by shamge (liquidlike) order, and G' is
observed to drop precipitously. This progresismschematically illustrated inigure 1.7,

in which cmT denotes the critical micelle temperature (i.e., the temperature at which
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micelles spontaneously form at constant concentration). Structural transitions such as OOTs
and the ODT lie between the cmT and the endblochtust be reagnized that all these
transition temperatures depend on factors such as endblock size and esdhenk

compatibility at elevated temperatur@s.

The dynamics of micelles in block copolymer gels have attracted considerable attention.
In smaltmolecule (i.e., surfactanbased) micellar systems, micelle exchange is a-well
documented phenomendh.As alluded to above, under favorable conditions, block
copolymer organogels can exhibit similar behavior. Watanabe ando@rs>? for
instance, have investted network disruption and recovery of poly(butadibistyreneb-
butadiene) (BSB) triblock copolymers in dibutyl phthalate, aselgctive solvent, using
dielectric spectroscopy. Unlike conventional TPEGs with endblocks that form glassy
crosslinks, gelscomposed of BSB copolymer molecules consist of soft, deformable
crosslinks that can experience chain pullout. When a large stress is appdisiant
temperature (T >> jlof the endblocks)flow is restricted to prexisting lattice defects.
During sheg bridges across the defect plane convert to loops, which has likewise been
observed in triblock copolymer melts. This change in chain conformation generates a
force that causes the micelles to migrate away from the defect plane. Some loops produced
in this fashion transiently mix with the matrix, thereby forming dangling ends. Full
recovery of the network upon cessation of shear is achieved when the thermodynamically

unequilibrated dangling ends reform into bridges. Thus, the time for recovery istiarfunc
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of the thermodynamic stability of the dangling end, which is a shdapendent

relationship.

Another aspect of organogel dynamics that warrants close examination pertains to the
kinetics of ordering and disordering at temperatures in close proxionitye ODT. Bansil
et al®* have employed timeesolved smallngle xray scattering (SAXS) to probe the
kinetics associated with the nanostructural (dis)ordering of organogels containing 20 wt%
poly[styreneb-(ethyleneco-butylene)b-styrene] (SEBS) trilock copolymer. In this case,
the kinetics of ordering upon cooling are found to be much slower (on the order of hours)
than those of disordering upon heating (on the order of seconds). Upon slow cooling ramps,
the effective volume fraction of hard spheck=duced from the Perci¥&vick scattering
modef® initially increases to a maximum of ~0.52 (indicating an increase in order) near the
ODT and then decreases slowly. At lower temperatures, Bragg peaks become discernible
and increase in intensity, indicag) that the system has ordered into a boelytereecubic
(bce) lattice. This change is accompanied by a small and abrupt reduction in micelle size.
The ordering transition has also been studied by performing a thermal quench from 140°C
(at which the geld completely disordered) to a temperature belgwr,Tbut above §. Two
distinguishable stages are evident from the results, shown in Figure 1.8. During an
induction period (~1000 s or more after quenching), no change in the maximum SAXS
intensity is evidat, initially due tothermalequilibration and then to micelle supercooling.
Analysis of the scattering curves by the Per¢esick modet® indicates that the hard

sphere volume fraction increases to ~0.53, which precedes the appearance of scattering
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reflections. Nucleation and growth of the ordered nanostructure occur during the second
stage of nanostructural ordering and account for an increase in scattering intensity at Bragg
peak positions. The duration of the induction time depends on the depth thietheal
quench, exhibiting a minimum at an intermediate temperature betwggraid Ty. This
observation suggests that a competition exists between the driving force for ordering, which

increases at deeper quenches, and chain mobility, which is reducegtemperatures.

As alluded to earlier, block copolymer gels subjected to a thermal ramp can, under
favorable conditions, also transform from one morphology to another at an OOT
temperature. In this case, the initial morphology is either cylindricédroellar. Starting
with a gel composed of a SEBS triblock copolymer swollen with a midkdetdctive
solvent and exhibiting the cylindrical morphology, Li et>alhave examined the
transformation kinetics from hexagonapcked cylinders to bcc sphereg performing
temperaturgump SAXS. Knowing the OOT and ODT temperatures (127 and 180°C,
respectively) from complementary rheological and SAXS measurements, temperature
jumps between the OOT and ODT could be used to follow the mechanism of
cylinder—sphere transformation. For temperatures up to ~145°C, this structural evolution
proceeds by a threstage nucleation and growth process. In the first (incubation) stage, the
cylinders retain their shape, but a shift in the principal saadtgreak indicates a reduction
in the distance between cylinders. A critical number of cylinders rupture into modulated
spheres during the second stage. These regions serve as nucleation sites to promote further

rupture of cylinders and modulation of wegaldorrelated spheres in an outgoing ripple.
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Lastly, the spheres order on a bcc lattice so that the (100) plane of the hexagonal cylinders
becomes the (110) plane of the bcc spheres and the cylinder axis evolves into the <111>
direction of the bcc spheress illustrated in Figure 1.9. At temperatures beyond 150°C, the
first two stages coincide, and the mechanism commences via spinodal decomposition in
which the cylinders transform directly into disordered spheres by correlated ripples. Above
the ODT, the tmperature jump permits formation of transient bcc spheres prior to
disordering. Qualitatively similar results have been repdttéat the transition from
lamellae to cylinders in a triblock copolymer gel consisting of an endiselective
solvent. Althogh no studies to date have examined the kinetics of OOTs in block
copolymer gels upon cooling, corresponding efforts performed experiméhtaiiyl
theoreticall}® on solventfree copolymers likewise reveal that the spheoglinder
transformation occurs by a nucleation and growth process, the details of which are sensitive

to the depth of the thermal quench used to promote the transition.

1.2.3. Microdomain Alignment

Microdomains that form by molecular selfganization in a block cabymer
organogel such as a TPEG frequently appear deformed due to interfacial packing frustration
that occurs during rapid solvent evaporation or thermal quenching. In either case, specimen
processing can promote metastable conformations that become -iimozerce the

endblocks undergo vitrification. It immediately follows, then, that increasing the
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temperature of such gels above the endblogksfiould give the endblocks ample
opportunity to relax and redistribute, and the nanostructure time to equiliQuegaching

of such ordered gels to temperatures below the endblgcéhduld again lockn the
morphology, even though it is naguilibrium at the lower temperature. Independent
efforts®*®" ®? have explored the effect of annealing on the morphologidspesperties of
organogels composed of SEBS copolymers. Laurer & hhve directly observed
moderately improved lorgange order in annealed gels by TEM, whereas Soenefi'e¥al.
have reported an increase in the number of peaks in SAXS patterrls opge annealing.
Although annealing in the melt can enhance the nanostructural order of block copolymer
organogels, it remains unclear that ldgilge annealing serves to either improve their

mechanical properties or alter their phase behavior.

Similar gructural results (cf. Figure 1.10) have been purported by Kleppingefet“al.
who have also demonstrated that SAXS patterns acquired from gels, annealed or otherwise,
retain a broad structure factor maximum at high temperatures, indicating that knetwor
clusters remain. For gels possessing intermicellar distances such that the midblocks behave
as statistical coils, an abrupt transformation to the bcc morphology proceeds upon annealing
in the melt®™ ®® This morphology is preserved even after coolintpweT,. For gels with
higher copolymer concentrations and compressed midblocks, the bcc morphology
eventually forms upon longer annealing times. In this case, a temperature increase promotes
an increase in midblock gyration radius, thus improving oriemtati order. At lower

temperatures, this morphology is requilibrium, which may result in lattice distortion due
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to frustration of closepacked spheres. An alternative route to improved microdomain
orientation in block copolymer gels involves shimfucel disordering and reorderifig.

After the gel is preannealed to form a bcc morphology, large amplitude oscillatory shear is
applied to disrupt the nanostructure. Upon reordering, the gel exhibits a highly ordered,
singlecrystal, twinned bcc morphologygdicted in Figure 1.11. Thus, a combination of
thermal and shear treatment can be used to achieve-smygtal order in block copolymer

gels. Surveying a range of strain amplitudes and frequencies, Mortensef éiaed
developed a morphology diagraef.(Figure 1.12) that evinces the conditions under which
block copolymer gels can be highly oriented. Orientation refinement is found to occur only
in the frequency range where G" & G', and

planes to form.

1.24. Tensile Deformation

Reynaers and eworker$® have subjected disordered SEBS and poly[stytene
(ethyleneco-propylenejb-styrene] (SEPS) gels to moderate uniaxial strains (up to 100%)
and elucidated the resultant nanostructure by samgjle neutron cattering (SANS), as
illustrated in Figure 1.13. Affine deformation of the supramolecular network is observed
only at high copolymer concentrations, which favor entanglement of the copolymer
midblocks. According to Prasman and ThorffaBpisson's ratio misemain constant to

achieve affine deformation. At lower copolymer fractions, stretching in one direction up to
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100% strain promotes the formation of distinct diffraction spots along the strain direction
(Figure 1.13a) and wedlefined layers of orderedioelles normal to the strain direction
(Figure 1.13b). At higher strains (up to 1000%), however, the corresponding SANS patterns
appear markedly differefil. Between 200 and 400% strain, the patterns become more
diffuse, clearly indicating distortion of ¢hregular layers formed at lower strains. Above
400% strain, no structural changes are detectable at the length scales probed by SANS. This
observation has been interpreted to mean thahé strained network consists of large,
discrete clusters simildo those that develop at the gl transition upon initial network
formation andi{) these clusters vary in the extent of their connectivity. Cluster boundaries,
for instance, possess fewer crosslink sites than the clusters themselves and are thus more
deformable than the clusters, which saturate and produce no further structural changes at
high strains. Krishndh has employed SAXS to examine the response of SEBS gels to
biaxial tensile deformation up to 300%300% strain and has found, using the Percu
Yevick scattering modé& incorporating a squasghoulder potential, that micelles remain,

for the most part, spherical and that the micellar coronas increasingly overlap with
escalating strain. Kleppinger et’alhave likewise investigated the conditibresponsible

for affine behavior when SEBS gels are subjected to uniaxial strain. Affine behavior is
observed in unannealed SEBS gels at high extension rates, whikfimenbehavior is
dominant at low extension rates. If, however, a gel isapreeald so that the micellar
nanostructure exhibits loagnge order prior to deformation, then affine behavior is

realized even at low extension rates.
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Uniaxial tensile deformation of triblock copolymer gels deviates from the predictions of
classical rubber abticity* and is therefore often described in terms of the ssmpirical

MooneyRivlin model™ ®

initially developed for chemically crosslinked elastomers. A
more recent attempt to relate the bulk physical behavior of triblock copolymer gels to their
underlying nanoscopic network is the STN md8iitroduced in Section 2.1. In this model,

the measured nominal (or engineering) stress (s) is given by

G, 1
(/I)Ii /12) f(4,0) (15)

O':[GC+
g

where G and G denote the contributions of permanent cdosss and tranent
entanglements, respectively, to G. Herg(4) = 0.74A+0.611"2-0.35, where A
represents the extension ratio, d@d®) depends on the concentration of hard filkgr d

e.g., glassy micelles, governed by the composition of thelgmerd and the copolymer
volume fraction @). Shankar et &' have demonstrated that this model can provide

valuable insight into molecular factors, such as the copolymer chain length (N), that

influence gel network formation and properties.
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1.2.5. Néwork Modifiers
1.2.5.1. Inorganic Nanofillers

Due to a growing interest in hybrid organic/inorganic nanocompd<itssyeral
studied® "®® have recently addressed the effects of inorganic nanoscale fillers on
morphology and property development in diocopolymer gels. Electron microscopy
images of gels modified with colloidal silica nanoparticles and a sunfeckfied
organoclay are provided in Figures 14 and 15 and indicate the extent to which the additives
disperse, which is of paramount importanegth regard to controllable property
development. Mechanical properties are generally found to improve when suddded

§° "®and organoclayg are incorporated into the gel matrix. Attempts to use carbon

silica
nanotube® have yielded less imprése results due to challenges associated with sufficient
dispersion. An enhanced modulus is achieved when the additive is more compatible with
the matrix (solvent and midblock), as this renders improved dispersion and, consequently,
more efficient stressbsorption from the soft phad&Properties are observédo generally
improve with increasing nanofiller content, even at surprisingly high (60 wt%) loading
levels. Addition of nanoparticles may also expand the mechanical performance and stability
of block copolymer organogels at high temperatures, especially) ithé attractive
interactions between the nanoparticles and matrix are particularly &¥ramg(i) the

nanoparticles themselves form a secondary,-lmsating network that remains thermally

stable’®
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1.2.5.2. Polymeric Modifiers

Endblockselective homopolymer

In the previous section, addition of inorganic nanofillers to a block copolymer gel
results in a hybrid material wherein the nanofillers are highly dispersed to yield nearly
discrete namgcale particulates with an ultrahigh surfacevolume ratio. For this reason
and to avoid macroscopic phase separation between the nanofillers and the gel, only very
low nanofiller concentrations can be considered. Addition of an endbklektive
homopdymer to a block copolymer gel can likewise result in several different scenarios,
depending on factors such as endblock compatibility, molecular weight disparity and
homopolymer concentratidii. If the homopolymer is chemically identical (hA) to the
endbbcks of an ABA triblock copolymer, then only the molecular weight dispagity (
Nha/Na) and hA concentration constitute key design parameters. As in sigeritlock
copolymers, ifa is large (> 1), the hA molecules will not be physically accommodated
within the brush comprising the-Ach microdomains. In this case, the brushsaid to
remain dry due to the lack of penetration of homopolymer molectieEhis entropic
penalty favors macrophase separation between the copolymer and homopolymer molecules
even at relatively low hA concentrations. In this limit,-hiéh domains measing on the
order of micrometers or larger coexist with the gel network, and the accompanying
mechanical properties are largely dictated by the separating interface. Incorporation of

semicrystalline syndiotactic polystyrene (sPS) to a SEBS gel, for ezanmasults in the
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formation of discrete sPS crystals, which appear as filaments and sheets (cf. Figure 1.16)
that greatly improve the modulus due to adhesion between the crystals and the styrenic

micelles®®

As o becomes smaller, however, due to a redaciio N,a or an increase in A the
smaller hA molecules can locate within theriégh microdomains angvet the compatible
block brush. In this limit, added hA can serve to facilitate, or even induce, copolymer
micellization because of the corresponding @ase in the population of unfavorableBA
contactd’ and it can likewise promote a change in interfacial curvature and, hence, gel
morphology?® ® Mechanical properties are foulido generally improve with increasing
hA fraction up to a moleculaweight-dependent level beyond which macrophase separation
occurs. One way to lessen the propensity for macrophase separation and ensure
encapsulation of a homopolymer within the endblack microdomains responsible for
stabilizing the gel network is to increathe homopolymer/endblock compatibility. In the
case of gels composed of styrenic triblock copolymers (i.e., copolymers with PS
endblocks), poly(24limethyt1,4-phenylene oxide) (PPO) constitutes an ideal candidate in
this regard, sincg between these two polymers is negative over all compositions and a
large temperature rangéMoreover, since PPO possesses a relatively highr 210°C), it
may be added to improve the service temperature of styrenic SA¥IMtEs increase has
been reprted” to be as high as ~30°C upon addition of 3 wt% PPO to a SEBS gel. At
higher loading levels, mechanical properties improve substantially and morphological

transitions can be expect&d.
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Co-surfactant

Although a variety of midblociselective homopolyers can be blended into block
copolymer gels (e.g., polyolefins such as polypropyteadded to gels with a primarily
aliphatic solvent) to modify process or application properties, such modification normally
results in the formation of macrophaseparted systems consisting of homopolyraneh
and gelrich domains that are discrete or -@antinuous, depending on relative
concentrations. For this reason, such multicomponent systems are not considered further
here. Another means by which to alter gel grbips at the molecular level involves the
addition of an AB diblock copolymer as a-sorfactant to the ABA triblock copolymer
network. In this scenario, the AB molecules, if sufficiently incompatible, are forced to co
reside with their ABA analogs, resimg in submicrodomain stratificatioi> Due to the
presence of AB molecules, the ABA molecules are entropically forced to form bridges
(rather than reenter to form loops) due to coronal volume exclusion, in which case addition
of an AB copolymer in smhbuantities can improve mechanical properties even when ¢ <
cgc for the parent ABA solution (cf. Figure 1.£%)%” Complementary SAXS studies
performed by Vega et &l.reveal that the presence of an AB copolymer could help prevent
macrophase separatidoe to a reduction in intermicellar distance, and could, in general, be

used to tune to the phase behavior of the system (cf. Figure 1.18).
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1.2.6. Nonequilibrium Mesogels

Thermoplastic elastomer gels are normally prepared by mixing a triblock copolymer
and a lowvolatility solvent, along with or without a carrier solvent (to reduce viscosity
during mixing and evaporate thereafter), at elevated temperatures and then cooling the
solution below the endblockyTo induce glassy crosslinks that serve to stabithe gel
network. An alternative approach to preparing gels from the same copolymer and solvent
pair is by introducing solvent directly into the ordered copolymer by diffusion at
temperatures below the endblock Bince the solverihcompatible endbldes and, hence,
their microdomains are glassy, they do not dissolve as the midblocks swell. Midblock
swellability depends on both the solubility of the solvent in the midblock and the extent to
which the midblocks stretch (which is entropically unfavorglds)schematically depicted
in Figure 1.19. Gels produced in this fashion from an ordered copolymer have been
referred® to as "mesogels" because they retain the characteristics of the neat copolymer
mesophase since fabrication occurs underewprilibrium conditions. King et ai® have
observed that on progressive swelling, such gels derived from a copolymer possessing the
lamellar morphology retain highly swollen lamellae, as evidenced by the TEM image
displayed in Figure 1.20, even at solvent concewoinatthat would have otherwise induced
morphological transformations. Li et &P have expanded earlier theoretical effSit" 12
designed to model mesogels in terms of swollen brushes by simulating the equilibrium
swelling volume fraction as a fumeh of morphology, bridge fraction and midbleck

solvent interaction parameter. It is interesting to note that the extension and compression
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behavior of lamellar mesogels are predittédo be dissimilar. During extension, chain
elasticity dominates, whese osmotic pressure governs compression. In general, though,
mesogels tend to exhibit improved mechanical properties (expressed in terms of Mpdulus

relative to their equilibrium counterparts at the same gel composition.

1.2.7. Special Cases

1.2.7.1. liquid Crystals

Generally speaking, liquid crystals (LCs) can be envisaged as anisotropiterod
molecules that are capable of developing orientational and/or positional order in the liquid
state’®® Of the three commonly encountered types of liquidtetiise mesophases reported
(nematic, smectic and cholesteric, or twisted nematic), the nematic, wherein the molecules
align along a single direction with no positional order, constitutes the simplest.
Thermotropic LCs are temperattgensitive, and amncrease in temperature causes the
nematic mesophase to disorder into an unstructured, isotropic liquid. Kornfield and co
workers® have successfully synthesized thermoresponsive triblock copolymer gels
containing a midblociselective LC solvent. To engusufficient compatibility between the
copolymer and nematic solvent¢tanc4-n-pentylbiphenyl, commercially known as 5CB)
and avoid macrophase separation, the copolymer molecule is designed to have glassy
(styrenic) endblocks and a midblock functionatizvith a nematic side group. In this case,

the copolymer midblock is soluble in both the LC and isotropic phases of 5CB. At low
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copolymer concentrations, the copolymer endblocks are soluble in the isotropic phase, but
aggregate in the nematic phase duendothermic mixing and a low entropy of mixing.
Unlike isotropic solvents in which solvent quality changes gradually with temperature, this
LC solvent undergoes an abrupt change in solvent quality at the relatively sharp
isotropic—nermatic phase transitiolf’l n essence, thef§él LExhebpbs
at this transition temperature, thereby imparting the gel with added functionality. At higher
copolymer concentrations (20 wt%), the endblocks become insoluble in the isplnape

of 5CB as well, in which case the gel network remains intact even at temperatures above
the nematicsisotropic transition. Mesogels of LC triblock copolymers swollen by a
nematic solvent have likewise been investigafédin interesting finding is that the
modulus of the gel can be reversibly changed by applying an electric field. The gel can also
be sheared by applying a field above a certain threshold value, thus evincing quasi

piezoelectricity.

1.2.7.2. lonic Liquids

lonic liquids (ILs) constitute an emerging class of functional compounds that exhibit
electrical conductivity and possess negligibly low vapor pressure, as well as broadly
tunable physical propertié® Lodge and caworker$® have fabricated thermoreversible
block copolymer gels by dissolving a poly(styremethylene oxidé-styrene) (SEOS)

triblock copolymer in an IL at elevated temperatures and allowing the glassy endblocks to
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selforganize and vitrify upon cooling. The IL used in this study remains liquid ateam
temperature. It is interesting to note that the same type of copolymer, with a polar
midblock, has been us€dto prepare mesogels in conjunction with poly(ethylene glycol)
for enhanced carbon dioxide separation. Characterization of thaskd coplymer gel,

for which the cgc is 4 wt% at 10°C, reveals that the temperature dependence of the ionic
conductivity is comparable to that of the bulk ionic liquid in the absence of the copolymer
network. Similar gels have also been proddtedith a poly(N-isopropyl acrylamidé-
ethylene oxideéb-N-isopropyl acrylamide) triblock copolymer, which possesses
temperaturesensitive endblocks. Gelation in this system can be induced due to the lower
critical solution temperature (LCST) behavior of the endblockenlithsolvent. Pioneering
efforts such as these are charting the course for future research in the-Ugptti@sign of
conductive gels, especially since the copolymers and solvents can be further modified to

improve both electrical and mechanical properties

1.2.7.3. Multiblock Copolymers

Thus far, nanostructured organogels composed exclusively of ABA triblock
copolymers have been considered. Multiblock copolymers generically designated as
(AnBn)m copolymers are likewise expected to form stabilizing netvetmictures in an A
or B-selective solvent. Similar to triblock copolymer gels containingudactant (diblock

copolymer) molecules (cf. Section 2.5.2), each microdomain in a multiblock copolymer
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consists of dangling endblocks, as well as looped ardyduli midblocks, in proportions
that depend only on 1! While the morphological and property attributes of sohfese
multiblock copolymers have received considerable attentfor;® few studies have
explored the utility of weldefined multiblock cpolymer gels. Bansil and emorkers, for
instance, have examined an ABABA pentablock copolymer in two different solvents: 1,4
dioxane**a slightly good solvent for A andéasolvent for B, andi-hexane-® a strongly
selective solvent for the B blocks. In idibxane solutions, the marginally less soluble B
blocks appear to be physically connected by swollen A blocks. An interesting result is that
a gel network does not dduop in these solutions even at the highest copolymer
concentrations studied due possibly tp dn insufficiently low fraction of microphase
separated B blocks ori) insufficient solvent selectivity. In the presencenaiexane,
macrophase separation acg at low copolymer concentrations, whereas gelation is
accompanied by solvent expulsion at higher concentrations. Gindy'&haie attempted

to explain this result by performing Monte Carlo simulations and propose that, in dilute
solutions, macrophasseparation occurs when the ratio m/n exceeds a critical value (as
experimentally observed in-heptane). Gelation at higher copolymer concentrations is
attributed to association of collapsed insoluble microdomains, similar to multiplets in
ionomers. Morecomplicated gel systems derived from randomly coupled multiblock
copolymers possessing broad block and chain polydispersities (e.g., polyuréthéaaes
likewise been generated and studied, but their nanostructures are typically not well

defined, whichs why they are not considered further here.
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1.2.7.4. CeSolvent Systems

Although ABA triblock copolymer gels normally consist of a single, -loatility
solvent that is selected to be sufficientlys@ective and Ancompatible, a mixture of
miscible sdvents can certainly be employed to finme solvent quality and controllably
alter the phase behavior and physical properties of the resultah® gébre recent
studied! have demonstrated that this strategy can likewise be used to adjust the time
respnsive dynamic nature of such gels. Addition of a triblock copolymer to a saturated
tackifying resin, which possesses a ring structure anglreedr or slightly above ambient
temperature, yields a tirdependent viscoelastic system that, upon uniaxialiaxid
deformation, slowly returns to its original shape. In this case, the elastic restoring force of
the copolymer network is thwarted by the high viscosity of the solvent matrix. Results
acquired from dynamic rheology confirm that both G' and G" am@ngtfunctions of
frequency, indicating that these systems are not gels according to the requirements listed
earlier. Addition of a lowT 4 aliphatic oil to the system, however, results in a composition
dependent progressive shift of the frequency spectounigher frequencies. This apparent
time-composition equivalence is similar in effect to titeenperature equivalentand
permits construction of a superpositioned frequency spectrum over a broader range than
could be measured experimentally (cf. Figur2l). Since frequency relates to reciprocal
time, the behavior of the esolvent gel at very long or very short times can be accurately

assessed at ambient temperature by simply changing-$wwant composition.
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1.3. Organic Gelator Networks

Organic eglling agents, or gelators, with molecular masses of less than ~2 kg/mol are
referred to asow molarmass organic gelator@ MOGs) and constitute a growing class of
compounds that provide fundamental insight into molecularosgHinization and practical
use for applications requiring responsive matefiats® **In stark contrast to solvated
block copolymers that form gels by microphase separation, LMOGs are generally classified
according to their molecular structure and the intermolecular interactiat promote
physical gelation. In this case, the organogel networks are stabilized \ieovalent
physicechemicali nt er acti ons such a&as$abigdnggeorbaodsop
forces. As with block copolymer gels, gels produced by LMOGs are thermoreversible, in
which case the loadearing networks dissolve into the surrounding liquid matrix upon
heating abog a compositiofilependent dissolution temperaturegdTout reform upon
cooling. Physical gels are typically generated by first heating a relatively low concentration
(typically a few percent by mass) of the LMOG in an organic solvent ofTlppolymeric
liquid until all the components become a solutionsay and then cooling the sol to below
Tgel. The value of g is identified as the temperature at which flow is no longer discernible
over long period$® It is important to recognize thatelis gererally lower than §is since
more thermal energy is required to break apart and dissolve the gel network than to form it.
Conversely, gel network formation may require a finite degree of supercooling to initiate
either () crystallization, i) precipitaton or {ii) aggregation of the LMOG, thereby

producing a get**
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The resultant gels consist of thréenensional selhssembled fibrillar networks
(SAFINs) that are characterized by entangled nanoscale fibrils exhibiting a high garface
volume ratio. Tlese networks have been visualized by a variety of imaging methods,
including scanning electron microscopy (SEM), TEM and atomic force microscopy (AFM).
Representative examples of SEffand TEM?®images of SAFINs are provided in Figures
22 and 23, respaeely, and demonstrate that the fibrils can range in size from nanometers
to micrometers across and micrometers to millimeters in length. Due to the large solid
liquid interfacial area, the matrix solvent is effectively entrapped by capillary forces within
the network. At the macroscopic level, the total volume of solvent in immobilized, resulting
in a solidlike material*** Because the networks do not consist of long, elastic chains (as in
block copolymer gels), LMO&ased gels tend to be exquisitely sk&nsitive, and their
networks readily break apart during steady or lagglitude oscillatory shear, but reform
upon cessation of shear. The kinetics of network healing depend on the chemistry (and
interaction mechanism) of the LMOG, the concentratibhMOG and the quality of the
solvent matrix. Since gels produced with LMOGs depend on specific intermolecular

interactions, this section is divided into three types of interactions that LMOGSs require to

promote physical g e |-"a tekimgpand Londorddispegsiermfordceso n di n g,

36



1.3.1. Hydrogen Bonding

Hydrogen bonding is the attractive force that exists between an electronegative atom
and hydrogen attached to another electronegative atom, thereby imparting the hydrogen
with a partial positiveharge. The electronegative atom must possess one or more unshared
electron pairs and thus has a partial negative charge. Hydrogen bonding can occur
intermolecularly, between molecules, artramolecularly, between parts of the same
molecule. Hydrogen boirth is weaker than covalent or ionic bonds, but stronger than van
der Waals forces. Originally thought to be a random event, hydrogen bonding constitutes an
example of a highly ordered occurrence and is ubiquitous throughout Hature.
Characteristicshat are common to almost all gelators inclddé) molecular factors, such
as the presence of long alkyl substituents, that promotedice&ional growth that
prohibits the formation of thredgimensional crystal structurdij)(the ability of SAFINs @
branch and entangle, often due to active functional groups that promote intermolecular
interactions, and thus develop a thddmensional network capable of immobilizing the
solvent; andi{i) at least one chiral center within the molecule. Note thatlevthis list
provides guidelines for known gelators, existence of any or all of these traits in a molecule
does not guarantee that it can gel organic solvéfe&ndezet al**’ have suggested three
common features of efficient gelators that ss§emld via hydrogen bonding: the
presence of one or more hydrogemnding groups, long alkyl substituents and stereogenic
centers within the molecule. Although these types of interactions unquestionably contribute

to the ability of a molecule to induce gelatidhis section focuses on the functional groups,
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chirality and the seladggregated structure of several important families of gelators. The
intention of this section is to identify common features that are responsible for gelation and
classify LMOGs on thdasis of chemical similarity. We recognize that it is not possible to
include all gelators, and so we highly recommend several excellent ré&Vieltd 2°

dedicated exclusively to LMOGs and their organogels.

1.3.1.1. Amides

The presence of two electregative atoms in amides allows them to produce highly
ordered hydrogebonded networks that can extend in linear arrays, as well as form eight
membered ring dimers? Addition of long alkyl chains to an amide can help to prevent
crystallization®® thereby resulting in an effective gelling agent. Cyclic amide derivatives
possessing butyl chains, for instance, are less effective at promoting gelation than the same
derivatives with chains possessing ten or more carbiériEhe formation of extended
molecula sheets due to gelation of a diaminocyclohexane constitutes another example of
how hydrogen bonding promotes the entanglement of SAFINs through complementary
functional group$?® Chirality in amides can also play a critical role when determining
which erantiomeric form can induce gelation in an organic or orgeoitaining solvent.
Transcyclohexanel,2-diamide, the chemical structure of which is provided in Figure 1.24,

is an efficient gelator of polydimethylsiloxane (silicone) oil and liquid parafiimereas the

cis enantiomer is unable to produce a JéIThis difference in gelling efficacy is attributed
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to the fact that th&rans molecule can exist in an asgarallel arrangement that maximizes
the selfcomplementary interaction of hydrogbonding groups. Other types of amide

gelators include aromatic polyamid€dsynthetic peptidéd*and perfluorinated amidé®

1.3.1.2. Ureas

Ureas, also referred to as carbamides, have attracted much attention as another family of
LMOGs. More specifically, is-urea molecules have been used as organic gelators that
assemble into thin rectangular sheets by hydrogen bonding and form thermoreversible
gels**® Similar to many other organic gelators, only one enantiomeric fivams bis-urea,
is capable of promatg gelation because, unlike s analog, it can seliggregate into an
antiparallel arrangement and thus forms linear aggred#tes.practical challenge with
urea gelators is that the minimum temperature at which the gels are stable is much higher
than ambient temperature (~100°€j.Hamilton*® however has successfully established
that a group of bisireaamino acid conjugates can gel solvents as low as 5°C, which is
unique for this molecule and highly advantageous for industrial applicationscelSpa
moieties such as azobenzenes, thiophenes and bithiophene groups have been incorporated
between two urea molecules to synthesize new-lbmsad gelators®**! These designer
molecules selassemble into highly ordered monolayers by hydrogen bondaitvgeken the

urea groups®’
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1.3.1.3. Sorbitols

Sorbitol is a sugar alcohol used in diverse applications in the food and medical
industries. One commercial derivative of sorbitol is 1,3:2,4 dibenzylidene sorbitol (DBS),
which is an effective LMOG due to isolubility in a broad range of organic solvents and
polymers at elevated temperatures and the low concentrations of DBS necessary to induce
gelation. The DBS molecule, portrayed in Figure 1.25, is chiral and amphiphilic, often
described as "butterflijke” due to its sorbitol body and two phenyl "wings." The two
hydrophobic phenyl groups are largely responsible for the solubility of DBS in various
polymers and organic solvents, while the hydroxyl and acetal oxygen functionalities induce
intermolecular hydrgen bonding between DBS molecules, resulting in nanofibril
formation!*?> Network formation is achieved by the aggregation of DBS nanofibrillar
strands or bundles, which is strongly influenced by both DBS concentration and solvent
polarity}*® The primaryunit size of DBS nanofibrils has been repeatedly measured to be
about 910 nm in diameter. Using dynamic rheology, Wilder et al. have investigated the
time-temperature equivalence principle of DBS in polypropylene glycol and polyethylene
glycols differingin endblock chemistry and, hence, polatfyExtraction of activation
energies from shift factors discerned during the analysis reveals that DBS gelation is most
energetically favored (with relatively low activation energies) in nonpolar solvents (cf.

Figure 1.26).
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The reason for this behavior is that, as the polarity of the solvent increases, the DBS
molecules can hydrogen bond, even if only transiently, with solvent molecules rather than
with other DBS molecules, reducing gelation effectiveness amdasing the time required
for gelation. Through independent experimental and theoretical efforts, much insight has
been gained into the macroscopic properties of DBS organogels, but little is known about
the precise molecular mechanism by which DBS indugeation. Since DIDBS, a
racemate of DBS with equal mixtures of D and L forms, is unable to form‘“jetse
chirality of the DBS molecule appears to constitute a critical consideration in elucidating
the selfassembly behavior of DBS molecules. Foutransform infrared (FTIR)
spectroscopy has likewise confirmed that DBS moleculesasesémble via hydrogen
bonding by the appearance of a broad spectral peak at 3258%M®although molecular
modeling*® suggests that phenyl stacking may also mayimportant role. One of the
reasons why DBS is singled out here, other than its commercial availability, is that it is
capable of inducing gelation in nonpolar solvents, as well as molten poljthers,
relatively low concentrations (ca. 0.25 wt%), wathimakes it attractive for scientific

enquiry and technological applications.

1.3.1.4. Miscellaneous LMOG Classes

Hydrazides are hydrazine derivatives possessing-fd &bvalent bond with four

substituent groups, at least one of which is an acyl group.eTal**® have reported that
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long-chain substituted benzoic acid hydrazides (cf. Figure 1.27a) can form stable gels in
organic solvents. Spectroscopic analysis confirms that the moleculezssethble via
hydrogen bonding due to the synergistic inteosmst between the carbonyl and amine
groups, and the growth of the resultant SAFINs in one dimension is attributed-to self
alignment of the long alkyl group. Although it is typically essential that LMOGs possess a
chiral center, Bai et d° have successlly synthesized achiral hydrazides. These
compounds, composed of a core hydrazide unit with three exterior alkoxy chains of varying
length, seHassemble due to intermolecular hydrogen bonding into columnar aggregate that
are capable of efficiently gelling variety of nonpolar organic solvents. Calixarenes; cup
shaped LMOGs characterized by several repeat units (each of which possesses a long acyl
group at thepara position of an aromatic ring, as illustrated in Figure 1.27b), have likewise
been showlh® to generate stable gels in organic liquids such as alkanes, alcohols, carbon
tetrachloride and aromatic solvents. Physical gelation due to hydrogen bonding is attributed
to the carbonyl in the acyl group, since alkyl groups irptdr@ position do not gelammon
organic liquids. Because of the large number of possible binding sites available on
calixarenes, addition of metal ions provides a viable route by which to produce stable

metallogels™*
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1.3.2.n-n Stacking

Aromati c i nt er acd starking, refeatd rmmovalent iatermoleeuar
interactions between organic compounds that contain phenyl units. This type of interaction
is caused by overlappingor bi t adsnjiumgat ed systamsraamidon's
strongest for flat, polycycli@romatic hydrocarbons such as anthracene, triphenylene or
coronene due t o t h e -eleotnoms eresidingsin tdesd mateaules. z e d
Sufficiently strong interactions may develop between coplanar aromatic rings so that these
groups on neighboring metules stack, in which case the molecules consequently self
assemble to form SAFI Ns. One of the-"most di
stacking for network formation derives from the cholesterol, a steroid whose backbone
consists of hydrocarbonsranged in three-enembered rings and onendembered ring (cf.
Figure 1.28a). Although cholesterol is amphiphilic due to a polar hydroxyl head group and
hydrophobic body and tail groups, it alone is incapable of gelling organic liquids.
Relatively simple sgthetic derivatives of cholesterol, however, constitute excellent
examples of LMOGs. Lin et &% ™*have established that molecules composed of an
aromatic (A) unit connected to a steroidal (S) group through a functionalized linkage (L)
serve as effi@nt and predictable gelators, and numerous variations of this design motif
have been investigated since its introduction. The aromatic group is essential for gelation to
ensurestacking. On a side note, t hemagel oc al
likewise impart resultant organogels with electronic and optical properties that provide

added functionality. While the stacking of aromatic units in Al molecules is
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generally responsible for the formation of linear aggregates, cholesteroltigesyan
particular, tend to selissemble so that the aromatic groups are arranged helically, facing
outward, at the periphery of a columnar core, as experimentally verified by the AFM

observations of Song et & *>°

Even if the linker between the &xd S segments is relatively long, Abype LMOGs
still produce stablientoerrggacita genlss. dliuhee tdeevel op
aromatiearomatic interactions further stabilizes the gel network. Other factors affecting the
stability of the gelnetwork include the size and shape of the aromatic group: large
polyphyrin rings or simple phenyl rings vyield relatively weak gels unless they are
simultaneously stabilized by other intermolecular interactions induced) yoéxisting
functionalities topromote, for instance, hydrogéondind*® or (ji) chemical additives such
as metal ions, amines or nucleobaSés is interesting to note that the sg#l transition in
ALS systems can be controlled by UV irradiation, as well as by temperaturdrafise
isomer of an azobenzene ALS, for example, is able to promote gelation of organic solvents.
Upon irradiation, it switches to theissisomer which is incapable of producing a g&i.

Over the last decade, cholestebaked gels have become more chenyicathmplex
through strategic incorporation of inorganic compleX&s:>*’novel linker group€® ***and
multiple LS moieties® In the event that gelation relies exclusively on aromatic
interactions, however, LMOGs such as dialkoxybenzenes (cf. Fig2&bd)lperform more
effectively if they are symmetrically substituted. 1°*Using SANS, Terech et & have

ascertained that the molecules that fit into this classification tend tasssimble into
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bundles possessing hexagonal or square symmetrghwhiggests that the molecules are
shifted radialliynter amatxiiaomsz.e Unl i ke ot her L
extents on hydrogen bonding, these molecules form gel networks solely on the basis of non

polar interactions and can thus gel pasganic liquids.

1.3.3. London Dispersion Forces

London dispersion forces are weak compared to othercaealent interactions and
arise from induced dipoles between two molecules regardless of their intrinsic polarity.
They are typically stronger betweerolecules thati) can be easily polarized ar)(contain
large or electromdense atoms. While the previous sections suggest that SAFINs require
chemically complex LMOGs, simpler LMOGs based on functionalized -tbvagn n-
alkanes are also capable of ggjlorganic liquids due to London dispersion forces. Most of
these alkanes are at least partially fluorinated or possess N or S heteroatoms incorporated
along the backbon&> ' Pperfluoroalkylalkanes with a chemical structure of the form
F(CR)n(CHy)nH constitute examples of LMOGs that undergo -ssembly due to
thermodynamic incompatibility between the chemically dissimilar fluorinated and
hydrocarbon segments. Due to this incompatibility, the two segments micregepesate
into lamellar nanostruates and form gel networks stabilized only by London dispersion

forces as a consequence of the strong dipole of the fluorinated sé§fiEme. SAFINS
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generated by perfluoroalkylalkanes, which inherently possess a low surface Bhbaye

been utilizedo create superhydrophobic surfaces in conjunction with organic sof%&nts.

1.3.4. Special Considerations

1.3.4.1. Biologicallyinspired Gelators

Amino acid derivatives constitute another class of organogelators that are becoming
increasingly importandue to their ability to gel both organic and aqueous liqtiEigen in
polar solvents, these compounds sasléemble via hydrogen bonding due to the large
number of donor sites available per molecule, and gelation efficacy improves as the number
of peptideunits increases. The thermodynamic balance between the hydrophobic alkyl
substituent and the hydrophilic amide segment governs how these molecuéssegible.
According to U\tvis spectroscopy, these molecules can organize into one of three
morphologieslamellar spheres (multilamellar vesicles), helical ribbons or tubules. Discrete
tubules and ribbons become entangled as the solution approaches-gké temhsition,
which consequently promotes network formation via hydrogen boriffingamellar
sphers, on the other hand, are unstable and incapable of forming a gel network. One amino
acid commonly used as an organogelatar-is/sine, which can bind with long aliphatic
chains to form fibrillar micelle$’* a unique organogel nanostructure. Furtherisgitf of

L-Lysine have yielded binary gels. An interesting feature of this system is that, while
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neithera,m-diaminoalkane alone can form a gel, together the two species can mutually self
assemble and promote network formation. This discovery of organatgeived from
amino acid derivatives greatly facilitates control over the conditions responsible for

gelation, including the sajel transition temperature.

Both linear and cyclopeptides are capable of gelling a variety of organic solvents and
agueous sstems. In the same vein as amino acid derivatives, their gelation effectiveness is
due for the most part to the large number of hydrdgmmding donor cites located on these
molecules. Oligopeptidbased gelators and tripeptides (cf. Figure 1.29) haveedaimuch
attention due to their ability to sedssemble through intermolecular hydrogen bonding into
antiparallel p-sheets, which can be envisaged as an entangled network -tikerod
fibrils.*”® Y"*Hirst et al'”® have investigated mixing different molecular building blocks of
dendritic peptides to identify the key factors that influence theassémbly of these
LMOGs. They report that mixtures of molecules differing in size and chirality can self
organize, whereas mixing molecules differing in shape, defined as the length of the spacer
connecting the peptide head groups, reduces the propensity for supramolecular
organization. Findings such as these regarding LMOG mixtures are beneficial to the
rational design of organogels with tailorable properties. Findings such as these regarding
LMOG mixtures are beneficial to the rational design of organogels with tailorable

properties.
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1.3.4.2. Isothermal Gelation

Although all organogels discussed thus far are generated by a change in temperature,
some form isothermally by bubbling G@nd N through solutions of grimary n-
alkanamine¥® This distinctive gelation processa been evinced to be chemically
reversible, which allows the sol to be recovered. Another type of latent organogel is
achieved by bubbling HCI through amino acid derivatives of cholesterol to protonate the
amino groups!’ Organogelation can also be perfedin situ in the presence of highly
reactive solvents. This route not only eliminates the need for thermal treatment but also
shortens the gelation time since the crystalline state is bypassed during formatien of

threedimensional fibrillar network’®

1.3.4.3. Solvent Effects

Solvent polarity plays a critical role in the hydrogemnding, and hence gelation,
efficacy of many LMOGs. The degree to which the binding sites in a gelator are solvated
affects the strength of the gel network, which exgaimy dramatically different properties
can be realized with a single LMOG in different solvents. A recent Studgs addressed
the ability of thedisaccharidetrehalose to gel organic solvents on the basis of the
Hildebrand solubility parameter theoi@elation is found to improve markedly as solvent

gelator interactions decrease and solvent polarity is low, which is consistent with the
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findings of Wilder et af*® regarding the gelation effectiveness of DBS in polyethers
differing in polarity due to ergtoup substitution. Zhu and Dordi¢R have likewise
demonstrated that, when the solvgatator interactions are low, the gel network forms
from thin, entangled fibrils. In the presence of strong solgetdtor interactions, clusters

of gelator moleculesorm thick, rigid fibrils. In addition to solvent polarity, two other
criteria must be considered when matching a solvent with an appropriate LMOG to form a
stable organogeli)the boiling and melting temperatures of the solvent and pure LMOG,
respectiely, must be high to avoid undesirable loss of material due to vaporizationi)and (
the solubility of the LMOG in the solvent of choice must be low to avoid bulk
crystallization of the LMOG?® The organic solvents considered thus far in the design of
SAFINs have all been isotropic liquids, but this requirement is relaxed below as we again

consider organogel networks containing LCs (cf. Section 2.7.1).

Because the ability of LC molecules to reorient depends on external conditions such as
temperature andlectromechanical field$® they are used as active displays in watches,
televisions, computer monitors and projectors. Attempts to better control these functional
liquids have showt* that organogels produced from LCs in the presence of LMOGs can
yield fast electreoptical responses due to the low concentrations of gelator required for
network formation. As in conventional SAFINs, the LMOG is first dispersed in an isotropic
LC solution wherein the LMOG can, upon cooling, ssdéemble into fibrils to fon a
thermoreversible gel network containing immobilized ¥€Unlike other physical gels

with only two thermoreversible states (sol and gel), however, LC gels possess three distinct
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states: isotropic liquid, isotropic gel and liquitystalline gef-®? Results obtained by FTIR

F, 184

spectroscopy revedf #*that, while hydrogen bonds are absent in the isotropic liquid state,

suchinteractiongdevelopat the solgel transition Deindérferet al*®® have recently reported

on the formation of photosensitive getomposed of smectic LCs and capable of
responding elastically to small stresses. The scattering of light from LC physical gels is also
of tremendous scientific and technological interest since the degree of transparency can be
electrically controlled withut using a polarizer, as illustrated in Figure 1%0'®" Such

gels may likewise display anisotropic mechanical responses and recovery, which can be

strongly affected by temperatul®.

1.4. Conclusions

Nanostructured organogels developed from SAM(tisough, for instance, the use of
selectivelysolvated triblock copolymers) or SAFINs (through the use of sparsalyble
LMOGS) afford a new class of soft materidfs® that possess a broad range of interesting
and useful properties. In the firstsea supramolecular networks stabilized by nanoscale
micelles are readily generated by allowing an incompatible block copolymer possessing at
least one midblock to setfrganize into discrete micelles in the presence of a midblock
selective solvent. If thenicelleforming blocks are glassy, the micelles effectively behave
as physical crosslinks that can endow this genre of organogels with remarkable elasticity
and shape memory, depending on factors such as copolymer composition and molecular

weight. Becauseof their unique property attributes, SAMINs are currently under
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investigatiof® 3 192 19355 nexigeneration dielectric elastomers designed for use as
synthetic muscle in microrobotics and as pumps in microfluidics. Through judicious
selection of the mdblock-selective solvent, SAMINs can likewise exhibit temperature
responsive opticAl® or conductivity® properties. In the case of SAFINs, higtelting
LMOGs form (nano)fibrillar networks in various organic solvents throughsgiéeific
intermolecularinteractions such as hydrogen bondsy stacking or London dispersion
forces. Unlike SAMINSs, though, the stability of SAFINs tends to be exquisitely sensitive to
mechanical deformation, as well as to temperature. Once the supramolecular network of a
SAFIN is broken under shear, for instanttes solvent can flow. Upon cessation of shear,
the network begins to reform so that, over a systpatific period of time, the initial
SAFIN may be fully recovered. In addition to such mechanigaéponsive properties,
SAFINs have been designed withigure optical properties and can be produced through
non-conventional routes, such as exposure to figlitaken together, these two families of
nanostructured organogels afford tremendous versatility in the fabrication of soft materials
exhibiting designe properties for use in a wide range of mature and emerging

(nano)technologie¥!
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Figure 1.1. Theoretical phase diagram predicted for a solw® AB diblock copolymer
wherein thethermodynamic incompatibilityy{N) is presented as a function of copolymer
composition (f). Ordered morphologies are labeled in the diagram and schematically
depicted in the order of increasing &bove the diagram. The oredisorder transition
(ODT) is denoted by the dashed bold lifgdapted from ref. 13 and used with permission

from the American Chemical Society).
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Figure 1.2. lllustration of the micellar morphology that develops due to triblock
copolymer seHassembly in SAMINs. The three distinct conformations depicted inthele

midblock loop, midblock bridge and dangling endblock (labeled).
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Figure 1.3. Dynamic shear moduli (G', open symbols; G", filled symbols) provided as a
function of oscillatory frequencyw) for triblock copolymer organogels varying in
copolymer concentration (in wt%): 1 (circles), 4 (triangles) and 10 (squares). The solid
lines correspond to the scaling relationships included in the figure. (Adapted from ref. 26

and used with permissionofn the American Chemical Society).
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Figure 1.4. Relaxation time distributions, represented by)A¢heret denotes time, for
triblock copolymer organogels varying in copolymer concentration (in wt%): (a) 0.49, (b)
1.50 and (c) 5.50. The solid lineorrespond to model fits, as discussed in the text.

(Adapted from ref. 39 and used with permission from John Wiley & Sons, Inc.).
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Figure 1.5. TEM images of SIS triblock copolymer organogels portraying several

morphologies at different copolymer ammtrations: (a) lamellar, (b) cylindrical and (c)

spherical. In all three images, the isoprenic midblocks are selectively stained and appear
dark. The inset in (c) is an enlargement that evinces the existence of fine structure in the

solventrich matrix. The scale marker included in (c) corresponds to 200 nm in (a) and (b),

but 100 nm in (c).
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Figure 1.6. Smallangle xray scattering patterns acquired from SEPS triblock copolymer
organogels varying in morphology (labeled) due to differences in copolyoneentration

at ambient temperature.
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Figure 1.7. Schematic diagram showing the effect of temperature on the micellar network
formed in triblock copolymer organogels. Not included here is the -gliderder transition
(ODT), if it exists at the copgmer concentration of interest. This progression implicitly
presumes that ¢ > cgc. (Adapted from ref. 50 and used with permission from the American

Chemical Society).
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Figure 1.8. Time evolution of the maximum SAXS intensity for a triblock copolymer
organogel with 20 wt% copolymer quenched from a temperature above the ODT to
different temperatures (labeled) below the ODT. The induction time (labeled for the data
acquired at 105°C) corresponds to the time before the maximum intensity undergoes a
nearly $epwise increase. (Adapted from ref. 54 and used with permission from the

American Chemical Society).
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Figure 1.9. Scheme depicting the temperatimduced time evolution of hexagonally
packed cylinders to bcc spheres in triblock copolymer organdgélal and subsequently
modulated cylinders are displayed in (a) and (b), respectively, whereas cylindeupreak
into spheres is portrayed in (c). The solid lines follow the accompanying crystallographic
development discussed in the text. (Reproduced fed. 57 and used with permission from

the American Chemical Society).
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Figure 1.10.SAXS patterns obtained from triblock copolymer organogels with 20 wt%
copolymer under two different thermal conditions: (a) quenched and unannealed, and (b)
guenchedand annealed at 90°C for 24 h. The higbeter Bragg diffraction peaks in (b)
identify the morphology as bcc spheres. (Adapted from ref. 64 and used with permission

from John Wiley & Sons, Inc.).
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Figure 1.11.TEM image of a triblock copolymer orgarelgcomposed of 20 wt%
copolymer and subjected to largmplitude oscillatory shear to induce nanostructural
alignment. In contrast to Figure 1.5, the styrenic endblocks are selectively stained and
appear dark. The inset is a tdonensional Fourier transfim of the image to confirm the

high degree of order in this specimen.
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Figure 1.12.Normalized straiffrequency {-o) diagram revealing the dynamic shear
conditions under which a triblock copolymer organogel can be highly oriented into a
twinned bcc spherical morphology. (Adapted from ref. 67 and used with permission from

the American Chemical Society).

79



Figure 1.13. In (a), twoedimensional SANS patterns of triblock copolymer organogels
consisting of 18 wt% SEPS copolymer and subjected to different uniaxial tensile strains:
(bottom) 0%, (middle) 50% and (top) 100%. A clustered micelle arrangement consistent
with experimental observations that SANS patterns do not change beyond a particular strain
level is provided in (b). (Adapted from ref. 14 and used with permission from the American

Chemical Society).
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Figure 1.14.Energyfiltered TEM image of a triblok copolymer organogel composed of
10 wt% SEBS copolymer and modified with 3 wt% colloidal silica nanoparticles. The
styrenic micelles stained by the vapor of R(#0) appear light, whereas the siliceous
nanoparticles appear bright, due to imaging at amggnloss of 200 eV. Two neighboring

individual nanopatrticles are circled.
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Figure 1.15.Energyfiltered TEM image of the same triblock copolymer organogel
pictured in Figure 1.14, but modified with 3 wt% organoclay. In this case, the siliceous clay
platelets appear bright due to imaging under the same conditions as those employed in the

previous figure.
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Figure 1.16.TEM image of a triblock copolymer organogel composed of 8.5 wt% SEBS
copolymer and 1.5 wt% syndiotactic polystyrene (sPS). The stynemcelles and
crystalline sPS sheets and filaments are both selectively stained and appear dark. (Adapted

from ref. 86 and used with permission from the American Chemical Society).
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Figure 1.17.Dependence of G' on the fraction of AB diblock copolyriwass) added to
triblock copolymer organogels and solutions varying in total copolymer concentration (in
wt%): 15 ©), 11 @) and 7 A). Note that a frequenepdependent modulus indicative of a

gel network is not achieved in the system with 7 wt% copetymntil the diblock
copolymer is added. The solid lines serve to connect the data. (Adapted from ref. 96 and

used with permission from the American Chemical Society).
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Figure 1.18.Experimental phase diagram for an ABA triblock copolymer organogel
modfied with an AB diblock copolymer. The lines serve as guides for the eye. (Adapted

from ref. 29 and used with permission from John Wiley & Sons, Inc.).
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A A
Figure 1.19.Schematic illustration of the procedure to generate lamellar mesogels from
midblock-selective solvation of ABA triblock copolymers: (left) microphase ordering of the
copolymer from solvent casting or melt processing, (middle) reduction in temperature so
that the A lamellae are rigid (i.e., glassy or semicrystalline), and (right) diffo§isolvent

into the B lamellae to induce swelling while retaining a layered morphology. (Reproduced

from ref. 102 and used with permission from the American Chemical Society).
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Figure 1.20.TEM image of a triblock copolymer mesogel demonstrating tlteptocedure
depicted in Figure 1.19 yields intact styrenic lamellae (stained) in a scwelien
midblock matrix. (Reproduced from ref. 99 and used with permission from the American

Chemical Society).
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Figure 1.21.Frequency spectra shown as masterves for G' and G" measured from
triblock copolymer organogels composed of 25 wt% copolymer andsaleent (mineral
oil/tackifying resin) that varies in composition, thereby demonstrating that a ternary
SAMIN system exhibits timeomposition equivalemc The compositioependent shift
factor (@), determined using a reference composition of 60 wt% tackifying resin, is

included as a function of resin fraction in the inset.
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Figure 1.22.SEM images collected at (a) high and (b) reduced magnificatmm fa
polycatenar organogel consisting of 3 wt% gelator, illustrating the morphology
representative of SAFIN organogels. (Reproduced from ref. 122 and used with permission

from the American Chemical Society).
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Figure 1.23.TEM image acquired from a-dcetonitrile organogel consisting of 0.07 wt%
gelator, confirming the existence of nanofibrils (measuring@®m in diameter), some of
which exhibit helical twist with a pitch of ~150 nm. To improve contrast, the nanofibrils
have been selectively staindddapted from ref. 123 and used with permission from John

Wiley & Sons, Inc.).
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NHCOC11H23

Figure 1.24.Chemical structure oftrans-cyclohexanel,2-diamide, an example of an

efficient LMOG for SAFIN organogels.
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Figure 1.25.Chemical structure (top) and engnginimized molecular configuration

(bottom) of the commercial gelator 1,3:2,4 dibenzylidene sorbitol (DBS).
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Figure 1.26.Activation energy discerned as a function of solvent polarity (expressed in
terms of the number of hydroxyl endgroupsy)nfrom the timetemperature equivalence of
frequency spectra collected from DBS organogels containing functionalized polyethylene
glycol at two different DBS concentrations (in wt%) 2 (©) and 5 A) 6 and
polypropylene glycol @) at a DBS concentration of 0.4 %t The solid lines are linear

regressions of the data.
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Figure 1.27.Chemical structures of two LMOGs with long allghiain substitution: (a) a

benzoic acid hydrazide and (b) a calixarene.
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HO OC1oH21

Figure 1.28.Chemical structures of two highly aromatioxgeounds used as LMOGs alone
or modified: (a) cholesterol, which requires derivatization (cf. the ALS approach discussed

in the text) and (b) 2;8i-n-alkoxyanthracene, the latter of which can gel polar solvents.
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Figure 1.29.Chemical structure of theripeptide LMOG Boe€Ala-(a-aminoisobutyric

acid)(p-Ala)-Ala-Ome.
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Figure 1.30.(Top schematic illustrations of organogels containing a nanostructured LC
solvent wherein the SAFIN entraps the anisotropic LC molecules (labekoftorf)
images of LC organogel films with an diggl electric field off (light scattering, left) and on
(light transmission, right), demonstrating the fieddponsive optical nature of these
organogels. (Reproduced from ref. 180 and used with permission tfrerAmerican

Association for the Advancemeot Sciencg
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CosolventRegulated Time&Composition Rheological
Equivalence in Block Copolymer Solutions

Chapter 2 is essentially a manuscript by Arjun S. Krishnan, Séenke Seifert, Byeongdu Lee,
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in Block Copolymer Solutions
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ABSTRACT

The morphological and mechanical attributes of dcklcopolymer solutions composed
of miscible, midblockselective solvents are investigated by sraaljle scattering and
dynamic rheology. Variation in cosolvent composition at constant copolymer concentration
has little effect on copolymer morphology, bptomotes large differences in matrix

relaxation, as evinced by changes in the shape of isothermal frequency spectra. Shifting

" To whom correspondence should be addressed (Rich_Spontak@ncsu.edu).
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these spectra in the frequency domain reveals the existence ofcampmsition

equivalence, wherein shift factors scale with\tseosity of the cosolvent mixture.

2.1. Introduction

Block copolymers, macromolecules composed of two or more long, covadliektyd
sequences of chemically dissimilar repeat units, constitute one of the most widely
investigated classes of soft condaehsmatter due largely to their inherent ability to
spontaneously sedssemblé. The resultant nanostructures, which can impart
multifunctionality to, or serve as templating media for, designer matérialffect the
thermodynamic interplay between irtlerck incompatibility and interfacial chain packing.
Periodic morphologies include A(B) spheres positioned on a body¢tatered cubic
(bcclfee) lattice in a B(A) matrix, A(B) cylinders on a hexagonal lattice in a B(A) matrix,
bicontinuous channels, andteanating lamellaé. These morphologies, as well as several
aperiodic nanostructures, have likewise been reported for block copolymers in the presence
of another (co)polymet,a solvent or nanoparticleS.In the present study, we focus on
selectivelysolvated triblock copolymer systems at solvent concéotra where the

copolymer molecules setfrganize into spherical micelles at equilibrium.

Triblock copolymers possessing glassy/crystalline A endblocks and a soft (low glass
transition temperature, of B midblock are routinely referred to as thermoplastic
elastomersdue to their shapmemory capability. Incorporation of a midblesklective
solvent into such a copolymer at the concentration levels considered here (v.i.) yields

thermoplastic elastomer Ig€ which are capable of returning to their initial dimensions
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upon large or cyclic deformatidnand providing considerable vibration dampening.
Mechanical attributes such as these are important in technologies ranging from pressure
sensitive adhesivEs™ and cable casings to sporting goods and dielectric elastomers.
Thermoplastic elastomer gels derived specifically from ABA triblock copolymers also
provide fundamental insight into molecular netwarkshich in this case are stabilized by
dispersed nuelles that act as physical crosslink sites. Of particular interest in this regard
are those copolymer molecules whose midblocks are anchored in, and thus serve to bridge,
neighboring micelles. Previous efforts on this topic almost exclusively addressnsyst

containing a single midbloegelective solvent.

Recent studies have confirmed earlier predictibtisat the polymer conformational
behavior responsible for bulk properties and phase behavior can be controllably
manipulated through the judicious udenuiscible cosolvents. Cosolvents have been found
to alter solution viscosity and polymer solubility® as well as trigger molecular
aggregation/collaps€. While immiscible (organic+aqueous) cosolvents have vyielded a
wealth of nanostructures in amphilitriblock copolymer system$, few studies have,
however, sought to explore the effect of miscible, organic cosolvents on the morphologies
and properties of thermoplastic elastomer gels. Quintana‘thave employed cosolvents
as a physical route bwyhich to tune solvent quality in their investigation of copolymer
micellization, whereas Bates and-worker£® have elucidated the compatibilizing efficacy

of triblock copolymers in the presence of partially miscible asphalt blends. The objective of
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the pesent work is to discern how miscible cosolvents influence the morphological

characteristics and viscoelastic properties of thermoplastic elastomer gels.

2.2. Experimental

Two commercial poly[styrenb-(ethyleneco-butylenejb-styrene] triblock copolymer
(BCs, Kraton G1650 and G1651) were obtained from Kraton Polymers (Houston, TX).
Their numberaverage molecular weights (polydispersities), as measured by SEC, were
95,000 (1.05) and 267,000 (1.10), respectively, and their compositions ranged from 30 to
33 wt% S. One cosweént was an aliphatic/alicyclic white mineral oil (MO, Hydrobrite 380)
with a molecular weight of ~500, produced by Sonneborn, Inc. (Tarrytown, NY). The other
cosolvent, a hydrogenated resin (HR, Escorez 5380) containing cyelivdds moieties:®
was acquired from ExxonMobil (Houston, TX). Binary and ternary gels were prepared by
melt mixing according to the procedure described edrli@opolymer concentrations
(expressed in terms of mass fractiogc)wanged from 0.15 to 0.35 in G.Ghcrements. For
each copolymer concentration, the mass fraction of Hfk)(W the cosolvent was varied
from 0.00 to 1.00. To minimize oxidative degradation during mixing, 1 wt% Irganox B220
was added as an antioxidant. Resultant gels were compresdided at 180°C and

guenched to ambient temperature, yielding films measurBign2n thick.

The morphologies of gels varying injwat constant we were examined by smadingle
X-ray scattering (SAXS) using the diffractomer maintained in undulator beandlbeC

at Argonne National Laboratory. The beam size, total flux and sampletector distance
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were 0.5 mmx 0.1 mm, 3x 10" photons/s and 2.8 m, respectively. Fdimensional
scattering images of the gels were collected on a MAR CCD detector withx10Q24

pixels after an exposure time of 002 s. Images were collapsed to intensity patterns by
first correcting the images for dark background, specimen transmittance, pixel efficiency
and beam inhomogeneities, followed by azimuthal integration of dityermlong the

momentum transfer (q), where q(=41)sin®/2), A is the Xray wavelength@.1332 nm

ando is the scattering angle

Dynamic shear rheology was performed on specimens at ambient temperature on a
Rheometrics RMS00 straircontrolled rheometer equipped with 25 mm parallel plates
separatd by a 2 mm gap. Isochronal strain sweeps identified the linear viscoelastic (LVE)
limit of each specimen. Frequenay)(spectra were acquired from 1@ 1 rad/s at strain
amplitudes ranging from 0.3 to 2% to avoid overloading the load cell whileirrierman
the LVE regime. Resultant datasets were analyzed using the IRISHRibesoftware suite.
Zeroshear viscosity measurements were also performed at 25°C and above on cosolvent
mixtures (without copolymer). The 3 of cosolvent mixtures were also rsesed by
differential scanning calorimetry (DSC) with a TA Q2000 calorimeter operated-fid
to 80 °C at a heating rate of 5 °C/min, whereas the thermal signatures of gels were
examined by dynamic mechanical thermal analysis (DMTA) conducted on a TA Q800
instrument operated from 30 +400 °C at a cooling rate of 5 °C/min and a frequency of 1
Hz. Values of T were extracted as DSC inflection points (cosolvent mixtures) and maxima

in dynamic loss moduli (triblock copolymer gels).
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2.3. Results and Discussion

A series of SAXS patterns acquired from a gel witlz w 0.30 at several values ofyw
is presented in Fig. 2.1. The binary BC/MO gel and the two ternary BC/MO/HR gels
exhibit welldefined scattering maxima due to the difference in electron density between the
S-rich micelles and the M@ch matrix. Conversely, the scattering pattern obtaiinech
the binary BC/HR gel is nearly featureless because of similar electron densities. The
positions of the form factor peaks at high g, which depend on micelle size and shape, are
nearly constant in the M@ontaining gels and, along with the positionstlud minima,
confirm that the micelles in all cases are spheficalnalysis of these patterns with the
PercusYevick modef? for hardsphere micelles reveals that the mean micellar radius varies
from 13.7 to 14.7 nm. The corresponding polydispersitied-19%) and hargphere
interaction radii (23.825.0 nm) likewise show little variation, verifying that the

morphologies of these gels do not change appreciably with cosolvent composition.

Figure 2.2 shows the dependence of the dynamic storage and ldsB (@0 and G",
respectively) or for a series of gels containing 25 wt% lomolecularweight copolymer
at ambient temperature. At lowyw(Fig. 2.2a), the moduli are effectively independent of
over the entirep range examined, indicating that the materials behave as gels consisting of
physically-crosslinked molecular networks, as previously rep8ftetbr binary BC/MO
blends. At wir = 0.60 in Fig. 2.2a, however, G" displays a modest upturn atchigrhis
upturn become more pronounced and shifts to lawas wir increases further ikig. 2b.

Another important feature of the spectra in Fig. 2.2b is that a welkfined G'G"
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crossover frequencyo() is discernible at 40 rad/s whema= 0.80. As wir is increased to
0.90 and beyondy. shifts to markedly lower frequencies. The releattime (k), given

by 1/, correspondingly increases by more than 3 decades from ~0.025 to ~898 as w
increases from 0.80 to 1.00. A crossover point, expected i thgectra of viscelastic
materials, normally delineates viscous behavian atw. from elastic behavior ab > oc.

The data seen in Fig. 2.2b contradict this expectation up#c=vi.00. In the limit of pure

HR, however, a second, conventiomalemerges at a higher (shorter ).

Shifting the o spectra portrayed in Fig. 2.2 in the domain yields a single master
curve, which is presented in Fig. 2.3. The existence of two crossover frequencies is evident
in this figure and reveals that the gels exhibit viscous behavior over a relatively narrow
frequency (or time) range. This resultcsnsistent with observations of the gels after they
are stretched: gels with a high MO content behave elastically by abruptly snapping back to
their relaxed size and shape, whereas gels with a high HR content undergo an initially
abrupt dimensional chang®llowed by a slower, more gradual return to their original size
and shape. We attribute this behavior in the-itR gels to moleculalevel competition
between the elasticity of the copolymer network, which promotes shape retention, and the
high visco#y of the HR (v.i.), which impedes shape change. Theoretical developments are,
however, warranted to substantiate this interpretation and discern the relative importance of

such factors on mixerhatrix relaxation.
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The process of timeomposition superpason (tCS) used to generate Fig. 2.3 greatly
expands the accessible frequency range under isothermal conditions. Unlike classical time
temperature superposition (tT8)CS affords a unique opportunity to explore changes in
mechanical behavior without eaging an organic polymer to temperatures that may
promote degradation or a phase change. The quality of tCS in Fig. 2.3 can be established
from a van GurgPalmen plof® wherein the phase angld) (s plotted as a function of the
complex modulus (3. Data collected from gels with varying HR levels satisfactorily
superimpose in the inset of Fig. 2.3, confirming that tCS satisfactorily describes relaxation
of the cosolventich matrix. Superpositimng is only valid when fundamental relaxation
mechanisms remain unaffected by changes in the parameter responsible for frequency
shifts, which explains the poor superposition of G" at dow Fig. 2.3. The slope of these
upturns, attributed to the pulloaf S endblocks from micelles during shear0s24, which
is close t0-0.23 reportetf for endblock relaxation of triblock copolymers in the melt.
Since this relaxation depends on the energy of endblock/(co)solvent interactions, lack of
tCS in this regne implies that the quality of the cosolvent mixture changes with

composition.

Shift factor (@) values derived by tCS from the gels witBawanging from 0.15 to 0.35
are shown as a function of HR concentration in Fig. 2.4a. dlspectra have all been
arbitrarily shifted relative to ws = 0.60 so that @= 1.0 at this cosolvent composition.
Although the shift factors increase monotonically with increasing, Wurther supporting

the validity of tCS, we must ensure that the cosolvents are sufficienttybieisThe inset
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in Fig. 2.4a reveals that each cosolvent mixture (without BC) exhibits a siggvehich
confirms miscibility”” Note that the neat HR possesses @ jdst above ambient
temperature, in which case it possesses a much higher viscosityWi@anAnother
consideration is the miscibility of the ternary gel matrix. According to DMTA results, a
single, lower T is evident for each gel, confirming that the cosolvents remain miscible in
the presence of BC. Values of thig flirther reveal that therpsence of copolymer serves

to suppress the4lof each cosolvent mixture due to the lowof the EB midblock (§ =

211 K). From these analyses, we conclude that the MO and HR cosolvents homogeneously

distribute within the highly swollen EBch matrix.

In tTS, shift factors derived from a selectivslyivated triblock copolymer relate
directly to solvent viscosit§? Here, values of @are observed to vary nearly linearly with
the lower s discussed above, which suggests thatlilkewise depends on solne
viscosity. To discern the nature of this dependengeis adisplayed as a function of
cosolvent zerghear viscosityrpd in Fig. 2.4b for all the gels examined here. In cases
whereng s was too large to measure directly, data acquired at elevated temperatures have
been fitted to an Arrhenius expression to obtgipat 298 K . The results provided in this

figure indicate the existence of a scaling relationship of the fagm n."=’, wherey is a

function of wsc. The apparent linear dependenceyan wsc in the inset of Fig. 2.4b yields
v = 1.017 1.64wsc, which allows the above relationship to be reaady approximated as

a. ~M,.=", wherev is the Flory exponent equal to 3/5 for a good solvent. It is important to
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recognize that the MO and HR cosolvents employed in this work represent good solvents

for the aliphatic midblock of the BC.

2.4.Conclusions

This study establishes the existence of toomposition equivalence in triblock
copolymer gels containing miscible organic cosolvents. Previous studies reporting such
behavior are limited and have been restricted to plasticized homopoRfhsengactant
solutiond® and interfacial monolayerS. The present result permits investigation of
mechanical properties over a largely expanded frequency/time domain by varying cosolvent
composition under isothermal conditions. In the gels examined lere;osolvents are
found to be fully miscible alone, as well as in the presence of the copolymer, which
confirms that the cosolvent matrix is largely homogerse Since the cosolvents differ
significantly in viscosity and since the tCS shift factors sedth cosolvent zereshear
viscosity, tC equivalence seems to be a consequence of compdsiiendent cosolvent
viscosity. While these experimental observations provide an efficient means of
tuning/probing the mechanical behavior of triblock copolymerutsm networks,
theoretical guidané® is needed to elucidate the physical meaning underpinning these
results so that tCS can be more fully understood and broadly applied as a predictive tool in

the same fashion as tTS.
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Figure 2.1.Series of SAXS patterns acquired from triblodpalymer gels containing 30
wt% highrmolecularweight triblock copolymer at different cosolvent compositions

(labeled).
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Figure 2.2. Dynamic storage (G', open symbols) and loss (G", filled symbols) moduli
presented as a function of frequenay for gelscontaining 25 wt% lowmolecularweight
triblock copolymer at different cosolvent compositions (labeled). Results obtained from

gels with low and high concentrations of HR are shown in (a) and (b), respectively.
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law fits are included as solid lines in (b). The dependence of the scaling exgooentsc is

provided in the inset of (b), and the solid line is a linear regression of the data.
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3.1. Introduction

Identification of the key factors governing the mechanical behavior of polymeric
materials to ensure predictive accuracy rexgplin thorough understanding of polymer
dynamics and relevant time (or, conversely, frequency) scales. Due to their longikghain
nature, polymers possess numerous degrees of freedom, which can make their dynamic
response to an applied load complex, edieg over large length and time scafésn the
case of glassy polymers, for instance, very fast bond vibraticshghensecalled boson
peak can be detected by neutand light? scattering at frequencies greater thaf? H.
Between 10and 13% Hz, the motion of side groups is discernible by quasielectric neutron
scattering” whereas thea-relaxation associated with the glass transition becomes
apparerdf! at ~10 Hz due to a substantial increase in segmental motion. At lower
frequencies, reptation or Rouse dynamics associated wittéhe of the length of polymer
chains can be measured by various analytical methods such as dielectric spectfoscopy.
Direct measurement of viscoelastic proess®y mechanical spectroscopy can likewise
identify crucial relationships between polymer dynamics and either material properties or
environmental conditions. One of the most fundamentally important and widely used
relationships of this type is tirtempeature equivalenc®, which permits accurate
prediction of mechanical properties outside the experimentally accessible time/frequency
domain through polymespecific temperature variation. This equivalence is routinely
ascertained from timgemperature superpositioning (t‘l@)lhe guality of which can be

deduced by how well the frequency spectra of the dynamic storage and loss moduli (G' and
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G", respectively) can be shifted along fuegcy to generate master curves that span a
greatly enlarged frequency interval.

Previous studies of miscible polymer blends and solutions have sought to elucidate the
temperaturaependent segmental dynamics in multicomponent systems, especially when
the glass transition temperaturegf difference of the constituents is large. In this case, tTS
has been found to fail and two s have been recded® from a polymer in a good dr
solvent, contrary to the tenets of classical polymer solution th¥brifhis latter
observation has been explained by the concept of-¢ealfentration” propsed by Lodge
and McLeisH!Y In a miscible polymer blend or solution, repeat unitsiglthe polymer
backbone are covalently bonded together so that they experience a local concentration field
that is enriched in the polymer species relative to the average (bulk) blend or solution
concentration. This model takes into account these locakotration effects to determine
the effective volume fraction of the polymer of interest. In addition, concentration
fluctuations in miscible systems can broaden the temperature range @frédaxation
measured by dielectric or mechanical spectros€8pyBoth of these effectsd
concentration fluctuations and selincentrationd have been showf to have a
nontrivial impact on the dynamics of miscible polymer systems. Of particular interest in the
present work are ternary polymer systems composed of two miscilné/eas. Recent
studies have demstrated that, by changing solvent composition, theassiémbl{* and

conformatiof*® behavior of solvated polymers can be controllably altered. We have
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likewise reported® how seéctive cosolvents influence the viscoelastic properties of a
midblock-swollen triblock copolymer.

Block copolymers, macromolecules composed of two or more covalently linked
homopolymers, are of wideaching fundamental and technological interest primarily
because of their unique ability to spontaneously-agdemble into nanoscale structural
elements that measure on the same length scale as the gyration radius of tHé ioits.
supramolecular selissembly, the result of free energy minimization wherein enthalpically
driven phase separation due to interblock repulsion is balanced by the configurational
entropy associated with chain elasticity and iatedl packing, imparts multifunctionality
to the copolymerCorresponding morphologies of bicomponent (A/B) block copolymers
may exhibit longrange order in the form of A(B) spheres on a body/Haam@eredcubic
lattice in a B(A) matrix, A(B) cylinders on a hexagonal lattice in a B(A) matrix,
bicontinuous channels, or alternating lameftde.Upon incorporation of another
(co)polymer!® ?? solvent?*?¥ or nanoparticle¥*?” comparable, as well as aperidéfic
morphologies are likewise generated. In this study, only disde not necessarily ordered,
morphologies (i.e., spherical or cylindrical micelles) are considered further in solutions of a
block copolymer in two miscible solvents. Much of the present work focuses on ABA
triblock copolymers that behave as thermoptastlastomefd? by forming a
supramolecular network stabilized by glassy micelles, which serve as physicdirdtsss
Incorporation of a midblockelective slvent into such copolymers yields the thermojitas

elastomer gel¥” employed in ubiquitous technologies ranging from pressensitive
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adhesivéd® 34 and vibration dampening media in cable casings to electroactive
polymers™?

In our previous investigati®**? of a triblock copolymer solvated by midblock
selective cosolvents differing substantially ig, Tve have established that changes in
cosolvent compason yield significant changes in viscoelastic frequency spectra. This
relationship between composition and frequency is amenable to analysis in the same
fashion as tTS, resulting in time@mposition superpositioning (tCS) wherein the shift
factor (&) depends on both cosolvent viscosity and copolymer concentration. Here, we
further investigate these and related systems to discern the factors governing cosolvent

regulated tCS and the generality of this phenomenon.

3.2. Experimental

3.2.1. Materials

The designations of the styrenic block copolymers and related homopolymers used in
this study, along with their molecular weights (when known), styrene contents (as
applicable), commercial grades, and manufacturers, are listed in Table 3.1. Included in this
tabulation are one poly[styrefte(ethyleneco-propylenejb-styrene] (SEPS) and several
poly[styreneb-(ethyleneco-butylene)b-styrene] (SEBS) triblock copolymers, as well as a
poly[styreneb-(ethyleneco-propylene)] (SEP) diblock copolymer and an EP
homopdymer. The polydispersity indices of the block copolymers were relatively low,

ranging from about 1.05 to 1.10, according to the manufacturers and independent size
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exclusion chromatography (SEC). In similar fashion, the designations, commercial grades,
marufacturers, molecular weights, and physical properties of oligomeric solvents used in
this study are provided in Table 3.2. Reported polydispersity indices for these solvents were
between 2.0 and 2.5. Three of these solvents were hydrogenated resirtshgoofscy/clic

Cs and G moieties and commonly used as tackifying compolfftighese resins were
amorphous, each possessing a molesukightdependent Jextending from 30 to 74°C.

An additional oligomer employed here for comparative purposes was a slightly non
hydrogenated aliphatic resin with a normal melting point of 60°C. The liquid solvent mixed
with the oligomeric solvents was an aliphatic/alicyelibite mineral oil (MO, Hydrobrite

380; Sonneborn, Inc., Tarrytown, NY) with a molecular weight of ~500 and an

aliphatic:naphthenic ratio of about 70:30.

Binary and ternary solutions of (co)polymer in one or two solvents, respectively, were
prepared by melmixing predetermined quantities of the constituent species in a double
planetary mixer according to the procedure described elselifler€opolymer
concentrations (expressed in ternigraass fraction ) varied from 0.15 to 0.50 in 0.05
increments, whereas the concentration of resin in the cosolvent mixture (expressed in terms
of mass fraction w) was independently and naystematically varied from 0.00 to 1.00.

To minimize oxidativedegradation during melt mixing, the mixer was outfitted with a
vacuum pump, and 1 wt% Irganox B220 was added to each specimen prior to mixing. The
resultant materials were mgitessed to a thickness of3Imm at 180°C, followed by rapid

guenching to roontemperature.

123



3.2.2. Methods

Nonlinear tensile tests were performed on several specimens measuring 25 mm x 50
mm at ambient temperature with ®TS-30G unit operated at a constant crosshead speed
of 127 mm/min for illustrative purpose€yclic loading andinloading experiments were
performed for 15 cycles, and the leextension curves obtained were used to calculate the
corresponding nominal (engineering) stress and strain. Dynamic shear rheology was
performed on specimens at ambient temperature on aniiiecs RMSB800 strain
controlled rheometer equipped with 25 mm parallel plates separated-Bynarigap. To
erase thermal history and prevent slippage (especially at low frequencies), all loaded
specimens were first heated to 180°C and then cooled t®aimémperature in controlled
fashion. An isochronal strain sweep was used to verify that the applied strain was in the
linear viscoelastic regime of each specimen. Frequencydectra were acquired from 10
to 1 rad/s at strain amplitudes rangingorfit 0.1 to 2%, depending on specimen
characteristics, and were analyzed using the IRIS fRhapsoftware suite. Viscosities of
cosolvent mixtures (without added polymer) were evaluated at ambient temperature on a
stresscontrolled AR 2000 rheometer. For higiscosity specimens, viscosities were
measured at elevated temperatures and used in conjunction with the Arrhenius relationship
to calculate the viscosity at ambient temperature. TdseoT the cosolvent mixtures were
likewise measured by differentialaaming calorimetry (DSC) on a TA Q2000 calorimeter

operated from-100 to 80°C at a heating rate of 5°C/min. Dynamic mechanical thermal
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analysis (DMTA) was used to measure thgs Of the cosolverswollen copolymer
midblocks on a liquiehitrogerrcooled TA B00 instrument operated from 30-th00°C at

a cooling rate of 5°C/min and = 1 Hz.

3.3. Results and Discussion

3.3.1. Nonlinear Extensional Rheometry

Previous studié®! of thermoplastic elastomer gels containing MO, squalane or another
low-viscosity aliphatic additive have reliedmeost exclusively on dynamic rheology to
extract mechanical information (e.g., the dynamic moduli) as functions of chemistry,
copolymer concentration and molecular weight for comparative purposes. Limited
extensional rheometry has also been repbrt&tifor some selectively swollen copolymer
networks. In this work, specimens varying in cosolvent composition are subjected to cyclic
tensile strain up to 40% for51continuous cycles to demonstrate, in sqoantitative
fashion, the profound difference between the MO and R1 cosolvents. Before doing so, we
hasten to point out that these materials are capable of withstanding significantly greater
tensile deformationral cycle numbers before failifitf Reasons for the strain and cycle
number chosen here will become apparent from the discussion below. Representative
nominal stressstrain curves measured from solutions consisting of SEBSkatv0.30
and v varying between 0.00 and 1.00 are presented in Fig. 3.1. Although each specimen

has undergone 15 strain cycles, only the first and last cycle are displayed foraha sak
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clarity. Cursory examination of Figs. 3:taeveals that a change in cosolvent composition
from O to 80 wt% resin has little impact on the extensional properties of the solution. In all
three cases shown, the hysteretic strain upon cycling is camyskess than ~3% and the
difference between loading and unloading becomes less pronounced. Both of these features
agree with our previous studi€8 *? of selectivelysolvated triblock copolymers as high
performance dielectric elastomers. Addition of the resin to the solvent mixture results in a
marginal, but systematic, increase in the initial madufrom 190 kPa (at av= 0.00) to

265 kPa (at w= 0.60) and 345 kPa (atrw 0.80).

Empirical hyperelastic models such as the modified ModRigiin,** *¥ YeoH*? and
Ogder*® models, as weks the more physicallpased sligube network model developed
by Rubenstein and Panyuk®¥, can adequately describe the stistsain behavior of the
specimens introduced in Figs. 3-daThe tensile response of the same system in the
absence of MO (w= 1.00) is,however, markedly different, as evidenced by Fig. 3.1d. The
initial rise in the stresstrain curve is more than an order of magnitude higher than that at
wr = 0.80, yielding a modulus on the order of ~80 MPa, which is consistent with a glassy
material (ecall that the Jof this oligomeric solvent is 30°C). In addition, after application
of just a few percent strain, substantial strain softening is clearly observed. Cretor and co
worker$*® have examined the nonlinear behavior of ABA/AB block copolymer blends in a
tackifier resin and mgort similar strain softening, the magnitude of which is markedly less
due to the higher polymer concentrations used in their formulations. Another startling

difference between the strain response of this SEBS1/R1 blend and those from systems
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containing MOin Figs. 3.1ec pertains to the strain hysteresis, which is comparable to the
strain applied in Fig. 3.1d, indicating that the blend relaxes on a time scale that is
significantly slower than the relaxation time afforded by the experiment. It shoulddxk not
however, that the sample eventually returns to its original dimensions once the stress is
released. This shape recovery takes seconds or even minutes to achieve, depending on the
composition of the material, which signifies that the resin serves teaise the viscosity
(molecular friction) of the solvent matrix and thus retard the elastic recovery of the
copolymer network upon removal of the applied stress. The results provided in Fig. 3.1 also
imply that the influence of R1 on network relaxation bees more pronounced whem w

0.80. This observation will be further examined at small strains by dynamic rheology later
in this study, whereas the nonlinear tensile strain behavior of triblock copolymer/cosolvent

systems will be detailed in the future.

3.3.2. Constituent Phase Miscibility

Since the ternary systems of interest here require that both cosolvents selectively swell
(to comparable extents) the midblock of a triblock copolymer, the miscibility of the
cosolvents together and in the presence efdbpolymer midblock must be interrogated.
Previous studié® of solvated block copolymer systems have established that the
rheological response of a tribloclommolymer in a selective solvent is sensitive to the
compatibility of the solvent with the midblock. Independent-selisistent field theory
predictions and scattering measurements concur that solvent miscibility can strongly affect

the concentration of sgent in both the A and B microdomains of a bicomponent block
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copolymer, as well as the solvent excess along the A/B intdffate?? In the present
study, the cosolvents differ substantially in thejs,Tin which case several scenarios can be
envisaged. If, on one hand, a glassy oligomeric solieistightly compatible with and
swells the endblock, the modulus of the material is expected to increase at ambient
temperature. A liquid solvent exhibiting similar endblock compatibility, on the other hand,
would plasticize the endbloakch microdomainsthereby increasing the propensity for
endblock pullout and compromising network integrity at high strain levels. If an oligomeric
solvent is midbloclkselective but only partially miscible with the copolymer midblock,
macroscopic separation into copolyameh and solventich phases can be expected
beyond a critical solvent concentration. To avoid such complications in this study
addressing tCS superpositioning, it is imperative to ensure that the cosolvents, as well as the

copolymer midblock, are fully mcible.

As described earlidf? the miscibility of MO and R1 as discerned from the
composition dependence of; has been explored by DSC, the results of whare
displayed in Fig. 3.2a. This figure shows that, in the absence of copolymey, thehis
cosolvent mixture increases monotonically from 195 K @tv@.00 to 303 K at w= 1.00.

Such behavior is consistent with the Gordaylor equatioit? for miscible blends, given
by

T = Wngl+kGTW 2ng
=

3.1
W, KW, S
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where gt is a fitting parameter. Regression of Eq. 3.1 to the data in Fig. 3.2a viglds k
0.39 The GordorTaylor equation can also be derived from thebifeand k can be
physically interpreted &' (p1/p2) * (2/pW), wherep; is the density of componenti (i = 1
or 2) , wish thel velume eppansion adficient at the § of component i.An
alternative equation formulated by Couchf&ran be written as

w,InT,+kw,InT,,

InT, = (3.2)

W, +K-w,

where k is the ratio of the change spedi ¢ h e & tp%) of toeGwo components at
their respective glass transitions. In this cagsedn be measured independently by DSC. A
value of ke = 0.49 obtained from regression of Eq. 3.2 to the data agrees favorably with the
experimentally measude value of 0.42. The absence of a secondinl any of the
thermograms collected inspires additional confidence that this cosolvent mixture is
completely miscible. Due to the chemical similarity between R1 and the other hydrogenated
resins investigated herave presume that all the oil/resin mixtures exhibit comparable
miscibility. Included for comparison in Fig. 3.2a are values gadquired from isochronal
DMTA temperature sweeps of the cosolvated EB midblock of the SEBS1 copolymer at two
copolymer concemations (wc): 0.15 and 0.35. In this case, thg i identified by a
maximum in the tensile loss modulus (E"), as evidenced by the family of DMTA scans
acquired from the SEBS1/MO/ R1 ternary series witlg w 0.15 and variable win Fig.

3.2b. Caution, bwever, must be exercised in comparingvalues measured by DSC and
DMTA as they can differ by 2@5°C. Application of Eq. 3.1 to the ternary systems in Fig.

3.2a (using the binary systems as the endpoints) yields the corresponding curve fits and the
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following regressed values afk 0.45 (wsc = 0.15) and 0.34 (¢¢ = 0.35). Fig. 3.2c shows
the dependence of the ternarydn wsc for values of w ranging from 0.00 to 1.00. It is
interesting to note thatyis nearly independent (~10°C variation or lessygf up to W, =
0.80. At higher resin levels,gThonotonically decreases with increasingcwSince the §
of the neat EB midblock is ~55°C (218 K), cosolvents withless than about 0.30.40
serve to plasticize the midblock by reducing its At higherwg, the midblock conversely
plasticizes the MO/R1 mixtures. The absence of a secgiadl [bw temperatures provides

further evidence that the ternary oil/resin/midblock mixture is miscible.

3.3.3. Dynamic Rheological Analysis

Dynamic rheology has been efformed on a wide variety of ternary
copolymer/cosolvent systems at ambient temperature to deduce the effects of cosolvent
concentration and composition on relevant viscoelastic properties. Care has been taken to
ensure that the strain applied was suéirtly small to stay within the linear viscoelastic
regime. Of particular interest here are thepectra of G' and G", examples of which are
shown for the SEBS1/MO/R1 system withaw 0.15 in Fig. 3.3 (low values ofpin panel
a and high values of pin panel b). As discussed elsewhEfet he ¥ spectra acgq
lowwg ( O 0. 40) reveal t he elinkedsneteorkceghibion ge p hy s
like behavior. That is, within this composition window, G' consistently exceeds G" by over
an order of magnitude, and both moduli (especiallG' ) ar e nearly indepe

features are signature characteristics of networked systems, regardless of whether the
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network is stabilized by physicalr chemicd!” crosslinks. At wg = 0.60, however, a
significant wupturn is observed in G" at higt
and G" just beyond the range of experimentally accessible | n c rg &udheritonOg0 w

clearly reveals a &5" crossover point in the vicinity of 2 rad/s. At even higher resin
concentrations, evidence of existing networks is altogether lost, and a second crossover

point develops (cf. the spectrum for whicly w 0.90) so that the interval over which G"
exceeds G iI's finite (spanning just under
corresponds to the reciprocal of the characH
¥ agpvariesinFig.3.3breveal t hat ¥ i ncrea&se&to~-50catyw~0. 44

= 0.90. Such a sharp escal ation igrnhelpsto whi ch
explain the results presented in Fig. 3.1. Comparable data reported°@aflitar the same
copolymer/cosolvent systemagywv= 0. 25 r eveal a substanti al r

Wg: ~0.025 s at w= 0.80 to ~0.79 s atpw= 0.90.
Time-Composition Superpositiong (tCS)

The underlying premise of rheological superpositioning is that time (or frequency)
dependence of a modulus or, alternatively, compliance measured under two different sets of
experimetal conditions can be related by a factor associated with the variable conditions.

In the case of tTSG' (0) =G, (a,®), where ai s d e f i/ nyeadd thee subseripts T
and 0 denote unspecified and reference temperatures, respecti@ly(dj and G, (a,»)
plotted as functions of | og ¥ are horizont al

by shifting either one a distance logal ong t he ¥ axihas cometbbech i s
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known as the temperature shift factor. Rheological superpositioning, also referred to as
equivalence, has been previously repdtfedor experimental conditions other than
temperature. For example, timmemposition equivalence has been observed in plasticized
homopolymers$>” ° and triblock copolymers selectively swollen with a mixture of
cosolvent$? In this case, tCS requires th&, (0)=G'.(a.m) so that a represents the
composition shift factor. Shifting the data
master curves (cf. Fig. 3.4) that describe the viscoelastic behavior of the SEBS1/MO/R1
ternary system at g¢ = 0.15 for all cosolvent compositions.&rtical shift factor ranging
from 0.7 to 1.2 for all specimens investigated is implemented on -aeeaed basis to
improve the quality of superpositioning. In Fig. 3.4 w0.60 has been arbitrarily selected
as the reference curve against which alleotburves are shifted. While the smoothly
continuous nature of both master curves is indicative of rheological equivalence, we have
conducted complementary tests to establish that this ternary system does indeed obey tCS.
At the highest frequencies ohdé master curves in Fig. 3.4, two crossover points
between G' and G" are clearly visible and limit the range over which the material behaves
liquid-like (with G" > G'). Asw is reduced, however, G' exhibits a broad plateau, and G"
eventually displays evishee of upturns, which limit the validity of tCS in this system. The
origin of these upturns will be discussed later. Returning back tosh{ghort time scales),
we successively probe chain entangl ement,
relaxation of the midblock in the cosolventh matrix. This tCS master curve can therefore

qualitatively explain the surprisingly high level of hysteresis accompanied with strain
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softening in resiwrich specimens subjected to cyclic tensile tests (cf. Fig. 8li)jough

dynamic rheology is restricted to small strains in the linear viscoelastic regime, while the

tensile tests have been conducted in the nonlinear (hyperelastic) regime, tCS analysis
confirms that the Youngds moddi$large ddedorthet he S
value of G' (on the order of 10 MPa in Fig. 3.4) at short time scales. The subsequent onset

of strain softening is attributed to the-G"' crossover at longer time scales. Since G" > G'

over a finite ¥ wi ndleewrder af setohds romtFig.B.8b), st@in st an't
softening is a consequence of viscous dissipation. In previous $ttithesf triblock

copolymers in mitdlock-selective liquid solvents (= 0.00), the high frequency responses

described above are pushed to low frequencies and very long time scales that are not
experimetally detectable. These results are consistent with the observation that oil
containingsystems snap back to their original dimensions immediately (as elastomers),
whereas materials containing large levels of resin begin to regain their original shape
quickly at short times, but this recovery abruptly slows due to the molecular friction
encaintered by the copolymer network in a highcosity matrix. Thus, it follows that tCS

is similar to tTS in that it can be used to probe both long and short time scales, with the
added benefit of operating under isothermal conditions.

The shift factors rgponsible for generating the master curves presented in Fig. 3.4 are
provided as a function of sfor wgc between 0.15 and 0.50 in Fig. 3.5a. In most casges, a
increases monotonically with increasing,vand the range over whiclk &aries increases
(by upto almost nine orders of magnitude) agwecreases. This latter feature reveals that

the range of areflects the relative influence of the resin, which is expectedly greatest at the
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lowest wsc examined here. In the case of tTS, which corresponds teraahy-activated
process, facan be expressed in terms of temperature and an activation energy by the
Arrhenius equation or viscosity (and, hence, free volume) by the WiliamdelFerry
(WLF) equation. Only the latter approach is applicable here, ar@ & displayed as a
function of cosolvent zershear viscositytps on duallogarithmic coordinates in Fig.
3.5b. A surprisingly linear relationship is evident at eagb, thereby implying that tCS is
a manifestation of cosolvent free volume and that a scaling relationship of the form
a. ~ Mo, where y is a function of wc, exists. This functional form is investigated
further only forw O 0. 60 due to the wupturn issues d
applicability of tCS. While it is intuitively anticipated and verified in Fig. 3.6 that the
magnitude 6this scaling exponeny(wgc) decreases with increasingsgvas the effect of
the resin is reduced, the form of this function is intriguing as it appears to possess two
distinctly JI|inear regis®s 0 .yB¥1Di wg/h ghisr ange
relaionship changes ty = v(1.07 wgc) for R03HD. 60w | wvadboth, cas
which corresponds to the Flory parameter for a chain in a good solvent. Such a coincidence
suggests that this apparent scaling behavior may be rooted in the fundamesitd phy
polymer solution thermodynamics and free volume, which is amenable to future theoretical
interrogation.

The reason for the apparent change in slopg fbm —1/v at low wsc to —v at high
Wgc IS not known at this time, although it may be related morphological transition from

spherical to cylindrical micelles. Smalhgle xray scattering confirmi& % 63 the
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existence of spherical micelles in specimens up to 30 wt% block copolymer, but no
morphological data are presently available at higher copolymer concentrations. Laurer et
al*” have previously demonstrated that binary SEPS/MO systems can exhibit spherical
and cylindrical micelles, as well as swollen lamellae, depending g@n Bansil amwl
coworkers have likewise observed spherical morphology at 20 wt% cop8fnaed
cylindrical micelles at a copolymer concentration 0.45 in a similar SEBS/MO $§3tem
These reported morphological transitions and, indeed, the entire concept of tCS presented
here are expected to be exquisitely sensitive to material considerations such as cosolvent
quality and viscosity, as wellsacopolymer molecular weight and composition. To
determine if solvent chemistry affects the quality of tCS, we have substituted the
hydrogenated R1 solvent used to generate the data in Fig8.63W8ith the most
chemicallydissimilar solvent: the slightipmon-hydrogenated R4 resin. According to the
physical properties listed in Table 3.2, this resin is semicrystalline with a melting point of
60°C. Addition of this resin to the SEBS1 copolymer and in SEBS1/MO binary solutions at
low wgc (< 0.35) to avoid tb possibility of morphological transitions yields isothermal
frequency spectra that can be systematically shifted to generate master curves such as the
one presented atgy = 0.30 in Fig. 3.7a. The shift factors obtained upon doing so scale
with cosolventngsin the same fashion as Fig. 3.5b (cf. Fig. 3.7b), and values of the scaling
exponenty resulting from this analysis are included for comparison in Fig. 3.6. Although
there is some scatter in these values, they agree surprisingly well with thosedbtiier

and they exhibit a similar dependence astwwhich supports our earlier contention that
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the scaling behavior ofcaand the functionality ofy(wsc) are not serendipitous. One last
point that warrants mention is that, although the R4 resin gxkiltlearly defined melting
peak at 60°C by DSC, no such peak is observed at any temperature upon incorporation into
the copolymer or copolymer solution at the loading levels employed here.

Next, we explore how cosolvent viscosity, which likewise traaslanto T, impacts the
quality of tCS when the solvent chemistry remains relatively unchanged. [While the
hydrogenated resins are more accurately described -dsfiiled mixtures of alicyclic
oligomers, the basic chemical constitution of the hydrogenegsins is expected to be
sufficiently similar to permit this comparison.] Representativespectra collected from
ternary solutions containing the SEBS1 copolymer, MO and R1, R2 or R3 at concentrations
of wgc = 0.30 and w = 0.95 are shown in Fig. 3.8a and appear strikingly reminiscent of the
spectra displayed for differentgiin Fig. 3.3. Clee examination of the spectrum from the
solution consisting of the R2 solvent even reveals the existence of #80 &Gbssover
points, as observed earlier. Shifting these three spectra relative to the one corresponding to
the R2 solvent in the domain rsults in the master curve provided in Fig. 3.8b. Included
in the inset of Fig. 3.8b iscaas functions of both the cosolventsand the neat resing s
The data confirm thatcascales with both viscosities, which is consistent with our earlier
discussio pertaining to Figs. 3.5b and 3.7b. An independent observation that further
corroborates the relationship between the composition shift factor and cosolvent viscosity is

that them spectra of two different solutions (composed of the same copolymer sdrtiee
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copolymer concentration) overlap remarkably well if the values of cosolyggtare
comparable in magnitude, regardless of the solvent employed.

Another material consideration that merits investigation here is the copolymer
molecular weight at coretit copolymer composition. According to Table 3.1, the SEBS1,
SEBS2, SEBS3, SEBS4 and SEBS5 copolymers, all witB33@t% styrene, are selected
for this evaluation. Master curves generated frorspectra acquired from solutions with
wgc = 0.15 are provid# in Fig. 3.9 and, along with Fig. 3.4, verify that these systems
exhibit satisfactory tCS at intermediate to high frequencies. At low frequencies, however,
ternary solutions consisting of the three {owlecularweight copolymer$ SEBS1 (Fig.

3.4), SEBS4(Fig. 3.9c) and SEBS5 (Fig. 3.9d) all display upturns in G" at low
frequencies (in oitich solutions at low w). In marked contrast, the master curves
generated from the solutions containing the SEBS2 and SEBS3 copolymers show no such
upturns, indicatig that tCS is valid over the entire composition range examined in these
systems. We conclude from this analysis that the endblock mass plays a critical role in
determining the applicability of tCS over all compositions (especially at low frequencies).
Values of the corresponding shift factors used to produce the master curves in Figs. 3.4 and
3.9 are provided as a function of cosolvgatin Fig. 3.10. The scaling behavior of aith

No,siS again evident in this figure and, more importantly, all the values leg¢ an the same

line. Variation in copolymer molecular weight (more specifically, midblock mass) does not
affect &, in which case it follows that tCS can be attributed exclusively to the dynamics

associated with midblock relaxation. Recall from Fig. 3.2b, however, that either the
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midblock can be plasticized by the cosolvent (at loy @r the midblock can plasticize the
cosohent (at high w), as discerned from examination of the ternary midblock/MO/resin
T4. Since both Jand & depend on viscosity (and, by inference, free volume), we anticipate
that these two quantities are likewise related. In Fig. 3.11, valuesfiaina Fig. 3.5a (with

wgc varying from 0.15 to 0.35, andpawarying from 0.00 to 1.00) are displayed as a
function of the T values from Fig. 3.2b and are seen to cluster around a single master

curve, which supports our expectation regarding the primary depenafesce

3.3.4. tCS Limitations at Low Frequencies

After establishing the factors that govern the validity of tCS for frequency ranges
related to segmental relaxation, the origin of the-feagquency upturns in G" must now be
ascertained. With this objeeé in mind, tTS has been performed at temperatures ranging
from 25 to 130°C in 5°C increments on a binary SEBS1/R1 blend whegein @.30. The
resultant master curves generated fromeilgpectra (not shown) are presented in Fig. 3.12.
The curves providin Fig. 3.12a have been shifted so as to achievedughty tTS in the
segmental relaxation regime at high frequencies. Temperatures selected for this purpose
span from 25 to 85°C, since segmental relaxation is not observed in the experimental time
frame at temperatures above 85°C. Deviation from the master curve is evident at low
frequencies is surprisingly similar to that observed earlier in several master curves produced
by tCS. We thus propose that the phenomenon responsible for the failure ¢€8atnd

tTS at low frequencies is the same and can be identified from Fig. 3.12b. In this figure, tTS
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is conducted so that the ¥ spectra superpos

broad terminal relaxation of the triblock copolymer. The qualityTS appears satisfactory

at low frequency, but shows deviation at high frequencies, indicating that the phenomenon
of interest is related to the terminal relaxation. According to Vega &f ahe relaxation
spectrum of a triblock copolymer can be described in terms ofythantcs of entangled

stars wherein the network junctions are presumed to be transient. Once the copolymer
endblocks are released from their glassy microdomains (responsible for stabilizing the
network as physical crosmk sites), entanglements relax \@adifferent process, viz., arm
retraction’®¥ which explains why tCS derived from segmental relaxation is invalid at low
frequencies for some systems (partidyldhose with short endblocks that can be easily
pulled out of their micelles). Segmental relaxation of the midblock depends opdhéh&
solvated midblock, whereas terminal relaxation is sensitive to factors such as endblock
mobility, as well as thehermodynamic compatibility between the endblock and solvated
midblock.

In the case of a solvated triblock copolymer whose endblocksorgghize into
spherical micelles, terminal relaxation proceeds by a hopping diffusion mecffanisat
involves three stages: extraction of an endblock from a micelle core into the solvated
midblock matrix, transport of the endblock through the incompatible matrix and absorption
of the endblock into a different cof8 The first step is considered rdtmiting, and the
associated diffusion coefficient (D) is the result of a hindered diffusion mechanism in

which D can be expresd a¥”
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D= Doexpt—{x—%jr\ls J (3.3)

Here, Oy is the diffusion coefficient in the absence of endblowrix interactions, A is a
prefactor of order unityy denotes the FlorHuggins interaction parameter between the
endbbck and solvated matrix, andsié the number of repeat units in the styrenic endblock.
An important consideration not to be overlooked is the extent to which the glassy micelles
are plasticized by one or both cosolvents, since plasticization would teratdase pand

decrease. The corresponding relaxation time that is measurable by dynamic rheology is

T= TseXF[A(X—%stJ (3.4)

where ts represents the time constant due to terminal relaxation of the plasticized

given by

endblocks.

One way to discern if this mechanism itated to the upturns in G" at low frequencies
in tCS master curves is to hoyjdconstant and vary Nor, equivalently, hold Bl constant
and varyy to see if the functional form of Eq. 3.2 is observed. Althoydbetween the
styrenic endblock and solvatedatrix varies with cosolvent compositiongwan be used as
a substitute to capture this variation without knowing precise valugsofl n addi ti on,
be calculated from the reciprocal of the frequency associated with the minimum in G"
before each uptar In Fig. 3.135 is shown as a function ofgior the three systems fo =

0.15) containing lowmolecularweight SEBS copolymers and exhibiting upturns in G"
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upon tCS (cf. Fig. 3.9). The copolymer molecular weight and, thgiaréNheld constant in
eachseries, anad is seen to vary as expg)y which is to be expected ifans related to the
variation iny. The observation that the slopes of the three lines in Fig. 3.13 are nearly equal
is consistent with Eq. 3.3 and the endblock hopping diffusion mesthanAnother
noteworthy feature of this figure is thaincreases substantially (in one case by more than

an order of magnitude) with increasing Bt constant w, in agreenent with our earlier
conclusion that the phenomenon responsible for limiting t€Striongly dependent on
endblock mass. An additional increase in endblock mass is anticipated to incheiser

and decrease the corresponding frequency beyond the experimentally accessible threshold,

which explains why the SEBS2 and SEBS3 series tidisplay such upturns.

3.3.5. tCS Dependence on Polymer Architecture

The final topic to be considered in this study is the applicability of tCS to various
macromolecules possessing similar sol@rhpatible chemistry, but different
architectures, at idghical polymer concentrations. In the tCS master curves generated with
wg ranging from 0.00 to 1.00 at a polymer loading level of 0.25 in Fig. 3.14, three different
polymers in cosolvent mixtures of MO and R1 are considered: a SEPS triblock copolymer
(Fig. 3.14a), a SEP diblock copolymer (Fig. 3.14b) and an EP homopolymer (Fig. 3.14c).
Details of these materials are provided in Table 3.1. On one hand, the quality of tCS in Fig.
3.14a appears remarkably good for the triblock copolymer solution, with ovieidagata

in the segmental, transition and entanglement regimes, as well as no evidence of upturns in
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G" at low frequencies. Such excellent superpositioning is not surprising in light of the
molecular weight of this copolymer and our earlier findings partgito the origin of the
low-frequency upturns. Comparison of this master curve with those generated for SEBS2
and SEBS3 in cosolvent mixtures of MO and R1 reveals that the one displayed in Fig. 3.14a
shows no evidence of a second-G3' crossover nor segental relaxation at high
frequencies, indicating that the ternary solutions are soft and consistently behavekiejuid

at frequencies beyond the first crossover point. The degree to which accurate
superpositioning is achieved in the cases of the SEBattilgopolymer (Fig. 3.14b) and the

EP homopolymer (Fig. 3.14c) is, on the other hand, unacceptably poor, especially in the
transition zones between the plateau and either the segmental or terminal relaxation
regimes. As discussed earlier, the inapplicgbif tCS is due largely to the existence of
different relaxation processes that are independent of composition change. The triblock
copolymer is the only macromolecule among the three in Fig. 3.14 that can form a
physically crosdinked network due primédy to the presence of bridged midblocks. This
network remains intact insofar as the endblocks continue to reside within their glassy
micelles. While diblock copolymer solutions possessing a micellar morphology can also
exhibit elastic behavior at low sing, the origin of this elasticity is an osmotic constraint
arising from uniform coronal density and random coronal chain pa&®inaccording to
Plazek®¥ overlap of chain relation modes such as these with segmental processes leads
to thermorheological (tTS) failure, as well as compositiveological complexity. In this
regard, it is noteworthy that the master curves in Figs. 14b and 14c exhibit th&ge G’

crossover pointsWhen a triblock copolymer possesses sufficiently long endblocks to
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preclude hopping diffusion from one micelle to another, thermorheological failure and
compositionrheological complexity can be avoided so that tCS becomes applicable. This
requirement mayhelp to explain why tCS has not been previously reported for

macromolecules in cosolvents.

3.4. Summary

Cursory evidence of timeomposition rheological equivalence has been previously
reported for several different systems. Unlike conventional tTS, $G®nducted under
isothermal conditions, thereby preventing complications that can develop due to thermal
degradation, undesirable reactions or phase transitions. In the case of tCS, significant
changes in viscoelastic behavior can be induced by simplgystdmatically altering the
composition of the cosolvent mixture. The overarching objective of this study is to discern
the material factors governing the applicability of tCS to ternary solutions composed of a
triblock copolymer and two midbloegelective cosolvents, one liquid oil and the other an
oligomeric resin, differing substantially ingand, hence, viscosity. Extension of binary
copolymer/oil mixtures yields thermoplastic elastomer gels that are highly elastic due to the
existence of the copolymeetwork, and capable of giant strains and-losteretic cycling.
Similar deformation of the binary copolymer/resin blends is accompanied by significant
strain softening, nontrivial hysteresis upon cycling and slow shape recovery, indicating that
the hidh-viscosity resin impedes the dynamics of the copolymer network. Examination of
the thermal behavior of the cosolvent mixtures examined here reveals that they are fully

miscible with each other, as well as with the copolymer midblock. Dynamic rheological
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analysis of resultant ternary solutions confirms that tCS is most applicable to triblock
copolymer systems wherein the endblocks are sufficiently long to avoid endblock hopping
from one micelle to another. In systems that are amenable to tCS, the compsisitio
factor (along frequency) is consistently found to scale with the viscosity of the cosolvent
mixture or depend universally on the cosolvegt Which, when taken together, strongly
indicate that the underlying principle responsible for tCS is, nmlai fashion as tTS,

rooted in freevolume considerations.
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Table 3.1 Properties of copolymers used in the study

Code Grade Manufacturer PS (wt%) Mn (kg/mol)
SEBS1 G1650 Kraton 30 95

SEBS2 G1651 Kraton 33 267

SEBSS G164 Kraton 31 144

SEBS4 G1660 Kraton 30 72

SEBS5 G1652 Kraton 30 56

SEPS S2006 Kuraray 35 300

SEP G1701 Kraton 37 110

EP* 3200A DSM 0 76

* 49% ethylene
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Table 3.2 Properties of tackifier resins used in the study

Code Grade Manufacturer Tg (°C) Mn (gm/mol)
R1 5380 ExxonMobil 30 190
R2 5300 ExxonMobil 48 210
R3 5340 ExxonMobil 74 230
R4 1304 ExxonMobil 750
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Figure 3.1 Tensile stregstrain curves obtained from cylic experiments on the
SEBS1/R1/MO system, withgy = 0.30, and win (a), 0), (c) and (d) varying as 0.0, 0.60,
0.80 and 1.00, respectively. The first loadihginloading cycle is indicated in hollow

circles, while the 18 cycle is displayed in filled circles.
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Figure 3.2 In (a), Ty obtained from DSC thermograms for the/RRO co-solvent system
(0) is displayed. I measured from DMA temperature sweeps for SEBS1/R1/MO system is
shown for comparison, withgg = 0.15¢ )and0.35(() . The solid |ines

Gordon Taylor equation. In (b), the loss modulus (E") obtained from temperatgepsw

a

for SEBS1/R1/MO system, withgg=0.15andw= 0. 96. ®)(,32) , 0®BO 80 ( z)

(r ). In (c), Tgs obtained from DMA for SEBS/R1/MO system is displayedc waries
from 0.15 to 0.35, as shown, whilkw 0 (y) , 2).,2 £).66 ,0.08.34 1( ,

0.95(r ), and 1.01( ).
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Figure 3.12 Master curves obtained by tiitemperature superpositioning (tITS) a
SEBS1/R1/MO system with g¢ = 0.30 and w = 1.00. In (@), the master curve is
constructed by shifting dynamic moduli tvitespect to 28C so that superposition at high
frequencies is obtained. In (b), the master curve is created by shifting the data with respect

to 85°C, and ensuring good superpositioning only at low frequencies.
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SEBS10), SEBS3 ( y). The satid lise& d&eSepon(ential fits using equations

similar to Equatia 4 in the text.
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Figure 3.14 tCS master curves obtained for polymers with different architecture. The plots
(@), (b) and (c) correspond to triblock SEPS/R1/MO, diblock SEP/R1/MO and
homopolymer EP/R1/MO, respectively. The polymer fraction in yistes is kept fixed at

0.15.
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4.1 Introduction

Miscible blockcopolymer/homopolymer blends have attracted significant experimental
and theoretical interest over the past 20 years because such blends serve several very
important purposed! From a technological standpoint, they provide a facile and attractive
route by which to tailor the engse properties of block copolymers without having to resort
to custom copolymer synthesis. This becomes a particularly important consideration for
commercial copolymers such as thermoplastic elastdfm@rsyhich are routinely used in
very large quantities and in an increasingly broad range of (nano)technologies. Of equal
significance, though, is the fundamental insigito the factors responsible for confined
mixing within the nanostructure of block copolymers that can be gleaned from such blends.
The pioneering studies of Winey and Thoffidsand Hashimoto and ewmorkerst® 7 as
well as other€¥ have established the design rules that not only permit controlled swelling
of targeted microdomains in block copolymerst bilso morphological transitions induced
by systematically altering interfacial curvature. Incorporation of a parent or-bédektive
homopolymer to a microphasedered block copolymer can have a profound effect on the
phase behavior of the copolymeepinding on several factors, as identified by the self
consistent field predictions of MatsBA'? Of equal interest here are the seminal works of
Lodge ad coworkers!?® ¥ who have examined the influence of solvents varying in block
selectivity on tlke phase behavior of diblock copolymers. Unlike block
copolymer/homopolymer blends, which can suffer from kinetic limitations due to high melt
viscositie¥*?9, solvated block copolymers tend to possess greater molecular mobility and

an improved propensity to reach neguilibrium.
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Several noteworthy studies have endeavored to elucidate the phase behavior of ternary
block copolymer systems, which can be ardmg task due to the large parameter space
involved. The classic ternary phase diagram reported by Alexandridis andriers?”
demonstrates that a redanine different copolymer morphologies exist in mixtures varying
in the concentrations of a relatively lawolecularweight amphiphilic triblock copolymer,
water and oil. Investigations of diblock copolymers blended with their two parent
homopolymers havbeen critical to the developmé&fitof a moleculatdevel understanding
of bicontinuous microemulsions. A topic of recent and growing interest involves ABC
triblock copolymers wherein ternary phase diagrams display the wologis of
copolymer molecules varying in block length. Lodge anewvookers®**¥ have provided
one such diagram illustrating the wealth of micellar rhoipgies accessible in aqueous
solutions of an ABC triblock copolymers, whereas Epps andartiers®® have focused on
solventfree copolymers. Needless to say, corresponding theoretical tredtm&htsave
either followed or driven such experimental studies, and provide valuable complementary
information regarding the spatial distribution of the constituent species being varied. In the
present study, we, too, are interested in ternary phase diagrams that employ triblock
copolymers (specifically, thermoplastic elastomers of the ABA genre) and combine the
earlier concepts of block copolymer/homopolymer blends and seleetiokigted block
copolymers. In this case, the resultant ternary blends to be examined here are composed of
an ABA triblock copolymer, an endblodelective homopolymer (hA) and a midbleck

selective oil (O).
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Our interest in binary ABA/O mixtures stems from the uniquelsaetive mechanical
properties afforded by such systems, especially at high oil concentrations. Such systems,
previously referred®* to as thermoplastic edtomer gels (TPEGs) due to the
supramolecular network that largely develops as a result of bridged midblocks stabilized by
glassy endblockich micelles, are able to achieve giant strains prior to failure, undergo
strain cycling with negligible hysteressd endow integrated systems with considerable
vibration dampenin§” *? They are also capable stibstantial shednduced alignment at
elevated temperatuféd, and they serve as excellent model systems by which to study the
structural characteristics of immobilized micelles at!feéf or under deformatiol” *®
More recently, we have demonstraf€dthat such materials serve as remarkable dielectric
elastomers, capable of attaining electroactuation strains close to 300% at relatively low
electric fields compared to homopolgrbased dielectric elastomers. In addition, the
nanostructure design adopted in these materials can be readily extended to ionic-polymer
metal composites (IPMCSY" °**3 Prior studies have explored ABA/O systems with a third
component, such as a paféhtor blockselectiv€* *3 homopolymer that preferentially
swells the micelles formedylthe copolymer endblocks. Alternatively, the ternary mixture
can consist of a second midbles&lective solvent. Analysis of the mechanical properties
of such copolymer/cosolvent systems revédlshat, insofar as the two solvents are
completely miscible, the systems can exhibit ticoenposition rheological equivalence.
Analogous to timgemperature equivalence wherein a desired time (frequency) domain of
viscoelastic properties can be accessed at empetal scales by changing temperature,

time-composition equivalence permits a similar shift in time (frequency) by altering
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cosolvent composition under isothermal conditions. In this work, sangle xray
scattering (SAXS) is used to probe the ternary phase behavior of a triblock copolymer in

the presence a homopolymer and a midbselective oil.

4.2 Experimental

4.2.1 Materials

A poly[styreneb-(ethyleneco-propylene)b-styrene] (SEPS) triblock copolymeiith a
numberaverage molecular weightM,) and polydispersity index (PDI) of 51 kDa and
1.01, respectively, as well as 65 wt% S, was obtained from Kuraray America Inc. (Houston,
TX) and used aseceived. Two polystyrene homopolymerere synthesized via living
anionic polymerization in cyclohexane at 60°C wghcbutyllithium as the initiator.
Molecular weight characteristics were measured byei@éusion chromatography. In both
cases, the corresponding PDI values were less th@nTh@se homopolymers are hereafter
designated as hR$ wherem denotesM | in kDa. The two oils examined here were an
aliphatic:alicyclic (70:30) mineral oil (MO, Hydrobrite 380; Sonneborn, Inc., Tarrytown,
NY) with a molecular weight fo~500 Da and squalane (SQ, Mayumi; Japan Health
Products, Inc, Granada Hills, CA) with a molecular weight of 422 Da. Reggmi¢
toluene was purchased from VWR (West Chester, PA) and used without further

purification.
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4.2.2 Methods

Ternary SEPS/hPS/O irtures were prepared by first dissolving predetermined
guantities of each component in toluene, a relatively neutral solvent, and then slowly
allowing the toluene to evaporate over the course of 5 days. The resultant films were
annealed at 120°C under nogen for 16 h to remove residual solvent and to promote
morphological development and erase its sohsasied history. The normal boiling points
of the mineral oil and squalene were 230 and 350°C, respectively. Portions of the films
were cut into specimanfor SAXS analysis performed at Argonne National Laboratory
(ANL) and Brookhaven National Laboratory (BNL). Scattering experiments at ANL were
conducted on undulator beamline-I2 for which the samplo-detector distance and
beam size were 3 m and 0.5mx 1 mm, respectively. Specimens were exposed tothe x
ray beam at ambient temperature for 0.0h5 s, and 2D scattering patterns were collected
on a MAR CCD detector. Experiments at BNL were performed on bending magnet
beamline X10A with a sampl®-deector distance of 1.¥ 2.1 m and a beam size of 0.8
mm x 0.6 mm. In this case, 2D scattering patterns were collected on a Bruker CCD
detector. Correcting the 2D patterns for specimen transmittance, followed by azimuthal
integration, yielded the scattergdensity as a function of momentum transfer (q), where q
= (Mbin@/2), A is the xray wavelength (0.1332 nm at ANL or 0.154 nm at BNL) &nd
is the scattering angle. Analysis of these profiles was performed on a Wavemetfies Igor

based platform.
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4.3 Results and Discussion

4.3.1 General Design Considerations

On the basis of the SEPS copolymer molecular weight and architecture, in conjunction with
the composition provided by the manufacturer, we estimate the size of each endblock to be
~17 kDa. To enge that the PS homopolymers required in this study remain largely
miscible within the Sich microdomains that form upon copolymer saifanization, they

should not be larger than the endblocks, as discovered by independent experimental and
theoretical stdies?®” Conversely, if the PS homopolymers are too short, they will behave

as plasticizing agents for thert8h microdomains and consequently reduceuger glass
transition temperature gJ; which, in turn, will compromise the unique and attractive
mechanical properties of this class of solvated macromolecules. For these reasons, the PS
molecular weights were selected as 6 (hPS6) and 25 (hPS25) kiffeerfore, although

MO is 30% alicyclic and can slightly plasticize the S microdomains, it has been used
extensively in previous studies repoffedor this class of materials. For this reason (in
addition to its benign and inexpensive attributes), it is retained in this work. We likewise
recognize that SQ has been frequently used in investigdfidhé® 5 5859 of selectively
solvated triblock copolymers and include it for the purpose of comparison. $jinbe (
emphasis of this work lies in exploring the ask behavior of block
copolymer/homopolymer/solvent blends) fprevious studies have focused specifically on
binary systems composed of triblock copolymers with either added homopGR/feor

midblockselective off? and (i) the PS homopolymers amadiphatic oils are, for the most
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part, immiscible at ambient temperature, we concentrate on tricomponent mixtures in this

study.

4.3.2 Ternary Phase Behavior

The ternary phase diagram mapped out for the SEPS/hPS6/MO system at ambient
temperature is presed in Fig. 4.1. Much of the unmarked region extending from pure
hPS6 to pure MO at low SEPS concentrations is opaque to the unaided eye (with large
domains visible by optical microscopy) and is classified as macrogeaseated. No
attempt is made to disrn the partitioning of the copolymer in these systems. Generally
speaking, as the SEPS concentration is increased, six different classical and complex block
copolymer morphologies can be distinguished: SPH1, CYL1, LAM, BIC2, CYL2 and
SPH2. While detailare provided in following sections, a brief description of each is given
here to establish an overview of the system under investigation. In the first case, spherical
micelles composed of S cores aresurrounded by an EP corona that is swollen by MO,
ard (i) spatially positioned on a cubic lattice, the details of which are discussed later. This
morphology is schematically depicted in Fig. 4.2a. Cylindrical micelles with S cores
(CYL1) are likewise observed to reside on a hexagonal matrix within a maé&ik of EP
and MO, as portrayed in Fig. 4.2b. Alternating lamellae (LAM, Fig. 4.2c) and inverted
bicontinuous morphologies (BIC2, Fig. 4.2d) can be envisaged as bilayered sheets and
channel structures, respectively. In only some cases can the BIC2 alogiph be

unequivocally indexed as double gyroid wita3d symmetry and two sets of non
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intersecting EP/MO channels in a glassy PS métfixin the CYL2 morphology,
hexagonallypacked cylinders consisting of mixed EP/MO cores in a rne&rix, as
illustrated in Fig. 4.2e, are found to develop, and these give way to the SPH2 morphology
(cf. Fig. 4.2f) at low MO concentrations. Unlike the ordered micelles in SPH1, those in
SPH2 contain an EP/M@ch core and remain disordered within the&s Rnatrix.
Representative SAXS profiles of these morphologies identifying the characteristic peak

positions are included in Fig. 4.2.

Since the SEPS copolymer effectively serves as a macromolecular surfactant for the
hPS6 and MO, we first consider the case which the concentration of SEPS is
systematically increased. It should be remembered, however, that an increase in SEPS
concentration also affects the propensity for the EP midblock to form Bfifigesi, thus,
connect neighboring glassy microdomains and form a supramolecular network capable of
withstanding large strains and exhibiting shape memory. Such networks only develop when
the EP midblocks (witlor without MO) constitute a continuous matrix (as in the SPH1 and
CYL1 morphologies) or the continuous channels or alternating sheets responsible for the
BIC2 or LAM morphologies, respectively. At nearly equal fractions of hPS6 and MO, an
increase in theconcentration of the SEPS copolymer eventually induces a lyotropic
transition from LAM to CYL2, the transition may, in some instances, involve the formation
of an intermediate BIC2 morphology. It is interesting to note that, while an inverted
bicontinuous morphology is observed, the conventional analog composed of non
intersecting channels of PS in a matrix of M®ollen EP has not been detected in this

phase diagram. We return to address this curiosity later. At the highest copolymer
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concentrations (> 90 %), the SEPS copolymer and MO are only partially misciate,

some of the MO phasseparates from the ternary system.

In general, morphological variability decreases with increasing SEPS loading, in which
case more morphologies are found to form at é@ncentrations of SEPS. This observation
indicates that, in this limit, the copolymer monolayer separating hPS6 and MO becomes
increasingly susceptible to subtle changes in curvature. As the critical gel concentration is
approached, the ability of the dhilocks to form a loatbearing network decreases, in
which case the EP midblocks comprising the corona of copolymer micelles will
increasingly tend to form loops instead of a mixture of loops and bridges, and the blends
will behave more like viscoelastioquids than elastic solids. The possibility that discrete
populations of copolymer molecules remain physically connected through the formation of
flocs'® mustalso be considered. At still lower concentrations of SEPS in 6PBO-rich
systems, the critical micelle concentration establishes the condition at which the copolymer
molecules are first able to sa@lfganize into micelles. The formation of copolymeceties
(with or without encapsulated MO) in hPS6 is of interest as these nanoscale dispersions can
serve to toughen the thermoplastic matrix. These two concentrations have not been
investigated in this study, but they have been interrogated elsewhere dasth of binary
mixturest?® %% 83 Only ternay mixtures with copolymer fractions equal to or greater than

10 wt% are considered further here.
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4.3.2.1 Spherical Cubic Morphology (SPH1)

A relatively small cubic phase (SPH1) is visible up to ~30 wt% SEPS in MO. As
alluded to earlir, the triblock copatyer forms an isotropic, physically crelssked network
in this composition window as dispersed micelles with glasgglScores are connected by
highly swollen midblock bridges. An example of a SAXS profile acquired from a
10/0.5/89.5 (w/wiw) SEPS/hP36D mixture is displayed in Fig. 4.3a. This system lies
very close to the SEPS/MO axis and is selected for scrutinization here because it is
representative of the mixtures that likewise exhibit SPH1 morphologies at lower copolymer
concentrations in Fig. 4.1IThe electron contrast responsible for such scattering derives
from the difference between the aromatah micelle cores and the aliphatich matrix
(including the micelle coronas). Broad form factor P(q) peaks at high q provide information
regardingthe size and shape of the micelle cores and can be accurately fitted to a model for
polydisperse spheres, in which case the corresponding core diameter determined from
regression analysis is 12.2+0.3 nm. Structure factor S(q) peaks at lower g can b used t
assign the scattering elements to a periodic lattice, if one exists. By selecting the principal
peak (g) at 0.18686 nft, the Bragg peak ratios relative tg are located at 1.00 : 1.62 :
1.91 : 2.52, which reveals the existence of a -fam#ered cubic(fcc) lattice. This
morphology is retained by increasing the hPS6 concentration to 1.5 wt% after which the

samples turn cloudy indicating the onset of macrophase separation.

Displayed in Fig. 4.3b is the SAXS profile for 30/1.5/68.5 SEPS/hPS6/MO system.

While a broad a principal peak is visible, by selecting principal peakaatdg211 nrit, the
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observed Bragg peak ratios are located at 1.00: 1.41: 1.60: 2: 2.4, and cannot be easily
assigned to any of the known cubic morphologies. However, on congidéenbroad
principal peak to consist of two peaks, one at 0.211 andl the other at 0.195 Afmeach

of these peaks represents tweesasting phases. The solid arrows correspond to a BCC
morphology, with Bragg peaks at 1.00: 1.41: 2.00, while thdleafarrows indicate Bragg

peak positions at 1.00: 1.73: 2.65, typically associated with a hexagonally close packed
(HCP) structure. There are broad form factor peaks associated with a spherical structure at
q of 0.75075 and 1.186 rihror a ratio of 5.769.10. In the absence of evidence for a more
complex form factor that is typical of cylindrical structures, it can be presumed that the
existing morphology is a mixture of HCP and BCC spheres. Lodge and cowbtKére!

have reported on the @xistance of HCP and BCC spherical micelles in a setvdiblock
copolymer system. However, the Bragg peaks could be decoupled only after shear
alignment. The clear observation of-ewisting HCP Bragg peaks are hence a fortunate
occurance in our system. Comparison of the this SAXS profile with the ong.i.Bg,

which correspond to a SEPS/hPS6 ratio of 50:1, reveals that the addition of oil increases the
size of the micelle cores (to 15.52 nm). The lyotropic transformation from FCC (with a
possible indiscernible eexistance of HCP) micelles at low SEP&centration to BCC
micelles at higher concentration can be explained in terms of the interaction between the
coronae. When there is greater coronal overlap, BCC is favored, as there is smaller entropic
penalty!® A SAXS profile collected from a comparable ternary blend containing a
poly[styreneb-(ethyleneco-butylene)b-styrene] (SEBS) triblock copolymeri(, = 144

kDa and 30 wt% styrenedm Kraton Polymers, Houston, TX) is included for comparison
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in Fig. 4.3b (30/1.5/68.5 SEBS/hPS6/MO system). In this case, the peaks are clearly
discernible, which indicates that the spherical micelles are more highly ordered on their
lattice, and the coessponding peak ratios (relative toaj 0.1635 nrit) are given by 1.00 :

1.44 : 1.73 : 2.00, which is consistent with a bcc morphology. Moreover, a similar block
copolymer has been shown to exhibit BCC morphology at copolymer concentration similar

to tho® in the specimen displayed in Fig. 4%k The difference in morphology can be
attributed to the composition of the two copolymers. Although the interaeti@ngy

between an EB midblock and MO is expected to differ from that between an EP midblock

and MO, we speculate that this difference is not the cause of the change in morphology.
Rather, the compositions of the two copolymers reveal that the midblottle iISEBS

copolymer (100 kDa) is significantly longer than that in the SEPS copolymer (17 kDa),
indicating that the SEPS copolymer molecules at a concentration of 10 wt% can self
organize into micelles with r-ltibeles)eThey t hi n
SEBS mol ecul es, on the other hand, form mor
with thick coronas. The variation in copolymer morphology due to a difference in coronal
thickness deduced from this comparison agrees with the McCdaaglkriterion, which

states that the bcc lattice is preferred over the fcc lattice when the micelle corona is larger

and intermicellar interactions are presumably softer.

The effect of adding hPS6 to the mixture at the expense of reducing the concentration o
MO at constant SEPS concentration is now considered in Fig. 4.4. Comparison of this
SAXS profile with the one displayed earlier in Fig. 4.3 reveals that the 30/1.5/58.5

SEBS/hPS6/MO system possesses slightly larger micelle cores (an increase by ~t©0%) tha
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the 30/0.6/69.4 mixture, thereby confirming that the additional hPS is incorporated within
the micelle cores. Similar homopolymer solubilization has been previously reported for
SEBSbased TPEGs possessing a distorted bcc lattice or showing no evitlemgerange

order. The present observation that the fcc morphology remains upon homopolymer
addition provides evidence that this morphology is thermodynamically favored. A further
increase in hPS6 content, however, promotes a substantial morphologige.chaubling

the fraction of hPS6 to 3.0% and reducing the MO concentration to 57 wt% vyields the
SAXS profile included in Fig. 4.4. In this case, the distinct P(q) peaks indicative of spheres
are absent, and the Bragg peak ratios relative &t §.1868hm'* are 1.00 : 1.73 : 2.00 :
2.65, which is the scattering signature of cylinders on a hexagonal lattice. Addition of hPS6
at constant copolymer concentration can therefore induce a change in the interfacial
curvature of the P8ch microdomains, which &ils to a lyotropic morphological transition
from spherical micelles on an fcc lattice to hexagorpadlgked cylinders (both of which are
schematically depicted in Fig. 4.2). The net concentration of PS in the ternary system (from

the S endblocks of the colymer and the added hPS6) at this transition is ~22.5%.

4.3.2.2 Cylindrical Hexagonal Morphology (CYL1)

A cylindrical morphology composed of RE&h cylinders in a highly M&wollen EP
matrix is observed for systems that contain SEPS concentrations as 20 wt% and as
high as 60 wt%. Specimens residing in region CYL1 of Fig. 4.1 all exhibit the characteristic

peak ratios of hexagonallyacked cylindrical morphologies, as detailed above. Figure 5
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displays SAXS profiles for two systems with different FsE#hPS6/MO compositions:
30/12/58 and 20/18/62. As in Fig. 4.4, the peak ratios corresponding to the former are
consistent with those expected for a hexagoradigkel cylindrical lattice. In the latter
case, however, the second reflection (&3)
can be ascribed to the presence of an overlapping minimum in P(q), thereby leading to a
marked reduction in Bragg peak intensifjhese two compositions are selected for
discussion here because the net PS fraction in each system is similar (~31 wt%). Since the
densities of the EP midblock and MO are comparable (~0.84%g/tne overall volume
fraction of PS in both mixtures is codsred identical (~27 vol%). Despite this composition
equivalence, the position of & significantly different in each system: 0.15 and 0.12'nm

for the 30/12/58 and 20/18/62 mixtures, respectively, which leads to cylindrical periodicity
(D, calculated fom 4r/[qo&a3]) values of 46.9 and 57.3 nm, respectively. Similar variation

in D is evident in Fig. 4.6 for ternary systems with a net PS concentration of 35 wt%. In this
case, the corresponding cylindrical radii (R) decrease from 17.5 to 11.1 nm as the
corcentration of SEPS is increased at the expense of both hPS6 and MO. Included for
comparison in Fig. 4.6 are values of D determined for binary SEPS/MO systems with no
added hPS6. As expected, D increases with an increasing concentration of MO, which
servesto swell the EP midblocks. In both cases, the concentration of SEPS is increased in
systematic fashion. Now, we consider one case in which the concentration of SEPS is held
constant at 40 wt%. Figure 6 also shows the dependence of D on the concenttafiS6 of
under these conditions and confirms that an increase in the hPS6:MO ratio reduces D (by

increasing R).
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4.3.2.3 Alternating Lamellar Morphology (LAM)

The LAM morphology is predominant in Fig. 4.1 when the overall PS content is greater
than 40 wt%. Anexemplary SAXS profile is displayed for the 40/20/40 SEPS/hPS6/MO
system in Fig. 4.2c and confirms the existence of integral Bragg peak ratios of 1.00 : 2.00 :
3.00 relative to the principal peak at §alues of D extracted from such profiles acquired
from mixtures with an overall PS content of 51 wt% are provided in Fig. 4.7 and show the
same trend previously observed in Fig. 4.6, namely, an increase in SEPS concentration at
the expense of hPS6 and MO results in a modest reduction in D. The same askeetnd
for binary SEPS/MO systems, included for comparison in Fig. 4.7. In Fig. 4.8, we consider
variations in D measured from ternary systems exhibiting the LAM morphology at constant
SEPS concentrations ranging from 20 to 50 wt%. In all cases, aimedircthe fraction of
MO, which is accompanied by an increase in the fraction of hPS6, yields a systematic
increase in D. In addition to these changes in nanostructural dimensions with composition,
the mechanistic route by which the LAM morphology isessed warrants mention here.

At 50 wt% SEPS in MO, the observed morphology in Fig. 4.1 is CYL1. A change in
composition through the slight addition of hPS6 (50/10/40 SEPS/hPS6/MO) results in the
transformation to LAM, suggesting that an intermediate mdogyo is not
thermodynamically favored. The same is true without the addition of hPS6 as the
copolymer loading in MO is increased from 57 wt% (CYL1) to 60 wt% (LAM). It is
therefore highly unlikely that this transition proceeds through an intermediate atagph
which would be expected to consist of networked PS channels in an EP/MO matrix. This is

not, however, the case on the opposite side of the LAM regime.
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4.3.2.4 Inverted Bicontinuous Morphology (BIC2)

As the composition of the ternary system is chdrggethat the overall PS concentration
lies between 52 and 56 wt% and the concentration of hPS6 is relatively low (< 20 wt%),
several 2D SAXS patterns that cannot be assigned to lamellar or hexagackiyg
cylindrical morphologies appear. An example ofie such pattern from a 85/0/15
SEPS/hPS6/MO mixture is displayed in Fig. 4.9a. While severatdeélied diffraction
spots are visible in the image, the lack of alignment makes the pattern paracrystalline. The
morphology becomes more apparent, howevdrerwthe 2D pattern is collapsed to the
corresponding intensity profilef Fig. 4.9b). The peak ratios relative to the principal peak
are measured to be 1.00 : 1.16 : 1.63 : 1.91 : 2.77, which is representative of the
bicontinuous gyroid morphology. Inithcase, soft, M&wollen EP channels constitute the
minority microphase in a Pfch matrix. Several other compositions exhibit similar peak
ratios indicative of the gyroid, but others are not sufficiently distinct to make an
unequivocal assignment. Whilether complex morphologies, such as hexagonally
perforated lamellae, the double diamond and hexagonally modulated layer, have been
considered here and are reported in the transition region between lamellae and cylinders in
phase diagrams of diblock copoigrs, they have all been shown to be metastable,
ultimately converting to the gyroid morphology upon alignment (induced by extended
annealing or subjecting specimens to laageplitude oscillatory shear). Although electron
microscopy analysis remains undely and given that many of the unclassified SAXS

profiles exhibit broad peaks at ratios of 1.00 : 1.90 : 2.80, we are confident at this time that
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the region located between the LAM and CYL2 morphologies in Fig. 4.1 most likely

corresponds to a bicontinuoorphology like the gyroid.

4.3.2.5 Inverted Cylindrical (CYL2) and Disordered Spherical (DIS) Morphologies

An inverted hexagonalipacked cylindrical morphology consisting of M&Wollen ER
rich cylinders in a majority PS matrix is found to exist ovdrr@ad composition range at
relatively low concentrations of MO (< 20 wt%). An example of a SAXS profile collected
at a composition d®0/5/5SEPS/hPS6/MO is provided for illustrative purposes in Fig. 4.2e
and clearly shows the characteristic peak ratielafive to the principal peak) at 1.00 : 2.00
: 2.65 : 3.32. [The reason for the presence of the peak at 1.73 has been previously
discussed.] It is interesting that the region corresponding to this morphology is larger than
that of the CYL1 morphology ewvaht at low concentrations of hPS6. Such asymmetry may
be due to the basis on which the phase diagram is presented. We have chosen to express
compositions in Fig. 4.1 on a mass basis to facilitate use of the phase diagram. Due to
differences in density amgrthe three constituent species, a more symmetric phase diagram
may result by adopting voluriteased compositions. Although the data in the CYL2 region
(where midblock bridging and network formation are irrelevant) are not as voluminous as
those in the mor® O-rich regions of Fig. 4.1, we present the variation of D with increasing
SEPS concentration for two different MO fractions in Fig. 4.10. At high loading levels of
hPS6, the inverted EP/MO cylinders give way to SAXS profiles that do not show well

definedBragg or P(q) peaks, in which case the size and shape of the scattering elements
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present cannot be discerned with certainty. From optical microscopy, these compositions do
not show evidence of macrophase separation, in which case we collectively th&ntas
disordered (DIS). Our suspicion is that inverted EP/MO micelles form under these
conditions, but the copolymer ordering process is slowed and incomplete to the high

viscosity of the predominantly PS matrix.

4.3.3 Solvent Quality Effects

Since theimportant mechanical attributes of selectivebtvated triblock copolymers
discussed earlier develop in systems with relatively high oil concentrations and relatively
low hPS concentrations, we now address the issue of solvent quality by constructing the
corresponding portion of the SEPS/hPS6/SQ phase diagram, which is presented in Fig.
4.11. Although it is not as complete as the one displayed in Fig. 4.1, several observations
merit mention. The first is that five out of the six morphologies categorizedhto
SEPS/hPS6/MO system are evident in the SEPS/hPS6/SQ system. These morphologies
reside in virtually the same regions of the phase diagram, as no gross phase boundary shifts
are apparent. Although the MO contains an alicyclic fraction that servesgtulysl
plasticize, and presumably swell, the-B& microdomains (which are responsible for
stabilizing the supramolecular network formed by the triblock copolymer molecules), the
majority aliphatic fraction promotes ternary phase behavior that is cobpdcathat of a
purely aliphatic solvent, such as SQ. One noticeable difference between the two phase

diagrams is that a few unclassified morphologies (presumably of a bicontinuous or similarly
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complex nature) appear to coincide with the CYL1 morpholMyg. suspect, however,

since these data are few and dispersed, they actually represent CYL1 systems that did not
equilibrate sufficiently during sample preparation. The similarity of these nanostructural
data confirms that these two solvents influence thesglbehavior of SEPS/hPS blends in

nearly identical fashion.

4.3.4 Homopolymer Size Effects

As alluded to earlier, the molecular weight of the homopolymer incorporated into the
nanostructure of a host copolymer block must be smaller than that of thetdleokure
miscibility. Since the molecular weight of the S endblocks comprising the SEPS copolymer
is 17 kDa, the hPS6 homopolymer is not expected to have any difficulty in being fully
solubilized within the copolymer nanostructure. Addition of a largendpolymer that is
closer in size to the copolymer endblochd (= 26 kDa) into SEPS/MO and SEPS/SQ
blends, however, may significantly affect the resulting ternary phase behavior. Fig. 4.12
shows the phase diagram generated from SAXSEPS/hPS26/MO mixtures. Although
the same morphologies as those evident in Fig. 4.1 are observed, the composition ranges
over which ordered morphologies exist differ. Despite the added molecular mobility
afforded by the MO, a vastly enlarged DIS regiarikely consequence of homopolymer
solubility limitations and elevated viscosity levels, emerges in this phase diagram and
extends up to almost 30 wt% SEPS at a hPS26/MO ratio of 1:1. Another noticeable

difference is that the range over which BIC2 morphas are observed is much smaller,
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restricted to lower hPS26 concentrations (typically < 10 wt%), in the SEPS/hPS26/MO
phase diagram in Fig. 4.13. Similar results are visible for the abbreviated SEPS/hPS26/SQ
phase diagram (at modest to low levels of P88ly) displayed in Fig. 4.13, thereby
confirming that larger hPS26 molecules are not as fully solubilized within the copolymer

nanostructure as the hPS6 molecules.

4.4 Conclusions

In this study the complete phase behavior under ambient conditionsarytblends of
styrenic triblock copolymer, polystyrene homopolymer and midblock selective solvent is
explored using SAXS. By changing the composition of the system, morphologies ranging
from spheres, cylinders, lamellae, reverse network or complex mopés| reverse
cylinders and disordered morphologies are observed. At high concentration of oil, the
spherical morphology formed is FCC in nature. A lyotropic transition from FCC to
BCC+HCP spheres, and then to cylinders takes place when the overall aafount
polystyrene increases in the system. For a given morphology, the addition of SEPS along
with the simultaneous removal of homopolymer and oil, such that overall polystyrene
volume fractions are held constant leads to a reduction in domain size. WAnigirdh the
oil chemistry does not have a significant effect on morphology, increasing the
homopolymer molecular weight greatly increases the tendency towards microphase

separation.
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SPH1
CYL1
LAM
BIC2
CYL2
DIS

Figure 4.1 Phase diagram of SEPS/hPS6/MO system
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Figure 4.2 Schematics and representative SAXS patterns for various morphologies. From

(a) to (e): SPH1, CYL1, LAM, BIC2, CYL2, SPH2
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