ABSTRACT
RYAN, JUSTIN AY Physicechemical Functionalizatioand Morphological Studies of
Nanostructured Block Copolymers and lonoméunder the direction ddr. Richard J.
Spontak.

Nanostructuredoft materials, such as block copolymers, continue to receive attention
for their versatility in a variety of applicationspanning active components in organic
photovoltaics to templates for hierarchical assembly. Two primary areasresintegarding
these materials are introducing enhanced functionality via molecular engineering for specific
applications and control over morphology develop fundamental structypeoperty
relationships. Block copolymers possessing soft, rubbery bkiekdlized by rigid glassy or
semicrystalline blocks constitute an important class of thermoplastic elastomeric (TPE)
materials that selassemble into periodic nanostructures.

In this work, several classes of TPEs are investigated to first establigwa n
methodology by which to control block copolymer phase behavior via block
copolymerization.We present a unique set of diblock random copolymers that exhibit
purposely reduced thermal transitions that can tuned through both partial hydrogenation and
block composition.The second thrust of the work presented in this dissertation focuses on
introducing functional small moleculesf technological importancalong the copolymer
backbone using postpolymerization modification ctenigues. We demonstrate that
incorporation of sulfonic acid moieties into the midblock of a commercially available
pentablock TPE results in a material that can be reproducibly solvent templated to exhibit a
metastable morphology that can be rapidly transformed to the nearly equilibogphology

via vapor annealing. We further expand to other functional systems, specifically block



copolymers containing a pkesponsive polyelectrolyte and demonstrate the connection

between pH, ionic strength, and nanostructure.
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CHAPTER 1

Functional Thermoplastic Elastomers

ABSTRACT

Soft, nanostructured materials, such as thermoplastic elastomers (TPEs) have ubiquitous
applications in high impact fields from biosensing, to molecular separationgctioe
comporents for alternative and renewable ener@ue to microphase separated, periodic
nanostructures, TPEs have been studied and employed in a variety of nanotechnologies.
Historically, TPEs, which gain their functionality from their rubbery networks, stablilizy
rigid physical crosslinks, tend to have limited chemical functionality and selectivity, which are
necessary for utilizing these materials in higher end applications.

Postpolymerization functionalization is a promising route to generatingdegiiel
macromolecules with enhanced functionality that can be designed to contain responsive small
molecules. Combined with discoveries of new nanostructures, functional TPEs present a unique
solution moving forward in the field of soft matter nanoscience whlhtbecome increasingly

important in the 2%.century.



1.1.INTRODUCTION

The field of polymer science has seen remarkable innovations in the development of
novel, multifunctional materials largely owed to elegant improvements in synthetic techniques
that albw precise control over physical and chemical architecnreoth research and industrial
scales These improvements have likewise eliminated the synthetic/biological basdeh, as
with Alivingo pol ymeesantn@sciéntists windw tonlsite intedligeatly a c i d s
design materials with enhanced biological function.

While thermally initiated freeadical and condensation polymerization are the foundation
of polymer chemistrythe discovery ofiivingo polymerization, first demonstrated ijichael
Szwarc in 1956 presented a synthetic technique with unprecedented control over molecular
weight, due to complete consumption of monomer reagentsaramaterminatecthain end that
allowed for further incorporation of additionamonomers:? The latter featwr catalyzed the
development of block copolymers for both researchiaddstrial purposes. Not long after Dr.
Szwarcds discovery, K r @ililockncopolyonersmi@ased ongoolystyrend a |
and polydienes synthesized via an@polymerization. These materials, known as thermoplastic
elastomers (TPEsgxhibited properties similar to that of vulcanized rubber with the ability to be
melt processed like thermoplastidshe ability to synthesize wetlefined macromolecules on
industrial scales further allowed systematic studies on model block copolymers, which remains

at the forefront of polymer research.

1.1.1.0verview ofTPEsand SeHAssembly
The functionality of triblock TPEs stems from their physically crosslinked network

composed of hard (glassy or semicrystalline) endblocks covalently attached by soft (rubbery)



midblocks®* This design paradigm has been further extended to a vast numbegroénted
multiblockc opol ymer s, such as thermoplastic polyur e
olefinic block copolymers (OBCs) based on polyethylene. However, styrenic triblock
copolymers retain nearly one third of the commercial TPE marReie to sufficient
thermodynamic incompatibilityc(N) between the constituent blocks, the styrenic blocks phase
separate from the diene midblocksd is further illustrated iRigure 1.1 At ambient conditions,

the endblocks, being well below the glass traositemperature @), are rigid and stabilize the

rubbery network.

Initially, styrenic TPEs were based on unsaturated midblocks containing isoprene (I) or
butadiene (B), which exhibited very lowsTideal for applications requiring flexible rubbers at
low temperatures, that were also easily incorporated into traditional manufacturing processes,
unlike in the case of vulcanized (chemically crosslinked) rubber, which required specialized
injection molding lines for curing. However, the presence of unsataratihe midblock limited
the performance at elevated temperatures. This resulted in the next line of hydrogenated
(saturated) TPEs composed of ethykongylene (EB) and ethylergropylene (EP) midblocks
with enhanced thermal stability.

In addition to their advantegous thermomechanical properties, TPEs have been
extensively studied in the scientific community as model block copolymers for morphological
investigations. Similarly to their diblock analogs, triblocks exhibit similar morphologies
depending b the thermodynamic incompatibility between the blocks and the macromolecular
composition (f) of one of the components, depicte#igure 1.2> At sufficiently small values
of fa, a disordered (homogeneous) phase is observed. Systematically increasesglts in

closepacked spherical ¢p) micellesof A on a facecentered cubic (FCC) lattice followed by



spheres (S) on a boayentered cubic (BCC) lattice dispersed in a matrix of B. A further increase

in fa results, first, in cylinder® of A arranged heagonally (HCP) followed by an alternating
lamellar (L) morphology at similar block compositiong & g)f Additional nanostructures have

also been identified between C and L, such as the bicontinuous gyroid (G) phase and the
orthorhombic (&) Fddd morptology at low values ofcN in the weaksegregation regime

More complex morphologies have also been obséfvadd predicted*! to be present in both
triblock and higheiorder multiblocks containing a third component (such as in ABCBA
pentablocks).

However, the majority of commercially available TPEs exhibit primarily a spherical or
cylindrical morphology ( = 0.27 0.4). At very high styrene contents)(fthese materials no
longer behave as elastomers and are more reminiscent of rigid thermopkstiesng these
compositions technologically irrelevant. While TPE nanostructure is critically important for
utilizing these materialfor a variety of nanotechnologies, nonpolar styrenic TPEs suffer from
poor chemical functionality that limits their apgion. More recently, there has been
considerable interest in introducing enhanced chemical functionality along the copolymer

backbone through one or more postpolymerization modification steps.

1.1.2 Postpolymerization Functionalization of TPEs

The majority of commercially available TPEs are composed of nonpolar blocks that exhibit
negligible specific interactions necessary for higer end applications. A major endeavor that has
been undertaken by the polymer chemistry community in recent declde) improments in
synthetic techniques, involves chemical modification of macromolecules after synthesis, often

referred to as postpolymerization functionalizatid®ostpolymerizaton modification is a



powerful tool for the development of functional ypwleric materials that modulates the
macromolecular design process for complete control over physical and chemical architecture.
Currently, there are a number of synthetic techniques that have been adapted for
postpolymerization modification by incorporaginmeactive sites along the polymer backbone.
The physical types of reactive groups amenable to modification have steadily grown to allow
incorporation of numerous functional moieties through both catalyzed, such aspenigg
metathesis polymerization (MP) and atom transfer radical polymerization (ATRPY®> and

radical initiatedreactions, such asitroxide mediated radical (NMPYr reversible addition
fragmentation chaitransfer (RAFTY**® polymerizations.

In the case of styrenic TPEs, both theetye endblocks and unsaturated diene midblocks are
amenable to postpolymerization modificatidPolystyrene modification has been extensively
studied through a variety of aromatic substitution reactions. Of particular interest to the work
presented in thidissertation is the sulfonation of polystyrene, present&igure 1.3 pioneered
by Robert Weis¥'?°, via electrophilic aromatic substitutiofihrough several studies, Weiss and
coworkers demonstrated the effect of sulfonation on thermomechanicartigsfé? It was
shown that small amounts of sulfonate groups along the polymer backbone resulted in high melt
viscosities due to the formation of rigid ionic aggregated. They further demonstrated that
neutralization of these species with various salithér altered the mechanical properties
depending on the relative atomic size and valéhc@n unintended consequence of
incorporation of a strong acid (pKa-2.8f* results in strong interactions with a variety of
?.5,26

metallic species ideal for heavy metamoval from wate Geiseet al demonstrated that

diffusion of ionic species through a sulfonated membrane was not only greater than that of an



uncharged membrane, but also improved with increasing salt concentration due to favorable
interactions bieveen the anionic sulfonate group and cationic spétiés.

Sulfonate groups, which are highly hydrophilic, swell substantially in the presence of
water, which can have detrimental effects on mechanical prop€rtigsise et al further
characterized # mechanical properties of a neat and alumimeunralized sulfonated
pentablock copolymer film in both the dry and hydrated states and showed that neutralization
resulted in a stronger material in both the dry and hydrated states, but a dramatic decrease
ductility compared to the neat copolyni®rSulfonated polymers have been demonstrated in
higher end applications as well including hti@nsport layers and soft actuators with tunable
propertied?, the latter of which is shown Figure 1.5.

Modification of unsaturated midblock has also been achieved through a variety of
synthetic techniques. Currently, theine fAcl i cko chemi stry is one
modification techniques due to rapid, efficient reactions and the myriaingtionalities
available for study. Thieéne reactions, or hydrothiolation, takes place by generation of a sulfur
radical, through either photoor thermal initiation, to reduce unsaturated species, such as
isoprene or butadien&everal excellent reviewdetail the versatility of thie¢kne modification
for fundamental morphological studies as well as more applied res@arcun et al
demonstrated improved actuation performance of a dielectric elastomer based on a SBS TPE by

attaching carboxylic acigroups to the B midblock via click modification.

1.2 SUMMARY
Overall, block copolymers, and TPEs in particular, present rich opportunity for

exploration of novel materials systems, made possible by powerful synthetic tools, only limited



by the availabity of functional smalmolecules. TPEs, which owe their functionality to their
microphaseseparated, physically associated networks, continue to be employed in applications
requiring versatility and multifunctionality.

While the majority of commerciallyavailable TPEs are nonpolar, incorporation of
technologicallyrelevantpolar functionalitiesemains at the forefront of research efforts in this
field. Particularly, soft materials that undergo responses to environmental changes in pH,
temperature, or inadiation have significant potential for sensing. Copolymers containing
versatile chemistries, such as sulfonated materials discussed above, that can be employed in a
variety of technologies present alternatives to existing systems that benefit from Ilyot on
chemical functionality, but nanostructured systems ideal for biological and molecular processes.

In order to fully realize the potential of these kinds of materials, it is anticipated that
disruptive improvements will need to take place in terms oh@wic and environmentally
sustainable produion, that have not yet been demonstrated. For this reason, development of
robust processes for creating new, functional monomers from renewable feedstocks is a one of
the more promising routes expected to creegal change in the functional materials

development.



Figure 1.1 lllustration depicting the physical structure of a microphase separated thermoplastic
elastomer composed of rubbery segments (green) stabilized by glassy styrenic micelles (red).
Often, selective norvolatile solvents (grey) are incorporated to generate thermoplastic elastomer

gels (TPEGS) to tune the thermomechanical properties.
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Figure 1.3. Reaction schematic depicting the selective sulfonation of polystyrene from acetyl

sulfate.
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Figure 1.5.Time-lapse sequence of sulfonated block copolymer filmllgwan glycerol (a) and

ethylene glycol (b) during electroactuation.
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CHAPTER 2
Effect of Systematic Hydrogenation on the Phase Behavior and Nanostructural

Dimensions of Block Copolymetrs

ABSTRACT

Unsaturated polydienes are frequently hydrogenated to yield polyolefins that are more
chemically stable. Here, the effects of partial hydrogenation on the phase behavior and
nanostructure of polyisopref@®ntaining block copolymers are investigated. To ensure access to
the orderdisorder transition temperature gr) over a wide temperature range, examine
copolymers with at least one random block. Dynamic rheological and scattering measurements
indicate that §pr increases linearly with increasing hydrogenation. Swanadle scattering
reveals that the temperatudtependence of the Floifuggins parmeter changes and the
microdomain period increases, while the interfacial thickness decreases. The influence of
hydrogenation becomes less pronounced in more constrained multiblock copolymers.
*This chapter has been published in its entirety:

A. R. Ashraf J. J. Ryan, M. M. Satkowski,S.D. Smith andR. J. SpontakACS Appl
Mater. Interfaces2018, 10, 31863190
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2.1 INTRODUCTION

Primarily because of the inherent thermodynamic incompatibility between covélakég
sequences, block copolymdrequently microphasseparate in the melt and sasemble into a
broad variety of soft nanostructurestanging from classical morphologies such as spherical or
cylindrical micelles and bilayered lamellae to spatially complex morphologies such as the
bicontinuous gyroid and © networks®* While numerous di/triblock copolymers possessing a
myriad of different chemical species have been synthesized for specific appli¢atibasnost
common design responsible for diverse thermoplastic elastomerotegles €.g, dielectric
elastomer§;® flexible electronic¥’ and shapenemory devices'3 combines hard.e., glassy or
semicrystalline) and softif., rubbery) blocks. About 33% of commercial thermoplastic
elastomers manufactured globaflyare tased on triblock copolymers wherein the hard
endblocks are polystyrene (PS) and the soft midblock is a low glass transition temperature
polydiene €.g, polyisoprene or polybutadiene) or a fully hydrogenated derivative thereof.
Factors influencing the phadehavior of bicomponent copolymers include the Fléuggins
interaction parametec( which generally scales as 1/T, where T denotes absolute temperature),
the number of statistical repeat units along the backbone (N), the véiactien copolymer
composition (f), and the copolymer molecular architectté As discussed below, intrablock
sequence control affords another synthetic route by which to control phase behavior.

Block random copolymers (BRCs) are diblock copolymers wherein one or bathe of
constituent blocks are random copolymers.Due to a compositiodependent reduction in the
effective ¢ between the blocks, these copolymers can possess relatively long blocks and yet
remain moderately or weakly segregated, if segregated at allp@3iion contrast between the

blocks provides an alternative route by which to alter the afiderder transition temperature

17



(Topr) Without changing the identity of the chemical species or the block masses. Such tunability
constitutes an important consi@tion in the present work, since a broad T range must be
experimentally accessible. Here, we investigate the effects of progressive hydrogenation on the
phase behavior and nanostructural characteristics of diblock copolymers composed of styrene (S)
and soprene (l) repeat units. Hydrogenation of block copolymers generates designer materials
with new property combination§?* and complete hydrogenation of polyisoprene (PI) in
particular to poly(ethylenalt-propylene) (PEP) in block copolymers yields mohemically and
thermally stable soft blocks that are less likely to succumb to the deleterious effects 6f aging.
While poly(styreneb-isoprene) (SI) diblock copolymers of moderate molecular weight possess
accessible dJpr values, TBpr of comparable polgtyreneb-(ethylenealt-propylene)]
copolymers is significantly higher and often becomes unreachable prior to the onset of
degradatiorf® With BRCs, this limitation is avoided so that we can precisely examine the effect
of hydrogenation on block copolymphase behavior. In addition to elucidating how different
levels of hydrogenated polyisoprene (HPI), a random copolymer of Pl and”R&Epact
copolymer phase behavior, this study also aims to discern the effect of hydrogenation on

copolymer morphology.

2.2 EXPERIMENTAL

For the BRCs, cyclohexane, isoprene (anionic polymerization grade) and styrene were
obtained from Phillips Petroleum, Goodrich and Aldrich, respectively. While cyclohexane and
isoprene were used -asceived, styrene was purified by degassing with nitragpes) followed
by first titration with dibutylmagnesium (Lithium Corporation of America) to a yellow end point
and then column chromatography to removeplgducts. In addition tosecbutyllithium

(Lithium Corporation of America), Irganek010 (CibaGeigy) and ultrahighpurity hydrogen
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(Matheson), methanol, 2dimethyt3-pentanol (DMP), nickel(ll) bisG&thylhexanoate), triethyl
aluminum (1 M solution in heptane), hydrochloric acid (HCI), sodium bicarbonate (NgHCO
and potassium metal were all purchasexunfrAldrich and used a®ceived. Potassium alkoxide

was produced by reacting excess clean potassium metal with 0.2 M DMP in cyclohexane.
Copolymerization of the BRCs and linear multiblock copolymers followed the same living
anionic polymerization procedisalescribed elsewhetéDetails of the protocol followed for
partial hydrogenation of the copolymers are provided in the Supporting Information.

Films were cast from 5% wi/v toluene solutions in Teflon molds and allowed to dry over the
course of several ga at ambient temperature before being annealed for 8 h at 120°C under
nitrogen (to promote solvent removal and nanostructural equilibration) and cooled slowly.
Dynamic rheological measurements were performed on a Rheometrics RDA Il shear rheometer
equippel with parallel plates at a heating rate of 1°C/min under isochronal conditions (1 rad/s).
Frequency spectra were likewise collected at different temperatures from 0.05 to 100 rad/s to
identify Topr from the point of convergence. Scattering was condudtedhaient and elevated
temperatures on a Rigaku rotatiagode diffractometer, as well as at ambient temperature only
on beam line 1:-BM-B at the Advanced Photon Source (Argonne National Laboratory) using the
same settings reported earfidrin both cases two-dimensional scattering patterns were

azimuthally integrated to yield intensity profiles as a function of q.

2.3 RESULTS & DISCUSSION
The two BRCs prepared here are compositionally symmetric with equal block masses of 30
kDa each (f = 0.5), and théypth possess low polydispersitiegs € 1.05). In BRC1, one block is

43/57 wiw S/l, while the other is pure polyisoprene (0/100 w/w S/1). The second copolymer
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(BRC2) consists of two randeoopolymer blocks, one with 75/25 w/w S/l and the other with
32/68 ww S/I. Values of N for these BRCs are corrected to ensure a common density basis from
N = (r Jr o)[wsiM1/mgs + WsMo/mg| + (r /r o)[(1 T wsy)M1/m;y + (1T wsp)Mo/my] (1)

where w (i = S or | and = 1 or 2) is the mass fraction of speadiés blockj, M; represents the
molar mass of block m corresponds to the repeat unit mass of spediE®4 and 68 Da for S
and |, respectively);; denotes the mass density of speciés04 and 0.91 g/cirespectively),
andro = (rsr)*2 Resultant values of N faBRC1 and BRC2 are 781 and 714, respectively.
Dynamic rheological testing under isochronal conditions in the linear viscoelastic regime is used
to identify Topt for each copolymer: 56°C for BRC1 and 60°C for BRC2. The temperature
dependence of for a corventional Sl diblock copolymer with pure blocks is provitely
-0.0228 +3 3/T,0thereby yieldingcs, values of 0.078 and 0.076, respectively, at these
temperatures. An effective interaction parametgf)(to account for randoropolymer blocks
in BRCsis given bycsD?, whereDis the composition contrast éni wsy). It follows that values
of (cesN)opt are estimated as 7.9 for BRC1 and 10.1 for BRC2. For comparison, we have
reported’ that the mean value otN)opr calculated for a series of BR@gth f = 0.5 but
varying Toor, N andD, is unexpectedly about 10.5, which is predicted in the rie&hlimit.?*

The isochronal T dependence of the dynamic storage modulus (G') is provided for BRC1 at
different hydrogenation levels ffigure 1a and two important features are evident. An increase
in the degree of hydrogenation (DOH, in mol%) promotes increases in G' (by more than an order
of magnitude in some instances) under isothermal conditions apfl &s pinpointed by a
change in the slopef, or a precipitous drop in, G'(T). Similar results are obtained for BRC2 in
the Supporting Information. In addition, the ODT becomes more sharply delineated with

increasing hydrogenation, and G' at high DOH exhibits local maxima at high T (see the inset
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Figure 1a), most likely indicative of an orderder transition to a more spatially complexg(,
gyroid) morphology. [Analysis of this transition is beyond the scope of the present study.]
Values of bpr extracted from G'(T) data for BRC1 and BRC2 arcluded inFigure 1b and
vary linearly with regard to the DOH. This trend is reproduced in the ingegume 1b wherein
Topr measurements from isochronal dynamic rheology compare favorably with those from
variableT frequency spectra and smalgle Xxray scattering (SAXS). Both datasets appearing
similarly dependent on the DOH suggests that this linear relationship is general, subject to
further validation. The results shown kigure 1 reveal that hydrogenation of both copolymers
promotes a progres& shift in the ordered envelope to higher T caused by a systematic increase
in thermodynamic incompatibility? Although we make no attempt to assess the change in BRC
incompatibility due to the complexity of the Br 3-component copolymers generated idgr
hydrogenatiort’ values ofc can be directly extracted from SAXS conducted at TogT

On the basis of the randephmase approximatioff;*’ ¢ for a homogeneous (disordered)
block copolymer at T > dpr can be discerned directly from a 1D SAXS profitgjaired at that
T when the data are plotted as intensigysusqg, where q is the scattering vector defined as
(4p/l )sing, | is the Xray wavelength (0.154 nm for CuKadiation) andj is the scattering half
angle. In this representation, the intensity thuthe structure factor is fitted to SAXS data, and a
regressed value af is extracted. By repeating this process at different Togr, Tthe functional
form of c(T) can be established. Valuesooéscertained from BRC2 in this manner at 4 different
DOH levels are found to be linearly dependent on 1/Figure 2a confirming thatc = A +
B/T, where A and B are constants that reflect entropic and enthalpic contributions to
respectively. Since aimcrease in DOH serves to elevatgyt (cf. Figure 1a), each progressive

dataset irFigure 2ais necessarily shifted to higher T. In the case of a polymer blend or a block
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copolymer, a positive slope (B) not only verifies tlcatlecreases with increasing bt also

implies the existence of a disordered state at elevated (but not necessarily accessible) T. The
dependence of A and B on DOH determined in this study is display&dyime 2b, which
demonstrates that A monotonically decreases, while B corresgiyndincreases, with
increasing DOH. The DOlhduced change in B is particularly noteworthy, since it is also
consistent with an increase in chemical dissimilarity (incompatibility) between the blocks of

BRC2 upon hydrogenation.

In this section, we focusn the accompanying changes in the nanostructural characteristics
illustrated inScheme S1(Supporting Information) due to hydrogenation. The SAXS profiles
provided inFigure 3a confirm that the parent BRC2 copolymer, as well as its-¢tRtaining
homologs, is microphasseparated. As the DOH level is increased, a second scattering peak
develops in addition to the primary peak located athile this second peak persists at DOH
levels above 25 mol%, a third peak becomes apparent when the DOH reache/&8r his
effect of hydrogenation has been previously obsef¥ethalysis of the positions of these
second and thirdorder peaks indicates that they are integer values, tiereby confirming that
BRC?2 selforganizes into a lamellar morphology, whichdonsistent with our earlier resuffs.
Values of the lamellar period (D), calculated fropic®, are presented as a function of the DOH
in the inset ofFigure 3a and establish that D increases linearly with increasing DOH. The
modest change in D is atirited to the difference in between PI (0.91 g/cthand PEP (0.87
g/cn?) and the increase in incompatibilitye(, ¢) upon hydrogenationcf, Figure 2). Another
morphological feature of interest here is the interphase thickness (w), which can be di%cerne
from pinholecollimated SAXS profiles at high scattering angles when intersityis plotted as

a function of 1/8 where s = g/(@). Each of the resultant linear relationships visiblEigure 3b
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for BRC2 yields an ordinate intercept given-timp?w?3, where m is the slope. Values of w are
presented as a function of the DOH in the inseFigure 3b and reveal that w is initially
relatively broad (due t® < 1) and remains broad for HBbntaining BRC2 homologs that are
predominantly PI. At higher OH levels, however, w decreases sharply, which coincides with an

abrupt increase in thermodynamic incompatibility (and Bigure 2b).

Our reasons for investigating BRCs rather than conventional Sl diblock copolymers (with
pure blocks an® = 1) in the present study arg broad tunability of copolymer phase behavior
without changing f or N, andi] measurable property changes due solely to Pl hydrogenation.
Here, we examine the effect of hydrogenation (at a DOH level of 50 mol%) on the
morphological features of thermoplastic elastomeric multiblock copoly@eiSIS, SISIS and
SISISIS8 composed of (n) PI blocks and (n + 1) PS bldtks? The molecular characteristics
of these copolymers are designed so thahé mass of each PS endtkas half that of the PS
midblocks, andi{) the total molecular weight and composition remain constant at 300 kDa and
20/ 80 w/ w S/ 1, respectively (with (n < 1.10).
only seltassemble, but also develop baiby networks stabilized by glassy microdomaihn
the case of moderatelyo stronglysegregated SIS triblock copolyméfs® the single rubbery
midblock typically adopts a bridged or looped conformation, with the former primarily
responsible for netark formation. In the cases of the SISIS pentablock and SISISIS heptablock
copolymers, conformational complexity increases as individual copolymer molecules physically
connect up to (n + 1) glassy microdomains. Representative SAXS profiles of both patent a
partially hydrogenated copolymers are displaye&igure 4 and indicate two trends, displayed
in the inset. The first is that an increase in n promotes an increasei @ corresponding

reduction in D. Moreover, in contrast to the results showsigare 3afor the BRC2 copolymer,
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hydrogenation induces a further reduction in D that becomes less pronounced as n is increased.
The reason for this difference compared to the BRCs is not attributed to insufficient equilibration
since all specimens possessiilar thermal histories. While not precisely known at the present

time, it might reflect the hydrogenatianduced change in the molecular weight of entanglement.

2.4. CONCLUSIONS

Hydrogenation constitutes an important pegtthesis process by whicle generate
block copolymers with highly stable olefinic blocks that are largely resistant to chemical and
radiation attack. In this work, we have investigated the effect of hydrogenation on the phase
behavior and morphological features ofd®htaining BRG that possess broad thermodynamic
and morphological tunabilit}>*” An increase in the DOH promotes a linear increasesist, as
discerned by dynamic rheology and sraalble scattering, as well as changes in the temperature
dependence af. Togetherthese results confirm that hydrogenation progressively increases the
thermodynamic incompatibility of these BRC homologs in methodical fashion, thereby facilitat
ing the development of predictive molecusdructureproperty relationships. Concurrent
analysis of nanostructural features by SAXS establishes that the BRC examined possesses the
lamellar morphology and that the lamellar period increases, while the interphase thickness
decreases, with increasing DOH. Extension of this study to include lineabloaKktcopolymers
demonstrates that increases in both hydrogenation and conformational complexity (n) cause
decreases in the microdomain period. Partahd fully-hydrogenated block copolymers are of
fundamental and technological importafitend the esults reported herein aim to elucidate the
systematic effect of hydrogenation on examples of sequmordeolled block copolymers

varying in molecular archetype and enabling access to specific experimental windows.
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Figure 2.1. In (a), the temperature (T) dependence of the dynamic storage modulus (G'") for
BRC1 homologs varying in DOH (labeled and symiwalor-coded). The ordedisoder
transition temperature Eby) is obtained from the change in slope of G'(T), as indicated.
Enlargements of 4 datasets are included in the inset to illustrate the local maxima, most likely
indicative of an ordeorder transition. The solid lines ser@ ¢onnect the data. In (b)odr

values measured from dynamic rheological temperature sweeps under isochronal conditions (1
rad/s) are provided as a function of DOH for BRC1 and BRC2 (labeled). In the inset, these
measurements]) retain the same color dgeations and are compared withopk values
discerned from variabl& frequency spectrad) and SAXS ). The solid lines are linear

regressions to the data.
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extracted from the linear expressior= A + B/T fitted in (a) are displayed as functions of the

DOH. The solid lines serve as guides for the eye.
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CHAPTER 3
Bicomponent Block Copolymers Derived frddme or More Random Copolymers

as an Alternative Route to Controllable Phase Behavior

ABSTRACT

Block copolymers have been extensively studied due to their ability to spontaneously self
organize into a wide variety of morphologies that are valuable in ynengedical and
conservatiofrelated (nano)technologies. While the phase behavior of bicomponent diblock and
triblock copolymers is conventionally governed by temperature and individual block masses, we
demonstrate that their phase behavior can altesiathe controlled through the use of blocks
with random monomer sequencing. Block random copolymers (BREs)liblock copolymers
wherein one or both blocks is a random copolymer comprised of A and B repeat units, have been
synthesized, and their phasehavior, expressed in terms of the ordisorder transition (ODT),
has been investigated. Our results establish that, depending on the block composition contrast
and molecular weight, BRCs can microphasearate. We also report that the predicted ODT
can be generated at relatively constant molecular weight and temperature with these new soft
materials. This sequenoentrolled synthetic strategy is extended to thermoplastic elastomeric
triblock copolymers differing in chemistry and possessing a rarahpolymer midblock.
*This chapter has been published in its entirety:

J.J. Ryan® A. R. Ashraf” M. M. SatkowskiB. Lee,S.D. Smith andR. J. Spontak
Macromol. RapidComnun. 2017, 38, 1700207.
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3.1 INTRODUCTION

Block copolymers, macromoleculeesmposed of two or more long contiguous sequences of
chemicallydissimilar repeat units, remain one of the most comprehensively studied and
technologically important classes of soft materials. Due to the thermodynamicpitoitity
between the covaldgtlinked blocks, AB diblock and higharder bicomponent multiblock
copolymers can spontaneously sademble in the melt and order into several classical
nanostructures, such as A(B) spheres located on a bodigcecentered cubic lattice in a B(A)
matrix, A(B) cylinders arranged on a hexagonal lattice in a B(A) matrix or alternating
lamellae™? More complex nanoscale morphologies, such as the bicontinuous §¥mitsted
helices® a FrankKaspers phase, and coexisting lamellae+spheresave als been reported to
form in neat copolymers, and many of these signature nanostructures, as well as others (e.g.,
bicontinuous microemulsiorf, have likewise been observed in block copolymers containing
one or more homopolymér¥ or solvents>*? In same cases, selissembly can be controlled
and directed in blockelective solvents by, for example, crystallizatioand/or chemical
coordination® to yield highly anisotropic nanoscale objects such as cylinders measuring more
than 10mm in length. Becawsof their inherent ability to sessemble, block copolymers have
driven the development of numerous (nano)technologies ranging from biorfeaichbptical®
devices to nanotemplated surfadeand various separation/functional membrafiéd.in the
presence of two parent or blosklective homopolymers, block copolymers also serve as

§%22in polymer blends/fibers or stabiliz&tsn polymer nanolaminates.

compatibilizer
The formation of block copolymer morphologies depends on conditions favoring self
assembly. According to theeminal Landatype mearfield theory of Leiblet* and subsequent

frameworks?>?® the phase behavior of diblock copolymers depends on several factors, the two
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most important of which include thermodynamic incompatibi{tysN, wherecag represents

the FloryHuggins interaction parameter, and N is the number of statistical units along the
copolymer backbone) and molecular composition (f, the volfraxion of one of the blocks).
Interfacial chain packing and curvature (and, degnmorphology) are largely dictated by f,
whereascN reveals that the onset of nanostructure formation at the-disteder transition
(ODT) is sensitive to temperature (sircés frequently expressétiasa + b/T, where T denotes
absolute temperaturand molecular weight. A strategy developed to alter the phase behavior of
bicomponent block copolymers relies on changing the molecular architecture by 8ither (
increasing the number of blocks/molecule from diblock to triblock to highger multiblocR®

3 or (i) switching from linear to noefinear motifs®* In the first case, a systematic increase in
the size of a second endblock in the transition from AB diblock to ABA triblock copolymer
generates asymmetric 1BA, copolymers that have not only elucidated unexpected phase
behaviof® and the mechanism by which midblock bridging proc&ebst also revealed that
coexisting morphologies can arise in the limit of super strong segred&igrhetic insertion of

a conthuous tapered® or random®** copolymer segment between the blocks has likewise
been explored as a feasible route by which to control the phase behavior of block copolymers
without resorting to changes in temperature or molecular weight, compositwohatecture, or

the physical incorporation of additives.

Several previous studi®g* have examined bicomponent block copolymers wherein one or
more of the blocks is random copolymer, excluding copolymers wherein a block is partially
functionalized possynthesis. We refer to the specific case of such diblock copolymers as block
random copolymers (BRCs). These fundamentally differ from random block copolifitirs,

that the latter generally correspond to multiblock copolymers wherein pure blocks are randomly
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arranged along the backborned, segmented polyurethanes and polyesters), as well as from
gradient copolymers (although gradient copolymers possessinghadbgyee of blockiness
qualitatively come closest to resembling BRCs). In a previous work, we have demofistrated
that, even though the constituent repeat units (polystyrene, S[A], and polyisoprene, I[B])
normally yield Sl diblock copolymers that undergacraphase separation, BRCs composed of
two Sl random blocks can remain structureless. This decrease in incompatibility can be traced to
a compositioAnduced reduction ie. For a mixture of two random copolymers composed of the
same A and B species, arfiegtivec (cer) for the blend has been previously expressétl as
Ceif = XYCaa + V(17T X)Cpa + X(17T y)Cag + (17 X)(17 y)Ccaa T X(1T X)Cag T V(17T Y)Cas (1)
where x and y designate the volume fractions of A in each copolgmer cgg = 0 andcga =
Cas. For a similar BRC composed of two random copolymer blocks, we assume that the mass
densities of A and B are comparable so that the volume fraction of A in each block corresponds
to its mass fraction (wy, in which case x = w and y = wy, where 1 and 2 identify the two
blocks. Consequently, in the limit of this estimatig, 1 simplifies to

Ceff = casD? (2)
where the block composition contraf)) (s equal to w; T Waz. In the limit of an AB block
copolymer with pure blocks, w= 1.0and wiy, = 0.0 so thaD = 1.0 andc reduces ta@ag. For
all other values of wi and w2, Ceff < Cag. TO put the A and B repeat units on a common density
basis, values of N (and all mass fractions subsequently determined therefrom) are calculated
from (r a/r o)[WartM1/ma + WaoMo/ma] + (rg/r o)[(1 7 Wa1)M1/mg + (17 wa2)Mo/mg], where mis
the molar mass of repeat unif104 and 68 Da for A[S] and BJl], respectively),denotes the

corresponding density of repeat uinfl..04 and 0.91 g/chrespectively), ando = (r ar 8)*>
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3.2 METHODS

For the BRCs, cyclohexane (Phillips Petroleum) and isoprene (Goodrich, anionic
polymerization grade) were independently passed through alumina columns, whereas styrene
(Aldrich) was purified by passing thmgh an alumina column to remove inhibitors, titrating
impurities with dibutyl magnesium and passing through an activated alumina column to remove
magnesium saltsSeebutyllithium and dibutyl magnesium (Lithium Corporation of America),
2,3-dimethyt3-pentanol (DMP, Aldrich) and Irgane2010 (CibaGeigy) were all used as
received. Potassium alkoxide was generated by the reaction of excess clean potassium metal with
0.2 M DMP in cyclohexane. The RMCs were generously provided by Kraton Polymers. The
BRC copdymerizations were conducted in Chemco reactors with predetermined mixtures of
purified styrene and isoprene. Both monomers were charged to the reactor to form 10% w/v
solutions in cyclohexane at 50°C. Once the reactor was titrated, the desired ah&Bihtvas
added, followed by the addition of PAO. The BRCs were prepared by complete consumption of
one comonomer mixture flowed by the addition of a second comore mixture with a
different composition. All copolymerizations were terminated wHbtrd@anol, then precipitated
into a 10fold excess of methanol, stabilized with 0.25 wt% Irgah640 and vacuurdried.
While the synthetic details of the RMCs are unavailable, this family of copolymers is purpose
fully designed to exhibit reduced.d, accssible) Toprs through the introduction of random
monomer sequencing in the midblock. If they are prepared from S and butadiene precursors, the
co-initiators described herein can likewise be used to generate random copolymers. We cannot,
however, rule outite possibilities that) the RMCs employ a different (€mitiator to introduce
random midblocks orii) the random midblocks possess tapered sequencing, which could affect

phase behavidtin both series of materials, molecular weight distributions were determined by

37



size exclusion chronagraphy (SEC), and compositions were determined by proton nuclear
magnetic resonancéH NMR) performed on a GE QBOO spectrometer. In the specific easf

the BRCs, ozonolysis of isoprenic units followed by mass spectroscopy provided information
regarding sequence length distribution. Representative details of these analyses are included for
completeness in the Supplemental Information.

Films were castrom 5% w/v toluene solutions in Teflon molds and allowed to dry over the
course of several days before exposure to vacuum at ambient temperature for one day and at
40°C for 8 h. Differential scanning calorimetry was performed on a Mettler DSC 30 bygheatin
to 100°C, cooling at 1°C/min te60°C and reheating at 10°C/min. Dynamic rheological
measurements were performed on a Rheometrics RDA Il shear rheometer equipped with parallel
plates at a heating rate of 1°C/min under isochronal conditions (1 radésY.EM images were
acquired on a Zeiss EM902 electron microscope operated at 80 kV, and SAXS was conducted on
beam line 12BM-B at the Advanced Photon Source (Argonne National Laboratory) using the
same settings reported elsewhéia conjunction with a Likam TMS600 hestage to ensure
precise temperature control. Twdimensional scattering patterns were azimuthally integrated to

yield intensity profiles as a function of the scattering vector qp#l §8ing, wherel is the

radiation wavelength amglis haf the scattering angle.

3.3 RESULTS & DISCUSSION

As mentioned earlier, synthetic strategies involving the use of "mixed" A/B blocks or inter
block A/B segments aim to alter the properties and phase behavior of block copolymers.
Examples of linear, bicongment diblock and triblock copolymer architectures are included in

Scheme 1In the case of the BRCs studied here, an important consistedairing living anionic
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polymerization is the monomer reactivity of the initiator employed to generate random
copolymers. Random copolymers of styrene and dienes constitute important model and
commercial materials, and anionic copolymerization of styrene and diene monomers with alkyl
lithium initiators in hydrocarbons is well knowhto induce blockiness due to the dar
difference in monomer reactivity ratios. The anionic synthesis of dienes with high 1,4 content
(and a low glass transition temperaturg) lfkewise requires the use of nonpolar hydrocarbon
solvents since polar additives typically produce high level of 1,2 content (with a highg)’

even at very low concentratiofisand (i) promote side reactions, thereby broadening the
molecular weight distribution and hindering the production of block copolymers. Unfortunately,
anionic polymerization initiators thare soluble in hydrocarbon media are limited to a few alkyl
lithium initiators, in contrast to a broader variety of initiators (e.g., alkyl sodium, potassium and
magnesium) that are soluble in polar meédim this study, we employ a daitiator compogd

of sechutyllithium (SBL) and a potassium alkoxide (PAO), which at a ratio of 30:1 SBL:PAO
has been shovihto yield constant copolymer composition in the presence of both monomer
species (and comparable reactivity ratios, as indicated by the masssp®Ly results provided

in the Supplemental Information) with increasing conversion. Without the presence of PAO,
isoprene is consumed much faster than the styrene, yielding a block or tapered copolymer.

The first series of styrene/isoprene BRCs consiti¢rere possess equimass blocks (30 kDa)
and low polydispersity indicesi(< 1.05), but different values of v and ws,. Transmission
electron microscopy (TEM) images of two specimens designated BRGE(Q25 and w, =
0.50; P| = 0.25) and BRC2 (v = 0.75 and w, = 0.25; P| = 0.50) are displayed irigures la
and 1b, respectivelyFigure la clearly reveals that this copolymer is structureless and is not

microphaseseparated (similar results are obtained whegn w0.75), whereas lamellae with a
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periodicity of 830 nm are evident irFigure 1b. These results are substantiated by the
temperature dependence of th(r G"/G', where G' and G" denote the dynamic storage and loss
shear moduli, respectively) acquired from dynamic rheology and includegjume 1c. While
BRC1 exhibits a broad peak indicative of a singlgCentered ata. - 16°C), the results from
BRC2 indicate the existence of twgsT(atca. 50 and- 30°C) consistent with a microphase
separated state. Estimates of tlyg ilentified inFigure 1caccording to the Feklory equation

for random copolymers (withgk = 100°C and §, = - 60°C) are as follow: 19°C (BRC1) and
Tg1 = 41°C and §, = -34°C (BRC2). Values ot are calculated fronkEqg. 2 wherein the
constants focag = a + b/T area = -0.0228 andb = 3 3.%8 ResultingcesN values of these
copolymers evaluated in the melt at 100°C eae3 (BRC1) and 12 (BRC2). If these were
symmetric AB diblock copolymers of identical molecular weighgN would be 48 at the same
temperature. FoperspectivecagN = 10.5 at the ODT for AB diblock copolymers at f =
0.501%2%in which case BRC2 is expected to be microptasiered while BRC1 is not.

The phase behavior of microphas@lered block copolymers is generally expressed in terms
of the temperature (or equivalezdgN) at the ODT. In this study,cbr is measured by dynamic
rheology and, for BRCs possessing +omic morphologies, form birefrgence as functions of
temperature. Representative results from each testing method are pres€igacesm2aand2b
for BRC2 to confirm that dpt lies between 140 and 145°C. The inset includeiguire 2ais a
smallangle Xray scattering (SAXS) profileonfirming that BRC2 is microphasedered and
exhibits lamellae with a periodicity of 32 £ 2 nm, in agreement with TEMufe 1b). For a
given BRC with a known molecular weight and compositiam, (f, wa; and wi2), measurement
of Topt can be used tohtain Ce#N)opt SO that a phase diagram can be constructeBligure

2¢, (ceN)opr is displayed as a function &ffor BRCs with equimass blocks ranging from 10 to
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50 kDa (seeTable 1 for copolymer details). Without any adjustable parameters and wlé li
experimental variation (considering that each point corresponds to a different BRC), the values
of (ceN)opt appear to be in favorable agreement with the rfiedoh value of 10.5 over the
entire range oD values examined. In fact, the average oVie® andependent specimens is 10.5

+ 0.7. This result is somewhat surprising in light of the fact that composition fluctuations, which
are ignored in meaheld theory but expected to be roegligible in these BRCs, can promote
substantial deviatidi®®®® in the value of ¢N)oor. Alternatively, in Figure 2d, we
demonstrate that temperature (and, hemgg), as well as molecular weight, can be held
constant so that the phase behavior of BRCs is governed exclusively byO. &iefte, the
numberavera@ molecular weight I(_/In) and temperature are fixed at 100 kDa and 70°C (for
which cag = 0.0734), respectivelyigure 2d confirms that the experimental data collected for 6
different BRCs (se&able 1) are consistent with the predictétidependence afN on f along

the ODT for AB diblock copolymers in the meéeld limit. (We note here that the reported

findings of Medapuranet al?’

suggest that this predicted dependence wstienates the true
ODT boundary.) The results reported kigures 2c and 2d confirm that, in addition to
temperature, molecular weight and block fraction, block composition conDasbfstitutes a
viable alternative by which to control the phase behavior of diblock copolymers.

This strategy can be extendedttiblock copolymers, as depicted by the random midblock
copolymer (RMC) archetype irbcheme 1 Of particular interest here are thermoplastic
elastomers (TPEs) in which the chemically identical endblocks are glassy, while the midblock
possesses a s@ambient Ty, at application temperaturdsDue to itsthermochemical stability, a

widely used commercial TPE is poly[styrebé€ethyleneco-butylene)b-styrene] (SEBS)

wherein the EB midblock derives from hydrogenated butadiene. Because of their high interblock
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incompatibility, these copolymers tend to possess very high alues that are experimentally
inaccessible prior to degradation. Chemical incorporation of S into the EB midblock yields
RMCs with significantly lower ODT temperatures that can greatlyifaie melt processing and
alter rheological properti€s.Here, we employ SAXS to elucidate the effect of the random

midblock on phase behavior. Representative SAXS profiles acquired from RIVIQl:(68.5

kDa,n = 1.33, wng= 0.23, and wmig = 0.44) at elevated temperatures are showFfignre 3a

and reveal that the intensity of the principal scattering peak (at g*) decreases with increasing
temperature. Peak intensity values RMC1 and RMC2 l\_/ln = 85.3kDa, n = 1.20, Wng =

0.18, and Wmiq = 0.48) are provided as a function of temperatur€igure 3b and decrease
sharply atca. 260°C for RMC1 and 165°C for RMC2, thereby identifying an accessiyefor

each TPE. These decreasegpl values reflect aduced incompatibility between the pure
endblocks and the random midblock, which is more pronediior RMC2 despite its higher

M,,. Analysis ofce« is more complicated in the case of these RMCs sieergliable measure

of ¢(T) is wnavailable due to the inherently high incompatibility between S and EB,jigutide(
phase behavior of triblock copolymers, while similar to that of diblock copolymers, can be more

complex®

3.4. CONCLUSIONS

As ongoing sequeneeontrolled*®® copolymer strategies continue to establish novel
architectureproperty relationships, the BRCs and RMCs examined here provide evidence that
the incorporation of one or more random blocks into di/triblock copolymers not only constitutes
an alternative roet by which to control phase behavior but also establishes their commercial

viability as designer soft materials. A more detailed molecular thermodynamics analysis of such
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unique materials, as well as additional experimental interrogation, is clearly tedrran
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Architecture Designation

A-b-B Diblock copolymer
A-b-B-b-A Triblock copolymer
A-grad-B Gradient copolymer
A-r-B Random copolymer
(A-r-B)-b (A r— B), Block random copolymer
A-b-(A-t-B)-b Tapered block copolymer
A-b-(A-r-B)-b Extended block copolymer
B)-b

A-b-(A-r- Random midblock copolymer

Scheme3.1. Molecuar architectures and designations of linear bicomponent copolymers that

incorporate pure or mixed sequences of repeat units along the backbone.
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Figure 3.1. TEM images of (a) BRC1 and (b) BRC2. The isoprenic units in both blocks of each
copolymer are selectively stained and appear dark. In (c)] tardisplayed as a function of
temperaure for the same BRCs (labeled) and reveal the nuarzeralues of theorresponding

Ty(s).
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Figure 3.2. Temperature dependence of (a) the dynamic shear mbd@i (O) and G" @) o

and (b) form birefringencd) and tand (W) used to discern the value ofgr for BRC2. The

solid lines connect the data, and the inset in (a) displays a SAXS profile acquired from BRC2 at
ambient temperature (the periodicity is determined freofy*). The peak at 3g* is consistent
with a lamellar morphology (the peak at 2g* is etfitsdue to the symmetric composition). The
results displayed in (c) are obtained froghTmeasurements for a series of BRCs with equimass
blocks (f = 0.50). The dashed horizontal line identifies the valuE&N)opr (= 10.50) for
symmetric diblock copgmers (f = 0.5) in the mearfield limit. In (d), the phase diagram is
generated at constant temperatwrgs) and molecular weight with variabl@ and f. The solid

line denotes predictions for the ODT bounddrgm meanrfield theory®® for AB diblock
copdymers, and the error bars in (c) and (d) correspond to 10% variation to account for
experimental uncertainty in the molecular weight measurements.
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Table 3.1. Block and molecular characteristics of the designer BRCs synthesized and examined

in this study.
Designation & wan®  wa® M, N° ¢ wa® wa® D Topr Cas
(kDa) (°C) (x10?)
Constant blocKraction series
BRC1 0.50 0.00 0.75 20.0 249 0.55 0.00 0.69 0.69 110 6.33
BRC2 0.50 0.15 1.00 20.0 235 056 0.12 1.00 0.88 110 6.33
BRC3 0.50 0.15 0.75 40.0 488 054 0.12 0.69 058 45 8.09
BRC4 050 0.25 0.75 40.0 481 054 0.20 0.69 049 40 8.26
BRC5 0.50 0.00 0.57 50.0 638 0.54 0.00 050 050 75 7.20
BRC6 050 032 0.71 58.0 694 053 0.6 065 039 72 7.55
BRC7 050 0.25 0.75 60.0 721 054 0.20 0.69 0.49 140 5.71
BRC8 050 035 0.75 60.0 711 053 029 069 040 55 7.78
BRC9 050 037 0.75 100.0 1181 053 0.31 0.69 039 60 7.63
Constantmolecular weighseries T (°C)
BRC9 050 037 0.75 1000 1181 053 031 0.69 039 70 7.34

BRC10 035 0.75 030 100.0 1217 032 0.69 024 045 70 7.34
BRC11 033 0.75 0.30 100.0 1220 0.30 0.69 0.24 045 70 7.34
BRC12 030 0.75 0.30 100.0 1224 0.27 069 024 045 70 7.34
BRC13 0.25 0.75 0.25 100.0 1245 0.22 0.69 0.20 049 70 7.34
BRC14 0.20 0.75 0.20 100.0 1268 0.18 0.69 0.16 053 70 7.34

@ Determined on the basis of molecular weight.
® Corrected for different repeat umiensities by theeference density = (r af g)"'2
¢ Calculated on the basis of the dengityrected number of repeat units.
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Figure 3.3. In (a), a series of SAXS profiles acquired at different temperatures (labeled) from
RMCL1. Profiles exhibiting evidence of microphameering (due to highesrder sattering

peaks) appear bol d. The profile

at

whi ch

q*

and the position of g* is identified by the vertical dotted line. In (b), peak scattering intensities

extracted from variableemperature SAXS profiles adisplayed as a function of temperature for

RMC1 and RMC2. The position of eachpk discerned from intersecting tagnf (solid) lines is

identifiedby thedotted

lines.
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CHAPTER 4
Molecular and Morphological Investigation of Midble&ulfonated Styrenic

Triblock Copolymers

ABSTRACT

Midblock-sulfonated triblock copolymersffard a desirable opportunity to generate
networkforming amphiphilic materials that are suitable for use in a wide range of emerging
technologies as fudlell, waterdesalination, iorexchange, photovoltaic, or electroactive
membranes. Employing a prevaly reported synthetic strategy whereipoly(p-tert-
butylstyrene) remains unreactjveve have selectively sulfonated the styrenic midblock of a
poly(p-tert-butylstyreneb-styreneb-p-tert-butylstyrene) (TST) triblock copolymer to different
extents. Comparison of the resulting sulfonated copolymers with results from our prior study
provides favorable quantitative agreement and suggests that a shortened reaction time is
advantageous. An onig challenge regarding the morphological development of charged block
copolymers is the competition between microphase separation of the incompatible blocks and
physical crosdinking of ionic clusters, with the latter often hindering the former. Here, we
expose the sulfonated TST copolymersstdventvapor annealing to promote nanostructural
refinement. The effect of such annealing on morphological characteriascsvell as on

molecular free volume, is explored.

*This chapter has been published indttirety:

K. P. MineartJ. J. Ryan, B. Lee S.D. Smith & R. J. SpontakJ. Polym. Sci. Part B
2017 55, 490497.
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4.1. INTRODUCTION

As exemplars of soft materials inherently capable of spontaneous, thermodynadrigalty
selforganization:* block copolymers remain at the forefront of academic and commercial
research focused on a diverse range of technologies that rely on interfacial compatibitfzation,
surface adhesiof® nanoscale templatir:* and naneobject? and superstructutproduction.
A Dblock copolymer generally consists of two or more chemiadiBgimilar contiguous
sequences that are covalently linked to form a single macromolecule. Due to the incompatibility
between the blocks (typically described in termschi wherec denotes the FlorwHuggins
interaction parameter and N is the number of statistical repeat units along the backbone), these
macromolecules can microphaseparate and organize into a variety of soft nanostructures that
depend primarily on copolymer compositj architecture, and molecular weidftOf particular
interest here are linear multiblock copolymers, such as ABA triblock copolymers, that can
likewise form a molecular network upon microphase separétiSrin the particular case of the
ABA archetyg, each B midblock is capable of adopting a bridged, looped, or dangle
conformation (or remaining unsegregated). Midblock bridges serve to connect neighboring
microdomains and are therefore predominantly responsible for network formatiofrich B
copolymes at moderate to higbN levels!’ Such physical, rather than chemical, crlisking
constitutes the underlying design principle of ABA thermoplastic elastofhessich possess a
soft (rubbery) B midblock and hard (glassy or semystalline) endblockg-unctionalization of
conventional thermoplastic elastomers has extéefidethis paradigm initially developed for
nonpolar species by incorporating a charged midblock into a multiblock copolymer.

Charged block copolymers, also known as block ionomex& haen developed for use as

amphiphilic materials and frequently rely on the targeted sulfonation of styrenic moieties.
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Examples of selectively sulfonated diblock copolymers derive frpoly(styreneb-
butadiene¥>2* poly[styreneb-(ethyleneco-propylend],?> poly[styreneb-(vinylidene difluoride
co-hexafluor@ropylene)?® and poly(styrend-methylbutylené)’ copolymers. In the case of
networkforming triblock ionomers, the endblocks pbly[styreneb-(ethyleneco-butylenejb-

(829 poly(styreneb-isobutyleneb-styrene)® and  poly[styrendo-(ethyleneco-

styrene]
propylene)b-styrenef' have been sulfonated and reported to improve the thermomechanical
properties in the meldue to the formation of ionic clusters. However, contemporary
technolgies that employ these types of materials such as polyelectrolyte menmBrames,
polymermetal compositéé or photovoltaic elastomer géfsrequire the presence of polar
solvents. Solvation of sulfonated endblocks simultaneously responsible for kstabitization

and ion transport is accompanied by plasticization and compromised mechanical properties. A
solution to this challenge is sulfonation of tb@olymer midblock, rather than the endblocks.
Seminal studies of midbloekulfonated copolymers tiended for use as surfactant molectiles

and physical hydrogels® pave the way for the present study wherein we extend our previous
investigatiori® regarding midblock sulfonation of a lompain poly(p-tert-butylstyreneb-
styreneb-p-tert-butylstyrene) TST) triblock copolymer. To ensure selective sulfonation of the S
midblock and avoid undesirable reaction of the T endblocksytiliee the acetyl sulfafé route
depicted inFigure 1 instead of the triethylphosphate:$&mplex introduce®*° for short TS

and TST chains. The sulfonated TST copolymers generated here are analyzed for comparison

with our earlier repo?f and subjected to solvemapor annealing (SVA) to permit morphological

refinement®
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4.2. EXPERIMENTAL

The TST triblock copgimer was synthesized via living anionic polymerization veéte
butyllithium as the initiator in cyclohexane at-38°C. The monomers, as well as cyclohexane
(PRA grade) and 1.4 Mecbutyllithium dissolved in cyclohexane, were purchased from
Aldrich (Milwaukee, WI, USA). While thesecbutyllithium in cyclohexane was used-as
received, the monomers were purified by passing them through an activated alumina column to
remove inhibitors, and predetermined quantities of both monomers were subsequently added to
a clean, dry roundbottom flask filled with nitrogen and fitted with rubber septa and a
thermocouple. Dibutyl magnesium was slowly introduced until a persistent yellow/green color
was obtained. This solution was stirred for a minimum of 1 h to promoteomandt trace
impurities, followed by further purification through an activated alumina column to remove the
reacted impuritiesAccording to size exclusion chromatography in conjunction with refractive
index and light scattering measurements, the nwawage molecular weight and
polydispersity of theparent TST copolymermere determined to be 122 kDa and 1.01,
respectively. Proton nuclear magnetic resonafideN\MR) spectroscopy yielded the overall S
content (66 wt%) in the copolymer and thus the comedmg block weights: 21 kDa for each
T endblock and 80 kDa for the S midblock. Dichloroethane (DCE, 99.8% pure), sulfuric acid
(H2SOy, 98% pure), acetic anhydride (AA, 99% pure), éetdahydrofuran (THF, 99.6% pyre
were all purchased from Fisher Sciéinti(Pittsburgh, PA, USA) and used without further
purification. Ultrapure water (18.2 dykcm) was obtained from a Mi#Q purification system.
Deuterated dimethyl formamided-DMF) was used aseceived from Cambridge Isotope
Laboratories, Inc. (Boston, MA, USA).

Details regarding the midbloedelective sulfonatiorof the TST copolymermhave been
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previously reporte and are only briefly reproduced here ftrat reason. The pant
(unsulfonated) TST copolymer was dissolved at 5 wt% in an 18:1 v:v mixture of DCE and AA.
Upon full TST dissolution, the solution was heated to°60and the sulfonating agent, acetyl
sulfate formed by mixing a 1:1.15 molar ratio 0§30, and AA, was dded dropwise. One
notable difference between the present work and our prior study is that the sulfonation time was
reduced from 96 h at 50°C to 6 h at 50T®e reaction products were precipitated upon addition

of deionized water and further purified veather repeated washing with or dialysis against
deionized water. The purified products were lyophilized to remove moigtareconsistency

with our previous study the sulfonated TST copolymers are designated as X s@ferex
denotes the degree of rbidck sulfonation (DOS, in mol%). Films for analysis were prepared by
first dissolving each ionomer at a concentration of 2 wt% in THF. The solutions were cast in
Teflon molds and the solvent was allowed to evaporate over the course of 2 d at ambient
tempeature, yielding uniform, solid films. Resultant films measured ~1®0thick and were
further dried under vacuum for an additional 12 h at 40°C in the presence of a desiccant to
remove residual solvent and entrapped weetected specimens were subsedjyesolvent

vapor annealed through exposure to THF for 6 h at ambient temperature to promote
morphological refinement, as previously establiéfhéor the case of EP-sSEP-T pentablock
copolymers containing two poly(ethylege-propylene) (EP) blocks tanded to improve
mechanical flexibility andtoughness. The SVA chamber was purged before and after THF
addition to remove residual moisture in the head space anddiy the films, respectively.

Further details regardirtpe SVA procedure employed here provided elsewhef&.

For*H NMR spectroscopy, the TST parent copolymer and TsST ionomers were dissolved in

d-DMF. Spectra were acquired at ambient temperature on an Inova 500 spectrometer operated at
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500 MHz, and chemical shift) features werenalyzed between 6.0 and 8.0 ppm to ascertain
the DOS. The presence of sulfonic acid groups was confirmed by Ftansform infrared
(FTIR) spectroscopy performed in attenuated total reflectance (ATR) mode on a Varian 640 IR
with a ZnSe crystal. All FR spectra were averaged over 64 scans at a resolution of 8.5 cm
between 550 and 4000 &miThe peak at 1600 charising from outof-plane deformation of the

CH ring was used to correct the spectra for film thickness variation. The morphological
characteistics of the TsST ionomers were examined by s@aadjle xray scattering (SAXSand
transmission electron microscopy (TEMhe SAXS experiments weperformed on beatine
12-1D-B in the Advanced Photon Source (APS) at Argonne National Laboratoryaimeto-
detector distance and beam spot size were 2 m and 0.5 x 0.025espectively, and samples
were exposed to a 14 keV beam (with a wavelergtiof 0.087 nm). Scattered photons were
collected on a -D Pilatus 2M detector and were azimuthally graged to yield intensitys g
scattering profiles, where q = @#)sing represents the scattering vector amds half the
scattering angleTo enhance electron contrast between the blemk$EM, the S/sS midblocks

were selectively stained by immersibglk films into Pb[acetatg]laqueous solutions for 8 h,
followed by subsequent drying under vacuum at ambient temperature for 12 h. These stained
films were then embedded in epoxy and sectioned to a thickness of ~80 nm at ambient
temperature. Images were collected on a JEOL 2000Xostope operated at 200 KROsitron
annihilation lifetime spectroscopy (PALS) was conducted on select specimenritith
positronium ions generated from*ANa source aambient temperature. Spectra were collected
for a minimum of 3.5 million annihilain events. The resulting data were analyzed with software
developed at the NC State University PULSTAR Reactor Laboratory. Specifically for the PALS

analysis,homopolytert-butylstyrene) (hTP¥ilms were prepared and examinedcast (under
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the same contons as above) and after thermal annealing {@&5r 12 h). [Note: This was the

only sample subjected to thermal annealing.]

4.3. RESULTS & DISCUSSION
As mentioned earlier and schematically depictedFigure 1, the sulfonation reaction

utilized here dpends on the formatioof acetyl sulfate, asriginally proposed byundberg and

Makowski3” and the DOS thereby achieved can be quantitatively discerned‘fHoNMR

spectra. Such spectra can likewise provide ancillary information regarding the presence of

deuterated carrier solvent and moisture, but the DOS is explicitly determined from the peaks

related to phenyl ring protons over tenterval ranging from 6.0 to 8.0 ppm. While the TST

copolymer exhibits two peaks in this aromatic band at the posiabeted A and B irFigure

2a, all the included TsST ionomers display three unmistakable peaks at positions A, B and C.

The origin of these peaks relates to specific proton positions within the phenyl rings. The peak

in A, for instance, is indicative of pians at theortho positions on phenyl rings in all three

types of repeat units under consideration (S, sS and T) and its area remains relatively constant

whereas the peak in B corresponds to protons amttapositions in S and T, as well as the

para position in S, repeat units. Since T repeat units have been ¥hmnre unreactive with

acetyl sulfateonly selective sulfonation of the S midblock is capable of introducing the C peak,

which is a consequence of protons in thetaposition of sulfonad phenyl rings. These peak

assignments concur with results previously reported for sulfonated homopoly&tyaede

TsST triblock copolymer® and directly relate to the DOS of each TsST ionomer. Using the

%

analysis methodology established by Yang and$faand Baigl et al*' we measure the DOS

from the integrated areas of the B and C peaksguare 2a
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Resulting DOS values are presented as a function ot.{hg Jiraid Ns Molar ratio inFigure
2b and confirm that an increase in reactant indagesicrease in the DOS. They also compare
favorably with results provided earligAt low to moderate ratios, the DOS values are similar.
At high ratios, however, our previous results suggest the existence of a saturation limit, but our
current measuremes indicate that this dependence remains linear up to ~65 mol%. Although
speculative, the reason for this apparent difference is attributed to the shorter reaction time
employed in the current stud@omplementary FTIR spectra acquired frorrcast TsSTifms
are provided inFigure 3 for the same systems discussed in relatiofigure 2a and they
likewise verify that the S midblock becomes increasingly sulfonatéteas ety surard Ns Molar
ratiois increased. Of particular interest here are ttekpéocated at 1030 ad@00 cnt, which
are observed to grow in intensity with increasing DOS due to progressive increases in
symmetric and asymmetric $Qtretching vibrations, respectivels the sulfonation reaction
proceeds, two other vibrations ioterest here relate to monosubstituted phenyl rings at 698 and
760 cm’. Upon sulfonation and the formation of disubstituted phenyl rings, the intensity of
these vibration peaks systematically decreases with increasing DOS. Although the intensity of
the peak at 698 ci can also be uséfito extract a quantitative measure of the DOS, we elect
not to do so because of complications arising from the presence of'Wakers, the'H NMR
spectra irFigure 2 and the FTIR spectra fgure 3 together provide ahemical perspective of
the sulfonation reaction and verify the desired conversion from TST copolymer to TsST
ionomers.

Many morphological studies of block ionomers are plagued by the competition between
microphase separation of the incompatible constitbkruks and the formation of ionic clusters

that behave as physical crdsiks. Since ionic clusters hinder molecular diffusion and thus
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thwart microphase separation, this competition frequently results in poorly defined
morphologies, as discerned from %@ profiles and TEM images. Recently, we have
demonstratell that SVA can be applied to bulk multiblock ionomer films to refine
nanostructuratharacteristics, and we propose that morphological equilibration was achieved on
the basis of corresponding mesale simulations. Examination of the current TsST ionomers
provides an additional system by which to probe the validity of our supposition with the added
benefit of a simpler molecular architecture. B®&XS profiles displayed ifigure 4 constitute
a complation of results from three TsST ionomers differing in both their DOS and processing
history. Profiles colored black are acquired frorcast films, whereas those colored blue are
obtained from films subjected to the SVA conditiadescribed in the Expenental Section.
Cursory observation of these results immediately confirms Matssgnificantly improves the
ordering of thaonomers in all cases. Specimens not subjected to SVA typically exhibit one ill
defined primary scattering peak, the positionwdfich provides a measure of the average
interdomain distance. Additionally, the n@VA TsST39 and TsST63 ionomers show evidence
of a sphericaform factor indicative of spherical microdomains, which are anticipated to be T
rich due to composition and m@ssing considerations. In marked contrast, all the SAXS
profiles collected from SVA specimens consist of a sharp primary peak and two-tigaer
reflections. Interestingly, the profiles from the SVA TsST39 and TsST63 ionomers also
maintain a sphericabfm factor.

In the case of the SAXProfile collected from the TsST17 ionomer after S\fe higher
order reflections located at 1.62and 2.49q are associated with the expected peak positions
for hexagonallp ac ked cy | i el r)Hpdssessing aP&iadicity (from g 0.26

nm?) of 24.2 nm. This result differs significantly from the fammntered cubic sphere (FCC)

60



morphology previously assign®dto TsST films possessing a comparable DOS without
exposure to the SVA step employed hé#es discussed earlief, the parent TST copolymer is
also anticipated to exhibit a cylindrical morphology on the basis of its compositionNnd
value.] Analogous SAX&nalysis of the TsST3@nomer after SVA yields two higharder
reflections visible i Figure 4 at 1.289 and 1.58¢g, which coincide with the FCC morphology
having [200] and [220] reflectiorst 2 & & 8 2{39 Arespectively. In this case the primary
peak location (g= 0.22 nm'") corresponds to an FCC unit cell length of 49.5 fiime kroad
spherical form factor at intermediate q enables estimation of-tieh Tnicrodomains residing
within the FCC lattice. Modeling the form factor features (as showfigare 4) reveals that
the sphere radius is about 9.5 nm, which results in a voltamgdn of 0.12. Interestingly, the
sphere radius of the unannealed TsST39 ionomer is approximately 8.2 nm, suggesting that SVA
refines the spherical microdomains and imprawéasophase separation.

The SAXS profile of the TsST63 ionomerfigure 4 displays its primary peak at g 0.23
nm* andhigherorder reflections at 1.30gnd 1.62g which are again indicative of the FCC
morphology (unit cell length = 47.3 nm). The modeled sphefirat factors for the annealed
and unannealed specimens gisphere radii of 9.7 and 7.8 nm, respectively, further verifying
that SVA promotes nanostructural refinement of thach microdomains. In this case, the
volume fraction of spheres is about 0.14, which is, within experimental uncertainty, similar to
that of the TsST39 ionomeWhile it is certainly comforting that the size of the spherical
microdomains between the two ionomers is comparable, we are surprised that the volume
fraction of spheres does not decrease with increasing DOS. For the volume fiaecBamain
constant in this scenario, an increase in the DOS cannot induce additional swelling of the S/sS

matrix, which may suggest either saturation of sulfonatidnced domain swelling or the
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dominance of a neequilibrated morphology. This unexpectegsult clearly merits further
investigation now that SVA peiits the acquisition of more highly detailed SAXS profiles that
permit more conclusive morphological analysis. Taken together, the SAXS profiles included in
Figure 4 indicate that i) SVA provides a straightforward and facile route by which to
overcome the challenges responsible for poorly refined microphase separation in block
ionomers, andii() sulfonation can promote a morphological transition (in the present case from
hexagonallypacked cylindrs to spheres residing on a FCC lattice) in similar fashion as
observed in the case of lemvolecularweight diblock copolymers’

Because the cylindrical domain size could not be extracted from SAXS data for the TsST17
ionomer following SVA (due to an afwce of form factor features) and the TsST39 and
TsST63 materials are too brittle for microtomy, TEM has been performed exclusively on the
TsST17 specimen after being subjected to SVA. A representative (wabesnlargementis
presented for examination Figure 5. In this case, the electrmpaque (dark) matrix identifies
the presence of stained sulfonic acid groups, whereas the light features are attributed to the
unstained Irich microdomains. Hexagonal packing of theidh microdomains in crossecton
is evident in this figure, and an enlargement demonstrates that these microdomains are
elongated along a planar view, thereby confirming that they are cylinders, not spheres. Thus, the
morphological assignment of hexagongligcked cylinders proposed the basis of the SAXS
data provided irFigure 4 appears correct. The diameter of the unstained cylinders in images
such as the ones shown kigure 5is 11.3 £ 1.6 nm. Thenit cell length of the hexagonal
lattice measures approximately 22.7 £ 1.8 nmictvtagrees reasonably well with the SAXS
value of 24.2 nm, especially when one considers that the bulk sample might contain water due

to the hygroscopic nature of sulfonated polystyrene. The volume fraction of cylinders discerned
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from TEM is 0.21.In compaison,we estimate a cylinder volume fraction of 0.36 in the parent
TST copolymersolely byaccounting for mass densities differences in the T and S blocks (0.95
and 1.04 g/crh respectively). This implies that 17 mol% sulfonation in the TsST17 ionomer
leads to a 23% increase in the apparent midblalkime fraction. Based on the SAXS data
above, this value increases further to 36%hancase of the TsST39 and TsST63 ionomers. The
high degree to which the S/st8h phase swells does not seem to dependamiyppe DOS€.g,
compare the anticipated T volume fraction in TsST63 of 0.29 [assuming a mass density of 1.10
g/cnt for sS] with the experimental result of 0.14) and may support the possible formation of
nonrequilibrium morphologies.

An additional moleclar-level characteristic that warrants mention in this study is the free
volume, that is, the volume unoccupied by polymer chains. Generally speaking, this metric
provides ameasurable indication of the extent to which polymer chains pack together. Glassy
polymers, for example, typically possesdower free volume than do rubbery ones, which
explains whypermeation of penetrant molecules is significantly faster in rubbery polymers
above their glass transition temperaturg).{f Chemical modification, suchs the polystyrene
sulfonation employed here, can impact the bulkiness of side groups along the polymer
backbone, as well as interchain interactions, and is therefore ex@egeori to affect the
existing free volume. A standard awtical approach byvhich to measure the free volume
available in polymeric materials is PALS® In short, PALS relies on the tirdependent
measurement of a characteristic energy emission, the magnitude of which depends on the
positron form. In the case of macromoleculegho-positronium ¢-Ps) ions, the metastable,
bound state of an electron apasitron with parallel spins, reside in low electaemnsity

regions (e.,t he free volume) within densrayswithanr o mol e

63



energy of E = 0.511 MeV upon annihilatithThis technique measures the emitted energy
intensity as afunction of (annihilation) time (t), and a resulting intensity spectrum can be
analyzed to extract a direct measure of the free volume.

RepresentativePALS spectra acquired at ambient temperature from hTP, the TST
copolymer and a TsST63 ionomer, bothcast and subjected to either thermal (hTP)
solventvapor annealing (TST and TsST63), are presentedrigure 6. Analysis of the

intensity, I(t), requires a mulexponential regression of the form
‘O 0
00 —AgDb— 1
t T @)

w h e frepregénts the lifetime of thi positron state, anglis the corresponding intensity. Of

the relaxation times extracted int s f ashi on,s oahg 4 tme condtantt 9 ( U
are attributed ta-Ps annihilation and thus provide information regarding the free volume in
these pol ymer syst eansddeshribepara-pasicanipm (@25 200es)s , U
and free positron (300 400 ps) annihilation, respectivelf. Her e, we Hforl y con
comparative purposes. By assuming that the-ydeme elements can be modeled as discrete
spheres, these relaxation times can be conveniently converted into codiegpspatial

dimensions through the usetb® quantum mechanical T&sdrup model®
t -p — —OE+— 2)

w h e 1 is thdd-Ps lifetime (expressed in nsy, denotes theadius of a freesolume element

and Qr corresponds t o an empi ri ©anhile etheect r on
geometryspecific formalisms are available to analyze PALS spectra, the dosadTac

Eldrup model is the most commonly employed to extract-Wodeme information from

macromolecular media.
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Recent effortdy Geise et &l have sought to explore the issue of midblock sulfonation by
performing PALS on the same-HP-sSEP-T pentablock ionomers alluded to earlier. Their
results acquired from watswollen samples generaliydicate that free volume decreases with
increasing sulfonation but do not allow the individual block contributions to be isolated due to
the molecular complexity (in terms of both glassy and rubbery constituents) of the materials
examined. We seek to erttthese findings by elucidating ¢the free volumes of the individual
blocks before and after sulfonation amd the impact of specimen processing on free volume.
Resultant freevolume dimensions calculated from Eq. 2 (in terms of the pore diameter, D
2rg) for dry specimens are listed ifable 1 The availability of free volume data for
homopolystyrene (hS, 3= 0.59 nmj° and hTP Table 1) can be used as a predictive means for
estimating the free volume of the TST parent copolymer. The resultant free volume estimate
(linearly weighted by the volume fractions of the block®lds an average {Dof 0.62 nm,
which agrees well with the experintahresult ( = 0.63 nm). Further extension of this
analytical strategy to the PALS fit for the TsST63 ionomer £.61 nm) enables estimation
of Dg for the (63% sulfonated) S/sS block as 0.58 nm (using a theoretical T volume fraction of
0.29). While this value issurprisingly onlyslightly less tharthat of unsulfonatetS, the free
volume element size measutefiom fully sulfonated hS is consistent with this findiffdis is
not to say, however, that the total fractional free volume=( DeCr, where Cr is the
concentration of free volume pores) remains nearly unchanged upon sulfonation. On the
contrary, the pore concentration, which is proportional to the correspooadis@nnihilation
intensity (3),°>? decreases substantially from the unsulfonaf&d copolymer to the TsST63
ionomer. Since quantitative assessment pfb€comes difficult when electremithdrawing

groups such as SOare present (as they can artificially decrea3&®iwe do not attempt to
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isolateexact G values from our PALS dat#én terms of processingeither thermal annealing
of hTBSnor SVA of TST and TsST63 have a detectable impact on free volume. These results
suggest that our efforts to remove residual solvent during processing were succestfat and

the extent of microphase separation in the ionomer does not impact the overall free volume.

4.4, CONCLUSIONS

Selective midblock sulfonation of a lompain poly(p-tert-butylstyreneb-styreneb-p-tert-
butylstyreng triblock copolymer yields aamphiphilic material that microphaseparates into
distinct ionic and nonpolar microdomains capable of inducing physical-lonés®y. In the
present study, we first demonstrate improved control over the sulfonation functionalization
through the use oh®rter reaction times than reporieih our previous work. Furthewe show
that aplication of a recently reportédSVA strategy for bulk block ionomers yields highly
ordered TSST specimens as discerned by both TEM and SAXS analysis. The identified
morphologies and geometric parameters in these systamsnot in precise agreement with
meanfield predictions, which is not entirely unexpected due to the presence of ionic mtieties.
In light of results from our recent stifyand the clearly significant morphological refinement
observed here, we propose that, due to their very high interblock incompatibility, bulk block
ionomers are able to approach equilibrium via SVA even if the solvent employed is not entirely
nonselectiveWhile solventvapor annealing has an unequivocal impacTe8T nanostructure
complementary PALS analysis indicates that the additional processing does natuwdwvef
an impact on free volumeUnexpectedly the difference in free volumpore sizebetwesn
polystyrene and highly sulfonated polystyrene blocks is almost negligiblereas the overall

free volume is found to decrease due to a substantial reduction in pore population.
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Figure 4.1. Schematic illustration of the sulfonation reaction employed in this study to generate
midblock-sulfonated TSTriblock copolymers varying in their DOS. Acetyl sulfate is produced
in a preceding reaction (top) and subsequently sulfonates the midblock of the copolymer

(bottom).
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Figure 4.2. In (a), representativiH NMR spectra acquired from the TST triblock chypoer

and three TsST triblock ionomers (with the corresponding DOS levels labeled). Of particular
interest here are the phemylg protons (A, B and C) discussed in the text. The spectra are
shifted vertically for clarity. In (b), the DOS level discerrismm *H NMR spectra, such as those
displayed in (a), presented as a function of the sulfonating agent concenOtiohg solid line

is a linear regression to the data provided in this study. Included for comparison are DOS values

reported in ouprevious study®).*
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Figure 4.3. FTIR spectra collected from the TST triblock copolymer and three TsST triblock
ionomers (with the corresponding DOS levels labeled). The blue lines pinpoint the wavenumbers
of peaks that appear upon sulfonation, whetbkasred lines identify bonds that are consumed

during the sulfonation reaction. The spectra are shifted vertically for clarity.
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Figure 4.4. SAXS profiles obtained from the three TsST triblock ionomers (labeled)

upon initial casting from THF (black solid lines) and after solwagor annealing (SVA)

in the presence of THF for 6 h at ambient temperature (blue solid lines). The principal

peak & g* in each profile is assigned a solid arrow, whereas peaks that become apparent
upon SVA and are assigned to an ordered morphology are identified with open arrows.

Spherical form factor fits pertaining to select cases are indicate by the orange lines.
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Figure 4.5. TEM images acquired from the TsST17 block ionomer after SVA in the
presence of THF for 6 h at ambient temperature. The ionic (S/sS) regions are selectively
stained and appear electron opaque (dark), and the enlargement more clearly displays t

hexagonal packing of the unstained nonionic microdomains.
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comparison (see cmt-coded key).
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Table 4.1. Analysis parameters and fregelume measurements extracted from the PALS
spectra displayed iRigure 6.2

Specimen  Anneal typ8& t3(ns) 13(%) D (nm)
hTBS None 2.705 £ 0.002 30.85 =+ 0.03 0.679
Thermal 2.712 £ 0.002 34.85 + 0.03 0.680

TST None 2.405 £ 0.006 27.89 £0.10 0.633
THF vapor 2.438 £ 0.003 27.12 £ 0.05 0.638

TsST63 None 2.242 + 0.006 11.15 + 0.04 0.607
THF vapor 2.220 £ 0.005 11.63 + 003 0.603

@ Errors included here are obtained from the regresmiaysis of eqn 1 to the data.The precision levels
of t;and k ensure nofzero errors.

® Thermal annealing was conducted at 165°C for 12 h, whereas sehmortannealing was performed at
ambient temperature for 6 h.
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CHAPTER 5
SeltAssembly of aMidblock-Sulfonated Pentablock Copolymer in Mixed Organic

Solvents: A Combined SAXS and SANS Analysis

ABSTRACT

lonic, and specificallysulfonated, block copolymers are continually gaining interest in the
soft materials community due to their unique <aility in various ionrexchange applications
such as fuel cells, organic photovoltaics, and desalination membranes. One unresolved challenge
inherent in these materials is solwenplating, which is the translation of sasembled
solution structures to nonrequilibrium solid film morphologies. Recently, the use of mixed,
polar/nonpolar organic solvents has been examined in an effort to elucidate and control the
solution seassembly of midblockulfonated pentablock copolymers. The current study $uild
upon those results by including sonication in solution preparatiah arrives at a similar
gualitative trend: decreasirgplvent polarity leads to larger copolymer micelles. Additionally,
the current investigation utilizes contrasiriation smaHlangleneutron scattering to quantify the
coronal chain radius of gyration (5745 nm) and copolymer aggregation number-Z4b),
which both decrease with increasing solvent polarity, as well as the ruoedlesolvent fraction
(60-80 vol%), which converselyntreases with increasing solvent polarity. The latter finding
implies that the ionic micelle cores of these copolymers can be substantially plasticized, thereby
permitting solid films cast from mixed organic solutions to possesse interconnected
morphologies.
*This chapter was under review at time of submission.

K. P. MineartJ. J. Ryan, M.-S. AppavouB. Lee Michael Gradzielski& R. J. Spontak
Macromolecules2018 Submitted
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5.1 INTRODUCTION

Block copolymers are of considerable scientific &achnological interest due primarily to
their inherent ability to form welllefinednanoscale structures in both m8ftand solutions.’
Additionally, their chemically dissimilar blocks, and consequently microdomains, provide
beneficial property combiti@ans such as mechanical rigidity and ion transport in poly[(methyl
methacrylate)-(1-[(2-methacryloyloxy)ethyH3-butylimidazolium bis(trifluoronethane
sulfonyl)imide)] diblock copolymef§™ or amphiphilicity in polyputadieneb-(ethylene oxide)]
diblock copolymers®*® The formation of nanoscale structures is driven largely by the
interblock thermodynamic incompatibility, which éxpressed as.jN, whereg, is the Flory
Huggins interaction parameter between ittendj species, andN is the number of statistical
repeat units along the copolymer backbone. In melts possessing sufficient incomp#tithiéity,
copolymer compositionfi( the number fraction of in the copolymer) primarily dictates
morphological characteristics. For thmplest bicomponent molecular architecturds ¢liblock
andABAtriblock copolymers composed AfandB repeat units), increasirfg from near zero in
the intermediate to strong segregatregime (12M GasN M 60) results ina wellestablished
morphologi@l progressionA-rich spheres on a bodgr facecentered cubic lattice (SPH)
rich cylinders on a hexagonal lattice (CYL) to the bicontinuous gyroid (GYR) to alternating
lamellae (LAM). The LAM morphology exists near compositional symméra (- 9. Fusther
increases iffiy lead to the reverse progression with discBtech microdomains in the CYL and
SPH morphologie$>*® Additional nanostructures more recently observed in block copolymer
melts include th&ddd "' and FrankK a s p*&?tmonphologies.

Similar behavior applies to block copolymer solutions. At copolymer concentrations below

the critical gel concentration in a bloegelective solvent, the solution exhibits purely liquid
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behavio”* The presence of solvent molecules inctsusolutions contributes additional
thermodynamic interactions that must be considered specifically in teraas ahdcs.s, where

S represents the added solvent. Individually, these values dictate blmtformation
Collectively, they shed light onhether copolymer molecules disperse as uninggrsg Gg.s) or

form copolymer micelleschs | Gs.s) and if the latter, whichblocks compose the interior core

and exterior corona. Much like their analogous melts, the equilibrium copolymer nanostructure
depends orfa, spanning from unimers to spherical micelles to woamd rodlike micelles to
lamellar morphologies including vesicles (with decreasing from unity and where A is the
solvophilic block)}*?*%” The degree of solvent selectivitye(, the magnitude ofes.gGas) can

also be used to controllably alter cbpuer morphology due to micellar core/corona+solvent
interfacial tension and has most commonly been accessed through miscible mixtures of a
selective and nonselective solvéfit? An elegat example of this concept focud®¥ on
amphiphilic poly[styrend-(acrylic acid)] (PSb-PAA) assemblies in water/dioxane solutions
(water is selective for PAA and dioxane is nonselective). The results of this study demonstrate
that increasing water ctent in P9;-b-PAAs; solutions (in which caseandGssY 0) &i el ds
morphological progression qualitatively identical to that described above for decrbasing

single, selective solvent.

Nanoscale morphologies in solution and the solid statebe intimately related in practice.
Processes that employ solution casting in the absence of thermal annealing, for example, rely to
varying extents on copolymer solution assembly for the formation of the final solid morphology.
This solution solid nanatructuraldependence, generically referred to as solvent templating, is
especially prevalent in materials that cannot be thermally annealed due to experimentally

inaccessible glass or ordeisorder transition temperatur€sy and Topr, respectively). Bick
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copolymers containing strongly acidic and nonpolar blocks, which are currently of considerable
interest due to their applicability as ioand electrorexchange membrand$?” are typically
unaffected by thermal treatmedtie tohigh Ty and interblockincompatibility Gas ® Topr).
Recentstudied® *° of midblocksulfonated pentablock copolymers have established an intimate
connection between solution and bulk film morphologies. An understaradingnic block
copolymer assembly in solution is there® warranted to control sohlstate morphological
development, which governs macroscopic properties such as ion or electron tralspsrtand
co-worker$® have initiatedefforts in this direction through the use of a miscibdéar/nonpolar
solvent mixure to alter solvent selectivity for the nonpolar or ionic blocks depending on
composition. This constitutes a unique system due to the miscible, cealgetive solvent
mixture {.e., Ga.s1< Gs.s1andGa.s2> Gs.sp) made possible by the high interblock incompatibility.
Increasing the polarity of the solvent in this system induces a progression from micelles with
sulfonated cores to unimers to revemseelles with sulfonated coronas, as well as corresponding
changesn micelle size*! Inspired by these results, we examine similar sulfonated copolymer

solutions with a focus on the role of the individual solvents.

5.2 EXPERIMENTAL

Materials

Schematically depicted iRigure 1, the polyfert-butylstyreneb-(ethylenealt-propylene)b-
(styreneco-styrenesulfonatel)-(ethylenealt-propylenejb-tert-butylstyrene]  (TSEP-S/sSEP-
TS) sulfonated block copolymer (SBI) employed in this study was kindly provided by Kraton
Polymers and consisted of a styremmdblock with 52 md¥e sulfonation(and is hereafter

designated as SHJ2 for this reason). The block weights of the parent, unsulfonated copolymer
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were 15 (TS), 10 (EP) and 28 (S) kDa for a total molecular weight of 78 kDa. Upon sulfonation
this molecula weighttheoreticallyincreasedo ~89 kDa due to replacementidfi with i SO;H

in 52% of the S repeat units. Certified AQ&de toluene (T) and isopropanol (IPA) were
purchased from Fish&cientific, and deuterated toluen#T( +99 atom% D) and IPAd(PA,

+99 atom% D) wereldained from Acros Organics. All chemicals were userkasived.

Methods

Solvent mixtures were formulated on the basis of volume and were thoroughly mixed before
copolymer addition. Solutions are specified by two composition metrics: the vol% toluinee in
solvent mixture @ 1) and the wt% SBbH2 in the solutionwp). Solutions were prepared by first
mixing the desired quantities of copolymer and mixed solvent on a magnetic stir plate for 30
min. Resultant solutions were subsequently sonicated in a fpaihtained at ambient
temperature for 10 min, after which time all solutions appeared yellowish oren&ey(re 1)
and homogeneous to the unaided eye. These solutions were allowed to equilibrate on a benchtop
for at leastLO min (for Xray and light sagering) or 24 h (for neutron scatterjng

Smallanglex-ray scattering (SAXS) was performed on beamlind-B at the Advanced
Photon Source at Argonne National Laboratory. Specimens were analyzed at ambient conditions
in 2.0 mm quartz capillary tubesh@ characteristic wavelengt) @nd flux of the incident-xay
beam were 0.087 nm and'¥®hotons/s, respectively, and samples were exposed for 1 s to a
beam with a spot size of 0.5 x 0.5 fmat a sampkto-detector distance of 2 m. A Pilatus 2M
detectorcollected 2D scattered xay information, which was azimuthally integrated to yield 1
D scattering profiles. Collected data were subtraetimmected with respect to an empty

capillary tube where necessary. Sraifjle neutron scattering (SANS) was coctdd on
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beamline KWS&2 at the Heinz Maiekeibnitz (FRMII) reactor in Garching, Germany. Samples
were examined at ambient conditions in Hellma quartz cuvettes with a 2 mm path length.
Scattering data were collected using three neutron wavelength (niplgdardetector distance
(m) combinations (1.0/20, 0.45/8 and 0.45/1.2) to access agariaiege from ~0.02 to 4.5 riln
(qis the scattering vector defined agghg)// wheregis the scattering hatingle). Resulting-2

D scattering patterns were subtrantcorrected for emptgell scattering and background noise,
and then azimuthally integrated to yieleD1scattering profiles. All solutions for SAXS and
SANS were prepared withv, = 4%. Dynamic light scattering (DLS) experiments were
performed on an ALMZGS 3 precision compact goniometer system utilizing aNéelaser with

a wavelength of 632.8 nm. Pseuclosscorrelation functions were recorded with an ALV/L-SE
5004 multiplet digital correlator, wherg denotesdelay time Temperature within the sample
cell was maintained at 2%0.1 °C in a thermallycontrolled toluendath. The DLS testwere
conducted on solutions witly, = 0.25% and collected over a series of angles ranging frém 30
to 110 to validate that all detected modes stem from translatiffakion. The viscosityd) of
each solvent mixture was estimated fronJn€ & x In(d;), wherex; andd; represent the mole

fraction and viscosity, respectively, of tite component?

5.3 RESULTS AND DISCUSSION

The present study focuses on SRIT/IPA ternary solutions that possess micelles with
sulfonated cores. Initial interpretation of srratigle scattering data collected herein suggests
that the critical micelle transition from unimers to micelles occutsrd@ H®%6 whenw, = 4%

(cf. Figure Slin the Supporting Information), which agrees favorably with previously regdrted

results. Since this study is dedicated to the study of52Bhicelles, we henceforth focus the
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present work on systems wiir O 6.5 %

Comparative Micelle Analysis

We begin the current analysis by using SAXS to compare538I/IPA solutions varying in
0 1 to those previously examined by Winey andvaarkers?* The SAXS profiles displayed in
Figure 2 clearly confirm that multiple featas change upon increasifg. First, the scattering
peak at smal, which is attributed to the micellmicelle structure factor, shifts to lowgr This
is indicative of an increase in spacing between micelle cores. Second, the features located at
intermadiate q (~0.1-1.0 nm"), which are primarily related to the spherical micelle form factor,
also shift to lowerq and become better defined. The shift reflects an increase in individual
micelle size, whereas the sharpening may be attributed to enhanced contrast between micelle
cores and the solvent or decreasing micelle polydispersity. Quantitation of the geometric
parameters corresponding to each of these observations can be extracted from the profiles via
fitting with an appropriate model. To ensure comparable evaluation with regard to previous
findings** we use the modified hard sphere (MHS) model with a slightalon to account for
micelle core polydispersity introduced by a Schulz distribution (wftkeal polydispersity index
of 1.15). The most meaningful parameters from this model in the context of the current work are
the micelle core radius)andthe hard sphere radiusy{s), which are depicted iRigure 3a*3

Fitting the experimental data iRigure 2 with the MHS model captures the signature
scattering features, and the resultant fitting parameters follow similar trends to those previously
reported, namely, andrys increase with increasingr, as shown irFigure 3b. These toluene
induced size increzs are attributed by Winey and-workers® to higher incompatibility
between the ionic micelle cores and the bulk solvent mixture (T + IPA), and the interested reader

is directed to their previous study for a more detailed discussion. We note, howsuestaatial
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increase in the magnitude of the radii in the current woitk={gure 3b). This difference might

stem from a number of differences between the formulations of the two studies, including
propanol isomerigo- vs.n-), solution preparation (sting/sonicatiorvs.stirring) and copolymer
concentrationw, = 4%vs.5-10%). While the former and latter considerations might account for
slight variations in micelle size, the second factor is believed to be the most likely culprit for the
observed dierence. Micellehydrodynamic radiiRy) discerned from DLS further confirm that

the micelle size increases with increasing(Figures 3bandS2). These values, which should
approximate the overall micelle sjzare noticeably lower than ouis measurements extracted
from SAXS.However, these smalldé, values might arise artificially from treating T/IPA as a
homogenous solvent, specifically in terms of its viscosity. The extent of variation that viscosity
estimation might cause can be assessedpplying the viscosity of pure toluene for the case in
which 01 = 90%. This substitution in the DLS analysis yieRls = 34.8 nm, which is much
closer to therys value of36.0 nm ascertained from SAXS. While it is difficult to gauge the
uniformity of the mixed T/IPA solvent, we are comforted by the generally agreeable results from

both SAXS and DLS.

Mixed SolventDistribution

While SAXS possesses a powerful ability to quantitate nanostructure geometry, it is limited
in its capacity to measure the caosjgion of targeted spatial regions. In the present study, SANS
constitutes a complementary scattering technique that can detect components present in each
region through controllable contrast variation. Phase contrast in SANS is related to the atomic
nuclei present and therefore isotopic substitution enables simple variation without substantial
changes in selassembly properties. The current SBIT/IPA solutions possess four possible

contrast variation schemes (at fixad): SBI-52/T/IPA, SBI52MdT/dIPA, SBE52/[T/IPA, and
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SBI-52/TMIPA. (Note that SBB2 is not available in partially or fully deuterated form.) On the
basis of the neutron scattering length dengijyof each constituent species (listedTiable 1),
the first case is likely to be ineffisee since it lacks sufficient contrast between the micelle
regions illustrated inFigure 3a Moreover, fully protonated systems frequently generate
considerable incoherent background scattering. The later three cases, however, possess adequate
inter-region contrast that varies significantly from case to case and therefore complement each
other. Thisexpectation is verified by the SANS data provided=igure 4. The three contrast
schemes provide an assorted agfescattering curves with twal{/IPA and TAIPA) appearing
similar to the SAXS profiles discussed above and the otiédIPA) displaying significantly
different features. This inconsistency immediately suggests that the micelles mighe not
exclusively composedf SBI-52.

Examination of the forard scatteringntensityd i.e., lo=1(qY 0 ) that reflects the size
and contrast of the microdomains present supports this hypothesis since pb&rsiBelles are
expected to, but do not, exliia maximumlg in the SB52/dT/dIPA contrast schem&he same
qualitative o trend in magnitude (BIPA < dT/dIPA < dT/IPA) is exhibited by all solutions
regardless ofi r in Figure 5. To emphasize the deviation kffrom that anticipated for pure
SBI-52 micelles, theoretical values can be computed from proppate geometric modeThe
MHS model used to analyze SAXS profiles does not contain sufficient structural detail to capture
copolymer micelles inSANS, sincethe coronal chains contribute more significantly to the
overall scattering.We have thereforeselected the spherical GerstenbPegersen (SGP)
model?#*“® which is described as a spherical microdomain swdecerated with Gaussian
polymer coils €f. Figure 3a). In the forward scattering limit, the SGP model for pure copolymer

micelles reduces to
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O €0 o " VI ” Q)
wheren constitutes the number density of micelles in solutidygg is the copolymer aggregation
number;v; and Vv, identify the volumes of copolymer block(s) in the micelle core and corona,
respectively; and, } cor and} soy denote the core, corona and solvent scattering length densities,
respectively. Micelle core sizes determined from SAXS are used to eshiggfe = r3®v,) so
that the total SBb2 volume fraction p) andNagg yield n = 0 p/[NagVe + Veor)]. Setting) ¢ =} ssss
(for a pure S/sS core) fully specifies the moldelalues, which are included for each contrast
matching scheme irfrigure 5. The dvergence ofexperimental data from these theoretical
predictions increases the likelihood that the-SBImicelle cores are not pure ionic midblock but
are instead swoliewith solvent.

To evaluate the phase composition of the -SBImicelles, we returnotthe full SANS
scattering profiles for several reason$: (t he fits are based oi) a500
the existence of a structure factorFigure 4 contributes to the error in tHg analysis andiif)
all geometric parameters che extracted and compared to the analyses detailed.aiw &GP
model is used again, but now in its fofependent fordf *© with a hardsphere structure factor
contribution similar to that in the MHS model (see the Supporting Information for details).
addition tor andrys, the haredsphere SGP model includes the coronal chain radius of gyration
(Rg)- We must also account fal-dependentscattering from the solvent in thel/IPA and
T/dIPA schemes as indicated Bygure S3 however, this contributio has minimal impact on
modeling of the micelles due to the substantial size difference (sélye.5 A

Thepossibility of solvenswollen micelle cores is reflected in a number of places within this
model, and we make one crucial assumption to facilitate fitting: only IPA can penetrate the ionic

cores. This assumption is supported by the compatibility of piBd;, as well as the
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incompatibility of nonpolar T, with the ionic S/sS blocks, in addition to the chemical
dissimilarity of the cesolvents. The Hansen solubility parameter distaRge Which is typically
proportional toa;,* provides quantitative naesures of these incompatibility levels: 10.2 (S/sS
IPA), 13.5 (S/sST) and 19.7 (IPAT).* Incorporation of solvent into the micelle cotisstaken
into account by .= sMs4sisst Uipad ipa, Whered ¢ is the volume fraction of componeinh the
micdle core andNagg = lsjssé F°/3vc. The amount of IPA in the system must be conserved to
establish physically meaningful results, in which case the scattering length density of the solvent
environment is also subject to correction (sipgg = Ut 4 1 + Gipa ¢ 1pa, Whereli s is the volume
fraction of componenitin the solvent). Finally, it is worth mentioning that the SANS data for a
given u t were universally fit so that the-2 contrast schemes are constrained by the same
geometric inputs and varied lgnn terms of their contrast and background model contributions.
An important point here is that the results of the SANS analysis displayédures 4 and
S quantitatively agree with those from SAXS. As is evident fiféigure 6a, fitted r andrys
values from both scattering methods not only follow the same trend but also lie withir) 5% (
and 10% Kxs) of each another. Furthermore, extracted valueRypfwhich provide a direct
measure of the coronal chain thicknéss 2R;), agree well with thapproximatiorof t = rysi r
for both SAXS (within 10%) and SANS (within 20%) Figure 6b. More importantly, the
values oft extracted from both scattering datasets increase with increasings intuitively
anticipated due to the increasing solvent iqyalf T/IPA for the corona. This result is also in
agreement with previous findings.The final noteworthy result from the SANS analysis
performed here is the magnitude(fa c and its relation tdi 1 included inFigure 6b.
Our results reveal that tt#BI-52 micelles contain an unexpectedly high8vol% IPA in

their cores and become less swollen with IPA as its overall quantity in the solvent is decreased.

88



Interestingly, the balance of S/sS blocks of-SBland IPA within the micelle cores accourds f
the substantial size difference observed between this and previoké® as reflectecby the
SBI-52 aggregation numbers provided for completeme$3gure 7. The similarity suggests that
the added sonication step during formulatioight serve teenhance IPA transport intbe SB}

52 micelle cores.

5.4 CONCLUSIONS

lon-containing block copolymers remain at the forefront of soft materials research due to
their potential in a variety of applications that rely on regulated ion transport. One rab#te
beneficial features of ienontaining block copolymers is their inherent ability to form ionic and
nonionic domains that provide solid materials with high-eschange capacity and mechanical
resilience. Fabrication of films with controlled morphotmajicharacteristics remains challenging
due to thephysicechemical phenomenon known as solvent templating. While our prior
findings® have demonstrated the possibility of solveapor annealing to achieve near
equilibrium morphologies, it would be bermél to fabricate similar nanoscale structures
through a single solvemasting step. Here, we have established that theasseéimbly of an
ionic block copolymer with mixed miscible solvents that are cotsgtactive for the copolymer
blocks yields micéés with highly swollen (6@B0 vol%) cores. These resuksggest that the
micelles should be significantly plasticized upon formulation, as well as during casting. Such
behavior could result in bulk films exhibiting morphologies that are nioterconnectd
compared with those cast from single, selective solvents making them more desirable for

diffusion-related applications
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Figure 5.1. (top) The chemical structure of SBR with nonpolar (TS and EP) blocks colored in
red and the sulfonated bloc&/6S) coloredn blue. potton) Photographs indicating the loo

and transparency of a ternary S&I/T/IPA solution withw, = 4% andt = 90%.
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Figure 5.2. SAXS profiles collected for SB32/T/IPA solutions \{, = 4%) at varioust T

(labeled and colecoded). The solid lines represent fits of the MHS model (with a contribution

to account for polydispersity in micelle size) to the data.
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Figure 5.3. (a) Schematic illustration depicting a single SRI micelle with geometric
paramegrs relevant to the current work: core radigs tfard sphere radiusys), coronal chain
radius of gyrationRy), and coronal thickness$).((b) Solventcomposition dependence ofrom

SAXS, rys from SAXS and the hydrodynamic radiu®{) from DLS. Each dataset is color
coded and labeled, with those from the current study (filled symbols) arid ghen symbols)

displayed sidéy-side for comparison.
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Table 5.1. Scattering length density) values for each component in SBI micelle sohs?

Component " (cm?)
T 1.1%10™
dT 5.3%10'
IPA -0.3310"
diPA 6.2310'°
SIsS 1.4%10™

corona (TS+E  0.2&10"

%Included are average values for the S/sS and TS + EP blocks.

1045 Ty
- = 0/ ]
0L > N dT/IPA D 90%
“g 10°L " T/a1PA y
o i ]
> 10'L E
@ F ]
q) o .
E 100';‘ o ?:
10" L
10-2 I Ll Lol T llllll-
10 10 10° 10’

q (nm™")

Figure 5.4. SANS data collected from SB32/T/IPA solutions (i 1 = 90%,w, = 4%) varying in
contrast scheme (labeled and catoded). Dashed lines indicag&trapolation tdo. Solid black

lines represent the universal fit of the SGP model described in the text.
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Figure 5.7. Copolymer aggregation numbe¥,f,) obtained from the SANS fits in the current

work (6) and pr é\il 0 e soliflfink XeBesanaaglide sor tise eye.
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CHAPTER 6
Ordering and Grain Growth in Charged Block Copolymer Bulk Films: A

Comparison of SolverRelated Processes*

ABSTRACT

While prior efforts have demonstrated that the morphologies of block copolymer (BC) bulk
films can be controdld through judicious chemical design and thermal annealing, recent interest
has focused on regulating the orientation of BC nanostructures and minimizing defects. Thermal
processes developed to achieve this purpose for nonpolar BCs are not, howevde, femitab
orienting microphaserdered BCs composed of at least one block with charged moieties that can
form thermallystable ionic clusters. To overcome this challenge, we have previously applied
solventvapor (SV) annealing to block ionomer (BI) bulk filnmmomposed of midbloek
sulfonated pentablock copolymers and established that this approach vyields highly ordered
morphologies that display evidence of improveepliane orientation. Here, we employ small
angle xray scattering to compare the effectivenebsheee solventelated processed SV
annealing, SV permeation and SV sorptidn on Bl ordering and grain growth, and offer
explanations for observed differences on the basis of thermodynamilc transportelated
considerations. Differences in the expental design of these solverlated processes are
found to affect nanostructural development, as evidenced by the exteriahéngrain growth.

*This chapter has been published in its entirety:

J.J. Ryan, K. P. MineartB. Leg S.D. Smith & R. J. SpontakAdv. Mat. Int, 2017, 55,
490-497.
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6.1. INTRODUCTION

Due to their ability to microphasarder into various nanostructures, block copolymers (BCs)
remain one of the most extensively studied classes of soft materials that are suitable for
ubiquitous nanotechnologié€8. Thermodynamic incompatibility drives BCs to order into an
assortment of classical (e.g., spherical, cylindrical or lamellar) or spatially complex (e.g.,
gyroid? helicaP or Fddd”*) morphologies. Judicious chemical igs of BCs in terms of
factors such as chemical constitufioi and molecular composition, weight and architectre,
as well as targeted blending with solvéfitd or other macromoleculéé™ yields customized
phase behavior and properties, as wsllnaorphologies with specific spatial characteristics.
While some BC morphologies are intentionally defective for connectivity purpbSemost
efforts have endeavored to generate +epilibrium nanostructures that can compare directly
with theory??3 or establish definitive structugroperty relationship&: More recently, directed
self-assembly strategies that rely on BC crystallizatfdi chemical coordinatidfi or surface
induced alignmenf have resulted in nearly monodisperse nanofibers giawiving fashion,
designer superstructures with hierarchical features or nanotemplates with precise spatial
modulation, respectively. Another important aspect of morphological control includes
orientation, which is crucial in the development of anisdtropechanical properti€s defect
free diffusive pathwayS or wavelengtkspecific photonic guide¥>! Methods that promote
morphological refinement and orientation in nonpolar BCs rely on th&aind solverit:®
treatment.

Block ionomers (BIs), ltarged block copolymers possessing at least one block with ionic

F6,37

moieties, combine the ability of BCs to microphasde with the hydrophilic/ionophilic

nature of polyelectrolytes and are therefore of interest in fueftaltsl water purificatiori®*°
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In addition, they have been utilized as electroactive médmmnphoteric gaseparation
membrane€* and organic photovoltaiés. Unlike their BC analogs, Bls suffer from a
significant complicationd the formation of ionic clusters, which often trap nonequilibrium
morphologies. To avoid degradation issues of Bl bulk films induced by thermal annealing, we
have previously reported thahe nanostructural elements in Bls can be not only solvent
templated® during film casting but also solveannealedf to promoteequilibration of dried
films. Here, we consider three pdlgft-butyl styreneb-(ethylenealt-propylene)b-(styreneco-
styrene sulfonatep-(ethylenealt-propylenejb-tert-butyl  styrene] pentablock ionomers,
schematically depicted ischeme 1(the counterion on the sulfonic acid groups along the
midblock is H). Block masses of the unsulfonated parent copolymer are 15, 1@aihXor
eachtert-butyl styrene, ethylenalt-propylene, and styrene block, respectively, thereby yielding
a total copolymer molecular weight of 78 k[&ince the degree of midblock sulfonation (DOS,
in mol%) is 26, 39 or 52, the three sulfonated blarlomers are hereafter designated as)$BI

wherex identifies the DOS, for consistency with our previous studies.

6.2. EXPERIMENTAL

The three SBlswere provided byKraton Polymers (Houston, TX), whereasluene,
isopropyl alcohol (IPA) and THF were ohted from Fisher Scientific (Pittsburgh, PA) and used
asr ecei ved. Bul k f imh thisk ware preduced by dirst @igsaldng each
material in an 85/15 v/v toluene/IPA mixture at 2 wt% SBI. In all cases, the solutions were cast
into Teflon™ molds and aidried at ambient temperature for 5 days, and the resultant films were
vacuumdried for an additional 24 h to remove residual solvent. Films selected for SVP and SVS

were removed from the molds, whereas those intended for SVA were not.drRo6¥B and
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SVS test, the cap of a scintillation vial wagcavatedto yield a center hole over which a
specimen film was attached with adhesive, and 10 mL of THF was added to the vial before the
cap was attached. While SVP assemblies were placed dirattlyai fumehood, specimens
subjected to SVA and SVS were positioned in a closed environmental chamber wherein THF
vapor was produced by evaporation of liquid THF (the vapor pressure of THF at 25°C is 23.3
kPa). Exposure times ranged from 24 h (for SVA aW&)Sto 10 days (for SVP), over which

time liquid THF always remained present. During SVP, solvent diffusivity is initially
concentration(or time) dependent due to concurrent plasticization of the glassy endblocks, but
steadystate conditions can be assed over most of the experimental timeframe. After exposure,

all the films were removed and aried for 2 days, followed by vacuudrying for 24 h, at
ambient temperature. The SAXS analyses were conducted on beam {iDeB1®f the
Advanced Photon Souec(APS) at Argonne National Laboratory. Data acquisition conditions
were the same as those detailed elsewHeamd timeresolved SAXS measurements were
performedin-situ on SBF52 subjected to SVS in a solverdpor chamber outfitted with
Kaptor’ windows Orientation parameters were calculated by azimuthal integration of 2D SAXS

patterns with the NIH ImageJ software package.

6.3. RESULTS & DISCUSSION

Results from solventapor annealing (SVA) are evident from the sraalgle Xray
scattering (SAXS) prdaks displayed inFigure 1la, in which intensity (I) is presented as a
function of the scattering vector (q) given by/4)sing, wherel denotes radiation wavelength
and g is half the scattering haHngle. In this figure, SVA is conducte-situ in an

ervironmental chamber mounted directly on the beam line and monitored continuously by time
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resolved SAXS as previously detaif€dJnder these conditions, the nanostructure of a sclvent
cast Bl film (ionic micelles in a nonpolar matrix) transforms into highidered lamellae
oriented along the direction of thergy beam(as evidenced by the formation multiple, well
defined scattering peaks positioned at integer values of the principal pekipm exposure to
tetrahydrofuran (THF) vapor at ambient temgiere. Longrange SVAinduced lamellar
ordering, confirmell by electron microscopy, initiates in less than 5 min and yields 4 diffraction
peaks beyond after just 10 min. In this case, the lamellar perioditity= 2p/q) is 49.3 nm.

An unexpected outcome of the SVA process is a concomitant improvemamiplane

lamellar orientation, as quantitatively discerned by the Hermans orientation coefficiesit. (),
S=— 1)

wherej is the azimuthal angle at a particutpin 2D SAXS patterns and

7 .
Al @0=" —— )

The limits on S correspond tandomly (S = 0) and perfectly (S = 1) oriented lamellae in e x
plane, which lies normal to the-bay beam along the-axis in transmission. Azimuthal intensity
profiles generated along q =, s well as calculated values of S, from the 2D SAXS mette
responsible for the profiles provided kigure laare included inFigure 1b and indicate that,
under the present experimental conditions, ordered lamellae become slightly oriepieuein
upon SVA. Parallel tests employing an open mold to conduct S&#situ in a closed
environmental chamber containing saturated THF vaglr={gure 2a) confirm that lamellar
ordering is likewise induced and accompal by S values as high as 0.44 in TeHst BI

samples exposed to THF vapbrterestingly, similar irprovement in nanostructural orientation
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has been reportéd®in BC bulk films subjected to solvemapor permeation (SVP). In this
process (illustrated ifrigure 2b), a nonpolar styrenic thermoplastic elastomer (TPE) film has
been previously used to cavan opening in a vial filled with a neutral solvent so that solvent
permeates in one direction through the film under stssalg conditions at a given T.
Permeation is driven by the difference in solvent chemical potebtigi< ny 1- Ny o) at the fim
surfaces (labeled iRigure 2b) and results in considerable morphological orientation when T >

T, of the hard block. At T < d however, little change in orientation is observed. A third
methodology introduced here and depictedFigure 2cis solventvapor sorption (SVS), which
combines SVA and SVP. In this case, the SVP setup is placed within a closed environmental
chamber so that THF vapor concurrently enters the film from both sides until there is no change
in my across the specimen. Amportant difference here is that, while solvent drying in SVA and
SVP is unidirectional, drying in SVS is bidirectional.

Scattering profiles acquired from twRis after solvent casting, solvewapor exposure and
subsequent solvent drying are providedrigure 3. The SAXS profile of the asast SBI39
specimen, as well as complementary electron microscopy images of homologous SHI*films,
confirms the presence of spherical ionic microdomains possessing a periodicity of 30.1 nm and
an average radius @D.8 nm according to analysis of the form factor. Exposure of the sample to
SVA for 24 h at ambient temperature yields a more highly developed SAXS profile exhibiting 4
sharp scattering peaks indicative of a lamellar morphology. Close examination pfatilis,
however, reveals the existence of 2 sets of diffraction peaks from 2 populations of lamellae
differing in D. The population with the small-§pacing diffracts more intensely and produces
sharper peaks, indicating that these lamellae are dominma@np@ssess larger grains. In this

population, qis shifted to lower q so that D increases to 39.5 nm. Wher8SH8 subjected to
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SVP, the SAXS profile changes in several ways. Sinceshifts further to lower g, D
correspondingly increases (slightly) 48.3 nm. The number of scattering peaks is not only
reduced but the peaks also become more diffuse. Examination of the peak positions verifies the
existence of a lamellar morphology that is less highly ordered than that generated by SVA. It
must be recogmid, however, that, while SVP performed elsewlerith a neutral solvent does

not noticeably affect the morphology of nonpolar TPEs at ambient temperature (below the hard
block Tg), SVP does succeed in transforming SBlfrom a spherical to lamellar npdrology

upon exposure at T <g©f the hard block. As anticipated, results from SV&igure 3 marry

SVA and SVP, yielding a SAXS profile that combines the same D as measured by SVP with the
same number of wellefined scattering peaks that are consistgtiit a lamellar morphology.

Since SBi26 undergoes the least improvement in sohnediiced ordering due to its lowest
DOSpromoted incompatibility (which decreases with decreasing DOS), we next consider SBI
52, which appears qualitatively similar to SB in Figure 3. The periodicity and radius of the
spherical microdomains in the-aast specimen arg4.7 and 15.1 nm, respectively, thereby
revealing that the higher DOS promotesA@%6 increase in the size of the ionic micelles.
Exposure of asast SBI52to SVA promotes a transformation to higldydered lamellae with D
= 45.0nm and 4 scattering peaks. The SVP process shifis lpwer q (resulting in D %8.3
nm) and produces scattering peaks that are, for the most part, consistent with a lamellar
morphology. An interesting feature in this SAXS profile is the appearance of a pronounced
shoulder on the principal peak. The position of this shoulder is relatihedg to ¢ of the ascast
specimen, suggesting that the SMHEuced transformation from spheres to lamellae remains
incomplete over the time of SVP exposure (10 days) at ambient temperature. In marked contrast,

no such shoulder exists in the SAXS proftitdlected from the specimen subjected to SVS. The
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corresponding value of »0Q.2nm) is slightly larger than that of the SVP samgl®.8nm) but
comparable to that of tha-situ SVS sample (10 min exposure)kigure 1a(49.3 nm), and the
peak positiononce again reveal the presence of a lamellar morphology. The scattering data
shown inFigure 3 establish that all the solverglated processes examined here can transform
the ascast morphologies in both SBB and SBI52 at ambient temperature. The SYfocess
yields the most highbprdered lamellae due to the fact that, upon equilibration, the solvent vapor
is capable of reaching its solubility limit in the specimen films (so Ehat= 0), whereas SVP
displays signs of incomplete morphological transfation over the course of the experiment and
SVS is better than SVP but not as effective as SVA. The differences observed with the
specimens subjected to SVP (fewer and more diffuse peaks, as well as a shoulder) constitute a
manifestation of the solvent eeentration gradient across each film (in which sl 0 ) .

The parent 2D SAXS patterns yielding the intensity profiles presented fe8BiBIFigure 3
are labeled and displayed for thecast specimen, as well as different solvent-postesses, in
Figures 4ad. Although some show obvious evidence of a preferred orientation (as indicated by
the existence of arcs rather than isotropic diffraction jingglues of S calculated from Egs. 1
and 2 are included iRigure 4eand reveal that the morphologies of both -8Bland SBI52 in
ascast films, as well as in films exposed to either SVP or SVS, appear to be randomly oriented
with S & 0. st the effegtriofklS¥Alon tametiar ariantation is the most pronounced,
with S ranging from 0.47 (SE39) to 0.14 (SBR6) to 0.075 (SBb2). This trend in S is
consistent with that of the peak widths Figure 3, indicating that S in the present study
effedively reflects the size of the lamellar grains. In the limit as 3, a grain approaches the
size of the Xray beam. While these values of S do not indicate that the lamellae order into a

single grain, they confirm that)(SVA is more effective than SVBr SVS in achieving the
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desired outcome of improved orientation through grain growth andSEF39 with an
intermediate DOS is the most responsive to SVA of all the Bl grades examined. Before
attempting to interpret these results, it must be rememlibe¢dhe presence of sulfonic acid
groups along the midblock of these Bls profoundly increases their thermodynamic
incompatibility and that this incompatibility increases with increasing DOS, in which case SBI
52 is the most incompatible of the seriesyal as the most likely to be kinetically trapped by
ionic clusters. Conversely, SBb is the most hydrophobic of the series and exhibits properties
(e.g, water uptake) that differ significantly from the other two SBI grallé®ne possible
explanation for the distinguishing efficacy of SVA is that this process is performed in an open
mold with 5 contact surfaces (4 sides and a bottom), which might laterally constrain the swollen
bulk films and thereby help to orient the lamell&-plane in the presence of solvent. While
solvent sorption and drying are both unidirectional in the case-situ SVA, the timeresolved

SAXS profiles provided inFigure 1a have been acquired under test conditions that closely
resemble SVS in the ment study (which explains why the maximum values of S discerned in

both experiments are comparable even though the exposure times are considerably different).

6.4. CONCLUSIONS

Controlling the orientation of microphasedered block copolymers is of codsrable
interest in a variety of nanotechnologies. The same holds true for block ionomers, especially for
applications requiring the unhindered transport of polar gases/liquids or charged species. Our
primary intention is to compare the effectiveness cédhdifferent solventelated processes for
this purpose and identify the methodology that yields the most promising route to morphological

ordering andn-planegrain growth. We have investigated the influence of SVA, SVP and SVS
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on these factors in thremidblocksulfonated Bls. In these materials, all the solmasged
processes promote a morphological transformation from dispersed ionic micelles to alternating
lamellae, which is expected to be the equilibrium morphology on the basis of prior simufations
While the SVP approach succeeds in this regard, the resultant morphology is not as highly
ordered as those generated by either SVA or SVS. In fact, only SVA yields highly ordered
nanostructural elements that likewise exhibit a moderate degree ofitdenwith S measuring

a 0.47. While contingent upon further experimental verification, a possible reason explaining the
efficacy of SVA for promoting ifplane lamellar grain growth is meldduced lateral constraint

with accompanying kplane epitaxy. Irthis spirit, we propose that a lamelimeluced difference

in the direction of solvent diffusion (transvergersusin-plane) can allow some grains to pin
others and foster epitaxial alignment of highly swollen, neighboring lamellae. If this is the case,
then it follows thatsolvent mobility would promote iplane symmetry breaking, thereby
resulting in improved lamellar orientation and largeplane grains. Depending on how far it is
removed from equilibrium, the starting morphology of the'Bis well as the balance between
chain immobilization and interblock incompatibility (both governed by the presence of sulfonic
acid groups and ionic clusters), appears to be affected to different extents by solvent diffusion,
which is responsible for reqating the growth of lamellar grains. Using analogous nonpolar
TPEs, Sakuragét al®® have demonstrated that directional control of solvent drying, followed by
thermal annealing, can produce highly oriented cylindrical microdomains. Since the Bls
examined Bre are prone to thermal degradation, insights gleaned from this study provide
guidance for the production of Bl bulk films requiring anisotropic morphologiesatieaboth

highly ordered and oriented, as well as a better understanding of the experidesigal of

solventrelated processes intended to alter the spatial characteristics of polymer nanostructures.
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Scheme6.1. Chemical structure of the sulfonated block ionomer (SBI) composerif

butylstyrene (T), ethylenalt-propylene (EP) and styrerme-styrenesulfonate (S/sS) blocks.
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Figure 6.1. In (a), timeresolved SAXS profiles acquired at different exposure times (labeled) as
solventcast SBi52 was exposed to THF vapor at 25°C. The transition to lamellae occurs before
5 min (red), and highhprdered lamellae (blue) are observedrdafter. The principal scattering
peak (arrow) identifies qIn (b), azimuthal intensity profiles extracted from 2D SAXS patterns
at different exposure times (labeled, in min) alongRyofiles at longer times lie between those

at 5 and 6 min. The insdisplays the orientation parameter (S) as a function of exposure time (t).
The solid lines serve to connect the data in (b) and as a guide for the eye in the inset.
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Figure 6.2. Schematic illustrations of the three solveased processes employed in this study to
orient the morphologies of Bls at ambient temperature: (a) seWagr annealing (SVA), (b)
solventvapor permeation (SVP) and (c) solweapor sorption (SVS). Thelle and white
arrows indicate solvent sorption and drying, respectively, in films located in a mold (a) or

excavated vial caps (red, b and c).
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Figure 6.3. SAXS profiles acquired from SE9 (black) and SB52 (blue) after initial solvent

casting Q), followed by SVA @), SVP A) and SVS 4) performed at ambient temperature.

116



. =

—

(&)
llllllllllllllllllll\

As-cast SVA SVP SVS

@
N

Figure 6.4. 2D SAXS patterns collected from SB9 after (a) initial casting, followed by (b)
SVA, (c) SVP and (d) SVS conducted at ambient temperature. Corresponding vatieseof

displayed in (e) for SB52 (black), SBI39 (red) and SB26 (blue).
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CHAPTER 7
SolventTemplatedBlock lonomers for Baseand AcidGas Separations: Effect of

Humidity on Ammonia and Carbon Dioxide Permeation*

ABSTRACT

As energy needs continue to drive the development of biogas and-fessil
technologies, methods by which to selectively remove ka#its) and acidic (CQ gases are
becoming increasingly important, especially in light of global climate charigek Bopolymers
have long been consideredsastablemembrane candidates in gas separations dtietability
of such copolymers to micropteseparate and spontaneously faramoscale morphologies that
exhibit spatiallymodulated chemical specificity. Incorporation of charged moieties along the
midblock of a thermoplastic elastomeric multiblock copolymer yields an amphiphilic block
ionomer posessing a flexible molecular network stabilized by rigid endblocks. The presence of
hydrophilic microdomains introduces an important consideration regulating molecular transport:
humidity. In this study, we employ solvet@mplating paradigms to controlettmorphologies of
midblock-sulfonated pentablock ionomers, as discerned by electron microscop¥X-eayl
scattering. We then investigate the effect of humiditythen permeation oNH3;, CO, and N
through the resulting membranes. As expectedz Nétmeatessignificantly faster than H
especially under humid conditions. Although not as pronounced, similar behavior is observed for
CO,, thereby establishinghat this block ionomer is generally selective to humidified polar
gases.
*This chapter has been pultied in its entirety:

L. Ansaloni, Z. DaiJ. J. Ryan, K. P. Mineart, Q. Yu, K. T. Saud, MB. H&gg,R. J.
Spontak & L. Deng.Adv. Magkr. Inter., 2017, 4, 1700854.
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7.1. INTRODUCTION

Block copolymers remain one of the most extensively studied classes of macromolecules to
date due to their ability to spontaneously ss§emble into nanoscale morphologigson
microphase separatidti The resultingsoft nanostructures provide spatiatyodulated chemical
specificity, which carbenefitapplications such as gas separations that require selective transport
of penetrant molecules. Various polyetigentaining block copolymers display a high affinity
for CO, and are thus valuable in carbompture and natural gas sweeterifidf the copolymer
is a thermoplastic elastomer (TPE), rigiddblockrich microdomais areadditionallyconnected
by flexible midblocks to yield a physicatyrosslinkedmolecular network that endows the
copolymer withrobust mechanical properti&$Jikewise requiredin gasseparation membranes.
Recent efforts haventroduced charged TPEswherein a midblock is partially sulfonated.
Technological interest in such sulfonated block ionomers (Siisyes fromfuel cells and

&314 glectroactive media®

protonexchange membrarfe$ to waterdesalinationmembrane;
and organic photovoltaic$;'® as well as molecular transpott. While morphological
development in nonionic block copolymers is well understond largely controllable, a
longstanding challenge of charged block copolymers in general has been kinetic entrapment due
to the presence of ionic clusters that serve as additional physical crosslinks and thwart
morphological equilibratiof**?*’Mineartet al. have established that bulk SBI morphologies can
be templated by judicious choice of casting sof%eaid brought to equilibrium through the use
of solventvapor annealing?

Chemical incorporation of sulfonic acid groups along the backbone of payaesigned for

gas separationis particularly beneficial when water molecules and/or ions must be transported.

Becauseof the elevated hydrophilicity accompanying sulfonation, watduced swelling
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proceeds through ionic nanoscale channels distribtieslighout the polymer matrfX?
Comparable nanochannels have also been repbhietbre and after exposure to water in SBI
films initially possessing a micellar morphology. Efficient use of the charged groups in
sulfonated membranes therefore requimesecular transport in the presence of waterich is
exemplified by the performance of perfluorinated polyelectrolyteg, (Nafior®). In this case

the permeabilitiesof humidified gas penetrantean beenhanced by up to two orders of
magnitude.’?® The widely-held explanation for this marked improvement in gas permeability is
a substantial increase in the diffusivity of light gagesughthe hydrated nanochannétsated
within the matrix. Of particular interest here, the ideal permeation seleaiviyO, relative to

other light gases is also positively affected because of the higher solubility .oinGaater.
Although similar variations in permeability under humid conditions have been observed for
sulfonated polyimidés and sulfonated poly(ethether ketone)3’ the extent to which penetrant
permeability is influencedoy water vapordiffers from that encountered in perfluorinated
polyelectrolytesstrongly suggesting that the presence of nanostructure in the membrane matrix
plays an important relwith regard tanoleculartransporin the membrane upon water sorption.

In this study, we examine the effects of morphology and humidity on the transport of polar
(NH3 and CQ) and nonpolar () gases throughwo thermoplastic elastomerpoly[tert-butyl-
styreneb-(ethylenealt-propylenejb-(styreneco-styrenesulfonate)-(ethylenealt-propylenejb-
tert-butylstyrene] (TSEP-sSEP-TS) pentablock ionomers, which are chemically depicted in
Scheme land designated as SB6 or SBI52 so that the number idéids the degree of
sulfonation(DOS, in mol%). In Figure 1, a pair of transmission electron microscopy (TEM)
images reveals the morphologies of Sl asreceived after cast from cyclohexane (Figure

1a) and after dissolution in and cast from tetraloydran (THF,Figure 1b). This SBI with a
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relatively low DOS should exhibitessconnectivity of charged microdomaitisan SBi52. As
demonstrated elsewhetethe morphologies of these amphiphilic materials can be templated by
the casting solvent. The mdrplogy of the ageceived SBR6 consist of spheroidal iofrich
micelles measurind8.6+2.7 nm in diameter (the sulfonic acid groups are selectively stained).
Conversely THFcast SBi26 predominantlyexhibitslamellae(with a periodicity 0f~31.5 nm),
which areexpected as the equilibrium morphology freomputersimulations®® Corresponding
smallangle Xxray scattering (SAXS) intensity profiles of SB6 cast from CH and THF are
included as a function of scattering vector (q) Rigure 1c for comparson with TEM
observations40.4 nm lamellar period in THEast SBI126, as measured from the principal peak
position at g). From earlier SAXS analysfg,the equilibrium period of SB26 regardless of

casting solvent is 38.4 nm after solvemapor annealingi THF.

7.2. EXPERIMENTAL

Two TS-EP-sSEP-TS block ionomers differing in DOS were provided by Kraton Polymers
(Houston, TX). According to the manufacturer, the block weights of the parent copolymer were
15, 10 and 28 kDa for eadrs, EP and ®lock, respeiively, yielding a total molecular weight
of 78 kDa. Reagergrade toluene, isopropyl alcohol and THF were purchased froherFis
Scientific (Pittsburgh, PA), whileehd(ll) acetate trihydrate (Pb[acetalid,O]s) was provided
by Acros Organicsand usedisreceived. Higkpurity NHz (>99.98%), CQ (>99.999%) and N
(>99.999%) gases were obtained from AGA (Oslo, Norway), and deionized (DI) water was
generated from Milli -Q purification system. Filmef SBI-26 measuring 20250 nm thick for
NH; permeation wex cast from THF into Teflon molds and dried under ambient conditions for 2

weeks prior to annealing under vacuum for 12 h at 60°C. Théb3Biembranes were similarly
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cast from TIPA, but the resultant films were immersed in DI water for 24 h at ambient
temperature and dried, yielding films measuriat?20 mm thick. Incorporation of PE(2 kDa;
Sigma Aldrich,St. Louis, MO) was achieved by immersion of dried -SBIfilms into aqueous
solutions at ambient temperature for 24 h. Wet specimens were biotEtdve excess solution

on film surfacesprior to vacuumdrying to remove residual wateDRetailed descriptions of the
permeability measurements are providied the Supporting Information. Gamermeability
measurements weperformed on either single gasesing a modified constamblume variable
pressure permeation appardtusr mixed gases using the setup described elsefthare
investigate the transport properties of humidified gases. Water solubility and diffusion were
monitored by pressw@ecay inwhich water sorption within a membrane is evaluated from
pressure changes in a calibrated voldfifeor TEM, the S/sS midblocksere selectively stained

in a Pb[acetatglaqueous solution for 8 h and then dried under vacuum for R2gultanfilms

were embedded in epoxy and semed at ambient temperature, after whichages were
collected on JEOL JEM200FS and FEI Tecnai F20 microscopes operated at 200 kV.
Corresponding SAXS data were collected on Rilatus 2M detector from dry specimens at
the Advanced Photon Source (Argonne National Laboratory) on beam liie-B2according to

the experimental details provided elsewHérélwo-dimensional scattering patterns were
azimuthally integrated and background corrected to yield intensity profiles astaofuof q =

(4p/1 )sing, wherel is theX-raywavelength (0.087m) andq is half the scattering angle.

7.3. RESULTS & DISCUSSION

In our first gasgtransport analysis, we consider the permeation of Miough SBi26.

Technological interest in selective Bkemoval stems not only from NHsynthesis, which
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requires an energiytensive recycle loop due to low reaction conversiofiput also NH-based
absorption systems implemented to purify flue gasceésthe hydrophilic microdomains of these
SBls contain sulfonic acid groups, MH basic gas, might be expected to permeate faster than
nonpolar gasedue to Lewis acikbase interactionand increased solubilitywhile molecular
diffusivities also conthute to permeationhé results presented kigure 1d for NH3 collected

under dry and humidified gas conditions at 20°C confirm this expectation. The permeability (P)
values of dry NHand N are 277 and 1.9 Barrer [where 1 Barret@&° cm® (STP)}cm/(cnf-s-

cm Hg], respectively, yielding an ideal selectivity ( y = PNHalPNz) of 146. Introducing

fully humidified gases (with a relative humidity, RH, of ~99%) into-C&$t SBI26 membranes

promotes a significant increase in Npermeation:Ryy = 757 Barrer,Ry = 2.7 Barrer and

1l 7 = 280 (a 92% humiditynduced improvement in selectivjtylt is important to
remember that the ionic microdomains present indakt SBi26 exist asdiscrete, spheroidal
micelles €f. Figure 1d). By using THF as the casting solvent, the morphology of-Z&BI
transformsinto lamellae Figure 1b) wherein the ionic microdomains are continuous. In this

case, permeation of the dry gases result8jg, = 473 Barrer,Ry, = 0.8 Barrerand 5 =

591, whid is ~300% higher than in analogous Gtdst SBi26 membranes and which is
attributable exclusively to a morphological difference. Humidification of the gases introduced

into THRcast SBI26 causes a dramatic increase insNié¢rmeation yieIdingPNH3 = 5200
Barrer, PN2 = 2.8 Barrer and y = 1860. Thus, by usingHF templating to ensure the

formation of continuous ionic microdomains, the selectivity ofsNdN, under high humidity
conditions jumps by over 560%.

Since humiditystrongly influenceshe permeaibn of NH;, we next turn our attention to the
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effect of water on the SBI matrix. For this purpose, we employ theS3Bbnomer, which is
more hydrophilic than SB26. Since an increase in ionic interactiamild hinder molecular
transport, wechoose touse a relatively unexplored morpholog®ur previousmorphological
studies have reveal@dthat () solvent casting SB52 from a 85/15 w/w toluenefisopropyl
alcohol (TIPA) cosolvent yields films possessmgicellar morphology, andi() immersionof
such films in liquid water results in a morphological trémsnation wherein the ionic
microdomains form a highly connected network during swelling.cdéamparison TEM images
and SAXS profiles of these morphologies before and after swelling in watgpresented in
Figure 2. The micellar diameter and period measured from TEM images a&itestspecimen
pictured inFigure 2a are 20.842.0 and 35.943.6 nm, respectively, wheredsghly elongated
ionic microdomains range in thickness from about 12@Gcm afterH,O-swollenand dried in
Figure 2b. Periodicities from asast and KHO-immersed (not dried) specimens, as discerned
from g in the SAXS profiles provided ifFigure 2c, are 34.7 and 40.3 nm, respectively,
verifying that the latter morphology iswollen, the extent of which is foufidto be highly
temperaturaependent. Unlike lamellae that can exhibit defects capable of thwarting molecular
transport, thgostswelling network morphology affosdmore diffusive pathwayss evidenced
by superiorelectron transport in photovoltaic elastomer gels fabricated from5381 For this
reason, we elect tase membranes prepared with this morpholdgy further analysis in the
present study.

In Figure 3a, the dependence of,8 solubility on RH in SBH2 cafirms that RH plays a
crucial role in membrane humidification. Even beyond 50% RH, the solubility monotonically
increasesThe comparable $0 solubility of Nafiorf included in this figuredemonstrates an

important difference: kO solubility in SB+52 memibanes produced with a continuous network
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morphology isconsistentlyhigher than that in NafiGh This difference in KD solubility could
be at least partially responsible for the improved electromechanical properties répiorted
ionic polymermetal composites composed of SE relative to those containing Naffan
Similarly, H,O diffusivity in SBF52 increases significantly, by about two orders of magnitude,
as the RH is increased from 0 to 54%Figure 3b, whereas that iftNafion® increases by just
under one order of magnitude over the same RH rawgele H,O diffusivity in Nafior®
appears higher than that in S8 at low RH,this trend is reverseat RH > 20% Interestingly,
while H,O diffusivity in SBF52 increases steiyglto a limiting value of about 4.1(+0.3) 10°®
cn¥/s, the same diffusivity in NafiGhreactesa maximum near 15% RH and then gradually
decreasgwith increasing RH. For comparative purposes, the mean diffusivitg®fitiNafiorf
from 20 to 50% RH is fond to be 1.0(+0.1y 10 cmf/s. The results presentedfigure 3 not
only demonstrate the general importance of RH e@ Hansport in SBb2, but also establish
that HO transport occurs more quickly and to a greater extent irs3Bbmpared to NafiShat
moderate to high RH, due presumably to the ionic microdomain morphology that is observed in
the former €f. Figure 2b).

We next examine the effect of RH on thermeationof CO,, an acid gas whose harmful
global climateeffect must bemitigated®* Since the ionic microdomains of SBP are also

acidic, lowrmolecularweight polyethyleneimine (PEI), which can improigg, in hydrophilic

polymers such as poly(vinyl alcohol) up to 2000 Barrer at 284@s beerimbibed into the
nanostructured SB32 matrx with the intention of improving C®transport. The presence of
PEI at its equilibrium solubility (8.6 wt%ollowing immersion in a 50 wt% aqueous solution for
24 h, followed by vacuum drying for 24 h) adversely afédth HO solubility and diffusiviy,

asseenin Figures 3aand3b, respectively. Surprisinglyn the absence of PEH,O solubility
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and diffusivityin SBI52 areconsiderably higher than those measured in N&fairmoderate to

high RH Corresponding SAXS profiles collected from SE dter immersion in 40 and 50
Wt% aqueous PEI solutions are includedFigure 2cand reveal that cfrom specimens exposed

to the 40 wt% solution is virtually the same as itigal TIPA-cast (dry) SBI52, suggesting
little, if any, PEluptake. Weattribute this result to incomplete sorption of PEI throughout the
SBI-52 matrix as PEI molecules interact with (rgsurface hydrated sulfonic acid groups and
obstruct diffusive pathways (the same effect is expected in the case -&2SBémbranes
immersed in 50 wt% PEI solutions, but a larger chemical potential driving force of PEI promotes
deeper penetration of PEI into the S matrix and more pronounced nanostructural swelling).
A similar trend is observé® with ionic liquids in Nafioff. Interestimly, the position of the
second peak (arising from the form factor) resides at higher q, confirming that a different
morphology is retained afteirying (cf. Figure 2b). Upon exposure to the 50 wt% PEI solution,

q decreaseslightly, whichindicatessweling of the SBI52 nanostructureSince the periodicity

in this case (36.5 nm) is noticeably smaller than that measured upon initial swelling e€a3$PA
films in water (40.3 nm), the extent to which PEI induces sweihntpe SBI-52 membranes is
lower than that of water.

The permeability of CQ( Pcoz) in SBI-52 membranes with and without PEI is provided as a
function of RH inFigure 4a In both casesFcp, increass by about an order of magnitude as

the RH is increased from O te87%. An important difference between the two datasets is that

Pcoz starts at 18 Barrer for dry G@nd increases to 99 Barrer for highly humidified ,G®©
unmodified SBI52, whereas thi$o range decreasesastically when PEl is introduced, which
is consistentvith the HO measurements iRigure 3. Incorporation of PEappeardo clog the

diffusive pathways afforded by the continuous ionic microdomain network, thenebying the
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solubility, and ultimatelyhindering thepermeationof both HO and CQ. The sare effect is
evident for the permeation of;Na nonpolar gas, ifigure 4a Correspondingdeal CO,/N,

selectivity (¢ ) valuescalculated fromPCO2 / PN2 are presented iRigure 4b and confirm

that the addition of PEI lowerg » but does not alter the dep#ence off 5 on RH,
especially at moderate to high RH. Includedrigures 4aand4b are complementary values of

Pcoz and | 7 , respectively, in Nafioh membranesunder similar test conditions

Comparison of molecular transport through both matenmmates that, without PEI, SE&i2
displays promising permeation and selectivity (relative fodfihumidified CQ even though the

ionic microdomains and penetrant species ath acidic. While PCO2 is generally higher in

Nafion®, 4 r Is consistently fyher in SBI52 (especially at high RH), thereby providing

unequivocal evidence that the presence of water and polymer morphologpencsidered

together in elucidating gas transport through nanostructured polymer meniranes.

7.4. CONCLUSIONS

This studydemonstrates that humidity plays a critical role in the permeation and selectivity
of both base (Np and acid (CQ gases through nanostructured SBI membranes, the
performance of which can be tailored by judici@gdection of midblock DOS andanoscale
morphology generated by solvent templating during casting, vapor annealing, liquid exposure, or
a combination thereofn the case of NkImolecular transport (which is important in commercial
NH; synthesis and flugas absorption), even the ledstdrophilic SBI membrane with the
lowest DOS reveals the importance of both humidity and membrane morphology, yielding non
optimized NH permeabilities and NN, selectivities of 5200 Barrer and 1860, respectively.

Most of this study, however, focuses thre humidityfacilitated permeation of C{because of
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the recognized role of GOn global climate chang®.Comparative studies confirm that water
diffusivity and solubility are higher in SE32 membranes than in Nafidrespecially at elevated
humidity levels, even though both rely on anionic (sulfonic acid) groups for hydration. Single
and mixedgas permeation measurements of,G@d N demonstrate that SEH2 membranes
outperform Nafiofi and, with increasing humidity, approach the Robeson upper Bofind
regarding membrane selectivityersus permeability (see the Supporting Information). The
results reported herein indicate that amphiphilic polymeric membranes capable of combining
solventtemplated nanostructure tunability with targeted chemical sgéciprovide increasing

opportunity for the development of mu$ielective gaseparation membranes.
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Figure 7.1. TEM images of (a) Cktast and (b) THieast SBi26 illustrating solventemplated
morphologies wherein ierich microdomains are selectively stained. Corresponding SAXS
profiles (labeled) are included in (c). Permeability measurements foahtH\, through SBi26

membranes cast from each solvent and exposed to dry and humidified (wet) gases are color
coded in (d).
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Figure 7.2. TEM images of SBB2 cast from 85/15 w/w toluene/isopropyl alcohol (TIPA)
before (a) and after (b) immersion in®ifor 1 h. lonrich microdomains are selectively stained,
and the artifact in the middle of (b) should be disregarded. The SAXS profiles displayed in (c)
are acquired from SB32 after initial casting, immersion in,8, and exposure to aqueous PEI

solutionsdiffering in concentration (labeled).
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Figure 7.3. Water solubility (a) and diffusivity (b) measurements as functions of relative
humidity (RH) in SB52 membranes cast from TIPA and immersed i@ Hefore drying and
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CHAPTER 8
Tunable, pHResponsive Physical Hydrogels Based on MidblBakctionalized

Styrenic Thermoplastic Elastomers*

ABSTRACT

Block copolymers containing pendant organic acids that undergo changes in morphology,
shape, or size are part of a broad class of i
requiring amphiphilic materials wittunable thermomechanical properties. In this study, we
investigate the morphology of a pldsponsive, midblockunctionalized thermoplastic elastomer
developed through postpolymerization modification viatkeiacl e fic | i ¢ k 0 -anble mi st r
X-ray scatering of films of the modified copolymer swollen at different pH values shows a
significant increase in periodicity (~100%) with increasing pH with no change in morphology
due to the presence of nonpolar, glassy physical crosslinks. Further investifjétioeféect of
pH on mechanics in these materials demonstrate a systematic increase in storage modulus due to
increasing midblock strain that is tunable over an order of magnitude through both pH and ionic
strength. Demonstration of these materials agalgensors in response to ionic strength is also

shown.

*This manuscript was in preparation for publication at the time of submission.

J.J. Ryan, A. W.-Braszak, S.D. Smith, & R.J. Spontdk.Preparation
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8.1. INTRODUCTION

Stimuli-responsive polymersmacromolecules that can be selectively triggered to
undergo changes in conformation, are part of
programmed and manipulated remotely through the surrounding envirdhindie precise
mechanism of acttian (.e. electromagnetic field$,temperature gradientsetc.) can be
predetermined through judicious choice of both physical and chemical architecture. Of particular
interest are polymers containing weak acidic or basic moieties capable of undetgoiggsin
size or shape as a result of changes in pH that can be exploited for controlled delivery of small
molecules,” active components for soft actuatdfsand bioimaging:®

Of the numerous hydrogels currently studied, poly(acrylic acid) (PAAjands der i vat i
have been extensidieepgnssitvuedi pal yaesl egllr @anh gt es
copol ymer for m. Of particular interest, are A
sensing. Sch¢wer an d-responeivgunabiitynal pok/(metladryicdacid) he p H
(PMAA) brushes on silicon showing that the pH transition of brushes can effectively be tuned
over an order of magnitude through control over brush length and postpolymerization
modification by incorporating weak basicomaties’® Kozlovskayaet al. demonstrated the
change in structure of covalently crosslinked PMAA capsules in response to pH and ionic
strength via confocal laser scanning microsctp@apsules exhibited reversible swelling to 3
times their native size atigh pH with no change in shape. In addition, block copolymers
containing AA undergo changes in morphology in response to changes in pH exhibiting both
classical ie. micelles, cylinders) and metastable morpholdbjiesa similar manner as nonpolar
di- and triblock copolymers undergo morphological changes in response to temperature or

copolymer composition. Numerous studied have elucidated the effect of pH and ionic strength on
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single and doublyesponsive block copolyelctrolytes in solution. However, mthagority of
efforts have focused on such block copolymers in solution with relatively few studies dedicated
to understanding the effect of pH response on triblock copolymers containing hydrophobic,
glassy endblocks, and a pEsponsive polyelectrolyte nbitbck in the solid stat& ** with none,

to the best of our knowledge, showing the relationship between nanostructure and pH.

In this spirit, we have prepared through postpolymerization modification (as in Scheme
1) of a poly(styrend-isopreneb-styrene) (SIS) block copolymer using th®ln e ocl ickoc
chemistry, a physically crosslinked netwddiming, pHresponsive material whose
nanostructure persists at low and high pH to facilitate interrogation of such nanostructures.

First, we demonstratéé¢ effect of functionalization on nanostructure relative to the neat
parent copolymer. Next we show the dependence of nanostructure on pH and ionic strength
through smalangle Xxray scattering (SAXS). Lastly, we show the effect of swelling (controlled
through aforementioned pH and ionic strength) on optical transmittance viavVidJV

spectroscopy.

8.2 EXPERIMENTAL
Materials

The SIS copolymer (20 wi% S) used in this study was kindly provided by Kuraray
America and used agceived. Sizexclusion chromatogphy showed the polymer to have a
molecular weight and polydispersity of 1,095 kDa and 1.31, respectively. Tetrahydrofuran (THF,
>99.9%) and thioglycolic acid (98%, Alfa) were purchased from Fisher Chemical, while AIBN

(98%) was purchased from Sigma Aldiric
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SIS Functionalization

The parent SIS block copolymer was first dissolved at 4 wt% in 250 mL THF at room
temperature in a 500 mL twweck rounebottom flask. After complete dissolution, a molar
excess of thioglycolic acid (5:1 thiol:ene) was chargethéoreactor and then placed in an oil
bath at reflux and nitrogen was purged through the system for 0.5 h. Next, an equimolar amount
of AIBN (1:1 AIBN:ene) was introduced and the reaction proceeded for 50 h over which time,
the reaction turned from optiba clear, to deep yellow in color, indicating attachment of the
functional thiol (as in Scheme 1) to the unsaturated midblock. The contents were then
precipitated in a 50/50 (v/v) mixture of deionized water and acetone. Redissolution in THF and
precipitaton was then performed several times to remove excess reagent. The polymer was then
dried at room temperature in a vacuum oven to constant mass. Attenuated total reflectance
Fourier transform infrared spectroscopy (AFRIR) and elemental analysis reveathd degree

of functionalization of the modified copolymer to be 77% and 70%, respectively.

Sample Preparation

Polymer films, including the neat parent copolymer, were prepared by dissolution in THF
and then casting the solution in Teflon molds overcthase of 3 days. After reaching a constant
mass, molds were placed in a vacuum oven at room temperature and dried for 24 h to remove

residual sol vent . Fil ms measuring 310 em (N

modification for all subsequeekperiments.

Swelling Dependence on pH and lonic Strength

The swelling behavior of the midblodlnctionalized polymer was performed in buffer
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solutions (C = 0.1 M) from 4.0 8.0. Additionally, the ionic strength of the buffer solutions was
controlled ly addition of sodium chloride. The water uptake (Q) of the polymer film was

calculated according to Eqn (1)

1 prmthp (2)

And measured at predetermined times to monitor the time forisgvatuilibration. At given
times, films were removed from the buffer solutions, dried superficially and weighed using a
mass balance.

Morphological characterization of the neat and swollen films was investigated by small
angle Xray scattering (SAXS), performed on a point collimated SAXSLab Ganesha system
equipped witha sealed ube Geni x Xenocs ULD soureee= thh.altb4pr
nm). Twadimensional SAXS patterns were collected on a Pilatus 300k detector and azimuthally
integrated to yield onrdimensional intensity profiles expressed as a function of the wave vector
(q), where g =(4p/l )sing and g is half the scattering angldhe corresponding sample-
detector distance was 1.4 m. Dynamic mechanical analysis (DMA) was performed on-a strain
controlled ARES (TA Instruments) RSAIIl rheometer with 8mm parallel plates in compression
mode at frequenciefrom 10" i 107 rad/s at ambient conditions to discern the effect of pH and
ionic strength on mechanical response. Optical clarity of the swollen films was assessed on a

Genesys 10S WWis spectrophotometer in transmission mode.

8.3. RESULTS & DISCUSSIO
Postpolymerization modification of physically crosslinked block copolymers containing
pendant organic acids (as in Scheme 1) is a facile route to generate nanostructured

macromolecules that form interconnected networks and that also exhibit contnakgimese to
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stimuli such as pH. In this spirit, styrenic thermoplastic elastomers are ideal candidates for such
modification because of their network structure. Specifically, this material was designed to
exhibit pHresponsive behavior, by incorporatingvaak (pKa = 3.73) organic acid. As a first
step, the water uptake of films immersed in buffer solutions above and below the expected pH
transition were measured at predetermined times. According to Figure 1 films immersed in
alkaline and acidic buffer salons reached equilibrium swelling in 72 h, though the majority of
swelling took place within the first 24 h. All further characterizations were performed on films
swollen for 72 h. Figure 2 depicts the swelling response of films between pH values &.@.0

after 72 h. At pH values < 5.5, minimal swelling occurs when the acid is not dissociated
(hydrophobic). At a pH & 6.0 a significant
after which, water uptake remains constant. The transition pak&n to be the inflection point

on the plot of water uptake as a function of pH, is approximately 6.3, which interestingly agrees
quite well with polyacrylic acid homopolymet$!***In addition, Figure 3 shows the relative

size change of swollen filmes a function of pH.

To understand the effect of functionalization and swelling on copolymer morphology,
SAXS was performed on the neat and modified copolymer films. As can be seen from the
scattering profiles in Figure 4, several things happen upon @madization. First, the parent
copolymer exhibits higher order diffraction peaks at ¢*7@.909*, and 3.54* as well as a
shoulder at 2.0 that are associated with the expected peak positions for hexagonally packed
(HCP) cyl igwhah%e 3g% an(da @)@l a periodicity of 30.4 nm (frong* = 0.207
nm™). After modification, the functionalized copolymer exhibits higher order diffraction peaks at
1.679* and 2.7@* as well as a shoulder at 1¢gf6that are associated with expected peak

positions br spheres on a bodyent ered <cubic (BCC) |l attice
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periodicity of 27.9 nm (fromg* = 0.225 nm"). The transition from HCP cylinders to BCC
spheres is attributed to the overall increase in midblock volume fraction at sudttepigies of
functionalization, effectively shifting horizontally on the block copolymer phase diagram, which
has also been demonstrated for other block copolymer systems a8 Wnédl.also demonstrates
that postpolymerization modification is a tool toealexisting block copolymer morphology by
carefully controlling the degree of functionalization.

Morphological characterization of the swollen films by SAXS revealed several
interesting details. In Figure 5, scattering profiles of films immersed in doidfer solutions
(pH = 4.01 5.5), showed minimal change in nanostructure, unexpectedly with a modest decrease
in periodicity compared to the unswollen f unc
3.8 nm at pH = 5.5). The decrease in D is attributesufficient water uptake increasing chain
mobility, allowing relaxation and equilibration of the midblock conformation that may have been
trapped upon solverdasting while remaining in a nonionized (hydrophobic) state compared to
the ionized state at Higr pH. Traversing the pH transition point, Figure 6 shows a shift in the
location of the primary peak towards smalieindicating an increase in distance between the
styrenic micelles, with increasing pH, as well as preservation of the BCC morphology as
indicated by the higher order reflections, followed by a constant primary peak position at pH >
7.0, agreeing well with measured water uptake in this range as seen in Figure 2. More
commonly, block copolymers containing organic acids above the pH trangiiat undergo a
change in morphology due to naetwork forming copolymers.é. diblocks) or solubility of all
blocks in water. Thus, triblock copolymers containing hydrophobic, physical crosslinks allow the
material to swell without compromising struot. Further, Figure 7, which depicts the

periodicity as a function of pH, shows that the nanostructure can increase to ~100% the size of
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the acid swollen modified copolymer. Further analysis of the form factor from Figure 6gr+the

0.27 1.0 nm' range which show a negligible change in position of the form factor maximum,

do show an unexpected increase in broadening that occurs with increasing pH. Qualitatively, this
behavior is comparable to that of organogels under biaxial tensile deforatidicating the
significant swelling of the nanostructure and strain on the glassy, styrenic micelles at high pH.

In addition to pH, the ionic strength of the buffer solutions is an important parameter used
to control the degree of swelling and assembly of-aoitaining polymers. Water uptake was
measured in the same vein as pH experiments by immersing films in the same buffer solutions
for 72 h and then characterized with SAXS to understand how swelling changed the structure.
Figure 8 shows the water uptakeafunction of [N§ f or f il ms swol l en in
exhibiting a similar trend to previous studies on the effect of ionic stréhtth’ Scattering
profiles in Figure 9 show the effect of ionic strength on nanostructure. Specifically,ralleoint
shift in the primary peak to largeq with increasing [N§ concentration indicates the
nanostructure does not swell as much as compared to the native buffer solutions. Figure 10
shows the nanostructure periodicity as a function of [Mancentratin for pH > 6.0, and what
is observed is continuous control over the nanostructure size from525nm. This precise
control over nanoscale domains over such a large size range could be useful for bioseparations
involving species that may only vary in sibn the order of a couple nanometers. Similar to the
scattering profiles in Figure 6, analysis of the form factor maximums in Figure 9 show a
systematic sharpening with increasing ionic strength, further connecting the nanostructure
property relationshipwith respect to [N§ concentration and water uptake.

At this juncture, further investigation of the relationship between water uptake and

mechanical response is necessary to elucidate the effect of midblock swelling on such properties.
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Dynamic mechanicaanalysis of films swollen in buffer solutions at varying pH revealed an
unexpected trend. As shown in Figure 11, with increasing pH (and water uptake), the storage
modul i (Eg) increased, which was not a3@tici pa
wt% (at pH = 6.0) to ~380 wt% (at pH = 8.0). Compared to nonpolar, organogels, where an
increase in midblock el ecti ve diluent systematically de
concentration. However, these systems are typically cocast from solveimpounded at

elevated temperatures to yield equilibrium morphologies, unlike in the present study where dry
films, with a spatially templated morphology, are then swollen in a midideldctive diluent.

The result is a midblock that becomes increasisgiigined with increasing pH, that provides
additional evidence for deformation of the glassy, styrenic micelles discussed above. Further
investigation of the ionic strength on mechanical response supports this conclusion, as seen in
Figure 12, where incesing ionic strength (and decreasing water uptake) results in a decrease in
Eaq. These results present a method by which
hydrogels using amphiphilic block copolyelectrolytes.

Another interesting aspect of thessaterials is their change in optical clarity as a
function of pH. At high pH, these films become highly transparent due to such high water uptake
(=380 wt%). By controlling the swelling of these materials through ionic strength, we further
characterized #h optical transmission through WVis spectroscopy. Figure 11 shows the-UV
Vis spectra for films swollen in a buffer solution from pH = 68.0 exhibiting an increase in
transmission with increasing pH (and water uptake). The inset in Figure 11, wbiek #ie
transmission spectra for films swollen in buffer solution (pH = 8.0) at various salt
concentrations, demonstrates the optical sensitivity of these materials to their environment and

could potentially be employed as sensors for such environments.
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8.4. CONCLUSIONS

In this work, it was demonstrated that midblock functionalization of SIS block
copolymers generated materials containing a pendant organic acid that exhibrespphsive
swelling. Such swelling significantly increased the periodicityd09h) of the nanostructure at
pH > 7.0 compared to ac&lvollen analogs. Additionally, due to the presence of glassy physical
crosslinks, the native morphology was retained at water uptake levels up to ~400 wt%,
demonstrating a methodology by which to folesign networkorming block copolymers with
specific spatial features that can be further tuned using an external stimulus. The amount of
swelling (water uptake) directly affected mechanical response, as demonstrated through DMA,
whereby an increase irHp(and midblock strain) or decrease in ionic strength resulted in
materials with higher -Vsspbcroscopydedmonstated the sanditinvee r mo
relationship between water uptake and optical transmission, suggesting such materials could be

employed in environments where accurate sensing of aqueous solutions is required.

8.5. ACKNOWLEDGEMENTS

This work was supported by the NC State Nonwovens Institute and Freudenberg Perfor

mance Materials.

150



1.¢KAZ23f e
20 L. Db

> = s S\
THEN,, reflux ’ZOE%
50 h 9T N\oy o

Scheme8.1. Reaction methodology used to selectively attach the-faaictional thiol to the

unsaturated copolymer midblock.

151



400 a

—~~ ) i
8

2 300~{ |

O _ |

X

('U |

O 200

> |

| -

m = i

o 100 .
0;. ]

0 10 20 30 40 50 60 70

Time (h)
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Increasing pH

Figure 8.3. Picture showing the relative size change of films swollen in various buffer solutions.

154



Intensity (arb. log units)

g (nm™)

Figure 8.4. Scattering profiles for parent (blue) and modified (black) copolymer with scattering

peaks labeled with arrows.
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Figure 8.11. Dynamic mechanical frequency spectra depicting the effect of films swollen in
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Figure 8.12. Dynamic mechanical frequency spectra depicting the mechanical response on films

swollen in buffer solution (pH = 8.0) at varying ionic strengths.
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