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Abstract

Block polymers have grown beyond a niche field of polymer science and engineering
to enable a diverse and seemingly emxgpanding range of practical applications. Their
utility is derived from anolecular architecture containing discrete sequences of chemically
distinct units that segregate into periodic nanoscale structures of various domain
geometries. A primary focus of this thesis is to connect nasb macroscopic structural
properties to mlecular design, a goal that broadly informs a variety of contemporary topics
in polymer science. These works include facile polymerization strategies to achieve
domain cecontinuity, new block chemistries to circumvent the domain size limitations of
precaeling materials, and the discovery and understanding of new equilibrium
morphologies in block polymer melts.

The design strategy imparted by the block polymer molecular motif effectively
combines the material properties of each block segment. In this werkiecouple the
orthogonal properties of conductivity and modulus for the advancement of polymer
electrolyte membranes through a facile synthetic strategy coined polymeriratimed
microphase separation (PIMS). The produced electrolytes achieved ighesth
contemporary record of conductivity and modulus, attributes owed to a bicontinuous
microstructure comprising a leW, highly conductive domain and a mechanically robust
crosslinked domain. This work was then extended through an adaptation of ¢PthES t
preparation of nanoporous materials that benefit from the continuity of a percolating pore
structure in a thermally and mechanically stable crosslinked matrix. The reaction
parameters that control the porous properties were elucidated.

Technologiesemployed in modern fabrication and nanolithography must constantly
improve the resolution of patterned structures. Block polymetassémbly can serve as
an alternative patterning strategy to overcome the resolution limitations that thwart the
extensionof current optical lithography processes. Because domain size is tied to block
polymer molar mass, the design of new materials that carasstinble at lower molar

masses, and hence smaller lerggthles, is needed. In this work, a new polymer,



poly(cyclahexylethyleneblockpoly(ethylene oxide) (PCHPEO) was synthesized and
found to seHassemble at exceptionally low molar mass due to the high incompatibility of
block segments. Bloekpecific interactions between the inorganic precursors and the polar
PEO block then enabled the templating of dense arrays of metal oxide structures on silicon
wafers through simple spin coating techniques

The geometries assumieg block polymer mesophases h#een a subject of intensive
experimental and theoretical invegttion. Discovery of theomplex low-symmetry
FrankK a s p e r inicorppbsitienallyasymmetric diblock copolymers emphasized a
relationship between melt thermodynamics and domain geometry not captured by previous
theoretical frameworks. Our experimentabrk supports recent theoretical conclusions
thatconformationalasymmetry underpins the formation of new complex phases in block
polymer materials. Through the synthesis and characterization of two different block
polymers systems of low molar mass, lielow the entanglement molar mass of either
block segment, we enable facile assembly that is poised to probe the effect of
conformational asymmetry and offer new insights into nanostructure formation in soft

materials.
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1 Background: Block Polymer Sedfssembly and Applications 1

Chapter 1

Background: Block Polyme$elfassembly and Applications

This chapter provides an overview of fundamental concepts in block polymer physics
and phasedhavior that apply readily to the work described in later chapters of the thesis.

The chapter concludes with a review of the content to follow.



1 Background: Block Polymer Sedfssembly and Applications 2

1.1 Introduction

Block polymers inundate contemporary macromolecular research in both advanced
syntheic chemistry and applied physics. Motivation stems from the broadening of these
materials beyond their initial conception and commercial application as thermoplastic
elastomers, upholstery foam, and adhesives to more advanced technologies such as
microeletronics™ transistors;’ photovoltaic$'° information storagé'!? and drug
delivery!®'* As a class of macromolecules, block polymers are defined by the covalent
connectivity that bridges distinct polymers, each a chain of identical monomers that may
be thermodynamically incompatible. This tmedynamic incompatibility drives the
controlled seHassembly of nanostructures into defined morphologies over a precise
lengthscale. Single component materials can thus be designed with composite physical
properties, achieving orthogonal design critdaamyriad applications. The following
sections attempt to summarize fundamental concepts in the understanding of these

materials as they pertain to this dissertation.

1.2 Microphase Separation and the Phase Diagram

Microphase separation reflects a Iala between eliminating enthalpically
unfavorable segmersegment contacts and preventing an entropic penalty induced by
overly stretched chain§:*®This delicate equilibrium, unavoidable due to the synthetically
i mposed mol ecul arophasued ugeparldtmidrsthafiani ma |l e
is manifest as the periodic arrangement of various classic equilibrium morphologies
summarized in Figure 1.1. Equal volume fractions of A and B comporfert®(5) leads
to the formation of alternating lagge of A and B identified as lamellae. Varying the
composition away from the symmetric condition induces a phase transition engendering a
microstructure of increasing interfacial curvature (e.g. networks, cylinders, and spheres) so

that stretching penaltied A and B blocks are balanced.
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A in B matrix B in A matrix
lamellae

interpenetrating (/L interpenetrating

networks networks

cylinders cylinders

spheres spheres

‘X\% decreasing decreasing %X\k

A fraction B fraction

Figure 1.1 The sequence of morphologies observed in diblock copolymer r
Beginning at low A block content and increasing to high A content, the seq
proceeds from left to right. Note that the surrounding Banatrix is not depicted
Reproduced with permission fro®rason, G. M.Physics Report2006 433 1
Copyright 2006 Elseviel.

The thermodynamic stability of the ordered phase relative to the disordered state is
determined primarily by the segregati®rt r e N,gvhelteN is the volumetric degree of
pol ymeri zati on asegientinterastiontparametar.eNptes ehaist a
normalized volume (the total volume of a polymer chistsr; *Na%, divided by a reference
volume, typically but not alwayarbitrarily selected ak18 A%)® because polymgvolymer
phase behavior is framed in terms of Flétyggins theory, which places monomers on a
lattice, wherein each site occupies a defined volume. At high temperatures ol low
entropic factors dominatproducing a homogeneous disordered melt. The transition from
a homogeneous disorderawlt to an ordered microstructure is called the odisorder
transition (ODT).

Seltconsistent field theory (SCFT) has been the Istagpding theoretical approach for
the calculation of equilibrium phasdiagramsof block copolymers with remarkable

success? SCFT enables the free energies of various mesostructures to be computed at a
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given segregation strength and compositians Na/(Na+Ns) = Na/N. Consideration of
potentialmorphologies is typically guided by experimental reports, and the morphology of
the lowest free energy is accepted as the equilibrium phase. Comparison of the free energies
of the disordered phase and all postulated ordered phases producesrittechg@hase
diagram of Figure 1.2. Although rigorous accuracy is limited to infinitely long,
interpenetrating polymer chains, SCFT is exceptionally versatile and has been
progressively expanded through iteration to account for more complex structdres an

molecular architecture$®*

50_ | L L LA LY L |

disordered

TN T T T W T U U W W O T T O O O W WA N |

0”1111111111111111111

0.0 0.2 0.4 0.6 0.8

f

-
o

Figure 1.2 Phase diagram for melts of AB diblock copolymers, showing the sta
regions of the ordered phases d¢amnsted using SCFT. Abbreviations denote the lame
(L), cylindrical (C), bcc spherical (Slgc spherical (§), gyroid (G), and Fddd (©)

morphologies. The dot denotes a méiatd critical point, and the diamonds mark
couple of the difficult to reslve triple points. Reprinted with permission frdvtatsen,
M. W. Macromolecule012 45, 2161.Copyright 2012 American Chemical Sociéty

1.3 The Interaction Parameter

In theory, the interaction parameter, a dimensionless and purely energetic quantity
denoted as., defines the exchange energy requir® interchange two dissimilar

monomers®26
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oy P (1.1)
Empirically, the quantity is measured through fitting experimental data to a theoretical
relation and summarizedZs
|.,— f (1.2)
Y
Experimental. values therefore reflect additional nimlealities necessary to describe
the datan addition to the simple exchange energy contribution. This effective interaction
parameter is parceled into distinct enthalpicand entropic.. contributiongo the excess
free energy of mixing. In addition, the empirical parametésnd b that capture these
contributions may depend on composition &hénd either may be positive or negative in
sign?® Typical upper critical solution temperature behavior is found in cases Whefe
andb < 0 such that increases in temperature promotengiri the two incompatible
polymers or block polymer segments.
For block polymers, the effective interaction parameter outlines the preparation of
materials with a specified ordetisorder transition (ODT) temperatufepr. In the limit
of shortrange, istropic, and generally dispersive van der Waals interactions, estimation

of the interaction parameter using solubility parameters may offer reasonable?¥alues,

7 . ﬂY_ (1.3)
wherela and Ug are the associated segment solubility parameseris, a common
segment reference volumB, is the gas constant, andis the absolute temperature.
However, even for nearly atherntdénds, this approach may prove deficient as it ignores
changes in polymer conformation or entropic frustration that contribute to the excess free

energy of mixing?®
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The function ...”Y for a particular block segment pairing can be extracted
experimentdy from the temperature dependence of the disordered scattering structure
factor® or from theN dependence ofopr.2® Measurements ofopr have been found
through a combination of techniques including dynamic mechanical spectroscopy (DMS),
smallangle xray scattering (SAXS), and differential scanning calorimetry (D'8€2).

Primarily, DMS is used to locate the ODT as the specimen can be heated slowly
(0.1 2 C/min) while monitoring the elastic shear modul@sij, at | ow frequen
rad/s) where the mechanical response is dominated by the microstructure. Abrupt changes
iNnGN}] are associated with phase transitions.
of the interaction parameter typically relies on tasult ...0 p ® obtained from

SCFT for approximately symmetric volume fractions. Use of teanfield prediction

ignores conformational asymmetry and does not account for the presence of fluctuations
that suppres3oot in the lowN block polymers studied in this thesis (Chapters 5 and 6).

Note also that analysis of these measurements once again invokes theNusamafas
described above, care must be taken to compare data at constant reference volume.
Although recent simulatiod$® have fiown that actual...0  values are likely higher

than those determined experimentally by an approximate factdr3pftle quantitative
inaccuracy does not detract from the qualitative features of our results and enables

comparisons with other systems in the literat

1.4 Fluctuations and the Structure of the Disordered Phase

Theoretical treatments of block polymers resort to rfedd approximations®=6In
meanfield descriptions, the disordered state is elucidated as a molecularly mixed
homogeneous meltthatthecti i ¢ a | N @0.5anndf =(0.6) gives way to a ordered
lamellar phase with a sinusoidally varying composition profile. Experimentally, the ODT
deviates from the medireld prediction due to the presence of compositional fluctuations
at finite N that evolve in the vicinity of the ODT phase boundary. These fluctuations
produce a transient, locally structured but globally isotropic disordered state characterized

by shortrange correlations on the order of the radius of gyration of the block poiyffier.
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The instantaneous structure is thought to resemble the patterns observed for spinodally
decomposed binary blends of immiscible liquitil Experimental evidence for the
existence of fluctuations has been documented with a variety of techniques,nigcludi
smallangle %ray and neutron scattering (SAXS and SARSY, transmission electron
microscopy (TEMY1424° and rheology®4%4® Chapters P4 will highlight a
polymerizationinduced microphase sepdion (PIMS) process that is leveraged to
produce bicontinuous network structures with small and tunable domain sizes and
characteristics. These mesoscale structures are thought to be formed from the structural
arrest of a block polymer fluctuating in tbesordered state.

The mearfield treatment of Lieblér developed block polymer phase behavior in the
[ i mit of weak segrhNgl®dt iWithmn the eleveloped theory O® T ( G
presented the random phase approximation (RPA) calculation for tlctustr factor SY)
for diblock copolymer that predicts an i nv
Fredrickson and Helfarttiproposed a revision to correct for fluctuation effects that reduces
to the measfield result in the limit ofN Y B .The FedricksorHelfand (FH) theory
includes a third Nandf@aordestriberthe thermoayhamictstatoai t o
the block polymer. This parametegrmed the invariant degree of polymerization gives
a measure of the degree of chain overtape meltand is defined @ G ¥ hwhere
b is the statistical segment length asds the common segment reference voluihés
equivalent to the square of the ratio of the pervaded voluthe, & , to the actual
molecularvolume of the chain))’ , which is generally much smaller. It is worth noting
that 0 is independent of the chosen reference volume.

FH theory predicts that for a symmetric block polymigr< 0.5), a discontinuous

weakly firstorder ODT occursta

.0 pB wut @O 7 (1.4)

At high 0, each chain interacts with a large number of neighboring chains such that all

interactions for any one chain can be approximated by the averaged interaction of the mean
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field. As 0 is reduced, fluctuation effects become more pronounced, stabilizing the
disordered phase and shifting the ODT to lower temperature.

The FH theory provided better qualitative agreement between experimental phase
behavior and the developing theoretical phasgrdia. It revised the topology of the phase
windows to enable direct firgtrder transitions between the disordered phase and the
lamellar and cylindrical phases for asymmetric compositions, which were not permitted in
Lei bl e rfiéldstheane Strctlyinterpreted, FH theory is a correction to mdiaid
theory that contains several approximations with validity limited ©© 4 @value that
remains above that typical for most experiménts.

Recently, Morse and eworkerg®3334have attributed afailure of FH theoryor 6 O
10* to the assumption of weadegregation at the ODTTheir findings have utilized
advances in renormalized ofeop (ROL) theor§’t o cal cul ate correct.
RPA theory for the structure factor dp( enablingaccurate values of the interaction
parameter. to be extracted from simulation data for various models. Removing ambiguity
in the estimation of..enabled precise comparisons between simulation and theoretical
prediction, demonstrating a universal depamzk of the free energy and ODT @rwith
improved estimates of...0 . Most pertinently, theicalculatiors of the derivative of
the free energgnableda measure othe extent of AB contact in both the ordered and
disordered phases. It wasufad thatthe disordered phase has a local structure similar to
the ordered phase with walkfined A and B domains but lacking lerenge order. The
structural similarity and the strorsggregation ofhedisordered phagde theordered state
will be shownto have a large impact on the properties of materials produced from

crosslinked and disordered block polymers that form the discusk@mapters 4.

1.5 General Comment on Material Design Strategies

This dissertation primarily investigates and carteenolecular design principles with
the resulting mes@nd macroscopic structural properties. The studies to be reported bridge

a variety of contemporary topics in polymer science, including new techniques to access
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co-continuous domains, strategies tiocemvent the resolution limitations of classical
block copolymer chemistries, and discovery of new equilibrium morphologies in block

copolymer melts.

1.5.1 Cecontinuity

Block polymers have been broadly implemented as polymeric membranes for water
purification, gas separation, fuel cells, batteries, and solar cells. The heterogeneous
microstructure of block polymers enables the transport and mechanical properties to be
independently modulated, as facile transport is often achieved at the expense ofcakcha
integrity in homogeneous materials. Ideally, thdemensional domain continuity of the
highhmodulus Adomain and the higtransport Bdomain enables both properties to be
maximized. Portions of this thesis will focus on the development of polyreeiralytes
that exhibit longrange continuity as a necessary condition for both high conductivity and
modulus. The purpose of this discussion is to highlight past studiesaamtiouous block
polymer structures.

Below the ODT temperature, a microph&sparated state with lorgnge order is
obtained. Bodycentered cubic (S), hexagonally clgsscked cylinders (C), and lamellae
(L) (Figure 1.2) are the predominant equilibrium morphologies for the majority of AB
block polymers at strong segregation(>> 10). These morphologies typically assume a
polycrystalline structure of randomly oriented grains with concomitant defects and grain
boundaries®! None of these mesostructures contaivo continuous domains that
percolate through the sample imgé dimensions, and furthermore, an aligning field.(
shear flow?° electric®®> magneti€®) provides only twedimensional continuity for lamellar
and onedimensional continuity for cylindrical microstructures. The alignment procedures
necessary to mimize deaeknds and maximize flux through a polymer membrane are also
typically costly and/or tim&onsuming.

Much literature and research has been dedicated to the discovery and evaluation of the
stability of network morphologies that exhibit thhéienensonal translational order. A

variety of network structures with @ontinuous domains have been reported in block
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polymer melts, mostly within relatively limited compositional spc®ue to the
complexity of sefassembly in these regimes, many otheresystand strategies have been

developed in order to achieve domain continuity.

1.5.2 Tuning Reslution Through Material Design

Chapter 5 willaddress new materials for lithographic applications that constantly
demand smaller structures for higésolutionand economic patterning. Block polymers
can selfassemble on the requisite length scale provided they are designed with the
appropriate choice of interaction parameter. Since the domain spheiny®N?® scales
much more strongly as a function Mfthan ¢ (subject to the constraint thalN > 10.5 to
remain ordered), decreasiN@t the expense of raisimgvill decreaseal and provide access
to smaller structures. As described above, the interaction parameter is related to the
chemical incompatibity beween dissimilar blocks, such thatlection of disparate
polarity blocks will generate a highand enable smallé&t polymer chains to seissemble
into ordered structures. The intricacies associated tiwébulk characterization of these
materials angubsequent application in thin filnase the focus of the work contained in

this thesis

1.5.3 Conformational asymmetry

Conformational asymmetry can significantly alter the thermodynamic properties of
polymer mixture®>>and block polymerg’21:385%1 Macromolecules span a volume that
is proportional tdRy®, whereRy = b(N/6)Y2is the unperturbed radius of gyration of a chain
in a polymer melt, which greatly exceeds the molecular voluiag,. For polymer
molecules, a measure of the conformadil volume relative to the molecular volume is

described using aN-independent parameter

T Yio oj¢ (1.5)

such that conformational asymmetry between block polymer segments A and B can then

be defined as
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- 07 (1.6)

Distinct dimensions of the statistical segment letiggive a measure of relative chain
flexibility and the excludediolume interactions that occur over lengttales intermediate
to the statistical segment length and the radius of gyrafiypically the effects of
conformational asymmetry are considered under the assumption of a common reference
volume, reducing the parameter to a simpler ratio(ba/bs)?.

As described by Bates an@redricksor?® in polymer mixtures, conformational
asymmetry contributes to the excess entropy of mixing because the constraint of
maintaining a uniform density in a polymer melt does not allow for the random mixing of
conformationallydistinct componentsThe interchange of one molecule into the vacancy
left from removal of a distinct molecule leads to packing frustration. In block polymers,
conformational asymmetry also leads to an increaseniowever, the origin is an enthalpic
effect attributed to an increase in the effective coordination, z, when both components have
large conformational parametets,.®* An illustration of conformational asymmetry in
block polymers was initially preaged by Gehlsen and Batéi the study of a series of
polyolefins paired with poly(cyclohexylethylene) (PVCH) as shown in Figure 1.3. The
image depicts segments of equal molecular volume (compositionally symmetric), while the
longer and thinner chaing poly(ethylenealt-propylene) (PEP) and poly(ethylene) (PE)
represent a larger statistical segment length as fewer carbon atoms lie pendant to the

backbone.
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PVCH - PEE
e=1.1

PEP - PVCH

e=15

PE - PVCH
£=23

Figure 1.3Schematic representatiofthespacefilling characteristics for PVCHPEE,
PERPVCH, and PEPVCH. Thethickness and length of eablock reflect a commor
molecularvolume The shaded area represents a esassional view of the coil and i
proportional toRs?. For PVCHPEE (U= 1.1) the volumefilling characteristics are
comparablewhile for PEPPVCH (U= 1.5)andPE-PVCH (U= 2.3)the conformationa
asymmetry becomes more apparent. Reproduced with permissioG&bolsen, M. D.;
Bates, F. SMacromoleculesl994 27, 3611 Copyright 1994 American Chemic.
Society?’
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Because theapmetry of the selassembled microstructure balances interfacial energy
and the stretching energies of both A and B blocks, conformational asymmetry can have
profound influence on phase boundafe$:°%%2 SCFT calculations by Matsen assessed
the impat of conformational asymmetry for values lpffbg = 1.0, 1.5 and 2.0 on the
equilibrium phase behavior, which resulted in broken phase symmetryfalzoQt5 and
a shift in the phase boundaries to larger volume fractions of A (Figure 1.4). A simple
explanation proposes that as conformational asymmetry increases, i.e. as interfacial
curvature balances the stretching penalties of both domains; the A blocks easily stretch to
fill the center of the domain so that the strained B blocks can relax. In othes, el
fixed composition, a lamellar morphology will tend to transform to a cylindrical
microstructure of Acylinders in a Bmatrix. Notably, the location of the ODT is relatively
unaffected since &I predicts that the minority -Alocks must pull free otheir
microdomains to cause the spherical phase to disorder; the energy binding them to their

domains...0 "@ independent of the statistical segment lengths.
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Figure 1.4 Meanfield phase diagrams for diblock copolymer melts for a serie
conformational asymmetries expressed adas, a notation equivalent tdoa/bs
employed in the text. The dots denote m#aldl critical points, and the dashed cun
are extrapolated phase boundaries. In each diagram, the L, C, and S phases ¢
the crtical point, but the G and.hases instead terminate at triple points. Reprod
with permission fronMatsen, M. W.; Bates, F. Sournal of Polymer Science Part |
Polymer Physic4997, 35, 945. Copyright 1997 John Wiley & Sons, fc.

Lee et aP3recently discoveredrmewcomplex sphericahorphology the Frankk asper

U phase, in linear poly(isoprenb)ock-poly(lactide) (Pi PLA) diblock copolymers. The
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finding has motivated a theoreticalegamination othe stability ohewstructures within
theaugmented sphefierming window of conformationally asymmetric AB diblocks. The
packing of spherdike particles in block polymer melts defosmicelles toward the shape

of the polyhedral unit cell or Voronoi cell of the lattioks spherdike phases bexne

more compositionally symmetric, the A/B interface is distorted toward the shape of the
Voronoi cell, altering the relative contributions of stretching and interfacial energies
(Figure 1.5) Although thepotential spherical phasesnsideredy Shi et 42! and Grason

et al?° differ, both theoretical groupsalued conformational asymmetry asritical factor

tof avor the formati on o fphasealmgateethese phhoaeticals s uc
predictions remain unverified experimentally; Chapteefgorts a experimental inquiry

into the spherical phase topology under systematic variation of the conformational
asymmetry parameter, validates the theoretical predictions, and discloses the discovery of

a new block polymer morphology.

Figure 1.5Depidion of the AB interfacén the BCC phase. Both figures were produ
for fixed GN. In (a) the volume fraction of the minority phake,0.22 and the interfac
is almost spherical. In (B)= 0.45 and the interface takes on the shape of the Vo
cell. The insets depict (a) the spherical interface limit (sthafid (b) the flainterface
limit (largef). Reprinted with permission frofdrason, G. M.; DiDonna, B. A.; Kamiel
R. D. Physical Review Letter003 91, 058304.Copyright 2003 American Physic
Society?®
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1.6 Overview

This thesis contributes to five research areathiwiblock polymer science and
addresses contemporary challenges in their broad applicatienoutstanding challenge
in the field of polymer electrolyte membranes (PEMS) is to improve mechanical properties
without the sacrifice of high conductivitin Chapter 2, we demonstrate a straightforward,
onepot synthetic strategy to generate high modulus, high conductivity nanostructured
polymer electrolytes from an initially homogeneous mixture of poly(ethylene oxide)
macromolecular chain transfer agent (maCiA), ionic liquid, styrene monomer and
crosslinker. The formation of crosslinks within a locally segregated domain of polystyrene
kinetically traps a bicontinuous microstructure, enabling these block polymer electrolytes
to surpass the conductivity, moda| and high temperature stability of chemically similar
systems in the field. Following an evaluation of their material properties, we study the
mechanism of this process, referred to as polymerizatduced microphase separation
(PIMS), via a series oin situ, timeresolved experiments (Chapter 3). The findings
illustrate a competition between polymerization and concomitant increases in segregation
strength that underlies the formation of isotropic composition fluctuations resulting in the
observed netork morphology. In Chapter 4, the PIMS process is adapted to the generation
of nanoporous monoliths, and we present preliminary results that probe and exploit reaction
parameters to control the porosity of PIMS monoliths during their preparation.

In Chaper 5, we describe the synthesis and characterization of a new, highly
incompatible diblock copolymer, poly(cyclohexylethyletd)ckpoly(ethylene oxide)
characterized by an exceptionally |l arge i
feature size limitations of previously reported faw syst ems based on
Furthermore, we demonstrate the utility of this polymer dtitgpn exceptionally small
arrays of metal oxide nanodots via a straightforward,-epating process in which the
metallo(hydro)philicity of the PEO block allows direct incorporation of metal precursor.

In Chapter6, two polymeric hydrocarbons are pairedath polylactide (PLA) to form
highly incompatible, low molamass diblock copolymer systems of varied conformational

asymmetry. As the statistical segment length of the hydrocarbon block decreases,
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conformational asymmetry increases and owatder trangions shift to higher
compositions of the PLAlock, resulting in the formation of larger spherical domains of
PLA-cores. At relatively high compositions of PLA within the spHerening window,

complex morphologies such as the Frihk s per a p hnd ste bear e f

thermodynamically stable, and we present a broad investigation into their formation.
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Chapter 2

High-Modulus, HighConductivity NanostructutePolymer Electrolytegia

PdymerizationIinduced Microphase Separatfon’

The primary challengén solid-state polymer electhgte membranes (PEMS) is to
enhance propertiesuch as modulygoughnessand high temperature stabilityithout
sacrificing ionic conductivityThis chapter describ@gemarkably facil@nepot synthetic
strategybased on polymerizatieimduced micropase separation (PIMSp generate
nanostructureB@EMsthat exhibit an unprecedented combination of high modulus and ionic
conductivity Simple heating of a poly(ethylene oxide) macromolecular chain transfer
agent dissolved in a mixture of ionic liquidysne and divinylbenzene, leads to a
bicontinous PEM comprising interpenetrating nanodomainshigfly crosslinked
polystyreneand poly(ethylene oxideddnic liquid. lonic conductivites higher than the 1
mS/cm benchmarwereachiewed in samples with arlastic modulus approaching 1 GPa
at room temperatureCrucially, these samplearerobustsolidsabove 100 °Cwherethe
conductivity issignificantly higher. This strategy holds tremendpogential to advance
lithium-ion battery technology by enablingetiuse of lithium metal anodesr to serve as

membranes in high temperature fuel cells.

AThis work was done in collaboration withicas D. McIntosh and Timothy P. Loglg
¥ Reproduced with permission from Schulze, M. W.;* Mcintosh, L. D.;* Hillmyer, M. A,; Lodge, T. P.
NanoLett.2013 14, 1224 126. Copyright 2013 American Chemical Society. (* Contributed equally)
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2.1 Introduction

Polymer electrolytesnembranes (PEMs) are promising alternatit@sconventional
liquid electrolytes in energy storage applications such as rithatteriesand high
temperature fuel celfs? Effective PEMs must maintain a combination lifjh modulus,
toughnessenvironmental resistancandhigh ionic conductivityduring use1%12 The key
challenge ido achieve high mechanical and thermal gemiancewithout sacrificing the
requisite ionic conductivityThe most successful strategies to date levaragestructured
AB diblock copolymes, where block A is a glassy, rigid insulator and block B is a low
glass transitionon conductor, to independty tune tle mechanical and conductivity
properties of the membrafé>!’ Previous studies have suggested that domlggnment
is necessary taender pathways continuous for ion transport, and continuity of the
mechanically robust phase leads to supariechanical properti¢&?2! In this chaptgrwe
demonstrate that nanostructured block polymers withdisordered bicontinuous
morphology are particularly attractivas highly conductive thermally stable, and
mechanically robust PEMs due to the lemagge, isotropic continuity of high modulus and
ion conducting domain®©ur simple, onatep protocol exploits simultaneomssitu block
copolymer formation and chemical crosslinking such that local segregation of a growing
poly(styrenédivinylbenzene)segnent from anionic liquid-swollenpoly(ethylene oxide)
(PEO) domainis preservedPEMs with (i) room temperature modulearl GPa (ii)
significantly improved mechanical stability over previguseported systems at high
temperaturdENp 0.1 GPa forT < 125 °C), and (iii) ionic conductivitin excess of 1
mS/cmcan be produced by this facile and scalable prodesthe best of our knowledge,
no other polymer electrolyte reporéPa)d achi
andion ¢ ¢ on du &8/cm),indr the higiOtemipérature robustness.

Seo and Hillmyereported that arresting microphase separatigingthe growth of a
diblock copolymer is gimpleroute tomechanicallyrobustnanostructured materials with
a bicontinuousmorphology??> Using a poly(lactide) macrohain transfer agent (PL-A
CTA), the authors prepared nanoporous crosslinked polystyrene monoliths via sequential

reversibleaddition fragmentation chain transfer (RAFT) and hydrolysis of the PLA
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domain. We have ¢ended this polymerizatiemduced microphase separation (PIMS)
approach to the preparation of mechanically rigid block polymer electrolytetheria
polymerization of atyrene/divinylbenzenmixture from a macromoleculaPEQ-CTA in

the presence of aanic liquid (Scheme.1). The controlledRAFT polymerization process
induces partitioning of growing block polymer chains into nanoscale domains, and
concerted chemical crosslinkity divinylbenzene during polymerization of the styrene
restrains the coarsery of the resultant bicontinuous morphologhe direct integration

of the ionic liquid and/or L=salt in the liquid precursor obviatpsstpolymerization sait
doping stepghat arecommon to other dry diblock copolymbased electrolytesThe
principal onic liquid (IL) utilized, 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonylimide BMITFSI), is immiscible with polystyrene witl O 3

kg mol?, thus leading to its partitioning into the PEO doma##éThe result is the ore
step formation of a bontinuous and nanostructured membrane consisting of a

mechanically robust phase (crosslinked PS) and an ion conductive phase (PEO/BMITFSI).
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Scheme 2.1Reaction scheme used to prepare polymerizatidnced microphas
separation polymegledrolyte membranes.
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2.2 Experimental Section

2.2.1 Synthesis of Enfilinctionalized Poly(ethylene oxide) Precursors

Asymmetrically endcapped poly(ethylene oxide) was synthesized by anionic
polymerizationfrom a potassiumtert-butoxide initiator (1.0 M in THF, SigmaAldrich)
using standardSchlencktechniquegMn = 28 kg mad'?, © = 1.03).Appendix A provides
more detailed information regarding anionic synthesis and reagents used for purification
of monomer and solvenRoly(etiylene glycol) methyl ethe was purchasedrom Sigma
Aldrich (Mn=5 kg md'?, B = 1.11). The chaintransferagent,(S)-1-dodeyl-(S)XU,Ux
dimetyl-Udacetic acid) trithiocarbonate (DDMAT), was prepared as previously
reported?® and coupledto the hydroxyl-terminusof eachpolyme via an acid chloride

intermediateto producemacromoleculaPEG-CTA.2® SEC tracesof linear PSh-PEO
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block copolymerspreparedand initiated from PEGCTA in the bulk polymerizationof
styrenemonomerhad narow molar masdistributions. This result suppated complete
endfunctionalization of PEO and agreed with the quantitaive endgroup analysis

performedusingH-NMR spectroscpy (Figure 2.1)
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Figure 2.1H-NMR spectra (CDG| 500 MHz,20 °C) of (a) the chaitransfer agen
DDMAT and (b) macromacular PEGC T A . I n (b), the pea
refers to the methylene protons of PEO adjacent to the CTA.
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2.2.2 Synthesis of-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

The ionic liquid 1-butyl-3-metylimidazolium bis(tifluorometylsulfonyl)imide
(BMITFSI) was preparetbllowing establishegrocedureg’28 A 10% molar excessof
4-chlordoutane was mixed with 1-metylimidazole in a round bottom flask, and
cyclohexanewas addedto the reagentsat a volumetric ratio of 10/1. Themixture was
heatedto reflux conditionsand stirred vigorouslyovernight. Cyclohexanewas renoved
via rotovap and the product, 1-butyl-3-metylimidazole chloridg BMICI), wasdried at
60 °C underdynamicvacuumovernight. Lithium bis(trifluoromehylsulfonyl)imide was
addedto BMICI at 10% molar excess,assumingcompleteconversionin the first step.
DI waterwas addedat a volumetricratio of 10/1, andthe mixture was heatedto 70 °C
andstirredvigorouslyfor 24 h. Theresultingsolutionphaseseparateihto BMITFSI and
an aqueouphasecontainingLiCl. BMITFSI waswashedwith distilled waterthreetimes
and purified by passingthroughan aluminacolumn. *H-NMR spectroscpy wasusedto
confirm the final product(Figure 2.2) Theionic liquid wasdried at elevatedtemperature

underdynamicvacuumfor 2 d beforeuse.
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Figure 2.2'H-NMR spectrun{CD-Cl,, 500 MHz,20 °C) of the ionic liquid BMITFSI.
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2.2.3 Preparation of Polymer Electrolyte Memizs

Typical reactiondo producepolymerelectrolytemembranesvereperformedn aglass
vial without degassing.Styrene(99%, Sigma Aldrich) and divinylbenzene(80%, tech.,
Sigma Aldrich) were passethroughacivatedalumnacolumnsprior to use. A soluion
maintainedat30vol% PEOCTA was preparedoy the sequentiabdditionof macroCTA,
styrene, and divinylbenzene,where the monomemolar ratio was maintainedat 4/1,
respedwvely. BMITFSI was addedto a predetermined concentratiomnd the entire
soluion was well-mixed prior to heatingto 120 °C to autcinitiate styreneThe use of
AIBN as an external initiator (0.05 eq to PEOQO-CTA) was necessaryfor the uniform
generationof radicalsto prevent densty inhomogeneitiegshat would otherwiseinduce
cracksduring polymerization. The resultingtransparentsolid monolith could be sanded

to aflat suface ofca. 500 um thicknesdor additionalanalysis.

2.2.4 Transmission Electron Microscopy

Bulk samplesveremicrotomedat roomtemperaturen a LeicaUCG6 Ultramicrotome
to obtain sectiongvith anominalthicknessof 70 nm. Samplesectionsverecollectedona
300 meshcopper gridand were stainedwith the vapor of a 0.5 wt% RuQs aqueous
solutionfor 5 min. On this timescale,RuQ; preferentiallystainspoly(etylene oxide),
which appeargiarkin TEM images. SectionsereimagedatroomtemperaturenanFEl
Tecnai G2 Spirit Bio-TWIN using an acceleratingvoltage of 120 kV. Imageswere
collectedby a 2048 x 2048 pixel CCD. ImageJsoftware wasusedto generatd=ourier
transformgFTs)of TEM imagesandthenazimuthallyintegratepixel intensity togenerate

1D plots ofintensityversushewave vecta, q.

2.2.5 Scanning Electron Microscopy

Nanoporous materials were produced from chemical etching of the poly(ethylene

oxide)/IL composite domains. Bulk samples were immersed in 57 wt % aqueous

hydroiodic acid (Sigmaldrich) at 60 °C for 5 days. Each sample was rinsed with copious

water and methanol and dried under vacuum at room temperaturefr&yoed

monoliths of ample were placed on copper tape and coatedarih 1 nm thick platinum
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layer to reduce sample charging during image acquisition. Micrographs were obtained on
a Hitachi S4900 FESEM instrument using a 3 kV accelerating voltage.

2.2.6 Smalangle Xray Scattering

Smallangle X-ray scattering(SAXS) experimentswere performedat the Argonne
National Lab AdvancedPhdon Sourcebeamline5-1D-D, which is maintainedby the
DuPontNorthwesterrDow (DND) Collaboraive AccessTeam. Samplesvereexposedat
room temperaturgo synchrotropsourceX-rayswith a nominal wavelengthof 0.729A.
ScatteredX-rays were collected on a 2D MAR CCD detector at a sarplgetector
distance of 5680 mm. The samydtedetector distance was calibrated using a silver
behenate andard, and intensity was calibrated with glassy carbon. 2D SAXS intensity was
reduced to a function of the magnitude of the wave vegtdny azimuthallyintegrating
the 2D data. q is givenby g =4" sin(d/2)/ ,awherea-is the X-raywavelengthanddisthe

scattering angle.

2.2.7Impedance Spectroscopy

lonic conducivity was measuredusing 2-point probe impedancespectroscpy on
a Solartron 1255Bfrequerty responseanalyzer connectedto a Solartron SI 1287
electrochemicainterface. Bulkpolymer electolyte membranesampleswere sandedto
uniform thickness (ca. 0.5 mm) and sandwichedetweenstainlesssteel electrodes.
Impedancewas measuredver the frequerty range from 10511 Hz using a voltage
amplitude of 100 mV. Bulk resistance,R, was determined from the frequerty-
independentplateau of the real part, ZNjof impedance. lonic conducivity, G, was
calculatedas ¢ = 1/(Ra), wherel is the samplethicknessand a is the superficial area.
Thicknesswas measuredvith a Mitutoyo micrometer(1 pum resolution)and areawas
measuredising Imagedoftware. Samplesverestoredin eitheran Ar-filled gloveboxor
underdynamicvacuum. Eaclsamplewasheatedunderdynamicvacuum(100 mTorr) for
at leastoneday prior to running impedancexperimentsimpedanceneasuementsvere
performedin an openatmospheret temperaturesrom 30 to 150 €T in 10 degree

increments. Each temperaturevas maintainedfor 1 h prior to meaurementto ensure
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thermalequlibration. Replicatemeasurementsvere performedin seriesto obseve the
effectof possiblewvaterabsorptiorontheconducivity for temperaturebelow 100°C. The
reproducibility of conducivity measurement®ver the entire temperaturerange for
polymer electrolyte membraneshat containedonly ionic liquid indicated that these
samplesdo not exhibit a strong affinity for wate. Repeatedmeasurement®of the
conducivity of LiTFSI- containingsampleshowever, indicatedthatthesesamplesvere
highly absorpive. For this reason, thessamplesvereheatedo 100 °Cfor 3 h prior to

measuremergndtemperaturewererestricted td.00' 150°C.

2.2.8 Rheology

Mechanicalresponsevas measuredn the linear viscoelasticregime usingan RSA-
G2 Solids Analyzer(TA Instruments). Samplespreparedfor mechanicalresponse
measurementsvere prepaed in Teflon molds sealed using a hydraulic press during
polymerizationto producesampleswith the appropriategeomety. Thesetensile bars
measure@pproximatef 50x 10x 1 mm. To generatéime-temperaturguperpositiotftTS)
master cures,sampes wereheated to &eries of increasinggemperatures and thermally
equilibrated at given temperaturdor at least10 min. Strain sweepswere performedat
afrequerty of 10 rad/sto determinethelimit of linearviscoelastiaesponsefoll owed by
afrequercy sweep performedt fixed strain over the frequerty rangefrom 100' 0.1 rad/s.

Raw datawere shifted horizontallyby visual alignmentof the elasticmodulus,EN;j

2.2.8 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) experimentswere performed on a TA
Instruments Discovery DSC. Samplesfor measurementvere preparedusing standard
aluminumT-zeropanswith standarar hermetidids. Eachsamplewvas anneale@t200°C
for 5min. Subsequertoolingand heatingampswereapdiedat5 °C/min. Heatsof fusion
wereestimatedrom theendothernof the secondeatingand the weight fraction of PEO
incorporatednto the crosslirked block polyme. Percentcrystallinity was calculatedin

referenceto the enthapy of fusion of 213.4J/g for pure crystallinePEQ.?°
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2.3 Resultsand Discussion

As a representative exampleomogeneous solutions o0 ¥01% PEOCTA were
prepared in a 4/1 molar mixture afsene/divinylbenzene (S/DBRMITFSI (and mixtures
with LITFSI) couldbe added to this reaction mixtusdile retaining homogeneityvera
wide compositional window {0 overall vol% BMITFSI). Table 2.1 summarizes the
resulting composition of the PEMs tarms of the volume percent of conducting phase
(PEO + BMITFSI), as well as the concentration of ionic liquid within the conducting phase
using 5 and 28 kg mBIPEOCTA. The presence of BMITFSI with the introduction of
LiTFSI facilitates the dissalition d the lithium salt in the mixtureHeating thequaternary
solution to 12C0C in the presence o&dicalinitiator (AIBN) for at least 20 h resulted in a
transparent, soluble solid PEM. The connectivity between domains resulting from the in
situ formatian of a block copolymer is critical to the formation of a homogeneous PEM, as
illustrated by macrophase separation that results from polymerized mixtures €dREO
monomer and IL (Figure 2.3). Given the immiscibility of PS and BMITFSI, mixtures of
monomerand ionic liquid also produced inhomogeneous sampdditionally, other
molar ratios of S/D have been shown to retain bicontinuity, while modulation of the
crosslink density does not affect conductivity because mechanical and transport properties

are deoupled via microphasgeparation.
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Table 2.1Properties of polymer electrolyte samples
Composition (vol%d)

Mn .
PEOCTA WpeocTA type of salt salff PEO + salt SsaeilttlgoF:E;i)th
(kg mol 3 (Wt9%o)

5 32 no salt 0 32 0

5 32 BMITFSI 5 35 15

5 32 BMI/LITFSI 7 36 18

5 32 BMITFSI 21 47 45

5 32 BMI/LITFSI 21 47 45

5 32 BMITFSI 30 52 57

5 42 no salt 0 42 0

5 42 BMITFSI 12 50 25

5 42 BMITFSI 21 54 38

5 42 BMITFSI 30 60 50

28 32 no st 0 32 0

28 32 BMITFSI 4 32 12

28 32 BMITFSI 21 47 46

28 32 BMITFSI 30 52 59

IMass fraction of PEECTA in the mixture of S/DVB monomer (i.e., excluding the ionic liquid)

"Composition wasalculatedisingtheknownmassncorporatedhtothesampleandthefoll owingdensities

('n g cm 3): 1peove = 1.05, 1 peo = 1.064, ) guiresi = 1.328, 1 1itrs) = 1.334
""" Overallvolumefractionof ionic liquid or a mixture of ionic liquid and LiTFSI

V\/olumefraction of the conductingphase

YVolumefraction of saltin the conductingphase
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Figure 2.3Photographs of the macrophase separation observed in samples tha
the product of polymerization of styrene and divinylbenzene in the presence «
CTA and no PEEGTA and (b) the product of polymerization of styrene
divinylbenzenein the presence of free CTA and 5 kg MbPEOOH. These
experiments indicate that domain connectivity achieved in the in situ synthesi
diblock copolymer is necessary to produce a homogeneous structure. Sample ¢
of order 1 cm.

The morphology of PIMS PEMs were characterized usiegrabination of SAXS,
SEM, and TEM.SAXS scattering profilesor samples prepared with 5 and 28 kg #ol
(Weeoctad 3 2  wt % iadic8t@hatwnanbseéepistructural heterogenas exist in
PEMs prepared by this method (Figures 24)e broad pringal scattering pealt low
wavevectoiq, typical of microphasseparated but disorderbtbck polymerstructures, is
accompanied by a secondary shoulthet becomesore pronounced as the ionic liquid
concentration is increasetihe development of diffuskeigher order reflections indicates
that theionic liquid induces greater structural coherence on the length scale of two or more
domains (ca. 515 nm). The characteristidength scale increases with incrieasPEO
molar mass, from I@5 nm for samples ppared with 5 kg mét PEO-CTA to 25i 35 nm
for samples prepared wi8 kg mol! PEQCTA. Also, the position of the primary peak
shifts to lowemwavevector and becomes more intense with increasmg liquid content,
which is consistent with the introdumh of BMITFSI as a selective solwefor the PEO
phase and eorresponding increase in the effective degree of satjoegoetween the two
domains®* Inclusion of the lithium salt LiTFSI results in enhanced contrast and possibly

greater segregation ofdllomains as observed by the increases in intensity with increased
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molarity of LITFSI in BMITFSI at constant overall volume fraction of salt for both molar
masses of PE@TA (Figure 2.5).

100 40 20 10 100 40 20 10

30

Intensity (arb. log units)

Figure 2.4Small angle Xray scattering data of polymer elastite membrane sample
prepared with (a) 5 and (b) 28 kg MJPEOCTA (32 wt%)and various concentratior
of the ionic liquid BMITFSI.Domain size increases (the primary scattering peak ¢
to lowerq) with increasing PEGCTA molar mass and increasing ionic liquid cont
(reported as overall vol%).
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Figure 2.5Small angle Xray scattering data of polymer electrolyte niieame sample:
prepared with (&) 5 and (b) 28y mol! PEOCTA (32 wt%) and increasin
concentrations dfiTFSI in the ionic liquid BMITFSI.The overall volume fraction o
salt is 21 vol% irall samples.

A series of samples were also prepared with 42 wt%-BE® using 5 kg mot PEG
CTA. Figure 2.6 shows that the obtained SAXS data are qualitatively similar to the samples
prepared from 32 wt% PEOTA. Although these samples were not anallyzether, we
anticipate that higher contents of PEXJA may enable larger quantities of ionic liquid to
be introduced, thereby increasing the conductivity of the resulting PEM. However,
increases in the conductivity by such means would lead to a commaensoss of
mechanical integrity as the volume fraction of the crosslinked phase is reduced. Within the
compositional limits that allows sufficient continuity of both phases, i.e. a percolation
threshold, concentration of PEOTA in the initial mixture mayserve as an additional

handle for tuning the properties of the electrolyte.
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Figure 2.6 Comparison of PEM scattering profiles prepared using 5 kg' rR&EIC
CTA at concentrationsf 42 (solid lines) and 32 wt% (dashed lines) in the ini
monomer mixtue. Concentrations of BMITFSI are reported as overall vol%
indicated.

Exposure of a monolithiPIMS PEM sample to 5Wt% aqueous HI solution at 6C
resulted in quantitative etching of the PEO/IL composite domain, as confirmed
gravimetrically and by R analysis(Figure 2.7) As shown in Figure 2.8, a scanning
electron microscopy (SEM) image of thmesulting nanoporous structure mirrors the
corresponding TEM image of the unetched sarfigure 2.9 compares scanning electron
micrographs of the etcheddnnetched samples, indicating that the topography observed
after treatment with HI comes from the removal of the PEO/IL domain. In addition,
analysis of Fourier transform data generated from TEM images are in agreement with
SAXS intensity profiles, confiming that the TEM images are representative of the bulk
morphology (Figure 2.10).
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Figure 2.7 Representative FTIR spectra of PIMS PEM sam@ed ionic liquid
BMITFSI. The crosslinked polystyrene sample is formed after the etchiRgOfand
BMITFSI with 57 wt%aqueousydroiodic acid.
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Figure 2.8 Morphology of PIMS PEMsamples prepared with X8 molf! PEOCTA

and 21 vol¥BMITFSI. Upper panelScanning electron micrograph of the sample ¢
the etching oPEO andBBMITFSI with 57 wt%aqueou$ydroiodic acid. The remainini
structure is crosslinked polystyrefihe sample was coated witi2lnm of Pt prior to
imaging. Lower panel: Transmission electraicrograph of the same sampgor to

etching The PEO/ionic liquid domaimppears dark after sténg with RuQ. Both

scale bars represeb®0 nm.
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Figure 2.9 Scanning elgcon micrographs comparing a PBMPEM sample prepare
with 28 kg mol! PEO-CTA and 21 vol% BMITFSI, before (inset) and after (main pa
etching out PEO/IL with 57 wt% hydiadic acid. Both samples were freeizactured
to expose a fresh surface and were coated wRmin of Pt prior to imaging. Both sca
bars represent 500 nm.
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Figure 2.10(a) Transmission electron micrographs of polymer electrolyte memt
samples ppared from 28 kg mol PEOCTA without ionic liquid and 21 vol%
BMITFSI. RuQs staining of thePEO/ionic liquid phase was used to enhance cont
The scale bars represent 100 (o). The corresponding Fourier transform (FT) anal
of the TEM image abovePixel intensityin the FTs wasintegrated azimuthallyand
plottedversuswavevectorq in theinset. The uppercurve is the integratedFT andthe
lower curve is the smallangle X-ray scattering(SAXS) dataof the sample.The red
arrow pointsto the featurein the FT that appearsas a peakin the inset. The close
agreemenbetween peaks the integratedFT andthe SAXS dataconfirmsthat the
TEM imagesaccuratelyrepresent théulk morpholog.

Crystallinity has been shown to substantially reduce room temperature conguctivit
thwarting broader application of analogousPEO electrolyte$.Importantly,as will be
shown,no discontinuity of conductivity is observed at the melting transition of PEO
PIMS PEMs Even though crystallinity is evident in the DSC chromatogramBSigaire
2.11, retention of conductivity at low is attributed to the relative increase in ion

concentration in the amorphous phase that results from the formation of small, dispersed



2 Nanostructured Polymer Electrolytes via PIMS 41

crystallites that do not occlude ion mobility. Additionally, the DSC distrate the
dominant interactions of BMITFSI and PEO as crystallinity is suppressed at high
concentrations of ionic liquidCombined, the SAXS, SEM, DSC and TEM analysis of the
crosslinked PEM samples support a bicontinuous, nanostructured materfal wit
interpenetrating and percolating domains of crosslinked PS asadllen PEO.
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Figure 2.11 Differential scanning calorimetry thermograms (exo down)RtviS
PEMs prepared with (a) 5 kg midland (b) 28 kg mét PEOCTA (32 wt%) and
various concentrations of the ionic ligMITFSI. (c) Mixture of homopolymer PE(C
(Mn = 8 kg mott) and BMITFSI. The presented traces were collected during the se
heating at a ramp rate of 5 °C/min.
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Table 2.2Thermal transitions d?IPS PEM and PEO
homopolymer/BMITFSI electigte samples shown in Figure 2.

Mn BMITFSI. A T T o
PEOCTA Concentratioh o mmax crystallinity (wt%)
(kg mof ) (vol%) Q) €O

5 0 -52 26 25

5 12 -58 29 28

5 21 -58 - -

5 30 -61 - -

28 0 - 49 42

28 4 - 46 43

28 21 -66 35 32

28 30 -64 25 25

Mn
PEO-OHi

8 5 - 61 80

8 10 - 60 68

8 20 - 58 52

8 30 - 54 43

iOverall volume fraction of BMITFSI
Mpeorefers to PEO homopolymer

lonic conductvity of the resulting PEMw/as obtaind from measurements of the bulk
impedancdrom 30 to 150°C (Figure 2.12)The data were fit with excellent agreement to
the VogetFulcherTammann (VFT) equation,

5
2.1)

which describes relaxatigmrocesses above tfg in glassforming liquids?® Here, e is

the conductivity at infinite temperaturB, is a pseudeactivation energy related to the
entropic barrier to ion motion, ant is thetemperature at which molecular motion is
frozen.The increase in conductivity as ionic liquid concentraisoncreased, as shown in

Figure 2.12, is due primarily @n increase in the number of carrier ions
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Figure 2.12lonic conductivity as function of temperature for PEMs prepared wit
kg mol ! PEOCTA. The inset is a photograph of a typical sample fiseconductivity
experimentsOpen symbols: samples prepared VBMITFSI. Filledsymbols: sample:
prepared witta 1 M mixture ofLiTFSI in BMITFESI. Error bars (in some casesder
the data points) are oséandard deviation based on at least three san@pesall slt

concentrabns are 5r( ), 7 (p ), 21 @ andA), and40 vol% ¢ ). Parameters of the VF
fits are provided in Table 2.2.

Table 2.3VFT Parameters for the conductivity profiles in Figure 2.6
Composition (vol%)

saltinPEO + o
salt domain  (S/cm) B (K) To (K)

type of salt salt PEO + salt

BMITFSI 40 59 67 0.59 884 178
BMITFSI 21 47 45 0.85 1333 152
BMI/LITFSI 21 47 45 1.0 1467 136
BMITFSI 5 35 15 0.0064 749 223
BMI/LITFSI 36 7 18 0.026 841 204

Conductivityis highin these PEM&nd exceeds the critical benchmafkL mS/cm at
80 °C for the samples containing 2b1% BMITFSIand 1 MLITFSI in BMITFSI.*® The
conductivity can be expressed as a fraction of the conductivity achieved in a homogeneous

electrolyteof the same PEO/ionic liquid compositian, by3%32
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2.2
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I
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where & and Uare the volumeraction and the tortuosity of the conducting phase
respectively. Given variougexperimental studies of small molecule transport in
cocontinuous, heterogeneous media (e.g., gas and water filtratmughhdisordered
pores3%3* and tracer molecules in ordered block polymers in the gyroid pffaSene
expectsUto attainvalues between 1.5 and 3. As shown in Figure 2tE8conductivities
observed are consistent with Equatiand our anticipaterangeof Uindicatingthat the

conductive channelre continuousver macroscopic distarse

Temperature (°C)
160 140 120 100 80 60 40

Conductivity, o (S/cm)

| | | | |
24 26 28 30 32 34
1000/T (1/K)

Figure 2.13Conductivity in a heterogeneous PEM samplgié reduced relative ti
a PEO/ionic liquid homogeneous electrolyte) (of the same composition.h&
conductivity of pure BMITFSI (dashed line) is also shown for reference.
homogeneous electrolyte was prepared from an 8 kg '!m&EO
homopolymer/BMITFSI mixture (50 vol%), and the heterogeneous PEM sampl
prepared with 28 kg mdl PEOCTA and BMITFSI at 21 overall vol%. In th
conducting phase of the heterogeneous electrolyte, the resulting concentration
liquid is 46 vol%. In both cases, only segmental motion contributes to ion trafts
The red region is defined by a tortuosity of upper bound) and 3 (lower bound)
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The dynamic modulEENJndEnj of a representativeEM were determined agunction
of frequency at temperatures up to 2@) and timetemperature superposition was used
to generate master curves (Figure 2. Hiyure2.15 compareENyt a fixed frequency (10
rad/s)of a representative PEM to a sample without ionic liquid in a pithy construction. The
samples are glassy at room temperaturepaniorm as lgh modulus solidétan) = ENEN]
< 0.]) over the entire tempettae range studiedThe supporting crosslinkgmblystyrene
phasellows for operatiorat tenperatures above the glass transition temperafwrénear
polystyreneblock analogugwhere theonductivitycan be above 10 mS/cm (Figure 2.12)
Consistent witlthe decrease in the volurfraction of the high modulus phaseldition of
ionic liquid to the PEO domain redudeltyy a factor of 23.
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Figure 2.14 Linear viscoelastic master curves of representative polymer elect
membranes prepared from 5 kg hdqupper) and 2&g mol * (lower) PEOCTA (a)
withoutionic liquid and (b) with 21 vol% BMITFSI. Frequency sweeyere collectec
from room temperature up to ca. 2. Colored numbers indicate the temperatur
the corresponding frequency sweep. Data of (a) and (b) show the elastic mail
(A), and the viscous moduluEnj(* ), versus reduced frequencgzy , damples
without ionic liquid and samples containing 21 vol% BMITFSI, respectively. The
graphs display the temperatidependent shift factorary, for the sample without ioni
liquid (r ) and the sample with 21 vol% BMITFSI |.
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Figure 2.15 Temperature dependent linear elastic respondelS PEMs prepare:
with (a) 5 and (b) 28 kg mdl PEO-CTA withoutionic liquid (* ) andwith 21 vol%
BMITFESI (, ). The inset is a photograph of a typical tensile bar used. The data
are the elastic moduluENjat 10 rad/s and weextracted from isothermal frequen:
sweeps.

2.4 Conclusions

The preparation of polymeric networks swollen watthigh fraction ofionic liquid
(iGn gel® ) By copolymer seHassembls?3638 or by direct polymerization of
monomer and crosslink&raffords some tunability of the modulus, but due to the lack of
continuity of the high modulus domaithese aresoft solids(ENp “1P@) Although ion
gels can be easily processed in the liquid state and solioifs#l, increasing the modulus
typically results in reduction of the ioniconductivity, illustrating the nontrivial
dependence of both properties on the segmental relaxation of polymer €raths.other
hand, PEMscomposed predominantly of polymer, such as therapatally-oriented
lamellae from B-b-PEO and lithium bis(trifluoromethylsulfonyiinide LITFSI), achieve
sufficient continuity of both the conductive and glademains such that the modulus and
conductivitycan bedecoupled* However both modulus andanductivity fall short of the

target regionENg 1 @ al, mBetause )i) grain boundaries and lack of domain
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continuity reduce ion mobility, and (ii) the glassy modulus is reduced with progressive
increases in temperatusnd suffers a precipitoudrop above the glass transition of
polystyrene Tg & 1 0 0 Furh@rnore, diblockased electrolyteare prepared from
multi-step processes involving synthesis, isolation, and solgtisting, andgenerally
exhibit rather low toughne$82In this wok, the important contributioto the generation

and applicatiorof solid-state electrolytes ia process that marries the processability and
synthetic simplicity of a liquid precursor with the independent tunability of mechanical and
mass transport propess offered by ananostructuredlock polymer The result is a
material that achieves record combinations of modulus and conductivity at high
temperature (Figure 2.16). This approach is very promising for the scalable production of
PEMs forcritical energyapplicationssuch assolid-state lithium ion battées and high

temperature fuel cells

PIMS PEM
10°k Nanostructured Electrolyte
50 °C o
lamellar block ® 50°C
= 108+ polymer electrolyte > 150 °C
o (PS-b-PEO + LiTFSI) o
S 10 0
g chemically crosslinked ion gel
o (PMMA and ionic liquid)
= 0fF
0
®
2
w 10 o
physically crosslinked
10* block polymer-based ion gel
(PS-b-PEO-b-PS and ionic liquid)
| 1 ] 1 | 1

107 10° 10° 10t 10° 107

lonic Conductivity (S/cm)

Figure 2.16The tradeoff relationship betweealastic modulusind ionic conductivity
in a solid electrolyte iglustrated wsing data from refs 14 (), 23 ¢ ), and 33 A). Data
represented bf; ) are from this study. All data are reported at@Qunless otherwis:
noted Only chemically crosslinked electrolytes remain solid at elevated tempe
(> 90 °C), where conductivity is maximized.
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Chapter 3

Evolution of MorphologyModulus, and Conductivity in Polymer

Electrolytes Prepared via Polymerizatimmiuced Microphase Separatfén

Polymer electrolytes are alternatives to liquid electrolytes traditionally used in
electrochemical devices such as lithion batteries and &l cells. In particular, block
polymer electrolytes are promising candidates because thegsselinble into well
defined microstructures, in which orthogonal properties can be integrated into a single
material (e.g., high modulus in domain A, fast iomgort in domain B). However, the
performance of block polymer electrolytes often falls short, due to the lack ecfdogg
continuity of both domains, and relatively low strength. Chapter 2 described a simple, one
pot synthetic strategy to prepare polymelectrolytes with the highest reported
combination of modulus and ionic conductivity, attributes enabled by-@minuous,
crosslinked network morphology. In this chapter we aim to understand the mechanism by
which this nanoscale morphology is formedderforming a series of in situ, tintesolved
experiment® smallangle Xray scattering, conductivity, rheology, and reaction kinetics
0 to monitor the electrolyte as it transitions from a macroscopically homogeneous liquid
to a microphasseparated sml. The results suggest that the chain connectivity of the
diblock gives rise to isotropic concentration fluctuations that increase in amplitude and
coherence such that the network morphology is ultimately produced. The kinetic trapping
of this network maohology by chemical crosslinking prior to the ordering transition is

shown to be critically important to the resulting advantageous bulk electrolyte properties.

AThis work was done in collaboration withicas D. McIntosh, Matthew T. Irwin and Timothy P. Lodge
¥ Reproduced with permission from Mclintosh, L. D.;* Schulze, M. W.;*ipviil. T.; Hillmyer, M. A,;
Lodge, T. PMacromolecule®015 48, 1418 1428. Copyright 2015 American Chemical Society. (*
Contributed equally)



3 Evolution of Morphology, Modulus, and Conductivity in PIMS PEMs 53

3.1 Introduction

Polymer electrolytés’ are promising candidates to replace the small molecoalatile
solvents currently used in electrochemical devices such as lHbiurnatteries and fuel
cells. Relative to liquid electrolytes, soktlate polymer electrolytes offer the advantage of
mechanical integrity and can mitigate applicatspecific challenges such as dendrite
growth in lithiumion batterie” or longterm creep in fuel cel.Independent of the
application, the key challenge is to design polymer electrolytes that maximize ionic
conductivity while simultaneously optimizing a mecteiproperty, such as modulus,
fracture toughness, or creep resistance. To overcome this barrier, the polymer electrolyte
community has recently focused on block polymers. For example, block polymer
electrolytes can be designed to sedfemble into welllefined morphologies that exhibit
both a glassy, insulating domain and a{Byvion-conducting domaif® Unfortunately,
the measured conductivity of block polymer electrolytes is often compromised because
network defects (e.g., dead ends at grain boiesidf) in the conducting pathways
increase resistance to ion transgétf:2*Additionally, although dibloclbased electrolytes
can exhibit relatively high moduli, they cannot compete with the toughness or high
temperature stability of multiblock orasslinked material&23

We recently reported a significant advance in the design of mechanically robust, high
conductivity polymer electrolyte membranes (PEMSs) for use in electrochemical energy
storage and conversion deviééés shown in Figure 3.1,FMs were prepared in a simple
and versatile onpot synthetic scheme& termed polymerizatioinduced phase
separation, or PIM® by direct incorporation of salt into an easily processable liquid
reaction mixture. The resulting PEMs exhibit an unprecedecteabination of high
conductivity (> 1 mS/cm &t > 80 °C) and high modulus (> 0.1 GPaTor 125 °C) owing
to the longrange, cecontinuity of poly(ethylene oxide)/ionic liquid domains and highly
crosslinked polystyrene domains. The liquid reaction peseisolidifiesin situ by simply
heating to 120 °C, allowing substantial flexibility in tailoring the sample geometry to the
needs of a particular experiment or application. Furthermore, the wide parameter space that

produces PEMs with the desired bicombus microstructure allows substantial flexibility



3 Evolution of Morphology, Modulus, and Conductivity in PIMS PEMs 54

when choosing the identity and concentration of the salt and the concentration and molar

mass of the iorronducting block.

homogeneous . nanostructured
polymer electrolyte

. : block polymer formation
reaction mixture

(<) o e )
® - © 00 eec%'
(4]
CE o0 o o

© 2 e o © e
® o (4] o
+ ® (4] O\ (]
\ SR crosslinked
o \ N/\/\ polystyrene
V\ /HS( 12126
</ >r ° T o F Q\S/NEfS/P F poly(ethylene oxide) +
5 kg/mol PEO-CTA ] bd TF  ionicliquid
S/DVB BMITFSI

Figure 3.1Schematic of the polymerizationduced phase separation (PIM®gategy
used to prepare polymer electrolyte membranes. Initially, a rGTA of
polyethylene oxide (yellow) is dissolved in a mixture of multifunctional monor
(light blue) and BMITFSI (green). RAFT copolymerization allows the growth of cf
(dark Hue) generating a block polymer architecture. Concerted in situ crossli
arrests the emergent-continuous structure, with percolating composite domain
PEO/BMITFSI and a mechanically robust, crosslinked polystyrene matrix.

The chemistry and miostructure of the resultant PEMS are illustrated schematically
in Figure 3.1. The liquid reaction precursor is a quaternary mixture of monomer (styrene
(S) and divinylbenzene (DVB)), poly(ethylene oxide) macro ch@nsfer agent (PEO
CTA), and the ionic  liquid (IL) 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (BMITFSI). This liquid precursor exhibits relatively
low viscosity (ca. 25 cP at room temperature) and is macroscopically homogeneous at the
reaction temperature of 120 °C. Radicahngration is effected by both thermal auto
initiation of styrene and homolysis of initiator. The R{&DVB) block then grows from
the PEOGCTA via reversible additiofragmentation chautransfer (RAFT)
polymerization, in which chemical crosslinking occhysincorporation of DVB.

Ultimately, the sample exhibits a microphasgparated morphology that lacks leng

range, periodic order, as previously confirmed by a combination of -amgli Xray
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scattering (SAXS) and real space imaging (TEM and SEM)he norphology is
characterized by eoontinuous networks of glassy, highly crosslinked polystyrene- (P(S
co-DVB)) and an iorconducting domain of poly(ethylene oxide)/ionic liquid (PEO/IL).
This interpretation was supported by analyses of conductivity andneatoy data, which
indicate that during the course of the polymerization the majority of the BMITFSI
segregates to the PH@h domains. Importantly, the PEO conducting domains are
predominantly continuous, enabling ionic conductivity that achieves theretical
maximum. The macroscopic mechanical response is, in turn, dominated by the highly
crosslinked P(£0-DVB) phase, which imparts both a glassy modulus and superior
toughness at room temperature. PIMS PEMs also exhibit exceptional mechanicay stabilit
at high temperature&g  OPalalO 200 AC) c o mp-b-PSetectrolyes,| i ne a't
which suffer a precipitous drop in elastic modulus above 100 °C.

The focus of the work presented here is the structural evolution through which PIMS
generates the nanoscale morphology gwaterns the macroscopic PEM propertiese
goal is to build a mechanistic understanding of how these PEMs transition from a
homogeneouBquid reaction mixture to a high modulus solid that exhibit€antinuous
networks of iorconducting poly(ethylenexade)/ionic liquid channels and crosslinked
polystyrene. To this end, a series of in situ, tiesolved experiments were performed to
measure reaction Kkinetics, ionic conductivity, modulus, and morphological development

during the PIMS reaction.

3.2 Expeaimental Section

3.2.1 Materials

Sample preparation for in situ experiments followed the same protocol as previously
reportec?* Briefly, the liquid reaction mixture was prepared as a 32 wt% solution of a 5
kg/mol poly(ethylene oxide) macro chdimnsfer agent (PEGCTA) in a monomer
mixture of styrene (S) and divinylbenzene (DVB) (4/1 molar ratio S/DVB). Previous
studies have found that the resulting morphology is largely insensitive to the initial ratio of
monomer to PEEGTA. To prepare electrolytes, theonic liquid 1-butyl-3-
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methylimidazolium bis(trifluoromethylsulfonyl)imide (BMITFSWas added to the PEO

CTA + S/DVB stock solution at two concentrations, 21 and 30 overall vol%. Samples
prepared without i onic | i qsumoharizestee reswdtihger r e d
concentration of all species in the reaction mixtures for samples used in this study. Unless
otherwise noted, samples were synthesized with the inclusion of azobisisobutyronitrile
(AIBN) in the initial mixture at 0.0®2qto PEGCTA.

Table 3.1Composition (vol%) of polymer electrolyte samples. Data shown
obtained from study of the 21 vol% BMITFSI sample except where indicatec

BMITFSI PEOCTA! S/DVB!
0 32 68
21 25 54
30 22 48

Mpeocta=5 kg/mol
iMolar ratio of S/DVB= 4/1

3.2.2 Kinetics and/olar massEvolution

Polymerization kinetics of styrene and divinyloenzene were investigated under the
conditions utilized in the preparation of PIMS PEMS. A stock solution of S/DVB
monomer, PEGCTA, AIBN, and BMITFSI (21 vol%)wvas distributed into a series of vials
that were simultaneously heated to 120 °C to initiate the polymerization. At various time
points, the reaction was stopped by immersing the vial in liquid nitrogen. Each vial was
then allowed to warm to room tempena&uand ca. 1.5 mL of chloroform witkrt-butyl
catechol inhibitor was added to the reaction mixture to prevent further reaction and to
ensure that all of the reaction mixture was transferred for precipitation. The dissolved solids
were precipitated in ixanes, recovered by gravity filtration, and rigorously dried under
dynamic vacuum (< 100 mTorr) at elevated temperature (> 80 °C) for several days. Soluble
polymer recovered at early times was further characterized by size exclusion
chromatography (SEC),epformed using THF as the mobile phase at room temperature
and a flow rate of 1 mL/min. Eluents were monitored by a Wyatt OptHebXTrefractive

index detector. Molar mass and molar mass dispersity was determined basedpming 12
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calibration curve usig polystyrene standards (Agilent Technologie$i-NMR
spectroscopy of the soluble polymers was conducted in deuterated chloroform using a
Bruker Avance Ill HD 500 MHz spectrometer. Chemical shifts were referenced from

tetramethylsilane (TMS) at 0.00 ppm.

3.2.3 Smalangle Xray Scattering (SAXS)

Small angle Xray scattering experiments were performed at the Argonne National
Laboratory Advanced Photon Source, sectel®® and 12ID-B. Samples of the liquid
reaction mixture were flamgealed in boromich capillary tubes (Charles Supper
Company).The capillaries were maintainedidtO °C to suppress radical formation and
were warmed to room temperature shortly before the experiment. Samples were loaded in
a Linkam heating stage, and the temperature was 40 °C. A thermocouple placed in
the sample holder indicated that the temperature was within +1 °C of the set point.
Scattering data were collected at discrete time points during the PIMS reaction. Typical
exposure times were of order 1 s. 2D scattepatterns were recorded on a Pilatus 2M
area detector, and were isotropic in all cases. The sdoipletector distance was
calibrated with a silver behenate standard. Intensity was not reduced to absolute units;
however, because the sample thicknesses a@mparable and the intensities normalized
by the exposure time, the intensities in relative units can be compared between samples.
2D data were reduced to intensity as a function of the magnitude of the waveqvejpr

= 4°ds2n/a, wher e -raywawlengthadintioeracatteany anyle.

3.2.4 Impedance Spectroscopy

Impedance spectroscopy was used to measure the bulk resistance of samples during the
PIMS reaction, using a Solartron 1255B frequency arsp analyzer connected to a
Solartron S1 1287 electrochemical interface. The conductivity cell was cdmidtywithin
a threeneck, 25 mL round bottom flask. The two outer ports were plugged with rubber
stoppers through which copper wires were insettedonnect the electrical leads. The
sample electrodes were platinum wiseddered to the copper wire. The conductivity cell

constant, 9, was calibrated with a known

V C
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(Fluka, 1.413 mS/cm at 25 °C). After calibration, the cell was washBdifies with
distilled water and dried atevated temperature (> 80 °C) under dynamic vacuum (< 100
mTorr) for 1 d. A volume of sample equivalent to the calibration standard was loaded
through the middle port, after which the port was sealed. The headspace was purged with
argon for 20 min and finly pressurized with 5 psi argon. The conductivity cell held
positive argon pressure throughout the course of the experiment. Impedance spectroscopy
data collection began at room temperature, and the conductivity cell was immersed in an
oil bath equilibrat d at t he reaction temperature of
cal cul atRwhereRss thé bulk resistance as determined from the-frigluency
plateau of the real part of impedange,

Conductivity was also measured for samples polyredrin standard glass vials. These
monolithic samples were sanded down to uniform thickness (typically 0.5 mm) and dried
at elevated temperature (> 80 °C) under dynamic vacuum (< 100 mTorr) for 1 d prior to
measurement. The solid membranes were sandwindiskeen stainless steel electrodes,
and impedance was measured as a function of temperature from 30 to 150 °C. These
samples were measured in open atmosphere; we have previously determined that water
uptake does not significantly impact the results focteddytes containing the ionic liquid
BMI TFSI . For membr ane s asWwRd wherel isihe samge cal ct

thickness and is the superficial area.

3.2.5 Rheometry

The linear viscoelastic response was monitored during polymerization usilhat@sc
shear with a 40 mm diameter parallel plate geometry (TA Instrument&GAR
Approximately 1 mL of liquid reaction precursor was loaded at room temperature on a
Peltier plate for temperature control. Evaporation of styrene and divinylbenzene nnonome
was suppressed by enclosing the sample in a ctstdimhousing. The inside of the
housing was lined with styrene monorsexaked cotton to saturate the environment and
further reduce monomer evaporation from the sample. Data collection was started at ro
temperature, and the sample was then heated over the course of 80 s to the reaction

temperature of 120 °C for the duration of the experiment. Measurements of the @tastic,
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and viscousi¢g moduli were performed at an angular frequency of 10 radthe’sample

stiffened, the strain amplitude was reduced to remain within the linear response regime.

3.3Results

3.3.1 Reaction Kinetics arddolar mas<£volution

At early times, the RAFMmediated polymerization of styrene and DVB using the
macro chain tnasfer agent forms a mixture of highly asymmetric block polymer and
monomer. Figure 3.2 shows the mass of solids recovered as the reaction proceeds in the
presence of BMITFSI. At= 0 min, the polymer collected prior to initiation should simply
reflect themass of PEGCTA added to the reaction mixture (24 wt%). However, the
recovered mass at= 0 min is approximately 40% of the mass of the initial reaction
mixture. The highethanexpected mass yield could be attributed to the strongifpole
attractiveinteraction between PEO and BMiation, leading to the isolation of PEO solid
wet with ionic liquid. The presence of BMITFSI was further confirmed usihéiMR
spectroscopy (Figure 3.3); the augmented mass yield can be accounted for by the calculated
weight ratio of 1.2:1 PEEGCTA to BMITFSI, which reduces the estimated mass yield to
23% for PEGCTA att = 0 min.
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Figure 3.2 Polymerization time vs. mass yield in the polymerization of S and [
(4/1) in the presence of PEOTA (25 vol%) and BMITFSI (2101%) at 120 °C.
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Figure 3.3 'H-NMR spectra (CDG| 500 MHz, 20 °C) of the soluble polyme
obtained by precipitation in hexanes. The methine proton singlet of the imidaz
ring (8.8 ppm) and the broad multiplet of the PEO backbone (3.6 ppm)usedeto
calculate an approximate 1:1 weight ratio of PEDA to BMITFSI in all isolated
samples.

In general, the mass yield increases with time, indicating growth of thecH)S'B)
block. FortO 45 min, the sol i ds -disseleabivTHF ®rdizec o u | d
exclusion chromatography analysis. RFo® 55 mi n, smal | i nsol ubl
observed upon attempted dissolution in THF. The formation of these discrete flocs of
crosslinked polymer, coincident with large increases in apparerar mass via SEC,
correlates with the rapid increase in the mass yield between 65 and 80 min. The SEC traces
of Figure 3.4 are, in general, qualitatively indicative of in@ar massncreases at early
times (Table 3.2). The isolated solidta 0 min repoduces the narrow, monomodal trace
of assynthesized PE@TA. Within 5 min, a shoulder at lower elution volume emerges
from the predominant peak of the SEC trace. This shoulder grows in intensity and indicates
an increasing population of higherolar massdimers formed by reaction through the
pendant vinyl group of partially polymerized DVB2® The distribution becomes broad
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and multimodal because crosslinked, highelar massand remnant lowemolar mass
linear polymers coexist. This implicates the Heg probability of coupled chains to
participate in crosslinking because of the larger number of crosslinkable moieties (pendant
DVB vinyl groups) relative to the uncrosslinked, linear polymer. As a result, crosslinked
diblocks tend to grow more rapidlyah linear diblocks, producing a mixture containing
aggregates of large hydrodynamic volume that ultimately grow too large to dissolve. For
comparison, a freely soluble, linear-B&EO diblock was prepared without ionic liquid

or DVB crosslinking agent, flowing three freezgoumpthaw cycles. The resulting large
molar mass and clear shift of the SEC trace for the linear dibMgkvz = 39 kg/mol,D

= 1.30) illustrates the utility of PEGTA to effect the growth of block polymer in the case

of PIMS PEM peparation.

22 24 26 28
Elution Volume (mL)

Figure 3.4 Progression of the size exclusion chromatograms of-BHP(5co-DVB)

(solid) isolated at various times following initiation &t= 0 min. A separatt
polymerization (dasldot) illustrates the utility of PEACTA in the controlledyrowth
of linear of a PSh-PEO diblock in the absence of crosslinker
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Table 3.2Molar mass and dispersity for SEC traces in Figure 3.4

reaction timet (min)
PEOCTA PSb-PEO 0 5 15 25 35 45
Mhn (kg/mol) 6.9 26.5 72 73 7.2 9.0 95 147
n 1.1 1.3 1.2 1.2 13 21 43 105

The'H NMR spectra of the soluble polymers (obtained by precipitation in hexanes)
were analyzed to estimate the incorporation of repeat units of monomer peL PO
Each spectrum was normalized relative to the resanahthe methylene protons of PEO

CTA (3.6 ppm). The kinetics of polymerization were interpreted in terms of the proposed
reactions of Scheme 3.1.

Scheme 3.Proposed reaction kinetics for polymerization of DVB and Styrene

NS
ki ks

pZ
A
ks
The contributions of dgmerized styrene, [PS], DVB with a pendant vinyl group,

[DVB4], and DVB with both vinyl groups polymerized, [DYB to the integral of the
aromatic protons (7i5.2ppm) (ar-1) can be expressed as:

=

|ar-i = 5[PS] + 4[PDVB] + 4[PDVBy] (3.1)

[PDVB1] can be obtained from the integral of vinylic protons (5.2 ppmyi).

[PDVBl] = |vinyI—H (32)



3 Evolution of Morphology, Modulus, and Conductivity in PIMS PEMs 63

The rate of formation and consumption of [PDYB treated as an elementary series

reaction of pseuddrst order with rate constanks andkz, respedvely:
[PDVB1] = 2ki/(ko-2k1)[DVB] ini(exp(2kat)-expEkat)) (3.3)

[DVB]ini is the initial number of DVB monomers per PEOIA obtained from the
integral of the vinyl protons in the spectrum of the polymerization mixturte=a0,
assuming DVB is puréno ethylstyrene) and the molar ratio of S/D is 4/1. Beckuaad
k> are estimated using Equation 3.3 and the experimentally obtained [RONBVB,]
can be calculated according to:

d[PDVB2]/dt = ko[PDVB1] (3.4)

Equation 3.1 can then be used to datee [PS]. The concentration of each species is
depicted in Figure 3.5 and summarized in Table 3.3. The fit of [PS] is calculated using a
pseudefirst order rate constarks, for the consumption of styrene. Table 3.3 also provides
estimates for the averagnolar mass of a theoretical linear polystyrene block per-PEO

CTA. Table 3.4 provides the rate constants obtained from fitting the data of Figure 3.5.

= 10

Q [PS].

8 ° -7

W s . °

— - ® /’

[b) -

S 6l -

[2) -~

=L POVE,

gt S TR R

Q_ rd /,’ /’

E 21— e e ,.” = A

E - o [PDVB,]

o B /,.’ A

S om-A--7"

0

E H 1 | 1 | | | 1

2 o 10 20 30 40
Time (min)

Figure 3.5Number of repeat units per PECY A represented as [PS] (circle), [PDVE
(square), anfPDVB:] (triangle) versus polymerization time that were calculated f
the respective contributions to the total aryl and vinyl concentration. The dashe
indicate fits using the analytical model of a series reaction for the polymeri:
kinetics.
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Table 3.3Calculation of the number of styrene and DVB repeat units polymerize:
PEOCTA from H-NMR analysis of soluble polymers precipitated at early reacti

times
reaction timet Mn,NMR
(min) | Aryl-H [Vinyl H [PS] [PDVBi [PDVB:] (g/mol)
0 0.0 0.0 0.0 0.0 0.0 0
5 12.8 1.0 1.8 0.8 0.1 300
15 24.0 1.7 2.7 2.1 0.5 600
25 51.3 3.0 7.0 2.9 1.3 1300
35 62.6 3.3 8.1 3.3 2.2 1600
45 66.9 3.5 8.0 3.5 3.2 1700
Table 3.4Rate constants obtained from fitting the data of Figure 3.5
constant value(x 10° min?) error (x 16 min?)
Ky 9.2 1.2
k2 27.8 7.0
ks 3.0 0.3

3.3.2 lonic Conductivity

Time-resolved conductivity data were acquired during the PIMS reaction for a sample
containing 21 vol% BMITFSI (Figure 3.6). Following initiation, the cortdaty quickly
decreases from the maximum obtained ofec&.mS/cm. The conductivity continues to
decrease monotonically fof 8 h before plateauing slightly below 3 mS/cm, with only an
overall factor of two reduction in conductivity. This plateau is iest with the
conductivity at 120 °C of a solid membrane prepared with equivalent composition (dash
dot line in Figure 3.6). Although the nominal ionic liquid concentration is equivalent, the
slight difference between the in situ evalue and the dastiot line is likely a combination

of sampleelectrode contact and small compositional differences between samples.
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Figure 3.6 In situ conductivity for a PE@D-P(Sco-DVB) sample prepared with 2
vol% BMITFSI. The dasidot line is the conductivity of arpviously measured soli
membrane of equivalent composition. The inset shows an expanded view
conductivity in the first 2 h.

The conductivity of charged speciagsn t he | i gui di isaduaction bfo n

ion diffusivity, Di, the squaref ion chargez, and the effective number of dissociated ions,
ni-27

G~0TaTle (3.5)

The decrease in ionic conductivity during the PIMS reaction (Figure 3.6) is the combined
result of change in these parameters and morphalogifects consequent to the formed
microstructure.

lon diffusivity is a strong function of the local friction imparted by the surrounding
medium. As the reaction proceeds, the local ion environment transitions from a
concentrated polymer solution (whe®eand DVB dilute the PEO chains) to PHEh
domains, eventually forming a conducting phase that is an approximately 50 vol% mixture
of PEO and BMITFSI. Within the PEO/IL domains, the rate of ion transport is comparable

mi

X
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to a bulk electrolyte of PEO homogaier and ionic liquid. The local relaxation dynamics
that determine BMITFSI migration are therefore expected to slow down over the course of
the reaction, as polymer segmental relaxation should decrease in a polymer melt relative
to a solvated mixture ofgbymer chains. Thus, we expect that some of the decrease in
conductivity is due to an increase in the viscosity of the medium and a corresponding
reduction inD;.

The charges of the constituent ions do not change during the reaction; however, the
fraction of dissociated ions (i.e., those that contribute to the measured current) will vary
with the local dielectric environment. For both styrene monomer and polystyrene, the
rel ati ve piscan?i5fapproximately half the value of PEO, for whiGhé
6.2° As the ions partition from a mixture of PEO + S/DVB in the homogeneous liquid to
PEOrich domains in the microphaseparated solid electrolyte, ions experience an
increase in the relative permittivity of the medium. Higher relative permittivaiyld lead
to an enrichment of dissociated ions. Thus, the decrease in ionic conductivity due to
reduction inD; is mitigated by an increase 1

The final factor influencing the conductivity of the electrolyte is microphase separation.
In the case oPIMS PEMSs,the emergent microstructure imposes additional resistance
through an increase in tortuosity, U, a g
average path ions must travel between electrodes in the nanostructured electrolyte relative
to that in a homogneous electrolyte of the same PEO/ionic liquid composition. In the
liquid precursor, there are no insulating barriers preventing direct ion migration between
the two electrodes, d9d= 1. In the microphasseparated solid PEM, however, ions must
migrate hrough tortuous conducting domains, decreasing the measured conductivity
because U > 1. % mansmission gnd ssanmniny elsctrow micrégraphs
provided direct visualization of the tortuous conducting channels in PIMS PEMs. Although
the vale of U was not directly <calcul ated, it
conductivity of the nanostructured PIMS PEMs relative to bulk, homopohpassd
el ectrolytes could be rationalized by assu
congstent with the work of Seo and Hillmy&twho studied a similar nanostructured PIMS
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system. The authors wused water and gas ¢tra
1.4 and 1.7, respectively. More generally, CusSleas noted that for transpat small

molecules in one phase of a disordered¢@atinuous composite, a physically reasonable
range o 8. InBumimary, the oBerall modest drop in conductivity during the PIMS
process is due to a reduction in the diffusivity of the ions andaease in the tortuosity

of the conducting paths. An increase in the fraction of dissociated ions due to localization

of the ionic liquid in the more polar PEO phase likely counteracts these effects to a small

extent.

3.3.3 Rheometry

Figure 3.7 shows isitu rheology data for PIMS PEMs containing 21 and 30 vol%
BMITFSI in comparison with a neat sample containing no BMITFSI. (Note that for the 30
vol% sample, the strain amplitude was purposely set too low to obtain reliable data at early
times € < 100 min to ensure that the sample remained inside the linear response regime as
the apparent gel point was approached.) In general, at early times, all samples exhibit a
predominantly liquidike response, wittGt > Gj. The dip inG within the first few
minutesoccurs because data collection began at room temperature, and the viscosity
decreased by approximately a factor of 3 (from 25 to 8 cP) as the sample was heated to 120

°C over the course of 80 s.
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Figure 3.7Evolution of the elastid', and viscousG", shear moduli measuredTagn

= 120 °C and an angular frequency of 10 rad/s. The concentration of BMI
increases from 0 (black), to 21 (red) and 30 (blue) vol%. Note that the magnitag
before the sharp upturn is likely not quantitativelgwaate; the raw phase angle 1
early time data was > 150°, suggesting that instrument inertial effects dominal

responsél

Following thermal equilibration, the viscosity monotonically incre@sess evidenced
by the increase iGxd consistent wh the predominantly linear growth of the R{&
DVB)-b-PEO diblock before a significant degree of crosslinking has occurred. During this
initial stage,Gj exhibits only a modest increase, as the sample response is dominated by
viscous dissipation. After swe time, however, the elastic response quickly grows,
beginning with a sharp upturn @. The rate of increase (Bj outpaces that db+, and the
subsequent crossover@f andGtindicates an apparent rheological transition from liguid
like to solidlike response. After the apparent gel poi@t, continues to increase and
eventually plateaus at a value of 0.1 GPa at 120 °C, as reported in our earliéf work.
However, the samples did not adhere to the rotating parallel plate after stifferidg to

values hove 1Gi 10* Pa, as evidenced by a drastic decrease in the instrument torque. As a
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result, the rheometer used for the in situ experiments could not be used to measure the
mechanical response at later stages of the polymerization.

As shown in Figure 3.7ncreasing the concentration of ionic liquid increases the time
required to reach the apparent gel poa< G¢). This increase in the time to gel is most
likely a dilution effect; that is, a result of the decreasing concentration of macre chain
transferagent (Table 3.1). In contrast to the time required to reach the apparent gel point,
the value of the modulus at the crossovesdndGxdoes not vary appreciably with ionic
liquid concentrationfor all samples, the modulus at the apparent gel poiqtiie low,

ranging from 2060 Pa.

3.3.4 Synchrotron SAXS

Figure 3.8 presents the results of in situ, tm@solved smalngle Xray scattering
(SAXS) for a PIMS PEM prepared with 21 vol% BMITFSI. Figure 3.9 shows thd raw
versusq scattering data for th composition, as well as neat samples for comparison. In
general, the scattering for both neat and ionic lignadtaining samples is characterized
by a single broad peak with a local maximum at a wavevector between 0.3 and 0.5 nm
One notable differase between neat and ionic ligeedntaining samples is the
development of a higher order peak late in the reaction when ionic liquid is present. We
have attributed this higher order peak to an increase in the structural correlation length,
although the miophaseseparated PIMS PEMs lack crystallographic symmetry.

The primary structure factor peaks were fit to a Lorentzian function to extract values
for the maximum in scattered intensity, located at wavevectgr. This primary structure
factor peak grars in intensity and shifts first to higher, and then loges the reaction
proceeds. Figure 3.8 reveals an exponential increakgefor the first 2 h of the PIMS
reaction, during whiclym becomes progressively smaller. The decreasgm iduring the
couse of the reactiod which corresponds to an increase in thgpacing of 2 nnd
could be explained by the combination of chain growth and chain stretching as the
segregation strength increases during the reaction. Presumably, the SAXS experiments

were teminated too early to observe a clear plateau in the valge tie experiment was



3 Evolution of Morphology, Modulus, and Conductivity in PIMS PEMs 70

discontinued upon observing a decrease in intensitgat 2  h most | i kel

sample degradation due to extended high intensity irradiation.

@ 25F
3
(@]
o
[h)
2 5+
&
=3
£

048

.“."..
_ 046 © ool
TE o °,.
c 044 QDO
= Bo)
T 042 % o
%O
040 | | ! | ! . e
0 05 10 15 20 25 30
Time (h)

Figure 3.8 Time-resolved evolution of the maximum scattered intensity,of the
primary structure factor peak located at wave vegtpfor a sample gepared with 21
vol% BMITFSI.
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Figure 3.9(a)i (d) Replicate in situ timeesolved small angle-Xay scattering data fc
samples prepared with 0 (left column) and 21 (right column) vol% BMITFSI.
traces are colecoded according to ROYGBIV, wherarty time data are red and la
time data are violet. The first and last collected traces are labeled with the tim
initiation atTwn = 120°C. The scattered intensity is on a common scale for all san
but was not reduced to absolute units. Thatamples with ionic liquid scatter cail
20 times stronger than neat samples. To show the relative change in intensity
the polymerization, traces were not shifted vertically.
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3.4 Discussion

3.4.1 Segregation Strength

As shown in Figures 8.and 3.9, the scattering profile develops a weak local maximum
within minutes of heating the liquid reaction mixture to 120 °C. This peak indicates the
growth of block polymer and, accordingly, can result from a number of phenadnena
including correlatio in the molecularly disordered growing block poly#iét or
microphase separation between globally disordered dorfrditese, we distinguish the
term microphase separation transition (MST), which charactesatepic compositional
fluctuations in a wmte of weako-intermediate segregation, from the ordesorder
transition (ODT), a thermodynamic transition to a periodic ordered phase as evidenced by
one or more sharp Bragg reflecticliVe have shown on the basis of real space images
that PIMS PEMsare ultimately arrested in a microphasgparated microstructure lacking
long-range periodic order. We therefore interpret the emergence of a scattering peak as the
onset of microphase separation between thecB{8VB) and PEO/IL domains. As the
P(Sco-DVB) block continues to grow off the PEOTA, the segregation strengdh the
product of an effective interaction paramet#r’, And the average volumetric degree of
polymerizationN & increases, both due to the increasing molar mass of the block polymer
and the increasing incompatibility of BMITFSI+PEO with the 4#(8DVB) block.
Previously, He et a’and Zhang et & have shown that an imidazoliubased ionic liquid
(EMITFSI) similar to BMITFSI is immiscible with polystyrene withO 3 k g/ mo |

There is a large literature exploring the effect of-dajping onc® ’, fas well as the
resulting microstructurg’3%43 Despite quantitative differences among these studies,
likely attributable to the different methods used to calcudatethe common lesson is that
doping one phase of a block polymer with salt results in a drastic increase in the interaction
parameterelative to the neat diblock. Furthermore, the effect of salt doping often pushes
the Topt outside the experimentally accessible window through substantive increases in

¢® T It is therefore not surprising that adding a strongly selective salt tdNt® eaction
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mixture induces microphase separation even wheithe growing block polymer is small
(see théH-NMR analysis).

The effective i fftwas @otdiéctycalcplaed tomtlectPESr | G
DVB)-b-PEO/BMITFSI system studied hereoWever, Simone et &t.reported scattering
data at 150 °C for lamellderming PSb-PEO/EMITFSI blends that can provide a
reasonabl e ®@she PiMBasyseem.fAs showa in Figure 3.10, Simone €t al.
measured the increasedrspacing with inpeased salt loading for four lamel&@ming
PSb-PEO/EMITFSI blends. Saltoping is analogous to blending diblocks with a selective
solvent** and increases thispacing both by simple volume addition to one phase and
by increasing chain stretchingthe interface. The concentration of EMITFSI was reported
in terms ofr, defined as the molar ratio of cations (EMio ethylene oxide (EO) repeat

units. An equivalent concentration in terms of volumetric units is given in Figure 3.10.

Linear extrapolatn of the four lamellaédorming data points was used in Figure
3.10(a) to estimate thibspacing of a hypothetical neat diblock, forwhith & 25 nm. T
relation between thé-s paci n°§i mntdhes strong segrhsgati on

10) was the used to determine the increase in the interaction parameter upon salt doping,

.21 kelative to that for a neat diblockg £ 6
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Figure 3.10(a) Lamellard-spacing at 150° C for RIEPEO/EMITFSI blends (ope
circles, data from refence4l and linear extrapolation to a hypothetical neat Q)

diblock (filled cirde). (b) Estimation of the effective interaction parametr,, fat 150
°C for PSb-PEO/EMITFSI as a function of salt loading,The filled square represen
a PIMS PEM with 21 overall vol% BMITFSI. The inset shows an expanded vie

the lowr data and the linear interpolation used to determfnkedf,the sample.

Zhu et al*” used the structure factor of the Randphase Approximation (RPA) to fit
the scattering profile of a disordered -BEO diblock and calculate the effective
interaction parameter of neat B$EO. Using a reference volume of 106, Ahe

temperature dependence.df! lis given by

. 8
meaY — X8tv pTm (3.7)
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The concentration of BMITFSI in PIMS electrolytes prepared with 21 overall vol%

correspondstod 0. 1; |l inear interpolationr=was useod
an increase in.¢ f &f 1.5 relative to the neat diblock§f £,0.043 at 150 °C), orS | £,

0.065. This value of.g | ik strictly valid at 150 °C, but because salt doping has a much
stronger effect on the interaction parameter than temperature, the factor of 1.5 increase in
.8 ftbrr = 0.1 is approximate at 120 °C.

Figure 3.11 is based on a simplified model for the evolution of segregation strength of
the growing diblock in the presence of BMITFSI. For a neat diblock, the combination of
6N and the volume fractior, of one of the bldcs defines the equilibrium morphology on
the classic phase portrdftOne of the challenges in modeling the PIMS system is the
concurrent dynami &N amfas the reexton poceeds.fFigureo3tlh 6
therefore makes important simplifying asgtions about the PIMS system. (i) The growth
of the P(Sco-DVB) block off a 5 kg/mol PEGCTA is modeled by calculating the value
o fNassuming a neat, linear diblock at discrete values of the molar mass of the polystyrene
block, Mps. In reality, the P(£0-DVB)-b-PEO diblock is growing in a monomer mixture
of S/IDVB. At 120 °C, the S/DVB mixture is effectively a neutral solvent and screens some
of the net repulsive interactions between-B¢DVB) and PEO. (ii) Relative to the neat,
linear diblock, the adtion of ionic liquid increases the magnitudesdf Hy a factor of 1.5.

We estimated this increase @ fusing the increase id-spacing with increasing ionic
liquid concentration in P8-PEO/EMITFSI electrolytes, adescribed above assuming
EMITFSI and BMITFSI exhibit similar thermodynamic imopatibility with
polystyrene!! the volume addition of the ionic liquid to the PEO phase is not accounted

for. (i) ( M), Was calculated using mean field theory, which ignores spontaneous

concentration fluctuations that exist in the disordered methe vicinity of theTopt. As

in the case of growing the diblock in a neutral solvent, fluctuations will screen net
unf avorabl e i nt erNaurcRgure hld(a) thé&réfare rapedent ansupperf 6
limit, as both the neutral solvent and fluctuatowill stabilize the disordered phase,

pushing( M), , ;higher than the mean field prediction.
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Figure 3.11Segregation strength, Nas a function of the molar mass of a polystyr
(PS) block growing from a 5 kg/mol PEO block. The top axis indgthe equivalen
volume fraction of the PS block calculated with a reference volume of 146 Abor

is the mean field prediction for segregation strength at the -oliderder transitior

temperature( M) 20 i&%he calculated segregatiorrestgth of a neat RB-PEO

neat

diblock at 120 °C, calculated using data from Zhu &t ai)! 2 © is'the segregatiol
strength with the addition of 21 overall vol% BMITFSI, calculated assur
1 ﬁ5; éQased on the analogous gystof PSb-PEOQ/EMITFSI. (b) Mean fielc

salTt®
prediction for theTopt as a function of PS molar mass for a neatoHEEO diblock

(open squares) and RSPEO/BMITFSI (filled squares).

Despite these simplifications, Figure 3.11 provides valuable insight int@ V&
reaction. In a sense, the time variable in the PIMS experiments is analogous to inverse
temperature for a diblock melt. Early in the reaction (or equivalently, high temperature for

a diblock melt) the diblock is disordered, and the local composiaanbe described by
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the mean field. In Figure 3.11(8) which recasts the segregation strength in terms of the
mean field prediction for th€oprd this correspondstoloMps wher e thMe val L

for both growing neat and salbped diblock is much lowehan( M), , ; As the reaction

progresses anlpsincreases]opr a n N in@ease, producing a thermodynamic drive to
develop concentration fluctuations. When Tgr is higher than the reaction temperature
(120 °C), there is a thermodynamic driveotder.

The segregation strength of the neat sample without ionic liquid is always much lower
than that of the sample with ionic liquid, consistent with the much later emergence of
scattering peaks in the reaction for the neat sample relative to the lgtedgee Figure
39.ForMpsO 4 kg/ mol , the segr eg aontaioingsampleis ngt h

larger than the estimateq M), , ; indicating a strong thermodynamic drive to order. If

the system were at equilibrium, the valudrgfat the crossover would place thbldck in

the lamellagorming region of the diblock phase portrait. It is worth noting that the
segregation strength of the neat diblock at 120 °C is always lowef tigy, ﬁeven fora

fully polymerized (and uncrosslinked) diblock. That is, eveallithe styrene monomer

were incorporated into the neat-BEO diblockd for whichMixda 16 k gfesdbo!l and
0.70 the system would be disordered. This is not surprising, asis ratherow (0.046

at 120 °C)Y' requiring a relatively high clmeical degree of polymerization (> 300) to place
PSb-PEO inside the ordered window at 120 °C.

3.4.2 Morphology

The morphology of PIMS PEMs is a microphasparated stat@ithout long-range
order, reminiscent of the fluctuationduced, disordered bicontious structure known to
exist in neat diblock melts in the vicinity of tAiepr.*®4° The connectivity of the diblock
restricts the compositional heterogeneity to length scales of order of the radius of gyration,
Ry. It is likely that the longange doman continuity observed in PIMS PEMSs is a direct
result of arresting (via chemical crosslinking) a similar disordered network structure prior
to an ODTS%52
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To illustrate that the PIMS strategy kinetically arrests a disordered, bicontinuous
morphology priorto ordering, samples were prepared while varying the mole fraction of
the crosslinking agent (DVB) in the monomer mixture from 0 (pure styrene) to 100 mol%
(pure DVB) at fixed concentrations of PECIA and BMITFSI, respectively 25 and 21
vol%. Figure 3.1fa) shows SAXS data of the electrolytes prepared, noting the DVB
concentration routinely used in this work is 20 mol%. Samples prepared with DVB
concentrations between 10 and 100 mol% exhibit a broad primary peak. At moderate
concentrations of DVB, the pniary peak is accompanied by a relatively weak higher order
correlation peak, a scattering signature signifying greater structural coherence of the
compositionally heterogeneous microstructure.

Temperature (°C)
150 100 80 60 40
T T I T I

0 20 mol% DVB

100 (A) r ;@ A 100 mol% DVB
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Figure 3.12(a) SAXS data for samples prepared with Snkgj/ PEOCTA, 21 vol%
BMITFSI, and S/DVB, with varying concentration of DVB. Note that the rad
initiator AIBN was not used in the preparation of these samples. Reduced cros
content leads to materials exhibiting Brddg diffraction and longrange order. (b)
Temperaturelependent conductivity as a function of DVB concentration. Error
represent one standard deviation based on three or more samples.

In contrast, samples prepared with 5 mol% DVB or less exhibit relatively sharp Bragg
peaks, gggesting some degree of lerange, periodic order. The higher order reflections
do not appear to correspond to any of the common equilibrium morphologies (lamellae,
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BCC spheres, HCP cylinders, gyroid) for neat diblocks. However, with the exception of
thelinear diblock (i.e., the 0 mol% DVB sample), chemical crosslinking likely prevents
relaxation to morphological equilibrium. Nevertheless, Figure 3.12(a) demonstrates that
the PIMS reaction mixture &n routeto an ordeidisorder transition into a stateth long-

range periodic order, and some threshold concentration of crosslinking agent is required to
prevent the growing diblock from undergoing a transition from a disordered network to an
ordered morphology.

From the viewpoint of the resulting membra®formance, trapping the bicontinuous
network structure prior to the ordering of we#gregated domains is critically important,
as illustrated by the conductivity experiment in Figure 3.12(b). At equal concentrations of
ionic liquid, the conductivitiesef samples prepared without DVB and with 100 mol% DVB
are approximately a factor of 10 lower than a sample prepared with 20 mol% DVB. As we
previously reported, the conductivity of the sample prepared with 20 mol% DVB achieves
the theoretical maximum, bed on volume fraction and geometric arguments. The
reduction in conductivity in the 0 mol% DVB sample therefore implies loss oframge
continuity of the conducting pathways. Alternatively, the lower conductivity of the 100
mol% DVB sample and a coingidy attenuation of the secondary shoulder observed via
SAXS (Figure 3.12(a)) suggest that early onset of extensive crosslinking and gelation may
produce broad interfaces that hinder ion diffusi@ity.

The result for the 0 mol% DVB sample is qualitativsignilar to a recent report by
Chintapalli et al2! who showed that the conductivity of LITFSI in a nearly symmetric PS
b-PEO diblock decreased after the polymer underwent an ordering transition from a
disordered, caontinuous network into isotropicallyriented grains of lamellae. Although
the authors interpreted their results in the context of diffusion resistance at grain
boundaries, the important similarity with our work appears to be a loss in continuity of the
conducting channels in electrolytesttieahibit an ordered microstructure. Unfortunately,
attempts to obtain TEM micrographs to illustrate this lack of continuity were unavailing.
The exceptionally soft mixture of ionic liquid and polymer was easily manipulated and
flowed at high temperaturesjgnifying a concomitant loss of mechanical integrity and
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conductivity. The PIMS strategy therefore presents a unique opportunity to increase both

the mechanical properties and conductivity of a PEM simultaneously.

3.4.3 Overall PIMS Mechanism

The PIMS pocess is characterized by a competition between polymerization
(crosslinking) and ordering. Consequently, several outcomes following reaction of the
PIMS mixture can be envisioned: (i) macrophase separation; (ii)) homogenous gelation of
the mixture; (iii)long-range ordering of a swollen block polymer; and (iv) a bicontinuous
nanostructure with high conductivity and modulus. Therefore, we examine the in situ data
in an attempt to discern the relative and critical timescales that restrict the outcome to the
desired fourth possibility, thereby maximizing electrolyte performamiigure 3.13
summarizes the results of the four in situ, tirasolved experiment® SAXS,
conductivity, reaction kinetics, and rheolagyfollowing the course of the PIMS reaction.

From each experiment, a characteristic timescale is extracted, denoted in Figure 3.13 by a
dashdot line and summarized in Table 3Within minutes of initiation, the presence of

ionic liquid induces microphase separation, i.e., strong, isotropic compasition
fluctuations, evidenced by the emergence of the structure factor peak in the SAXS data.
Increases in scattering intensity during the reaction reflect increases in the amplitude of the
fluctuations, growing at a rate determined by chemical reactionidsrextd the effective
mutual diffusion coefficient of the growing dibloék>® This is consistent with an increase

in local enrichment as the segregation strength increases with diblock growth and ionic
liquid partitioning to the PEO domains. The decraasg, indicates growth of the size of

the block polymer and the preferred lengthscale of heterogeneity. The scattering intensity
and preferred lengthscale appear to saturatéat 2. 5 h, indicating a
structure. This could be the result of either (i) an ODT to a lamellar phase, or (ii) gelation
(in this case, gelation of one microphase). Through the following discussion, we establish

the latter as the predomimamechanism.
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Figure 3.13 Comparison of (a) SAXS, (b) conductivity, (c) mass yield, and
rheology in situ experiments for a sample prepared with 21 vol% BMITR$.the
maximum scattered intensity of the structure factor peak at wave gectohe solid
black lines in panel (b) were used to determine time at which conductivity pla
The daskdot lines indicate the characteristic timescale associated with
experiment.
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Table 3.5Characteristic timescales associat
with thein situexperiments in Figure 3.13

experiment characteristic timescalg,

(h)
SAXS 0.08
conductivity 3.5
kinetics 1.08
rheology 1.65
Atta 1 h, the sharp increase in mass yield

of crosslinked polymer, coraes well with an upturn ij. The onset of the decrease in
conductivity also begins at approximately 1 h, likely resulting from increases in the local
viscosity concurrent with floc formatiorShortly thereafter, this increase in the elastic
modulus isfollowed by the apparent gel pointtad 1. 7 h. I't i s Iimporta
block polymer forns long-range domains prior to the rheological gel point, as most
individual chains would not be able to rearrange after gelation. Although it is worth noting
that the crossover db; and G#might not represent a true rheological gel point, as the
experiment was performed at a fixed frequency (10 rad/s), it is clear from the mass yield
data that microphase separation precedes gelation. As discussed above, shortly after the
apparent rheological ggloint, the SAXS peak intensity and the peak position saturate,
indicative of the arrest of all loaginge structural rearrangements.

Over the course ofid h, the conductivity exhibits a gradual, continuous decrease from
that of the liquid precursor at 12Q to its plateau at approximately 3 mS/cm. The decrease
in conductivity at early times is most likely a result of the increase in local viscosity and
concomitant decrease in diffusivity of the ionic liquid. The ionic liquid remains relatively
homogeneoug distributed for some amount of time before ultimately segregating to the
PEO domains, so ions experience an increase in viscosity as the polystyrene block grows.
The final value of conductivity reflects a combination of the local viscosity of the PEO
ervironment and the tortuosity of the conducting pathways. Therefore, conductivity is
perhaps the most informative experiment to probe formation of the disordered, co

continuous network structure. The conductivity reaches its plateau value at a reaction time
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of 3i 4 h, suggesting that this is the timescale for full development of the PEO/IL domains
in terms of composition. The fact that the conductivity decreases by only a nominal factor
of two without discontinuity over the course of the PIMS reaction inglic@} longrange
continuity of the conducting domain is always present, which supports the conclusion that
there is no loss of domain continuity associated with an ODT, and (ii) gelation, which
would slow ion transport, occurs predominately in the insggthase.

In general, the data elucidates the growth of ad&BVB)-b-PEO diblock forming
an isotropic, bicontinuous network after the onset of microphase separation early in the
reaction. The estimated valuesadf during the reaction indicate that the electrolyte does
not pass through the ordéisorder transition prior to gelation, although there is significant
uncertainty in the estimated valuedf. [n addition, we observe no experimental evidence
(i.e., a discontinuous increase in intensity and/or sharp, higher order Bragg peaks) to
suggest an ODT. For this reastdrRIMS PEMs do pass through the ODT, the morphology
is due to persistent compositional fluctuations of the disordered state and chemical
crosslinking prior to nucleation of the ordered phase. For example, Sakamot€t al.
studied the ordering kinetics of a nearly symmetric poly(styrbrmly(isoprene) diblock
when quenched from a disordered melt to belowTids. The authors provided rdict
visualization (via TEM) of samples quenched from the disordered state, which revealed an
isotropic network morphology similar to that observed in solid, microphase separated
PIMS PEMs. This disordered network structure persisted for a period of time a
temperatures slightly below th&pr, until the equilibrium lamellar morphology had
sufficient time to nucleate and grow. It is plausible that chemical crosslinking in PIMS
PEMs prevents nucleation and growth of the equilibrium, well ordered morphology.

Alternatively, if gelation occurs prior to crossover of the ODT, but within the
fluctuation regime, it requires that the domains are defined and maintaiwralogeg
continuity prior to ordering. This wvyul d
reported by Lee et at® in which the authors studied a nearly symmetric poly¢1,4
isoprene)o-poly(lactide) diblock, and showed that the amplitude of fluctuations does not

change through th&opr. Instead, the authors offer a physical interpretatiache@fODT as
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retention of high domain purity through the transition, and an ordering process that simply
corresponds to a rearrangement of the interfaces between domains. Although that particular
diblock was not amenable to real space imaging, the heatifiowordering was consistent
with a transition from domains with hyperbolic interfaces (consistent with a disordered
network) to the flat interfaces characteristic of the equilibrium lamellar morphology.
Previously, Yamamoto et alalso studied polymezationinduced phase separation of
a system with block architecture, via growthNyN-dimethylacrylamide off a telechelic
poly(dimethylsiloxane). These authors similarly observed an exponential increase in
scattering intensity while the diblock grew inn@nomer mixture, and interpreted this
observation as evidence that the system underwent phase separation via spinodal
decomposition. Although it is true that models for spinodal decompdSifiopredict
scattering signatures such as an exponential isen@antensity and a transient, preferred
wavelength of composition fluctuations, observation of these phenomena does not
necessarily imply that spinodal decomposition is the operative mech&@eseral studies
have likened the seffimilar structure olesved in the fluctuating, disordered state of block
polymers to the latstage spinodal patterns of binary mixtut2€however,n contrast to
spinodal decomposition, where the characteristic wavelength ultimately diverges to
infinity, the characteristilength scale of PIMS PEMs is closely tied to that of the diblock.
The average cent¢o-center distance for the domains of PIMS PEMs is betweéh6l3
nm. The unperturbed radius of gyrati&y, of a linear P$-PEO diblocki takingNad 20 0
and a statistial segment lengtHy, of 0.6 nmi is ca. 4 nm. However, chains will be
stretched relative to a random coil at the interface, so locally,dtbgacing can
approximate that of lamellae. Using the relation developed by L#bterthe d-spacing
in the wed segregation limit (WSL) and the estimateRgf the measfield WSL predicts
d* & R3& 2133 nm, i n agr e ecspaning® e daltulatiomsaggests a s ur e
that the 1816 nm size scale is the result of chain stretching of a perturbed diblock across
a domain interface. Furthermore, in our system the time scale for saluetwlution,

which is closely tied to polymerization kinetics, is much slower (i.e., hours) than the
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timescale for molecular motion on the 10 nm lengthscale; thus spinodal decomposition is

likely not playing a role in this system.

3.5Conclusions

Long-range continuity of both the ieconducting and high modulus domains is
critical to maximizing the composite properties of block polymer electrolytes. We
performed a series of in situ, timnesolved experimen® smallangle Xray scattering,
conductivity,rheology, and kineticd to study structural development during the PIMS
reaction for samples prepared with the ionic liquid BMITFSI. It appears that the network
morphology is a direct result of concentration fluctuations in the reaction medium due to
the increasing segregation strength of the growing diblock. These results highlight the
delicate balance required to form the desired bicontinuous network morphology during the
PIMS reaction: gelation must occur after the domains achieve high purity (to avoid
detrimental interfacial effects), but prior to ordering, which could result in a loss of domain
continuity. In terms of membrane performance, it is worth noting that while the
conductivity decreases by only a factor of two over the course of the PIM®mnedice
modulus increases by many orders of magnitude, from that of a low viscosity liquid to 0.1
GPa. This remarkable result is a direct consequence of the maintenance of tfaad¢Eng
continuity of the disordered, network morphologye PIMS strategyherefore enables
the substantial independent tuning of the mechanical properties and the conductivity of

polymer electrolytes.
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Chapter 4

Crosslinked Nanoporous Polymer Monoliths from Polymerizalimmiuced

Microphase Separation

In this chapter the synthetic strategy of polymerizatimluced microphase separation
is extended to thpreparation of mesoporous crosslinked polymer monoliths from the bulk
polymerization of styrene and DVB in the presence of macieent@r PLACTA. The
morphology and porasi of the crosslinked matrix are characterized through a combination
of smallangle xray scattering, scanning electron microscopy and nitrogen sorption.
Variation of the crosslinkeilo-monomer ratio, temperature, molar mass of the €A
and choice of DVB isomesire shown to strongly influence the porous properties of the

matrix.
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4.1 Introduction

Porous polymerare highly valued materiala separations, catalysis, i@xchange,
and templating:? Although inorganic porous media, such as metal oxides or’silibave
shown longstanding utility, porous orgamiclymers engender unaled opportunies to
tune porosity surface chemistry, structure, and properties through material design and
myriad preparative strategieSuch diverse applicatioonan leveragehe processibility,
mechanicaintegrity, and versatilsurface functionalt and compositiorafforded byan
organic framework.

Block polymers naturally form materials structured on the nanometer length scale due
to the covalent connectivity of incompatible segménisiloring the minority block to
exploit selective chemical dhermal degradation techniques can convertasdembled
periodic nanostructures {800 nm) to weHlordered matrices of nanopofesiowever,
block polymer materials producing a percolating pore structure and a continuous matrix
structure (i.e., bicontinugs structures) are fe(?. Typically, the longrange order needed
for pore accessibility is achieved by employing a macroscopic alignment procedure, such
as shear aligning or extrusiéht? In addition, limited pore stability in thermally or
chemically clallenging environments requires the ppetymerization introduction of
crosslinks within the matrix to form a robust thermoset, but thesgpbstherization steps
can become synthetically cumbersoth&:

Alternative routes to porous materials haveeckbn facile free radical chemistries that
deliver a permanent pore structure by crosslinking solids if%itun suchelaborations
a homogeneous monomer mixture containing large quantities of crosslinking agent and a
nonreactiveliluent, e.g. a polgner or solventis reacted in a conduit or molSimultaneous
crosslinking and copolymerization lead to phase separatioanoincipient polymer
network. After removal of the solveat macromolecular porogemacroporeg¢> 50 nm)
are found within a thredimensional inteadhered globule morphology fixed via
crosslinking.Well-developed empiricisms by Svec and Frettétand otherg?2 have

enabled the porosity and pore size distribution to be predictably wsied syntheic
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variables such as the geht (diluent) quality and amount, crossliniteirmonomerratio,
initiator concentration, and polymerization temperature.

In a new approactSeo and Hillmye¥ combined the facile preparative methods of
monolithic macropores with block copolymer saffsenbly in a synthetic route generating
a robust bicontinuous network of mesopores. The chemistry as highlighted in Scheme 1
utilizes an initially homogeneous liquid reaction precursor comprising a polylactide
macromolecular chain transfer agent (PRCAA) in a multifunctional monomer mixture
of styrene and divinylbenzene (DVB). Following thermal initiation, a¢®VB) block
grows from the PLACTA via reversible addition fragmentation chain transfer (RAFT)
polymerization, generating llock polymerarchitectire in situ. As theolymerization
proceedscrosslinking prevents the coarsening of locally segregated domains of PLA and
polystyrene, retaining a microphaseparated morphology. Subsequeydrolysis of the
PLA block produces a porous monolith of inamoected voids.

The development of mesoscopic structure in this pramsed polymerizatioinduced
microphase separation (PIMS) relies on the kinetic competition of block polymer ordering
andthe gelatiorof a network within a single domainavous paameters of the reaction,
such as temperature, monorteicrosslinker ratio, and molar mass of #ieA CTA can
potentially control the morphology of the monolith and the resulting porous properties.
Thischapter presents tipeeliminaryresults that probandexploitreaction parameters that
control the porosity of PIMS monoliths during their preparatf®orous monoliths were
characterized in the dry state by SEM imaging, nitrogen sorption, and-amys! xray
scattering. We find that simple variation thfe reaction temperature and the relative
composition of monofunctional and difunctional monomrexturescan offer additional
control overthe resulting surface area and pore size distributionssélltonvenient
synthetic manipulatioss help elucidate thdundamental contréhg parametersfor

mesopoous and hierarchical pore structures formed uBiiwS 242°
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Scheme 4.1Synthetic route to porous polymer monolith via polymerizatrmuced
microphase separation.

0.5 M NaOH )\/r
H,0/MeOH, 70 °C

)"L‘( Porous Monalith

4.2. Experimental Procedures a@taracterization

4.2.1 Materials

All reagents were purchased from Sigma Aldrich and used as received unless otherwise
noted. Styrene (O 99%, s ttechnical gradescdnsistiagrofd d i v
56% m-DVB, 24% p-DVB and 20% ethylstyreneavere filtered over basic alumina prior
to use. Toluene was passed through a hbuike solvent system comprising columns of
activated alumina and molecular sievésobisisobutryonitrile (AIBN) (98%) was
recrystallized from methanol and dried under vacugf)-lactide was provided by

Altasorb, stored under axldtmosphere and used as received.

4.2.2 Synthesis gbara-divinylbenzene p-DVB)

Preparation of th@-DVB isomer followed a previously reported procedure utilizing
the Wittig reaction of the corresponding aldehstlender argon, potassiutart-butoxide
(21.3 g, 190.2 mmol) and methyltriphenylphosphonium bromide (641832 mmol)
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were mixed to readily form the ylide as a bright neon yellow solution in dry atHéom
temperature The reaction wasthen cooled to 0 °C and stirred for 25 min.
Terephthalaldehyde (12.0 g, 89.5 mmol) was dissolved in 100 mL of dry THF aed add
dropwise over 25 min as the solution turned to a deep royal blue. The reaction was allowed
to warm to room temperature and stirred for 2h. The resulting purple mixture was poured
into a separation funnel containing 300 mL of water, and the organic fuvesed from

the addition of diethyl ether was removed. The water phase was washed three times with
n-hexane. The organic portions were combined, washed with brine and dried over
anhydrous magnesium sulfat€he mixture was rotovapped and then distilledden
vacuum at 40 °C The final product solidified on standing (2.57 g, 22%)-NMR (500

MHz; CDChk): ti 7.37 (s, 4Hj CsHai ), 6.70 (ddJ=11.0 and 17.7 Hz, H, GHCHi ), 5.75
(d,J=17.4 Hz, 2H, cisCHH=CHTI), 5.24 (d,J=11.0 Hz, 2H, tran€HH=CHI ).

4.2.3 Synthesis of polylactide maecbain transfer agent (PLETA)

The synthesis of hydroxyerminatedpolylactide was carried out according to a
previously reported proceduteBr i ef | y, benzyl alcohol (anhy
mmol) and triethylaluminum catalyst (0.54 mL, 1.0 M in hexanes) were mixed in toluene
(105 mL) and stirred in a pressuressel overnight under inert atmosphe(e)-lactide
(15.05 g) was added, and the sealed vessel was heated in an oil bath at 90 °C for 2.6 h. The
reaction was quenched with the addition of ca. 4 mL of 1 M HCI and isolated following
precipitation in methaol and reprecipitation in hexanes (8.95 g PLA, 78 % conversion,

60 % yield).

(9-1-dodecy}(S)-( U-ditmedpytU rgcetic acid) trithiocarbonate, the chain transfer
agent (CTA), was synthesized as previously repcit@tie esterification of the CTA (2.7
eg and hydroxyl terminus of the PLA followed the generation of the acid chloride
intermediatethrough reaction with oxalyl chloride (98%, 4e@) in dichloromethané!
Quantitative endunctionalization was assessed usthtjNMR endgroup analysis and
SEC analysis of linear, low dispersity PIAPS block polymers produced in the bulk

polymerizationof styrene monomer (120 °C, 5 h) using RCAA as the macroinitiator.
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4.2.4 Synthesis of nanoporous polymer monoliths

The fourPLA-CTAs usedin this studyto initiate the copolymerization of styrene and
divinylbenzene(DVB) in the presence of AlIBNare described in Table 4.1Polymer
monoliths were prepared by dissolution of RCAA in a single dram vial (ca. 2 mL) in a
mixture of styrene and DVB previously prepared at a specified relative concentration.
Following dissolution, AIBN (0.4 molar equivalertts PLA-CTA) was added as a 2 wt%
solution in toluene. Reactions proceeded #0oR48 hin vials sealed with electrical tape
and stirred in an oil bath at temperatures of 120 or 60e¥pectivelywithout degassing.
Monoliths produced were obtainedieensparent yellow solids, unless otherwise indicated,
and dried under reduced pressure for ~20 h. Monoliths were etched in a 0.5 M NaOH
solution in 6/4 water/methanol (v/v) sealed within polypropylene bottles and heated for 3
d at 70 °C. Etched monolithsere well rinsed with water and methanol. The resulting
porous monoliths were generalivansparensolids. Complete removal of the PLA was
confirmed by gravimetric analysis and IR spectroscopgcause there is no simple or
unambiguous method to determitine real crosslink ratio of the network, each monolith is
referred to by the nominal molar content of technical grade DVB in the monomer feed
unless otherwise specified.

Table 4.1Molecular characterization of PL-&TA precursors

Precursdt  Mn, nwr (Kg/mol)®  Mn sec(kg/molf  Mm, sec(kg/molf  n°®

PLA-CTA-8 6.0 8.0 9.0 1.21
PLA-CTA-18 22 18 19 1.02
PLA-CTA-19 19 19 20 1.02
PLA-CTA-35 38 34 36 1.04

3PLA-CTA-X corresponds to the PLAETA of numberaverage molar mass X kg/mol as determined by SEC
light scattering analysi8Numberaverage molamass of PLA calculated frofid NMR spectroscopy based

on the relative integratioof the methine proton of the PLA backbone at 5.2 ppm and the aromatic protons
of the benzyl alcohol initiator. “Absolute molarmass and dispersity were determined using SEC
chromatography and laser light scattering analysis (dn/dc = 0.0499nL g

4.2.5 Instrumentation
Solution state'H nuclear magnetic resonance (NMB)ectra were recorded on a

Bruker Avance Ill HD 500 MHz spectrometer. Chemical shifts are reported iardead
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chloroform and downfield relative to tetramethylsilane (TMS) at 0.0 ppm. Size exclusion
chromatography (SEC) was performed in tetrahydrofuran (25 °C, 1 mL/min) using an
Agilent 1260 Infinity liquid chromatograph equipped with three Waters Styraéel H
columns, a Wyatt DAWN Heleos Il 18ngle laser light scattering detector, and a Wyatt
OPTILAB T-rEX refractive index detector. Absolute molar mass of PLA precursors was
determined using laser light scattering analysis (dn/dc = 0.049 sfT/germogravinetric
analysis (TGA) was performed on a T@struments Q500 under nitrogen atmosphere at a
heating rate of 10 °C/min with typical sam@ize of 1015 mg. Differential scanning
calorimetry (DSC) experiments were performed on a TA Instruments Discovery DSC.
Heating and cooling ramps were applied at 10 °C/min to samples@frdg sealed in
aluminum hermetic zero pans. Glass transition temperatufigsWere estimated on the
second heating. Smadhgle Xxray scattering (SAXS) data was acquired at the BOWT
(5-ID-D beamline) at the Advanced Photon Source (APS) located at the Argonne National
Laboratory (Argonne, IL). Twalimensional SAXS patterns were collected on a Mar CCD
area detector exposed using a wavelength 2293A and a sampko-detector distace

of 3968 or 5680nm. Samples were exposed without prior annealing at room temperature
and adhered to the sample stage using Kapton tape. Azimuthal integration eDthe 2
patterns provided the oftitmensional form of intensity as a function of the scaite
vector,q, whereq=  (a¥sin(@?2) (dis the scattering angle amés the Xray wavelength).
Scanning electron microscopy data was acquired on a HitaEr&cold FEGSEM using

an accelerating voltage of 3 kV and the upper secondary electraodeamples were
cryo-fractured and sputter coated with c& m of Pt prior to imaging. Nitrogen sorption
isotherms were obtained on a Quantachrome AutosofeM® at liquid nitrogen
temperature (77 K). Samples were degassed for 20 h at room tempgydatr to
measurement using a turbomolecular pump. Specific areas were obtained from BET
analysis of the absorption brangipp = 0.050.35)2° Total specific pore volumes were
determined from the distinct plateau at high relative presspfpoat 0.9%. Mesopore size
distributions were estimated using a quenched solid density functional theory (QSDFT)
kernel for the adsorption branch of nitrogen on carbon using a cylindrical pore ¥hodel.



4 Crosslinked Nanoporouolymer Monoliths 97

4 3 Resultsand Discussion

4.3.1 Crosslinker Content

Whereas ntrophaseseparated states of a diblock copolymer at equilibrium primarily
depend on the volume fractiohand t he segregatN whmeresigar engt h
measure of the incompatibility of the two blocks &hid the degree of polymerization, the
PIMS morphology results from a kinetic competition between crosslinkinghardphase
separation. Monolithormed using PIMS at compositions containing 20 mol% DVB have
been previously shown to produce a disorderedactinuousmorphology attributedto
the covalent arrestg of a block polymer fluctuating in the disordered st&t&'32The
premise of PIMS mplies that should the polymerization proceedthe absence of
crosslinkera periodic ordered phawall nucleate athe systems crosses the ordesorder
transition due to concurrent increasedNifrom theN of the PLA blockandf of styrene
from 0. Conversely, monomer mixtures containing larger quantities of DVB (> 20 mol%)
may prematurely crosslink, arresting a spatially homogeneous structure prior to
microphase separation that generates no pore structure.

The SAXS data of Figure 4.l1a illustrate tdependence of the PIMS monolith
morphology on the crosslinkéo-monomer ratio.Sampleswere prepared at fixed
concentration of PLACTA-18 (32 + 2 wt%)while varying the mole fraction of the
crosslinking agent (DVB) in the monomigom 0 (pure styrene) th00 mo® (technical
gradeDVB). Monolithsof O 2 mol % DVB exhi bit di stincti
scattering maxima aj/g* = 1, 2, 3, 4 consistent with a lamellar microstructétghough
a cylindrical morphology is expected for block polymersfafh a 0. 3, ter min;
reactions at high conversion may lead to increased molar mass dispersity that shifts the
lamellar phase window to higher compositions of the disperse Bloltk.contrast,
compositions at O 5 mol % D&l sdatedny magximum odi c
that is characteristic of a disordered, micropksegarated state with structural
heterogeneities between 20 and 27 nmmaiderate crosslinker compositions of-40
mol% DVB, aweak higherordermaximum at/gq*  dsign#fies a grater extent of local

order3* However, broadening of the primary peak aswincident attenuation of the
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secondary shouldexs the DVB concentration is increased further (> 40 maldggest
that extensive crosslinkingt low segregation strength (at loM) may preclude the
development of a steep compositional profile and-defined interface; the decrease of
the Porod exponent from ca. 4 to 3 as the DVB content increases from 20 to 100 mol%
further supports the transition from a flat and sharp interfaceéothat is rough and
diffuse3®

Treatment of the monolith with basic solution at 70 °C results in hydrolytic degradation
of the PLA domain within 3 d, generating a porous structure that retains the structural
heterogeneities of the unetched materialfaa mp | es cont ai ni ng O5
4.1b).Notably,the scattering pattern of the etched 2 mol% sample may suggest that below
somecritical crosslink density partial pomllapsecan be induced at temperatures below
the glass transition temperature bfilk polystyrene, a result common to lamellar

microstructures®-37

mdc



4 Crosslinked Nanoporouolymer Monoliths 99

I J I ! I ! I ! I ! ! I ! I ! I ! I ! I
9 9 _
10 10 mol% DVB
10° 10° 100
7 7
:@ 10 10
5 10° 10°
é 5 5
& 10 10
2 10 10
2
2 10° 10°
E 2 2
10 10
10" 10’
ol (a o 0 _
10 I(I)E I 1 I L I L I L 10 L I L I L I L I 1 I L
02 04 06 08 10 12 02 04 06 08 10 12
-1
g (nm )

Figure 4.1Small angle xray scattering of monolithsreparedsia PIMS fromPLA-CTA-
18 (a) before and (b) after etching of the PlQurves have been vertically shifted {
clarity. The crosslinking agent DVPBrevents nucleation of an ordered phase retaining
cocontinuity of the disordered, microphasaparated state. High crosslink densities (>
mol% DVB samples) show reduction in the local order with the suppressioa bigiher
order correlation peak afg* ASAXS data has not yet been obtained for the etch
mol% DVB sample.

Nitrogen sorption isotherms at 77 K of the etched sample series are shown in Figure
4.2. The specific surface area of each sample detedmisi|mg theBrunauerfEmmett
Teller (BET) method is indicatetf Although mrrect aalysis of the pore size distribution
requires careful consideration of the model assumptisesl to interpret the isotherm,
known qualitative correlations between the shap¢he hysteresis loop and mesoporous
features carsuggest changes in pore structure as the crosslinker content is varied. The
isotherm ofthe 2 mol% DVB sample exhibits type H3 hysteresis indicative ofsslgped
poresconsistent witlthe notion of parial collapse of lamellasuggested fronSAXS 3839
Conversely, samples of >5 mol% DVB show a comparable isotherm shape and a well

defined H2 hysteresis indicative of disordered mesopores. Additionally, the gradual rise of
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the adsorption branch at loweragVe pressures evinces a broad distribution of smaller
pores as DVB concentration is increased for samples of 40 and 100 mol% DVB. Although
the initial volume of PLA in the crosslinked monoliths is approximately constant (0.38
mL/g, based on the densityBLA, } pLa = 1.25 g/mL), greater crosslink densities result in

more nitrogen absorbed at high relative pressure; according to the summarized data of
Table 4.2, for all samples O 40 mol %, the
volume and reaad a maximum of 0.54 mL/g in the 100 mol% DVB sample. This pore
volume can not be accounted for by the presence of ethylstyrene in commercial DVB, and
furthermore, near closure of the lgwessure hysteresis loop for the samples of highest
DVB content suggsts that matrix swelling oraNlissolution within the polymeric walls

cannot account for this excess volufhé?



4 Crosslinked Nanoporouolymer Monoliths 101

40— 77— 1 7 40T 7T 11
40 mol% DVB

100 mol% DVB

300 503m’g" 300

200 - 200

100 - 100

OH } } } } } OH } } t t }
300 | - 300} -
20 mol% DVB 10 mol% DVB
250 229m°g" 250 475m’g”

200 200

150 150 -

100 100

50 50

oH } } } } } OH } } : : }

2501~ 0 3 40 - 0, -
5 mol% DVB 2 mol% DVB

2 1

13m g

Volume Adsorbed (c:m3 g'1 STP)

200F 119 m2 g-1

150 [ .

100 - .

50 - -

relative pressure p/p,

Figure 4.2 Nitrogen sorption isotherms obtained under adsorptipn (and de s
for monoliths prepared using PEBTA-18 and various compositions of tl
styrene/divinylbenzene monomer mixture expressed as mol% DWBBET specific
surface areas are indicated.
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Table 4.2Porous characteristics of samplesgared using precursor PEBTA-18
DVB content (mol%) Weia  SAsger (m?g) Vp°@ (cmPlg) Pore mode (nm

100 0.32 503 0.54 6.8
80 0.32 392 0.42 6.8
40 0.32 349 0.42 7.1
20 0.30 229 0.38 8.1
10 0.32 175 0.39 9.6
5 0.32 119 0.37 11.8
2 0.31 13 - -
0 0.3 - - -

In disordered porous materials, a convolution of effects may prevent evaporation from
occurring at equilibrium, such as adsorbate metastability, pore blocking, network
percolation, and cavitation, and thus the desorption branch shape and prettomes
uncorrelated to pore siZé@ We therefore chose to fit experimental adsorption isotherms
using a kernel for cylindrical pores obtained ugjongnched solid density functional theory
(QSDFT)to calculate the pore size distribution (PSD). Althougmmonly employed in
the literature, we avoided the use of macroscopic models like the BayretrHaleda
(BJH) method in our analysis as such models have been shown to significantly
underestimate pore siz&3°The resulting PSDs are shown in Figure Z18e average pore
size decreases and the distribution becomes multimodal as the crosslinker content is
increased; a result consistent with the substantial increases in specific surface area obtained
from BET analysis. Variation of the DVB content fihees the largest mode of the
distribution, likely attributable to the voided -continuous channels resulting from the
removal of the PLA domain, but high crosslink deesgi ( © 40 mol %)- al so
structural voids that approach the microporous lengthscale (< 2 nm). It is unlikely that PLA
removal is linked to the generation of these small mesopores because the total pore volume
exceeds the original PLA volume as daetmed using TGA and gravimetric analysis after

etching.
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Figure 4.3Mesopore size distributions based on QSDFT analysis of the adsorption |
of monoliths prepared from O 5 mol % C

Scanning electron micrographsigéres 4.4eb and 4.5&) show that samples with
crosslinker contents of 10 and 20 mol% comprise a porous skeleton of elongated and
interlaced globules. As the crosslinker content exceeds 40 mol% (Figuresahdat.5¢
d), the mesoporous voids shrinkamnmorphology of compact serspherical nodules his
is consistent with theorption measurements of the high DVB content samples in which
the larger surface areas indicated smaller globules and pores. The concomitant broadening
of the PSD and excess par@ume suggest some additional levelsntérnal organization
within the glolules or between their clusters, but it is unclear if this evolving pore structure
is due to some underlying aspect of phase separation or a molecular architecture that
produces eater free volume.

In the growth of the second block, the propagating S/DVB radical participates in the
competitive reactions of intraand intermolecular crosslinking. An increagedpensity
for intramolecular cyclization accompanies the extensivendiiag that occurs with
increasingamounsg of crosslinker At high DVB concentrations,he accumulation of
intramolecularly-cyclized microgels mawltimately cause macrogelation through loose
bridging of the microgelsin the cocontinuous?(Sco-DVB) matrix, leading to the
formation of the observed compact sespherical node¥:*® Connectivity between the
microgels at high DVB concentrations is primarily dueatanterparticular crosslinking
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reaction between pendant vinyl groups of the neighboring netiayticles The cross

linked characteof the particlegprevents them from mutual penetrati@vidence of tis
loosebridging has been showhy separation of the monolith intoacrajlobules upon
swelling a monolith in good solvefudr polystyreneA morolith prepared from 20 mol%

DVB immersed in dichloromethane for 3 d could not be isolated as one continuous piece
as it had fragmented into swollen and dispersed portions of polymer

Figure 4.4 Scanning electromicrographs of etched monoliths dedviEom PLA-CTA-

18 and monomer mixtures of (a) 10, (b) 20, (c) 40, and (d) 80 mol% DVB synthesi
120 °C. Samples were coated wit2 hm of Pt prior to imaging. Scale bars represent
nm.
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Figure 4.5Scanning electron micrographs of Figuré disualized at higher magnificatio
Etched monolithsvereprepared from PLACTA-18 and monomer mixtures of (a) 10, |
20, (c) 40, and (d100 mol% DVB. Samples were coated with21Inm of Pt prior to
imaging. Scale bars represent 100 nm.

4.3.2Effect d PLA-CTA Molar Mass and Content

Chain extension from the PLA macroinitiator leads to a block polymer architecture that
restricts local composition fluctuations to a lengtiale proportional to the radius of
gyration of the growing polymer. At a fixed nsasaction of PLACTA in the monomer
mixture, the degree of polymerization of styrene and DVB per molecule at fixed conversion
will increase for higher molar mass PI@TAs because of a lower number of propagating
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chains, thereby increasing the producedctklpolymer size. Figure 4.6 shows the small
angle xray scattering profiles of crosslinked monoliths synthesized from 8, 19, and 34 kg
mol! PLA-CTA at 120 °C. As the molar mass of the RCAA increases roughly fourfold,

the principal scattering maxima fisitowards loweq, increasing the domain spacing from

ca. 13 to 29 nm. A more intense and narrow primary peak observed for samples produced
from 34 kg moft PLA-CTA for crosslink densities of 20 and 100 mol% DVB indicate that
stronger segregation at l&mN results in stronger composition fluctuations prior to arrest.
These results suggest that higher domain purity and narrower interfacial width is produced
from higher molar mass macf@TAs, which, notably, may be leveraged for improved

domain functionaty in applications using PIM%:4!

N =

Intensity (arb. units)
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Figure 4.6 Small angleX-ray scattering of masliths prepared using 2@lashed lines
and 100 mol% DVHsolid lines)at 120 °C, illustrating the dependence of the dom
periodicity on the molar mass of the PIGY A precursor.

In principle, monolithsderived fromthe lowest molar mass precursor, RCAA-8,
shouldproduce exceptionally smathesopoes. Although the reaction of PLATA-8 in
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styrene and DVB at 120 °C and subsequent etching in basic solution ptedaneliths

of similar consistency and color as the RCAA-18 monoliths, nitrogen sorption analysis
revealed contrasting features (Figure 4.7). Crosslinker contents that producddfimeld

and continuous pores in samples derived from #11A\-18 provednadequate for PLA
CTA-8, resulting in essentially nonporous samples as indicated by low adsorption and
surface areas for compositions O 20 mol %
crosslink density suggests that the generation of smaller poresPitd-CTA-8 leads to

high Laplace pressure and matrix instabilities, thus requiring increased DVB contents to
prevent pore collapse. These observations are consistent with previous work which has
shown that increased crosslink density stiffens the nanopomatrix to counterbalance

the internal stresses that accompany pore size reddddibtt. With the number of
crosslinks increasing, at a composition 60 mol% DVB the surface area rises tG/g46 m
but the total pore volume remains slightly less thameeted given the initial volume of
PLA-CTA, implicating some persistent pore collapse (see Table 4.3). Ultimately, the use
of pure DVB (100 mol%) is required to sufficiently crosslink the matrix and retain the
expected total pore volume, a result that gstga lower limit on the pore size obtainable
through reduced molar masses of RCAA. Interestinglysorptionisotherns of monoliths
derived from PLACTA-8 exhibit concavty to thep/po axis, resembling that of the/pe |
isotherns characteristic of miopores (pore width < 2 nm), yet application ofcadiedt-

plot analysis did not reveal any micropore voluth® Additional features in the isotherm
data, including the small hysteresis loop and closure @fa= 0.42, do not reflect the
porous proprties of the matrix; this closure point is currently understood to represent the

limit of metastability for condensed:Mt 77 K in disordered porous materiés.



4 Crosslinked Nanoporouolymer Monoliths 108

300 1B | | ] ] 11
250
200

150 100 mol% DVB

100 553 mz g-1
50 - -

op t } } } }
300 - -

250 -
200
150 -
100

50

60 mol% DVB
446 m” g'1

100 -
80 40 mol"éo D1VB i
86m g

60 =

40 a
20 s

Volume Adsorbed (cm3 g_1 STP)
(e)

150
100 20 m0|°§) D_1\/B
25m g

50

0 J(T)_T))))‘)))))))))))))li)])))))))))))
00 02 04 06 08 10

P/po

Figure 47Ni t rogen sorption isotherms obt
(3) for monol i t8hkyg ma'lr RLA-GTA-8 dlissalved in gariou:
styrene/divinylbenzene monomer mixtures with compositions expressed as mol%
The measureBET surface geas are indicated.



4 Crosslinked Nanoporouolymer Monoliths 109

Table 4.3Porous characteristics of samples prepasadg precursor PLACTA-8
DVB content (mol%) Weia SAger (M?/g) V@ (cmP/g) Pore mode (nm

100 0.32 553 0.41 4.5
60 0.34 446 0.34 4.5
40 0.32 86 0.07 4.4
20 0.32 25 0.01 -

Examination othesmallangle Xray scattering dataf the PLACTA-8 samplesnay
indicate a scattering signature for monoliths that suffer pore coll@psingle broad
scattering maximunndicatesthat asprepared samples assume&rophase separatdadt
disorderedstate (Figure 48, dashed curves). Upon etching, an additional scattering
component at low angle emerges, reminiscent of the macrophase separation induced in
binary blends of block polymer and added homopolyth&ve speculate thahis low-
argle componenteflectsa structure of coexistent lorrgnge concentration fluctuatisn
and residual microstructure resulting from partial pore collapse. The reduction of the low
angle scattering component as increased loadings of DVB stiffen the matnoxevecht

pore collapse supports this interpretation.
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Figure 4.8 Small angle xray scattering of monoliths prepared form RCAA-8 before
(dashed line) and after etching (solid line) of the PLA. A signature of pore collaps
be the growth of a scating component at lovangleafter etching

The PSD calculated from the adsorption branch of the isotherm using the QSDFT
cylindrical kernel illustrates the retention of the porous structure as the DVB content
increases (Figure 4.9a). We note that aliloQSDFT can provide an estimate of the PSD
over the entire range of micrand mesopores, the range of measured relative pressures
limits estimation of the PSD down to 2 nm. For RCAA-8 etched monoliths, the void
channels produced from the removal of fercolating PLA domains increase in number
and give rise to the principal pore mode at
60 mol%), the distribution evolves a shape similar to that observed for th&CPRALS
monoliths exhibiting multiple pore modes. The consistent populations of smalies

centered around 2.1 and 3.2 nm produced in samples from two different molar masses of
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PLA-CTA as compared in Figure 4.9b suggest that the pores originate from the crosslinked

matrix rather than the sacrificial component.
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Figure 4.9 (a) Mesopoe size distributionsf monoliths prepared from PL-A&TA-8 at
120 °C based on QSDFT analysis of the adsorption brstmmiv abetter retention of ¢
porousstructurewith increagd amounts of crosslinkingb) Comparison of the por
structures produced usirgplutions of PLACTA-18 and PLACTA-8 in 100 mol%
DVB at 120 °C.

In the block copolymerization of styrene and DVB from PCAA, an inhomogeneous
distribution of crosslinks is inherently produced. Assuming equal reactivity, the presence
of two vinyl graups ensures that the crosslinker is consumed at twice the rate as the
monovinyl monomer. Reactivity ratios of styreD&B copolymerization in particular bias
the initially formed blocks to be far more enriched with crosslinker than the initial
monomer mixtire?>46 Therefore, a high local concentration of pendant vinyl groups
surround the macroradical of the initial growing DVB coil, increasing its probability to
form an intramolecular loop. This intramolecular cyclization begins to shrink the coil and
conwert it to a densely crosslinked microgel. The remaining monomer swells the formed
microgels, which continue to grow leading to a nonporous, highly crosslinked region of
network. As the P($0-DVB) and PLA domains locally segregate, however, the microgels
aggregate but cannot coalesce at high concentrations of DVB due to the rigidity of their
networks. Although mechanistically similar to crosslinked macroporous styrenic

monoliths, the diblock architecture covalently links the PLA to the growing crosslinked
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network and confines structure formation to the mesoporous lengthscale. We posit that the
agglomeration of these microgels forms the porous interstices of the etchelotR(SA
co-DVB) monoliths observed in the PSDs at high concentrations of crosslinkezoivoy

the bulky nature of the increasingly cyclized and crosslinked microgels reduce the PLA
chain density at the interface, and these chains must therefore contract to fill space
uniformly, leading to the slight decrease in the domain spacing (Figuresd.4.9) and

principal pore mode with increased crosslinker content.

4.3.3 Effect ofisomercontent

All PIMS-based materials reported-date have utilizednixtures of styrene and
technical grad®VB, which contains 20 mol% monofunctional ethylstyrane a mixture
of m-DVB andp-DVB isomers Given their relative reactivity, DVB constituerstee more
tightly embedded in thmcipientnetworkat early reaction times. In particulgrDVB is
unequivocally more reactive than-DVB, and studies have showhat p-DVB/styrene
networks swell less than resins composed of other isomer mixtures, implicating a more
inhomogeneous distribution of crosslinker and a greater propensity for intramolecular
cyclization®® Consequently, use of pupeDVB in lieu of other ismer mixtures in PIMS
monoliths may result in higher surface areas due to smaller globules and smaller interstices
within the crosslinked domaifurthermore, previous studies on the homopolymerization
of DVB have shown the pendant vinyl grouppeDVB to be less reactive, and therefore,
the use of purg@-DVB may offer additional advantages, including higher monomer
conversions prior to gelation and a higher content of unreacted pendant vinyl groups useful
for postpolymerization surface functionalizati6h?®

We explored thenfluenceof the enhancedeactivity of p-DVB on the porosityof
PIMS monoliths usinLA-CTA-8 and PLACTA-19. Each macr&CTA wasdissolved in
mixtures of styrene and puppeDVB and reacted at 120C. Subsequent etehg in mild
basicsolution produced the porous materials summarized in Tablel'dedr isotherms
(Figure 4.10) reiterate findings that both the surface area and the amouradsadied
increase as therosslinkerconcentration increasdsair comparisons tmonoliths pepared

from technicalgradeDVB must account for the presence of ethylstyrerta@@ommercial



4 Crosslinked Nanoporouolymer Monoliths 113

product therefore PLA-CTA-18 monolithscomposeaf 100 mol% DVB and 80 mol%b-
DVB show thathe use of purp-DVB increases the specific surface area and yoltene
ca. 80 m/g and 0.1 mL/g, a resultupportingour hypothesis that great@tramolecular
cyclization yields a smaller globule and hence smaller intersti¢act, the use op-DVB
alone produces the highest surface areas obtained in exclusieslgparous PIMS
monoliths, reaching 641 and 796%m PLA-CTA-19 and PLACTA-8 monoliths,

respectively.

Table 4.4Porous characteristics of samples prepared ysDyB

p-DVB
content SAgeT (VA Pore mode
Precursor (mol%) Weia  (MQ) (cm?/g) (nm)
PLA-CTA-19 20 0.33 305 0.44 7.6
PLA-CTA-19 80 0.33 584 0.61 7.1
PLA-CTA-19 100 0.33 641 0.67 7.1

PLA-CTA-8 100 0.32 796 0.62 4.7
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(2) for monoliths p-CEBApléane (@) PUACTARBgissOhsed
in monomer mixtures using only theDVB isomer with compositions expressed
mol% p-DVB. The corresponding BET surface area for each sample is indicated.
4.3.2 Effect ofpolymerization temperature
The effect of polymerization temperature was probed by comparison of the
microstructure and porous properties of monoliths prepared at 60 and 120 °Qangdg

concentrations of crosslinking agent. Polymerizations were run for 2 d°& &06d 24 h
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at 120°C to ensurdrigh conversion of monomeat each temperaturéill reactions using
PLA-CTA-8 produced a monolith yielding a broad principal scattering immax
characteristic of the disordered bicontinuous morphology (Figure 4.11). A comparison of
the primary peak position shows that the PIMS system does not conform to the strong
segregation regime, in which the scaling of domain spacingsiftivould estinate a 1.05

factor increase at 60 °C relative to 120 °C using the interaction parameter el [BS

on the contrary, the decreased reaction temperature leads to only minute varigtion of
with a typical decrease in domain spacing of < 0.3!h. The result suggests that,
notwithstanding the narrowed peak breadth at 60 °C, the final microstructure is dictated

primarily by reaction kinetics rather thermodynamic incompatibility.

III T T T T T IIII
10" 17,100 mol% 7

10° .. 40 mol%

... 20 mol%

Intensity (arb. units)

Figure 4.11Small angleX-ray scattering of monoliths prepared fréthA-CTA-8 at 60
and 120 °C (dashed and solid lines, respectivélyjigher polymerization temperatul
results in a minute variation the location ofy*, indicating a weak dependence of 1
primary lengthscale on temperature. The increase in segregsttiength is captured b
the reductionn primary peakwidth for monoliths synthesized @0 °C
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Figure 4.12 maps the porous properties of produced monoliths in terms of their BET
surface areas as a function of DVB content and temperature, illustthihgreater
crosslink densities and higher reaction temperatures produce larger surface areas. At 120
°C, thermal dissociation of AIBN and autoinitation of styrene contribute to a greater
number of PLACTA propagating radicals thebmpete with the remaimg manomer This
may suggest that a larger number of chgiwsvinto globules such that thesverallsizes
and interstitial voids remain relatively small, however, the pore sizes remain approximately
unchanged. In fact, the determined PSDs only reflggeater number of pores. Therefore,
elevated crosslinking rates at high temperature may primarily contribute to the observed

increases in surface areas and pore volumes by creating a more rigid matrix that limits pore
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Figure 4.12 BET equivalent surface area of porous monoliths as a function of |
content for (a) PLACTA-8 synthesized at 60 and 120 °C and (b) REPA-18 and
PLA-CTA-19 synthesized at 60 and 120 °C, respectively. Matrix instability leads tc
collapse and low surfaceeas for PLACTA-8 monol i t hs f orm
DVB.
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4.4 Conclusions

The preparation of mesoporous crosslinked polymer monoliths from the bulk
polymerization of styrene and DVB in the presence of macromolecularILA was
investigated. The morphayy and porosity of the crosslinked matrix was tuned through
variation of the crosslinkelo-monomer ratio, temperature, molar mass of the €I
and choice of DVB isomer. The crosslinked framework provides two distinct pore
populations derived from theidontinuous channels of the hydrolyzed PLA and small
interstitial voids formed within the matrix, with the latter increasing in number at high
crosslink densities. Higher temperatures lead to higher surface areas and pore volumes, a
result likely attributlle to greater crosslink densities. Use ofgH2VB isomer in lieu of
technical grade DVB increases the porosity of the network. These observations will
facilitate the implementation of PIMS in applications where mesoporous or hierarchical
pore structuréd>®are needed.
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Chapter 5

Poly(cyclohexylethyleneplock-poly(ethylene oxide) Block Polymers for
Metal Oxide Templatinty ¥

A series of poly(cyclohexylethyleneblockpoly(ethylene oxide) (CEO) diblock
copolymers were synthesized through tandem anionic polymerizations and hetemsgeneo
catalytic hydrogenation. Solveahnealed CEO diblock filmsere used ttemplate dense
arrays of inorganic oxide nanodotgia simple spin coating of an inorganic precursor
solutionatop theordered film. The substantial chemical dissimilarity of the two blocks
enables (i) selective inclusion of the inorganic precursor within the PEO domain and (ii)
the formation of exceptionally small feature sizes due to a relatively large interaction
parameter, estimatém meanfield analysis otheorderdisorder transition temperatures
of compositionally symmetric sampleblV/ozone treatmenfollowing incorporation
produces an ordered arrangement of oxide hanodots and simultaneouslystiedl@ck

polymertemplate

AThis work was done in collaboration with Christophe Sinturel.
¥ Reproduced with permission from Schulze, M. W.; Sinturel, C.; Hillmyer, MA@S Macro Lett2015
4, 1027 1032. Copyright 2015 American Chezal Society.
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5.1 Introduction

Dense arrays ofanostructured metal oxides offer diverse functiondbtya broad
range of technologies, includingoptoeletronics!? magnetic storaggé? and
photocatalysis:® Their utility motivates the investigation afactable, lowcost strategies
to produce precision nanostructurearrays Block polymer (BP) nanolithographlgas
emerged aa powerful bottorrup patternindechniquen which synthetically controllable
variables, such as the overall degree of polymerizabntiie blockincompatibility( 6 ) ,
and the compositiorf)(dictate the morphology and lengthscafi¢he patterned structurés
® The ability of block polymers to produce wedefined features for ultraigh density
arrays idictated byt h e s e gr e g aN).iAtceducedtalues aiNnedded focvery
small feature sizeghe diffuse interfaces ofieakly segregated block pohers result in
significant line edge roughness,iasue exacerbated by the limited etdntrast otypical
organic blockd;1°

The need to simultaneouslycir e a s e ldockaetthetontrakt édas motivated the
introduction of segments containing inorganic elem&dthoughoften highc materials
inorganicorganic diblocksan be difficult to prepare and have limited versatility in terms
of the product ml oxide. New, higke di bl ocks -t ebbsant aehnalko:
attractive alternatives to inorgaricganic block polymersin the etchless approach
selectiveinclusion of inorganic additives into a single domaatursupon exposure of a
selfasembled film to a dilute solution of inorganic precurs@shsequent UV/ozone,
thermal, or plasma treatmenf the film removes the organic polymer scaffold and
generates a metal oxide in situ, therebgdily replicating the structure of the initial
tempate. Previous demonstrations of this selective inclusion technique have relied on the
combination of a hydrophobic block, typically polystyrene (PS), and a more poldiometa
philic block such as poly(vinylpyridine) YP)!° or poly(ethylene oxide) (PBEA%%°
Although these polar candidates offer exceptional flexibility and imbibe botge$ol
reactants and metal iortbeir relatively lowincompatibilitywith the hydrophobic blocks

typically usedblaces a lower limit on thaccessiblgarticle dimensios.
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To enable ulle-small etchless particle formation, the ideal block polymer would
combine two highly incompatibleow molar masssegmentdistinguished by marked
differences irhydrophobidty andhydro(metallo)philicty. Although it has been shownah
high-c , -Tg palyolefinrPEO block polymes canadoptdomain sizes below 10 nat
synthetically accessible molar mass®ir mechanical and thermal properties l&aly
inadequate fonanopatterning purposés?® Poly(cyclohexylethylene)PCHE) however,
is a simplepolymeric hydrocarbonthat isattractive due tats exceptionally high glass
transition temperaturé-?® In this study, weprepareda newhighly incompatibleblock
polymer system, poly(cyclohexylethyleAglpck-poly(ethylene oxidej)CEO), and utilized

it in thin films to template metal oxided exceptionally small dimensign

5.2 Experimental Procedures and Characterization

5.2.1 Materials

Ethylene oxide (O 99. 5%nbutylsmagpesiemm(BOMi©® 9 9 %,
heptane), butylmagnesium chloride (2.0 M in THi-putyllithium (2.5 M in hexanes) and
secbutyllithium (1.4 M in cyclohexane) were obtained from Sigma Aldrich. Each
purification reagent was rigorously dried prior to use to remove solvent. Palladium on
calcium carbonate (Pd/CaG (%) was purchased in both reduced and unreduced forms
from suppliers as available. Solvents utilized in anionic syntheses were passed through a
homebuilt solvent system comprising columns of activated alumina and molecular sieves
prior to distillation. Deuterated chloroform (CD{fIwas purchased from Cambridge
Isotope Laboratories. All other reagents were purchased from Sigma Aldrich and used

without further purification.

5.2.2 Synthesis of endapped polystyrene (PSOH)

Styrene was freezgumpthawed three times and then twice distilled oven-di
butylmagneium. The monomewasstirred for at least 1 h over the purification reagent
prior to distllation and the final transfer to a flantkgied burette. Ethylene oxid@i 5

equivalents tosecbutyllithium initiator) was purified similarly by twosuccessive
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distillations over n-butylmagnesium chloride and transféo a flamedried burette.
Cyclohexae was twice distilled ovan-butyllithium. Polymerization was performed in a
custommadel-L glass reactor with 5 AGEhreadedports and Teflorcoated stir bar.
Details regardingquipment for anionic synthesis gm®vided elsewherg-2®

A thermocouple wll, a glass Yconnector with two Chemglass stopcockd4 O
connectionsn series a flask of purified cyclohexane, and the burettpurified styrene
monomer(32.05 g, 0.31 mol, 12.3 ewjere fitted to the ports using Teflon ferrules and
Nylon bushings. A tpass Fconnectorwas connected to the center port ditted with a
Teflon-coated septurand two separate ports witkdOconnections leading respectivéty
the Schlenk lineand a pressure gauga flexible Cajon tubingPurified ethylene oxide
monomer wa connected to the-¥onnector using Cajon tubiraind storedn an adjacent
dewar containinglry ice/isopropanomixture ati 78 °C The sealed reactor and glass
connections wer e eV a-dried and backi{ed with @rgomfive r r ) ,
times. The reactor was then sealed under 3 psig of positive Ar pressure, and the flask of
cyclohexane opened, generating a slow drip ofesdl into the reactorf-ollowing the
addition 0f17.94 mL (25.1 mmol) a$ecbutyllithium viaanairtight gassyringe through
the septumthe mixture was allowed #tir for 15 min to ensure homogeneity as thekla
was warmed to 40 °C. The lafte of styene was siwly opened and the monomaided
drop-wise.Within minutes, the light yellow solution converted to an intetesp redolor,
indicating the formation of poly(styrllithiujranions. The polymerization proceedéd® 4
at 40 °C. The burette of gtlene oxide was then opened and added in one padiend
cap the polymer chains, atite solution rapidly turned colorlesBhe mixture stirred for
12 h. The reaction was terminated with the addition of excess methanol and vented.
Precipitated salts werremoved via filtration. The solution was then concentiatedcuq
precipitated in 1dold volumeexcesof methanol and dried at 100 t€ afford 29.34 g of
PSOH (92%Mn = 1.4 kg/mol,n = 1.05)

5.2.3 Synthesis of Hydroxyerminated Poly(cyclohexylethylene) (PCHEOH)
To preserve the hydroxyl moiety, previous reports on the catalytic hydrogenation of
PSOH utilized both palladium on calcium carbonate (Pd/GaCahd the Dow
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Hydrogenation Catalyst (DHQ?%2" at reduced temperature relative to previous
heterogeneous hydrogenation technicfié® Catalytic hydrogenation of PSOH was
performed in a 1 L stainless steel higtessure reactor (Parr Instrument Company, Model
4523) under 500 psigzat 120 °C. Dried and reduced Pd/CaC®s.1 g, 2.5 g catalyst/g
polymer) was added to a solution of 6.6 g of PSOH in ca. 250 mL cyclohexane (reagent
grade) to form a heterogeneous suspension within the reactor. The mixture was sealed and
degassed with Afor 15 min through the diube connection under mild agitation. All
valves were then closed and the contents subsequently heated to 12%a&€ ittroduced

and the pressure was maintained at 500 psig as the mixture stirred vigorously over the
course othe reaction. Aquots wereperiodicallyobtained from the reactor via the dip tube
outlet tomonitor conversiolnce the pressure remained const@omplete saturation was
typically achieved within- 48 h and determined by zero residual aromatic reseriarthe
H-NMR spectrum Catalyst was removed by filtration using 0.22 micron filter paper
(Millipore, PVDF membrane) and recycled by washing in hexane and drying under vacuum
and high temperature. The cyclohexane/polymer solution was concentrated and
subsequently precipitated in 40ld volume excess of methanol and dried under vacuum

at 100 °C. The mass of polymer recovered was 6.1 g (82%,1.5 kg/moln = 1.09).

5.3.4 Synthesis of CEO Block Polymers

Potassium naphthalenide solutions were prepared 24 h priordadisiscarded within
2 weeks Briefly, freshly cleaved potassium mefal2 g) washed with cyclohexane was
transferred to a custom flaraeied graduated cylinder withi@ sidearm connection and
glass stir bar under a purge of argon. Naphthalene (recrystalizeetsin diethyl ether)
was then added in ¥molar excess to the vessel followed tgnnulatiorof ca. 100 mL
of freshly distilled HF to produce adark green solution ofoughly 0.3 M. The
polymerization of ethylene oxide (EO) was performed in a reactor setup similar to that
utilized in the polymerization of styrene in cyclohexahg@re-weighed portion of PCHE
OH, previously dried a100 °C overnight, was added to a flanmeed 1 L glass reactor
fitted with aglass stir bar. The reactorsthensimultaneouslgycled withAr andmildly
heaedwith a heat gun. Distilled THF was then addeditgaconnected flask to dissolve
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the PCHEOHunder a blanket of Ar {2 psig) The solutionwas stirred at room
temperature and titrated lmannuldion with potassium naphthalenidetil a light green

color persisted for 30 min. The solution was then warmed to 4@ri€the connected
burette of EO was opened and added in one portion. The reactiorheated fo48 h to
ensure complete conversion. The reaction was then terminated with excess matitanol
the reactor vented. The resulting block copolymer solutions were filtered to remove
potassium da precipitates and freezlried in benzenePEO-rich polymers were easily

isolated through precipitatidn n-pentane/cyclohexane.

5.3.5 Molecular Characterization

Molar massand compositions were determined fréhNuclear Magnetic Resonance
(NMR) spectraBruker Avance HD 500) using 0 s relaxation delay between puléas
guantitative engyjroup analysis. All spectra were obtained in CH@®ing TMS as an
internal referenceSize-exclusion chromatographyas performed on an Agilent 1260
Infinity LC employing THF as the mobile phase (25 °C, flow rate 1 mL/min) equipped
with three Waters Styragel HR columns and OptilateX Rl and Dawn Heleos Il Light
Scattering detectors (Wyatechnology). Massveragemolar masses of polystyrene
precursors were deterngd using thesymptotic dn/dwalue 0.185mL/g for PS in THF
at 25 °C PCHH PEO block polymers were analyzed a separate instrument using THF
with 1 wt%N,N,NéNG&tetramethylethylenedmine as the eluting solventitatigateissues
of tailing and deteair signal misalignment observed with P¥0Ontaining polymersThe
SEC is equipped with a DAWN DSP multiangle laser light scattering (MALLS) detector
in addition to a Wyatt Optilab EX RI detect@/Vyatt Technology. Size exclusion was
performed with threeuccessive Phenomenex Pheregeolumns. Thermogravimetric
analysis (TGA) was performed on a TA Instruments Q500 under nitrogen atmosphere at a
heating rate of 10C/min with typical sample size of 105 mg. Glass transitioMg) and
melting transition Tm) temperatures were determined using the final heating result
obtained on a TA Q1000 differential scanning calorimeter (DSC). Sampjl&é (Bg)
loaded in aluminum hermetic pans were analyzed by DSC within the temperature range of

180°C to 170°C, at a ranp rate of 10C/min. In addition, some high molar mass samples
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were cycled to higher temperature as needed in order to observe the endotherm of-the order
disorder transition. The onset temperature of the endotherm was used to iflemtify
Crystallinity of the diblocks was calculated using the enthalpy of fusion of pure crystalline
PEO (213.4 J/gf®

5.3.6 Rheological Analysis

The lowfrequency rheological response of CEO block polymers was evaluated on a
Rheometrics ARES mechanical spectrometer equipithd25 mm parallel plates. Order
disorder transition temperaturebobrs) of CEO block polymers were determined from
isochronal ¢ = 1 rad/s) linear dynamic temperature sweeps acquired using a heating rate
of 1 or 5 °C/min as denoted in Table S2. A prioigs drop inGaindicates the transition
of the ordered microstructure to a disordered state. Error in the determinatiorTefthe
was taken as the temperature increment over which the modulus drop occurred determined

between the point of onset and thedulus plateau &topr (typically 5 °C).

5.3.7 Smalangle Xray Scattering

Synchrotron smalangle Xray scattering (SAXS) measurements weeeformed at
sectors 8D-D and12-ID-B of the Advanced Photon Source (Argonne, IBampleto-
detector distancewere calibrated using a silver behenate standard. CEO samples were
hermetically sealed in Tzero DSC pans (TA Instruments) in a glovebox under a N
atmosphere. DSC pans were mounted in a Linkam heating stage for variable temperature
measurements. Samplegudibrated 13 min at each temperature prior to data collection.
Typical exposure times were of order 1 s. 2D scattering patterns were recorded on an area
detector. These isotropic 2D patterns were azimuthally integrated to titknosesional
form of intensity as a function of the magnitude of the scattering wave vgetdg| =

4’ sin(d/2)/e; whereads the nominal xay wavelength andis the scattering angle

5.3.8 Thinfilm Preparation and Analysis

CEOtthin films were prepared by spooatinga filtered polymersolution (1 wt% in
amyl acetatpat 3000 rpm for 60 s on 4 émilicon substratedhe resulting €O films
obtaired thicknesses between 18 and 20asretermineavith a J. A.Woollam VASE
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spectroscopic ellipsometersing 65° and 75°ngles of incidence within a wavelength
range o400to 900 nm.Substrates were subseqtigrsolvent annealefbr 5 minat room
temperaturen a 50 mL glass chamber containing 20 ofla 1:1 (v/v)THF/cyclohexane
mixture samples were positiong 1 cm above the surface of the liquichnealed amples
wereremovedcleaved into four tm2squars, and used withouturthertreatmenprior to
the incorporation of inorganic precursors.

Preparation of the precursor solutions follows methods similarly des@lbmdhere?

A silica precursor solution was formulated fregtramethoxysilanéTEOS), 1 MHCI, and
anhydrous ethanol (EtOH) and prepared wittmalar proportion of 1:46:5.6:0.006
TEOS:EtOH:HO:HCI. The solution was allowed to stir for 16 h at room temperature. The
exothermic formation of the titania precursor, prepared at a 1:4.65HiGH nolar ratio,
required the dropwise addition of T¥@b EtOH with continuous stirring in an ide&th (at

least 0.5 h following complete addition). Both of these two master solutions were then
further diluted with EtOH to a final concentration of 0.005 MSofand Ti, respectively.

For the depositionof iron oxide particlesa 0.2 wt% solution of iron(lll) nitrate
nonahydrate (Fe(N§:AH;0) in EtOH was preparetinpregnation of the annealed block
polymerwas achieved by spicoatingtwo drops of thenorganc precursorsolutions on
thesurface of the EO films at 2500 rpm for 6€. Simultaneous oxidation of the precursors
and removal of the polymer scaffold was achieved within 3 h at room temperature using
UV/ozone treatment (Jelight UMQGleaner 42) and a swleto-lamp distance of 8 cm.
Samples were also subjected to thermal treatment in air to confirm the stability of the
particles. Although some sintering was possible, this 500 °C calcination step likely results
in amorphous material.

Scanning electron mioscope (SEM) images were obtained oritadthi SU823MHigh
ResolutionSEM under a 1 kV landing energy resulting from an applied 3 kV accelerating
voltage in deceleration modall atomic force microscopy (AFM) images were collected
at ambient temperatusnd pressure using a Bruker Nanoscope V Multimode 8 operated
in tapping mode. NanoWorld NCSTR AFM probes (reported tip radius < 8 nm) with a
resonant frequency of 160 kHz and a force constant of 7 N/m were used for the surface
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characterization of both patyer flms and nanoparticle arrays of 10 nm feature size or
greater. Smaller features were imaged using Bruker Sharp Microlever Nitride Probes
(MSNL) of 2 nm nominal tip radius with specified 0.6 N/m force constant and 125 kHz

resonant frequency.

5.3 Resuts and Discussion

The route to CEO materials shown in Scheme 1 starts with functionalized polystyrene
precursors synthesized by etabping polystyrllithium anions with ethylene oxide to
give hydroxyl terminated polystyrene (PSOH). The relatively low relesy of
polymerization (DP) enabled preci¥d-NMR spectroscopy determination of the molar
mass and endapping efficiency from the molar ratio of tlsecbutyllitihium initiator
fragment (CHs, 0.7 ppm) to the aromatic backbone {&3 ppm) and ethoxy ergroup
(T CH2i OH, 3.3 ppm), respectively (Figure 5.1). Using Pd/Ca&Q@20 °C for the catalytic
hydrogenation of PSOF;?” we found that no residual aromatic resonances remained in
the 'H-NMR spectra after 48 h (conversion > 99%), and quantitative tietenf the
hydr oxyl functionality was achieved (i .c¢e.
molarmass distributions of the hydrogenated PCHEOH products also indicated saturation
without significant sideeaction (Figure 5.2)Table 5.1 summarizes the matelar
characteristics of the PCHEOH samples and their corresponding PSOH precursors. The
molar masses of the PCHEOH samples are reported as the hydrogenous equivalent molar
mass of the PSOH precursor and account for-gendps. Even though the PCHE
precurers are of very low molar mass, thgvalues are still relatively high (v%18 °C)

(Figures 5.3 and 5.4).
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Scheme 5.1Synthesis of Poly(cyclohexylethylenklockpoly(ethylene oxidefCEO)

OH

PCHE-OH

THF, 40 °C

-— 0]
L CD)] | 22 e
3. Excess MeOH

- OMO%H

CEO

Table 5.1Hydroxyl-terminated poly(cyclohexylethylen@ CHEOH) and the
corresponding polystyrene (PSOH) precursor data

PCHEOH PSOH Precursor
Mhn, NMR F Ty Mn, NMR Mm, sec [OHY/ Ty
entry? (kg/mol® n¢  (%)? (°C)¥ | (kg/molf (kg/mol n¢ [sBu]” (°C)

PCHEOH (1.2) 1.0 1.04 1.17 75 1.2 1.5 1.05 1.06 43
PCHEOH (1.5) 1.5 1.09 1.01 78 14 1.6 1.05 1.00 55
PCHEOH (1.6) 1.6 1.03 0.99 85 15 1.8 1.07 0.99 58
PCHEOH (2.0) 2.0  1.07 101 97 1.9 26 109 095 68
PCHEOH (2.7) 2.8 1.04 0.95 107 2.6 2.8 1.03 0.97 76
PCHEOH (3.1) 3.1 1.02 095 113 2.9 3.2 1.01 1.00 79
PCHEOH (3.3) 3.4 1.02 096 114 3.1 3.1 1.02 0.96 80
PCHEOH (3.7) 3.7 1.01 099 118 3.5 3.7 1.08 0.97 84

3PCHEOH (X) is hydroxyterminated poly(cyclohexylethylene) with the numbgerage molar mass X

in kg/mol given as a hydrogeneous equivalefnthe PSOHstarting material’Numberaverage molar
mass calculated froMiH-NMR spectroscopyand integration of the backbone with respectthe
methylene protons adjacentthe hydroxyterminus.*Molar mass dispersity determined using8BC.
dFunctiondity is calculated using DP(PSOH)/DP(PCHEOH) to estimate the retention of hydroxyl
functionality post hydrogenatioiDetermined using DSCEnd-group analysis is based on thec
butyllithium intiatior fragmentMassaverage molar mass is estimated g4i&-SEC and dn/dc = 0.185
ml/g for polystyrene’A measure of the extent of functionalization described by the ratio the integrated
endgroups, i.e. methylene protons (adjacent to the hydroxyl) of the ethoxyreuf relative to theec
butyllithium initiator fragment.
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Figure 5.1 *H-NMR spectra of (a) PSOH (1.5) and (b) PCHEOH (1.6). The i
provided within the range ofi@ ppm indicate the shift in the methylene protons of
hydroxyl endgroup following hydrogenation.
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Figure 5.2 Seriesof representative SEC traces of PCHEOH polymers (solid lines
and the corresponding PSOH precursors (dashed lines).
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Figure 5.3 Dependence of th& on molar mas®f the PSOH precursors is shown
(a), and representative DSC thermograms obthon the second heating at®@min

are provided in (b). The intercept of the linear regres3ipwus. 1M, provides the
effectivemolar massndependenty (for PSOH,Tg,int = 104°C) at the highmolar mass
limit determined here as approximatély > 7000 g/mol.
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Figure 5.4Dependence of th& on molar mas®f the PCHEOH precursors is shov
in (a), and representative DSC thermograms obtained on the second heatin
°C/min are provided in (b). The intercept of the linear regresgms. 1M, provides
the effectivemolar massndependenty for PCHEOH, Tg,int = 139°C, which agree:

with literature precedenf:?
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Potassium naphthalenide was used to convert macromolecular PCHEOH alcohols into
potassium alkoxides for EO initiatidh.Block polymer compositions were determined
from the'H-NMR spectra of the CEO block polymers (Figure 5.5) and spanned a broad
vol umbeoOr@c8l2pneéséeéd. TdablDes 5. 2) .
and 5.7) shows the shift to lower elution voksrupon formation of diblocks. From the

range of

overlay of block polymer and precursor traces, some unreacted starting material is evident
implying, in fact, some minor loss of hydroxyl functionality in the hydrogenation step, a
result nearly undetectable usidgl-NMR analysis aloné®?” However, pea#itting
analysis generally indicated approximatelyp3vt% homopolymer where contamination

was evident; this low level of homopolymer contamination was neglected in subsequent

analysis.

Table 5.2Molecular charactestics of all synthesized PCHEBEO diblock copolymers

Mhn, PEO
entry* precursdt (kg/molf  n¢® fred N'  Toor? (°C)

CEO (2.7,0.55) PCHEOH (1.2) 15 1.14 055 39 114 (114)
CEO (3.1, 0.51) PCHEOH (1.5) 1.6 1.12 0.51 44 130 (133)
CEO (8.9, 0.82) PCHEOH (1.5 7.4 1.07 0.82 121 145 (144)
CEO (3.1,0.49) PCHEOH (1.6) 1.6 1.12 049 44  132(131)
CEO (4.3,0.50) PCHEOH (2.0) 2.2 107 050 61 194 (195)
CEO (5.7,0.62) PCHEOH (2.0) 3.6 107 062 79 204 (204)
CEO (5.6,0.51) PCHEOH (2.6) 2.9 109 051 79 258
CEO(3.8,0.17) PCHEOH (3.1) 0.7 110 017 56  disordered
CEO (4.1,0.24) PCHEOH (3.1) 1.1 1.05 024 61 -
CEO (5.9,0.4%) PCHEOH (3.2) 2.6 110 042 85 240
CEO (7.9,0.5%) PCHEOH (3.6) 4.0 113 052 112 >300

3CEO (X, Y) corresponds to PCHEBEO of tdal molar mass, includings-butyllithium endgroup, andreo

(Y). "See Table SENumberaverage molar mass of PEO was calculated H&+NMR spectradDetermined

using LSSEC.¢Calculated volume fraction of PEO using bulk densities of PCHE (0.92g&md PEO
(1.06 g/cd) at 140 °CfNumberaverage degree of polymerization calculated using a reference volume of
118 A, 9Topr was determined by DMS. Values indicated in parentheses were determined frofFDISC.
these samples, the DMS heating ramp rate ®#/min.'ODTs were inaccessible or not clearly observed
via DMS.
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Table 5.3Thermal characteristics of &ICHE;PEODblock polymers

entry T.(°C) Tm(°C) aHm(J/g) Crystallinity (wt%)
CEO (2.7, 0.55) -9 36 52.0 41.7
CEO (3.1, 0.51) -3 39 45.5 39.1
CEO (8.9, 0.82) 30 59 117.8 65.7
CEO (3.1, 0.49) -2 32 45.7 40.8
CEO (4.3,050) 9 35 48.6 42.6
CEO (5.7, 0.62) 21 46 69.2 49.7
CEO (5.6, 0.51) 17 38 53.0 47.3
CEO (5.9,0.42) 10 41 45.7 40.8
CEO (7.9, 0.52) 21 46 52.5 47.8
e
S i
L L L DL LN NN BLELEL RN B RLEL BLELEL RN ELELELEL
8 7 6 5 4 3 2 1 0
6 (ppm)

Figure 5.5H-NMR spectrum of a PCHEPEO block copolymer CEO (3.1, 0.48)

CDCls.
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Figure 5.6 SEC traces of compositionally asymmetric PGREO block polymers
(solid lines) and the corresponding PGBIH precursor (dashed lines).
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Figure 5.7 SEC traces of ampositionally symmetric PCHIPEO block polymers
(solid lines) and the corresponding PGB precursor (dashed lines).

In general, the use of fully saturated PCHE hydrocarbons as initiators for the
polymerization of EO produces block polymer amphiphiigth exceptional thermal
stability as determined by thermal gravimetric analysis (TGA)£o = 349 °C, Figure
5.8). Previous reports on polyalkapely(ethylene oxide)s have shown that crystalline
breakout results when the poly(ethylene oxide) microdiosrare surrounded by a rubbery
matrix 3° Although by differential scanning calorimetry (DSC) tE®© blocks retain high
crystallinity (41 wt%) at molar masses as low as 1.5 kg/mol (Figueg PCHE
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vitrification aboveT. leads to hard narconfinement angreserves the amorphous melt

morphology at low temperature in all sample¥

100
Td =349 °C
80+
S’_\i 60
> 100
D
; 40 ;\? 98
= 9
=
S @
20+
90 | 1 | |
280 320 360
i Temperature (°C)
(= | I | 1 | 1 | |

100 200 300 400 500
Temperature (°C)
Figure 5.8 Representative TGA thermograshCEO(3.1, 0.51) heated under nitrog

at a ramp rate of 16C/min. The decomposition temperatuilg, is defined as 5%
weightloss of the sample.
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[2nd heating at 10 °C/min’ '~
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102_ CEO (4.3,0.50) -
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CEO (2.7, 0.55) ]

Normalized Heat Flow (W/g)

o) ] S TN BN B B
-50 0 50 100 150

Temperature (°C)

Figure 5.9 Representative DSC thermogranes¢down) of CEO block copolymer
obtained on the second heating. At low molar masses, the EO block is

crystalline. Glass transition temperatures for the respective bayeksiot clearly
discernible, and no distinct feature Tfis observed in the second derivative of h
flow with respective to temperature. For most CEO block polynigrsf the PCHE
block is likely obfuscated by the large PEO melting endotherm. Red ldieate the
latent heat of the ODT observed in samples CEO (2.7, 0.55) and CEO (3.1, 0.5

Dynamic mechanical spectroscopy (DMS) experiments performed by slowly heating
from the ordered state were used to determine the -drsieder transition (ODT)
temperatureTopr, identified as a discontinuous drop in the dynamic elastic mod@hug (
resulting in a liquidike response (Figure 5.10). Weak latent heats associated with the ODT
and observable in the DSC thermograms of several CEO block polymers are consistent
with Toprdetermined by DMS (Figure 5.9, onset temperatures are indicgtadeintheses
in Table 5.2 Moreover, the ODT was verified by smalhgle Xray scattering
experiments (Figure 5.11); the inset of Figure 1 shows a representative transitoa for
44 upon cooling aT f 130 °C in close agreement wiffopr determined by MS. The
DMS data for theN = 61 and 79 samples suggest the presence of anandsrtransition
(OQOT) prior to the ODT even though these samples are compositionally symmetric (Table
5.2).
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Figure 5.10 Temperature dependence of the dfmaquency dyname elastic shea
modulusGa) f or four compositionall y sTgomi
Samples were loaded onto a parallel plate fixture, heated above thedisatder
transition in an N atmosphere, and subsequently quenched and annealed at r
temperaturedr 1 h prior to measurement. The data were then obtained at a ramp
1 AC/min under relatively small stre
shows the transition from a disordettegordered phase upon cooling via SAXS lfor
44atT4130 AC.

In the determination ofceodl T) , we have utili zeNbortEhe mea
10.5, thus knowingNt he val ue of G can be estimated
Rigorously, this applies only to compositionalfy=(%2) and conformationallyysnmetric
(i.e., equal statistical segment lengths ) and monodispersa (= 1.0) block polymers
in the limit of infinitely largeN.®32 However, these criteria are typically relaxed in the
experimental analysis of real block polymers so that estimmatets ¢ can be mac
comparative purposes. Within selffonsi st ent fiel Moprt Hoe or vy (
conformationally symmetric, monodisperse samples is approximately equal to 10.5 at the
moderately asymmetric compositions = 0.45 or 0.55%3° Similarly, extreme
conformational asymmetrypfbh= 2) account s N)oprhbylesnthan 3 r e a s €
atf = 0.50% For real block polymerswith > 1, cal cul Mdpeabodomot ues o
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vary appreciably provided is not too largeg®3’Lastly, SCFT sggests only small Gibbs

free energy differences between different ordered states at the same composition near the
ODT. Thus we posit that conNdpstlenhforCEOst i mat
diblock polymers that are approximately symmetfie (.5 £ 0.05), and of low dispersity

(n < 1.2), will allow for useful comparisons recognizing errors associated with the
differences between real systems and mean field predictions. We note in our analysis that

all samples exhibit the same apparent morphologhe vicinity of the ODT by SAXS

(Figure 5.11), and the OOT prior to the ODT kr 61 and 79 (both nearly symmetric)

occur at near equivalent values.df given theestimate ot we make belowDefinitive

morphological identification of the phasesg@st in these materials is ongoing.
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Figure 5.11SAXS on cooling through the ODT for the four polymers used to deter
the interaction parameter fidr= 39 (a), 44 (b), 61 (c), and 79 (d). In the casH &f79,
a small calibration offset betwed¢he SAXS and DMS sample environments at h
temperature could contribute to the apparent incomplete disordering of the polyn

Using the values dfoptf or t he

=10.5 ands
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det er mi
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The linearity of the data is evident in Figure 5.12.
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Figure5.126 ( T) f or compositionally symmet
the first four entries ofable 5.1 The interaction parameter of &0 is provided by
Cochran et af® Data are reported using an equivalent monomer reference vaume
118 A3).

Based on the above analysis ne/e developed a highly segregated block polymer to
directthe nanoscale structure of inorganic materthl©ughselective metal idasion in
the PEO domains. DMS and SAXS experiments show that one sampléiénlpa€EO
(5.9,0.42)producesr hexagonallpackedcylindrical microstructureéhat transitions to the
gyroid phase before disorder (Figure 5.13), similar to related sysfeBgk SAXS
measurement of the hexagonal unit cell spacing reveals 10 nm dideattees and a 15
nm centeito-center distance at room temperaturs-cAst CEO films give an Hilefined
structure and display a mixed orientation of domains with respect to the substrate surface.
Furthermore, disparate interfacial energies of eactkbiderface combination promote a

parallel domain orientation upon thermal annealing (Figure 5.14a).
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Figure 5.13SAXS data and (inset) the temperature dependence of the dynamic i
GoandGnj o f CEO (5.9, 0. 42) obtained ¢
Conformational asymmetry produces a hexagofdigked cylindrical microstructur
at low temperature. An orderder transition to a gyroid microstructure is obser
just prior to the ordedisorder transitionTopt = 240 °C.

Figure5.141 x 1 em AFM phase i mages of CI
following (a) thermal annealing and (b) solvent annealing with THF. Although th:
likely a thin PCHE wettingdyer, parallel cylinders may be used as tempfdt&s:®
their utility was not explored in this work. Scale bar represents 200 nm.




































































































































