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ABSTRACT

PART I — ACCESS TO UV PHOTOCURED NANOSTRUCTURES VIA
SELECTIVE MORPHOLOGICAL TRAPPING OF BLOCK COPOLYMER

MELTS

PART II — MORPHOLOGICAL PHASE BEHAVIOR OF POLY(RTIL)-

BASED BLOCK COPOLYMER MELTS

A thermally stable photocuring system was developed for high fidelity translation of block
copolymer based melt-state morphologies into their equivalent solid analogs. Cationic photo-
acids were combined with partially epoxidized polyisoprene-b-poly(ethylene oxide) (PI-PEO)
block copolymers, forming composite blends that allow for extended thermal processing prior
to cure, in addition to precise trapping of selected morphologies, a consequence of the tem-
perature independent UV curing mechanism. The parent PI-PEO block copolymer exhibited
multiple melt-state morphologies including crystalline lamellae (L), hexagonally packed
cylinders (C), bicontinuous gyroid (G), and an isotropic disordered state (Dis). Modification
of the PI-PEO backbone with epoxy groups and addition of a UV cationic photoacid acted
only to shift transition temperatures quantitatively, leaving the overall morphological behavior
completely unmodified. UV irradiation exposure of the composite blends directly in the melt-
phase at selected temperatures resulted in permanent trapping of both the cylinder and gyroid
morphologies from a single block copolymer sample.

The studied photocuring chemistry was extended to produce spherical nanostructured
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hydrogel networks. Fabricated hydrogel networks are built from a pre-structured lattice of body-

centered cubic spheres (S, . .), produced via melt-state self-assembly of blended AB diblock

BCC
and ABA triblock copolymers. Added ABA triblock serves to produce active tethered junction
points between the AB diblock spherical micelles. The integrated thermally stable photocuring
chemistry allows for in situ trapping of these spherical domains directly in the melt phase, in-
dependent from the required thermal processing necessary to achieve the tethered BCC lattice.
Specifically, the hydrogel networks were fabricated from partially epoxidized blends of poly-
butadiene-b-poly(ethylene oxide) diblock (PB-PEO) and PB-PEO-PB triblock copolymers.
UV cured samples of composite copolymer disks containing an added amount of UV activated
cationic photoinitiator samples retained the S, structure with high fidelity, which serves to
pre-structure the hydrogel network prior to swelling. Photocured disks preserved their original
shape when swollen in water or organic media, were highly elastic and had excellent mechani-
cal properties. Control experiments with uncured samples immediately dissolved or dispersed
when swollen. Simple photopatterning of the cross-linked hydrogel system is also explored.

The developed pre-structured hydrogel network was then adapted to incorporate light
sensitive anthracene groups into the spherical forming AB diblock copolymer for in situ gen-
eration of tethering ABA triblock. Pressed disks of anthracene terminated poly(styrene)-b—
poly(ethylene oxide) diblock (PS-PEO-An) were photocoupled with UV 365 nm filtered light
directly in the melt-phase, post the necessary thermal self-assembly process. Photocoupled disks
swelled in water, were highly elastic, had tunable mechanical properties (based on UV irradia-
tion time), and showed complete preservation of initial shape. Swollen photocoupled disks were
found to exhibit similar properties to pre-blended PS-PEO/PS-PEO-PS hydrogels with slight
differences likely resulting from an asymmetric distribution of triblock in the photocoupled
gels. The PS-PEO-An based hydrogels are proposed to be possible future candidates for the
development of new asymmetric hydrogels because of their simple fabrication and excellent
mechanical properties.

A new poly(room temperature ionic liquid) (RTIL) BCP platform was developed based on
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the sequential, living ring-opening metathesis polymerization (ROMP) of a hydrophobic non-
charged dodecyl ester norbornene monomer followed by a cationic imidazolium norbornene
ionic liquid (RTIL) monomer. The synthesized BCPs were found to exhibit surfactant behavior
in solution and form highly periodic nanoscale melt morphologies. Extensive control experi-
ments with homopolymer blends do not show any surfactant behavior in solution nor micro-
phase separation in the neat melt phase. After an initial study optimizing the synthesis and
verifying the block architecture, a series of 16 poly(RTIL)-based BCP samples were synthesized
with varying compositions of 0.42-0.96 vol% poly(norbornene dodecyl ester). A phase diagram
was developed through a combination of small-angle X-ray scattering and dynamic rheology.
Morphologies identified and assigned within the phase space studied include lamellae (Lam),
hexagonally packed cylinders (Hex), a coexistence of Hex and Lam domains in place of the

gyroid region, spheres on a body-centered cubic lattice (S,_.), and a “liquid like” packing of

BCC
spheres (LLP). Annealing samples containing a coexistence of Lam and Hex domains suggest
extremely slow ordering kinetics disposing one of the morphologies. The studied poly(RTIL)-
based BCPs containing highly charges species are very strongly segregated (large x parameter),
resulting in limited if any access to the disordered and gyroid regime.

Finally, in Appendix I a supramolecular polymer system comprised of benzene-1,3,5-tri-
carboxamide (BTA) and 2-ureido-4[1H]-pyrimidinone (UPy) functional hydrogenated poly-
butadiene was developed that forms two unique and independent nanorods motif assemblies.
When the two supramolecular motifs are end-capped to different homopolymers, the motifs
self-assemble independent of each other into separate nanorod stacked structures. However,
when a telechelic polymer is introduced into the system containing both supramolecular motifs
(one on each end), a network is formed between the nanorod assemblies. Without the telech-
elic polymer, the supramolecular material is a viscous liquid with little mechanical integrity.

In contrast, addition of the telechelic polymer acts as a cross-linker and results in a networked

material that is highly elastic with excellent mechanical properties.
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PART I — ACCESS TO UV PHOTOCURED NANOSTRUCTURES VIA
SELECTIVE MORPHOLOGICAL TRAPPING OF BLOCK COPOLYMER

MELTS



CHAPTER 1

INTRODUCTION AND PERSPECTIVE OF DISSERTATION

The contents of this dissertation chapter were written by Vincent E. Scalfani.



1.1 COMMON ABBREVIATIONS AND CHEMICAL STRUCTURES USED WITHIN

DISSERTATION
Abbreviation Full Name Chemical Structure/
Cartoon
(Where Applicable)
An Anthracene
BCC Body-centered cubic
BCP Block copolymer
C/Hex Hexagonally packed cylinders m
X Flory interaction parameter
Dis Disordered
DOD Poly(norbornene dodecyl ester) d ©
11
DOSY Diffusion ordered spectroscopy
DSC Differential scanning calorimetry
- ¥
ePB Partially epoxidized polybutadiene _
- ¥
ePI Partially epoxidized polyisoprene
G/Gyr Gyroid
G' Storage (elastic) modulus
G" Loss (viscous) modulus
GPC Gel permeation chromatography
IL Ionic liquid



IMD

IPDPST

L/Lam

LLP

MCPBA
MW
NMR

ODT
00T

PB

PEO

PI

PS

Poly(norbornene imidazolium)

(4-Iodophenyl)diphenylsulfonium
triflate photoinitiator

Lamellae
Crystalline Lamellae

Liquid-like packing

3-chloroperoxybenzoic acid
Molecular weight
Nuclear Magnetic Resonance

Order-disorder transition

Order-order transition

Polybutadiene

Poly(ethylene oxide)

Polyisoprene

Polystyrene

/

0]
HO Cl
O)U



ROMP Ring-opening metathesis polymeriza-

tion
RTIL Room temperature ionic liquid
SAXS Small-angle X-ray scattering
S Spheres on a body-centered cubic
Bee lattice
SEC Size exclusion chromatography

1.2 BRIEF OVERVIEW OF DISSERTATION

The purpose of this introductory chapter is to provide context and perspective for the research
involved in completing this dissertation. There are four main studies within parts I and II of the
dissertation: a) Development of photocuring chemistry for selective trapping of block copolymer
(BCP) melt nanostructures (Chapter 3), b) Nanostructured hydrogel networks (Chapters 4 and
5), ¢) Synthesis and phase behavior of poly(RTIL)-based block copolymers (Chapters 7 and
8), and d) Orthogonal supramolecular polymer motif networks (Appendix I). The following
sections describe the project history and a brief account of each project individually. Introduc-
tion to chemical details and a literature review specific to each goal is reserved for the indi-
vidual chapters; the majority of chapters contained in this dissertation have been adapted from
published work (accepted format according to the Colorado State University Graduate School)
containing comprehensive introductions specific to each desired goal. Citations of published
work that is contained in this dissertation are listed below, and are also noted at the beginning

of the corresponding chapter title page.

Chapter 3 — Scalfani, V. E; Bailey, T. S. Thermally Stable Photocuring Chemistry for Selective
Morphological Trapping in Block Copolymer Melt Systems. Chem. Mater. 2010, 22,
5992-6000.

Chapter 4 — Scalfani, V. E; Bailey, T. S. Access to Nanostructured Hydrogel Networks
Through Photocured Body-Centered Cubic Block Copolymer Melts. Macromolecules
2011, 44, 6557-6567.



Chapter 7 — Wiesenauer, E. F; Edwards, J. P; Scalfani, V. E; Bailey, T. S.; Gin, D. L. Synthesis
and Ordered Phase Separation of Imidazolium-Based Alkyl-Ionic Diblock Copolymers
Made via ROMP. Macromolecules 2011, 44, 5075-5078.

Chapter 8 — Scalfani, V. E; Wiesenauer, E. E; Ekblad, J. R.; Edwards, J. P; Gin, D. L.; Bailey, T.
S. Morphological Phase Behavior of Poly(RTIL) Containing Diblock Copolymer Melts.
Macromolecules 2012, submitted.

Appendix I — Mes, T.; Koenigs, M. M. E.; Scalfani, V. F; Bailey, T.S.; Meijer, E.W.; Palmans, A.
R. A. Network Formation in an Orthogonally Self-Assembling System ACS Macro Lett.
2011, 1, 105.

1.3 PHOTOCURING CHEMISTRY FOR SELECTIVE CURING OF BLoCK
CoPOLYMER MELTS (CHAPTER 3)

In chapter 3, a thermally stable UV cationic photoinitiator system was developed for selective
curing of block copolymer melt nanostructures. The developed photocuring system was
comprised of partially epoxidized polydiene-based block copolymer and UV cationic photo-
initiator composite blends. After melt-processing the composite blends to obtain the targeted
nanoscale structure, UV irradiation was used to permanently translate the melt-state structure
to the solid analogue with high fidelity. The curing mechanism is completely independent of the
required thermal melt-processing, which is particularly useful for solidifying specific melt mor-
phologies in block copolymer systems exhibiting multiple thermally accessible phase-separated
nanostructures.

Unfortunately, much of the preliminaryresearch towards the photocuring of block copolymer
melts did not become part of this dissertation. The original project was aimed at developing a
nanostructured hydrogel system based on spherical forming poly(siloxane)-b-poly(ethylene
oxide) BCPs where the polysiloxane block could be cross-linked independent of any thermal
processing (necessary for the BCP self-assembly process). However, developing a cross-linkable
poly(siloxane)-b-poly(ethylene oxide) BCP proved to be synthetically challenging within the
available time frame of this dissertation. In fact, many months of research went into developing

new cyclic epoxy monomers and epoxy functional polysiloxane homopolymers. The biggest



challenge in synthesizing a cross-linkable epoxidized polysiloxane-b-poly(ethylene oxide)
BCP is avoiding a silyl ether bond linkage (formed through sequential polymerization, and
easily cleavable with acid or base) between the polysiloxane and poly(ethylene oxide) block.
Several coupling strategies were explored that utilized protected initiator or terminating agents
on the polysiloxane block, which would eliminate the silyl ether linkage between the polysi-
loxane and poly(ethylene oxide) block. Deprotecting the initiator and/or terminating agents,
most often relying on basic conditions, repeatedly led to severe degradation of the polysiloxane
block. In hindsight, strategies using terminating agents that can be readily deprotected in mild
acidic conditions such as silyl protected amines would, perhaps, have been more successful.
In addition, strategies where the epoxy modified polysiloxane is end-functionalized with a
macroinitator (e.g. for controlled free-radical polymerization) may also have been an excellent
alternative to produce a cross-linkable polysiloxane with a hydrophilic block (notably, a hydro-
philic monomer compatible with the initiation method would have to be selected). Ultimately,
it was realized that the desired goal of fabricating a cross-linked nanostructured BCP hydrogel
could be more easily achieved with a polydiene-b-poly(ethylene oxide) BCP system, which is
synthetically straightforward. I look forward to future students revisiting the polysiloxane BCP
project; in fact, polysiloxane-based BCPs are still very appealing alternative materials for much
of the work accomplished in this dissertation.

After synthesizing several partially epoxidized polyisoprene-b-poly(ethylene oxide)
BCPs and exploring some of the thermal properties of the cationic photocuring chemistry, we
realized that the system would have implications beyond fabricating nanostructured spherical
hydrogels. The composite materials were found to exhibit excellent thermal stability and have
curing conditions completely independent of any melt processing below ~200 °C in the ep-
oxidized polyisoprene-b-poly(ethylene oxide) system. We hypothesized that having a curing
mechanism solely triggered with UV light and independent of temperature could be extremely
useful in selectively trapping different morphologies from a single block copolymer containing

multiple thermally accessible nanostructures. Chapter 3 is the product and research support-



ing the aforementioned hypothesis. To our knowledge, this was the first example of selectively

trapping two different temperature-dependent morphologies from one BCP sample.

1.4 NANOSTRUCTURED HYDROGEL NETWORKS (CHAPTERS 4 AND 5)

The developed photocuring system in Chapter 3 was then utilized to fabricate pre-structured
hydrogels in Chapter 4. The hydrogel networks were based on a spherical tethered system of AB
diblock and ABA triblock comprised of hydrophobic junction points (A domains) and hydro-
philic (B) domains which are selectively swollen in compatible media. Specifically, the hydrogels
were built from UV cross-linked partially epoxidized polybutadiene-b-poly(ethylene oxide)/
polybutadiene-b-poly(ethylene oxide)-b—polybutadiene ePB-PEO/ePB-PEO-ePB copolymer
blends with an added amount of cationic photoacid initiator. The composite blends were
pressed as disks and photocured directly in the melt, permanently locking in the pre-structured
tethered BCC spherical morphology. After swelling disks in aqueous or organic media, gels
preserved their original shape, had excellent mechanical properties and were highly elastic.

Chapter 4 fulfilled the original proposed goals of fabricating a chemically cross-linked BCP
hydrogel that self-assembled in the melt independent of the curing kinetics. In fact, the vast
majority of proposed research for this dissertation was fulfilled in Chapter 4. Notably, the fab-
ricated hydrogel networks represent one of many possible applications of the thermally stable
photocuring chemistry initially developed in Chapter 3.

The chemically cross-linked ePB/ePB-PEO-ePB hydrogels were researched in parallel to a
similar physically cross-linked hydrogel system based on polystyrene-b-poly(ethylene oxide)
AB and ABA blends studied in the Bailey research group and experimentally led by Chen
Guo (Colorado State University). Pre-structured hydrogels built from PS-PEO/PS-PEO-PS
blends were found to have excellent properties such as preservation of shape, good mechanical
properties, and adjustable swelling. The chemically cross-linked hydrogels developed in this
dissertation overcame several limitations of the vitrified physically cross-linked PS-PEO/PS-
PEO-PS hydrogels including: 1) access to lower molecular weights resulting in highly ordered

melt structures, 2) organic solvent compatibility, and 3) greater accessibility of smaller mesh
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sizes and swelling ratios.

In Chapter 5, a nanostructured hydrogel system based on pre-structured anthracene end-
tagged PS-PEO melts was developed. This eliminated the necessity to pre-blend a set amount
of triblock tethers, in the original PS-PEO/PS-PEO-PS system. Pressed disks of anthracene
functional PS-PEO were photocoupled directly in the melt-phase, forming a concentration
of triblock in situ which is controlled directly by adjusting the amount of UV light exposure.
Swollen disks were found to be highly elastic with tunable mechanical properties and swelling
simply by controlling the amount of UV irradiation time.

Originally, we sought to fabricate anthracene functional ePB-PEO hydrogels, as this would
have been a direct extension to the ePB-PEO hydrogels developed in Chapter 4; however compli-
cations separating the photocuring chemistry from the anthracene coupling precluded further
exploration of the system within this dissertation. It was quickly discovered that the required
curing step (also based on UV light) photocoupled a significant amount of anthracene groups
(20 mol %), allowing for little control over subsequent anthracene photocoupling (maximum
achieved photocoupling efficiency was about 50 mol %). The use of narrow bandpass filters
such as 254 nm to prevent anthracene coupling, did not allow for efficient photo cross-linking,
likely a result of the reduced filtered light intensity. It made sense, for the initial development
of anthracene functional gels, to completely eliminate the photocuring chemistry by develop-
ing a physically cross-linked system first and then returning to the chemically cross-linked
system in a future study. PS-PEO, which did not require chemically cross-linking, was a better
suited material for an initial development of self-assembled anthracene functional hydrogels,
and proved to be quite successful in Chapter 5. Future researchers may achieve the separation
of the photocuring and photocoupling steps in anthracene functional ePB-PEO melts by using
selective filters containing a broad transmission wavelength range (e.g. 200-300 nm) that can
efficiently cross-link the epoxy groups independent of anthracene (or alternative photodimer-

izing species) coupling.



1.5 SYNTHESIS AND PHASE BEHAVIOR OF POLY(RTIL)-BaAaSED BLOCK
CoPOLYMERS (CHAPTERS 7 AND §)

In Chapter 7, a new highly charged BCP was synthesized by the sequential ring-opening
metathesis polymerization (ROMP) of a dodecyl ester norbornene and charged imidazolium
norbornene monomer. Some nanoscale morphological analysis is also presented in Chapter 7
which helped to confirm the block architecture. In Chapter 8, a total of 16 poly(RTIL)-based
block copolymers were synthesized for a complete melt-state morphological analysis. A phase
diagram was developed through a systematic characterization of the morphological behavior
through a combination of small-angle X-ray scattering (SAXS) and dynamic rheology.

The poly(RTIL)-based block copolymer project began in the Douglas L. Gin group at
Colorado University Boulder, Boulder, CO. Erin FE. Wiesenauer and Julian P. Edwards were
synthesizing these unique BCPs, and already had some convincing evidence, such as solubil-
ity and NMR DOSY studies, suggesting the materials were indeed block copolymers. Unfor-
tunately, direct evidence confirming the BCP architecture could still not be achieved with
straightforward experiments such as GPC and dynamic light scattering due to complications of
the highly charged nature of the polymers. We ran some rheological and SAXS experiments at
Colorado State University on the charged BCP samples which led to conclusive confirmation
of the block architecture (Chapter 7). The collaboration continued into Chapter 8, where Erin
and Julian synthesized the BCPs and we developed the phase diagram of the poly(RTIL)-based
block copolymer system. These are very exciting materials for two reasons: 1) the ionic block is
polymerized directly from a charged monomer, which is atypical in synthesizing charged BCPs,
often the ionic block is introduced as a post-polymerization modification in other charged
BCP systems and 2) nearly all of the BCPs synthesized self-assemble into very well-defined
nanoscale melt morphologies, potentially useful for many new materials requiring incorpora-
tion of an ionic liquid polymer such as separation membranes. This project could not have been
completed without the hard work of every member of the research team; I very much look

forward to the future development of similar charged BCP systems and, better yet, the develop-
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ment and morphological characterization of triblock installments.

1.6 ORTHOGONAL SUPRAMOLECULAR POLYMER MOTIF NETWORKS
(APPENDIX I)

In Appendix I, a supramolecular polymer system was studied that contains two unique nanorod
forming supramolecular functional group motifs. The two motifs self-assemble independently
to form two separate nanorods, which produces a material lacking in mechanical properties.
However when a telechelic polymer containing both unique motifs is introduced into the system
a cross-linked network is formed. The resulting supramolecular material with the cross-linker
exhibits excellent elastomeric and mechanical properties.

This project began in the E.-W. (Bert) Meijer group (Eindhoven University of Technology,
The Netherlands) with Tristan Mes, Marcel M. E. Koenigs, and Anja R.A. Palmans. The proposed
research required a narrow molecular weight telechelic hydrogenated polybutadiene homo-
polymer, which we had some experience with in our lab. Interestingly, it looked very straight-
forward on paper to synthesize a difunctional polybutadiene through the use of a protected
anionic initiator with subsequent ethylene oxide quenching. It took us quite a bit longer than
expected to synthesize the difunctional homopolymer due to complications of unwanted de-
protection of the initiator during the end-functionalization with ethylene oxide step. It turns
out that by simply quenching the oxanion within about an hour (classically ethylene oxide
is allowed to react overnight with polymer carbanion end-chain alcohol functionalization), a
near perfect (~98%) telechelic homopolymer was synthesized. The Meijer group was then able
to functionalize the homopolymer with the supramolecular motifs for use in the orthogonally
self-assembling nanorod network study. We also performed the rheological melt analysis of
the supramolecular materials here at Colorado State University which greatly aided in the
confirmation of network formation and increased mechanical properties upon introduction of
the difunctional cross-linker motif. Collaborating on this project with the Meijer group was a
fantastic experience and opportunity to work with some unique polymeric materials that were

very different compared to the majority of polymeric materials studied in this dissertation. I
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hope that our collaborative contribution facilitates future studies with cross-linked polymer

networks based on supramolecular self-assembly.

1.7 FINAL REMARKS BEFORE DISSERTATION MAIN TEXT

There are several chapters not mentioned in this introduction including chapters 2, 6, 9, and
Appendix II. Chapter 2 is an overview of the main experimental characterization techniques
used throughout the dissertation, which should also be useful for other researchers studying
BCPs. Chapters 6 and 9 contain a summary of the major results and impacts to the scientific
community for parts I and II of the dissertation, respectively. Appendix II is a compilation
of the supporting information noted throughout the dissertation. Much of the work in this
dissertation was highly collaborative, some of which was described and acknowledged above;

delineation of all research within this dissertation can be found at the beginning of each chapter.
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CHAPTER 2

INTRODUCTION TO BLOCK COPOLYMER THERMODYNAMICS AND
EXPERIMENTAL CHARACTERIZATION TECHNIQUES USED WITHIN

DISSERTATION

The contents of this dissertation chapter were written by Vincent F. Scalfani.
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2.1 CONSPECTUS

The purpose of this chapter is to present a brief introduction to block copolymer phase behavior
(linear AB diblocks) and an overview of the main experimental characterization techniques
used throughout the dissertation for the characterization of block copolymer based materials.
Discussion of characterization methods including NMR, size-exclusion chromatography
(SEC), dynamic mechanical spectroscopy (rheology), and small-angle X-ray scattering (SAXS)
will be limited to the experiments and data analysis procedures used within the context of the
completed thesis research. Detailed background, discussion of instrumental components, and
other experiments with the aforementioned techniques are reserved for the references cited.
The general data collection practices are presented along with a worked example of data analysis

where applicable.

2.2 BLock COPOLYMER THERMODYNAMICS AND MELT-STATE PHASE

BEHAVIOR

Block copolymers (BCPs)'* have continued to be of current interest to researchers over the past
several decades as a result of their inherent ability to self-assemble on the nanometer length
scale (typically 10-100 nm). Past comprehensive research performed both theoretically’* and
experimentally’!" has built a strong foundation for future researchers seeking to exploit the
self-assembled phase behavior of block copolymer nanostructures for use in a variety of ap-
plications such as electronics, fuel cells, nanolithography and templating.'*'¢ In the most sim-
plistic BCP, two chemically distinct homopolymers are joined together covalently, forming a
linear AB diblock copolymer. Microphase separation on the nanometer length scale in BCPs
is driven by the degree of incompatibility of the constituent blocks which can be characterized
by the product xN, where  is the Flory-Huggins interaction parameter and N is the segmental
volume of a chosen repeat unit. If the product N is large enough, and exceeds a critical point,
it becomes energetically more favorable to microphase separate into an ordered morphology

than to form an isotropic mixture (disordered state). The adopted equilibrium geometry of
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Figure 2-1. Calculated self-consistent field theory (SCFT) phase diagram for a linear AB diblock
copolymer. Reproduced with permission from ref 8 (top). Experimental phase diagram for a linear poly-
isoprene-b-poly(ethylene oxide) block copolymer, reproduced with permission from ref 9 (bottom).
The theoretical and experimental phase diagrams are remarkably similar, particularly with the location
of compositional morphological phase boundaries. The asymmetric nature of the experimental PI-PEO
phase diagram is attributed to the conformational asymmetry of the constituent block segments.
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the phase separated state is then determined by the sensitive balance of entropic chain stretch-
ing and enthalpic interfacial surface contact energy; both parameters can be finely tuned
through judicious choice of monomers, architecture, length, and relative volume fraction of the
blocks."** In linear AB diblock copolymer systems, four primary self-assembled morphologies

are adopted which include spheres on a body-centered cubic lattice (S, . .), hexagonally packed

BCC)
cylinders (H), bicontinuous gyroid (G), and lamellae (L) (Figure 2-1).

As demonstrated qualitatively in Figure 2-2, the thermodynamics of BCP phase separation
can be envisioned as a pseudo two-step process; that is, first and foremost, is it energetically
favorable to mix or phase separate? And second, if it is energetically favorable to phase separate,
which ordered morphology provides a structure that balances the interfacial surface contact
and chain stretching penalties to produce the lowest free energy? Importantly, there is a sub-

stantial difference in the free energy of a disordered state (G, ) compared to a phase separated

DIS
ordered state in the strong segregation limit (SSL, lower temperatures). However, the relative

energy differences of the ordered morphological states (G,_., G,, G, G,) are less drastic, but

BCC’
differ significantly enough to be highly selective at equilibrium. In the weak segregation limit
(WSL, higher temperatures), the free energy of the ordered states and disordered state are of
similar magnitude and eventually converge at an order-to-disorder (ODT) boundary where the
ordered state energies become greater than the disordered state free energy.

Hypothetical free energy profiles of the disordered (G, ) and phase separated ordered

DIS

states (G, ., G, G, G,) of two AB diblock copolymers with differing relative block fractions

BCC’
are shown in Figure 2-2. At equilibrium, the BCPs will self-assemble into the morphology
(including an ordered state or disordered state) with the lowest free energy, denoted by the
bolded paths in Figure 2-2. In the first example (Figure 2-2 top), a BCP with a symmetric
volume fraction (f, = 0.5) self-assembles into the lamellar morphology (lowest energy) along
the thermal trajectory until becoming disordered at higher temperatures. The morphological

behavior of this symmetric BCP example is fairly simplistic along its entire thermal trajectory;

there exists one ordered lamellar state and a disordered state after an ODT transition. In the
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second example (Figure 2-2 bottom), a BCP with some asymmetry (f, = 0.35) was chosen,
where the self-assembled morphology becomes much more complex and extremely dependent
on the chosen temperature. Analogous to the first example, there is a clear distinction between
the free energy of the mixed state (G ) and ordered states (G, ., G, G, G,) at low tempera-
tures (SSL). In addition, the lamellar morphology with the lowest free energy is also adopted in
the SSL. However, following the path with the lowest free energy reveals several locations where
the free energies of the morphological states cross, resulting in several order-to-order transi-
tions (OOT) before disordering at higher temperature. Following the bolded line representing
the path with the lowest free energy shows the BCP would transform from lamellae to gyroid,
and then from gyroid to hexagonally packed cylinders, and then finally disordered. Importantly,
many experimental BCP systems exhibit complex phase behavior similar to the aforementioned
hypothetical example; that is, adoption of multiple temperature dependent morphologies. An
example of an experimental BCP system (PI-PEO) that exhibits similar complex behavior is
discussed in Chapter 3.

Notably, only simple AB diblock copolymers have been considered here for the introduc-
tion to block copolymer thermodynamics. Increasing complexity of the block copolymer will
alter the adopted morphology, for example addition of just one more block, C, forming a linear
ABC triblock copolymer results in an array of exquisite and complex spatially periodic mor-
phologies; a product of the added incompatibility of not only A-B, but also A-C and C-B
block interactions.'” Modern synthetic techniques'®** allow for precise tuning of chemical com-
position, block sequence and numerous architectures such as rigid rod-coil, cyclic, and star,
which can, of course, further increase the complexity of the adopted nanoscale phase separated

geometries.® >

2.3 EXPERIMENTAL CHARACTERIZATION TECHNIQUES FOR BCPs
2.3.1 Nuclear Magnetic Resonance (NMR)

NMR is an extremely powerful characterization technique available to distinguish the chemical
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structures of species. While there are a multitude of available experiments and techniques based
on the principles of NMR,**” proton (‘H) NMR was the most relevant and useful NMR ex-
periment in this dissertation work for the physical characterization of polymers. In contrast to
most small molecules where line widths are fairly narrow and well-resolved, typical 'H NMR
spectra of polymers often have much broader line widths.?® *® The broad nature of the line
width in polymer spectra is generally a result of a combination of: (1) long correlation times
(slow molecular movement) resulting in more efficient spin-spin relaxation (T,) of nuclei,”**
and (2) presence of multiple similar nuclei (i.e., chain backbone) absorbing a range of frequen-
cies, rather than a single frequency.”® Shorter T, relaxation times and absorptions of a band of
frequencies both produce broader lines.” > Despite the broad nature of line-width inherent
to '"H NMR polymer characterization, in general integrations are still relatively accurate (~
5%) and amenable to several critical calculations such as end-group analysis and relative block
fractions. In fact, sometimes the broad nature of the line width is advantageous to polymer
end-group analysis, as most often the line width of end-group protons are broadened compared
to its analogues freely unbound molecule. The broad nature of bound end-group fragment
protons is often useful in determining if end-tagging was successful and/or if there is residual
free end-group molecules contaminating the sample.

In a typical '"H NMR experiment for the polymers studied herein, 20-40 mg of sample is
dissolved in 1.0 mL CDCI,. A larger amount of sample is utilized compared to small molecule
analysis, as the concentration of end-groups is small compared to the polymer chain. In
addition to using a larger amount of sample, a time delay (20-60 s) is typically added between
trials (32-128) to ensure complete relaxation of end-group nuclei in an effort to obtain greater

intensity.
2.3.2 End-group Analysis

End-group analysis®»* allows for the determination of the number average molecular weight of

polymers, providing there is a sufficient concentration of end-groups (> 1% relative to polymer
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chain®) and they are resolved from the protons associated with the backbone repeat units. An
example 'H NMR of alcohol terminated polybutadiene (PB-OH) is depicted in Figure 2-3. A
typical procedure for end-group analysis is to normalize the integrations relative to the number
of initiator protons (i.e. 6 for sec-butyllithium initiated butadiene). Then, two equations can

be extracted, where A and B are the integral values and x and y are the number of repeat units:
A=x+2y Equation 2-1

B=2x Equation 2-2

After solving the former two equations, the M_value can be determined by multiplying the total
repeat units (x + y) by the MW of a butadiene repeat unit. The relative amount of 1,4 addition

to 1,2 addition can be calculated with:

%1,4 = o4 x100 ; %1,2= X x100 Equation 2-3
y+x y+x

Lastly, the efficiency of chain termination can be determined from the relative ratio of the
initiator to end-group fragment. In the particular example of PB-OH depicted in Figure 2-3,
the relative ratio for quantitative functionality would be CH,-CH,-C(R)H-CH, (initiator):
-CH,-OH (end-group) = 6 : 2. All polymer samples in this dissertation contained near quanti-
tative (within 5% NMR error) functionality of terminating agent or post-polymerization end-

tagging (also confirmed with SEC, vide infra).
2.3.3 Volume Fraction Determination

The volume fraction of the polydiene based BCPs synthesized in this work were determined

from relative NMR integrations, similarly to the previous end-group analysis discussion where:

A=x+2y Equation 2-4
B=2x Equation 2-5
C=4z Equation 2-6
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A, B, and C are the integral values and x, y, and z represent the individual repeat units (Figure
2-4). Again, the M_value can be determined by multiplying the repeat units (x + y, z) by the
corresponding MW of the repeat unit. The volume fraction of the PB-PEO BCP example can

then be calculated with:

nPB

pPB

f = Equation 2-7
" MnPB + MnPEO
Prp Prro
= OH
W/);\/
=
PB-OH
Hy H
Hy | ¢ cl/ /ﬁ/
= Hi Hy
(D)

(A) 3} (E) Hscj/
Hb = (C) He He

H
CHCl, b M H /P;)
/‘\J L‘A(B) \XOH J (F)
A
7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5

ppm

Figure 2-3. '"H NMR of a hydroxyl terminated polybutadiene homopolymer. End-group analysis and
determination of relative amount of cis to trans units can be calculated with Equations 2-1 through 2-3.
Further characterization can be found in Chapter 4.
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The densities used for PB/PI and PEO in this work were taken from tabulated literature values

complied by Fetters et al.**

2.3.4 Percent Epoxidation Determination

A partially epoxidized PB/PB-PEO-PB blend '"H NMR is shown in Figure 2-5. The

relative amount of epoxidized units to diene units can be calculated as follows:

A=2p+Q;p=2_8
2 4

B

B=2Q ;Q=—

Q:;Q 5
C=2R+S ;Rzg—E
2 4

E:ZS;SZE

2

D=2T;T=2

2

Equation 2-8

Equation 2-9

Equation 2-10

Equation 2-11

Equation 2-12

Where A-E are the integral values and P-T are the unique repeat units. Combining the above

equations, an expression for the total % epoxidation (E) can be derived, as well as % epoxidation

of the various units including 1,2, 1,4 cis and 1, 4 trans:

pE=— RFSTT 100
P+Q+R+S+T

S

%1,2E = X
P+Q+R+S8+T

100

T
X
P+Q+R+S+T

%1,4TransE = 100
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Equation 2-13

Equation 2-14

Equation 2-15



R
X
P+Q+R+S+T

%1,4Cis E = 100 Equation 2-16

Notably in the example provided in Figure 2-5, epoxidation of 1,2 units is ~0 but equations

were provided regardless for reference.

PB-PEO
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Figure 2-4. '"H NMR of a hydroxyl terminated polybutadiene-b-poly(ethylene oxide) PB-PEO BCP.
The relative volume fraction of the block can be calculated with Equations 2-7. Further characterization
can be found in Chapter 4.
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Figure 2-5. "H NMR of a blend of diblock and triblock epoxidized PB-PEO BCP. Epoxidation analysis
including total amount relative to original diene units, and ratio of epoxidized cis and trans units can be
calculated with Equations 2-8 through 2-16. Further characterization can be found in Chapter 4.
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2.3.5 Size Exclusion Chromatography (SEC)

SEC is a liquid chromatography technique commonly employed in polymer science to separate
macromolecules of different sizes. This separation technique can provide information about
molecular weight, molecular weight distribution, chemical composition, and architecture. Data
that can be readily acquired from the separation process is dependent upon the efficiency of
column separation, method of calibration, and type(s) of detection used.?>** The SEC system in
this dissertation exclusively utilized a refractive index (RI) detector with a calibration method
based on known homopolymer standards (PS or PEO).

In a typical experiment, 5-10 mg of polymer sample(s) are dissolved in THF (eluting
solvent), filtered and injected into the SEC/RI detector instrument. The calibrations standards
(usually 5-8 different molecular weights) were also run shortly after, following injection of
the sample(s). Characterization information that could be easily obtained from the resulting
chromatograms included molecular weight distribution, chemical composition (e.g. triblock vs.
diblock content), and some architectural characteristics (e.g. connectivity of polymer blocks).
Figure 2-6 depicts a series of polymer samples starting from a parent PB-OH functional ho-
mopolymer. It is clearly evident that after the addition of the PEO block, the chromatogram
peak shifts to a shorter elution time, consistent with a larger molecule. Importantly, SEC in
contrast to NMR can distinguish the architecture (connectivity) of the two blocks. For example,
a sample containing a mixture of PEO and PB would look nearly identical in "H NMR as a
PB-PEO block copolymer, whereas SEC could readily discern between the two samples since
molecules would be separated based on size. It is also noted that there is an absence of residual
PB-OH homopolymer in the SEC trace for PB-PEO, suggesting the initiation of PB-OH was
quantitative. Coupling of PB-PEO to form triblock, PB-PEO-11.5 (11.5 mol % TB) shows an
SEC trace with a bimodal distribution, as expected for a mixture of polymeric species with
vastly different molecular weights. The relative amount of triblock (TB) was determined by
integrating the individual peaks as the relative area is dependent upon mass concentration (g/

ml) in the RI detector response (Figure 2-6, top) and subsequently converted to mol % with
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the number average molecular weights determined from '"H NMR. Lastly, SEC was utilized to
monitor if any chain degradation was observed after post-polymerization chain modification.
For example, epoxidation of PB-PEO-11.5 to 19.6% shows a nearly identical molecular weight

distribution, indicating no chain degradation or coupling took place during the reaction.

ePB-PEO
ePB-PEO-ePB ,/
N TY:
(TB) '%q !"r-( )

P

PB-PEO-11.5 ; Wi

o
Lol

|IIII|IIII||II||||IIlIIIIlIIII]IlIII

14 16 18 20 22 24 26 28
mL

Figure 2-6. SEC of a series of BCPs including PB, PB-PEO, PB-PEO with 11.5 mol% triblock and
a partially epoxidized (19.6%) PB-PEO with 11.5 mol% triblock. The SEC traces clearly show the
absence of homopolymer in the PB-PEO block copolymer suggesting a quantitative initiation step. The
copolymer mixtures (PB-PEO-11.5 and ePB , ~PEO-11.5) have well-resolved chromatogram peaks of
relative triblock to diblock polymer. In addition, the partial epoxidation shows no indication of chain
degradation (bottom). Pictorial representation of individual integration of relative triblock (horizon-
tal lines) to diblock (vertical lines) percent in an SEC trace (top). This figure has been adapted from
reference 20. Further characterization can be found in Chapter 4.
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2.3.6 Dynamic Mechanical Spectroscopy (Rheology)

Rheology is an invaluable tool for studying the flow and deformation response of materials
and has become tremendously useful in the characterization of polymer and copolymer melts
and solutions.* > ** Polymers and block copolymers possess viscoelastic properties; they are
therefore characterized by a combination of their liquid-like (viscous) and solid-like properties
(elastic) within a rheological experiment. The rheological characterization of block copolymer
materials is most commonly performed by observing the response of the complex modulus
(ratio of stress to strain) while applying a dynamic sinusoidal (oscillating) strain.? ** Briefly,
a small strain and frequency of oscillation is applied to the sample, and the resulting torque
required to produce the chosen strain is then measured as a stress wave. The stress wave is
then divided by the strain input and then mathematically decomposed into two modulus com-
ponents: one in-phase (G) storage modulus) with the applied strain input, and one 90° out of
phase (G, loss modulus) with the applied strain. The storage modulus (G’) is a measure of the
solid elastic properties of the material, and the loss modulus is a measure of the viscous liquid
properties of the material. Block copolymers typically have a considerable component of each
G’ and G, confirming their inherent viscoelastic behavior. Importantly, actual measurements
on polymer systems are customarily made in what is referred to as the linear viscoelastic regime,
where the moduli are independent of the strain and where the strain varies linearly with stress
(Figure 2-7).2>%

Direct morphological structural interpretation of BCPs cannot be determined with rheology
alone; instead rheology becomes extremely powerful when combined with other techniques
such as SAXS or TEM. The rheological response of block copolymers to a dynamic sinusoidal
oscillating strain widely varies with structure (or lack thereof); particularly there is a substantial
difference between the rheological response of an ordered morphological state and disordered
isotropic liquid state.***** Thermally and kinetically (providing the transition takes place on the
time scale of the rheology experiment) induced morphological changes such as order to order

transitions (OOT) and order to disorder transitions (ODT) in a block copolymer can be readily
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Figure 2-7. Determination of a suitable strain rate in the linear viscoelastic regime under dynamic oscil-
latory shear. The PI-PEO BCP melt sample exhibits a linear viscoelastic regime in the range of 0.1-4 %
strain at a frequency of 1 rad s™, evident by the plateau behavior of the modulus (G, G”) and the linear
response of the stress vs. strain curve. Any strain rate in the range of 0.1-4 % is a suitable choice for
further rheological experiments since all strain values in the range of 0.1-4 % produce torque measure-
ments above the ARES rheometer limit of detection 0f 0.01 g-cm (left). The PS-PEO Anthracene coupled
hydrogel exhibits a linear viscoelastic response from 0.01-0.5 % strain at a frequency of 1 rad s™'. Torque
values are much lower compared to the PI-PEO BCP melt sample, as a result data collected below 0.01
g-cm torque does not produce an acceptable signal-to-noise ratio. Therefore, a suitable strain rate for
further rheology experiments must be above 0.01 g-cm torque and within the linear viscoelastic regime,
a range that meets these requirements is 0.2-0.5 % strain. Inset depicts the parallel plate tool geometry.
Further characterization of the PI-PEO BCP melt and PS-PEO hydrogel can be found in Chapters 3 and
5, respectively.
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detected with rheology as the nanostructure directly affects the materials response to dynamic
shear.> !> In addition, there are also rheological trends that accompany block copolymer
morphologies which can aid in the assignment of structure, for example cubic systems (e.g.
spheres, gyroid) typically have moduli with a plateau-like response independent of tempera-
ture,*> *>*>* while lamellar BCPs often exhibit a steady decrease in moduli upon heating.'**
36, 45-47

Several different rheological experiments were performed in this dissertation on polymer
melt samples including dynamic temperature ramp (e.g. locate OOTs and ODT, Chapters 3, 4,
and 8) and dynamic frequency sweep tests (e.g. comparison of cross-linked vs. non cross-linked
supramolecular polymeric materials, Appendix I). For swollen hydrogel samples, dynamic
frequency sweep and compression tests were used for the characterization of the materials
(e.g. confirmation of highly elastic response, chapters 4 and 5). The detailed analysis of the
individual experiments is sample dependent and has been reserved for the designated chapters
above. However, common to all rheological experiments performed in this thesis is the parallel
plate tool configuration and determination of the linear viscoelastic regime. For melt samples,
8 mm upper and lower parallel plates were used, and for hydrogel samples an 8 mm upper
tool was used along with a covered water bath lower tool to prevent evaporation of absorbed
water. An appropriate strain rate for each of the aforementioned experiments was determined
independently for each sample by locating the linear viscoelastic regime where the modulus
is independent of strain. In addition, a strain rate was carefully chosen such that the torque
measurements were well above the instrument detection limit of (0.01 g-cm) when possible.
Two examples of such dynamic strain sweep test measurements are presented in Figure 2-7, for

a melt polymer and swollen hydrogel studied herein.
2.3.7 Small-angle X-ray Scattering (SAXS)

The investigation of block copolymer nanoscale morphology (10s of nanometers) including

those which are highly periodic, weakly-ordered, or amorphous (disordered) in structure
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can often be readily characterized with small-angle X-ray scattering (SAXS).*° Similarly to
conventional X-ray scattering of molecular crystals or powders, BCP melts that exhibit highly
periodic structures can typically be characterized by their unique set of relative diffraction planes
dependent of the inherent symmetry of the crystallographic planes in the periodic structure.”*
Diffraction from BCP melts occur at very small angles (6,), compared to molecular crystals or
powders, as a result of the large interplanar domain spacings (d). This relationship is consistent
with the definition of the Bragg law, where the Bragg angle (6,) varies inversely with d (with

constant wavelength of radiation, \):
nA =2dsin6, Equation 2-17

Notably, SAXS data is most often presented as a function of the scattering wave vector, q and
not 26, which is commonly used for small molecule X-ray diffraction. The magnitude of q is
defined as the difference between the incident (k) and scattering (k) wave vectors for elastic
scattering. The scattering wave vector, ¢, is dependent of the Bragg angle and quantifies the
change in momentum of the waves resulting from the scattering of radiation. The relationship
between the Bragg angle and ¢ is shown below and depicted in Figure 2-8.

4r . (20,
q :731n EY Equation 2-18

A simplified SAXS diagram is presented in Figure 2-8. In a representative SAXS experiment
conducted in this work, the BCP sample is typically comprised of many small crystallographic
grains, similarly to a powder XRD sample. The resulting diffraction patterns appear as a series
of Debye-Scherrer rings, a product of an infinite number of individual spots diffracted from
the many orientations of the crystalline grains. Pseudo-single crystalline BCP samples can be
formed with pre-shear techniques®~° resulting in a series of diffraction spots; however such
techniques were not studied to any significant extent in this work. After a suitable data collec-
tion time that provides a sufficient signal-to-noise ratio (typically 10-30 min with the Rigaku

S-Max 3000 system at Colorado State University), the 2D scattering pattern is transformed
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from polar coordinates to a Cartesian coordinate system (it is not a requirement to change
coordinate systems, but doing so simplifies data analysis). The scattering data is then azimuth-
ally integrated resulting in a 1D plot of intensity vs. the scattering wave, g. If the integrated
data produced numerous well-resolved diffraction reflections, the BCP melt structure can
generally be indexed through analysis of the diffraction pattern; one example is shown in the
following section. In addition, past comprehensive research performed both theoretically®**%*
and experimentally* ! aids in the identification of morphology. For example, in AB diblock"
>%and ABA triblock®”>* systems, only a select number of phases have been shown to exist and
therefore analysis of the structure is greatly simplified.

BCP morphologies that exhibit multiple reflections that cannot be identified readily with
diffraction techniques, such as some of the more elaborate morphologies formed by ABC
triblock copolymers'” typically utilize other characterization techniques in combination, such
as TEM or AFM.>*¢! Such alternative techniques were not utilized in this dissertation as all BCP
melt samples studied that exhibited well-resolved peaks were conclusively indexed to four mor-

phologies including spheres on a BCC lattice (S, ..), hexagonally packed cylinders (H), lamellae

BCC
(L), a coexistence of lamellar and hexagonal domains (H + L), and bicontinuous gyroid (G).
BCP Morphological states that do not exhibit well-resolved diffraction patterns include
weakly-ordered samples (e.g. liquid-like packing) or disordered samples. Both morpholo-
gies are usually characterized by very broad scattering coupled with low intensity.*> 3% #6264
Rigorous morphological characterization is more complex and is performed by modeling a
mathematical function combining the form factor (particle) and structure factor (lattice) of
the scattering. No such efforts of mathematical modeling were performed in this thesis, as this
was outside of the scope of the desired goals. A far less rigorous method of comparison to past
research was sufficient for the morphological analysis of the limited amount of BCP samples
that contained weak-order studied in this thesis. Additionally, the majority of samples studied

quickly (minutes to hours) transformed from weakly-ordered to highly-ordered with annealing,

effectively eliminating the necessity to model the non-equilibrium weakly-ordered state. Lastly,
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Figure 2-8. Geometric relationship between the Bragg angle and the scattering wave vector, q (top).
Schematic of a “poly-crystalline” BCP sample diffracting x-rays with an ordered hexagonally packed
cylindrical morphology. The wide-angle detector is located fairly close to the sample (centimeters) and is
similar to the proximity of a detector in a powder XRD instrument utilized for small molecule scattering.
The small-angle detector is located much further away from the sample (meters) and allows for suitable
resolution of scattering resulting from large domain spacings, occurring at very small angles. After data
collection, the 2D plot is converted to a 1D plot of intensity vs. g. The unique diffraction pattern can then
be indexed similarly to a powder XRD pattern.

samples having a disordered state were characterized by the disappearance of the diffraction

reflections, before appearance of the well-known correlation hole scattering, characterized by a

low intensity hump in the 1D broad scattering profile.*>

2.3.8 Indexing of BCP Morphologies

Identification of symmetry in the primary four BCP morphologies including spheres on a BCC

32



lattice, hexagonally packed cylinders, bicontinuous gyroid and lamellae is greatly simplified
for three main reasons: (1) relatively high symmetry morphologies (e.g. cubic BCC spheres
and gyroid) reducing the number of allowed reflections and (2) an assumption of one or more
lattice parameters approaching an infinite length scale, which simplifies the lattice geometry
(e.g. lamellae and cylinders) (3) comprehensive past research on BCP morphologies’ > & 8115
** documenting the assignment of morphology for a particular space group. In addition, dif-
fraction intensity predictions that adjust the structure factor to aid in the determination of
symmetry are typically unnecessary in the assignment of the classic BCP morphologies.*" **
However the suppression or absence of a particular allowed reflection of an indexed morphol-
ogy can sometimes be used to determine the relative densities and thus volume fractions of the
constituent blocks in and block copolymer.®*” Two special cases are discussed in Chapter 8.
As a result of the aforementioned simplifications, all four primary BCP morphologies
produce diffraction patterns that are independent of the unit cell dimensions. Combining

equations 2-17 and 2-18 gives a relationship of g to the domain spacing, d:

27
Qi = _d Equation 2-19
hkl

The inverse relationship of the scattering wave vector, g, and the interplanar spacing, d, of a
particular set of crystallographic planes, d,,, is very convenient for the symmetry analysis of
small-angle x-ray diffraction patterns. As an example, in a BCP sample exhibiting spheres on

a BCC lattice (S,_.), the distance between crystallographic planes, d, and the corresponding

BCC

miller indices is represented by the plane spacing equation 2-20 for cubic systems.”*>!

1 KW+ 4D Eeuation 220
—= 5 quation 2-
Ay a

Combining Equation 2-19 and 2-20, and simplifying in terms of a relative ratio to a reference

reflection, g, , produces equation 2-21.
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Qi NR K +17 ,
- = ST Equation 2-21

Equation 2-21 confirms the aforementioned statement that the relative g,,, g,,, values for a
cubic morphology are independent of the unit cell size (a) and can be readily calculated with
only the Miller indices. Before calculating the relative diffraction ratios, it is important to
consider any systematic absences arising from the lattice centering and symmetry elements of
the particular unit cell. In this example, the S, .. morphology belongs to the space group Im3m.
The systematic absences can be identified through calculation of the structure factor of the unit
cell. The structure factor calculations have already been complied in the International Tables for
Crystallography as reflection conditions, which essentially quantify the Miller indices, h, k and [
required in order to produce a diffracted intensity. The reflection conditions for the Im3m space

group are listed below, where h, k and [ are permutable and 7 is any integer.

hkl :h+k+1=2n Equation 2-22
Okl :k+1=2n Equation 2-23
hhl :1=2n Equation 2-24
h00: h=2n Equation 2-25

A typical procedure to calculate the allowed reflections would be to tabulate a list of relative
q ratios with equation 2-21 and various hkl miller indices. The reflection conditions are then
applied removing any forbidden reflections to produce a series of ratios consistent for the Im3m
space group as summarized in Table 2-1 and depicted in Figure 2-9.

The discussion of morphological assignments from SAXS has been limited to the primary
AB diblock copolymer morphologies where the crystallographic analysis is greatly simplified
due to either very high symmetry, or by assuming a lattice with only one identifiable finite
lattice parameter. In addition, there is a wealth of past research performed both theoretically

and experimentally on AB diblock copolymer melt equilibrium morphologies to aid in com-
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parison and identification.” > #1573 Indexing for other more elaborate BCP morphologies
can be accomplished similarly to the previously described procedure by calculating the relative
ratios and applying the appropriate reflection conditions. However, for direct assignment of
morphology by SAXS alone, scattering patterns for a block copolymer must contain a convinc-
ing number of higher order reflections, which can be unambiguously resolved. If that is not the
case, additional methods such as AFM or TEM must be applied.

Table 2-1. Allowed and forbidden reflections for the Im3m space group tabulated with the relative q
ratios of the allowed reflections.

hkl D D100 Reflection Condition hkl Dl 9100 Reflection Condition
100 absent hkl: h+k+1 # 2n 511 absent hkl: h+k+1 # 2n
110 V2 333 absent hkl: htk+] = 2n
111 absent hkl: h+k+1 # 2n 234 absent hkl: h+k+1 # 2n
200 V4 520 absent hkl: h+k+1# 2n
210 absent hkl: hk+1# 2n 521 V30

211 V6 440 V32

220 V8 522 absent hkl: hk+1 # 2n
212 absent hkl: h+k+1 # 2n 441 absent hkl: h+k+1 # 2n
300 absent hkl: hk+1# 2n 530 V34

301 V10 531 absent hkl: htk+1 = 2n
311 absent hkl: hk+1# 2n 600 V36

222 V12 601 absent hkl: h+k+1# 2n
320 absent hkl: hk+1# 2n 532 V38

123 V14 620 V40

400 V16 621 absent hkl: h+k+1# 2n
410 absent hkl: h+k+1# 2n 443 absent hkl: h+k+1# 2n
322 absent hkl: h+k+1 # 2n 541 V42

411 V18 533 absent hkl: h+k+1 # 2n
313 absent hkl: hk+1# 2n 622 V44

420 V20 630 absent hkl: h+k+ # 2n
214 absent hkl: h+k+1 # 2n 542 absent hkl: h+k+1 # 2n
233 22 631 V46

422 V24 444 V48

500 absent hkl: h+k+1 # 2n 700 absent hkl: h+k+1 # 2n
430 absent hkl: h+k+1 # 2n 632 absent hkl: h+k+1 # 2n
431 26 534 V50
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Figure 2-9. SAXS data of a PB-PEO BCP melt sample at 100 °C. The sample is consistent with the S, .
morphology which belongs to the Im3m space group. The inverted triangles represent the calculated
relative g ratios of allowed reflections as tabulated in table 2-1. Further characterization can be found in
Chapter 4.
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CHAPTER 3

THERMALLY STABLE PHOTOCURING CHEMISTRY FOR SELECTIVE
MORPHOLOGICAL TRAPPING IN BLOCK COPOLYMER MELT

SYSTEMS

The contents of this dissertation chapter have been adapted from a manuscript published in
ACS Chemistry of Materials: Scalfani, V. E; Bailey, T. S. Chem. Mater. 2010, 22, 5992-6000.
Vincent F. Scalfani and Travis S. Bailey developed and designed the experiments. Vincent E
Scalfani performed the experiments. The manuscript and dissertation chapter were written by

Vincent F. Scalfani with editing by Travis S. Bailey.
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3.1 CONSPECTUS

In this work we report the novel application of thermally stable photocuring chemistry towards
high fidelity translation of block copolymer based melt-state morphologies into their equiva-
lent solid analogs. The thermal stability of the cationic photcuring chemistry allows for both
extended thermal processing prior to cure, as well as precise trapping of selected morphologies
afforded by the temperature independent initiation mechanism. We demonstrate this powerful
approach using a model polyisoprene-b-poly(ethylene oxide) (PI-PEO, f,,,= 0.39, M =10
120 g mol™) block copolymer, prepared by two-step anionic polymerization and subsequent
partial epoxidation (7.3-16.8 mol% relative to diene repeat units) with 3-chloroperoxybenzoic
acid. Small-angle X-ray scattering (SAXS) and dynamic rheology were used to determine mor-
phological behavior of the block copolymers synthesized. The targeted PI-PEO parent block
copolymer exhibited multiple melt-state morphologies including crystalline lamellae (L),
hexagonally packed cylinders (C), bicontinuous gyroid (G), and a final isotropic disordered
state (Dis). The partial epoxidation and the addition of the UV-activated cationic photoinitiator
(4-iodophenyl)diphenylsulfonium triflate (1.0-1.25 mol%) acted only to shift transition tem-
peratures between phases, without disturbing the overall morphological sequence present in
the neat, unmodified PI-PEO block copolymer. Exposure of the photoacid/block copolymer
blends to UV radiation at selected temperatures permitted successful permanent trapping of
both the cylinder and gyroid morphologies from a single block copolymer sample, as verified by
pre- and post-cure SAXS measurements. Importantly, this approach should be applicable to any

block copolymer in which cationically polymerizable functional groups can be incorporated.
3.2 INTRODUCTION

The nanoscale structuring of material through block copolymer (BCP) self-assembly'? continues
to populate current technological development strategies; the variety of highly ordered mor-

phologies produced both in solution and melt-state environments has already led to promising

advances in nanolithography,** separations,®*® high surface area catalyst supports,”'® hydrogel-
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based materials,!!

organic electronics,'>” ultra-low dielectric materials,'"* templating,” fuel
cells,'> 7 and magnetic storage media.'® Interestingly, in the most developed areas of use, the
block copolymer species are used predominately as a sacrificial structuring tool, with the
polymeric blocks being removed physically or chemically once the structure produced is fixed
through subsequent processing steps (e.g. metal deposition'®). However, in a growing number of
proposed applications, such as porous membrane substrates*** or organic photovoltaic active
layers, the BCP species are occupying non-sacrificial roles and are being relied upon to persist as
functional components in the end product. In such applications, the high fidelity translation of
the structured melt-state (or solution-state) morphology into its equivalent solid analog stands
as one of the most crucial processing steps. The integrity and facility of this translation process,
coupled with the resulting mechanical and chemical robustness of the solidified analog, stand
as the greatest barriers hindering the efficacy of structured BCPs as primary design materials.

Two principal strategies have been historically utilized to solidify melt-state morphologies
in BCP systems: either (1) cooling induced vitrification of, or (2) melt-state cross-linking of, one
or more of the constituent polymer blocks; the exact strategy used is very system specific (vide
infra). Taken together, however, the collection of these established strategies share a common
fundamental limitation; the mechanisms for the solidification techniques used have been highly
temperature dependent; that is, the temperature at which the solidification mechanism can be
triggered is largely fixed by the chemistry or the physical properties of the system. This presents
a significant challenge for the generalization of solidification strategies to other BCP samples,
since it is commonplace for BCPs to exhibit multiple thermally induced changes in morpho-
logical state,”* the temperatures at which of those changes take place being a strong function
of the chemical nature, size, and relative composition of the constituent blocks. In fact, we
believe the capability to selectively trap multiple, temperature-dependent morphologies from
the same sample, by either of these classical strategies, has yet to be demonstrated.

For example, simple vitrification strategies, while generally effective at producing solids of

a desired morphology with little to no loss in melt-state organization, are constrained by the
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inability to preserve any morphology except that directly superior to the highest glass transi-
tion. Highly ordered BCP systems tend to also come from lower molecular weight materials,
where there is limited kinetic resistance to ordering. Since these molecular weights routinely
fall below those necessary to produce high entanglement densities, vitrification in these samples
tends to yield very brittle mechanical characteristics with little resistance to solvation. Classical
crosslinking strategies have been proposed as a means to overcome some of these limitations;
unfortunately, effective and efficient solutions based on thermally independent cure mecha-
nisms, permitting selective morphological trapping, still remain scarce, if not non-existent.
Examples of such classical cross-linking strategies applied to BCP systems include: (1) con-
densation® or coupling®* reactions, (2) thermally*** initiated free-radical polymerizations,
and (3) integration of reactive (post-polymerization) repeat units.’** Self-initiated condensa-
tion and coupling based mechanisms in BCPs compete directly with the time scales of the
self-assembly process and effectively preclude any significant application of thermal processing.
Catalytic coupling reactions, such as hydrosilation reactions”* likewise occur upon introduction
of the catalytic agent and therefore prohibit any thermal treatment. The general disadvantage of
these approaches is their reliance on small molecules (catalysts, free radical initiators, coupling
agents) that must be pre-integrated with the self-assembled system to evoke a homogeneous
cure. Several more interesting systems, in which the cross-linking molecules are introduced
through vapors such as sulfur monochloride® or 1,4-diiodobutane,*** seem to circumvent this
problem; however, the cross-linking reaction is slow, taking up to two weeks for a full cure. As
such, these methods have only been applied to pre-solidified (through vitrification of another
block) samples. The feasibility of their application to melts is suspect given the required exposure
times; thermal processing under these conditions is impractical in most cases. Cross-linking
systems that utilize thermally*** initiated free radical mechanisms can be effective, but require
the initiator to be selected in a system-specific manner, such that cure is activated in the desired
thermal window. Of course, if the desired morphological window is small, the curing event will

initiate during the approach to the phase boundary, which can result in mixed-phase solids.
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At the very least, thermally induced free radical initiators prohibit extended pre-cure process-
ing in the thermal window of interest, and are therefore particularly unsuitable for systems
exhibiting more complex phase behavior. At the other end of the spectrum, several groups have
focused on the development of novel monomer molecules that retain latent reactive functional-
ity post-polymerization, which can then be employed to crosslink the system. However, the
two prominent examples, benzocyclobutene’** and 2,3-dimethylenebicyclo[2.2.1]-heptane®
both rely on thermally induced cycloaddition reactions activated at high temperatures. As such,
these systems are constrained to high temperature cures and preclude selective morphological
trapping at lower temperatures.

In contrast to these traditional approaches, we have focused our attention on the integra-
tion of UV activated curing chemistries, developed by Crivello and coworkers”, into various
BCPs, based on their successful application to a wide array of homopolymers and homo-
polymer composites over the last several decades.”” As with more classical approaches, any
light-triggered curing mechanism applied to BCPs must also be tolerant of pre-cure thermal
processing. Photo-induced free-radical initiators notoriously suffer from poor thermal stability,
with the exception of acylphosphineoxides that are stable up to 180 °C.**** Unfortunately, they
are sensitive to visible light, which makes it difficult to avoid premature curing in the system
without special handling.” We have instead focused our attention on photoinitiated cationic
crosslinking reactions with onium salt photoacids, which have been shown to possess great
thermal stability (reported to 150 °C) in epoxy functional curing systems®” with no indica-
tion of premature curing under extended thermal processing conditions. As such, BCP systems
incorporating this rapid cationically based curing chemistry should afford a powerful means
of selectively trapping of any expressed morphology over a wide range of temperatures; the
incorporation of sulfonium salts and cationically polymerizable functional groups (oxiranes,
vinyl ethers, thiiranes, etc.) allows for the separation of thermal processing from the curing
event. Interestingly, the potential utility of these photoacids towards non-cationic curing in

BCP systems has been recently demonstrated by the work of Ober and coworkers.*** Using tri-
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Figure 3-1. Thermally stable sulfonium salts, such as IPDPST are highly soluble in partially epoxi-
dized polyisoprene-b-poly(ethylene oxide) BCPs, and enable rapid UV curing over a wide range of
temperatures.

phenylsulfonium triflate, they were able to activate condensation-based crosslinking of blends
of poly(a-methylstyrene)-b—poly(4-hydroxystyrene) with tetramethoxy-functional small
molecule additives.” Using solvent exposure to induce changes in thin film morphology, the
UV activated photoacids were used to selectively cure morphology in these four-component
blends. The use of temperature to induce changes in morphology, however, was not a focus of
their work, as all curing was done at room temperature.

Herein we report, as one possible approach, the use of UV activated (4-iodophenyl)di-
phenylsulfonium triflate (IPDPST) to selectively trap multiple melt-state morphologies from
a single polyisoprene-b-poly(ethylene oxide) block copolymer (PI-PEO), which has been
modified through the introduction of a small fraction of epoxide groups within the PI block
(ePI-PEO) (Figure 3-1). PI-PEO was chosen as a model BCP candidate because of its well-
developed phase diagram* and its tendency to exhibit complex phase behavior over a wide

range of volume fractions.

3.3 RESULTS AND DISCUSSION
3.3.1 Synthesis

The synthesis of ePI-PEO was accomplished in three steps using a combination of anionic
polymerization followed by partial modification of the olefin repeat units in the PI backbone
(Scheme 3-1). The PI-PEO BCP (M_ = 10 120 g mol™, polydispersity index (PDI) = 1.05)
used was synthesized according to previously reported two step anionic polymerization of

isoprene and ethylene oxide monomer.* The targeted volume fraction of PEO (f, = 0.39)
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Figure 3-2. 'H NMR of ePI _ ,~PEO. The percent epoxidation is calculated based on the integration of
epoxy protons relative to olefin repeat units. Inset, Size Exclusion Chromatography (SEC) for PI-OH,
PI-PEO, and ePI , ~PEO. SEC confirms the absence of PI-OH homopolymer in the PI-PEO diblock
copolymer. Subsequent partial epoxidation of the PI-PEO diblock copolymer has no significant effect on

the original molecular weight distribution.
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was confirmed by '"H NMR spectroscopy. 3-chloroperoxybenzoic acid (MCPBA) was used to
carry out controlled partial epoxidation of the isoprene monomer units (Figure 3-2). No side
reactions or chain degradation were observed during the epoxidation step, with post reaction
molecular weight distributions (e.g., 16.8% of isoprene repeat units epoxidized, PDI = 1.05)

being identical to the pre-epoxidized product (Figure 3-2, inset).
3.3.2 Melt State Phase Behavior of PI-PEO

The synthesized PI-PEO BCP was targeted for its anticipated complex phase behavior, with
thermally induced phase transitions expected between lamellae (L, coinciding with crystalline
PEO), hexagonally packed cylinders (C), bicontinuous gyroid (G), and a final isotropic disor-
dered state (Dis). Complementary analysis using dynamic rheology and small-angle X-ray scat-
tering (SAXS) of the native PI-PEO block copolymer confirmed the targeted behavior, which is
illustrated in detail in Figure 3-3. Below 53 °C, the PEO domains are partially crystalline, which
gives rise to a higher modulus and forces the molecules into a distorted lamellar-like morphol-
ogy (L.). Notably, the transition to this distorted lamellar structure is purely crystallization
induced and not a melt-state equilibrium structure. The distortion in the lattice clearly evident
in the SAXS data is the product of the rapid crystallization kinetics that prevents full develop-
ment of a highly periodic structure. Upon heating, the partially crystalline PEO domains melt
(53 °C), which is accompanied by a simultaneous drop in modulus associated with the direct
transition to cylinders (C). Continued heating produces a step increase in modulus at a second
transition (155 °C) to the gyroid phase (G) which persists until the sample finally disorders at
277 °C. The gyroid phase (G) is recovered with little hysteresis upon cooling from this disordered
state; however, the system fails to reversibly transition to the cylindrical phase as the sample is
cooled further. Instead, the gyroid phase persists until the re-crystallization of PEO occuring
in the vicinity of 35 °C. As the scattering data suggests, the rapid crystallization event produces
a distorted lamellar morphology, similar to that observed in a previous report by Floudas.*

Importantly, when the sample is then subjected to subsequent thermal cycles identical to the

47



Modulus (Pa)

1
10" e
50 100 150 200 250 300
T(°C)
v
v
A4 v
v = C
vv .y 100 °C (2)
\ 4
v v
2 v s 35°C (1)
=
g Vg
3 MG G
g P 100 °C (4)
v VVW
WG wwww G
180 °C (3)
v
v
v v v v C
Y 100 °C (2)
v
Y L
¥
Y 359G (1)
e o T e T,
0.05 0.10 0.15 0.20

q(A")

Figure 3-3. Thermal dependence of phase behavior for native PI-PEO (f,,, = 0.39). Elastic and loss
moduli as a function of heating and cooling at 1 °C min™ (1 rad s™ and 1.0% strain). Arrows indicate the
heating and cooling directions (top). SAXS data collected at positions (1)-(4) of the depicted thermal
cycle. Primed locations represent data from the second cycle. Inverted triangles represent location of
allowed reflections for the morphology designated at the right, based on the principal scattering wave
vector g*: (L) q/q* at V1, V4,79, V16,25, etc.; (C) q/q* at V1, V3, V4, \7, V9, V12, V13,16, etc.; (G) q/q*
at \6, \8, V14, V16, V20, 22, 24, V26, V30, V32, V38, V40, V42, V46, V48, \50, etc. (bottom)
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first, all of the original scattering character observed in the first cycle is reproduced. That is, the
cylindrical phase reappears upon melting of the crystalline PEO domians, with the complete

absence of any mixed (gyroid) character (Figure 3-3).
3.3.3 Melt State Phase Behavior of ePI-PEO

Partial epoxidation of the PI-PEO block copolymer produces only minor quantitative changes
in the phase behavior of the system, with the qualitative progression of morphologies (verified

by SAXS, not shown) being identical to those exhibited by the native PI-PEO BCP (Figure 3-3).
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Figure 3-4. Dynamic temperature ramps for ePI-PEO samples with differing epoxide content (0 mol%,
7.3 mol%, 9.7 mol%, and 16.8 mol%, relative to PI repeat units). All samples progress through the same
series of morphologies: crysalline lamellar (L), hexagonally packed cylinders (C), gyroid (G), and dis-
ordered (Dis). Increasing epoxide content leaves the qualitative phase behavior intact, but shifts the
transitions to the gyroid and disordered phases to lower temperatures. The initial transition from L to C
is correlated to the melting of PEO crystallites and is unaffected by the epoxide content.
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Notably, increasing epoxide content has no effect on the position of the transition from lamellae
to cylinders (53 °C), confirming its correlation with the melting transition of crystalline PEO
domains. In contrast, increasing the epoxide content produces a reduction in the temperatures
at which the samples transition to both the gyroid phase and the disordered state (Figure 4).
For this report, we have chosen to focus on a single sample in which 16.8% of the isoprene
repeat units in the PI block have been epoxidized (ePI . ~PEO). At this level of epoxidation,
the decrease in temperatures at which the transitions to the gyroid and disordered phases occur
(during heating) is the most significant, dropping from 155 °C to 110 °C and from 277 °C to 215
°C (Figure 3-4), respectively. It is apparent that the introduction of additional oxygen into the
PI block acts to reduce the Flory interaction parameter, y, weakening the degree of segregation
in the system. Despite this trend, the continued presence of each of the morphologies over a
broad range of epoxide content (we examined up to 16.8%) is encouraging; not only does it
suggest facile tuning of the crosslink density may be possible, but that the epoxidation approach
is mild enough to find success when applied to other BCP systems. Importantly, the epoxidized
BCPs also exhibit the same behavior under thermal cycling (from 35 °C to disorder and back)
as the native PI-PEO samples (Figure 3-4); that is, the cylinder phase is deposed by the gyroid
phase upon cooling through the onset of PEO crystallization, but is immediately restored upon

re-melting of the PEO crystals during subsequent heating.
3.3.4 Melt State Phase Behavior of ePI-PEO with IPDPST Photoacid

Small quantities (1.0-1.25 mol%, relative to the original number of unmodified isoprene repeat
units) of IPDPST were codissolved with the ePI-PEO samples and subsequently freeze dried
overnight. The sulfonium salt/ePI-PEO blends were universally malleable, with a paste-like
consistency. Similar to the epoxidation step, the addition of the sulfonium salt had no effect on
the qualitative progression of morphologies (verified by SAXS, not shown) previously exhibited
by the native PI-PEO and ePI-PEO samples. As before, the position of the transition from

lamellae to cylinders (53 °C) remained tied to the melting of the PEO crystallites; however,
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unlike epoxidation, the temperatures at which the samples transitioned to the gyroid phase
increased with increasing IPDPST content (Figure 3-S1, Appendix II). As shown in Figure 3-5,
the addition of just 1 mol% IPDPST to the ePI . ~PEO sample (ePI, ,~PEO-1) increases the
transition to the gyroid morphology from 110 °C up to 127 °C. Disorder transitions were not
measured in IPDPST containing samples as the sulfonium salt begins to degrade when heated
above 200 °C. Again, the behavior during thermal cycling (from 35 °C to 165 °C and back)
mimics that exhibited by the PI-PEO and ePI-PEO samples, with the retention of the gyroid
phase upon cooling and subsequent recovery of the cylinder phase upon reheating from the

crystalline state. The systematic influence of the IPDPST on the gyroid transition temperature

40 60 80 100 120 140 160
T(°C)

Figure 3-5. Rheological comparison of the thermally dependent phase behavior of PI-PEO, ePI, -
PEO, and ePI , ~PEO-1. Elastic moduli as a function of heating and cooling at 1 °C min™ (1 rad s and
0.5 - 2.0 % strain). Locations (1)-(4) indicate specific positions in the thermal cycle used during curing
experiments discussed in the main text. Arrows indicate the heating and cooling directions.

51



is consistent with the homogenous dispersion of the sulfonium salt within the BCP sample. Dit-
ferential scanning calorimetry data (Figure 3-S2, Appendix II) supports these conclusions, as
the melting transition for crystalline IPDPST is no longer present in the blend. Whether there
is any preferential segregation to the ePI domains is unclear at this point, although the retention
of PEO crystallinity at lower temperatures suggests that may be the case. As discussed below,
the application of UV radiation does activate the cationic polymerization of the epoxidized PI
repeat units, which fails to occur in the absence of the sulfonium salt (control experiment).
As such, the distribution of the IPDPST is at the very least sufficient to initiate cure in the ePI

domains.
3.3.5 Cylindrical Trapping Curing Experiment

To demonstrate the ability of these photocurable BCP systems to enable selective morphologi-
cal trapping, two curing experiments are presented for the ePI, . ~PEO-1 sample. In the first
experiment (Figure 3-6) 0.1 mm thin films of the ePI . -PEO-1 paste were placed between
two mica sheets and slowly heated to 100 °C (location (2) in Figure 3-5, cylinder morphol-
ogy). Samples were then exposed to broad spectrum UV radiation (xenon lamp, 45 mW cm™)
for 10 min, and then cooled over several minutes to room temperature. Following exposure,
the samples were mechanically rigid, insoluble in organic solvents, and light amber in color.
SAXS data were collected while subjecting the cured samples to the same thermal cycle used
to characterize the paste (from 35 °C to 165 °C and back). The sample was too rigid to perform
melt-state rheological analysis. Representative SAXS data on a cured ePI , ~PEO-1 sample at
both 100 °C and 160 °C are given in Figure 3-6, together with data collected at the same tem-
peratures on the uncured ePI _ -PEO-1 paste. At 100°C, the cured sample exhibits hexagonal
symmetry indicative of the cylinder morphology, consistent with that expected in the sample
prior to cure. Clearly the curing kinetics and cationic propagation mechanism itself are sufhi-
cient to translate the pre-cure morphology to the solid state with high fidelity, given the number

of higher order reflections in the post-cure SAXS. Some enlargement of the structure during

52



cure was observed, however, as the inter-cylinder spacing at 100 °C increased from about 20
nm to 22 nm based on a comparison of pre- and post-cure SAXS measurements. It is possible
that the slightly increased lattice spacing is a product of local heating during cure, which could
arise due to both the incident radiation and the reaction exotherm itself. Curing configurations
in which greater thermal control is possible may be necessary in thermally sensitive systems.
Slight broadening of the peak widths is also apparent, and suggests a correlated broadening of
the distribution of lattice spacings present in the cured sample. Again, a small degree of hetero-
geneity in temperature across the sample is the likely culprit. At temperatures above 127 °C, the
uncured ePI,  ~PEO-1 samples adopt the gyroid morphology. The cured ePI . ~PEO-1 solid,
however, clearly retains the hexagonal symmetry of the cylinder morphology and no longer

undergoes the gyroid phase transition. Detailed SAXS characterization confirmed the cylindri-
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Figure 3-6. Comparison of SAXS data collected on cured (at 100 °C, location (2) (Figure 3-5), cylinder
morphology) and uncured ePI . —PEO-1. Following cure, the ePI —~PEO-1 solid is prevented from
transitioning to the gyroid phase typical of the uncured paste above 127 °C. The cylinder phase was
present at all temperatures in the thermal cycle following cure at location (2).
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cal morphology is retained throughout the applied thermal cycle, although crystallization of
the PEO domains still appears to readily distort the lattice at lower temperatures. Even so, the
highly organized, cured cylindrical phase is recovered upon melting of the PEO crystallites,
suggesting no permanent rearrangement is occurring; likely, the rubbery nature of the cured
ePI domains allows local elastic distortion of the hexagonal lattice during the crystallization

event.
3.3.6 Gyroid Trapping Curing Experiment

In the second, similarly conducted experiment (Figure 3-7), thin films of the ePI , —~PEO-1
paste were first preheated to 160 °C (location (3) in Figure 3-5, gyroid morphology) before
being slowly cooled back to 100 °C (location (4) in Figure 3-5, gyroid morphology). As before,
the samples were exposed to broad spectrum UV radiation for 10 min, and then cooled over
several minutes to room temperature. Following exposure, samples had similar mechanical
rigidity, solvent resistance, and coloration as those from the first experiment. The morphology
of the cured sample as a function of temperature was again characterized by collecting SAXS
data throughout the same thermal cycle. In this case, the sample retained the gyroid morphol-
ogy throughout the entire thermal cycle, consistent with the morphology present during cure.
This is illustrated in Figure 3-7, where SAXS data collected on the cured ePI . -PEO-1 solid
at 100 °C, following direct heating from room temperature, is presented, together with data
from the uncured ePI . ,~PEO-1 paste at both 100 °C (location (2) in Figure 3-5, cylinder
morphology) and 160 °C (location (4) in Figure 3-5, gyroid morphology). During the initial
heating to 100°C, the cured sample now exhibits the diffraction pattern consistent with the
gyroid morphology, instead of the cylinder morphology always present (in uncured samples)
upon melting of the PEO crystallites. Again, the pre-cure morphology is effectively translated
to the solid with high fidelity, with obvious higher order reflections in the post-cure SAXS. As
with the sample cured in experiment one, scattering peak widths are broadened, significantly

enough to blur the first two principle reflections (211 and 220) so characteristic of the gyroid
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structure. In contrast to that observed in the curing of the cylinder phase, no significant change
in the lattice spacing was detected upon cure. Both the pre-cure and post-cure lattice constants,
as determined from SAXS, were 43 nm. Again, crystallization of the PEO domains still appears
to readily distort the lattice at lower temperatures (SAXS not shown); however, like the cured
cylinder phase described above, the distortion is highly elastic, with complete recovery of the

underlying gyroid morphology upon melting of the PEO crystallites (Figure 3-7).
3.4 CONCLUSIONS
In both the gyroid and cylindrical curing experiments, curing was triggered at 100 °C, although

at two distinctly different locations in the applied thermal cycle (locations (2) and (4) in Figure

3-5). The inherent thermal stability of the IPDPST enables its use as a robust cationic photo-
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Figure 3-7. Comparison of SAXS data collected on cured (at 100 °C, location (4) (Figure 3-5), gyroid
morphology) and uncured ePI . -PEO-1. Following cure, the ePI , ~PEO-1 solid is prevented from
transitioning to the cylinder phase upon heating from room temperature, typical of the uncured paste
below 127 °C. The gyroid phase was present at all temperatures in the thermal cycle following cure at
location (4).
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initiator in systems that require extended thermal processing prior to cure. In this report we
emphasize their value as curing agents in BCP systems exhibiting complex phase behavior,
where multiple morphologies can be selectively trapped as a result of the temperature indepen-
dent curing trigger. We think this approach will be particularly useful in the selective curing
of morphologies bound to very narrow regions of phase space, such as those found in more
complex ABC triblock copolymer systems, or of A/B/AB homopolymer/diblock copolymer
blends. The introduction of both epoxide groups and low concentrations of sulfonium salts
produced systems with qualitatively similar phase behavior as the native PI-PEO system of
study. We believe this result accentuates the potential for facile transfer to other BCP systems in
which mild concentrations of cationically polymerizable functional groups (e.g., oxiranes, vinyl
ethers, and thiiranes) can be introduced. Detailed investigations evaluating the influence of
epoxide and sulfonium salt concentrations on curing kinetics, translation fidelity, and resulting

mechanical properties are now in progress.

3.5 EXPERIMENTAL
3.5.1 Materials and Methods

Isoprene (99%, 100 ppm p-tert-butylcatechol inhibitor, Aldrich) was purified by successive static
vacuum (15-30 mTorr) distillations from »-butyllithium (1.6 M in hexanes, Aldrich). Ethylene
oxide (99.5+%, compressed gas, Aldrich) was purified by successive distillations from di-n-
butylmagnesium (1.0 M in heptane, Aldrich). sec-butyllithium (1.3 M in cyclohexane/hexane,
Fisher) was used as received. 3-chloroperoxybenzoic acid (MCPBA, 70-75%, Acros Organics)
was dissolved in methylene chloride and dried twice over anhydrous sodium sulfate. Naphtha-
lene (Fisher) was recrystallized twice from diethyl ether. Potassium metal (98 %, Fisher) was
cut into pieces under light mineral oil and fresh non-oxidized metal surfaces were obtained by
washing in a hexane: ethanol (200: 1) mixture for 30 s. Potassium naphthalenide solution was
prepared by dissolving excess (1.1 x) recrystallized naphthalene and freshly cut potassium in

tetrahydrofuran (THF) under argon. The dark green solution was allowed to stir overnight with
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a glass spinbar before use. (4-iodophenyl)diphenylsulfonium triflate (IPDPST) photoinitiator
was purchased from Aldrich and used as received. All other common chemicals were used as
received unless otherwise stated. THF was degassed by sparging with argon (10 psi) for a period
of 45 minutes and then purified over two molecular sieve columns of neutral alumina (Glass
Contour, Inc.) Cyclohexane (CHX) was degassed with argon and purified through a column
of neutral alumina followed by a column of Q5 copper (II) oxide catalyst (Glass Contour,
Inc.). Ultra high purity argon (99.998% Airgas) was passed through a column of 5 A molecular
sieves with drierite (Agilent) and an oxygen absorbing purifier column (Matheson Tri-gas). All
glassware and polymerization reactors were flamed under vacuum and backfilled with argon

(3x).
3.5.2 Physical and Analytical Measurements

NMR spectra were recorded on a Varian Inova 400 MHz spectrometer with a pulse delay of
20 s to ensure complete relaxation of end groups. The spectra were referenced to the residual
protio solvent (CHCI, or CH,ClL). Gel permeation chromatography (GPC) was performed
on a Viscotek GPC-Max chromatography system outfitted with three 7.5 x 340 mm Polypore
(Polymer Laboratories) columns in series. The columns were maintained at 40 °C in an Alltech
column oven. The GPC system was attached to a Viscotek differential refractive index (RI)

detector. All polymer samples were run in THF (mobile phase, 1 mL min™).
3.5.3 Dynamic Mechanical Spectroscopy

Rheological experiments were run on a TA Instruments ARES rheometer. Samples were roughly
formed as discs and put between two parallel plates (8 mm). The plates were then heated to 75
°C and the gap was adjusted to ensure even distribution of the sample. Typical gaps were 0.3-0.5
mm. Dynamic temperature ramp tests were performed while heating and cooling at 1 °C min™
at angular frequency of 1 rad s™ and a strain of 0.5 - 2.0% (depending on the linear viscoelastic

regime).
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3.5.4 Small Angle X-ray Scattering (SAXS)

Scattering data was collected on a Rigaku S-Max 3000 High Brilliance three pinhole SAXS
system outfitted with a MicroMax-007HFM rotating anode (CuKa), Confocal Max-Flux Optics,
Gabriel multiwire area detector, and a Linkam thermal stage. Polymer samples were sandwiched
between either Kapton discs or mica discs. Exposure times for uncured samples were typically

on the order of 1200-3600 s. Cured sample exposure times varied between 3600-10800 s.
3.5.5 w-hydroxy-polyisoprene (PI).

Anionic polymerization of isoprene (37.5 g, 8h) was initiated with sec-butyllithium (6.01 mL,
1.3 M) in 1L of cyclohexane at 40°C under a positive argon pressure of 1 psi. Ethylene oxide
(7.8g, 20 h) was added as an end-capping agent. The terminal alkoxide was quenched with
acidic methanol (35 mL, 70:1 MeOH: HCI (conc.), and the cyclohexane polymer solution was
reduced to 500 mL on a roto-evaporator. The product precipitated from 4:1 MeOH: EtOH
(2.5 L). The polymeric alcohol was dissolved in benzene and freeze-dried in vacuo (25 °C,
24 h). Recovered sticky clear viscous liquid, 34.9 g (93%). GPC (Polystyrene standards): M, /
M_ = 1.07. 'H NMR (400 MHz, CDCI,, §): 4.9-5.4 (b, -CH,~CH=C(CH,)-CH -), 4.6-4.8 (b,
CH=C(CH,)-),3.5-3.7 (m, -CH,-OH), 1.7-2.3 (b, -CH,-C(CH,)=CH-CH,- and -CH,-C(R)
H-C(CH,)=CH,), 1.5-1.7 (b, -CH,-C(CH,)=CH-CH,- and -CH,-C(R)H-C(CH,)=CH,),
1.0-1.5 (b, -CH,-C(R)H-C(CH,)=CH,), 0.9 (m, CH,~CH,-C(R)H-CH,, initiator fragment).

M, (calc. From 'H NMR integrations) = 5352 g mol™". 4,3 content= 6.8%
3.5.6 w-hydroxy-polyisoprene-b-poly(ethylene oxide) (PI-PEQO)

PI (8.05 g) was dissolved in 500 mL dry THE The solution was titrated with potassium naph-
thalenide until a light green color remained for at least 5 min at 40 °C. Ethylene oxide (6.4g,
24h) was added to the reactor under a slight positive pressure of argon (1 psi), the solution
immediately went from light green to clear. The terminal alkoxide was quenched with acidic

methanol (25 mL, 50:1 MeOH:HCI (conc.), the polymer solution changed color from smokey
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rose red to milky orange. The solution was reduced to 200 mL on a roto-evaporator. The block
copolymer alcohol product precipitated from -20 °C acetone (1 L). Filtration and drying in
vacuo (25 °C, 24 h) gave the block copolymer as a waxy light tan paste. Yield= 13.09 g (91
%). GPC (Polystyrene standards): M /M_= 1.05. '"H NMR (400 MHz, CDCI,, §): 4.9-5.4 (b, -
CH,-CH=C(CH,)-CH,-), 4.6-4.8 (b, CH,=C(CH,)-), 3.3-3.8 (b, -CH ~CH,-0-), 1.7-2.3 (b,
-CH,-C(CH,)=CH-CH,- and -CH,-C(R)H-C(CH,)=CH,), 1.5-1.7 (b, -CH,-C(CH,)=CH-
CH,- and -CH,-C(R)H-C(CH,)=CH,), 1.0-1.5 (b, -CH,-C(R)H-C(CH,)=CH,), 0.9 (m,
CH,-CH,-C(R)H-CH,, initiator fragment). f,. .= 0.39, M =10 120 g mol™, calc. from 'H NMR

integrations).
3.5.7 Epoxidized Polyisoprene—b-poly(ethylene oxide) (ePI-PEO)

PI-PEO (3.5 g) was dissolved in 75 mL methylene chloride. MCPBA (1.05 g) was dissolved
in 75 mL methylene chloride and dried twice with anhydrous Na SO,. The filtered MCPBA
solution was then added to the PI-PEO solution under argon. After 2h the reaction was washed
(3x) with DI water, and dried with anhydrous Na,SO,. Removal of solvent and drying in vacuo
(25°C, 24 h) gave the epoxidized block copolymer as a waxy light yellow paste. Yield= 3.2 g,
91%. GPC (Polystyrene standards): M /M_= 1.05. '"H NMR (400 MHz, CDCI,, §): 4.9-5.4 (b,
~CH,-CH=C(CH,)-CH,-), 4.6-4.8 (b, CH,=C(CH,)-), 3.3-3.8 (b, -CH,-CH,-O-), 2.6-2.8
(b, -CH,-CH(O)C(CH,)-CH -, epoxidized 4,1 units), 2.3-2.6 (b, CH,(O)C(CH,), epoxidized
4,3 units), 1.7-2.3 (b, -CH,-C(CH,)=CH-CH,-, -CH-C(CH,)(0)-CH-CH,-, -CH,-C(R)
H-C(CH,)=CH,), and -CH,-C(R)H-C(CH,)(O)CH,), 1.5-1.7 (b, -CH,-C(CH,)=CH-CH,-,
-CH,-C(CH,)(0)-CH-CH,-, -CH,-C(R)H-C(CH,)=CH,), and CH,-C(R)H-C(CH,)(O)
CH,), 1.0-1.5 (b, -CH,-C(R)H-C(CH,)=CH, and -CH,-C(R)H-C(CH,)(O)CH,), 0.9 (m,

CH,-CH,-C(R)H-CH,, initiator fragment). Epoxidized units (calc. From 'H NMR) = 16.8%.
3.5.8 Photocuring of ePI,, ~PEO-1

ePI . .—~PEO samples were codissolved with 1 mol % (relative to PI repeat units) (4-iodophenyl)

diphenylsulfonium triflate in a 1:1 benzene: chloroform mixture and freeze-dried overnight.
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The resulting blends, ePI,  ~PEO-1 were then heated to 75 °C and pressed between two mica
discs (10mm dia., 0.1 mm thickness). Sample thicknesses were ~ 0.1 mm. The mica sandwich
was then placed in home built flood enclosure containing a Hoenle (Grifelfing, Germany) UV
xenon lamp. The intensity at the cure site was ~ 45 mW cm™ (measured in the range of 230-410
nm with a Con-Trol-Cure Silver Line UV-Radiometer). The sample was heated to the desired
temperature on an IKA stir plate, and then exposed to the UV light for a period of 10 min. After

curing the block copolymers became mechanically rigid, insoluble, and light amber in color.
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CHAPTER 4

ACCESS TO NANOSTRUCTURED HYDROGEL NETWORKS THROUGH

PHOTOCURED BODY-CENTERED CUBIC BLOCK COPOLYMER MELTS

The contents of this dissertation chapter have been adapted from a manuscript published in
ACS Macromolecules: Scalfani, V. E; Bailey, T. S. Macromolecules 2011, 44, 6557-6567. Vincent
E Scalfani and Travis S. Bailey developed and designed the experiments. Vincent F. Scalfani
performed the experiments. The manuscript and dissertation chapter were written by Vincent

E Scalfani with editing by Travis S. Bailey.
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4.1 CONSPECTUS

In this report, direct access to nanostructured hydrogel networks through high fidelity pho-
tocuring of sphere-forming block copolymer melts is demonstrated. Hydrophobic junction
points within the hydrogel network are based on an underlying lattice of body-centered cubic

spheres (S, ..), produced via melt-state self-assembly of blended AB diblock and ABA triblock

BCC
copolymer amphiphiles. Integrated thermally stable photocuring chemistry allows for in situ
trapping of these spherical domains, independent from the required melt processing necessary
to achieve the highly ordered BCC lattice. Swelling of the photocured solids in aqueous (and
organic) media afforded highly elastic gels exhibiting excellent mechanical properties (G’ ~
10° Pa) and complete preservation of the cured solid shape. The hydrogels fabricated in this
study were produced from partially epoxidized (19.6 %, relative to diene repeat units) blends
of polybutadiene-b-poly(ethylene oxide) diblock (PB-PEO, f,, = 0.13, M_= 29 500 g mol™’,
88.5 mol%) and PB-PEO-PB triblock (f,, = 0.13, M_= 59 000 g mol™, 11.5 mol%) copoly-
mers synthesized via anionic polymerization. Addition of UV activated cationic photoinitiator
(4-iodophenyl)diphenylsulfonium triflate (0.5 mol%) produced composite samples exhibiting
a highly ordered S, . morphology after annealing at moderate temperatures (4 hr at 80 °C or
60 s at 140 °C) above the PEO melting transition. Composite films (0.33 mm thickness) were
then photocured directly from the melt-state, post-anneal. Cured samples retained the S,
structure with extremely high fidelity, effectively pre-structuring the network of junction points
prior to swelling. The photopatterning potential of these uniquely designed hydrogels is also

demonstrated.

4.2 INTRODUCTION

Hydrogel networks'™ are attractive materials in a range of biomedical and biotechnological
applications as a result of their potential to provide both mechanical support and sustained

permeability (and compatibility) in biologically relevant media.® Example applications include

intervertebral disc implants, tissue scaffolds,”"' cell'> or molecular”® encapsulation media,

64



chemical and drug delivery agents,'*!* and separation membranes.'*** Effective performance
in these applications, however, is dependent on accurate control over a range of hydrogel
characteristics, including: elasticity, modulus, mesh size (pore size), mass transfer properties,
equilibrium water content, micro- and macroscopic structure (shape preservation), and ease of
functional group incorporation.' The classic hydrogel frameworks, formed predominately from
random physically or chemically cross-linked networks of hydrophilic polymers, are severely
limited in this respect, providing limited control over the aforementioned parameters. In these
simple systems, the inherently random nature of the cross-linking event produces spatially het-
erogeneous network connectivity with wide distributions of mesh sizes across the sample. Such
heterogeneity is manifested through spatial inconsistencies in mechanical properties, swelling
response and mass transport behavior within the hydrogel.* Furthermore, functionalization of
the hydrogel can be challenging, as it requires the presence of free reactive sites independent of
the exploited cross-linking chemistry. Our group is interested in developing synthetic strate-
gies that overcome these limitations, and provide access to spatially homogeneous hydrogel
networks with integrated functional group assemblies that can be easily and efficiently modified.

Critical to this mission are hydrogel formation mechanisms that permit active control over
the uniformity in the network architecture. In this regard, block copolymers (BCPs) are prime
candidates for producing structured hydrogels due to their unique ability to phase separate
on the nanometer length scale.®*! Of course, the use of ABA block copolymers as solution
gelators has been a commonly explored motif in both solvogel and hydrogel research over the
last decade or two, particularly in regard to the development of injectable delivery systems.
These approaches are based on the formation of micellar networks where hydrophobic A blocks
aggregate in solution to form micellar cores and the hydrophilic B mid-blocks act as tethering
elements which span different micelle units. Gelation efficacy in such systems is highly concen-
tration dependent, requiring ABA triblock copolymers to be present in amounts that statisti-
cally favor bridging of ABA chains across micelles; dilute solutions favor looping into the same

micelle and the formation of flower type structures that are unable to contribute to network
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formation.

Such strategies dramatically improve uniformity in average distance between junction
points (micellar cores), but have been used primarily to produce gels systems that are readily
deformable with limited elastic character.*'>**** Such characteristics are consistent with the
design constraints for injectable delivery systems, but are not particularly useful for more
mechanically demanding applications such as membrane separations or biomedical implant
technologies. However, this same tethered micelle network motif can be used to form more
mechanically robust systems, but requires fabrication conditions that produce micelle cores
resistant to permanent deformation or failure under load. Ultimately, this amounts to the gen-
eration of micelle cores that are sufficiently glassy or rubbery to resist chain pullout under an
applied force. Highly entangled, glassy cores can be challenging to produce under solution-
based assembly conditions, due to plasticization by residually trapped solvents or co-solvents
required to temporarily compatibilize the hydrophobic blocks. Post-assembly chain extension®
and crosslinking®® within the core has been used to enhance elasticity in solution-assembled
micelle systems, but does require initiation chemistry compatible with the solvating media
(typically water), and chain mobility (in the core) consistent with the specific cross-linking
mechanism employed.

Recently, our group has developed a new strategy for hydrogel formation using BCPs and
tethered micelle networks that is based on pre-structuring the gel network in the absence of
solvent.” The strategy employs blends of sphere-forming AB diblock and ABA triblock copoly-
mers that are melt-processed and subsequently vitrified to preserve their nano- and macroscale
structure after cooling. Self-assembly into densely packed spherical aggregates while in the
melt-state produces a highly regular lattice of spherical junction points, similar to that shown
in Figure 4-1. In aqueous media, the majority component B is selectively solvated, while the
minority sphere component A is hydrophobic and remains solid under the solvating condi-
tions. The added ABA triblock, which can be as little as 3 mol percent,” serves to physically

cross-link the spheres in an extended periodic network. Ultimately, the equilibrium swelling di-
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mensions are determined by a balance among solvent induced osmotic swelling forces, entropic
resistance provided by the tethering midblocks, and topologically constrained entanglements
among the tether population. This strategy allows precise control over nanoscale structuring
prior to swelling, taking advantage of the near equilibrium conditions produced by annealing
in the melt state. In contrast, network morphologies and tethering configurations produced by
solution-based assembly are often kinetically determined, and are therefore susceptible to varia-
tions in processing conditions, such as co-solvent removal rates, for example. Pre-structuring
in the melt state also avoids the inherent concentration dependence of solution-based network
formation, and eliminates potential trapping of organic co-solvents during the gelation process.
The original systems studied by our group were comprised of poly(styrene)-b-poly(ethylene
oxide) (PS-PEO) diblock and poly(styrene)-b-poly(ethylene oxide)-b-poly(styrene) (PS-
PEO-PS) triblock copolymers. These model PS-PEO hydrogels validated the ability of our melt
blending strategy to provide tunable mechanical properties (through adjustment of triblock
copolymer ratio), adjustable pore sizes (length of bridging block), long-term preservation of
macroscopic shape, and high-density incorporation of free hydroxyl groups within the hydrogel
interior.

Only a few examples exist of using melt-state self-assembly of BCPs to pre-structured
hydrogel systems.”~* Interestingly, in each of these, including our own previous work,” vitrified
PS was utilized to physically cross-link the system. While the use of vitrification as a physical
cross-linking mechanism presents many advantages (simplicity, re-processability, etc.), reliance
on vitrification has significant limitations as well. Glass transition temperatures are extremely
sensitive to both domain size and molecular weights below the entanglement limit, which places
a lower molecular weight bound on the minority, core forming, blocks. For example, in our
previous studies, we found the use of 8 kDa PS*” with a bulk glass transition of approximately 80
°C, still resulted in hydrogel softening in the 60 °C range. Thus the use of vitrified core blocks to
physically crosslink the system can limit the usage temperatures for the hydrogel formed. Given

the significant asymmetry in the block volume fractions required to form sphere-based systems
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in the melt, such a lower bound on core block molecular weight translates into hydrogel systems
with on overall block copolymer molecular weights that are very large, that is, on the order of 70
kDa and higher. This in turn, constrains the hydrogel swelling ratios to large equilibrium values,
limiting access to materials with smaller degrees of swelling, often desirable for particular bio-
medical and drug encapsulation technologies.

Commonly used vitreous core polymers such as PS and polylactide also offer little to no
resistance to non-aqueous solvents, limiting the compositional flexibility of swelling media that
can be employed. This is particularly problematic when post-swelling functionalization chem-
istries are considered (for example, the addition of small organic moieties, peptide sequences,
growth factors, etc.), as the solvent conditions (even aqueous) that can be readily employed
without plasticizing the vitrified domains can be highly restrictive. Considering one of the
very promising advantages of incorporating AB diblock copolymer into these tethered micelle
networks is the natural presentation of readily functionalizable, free chain ends within the
hydrogel interior and surface, the exclusive use of vitrified core strategies in tethered micelle-
based hydrogels is extremely limiting.

These disadvantages can be overcome through the use of non-vitreous, lower molecular
weight BCP systems, in which the core domains can be chemically cross-linked into fixed,
rubbery domains. The cross-linking of the core domains removes the lower molecular weight
bound on the minority component of the block copolymer, giving access to the full range of
possible swelling ratios in these materials, and produces network structures that are resilient in
both aqueous and non-aqueous solvent systems. Significant challenges must be met, however,
with respect to the cross-linking chemistry adopted. Introduction of any cross-linking agents or
functionality to the system must be delicate enough to not disturb the self-assembled structure.
The curing chemistry itself must also be able to withstand thermal annealing of the BCP system
to moderately high temperature (up to ~ 200 °C, commonly necessary to generate highly
ordered structures). Finally, the curing event must be rapid enough to translate the melt-state

morphology to the cured form without disturbing the delicate balance of forces defining the
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domain geometry established through self-assembly.

Our group has recently demonstrated the use of thermally stable photocuring chemistry
that allows BCPs to be thermally processed for extended periods prior to cure, while simultane-
ously providing high fidelity translation of the melt-state morphology into the post-cure solid.*
We have shown successful selective trapping of multiple morphological states from a single
BCP that exhibits thermally dependent order-to-order transitions (OOT). Partially epoxidized
polyisoprene-b-poly(ethylene oxide) (PI-PEO) BCPs were blended with a thermally stable UV
cationic photoinitiator’** (1 mol % (4-iodophenyl)diphenylsulfonium triflate, IPDPST) and
photocured in the melt via UV irradiation as either hexagonally packed cylinders or bicon-
tinuous gyroid. Importantly, the thermal stability of the cationic photoinitiator provides ample
melt-state processing time, without any thermally induced, premature initiation of cure. Classic

methods for cross-linking BCPs such as thermal free-radical initiated mechanisms or coupling

o

’ : O
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Figure 4-1. Pre-structured hydrogel formation based on spherical forming AB diblock and ABA triblock
copolymer melts. Majority component, poly(ethylene oxide), surrounds partially epoxidized polybuta-
diene spheres, and also serves to tether (highlighted in bold) the spherical domains. After melt process-
ing, UV initiated cross-linking of the epoxide groups with IPDPST cationic photoinitiator solidifies the
spheres resulting in direct trapping of the melt phase morphology. Upon addition of selective solvent
for the majority component, an equilibrium swollen elastic network is created, while preserving the
pre-formed structure and shape. The osmotic swelling forces of the selected solvent and the entropic
restoring force in the tethering midblock determine the equilibrium swelling dimensions. Magnification
circles portray simplified views of the copolymers utilized in this report.
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reactions are extremely system dependent and most often do not allow for extended pre-cure
processing.”” These newly developed polydiene-based BCP systems are low molecular weight,
highly ordered (pre- and post-cure), and chemically cross-linkable. Thus, these systems are
ideal candidates for non-vitrified forms of our pre-structured hydrogels.

In this report, we demonstrate the versatility of combining this thermally stable photo-
curing chemistry* with AB diblock and ABA triblock copolymer blend-based hydrogels*’
to produce highly elastic, nanostructured, solvent tolerant, and potentially photopatternable
hydrogels systems. The hydrogels described herein are comprised of partially epoxidized
polybutadiene-b-poly(ethylene oxide) (ePB-PEO) BCPs amenable to curing through cationic
ring-opening polymerization of the epoxide functionality. The general approach, depicted in
Figure 4-1, requires melt processing blends of ePB-PEO diblock, ePB-PEO-ePB triblock (11.5
mol %), and small amounts of photoinitiator (0.5 mol % IPDPST relative to diene repeat units)
into small disks, which are then annealed above the PEO melt transition (65 °C) to facilitate

assembly of the targeted body-centered cubic sphere morphology (S, ..). The ordered structure

BCC
is then exposed to UV light while being held at 100 °C, triggering the curing event and translat-
ing the S, . melt morphology to the cured solid. After curing, pressed discs swell isotropically

in solution, with complete preservation of the pre-swollen shape. Analysis of rheological prop-

erties, and the demonstration of simple, large-scale photopatterning conclude this report.

4.3 RESULTS AND DISCUSSION
4.3.1 Synthesis

A parent PB-PEO diblock copolymer (M_= 29 500 g mol!, polydispersity index (PDI) = 1.03)
was synthesized according to a previously reported procedure®*** using two-step anionic po-
lymerization of butadiene and ethylene oxide monomer. The targeted volume fraction (f,, =
0.13) of PB was confirmed with "H NMR spectroscopy. PB-PEO-PB triblock copolymer was
synthesized by titrating the alcohol end-groups on PB-PEO with potassium naphthalenide to

form active alkoxides and then slowly adding the coupling agent® a,&-Dibromo-p-xylene (1 eq.
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PB-PEO: 0.5 eq. a,a-Dibromo-p-xylene). The resulting copolymer mixture was determined to
be 89.6 mass % triblock copolymer by size exclusion chromatography peak integrations, which
is consistent with typical coupling yields using this agent in other polymer systems.””> Mixed
triblock copolymer product was then codissolved with pure PB-PEO diblock copolymer such
that the overall triblock copolymer content of the blend (PB-PEO-11.5) was 11.5 mol %. This
value was selected based on experience with our PS-based hydrogels, as a composition that
would produce materials with reasonably high swelling ratios and excellent handling charac-
teristics.” Notably, at these blend compositions the hydrogels ultimately produced (vide infra)
contain a high concentration of hydroxyl-functional free chain ends, providing a convenient
route towards future hydrogel modification. While the latter is not the subject of this report, the

efficient introduction of cross-linking chemistry described directly enables such modifications
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Figure 4-2. Size exclusion chromatography (SEC) of PB-OH, PB-PEO, PB-PEO-11.5, and ePB , -
PEO-11.5. SEC confirms the absence of PB homopolymer in the PB-PEO diblock. Partial epoxidation
is selective without any indication of chain degradation. Near identical molecular weight distributions
were observed. The data for ePB,; ~PEO-11.5 and PB-PEO-11.5 have been shifted vertically for clarity.
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to be performed in organic environments, if necessary (the demonstration of such modifica-
tion is the subject of future reports). The olefin repeat units in the PB-PEO-11.5 samples were
partially epoxidized (ePB,, ~-PEO-11.5, 19.6 % of butadiene repeat units epoxidized, calcd.
from 'H NMR integrations) with 3-chloroperoxybenzoic acid (MCPBA), a mild epoxidizing
agent. No chain degradation from the MCPBA oxidation was observed as the pre- and post-

epoxidized products showed identical molecular weight distributions (Figure 4-2).
4.3.2 Melt State Phase Behavior

The parent PB-PEO (f,, = 0.13) BCP was targeted for its anticipated S, . morphology,***' which
was subsequently confirmed through complementary analysis with small-angle X-ray scattering
(SAXS) and dynamic rheology. Melt samples exhibited numerous higher order SAXS diffrac-
tion peaks consistent with the S, . assignment (Figure 4-3), while dynamic temperature ramp
tests exhibited the classic plateau behavior in both the elastic and loss modulus prototypical of
cubic (S,..) BCP phases (Figure 4-4).’ The addition of 11.5 mol % triblock, PB-PEO-11.5, had
minimal effect on the high degree of order exhibited by the PB-PEO diblock copolymer system;
only quantitative changes in the phase behavior were observed with no qualitative differences
in the morphology (Figures 4-5 and 4-S1 in Appendix II show complete SAXS thermal cycle
data). Comparing the (110) interplanar spacing determined from the primary scattering wave
vector of PB-PEO and PB-PEO-11.5 at 100 °C reveals a slight increase in magnitude from
22.4 to 23.1 nm. The increase in domain spacing with addition of triblock is consistent with
previous work from Mai et al.”” (experimental) and Matsen et al.*®® (mean-field calculations),
who found small increases in domain spacing in ordered triblock copolymer melts when
compared with compositionally equivalent diblock copolymers of half the molecular weight.
The phenomenon is attributed to an increase in the elastic properties of the bridging block
domains (PEO, here) afforded by the triblock copolymer, although a direct explanation of
why this is so remains unanswered, currently.” Interestingly, Matsen’s previous work predicts

that the fraction of triblock copolymers that bridge separate spherical domains (in contrast to
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looping into the same domain) in pure S, . forming ABA systems falls impressively in the 75
to 80% range, although no discussion of the underlying driving force for such high bridging
fractions is presented.’ This is by far the highest value for all the classic morphologies, with
lamellar phases being closer to half of that value (~ 40%). Notably, bridging fractions in blends

of ABA triblock and AB diblock copolymer systems, such as those used in this report, have not
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Figure 4-3. Dependence of d-spacing (d,, ) on the addition of triblock (PB-PEO-11.5), partial epoxida-
tion (ePB,, ~PEO-11.5), and incorporation of 0.5 mol % IPDPST cationic photoinitiator (ePB , ~-PEO-
11.5-0.5) to the parent PB-PEQ, all at 100 °C (from cooling). Addition of triblock copolymer increases
the plane spacing, while subsequent epoxidation decreases the plane spacing. Incorporation of IPDPST
has a negligible effect. All copolymer samples exhibit a highly ordered body centered cubic spherical S, .
morphology. Inverted triangles represent the location of the allowed reflections for S, . morphology,
based on the position of the primary scattering wave vector q*=q,, (absent for S, . ): q/q* at V2, V4, V6,

V8, V10, V12, V14, V16, V18, etc.

BCC
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yet been investigated, experimentally or theoretically, to the best of our knowledge. However,
simple comparisons of the unperturbed root mean square (RMS) end-to end distance for a PEO
chain in the melt, and that which is necessarily imposed on a bridging (or looping) PEO chain
through the intersphere distances in the S, .. morphology, reveals the inherent compatibility of
bridging (vs. looping) and justifies the result of the more elaborate mean field calculations. For
example, at 140 °C, an unperturbed PEO chain equivalent in molecular weight to that used in
the PB-PEO-PB triblock copolymer blended here (52 400 g mol™), would have a RMS end-
to-end distance of 20.5 nm.*” A spherical domain in the S, structure has two unique sets
of nearest-neighbors, both of which are proximal enough to accommodate the other end of
a bridging molecule. Analysis of the SAXS data for PB-PEO-11.5 at 140 °C reveals an S
structure in which spheres of 15 nm diameters are set on a cubic unit cell of lattice constant
a = 30 nm. This produces geometries in which the eight nearest-neighbor spherical domains
provide a range of surface-to-surface distances covering 11 to 41 nm, while the additional six
second-nearest neighbors provide a range of surface-to-surface distances from 15 to 45 nm.
In combination the surrounding spherical domains offer tethering chains a broad range of
possible end-to-end distances spanning the preferred RMS value for PEO. Note that looping
offers a chain end-to-end distances from 0 to 15 nm (the full diameter if insertion occurs on
the exact opposite side of the sphere), although the average value sits at around 10.6 nm, much
smaller (nearly half) than the preferred RMS end-to-end value for PEO. Notably, the spheres
themselves occupy non-accessible (excluded) volume and further constrain the conformational
freedom of the tethered triblock copolymers, but this simple analysis appears to support the
high degrees of bridging predicted by SCFT calculations) and apparent in our system. In our
system, each sphere contains approximately 260 ePB chains, and therefore 11.5 mol % triblock
would yield ~30 triblock chains per spheres capable of producing active tethers between neigh-
boring spheres. That is, we find only 11.5% triblock copolymer is easily sufficient to achieve full
network connectivity in our cured samples.

Both PB-PEO and PB-PEO-11.5 do not exhibit an experimentally accessible (< 300 °C)
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Figure 4-4. Dynamic temperature ramps of PB-PEO, PB-PEO-11.5, ePB,, ~PEO-11.5, and ePB , -
PEO-11.5-0.5 at 1 °C min™ (1 rad s and 1% strain). (A) All samples exhibit an initial melt ordered
phase consisting of a mixture of the original distorted lamellar-like morphology (PEO crystallization
induced) and spherical domains before ordering into pure S, . .. Epoxidation has the greatest effect on the
temperature at which this phase transition occurs. (B) Second heating cycles (without allowing PEO to
crystallize) do not exhibit the distorted L phase; only the S, . morphology is observed for all copolymer
samples. Epoxidation drastically lowers the ODT; in contrast, the incorporation of 0.5 mol % IPDPST
photoacid (ePB , ~PEO-11.5-0.5) increases the ODT a few degrees.

order-disorder transitions (ODTs) as shown in Figure 4-4B. Partial epoxidation (19.6%) of
the PB-PEO-11.5 also produces only quantitative changes in the morphology (Figure 4-S2,

complete thermal cycle SAXS data, Appendix II), with the highly ordered S, . phase preserved

BCC
despite modification of the PB backbone. A drastic lowering of the ODT is observed with ep-
oxidation, decreasing from greater than 300 °C in PB-PEO-11.5 to 201 °Cin ePB , ~-PEO-11.5
(Figure 4-4B). Comparable behavior was observed in more symmetric PI-PEO BCPs (f,, =

0.61) previously studied by our group, where partial epoxidation lowered transition tempera-

tures from both the cylindrical to gyroid phase (order-order transition) and the gyroid phase
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to the final disordered state (ODT).** At the highest level of epoxidation studied in the PI-PEO
system (16.8 mol %), both the OOT and ODT were lowered on the order of 50 °C. Here, epoxi-
dation of spherical forming PB-PEO-11.5 to 19.6% appears to have a much greater influence
on the position of the ODT (~100 °C + ), perhaps a consequence of the greater compositional
asymmetry in combination with the chemical differences between PB and PI. In both PI-
PEO and PB-PEO systems, clearly the addition of oxygen into the polydiene domain serves to
reduce the Flory-like interaction parameter, i, without disrupting the qualitative morphologi-
cal behavior. Epoxidation of the system also reduces the (110) interplanar spacing from 23.1 nm
in PB-PEO-11.5t0 21.4 nm in ePB , ~-PEO-11.5 (Figure 4-3). This could be a result of changes
in either density or conformational asymmetry of the PB chain upon partial epoxidation, which
can directly influence chain aggregation numbers associated with each spherical domain. The
addition of 0.5 mol % IPDPST photoacid (ePB , ~-PEO-11.5-0.5), in contrast to epoxidation,
increases the ODT slightly from 201 °C to 204 °C. This increase is marginal, but is consistent
with our previous results, in which the addition of the IPDPST photoacid to epoxidized PI-
PEO also resulted in slight increases in OOTs.*® Again, no qualitative changes were observed
in the dynamic rheology or SAXS (Figures 4-3 and 4-4) upon addition of the photoacid. The
(110) interplanar spacing of ePB,, ~PEO-11.5 and ePB , ~-PEO-11.5-0.5 were nearly identical
at 21.4 nm and 21.2 nm, respectively.

SAXS data collected for the original diblock copolymer, PB-PEO, and the final cure-
ready blend, ePB , ~-PEO-11.5-0.5, at multiple temperatures between 25 °C and 180 °C are
depicted in Figure 4-5. Below the melting point of PEO, the crystalline PEO domains force
the structure into a distorted lamellar-like morphology (L_)***' Upon heating PB-PEO and
ePB,, ~PEO-11.5-0.5, above the melt transition, the adoption of a true BCC lattice of spherical
domains is far from immediate. Instead, the block copolymer samples appear to retain some
memory of the original distorted lamellar-like morphology, with an eventual progression to
what appears to be a “liquid-like packing” (LLP) of spherical domains.**** After heating past a

subtle rheological transition ending at 170 °C for PB-PEO and 110 °C for ePB , ~-PEO-11.5-0.5
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Figure 4-5. SAXS data of PB-PEO (left) and ePB,, ~PEO-11.5-0.5 (right) along a complete heating
and cooling (designated with primes) thermal cycle. Morphologies observed during heating include a
distorted lamellae-like crystalline phase (L), an initial melt phase consisting of a transition between the
original distorted lamellar-like morphology and a liquid-like packing of spherical domains, and finally
a pure S, .. phase. Upon cooling, a mixed (L_+S,..) phase is present for ePB  ~PEO-11.5-0.5 before
complete adoption of the L _ phase. Inverted triangles represent the location of the allowed reflections for
the designated morphology, based on the position of the primary scattering wave vector q*=q,, (absent

forS,..): (L)) q/q* at V1, V4, V9, etcs; (S,.) q/q* at V2, V4, V6, V8, V10, V12, V14, V16, V18, etc.
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(see rheology Figure 4-4A), the copolymer becomes highly ordered with multiple higher order

reflections consistent for S__ ., with no indication of any mixed phase morphology. During

BCC’
cooling, the highly ordered S, structure is retained until the PEO begins to crystallize (T _~
65 °C). With the inception of crystallization of PEO, a mixed phase structure is produced in
ePB , ~PEO-11.5-0.5 likely consisting of mixed crystalline lamellae and a distorted form of the
original sphere-based structure. After complete cooling at room temperature, only the L phase

is observed. The mixed behavior consisting of L_+S, .. upon cooling can be largely attributed

BCC
to the rapid PEO crystallization induced distortion of the lattice. Similar behavior for PI-PEO
systems have also been reported.”** A region of mixed morphological behavior upon cooling
was not observed for the parent PB-PEO. However, after complete cooling of all copolymer
samples in this study, no evidence of a residual BCC lattice is observed, only the distorted
lamellar-like morphology is present. The more subtle transition evident in the rheology near
170 °C for PB-PEO and 110 °C for ePB,, ~PEO-11.5-0.5 during heating appears to be related
to a transition to a pure S, . phase. The persistence of the underdeveloped intermediate
structure is likely an artifact of slow ordering kinetics during the transition to the energetically
preferred S, . phase, and not the product of a true thermodynamic OOT phase transition. This
is supported by the eventual development of highly ordered S, . phases at temperatures below
this transition after annealing of ePB,, ~PEO-11.5-0.5 at 80 °C (30 °C below the observed
mixed lamellae to pure S, transition) under vacuum for several hours (Figure 4-S3, Appendix
IT). Importantly, this delay in obtaining the pure S, . morphology is not unique to only the PB-
PEO and ePB , ~PEO-11.5-0.5 sample, but is observed in all copolymer samples synthesized
in this work, including PB-PEO-11.5, and ePB , ~-PEO-11.5 with S, __ transitions at 174 and
107 °C, respectively (SAXS shown in Figure 4-S1 and 4-S2, rheology shown in Figure 4-4A).

Notably, such slowly developing S, . copolymer structures have been previously reported in

BCC
which there exist sufficient delays during the evolution of the liquid-like packed state and the

46,47

onset of a fully developed S, .. morphology.

Interestingly, there are therefore two distinct ways to melt process the ePB , ~PEO-11.5-
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0.5 copolymers to obtain a highly ordered S, _structure prior to curing; either (1) rapidly heat
samples above the S, transition at 110 °C (Figure 4-4A), or anneal the system for several hours
at a temperature below the observed transition. Importantly, without the excellent thermal
stability of the IPDPST photoacid, neither of the aforementioned melt-processing techniques
would be possible. The use of photoactivated cationic cross-linking overcomes the thermal
instabilities and constraints of many classic cross-linking strategies, and provides tremendous

flexibility in thermal processing time prior to initiation of cure.”

4.3.3 Trapping of the S, . Morphology in ePB,, ~PEO-11.5-0.5

cured
100 °C'

100 °C'

Relative Intensity

0.05 0.10 0.15
q(A")

Figure 4-6. Comparison of SAXS data (collected at 100 °C from cooling) on pre- and post-cured ePB | -
PEO-11.5-0.5. Following cure, the ePB, ~PEO-11.5-0.5 solid retains the ordered spherical structure.
Inverted triangles represent the location of the allowed reflections for S, . morphology. Inset pictures
are the 2D scattering patterns.
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The sufficient delay time in obtaining the pure S, . morphology has important implications
on the melt processing of these materials. It is critical that the system exist as highly ordered
S;cc, and not as an undeveloped mixture of morphologies. Extended melt processing such as
annealing for several hours is time consuming and has the undesirable consequence of inciting
chain degradation if air-free precautions are not taken; it was therefore preferable to rapidly
heat above the S, . transition and then cool the system to the curing temperature. This method
afforded minimal processing time and the desired ordered S, . structure. To cure the S,
structure, ePB , ~PEO-11.5-0.5 samples were pressed as discs (8.18 mm x 0.33 mm) at 100
°C for 60 s, quenched, and then placed on Kapton film over a peltier heating element. The
disc was then reheated to 140 °C, allowed to soak for 60 s, and then cooled to and held at
100 °C. Some flow deformation of the original disc occurs during this unconfined processing
step, such that the disc diameter increases by about 10% (thickness also decreases accordingly).
A quartz parallel plate (TA instruments) was aligned directly over the sample leaving a 0.5
mm gap between the sample and the plate surface. The samples were then exposed for 240
s with broad-spectrum UV light (mercury-xenon lamp, ~100 mW cm™) using a light guide
with a condenser lens aligned ~1 cm from a reflecting mirror within the quartz parallel plate.
After cooling, the cured copolymer samples appeared light amber in color, rigid and insoluble
in aqueous or organic solvents (vide infra). Characterization with SAXS confirmed the high
fidelity translation of the S, .. morphology to the cured solid (Figure 4-6), with multiple higher
order reflections still present. Within the 110 and 200 diffraction rings, several higher intensity
spots indicate the presence of large pseudo-single crystalline grains within the cured sample.
Interestingly, the emergence of such spot patterns during cure has been commonplace, sug-
gesting that cure induced coarsening of the grain structure may be occurring. However, such
phenomena have not been explored in any level of detail.

Similar phase behavior is observed along the entire thermal cycle for both pre- and post-cure
samples. For example, crystalline, post-cured samples also exhibit a similar distorted L _-like

morphology. This is consistent with an elastic distortion of the cured lattice induced by the PEO
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crystallization event. After heating through the PEO melting transition, the ordered S, . mor-
phology is again recovered, however, now without any extended annealing, as was required of
the uncured samples. The post-cured samples exhibit a slightly larger (110) interplanar spacing
of 21.8 nm, compared to 21.2 nm in pre-cured samples. Additionally, there is some broadening
of the diffraction peaks that suggests a slight smearing of the lattice spacing distribution. This
is likely the result of small degrees of temperature heterogeneity during curing, associated with
thermal gradients produced from the peltier heating configuration, the irradiation profile as a
function of sample depth, and the exothermic nature of the cationic cross-linking chemistry.
However, the persistence of multiple higher order reflections confirms a highly ordered sample
is maintained regardless. UV exposure times of 240-360 s (at ~ 100 mW cm™) were found to
provide mechanically rigid, insoluble solids, all with high translation fidelity (as verified with
SAXS).

Attempts to quantify the percentage of the epoxide groups reacted through FT-IR and
'"H NMR experiments proved quantitatively inconclusive, due to significant interference from
signals associated with the PEO blocks in the former (Figure 4-S4, Appendix II),*** and in-
solubility of the samples in the case of the latter. Confirmation of curing was conclusively estab-
lished through a combination of swelling and rheological experiments. Cured samples retained
their disc shape indefinitely when swollen in either water or chloroform, while uncured samples
dissolved (or dispersed) within minutes (control experiment) under the same conditions.
Because of the isolated nature of the cured core domains, rheological analysis of the melt-state
samples, (sans solvent) pre- and post-cure, could also be performed. A comparison of dynamic
temperature ramp behavior (Figure 4-7) demonstrates both an increased elastic modulus and
the clear absence of a disorder transition following cure (thermal degradation is observed for
cured samples around 270 °C). Although the majority matrix PEO contributes most of the melt-
state rheological character in the sample, the anchoring ends of the tethering blocks become
covalently fixed within the spherical domains and change the nature of the material compliance

under small strain (1%) oscillatory shear. The inability to disorder is consistent with structural
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permanence imposed by cured PB domains, which are no longer able to mix with PEO above
the original pre-cure ODT around 200 °C. Notably, these results suggests the conversion of
epoxide groups during cationic cross-linking at these cure times, while not currently quantifi-

able, is at least sufficient to permanently fix the ePB domains.
4.3.4 Swelling Behavior of Cured ePB,, ~PEO-11.5-0.5

After curing, a disc of ePB , ~-PEO-11.5-0.5 was placed in DI water. Swelling was obvious
within several seconds, with equilibrium dimensions established within approximately 1 hr
(determined by point at which there was consistent size and mass of the gel). The swelling was
isotropic and preserved the original disc shape. The dry (cured) polymer disc had a volume of
17.3 mm® which swelled to a final value of 182.2 mm?’ upon reaching its equilibrium swollen
dimensions. This volumetric swelling ratio of 10.5, together with the measured increase in

hydrogel diameter (relative to the dry sample) of 2.19, are consistent with perfectly isotropic
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Figure 4-7. Dynamic temperature ramps of ePB , ~-PEO-11.5-0.5 pre- (circles) and post-cure (triangles)
at 1 °C min™' (1 rad s and 1% strain). The cured sample exhibits a slightly higher modulus, with the
absence of an order-to-disorder transition observed in the uncured sample.
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swelling expected for the S, . lattice. Mechanical performance of the hydrogel was examined
by probing the dynamic mechanical response of the gel at room temperature under oscillatory
shear (Figure 4-8). The elastic (G’) and loss (G”) moduli both exhibit near frequency indepen-
dence over the range of 0.1-50 rad s, with a five-fold difference in magnitude between the
two moduli. This behavior is typical of elastic solids, and consistent with the behavior observed
for our PS-based hydrogel systems previously reported.” As expected, the hydrogel modulus
(Figure 4-8) is reduced relative to that found for the cured, but unswollen melt (Figure 4-7).
Simple rubber elasticity theory predicts a modulus of the swollen hydrogel dependent on tem-
perature (T), the polymer volume fraction (¢,), and the number of effective strands (v,) per
unit dry polymer volume (V,), with the reduction in modulus due to solvent uptake entirely
accounted for by the polymer volume fraction to the one-third power:

1%
Modulus o T(ozl/ ’ (7‘3} Equation 4-1

0

However, the decrease in modulus measured is significantly greater (~90%) than that predicted
(~45%) considering the solvent uptake alone, given a ¢, value of 0.095. This result is actually
consistent with our previous work in which found that the number of triblock copolymer
molecules in the sample grossly underestimates the number of effective strands in the system.
Effective strands involve any polymer segments contributing to the network, and simply counting
triblock copolymer molecules fails to account for a large number of additional entanglements
in the system. We have found these additional entanglements have a significant effect on the
modulus of the swollen and unswollen networks. The source of these entanglements is largely
two-fold; those produced when topologically constrained triblocks have adopted paths that
force direct tether interaction upon swelling, and those produced through significant coronal
layer overlap between the dangling (non-tethered) PEO chains coating the spherical domains.
In our continued work on the PS-PEO system, we have found that these coronal layer entangle-
ments can account for roughly 90% of the overall modulus, and are a critical component of the

mechanical performance of tethered micelle networks. In the current system, the large decrease
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Figure 4-8. Dynamic frequency dependence of a swollen ePB , ~PEO-11.5-0.5 hydrogel under oscilla-
tory shear at room temperature. Inset photograph shows the relative size of pre-swollen and post swollen
hydrogel. The hydrogel was dyed for photographic clarity.

in modulus upon swelling (relative to the unswollen melt) is thus likely the result of a con-
current decrease in the number of effective coronal layer entanglements upon introduction of
solvent. At higher frequencies above 50 rad s/, there is a slight increase in the elastic modulus,
and a slight decrease in the loss modulus. This increase in elastic character may be the result of
topological entanglements (present between tethering midblocks) becoming more relevant at
higher frequencies.

In an attempt to characterize the impact of swelling on the S, . lattice, the ePB , -
PEO-11.5-0.5 hydrogel formed was swollen to equilibrium dimensions, sealed in an air-tight
kapton cell, and analyzed via SAXS (Figure 4-9). In its swollen state, both transmittance and
electron density contrast are severely reduced, and the signal to noise ratio is such that very
long exposure times (12 hr) were required to produce the data plotted in Figure 4-9. Despite

unfavorable scattering conditions, a primary scattering peak is quite discernible. Comparison

84



e B e A
0.010 0.012 0.014 0.016 0.018

------------- a A"

Relative Intensity

I|IIII|III[IIIII|I]]I|IIII|

0.005 0.010 0.015 0.020 0.025 0.030
q (A"

Figure 4-9. SAXS data for the ePB | ~PEO-11.5-0.5 cured hydrogel, collected at room temperature over
a 12 hr exposure. Inset contains the background subtracted primary peak, which has a peak maximum
at 49.3 nm.

of the pre- and post-swollen lattice constants (21.8 nm and 49.3 nm, respectively) calculated
from their respective primary scattering vectors, suggests a swelling ratio of 2.26, in excellent
agreement with that predicted via direct measurement (2.19). The appearance of a primary
scattering peak suggests, at the very minimum, that the hydrogel has short-range order in the
equilibrium-swollen state, and more importantly, the inter-sphere distances are highly uniform
over macroscopic distances within the sample. Whether the spherical domains within the
hydrogel retain average positions that continue to lie on a BCC lattice cannot be discerned
using such long exposure times and reduced lab source intensities; future investigations with

synchrotron source SAXS and USAXS will be required.
4.3.5 Photopatterning of ePB,, ~PEO-11.5-0.5

An extremely interesting consequence of the use of photocuring chemistry to fix the hydrogel
structure is the inherent capability to simultaneous photopattern the hydrogels three-dimen-
sionally. To demonstrate the potential of ePB-PEO based block copolymers in photopatterning

applications, an opaque star mask was applied on the surface of the quartz curing attachment.
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Figure 4-10. Photopatterned ePB , ~-PEO-11.5-0.5 hydrogel. The original mask on the quartz curing

19.6

attachment (left) has been transferred to the hydrogel after UV curing. Swelling in water dissolved the
uncured, masked region, resulting in excellent translation of the star pattern. Notably, the size of the star
increases with swelling. The hydrogel was dyed for photographic clarity.

A slightly larger disc (12.8 mm diameter x 0.4 mm thickness) of ePB,, ~-PEO-11.5-0.5 was
subjected to the same aforementioned thermal treatment (heat to 140 °C before cooling to 100
°C) and then exposed to broad spectrum UV light for 300 s. After cooling, the disc appeared
amber with a white star in the middle. The polymer disc was allowed to swell in water, and
the uncured star dissolved as the disc swelled (Figure 4-10). Notably, the swollen pattern is
much larger than the star mask. However, the shape is preserved, with the only difference being
an isotropic expansion of the star shape void (~2X its original size from star point to point).
The ability to wash away masked patterns with aqueous or organic solvents not only provides
convincing evidence of the curing efficacy, but serves as a promising launching point for more
advanced photopatterning experiments with these materials. Current experiments establishing

limits in patterning resolution and line width roughness are underway.

4.4 CONCLUSIONS

Pre-structuring hydrogels from the melt-state of self-assembled copolymers has now been
extended to chemically cross-linked PB-PEO systems. Previously, this method was limited to

physically cross-linked glassy polymers.”’* In addition, thermally stable photocuring chemistry,

with the use of a cationic photoinitiator, has now been shown to successfully cure BCC spheres
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(this report), hexagonally packed cylinders®, and bicontinuous gyroid®*® morphologies in BCP

melt systems. The highly ordered sphere forming systems (S, . .) cured in this report, comprised

BCC
of partially epoxidized PB-PEO diblock and PB-PEO-PB triblock copolymers, provide a
facile means of pre-structuring the hydrogel network morphology with precise, self-assembly
based control. Cured discs swelled in water and chloroform, exhibited excellent mechanical
properties in their swollen state, and preserved their macroscopic shape upon swelling. Lastly,

the potential for simultaneous photopatterning during cure was demonstrated via the use of a

simple mask, opening the possibility for more complex photopatterning applications.

4.5 EXPERIMENTAL
4.5.1 Materials and Methods

1,3 Butadiene (99+%, 100 ppm p-tert-butylcatechol inhibitor, Aldrich) was purified by static
vacuum (15-30 mTorr) distillations from n-butyllithium (1.6 M in hexanes, Aldrich) at -20
°C. Ethylene oxide (99.5+%, compressed gas, Aldrich) was purified by successive distillations
from di-n-butylmagnesium (1.0 M in heptane, Aldrich) at 3 °C. sec-butyllithium (1.3 M in
cyclohexane/hexane, Fisher) was used as received. The concentration before use was deter-
mined to be 1.1 M using the double Gilman titration method*® with 1,2-dibromoethane (99%,
Aldrich). Potassium naphthalenide solution was prepared according to a previous report.*
3-chloroperoxybenzoic acid (MCPBA, 70-75%, Acros Organics) was dissolved in methylene
chloride and dried over anhydrous sodium sulfate. (4-iodophenyl)diphenylsulfonium triflate
(IPDPST) photoinitiator (Aldrich) and a,d4-Dibromo-p-xylene (97%, Aldrich) were used as
received. Tetrahydrofuran (THF) was degassed by sparging with argon (10 psi) for a period
of 45 minutes and then purified over two molecular sieve columns of neutral alumina (Glass
Contour, Inc.) Cyclohexane (CHX) was degassed with argon and purified through a column of
neutral alumina followed by a column of Q5 copper (II) oxide catalyst (Glass Contour, Inc.).
Other common chemicals and solvents were used as received unless otherwise stated. Ultra

high purity argon (99.998% Airgas) was passed through a column of 5 A molecular sieves with
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drierite (Agilent) and an oxygen absorbing purifier column (Matheson Tri-gas). Glassware and

polymerization reactors were flamed under vacuum and backfilled with argon (3 x).
4.5.2 Measurements

NMR spectra were recorded at room temperature on a Varian Inova 400 MHz spectrometer
with a d1 pulse delay of 20 s to ensure complete relaxation of end-groups. Spectra were refer-
enced to the residual protio solvent, CHCI,. Gel permeation chromatography (GPC) spectra
were collected on a Viscotek GPC-Max chromatography system outfitted with three 7.5 x
340 mm Polypore™ (Polymer Laboratories) columns in series, a Viscotek differential refrac-
tive index (RI) detector, and an Alltech column oven (mobile phase THEF, 40 °C, 1 mL min™).
Rheological melt experiments were run on a TA Instruments Advanced Rheometric Expansion
System (ARES) rheometer. Copolymer samples were pressed as solid discs (8 x 1 mm, samples
for curing were 8.18 x 0.33 mm ) at 100 °C with an applied pressure of 500 psi for 30 s. Discs
were positioned between two parallel plates (8 mm diameter). The rheometer parallel plates
were heated to 75 °C and the gap was reduced and adjusted to ensure even distribution of
the sample. Typical gaps were 0.4-0.6 mm for uncured samples and ~0.3 mm for cured disks.
Dynamic temperature ramp tests were performed while heating and cooling at 1 °C min™" at
angular frequency of 1 rad s™' and a strain of 1 % (well within the linear viscoelastic regime,
determined by dynamic strain sweep experiments for each copolymer). Rheological swollen
hydrogel frequency sweep experiments were run at room temperature using a peltier lower tool
apparatus and a 25 mm stainless steel upper parallel plate. A slight force was applied (5-10 g) to
the hydrogel samples to prevent slip. Strain rates were adjusted depending on the linear visco-
elastic regime (0.5-1%). Small Angle X-ray Scattering (SAXS) data were collected on a Rigaku
S-Max 3000 High Brilliance three pinhole SAXS system outfitted with a MicroMax-007HFM
rotating anode (CuKa), Confocal Max-Flux™ Optic, Gabriel multiwire area detector, and a
Linkam thermal stage. Dry polymer samples were sandwiched between kapton windows (0.05

mm thick x 10 mm diameter). Exposure times for uncured samples were typically on the order

88



of 600-1200 s. Cured sample exposure times varied between 1800-3600 s. Equilibrium swollen
hydrogels were sealed in a Kapton window cell. A shim washer was placed around the swollen
hydrogel, and industrial Loctite® two-component epoxy glue was used to bond the kapton film
together. After the epoxy glue was fully hardened, DOW Corning high vacuum grease was
applied around the glue seal. Before collecting SAXS data, the Kapton window containing the
hydrogel was checked for leaks under high vacuum. The exposure time for swollen hydrogel

SAXS was 6-12 h.
4.5.3 w-hydroxy-polybutadiene (PB)

Purified 1,3-butadiene monomer (45.3 g, 12 h) was added very slowly (Caution: If butadiene
monomer is added too quickly, the pressure will rise uncontrollably) over a period of 3htoa2 L
reactor flask containing 1 L of cyclohexane (40 °C) and sec-butyllithium (11.98 mL, 1.1 M) under
a slight initial positive pressure of argon (1 psi). During the monomer addition, the pressure
was allowed to rise to a maximum of 8 psi. Once the monomer polymerized and the pressure
dropped below 3 psi, more butadiene monomer was added. Ethylene oxide (12.6 g, 20 h) was
used as an end-capping agent. After purging the reactor of excess ethylene oxide, the terminal
alkoxide was quenched with wet methanol (26 mL, 25:1 MeOH-H,0). The homopolymer was
washed (2X) with 250 mL deionized H,O and precipitated from 3:1 MeOH-EtOH (8 L). The
product was dissolved in benzene and freeze-dried in vacuo (25°C, 72 h). Recovered sticky clear
viscous liquid, 42.0 g (93%). GPC (Polystyrene standards): M /M_=1.05. '"H NMR (400 MHz,
CDCl,, 8): 5.3-5.7 (b, -CH,~CH=CH-CH - and CH,=CH-C(R)H-), 4.9-5.1 (b, CH,=CH-),
3.6-3.7 (m, ~-CH ~OH), 1.7-2.3 (b, -CH,~CH=CH-CH - and CH =CH-C(R)H-), 1.1-1.7 (b,
CH,=CH-C(R)H-CH,-), 0.8-0.9 (m, CH,-CH,-C(R)H-CH,, initiator fragment). M_(calcd.

from 'H NMR integrations) = 3300 g mol ™. 1,2 content = 8.3 %.
4.5.4 w-hydroxy-polybutadiene-b-poly(ethylene oxide) (PB-PEQO)

PB (3.2 g) was dissolved in 250 mL THF and added via cannula to a 2 L reactor flask contain-

ing 800 mL THF at 40 °C. PB alkoxide chain ends were formed by titrating the solution with
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potassium naphthalenide slowly until a light green color remained for at least 5 min. Ethylene
oxide (26.4 g, 24 h) was added to the reactor under a slight positive pressure of argon (1 psi),
the solution turned clear after several seconds. The reactor was quenched with wet methanol
(20 mL, 3:1 MeOH-H,O) and the solution changed color from charcoal blue to rose red im-
mediately. The polymeric solution was reduced to ~1/2 its volume on a roto-evaporator. The
block copolymer alcohol product precipitated from —-20 °C pentane (4 L). Filtration and drying
in vacuo (25°C, 24 h) gave the block copolymer as a light tan powder. Yield= 26.6 g (90 %).
GPC (Polystyrene standards): M /M_=1.03 "H NMR (400 MHz, CDCI,, 6): 5.2-5.6 (b, -CH -
CH=CH-CH - and CH =CH-C(R)H-), 4.8-5.0 (b, CH,=CH-), 3.3-3.9 (b, -CH,~CH,-O-),
1.6-2.3 (b, -CH,~CH=CH-CH,- and CH =CH-C(R)H-), 1.0-1.5 (b, CH =CH-C(R)H-
CH,-),0.7-0.9 (m, CH,-CH,-C(R)H-CH,, initiator fragment). f,. = 0.13, M_=29 500 g mol™

(calcd. from '"H NMR integrations).
4.5.5 Polybutadiene-b-poly(ethylene oxide)-b-polybutadiene (PB-PEO-PB)

PB-PEO (4.3 g) was dissolved in 50 mL of THF and titrated to a light green color with potassium
naphthalenide under argon. a,a-Dibromo-p-xylene was dissolved in THF (0.50 mL, 0.6 M, 1:
0.5 eq PB-PEO: a,a-Dibromo-p-xylene), and was added at a rate of 0.1 mL h™”' with a Chemyx
Fusion 200 syringe pump to the titrated PB-PEO flask. The copolymer mixture precipitated
from -20 °C pentane (1.5 L). Filtration and drying in vacuo (25°C, 48 h) gave the copolymer as
a light yellow rubbery powder. Yield = 3.7 g (86 %). The copolymer mixture was 89.6 % triblock

by mass (calcd. from GPC peak integrations).
4.5.6 Epoxidation of PB-PEO/PB-PEO-PB Blends (ePB,, ~PEO-11.5)

PB-PEO-PB triblock mixture (0.5 g) and PB-PEO (1.96 g) were codissolved in 40 mL CH,CI,.
The copolymer mixture represents an 11.5 mol % triblock composition. Controlled partial ep-
oxidation was carried out with MCPBA (0.231 g) described in a previous report by Scalfani and
Bailey.*® An additional purification step of precipitating from pentane (1 L) was added to the

procedure. Filtration and drying in vacuo (25 °C, 48 h) gave the epoxidized copolymer as an

90



off-white powder. Yield = 2.15 g (87 %). GPC (Polystyrene standards): M /M_= 1.15 (bimodal
due to intentional blending with triblock). 'H NMR (400 MHz, CDCL,, 6): 7.3 (s, -O-CH,-
C,H,-CH,-O-, coupling agent) 5.2-5.6 (b, -CH,-CH=CH-CH,- and CH,=CH-C(R)H-),
4.8-5.0 (b, CH,=CH-), 4.5 (s, ~-O-CH,-C,H,~CH,-O-), 3.3-4.0 (b, -CH,-CH -O-), 2.8-3.0
(b, -CH,-CH(O)CH-CH,-, epoxidized 1,4 cis), 2.6-2.7 (b, -CH,-CH(O)CH-CH,-, epoxi-
dized 1,4 trans), 1.0-2.3 (b, -CH,-CH=CH-CH,-, -CH,-CH(O)CH-CH,-, CH,=CH-C(R)
H-, CH,=CH-C(R)H-CH -), 0.7-0.9 (m, CH,-CH,-C(R)H-CH.,, initiator fragment). Epoxi-
dized units: Total = 19.6%, 1,4 cis = 9.8% , 1,4 trans = 9.8%, 1,2 = 0 % (calcd. from 'H NMR

integrations).
4.5.7 Photocuring of ePB,, ~-PEO-11.5-0.5

ePB , ~PEO-11.5 samples were codissolved with 0.5 mol % (relative to initial PB repeat units)
(4-iodophenyl)diphenylsulfonium triflate in a 3:1 benzene-chloroform mixture and freeze dried
overnight. Samples were pressed as 8.18 mm X 0.33 mm discs at 100 °C for 60 s, then quenched
in liquid nitrogen to minimize crystallization induced roughening of the surface. Discs were
placed on a TA Instruments ARES rheometer outfitted with a peltier and a reflecting mirror
on a quartz parallel plate (kapton film was used in-between the sample and peltier attachment
to prevent sticking). The quartz attachment was aligned to be 0.5 mm from the surface of the
sample. A Hamamatsu Lightning Cure LC8 UV spot cure system was utilized with a 200-Watt
mercury-xenon lamp, synthetic silica light guide and short focal point condenser lens. The light
guide was positioned approximately 1 cm from the upper quartz reflecting mirror. The lamp
was allowed to stabilize for 15 min before curing. The intensity at the cure site was 95-103 mW
cm™ (measured in the range of 230-410 nm with a Con-Trol-Cure Silver Line UV-Radiometer).
Prior to cure, the samples were heated to 140 °C on the peltier and then cooled to the curing
temperature of 100 °C. Samples were exposed to UV light for 4-5 min. After curing, the discs

became mechanically rigid, insoluble and light amber in color.
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4.7 SUPPORTING INFORMATION AVAILABLE

Temperature dependent SAXS of PB-PEO-11.5, and ePB , ~PEO-11.5 (Figures 4-S1 and 4-
§2); Evolution of S, . morphology after low temperature 80 °C annealing (Figure 4-S3); FT-IR

comparison of PB-PEO-11.5 and ePB , ~PEO-11.5 (Figure 4-S4) in Appendix II.
p 196 8 pp
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CHAPTER 5

TUNABLE MECHANICAL PERFORMANCE OF BLOCK COPOLYMER
HYDROGEL NETWORKS VIA UV PHOTOCOUPLING OF

ANTHRACENE END-GROUPS

The contents of this dissertation chapter were written by Vincent F. Scalfani. Vincent E Scalfani
and Travis S. Bailey developed and designed the experiments. John R. Ekblad, Brett D. Hill
(undergraduate students at Colorado State University), and Ralf Niemann (graduate student
at Universitat Duisburg-Essen, Germany) performed the photocoupling and SEC experiments.
Vincent F Scalfani performed all other experiments including synthesis, rheology and SAXS

data. Lastly, Chen Guo provided the rheology data for the pre-blended PS-PEO hydrogels.

95



5.1 CONSPECTUS

Nanostructured hydrogel networks were developed through UV photocoupling of anthracene
functional AB diblock copolymer melts. The networks are based on a pre-structuring technique
prior to swelling where a sphere forming light-reactive block copolymer (BCP) is first melt-
processed, and then exposed to UV light directly in the melt-phase. The UV light activates
the photo-cycloaddition of integrated anthracene end-groups which results in the formation
of ABA tethers between adjacent spheres. The tethered network of AB diblock and ABA
photocoupled triblock is comprised of hydrophobic junction points (A domains) connected
through hydrophilic (B) domains which are selectively swollen in aqueous media. Specifically,
the hydrogel tethered networks in this report were fabricated from anthracene terminated
poly(styrene)-b-poly(ethylene oxide) diblock (PS-PEO-An, f,. = 0.13, Mn =70 100 g mol™").
Disks of PS-PEO-An (0.29 mm thickness) were melt pressed and then photocoupled directly in
the melt for 2-20 min with 365 nm filtered UV light. AB/ABA photocoupled blends contained
triblock concentrations of 11.7 to 45 mol %. Photocoupled disks were then swollen in water and
found to exhibit highly elastic properties, tunable mechanical properties (based on UV irradia-
tion time), and complete preservation of pre-photocoupled shape. The photocoupled hydrogel
networks were compared to homogeneous pre-blended AB/ABA composites and found to
exhibit similar properties with slight differences arising from an asymmetric distribution of
triblock in the photocoupled gels. The PS-PEO-An hydrogels prepared herein are proposed to
be excellent future candidates for asymmetric hydrogels because of their simple fabrication and
excellent mechanical properties. The potential reversibility of the anthracene coupling reaction

and its impact on hydrogel behavior concludes this report.

5.2 INTRODUCTION

Hydrogel networks'? have continued to be of current interest for their utility and compatibil-
ity in a variety of applications including tissue scaffolds,*® encapsulation matrices,” ' delivery

agents,'"'> and separation membranes."*'> Numerous successful methods to produce hydrogel
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networks have been reported, and are most often based on the random physical or chemical
cross-linking of hydrophilic polymers in solution.! The incorporation of light-responsive func-
tionality,'® such as anthracene that can undergo reversible [4m + 4n] photo-cycloaddition",
into hydrophilic polymers has been reported by several groups'*?! as one successful method to
produce randomly cross-linked hydrogel networks. In these systems there are several advan-
tages over a purely physical or chemical cross-linked system, such as mild reaction conditions,
adjustable cross-link density based on UV irradiation time, and reversibility of the network.
However, these reported light sensitive hydrogel systems are still very similar to conventional
hydrogel networks that can suffer from weakly-defined structures having a large distribution
of mesh sizes arising from the random nature of the unstructured cross-linking process. Non-
uniformity in structure and mesh size across the sample profile results in inconsistences in
mechanical properties, swelling and mass transport within the hydrogel.> Our group has been
working with pre-structured hydrogels based on self-assembled block copolymers (BCPs) in
the melt-state as one method to overcome these limitations of non-uniformity.*>*

BCPs are ideal candidates for hydrogel formation due to their inherent ability to self-
assemble on the nanometer length scale.”* > Recently, our group has developed a new tethered
hydrogel system based on self-assembled sphere forming blends of AB diblock and ABA
triblock copolymers that are pre-structured through self-assembly in the melt-state.*> > The
pre-structured morphology contains a periodic lattice comprised of densely packed spherical
aggregates of AB diblock copolymers tethered together with an adjustable amount of ABA
triblock bridges. Integrity and preservation of both nano- and macro-scale structure is achieved
through either physical*? or chemical® cross-linking of the hydrophobic spherical A domains
prior to preferential swelling of the coronal and bridging B domain. Upon swelling, the tethered
network adopts an equilibrium swelling dimension that is determined by a combination of
osmotic swelling forces, entropic penalties associated with stretching of the B midblock and to-
pological entanglements associated with the tethering midblock. We have found the developed

pre-structured hydrogel systems exhibit highly elastic properties and long-term preservation

97



rl UV 365 nm
)
B —

Figure 5-1. Melt pre-structuring of diblock anthracene functional hydrogels. The anthracene termi-
nated diblock is first allowed to self-assemble in the melt, forming a spherical structure with anthracene
functional groups around the corona of the spheres. During the melt-processing step the structure is
exposed to 365 nm UV filtered light. The UV irradiation allows for in situ generation of photocoupled
triblock tethers between spheres. The tethers serve to preserve the network structure through the hydro-
phobic junction points when swollen in water.

of shape (months). Further, the gels are highly tunable with adjustable mechanical properties
(concentration of triblock)?? and pore sizes (length of triblock tether).® Interestingly, only a
small percentage of triblock (~10 mol %) is necessary to produce gels that are easily handled
and have excellent mechanical properties.?> # Notably, these pre-structured hydrogel systems
with blend compositions containing a majority of diblock copolymer relative to triblock contain
a high density of hydroxyl end-groups in the corona of each spherical aggregate; this provides
a straightforward route to directly incorporate functionality within the interior of the hydrogel.

In this report, we further demonstrate the versatility of the pre-structured tethered network
by incorporating light reactive anthracene end-groups within the hydrogel. The hydrogels
reported herein are based on physically cross-linked spherical forming poly(styrene)-b-
poly(ethylene oxide) PS-PEO diblock. The PS-PEO diblock was first end-functionalized with
anthracene through the activation of terminal hydroxyl groups. Anthracene functional PS-
PEO (PS-PEO-An) was then melt-processed allowing for the self-assembly of the targeted

spherical morphology. The tethering PS-PEO-PS triblock is generated in situ with 365 nm UV
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light in the melt-state, eliminating the necessity to pre-blend a fixed amount of triblock prior
to swelling (Figure 5-1). After photocoupling in the melt-phase, gels swelled isotropically in

water, were easily handled, and highly elastic.

5.3 RESULTS AND DISCUSSION
5.3.1 Synthesis and Physical Characterization

PS-PEO diblock* (f,, = 0.13, M_ = 70 100 g mol™, PDI = 1.05) was end-functionalized with
anthracene through a straightforward nucleophilic substitution reaction modified from a
previous report by Coursan et al. where low MW hydroxyl functional polystyrene was end-
tagged with anthracene.?” In this report, hydroxyl functional PS-PEO is titrated with potassium
naphthalenide in THF allowing the formation of active alkoxide chain ends which are then
terminated with an excess of 9-(chloromethyl)anthracene. The functionality of end-tagging
with anthracene was quantitative as determined by '"H NMR, comparing the relative peak in-
tegrations of initiator fragment to the methylene protons adjacent to the added anthracene
group (Figure 5-2). Relative integrations of the aromatic protons to initiator fragment were
avoided as these are far less accurate due to the strong dissimilarity of the aromatic protons
compared to the linear initiator protons. Notably, 'H resonances from free 9-(chloromethyl)
anthracene were absent in the purified product. The quantitative addition of end-groups was
only achieved after adding the 9-(chloromethyl)anthracene as a dried powder; efforts to add
the terminating agent as a solution in “dry” THF resulted in end-tagging efficiencies of 40-90%,
which is consistent with a previous report.” The SEC trace of PS-PEO-An was nearly identical
to the parent PS-PEO with no evidence of chain degradation or coupling (Figure 5-2, inset).
Pre-blended samples (without anthracene end-tagging) containing a physical blend of PS-PEO
and PS-PEO-PS were prepared analogous to a previous report utilizing the coupling agent,

a,&-Dibromo-p-xylene.”
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5.3.2 Melt-State Morphological Characterization

The targeted sphere morphology for the PS-PEO and PS-PEO-An pure diblock copolymers

— PS-PEO
~——-PS-PEO-An

\:
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Figure 5-2. '"H NMR end-group assignments of PS-PEO-An. SEC traces of PS-PEO and PS-PEO-An
showing near identical molecular weight distributions (inset).
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were confirmed through a combination of dynamic rheology and small-angle X-ray scatter-
ing (SAXS). Both samples have near identical melt-state phase behavior that is prototypical
of a phase-separated sphere morphology with liquid-like packing (LLP).*> **3! Rheological
temperature ramp experiments show a steady decrease in moduli upon heating with a larger
loss modulus (G”) than the storage modulus (G’). This behavior is characteristic of viscoelastic
materials with enhanced viscous liquid-like properties. The absence of a plateau response of
the moduli and presence of a gradual transition to the disordered state with increased heating
is consistent with spherical morphologies with LLP*>?® (Figure 5-3). SAXS data at 100 °C is
shown in Figure 5-3. Both PS-PEO and PS-PEO-An show a primary scattering reflection at

0.0226 A and 0.0230 A, respectively, this further confirms the phase separated state of the

BCPs. Higher order reflections are absent or severely broadened which is also consistent with
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phase separated morphologies exhibiting liquid-like packing.
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Figure 5-3. Rheological temperature ramps of PS-PEO and PS-PEO-An while heating at 1 °C min™
with angular frequency of 1 rad s and strain of 5 %. The steady decrease in moduli and absence of a
plateau region is consistent with BCP melts containing a liquid-like packing of domains (left). Azimuth-
ally integrated SAXS data at 100 °C for PS-PEO and PS-PEO-An. Higher order reflections are absent
which also characteristic of BCPs having LLP (right).
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5.3.3 UV Photocoupling of PS-PEO-An in the Melt-State

To photocouple PS-PEO-An pre-structured hydrogels, samples were pressed as round disks
(8.14 x 0.29 mm) at 150 °C, cooled to room temperature and placed between hydrophobic
surface treated quartz cover clips. The copolymer/quartz sandwich was then reheated on a hot
plate to 150 °C and cooled to and held at 100 °C during the photocoupling. A quartz curing at-
tachment with reflecting mirror was positioned ~1-2 mm from the surface of the sample before
exposing to 365 nm filtered UV light (mercury-Xenon lamp with 365 nm band-pass filter, 30-38
mW cmat exposure site). Samples were exposed to 365 nm UV light for 2-20 min (discs were
flipped over half way), cooled to room temperature and removed from the quartz slides. Figure
5-4 depicts SEC traces of several photocoupled samples containing various concentrations of
triblock relative to the parent PS-PEO-An pure diblock. Notably, a small percentage of side-re-
actions resulting in high molecular weight copolymers are present in the photocoupled samples
despite conducting the experiments under a purge of argon. A total of six samples were photo-

coupled at exposure times ranging from 2-20 min, resulting in the formation of triblock with
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Figure 5-4. SEC traces of PS-PEO-An samples that have been photocoupled with 365 nm UV filtered
light at 100 °C for 0-20 min. The concentration of photocoupled PS-PEO-PS triblock could be con-
trolled with UV irradiation time.
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average concentrations of 11.7-45.0 mol % (calcd. from SEC relative peak height to avoid error
associated with high MW side-reaction products). The ability to precisely control the amount
of triblock with UV light alone greatly simplifies the synthetic protocol, that is, the single parent
PS-PEO-An BCP can be utilized for numerous pre-structured hydrogels. Direct comparison
of photocoupling efficiency is difficult across even similar chemical systems (e.g. similar ar-
chitecture, reaction media, and MW) due to variations in bulb intensity, lenses, and distance
to sample, etc.; Therefore any comparisons to other reports are extremely difficult. With this,
we only seek to mention that our system utilizing anthracene coupling in the neat melt phase
with a BCP of about 70 kDa (very low concentration of end-groups) appears to be controlled
and rapid, producing a wide range of coupling efficiencies within a reasonable amount of time
of less than 30 minutes. Coupling reactions of polymer-bound functional groups in the melt
have been reported previously,”>** and can be very fast and efficient in miscible’® or immis-
cible® polymer systems between anhydride and amine groups, for example. Interestingly, to the
author’s knowledge there is only one prior report by Russell and coworkers with an anthracene
functional BCP that is UV photocoupled in the melt.*> Notably, we have had past success with
UV cationic cross-linking of partially epoxidizied poly(diene)-based BCPs in the melt phase*
¢ and speculate UV induced photocoupling in the melt-state will also prove to be applicable to

wide range of self-assembled BCP structures that can incorporate light sensitive functionality.
5.3.4 Swelling Behavior of UV Photocoupled PS-PEO-An Hydrogels

Photocoupled disks were placed in DI water; the onset of swelling was immediate. Hydrogels
reached equilibrium swelling in about 1-2 hours (determined by constant mass and size). PS-
PEO-An hydrogels preserved the original 3D disk melt shape and swelled quite dramatically
compared to the dry disk which is shown in Figure 5-5 (inset). Preservation of shape and
isotropic swelling is characteristic of expansion from a pre-structured spherical morphology.
Similarly to our previous report* of pre-blended PS-PEO-PS/PS-PEO hydrogels, the amount

of swelling decreased in the PS-PEO-An gels as the concentration of photocoupled triblock
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increased. A reduction in swelling with an increase in triblock content is attributed to the addi-
tional triblock macromolecules forming a larger amount of bridging and topological entangle-
ments between adjacent spheres within the gel network structure, effectively increasing the
cross-link density.”” The amount of water absorbed (g H,O per g dry polymer, Q) was tunable
in the range of 19.2-5.7 g depending on the concentration of photocoupled triblock present
within the sample (Figure 5-5).

While the general trend of decreased swelling with a higher concentration of triblock is
observed in both pre-blended PS-PEO and PS-PEO-An gels, significant differences are
apparent. The swelling ratio, Q, is about 20 % greater in the PS-PEO-An gels compared to
the pre-blends, save for the sample with the highest amount of triblock studied (45 mol %)
where the swelling is nearly identical. The differences in swelling behavior are likely related
to a decrease in UV flux as a function of depth within the copolymer melt disk, that is; a UV
photocoupled gel is produced that contains an asymmetric distribution of triblock throughout
the depth profile. In order for the PS-PEO-An to photocouple with UV light, two chains have
to come in direct contact where one of the anthracene chain-end molecules is in a very short-
lived photoexcited state (nanoseconds).””** The probability of photocoupling increases with
UV flux, and therefore coupling within the melt-disk (0.3 mm thick) will be most efficient
at the surface and least efficient in the middle (when flipped over during irradiation). It is
worth noting here that end-group photocoupling is much less efficient compared to our pre-
viously reported® * UV cationic photocuring of epoxidized ePB (PI)-PEO melt disks of for
two reasons: (1) end-group photocoupling has a much lower concentration of reactivity sites
compared to random cross-linking across multiple sites on a polymer backbone, and (2) in UV
initiated cationic photocuring, a polymerization is taking place in which once the photoactive
acid is generated by the UV light, the propagation continues until the chain is terminated (no
more reactive monomers, water, hydrogen abstraction, etc.). That is, there is no requirement of
having a species in the excited state in order to react.

If a gradient of triblock is formed in the PS-PEO-An gels where a higher concentration
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of triblock is present on the surface and a lower concentration in the center of the hydrogel,
the center of the hydrogel will contain fewer junction points (bridging between spheres) and
topological entanglements compared to the outer portion of the gel. This asymmetric nature
of the hydrogel results in a greater amount of water absorbed within the “soft” interior of the
hydrogel relative to the outer “hard” surface skin containing a higher density of effective bridges
and entanglements. Importantly, the interior of the hydrogel is still very homogeneous since
the overall structure is determined by the primary self-assembled spherical AB diblock. The

added triblock only serves to form a secondary network of topological entanglements which
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Figure 5-5. Swelling ratios of pre-blended PS-PEO and anthracene coupled PS-PEO hydrogels. In both
systems, the ratio of swelling (Q) could be controlled with concentration of triblock. Examples of swollen
PS-PEO-An hydrogels, the original disk is shown inside the washer (inset).
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reduces the mesh size of the primary structure. A near perfect homogenous or symmetric
hydrogel mesh represented by the pre-blended samples (regardless of thickness) should exhibit
constant swelling throughout the entire depth of the sample. In support of this claim, as the
amount of UV photocoupling time is increased to 20 minutes, a sample with ~45 mol% triblock
is produced with swelling that is nearly identical to a pre-blended sample (Figure 5-5). This
result is consistent with a decrease in asymmetry likely arising from the longer UV irradiation
time and increased efficiency of anthracene coupling within the center of the disk. Longer UV
exposure times suggest a secondary mesh throughout the gel that is fairly homogeneous.

The asymmetric nature of the PS-PEO-An gels appears to be subtle enough such that the gels
preserve their original pre-structured form. Efforts to quantify the concentration of triblock
with depth have been difficult due to the limited amount of material within a photocoupled disk
(~15 mg); however, future studies that utilize larger disks and microtome techniques are being
investigated to obtain a triblock concentration depth profile of the disks after photocoupling.
In addition, microscopy imaging techniques may prove useful providing the hydrogel network
does not completely collapse when dried. Interestingly, these results are rather intriguing, as
asymmetric hydrogels are highly sought after materials. Asymmetric hydrogels combine the
high selectively of a surface layer (small mesh size) with the high throughput of an interior non-
selective layer (large mesh size).””** We believe our self-assembled PS-PEO-An system may

be an excellent candidate for the future development of self-supporting asymmetric hydrogels.
5.3.5 Mechanical Performance of UV Photocoupled PS-PEO-An Hydrogels

The dynamic mechanical response of the PS-PEO-An gels under oscillatory shear at room
temperature was studied and is shown in Figure 5-6. The data plotted is a summary of the
storage modulus (G’) taken at 1 rad s from a dynamic frequency sweep experiment as a
function of mol % triblock. As the amount of triblock concentration increases the modulus
increases, consistent with a larger amount of tethers and topological entanglements. Increased

entanglements and tethers serve to produce a greater physical cross-link density that inhibits
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Figure 5-6. Storage modulus of pre-blended PS-PEO and anthracene coupled PS-PEO hydrogels taken
from dynamic frequency sweeps at 1 rad s™. In both hydrogel systems, the modulus could be controlled
with concentration of triblock. Dynamic frequency sweep of PS~-PEO-An hydrogel that has been UV
photocoupled for 8 min. The plateau response is prototypical of highly elastic solids (inset). Dotted line
is a visual guide.

deformation of the hydrogel. In the range of photocoupled samples studied with 11.7 to 45 mol
% triblock content, the modulus was highly tunable and varied from 10°-10° Pa. The inset in
Figure 5-6 is a representative plot of a full frequency sweep of a PS-PEO-An gel that has been
photocoupled for 8 min forming on average of 28.1 mol% triblock. The frequency independent
response of the moduli coupled with a decade difference between the storage (G’) and loss (G”)
modulus is prototypical of highly elastic solids and consistent with our previously reported
hydrogels.”> 2 All photocoupled and pre-blended samples exhibited a near perfect plateau
response of moduli with varying frequencies in the range of 0.1-200 rad s™'. The majority of PS-
PEO-An gels exhibit lower moduli values in the frequency sweep experiments, compared to
the pre-blended PS-PEO hydrogels. Lower moduli values in the PS-PEO-An gels are attributed

to the soft interiors of the asymmetric hydrogels. The asymmetric nature of the gels allows the
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softer interior with fewer junctions and entanglements between spheres to more easily deform
under load compared to the outer more densely triblock populated hard skin layer of the gel.
In contrast, pre-blended samples should ideally contain a complete homogeneous distribution
of triblock throughout the depth of the sample. A homogeneous hydrogel would not contain
a softer more deformable core and therefore exhibits higher modulus values. Interestingly, in
the sample with the highest amount of triblock, 45 mol %, the modulus is very similar to the
pre-blended sample of comparable triblock content, suggesting the asymmetric nature is greatly
reduced. This is consistent with a longer UV photocoupling time allowing for a greater concen-
tration of triblock to be formed in interior of the disk, providing a much less drastic gradient (or
lack thereof). Further, this is in very good agreement with that observed for the swelling, where
the 45 mol % sample exhibited near identical swelling to the pre-blended sample, a result of the
more homogeneous nature of the 20 min photocoupled hydrogel.

The mechanical behavior of the hydrogels was further characterized through the response of
unconfined compression-decompression cycles. Figure 5-7 depicts the compressive stress at 40
% strain of PS-PEO-An and pre-blended PS-PEO hydrogels. The compressive stress increases
linearly with added amount of triblock, and quite remarkably there appears to be little differ-
ence in the overall compressive stress between anthracene coupled and pre-blended samples at
40 % compression. A representative series of compression-decompression cycles (two complete
cycles) of a PS-PEO-An gel photocoupled for 8 min is shown in the Figure 5-7 inset. Each pho-
tocoupled hydrogel was able to recover completely after the decompression cycle, albeit with
some hysteresis arising from diffusion limitations of the trapped water distributed within the
material.* The second compression-decompression cycle is nearly identical to the first (typical
for all samples) showing the excellent elastic recovery properties of the hydrogels and suggesting
constant water absorption between cycles. There is an initial compression-decompression non-
linearity region from about 1-15% strain in the majority of PS-PEO-An gels, such behavior
is limited to 1-5 % in pre-blended samples (verified with compression-decompression cycles,

not shown). The small window of non-linearity in pre-blended samples is attributed to the
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Figure 5-7. Compressive stress at 40 % strain compiled from unconfined compression-decompression
cycles. Compressive stress vs. strain for two complete compression-decompression cycles of a PS-PEO-
An hydrogel that has been UV photocoupled for 8 min

expulsion of excess water.”” The larger non-linear region observed in the photocoupled samples
is likely a result of the asymmetric properties of the material, where the soft interior is more
easily deformable at low strain % until the soft interior collapses at around 15% strain. Interest-
ingly, in the 20 min photocoupled sample (45 mol %) the non-linearity region is reduced to
just 5%, consistent with the asymmetry in the hydrogel becoming less drastic with increasing

photocoupling time.
5.3.6 Preliminary Photoreversibility Experiment

Despite, past reported success of hydrogels incorporating anthracene functionality with revers-

ibility;'®?! preliminary efforts to test for reversibility of the anthracene hydrogels reported herein
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Figure 5-8. SEC traces of reversibility experiment. After 254 nm UV exposure, only about 5% of the
triblock decoupled. In addition, there is evidence of a large amount of smaller MW degradation products.

were unsuccessful. Figure 5-8 shows the SEC chromatographs of a PS-PEO-An sample that
was coupled in the melt with 365 nm UV light for 5 min and an attempted decoupling experi-
ment with 254 nm UV light. A portion of the PS-PEO-An disk was swollen in water, allowed
to equilibrate and blotted dry before exposing to 254 nm UV light for 60 min (intensity of 254
nm UV light is about 1/2 of the 365 nm intensity with the instrument setup). Only approxi-
mately 5% of the triblock copolymer was decoupled along with the appearance of higher and
smaller MW degradation products (Figure 5-8). The lower MW degradation product appears
to be cleaved polystyrene homopolymer since the MW and polydispersity are nearly identical;
however a mechanism for this cleavage is not yet understood. Further efforts to achieve revers-
ibility and characterization of the degradation products are currently being investigated. We
also suspect that once the photocoupled triblock is formed, access to the anthracene dimer is
severely limited due to increased entanglements and steric hindrance within the pre-structured

hydrogel interior.
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5.4 CONCLUSIONS

A series of pre-structured hydrogels built from self-assembled, light-responsive block copoly-
mers were fabricated. Copolymer samples of anthracene end-functional PS-PEO (PS-PEO-
An) are melt-processed as disks and then photocoupled directly in the melt phase. The pho-
tocoupling produces PS-PEO-PS triblock in situ which serves to tether the network through
the hydrophobic junction points when swollen in water. Through adjustment of UV irradiation
time, the synthesized hydrogels were found to be highly tunable in swelling and mechanical
properties dependent on the concentration of photocoupled anthracene triblock. The photo-
coupled hydrogels exhibited properties that were similar to a series of pre-blended PS-PEO/
PS-PEO-PS hydrogels, but differences in the behavior were suggestive of an asymmetric mesh
size profile as a function of thickness. Future work on the applicability of these hydrogels towards
asymmetric materials is actively being explored. Lastly, preliminary experiments suggest that at

present there is limited potential for reversibility of this particular hydrogel system.

5.5 EXPERIMENTAL
5.5.1 Materials and Methods

Styrene (99%, 50 ppm p-tert-butylcatechol inhibitor, Aldrich) was purified by static vacuum
(15-30 mTorr) distillations from di-n-butylmagnesium (1.0 M in heptane, Aldrich) at 40 °C.
Ethylene oxide (99.5+%, compressed gas, Aldrich) was purified by successive distillations
from di-n-butylmagnesium (1.0 M in heptane, Aldrich) at 3 °C. sec-butyllithium (1.3 M in
cyclohexane/hexane, Fisher) was used as received. Potassium naphthalenide solution was
prepared according to a previous report [refs]. 9-(Chloromethyl)anthracene (98%, Aldrich)
and a,&-Dibromo-p-xylene (97%, Aldrich) were dried under high vacuum for several hours
prior to use. Tetrahydrofuran (THF) was degassed by sparging with argon (10 psi) for a period
of 45 minutes and then purified over two molecular sieve columns of neutral alumina (Glass
Contour, Inc.). Cyclohexane (CHX) was degassed with argon and purified through a column

of neutral alumina followed by a column of Q5 copper (II) oxide catalyst (Glass Contour, Inc.).
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Other common chemicals and solvents were used as received unless otherwise stated. Ultra
high purity argon (99.998% Airgas) was passed through a column of 5 A molecular sieves with
drierite (Agilent) and oxygen absorbing purifier column (Matheson Tri-gas). Glassware and

polymerization reactors were flamed under vacuum and backfilled with argon (3 X).
5.5.2 Measurements

NMR spectra were recorded at room temperature on a Varian Inova 400 MHz spectrometer
with a d1 pulse delay of 20 s to ensure complete relaxation of end-groups. Spectra were refer-
enced to the residual protio solvent, CHCI,. Gel permeation chromatography (GPC) spectra
were collected on a Viscotek GPC-Max chromatography system outfitted with three 7.5 x 340
mm Polypore™ (Polymer Laboratories) columns in series, a Viscotek differential refractive index
(RI) detector, and an Alltech column oven (mobile phase THE 40 °C, 1 mL min). Rheologi-
cal melt experiments were run on a TA Instruments Advanced Rheometric Expansion System
(ARES) rheometer. Copolymer samples for melt rheology were pressed as solid discs (8 x 1 mm,
150 °C, 500 psi for 60 s). Discs were positioned between two parallel plates (8 mm diameter).
The rheometer parallel plates were heated to 75 °C and the gap was reduced and adjusted to
ensure even distribution of the sample (typical gaps were 0.5-0.7 mm). Dynamic temperature
ramp tests were performed while heating and cooling at 1 °C min™ at angular frequency of 1
rad s and a strain of 5 % (well within the linear viscoelastic regime, determined by dynamic
strain sweep experiments for each copolymer). Rheological swollen hydrogel frequency sweep
and compression experiments were run at room temperature using a water bath lower tool
apparatus and an 8 mm stainless steel upper parallel plate. Before starting the rheological ex-
periments, hydrogels were blotted dry with KimWipes and humidity covers were placed over
the water bath to prevent evaporation. A constant force was applied (10 % compression) to all
hydrogel samples to prevent slip. Strain rates were adjusted depending on the linear viscoelastic
regime (typically 0.1-1%). Small Angle X-ray Scattering (SAXS) data were collected on a Rigaku

S-Max 3000 High Brilliance three pinhole SAXS system outfitted with a MicroMax-007HFM
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rotating anode (CuKa), Confocal Max-Flux™ Optic, Gabriel multiwire area detector, and a
Linkam thermal stage. Dry polymer samples were sandwiched between kapton windows (0.05

mm thick X 10 mm diameter). Exposure times for samples were typically on the order of 3600 s.
5.5.3 Synthesis of PS-PEO and PS-PEO-PS

Hydroxyl terminal polystyrene-b-poly(ethylene oxide) (PS-PEO) was synthesized according
to a previously reported procedure [refs] using two-step anionic polymerization of styrene and
ethylene oxide monomer. The volume fraction of the PS block was determined to be 0.13 and
the overall Mn 70 100 g mol ™' calculated from relative "H NMR integrations. GPC (Polystyrene
standards): M /M_= 1.05. The synthesis of triblock PS-PEO-PS for the pre-blended samples
was accomplished via coupling using a,&-Dibromo-p-xylene (1 equiv of PS-PEO: 0.5 equiv of

a,d-Dibromo-p-xylene) according to previous reports.
5.5.4 Synthesis of PS~-PEO-An

PS-PEO (1.16 g, 0.017 mmol) was dissolved in 100 mL dry THE The solution was slowly
titrated with potassium naphthalenide such that the solution remained light green for at least 20
min. A large excess of 9-(Chloromethyl)anthracene (0.113 g, 0.5 mmol, ~30x excess) was then
immediately added to the PS-PEO alkoxide solution under a slight positive pressure of argon at
room temperature. The solution was allowed to stir overnight under argon. The anthracene ter-
minated block copolymer product was precipitated from 25 °C pentane (1 L) twice. Filtration
and drying in vacuo (25 °C, 24 h) gave the block copolymer as an oft-white powder. Yield = 0.96
g (83 %). GPC (Polystyrene standards): M /M_=1.04. '"H NMR (400 MHz, CDCI,, ) 8.4-8.5
(m, anthracene H,, H, and H ), 7.9-8.0 (d, anthracene H, and H,), 7.4-7.6 (m, anthracene
H, H,, H and H.), 6.2-7.2 (b, -CH,-C(R)H-C H,), 5.5 (s, -O-CH,-anthracene), 3.4-3.8 (b,
~CH,~CH,-0-), 1.1-2.3 (b, -CH,~C(R)H-C H,), 0.8-0.9 (b, CH,~CH, ~C(R)H-CH,), 0.5-0.7
(b, CH,-CH,-C(R)H-CH,). See Figure 5-2 for clarification of anthracene proton assignments.
They are consistent with a previous report.”” Relative integrations of anthracene to initiator

protons suggest a quantitative addition within "H NMR integration error (~5%).
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5.5.5 UV Photocoupling PS-PEO-Anthracene in the Melt Phase

PS-PEO-An for the photocoupling experiments were pressed as solid discs (8.14 x 0.29 mm,
150 °C, 500 psi for 60 s) and stored in the dark before use. The copolymer disk was sandwiched
between two quarts cover slips (0.25 mm thickness). The quartz cover slips were pre-treated in
a solution with 10: 1 volumetric ratio of toluene: trimethylchlorosilane overnight prior to use
to make the surface hydrophobic. Immediately before use, the quartz cover slips were rinsed
with ethanol to remove any excess solution. The PS-PEO-An disk sandwiched between the
quartz slides were placed on a hotplate and heated to 150 °C for 1 min and cooled to 100 °C (5
min cooling time) under a purge of argon. A TA Instruments ARES quartz parallel plate with
reflecting mirror tool was positioned approximately 1-2 mm above the surface of the sample. A
Hamamatsu Lightning Cure LC8 UV spot cure system was utilized with a 200-Watt mercury-
Xenon lamp, Asahi Spectra Co high transmission band pass 365 nm filter, synthetic silica light
guide and short focal point condenser lens. The light guide was positioned approximately 1 cm
from the quartz reflecting mirror. The intensity at the surface of the sample was 30-38 mW
cm? (measured in the range of 200-600 nm with an Omnicure R2000 Radiometer). Samples
were exposed to UV 365 nm filtered light for 2-20 min and flipped over halfway through the

exposure time.
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CHAPTER 6

SUMMARY — PART I — ACCESS TO UV PHOTOCURED
NANOSTRUCTURES VIA SELECTIVE MORPHOLOGICAL TRAPPING

OF BLOCK COPOLYMER MELTS

The contents of this dissertation chapter were written by Vincent F. Scalfani.
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6.1 MAJOR RESULTS

There are three major achievements in Part I of this dissertation including: 1) development of
a thermally stable UV cationic photocuring system that can be used for selectively solidifying
BCP self-assembled melt morphologies (Chapter 3). 2) Application of the developed photocur-
ing chemistry to fabricate nanostructured BCP hydrogels (Chapter 4), 3) development of nano-
structured hydrogels through UV photocoupling of light-responsive BCP melts (Chapter 5).

In Chapter 3, the thermally stable photocuring system was developed through the addition
of a UV activated cationic photoinitiator (~1 mol %) to partially epoxidized poly(isoprene)-b-
poly(ethylene oxide) BCPs. The synthesized PI-PEO BCP showed complex phase morphology
with well-defined regions of a crystalline distorted lamellar-like phase, hexagonally packed
cylinders, and bicontinuous gyroid phase. The composite blends exhibited near-identical
complex morphological melt behavior compared to the neat PI-PEO. Partial epoxidation of
PI-PEO acts only to shift morphological thermodynamic transitions quantitatively to lower
temperatures, while completely preserving the overall qualitative morphological behavior.
Interestingly, the thermodynamic transition temperatures can be tuned by controlling the
percent epoxidation of the poly(isoprene) backbone. Addition of the photoacid (~ 1 mol %)
also preserves the overall qualitative morphology; however addition of the photoacid shifts
the thermodynamic transitions to slightly higher temperatures (much less drastic compared
to epoxidation). Exposure of the photoacid/ePI-PEO blends to UV irradiation at a selected
melt-processing temperature allowed for permanent trapping of both the cylinder and gyroid
morphologies from a single BCP composite sample. Cured samples of both the cylindrical and
gyroid morphologies exhibited high fidelity translation of the selected melt morphology to the
solid analogue.

In Chapter 4, the photocuring chemistry was successfully extended to cross-link sphere
forming block copolymers. Nanostructured hydrogels were fabricated with the developed pho-
tocuring chemistry through translation of the pre-structured sphere melt morphology to the

solidified analogue. The hydrogel networks are based on a tethered network system of hydro-
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phobic spherical junction points (A domains) connected through hydrophilic (B) domains, that
are selectively swollen in compatible media. Blends of partially epoxidized poly(butadiene)-
b-poly(ethylene oxide) and poly(butadiene)-b-poly(ethylene oxide)-poly(butadiene) triblock
(ePB-PEO/ ePB-PEO-ePB) with added photoacid were first melt-processed, allowing the
composite BCP system to self-assemble into highly ordered spheres on a BCC lattice, and then
exposed to UV irradiation directly in the melt-phase, permanently solidifying the structure.
High fidelity translation of the spherical melt morphology to the solidified state was observed
and proved to be an effective means for the fabrication of nanostructured hydrogel networks.
Cured disks of ePB-PEO/ ePB-PEO-ePB swelled isotropically in water (or organic solvents)
and were highly elastic. A simple photopatterning experiment showed that uncured (masked)
material could be easily dissolved (or dispersed) away when swollen in water.

In Chapter 5, a similar tethered sphere nanostructured hydrogel network as discussed above
was fabricated through UV photocoupling of anthracene functional AB diblock copolymer
melts. Sphere forming anthracene terminated poly(styrene)-b-poly(ethylene oxide) was
photocoupled directly in the melt with 365 nm filtered UV irradiation. This unique approach
allowed the necessary triblock tethers to be formed in situ at varying concentrations. Notably,
in contrast to the PB-PEO based hydrogels where the polybutadiene domains are chemically
cross-linked, the polystyrene domains in the anthracene terminal PS-PEO hydrogels are physi-
cally cross-linked through vitrification. Swollen photocoupled disks preserved their original
shape, were highly elastic and had tunable mechanical properties and tunable swelling based
on UV irradiation time. Comparison of the anthracene terminal PS-PEO photocoupled gels
to pre-blended PS-PEO/PS-PEO-PS gels suggest that the photocoupled networks have some

asymmetric properties arising from a gradient distribution of photocoupled triblock.
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6.2 BRoaD IMPACTS To THE SCIENTIFIC COMMUNITY

— Epoxidation and/or addition of cationic photoacids does not disrupt self-assembled mor-
phologies in polydiene-based BCP systems. Both provide a means to tune thermodynamic

transitions.

— The use of thermally stable UV cationic photoacids is one successful approach to cross-

linking and preserving self-assembled BCP melt morphologies.

— Pre-structuring hydrogels via self-assembled block copolymer tethered spherical networks
is an effective means to easily produce highly elastic hydrogels with excellent mechanical

properties.

— Composite blends of photoacid/BCPs may be used for photopatterning

— Hydrogels fabricated from self-assembled light-responsive BCPs in the melt-phase may be

useful for future development of well-defined asymmetric materials.
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PART II — MORPHOLOGICAL PHASE BEHAVIOR OF POLY(RTIL)

CONTAINING BLOCK COPOLYMER MELTS
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CHAPTER 7

SYNTHESIS AND ORDERED PHASE SEPARATION OF IMIDAZOLIUM-

BASED AKYL-IONIC DIBLOCK COPOLYMERS MADE VIA ROMP

The contents of this dissertation chapter have been adapted from a manuscript published in
ACS Macromolecules: Wiesenauer, E. F; Edwards, J. P; Scalfani, V. E; Bailey, T. S.; Gin, D. L.
Macromolecules 2011, 44, 5075-5078. The synthesis and physical characterization (NMR, DSC,
etc.) of the charged imidazolium block copolymers were developed and performed by Erin.
E Wiesnauer, Julian P. Edwards and Douglas L. Gin (University of Colorado Boulder). The
nanoscale melt-state characterization of the block copolymers through rheology and SAXS
were developed and performed by Vincent E Scalfani and Travis S. Bailey. The manuscript and

adapted dissertation chapter was prepared jointly through a collaborative effort of all authors.
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7.1 CONSPECTUS

A new type of imidazolium-based, alkyl-ionic block copolymer (BCP) has been synthesized
that undergoes ordered phase separation in the melt-state (25 °C) and exhibits surfactant
behavior in several non-aqueous solvents. This new BCP platform is synthesized via the se-
quential, living ring-opening metathesis polymerization of a hydrophobic, non-charged al-
kylnorbornene monomer and a cationic imidazolium-norbornene ionic liquid (IL) monomer.
This living polymerization behavior, which was experimentally confirmed for both monomers,
provides convenient block molecular weight and length control. Small-angle X-ray scattering
analysis on samples containing block ratios of 1: 0.90; 1: 0.66; and 1: 0.42 (alkyl:imidazolium
repeat units) (i.e., 25-b-23; 30-b-20; and 35-b-15 alkyl:imidazolium BCP lengths) revealed that
all three diblock copolymer compositions exhibited diffraction patterns indicative of ordered
microphase-separation in the solvent-free melt state, with all three forming highly periodic
lamellar phases. Extensive control experiments indicated that the ordered phase-separation of
these new alkyl-imidazolium copolymers is due to block architecture, and that these copoly-
mers behave very differently from a physical blend of the analogous homopolymers in solution
and the melt state. To our knowledge, this system is one of the first documented examples of a

poly(IL)-containing BCP that forms phase-separated, ordered nanostructures in the melt state.

7.2 INTRODUCTION

Polymerized ionic liquids (poly(IL)s) are a new class of polyelectrolytes that are valuable for
a number of engineering applications." These cationic polymers are typically made via the
covalent polymerization of imidazolium-based organic salt monomers that are liquids at <100
°C.! Imidazolium-based poly(IL)s are particularly useful as functional materials because of their
unique combination of physical properties, such as high intrinsic CO, gas solubility and ion
conductivity.! Consequently, these poly(IL)s have been applied as new membrane materials for
separating CO, from other light gases,” as solid-state ion conductors,’ as specialty dispersants/

surfactants,* and as platforms for electrochemical devices,” to name just a few. Unfortunately,
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imidazolium-based poly(IL)s have only been synthesized in a limited number of polymer archi-
tectures so far. The majority of examples have been linear sidechain homopolymers (including
sidechain liquid-crystalline (LC) derivatives).! Only a handful of examples of other homo-
polymer architectures (e.g., main-chain polymers;® amorphous’ and ordered (LC)?® cross-linked
networks) and copolymer architectures (e.g., random’ and blocky'?) have been reported. Since
differences in polymer architecture and composition often lead to different physical properties
and morphologies, this represents an opportunity to explore and synthesize new imidazolium
poly(IL)s with potentially enhanced performance in the aforementioned applications.
Phase-separated block copolymers (BCPs) represent an interesting polymer architecture
for exploration of new imidazolium-based poly(IL) materials, especially for gas and ionic
transport applications. Prior work with conventional, non-ionic, phase-separated diblock co-
polymers have shown that orientation of the ordered phases can affect light-gas transport.'!
If constructed with ionic blocks, copolymers with anisotropic ion-conducting domains may
be produced, similar to the LC-sidechain poly(IL) electrolytes described in the literature.! An
added benefit of BCPs is that their chemical composition can be altered to obtain different
mechanical properties and morphologies and incorporate the ability to selectively transport a
secondary solute, without affecting the basic properties of the individual domains. In contrast,
composition changes in alternating and random copolymers often result in dilution or signifi-
cant modification of the overall polymer properties. Prior work documenting the solution'**>
and melt-state'*'® assembly of BCPs containing an ionic component have primarily focused on
more traditional polyelectrolyte systems, such as those containing acrylic acid,'*" sulfonated
styrene,''® or protonated lysine residues.'>'* However, the demonstrated formation of phase-
separated ordered nanostructures in a solvent-free melt-state by poly(IL)-containing BCPs is
largely unprecedented. This is particularly true for the very few (< 5) examples of imidazolium-
containing BCPs reported in the literature so far."’

Herein, we present a new type of imidazolium-based, alkyl-ionic diblock copolymer (1)

synthesized using living ring-opening metathesis polymerization (ROMP) that forms ordered
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nanostructures via phase-separation in the solvent-free melt state at 25 °C (Figure 7-1). Control
of the relative composition and molecular weights of the hydrophobic alkyl and imidazolium
blocks in these BCPs afforded initial compositions of 1 [i.e., samples 1a-c with block ratios of
1: 0.90 to 1: 0.42 (alkyl: imidazolium repeat units]; total polymer length: 50 repeat units) all
of which exhibit phase separation and form highly periodic lamellar phases. Furthermore, in
solution, these alkyl-imidazolium diblock copolymers all show surfactant behavior in several
non-aqueous solvents. Control experiments with physical blends of the two homopolymers do

not show this ordered phase-separation in the melt-state nor surfactant behavior in solution.

7.3 RESULTS AND DISCUSSION
7.3.1 Synthesis

Imidazolium BCPs la-c were synthesized via sequential living ROMP of hydrophobic alkyl

monomer 2 and cationic imidazolium monomer 3 usin rubbs’ 1%-generation olefin
2 and cat dazol IL 3 Grubbs’ 1¢ t lefi
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Figure 7-1. The synthesis and structures of alkyl-imidazolium diblock copolymers la-c made via
ROMP that show ordered phase-separation in the melt-state. The values of m and n depicted in 1a-c are
derived from the observed NMR block length ratios of the BCPs and the monomer-to-catalyst ratios as
used in the living ROMP of 2 and 3.
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metathesis catalyst in CH,CI, solution as shown in Figure 7-1 (see Appendix II for details)."
Monomers 2 and 3 were both synthesized from commercially available starting materials in
relatively high yields (Appendix II). ROMP was the desired polymerization technique for
synthesizing phase-separated alkyl-imidazolium BCPs due to its living and linear character,
precise molecular weight control, low polydispersity (PDI), and tolerance of a diverse range of
functional groups, including imidazolium units.”” Norbornene derivatives are ideal monomers
for ROMP because of their facile synthesis and modularity for functional group attachment,
as well as their relatively high ring strain (27.2 kcal mol™', the relief of which drives the ROMP
reaction).”! In our block copolymerizations, 2 was first polymerized to form an initial hydro-
phobic block, followed by living addition of 3 to form the subsequent ionic block. This order
of copolymerization was used because the living polymerization of monomer 2 proceeds faster
than the ionic monomer 3 (ca. 3-4 times faster at room temp). By varying the molar ratios of
2 and 3 in the sequential ROMP reactions, alkyl-imidazolium BCPs with different alkyl vs.
imidazolium block length ratios were successfully formed.

The ability to polymerize monomers 2 and 3 sequentially to afford BCPs 1a-c with distinct
block composition ratios and lengths was confirmed by 'H NMR analysis on the polymers and
experimental confirmation of living ROMP behavior for the two monomers. The alkyl: imid-
azolium repeat unit molar ratios for each BCP prepared were directly determined by integrat-
ing and comparing distinct "H NMR signals indicative of each block. The block lengths (Figure
7-1) were then calculated from the NMR-based repeat unit ratios and the copolymerization
monomer-to-catalyst ratios, after confirming living ROMP homopolymerization character for
each monomer (see Appendix II for details).” The M_values for BCPs 1a-c were then approxi-
mated by multiplying the calculated block lengths by the repeat unit molecular weights. The
approximate M_values for 1a, 1b, and 1c are 20 100, 20 000, and 18 800 g mol™, respectively
(Appendix II). The absolute M_ values for the BCPs la-c could not be determined directly
using 'H NMR endgroup analysis as in the case of the individual homopolymers because the

imidazolium proton signals are shifted slightly in the BCPs and overlap with the five phenyl
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end-group protons. Unfortunately, conventional methods used to typically determine the
molecular weight, molecular weight distribution, and block architecture of copolymers (e.g.,
GPC, matrix-assisted laser desorption ionization time-of-flight mass spectrometry, and
dynamic light scattering) were attempted on la-c, but all yielded inconclusive results. These
difficulties were largely associated with the challenges inherent in the characterization of such
highly charged macromolecules.' Since the block architecture of 1a-c could not be determined
using conventional polymer molecular weight characterization methods, a combination of
alternative methods was used to verify a block architecture and to differentiate their behavior
from that of a simple physical blend of homopolymers of 2 and 3. These alternative methods
included surfactant behavior and solubility analysis, diffusion-ordered spectroscopy (DOSY),
differential scanning calorimetry (DSC), rheological measurements, and small-angle X-ray

scattering (SAXS) studies.
7.3.2 Solution-State Phase Behavior

With respect to surfactant and solubility behavior, it was found that copolymers 1a-c all show
surfactant behavior (i.e., extensive foaming when agitated) when mixed in hexanes, THE CHCIL,,
EtOAc, MeOH, and CH,CN, as would be expected from amphiphilic BCPs. Control experi-
ments with physical blends of poly(2) and poly(3) of the same length as in the copolymers do
not show this behavior. Copolymers 1a-c also show very different solubility behavior compared
to physical blends of the two homopolymers, poly(2) and poly(3). For example, when mixed
with hexanes (10 mg mL™") 1a forms opaque heterogeneous suspensions, whereas the physical
blend yields a brown solid within a clear solution on top (i.e., poly(2) is soluble in hexanes while
poly(3) is insoluble) (Figure 7-2). Similar results were observed when comparing samples la-c
to their physical blends in ethyl acetate and acetonitrile, where poly(3) is soluble and poly(2) is
insoluble.

In NMR DOSY studies, it was found that copolymer 1a in CD,CL, (10 mg mL™") only showed

one room-temperature diffusion coefficient (3.68 x 10'° m* s!) whereas a physical blend of the
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Figure 7-2. Different solubilities of copolymer 1a and a physical blend (PB) of poly(2) + poly(3) in
hexanes at room temperature.

two homopolymers of comparable length exhibited two distinct diffusion coeflicients (8.8 x 101
m? s and 10.6 x 10"° m? s™'). 1a consists of only one macromolecular species and is different
than the physical blend of two distinct macromolecular species. Collectively, the results of these
comparative studies are consistent with a covalently-linked BCP architecture for 1a-c, instead

of a physical blend of the two homopolymers.
7.3.3 Melt-State Phase Behavior

Further verification of the block architecture of copolymers la-c and their collective ability to
form phase-separated structures was established via a combination of DSC, dynamic rheology,
and SAXS data collection. DSC studies on samples of la-c revealed the presence of two
broad but distinct thermal transitions near -28 and 7 °C, consistent with crystallization of the
n-dodecyl sidechains and the vitrification of the imidazolium blocks, respectively (Appendix
IT). The thermal transitions at ca. 7 °C for BCPs 1b and 1c exhibit decreased intensity since
they are associated with smaller imidazolium block regions. These DSC results do not directly
verify connectivity between the polymer blocks but do establish their phase-separated state
in the melt. Slight shifts in the transition temperatures of the BCPs of several degrees relative
to those of the individual homopolymers are also consistent with restricted domain sizes and

finite interfacial widths typical of ordered BCP morphologies.
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Figure 7-3. Representative SAXS data for imidazolium BCPs containing block ratios of 1: 0.90 (1a),
1:0.66 (1b), and 1:0.42 (1c), with the corresponding 2D detector images (inset). Inverted triangles
represent the location of the allowed reflections for the lamellar morphology, calculated based on the
position of the primary scattering wave vector q, : (L) q/q* at V1,V4,9,16, V25, V36, etc. The physical
blend (PB) of poly(2) and poly(3) shows no observable diffraction peaks, in contrast to the BCPs.
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The combination of solubility, NMR DOSY, DSC, and rheology studies confirmed the
connected block structure and phase-separated state of 1a-c. SAXS analysis was used to establish
thelength scale (and thus block connectivity) and domain geometry of the ordered melts of these
samples. SAXS analysis on each of the compositionally unique BCPs verified phase separation
on the nanoscale and thus block connectivity with absolute certainty. Representative 25 °C SAXS
data are shown in Figure 7-3 for each of the alkyl-imidazolium BCPs synthesized, together
with data collected for the physical blend (PB) of the two homopolymers for comparison. At
each of the block ratios synthesized, prominent principal diffraction peaks plus multiple higher
order reflections are consistent with melt-state lamellar (L) phase morphologies.>* Notably, the
domain spacings (d = 2rt/q) for the three BCP species are very similar (1a: 28.6 nm, 1b: 29.4 nm,
1c: 32.1 nm), although increasing slightly as the composition shifts towards greater fractions
of the non-ionic block (poly(2)). Interestingly, the principal domain spacings (d = 2n/q) in the
range of 30 nm are quite large compared to many traditional BCP systems, considering both the
targeted degree of polymerization (~50) and approximate average molecular weights in the 20
000 g mol™ range. For comparison, a PS-PVP lamellar block copolymer of similar molecular
weight would be expected to have a domain spacing around only 20 nm.* However, the manner
in which mass is distributed along these two BCP chains is quite different, with the PS-PVP
chain described above having a contour length about 60% longer than la-c. Thus, mass (and
volume) is concentrated more densely along the length of 1a-c (repeat unit molecular weights
of monomer 2 and 3 of 307 and 540 g mol™, respectively), resulting in stiffer, “fatter” chains
that favor larger domain spacings. Notably, the mass fraction of the imidazolium block in BCPs
la-c ranges from 0.43 (1¢) to 0.54 (1b) to 0.62 (1a) which, while difficult to accurately correlate
to volume fractions without known homopolymer densities, appears highly consistent with the
expected location of the L phase window exhibited by other classic BCP systems.*® The varia-
tions in higher-order diffraction peak intensities for the three samples is also consistent with
changes in composition, as the relative thicknesses of the alkyl and ionic domains making up

the lamellar period directly affect the superposition product of the form (particle) and structure
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(lattice) factor scattering contributions. For example, the notable absence of the reflections at
q/q* = V4 and V16 in sample 1b suggests the 1: 0.66 repeat unit ratio is approaching a nearly
symmetric volume fraction of 0.5, in which the minima in the form factor scattering cancels
out the diffraction intensity associated with the lamellar periodicity for even-order diftraction
maxima.” Dynamic rheological measurements on BCPs 1a-c also revealed behavior prototypi-
cal of traditional lamellar BCP melts, exhibiting elastic and loss moduli of similar magnitudes,
with a tendency to decrease together monotonically with increasing temperature (Appendix
I1).>* None of the systems revealed any order-to-order transitions below 150 °C. Importantly, a
physical blend of the two homopolymers (poly(2) + poly(3)) does not exhibit any observable
scattering or diffraction, confirming the necessity of the covalent bond between the blocks for

microphase separation.

7.4 CONCLUSIONS

In summary, a new type of imidazolium-based, alkyl-ionic BCP has been synthesized that
undergoes ordered phase separation in the melt state and exhibits surfactant behavior in
non-aqueous solvent. This new BCP platform is based on the sequential ROMP of alkyl- and
imidazolium IL-norbornene monomers, which provides convenient block ratio and length
control. Extensive control experiments indicated that the ordered phase separation of these new
alkyl-imidazolium copolymers is due to a block architecture, and that these copolymers behave
very differently from a physical blend of the analogous homopolymers in solution and the melt
state. To our knowledge, this system is one of the first examples of a poly(IL)-containing BCP
that forms phase-separated, ordered nanostructures in the melt state. We are in the process of
exploring a wider range of block length ratios for this BCP system in order to map out its full
phase behavior. We are also currently extending this project to new monomer systems and
ROMP catalysts, testing the performance of these nanostructured imidazolium BCPs as gas

separation membranes, and exploring the synthesis of imidazolium triblock copolymers.
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7.6 SUPPORTING INFORMATION AVAILABLE

Details for the synthesis and chemical characterization of monomers 2 and 3, BCPs la-c, and
homopolymers poly(2) and poly(3); procedure for estimating M_ values of la-c via block
composition analysis and confirmation of living polymerization with predictable M_ control;
comparative DSC and NMR DOSY data on 1a-c and the control polymers; procedures and pa-
rameters for performing the rheology and SAXS studies. This information is contained within

Appendix II.
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CHAPTER 8

MORPHOLOGICAL PHASE BEHAVIOR OF POLY(RTIL) CONTAINING

DIBLOCK COPOLYMER MELTS

The contents of this dissertation chapter have been adapted from a manuscript that has been
submitted for publication in 2012: Scalfani, V. E; Wiesenauer, E. E; Ekblad, J. R.; Edwards, J.
P; Gin, D. L; Bailey, T. S. Morphological Phase Behavior of Poly(RTIL) Containing Diblock
Copolymer Melts. Macromolecules, 2012, submitted. The synthesis and physical character-
ization (NMR, TGA, etc.) of the charged imidazolium block copolymers were developed and
performed by Erin. F. Wiesnauer, Julian P. Edwards and Douglas L. Gin (University of Colorado
Boulder). The nanoscale melt-state characterization of the block copolymers through rheology
and SAXS were developed and performed by Vincent F. Scalfani, John R. Ekblad and Travis S.
Bailey. The manuscript and adapted dissertation chapter was written by Vincent F. Scalfani with

collaborative editing of all authors.
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8.1 CONSPECTUS

The development of nanostructured polymeric systems containing directionally continuous
poly(ionic liquid) (poly(IL)) domains has considerable implications towards a range of trans-
port-dependent, energy-based technology applications. The controlled, synthetic integration
of poly(IL)s into block copolymer architectures provides a promising means to this end, based
on their inherent ability to self-assemble into a range of defined, periodic morphologies. In
this work, we report the melt-state phase behavior of an imidazolium-containing alkyl-ionic
block copolymer (BCP) system, derived from the sequential ring-opening metathesis polym-
erization (ROMP) of imidazolium- and alkyl-substituted norbornene monomer derivatives.
A series of 16 BCP samples were synthesized, varying both the relative volume fraction of the
poly(norbornene dodecyl ester) block (f, | =0.42-0.96) and the overall molecular weights of the
block copolymers (M values from 5000-20100 g mol™"). Through a combination of small-angle
X-ray scattering and dynamic rheology, we were able to delineate clear compositional phase
boundaries for each of the classic block copolymer phases, including lamellae (Lam), hexago-

nally packed cylinders (Hex), and spheres on a body-centered cubic lattice (S, ..). Additionally,

BCC
a liquid-like packing (LLP) of spheres was found for samples located in the extreme asymmetric
region of the phase diagram, and a persistent coexistence of Lam and Hex domains was found
in lieu of the bicontinuous gyroid phase for samples located at the intersection of Hex and Lam
regions. Thermal disordering was opposed even in very low molecular weight samples, detected
only when the composition was highly asymmetric (f, = 0.96). Annealing experiments on
samples exhibiting Lam and Hex coexistence revealed the presence of extremely slow transi-
tion kinetics, ultimately selective for one or the other, but not the more complex gyroid phase.
In fact, no evidence of the bicontinuous network was detected over a two-month annealing

period. The ramifications of these results, for transport dependent applications targeting the

use of highly segregated poly(IL)-containing block copolymer systems, is carefully considered.
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8.2 INTRODUCTION

Polymerized ionic liquids (poly(IL)s) are a relatively new class of charged polymers (typically
cationic) that combine the unique thermal, chemical, and transport properties of ionic liquids
(ILs) with the physical and mechanical properties of polymeric materials. The result are macro-
molecules implicitly suited for a range of valuable engineering applications, most notably those
involving selective transport phenomena in energy and energy industry related technologies.'”
The predominance of the recent synthetic efforts to produce poly(IL)s have focused on repeat
units containing charged imidazolium groups*“*', some of which have already shown consid-
erable promise as membrane materials for CO /light gas separations**, solid-state ion conduc-
tors***, and electrochemical devices.””>?® Such target applications are predicated on exploiting
the inherent CO, gas solubility, ion conductivity, and tunable amphiphilicity associated with the
charged imidazolium species. However, true performance optimization in these applications
requires an ability to tune not only the charge or gas molecule transport behavior, but the me-
chanical properties as well. In such singular, homopolymer based materials this becomes largely
impractical, given the opposing dependence of mechanical response and transport on local
chain mobility. That is, the integration of high crosslink densities, entanglements, or crystalline
domains to provide the robust mechanical performance needed for long term usage is inher-
ently deleterious to the material’s ability to simultaneously achieve high ion and gas molecule
transport rates.

One very promising solution to this dilemma can be achieved through direct integration
of poly(IL)s into block copolymer (BCP) architectures with other, nonionic, polymer species.
Such an arrangement can provide access to single molecule systems capable of phase separat-
ing into a range of morphologies, in which the ionic and nonionic polymer segments occupy
separate domains spatially organized on the five to fifty nanometer length scale. Through the
phase separation, the bulk mechanical property and transport characteristics of each polymer
block can be largely retained, although the intra and inter-grain domain continuity associated

with the morphology ultimately determines the macroscopic behavior of the sample. With the
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exception of the network phases such as gyroid*»*’, most identified block copolymer morpholo-
gies have geometries that constrain intra-grain continuity, in at least one block, to two or fewer
dimensions.”* However, arbitrary inter-grain orientation randomizes this intra-grain orien-
tational preference and can effectively restore three-dimensional continuity.’* Of course, net
transport rates are reduced by the added tortuosity imposed on the transport process, as well as
defects and dead ends generated at grain boundary interfaces. The effects on ion conductivity
have been studied in detail by Balsara and cowokers in lithium*>** and imidazolium* doped
poly(styrene)-b-poly(ethylene oxide) BCPs, and more recently by Mahanthappa and coworkers
in BCPs containing pendant charged imidazolium groups.*! Processing methods in BCPs that
produce increased orientational order and larger grain sizes can theoretically improve perfor-
mance, and have been the subject of significant study.***' Such methods have been recently
applied to the orientation of ordered phases in conventional, non-ionic, phase-separated
diblock copolymers and shown to affect transport for both light gas*? and ethanol® separations.
It is worth mentioning that much of the processing effort associated with producing preferred
domain orientations can be potentially eliminated using one of the continuous network phases,
such as the bicontinuous gyroid phase found in AB diblock copolymer melts.? The continuity
in both domains, combined with an inherent propensity to form very large grain sizes during
annealing, create a potential advantage for transport applications, making it a worthy target.
Unfortunately, the gyroid phase has often been found to be experimentally confined to weakly
segregated systems, making its use challenging in systems for which the Flory interaction
parameter between blocks is high, or the molecular weight is large.

Over the last several years, we have been particularly interested in the application of imid-
azolium-based poly(IL)s as selective components in CO,/light gas separation membranes. In
this regard, we have been focused on developing BCP systems containing imidazolium-based
poly(IL)s that can ultimately produce the combined mechanical properties and gas molecule
transport performance necessary for efficient high volume separations. To this end, our group

recently reported the direct synthesis of an imidazolium-based alkyl-ionic diblock copolymer
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employing sequential ring-opening metathesis polymerization (ROMP) polymerization of
alkyl ester and charged imidazolium norbornene monomer derivatives.* This synthetic route
stands as one of the first examples of poly(IL)-based BCP synthesis that does not require post-
polymerization modification to introduce the IL component.'¢*%20-2!

Given the importance of morphology on the transport process, a detailed characterization
of the thermal and compositional BCP phase behavior for these highly charged molecules is
the subject of this report. In general, the presence of the charged-uncharged architecture, and
its influence on the classically observed phase behavior exhibited by uncharged systems, has
received only limited attention. This is particularly true for poly(IL) containing BCPs. Prior
work documenting solution*** and melt-state**>! phase-separation of ionic-containing BCPs
have primarily focused on different polyelectrolyte systems, such as those containing acrylic
acid**, sulfonated styrene*!, or protonated lysine residues.*>* Documented phase separation
in imidazolium-based poly(IL) BCPs in the solvent-free melt state is largely unprecedented,
being limited to recent work by Mahanthappa and coworkers* and our preliminary report
focused on the BCP synthesis.* In any event, the ability to access each of the different phases
classically observed in BCP systems has not yet been established for these unusual systems.
Of particular interest is the impact of the charged-uncharged architecture on the ability of the
block copolymer to form the idealized (for transport applications) gyroid network. We believe
this is the first detailed investigation into the phase behavior of imidazolium-based poly(IL)
containing BCPs.

In this report, we present the melt-state phase behavior of a series of 16 imidazolium-based
poly(IL) block copolymers spanning the composition range of 42-96 vol % poly(norbornene
dodecyl ester), characterized through a combination of small-angle X-ray scattering (SAXS) and
dynamic rheology. Of the 16 BCPs studied, 14 were found to have a high degree of long-range
order, even those having relatively low molecular weights. A detailed morphological analysis of
each sample is presented in this report, and the impact of the charged-uncharged architecture

on the degree of segregation and the resulting phase behavior is discussed. The implications for
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the apparent absence of the gyroid phase from this and other charged-uncharged BCP systems

are also considered.

8.3 RESULTS AND DISCUSSION

Synthesis of Alkyl-Imidazolium Diblock Copolymers. A total of 16 block copolymer samples
(1A-P) were synthesized via the sequential ROMP using Grubbs’ first-generation catalyst of two
norbornene monomer derivatives (Figure 8-1); one substituted with a hydrophobic dodecyl ester
(2) and the other with a cationically charged imidazolium based ionic liquid (3). The synthesis
and characterization details can be found in our recent communication.* The majority of BCP
samples synthesized (13 out of 16) were targeted to contain 50 total repeat units while varying
the relative volume fraction of the poly(norbornene dodecyl ester) block from 0.42-0.96. As
discussed in our previous communication, M, values were targeted through monomer/catalyst
ratios, and verified through end-group analysis on a sample of poly(norbornene dodecyl ester)
homopolymer taken from the reactor just prior to the addition of the second (3) monomer.
The final BCP M values were then inferred using this homopolymer M _values and the 'H
NMR spectra for BCP. Direct analysis of M of the BCP through 'H NMR was not possible due

to peak overlap in the with the initiator fragment protons in the final 'H NMR spectra. Final
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Figure 8-1. Sequential ROMP of monomer 2 and 3 to yield imidazolium-based alkyl ionic BCPs 1A-P.
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BCP molecular weights (M ) varied from 5000-20 100 g mol™' (Table 8-1). SEC analysis of the
BCPs could not be performed due to the inherent complications of charged species interacting
with the columns. Poly(norbornene dodecyl ester) homopolymer samples extracted prior to
addition of the imidazolium block were found to have typical PDI values of 1.15-1.2.*

Table 8-1. Summary of synthesized imidazolium-based alkyl-ionic BCPs and their corresponding phase
behavior.

Sample m:n° M, von) Moo WE% pop) Foon” Morphological Behavior
Name
1A 485:14 14 900 800 0.95 0.96 LLP > Dis
1B 47.0:3.8 14 400 2000 0.88 0.89 LLP
1C 45.0:5.6 13 800 3000 0.82 0.84 LLP>S, .
1D 43.5:6.9 13 400 3700 0.78 0.81 LLP > Hex
1E 42.0:9.5 12 900 5100 0.71, 0.74, LLP > Hex
1F 40.0:9.1 12 300 4900 0.71, 0.74, LLP > Hex
1G 38.5:11.3 11 800 6100 0.66 0.69 Lam + Hex
1H 37.5:12.8 11 500 6900 0.63 0.66 Lam + Hex
11 36.5:13.9 11 200 7500 0.60 0.64 Lam + Hex
1] 35.6:14.4 10 900 7800 0.58 0.62 Lam
1K 30.0:12.8 9200 6900 0.57 0.61 Lam
1L 32.0:18.0 9800 9700 0.50 0.54 Lam
M 7.5:5.0 2300 2650 0.46, 0.50, Lam
IN 30.0:20.0 9200 10 800 0.46, 0.50, Lam
10 15.0:10.3 4600 5600 0.45 0.49 Lam
1P 25.0:23.0 7700 12 400 0.38 0.42 Lam

“m: n ratio determined from relative "H NMR peak integrations in combination with poly(norbornene
dodecyl ester) (DOD) M, values.* "M of DOD were calculated from monomer-to-catalyst loading ratios
(with complete monomer consumption as per a living polymerization) and verified by '"H NMR. ‘M, of
poly(norbornene imidazolium) (IMD) inferred from 'H NMR of DOD homopolymer and final BCP.
4weight fraction of DOD calculated as M, (DOD)/ (M, wony T M, (IMD)]. *Volume fraction of DOD calculated
with f o = kM, pon/ TkM, o) + M, s With k= p o0 7p o) = 1.17,.determined using SAXS of sample
1IN, as described in the main text. LLP = liquid-like packing, Dis = disordered, S, .= spheres on a body-

centered cubic lattice, Hex = hexagonally packed cylinders, Lam = lamellae.

BCC
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8.3.1 Overview of Melt-State Phase Behavior.

A combination of dynamic rheology and small-angle X-ray scattering (SAXS) was utilized
to study the self-assembled melt-state phase behavior of the 16 DOD-IMD BCP samples
spanning 42-96 vol % poly(norbornene dodecyl ester) (DOD). The systematic characterization
of the BCP phase behavior was carried out by first measuring the elastic (G’) and loss modulus
(G”) response as a function of temperature with dynamic rheology (in the linear viscoelastic
regime) under a complete thermal heating (up to 200 °C) and cooling (back to R.T.) cycle. The
cooling cycle was then immediately followed by a second heating ramp. In an effort to probe
each sample for additional thermal transitions and in particular a transition to the isotropic
disordered state, the second heating ramp in the cycle was extended past 200 °C. However,
all samples exhibited a rapid and irreversible increase in modulus in the range of 210-240 °C,
which appears to be associated, not with a phase transition, but thermally induced crosslinking
of the samples. TGA analysis confirmed degradation (loss of mass) onset temperatures around
350 °C, suggesting the observed spike in modulus is likely a cross-linking, not an early degrada-
tion event (supporting information, Appendix II). Preliminary experiments with adding 0.02
wt % butylated hydroxytoluene (BHT) to prevent cross-linking appeared to substantially alter
the rheological response, presumably through the interaction with the charged imidazolium
block. Since such a change in rheological response is indicative of a potential morphological
change, it was decided to restrict study of the morphological behavior to temperatures less than
200 °C, to avoid the potential interference associated with additives. Samples prepared for SAXS
analysis were restricted to a single, complete heating and cooling cycle up to a maximum of 200
°C, based on the rheologically established instability above this temperature. We note, however,
that for the most asymmetric samples 1A and 1B, the rheological experiments were limited
to ~140 °C. These limits were imposed due to disordering in the former, and reaching the low
torque resolution limits of the rheometer in the latter. In both cases the increased liquid-like
nature of and degree of disorder in these samples (1A and 1B) at such moderate temperatures

made use of the full cycle unnecessary.
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A phase diagram plotted as a function of temperature and volume fraction of the DOD block
has been assembled in Figure 8-2 from the rheological and SAXS data collected. For clarity,
only data from the 13 BCPs having approximately 50 combined repeat units are included in this
diagram. Generally, direct morphological assignments were possible by comparing multiple
diffracted reflections obtained from SAXS to those calculated for symmetries of documented
diblock copolymer morphologies. Importantly, the SAXS data presented in this report contain
data markers located at specific positions in g. These data markers are not pointing to features
in the data, but more appropriately to the calculated positions of the allowed reflections for the
particular assigned morphology. The vertical dotted line boundaries in Figure 8-2 are visual
guides chosen arbitrarily to separate the observed morphologies, not experimental divisions.
In general, different shaped symbols have been used to designate the specific morphology

located at each point in the diagram. Weakly ordered morphologies, such as LLP spheres, have
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Figure 8-2. Phase diagram of morphologies observed in the imidazolium-based alkyl-ionic copolymer
melt system including lamellae (Lam), hexagonally packed cylinders (Hex), coexisting Lam and Hex,
spheres on a body-centered cubic lattice (S,.), and a liquid-like packing (LLP) of spheres. Solid symbols
represent regions of well-defined ordered structures, observed by multiple resolved SAXS diffraction
reflections, semi-filled and open circles represent regions of poorly-ordered structures, evident by broad
peaks in SAXS, and cross symbols depict the disordered region.
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been designated using open symbols. Highly ordered morphologies assigned from multiple
higher reflections in the SAXS data have been designated using solid symbols. While only one
sample in the very asymmetric region (f,,, = 0.96) clearly disordered in an experimentally
accessible temperature range, disordered sample locations are designated with a simple cross.
In many of the BCP samples, there was a sufficient delay upon heating before obtaining highly
ordered structures, defined here as scattering patterns with multiple well-resolved reflections.
Upon further cooling or reheating, the high level of order established during initial heating was
retained, with no reversion to the initial weakly ordered state. This behavior was also reflected in
the rheological response of the materials, in which subtle transitions in moduli detected during
the initial heating ramp were consistent with the evolution of a highly ordered state. In these
cases, subsequent cooling and heating ramps were nearly identical, absent of the “ordering”
transitions observed on first heating, and with little hysteresis over the range of temperatures
studied (27-200 °C). However, because of the apparent importance of the thermal processing
history on the degree of order in these samples, we have chosen to indicate the region of slow
ordering kinetics on the phase diagram, directly. The temperature ranges over which weakly
ordered samples were initially observed (as assigned from broad reflections observed in the
SAXS patterns) are represented by semi-filled symbols. The transition from semi-filled to solid
symbols at a particular volume fraction is indicative of the location at which the high degree
of order finally develops in each particular sample. Again, the high degree of order developed
above this transition point is retained upon subsequent cooling of the sample. The dependence
of the sample order on the thermal history is thus signified by the semi-filled symbols.

Across the 16 samples studied, three of the four classically observed equilibrium diblock
morphologies were identified including lamellae (Lam), hexagonally packed cylinders (Hex),

and spheres on a body-centered cubic lattice (S,_..). The bicontinuous gyroid phase was not

BCC
detected; instead, a metastable coexistence of lamellae and hexagonally packed cylinders was
found to occupy volume fractions within the traditional gyroid boundaries. In addition, we

observed at least one sample (1B) in which a LLP of spheres was persistent, and failed to develop

144



into an ordered BCC lattice over the temperature range studied. Thermodynamic order-to-
order transitions between phases (OOT) were not observed directly in rheological time scales
for any of the BCPs studied, although in at least one sample showing phase coexistence, very
slow (months) transition kinetics favoring one phase over the other (Hex over Lam in 1G)
appeared to be present.

In the following sections, we present and discuss a subset of the characterization data
collected for samples 1A-P in order to generate the phase diagram in Figure 8-2. For the in-
terested reader we have included complete rheological temperature ramp data along with the
complete SAXS analysis (heating and cooling up to 200 °C with data collected every 25 °C) for
all BCPs studied in this report within the Supporting Information. It is also worth noting that
direct imaging of these samples using AFM and TEM were unsuccessful due to the inherent
stickiness of the BCP samples. In general, direct imaging is advantageous for characterization
of morphology when assignment through SAXS is ambiguous, which fortunately is not the case
with regard to these samples. As such, the absence of characterization by direct imaging, while

unfortunate, does not affect our conclusions about the phase behavior of this BCP system.
8.3.2 Lamellae

Samples exhibiting lamellar morphologies include BCPs 1J-P which represents a composition
range of 42-62 vol % DOD. Dynamic rheological temperature ramp data collected for samples
1J-P are presented in Figure 8-3. Each of these samples shows elastic and loss response behavior
prototypical of lamellar BCP phases, with G’ and G” values that remain similar in magnitude
and parallel, with a steady decrease in both moduli upon heating.*>** In the melt, each displayed
numerous higher ordered SAXS diffraction reflections at g/g* ratios of V1, V4, 9, V16, 25,
V36, etc. (where g* is the position of the primary scattering wave vector, Lam = q,,,)> consistent
with the allowed reflection conditions for layered periodic symmetry (Figure 8-3). Domain
spacings (d, ) for samples, 1P, 1N, 1L, and 1], each with approximately 50 total norbornene

repeat units (M, values of centered around 20 000 g mol™), were all nearly identical with a mean
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value of 26.5 + 2.6 nm (at 125 °C). The shorter lamellae forming samples, including 1K (M =
16 100 g mol™), 10 (M = 10200 g mol™), and 1M (M = 5000 g mol™') had interplanar domain
spacings of 22.5, 16.6, and 13.1 nm at 125 °C, respectively. Notably, the domain spacings were
found to be considerably larger (~30%) than that expected for lamellae formed in typical BCPs
such as PS-PVP of comparable molecular weights.*** The increase is likely attributable to
chain stiffness associated with the inherent bulkiness of the imidazolium and dodecyl ester
substituents compressed along the polynorbornene backbone, in combination with the strong
chemical dissimilarity (large x parameter) between the two blocks. Both attributions would
favor a strong degree of segregation and associated larger domain spacings.’ The variations in
the relative intensities of the observed SAXS reflections are consistent with changes in chemical
composition, as the relative ratio of domain thicknesses comprising the lamellar period directly
affects the net product of the form and structure factor contributions to the scattered signal.
The suppression of the even-order reflections at g/g* ratios of V4, V16, and V36 in samples 10,
IN, and 1M suggest an almost perfectly symmetric volume fraction of 0.5, where the near-zero
minima in the particle form factor coincide with the even-order diffraction positions produced
by the lamellar structure, such that reflections at these positions are effectively extinguished in
the final scattering product.**>>>¢

Generally speaking, the relative block volume fraction of a BCP is estimated using known
homopolymer densities at an arbitrarily selected temperature, usually constrained by the avail-
ability of tabulated data®” for the polymers comprising the BCP. The use of a fixed temperature
density data is typically justified recognizing that, although the densities themselves can be
temperature dependent, the ratio of densities, which sets the volume fraction, is much less
sensitive to changes in temperature. Unfortunately, due to the lack of available data tabulating
the imidazolium and norbornene dodecyl ester functional polymers densities, we were unable
to estimate the volume fraction of the DOD-IMD BCPs via this method. However, the noted
absence of even-order diffraction reflections in several of the lamellae forming BCP samples

provided a unique opportunity to independently establish the relative ratio of densities for the
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Figure 8-3. (left) SAXS data at 125 °C (first heating cycle) for Lam forming BCPs 1J-P. Inverted solid
triangles represent the locations of allowed reflections for the Lam morphology, based on the position
of the primary scattering wave vector g* = q,.: 9/q* at V1, V4, V9, V16, V25, V36, etc. The near complete
suppression of even order reflections in samples 10, 1IN and 1M suggest an almost perfect symmetric
volume fraction of 0.5.°>° (center) Samples of 2D scattering patterns. (right) Dynamic temperature
ramps (first heating cycle) of BCPs 1J-P at 1 °C min™, 1 rad s™' and with strain values of 2.5-8 % (within
the linear viscoelastic regime). Solid and open circles represent G’ and G”, respectively.
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two blocks. From this ratio, then, the relative block volume fractions in each of the remaining
DOD-IMD BCPs could be assigned. BCP 1N was selected for its near complete suppression
of the even order (g/q* ratios = V4, V16, and V36) reflections over a large temperature range
and the relative volume fraction set to be exactly 0.500. A relative ratio of the block densities

was then estimated (k = p ., 1.17,) using this assigned volume fraction in combina-

/Pwop) =
tion with the 'H NMR calculated molecular weights for the individual blocks. This ratio of
densities (k) was then used to determine the relative volume fractions of BCPs 1A-P. We note
that the region of composition space where the even-order reflections are absent in the lamellar
forming BCP samples appears to be fairly narrow, based on the reemergence of the even-order
reflections in samples 1L (f, = 0.54) and, in particular, 10 (f,,, = 0.49). Based on this level
of sensitivity, the calculated volume fractions are believed to be at least as accurate, if not more
accurate, than estimations based on tabulated homopolymer densities at arbitrary tempera-
tures. Reassuringly, the assigned morphologies for all remaining samples fall within ranges of
relative volume fractions reported for other experimental BCP systems.* >

In an attempt to measure the Flory interaction parameter, X, for these DOD-IMD BCPs,
we synthesized three BCPs with nearly symmetric volume fractions of f, = 0.5 but of varied
overall molecular weights. These included BCPs 1N, 10, and 1M with M values of 20 000, 10
200, and 5000 g mol™, respectively (Figure 8-3). We initially targeted two methods generally
used to experimentally determine x(T) in BCP systems.®>¢' The first is to measure the order-to-
disorder transition (ODT) temperatures in a series of BCPs, typically using dynamic rheology
to quantify the transition temperature.®* The value of x(T) can then be extracted by the use of a
theoretically predicted (XN),,,, valueatf, = f, = 0.5 defined by the mean field theory (MF theory)
developed by Liebler® or the adjusted fluctuation theory developed by Brazovskii®, Fredrick-
son and Helfand®® (BLFH theory). The second method for extracting x(T) for BCPs involves
collecting SAXS or SANS data for a single molecular weight sample at various temperatures
above the T, that is, the correlation hole scattering® of the mixed isotropic disordered melt.®*

6170 The value of x(T) is then extracted from the disordered state structure factor predicted
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by MF® or BLFH theory.®> > % Both approaches require BCPs that can become disordered
at experimentally accessible temperatures. And while a symmetric BCP is not a necessity in
either method, it offers the most accurate calculation as the error associated with composition is
minimized by the plateau behavior of the phase diagram at the ODT boundary. Unfortunately,
all three BCPs remained ordered up to the experimentally determined limit of 200 °C, which
was confirmed through the persistence of intense diffraction over the complete temperature
range. The inability to disorder the samples prevented the determination of x(T) with either of
the aforementioned methods. Notably, the smallest BCP, 1M, with an average M of 5000 g/mol
has just 12 total repeat units, suggesting the Flory interaction parameter, , is extremely large,
forcing even low molecular weight materials into the strongly-segregated regime. An estimation
of  for strongly segregated BCPs systems is possible through a comparison of domain spacings
measured via SAXS and those predicted using strong segregation theory by Semenov’"’*> which
depend on a range of BCP parameters characterizing the balance between interfacial energy (x)
and entropic chain stretching penalties. Unfortunately, the expressions for predicting domain
spacing’"”* require statistical segment lengths of each of the blocks in order to calculate x. To
our knowledge, accurate chain dimensions of substituted polynorbornene polymers are absent
from the literature, and therefore preclude the estimation of x via this approach, as well. At
the very least, the inability to disorder these materials at such low degrees of polymerization
confirms the system is very strongly segregated. As discussed below, this has significant con-
sequences with respect to the ability of the system to adopt balance of curvatures required by

more complex morphologies, such as the gyroid network.
8.3.3 Hexagonally Packed Cylinders

This region of phase space is defined by samples 1D, 1E and 1F with a range of composition
of 74-81 vol % DOD. SAXS data revealed diffraction reflections consistent with hexagonally
packed cylinders at g/q* ratios of V1, V3, V4, V7, V9, V12, V13, etc. (where g* is the position

of the primary scattering wave vector, Hex = q, ), consistent with the allowed reflections
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conditions for hexagonal symmetry (Figure 8-4). As was discussed for the lamellae forming
samples, relative differences in the reflection intensities are a result of changes in the distribu-
tion of volume as the relative block composition is changed. The shifting distribution of volume
affects the superposition of the form and structure factor scattering contributions, affecting the
composite intensity produced from the scattering experiment. Most notably, the near complete
suppression of the V4 reflection in sample 1F (foop = 0. 0.74,) is consistent with its predicted
extinction at a volume fraction of 0.726”>7%, based on coincidence of the cylinder particle form

factor minima and the position of the (200) reflections. One can clearly see the trend towards

(1D) f,,,= 0.81
, (Hex)

v

(1E) fiop= 0.74
v (Hex)

7
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Figure 8-4. SAXS data at 150 °C (upon cooling) for Hex forming BCPs 1D-F. Inverted open triangles
represent the locations of allowed reflections for the Hex morphology, based on the position of the
primary scattering wave vector ¢* = q, : 9/q* at V1, V3, V4, V7, V9, V12, V13 etc. Relative intensity differ-
ence are consistent with variations in composition, most notably the near complete suppression of the V4
reflection in sample 1F, which is suggestive of approaching a volume fraction of 0.726.7>7* Inset pictures
are the 2D scattering patterns.
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extinction by following the relative intensity changes across the three samples 1D-F in Figure
8-4. The intercylinder distance (2d100/\/3) for BCPs 1D-F is fairly consistent between these
three samples based on the consistent overall polynorbornene degree of polymerization of
~50 units, having an average spacing of 22.3 nm * 1.0 (at 125 °C). Molecular weights in these
samples do shift to smaller values (average M of 17 400 g mol™) relative to the lamellar samples
of similar degree of polymerization just discussed, due to the reduction in the relative number
of heavier IMD repeat units found in the BCP.

In contrast to the lamellar forming BCPs, where highly ordered structures are present
without any extended thermal processing (see complete thermal SAXS cycles in the supporting
information), the hexagonally packed cylinder forming BCPs require an initial heating step to
achieve a level of order that produces highly resolved diffraction patterns. As shown in Figure
8-5 for BCP 1D, there is a sufficient delay in obtaining highly ordered hexagonally packed
cylinders during the first heating cycle. The gradual ordering process evident by an evolution of
the diffraction pattern from one with broad, poorly defined reflections at room temperature, to
one with multiple, easily resolved reflections at 125 °C and above. The rheological behavior is
also consistent with the observed delay in the ordering process, evident by a decade relaxation
in shear moduli starting at 90 °C and ending at 130 °C in the dynamic temperature ramp ex-
periment (Figure 8-5). These characteristically broad reflections have been observed previously
in cylindrical systems™ 7%, and have been attributed to scattering off a non-lattice structure
comprised of individual cylinders with an underdeveloped, weakly ordered, liquid-like packing
(LLP). This behavior is also prevalent in spherical forming BCPs where liquid-like packing often
predominates prior to adopting a fully developed S, lattice.””” The initial weakly-ordered
structure is presumably an artifact of slow ordering kinetics, and not a true equilibrium phase
in the thermodynamic sense. In support of this claim, once the highly ordered structure is
established through thermal annealing, the order is preserved during subsequent cooling and
heating cycles with no further evidence of any rheological transitions or decay in diffraction

intensity which would accompany any return to the weakly-ordered state (Figure 8-5).
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Figure 8-5. SAXS data of sample 1D along a complete heating (left) and cooling (center) thermal cycle.
Morphologies observed during heating include a distorted poorly-ordered LLP of cylindrical domains
before obtaining the well-ordered Hex morphology. Upon cooling, the highly ordered Hex phase is
preserved. Inverted open triangles represent the locations of allowed reflections for the Hex morphol-
ogy, based on the position of the primary scattering wave vector g* = g, : q/q* at V1,3, V4,V7,V9,V12,
V13 etc. Dynamic temperature ramp heating and cooling cycle of 1D (right) at 1 °C min™, 1 rad s and
8 % strain (within the linear viscoelastic regime). The cooling cycle has been shifted vertically two orders
of magnitude for clarity. The rheological behavior mimics that of the SAXS, where a subtle transition is
observed upon obtaining the well-ordered Hex morphology during heating, while any transitions are
notably absent upon cooling. Insets are 2D scattering patterns depicting the initial weakly ordered mor-
phology and final highly ordered morphology after the melt-processing.

8.3.4 Coexistence of Lamellae and Hexagonally Packed Cylinders

Samples 1G-I, with a range in composition spanning 60-66 vol % DOD, were found to exhibit
a persistent coexistence of both lamellae and hexagonally packed cylinders. The SAXS patterns
for samples defining this region of phase space (Figure 8-6) contain two sets of reflections at
g/q*' ratios of V1, V4, V9, V16, V25, V36, etc. and g/g*" ratios of V1, V3, V4, V7, V9, V12,
V13, etc., where g*" and q*"* are slightly shifted in position relative to one another. Impor-
tantly, the reflection positions were not consistent with the metastable hexagonally perforated
lamellae phase in either the ABAB (P6,/mmc) or ABCABC (R3m) stacking pattern.®* Notably,

the allowed reflections for either of these HPL morphologies are not simple superpositions of
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those expected for the Lam and Hex morphologies taken independently, and so a clear dis-
tinction between simple coexistence and either of the HPL phases can be conclusively made
for strongly diffracting materials. Each of the SAXS patterns for samples 1G-I have presented
in Figure 6 with separate labeling of expected reflection positions for both the Lam and Hex
phases. For convenience, the SAXS patterns for single-phase Lam and Hex samples located just
outside the coexistence region (1] and 1F, respectively) have also been included in Figure 8-6.
A comparison of the relative intensities of the lamellae specific reflections, with those specific
to the hexagonal phase, reveals a clear composition dependence across the three samples. More
specifically, the relative intensity of a set increase as it approaches the phase boundary with
its pure state. We interpret these differences in intensity between the two sets of reflections as
a direct indicator of the relative amounts of each phase present. For example, BCP 1I is the
closest to the pure Lam boundary, and has a diffraction pattern in which the lamellar reflec-
tions, particularly those at g/g*“" ratios of V1, V4, V16 dominate the scattering, while the
hexagonal reflections are far less pronounced, with only g/q*"** ratios of V1 and V7 observed.
In contrast, sample 1G, which is nearest to the Hex phase boundary, has a scattering profile that
most closely resembles the Hex phase, with well-resolved reflections at g/q*"* ratios of V1, V3,
\7, and V9. Some lamellae character is also present with superimposed reflections at g/q**"
ratios of V1, V4, and V16, these reflections are far less pronounced compared with the same
reflections in samples 1I and 1H. In addition, samples 1G and 1H exhibited the same delay in
ordering kinetics found to exist in the hexagonal phase BCPs 1D-F, where an initial heating
cycle was required to induce high levels of diffraction. This is consistent with the conclusion
that samples 1G and 1H have a higher content of hexagonally packed cylindrical domains, and
share the slower ordering kinetics associated with that phase. On the other hand, Sample 11,
which is closer to the lamellar boundary, exhibited high levels of lamellar diffraction without
any thermal treatment necessary, similar to the pure lamellar BCPs (1J-P) discussed earlier.
This result is consistent with conclusion sample 11 is enriched in lamellae and contains far fewer

hexagonally packed cylinder domains.
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Figure 8-6. SAXS data at 150 °C (upon cooling) for coexisting Lam + Hex forming BCPs 1I-G, plotted
with the samples 1J and 1F, that exhibit a fully developed pure Lam and Hex phase, respectively for com-
parison. Inverted open triangles represent the locations of allowed reflections for the Hex morphology,
based on the position of the primary scattering wave vector g* = q,.: /q™*"* at V1, V3, V4, V7,79, V12,
V13 etc, and Inverted solid triangles represent the locations of allowed reflections for the Lam morphol-
ogy, 4* = q,,: 9/9*"" at V1, V4,9, V16, V25, V36, etc. Relative diffraction intensity difference are consis-
tent with variations in composition (relative amounts of coexisting Lam + Hex domains), most notably
the scattering profile of 1I most closely resembles that of 1] (pure Lam), while 1G most closely resembles
sample 1F (pure Hex). Inset figure is the high-resolution synchrotron integrated and 2D SAXS data of
sample 1G, donated with asterisks, showing the primary peak could not be resolved.
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As shown in the overlaid data markers of Figure 8-6, the assignment of phase coexistence
requires g*"" and ¢*"* positions that are in very close proximity to one another, but do not, in
fact, coincide. Qualitatively, a comparison of the primary peak widths for samples 1G-I with
the primary peak widths for the adjacent single-phase Hex and Lam samples 1F and 1J shows
a broadening in the former that suggests the overlap of two primary peaks is plausible. In an
effort to resolve these two primary peaks definitively, we collected high resolution synchrotron
data for sample 1G. The scattering data is presented in inset of Figure 8-6. Unfortunately, the
proposed Hex and Lam principal reflections could not be resolved, with the synchrotron source
providing little improvement over the laboratory grade Rigaku S-Max 3000 used for the initial
data collection. Despite our inability to resolve these two peaks, the quality of the peak assign-
ments across the SAXS data from all three samples, combined with the results of additional
rheology and annealing experiments (presented below), gives us great confidence in the conclu-
sion of phase coexistence in these samples.

The rheological temperature ramp profiles of samples 1G-I are presented in Figure 8-7,
bracketed again by the corresponding pure Hex and Lam data from adjacent samples 1F and 1J.
Similar to that found in the SAXS, these samples present rheology profiles that appear interme-
diate to that typical of the two pure phases, with a consistent shift in character as one traverses
across the coexistence region. For example, sample 1I more closely resembles the rheology
profile of the adjacent pure lamellar phase sample, 1J, having similar magnitudes of G’ and
G” with a steady relaxation in both moduli with heating. Likewise, sample 1G more closely
resembles the rheology profile of the adjacent pure hexagonal phase sample, 1F, where there is
only a slight decrease in G’ and slight recovery of G” with heating. While the determination of
actual phase coexistence by rheology is not particularly warranted, the data is at least consistent
with the more convincing SAXS data for these samples. Notably, however, in contrast to the
rheology of Hex samples 1D-F where subtle rheological transitions could be observed for the
delay in ordering kinetics, no such transitions were observed for samples in the coexistence

region. This, despite the kinetic delay in ordering clearly demonstrated in the SAXS data for two
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Figure 8-7. Dynamic temperature ramps (first heating cycle) at 1 °C min™, 1 rad s and with strain
values of 6-8 % (within the linear viscoelastic regime), for coexisting Lam + Hex forming BCPs 1I-G,
plotted with the samples 1J and 1F that exhibit a fully developed pure Lam and Hex phase, respec-
tively for comparison. Solid circles represent G’ and open circles represent G”. Differences in rheologi-
cal response is consistent with variations in composition (relative amounts of coexisting Lam + Hex
domains), most notably the temp ramp profile of 11 most closely resembles that of 1J (pure Lam), while
1G most closely resembles the profile of sample 1F (pure Hex).
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of the samples (1H and 1G). We note that while the temperature ramp profiles used by rheology
(continuous) and SAXS (stepped) were fundamentally different, both ramp rates produced an
average heating rate of approximately 1 °C/min.

Theoretically, the composition region located between lamellae and hexagonally packed
cylinders should be occupied, at equilibrium, by the bicontinuous gyroid phase.**# % However,
in many experimental systems, the gyroid network is often disposed by alternate morphologies,
such as the near free energy equivalent, but metastable HPL phase®* *» %, or a coexistence of
Lam and Hex phases like that observed here.?" " 737689 Typjcally, such metastable phases
or phase coexistence are generated as a byproduct of post-synthesis, non-equilibrium solvent
removal,”>”>* and have been shown in several cases to eventually adopt the equilibrium gyroid
morphology with extended annealing.®®°*> However, recent theoretical efforts® have shown that
high levels of polysdispersity can give rise to thermodynamically favored phase coexistence.
Such polydispersity-driven phase coexistence has now been suspected in a number of recently
studied experimental systems.”>*® Given the limited knowledge of the overall polydispersity in
our samples, both solvent-induced (non-equilibrium) and polydispersity-driven (equilibrium)
coexistence stand as possible explanations for the coexistence region.

In an attempt to shed light on the true nature and stability of the observed phase coexis-
tence, sample 1G was annealed (under vacuum) at 150 °C for a total of two months. As shown
in Figure 8, the relative intensities of Hex and Lam reflection sets change quite dramatically.
In the initial scattering collected after only 5 minutes annealing, the primary scattering peak is
fairly broad with strong reflections at g/q*" ratios of V1, V4, and V16, and q/q*"* ratios of V1,
V3,47, and V9, indicating the presence of both phases in relatively significant quantities. After
10 days of annealing, the primary scattering peak has begun to sharpen, with hexagonal phase
reflections increasing in magnitude and becoming more easily resolved. In contrast, the lamellae
scattering intensity has begun to decrease, revealing the sample composition shift towards the
hexagonal phase. Most notably, the lamellae diffraction peak at g/g*" =\4 changes from being

more intense than the hexagonal diffraction peak at q/q*** =\3, to being nearly equal. At two
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Figure 8-8. SAXS data of sample 1G annealing at 150 °C for a total of 2 months, depicting the very
slow ordering kinetics that suppresses the Lam phase and transitions towards a pure Hex phase which
is evident by the increased intensity of Hex reflections coupled with the substantial decrease in Lam re-
flection intensity with time. Inverted open triangles represent the locations of allowed reflections for the
Hex morphology, based on the position of the primary scattering wave vector g* = q,.: ¢/q*"* at V1,3,
V4,47,49,V12, V13 etc, and Inverted solid triangles represent the locations of allowed reflections for the
Lam morphology, g* = 900 q/q*"m at V1, V4, V9, V16, V25, V36, etc.

months the Lam character has decreased further, with the lamellae diffraction peak at g/q*""
=4 now much less intense compared to the hexagonal diffraction peak at g/q*"* =\3, and
the lamellae diffraction peak at g/g*“" =\16 now completely absent. In addition, the primary
peak continues to sharpen, and the hexagonal diffraction peak at g/g*" =V4 has become more
pronounced. The sharpening of the primary peak throughout the annealing process is assumed
to be a consequence of the decreasing contribution by g*“". From this data, it is clear that the
sample is evolving towards a higher concentration of the hexagonal phase. However, the two

month experiment does not provide sufficient evidence to determine whether a new (equi-

158



librium), Hex-rich distribution of Hex and Lam is simply being established, or the sample is
evolving exclusively towards the Hex phase as its equilibrium morphology. It appears, at least,
that the initial concentration of Lam and Hex phases is likely influenced by rapid removal of
CH,(CI, during the synthetic workup, and the sample thermodynamically prefers larger con-
centrations of the hexagonal phase. Clearly, however, the phase coexistence is quite persistent
in these DOD-IMD BCPs, and cannot be easily displaced even if it is a non-equilibrium state.
Importantly, no evidence of any evolution towards the gyroid phase was found in sample
1G after the two month annealing experiment. Persistent Hex and Lam phase coexistence in the
gyroid region has been reported for a number of experimental diblock copolymer systems.*"
8.92 The majority of incidences are associated with BCPs that, due to high degrees of polym-
erization, or high values of x, are inherently strongly segregated in the phase-separated state.
Not incoincidently, the gyroid phase boundaries were originally suspected to converge upon
reaching the intermediate segregation regime® *°, which appeared to be supported by experi-
mental results. However it has been more recently shown by Cochran et. al'® that the gyroid
phase window actually extends deep into the intermediate to strong segregation regime, albeit
over a very narrow composition window. These new results seem to bolster an earlier report by
Lodge and coworkers,”* in which they had conclusively identified the existence of the gyroid
phase in strongly segregated polybutadiene-poly(hexafluoropropylene oxide) BCPs. However,
that report appears to be the exception, not the rule, for most highly segregated systems studied
thus far. Of particular relevance in that list are the very recent studies by Mahanthappa®!
on BCPs containing charged imidazolium based IL derivatives of polystyrene, where they
found persistent Hex and Lam coexistence at the apparent expense of the gyroid morphol-
ogy. Somewhat related, Lodge and coworkers® also just reported Hex and Lam coexistence in
solutions of uncharged BCPs dissolved in charged ionic liquid solvents. The persistence of Hex
and Lam coexistence in samples 1G-I, considered with the coexistence behavior documented
in these other ionic BCP systems*"*! suggests that strong degree of segregation imposed by the

charged-uncharged architecture severely hinders gyroid formation. The significant penalties for
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mixing, and therefore chain rearrangement, effectively create a large activation energy for the
transformation of the Hex/Lam mixture to the gyroid phase.'” This is, of course, compounded
by the (predicted) narrowness of the gyroid phase window in the strong segregation regime.'®
Access to the gyroid morphology may require highly controlled synthetic methodologies able
to pinpoint compositions precisely, as well as extensive combinations of solvent, thermal and
mechanical annealing treatments to facilitate its formation from non-equilibrium starting

positions. Applications targeting cocontinuous networks such as the gyroid phase in imidazo-

lium poly(IL) containing diblock copolymers may ultimately prove impractical.
8.3.5 Spherical

This region of the phase diagram is defined by the most asymmetric samples 1A-C with a com-
position range of 84-96 vol % DOD. Samples 1A and 1B both exhibited scattering character-
ized by broad, subtle oscillations typical of form factor scattering from individual spheres. The
absence of clear diffraction peaks other than the primary reflection (Figure 8-9) is consistent
with a poorly ordered liquid-like packing (LLP) commonly observed at such asymmetric BCP
compositions. The absence of an organized lattice is typically attributed to sphere polydispersity
associated with limited chain diffusion and mobility.'”>'”” Rheological temperature ramp tests
of samples 1A and 1B show viscoelastic properties indicative of enhanced liquid-like behavior,
characterized by a loss modulus (G”) exceeding the storage modulus (G’) throughout the tem-
perature ramp profile. There is no evidence of a sharp decrease in moduli characteristic of a
traditional order-to-disorder (ODT) transition; in contrast, both samples 1A and 1B show a
steady decrease in moduli with heating. The noise in the rheology profiles of samples 1A and
1B at higher temperatures is an artifact of torque resolution limits associated with the rheology
instrumentation using the 8 mm, parallel plate configuration. Use of larger diameter plates to
improve the signal-to-noise ratio was constrained by limited material availability. As an alterna-
tive, the presence of an ODT in samples 1A and 1B was probed by looking for a clear transition

to correlation hole scattering® * using temperature dependent SAXS. This transition, marked

160



104@ (1A) £ 0= 0.96 (Heating) 1045_ QB) - 0.89 (Heating)
3 e ( 3 3 e G
=N .| % "
© = e " = &
o 102 \ G 10’3 %,
%) = =
310 % i ' "’v-
3102 %, s 103 a.k-, -’
0o 3 Rrede e -'?’»__':,,i - ,... o’ ..° 354
T A 10°=
10-1_II|II|II|II|II|II| 10-1_II|II|II|II]I]|II|I
20 40 60 80 100 120 140 20 40 60 80 100 120 140
Temperature (°C) Temperature (°C)

Relative Intensity

|I||I|1I|II|11|II| IIIIIIIIIIIIIIII]'
0.03 0.06 0.09 0.12 0.150.18 0.030.06 0.09 0.120.150.18
-1 1
q (A7) qA”)

Figure 8-9. Dynamic temperature ramp (first heating cycle) for samples 1A (left) and 1B (right) at 1 °C
min~, 1 rad s™ with 30 and 8 % strain, respectively (within the linear viscoelastic regime). The rheologi-
cal behavior of both samples is characteristic of enhanced liquid-like properties where G” is greater than
G’ No clear ODT is observed via rheology in either sample. SAXS data of sample 1A (left) and 1B (right)
along a complete heating thermal cycle are both indicative of a LLP of spheres, evident by broadness of
scattering and absence of higher order diffraction reflections. Sample 1A appears to clearly disorder
upon heating marked by the drastic decrease in intensity and enhanced broadness of the scattering. In
contrast, sample 1B retains a fairly intense primary scattering peak throughout the entire heating cycle.
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by increased broadness in the primary peak location, and a sharp decrease in intensity as the
BCP becomes a homogenous isotropic liquid, can be difficult to identify in the absence of a
strongly diffracting ordered phase. For sample 1A, there appears to be a significant change in the
SAXS profile upon heating past 75 °C, where the intensity of the scattering is severely reduced
and the second oscillation in the particle form factor becomes indistinguishable from the broad
primary peak. Evidence of disordering was even more ambiguous in sample 1B, where around
175 °C there is a twofold decrease in scattering intensity, but the primary scattering reflection
seems to maintain some degree of sharpness. We suspect that sample 1B may be exhibiting a

persistence of disordered spherical micelles'®

across a large temperature range due in part to
the very strong segregation of the DOD and IMD blocks. Due to the ambiguity of order in both
samples 1A and 1B, coupled with the extreme asymmetry in composition, no efforts were made
to extract x(T) from the scattering data for these samples (as previously discussed).

Highly ordered spheres on a body-centered cubic lattice (S, .) were observed in sample 1C
with a volume fraction of 0.84 DOD. SAXS data are plotted in Figure 8-10 for sample 1C and
show diffraction peaks consistent with the symmetry of the S, __ lattice with g/q* ratios of V2,
V4, V6, V8, V10, V12, V14, etc. Here, g* = q,,, Which is absent due to the reflection conditions
associated with the BCC symmetry. The q,,, interplanar spacing at 125 °C is 16.4 nm. Similar
to the Hex forming BCPs, sample 1C required an initial heating step to achieve a level of order
that produces highly resolved S, . diffraction patterns. As shown in the SAXS data of Figure 10,
there is a sufficient delay in obtaining highly ordered BCC spheres in the first heating cycle. The
gradual ordering process, evident by an evolution of the diffraction pattern from one with broad,
form factor oscillations at room temperature, to one with multiple, easily resolved diffraction
peaks at 100 °C and above. The rheological behavior is also consistent with the observed delay
in the ordering process, evident by clear transition at 100 °C in the dynamic temperature ramp
experiment (also Figure 8-10). As mentioned previously, this type of behavior in which liquid-

like packing of spheres often exists prior to development of the fully organized S, lattice is

fairly common in other BCP systems.””””” As with the Hex forming samples, the highly ordered
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Figure 8-10. SAXS data of sample 1C along a complete heating (left) and cooling (center) thermal cycle.
Morphologies observed during heating include a distorted poorly-ordered LLP of spherical domains
before obtaining the well-ordered S, .. morphology. Upon cooling, the highly ordered S, . phase is
preserved. Inverted triangles with a strikethrough represent the locations of allowed reflections for the
S, morphology, based on the position of the primary scattering wave vector g* = q, , (absent for S, ):
@/q* at V2, V4, V6, V8, V10, V12, V14 etc. Dynamic temperature ramp heating and cooling cycle of 1C
(right) at 1 °Cmin™, 1 rad s' and 8 % strain (within the linear viscoelastic regime). The cooling cycle has
been shifted vertically two orders of magnitude for clarity. The rheological behavior mimics that of the
SAXS, where a subtle transition is observed upon obtaining the well-ordered S, . morphology during
heating, while any transitions are notably absent upon cooling. Insets are 2D scattering patterns depicting

the initial weakly ordered morphology and final highly ordered morphology after the melt-processing.

structure established during the initial heating remains preserved during subsequent cooling
and heating cycles, with no further evidence of any rheological transitions or decay in diffrac-

tion intensity signaling a return to the weakly-ordered state (Figure 8-10).

8.4 CONCLUSIONS

A total of 16 DOD-IMD BCPs spanning compositions of 42-96 vol % DOD were extensively
characterized using SAXS and rheology to develop a clear picture of the morphological phase
behavior in these novel poly(IL)-based BCP systems. The unique charged-uncharged BCP ar-
chitecture produced each of the classic equilibrium morphologies (including lamellae (Lam),
with

hexagonally packed cylinders (Hex), and spheres on a body-centered cubic lattice (S,..)
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the exception of the bicontinuous gyroid phase. In general, the level of order achieved by the
samples was exceptional, routinely producing diffraction patterns with numerous higher order
reflections. Hex and S, . forming DOD-IMD BCPs were found to require an initial heating
step to induce highly periodic lattice formation, but showed no signs of structure degrada-
tion during subsequent cooling and heating cycles. Lam samples showed no kinetic delay in
ordering. Importantly, all samples (outside of the two most asymmetric) showed excellent pres-
ervation of structural order at room temperature, which is extremely important for the future
preparation of functional materials built from these poly(IL)-based BCPs. Additional mor-
phologies identified include a coexistence of Hex and Lam phases in three samples occupying
the traditional gyroid region, and a poorly-defined liquid-like packing of spheres in the two
most asymmetric samples. Annealing experiments on one of the three samples exhibiting Hex
and Lam phase coexistence revealed extremely slow transition kinetics favoring increased Hex
phase concentrations. Complete elimination of the coexisting Lam phase was not possible over
a two-month annealing period. Likewise, no evidence of gyroid formation was detected in the
coexistence region, or any other sample investigated. Ultimately, the strong degree of segrega-
tion inherent to the charged-uncharged architecture may limit the ability of the system to form
the idealized gyroid network often sought for transport related applications. Additional experi-
ments involving advanced solvent, thermal, and mechanical annealing combinations may be
necessary to achieve its formation. The inherent segregation strength also resulted in difficulties
accessing order-to-disorder transitions, and therefore complicated the measurement of a Flory
interaction parameter, x for the system. Failure to disorder even the lowest molecular weight
symmetric sample with degree of polymerization of approximately 12 confirmed that accessible
phase behavior for these BCPs is likely constrained to that of the strongly-segregated regime.
Application of these DOD-IMD BCPs as membranes in CO,/light gas separations is currently

underway.
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8.5 EXPERIMENTAL
8.5.1 Materials and Methods

1-Bromohexane, 1-dodecanol, 5-norbornene-2-carboxylic acid, ethyl vinyl ether, and oxalyl
dichloride (Sigma-Aldrich), dicyclopentadiene, 1-vinylimidazole (TCI America), were used as
received without further purification. Lithium bis(trifluoromethylsulfonyl)amide (LiTf,N) was
purchased as Fluorad™ Lithium Trifluoromethane Sulfonimide from the 3M company. All
solvents were purchased from Sigma-Aldrich or Mallinckrodt, Inc., and purified/dehydrated
via N,-pressurized activated alumina columns, and subsequently de-gassed. Additionally, the
CH,CI, used as the solvent in ring-opening metathesis polymerization (ROMP) reactions was
purified by re-filtering over activated alumina prior to de-gassing. H,O used for synthesis was
purified and de-ionized, with resistivity greater than 12 MQ cm. All chemical syntheses were
carried out in a dry argon atmosphere using standard Schlenk line techniques, unless otherwise
noted. Silica gel purification was performed using 230-400 mesh, normal-phase silica gel

purchased from Sorbent Technologies.
8.5.2 General Synthetic Procedures for the synthesis of imidazolium-based poly(alkyl)-Ionic BCPs

Bicyclo[2.2.1]hept-5-ene-2-carboxylic acid dodecyl ester (endo:exo 80:20) (Monomer 2) and
3-Bicyclo[2.2.1]hept-5-en-2-ylmethyl-1-hexyl-3H-imidazolium  bis(trifluoromethylsulfonyl)
amide (endo:exo 80:20) (Monomer 3), were prepared as previously described in the literature
and found to have consistent spectroscopic and purity analysis.* In a procedure adapted from
Wiesenauer et al.*, a flame-dried Schlenk flask with a Teflon spinbar was charged with the
desired amount of Grubbs 1*-generation catalyst CH,Cl, solution under a positive pressure of
argon. Mmonomer 2 was then added to the catalyst solution from a dry degassed CH,Cl, stock
solution via syringe under argon atmosphere. Upon complete consumption of monomer 2 (as
verified by 'H NMR analysis) to form the first copolymer block, the second monomer 3 was
added from a dry, degassed stock CH,Cl, solution via syringe. After complete consumption of

monomer 3 (as verified by '"H NMR analysis), the ROMP diblock copolymerization mixture
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was quenched with an excess of ethyl vinyl ether. The resulting diblock copolymer was then
isolated by removal of the solvent in vacuo (48 h, 25 °C). '"H NMR analysis of BCPs 1A-P
also confirmed the absence of any residual monomer. The alkyl: imidazolium block fractions
were determined by relative integrations of the 'H NMR signals of each block. The number
of repeat units of the dodecyl and imidazolium blocks were calculated based on the prede-
termined catalyst-to-monomer loading ratios assuming complete conversion of monomers 2
and 3, evident by the absence of monomer in '"H NMR and living character determined in our
previous report.** Lastly, the M_values are estimated by multiplying the block lengths by the

corresponding monomer repeat unit molecular weight values.*
8.5.3 Representative Synthesis of Diblock Copolymer 1P

Under an argon atmosphere, Grubbs’ 1%-generation catalyst (16.4 mg, 0.0199 mmol) was
dissolved in dry, degassed CH,CI, (0.75 mL). Monomer 2 (7.65 g, 24.9 mmol) was diluted
to a total volume of 25 mL with CH,CI,. From this monomer solution, 0.49 mL (0.49 mmol)
was added to the catalyst solution, and the reaction mixture was stirred at room temperature
until the polymerization of 2 was complete (~3 h). Monomer 3 (13.5 g, 25.1 mmol) was
diluted to a total volume of 25 mL with CH,CIL,. Monomer 3 (0.49 mL, 0.49 mmol) was
then added to the living ROMP polymerization mixture containing polymerized 2, and the
reaction stirred at room temperature for 12 h. The ROMP copolymerization mixture was then
quenched by addition of excess ethyl vinyl ether (1 mL). The resulting diblock copolymer
1P was isolated by removal of excess solvent and other volatile compounds in vacuo (48 h,
25 °C). Yield = 0.435 g, 99%. '*H NMR (300 MHz, CDCIl,) &: 8.50-8.75 (br s, imidazolium
C2), 7.27-7.47 (br s, imidazolium C4 and C5), 5.27-5.52 (b, -C(H)=C(H)-), 3.75-4.45 (b,
-CO0-CH,~, -C(H),-N-CH-N-C(H),-(CH,),CH,), 2.35-3.15 (br m, -imidazolium—(CH,).-
CH,), 1.50-2.25 (b, -COO—(CH,),—CH.), 0.95-1.45 (br m, -COO-CH,—(CH,),—-CH,),
0.72-0.90 (br m, —imidazolium-CH_-(CH,),~CH.). Block repeat unit molar ratio = 1:0.90

(alkyl:imidazolium); block length composition = 25-b-23; estimated M_ =20 100 g mol.
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8.5.4 Physical Measurements

'H and “C NMR spectra were obtained using a Bruker 300 Ultrashield™ (300 MHz for 'H)
spectrometer. Chemical shifts are reported in ppm relative to residual protio solvent, CHCL,.
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DCS 1 series
thermal gravimetric analyzer. For TGA, samples were tested from 30-500 °C at a temperature

ramp rate of 20 °C min™" in an aluminum pan under N, atmosphere.
8.5.5 Dynamic Mechanical Spectroscopy

Rheological experiments were run using a TA Instruments Advanced Rheometric Expansion
System (ARES) Rheometer outfitted with a nitrogen purged oven. Samples were roughly
formed as discs by hand and then positioned between two parallel plates (8 mm diameter).
The gap was reduced and adjusted to ensure even distribution of the sample. Typical gaps were
0.3-0.5 mm. Dynamic temperature ramp tests were performed under nitrogen while heating
and cooling at 1 °C min™ at an angular frequency of 1 rad s and a constant strain (generally
6-8 % for the majority of BCP samples studied herein) depending on the linear viscoelastic
regime of each copolymer that provides high enough torque values (> 0.01 g-cm) for acceptable
signal-to-noise ratios. Larger parallel plates (> 8 mm) could be used to increase torque (and
subsequently increase signal-to-noise), however such measurements were avoided due to the

significant amount of material required.
8.5.6 Small Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) data were collected using a Rigaku S-Max 3000 High Bril-
liance three-pinhole SAXS system outfitted with a MicroMax-007HFM rotating anode (CuKa, A
=1.54 A), sample-to-detector distance of 2.19 m, Confocal Max-Flux Optics, Gabriel multiwire
area detector (1024 X 1024 pixel resolution), and a Linkam thermal stage. Copolymer samples
were sandwiched between Kapton windows (0.05 mm thick X 10 mm diameter). All samples

were annealed under vacuum for at least 5 min before data collection unless otherwise stated.
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Data was collected under vacuum (~100 mtorr) with exposure times for samples typically on
the order of 1200-1800 s. SAXS data were azimuthally integrated from the 2D detector patterns
and plotted as logarithmic intensity vs. the scattering wave vector, g, defined as q = (4m/\)

sin(26,/2), where 20, is the angle between the incident and scattered waves.
8.5.7 Synchrotron SAXS Characterization

Synchrotron small-angle X-ray scattering measurements were performed at the 5-ID-D
beamline of the DuPont-Northwestern-DOW Collaborative Access Team (DND-CAT) at the
Advanced Photon Source (Argonne, IL). Experiments employed a beam energy of 17 keV (A =
0.7293 A) and a sample-to-detector distance of 2.979 m. Two-dimensional SAXS patterns were
recorded on a MAR-CCD detector (133 mm diameter active circular area) with 2048 x 2048
pixel resolution. Samples were heated to the desired temperature in a Linkam DSC and allowed

to equilibrate for 5 or 10 minutes prior to data collection with exposure times of 0.1-0.2 s.
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8.7 SUPPORTING INFORMATION AVAILABLE

Full temperature dependent SAXS and rheology plots of BCPs 1A-P. TGA analysis of represen-

tative sample 1E located in Appendix II.
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CHAPTER 9

SUMMARY — PART Il — MORPHOLOGICAL PHASE BEHAVIOR OF

POLY(RTIL) CONTAINING BLOCK COPOLYMER MELTS

The contents of this dissertation chapter were written by Vincent E. Scalfani.
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9.1 MAJOR RESULTS

There are two major achievements in Part II of this dissertation: 1) Successful controlled
synthesis of a new imidazolium-based alkyl-ionic BCP via the sequential ROMP of dodecyl
ester- and imidazolium-based RTIL monomers (Chapter 7), and 2) A systematic analysis of
the melt-state morphological behavior of over 16 poly(RTIL)-based BCPs with varying volume
fractions for the development of a phase diagram (Chapters 7 and 8).

In Chapter 7, a new imidazolium-based alkyl-ionic BCP (poly(RTIL)-based BCP) was syn-
thesized by directly polymerizing a dodecyl ester- and charged imidazolium IL-norbornene
monomer via sequential ROMP. Typically, poly(RTIL)-based BCPs are first synthesized with
neutral monomers and then post-functionalized. Straightforward methods to physically charac-
terize the newly developed poly(RTIL)-based BCPs could not be utilized such as GPC, MALDI-
TOEF, and dynamic light scattering due to complications arising from the highly charged mac-
romolecule. However, alternative techniques including NMR DOSY, DSC, rheology and SAXS
proved to be successful techniques in the confirmation of the synthesized block architecture.

In Chapter 8, a total of 16 poly(RTIL)-based BCPs varying only by relative composition were
synthesized analogous to the synthetic method developed in Chapter 7 through the sequential
ROMP of a neutral dodecyl ester norbornene monomer followed by a charged imidazolium
functional norbornene monomer. A phase diagram was developed through a systematic char-
acterization of the morphological behavior with a combination of SAXS and dynamic rheology.
The studied poly(RTIL)-based BCPs were found to self-assemble into many of the classic BCP
morphologies including lamellae, hexagonally packed cylinders, and spheres on a BCC lattice.
The self-assembled structures exhibited a high degree of long-range order that is preserved after
an initial melt-processing step. Importantly, the bicontinuous gyroid region was absent due to
the great dissimilarity of the charged and neutral blocks, effectively limiting the accessible phase
space to the strong segregation limit (SSL). A coexistence of hexagonally packed cylindrical and
lamellar domains are present in place of the gyroid morphology. Lastly, the accessible phase

space within the SSL precludes straightforward measurement of the interaction parameter, x.
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9.2 BRoAD IMmPACTS TO THE SCIENTIFIC COMMUNITY

— A new method of sequential ROMP was reported for directly synthesizing charged BCPs.

— One of the first examples of a poly(RTIL)-based BCP that forms phase-separated ordered

nanostructures in the melt phase was reported.

— Addition of full melt-state phase behavior of a poly(RTIL)-based BCP system to the library

of well-developed BCP phase diagrams.

— Absence of gyroid phase suggests it will be difficult to access bicontinuous phases in other

charged macromolecules.

— Limited access to disordered phase in highly charged BCP systems was found.
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APPENDIX I

NETWORK FORMATION IN AN ORTHOGONALLY SELF-ASSEMBLING

SYSTEM

The contents of this dissertation Appendix have been adapted from a manuscript published in
ACS Macro Letters: Mes, T.; Koenigs, M. M. E; Scalfani, V. E; Bailey, T.S.; Meijer, E.W.; Palmans,
A.R. A. ACS Macro Lett. 2011, 1, 105. The synthesis of the difunctional poly(butadiene) homo-
polymer and rheological melt characterization of the supramolecular polymers were developed
and performed by Vincent F. Scalfani and Travis S. Bailey. Functionalization of the difinctional
polymer with supramolecular motifs and the characterization experiments of both the solution-
and solid-state properties were designed and performed by Tristan Mes, Marcel M.E. Koenigs,
E.W. Meijer, and Anja R.A. Palmans (Eindhoven University of Technology, The Netherlands).
The manuscript and adapted dissertation chapter was prepared jointly through a collaborative

effort of all authors.
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A1.1 CONSPECTUS

Many supramolecular motifs self-assemble into nanorods, forming the basis of the mechanical
properties of supramolecular polymers. When integrated as end-caps in a bifunctional telec-
helic polymer, the motifs can phase segregate into the same or into another nanorod. In the
latter case, a functional cross-link is formed by the bridging chain that strengthens the polymer
network. This study introduces a supramolecular polymeric system that consists of two different
nanorod forming supramolecular motifs. When end-capped to monofunctional polymers,
these supramolecular motifs self-assemble in an orthogonal fashion in two separate types of
noncross-linked nanorods, resulting in a viscous liquid lacking macroscopic properties. The
addition of 15 mol % of an a,w-telechelic polymer containing both supramolecular motifs, each
on one end, transforms this viscous sticky liquid to a solid material with elastomeric properties

due to network formation between the two types of nanorods.

A1.2 INTRODUCTION

To widen the scope of supramolecular materials, the orthogonal self-assembly of different types
of highly specific, noninterfering interactions is currently attracting considerable interest.' Such
materials can be tuned by various external stimuli through addressing each type of interaction
separately. The combination of orthogonal binding motifs allowed the formation of supramo-
lecular block copolymers®, dendrimers®, nanostructured materials®, self-assembled fibrillar-
networks with encapsulated micelles’ and others.® Combinations of i.a. hydrogen bonds and
metal-ligand complexation,”“* metal-ligand complexation and ionic interactions’, hydrogen
bonds and ionic interactions,”® and different complementary hydrogen bonding motifs’
have been explored for this purpose. Despite all of these fascinating examples, the potential
of orthogonal binding units to improve bulk material properties has not been fully exploited
to date.'” Herein, we report on the ability of benzene-1,3,5-tricarboxamide (BTA) and 2-ure-
ido-4[1H]-pyrimidinone(UPy) functionalized materials to self-assemble in an orthogonal

fashion in the solid state by so-called self-sorting. BTAs self-assemble into helical, columnar
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Figure A1-1. Addition of a supramolecular compatibilizer generates network formation and improves
material properties in a supramolecular polymer blend.

aggregates,'’ while the UPy motif dimerizes via strong, quadruple hydrogen bonds."* Telec-
helic polymers end-capped with two UPy units or with two BTA motifs show thermoplastic
elastomeric properties.’*'* In cases of telechelic polymers end-capped with the BTAs, the bulk
material properties arise from the presenceof phase-segregated nanorods consisting of helical,
columnar BTA aggregates. In the UPy end-capped telechelic polymers,where a urethane group
connects the UPy to the polymer, UPys form dimers aggregating via lateral hydrogen bonds of
theurethane into stacks. These stacks then bundle via weakhydrogen bonds into nanofibrils."
Supramolecular motifs attached to bifunctional telechelics with the ability to phase segregate
into a nanorod can do this in the same (homo) or another (hetero) nanorod or nanofiber. In
the latter case, a hetero (functional) cross-link is formed leading to network formation, while
the first gives rise to nonfunctional loops. These heterofunctional cross-links contribute sig-
nificantly to the network strength and thus to the elastomeric properties. However, the ratio
of homo over hetero connections as well as the number of cross-links that is required has not
been rigorously determined for thermoplastic elastomers studied so far.”” Hence, the threshold
concentration of bifunctional crosslinker required to produce an infinite network of reasonable
mechanical properties is currently not established, although the value could in theory be quite
small for systems with extended nanorod length scales.

We now present a supramolecular polymeric system that consists of a mixture of low
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molecular weight monofunctionalized polymers with either a BTA or a UPy motif. To this
mixture we add a hetero bifunctional a-BTA w-UPy polymer as a supramolecular compati-
bilizer to induce cross-linking of the phase segregated nanorods by orthogonal self-assembly
(Figure AI-1). The results show that the self-assembly of both supramolecular motifs coexists
and is orthogonal. The reversible cross-linking of UPy nanofibrils and BTA nanorods with the

supramolecular compatibilizer results in a large enhancement of the bulk material properties.

A1.3 RESULTS AND DISCUSSION
AI3.1 Synthesis

Polymer 1, containing both the BTA and UPy motif, and reference compounds 2 and 3, contain-
ing only one supramolecular motif (Scheme AI-1), were synthesized via straightforward pro-
cedures (see Appendix II for details). We selected poly(ethylene-co-butylene) (pEB) to separate
the two supramolecular motifs. Amorphous pEB is apolar and does not interfere with hydrogen
bonding interactions. Moreover, the anionic polymerization of 1,3-butadiene employing a silyl-
protected hydroxyl-propyllithium derivative as the initiator and terminating the polymeriza-
tion with an excess of ethylene oxide allows access to heterotelechelic pEB required for the
synthesis of polymer 1.'° While polymer 1 appeared as an elastic material, polymers 2 and 3
were obtained as viscous, sticky oils. Polymers 1-3 show narrow polydispersities and molecular

weights between 4.0 and 6.2 kg/mol (by '"H NMR; Table AI-1).
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AI 3.2 Solution-State Phase Behavior

In previous work, we successfully applied temperature dependent circular dichroism (CD) and
ultraviolet (UV) spectroscopy to study BTA self-assembly. The 3-fold, helical arrangement of
the intermolecular hydrogen bonds between consecutive BTAs in combination with a preferred
helical sense upon introducing a stereogenic methyl group in the alkyl side chain are character-
ized by a X of 192 nm in UV spectroscopy and a Cotton effect at 223 nm with |Ae| = 43 L/
mol cm." The dimerization of the UPy group is reliably probed by UV spectroscopy because the
4[1H] pyrimidinone tautomer (dimerized UPy) hasaA___of 260 nm, while the 6[1H]pyrimidi-
none tautomer (monomeric UPy) hasa A of 285 nm."”” CD measurements on BTA-pEB 2 (c =
5 x 10—4 M) in the presence and absence of UPy-pEB 3 (c =5 x 10™* M) in methylcyclohexane
(MCH, being a model of the pEB) shows that the Cotton effect of 2 mixed with 3 was equal in
size as for pure compound 2 (Figure AI-2A), indicating that the UPy group is not capable of in-
terfering with BTA aggregation in dilute solution. Also, BTA-pEB-UPy 1 (Scheme AI-1) shows
a Cotton effect similar in shape as found for 2 (¢ = 5 x 10™* M in MCH; Figure AI-2B). Proof
for the dimerization of the UPy at these conditions is found by analyzing the UV spectra: the
shoulder around 275 nm at 80 °C indicates the loss of quadruple hydrogen bonding between the
UPy groups. This suggests that the UPys are dimerized at 20 °C. Although the molar ellipticity
of 1 is lower than that of 2 due to a reduction of the association constant K upon increasing the
molecular weight of the side chain (see Figure AI-S1 for an additional explanation, Appendix

IT), these results show that the self-sorting is operative for 1.
AI3.2 Solid-State Phase Behavior

In order to study the supramolecular materials in their neat state, we prepared films of 1 and 2
with thicknesses of 340 and 260 nm, respectively, by spin-coating a CHCI, solution on quartz
plates. The CD effect of the films was independent of the orientation of the quartz slide with
respect to the beam and no linear dichroism effects were present. The Cotton effects were of

nearly identical size (CD-effect = —10 mdeg, Figure AI-2C). Temperature-dependent CD
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Figure A1-2. (A) CD spectra of 2 in MCH in the absence (gray line, ¢ = 5 x 10-4 M) and presence of
3 (black line, ¢ = 5 x 10—4 mol L-1) at 20 °C. (B) CD spectra of 1 (open circles) and 2 (closed circles)
at 20 °C, ¢ = 5 x 10-4 M in MCH. (C) Solid state CD spectra of films of 1 (thickness = 340 nm, open
circles)and 2 (thickness = 260 nm, closed circles) on quartz plates. (D) Physical appearance of 1/2/3 in
15/42.5/42.5 molar ratio.

spectra of these films (25-200 °C at a rate of 5 K min™" probed at A =223 nm) show a decrease
of the CD effect upon heating; the CD effects of 1 and 2 disappear above 160 and 200 °C,
respectively (Figure AI-S2). This transition reflects the loss of the hydrogen bonded helical
arrangement stabilizing the BTA nanorods in the polymer matrix.'*

While CD measurements provide detailed information on the aggregation behavior and
ability of nanorod formation of BTAs in the presence or absence of UPys, details of the self-
assembly processes involving the UPy group cannot be inferred from these measurements.
Previous research showed that pEB end-capped with two UPy-urethane units (bis UPy-ure-
thane-pEB) resulted in a material with a melting point of 62 °C and a corresponding AH of
1.98 J/g (Figure AI-S3)."* As a result, we investigated the thermal behavior of compounds 1-3
in the solid state by combining differential scanning calorimetry (DSC) with polarized optical
spectroscopy (POM) and variable-temperature infrared spectroscopy (VT-IR) to assign the
origin of the thermal transitions. The data are summarized in Table AI-1.

The DSC trace of BTA-pEB 2 shows a T, at-60°C and an additional, small transition around

192 °C (AH, = 4.09 ]/g). Between room temperature and around 190 °C a mobile, birefringent
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texture, typical for a nematic phase, is present. The transition at 192 °C coincides with the loss of
the CD effect and is connected to the loss of intermolecular hydrogen bonding between BTAs,
as revealed by VT-IR. The DSC trace of UPy-pEB 3 shows a T  at around —67 °C and a small
transition around 39 °C (AH, = 2.93 J/g) originating from the melting of the UPy nanofibrils.
Between room temperature and around 45 °C, a birefringent texture was observed. BTA-pEB-
UPy 1 shows a T at —60 °C, resulting from the pEB part and a small transition around 140 °C
(AH, = 0.7 J/g). VT-IR showed that the transition at 140 °C corresponds to the loss of
intermolecular hydrogen bonding between BTAs (Figure AI-S4).

Interestingly, polymer 1 does not show a thermal transition in DSC related to the melting
of UPy nanofibrils. However, VT-IR shows a shift at v = 1700 cm™" to 1695 cm™ around 50 °C,
which can be assigned to the isocytosine part of the UPy and is presumably connected to the
loss of lateral UPy-urethane hydrogen bonding. The mobile, birefringent texture observed from
50 °C up to around 135 °C was typical for a nematic phase and the sample became isotropic at
135 °C. The combined results of solid state CD, IR and DSC of polymers 1-3 indicate that BTAs
form nanorods consisting of helical columnar BTA aggregates in the presence and absence of
UPys. The aggregation of UPy stacks into nanofibrils as seen for 3 seems to be less efficient in
BTA-pEB-UPy 1. The latter is most likely caused by the use of the isopropyl substituent on the
6-position of the isocytosine in polymer 1.1

Table AI-1. Summary of NMR, GPC, and DSC data of copounds 1-3.
compound ratio BTA/ yield M:? MP>  MpP(kg/ PDIP TgC (°C) T_(°C) AHf T _°(°C) AH)

UPy (%) (kg/mol) (kg/mol) mol) (J/g) (J/g)

1 50/50 60 6.2 12.7 13.0 1.03 -60 — — 140 0.7
2 100/0 95 4.0 7.6 7.8 1.03 -67 — — 192 4.09

3 0/100 95 3.9 7.9 8.1 1.03 -60 39 2.93 — —
2/3 50/50 — — — — — -60 38 0.18 153 1.02
1/2/3 50/50 — — — — — -62 37 0.29 147 1.01

* Determined by 1H NMR. *Determined by GPC. “Determined from the second heating run of DSC at a rate of 40K

min".
The potential of supramolecular network formation by orthogonal binding motifs to

improve bulk material properties was evaluated by mixing UPy-pEB-BTA 1 with a mixture
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pEBBTA 2 and UPy-pEB 3 in a 15/42.5/42.5 molar ratio. DSC measurements revealed two
phase transitions for the ternary blend of 1/2/3 at 38 °C (AH, = 0.286 J/g) and at 147 °C (AH,
= 1.012 J/g) while those of the binary blend of 2/3 (50/50 mol %) were found at 38 °C (AH, =
0.18]/g) and at 152 °C (AH, = 1.016 J/g; Table AI-1). The similar thermal behavior of 2 and 3 in
the presence or absence of 1 show that compatibilizer 1 does not negatively affect the formation
of BTA nanorods and UPy nanofibrils at a molecular scale. On the macroscopic scale, on the
other hand, the addition of the compatibilizer 1 results in a dramatic change in the macroscopic
properties of the blend. Visual inspection of the ternary blend reveals its elastomeric properties,
which contrast strongly to the sticky, oily appearance of the binary blend of 2/3 (Figure AI-2D).

Evidence for a phase segregated structure of BTA-pEB-UPy 1 was obtained using atomic
force microscopy (AFM; tapping mode in air at room temperature). Images clearly show a
fibrillar structure (Figure AI-3A) reminiscent to that previously observed for bis-BTA-pEB and
bis-UPy-urethane-pEB.**"** The diameter of the fibrillar structures found for 1 was estimated
around 7 nm and their length was about 100 nm. Unfortunately, the stickiness of polymers
2 and 3 hampered additional structural analysis of both the 2/3 binary blend and the 1/2/3
ternary blend, despite the dramatically improved macroscopic properties of the latter (Figure

AI-2D).
AlI.3.3 Mechanical Performance

To quantify the improved elasticity exhibited by the 1/2/3 blend, rheological measurements
comparing the mechanical response of the 2/3 binary blend and the 1/2/3 ternary blend under
oscillatory shear were performed. To test our hypothesis that the added mechanical advantage
provided by the addition of 1 is predicated on its ability to provide orthogonal connectivity
between the BTA nanorods and UPy nanofibrils as portrayed in Figure AI-1, we focused our
attention on the temperature dependence of the rheological responses. Figure AI-3B shows the
temperature ramp response quantifying both the elastic (G’) and viscous (G”) moduli of the

2/3 and 1/2/3 blends as a function of temperature. Notably, the ternary blend of 1/2/3 has an

183



Modulus / Pa

o G 123 RPe o

3|0 G2 o
10'4 | e ¢ 23 o °
E G" 213 °

30 40 50 60 70 80 90
Temperature / °C

Figure AI-3. (A) AFM of 1 (scale bar = 100 nm). (B) Temperature dependence of the storage (G’) and
loss (G”) moduli in blends of 2/3 and 1/2/3 (heating at 1 K min™, frequency = 1 rad s™', and strain =
1%).

order of magnitude higher moduli when compared to the 2/3 blend at room temperature, con-
sistent with the improved mechanical properties observed qualitatively in the compatibilized
bulk material. This dramatic change in tactile response at room temperature is also captured
through the relative magnitudes of the elastic and viscous moduli, with the 1/2/3 blend ex-
hibiting an elastic response four times the magnitude of the viscous response. In contrast, the
2/3 blend exhibits a significantly smaller ratio of elastic to viscous contributions to the overall
modulus, in addition to its reduced magnitude, when compared with the 1/2/3 blend. Heating
both of the blend samples produces a visible transition in rheological response in the vicinity
of 40 °C, although this transition is more pronounced in the 1/2/3 blend in which the transi-
tion is characterized by a significant loss in elasticity. Notably this transition is consistent with
that observed in DSC at 38 °C, in which the loss of lateral hydrogen bonds between the UPy-
urethane groups triggers the consequential melting of the UPy nanofibrils. Interestingly, while
the melting of the UPy nanofibrils definitely reduces the elastic component of the 1/2/3 blend,
the overall modulus remains significantly higher than that measured for the compatibilizer free
2/3 blend at a similar temperature. The origin of the increased modulus (even after nanofibril
melting) is presumably related to the presence of dimerized UPys and suggests that the hetero-
functional compatibilizer still contributes to the overall mechanical response. Dimerization of

UPys leads to species that possess two BTA end-groups that still have the ability to cross-link
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BTA nanorods. Continued heating reduces the modulus further, with an eventual crossover of
the moduli in both blends such that the viscous character and both materials become more and
more liquid-like at moderately high temperatures.

The frequency dependence of the rheological response on either side of the UPy nanofibrils
melting transition also quantifies the elastic nature of the compatibilized 1/2/3 blend. At room
temperature (Figure AI-S5, 25 °C), the 1/2/3 blend exhibits a near plateau elastic modulus, with
the classically “U” shaped viscous response spanning the 10-1 to 102 Hz frequency range.'
Notably, this behavior is absent above the UPy melting transition (Figure AI-S5, 60 °C) where
the system is no longer actively cross-linked. The response of the 2/3 blend at both temperatures
is also included for comparison. Given the apparent thermoreversible nature of UPy nanofibril
melting and formation, these low molecular weight supramolecular polymer blends would be

highly amenable to classic melt processing techniques.

A1.4 CONCLUSIONS

In conclusion, we have introduced a supramolecular polymer blend that consists of two
different supramolecular motifs that form separate phase segregated nanorods in an orthogonal
fashion. The addition of only a small amount (15 mol %) of a supramolecular compatibilizer (a,
w-functionalized telechelic containing both supramolecular motifs) leads to a polymer exhibit-
ing elastomeric properties. We have shown that a significant enhancement of material proper-
ties is obtained by cross-linking a relatively small part of the nanorods in a supramolecular
fashion. Our future work is focused on quantitative measurements of the material properties of

these supramolecular polymer blends

Al.5 SUPPORTING INFORMATION AVAILABLE

Experimental details, characterization of 1-3 using VT-IR, DSC, rheology measurements, and

additional UV and CD spectra.
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APPENDIX II

SUPPLEMENTARY INFORMATION

The contents of this dissertation Appendix have been adapted from the supporting information

contained in the following publications:

Chapter 3 — Scalfani, V. E; Bailey, T. S. Thermally Stable Photocuring Chemistry for Selective
Morphological Trapping in Block Copolymer Melt Systems. Chem. Mater. 2010, 22, 5992-6000.

Chapter 4 — Scalfani, V. E; Bailey, T. S. Access to Nanostructured Hydrogel Networks Through
Photocured Body-Centered Cubic Block Copolymer Melts. Macromolecules 2011, 44, 6557-
6567.

Chapter 7 — Wiesenauer, E. F; Edwards, J. P; Scalfani, V. E; Bailey, T. S.; Gin, D. L. Synthesis
and Ordered Phase Separation of Imidazolium-Based Alkyl-Ionic Diblock Copolymers Made
via ROMP. Macromolecules 2011, 44, 5075-5078.

Chapter 8 — Scalfani, V. F;; Wiesenauer, E. E; Ekblad, J. R.; Edwards, J. P; Gin, D. L.; Bailey, T.
S. Morphological Phase Behavior of Poly(RTIL) Containing Diblock Copolymer Melts. Macro-
molecules (2012, submitted).

Appendix I — Mes, T; Koenigs, M. M. E.; Scalfani, V. E; Bailey, T.S.; Meijer, E.W.; Palmans, A.
R. A. Network Formation in an Orthogonally Self-Assembling System ACS Macro Lett. 2011,
1, 105.

Note: Heading and subheading labels (i.e. AIL.1, AIL1.1, etc.) were intentionally omitted in
Appendix II to avoid confusion. In addition, all figures and equations are labeled such that they

are related to the designated chapter for clarity (e.g. Figure 3-S1, Figure 3-S2, etc).
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CHAPTER 3 —SUPPLEMENTARY INFORMATION— THERMALLY STABLE
PHOTOCURING CHEMISTRY FOR SELECTIVE MORPHOLOGICAL TRAPPING IN
Brock CoOPOLYMER MELT SYSTEMS

2 ePl, -PEO-1.25
6

% ePl_ -PEO-1
0 .‘(((((«(((««(((«(o

O

«
T T T QTR i il <

% ¢
1«
Ry R e AT N S

o,

Modulus( ® )(G') ( © )(G")(Pa)

o ePl_ _-PEO
7.3
(@,
S
Ty el S
QOO .«“‘«‘«‘(((((6

S SRS E L AL AL R L
40 60 80 100 120 140 160 180 200
T(°C)

Figure 3-S1. Dynamic temperature ramps for eP_,-PEO samples with differing IPDPST content (0
mol%, 1.0 mol%, 1.25 mol%, relative to PI repeat units). All samples progress through the same series of
morphologies: crysalline lamellar (L), hexagonally packed cylinders (C), and gyroid (G). Samples were
not disordered as the IPDPST becomes thermal unstable at about 200 °C. Increasing IPDPST content
leaves the qualitative phase behavior intact, but shifts the transitions to the gyroid phase to higher tem-
peratures. The initial transition from L_ to C is correlated to the melting of PEO crystallites and is
unaffeted by IPDPST content.
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Figure 3-S2. Differential scanning calorimetry (DSC) of the neat IPDPST (left), ePI, . . -PEO, and ePI -
PEO-1 (right). Neat IPDPST exhibits a melting transition at 158 °C which is no longer present when
blended with the ePI . ~PEO. Notably, the PEO melting transition in ePI, _ ~PEO is still present in the
blend with IPDPST. Small shifts in the position of the melting transition cannot rule out the presence of
the IPDPST in the PEO domains, but the rapid curing kinetics suggest its location is sufficient to activate

curing in the ePI domains.
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CHAPTER 4 —SUPPLEMENTARY INFORMATION— ACCESS TO
NANOSTRUCTURED HYDROGEL NETWORKS THROUGH PHOTOCURED BoDY-
CENTERED CuBIC BLock COPOLYMER MELTS

PB-PEO-11.5

IIIIIIII| IIIIIL|_|,| L1
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Figure 4-S1. SAXS data for PB-PEO-11.5 along a complete heating and cooling (designated with
primes) thermal cycle. Morphologies observed during heating include a distorted lamellae-like crystal-
line phase (L_), an initial melt phase consisting of a transition between the original distorted lamellar-
like morphology and a liquid-like packing of spherical domains, and finally a pure S,_. phase. Upon
cooling, a mixed (L_+S,.) phase is present before complete adoption of the L. phase. Inverted triangles
represent the location of the allowed reflections for the designated morphology, based on the position

of the primary scattering wave vector q*=q,, (absent for S, ): (L) q/q* at V1, V4, V9, etc; (Syec) a/q* at
V2, V4, V6, V8, V10, V12, V14, V16, V18, etc.

BCC)
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Figure 4-52. SAXS data for ePB; ~-PEO-11.5 along a complete heating and cooling (designated with
primes) thermal cycle. Morphologies observed during heating include a distorted lamellae-like crystal-
line phase (L_), an initial melt phase consisting of a transition between the original distorted lamellar-
like morphology and a liquid-like packing of spherical domains, and finally a pure S, phase. Upon
cooling, a mixed (L_+S..) phase is present before complete adoption of the L. phase. Inverted triangles
represent the location of the allowed reflections for the designated morphology, based on the position of
the primary scattering wave vector q*=q, , (absent for S, ): (L) q/q* at V1,V4,V9, etc; (S, ) /q* at V2,
V4, V6, V8,10, V12, V14, V16, V18, etc.
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Figure 4-S3. Annealing experiment with ePB
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-PEO-11.5-0.5 at 80 °C results in highly ordered

spheres after several hours. Alternatively, one can choose to heat above the phase transition as observed
in the rheology around 110 °C (see main text) to obtain highly ordered spheres.
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Figure 4-84. FT-IR Data comparing ePB,, -PEO-11.5 and PB-PEO-11.5. The epoxide groups display
IR signals in the same regions as PEO, as documented in the following references (ePB: De Risi, E. R;
D’ilario L.; Martinelli, A. . Polym. Sci.:Part A Polym. Chem. 2004, 42, 3082-3090; PEO: Dissanayake,
M. A. K. L.; Frech, R. Macromolecules 1995, 28, (15), 5312-5319.), and as shown in the above overlay.
The large quantity of PEO in the system overwhelms the contributions to the FT-IR signals from both
the new PEO (cross-links) and residual unreacted epoxide groups, prohibiting accurate analysis of the
progression of the cross-linking reaction in these systems.
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CHAPTER 7 —SUPPLEMENTARY INFORMATION— SYNTHESIS AND ORDERED
PHASE SEPARATION OF IMIDAZOLIUM-BASED ALKYL-IoONIC DIBLOCK
COPOLYMERS MADE viaA ROMP

Materials and General Procedures

1-Bromohexane, 1-dodecanol, 5-norbornene-2-carboxylic acid, ethyl vinyl ether, and oxalyl
dichloride were purchased from the Sigma Aldrich Co., and used as received. Dicyclopenta-
diene and 1-vinylimidazole were purchased from TCI America, and used as received. Lithium
bis(trifluoromethylsulfonyl)amide (LiTfN) was purchased as Fluorad™ Lithium Trifluoro-
methane Sulfonimide from the 3M Company. All solvents were purchased from Sigma Aldrich
or Mallinckrodt, Inc., and purified/dehydrated via N -pressurized activated alumina columns,
and de-gassed. Additionally, the CH,Cl, used as the solvent in ring-opening metathesis po-
lymerization (ROMP) reactions was purified by re-filtering over activated alumina prior to de-
gassing. The H O used for synthesis was purified and deionized, with resistivity greater than 12
MQ cm™. All chemical syntheses were carried out in a dry argon atmosphere using standard
Schlenk line techniques, unless otherwise noted. Silica gel purification was performed using

230-400 mesh, normal-phase silica gel purchased from Sorbent Technologies.
Instrumentation

'H and "C NMR spectra were obtained using a Bruker 300 Ultrashield™ (300 MHz for
'H) spectrometer. Chemical shifts are reported in ppm relative to residual non-deuterated
solvent. Fourier-transform infrared spectroscopy (FT-IR) measurements were performed
using a Matteson Satellite series spectrometer (neat, thin film samples on Ge crystals). HRMS
(ES) analysis was performed by the Central Analytical Facility in the Dept. of Chemistry
and Biochemistry at the University of Colorado, Boulder. Differential scanning calorimetry
(DSC) measurements were performed using a Mettler Toledo DSC823¢ and a Julabo FT100
Intracooler. Gel permeation chromatography (GPC) spectra were collected using a Viscotek
GPC-Max chromatography system outfitted with three 7.5 x 340 mm Polypore™ (Polymer

Laboratories) columns in series, a Viscotek differential refractive index (RI) detector, and an
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Alltech column oven (mobile phase THEF, 40 °C, 1 mL min™). Molecular weight data obtained
on this GPC system were referenced to polystyrene molecular weight standards. NMR diffusion
ordered spectroscopy (DOSY) experiments were performed using a Varian Inova-400 NMR
spectrometer. Small-angle X-ray scattering (SAXS) data was collected using a Rigaku S-Max
3000 High Brilliance three-pinhole SAXS system outfitted with a MicroMax-007HFM rotating
anode (CuKa), Confocal Max-Flux Optic, Gabriel multi-wire area detector, and a Linkam
thermal stage. Polymer samples were sandwiched between Kapton discs. Exposure times for
samples were typically on the order of 600-1200 s. Rheological experiments were run using a
TA Instruments Advanced Rheometric Expansion System (ARES) rheometer. Samples were
roughly formed as discs and then positioned between two parallel plates (8 mm diameter). The
gap was reduced and adjusted to ensure even distribution of the sample. Gaps were ~0.5 mm.
Dynamic temperature ramp tests were performed while heating and cooling at 1 °C min™ at an

angular frequency of 1 rad s™ and a strain of 1% (linear viscoelastic regime).
Bicyclo[2.2.1]hept-5-ene-2-carboxylic acid dodecyl ester (endo:exo 80:20) (2)

5-Norbornene-2-carboxylic acid (5.01 g, 0.0366 mol, predominantly endo) and DMF (2 mL)
were stirred in CH,Cl, (100 mL). Oxalyl dichloride (6.9 g, 0.055 mol) was added dropwise to
the mixture at 0 °C, and the reaction mixture was stirred at room temperature for 18 h. The
reaction mixture was then concentrated in vacuo (35 °C, 100 mtorr) before the addition of THF
(70 mL), triethylamine (5 mL) and 1-dodecanol (6.6803 g, 0.035850 mol) at room temperature.
After stirring for 24 h, the reaction mixture was then dried with anhydrous MgSO,, filtered,
and concentrated in vacuo (20 °C, 100 mtorr). The crude product was purified by silica gel
column chromatography using a 75/25 hexanes/ethyl acetate (v/v) solution as the eluent. The
final product was concentrated from the eluate in vacuo as a yellow oil (8.645 g, 78%). '"H NMR
(300 MHz, CDCL): § 6.36-5.76 (m, 2H), 4.26-3.81 (m, 2H), 3.40-2.12 (m, 3H), 2.10-1.77 (m,
1H), 1.77-0.70 (m, 26H). *C NMR (75 MHz, CDCL): § 176.3, 174.8, 138.0, 137.7, 135.8, 132.4,

64.6, 64.3,49.6, 46.6, 46.4,45.7,43.4,43.2,42.5, 41.6, 31.9, 30.3, 29.6, 29.6, 29.5, 29.3, 29.2, 29.1,
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28.7,25.9,22.7, 14.1. IR (neat): 3064.1, 2952.9, 2929.6, 2854.4, 1735.6, 1467.6, 1384.5, 1334.9,

1272.2,1184.8 cm™. HRMS (ES) calcd. for C_ H, O_Na (M Na*): 329.2451; observed: 329.2440.

200734 72

1-Bicyclo[2.2.1]hept-5-en-2-ylmethyl-1H-imidazole (endo:exo 80:20) (4)

1-Allylimidazole (12.4 g, 0.115 mol) and dicyclopentadiene (3.79 g, 0.0287 mol) were stirred
neat at 172 °C for 24 h. Excess 1-vinylimidazole was removed from the reaction mixture via
vacuum distillation (100 mtorr, 40 °C). The remaining distillant was loaded onto a silica gel
separation column, rinsed with hexanes (400 mL), and eluted with 10:4:0.8 (v/v/v) mixture of
acetone/CH,Cl,/MeOH. After removal of the solvent in vacuo, pure 4 was isolated as a brown
oil (8.47 g, 85%). 'H NMR (300 MHz, CDCL): §7.45 (d, ] = 15.5, 1H), 7.17-6.97 (m, 1H), 6.92
(dt, J = 5.4, 1.2, 1H), 6.35-5.93 (m, 2H), 3.78 (dddd, J = 33.8, 22.9, 13.8, 8.1, 2H), 2.99-2.20 (m,
3H), 1.89 (ddd, J = 11.8, 9.2, 3.8, 1H), 1.59-1.07 (m, 2H), 0.63 (ddd, J = 11.8, 4.4, 2.6, 1H). *C
NMR (75 MHz, CDCl,): 6 138.5, 137.2, 137.1, 137.0, 136.0, 131.6, 129.4, 129.3, 118.9, 118.8,
52.2, 50.9, 49.5, 44.8, 44.1, 44.1, 42.4, 41.8, 40.4, 40.6, 31.0, 30.1. IR (neat): 3131.6, 3105.4,
3057.4, 2960.0, 2940.4, 2868.5, 1648.2, 1568.8, 1505.4, 1448.4, 1394.1 cm™ HRMS (ES) calcd.

for C, H N Na (M Na*): 197.1049; observed: 197.1053.

3-Bicyclo[2.2.1]hept-5-en-2-ylmethyl-1-hexyl-3H-imidazolium-bis(trifluoromethylsulfon-yl)

amide (endo:exo 80:20) (3)

Compound 4 (2.00 g, 0.0115 mol) and 1-bromohexane (3.79 g, 0.0230 mol) were stirred in
acetonitrile at reflux for 18 h. Upon cooling, the reaction mixture was concentrated to form a
yellow viscous oil and washed with Et,O (3 x 100 mL). The resulting oil was then dissolved in
H,0 (100 mL), LiTf.N (3.63 g, 0.0127 mol) was added, and the mixture stirred at room temper-
ature for 12 h. A yellow oil was then extracted from this aqueous mixture with CH,Cl, (3 x 50
mL). The CH,Cl, layer was then washed with H O (3 x 150 mL), dried with anhydrous MgSO,,
filtered, and concentrated to give monomer 3 as a yellow oil (yield: 5.33 g, 83%). 'H NMR (300
MHz, CDCL): & 8.83 (d, J = 23.9, 1H), 7.36 (ddd, ] = 7.2, 4.0, 1.9, 2H), 6.47-5.87 (m, 2H),

4.46-3.73 (m, 4H), 3.07-2.42 (m, 3H), 2.09-1.72 (m, 3H), 1.61-0.52 (m, 11H). *C NMR (75

198



MHz, CDCL): 8 139.3, 137.5, 135.6, 135.4, 135.2, 130.8, 126.1, 122.4, 122.4, 122.3,122.2, 121.8,
117.6, 113.3, 54.8, 54.0, 50.1, 49.5, 44.9, 4.1, 42.4, 41.8, 39.8, 30.9, 30.6, 30.1, 29.8, 25.7, 22.3,
13.8. IR (neat): 3147.47, 3114.20, 3089.90, 2960.89, 2937.45, 2872.85, 1563.32, 1456.09, 1348.19,
1331.51, 1225.74, 1183.60, 1135.87, 1054.68 cmm™'. HRMS (ES) calcd. for C ;H, F.N,O,S, (M

M* Tf,N"): 798.3516; observed: 798.3498.

General Procedure for ROMP of Monomers 2 and 3 to Form Diblock Copolymers

Cz 02020|2 Ci
_— >
éb“”] OH  DMF, CHCly TEA, THF O’W\

Scheme 7-S1. Synthesis scheme for hydrophobic alkyl-functionalized norbonene monomer 2.
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Scheme 7-S2. Synthesis scheme for imidazolium-functionalized norbonene monomer 3.

A flame-dried Schlenk flask was charged with the desired amount of Grubbs 1*-generation
catalyst and a stirbar under argon. The appropriate amount of CH,Cl, was then added to
the Schlenk flask to form a catalyst solution with the desired concentration. The appropriate
amount of the first monomer (2) was then added to the catalyst solution from a dry, degassed
stock solution (CH,Cl, solvent) via syringe under argon atmosphere. Upon consumption of all
of the monomer (as verified by '"H NMR analysis) to form the first copolymer block, the second
monomer (3) was added from a dry, degassed stock solution (CH,Cl, solvent) via syringe. Upon

complete consumption of monomer 3 (as verified by '"H NMR analysis), the ROMP diblock
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copolymerization mixture was quenched with excess of ethyl vinyl ether. The resulting diblock
copolymer was then isolated by removal of the solvent in vacuo. NMR analysis of polymers
la—c confirmed the absence of any residual monomers.

Procedure for Sequential ROMP of Monomers 2 and 3 to Form Diblock Copolymer 1a

Grubbs'

1st Gen. ij)\
AR Catalyst W““L” n ﬁb Ro 3 W Ry: «07
m
CHzC'z T CH,Cl, ROMP Ry: &SN
2 ROMP Ry = Ri = NN

THN

1la:m=25,n=23 Grubbs' cl. PCy, Ph
1b:m=30,n=20 IstGen. . “Ru=~
1c:m=35n=15 Catalyst : ~' PCy,

Scheme 7-S3. ROMP polymerization of diblock copolymers 1a, 1b, and 1c.

Under argon atmosphere, Grubbs’ 1*-generation catalyst (16.4 mg, 0.0199 mmol) was dissolved
in dry, degassed CH,Cl, (0.75 mL). Monomer 2 (7.65 g, 24.9 mmol) was diluted to a total
volume of 25 mL with dry, gas-free CH,Cl,. From this monomer solution, 0.49 mL (0.49 mmol)
was added to the catalyst solution, and the reaction mixture stirred at room temperature until
the polymerization of 2 was complete (3 h). Monomer 3 (13.5 g, 25.1 mmol) was diluted to a
total volume of 25 mL with dry, gas-free CH,Cl,. From this monomer solution, monomer 3
(0.49 mL, 0.49 mmol) was then added to the living ROMP polymerization mixture containing
polymerized 2, and the reaction stirred at room temperature for 12 h. The ROMP copolymer-
ization mixture was then quenched by addition of excess ethyl vinyl ether (1 mL). The resulting
diblock copolymer 1a was isolated by removal of the solvent and other volatile compounds in
vacuo at ambient temperature for 24 h (0.435 g, 99%). 'H NMR (300 MHz, CDCIl,) 6 8.50-8.75
(brs, imidazolium C2), 7.47-7.27 (br s, imidazolium C4 and C5), 5.27-5.52 (b, -C(H)=C(H)-),
3.75-4.45 (b, -COO-CH -, -C(H),-N-CH-N-C(H),-(CH,),CH,), 2.35-3.15 (br m, —imid-

azolium-(CH,),-CH,), 1.50-2.25 (b, -COO-(CH,), -CH,), 0.95-1.45 (br m, -COO-CH,-
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(CH,),,~CH,), 0.72-0.90 (br m, -imidazolium-CH,-(CH,),~CH,). *C NMR (75 MHz, CDCI,)
8 121.9, 117.7, 76.6, 31.9, 30.8, 29.5, 28.7, 26.1, 25.6, 22.7, 22.2, 14.1, 13.7. Block repeat unit
molar ratio = 1:0.90 (alkyl: imidazolium); block length composition = 25-b-23; estimated M_
= 20,100 g mol™ (calculated based on 'H NMR repeat unit integrals, monomer-to-catalyst ratio
for a living polymerization, and repeat unit molecular weights. See following sections for details

on how the copolymer block composition, block lengths, and M_ were determined).
Procedure for Sequential ROMP of Monomers 2 and 3 to Form Diblock Copolymer 1b

Under argon atmosphere, Grubbs’ 1*-generation catalyst (22.3 mg, 0.0271 mmol) was dissolved
in dry, gas-free CH,CL, (2.0 mL). Monomer 2 (3.07 g, 10.0 mmol) was diluted to a total volume
of 10 mL with dry, gas-free CH,Cl,. From this monomer solution, monomer 2 (0.81 mL, 0.81
mmol) was added to the catalyst solution, and the reaction was mixture stirred at room tem-
perature until the polymerization of 2 was complete as determined by '"H NMR analysis (5
h). Monomer 3 (5.38 g, 9.98 mmol) was then diluted to a total volume of 10 mL with dry,
gas—free CH,CL. From this monomer solution, monomer 3 (0.54 mL, 0.54 mmol) was then
added to the living ROMP reaction mixture containing polymerized 2, and the reaction
mixture stirred at room temperature for 12 h. The ROMP copolymerization reaction was
then quenched by adding ethyl vinyl ether (1 mL). The resulting diblock copolymer 1b was
isolated by removal of the solvent and other volatile compounds in vacuo at ambient tempera-
ture for 24 h (0.561 g, 99%). 'H NMR (300 MHz, CDCI,) 6 8.50-8.75 (br s, imidazolium C2),
7.47-7.27 (br s, imidazolium C4 and C5), 5.27-5.52 (b, -C(H)=C(H)-), 3.75-4.45 (b, -COO-
CH,-, -C(H),-N-CH-N-C(H),-(CH,),CH,), 2.35-3.15 (br m, -imidazolium-(CH,),-CH,),
1.50-2.25 (b, -COO-(CH,), ~CH.), 0.95-1.45 (br m, -COO-CH,~(CH,) ,~CH,), 0.72-0.90
(br m, —imidazolium-CH,-(CH,),-CH,). *C NMR (75 MHz, CDCl,) 6 121.9, 117.7, 76.6, 31.9,
30.8, 29.5, 28.7, 26.1, 25.6, 22.7, 22.2, 14.1, 13.7. Block repeat unit molar ratio = 1:0.66 (alkyl:
imidazolium); block length composition = 30-b-20; estimated M_ = 20,000 g mol™" (calculated

based on 'H NMR repeat unit integrals, monomer-to-catalyst ratio for a living polymerization,
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and repeat unit molecular weights. See following sections for details on how the copolymer

block composition, block lengths, and M were determined).
Procedure for Sequential ROMP of Monomers 2 and 3 to Form Diblock Copolymer 1¢

Under argon atmosphere, Grubbs’ 1*-generation catalyst (18.6 mg, 0.0226 mmol) was dissolved
in dry, degassed CH,Cl, (2.0 mL). Monomer 2 (3.07 g, 10.0 mmol) was diluted to a total volume
of 10 mL with dry, gas-free CH,Cl,. From this monomer solution, monomer 2 (0.79 mL, 0.79
mmol) was added to the catalyst solution, and the reaction mixture was stirred at room tem-
perature until the polymerization of 2 was complete as determined by '"H NMR analysis (5 h).
Monomer 3 (5.38 g, 9.98 mmol) was then diluted to a total volume of 10 mL with dry, gas-free
CH,CL,. From this monomer solution, monomer 3 (0.34 mL, 0.34 mmol) was added to the
living ROMP polymerization mixture containing polymerized 2, and the reaction stirred at
room temperature until the polymerization of 3 was complete by '"H NMR analysis (12 h). The
ROMP copolymerization reaction was then quenched by addition of ethyl vinyl ether (1 mL).
The resulting diblock copolymer 1c was isolated by removal of the solvent and other volatile
compounds in vacuo at ambient temperature for 24 h (0.431 g, 98%). 'H NMR (300 MHz, CDCl,)
d 8.50-8.75 (br s, imidazolium C2), 7.47-7.27 (br s, imidazolium C4 and C5), 5.27-5.52 (b,
~C(H)=C(H)-), 3.75-4.45 (b, -COO-CH,-, ~C(H),-N-CH-N-C(H) ~(CH,) CH,), 2.35-3.15
(br m, —imidazolium-(CH,),-CH,), 1.50-2.25 (b, -COO-(CH,),,-CH,), 0.95-1.45 (br m, -
COO-CH,-(CH,) ,-CH,), 0.72-0.90 (br m, —-imidazolium-CH,-(CH,),-CH,). "C NMR (75
MHz, CDCI,) 8 121.9, 117.7, 76.6, 31.9, 30.8, 29.5, 28.7, 26.1, 25.6, 22.7, 22.2, 14.1, 13.7. Block
repeat unit length molar ratio = 1: 0.42; block length composition = 35-b-15; estimated M_ =
18,800 g mol™ (calculated based "H NMR repeat unit integrals, monomer-to-catalyst ratio for
a living polymerization, and repeat unit molecular weight. See following sections for details on
how the copolymer block composition, block lengths, and M_ were determined). Note on the
use of solvents for NMR analysis of the BCPs: Even though the BCPs show foaming behavior in

CDClI, when agitated, we were able to use CDCI, as NMR solvent because we used lower BCP
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loading levels, minimized the amount of solution agitation, and allowed the CDCI, solutions to

settle and reach a non-foaming steady state before NMR analysis.
Determination of BCP Composition and Molecular Weights

Conventional methods used to experimentally and directly determine the molecular weights
values of 1a-c (e.g., GPC, NMR end-group analysis, matrix-assisted laser desorption ionization
time-of-flight mass spectrometry, and dynamic light scattering) were attempted, but all yielded
inconclusive results. These difficulties were largely associated with the very different physical
properties of these highly charged macromolecules (e.g., solubility) compared to typical non-
charged polymers.'* Consequently, the block composition ratios, overall lengths, and estimated
M_ values of BCPs la-c were determined via a combination of '"H NMR-based repeat unit/
block length composition analysis and confirmation of living polymerization behavior with
predictable molecular weight control for both monomers, as described below:

Block composition ratios (Alkyl: imidizolium) were determined to compare the block
length of the hydrophobic (alkyl) block to the block length of the imidazolium (ionic) block
via '"H NMR analysis. The signals for the unstrained backbone protons for both blocks overlap
to create a broad peak between 5.00-5.75 ppm (signal C in Figures 7-S1-S3). The signals for
the protons adjacent to the ester linker of the hydrophobic block (made by ROMP of monomer
2) and the protons adjacent to the imidazolium ring of the ionic block (made by ROMP of
monomer 3) appear as a broad peak between 3.75-4.50 ppm (signal D in Figures 7-S1-S3).
There are 2 unstrained backbone protons per repeat unit for the hydrophobic block (m) and 2
unstrained backbone protons per repeat unit for the ionic block (n) (see Equation 7-S1). There
are 2 methylene protons adjacent to the ester linker per repeat unit for the hydrophobic block
(m) and 4 methylene protons adjacent to the imidazolium ring per repeat unit for the ionic

block (n) (see Equation 7-S2).

Zm+2n= C1H NMR Integration Equation 7-S81
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2m+4n=D

1H NMR Integration Equation 7-S2

Using the two equations to solve for the two unknowns, m and n, the alkyl: imidazolium block

composition ratios (m, n) can be quantified for each BCP sample 1a, 1b, and 1c¢, as shown

below:

Block Composition Ratio for BCP 1a (Figure 7-S1):

2m+2n=4.07
2m+4n =6.00
m=1.0,n=0.90

Block Composition Ratio for BCP 1b (Figure 7-S2):
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Figure 7-S1. An example "H NMR spectrum of BCP 1a, and the 'H NMR peak assignments used for
calculating the alkyl: imidazolium block composition (i.e., repeat unit) ratio in 1a.
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Figure 7-S2. An example '"H NMR spectrum of BCP 1b, and the '"H NMR peak assignments used for
calculating the alkyl:imidazolium block composition (i.e., repeat unit) ratio in 1b.
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Block Composition Ratio for BCP 1c (Figure 7-S3):

2m+2n=4.63
2m+4n=6.00

m =1.0, n=0.42
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Figure 7-S3. An example '"H NMR spectrum of BCP 1¢, and the "H NMR peak assignments used for
calculating the alkyl:imidazolium block composition (i.e., repeat unit) ratio in 1c.

Ver ification of living character with molecular weight control.

Systematic ROMP homopolymerizations of hydrophobic monomer 2 and imidazolium
monomer 3 were used to help verify the linear molecular weight control and low PDI nature of

these polymerization systems, in order to prepare the compositions and lengths of BCPs 1la—c.
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ROMP experiments with monomer 2 showed that increasing the monomer-to-catalyst
ratio increases the (absolute) molecular weight of poly(2) samples in a linear fashion by 'H
NMR end-group analysis, indicative of a living polymerization with predictable molecular
weight control. As can be seen in Figure S4, five samples of poly(2) (5a-e) were synthesized by
polymerizing 2 with varying mole ratios of Grubbs’ 1*~generation catalyst (Scheme 7-S4). The
absolute number-average molecular weight (M ) values of these model homopolymers were
directly determined with '"H NMR spectroscopy by integrating the distinct unstrained alkene
backbone protons in the repeat units and comparing to those of the five phenyl endgroup
protons from the catalyst initiation step. A linear relationship was observed between monomer-
to—catalyst molar ratio used in the ROMP reactions and the absolute M_values of the poly(2)

samples formed (Figure 7-54).

Grubbs' /:4(
1st Gen.

Catalyst
CH2C|2 5a: X = 6
10 5b:x =10
10 5c:x=12
5d:x=15
5e: x =50
2 5

Scheme 7-S4. Hydrophobic poly(2) oligomers used for absolute M_ determination via 'H NMR
endgroup analysis in order to confirm living polymerization behavior.

In order to help verify the living character of the monomer 2 ROMP system with Grubbs’ 1*
generation catalyst, GPC analysis to obtain PDI information (THF solvent, polystyrene standards)
of poly(2) prior to the addition of monomer 3 during sequential polymerizations yielded low PDI

values (1.15-1.17) (Table 7-S1). This is also consistent with living polymerization behavior.
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Figure 7-$4. Linear relationship between monomer-to-catalyst molar ratio used and absolute M from
'"H NMR endgroup analysis for various poly(2) oligomers. Note: this NMR-based polymer molecular
weight data does not provide PDI information.

Table 7-S1. Relative M_and M GPC Data (vs. Polystyrene Standards) and PDI Values for confirming
the living ROMP of monomer 2.

Poly(2) ROMP Mon 2: Cat Ratio ~ Relative M_ vs. PS  Relative M vs. PS PDI
Experiment stds® (g/mol) stds® (g/mol)

1 (precursor to la) 25:1 14 500 16 800 1.16

2 (precursor to 1b) 30:1 15 800 18 400 1.17

3 (precursor to 1c) 35:1 21 000 24 000 1.15

“The raw M_and M_ values obtained by GPC vs. PS stds are different than the expected absolute M_and
M, values based on repeat unit molecular weights because Poly(2) is different than PS in solution.

Analogous experiments to verify the living ROMP character of monomer 3 with the
Grubbs’ 1*'-generation catalyst were also performed. Unfortunately, the ionic poly(3) samples
(like the BCPs) had sufficiently different solubility properties from conventional non-charged
polymers'? such that GPC analysis was inconclusive and did not yield any definitive PDI results.
However, similar '"H NMR end-group molecular weight analysis of model oligomers of poly(3)
formed using varying monomer-to-catalyst ratios (6a-d) showed linearly increasing M_values,
again consistent with a living polymerization process (see Scheme 7-S5 and Figure 7-S5). This
trend, coupled with the fact that a large number of norbornene-based monomers (including
those with ionic substituents) are known to exhibit living ROMP behavior with Grubbs-type

olefin metathesis catalysts,' suggests that the ROMP of 3 is living as well.
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Scheme 7-S5. Imidazolium poly(3) oligomers used for absolute M_determination via 'H NMR endgroup
analysis in order to confirm living polymerization behavior.
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Figure 7-S5. Linear relationship between monomer-to-catalyst molar ratio used and absolute M_
from '"H NMR endgroup analysis for various and poly(3) oligomers.

It is important to note that while the end-group protons (used to determine absolute M ) for
poly(3) homopolymers were distinct and separate from the imidazolium crown protons on 'H
NMR, end-group analysis could not be performed on the BCPs. This is because the formation
of each BCP alters the chemical shift of the imidazolium crown protons such that they shift to

overlap the end-group protons.
Calculating Block Length Composition

Based on the observed living characteristics for the ROMP of monomers 2 and 3 by the Grubbs
I*'-generation catalyst, the block length compositions for the BCPs 1a-c were calculated using

the monomer-to-catalyst loading ratios (with complete monomer consumption as per a living po-
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lymerization), and the observed block composition (i.e., repeat unit) ratios for each BCP via 'H
NMR analysis (see Equation 7-S3). The blocky polymer architecture and connectivity of la-c are

discussed and substantiated by the data presented in the main manuscript.

[(Mon : Cat loading ratio)(m )]1-b—[(Mon : Cat loading ratio)(n )] Equation 7-3

block ratio block ratio

Block Length Composition for BCP 1a:

[(25)(1.0) |-b-[(25)(0.90) | =25-b-23
Block Length Composition for BCP 1b:

[(30)(1.0) |-b~[(30)(0.66) | =30—b-20

Block Length Composition for BCP 1c:

[(35)(1.0) |-b-[(35)(0.42) | =35-b-15

Calculating BCP Molecular Weight

As mentioned previously, conventional methods used to directly determine the molecular
weights of BCPs 1a-c (e.g., GPC, endgroup analysis, matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry, and dynamic light scattering) were attempted, but all
yielded inconclusive results. Consequently, the M_value for each BCP la-c was estimated by
multiplying the calculated lengths of each block (as described in the preceding sections) with

the molecular weight value of the appropriate repeat unit:

BCP 1a: 25(307g / mol)+23(540 g / mol ) = 20,100 g / mol
BCP 1b: 30(307g / mol)+20(540 g / mol) = 20,000 g / mol
BCP Ic: 35(307g / mol)+15(540 g / mol) = 18,800 g / mol

Differential Scanning Calorimetry (DSC)

DSC studies on BCP 1a revealed the presence of two distinct but broad thermal transitions
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near -28 °C and 7 °C, consistent with crystallization of the n-dodecyl side chains on the
poly(2) segments and the vitrification of the imidazolium blocks, respectively (Figure 7-S6).
In comparison, DSC analysis of the two independent homopolymers showed that poly(2) has
a thermal transition near -35 °C, and that poly(3) has a broad thermal transition at ca. -4 °C
(Figure 7-S6). BCPs 1b and 1c also show thermal transitions similar to BCP 1a, with strong

transitions at ca. —28 °C and weaker transitions at ca. 7 °C.

010 — Heating 5 °C min™

Block Copolymer (1a)

Homopolymer (3)

Wig
|

T ey
40 -30 -20 -10 0 10 20
Temperature (°C)

Figure 7-S6. DSC profiles of BCP 1a and the respective homopolymers of 2 and 3, performed at heating
and cooling rates of 5 °C min™'.

NMR DOSY Studies

NMR DOSY experiments were performed using a Varian Inova-400 NMR spectrometer at
400.157 MHz for 'H observation in CD,Cl, at 10 mg/mL. Gradients were calibrated to pure H,O
at 25.0 °C such that D, = 29.9 x 107° m?s". Specific parameters were chosen as optimum to

achieve nearly complete decay, and NMR diffusion data were processed using local covariance

order DOSY (LOCODOSY).2
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BCP 1a. The total gradient time (§) used was 2.5 ms, the diffusion delay (A) was 90 ms, and 90°

pulse-width (pw90) was 14.75 ms.

Physical Blend of (poly(2) + poly(3)). The total gradient time (8) used was 2.0 ms, the diffusion

delay (A) was 40 ms, and 90° pulse-width (pw90) was 13.8 ms.
Rheology

Measured dynamic elastic and loss moduli measured for BCPs la-c were consistent with
ordered block copolymer melts, with the general behavior typical of that observed for lamellar
structured systems. Figure 7-S7 depicts the temperature dependence of those moduli for
sample 1c, as an example. Increased noise at higher temperatures is associated with instrument
torque limitations prevalent when using the small sample (8mm diameter) parallel plate tool

configuration.

BCP (1c)

1 IIIIII|

IIIIIII| 1

Modulus

10°-
_IllllllllllllllIIII|III|II[|III|]II|I

20 40 60 80 100 120 140 160 180 200

Temperature ( °C)

Figure 7-S7. Dynamic temperature ramp experiment data for 1c performed while heating at 1 °C min™
at an angular frequency of 1 rad s and a strain of 1%.
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Preparation and Purification of Higher Length Homologues of BCPs 1a—c.

It is possible to prepare longer homologues of BCP platform 1 (e.g., 150-250 total repeat units)
using the above procedures; however, with longer overall chain lengths, residual monomer has
been observed in the resulting BCPs (2.5-9 mol%), thereby compromising sample purity. This

residual monomer is very difficult to completely remove due to solubility complications and the

ionic nature of the BCPs and monomer 3.
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CHAPTER 8 —SUPPLEMENTARY INFORMATION— MORPHOLOGICAL PHASE
BEHAVIOR OF POLY(RTIL) CONTAINING DIBLOCK COPOLYMER MELTS

Table 8-S1. Summary of Poly(RTIL)-Based Diblock Copolymer Samples.

Lab Notebook  Published m:n M, pory Mooy WEPR pop, foon Morphological

Sample Name Name Behavior
II1-064 1A 485:14 14 900 800 0.95 0.96 LLP > Dis
III-065 1B 47.0:3.8 14 400 2000 0.88 0.89 LLP
I11-066 1C 45.0:5.6 13 800 3000 0.82 0.84 LLP>S, .
1I1-067 1D 43.5:6.9 13 400 3700 0.78 0.81 LLP > Hex
III-068 1E 42.0:9.5 12 900 5100 0.71, 0.74, LLP > Hex
I1I-069 1F 40.0:9.1 12 300 4900 0.71, 0.74, LLP - Hex
I11-070 1G 38.5:11.3 11800 6100 0.66 0.69 Lam + Hex
II1-091 1H 37.5:12.8 11500 6900 0.63 0.66 Lam + Hex
I11-074 11 36.5:13.9 11200 7500 0.60 0.64 Lam + Hex
I11-092 1] 35.6:14.4 10900 7800 0.58 0.62 Lam
II1-076 1K 30.0:12.8 9200 6900 0.57 0.61 Lam
II1-072 1L 32.0:18.0 9800 9700 0.50 0.54 Lam
III-093 M 7.5:5.0 2300 2650 0.46, 0.50, Lam
I11-037 IN 30.0:20.0 9200 10 800 0.46, 0.50, Lam
II1-075 10 15.0:10.3 4600 5600 0.45 0.49 Lam
III-107 1P 25.0:23.0 7700 12 400 0.38 0.42 Lam
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Thermogravimetric Analysis (TGA)

TGA was performed on BCPs 1A-P in order to determine decomposition temperatures for
each BCP. Decomposition onset temperatures were similar and ranged in value from 341.8 °C

to 353.7 °C, with an average decomposition onset temperature of 347.8 °C.

7 BCP 1E
100

80 —

wt %

60 —

40 —

20 —

I|IIII|IIII|IIIIIIIII|[III|III]|IIII|IIII|IIII|
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 8-S1. Example TGA analysis profile of BCP 1E under N2 (temperature ramp rate: 20 °C min™).

The following pages include:

1) Temperature dependent SAXS data (heating and cooling) for BCPs 1A-1D. Inverted open
triangles represent the locations of allowed reflections for the Hex morphology, based on the
position of the primary scattering wave vector q* = q,,: 9/q* at V1,3, V4,V7,V9,V12, V13 etc,
inverted solid triangles represent the locations of allowed reflections for the Lam morphology,
q* =q,, 9/q* at V1, V4, V9, V16, V25, V36, and inverted triangles with a center vertical line
represent the locations of allowed reflections for the S, .. morphology, based on the position of
the primary scattering wave vector q* = q,, (absent for S .: q/q* at V2, V4, V6, V8, V10, V12,
V14 etc.

2) Dynamic temperature ramps for BCPs 1A-1D at 1 °C min™', 1 rad s™ and a chosen strain

rate within the linear viscoelastic regime (denoted in figure captions).
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Figure 8-S2. Temperature ramps of BCP 1A, fDOD =0.96at1°C min’, 1 rad s'and 30 % strain.
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Figure 8-83. Temperature dependent SAXS data for BCP 1A, f . = 0.96.
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Figure 8-S4. Temperature ramps of BCP 1B, fDOD =0.89 at 1 °C min!, 1 rad s'and 8 % strain.
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Figure 8-S5. Temperature dependent SAXS data for BCP 1B, f | = 0.89.
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Figure 8-S6. Temperature ramps of BCP 1C, fDOD =0.84 at 1 °Cmin}, 1 rad s'and 8 % strain.
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Figure 8-S7. Temperature dependent SAXS data for BCP 1C, f, = 0.84.

221



105? st .
E 1D 17 heating ramp
10° <
= J
& ]
» 103—:
= E
=] =
3 7
[e]
= ) T
10° o
3] o G
il o e
101 ||l|ll|||ll|l||||l||l||||ll||||||l|||I|||ll|
20 40 60 80 100 120 140 160 180 200 220 240
T(°C)
5
10 3 1D cooling ramp
= 3
& _
g 10°
3 E
B3 7
(e}
= ) 7
10 = ° G'
E o G
101 |||||||||I||||||||||||||||||||||||||||||||||
20 40 60 80 100 120 140 160 180 200 220 240
T(°C)

1D 2" heating ramp

-
o
)

1 lllllll]

[

10* 3
E% —
g s
9 10° 5
3 3
B 7
3
= ) 7
10° 5
3] o G
1l - &
10’ RN R RN RN RN R RAR R AR R RN RN AR

20 40 60 80 100 120 140 160 180 200 220 240
T(C)

Figure 8-S8. Temperature ramps of BCP 1D, fDOD =0.81at1°Cmin’, 1rads'and 8 % strain.
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Figure 8-89. Temperature dependent SAXS data for BCP 1D, f, = 0.81.
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Figure 8-S10. Temperature ramps of BCP 1E, fDOD =0.74 at1°C min!, 1 rad s'and 7 % strain.
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Figure 8-S11. Temperature dependent SAXS data for BCP 1E, f = 0.74..
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Figure 8-S12. Temperature ramps of BCP 1F, fDOD =0.74,at1°C min, 1 rad s'and 7 % strain.
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Figure 8-S13. Temperature dependent SAXS data for BCP 1E f | = 0.74,.
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Figure 8-S14. Temperature ramps of BCP 1G, fDOD =0.69 at 1 °C min}, 1 rad s'and 7 % strain.
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Figure 8-S15. Temperature dependent SAXS data for BCP 1G, f, ., = 0.69.
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Figure 8-S16. Temperature ramps of BCP 1H, fDOD =0.66 at 1 °C min™}, 1 rad s'and 8 % strain.
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Figure 8-S17. Temperature dependent SAXS data for BCP 1H, f, = 0.66.
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Figure 8-S18. Temperature ramps of BCP 11, fDOD =0.64at 1 °Cmin, 1 rad s'and 7 % strain.
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Figure 8-S20. Temperature ramps of BCP 1], fDOD =0.62at1°Cmin’, 1rads'and 8 % strain.
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Figure 8-521. Temperature dependent SAXS data for BCP 1], f, ., = 0.62.
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Figure 8-S22. Temperature ramps of BCP 1K, fDOD =0.61at1°Cmin’, 1rads'and 7 % strain.
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Figure 8-523. Temperature dependent SAXS data for BCP 1K, f, = 0.61.
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Figure 8-S24. Temperature ramps of BCP 1L, fDOD =0.54at1°Cmin’, 1rad s'and 6 % strain.
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Figure 8-525. Temperature dependent SAXS data for BCP 1L, f, |~ = 0.54.
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Figure 8-S26. Temperature ramps of BCP 1M, fDOD =0.50, at 1 °Cmin’, 1 rad s'and 2.5 % strain.
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Figure 8-527. Temperature dependent SAXS data for BCP 1M, f = 0.50,.
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Figure 8-S28. Temperature ramps of BCP IN, fDOD =0.50,at 1°C min, 1 rad s'and 7 % strain.
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Figure 8-529. Temperature dependent SAXS data for BCP 1IN, f, = 0.50,.
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Figure 8-S30. Temperature ramps of BCP 10, fDOD =0.49 at 1 °C min’, 1 rad s'and 7 % strain.
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Figure 8-531. Temperature dependent SAXS data for BCP 10, £, = 0.49.
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Figure 8-S32. Temperature ramps of BCP 1P, fDOD =042 at1°Cmin’, 1rads'and 8 % strain.
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Figure 8-533. Temperature dependent SAXS data for BCP 1P, f == 0.42.
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APPENDIX | —SUPPLEMENTARY INFORMATION— NETWORK FORMATION IN
AN ORTHOGONALLY SELF-ASSEMBLING SYSTEM

Materials

3,5-Bis((35)-3,7-dimethyloctylcarbamoyl)benzoic acid (9) was synthesized according to lit-
erature.' 6-((((6-Isopropyl-4-oxo-1,4-dihydro-2-pyrimidinyl)amino)-carbonylamino) hex-
ylcarbamate (10) and 6-((((6-methyl-4-oxo0-1,4-dihydro-2-pyrimidinyl)amino)carbonyl
amino) hexylcarbamate (13) were purchased from SyMO-Chem BV. Kraton mono hydroxy
(Kraton-OH) was purchased from Kraton Polymer Research (L-1203, M = 3500 g/mol, PDI =
1.03). All other reagents were purchased from Aldrich or Acros Organics and used as received
unless otherwise specified. All solvents were purchased from Biosolve. Deuterated solvents
were purchased from Cambridge Isotopes Laboratories. All reactions were run in flame-dried

glassware under an argon atmosphere.
Instrumentation and Methods

CD and UV spectra were recorded on a Jasco J-815 CD spectrometer equipped with a Jasco
PTC-348 WI temperature controller. Experiments were conducted using spectroscopic grade
methylcyclohexane as the solvent. Cells with an optical path length of 0.1 cm or 1.0 cm were
applied (for ~10™* M or ~10°M solutions). The molar ellipticity is calculated as: Ae = CD-effect/
(32980xcxl) where c is the concentration in mol/L and 1 = the optical path length in cm. Films of
1 and 2 were prepared by making solutions of 1 and 2 in chloroform (50 mg/mL, C,, =4 x 10}
M)) and spin-coating a volume of 0.5 mL on 0.40 cm? quartz slides at 800 rpm for two minutes.
The film thickness was determined by introducing scratches on the polymer surfaces, followed
by measuring the difference in height using AFM (by Asylum Research, tapping mode). The
ternary blend of 3/2/1 in a mol ratio of 42.5/42.5/15 was prepared by making a solution of 3
(100 mg) + 2 (100 mg) + 1 (50 mg) in dichloromethane (2 mL). The solvent was slowly evapo-
rated by exposure to air. Subsequently, the polymer blend was annealed at 35 °C in vacuo for 2 h.

Variable temperature CD measurements on the spin-coated films were performed by mounting
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the Linkam THMS 600 heating device into the CD apparatus, which allowed heating up to 250
°C. '"H-NMR and PC-NMR spectra were recorded on a Varian Gemini 400 MHz NMR (400
MHz for "TH-NMR and 100 MHz for »C-NMR). Proton chemical shifts are reported in ppm
downfield from tetramethylsilane (TMS). Carbon chemical shifts are reported downfield from
TMS using the resonance of the deuterated solvent as the internal standard. IR spectra were
recorded on a Perkin Elmer 1600 FT-IR. Variable temperature IR spectra were recorded on
an Excalibur FTS 3000 MX FT-IR from Biorad. POM measurements were performed using
a Jenaval polarisation microscope equipped with a Linkam THMS 600 heating device, with
crossed polarisers. The thermal transitions were determined with DSC using a TA Q2000
under a nitrogen atmosphere with heating and cooling rates of 40 K min™'. GPC measurements
were performed on a Resi Pore column with chloroform as the eluent (flow = 1 mL/min) and
employing a PDA (A = 254 nm) as the detector. The molecular weights were determined using
a polystyrene calibration method.

A thin film of 1 was cast on glass substrates (cleaned by sonicating in chloroform for 15
min and dried for 1 h at 40 °C in vacuo) from dilute solutions in CHCI, (1 mg/ml). The final
film thickness was ca. 500 nm. This value is larger than the intrinsic pattern period observed
in the materials, which ensures that the morphology is not driven by the assembly on the
substrate. The films were annealed at 30 °C in vacuo for 18 h before AFM observation. All the
AFM images were recorded with a Nanoscope IV microscope from Veeco Inc. (Santa Barbara,
California) in the Tapping Mode (25 °C, in air). Microfabricated cantilevers were used with
a resonance frequency of 300 kHz spring constant of 40 Nm™'. The working frequency was
chosen slightly below the resonance frequency to be sure to be in the repulsive regime. The
instrument measured simultaneously height and phase cartography. Images of different areas
of each sample were recorded. For image analysis, the Nanoscope image processing software
was used.

Rheological melt experiments were run on a TA Instruments Advanced Rheometric

Expansion System (ARES) rheometer. Samples were roughly formed as discs (2/3 blend had
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a sticky viscous consistency, while 1/2/3 is rubbery and could be molded by hand) and put
between two parallel plates (8 mm). The gap was adjusted to ensure even distribution of the
sample. Typical gaps were 0.3-0.5 mm. Dynamic temperature ramp tests were performed while
heating and cooling at 1 °C min™" at angular frequency of 1 rad s and a strain of 10% (well
within the linear viscoelastic regime, determined by dynamic strain sweep experiments for each

polymer). Dynamic frequency sweep experiments were performed at a strain of 10 % at 25 °C

and 60 °C.
Synthesis of polymer 1
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a-3-t-Butyldimethylsiloxy-1-propyl-w-hydroxy-polybutadiene (TBDMS-PB-OH) (4) 3-t-
Butyldimethylsiloxy-1-propyllithium (9.37 mL, 0.5 M) was added to a cooled reactor (10 °C)
containing 650 mL of cyclohexane and 1.88 mL THF (5:1 eq THF-Liion). Purified 1,3-butadiene
monomer (15.3 g, 18 h) was then added slowly over a period of 30 min to the reactor at a slight
initial positive pressure of argon (1 psi). During the monomer addition, the temperature of the
reactor was allowed to slowly warm to room temperature. Upon complete monomer addition,
the reactor temperature was raised to 30 °C. A large excess of ethylene oxide (9.5 g, 1 h) was
added to the reactor as an end-capping agent (Note: if the newly formed alkoxide chain-ends
are not quenched within about 1 h, significant deprotection of the TBDMS initiator will occur).
After purging the reactor of excess ethylene oxide, the terminal alkoxide was quenched with wet
methanol (20 mL, 200:1 MeOH-H,0). The protected initiator polymer solution was reduced
in volume by half in vacuo, washed (2x) with 100 mL deionized water, and precipitated from
cold (-20 °C) 4/1 MeOH/EtOH (2.5 L). The product was dissolved in benzene and freeze—dried
in vacuo (25 °C, 48 h). A sticky, clear, viscous liquid was recovered. Yield: 14.9 g, 97%. GPC
(polystyrene standards): M_= 11.4 kg/mol, PDI = 1.03. '"H-NMR (400 MHz, CDCl,, 8): 5.2-5.9
(b, -CH,~CH=CH-CH - and CH =CH-CH-), 4.7-5.1 (b, CH =CH-), 3.5-3.7 (m, 2H, -Si-O-
CH,- and t, 2H, ~CH,-OH), 1.7-2.3 (b, -CH,-CH=CH-CH, - and CH,=CH-CH-), 1.0-1.7
(b, CH,=CH-C(R)H-CH -), 0.8-0.9 (s, 9H (CH,) ~Si(CH,) ~O-), 0 (s, 6H, (CH,) ~Si(CH,) -

0O-). M (calcd. from "H-NMR integrations) = 5403 g mol™. 1,2 content = 57%.

a-3-t-Butyldimethylsiloxy-1-propyl-w-phthalimide-polybutadiene

(TBDMS-PB-Phthalimide) (5). TBDMS-PB-OH (4) (0.5 g, 0.093 mmol) was dissolved in 5
mL THE Then, triphenylphosphine (36 mg, 0.14 mmol) and phthalimide (20 mg, 0.14 mmol)
were added. The solution was cooled with an ice bath. Diisopropyl azodicarboxylate (DIAD)
(28 mg, 0.14 mmol) was dissolved in 2 mL THF and added dropwise to the cooled solution.
The mixture was stirred for 48 h. The resulting clear yellow solution was concentrated and
precipitated twice in methanol. The product was obtained as a viscous, sticky oil in a 95% yield.

'"H-NMR (400 MHz, CDCI,, 6): 7.87 (m, 2H, Ar-H), 7.72 (m, 2H, Ar-H), 5.2-5.9 (b, -CH -
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CH=CH-CH,- and CH =CH-CH-), 4.7-5.1 (b, CH,=CH-), 3.71 (t, 2H, CH,-CH,-N), 3.6 (m,
2H, -Si-O-CH,), 1.7-2.3 (b, -CH,~-CH=CH-CH, - and CH,=CH-CH-), 1.0-1.7 (b, CH,=CH-

C(R)H-CH -), 0.8-0.9 (s, 9H, (CH,),-Si(CH,) ~O-), 0 (s, 6H, (CH,),-Si(CH,) ~O-).

a-3-t-Butyldimethylsiloxy-1-propyl-w-amino-polybutadiene

(TBDMS-PB-NH,) (6). TBDMS-PB-phthalimide (5) (0.45 g, 0.08 mmol) was dissolved in
20 mL THE. After the addition of hydrazine monohydrate (100 mg, 2 mmol), the solution was
stirred under reflux for 48 h. THF was removed in vacuo. Subsequently, 50 mL of chloroform
was added. The organic phase was washed with NaOH (2 x 50 mL) and with brine (50 mL),
respectively. After removal of chloroform in vacuo TBDMS-PB-NH, was obtained as a sticky
oil in a 99% yield. "H-NMR (400 MHz, CDCI,, 6): 5.2-5.9 (b, -CH,-CH=CH-CH,- and
CH,=CH-CH-),4.7-5.1 (b, CH,=CH-), 3.6 (m, 2H, -Si-O-CH, ), 2.65 (t, 2H, CH,-CH,-NH),
1.7-2.3 (b, -CH,~CH=CH-CH,- and CH =CH-CH-), 1.0-1.7 (b, CH,=CH-C(R)H-CH -),

0.8-0.9 (s, 9H, (CH,),-Si(CH,),-0-), 0 (s, 6H, (CH,) -Si(CH,),-O-).

a-3-t-Butyldimethylsiloxy-1-propyl-w-BTA-polybutadiene

(TBDMS-PB-BTA) (7). TBDMS-PB-NH, (0.41 g, 0.076 mmol) and 3,5-bis((35)-3,7-di-
methyloctylcarbamoyl)benzoic acid (9) (40 mg, 0.084 mmol) were dissolved in 10 mL dry
dichloromethane. Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
(PyBOP) (63 mg, 0.12 mmol) and N,N-diisopropylethylamine (DIPEA) (15.5 mg, 0.12 mmol)
were added to the solution. The solution was stirred for 12 h at room temperature. Dichloro-
methane was removed in vacuo. Subsequently, 50 mL of chloroform was added. The originating
precipitates were removed by filtration. The solution was concentrated in vacuo and precipitated
in methanol (three times). The product was obtained as a sticky oil in a 95% yield. "H-NMR
(400 MHz, CDCIL, 8): 8.4 (s, 3H, Ar-H), 6.4 (t, 3H, NHC=0), 5.2-5.9 (b, -CH ~CH=CH-CH -
and CH =CH-CH-), 4.7-5.1 (b, CH,=CH-), 3.6 (m, -$i-O-CH,), 3.48 (t, 6H, CH,-NHC=0),
1.7-2.3 (b, -CH,~CH=CH-CH,- and CH =CH-CH-), 1.0-1.7 (b, CH,=CH-C(R)H-CH -),

0.8-0.9 (s, 9H, (CH,),-Si(CH,),-0-), 0 (s, (CH,),-Si(CH,),-O-).
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a—Hydroxy-1-propyl-w-BTA-polyethylenebutylene (BTA-PEB-OH) (8). TBDMS-PB-BTA (7)
(650 mg, 0.12 mmol) was dissolved in 30 mL of toluene. p-Toluenesulfonyl hydrazide (pTSH)
(5.28 g, 28 mmol) and tripropylamine (TPA) (2.03 g, 14 mmol) were added to the solution. The
solution was stirred for 18 h at reflux temperature. The solution was concentrated in vacuo and
subsequently precipitated in methanol (three times). The product was obtained as a sticky oil
in a 90% yield. GPC (Polystyrene standards): M_ = 12.0 kg/mol, M = 12.3 kg/mol, PDI = 1.03.
'"H-NMR (400 MHz, CDCIL, §): 8.4 (s, 3H, Ar-H), 6.4 (t, 3H, NHC=0), 3.68 (t, CH,OH), 3.48

(t, 6H, CH,-NHC=0), 1.7-0.8 (alkyl).

a—UPy_I-propyl_UT-w-BTA-polyethylenebutylene (1) (BTA-PEB-UPy). BTA-PEB-OH
(8) (0.5 g, 0.083 mmol) was dissolved in 15 mL chloroform. N-(6-Isocyanatohexyl)-N"-(6-
isopropyl-4-oxo-1,4-dihydro-2-pyrimidinyl)urea (8) (30 mg, 0.092 mmol) was added to the
reaction mixture. One drop of DBTDL was added as a catalyst and stirred for 12 h at 90 °C.
Silicagel (2 gram) was added and after 3 h the mixture was diluted with 50 mL chloroform.
Subsequently, the silicagel was removed by filtration. After evaporation of the solvent in vacuo
the product was obtained as a yellowish solid. Compound 2 was purified by precipitation in
methanol. Yield = 0.42 gram, 82%. GPC (Polystyrene standards): M_= 12.7 kg/mol, M_ = 13.0
kg/mol, PDI = 1.03. 'H-NMR (400Mhz, CDCL, §): 13.30 (s, 1H, NH, UPy), 11.91 (s, 1H, NH,
UPy), 10.13 (s, 1H, NH, UPy), 8.36 (s, 3H, ArH), 6.67 (m, 3H, NH, BTA), 5.86 (s, 1H, C=CH),
4.85 (s, 1H, NH(C=0)0), 4.05 (t, 2H, NHOCO-CH,), 3.46 (t, 6H, NHCH,, BTA), 3.24 (t,
2H, CH,OCONH), 3.18 (t, 2H, CH,-NH-CO-NH), 2.57 (m, 1H, (CH,),CH, UPy), 1.66-1.19
(alkyl). *C-NMR (100 MHz, CDCL, 8):173.5, 165.5, 157.6, 156.7, 154.8, 135.2, 127.9, 103.8,
64.9,40.7, 39.7, 39.2, 39.1, 39.0, 38.9, 38.5, 38.4, 37.9, 37.1, 36.8, 36.6, 36.1, 36.0, 34.3, 33.6, 33.5,
33.4,33.2,32.9,31.6, 30.7, 30.6, 30.2, 29.7, 29.3, 29.1, 27.9, 26.7, 26.6, 26.4, 26.1, 24.6, 22.7, 22.5,

20.4, 19.5,10.8, 10.6, 10.4, 10.2.
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Kraton-NH, (12). Kraton-OH (0.5 g, 0.14 mmol) was dissolved in 10 mL THE. Then triphe-
nylphosphine (39.6 mg, 0.154 mmol) and phthalimide (22 mg, 0.154 mmol) were added. The
solution was cooled with an ice bath. DIAD (30.8 mg, 0.154 mmol) was dissolved in 2 mL THF
and added drop wise to the cooled solution. The mixture was stirred for 48 h. The resulting clear
yellow solution was concentrated and precipitated twice in methanol. The product was obtained
as a viscous, sticky oil in a 95% yield. 'H-NMR (400 MHz, CDCI,, 6): 7.87 (m, 2H, Ar-H),
7.72 (m, 2H, Ar-H), 3.71 (t, 2H, CH,-CH,-N), 1.7-0.8 (alkyl). Kraton-phthalimide (11) was
dissolved in 20 mL THE. After the addition of hydrazine monohydrate (150 mg, 3 mmol), the
solution was stirred under reflux for 48 h. THF was removed in vacuo. Subsequently 50 mL
of chloroform was added. The organic phase was washed with NaOH (2 x 50 mL) and with
brine (50 mL), respectively. After removal of chloroform in vacuo Kraton-NH, was obtained
as a sticky oil in a 99% yield. "H-NMR (400 MHz, CDCl,, §): 2.65 (t, 2H, -CH,-NH,) 1.7-0.8

(alkyl).

Kraton-BTA (2). Kraton-NH, (12) (0.46 g, 0.13 mmol) and 3,5-bis((35)-3,7-dimethyloctylcar-

bamoyl)benzoic acid (9) (69 mg, 0.145 mmol) were dissolved in 10 mL dry dichloromethane.
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PyBOP (101.4 mg, 0.195 mmol) and DIPEA (25.3 mg, 0.195 mmol) were added to the solution.
The solution was stirred for 12 h at room temperature. Dichloromethane was removed in vacuo.
Subsequently, 50 mL of chloroform was added. The originating precipitates were removed by
filtration. The solution was concentrated in vacuo and precipitated in methanol (three times).
The product was obtained as a sticky oil in a 95% yield. GPC (Polystyrene standards): M_=7.6
kg/mol, M= 7.8 kg/mol, PDI = 1.03. '"H-NMR (400 MHz, CDCI,, 6): 8.38 (s, 3H, Ar-H), 6.49
(t, 3H, NHC=0), 3.50 (t, 6H, CH,-NHC=0), 1.7-0.8 (alkyl). “C-NMR (100 MHz, CDCL,, 8):
165.4, 136.8, 127.7, 40.2, 39.2, 38.8, 38.4, 37.9, 36.8, 36.1, 34.4, 33.5, 33.2, 31.8, 30.7, 30.3, 29.7,

29.5,29.3,27.0, 26.8, 26.6, 26.5, 26.3, 26.2, 26.1, 25.8, 25.0, 22.7, 14.2, 10.9, 10.6, 10.7.
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Kraton-UPy (3). Kraton-OH (2.0 g, 0.57 mmol) was dissolved in 50 mL chloroform. N-(6-
Isocyanatohexyl)-N’-(6-methyl-4-oxo-1,4-dihydro-2-pyrimidinyl)urea (13) (183 mg, 0.629
mmol) was added to the reaction mixture. One drop of DBTDL was added as a catalyst and
stirred for 18 h at 90 °C. Silicagel was added and after 5 h the mixture was diluted with 150
mL chloroform. Subsequently, the silicagel was removed by filtration. The solution was con-
centrated in vacuo and subsequently precipitated in methanol (three times). The product was
obtained as a sticky oil. Yield = 2.0 gram, 96%. GPC (Polystyrene standards): M_ = 7.9 kg/mol,
M_ = 8.1 kg/mol, PDI = 1.03. '"H-NMR (400 MHz, CDCL,, 8): 13.30 (s, 1H, NH, UPy), 11.91 (s,
1H, NH, UPy), 10.13 (s, 1H, NH, UPy), 5.86 (s, 1H, C=CH), 4.85 (s, 1H, NH(C=0)0), 4.05 (t,

2H, NHOCO-CH,), 3.68 (t, 2H, CH,OH), 3.24 (t, 2H, CH,OCONH), 3.18 (t, 2H, CH, NH-
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CO-NH), 2.2 (s, 3H, CH,, UPy), 1.7-0.8 (alkyl). “"C-NMR (100 MHz, CDCL,, 8): 168.2, 158.2,
157.3, 156.8, 130.6, 38.9, 38.4, 37.9, 36.7, 36.1, 34.4, 33.4, 33.2, 30.7, 30.2, 29.7, 29.5, 26.8, 26.8,

26.4,26.1, 26.0, 25.9,19.2, 11.4, 10.9, 10.7, 10.6.

UV measurements of 1 in MCH
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Figure AI-S1: UV spectroscopy measurements of 1 at 20 and 80 °C in MCH (c = 1.25 x 10 mol L™,
=1.0 cm).

The spectra at 80 °C show a shoulder at 275 nm indicative for the loss of quadruple hydrogen
bonding between the Upy groups. This indicates that the Upys are dimerized at 20 °C. The
molar ellipticity Ae in 1 (CD-effect = -10 mdeg, Ae = -6 L/mol.cm) is significantly lower than
that of 2 (CD-effect = -58 mdeg, Ae = -35 L/mol.cm) (Figure 2B in the main text). We ration-
alise this difference by the fact that the UPy groups of 1 are dimerized at this concentration as

verified by UV spectroscopy measurements. As a result, the dimerization of the UPy groups
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leads to an increase of the virtual molecular weight of the spacer attached to the BTA unit. The
association constant K of a supramolecular motif is affected by the molecular weight of the
polymer backbone to which it is connected, presumably as a result of the steric crowding that
the polymer imposes.” Hence, we attribute the differences in Ae between 1 and 2 to a reduction

of the association constant K upon increasing the molecular weight of the side chain.

Variable temperature CD measurements on films of 1 and 2

— T T T — T T — T
40 60 80 100 120 140 160 180 200

Figure AI-S2 CD cooling curve of 2 (open circles) and 3 (closed circles) measured at A = 223 nm. The
film thickness is 340 for 1 and 260 nm for 2.

The films were prepared by spin-coating a CHCI, solution (c,,, =4 x 10~ M) on a quartz plate.
The film thickness was determined by introducing scratches on the polymer surfaces, followed

by measuring the difference in height using AFM (by Asylum Research, tapping mode).
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DSC trace of Upy-urethane-pEB-urethane—Upy
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Figure AI-S3 DSC trace of Upy-urethane-pEB-urethane-Upy (BisUpy-urethane-pEB).

The DSC traces of the first and second heating run of BisUPy-urethane-pEB are given.’ In the
first heating run: T_ = 69°C AH = 6.65 J/g and in the second heating run T = 62°C AH = 1.98

J/g. Heating and cooling rates were 10 K min™'.
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VT-IR of polymer 1
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Figure AI-S4 VT-IR of 1. A) The position of the N-H stretch vibration is plotted versus
temperature. B) The position of the UPy isocytosine C=0 vibration is plotted versus tem-
perature.

Dynamic frequency dependence of blends 2/3 and 1/2/3
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Figure AI-S5. Dynamic frequency dependence of blends 2/3 and 1/2/3 at A) 25 °C and
10% strain and B) at 60 °C and 10% strain.
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The dynamic frequency dependence at 25 and 60 °C on blends of 2/3 and 1/2/3 was measured
with a strain of 10%. The 2/3 blend displays a frequency response similar to what is expected
for concentrated polymer liquids, that is a steady decrease in modulus until approaching
terminal flow where the loss modulus crosses over and above the storage modulus. In contrast,
sample 1/2/3 exhibits elastomeric properties at 25 °C, where there is a region of near plateau in
the storage modulus coupled with an elastic recovery of the loss modulus at low frequencies.
The loss modulus also tracks below the storage modulus, which is expected for rubber-like
materials. Upon heating sample 1/2/3 to 60 °C, the elastic response is no longer present in the
frequency dependence, instead the material behaves similarly to sample 2/3 where there is a
steady decrease in modulus approaching terminal flow. The absence of elastomeric properties
above the phase transition at 39 °C is attributed to the loss of lateral hydrogen bonds between
the UPy-urethane groups, and is consistent with behavior expected for the disappearance of

physical cross-links in the system.
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DSC Traces of Compounds 1,2,3 and blends 2/3 and 1/2/3
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