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Abstract

The combination of liquid crystals (LCs) with polymer networks results in fascinating materials in
which the elasticity of the polymer network is coupled to LC order, and they hold promise for a
variety of applications which depend on an optical or a mechanical response to external stimuli.
Unfortunately, the methods for preparing LC networks are limited. In this work, we present two
types of LC gels with novel network architectures: a physical gel made by polymer self-assembly
in an LC solvent and a chemical gel made by crosslinking telechelic side-group liquid crystalline
polymers (SGLCPs). The physical gel thermoreversibly transitions to a liquid on heating, and it
can be uniformly aligned using electric, magnetic, or flow fields. The gel exhibits a fast electro-optical
response, making it potentially viable for display applications. The physical gel also reveals novel
equilibrium and dynamic properties that arise due the coupling between LC order and the polymer
network. When confined between cell substrates prohibiting macroscopic shape change, it exhibits
a temperature-sensitive striped texture transition. We provide a theoretical model that captures
the striped texture by accounting for the compromise between nematic rubber elasticity and LC
elasticity. Dynamic light scattering studies reveal two distinct director relaxation modes, in contrast
to covalent gels, which show a single relaxation mode. We argue that the slower dynamics arise from
the coupling between the director and the physically associated network which restructures on long
time scales. We also investigate the self-assembled micellar structure of the gel via neutron scattering
and rheometry studies, and these studies reveal that the gels’ structure changes dramatically across
the nematic-to-isotropic phase transition. Finally, we investigate model LC networks made by
crosslinking telechelic SGLCPs using “click” chemistry. These chemical networks can be swollen

in a small-molecule LC, and they exhibit a low-threshold electro-optic response and a temperature



iv
dependent size. These novel physical and chemical LC gels provide insight into the role of network

structure in determining the material properties of liquid crystalline elastomers and gels.
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Chapter 1

Background

1.1 Introduction

Liquid crystals (LCs) have historically attracted scientific and technological interest due to their
unique optical properties. Biologists were puzzled by a birefringent fluid well before 1888, the
date commonly cited as the year liquid crystals were discovered. In that year, Austrian botanist
Friedrich Reinitzer recorded the phase-transition temperatures of cholesteryl benzoate, which turns
a milky white at 145.5 °C and transparent at 178.5 °C, and he considered the possibility that a
phase intermediate between that of the isotropic liquid and crystalline solid could exist [I]. The
subsequent 50 years of liquid crystal science saw slow but steady advances in understanding the
molecular structure, surface interactions, and electric field response of liquid crystals, but it was
not until the early 1970s that the successful commercialization of a pocket calculator with a display
device that utilized liquid crystals sparked an intense interest in the field [2]. The discovery of the
dynamic scattering mode and the twisted-nematic mode in displays was crucial to the commercial
implementation of liquid crystals, which otherwise might have languished as a scientific curiosity with
no practical utility. To this day, the term “liquid crystal” is widely associated with the acronym
LCD (liquid crystal display), and the second most well known application of liquid crystals among
the general public may be the mood ring, which takes advantage of the colorful textures that chiral
nematic liquid crystals reflect.

In the last twenty years, however, as the interest in liquid crystals has blossomed, so has their
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incorporation in a wide variety of materials. The unique properties of liquid crystals affords them
potential utility in a wide range of applications that extends beyond displays. Indeed, potential uses
of liquid crystals recently cited in the scientific literature include artificial muscles [3] [4], acoustic
polarizers [5) [6], tunable lasers [7], and optical data storage [8]. It is conceivable that in another
twenty years, liquid crystals will come to dominate an entirely different market unrelated to displays.

The applications listed stem from a particular class of material known as a liquid crystal elas-
tomer. Elastomers are more commonly known as rubbers, and their ability to sustain large defor-
mations while retaining a memory of their initial configuration enables a wide range of functionality.
When combined with liquid crystals, the result is a highly responsive material that can react to
electric or magnetic fields, heat, or light by changing shape, color, and even size. Furthermore,
they have a reliable memory of where they began, and will return to their initial state on removal
of the external influence. These novel properties arise from the combination of LC order, polymer
elasticity, and topological constraints or translational order of a crosslinked rubber.

The first liquid crystal elastomer was prepared in 1981 [9], and later the method was improved
so that aligned liquid crystal elastomers could be produced [10]. The advantage of the method
is its simplicity, and it gives liquid crystal scientists access to liquid crystal elastomers which can
be made quickly and easily. Studies on these materials have led to a molecular model which can
successfully explain most of the phenomena exhibited by these unique rubbers, in particular their
ability to change shape and rotate the molecular orientational order in response to a variety of
external stimuli [11]. The story of liquid crystal-polymer materials is by no means complete, however.
The elastomers produced by Finkelmann and coworkers [9, [10] represent the first successful attempt
at fabricating rubbery liquid crystal networks, and this initial success has inspired the search for
new ways to combine liquid crystals and polymers [12]. Much remains to be done to improve the
materials first produced over twenty years ago. In particular, the field lacks materials with a well-
defined structure, which can give both improved material properties and also facilitate comparisons
to theory, many predictions of which remain to be tested [11} 6 [13]. Additionally, novel ways of

combining polymers and liquid crystals can enable new applications, and several examples from the
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past five years demonstrate this [14] 3, [15] [16] [17].

In this thesis, we present two novel materials that incorporate liquid crystal order and a poly-
mer network. One is made by the self-assembly of block copolymers and the other by covalently
crosslinking end-functionalized telechelic polymers. Both have unique structures, and we seek to
understand how this affects their material properties. We begin this chapter with a brief review of
scientific topics relevant to this work. We begin by defining the nematic liquid crystal phase and
describing the elastic and viscous forces present. Next, we discuss different types of polymer-liquid
crystal materials that have been studied, including liquid crystal elastomers. Finally, we discuss
the theory of nematic rubber elasticity and its predictions for “soft” deformations in liquid crystal

elastomers. After this overview of the field, we lay out the main objectives of this thesis.

1.2 Liquid crystals

1.2.1 The nematic mesophase

A useful definition of LCs is given by deGennes and Prost [18]: LCs have liquid-like order in at
least one dimension, and they possess a degree of anisotropy in their mechanical, optical, and/or
structural properties characteristic of some degree of order. Various types of molecules satisfy this
definition. For example, amphiphilic molecules, such as surfactants in solution with a selective
solvent, can form associated structures in which molecules are ordered in layers. Also, long, rigid
molecules such as polypeptides, DNA, or viruses will display LC phases when highly concentrated in
solution, due to steric interactions between highly anisotropic molecules. These types of LC phases
that occur in solution, and whose phase behavior is strongly concentration dependent, are known as
lyotropic LCs [18]. On the other hand, small organic molecules that exhibit LC ordering in the pure
state are known as thermotropic LCs. This is because temperature, as opposed to concentration
(as in lyotropic LCs), determines the phase of the thermotropic LC. Ordering in thermotropic LCs
arises both from steric effects and from intermolecular Van der Waals forces [1]. LC molecules and

phases are oftentimes referred to as mesogens and mesophases, respectively.



Figure 1.1: Nematic texture under polarized optical microscopy (left), and schematic of the nematic
mesophase (right). The nematic phase has uniaxial symmetry, as indicated by the double-headed
arrow.

The simplest LC phase is called the nematic phase. The term nematic comes from the Greek word
for “threads” [18] and refers to the thread-like defects observed in nematics (Fig. 1.1). Molecules in
the nematic mesophase have a preferred direction of orientational order, known as the director n,
but they have no positional long-range order. The molecule 4-cyano-4’-n-pentylbiphenyl (5CB) is
a thermotropic LC (Fig. [1.2). 5CB is crystalline below 20 °C, but displays the nematic mesophase
from 20 °C up to 35 °C, above which temperature 5CB behaves like a conventional fluid. The
transition temperature from the nematic to the isotropic phase is known as the Ty;. In this study,
we are primarily concerned with thermotropic, nematic LCs.

The degree of order in a nematic LC is typically quantified by the order parameter S (Eq. 1.1)),
where 6 is the angle between the director and the local molecular orientation. For a perfectly ordered
nematic, S has a value of 1, while for an isotropic sample S has a value of 0. The order parameter
is a useful way to quantify the degree of order in a liquid crystal, and it affects the anisotropy of

material properties such as birefringence or dielectric anisotropy. Values of S typically vary between

Figure 1.2: Chemical structure of 5CB. 5CB has a rod-like structure with a length of ~ 20 A and
a width of ~ 5 A.

0.3 and 0.8.



1.2.2 Liquid crystal elasticity

The lowest free energy state for a nematic is one in which all the mesogens are uniformly aligned
with the director. In reality, thermal fluctuations prevent realization of this low energy state,
and the molecules fluctuate around the preferred direction. Furthermore, uniform alignment may
be incompatible with boundary conditions or external fields. Understanding the energy of these
deviations from uniform alignment is important if we want to predict the equilibrium structure of
nematics.

The situation is greatly simplified if we use a continuum approximation, which is justified by
the much larger length scale (~ 1um) over which the director deviates, relative to the molecular
size (~ 20 121). In this case, there are three basic types of deformation: splay, twist, and bend (Fig.
1.3)), with associated elastic constants K1, Ko, and K3, respectively [18]. Each of these deformations
has an associated elastic constant, which is in general temperature dependent. The LC elastic free
energy density Fy is also known as the Frank elastic energy density (Eq. [1.2). The three elastic

constants typically are of the same order of magnitude, typically 10711 N — 10~!2 N [19].

Fy=Ki(V-n)?+Kyn-Vxn)?+Kz(nxVxn) (1.2)

1.2.3 Dynamic properties of the nematic director

In a uniform nematic monodomain, mesogens fluctuate about their equilibrium position due to ther-
mal energy fluctuations. We can describe the amplitude and time scale for these thermal fluctuations
by taking into account the Frank elastic and viscous forces for a fluctuation. Since orientational de-
formations over smaller length scales have a larger associated Frank penalty, the amplitude of the
director fluctuations increases with increasing length scale. Similarly, the lifetime of an orientational

fluctuation is larger for longer-wavelength distortions. These fluctuations are “overdamped” because
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Figure 1.3: Splay, bend, and twist distortions of a nematic liquid crystal (Adapted from de Gennes
and Prost, The Physics of Liquid Crystals, 1993, Oxford University Press, Inc., Oxford)

the rotational inertia of the molecules is small compared to the dissipation associated with rotational
motion.

A quantitative treatment shows that there are two normal director modes for orientational fluc-
tuations. These modes are a combination of splay-bend and twist-bend, and the relaxation rates

associated with each will be different due to the different associated viscosities and elastic constants.

, kT
(|on1(q)|*) m
Bna(@?) = —280 (1.3)

Kyq? + KBCIﬁ

The amplitudes of the orientational fluctuations are determined by a ratio of thermal and elastic
forces (Eq.1.3), in which q is the wavevector for the distortion (inversely related to the length scale),
kp is the Boltzmann constant, and T is the temperature. The wavevector q has two components,
q1 and g, which are the components perpendicular to and parallel to the preferred direction,
respectively. For pure LCs, orientational fluctuations decay exponentially with time, dn,(q,t) ~
exp[—T'a(q)t], where I is the relaxation rate. These relaxation rates are determined by a ratio of

elastic and viscous forces (Eq. [1.4).
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The amplitude and lifetime of a fluctuation depends on its orientation relative to the nematic
director, and different orientations will have different degrees of contribution from splay, twist, and
bend, and different associated viscosities. Experimentally, these three contributions can be decoupled
by measuring the time-correlation of the scattered-light intensity at a particular angle and sample
orientation[20] (see Chapter 4! for experimental details). This is a useful way to measure the elastic

constants and viscosity coefficients for LCs.

1.3 Liquid crystalline elastomers and gels

1.3.1 LC polymers: anisotropic chains

LC polymers (LCPs) consist of mesogenic groups incorporated in a polymer chain. They can be
incorporated into the backbone of a polymer chain, in which case the polymer is called a main-chain
LCP, or the mesogens can be linked to the backbone by a flexible spacer, resulting in a side-group
liquid crystal polymer (SGLCP) (Fig.[1.4)). As shown in Fig. 1.4, LCPs typically have an anisotropic
backbone conformation. This anisotropy arises from the liquid coupling between the liquid crystal
ordering of the mesogens and the polymer backbone conformation [21]. The degree of anisotropy is
dependent on the LC order parameter, which in turn is temperature dependent [22] and can also
be modulated by UV light [23]. This ability to control the polymer conformation with temperature

changes and UV is the basis for a variety of potential applications [24].
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Figure 1.4: Schematic of (a) main-chain LCP, (b) side-on SGLCP, and (c) end-on SGLCP. (Adapted
from Warner and Terentjev, Liquid Crystal Elastomers, 2003, Oxford University Press, Inc., Oxford.)
As shown, main-chain LCPs and side-on SGLCPs typically have a prolate backbone conformation,
while end-on SGLCPs typically have an oblate backbone conformation.

1.3.2 LC elastomers

Liquid crystal elastomers are composed of rubbery LCPs crosslinked into a network [11]. The
anisotropic chain conformation of the network strands results in novel elastic properties not present
in isotropic elastomers. In particular, nematic elastomers can exhibit a soft resistance to strains [25],
and their macroscopic shape can change anisotropically in response to temperature [10].

The most popular method for preparing LC elastomers involves functionalization and crosslinking
of a polysiloxane polymer (Fig. [1.5). This was first devised by Finkelmann et al. [9], and later work

allowed the method to be used to form aligned LC elastomers [10].

1.3.3 LC gels

The term LC gels is loosely applied to materials that combine small molecule LCs with macro-
molecules 26}, 27, 28, 12]. LC gels typically have faster dynamics and a lower threshold for response
compared with LC elastomers. Therefore, LC gels are oftentimes studied for their potential use
in displays. Also, LC gels can show shape changes in response to temperature and external fields,

similar to LC elastomers.
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Figure 1.5: Schematic representation of a popular method [9] for preparing nematic LC elastomers

One type of LC gel is made by polymerizing mesogenic acrylates dissolved in an LC solvent
[29]. In contrast to LC elastomers, the polymer backbone does not have to be rubbery, since the
resulting network is swollen with solvent. The first LC gel of this type was produced in 1986 [26], but
these types of LC gels drew little attention until more recently [30} 29]. Recent investigations have
observed low-threshold electric field-induced shape changes [31], and temperature induced deswelling
followed by reswelling when heating through the nematic-to-isotropic transition temperature [32].

Polymer-stabilized liquid crystals (PSLCs) are made by polymerizing exclusively mesogenic di-
acrylates (as opposed to monoacrylates) dissolved in an LC solvent [27, 33]. In contrast to LC gels
made from monoacrylate monomers, PSLCs have a heterogenous structure that consists of a macro-
scopically phase separated polymer matrix encompassing the LC solvent [34]. The overall polymer
concentration is dilute, typically 5 wt %, and therefore PSLCs retain the fast electro-optic response
of small molecule LCs. The response can be faster, in fact, than small molecule LCs, since the

polymer matrix provides a driving force throughout the volume of the material for the LC director
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to return to its original orientation upon removal of the field [27]. Different types of LC order have
been incorporated into PSLCs, and they are of interest for electro-optic devices.

Another polymer-LC composite related to PSLCs, and also studied for its electro-optical prop-
erties, is known as a polymer-dispersed liquid crystal (PDLC). In contrast to PSLCs, PDLCs have a
high polymer content, typically 90-95 wt % [35]. The structure of PDLCs consists of LC droplets dis-
persed in a continuous polymer matrix. Like PSLCs, PDLCs have a fast and reversible electro-optic
response.

LC gels can also be made by mixing small-molecule gelators with a liquid crystal solvent [36, 28].
The gelators physically associate into a network of fibrous aggregates. The gels are thermoreversible,

exhibit a fast electro-optic response, and gel at a low content ~ 1 wt % of added gelator.

1.3.4 Block copolymer self-assembly for LC elastomers and gels

Block copolymer self-assembly has recently been investigated for producing LC elastomers and gels.
LC gels can be produced by the association of triblock polystyrene-SGLCP-polystyrene copolymers
in a small molecule nematic LC [14], and this is the topic of Chapter 2. Nematic elastomers can also
be made by block copolymer self assembly [3, [37, [15]. The advantages of these materials are that
the macromolecular structure is produced in a controlled way, and therefore the resulting materials
have a regular structure. Furthermore, self-assembly gives access to unique morphologies, such as a

lamellar arrangement of blocks [3] and a thermally reversible structure [14}, [3] [15].

1.4 The molecular theory of nematic rubber elasticity

The molecular theory of nematic rubber elasticity formulated by Warner and Terentjev [11] is an
extension of classical rubber elasticity. In this “neo-classical” theory of nematic rubber elasticity, the
chains in the network are assumed to be phantom, Gaussian, spontaneously anisotropic chains, and
this neo-classical theory can successfully explain the spontaneous distortions, mechanical instabili-
ties, and director-strain coupling [11]. Recent efforts have been made to include non-classical effects

in nematic rubbers such as excluded volume interactions [13], entanglements [38], and deviations
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from the Guassian limit [39]. Here, we will focus exclusively on the neo-classical theory of nematic
rubber elasticity, which we utilize in Chapter [3| to explain a spontaneous texture transition in LC
gels. (The material reviewed here is covered extensively in Warner and Terentjev, Liquid Crystal
Elastomers, 2003, Oxford University Press, Inc., Oxford.)

In contrast to classical elastomers, LC elastomers have an end-to-end distance that depends on
the local orientation of the nematic director. This is because the chains in an LC network are
anisotropic, as explained in Section 1.3.1. The anisotropy in the polymer chains can be expressed in
terms of a step length tensor l;; =1 d;; + (ZH —l1)ninj, in which [ and [ are the effective lengths
of steps parallel and perpendicular to the director n for a freely jointed chain. These step lengths
are directly related to the mean square end-to-end distance, (R;R;) = %lijL, where L is the arc
length of the polymer chain. A more useful expression relates the ratio of the step lengths to the

ll—‘l = (%)2. The probability for an anisotropic strand

ratio of the radii of gyration of the chain,
having an end-to-end vector R, in terms of the step length tensor and the polymer arc length L, is

given in Eq. 1.5

p(R) ~ exp (—23LR.11 ~R> (1.5)

Before computing the free energy expression for a crosslinked rubber, we need to distinguish
between the conditions during crosslinking, described by step length tensor Lﬂ and the conditions
under which a strain is imposed which have an associated step length tensor 1. The resulting free
energy expression is found by taking an average over all end-to-end vectors in the initial and final
states (Eq.1.6). Network deformations are accounted for by the deformation gradient tensor A, which
relates a separation vector on the undeformed body R, to that on the body under an imposed strain
R, by the relationship R = A - R,,. The free energy expression (Eq.[1.6) is the basis for nematic

rubber elasticity.

F = %u (Tr[lo ATt -é}) (1.6)
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1.4.1 Soft elasticity

Soft elasticity refers to a phenomenon in the framework of the neoclassical theory of rubber elasticity
(Eq. [1.6) in which a nematic rubber can undergo a non-trivial deformation at no cost to the free
energy. This is presented schematically in Fig.[1.6. Under some imposed strains, the network chains
can rotate the distribution of chains at constant average shape of the network chains, and therefore

the strain is perfectly “soft.”

Figure 1.6: Schematic representation of a soft elastic distortion in a nematic elastomer. The box
represents the macroscopic elastomer shape, and the LC chain depicts rotating nematic director
which accomodates the shape change.

All soft deformations can be expressed in terms of the initial and final step length tensors, and an
arbitrary rotation Ea (Eq. [1.7) [40]. However, this does not give a practical method for computing
optimal deformations. Most methods use Eq. 1.6 as a starting point [11], but it is also possible to
begin by finding the displacements in the sample and computing the resulting deformation gradient

tensor ), as demonstrated in Chapter 3.

A= £(1/2) WY (1.7)

—a =0

1.4.2 Semi-softness

Several requirements must be met for softness to be possible in an elastomer. The network must be
ideal, and all strands must be identical. Furthermore, the network must have an isotropic reference

state. An elastomer that does not satisfy all these requirements cannot undergo strictly “soft” defor-
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mations, but it can nevertheless achieve nearly “soft” behavior, or “semi-softness.” Experimentally,
“semi-softness” has been observed as a small resistance to deformation before a “soft” plateau in
the modulus [41]. Semi-softness that arises from polydispersity in the network or compositional
fluctuations can be accounted for by including an additional term, weighted by the semi-softness

parameter «, in the free energy expression (Eq. [1.8) [11].

1.5 Objectives

Experimental research is limited by the materials available. This work aims to further the under-
standing of LC-polymer materials by producing novel LC gels and investigating their equilibrium
and dynamic properties. A major aim is to prepare LC networks which have a regular structure,
and we achieve this using self-assembly and end-linking of telechelic polymers. In Chapter 2, we
present our approach for preparing liquid crystal gels self-assembled from a triblock copolymer, and
we demonstrate the gels’ favorable electro-optical properties, as well as the various methods for
alignment. In the subsequent three chapters, we seek to understand the structure of the gel and
the manifestation of rubber elasticity in the gels’ macroscopic properties. In Chapter 3, we detail
investigations into a spontaneous texture transition that appears in a uniformly aligned gel subject
to small changes in temperature. While stripes have been observed in previous LC elastomers, the
response discussed in this chapter is unique for its sensitivity to small changes in temperature and ap-
pearance in a gel confined between substrates. We formulate a description based on the neo-classical
molecular theory of nematic rubber elasticity that accounts for the observed texture transition. The
dynamics of orientational fluctuations in liquid crystal gels are expected to be modified due to the

presence of a polymer network, and our gels provide a unique opportunity to study the director
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dynamics in monodomains (Chapter [4)). We find that the gels show long-time relaxation modes due
to a coupling between the polymer network and the nematic director, and we present a qualitative
picture that describes the observed anisotropy and time scale of the response. Chapter |5 presents
the results of rheometry and neutron scattering experiments to investigate the structure of the phys-
ical gels. The studies show that the LC order of the host solvent imparts unique properties to the
micellar gels. The micelles and intermicellar network inherit the anisotropy of the host solvent,
and dramatic structural and rheological changes occur across the T due to a changing solvent
selectivity. In addition to our studies of physical LC gels, we pursued model covalent networks.
Ring-opening metathesis polymerization (ROMP) allowed the preparation of end-functionalized LC
polymers which could be crosslinked via “click” chemistry (Chapter6). These networks hold promise

for elucidating structure-property relationships in LC elastomers.
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Chapter 2

Liquid Crystalline Gels by
Self- Assembly of Triblock
Copolymers

The work presented in this chapter represents a collaborative effort with Michael Kempe and Neal
Scruggs.
Reproduced in part with permission from Nature Materials, (3):177-182, Copyright 2004 Nature

Publishing Group, and from Soft Matter, (2):422-431, Copyright 2006 Royal Society of Chemistry.

2.1 Abstract

Liquid crystal (LC) gels are of interest for display applications and artificial muscles, but the meth-
ods for preparing LLC networks are limited. Exploring novel approaches for synthesizing LC gels
and elastomers can result in improved material properties and a better-defined network structure.
Here, we explore the self-assembly of triblock copolymer to produce LC gels. The LC gels are pro-
duced by mixing a small molecule LC with an end-associating side-group liquid crystalline triblock
copolymer. The resulting gels are thermoreversible, and they can be easily aligned to form uniform
monodomains under shear or under external magnetic or electric fields. Electro-optic measurements
demonstrate that the LC gels have potential use in an easily processible scattering-type display de-
vice. Additionally, the LC gels have a well-defined structure, making them useful for experimental

comparison to theories of liquid crystal gels and networks.
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2.2 Introduction

Liquid crystals (LCs) combine liquid-like fluidity with crystal-like properties such as birefringence,
enabling LCs to be used in a variety of display devices [1]. The fluidity of liquid crystals is a key
property that allows them to be quickly and easily reoriented in response to electric fields. On the
other hand, the fluidity of liquid crystals poses problems and limitations for device applications.
In the case of displays, the substrate surfaces must be coated with a polymer layer and rubbed
to uniformly align the nematic director, and this alignment may be unstable to mechanical shock.
Liquid crystals are therefore unsuitable for use in applications that require both birefringence and
mechanical stability.

The combination of liquid crystals with polymers is an attractive method for fabricating materials
with the optical properties and responsiveness of liquid crystals but with the mechanical properties
and processing advantages of polymers. Liquid crystalline gels attempt to accomplish this. The
potential applications of such materials include easily processible displays [2] but also other functional
devices such as artificial muscles that respond to electric fields [3], heat [4], and light [5].

Several approaches have been used to make both chemical and physical LC gels [6, 7, [8]. Polymer
stabilized liquid crystals (PSLCs) are made by the in situ uncontrolled radical polymerization of
diacrylate LC monomers mixed with a non-reactive LC solvent [2, 8], resulting in a phase-separated
polymer matrix encompassing small-molecule LC [9, [10]. In another method [11}[12], both acrylates
and diacrylate LC monomers are in situ polymerized, resulting in a more soluble network. Both of
these methods produce LC gels with favorable electro-optical properties, but they also have a poorly
defined network structure. Another method for preparing LC gels is the addition of small molecule
gelators to an LC solvent[13, [14, [15], resulting in a thermoreversible, physical LC gel.

In this study, we investigate a novel method for making LC gels. Our goal is to produce dilute
LC gels with a uniform, well-defined structure. We make LC gels by the self-assembly of LC triblock
copolymers in a small molecule LC. The copolymers have polystyrene (PS) endblocks and a side-
group liquid crystalline (SGLCP) midblock. The midblocks are “nematophilic” and soluble in the

LC solvent, but the endblocks are “nematophobic” and physically associate in the nematic phase,
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producing LC gels with a homogeneous nematic texture (Fig. 2.1). The LC gels have unique ther-
mal, mechano-optic, and electro-optic properties, and they provide several advantages for display
applications, such as thermoreversible gelation. In this chapter, we present the synthesis of the LC
gels, and we investigate the phase behavior, alignment, and electro-optical properties of the LC gels.
We find that the LC gels have a fast electro-optical response, and, because of their homogeneous
structure, they are also useful for testing theoretical predictions [16] 17, 18] for liquid crysalline

networks.

2.3 Experimental

2.3.1 Gel permeation chromatography (GPC)

GPC was carried out using three different systems. The first one used two 30 cm long PLgel 5 ym
mixed-C columns from Polymer Laboratories (200 to 2,000,000 g/mol), connected in series with a
DAWN 8 EOS multi-angle laser light scattering (MALLS) detector and an Optilab DSP differential
refractometer, both from Wyatt Technology. Calculations were performed using the software package
ASTRA from Wyatt Technology. The MALLS detector used a 30 mW, 690 nm, linearly polarized
gallium-arsenide laser, and the differential refractometer used 690 nm light with a Wollaston prism.
Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1 mL/min and a temperature
of 35 °C. No calibration standards were used and dn/dc values were obtained for each injection
assuming 100% mass elution from the columns, and assuming dilute conditions where the second
virial coeflicient is negligible.

The second system used a Waters 410 differential refractometer with two Polymer Laboratories
30 cm long PLgel 10 pm analytical columns connected in series. These columns were calibrated with
monodisperse polystyrene samples. The polydispersity index (PDI) (M, /M,) of the prepolymers,
SGLCP homopolymers, and LC triblock copolymers was measured using THF flowing at a rate of
0.9 mL/min as the mobile phase.

The last column was only used to remove high molecular weight cross-linked polymer byproduct
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from the ABA LC polymers. The system consisted of a 30 cm long Polymer Laboratories PLgel 10

pm preparative column connected to the same Waters 410 differential refractometer.

2.3.2 Nuclear magnetic resonance

'H NMR was performed on a Mercury-Vx 300 MHz NMR spectrometer with the software pack-
age VNMR Version 6.1B, using 32 scans with a 1 s delay time. Experiments were run at room

temperature using CDCl3 as a solvent and a polymer concentration of 10 to 20 mg/mL.

2.3.3 Liquid crystal phase identification

The transition temperatures and phases of the LC polymers were determined using both a Zeiss
polarized optical microscope (POM) with a Mettler FP82 hot stage and a Perkin Elmer DSC7 dif-
ferential scanning calorimeter (DSC) using the Pyris software. In the microscope the temperature
was slowly raised at between 1 and 5 °C/min, and the phases were identified along with the tem-
perature at which phase transitions began. In the DSC method the samples were heated well into
the isotropic phase to remove any thermal history. Then the temperature was raised at a rate of 10
°C/min, and Perkin Elmers Pyris computer software (version 3.04) was used to determine the onset
temperature of the various phase transitions. The DSC was calibrated using indium as a standard,

at a heating rate of 10 °C/min.

2.3.4 Conoscopic imaging

Conoscopic imaging was performed using a Zeiss microscope equipped with an Olympus 1C20 high-

numerical-aperture lens, a custom-made translation stage, and a computerized video capture system.

2.3.5 Rheometry

Rheometry was performed on a TA Instruments ARES-RFS rheometer equipped with a 25 mm diam-
eter titanium shear cell in a cone-and-plate geometry having a 0.0202 radian cone angle. No surface

treatment was applied, and the samples were heated into the isotropic state prior to measurement
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to erase any thermal history.

2.3.6 Electro-optic measurements

The optical properties and electro-optic responses of the gels were measured using a polarized HeNe
laser, a beam splitter, two CCD cameras, and a function generator. A beam splitter between the
laser and the sample sent half of the incident laser intensity to the sample and half to a CCD camera
which was used to normalize the intensity of laser light incident on the sample. A CCD camera 10
cm behind the sample measured the intensity of transmitted light, and this intensity was normalized
by the intensity transmitted for the sample in the isotropic state. The function generator was used

to apply voltages from 0 V to 270 V at 1000 Hz.

2.3.7 Synthesis of SGLCPs: homopolymers and triblocks

All reagents were used as received from Aldrich unless otherwise stated. A “polymer analogous”
approach to synthesis allowed high molecular weight polymers to be created. 1,2-polybutadiene (H)
was used as the prepolymer for LC homopolymers, and polystyrene-block-1,2-polybutadiene-block-
polystyrene triblock copolymer (ABA) was used as the prepolymer for LC triblock copolymers.
H and ABA, synthesized by anionic polymerization, were used as received from Polymer Source
(Montreal, Quebec). Hydrosilylation is used to attach LC mesogens to the pendant 1,2-polybuatiene
vinyl groups [19, 20} 21, 22]. This method is chosen because it is compatible with a wide range of
functionalities and limits the exposure of the polymers to only one reaction. Also, various mesogenic
units can be attached to the pendant vinyl groups of 1,2-polybutadiene, so a homologous series
of polymers of identical backbone length may be prepared, one of the advantages of a “polymer
analogous approach.” Here, we describe the attachment of a particular “side-on” type mesogen, 2,5-
di(4-butoxybenzoate)-benzaldehyde (BB), to produce LC triblock ABASiBB and LC homopolymer
HSiBB (Fig. 2.1).

The synthesis of this mesogenic unit was similar to that used by researchers making polyacrylates

[23, 24]. In the first step of the reaction (Fig. 2.2) 4-butoxybenzoic acid (25 g, 0.127 mol) was
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Figure 2.1: (a) Chemical structure of LC 5CB and the end-associating triblock copolymer ABASiBB
used in this study and (b) an NMR of ABASiBB.
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Figure 2.2: Synthesis of LC side-group mesogen

converted into 4-butoxybenzoyl chloride using a large excess of SOCly (20 mL, 0.275 mol) as the
solvent at 60 °C for one hour. Excess SOCl; was removed by evaporation under vacuum at 60 °C.
4-butoxy-benzoyl chloride was added at 20% excess to 2,5-dihydroxybenzaldehyde (7 g, 0.056 mol,
Lancaster Chemical) in a dichloromethane (DCM) (50 mL) solution with anhydrous pyridine (20
mL), and the reaction was allowed to proceed at room temperature for several hours. The product
2,5-di(4-butoxybenzoate)-benzaldehyde was purified by liquid-liquid extraction using DCM and an
aq. 1 N solution of HCI, followed by another extraction using DCM and a saturated aqueous solution
of NaHCOj3. The product was further purified by recrystallization in ethanol for a yield of 60%.
The spacer was attached to the aldehyde via a hydrosilylation reaction using Wilkinson’s catalyst,
chlorotris(triphenylphosphine)-rhodium (I) [23] (Fig. 2:3). 3,5-di(4-butoxybenzoate)-benzaldehyde
(3 g, 0.0057 mol) was mixed with Wilkinson’s catalyst (20 mg) and ten molar equivalents of 1,1,3,3-
tetramethyl disiloxane (TMDS) (15 mL, 0.085 mol) in anhydrous toluene (30 mL). The reaction was

allowed to progress for 40 min at 60 °C, and then excess TMDS was removed in vacuo at 60 °C. The
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Figure 2.3: Preparation of SiBB by attachment of siloxane spacer to LC side-group mesogen
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Figure 2.4: Coupling reaction to attach LC side-group mesogen to ABA polymer

product 1,4-bis(4-butoxybenzoate)-2-methyl[(1,1,3,3-tetramethyl-disiloxane)oxy|-benzene (SiBB) was
purified on an anhydrous silica gel column. The anhydrous column was prepared by first drying the
silica under argon while heating it with a propane torch. Anhydrous hexane was then added to make
a slurry and set up the column. The column was sealed with a septum and purged with argon while
loading the product. The mesogen was added to the column in an anhydrous solution of toluene,
and a solvent mixture of 10% anhydrous ethyl acetate in hexanes was used as the eluent. The yield
of SiBB from the hydrosilylation step was 55%.

To attach the LC side group, ABA prepolymer (100 mg, 0.00088 mol vinyl groups) was dissolved
in anhydrous THF (40 mL) and combined with three molar equivalents of SiBB (1.7 g, 0.0026 mol).
A few drops of platinum catalyst PC085 was added and the mixture was stirred at 50 °C for a period
of four days (Fig. 2.4).

To monitor the reaction progress, a small sample was taken periodically and proton NMR was
performed to observe the disappearance of the vinyl peak near A = 4.9 ppm. When the size of the
vinyl peak did not change significantly over two consecutive readings, the reaction was quenched by
adding 5 mL of styrene followed by stirring for one more day at 50 °C. The reaction solution was then

concentrated under a stream of air, and the product was precipitated by the addition of a solution
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of 50 ppm 2,6-bis(1,1-dimethylethyl)-4-methylphenol (BHT) in methanol (5 mL). The product was
purified by dissolving in THF and precipitating out in methanol five times. The polymer was then
stored in the bulk at 0 °C.

The conversion was found by comparing the integrated area for the peaks corresponding to both
the 1,2-polybutadiene and mesogen at 4.7-4.9, with the peak corresponding to the alkyl chain on
the mesogen (Fig. 2.1b). Comparison of the areas of the peaks allowed determination of the degree
of attachment of the side-group. The fraction of 1,4-polybutadiene groups in the prepolymer was

determined from an NMR of the ABA prepolymer by comparing the peaks at 5.3 and 5.0 ppm.

2.3.8 Mixing of nematic gels

To create nematic gels, the copolymers were dissolved together with 4-pentyl-4’-cyanobiphenyl (5CB)
(Fig. 2.1a) in dichloromethane, and the solvent was subsequently removed by blowing air over the
mixture until it became milky white. It was then placed in a vacuum at room temperature for
two days. To ensure that the gel was completely dry, the gel was periodically heated well into the

isotropic phase (approximately 45 °C) and stirred periodically during the drying process.

2.4 Results

2.4.1 Polymer characteristics

The SGLCP copolymer ABASiBB and homopolymer HSiBB are rubbery, LC polymers at room
temperature (Tab. 2.1). The low T, of HSiBB can be attributed to the presence of tetramethyl-
disiloxane in the mesogenic group. Similar polymers without siloxane typically have higher T ;s
[25, 126]. No T, was observed for the ABASiBB midblock down to -30 °C, which may be due to the
significant content of unconverted butadiene groups in the backbone. A T, was also not observed
for the polystyrene endblocks. The PDIs of the SGLCPs are higher than those of the prepolymers
due to minute crosslinking of the polymers.

The type of LC order was inferred from the textures they exhibited when observed under POM.



Figure 2.5: (a) A sample of LC physical gel, and (b) a schematic of the LC triblock gel. In the
schematic, the speckled background represents the LC solvent 5CB, the dark black lines represent
the SGLCP midblock, and the red chains represent the polystyrene endblocks.

Table 2.1: Polymer characteristics. “H” is the 1,2-polybutadiene prepolymer and “ABA” the
polystyrene-block-1,2-polybutadiene-block-polystyrene triblock prepolymer. “HSiBB” and “ABA-
SiBB” are the homopolymer and triblock SGLCPs, respectively. The number average molar mass
(M,,) of the SGLCPs were determined by combining two measurements: GPC, to determine the size
of the prepolymer, and 'H NMR, to determine the fractional conversion to mesogenic side groups.
The M,, of the different blocks of the ABA prepolymer were determined by Polymer Source using a
MALLS system. DSC down to -30 °C did not detect a Tj, for ABASiBB.

LC BLock Composition

Polymer Total M,, PDI LC Block M, 1,2 PB 1,4 PB Mesogen  T'nr Ty
k k o o
(ke (X&) mol%) (mol%) mol%) (C)  (°C)
H 63 1.04 0 97 3 0 N/A
HSiBB 713 1.08 713 8 3 89 120 7.7
ABA 270 1.26 N/A 86 14 N/A N/A -15.8,105.9
ABASiBB 1445 1.40 1321 16 14 70 74 <-30

Both ABASiBB and HSiBB had textures characteristic of nematic LCs. This is consistent with
previous studies of side-on LC polymers [27]. The reduced isotropization temperature in the triblock
as compared to the homopolymer is consistent for a variety of polymers with the same backbone
and different side groups [22]. This is attributed both to the reduced number of LC side groups in
the triblock relative to the homopolymer and to the presence of PS endblocks.

At temperatures below the T of 5CB, 35 °C, HSiBB and ABASIiBB were fully soluble in
5CB at all concentrations tested (0 - 20 wt %). From 35 °C up to 45 °C, solutions of HSiBB in

5CB exhibited a broad nematic-isotropic biphasic region at the concentrations tested. On the other

hand, mixtures of ABASiBB in 5CB had a sharp nematic-isotropic transition, with a biphasic region
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narrower than 1 °C starting at 35 °C.

2.4.2 Monodomain alignment of LC gels

With only 5 wt % ABASIBB added to 5CB, the mixture forms a gel that does not flow (Fig. [2.5).
When heated above its Ty of 35 °C, however, the gel becomes clear and flows like a liquid. Fur-
thermore, the gel has a homogeneous nematic texture under the optical microscope. Micron-sized
thread-like aggregates have previously been observed for block copolymers in LC solvents [28], but
these aggregates were only found for block copolymers with LC block weight fractions less than 90%.
The present polymers have an LC block weight fraction of approximately 90%.

Unaligned LCs strongly scatter light, due to a spatially varying director orientation [29]. This is
also true for the LC gels, as can be seen in the photograph of the bulk gel sample (Fig.2.5)). However,
the LC gels can be uniformly aligned into a clear state by shear, electric fields, or magnetic fields.
Such alignment is useful for characterizing the anisotropic properties of the LC gel and for utilizing
the gel in a practical device.

Shear-induced alignment is demonstrated for a 5 wt % ABASiBB gel under conoscopic imaging
(Fig. 2.6). In conoscopic imaging, convergent polarized light is passed through a sample viewed
under an optical microscope. A resulting interference pattern indicates monodomain alignment and
also provides information about the director orientation in uniform LC monodomains [30]. The gel
was placed in a shear cell that allows for conoscopic imaging and heated above its Ty;. While cooling
below the T, a strain of 500% was applied at a rate of 1.2 s~!. This resulted in uniform alignment
of the gel as indicated by the appearance of an interference figure (Fig. 2.6). The interference figure
indicates that the nematic director is oriented slightly off-axis in the plane of the sample.

The preferred direction of alignment under shear results from the coupling of the director field to
the polymer conformation. The pendant mesogens of HSiBB tend to orient parallel to the backbone,
and shear causes the backbone to preferentially orient at an angle between 45° and 90° relative to
the velocity gradient direction. The direction of alignment induced by shear varies with molecular

structure of the SGLCP. In contrast to the present sample, polymers with transverse attachment of
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Figure 2.6: Conoscopic images of gel during shear. The sample under study is a 150 pm thick 5
wt % ABASIBB gel at 25 °C. (a) The gel before shear and (b),(c¢) during shear. The cross-section
schematics under each image illustrate how light interacts with the corresponding polydomain (a)
and single-crystal-like (b),(c) orientation of the director. The axes of (b) and (c) indicate the
direction of shear v and define the angle 6 of the director (n). The interference figure (taken from
Van Horn and Winter, Appl. Opt., 40(13):2089-2094, 2001) below (b) and (c¢) is what is expected
for the director aligned perfectly in the plane of the sample.

the LC side group exhibit homeotropic director alignment under shear, or alignment perpendicular
to the cell substrates [31].

Gels can also be aligned by cooling from the isotropic to the nematic phase in a magnetic or
electric field. In the case of magnetic field alignment, gels up to a concentration of 50 wt % polymer
were amenable to alignment in approximately one hour under a field of 8.8 T. Similarly, gels can be
aligned by cooling from the isotropic to the nematic phase while applying an electric field greater
than 4 V/um. The variety of methods available for alignment makes it possible to align LC gels with
the director oriented either in the plane of the cell (using a magnetic field or shear) or perpendicular

to the substrates (using an electric field).

2.4.3 Dynamic mechanical analysis

Rheometry was performed on single-phase solutions of the triblock copolymers in 5CB at various
concentrations. As is often the case for block copolymer solutions, the viscoelastic relaxation spec-
trum changes shape with temperature rather than simply shifting to faster timescales with increasing

temperature. This is particularly evident at temperatures near the isotropic-nematic transition tem-
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perature (Fig.2.7). A dramatic change in G’ and G” is observed between Ty and Ty +2 °C. This
abrupt change cannot be attributed to a change in the overall mobility of the solvent; the dominant
viscosity of 5CB in the nematic phase is only approximately 3 to 6 times higher than its isotropic
viscosity [32].

The enhancement of the modulus in the nematic phase correlates with strong aggregation of
the PS endblocks evident in small-angle neutron scattering (SANS) (see Chapter [5)). Therefore, the
increase in G’ and G” below Ty can be attributed to microphase separation of the PS endblocks
and the formation of a physical network in the nematic phase.

The gelation threshold in concentration is approximately 3 wt %. At 1 wt % (Fig. 2.7a) the gel
is a viscoelastic liquid (G” > G’), and the relaxation spectrum resembles power law behavior with
an exponent of 2/3, i.e. (G’ =3'/2.G" ~ w?/3). With increasing polymer concentration, a plateau
in G’ emerges in the nematic phase: It is not present at 1 wt % but is clearly evident at 3 and 5 wt
%, indicating gelation (Fig.2.7). The gel displays solid-like (G’ >> G") rheological behavior in the
nematic phase.

As the temperature increases toward the isotropization temperature (77), the plateau modulus
decreases (Fig.2.7 b,c), and in the isotropic phase, terminal behavior is observed. On cooling, the gel
recovers its initial modulus, and therefore the gel thermoreversibly transitions between a liquid-like
state above the Ty and a solid-like state in the nematic phase below the T7.

At all concentrations there is a dense spectrum of relaxation times: There is no minimum in G”
for any of the concentrations examined, even when there is a broad plateau in G’. This is in contrast
to the single relaxation time “Maxwell model” that describes some telechelic associative polymer

gels [33].

2.4.4 Reversible electro-optic response

LC physical gels have a reversible electro-optic response and can be utilized as display layers. In
typical twisted-nematic or super twisted-nematic displays, the director is uniformly aligned between

substrates. Here, we are interested in a scattering-type device that can be reversibly switched
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Figure 2.7: Dynamic storage modulus (G’) and loss modulus (G”) of a mixture of (a) 1 wt %, (b)
3wt %, and (¢) 5 wt % of the side-on nematic triblock ABASiBB in 5CB. The mixture is isotropic
for all T'> 35 °C (open symbols) and nematic for 7' < 35 °C.
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Figure 2.8: Transmitted intensity as a function of voltage V,.,s for a 5 wt % gel in a 15 pum thick

gap. The transmitted intensity when increasing the voltage (filled symbols) does not overlap with
that when decreasing the voltage (empty symbols).

between a scattering polydomain state and a transmissive monodomain state [8, [14, [34]. These
displays require a low (< 2.0 V/um) threshold and a fast (~ 50 ms) response time.

In order to investigate the threshold for switching and for monodomain alignment, the transmit-
ted intensity of a 15 pum thick gel layer was recorded as a function of applied voltage (Fig.2.8)). The
transmitted intensity is normalized by the transmitted intensity of the gel in the isotropic state. The
transmittance was initially linear, with voltage above a threshold field of 2.3 V/um. With increasing
voltage, the transmittance saturated to a maximum that was more than 90% that of the isotropic
cell. Saturation was reached at approximately 4.5 V/um for 5 wt % ABASiBB. Hysteresis is ob-
served, meaning that the transmitted intensities while ramping voltage up are not superimposable
on those recorded while ramping voltage down. After one full sweep, the threshold decreases, and
the transmitted intensity at a voltage below the saturation voltage increases. If the gel is heated to
the isotropic state and cooled, the gel recovers its initial electro-optic response.

The threshold field for switching was insensitive to gap thickness (Fig. 2.9). This is also true
for PSLCs |11}, 35] and for polymer-dispersed liquid crystals (PDLCs) [36] and originates from the
elastic restoring force of the polymeric network throughout the volume of the gel rather than only

at the surface alignment layers. In contrast, pure liquid crystals exhibit a threshold woltage for
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Figure 2.9: Electric field threshold for an electro-optic response in 5 and 10 wt % gels

switching, or a threshold field Fy, that varies linearly with the gap thickness d, Ey, ~ d [36].

The transmittance of the LC gels were recorded transiently while an electric field was applied
and removed. The time required for the transmitted intensity (I) to reach 90% of its maximum is
defined as the orientation time, 7g99. On removal of the field, the time required for I/I,,4, to fall
to 10% is defined as the relaxation time, 719. The response times were insensitive to gap thickness
but highly dependent on the applied field (Fig. 2.10). For a 5 wt % gel, 190 decreases strongly
(from 10,000 ms to 100 ms) as the applied field increases from 2 V/um to 6 V/pm. For the same
gel, 1o increases significantly (from 19 ms to 170 ms) with applied field (Fig. 2.10). The dynamic
electro-optic response of the LC gels also depends on the polymer concentration and the sample
history (Appendix [Al). For reference, the decay times are approximately 10 ms for PSLCs [35], 1 ms

for small molecule gelators mixed with LC [37], 5 ms for PDLCs, and 5 ms for reverse-mode PDLCs

136].

2.5 Discussion

Physically associated triblock gels are LC systems with a fast electro-optic response and exceptional
uniformity. The use of a triblock copolymer to form the self-assembled gels affords both flexibility

in the molecular structure and control in the polydispersity. The resulting self-assembled gels are

10 20 30 40 50 60 70 80
Gap (¢#m)



b
@ 6.4 V/um ( )100A
90 To 4.0 V/um 90
80 E 80

 Tgo

2.4 Vium

Transmission (%)
o
=]
Transmission (%)
3]
o

6.4 V/um

30 30
- 20 4.0 V/um
10 101  24Vum LT
0 : 0 ]
-20 0 20 40 60 80 -20 0 20 40 60 80
Time (ms) Time (ms)

Figure 2.10: Transient electro-optic properties of a 5 wt % ABASIBB, 25 pm thick layer, under
application of a.c. fields at 1000 Hz. (a) Switching the electric field on. The time required to reach
90% of the maximum transmittance is denoted 79g. At the lowest field of 2.4 V/um, the 799 of 1000
ms is beyond the scale of the graph. (b) Switching the electric field off. The time required to return
to 10% of the maximum transmittance is denoted 719. At the highest field of 6.4 V/um, the 71¢ of
170 ms is beyond the scale of the graph.

heterogenous at the scale of the microphase separated endblocks but homogenous at length scales
much smaller optical wavelengths, making the gels potentially viable for display devices. Unlike the
commonly studied PSLCs [38], 2, 8], the polymer strands are solvated by the host LC solvent 5CB,
resulting in a higher degree of homogeneity and a potential for new effects in LC gels arising from
the coupling of polymer conformation to LC order.

The electro-optic experiments suggest that an ABA nematic gel could be effectively used in a
reflective electro-optic display by placing a layer of the LC gel in front of a uniform black background
[39, 40]. Without an applied field, ambient light is scattered to produce a bright state analogous to
the blank areas on a sheet of paper. Application of an electric field induces a transparent state that
allows incident light to be transmitted and absorbed on the back surface, yielding a dark appearance,
like ink on a printed page. At intermediate voltages, the ratio of absorbed to scattered light can
be modulated to provide grayscale images. The most significant advantage of the present LC gels
over PSLCs or PDLCs in a reflective display is the facile loading enabled by the self-assembled gels.
However, several technical problems would have to be overcome before implementation of the gel in
a commercially viable device, in particular the increased driving voltage and hysteresis. A potential

solution to the latter problem would be to chemically crosslink the network after self-assembly.
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Self-assembled LC gels also represent a significant step towards gaining a better understanding
of LC networks. The unique properties of the self-assembled gel — namely its thermoreversible gel
structure, optical clarity, and well-defined molecular architecture — make the gels useful tools for
studying the coupling of LC order to a polymer network. Chapters [3 and /4 present experimental

studies of novel equilibrium and dynamic properties that arise due to this coupling.
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Chapter 3

Buckling Instability in Physical LC
Gels

The work described in this chapter was a collaborative effort with Professor Robert B. Meyer and his
graduate student Guangnan Meng at Brandeis University. We also acknowledge helpful discussions
with Professor Mark Warner (Cavendish Laboratory, Cambridge University).

Reproduced in part with permission from Physical Review Letters, (96):147802. Copyright 2006

The American Physical Society.

3.1 Abstract

We observe in a nematic gel a low-energy buckling deformation arising from soft and semi-soft elastic
modes. The self-assembled gel is prepared by dissolving a triblock copolymer having a side-group
liquid crystalline midblock and polystyrene endblocks in a nematic liquid crystal. Under polarized
optical microscopy we observe a striped texture that forms when gels uniformly aligned at 35 °C are
cooled to room temperature. We model the instability using the molecular theory of nematic rubber
elasticity, and the theory correctly captures the change in pitch length with sample thickness and
polymer concentration. This buckling instability adds to the library of fascinating texture transitions

observed in liquid crystalline elastomers and gels.
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3.2 Introduction

Rubbers, or elastomers, are unique in their ability to undergo large shape changes under exter-
nal forces and then snap back to their initial shape when the forces are removed [1]. Elastomers
are comprised of long, rubbery polymer strands connected together by covalent or physical bonds.
These strands are initially randomly coiled, but they can stretch and change their configuration
to accommodate large shape changes. In a liquid crystal (LC) elastomer, the network strands are
LC polymers, and they have an anisotropic conformation that is temperature dependent and also
affected by external electric and magnetic fields. Similarly, an LC gel is composed of an anisotropic
polymer network swollen with solvent. Unlike conventional elastomers or gels, LC elastomers and
gels are predicted to undergo “soft” and “semi-soft” deformations in which they can change shape at
little cost to the free energy [2, 34, [5]. These low-energy deformations are enabled by the anisotropy
in the polymer network strands; when a strain is imposed on an LC elastomer, the network strands
can accommodate the strain by rotating their sense of anisotropy instead of deforming the end-to-
end distance of the chains, which is energetically more costly. Soft deformations oftentimes give rise
to periodic textures [6], and they can also result in significant shape changes to temperature [2] or
other external influences such as UV light [7, 8, 9].

Recently, we produced an LC gel by the physical association of a copolymer comprised of a side-
group LC polymer (SGLCP) midblock and polystyrene (PS) endblocks [10, 11] (Fig. [3.1). When
the LC gel is uniformly aligned and confined between rigid plates, it exhibits a reversible, striped
texture change with small changes in temperature. Similar striped textures have been observed in
LC elastomers|0, 4], but the instability observed here is unique for its geometry and sensitivity to
small changes in temperature. We present the details of the striped texture in the physical gels,
and we formulate a description of the instability based on the molecular theory of nematic rubber
elasticity. The theory accounts for the changing network anisotropy, which in an unconfined sample
would cause the gel to change shape macroscopically. Instead, due to the confining substrates
which impose a no-slip condition, the gel undergoes a semi-soft deformation that involves a periodic

modulation of the nematic director; in other words, the gel “buckles.” The theory correctly accounts
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Figure 3.1: (a) Chemical structure of LC 5CB and the end-associating triblock copolymer used in
this study, and (b) a schematic of the LC gel. The midblock is a random copolymer of LC side-group
and butadiene monomer, with the LC side-group composing approximately 70 mol % of the mid-
block. The polydispersity (%l ) of the triblock is approximately 1.6, as measured by gel-permeation
chromatography. In the schematic, the speckled background represents the L.C solvent 5CB, the dark
black lines represent the SGLCP midblock, and the red chains represent the polystyrene endblocks.

for the observed dependence of the stripe texture pitch and threshold temperature on the sample

thickness and polymer concentration.

3.3 Experimental

The triblock copolymer was prepared by polymer-analogous synthesis starting with a polystyrene
— block — 1,2-polybutadiene — block — polystyrene triblock copolymer, as described in Chapter [2.
The self-assembled gels are prepared by dissolving the resulting high molecular weight ( ~ 1500
kg/mol) PS - SGLCP - PS triblock copolymer in the nematic LC 4-cyano-4’-n-pentylbiphenyl (5CB)
(Fig.[3.1)) [10]. The polystyrene block is considerably less soluble than the SGLCP block in 5CB, and
in the nematic phase of 5CB the endblocks form aggregates which physically crosslink the triblock
polymers. The resulting self-assembled network has a uniform molecular weight between crosslinks
defined by the size of the SGLCP midblock.

In this work, we study gels with polymer concentrations of 10 wt % or less. Samples were loaded
into cells with well-defined gap spacings and alignment layers. For gaps smaller than 10 um, we
used cells purchased from LC Vision. The cells consist of indium-tin-oxide coated glass plates with

a layer of SiO5 to induce planar alignment. For gaps larger than 10 pm, we used glass slides with
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teflon spacers and a rubbed polyimide layer for alignment. The cell thickness was determined with
a UV /vis spectrophotometer by interferometry for gaps smaller than 10 pum [12] or by measuring
the thickness with a micrometer for larger gaps. The nematic gels thermoreversibly transition to a
viscous liquid when heated above the nematic-isotropic phase transition temperature (T'v) of 5CB,
35.2 °C, and this allows for easy loading of the gel into the cell gap.

A magnetic field or shear was used to form uniform nematic monodomains. In the first case,
the gel was placed in an 8.8 T magnetic field oriented parallel to the desired director orientation,
heated above its Ty, and allowed to cool to room temperature. After removing the cell from the
magnetic field, the cell was heated to 34 °C and then cooled back down to room temperature at 1
°C/min to remove any residual irregularities. In some cases it was easier to use shear to align the
sample. Shear proved effective in eliminating bubbles and defects at the solid-gel interface that were
difficult to eliminate using magnetic field alignment. In order to shear align the sample, the sample
was loaded into a Mettler FP 82 hot stage and the temperature set to 34.5 °C while the top slide

was carefully moved back and forth across the sample.

3.4 Results

3.4.1 Details of the stripe texture

Gels that are uniform monodomains at 35 °C develop a striped texture visible under polarized optical
microscopy when cooled to room temperature (Fig.3.2). The periodic texture reversibly disappears
and reappears when the gel is heated above and then cooled below a threshold temperature for stripe
formation, and the pitch length of the striped texture is independent of temperature. The stripes run
perpendicular to the initial director orientation n,. Rotating the crossed polarizer/analyzer pair by
approximately +15 relative to n, maximizes the contrast between dark and bright bands, and the
regions in the sample that appear dark at +15° appear bright at —15° and vice-versa (Fig.[3.2)). The
stripes are less evident but still visible when the polarizers are aligned with n,. These observations

indicate that the director rotates within the plane and in opposite directions in adjacent stripes but
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Figure 3.2: A 5 wt % gel in a 25 um gap at 20.0 °C viewed with a polarizing optical microscope.
The orientation of the director imprinted during crosslinking n, and the orientation of the crossed
polarizers is shown in the top left-hand corner of each image. Note that the dark lines, which
represent regions in which the director is locally aligned with an axis of the crossed polarizers, shift
positions in the left- and right-hand images, which were taken for the same sample in the same
position and orientation but with a different orientation of the crossed polarizers. The positions of
the extinction bands in the images are shifted relative to each other, and this indicates a spatially
varying director orientation in the sample. The scale bar in the image shows the pitch length of
approximately 10 pum for this particular sample.

does not preclude an out-of-plane rotation of the director coupled with this in-plane rotation.

The characteristics of the striped texture depend on the sample thickness and polymer concen-
tration. The pitch length is larger in thicker samples and more dilute gels (Fig. 3.3). Stripes do not
appear when the gap is too thin or the polymer concentration too dilute. In the case of a 5 wt %
gel, stripes do not appear in 4- and 9-pum-thick cells but they do appear at larger gap thicknesses.

For 10 wt % gels, stripes appear in the thinnest gaps tested, 4 pm.

3.4.2 Mathematical model

We propose that the buckling instability arises from a combination of rubber elasticity and LC
elasticity, and that the instability represents a periodic network strain coupled to a periodic rotation
of the director. We can formulate a molecular model of the instability by utilizing the theory
for nematic rubber elasticity developed for LC elastomers |2 [13]. This theory assumes that the
network is composed of anisotropic, gaussian chains and neglects excluded volume interactions. The
anisotropic conformation of the polymer strands can be described by a step-length tensor l;; =

11655 + (I —11)nin;, where I and [ are the step lengths perependicular and parallel, respectively,
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Figure 3.3: Dependence of pitch on gap in 10 and 5 wt % polymer gels.

to the nematic director for a freely jointed chain. These step lengths are directly related to the mean
square end-to-end distance, (R;R;) = %lij L, where L is the arc length of the polymer chain. A more
useful expression relates the ratio of the step lengths to the ratio of the radii of gyration of the chain,
l—‘i = (%)2. For the present polymer, which has a strongly prolate conformation (see Chapter 5,
Fig5.1), r is greater than 1 and decreases towards 1 as the temperature increases towards the Ty ;.
The ratio of the step lengths ll—‘l is denoted as the network anisotropy r, and the anisotropy during
crosslinking is denoted as 7.

The free energy density of the gel consists of three terms: ideal nematic network elasticity, non-
ideal nematic network elasticity, and Frank elasticity (Eq.[3.1). The free energy cost of deforming the
gel includes the contribution of the network strands, expressed in terms of the deformation gradient
tensor \;; (see Chapter|[l)). The ideal nematic elastic term is weighted by the rubber modulus p. The
non-ideal, or semi-soft, contribution is weighted by p and the semi-softness parameter a. Semisoft

elasticity arises from imperfections in the nematic network such as compositional fluctuations [4].

The last term is the Frank elastic term, which is a penalty for non-uniform director fields. We make
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the one-constant approximation [14] with Frank elastic constant K.

Fo= (T X717 N) +
Lo (1@~ g ) AT ) + o)
1

In order to model the phenomena, we start with a macroscopically uniform nematic gel in which
the director n is aligned in a unique direction parallel to the substrates of the cell. Below a critical
temperature, r becomes sufficiently large that the gel buckles. We assume that the director stays
in the x — y plane and that the director orientation depends on = and z but is independent of y.
(Fig. [3.4). Coupled to the director rotation is a network strain field described by the deformation
gradient tensor \;;. At the interface with the cell (z = i%), the substrates impose the boundary
conditions of no-slip. We analyze the behavior near the transition to the striped state, where
we assume small values for the amplitudes of the director rotation and the displacements. The
displacement field A satisfies the conditions of no-slip at the substrates (A = 0 at z = :tg) and
incompressibility (V- A = 0). Also, the displacement field and director rotation are independent of
V.

We can develop simple sinusoidal functions (Eq. 3.2) that satisfy the boundary conditions, as

follows. First, we assume a simple sinusoidal dependence for the director orientation, ¢ ~ coskz,

Figure 3.4: Nematic gel director orientation in a) the initial uniformly aligned state, and b) the
striped state. The cell substrates are at z = ig.



47
where k is a constant that sets the wavevector for the distortion. Note that the pitch length in

s
)y Lt

Fig. 3.2| corresponds to half the pitch of this periodic function Since the director is confined
to the x — y plane, A, = 0 everywhere. It then follows, from the condition of incompressibility,
that A, is independent of x, and therefore A, must also zero everywhere to be compatible with the
symmetry of the nematic phase. Therefore, A, is the only non-zero component of the displacement
field A. The y displacement will be out of phase with the director rotation (the deformation gradient
is in phase with the rotation), giving A, ~ sin kz.

Since the director is coupled to the undeformed network at the substrates it retains the same
orientation present during crosslinking. Director rotations independent of network deformations are
in general costly, with F' ~ % p? for such rotations [2]. Therefore, ¢ = 0 at z = :I:%. We also assume
a simple sinusoidal dependence cos gz, with ¢ = 7, for the director rotation and network strain fields

along the z-axes. Note that this function decays to zero at the substrate interface. Finally, the terms

¢ and ~y set the amplitudes of the rotation and displacement fields, respectively (Eq.[3.2).

b(z,2) = Ecos(qs)cos(ka),
A, = ~cos(gz)sin(kzx), (3.2)
A, = A, =0

)

We can calculate the deformation gradient tensor A from the displacement field (\;; = d;; + D
—_— J

and substitution of A\ and n into Eq. 3.1l gives the free energy density of an incompressible nematic
gel subject to the periodic deformation and director rotation described by Eq.[3.2. We Taylor expand
this function in ¢ around ¢ = 0 and keep only terms of O(£2) or greater. Next, we integrate the
simplified free energy density over one wavelength of the deformation to obtain the average free
energy density of the gel. Subtracting the energy of the uniformly aligned gel from this free energy
gives the free energy relative to the monodomain state, so that a crossing from a positive to a

negative value in the free energy indicates an onset of the buckling instability. (Eq. [3.3).
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The first term in (Eq. 3.3) is the contribution from Frank elasticity and is always positive, as
expected. The second, bracketed term (weighted by w) is the contribution from nematic rubber
elasticity, and it contains some terms that contribute negative values to the free energy. The various
terms in the bracketed expression are grouped according to whether they arise from ideal or non-
ideal nematic rubber elasticity. The first two terms in the bracketed expression, £v%(¢* + k?r,) and
%’y{k(% — 1), are the ideal or soft rubber elastic terms. The term %'y{k(% — 1) is always negative
for v > 0 and is resposible for the buckling instability, while the term é'y2 (¢* + k?r,) is always
positive and increases the threshold to the buckled state.

The final term in the bracketed expression, $£%(r, — 1 + o+ 1 — Z2) is the contribution from
non-ideal network elasticity. This term is always positive, and it arises from two sources of semi-
softness, or non-ideality. The first source, weighted by «, accounts for compositional fluctuations
or polydispersity in the molecular structure. « is always positive or zero, and a greater value of
« indicates a greater degree of semi-softness. The second source of semi-softness arises from the
anisotropy during crosslinking rg. A perfectly soft network has ro = 1 and a perfect memory of the
isotropic state [2]. Note that if @« = 0 and r¢o = 1, the semi-soft contribution vanishes.

In order to compute an anisotropy and wavevector for this general case, we look for the minimum
value of r and critical wave vector k for which the right combination of infinitesimal displacement
~ and rotation £ costs zero energy (Eq. 3.4), signalling an instability as r passes through this value.
For slightly larger r values, the amplitude of the instability grows rapidly, with the wavelength

determined at the instability.
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The material parameters can be reasonably approximated from independent measurements or
from known properties of the liquid crystal solvent 5CB. For example, the LC elastic constants K
have been measured previously for 5CB at room temperature [12), [15] and have values of about
1 x 107 N. We measured the rubber modulus x in a cone-and-plate rheometer and obtained a
value of approximately 220 Pa for a 10 wt % gel and 50 Pa for a 5 wt % gel [10]. The endblocks
associate at a temperature near the T to form the gel, so we set the initial anisotropy r, to the
small value of 1.2. In addition to these parameters, we reasonably approximate the semi-softness

parameter « to have a value of 0.05, based on previous studies of nematic elastomers [16].

3.5 Discussion

A periodic modulation of the nematic director is unexpected because it introduces a free energy
contribution from Frank elasticity. The appearance of the stripes can be accounted for, however, by
including the rubber elastic energy of the polymer network. (A periodic striped texture has also been
observed in very thin (< 1 pm) films of small molecule nematic LC due to surface gradient terms in
the elastic free energy expression [17, [18]. Our samples are thick enough that the surface gradient
terms are not significant.) An SGLCP dissolved in a nematic solvent adopts an anisotropic chain
conformation coupled to the nematic order of the solvent [10]. Based on prior literature on nematic
elastomers [2], we expect that an unconstrained free standing gel will change shape: in the case of a
strongly prolate alignment tendency, the gel will expand in the direction of director orientation with
decreased temperature (our gel is too soft to carry out the same experiment). When constrained
between glass plates, however, expansion of the gel in the direction of increasing anisotropy is
prevented by the boundary conditions, and the network becomes increasingly frustrated as the
temperature decreases. Increasing network elastic energy results in a buckling instability in which

a periodic strain field reduces the rubber elastic free energy at the cost of a Frank elastic penalty.
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Such a spontaneous deformation is possible only in nematic rubbers, where a coupling between the
local nematic director orientation and macromolecular conformation significantly reduces the rubber
elastic penalty associated with mechanical deformations, a phenomenon known as soft elasticty [2].
This coupling gives rise to macroscopic shape changes in nematic rubbers in response to heat and
light and director rotations in response to strains.

It is instructive to look at the behavior predicted by Eq.[3.3| for various limiting cases. First, an
infinitely small spatial frequency k = 0, or equivalently an infinitely large pitch, results in a positive
free energy relative to the unbuckled state. This can be easily seen in Eq. 3.3l by noting that the
only negative term in the expression, v¢k(L — 1), disappears when k = 0. This indicates that
there is always energetic penalty, from both LC elasticity and nematic rubber elasticity, for buckling
in a sample of finite thickness. The penalty arises from the boundary condition which necessitates
a bend distortion and shearing from the edges to the center of the sample.

In the case of an infinitely thick sample, ¢ ~ 0, the penalties %K§2q2 and %W2q2 for the bend
distortion and shearing, respectively, vanish. If the gel is perfectly soft (« = 0 and 79 = 1), then
the buckling instability carries no penalty from the rubber elastic term. This can be seen in the
free energy expression (Eq. [3.3)): In the limit ¢ — 0, the negative contribution ~ rovfk(% —1) can
always compensate the positive contributions for any k by properly selecting v and £. For r > 1,
the buckling instability will always be favored over the monodomain state for a soft gel of infinite
thickness. In the case of semi-soft (a > 0 and/or r9 > 1) gels in thick gaps, there is a finite threshold
in 7 to the buckling instability.

The various contributions to the free energy are depicted graphically for a gel of finite thickness in
Fig.3.5a. The rubber elastic terms favor a large frequency. However, Frank elasticity goes inversely
with the square of the wavelength, making very short wavelengths costly in energy. The final
wavelength is a compromise of nematic rubber elasticity and Frank elasticity. The final wavelength
is set by the rubber modulus u, the Frank elastic constant K, the initial anisotropy rg, and the
semi-softness parameter a.

A comparison of the model prediction of the pitch and experimental results shows good qualitative
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Figure 3.5: (a) Predicted value of the threshold anisotropy 7, as a function of gap thickness d
and rubber modulus p. Bands form if the polymer has » > ry,. The values of u correspond to
those of the 5 wt % and 10 wt % gels. (b) The different components of the free energy expression
(Eq. 3.3) for a gel with a modulus of 220 Pa, an initial anisotropy of 1.2, a present anisotropy of 3,
a semi-softness parameter of 0.05, an LC elastic constant of 1 x 107! N, and a gap of 25 um. The
soft and semi-soft elastic parts refer to the ideal and non-ideal network elastic terms, respectively,
and adding the LC part gives the full free energy density. The mimumum in the full free energy
density corresponds to the predicted k for these sample conditions.

agreement (Fig. 3.3a). The model predicts the trends of increasing pitch with increasing gap and
decreasing polymer concentration. The model also accounts for the disappearance of stripes at
small gaps from a prediction of the threshold anisotropy (Fig.3.5). Small-angle neutron scattering
measurements show the anisotropy of the present midblock at 25°C to be approximately 10 (see
Fig.5.2, Chapter/5. Based on this value, the model predicts that bands are suppressed for d < 3.7 ym
for the 5 wt % gel and for d < 1.9 um for the 10 wt % gel. As the gap decreases, ¢ increases, increasing

the cost of both Frank elasticity and nematic rubber elasticity (Eq. 3.3).

() <3-5>

The functional dependence of the optimal wavevector on the gap has a square root dependence

at large gaps (small ¢) (Eq.3.5). At small enough gaps, however, for ¢ ~ /u/K, the negative term
in (Eq. [3.5) becomes comparable to the positive contribution. This would result in an increasing k

with increasing ¢ (longer pitch at smaller gap); however, this never occurs because the upper bound

on qis \/u/K.
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To summarize, we have presented a stripe distortion that arises in uniformly aligned nematic
gels in response to small temperature changes. A model based on the molecular theory of nematic
rubber elasticity accounts for the observed experimental features: the onset of the instability with
changes in the network anisotropy, the increase in the pitch with increasing sample thickness, the
decrease in the pitch with increasing polymer concentration, and the disappearance of the instability
at small sample thicknesses. The model indicates that the instability arises from a balance of Frank
elasticity and polymer elasticity, resulting in a periodic structure on the length scale of micrometers.

The buckling instability in nematic gels is a remarkable transition that adds to the library of
texture transitions observed in LC elastomers and gels. LC elastomers can show similarly striped
states in response to mechanical strains [0, [19], and LC gels demonstrate non-uniform responses to
external electric fields |20} [16]. These periodic textures in LC materials find analogy in an instability
observed in deformable elastic crystals [21], which can develop an undulating texture at their surface

in response to strains.
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Chapter 4

Director Dynamics in Liquid
Crystal Physical Gels

The work described in this chapter was done jointly with Neal Scruggs. We also collaborated with
Professor Samuel Sprunt (Department of Physics, Kent State University) and Professor Peter Palffy-
Muhoray (Liquid Crystal Institute, Kent State University). We thank Professor Sprunt’s students,
Sunil Sharma and Krishna Neupane, for their help with the light scattering experiments.

The contents of this chapter were submitted for consideration for publication in the journal Soft

Matter on January 18th, 2007.

4.1 Abstract

Nematic liquid crystal (LC) elastomers and gels have a rubbery polymer network coupled to the ne-
matic director. While LC gels and elastomers are expected to have a single, hydrodynamic relaxation
mode, dynamic light scattering studies of self-assembled liquid gels reveal overdamped fluctuations
that relax over a broad time scale. At short times, the relaxation dynamics exhibit the expected
hydrodynamic behavior. In contrast, the relaxation dynamics at long times are non-hydrodynamic,
highly anisotropic, and increase in amplitude at small scattering angles. We argue that the slower
dynamics arise from coupling between the director and the physically associated network, which pre-
vents director orientational fluctuations from decaying completely at short times. At long enough

times the network restructures, allowing the orientational fluctuations to fully decay. Director dy-
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namics in the self-assembled gels are thus quite distinct from those observed in LC elastomers, in
both that they display soft orientational fluctuations at short times and that they exhibit at least

two distinct relaxation modes

4.2 Introduction

Depolarized dynamic light scattering studies of nematic LCs give information about the dynamics
of the nematic director. Small molecule nematic LCs have two independent hydrodynamic modes,
corresponding to splay-bend and twist-bend elastic distortions of the axis of molecular orientational
order (or director). These modes can be decoupled experimentally [I]. Addition of side-group liquid
crystal polymer (SGLCP) to a nematic solvent significantly slows these relaxation processes [2], but
qualitatively the relaxation dynamics are similar to those in small molecule LCs. In the case of an
LC elastomer or gel, network elasticity enters into the director dynamics [3, 4, [5]. LC elastomers are
weakly crosslinked LC polymers, and L.C gels are made by swelling LC elastomers in an L.C solvent.
In LC elastomers and gels, the director fluctuations are coupled to deformations of the network.
Here, we study LC physical gels formed by end-associating triblock copolymers [6, [7]. Block
copolymers are comprised of chemically distinct polymers covalently linked together. The present
triblock copolymers consist of a side-group LC polymer (SGLCP) midblock flanked by polystyrene
(PS) endblocks. When mixed with a small molecule nematic LC, the PS — SGLCP — PS triblock
copolymer forms aggregated structures, known as micelles, due to the different solubilities of the
PS and SGLCP blocks. The PS blocks are relatively insoluble in the small-molecule LC while the
SGLCP block swells readily in the LC solvent, resulting in an interconnected micellar network when
mixed with an LC solvent. A key feature of these LC gels is that the physical crosslinks can break and
reform, and the network can therefore reconfigure over time. Also, we can efficiently produce highly
uniform nematic samples because the LC physical gels self-assemble from field-aligned solutions on
cooling through the isotropic-to-nematic phase transition. Such gels are therefore important and
unique model systems for understanding the effect of a polymer network on director dynamics.

The focus of this paper is a dynamic light scattering study of orientational fluctuations in PS-
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SGLCP-PS physical gels and, for comparison, in homopolymer solutions of the SGLCPs on which
the gels are based. The gels reveal overdamped fluctuations that relax over a broad time scale —
ranging from “short” times (< 107! s and comparable to the director modes of the corresponding
homopolymer solutions) out to much longer times (>> 107! s). The faster relaxation exhibits the
characteristic “g%”-dependence on the scattering vector that is characteristic of hydrodynamic modes.
We argue that the slow component of the fluctuations arises from the coupling of the nematic director
to the physically associated polymers which restructure on much longer time scales. The expression
of this slow “gel” mode is highly anisotropic — indeed, it is correlated with the scattering geometry
in which the viscoelastic properties of homopolymer solutions are most significantly modified by the
polymer component. The dynamics of physical LC gels, exhibiting a broadened spectrum combining
hydrodynamic director modes and very slow relaxation associated with rearrangement of the gel
structure, are thus quite distinct from previous studies of covalently bonded networks such as LC
elastomers [5], where light scattering reveals only director modes that are non-hydrodynamic, due

to a direct coupling of director rotation to network motion.

4.3 Experimental

Polymer-analogous synthesis was used to make SGLCP homopolymers and coil-SGLCP-coil tri-
block copolymers with mesogens attached either “end-on” or “side-on” (Fig.4.1). The end-on and
side-on polymers preferentially orient with the backbone perpendicular or parallel, respectively, to
the nematic director, resulting in an oblate (end-on) or prolate (side-on) chain conformation [6].
Mesogenic side-groups were attached to the pendant vinyl groups of an anionically polymerized
1,2-polybutadiene (PB) homopolymer (65 kg/mol) or a polystyrene — block — (1,2-polybutadiene) —
block — polystyrene (55 kg/mol PS, 120 kg/mol PB, 65 kg/mol PS) triblock copolymer according
to published methods [7] (Fig. 4.1). The functionalized polymers contain a residual percentage of
unmodified units in the form of unreacted 1,2-butadiene and non-reactive 1,4-butadiene present in
the prepolymer (Table 4.1)). All four polymers (Fig.[4.1)) are nematic from room temperature up to

a nematic-isotropic transition temperature (T;) (Table [4.1]).
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Figure 4.1: Chemical structure of the side-group LC homopolymers (HSiCB4 and HSiBB) and
triblock copolymers (ABASiCB4 and ABASiBB).

Solutions of these polymers in the nematic LC 4-pentyl-4’-cyanobiphenyl (5CB) were prepared
by dissolving the polymer and 5CB together in dichloromethane (DCM), then evaporating the DCM
under vacuum for at least one day. In this study, we focus most of our attention on 5 wt % polymer
solutions.

Mixtures of polymer in 5CB were loaded into cells consisting of glass plates separated by 4, 9,
or 25 pm spacers. Cells having 4 or 9 ym gaps were purchased from LC Vision (Boulder, CO)
and have SiO, alignment layers for homogeneous (planar) alignment. Cells having a 25 pym gap

were purchased from EHC (Japan) and have rubbed polyimide alignment layers for homogeneous

Table 4.1: Polymer characteristics

LC BLock Composition

Polymer Total M,, PDI LC Block M,, 1,2 Content 1,4 Content Mesogen Content Ty

& g (mol %) (mol %) (mol %) (°C)

H 63 1.04 N/A 97 3 N/A N/A
HSiCB4 500 148 500 0 2 98 60
HSiBB 713 1.08 713 8 3 89 120

ABA 270 1.26 N/A 86 14 N/A N/A
ABASiICB4 1200 1.16 1100 0 12 88 40

ABASiBB 1373 1.5 1249 21 14 65 70
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alignment. All three cell types have 5 mm x 5 mm transparent indium-tin oxide (ITO) electrodes
in their centers. Cells were filled with polymer/LC solutions by capillary action; homopolymer
solutions readily flowed in at room temperature and triblock gels flowed readily when heated above
the gel point (35 °C for ABASiCB4 and 33 °C for ABASiBB). Homopolymer solutions spontaneously
aligned to form monodomains under the influence of the alignment layers. Gels were made to form
homogeneous monodomains by heating them above the gel point then slowly cooling them inside
the bore of an 8 T NMR magnet with the field parallel to the alignment direction. Gels were also
aligned to form homeotropic monodomains by heating them above the gel point then cooling while
applying a 15 Vyms potential difference across the ITO electrodes.

Aligned samples were mounted in a temperature controlled oven with optical access that was
stabilized to better than + 0.01 °C. The samples were illuminated with a focused, vertically polarized
20 mW HeNe laser beam (wavelength Ay = 633 nm) at normal incidence. Depolarized scattered
light was collected at various scattering angles 65, with the optical scattering vector ¢ lying in the
horizontal plane. Monodomain LC samples were placed in the beam oriented so that the nematic
director was either parallel to the incident polarization (vertical, V), perpendicular to both the
incident polarization and the incident beam (horizontal, H), or parallel to the incident beam (parallel,
P) (Fig. 4.2). The time autocorrelation of the scattered intensity (< I(q,0)I(gq,t) >) collected
at discrete angles was recorded in the homodyne regime. The resulting intensity autocorrelation
functions were normalized by their maximum value, typically 1.95.

The H geometry corresponds to the twist-bend fluctuation mode of the LC director, with elas-
tic energy density Kaq? + Kgqﬁ given approximately in terms of 65 by ngg(n” —n.)? + [Ks+
KQ(?’ZH/’I’LJ_)]]{(% sin?f,. Here K, K3 are twist, bend Frank elastic constants, k, = 2m/\,, and
n1,n| are the principal refractive indices of the uniaxial nematic medium. Since njj/ny —1 << 1,
bend distortions dominate in the H geometry, except for small 6;. In the P geometry, one again
probes the twist-bend normal mode, with Koq? +K3q‘2| approximately equal to [Ky+4K3(n1 /n))(1—
ny/ n”)]kg sin? 0, . In this case, twist distortions are dominant. Finally, in the V geometry, we detect

both twist and splay fluctuations as separate modes, with energy density K1¢% or Kaq? , where ¢2
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Figure 4.2: Top-view schematic of the three scattering geometries used. The scattering plane, which
contains ¢, is in the plane of the page, perpendicular to i. Relative to the incident polarization, ¢,
and wavevector, k;, the LC director, n, is oriented parallel to ¢, (“V” for “vertical”), perpendicular to
both i and k; (“H” for “horizontal”), or parallel to k; (“P” for “parallel”). The polarization direction
of the analyzer, f, is horizontal, perpendicular to i. The intensity of the scattered, depolarized light
is recorded at a discrete angle, 6, in the laboratory frame, corresponding to a particular final
wavevector, ky and scattering vector ¢ = k¢ — k;.

is approximately proportional to (n —n.1)%k2 + 2(ny /nL)k? sin® 6.

Thus, for all three geometries and assuming the main effect of the polymer on the director
modes is simply to renormalize the elastic constants or relevant orientational viscosities, one expects
the relaxation rate obtained from the measured decay of the scattered intensity time correlation
function of these modes to scale basically as sin® f, (except at small 6, where the effects of the LC
birefringence may be significant). The important distinction among the three scattering geometries
is that in the H (P) cases, there is a substantial component of ¢ along (perpendicular) to the extended
axis of the polymer in the side-on (end-on) system, whereas the reverse applies in the V case.

As is common for liquid crystal polymer light scattering studies [8), 9], correlation functions from
homopolymer solutions were fit to the empirical Williams-Watts function [10} 11] exp(—tI")? where
T is the relaxation rate and 0 < 8 < 1 is a stretching exponent equal to one for purely exponential
relaxation. If § is assumed to result from a spectrum of relaxation times, the average relaxation
rate < I' > may be calculated [12] from BT/['1(371)], where I'y denotes the Gamma function.

Prior to initiating a time correlation experiment, the sample position was adjusted to a well
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aligned region of the sample that minimized the static intensity of the scattered light. Monodomains
of homopolymer solutions were highly uniform and required little adjustment. On the other hand,
it was more difficult to achieve high-quality monodomains with gels, and more sample adjustment
was required prior to each experiment.

On small (< 100 nm) length scales, the gels have a heterogeneous structure that consists of an
LC midblock solvated by the small molecule LC and phase-separated endblocks swollen with LC.
Over the length scales probed by our scattering experiment, ranging between approximately 350 nm
and 2900 nm, the system can be considered homogeneous.

In some samples, and particularly for lower values of 6, the intensity autocorrelation function did
not decay completely, even after several hours. For a few representative cases, we separately recorded
correlation functions over several weeks, fully confirming that the data decay to a stable baseline
and that the observed fluctuations are ergodic (or characteristic of a system in thermodynamic

equilibrium), though very slow, due to the cross-linked polymer structure within the gel.

4.4 Results

The comparison of intensity correlation functions for 5CB, homopolymer solutions, and triblock
gels presented in Fig. [4.3| reveals qualitatively different director relaxation dynamics for each type
of sample. At all orientations, 5CB shows single exponentially decaying relaxation modes, as has
been previously established for small molecule LCs [I}, 13, 14} [15]. Homopolymer solutions (with
side-on and end-on SGLCPs, HSiBB and HSiCB4, respectively) exhibit stretched exponential time
correlation functions with significantly slower relaxation rates than for the small molecule LC host,
5CB, in accord with prior literature on SGLCPs in nematic solvents [2 8, [16, [17, 18, 19]. The
relaxation rates have the ¢ dependence associated with diffusive hydrodynamic modes (Fig. 4.4),
as expected [2], and the stretching exponent 3 falls in the range of 0.57 to 0.99.

Addition of homopolymer with mildly oblate chain anisotropy (HSiCB4) slows relaxation more
strongly in the H geometry than in the V geometry (Fig. 4.4a). The asymmetry is reversed for

the polymer with strongly prolate chain anisotropy (HSiBB), which instead shows more strongly
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Figure 4.3: Normalized time correlation functions go(t) at 25 °C and 65 = 30 °C for 5CB, 5 wt %
homopolymer solutions, and 5 wt % triblock copolymer gels in the H and V orientations
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Figure 4.4: ¢-dependence of the average relaxation rates < I' > for (a) 5 wt % end-on homopolymer
and (b) 5 wt % side-on homopolymer in both the H and V orientations. The dashed lines are linear
fits to the data points
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reduced relaxation rates in the V geometry (Fig. [4.4b). These results are in accord with extensive
electrorheological and light scattering measurements by Jamieson and coworkers [2| 8, [16] [17, [18,[19]
and with a theoretical model by Brochard [20], which predicts a strong reduction in director bend
relaxation rate (probed in the H geometry) relative to splay (probed in the V geometry) for the oblate
homopolymer (with end-on mesogen attachment) and the opposite for the prolate homopolymer
(side-on attachment).

The triblock gels display highly broadened relaxation modes, with intensity correlations extending
to much longer times than for the homopolymer solution; these data could not be fit by a conventional
stretched exponential. The qualitatively different shape associated with the gel correlation functions
is apparent in both scattering geometries, but it is most dramatic in the H geometry for ABASiCB4
(Fig.[4.3a) and the V geometry for ABASIBB (Fig. [4.3d), exactly the same pairing observed for the
slowing down of director modes in the corresponding homopolymer solutions. On the other hand,
in the P orientation, the slow dynamics are evident in both gels (Fig. 4.7).

Normalizing the delay time by ¢ ~ (sinf,/sinf,)? (where 0, is a fixed reference angle) collapses
the time autocorrelation functions of homopolymer solutions and 5CB onto one another, demonstrat-
ing that the relaxation rate has the ¢g?-dependence associated with diffusive hydrodynamic modes
(Figs. 4.5a, 4.5b, 4.6a, [4.6b). On the other hand, the g?-scaling superimposes the intensity auto-
correlation functions of end-on (ABASICB4) triblock gels only at short times (Figs. [4.5¢ and [4.5d).
Significant deviations are observed at long times (> 10~! s) and lower angles (6, < 38°). Similarly,
the autocorrelation functions for both gels in the P orientation have a sin®#, scaling only at short
times and deviate from this behavior at long times (Fig. 4.7). By contrast, in the case of side-on
gels (ABASiBB), the data at 25 °C superimpose well for almost all scattering angles (Figs. 4.6c and
4.64).

In triblock copolymer solutions of different polymer concentration, a qualitative change in the
shape of the intensity autocorrelation function coincides with the gel point: the slow dynamics in
the end-on (ABASICB4) gel abruptly appear at 5 wt % concentration but are not evident at a

lower concentration [e.g., 1 wt % (Fig. 4.8)]. Prior rheological studies have shown that at 5 wt %
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Figure 4.5: Normalized time correlation functions, g2(t), at 25 °C of end-on polymers at a variety
of scattering angles as a function of rescaled delay time, t(sin(6)/sin(6,))?, where 8, = 8°. 5 wt %
end-on homopolymer (HSiCB4) in the (a) H orientation and (b) V orientation; and 5 wt % end-on
triblock copolymer gel (ABASICB4) in the (c) H orientation and (d) V orientation
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Figure 4.6: Normalized time correlation functions, gs(t), at 25 °C of side-on polymers at a variety
of scattering angles as a function of rescaled delay time, t(sin(6)/sin(6,))?, where 8, = 8°. 5 wt %
side-on homopolymer (HSiBB) in the (a) H orientation and (b) V orientation; and 5 wt % side-on
triblock copolymer gel (ABASIBB) in the (c¢) H orientation and (d) V orientation
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Figure 4.7: Normalized time correlation functions, go(t), at 25 °C of triblock copolymer solu-
tions in the P orientation at a variety of scattering angles as a function of rescaled delay time,
t(sin(6s)/ sin(6,))?, where 6, = 8°. (a) 5 wt % end-on triblock (ABASiCB4) and (b) 5 wt % side-on
triblock (ABASiBB)
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Figure 4.8: Concentration dependence of the intensity autocorrelation functions go(t) at 25 °C and
0s = 30° of end-on triblock copolymer gels (ABASICB4)

concentration end-on gels exhibit a wide plateau in their storage modulus that is characteristic of
a gel [7]. Beyond the gel point, doubling and tripling the concentration has relatively mild effects
(Fig. 4.8)). The dynamics of relaxation become slower, but the shape of the correlation function is
qualitatively the same.

End-on homopolymers and gels are relatively insensitive to temperature, as compared to their
side-on counterparts. As temperature is increased from well below the nematic-isotropic transition
(Tn1) to within 2 °C of Ty, the intensity correlation functions of end-on (HSiCB4) homopolymer
solution and end-on (ABASiCB4) gel hardly change (Fig. 4.9). In contrast, the relaxation time of
side-on homopolymer in the V geometry speeds up by orders of magnitude (Fig. 4.10). Changing the
temperature also significantly changes the observed dynamics in side-on (ABASiIBB) gels (Figs. [4.10c
and [4.10d). In the H orientation, the long-time tail in the intensity correlation function that can be
seen at 25 °C almost disappears at 31.5 °C, and the initial drop-off in the decay shifts to shorter
times with increasing temperature (Fig. [4.10c). In the V orientation, the long-time tail similarly
diminishes as the temperature is increased, but the initial decay shifts to longer times (Fig. 4.10d).
In contrast to their behavior at 25 °C (Figs. 4.6c and 4.6d), at 31.5 °C the side-on gels depart from

pure ¢? hydrodynamic behavior at long times (Figs. 4.11c and 4.11d).



68

(@) End-On Homopolymer ©) End-On Gel

log(t/s) log(t/s)

Figure 4.9: Temperature dependence of the normalized intensity autocorrelation functions ga(t) at
0s = 30° of 5 wt % end-on homopolymer HSiCB4 in the (a) H orientation and (b) V orientation and
5 wt % end-on triblock copolymer gel ABASICB4 in the (c¢) H orientation and the (d) V orientation
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Figure 4.10: Temperature dependence of the normalized intensity autocorrelation functions g (t)
at 0, = 30° of 5 wt % side-on homopolymer HSiBB in the (a) H orientation and (b) V orientation
and 5 wt % side-on triblock copolymer gel ABASIiBB in the (¢) H orientation and (d) V orientation
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Figure 4.11: Normalized intensity autocorrelation functions go(t) at 31.5 °C of side-on polymers at
a variety of scattering angles as a function of rescaled delay time, ¢(sin(6)/sin(6,))?, where 6, = 8°.
5 wt % side-on homopolymer (HSiBB) in the (a) H orientation and the (b) V orientation; and 5 wt
% side-on triblock copolymer gel (ABASIiBB) in the (c) H orientation and the (d) V orientation
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4.5 Discussion

The data for the LC gels qualitatively resemble those observed from previous light scattering studies
of associating polymers [21}, 22| 23] [24], 25| 26] 27, 28], with the appearance of slow relaxation modes
above a critical concentration and highly stretched intensity autocorrelation functions with a strong
g-dependence. However, in the present study, the scattered light arises primarily from fluctuations
in the orientation of the nematic director, not density fluctuations as in the previous light scattering
studies of gelled systems. Therefore, structural changes such as micellar diffusion or concentration
fluctuations in the polymer network are revealed indirectly by their effect on the nematic director
dynamics.

Our data indicate that in the LC physical gels at least two distinct relaxation processes couple
to the director and scatter light. The faster relaxation process shows a ¢? scaling characteristic of
hydrodynamic modes, as in homopolymer solutions and pure low molecular weight nematics. The
relaxation rate for this process is reduced with the addition of triblock copolymer and is dependent
on the polymer/gel architecture, but it remains hydrodynamic. This behavior contrasts sharply
with light scattering results on LC elastomers [5], where the LC director modes are strictly non-
hydrodynamic (relaxation rate independent of ¢), due to the full incorporation of the LC into the
cross-linked polymer network and the consequent nature of the director-network coupling required
by rotational invariance [29]. The theoretical description of relaxation modes in LC gels does not
contain such a strong coupling [3 [4], and our experimental results confirm this, at least for physical
gels: orientational fluctuations are soft in all directions at long wavelengths.

The slow gel dynamics expressed in the correlation data at long times are associated with long
length scales: the smaller the scattering angle, the more strongly the intensity autocorrelation
persists at long time (Figs. 4.5¢c, 4.5d, 4.6, [4.6d, 4.7a, and 4.7b). Indeed, the ¢-dependence of
the slow relaxation appears to be stronger than ¢ (or sin?#,) for small wavevectors (or low 6),
and is reminiscent of hindered relaxational dynamics in colloidal glasses and associative polymers
[21) 22, 23], 24 26, 28]. We propose that the nematic director is coupled to the associated gel

structure, yielding long-lived orientational fluctuations. The nematic director can relax via the fast
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Figure 4.12: Schematic for network relaxation via a fast mode that retains the network structure
and a slow mode that requires the reorganization of the physical network. The ellipsoids represent
polymer micelles with an SGLCP corona (gray shading), a polystyrene core (dark circle), and inter-
micellar bridges (dark lines). The shading represents the local density of micelle coronal chains, with
darker shading corresponding to a higher density. The schematic shows that a network deformation
stretches the intermicellar bridges as well as deforming micelles. A slow network rearrangement
process re-establishes the equilibrium configuration through a combination of micelle-hopping and
the nucleation or evaporation of micelles.

relaxation mode only to a certain extent, due to a coupling to the polymer gel structure. At long
enough times, however, the physical junctions in the network reorganize and allow the nematic
director to fully lose correlation with its initial orientation.

This idea is demonstrated schematically in Fig. [4.12. Under a deformation, the network can
undergo a “fast” viscoelastic relaxation mode in which none of the physical junctions are broken.
On the other hand, the physical junctions in the network are constantly broken and reformed, and on
long time scales the network can significantly reorganize its structure. This network reorganization
process can appear as a second, much slower director relaxation mode. The picture presented in
Fig. 14.12 is only a schematic, and in the actual gel the polymer micelles are not ordered on a
lattice [30]. However, the model appropriately represents the association of polymers into micelles
and the interaction of micelles by repulsive forces as well as bridging between micelles, and it
qualitatively accounts for two separate relaxation modes.

While both prolate (side-on) and oblate (end-on) polymer gels strongly modify predominantly
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Figure 4.13: Schematic for network deformations associated with splay and bend LC deformations.

twist relaxation of the director (Fig. 4.7 and Figs. [4.5d and 4.6d for small 6;), the impact of the gel
is clearly selective in slowing and stretching predominantly bend fluctuations (Fig. [4.5¢) relative to
splay fluctuations (Fig.4.5d for larger 6;) in the end-on gel and just the opposite in the side-on gel
(Figs. 4.6c and 4.6d). The viscoelastic anisotropy of the homopolymer solutions is thus reflected in
the corresponding gels, pointing to an anisotropic gel structure — specifically, an anisotropy in the
intermicellar distance and in the size of the micellar bridges, which have a longer dimension along the
aligned director (side-on gel) or perpendicular to the director (end-on gel), as depicted in Fig. 4.13.
In this case, “undulation” (or an elastic bending) of the gel network along the long axis does not
require a severe distortion of the micellar positions or stretching of the bridges, while a twisting or
splaying of the long axis causes either a substantial reorientation of the micelles or stretching of the
shorter bridges. This results in a strong coupling of slow gel dynamics to twist director distortions
in both gel types and a selective coupling to bend and splay director distortions, respectively, in the
end-on and side-on gels (see Fig. 4.13).

Another aspect of anisotropic gel structure is observed in the initial decay of the correlation data
— specifically, the faster initial relaxation observed in the side-on gels relative to the corresponding
homopolymer solution (Fig. [4.6d). Interestingly, this case corresponds to the gel with the largest

polymer shape anisotropy or aspect ratio — 5:1 in the side-on, compared to 1.6:1 in the end-on gel at
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25 °C [6]. At higher temperatures, the initial decay in the side-on gels becomes slower (Figs. 4.11kc
and 4.11d), and this coincides with a decreasing network anisotropy, as confirmed by the changing
relaxation rates in the side-on homopolymer solutions (Figs. [4.11a and [4.11b). Therefore, a faster
initial decay is associated with more anisotropic networks. Recently, Lubensky and coworkers have
predicted [3] a modification to the elastic free energy in LC elastomers that provides for an additional
torque on the director that strongly depends on network anisotropy. Our evidence of faster director
relaxation in the more anisotropic side-on gel at lower temperatures is thus consistent with the
theory developed for elastomers. The weaker coupling between the nematic director and network
deformations in less anisotropic networks also apparently results in more widely separated relaxation
dynamics and modified hydrodynamic behavior at long times (compare Figs. [4.5¢c, 4.5d, 4.11c, and

4.11d to Figs. [4.6c and 4.6d).

4.6 Conclusions

We studied the director relaxation dynamics in LC physical gels via dynamic light scattering. We
found that the gels exhibited overdamped dynamics over a broad range of time scales. The faster
component is hydrodynamic and corresponds to director relaxation modes predicted by dynamic
theories of homopolymer solutions, where prolate chains strongly decreased the splay relaxation rate
and oblate chains strongly decreased the bend relaxation rate. We also observed a slow component to
the relaxation that increases in amplitude at low scattering angles, exhibits a stronger ¢ dependence
than the faster component of the dynamics, and is expressed with a strong anisotropy that depends
on the chain architecture. The slow component arises from coupling of the nematic director to
the rearrangement of crosslinks in the self-assembled polymer structure and is a consequence of the
physical nature of the gel structure. At long enough times the gel structure reorganizes, allowing the
nematic director to fully relax, resulting in the long-time decay in the observed correlation function.
The network anisotropy is also manifested in the initial decay of the correlation function: The
most anisotropic networks show a faster initial decay than the corresponding homopolymer solution,

indicating that the network can provide an additional restoring torque on the director.
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Chapter 5

Micellar Structure of Block
Copolymers in an LC Solvent

Much of the work in this chapter represents the combined efforts both of myself and of Neal Scruggs.
We acknowledge the support of Dr. Jyotsana Lal and Ed Lang in designing and conducting the neu-
tron scattering experiments. In addition, Dr. Michael Kempe and Zuleikha Kurji provided assistance
in carrying out the neutron scattering experiments during separate trips to Argonne National Labo-
ratory. Finally, the work in this chapter could not have been done without materials obtained from
Dr. David Uhrig of the Macromolecular Complex Systems group at Oak Ridge National Laboratory.

They provided most of the polystyrene-polybutadiene diblock copolymers used for this study.

5.1 Abstract

Block copolymers comprised of polystyrene (PS) segments and side-group liquid crystal polymer
(SGLCP) segments self-assemble when mixed in a nematic liquid crystal (LC) solvent to form LC
gels. We investigate a series of diblock PS-SGLCP and triblock PS-SGLCP-PS copolymer gels by
small-angle neutron scattering (SANS) and rheometry. These studies show that the LC order of the
host solvent imparts unique properties to the micellar gels. The micelles and intermicellar network
inherit the anisotropy of the host solvent, and dramatic structural and rheological changes occur
across the Ty, due to a changing solvent selectivity. SANS shows that the micelles are disordered,

and the micelles decrease in size with temperature. The microphase separation temperature Ty
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can be coincident with or higher than the Ty ; depending on the copolymer block lengths. Rheom-
etry reveals that both diblock and triblock copolymer mixtures can exhibit solid-like properties,
depending on the PS and SGLCP block lengths. Both SANS and rheometry show that the driving
force for self-assembly is increased with the PS block size: a larger PS block size results in a higher
Tyst and a higher sol-gel transition temperature. The block copolymer micelles have a “hairy”
structure with extended SGLCP coronas, small PS cores swollen with 5CB, and a soft intermicellar

potential.

5.2 Introduction

Block copolymers are comprised of chemically distinct polymers covalently linked together. When a
block copolymer is dissolved in a solvent that preferentially solvates one block, the block copolymers
oftentimes assemble into aggregates known as micelles, and this dramatically alters the rheological
properties of the solution. Unlike liquids, a micellar suspension can have a finite yield stress, but
it can also coat a surface or fill a container. This type of behavior that is neither purely liquid-like
or purely solid-like is termed viscoelastic, and these types of materials have wide-ranging practical
interest. Block copolymer additives are used regularly in the cosmetics industry, and potential uses
include their addition to jet fuels to prevent droplet formation [1] and as hydrogels to form scaffolds
for tissue regeneration [2].

Block copolymers can also be combined with LC order for use in functional materials. We
have demonstrated that triblock copolymers composed of a side-group LC polymer (SGLCP) mid-
block and non-mesomorphic polystyrene (PS) endblocks can form LC gels when mixed with a small
molecule liquid crystal (Chapter 2). In this study, we investigate the structure of the LC copolymers
in the small molecule LC 4-pentyl-4’-cyanobiphenyl (5CB). PS is insoluble in nematic 5CB due to
the entropic penalty of dissolving an isotropic polymer in a liquid crystal phase [3], resulting in
self-assembly of the triblock copolymers to form an LC gel. We study a series of SGLCP-PS di-

block and PS-SGLCP-PS triblock copolymers with different block lengths by SANS and rheometry.

An interesting property of the gels is that they undergo a nematic-to-isotropic transition near 35
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°C. Therefore, the nematic-to-isotropic transition of the solvent is expected to result in significant
changes to the self-assembled micellar structure. Both SANS and rheometry reveal significant struc-
tural changes with temperature across the Tx;. Also, the PS block length is a significant parameter
for the phase behavior of the gels, and samples with large (> 100 kg/mol) PS blocks form gels even

above the Tyy.

5.3 Experimental

5.3.1 Preparation of nematic gels

The synthesis and characterization of the LC homopolymers and copolymers and the preparation
of the LC gels was carried out as described in Chapter 2. The diblock and triblock PS-SGLCP
copolymers are named by the size of the SGLCP block, the size of the PS block, and the polymer ar-
chitecture ( “AB” for diblock, “ABA” for triblock, and “LCP” for SGLCP homopolymer), as shown
in Table 5.1 The homopolymers, triblock prepolymers, and diblock prepolymer for 890(70)AB and
840(190) AB were purchased and used as received from Polymer Source. All the other diblock pre-
polymers were obtained from the Macromolecular Complex Systems group from Oak Ridge National

Labs and used as received.

5.3.2 LC phase identification

The transition temperatures of the LC gels were determined using a Zeiss polarized optical micro-
scope (POM) with a Mettler FP82 hot stage. The temperature was slowly raised at 1 °C/min, and
the phases were identified along with the temperature at which phase transitions began. Some sam-
ples exhibited a biphasic region in between single-phase isotropic and single-phase nematic mixtures.

The Ty was taken to be the onset temperature of the biphasic region.
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5.3.3 Rheometry

Rheometry was performed on a TA Instruments ARES-RFS rheometer equipped with a 25 mm
diameter titanium shear cell. Except where otherwise noted, rheometry was performed in a cone-
and-plate geometry having a 0.0202 radian cone angle. All experiments were performed in the linear

regime as verified by dynamic strain sweeps.

5.3.4 SANS

SANS experiments were performed on the small-angle scattering instrument (SASI) at the Intense
Pulsed Neutron Source at Argonne National Laboratory. Diblock and triblock copolymer samples
were mixed with perdeuterated 5CB (D5CB) [4] at concentrations of 5 and 10 wt %. The samples
were loaded into 1 mm-thick quartz cells, except where otherwise noted, and the cells were placed in
a temperature-controlled sample holder. The scattering experiments were performed on polydomain
samples at temperatures ranging between 25 °C and 60 °C. Polydomain samples can be azimuthally
averaged and therefore have a much better signal to noise ratio compared to monodomain sam-
ples. Only selected samples were aligned to form monodomains for investigation under SANS. The

scattering trace for pure 5CB was used as a background.

5.4 Results

5.4.1 Polymer characteristics and phase behavior

A series of LC diblock copolymer samples were prepared in addition to an LC triblock copolymer
(Table 5.1). The diblock copolymers were designed to investigate a series of block copolymers
with varying PS block size, LC block size, and overall molecular weight. The diblock copolymers
590(40)AB, 530(60)AB, and 620(80)AB have similar LC block M,, but different PS block M,,. The
diblocks 620(80)AB and 890(70)AB have similar PS block sizes with different LC block sizes. Finally,
450(120)AB and 840(190)AB have similar ratios of PS block M, to LC block M, with different

overall M,,. These diblock copolymers can be compared to triblock copolymers 1320(60)ABA and
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800(20)ABA which can form “bridges” where one polymer strand associates with two different

micelles.
Table 5.1: Polymer characteristics
LC BLock Composition
Polymer PDI LC Block M,, PS Block M,, 1,2 Content 1,4 Content Mesogen Content
k k
(g (5 (mol %) (mol %) (mol %)

710LCP 1.08 713 0 8 3 89
500LCP 1.15 497 0 7 11 82
590(40)AB 1.37 592 40 21 1 78
530(60)AB 1.09 534 60 24 3 73
890(70)AB 1.11 886 70 18 12 70
620(80)AB 1.13 620 80 9 5 86
450(120)AB 1.65 445 120 31 1 68
840(190)AB 2.06 839 190 11 23 66
1320(60)ABA  1.40 1321 67,57 16 14 70
800(20)ABA 1.20 799 14,24 8 10 82

The phase behavior of PS [3] in 5CB and the present SGLCP [5] in 5CB has previously been
studied. PS is insoluble in nematic 5CB, and the SGLCP was found to be soluble at all concentrations
tested, up to concentrations of 20 wt %. Therefore, micelles formed by PS-SGLCP block copolymers
in 5CB will consist of a PS core and an SGLCP corona.

All polymers were soluble in 5CB in both the nematic and isotropic phases at concentrations
up to 10 wt %. Mixtures of 710LCP, 590(40)AB, 620(80)AB, 840(190)AB, and 800(20)ABA with
5CB had a biphasic region between the nematic and isotropic phases. The Tx; was taken to be the
onset of this biphasic transition, observed under polarized optical microscopy. Pure 5CB has a Ty
of approximately 35.2 °C, and D5CB has a slightly lower Tx; of 33.5 °C.

Single phase mixtures of block copolymer in 5CB showed a homogenous nematic texture under
the microscope. This agrees with previous studies [6], which found that LC diblock copolymers with
large LC block fractions (greater than 90%) formed uniform nematic solutions, as observed under
optical microscopy. In contrast, Finkelmann and coworkers observed that block copolymers with
smaller LC block fractions can form micrometer-thick, phase-separated threads when mixed with a

small molecule nematic LC [6].
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5.4.2 Neutron scattering

SANS experiments give information about structure present on various length scales. Information
at larger length scales is reflected at smaller scattering angles, and the characteristic length scale is
inversely related to the scattering vector ¢ = (47/A) sin(0/2). We performed SANS experiments with
¢ ranging between 0.0067 A=' and 1.0 A~'. Scattering at low ¢ (< 0.03 A~') reveals information
about micellar ordering and structure. The mid-q region of the scattering pattern (0.03 A= <
g < 0.10 A’l) reflects intrachain correlations, and the high ¢ region gives information about the
concentration of scattering centers in the sample and reflects incoherent background scattering.

Scattering experiments were performed on monodomain SGLCP homopolymer 710LCP in D5CB
to investigate the conformation of the SGLCP in solution. The scattering pattern for SGLCP
homopolymer 710LCP shows much stronger scattering in the direction perpendicular rather than
parallel to the director (Fig. 5.1)), indicating that the polymer backbone conformation is anisotropic
and preferentially extended along the nematic director. The bow-tie shape observed in the scattering
pattern has previously been observed in highly extended side-on side-group LC polymers [7, [§] and
main-chain LC polymers [9] and suggests a highly extended polymer conformation. A Debye model
fit gives an approximate anisotropy Rj/R1 of 5 [5]. Neutron scattering patterns for shear-aligned
triblock gels show that the anisotropy observed for SGLCP homopolymer in solution is also present
in the physically associated polymer network (Fig.5.2). The scattering patterns for the gels exhibit
a smaller anisotropy compared to the SGLCP homopolymer. For both 710LCP and 1320(60)ABA,
the scattering patterns are isotropic for temperatures higher than the Th;.

SANS experiments on polydomain diblock and triblock polymers in D5CB reveal the micellar
structure present (all SANS data is given at the end of the chapter in Section 5.6). For samples at
a given concentration, the data converge onto a single curve in the mid-q region of the spectrum,
overlapping with the SANS data for an SGLCP homopolymer of a similar concentration (Fig. 5.3).
Therefore, the mid-q region is dominated by single chain contributions. Micellar structure is reflected
at lower ¢, and, relative to homopolymers, diblock and triblock copolymers have significant low-¢

scattering in the nematic phase (Fig. 5.3). While block copolymer micelles in selective isotropic
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Figure 5.1: Neutron scattering pattern for a monodomain solution of 710LCP in perdeuterated
5CB. Uniform alignment was achieved by coating the cell surface with a rubbed polyimide layer.
The double-headed arrow denotes the director, and ¢, and g, denote components of the scattering

vector.
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Figure 5.2: Neutron scattering pattern for shear-aligned 1320(60)ABA in D5CB at 5 wt % (left), and
10 wt % (right). The double-headed arrow denotes the director, and ¢, and ¢, denote components
of the scattering vector. The samples were shear aligned by hand.
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Figure 5.3: Neutron scattering pattern for LC polymers in D5CB. All data are for polydomain
samples at 25 °C, with the exception of 890(70)AB and 1320(60)ABA. The scattering pattern for
890(70)AB was collected at 29 °C. 1320(60)ABA was aligned by shear, and the data shown were
averaged over a 15° wedge region oriented along the direction parallel to the director.

solvents oftentimes assemble into hexagonally ordered phases [10, 111 [12) [13], the block copolymer
micelles in the present system are disordered, as evidenced by the absence of Bragg lattice peaks.
In principle, we would like to fit the scattering patterns with an appropriate model that includes
the form factor of the micelle along with a structure factor that accounts for micelle-micelle cor-
relations [14] [15]. A proper fit could provide quantitative data about the size of the micelle core,
the micelle corona, and the intermicellar distance [12), [16]. However, several difficulties impeded
useful fitting of the data. The solvent is not matched to either block of the copolymer samples, and
therefore the form factor must account for scattering from both the micellar cores and the corona.
The cores may be highly swollen with solvent, and the aggregation number of the micelles is un-
known. Therefore, fitting requires a large number of parameters that have not been independently
measured. We therefore chose to rely on the qualitative features of the neutron scattering patterns
to gain insight into the block copolymer structure and, in particular, its temperature dependence.
Diblock and triblock gels show one or more peaks in the scattering pattern at low g (Section [5.6)).
Most samples have a peak near ¢ = 0.008 A~', and data for 530(60)AB and 620(80)AB show a second
peak near ¢ = 0.02 A1 (Figs. 5.5 and 5.7). The position of the first peak changes with temperature

and concentration, and it depends on the polystyrene block length (Table [5.2). The position of
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Table 5.2: Peak positions in 1073 A~! for block copolymer-D5CB mixtures at 25 °C, Ty - 2 °C,
and Ty + 2 °C. The lowest ¢ probed is 6.7 1073 A. “NP” means “no peak”.

25 °C Tnr-2°C Tnr + 2°C
Polymer 5wt % 10 wt % 5wt % 10 wt % 5wt % 10 wt %
560(40)AB 9.8 9.8 10.8 10.8 NP NP
540(60)AB 8.1 8.1 8.1 7.7 NP NP
850(70)AB 8.1 8.9 N/A N/A N/A N/A
600(80)AB < 6.7 < 6.7 < 6.7 < 6.7 NP NP
410(120)AB <6.7 < 6.7 7.0 7.4 7.0 7.4
910(190)AB 7.0 7.0 7.0 7.0 7.0 7.0
1340(60) ABA <87 <87 N/A N/A NP NP

the peak is qualitatively correlated with the size of the micelles. In most mixtures, the peak shifts
to higher ¢ with increasing polymer composition and temperature. For example, at 25 °C, three
diblock samples have peaks below 0.067 A1, but above the T two of these peaks shift to higher
¢ and only the 600(80) gels retain peaks below 0.067 A='. The PS block length also affects the
peak position, as can be seen by comparing the diblock series 564(40)AB, 540(60)AB, 600(80)AB,
and 410(120)AB (see the data for Ty + 2). The peak shifts to lower ¢ with increasing PS block
length. These results show that smaller micelles are formed at higher polymer concentrations, higher
temperatures, and with copolymers with smaller PS block lengths.

Increasing the temperature across the Ty significantly diminishes the low-g scattering for most
but not all mixtures (Section [5.6). The loss of low-q scattering is associated with the loss of mi-
crophase separated structure, and the temperature above which the copolymers exist as free chains
in solution is known as the microphase separation temperature Th;sr. We use the expression mi-
crophase separation temperature to distinguish the present samples from block copolymer micelles
which are ordered on a periodic lattice and show order-disorder transitions [17], although the terms
are oftentimes used interchangeably [18]. Diblock and triblock copolymers with PS block smaller
than 80 kg/mol show a Thssr coincident with the T of the gel (Figs. [5.4, 5.5, 5.6, and 5.10). This
is clearly shown by a dramatic drop in low-q intensity and loss of features in the data at low q. The

diffuse excess scattering observed for 530(60)AB (Fig. 5.5) is likely due to compositional fluctuations
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in the vicinity of the Tysr [17]. By contrast, diblock copolymers with larger PS blocks show low-¢
scattering above the Ty for some concentrations. In the case of 530(60)AB, a 5 wt % mixture has
a Thyst coincident with the Ty, but a 10 wt % mixture shows significant low-q scattering with
discernable features up to 40 °C (Fig.[5.7). 450(120)AB mixtures with 5CB show micellar structure
above the T for both 5 wt % and 10 wt % mixtures. The Th;g7 is approximately 50 °C for 10
wt % 450(120)AB (Fig. 5.8)). In the case of 840(190)AB, 5 and 10 wt% gels show significant low-¢q
scattering at all temperatures tested, up to 60 °C (Fig. 5.9).

Increasing the temperature within the nematic phase also results in decreased scattering at low q.
A decreased volume fraction of micelles due to an increasing number of free chains is unlikely given
the low solubility of PS in nematic 5CB [3]. If the concentration of associated chains is independent
of temperature in the nematic phase and micelles are assumed to be non-overlapping particles, then

decreased scattering at low ¢ is correlated with a smaller aggregation number [19].

5.4.3 Rheometry

Dynamic mechanical rheological measurements at low strains give information about the equilibrium
mechanical properties of the diblock and triblock copolymer mixtures with 5CB. The data from
dynamic rheological measurements for all the diblock and triblock copolymer mixtures in 5CB is
given in Section 5.7. The various samples with different PS and SGLCP block lengths and polymer
architecture (diblock vs. triblock) share many characteristics in their rheological behavior. All the
systems show solid-like behavior at sufficiently high polymer concentrations, with G’ >> G and a
plateau modulus over a wide range of frequencies. These properties are characteristic of crosslinked
rubbers [20]. For the purposes of this study, the term “gel” will refer to a mixture that exhibits solid-
like behavior over a wide range of frequencies [21]. The mixtures that do not show solid-like behavior
in the nematic phase (e.g., 5 wt % 530(60)AB at 25 °C, Fig. [5.13), do show viscoelastic behavior in
the nematic phase — their rheological behavior is not like that of an elastic solid (G’ >> G”, and G’
frequency independent) nor a like that of a liquid (G” >> G’ , G' ~w? | G" ~w).

Both diblock and triblock LC copolymers can form gels in 5CB, as evidenced by the rheological
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behavior of 5 wt % 850(70)AB (Fig. [5.15) and 5 wt % 1340(6)ABA (Fig. 5.23). Bridging between
micelles, where one polymer strand has its end associated in two different micelle cores, is only
possible in triblock copolymer mixtures. The fact that diblock LC copolymers can form gels indicates
that micellar repulsion plays an important role in gelation. These diblock and triblock gels share
characteristics with the “soft” gel phases [11} 13 22], which are disordered and have a modulus
significantly lower than that for ordered micellar phases, typically 10* Pa [13].

In all mixtures studied, significant changes to the rheological behavior were observed with tem-
perature, in particular near the Ty (e.g., Figs. 5.24! and [5.22). Many mixtures transition from
viscoelastic behavior below the T to terminal behavior (G’ << G”, G" ~ w) above the Ty (e.g.,
Fig. 5.15). All the mixtures exhibited liquid-like behavior at sufficiently high temperatures, but
recovered their viscoelastic behavior on cooling (e.g., Figs. 5.24] and 5.22). In addition, increasing
the temperature within the nematic phase results in a decreased storage modulus for all diblock and
triblock mixtures.

The rheological behavior of the SGLCP block copolymer — 5CB mixtures depends on the PS
and SGLCP block lengths. Diblock copolymers with larger PS blocks have higher storage moduli
at a particular concentration, as shown in the series 590(40)AB, 530(60)AB, and 620(80)AB at a
concentration of 10 wt % (Table5.3). Furthermore, diblock copolymers with larger PS block lengths
more readily show gel-like behavior. For example, the dynamic rheometry measurements show that
5 wt % 620(80)AB is a gel (Fig. 5.17), while 5 wt % 590(40)AB and 530(60)AB are viscoelastic
liquids (Figs. [5.11] and [5.13). Diblock copolymers with longer SGLCP blocks also have a higher
storage modulus, as can be seen by comparing 890(70)AB to 530(60)AB (Table [5.3).

The sol-gel transition temperature, which marks the transition from solid-like behavior to liquid-
like behavior, also depends on the PS block length of the copolymer in the mixture. The sol-gel
transition is taken to be the temperature above which the loss modulus exceeds the storage modulus
(G" > @) at a frequency of 1 rad/s. Almost all the samples studied have a sol-gel transition
coincident with the Ty (Table [5.4). Two notable exceptions are gels formed by the copolymers

with the largest PS blocks, 840(190)AB and 450(120)AB. In the case of 5 wt % 840(190)AB, the
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Table 5.3: Gel storage modulus (Pa) at 20 °C and 1 rad/s

Polymer 5wt % 10 wt %
590(40)AB 4.52 53.3
530(60)AB 2.93 99.4
890(70)AB 28.8 202
620(30)AB 29.1 201
450(120)AB 14.9 142
840(190)AB 48.5 100

1320(60) ABA 68.6 192
800(20)ABA 70.3 196

sol-gel transition occurs well above the T of the gel, at approximately 42 °C (Fig. 5.22). Also, 10
wt % 450(120)AB exhibits a significant range of temperatures above the Ty, up to 40 °C, where it
exhibits viscoelastic behavior with G’ ~ G (Figs. [5.35 and [5.36)).

This temperature-dependent and frequency-dependent behavior suggest that the PS aggregates
are not glassy (even though T, for PSis ~ 105 °C). Polymers linked together with glassy crosslinks
exhibit solid-like behavior at all frequencies [23]. For the present samples, we observe liquid like
behavior at low frequencies, especially near the Tx;. For example, 5 wt % 1320(60)ABA shows
liquid-like behavior at 34 °C for frequencies lower than 0.1 rad/s (Fig. 5.23). We conclude that the
PS endblocks are swollen with LC solvent and that PS endblocks can disengage from the physical
crosslinks on finite time scales. This is consistent with the “slow” dynamic relaxation processes
observed in dynamic light scattering studies (Chapter 4)).

A comparison between the rheological behavior of triblock and diblock samples shows that bridg-
ing does take place in triblock gels and increases the modulus relative to diblock gels. Diblock
530(60)AB has a matching PS endblock and the same mass ratio of PS to SGLCP as that of triblock
1320(60)ABA. Triblock 1320(60)ABA forms a gel at 5 wt % (Fig. [5.23), but a 5 wt % mixture of
530(60)AB does not (Fig. [5.13). A comparison of 590(40)AB and 800(20)ABA, which has a shorter
PS block, provides further evidence of bridging. While 5 wt % 800(20)ABA exhibits a plateau
modulus at low temperatures (Fig. [5.25), 5 wt % 590(40)AB does not (Fig. [5.11)).

We can gain insight into the relationship between micelle formation and the gels’ rheological
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Table 5.4: The reduced temperature T' — T for the sol-gel transition measured by rheology and
the Thrsr measured by SANS. The rheological measurement is the temperature (while heating) at
which the storage modulus drops below the loss modulus, and the SANS measurement is the lowest
temperature at which the low-q scattered intensity is significantly diminished (overlapping or nearly
overlapping with the SANS data for 710LCP) and lacks features characteristic of micellar structure.

Rheology (°C) SANS (°C)
Polymer 5wt % 10 wt % 5wt % 10 wt %
590(40)AB no gel 1.0 3.0 2.0
530(60)AB 1o gel -0.5 7.5 6.5
890(70)AB 0.0 0.0 45 45
620(80)AB 1.5 1.5 7.5 3.5
450(120)AB -1.0 2.5 >17.0 16.5
840(190)AB 6.0 17 >27.5 >27.5
1320(60)ABA 0.0 0.0 6.5 6.5

properties by comparing the temperatures at which micellar structure vanishes in the SANS experi-
ments to the sol-gel transition measured by rheology (Table5.4). The neutron scattering experiments
are performed at much larger temperature intervals, and therefore they necessarily have a greater
uncertainty in temperature. Nevertheless, the comparison shows an interesting correlation between
micelle formation and rheology. First, the data suggest that micelles can persist well above the
sol-gel transition measured by rheology. In the most extreme case, 910(190)AB gels display a sol-gel
transition at 45 °C, but micelles persist up to at least 60 °C. The data also show that the location of
the sol-gel transition is correlated with micelle formation. Diblocks that gel in 5CB above the T
(600(80)AB, 410(120)AB, and 910(190)AB) also show low-¢q scattering far into the isotropic phase

(Table [5.4).

5.5 Discussion

LC gels formed by diblock and triblock LC copolymers represent a novel example of block copolymer
self-assembly for two distinct reasons. First, the gel structure inherits the anisotropy of the host
solvent. Micelles are anisotropic, as is the interconnected micellar network present in triblock gels.

This anisotropy in the gel structure has significance for texture transitions and dynamic properties
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of the gels, as discussed in Chapters/3land /4. A second reason arises from the existence of a nematic-
to-isotropic phase transition of the solvent. The solvent quality for the isotropic PS blocks changes
drastically across the T, resulting in significant structural changes in a small temperature window.
This can result in useful properties, such as a thermoreversible gelation, and is also interesting for
the potentially novel phase transitions that may arise [24].

The SANS and rheometry results establish several trends for the diblock and triblock copolymer
micelle structure with temperature, concentration, and block sizes. SANS revels smaller micelles at
higher polymer concentrations and higher temperatures, and the aggregation number decreases with
temperature in the nematic phase. SANS also reveals that a larger PS block length is correlated
with an increase in the Th;s7. Rheometry reveals a decreased storage modulus with temperature
in the nematic phase and an increased sol-gel transition temperature for copolymers with larger PS
blocks.

The neutron scattering and rheometry studies establish a relationship between micelle formation
and the mechanical properties of the gel. Micelle formation drives gel formation through inter-
micellar interactions, namely micelle-micelle repulsion and bridging between micelles. These inter-
actions are temperature dependent. Increasing the temperature within the nematic phase decreases
the size of the micelles, which corresponds with a decreasing storage modulus. Heating the sample
above the Ty oftentimes results in loss of physical associations, resulting in a drop in the modulus
and a transition to a sol state. In some cases, the Thsgp is significantly higher than the sol-gel
transition temperature (see 10 wt % 620(80)AB, Figs. [5.7 and 5.33)). In this case, micelles may
exist in a “gas-like” state of non-interacting micelles above the sol-gel transition temperature [11].
The positional correlations of the micelles has a finite lifetime even in triblock gels, demonstrating
that the PS endblocks are not glassy but plasticized by LS solvent. Furthermore, the strength of
self-assembly that drives gel formation can be controlled by increasing the size of the PS blocks,
which increases the driving force for self assembly and results in stiffer gels, higher sol-gel transition
temperatures, and a higher Th;s7.

Based on the relative sizes of the PS and SGLCP blocks of the copolymers, we expect the micelles
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to have a “hairy” structure, with an extended corona and a much smaller core [25]. Scaling arguments

)

by Halperin et al. for “hairy” micelles predict that the aggregation number is strongly dependent
on the PS-core block size [25]. The SANS data show an increasing micelle size with increasing
PS block size (Table [5.2), consistent with this prediction. The physical picture of “hairy” micelles
suggests that coronal repulsions may play an equal or dominant role to bridging in determining
intermicellar interaction, which can explain the comparable dynamic rheological behavior observed
for 1320(60)ABA (Fig. 5.23)) and 870(70)AB (Fig. 5.15). Also, this may explain the lack of ordering
observed for the diblock mixtures, which in a separate study were investigated to concentrations as
high as 20 wt % [24]. “Hairy” micelles are expected to have a softer intermicellar potential, reducing
the tendency for long-range lattice ordering, although few experimental studies exist to corroborate
this [13} 22)].

In summary, SANS experiments and rheometry found that the micellar structure of LC block
copolymer gels changes significantly across the T ;. The loss of orientational order of the LC solvent
is associated with a decreased selectivity for the isotropic PS block and an associated loss of micellar
structure in many cases. The size of the PS block is an important variable determining the driving
force for self-assembly, with larger PS blocks associated with gelation even above the T;. No long-

range lattice order was exhibited by the copolymer micellar gels, and this may be related to the

“hairy” structure of the block copolymer micelles.
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5.6 SANS of diblock and triblock gels
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Figure 5.4: Azimuthally averaged SANS pattern for 5 and 10 wt % 590(40)AB in perdeuterated
5CB. The 5 wt % mixture is single-phase nematic for all 7' < 32.1 °C and single-phase isotropic for
T > 34.0 °C. The 10 wt % mixture is single-phase nematic for all 7" < 33.0 °C and single-phase
isotropic for T' > 36.0 °C.
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5CB. The 5 wt % mixture is single-phase nematic for all ' < 32.5 °C and single-phase isotropic for
T > 34.0 °C. The 10 wt % mixture is single-phase nematic for all T < 33.5 °C and single-phase

isotropic for T' > 34.5 °C.
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and 10 wt % 890(70)AB in perdeuterated
5CB. The mixtures are single-phase nematic for all 7' < 33.5 °C and single-phase isotropic for
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Figure 5.7: Azimuthally averaged SANS pattern for 5 and 10 wt % 620(80)AB in perdeuterated
5CB. The 5 wt % mixture is single-phase nematic for all T < 32.5 °C and single-phase isotropic for
T > 39.0 °C. The 10 wt % mixture is single-phase nematic for all 7" < 33.5 °C and single-phase
isotropic for T' > 38.5 °C.
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Figure 5.8: Azimuthally averaged SANS pattern for 5 and 10 wt % 450(120)AB in perdeuterated
5CB. The 5 wt % mixture is single-phase nematic for all 7' < 33.0 °C and single-phase isotropic for
T > 34.0 °C. The 10 wt % mixture is single-phase nematic for all T < 33.5 °C and single-phase
isotropic for T' > 34.0 °C.
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Figure 5.9: Azimuthally averaged SANS pattern for 5 and 10 wt % 840(190)AB in perdeuterated
5CB. The 5 wt % mixture is single-phase nematic for all T' < 32.9 °C and single-phase isotropic
for T > 32.9 °C. The 10 wt % mixture is single-phase nematic for all ' < 31.5 °Cand single-phase
isotropic for T' > 34.7 °C.
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Figure 5.10: SANS pattern for 5 and 10 wt % 1320(60)ABA in D5CB. The data shown is averaged
over a 15° wedge oriented along the nematic director. Both the 5 and 10 wt % mixtures are single-
phase nematic for all 7' < 33.5 °C and single-phase isotropic for 1" > 33.5 °C.
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5.7 Rheometry of diblock and triblock mixtures
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Figure 5.11: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 590(40) AB diblock
in 5CB. The mixture is single-phase nematic for all 7' < 35.5 °C (closed symbols) and single-phase
isotropic for 7' > 37.5 °C (open symbols).
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Figure 5.12: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 590(40) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.13: Dynamic storage modulus(G’) and loss modulus (G”) of 5 wt % 530(60) AB diblock
in 5CB. The mixture is single-phase nematic for all 7' < 36.0 °C (closed symbols) and single-phase
isotropic for T' > 36.0 °C (open symbols).
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Figure 5.14: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 530(60) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.15: Dynamic storage modulus(G’) and loss modulus (G”) of 5 wt % 890(70) AB diblock
in 5CB. The mixture is single-phase nematic for all 7' < 35.9 °C (closed symbols) and single-phase
isotropic for 7' > 35.9 °C (open symbols).
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Figure 5.16: Dynamic storage modulus (G”) and loss modulus (G”) of 5 wt % 890(70) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.17: Dynamic storage modulus (G') and loss modulus (G”) of 5 wt % 620(80)AB diblock
in 5CB. The mixture is single-phase nematic for all T' < 35.5 °C (closed symbols) and single-phase
isotropic for T' > 40.0 °C (open symbols).
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in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min



102

100+ 100+ = 10°C
—~e-20°C
st —A-30°C
105 N . 10+ —v-32°C
il ~4-34°C
_— () ol _ o,
© o © —4-35°C
i s p i o ] .
f&-, 1 o f = 1 o 36°C
o N G} —0-38°C
0.1 o £F 0.1 —4-40°C
7 Qsﬁ Mgf B ——50°C
y & o 7 —0—60°C
0.01 . . . s . 0.01 . . . : .
1E3 0.1 0.1 1 10 100 1E3  0.01 0.1 1 10 100

Frequency (rad/s)

Frequency (rad/s)

Figure 5.19: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 450(120) AB diblock
in 5CB. The mixture is single-phase nematic for all 7' < 35.8 °C (closed symbols) and single-phase

isotropic for T' > 35.8 °C (open symbols).
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Figure 5.20: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 450(120) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.21: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 840(190) AB diblock
in 5CB. The mixture is single-phase nematic for all ' < 32.0 °C (closed symbols) and single-phase

isotropic for T' > 35.0 °C (open symbols).
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Figure 5.22: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 840(190) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.23: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 1320(60)ABA in
5CB. The mixture is single-phase nematic for all 7' < 35.2 °C (closed symbols) and single-phase
isotropic for T > 35.2 °C (open symbols).
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Figure 5.24: Dynamic storage modulus (G”) and loss modulus (G”) of 5 wt % 1320(60) ABA triblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 5.0 °C/min
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Figure 5.25: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 800(20)ABA in 5CB.
The mixture is single-phase nematic for all T' < 31.7 °C (closed symbols) and single-phase isotropic
for T > 34.5 °C (open symbols).
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Figure 5.26: Dynamic storage modulus (G’) and loss modulus (G”) of 5 wt % 800(20)ABA in 5CB
while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.27: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 590(40) AB diblock
in 5CB. The mixture is single-phase nematic for all T' < 35.5 °C (closed symbols) and single-phase
isotropic for T' > 37.5 °C (open symbols).
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Figure 5.28: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 590(40) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.29: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 530(60) AB diblock
in 5CB. The mixture is single-phase nematic for all 7' < 36.2 °C (closed symbols) and single-phase
isotropic for 7' > 36.2 °C (open symbols).
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Figure 5.30: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 530(60) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.31: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 890(70) AB diblock
in 5CB. The mixture is single-phase nematic for all T' < 36.1 °C (closed symbols) and single-phase
isotropic for 7' > 36.1 °C (open symbols).
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Figure 5.32: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 890(70) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.33: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 620(80)AB diblock
in 5CB. The mixture is single-phase nematic for all 7' < 35.5 °C (closed symbols) and single-phase
isotropic for T' > 40.0 °C (open symbols).

= Temperature increasin: |
1000 5 P 9 1000 3—e— Temperature increasing

O Temperature decreasing i T,= 355°C o Temperature decreasing | TNI =355°C
1004 100 |
104 104

o ©
a‘_“ 14 a 14
O 01 O 1] :

0.014 0.014

1E-3+— . — . a 1E-3+— . — . .

10 20 30 40 50 60 10 20 30 40 50 60
Temperature (°C) Temperature (°C)

Figure 5.34: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 620(80) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.35: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 450(120) AB diblock
in 5CB. The mixture is single-phase nematic for all T' < 36.0 °C (closed symbols) and single-phase
isotropic for T' > 36.0 °C (open symbols).
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Figure 5.36: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 450(120) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min



111

1004 1004 ;
®m-20°C
—e-30°C
104 104 ~0-32°C
£--35°C
© © —v—36°C
o 4 e 4] ~0—38°C
[3) o —<—40°C
P 50 °C
0.14 0.14 60 °C

0.01 T T T T T 0.01 T T T T T

0.01 0.1 1 10 100 0.01 0.1 1 10 100
Frequency (rad/s) Frequency (rad/s)

Figure 5.37: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 840(190) AB diblock
in 5CB. The mixture is single-phase nematic for all 7' < 31.8 °C (closed symbols) and single-phase
isotropic for T' > 34.0 °C (open symbols).
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Figure 5.38: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 840(190) AB diblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Figure 5.39: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 1320(60)ABA
triblock in 5CB. The mixture is single-phase nematic for all 7' < 37.0 °C (closed symbols) and
single-phase isotropic for T > 37.0 °C (open symbols). The experiments were performed with a
parallel-plate fixture with a gap of 500 um.
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Figure 5.40: Dynamic storage modulus(G’) and loss modulus (G”) of 10 wt % 1320(60) ABA
triblock in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min. The
experiments were performed with a parallel-plate fixture with a gap of 500 pm.
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Figure 5.41: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 800(20)ABA triblock
in 5CB. The mixture is single-phase nematic for all T' < 32.0 °C (closed symbols) and single-phase
isotropic for 7' > 35.7 °C (open symbols).
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Figure 5.42: Dynamic storage modulus (G’) and loss modulus (G”) of 10 wt % 800(20) ABA triblock
in 5CB while heating (closed symbols) and cooling (open symbols) at 0.5 °C/min
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Chapter 6

Covalent Liquid Crystal Networks
via “Click” Chemistry

The work in this chapter was done jointly with Yan Xia, under the mentorship of Professor Robert

H. Grubbs.

6.1 Introduction

Liquid crystal elastomers are composed of flexible, liquid crystal polymers crosslinked to form a
network. The combination of LC order and rubber elasticity results in a polymer network that
is responsive to a variety of external influences, including heat, light, and electric and magnetic
fields. These materials display remarkable shape-changing and optical properties which make them
of interest for technological applications [1].

The first method for preparing an LC elastomer was devised by Finkelmann et al. [2] 3] and
involved the functionalization and crosslinking of poly(methyl)hydrosiloxane. Subsequent studies
have produced a number of different types of LC elastomers and investigated the significance of
various molecular parameters to the macroscopic behavior, including the size, type, and concentra-
tion of crosslinker [4, 5] [6]; the use of polyacrylates or polymethacrylates [7, 8]; the incorporation of
mesogens into the polymer backbone [9]; and the effect of the side-group [10]. While these materials
have shown interesting and useful properties, the preparation methods rely on uncontrolled radical

reactions or random crosslinking of polysiloxane, resulting in poorly defined materials. There is
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a need for materials with better defined molecular properties. More recent endeavors have been
aimed at achieving these goals, and recent studies have utilized the self-assembly of block copoly-
mers to produce LC elastomers [11, (12, 13, [14]. These materials show promising new properties
that emphasize the need for a well-defined network structure. Here, we report the preparation of
a covalent LC network by controlled “click” crosslinking of telechelic LC polymers. Specifically,
we used copper(I)-catalyzed azide-alkyne cycloaddition of azide-terminated LC polymers and tri-
acetylene crosslinker. This reaction has gained increasing attention in polymer and material research
[15] 16l 17, 18, [19], due to its extraordinary specificity, quantitative yield, and wide functional group
tolerance. Recently, it has been utilized to produce well-defined hydrogels [20] and model net-
works [21] through controlled crosslinking of telechelic polymers. The LC polymers are prepared via
ring-opening metathesis polymerization (ROMP), which, in the presence of a chain transfer agent
(CTA), allows for the preparation of polyalkenamers with high functionalities [22) 23] [24] 25] and
simultaneous facile control of the end group functionality [26], 27, 28].

We produce a covalent LC network with a regular network architecture, including a controlled
molecular weight between crosslinks and crosslink functionality. The resulting LC elastomer can be
swollen in small molecule LC to produce LC gels. We first present the preparation and characteri-
zation of the LC network, and then we present results on the temperature-dependent swelling and

electro-optic response of the gel.

6.2 Experimental

All reagents were purchased from Aldrich unless otherwise stated. Refer to Chapter 2| for details
on differential scanning calorimetry, polarized optical microscopy, and electro-optical measurements.
NMR spectra were recorded on a Varian Mercury 300 MHz spectrometer. All NMR, spectra were
recorded in CDClz or DMSO-dg. For end group analysis, a Varian Mercury 500 MHz 'H NMR was
used.

Gel permeation chromatography (GPC) was carried out in tetrahydrofuran (THF) on two PLgel

5 m mixed-C columns (Polymer Labs) connected in series with a DAWN EOS multiangle laser
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Figure 6.1: Synthesis of substituted octene monomer

light scattering (MALLS) detector and an Optilab DSP differential refractometer (both from Wyatt
Technology). No calibration standards were used, and dn/dc values were obtained for each injection
by assuming 100% mass elution from the columns.

Fourier transform infrared spectroscopy (FTIR) was performed on a Nicolet Nexus 470 spec-
trometer with a DTGS detector, a KBr beam splitter, and a 1 mW He-Ne laser (633 nm). The
chamber was purged using dry Ny gas and a background was taken using a blank card (3M type 2
IR cards, poly(tetrafluoroethylene) substrate). The samples were prepared by dissolving the mate-
rial in a volatile solvent, placing a few drops of the solution on the card, and allowing the solvent to

evaporate.

6.2.1 Synthesis of 5,6-disubstituted cyclooctene-based mesogen 2

The ester ethyl 6-bromohexanoate (99% pure) (19.8 mL, 111 mmol) was attached to the mesogen 4-
cyano-4'-hydroxybiphenyl (95% pure from TCI) (15.4g, 78.9 mmol) by a Williamson’s ether synthesis
(Fig. 6.1 in anhydrous N,N-dimethylformamide (> 99.8% pure under nitrogen in Sure/Seal bottles)
(100 mL) with anhydrous KoCO3 (> 99% pure) (10.8 g, 78.1 mmol) at 90 °C for 6 h and monitored
by TLC. The product was recrystallized in ethanol (95% pure denatured from EMD) for an 89%
yield.

The ethyl ester was deprotected by reacting with anhydrous KOH (6 g, 150 mmol) in anhydrous

ethanol ( 95% denatured ethanol from EMD, dried over CaH) (200 mL) at 90 °C for 6 h. 1 M
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HCI (from JT Baker) (50 mL) was added to precipitate the acid product which was collected by
filtration, washed with HoO, and dried in vacuo at 60 °C for a 95% yield.

The acid chloride was produced by reacting the acid (13.3 g, 45 mmol) in SOCly (> 99% pure)
(60 mL, 766 mmol) at 70 °C for five hours. Excess SOCly; was removed under reduced pressure to
yield the acid chloride.

5-Cyclooctene-1,2-diol was synthesized according to previously published procedures [29].

To attach the mesogen to the octene diol, the acid chloride (5.3 g, 16.2 mmol) was added dropwise
to a solution of octene diol (0.77 g, 5.4 mmol) in anhydrous pyridine (> 99% pure)(5 mL, 63.2 mmol)
and anhydrous tetrahydrofuran (> 99% pure) (50 mL). The mixture was refluxed for 24 h and the
product was purified by extraction with 1 N HCI (20 mL, repeat 3 times), followed by extraction
with a saturated solution of aqueous NaHCOj3 (50 mL) and with a saturated aqueous solution of KCI
(50 mL). The product was dried over MgSO,4 and purified by fractionation on a silica gel column

with 30% ethyl acetate in hexanes (75% yield).

6.2.2 Polymerization via ROMP and end-group functionalization

In a typical experiment, 0.725 g (1.0 mmol) of monomer and a stir bar were added to a small vial.
Under an argon atmosphere, 1.0 ml of degassed dichloroethane (DCE) was then added via syringe.
The vial was then degassed through three freeze-pump-thaw cycles. Next, the desired amount of
CTA was injected from its stock solution in degassed DCE. 84 pl of a 10.0 mg/ml catalyst 4 solution
in degassed DCE was injected to initiate the polymerization. The reaction vial was stirred at 55 C
under argon for 24 h. The reaction mixture was quenched with 0.1 ml of ethyl vinyl ether and then
dissolved in 2 ml CH5Cly and precipitated into 200 ml stirring methanol (MeOH). The light yellow
precipitate was washed with fresh MeOH and dried in vacuo overnight to yield 0.7 g polymer.

The substitution of the bromide endgroups was carried out by first dissolving 0.7 g (0.1 mmol
-Br) dibromo-terminated polymer and 13 mg (0.2 mmol) NaNj in 15 ml DMF. The resulting solution
was stirred at 25 °C overnight. The solution was then concentrated and precipitated into 200 ml

MeOH three times and dried in vacuo overnight to yield 0.65 g white polymer.
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6.2.3 Crosslinking of telechelic polymers by “click” chemistry

The desired diazido-terminated polymer and CuBr (3 eq. to alkyne) were added to a small vial. The
vial was evacuated and backfilled with argon three times. Degassed DMF (3 ml/g of polymer) and
pentamethyl diethylene triamine (PMDETA) were injected, and the vial was stirred for 5 min. The
correct amount of crosslinker was then injected from its stock solution. The mixture was stirred
at 50 °C, and within 5 min an insoluble material was evident. The resulting gels were repeatedly
washed with DMF and then THF to remove copper catalyst, and were dried in vacuo to yield light

yellow elastomers.

6.3 Results

6.3.1 Synthesis of covalent LC network

Cyclooctene based monomer 2 was used to make the telechelic LC polymers. While ROMP has
been widely used to synthesize LCP from norbornene-based monomers, ROMP of cyclooctene-based
monomers with large, pendant substituents has been rarely reported [30, 31], presumably due to the
lower ring strain of cyclooctene compared to norbornene. However, in contrast to norbornene-based
monomers, polymerization of a functionalized cyclooctene monomer results in a polymer with a
flexible backbone, which is required for the present application. Additionally, control of chain end
via a CTA during ROMP is readily achieved for cyclooctene.

The monomer was polymerized by the highly active ruthenium catalyst 4 (IMesHz) (PCy3)RuCly (CHPh)
in dichloroethane at 55 °C for 24 h in the presence of a CTA, as depicted in Fig. 6.2l Since the
ruthenium catalyst is known to be incompatible with azide groups, 1,8-dibromo-4-octene is utilized
as the CTA to give the resulting telechelic polymers primary bromide end groups which can then be
converted to azide groups in quantitative yield. In general, the polymer yield for ROMP reactions
is improved with increasing monomer concentration, especially for substituted cyclooctenes, but at
very high polymer concentrations the increased solution viscosity can retard the chain transfer and

decrease the functionality of the chain ends. We used a concentration of 1.5 M, which we found to
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be the highest monomer concentration possible without making the solution so viscous as to impede
good mixing. A monomer-to-catalyst ratio of 1000 was used. Complete monomer conversion was
achieved at this catalyst loading, as indicated by the disappearance of the monomer olefin peaks in
'H-NMR, while a catalyst loading ratio of 2000 resulted in incomplete conversion.

ROMP of 2 reached full monomer conversions under the optimized conditions. The molecular
weight determined by GPC was 24.8 kg/mol, and this agrees well with the value determined by 'H-
NMR end group analysis of 26.2 kg/mol. Good agreement between the two measurements indicates
that the polymer is telechelic. The polydispersity index (PDI) of the polymer was 1.84, as measured
by GPC. Polymer 3 was nematic at room temperature, as confirmed by polarized optical microscopy
(POM). The polymer had a nematic to isotropic transition temperature (T;) between 50 and 60
°C, as measured by differential scanning calorimetry (DSC) and polarized optical microscopy.

Controlled “click” crosslinking of these telechelic polymers was achieved by reacting a tri-acetylene
species, tripropargylamine, with the polymer azide end groups in the presence of CuBr as catalyst
and PMDETA as a ligand in DMF at 50 °C (Fig. 6.3). Gelation occured within 5 min of addition
of a stochiometric amount of crosslinker.

To remove excess Cu, we washed the gels in DMF and THF several times before drying the
LC elastomer in vacuo. IR spectrometry shows complete disappearance of the azide absorbance,

indicating that most of the azide end groups had reacted in the crosslinking.
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Figure 6.3: Crosslinking of telechelic LC polymers by “click” chemistry

6.3.2 Temperature-dependent swelling of covalent LC networks in liquid

crystal

To create an LC gel, the dried elastomer was first swollen in THF and 4-pentyl-4’-cyanobiphenyl
(5CB) for one day. The THF was then removed in vacuo, resulting in an LC covalent network
swollen with 5CB. The LC gel had a degree of swelling, defined as the ratio of the mass of the gel
to the mass of the dried polymer, of 17.5.

At 35.0 °C, 5CB transitions to the isotropic phase, but the gel remains nematic up to 36.0 °C.
Heating the gel to temperatures above 35 °C but below 36 °C causes the gel to deswell (Figs. 6.4
and [6.5). The gel deswells due to the changing order parameter of the LC solvent, which in its
pure state is isotropic above 35.0 °C. Heating the LC gel to temperatures above 36.0 °C causes the
gel to phase transition to the isotropic phase, and it reswells with isotropic 5CB. This swelling and
deswelling with temperature has been observed in previous LC gels, and the behavior is captured by
a mean field theory that incorporates the free energy of isotropic mixing, the free energy of nematic

ordering, and the elastic free energy of the network [32] [33].

6.3.3 Electro-optical properties of LC gels

LC elastomers and gels can respond to electric fields by quickly changing texture and shape. The
dynamics of the response depends on the polymer content, with a lower content correlated with a

faster response, and therefore LC gels are generally more responsive than elastomers to electric fields
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Figure 6.4: LC gels at a) 34.5 °C, b) 35.5 °C, and c¢) 37.0 °C. Image a was taken with crossed
polarizers, and images ¢ and dwere taken with uncrossed polarizers. The gel scatters light and
appears dark when nematic ( a and b ) because it is not uniformly aligned.
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Figure 6.5: Degree of swelling V/V,, of covalent LC network, where V' is the volume of the gel, and
V, is the volume of the dry elastomer



Figure 6.6: Polarized optical micrograph of unconstrained covalent LC gel under an AC field of a)
0 V/u, and b) 1.74 V/um. The gap between electrodes is 100 pm, and the gel is approximately 18
pm thick.

[34, 35]. Here, we investigate the electro-optic response of the covalent LC gels. We are interested
in the threshold for obtaining a response, the dynamics of the response, and the texture and shape
changes associated with the electro-optic response.

Previous experiments on the electro-optic behavior have observed a significant difference in the
electro-optic properties for LC gels constrained between cell electrodes and unconstrained LC gels
that are freely floating in a solvent between the electrodes [36, [37]. We examine the electro-optical
response for both constrained and unconstrained samples. Constrained samples were prepared by
pressing a LC gel sample between ITO-coated quartz plates separated by spacers. The initial
thickness of the LC gel was larger than the final gap. Unconstrained samples were prepared by
carefully cutting away a thin (~ 7 pm) piece of the LC elastomer and placing it in a 100 pm-thick
gap between ITO coated plates filled with 5CB. The sample was allowed to swell for several days;
equilibrium swelling was confirmed by measuring the T, which matched the previously measured
value of the swollen gel described in the previous section.

For the unconstrained gel, the electric-field threshold for a response is approximately 0.5 V/um,

and the gel is uniformly aligned above 1.7 V/um (Fig. 6.6). In the case of the constrained gel, the
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Figure 6.7: Dynamic electro-optic behavior of a) unconstrained gel under a 1.9 V/um, 1000 Hz AC
signal, and b) constrained gel under a 19 V/um, 100 Hz AC signal. The transmittance is measured
at a rate of 10,000 counts/s. A lower frequency is used for the constrained gel in order to accurately
measure the time-dependent transmittance, which oscillates rapidly with the applied AC field.

threshold is approximately 10 V/um, and uniform alignment is not achieved for fields as high as 20
V/um. No significant shape change is observed for either constrained or unconstrained gels.

The dynamic electro-optic behavior is fast for both constrained and unconstrained gels (Fig. 6.7)).
In the case of the unconstrained gel, the transmittance reaches 90% of its maximum value in ~ 70
ms after application of the AC field, and the transmittance drops down to 10% of its maximum
within 100 ms of removing the field. These response times are much faster than bulk LC elastomer
and are comparable to those found in previous studies of elastomers swollen with an LC solvent
[38, 36]. Other LC gel systems, on the other hand, such as polymer-stabilized liquid crystals [39],
triblock LC gels [11], LC gels formed by small-molecule gelators [40], and polymer-dispersed LCs
[41] show a faster response than the present gels.

The unconstrained gel has extremely fast director oscillations that follow the AC signal (Fig.[6.7b).
The director oscillates at twice the frequency of the applied field, due to the uniaxial symmetry of

the nematic director. These large amplitude oscillations reflect the extremely fast director dynamics
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in contrained gels. Nevertheless, the large threshold for an electro-optic response precludes the use

of constrained gels in electro-optic applications.

6.4 Discussion

The preparation of covalent LC elastomers and gels via “click” crosslinking is a significant achieve-
ment. They represent the first examples of LC networks with precise control of network structure,
including crosslink density and functionality. The present gels capture the fast and low threshold
electro-optic response and swelling/deswelling across the T that have been reported in LC gels
produced by uncontrolled radical reactions [33] [34]. Therefore, the covalent LC gels can be used to
pursue careful studies of the relationship between network structure and material properties. These
materials will prove useful in testing existing theories [42, 43|, as discussed below, and investigating
structure-property relationships of LC networks.

The synthetic method of ROMP combined with the azide-tri-acetylene “click” crosslinking pro-
vides the opportunity to vary several network parameters: The molecular weight of the network
strands can be tuned by the concentration of CTA during ROMP, the degree of substitution can be
halved by starting with a monosubstituted cyclooctene monomer, and the crosslinker functionality
can be changed. Modifying the spacer length or the mesogenic side-group can result in a stronger
coupling between the backbone conformation and LC order, resulting in gels and elastomers that
display large spontaneous shape changes [10] and significant shape changes in response to electric
fields [44, 45).

Several questions pertaining to the equilibrium and dynamical properties of LC networks remain
unanswered [43, 46l 47]. For example, theoretical work by Oyerokun et al., which accounts for
excluded volume interactions in nematic rubbers, predicts that increasing the crosslink density will
decrease the spontaneous distortion of LC elastomers when heating through the Txy [43]. The
theory furthermore predicts a strain-induced softening of the modulus, especially near the T ;. The
system presented here provides a systematic way to vary the crosslink density to test this prediction,

which has not been experimentally investigated. Another area of debate pertains to the dynamic
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mechanical properties of LC elastomers [42] 146] [47], which are predicted to have distinct, widely
separated relaxation modes of the network and the nematic director. This has not been observed
in previous experimental investigations [47, [48] 146, [49], but it is possible that the disparity between
theory and experiment arises from the non-uniform structure of prior materials. The present system
with a controlled network structure and proper choice of LC side group is a promising candidate to
elucidate the dynamic behavior of LC elastomers.

One of the unresolved challenges of these materials is achieving a uniformity of alignment and
control of the specimen size, and this represents the next major hurdle to utilizing the covalent LC
networks for careful physical studies. The popular “two-step” crosslinking method [3] for obtaining
aligned elastomers is not applicable to the present LC networks. However, a promising idea to
accomplish uniform alignment is to perform the crosslinking step in an LC solvent, which can be

uniformly aligned with coated cell substrates.

6.5 Conclusions

Covalent LC networks were prepared by “click” chemistry, specifically by the copper(I)-catalyzed cy-
cloaddition of an azides and alkynes. Azide-terminated LC polymers were produced by ROMP and
crosslinked with a tri-acetyline species to produce covalent LC networks. The resulting networks pro-
vide model systems that capture the fascinating properties of LC gels, specifically swelling/deswelling
across the Ty and fast and low-threshold electro-optic behavior. The covalent networks open the
door for structure-property studies of LC elastomers and gels. Future work includes developing a

method for producing aligned LC elastomers and gels of a controlled size and shape.
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Chapter 7

Outlook

The field of liquid crystal elastomers and gels has typically been dominated by polymer and liquid
crystal scientists with a physics background. This has led to a deep understanding of the molecular
basis for nematic rubber elasticity, but at the same time advanced chemical methods for producing
liquid crystal networks have not been fully employed. It is my belief that obtaining a complete
physical understanding of liquid crystal-polymer materials can only be achieved with a stronger
effort from scientists interested in constructing well-defined elastomers and gels. Fortunately, more
recent work, including the work described in this thesis, has taken a closer look at the chemical
details in liquid crystal elastomers and gels [1}, 23} [4,5]. Much remains to be explored. For example,
compared to nematic elastomers, much less is known about elastomers and gels with higher order
phases, such as the chiral smectic C* phase — presumably due to the difficulty in producing, aligning,
and characterizing smectic networks. Light-induced changes in liquid crystal elastomers and gels
have only recently been explored, and future efforts can focus on producing a faster and more
controlled response [, 4]. Other effects, such as the flexoelectric effect in liquid crystals, have not
yet been incorporated into liquid crystal elastomers or gels [6]. Future work will undoubtedly tackle
these challenges and, with some luck, produce liquid crystal-polymer materials with technologically

viable properties.



136

Bibliography

[1] M. D. Kempe, N. R. Scruggs, R. Verduzco, J. Lal, and J. A. Kornfield. Self-assembled liquid-

crystalline gels designed from the bottom up. Nat. Mater., 3(3):177-182, 2004.

[2] M.-H. Li, P. Keller, J. Yang, and P.-A. Albuoy. An artificial muscle with lamellar structure based

on a nematic triblock copolymer. Adv. Mater., 16(21):1922-1925, 2004.

[3] S. V. Ahir, A. R. Tajbakhsh, and E. M. Terentjev. Self-assembled shape-memory fibers of triblock

liquid-crystal polymers. Adv. Funct. Mater., 16(4):556-560, 2006.

[4] M. Camacho-Lopez, H. Finkelmann, P. Palffy-Muhoray, and M. Shelley. Fast liquid-crystal

elastomer swims into the dark. Nat. Mater., 3:307-310, 2004.

[5] Y. L. Yu, M. Nakano, and T. Ikeda. Directed bending of polymer film by light — miniaturizing
a simple photomechanical system could expand its range of applications. Nature, 425(6954):145,

2003.

[6] J. Harden, B. Mbanga, N. Eber, K. Fdor-Csorba, S. Sprunt, JT. Gleeson, and A. Jakli. Giant

flexoelectricity of bent-core nematic liquid crystals. Phys. Rev. Lett., 97(15):157802, 2006.



137

Appendix A

Transient Electro-Optic Properties
of Liquid Crystal Gels

The dynamics of the electro-optic response has significance for the use of our gels in display devices
and also reveals important effects of the polymer network. In order to study this behavior, we
recorded the transmitted intensity before, during, and after applying a voltage to the gel. This
allowed us to measure the response time for aligning the gel in the presence of a voltage and the
relaxation time after the voltage was removed. In the following we analyze the dynamics of 5 wt
% and 10 wt % gels confined to a 15 um gap. These samples reveal the general characteristics
of the dynamics of the electro-optic response and its dependence on the applied voltage and the
electro-mechanical history.

Cells were prepared with 25 mm x 25 mm x 1.1 mm Delta ITO-coated glass plates. The glass
plates are SiO, passivated and contain no alignment layers. The plates were fastened together
using epoxy, and teflon spacers were placed in between the plates to create a well-defined gap. We
measured the gap thickness with a micrometer, and loaded the cell by placing a small amount of gel
on the side of the gap, heating it to 40 °C, and letting the gel flow in by capillary action.

The optical properties and electro-optic responses of the gels were measured using a polarized
HeNe laser, a beam splitter, two CCD cameras, and a function generator. A beam splitter between
the laser and the sample sent half of the incident laser intensity to the sample and half to a CCD
camera which was used to normalize the intensity of laser light incident on the sample. A CCD

camera 10 cm behind the sample measured the intensity of transmitted light, and this intensity was
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Figure A.1: Response of a 5 wt % gel in a 151 gap to an external voltage of 30 V, 60 V, and 90 V.
The voltage is applied at 0 s and removed at approximately 15 s.

normalized by the intensity transmitted for the sample in the isotropic state. The function generator
was used to apply voltages from 0 V to 270 V at 1000 Hz.

For each run, a voltage was applied for only 15 s. After allowing the gel to sit for 2 minutes at 0
V, the process was repeated with the same voltage 4 times, for a total of 5 runs for each experiment.
Then, before the start of the next experiment, the gel was heated into the isotropic state and allowed
to cool.

The response of the gels depends on the applied voltage (Fig. [A.1). At low voltages, near the
voltage threshold, the long-time transmission is very low, as would be expected. Voltages at twice
and three times the threshold give a much higher long-time transmission. At 30V, the response is
very slow but relaxation is fast. At higher voltages, the response time gets faster and the relaxation
time slower. We can define a response time and relaxation time for the gel. The time for the
gel to reach 90% of its long-time transmission after turning on the signal, T9g, is a characteristic
response time for the gel. The time for the transmission to decay back down to 10% of its long-time
transmission, 719, is a characteristic relaxation time. The 799 are 10.0547 s, 3.7630 s, and 0.1070 s
for 30 V, 60 V, and 90 V, respectively, and the ¢ are 0.0160 s, 0.2508 s, and 0.1342 s for 30 V, 60
V, and 90 V, respectively, for the 5 wt % gel. This indicates that applying a high enough voltage

imprints alignment into the polymer network, resulting in a slow response (larger 710). Also, at high
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Table A.1: Results for transient switching experiments of 5 wt % and 10 wt % gels in a 15 u gap.

Polymer Concentration Voltage Too (8) T10 (8)
5wt % Vinreshotd(30V) 10.0547 0.0160
5wt % 2% Vinreshota(60V) 3.7630 0.2508
5wt % 3 Vt}”-eshold(go‘/) 0.1070 0.1342
10 wt % Vinreshotd(45V) 8.1635 0.0007
10 wt % 2% Vinreshota(90V) 4.4864 0.5533
10 wt % 3% Vinreshora(135V) 0.1395 0.4510

enough voltages the electric field dominates the dynamics and the liquid crystal director rotates very
quickly, as indicated by a small 7g¢ for large applied voltages.

We can study the effect of polymer concentration by comparing 5 wt % and 10 wt % gels of
the same thickness (Tab. [A.1). Both behave the same qualitatively, with a faster switch-on time
and slower switch-off time at higher voltages. At low voltages, the 10 wt % gel has a much faster
switch-off time than the 5 wt % gel — the 719 is 0.016 s for the 5 wt % gel compared with 0.0007 s
for the 10 wt % gel. At twice the threshold voltage, the 79¢ values are comparable at ~ 4 s, but the
T10 is 0.25 s for the 5 wt % gel compared to 0.55 s for the 10 wt % gel. At three times the threshold
voltage the disparity in relaxation times is greater, with the 5 wt % gel exhibiting a 719 of 0.13 s
compared with 0.45 s for the 10 wt % gel. Therefore, the gels of greater polymer concentration
appear to have significantly slower relaxation times, except for voltages near the threshold. Since
the polymer network dictates the long-time relaxation behavior, this indicates that the electric field
modified the network morphology at voltages significantly higher than the threshold. Interestingly,
the relaxation time is seen to decrease slightly with voltage at high voltages. This suggests the
presence of competing interactions, which result in an increased relaxation time with voltage near
the threshold but a decreased relaxation time at much higher voltages. At very large voltages, when
the polymer network is significantly perturbed from equilibrium, it may have a larger restoring force
once the applied voltage is removed.

Gels with a voltage previously applied tend to show faster switching and slower relaxation. At
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Table A.2: Results for successive transient voltage runs on 5 wt % LC gel in a 15 pym gap. The
voltage is at the threshold, 30 V.

Run 790 (S) T10 (S)
1 10.0547 0.0160
2 9.7084 0.0185
3 9.8387 0.0183
4 9.6162 0.0195
) 9.4906 0.0205
6 9.5682 0.0198
7 9.1146 0.0210
8 9.4956 0.0217
9 9.4956 0.0218
10 8.9699 0.0217

voltages just above the threshold, there is very little effect on the subsequent electro-optic behavior
of the gel (Tab.[A.2). At twice the voltage, the 9g values decrease dramatically between the first and
second experiments, between which the gel is allowed to relax for two minutes but is not reheated into
the isotropic state (Tab. A.3). The response time steadily decreases in the subsequent experiments,
but the rate of decrease is much smaller than that observed for the first and second experiments.
This decrease in 199 with the application of a large voltage indicates that the modified morphology
of the polymer network presents a decreased resistance to reorientation of the liquid crystal director
along the electric field, and therefore the polymer network itself is being aligned with application
of large voltages. At three times the voltage, both the 799 and the 719 values decrease further
(Tab. [A.4). The decrease in the 79 is more dramatic, by about an order of magnitude, and suggests
that the applied field is dominating the reorientation time. The decrease in 799 may arise from a
greater reorientation force when the polymer network is significantly perturbed from the morphology

imprinted during crosslinking.
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Table A.3: Results for successive transient voltage runs on 5 wt % LC gel in a 15 pym gap. The
voltage is at twice the threshold, 60 V.

Run 790 (S) T10 (S)
1 3.7630 0.2508
2 0.1645 0.2388
3 0.0560 0.2715
4 0.0457 0.3116
) 0.0315 0.3621
6 0.0300 0.4120
7 0.0245 0.4630
8 0.0207 0.5201
9 0.0185 0.5581
10 0.0232 0.6009

Table A.4: Results for successive transient voltage runs on 5 wt % LC gel in a 15 pym gap. The
voltage is at three times the threshold, 90 V.

Run T90 (S) T10 (S)
1 0.1070 0.1342
2 0.0020 0.1213
3 0.0015 0.1418
4 0.0015 0.1620
) 0.0013 0.1841
6 0.0012 0.2040
7 0.0015 0.2298
8 0.0015 0.2505
9 0.0010 0.2723
10 0.0007 0.2936




