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ABSTRACT

This dissertation details the synthesis and characterization of materials that consist
of molecules with unusual shapes. We have pursued this goal into the regimes of both
small molecules (liquid crystals) and polymeric materials. In both cases, the ultimate
goal is the creation of materials that display unique properties that arise due to molecular
organizations and/or interactions driven by the underlying shape of the molecules or
subunits.

Chapter One is an introduction to the study of liquid crystals and their phases.
Chapter Two and Three both describe the synthesis and characterization of bent-core
tetracatenar liquid crystals. The focus in Chapter Two is on the effects that changing the
bend angle and/or lateral dipole have upon the phase behavior of these compounds. We
found that the thiophene-based mesogens with the largest lateral dipoles display the most
stable liquid crystalline phases. We believe that this effect is due to the formation of
antiparallel dimers within the phases of these compounds. Chapter Three describes the
synthesis and phase behavior of thiophene-based liquid crystals with desymmetrized
cores. Reduction of the symmetry had the effect of either broadening or narrowing the
resulting phases, depending on the types of endgroups attached to the molecular core.
Chapter Four details the synthesis and phase-behavior of triphenylene-based dione liquid
crystals. These molecules are roughly half-discs in terms of molecular shape, and yet
were found to form columnar mesophases typical of discotic liquid crystals. Chapter
Five describes our efforts investigating a number of extended thiophene-based aromatic
systems which are roughly discotic, display columnar liquid crystal phases and/or
interesting structures from an electronic standpoint.

Chapter Six describes our initial steps toward establishing a new paradigm for the
design of high-strength polymers through the incorporation of iptycene moieties. Our
preliminary studies suggest that iptycenes can improve the properties of polymers
significantly by increasing the entanglement between polymer chains. Chapter Seven
describes our efforts toward using ring-opening metathesis polymerization to create
liquid crystalline polymers in which the mesogenic units are tightly associated with the
polymer backbones.

Thesis Supervisor: Timothy M. Swager
Title: Professor of Chemistry
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Chapter 1

An Introduction to Liquid Crystals



What are liquid crystals?

The two most common condensed matter phases are the crystalline solid and the
isotropic liquid. Within crystalline materials the constituent molecules possess both
positional order and directional order: that is, the molecules occupy specific sites within a
three-dimensional lattice and the axes of the molecules point in specific directions,
respectively. Within the isotropic liquid, which lies at the other extreme of the condensed
phases, the molecules diffuse randomly throughout the sample freely rotating about their
molecular axes, and therefore possess neither positional nor directional order.

There exist, however, a number of phases (mesophases) that possess a degree of
order intermediate between that of crystalline solids and isotropic liquids. These
mesophases then fall into two broad categories: plastic crystals and liquid crystals.
Plastic crystals are those phases in which the molecules retain their positional order
within the three-dimensional lattice, but lack directional order as they freely rotate.
Conversely, there are many other phases that retain orientational order, but do not possess
the positional order of a crystalline solid. These phases are typically referred to as liquid
crystals, since they possess a combination of properties that are commonly associated
with both liquids (fluidity) and crystals (anisotropy)."

As mentioned above, liquid crystal phases are fluid; that is, the molecules diffuse
much like in an isotropic liquid, but as they do so they tend to retain some average
orientational order. Quite often a limited degree of positional order exists as well, but the
amount of order in any liquid crystalline phase is very small relative to that of crystalline
solids. This fact is evidenced when considering that the transition enthalpies between

crystalline phases and liquid crystalline phases are usually on the order of 50-60 kJ/mol,



which is comparable to that of a crystal to liquid transition. Transitions from liquid
crystal to isotropic liquid, however, are much smaller, on the order of 1-6 kJ/mol,
depending on the phase, belying the fact that the degree of order within a liquid crystal
phase resembles that of an isotropic liquid more closely than that of a crystalline solid.2

The directional order of liquid crystal phases results in the fact that they typically
exhibit anisotropic behavior. This means that various physical properties of the phases
are inequivalent if measured in different directions. These properties typically include
(but are not limited to) magnetic susceptibility, index of refraction, elasticity, and
dielectric constant. The fact that liquid crystal phases display both fluidity and
anisotropy makes them useful for device applications. By application of an electric field,
for example, the liquid crystals can be reoriented, thereby reorienting the relative
anisotropy of the phase.’

Though it is impossible to predict for certain whether or not a certain molecule
will be liquid crystalline a priori, a number of guidelines have arisen over the years.
Mesogenic (i.e., mesophase-producing) compounds generally consist of fairly rigid
molecules with large shape anisotropies. A large percentage of the known liquid crystals
consist of a rigid aromatic core with pendant aliphatic sidechains. The formation of a
liquid crystalline phase requires a delicate balance of the attractive forces (i.e., dipolar
forces between the aromatic cores) and the dispersive forces (i.e., highly dynamic motion
of the aliphatic sidechains) between neighboring molecules.

There are broad categories of liquid crystals: lyotropic liquid crystals and
thermotropic liquid crystals. Lyotropics are those materials that exhibit liquid crystalline

behavior only when mixed with a solvent and the phase behavior is dependent upon both



the concentration and temperature of the solution. Lyotropic liquid crystal phases are
often found in amphiphilic molecules, composed of a hydrophobic group at one end and a
hydrophilic group at the other end (Figure 1). Soaps, for example, often exhibit lyotropic
liquid crystalline behavior at certain concentrations in water, where the hydrophobic tails
assemble together presenting the hydrophilic heads to the solvent. The structure that
results from soap is known as a micelle. Phospholipids can form analogous structures,
which are called vesicles (Figure 2).* More complex structures of soaps and
phospholipids can also form, such as bilayers, in which the hydrophobic chains are
separated from the water by layers of hydrophobic groups. Phospholipid bilayers are in
fact extremely important, as they provide the structural basis of biological membranes.
The inverse situation arises if the molecules are dissolved in a non-polar solvent such as
hexane; now the hydrophobic tails are presented to the solvent, while the hydrophilic

heads assemble together.

Figure 1. Lyotropic liquid crystals. (a) a soap (b) a phospholipid.
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Figure 2. Structures formed by lyotropic liquid crystals. (a) a micelle (b) a vesicle.

Liquid crystals that do not require solvent and exhibit temperature-dependent
phase behavior are called thermotropic liquid crystals. Mesophases observed above the
melting point (from the crystal phase) upon heating are referred to as enantiotropic, and
are thermodynamically stable phases. Mesophases observed only on cooling (below the
melting point) are Kinetically formed, thermodynamically unstable phases, and are called
monotropic. Thermotropic liquid crystals are typically further classified according to
their shape and composition. Metallomesogens, for example, arc those thermotropic
liquid crystals that incorporate a transition metal(s) into their structure. Mesogens that
are roughly rod-shaped in nature are calied calamitic liquid crystals, and mesogens that
are roughly disc-shaped in nature are called discotic liquid crystals. Increasingly, liquid
crystal research has been involved with creating mesogens that do not conveniently fit
into one of the above categories, and so many new types of liquid crystals have been

discovered.
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Calamitic Liquid Crystals

Rod-shaped molecules often form liquid crystal phases by virtue of their large
aspect ratios, and these compounds are known as calamitic liquid crystals (Figure 3). In
this case, one molecular axis is much longer than the other two. Calamitic mesogens
generally possess some rigidity along their long axes, as they must retain a somewhat
elongated shape to produce interactions that favor alignment. This structural rigidity is
often imparted by ring structures at the core of the molecule linked together either
directly or by rigid linking groups, while fluidity is imparted by aliphatic sidechains at
one or both end(s) of the molecule. Rod-shaped molecules form two different classes of

liquid crystal phases, nematics and smectics (Figure 4).
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Figure 3. Examples of calamitic thermotropic liquid crystals.
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a) Nematic (N)

c¢) Smectic C (Smg)

Figure 4. Phases formed by calamitic liquid crystals: (a) nematic (b) SmA (¢) SmC. The
letter n represents the director in each case.

The nematic (N) phase is the simplest (least ordered) and most fluid of all the
liquid crystal phases. The molecules in this phase possess a preferred orientational
direction, but otherwise they diffuse about the sample freely. In other words, they
possess some degree of directional order but possess no translational order. The name
nematic comes from the Greek word for thread, since these phases often show threadlike
features when viewed through a polarizing microscope. Inclusion of a chiral center into a

nematic mesogen breaks the inversion symmetry of the molecule and gives rise to
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cholesteric (N *) phases. These chiral nematic phases (first seen in cholesterol-containing
liquid crystals) consist of nematic layers of molecules whose directors twist from layer to
layer forming a helical arrangement. If the pitch of this helix is on the same order as the
wavelength of light, then selective reflection of particular wavelengths can occur, giving
rise to interesting optical effects.

The smectic (Sm) phases are the other phases common to calamitic liquid
crystals.” Smectic phases are lamellar (layered) phases, in which the molecules possess
positional order in addition to the orientational order of the nematics, as their centers of
mass tend to be arranged in layers. These phases get their name from the Greek word for
soap, as these phases reminded early researchers of lyotropic soap systems. The two
most common smectic phases are the smectic A (Smy) and smectic C (Smc) phases. The
smectic A phase exists when the director is perpendicular to the layer plane, while in the
smectic C phase the director is tilted with respect to the layer planes. In these phases,
though translational order exists between layers, no translational order exists within a
given layer; in other words, each molecule may diffuse freely within its own layer, but

only rarely will it “jump” from one layer to another.
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Figure 5. Structures of the: (a) chiral nematic (N " and (b) chiral smectic C (Smc*)
phases. In each case there is a 360° twist from the top layer to the bottom layer.

By introduction of a chiral center into a mesogen which displays a Sm¢ phase,
one may get chiral smectic C (Smc") phases analogous to the cholesteric phases of chiral
nematic mesogens.® In these phases the director rotates around the cone generated by the
tilt angle as one moves from layer to layer. Optical effects can be seen if the pitch length

is on the order of the wavelength of visible light.

Discotic Liquid Crystals

For many years it was thought that only rod-like molecules (calamitics) could
form liquid crystal phases. During the 1970’s it was predicted and ultimately proven that
disc-shaped molecules can also form liquid crystal phases. Over one thousand discotic
liquid crystals have been subsequently synthesized and investigated” (Figure 6). The

classic model for the discotic mesogen is a rigid, disc-shaped aromatic core, surrounded
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by a number of aromatic sidechains. In these molecules, one molecular axis is much

shorter than the other two.

Figure 6. Discotic mesogens: (a) The first reported discotic liquid crystal was a
hexasubstituted benzene (b) triphenylene-based discotic liquid crystals are extremely
common in the literature (c) a dibenzopyrene discogen (d) an octosubstituted
metallophthalocyanine.

The simplest type of discotic phase is the nematic phase (Np), in which the short
axes of the molecules all have a preferential average orientation along a single direction
called the director. This phase is analogous to the nematic phase of calamitic molecules,
as there is directional but no positional order of the mesogens. Discotic phases also exist
in which the molecules possess both translational and directional order in a fashion
analogous to the smectic phases of calamitic mesogens. In these phases the mesogens

tend to arrange with their molecular cores stacked on upon the other in columns and so

these phases are known as columnar phases. Within a column the molecules are free to
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rotate around their short axis, but only rarely will a mesogen move from one column to
another. These columns of molecules are often then arranged in a two-dimensional
lattice, either hexagonal or rectangular, and these are known as the hexagonal columnar
(Dy) or rectangular columnar (D;) phases, respectively (Figure 7). In the hexagonal
columnar phase the mesogens are arranged perpendicular to the column axis, while in the
rectangular columnar phase the molecules are tilted with respect to the column axis.
Varying degrees of long-range order within the columns are possible, and so the phases

can be further classified as ordered or disordered columnar phases.

Discotic Nematic (Np,)

Hexagonal Columnar (Coly,) Rectangular Columnar (Colg)

Figure 7. Liquid crystal phases formed by discotic mesogens.
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Unconventionally Shaped LC’s

For the first 90 years of liquid crystal research, starting with the discovery of the
(N') phase in melts of cholesteryl acetate and cholesteryl benzoate in 1888, the
prototypical mesogen consisted of a rigid-rod core substituted with terminal aliphatic
sidechains.® The discovery in 1977 that disc-shaped mesogens could form liquid crystal
phases instigated extensive efforts toward the synthesis and study of this new class of
liquid crystals.  Discogens were found to exhibit new phases (columnar) with
organization unlike that seen for rod-shaped molecules and this suggested the possibility
of creating still new classes of liquid crystals. Since then, researchers have endeavored to
further liquid crystal science by creating mesogens with molecular shapes that do not
follow the above formulas for liquid crystals. These mesogens have been called
“unconventional” liquid crystalline compounds as they do not fit neatly into the above
classifications of calamitic or discotic mesogens. The types of unconventional liquid
crystals studied to date are too numerous to list, but include cyclic compounds and
cyclophanes, swallow-tailed compounds, twins and oligomers, calamitic-discotic dimers,
epitaxygens and bowlic liquid crystals, to name but a few (Figure 8).9 Some
unconventionally shaped mesogens with particular relevance to this thesis are described

in more detail below.,
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Figure 8. Examples of liquid crystals with unconventional shapes: (a) a mesogenic
cyclophane (b) a ligated twin (c) a swallow-tailed mesogen (d) a calamitic-discotic dimer
(e) a bowlic liquid crystal.
Polycatenars

Polycatenars are compounds with two to six aliphatic chains attached at the
terminal rings of a rigid-rod mesogenic core (Figure 9). They are called bi-, tri-, tetra-,
penta- and hexacatenar compounds in accordance with the number of their flexible
sidechains. These compounds are known for their exceptional phase behaviors, as a
single such compound may show many different mesophases upon varying the
temperature.'® Tetracatenars, for example, have been shown to exhibit not only nematic

and smectic mesophases, but also columnar and cubic mesophases. Typically,
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tetracatenars with shorter sidechains tend to be dominated by the influence of the
molecular core and therefore are typically smectogens. Increasing the length of the
sidechains leads to the predominance of columnar phases in these mesogens. Increasing
the number of sidechains (for example in the case of hexacatenars) leads to the formation

of predominantly columnar phases.

OCBH17

C3H17OQE=N@OOC—O—COOON—EOO%HH
(a)

CgH170

C12H25Q OCy2Hzs5

C12H250 (b) OC12Has

Figure 9. Examples of polycatenars: (a) a tetracatenar (b) a hexacatenar.

Bent-rods & Bananas

Mesogens with bent cores can display liquid crystal phases. Incorporation of a
bent core is interesting because the decrease in molecular symmetry causes sterically
induced packing between nearest neighboring molecules to become an issue, in some
cases causing an additional degree of order to occur within the resulting mesophases.
Many of these bent liquid crystals utilize five-membered aromatic rings to introduce the
bent shape and mesogens which incorporate a 2,5-thiadiazole or 2,5-thiophene based core
are particularly common. It has been demonstrated that suppression of mesomorphic

behavior accompanies increasing non-linearity of the mesogenic core.'’ This is most
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likely due to decreased rotational freedom‘about the molecular long axis caused by the
increased volume required for such rotation by a bent molecule. However, it has been
postulated that if such a structure could exhibit a liquid crystal phase while restricting
rotation about the long axis, biaxial behavior should result, and so molecules with larger
bent shapes, such as 2,5-oxadiazoles have been investigated with limited success.
Undoubtedly, the most exciting result to come from the study of bent-core liquid
crystals to date is the discovery of the so-called “banana™ phases. These phases are
unique to bent-rods and there exists no analogous counterpart to the banana phase in the
field of calamitic or discotic liquid crystals. In 1996 Takezoe et. al reported strange
mesophase behavior for a number of 1,3-phenylenebis[4-(4-n-
alkyloxyphenyliminomethyl)-benzoate]s (Figure 10)."> These compounds are unique in
that they display what was ultimately identified as antiferroelectric switching behavior
characteristic of a chiral Sm¢" phase, despite the fact that these molecules possess no
stereogenic centers. [t had been previously thought that stereogenic centers were
necessary to break the symmetry of the molecules in order to produce a phase possessing
bulk chirality.'"* The macroscopic domains possessing chirality of the smectic layers
were shown to arise from the cooperative molecular packing of molecules that
spontaneously adopt a chiral conformation about the central ester linkages.” Since then
many different banana phases have been discovered for a number of structurally similar
molecules'® and ferroelectric'” as well as antiferroelectric switching behavior has been
observed, but a coherent picture of the structure/property relationships governing the

formation of these phases is not yet clear.
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Figure 10. Three examples of bent-rods that display electrically switchable “banana”
phases. Note that all examples include a benzoate linkage to the aromatic core.

CBH17O OC3H1 7

O(CH3)4C6F 13

Ferroelectrics/Antiferroelectrics

Ferroelectrics and antiferroelectrics are materials that possess a polar organization
of molecules. These states are found in non-centrosymmetric solid-state materials as well
as liquid crystals.

Ferroelectric materials possess a spontaneous polarization that can be directed by
the application of an electric field (Figure 11). Ferroelectric behavior is exhibited by
solid-state perovskite-type inorganic materials such as BaTiOs as well as the chiral Sc*
phases of organic liquid crystals. The ferroelectric behavior in perovskite-type materials
arises due to the shift from a cubic crystal structure to a slightly deformed cubic structure

below the Curie temperature (120 °C for BaTiO;) of the material.'® This results in a
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displacement of the positive ions relative to the negative ions in the lattice, giving rise to

a bulk polarization (Figure 12).

ST T
RIETIT Y

Figure 11. The bulk polarization of a ferroelectric material can be reoriented by
application of an electric field.
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Figure 12. The origin of ferroelectric behavior in BaTiOs , a perovskite- -type material.
Above the Curie temperature (120 °C) the cell is cubic, but below this temperature the
structure is tetragonal with the Ba®" and Ti*' ions displaced relative to the O ions. Ba>™
ions, which lie at the corners of the cubic cell, have been omitted for clarity.

Ferroelectric behavior is exhibited by liquid crystals as well. Chiral tilted smectic
phases (Sm¢") comprised of molecules with a dipole moment perpendicular to the

molecular long axis are capable of ferroelectricity (Figure 13).!° Ferroelectric behavior
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has also recently been shown for achiral “banana” type molecules, in which packing
forces cause the molecules to spontaneously adopt a chiral conformation within the

1
mesophase.

e
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Figure 13. Ferroelectric switching of the director n in Smc" liquid crystal phases.
Switching is caused by application of an external electric field parallel to the smectic
layers.
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Antiferroelectric materials do not possess a bulk polarization in the ground state,
but application of an external electric field can result in promotion to a higher energy
state, which is polarized. Upon removal of the electric field the material relaxes back to

the unpolarized ground state (Figure 14)."
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Figure 14. Organization of an antiferroelectric phase comprised of bent-shaped
molecules. The molecular dipole is perpendicular to the long axis of the molecules. The
ground state (E = 0) is not polarized, since the dipoles of neighboring layers point in
opposite directions, but polarized states can be induced by application of an electric field.

Polarized Microscopy of Liquid Crystals

Polarized microscopy is a powerful tool for the characterization of thermotropic
liquid crystals. When liquid crystal phases are viewed through a polarizing microscope
complex patterns (called textures) are observed and these textures typically provide
insight into the type of organization occurring within the mesophase.”” *' Typically a thin
film of the sample is sandwiched between glass slides, heated to the appropriate
temperature and viewed between crossed polarizers under a microscope. The textures
arise due to the fact that the mesophases are typically not perfectly homogeneous
(although they may be made nearly homogeneous by employing surface treatments to the
glass substrate) and as such defects and deformations of the phase occur. Nematic
materials, for example, typically appear very fluid under the microscope due to the
absence of positional order within the phase. Additionally, on untreated glass surfaces
they typically give rise to schlieren textures, identified by the black bands (‘schlieren
brushes”) representing areas of extinction occurring throughout the texture. The brushes
meet at point singularities (disclinations) on the glass surface which are often caused by

small pieces of dust or insoluble impurity within the sample (Figure 15). The schlieren
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textures of nematics can exhibit both “two-brush” and “four-brush” disclinations,
meaning that four or two brushes meet at the point singularity, respectively (Figure 16).
The dark brushes occur in those areas where the director of the phase is oriented parallel
to one of the polarizers. Due to the fact that the thickness of the films are often not
uniform, colors are often seen caused by optical interference of the light entering the a
medium with refractive index which differs to that of the glass slide. The various
wavelengths of light experience differing degrees of retardation and colors are thereby

produced.
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Figure 15. Some of the types of disclinations that occur in liquid crystals. The lines
illustrate the orientation of the nematic director at that point in space. The strength (S) of
the disclination is such that S- 27 describes the angle by which the director turns on a
closed curve around the center.
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Figure 16. Schlieren textures arising from disclinations when viewed under a polarizing
microscope: a 2-brush texture (left) (S = + 1/2) and a 4-brush texture (right) (S =+ 1).

Smectic A phases exhibit either focal conic fan or homeotropic textures, while
smectic C phases exhibit schlieren textures (with only 4-brush disclinations) or focal
conic fan textures. Discotic textures are usually either fan-shaped or homeotropic.
Clearly, while polarized microscopy is a powerful tool for the determination of liquid
crystal phases it is subjective in nature and must be used in conjunction with other

methods such as X-ray and DSC.

X-Ray Diffraction of Liquid Crystals

Liquid crystals are ofien characterized by X-ray diffraction of the mesophases.
Nematic phases show only very weak diffuse scatterings, one at the molecular length and
the other at approximately 4.6 A corresponding to the average intermolecular distance
and correlation of the liquid-like alkyl sidechains. Smectics display, in addition to
similar broad amorphous halos in the wide angle region (~4.6 A), sharp peaks at smaller

angles corresponding to the distance between the layers of molecules.
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Columnar discotic phases all display broad peaks at ~4.6 A due to the average
distances between liquid-like sidechains. Hexagonal columnar mesophases typically also
display two sharp low angle peaks corresponding to the (100) and (110) Bragg peaks
(Figure 15). The rectangular lattices give rise to other periodicities which can be
indexed to lattices with different symmetries. Both hexagonal and rectangular columnar
phases can be ordered or disordered. The ordered columnar phases are distinguished by
the appearance of an additional broad peak at 3.3-3.6 A corresponding to the distance
between neighboring discotic cores within the individual columns caused dense packing

of molecules within the columns.

e
b iy/f 7

¥ (200)

(100)
a) b)

Figure 15. X-ray of columnar liquid crystals: a) Periodicities within the hexagonal
lattice which give rise to low angle peaks. b) Spacing within the columns of the ordered
columnar hexagonal and rectangular mesophases.
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Differential Scanning Calorimetry

Differential scanning calorimetry is employed as a method to measure the
enthalpy changes associated with phase transitions. The magnitude of the enthalpy
change at a phase transition reveals how large a change in molecular order occurs
between the two phases.”> The transition from crystalline solid to any liquid crystal
phase typically occurs with an enthalpy of 30 to 50 kJ/mol, indicating that a significant
structural change is occurring between the two states. The transitions from smectic
phases to isotropic liquid are much smaller, on the order of 4 to 6 kJ/mol, while smectic-
to-smectic and nematic to isotropic transitions are smaller still (1 to 2 kJ/mol). While
DSC does not by itself reveal the precise nature of a phase, it is a powerful tool when

used in conjunction with methods such as X-ray diffraction and polarized microscopy.
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Chapter 2

Thiophene-Based Tetracatenar Bent-Core Liquid Crystals:

A Study on the Effects Bent-Angle and Lateral Dipole

Adapted from:

Eichhomn, S. H.; Paraskos, A. J.; Kishikawa, K.; Swager, T. M.
J Am. Chem. Soc. 2002, 124, 12742-12751.



Introduction

The synthesis and investigation of mesogens with physical structures that deviate
significantly from linearity and thereby describe an overall “bent” shape rather than a
simple rigid rod has been described by numerous research groups. One interesting aspect
of bent-rod mesogens is the increase in steric interaction that nearest neighboring
molecules exert upon one another. In the nematic phase of ordinary calamitic mesogens,
for example, the molecules freely and rapidly rotate about their long axes, thereby
imparting a uniaxial nature to the material. Within a nematic phase of bent-rod
molecules, however, the barrier to molecular rotation about their long axes should
increase significantly as such rotation geometrically results in a larger displacement of

neighboring molecules (Figure 2.1).

Figure 2.1. Bent-core mesogens sweep out larger areas upon rotation about their long
axes than do traditional straight-rod mesogens.
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Another important feature of bent-rod molecules is the decrease in molecular
symmetry compared to analogous rigid rod molecules. This decrease in molecular
symmetry from, for example, C,, to Cyy, can have extremely profound implications upon
the phase behavior. The most surprising result to arise from this decrease in molecular
symmetry is the discovery of the so-called banana phases.'! Novel ferroelectric and
antiferroelectric mesophases were obtained from initially achiral molecules and
macrophase separation of racemic mixtures into homo-chiral domains was observed.’
However, the design principles are not understood and the majority of bent-rod (banana-
shaped) mesogens do not display these new mesophases, if any mesophase at all, despite
possessing similar molecular structures. The ultimate goal of being able to accurately
predict the liquid crystalline properties of many molecular structures remains elusive,
despite the many mesomorphic molecular structures and liquid crystalline phases that
have been studied over the last hundred years.

The main thrust of this research focuses on synthesizing liquid crystals that
possess bent-core shapes and additionally possess large laterally-directed dipole
moments. Introduction of laterally directed dipole moments hinders rotation about the
long axes of the mesogens as the interaction between the dipoles of neighboring
molecules becomes increasingly significant (Figure 2.2). It was thought that this effect
would add to the influence of the bent shape of the mesogens, which also inhibits rotation
about the long axes, and that one of two molecular arrangements would result: either the
molecules would arrange in a head-to-tail ferroelectric type organization of molecules,
thereby resulting in effective packing of the bent molecules, or they would arrange in

head-to-head dimers of molecules in which nearest neighboring mesogens effectively
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offset each other’s dipole moments (Figure 2.3).> Due to this inhibition of rotation, we
thought that these types of molecules were reasonable candidates to display biaxial

smectic or nematic phases.

iy

Figure 2.2. Diagram showing that the introduction of a large lateral dipole inhibits
rotation as the dipoles of nearest neighboring molecules interact strongly.

.

Figure 2.3. Possible packing of bent-rods with large lateral dipoles: a) head-to-tail
parallel arrangement of dipoles, b) head-to-head antiparallel arrangement of dipoles.
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Previous studies of bent-rod systems found that materials with severely bent
molecular architectures display liquid crystalline phases with lower thermodynamic
stability than analogous straight-rod derivatives. We thought it crucial, therefore, that
the bend angle of the mesogens be relatively modest and that the molecules deviate only
slightly from linearity. Comparison with other synthetically attractive aromatic units
reveals that 2,5-disubstituted thiophene describes a smaller bend angle (16.4 degrees)
than 2,5-disubstituted furan or pyrrole (Figure 2.4) or the 30 degree bend angle of 1,3-
disubstituted benzene.” Thiophene was therefore chosen as the central building block of
the mesogens to be studied by our group. This route additionally enables the introduction
of various lateral dipole moments by incorporation of electron-withdrawing substituents

in the 3 and 4 positions of the thiophene ring.

Bend Angle

Bend Angle
O 29°
NH 23.7°
S 16.4°

Figure 2.4. The relative bend angles of thiophene is much smaller than for alternative 5-
membered heterocycles furan and pyrrole.

37



Early work on such compounds led by Keiki Kishikawa, a former Swager group
postdoctoral fellow, examined a variety of 2,5-substituted thiophene-based mesogens.
Though his initial studies were limited to mesogens with short aliphatic sidechains they
established many of the guiding principles for subsequent investigations (Figure 2.5).°
Compounds I, II and III possess the smallest molecular aspect ratios (length to width
ratios) and I displays a nematic phase at high temperature while compounds II and HI
are not mesomorphic. Increasing the aspect ratio of the mesogens via incorporation
of bridging alkyne groups resulted in significantly greater stability of the liquid
crystalline phases of series IV through VII. The temperature ranges of the crystal phases
decreased as the lateral dipole was increased from 2,5-unsubstituted series IV to 2,5-
dibromosubstituted series V up through 2,5-dicyanosubstituted series VII, suggesting that
increasing the lateral dipole results in decreased stability of the resulting mesophases.
Modeling of the 2,5-dicyanosubstituted compounds suggested that these compounds
possess lateral dipoles of up to 6.3 Debye, and the single crystal structures of these
compounds revealed a dimer formation of neighboring molecules with an antiparallel

orientation of their lateral dipoles.
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VIl b (R = C4Hg, X = Y = CN)

Figure 2.5. Initial studies by the Swager group on thiophene-based bent-core molecules
focused on mesogens with short #-alkoxy sidechains.

We subsequently began working on the synthesis and characterization of various
thiophene-based as well as benzene-based tetracatenar compounds. Tetracatenars are
liquid crystals containing di(alkoxy)benzoate groups on each end of the mesogen (see
Chapter 1). These types of mesogens were targeted because conventional straight-rod
tetracatenars tend to give rise to a relatively wide variety of mesophases, including
nematic, SmC and columnar mesophases (depending on the length of the sidechains) and
so a number of mesophases are accessible from a relatively small number of compounds.

A range of molecules varying in both bend angle and lateral dipole strength were
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synthesized, and their phase behavior was characterized by polarizing microscopy,
thermal analysis, X-ray diffraction, and electrooptical measurements.

This chapter describes research carried out by myself in collaboration with Holger
Fichhorn, a former Swager-group postdoctoral fellow. In addition, a number of
compounds were synthesized by Keiki Kishikawa, another former Swager-group
postdoctoral fellow. The results of our collaboration were published in the Journal of the
American Chemical Society within an article written by Holger and myself. Because of
the close collaborative nature of the project, it is important to describe the project as a
whole including results that were obtained by Holger and Keiki. Every effort has been
made, however, to clarify which results are my own and which are those of my
coworkers. Any compounds described in the experimental section were synthesized and
characterized (including NMR, DSC, IR, X-ray and polarized microscopy) by myself.
Shorthand Nomenclature

It became apparent during discussions of the various polycatenars that a shorthand
nomenclature was necessary in order to efficiently refer to the compounds. A system was
adopted in which the mesogenic cores are described as catenars with DC standing for
dicatenar, TrC standing for tricatenar, and TC standing for tetracatenar. The very central
portion of the core is either a 2,5-thienyl (XXT), para-phenyl (pXXP), or meta-phenyl
(mXXP) where the XX represents the type of catenar. The central rings of the core can
be substituted with hydrogens (H), bromides (Br) or nitriles (NC). Hence, NC-TCT
stands for a nitrile containing tetracatenar based on the 2,5-thienyl group. At the ends of
the mesogens are benzoates containing alkyl-oxy sidechains that are para (p) or meta (m)

with respect to the ester and, for example, a mpm12 designation indicates that 12 carbon
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alkyl-oxy side chains are attached to both of the meta positions in addition to the para
position of the benzoate. Chiral compounds are labeled (*) and the stereochemistry is
given as R, S, or rac.

Results and Discussion

Synthesis. We chose a 2,5-bis(4-hydroxyphenylacetylene)thiophene 6 and its
derivatives 7 and 8, all fluorescent compounds, as central building blocks (Scheme 2.1).
They were obtained in three steps from 2,5-dibromothiophene or tetrabromothiophene in
analogy to previously published procedures.7 Palladium-catalyzed cross-coupling of 4-
(benzyloxy)phenylacetylene 2 with tetrabromothiophene results in selective substitution
of the bromine atoms in the 2 and 5 positions to give 4, which was subsequently treated
with CuCN/Cul in 2,5-dimethylimidazlidinone at 120 °C to give the 34-
dicyanothiophene derivative 5a. Cleavage of the benzyl protecting groups in 4 and Sa
with bromocatecholborane afforded the diphenolic building blocks 7 and 8, respectively,
in good yields. The same synthetic approach was initially applied to obtain 6, but the
cleavage of the benzyl groups with bromocatecholborane or BBr; was low yielding due
to the occurrence of side-reactions. Compound 6 was therefore synthesized vig the
tetrahydopyran (THP) protected precursor 3.

An alternative synthetic approach to 8 involves cyanation of 3,4-
dibromothiophene followed by the lithiation and subsequent iodination of the 2 and 5
positions (Scheme 2.1). The resulting 2,5-diiodo-3.4-dicyanothiophene was then
converted to 5b via palladium-catalyzed cross-coupling. The 42% overall yield of this

pathway is similar to the yield obtained for the approach described above, but the lowest
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yielding cyanation step is carried out at the beginning of the synthetic scheme, resulting
in more facile purification of the following intermediates.

Esterification of the lateral hydroxy groups of 6-8 with the corresponding benzoic
acid derivatives in the presence of diisopropylcarbodiimide and DMAP gave the desired
symmetric di- and tetracatenars in good yields. Polycatenars possessing two different
benzoic ester groups were obtained by statistical mono-esterification and subsequent
chromatographic separation of the two symmetric side-products (Scheme 2.2). 1,3-bis(4-
hydroxyphenylacetylene)benzene (9a) and 1,4-bis(4-hydroxyphenylacetylene)benzene
(10) derivatives were synthesized for comparison purposes (Scheme 2.2). The reaction
pathways were identical to the preparation of 6 and H-TCT-mp4-14 except that 1,3-
dibromobenzene and 1,2-dibromobenzene were used as central cores instead of 2,5-
dibromothiophene.

Mesomorphism. The phase diagrams of all compounds were determined by
temperature controlled polarizing microscopy, differential scanning calorimetry (DSC),
and X-ray diffraction. All diffraction data agreed with our phase assignments and details
are given for higher ordered enantiotropic mesophases. The results for the thiophene-
based tetracatenars are summarized in Tables 2.1 and 2.2. Table 2.3 contains the data for

bistolane-based tetracatenars.
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Scheme 2.1. Synthesis of thiophene based tetracatenars,

Y vy
Bre_-S Br a)
W +25eq. RO = —
Y oY RO OR
1(R = THP) . _
2 (R < By 3(Y =H,R=THP)

4(Y =Br,R=Bn)

S) S

Br Br NC CN

H-TCT-mp4-14. X =1, Ry =(CyHpp ), n=4,6, 8, 10,12, 14; R, =
H-TCT-mp10*(S). X =B, Ry= ((S)C2H4C*H(Me)C3H6CH(Me)2); R;=
Br-TCT-mp4-12: X=Br, Ry =(CoHanip) n=4,6,8, 10, 12; Ry =(0OC,Hypip), n =4, 6, 8,10, 12
Br-TCT-mp10%(S): X = Br, R, = (SICHC*HMe)C3HCHMe)y): R, = (YOCH,C*H(Me)C3l I CTI(Me),y)
NC-TCT-mp4-12: X =CN:; Ry=(CoHppp)n=4,56,7 8.9,10,11, 12,

Ry =(OCHyy. )0 =4,5,6,7.8,9, 10, 11, 12
NC-TCT-mpd*(S): X = CN R, = ((5) CHyC*H(Me)C7Hg); Ry = ((S) OCH,C*H(Me)C,H,)
NC-TCT-mp10*(rac);(R)(S): X = CN; R, = ((8) or (R)C;HyCHH(Me)C3HgCHMe),):

Rz = (($) or (R)YOC,H,C*H(Me)C3Hg CH(Me),)
NC-DCT-p10; 12 X =CN; R, = (CaHzner) 0 =10, 12; Ry = H

NC-DCT-p4*(S): X =CN; R, = (S)CILCHIMe)C,Hs), Ry =1
NC-DCT-p10%S): X =CN; R, = ((S)ICH,CHH(Me)C3HgCH(Me)y), R, = H

(OC;Hau)), n=4,6,8, 10,12, 14

({($)OC;H4C*H(Me)C3H5CH(Me),)

(a) Pd (PPhy),, Cul, iPryNH, toluene, 25 °C, >90%, {b) and (c) CUCN, Cul, DMI, 120 °C, 3 5h, >6004, (d) 2.2eq.
LDA, Ip, THF, -8 °C. 77%. (e) Pd (PPhy)q, Cul, iPraNH, toluene, 25 °C, >90%. (f) TsOH, MeOH, 25 °C, >90%.
(&) BrB-catechol, DCM, 0-25 °C, >90%. (h) (PD)N=C=N(iPr), DMAP, DCM, 0-25 °C. 70-90%
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Scheme 2.2. Synthesis of unsymmetric and benzene based polycatenars.
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(a) (Pr)N=C=N(iPr), DMAP, DCM, 0-25 °C, 70-85%
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Table 2.1. Mesomorphism of Thiophene and 3,4-Dibromothiophene-Based Tetracatenars
Determined by Polarizing Microscopy, DSC and X-ray Diffraction.

" T /°C, heating T /°C, cooling
Compound Transition (AHAI mol)  (AH/KJ mol™)
H-TCT-mp4
Cr-N 137.6 (69.88) 122.9 (-67.77)
H-TCT-mp6 NI 144.1 (1.11) 142.9 (-1.14)
Cr-(N)® 117.6 (-73.14)
H-TCT-mp8 NI 138.1 (74.57) 133.2 (1.22)
Cr-(SmC)? 112.0 (-62.11)
H-TCT-mp10 (SmC)-(N) 127.3 (71.58) 114.8 (-6.92)
(N)-I 125.9 (-1.09)
Cr-(N)* 116.9 (-87.66)
H-TCT-mp12 NI 133.6 (89.77) 120.5 ¢.1.36)
H-TCT-mpl4 Cr-l 125.4 (91.41) 115.3 (-98.49)
H-TCT-mp10*(S) Cr-l 99.2 (66.39) 63.2 (-44.49)
TCT-mp4" Cr-(N)* 87.1 (-28.31)
Br-TCT-mp4 (N)I 135.2 (57.03) 133.9 (-1.10)
P Cr-(N)* 127.9 (-55.14)
Br-TCT-mpé6 NI 189.6 (95.28) 1611 (.122)
Tt Cr-(N)* 84.8 (-51.14)
Br-TCT-mp8 NI 119.5 (52.93) 107.6(-1.01)
T ' Cr-(SmC)* 82.7 (-98.56)
Br-TCT-mp10 (SmO)-1 110.8 (47.86) 973 (7.51)
— ' Cr-(SmC)* 89.4 (-53.95)
Br-TCT-mpl2 (SmC)-1 117.3 (67.74) 98.3 (-3.16)
Br-TCT-mp10*(S)"  Cr-l 103.3 (42.74) 60.9 (-47.01)

' Investigated by K. Kishikawa.
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Table 2.2.  Mesomorphism of the 3,4-dicyanothiophene based tetracatenars
determined by polarizing microscopy, DSC (5 °C/min) and X-ray diffraction (2D-
WAXS).

Compound Transition | /°C, heating T /°C, cooling d-values/A tilt angle/°
ompo (AH mol")  (AH/J mol™) _ (sample temp/°C)* __ SmC phase”

NC-TCT- Cr-N 148.4 (44.40)7 1292 (-44.04)

mp4 N-I 162.5(1.14) 1614 (-1.03)

NC-TCT- Cr-N 133.5(40.33)"  116.8 (-40.87)

mp5 NI 1976 (0.94) 1464 (-Le7) 20330149

NC.TCT Cr-SmC 113.9(3237)  98.9(21.83) 289, 1456, 6.3, 4.5
e SmC-N 121.6(7.08)  121.6(-742)  (118), 38

mp N-1 144.4(0.96)  142.8(-0.96)  30.4,4.0 (134)

NC-TCT- Cr-SmC 127.1(46.46)  91.8(-19.85) 315, 155, 63, 46 .,

mp7 SmC-I 129 (shoulder) 125.2 (-5.02) (120)

NC-TCT- Cr-SmC 1312(39.89)  109.9(-3848) 309, 155, 64, 47 o,

mp8 SmC-1 1353 (6.92)  1324(772)  (133)

NC-TCT- Cr-SmC 1193(3527)  989(3022) 326, 164, 65,47

mp9 SmC-I 130.9 (5.50)  129.4(-5.92)  (130)

verer. | CeSmC o 1005(5088) 8684088 o O 638, 47

mpiO ) SmC-Col,  123.4 (2.95) HL7(-438) 25 0"55 197 65

Coly-1 131.4(3.95)  129.7(366) 4’ i30)

NC-TCT- Cr-Col, 106.2 (59.99)) 94.7(-61.61)  39.9,232,202,6.8,

mpll Coly-T 137.5(529) 136.1(-4.19)  4.7(120)

NC-TCT- Cr-Col, 102.8(89.29) 87.8(-81.35)  41.1, 239, 208,

mpl2 Col,-I 138.0(2.78) 1303 (-6.79)  6.3(smal}),4.7 (115)

NC-TCT-

mpd*(S) Cr-1 161.0 (31.38)  107.2 (-34.33)

NC-TCT- Cr-(N) 69.4 (-37.88)

mpl0*(rac)  (N)-I 101.6(62.89) 447 (2.14)

NC-TCT- ;

mp10°RS) 1 104.1 (56.57)  66.9 (-15.62)

* Reflections at 6-7 A and 4-5 A are broad halos. " Angle between layer and side-chain reflections of
magnetically aligned samples. ' Nematic phases were not observed at the first heating runs since the Cr-I
transitions were at 189.0 (79.63) for mp-TC-4 and at 154.8 (56.67) for mp-TC-5. 2 A Cr-SmC transition
was observed on the first heating run, 110.6 (2.94). ? Cold crystallization on heating run.

*All compounds in this table were synthesized and investigated by K. Kishikawa and H. Eichhorn.
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Table 2.3.

Mesomorphism of bistolane based tetracatenars determined by polarizing
microscopy, DSC (5 °C/min) and X-ray diffraction (2D-WAXS).

C d T " T /°C, heating T /°C, cooling é';/;luﬁ: s/A
ompotn ranstion ki mol’)  (AHKI mol™) temp].)/°C)“
H-mTCP-mp6’ Cr-I 122 (73.79) 98.0 (-68.56)
t Cr1-Cr2 95.9 (71.79)
H-mTCP-mpl0" 1012 (13.60)  89.6 (-71.76)
Br-mTCP-mp6  Cr-l 1279 (56.91)°  82.0 (-50.81)
Br-mTCP-mp8  Cr-l 108.0(4322)  88.8(-46.43)
Cri-Cr2 71.5(17.52) 683 (9.59)
Br-mTCP-mpl0 (5 109.4 (36.79)  89.8 (-44.80)
Crl-Cr2 835(11.69F  76.1(-4.08)
Br-mTCP-mpl2 (5, 108.4 (49.16)  82.8 (71.18)
Cri-Cr2 6631(11.43) 662 (-7.03)
NC-mTCP-mp8 116.5(39.04)  95.5 (-39.03)
Cri-Cr2  842(4238)  83.1(-39.31)
NC-mTCP-mp12 1102 (122.56) 93.7 (123.78)
; Cr-SmC  1475(28.61)  141.0 (-33.17)
H-pTCP-mp6 SmC-N  1649(957) 1675 (-831) ?17521(:3)8 4.3
N-I 2178(147)  217.7(-1.67)
CrSmC 114.6(58.15)  1126(59.66) 5 ¢ sg 45
HpTCP-mpl0'  SmC-N  1597(5.10)  1633(5.12)  (ively
N-1 175.7(0.67)  174.6 (-1.18)

*Reflections at 6-7 A and 4-5 A are broad halos. "Cold crystallization on heating at 109 °C. Cold
crystallization at 97 °C. ! Investigated by H. Eichhorn.

Incorporation of a bent-core within a molecular design typically destabilizes the
resulting liquid crystalline phases as the bent-rod shape of the molecules interferes with
their freedom to rotate about their long axes.® * '° In order to investigate the viability of
using a 2,5-thiophene-based structural motif for the formation of stable liquid crystals, we
investigated the tetracatenars H-TCT-mp (Table 2.1). Despite possessing moderate bend
angles (154°) these compounds display exclusively monotropic mesophases (with the
exception of the nematic phase of H-TCT-mp6). This stands in direct contrast to the
corresponding straight-rod tetracatenars H-pTCP-mp6é and -mp10, which exhibit SmC

and N phases over wide temperature ranges, suggesting that the introduction of even
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small bend-angles has dramatic consequences upon the stability of the resulting liquid
crystal phases of these compounds (Table 2.3). The 3,4-dibromo substituted tetracatenars
Br-TCT-mp also give rise to exclusively monotropic mesophases (Table 2.1). We also
showed that further increasing the bend to 120° as in the H-mTCP-mp and Br-mTCP-
mp derivatives exaggerates this effect and in fact results in the complete suppression of
mesomorphism (Table 2.3).

We found that the introduction of a strong lateral dipole through the incorporation
of cyano groups at the 3 and 4 positions of the central thiophene unit changes the
mesomorphic properties of the tetracatenars. The NC-TCT-mp derivatives are liquid
crystalline over wide temperature ranges and display a polymesomorphism typical of
tetracatenars (Table 2.2). The types of mesophases progress from N, to SmC, to Col with
increasing side-chain length (Figure 1). X-ray tilt angle measurements on magnetically
aligned samples reveal a constant increase of tilt angle of the SmC phases from NC-
TCT-mp6 to NC-TCT-mp9 with the SmC phase of NC-TCT-mpl0 eventually
converting into a high-temperature hexagonal columnar mesophase (Colpex). This
behavior is typical of tetracatenars and is consistent with a model in which the increasing
steric demand of the side-chains causes the phase transition from SmC to Col.'" A cubic
mesophase is displayed by NC-TCT-mpm12,p8 which is also a reported behavior of
classical tetracatenars with three terminal side-chains at one end and only one side-chain
at the other end.'?

We were quite surprised by the fact that the dicyanotetracatenars NC-TCT-mp
display such stable liquid crystal phases. The strong lateral dipole (calculated to be 6.3

Debye) and steric hindrance introduced by the two cyano groups increases the rotational
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barrier about the long axis of the mesogens and results in strong intermolecular dipole-
dipole interactions. Both of these effects would be expected to promote higher melting
points and decreased mesomorphism. Following this line of reasoning, tetracatenars H-
TCT-mp (with the smallest lateral dipoles and least steric hindrance to rotation) would
have been predicted to display mesophases that were significantly more stable than those
of the NC-TCT-mp analogues, which is in direct contrast to our observations.

We have suggested that the unexpectedly broad mesomorphism of the NC-TCT-
mp derivatives can be reasoned as the individual NC-TCT-mp molecules form loosely
associated dimers with antiparallel dipole orientations that function as the mesomorphic
unit in the liquid crystalline phase. While strict antiparallel association of nearest
neighbor molecules has not been observed for calamitic liquid crystals, several classical
nematic and smectic liquid crystals with strong dipoles along their molecular long axis,
such as cyanobiphenyl type systems,' have been shown to statistically adopt antiparallel
orientations. The formation of these dimers results in a mesomorphic unit in which the
deleterious effects of both the bent-shape and large lateral dipoles are largely negated, as
such a dimer sweeps out an approximately cylindrical volume upon rotation around its
long axis (Figure 2.6). Experimental support of our hypothesis was provided by
antiparallel dimer formation in single crystals of related compounds'® and by 2-
dimensional X-ray diffraction data of magnetically aligned Colpex and SmC mesophases.
A weak and diffuse peak centered at 0.75 nm, the expected distance between the sulfur
atoms of every other thiophene unit in stacks of alternating antiparallel packing, was

found in all of the diffraction patterns (Figure 2.7). A similar but sharper peak was found

49



in the X-ray diffraction pattern of a related hexacatenar derivative, for which antiparallel

columnar packing was independently verified by photophysical methods."

Figure 2.6. A mesogenic unit consisting of antiparallel dimers of bent-rod molecules
sweeps out an approximately cylindrical volume upon rotation about the long axis.
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Figure 2.7. (a) 1D X-ray diffraction pattern (wide-angle region) of sample mp-TCT-7 at
120 °C and illustrated antiparallel packing of molecules. (b) 2D X-ray diffraction pattern
of a previously magnetically aligned sample of , which shows a 53° tilt angle in the SmC
phase.

We were also curious to see whether this effect would extend to systems with
more pronounce bend angles and so we synthesized the 1,3-dicyano NC-mTCP-mp
bistolane derivatives, which possess a bend-angle of approximately 120° (Scheme 2.2).
In this case the bend-angle proves too severe and these compounds are not liquid
crystalline, despite their large lateral dipoles. It should be noted, however, that these
molecules possess surprisingly low melting and crystallization temperatures between 116

°C and 93 °C (Table 2.3).
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The NC-TCT-mp derivatives were considered candidates to display biaxial
nematic phases because of the sterically and electronically hindered rotation about their
molecular long axis. A tendency of mesogens to display antiparallel dimeric correlations
results in mesomorphic units that may not contain lateral dipoles and a more rod-like
shape. Apparently, dimers can rotate freely and no evidence for the existence of
biaxiality was found by optical microscopy.16 However, more elaborate NMR
measurements would be required to provide conclusive evidence of the formation of

dimers and the presence or absence of biaxiality within the phases.'’

Summary and Conclusions

Though bent-cores and strong lateral dipoles typically disturb calamitic
mesophases, we were able to demonstrate that combining both of these structural features
can result in enantiotropic mesomorphism over wide temperature ranges. In fact, the
phase diagram of the bent tetracatenars containing two lateral cyano groups at the central
thiophene ring (NC-TCT) is very similar to what has been found for common straight-
rod tetracatenars. We obtained nematic, smectic, columnar, and cubic mesophases by
changing the length and substitution pattern of the four aliphatic side-chains. At a
molecular level, however, we propose distinct differences and explain the unusual
behavior of the NC-TCT derivatives with an antiparallel dimer formation. The

antiparallel dimer formation is incompatible with the formation of chiral mesophases.
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Experimental Section

'H NMR spectra were recorded on a Varian Unity VXR 500, a Bruker DPX-400, and a
Varian Unity 300. Chemical shifts are reported in ppm relative to restdual CHCl3 (8 =
7.27, 'H). Multiplicities are given as s (singlet), d (doublet), t (triplet) and m (multiplet).
MS investigations were run on a Finnigan MAT 8200 equipped with an Ion Tech ion
source and a Bruker Daltonics Apex II 3T FT-ICR MS. Optical characterization was
performed on a Leica DMRXP polarizing microscope equipped with a Wild Leitz MPS46
Photoautomat along with a Linkam L'TS 350 hot stage and a Linkam TP 92 controller.
Transition temperatures and heats of fusion were determined at scan rates of 5 and 10
°C/min by differential scanning calorimetry using a Perkin-Elmer DSC 7 and Pyris with a
Perkin-Elmer Pyris thermal analysis data station.  Variable temperature X-ray
measurements were performed on an Inel system (CPS 120 detector, XRG 2000
generator, Cu K,, radiation, Minco CT 137 temperature controller (£1 °C) and a home-
built heating stage) as well as a Siemens system (flat camera 2D-Xe-detector, 256x256
cells, Instec HS 400 hot stage and STC 200 controller, Rigaku RV-300 rotating anode,
Ni-filtered Cu K,-radiation). Calibration was accomplished by using mica and silicon
standards (NBS) as well as silver behenate. Samples were prepared by filling each
Lindemann capillary (1.5 mm) with approximately 15 mg of compound. FTIR-spectra
were taken with a Nicolet Magna IR 860 and a Nicolet Impact 410. UV-Vis spectra
were obtained from a Hewlett-Packard 8452A diode array spectrometer and a Varian
Cary 50 spectrophotometer. Dichloromethane and THF were dried by passing through a
column of activated alumina and diisopropylamine was freshly distilled from CaH, under

an atmosphere of dry argon. All other chemicals and solvents, unless otherwise
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indicated, were purchased commercially and used as obtained without further
purification. Air and water sensitive reactions employed standard Schlenk techniques
under argon atmosphere.

2,5-Bis(4-tetrahydropyranyloxy)phenylethynyl|thiophene (3). A 200ml Schlenk flask
was charged with Pd(PPh;s)4 (143mg, 0.124mmol), copper (I) iodide (24mg, 0.124mmol),
and a stir bar under argon. In a separate flask, 2,5-dibromothiophene (0.28mL,
2.47mmol), THP-protected hydroxyphenylacetylene (1.00g, 4.94mmol) were dissolved in
diisopropylamine (1.7mL, 12.4mmol) and toluene (100mL). The solution was purged
with argon for 20 minutes and then added to the reaction (Schlenk) flask via a cannula.
The yellow solution turned darker after about 15 minutes and was stirred at room
temperature for 12 hours. The reaction mixture was washed through a silica gel pad with
dichloromethane, and the obtained crude solid was recrystallized from hexane/chloroform
to yield 3 as yellow crystals (960mg, 1.98mmol, 80%). 'H NMR (CDCls, 8): 1.57-1.79
(m, 6H, CH,CH3), 1.83-1.89, (m, 4H, CH,), 1.91-2.09 (m, 2H, CH), 3.58-3.63 (m, 2H,
CH,0), 3.83-3.91 (m, 2H, CH,0), 543 (t, 2H, OCHO), 7.04 (d, 4H, J = 9.0 Hz, Ar-H),
7.11 (s, 2H, Ar-H), 7.45 (d, 41, J = 9.0 Hz). C NMR (CHCl;, 8): 18.61, 25.08, 30.18,
62.03, 81.13, 93.97, 96.17, 115.46, 116.40, 124.56, 131.34, 132.86, 157.37. HRMS-EI

(m/z): (M") caled for C3oH,504S 484.1708, found 484.1701.

2,5-Bis[(4-benzyloxyphenyl)ethynyl]-3,4-dibromothiophene  (4). Tetrabromo-
thiophene (30.13 g, 75.4 mmol), tris(triphenylphosphine)palladium (5.4 g, 4.7 mmol),
and copper 1odide (1.78 g, 9.4 mmol) were dissolved in a mixture of toluene (400 mL)
and diisopropylamine (27.0 mL, 19.5 g, 193 mmol) under argon. A solution of 4-

benzyloxyphenylacetylene (39.12 g, 188 mmol) in toluene (100 mL) was added within 30
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min via a cannula. The solution was stirred at room temperature for 2 d, quenched with
I M aqueous HCI (200 mL), and the organic phase was dried over MgSQ,. Filtration
through silica using toluene as solvent and recrystallization from THF/ethanol yielded
pale yellow plates of 4 (42.49 g, 86%). 'H NMR (CDCls, 8): 5.10 (s, 4H, CH,), 6.97 (d,
J = 8.8 Hz, 4H, Ar H), 7.45-7.3, (m, 5H, phenyl), 7.50 (d, J = 8.8 Hz, 4H, Ar H). “C
NMR (CHCIs, 8): 70.28, 80.24, 98.94, 114.44, 115.27, 118.27, 118.58, 121.51, 127.70,
128.39, 128.88, 133.55, 136.56, 159.75. HRMS-EI (m/z): (M) caled for C34H,,0,SBr;

651.970724, found 651.97072.

2,5-Bis(4-hydroxyphenylethynyl)thiophene (6) A stirred suspension of 3 (521mg,
1.075 mmol) in THF (21ml), acetic acid (42ml) and water (1 1mL) was heated to 45 °C, at
which point all solids were dissolved, and stirred for 12 hours. Ether was added (100ml)
and the mixture was washed with water (5x30ml). The solvents were removed in
vacuum  yielding an  off-white powder that was recrystallized from
dichloromethane/hexanes to yield 6 as a white powder (277mg, 0.876 mmol, 82%). 'H
NMR (CDCls, 8): 3.52 (s, 2H, OH), 6.73 (d, J = 9.0 Hz, 4H, Ar-H), 7.01 (s, 2H, Ar-H),
7.31 (d, J = 9.0 Hz, 4H, Ar-H). ">C NMR (CDCl;, 8): 80.29, 93.97, 113.28, 115.30,
124.28, 130.95, 132.86, 157.29. HRMS-EI (m/z): (M") calcd for CaoH 20,8 316.0558,

found 316.0548.

Esterification of 2,5-Bis[(4-hydroxyphenyl)ethynyl]-thiophene 3 eq. of the
appropriate alkoxy substituted benzoic acid were dissolved in dry dichloromethane under
argon and an equal molar amount of N N'-diisopropylcarbodiimide was added at 0 °C.

After 2 h of stirring 1 eq. of the 2,5-bis[(4-hydroxyphenyl)ethynyl]thiophene derivative
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dissolved in dry dichloromethane was added to the mixture at 0 °C. The mixtures were
stirred for another 3 h at 0 °C and then allowed to warm up to room temperature. The
progress of esterification was monitored by following the consumption of the diphenolic
starting material and the monoester intermediate by TLC  (silica,
dichloromethane/ethylacetate 9:1). A complete consumption of the starting materials and
intermediates was attained after 1-2 d. The solutions were concentrated in vacuum and
chromatographed on silica gel using toluene/heptane mixtures as eluent to give yields of
80-95%. For analytical measurements, a further purification was achieved by filtration of
a concentrated THF solution through 2 pm filters and subsequent precipitation by the
addition of ethanol.

2,5-Bis[4-(3,4-dihexyloxyphenylcarbonyloxy)phenylethynyl]thiophene (H-TCT-
mp6). 'H NMR (CDCl3): 0.87-0.91 (m, 12H, CHz), 1.27-1.51 (m, 24H, (CH,)3), 1.84-
1.90 (m, 8H, CH,), 4.06-4.11 (m, 8H, CH;0), 6.94 (d, 2H, J= 8.6 Hz, Ar-H), 7.18 (s, 2H,
Ar-H), 7.23 (d, 4H, J = 8.7 Hz, Ar-H), 7.59 (d, 4H, J = 8.7 Hz, Ar-H), 7.66 (d, 2H, J =
2.0 Hz, Ar-H), 7.82 (dd, 2H, JI = 8.6 Hz, J2 = 2.0 Hz, Ar-H). >C NMR (CDCl3): 14.00,
22.57, 25.60, 25.64, 28.96, 29.07, 31.51, 31.53, 69.02, 69.28, 93.42, 111.83, 114.44,
120.03, 121.13, 122.07,124.42, 124.54, 131.89, 132.66, 148.62,151.25, 153.91, 164.69.

HRMS-ESI (m/z): (M+Na)" calcd for CsgHgsOsS 947.4527, found 947.4560

2,5-Bis[4-(3,4-dioctyloxyphenylcarbonyloxy)phenylethynyl]thiophene (H-TCT-
mp8). 'H NMR (CDCl3): 0.87-0.91 (m, 12H, CH;), 1.27-1.51 (m, 40H, (CH,)s), 1.84-
1.90 (m, 8H, CH>), 4.06-4.11 (m, 8H, CH,0), 6.94 (d, 2H, J = 8.6 Hz, Ar-H), 7.18 (s, 2H,
Ar-H), 7.23 (d, 4H, J = 8.7 Hz, Ar-H), 7.59 (d, 4H, J = 8.7 Hz, Ar-H), 7.66 (d, 2H, J =

2.0 Hz, Ar-H), 7.82 (dd, 2H, J; = 8.6 Hz, J> = 2.0 Hz, Ar-H). '>C NMR (CDCly): 14.09,
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22.65,25.94, 25.98, 29.01, 29.13, 29.23, 29.32, 29.34, 31.79, 69.03, 69.30, 82.31, 93.42,
111.85, 114.48, 120.04, 121.13, 122.07, 124.43, 124.55, 131.89, 132.66, 148.63, 151.26,
153.92, 164.70. TR (KBr): 2921, 2850, 2202, 1732, 1597, 1517, 1428, 1347, 1279, 1201,
1165, 1069, 1016, 867, 754. HRMS-ESI (m/z): (M+Na)' caled for CgellsO5S

1059.5779, found 1059.5770.

2,5-Bis[4-(3,4-didecyloxyphenylcarbonyloxy)phenylethynyl]thiophene (H-TCT-
mp10). 'H NMR (CDCl;): 0.87-0.91 (m, 12H, CH3), 1.27-1.53 (m, 56H, (CHy),), 1.84-
1.91 (m, 8H, CH,), 4.06-4.11 (m, 8H, CH,0), 6.94 (d, /= 8.6 Hz, 2H, Ar-H), 7.18 (s, 2H,
Ar-H), 7.23 (d, J = 8.7 Hz, 4H, Ar-H), 7.59 (d, 4H, J = 8.7 Hz, Ar-H), 7.66 (d, /= 2.0
Hz, 2H, Ar-H), 7.82 (dd, J; = 8.6 Hz. 2H, J> = 2.0 Hz, Ar-H). C;3 NMR (CDCl3): 14.12,
22.68, 25.95, 25.99, 29.01, 29.13, 29.34, 29.37, 29.39, 29.56, 29.59, 29.61, 31.90, 69.04,
69.30, 82.31, 93.43, 111.85, 114.48, 120.04, 121.14, 122.08, 124.43, 124.56, 131.89,
132.67, 149.64, 151.27, 153.92, 164.69. IR (KBr): 2921, 2849, 2198, 1731, 1597, 1517,
1428, 1278, 1200, 1136, 1066, 753. HRMS-ESI (m/z): (M+Na)" caled for C74H0o0sS

1171.7031, found 1171.7005.

2,5-Bis[4-(3,4-didodecyloxyphenylcarbonyloxy)phenylethynyl]thiophene (H-TCT-
mp12). 'H NMR (CDCl3): 0.87-0.91 (m, 12H, CHj), 1.27-1.51 (m, 72H, (CH,)o), 1.84-
1.90 (m, 8H, CHz), 4.06-4.11 (m, 8H, CH,0), 6.94 (d, J= 8.6 Hz, 2H, Ar-H), 7.18 (s, 2H,
Ar-H), 7.23 (d, 4H, J = 8.7 Hz, Ar-H), 7.59 (d, 4H, J = 8.7 Hz, Ar-H), 7.66 (d, 2H, J =
2.0 Hz, Ar-H), 7.82 (dd, 2H, J; = 8.6 Hz, J; = 2.0 Hz, Ar-H). *C NMR (CHCL): 14.12,
22.68, 25.95, 26.00, 29.02, 29.13, 29.36, 29.40, 29.60, 29.62, 29.66, 29.69, 31.92, 69.04,
69.31, 82.32, 93.43, 111.86, 114.49, 120.04, 121.14, 122.08, 124.43, 124.56, 131.89,

132.67, 148.64, 151.27, 153.93, 164.70. IR (KBr): 2920, 2850, 2198, 1733, 1597, 1517,
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1467, 1279, 1202, 1137, 1067, 868, 753. HRMS-ESI (m/z): (M+Na)' caled for

Cs2H160sS 1283.8283, found 1283.8227.

2,5-Bis[4-(3,4-ditetradecyloxyphenylecarbonyloxy)phenylethynyl]thiophene (H-TCT-
mpl4). 'H NMR (CDCls): 0.87-0.91 (m, 12H, CH;0), 1.27-1.51 (m, 88H, (CHa))),
1.84-1.90 (m, 8H, CH3), 4.06-4.11 (m, 8H, CH,0), 6.94 (d, 2H, J = 8.6 Hz, Ar-H), 7.18
(s, 2H, Ar-H), 7.23 (d, 4H, J = 8.7 Hz, Ar-H), 7.59 (d, 4H, J= 8.7 Hz, Ar-H), 7.66 (d, 2H,
J = 2.0 Hz, Ar-H), 7.82 (dd, 2H, J, = 8.6 Hz, ], = 2.0 Hz, Ar-H). C" NMR (CDCL):
14.13, 22.69, 25.96, 26.00, 29.02, 29.14, 29.37, 29.41, 29.63, 29.66, 29.71, 31.93, 69.05,
69.32, 82.32, 93.43, 111.87, 114.50, 120.05, 121.15, 122.09, 124.44, 124.56, 131.89,
132.68, 148.65, 151.28, 153.94, 164.71. IR (KBr): 2916, 2848, 2190, 1732, 1597, 1518,
1470, 1431, 1277, 1200, 1135. HRMS-ESI (m/z): (M+Na)" cacld for CgoH;3205S

1395.9535, found 1395.9562.

2,4-Bis(4-phenylmethoxyphenylethynyl)-1,3-dibromobenzene. 1,5-diiodo-2,4-
dibromobenzene (1.50g, 7.21mmol), 4-(phenylmethoxy)phenylacetylene (1.76g,
3.61mmol), copper (I) iodide (28mg, 0.144mmol), and Pd(PPh;)Cl; (51mg, 0.072mmol)
were placed in a 250ml. Schlenk flask with stir bar. The flask was evacuated, argon was
introduced and dry, air-free toluene (125mL) and diisopropylamine (2.0 ml, 14.4mmol)
were added sequentially via a syringe. The reaction was stirred at room temperature for
12 hours and quickly became orange, then brown. 25 mL of IN HCI (aqueous) were
added, the mixture was extracted with Et;O (200ml), dried (MgSQy,), and filtered through
a silica gel pad. The solvents were removed in vacuo and the remaining yellow solid was
purified by column chromatography (silica gel, 3:2 hexane/dichloromethane eluent) and

crystallized from hexane/chloroform yielding the product (1.85g, 2.85mmol, 79%) as a
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white solid. '"H NMR (CDCls): 5.078 (s, 4H, OCH,Ar), 6.98 (d, 4H, J = 8.9 Hz, Ar-H),
7.32-7.44 (m, 10H, Ar-H), 7.52 (d, 4H, J = 8.9 Hz, Ar-H), 7.69 (s, LH, Ar-H), 7.87 (s,
1H, Ar-H). *C NMR (CDCly): 70.01, 85.67, 95.37, 114.76, 114.98, 124.63, 124.99,
127.46, 128.12, 128.63, 133.27, 135.54, 136.02, 136.40, 159.29. HRMS-FAB (m/z):

(M+) caled for C3gH»4Br,O, 646.0143, found 646.0133.

2,4-Bis(4-phenylmethoxyphenylethynyl)-1,3-dicyanobenzene. 2,4-Bis(4-
phenylmethoxyphenylethynyl)-1,3-dibromobenzene (1.00 g, 1.54 mmol), copper (I)
cyanide (345 mg, 3.86 mmol), and a stir bar were placed in a 50ml Schlenk tube. The
flask was evacuated, argon was introduced and dry DMF (20 ml) was added via a
syringe. The mixture was stirred at 145 °C for 12 hours then cooled to room temperature,
and 100ml of 1IN NH4Cl (aqueous) were added. The mixture was extracted with Et;O
and CHCIs, the combined extracts dried over MgSQy, and the solvents removed in
vacuum. A small amount of brown solution of product in residual DMF was obtained,
which was purified by column chromatography (silica gel, 1.5:1 DCM/hexane eluent)
yielding the product (630 mg, 1.17 mmol, 76%) as a yellow crystalline solid which was
used without further purification. 'H NMR (CDCl;): 5.12 (s, 4H, OCH,AD), 7.01 (d, 4
H, ] = 8.4 Hz, Ar-H), 7.38-7.48 (m, 10H, Ar-H), 7.57 (d, 4H, J = 8.4 Hz, Ar-H) 7.56 (s,
1H, Ar-H), 7.85 (s, 1H, Ar-H). >C NMR (CDCl5): 70.08, 83.94, 101.60, 113.13, 113.45,
115.11, 115.78, 127.39, 128.12, 128.57, 131.28, 134.00, 134.16, 136.04, 160.16. IR
(KBr): 2920, 2851, 2229, 2201, 1590, 1511, 1294, 1248, 1173, 1006, 831, 699. HRMS-

EI (m/z): (M") caled for C3gHo4N20, 540.1838, found: 540.1825.

2,4-Bis(4-hydroxyphenylethynyl)-1,3-dibromobenzene (9b) 2,4-Bis(4-

phenylmethoxyphenylethynyl)-1,3-dibromobenzene (750mg, 1.16mmol) was placed in a
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100ml Schlenk flask with a stir bar which was then evacuated and filled with argon. Dry,
air-free CH,ClL, (50 ml) was added and the yellow solution was cooled to 0 °C after
which BBr; (2.5 ml, 1M solution in CH,Cl,, 2.54mmol) was added dropwise via syringe.
The solution became orange in color and was stirred at 0 °C for 30 minutes at which time
10ml of 1N HCI (aqueous) was added. The solids were extracted with CHCI3, dried over
MgS0O, and the solvents were removed in vacuo. The remaining orange solids were
purified by silica gel chromatography using 20:1/CH,Cla: THF as the eluent followed by
precipitation from THF/CH,Cl; by the addition of hexanes yvielding the product (319mg,
0.681mmol, 59%) as a yellow solid which was used without further purification. 'H
NMR (CDCls): 6.80 (d, 4H, J = 8.50 Hz, Ar-H), 7.42 (d, 4H, J = 8.50 Hz, Ar-H), 7.65 (s,
1H, Ar-H), 7.83 (s, 1H, Ar-H). >C NMR (CDCls): 85.14, 95.69, 115.53, 124.36, 125.07,
133.35, 135.46, 135.90, 149.06. HRMS-ESI (m/z); [M+Na] * caled for CyHi2Br,Os

488.9096, found: 488.9089.

2,4-Bis(4-hydroxyphenylethynyl)-1,3-dicyanobenzene (9¢). 2,4-Bis(4-phenylmethoxy-
phenylethynyl)-1,3-dicyanobenzene (400 mg, 0.740 mmol) was placed in a 250 ml
Schlenk flask with a stir bar. The flasks was evacuated, argon was introduced and dry,
air-free dichloromethane (175 mL) was added via cannula. The mixture was cooled to —
78 °C with a dry-ice/acetone bath and BBr; (1M in DCM, 8.9 ml, 8.9 mmol) was added
drop-wise via syringe. The orange suspension was allowed to warm to room
temperature. Solvents and excess BBr; were removed under vacuum into a cooled trap.
The residue was cooled to 0 °C and first HO (100 ml), then EtOH (100 ml) were added.

Extraction of the mixture at room temperature with Et;O (200 mL), drying of the organic
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phase over MgSQOq4, and evaporation of the solvents in vacuum yielded an orange solid
which were purified by chromatography (silica gel, 2% EtOAc in DCM) yielding 9¢
(206mg, 57.2mmol, 77%) as a slightly orange solid. 'H NMR (CDCl3): 6.81 (d, 4H, J =
9.0 Hz, Ar-H), 7.48 (d, 4H, J = 9.0 Hz, Ar-H), 7.85 (s, 1H, Ar-H), 8.24 (s, 1H, Ar-H).
BC NMR (CDCls):  84.57, 102.41, 104.59, 112.66, 114.62, 116.90, 132.11, 135.03,
135.07, 138.11, 161.11. HRMS-EI (m/z): [M'] calcd for C24H12N20, 360.0893, found:

360.0884.

General Procedure for 1,3- and 1,4-Bis[4-(3,4-dihexyloxyphenylcarbonyloxy)
phenylethynyl|benzene derivatives 9a, 9b, or 9¢ (0.167 mmol) were placed in a 25ml
Schlenk flask with 3,4-(dioctyloxy)benzoic acid (0.445 mmol), DMAP (10mg,
0.083mmol), and a stir bar. Argon atmosphere was introduced and dry, air-free
dichloromethane (10ml) was added via a syringe, followed by diiosopropylcarbodiimide
(104 pl, 0.67 mmol) via a microsyringe. The mixture was stirred at room
tempemperature for 4 days, 4ml of 1N HCI (aqueous) were added, and the mixture was
extracted with CHCl;. The combined organic extracts were dried over MgSQ,, and
evaporated in vacuum. The remaining solids were purified by column chromatography
(silica gel, DCM/hexane eluent) followed by recrystallization from DCM/MeOH yielding

the products as a white or yellow solid in 60-70%).

2,4-Bis[4-(3,4-dihexyloxyphenylcarbonyloxy)phenylethynyl]-1,3-dibromobenzene

(Br-mTCP-mp6) 'H NMR (CDCl3): 0.92 (m, 12H, CHa), 1.36-1.38 (m, 16H, (CHa)y),
1.49-1.53 (m, 8H, CH,), 1.85-1.88 (m, 8H, CH,), 4.07-4.10 (m, 8H, CH,0), 6.94 (d, 2H,
J = 8.6 Hz, Ar-H), 7.25 (d, 4H, J = 8.7 Hz, Ar-H), 7.64 (d, 4H, J = 8.7 Hz, Ar-H), 7.67

(d, 2H, J = 2.0 Hz, Ar-H), 7.74 (s, 1H, Ar-H), 7.83 (dd, 2H, J; = 8.6 Hz, J; = 2.0 Hz, Ar-
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H), 7.90 (s, 1H, Ar-H). C NMR (CDCly, §): 14.02, 22.58, 22.59, 25.62, 25.66, 28.96,
29.08, 31.53, 31.55, 69.03, 69.29, 86.61, 94.64, 111.81, 114.42, 119.88, 121.10, 122.14,
124.43, 124.70, 125.30, 132.95, 135.73, 136.43, 148.62, 151.54, 153.92, 164.68. HRMS-

FAB (m/z): [M+H]" calcd for CeoHgsBr20s 1075.3359, found 1075.3332.

2,4-Bis[4-(3,4-dioctyloxyphenylcarbonyloxy)phenylethynyl]-1,3-dibromobenzene

(Br-mTCP-mp8) 'H NMR (CDCL): 0.92 (m, 12H, CHs), 1.36-1.38 (m, 32H, (CHa)s),
1.49-1.53 (m, 8H, CH;), 1.85-1.88 (m, 8H, CH,), 4.07-4.10 (m, 8H, CH,0), 6.94 (d, 2H,
J= 8.6 Hz, Ar-H), 7.25 (d, 4H, J = 8.7 Hz, Ar-H), 7.64 (d, 4H, J = 8.7 Hz, Ar-H), 7.67
(d, 2H, J= 2.0 Hz, Ar-H), 7.74 (s, 1H, Ar-H), 7.83 (dd, 2H, J; = 8.6 Hz, J, = 2.0 Hz, Ar-
H), 7.90 (s, 1H, Ar-H). C NMR (CDCl,, 8): 14.11, 22.67, 25.95, 25.98, 29.01, 29.13,
29.25, 29.26, 29.33, 29.35, 31.79, 31.80, 69.03, 69.30, 86.61, 94.64, 111.82, 114.45,
119.88, 121.10, 122.14, 124.44, 124.70, 125.30, 132.94, 135.73, 136.43, 148.62, 151.54,
153.92, 164.68. MS-FAB (m/z): [M+H]" calcd for CgHysBroOg 1188.4689, found

1188.4650.

2,4-Bis[4-(3,4-didecyloxyphenylcarbonyloxy)phenylethynyl]-1,3-dibromobenzene

(Br-mTCP-mp10) 'H NMR (CDCl3): 0.92 (m, 12H, CH;), 1.36-1.38 (m, 48H, (CHa)s),
1.49-1.53 (m, 8H, CH;), 1.85-1.88 (m, 8H, CH,), 4.07-4.10 (m, 8H, CH,0), 6.94 (d, 2H,
J= 8.6 Hz, Ar-H), 7.25 (d, 4H, J = 8.7 Hz, Ar-H), 7.64 (d, 4H, J = 8.7 Hz, Ar-H), 7.67
(d, 2H, J= 2.0 Hz, Ar-H), 7.74 (s, 1H, Ar-H), 7.83 (dd, 2H, J, = 8.6 Hz, J, =20 Hz, J, =
8.6 Hz, Ar-H), 7.90 (s, 1H, Ar-H). "*C NMR (CDCls, 8): 14.12, 22.68, 25.95, 25.98,
29.01, 29.13, 29.34, 29.37, 29.39, 29.56, 29.60, 29.61, 31.90, 69.03, 69.29, 86.61, 94.63,

111.82, 114.44, 119.87, 121.09, 122.14, 124.43, 124.69, 125.29, 132.94, 135.72, 136.42,
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148.62, 151.53, 153.92, 164.67. HRMS-FAB (m/z): [M+H]" calcd for CsgHoBraOg

1299.5863, found 1299.5822.

2,4-Bis[4-(3,4-didodecyloxyphenylcarbonyloxy)phenylethynyl]-1,3-dibromobenzene

(Br-mTCP-mp12) 'H NMR (CDCl3): 0.92 (m, 12H, CH3), 1.36-1.38 (m, 64H, (CHa)s),
1.49-1.53 (m, 8H, CH3), 1.85-1.88 (m, 8H, CH,), 4.07-4.10 (m, 8H, CH,0), 6.94 (d, 2H,
J = 8.6 Hz, Ar-H), 7.25 (d, 4H, J = 8.7 Hz, Ar-H), 7.64 (d, 4H, J = 8.7 Hz, Ar-H), 7.67
(d, 2H, J = 2.0 Hz, Ar-H), 7.74 (s, 1H, Ar-H), 7.83 (dd, 2H, J; = 8.6 Hz, J, = 2.0 Hz, Ar-
H), 7.90 (s, 1H, Ar-H). "*C NMR (CDCls, §): 14.12, 22.69, 25.95, 25.99, 29.01, 29.13,
29.36, 29.40, 29.61, 29.62, 29.66, 29.69, 31.92, 69.03, 69.30, 86.61, 94.64, 111.82,
114.45, 119.87, 121.10, 122.14, 124.43, 124.69, 125.29, 132.94, 135.73, 136.42, 148.62,
151.54, 153.92, 164.67. HRMS-FAB (m/z): [M+H]" calcd for CggH4Br;Og 1411.7115,

found 1411.7067.

2,4-Bis[4-(3,4-dioctyloxyphenylcarbonyloxy)phenylethynyl]-1,3-dicyanobenzene

(NC-mTCP-mp8) 'H NMR (CDCl3): 0.92 (m, 12H, CHs), 1.36-1.38 (m, 32H, (CHa)s),
1.49-1.53 (m, 8H, CH>), 1.85-1.88 (m, 8H, CH>), 4.07-4.15 (m, 8H, CH,0), 6.95 (d, 2H,
J=28.4 Hz, Ar-H), 7.29 (d, 4H, J = 8.7 Hz, Ar-H), 7.66 (d, 2H, J = 2.1 Hz, Ar-H), 7.71
(d, 4H, J = 8.7 Hz, Ar-H), 7.83 (dd, 2H, J;, = 8.4 Hz, J, = 2.1 Hz, Ar-H), 7.88 (s, 1H, Ar-
H) 7.96 (s, 1H, Ar-H). "*C NMR (CDCl;, 8): 14.07, 22.63, 25.92, 25.96, 28.98, 29.11,
2922, 2931, 29.30, 29.32, 31.76, 69.03, 69.31, 84.42, 100.53, 111.84, 114.41, 114.47,
115.58, 118.31, 120.90, 122.40, 124.49, 131.02, 133.66, 134.93, 136.22, 148.64, 152.56,
154.02, 164.53. HRMS-FAB (m/z): [M]" calcd for CyoHgsN2Og 1081.6228, found

1081.6256.
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2,4-Bis[4-(3,4-didodecyloxyphenylcarbonyloxy)phenylethynyl]-1,3-dicyanobenzene

(NC-mTCP-mp12): 'H NMR (CDCly): 0.87-0.91 (m, 12H, CH;0), 1.27-1.51 (m, 72 H,
(CH3)s), 1.84-1.90 (m, 8H, CH,), 4.06-4.11 (m, 8H, CH,0), 6.87 (d, 2H, J = 8.4 Hz, Ar-
H), 7.21 (d, 4H, J = 9.0 Hz, Ar-H), 7.58 (d, 2H, J = 1.2 Hz, Ar-H), 7.63 (d, 4H,J =9.0
Hz),7.74 (dd, 2H, J, = 8.4 Hz, J, = 1.5 Hz, Ar-H), 7.79 (s, 1H, Ar-H), 7.87 (s, 1H, Ar-H).
¥C NMR (CDCl3):14.07, 22.64, 25.92, 25.95, 28.97, 29.10, 29.32, 29.36, 29.57, 29.61,
29.65, 31.87, 68.98, 69.26, 84.43, 100.48, 111.80, 114.38, 114.44, 115.54, 118.26,
120.88, 122.36, 124.45, 130.93, 133.62, 134.84, 136.16, 148.63, 152.54, 154.00, 164.44..
IR (KBr): 2919, 2849, 2212, 1731, 1591, 1517, 1467, 1429, 1274, 1203, 1133, 751, 721.

HRMS caled for CgsH,16N,Og (M+H) 1305.8810, found (FAB): 1305.8754.
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Chapter 3

Thiophene-Based Bent-Core Liquid Crystals:

Effects of Endgroups and Core Symmetry

Adapted from:

Paraskos, A. J.; Swager, T. M. Chem. Mater. 2002, 14, 4523-4549.



Introduction

The search for molecules that possess rigid bent-rod shapes and are capable of
forming liquid crystal phases has been an area of extensive investigation in the past
decade.' This is largely due to the numerous reports of novel mesogenic phases (banana
phases) exhibited by certain bent-rod compounds, most notably switchable

? These phases form domains of bulk

antiferroelectric and ferroelectric phases.
polarization due to the spontaneous adoption of chiral structures by the inherently achiral
molecules.®> The decrease in symmetry caused by the bent shape of these molecules is
central to the formation and structure of the phases themselves, as nearest-neighbor
interactions and packing considerations for such mesogens become more complex than in
the case of conventional calamitic molecules. However, despite the large number of
molecules studied, the structure-property relationships that govern these phases still
remain largely unelucidated.

One long-standing interest of the Swager group has been in utilizing the shape
anisotropy of unconventional mesogens to create mesophases with polar order.* As
discussed in the previous chapter, bent-rod mesogens which possess a large laterally-
directed dipole might be expected to display polar phases due to the combination of
dipolar forces and packing considerations arising from the shape anisotropy of the
molecules. We have previously reported the synthesis of a number of bent-rods based on
2,5-disubstituted-3,4-dicyanothiophenes (Figure 1) (see chapter 2).>° The 2,5-thienyl
linkage of this design imparts a moderate bend-angle of 154° and results in mesophases
with greater stability than mesogens with similar architectures and a more pronounced

bend. We have also previously demonstrated that increasing the aspect ratio through the
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addition of bridging ethynyl moieties promotes mesomorphism in these compounds. The
incorporation of nitrile groups in the 3,4-positions of the thiophene ring imparts a very
significant lateral dipole and results in a head-to-head antiparallel arrangement of
molecules. This has been evidenced by the previously reported single crystal structure of
a model compound 1* (Figure 1) and by variable temperature 2-D X-ray diffraction and
exciton coupling studies of the Coly phase of a structurally similar hexacatenar
derivative.” The combination of bent-shape and large lateral dipole should hinder rotation
about the molecular long-axis, thereby encouraging the formation of mesophases with a
biaxial component, in which there is preferential alignment perpendicular to the long-
axes of the molecules. Furthermore, it has been predicted that bent-molecules with large
lateral dipoles should exhibit a significant flexoelectric effect, where the physical
manipulation (bending) of a thin film results in bulk polarity within the material.®

Our previous efforts focused on the synthesis and investigation of only a few
straight-chain derivatives of type 2, followed by numerous tetracatenars of general type 3
(Figure 1) (see Chapter 2). Compounds 3 were designed with the 3,4-dialkoxybenzoate
terminal groups due to the diverse range of mesophases that tetracatenar (“four-chain™)
compounds exhibit in both traditional straight rod’ and metallomesogen'® systems.
Indeed, compounds 3 were found to possess enantiotropic nematic, smectic C, and
columnar hexagonal phases, depending on the length of the alkoxy sidechains.® The
observation of SmC phases was encouraging, as this represents a step towards the
realization of polar order. We were also pleased to observe nematic phases that display
exclusively 2-brush disclinations by polarized microscopy, an indication that these may

be thermotropic biaxial-nematic phases. '' The conclusive demonstration of biaxiality in
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thermotropic nematics has proven challenging, however, and further studies are necessary
to elucidate the nature of the above mentioned nematic phases.

This chapter details our further efforts with this class of mesogens, particularly
our investigation into the effects of desymmetrization of the molecular core upon
mesophase behavior. We thought that by lowering the symmetry of the mesogens we
could suppress crystallization by increasing the entropic cost of organization in the
crystalline phase, thereby leading to lower melting temperatures and broader mesophases.
Desymmetrized molecules might additionally lead to the frustration of lamellar
superstructures, resulting in re-entrant nematic phases at lower temperatures and with

higher order, providing further impetus for the formation of thermotropic biaxial nematic

phases.
MeO O s O OMe
W/,
NC CN
1
Hane1CnO O O OC, Hane1
= S\ ==
N/
NC CN
2
0 {(n=14) 0
H2n+1cno‘©_< @OCnH?nﬂ
o] ']
H2n+1Cno O ::: s § O OCnH2n+1
N
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(n=4,56789 10 11,12)

Figure 3.1. 3,4- Dicyanothiophene-based mesogens previously reported by the Swager
lab.
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Results and Discussion

Synthesis A number of thiophene-based mesogens were synthesized and studied
(Schemes 3.1 and 3.2). The synthesis of symmetric core 12 has been previously
reported.® Our idea of a desymmetrized core took shape as compound 7, in which one of
the acetylenic bridges has been removed. Compound 4 is prepared by palladium-
catalyzed cross-coupling of 4-phenylmethoxyphenyl boronic acid with the reactive 2-
position of tetrabromothiophene, '? followed by chromatographic separation of the
product of 2,5-diaddition. Chemoselective Sonogashira cross-coupling'® at 2-position
bromine of 4 with 4-phenylmethoxyphenylacetylene affords § in good yield, which can
be converted to 6 by subsequent cyanation of the 3,4-positions of the thiophene ring with
copper (I) cyanide.'® The two benzyl protecting groups can be removed with BBr; in
dichloromethane at low temperature, providing the desired desymmetrized core 7.
Esterification of 7 by activation of the appropriate 3,4-dialkoxyphenyl carboxylic acid
with 4-dimethylaminopyridine and diiosopropylcarbodiimide vyields desymmetrized
tetracatenar mesogens 8-11. Etherification of unsymmetric core 7 and symmetric core 12
were carried out in the presence of PPh; and diethylazodicarboxylate yielding straight-
chain derivatives 13-21. Utilization of these conditions not only drives the reaction at
room temperature by the formation of the exceedingly stable by-product
triphenylphosphine oxide, but allows for the addition chiral alcohols with a complete
inversion of stereochemistry.'® Chiral derivative 17 is therefore accessible by the reaction
of 12 with (s)-(+)-2-octanol. Similar synthetic strategies allow for the synthesis of 3,4-

difluorothiophene derivatives 24-27 (Scheme 3.2) from starting material 2,5-dibromo-
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Scheme 3.1.
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(i) p-BnOPhB(OH),, Pd(PPh;),, Na,CO;, EtOH, H,0, toluene, reflux. (ii) p-BnOPhCCH, Pd(PPh;),Cl,,
Cul, i-Pr,NH, toluene, r.t. (iil) CuCN (6 equiv), Cul (2 equiv), DMF, reflux. (iv) BBr;, H,O, DCM, -10 °C.
(v) Diisopropylcarbodiimide, DMAP, DCM. (vi) PPh;, DEAD, THF, r.t.
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Scheme 3.2
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(i) Pd(Phy),Cl,, Cul, i-Pr,NH, toluene. (i) AcOH, THF, H,O, 45 °C. (iii) PPh;, DEAD, THF. (iv)
Diisopropylcarbodiimide, DMAP, CH,Cl,.

3,4-difluorothiophene, which is available as previously published in three steps from

tetrabromothiophene. '¢

Phase Behavior. The phase behavior of the mesogens studied is listed in Table 1.
Unsymmetric tetracatenar derivatives 10 and 11, possessing long (Cy and C;2) aliphatic
sidechains, exhibit Coly phases as identified by polarized microscopy and X-ray
diffraction. The shorter-chain derivatives do not exhibit any mesomorphism. This is in

marked contrast to the previously studied symmetric tetracatenars 3, in which nematic,
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Table 1. Phase Behavior of Thiophene-based bent-rods.?

Compound n Behavior
399444
8 6 K= e
1079 (-41.1)
121.7 (45.5
9 8 K= = |
104.1 (-42.1)
117.5(53.7) I
K o
10 10 12)
‘% CubP<————— Colyy ‘\\04
7 (-0.8)
112.7 (54.5) 121.5 (4.4)
11 12 = Colly =————=
83.3 (-54.6) 120.1 (-4.4)
144.9 (22.7)
13 6 K= [
136.2 (-16.5)
y@l-“' K, %A
14 8 1274 (1.2)
Ki«— SmC -« - I
74.6 (-36.9) 92.4 (-0.7) 126.6 (-1.3)
89.0 (452) L11.3(19) 121.7 (1.9)
15 10 mC = > N= —= 1
81.7 (-43.8) 109.8 (-1.7) 120.2 (-1.9)
95.7 (45.5) 114.4 (6.8)
16 12 > SmC = —
82.8 (-46.1) 111.3 (-5.4)
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18

19

20

21

24

25

26

27

* The transition temperatures (°C) and enthalpies (in parentheses, kJ/mol) were determined by DSC (10
°C/min) and are given above and below the arrows. K, K; and K, indicate crystal phases, and SmC, N and
This phase was identified by the

10

12

12

16

99.2 (41.3)

I indicate smectic C, nematic and isotropic phases, respectively.
appearance of a pseudo-isotropic texture below the Coly phase.

transition was clearly visible by DSC at the 10 °C/min scan rate,
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K » |
omn
73.0 (29.6) 80.6 (0.4) 954 (1.5)
K=<=———— SmC = = - > 1
37.2 (26.8) 79.1 (-0.4) 94.1 (-1.7)
65.5 (20.9) 95.5(0.8) 1 1D
31.2(15.3) 953 (-0.8) 979 (-2.7)
69.4 (22.7) 100.0 (6.9)
SmC =
35.4 (-18.8) 98.5 (-6.2)
65.2 (38.9) 109.7 (1.4)
- > 1
53.8 (-37.8) 107.0 (-1.5)
68.8 (78.8) 98.8 (2.0)
N = 1
55.0 (-58.4) 96.0 (-2.0)
81.0 (107.3) 92.4(2.5)
N = I
72.1(-92.0) 8.6 (-2.6)
118.0 (53.1) 121.5(1.0)
100.8 (-58.3) 1190 (-1.2)

We were unable to observe this
thermodynamically unstable monotropic phase by X-ray diffraction due to crystallization, though the phase



SmC, and Coly phases are observed depending on the length of the sidechains. In the
case of these tetracatenar systems, the effect of desymmetrization is to discourage the
formation of nematic and lamellar mesophases without significantly effecting the stability
of the crystalline phase.

Though we had previously studied a few very short straight-chain derivatives 2
(Figure 1), the longer-chain analogues had not been explored. Our current studies of 2,5-
Bis{4-(n-alkyloxy)phenylethynyl]-3,4-dicyanothiophenes 13-16 reveal both enantiotropic
nematic and smectic C phases, depending on the length of the sidechains. Chiral
analogue 17 is not liquid crystalline. The smectic C phases of 14 and 15 exhibit focal-
conic textures by polarized microscopy (Figure 3.2), while the smectic C phase of
compound 16 exhibits a Schiieren-type texture. Well-ordered homogeneous alignment
(parallel to the slide surface) of the nematic phases of compounds 14 and 15 can be
induced on slides possessing a rubbed poly-imide alignment layer, but homeotropic

(perpendicular to the slide) alignment could not be achieved.
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Figure 3.2. Microphotographs of the nematic Schlieren texture of 15 at 117 °C (100X)
(top), the broken focal conic texture of 15 at 101 °C (200X) (middle), and the SmC
schlieren texture of 21 at 98 °C (320X). Samples were sandwiched between untreated
glass slides and viewed through crossed polarizers.
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Desymmetrized straight-chain compounds 18-21 exhibit similar mesophases with
identical alignment behavior and textural features as symmetric compounds 13-17, but in
all cases both the clearing and crystallization temperatures are significantly depressed
when compared to their symmetric analogues. In such straight-chain compounds the
incorporation a desymmetrized core results in broader mesophases due to destabilization
of the crystal phases. It is interesting to note that this is in direct contrast to the two series
of tetracatenar compounds discussed above, in which desymmetrization had a deleterious
effect upon liquid crystalline behavior.

The incorporation of 3,4-difluoro substituents into the molecular core imparts a
smaller lateral dipole to the resulting mesogens and resulted in the formation of
enantiotropic nematic phases in both the straight-chain compounds 24-26 and the
tetracatenar compound 27. Despite the rather broad temperature ranges of the nematic
phases, no lamellar phases were observed for these compounds. This is particularly
striking in the case of the straight-chain derivatives, whose 3,4-dicyanothiophene
analogues displayed broad, enantiotropic tilted lamellar phases.

XRD Studies Variable temperature X-ray diffraction studies were performed for the
lamellar and columnar phases of each compound (Table 3.2). The Coly phases of
compounds 8-11 are characterized by the observation of sharp (100), (110) and (200)
peaks in the low angle region. The SmC phases of compounds 13-21 are characterized
by a large sharp (100) peak at low angle corresponding to the interlayer spacing as well
as a broad reflection centered at 4.4 A. Analysis of the higher-angle region reveals an
antiparallel (dimerized) packing of the molecules in each of the smectic C and Coly

phases, as evidenced by an extra intra-core diffuse diffraction peak from 6.5-7.5 A. We
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have observed this feature extensively for half-disc mesogens in columnar phases that

similarly have antiparallel dimer correlations.!’

Table 3.2. XRD for compounds 10, 11, 14-16 and 19-21.

lattice
constant spacing Miller A halos
compd mesophase (&) obsd (A) indices (calcd) obsd (A)
10 Colpg 40.5 35.1 100 7.0-7.5
at 100 °C 20.6 110 (20.3) 3.5-7.0
18.0 200 (17.5)
11 Colpg 42.7 37.0 100 7.0-7.5
at 111 °C 229 110 (21.4) 3.5-7.0
19.4 200 (18.5)
14 SmC 29.7 7.0-7.5
at 85 °C 3.5-7.0
15 SmC 32.5 7.0-7.5
at 98 °C 3.5-7.0
16 SmC 33.1 3.5-7.0
at 100 °C
19 SmC 29.8 7.0-7.5
at 65 °C 3.5-7.0
20 SmC 32.7 7.0-7.5
at 72 °C 3.5-7.0
21 SmC 33.4 3.5-7.0
at 60 °C
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Figure 3.3. (a) Variable temperature powder diffraction X-ray of the SmC phase of compound 14 at 80 °C.
A distinct halo is visible at 7.1 A, corresponding to the distance between repeat units in an antiparallel
arrangement of nearest neighbors. Also visible at higher angle (4.44) is the broad halo corresponding to
the interaction between fluid aliphatic side chains. (b) Temperature dependence of the layer spacing (100)
peak, suggesting that the tilt angle of the molecules increases with decreasing temperature.
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Collecting data over several temperatures one finds that the layer spacings of the
smectic C phases tend to increase with temperature (Figure 3.3). This suggests that the
tilt angle decreases as the temperature increases, as is expected for tilted smectic
phases.'® Precise measurement of the tilt angles of the SmC phases of the straight-chain
compounds 13-16 and 18-21 could not be achieved due to the difficulty of obtaining
magnetically well-aligned samples of these compounds. 2-D variable temperature X-ray
analysis of a reasonably well-aligned sample of compound 14 suggests that the tilt angle
is in the range of 5-10°, measured as the deviation from orthogonality between the line
described by the centers of the diffuse halos of the liquid sidechains relative to the line
described by the centers of the (100) reflections of the layer spacing (Figure 3.4). This is
a relatively small value when compared to previously studied SmC phases of symmetric
tetracatenar compounds 3, which have tilt angles of up to 53°. The larger tilt angles of
the tetracatenars may result from the conformational mobility of the ester group
combined with the tendency of these molecules to stack, which leads to the formation of

columnar phases in long-chain derivatives.
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Figure 3.4. 2-D variable temperature X-ray diffraction of a magnetically aligned sample
of the SmC phase of 14 at 85 °C. The inner reflections, corresponding to the layer
spacing, are tilted at an angle of approximately 7° with respect to the vertically aligned
outer reflections of the liquid aliphatic sidechains. This value corresponds to the tilt
angle of the SmC phase.

The formation of antiparallel dimers may explain the absence of mesomorphism
in the chiral analogue 17, as efficient packing within an antiparallel arrangement of
molecules is sterically disfavored by the incorporation of chiral sidechains. The addition
of chiral sidechains to mesogens typically reduces the stability of the resulting

mesophases'® due to the steric interference of the chiral groups with efficient molecular
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packing, but this effect is extremely exaggerated in molecules that tend to pack in an
antiparallel fashion. Such an organization positions the methyl groups of neighboring
molecules toward each other rather away from each other as is the case in a typical chiral
mesophase (Figure 3.5). Compound 17 melts to the isotropic at 58 °C, is not
mesomorphic on cooling, and crystallizes only after several minutes at room temperature.
This result is consistent with previous results from our group demonstrating the

incompatibility of similar compounds with chiral induction.®

Figure 3.5. a) Parallel arrangement of chiral mesogens allows chiral groups to all face in
one direction. b) Antiparallel arrangement of mesogens forces one pair of chiral groups
into sterically unfavorable contact.
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Summary and Conclusions

We have synthesized a number of thiophene-based bent-rod liquid crystals with large
lateral dipoles. The effects of desymmetrization of the mesogenic core upon phase
behavior has been probed, and it was found that the effects are dependant upon the
endgroups employed. In the case of tetracatenar systems, desymmetrization does not
significantly discourage crystallization, but the mesophases are clearly destabilized,
leading to complete suppression of mesomorphism in compounds 8-9 and much narrower
liquid crystal phases for the desymmetrized compounds 10-11. The opposite proves to be
the case for the straight-chain analogues 13-16 and 18-21, wherein desymmetrization
leads to significantly lower crystallization temperatures, resulting in much broader
mesophases in the unsymmetric than in the symmetric compounds. The Coly phases of
compounds 10-11 and the smectic C phases of 14-17 and 19-21 exhibit an antiparallel
arrangement of molecules, as evidenced by the appearance of a peak at 6.5-7.5 A in the
variable temperature X-ray diffraction patterns. The tilt angles of the SmC phases of
straight-chain compounds 13-21 are temperature dependent and appear to be significantly
lower than those previously measured for tetracatenars 3, which may explain their

compatibility with desymmetrization of the mesogenic core.

Experimental Section

General Methods Dichloromethane, THF and toluene were dried by passing through
activated alumina columns. DMF was purchased from Aldrich (sure-seal) and stored over
activated molecular sieves before use. (s)-(+)-2-Octanol was purchased from Aldrich

(>99% purity). All other chemicals were of reagent grade and were used as received,
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unless otherwise specified. Air and water sensitive reactions employed standard Schlenk
techniques under argon atmosphere. NMR spectra were obtained on Varian Mercury-
300, Bruker DPX-400 or Varian Inova-500 spectrometers. All chemical shifts are
referenced to residual CHCl; (7.27 ppm for 'H, 77.0 ppm for >C). Multiplicities are
indicated as s (singlet), d (doublet), t (triplet), and m (multiplet). High resolution mass
spectra were obtained at the MIT Department of Chemistry Instrumentation facility
(DCIF) on a Finnigan MAT 8200 or on a Bruker Daltonics Apex II 3T FT-ICR MS.
Infrared spectra were recorded on a Perkin-Elmer 1760-X FTIR in KBr pellets. DSC
investigations were carried out on a Perkin-Elmer DSC-7. Optical microscopy was
carried out on a Leica polarizing microscope in combination with a Linkam LTS350
hotstage. X-ray diffraction studies were carried out on samples in capillary tubes with an
INEL diffractometer with a 2 kW Cu K, X-ray source fitted with an INEL CPS-120
position-sensitive detector and an INEL. FURCAP capillary furnace and with a Rigaku
RV-300 rotating anode Ni-filtered Cu K,-radiation source fitted with a Siemens flat
camera 2D-Xe-detector (256 x 256 cells) and equipped with an Instec HS 400 hot stage
and Instec STC2000 temperature controller. The detectors were calibrated using a silver
behenate standard which was produced by Eastman Kodak, and supplied by The Gem
Dugout.

2,3,4-Tribromo-5-(4-benzyloxyphenyl)thiophene (4) Tetrabromothiophene (36.78 g,
92.09 mmol) was placed in a 2-necked 2000 ml. flask along with 4-benzyloxyphenyl
boronic acid (20.38 g, 89.46 mmol), Na,CO; (7590 g, 716.0 mmol), trans-
dichlorobis(triphenylphosphine)palladium (0.50 g, 0.43 mmol), and a stir bar. The flask

was evacuated, and argon was introduced. A solvent mixture of toluene (1200 mL),
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water (250 mL) and ethanol (150 mL) was sparged with argon for 20 minutes, and then
added to the reaction flask via cannula. The mixture was heated to reflux with stirring for
46hours, and water was added (200 mL) followed by extraction of the organics with
ether. The extracts were dried over magnesium sulfate. Column chromatography (silica
gel, 2:1 hexane/chloroform eluent) yielded 4 (27.31 g, 54.3 mmol, 61%) as a white solid.
'H NMR (CDCls): 5.12 (s, 2H, CH,0), 7.05 (d, 2H, ] = 8.5 Hz, Ar-H), 7.36-7.47 (m, 5H,
Ar-H), 7.51 (4, 2H, J = 8.5 Hz). C NMR (CDCl): 70.06, 109.30, 109.81, 114.98,
118.26, 124.79, 127.45, 128.12, 128.64, 130.23, 136.42, 139.86, 159.40. HRMS calcd
for C,7H;,Br;0S (M+Na)": 522.7973, found (ESI): 522.7964.

3,4-Dibromo-2-(4-benzyloxyphenylethynyl)-5-(4-benzyloxyphenyl)thiophene 5
Compound 4 (8.07 g, 16.04 mmol) was placed in a 1000 mL round-bottom flask with 4-
phenylmethoxyphenylacetylene (3.337 g, 16.04 mmol), copper(l)iodide (122 mg, 0.64
mmol), trans-dichlorobis(triphenylphosphine)palladium (450 mg, 0.64 mmol) and a stir
bar. The flask was evacuated and argon was introduced, followed by the addition of dry,
air-free toluene (300 mL) via cannula, and cooling to 0 °C with an ice bath. Dry
diisopropylamine was added via syringe and the reaction was allowed to warm to room
temperature and stir overnight. The solution was filtered through silica gel pad with
dichloromethane and dried (MgSQO,4). After removal of the solvent in vacuo the
remaining solids were purified by column chromatography (silica gel, gradient eluent
mixture of hexanes/chloroform) followed by recrystallization from THF/MeOH yielding
5 (8.011 g, 12.71 mmol, 79%) as a yellow crystalline solid. 'H NMR (CDCl): 5.11 (s,
2H, CHy), 5.13 (s, 2H, CHy), 6.99 (d, 2H, J = 8.7 Hz, Ar-H), 7.06 (d, 2H, J = 8.7 Hz, Ar-

H), 7.34-7.50 (m, 10H, Ar-H), 7.52 (d, 2H, J = 9.0 Hz, Ar-H), 7.58 (d, 2H, ] = 9.0 Hz,
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Ar-H). *C NMR (CDCls): 70.03, 70.09, 80.00, 98.18, 110.42, 114.55, 114.97, 114.99,
119.62, 119.86, 125.05, 127.48, 128.14, 128.64, 128.66, 130.32, 133.20, 134.20, 134 .31,
136.38, 136.50, 139.01, 159.34, 159.42. HRMS calcd for C3;H;;Br,0,S (MY): 627.9702,
found (EI): 627.9711.
3,4-Dicyano-2-(4-benzyloxyphenylethynyl)-5-(4-benzyloxyphenyl)thiophene (6)
Compound 5 (2.303 g, 3.653 mmol) was placed in a 200 mL Schlenk flask with CuCN
(1.963 g, 21.92 mmol), copper (I) iodide (1.461 g, 7.672 mmol) and stir bar. The flask
was evacuated and argon was introduced, followed by the addition of dry DMF (100 mL)
via cannula. The reaction was heated to 130 °C with the exclusion of light and stirred for
8 hours, at which time the reaction was cooled and dichloromethane (200 ml) was added.
The solution was washed with a saturated aqueous NH4Cl! followed by water, and the
organic layer was dried (MgSQy). The solvent was removed in vacuo, and the resulting
brown solids were purified by column chromatography on silica gel (1:1
hexane/chloroform eluent) which yielded 6 (1.36 g, 2.602 mmol, 71%) as a yellow
powder. 'H NMR (CDCls): 5.12 (s, 2H, CH,), 5.15 (s,2H, CHy), 7.00 (d, 2H, J = 8.7 Hz,
Ar-H), 7.10 (d, 2H, J = 8.7 Hz, Ar-H), 7.33-7.48 (m, 10H, Ar-H), 7.54 (d, 2H, ] = 9.0 Hz,
Ar-H), 7.71 (d, 2H, ] = 9.0 Hz, Ar-H). "C NMR 69.06, 69.33, 81.01, 98.05, 111.86,
114.50, 119.12, 119.32, 119.41, 121.07, 121.24, 121.32, 121.85, 122.21, 124.46, 128.97,
130.60, 132.93, 132.96, 134.87, 148.66, 151.79, 153.98, 164.63. HRMS calcd for
C34H2N20,S (M+Na): 545.1294, found: (ESI) 545.1313.
3,4-Dicyano-2-(4-hydroxyphenylethynyl)-5-(4-hydroxyphenyl)thiophene )]
Compound 6 (0.687 g, 1.09 mmol) was placed in a 200 mL Schlenk flask with stir bar.

The flask was evacuated, and argon was introduced, followed by the addition of dry, air-
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free dichloromethane (170 mL) via cannula, and cooling to -10 °C with a NaCl/ice bath.
BBr; (IM in solution in dichloromethane, 5.5 mL, 5.5 mmol) was added dropwise via
syringe, at which point the reaction became an orange suspension. The reaction was
stirred for 1 hour at -10 °C, quenched with H,O (20 mL), and allowed to warm to room
temperature. Chloroform (100 mL) was added with a minimal amount of methanol to
completely dissolve the solids. The solution was washed with water (3 X 50 mL) and
dried over MgSQs, and the resulting material was purified by column chromatography
(silica gel, 10:1 CDCl3/MeOH eluent) yielding 7 (346 mg, 1.01 mmol, 93%) a yellow
solid. '"H NMR (CDCls): 6.69 (d, 2H, J = 9.0 Hz, Ar-H), 6.78 (d, 2H, 9.0 Hz), 7.28 (d,
2H, ] = 9.0 Hz, Ar-H), 7.46 (d, ] = 9.0 Hz, Ar-H). >C NMR (CDCl;): 76.42, 103.85,
103.95, 110.92, 111.86, 112.76, 114.21, 115.52, 116.15, 120.40, 128.98, 132.34, 133.52,
154.45, 158.97, 159.91. HRMS caled for CHN>0,S (M+Na): 365.0355, found: (EST)
365.0344.
3,4-Dicyano-2-[4-(3,4-dihexyloxyphenylcarbonyloxy)phenylethynyl]-5-[4-(3,4-
dihexyloxyphenylcarbonyloxy)phenyl)thiophene (8) Compound 7 (100 mg, 0.292
mmol) was placed in a 25 mL Schlenk flask with 3,4-dihexyloxybenzoic acid (207 mg,
0.643 mmol), 4-dimethylaminopyridine (18 mg, 0.146 mmol) and a stir bar. The flask
was evacuated, filled with argon, and 11ml of dichloromethane was added via syringe,
forming a yellow suspension. Diisopropylcarbodiimide (183 pl., 147 mg, 1.17 mmol)
was added via syringe, and the solids were rapidly dissolved forming a yellow solution.
The reaction was stirred at room temperature for 3 days, after which it was poured into 10
mL of 1N HCI (aqueous), extracted with chloroform, and dried over magnesium sulfate.

The solvents were removed in vacuo and the resulting material was purified by column
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chromatography (silica gel, 2:1 dichloromethane/hexanes) followed by repeated
precipitations from THF/methanol, yielding 8 (255 mg, 0.268 mmol, 92%) as a yellow
solid. '"H NMR (CDCls): 0.89-0.97 (m, 12H, CH,), 1.30-1.43 (m,16H, CH,CH,), 1.45-
1.61 (m, 8H, CHy), 1.84-1.92 (m, 8H, CH,), 4.05-4.15 (m, 8H, CHy), 6.94-6.97 (m, 2H,
Ar-H), 7.30 (d, 2H, J = 8.5 Hz, Ar-H), 7.41 (d, 2H, J = 8.5 Hz, Ar-H), 7.66-7.69 (m, 4H,
Ar-H), 7.83-7.84 (m, 4H, Ar-H). >C NMR (CDCls): 14.01, 22.57, 25.62, 25.66, 28.96,
29.09, 31.52, 31.55, 69.05, 69.31, 69.34, 77.98, 102.91, 106.84, 111.70, 11.85, 112.39,
114.45, 114.48, 116.30, 117.90, 120.70, 120.87, 122.47, 123.34, 124.51, 124.60, 126.71,
129.10, 132.75, 133.41, 148.67, 148.70, 152.65, 153.19, 153.43, 154.06, 154.16, 164.51.
IR (KBr): 2923, 2852, 2229, 2202, 1727, 1597, 1515, 1431, 1278, 1201, 1131, 1063, 752.
HRMS calcd for CsgHesN,05S (M+H)™: 951.4618, found (FAB): 951.4634.
3,4-Dicyano-2-[4-(3,4-dioctyloxyphenylcarbonyloxy)phenylethynyl]-5-[4-(3,4-
dioctyloxyphenylcarbonyloxy)phenyl)thiophene (9) Preparation same as for 8. 'H
NMR (CDCls): 0.89-0.97 (m, 12H, CH3), 1.30-1.43 (m, 32H, (CHa)4), 1.45-1.61 (m, 8H,
CHyj), 1.84-1.92 (m, 8H, CH,), 4.05-4.15 (m, 8H, CH,), 6.94-6.97 (m, 2H, Ar-H), 7.30 (d,
2H, I = 8.5 Hz, Ar-H), 7.41 (d, 2H, I = 8.5 Hz, Ar-H), 7.66-7.69 (m, 4H, Ar-H), 7.83-
7.84 (m, 4H, Ar-H). “C NMR (CDCly): 14.09, 22.66, 25.94, 25.98, 29.00, 29.13, 29.23,
29.25, 29.32, 29.34, 31.80, 69.06, 69.31, 69.34, 77.97, 102.90, 106.82, 111.69, 111.85,
112.38, 114.46, 114.50, 116.29, 117.88, 120.69, 120.86, 122.46, 123.32, 124.51, 124.59,
126.69, 129.09, 132.74, 133.40, 148.66, 148.69, 152.65, 153.18, 153.43, 154.06, 154.16,
164.49. IR (KBr): 2921, 2851, 2229, 2198, 1726, 1597, 1516, 1432, 1278, 1200, 1131,

1062, 752. HRMS calcd for CesHgaN2OgS (M+H)": 1063.5870, found (FAB): 1063.5899.
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3,4-Dicyano-2-[4-(3,4-didecyloxyphenylcarbonyloxy)phenylethynyl]-5-[4-(3,4-
didecyloxyphenylearbonyloxy)phenyl)thiophene (10) Preparation same as for 8. 'H
NMR (CDCls): 0.85-0.94 (m, 12H, CHj3), 1.22-1.41 (m, 48H, (CHa)s), 1.43-1.58 (m, 8H,
CH>), 1.81-1.92 (m, 8H, CH,), 4.05-4.14 (m, 8H, CHy), 6.92-6.97 (m, 2H, Ar-H), 7.27 (d,
2H, J = 8.5 Hz, Ar-H), 7.37 (d, 2H, J = 8.5 Hz, Ar-H), 7.63-7.65 (m, 4H, Ar-H), 7.78-
7.82 (m, 4H, Ar-H). *C NMR (CDCls): 14.08, 22.65, 25.91, 25.96, 28.97, 29.11, 29.31,
29.34, 29.36, 29.53, 29.56, 29.57, 31.86, 69.00, 69.27, 69.30, 77.94, 102.85, 106.75,
111.65, 111.81, 112.34, 114.43, 114.45, 116.27, 117.83, 120.66, 120.82, 122.41, 123.27,
124.46, 124.57, 126.63, 129.03, 132.65, 133.35, 148.63, 148.67, 152.61, 153.11, 153.40,
154.02, 154.12, 164.42. IR (KBr): 2919, 2849, 2233, 2194, 1727, 1596, 1516, 1278,
1200, 1131, 1063, 752. HRMS caled for C74HogN,05S (M+H)™: 1175.7122, found
(FAB): 1175.7159.
3,4-Dicyano-2-[4-(3,4-didodecyloxyphenylcarbonyloxy)phenylethynyl]-5-[4-(3,4-
didodecyloxyphenylcarbonyloxy)phenyl)thiophene (11) Preparation same as for 8.
'H NMR (CDCl3): 0.84-0.90 (m, 12H, CHs), 1.21-1.39 (m, 64H, (CHa)g), 1.43-1.52 (m,
8H, CH,), 1.82-1.90 (m, 8H, CH,), 4.04-4.12 (m, 8H, CH;), 6.91-6.94 (m, 2H, Ar-H),
7.28 (d, 2H, J = 8.5 Hz, Ar-H), 7.38 (d, 2H, J = 8.5 Hz, Ar-H), 7.63-7.67 (m, 4H, Ar-H),
7.79-7.82 (m, 4H, Ar-H). "C NMR (CDCls): 14.12, 22.68, 25.95, 25,99, 29.00, 29.13,
29.35, 29.40, 29.61, 29.65, 29.68, 31.91, 69.04, 69.31, 69.34, 77.97, 102.90, 106.82,
111.69, 111.85, 112.38, 114.50, 114.50, 116.29, 117.88, 120.69, 120.86, 122.46, 123.33,
124.51, 124.59, 126.69, 129.09, 132.74, 133.40, 148.67, 148.70, 152.65, 153.18, 153.43,

154.06, 154.16, 164.49. IR (KBr): 2920, 2849, 2229, 2198, 1726, 1596, 1466, 1431,
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1278, 1201, 1131, 1063, 752. HRMS calcd for CgyH;14N20sS (M+H)': 1287.8374, found
(FAB): 1287.8353.

Symmetric Compounds:

3,4-Dicyano-2,5-bis[4-(hexyloxy)phenylethynyl]thiophene (13) Placed 12 (52 mg,
0.142 mmol) in a 25 mL Schlenk flask with PPh; (82 mg, 0.312 mmol) and a stir bar.
The flask was evacuated and filled with argon several times. Dry, air-free THF (5 mL)
was added via syringe. Diethylazodicarboxylate (49 pL, 0.312 mmol) was added via
syringe, at which point the solution became an intense red color. After stirring for 48
hours the original yellow color had returned to the solution. Organics were washed with
water, dried (MgSQ,) and removed in vacuo, yielding a dark yellow solid which was
purified by column chromatography (silica gel, 1:1 hexane/dichloromethane eluent)
followed by multiple precipitations from dichloromethane/methanol, yielding 55 mg
(0.104 mmol, 73%) of 13 as a yellow solid. "H NMR (CDCls): 0.88-0.93 (t, 6H, CHj),
1.28-1.40 {m, 8H, (CH,),), 1.40-1.55 (m, 4H, CH,), 1.78-1.84 (m, 4H, CH,), 4.00 (t, 4H,
J = 6.5 Hz, CIL0), 6.91 (d, 4H, J = 8.5 Hz, Ar-H), 7.52 (d, 4H, J = 8.5 Hz, Ar-H)."C
NMR (CDCls): 14.03, 22.57, 25.64, 25.64, 29.04, 31.52, 68.25, 77.38, 104.44, 111.53,
111.99, 113.50, 114.87, 133.90, 161.00. HRMS cacld for C3HiN,0,S (M+Na)':
557.2233, found (ESI): 557.2223.
3,4-Dicyano-2,5-bis[4-(octyloxy)phenylethynyljthiophene (14) Preparation same as
for 13. 'H NMR (CDCl3): 0.88-0.93 (t, 6H, CHs), 1.28-1.40 (m, 16H, (CH>)s), 1.40-1.55
(m, 41, CH;), 1.78-1.84 (m, 4H, CHy), 4.00 (t, 4H, ] = 6.5 Hz, CH,0), 6.91 (d, 4H, J =
8.5 Hz, Ar-H), 7.52 (d, 4H, J = 8.5 Hz, Ar-H). >C NMR (CDCl3):14.10, 22.65, 25.97,

29.08,29.21, 29.31, 31.79, 68.25, 77.38, 104.44, 111.53, 111.99, 113.49, 114.87, 133.61,
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133.91, 161.00. IR (KBr): 2923, 2853, 2229, 2193, 1602, 1518, 1290, 1253, 1153, 833.
HRMS calcd for CazHaaN20,8 (M+Na)': 613.2859, found (ESI): 613.2895.
3,4-Dicyano-2,5-bis[4-(decyloxy)phenylethynyl]thiophene (15) Preparation same as
for 13. '"H NMR (CDCly): 0.88-0.93 (t, 6H, CHs), 1.28-1.40 (m, 24H, (CH,)s), 1.40-1.55
(m, 4H, CH,), 1.78-1.84 (m, 4H, CHy), 4.00 (t, 4H, ] = 6.5 Hz, CH,0), 6.91 (d, 4H, J =
8.5 Hz, Ar-H), 7.52 (d, 4H, J = 8.5 Hz, Ar-H). 3C NMR (CDCly): 14.11, 22.67, 25.95,
29.06, 29.30, 29.34, 29.53, 31.87, 68.24, 77.38, 104.44, 111.52, 111.97, 113.46, 114.86,
133.59, 133.89, 160.99. HRMS calcd for C4oHsoN,0,8 (M+Na)': 669.3485, found (ESI):
669.3464.

3,4-Dicyano-2,5-bis[4-(dodecyloxy)phenylethynyl|thiophene (16) Preparation same as
for 13. 'H NMR (CDCl3): 0.88-0.93 (t, 6H, CHs), 1.28-1.40 (m, 32H, (CHy)s), 1.40-1.55
(m, 4H, CH,), 1.78-1.84 (m, 4H, CH,), 4.00 (t, 4H, J = 6.5 Hz, CH;0), 6.91 (d, 4H, ] =
8.5 Hz, Ar-H), 7.52 (d, 4H, J = 8.5 Hz, Ar-H). 13C NMR (CDCly): 14.12, 22.67, 25.95,
29.07, 29.34, 29.54, 29.57, 29.62, 29.64, 31.90, 68.23, 77.38, 104.43, 111.50, 111.96,
113.46, 114.86, 133.57, 133.87, 160.98. HRMS caled for CsHssN,0,S (M+Na)™:
725.4111, found (ESI): 725.4103.
3,4-Dicyano-2,5-bis[4-(1-methylheptyloxy)phenylethynyl]thiophene (17) Preparation
same as for 13. 'H NMR (CDCl3): 0.88-0.93 (t, 6H, CH;), 1.28-1.54 (m, 22H), 1.56-
1.63 (m, 2H), 1.64-1.82 (m, 2H), 4.39-4.49 (m, 2H), 6.88 (d, 4H, J = 8.7 Hz, Ar-H), 7.50
(d, 4H, J = 8.5 Hz, Ar-H). C NMR (CDCl3): 14.14, 19.63, 22.63, 25.44, 29.25, 31.78,
74.06, 77.42, 104.43, 111.43, 111.58, 113.30, 115.73, 133.45, 133.80, 160.00. HRMS

calcd for C3gHaN202S (M+Na)+: 613.2859, tound (ESI): 613.2823.
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Unsymmetric Compounds:
3,4-Dicyano-2-(4-hexyloxyphenylethynyl)-5-(-4-hexyloxyphenyl)thiophene (18)
Compound 7 (50 mg, 0.146 mmol) was placed in a 25 mL Schlenk flask with PPh; (84
mg, 0.321 mmol) and a stir bar. The flask was evacuated and argon was introduced. THF
(5 mL), n-Hexanol (40 pL, 0.312 mmol), and diethylazodicarboxylate (51 uL, 0.312
mmol) were added via syringe, respectively, and the reaction was stirred at room
temperature for 48 hours. The solution became a deep red color upon the addition of
DEAD, and faded to yellow over the course of the reaction. The poured into water and
the organics were extracted with chloroform. The‘extracts were dried over magnesium
sulfate and purified by column chromatography (silica gel, 1:1 hexane/dichlormethane
eluent) followed by precipitation from dichloromethane/methanol yielding 18 (52 mg,
0.101 mmol, 71%) as a yellow solid. 'H NMR (CDCls): 0.89-0.94 (m, 6 H, CHs), 1.29-
1.40 (m, 8H, (CH;),), 1.40-1.55 (m, 4H, CH,), 1.78-1.84 (m , 4H, CH3), 3.99-4.03 (m,
4H, CH,0), 6.90 (d, 2H, J = 9.0 Hz, Ar-H), 6.99 (d, 2H, ] = 9.0 Hz, Ar-H), 7.51 (d., 2H, J
= 9.0 Hz, Ar-H), 7.69 (d, 2H, ] = 9.0 Hz, Ar-H). >C NMR (CDCl3): 14.01, 22.55, 25.61,
29.00, 29.03, 31.50, 31.51, 68.20, 68.35, 76.74, 103.78, 105.01, 112.05, 112.27, 112.93,
114.79, 115.24, 115.44, 121.65, 129.15, 132.32, 133.71, 153.86, 160.76, 161.53. IR
(KBr): 2927, 2855, 2221, 2191, 1602, 1519, 1461, 1302, 1252, 1187, 1171, 1020, 832.
HRMS caled for C33H3sN,0,S (M+Na)': 533.2233, found (ESI): 533.2218.
3,4-Dicyano-2-(4-octyloxyphenylethynyl)-5-(4-octyloxyphenyl)thiophene 19)
Preparation same as for 18. '"H NMR (CDCl;): 0.89-0.94 (m, 6 H, CH3), 1.29-1.40 (m,
16H, (CH,)s4), 1.40-1.55 (m, 4H, CH,), 1.78-1.84 (m , 4H, CH;), 3.99-4.03 (m, 4H,

CH,0), 6.90 (d, 2H, J = 9.0 Hz, Ar-H), 6.99 (d, 2H, J = 9.0 Hz, Ar-H), 7.51 (d., 2H, J =
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9.0 Hz, Ar-H), 7.69 (d, 2H, J = 9.0 Iz, Ar-H). °C NMR (CDCly): 14.09, 22.64, 25.95,
29.03, 29.08, 29.20, 29.29, 29.31, 31.78, 68.21, 68.36, 76.74, 103.78, 105.04, 109.41,
112.06, 112.28, 112.94, 114.80, 115.25, 115.45, 121.67, 129.17, 132.33, 133.72, 153.88,
160.77, 161.54. HRMS caled for CigHpN,0,S (M+Na)™: 589.2859, found (ESI):
589.2856.

3,4-Dicyano-2-(4-decyloxyphenylethynyl)-5-(4-decyloxyphenyl)thiophene (20)
Preparation same as for 18. 'H NMR (CDCl3): 0.89-0.94 (m, 6 H, CH3), 1.29-1.40 (m,
24H, (CH,)), 1.40-1.55 (m, 4H, CH;), 1.78-1.84 (m , 4H, CH), 3.99-4.03 (m, 4H,
CH,0), 6.90 (d, 2H, J = 9.0 Hz, Ar-H), 6.99 (d, 2H, J = 9.0 Hz, Ar-H), 7.51 (d., 2H, ] =
9.0 Hz, Ar-H), 7.69 (d, 2H, ] = 9.0 Hz, Ar-H). ""C NMR (CDCly): 14.12, 22.67, 25.96,
29.05, 29.09, 29.31, 29.34, 29.55, 31.88, 68.23, 68.38, 76.74, 103.80, 105.09, 112.07,
112.30, 112.95, 114.83, 115.28, 115.49, 121.70, 129.20, 132.37, 133.74, 153.92, 160.80,
161.56. IR (KBr): 2920, 2850, 2223, 2193, 1601, 1517, 1464, 1302, 1253, 1174, 1129,
1014, 829. HRMS calcd for C4oHsoN20,S (M+Na)': 645.3485, found (ESI): 645.3499.
3,4-Dicyano-2-(4-dodecyloxyphenylethynyl)-5-(4-dodecyloxyphenyl)thiophene (21)
Preparation same as for 18. 'H NMR (CDCl3): 0.89-0.94 (m, 6 H, CH3), 1.29-1.40 (i,
32H, (CH»)s), 1.40-1.55 (m, 4H, CH,), 1.78-1.84 (m , 4H, CH,), 3.99-4.03 (m, 4H,
CH»0), 6.90 (d, 2H, J = 8.9 Hz, Ar-H), 6.99 (d, 2H, ] = 8.9 Hz, Ar-H), 7.51 (d.,,2H, ] =
8.9 Hz, Ar-H), 7.69 (d, 2H, ] = 8.9 Hz, Ar-H). ">C NMR (CDCl): 14.13, 22.68, 25.96,
29.04, 29.08, 29.34, 29.55, 29.58, 29.63, 29.65, 31.91, 68.22, 68.37, 103.79, 105.07,
112.07, 112.28, 112.95, 114.81, 115.47, 121.68, 129.19, 132.36, 133.73, 153.91, 160.78,
161.54. IR (KBr): 2920, 2849, 2214, 2194, 1603, 1518, 1465, 1252, 1178, 1037, 832.

HRMS caled for CqsHssN,0,S (M+Na)™: 701.4111, found (ESI): 701.4131.
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3,4-Difluoro-2,5-bis(4-tetrahydropyranyloxy)phenylethynyl]thiophene (22) 2,5-
Dibromo-3,4-difluorothiophene (400 mg, 1.44 mmol) was placed in a 100 mL Schlenk
flask with 4-(tetrahydropyranyloxy)phenylacetylene (591 mg, 2.92 mmol), Pd(PPhs)4 (83
mg, 0.072 mmol), copper(l)iodide (14 mg, 0.072 mmol) and a stir bar. The flask was
repeatedly evacuated and filled with argon. In a separate flask a mixture of 1.0 mL DIPA
(7.2 mmol) in 50 mL toluene were degassed by sparging with argon for 20 min, after
which it was added to the reaction flask via cannula. The solution was stirred at room
temperature for 12 hours after which the solvents were removed in vacuo, and the
remaining  solids were purified by silica gel chromatography (3:2
hexane:dichloromethane eluent) yielding 22 (417 mg, 0.801 mmol, 56%) as a yellow
crystalline powder. 'H NMR (CDCls, 8): 1.60-1.78 (m, 6H, CH,CH3), 1.85-1.90 (m, 4H,
CHy), 1.99-2.04 (m, 2H, CH,), 3.61-3.65 (m, 2H, CH,0), 3.85-3.91 (m, 2H, CH;0), 5.47
(t, 2H, OCHO), 7.05 (d, 4H, ] = 8.7 Hz, Ar-H), 7.46 (d, 4H, ] = 8.7 Hz, Ar-H). °C
NMR (CHCl,, 8): 18.57, 25.06, 30.15, 62.02, 75.98, 96.14, 98.77, 103.42, 114.64,
116.44, 133.08, 145.71 (dd, J, = 268.2 Hz, ], = 19.6 Hz), 157.82. '"F NMR (CDCl3, 5
vs. CFCls): 45.56 (s). MS-EI (m/z): (M") caled for CsoHas F2048: 520.1514, found:
520.1510.

3,4-Difluoro-2,5-bis(4-hydroxyphenylethynyl)thiophene (23) 3,4-Difluoro-2,5-Bis(4-
tetrahydropyranyloxy)phenylethynyl]thiophene 22 (323 mg, 0.620 mmol) was placed in a
100 mL round-bottom flask to which THF (12 mL), glacial acetic acid (25 mL) and H,O
(7 mL) were added. The suspension was heated to 45 °C and stirred for 5 h, at which
point the resulting yellow solution was allowed to cool to room temperature. Diethyl

ether (100 mL) was added and the organics were washed with water (5 x 50 mL), dried
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over MgSO; and concentrated in vacuo yielding 192 mg (0.545 mmol, 88%) of 23 as a
slightly yellow powder. '"H NMR (CDCls, 8): 3.72 (s, 2H, Ar-OH), 6.73 (d, 4H,J = 8.7
Hz, Ar-H), 7.30 (d, 4H, J = 8.7 Hz, Ar-H). ">C NMR (CHCl;, 8): 75.26, 98.96, 103.31
(d, J = 11.5 Hz), 112.57, 115.49, 133.21, 144.43 (dd, J, = 267.8 Hz, ], = 19.0 Hz),
157.96. ""F NMR (CDCls, & vs. CFCls): 43.42 (s). MS-EI (m/z): (M") caled for Copllig
F»0,8: 352.0364, found: 352.0349.

3,4-Difluoro-2,5-bis[4-(octyloxy)phenylethynyl]|thiophene (24) 3,4-Difluoro-2,5-Bis(4-
hydroxyphenylethynyl)thiophene 23 (40 mg, 0.114 mmol) was placed in a 25 mL
Schlenk tube with PPh;z (66 mg, 0.250 mmol) and a stir bar. The flask was evacuated and
filled with argon, and 10 mL of dry, air-free THF was added via syringe. Dry n-octanol
(40 pL, 0.250 mmol) and diethylazodicarboxylate (40 pL, 0.250 mmol) were added
sequentially via microsyringe. The mixture was stirred at room temperature for 48 h,
diluted with 25 mL CH,Cl;, washed with H,O and dried over MgSQ,. The crude product
was purified by silica gel chromatography (3:1 hexane/CH,Cl, eluent) followed by
precipitation from CH,Cl, with MeOH yielding 24 (50 mg, 0.087 mmol, 76%) as a
yellow powder. 'H NMR (CDCl;, 8): 0.87-0.97 (m, 6H, -CHj), 1.29-1.42 (m, 16H,
(CHy)g), 1.43-1.58 (m, 4H, CH,), 1.78-1.85 (m, 4H, CH,), 3.96-4.02 (m, 4H, OCH,), 6.88
(d, 4H, J = 8.7 Hz, Ar-H), 7.46 (d, 4H, J = 8.7, Ar-H). "*C NMR (CDCl3, 8): 14.11,
22.65, 25.99, 29.13, 29.22, 29.33, 31.79, 68.12, 75.87, 98.86, 103.42, 113.58, 114.61,
133.18, 145.67 (dd, J; = 267.8 Hz, J, = 19.0 Hz), 159.94. "’F NMR (CDCl;, & vs. CFCl3):
46.99 (s). IR (KBr): 2920, 2851, 2202, 1604, 1580, 1505, 1464, 1286, 1246, 1170, 976,

827, 530. HRMS-EI (m/z): (M") calcd for C3sHaz F20,S: 576.2868, found: 576.2878.
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3,4-Difluoro-2,5-bis[4-(dodecyloxy)phenylethynyl|thiophene (25) Preparation same as
for 24. '"H NMR (CDCls, 8): 0.87-0.97 (m, 6H, -CH3), 1.29-1.42 (m, 32H, (CH,)s), 1.43-
1.58 (m, 4H, CH,), 1.78-1.85 (m, 4H, CHy), 3.96-4.02 (m, 4H, OCH,), 6.88 (d, 4H, J =
8.7 Hz, Ar-1), 7.46 (d, 411, J = 8.7, Ar-H). C NMR (CDCl3, §): 14.13, 22.69, 25.98,
29.12, 29.35, 29.36, 29.56, 29.58, 29.63, 29.65, 31.91, 68.11, 75.87, 98.86, 103.38 (d, ] =
5.7 Hz), 113.57, 114.60, 133.18, 145.67 (dd, J, = 268.3 Hz, J, = 19.0 Hz), 159.94. F
NMR (CDCls, 8 vs. CFCls): 45.43 (s). IR (KBr): 2918, 2849, 2210, 1607, 1499, 1251,
974, 836, 538. HRMS-EI (m/z): (M+) caled for Cy4Hsg F20,S: 688.4120, found:
688.4140.

3,4-Difluoro-2,5-bis[4-(hexadecyloxy)phenylethynyl]thiophene ~ (26)  Preparation
same as for 24. 'H NMR (CDCl3, 8): 0.87-0.97 (m, 6H, -CHj3), 1.29-1.42 (m, 48H,
(CH2)12), 1.43-1.58 (m, 4H, CHy), 1.78-1.85 (m, 4H, CH,), 3.96-4.02 (m, 4H, OCH,),
6.88 (d, 4H, J = 8.7 Hz, Ar-H), 7.46 (d, 4H, ] = 8.7, Ar-H). >C NMR (CDCl;, 8): 14.13,
22.69, 25.98, 29.13, 29.37, 29.56, 29.58, 29.66, 29.67, 29.69, 31.92, 68.12, 75.87, 98.86,
103.41, 113.58, 114.62, 133.19, 145.68 (dd, J; = 267.7 Hz, J, = 19.0 Hz), 159.94. '°F
NMR (CDCl;, 6 vs. CFCl3): 45.42 (s). IR (KBr): 2917, 2848, 2190, 1498, 1250, 976,
837. HRMS-EI (m/z): (M) caled for CsyHyg F20,S: 800.5372, found: 800.5358.
3,4-Difluoro-2,5-bis[(4-(3,4-dioctyloxyphenylcarbonyloxy)phenylethynyl]

thiophene (27) 3,4-Difluoro-2,5-Bis(4-hydroxyphenylethynyl)thiophenene 23 (40 mg,
(.114 mmol) was placed in a 25 mL Schlenk tube with 3,4-dihexyloxybenzoic acid (95
mg, 0.250 mmol), DMAP (7 mg, 0.057 mmol) and a stir bar. The flask was evacuated
and filled with argon. Dry dichloromethane (10 mL) was added via cannula and

diisopropylcarbodiimide (71 plL., 0.454 mmol) was added via microsyringe. The reaction
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was stirred for 48 h at room temperature after which it was diluted with 25 mL CH,Cl,,
washed with H,O and dried over MgSQ4. The crude product was then purified by
column chromatography (3:2 hexane/CH,Cl, eluent) and precipitated from CH,Cl, with
MeOH. 'H NMR (CDCl;, 8): 0.88-0.95 (m, 12H, CHs), 1.26-1.44 (m, 32H, (CHy)s),
1.45-1.57 (m, 8H, CH,), 1.82-1.95 (m, 8H, CH,), 4.03-4.15 (m, 4H, CHy), 6.95 (d, 2H, J
= 8.4 Hz, Ar-H), 7.25 (d, 4H, J = 8.7 Hz, Ar-H), 7.61 (d, 4H, J = 8.7 Hz, Ar-H), 7.66 (d,
2H, J = 2.1 Hz, Ar-H), 7.82 (dd, 4H, J; = 8.4 Hz, J, = 2.1 Hz, Ar-H). "C NMR (CDCl;,
8): 14.11, 22.67, 25.95, 25.99, 29.01, 29.13, 29.25, 29.26, 29.33, 29.35, 31.80, 31.81,
69.04, 69.31, 98.13, 111.84, 114.46, 119.25, 121.04, 122.19, 124.45, 126.46, 132.87,
148.64, 151.74, 153.97, 164.64. '°F NMR (CDCls, & vs. CFCls): 46.22 (s). IR (KBr):
2922, 2848, 2206, 1736, 1599, 1428, 1273, 1198, 1082, 975, 870, 750. HRMS-EI (m/z):

(M+H) caled for C36Hgp F20,8: 1073.5771, found: 1073.5730.
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Chapter 4

Triphenylene-Dione Half-Disc Mesogens

Adapted from:

Paraskos, A. J.; Nishiyama, Y.; Swager, T. M. Mol. Cryst. Lig. Cryst. (accepted).



Introduction

With the discovery that disc-shaped molecules can stack and form columnar
mesophases a new paradigm was born for the rational design of unique liquid crystal
assemblies.' This discovery highlights the importance of considering shape anisotropy
and structure-property relationships when creating novel mesogens that might potentially
display new mesophases.

Since then, it has been shown that many non-discoid molecules are capable of
forming columnar mesophases as well. For example, polycatenar mesogens frequently
display columnar mesophases arising through the formation of aggregates2 or dimers’ of
molecules within the columns. The Swager lab has a history designing of
metallomesogens in which half-disc subunits are brought together covalently through a
central metal atom(s) to form either disc-shaped’ or propeller-shaped5 mesogenic units.
The lab of Carsten Tschierske has since described butterfly-shaped® and rod/half-disc
shaped’ mesogenic units. The above examples demonstrate that unfavorably shaped
subunits can be strategically combined to form molecules which are mesogenic. The
assembly of mesogenic units through non-covalent forces such as hydrogen-bonding,®
coordination polymers’ and microphase segregation'® and has also proven effective. In
previous chapters of this thesis the use of dipole-dipole interactions to increase the
mesogenicity of molecules with unfavorable bent-shapes (see chapters 2 and 3) is also
described."!

Herein we describe the synthesis and phase behavior of a series of mesogens of

general structure 6,7,10,11-tetrakis(alkoxy)triphenylene-1,4-dione.  These deep-red
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colored organic dyes have been found to display hexagonal columnar mesophases

presumably due to a correlated organization of their shapes.

Results and Discussion

Synthesis A number of triphenylene-based quinones were synthesized and studied
(Scheme 3). Compounds 10 and 16 were synthesized and structurally characterized by
former Swager postdoctoral fellow Claus Lugmair. Compounds 6 and 7, as well as 13
and 19 were synthesized by former Swager group visiting scientist Yutaka Nishiyama.
The synthesis of compound 18 was previously described by Aimee Rose, a former
graduate student in the Swager group;'? a similar synthetic route was followed for the
synthesis of compounds 14, 15 and 17.

Williamson ether synthesis of the appropriate alkyl bromide with catechol affords
the corresponding 1,2-dialkoxybenzene, which is iodinated with periodic acid and iodine
yielding the 3,4-dialkoxy-1-iodobenzene." Ullman coupling of the 3,4-dialkoxybenzenes
is carried out neat with copper (220 °C) yielding the corresponding 3,3°.4,4’-
tetraalkoxybiphenyl cleanly in 70-75% yield after precipitation from CHCl3/MeOH

(Scheme 1).
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Scheme 1. Synthesis of 3,3'4,4'-Tetrakis(n-alkoxy)biphenyls.
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Alternatively, etherification of S-iodo-2-methoxyphenol, synthesized by the

previously  reported method,'"  with  1-bromo-2-ethylhexane provides  2-(2-

ethylhexyloxy)-4-10do-1-methoxybenzene in good yield after distillation. Biphenyl 7 can

then be synthesized via a zinc/palladium (0) coupling in good yields (Scheme 2).

Scheme 2. Synthesis of 3,3'-Bis(2-ethylhexyloxy)-4,4-dimethoxybiphenyl.
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Cyclization of the resulting biphenyl compounds with p-dimethoxybenzene and
iron (III) chloride in DCM vyields the parent triphenylenes 8-13, which are then
oxidatively demethylated with cerium ammonium nitrate yielding the desired mesogenic

quinones 14-19 (Scheme 3).

Scheme 3. Synthesis of mesogenic triphenylene quinones.

OR;

R,0

OR;
R,0 MeO@—OMe R,0
O 1) FeC|3

OMe

Ce(NH,)2(NO3)s
O 2) MeOH THF, H,0
CH,CI
R,0 2\l R,0 OMe R,0
OR1 OR1
8 Ry = Rz = n-CgHqa 4R = Rz = H-CGH13
9 Ri=Ry= n-CgH47 15 R1 =Ry = n-CgH17
10 Ry = R2 = n~C10H21 16 R1 = R2 = n'C10H21
11 R =Ry = n-CqpHos 17 Ry =Ry =n-CypHo5
12 R, = R, = 2-Fthylhexyl 18 R4 = Ry = 2-Ethylhexyl
13 R; = Me, R, = 2-Ethylhexyl 19 R, = Me, Ry = 2-Ethylhexyl

Dihyroquione 20 can be synthesized in near quantitative yield from parent
quinone 15 via reduction with sodium hydrosulfite in a well-stirred flask of diethyl ether

and distilled water.
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Scheme 4. Synthesis of dihydroquinone 20.

Phase Behaviour. The phase behaviour of the mesogens 14-19 is listed in Table 1.
Despite their half-disc shapes, compounds 14, 15 and 16, possessing n-hexyloxy, n-
octyloxy and #n-decyloxy sidechains, respectively, all exhibit enantiotropic Coly
mesophases as identified by polarized microscopy and X-ray diffraction. When viewed
by polarized microscopy these compounds exhibit petal-like textures possessing features
that are clearly hexagonal in nature (Figure 1). Compound 17, with n-dodecyloxy
sidechains, exhibits a relatively narrow monotropic Col, mesophase, as does the bis(2-
ethylhexyl)dimethyl triphenylene quinone 19, which represents an unusual example of a
columnar phase exhibited by a triphenylene-type compound possessing only two alkoxy
sidechains. Quinone 18, possessing four 2-ethylhexyl sidechains, exhibits a Coly
mesophase at room temperature. In stark contrast to the quinone compounds, none of the
parent triphenylenes 8-13 are liquid-crystalline, presumably as a consequence of their
half-disc shapes. In order to assure ourselves that the steric bulk of the methyl groups
was not the main factor in preventing the formation of liquid crystal phases,

dihydroquinone 20 was synthesized and it was found to be non-mesomorphic as well (mp
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=109 °C). This compound underwent oxidation to the parent quinone 15 after prolonged
exposure to air (especially in solution) as was evident by the color changing from white
to purple/red. For example, after 24 hours in CDCl; at room temperature, approximately

25% conversion had occurred (estimated by '"H NMR).

Table 1. Phase behaviour of triphenylene quinones.

Ce
82.2 (33.0) 125.5 (4.8)
Cryst «—>Col, «—> Iso
47.1 (-31.9) 123.7 (4.8)
Cs
91.3 (45.2) 109.6 (3.9)
Cryst =———>Col, «——> Iso
52.6 (-42.8) 108.2 (4.1)
Cio
87.7 (36.7) 94.5 (2.0)
Cryst «———>Col, «———— Iso
59.0 (-47.3) 88.5 (-2.5)
Crz 88.4 (76.9
Cryst \ ( %Iso
71.8 (-78.8) Col, 79.7 (-3.3)
MEH
82.4 (26.3
Cryst \ | ) > |so
61.6 (-20.2) “Col, 81.6 (-2.7)
EthylHexyl
117.0 (8.3)
ol, «—————> lIso
113.6 (-8.6)

Transition temperatures (°C) and enthalpies (in parentheses, kJ/mol) were determined by DSC
(10 °C/min) and are given above and below the arrows.
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Figure 1. Polarized microscopy of the Colh phase of 15 at 111 °C (top) and 109 °C
(bottom) (both 100x magnification).
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XRD Studies. Variable temperature X-ray diffraction studies were performed for the
columnar phases exhibited by each of the quinones, with the exception of compound 16
(Table 2). The Coly phases of these compounds are all characterized by the observation
of sharp (100) peaks in the low angle region. The diffraction patterns of compounds 15
and 17 also exhibit sharp (110) and (200) peaks, confirming the hexagonal nature of the
phases. The wide-angle regions of the diffraction patterns all display broad halos at
approximately 3.5 A, corresponding to the distance between neighboring mesogens
within individual columns. In addition, broad halos at 4.6 A correspond to the distance
between liquid-like sidechains, confirming that the phases are indeed liquid crystalline as
opposed to crystal or plastic phases. Further analysis of the wide-angle region of
compound 19 suggests an antiparallel (dimerized) packing of the molecules within the
columns, as evidenced by the appearance of an additional diffuse scattering peak centered
at approximately 6.9A. (Figure 2) This behavior has been observed repeatedly by our
group and other groups for mesogens in which packing and dipolar forces combine to
cause an antiparallel dimer association of molecules within both columnar'* and lamellar
phases.'> '"*¢ Such dimerization, most likely driven by dipole-dipole interactions (AM1
calculations on a model compound suggest a molecular dipole of 1.27D) in combination
with the half-disc shape may explain the relative stability of the columnar phases of these
half-disc mesogens. This would also explain the lack of mesogenicity observed for the
parent triphenylenes, as these molecules lack a significant dipole and so most likely

would not possess a driving force to organize in this fashion.
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Table 2. XRD for compounds 14-15 and 17-19.

lattice
constant spacing  Miller A halos
compd  mesophase (A) obsd indices (calcd) obsd
14 Coly 19.1 16.5 100 3.5
at 75 °C 110 9.5 4.5
200 8.3
15 Colp, 20.4 17.7 100 3.5
at 92°C 10.3 110 (10.2) 4.6
8.9 200 (8.8)
17 Coly 244 21.1 100 3.7
at 76 °C 12.2 110 (12.2) 4.6
10.6 200 (10.6)
18 Coly, 202 17.5 100 3.7
at 90 °C 110 (10.1) 4.6
200 (8.8)
19 Coly 17.0 14.7 100 3.5
at 100 °C 110 (8.5) 4.6
200 (7.4) 6.9

Figure 2. Proposed antiparallel stacking of mesogenic quinones in the columnar phase.
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Summary and Conclusions

A variety of triphenylene quinones were prepared and shown to exhibit Coly
mesophases. Their ability to form columnar phases despite their half-disc shape may be
explained by the formation of an antiparallel dimers of molecules within the liquid crystal
phases, which have been observed by X-ray diffraction studies. Such a correlated
organization of molecules, driven by dipole-dipole interactions, results in the formation
of mesogenic units that are roughly disc-shaped. Further supporting this idea is the fact
that the parent triphenylene compounds, whose dipoles are apparently not significant

enough to drive an antiparallel association of molecules, are not liquid crystalline.

Experimental Section

General Dichloromethane was dried by passing through activated alumina columns.
Anhydrous methanol was purchased from Aldrich (sure-seal) and stored over activated
molecular sieves before use. All other chemicals were of reagent grade and were used
without further purification. 1,2-Dihexyloxy-, 1,2-dioctyloxy, 1,2-didecyloxy, 1,2-
didodecyloxy and 1,2-di(2-ethylhexyloxy)benzenes were prepared by the alkylation of
catechol with alkyl bromide. Air and water sensitive reactions employed standard
Schlenk techniques under argon atmosphere. NMR spectra were obtained on Varian
Mercury-300, Bruker DPX-400 or Varian Inova-500 spectrometers. All chemical shifts
are referenced to residual CHCl; (7.27 ppm for 'H, 77.0 ppm for °C). Multiplicities are
indicated as s (singlet), d (doublet), t (triplet), and m (multiplet). High resolution mass
spectra were obtained at the MIT Department of Chemistry Instrumentation facility

(DCIF) on a Finnigan MAT 8200 or on a Bruker Daltonics Apex Il 3T FT-ICR MS.

111



Infrared spectra were recorded on a Nicolet Impact 410 in KBr pellets. DSC
investigations were carried out on a Perkin-Elmer DSC-7. Optical microscopy was
carried out on a Leica polarizing microscope in combination with a Linkam LTS350
hotstage. X-ray diffraction studies were carried out on samples in capillary tubes with an
INEL diffractometer with a 2 kW CU K, X-ray source fitted with an INEL CPS-120
position-sensitive detector. The detectors were calibrated using a silver behenate

standard produced by Eastman Kodak.

2-(2-Ethylhexyloxy)-4-iodo-1-methoxybenzene (6). 5-lodo-2-methoxyphenol (30g,
120 mmol) and K,CO; (33.2 g, 240 mmol) were successively added to ethanol (150 mL)
and stirred at rt. for 0.5 h, after which 1-bromo-2-ethylhexane (23.2g, 120 mmol) was
added to the solution and vigorously stirred at 85 °C for 96 h. Additional K,CO; (8.3 g,
60 mmol) was added to the solution after stirring for 24, 48 and 72 h. Upon cooling the
reaction mixture was diluted with diethyl ether (100 mL), filtered and the remaining
solids were washed with diethyl ether (50 ml). The solvent was removed under reduced
pressure; the residual yellow oil was dissolved in hexane (200 mL) and washed with 1M
NaOH solution (100 mL x 2) and H>O (150 ml), respectively. After drying over MgSQs,
the organic layer was concentrated under reduced pressure and the residue was distilled
to afford 6 as a colorless oil (37.0 g, 85 %). 'H NMR (CDCL, 8): 0.91 (t, ] = 6.3 Hz,
3H), 0.94 (t,J = 6.3 Hz, 3H), (m, ] = 6.3 Hz, 1H), 1.80 1.58-1.30 (m, 8H), 3.83 (s, 3H),
3.84 (d, J = 6.3 Hz, 2H), 6.62 (d, ] = 8.7 Hz, 1H), 7.14 (d, ] = 2.1 Hz, 1H), 7.21(dd, J =
2.1, 8.7 Hz, 1H). C NMR (CDCl, 8): 11.26, 14.40, 2331, 24.00, 29.21, 30.60, 39.34,

56.35,72.17, 82.64, 114.03, 122.10, 129.65, 149.75, 149.99.
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3,3'-Di(2-ethylhexyloxy)-4,4'-dimethoxybiphenyl (7). 10 % Pd-C (15.7 g) and Zn dust
(15.7 g, 240 mmol) were added to a mixture of acetone/ H,O (1/1 800 mL), and the
resulting suspension was stirred at room temperature for 1h after which 2-(2-
ethylhexyloxy)-4-iodo-1-methoxybenzene was added dropwise and stirred at for 48 h.
Hexane (150 ml) was added to the resulting solution and the solution was filtered through
Celite pad. The organic layer was separated, then aqueous layer was extracted with
diethyl ether (100 mL). The combined organic layers were washed with saturated brine
(100 mL x 2), dried over MgSQOs, and then concentrated under reduced pressure leaving a
light yellow oil. Purification by reduced distillation afforded 7 as a clear oil (16.2g, 86
%). "H NMR (CDCl3, 8): 0.92 (t, ] = 7.5 Hz, 6H), 0.96 (t, J = 7.5 Hz, 6H), 1.27-1.51 (m,
16H), 1.85 (m, J = 6.0 Hz, 2H), 3.90 (s, 6H), 3.97 (d, J = 6.0 Hz, 4H), 6.94 (d, ] = 9.0 Hz,
2H), 7.08 (s, 2H), 7.09 (d, J = 9.0 Hz, 2H). ’C (CDCls, 8): 11.23, 14.32, 23.29, 23.98,
29.22,30.64,39.43, 56.53,72.28, 112.61, 112.73, 119.28, 134.55, 149.14, 149.34.

1,4-Dimethoxy-6, 7,10,11-tetrakis(hexyloxy)triphenylene (8). A solution of
tetra(hexyloxy)biphenyl (2.50 g, 4.51 mmol) in CH;Cl; (50 mL) was added dropwise to
a stirred suspension of FeCl; (6.00 g, 36.99 mmol) in CH,Cl; (250 mL) at 0 °C. 1,4-
Dimethoxybenzene (2.50 g, 18.0 mmol) was added and the reaction was allowed to warm
to room temperature and stirred for 5 h. The reaction mixture was quenched with
anhydrous MeOH (70 mL) and then stirred at r.t for 0.5 h. The solvent was removed
under reduced pressure and the residual solids were dissolved in diethyl ether (100 mL),
washed with aqueous NH4Cl (3 x 100 mL) and H,O (3 x 100 mL), dried over MgSQy,
and concentrated under reduced pressure. The crude product was purified by column

chromatography on silica gel (hexanes/CH»Cl, 1:1 eluent) to afford a light brown solid.
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The solid was further purified by recrystallization from MeOH/CHCI; yielding 8 (3.68 g,
3.68 mmol, 82%) as white plates. 'H NMR (CDCl,, 6): 0.89-0.93 (m, 12 H), 1.32-1.43
(m, 16H), 1.32-1.51 (m, 8H), 1.82-1.99 (m, 8H), 3.91 (s, 6H), 4.12 (t, J = 6.6 Hz, 4H),
4.17 (t, J = 6.6 Hz, 4H), 7.00 (s, 2H), 7.73 (s, 2H), 9.06 (s, 2H). ’C NMR (CDCl;,
0): 14.39, 22.97, 26.12, 26.15, 29.53, 29.63, 31.98, 57.43, 69.17, 69.67, 106.60, 110.50,
112.97, 122.46, 123.22, 125.48, 147.68, 148.71, 152.55. HRMS-ESI (m/z): (M+H)"
caled for C44HegsOg 689.4776, found 689.4760.
1,4-Dimethoxy-6,7,10,11-tetrakis(octyloxy)triphenylene (9). Preparation same as for
8. Tetra(octyloxy)biphenyl (9.95 g, 1492 mmol), FeCls (19.36 g, 119.0 mmol),
dimethoxybenzene (8.244 g, 59.7 mmol). Recovered 9 (8.795 g, 10.98 mmol, 74%) as a
white powder. 'H NMR (CDCls, 5):0.89-0.93 (m, 12H), 1.32-1.42 (32H), 1.56-1.59 (m,
8H), 1.94-1.96 (m, 8H), 3.99 (s, 6H), 4.21-4.25 (m, 8H), 7.09 (s, 2H), 7.82 (s, 2H), 9.16
(s, 2H). C NMR (CDCls, 8): 14.10, 14.12, 22.68, 22.69, 26.13, 29.07, 29.15, 29.31,
2944, 31.82, 68.72, 69.00, 103.83, 109.37, 122.17, 126.60, 128.80, 137.67, 150.58,
151.05.

1,4-Dimethoxy-6,7,10,11-tetrakis(decyloxy)triphenylene (10). Synthesis and
characterization previously described. [11] 'H NMR (CDCls, 8): 0.87-0.91 (m, 12H),
1.29-1.44 (m, 48), 1.45-1.64 (m, 8H), 1.85-2.01 (m, 8H), 4.00 (s, 6H), 4.18-4.27 (m, 8H),
7.10 (s, 2H), 7.81 (s, 2H), 9.15, (s, 2H). (°C NMR (CDCls, §):14.34, 22.92, 26.41,
29.51, 29.60, 29.77, 29.85, 29.92, 32.15, 57.34, 57.51, 69.20, 69.70, 106.66, 110.47,
113.05, 122.56, 123.31, 125.58, 147.82, 148.86, 152.70. HRMS-EI (m/z): (M+H))" caled

for CeoHoeOg 912.7207, found 912.7207.
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1,4-Dimethoxy-6,7,10,11-tetrakis(dodecyloxy)triphenylene (11). Preparation same as
for 8. Tetra(dodecyloxy)biphenyl (0.90 g, 1.0 mmol), FeCl; (1.42 g, 8.0 mmol),
dimethoxybenzene (0.56 g, 4.0 mmol). Recovered 11 (0.829 g, 81%) as a white powder.
'H NMR (CDCls, 8): 0.89-0.93 (m, 12H), 1.28-1.56 (m, 80H), 1.94-1.96 (m, 8H), 4.00 (s,
6H), 4.21 (t, ] = 6.6 Hz, 4H), 4.25 (t, ] = 6.6 Hz, 4H), 7.10 (s, 2H), 7.81 (s, 2H), 9.15 (s,
2H). °C NMR (CDCls, 8): 14.45, 23.01, 26.50, 29.58, 29.69, 29.82, 29.85, 29.98, 30.04,
32.23, 5742, 69.19, 69.69, 106.62, 110.49, 113.00, 122.47, 123.23, 125.49, 147.68,
148.73, 152.56. HRMS-ESI (m/z): (M+Na)" caled for CggH120¢ 1047.8351, found
1047.8315.

1,4-Dimethoxy-6,7,10,11-tetrakis(2-ethylhexyloxy)triphenylene (12). Synthesis and
characterization previously described. [11]
1,4,6,10-Tetramethoxy-7,11-di(2-ethylhexyloxy)triphenylene (13).
Dimethoxydi(2-ethylhexyloxy)biphenyl (2.42 g, 5.0 mmol), FeCl; (6.8 g, 40.0 mmol),
dimethoxybenzene (2.76 g, 20.0 mmol). Recovered 13 (2.32 g, 70%) as a white powder.
'H NMR (CDCls, 8): 0.94 (t, ] = 7.2 Hz, 6H), 1.03 (t, ] = 7.2 Hz, 6H), 1.37-1.66 (m,
16H), 1.98 (m, J = 6.0 Hz, 2H), 4.02 (s, 6H), 4.05 (s, 6H), 4.17 (d, ] = 6.0 Hz, 4H), 7.11
(s, 2H), 9.19 (s, 2H), 7.83 (s, 2H). “C NMR (CDCl;, 8): 11.49, 14.44, 23.41, 24.13,
29.32,30.87, 3941, 56.17, 57.40, 72.23, 105.88, 110.43, 111.49, 122.39, 123.06, 125.45,
148.19, 148.60, 152.53. HRMS-ESI (m/z): (M+H)" caled for Cs33Hs,Og 605.3837, found
605.3822.

6,7,10,11-Tetra(hexyloxy)triphenylene-1,4-dione (14). To a stitred THF (60 mL)
solution of 8 (1.69g, 2.45mmol) an H;O solution (15 mL) of cerium (IV) ammonium

nitrate (2.82g, 5.13mmol) was added dropwise and stirred at room temperature for 2 h.
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The resulting solution was poured into diethyl ether (500 mL) and washed with saturated
NaHCO;3 solution (100 ml x 2) followed by water (100mL x 3), then dried over MgSO,.
The solvent was removed under the reduced pressure, and the crude product was
subsequently purified by column chromatography on silica gel (1:1 hexanes/CH,Cl,
eluent) followed by precipitation from CH,Cl,’MeOH yielding 14 (11.21g, 1.83mmol,
75%) as a deep red solid. '"H NMR (CDCls, 8): 0.89-0.93 (m, 12H), 1.38-1.43 (n, 16H),
1.49-1.60 (m, 8H), 1.95 (m, 8H), 4.22-4.26 (m, 8H), 6.84 (s, 2H), 7.72 (s, 2H), 8.93 (s,
2H). C NMR (CDCls): 14.37, 22.95, 26.10, 29.33, 29.40, 31.93, 68.99, 69.28, 104.07,
109.58, 122.38, 126.87, 129.00, 137.87, 150.73, 151.21, 189.59. IR (KBr): 2954, 2928,
2856, 1647, 1614, 1531, 1510, 1461, 1438, 1382, 1265, 1160, 1086. HRMS-ESI (m/z):
(M+H)" caled for C4,Hs306 659.4306, found 659.4331.
6,7,10,11-Tetra(octyloxy)triphenylene-1,4-dione (15). Preparation same as for 14.
Quantities: 9 (18.46 g, 23.04 mmol), cerium (IV) ammonium nitrate (26.53 g, 48.39
mmol). 15 (13.67 g, 17.73 mmol, 77%) was isolated as a deep red solid. 'H NMR
(CDCls, 8): 0.89-0.93 (m, 12H), 1.32-1.43 (m, 32H), 1.49-1.62 (8H), 1.95-1.98(8H),
4.22- 4.25 (8H), 6.82 (s, 2H), 7.68 (s, 2H), 8.91 (s, 2H). >C NMR (CDCls, &): 14.11,
14.12,22.68, 22.69, 26.13, 29.07, 29.15, 29.32, 29.45, 31.83, 31.84, 68.71, 68.99, 103.81,
109.35, 122.17, 126.60, 128.80, 137.67, 150.57, 151.04, 189.48. IR (KBr): 2953, 2923,
2851, 1653, 1613, 1528, 1510, 1463, 1382, 1266, 1186, 1158, 1083, 872, 823.
6,7,10,11-Tetra(decyloxy)triphenylene-1,4-dione (16). Preparation same as for 14. 'H
NMR (CDCls, 8): 0.89-0.93 (m, 12H), 1.32-1.43 (m, 48H), 1.49-1.62 (8H), 1.95-
1.98(8H), 4.22-4.25 (8H), 6.82 (s, 2H), 7.68 (s, 2H), 8.91 (s, 2H). "*C NMR (CDCl;,

d): 14.33, 14.34, 22.92, 26.36, 26.37, 29.31, 29.40, 29.60, 29.71, 29.73, 29.77, 29.83,
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29.89, 32.15, 32.16, 69.01, 69.31, 104.22, 109.73, 122.46, 126.93, 129.09, 137.94,
150.88, 151.35, 189.72. IR (KBr): 2953, 2971, 2850, 1645, 1613, 1509, 1465, 1437,
1383, 1264, 1158, 1082, 863, 824. HRMS-EI (m/z): (M+H)" caled for CszHoyOs
882.6737, found 882.6738.

6,7,10,11-Tetra(dodecyloxy)triphenylene-1,4-dione (17). Preparation same as for 14.
Quantities: 11 (0.795 g, 0.775 mmol), cerium (IV) ammonium nitrate (0.850 g, 1.55
mmol). 15 (0.594 g, 0.597 mmol, 77%) was isolated as a deep red solid. 'H NMR
(CDCls, 8): 0.90 (1, J = 6.6 Hz, 12H), 1.28-1.61 (m, 80H), 1.98 (m, 8H), 424 (t, ] = 6.6
Hz, 4H), 4.28 (t, ] = 6.6 Hz, 4H), 6.87 (s, 2H), 7.76 (s, 2H), 8.96 (s, 2H). *C NMR
(CDCl3, 8): 14.46, 23.01, 26.46, 29.37, 29.46, 29.69, 29.79, 29.81, 29.99, 30.04, 32.23,
69.01, 69.31, 104.12, 109.62, 122.38, 126.87, 129.01, 137.88, 150.75, 151.22, 189.58. IR
(KBr): 2953, 2920, 2849, 1653, 1612, 1508, 1466, 1438, 1382, 1266, 1164, 1083.
HRMS-ESI (m/z): (M+H)" calcd for C¢gH;050¢ 995.8062, found 995.8104.
6,7,10,11-Tetra(2-ethylhexyltriphenylene-1,4-dione  (18). Synthesis  and

characterization previously described. [12]

6,10-Dimethoxy-7,11-bis(2-ethylhexaloxy)triphenylene-1,4-dione (19). Preparation
same as for 14. Quantities: 13 (1.82 g, 3.0 mmol), cerium (IV) ammonium nitrate (3.29
g, 6.0 mmol). 15 (1.31 g, 76%) was isolated as a deep red solid. 'H NMR (CDCl,,
0): 0.92 (t,J = 7.2 Hz, 6H), 1.02 (t, ] = 7.2 Hz, 6H), 1.25-1.66 (m, 16H), 1.98 (m, J = 6.0
Hz, 2H), 4.07 (s, 6H), 4.18 (d, J = 6.0 Hz, 4H), 6.87 (s, 2H), 7.75 (s, 2H), 8.97 (s,
2H). *C NMR (CDCls, 8): 11.54, 14.41, 23.36, 24.12, 29.32, 30.90, 39.27, 56.14, 71.89,

103.57, 108.59, 122.23, 126.68, 129.01, 137.80, 151.08, 151.21, 189.48. IR (KBr): 2958,
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2930, 2872, 2861, 1638, 1615, 1522, 1508, 1463, 1421, 1382, 1263, 1151, 1081, 868.

HRMS-ESI (m/z): (M+H)" caled for C3gHacOg 575.3367, found 575.3388.

6,7,10,11-Tetra(octyloxy)triphenylene-1,4-dihydroquinone (20). A solution of
Na;S;04 (200mg, 1.15mmol) in SmL H,O was added to a solution of 15 (104 mg,
0.135mmol) in 35mL Et;O. After one hour of vigorous stirring at room temperature, the
deep red color of the ether layer had disappeared and was replaced by a pale yellow
color. The solution was stirred for one additional hour and then the ether was removed in
vacuo. The remaining white solid precipitate was collected by vacuum filtration, washed
with water and dried under high vacuum overnight, yielding 20 (102mg, 98%). 'H NMR
(CDCls, 8): 0.87-0.93 (m, 12H), 1.23-1.44 (m, 32H), 1.48-1.58 (m, 8H), 1.87-1.95 (m,
8H), 4.17 (t, ] = 6.8, 4H), 4.21 (t, ] = 6.8, 4H), 5.42 (s, 2H), 6.82 (s, 2H), 7.79 (s, 2H),
9.11 (s, 2H). "C NMR (CDCls, 8): 14.12, 22.68, 26.15, 29.27, 29.33, 29.36, 29.45,
29.48, 31.84, 69.08, 69.49, 106.64, 112.59, 113.37, 120.40, 123.23, 125.27, 14742,
147.68, 148.50. IR (KBr): 3288, 2952, 2923, 2850, 1611, 1519, 1466, 1419, 1386, 1268,
1238, 1191, 1168, 1093, 1065. HRMS-ESI (m/z): (M+Na)' caled for C5oH7604 795.5534,

found 795.5521.
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Chapter 5

Thiophene-Based Extended Aromatics



Introduction

The assembly of disc-shaped molecules into columnar liquid-crystalline structures
was first observed in the late 1970’s. The prototypical discotic mesogen consists of a
disc-shaped aromatic core with several pendant sidechains about the periphery (see
Chapter 1 and Chapter 4). The n-n interactions between neighboring molecules in
combination with the repulsive effect of the dynamic aliphatic sidechains drives the
stacking of the mesogens and organization into columnar structures. The parameters
leading to discotic behavior are not entirely understood, however, as evidenced by recent
reports of indenes and pseudoazulenes without sidechains which display columnar

mesophases (Figure 1).'

Cl
Cl Cl
O‘ ¥ Os “ C'\Q—{CN
N —
) Sl \ Cl Cl S
Cl NC S

Figure 1. Columnar liquid crystalline indenes and pseudoazulenes. The molecules
possess neither strict disc-shapes nor aliphatic sidechains.

Columnar liquid crystals have been shown to display high uniaxial conductivity
through the stacks of aromatic cores; for example, hexahexylthiotriptycene has been
shown to exhibit photoinduced conductivities (hole mobilities) of up to 0.1 cm? V' s in
the stacking direction. > Other discotics exhibit large conductivities upon chemical
doping, for example with AICl; and similar oxidants.> To achieve higher charge
mobilities it appears that larger aromatic cores’ as well as longer flexible sidechains® are

beneficial, presumably by increasing the stacking order and overlap of adjacent molecular
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7 orbitals within the individual columns.® For this reason, extended aromatic discogens
are targets for the design of electronic liquid crystals.

In the course other chemistries under development in the Swager laboratories, it
became clear that we had the ability to synthesize two unique sets of extended aromatic
discogens based on either a benzene or thiophene core (Figure 2). While we were
working on this project the synthesis and phase-behavior of the benzene-based discogens
were described by researchers at another institution; as such, they are only briefly
covered here.” The thiophene-based molecules were not described, however, and their

syntheses and phases behaviors are discussed in this chapter.

OR OR OR OR RO OR RO OR

RO OR
RO OR  ro OR RO OR
s s

: . ‘O‘ i\/i i‘Q

RO OR RO OR .
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R OR CR OR OR Ro R OrR Rro ©R

(o}

Figure 2. Architectures of the extended benzene-core (left) and thiophene-core (right)
discogens described in this chapter.
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While this work was in progress, former Swager group member J. D. Tovar was
concurrently involved in the synthesis, oxidative cyclization and polymerization of a
number of extended aromatic systems (though not liquid crystals) based on benzene and
thiophene aromatic units (Figure 3).® J. D. found that these extended aromatics displayed
interesting electronic behavior. This chapter will also detail our efforts synthesizing and
studying the electrochemical behavior of a number of terthiophene derivatives that are

structurally similar to those studied by J. D. (Figure 4).

Figure 3. Some of the extended aromatic molecules and polymers investigated by
former Swager graduate student J. D. Tovar.

Figure 4. Terthiophene derivatives to be discussed in this chapter.
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Results and Discussion
Synthesis

Our previously described investigations into thiophene-based liquid crystals
(Chapters 2 and 3) focused on bent-rod type systems. This chapter describes our efforts
investigating thiophene-based discotic systems. Palladium catalyzed cross-coupling
(Suzuki type) of tetrabromothiophene with 4 equivalents of the appropriate 3,4-
di(alkoxy)phenyl boronic acid affords the tetrakis(3,4-dialkoxybenzene)thiophenes 1 and
2 in moderate yield. The limitation of this reaction seems to be the coupling of the fourth
phenyl ring to the thiophene, as a mixture of trisubstituted and tetrasubstituted
compounds was always obtained, despite the investigation of many conditions for the
coupling. Oxidation of compounds 1 or 2 with either FeCl;, NOSbF4, or SbCls results in
cyclization through a fusing of the pendant rings at the 2 and 3 positions and 4 and 5

positions of the thiophene ring, respectively (Scheme 1).

RO
RO Q O OR RO OR
Brﬁ,ar RO B(OH), 1)0,(
Pd(PPh3)4 Red
Br Br Na,;CO, Q CHACI
Toluene 2412
EtOH

Ho0 OR RO
1R = CgHyy (89%) 3R= CBH17 (77%)
2R = CH, (56%) 4R = CH, (80%)

Scheme 1. Synthesis of thiophene-based extended aromatic discogens. In the second
synthetic step, the oxidant (Ox) can be FeCl;, NOSbF, or SbCls, and the reductant (Red)
can be dry MeOH or hydrazine.

We were also able to synthesize entirely aromatic analogues by analogous

procedures, as illustrated in Scheme 2. Suzuki coupling of phenyl boronic acid with
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tetrabromothiophene yields tetraphenylthiophene 5§, which can then be cyclized with

antimony (V) chloride to give the extended aromatic 6.

Bfﬁﬁr ()eom: Q s O _ nsbos
Pd(PPha)s Py 2) MeOH
Br Br Na,COs CH.CI
Toluene O O 22
EtOH

Ho0

(72%) (84%)

Scheme 2. Synthesis of extended aromatics 5 and 6.

Stille-type palladium-catalyzed coupling of 2 equivalents of 2-tributylstannyl
thiophene with tetrabromothiophene occurs sclectively at the 2 and 5 positions of the
thiophene ring, yielding the terthiophene derivative 7 in moderate yield (Scheme 3). It
should be noted, however, that this step was not optimized and higher yields of 7 may be
obtainable through this route. Suzuki coupling of 7 with the appropriate 3,4-
dialkoxyphenyl boronic acids then affords compounds 8 and 9 in good yields. Through
an analogous route starting with 5-methyl-2-tributylstannyl thiophene we were able to

make the S-methyl terthiophene derivates 10, 11 and 12.

S
BuzSn U RO,
(2 eq) s s RO—(E >—B(OH)2
| e SA
/ Pd(PPh3),Cly N/ :d(%?ah
DMF Br Br T;‘Izuene3

7 EtOH
Bre— S« __Br (45%) H,0 8 (R = n-CgHy7) (78%)
\ ] 9(R = 2-ethylhexyl) (65%)
Br Br s
BusSn RO
v
@ eq) | s . s \ RO B(OH),
Pd(PPh3),Cl, / N/ N Zﬂi@"é‘;‘)‘
DMF Br Br Toluene
EtOH
10 H,0

11 (R = n-CgHq7) (76%)
12 (R = 2-ethylhexyl) (91%)

Scheme 3. Synthesis of terthiophene-derivatives 7-12.
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Phase Behavior
The phase behavior of compounds 1-6 is summarized in Table 1.

Table 1. Phase behavior of compounds 1-6. P = plastic phase, Col, = columnar
hexagonal mesophase, K = crystal phase and I = isotropic liquid.

Compound Phase Behavior
29.6 (6.7) 34.0 (6.3)
1 P = = Co h >
30.3 (-6.5)
209.2 (71.6
2 K= ( l 1
146.0 (-70.4)
89.0(58.8) 120.5 (5.8)
3 K= = Col;, = > 1
50.4 (-58.2) 116.0 (-6.5)
4 336.3 (Decomposes)
184.5(27.4
5 K= l |
114.0 (-22.2)
6 309.9 (Decomposes)

Uncyclized tetrakis-(3,4-dioctyloxyphenyl)thiophene (compound 1) is a waxy
solid which displays a columnar hexagonal mesophase at just above room temperature.

By comparision, tetrakis-(3,4-dimethyloxyphenyl)thiophene 2 melts at much higher
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temperatutes (209 °C) and is not liquid crystalline. This is not entirely unexpected, as the
longer aliphatic sidechains of compound 1 provide the repulsive dynamic motion
necessary for lower melting points as well as the organizational drive to form columns.
Removal of the alkoxy groups entirely (compound §) results in a material with a slightly
lower melting point (184 °C) than that of compound 2, but no liquid crystalline behavior
is displayed.

The cyclized compounds 3, 4, and 6 uniformly have higher melting points than
those of their uncyclized analogues. Compound 3 displays a broad columnar hexagonal
mesophase at reasonably low temperatures, though higher than that of uncyclized
compound 1. When viewed by polarized microscopy sandwiched between glass slides,
compound 3 tends to display large pseuodoisotropic (dark) domains, in which the
columns are oriented perpendicular to the surfaces of the slides (Figure 5). Variable
temperature X-ray diffraction of compound 3 is shown in Figure 6. Cyclized octa-
methoxy compound 4 has an extremely high melting point (336 °C) and decomposition
occurs concurrently with melting. Similarly, cyclized compound 6, which does not

possess sidechains, tends to decompose with melting (310 °C).
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Figure 5. Polarized micrograph of the Coly, phase of 3 (114.9 °C, 100x). The dark
(pseudoisotropic) regions are areas where the columns are oriented perpendicular to the
glass slide. The long needle-like regions are areas where the columns are laying more or
less parallel to the slide surfaces.
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Figure 6. Powder X-ray diffraction pattern (2-D) of the Coly, phase of compound 3.
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Electrochemistry
Cyclic voltammetry (CV) provides one method for the growth and study of

’ The technique involves measuring the current of a

electronically active polymers.
solution while applying a changing potential over time between two electrodes (working
electrode and counter electrode) relative to a reference electrode with a known redox
couple. Any increase in current signals the removal of electrons from the system,
indicating the oxidation of molecules near the working electrode. During the reverse
scan (assuming that the material survives the oxidative event) electrons are returned to
the material, and a reductive wave is observed. If an irreversible chemical event occurs
during upon oxidation, however, a reductive wave may not be seen.

Thiophene-containing monomers will often undergo electrochemical
polymerization. This formation of an electronically conductive polymer often occurs
with polymer growth upon the electrode surface. A typical characteristic is increased
electroactivity in subsequent scans, as the conducting polymer film effectively increases
the surface area of the working electrode.

The electrochemistry (current vs. voltage) of uncyclized and cyclized liquid
crystalline compounds 1 and 3 are shown in Figure 6. Both display two separate
oxidation waves at positive potentials, revealing the potentials necessary to remove one
electron (yielding the radical cation 1™) and then a second electron (yielding the dication
1™). Compound 1 exhibits oxidation waves at 0.81 volts and 1.01 volts, and reduction
waves at 0.94 volts and 0.62 volts, but the electrochemistry clearly changes upon
subsequent scans. Compound 3 exhibits oxidation waves at 0.75 volts and 1.08 volts, and

reduction waves at 0.93 volts and 0.61 volts, and remains stable with subsequent cycles.
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Figure 6. E-chem of uncyclized compound 1 (top) and cyclized compound 3 (bottom).
Conditions: 2 mm? Pt button electrode in 0.1 M n-BuNPF (CH;Cl,) cycled at 100mV/s.
Ei;2 (Fe/Feh): +0.216V.

The higher voltage oxidation wave of compound 1 appears to consist of two
separate peaks in the first scans, one at 1.01 volts and one at 1.05 volts. The definition
between these peaks is lost as the electrochemical characteristics change with subsequent
scans. This may be due to irreversible electrochemical cyclization reactions of

compound 1 to form the half cyclized product as well as the fully cyclized product
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compound 3, which then begins to increase in concentration at the electrode surface (see

Figure 7). Indeed, this would explain change in the CV upon multiple scans of

compound 1.

[ox| fox]

- RO < OR N RO . OR
| Y = e

Figure 7. Electrochemical cyclization of compound 1 to compound 3 is followed by
subsequent reversible oxidative and reductive events.

To investigate the chemistry of compound 1 further, CVs were run in which the
scan rate was increased substantially. If the irreversible cyclization reactions are fast,
then at higher scan rates we should observe an increase in the concentration of the half
cyclized compound and fully cyclized compound 3 at the elecrode, as we allow less time
for these species to diffuse away from the surface. If, on the other hand, the cyclization
reactions are relatively slow, we may see only the elecroactivity of compound 1 because
it will be reduced to its neutral state prior to cyclization. Figure 8 shows the CV of

compound 1 at a scan rate of 1.0 V/s (ten times faster than in Figure 6). The oxidation
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and reduction peaks do not seem to change potential with time, suggesting that the

cyclization process is slow relative to the scan rate.
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Figure 8. Fast scan e-chem of uncyclized compound 1 (1.0 V/s). The CV begins to
resemble that of compound 3 after multiple cycles. Conditions: 2 mm? Pt button electrode
in 0.1 M n-BuyNPF (CH,Cly) cycled at 1.0 V/s. Ej (Fe/Fe)): +0.216V.
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Figure 9. Possible electrochemical paths of (a) polymerizable and (b) methyl-blocked
terthiophene derivatives.

The electrochemistry of terthiophene compounds 8, 9, 11 and 12 were interesting,
but did not give well-behaved electroactive films. It was anticipated that compounds 8
and 9 would be able to undergo both cyclization and polymerization through the 2,2
positions of the pendant thiophene rings (Figure 9). However, no significant film growth
was observed by cyclic voltammetry, perhaps due to the extreme delocalization and
stabilization of the radical anion species that results upon oxidation (Figure 10). This
may prevent polymerization by rendering the material at the electrode unreactive.

Compound 9 clearly undergoes a reaction upon oxidation, which produces new
oxidation peaks at 0.61 volts and 0.86 volts and reduction peaks at 0.64 and 0.46 volts.
The hysteresis between the oxidation and reduction peaks suggests that species with low
conductivity is generated on the surface, partially blocking the electrode and reducing the
electroactivity with subsequent cycles. Compound 12 exhibits oxidation peaks at 0.71

volts and 1.19 volts, but only one reductive peak is visible at 0.59 volts. This behavior
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may be evidence of an irreversible electrochemical cyclization during the higher
oxidative event at 1.19 volts. However, attempts to clarify these events by scan-rate

dependence did not give conclusive results.
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Figure 10. Electrochemistry of terthiophene compounds 9 and 12. Conditions: 2 mm? Pt
button electrode in 0.1 M #-BusNPF (CH;Cl,) cycled at 1.0 V/s. Eipz (Fc/Fc+): +0.281V.,
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Summary and Conclusions

A variety of thiophene-based extended aromatic systems were explored. While
Tetrakis-(3,4-dioctyloxyphenyl)thiophene 1 and its chemically cyclized analogue 3
display hexagonal columnar phases, similar compounds with short sidechains, as well as
those without any sidechains, were not liquid crystalline. Terthiophene compounds 8, 9,
11 and 12 were expected to be clectrochemically polymerizable, but upon investigation
no such polymerization was observed. This observation might be attributed to the
extremely delocalized nature of the oxidized species, making them relatively unreactive
toward polymerization,
Experimental Section
General: Dichloromethane was dried by passing through activated alumina columns.
Anhydrous methanol was purchased from Aldrich (sure-seal) and stored over activated
molecular sieves before use. All other chemicals were of reagent grade and were used
without further purification. Air and water sensitive reactions employed standard
Schlenk techniques under argon atmosphere. NMR spectra were obtained on Varian
Mercury-300, Bruker DPX-400 or Varian Inova-500 spectrometers. All chemical shifts
are referenced to residual CHCl; (7.27 ppm for 'H, 77.0 ppm for 1*C). Multiplicities are
indicated as s (singlet), d (doublet), t (triplet), and m (multiplet). High resolution mass
spectra were obtained at the MIT Department of Chemistry Instrumentation facility
(DCIF) on a Finnigan MAT 8200 or on a Bruker Daltonics Apex II 3T FT-ICR MS.
Infrared spectra were recorded on a Nicolet Impact 410 in KBr pellets. DSC
investigations were carried out on a Perkin-Elmer DSC-7. Optical microscopy was

carried out on a Leica polarizing microscope in combination with a Linkam LTS350
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hotstage. X-ray diffraction studies were carried out on samples in capillary tubes with an
INEL diffractometer with a 2 kW CU K, X-ray source fitted with an INEL CPS-120
position-sensitive detector. The detectors were calibrated using a silver behenate

standard produced by Eastman Kodak.

Tetrakis-(3,4-dioctyloxyphenyl)thiophene (1) Tetrabromothiophene (106mg, 0.265
mmol) was placed in a 25 mL Schlenk flask with 3,4-dioctyloxyphenyl boronic acid
(501mg, 1.33 mmol), Ph(PPh3)s (15.3 mg, 0.0133mmol), Na,CO; (281 mg, 2.65 mmol)
and a magnetic stir bar. The flask was evacuated and backfilled with argon. Toluene (10
mL), EtOH (2 mL) and water (1.5 mL) were purged with argon for 20 minutes and then
added to the reaction flask via cannula. The reaction was heated to 90 °C with stirring for
18 hours, after which it was cooled to room temperature and water (20 mL) was added.
The aqueous phase was extracted with EtOAc (20 mL) and the combined organic
solutions were dried over magnesium sulfate and concentrated in vacuo. The remaining
dark oil was purified by silica gel chromatography with 2:1 hexanes:CHCl; eluent
yielding X (329 mg, 89%) as a waxy solid. 'H NMR (CDCl;, 8): 0.86-0.91 (m, 24H,
CHs), 1.24-1.39 (m, 72H), 1.55-1.68 (m, 8H), 1.74-1.83 (m, 8H), 3.60 (t, 4H, ] = 6.5 Hz,
-CH,0-), 3.66 (t, 4H, ] = 6.5 Hz, -CH,0-), 3.89 (t, 4H, ] = 6.5 Hz, -CH,0-), 3.96 (t, 4H, J
= 6.5 Hz, -CH;0-), 6.50-6.53 (m, 4H, Ar-H), 6.62-6.65 (m, 2H, Ar-H), 6.70-6.75 (m, 4H,
Ar-H), 6.84-6.87 (m, 2H, Ar-H). PC NMR (CDCl,, 8): 14.09, 22.66, 22.67, 22.68, 25.95,
25.98, 26.00, 26.05, 28.98, 29.04, 29.24, 29.26, 29.28, 29.30, 29.35, 29.36, 29.38, 29.45,

31.80, 31.83, 68.73, 68.94, 68.99, 69.03, 112.91, 113.09, 114.43, 116.55, 121.28, 123.26,
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127.15, 129.46, 137.13, 138.48, 147.66, 148.14, 148.25, 148.34. HRMS-EI (m/z): (M")
caled for CoyH14303S 1436.0787; found 1436.0749.
Tetrakis-(3,4-dimethoxyphenyl)thiophene (2) Tetrabromothiophene (1.50 g, 3.76
mmol) was placed in a 500 mL Schlenk flask with 3,4-dimethoxyphenyl boronic acid
(3.76 g, 20.7 mmol), Ph(PPh;)s (250 mg, 0.22 mmol), Na,COs (3.18 g, 30.0 mmol) and a
magnetic stir bar. The flask was evacuated and backfilled with argon. Toluene (250
mL), EtOH (50 mL) and water (30 mL) were purged with argon for 20 minutes and then
added to the reaction flask via cannula. The reaction was heated to 80 °C with stirring for
72 hours and then was cooled to room temperature, diluted with Et;0 (150 mL), washed
with water (150 mL) and dried over magnesium sulfate. The solvents were removed in
vacuo and the remaining solids were purified silica gel chromatography with 100:1
CH,Cl1,/MeOH eluent. The purer fractions were then recrystallized from MeOH with a
minimal amount of CH,Cly, yielding X (1.329 g, 2.11 mmol, 56%) as a slightly off-white
crystalline powder. "H NMR (CDCls, 8): 3.53 (s, 6H, CH30), 3.60 (s, 6H, CH;0), 3.83
(s, 6H, CH30), 3.87 (s, 6H, CH30), 6.52 (d, 2H, J = 1.8 Hz, Ar-H), 6.59 (dd, 2H, J, = 8.4
Hz, J, = 1.8 Hz, Ar-H), 6.69 (d, 2H, J = 8.4 Hz, Ar-H), 6.74 (d, 2H, J = 1.8 Hz, Ar-H),
6.78 (d, 2H, J = 8.4 Hz, Ar-H), 6.92 (dd, 2H, ], = 8.4 Hz, J, = 1.8 Hz, Ar-H).

3C NMR (CDCl3, 8): 55.50, 55.67, 55.74, 55.79, 110.65, 110.88, 112.26, 114.14, 121.37,
123.25, 127.02, 12931, 137.31, 138.42, 147.61, 148.20, 148.27, 148.32. HRMS-ESI
(m/z): (M") caled for C3¢H36038 628.2125; found 628.2155.
Octakis(octyloxy)tetraphenyldibenzothiophene 3) Tetrakis-(3,4-
dioctyloxyphenyl)thiophene (1) (561 mg, 0.397 mmol) was placed in a flask, which was

then evacuated and backfilled with argon. Dry CH;Cl; (20 mL) was added via syringe.
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In a separate 100 mL Schlenk flask placed FeCls (643 mg, 3.97 mmol) and evacuted,
backfilling with argon. Dry CH,Cl, (50 mL) was added to the flask with FeCl; via
syringe, and the flask was cooled with a water/ice bath. The solution of 1 was added to
the suspension of FeCl; via cannula with vigorous stirring and cooling. The mixture
became a deep purple color, and as soon as the addition was complete, argon was
bubbled through the reaction mixture as it was allowed to warm to room temperature.
The reaction stirred for 30 minutes and dry MeOH (30 mL) was added via syringe, the
color disappeared and a yellowish precipitate formed. The precipitate was collected and
precipitated repeatedly from CH,Cl, by adding MeOH yielding 3 (432 mg, 0.306 mmol,
77%) as a slightly off-white solid. 'H NMR (CDCL, 6): 0.86-0.94 (m, 24H, CH;0),
1.21-1.49 (m, 68H), 1.56-1.64 (m, 12H), 1.75-1.80 (m, 4H), 1.94- 2.02 (m, 12H), 3.84
(br, 4H), 4.06 (br, 4H), 4.24-4.34 (m, 12H), 7.54 (s, 2H, Ar-H), 7.95 (s, 2H, Ar-H), 8.13
(s, 2H, Ar-H). °C NMR (CDCls, 8): 14.09, 22.68, 26.09, 26.13, 26.16, 29.25, 29.31,
29.34, 29.41, 29.48, 31.79, 31.84, 68.96, 69.03, 69.85, 69.96, 106.45, 106.92, 107.62,
110.58, 122.49, 123.51, 123.57, 124.24, 129.92, 134.33, 147.32, 148.14, 149.15, 149.51.
HRMS-ESI (m/z): (M+Na)+ caled for CoyH 44038 1432.0474; found 1432.0444.

Octakis(methoxy)tetraphenyldibenzothiophene 4) Tetrakis-(3,4-
dimethoxyphenyl)thiophene (2) (188 mg, 0.299 mmol) was placed in a 100 mL Schlenk
flask with a magnetic stir bar. The flask was evacuated, backfilled with argon, and 50
mL of dry CH,Cl, was added via syringe. The flask was cooled with a dry-ice/acetone
bath and SbCl; (1.8 mL, 1.0 M in DCM, 1.8 mmol) was added dropwise via syringe,
resulting in a deep purple color with the first drops followed by a green color with

subsequent drops. The reaction was stirred at —78 °C for 2.5 hours and then dry, air-free
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MeOH (30 mL) was added slowly via syringe. The cooling bath was removed and the
reaction became much lighter in color with white precipitate. The stirring was continued
at room temperature for 18 hours. Dichloromethane (50 mL) was added and the organics
were washed with water (5 x 50 mL) and dried over magnesium sulfate. The solvents
were removed in vacuo and the remaining solids were recrystallized from MeOH with a
minimum volume of CH,Cl, yielding 4 (150 mg, 239 mmol, 80%) as a slightly off-white
crystalline solid. . 'H NMR (CDCls, 8): 3.79 (s, 6H, CH;0), 4.11 (s, 6H, , CH;0), 4.18
(s, 12H, CH30), 7.38 (s, 2H, Ar-H), 7.82 (s, 2H, Ar-H), 7.83 (s, 2H, Ar-H), 8.01 (s, 2H,
Ar-H). >C NMR (CDCls, 8): 55.80, 55.99, 56.01, 56.19, 103.82, 104.03, 104.74, 108.61,
122.18, 122.89, 123.37, 124.14, 129.57, 134.33, 146.56, 148.06, 149.20. HRMS-ESI
(m/z): (M+Na)" caled for C36H3,04S 647,1710; found 647.1690,

Tetraphenylthiophene (5) Tetrabromothiophene (1.79 g, 4.47 mmol) was placed in a
500 mL Schlenk flask with phenyl boronic acid (3.00 g, 24.6 mmol), Ph(PPh3)s (258 mg,
0.22 mmol), Na,COs (3.8 g, 36 mmol) and a magnetic stir bar. The flask was evacuated
and backfilled with argon. Toluene (250 mL), EtOH (50 mL) and water (30 mL) were
degassed with purging argon for 20 minutes and then added to the reaction flask via
cannula. The reaction was heated to reflux with stirring for 72 hours and then was cooled
to room temperature, diluted with Et;O (150 mL), washed with water (150 mL) and dried
over magnesium sulfate. The solvents were removed in vacuo and the remaining solids
were purified by silica gel chromatography with 2:1 hexanes/CH,Cl, eluent and then
recrystallized from hexanes with a minimal amount of CH,Cl,, yielding X (1.248 g,
3.218 mmol, 72%) as a slightly off-white crystalline powder. '"H NMR (CDCls, 8): 6.97-

6.99 (m, 4H), 7.11-7.15 (m, 6H), 7.21-7.26 (m, 10H). >*C NMR (CDCls, 8): 126.58,
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127.18, 127.81, 128.28, 129.19, 130.83, 134.22, 136.41, 138.53, 139.45. HRMS-ESI
(m/z): (M+H)" caled for C3sH3604S 389.1358; found 389.1345.

Cyclized Phenyl (6) Tetraphenylthiophene § (50 mg, 0.129 mmol) was placed in a 25
mL Schlenk tube with a magnetic stir bar. The flask was evacuated and backfilled with
argon. Dry CH,Cl, (10 ml) was added via syringe, the reaction was cooled with an
acetone/dry-ice bath, and SbCls (IM in CH,Cl,, 0.90 mL, 0.90 mmol) was added
dropwise via syringe. The color became purple and then dark green with time as the
reaction was allowed to warm to room temperature and stir for 24 hours. Dry MeOH (25
ml.) was added via syringe and a white precipitate formed immediately. Stirred for 12
hours at room temperature, then diluted with CHCI; (100 mL), washed with water and
dried the organic layer over MgSO,4. The solvents were removed and the remaining solid
was precipitated from CH,Cl,/MeOH, yielding 6 (42 mg, 0.108 mmol, 84%) as a white
solid. HRMS-ESI (m/z): (M+H)" calcd for C23H ;¢S 384.0967; found 384.0953.
2,5-Bis(2-thienyl)-3,4-dibromothiophene (7) 5-Methyl-2-tributylstannyl thiophene
(4.205 g, 10.86 mmol) was placed in a 100 mL Schlenk with DMF (45 mL) and was
degassed by sparging with argon for 30 minutes. Tetrabromothiophene (1.886 g, 4.72
mmol), Pd(PPh;3),Cl, (100 mg, 0.142 mmol) and a magnetic stir bar were placed in a
separate 100 mL Schlenk which was then evacuated and backfilled with argon. The
degassed DMF solution of 5-methyl-2-tributylstannyl thiophene was then added via
cannula to the flask containing the catalyst. The reaction was stirred at 100 °C for 72
hours, then cooled to room temperature, diluted with 200 mL hexanes and washed with
H;O (3 x 50 mL). The organic layer was dried over MgSQy, filtered, and the solvents

were removed in vacuo. The remaining solids were recrystallized from hexanes, yielding
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7 (926 mg, 2.13 mmol, 45%) as a yellow crystalline solid. 'H NMR (CDCls, 8): 2.53 (s,
6H, CHs), 6.76 (dd, 2H, J; = 6.5 Hz, J, =1.5 Hz), 7.25 (d, 2H, J = 6.0 Hz). °C NMR
(CDCls, 8): 15.34, 111.43, 125.62, 127.01, 130.85, 131.66, 141.63.

2,5-Bis(2-thienyl)-3,4-bis(3,4-octyloxyphenyl)thiophene (8)  2,5-Bis(2-thienyl)-3,4-
dibromothiophene (159 mg, 0.391mmol) was placed in a 50 mL Schlenk with 3,4-
dioctyloxyphenyl boronic acid (444 mg, 1.174 mmol), Pd(PPh;)s (45 mg, 0.039 mmol),
Na;COs3 (332 mg, 3.13 mmol) and a magnetic stir bar. The flask was evacuated and
backfilled with argon. A mixture of toluene (30 mL), EtOH (5 mL) and H,O (3 mL)
which had been degassed by purging with argon for 20 minutes was added via cannula
and the reaction was then heated to 80 °C with stirring for 72 hours, cooled to room
temperature, and poured into H,O (50 mL). Et;O (50 mL) was added and the organic
layer was washed with HO (2 x 50 mL) and dried over MgSQ4. The solution was
filtered and the solvents were removed in vacuo. The remaining oil was purified by silica
gel chromatography with 5:1 hexane/CH,Cl; eluent, yielding 7 (278 mg, 0.304 mmol,
78%) as a yellow oil. 'H NMR (CDClj, 8): 0.88-0.93 (m, 12H, CHj), 1.28-1.42 (m,
36H), 1.43-1.52 (m, 4H), 1.65-1.72 (m, 4H), 1.78-1.87 (m, 4H), 3.75 (t, 4H, ] = 6.5 Hz,
CH,0-}, 3.95 (m, 4H, J = 6.5 Hz, CH,0-), 6.62-6.65 (m, 4H), 6.72 (d, 2H, J = 8.0 Hz),
6.90 (dd, 2H, J, = 5.0 Hz, J, = 3.5 Hz), 7.01 (dd, 2H, J, = 3.5 Hz, J, = 1.0 Hz), 7.12 (dd,
2H, J, = 5.0 Hz, J, = 1.0 Hz). *C NMR (CDCl,, 8): 14.09, 22.67, 25.98, 26.04, 29.08,
29.25, 29.29, 29.32, 29.38, 29.43, 31.81, 31.82, 68.88, 69.02, 112.89, 116.30, 123.22,
125.37, 125.63, 126.74, 128.29, 130.64, 136.35, 139.95, 148.37, 148.44. HRMS-EI (m/z):

(M+) caled for CsgHgg04S3935.5111; found 935.5142.
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2,5-Bis(2-thienyl)-3,4-bis(3,4-(2-ethyl)hexyloxyphenyl)thiophene (9) 2,5-Bis(2-
thienyl)-3,4-dibromothiophene (200 mg, 0.492 mmol) was placed in a 50 mL Schlenk
flask with 3,4-di(2-ethyl)hexyloxyphenyl boronic acid (745 mg, 1.97 mmol), Pd(PPh;),
(57 mg, 0.049 mmol), Na,CO; (418 mg, 3.94 mmol) and a magnetic stir bar. The flask
was evacuated and backfilled with argon. A mixture of toluene (30 mL), EtOH (5 mL)
and H,O (3 mL) which had been degassed by purging with argon for 20 minutes was
added via cannula and the reaction was then heated to 80 °C with stirring for 72 hours,
cooled to room temperature, and poured into H>O (50 mL). Et,O (100 mL) was added
and the organic layer was washed with HO (2 x 50 mL) and dried over MgSQ4. The
solution was filtered and the solvents were removed in vacuo. The remaining oil was
purified by silica gel chromatography with 6:1 hexane/CH,Cl; eluent, yielding 8 (290 mg,
0.317 mmol, 65%) as a yellow oil. 'H NMR (CDCls, 8): 0.87-0.98 (m, 24H), 1.26-1.59
(m, 32H), 1.62-1.68 (m, 2H), 1.73-1.79 (m, 2H), 3.59-3.64 (m, 4H), 3.80-3.87 (m, 4H),
6.64 (d, 2H, J = 1.8), 6.67 (dd, 2H, ], = 8.0 Hz, J, = 1.8 Hz), 6.74 (d, 2H, J = 8.5 Hz),
6.91-6.93 (m, 2H), 7.02-7.04 (m, 2H), 7.13-7.15 (m, 2H). *C NMR (CDCl;, §): 11.11,
11.23,23.05, 23.79, 23.92, 29.07, 29.19, 30.54, 30.63, 39.34, 39.63, 71.48, 71.65, 112.93,
116.45, 123.20, 125.36, 125.69, 126.74, 128.22, 130.62, 136.42, 140.06, 148.85. HRMS-
EI (m/z): (M") calcd for CsgHgp0483 935.5111; found 935.5082.

2,5-Bis(5-methyl-2-thienyl)-3,4-dibromothiophene (10) Tetrabromothiophene (5 g,
12.5 mmol) and Pd(PPh;),Cl; (263 mg, 0.375 mmol) and a magnetic stir bar were placed
in a 100 mL Schlenk flask which was then evacuated and backfilled with argon. 2-
Tributylstannyl thiophene (8.8 mL, 27.5 mmol) and DMF (50 mL) were placed in a

separate 100 mL Schlenk, degassed with sparging argon for 30 minutes. This solution
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was added via cannula to the flask containing the catalyst and the reaction was then
heated to 110 °C for 18 hours with stirring. The solution was cooled to room temperature
and diluted with hexanes (100 mL), washed with HyO (3 x 50 mL), dried over MgSQO4
and filtered. The solvents were removed in vacuo and the remaining solids were
recrystallized from hexanes, yielding 10 (1.372 g, 3.38 mmol, 27%) as a yellow
crystalline solid. 'H NMR (CDCls, 8): 7.12 (dd, 2H, ], = 5.1 Hz, J, = 3.6 Hz), 7.42 (dd,
Jy=5.1Hz, I, =12 Hz), 748 (J, = 3.6 Hz, J, = 1.2 Hz). "’C NMR (CDCl;, 8): 113.10,
127.52, 127.81, 128.10, 131.73, 134.71. HRMS-EI (m/z): (M") caled for CisH;¢Brz Ss
431.8306; found 431.8311.

2,5-Bis(5-methyl-2-thienyl)-3,4-bis(3,4-octyloxyphenyl)thiophene (11) 2,5-Bis(5-
methyl-2-thienyl)-3,4-dibromothiophene (147 mg, 0.339mmol) was placed in a 50 mL
Schlenk with 3,4-dioctyloxyphenyl boronic acid (384 mg, 1.016 mmol), Pd(PPh3), (40
mg, 0.034 mmol), Na,CO; (287 mg, 2.71 mmol) and a magnetic stir bar. The flask was
evacuated and backfilled with argon. A mixture of toluene (30 mL), EtOH (5 mL) and
H;0 (3 mL) which had been degassed by purging with argon for 20 minutes was added
via cannula and the reaction was then heated to 80 °C with stirring for 72 hours, cooled to
room temperature, and poured into H,O (50 mL). Et;O (50 mL) was added and the
organic layer was washed with H,O (2 x 50 mL) and dried over MgSQy4. The solution
was filtered and the solvents were removed in vacuo. The remaining oil was purified by
silica gel chromatography with 6:1 hexane/CH,Cl; eluent, yielding 9 (244 mg, 0.259
mmol, 76%) as a yellow oil. '"H NMR (CDCls, 8): 0.86-0.93 (m, 12H), 1.24-1.42 (m,
36H), 1.42-1.51 (m, 4H), 1.65-1.73 (m, 4H), 1.80-1.85 (m, 4H), 2.36 (s, 6H, CHj3), 3.76

(t, 4H, J = 6.5 Hz, -CH,0-), 3.96 (t, 4H, J = 6.5 Hz, -CH,0-), 6.53-6.55 (m, 2H), 6.60-
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6.63 (m, 2H), 6.71 (d, 2H, J = 8.0 Hz), 6.79 (d, 2H, J = 3.5 Hz). "*C NMR (CDCl;, 8):
14.09, 15.22, 22.65, 22.67, 25.98, 26.04, 29.07, 29.25, 29.30, 29.39, 29.43, 31.80, 31.82,
68.82, 68.93, 112.75, 116.19, 123.16, 124.96, 125.43, 128.52, 130.57, 134.08, 139.15,
139.91, 148.21. HRMS-EI (m/z): (M") caled for CssHza04S3 963.5424; found 963.5398.

2,5-Bis(5-methyl-2-thienyl)-3,4-bis(-(2-ethyl)hexyloxyphenyl)thiophene (12) 2,5-
Bis(5-methyl-2-thienyl)-3,4-dibromothiophene (200 mg, 0.461mmol) was placed in a 50
ml. Schlenk with 3,4-(2-ethyl)hexyloxyphenyl boronic acid (697 mg, 1.84 mmol),
Pd(PPh;3); (53 mg, 0.046 mmol), Na,CO3 (390 mg, 3.68 mmol) and a magnetic stir bar.
The flask was evacuated and backfilled with argon. A mixture of toluene (30 mL), EtOH
(5 mL) and H,O (3 mL) which had been degassed by purging with argon for 20 minutes
was added via cannula and the reaction was then heated to 80 °C with stirring for 72
hours, cooled to room temperature, and poured into H,O (50 mL). Et;O (100 mL) was
added and the organic layer was washed with H,O (2 x 50 mL) and dried over MgSO,.
The solution was filtered and the solvents were removed in vacuo. The remaining oil was
purified by silica gel chromatography with 6:1 hexane/CH,Cl; eluent, yielding 10 (394
mg, 0.418 mmol, 91%) as a yellow oil. "H NMR (CDCls, 8): 0.82-0.98 (m, 24H), 1.22-
1.59 (m, 32H), 1.59-1.64 (m, 2H), 1.65-1.81 (m, 2H), 2.38 (s, 6H, CH3), 3.62 (d, 4H, ] =
6.0, -CHCH,0-), 3.84 (d, 4H, J = 6.0 Hz, -CHCH;0-), 6.56 (dd, 2H, J; = 3.6 Hz,J, = 1.2
Hz), 6.61-6.68 (m, 4H), 6.71-6.76 (m, 2H), 6.81 (d, 2H, J = 3.6 Hz) *C NMR (CDCl3, &)
11.08, 11.22, 14.08, 15.22, 23.04, 23.76, 23.89, 29.05, 29.17, 30.53, 30.60, 39.28, 39.59,
71.45, 71.54, 112.85, 116.39, 123.15, 124.99, 125.52, 128.44, 130.56, 134.13, 139.26,

139.89, 148.63, 148.74.
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Chapter 6

Iptycene-Containing Polymers:

Towards a New Paradigm for
High-Strength Fiber-Forming Polymers



Introduction

This chapter will detail efforts toward establishing a new design principle for the
creation of high-strength polymers through the incorporation of iptycene moieties into
polymer backbones. Iptycenes are a class of rigid, bridged aromatic compounds whose
most common members include triptycene and pentiptycene (Figure 1). Triptycene was
first described by Bartlett et al in 1942 in order to compare the stability of the bridgehead
radical of triptycene to that of triphenylmethane.! Subsequent efforts detailing the

synthesis of iptycenes were described by Hart the 1980°s.

Y
1‘0 l’ho'g

Figure 1. Two common iptycenes: triptycene (left) and pentiptycene (right).

The Swager lab first began using iptycenes within the context of fluorescent
poly(phenylethynylene) (PPE) chemosensors in order to detect minute amounts of small
electron-deficient analytes. In this case, a pentiptycene-containing monomer was
incorporated into the PPE backbone and served as a structural scaffold (a molecular truss)
to physically hold the polymer chains apart. By holding the chains apart, the iptycenes
effectively prevent the self-quenching of fluorescence common to most PPE’s in the solid
state.> [t was further postulated that the void space introduced by the iptycenes also

creates a more porous environment in the solid state, allowing small nitroaromatics such
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as TNT and DNT to more effiently intercalate, bind and quench the UV-excited polymer
fluorescence through electron and energy transfer.

Structually, iptycenes inherently possess an unusually large amount of free
volume due to the rigidly held aromatic faces of the molecules (Figure 2). Former
Swager-group graduate student Tim Long repeatedly demonstrated in his doctoral
research that the free volume of iptycenes can be exploited in order to impart unusual
properties to materials. In two separate experiments, Tim dissolved extended an iptycene
(trisanthracene) into: 1) an aligned nematic liquid crystalline host and 2) a polymer blend
which was subsequently stretch aligned. He was able to probe the orientation of the
anthracene subunits via polarized UV-vis spectroscopy and demostrate that trisanthracene
tends to orient with its long axis perpendicular to the 1) director of the liquid crystal
molecules or 2) stretching direction of the polymer blend.* Most materials tend to align
with their long axes perpendicular to the director of an LC host or stretching direction of
polymer host as this minimizes the disruption of the LC/polymer alignment. The unusual
behavior of the iptycene molecules is attributed to the threading of the LC
molecules/polymer chains through the void spaces of the trisanthracene, as this efficiently

fills those spaces while minimally disrupting the host alignment (Figure 3).
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Figure 2. Triptycene and pentiptycene have unusually large free volumes (area inside of
arrows) which can be filled by guest molecules.

IR ITD
a) \\ b)

Figure 3. Alignment of trisanthracene (an iptycene) within a) a nematic liquid crystal
host, and b) a stretch-aligned polymeric host. Unlike most materials, the iptycene
molecules tend to align with their long-axes perpendicular to the a) nematic director of
the LC molecules and b) stretching direction of the polymeric chains.

¢
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Tim Long extended this concept of iptycene free-volume induced alignment and
demonstrated that the alignment of common dichroic and fluorescent dyes in LC hosts
can be enhanced by up to 23% through the incorporation of one or more triptycene
moieties into the molecular scaffolds of the dyes (Figure 4).° Building on this theme,
Swager-group postdoc Zhengguo Zhu subsequently showed that iptycene-containing
poly(phenylenevinylene)s (PPVs) aligned efficiently with liquid crystalline hosts and that
the PPV orientation tracks with that of the L.C upon application of an electric field.®
Long also demonstrated that the free volume of iptycenes was useful for the creation of

low-K dielectric materials, as the incorporation of larger iptycenes into a polymer

backbone results in materials with large degrees of free volume (low density).’

Figure 4. Iptycene-containing dyes synthesized by Long.

The work described in this chapter represents our efforts toward using iptycenes

for an entirely new purpose: the creation of new high-strength polymeric materials.
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High-Strength Synthetic Fibers

The groundbreaking synthesis of nylon by Carothers (DuPont) in 1935, followed
by the rapid commercial development of nylon 6-6, heralded the birth of the synthetic
fiber industry.® New polymeric formulations quickly emerged and fibers were formed of
polyacrylics (1949), polyesters (1953) and polypropylene (1957).° These polymers were
incorporated into clothes, furniture, carpets and countless other consumer products in the
following decades, largely replacing natural fibers such as cotton and wool. Since then,
the synthesis and characterizations of a seemingly countless number of synthetic fibers
have been investigated.

The formulation, synthesis and processing of polymers to yield ultra high-strength
synthetic fibers is @ demanding scientific endeavor. The guiding principles toward the
creation of high-strength polymers thus far are rather simple in theory, but rarely in
practice. The guiding principles to date have been: 1) incorporate a high degree of
aromatic content in the polymers, this will increase the stiffness of the polymer chains
and lead to efficient inter-chain packing, 2) incorporate functional groups that will result
in attractive forces between chains, such as hydrogen-bonding, and 3) pull and process
fibers of the material, as the act of drawing the fiber from either a melt or liquid-
crystalline solution often increases the order of polymer chains relative to one another,
thereby increasing the inter-chain attractive forces mentioned above.'°

One of the most successful high-strength synthetic fibers is Kevlar, discovered
and manufactured by DuPont starting in the early 1970°s.!  Kevlar is the
polycondensation product of p-phenylene diamine (PPD) and terephthaloyl chloride

(TCD) (Scheme 1). The strength of Kevlar stems from the fact that it can be spun into
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fibers of highly crystalline, tightly packed and highly-ordered polymer strands. Each
polymer strand forms numerous hydrogen bonds with neighboring strands, resulting in an
extremely rigid material of high strength (Figure 5).'> Kevlar is also extremely fire-
resistant due to its poly(aramide) structure, though its stiffness makes it unsuitable for use
in clothing except in extreme cases such as space suits and jackets for fire-fighters and
rescue teams.”

The example of Kevlar further serves to illustrate just how technically demanding
this field of research can be; DuPont spent almost fifteen years and approximately $500
million to develop the material from its discovery to the final commercial product."® It
has been estimated that 40 man-years of research was invested just in order to find a
suitable, relatively non-toxic solvent in which to conduct the polymerization on a

. FE
commercial scale.

[ O
o cl LiCl H
o]

Scheme 1. Synthesis of Kevlar.

* Nomex, the isomeric polycondensation product of m-phenylene diamine (MPD) and isophthaloyl
chloride, does not have the ability to form as many hydrogen bonds as Kevlar due to angular connectivity
of the repeat units; this results in lower strength, but provides a much less stiff (and thereby more
comfortable) fiber for use in fire-retardant clothing, though it lacks the physical strength of Kevlar.
Blended weaves of Kevlar/Nomex are therefore commonly used in fire-retardent clothing in order to impart
a balance of strength and tactile feel to the resulting garment.

" The final system was (N-methyl pyrrolidinone (NMP) and CaCly; the initial small-scale synthesis of
Kevlar was run in the highly carcinogenic solvent hexamethylphosphoramide (HMPA).
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Figure S. The strength of Kevlar results largely from the many hydrogen bonds formed
between polymer strands during the spinning process.

Most other promising high-strength polymers have been designed to try to expand
upon Kevlar’s formula for success; they are almost without exception polymers with a
high degree of aromatic content and the ability to form multiple hydrogen bonds between
polymer strands. These polymers include liquid crystalline polyesters such as Vectra and
the highly intra- as well as inter-strand hydrogen-bonded polymers
polypyridobisimidazole (M5) and poly(p-phenylene benzobisoxazole) (PBO) (Figure
6)."° The nearest exception to this rule is Spectra, which is polyethylene; however,
Spectra is ultra-high molecular weight material which is then gel-spun to give extremely
oriented fibers.'® Kevlar is not the strongest of these polymers (Spectra is of
approximately equal strength and PBO is slightly stronger), but its commercial
dominance persists largely due to the simplicity of its structure and subsequent relative
affordability. Kevlar is not without its disadvantages, however, for example, it is

completely insoluble in common solvents. Therefore, Kevlar must be spun from a

154



lyotropic liquid crystalline solution in hot, concentrated sulfuric acid. This is a
technically challenging process which requires a tremendous initial investment (as well

as significant upkeep) to order to realize a production facility.

f@M

Vectra (Celanese)

H OH
NﬁN
/4
Y/
NTSNTN n
H HO
L
/2 A\
0 o) n

Figure 6. High-strength polymers need not be polyaramides.

The initial aim of this research was to establish whether iptycenes are capable of
increasing the strength of polymers. The long-term goal would then be to utilize
iptycenes in order to synthesize ultra high-strength polymers that take advantage of

certain unique design principles. Incorporation of iptycenes into a polymer backbone
should result in gearing and interlocking of the polymer chains and thereby increase the

barrier to movement of neighboring polymer chains past one another. Assuming that the
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polymer chains have been previously aligned (by the drawing of fibers, for example) then
as the polymer is stretched along alignment direction the chains will slide parallel to one
another until the laterally directed iptycene units begin to run into one another, resulting
in elasticity followed by resistance (Figure 7). It was hoped that a combination of these
effects would cause polymers which incorporate iptycenes to be stronger and more
energy-absorbing materials then their non-iptycene counterparts. We decided to first
look at triptycene-containing poly(ester)s, as these are easily accessible synthetically

through stepwise condensation polymerizations.

Figure 7. Incorporation of iptycenes into aligned polymers may result in increased
entanglement relative to other non-iptycene polymers.
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Condensation Polymerization

Condensation polymerizations are stepwise reactions in which monomers come
together and react, with the elimination of a small molecule (such as water or methanol)
forming a dimer. The dimer can then react with another monomer and form a trimer, or
with another dimer and form a tetramer, or with an existing polymer chain making a
slightly longer polymer, each time releasing another small molecule.!” Because
condensation polymerizations occur in a stepwise manner, polymer growth tends to occur
relatively slowly compared to chain polymerizations, in which the monomers rapidly add
to the ends of the polymer chain.

The molecular weights of condensation polymers increase slowly even at high
levels of monomer conversion, as was first described mathematically by Carothers in
1929."® He assumed that there are Ny molecules of monomer initially and at some
arbitrary point later in the reaction there are N molecules. After this reaction time,
therefore, the amount of reacted molecules is Ny — N. The conversion of the reaction, p,
is simply:

p =No—N)/Np
This can also be written as:
N=No(l-p)
The average degree of polymerization (P,) is equal to Ny / N. Substituting this into the
above equation gives:
P,=1/(1-p)
Using this equation, one can see that at 95% monomer conversion, P, = 1 / (1-0.95)=

20. In other words, when 95% of the monomer has reacted, the average degree of
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polymerization is only 20; this emphasizes the fact that very high conversions (typically
greater than 99%), and therefore extremely pure monomers, are necessary conditions in
order to acheive reasonably high molecular weights.

Linear condensation polymers are most commonly synthesized either by a single
monomer of the AB type (where A and B represent functional groups that can react with
one another), or by combining two separate AA and BB type difunctional comonomers."”
Polymerizations of AB-type monomers is desireable in that the stoichiometry of the
reaction is assured as long as the monomer is pure; however, it is not always synthetically
practical to prepare monomers with the dual functionality required in this case.

Polymerizations of AA- and BB-type comonomers are often more attractive from
the standpoint of monomer preparation, but precise stoichometric control of the two
monomers then becomes a crucial factor (along with purity). The imbalance in the
stiochiometry is represented by r; if the number of A and B groups at the beginning of
polymerization are N%, and N’ respectively, then:

r=N%/N%
The reaction conversion p is the same as the fraction of A groups that have reacted. Each
time an A group reacts a B group reacts as well, so the fraction of reacted B groups at
conversion p can be represented as pN’; or prN%. The number of unreacted groups, Na
Ng, is then:

Na=(1-p)N’% and Ng=(1-pr)N'%=(1—pr)N°/r

There are two end groups per molecule, and the number of end groups is equal to N +
Ng. The number of polymer chains, ¥, is therefore:

N="%(Ny+Np)
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By substitution:
N=%[(1-p)Ns+ (1 -pr) N/ 7]

which, with some rearranging, reduces to:

N=(Na/2)[1+(1/7)-2p] (eq 1)
Since one repeating unit forms each time an A and B group react, the total number of
repeating units, N, is:
Ne= ¥ (N’5+ N%)

Recalling that 7 = N, / N%,, then:

Ny =% (N°A+ NPy = (N®A/2) [(r + 1) / 7] (eq 2)
The average degree of polymerization equals the number of repeating units divided by
the number of chains:
P,=N,/N,=(eq 1)/ (eq2)
and reduces to:
Po=(1+r)/(r+1-2rp)

Using this equation one can figure out the maximum possible degree of polymerization
P, as dependent on the ratio of the two monomers (Table 1).*° For example, if one has
only 1 mol % excess of one component, whether due to impurity or error in weighing,
then the maximum degree of polymerization achievable is 199 repeat units.

The physical properties of a given polymer can vary greatly depending on the
molecular weight of the material. What constitutes a “high molecular weight” polymer,

above which the properties will not change appreciably, depends largely on the chemical

159



structure of the polymer and the particular end use of the product. For example,

commercial vinyl-based polymers typically have molecular weights of 10° to 10°, while

extremely stiff, polar polymers such as polyaramides may be commercially useful with

molecular weights of only 15,000-20,000.21

Table 1. Degree of polymerization P, as a function of the ratio of reacting functional
groups A and B in a condensation polymerization,assuming 100% conversion with

respect to A.

Excess of component B
r= NoA/ NQB P,,
(mol %)
10 0.09 19
1 0.99 199
0.1 0.999 1999
0.01 0.9999 19,999

Determination of Molecular Weights
Different methods of molecular weight determination give rise to different values
with varying degrees of accuracy. Methods such as osmometry and freezing-point

depression give rise to the number average molecular weight, M,,.:
M, = (ZN; M)/ (N))
where N, is the number of molecules with molecular weight M,. Methods that determine

molecular weights based on mass or polarizability, such as light scattering or

ultracentrifugation, result in a measurement in which the species with higher masses have
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a larger contribution to the measurement than the lower mass species.”> This is the
weight average molecular weight, M,,:
M, = (ZN; M)/ (ENM,)

The polydipersity index (PDI) is simply the weight average molecular weight
divided by the number average molecular weight; this value indicates the how broad the
distribution of molecular weights is within a given sample. A sample with a PDI = 1 is
said to be monodisperse (all chains must be of the nearly identical molecular weights,
since both methods of determination yield identical values), while a sample with PDI
greater than 1 is polydisperse.

PDI=M, /M,

Flory used statistical methods to relate the molecular weight distribution of step
polymerizations to the reaction conversion.? Though the derivation is beyond the scope
of this thesis, Flory was able to show that the most probable polydispersity indices of
condensation polymers are:

PDI= (M, /M,)=1+p
where p is the reaction conversion. Notice that at very high conversion levels (as p nears
1) the polydispersity approaches 2, revealing an inherent limitation in the uniformity of
condensation polymerizations.

Gel-permeation chromatography (GPC), also known as size-exclusion
chromatography (SEC), is an extremely convenient method for determining the
appoximate molecular weight based on comparision of the polymer’s effective molecular
length versus a standard of known molecular weight (polystyrene, for example). A

solution of the polymer is passed under pressure through a packed column of a cross-
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linked organic gel such as polystyrene or of small inorganic particles such as silica. The
column material contains pores of a particular average size (>30 pum); smaller molecules
enter the pores and experience retention, while larger molecules cannot enter the pores
and therefore pass through the column more quickly. The molecular weights determined
by GPC are approximate values, especially if the polymers under comparision are
structurally different than the standard to which they are compared.?* The molecular
weights of structurally rigid polymers such as conjugated polyaromatics are often
artificially inflated when determined by GPC due to their higher persistence lengths

relative to a common standard such as polystyrene, which is conformationally flexible.”

Stress-Strain and Modulus Measurements

One of the most basic tests of polymer performance is the stress/strain test. This
is an experiment in which the sample is stretched until it breaks. The tensile stress (o) is
defined as the force applied on the material per unit cross section and the tensile strain (g)
is defined as the elongation of the material with respect to the initial length. The
experiment is then represented graphically as a plot of stress vs. strain. There are three

main types of stress/strain curves that are observed (Figure 8).

162



o (N/mm?)
A

[1I

.

[T >
e (%)

Figure 8. The three types of stress/strain curves seen for polymeric materials. The value
or = tensile strength at break and op = yield strength. Figure adapted from Ref 10.
Polymers with steep and nearly linear stress-strain curves (curve 1) deform very
little, even at high stresses. Most high-strength fibers fall into this category, as do
thermosets and other materials that are inelastic and brittle. Polymers of type 2 are
drawable: they deform little at low stresses, but at some stress value (the yield strength) a
large deformation occurs as the material begins to extend. Once reorientation of the
molecules is complete, the flow ceases and the material ultimately breaks. Drawable
thermoplastic fibers and films (nylons, polyesters) fall into this category. The third group

consists of materials which deform even at small stress values. These materials are

plasticized thermoplastics and rubbers.
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The modulus (Young’s modulus) (E) is then defined as the stress divided by the

strain at the breaking point. This is a measure of the stiffness, or rigidity, of a polymer.

Results and Discussion
Synthesis

The bulk of our research into the effects of iptycenes on polymer strength focused
on poly(ester)s due to their relative ease of synthesis, reasonable solubilities in common
organic solvents, and wealth of available comonomers. Our early attempts at polyester
synthesis used triptycene hydroquinone as a monomer, as it is readily available in good
yield from inexpensive starting materials (anthracene and benzoquinone).!
Melt Polymerizations

Attempts to synthesize poly-1 by melt polymerization with terephthalic acid or
dimethy] terephthalate were both ineffective, probably due to the high melting point of
triptycene hydroquinone (melts/decomposes at 338-340 °C) (Scheme 2). In an effort to
reduce the melting point of the triptycene monomer, compound 1 was synthesized in 95%
yield by acetylation of triptycene hydroquinone with excess acetic anhydride in the
presence of pyridine. However, the melting point of 1 is still relatively high (270 °C),
and attempts to melt polymerize in the presence of either terephthalic acid or adipic acid

did not proceed.
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Scheme 2. Initial (unsuccessful) attempts at melt polymerizations.

Through the preparation and use of monomers with sufficiently low melting
points, we were eventually able to carry out melt polymerizations successfully. One such
effective route to the preparation of iptycene-based polyesters utilizes a scheme in which
the melting point of the iptycene hydroquionone is lowered by the addition of
trimethylsilyl groups. For example, trimethylsilyl-protected compound 2 can prepared
from triptycene hydroquinone and chlorotrimethylsilane in THF using imidazole as a

base (Scheme 3). This monomer has a relatively low melting point (134 °C) and once in
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the molten state can be deprotected in situ by the addition of pyridine hydrochloride.?
Polymers poly-1 and poly-2 were prepared from compound 2 and terephthaloyl chloride
or adipoyl chloride, respectively, via this method. However, the extremely low
solubilities and high melting points of the products poly-1 and poly-2 made them

difficult to work with.

1 - }

OTMS
‘ TMSCI ‘
a O Imidazole 0 O

HO THF ™SO
O 2
‘ OTMSC| O Pyridine-HC! ‘

U O o>’ C cl 155 °C

TMSC ° ‘ © o/n

0o T

O Pyridine-HCI ‘ s}
l ‘O Cl\n/\/\/‘Lcl 155 °C L ‘ Ow
o 0
T™MSG 0 /n
poly-2
Scheme 3. Synthesis of 2, poly-1 and poly-2.

In order to create iptycene-containing polyesters with increased solubilities and
lower melting points, a number of polymers incorporating flexible segments were
synthesized. Random polymerizations of 2 with terephthaloyl chloride and 1,10-
bis(trimethylsiloxy)decane in various ratios allows for a study of the effect of relative

triptycene content to polymer properties (Scheme 4). We were interested in comparing

the properties of analogous polymers in which the iptycene moieties have substituted by
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simple phenyl rings; poly-8, poly-9, and poly-10, which contain no triptycene units, were

therefore synthesized by similar procedures (Scheme 5).

)

OTMS
cl QO  Pyridine-HCI
“ O TMSO(CH2);gOTMS )—@—(
~ Cl 155°C

0
TMSO

_ ‘ l O ,
(( i &@_Q(O(CHQMO’ < > (o( ’
r ° ‘ ° o/ x ' n

poly-3 (x/y = 1/11)
poly-4 (x/y =1/5)
poly-5 ( xly = 1/4)
poly-6 ( x/y = 1/3)
poly-7 (xfy = 1/2)
poly-8 ( x/y = 1/1)

Scheme 4. The synthesis of random copolymers with varying ratios of flexible
component.
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poly-11

Scheme 5. Synthesis of non-iptycene polyesters poly-9, poly-10, and poly-11.

We investigated the possibility of incorporating iptycenes other than triptycene
into polyesters to see how changing the structure affected the properties of the resulting
polymers. Refluxing the [4+2] cycloadduct of naphthaquinone and anthracene®’ in
glacial acetic acid with a few drops of HBr yields the extended triptycene hydroquinone 3
in good yield (Scheme 6). This can be protected subsequently with TMS groups yielding
4 in almost quantitative yield. Compound 4 was then polymerized with terephthaloyl
chloride and 1,10-bis(trimethylsiloxy)decane at 155 °C via in situ deprotection with
pyridine hydrochloride affording poly-11. In a similar fashion pentiptycene-containing
poly-12 was synthesized from the TMS-protected pentiptycene hydroquinone 5 (Scheme

7).
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Scheme 6. Synthesis of extended trypticene polymer poly-12.
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Scheme 7. Synthesis of pentiptycene-containing polymer poly-13.
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Solution Polymerizations

We were ecventually able to synthesize iptycene-containing polyesters via
polymerization in solution as well (Scheme 8). Polycondensation in dichloromethane
with triethylamine proceeds smoothly; interestingly, identical conditions in
dichloromethane using pyridine rather than triethylamine as the base did not result in
polymerization. It would seem that triethylamine helps to solubilize the iptycene
hydroquinones more efficiently than pyridine, enabling the polymerization to proceed.
Many different polyesters were synthesized by this route (not all described below), as we

were screening for polymers with desirable properties.

A\
1 5.7 o W :
7 R Tk W%

— poly-14( xfy = 1/2 )

:
0 . - N
+ SRR G- \QDA

i I

poly-15 ( x/y = 1/2)

|

Scheme 8. Solution-phase synthesis of triptycene-containing polyesters.
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The molecular weights and thermal behavior (as determined by GPC) for
polymers poly-1 through poly-15 are compiled in Table 1.

As was mentioned previously, polymers poly-1 and poly-2 arc extremely high
melting and insoluble in common organic solvents. Incorporation of a flexible
decanediol moiety changes the properties considerably. Polymers poly-3 through poly-8
(Scheme 4) are soluble in both THF and methylene chloride, though there is a definite
trend; as we move from poly-3 (with the greatest aliphatic content) to poly-8 (with the
least aliphatic content) the relative solubilities decrease in both solvents. Moving from
poly-3 through poly-6 (increasing iptycene content) we see a fairly consistent decrease in
the melting temperatures of the polymers, though the effect is not large.  All of these
polymers can be melt drawn in to fibers by heating just above the melting point and a bit
of material out of the melt. These fibers were then used for the tensile tests described
below. However, polymers with high triptcene content, such as poly-7 and poly-8 do not
melt (aka- are not crystalline), but instead become rubbery above a visible glass
transition, much like a cross-linked polymer. This may mean that these polymers have
sufficiently high iptycene content to cause the polymer chains to be extremely amorphous
and entangled.

Polymers poly-9 and poly-10, which contain phenyl rings rather than triptycene
units, have considerably higher melting points than tripycene-containing analogues poly-
4 and poly-6 of similar molecular weights. Fibers of this material can also be pulled
from the molten state. Poly-11, the copolymer of terephthaloyl chloride and 1,10-
decanediol, has a higher melting point than any of the triptycene polymers of equivalent

molecular weight. Polymer poly-12 and pentiptycene containing polymer poly-13
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become rubbery above their glass transition temperatures, indicating that they may be
highly interlocked and amorphous; unfortunately, fibers of these materials have not yet
been realized. Aromatic bisphenol-A polymer poly-14 and catechol polymer poly-15
exhibit extremely high melting points, despite possessing bent monomeric units in their
chemical structures. However, they are quite soluble in solvents such as

dichloromethane, THF and DMF.
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Table 1. Molecular weights and thermal behavior of polymers poly-1 through poly-15.

Polymer M, M,, PDI T, (°C) Tm (°C) Tytal (°C)
Poly-1 /a n/a n/a - > 350 -
Poly-2 5567 11055 1.99 130 > 350 -
Poly-3 15,080 31,172 2.07 - 113 79
Poly-4~ 27,546 53,081 1.93 - 103 46
Poly-4" 61,505 133,310 2.17 - 128 106
Poly-5' 22,913 38,610 1.69 - 107 36
Poly-6"" 18,064 32,486 1.80 - 100 40
Poly-6" 40,325 75,531 1.87 - 96 44
Poly-7 22,115 35,590 1.61 45 - -
Poly-8' 21,195 43,035 2.03 58 - -
Poly-9 32,010 61,929 1.93 - 121 103
Poly-10 31,850 61,968 1.94 - 139 110
Poly-117 | 18,223 32,205 1.77 - 126 98
Poly-12 13,691 29,144 2.13 - 104 -
Poly-13 17,218 42,437 2.46 - 101 -
Poly-14 11,190 23,911 2.14 104 > 400 -
Poly-15 5,879 12,307 2.09 154 > 400 -

Molecular weights and polydispersities determined by GPC in THF eluent; poly-2 was
determined in DMF eluent. Thermal properties determined by DSC at 10 °C/min.

* Multiple batches of same chemical composition.

" DSC Measured by Neal Vannachi (Materials Science/ISN).
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Stress-Strain and Modulus Measurements

The stress-strain measurements described in this section were measured by
Nicholas Tsui in the laboratory of Ned Thomas (MIT Materials Science Dept and
Institute for Soldier Nanotechnology) at the ISN facilities. These measurements were
conducted on fibers that were drawn by hand from melts of the polymers. The conditions
for fiber-formation were clearly not optimized; they were also not carefully controlled
regarding draw-rate or temperature. Therefore, the results described in this section should
be viewed as preliminary in nature, suggesting'trends in behavior rather than describing
absolute values of properties for the materials in question.

The most comprehesive testing was conducted comparing the triptycene polymer
poly-4 to the non-iptycene polymer poly-9. The two polymers are structurally identical
with the exception that the triptycene unit in poly-4 has been substituted with a phenyl
ring in poly-9. This allows us to directly compare the polymers and determine the effect
of iptycene incorporation upon the polymer properties. The two samples studied had
nearly identical molecular weights and polydispersities, so that the effects can not be
attributed to these causes. A comparison of the stress-strain curves of the two polymers

is shown in Figure 9.
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Triptycene Effects on Polyester

Stress (MPa)

Strain (1=100%,2=200%)

Figure 9. Stress strain curves of fibers of poly-4 (triptycene) and poly-9 (no triptycene).
These values are the best values obtained for each polymer out of twenty fibers.
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Figure 10. Distribution of Young’s modulus values (high, low and average values) for
poly(ester)s with varying ratios of triptycene (twenty fibers each).
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The stress-strain studies show that all of the polymers are above their Ty’s since
they clearly exhibit steep linear behavior to start, followed by a yield point, after which
the polymer stretches until it ultimately breaks. It would appear that there is some
optimal amount of iptycene (in this case poly-5 performs best) above or below which the
properties decline (Figure 10). However, the iptycene polymers consistently outperform
the non-iptycene polymers in several categories: 1) the yield strength, 2) the tensile
strength, 3) the elongation, and 4) the Young’s modulus (Figure 11). Triptycene polymer
poly-4 also demonstrated greater plastic strain recovery (12%) when stretched and then
heated to 83 °C than non-triptycene polymer poly-9 (7%). These results all suggest that

triptycenes tend to increase the entanglement of polymer chains with each other.

Young's Modulus Max Strength ! Break Sttength

0 No Triptycene
@ TAplycene

————
B No Triptycene

m Triptycena

1lnch GL 2inch GL
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Strain to Break (Elongation) Yield Strength ' UTS
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; ; oMo Trplycene.
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Figure 11. Comparisons of properties between triptycene-containing poly-4 and non-
iptycene poly-9 for both 1-inch fibers and two-inch fibers. The values are averages of the
tests of twenty fibers each. Iptycenes appear to enhance properties significantly.
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It is also important to compare our polymers with commercial polymers such as
Kevlar, nylon, PET, etc. to see how our polymers are performing. In general, we have
not yet approached the realm of high-strength polymers. Kevlar, for example, exhibits a
modulus of 115 GPa (elongation of 2.0%), while M-5 has a modulus of 330 GPa
(elongation of 1.5%). The iptycene polymers are, however, in the same range with regard
to tensile properties of some common commercial polymers (Figure 12).

It should be stressed that the tensile values of these poly(iptycene)s were obtained
from samples that were only crudely processed by a rather uncontrolled and unoptimized
melt-drawing process. Optimization of processing is an essential feature of most high-
strength polymers, and so it is hoped that improvements in this area will result in much
improved performance of these materials. We have recently found, for example, that it is
possible to form drop-case films of these polymers from chlorinated hydrocarbons
solvents, such as DCM and chloroform (Figure 13). Furthermore, it is entirely possible
that the best way to form fibers of these materials is not by melt-drawing, but instead by
wet-spinning, dry-spinning or one of the many other techniques for the formation of
ordered fibers. From a chemical standpoint, future work will most likely focus on the
exploration of other chemical structures with the hopes of improving the tensile
characteristics of iptycene-based polymers. Ultimately, the strongest iptycene-containing
polymers will very likely not be poly(ester)s, but instead more chemically robust

polymers such as poly(amide)s or poly(carbonate)s.
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Tensile Properties
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Figure 12, Comparison of the tensile properties of poly-4 (“triptycene”) and poly-9 (“no
triptycene™) with LHDPE, Nylon 6, and PET.?®

Figure 13. Iptycene polyester poly-4 as a drop-cast film (left) and melt-drawn fibers
(right). The film was drop-cast from a concentrated solution in dichloromethane.
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Summary and Conclusions

The incorporation of ftriptycene units into poly(ester) frameworks can be
accomplished by either melt polymerization or solution polymerization of suitable
monomers.  Preliminary results suggest that triptycene-containing polymers exhibit
tensile properties which are greatly improved in comparison to analogous polymers
which do not contain iptycenes. It is hoped that the incorporation of iptycenes into

suitable polymeric frameworks will result in new high-strength polymers.

Experimental Section
General Methods

Dichloromethane and tetrahydrofuran (THF) were dried by passing through a
column of activated alumina, unless otherwise specified. AcOH (glacial) was purchased
from Mallinckrodt Baker and used as received. Terephthalyol chloride was donated by
DuPont and was refluxed in SOCIl; then dried in vacuo before use. Pyridine
hydrochloride was purchased from Aldrich, recrystallized from CHCl; / EtOAc, washed
with Et;O and dried under vacuum before use. 1,4-Bis(trimethylsiloxy)benzene was
synthesized from hydroquinone in a method procedure directly analogous to that of
compound 2; 'H and "*C NMR were identical to previously published values.?’ All other
chemicals were purchased from Alpha Aesar and used as received. DSC was performed
on a Perkin-Elmer TGA7 under nitrogen at a rate of 10 °C per minute. Polymer
molecular weights were determined with a HP Series 1100 GPC in THF at room
temperature versus polystyrene standards. 'H NMR spectra were recorded on a Varian
Unity VXR 500, a Bruker DPX-400, and a Varian Unity 300. Chemical shifts are

reported in ppm relative to residual CHCl; (8 = 7.27, 'H). Multiplicities are given as s
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(singlet), d (doublet), t (triplet) and m (multiplet). MS investigations were run on a
Finnigan MAT 8200 equipped with an Ion Tech ion source and a Bruker Daltonics Apex
II1 3T FT-ICR MS.

1,4-di(acetoxy)triptycene (1) Triptycene-1,4-hydroquinone (2.00 g, 6.99 mmol) was
placed in a 50 mL schlenk flask with a magnetic stir bar. The flask was evacuated and
backfilled with argon. Acetic anhydride (6 mL, 0.063 mmol) and dry pyridine (3 mL)
were sequentially added via syringe. The reaction was heated to 100 ° C with stirring for
4.5 hours and then was allowed to cool to room temperature. The reaction was poured
onto ice. Once the ice had melted, the resulting precipitate was collected by vacuum
filtration, washed with water and dried overnight in vacuo (20 mTorr) yielding 2.47 g
(6.67 mmol, 95%) of 1 as a white solid. 'H NMR (CDCls, 5): 2.47 (s, 6H, CH;COO0),
5.45 (s, 2H), 6.77 (s, 2H), 7.01-7.04 (m, 4H, Ar-H), 7.37-7.39 (m, 4H1, Ar-H). '*C NMR
(CDCls, 8): 20.99, 48.60, 119.44, 124.01, 125.46, 138.89, 143.03, 144.05, 169.04. IR
(KBr): 3066, 3021, 2979, 2930, 1762, 1479, 1458, 1370, 1201. HRMS-EI (m/z): (M)
caled for Cy4H 304 370.1200; found 370.1211.

1,4-di(trimethylsilyloxy)triptycene (2) Triptycene-1,4-hydroquione (29.32 g, 102.4
mmol) and imidazole (17.43 g, 256 mmol) were placed in a 2-necked 2 L flask with a
magnetic stir bar, The flask was purged with argon and then 1 L of dry THF was added
via cannula. Chlorotrimethylsilane (32.5 mL, 256 mmol) was added and the reaction was
heated to reflux with stirring for 19 hours, when it was cooled to room temperature and
filtered. The solvents were removed in vacuo and the remaining solid was filtered
through two separate silica gel pads with CH,Cl,. Upon removal of the solvents, 43.07 g

(100 mmol, 98%) of pure 2 remained as a white solid, which was dried under vacuum (20
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mTorr) at 80 ° C overnight and brought before being used for polymerizations. 'H NMR
(CDCl3, 8): 0.30 (s, 18H, TMSO), 5.70 (s, 2H), 6.35 (s, 2H), 6.96-6.99 (m, 4H, Ar-H),
7.36-7.39 (m, 4H, Ar-H). °C NMR (CDCls, 8); 0.58, 48.08, 117.00, 123.74, 124.82,
136.57, 144.36, 145.61. IR (KBr): 3065, 3022, 2956, 1583, 1480, 1255, 1009. HRMS-
EI (m/z): (M) caled for CasH3p0; 430.1779; found 430.1768.

Compound 3. The cycloadduct of 1,4-naphthoquinone with anthracene (5.0 g, 14.9
mmol) was placed in a 100 mL round-bottom flask with a magnetic stir bar. Glacial
acetic acid (50 mL) was added and the reaction was heated to reflux with stirring. Two
drops of HBr (30 wt. % solution in acetic acid) was added and refluxing continued for 3
hours. The reaction was cooled to room temperature and the precipitate was collected,
washed with hot water and dried in vacuo, yielding 3.75 g (11.2mmol, 75 %) of 3 as a
slightly off-white solid.

Compound 4. Compound 3 (3.494 g, 10.39 mmol) and imidazole (1.77g, 25.96 mmol)
were placed in a 250 mL Schlenk flask with a magnetic stir bar. The flask was evacuated
and filled with argon. Dry tetrahydrofuran (100 mL) was added via cannula and then
chlorotrimethylsilane (3.3 mL, 26 mmol) was added via syringe. The reaction was heated
to reflux with stirring for 18 hours and then was allowed to cool to room temperature.
Diethyl ether (100 mL) was added and the solution was filtered. The solvents were
removed in vacuo and the remaining dark solid was purified by column chromatography
with 2:1 hexane/ CH,Cl, eluent. Upon removal of the solvents in vacuo, 2.43 g (5.05
mmol, 49 %) of 4 remained as a white solid. 'H NMR (CDCls, d): 0.40 (s, 18H, TMSO),
3.85 (s, 2H), 7.00-7.03 (m, 4H, Ar-H), 7.35-7.39 (m, 2H, Ar-H), 7.41-7.44 (m, 4H, Ar-

H), 7.87-7.90 (m, 2H, Ar-H). °C NMR (CDCls, 8): 1.14, 48.06, 122.57, 123.86, 124.90,
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125.20, 127.41, 129.45, 140.11, 144.95. IR (KBr): 3071, 3024, 2954, 2896, 1628, 1602,
1458, 1371, 1251, 1095, 1038, 894, 839, 752, 584. HRMS-EI (m/z): (M") calcd for
C30H3,0,51; 480.1935; found 480.1929.

Compound 5. Pentiptycene hydroquinone (2.030 g, 4.39 mmol) and imidazole (896 mg,
13. 17 mmol) were placed in a 100 mL Schlenk flask with a magnetic stir bar. The flask
was evacuated and backfilled with argon. Dry THF (50 mL) was added via cannula and
then chlorotrimethylsilane (1.70 mL, 13.4 mmol) was added via syringe. The reaction
was heated to reflux with stirring for 18 hours and then was cooled to room temperature.
The solvents were removed in vacuo and the remaining solids were dissolved in CH,Cl,
and pulled through a silica gel pad. The solvent was removed in vacuo yielding 1.79 g
(2.95 mmol, 67 %) of 5 as a white solid. 'H NMR (CDCl3, 6): 0.41 (s, 18H, TMSQ),
5.58 (s, 4H), 6.88-6.92 (m, 8, Ar-H), 7.25-7.30 (m, 8H, Ar-H). '>C NMR (CDCl;, &):
1.39, 48.45, 123.50, 124.78, 133.81, 140.51, 145.62. IR (KBr): 3065, 3021, 2956, 1460,
1301, 1260, 1194, 1111, 1019, 881, 845, 753, 551. HRMS-EI (m/z): (M") calcd for

C40H330,8i; 606.2405; found 606.2426.

General Procedure for Melt Polymerizations In a dry box, 1,10-
bis(trimethylsiloxy)decane were massed in a 50-mL Schenk flask, after which the
appropriate ratios of bis(trimethylsiloxy)iptycene and terephthaloyl chloride were added.
The flask was sealed with a septum, brought out of the glovebox, and attached to a
vacuum/gas line under an argon atmosphere. The flask was heated to 155 ° C with

stirring until all of the solids had melted (yellow liquid). Pyridine hydrochloride (20 mg)
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was quickly added and the reaction was allowed to stir at 155 ° C for ten minutes.
Another 20 mg of pyridine hydrochloride were added and the stirring was continued for
one hour. During this time the flask was frequently vented by placing a needle through
the septum under a while the reaction was under a positive pressure of argon. Another
100 mg of pyridine hydrochloride were added and the reaction stirred at 155 ° C for one
additional hour after which it was heated to 170 ° C for one half hour. By this time the
reaction had typically become quite viscous, and only a very slow stir rate was possible
with a magnetic stirrer. The reaction was heated to 180 ° C and placed under vacuum
overnight with slow stirring, after which it was cooled to room temperature, dissolved in
dichloromethane, and precipitated into either methanol or ethanol. The white solid
precipitates were collected by vacuum filtration and dried at 80 ° C in vacuo overnight.

Yields were typically 94-100%.

Poly-3 Compound 2 (210 mg, 0.467 mmol, 1 eq), 1,10-bis(trimethylsiloxy)decane (1.638
g, 5.14 mmol, 11 eq), terephthaloy! chloride (1.138 g, 5.61 mmol, 12 eq). 'H NMR
(CDCls, 8): 1.27 (m, 132H), 1.66 (m, 44H), 4.21 (m, 44H), 5.42 (m, 2H), 6.89 (m,
1.83H), 6.96 (m, 4H), 7.29 (m, 4H), 8.03 (m, 40H), 8.14 (m, 2H), 8.34 (m, 2H), 8.52 (m,
0.18H)

Poly-4 Compound 2 (2.911 g, 7.760 mmol, 1 eq), 1,10-bis(trimethylsiloxy)decane
(10.770 g, 33.800 mmol, 5 eq), terephthaloyl chloride (8.234 g, 40.559 mmol, 6 eq).
12.6 g of product was recovered preciptation from EtOH (96%). 'H NMR (CDCl,, 3):

1.34 (m, 72H), 1.80 (m, 24H), 4.34 (m, 20H), 442 (m, 4H), 5.51 (m, 2H), 6.94 (m,
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1.66H), 7.03 (m, 4H), 7.36 (m, 4H), 8.11 (m, 20H), 8.29 (m, 2H), 8.41 (m, 2H), 8.60 (m,
0.33H)

Poly-S Compound 2 (2.034 g, 4.720 mmol, 1 eq), 1,10-bis(trimethylsiloxy)decane (6.020
g, 18.890 mmol, 4 eq), terephthaloyl chloride (4.794 g, 23.616 mmol, 5 eq).

Poly-6 Compound 2 (5.016 g, 11.646 mmol, 1 eq), 1,10-bis(trimethylsiloxy)decane
(11.133 g, 34.940 mmol, 3 eq), terephthaloyl chloride (9.458 g, 46.585 mmol, 4 eq).
15.49 g of product was recovered after precipitation from MeOH (100%). 'H NMR
(CDCI;, 8): 1.34 (m, 36H), 1.78 (m, 12H), 4.38 (m, 9H), 4.12 (m, 3H), 5.51 (m, 2H), 6.95
(m, 1.5H), 7.02 (m, 4H), 7.35 (m, 4H), 8.10 (m, 12H), 8.28 (m, 2H), 8.42 (m, 2H), 8.58
(m, 0.5H).

Poly-7 Compound 2 (1.6256 g, 3.774 mmol, 1 eq), 1,10-bis(trimethylsiloxy)decane
(2.4054 g, 7.549 mmol, 2 eq), terephthaloyl chloride (2.2988 g, 11.323 mmol, 3 eq).
3.815 g of product was recovered after precipitation from MeOH (99%). 'H NMR
(CDCl3, 8): 1.37 (m, 24H), 1.79 (m, 8H), 4.35 (m, 5.3H), 4.42 (m, 2.6H), 5.51 (m, 2H),
6.95 (m, 1.3H), 7.03 (m, 4H), 7.36 (m, 4H), 8.11 (m, 6H), 8.28 (m, 2H), 8.42 (m, 2H),
8.60 (m, 0.66H)

Poly-8 Compound 2 (1.2863 g, 2.987 mmol, 1 eq), 1,10-bis(trimethylsiloxy)decane
(951.7 mg, 2.987 mmol, 1 eq), terephthaloyl chloride (1.2127 g, 5.973 mmol, 2 eq).
2.0729 g of product was recovered after precipitation from MeOH (96%). 'H NMR
(CDCls, &): 1.37 (m, 12H), 1.79 (m, 2H), 1.85 (m, 2H), 4.35 (m, 5.3H), 4.43 (m, 2H),
5.51 (m, 2H), 6.95 (s, 1H), 7.03 (m, 4H), 7.36 (m, 4H), 8.11 (m, 4H), 8.29 (m, 2H), 8.42

(m, 2H), 8.60 (m, 1H)
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Poly-9 1.4-Bis(trimethylsiloxy)benzene (1.311 g, 5.150 mmol, 1 eq), 1,10-
bis(trimethylsiloxy)decane (8.2056 g, 25.752 mmol, 5 eq), terephthaloyl chloride (6.274
g, 30.902 mmol, 6 eq). 8.53 g of product was recovered after precipitation from EtOH
(94%). 'H NMR (CDCl, 8): 1.42 (m, 60H), 1.78 (m, 20H), 4.35 (m, 20H), 7.32 (m,
3.8H), 8.10 (s, 20H), 8.20 (m, 4H), 8.27 (m, 4H), 8.38 (s, 0.16H).

Poly-10 1,4-Bis(trimethylsiloxy)benzene (2.572 g, 10.106 mmol, 1 eq), 1,10-
bis(trimethylsiloxy)decane (9.661 g, 30.320 mmol, 4 eq), terephthaloyl chloride (8.207 g,
40.423 mmol, 4 eq). 11.36 g of product was recovered after precipitation from EtOH
(97%). 'H NMR (CDCl3, 8): 1.34 (m, 36H), 1.78 (m, 12H), 4.35 (m, 12H), 7.32 (m,
3.5H), 8.10 (s, 12H), 8.22 (m, 4H), 8.28 (m, 4H), 8.37 (s, 0.5H).

Poly-11 1,10-Bis(trimethylsiloxy)decane (2.645 g, 8.301 mmol), terephthaloyl chloride
(1.685 g, 8.301 mmol). 2.541 g of product was recovered after precipitation from McOH
(100%). 'H NMR (CDCl3, 8): 1.34 (m, 12H), 1.78 (m, 4H), 4.33 (t, 4H, ] = 7.0 Hz),
8.10 (s, 4H).

Poly-12 Compound 4 (158 mg, 0.328 mmol, leq), 1,10-bis(trimethylsiloxy)decane (523
mg, 1.64 mmol, 5 eq), terephthaloyl chloride (400 mg, 1.97 mmol, 6 eq). 'H NMR
(CDCl, 8): 1.38 (m, 60H), 1.78 (m, 20H), 4.34 (m, 20H), 4.48 (m, 4H), 5.58 (m, 2H),
7.06 (m, 4H), 7.39 (m, 4H), 7.43 (m, 2H), 7.79 (m, 2H), 8.10 (m, 20H), 8.34 (m, 4H),
8.55 (m, 4H).

Poly-13 Compound 5 (200 mg, 0.330 mmol, leq), 1,10-bis(trimethylsiloxy)decane (525
mg, 1.65 mmol, 5 eq), terephthaloyl chloride (401 mg, 1.98 mmol, 6 eq). 'H NMR
(CDCl3, 8): 1.38 (m, 60H), 1.78 (m, 17.7H), 1.87 (m, 3.3H), 4.34 (m, 17.7H), 4.46 (m,

3.3H), 5.37 (m, 4H), 6.94 (8H), 7.25 (8H), 8.10 (m, 16H), 8.38 (m, 4H), 8.55 (m, 4H).
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Solution Polymerizations

Poly-14 Triptycene hydroquinone (100 mg, 0.349 mmol, 1 eq), bisphenol A (159 mg,
0.698 mmol, 2 eq) and terephthaloyl chloride (213 mg, 1.048 mg, 3 eq) were placed in a
50-mL Schlenk flask with a magnetic stir bar. The flask was evacuated and backfilled
with argon. Dry CH,Cl, (20 mL) was added via cannula. Dry Et;N (3 ml.) was added
via syringe, which caused the tripycene hydroquinone to dissolve, and the reaction was
stirred at room temperature for 24 hours. The solution was poured into MeOH (150 mL)
and the precipitate was collected by vacuum filtration and dried in vacuo at 80 ° C
overnight, yielding poly-14 (362 mg, 92%) as a white solid. '"H NMR (CDCls, 8): 1.22
(m, 8H), 1.59 (m, 4H), 6.98 (s, 2H), 7.18 (m, 8H), 7.35 (m, 8H), 8.32 (m, 8H), 8.47 (m,
4H).

Poly-15 Triptycene hydroquinone (260 mg, 0.908 mmol, 1 eq), catechol (200 mg, 1.816
mmol, 2 eq} and terephthaloyl chloride (553 mg, 2.724 mmol, 3 eq) were placed in a 50
mL Schlenk flask with a magnetic stir bar. The flask was evacuated, backfilled with
argon. Dry CH,Cl, (20 mL) was added via cannula. Dry Et;N (3 mL) was added via
syringe, which caused the tripycene hydroquinone to dissolve, and the reaction was
stirred at room temperature for 24 hours. The solution was poured into MeOH (150 mL)
and the precipitate was collected by vacuum filtration and dried in vacuo at 80 ° C
overnight, yielding poly-15 as a white solid. '"H NMR (CDCl,, 8): 5.56 (m, 2H), 6.99

(m, 8H), 7.39 (m. 8H), 8.38 (m, 12H).
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Chapter 7

Mesogen/Main-Chain Coupled Polymers by Ring-Opening

Metathesis Polymerization (ROMP)



Introduction

Previous chapters discuss the properties of liquid-crystalline systems in general
(Chapter 1) and certain thiophene-based (Chapters 2 and 3) and quinone-containing
discotic (Chapter 4) liquid crystals in detail. This chapter describes our attempts to create
liquid-crystalline polymer systems in which the liquid crystal moiety is intimately
coupled to the main-chain of the polymer without fitting into the category of formal
main-chain liquid crystalline polymers.

Liquid Crystal Polymers (LCPs)

It is well known that certain polymers display liquid-crystalline behavior. These
polymers exhibit ordered fluid states that are directly analogous to the liquid crystalline
states of small molecule liquid crystals discussed in Chapter 1. Liquid crystalline
polymers are extremely useful as the LC state can impart various properties to the
material such as high tensile strength (see Chapter 6) and decreased melt viscosity.]

Most rationally designed liquid crystalline polymers simply incorporate a
mesogenic unit into the polymeric structure. The presence of the mesogenic group then
drives the formation of the liquid crystal phases. Most liquid crystal polymers fall into
one of two categories, depending on how the mesogenic moiety is linked to the polymer

chain: main-chain or side-chain (Figure 1).
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Figure 1. Liquid crystal polymers (LCPs) typically are characterized as (a) main-chain
liquid crystal polymers (MCLCPs) or (b) side-chain liquid crystal polymers (SCLCPs).
Mesomorphic units are represented graphically by the rigid rods.

Main-chain LC polymers (MCLCPs) are those in which the mesogenic unit is
incorporated directly into the polymer chain. By definition, the polymer main chain
tends to be highly ordered in the LC phases of MCLCPs. Chiral MCLCP’s are
additionally capable of exhibiting ferroelectric ordering (see Chapter 1).* Aromatic
main-chain LCP’s such as Kevlar (a polyaramid) and Vectra (a polyester) are discussed
in Chapter 6 of this thesis; in both cases, the rigidity of the polymer backbones, combined
with the high degree of order introduced by fiber drawing from the liquid crystalline
states of the polymers, result in materials of extremely high strength. Chemical structures

of representative main-chain liquid crystalline polymers are shown in Figure 2.
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Figure 2. Main-chain LCP’s which display nematic (top) and ferroelectric SmC*
(bottom) mesophases.

Polymers in which the mesogenic groups are appended from the backbone by a
flexible spacer unit are known as side-chain liquid crystalline polymers (SCLCPs). The
size of the flexible spacer can strongly influence the liquid crystallinity of the resulting
polymers and typically the use of a longer flexible spacer is preferable.’ The main chains
of SCLCPs are often disordered even within the L.C phases, as the mesomorphic units are
more or less free (depending on the spacer length) to orient themselves independently of
the main chain. Shown in Figure 3 is a polyacrylate SCLCP synthesized by cationic
polymerization® and a polynorbormene synthesized by ring-opening metathesis
polymerization.” Both of these particular SCLCP’s consist of rod-like (calamitic)
molecules appended to the main chain through a flexible spacer. The polyacrylate
organizes into lamellar (Sms and Sm¢) mesophases upon heating, while the ROMP

polymer displays a nematic phase.
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Figure 3. Side-chain LCP’s which display SmA and SmC (top) and nematic (bottom)
mesophases. The polymers were synthesized by cationic and ring-opening metathesis
polymerizations, respectively.

Discotic liquid crystals, particularly triphenylene-based mesogens, have also been
incorporated into both main-chain and side-chain LCP’s. The main-chain triphenylene
LCP’s tend to exhibit discotic nematic or hexagonal columnar phases, depending on the
specific polymeric structure and length of the spacer unit (Figure 4).° Side-chain
triphenylene liquid crystalline polymers typically exhibit discotic hexagonal mesophases
(Figure 5).

Early models of SCLCP’s by Finkelman et al suggested that flexible spacer
moieties of sufficient lengths were necessary in order to lead to liquid crystalline order.?
It was thought that the ability of the mesogenic groups to orient anisotropically is
hindered in SCLCP’s with insufficiently long spacer groups due to the tendency of the
flexible main chain to orient statistically above the polymer’s glass transition

temperature. Ringsdorf therefore proposed the flexible spacer as a way to decouple the
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order of the mesogens from the disorder of the polymer main chain, leaving them free to

organize and orient themselves.®
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Figure 4. Previously reported triphenylene main-chain polyester and polyether LCP’s.
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Figure 5. Previously reported triphenylene side-chain LCP synthesized by ring-opening
metathesis polymerization.
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SCLCP’s in which the mesogens are coupled directly to the main chain do exist,

? Since then,

however, and were known even before the proposal of the flexible spacer.
polymers have been described which actually blur the line between main-chain and side-
chain LCP’s, particularly the “mesogen-jacketed LCP’s” of Zhou et al.'® These
“MJLCP’s” are resemble side-chain polymers, but the mesogenic groups are attached
laterally to the main chain without flexible spacers. The rigid mesogenic units form a
“jacket” around the polymer backbone, forcing the main chain into an extended
conformation and increasing its rigidity. Examples of the polymers studied by Zhou et al
are illustrated in Figure 6. They found that these polymers exhibited extremely stable
nematic phases that did not isotropize before their decomposition at above 300 °C. No
smectic mesophases were found, as is often found for SCLCP’s with short spacers.
However, the high thermal stabilities of the MJLCP’s are similar to main-chain LCP’s.
In addition, the chain rigidity and persistence lengths (between 11.5 and 13.5 nm in

solution) of these polymers were found to be quite high, closer to those of most main-

chain LCP’s than side-chain LCP’s.
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Figure 6. The general scheme of the “mesogen-jacketed” LCP’s described by Zhou et al.
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This chapter describes our efforts towards creating LCP’s which are similar to
these mesogen-jacketed L.CP’s, but differ in that they are coupled even more strongly to
the main-chain. The general strategy is based upon a strategy which utilizes ring-opening
metathesis polymerization (Figure 7). Though ROMP has been used to sythesize LCP’s
before, the polymers have differed structurally in that there has always been some length
of flexible spacer between the polymer main-chain and the mesogenic side groups.'’ In
our system the mesogen is fused to the polymer by a two-point attachment which further

couples the orientation of the LC and the polymer backbone.

=

Figure 7. The general scheme of the polymers described in this chapter. Either rigid-rod
(left) or disc-shaped (right) mesogens are covalently bound and tightly associated to the
main chains of the polymers, which are synthesized by ring-opening methathesis
polymerization.
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Ring-Opening Metathesis Polymerization (ROMP)

Ring-opening metathesis polymerization is a highly efficient method for the
preperation of high molecular weight polymers through a living polymerization that
utilizes the ring-strain of bicyclic monomers to drive the reaction forward. The most
successful catalytic systems for ROMP are the tungsten-based and molybdenum-based
catalysts of Schrock and the ruthenium-based catalysts of Grubbs (Figure 8). In addition
to ROMP, representatives from the tungsten, molybdenum and ruthenium catalysts have
been shown to effect acyclic diene metathesis (ADMET) polymerization,l?' and the

ruthenium-based systems are able to effect ring-closing metathesis as well."?

Figure 8. Popular catalysts for ROMP catalysis: (a) Schrock’s molybdenum alkylidene
(b) Grubb’s “1* generation” and (c) «nd generation” ruthenium benzylidine catalysts.

Each of the catalytic systems has advantages. The tungsten and molybdenum
based catalysts are extremely active, but are sensitive to oxygen, moisture and certain
functional groups.'* The ruthenium catalysts are often less reactive, but are generally far
more tolerant of the presence of functional groups,'” and in our hands proved more

convenient for the preparation of our polymers.
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The ROMP mechanism of the ruthenium-based Grubbs’ 1% generation catalyst
(PCy3),PhCHRuCI; begins with the dissociation of one of the phosphine ligands, which
is why subsequent generations of Grubbs’ catalysts include bulky electron-donating
groups in place of one of the phosphine groups.'® The phosphine typically reassociates to
the reactive species after only a few cycles, attenuating the propagation rate. The
dissociated complexes coordinate olefins, undergo a [2+2] cycloaddition and
subsequently ring-open to generate catalytic metal-alkylidine species (Scheme n.7
Addition of excess phosphine is often used in order to decrease the propagation rate to
the point that the polymerization becomes “living” and yields polymers of extremely

narrow polydispersity indices.'®
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Scheme 1. Mechanism of ROMP via Grubbs® 1% generation ruthenium initiator.

Results and Discussion

We took two general approaches in our attempts towards synthesizing liquid-
crystalline polymers with their mesogenic units intimately coupled to the main chain,
both of with ultimately were designed to undergo polymerization by ring-opening
metathesis, as outlined above. The first approach (Scheme 2) begins with the discotic

liquid crystal compound 1, the synthesis of which was discussed in Chapter 4 of this
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thesis. Compound 1 undergoes facile [4+2] cycloaddition with cyclopentadiene to give
Diels Alder adduct 2 in nearly quantitative yield. Compound 2 can be deprotonated with
sodium hydride and subsequently methylated with dimethyl sulfate yielding extended
triphenylene compound 3, possessing a strained bicyclic ring. Ring-opening metathesis
polymerization of this compound with Grubbs® “second generation” catalyst in
dichloromethane yields polymer poly-1, which can subsequently be hydrogenated using
p-tosyl hydrazide in refluxing xylenes to give poly-2, which possesses a slightly more

flexible saturated polymer backbone.

CgH70 CBH17O
@ 1) NaH
DMF/THF
2) MSQSO4
CgHy70 CgH470
2 3

TsNHNH, ~ Grubb's 2nd
Xylenes CH.ClI;

Scheme 2. Synthesis of discogen-containing ROMP polymers poly-1 and poly-2.

Polymer poly-3, which differs from poly-1 in that there is an oxygen atom

incorporated within the polymer backbone, can be synthesized through a slightly different
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route (Scheme 3). Compound 4 (synthesis described in Chapter 4 of this thesis) can be
brominated selectively at the least sterically unhindered carbon atoms with 2 equivalents
of elemental bromine in dichloromethane affording 5 in 82% yield after chromatography.
Bromination with NBS (2 eq in dichoromethane) was also tried, but surprisingly this
reaction was slightly less selective, and a mixture of mono-, di- and tribrominated
products were obtained as determined by 'H NMR and mass spectrometry. Addition of
phenyllithium to 5 in THF results in formation of the benzyne species. If the above
reaction is run in the presence of excess furan, the benzyne and furan undergo
cycloaddition, yielding compound 6 in 89% yield after chromatography. Compound 6
then undergoes ring-opening polymerization with Grubb’s second generation catalyst in

dichloromethane, yielding poly-3 with reasonably low polydispersities.

OMe THF OMe
OCgH13 OCgH1a
5
OCgH43
Cety30
Grubb's 2nd
CH.CI5
CgH130
OCgHy3
6

Scheme 3. Synthesis of ROMP-derived polymer poly-3.
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Our second approach to liquid crystalline polymers focused on incorporating a
classical linear (calamitic) liquid crystal into our system. In this case, we started with the
Diels-Alder reaction of p-quinone and cyclopentadiene (Scheme 4). The cycloadduct
was then tautomerized to dihydroquinone compound 7 through a method developed by
Swager graduate student Hyun A. Kang. Esterification of § with the appropriate 4-
(alkoxy)benzoate in the presence of dimethylaminopyridine and diisopropylcarbodiimide
yields compounds 8 and 9 in moderate yields. These strained bicyclic compounds
undergo ring-opening metathesis with Grubbs® second generation catalyst in
dichloromethane to yield polymers poly-4 and pely-5, which possess n-octyloxy and

hydrogenated (S) citronellyl side groups, respectively.

0 o) OH o
o J. e
2) HCl O(‘ OH
_— -
EtOH/H,0 DMAP
o) o) OH

DIPC
; CH,Cl,
o N Grubb's 2nd o i
RO 0 0 DCM RO o O 0
™ A s VAN, U
0 o
Poly-4 8
(R = CqzHzs) (R = C45H25)
Poly-5 9
(R = ((S)CaH,C*H(Me)C3HgCH(Me),) (R = ((S)CoH4C*H(Me)C3HgCH(Me),)

Scheme 4. Synthesis of calamitic mesogen-containing polymers poly-4 and poly-5.
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Table 1. Physical Characterization of Polymers Poly-1 to Poly-5.

Polymer M,’ PDI T, T
Poly-1 101,010 1.30 - 236
Poly-2 105,220 1.50 - 82
Poly-3 57,446 1.37 - 130
Poly-4 420,830 4.58 - 155
Poly-5 592,180 1.85 - 128

* Molecular weights determined by gel permeation chromatography in reference to
polyethylene standards.

Unfortunately, none of the polymers described above display liquid crystalline
phases. It would appear that this extremely rigid two-point linkage of the mesogen to
polymer backbone results in systems in which the mesogens do not possess the necessary
freedom of motion to impart liquid crystallinity to the polymer as a whole. Even poly-2,
in which the polymer backbone has been hydrogenated, does not display LC behavior,
though it’s melting point is significantly depressed relative to parent polymer poly-1.
Perhaps if more powerful mesogenic groups (greatly extended aromatics or calamitics)
were incorporated they could overcome the extreme rigidity of the system, resulting in
liquid-crystalline polymers.

In an effort to induce liquid crystallinity in polymers poly-1 through -5, contact
samples were prepared with electro-deficient aromatic molecules 2,4-dinitrotoluene and
2,7-dinitro-9-fluorenone. The polymer was placed on a glass slide next to the electron
deficient aromatic and melted at high temperature so that the two came in contact. TNF

and DNT have been shown to induce liquid crystallinity in non-mesomorphic (both
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discotic and calamitic) compounds.”” We had hoped that these electron-deficient
molecules would similarly induce liquid crystallinity within the polymers by strongly
associating with the relatively electron-rich pendant moieties, thereby increasing the
tendency toward stacking and order between polymer chains. However, no increase in
the molecular order was detected by polarized microscopy and the polymers remained

amorphous in nature.

Summary and Conclusions

A number of mesogen-containing polymers were prepared by ring-opening
metathesis polymerization (ROMP). These polymers are unique in that the molecular
design results in a two-point attachment of the mesogens directly to the polymer main-
chain, intimately coupling them. The polymers investigated did not show liquid-
crystalline behavior, probably due to the strong tendency of the polymer backbone to
adopt statistical orientations. It might be possible to overcome this effect by the
incorporation of mesogens with stronger tendencies to organize than those described
here.
Experimental Section

Cyclopentadiene was freshly cracked and distilled from dicyclopentadiene prior
to use. Dimethylformamide (DMF) was dried over 4 A molecular sieves and stored in an
air-tight pot. Dichloromethane and tetrahydrofuran (THF) were dried by passing through
a column of activated alumina, unless otherwise specified. Para-tosyl hydrazide was
purchased from Aldrich and used as received. All other chemicals were purchased from
Alpha Aesar and used as received. Air and water sensitive reactions employed standard

Schlenk techniques under argon atmosphere. NMR spectra were obtained on Varian
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Mercury-300, Bruker DPX-400 or Varian Inova-500 spectrometers. All chemical shifts
are referenced to residual CHCl; (7.27 ppm for 'H, 77.0 ppm for ’C). Multiplicities are
indicated as s (singlet), d (doublet), t (triplet), and m (multiplet). High resolution mass
spectra were obtained at the MIT Department of Chemistry Instrumentation facility
(DCIF) on a Finnigan MAT 8200 or on a Bruker Daltonics Apex II 3T FT-ICR MS.
Infrared spectra were recorded on a Perkin-Elmer 1760-X FTIR in KBr pellets. DSC was
performed on a Perkin-Elmer TGA7 under nitrogen at a rate of 10 °C per minute.
Polymer molecular weights were determined with a HP Series 1100 GPC in THF at room
temperature versus polystyrene standards.

Compound 2. Compound 1 (11.83g, 15.34mmol) was placed in a 1L flask with a stir bar
and dissolved in 600mL of undried CH,Cl,. Freshly cracked cylcopentadiene (8.5mlL,
7.1g, 107mmol) was added over approximately 60 seconds and the reaction was stirred at
room temperature with the exclusion of light for 11 hours. The solvents were removed in
vacuo and the remaining yellow solids were placed on a high vacuum line (20 mTorr) for
S hours. At this time '"H NMR showed complete conversion to pure product. 'H NMR
(CDCls, 6): 0.88-0.93 (m, 12H, CHj3), 1.30-1.61 (m, 40H), 1.67 (s, 1H), 1.74 (s, 1H),
1.83-2.01 (m, 8H, CH,), 3.58 (s, 2H), 3.70 (s, 2H), 4.14-4.28 (m, 8H, CH,0), 6.18 (s,
2H), 7.75 (s, 2H), 8.31 (s, 2H). ">C NMR (CDCls, 8): 14.09, 14.11, 22.65, 22.67, 26.09,
29.11, 29.16, 29.28, 29.40, 31.79, 31.81, 44.74, 47.87, 52.55, 68.70, 69.17, 104.33,
108.60, 120.87, 127.70, 133.47, 136.76, 149.82, 151.06, 200.71. IR (KBr): 2926, 2854,
1670, 1610, 1508, 1439, 1385, 1306, 1260, 1142, 1110, 1078, 1045, 994, 857, 781, 716,

568. HRMS-EI (m/z): (M") caled for CssHgoOg 837.6028; found 837.6053.
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Compound 3. Compound 2 (1.00g, 1.19mmol) was placed in a 25mL Schlenk flask.
Sodium hydride (143 mg, 60% in mineral oil, 3.58 mmol) was placed in a separate 50 mL
Schlenk flask. Both flasks were evacuated and placed under argon atmosphere. Added
10 mL of dry THF via cannula to the flask with compound 2 and added 10 mL of dry
DMF via cannula to the flask with the sodium hydride. The solution of compound 2 was
then added dropwise via cannula to the suspension of sodium hydride in DMF. The
reaction turned deep red. The solution was stirred for 40 minutes and then added
dimethyl sulfate (340 pL, 3.58 mmol) via microsyringe. Stirring was continued for 16
hours under argon at room temperature, at which point the solution had turned a yellow
color. The reaction was diluted with 150 mL of Et,O, washed with water (3 x 100 mL)
and dried over magnesium sulfate. The solvents were removed in vacuo yielding a
yellow solid which was purified by silica gel chromatography with 1:1
hexane/dichloromethane eluent. Recovered 959 mg of solid which was further purified
by recrystallization from CH,Cl, / EtOH, yielding 892mg (1.03mmol, 87%) of 3 as a
white solid. 'H NMR (CDCls, 8): 0.87-0.94 (m, 12H, CHy), 1.26-1.42 (m, 32H), 1.44-
1.61 (m, 8H), 1.88-2.00 (m, 8H), 2.33-2.41 (m, 2H), 3.76 (s, 6H, CH50), 4.18-4.26 (m,
8H), 4.38 (s, 2H), 6.91 (s, 2H), 7.79 (s, 2H), 9.13 (s, 2H). "*C NMR (CDCls, 8): 14.11,
14.12, 22.69, 26.17, 26.18, 29.32, 29.33, 29.41, 29.45, 29.49, 31.85, 47.44, 61.37, 67.68,
68.86, 69.44, 106.40, 110.85, 122.56, 123.52, 124.87, 133.11, 141.44, 142.71, 148.15,
148.37, 148.72. IR (KBr): 2923, 2854, 1612, 1538, 1513, 1264, 1121, 877, 715, 628.
HRMS-EI (m/z): (M") calcd for Cs7HgsOs 887.6160; found 887.6132. M.P. = 54.2 °C.

Compound 5. Compound 4 (1.486 g, 2.157 mmol) was placed in a 100 mL Schlenk flask

with a stir bar. The flask was evacuated and backfilled with argon, after which 40 mL of
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dry dichloromethane was added via syringe. The flask was cooled with an ice water bath
and bromine (0.22 mL, 4.31mmol) was added dropwise via syringe. The ice bath was
removed and the reaction was allowed to warm to room temperature for 1 hour. Et,0
(100 mL) was added and the solution was washed with saturated aqueous Na;S,04 (50
mL) followed by water (100 mL) and then was dried over magnesium sulfate. The
solvents were removed in vacuo and the remaining dark oil was purified by column
chromatography (silica gel, 2:1 hexanes/CH,Cl;) yielding 5 as a white crystalline solid
(1.498 g, 1.77 mmol, 82%). '"H NMR (CDCls, 8): 0.91-0.98 (m, 12H, CHs), 1.35-1.48 (m,
16H), 1.52-1.63 (m, 8H), 1.84-2.02 (m, 8H), 3.74 (s, 6H, CH30), 4.17 (1, 4H, ] = 6.6 Hz,
-CH,0), 4.26 (t, 4H, ] = 6.6 Hz, -CH,0), 7.77 (s, 2H, Ar-H), 8.99 (s, 2H, Ar-H). °C
NMR (CDCl;, 6): 14.04, 22.62, 22.63, 25.80, 25.82, 29.23, 29.28, 31.65, 60.53, 69.01,
69.37, 106.28, 110.72, 118.97, 121.78, 124.81, 125.34, 148.62, 149.60, 151.92.
Compound 6. Compound 5 (1.166 g, 1.38 mmol) was placed in a 25 mL Schlenk tube
with a stir bar. The tube was evacuated and backfilled with argon, after which 2 mL of
dry THF was added. Furan (5.0 mL, 4.7g, 69 mmol) was added via syringe and then the
flask was cooled in an ice water bath. Phenyllithium (1.1 mL, 1.5 M in Et,0, 1.65 mmol)
was added slowly (1 hour) and then the reaction was stirred in the cooling bath for an
additional 30 minutes. The reaction was then allowed to warm to room temperature and
stirred for an additional 16 hours, at which time 25 mL of Et,O was added and the
solution was washed with water (3 x 20 mL). The solution was dried over magnesium
sulfate and the solvents were removed in vacuo. The remaining solids were purified by
column chromatography (2:1 CH;Cly/hexanes) yielding 923 mg (1.22 mmol, 89%) of 6

as a white solid. 'H NMR (CDCls, 8): 0.92-0.97 (m, 12H, CHj3), 1.36-1.50 (m, 16H),

208



1.52-1.63 (m, 8H), 1.90-2.01 (m, 8H), 3.81 (s, 6H, CH30), 4.18 (t, 4H, J = 6.6 Hz, -
CH,0), 4.25 (t, 4H, ] = 6.6 Hz), 6.16 (s, 2H), 7.15 (s, 2H), 7.80 (s, 2H), 9.04 (s, 2H). "°C
NMR (CDCl;, 8): 14.03, 14.04, 22.63, 25.80, 25.82, 29.22, 29.30, 31.65, 31.66, 61.57,
68.86, 69.36, 80.75, 106.19, 110.69, 123.24, 123.44, 125.16, 137.04, 142.43, 148.01,
148.17, 148.71. IR (KBr): 2928, 2858, 1613, 1513, 1446, 1421, 1264, 1245, 1193, 1125,
1007, 870, 835, 703, 588. HRMS-EI (m/z): (M") calced for CagHesO7 755.4881; found
755.4870. M.P. = 85.6 °C.

Compound 8. Compound 7 (3.988 g, 22.92 mmol) was placed in a 500 mL Schlenk
flask with 4-(dodecyloxy)benzoate (14.046 g, 45.84 mmol) , DMAP (5.62, 45.84 mmol),
TsOH (856 mg, 4.5 mmol) and a stir bar. The flask was evacuated and backfilled with
argon three times, after which CH,Cl, (250 mL) was added via cannula.
Diisopropylcarbodiimide (DIPC) (7.8 mL, 50 mmol) was added via syringe and the
reaction was stirred for 3 days at room temperature. The solvents were removed in vacuo
and the resulting solids were pulled through a silica gel pad 2 1
hexanes/dichloromethane) followed by low temperature (- 38 °C) recrystallization from
acetone, yielding 8.54 g (11.3 mmol, 50%) of 8 as a white solid. 'H NMR (CDCls, d):
0.92 (t, 6H, J = 6.6 Hz, CH3), 1.28-1.57 (m, 36H), 1.81-1.91 (m, 4H), 2.22-2.26 (m, 1H),
2.33-2.36 (m, 1H), 3.98 (t, J = 1.8 Hz, 2H), 4.08 (t, 4H, J = 6.6 Hz, -CH,0), 6.82 (s, 2H),
6.87 (t, 2H, ] = 1.8 Hz), 7.00 (d, 4H, J = 8.8 Hz, Ar-H), 8.18 (d, 4H, J = 8.8 Hz, Ar-H).
BC NMR (CDCl, 8): 14.12, 22.68, 25.96, 29.07, 29.34, 29.35, 29.55, 29.58, 29.62,
29.64, 31.90, 48.05, 68.29, 68.44, 114.26, 119.44, 121.41, 132.29, 142.44, 142.48,

14512, 163.48, 164. 59. IR (KBr): 2921, 2851, 1728, 1605, 1509, 1473, 1422, 1255,
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1152, 1074, 1000, 844, 762, 506. HRMS-EI (m/z): (M") caled for CaoHesQg 773.4752;
found 773.4750. M.P. = 88.7 °C.

Compound 9. Compound 7 (1.163 g, 6.685 mmol) was placed in a 250 mL Schlenk
flask with 4-((S)-3,7-dimethyloctyloxy)benzoate (3.722 g, 13.370 mmol) , DMAP (1.640,
13.370 mmol), TsOH (247 mg, 1.3 mmol) and a stir bar. The flask was evacuated and
backfilled with argon three times, after which CH,Cl, (100 mL) was added via cannula.
Diisopropylcarbodiimide (DIPC) (2.3 mL, 15 mmol) was added via syringe and the
reaction was stirred for 3 days at room temperature and then poured into 50 mL of IN
HCI (aqueous). The organic layer was washed with saturated aqueous NaCl solution (50
mL) and water (2 x 50 mL), dried over magnesium sulfate, and the solvents were
removed in vacuo. The resulting solids were purfied by column chromatography (2 : 1
hexanes/ CH,Cl,) followed by low temperature (- 38 °C) recrystallization from acetone,
yielding 2.416g (3.476 mmol, 52%) of 9 as a white solid. '"H NMR (CDCls, 8): *C NMR
(CDCls, 6): 19.61, 22.58, 22.69, 24.63, 27.94, 29.77, 35.95, 37.21, 39.18, 48.04, 66.61,
68.44,114.27,119.43,121.40, 132.28, 142.43, 142.48, 145.10, 163.45, 164.58. IR (KBr):
2953, 1728, 1603, 1604, 1509, 1480, 1254, 1211, 1152, 1067, 1006, 844, 763, 731, 649.
HRMS-EI (m/z): (M") calcd for C45Hss0¢ 694.4228; found 694.4246. M.P. = 50.5 °C.
Poly-1 The reaction was carried out in an air-free glovebox. Compound 3 (326 mg,
0.377mmol) was dissolved in 5 mL dry CH,Cl, added quickly to Grubb’s 2nd generation
catalyst (1.6 mg, 0.0019 mmol) in ImL dry CH;Cl,. The reaction stirred at room
temperature for 21 hours and then ethyl vinyl ¢ther (0.5 mL) was added. The reaction
was brought out of the glovebox, poured into MeOH (100 mL) and the precipitated

polymer was collected by centrifugation and dried in vacuo, yielding poly-1 (306mg,
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0.341mmol of repeat units, 91%) as a white solid. 'H NMR (CDCls, 8): 0.71 (br, 6H),
0.85 (br, 6H), 0.98-1.60 (m, 40H), 1.59-1.99 (m, 8H), 2.63 (br, 2H), 3.70 (br, 6H), 4.07
(br, 8H), 4.40 (br, 2H), 5.88 (br, 2H), 7.68 (br, 2H), 9.00 (br, 2H).

Poly-2 Polymer Poly-1 (75 mg, 0.087mmol) was placed into a 25 mL Schlenk tube with
tosyl hydrazide (97 mg, 0.52 mmol) BHT (approx. 2 mg), 5 mL xylenes and a stir bar.
The solution was freeze-pump-thawed three times to remove oxygen. The solution was
heated to 110 °C with stirring. After one hour of stirring at room temperature, an
additional portion of tosyl hydrazide (97 mg, 0.52 mmol) was added and the reaction
stirred with heating for 16 hours. The flask was removed from the heating bath and the
room temperature solution was poured into 100 mL of MeOH. The precipitate was
collected by centrifugation and dried in vacuo. The polymer was redissolved in 25 mL of
CH,Cl,, reprecipitated by pouring into MeOH, collected by centrifugation and dried in
vacuo, vielding 64 mg of poly-2. 'H NMR (CDCls, 6): 0.77 (br, 6H), 0.89 (br, 6H), 1.10
(br, 16H), 1.29 (br, 16H), 1.53 (br, 8H), 1.89 (br, 8H), 2.69 (br, 2H), 3.71 (br, 6H), 3.94
(br, 4H), 4.16 (br, 4H), 7.70 (br, 2H), 8.95 (br, 2H).

Poly-3 The reaction was carried out in an air-free glovebox. Compound 6 (49 mg, 0.065
mmol) was dissolved in 1.5 mL dry CH,Cl, added quickly to via pipette to Grubb’s 2™
generation catalyst (0.5 mg, 0.0006 mmol) in 1.5mL dry CH;Cl,. The reaction stirred at
room temperature for 18 hours and then ethyl vinyl ether (0.5 mL) was added. The
reaction was brought out of the glovebox, poured into MeOH (100 mL) and the
precipitated polymer was collected by centrifugation and dried in vacuo, yielding poly-3

as a white solid. 'H NMR (CDCl, 0): 0.82-1.78 (br, 36H), 1.79-2.02 (br, 8H), 3.59-4.03
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(br, 8H), 4.02-4.38 (br, 6H), 5.98-6.22 (br, 2H), 6.68 (br, 2H), 7.60-7.84 (br, 2H), 8.65-
9.18 (br, 2H).

Poly-4 The reaction was carried out in an air-free glovebox. Compound 8 (253 mg,
0.337 mmol) was dissolved in 8 mL dry CH,Cl, added quickly to via pipette to Grubb’s
2" generation catalyst (3.0 mg, 0.0035 mmol) in 1 mL dry CH,Cl;. The reaction stirred
at room temperature for 3 hours and then ethyl vinyl ether (0.5 mL) was added. The
reaction was brought out of the glovebox, poured into MeOH (100 mL) and the
precipitated polymer was collected by filtration and dried in vacuo, yielding poly-4 as a
white solid. '"H NMR (CDCl;, 8): 0.88 (br, 6H), 1.24 (br, 36H), 1.69 (br, 4H), 3.86 (br,
4H), 5.50 (br, 2H), 6.67 (br, 4H), 6.96 (br, 2H), 7.91 (br, 4H).

Poly-5 . The reaction was carried out in an air-free glovebox. Compound 9 (209 mg,
0.301 mmol) was dissolved in 1 mL dry CH,Cl, added quickly to via pipette to Grubb’s
2" generation catalyst (2.5 mg, 0.003 mmol) in 1 mL dry CH;Cl,. The reaction stirred at
room temperature for 18 hours and then ethyl vinyl ether (0.5 mL) was added. The
reaction was brought out of the glovebox, poured into MeOH (100 mL) and the
precipitated polymer was collected by filtration and dried in vacuo, yielding poly-5 as a
white solid. '"H NMR (CDCls, 8): 0.81 (br, 18H), 1.09 (br, 8H), 1.26 (br, 8H), 1.48 (br,
4H), 1.58 (br, 4H), 1.74 (br, 2H), 3.90 (br, 4H), 5.50 (br, 2H), 6.69 (br, 4H), 6.99 (br,

2H), 7.94 (br, 4H).
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"H NMR of 23 (300MHz, CDCl5)
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'H NMR of 26 (300MHz, CDCl;)
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'°F NMR of 26 (282MHz, CDCl;)
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Variable temperature X-ray diffraction pattern of 11 (Coly phase) at 115 °C.
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Figure X. 2-D variable temperature X-ray diffraction of a magnetically aligned sample of
the SmC phase of 14 at 85 °C. The inner reflections, corresponding to the layer spacing,
are tilted at an angle of approximately 7° with respect to the vertically aligned outer
reflections of the liquid aliphatic sidechains. This value corresponds to the tilt angle of
the SmC phase.

272



Chapter 3 X-ray Diffraction

NC CN

/N

O = Ny == O
CyoH2,Q OCoHz1

15

300000 -

-4

250000

-

200000 -

150000

Counts

100000 —

50000 L

0 -

5 10 15 20 25 30
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'H NMR of 8 (500 MHz, CDCl5)
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'H NMR of 9 (500 MHz, CDCls)
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'HNMR of 11 (500 MHz, CDCl3)
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Variable temperature X-ray diffraction pattern of 14 (Coly phase) at 75 °C.
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