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ABSTRACT

This thesis consists of two parts: (i) photoalignment of liquid crystals,
including a nematic fluid, a glassy-namtic pentafluorene, and a cholesteric glassy
liquid crystal; and (ii) development of cholesteric glassy liquid crystals comprising a
hybrid chiral-nematic mesogen and of photochromic glassy liquid crystals with
dithienylethene cores. Photoalignment behaviors were interpreted in terms of the
kinetics of axis-selective photodimerization, the rotational mobility of pendant
coumarin monomers, and the coumarin monomer’s and dimer’s absorption dipoles
located by computational chemistry. Coumarin-containing polymethacrylate films
were employed to elucidate the roles played by coumarin monomer’s and dimer’s
orientational order, their relative abundance, and the energetics of their interactions
with overlying liquid crystals. Under favorable conditions, photoalignment was
shown to be comparable to rubbing polymimide film in the ability to orient liquid
crystals. A hole-conducting copolymer film comprising triphenylamine and coumarin
was used to unravel how the dilution of coumarin monomers, polarization ratio of
UV-irradiation to induce dimerization of coumarin, and triplet energy transfer from
triphenylamine to coumarin moieties affect the quality of photoalignment and its
cross-over behavior.
Cholesteric glassy liquid crystals are comprised of a helical stack of quasinematic layers frozen in the solid state capable of selective wavelength reflection with
simultaneous circular polarization. Potentially applications of this material class

viii

include robust non-absorbing circular polarizers, optical notch filters and reflectors,
and polarized light-emitters and lasers. To facilitate material synthesis over prior arts,
hybrid chiral-nematic mesogens were chemically bonded to benzene via enantiomeric
2-methylpropylene spacers, exhibiting a broad cholesteric fluid temperature range.
Phase transition temperatures, glass-forming ability, morphological stability against
crystallization, and selective reflection wavelength all depend on the number and the
positions of substitution on the benzene core. The difference in helical twisting power
was explained by computational chemistry, and the amenability to photoalignment
was demonstrated to be equivalent to mechanical alignment. Furthermore,
photochromism was incorporated in nematic, smectic, and cholesteric glassy liquid
crystals using dithienylethene cores to which liquid crystal mesogens are chemically
attached. A photochromic cholesteric glassy liquid crystalline film was characterized
by ellipsometry for its orientational order parameter governing quasi-nematic layers,
and by UV-Vis spectrophotometry for reflective coloration with photoswitchable
absorptive coloration.
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CHAPTER 1

BACKGROUND AND STATATEMENT OF RESEARCH OBJECTIVES

1.1

LIQUID CRYSTALS

The study of liquid crystals has burgeoned since Friedrich Reinitzer, an
Austrian botanist, observed in 1888 that the cholesteryl benzoate had two melting
points, 145oC where it melted to a cloudy liquid and 179oC where it became a
transparent liquid1. After examination by Otto Lehmann, who was an expert in
polarized optical microscopy, the new phase of matter was named a liquid crystal
phase to describe the cloudy liquid with crystalline texture2. In 1922, Georges Freidel
suggested the classification of different phases observed on liquid crystals, which are
used today, i.e., nematic, smectic, and cholesteric3. Since the introduction of the
twisted nematic device in the 1970s, liquid crystal displays have dominated the flatpanel display market. In order to exhibit liquid crystallinity, the molecule must be
geometrically anisotropic, e.g. highly rod-like or disc-like in shape. There are two
types of liquid crystalline states depending upon how they form, thermotropic and
lyotropic. Mesomorphism in thermotropic liquid crystals is affected by the change of
temperature. Lyotropic liquid crystals show mesomorphism in solution over certain
concentration ranges or in certain solvents. Thermotropic liquid crystals are grouped
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into calamitic (rod shape) or discotic (disk shape), depending upon their molecular
shape. Calamitic liquid crystals form three different mesophases, i.e. nematic,
cholesteric and smectic; and the columnar phase is observed with discotic liquid
crystals, as depicted in Figure 1.1.
Nematic liquid crystals exhibit long range orientational order parallel to the
average direction of the molecular axes, but no positional order, as shown in Figure
1.1.(a). This preferred direction is called the director. Due to their anisotropic
molecular shape, oriented nematic liquid crystals have the optical properties of
uniaxial crystals, which makes them useful in liquid crystal displays.
Compared to the nematic phase, the smectic phase shows positional order in
addition to orientational order, as shown in Figure 1.1.(b). The liquid crystals in a
smectic phase tend to self-organize into a discrete layered structure with well-defined
interlayer spacing as evidenced by X-ray diffraction. Within each layer, molecules
maintain the orientational order of nematic phase. The increased order from the
layering indicates that the smectic phase is more crystal-like than the nematic phase.
The chiral-nematic phase is often called the cholesteric phase because it was
first observed with cholesterol derivatives1. Chiral-nematic liquid crystals are
typically composed of nematic liquid crystals containing, or doped with chiral
moieties. The chiral-nematic phase is composed of helically stacked quasi-nematic
layers, in which molecules are uniaxially arranged. The director of each quasinematic layer rotates incrementally from one layer to the next, along z direction, as
depicted in Figure 1.1.(c). The distance over which the directors of quasi-nematic
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layers rotate 360o is the pitch length, p, while the rotational direction defines the
handness of the chiral-nematic phase. The distinguishing optical property of this
mesophases from other mesophase is selective reflection4. ‘Bragg-like’ selective
reflection is observed when the wavelength meets the conditions of λ R = n p cos ϕ ,

where λR is the center wavelength of the selective reflection band and ϕ is the angle
of incidence with respect to the surface normal. The average refractive index is
defined as n = (ne + no ) / 2 , where ne and no are the extraordinary and ordinary
refractive indices of the quasi-nematic layer of the chiral-nematic phase, respectively.
The bandwidth of selective reflection, Δλ = pΔn, is determined by the birefringence
of the liquid crystal, Δn = ne – no. Circularly polarized light of appropriate handness
with λ = λR will be completely reflected while maintaining its polarization. On the
contrary, incident light with λ ≠ λR will not be affected regardless of the polarization
state.
The discotic phase is different from all other mesophases, consisting of disclike molecules instead of rod-like molecules, as depicted in 1.1.(d). Therefore, the
molecules are easily stacked up to form columns. This mesophase was first
discovered by Chadrasekhar et al. in 19775. Discotic liquid crystals exhibit various
columnar mesophases, such as hexagonal, rectangular, and oblique phases, depending
on the arrangement of the columns or the discotic nematic phase with only
orientational order6.

4

1.2.

GLASSY LIQUID CRYSTALS (GLC)

Each type of liquid crystal has found its respective niche in optics, photonics,
electronics, or optoelectronics. However, traditional liquid crystals tend to crystallize
on cooling, losing the molecular order of their liquid crystalline state. Therefore, with
these molecular arrangements frozen in the solid state, glassy liquid crystals (GLCs)
represent a novel material class that combines properties intrinsic to liquid crystals
with those common to polymers, such as glass transition and film- and fiber-forming
abilities. The differential scanning calorimetric thermograms compiled in Figure 1.2
serve to distinguish a GLC from a conventional liquid crystal. Heating a conventional
liquid crystal causes a first-order transition from crystalline solid to liquid crystal at
its melting point, Tm, followed by a transition to isotropic liquid at its clearing point,
Tc. In contrast, heating a stable GLC causes a second-order transition from
mesomorphic solid to liquid crystal at its glass transition temperature, Tg, without
modifying the molecular order, followed by a transition to isotropic liquid at Tc.
Placed between a conventional liquid crystal and a stable GLC, an unstable GLC
tends to crystallize from the liquid crystalline mesomorphic state above Tg. The
temperature for maximum crystallization rate was empirically observed around
(0.9)Tm on an absolute temperature scale. From the fundamental perspective, the
phase transition from liquid crystal to mesomorphic solid adds a new dimension to
the traditional view of glass transition from isotropic liquid to isotropic solid.

5

The first attempt to make GLCs in 1971 yielded low Tg with poor
morphological stability7. Even though liquid crystalline polymers (LCPs) have been
studied for the last three decades, GLCs have the advantages of superior chemical
purity and favorable rheological properties over LCPs8. Representative GLCs are
presented in Figure 1.3. They can be categorized into: (i) laterally or terminally
branched, one-string compounds with a Tg mostly around room temperature9; (ii) twin
molecules with a Tg above room temperature, but generally morphologically
unstable10-13; (iii) cyclosiloxanes functionalized with mesogenic and chiral pendants1418

; (iv) carbosilane dendrimers with a low Tg19-20; (v) macrocarcycles with mesogenic

segments as part of the ring structure21. Most of the previously reported GLCs
exhibited either Tg around or lower than room temperature or thermally activated
crystallization.
To achieve morphologically stable GLCs by preventing crystallization, a
comprehensive molecular design strategy was implemented in which nematic and
chiral-nematic mesogens are chemically bonded to the finite volume-excluding
core22-35. While the core and the pendants are crystalline as separate entities, the
hybrid chemical system vitrifies into a GLC on cooling. A definitive set of GLCs, as
depicted in Figure 1.4, has been synthesized and characterized to provide an
understanding of structure-property relationships and to demonstrate optical device
concepts. In particular, cholesteric GLCs are potentially useful nonabsorbing
polarizers, optical notch filters and reflectors, and circularly polarizing fluorescence
films, due to their unique optical property. Cholesteric GLCs, consisting of separate
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chiral and nematic pendants, have been synthesized via statistical approaches, which
require intensive purification27,

36

, or by deterministic approaches, which require

lengthy synthetic procedures23, 37-39.

1.3.

ORGANIC PHOTOCHROMES

With the current development of science and technology, there has been an
increasing demand for materials for fast processing and high-density data storage.
One major focus has been the ability to process information at the molecular level
with fast response times on the nanosecond to the picosecond scale. Organic
photochromic molecules have been investigated for this purpose40. Photochromism is
defined as reversible photoinduced transformations of a molecule between two
isomers with different optical properties, as depicted in Figure 1.5. As a result of
photochemical reaction, the absorption spectra and other various physical properties,
such as the refractive index, dielectric constant, and oxidation and reduction potential
can be modulated. Representative photochromic molecules are shown in Figure 1.6:
(i) spiropyrans; (ii) spirooxazines, interesting for their resistance to photodegradation,
or so-called fatigue resistance; (iii) azobenzenes; (iv) fulgides and fulgimides; and (v)
diarylethenes. Of all the photochromic molecules, diarylethene is the most promising
for rewritable optical memory media and photonic switching in terms of thermal
stability, high quantum yields, fast response, and fatigue resistance40(b),(g),(f).
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Numerous concepts for non-destructive readout with diarylethene have been
demonstrated on the basis of fluorescence41-50, refractive index51, magnetic
properties52, chiroptical properties53-55, photocurrent detection56, and infrared
absorption57-60. Furthermore, multi-addressable systems have been realized with
multi-colored diarylethenes such as trimers61, copolymer containing color-tuned
diarylethenes62, and biphotochromic molecules63-65. Most of these demonstrations
have been done in solution. For practical applications where long-term stability and
environmental durability are required, photoresponsive materials that can be
processed into large-area solid film are highly desirable. Crystalline materials are
difficult to process into large-area films without grain boundaries to scatter light.
Therefore, polymers doped with diarylethene molecules have been used for optical
devices. However, in polymers doped with diarylethene molecules, the sensitivity is
low because of miscibility limit. To increase the amount of diarylethene, two different
approaches have been taken. One is the preparation of polymers either containing
diarylethenes either in side chains or in the main chains66. The other is synthesis of
low-molecular weight amorphous glasses51, 67. Low-molar-mass amorphous materials
offer an advantage over polymers in terms of chemical purity, well-defined structure,
and the ease of processing into ordered films due to their low viscosity. To this end,
amorphous diarylethene molecules have been made, using refractive index
modulation as the means of non-destructive readout. Taking advantage of glassy
materials, our group reported the first photoresponsive GLC, in which nematic
mesogens were chemically bonded to diarylethene as a photoswitchable core.
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Anisotropic refractive indices as well as optical birefringence were proposed as the
means of non-destructive readout by uniaxial alignment of the electronic transition
dipole moment of the diarylethene core35.

1.4.

PHOTOALIGNMENT OF LIQUID CYRSTALS

To achieve good performance from liquid crystal optical devices as well as
liquid crystal displays (LCDs), uniform and controllable alignment of liquid crystals
is very important. For this purpose, several techniques are known such as mechanical
rubbing of polymer films, mechanical stretching, and oblique evaporation of
inorganic materials. The rubbing process has been exclusively adopted due to the
simplicity and integrity of the process68-70. Particularly, rubbed polyimide coatings
have been used due to optical transparency, thermal stability, mechanical strength,
and chemical inertness. Whereas rubbing shows advantages in terms of high
anchoring energy and generation of pretilt angle, it suffers several limitations such as
generation of dust and electrostatic charges71, mechanical damages and difficulties in
multidomain patterning. These factors degrade the quality of LCD performance,
causing leakage or trapping of electric charge, image flickering, and narrow viewing
angle. Recently, efforts have been made to achieve wide viewing angles by nanorubbing, i.e., patterning multidomains with AFM tips72-74. However, this process is
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complicated and costly. Therefore, a rubbing-free method to induce liquid crystal
alignment is sought after.
To overcome the limitations of mechanical rubbing, photoalignment has been
proposed as a ‘non-contact’ alternative. Photoalignment methods utilize linearly
polarized ultraviolet (LPUV) light to generate chemical anisotropy on photoreactive
alignment

surfaces

through

axis

selective

photoreaction.

The

anisotropic

intermolecular interactions between alignment surfaces and liquid crystals have been
observed to be strong enough to orient liquid crystals on the alignment surfaces. Thus,
photoalignment provides an easy means of patterning as well as avoiding the
generation of dust and electrostatic charges. Patterning in various directions can be
obtained by LPUV irradiation through a photomask, leading to the formation of
multidomain displays. A wide viewing angle can be achieved by well-controlled
multidomain alignment of liquid crystals. Since the first report on photoalignment of
liquid crystals with an azobenzene-containing monolayer75, various photoalignment
materials have been developed for durable, non-contact alignment of liquid crystals.
They can be classified into three: (i) isomerization of photochromic molecules, such
as

azobenzene77-84,

(ii)

photodegradation

of

polyimide85-93,

(iii)

[2+2]

photodimerization of cinnamates94-104 and coumarins95, 97, 105-113.
Photoalignment materials containing azobenzene have been developed by
doping azobenzene compounds in polymers76 or by making Langmuir-Blodgett
films75 and polymer films78-82. The wide use of azobenzene as a photoresponsive
moiety in liquid crystal alignment is due to its simple molecular structure and the ease
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of structural modifications. Nevertheless, some drawbacks have been noted, such as
the thermal instability of photoalignment and undesirable coloration. Furthermore,
low pretilt angles and anchoring energies are reported in most cases. Intensive efforts
have been devoted to overcoming these problems. A high pretilt angle can be
generated by oblique unpolarized UV irradiation78, and the anchoring energy can be
increased by proper substitution83. Moreover, thermal stability of liquid crystal
alignment can be improved by crosslinking of azobenzene moieties84.
Polyimides (PIs) have been studied as a photoalignment material due to their
wide acceptance in the LCD industry. Photoalignment of PI is based on anisotropic
decomposition of the weakest bonds in PI chains, and thus, liquid crystal molecules
follow the direction of intact PI chains, which is usually perpendicular to the direction
of incident LPUV85-89. Control of the tilt angle of liquid crystal molecules can also be
achieved by oblique UV irradiation90, 91. However, the products of photodegradation,
such as carboxylic acids, might negatively affect the LCD performance, causing
image sticking and display flickering92. The thermal stability and anchoring energy of
photodegradated PI films are, in general, lower than those of rubbed PI films.
Improved thermal stability of photo-irradiated PI films has been achieved by in-situ
LPUV irradiation during the thermal curing of polyamic acid93.
One representative class of photoalignment materials that has been widely
studied is poly(vinyl cinnamate) (PVCi) and its derivatives since the first report in
199294. The practical utility of these polymers as liquid crystal alignment layers is
limited by several factors. Photoalignment layers based on PVCi derivatives were
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found to deteriorate above 70oC94. The pretilt angle of cinnamates is usually low and
difficult to control, causing defect in LCDs because the cinnmate photodimers are
generated perpendicular to the axis of LPUV. Moreover, the photoalignment
mechanisms of these polymers are not fully understood because of the competition
between trans-cis photoisomerization and photocyclization to a twisted configuration.
After the first report of coumarin used as a photoalignment material in 1996105,
various coumarin derivatives have been developed. Coumarin has several advantages
for use as a photoalignment material. Coumarin undergoes only photodimerization,
which facilitates quantitative analysis of photoalignment. Its high sensitivity allows
homogeneous alignment to be achieved at a low exposure. The photodimers of
coumarins are parallel to the polarization of the incident light, which enables the
control of pretilt angle with oblique polarized irradiation105, 106, 109. Coumarin has also
shown a high degree of thermal stability, maintaining constant alignment quality up to
120oC for 180h106. Different from other materials classes, such as azobenzene,
photodegradation of PI, and cinnamates, coumarin has consistently exhibited
crossover of liquid crystal orientation, which means the direction of LC orientation
switches from parallel to perpendicular to the axis of LPUV upon prolonged
irradiation108-111. In the early stage of irradiation, the axis-selective dimerization is
limited to coumarins whose absorption dipoles fall along the axis of LPUV. These
preferentially placed dimers orient liquid crystals parallel to the axis of LPUV. In the
later stage, as the dimerization proceeds, dimers become distributed off-axis and
nearly randomized, while unreacted coumarins are left with their transition dipoles
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largely perpendicular to the axis of LPUV. Due to the stronger interaction between
monomer and liquid crystals than that between dimer and liquid crystals108, 110, the
overlying liquid crystals are oriented perpendicular to the axis of LPUV. In addition
to the energetics of molecular interaction, it has recently been demonstrated that the
orientational order parameter and relative abundance of coumarin monomers and
dimers, respectively, also affect crossover114.
Since the discovery of the organic electroluminescence based on small
molecules115 and polymers116, the production of linearly polarized light117 has been
attempted because it can be used an energy-efficient LCD backlight. Among the
several methodologies that have been explored, such as Langmuir-Blodgett
deposition118, mechanical stretching119, mechanical rubbing of the emissive layer120,
and liquid crystalline mesomorphism121, the last approach seems to be the most
attractive method. This methodology requires a charge transporting alignment layer to
inject holes into the uniaxially oriented liquid crystalline light emitters. Polyimide
doped with hole conducting molecules122 or PEDOT:PSS116(a),(b) have been used as
semiconducting alignment layers. However, these alignment layers need to be rubbed
to align emissive liquid crystals, which causes dust, electrostatic charge, and scratches.
As an alternative, a photoalignment layer doped with hole conducting material was
reported123. Recently, a photoalignment layer was prepared with a copolymer
containing both charge transport moieties and coumarin moieties, which could
potentially solve all the problems mentioned above124. However, the alignment ability
was rather limited for the conjugated oligomers.
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1.5.

STATEMENT OF RESEARCH OBJECTIVES

Alignment control of liquid crystalline conjugated molecules is of great
importance for organic electronic devices, such as polarized organic light emitting
diodes (polarized OLEDs) and organic thin film transistors (OTFTs). Liquid crystal
displays, which dominate the current display markets, have suffered from the low
power efficiency of the backlight around 5 % due to two polarizers and light
absorbing color filters. Therefore, polarized OLEDs have been highly attractive as
highly efficient backlights. Due to the drawbacks of rubbing process, photoalignment
appears to be a promising alternative. Therefore, the feasibility of generating well
ordered glassy-nematic films of conjugation oligomers was tested, using coumarincontaining polymer films124. Whereas the orientational order parameter of short
oligomer was comparable to that on rubbed PI, the orientational order parameter of
oligomers decreased with the increase of chain length. Therefore, it is important to
identify the structural factors that affect the photoalignment of conjugated oligomers.
In addition to good alignment capability, charge transporting ability of the
photoalignment layer is essential to realize polarized OLEDs. Incorporation of charge
transporting

moieties

into

coumarin-containing

polymers

will

affect

the

photodimerization of coumarins due to the dilution, competitive absorption of LPUV,
and photophysical phenomena between coumarin and the charge transport moiety,
whose effects should also be elucidated as part of fundamental understanding.
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Cholesteric GLCs with excellent morphological stability has been developed
for optical applications. However, there has been no morphologically stable GLC
comprising hybrid chiral-nematic mesogens. Cholesteric GLCs have been synthesized
by a statistical approach, a process requiring intensive work-up. To enable large-scale
synthesis and to facilitate purification, deterministic synthesis approaches for the
cholesteric GLCs have been developed23,

37-39

. However, these methods require

lengthy synthetic procedures. Therefore, hybrid chiral-nematic mesogens are highly
desirable for both facile synthesis and purification. In addition, photoalignment of
cholesteric GLCs will be tested for photoalignment. Using a photochromic nematic
GLC comprising diarylethene core with nematic pendants, it was demonstrated that
the electronic transition moment of the photochromic core could be uniaxially aligned
to furnish anisotropic refractive indices for nondestructive readout35. It will be useful
to generalize photochromic GLCs to include smectic and cholesteric phases.

In a nutshell, my thesis was motivated by the following specific objectives:

(1) To align both liquid crystal fluids and glassy nematic conjugated oligomers and to
identify the factors affecting the coumarin-containing polymer films’ capability for
photoalignment of liquid crystals.

15

(2) To furnish insight into the effects of dilution, polarization ratio, and energy
transfer on photoalignment of liquid crystals using coumarin-containing polymer
films functionalized with charge transport moieties.

(3) To develop a hybrid chiral-nematic mesogen which will facilitate the synthesis of
morphologically stable cholesteric GLCs and to investigate the effects of the number
of mesogens and the regioisomerism on the helical twisting power and thermal
properties.

(4) To generalize the concept of a photochromic nematic GLC to smectic and
cholesteric counterparts through molecular design and synthesis, and characterization
of thermotropic and optical properties.
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a) Nematic

b) Smectic

c) Cholesteric

d) Discotic

Figure 1.1. Liquid crystalline order in thermotropic liquid crystals.
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Figure 1.2. DSC thermograms of liquid crystals.
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Figure 1.3. Representative glassy liquid crystals reported previously, where G x oC N
or Ch y oC I expresses a Tg and a Tc (for a nematic or for a cholesteric to
isotropic transition) at x and y oC, respectively7, 9, 10, 14(a), 21.
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λ1

λ2

Figure. 1.5. Scheme of photochromic reactions, where λ1 and λ2 correspond to the
absorption maxima of A and B, respectively.
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Figure 1.6. Representative photochromic reactions40.

22

REFERENCES

(1)

Reinitzer, F. Montashefte für Chemie 1888, 9, 421.

(2)

Lehmann, O. Zeitschrift für Physikalische Chemie, 1889, 4, 462.

(3)

Freidel, G. Annales de Physique, 1922, 18, 273.

(4)

de Gennes, P. G. The Physics of Liquid Crystals; Oxford Univeristy Press:
Oxford, 1974; p 216.

(5)

Chandrasekhar, S.; Sadashiva, B. K. Suresh, K. A. Pramana 1977, 9, 471.

(6)

Bushby, R. J.; Lozman, O. R. Curr. Opin. Col. Inter. Sci. 2002, 7, 343.

(7)

(a) Tsuji, K.; Sorai, M.; seki, S. Bull. Chem. Soc. Jpn. 1971, 44, 1452. (b)
Sorai, M.; Seki, S. Ibid., 2887.

(8)

Shi, H.; Chen, S. H.; De Rose, M. E.; Bunning, T. J.; Adams, W. W. Liq.
Cryst. 1996, 20, 277.

(9)

Wedler, W.; Demus, D.; Zaschke, H.; Morh, K.; Schafer, W.; Weissflog, W. J.
Mater. Chem. 1991, 1, 347.

(10)

Attard, g. S.; Imrie, C. T. Liq. Cryst. 1992, 11, 785.

(11)

Dehne, H.; roger, A.; Demus, D.; Diele, S.; Dresse, H.; Pelzl, G.; Weissflog,
W. Liq. Cryst. 1989, 6, 47.

(12)

Attard, G. S.; Imrie, C. T.; Karasz, F. E. Chem. Mater. 1992, 4, 1246.

(13)

Tamaok, N.; Kruk, G.; Matsuda, H. J. Mater. Chem. 1999, 9, 2381.

23

(14)

(a) Kreuzer, F. H.; Andrejewski, D.; Haas, W.; Haberle, N.; Riepl, G.; Spes, P.
Mol. Cryst. Liq. Cryst. 1991, 199, 345. (b) Kreuzer, F. H.; Maurer, R.; Spes, P.
Makromol. Chem. Mocromol. Symp. 1991, 50, 215.

(15)

Walba, D. M.; Zummach, D. A.; Wand, M. D.; Thurmes, W. M.; Moray, K.
M.; Arnett, K. E. In Liquid Crystal Materials, Devices, and Applications II;
Wand, M. D.; Efron, U.; Eds.; SPIE: San Jose, CA. 1993, Vol. 1911, p 21.

(16)

Gresham, K. D.; McHugh, C. M.; Bunning, T. J.; Crane, R. J.; Klei, H. E.;
Samulski, E. T. J. Polym. Sci.: Part A: Polym. Chem. 1994, 32, 2039.

(17)

Saez, I. M.; Goodby, J. W.; Richardson, R. M. Chem. Eur. J. 2001, 7, 2758.

(18)

Saez, I. M.; Goodby, J. W. J. Mater. Chem. 2001, 11, 2845.

(19)

Lorenz, K.; Hölter, D.; Stühn, B.; Mülhaupt, R.; Frey, H. Adv. Mater. 1996, 8,
414.

(20)

Ponomarenko, S. A.; Boiko, N. I.; Shibaev, V. P.; Richardson, R. M.;
Whitehouse, I. J.; Rebrov, E. A.; Muzafarov, A. M. Macromolecules 2000, 33,
5549.

(21)

Percec, V.; Kawasumi, M.; Rinaldi, P. L.; Litman, V. E. Macromolecules
1992, 25, 3851.

(22)

Shi, H.; Chen. S. H. Liq. Cryst. 1994, 17, 413.

(23)

(a)Shi, H.; Chen, S. H. Liq. Cryst. 1995, 18, 733; (b) Shi, H.; Chen, S. H. Liq.
Cryst. 1995, 19, 849.

(24)

Mastrangelo, J. C.; Blanton, T. N.; Chen, S. H. Appl. Phys. Lett. 1995, 66,
2212.

24

(25)

Shi, H.; Chen, S. H. Liq. Cryst. 1995, 19, 785.

(26)

Chen, S. H.; Mastrangelo, J. C.; Shi, H.; Bashir-Hashemi, A.; Li, J.; Gelber, N.
Macromolecules 1995, 28, 7775.

(27)

(a) Chen, S. H.; Jin, R. J.; Katsis, D.; Mastrangelo, J. C.; Papernov, S.;
Schmid, A. W. Liq. Cryst. 2000, 27, 201.; (b) Fan, F. Y.; Mastrangelo, J. C.;
Katsis, D.; Blanton, T. N. Liq. Cryst. 2000, 27, 1239.

(28)

De Rosa, M. E.; Adams, W. W.; Bunning, T. J.; Shi, H.; Chen, S. H.
Macromolecules 1996, 29, 5650.

(29)

Chen, S. H.; Mastrangelo, J. C.; Blanton, T. N.; Bashir-Hashemi, A. Liq. Cryst.
1996, 21, 683.

(30)

Chen., S. H.; Shi. H.; Conger, B. M.; Mastrangelo, J. C.; Tsutsui, T. Adv.
Mater. 1996, 8, 998.

(31)

Chen, S. H.; Mastrangelo, J. C.; Blanton, T. N.; Bashir-Hashemi, A.
Macromolecules 1997, 30, 93.

(32)

Chen, S. H.; Katsis, D.; Mastrangelo, J. C.; Schmid, A. W.; Tsutsui, T.
Blanton, T. N. Nature 1999, 397, 506.

(33)

Fan, F. Y.; Culligan, S. W.; Mastrangelo, J. C.; Katsis, D.; Chen, S. H.;
Blanton, T. N. Chem. Mater. 2001, 13, 4584.

(34)

Chen, S. H.; Mastrangelo, J. C.; Jin, R. Adv. Mater. 1999, 11, 1183.

(35)

Chen, S. H.; Chen, H. M. P.; Geng, Y. H.; Jacobs, S. D.; Marshall, K. L.;
Blanton, T. N. Adv. Mater. 2003, 15, 1061.

25

(36)

Katsis, D.; Chen, H. P.; Mastrangelo, J. C.; Chen, S. H.; Blanton, T. N. Chem.
Mater. 1999, 11, 1590.

(37)

Chen, H. P.: Katsis, D.; Mastrangelo, J. C.; Chen, S. H.; Jacobs, S. D.; Hood,
P. J. Adv. Mater. 2000, 12, 1283.

(38)

Chen, H. M. P.; Katsis, D.; Chen, S. H. Chem. Mater. 2003, 15, 2534.

(39)

Wallace, J. U.; Chen, S. H. Ind. Eng. Chem. Res. 2006, 45, 4494.

(40)

(a) Crano, J. C.; Guglielmetti, R. J. Organic Photochromic and
Thermochromic Compounds: volume 1. Main Photochromic Families;
Plenum: New York, 1999. (b) Irie, M. Chem. Rev. 2000, 100, 1685. (c)
Yokoyama, Y. Chem. Rev. 2000, 100, 1717. (d) Berkovic, G. Chem. Rev.
2000, 100, 1741. (e) Tamai, N.; Miyasaka, H. Chem. Rev. 2000, 100, 1875. (f)

Myles, A. J.; Branda, N. R. Adv. Funct. Mater. 2002, 12, 167. (g) Tian, H.;
Yang, S. Chem. Soc. Rev. 2004, 33, 85.
(41)

Tsivgoulis, G. M.; Lehn, J.M. Angew. Chem. Int. Ed. Engl. 1995, 34, 1119.

(42)

Norsten, T. B.; Branda, N. R. Adv. Mater. 2001, 13, 347

(43)

Norsten, T. B.; Branda, N. R. J. Am. Chem. Soc. 2001, 123, 1784.

(44)

Lim, S.–J.; An, B.–K.; Jung, S. D.; Chung, M.–A.; Park, S. Y. Angew. Chem.
Int.Ed. 2004, 43, 6346.

(45)

Lim, S,J.; Seo, J.; Park, S. Y. Macromolecules 2006, 128, 14542.

(46)

Lim, S,J.; Seo, J.; Park, S. Y. J. Am. Chem. Soc. 2006, 128, 14542.

(47)

Jiang, G.; Wang, S.; Yuan, W.; Jiang, L.; Song, Y.; Tian, H.; Zhu, D. Chem.
Mater. 2006, 18, 235.

26

(48)

Xiao, S.; Zou, Y.; Yu, M.; Yi, T.; Zhou, Y.; Li, F.; Huang, C. Chem. Comm.
2007, 4758.

(49)

Jeong, Y.–C.; Yang, S. I.; Ahn, K.–H.; Kim, E. Chem. Comm. 2005, 2503.

(50)

Hayasaka, H.; Tamura, K.; Akagi, K. Macromolecules 2008, 41, 2341.

(51)

Kim, M.–S.; Maruyama, H.; Kawai, T.; Irie, M. Chem. Mater. 2003, 15, 4529.

(52)

Kanifuji, N.; Irie, M.; Matsuda, K. J. Am. Chem. Soc. 2005, 127, 13344.

(53)

Murguly, E.; Norsten, T. B.; Branda, N. R. Angew. Chem. Int. Ed. 2001, 40,
1752.

(54)

Wigglesworth, T. J.; Sud, D.; Norsten, T. B.; Lekhi, V. S.; Brand, N. R. J. Am.
Chem. Soc. 2005, 127, 7272.

(55)

Yamaguchi, T.; Nomiyama, K.; Isayama, M.; Irie, M. Adv. Mater. 2004, 16,
643.

(56)

Tsujioka, T.; Hamada, Y.; Shibata, K. Appl. Phys. Lett. 2001, 78, 2282.

(57)

Stellacci, F.; Bertarelli, C.; Toscano, F.; Gallazzi, M. C.; Zerbi, G. Chem.
Phys. Lett. 1999, 302, 563.

(58)

Uchida, K.; Saito, M,; Murakami, A.; Nakamura, S,; Irie, M. Adv. Mater.
2003, 15, 121.

(59)

Uchida, K.; Takata, A.; Saito, M.; Murakamai, A.; Nakamura, S.; Irie, M. Adv.
Mater. 2003, 15, 785.

(60)

Uchida, K.; Takata, A.; Saito, M.; Murakami, A.; Nakamura, S.; Irie, M. Adv.
Funct. Mater. 2003, 13, 755.

27

(61)

Higashiguchi, K.; Matsuda, K.; Tanifuji, N.; Irie, M. J. Am. Chem. Soc. 2005,
127, 8922.

(62)

Wigglesworth, T. J.; Branda, N. R. Chem. Mater. 2005, 17, 5473.

(63)

Myles, A. J.; Wigglesworth, T. J.; Branda, N. R. Adv. Mater. 2003, 15, 745.

(64)

Frigoli, M.; Mehl, G. H. Angew. Chem, Int. Ed. 2005, 44, 5048.

(65)

Straight, S.; Liddell, P. A.; Terazono, Y.; Moore, T. A.; Moore, A. L.; Gust, D.
Adv. Funct. Mater. 2007, 17, 777.

(66)

(a) Wigglesworth, T. J.; Branda, N. R. Adv. Mater. 2004, 16, 123. (b) Myles,
A. J.; Branda, N. R. Macromolecules 2003, 36, 298.

(67)

Utsumi, H.; Nagajama, D.; Nakano, H.; Shirota, Y. J. Mater. Chem. 2000, 10,
2436.

(68)

Cognard, J. Mol. Cryst. Liq. Cryst. 1982, 51, 1.

(69)

Geary, J. M.; Goodby, J. W.; Kmetz, A. R.; Patel, J. S. J. Appl. Phys. 1987, 62,
4100.

(70)

Toney, M. F.; Russell, T. P.; Logan, J. A.; Kikuchi, H.; Sands, J. M.; Kumar,
S. K. Nature, 1995, 374, 709.

(71)

Bechtold, I H.; De Santo, M. P.; Bonvents, J. J.; Oliveira, E. A.; Barberi, R.;
Rasing, TH. Liq. Cryst. 2003, 30, 591.

(72)

Kim, J. H.; Yoneya, M,; Yamamoto, J.; Yokoyama, H. Nanotechnology, 2002,
13, 133.

(73)

Rastegar, A.; Skarabot, M.; Blij, B.; Rasing, Th. J. Appl. Phys. 2001, 89, 960.

28

(74)

Rüetschi, M.; Fünfschilling, J.; Güntherodt, H. J. J. Appl. Phys. 1996, 80,
3155.

(75)

Ichimura, K.; Suzuki, Y.; Seki, T.; Hosoki, A.; Aoki, K. Langmuir 1988, 4,
1214.

(76)

Gibbons, W. M.; Shannon, P. J.; Sun, S.-T.; Swetlin, M. J. Nature 1991, 351,
49.

(77)

Seki, T.; Sakuragi, M.; Kawanishi, Y.; Suzuki, Y.; Tamaki, T.; fukuda, R.;
Ichimura, K. Langmuir 1993, 9, 211.

(78)

Furumi, S.; Ichimura, K. Adv. Funct. Mater. 2004, 14, 247.

(79)

Ruslim, C.; Ichimura, K. Adv. Mater. 2001, 13, 641.

(80)

Furumi, S.; Janietz, D.; Ichimura, K. Chem. Mater. 2001, 13, 1434.

(81)

Matsunaga, D.; Tamaki, T.; Ichimura, K. J. Mater. Chem. 2003, 13, 1558.

(82)

Lucht, s.; Neher, D.; Miteva, T.; Nelles, G.; Yasuda, A.; Hagen, R.;
Kostromine, S. Liq. Cryst. 2003, 30, 337.

(83)

(a) Chigrinov, V.; Prudnikova, E.; Kozenkov, V.; Kwok, H.; Akiyama, H.;
Kawara, T.; Takada, H.; Takatsu, H. Liq. Cryst. 2002, 29, 1321. (b) Chigrinov,
V. G.; Kwok, H. S.; Yip, W. C.; Kozenkov, V. M.; Prudnikova, E. K.; Tang,
B.; Salhi, F. SPIE 2001, 4463, 117.

(84)

(a) Chigrinov, V.; Muravski, A.; Kwok, H. S. Phys. Rev. E 2003, 68,
061702/1.

(85)

Hasegawa, M.; Taira, Y. J. Photopolym. Sci. Technol. 1995, 8. 241

29

(86)

Sakamoto, K.; Usami, K.; Watanabe, M.; Arafune, R.; Ushioda, S. Appl. Phys.
Lett. 1998, 72, 1832.

(87)

Gong, S.;Kanicki, J.; Ma, L.; Zhong, J.Z.Z. Jpn. J. Appl. Phys. 1999, 38, 5996.

(88)

Usami, K.; Sakamoto, K.; Ushioda, S. J. Appl. Phys. 2001, 89, 5339.

(89)

Wang, Y.; Xu, C.; Kanazawa, A.; Shiono, T.; Ikeda, T.; Matsuki, Y.;
Takeuchi, T. J. Appl. Phys. 1998, 84, 4573.

(90)

Seo, D.-S.; Han, J.-M. Liq. Cryst. 1999, 26, 959.

(91)

Newsome, C. J.; O’Neill, M. J. Appl. Phys. 2002, 92, 1752.

(92)

Yang, K. H.; Tajima, K.; Takenaka, A.; Takano, H. Jpn. J. Appl. Phys. 1996,
35, L561.

(93)

Kim, J.-H.; Acharya, B. R.; Kumar, S.; Ha, K. R. Appl. Phys. Lett. 1998, 73,
3372.

(94)

Schadt, M.; Schmitt, K.; Kozinkov, V.; Chigrinov, V. Jpn. J. Appl. Phys. 1992,
31, 2155.

(95)

O’Neill, M.; Kelly, S. M. J. Phys. D: Appl. Phys. 2000, 33, R67.

(96)

Ichimura, K.; Akita, Y.; Akiyama, H.; Kudo, K.; Hayashi, Y. Macromolecules
1997, 30, 903.

(97)

Perny, S.; Le Barny, P.; Delaire, J.; Buffeteau, T.; Sourisseau, C.; Dozov, I.;
Forget, S.; Martinot-Lagarde, P. Liq. Cryst. 2000, 27, 329.

(98)

Obi, M.; Morino, S.; Ichimura, K. Jpn, J. Appl. Phys. 1999, 38, L145.

(99)

Schadt, M.; Seiberle, H.; Schuster, A.; Kelly, S. M. Jpn. J. Appl. Phys. 1995,
34, L764.

30

(100) Bugayova, L.; Gerus, I.; Glushchenki, A.; Dyalyusha, A.; Kurioz,Y.;
Reshetnyak, V.; Reznikov, Y.; West, J. Liq. Cryst. 2002, 29, 209.
(101) Kawatsuki, N.; Takatsuka, H.; Yamamoto, T. Jpn. J. Appl. Phys. 2001, 40,
L209.
(102) Lee, W.-C.; Hsu, C.-S.; Wu, S.-T. Jpn. J. Appl. Phys. 2001, 40, 5942.
(103) Kawatsuki, N.; Goto, K.; Kawakami, T.; Yamamoto, T. Macromolecules 2002,
5, 706.
(104) Kawatsuki, N.; Takatsuka, H.; Yamamoto, T.; Ono, H. Jpn. J. Appl. Phys.
1997, 36, 6464.

(105) Schadt, M.; seiberle, H.; Schuster, A. Nature 1996, 381, 212.
(106) Schadt, M. Seiberle, H. J. SID. 1997, 5/4, 367.
(107) Trenor, S.; Shults, A. R.; Love, B. J.; Long, T. E. Chem. Rev. 2004, 104, 3059.
(108) Obi, M.; Morino, S.; Ichimura, K. Chem. Mater. 1999, 11, 656.
(109) Jackson, P. O.; Karapinar, R.; O’Neill, M.; Hindmarsh, P.; Owen, G. J.; Kelly,
S. M. SPIE 1999, 3635, 38.
(110) Jackson, P. O.; O’Neill, M.; Duffy, W. L.; Hindmarsh, P.; Kelly, S. M.; Owen,
G. J. Chem. Mater. 2001, 13, 694.
(111) Hall, A. W.; Jackson, P. O.; Karapinar, R.; Kelly, S. M.; O’Neill, M.; Owen,
G. J. Proc. 28th Freiburger Arbeitstagung Flussigkristalle (Freiburg,
Germany) 1999, P20.
(112) Tian, Y.; Akiyama, E.; Nagase, Y. J. Mater. Chem. 2003, 13, 1253.
(113) Kawatsuki, N.; Goto, K.; Yamamoto, T. Liq, Cryst. 2001, 28, 1171.

31

(114) Kim, C.; Trajkovska, A.; Wallace, J. U.; Chen, S. H. Macromolecules 2006,
39, 3819.
(115) Tang, C. W.; VanSlyke, S. A. Appl. Phys. Lett. 1987, 51, 913.
(116) Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; Marks, R. N.; Mackay,
K.; Friend, R. H.; Burn, P. L; Holmes, A. B. Nature, 1990, 347, 539.
(117) (a) Chen, A. C. A.; Culligan, S. W.; Geng, Y.; Chen, S. H.; Klubek, K. P.;
Vaeth, K. M.; Tang, C. W. Adv. Mater. 2004, 16, 783. (b) Culligan, S. W.;
Geng, Y.; Chen, S. H.; Kluber, K.; Vaeth, K. M.; Tang, C. W. Adv. Mater.
2003, 15, 1176. (c) Grell, M.; Bradley, D. D. C. Adv. Mater. 1999, 11, 895.

(118) Cimrova, V.; Remmers, M.; Neher, D.; Wegner, G. Adv. Mater. 1996, 8, 146.
(119) Dyreklev, P.; Nerggren, M.; Inganäs, O.; Andersson, M. R.; Wennerström, O.;
Hjertberg, T. Adv. Mater. 1995, 7, 43.
(120) (a) Jandke, M.; Strohriegl, P. Gmeiner, J.; Brütting, W.; Schwoerer, M. Adv.
Mater. 1999, 11. 1518. (b) Whitehead, K. S.; Grell, M.; Bradley, D. D. C.;
Jandke, M.; Strohriegl, P. Appl. Phys. Lett. 2000, 76, 2946.
(121) (a) Neher, D. Macromol. Rapid. Commun. 2001, 22, 1365. (b) Geng, Y.;
Culligan, S. W.; Trajkovska, A.; Wallace, J. U.; Chen, S. H. Chem. Mater.
2003, 15, 542.

(122) (a) Grell, M.; Knoll, W.; Lupo, D.; Meisel, A.; Miteva, T.; Neher, D.;
Nothofer, H. -G.; Scherf, U.; Yasuda, A. Adv. Mater. 1999, 11, 671. (b)
Meisel, A.; Miteva, T.; Glaser, G.; Scheumann, V.; Neher, D. Polymer 2002,
43, 5235.

32

(123) Contoret, A. E. A.; Farrar, S. R.; Jackson, P. O.; Khan, S. M.; May, L.;
O’Neill, M.; Nicholls, J. E.; Kelly, S. M.; Richard, G. J. Adv. Mater. 2000, 12,
971.
(124) Aldred, M. P.; Contoret, A. E. A.; Farrar, S. R.; Kelly, S. M.; Mathieson, D.;
O’Neill, M.; Tsoi, W. C.; Vlachos, P. Adv. Mater. 2005, 17, 1368.
(125) Trajkovska, A.; Kim, C.; Marshall, K. L.; Mourey, T. H.; Chen, S. H.
Macromolecules 2006, 39, 6983.

33

CHAPTER 2

QUANTITATIVE ASSESSMENT OF COUMARIN-CONTAINING
POLYMER FILM’S CAPABILITY FOR PHOTOALIGNMENT
OF LIQUID CRYSTALS

2.1.

INTRODUCTION
Traditionally mechanical rubbing has been widely practiced for the

preparation of electrooptic devices consisting of liquid crystals. As a noncontact
alternative to rubbing, photoalignment has been actively pursued1 in recent years to
avoid the problems arising from rubbing, such as dust, electrostatic charges, and
damage to alignment coatings. In addition, photoalignment is instrumental to the
realization of wide viewing angles in liquid crystal displays2, 3 and modulation of
diffraction gratings4-6. There are three distinct approaches to photoalignment induced
by polarized irradiation: photodegradation of polyimides7-12, cis-trans isomerization
of azobenzenes13-20, and (2+2) cycloaddition of cinnamates or coumarins21-39. It has
been demonstrated that coumarins are advantageous in thermal and photochemical
stability, absence of photo-induced isomerization, and accessibility to a wide range of
pretilt angle. In principle, photoalignment is accomplished on a coumarin-containing
polymer film that has been treated with linearly polarized UV-irradiation (i.e. 300350 nm) to define an axis along which monomers are preferentially dimerized. As
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dimerization proceeds, the increasingly populated dimers become less ordered along
the polarization axis, while the diminishing monomers become better oriented in the
perpendicular direction. In this process, coumarin dimers and monomers compete for
liquid crystal orientation, resulting in crossover from a parallel to a perpendicular
alignment at an intermediate extent of dimerization31, 32, 38, 39.
With the assumption of no orientational relaxation involving coumarin dimers
or monomers, we have constructed a kinetic model for the prediction of the
orientational order parameters governing coumarin dimers and monomers as
functions of the extent of dimerization38. Three parameters are relevant to liquid
crystal orientation including the crossover behavior: relative abundance and
orientation order of coumarin dimers and monomers in addition to the energetics of
their interactions with liquid crystalline molecules. Based on this kinetic model, we
have also demonstrated that it is the interplay between these three parameters, as
opposed to photodegradation, that is responsible for crossover in liquid crystal
orientation32, 39. The present study aims to devise a methodology for the experimental
determination of coumarin dimers’ and monomers’ orientational order parameters at
the early stage of polarized UV-irradiation, where dimers are responsible for aligning
liquid crystals.

The product of dimers’ concentration and orientational order

parameter will serve to quantitatively assess the photoalignment film’s ability to
orient liquid crystals.
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2.2.

EXPERIMENT

Materials Synthesis

Polymers 1 and 2, Copolymer depicted in Chart 2.1 and Monomer and synhh Dimer depicted in Chart 2.2 were synthesized following the Reaction scheme 2.1
and 2.2. Purity of all the intermediates was monitored by thin-layer chromatography
and 1H NMR spectroscopy. The synthesis and purification procedures, together with
analytical and 1H NMR spectral data, of all the intermediates and final products are
described in what follows.

4-[(6-Hydroxyhexyl)oxy]benzoic acid (2-1)
To a mixture of Methyl 4-hydroxybenzoate (3.8 g, 25 mmol), 6-bromohexanol (5.0 g,
28 mmol), potassium carbonate (5.2 g, 38 mmol), and catalytic amount of potassium
iodide were added acetonitrile (60 ml). After 15 h reflux, the reaction mixture was
filtered to remove solid and the filtrate was evaporated under reduced pressure. To a
solution of resultant solid in ethanol (100 ml) was added potassium hydroxide (13 g,
230 mmol) in water (50 ml). The mixture was refluxed for 2 h. Upon evaporating the
solvent, the solid was dissolved in water and acidified with hydrochloric acid. The
white solid product was collected by filtration to yield 2-1 (5.0 g, 93 %). 1H NMR
spectral

data

(400

MHz,

DMSO-d6):

δ

(ppm)

1.33-1.45

(m,

6H,
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HOCH2CH2CH2CH2CH2CH2−), 1.70 (q, 2H, −CH2CH2OAr−), 3.37 (t, 2H,
HOCH2−), 4.03 (t, 2H, −CH2OAr−), 7.00 (d, 2H, aromatics), 7.87 (d, 2H, aromatics).

4-[[6-[(tert-Butyldimethylsilyl)oxy]hexyl]oxy]benzoic acid (2-2)
In anhydrous N,N-dimethylformamide (40 ml) were dissolved 2-1 (5.0 g, 21 mmol)
and tert-butyldi- methylsilyl chloride (7.0 g, 46 mmol), to which imidazole (5.7 g, 84
mmol) was quickly added. After stirring under argon overnight, the reaction mixture
was extracted with diethyl ether. The ether layer was washed with saturated sodium
bicarbonate and dried over anhydrous magnesium sulfate. An oil was obtained upon
evaporating ether under vacuum. The oil was dissolved in methanol (45 ml) and
tetrahydrofuran (15 ml), followed by stirring with a solution of potassium carbonate
(1.4 g, 10 mmol ) in water (15 ml) for 1 h. The volume of the solution was reduced by
75 % via evaporation under vacuum. The pH of the solution was adjusted to pH 5.0
with 1 M aqueous solution of potassium hydrogen sulfate. The solid was collected by
filtration and washed with water several times to yield 2-2 (3.0 g, 41 %). 1H NMR
spectral data (400 MHz, CDCl3): δ (ppm) 0.07 (s, 6H, −Si(CH3)2), 0.90 (s, 9H,
−SiC(CH3)3), 1.43-1.58 (m, 6H, −SiOCH2CH2CH2CH2CH2CH2−), 1.84 (q, 2H,
−CH2CH2OAr−), 3.65 (t, 2H, −SiOCH2−), 4.05 (t, 2H, −CH2OAr−), 6.95 (d, 2H,
aromatics), 8.01 (d, 2H, aromatics).
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7-[[4-[[[6-(tert-Butyldimethylsilyl)oxy]hexyl]oxy]benzoyl]oxy]coumarin (2-3)
7-hydroxy-coumarin (1.3 g, 7.8 mmol), 2-2 (2.5 g, 7.1 mmol), and p-toluenesulfonic
acid/ 4-(dimethylamino)pyridine complex (DPTS) (0.21 g, 0.71 mmol) were
dissolved in a mixture of anhydrous methylene chloride (20 ml) and anhydrous N,Ndimethyl formamide (12 ml). N,N-dicyclohexylcarbodiimide (DCC) (1.8 g, 8.5
mmol) was quickly added to reaction mixture, and stirred under argon overnight.
Upon filtering off white solids, the filtrate was diluted with additional methylene
chloride. The solution was washed with 1M hydrochloric acid and brine followed by
drying over magnesium sulfate. The crude product was purified by flash column
chromatography on silica gel with methylene chloride as the eluent to yield 2-3 (2.8 g,
80 %). 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.05 (s, 6H, −Si(CH3)2−),
0.8 (s, 9H, −SiC(CH3)3) 1.45-1.55 (m, 4H, −SiOCH2CH2CH2CH2CH2CH2−), 1.74 (q,
2H, −SiOCH2CH2−), 1.85 (q, 2H, −CH2CH2OAr−), 3.69 (t, 2H, −SiOCH2−), 4.08 (t,
2H, −CH2OAr−), 6.43 (d, 1H, −HC=CHCO−, coumarin), 7.00 (d, 2H, aromatics),
7.19 (d, 1H, coumarin), 7. 26 (s, 1H, coumarin), 7.55 (d, 1H, coumarin), 7.74 (d, 1H,
-HC=CHCO-, coumarin), 8.16 (d, 2H, aromatics)

7-[[4-[(6-Hydroxyhexyl)oxy]benzoyl]oxy]coumarin (2-4)
2-3 was hydrolyzed in tetrahydrofuran:water:acetic acid (90 ml:30 ml:30 ml) at 40oC
for 2 hr. The organic layer was extracted with methylene chloride and washed with
10 % sodium hydrogen carbonate. The extract was treated with brine and dried over
anhydrous magnesium sulfate. The solid residue was purified by flash column
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chromatography with 0 to 2 % acetone in methylene chloride as the eluent to afford
2-4 (1.9 g, 87 %). 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 1.48-1.57 (m,
4H, HOCH2CH2CH2 CH2CH2 CH2−), 1.74 (q, 2H, HOCH2CH2−), 1.84 (q, 2H,
−CH2CH2OAr−), 3.69 (t, 2H, HOCH2−), 4.08 (t, 2H, −CH2OAr−), 6.43 (d, 1H,
−HC=CHCO, coumarin), 7.00 (d, 2H, aromatics), 7.19 (d, 1H, coumarin), 7. 26 (s,
1H, coumarin), 7.55 (d, 1H, coumarin), 7.74 (d, 1H, −HC=CHCO−, coumarin), 8.16
(d, 2H, aromatics)

7-[[4-[[[6-(Methacryloyl)oxy]hexyl]oxy]benzoyl]oxy]coumarin (2-5)
Triethylamine (0.15 g, 1.4 mmol) and methacryloyl chloride (0.15 g, 1.4 mmol) were
added dropwise to a solution of 2-4 (0.50 g, 1.3 mmol) in anhydrous methylene
chloride (15 ml) and anhydrous tetrahydrofuran (8 ml) at 0oC. After 2h stirring at 0oC
under argon, the solution was washed with 1 M hydrochloric acid and 10 % sodium
hydroxide. The organic layer was additionally washed with brine before drying over
anhydrous magnesium sulfate. The crude product was purified by flash column
chromatography on silica gel with methylene chloride to give 2-5 (0.50 g, 86 %). 1H
NMR

spectral

data

(400

MHz,

CDCl3):

δ

(ppm)

1.48-1.56

(m,

4H,

−COOCH2CH2CH2CH2CH2CH2−), 1.75 (q, 2H, −COOCH2CH2−), 1.87 (q, 2H,
−CH2CH2OAr−), 1.97 (s, 3H, −H2C=C(CH3)−), 4.08 (t, 2H, −CH2OAr−), 4.19 (t, 2H,
−COOCH2−), 5.57 (s, 1H in ethylene), 6.12 (s, 1H in ethylene), 6.43 (d, 1H,
−HC=CHCO−, coumarin), 6.99 (d, 2H, aromatics), 7.20 (d, 1H, coumarin), 7.26 (s,
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1H, coumarin), 7.56 (d, 1H, coumarin), 7.73 (d, 1H, −HC=CH-CO−, coumarin), 8.16
(d, 2H, aromatics).

4-[(3-Hydroxy)propoxy]benzoic acid (2-6)
The procedure for the synthesis of 2-1 was followed to prepare 2-6 using 3bromopropanol (7.7 g, 55 mmol) instead of 6-bromohexanol in 75 % yield (7.0 g). 1H
NMR spectral data (400 MHz, DMSO-d6): δ (ppm) 1.85 (quintet, 2H,
HOCH2CH2CH2−), 3.53 (quartet, 2H, HOCH2−), 4.08 (t, 2H, −CH2OAr−), 4.55 (t,
1H, HOCH2−), 6.98 (d, 2H, aromatics), 7.85 (d, 2H, aromatics). 12.6 (s, 1H,
−COOH).

4-[3-[(tert-Butyldimethylsilyl)oxy]propoxy]benzoic acid (2-7)
The procedure for the synthesis of 2-2 was followed to prepare 2-7 using 2-6 (7.0 g,
21 mmol) instead of 2-1 in 63 % yield (7.0 g). 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) 0.03 (s, 6H, −Si(CH3)2O−), 0.87 (s, 9H, −SiC(CH3)3), 2.00 (quintet,
2H, −SiOCH2CH2CH2−), 3.80 (t, 2H, −SiOCH2−), 4.13 (t, 2H, −CH2OAr−), 6.93 (d,
2H, aromatics), 8.04 (d, 2H, aromatics).

7-[[4-[[3-(tert-Butyldimethylsilyl)oxy]propoxy]benzoyl]oxy]coumarin (2-8)
The procedure for the synthesis of 2-3 was followed to prepare 2-8 using 2-7 (1.5 g,
4.8 mmol) instead of 2-2 in 100 % yield (2.2 g). 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) 0.03 (s, 6H, −Si(CH3)2O−), 0.89 (s, 9H, −SiC(CH3)3), 2.01 (quintet,
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2H, −SiOCH2CH2CH2−), 3.81 (t, 2H, −SiOCH2−), 4.16 (t, 2H, −CH2OAr−), 6.40 (d,
1H, −HC=CHCO−, coumarin), 6.98 (d, 2H, aromatics), 7.16 (d, 1H, coumarin), 7. 23
(s, 1H, coumarin), 7.52 (d, 1H, coumarin), 7.71 (d, 1H, −HC=CHCO−, coumarin),
8.13 (d, 2H, aromatics).

7-[[4-[(3-Hydroxy)propoxy]benzoyl]oxy]coumarin (2-9)
The procedure for the synthesis of 2-4 was followed to prepare 2-9 using 2-8 (2.2 g,
4.8 mmol) instead of 2-3 in 51 % yield (0.84 g). 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) 2.09 (quintet, 2H, −HOCH2CH2CH2−), 3.89 (quartet, 2H, HOCH2−),
4.20 (t, 2H, −CH2OAr−), 6.41 (d, 1H, −HC=CHCO−, coumarin), 7.00 (d, 2H,
aromatics), 7.17 (d, 1H, coumarin), 7. 23 (s, 1H, coumarin), 7.52 (d, 1H, coumarin),
7.71 (d, 1H, −HC=CHCO−, coumarin), 8.14 (d, 2H, aromatics).

7-[[4-[[3-(Methacryloyl)oxy]propoxy]benzoyl]oxy]coumarin (2-10)
The procedure for the synthesis of 2-5 was followed to prepare 2-10 using 2-9 (0.80 g,
2.4 mmol) instead of 2-4 in 26 % yield (0.55 g). 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) 1.98 (s, 3H, H2C=C(CH3)−), 2.25 (quintet, 2H, −CH2CH2CH2−),
4.20 (t, 2H, −CH2OAr−), 4.40 (t, 2H, −COOCH2−), 5.61 (s, 1H in ethylene), 6.14 (s,
1H in ethylene), 6.44 (d, 1H, −HC=CHCO−, coumarin), 7.02 (d, 2H, aromatics), 7.20
(d, 1H, coumarin), 7. 27 (s, 1H, coumarin), 7.55 (d, 1H, coumarin), 7.74 (d, 1H,
−HC=CHCO−, coumarin), 8.17 (d, 2H, aromatics).
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Poly[7-[[4-[[[6-(Methacryloyl)oxy]hexyl]oxy]benzoyl]oxy]coumarin] (Polymer 1)
In degassed anhydrous N,N-dimethylformamide (3 ml)were dissolved 2-5 (0.4 g, 0.9
mmol) and 2,2-azobisisobutyronitrile (0.004 g, 0.025 mmol). The solution was heated
up at 60oC for 24 h. The solution was poured into methanol to precipitate the polymer.
The precipitation was repeated twice from the tetrahydrofuran solution into methanol
to give purified desired Polymer (0.2 g, 50 %). Anal. Calcd.: C, 69.32; H, 5.82.
Found: C, 68.82; H, 5.88. 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.9-1.83
(13H, polymer main chain and spacer linkage), 3.99 (4H, −COOCH2−, −CH2OAr−),
6.35 (1H, −HC=CHCO−, coumarin), 6.91 (2H, aromatics), 7.13 (2H, coumarin), 7.50
(1H, coumarin), 7.69 (1H, −HC=CHCO−, coumarin), 8.05 (2H, aromatics).

Poly[7-[[4-[[3-(Methacryloyl)oxy]propoxy]benzoyl]oxy]coumarin] (Polymer 2)
The procedure for the synthesis of Polymer 1 was followed to prepare Polymer 2
using 2-10 (0.20 g, 0.49 mmol) instead of 2-5 in 75 % yield (0.15 g). Anal. Calcd.: C,
67.64; H, 4.94. Found: C, 67.01; H, 5.20. 1H NMR spectral data (400 MHz, CDCl3):
δ (ppm) 0.89-1.02, 1.70-2.11 (7H, polymer main chain and −CH2CH2CH2−), 4.07
(4H, −COOCH2−, −CH2OAr−), 6.33 (1H, −HC=CHCO−, coumarin), 6.91 (2H,
aromatics), 7.11 (2H, coumarin), 7.48 (1H, coumarin), 7.66 (1H, −HC=CHCO−,
coumarin), 8.02 (2H, aromatics).

Poly[MMA-co-[7-[[4-[[[6-(Methacryloyl)oxy]hexyl]oxy]benzoyl]oxy]coumarin]],
(Copolymer)
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In degassed anhydrous N,N-dimethylformamide (3 ml) were dissolved methyl
methacrylate (MMA) (0.17g, 1.7 mmol) and 2-5 (0.3 g, 0.67 mmol) and 2,2azobisisobutyronitrile (0.0076 g, 0.047 mmol). The solution was heated up at 60 oC
for 20 h. The solution was poured into methanol to precipitate the polymer. The
precipitation was repeated twice from the tetrahydrofuran solution into methanol to
give purified desired Polymer (0.35 g, 74 %). The composition of copolymer was
determined by elemental analysis, from which the molar ratio of MMA/2-5 was found
to be 0.71/0.29. Found: C, 65.66; H, 6.66. 1H NMR spectral data (400 MHz, CDCl3):
δ (ppm) 0.9-1.83 (polymer main chain and spacer linkage), 3.58 (−COOCH3) 3.99
(−CH2OAr−), 4.04 (−COOCH2−), 6.38 (−HC=CΗCO−, coumarin), 6.96 (aromatics),
7.18 (coumarin), 7.51 (coumarin), 7.70 (−HC=CHCO−, coumarin), 8.10 (aromatics).

4-(heptyloxy)benzoic acid (2-11)
The procedure for the synthesis of 2-1 was followed to prepare 2-11 using 1bromoheptane (4.9 g, 28 mmol) instead of 6-bromohexanol in 92 % yield (5.0 g). 1H
NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.88 (t, 3H, CH3CH2−), 1.31-1.39
(m, 6H, CH3CH2CH2CH2CH2−), 1.45 (q, 2H, −CH2CH2CH2OAr−), 1.70 (q, 2H,
−CH2CH2OAr−), 4.00 (t, 2H, −CH2OAr−), 6.91 (d, 2H, aromatics), 8.02 (d, 2H,
aromatics).
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7-[[4-(heptyloxy)benzoyl]oxy]coumarin (Monomer)
The procedure for the synthesis of 2-3 was followed to prepare Monomer using 2-11
(2.0 g, 8.5 mmol) instead of 2-2 in 65 % yield (2.1 g). Anal. Calcd. C, 72.61; H, 6.36.
Found: C, 72.81; H, 6.37. 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.89 (t,
3H, CH3CH2−), 1.29-1.40 (m, 6H, CH3CH2CH2CH2CH2−), 1.48 (q, 2H,
−CH2CH2CH2OAr−), 1.82 (q, 2H, −CH2CH2OAr−), 4.05 (t, 2H, −CH2OAr−), 6.40 (d,
1H, −HC=CHCO−, coumarin), 6.97 (d, 2H, aromatics), 7.17 (d, 1H, coumarin), 7.23
(s, 1H, coumarin), 7.52 (d, 1H, coumarin), 7.71 (d, 1H, −HC=CH-CO−, coumarin),
8.12 (d, 2H, aromatics).

(6aα,6bα,12bα,12cα)-6a,6b,12b,12c-tetrahydro-3,10-bis[[4(heptyloxy)benzoyl]oxy]-cyclobuta[1,2-c:4,3-c’]dicoumarin (Dimer)
The syn-hh dimer was isolated form unreacted monomer by recrystallization from
hexanes (0.09 g, 10%), after UV-irradiation of crystalline powder of Monomer (0.90
g). The dimer decomposes upon column chromatography, hence the difficulty of
purification prevents the complete recovery from the mixture of monomer and dimer.
Anal. Calcd. C, 72.61; H, 6.36. Found: C, 72.34; H, 6.23. 1H NMR spectral data (400
MHz,

CDCl3):

δ

(ppm)

CH3CH2CH2CH2CH2−),

0.89

1.46

(q,

(t,

6H,

4H,

CH3CH2−),

1.30-1.39

−CH2CH2CH2OAr−),

1.81

(m,
(q,

12H,
4H,

CH2CH2OAr−), 4.02 (t, 4H, −CH2OAr−), 4.08 (m, 2H, cyclobutane), 4.22 (m, 2H,
cyclobutane), 6.81-6.99 (m, 10H, coumarin and aromatics), 8.08 (d, 4H, aromatics).
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Phase Transition Temperatures and Polymer Molecular Weights

Thermal transition temperatures of Polymers 1 and 2 and Copolymer were
determined by differential scanning calorimetry, DSC (Perkin-Elmer DSC-7), with a
continuous N2 purge at 20 ml/min. Samples were preheated up to 200oC followed by
cooling to –30oC before taking the reported heating and cooling scans at 20oC/min.
The nature of phase transitions was characterized with a polarizing optical
microscope (DMLM, Leica, FP90 central processor) coupled with a hot stage (FP82,
Mettler Toledo).

Polymer molecular weights were characterized in N-

methylpyrrolidone containing 0.02 M lithium bromide at 60oC using size-exclusion
chromatography (Model 301 TDA, Viscotek) based on universal calibration involving
polystyrene standards (Pressure Chemical Company).

Determination of Monomer’s and syn-hh Dimer’s Absorption Dipoles

To locate the absorption dipoles of Monomer at 264 and 310 nm and of synhh Dimer at 264 nm, 10-μm-thick sandwiched cells were prepared with the fused
silica substrates coated with uniaxially rubbed Nylon-66. A UV-transparent nematic
liquid crystal, ZLI-2359 (Merck), containing Monomer at 3 wt% and syn-hh Dimer
at 0.25 wt% was injected into the cell gap in the isotropic state (at 80oC) to avoid
flow-induced alignment. After annealing at 60oC for ½ h, the cells were cooled at
10oC/h to room temperature. Absorption dichroism was measured with a UV-vis-
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NIR spectrophotometer (Lambda-900, Perkin-Elmer) equipped with a GlanThompson polarizer (Newport).

Preparation and Characterization of Photoalignment Films

For the alignment of nematic liquid crystal and the monodisperse glassynematic oligofluorene, films of Polymers 1 and 2 were prepared by spin-casting at
4,000 rpm from 0.1 wt% chloroform solutions on optically flat fused silica substrates
transparent to 200 nm (Esco Products). Polymer films were spin-cast at 5,000 rpm
from 1.0 wt% chloroform solutions on the same fused silica substrates for
characterizations with variable angle spectroscopic ellipsometry (V-VASE, J. A.
Woollam Corporation) and UV-vis-NIR absorption spectrophotometry. Irradiation of
films of Polymers 1 and 2 was performed at 120 and 160oC, respectively, under
argon with a 500 W Hg-Xe lamp (model 66142, Oriel) equipped with a filter (model
87031, Oriel) that cuts off wavelengths below 300 nm and a dichroic mirror that
reflects light between 260 and 320 nm (model 66217, Oriel). Linearly polarized
irradiation was achieved using a polarizing beam splitter (HPB-308 nm, Lambda
Research Optics, Inc). The irradiation intensity was monitored by a UVX digital
radiometer coupled with a UVX-31 sensor (UVP, Inc.). The extent of dimerization
was characterized by monitoring the UV-Vis absorbance of coumarin monomers at
310 nm where dimers are transparent.

The polarized UV-vis absorption was

measured using a spectrophotometer equipped with a Glan-Thompson polarizer to
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determine the orientational order parameter of the monomers and dimers in the
irradiated films.

Insolubility of irradiated films was determined by UV-Vis

absorption spectroscopy after rinsing with chloroform.

Photoalignment of a Nematic Liquid Crystal and Glassy-Nematic Oligofluorene

For the characterization of their ability to orient a nematic liquid crystal,
irradiated films of Polymers 1 and 2 on fused silica substrates were used to prepare
10-μm-thick sandwiched cells. A commercially available nematic liquid crystal, E-7
(Merck), containing a dichroic dye, M-137 (Mitsui Toatsu Dyes, Ltd.), at 0.3 wt %
was injected into the cell gap in the isotropic state (at 65oC) to avoid flow-induced
alignment. After annealing at 50oC for ½ h, the cells were cooled at 10oC/h to room
temperature.

A spectrophotometer equipped with a linear polarizer (HNP’B,

Polaroid) was used to measure the orientational order parameter. Fresnel reflections
from the air-glass interfaces were accounted for using a reference cell comprising an
index-matching fluid sandwiched between two alignment-treated substrates.
Polymers 1 and 2 films’ ability to orient glassy-nematic F(MB)5 was also appraised.
Approximately 50-nm-thick films were spin-cast from 0.5 wt% chloroform solutions
on fused silica substrates coated with photoalignment films. After vacuum-drying
overnight, F(MB)5 films were annealed above its glass transition temperature under
argon for 0.5 hr.

Polarized UV-Vis absorption spectroscopy was employed to

determine the orientational order parameter.
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2.3.

RESULTS AND DISCUSSION

Two coumarin-containing polymers were used in this study to evaluate their
ability to orient a commercially available nematic liquid crystal, E-7, and a glassynematic pentafluorene, F(MB)540. The molar extinction coefficients of coumarin
monomer were characterized using binary mixtures of Copolymer with Polymer 1
and poly(methylmethacrylate), PMMA, to ensure miscibility.

The structures of

Polymers 1 and 2, Copolymer, and F(MB)5 are depicted in Chart 2.1 together with
their glass transition temperatures ( Tg ), clearing temperatures ( Tc ), weight-average
molecular weights ( M w ), and polydispersity factors ( M w / M n ) with M n
representing the number-average molecular weight.
Fused silica substrates coated with polarized UV-irradiated, 10-nm-thick
Polymers 1 and 2 films were used to prepare sandwiched cells containing E-7 lightly
doped with a dichroic dye, M-137, and spin-cast F(MB)5 films for the
characterization of respective orientational order parameters, Slc and SOF .
Presented in Table 2.1 are the observed Slc and SOF values as functions of X , the
extent of coumarin dimerization characterized by a previously reported procedure38, 39.
It is evident that a consistently higher X was achieved with Polymer 1 than 2 at the
same fluence level.

Apparently, at the same reduced irradiation temperature,

Tirr / Tg =1.15, the longer spacer in Polymer 1 than 2 facilitated rotational diffusion of
pendant coumarin monomers into the polarization axis for photodimerization. It is
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encouraging that all Slc and some SOF values are comparable to those achieved on
conventional rubbed polyimide films38-40. The SOF values on Polymer 2, however,
were barely observable, which will be further investigated in what follows.
In a recent paper38, we have constructed a framework for describing
photoalignment of liquid crystals in terms of the relative abundance of coumarin
monomers and dimers, their respective orientational order, and the energetics of their
interaction with overlying liquid crystals.

As shown in Table 2.1, a parallel

orientation of both E-7 and F(MB)5 persisted up to a fluence of 2.0 J/cm2, where
coumarin dimers are responsible for photoalignment.

In this regime, the

photoalignment behavior is dictated by coumarin dimers’ concentration and
orientational order parameter. Coumarin dimers’ concentration in a UV-irradiated
polymer film is directly proportional to X . For the characterization of dimers’
orientational order parameter, Sd , previously reported Monomer and syn-hh Dimer
(see Figure 2.1. and 2.2.)39 depicted in Chart 2.2 were used to determine feasible
absorption spectral ranges and to locate UV-Vis absorption dipoles. Also included in
Chart 2.2 are Monomer’s and syn-hh Dimer’s energy-minimized geometries, with
methoxy instead of heptyloxy tails to facilitate computation, using B3LYP
functionals with 6-31G(d) basis set as part of the Gaussian 03 software package. The
simplified structures are not expected to alter the computed geometries or absorption
dipoles of 7-(benzoyloxy)coumarin before and after dimerization.
The normalized absorption spectra of Monomer and syn-hh Dimer doped in
PMMA at a mole fraction Y =0.050, on the basis of methacrylate monomer, are
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shown in Figure 2.3.

The absorption maximum at 310 nm is attributable to

Monomer’s 7-coumarin moiety, while that at 277 nm is contributed mostly by the 4-

heptyloxy benzoate moiety as Figure 2.3 here is compared to Figure 1a in Ref. 38.
Upon dimerization these two moieties in syn-hh Dimer have largely overlapping
absorption maxima, resulting in a single peak at 264 nm. Computational chemistry
also yielded Monomer’s and syn-hh Dimer’s absorption dipoles parallel to their long
molecular axes, indicated as double arrows in Chart 2.2, for the absorption peaks
shown in Figure 2.3.
To validate the absorption dipoles prescribed by computational chemistry,
Monomer and syn-hh Dimer were lightly doped in a UV-transparent nematic liquid

crystal, ZLI-2359, for the preparation of 10-μm-thick cells using fused silica
substrates coated with uniaxially rubbed Nylon-66 films. Nylon-66 was used in place
of polyimide to ensure transparency to the Monomer’s absorption range.

The

polarized absorbance profiles shown in Figure 2.4 reveal that Monomer’s absorption
dipoles at 264 and 310 nm and that of syn-hh Dimer’s at 264 nm are all aligned with
the rubbing direction that defines both the host and guest molecules’ long molecular
axes. These experimental observations support the computational results displayed in
Chart 2.2, thereby inspiring confidence in computational chemistry for representing
molecular geometries and absorption dipoles.
Computations were further performed for experimentally inaccessible anti-hh,
syn-ht, and anti-ht isomers in preparation for a subsequent interpretation of polarized

absorption spectra of UV-irradiated films of Polymer 1, for which the
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regioisomerism of the emerging coumarin dimers could not be experimentally
characterized upon isolation or in situ. In all four regioisomers, the dimerized 7(benzoyloxy)coumarin moieties are responsible for the UV-Vis absorption above 250
nm. Moreover, the absorption spectra of 6-methyl coumarin dimers were shown to be
unaffected by regioisomerism, anti-hh versus syn-hh41. Therefore, it is reasonable to
expect that the absorption spectrum of syn-hh Dimer reproduced in Figure 2.3 is
applicable to the other three isomers. The computational results presented in Charts
2.2 and 2.3 indicate that transition dipoles at the absorption maxima in the
neighborhood of 265 nm follow the apparent long molecular axes for all four
regiosiomers.
In addition to Monomer’s and syn-hh Dimer’s absorption dipoles, their
molar extinction coefficients ( ε m and ε d ) are required for the calculation of S d .
Phase separation was encountered in an attempt to dope Monomer in PMMA to a
relatively high level as needed. To circumvent this problem, Copolymer shown in
Chart 2.1 was used for the preparation of a series of binary mixtures with Polymer 1
and PMMA to cover the full range of Ym from 0.00 to 0.50. The absorption spectra
compiled in Figure 4 of Ref. 39 were employed to calculate ε m at 264 and 310 nm
using the relationship α m =2.303 ε m Ym as established in Figure 2.5.
Pristine Polymers 1 and 2 films are represented by an initial concentration,
Ymo =1/2. At any stage of photodimerization, Ym = (1 − X ) / 2 and Yd = X / 2 . Figure

2.6.(a) presents the evolution of absorption spectra at an increasing fluence level. No
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photodegradation was encountered with Polymer 1 or 2, as illustrated in Figure
2.6.(a) for Polymer 1 by the presence of an isobestic point at 267 nm throughout the
UV-irradiation process. Both coumarin monomers and dimers absorb light at 264 nm,
where ε d can be evaluated with the assumption that absorbances by the two moieties
are additive. Thus, pendant monomers’ contribution, ε mYm L , was subtracted from
the total absorbance at 264 nm to arrive at α d for the calculation of ε d from the
slope of the linear plot shown in Figure 2.6.(b).
Let us proceed to experimentally locate coumarin dimer’s absorption dipole at
264 nm relative to its long molecular axis using polarized absorption spectroscopy. A
78-nm-thick film of Polymer 1 was irradiated with polarized UV to a fluence level of
0.2 J/cm2 at 120oC. Photodimerization in Polymers 1 and 2 films may result in any
or all of four possible regioisomers, but emerging dimers’ absorption spectra above
250 nm are unaffected by regioisomerism, as noted above in relation to Dimer.
Moreover, the transition dipoles associated with the absorption peaks around 265 nm
are all parallel to the long molecular axes of the four regioisomers (see Charts 2.2 and
2.3). Polarized absorption spectra were collected for A|| and A⊥ in Figure 2.7, in
which superscripts || and ⊥ represent the directions parallel and perpendicular to the
polarization axis of UV-irradiation, respectively.

As revealed in Figure 2.4.(a),

coumarin monomer’s absorption dipole at 310 nm lies along its long molecular axis.
Under polarized irradiation across 300-320 nm, coumarin monomers with their
absorption dipoles largely parallel to the polarization axis are preferentially consumed.
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Since coumarin dimers are transparent across 300-320 nm, one would expect A|| < A⊥ ,
which is observed in Figure 2.7.(a). The Coumarin monomer’s absorption dipole at
264 nm also lies parallel to its long molecular axis according to Figure 2.4.(a).
Therefore, the preferential depletion of coumarin monomers along the polarization
axis would have resulted in A|| < A⊥ at 264 nm without considering dimers’
contribution to absorption dichroism of the irradiated film. The fact that A|| > A⊥ at
264 nm, as shown in Figure 2.7.(b), leads one to conclude that despite the unknown
regioisomerism in the UV-irradiated Polymer 1 film, coumarin dimers’ absorption
dipoles must be largely parallel to their long molecular axes. This experimental
observation validates the absorption dipoles predicted by computational chemistry for
the four regioisomers of Dimer as shown in Charts 2.2 and 2.3.
While Polymer 1 served to characterize molar extinction coefficients and
absorption dipoles for coumarin monomers and dimers, the results are applicable to
Polymer 2 as well. With coumarin monomer’s and dimer’s absorption dipoles lying

parallel to their long molecular axes, both S m and Sd can be calculated according to
S = ( R − 1) /( R + 2) , in which the absorption dichroic ratio R = A|| / A⊥ . For the

calculation of S m , the polarized absorption spectra, such as Figure 2.7.(a), were used
||
⊥
and Am
for coumarin monomers at 310 nm. For the determination
to determine Am

of Sd at 264 nm, monomers’ contributions were subtracted from the total polarized
absorbances

to

arrive

at

dimers’

contributions

as

follows:
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Ad|| ,264

=

||
At||,264 − (ε m,264 / ε m,310 ) Am
,310

and

⊥
Ad⊥,264 = At⊥,264 − (ε m,264 / ε m,310 ) Am
,310 , in which subscripts d and t denote dimers’

contribution and total absorbance, respectively, and 264 and 310 specify the
wavelengths to which the absorbance and molar extinction coefficient are referred.
The results are presented in Figure 2.8 for S m and Sd as functions of X with
an objective of explaining why Polymer 1 is superior to Polymer 2 in the ability to
orient F(MB)5. At the same reduced irradiation temperature, Tirr / Tg =1.15, the
pendant coumarin monomers in Polymer 1 are more mobile than those in Polymer 2
because of the longer flexible spacer. Pendant mobility of coumarin monomers is
conducive to photodimerization as a result of rotational diffusion on the part of
coumarin monomers into the polarization axis of UV-irradiation. Indeed, a higher
extent of dimerization was achieved in Polymer 1 than 2 at the same fluence (see
Table 2.1). In addition, note the higher S d values observed for Polymer 1 than 2 as
shown in Figure 2.8. It appears that once formed preferentially along the polarization
axis, coumarin dimers are not as susceptible to thermal relaxation due in part to
dimers’ size doubling monomers’ and in part to dimers being anchored between two
neighboring methacrylate polymer chains.

In the absence of thermal relaxation,

residual coumarin monomers are expected to become increasingly organized
perpendicular to the polarization axis as photodimerization proceeds, resulting in an
increasingly negative S m value38 that approaches –0.5 in the limit of complete
dimerization. Thermal relaxation, however, appears to have diminished its absolute
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values to such an extent that S m ≅ 0 within an experimental error of ±0.003 in all
cases (see Figure 2.8). It is logical to appraise a coumarin-containing polymer film’s
capability for photoalignment in terms of Yd and S d . As Polymer 1 is compared to
2, the consistently higher Yd S d value appears to be responsible for the better

orientational order of F(MB)5 (see Table 2.1.). In contrast, Polymers 1 and 2
perform comparably well in their ability to align E-7 presumably because of the
relatively short lengths of constituent molecules. In other words, the alignment of the
longer F(MB)5 molecules demands more concentrated coumarin dimers oriented to a
higher degree than the shorter molecules comprising E-7.

2.4.

SUMMARY

Photoalignment of E-7 and F(MB)5 was investigated on films of coumarinbased Polymers 1 and 2 in the parallel regime, viz. prior to crossover in liquid crystal
orientation. The ability to align liquid crystals was elucidated in terms of coumarin
dimers’ concentration and orientational order parameter. Major accomplishments are
recapitulated as follows:
(1) Through polarized absorption spectroscopy and computational chemistry, the
absorption dipoles of coumarin monomer and dimer were located as parallel to
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their long molecular axes. In addition, S m and Sd were characterized as functions
of X by absorption dichroism.
(2) The higher X and Sd values in Polymer 1 than 2 at the same fluence level and
irradiation temperature relative to Tg originated from (i) the higher mobility of
pendant coumarin monomers with a longer flexible length, and (ii) the lack of
mobility of pendant coumarin dimers in both polymers because of their size and
anchoring between polymer chains.
(3) As reflected by the SOF values on Polymer 1 compared to 2, the photoalignment
film’s ability to orient F(MB)5 is quantifiable by Yd Sd because of the demand on
coumarin dimers’ concentration and orientational order.

In contrast, the Slc

values indicate that E-7 is well aligned on both Polymers 1 and 2 regardless of
the Yd Sd values because of the relatively short lengths of its constituent
molecules.
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Table 2.1. Extent of Dimerization, X , Orientational Order Parameter of E-7 doped
with M-137, Slc , that of F(MB)5, SOF , and the Product of Coumarin Dimers’ Mole
Fraction and Orientation Order Parameter, Yd S d , as Functions of Fluence.

Polymer 1 a)

Polymer 2 b)

Fluence,
J/cm2

X

Slcc)

SOFd)

100Yd Sde)

X

Slcc)

SOFd)

100Yd Sde)

0.2

0.23

|| 0.73

|| 0.72

0.39

0.17

|| 0.75

|| 0.14

0.21

0.5

0.34

|| 0.75

|| 0.73

0.41

0.27

|| 0.75

|| 0.10

0.25

1.0

0.44

|| 0.71

|| 0.68

0.40

0.37

|| 0.75

|| 0.08

0.26

2.0

0.55

|| 0.75

|| 0.36

0.34

0.49

|| 0.76

|| 0.03

0.21

a) Insolubility of 10-nm-thick film achieved at 0.2 J/cm2 at an irradiation temperature of 120 oC;
b) Insolubility of 10-nm-thick film achieved at 0.2 J/cm2 at an irradiation temperature of 160 oC;
c) 10-μm-thick nematic cells of E-7 doped with M-137; d) 50-nm-thick spin-cast F(MB)5 films
annealed at 130 oC under argon for 30 min; e) Yd = X/2. Slc and SOF accompanied by an uncertainty
of ± 0.02 and 0.03, respectively.
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Reaction Scheme 2.1. Synthetic Routes for Polymers 1 and 2 and Copolymer.
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Reaction Scheme 2.2. Synthetic Routes for Monomer and Dimer.
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CH3
CH2 C

CH3
CH2 C

n

COO(CH2)6O

COO

Polymer 1: Tg = 68 oC

O

CH2 C

COO

Polymer 2: Tg = 102 oC

O

O
O

Mw = 58,000 g/mole; Mw / Mn = 3.4

Mw = 76,300 g/mole; Mw / Mn = 3.3
CH3

n

COO(CH2)3O

CH3
CH2 C

0.69

COOCH3

0.31

COO(CH2)6O

COO

Copolymer: Tg = 88 oC
Mw = 48,700 g/mole; Mw / Mn = 2.1

O
O

F(MB)5: Tg = 89 oC, Tc = 167 oC

Chart 2.1. Polymers 1 and 2, Copolymer, and F(MB)5 Used under Present
Investigation.
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Chart 2.2. Molecular Structures of Monomer and syn-hh Dimer and EnergyMinimized Geometries with Absorption Dipoles Identified as Double
Arrows by Computational Chemistry Using Gaussian 03 Software
Package.
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Chart 2.3. Molecular Structures of anti-hh, syn-ht, anti-hh Dimers and Their
Energy-Minimized Geometries with Absorption Dipoles Identified as
Double Arrows by Computational Chemistry Using Gaussian 03
Software Package.
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Figure 2.1. 1H NMR spectrum of Dimer; expanded view of proton signals assigned to
the cyclobutane ring for identification of regioisomerism as syn-hh.
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syn-hh

anti-hh

syn-ht

anti-ht

Figure 2.2. NMR spectra of four regioisomers from J.Org.Chem. 2003, 68, 73867399.
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Ym= 0.050 in PMMA

1.0

100-nm-thick films
Monomer
Dimer, syn-hh
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0.0
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Figure 2.3. Normalized UV-Vis absorption spectra of approximately 100-nm-thick
films of Monomer and syn-hh Dimer doped in PMMA films at
Ym =0.050.
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( a ) Monomer, at 264 nm ( )
and at 310 nm ( )
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( b ) syn-hh Dimer, at 264 nm

Figure 2.4. Polarized absorption profiles of 10-μm-thick cells comprising (a)
Monomer at 3 wt% and (b) syn-hh Dimer at 0.25 wt% in ZLI-2359

between Nylon-66 films rubbed along double arrows.
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Figure 2.5. Direct proportionality of α m to Ym for the determination of ε m at 264
and 310 nm.
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Figure 2.6. (a) UV-Vis absorption spectra of 10-nm-thick Polymer 1 films exposed to
linearly polarized UV-irradiation at 120 oC to an increasing fluence as
indicated by arrow, and (b) direct proportionality between α d and Yd for
the determination of ε d at 264 nm.
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Figure 2.7. Polarized absorption spectra for (a) 300 to 325 nm and (b) 260 to 285 nm
ranges of a 78-nm-thick Polymer 1 film irradiated to a fluence level of 0.2
J/cm2 at 120oC; directions indicated by the superscripts on absorbance A ,
|| and ⊥ , refer to the polarization axis of UV-irradiation.
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Figure 2.8. Experimentally characterized S m and Sd to ±0.003 in Polymers 1 and 2
films as functions of X effected by linearly polarized UV-irradiation at
120 and 160oC, respectively.
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CHAPTER 3

EFFECTS OF DILUTION, POLARIZATION RATIO, AND ENERGY
TRANSFER ON PHOTOALIGNMENT OF LIQUID CRYSTALS
USING COUMARIN-CONTAINING POLYMER FILMS

3.1.

INTRODUCTION

As a noncontact strategy to prevent dust, electrostatic charges, and physical
damage arising from mechanical rubbing, photoalignment has been extensively
explored for orienting liquid crystalline fluids, π-conjugated oligomers and
polymers1-4. In principle, photoalignment is accomplished by axis-selective
degradation, cis-trans isomerization, or dimerization induced by linearly polarized
irradiation of photoreactive polymer films. This concept has been demonstrated with
polyimides5-13

and

polymers

azobenzene14-23,

containing

coumarin32-40 moieties for electro-optics22,

41

cinnamate24-31,

or

, wide viewing angle liquid crystal

displays32, 33, and organic field-effect transistors13, 23, 31. Furthermore, hole injection
in organic polarized light-emitting diodes was facilitated using photoalignment layers
modified with appropriate ingredients via physical doping or copolymerization19, 37, 38.
Cycles of cis↔trans isomerization of azobenzene moieties in a polymer film are
induced by linearly polarized irradiation to ultimately deplete cis-isomers in favor of
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trans-isomers all oriented perpendicular to the polarization axis of irradiation42-44. At
some point toward this ultimate orientation of trans-isomers, overlying liquid crystal
molecules can be aligned in the perpendicular direction. Alternatively, polarized UVirradiation of a polyimide film causes preferential decomposition along the
polarization axis, leaving imide moieties oriented perpendicular to an increasing
degree as photodegradation proceeds. As a result, overlying liquid crystal molecules
are aligned in the perpendicular direction to polarization axis. Therefore,
photoalignment using an azobenzene-containing polymer or polyimide gives rise to
perpendicular liquid crystal orientation. Photoalignment is accomplished with
cinnamate- and coumarin-containing polymers through preferential dimerization via
(2+2) cycloaddition under polarized UV-irradiation. In the presence of simultaneous
photoisomerization, cinnamate-containing polymers tend to yield a perpendicular
liquid crystal orientation. In coumarin-containing polymers, however, crossover from
a parallel to a perpendicular liquid crystal orientation has been widely reported at an
intermediate stage of photodimerization. It is generally understood that crossover is
the result of coumarin monomers competing with dimers for dictating liquid crystal
orientation1, 34, 35. It is remarked in passing that of all the photoalignment materials,
coumarin-containing polymers are advantageous in thermal and photochemical
stability without complication from isomerization while offering a wide range of
pretilt angle32, 33.
To interpret the crossover behavior within a quantitative framework, we have
constructed a kinetic model in which the extent of photodimerization, X, was
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characterized for monitoring the progress in liquid crystal orientation39. We have
chosen coumarin-containing polymers for experimentation because a sufficiently high
X can be reached to enable an investigation of crossover without encountering
photoinduced isomerization or degradation3,

39

. At a relatively low X, coumarin

dimers form preferentially along the polarization axis of irradiation, which controls
liquid crystal orientation. At a relatively high X, residual coumarin monomers are left
preferentially perpendicular to the polarization axis that dictates liquid crystal
orientation. Three factors have been identified for determining X at crossover (i.e.,
Xc): relative abundance of coumarin dimers and monomers, their orientational order
parameters (i.e., Sd and Sm) as functions of X, and the energetics of interaction with
liquid crystal molecules3,

39, 40

. In essence, photoalignment of liquid crystals is a

manifestation of chemical anisotropy presented by coumarin dimers or monomers in
orthogonal directions depending on the stage of photodimerization. The chemical
anisotropy was appraised as optical anisotropy, such as UV-Vis absorption dichroism
of irradiated films, for the determination of Sd and Sm, which is one of the thrusts of
an earlier publication40 generally applicable to the interpretation of liquid crystal
orientation. The present work was motivated to discover new features of
photoalignment of liquid crystals by elucidating (i) the roles played by the dilution of
coumarin moieties and the polarization ratio of UV-irradiation, and (ii) the effects of
excited-state energy transfer and photoinduced electron transfer in a coumarincontaining polymethacrylate functionalized with triphenylamine to facilitate hole
transport.
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3.2.

EXPERIMENT

Materials Synthesis

Polymers 2 and tris(m-anisyl)amine, TAA, depicted in Chart 3.1 were
synthesized following the Reaction scheme 3.1 and 3.2. The reaction schemes as well
as the synthesis and purification procedures for 7-heptyloxycoumarin, HOC39,
Polymers 139, 33, and 43 have been reported previously. Purity of all the intermediates
was monitored by thin-layer chromatography and 1H NMR spectroscopy. The
synthesis and purification procedures, together with analytical and 1H NMR spectral
data, of all the intermediates and final products are described in what follows.

3-[(3-Hydroxypropyl)oxy]iodobenzene (3-1)
Acetonitrile (70 ml) was added to a mixture of 3-iodophenol (5.0 g, 23 mmol), 3bromopropanol (3.8 g, 27 mmol), potassium carbonate (4.7 g, 34 mmol), and a
catalytic amount of potassium iodide. After refluxing for 6 h, the solid residue was
removed from the reaction mixture by filtration, and the filtrate was evaporated to
dryness under reduced pressure. The crude product was purified by gradient column
chromatography on silica gel using 0 to 1 % acetone in methylene chloride as the
eluent to afford 3-1 (6.1 g, 97 %). 1H NMR spectral data (400 MHz, CDCl3): δ (ppm)
1.63 (s, 1H, HOCH2–), 2.05 (quintet, 2H, HOCH2CH2CH2–), 3.82 (d, 2H, HOCH2–),
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4.08 (t, 2H, –CH2OAr–), 6.85 (d, 1H, aromatics), 6.98 (t, 1H, aromatics). 7.26 (s, 2H,
aromatics).

3-[[3-[(tert-Butyldimethylsilyl)oxy]propyl]oxy]iodobenzene (3-2)
In anhydrous N,N-dimethyl-formamide (60 ml) were dissolved 3-1 (6.0 g, 22 mmol)
and tert-butyldimethylsilyl chloride (4.9 g, 32 mmol). To the resultant solution,
imidazole (2.9 g, 43 mmol) was quickly added. After stirring under argon at room
temperature overnight, the reaction mixture was extracted with diethyl ether. The
organic layer was washed with brine before being dried over magnesium sulfate. An
oil resulted from evaporating off ether under reduced pressure. The crude product was
purified with flash column chromatography on silica gel using 10 % methylene
chloride in hexanes as the eluent to afford 3-2 (7.8 g, 92 %). 1H NMR spectral data
(400 MHz, CDCl3): δ (ppm) 0.03 (s, 6H, –Si(CH3)2O–), 0.87 (s, 9H, –SiC(CH3)3),
1.95 (quintet, 2H, –SiOCH2CH2CH2–), 3.77 (t, 2H, –SiOCH2–), 4.02 (t, 2H, –
CH2OAr–), 6.82 (d, 1H, aromatics), 6.98 (t, 1H, aromatics). 7.26 (s, 2H, aromatics).

7-[(6-Bromohexyl)oxy]coumarin (3-3)
Acetonitrile (30 ml) and N,N-dimethylformamide (30 ml) were added to a mixture of
7-hydroxycoumarin (5.4 g, 34 mmol), 1,6-dibromohexane (25 g, 100 mmol),
potassium carbonate (7.0 g, 50.0 mmol), and a catalytic amount of potassium iodide.
After refluxing overnight, the solid residue was removed from the reaction mixture by
filtration, and the filtrate was evaporated to dryness under reduced pressure. The
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crude product was purified by gradient column chromatography on silica gel using 10
to 20 % methylene chloride in hexanes as the eluent to afford 3-3 (6.8 g, 62 %). 1H
NMR

spectral

data

(400

MHz,

CDCl3):

δ

(ppm)

1.57

(t,

4H,

BrCH2CH2CH2CH2CH2CH2–), 1.87 (t, 2H, BrCH2CH2–) 1.96 (t, 2H, –CH2CH2OAr–
), 3.48 (t, 2H, BrCH2–), 4.07 (t, 2H, –CH2OAr–), 6.29 (d, 1H, –HC=CHCO–,
coumarin), 6.84–6.89 (m, 2H, coumarin). 7.41 (d, 1H, coumarin), 7.68 (d, 1H, –
HC=CHCO–, coumarin).

3,3-Di[(tert-butyldimethylsilyl)oxy]diphenylamine (3-4)
The procedure for the synthesis of 3-2 was followed to prepare 3-4 using 3,3dihydroxydiphenylamine (5.6 g, 28 mmol) instead of 3-2 in 95.0 % yield (11 g). 1H
NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.18 (s, 12H, –Si(CH3)2O–), 0.96 (s,
18H, –SiC(CH3)3), 5.29 (s, 1H, –NH–), 6.40 (d, 2H, aromatics), 6.58 (s, 2H,
aromatics), 6.63 (d, 2H, aromatics), 7.08 (t, 2H, aromatics).

3-[3-[(tert-Butyldimethylsilyl)oxy]propyl]oxy-N,N-bis[[3-(tert-butyldimethylsilyl)oxy
phenyl]benzeneamine (3-5)
Into a mixture of tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) (0.22 g, 0.24
mmol), bis(diphenylphosphino)ferrocene (DPPF) (0.20 g, 0.37 mmol), and 3-2 (4.6 g,
12 mmol) was added anhydrous toluene (30ml). The mixture was stirred at room
temperature for 15 min. Then, 3-4 (4.20 g, 9.78 mmol) in anhydrous toluene (50 ml)
and sodium tert-butoxide (1.41 g, 14.7 mmol) were added to the mixture of Pd2(dba)3,
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DPPF, and 3-2. After stirring at 90oC for 17 h under argon, the solid residue was
removed from the reaction mixture by filtration, and the filtrate was extracted with
ethyl acetate. Upon evaporating the solvent, the oily residue was purified by gradient
column chromatography on silica gel using 10 to 20 % methylene chloride in hexanes
as the eluent to yield 3-5 (4.8 g, 71%). 1H NMR spectral data (400 MHz, CDCl3): δ
(ppm) 0.08 (s, 6H, –Si(CH3)2OCH2–), 0.17 (s, 12H, –Si(CH3)2OAr–), 0.92 (s, 9H, –
CH2OSiC(CH3)3),

0.98

(s,

18H,

–ArOSiC(CH3)3),

2.00

(quintet,

2H,

–

SiOCH2CH2CH2–), 3.81 (t, 2H, –SiOCH2–), 4.00 (t, 2H, –CH2OAr–), 6.52–6.78 (m,
9H, aromatics), 7.10–7.21 (m, 3H, aromatics).

3-(3-Hydroxypropyl)oxy-N,N-bis(3-hydroxyphenyl)benzeneamine (3-6)
Into a solution of 3-5 (2.2 g, 3.2 mmol) in anhydrous tetrahydrofuran (15 ml) was
added an 1 M solution of tetrabutyl- ammonium fluoride in tetrahydrofuran (10.0 ml,
10.0 mmol). After stirring at room temperature for 1.5 h under argon, the reaction was
quenched by adding aqueous solution of ammonium chloride (0.88 g, 17 mmol). The
reaction mixture was extracted with ethyl acetate and washed with brine before being
dried over magnesium sulfate. After evaporation of solvent, the residue was purified
with gradient column chromatography on silica gel using 0 to 4 % methanol in
methylene chloride to afford 3-6 (1.1 g, 95 %). 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) 2.04 (quintet, 2H, HOCH2CH2CH2–), 3.88 (t, 2H, HOCH2–), 4.09 (t,
2H, –CH2OAr–), 6.52–6.74 (m, 9H, aromatics), 7.12–7.32 (m, 3H, aromatics).
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3-(3-Hydroxypropyl)oxy-N,N-bis[3-[[[(coumarin-7-yl)oxy]hexyl]oxy]phenyl]
benzeneamine (3-7)
To a mixture of 3-3 (2.7 g, 9.6 mmol), 3-6 (1.1 g, 3.2 mmol), potassium carbonate
(2.6 g, 19 mmol), and 18-crown-6 (0.50 g, 1.9 mmol) was added anhydrous
tetrahydrofuran (20 ml). After refluxing overnight, the solid residue was removed
from the reaction mixture by filtration, and the filtrate was evaporated to dryness
under reduced pressure. The crude product was purified by gradient column
chromatography on silica gel using 0 to 3 % acetone in methylene chloride as the
eluent to afford 3-7 (1.4 g, 52 %). 1H NMR spectral data (400 MHz, CDCl3): δ (ppm)
1.58

(m,

8H,

–CH2CH2CH2CH2CH2CH2–),

1.80–1.90

(m,

8H,

–

CH2CH2CH2CH2CH2CH2–), 2.04 (quintet, 2H, HOCH2CH2CH2–), 3.87 (t, 2H,
HOCH2–), 3.93 (t, 4H, –CH2OAr), 4.07 (m, 6H, –CH2OAr–), 6.30 (d, 2H, –
HC=CHCO–, coumarin), 6.60–6.72 (m, 9H, aromatics) 6.84–6.89 (m, 4H, coumarin),
7.18 (t, 3H, aromatics), 7.40 (d, 2H, coumarin), 7.68 (d, 2H, –HC=CHCO–,
coumarin).

3-[3-[(Methacryloyl)oxy]propyl]oxy-N,N-bis[3-[[[(coumarin-7-yl)oxy]hexyl]oxy]
phenyl]benzeneamine (3-8)
Triethylamine (0.20 g, 2.0 mmol) and methacryloyl chloride (0.20 g, 2.0 mmol) were
added dropwise to a solution of 3-7 (1.4 g, 1.6 mmol) in anhydrous methylene
chloride (10 ml) at 0oC. The reaction mixture was warmed to room temperature and
stirred for 3 h under argon. Then the reaction mixture was washed with 1 M
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hydrochloric acid. The organic layer was further washed with brine before drying
over anhydrous magnesium sulfate and evaporating to dryness under reduced pressure.
The crude product was purified by gradient column chromatography on silica gel
using 0 to 2 % acetone in methylene chloride to give 3-8 (0.78 g, 52%). 1H NMR
spectral data (400 MHz, CDCl3): δ (ppm) 1.56 (s, 8H, –CH2CH2CH2CH2CH2CH2–),
1.80–1.90 (m, 8H, –CH2CH2CH2CH2CH2CH2–), 1.97 (s, 3H, H2C=C(CH3)–), 2.15 (t,
2H, –CH2CH2CH2–), 3.92 (t, 4H, –CH2OAr–), 4.03 (m, 6H, –CH2OAr–), 4.34 (t, 2H,
–COOCH2–), 5.59 (s, 1H in ethylene), 6.13 (s, 1H in ethylene), 6.29 (d, 2H, –
HC=CHCO–, coumarin), 6.59–6.71 (m, 9H, aromatics) 6.84–6.89 (m, 4H, coumarin),
7.18 (t, 3H, aromatics), 7.40 (d, 2H, coumarin), 7.68 (d, 2H, –HC=CHCO–,
coumarin).

Poly[3-[3-[(Methacryloyl)oxy]propyl]oxy-N,N-bis[3-[[[(coumarin-7-yl)oxy]hexyl]
oxy] phenyl]benzeneamine] (Polymer 2)
In degassed anhydrous N,N-dimethylformamide (3 m1) were dissolved 8 (0.78 g, 0.86
mmol) and 2,2-azobisisobutyronitrile (0.0028 g, 0.017 mmol). The reaction mixture
was stirred at 60oC for 16 h under argon. Then, the solution was poured into methanol
to precipitate the Polymer 2 product. The Polymer 2 was precipitated twice more
from chloroform solution into methanol for further purification (0.65 g, 83 %). Anal.
Calcd.: C, 72.75; H, 6.33; N, 1.54. Found: C, 72.47; H, 6.12; N, 1.60. 1H NMR
spectral data (400 MHz, CDCl3): δ (ppm) 0.89–1.02 (3H, –CH2–C(CH3)(COO–)–),
1.31

(8H,

–CH2CH2CH2CH2CH2CH2–),

1.65–2.02

(12H,

–
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CH2CH2CH2CH2CH2CH2–, –CH2C(CH3)(COO–)–, –CH2CH2CH2–), 3.80–4. 15
(12H, –COOCH2–, –CH2OAr–), 6.18 (2H, –HC=CHCO–, coumarin), 6.48–6.95
(13H, aromatics and coumarin), 7.07 (3H, aromatics), 7.30 (2H, coumarin), 7.57 (2H,
–HC=CHCO–, coumarin).

Tris(m-anisyl)amine, TAA. Anhydrous toluene (60 ml) was added to a mixture of
Pd2(dba)3 (0.37 g, 0.40 mmol), DPPF (0.68 g, 1.2 mmol), and sodium tert-butoxide
(2.3 g, 24 mmol). The mixture was stirred at room temperature for 15 min. Then, 3bromoanisole (3.3 g, 18 mmol) and m-anisidine (1.0 g, 8.1 mmol) were added to the
mixture. After stirring at 90oC overnight, the solid residue was removed from the
reaction mixture by filtration, and the filtrate was extracted with ethyl acetate. Upon
evaporating the solvent, the viscous residue was purified by gradient column
chromatography on silica gel using 20 to 40 % toluene in hexanes as the eluent to
yield TAA (2.3 g, 86 %). Anal. Calcd.: C, 75.20; H, 6.31; N, 4.18. Found: C, 75.23;
H, 6.39; N, 4.18. 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 3.74 (s, 9H,
CH3O–), 6.60 (d, 3H, aromatics), 6.69 (m, 6H, aromatics), 7.17 (t, 3H, aromatics)

Transition Temperatures and Polymer Molecular Weights

Thermal transition temperatures of Polymers 1 through 4 were determined by
differential scanning calorimetry, DSC (Perkin-Elmer, DSC-7), with a continuous N2
purge at 20 mL/min. Samples were preheated up to 100oC followed by cooling to –
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30oC before taking the reported heating and cooling scans at 20oC/min. The nature of
phase transitions was characterized with a polarizing optical microscope (DMLM,
Leica, FP90 central processor) coupled with a hot stage (FP82, Mettler Toledo).
Polymer molecular weights were characterized in N-methylpyrrolidone containing
0.02 M lithium bromide at 60oC using size exclusion chromatography (Model 301
TDA, Viscotek) based on a universal calibration involving polystyrene standards
(Pressure Chemical Company).

Preparation and Characterization of Photoalignment Films

For the alignment of a nematic liquid crystal, films of Polymers 1 and 3 were
prepared by spin-casting at 4,000 rpm from 0.1 wt % chloroform solutions on
optically flat fused silica substrates transparent to 200 nm (Esco Products). Films of
Polymers 2 and 4 were prepared by spin-casting at 3,500 rpm from 0.2 wt %
chloroform solutions on the same fused silica substrates. Spin-cast films were
characterized with variable angle spectroscopic ellipsometry (V-Vase, J. A. Woollam
Corporation) and UV–vis–NIR spectrophotometry (Lambda-900, Perkin-Elmer).
Polarized irradiation was performed under argon using a 500 W Hg-Xe lamp (model
66142, Oriel) equipped with a dichroic mirror that reflects the light between 260 and
320 nm (model 66217, Oriel) and a filter (model 87031, Oriel) that cuts off
wavelengths below 300 nm. In addition, linear polarization was generated using a
polarizing beam splitter (HPB-308 nm, Lambda Research Optics, Inc.) with the
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dispersion of polarization ratio shown in Figure 3.1. Films of Polymers 1 through 4
were irradiated at 90, 96, 120 and 142 oC, respectively, to ensure the same reduced
temperature of 1.15 relative to their respective glass transition temperatures. The
irradiation intensity was monitored by a UVX digital radiometer coupled with a
UVX-31 sensor (UVP, Inc.). The extent of photodimerization was characterized by
monitoring the UV–Vis absorbance of coumarin monomers at 325 nm for Polymers 1
and 2 and 310 nm for Polymers 3 and 4, respectively. The insolubility limit was
established by comparing the UV–Vis absorption spectra before and after rinsing the
irradiated films with chloroform.

Photoalignment of a Nematic Liquid Crystal

For the characterization of their ability to orient a nematic liquid crystal,
irradiated films of Polymers 1 through 4 on fused silica substrates were used to
prepare 10-μm-thick sandwiched cells. A commercially available nematic liquid
crystal, E-7 (Merck), containing a dichroic dye, M-137 (Mitsui Toatsu Dyes, Ltd.), at
0.3 wt % was injected into the cell gap in the isotropic state (at 65oC) to avoid flowinduced alignment. After annealing at 50oC for 0.5 h, the cells were cooled at 10oC/h
to room temperature. The UV-vis-NIR spectrophotometer (Lambda-900, PerkinElmer) was equipped with a linear polarizer (HNP′B, Polaroid) for the measurement
of orientational order parameter. Fresnel reflections from the air-glass interfaces were
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accounted for using a reference cell comprising an index-matching fluid sandwiched
between two alignment-treated substrates.

Measurement of Absorption, Fluorescence, and Phosphorescence Spectra

Dilute solutions of TAA and HOC in ethyl acetate were prepared at a
concentration of 10–4 M. The absorption spectra were gathered with UV–vis–NIR
diode array (Hewlett Packard 8453E). Fluorescence spectra were collected with
spectrofluorometer (Quanta Master C-60SE, Photon Technology International) at
excitation wavelengths of 300 nm for TAA and 325 nm for HOC in a 90o orientation,
respectively. Phosphorescence spectra were measured using a Fluorolog-3
spectrofluorometer (Jobin Yvon, Horiba) and were corrected for the efficiency of the
monochromator

and

the

spectral

response

of

the

photomultiplier

tube.

Phosphorescence was measured in ethyl acetate at 77 K by placing solutions in NMR
tubes inserted into a small liquid nitrogen Dewar in a holder designed to fit the
spectrofluorometer.

Laser Flash Photolysis Measurements

A laser photolysis system described elsewhere45 was used to probe radical
cation formation from TAA and for pulsed photolysis of solutions of TAA and HOC.
A XeCl excimer laser (Lambda Physik Lextra 50) was used to pump a dye laser
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(Lambda Physik 3002) containing p-terphenyl, which provided 7-ns approximately 1
mJ pulses at 343 nm. Transient absorptions were monitored at 90o to the laser
excitation using a pulsed xenon lamp, timing shutters, a monochromater, and a diode
array detector.

Characterization of a Polarizing Beam Splitter’s Polarization Ratio

The UV-vis-NIR spectrophotometer (Lambda-900, Perkin-Elmer) equipped
with a linear polarizer (HNP′B, Polaroid) was used to characterize the polarization
ratio of a polarizing beam splitter (HPB-308 nm, Lambda Research Optics, Inc.) used
for polarized UV-irradiation in preparation of photoalignment films.

3.3.

RESULTS AND DISCUSSION

The molecular structures of all the materials used in this study are depicted in
Chart 3.1. While Polymers 1, 3, and 4 have been reported elsewhere3, 39, Polymer 2
was synthesized as part of this work to incorporate hole-transporting triphenylamine
with coumarin in a homopolymer. Stability against degradation of Polymers 1
through 4 during the preparation of photoalignment films was validated with UV-Vis
absorption spectra exhibiting isosbestic points, as illustrated in Figure 3.2 using
Polymer 2, over the irradiation intensity (i.e. fluence) range to include crossover in
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the orientation of E-7. The nematic director of 10-μm-thick E-7 cells was tracked by a
dichroic dye, M-137 with an absorption maximum at 643 nm, at a doping level of 0.3
wt% as described previously3,

39, 40

. Linearly polarized absorption spectra, as

illustrated on Polymer 2 in Figure 3.3, were collected to evaluate the absorption
dichroism at 643 nm for the calculation of the orientational order parameter, Slc=(R–
1)/(R+2), where the dichroic ratio R represents the absorbance parallel divided by that
perpendicular to the polarization axis of UV-irradiation.
The coumarin contents in Polymers 1 and 3 are diluted by triphenylamine and
methyl moieties in Polymers 2 and 4, respectively. Dilution of coumarin deteriorated
the quality of nematic liquid crystal cells and their orientation order parameter, S lc .
Polymers 1 and 3 films were capable of producing liquid crystal cells without
disclinations, as illustrated with Polymer 1 in Figures 3.4.(a) and (b). As a
consequence, all the S lc values reported for Polymers 1 and 3 in Tables 1 and 2 are
greater than or equal to 0.70, in which the prefixes || and ⊥ to the S lc values indicate a
parallel and a perpendicular orientation, respectively, of the nematic director to the
polarization axis of irradiation. In contrast, the liquid crystal cells on Polymers 2 and
4 contained a higher number density of disclinations in the parallel regime than that
on Polymers 1 and 3, as displayed in Figures 3.4.(c) and (e). As a result, the S lc
values with Polymers 2 and 4 are substantially less than 0.60 in the parallel regime,
where coumarin dimers control liquid crystal orientation. Both the number density of
disclinations (Figures 3.4.(d) and (f) versus Figure 3.4.(b)) and the S lc values (see
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Tables 3.1 and 3.2), however, are comparable to those without dilution of coumarin
moieties in the perpendicular regime, where coumarin monomers dictate liquid
crystal orientation. The observed difference between the two regimes associated with
Polymers 2 and 4 could have arisen from the stronger molecular interaction of E-7
with coumarin monomers34,

35

and/or the better orientational order on the part of

coumarin monomers compared to coumarin dimers39. These results suggest that
perpendicular orientation should be the target of photoalignment of liquid crystals on
Polymer 2 and other functionalized polymers for the realization of highly oriented
monodomain nematic films.
It is further noted in Table 3.2 that the dilution of coumarin moieties expedited
the crossover from Xc ≅ 0.58 on Polymer 3 to 0.45 on Polymer 4. As dilution caused
both coumarin dimers and monomers to be less ordered in the parallel and
perpendicular direction, respectively, the lower Xc for Polymer 4 than 3 can be
understood in terms of the stronger interaction of liquid crystal molecules with
coumarin monomers than dimers34, 35. Across the irradiation fluence from 0.1 to 20.0
J/cm2, the X and Slc values observed on 10-nm-thick Polymer 1 films were identical
with those on 27-nm-thick films within experimental uncertainties39, as expected of
photoalignment being a surface phenomenon. Therefore, the X and Slc values reported
in Tables 3.1 and 3.2 should be independent of the photoalignment film thickness
varying from 10 to 18 nm to facilitate film preparation and characterization.
To examine the effect of polarization ratio on crossover, four cases were
investigated with mixed modes of irradiation using Polymer 3. The results
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summarized in Table 3.3 reveal the critical role played by the extent of dimerization
induced by polarized, Xp, relative to that by unpolarized, Xu, irradiation for the same
cumulative X=Xp+Xu=0.35 in all cases regardless of the order in which the two modes
of irradiation were administered. As suggested by the data for Cases A and B, a
parallel liquid crystal orientation emerged where polarized irradiation was dominant.
The reason is that coumarin dimers formed are better ordered parallel than residual
monomers perpendicular to the polarization axis at the early stage of
photodimerization. In contrast, a perpendicular liquid crystal orientation prevailed
where unpolarized irradiation was dominant, as in Cases C and D. In these two cases,
both coumarin dimers and residual monomers are expected to be poorly ordered
parallel and perpendicular, respectively, to the polarization axis because of the
predominant extents of dimerization completed under unpolarized excitation. A
possible outcome of the low orientational order on the parts of coumarin monomers
and dimers could have been diminished Slc values in Cases C and D. The fact that E-7
molecules turned out to be well aligned with coumarin monomers is attributable to
the favorable energetics of molecular interaction over coumarin dimers, as
rationalized by Ichimura et al.34 and Kelly et al.35, coupled with a sufficient
orientatioanl order adopted by coumarin monomers. To sum up, a high polarization
ratio of irradiation received by coumarin produced a parallel liquid crystal orientation,
whereas a low polarization ratio generated a perpendicular orientation. In other
words, Xc decreases with a decreasing polarization ratio under otherwise identical
condition.
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We now proceed to photoalignment on Polymer 2 incorporating both
coumarin and triphenylamine moieties. As shown in Table 3.1, crossover from a
parallel to a perpendicular orientation occurred at Xc ≅ 0.64 and 0.29 on Polymers 1
and 2, respectively. Based on the fore-going comparison between Polymers 3 and 4
as well as the case studies using Polymer 3, two factors can be identified as the
potential origins of the substantially lower Xc on Polymer 2 than 1: dilution of
coumarin by triphenylamine and the lower polarization ratio of irradiation received
by coumarin for photodimerization. A lower polarization ratio received by coumarin
in Polymer 2 than 1 is attributable to competing absorption of polarized irradiation
between triphenylamine and coumarin, and simultaneous triplet energy transfer from
triphenylamine to coumarin moieties. Two model compounds, previously reported
HOC39 and TAA synthesized herein, were used to evaluate these two contributing
factors. The absorption spectra of TAA and HOC in ethyl acetate as shown in Figure
3.5, an analog for the methacrylate polymer backbone, suggest that the two moieties
absorb the UV-irradiation to comparable extents. In view of the wavelength
dependence of polarization ratio displayed in Figure 3.1, coumarin moieties absorb
less in the high polarization ratio region than in the absence of triphenylamine
moieties. In addition, absorption by triphenylamine moieties followed by triplet
energy transfer to coumarin, as to be detailed below, resulted in a loss of polarization.
Consequently, polarization ratio received by coumarin decreased in the presence of
triphenylamine. Based on the correlation between liquid crystal orientation and the
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polarization ratio illuminated by case studies (see Table 3.3), Xc on Polymer 2 is
expected to be less than that on Polymer 1.
The role played by energy transfer from triphenylamine to coumarin moieties
in Polymer 2 was appraised using HOC and TAA. In the absence of triphenylamine,
photoexcitation produces coumarin singlets, S1, the lowest singlet state, with a
fluorescence quantum yield on the order of 0.0146. Such a low quantum yield implies
efficient nonradiative decays of S1, including intersystem crossing to T1, the lowest
triplet state, which contributes predominantly to dimerization46. In addition, a
fluorescence quantum yield less than 0.1 was reported for triphenylamine47. The
wavelengths at which the normalized absorption and fluorescence spectra intersect, as
shown in Figure 6, were employed to determine the S1 energy levels48 for TAA and
HOC at 85.9 and 81.9 kcal/mole, respectively.
The phosphorescence spectra were gathered for TAA and HOC at 10–4 M in
ethyl acetate at 77K. The normalized spectra shown in Figure 3.7 exhibit relatively
sharp highest energy 0-0 vibronic bands assigned as the T1 states49-51. The
phosphorescence from HOC was weak relative to its fluorescence, suggesting a low
quantum yield for intersystem crossing. Butyl iodide was added at 10 wt% to the
HOC solution to enhance the 0-0 vibronic transition52 and confirm the identity of the
emitting state. Triplet energies of 69.4 and 61.4 kcal/mole were thereby obtained for
TAA and HOC, respectively. The results for the S1 and T1 energies for the two model
compounds are summarized in the diagrams presented in Figure 3.8.
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Since electron-rich TAA and triphenylamine should be easily oxidized, it is
conceivable that photoinduced electron transfer from triphenylamine to coumarin
moieties could also play a role in the dimerization process in Polymer 2 films. Laser
pulse excitation at 343 nm of the electron acceptor N-methylquinolinium
tetrafluoroborate (10–3 M) in an acetonitrile solution containing TAA (2×10–4 M) and
0.5 M toluene as a co-donor resulted in the formation of TAA radical cation
(λmax=580 nm) via efficient electron transfer from toluene to the sensitizer followed
by electron transfer from TAA to toluene. However, laser photolysis of an acetonitrile
solution of HOC (10–4 M) and TAA (10–3 M) resulted in only triplet species without
TAA radical cations. This suggests that electron transfer from triphenylamine to
coumarin moieties plays an insignificant role in the photodimerization of coumarin in
Polymer 2. Both the triphenylamine and coumarin moieties undergo S1-to-T1
intersystem crossing but with very different quantum yields, 0.88 for triphenylamine53
versus generally less than 0.05 for coumarin54. The substantially higher triplet energy
of TAA than HOC implies that the triplet energy transfer from triphenylamine to
coumarin moieties in Polymer 2 films is quite exothermic and hence very efficient. In
this process, the polarization of irradiation is lost55. Depolarization of photoexcitation
is expected on the basis of the triplet-triplet energy transfer within the Dexter
formalism involving no orientational factors56, where coumarin moieties are
randomly oriented with the photosensitizing triphenylamine moieties. The two
empirical observations of polarization-preserved triplet-triplet energy transfer appear
to have arisen from the alignment of cinnamate moieties with photosensitizers, as

92

evidenced by the reported exciplex formation57,

58

and the enhanced polarization

retention with a photosensitizer’s rod-like molecular shape59. A short-range alignment
of cinnamate moieties with photosensitizers permits the polarization-selective
absorption by the latter to be transferred to the former as an exception to the rule56.
Thus, triplet energy transfer from triphenylamine to coumarin moieties
substantially decreased the polarization ratio of irradiation received by coumarin for
photodimerization. In a nutshell, functionalization of coumarin-containing polymer
with triphenylamine for photoalignment of E-7 reduced considerably the Xc value
because of dilution as well as the diminished polarization ratio received by coumarin
due to competing absorption and triplet energy transfer. Nevertheless, the relative
contributions of these three factors to the observed photoalignment behavior can not
be quantified at this time. Work is in progress to evaluate the efficiency and lifetime
of organic polarized light-emitting diodes using hole-conducting photoalignment
polymers comprising both the hole-transporting and coumarin moieties, and the
results will be reported in due course.

3.4.

SUMMARY

Four coumarin-containing polymethacrylates were employed to furnish new
insight into the effects of dilution of coumarin, polarization ratio of UV-irradiation,
excited-state

energy

transfer,

and

photoinduced

electron

transfer

on

the
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photoalignment of E-7. The extent of coumarin dimerization at crossover, Xc, was
found to decrease with dilution of coumarin by photophysically inert moieties.
Moreover, dilution of coumarin was responsible for a higher number density of
disclinations in liquid crystal cells accompanied by lower Slc values in the parallel
regime. These adverse effects, however, were absent in the perpendicular regime
beyond crossover. Case studies using a polymer consisting exclusively of coumarin
under mixed modes of polarized and unpolarized irradiation revealed a decreasing Xc
with a diminishing polarization ratio. Tris(m-anisyl)amine and 7-heptyloxycoumarin
were used to probe competing absorption, triplet energy transfer and photoinduced
electron transfer from triphenylamine to coumarin moieties in a homopolymer
comprising both coumarin and triphenylamine moieties. Competing absorption of
polarized UV-irradiation between coumarin and triphenylamine reduced the
polarization ratio received by coumarin moieties. Furthermore, the triplet energies
associated with these two model compounds suggest efficient triplet energy transfer,
resulting in a loss of polarization ratio received by coumarin moieties. Nevertheless,
photoinduced electron transfer from triphenylamine to coumarin played an
insignificant role in coumarin dimerization on the basis of laser photolysis. Therefore,
dilution of coumarin and competing absorption of polarized irradiation with
simultaneous triplet energy transfer from triphenylamine to coumarin moieties all
contributed to the much lower Xc for Polymer 2 than 1, 0.29 in contrast to 0.64.
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Table 3.1. The Extent of Photodimerization, X, and Liquid Crystal Orientational
Order Parameter, Slc, as Functions of Fluence for Polymers 1 and 2.

Fluence,
J/cm2

X c)

Slc d)

X c)

Slc d)

0.05

--

--

0.23

|| 0.48

0.1

0.37

|| 0.71

0.34

⊥ 0.52

0.2

0.40

--

0.42

⊥ 0.76

0.5

0.49

|| 0.70

0.51

⊥ 0.75

1.0

0.60

|| 0.72

0.55

⊥ 0.74

2.0

0.67

⊥ 0.72

--

--

Polymer 1 a)

Polymer 2 b)

a) Irradiation of 10-nm-thick films at 90 oC, and insolubility in chloroform achieved at 0.05
J/cm2; all data taken from Ref. [39]; b) Irradiation of 15-nm-thick films at 96 oC, and
insolubility in chloroform achieved at 1.0 J/cm 2; photoalignment layers below insolubility
limit shown to be intact by UV-Vis spectrophotometry after exposure to E-7 in liquid crystal
cells; c) X determined at 325 nm with an uncertainty of ± 0.02; d) 10-μm-thick nematic cells
of E-7 doped with M-137; symbols || and ⊥ in front of Slc represent a nematic director
parallel and perpendicular to the polarization axis of UV-irradiation, respectively; Slc
determined at 643 nm with an uncertainty of ± 0.02 on average.
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Table 3.2. The Extent of Photodimerization, X, and Liquid Crystal Orientational
Order Parameter, Slc, as Functions of Fluence for Polymers 3 and 4.

Fluence,
J/cm2

X c)

Slc d)

X c)

Slc d)

0.1

0.18

--

0.11

--

0.2

0.24

|| 0.73

0.16

|| 0.43

0.5

0.35

|| 0.75

0.26

|| 0.51

1.0

0.45

|| 0.71

0.35

|| 0.56

1.5

--

--

0.43

|| 0.34

2.0

0.53

--

0.46

⊥ 0.74

4.0

0.57

|| 0.73

--

--

5.0

0.59

⊥0.80

--

--

Polymer 3 a)

Polymer 4 b)

a) Irradiation of 10-nm-thick films at 120 oC, and insolubility in chloroform achieved at 0.2
J/cm2; all data taken from Ref. [3]; b) Irradiation of 18-nm-thick films at 142 oC, and
insolubility in chloroform achieved at 0.5 J/cm2; photoalignment layer below insolubility
limit shown to be intact by UV-Vis spectrophotometry after exposure to E-7 in liquid crystal
cell; c) X determined at 310 nm with an uncertainty of ± 0.02; d) 10-μm-thick nematic cells
of E-7 doped with M-137; symbols || and ⊥ in front of Slc represent a nematic director
parallel and perpendicular to the polarization axis of UV-irradiation, respectively; Slc
determined at 643 nm with an uncertainty of ± 0.04 on average.
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Table 3.3. Case Studies Using Polymer 3 for Evaluation of Slc as a Function of the
Extents of Dimerization Contributed by Polarized (Xp) and Unpolarized
(Xu) Irradiation at Room Temperature for the Same Cumulative X=0.35 a).

Case

First Irradiation

Second Irradiation

Slc

A

Xp= 0.27

Xu = 0.08

|| 0.73

B

Xu= 0.07

Xp = 0.28

|| 0.73

C

Xu = 0.28

Xp = 0.07

⊥ 0.71

D

Xp = 0.07

Xu = 0.28

⊥ 0.72

a) 10-μm-thick nematic cells of E-7 doped with M-137; symbols || and ⊥ in front of
Slc represent a nematic director parallel and perpendicular to the polarization axis of
UV-irradiation, respectively. Xp, Xu, and Slc all accompanied by an experimental
uncertainty of ± 0.02.
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Reaction Scheme 3.1. Synthesis Routes for Polymer 2 and m-TAA.
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Chart 3.1. Polymers and Model Compounds Used in This Study.
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Figure 3.1. Polarization ratio, PR =TP/TS, of a polarizing beam splitter with TP and TS
denoting the maximum and minimum transmittances, respectively, of
linearly polarized incident.
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Figure 3.2. UV-Vis absorption spectra of 15-nm-thick Polymer 2 film as a function
of fluence.
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Figure 3.3. UV-Vis absorption dichroism of 10-μm-thick LC cells of E-7 doped with
M-137 on 15-nm-thick Polymer2 films irradiated 96oC to (a) 0.05 J/cm2
and (b) 0.2 J/cm2; A|| and A⊥ represent absorbance parallel and
perpendicular, respectively, to the polarization axis of UV-irradiation.
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(a)

(b)

300 μm

Polymer 1, 0.5 J/cm2, Slc= || 0.70
(c)

300 μm

Polymer 1, 2.0 J/cm2, Slc= ⊥ 0.72
(d)

300 μm

Polymer 2, 0.05 J/cm2, Slc= || 0.48

300 μm

Polymer 2, 0.2 J/cm2, Slc= ⊥ 0.76
(f)

(e)

300 μm

Polymer 4, 1.5 J/cm2, Slc= || 0.34

300 μm

Polymer 4, 2.0 J/cm2, Slc= ⊥ 0.74

Figure 3.4. Polarizing optical microscopic images of liquid crystal cells selected from
Tables 1 and 2 with their orientational order parameter values: Polymer 1,
(a) and (b); Polymer 2, (c) and (d), Polymer 4, (e) and (f) to illustrate the
effects of dilution of coumarin moieties.
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Figure 3.5. UV-Vis spectra of TAA and HOC in ethyl acetate at 10−4 at room
temperature.
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Figure 3.6. Normalized absorption and fluorescence spectra of TAA and HOC in
ethyl acetate at 10–4 M measured at room temperature.
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Figure 3.7. Phosphorescence spectra of TAA and HOC in ethyl acetate at 10–4 M and
77K.
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Figure 3.8. Schematic diagrams of molecular energy levels, S1 and T1, in kcal/mol,
intersystem crossing (ISC), and coumarin dimerization from T1 involving
(a) HOC alone, and with triplet energy transfer (ET) involving (b) TAA
and HOC.
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CHAPTER 4

NOVEL CHOLESTERIC GLASSY LIQUID CRYSTALS
COMPRISING BENZENE FUNCTIONALIZED WITH HYBRID
CHIRAL-NEMATIC MESOGENS

4.1.

INTRODUCTION

Liquid crystals are spontaneously ordered fluids characterized by a uniaxial,
lamellar, helical, or columnar arrangement in nematic, smectic, cholesteric, or
discotic mesophase, respectively. Preserving these molecular arrangements in the
solid state via cooling through glass transition temperature (Tg), glassy liquid crystals
(GLCs) represent a unique material class potentially useful for organic
optoelectronics. Whereas all liquids are expected to vitrify at a sufficiently rapid
cooling rate, most organic materials, including liquid crystals, tend to crystallize upon
cooling through the melting point, Tm. Crystallization of liquid crystals essentially
destroys the desired molecular order that prevails in the fluid state, resulting in
polycrystalline films that scatter light or impede charge transport. The very first
attempt to synthesize GLCs in 1971 yielded materials with a low Tg and poor
morphological stability1, namely, the tendency to crystallize from the glassy state.
Subsequent efforts have produced GLCs that can be categorized into (i) laterally or
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terminally branched, one-string compounds with a Tg mostly around room
temperature2-4; (ii) twin molecules with an above-ambient Tg but generally lacking
morphological stability5-8; (iii) cyclosiloxanes functionalized with mesogenic and
chiral pendants9-13; (iv) carbosilane dendrimers exhibiting a low Tg14,

15

; (v)

macrocarbocycles with mesogenic segments as part of the ring structure16; and (vi)
pentalerythritol as the central core to yield widely varying Tg and morphological
stability17-20.
Aiming at GLCs with elevated Tg and clearing point, Tc, accompanied by
superior morphological stability, we have implemented a comprehensive molecular
design strategy in which mesogenic and chiral pendants are chemically bonded to a
finite volume-excluding core21-34. While the core and pendant are crystalline as
separate entities, the chemical hybrid with a proper flexible spacer connecting the two
readily vitrifies into a GLC on cooling. A definitive set of GLCs has been synthesized
and characterized to furnish insight into structure-property relationships and to
demonstrate optical and photonic device concepts. In particular, cholesteric GLCs are
potentially useful as large area nonabsorbing polarizers, optical notch filters and
reflectors, and polarizing fluorescent films. Moreover, cholesteric GLC films can
serve as a one-dimensional photonic bandgap for circularly polarized lasing35.
Comprising separate chiral and nematic pendants, cholesteric GLCs have been
synthesized either by a statistical approach, which requires intensive workup
procedures to arrive at pure components26, 36, or by deterministic approaches, which
require long synthesis schemes22, 37-39.
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The present study was motivated to develop a new class of cholesteric glassy
liquid crystals consisting of hybrid chiral-nematic mesogens, instead of separate
chiral and nematic pendants, chemically bonded to a volume-excluding core. Previous
attempts at hybrid chiral-nematic pendants have met with little or no success. For
example, hybrid chiral-nematic pendants with a chiral tail yielded exclusively smectic
mesomorphism40, and cyanotolan with a chiral spacer to a cyclohexane core failed to
achieve mesomorphism21. To be practically useful, the targeted materials must
possess elevated phase transition temperatures, stability against crystallization from
the glassy state, and selective reflection across the visible to near infrared region.
With 4’-cyanobiphenyl-4-yl benzoate nematogens and enantiomeric 2-methylpropyl
spacers connected to a benzene core, novel cholesteric GLCs have been synthesized
for a systematic investigation of mesomorphic behavior, morphological stability, and
optical properties as functions of molecular structure. In addition, a morphologically
stable cholesteric GLC has been used to test its amenability to photoalignment on
coumarin-containing polymer films that are capable of orienting a nematic fluid, E741-45.

4.2.

EXPERIMENT

Material Synthesis

115

All chemicals, reagents, and solvents were used as received from commercial
sources without further purification except tetrahydrofuran (THF) that had been
distilled over sodium and benzophenone. The following intermediates were
synthesized according to literatures: 1,3,5-benzenetricarboxylic acid, 1-tert-butyl
ester38, 4-(3-hydroxy-propoxy)benzoic acid 4′-cyanobiphenyl-4-yl ester (Nm-OH)38,
and 7-[4-[(3-hydroxypropoxy)-benzoyloxy]-coumarin44. Compounds I through VIII
and Polymer C for photoalignment, as depicted in Charts 4.1 and 4.2, were
synthesized according to Reaction Schemes 4.1 and 4.2, respectively. The synthesis
and purification procedures, together with analytical and 1H NMR spectral data, of all
the intermediates and final products are described in what follows.

(S)-4-(3-Hydroxy-2-methylpropoxy)-4′-cyanobiphenyl (Ch1-OH)
To a mixture of 4′-cyano-4-hydroxybiphenyl (1.5 g, 7.7 mmol), potassium carbonate
(1.6 g, 12 mmol), and potassium iodide (0.13 g, 0.77 mmol) in acetonitrile (30 ml)
was added (S)-(+)-3-bromo-2-methylpropanol (1.4 g, 9.2 mmol) dropwise. The
reaction mixture was refluxed overnight before cooling and quenching with water.
The resultant mixture was extracted with methylene chloride (2 x 100 ml) and washed
with 1 M aqueous hydrochloric acid and brine. The combined organic portions were
dried over magnesium sulfate and evaporated to dryness. The crude solid was purified
by gradient column chromatography on silica gel with 0 to 4 % acetone in methylene
chloride and then recrystallized from methanol to yield Ch1-OH (0.90 g, 44 %). 1H
NMR spectral data (400 MHz, CDCl3): δ (ppm) 1.09 (d, 3H, –CH3), 2.25 (m, 1H, –
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CH2CH(CH3)CH2–), 3.75 (d, 2H, HOCH2–), 4.03 (d, 2H, –CH2OAr), 7.03 (d, 2H,
aromatics), 7.55 (d, 2H, aromatics), 7.66 (d, 2H, aromatics), 7.71 (d, 2H, aromatics).

(S)-4-(3-Hydroxy-2-methylpropoxy)benzoic acid (4-1)
Acetonitrile (70 ml) was added to a mixture of 4-hydroxybenzoic acid methyl ester
(5.0 g, 46 mmol), (S)-(+)-3-bromo-2-methylpropanol (7.7 g, 55 mmol), potassium
carbonate (9.5 g, 69 mmol), and a catalytic amount of potassium iodide. After
refluxing overnight, the solid residue was removed from the reaction mixture by
filtration, and the filtrate was evaporated to dryness under reduced pressure. To a
solution of the resultant solid in ethanol (250 ml), potassium hydroxide (22 g, 390
mmol) was added, and the reaction mixture was refluxed for 2 h. After evaporating
off solvent under reduced pressure, the solid residue was dissolved in water and
acidified with 1 M aqueous hydrochloric acid. The crude product was collected by
filtration and washed with water. Recrystallization with chloroform yielded 4-1 (5.6 g,
68 %) 1H NMR spectral data (400 MHz, DMSO-d6): δ (ppm) 0.96 (d, 3H, –CH3),
2.01 (m, 1H, –CH2CH(CH3)CH2–), 3.42 (s, 2H, HOCH2–), 4.00 (m, 2H, –CH2OAr),
4.60 (s, 1H, HO–), 7.02 (d, 2H, aromatics), 7.89 (d, 2H, aromatics), 12.6 (s, 1H, –
COOH ).

(S)-4-[3-[(tert-Butyldimethylsilyl)oxy]-2-methylpropoxy]benzoic acid (4-2)
In anhydrous N,N-dimethylformamide (30 ml) were dissolved 4-1 (5.4 g, 26 mmol)
and tert-butyldimethylsilyl chloride (TBDMSCl) (8.5 g, 57 mmol). To the resultant
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solution, imidazole (7.0 g, 100 mmol) was quickly added. After stirring under argon
at room temperature overnight, the reaction mixture was extracted with diethyl ether.
An oily liquid emerged from evaporating off ether under reduced pressure. The oil
was dissolved in methanol (120 ml) and tetrahydrofuran (40 ml), followed by stirring
with a solution of potassium carbonate (4.2 g, 30 mmol) in water (42 ml) for 1 h. The
volume of the solution was reduced by 75 % via evaporation under reduced pressure.
The pH of the solution was adjusted to 5.0 with 1 M aqueous hydrochloric acid. The
solid product was collected by filtration and washed with water several times to yield
4-2 (6.8 g, 82 %). 1H NMR spectral data (400 MHz, DMSO-d6): δ (ppm) 0.03 (s, 6H,
–Si(CH3)2O–), 0.87 (s, 9H, –SiC(CH3)3), 0.97 (d, 3H, –CH3), 2.03 (m, 1H, –
CH2CH(CH3)CH2–), 3.52 (d, 2H, –SiOCH2–), 3.92 (m, 2H, –CH2OAr), 7.02 (d, 2H,
aromatics), 7.89 (d, 2H, aromatics), 12.6 (s, 1H, –COOH).

(S)-4-[3-[(tert-Butyldimethylsilyl)oxy]-2-methylpropoxy]benzoic

acid

4′-cyano-

biphenyl-4-yl ester (4-3)
4′-cyano-4-hydroxybiphenyl (2.2 g, 12 mmol), 4-2 (3.5 g, 11 mmol), and ptoluenesulfonic acid / 4-(dimethylamino)pyridine complex (DPTS) (0.32 g, 1.1
mmol) were dissolved in a mixture of anhydrous chloroform (45 ml) and anhydrous
N,N-dimethylformamide (5.0 ml). N,N-dicyclohexylcarbodiimide (DCC) (2.7 g, 13
mmol) was quickly added to the reaction mixture, which was stirred under argon at
room temperature overnight. Upon filtering off white solids, the filtrate was diluted
with additional chloroform. The solution was washed with 1 M hydrochloric acid and
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brine before being dried over magnesium sulfate. The crude product was collected by
evaporation under reduced pressure and purified by gradient column chromatography
on silica gel with methylene chloride:hexanes from 5:1 to 100:1 (v/v) as the eluent to
yield 4-3 (5.0 g, 93 %). 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.03 (s,
6H, –Si(CH3)2O–), 0.88 (s, 9H, –SiC(CH3)3), 1.04 (d, 3H, –CH3), 2.15 (m, 1H, –
CH2CH(CH3)CH2–), 3.64 (m, 2H, –SiOCH2–), 4.01 (m, 2H, –CH2OAr), 6.99 (d, 2H,
aromatics), 7.32 (d, 2H, aromatics), 7.51 (d, 2H, aromatics), 7.62 (d, 2H, aromatics),
7.72 (d, 2H, aromatics), 8.15 (d, 2H, aromatics).

(S)-4-(3-Hydroxy-2-methylpropoxy)benzoic acid 4′-cyanobiphenyl-4-yl ester (Ch2OH) Intermediate 4-3 (5.0 g, 10.0 mmol) was hydrolyzed in a mixture of acetic
acid:tetrahydrofuran:water (3:1:1 by volume) at 40oC for 1 h. The reaction mixture
was extracted with methylene chloride and washed with water several times. The
organic portion was treated with 10 % sodium hydrogen carbonate and brine before
being dried over anhydrous magnesium sulfate. Upon evaporating off methylene
chloride under reduced pressure, the solid residue was purified by gradient column
chromatography on silica gel with 0 to 2 % acetone in methylene chloride as the
eluent to afford Ch2-OH (3.6 g, 94 %). 1H NMR spectral data (400 MHz, CDCl3): δ
(ppm) 1.07 (d, 3H, –CH3), 1.63 (t, 1H, HO–), 2.23 (m, 1H, –CH2CH(CH3)CH2–),
3.73 (m, 2H, HOCH2–), 4.05 (m, 2H, –CH2OAr), 6.99 (d, 2H, aromatics), 7.32 (d, 2H,
aromatics), 7.51 (d, 2H, aromatics), 7.62 (d, 2H, aromatics), 7.72 (d, 2H, aromatics),
8.15 (d, 2H, aromatics).
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3,6-oxo-Δ4-tetrahydrophthalimide (4-4)
Maleimide (5.0 g, 51 mmol) and furan (20 ml, 310 mmol) were dissolved in ethyl
acetate (40 mL). The reaction solution was stirred for 3 days at room temperature.
The product was collected by filtration to yield a mixture of endo and exo products,
4-4. (7.7 g, 90 %) 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) endo product:
3.59 (s, 2H, −COCHCHCO−, endo), 5.33 (s, 2H, −CHOCH−), 6.54 (s, 2H,
−CH=CH−); exo product: 2.91 (s, 2H, −COCHCHCO−), 5.33 (s, 2H, −CHOCH−),
6.54 (s, 2H, −CH=CH−); endo:exo=1.7:1.0.

7-[4-[3-(3,6-oxo-Δ4-tetrahydrophthalimido)propoxy]benzoyloxy]coumarin (4-5)
DEADC (0.49 g, 2.8 mmol) was added dropwise at −78oC to a solution of 7-[(3hydroxy propoxy)benzoyloxy]coumarin (1.0 g, 2.9 mmol), 4-4 (0.46 g, 0.28 mmol),
and TPP (0.74 g, 2.8 mmol) in anhydrous THF (15 ml). The reaction was warmed up
to room temperature and stirred under argon overnight. The solvent was then
removed under reduced pressure, and the solid residue was purified by gradient
column chromatography on silica gel with 0 to 1 % acetone in methylene chloride.
The product was collected by precipitation from a methylene chloride solution into
methanol to yield a mixture of endo and exo products, 4-5 (0.97 g, 71 %). 1H NMR
spectral data (400 MHz, CDCl3): δ (ppm) endo product: 1.99 (quintet, 2H,
−NCH2CH2CH2O−), 3.57 (m, 4H, −COCHCHCO−, −NCH2CH2CH2O−), 4.01 (t, 2H,
−NCH2CH2CH2O−), 5.33 (s, 2H, −CHOCH−), 6.40 (s, 1H, −HC=CHCO−,
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coumarin), 6.42 (s, 2H, −CH=CH−), 6.97 (d, 2H, aromatics), 7.17 (d, 1H, coumarin),
7. 23 (s, 1H, coumarin), 7.52 (d, 1H, coumarin), 7.71 (d, 1H, −HC=CHCO−,
coumarin),

8.14

(d,

2H,

aromatics);

exo

product:

2.12

(quintet,

2H,

−NCH2CH2CH2O−), 2.84 (s, 2H, −COCHCHCO−), 3.72 (t, 2H, −NCH2CH2CH2O−),
4.08 (t, −NCH2CH2CH2O−), 5.24 (s, 2H, −CHOCH−), 6.40 (d, 1H, −HC=CHCO−,
coumarin), 6.51 (s, 2H, −CH=CH−), 6.97 (d, 2H, aromatics), 7.17 (d, 1H, coumarin),
7. 23 (s, 1H, coumarin), 7.52 (d, 1H, coumarin), 7.71 (d, 1H, −HC=CHCO−,
coumarin), 8.14 (d, 2H, aromatics); endo : exo = 2.6 : 1.0.

7-[4-(3-Maleimidopropoxy)benzoyloxy]coumarin (4-6)
A solution of 4-5 (1.5 g, 3.1 mmol) in toluene (50 ml) was refluxed for 20 h to
remove the furan-protecting group followed by evaporating off solvent under reduced
pressure. The product was collected by precipitation from a methylene chloride
solution into methanol to yield 4-6 (1.3 g, 100 %). 1H NMR spectral data (400 MHz,
CDCl3):

δ

(ppm)

2.14

(quintet,

2H,

−NCH2CH2CH2O−),

3.77

(t,

2H,

−NCH2CH2CH2O−), 4.07 (t, −NCH2CH2CH2O−), 6.42 (d, 1H, −HC=CHCO−,
coumarin), 6.71 (s, 2H, −CH=CH−), 6.95 (d, 2H, aromatics), 7.17 (d, 1H, coumarin),
7. 23 (s, 1H, coumarin), 7.52 (d, 1H, coumarin), 7.71 (d, 1H, −HC=CHCO−,
coumarin), 8.12 (d, 2H, aromatics).
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7-[4-[3-(5-Norbornene-2-carbonyloxy)propoxy]benzoyloxy]coumarin (4-7)
To a solution of 7-[(3-hydroxypropoxy)benzoyloxy]coumarin (1.0 g, 2.9 mmol), 5norbornene-2-carboxylic acid (0.39 g, 0.28 mmol), and TPP (0.81 g, 3.0 mmol) in
anhydrous THF (30 ml), DEADC (0.54 g, 3.0 mmol) was added dropwise. The
reaction was stirred under argon at room temperature overnight. The solvent was then
removed under reduced pressure, and the solid residue was purified by gradient
column chromatography on silica gel with 0 to 1 % acetone in methylene chloride.
The product was collected by recrystallization from ethanol to afford 4-7 (1.1 g,
85 %). 1H NMR spectral data (400 MHz, CDCl3) δ (ppm) endo product: 1.35–3.20 (m,
9H, norbornene and −CH2CH2CH2−), 4.14(t, 2H, −CH2OAr−), 4.24 (t, 2H,
−COOCH2−), 5.88 (s, 1H, CH=), 6.18 (s, 1H, CH=), 6.41 (d, 1H, −HC=CHCO−,
coumarin), 7.00 (d, 2H, aromatics), 7.16 (d, 1H, coumarin), 7. 23 (s, 1H, coumarin),
7.52 (d, 1H, coumarin), 7.71 (d, 1H, −HC=CHCO−, coumarin), 8.14 (d, 2H,
aromatics); exo product: 1.35–3.20 (m, 9H, norbornene and −CH2CH2CH2−), 4.16(t,
2H, −CH2OAr−), 4.31 (t, 2H, −COOCH2−), 6.10 (s, 1H, CH=), 6.14 (s, 1H, CH=),
6.41 (d, 1H, -HC=CHCO-, coumarin), 7.00 (d, 2H, aromatics), 7.16 (d, 1H,
coumarin), 7. 23 (s, 1H, coumarin), 7.52 (d, 1H, coumarin), 7.71 (d, 1H,
−HC=CHCO−, coumarin), 8.14 (d, 2H, aromatics); endo:exo=3.2:1.0.
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1,3,5-Benzenetricarboxylic

acid,

tris[(S)-3-[(4′-cyanobiphenyl-4-yl)oxy]-2-methyl

propyl] ester (4-I)
To a solution of 1,3,5-benzenetricarboxylic acid (0.063 g, 0.30 mmol), Ch1-OH (0.25
g, 0.94 mmol), and triphenylphosphine (TPP) (0.26 g, 1.0 mmol) in anhydrous
tetrahydrofuran (3.1 ml), diethyl azodicarboxylate (DEADC) (0.19 g, 1.1 mmol) was
added dropwise. The reaction was stirred under argon at room temperature overnight.
The solvent was then removed under reduced pressure, and the solid residue was
purified by gradient column chromatography on silica gel with 0 to 2 % acetone in
methylene chloride. The product was collected by precipitation from a methylene
chloride solution into methanol to yield 4-I (0.15 g, 53 %). Anal. Calcd.: C, 75.22 %;
H, 5.37 %; N, 4.39 %. Found: C, 75.08 %; H, 5.53 %; N, 4.09 %. 1H NMR spectral
data (400 MHz, CDCl3): δ (ppm) 1.22 (d, 9H, –CH3), 2.54 (m, 3H, –
CH2CH(CH3)CH2–), 4.04 (d, 6H, –CH2OAr), 4.48 (m, 6H, –COOCH2–), 7.01 (d, 6H,
aromatics), 7.53 (d, 6H, aromatics), 7.64 (d, 6H, aromatics), 7.70 (d, 6H, aromatics),
8.87 (s, 3H, aromatics).

1,3,5-Benzenetricarboxylic acid, tris[(S)-3-[4-[(4′-cyanobiphenyl-4-yl)oxycarbonyl]
phenoxy]-2-methylpropyl] ester (4-II)
The procedure for the synthesis of 4-I was followed to prepare 4-II using Ch2-OH
(0.41 g, 1.1 mmol) instead of Ch1-OH in 66 % yield (0.29 g). Anal. Calcd.: C,
73.79 %; H, 4.82 %; N, 3.19 %. Found: C, 73.66 %; H, 4.65 %; N, 3.13 %. 1H NMR
spectral data (400 MHz, CDCl3): δ (ppm) 1.21 (d, 9H, –CH3), 2.55 (m, 3H, –
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CH2CH(CH3)CH2–), 4.06 (d, 6H, –CH2OAr), 4.47 (m, 6H, –COOCH2–), 6.98 (d, 6H,
aromatics), 7.29 (d, 6H, aromatics), 7.62 (d, 6H, aromatics), 7.66 (d, 6H, aromatics),
7.72 (d, 6H, aromatics), 8.14 (d, 6H, aromatics), 8.85 (d, 3H, aromatics).

1,2-Benzenedicarboxylic

acid,

bis[(S)-3-[4-[(4′-cyanobiphenyl-4-yl)oxycarbonyl]

phenoxy]-2-methylpropyl] ester (4-III)
The procedure for the synthesis of 4-II was followed to prepare 4-III using 1,2benzenedicarboxylic acid (0.031 g, 0.18 mmol) instead of 1,3,5-benzenetricarboxylic
acid in 54 % yield (0.090 g). Anal. Calcd.: C, 74.32 %; H, 4.90 %; N, 3.10 %. Found:
C, 73.90 %; H, 4.56 %; N, 3.04 %. 1H NMR spectral data (400 MHz, CDCl3): δ
(ppm) 1.15 (d, 6H, –CH3), 2.45 (m, 2H, –CH2CH(CH3)CH2–), 4.01 (m, 4H, –
CH2OAr), 4.35 (m, 4H, –COOCH2–), 6.98 (d, 4H, aromatics), 7.29 (d, 4H, aromatics),
7.55 (m, 2H, aromatics), 7.61 (d, 4H, aromatics), 7.66 (d, 4H, aromatics), 7.71 (m, 6H,
aromatics), 8.13 (d, 4H, aromatics).

1,3-Benzenedicarboxylic

acid,

bis[(S)-3-[4-[(4′-cyanobiphenyl-4-yl)oxycarbonyl]

phenoxy]-2-methylpropyl] ester (4-IV)
The procedure for the synthesis of 4-II was followed to prepare 4-IV using 1,3benzenedicarboxylic acid (0.031 g, 0.18 mmol) instead of 1,3,5-benzenetricarboxylic
acid in 78 % yield (0.13 g). Anal. Calcd.: C, 74.32 %; H, 4.90 %; N, 3.10 %. Found:
C, 74.08 %; H, 4.50 %; N, 3.03 %. 1H NMR spectral data (400 MHz, CDCl3): δ
(ppm) 1.21 (d, 6H, –CH3), 2.54 (m, 2H, –CH2CH(CH3)CH2–), 4.06 (m, 4H, –
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CH2OAr), 4.45 (m, 4H, –COOCH2–), 6.98 (d, 4H, aromatics), 7.30 (d, 4H, aromatics),
7.55 (t, 1H, aromatics), 7.62 (d, 4H, aromatics), 7.67 (d, 4H, aromatics), 7.72 (d, 4H,
aromatics), 8.15 (d, 4H, aromatics), 8.23 (d, 2H, aromatics), 8.69 (s, 1H, aromatics).

1,4-Benzenedicarboxylic

acid,

bis[(S)-3-[4-[(4′-cyanobiphenyl-4-yl)oxycarbonyl]

phenoxy]-2-methylpropyl] ester (4-V)
The procedure for the synthesis of 4-II was followed to prepare 4-V using 1,4benzenedicarboxylic acid (0.031 g, 0.18 mmol) instead of 1,3,5-benzenetricarboxylic
acid in 75 % yield (0.13 g). Anal. Calcd.: C, 74.32 %; H, 4.90 %; N, 3.10 %. Found:
C, 73.95 %; H, 4.57 %; N, 3.07 %. 1H NMR spectral data (400 MHz, CDCl3): δ
(ppm) 1.21 (d, 6H, –CH3), 2.55 (m, 2H, –CH2CH(CH3)CH2–), 4.07 (m, 4H, –
CH2OAr), 4.45 (m, 4H, –COOCH2–), 6.98 (d, 4H, aromatics), 7.31 (d, 4H, aromatics),
7.62 (d, 4H, aromatics), 7.67 (d, 4H, aromatics), 7.72 (d, 4H, aromatics), 8.10 (s, 4H,
aromatics), 8.15 (d, 4H, aromatics).

Benzoic

acid

[(S)-3-[4-[(4′-cyanobiphenyl-4-yl)oxycarbonyl]phenoxy]-2-

methylpropyl] ester (4-VI)
The procedure for the synthesis of 4-II was followed to prepare 4-VI using benzoic
acid (0.029 g, 0.24 mmol) instead of 1,3,5-benzenetricarboxylic acid in 78 % yield
(0.090 g). Anal. Calcd.: C, 75.75 %; H, 5.13 %; N, 2.85 %. Found: C, 75.80 %; H,
4.86 %; N, 2.79 %. 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 1.21 (d, 3H, –
CH3), 2.52 (m, 1H, –CH2CH(CH3)CH2–), 4.08 (m, 2H, –CH2OAr), 4.41 (m, 2H, –
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COOCH2–), 6.99 (d, 2H, aromatics), 7.31 (d, 2H,

aromatics), 7.46 (t, 2H,

aromatics), 7.60 (t, 1H, aromatics), 7.63 (d, 2H, aromatics), 7.68 (d, 2H, aromatics),
7.73 (d, 2H, aromatics), 8.04 (d, 2H, aromatics), 8.15 (d, 2H, aromatics).

1,3,5-Benzenetricarboxylic

acid,

1,3-bis[(S)-3-[4-[(4′-cyanobiphenyl-4-yl)oxy

carbonyl] phenoxy]-2-methylpropyl] ester (4-VII)
To a solution of 1,3,5-benzenetricarboxylic acid, 1-tert-butyl ester (0.55 g, 2.1 mmol),
Ch2-OH (1.7 g, 4.3 mmol), and TPP (1.2 g, 4.5 mmol) in anhydrous tetrahydrofuran
(35 ml), DEADC (0.79 g, 4.5 mmol) was added dropwise. The reaction mixture was
stirred under argon at room temperature overnight. The solvent was removed under
reduced pressure, and the crude product was purified by gradient column
chromatography with 0 to 1 % acetone in methylene chloride. The tert-butyl ester was
hydrolyzed in anhydrous methylene chloride (33 ml) with 33 ml of trifluoroacetic
acid. After stirring under argon at room temperature for 2 h, the reaction mixture was
washed with brine before being dried over magnesium sulfate. The solvent was
evaporated off under reduced pressure, and the crude product was purified by
gradient column chromatography on silica gel with 0 to 1 % methanol in chloroform.
The product was collected by precipitation from a methylene chloride solution into
methanol to yield 4-VII (1.7 g, 98 %). 1H NMR spectral data (400 MHz, CDCl3): δ
(ppm) 1.21 (d, 6H, –CH3), 2.56 (m, 2H, –CH2CH(CH3)CH2–), 4.08 (d, 4H, –
CH2OAr), 4.47 (m, 4H, –COOCH2–), 6.99 (d, 4H, aromatics), 7.29 (d, 4H, aromatics),
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7.60 (d, 4H, aromatics), 7.66 (d, 4H, aromatics), 7.72 (d, 4H, aromatics), 8.14 (d, 4H,
aromatics), 8.90 (d, 3H, aromatics).

1,3,5-Benzenetricarboxylic

1,3-bis[(S)-3-[4-[(4′-cyanobiphenyl-4-yl)oxy

acid,

carbonyl]phenoxy]-2-methylpropyl]

ester

5-[3-[4-[(4′-cyanobiphenyl-4-yl)oxy

carbonyl]phenoxy-propyl] ester (4-VIII)
To a solution of 4-VII (0.25 g, 0.26 mmol), 4-(3-hydroxypropoxy)benzoic acid 4′cyanobiphenyl-4-yl ester (Nm-OH, 0.11 g, 0.29 mmol), and TPP (0.076 g, 0.29
mmol) in anhydrous tetrahydrofuran (7 ml), DEADC (0.050 g, 0.29 mmol) was added
dropwise. The reaction solution was stirred under argon at room temperature
overnight. The solvent was removed under reduced pressure and the crude product
was purified by gradient column chromatography with 0 to 2 % acetone in methylene
chloride. The product was collected by precipitation from a methylene chloride
solution into methanol to yield 4-VIII (0.27 g, 79 %). Anal. Calcd.: C, 73.67 %; H,
4.71 %; N, 3.22 %. Found: C, 73.79; H, 4.59; N, 3.22. 1H NMR spectral data (400
MHz, CDCl3): δ (ppm) 1.21 (d, 6H, –CH3), 2.34 (quintet, 2H, −CH2CH2CH2−), 2.56
(m, 2H, –CH2CH(CH3)CH2–), 4.07 (d, 4H, –CH2OAr), 4.22 (t, 2H, –CH2OAr), 4.47
(m, 4H, –COOCH2–), 4.62 (t, 2H, –COOCH2–), 6.98 (d, 6H, aromatics), 7.29 (d, 6H,
aromatics), 7.62 (d, 6H, aromatics), 7.66 (d, 6H, aromatics), 7.72 (d, 6H, aromatics),
8.14 (d, 6H, aromatics), 8.85 (s, 3H, aromatics)
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Poly[[7-[4-(3-Maleimidopropoxy)benzoyloxy]coumarin]-co-[7-[4-[3-[2-norbornene
carbonyloxy]propoxy]benzolyoxy]coumarin]] (Polymer C)
In degassed anhydrous N,N-dimethylformamide (3 ml) were dissolved 4-6 (0.55 g,
1.3 mmol), 4-7 (0.6 g, 1.3 mmol), and 2,2-azobisisobutyronitrile (0.014 g, 0.087
mmol). After stirring at 65oC for 40 h, the reaction mixture was poured into methanol
to precipitate Polymer C. The polymer product was further purified by precipitation
twice more from chloroform solution into acetone (0.32 g, 28 %). The copolymer
composition, 6/7=78/22 by mole, was determined by a combination of elemental
analysis and 1H NMR spectral data. Anal. Calcd.: C, 66.94; H, 4.37.; N, 2.55. Found:
C, 66.44; H, 4.46; N, 2.36 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 1.24–
3.30 (polymer backbone and −CH2CH2CH2−), 3.42–4.19 (−COOCH2− and
−CH2OAr−), 6.36 (−HC=CHCO−, coumarin), 6.69–7.10 (aromatics and coumarin),
7.46 (coumarin), 7.66 (−HC=CHCO−, coumarin), 8.00 (aromatics).

Molecular Structures and Thermotropic Properties

Molecular structures were elucidated with 1H NMR spectroscopy in CDCl3 or
DMSO-d6

(Avance-400,

400

MHz)

and

elemental

analysis

(Quantitative

Technologies, Inc.). Thermal transition temperatures were determined by differential
scanning calorimetry (DSC, Perkin-ElmerDSC-7) with a continuous N2 purge at 20
mL/min. Samples were preheated to the to the isotropic state followed by cooling at
−20 oC/min to –30 oC, furnishing the reported second heating and cooling scans.
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Liquid crystalline mesomorphism was characterized with hot stage polarizing optical
microscope (DMLM, Leica, FP90 central processor and FP82 hot stage, Mettler,
Toledo).

Mechanical Alignment of Glassy GLC Films on Rubbed Polyimide Coatings

Optically flat fused-silica substrates (25.4 mm diameter × 3 mm thickness, Esco
Products; n = 1.459 at 589.0 nm) were spin-coated with a polyimide alignment layer
(Nissan SUNEVER) and uniaxially rubbed. Cholesteric GLC films of 4-II through 4IV and 4-VIII were prepared between two surface-treated substrates with the film
thickness defined by glass fiber spacers (EM Industries, Inc.). Upon melting a
powdered cholesteric GLC sample, the fluid film was cooled to 0.77Tc, where
shearing was applied to induce alignment, followed by annealing for 0.5 h. The films
were then cooled at −10oC/h to 0.74Tc, where additional annealing was performed for
3 h before quenching to room temperature. Transmittance at normal incidence and
reflection at 6o off normal were measured with unpolarized incident light using a
UV–vis−NIR spectrophotometer (Lambda-900, Perkin Elmer equipped with a beam
depolarizer). Fresnel reflections from the air-glass interfaces were accounted for with
a reference cell containing an index-matching fluid (n=1.500 at 589.6 nm) between
two surface-treated fused silica substrates. A combination of a linear polarizer
(HNP′B, Polaroid) and zero-order quarter waveplate (AO15Z1/4-425, Tower Optical
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Corporation. or NQM-100-738, Meadowlark Optics., respectively) was employed to
produce left- or right-handed circularly polarized light.

Photoalignment of Cholesteric GLC Films

Films of Polymers A, B, and C were deposited on optically flat fused-silica
substrates transparent to 200 nm (Esco Products) by spin coating from 0.1 wt %
chloroform solutions. Linearly polarized irradiation was performed under argon using
a 500 W Hg-Xe lamp (model 66142, Oriel) equipped with a dichroic mirror that
reflects the light between 260 and 320 nm (model 66217, Oriel), a filter (model 87031,
Oriel) that cuts off wavelengths below 300 nm, and a polarizing beam splitter (HPB308 nm, Lambda Research Optics, Inc.). Polymers A, B, and C films were irradiated
at 120, 160, and 196oC, respectively, corresponding to 1.15 of their respective Tgs.
The irradiation intensity was monitored by a UVX digital radiometer coupled with a
UVX-31 sensor (UVP, Inc.). The resultant films were characterized with variable
angle spectroscopic ellipsometry (V-Vase, J. A. Woollam Corporation) for film
thickness and with UV–vis–NIR spectrophotometry (Lambda-900, Perkin-Elmer) for
the extent of coumarin dimerization. Insolubility of irradiated films was tested by
UV–Vis absorbance after rinsing with chloroform. Cholesteric GLC films of 4-III
were prepared between photoalignment coatings with the same thermal treatment as
described above for mechanical alignment.
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4.3.

RESULTS AND DISCUSSION

All the compounds synthesized for this study as shown in Chart 4.1 were
synthesized following Reaction Scheme 4.1. To afford hybrid chiral-nematic
molecules for the construction of cholesteric GLCs, Ch1-OH and Ch2-OH were
synthesized and characterized as cholesteric liquid crystals. With a more extended
rigid rod, Ch2-OH exhibits a much wider liquid crystalline temperature range than
Ch1-OH, as indicated by the DSC thermograms compiled in Figure 4.1, but both Ch1OH and Ch2-OH are prone to crystallization on heating and cooling. The cholesteric
mesophase temperature ranges for all the thermograms in Figure 4.1 were identified
by the oily streaks or finger prints observed in situ under polarizing optical
microscopy, as shown in Figure 4.2. The tendency of a liquid crystal to crystallize can
be overcome by chemical bonding to a volume-excluding core29. Compounds 4-I and
4-II represent 1,3,5-trisubstitution on a benzene core. While both Ch1-OH and Ch2OH are morphologically unstable cholesteric liquid crystals, 4-I is an amorphous
solid with a Tg at 63oC, and 4-II is a morphologically stable cholesteric GLC with a
Tg at 73oC and a Tc at 295oC. The morphologies of Compounds 4-I and 4-II suggest
that the hierarchy in molecular order is lowered by attaching Ch1-OH and Ch2-OH to
a benzene core. To the best of our knowledge, 4-II is the first cholesteric GLC
comprising hybrid chiral-nematic pendants bonded to a volume-excluding core via a
chiral spacer. A prior attempt using a chiral spacer between cyanotolan and a
cyclohexane ring resulted in an amorphous material21. Other attempts at benzene and
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cyclohexane cores with pendants incorporating a chiral tail to a nematic segment
yielded exclusively smectic mesomorphism40.
Compounds 4-III, 4-IV, 4-V, and 4-VI serve to elucidate how the number of
hybrid chiral-nematic pendants and regiosiomerism affect solid morphology, phase
transition temperatures, and selective reflection property. The DSC thermograms
shown in Figure 4.1 indicate that with ortho- and meta-isomers on a benzene core, 4III and 4-IV form morphologically stable cholesteric GLCs with the same Tg, while
4-IV exhibits a Tc about 20oC higher than that of 4-III. In contrast, paradisubstitution and monosubstitution, as in 4-V and 4-VI, result in cholesteric liquid
crystals that crystallize on heating and cooling without evidence of glass transition.
Nevertheless, para-disubstitution is responsible for the highest Tc of all with
monosubstitution lagging behind all others by 60 to 120oC. Our prior approach to
cholesteric GLCs incorporating separate chiral and nematic pendants22,

26, 36-39

is

revisited here with Compounds 4-VIII and its precursor 4-VII, both found to be
morphologically stable cholesteric GLCs. Because of intermolecular hydrogen
bonding involving carboxylic acid groups, Compound 4-VII shows a Tg 35oC higher
than 4-IV but with little difference in Tc between the two. For the same 1,3,5trisubstitution on a benzene core, 4-VIII exhibits about 20oC elevation in Tc over 4-II
with no difference in Tg between the two. A comparison of the phase transition
temperatures of all morphologically stable glassy liquid crystals leads to a conclusion
that both Tg and Tc increase with the number of hybrid chiral-nematic mesogens to a
single benzene core.
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To characterize the selective wavelength reflection property of cholesteric
liquid crystals46,

47

, monodomain cholesteric GLC films were prepared between

rubbed polyimide films as described in the Experimental Section for the measurement
of transmittance and reflectance. The results are illustrated in Figure 4.3.(a) with a 5μm-thick film of 4-II, showing a selective reflection band centering at λR =413 nm.
Figure 4.3.(b) presents the transmission of right-handed circularly polarized light and
the reflection of the left-handed counterpart, indicating a left-handed helical stack of
quasinematic layers with (S)-3-bromo-2-methylpropanol as the chiral precursor.
With (S)-3-bromo-2-methylpropanol as the chiral building block, left
handedness was identified for films prepared with all the compounds reported herein.
A right-handed helical stack is expected of (R)-3-bromo-2-methylpropanol as the
chiral precursor with the same λR. A mixture of these two enantiomeric cholesteric
GLCs at varying ratios will generate films with λR ranging continuously from blue,
through the visible to infrared region, ultimately reaching an infinite λR with an
equimolar mixture.
The selective reflection spectra of 5-μm-thick morphologically stable
cholesteric GLC films 4-II, 4-III, 4-IV, and 4-VIII are presented in Figure 4.4. With
the hybrid chiral-nematic mesogens on a benzene core at 1,3,5- and 1,3-positions,
respectively, cholesteric GLC films of 4-II and 4-IV have nearly the same selective
reflection wavelength, λR, at 413 versus 422 nm. In contrast, the cholesteric GLC film
of 4-III with a 1,2-disubstitution has a much longer λR at 860 nm. With two hybrid
chiral-nematic and one nematic mesogens to a benzene core, the cholesteric GLC film
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of 4-VIII has its λR at 630 nm, which is still shorter than 4-III despite the dilution by
a nonchiral nematogen per molecule, further evidence that regioisomerism plays an
important role in selective reflection property despite the dilution by a nematic
mesogen compared to 4-III.
Molecular packing involving chiral moieties was recognized as an origin in
the difference in helical twisting and hence λR. The Gaussian 2003 software package
was employed to compute molecular geometries using B3LYP functionals with the 631G(d) basis set. Because of the number of atoms involved, computations were
limited to single molecules. Instead of the entire molecules of 4-III and 4-IV, the
portions from the benzene core to chiral spacers were computed since the rest of the
rigid pendants are linear, viz. irrelevant to the depiction of molecular geometries.
Limiting the number of atoms per molecule is also advantageous to computation time
and accuracy. Figures 4.5.(a) and (b) reveal the top- and side-views of the orthoisomer, and (c) and (d) those of the meta-isomer, respectively. It is evident that
oxygen atoms are twisted out of plane defined by the benzene core in the orthoisomer because of steric hindrance. The nonplanar geometry restricts the two chiral
moieties to acting independently. In contrast, the meta-isomer has a rather planar
geometry, permitting the two chiral moieties to act in unison. This difference in
molecular geometry and the resulting packing behavior seems to be responsible for
the shorter λR in the meta-isomer than the ortho-isomer. Following the same
argument, cholesteric GLC films of 4-II and 4-IV should have comparable λR values,
as borne out in Figure 4.4. Traditionally, cholesteric liquid crystalline films are
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oriented on rubbed polyimide films to yield both reflectance and transmittance
approaching the theoretical limit of 50 %46,

47

. Although coumarin-containing

polymer films are capable of photoalignment of a nematic fluid (i.e., E-7) and glassynematic oligofluorene films41-45, 48, 49, the orientation of helically stacked cholesteric
glassy liquid crystalline films have not been attempted thus far. Compound 4-III was
used here to test the amenability of cholesteric GLCs to photoalignment on films of
Polymers A, B, and C as depicted in Chart 4.2. Polymers A and B had been
synthesized and characterized previously44, and Polymer C was synthesized
following Reaction Scheme 4.2.
Polymer C has a higher Tg than Polymers A and B, 135 versus 102 and 68oC,
respectively. Spin-cast films of Polymers A, B, and C were irradiated with linearly
polarized light at 300-320 nm to effect coumarin dimerization preferentially along the
polarization axis of irradiation. Polarized UV-irradiation was conducted at 1.15 Tg
with a fluence of 0.2 J/cm2 for Polymer A and 0.5 J/cm2 for Polymers B and C. The
extents of coumarin dimerization, X, were determined by UV-Vis absorption
spectroscopy45 at 0.24, 0.24, and 0.27 for Polymers A, B, and C, respectively,
sufficient to ensure film insolubility in chloroform. Pairs of fused silica substrates
with the resultant UV-irradiated polymer films and rubbed polyimide films were used
to prepare 7-μm-thick cholesteric GLC films of 4-III via thermal annealing with
subsequent cooling to room temperature.
As shown in Figures 4.6.(a) and (b), the transmission and selective reflection
spectra of a 7-μm-thick film of 4-III sandwiched between photoalignment films
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prepared with Polymer A are close to those for a film between uniaxially rubbed
polyimide films, the traditional approach to liquid crystal orientation. Polymer B is
slightly inferior in their ability to orient 4-III than Polymer A due to the shorter
flexible spacer to the same methacrylate backbone, Figure 4.6.(c) compared to 4.6.(b).
Because of the more rigid and bulky backbone with a propylene spacer to coumarin
monomers, Polymer C films fall short of their capability for photoaligment in
comparison to Polymers A and B; see Figure 4.6.(d) versus Figures 4.6.(b) and (c).
The polarizing optical micrographs presented in Figure 4.7.(a) indicate that
the cholesteric GLC film of 4-III between irradiated Polymer A films consists of
large Grandjean domains. In contrast, the cholesteric GLC film of 4-III between
irradiated Polymer C films comprises a large number of very small domains, as
shown in Figure 4.7.(b). Since these small domains have a distributed surface normal,
a limited fraction of the diffuse reflection of incident unpolarized light is detected at 6
degrees off normal, see Figure 4.6.(d) versus (b). In contrast, the transmittance of the
polydomain film is comparable to that of the nearly monodomain film because the
transmitted light is right-handed which does not interact with the left-handed
Grandjean domain regardless of its size and orientation. Nevertheless, the small
domains in 4-III between Polymer C films may scatter incident light, causing the
ack of sharp band edges of the transmission spectrum shown in Figure 4.6.(d).
Irradiation of the coumarin-containing polymer films of Polymers A, B, and
C at the same temperatures relative to their respective Tgs permits a sensible
comparison of their photoalignment behaviors in terms of the rotational mobility of
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pendant coumarin monomers relative to the polarization axis of irradiation. The
longer spacer in Polymer A imparts a higher mobility on coumarin monomers than
that in Polymer B. The more rigid and bulky backbone in Polymer C than Polymers
A and B could also restrict mobility of pendant coumarin monomers. The more
mobile coumarin monomers are more reactive towards polarized irradiation thanks to
reaction-induced molecular rotation, thus requiring less fluence to dimerize to the
same extent with better oriented coumarin dimers along the polarization axis of UVirradiation44. These results suggest the important roles played by rotational mobility
of pendant coumarin monomers, as affected by the polymer backbone rigidity and the
flexible spacer length, in the outcome of photoalignment of cholesteric GLCs.

4.4.

SUMMARY

Novel cholesteric GLCs were successfully developed using 4’-cyanobiphenyl4-yl benzoate nematogens and enantiomeric 2-methylpropyl spacers to a benzene core.
A systematic investigation was conducted for mesomorphic behavior, morphological
stability, and optical properties in relation to the extent of substitution and
regioisomerism. Amenability to photoalignment on coumarin-containing polymer
films was also tested with a morphologically stable cholesteric GLC. Key findings are
recapitulated as follows:
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(1) Glass-forming ability generally improves with an increasing substitution with
hybrid chiral-nematic mesogens on the benzene ring. Of all the cholesteric liquid
crystals reported here, the para-disubstituted and the monosubstituted systems
lack glass-forming ability. With Tg at 73oC and Tc at 295oC, the 1,3,5trisubstituted system is the most preferable of all. Left at room temperature for
months, the cholesteric GLC films prepared with meta- and ortho-isomers in
addition to 1,3,5-trisubstituted system have remained noncrystalline, evidence of
superior morphological stability.
(2) Morphologically stable cholesteric GLC films were characterized for their
selective reflection properties. Left-handed helical stacking emerged with (S)-3bromo-2-methylpropanol as the chiral precursor. Films of the 1,3,5-trisubstituted
and meta-disubstituted systems show a λR at 413 and 422 nm, respectively,
whereas that of the ortho-isomer system exhibits a λR at 860 nm. Replacing one of
the hybrid chiral-nematic mesogens in the 1,3,5-trisubstituted system by a
nematogen loosens the helical pitch to yield a λR at 630 nm, still shorter than the
ortho-isomer despite the dilution by nematogen. Computational chemistry
revealed the closer packing involving chiral spacers in the meta-isomer than the
ortho-isomer, thus the stronger helical twisting in the former than the latter.
(3) The ortho-isomer is amenable to photoalignment on films of methacrylate
homopolymers and a maleimide-norbornene copolymer containing pendant
coumarin monomers to a varying extent. With an extent of coumarin dimerization
to about 0.25 as a result of linearly polarized UV-irradiation, the films of a
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methacrylate polymer with a hexamethylene spacer produced a 7-μm-thick
monodomain cholesteric GLC film with selective reflection properties equivalent
to mechanical alignment on rubbed polyimide films. In contrast, the rigid and
bulky polymer backbone and the short flexible spacer in the maleimidenorbornene copolymer produced a polydomain cholesteric GLC film with inferior
selective reflection characteristics. These observations were interpreted by the
rotational mobility of pendant coumarin monomers relative to the polarization
axis of irradiation.
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300 μm
Ch1−OH at 55 oC, oily streaks

300 μm
4-II at 185 oC, oily streaks

300 μm
Ch2−OH at 152 oC, finger prints

300 μm
4-III at 150 oC, oily streaks

145

300 μm

4-IV at 230 oC, oily streaks
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4-V at 230 oC, oily streaks

300 μm

300 μm
4-VI at 169 oC, oily streaks

4-VII at 173 oC, oily streaks

300 μm
4-VIII at 174 oC, oily streaks

Figure 4.2. Polarizing optical micrographs of samples sandwiched between untreated
microscope a glass slide and cover a slip for identification of cholesteric
mesomorphism by oily streaks or finger prints.
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Figure 4.3. (a) Transmission and reflection spectra with unpolarized incident light and
(b) circularly polarized transmission spectra of a cholesteric GLC film of
4-II between rubbed polyimide films.
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Figure 4.4. Reflection spectra of cholesteric GLC films of 4-II, 4-III, 4-IV, and 4VIII with unpolarized incident light.
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(a)

(c)

(b)

(d)

Figure 4.5. Computed structures of the moieties from benzene core to chiral spacers
for 4-III, (a) and (b) with ortho-disubstitution; and for 4-IV, (c) and (d)
with meta-disubstitution.
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Polymer C films irradiated with 0.5 J/cm at 196 C to X=0.27.
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CHAPTER 5

PHOTOCHROMIC GLASSY LIQUID CRYSTALS COMPRISING
MESOGENIC PENDANTS TO DITHIENYLETHENE CORES

5.1.

INTRODUCTION

Organic photochromes exist in two isomeric forms that can be interconverted
by photochemical means for potential applications in optical memory and photonic
switching1-8. To be useful in practice, a demanding set of material requirements must
be met, including absence of thermal isomerization, independently addressable
absorption spectra, short response time, high quantum yields, and excellent fatigue
resistance. Of all the photochromic compounds that have been explored to date,
dithienylethenes appear to be the most promising8. Crystalline9-11, liquid crystalline1214

, and amorphous15,

16

material systems have been reported. To accomplish

nondestructive and rewritable optical memory, numerous concepts have been
demonstrated on the basis of refractive index16, fluorescence17-26, chiroptical
activity27-29, infrared absorption30-33, and photoconductivity34.

To reduce these

concepts to practice, materials should most preferably be processed into a large-area
solid film without grain boundaries to avoid light scattering. To this end, amorphous
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dithienylethenes spin-cast on a glass substrate have been reported with refractive
index change serving as nondestructive and rewritable memory16.
Glassy liquid crystals comprise liquid crystalline mesogens chemically
bonded to volume-excluding cores, such as such as benzene, cyclohexane,
bicyclooctene, cubane, and admantane, to prevent crystallization in the cooling
process intended for glass transition35-41. Because of their ability to form large-area
monodomain thin films with various modes of molecular order frozen in the solid
state, glassy liquid crystals are particularly useful for optoelectronics. The adoption
of a photochromic volume-excluding core adds new functionalities to glassy liquid
crystals. In a recent paper, we have reported the first photochromic glassy liquid
crystal consisting of a dithienylethene core with nematogenic pendants42. In the
resultant glassy-nematic film, the electronic transition moment of the photochromic
core was shown to be uniaxially aligned, enabling anisotropic refractive indices to be
used for nondestructive readout. The present study was motivated to generalize the
concept of a photochromic glassy-nematic liquid crystal to both the smectic and
cholesteric types through molecular design, material synthesis, and characterization
of thermotropic and optical properties.

5.2.

EXPERIMENT

Material Synthesis
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All chemicals, reagents, and solvents were used as received from commercial
sources without further purification except tetrahydrofuran (THF) that had been
distilled over sodium and benzophenone. The following intermediates were
synthesized according to the published procedures: 1,3,5-benzenetricarboxylic acid,
1-tert-butyl ester41, 4-[3-[(tert-butyldimethyl-silyl)oxy]propoxy]benzoic acid39, 1,2bis[2,4-dimethyl-5-(4-hydroxy) phenylthiophene-3-yl]perfluorocyclopentene, viz. 5-7
in

Reaction

Scheme

5.143,

44

,

1,2-bis(6-iodo-2-methyl-1-benzothiophene-3-

yl)perfluoro-cyclopentene, viz. 5-8 in Reaction Scheme 5.245, 3,5-dimethoxyphenylboronic acid46, 4-(3-hydroxypropoxy)benzoic acid 4′-cyanobiphenyl-4-yl
ester41, and (S)-4-(3-hydroxy-2-methylpropoxy)benzoic acid 4′-cyano-biphenyl-4-yl
ester40. Compound 5-I has been reported previously42, and the procedures for the
synthesis and purification accompanied by analytical data for 5-II through 5-V in
addition to Intermediates 5-1 through 5-6, 5-9 and 5-10 are presented in what follows.

1-Bromo-2-methylbutane (5-1)
2-Methyl-1-butanol (40 g, 0.45 mol) was added dropwise to phosphorous tribromide
(70 g, 0.26 mol) at 0oC. The reaction mixture was warmed up to room temperature
and left to stir overnight. The product was collected by distillation and washed with
water, followed by washing with 10 % aqueous sodium hydrogen carbonate. After
drying over calcium chloride, distillation was performed to yield 5-1 (47 g, 69 %). 1H
NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.91 (t, 3H, CH3CH2−), 1.01 (d, 3H,
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−CH(CH3)−), 1,25–1.54 (m, 2H, CH3CH2CH(CH3)−), 1.71 (m, 1H, −CH(CH3)−),
3.37 (m, −CH2Br).

4-(2-Methylbutyl)-4′-methoxybiphenyl (5-2)
To magnesium (0.93 g, 38 mmol) in anhydrous THF (20 ml), 5-1 (5.1 g, 33 mmol)
was added dropwise. The reaction mixture was heated to 58oC and stirred under argon
for 1 h. After cooling to room temperature, 2-methylbutyl magnesium bromide in
anhydrous THF was transferred to a mixture of 4-bromo-4-methoxy-biphenyl (4.8 g,
18

mmol)

and

[1,1-bis(diphenylphosphino)ferrocene]

dichloropalladium(II)

(PdCl2(dppf)) (0.10 g, 0.12 mmol). After stirring under argon at room temperature
overnight, the reaction was quenched with 50 mL of 1 M aqueous hydrochloric acid
and extracted with methylene chloride. The extract was washed with water and brine
before drying over anhydrous magnesium sulfate. After evaporation of solvent under
reduced pressure, the crude product was purified by flash column chromatography on
silica gel using hexanes as the eluent to yield 5-2 (4.0 g, 86 %). 1H NMR spectral data
(400 MHz, CDCl3): δ (ppm) 0.91 (d, 3H, −CH(CH3)−), 0.97 (t, 3H, CH3CH2−), 1.21–
1.48 (m, 2H, CH3CH2CH(CH3)−), 1.71 (quartet, 1H, −CH(CH3)−), 2.40–2.71 (m, 2H,
−CH2Ar), 3.88 (s, 3H, CH3OAr-), 7.00 (d, 2H, aromatics), 7.22 (d, 2H, aromatics),
7.50 (d, 2H, aromatics), 7.55 (d, 2H, aromatics).
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4-(2-Methylbutyl)-4′-hydroxybiphenyl (5-3)
Into a solution of 5-2 (3.0g, 12 mmol) in anhydrous methylene chloride (50 ml), a 1
M solution of boron tribromide in anhydrous methylene chloride (13 ml, 13 mmol)
was added dropwise under argon at –78oC. The reaction mixture was warmed up to
room temperature and stirred under argon overnight, followed by dilution with
additional methylene chloride for washing with water. The organic portion was
further washed with brine before drying over anhydrous magnesium sulfate. After
evaporating off the solvent under reduced pressure, the crude product was purified by
gradient column chromatography on silica gel using 0 to 2 % acetone in methylene
chloride as the eluent to yield 5-3 (2.2 g, 78 %). 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) 0.91 (d, 3H, −CH(CH3)−), 0.97 (t, 3H, CH3CH2−), 1.19–1.47 (m,
2H, CH3CH2CH(CH3)−), 1.70 (quartet, 1H, −CH(CH3)−), 2.40–2.71 (m, 2H,
−CH2Ar), 4.77 (s, 1H, HOAr-), 6.93 (d, 2H, aromatics), 7.22 (d, 2H, aromatics), 7.50
(t, 4H, aromatics).

4-[3-[(tert-Butyldimethylsilyl)oxy]propoxy]benzoic acid [4-(2-methylbutyl)biphenyl4-yl] ester (5-4)
4-[3-[(tert-butyldimethylsilyl)oxy]propoxy]benzoic acid (3.6 g, 12 mmol), 5-3 (2.9 g,
12 mmol), and p-toluenesulfonic acid/4-(dimethylamino)pyridine complex (DPTS)
(0.24 g, 0.81 mmol) were dissolved in anhydrous methylene chloride (50 ml). N,Ndicyclohexylcarbodiimide (DCC) (2.86 g, 14 mmol) was quickly added to the
reaction mixture, which was stirred under argon at room temperature overnight. Upon
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filtering off white solid, the filtrate was diluted with methylene chloride. The organic
solution was washed with 1 M aqueous hydrochloric acid, water, and brine
consecutively for drying over magnesium sulfate before evaporation of solvent under
reduced pressure. The crude product was purified by flash column chromatography
on silica gel using methylene chloride as the eluent to afford 5-4 (4.8 g, 78 %). 1H
NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.03 (s, 6H, –Si(CH3)2O–), 0.88 (s,
9H, –SiC(CH3)3), ) 0.91 (d, 3H, −CH(CH3)−), 0.97 (t, 3H, CH3CH2−), 1.14–1.48 (m,
2H, CH3CH2CH(CH3)−), 1.68 (quartet, 1H, −CH(CH3)−), 2.10 (quintet, 2H,
HOCH2CH2−), 2.38–2.69 (m, 2H, −CH2Ar), 3.89 (quintet, 2H, HOCH2-), 4.22 (t, 2H,
−CH2OAr−), 6.99 (d, 2H, aromatics), 7.21 (d, 2H, aromatics), 7.26 (d, 2H, aromatics),
7.49 (d, 2H, aromatics), 7.60 (d, 2H, aromatics), 8.16 (d, 2H, aromatics).

4-[3-(Hydroxy)propoxy]benzoic acid [4-(2-methylbutyl)biphenyl-4-yl] ester (5-5)
Intermediate 5-4 (4.0 g, 7.5 mmol) was hydrolyzed in a mixture of acetic
acid:THF:water (60 ml:20 ml:20 ml) at 40oC for 2 h. The reaction mixture was
extracted with methylene chloride, and the organic portion was washed with water
and then brine for drying over anhydrous magnesium sulfate. Upon evaporating off
methylene chloride, the solid residue was purified by gradient column
chromatography with 0 to 2 % acetone in methylene chloride as the eluent to afford
5-5 (3.6 g, 94 %). 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.91 (d, 3H,
−CH(CH3)−), 0.97 (t, 3H, CH3CH2−), 1.15–1.47 (m, 2H, CH3CH2CH(CH3)−), 1.69
(quartet, 1H, −CH(CH3)−), 2.11 (quintet, 2H, HOCH2CH2−), 2.38–2.69 (m, 2H,
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−CH2Ar), 3.90 (quintet, 2H, HOCH2-), 4.21 (t, 2H, −CH2OAr−), 6.99 (d, 2H,
aromatics), 7.20 (d, 2H, aromatics), 7.26 (d, 2H, aromatics), 7.50 (d, 2H, aromatics),
7.60 (d, 2H, aromatics), 8.15 (d, 2H, aromatics).

1,3,5-Benzenetricarboxylic acid, 1,3-bis[3-[4-[[(4-(2-methylbutyl)biphenyl-4-yl)oxy]
carbonyl phenoxy]propyl] ester (5-6)
To a solution of 1,3,5-benzene-tricarboxylic acid, 1-tert-butyl ester (0.32 g, 1.2
mmol), 5 (1.1 g, 2.5 mmol), and triphenylphosphine (TPP) (0.66 g, 2.5 mmol) in
anhydrous THF (20 ml), diethyl azodicarboxylate (DEADC) (0.44 g, 2.5 mmol) was
added dropwise. The reaction was stirred under argon at room temperature overnight.
The solvent was removed under reduced pressure, and the residue was purified by
gradient column chromatography with 0 to 1 % acetone in methylene chloride. The
tert-butyl ester was then hydrolyzed in anhydrous methylene chloride (20 mL) with
20 mL of trifluoroacetic acid. After stirring under argon at room temperature for 3 h,
the reaction mixture was diluted with methylene chloride and washed with water. The
solution was further washed with brine and dried over magnesium sulfate before
evaporating off the solvent under reduced pressure. The crude product was purified
by gradient column chromatography on silica gel with 0 to 1 % methanol in
chloroform. The product was collected by precipitation from a methylene chloride
solution into hexanes to yield 5-6 (0.70 g, 58 %). 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) 0.89 (d, 6H, −CH(CH3)−), 0.97 (t, 6H, CH3CH2−), 1.18–1.48 (m,
4H,

CH3CH2CH(CH3)−),

1.70

(quartet,

2H,

−CH(CH3)−),

2.36

(s,

4H,
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−COOCH2CH2−), 2.38–2.71 (m, 4H, −CH2Ar), 4.26 (s, 4H, −CH2OAr−), 4.64 (s, 4H,
−COOCH2CH2−), 7.01 (d, 4H, aromatics), 7.24 (d, 4H, aromatics), 7.28 (d, 4H,
aromatics), 7.50 (d, 4H, aromatics), 7.62 (d, 4H, aromatics), 8.17 (d, 4H, aromatics),
8.94 (s, 3H, aromatics).

1,2-Bis[6-(3,5-dimethoxy)phenyl-2-methyl-1-benzothiophene-3-yl]perfluorocyclo
pentene (5-9)
To a mixture of 5-8 (1.1 g, 1.5 mmol), 3,5-dimethoxyphenylboronic acid (0.61 g, 3.4
mmol), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (0.18 g, 0.15 mmol),
and potassium carbonate (1.1 g, 7.6 mmol) was added degassed anhydrous N,Ndimethylformamide (15 ml). After stirring under argon at 90oC overnight, the reaction
mixture was extracted with methylene chloride. The extract was treated with brine
and dried over anhydrous magnesium sulfate. After evaporation of solvent under
reduced pressure, the crude product was purified by gradient column chromatography
on silica gel with 0 to 3 % ethyl acetate in hexanes as the eluent to afford 5-9 (0.49 g,
43 %). 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) parallel conformer: 2.54 (s,
6H, –CH3), 3.84 (s, 12H, –OCH3), 6.46 (s, 2H, aromatics), 6.69 (s, 4H, aromatics),
7.43 (d, 2H, aromatics), 7.62 (d, 2H, aromatics), 7.82 (s, 2H, aromatics); antiparallel
conformer: 2.28 (s, 6H, –CH3), 3.90 (s, 12H, –OCH3), 6.51 (s, 2H, aromatics), 6.78
(s, 4H, aromatics), 7.65 (d, 2H, aromatics), 7.73 (d, 2H, aromatics), 7.91 (s, 2H,
aromatics); parallel:antiparallel = 34:66.
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1,2-Bis[6-(3,5-dihydroxy)phenyl-2-methyl-1-benzothiophene-3-yl]perfluorocyclo
pentene (5-10)
Into a solution of 5-9 (0.49 g, 0.66 mmol) in anhydrous methylene chloride (10 ml), a
1 M solution of boron tribromide in anhydrous methylene chloride (5.3 ml, 5.3 mmol)
was added dropwise under argon at –78oC. The reaction mixture was warmed up to
room temperature and stirred under argon overnight before dilution with additional
methylene chloride for washing with water. The organic portion was further washed
with brine before drying over anhydrous magnesium sulfate. After evaporating off the
solvent under reduced pressure, the crude product was purified by gradient column
chromatography on silica gel using 0 to 3 % methanol in methylene chloride as the
eluent to yield 5-10 (0.40 g, 89 %). 1H NMR spectral data (400 MHz, DMSO-d6): δ
(ppm) parallel conformer: 2.54 (s, 6H, –CH3), 6.21 (s, 2H, aromatics), 6.44 (s, 4H,
aromatics), 7.45 (d, 2H, aromatics), 7.66 (d, 2H, aromatics), 8.03 (s, 2H, aromatics),
9.34 (s, 4H, –OH); antiparallel conformer: 2.33 (s, 6H, –CH3),

6.25 (s, 2H,

aromatics), 6.53 (s, 4H, aromatics), 7.65 (d, 2H, aromatics), 7.68 (d, 2H, aromatics),
8.10 (s, 2H, aromatics), 9.38 (s, 4H, –OH); parallel:antiparallel = 43:57.

1,2-Bis[2,4-dimethyl-5-[4-[3,5-bis[3-[4-[(4-(2-methylbutyl)biphenyl-4-yl)oxy
carbonyl]phenoxy]propoxycarbonyl]phencarboxyl]phenyl]thiophene-3-yl]
perfluorocyclopentene (5-II)
Intermediates 5-6 (0.70 g, 0.69 mmol) and 5-7 (0.19 g, 0.33 mmol) plus DPTS (0.010
g, 0.033 mmol) were dissolved in anhydrous methylene chloride (15 ml) into which
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DCC (0.15 g, 0.73 mmol) was quickly added. The reaction mixture was stirred under
argon at room temperature overnight. Upon filtering off white solids, the filtrate was
diluted with additional methylene chloride. The organic solution was washed with 1
M aqueous hydrochloric acid, water and brine sequentially before drying over
anhydrous magnesium sulfate. The crude product was collected by evaporating off
methylene chloride under reduced pressure and then purified by gradient column
chromatography on silica gel using 0 to 1 % acetone in methylene chloride.
Precipitation from a methylene chloride solution into methanol yielded 5-II (0.43 g,
51 %). Anal. Calcd.: C, 72.53 %; H, 5.58 %. Found: C, 72.68 %; H, 5.54 %. 1H NMR
spectral data (400 MHz, CDCl3): δ (ppm) 0.86 (d, 12H, −CH(CH3)−), 0.93 (t, 12H,
CH3CH2−), 1.18–1.46 (m, 8H, CH3CH2CH(CH3)−), 1.69 (quartet, 4H, −CH(CH3)−),
2.13 (s, 3H, –CH3, antiparallel), 2.15 (s, 3H, –CH3, parallel), 2.37-2.72 (m, 22H, –
CH3, −CH2Ar, −COOCH2CH2−), 4.26 (t, 8H, −CH2OAr−), 4.66 (t, 8H,
−COOCH2CH2−), 7.00 (m, 8H, aromatics), 7.23-7.30 (m, 20H, aromatics), 7.46-7.52
(m, 12H, aromatics), 7.62 (m, 8H, aromatics), 8.16 (m, 8H, aromatics), 8.96 (s, 2H,
aromatics), 9.04 (s, 4H, aromatics); parallel:antiparallel = 1:1.

1,2-Bis[2,4-dimethyl-5-[4-[3,5-bis[3-[4-[4-[(S)-(2-methylbutyl)biphenyl-4-yl]oxy
carbonyl]phenoxy]propoxycarbonyl]phencarboxyl]phenyl]thiophene-3-yl]
perfluorocyclopentene (5-III)
The procedures reported for 5-II were followed for the synthesis and purification of
5-III (0.68 g, 56 %). Anal. Calcd.: C, 72.53 %; H, 5.58 %. Found: C, 72.40 %; H,
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5.66 %. 1H NMR spectral data (400 MHz, CDCl3): δ (ppm) 0.88 (d, 12H,
−CH(CH3)−), 0.95 (t, 12H, CH3CH2−), 1.20–1.46 (m, 8H, CH3CH2CH(CH3)−), 1.70
(quartet, 4H, −CH(CH3)−), 2.13 (s, 3H, –CH3, antiparallel), 2.16 (s, 3H, –CH3,
parallel), 2.36-2.72 (m, 22H, –CH3, −CH2Ar, −COOCH2CH2−), 4.27 (quartet, 8H,
−CH2OAr−), 4.67 (quartet, 8H, −COOCH2CH2−), 7.01 (m, 8H, aromatics), 7.23-7.30
(m, 20H, aromatics), 7.46-7.52 (m, 12H, aromatics), 7.62 (m, 8H, aromatics), 8.16 (m,
8H, aromatics), 8.96 (s, 2H, aromatics), 9.04 (s, 4H, aromatics); parallel:antiparallel =
1:1.

1,2-Biz[2,4-dimethyl-5-[4-[3,5-bis[(R)-3-[4-[(4′-cyanobiphenyl-4-yl)oxycarbonyl]
phenoxy]-2-methylpropoxycarbonyl]phencarboxyl]phenyl]thiophene-3-yl]
perfluorocyclopentene (5-IV)
The procedures reported for 5-II were followed for the synthesis and purification of
5-IV (0.33 g, 79 %). Anal. Calcd.: C, 70.32 %; H, 4.37 %; N, 2,29 %. Found: C,
70.00 %; H, 4.02 %; N, 2.23 %. 1H NMR spectral data (400 MHz, CDCl3): δ (ppm)
1.21 (m, 12H, −CH3), 2.09 (s, 3H, –CH3, antiparallel), 2.13 (s, 3H, –CH3, parallel),
2.32 (s, 3H, –CH3, parallel), 2.36 (s, 3H, –CH3, antiparallel), 2.56 (m, 4H,–
CH2CH(CH3)CH2–),

4.08

(t,

8H,

−CH2OAr−),

4.50

(m,

8H,

−COOCH2CH2−), 7.00 (m, 8H, aromatics), 7.25-7.30 (m, 10H, aromatics), 7.44 (d,
4H, aromatics), 7.59-7.72 (m, 24H, aromatics), 8.12 (m, 8H, aromatics), 8.91(s, 2H,
aromatics), 9.00 (s, 4H, aromatics); parallel:antiparallel = 1:1.
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1,2-Bis[6-[3,5-bis[(R)-3-[4-[(4′-cyanobiphenyl-4-yl)oxycarbonyl]phenoxy]-2-methylpropoxy] phenyl]-2-methyl-1-benzothiophene-3-yl]perfluorocyclopentene (5-V)
DEADC (0.33 g, 1.9 mmol) was added dropwise under argon at −78oC to a solution
of (S)-4-(3-hydroxy-2-methylpropoxy)benzoic acid 4′-cyanobiphenyl-4-yl ester (0.70
g, 1.8 mmol), 5-10 (0.29 g, 0.43 mmol), and TPP (0.50 g, 1.9 mmol) in anhydrous
THF (15 ml). The reaction mixture was warmed up to room temperature and stirred
under argon overnight. The solvent was then removed under reduced pressure, and
the solid residue was purified by gradient column chromatography on silica gel with 0
to 1 % acetone in methylene chloride. Precipitation from a methylene chloride
solution into methanol yielded 5-V (0.15 g, 53 %). Anal. Calcd.: C, 72.77 %; H,
4.57 %; N, 2.59. Found: C, 72.59; H, 4.26; N, 2.56. 1H NMR spectral data (400 MHz,
CDCl3): δ (ppm) parallel conformer: 1.18 (d, 12H, –CH3), 2.51 (m, 10H, –
CH2CH(CH3)CH2–, –CH3), 4.10 (m, 16H, –CH2OAr, –COOCH2–), 6.47 (s, 2H,
aromatics), 6.70 (s, 4H, aromatics), 6.96 (d, 8H, aromatics), 7.30 (d, 8H, aromatics),
7.42 (d, 2H, aromatics), 7.60 (d, 10H, aromatics), 7.67 (d, 8H, aromatics), 7.71 (d, 8H,
aromatics), 7.79 (s, 2H, aromatics), 8.12 (d, 8H, aromatics); antiparallel conformer:
1.22 (d, 12H, –CH3), 2.22 (s, 6H, –CH3), 2.51 (m, 4H, –CH2CH(CH3)CH2–), 4.10 (m,
16H, –CH2OAr, –COOCH2–), 6.52 (s, 2H, aromatics), 6.78 (s, 4H, aromatics),
7.00 (d, 8H, aromatics), 7.30 (d, 8H, aromatics), 7.60 (d, 8H, aromatics), 7.67 (d, 10H,
aromatics), 7.71 (d, 10H, aromatics), 7.87 (s, 2H, aromatics), 8.16 (d, 8H, aromatics);
parallel:antiparallel = 3:7.
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Molecular Structures and Thermotropic Properties

Molecular structures were elucidated with 1H NMR spectroscopy in CDCl3 or
DMSO-d6

(Avance-400,

400

MHz)

and

elemental

analysis

(Quantitative

Technologies, Inc.). Thermal transition temperatures were determined by differential
scanning calorimetry (DSC; Perkin-ElmerDSC-7) with a continuous N2 purge at 20
mL/min. Samples were preheated to the isotropic state followed by cooling at
−20oC/min to –30oC, furnishing the reported second heating and cooling scans.
Liquid crystalline mesomorphism was characterized with hot stage polarizing optical
microscope (DMLM, Leica, FP90 central processor and FP82 hot stage, Mettler,
Toledo).

Preparation and Characterization of Cholesteric Glassy Liquid Crystalline
Films

Optically flat fused-silica substrates (25.4 mm diameter × 3 mm thickness, Esco
Products; n = 1.459 at 589.0 nm) were coated with a polyimide (PI) alignment layer
(Nissan SUNEVER) and uniaxially rubbed. Glassy chiral-nematic films of 5-V were
prepared between two surface-treated substrates with the film thickness defined by
glass fiber spacers as 5 μm (EM Industries, Inc.). A sample of 5-V was placed
between two alignment-coated fused silica substrates for heating to 230oC followed
by cooling to 207oC, where shearing was applied to induce alignment and annealing
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for 1 h before quenching in liquid nitrogen to bypass the phase transition from
cholesteric to smectic mesomorphism. Transmittance at normal incidence and
reflection at 6o off normal were measured with unpolarized incident light using a
UV–vis−NIR spectrophotometer (Lambda-900, Perkin Elmer). Fresnel reflections
from the air-glass interfaces were accounted for with a reference cell containing an
index-matching fluid (n = 1.500 at 589.6 nm) between two surface-treated fused silica
substrates. A combination of a linear polarizer (HNP′B, Polaroid) and zero-order
quarter waveplate (NQM-100-738, Meadowlark Optics) was employed to produce
left- or right-handed circularly polarized light. Variable angle spectroscopic
ellipsometry (V-VASE, J. A. Woollam Corp.) was performed to determine the pitch
length and refractive index of a glassy-cholesteric film of 5-V, as reported previously
for monodisperse chiral oligofluorenes48-49. The closed form of 5-V was obtained by
the irradiation of 365 nm light (UV-400, Spectroline) at an intensity of 17 mW/cm2
for up to 20 min to reach the photostationary state. Ellipsometry was employed to
characterize order parameter governing quasi-nematic layers in the helical stack of 5V in closed form.

5.3.

RESULTS AND DISCUSSION

Chart 5.1 presents the molecular structures of Compounds 5-I through 5-V
accompanied by their thermal transition temperatures determined by differential
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scanning calorimetry.

Compound 5-I is as reported previously42, and 5-II was

synthesized according to Reaction Scheme 5.1, in which Intermediate 5-7 was
prepared with literature procedures43, 44. Compound 5-III was synthesized following
the same procedures as for 5-II using (S)-2-methyl-1-butanol to construct the tail
group. The procedures for synthesizing the hybrid chiral-nematic precursor to IV
have been reported elsewhere47. Compound 5-V was synthesized according to
Reaction Scheme 5.2, where Intermediate 5-8 was prepared following literature
procedures45.
The heating and cooling scans at ±20oC/min of 5-I through 5-V preheated to
250oC were gathered with differential scanning calorimetry, and the results are
compiled in Figure 5.1 with mesophases identified by polarizing optical microscopy.
The

core-pendant

approach

to

glassy

liquid

crystals35-41

has

generated

photoresponsive glassy liquid crystals without traces of crystallization or crystalline
melting upon heating or cooling. As independent chemical entities, cores and
pendants are crystalline solids or liquid crystals that tend to crystallize, but the
chemical hybrids tend to form morphologically stable glassy liquid crystals. This
property is essential to the preparation of self-organized solid films without grain
boundaries for potential application to optoelectronics.
With a cyano group at the end of all the nematic pendants, Compound 5-I
exists as an unidentifiable smectic (SX) fluid, as shown in Figure 2a, from the glass
transition temperature (Tg) of 102oC to the SX-to-N transition at 176oC. Upon further
heating, a nematic fluid identified by marbled textures in Figure 5.2.(b) exhibits a
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clearing point (Tc) at 219oC. Substitution of the terminal cyano groups with racemic
and enantiomeric 2-methylbutyl groups resulted in smectic A (SA) and chiral smectic
A (SA*) glassy liquid crystals 5-II and 5-III, respectively, with a Tg at 91oC and a Tc
at 165oC. These two mesophases share the same focal conic textures [50] shown in
Figures 2c and d, and the SA* mesophase can be further substantiated by electroclinic
effect [51]. Replacing propylene with enantiomeric 2-methylpropylene spacers
produced 5-IV with a Tg at 109oC and a Tc at 160oC, between which there is a SC*-toCh transition at 142oC, where SC* and Ch represent chiral smectic C and cholesteric
mesomorphism, respectively. As shown in Figure 5.2.(f), the Ch phase is identified
by oily streaks. It is difficult to identify Sc* in its naturally occurring state under
polarizing optical microscopy because of the high melt viscosity. Therefore, the
sample was sheared at 140oC to induce alignment. In the thick area, the textures
shown in Figure 5.2.(e) are not definitive in the absence of broken focal conic fan
textures. In the thin area where helical rotation is suppressed, shear-induced
alignment with dots was observed, as shown in Figures 5.2.(g) and (h) with the
polarizer oriented along and at 45o with respect to shearing direction, respectively.
Note the birefringent color change upon rotation, indicating unidirectional alignment.
The white dots suggest the point defects, commonly observed in Sc* samples in the
bookshelf geometry which is used in surface stabilized ferroelectric liquid crystal
display. Attempts to process 5-IV into chiral smectic C and cholesteric glassy liquid
crystalline films by thermal annealing at appropriate temperature regimes failed to
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produce

glassy

liquid

crystalline

films

without

disclinations

for

optical

characterization.
Fusing thiophene rings with benzene rings to form a dibenzothienylethene
core in 5-IV yielded another glassy liquid crystal, 5-V, characterized by higher phase
transition temperatures presumably because of the improved linearity of the
photochromic core. Specifically, a Tg at 122oC and a Tc at 218oC were observed with
an intervening SC*-to-Ch phase transition at 206oC, as ascertained by broken focal
conic fans and oily streaks shown in Figures 5.2.(i) and (j), respectively. The higher
temperature range over which cholesteric mesomorphism prevails in 5-V than 5-IV
enabled a disclination-free cholesteric GLC film to be prepared by taking advantage
of the lower cholesteric fluid viscosity during thermal annealing.

The optical

properties of the resultant 5-μm-thick cholesteric GLC film of 5-V were characterized.
Figure 5.3.(a) shows both reflectance and transmittance of unpolarized incident light
close to the theoretical limit of 50%. As indicted in Figure 5.3.(b), the cholesteric
GLC film with (S)-3-bromo-2-methylpropanol as the chiral building block selectively
reflects left-handed circularly polarized incident light while transmitting the righthanded counterpart without attenuation. Therefore, the cholesteric GLC film of 5-V
consists of a left-handed helical stack of quasi-nematic layers. By analogy, a righthanded helical stack is expected of (R)-3-bromo-2-methylpropanol as the chiral
building block in 5-V. Furthermore, the mixtures of the two cholesteric GLC
materials with opposite handedness at varying ratios will produce films with selective
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reflection wavelengths ranging from 686 nm to infinity where these two enantiomeric
cholesteric GLCs are at a 1:1 ratio.
Except for the selective reflection band centered at 686 nm, the cholesteric
GLC film of a pristine sample of 5-V carrying an open dibenzothienylethene core is
transparent down to 400 nm, as shown in Figure 5.4. The dibenzothienylethene core
undergoes ring closure upon irradiation to 20 J/cm2 at room temperature using a UV
source at 365 nm with a 90-nm bandwidth, generating an absorption peak at 555 nm
with a minor perturbation on the selective reflection band. Exposure to a visible light
source at 577 nm with a 9-nm bandwidth resulted in ring opening to restore the nonabsorbing status. As demonstrated in Figure 5.4, the ring closure and opening cycle
can be induced reversibly in the solid state. In a nutshell, the open form provides
selective coloration alone, and the closed form furnishes a combination of reflective
and absorptive colorations. Furthermore, the absorptive coloration can be switched on
and off by photochemical means.
The film containing the closed dibenzothienylethene ring after UV-irradiation
was further characterized by variable angle spectroscopic ellipsometry48,

49

. This

analysis resulted in a helical pitch length of 439 nm and an average refractive index
of 1.564 at wavelengths longer than 600 nm into near infrared region, the product of
which is consistent with the selective reflection wavelength of 686 nm independently
observed in Figure 5.3. Absorption dichroism of quasi-nematic layers comprising the
cholesteric GLC film of 5-V also emerged as part of the ellipsometric analysis, as
plotted in Figure 5.5 in which α|| and α⊥ represent absorption coefficients parallel and

174

perpendicular to the quasi-nematic director, respectively. The absorption dichroic
ratio, R=α||/ α⊥, is then used to calculate the orientational order parameter, S=(R–
1)/(R+2)=0.65, a value indicative of reasonably good order within the helical stack.

5.4.

SUMMARY

Glassy liquid crystals are comprised of liquid crystalline mesogens chemically
bonded to volume-excluding cores. They are intended to undergo glass transition
through cooling without encountering crystallization, thereby permitting various
modes of long-range molecular order characteristic of liquid crystalline fluids to be
frozen in the solid state. Instead of inert volume-excluding cores – such as benzene,
cyclohexane, bicyclooctene, cubane, and admantane – dithienylethanes were
successfully incorporated to introduce photochromism into nematic, smectic, and
cholesteric glassy liquid crystals. These glassy liquid crystals have glass transition
temperatures above 90oC and clearing points up to 220oC without traces of
crystallization on cooling or crystalline melting on heating. A monodomain
cholesteric glassy liquid crystalline film was prepared by thermal processing for the
characterization of its optical properties. With enantiomeric 2-methylpropylene as the
chiral spacer between the benzene core and the 4’-cyanobiphenyl-4-yl benzoate
nematogen, a left-handed quasinematic stack was identified with a selective reflection
band centered at 686 nm. In addition, ellipsometric analysis resulted in a helical pitch
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length of 439 nm and an average refractive index of 1.564 beyond 600 nm into near
infrared region, the product of which is consistent with the value measured by UV-vis
spectrophotometry. As part of the ellipsometric analysis, an orientational order
parameter of 0.65 was also obtained for the quasinematic layers comprising the
cholesteric stack. The feasibility of selective coloration coupled with photoswitchable
absorptive coloration was demonstrated using the photochromic cholesteric glassy
liquid crystalline film.
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Figure 5.2. Polarizing optical micrographs of 5-I through 5-V for mesophase
identification.

181

80

100
80

(a)

60

60

40

40

20

20

0
500

600

700

Reflectance, %

Transmittance, %

100

0
800

Wavelength, nm

100

Transmittance, %

RCP

80

(b)

60
40
20
0
500

LCP

600

700

800

Wavelength, nm

Figure 5.3. (a) Transmission and reflection spectra with unpolarized incident light and
(b) circularly polarized transmission spectra of a 5-μm-thick cholesteric
GLC film of 5-V between rubbed polyimide films.
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Figure 5.4. Demonstration of photochromism at room temperature using a 5-μm-thick
cholesteric glassy liquid crystal film of 5-V in the presence of selective
reflection band centered at 686 nm.

183

5.00
4.00

||

S = 0.65

3

α or α , 10 cm

−1

α

⊥

3.00

||

2.00
1.00

α

⊥

0.00
400 450 500 550 600 650 700 750 800

λ, nm

Figure 5.5. Absorption dichroism extracted from ellipsometric analysis of a 5-μmthick cholesteric glassy liquid crystal film of 5-V after irradiation at 365
nm to photostationary state.
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CHAPTER 6

CONCLUSIONS

My thesis was motivated to cultivate fundamental understanding of
photoalignment of liquid crystals, glassy-nematic π-conjugated oligomers, and
glassy-cholesteric liquid crystals. In addition, a hybrid chiral-nematic mesogen was
developed for the facile synthesis of glassy cholesteric liquid crystals. Moreover, the
concept of photochromic glassy-nematic liquid crystal comprising a dithienylethene
core was successfully generalized for the realization of glassy-smectic and glassycholesteric systems. Major accomplishments are summarized in what follows.

The photoalignment of a nematic fluid, E-7, and a glassy-nematic
pentafluorene was investigated on coumarin-containing polymethacrylate films in the
parallel regime.

Polarized absorption spectroscopy and computational chemistry

were employed to characterize coumarin monomer’s and dimer’s molar extinction
coefficients and to locate absorption dipoles as parallel to their long molecular axes.
Moreover, their orientational order parameters, S m and Sd , were experimentally
determined as functions of the extent of dimerization. Higher Sd and Yd , coumarin
dimer’s mole fraction, were achieved in the polymer film with a hexamethylene
spacer because of the greater coumarin mobility compared to the polymer with a
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propylene spacer. The ability of a coumarin-containing photoalignment film to orient
a spin-cast pentafluorene film was found to improve with increasing Yd S d to an
extent comparable to that of a rubbed polyimide film. Because of the relatively short
lengths of its constituent molecules, E-7 was oriented equally well on both polymer
films regardless of the Yd S d values.

Orientation of E-7 was further investigated using coumarin-containing
polymethacrylates to elucidate the roles played by the dilution of coumarin and the
polarization ratio of irradiation. Dilution of coumarin by inert moieties had adverse
effects on a nematic cell’s number density of disclinations and its orientational order
parameter in the parallel but not the perpendicular regime. In addition, both dilution
of coumarin and a decreasing polarization ratio resulted in a lower extent of coumarin
dimerization at crossover, Xc. The significantly reduced Xc in a homopolymer
comprising triphenylamine and coumarin was attributed to the dilution of coumarin
and the diminished polarization ratio caused by competing absorption with
simultaneous triplet energy transfer from triphenylamine to coumarin moieties

With 4’-cyanobiphenyl-4-yl benzoate nematogens chemically bonded to a
benzene core via enantiomeric 2-methylpropyl spacers, a new series of cholesteric
glassy liquid crystals has been synthesized for an investigation of structure-property
relationships. Glass-forming ability, phase transition temperatures, and stability
against crystallization are affected by both the number and the position of substituent
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groups on the benzene ring with a 1,3,5-trisubstituted system possessing the most
favorable set of properties, Tg at 73oC and Tc at 295oC. With (S)-3-bromo-2methylpropanol as the chiral precursor, left-handed helical stacking was observed for
all the cholesteric GLCs reported herein. Films of the 1,3,5-trisubstituted and metadisubstituted systems show a selective reflection wavelength, λR, at 413 and 422 nm,
respectively, whereas that of the ortho-isomer exhibits a λR at 860 nm. Replacing one
of the hybrid chiral-nematic mesogen in the 1,3,5-trisubstituted system by a
nematogen loosens the helical pitch to yield a λR at 630 nm, still shorter than that of
the ortho-isomer despite the dilution by a nematogen. This observation suggests the
importance of regioisomerism to helical twisting. The difference in λR was interpreted
in terms of molecular packing involving chiral spacers through computational
chemistry. The susceptibility of cholesteric GLCs to photoalignment was tested using
the ortho-isomer. The degree of photoalignment improves with an increasing
rotational mobility of pendant coumarin monomers to an extent comparable to
mechanical alignment on conventional rubbed polyimide films.

Photochromic glassy liquid crystals were synthesized using dithienylethenes
as the volume-excluding cores to which liquid crystalline mesogens were chemically
bonded through alkyl spacers. Nematic, smectic, and cholesteric glassy liquid crystals
were demonstrated with glass transition temperatures above 90oC and clearing points
up to 220oC without traces of crystallization on cooling or crystalline melting on
heating. A monodomain cholesteric glassy liquid crystalline film containing an
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enantiomeric 2-methylporpylene chiral spacer was characterized as a left-handed
helical stack, exhibiting a selective reflection band centered at 686 nm, an
orientational order parameter of 0.65 for the quasi-nematic layers, and a combination
of reflective coloration with photoswitchable absorptive coloration.
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Appendix A:
1

H NMR Spectra and DSC Thermograms for Chapter 2

Figure A.1. 1H NMR spectrum of Polymer 1 in CDCl3
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Figure A.2. 1H NMR spectrum of Polymer 2 in CDCl3
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Figure A.3. 1H NMR spectrum of Copolymer in CDCl3
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Figure A.4. Second heating and cooling DSC thermograms at 20 oC/min for Polymer
1. G, Glassy; I, Isotropic.
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Figure A.5. Second heating and cooling DSC thermograms at 20 oC/min for Polymer
2. G, Glassy; I, Isotropic.
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Appendix B:
1

H NMR Spectra and DSC Thermograms for Chapter 3

Figure B.1. 1H NMR spectrum of Polymer 1 in CDCl3
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Figure B.2. 1H NMR spectrum of Polymer 2 in CDCl3
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Figure B.3. 1H NMR spectrum of 7-Heptyloxycoumarin in CDCl3

201

Figure B.4. 1H NMR spectrum of Tris(m-anisyl)amine in CDCl3
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Figure B.5. Second heating and cooling DSC thermograms at 20 oC/min for Polymer
1. G, Glassy; I, Isotropic.
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Figure B.6. Second heating and cooling DSC thermograms at 20 oC/min for
Polymer2. G, Glassy; I, Isotropic.
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Appendix C:
1

H NMR Spectra for Chapter 4

Figure C.1. 1H NMR spectrum of 4-II in CDCl3
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Figure C.2. 1H NMR spectrum of 4-III in CDCl3
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Figure C.3. 1H NMR spectrum of 4-IV in CDCl3
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Figure C.4. 1H NMR spectrum of 4-V in CDCl3
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Figure C.5. 1H NMR spectrum of 4-VI in CDCl3

210

Figure C.6. 1H NMR spectrum of 4-VIII in CDCl3
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Appendix D:
1

H NMR Spectra for Chapter 5

Figure D.1. 1H NMR spectrum of 5-I in CDCl3

213

Figure D.2. 1H NMR spectrum of 5-II in CDCl3

214

Figure D.3. 1H NMR spectrum of 5-III in CDCl3

215

Figure D.4. 1H NMR spectrum of 5-IV in CDCl3

216

Figure D.5. 1H NMR spectrum of 5-V in CDCl3
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