Thermotropic Chiral Nematic Side-Chain Polymers
and Cyclic Oligomers

Low-Molar-Mass Liquid Crystals Although the existence of liquid crystals has been recog-
Liquid crystals (LC’s) represent a state-of-matter intermediateized for over a century, it is only in the past few decades that
between a solid crystal and an isotropic liquid. A liquid crystatheir unique linear and nonlinear optical properties have been
flows like an ordinary liquid, while other properties, such asactively explored for various applicatiofist? The need to
optical and dielectric anisotropies, resemble those of a crystalevelop LC materials for these applications has been the main
line solid! In general, a somewhat rigid and anisomericdriving force behind LC research in recent years. There are
molecular shape (e.gcylindrical, lath-like, or disc-like) is basically three device concepts: (a) based on the change in
conducive to the realization of an LC st&tBepending on molecular orientation with an applied field, LC’s find use as
whether temperature or concentration is the dominant factor ielectro-optic devices with response times of the order of a
inducing mesomorphism, liquid crystals are generally classimillisecond; (b) appropriate functional moieties allow LC’s to
fied into thermotropics and lyotropiés> Numerous meso- respond to electrical or optical stimuli with much shorter
phases have been discovered, and they are roughly categorizedponse times, i.e., nano- to pico- and even femtosecond,
as follows: thereby enabling LC’s to be employed as fast active devices;
(c) LC’s have also been extensively explored for passive
(&) Nematianesophasayhere the molecules are aligned with device applications in which no switching is involved, such as
their long axes parallel to each other. Macroscopically, avave plates, polarizers, notch filters, etc.
preferred direction is defined by the “director.” The ex-
tent to which the molecules are aligned with the directoMolecular-Level Understanding of Cholesteric
is characterized by the order param@&etefined as Mesomorphism
In a comprehensive review article, Solladié and
Zimmermannl! presented a critical appraisal of the issues of
helical sense and twisting power underlying the cholesteric
mesophase. Two different approaches to the induction of
where 6 is the angle between the long axis of an indi-cholesteric mesophase were discussed. Baessler and%.abes
vidual molecule and the director, ajd) represents an used chiral compounds that form cholesteric mesophase by
average over all molecules present. themselves, while Stegemeyer and Mainé3atmployed
nematic hosts with chiral dopants. Despite the intensive re-
(b) Chiral nematicor cholesteric mesophasehich can be search devoted previously to the issues of handedness and
thought of as a stack of nematic layers with their directwisting power, the roles played by chemical structure, includ-
tors rotated at a constant angle either clockwise or couring molecular chirality, have remained as challenging as
terclockwise from one layer to the next. This spatialever}* Current understanding of the cholesteric mesophase is
variation of the director leads to a helical structure inrsummarized as follows:
addition to a long-range orientational order, as in the
nematic mesophase. (a) Helical sense does not correlate with the sign of the spe-
cific optical rotation or the absolute configuration of the
(c) Smectianesophaseavhere the molecules exhibit not only chiral dopant. Furthermore, it has been demonstrated that
a longitudinal order, as in the nematic mesophase, but also inversion of helical sense may occur as a consequence of
a lateral arrangement. heating!® presumably due to the thermally induced dy-
namics of conformational isomerism.

S=%<3 c0529—1>, (1)
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(b) Inversion of molecular chirality leads to an opposite handOptical Properties of Chiral Nematics
edness at the supramolecular level, but handedness is still With a longitudinal molecular alignment and the associated
not understood in an absolute sense. optical birefringenceln, nematic LC’s are well-suited for the
fabrication of wave plates to accomplish polarization control.
(c) A measure of a chiral dopant’s ability to induce cholesSince optical retardance increases with increasing birefrin-
teric mesophase formation in a nematic host, helical twistgence for a given thickness, LC’s with higher birefringence
ing power is strongly dependent on the nematic structurealues call for thinner films in which a higher degree of
for a given chiral dopant. “Structural similarity” between mesogenic order can be achieved. Nematic alignment also
the nematogenic and chiral components tends to increapeovides an added advantage to second- and third-order non-
helical twisting power. linear optical applications where mesogenic cores are nonlinear
optically active. The ability to form stable glass with a glass
(d) Helical sense has proven to be very sensitive to structuretinsition temperaturé; above the ambient further enhances
variations. For cholesteric LC’s derived from sterols, thethe potential for practical applications.
helical sense—chemical structure relationship was inter-
preted by Baessler and Labés-or nonsteroid materi- The helical structure underlying the cholesteric mesophase
als, the effect of moving the chiral center relative to thecan be characterized by both the helical pitch and its handed-
neighboring ring, aromatic or alicyclic, of the core struc-ness. Helical pitch is defined as the distance along the helical
ture can be correlated in terms of the SOL/SED and RODdxis over which the director rotates by 368nd handedness
REL rulesi8:17 however, exceptions to this empiricism describes the direction in which helical twisting occurs. De-
have been reportéd:19 pending on the chiral nature of the perturbation, both right- and
left-handed helices are possible. The helical structure gives
(e) While there exist no molecular theories capable of treatise to two identifiable textures: focal conic and Grandf€an.
ing helical sense at present, chiral/nematic molecular inn focal conic texture, the helical axes are parallel to the
teraction models proposed by Gottarellial?%21and  substrate surface; whereas in Grandjean texture, the axes are
Rinaldiet al22-24could help to elucidate the experimen- perpendicular to the substrate surface. The Grandjean texture
tally observed handedness. is particularly important because it can reflect incident light
over a selective wavelength region. Moreover, this selective
(f) Chilaya and LisetskP indicated that practical applica- reflectivity is accompanied by circular polarization of light,
tions of existing theories have been hampered by the userving as the basis of high-efficiency polarization.
of many model parameters that are hard to relate to the
properties of real molecules, which is still true in light of ~ According to well-established theories, the selective reflec-
more recent approaché%:28 tion wavelengthir of a cholesteric LC is governed by the
following equation3’:38
In short, molecular-level understanding of cholesteric
mesophase is still lacking at the present time, although a AR =Ngyg P cOSO, 2
significant amount of empirical information on structure-
property relationships has been accumulated over the yeavgherep is the pitch length@ is the angle of incidence, and
Besides molecular theorié®;2% computer-aided molecular Navg IS the average refractive index defined as
modeling has been used to gain fundamental insight into LC
mesomorphism. Indeed, considerable advances in computer
simulation of nematic and smectic mesophases have been
made in recent yeaf8-33Memmeret al demonstrated cho-
lesteric mesomorphism using Monte Carlo simulation withwith n,andngrepresenting extraordinary and ordinary indices
the Gay-Berne intermolecular potential function with cubicof refraction, respectively, of the nematic layers. It has been
periodic* and twisted® boundary conditions. In addition, showr$® that the bandwidth of selective reflectid is
using the extended-atom approximation, Wilson and Du#fmur related to other optical parameters by
performed bimolecular modeling of simplified chemical struc-
tures aimed at corroborating empirical rules regarding A = ARﬂ,
handedness as proposed by Geagl16 Navg (4)

Navg = %(ne + nO)’ (3)

104 LLE Review, Volume 66



THERMOTROPICCHIRAL NEMATIC SDE-CHAIN POLYMERS

where the optical birefringencAn is defined asng,. G(T)= gst( fH* - f&), (8)
Another parameter of interest to molecular design is the so-

called helical twisting power (HTP), defined*as

whereg is a proportionality constant independent of the LC
material,N the number of molecules per unit volurdethe

0 O .
HTP= % , (5) average number of active electrons per LC molecsitfie
Xeh ELchqo order parameter, anaéfu* - fﬁ) the differential oscillator

strength at the mean resonance waveleAgitiThe factors
and represents the ability of a chiral group to induce cholesffectingAn are analyzed below:
teric mesomorphism in a nematic host. Note that higher HTP
values require less chiral dopant, in mole fractigp,toyield  (a) N represents the packing density of LC molecules. Ashort

the samelg value. Selective reflection bandwidffh is an- carbon chain (or short spacer in LCP’s) and a large inter-
other optical parameter of interest to molecular design. molecular force will yield a large birefringence value be-

cause of an increas@&ll value. Nevertheless, the ability
Factors Contributing to Enhanced Optical Birefringence to increaséN to an appreciable extent via molecular de-
and Selective Wavelength Reflection Bandwidth sign is rather limited.

Optical birefringence and selective reflection bandwidth
are among the molecular design criteria of chiral nematicgb) Z is the average number of active electrons. Three types

From Egs. (3) and (4) it is clear that bandwifidhdepends on of electronic transition in organic molecules contribute to
refractive indicesn, and ng at a givenAg. The refractive An: o - 0", n- m,andm - . Them - " transi-
indices of a uniaxial LC are governed by the LC molecular tion, representing an excitationmlectrons, is the most
structure, wavelength, and temperature. Typicaiyfalls commonly encountered in LC molecules with unsatur-
within 1.5Gt0.04 in the visible spectral region and is weakly ated bonds and is the primary contributor to an increased
dependent on molecular structure. On the other hanis, An. Increasing the conjugation length or the number of

strongly dependent on molecular structure. Its value varies delocalizedrrelectrons in an LC molecule is therefore a

from about 1.5 for completely saturated compounds to about very effective method of enhancing its optical birefringence.

1.9 for highly conjugated LC%3841.42Therefore, one can

obtain Eq. (6) by differentiating Eq. (4) while keeping (c) The mean resonance frequeitis closely related to the

constant: UV absorption spectrum of an LC molecule. From

Eqg. (7),A" appears to present a significant effectAon

Aon As a consequenca; can be increased by increasing the

5aA O=B=0 6An. (6) conjugation length.

Navg

Apparently,An plays a dominant role in determining th& fH* - () factor, the greater thn value; however, the
value, even thoughy,qalso increases slightly with increasing relationship betweerﬁfu* - fﬁ) and molecular structure
An. This suggests that to achieve a broad selective reflection is not well understood at this point.

band, high birefringence nematic and chiral moieties are de-

sired. In what follows, the parameters contributing to ar(e) Order parameteB is a function of molecular structure,
enhancedAn in nematic layers constituting the cholesteric temperature, and surface alignment. The temperature de-
mesophase will be identified for assessment. pendence o8in a nematic mesophase follows:

(d) %f* - f}) represents absorption anisotropy. The larger the

In theory, the optical birefringence of a nematic LC is 0 EF
determined b$3 SD%—l , 9)
Ted
A2A2
An= G(T)m’ () whereT is the temperaturd,_ is the nematic-isotropic
transition temperature (or clearing temperature), And
in which is a material constant. Thus, the temperature dependence
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of Anoriginates primarily in the temperature depen-density unit}*4’whereas the vitrification approach yields an
dence ofS. Furthermore, a highekn value will result  extinction of 2.0 optical density units on substrates without
from a lower processing temperature under otherwissurface treatmerf€ It appears that volume reduction, accom-
identical conditions. panying the curing process in general, contributes to the
diminished extinction by destroying the alignment achieved in
From the above analysis, it is concluded that the number diie fluid state.
delocalizedrrelectrons plays a major role in achieving high
optical birefringence in nematics and, as a result, a broa@hiral Nematic Polymers
selective reflection band in cholesterics. However, diminish- For electro-optic-device applications using field-induced
ing solubility in common solvents and bathochromic shift intomolecular orientation, LC’s function in the fluid state to offer
the visible region impose a limit to which the conjugationa response time of the order of a millisecond. For the other two
length can be increased in favor of optical birefringence. Odevice concepts mentioned previously, a solid film is desirable
the other hand, it is anticipated that saturated ring systems dreview of much-improved mesophase stability and environ-
desirable for low optical birefringence and hence a narrownental durability over a fluid film. In principle, an LC

selective reflection band. mesophase intended for an optical application can be frozen
in a glassy matrix to avoid light scattering from grain bound-

Mesophase Fixation via Vitrification, In-Situ Polymer- aries present in a polycrystalline film. However, most LC'’s

ization, or Crosslinking lack the ability to vitrify and, as a result, liquid crystalline

In the applications based on both active and passive devipplymers (LCP’s) have attracted a great deal of attention in
concepts in which field-induced molecular orientation is notecent years. Several books and review articles have appeared
involved, it is advantageous to maintain mesomorphic ordeln the fundamentals and potential applications of this class of
ing over a long period of time. Various methodologies haveptical material$9->3Compared with LC’s that tend to crys-
been explored to overcome the problems arising from thtllize on cooling, LCP’s are unique in that the particular
sensitivity of helical pitch to variations in temperature, presmesophase desired can be froiethe polymer matrix by first
sure, external electric or magnetic fields, and chemical vapoirsating the sample close to the upper limit of the mesophase
as indicated in Ref. 44. The common strategy is to induceemperature range and then quenching it to below the glass
mesophase fixation in an appropriate matrix. Specific methodsansition temperature.
to achieve this goal include the following:

In regard to chemical structure, thermotropic LC polymers
(a) Synthesis of side-chain or main-chain chiral nematic polyean be categorized into main-chain and side-chain polymers.
mers that have the potential of forming a glassy matrix t@ hermotropic LC polymers known to exhibit the cholesteric
“freeze” the requisite Grandjean texture. mesophase are surveyed in what follows.

(b) Photopolymerization of acrylate or methacrylate mono4. Main-Chain Polymers
mers, existing in a prescribed mesomorphic state, which There exist numerous reports on thermotropic main-chain
contain cholester®? or (hydroxypropyl)cellulost as  cholesteric LC polymers based oR)<{+)-3-methyladipic
the pendant group. acicP4-56and chiral glycols and glyceroté:>8 Tables 4 and
5 of Chap. 2 in Ref. 51 summarize the structures and
(c) Photo-induced crosslinking of lyotropic mesophasesnesomorphic properties of LC homopolymers and copoly-
consisting of polyg-butyl D- or L-glutamate) in tri- mers carrying the R)-(+)-3-methyladipoyl group. The
ethylene glycol dimethacrylate, the latter serving both agnformation available in the literature confirms the left-handed
a solvent and a crosslink&r4? nature of these materials. No optical characterizations of
thermotropic polymers containing chiral glycol and glycerol
Although both crosslinking anth-situ polymerization ethers have been reported, but the crystalline or semicrystal-
procedures are appealing to practical applications, the resultse character of these materials and their relatively high
are less than optimal. Notch filters (i.e., a pair of left- andnesophase transition temperatures suggest that these materi-
right-handed devices stacked together) produced in this maals are not likely to be suitable for optical device applications.
ner were found to possess an extinction of 0.2 to 0.8 optical
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2. Polypeptides advisable to explore chiral building blocks other than choles-
It is well known that polypeptides, such as pglgénzyl terol. In fact, the first examples of cholesteric homopolymers
L-glutamate), exhibit lyotropic mesomorphism in a number ofusing nonmesomorphic monomers containi8g2-methyl-
solvents®* however, their thermotropic behaviors have notl-butyloxy moiety and polysiloxane as the backbone have
been reported until recently by Watanadteal 8063 who  been successfully synthesi®8dnd characterized to present a
presented several examples of derivatized poly(L-glutamatdgft-handed helical structure according to the commonly ac-
exhibiting the cholesteric mesophase. Mesomorphism in thesepted conventiof?’0 The same chiral moiety was also
copolypeptides is believed to be due to the formation oémployed to synthesize cholesteric homopolymers with a side-
mesogeni@-helices together with chiral perturbations on theon attachmenfl The fact that the selective reflection
backbone, while the flexible pendant groups serve as a solvemtavelength of homopolymers cannot be readily tuned by
as in a lyotropic system. According to Refs. 60—63, the helicalomonomer ratio, as is commonly achieved in copolymers, is
sense of the cholesteric mesophase can be reversed byeapected to limit the practical applications in which the capa-
inversion of chirality on the backbone. The potential of polybility for wavelength tuning is desired.
[(y-benzyl L-glutamate)-coyfdodecyl L-glutamate)], which
shows cholesteric mesophase, as an optical material for devise Side-Chain Copolymers
application was also appraised in our laboratory. It was found Existing cholesteric side-chain copolymers have been ex-
that the selective reflection wavelength is a relatively strongensively reviewed in Chap. 2 of Ref. 51 and Chap. 9 of
function of three parameters: temperature, comonomer rati®ef. 52. Typically, a nematogenic monomer, defined as one
and chain length, which combine to make this material exthat by itself forms a nematic homopolymer, is copolymerized
tremely difficult to process into devices with reproduciblewith a chiral, mesogenic, or nonmesogenic monomer to form
optical properties. Furthermore, its Idy, typically-20°Cto  a cholesteric side-chain copolymer. Although naturally occur-
-30°C, precludes the possibility of achieving long-termring (-)-5-cholesten{3-0l has been the most widely employed
mesophase stability or application as a freestanding film. chiral precursor, it was found to consistently produce left-
handed structures. The enantiomer of this naturally occurring
3. Cellulose Derivatives cholesterol is expected to yield the right-handed counterpart,
(Hydroxypropyl)cellulose, HPC, has been extensively studbut it is not readily available, even though it has been success-
ied because its mesomorphism can be realized in water afdly synthesized in the laboratofy.In addition to choles-
common organic solvents. Most cellulose derivatives displaterol, 1-phenylethylamine has also been successfully incorpo-
cholesteric mesophase in solution or BiftkS6Optical char-  rated to produce cholesteric copolym@with several known
acterization of the esters of HPC showed a right-handed helicaématogenic monomers, we have identified and synthesized
structure. However, in our laboratory, the selective reflectiomew chiral comonomers derived from enantiomers of 1-
of these thermotropic materials was found to be extremelghenylethylamine, 1-phenylethanol, 2-methoxy-2-phenyl-
weak with optical densities of less than 0.10 as compared to tie¢hanol, and methyl mandelate. The resultant copolymers are
theoretical limiting value of 0.30. The other disadvantage is theapable of forming the Grandjean texture wigin the visible
low Ty (<0°C), which prevents the Grandjean texture fromand near-infrared region. Key accomplishments are summa-
being frozen in the glassy matrix. rized as follows:

4. Side-Chain Homopolymers (a) Because of the availability of the enantiomers of these
Freidzoret al®7 reported acrylate homopolymers carrying chiral precursors, both left- and right-handed chiral
cholesteryl pendant groups. The thermal characterization data nematic copolymers were successfully synthes{2€@.
showed a 2C to 5°C temperature range for the existence of a  The hitherto scarce right-handed materials have thus be-
cholesteric mesophase preceded by a smectic mesophase over come available for the exploration of a variety of optical
a temperature range of up to 2@0depending on the polymer device concepts.
molecular weight. In view of the fact that cholesterol-contain-
ing monomers are usually mesomorphic in their own righ{b) A chiral/nematic molecular interaction model of a steric
(typically cholesteric), it is not surprising that the desired nature was successfully employed to elucidate the ob-
cholesteric mesophase is overwhelmed by the higher-order served helical senseHowever, the applicability of this
smectic mesophase as a result of polymerization. Thus, it is model is limited in scope, and more sophisticated mo-
lecular modeling is warranted.
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Helical sense observed in chiral nematic copolymers wagchieved previously. Thermotropic and optical properties
found to be consistent with that of the low-molar-massaccompanied by chemical structures are illustrated in
analogues, and helical twisting power was found to inTables 66.VI and 66.VII for cyanotolan- and cyanoterphenyl-
crease upon polymerization, although the effect appeagbntaining systems, respectively. In the cyanotolan series, it is
to be system specifft. noted that for an increasing spacer length to the nematogen,

Ty undergoes a monotonic decrease, wheflgashows an
With an end-on attachment of a nematogenic rigid coredd-and-even effect. Within the same spacer length of 4 at an
to the polymer backbone, the smectic mesophase wascreasing chiral mole fractioffy stays reasonably constant
found to predominate over the cholesteric mesophase @hile a pronounced depressiorisis observed, which is also
the p-phenylene ring system was replaced witins  the case with the cyanoterphenyl series. The selective wave-
cyclohexylene counterpaf®. length reflection scans of Copolymer (I) with= 4 andx =

0.07 and Copolymer (ll) witx = 0.10 are reproduced in
The formation of Grandjean texture was found to be faFig. 66.55 to demonstrate the broadband characteristic.
cilitated by moderating the polymer backbone flexibility

within the acrylate and methacrylate-mixed backbon& ow-Molar-Mass Glass-Forming Systems
series without affecting the helical twisting poviér. Because of their fluid nature and low viscosity, low-molar-
mass LC'’s are capable of forming uniform films with a high
More recently, cyanobiphenyP cyanotolan’® and  degree of mesomorphic ordering. However, as indicated ear-

cyanoterpheny groups were employed as high optical bire-lier, there are several obvious disadvantages: a lack of
fringence moieties for the synthesis of chiral nematicenvironmental durability and long-term mesophase stability,
copolymers with a broader selective reflection band thaand the inability to vitrify in general. These problems can be

Table66.VI: Thermal and optical properties and molecular weights of chiral nematic copolymers containing

cyanotolan and 1-phenylethanol as pendant groups.

.
H,

H—COO (CHy),0—~O)—c=c—0O—CN
1-x

I
CHy—C-C00 (crb)z—o—@—coo—@—coo—clH—@
X
CHs
_ Phase — T A
Spacer Chird X | Transition® | ACp(W/g) | AH¢(Jg) My, My, /M, R

> (nm)

(°O)
2 005 |[G76Ch112] 0.16 25 11,900 17 840
3 005 |Gssches! 0.13 05 8,980 16 (b)
4 005 |[G4sch117] 0.14 17 12,200 2.3 920
4 007 |G43chio4 0.13 13 10,800 23 770
4 013 [G4scho4 0.13 14 13,700 2.2 450
6 008 |[G34ch1i6l 0.18 2.0 17,500 2.1 1140

(& G: glass; Ch: cholesteric; I: isotropic.
(b)  The cholesteric mesophase was identified with polarizing optical microscopy, but the selective wavelength reflection

property could not be determined because of the relatively narrow mesophase temperature range that prevents
adequate molecular alignment from being achieved via annealing.
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Table66.VII: Thermal and optical properties and molecular weights of chiral nematic copolymers containing
cyanoterphenyl and 1-phenylethylamine as pendant groups.

A
sz CHs
CHy—C—COOCH,CHO—~O)~O)~<O)—CN
1-
I ” )
1"
CHy—C—COO (CHy),— co CONH—CH
~6-C00 (eH)—0—~0)—c00—O)-conH-cH—0)
CHg
_ Phase — — A
Chird X | Transtion@ | ACp (Wig) | AH.(Jg) My My/ My R
C) (nm)
0051 |G117Ch2011 0.24 0.83 15,000 34 1,100
0064 |G113Ch1931 0.23 0.39 11,000 3.0 786
010 |G112Ch181l 0.25 0.57 6,500 21 634
012 |G120Ch173I 0.27 0.42 6,100 31 510
(@ G: glass; Ch: cholesteric; I: isotropic.

0.5 T T T T
(1), x=0.10 frozen into the glassy state, thus producing an environmentally
2 0.4 robust optical device. Since polymerization is not involved in
% 0.3 the synthesis of GLMLC's, the availability of these materials
o will not be limited by the polymerizability problem as encoun-
S tered with some functional monomers.
5 0.2
© 01 Though glass formation in small organic molecules has
' long been recognizeétd;8%it was not until the 1980’s that
0.0 . . . . active investigations of GLMLC’s were resunf&t®! The
500 600 700 800 900 1000 fact that melting and crystallization peaks were observed in
3042 Wavelength (nm) many of the reported differential scanning calorimetry (DSC)
scans suggests that they are semicrystalline or prone to ther-
Figure 66.55 mally induced crystallization, and thus would not be appro-
UV-visible spectra (i.e., selective wavelength reflection scans) ofCoponmepriate for optical device applications. In the past few years
(I) with n = 4 andx = 0.07 and Copolymer () witk = 0.10. significant advances in GLMLC’s have been witnessed, pre-

sumably because of the general interest in exploring organic
overcome by glass-forming polymeric LC’s. Neverthelessmaterials for electro-optical as well as optoelectronic applica-
their generally high melt or solution viscosity tends to causéons. In terms of molecular structure, GLMLC’s can be
difficulty in processing these materials into well-aligned, uni-classified into acyclicd®—97and cyclics?8-117Acyclic com-
form thin films. To circumvent all these practical problems,pounds have been reviewed by Wedieal.;% structurally,
glassy low-molar-mass liquid crystals (GLMLC's) have they carry either one or two strings. As encountered in LCP’s,
emerged as a novel class of optical materials with a great dahkre are both main-chain and side-chain cyclic oligomers.
of potential. These materials are composed of relatively smalllain-chain cyclic oligomers were first reported by Pereec
molecules with molecular weights less than 2,000. Because af.111-113 Sjde-chain cyclic oligomers include cyclophos-
their relatively low melt viscosity, it is relatively easy to form phazene and cyclosiloxane LC’s. It is noted that few
GLMLC'’sinto large, uniform films with the desired mesophasecyclophos-phazene LC’s show a glass transittdnll’
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Of all the low-molar-mass glass-forming liquid crystals,central core may also influence the ease of glass formation as
cyclosiloxane LC’s have been the most widely investigatedvell as morphological stability. In addition to mesogens, chiral
following the 1981 patent of Kreuzet al98 They are essen- groups can also be attached to the central core to induce
tially cyclic analogues of side-chain siloxane polymers. Evercholesteric mesomorphism.
though cyclic siloxane LC’s have only 4 to 7 monomeric units,
they exhibit glass transition and clearing temperatures that are In a recent series of papér@-124we have reported novel
generally close #80but in some casé¥ very different from  glassy liquid crystals derived from 1,3,5-cyclohexane-
their long-chain counterparts. Avariety of mesogenic moietiericarboxylic and (R,39)-(+)-camphoric acids. Three ap-
have been successfully incorporated to induce the desirgtoaches were demonstrated to be capable of inducing
glass-forming and mesomorphic properties with a glass transtholesteric mesomorphism: chiral nematic cyclic oligomer,
tion temperature of up to 80.118 However, thus far no nematogenic group attached to a chiral ring, and chiral/nem-
mesogens with an extendegtonjugation have been success-atic mixture with the chemical structures shown in Fig. 66.56
fully incorporated, and no chiral moieties other than cholesand the relevant properties summarized in Table 66.VIII.
terol have been attempted to induce chirality. Neverthelesglthough Compound (V) is nonmesogenic, its mixture with
numerous potential applications of cyclosiloxanes have beg(l) at x = 0.62 yields a cholesteric mesophase. The selective
explored: environmentally robust notch filtroptical infor-  wavelength properties of Compounds (V) and (VI) together

mation storagé93:109.11%nd nonlinear optick0.121 with that of the mixture (IV)/(I1l) are displayed in
Fig. 66.57. Nematic compounds [(VII) and (VIII)] and their
Carbocyclic Glass-Forming Chiral Nematics chiral dopants [(IX) through (XI111)], as depicted in Fig. 66.58,

Conceptually, GLMLC's represent a balance between twavere designed to provide new insight into the induced choles-
seemingly opposing trends: one to discourage crystallizatioteric mesomorphism. The observed thermotropic properties
and the other to encourage LC mesomorphism. Simply put,and optical properties are compiled in Table 66.IX. Note that
delicate balance between order and disorder must be struckl the resultant chiral nematic mixtures are capable of vitrifi-
The question of why certain materials are more inclined teation, with glass transitions occurring above the ambient, and
glass formation than others has remained unanswered in glagsw selective wavelength reflection in the visible and near-
science to date. In principle, molecular systems with a strong

temperature dependence of free volume tend to vitrify upon COOR

cooling at a rate sufficiently rapid in comparison to molecular Rooc/mcom . ROO = 6535

relaxation processes. Nevertheless, the implementation of this COOR COOR

concept in molecular design is made difficult by a general lack

of understanding of glass formation by organic compounds. R =—(C%)40© —C= C@—CN an
In search of new, alternative glass-forming liquid crystals as R= —*ICH-(CF&)ZO @ —C= C@—CN ()

advanced organic materials, we have explored a novel molecu- CHg

lar design concept in which two opposing structural features

are chemically bonded via a flexible spacer, one a mesogenic COOR COOR

group and the other a diametrically different moiety. The idea®°°¢ o Rloocm

is to suppress one’s tendency to crystallize by having the other COOR COOR

present an excluded-volume effect. Since mesogenic mol- Rl:_(cw)rC)@_COO@ @ ogH

ecules are typically structurally rigid and elongated in shape,

their counterpart, referred to .as the central core, should pre]_‘er- RZ:_(%)TO@_COOQ _CONHLCH@
ably be bulky and nonplanar in shape. Aknowledge base exists éH

for the design of mesogens. The central core is less understood, ’
butit should preferably assume one of the following structures:Nc:@ @ _O(CQGOOC\QCHB

aliphatic cyclics, bicyclics, or tricyclics. The length of the e C;foo(%%o@ O e
flexible spacer linking the two plays a critical role in effecting csous

the synergy with which vitrification and mesomorphism can be
accomplished without residual crystallinity or tendency to-F'gure 66.56

ward crystallization. Stereochemical features presented by fdremical structures of Compounds (Itf) through (V1).
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Table66.VIII: Thermotropic and selective reflection properties of Compounds (111) through (V1).

Phase 2
System Transition(® ACy, (W/g) AH¢ (Jg) R
°C) (nm)
an; G28N 1241 0.18 3.33 NA
(v) G331 0.19 NA NA
vy, x=0.62 G36Ch85I 0.19 1.73 1355
(V),x=0.33 G69Ch1371 0.12 0.46 425
(VI1),x=050 G-5Ch421 0.16 2.86 1716
@ G: glass, N: nematic; Ch: cholesteric; |: isotropic.

©
N

| Morphological Stability of Low-Molar-Mass Glass-
Forming Systems
Since a typical quenched glass lies in a nonequilibrium
state, itis suspected that thermally activated phase transforma-
tion (e.g., crystallization) may occur given sufficient energy
and time. Crystallization from a glassy film is detrimental to
device performance in view of light scattering from grain
boundaries and deteriorating contact at an interface. In es-
sence, the morphological stability of an LC glass determines a
device’s useful lifetime. Similarly, the morphological stability
of an LC mesophase aboVgis critical to the optimization of
a device-manufacturing process in which thermal annealing is
a0t Wavelength (nm) normally performed to maximize the degree of ordering. In this
process, the desired mesophase may yield to an energetically
Figure 66.57 favored (meso)phase, as we have reported recehtijhe
UV-visible spectra (i.e., selective wavelength reflection scans) of Comregson is that the formation of an energetically favored
pounds (V), (V1), and (IV)/(1lt) withx = 0.62. (meso)phase may escape detection by standard techniques
with finite scanning rates, such as differential scanning calo-
infrared region. Furthermore, the handedness of the cholesmetry and hot-stage polarized optical microscopy. Thus, for
teric mesomorphism, in relation to the absolute configuratioan LC glass to be useful in practice, it is imperative that
of the chiral precursor and the value of HTP, can be accountetbrphological stability at temperatures both below and above
for by a molecular interaction model of a steric origin. TheTy be addressed. In fact, crystallization from mesomorphic
molecular environment surrounding the chiral center is deand isotropic melts of thermotropic LC polym&®127and
picted in Fig. 66.59, in which a benzene or naphthalene rifgom isotropic melts of nonmesogenic, low-molar-mass
serves as an anchoring plane. The predictions of a left-handexhteriald28 has been observed and its kinetics intensively
cholesteric mesomorphism resulting from an absolute comavestigated in recent years. While the main theme of this
figurationS and of a higher HTP value with naphthalene ringeview is chiral nematic systems, we embarked on an investi-
as an anchor compared to benzene ring, are both borne outdation of morphological stability of glass-forming nematics
the experimental observations presented in Table 864X. with the anticipation that chiral nematic systems would be
As demonstrated in Fig. 66.60, chiral nematic mixtures (IX)more stable than nematics because of the enhanced structural
(VII) and (XHD/(VII), both with x = 0.16, possess a broad dissimilarity between pendant groups. Our investigation to
selective reflection band with pronounced side-band oscillatate has concluded that when annealed at any tempera-
tions, a manifestation of the ease of processing into highlyre betweenTy and Ty, (crystalline melting point) for a
uniform films of which their polymeric counterparts are nor-period of up to a few months, most chiral nematics listed in
mally incapable. Tables 66.VIIl and 66.1X showed no evidence of crystal-

I(IV)/(III)
x = 0.62

Optical density
o o

() w

[ [

©
=y
[

|
0.0 500 1000 1500 2000
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Room COOR

COOR

R = —(CH),0 @ —c= cN (Vi)
R = —(CH),0 c e @ e (Vi)

COOR, COOR,

R,00C or R;00C

COOR,

= —(CH),0 @ —c= cCN
R, = —(CH2)204©— = c@-coé}w@ (%)
CH,

R, = —(CHy),0 @ —c= cCN
R, = —(CH2)204©— = c@-coéiw )
CH, O

= —(CHy,0 C o) o
R, =—(CH,),0 C - O—comin () x)
CHs

—(cHp0 <) —c= C~ o
R, =—(CH,),0 @ —C= C (X1

HO—@—CE c—©—006|0H-© (Xl
CHs

G3945

COOR,

Figure 66.58
Chemical structures of Compounds (VII) through (XIII).

(@)

—c—=aH

Anchoring plane

| Rigid core

(b) @

‘>LH

Figure 66.59

Chiral/nematic molecular interaction model: (a) chiral pendant group with an
absolute configuratioS; (b) helical twisting of the top nematic sublayer by
the methyl group protruding from an asymmetric carbon center.

04 (X)) ' ' '
- x=0.16 (XHn/eviy _

2 03 x=0.16
(2]
c
()
©
< 0.2
L
o
© 01

0.0 1 1 ] 1 |

400 500 600 700 800 900 1000
63947 Wavelength (nm)
Figure 66.60

UV-visible spectra (i.e., selective wavelength reflection scans) of (IX)/(VII)
on a single glass substrate and (XIl)/(VIl) sandwiched between a pair of
substrates, both witk=0.16.
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Table 66.1X: Thermotropic and optical properties of chiral nematic mixtures (VI1) and (V111) doped with (1X) through (X111).

Absolute
X ; —4
@ AR Phase (b) AC, AH¢ | configuration Hg?gleggﬁicof 107 HTP
System X (nm) Transition(°C) | (W/g) | (Jg) of Chiral Mesophase (nm™1)
Precursor

(V) 0.00 NA G60N 1971 0.13 2.72

(VI 0.00 NA G65N 1911 0.12 2.46
0.33 (©) G61Ch77I 0.16 0.34
0.16 508 G62Ch1361 0.15 1.00

XV 012 713 | G62ch1551 | 015 | 151 S LH 2033
0.08 1024 G62Ch1691 0.15 1.36
0.33 (d) G701 0.12 NA
0.08 545 G60Ch1641 0.10 2.29

XYV oo | 720 | Geochi7il | 011 | 197 R RH 387+2
0.04 1070 G61Ch1821 0.11 219
0.33 (c) G81Ch1061 0.12 0.47
0.20 580 G70Ch1321 0.11 1.30

(XDIVIN) | 914 | 880 | Ge8Chid7l | 011 | 120 R RH 1373
0.09 1525 G66Ch1631 0.14 0.69
0.33 930 G79Ch1821 0.13 1.84

(XID/VID 0.25 1225 G72Ch1791 0.12 1.68 (e LH 532
0.20 1770 G70Ch1891 0.16 1.02
1.00 (d) G281 0.20 NA
0.16 633 G50Ch1281 0.12 1.03

XV 1 o.12 800 | GsL1Chldol | 013 | 162 S LH 17143
0.08 1160 G52Ch 1631 0.13 121

(8 xisdefined as the number of chiral side arms divided by the total number of nematic and chiral side

armsin the blend.
(b) G: glass; N: nematic; Ch: cholesteric; I: isotropic.
(©)  showing cholesteric oily streaks under polarizing optical microscope, but no selective reflection peaks
available for determination of AR because of close proximity of Tc to Tg.
(@  Nonmesogenic.
(8  Unspecified.

lization. On the contrary, the crystallization rate is experimenaxial configuration by two orders of magnitude with cyanotolan
tally accessible in nematics that were selected foas the pendant mesogenic core; (b) morphological stability is
an investigation of morphological stability to identify relevantlargely unaffected by the spacer length connecting the
structural parameters. mesogenic group to the central core, although BgtndT,,
are depressed, wheréggs significantly elevated by a longer

We have offered a definitive basis for assessing morphespacer; (c) as cyanotolan is replaced by 1-phenyl-2-(6-
logical stability29 of glass-forming liquid crystals as a novel cyanonaphth-2-yl)ethyne as a stronger nematogen in terms of
class of advanced organic materials. Model compounds dé&ansition temperatures and mesophase temperature range, the
picted in Fig. 66.61 were synthesized and their stereochemicalorphological stability was found to diminish by almost an
characteristics determined by proton-NMR spectroscopy. Therder of magnitude; and (d) mixextjuatorial-axial modes
morphological stability was evaluated using the measuremeiricrease morphological stability over beatiequatorialand
of crystallization velocity CV, defined as the linear spheruliticall-axial modes to such an extent that the morphological
growth rate, as a function of temperature betwggandT,, stability turns out to be comparable to isotactic polystyrene, a
as plotted in Fig. 66.62. It was found that (aplrequatorial  typical “slowly crystallizing” polymer, with a maximum CV of
configuration enhances morphological stability overalin  the order of 10 nm/s.
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COOR COOR
ROOC

R = —(CHy);0 ~©>—C; C@CN

(XIV)
Tm=163C, Ty=58'C, T.=73C
COOR
ROO
COOR
R=—(CH O~©—CE C@CN
(CH), XV)
Tm=127C, Ty=47C, T.=82C
COOR COOR
COOR
R = —(CHp),0 ~©—CE C@—CN
(XVI)
Tm=143C, Ty=47°C, T.= 79°C
Rooc/mcom
COOR
e
(XVII)
T =147C, Ty=53C, T,=71°C
R = —(CHy),0 @-og C@—CN
(XVIII)
T =121°C, Ty= 29°C, T, =122C
oo Qo
—CN vII)
Tm=177C, Ty=62C, T,=201°C
G3948
Figure 66.61

Chemical structures of (XIV) through (XVIII) plus (VII) selected for an

investigation of morphological stability against crystallization.
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Figure 66.62

Crystallization velocity, CV, as a function of temperature of the model
compounds shown in Fig. 66.61 to display the effects of stereochemistry,
mesogenic core, and spacer length. The curves represent the best fit to the
secondary nucleation theory.

Summary and Future Outlook

The unique property of chiral nematic liquid crystals to
produce selective wavelength reflection accompanied by cir-
cular polarization has potential applications in numerous optical
devices, such as notch filters, beamsplitters, circular polarizers,
etc., as well as optical information processing, storage, and
display. The main theme of this review is on materials capable
of vitrification into cholesteric glasses as a way to preserve
mesogenic order, thereby facilitating practical applications.
With a glass transition temperature above the ambient, free-
standing films may become a reality. Recent advances in chiral
nematic side-chain polymeric and low-molar-mass systems
are surveyed. Theories of optical birefringence and selective
reflection bandwidth are outlined to furnish a basis for opti-
mizing bandwidth with respect to the number of delocalized
Trelectrons. A wide variety of polymeric systems have been
reported over the past three decades, and we have presented
new systems incorporating high optical birefringence
nematogenic and chiral pendant groups to increase the selec-
tive reflection bandwidth.

Because of the demonstrated capability for vitrification and
relative ease of processing into uniform thin films, we have
focused on the design and synthesis of low-molar-mass sys-
tems with morphological stability comparable to typical “slowly
crystallizing” polymers. The underlying molecular design
concept is also potentially instrumental to the development of
a diversity of functional organic materials. From a practical
perspective, novel systems with selective reflection occurring
in the visible and infrared spectral region with a broad and
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narrow bandwidth and an elevated glass transition temperatures.

are of interest. Moreover, processing techniques capable of

producing defect-free thin films, including freestanding ones, 7.

are crucial to bringing this class of optical materials to fruition.

8.

From a fundamental perspective, a molecular interaction

model of a steric origin is capable of relating helical sense of 9.

cholesteric mesomorphism to absolute configuration of the10
chiral precursor within a series of structurally similar systems.

Nonetheless, the interpretation of helical sense and twisting1.

power in terms of chemical structure remains as challenging as
ever, despite all the theoretical and computational efforts

devoted to chiral nematic systems over the last four decades. It
is hoped that an appropriate theory governing the interactior3.

between light and condensed matter, coupled with intensive
computation accounting for realistic atomic and molecular

interactions, will lead to a better understanding of the struc-1s.
ture-property relationships and, hence, improved materials for16

practical applications.
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