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The formerly implemented molecular design concept behind glass-forming liquid crystals
(gLCs) was generalized by increasing the volume of the non-mesogenic central core, with an
attendant increase in the number of nematic pendants, using 5-hydroxyisophthalic acid as the
bridging unit. New nematic gLCs were synthesized and characterized, showing an elevation
in Tg by 30 to 40 ß C with no de� nite trend in Tc over the benzene, cis,cis-cyclohexane, and
exo,endo-bicyclo[2.2.2]oct-7-ene base cores. The exo,exo-con� gured gLC showed a higher Tg
and a higher Tc than the exo,endo-counterpart. Morphological characterization with X-ray
diŒractometry revealed the non-crystalline nature of pristine samples and the morphological
stability of thermally processed gLC � lms against recrystallization for six months. Nematic
gLC � lms were prepared for characterization by FTIR linear dichroism, resulting in an
orientational order parameter in the range 0.52 to 0.63. A chiral-nematic gLC derived
from exo,exo-bicyclo[2.2.2.]oct-7-ene also showed an elevation in Tg by 10 to 20 ß C over
the cyclohexane-based systems reported previously. With (S)-(Õ )-1-phenylethylamine as the
chiral moiety, the left-handed, chiral-nematic gLC � lm yielded a selective re� ection band
centred around 375 nm. Tunability of selective re� ection from the UV to visible region was
demonstrated by mixing the chiral-nematic and nematic gLCs at varying ratios.

1. Introduction vitri� ed liquid crystals with an elevated glass transition
Liquid crystallinity is a consequence of spontaneous temperature, Tg , oŒer long term mesomorphic stability as

molecular self-assembly into a uniaxial, lamellar, helical, well as environmental durability. Whereas glass formation
or columnar arrangement on a macroscopic scale. appears to be a privilege of liquid crystalline polymers,
Because of their unique optical properties, liquid crystals their generally high melt viscosity presents a major
are potentially useful as optical, photonic and opto- challenge to processing into large area thin � lms. To
electronic devices [1]. In some of these applications, combine ease of material processing with glass-forming
such as liquid crystal displays, the material functions in ability in discrete molecular systems, extensive eŒorts have
the � uid state where an applied � eld induces molecular been made over the last two decades [2–5] to develop
reorientation with a response time on the order of milli- glass-forming liquid crystals (gLCs) with well de� ned
seconds. With judiciously designed structural moieties, structures having low to medium molecular weights.
liquid crystals may also function in the solid state via Applications that have been explored with various gLCs
a photonic or electronic stimulus with a much shorter include: optical data storage [6, 7], optical non-linearity
response time. In addition, liquid crystals can be [8, 9], photochromism [10], tunable � lters for optical
employed as passive devices in which no switching is communication [11], and viewing angle compensation
involved. With the exception of applications in which for displays [12].
molecular reorientation with an applied � eld is the basis, To furnish morphologically stable gLCs, we have

successfully implemented a general molecular design
approach in which mesogenic and chiral groups are*Author for correspondence; e-mail: shch@lle.rochester.edu
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1240 F. Y. Fan et al.

chemically bonded to a central core, such as adamantane, (55 ml). Upon adding imidazole (20.4 g, 300 mmol ),
bicyclo-octene, cyclohexane, and cubane [13–15]. The the solution was stirred overnight before shaking with
principle is to have the two structural elements impose diethyl ether (200 ml) and water (600 ml ). The organic
volume exclusion on each other as a way to prevent layer was reduced in volume by evaporation to a clear oil,
spontaneous crystallization. The pendant group and the which was mixed with tetrahydrofuran (THF) (45 ml ),
central core, as separate entities, are crystalline with a water (30 ml), and glacial acetic acid (30 ml), and acidi� ed
high melting point, but the hybrid system readily forms with 37% aqueous HCl. The reaction mixture was stirred
a glass on cooling. Various gLCs have been synthesized for 2 h. After evaporating the THF, the solution was
which exhibit nematic, smectic, and cholesteric meso- shaken with CH

2
Cl

2
(200 ml ) and water (200 ml ). The

phases with a Tg generally between 60 and 80 ß C and a organic layer was washed twice with water (200 ml each),
clearing temperature, Tc , beyond 250 ß C [16]. In com- and the insoluble product was collected by � ltration.
parison with polymer analogues, this novel material Additional product was collected by washing with water
class is characterized by a low melt viscosity [17], a the solid residue from evaporation of the solvent. A total
short and uniform mechanical relaxation time [17], and of 10.1 g (68%) of compound a was obtained; its structure
an expedited annihilation of disclinations [18], resulting was validated by proton NMR spectroscopy.
in nearly defect-free � lms. Furthermore, gLCs were found
to emulate high polymers in terms of morphological

2.2.3. 2-(3 ¾ -Hydroxy-1 ¾ -propyloxy)-6-(4-cyanopheny l)-stability against thermally-activa ted recrystallization [19].
naphthalene (b)All these desirable properties combine to render gLCs

favourable over liquid crystalline polymers for practical The synthesis and puri� cation of this nematic precursor
applications. Speci� cally, optical quality � lms were pre- has been reported previously [16].
pared for selective re� ection and circular polarization
[20] as well as circularly polarized photoluminescence

2.2.4. 1-t-Butyldimethylsilyloxy-3,5-benzenedicarboxylic[21]. The present work was motivated by a desire to
acid, bis{3-[6 ¾ -(4-cyanopheny l)-2 ¾ -naphthyloxy]-elevate Tg to and beyond 100 ß C by increasing the volume
1-propyl ester} (c)of the non-mesogenic central core and the number of

Intermediate a (1.80 g, 6.07 mmol), intermediate bmesogenic pendants per gLC molecule.
(3.63 g, 12.0 mmol ), and triphenylphosphine (3.29 g,
12.6 mmol ) were dissolved in anhydrous THF (80 ml ).2. Experimental
After addition of diethylazodicarboxylate , DEADC,2.1. Reagents and chemicals
(2.1 ml, 13.3 mmol), the solution was stirred overnight.All chemicals, reagents, and solvents were used as
The solid residue resulting from evaporation to drynessreceived from Aldrich Chemical Company or VWR
was mixed with CH2Cl2 , and the insolubles were � lteredScienti� c with the following exceptions. Tetrahydrofuran
oŒ. The crude product in the � ltrate was puri� ed by(99%) was dried by heating at re� ux over sodium in the
column chromatography on silica gel with CH2Cl2 aspresence of benzophenone until blue, then distilled for
the eluent to obtain compound c in 3.49 g (67%) yield;use. Silica gel 60 (EM Science, 230–400 mesh) was used

for liquid chromatography . its structure was validated by proton NMR spectroscopy .

2.2. Material synthesis
2.2.5. 1-Hydroxy-3,5-benzenedicarboxyli c acid,Synthesis and puri� cation of intermediates and � nal

bis{3-[6 ¾ -(4-cyanopheny l)-2 ¾ -naphthyloxy]-products were carried out following schemes 1, 2 and 3.
1-propyl ester} (d)Experimental procedures are described below.

Intermediate c (3.48 g, 4.0mmol) was dissolved in THF

(30 ml) and acetone (5 ml) at room temperature. The2.2.1. Cis, cis-cyclohexane-1,3,5-tricarboxyli c acid,
solution was then chilled in an ice water bath. Tetra-tris{3-[6- ¾ (4-cyanopheny l)-2 ¾ -naphthyloxy]-
butylammonium � uoride solution (1M, 5 ml, 5.0 mmol )1-propyl ester} (I)
[22] was added over 15 min with subsequent stirringThe synthesis and puri� cation of this nematic gLC
for 30 min. The reaction was quenched with ammoniumhas been reported previously [16].
chloride (0.78 g, 14.5 mmol) in water (10 ml). After stirring

for 10 min, the solution was shaken with CH2Cl22.2.2. 1-t-Butyldimethylsilyloxy-3,5-benzenedicarboxylic
(200 ml) and water (200 ml ). The volume of the organicacid (a)
layer was reduced to 40 ml by evaporation. The solid5-Hydroxyisophthali c acid (9.11 g, 50.0 mmol ) and
product in 2.08 g (66%) yield was collected by � ltrationt-butyldimethylsilyl chloride (25.2 g, 167 mmol) were dis-

solved in anhydrous N,N-dimethylformamide (DMF) and its structure validated by proton NMR spectroscopy .
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1241Novel glass-forming L Cs

Scheme 1.

Scheme 2.

2.2.6. Cis, cis-cyclohexane-1,3,5-tricarboxyli c acid, anhydrous THF (20 ml ) and anhydrous DMF (10 ml ).
DEADC (0.45 ml, 2.85 mmol) was added to the solutiontris{3,5-bis{3-[6 ¾ -(4-cyanophe nyl)-2¾ -naphthylox y]-

1-propyloxycarbonyl}pheny l ester} (II) over 5 min, and the reaction mixture was stirred for 2 days.
After reducing the volume by evaporation, the reactionIntermediate d (2.05 g, 2.63 mmol ), cis,cis-1,3,5-cyclo-

hexanetricarboxyli c acid (0.19 g, 8.7 mmol ), and tri- mixture was shaken with CH2Cl2 (100 ml) and water
(100 ml). The organic layer was dried over anhydrousphenylphosphine (0.74 g, 2.83 mmol) were dissolved in
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1242 F. Y. Fan et al.

Scheme 3.

MgSO4 , and the volume reduced by evaporation. Upon 2.2.9. Bicyclo[2.2.2]oct-7-ene-(2, 5)-exo-(3,6)-endo-
tetracarboxyli c acid, 3,6-dimethylester (f)column chromatography on silica gel using a gradient

Exo,exo-bicyclo[2.2.2]-7-ene-tetracarboxyli c dianhy-elution from CH2Cl2 to CH2Cl2 : (CH3 )2CO (30 : 1), with
dride (10.0 g, 40 mmol ) and sodium methoxide (7.00 g,subsequent precipitation into ethanol, compound II was
130 mmol ) were added to anhydrous methanol (150 ml ).obtained in 0.40 g (18%) yield; its structure was validated
After heating under re� ux overnight, the solvent wasby elemental analysis and proton NMR spectroscopy.
removed by evaporation before adding water (30 ml ).
The solution was kept below 4 ß C while acidifying with

2.2.7. 4-[(S)-(Õ )-1-Phenylethy l]-4-[(2-hydroxyetho xy)- aqueous HCl (2M). The solid product was collected by
benzoyloxy]benzamide (e) � ltration, yielding 3.5 g (28%), and its structure validated

The synthesis and puri� cation of this chiral precursor by proton NMR spectroscopy.
has been reported previously [20].

2.2.10. Bicyclo[2.2.2]oct-7-ene-(2, 5)-exo-(3,6)-endo-
tetracarboxyli c acid (g)

2.2.8. Exo, exo-bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetra - Intermediate f (2.60 g, 8.3 mmol) was dissolved in
carboxylic acid, tetrakis{3-[6 ¾ -(4-cyanopheny l)- NaOH solution (10%, 20 ml). After heating under re� ux
2 ¾ -naphthyloxy]-1-propy l ester} (III), and for 2 h, the reaction mixture was acidi� ed with aqueous
exo, exo-bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetra - HCl (2M). The solid product was collected by � ltration,
carboxlic acid, tris{3-[6 ¾ -(4-cyanopheny l)- yielding 1.0 g (42%), and its structure validated by
2 ¾ -naphthyloxy]-1-propy l ester}, mono elemental analysis and proton NMR spectroscopy.
(S)-(Õ )-2-{4-[4-(1-phenyl-ethylcarbamoy l)-

phenoxycarbony l]phenoxy ethyl ester} (IV) 2.2.11. Bicyclo[2.2.2]oct-7-ene-2,5-exo-3,6-endo-tetra-
Intermediate b (1.00 g, 3.30 mmol), intermediate e carboxylic acid, tetrakis{3-[6 ¾ -(4-cyanopheny l)-

(0.45 g, 1.12 mmol), all exo-bicyclo-[2.2.2]oct-7-ene- 2 ¾ -naphthyloxy]-1-propy l ester} (V)
2,3,5,6-tetracarboxyli c acid (0.31 g, 1.10 mmol ), and tri- Intermediate g (0.15 g, 0.54 mmol), intermediate b
phenylphosphine (1.21 g, 4.61 mmol ) were added to (0.70 g, 2.31 mmol), dicyclohexylcarbodiimide , DCCD
anhydrous THF (20 ml) and anhydrous DMF (5 ml ). (0.54 g, 2.6 mmol) and p-toluenesulphonic acid (10 mg)
Complete dissolution occurred upon addition of DEADC were dissolved in pyridine (6 ml). The reaction mixture
(0.76 ml, 4.8 mmol ). The reaction mixture was stirred was stirred at room temperature overnight before
overnight, and its volume reduced by evaporation before adding acetic acid (1 ml ) to consume excess DCCD.
precipitation with ethanol. The crude product was puri- After � ltering oŒsolid residues, 50 ml water was added
� ed by column chromatography on silica gel with a for acidi� cation with aqueous HCl (2M). The resulting
gradient elution from CH2Cl2 to CH2Cl2 : (CH3 )2CO solid was dissolved in CH2Cl2 (100 ml ) for extracting
(20 : 1) followed by precipitation with ethanol to yield with NaHCO3 solution (10%, 100 ml Ö 2) and water
compound III in 0.29 g (18%) yield and IV in 0.40 g (100 ml Ö 2). The organic layer was dried over anhydrous
(24%) yield; their structures were validated by elemental MgSO4 . The crude product was puri� ed by column

chromatography on silica gel via a gradient elutionanalysis and proton NMR spectroscopy.
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1243Novel glass-forming L Cs

from CH2Cl2 : (CH3 )2CO (200 : 1) to (50 : 1), yielding graphy on silica using a gradient elution from CH2Cl2
to CH2Cl2 : (CH3 )2CO (25 : 1). Compound VIII wascompound V in 0.50 g (65%) yield; its structure was

validated by elemental analysis and proton NMR obtained in 0.30 g (59%) yield; its structure was validated
by elemental analysis and proton NMR spectroscopy.spectroscopy.

2.2.12. Bicyclo[2.2.2]oct-7-ene-2,5-exo-3,6-endo-tetra- 2.3. Characterization techniques
2.3.1. Molecular structures, thermotropic properties andcarboxylic acid, tetrakis{3,5-bis{3-[ 6 ¾ -(4-cyano-

phenyl)-2 ¾ -naphthyloxy]-1-propyloxycarbony l}- morphology
Chemical structures were determined with elementalphenyl ester} (VI)

Dry THF (25 ml ) was added to intermediates d (1.00 g, analysis (performed by Oneida Research Services,
Whitesboro, NY), and FTIR (Nicolet 20 SXC) and1.33 mmol) and g (0.092 g, 0.32 mmol), p-toluenesulphonic

acid/4-dimethylaminiopyridine salt (0.10 g, 0.34 mmol) proton NMR (Avance-400, Bruker, and QE-300, GE)
spectroscopic techniques. Thermal transition temper-[23], and DCCD (0.31 g, 1.48 mmol ). After stirring

overnight, the insolubles were � ltered oŒ, and the � ltrate atures were determined by DSC (Perkin-Elmer DSC-7)
with a continuous N

2
purge at 20 ml min Õ 1. Samples werewas evaporated to dryness. The solid residue was shaken

with CH2Cl2 (100 ml ) and dilute acetic acid solution preheated to 250 ß C followed by cooling at Õ 20 ß C min Õ 1
to Õ 30 ß C before taking the reported heating scans at(100 ml). The organic layer was washed sequentially with

water, saturated NaHCO3 solution, water, and saturated 20 ß C min Õ 1. The reported values of Tg and Tc were
reproducible to within Ô 1 ß C. Liquid crystal meso-NaCl solution (100ml each) and then dried over anhydrous

MgSO
4
. The solution was then reduced to 25 ml in morphism was characterized with a polarizing optical

microscope (Leitz Orthoplan-Pol) equipped with a hotvolume. After removing the insolubles, the crude product
was puri� ed by column chromatography on silica gel stage (FP82, Mettler) and a central processor (FP80,

Mettler); the nematic and cholesteric mesomorphismusing CH2Cl2 : (CH3 )2CO (30 : 1) as the eluent. Further
puri� cation was accomplished by precipitation into were identi� ed by their threaded textures and oily

streaks, respectively. The morphology of as-preparedethanol to yield compound VI in 0.84 g (78%) yield; its
structure was validated by elemental analysis and proton and thermally processed samples was analysed with

X-ray diŒractometry (XRD). XRD data were collected inNMR spectroscopy.
re� ection mode geometry using a Rigaku RU-300 Bragg–
Brentano diŒractometer equipped with a copper rotating2.2.13. 1,3,5-Benzenetricarboxyli c acid,

tris{3-[6 ¾ -(4-cyanopheny l)-2 ¾ -naphthyloxy]- anode, diŒracted beam graphite monochromator tuned
to CuK

a
radiation, and scintillation detector. Samples1-propyl ester} (VII)

Benzene-1,3,5-tricarbony l trichloride (0.28 g, 1.08 mmol), were analysed in powder form (as received), and as � lms
(powders heated above Tc then cooled to 25 ß C at a rateintermediate b (1.00 g, 3.3 mmol ) and 4-dimethylamino-

pyridine (0.80 g, 6.6 mmol) were dissolved in 15 ml of Õ 20 ß C min Õ 1). All XRD data collection was carried
out at 25 ß C.anhydrous THF. The solvent was removed by evaporation

after 3 h re� ux. The residue was dissolved in CH2Cl2 for
washing sequentially with HCl solution (1M), NaHCO

3
2.3.2. Measurements of order parameter and selective

re� ection on gL C � lmssolution (10%), and water. The organic layer was dried
over anhydrous MgSO4 . Further puri� cation was carried Optical elements for order parameter measurements

were fabricated using optically � at, calcium � uorideout by column chromatography on silica gel with
CH2Cl2 as the eluent to yield compound VII in 0.80 g substrates (1.00 in diameter Ö 0.04 in thick, Optovac)

transparent in the infrared region. Optical elements for(73%) yield; its structure was validated by elemental
analysis and proton NMR spectroscopy. selective re� ection measurements were made using opti-

cally � at, fused silica substrates (1.00 in diameter Ö 1/8 in
thick, Esco Products) transparent to 200 nm. In both2.2.14. 1,3,5-Benzenetricarboxyli c acid,

tris{3,5-bis{3-[6 ¾ -(4-cyanopheny l)-2 ¾ - cases, the substrates were cleaned, spin-coated with
Nylon 66, and then buŒed with a velvet roller. Vitri� ednaphthyloxy]-1-propyloxycarbonyl}pheny l ester}

(VIII) � lms were prepared by melting as-prepared powders
between two surface-treated substrates at temperaturesIntermediate d (0.50 g, 0.66 mmol), 1,3,5-benzenetri -

carbonyl chloride (0.055 g, 0.21 mmol) and 4-dimethyl- slightly above Tc and thermally annealed at temper-
atures slightly below Tc for 1 h before cooling at Õ 30 ß C h Õ 1aminopyridine (0.16 g, 1.3 mmol ) were dissolved in

anhydrous THF (25 ml). After heating at re� ux for 3 h, to room temperature. Thickness was controlled using
glass � bre spacers (EM Industries) for the 14 mm � lms,the reaction mixture was poured into water (70 ml). The

solid was collected by � ltration for column chromato- and glass spheres (Bangs Laboratories) for the 2 mm � lms.
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1244 F. Y. Fan et al.

Table 1. Elemental analysis of Compounds I–VIII.Order parameter was measured by linear dichroism using
a FTIR spectrometer (Nicolet 20 SXC). Two measure-

Compound C/% H/% N/%
ments were performed with the transmission axis parallel
and perpendicular to the nematic director (i.e. the bu� ng I calcd 77.29 5.36 3.92

obsd 76.90 5.42 3.81direction) of the sample. A UV-Vis-NIR spectrophoto-
II calcd 75.92 4.75 3.47meter (Perkin-Elmer Lambda 9) was employed to measure

obsd 75.87 4.88 3.50light absorption (at normal incidence) and selective
III calcd 77.51 5.09 3.93

re� ection (at 15 ß incidence from the surface normal) at obsd 77.37 4.83 4.17
room temperature. An aluminum mirror served as a IV calcd 75.48 5.15 3.67

obsd 74.88 5.27 3.60specular re� ection standard. The results were reported
V calcd 77.51 5.09 3.93as % re� ectivity of incident unpolarized light. In both

obsd 77.21 5.29 3.84the light absorption and light re� ection measurements,
VI calcd 76.01 4.63 3.48

Fresnel re� ections from the two air–glass interfaces were obsd 75.62 4.81 3.61
accounted for using a reference cell comprising an index- VII calcd 77.73 4.82 3.94

obsd 77.29 4.86 3.85matching � uid sandwiched between two surface-treated
VIII calcd 76.11 4.51 3.48substrates.

obsd 76.03 4.62 3.53

3. Results and discussion
The molecular structures of the high Tg gLCs depicted

in � gure 1 were elucidated with elemental analysis on the basis of NMR signals in the region between
d 1.50 and 3.00 [19]. The exo,exo-con� guration on the(see table 1) and proton NMR spectral data in CDCl

3
(see table 2). The equatorial con� guration on the cis,cis- bicyclo[2.2.2]oct-7-ene ring in III and IV was validated

with signals near d 3.10 and 3.40 attributed to the tertiarycyclohexane ring in compounds I and II was determined

Figure 1. Molecular structures of glass-forming liquid crystals synthesized for the present study.
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1245Novel glass-forming L Cs

Table 2. Proton NMR (400 MHz) spectral data in CDCl3 .

Compound d/ppm Analysis

I 8.02–7.11 [m, 30 H, aromatic]

4.35 [t, 6 H, COOCH2CH2 , equatorial]

4.16 [t, 6 H, CH2CH2O]

2.67–2.23 [m, 6 H, cis-cyclohexane ring]

2.19 [m, 6 H, CH2CH2CH2
]

1.70–1.50 [m, 3 H, cis-cyclohexane ring]

II 8.63–7.11 [m, 69 H, aromatic]

4.62 [t, 12 H, COOCH2CH2
]

4.23 [t, 12 H, CH2CH2O]

2.92–2.63 [m, 6 H, cis-cyclohexane ring]

2.34 [m, 6 H, CH2CH2CH2
]

1.80–1.98 [m, 3 H, cis-cyclohexane ring]

III 7.98–7.04 [m, 40 H, aromatic}
6.40 [m, 2 H, ole� nic]

4.33–4.12 [m, 8 H, COOCH2CH2 , exo]

4.04 [t, 8 H, CH2CH2O]

3.39 [m, 2 H, CH, bridgehead]

3.11 [s, 4 H, CH, tertiary]

2.09 [m, 8 H, CH2CH2CH2
]

IV 8.12–6.84 [m, 43 H, aromatic]

6.48–6.33 [m, 3 H, ole� nic and CONH]

5.38 [m, 1 H, NHCH(CH3 )]

4.44–3.99 [m, 16 H, COOCH2CH2CH2O and COOCH2CH2O]

3.41 [d, 2 H, CH, bridgehead]

3.13 [d, 4 H, CH, tertiary]

2.12 [m, 6 H, CH2CH2CH2
]

1.63 [d, 3 H, CH(CH3 )]

V 7.98–7.04 [m, 40 H, aromatic]

6.31 [m, 2 H, ole� nic]

4.35 [m, 4 H, COOCH2CH2 , endo]

4.23 [m, 4 H, COOCH2CH2 , exo]

4.07 [t, 4 H, CH2CH2O, endo]

4.00 [t, 4 H, CH2CH2O exo]

3.57 [m, 2 H, CH, bridgehead]

3.28 [m, 2 H, CH, tertiary, endo]

3.02 [m, 2 H, CH, tertiary, exo]

2.15 [m, 4 H, CH2CH2CH2 , endo]

2.05 [m, 4 H, CH2CH2CH2 , exo]

VI 8.66–7.04 [m, 92 H, aromatic]

6.51 [m, 2 H, ole� nic]

4.62–4.40 [m, 16 H, COOCH2CH2 , endo and exo]

4.35–4.16 [m, 16 H, CH2CH2O endo and exo]

4.10 [m 2 H, CH, bridgehead]

3.86 [m, 2 H, CH, tertiary, endo]

3.55 [m, 2 H, CH, tertiary, exo]

2.40–2.10 [m, 16 H, CH2CH2CH2 , endo and exo]

VII 8.90–7.11 [m, 33 H, aromatic]

4.70 [t, 6 H, COOCH2CH2
]

4.26 [t, 6 H, CH2CH2O]

2.30 [m, 6 H, CH2CH2CH2
]

VIII 9.52–7.11 [m, 72 H, aromatic]

4.66 [t, 12 H, COOCH2CH2
]

4.28 [t, 12 H, CH2CH2O]

2.39 [m, 12 H, CH2CH2CH2
]

(endo-) and bridgehead protons, respectively [24]. Note the hindered rotation by the N1 pendants constrained
on an exo,exo-bicyclo-octene ring. The singlet at d 3.11the two triplets at d 4.35 and 4.16, attributable to the

trimethylene spacer in I, emerge as a multiplet at d 4.21 attributable to the tertiary protons in III with an
exo,exo-con� guration is split into two multiplets atand a triplet at d 4.04 in III, presumably because of
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d 3.02 (exo-protons) and d 3.28 (endo-protons) with equal
intensities in the exo,endo-con� guration of V [25]. The
signal attributable to the bridgehead proton was found
to undergo a down� eld shift to d 3.57 in V from d 3.39
in III. It appears that the nematic pendants on the
exo,endo-bicyclo-octene ring in V are subject to hindered
rotation, as in the exo,exo-con� guration of III. In addi-
tion, the endo- and exo-oriented, trimethylene spacer
yielded distinct signals. Therefore, the two multiplets
at d 2.09 and 4.21 plus the triplet at d 4.04 in III split
into two sets of multiplets (2.05, 2.15) and (4.23, 4.35)
plus one set of triplets (4.00, 4.07) in V. In each set the
higher � eld signal is attributed to the exo-con� guration,
and the lower to the endo-con� guration in the exo,endo-
bicyclo-octene ring [26]. The signals associated with
the trimethylene spacer in VI are similar to those found Figure 2. FTIR linear dichroism of C º N bond stretching at

2225 cm Õ 1, measured for a nematic gLC � lm preparedin V except for the partial overlap of signals from the
with compound VIII: A

d
and A) are absorbances parallelendo- and exo-con� guration. In the case of the benzene

and perpendicular to the nematic director, respectively;core, free rotation of both the N1 and N2 pendants
dichroic ratio R 5 A

d
/A) , and the orientational order

seems to prevail based on the NMR signals attributable parameter S 5 (R Õ 1 )/(R 1 2).
to the trimethylene spacer in VII and VIII, the two
triplets near d 4.70 and 4.26 as shown in table 2.

Table 3. Thermotropic properties and order parameters ofFor a consistent evaluation of thermal transition
compounds I–VIII.temperatures by DSC, all as-prepared samples were

heated beyond the clearing temperature, Tc , and then
Transition Order

cooled at Õ 20 ß C min Õ 1 to Õ 30 ß C before taking a Compound temperatures/ ß Ca parameter, Sb
heating scan at 20 ß C min Õ 1. The resultant thermograms

I g 68(0.29) N 195(1.80) I 0.63were used to determine Tg and Tc with the nematic and
II g 108(0.18) N 197(2.14) I 0.59chiral-nematic (i.e. cholesteric) mesophase identi� ed by
III g 84(0.28) N 222(2.51) I 0.52threaded textures and oily streaks, respectively, under
IV g 93(0.29) Ch 127(0.55) I —

polarizing optical microscopy. The nematic gLCs, I–VII, V g 71(0.28) N 173(1.20) I 0.52
except IV, were further characterized by linear dichroism VI g 102(0.16) N 187(1.19) I 0.59

VII g 75(0.24) N 235(1.72) I 0.56associated with the C º N bond stretching at 2225 cm Õ 1,
VIII g 106(0.24) N 183(2.09) I 0.60as shown in � gure 2, where absorbances parallel (A

d
) and

perpendicular (A) ) to the nematic director are shown.
a Symbols: g glassy; N nematic; Ch chiral nematic; I isotropic.

With the dichroic ratio, R 5 A
d
/A) , the orientational The numbers following G, N, and Ch are glass, nematic-to-

order parameter can be determined, S 5 (R Õ 1)/(R 1 2), isotropic, and chiral-nematic to isotropic transition temper-
atures, respectively. The numbers in parentheses following gassuming that the absorption transition moment is parallel
denote heat capacity change in J g Õ 1 ß C Õ 1 accompanying glassto the nematic director. The thermotropic transition
transition, and those following N and Ch denote enthalpy oftemperature, the heat capacity change accompanying
clearing in J g Õ 1.

glass transition, the enthalpy of clearing (i.e. nematic or b Orientational order parameter measured for 14 mm thick
chiral-nematic to isotropic transition) , and the order nematic gLC � lms with FTIR linear dichroism.
parameter are presented in table 3.

To unravel the eŒects of structural parameters on phase
transition temperatures, the nematic precursors were also core from the cis,cis-cyclohexane base but also an

increased number of pendants from 3 to 6 per gLCcharacterized with DSC heating scans at 20 ß C min Õ 1 of
samples preheated to 250 ß C. A Tm of 132 ß C and a Tc of molecule. All three factors contribute to an elevation in

Tg of II over I by 40 ß C. Similarly, VI and VIII show an196 ß C were found for 2-(3 ¾ -hydroxy-1 ¾ -propyloxy)-
6-(4-cyanopheny l)naphthalene. In contrast, a T

m
of 221 ß C elevation in T

g
by 31 ß C over V and VII, respectively.

However, no consistent trend in Tc seems to result fromand a Tc of 251 ß C were found for 1-hydroxy-3,5 -
benzenedicarboxylic acid bis{3-[6 ¾ -(4-cyanophenyl)-2 ¾ - extending the central core. For a given nematic pendant,

N1 or N2 , Tg seems to be relatively insensitive to thenaphthyloxy]-1-propyl ester}. Therefore, N2 appears to
be a stronger nematogen than N1 . Moreover, in com- central core structure, be it cis,cis-cyclohexane, exo,endo-

bicyclo-octene, or benzene. None the less, a con� gurationparison with N
1
, N

2
aŒords not only an extended central
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1247Novel glass-forming L Cs

modi� cation from exo,endo- to exo,exo-bicyclo-octene in � gure 3. As expected, the selective re� ection band
undergoes a bathochromic shift at a decreasing chiralresults in an elevation in Tg by 13 ß C and in Tc by 49 ß C,

III vs. V. content. Film B was further used to demonstrate that
(S)-(Õ )-1-phenylethylamine gives rise to a left-handedAs a co-product from the statistical reaction con-

ducted for compound III, compound IV was obtained chiral-nematic � lm based on the handedness of re� ected
incident light [27].as a chiral-nematic gLC with a Tg of 93 ß C and a Tc of

127 ß C, representing an elevation in Tg by 10 to 20 ß C Finally, the morphology of as-prepared samples and
that of thermally processed gLCs were characterized byover all the chiral-nematics reported previously [20, 26].

Speci� cally, there are three nematic and one chiral X-ray diŒractometry at room temperature. As illustrated
in � gure 4, the as-prepared powders of VIII are non-pendants in compound IV, as opposed to two nematic

and one chiral pendants in the cyclohexane-based chiral- crystalline. Moreover, heating as-prepared samples to
beyond Tc with subsequent thermal annealing at temper-nematic gLCs [20, 26]. It is noted that the replacement

of one of the nematic pendants in III with a non- atures slightly below Tc for up to 1 h before cooling to
room temperature produced nematic gLCs that remainmesogenic, chiral pendant produces a chiral-nematic

gLC with a somewhat elevated T
g

but a much depressed non-crystalline when left at room temperature for six
months as illustrated with compound VIII in � gure 4.Tc . Compound IV was melt-processed into a 2 mm thick

gLC � lm, labelled as A in � gure 3, yielding a selective
re� ection band around 375 nm. With an aluminum 4. Summary

A strategy to elevate the Tg of glass-forming liquidmirror serving as a specular re� ector for incident
unpolarized light, a perfect chiral-nematic � lm would yield crystals was implemented by increasing the volume of

the non-mesogenic central core with an attendanta re� ectivity of 50%. Since selective re� ection appears
in the UV region, it is important to assess the extent to increase in the number of mesogenic pendants per gLC
which light absorption distorts selective re� ection. Since
the chiral pendant absorbs light at a shorter wavelength
than the nematic pendant, UV absorption was measured
for compound III in methylene chloride at 10 Õ 5 M. The
result is presented as D in � gure 3 in terms of extinction
coe� cient, indicating that part of the selective re� ection
band of the � lm prepared with IV is indeed lost to the
absorption of incident light in the re� ection measure-
ment. The selective re� ection spectra of 2 mm thick gLC
� lms prepared with mixtures at molar ratios IV : III 5
78 : 21 and 49 : 51 are presented as B and C, respectively,

Figure 4. X-ray diŒraction patterns of compound VIII: AFigure 3. Re� ectivity measured with unpolarized light incident
on 2 mm thick chiral-nematic gLC � lms with the follow- as-prepared sample; B immediately upon thermal process-

ing (i.e. heating as-prepared sample to beyond Tc , thermaling IV : III molar ratios: A 100 : 0; B 78 : 22; C 49 : 51.
Extinction coe� cient of nematic pendant is shown as D annealing at a temperature slightly below Tc and then

cooling to room temperature); C two months afterwards;measured with III in methylene chloride at 10 Õ 5 M
concentration. D six months afterwards.
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