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Two new ferroelectric liquid crystals, 4-[(S)-1-(ethoxycarbonyl )]ethyl 4-[4 ¾ -(9-decenyloxy)-
biphenyl ]azobenzoate (10 ) and its ester analogue 4-[(S )-1-(ethoxycarbonyl )]ethyl
{[4-(9-decenyloxy)]biphenyl-4 ¾ -yl}carbonyloxybenzoate (17 ), and side chain polysiloxane
copolymers and terpolymers containing various amounts of 10 and 17 as mesogenic side
groups have been synthesized. Their mesomorphic and physical properties have been
characterized. Both 10 and 17 exhibit isotropic, SmA*, SmC*, and Sm(I or F)* phases. The
copolymer with 17 as the mesogenic group and terpolymers having low content of the azo
compound 10 show a SmC* phase over a large temperature range down to room temperature.
The copolymer with the azo compound 10 as the mesogenic group is amorphous.

1. Introduction chiral SmC ester (3 mol %). The photo-induced shift
in hysteresis curves indicates that a modulation of theFerroelectric liquid crystals and ferroelectric liquid
spontaneous polarization (P s ) is achieved by trans-ciscrystalline side chain polymers are the subject of intense
photo-isomerization of the azobenzene component. Thisinvestigation, due to the possibility of their use in
P s photo-modulation e� ect has been observed in poly-displays and optoelectronic devices [1]. Fast switching
meric ferroelectric liquid crystals by Zentel et al. [3, 4]between two stable orientations in the SmC* phase is
who demonstrated that trans-cis isomerization of anthe key for the interest in this subject. In a signi® cant
azobenzene side chain shifts the P s vs. temperature curvepaper, Ikeda et al. [2] showed that ferroelectric switch-
towards lower temperatures, which can induce an order±ing can be photochemically induced using a photo-
disorder transition in a certain temperature range thatisomerizable compound based on azobenzene. Taking
is equivalent to an on± o� switch.advantage of the di� erences in the hysteresis curves

A di� erent approach to photo-modulation of P s uses(polarization as a function of electric ® eld) of the trans
chiral photochromic dopants which maintain their rod-and cis isomers of the azobenzene compound, the authors
like shape in both trans and cis con® gurations. In thisdemonstrated that fast switching could be restricted to
case, P s photo-modulation is not accompanied by athe parts of the cell which were illuminated (higher cis
destabilization of the ferroelectric liquid crystal phasecontent), while the other parts were below the electric
[5, 6].® eld threshold required for switching (trans isomers)

A phenomenon which makes use of the azobenzeneand were left unchanged. This e� ect was achieved using
trans-cis isomerization, but is fundamentally di� erent,the chiral azobenzene compound as a dopant in a
is the photo-induced orientation of azobenzene groups
bound or doped into polymer matrices, under illumination
with polarized light. The orientational direction is*Author for correspondence.
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352 Zu-Sheng Xu et al.

perpendicular to the light polarization and is produced calorimetry (DSC) with a Mettler TA 3000 thermal
analysis system equipped with a TC10A TA processorby an isomerization and photo-selection process. For

amorphous polymer systems, this is a disorder± order and a DSC30 head. The molecular weights (relative to
polystyrene) of the resulting polymers were obtained bytransition induced by light and has been proposed as a

possible optical storage mechanism [7]. For liquid crystal gel permeation chromatography (GPC) from a Water
Associates liquid chromatography system equipped withpolymers (smectic or nematic), in a previously oriented

sample, the azobenzene orientation can be changed with a Model 440 absorbance detector and a Model R401
di� erential refractometer. Optical observations werepolarized light (reorientation) [8]. Our research group

is involved in the study of such orientation phenomena, made on a Nikon Labophot-2 polarizing microscope
(magni® cation 200Ö ) ® tted with a RTC-1 temperatureand has started to investigate a possible combination of

these two di� erent phenomena: photo-modulation of Ps controller (Instec Inc., Broom® eld, CO). Ps was measured
by the triangular wave method [14] using a Displaytechin azobenzene-containing ferroelectric liquid crystalline

polymers, and photo-induced preferential orientation Automated Polarization Testbed III (6 V mmÕ
1, 100 Hz)

in conjunction with a RTC-1 temperature controller.(possibly switching) produced by the existence of a
preferred director (perpendicular to the light polarization). Tilt angles (ht ) were measured between crossed polarizers

using a red cuto� ® lter (l> 650 nm) as half the rotationThe d̀esign’ of a suitable system involves the use of a
typical ferroelectric liquid crystal, an azobenzene-based between two extinction positions corresponding to

opposite polarization orientations. Polyimide-coatedferroelectric liquid crystal of a similar chemical structure,
a polymer backbone of low glass transition temperature ITO glass cells (4mm Ö 0.25 cm2, both surfaces rubbed

in a parallel direction) supplied by Displaytech Inc.(Tg ) (to facilitate access to the chiral SmC phase around
room temperature), and an appropriate polarity of the (Longmont, CO) were used for all measurements.

Elemental analyses were performed by Guelph Chemicalazobenzene group. The polarity is important because
the azobenzene has to be part of a common liquid crystal Laboratories Ltd (Guelph, Ontario).

All reagents were obtained from commercial sourcesphase with the other compound, thus the typical donor±
acceptor substituted azobenzenes used in the orientation and used without puri® cation unless otherwise noted.

Dry dichloromethane and pyridine were obtained byprocess are not of use here [9]. On the other hand,
polarity is the dominant factor in the cooperative motion distillation from CaH2 prior to use. Tetrahydrofuran

(THF) was distilled from sodium/benzophenone under N2 .of groups which are inert to light but are moved in concert
with the azobenzene groups, at least in amorphous 4-Bromophenol, 9-decen-1-ol, diethylazodicarboxylate

(DEAD), trimethylborate, ethyl (S )-(-)-lactate, 4-nitro-systems [10].
In this paper, the synthesis and phase characterization benzoyl chloride, and 4-hydroxybenzoic acid were

used as purchased from Aldrich. Poly[(30± 35 mol %)-of two new ferroelectric liquid crystals are presented: one
is 4-[(S)-1-(ethoxycarbonyl )]ethyl 4-[4 ¾ -(9-decenyloxy)- methylhydrosiloxane-co-(65± 70 mol %)dimethylsiloxane]

(M n= 2000± 2100 ) was purchased from United Chemicalbiphenyl ]azobenzoate, compound 10, containing a
transverse weakly donor± acceptor substituted biphenyl Technologies Inc (Bristol, PA), and used as received.

The average number molecular weight was determinedazobenzene chromophore which is expected to be
photosensitive to visible laser light; the other is by GPC and the value obtained was in agreement with

the value given by the commercial source. The Pt-catalyst4-[(S )-1- (ethoxycarbonyl )]ethyl {[4 ¾ -(9-decenyloxy)]-
biphenyl-4-yl}carbonyloxybenzoate, compound 17, which was synthesized following a reported procedure [15].

The following syntheses are illustrated in schemes 1± 6.is an ester analogue of 10. The polysiloxane copolymers
and terpolymers with various compositions of 10 and
17 are also described. We chose polysiloxane as the 2.1. 1-Bromo-4-(9-decenyloxy)-benzene (3)

4-Bromophenol (5.19 g, 30mmol), 9-decen-1-ol (5.53 ml,polymer backbone, because side chain ferroelectric liquid
crystal polymers with this kind of backbone have been 31mmol), and DEAD (4.87 ml, 31mmol) were dissolved

in dry THF (50ml) under nitrogen and the resultingshown to exhibit chiral smectic C phases [11± 13] even
at room temperature. solution cooled to 0ß C while stirring. A solution of

triphenylphosphine (30 mmol) in dry THF (25ml) was
added dropwise to the cooled solution over approxi-2. Experimental

Melting points were determined on a Mel-tep II mately 20 min and the resulting mixture allowed to
warm to room temperature. Stirring was continued forapparatus and are uncorrected. Absorption spectra were

recorded on a Shmadzu UV160U UV-visible spectro- a further 48 h. The solution was evaporated to dryness,
and the residue redissolved in CH2 Cl2 (200 ml); thisphotometer. Proton NMR spectra were recorded on a

Bruker AC-F 200 NMR spectrometer. Phase transition solution was washed with water, dried (Na2 SO4 ), and
evaporated to dryness. The residue was puri® ed by silicatemperatures were measured by di� erential scanning
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353Azobenzene and ester FL Cs

Scheme 1.

Scheme 2.

Scheme 3.

Scheme 4.

Scheme 5.

gel chromatography using 0± 1% EtOAc in hexane as 2.2. 4-(9-Decenyloxy)phenyl boronic acid (4)
Magnesium (0.384 g, 16 mmol) in dry THF (10ml)eluant to a� ord pure 3 (8.02 g, 86% yield). 1H NMR

(CDCl3 ) d (ppm): 1.15± 2.12 (m, 14H, (CH2 )), 3.85 (t, 2H, was stirred under dry nitrogen at room temperature.
Compound 3 (3.73 g, 12 mmol) was dissolved in dryCH2 O), 4.9 (m, 2H, CH5 CH2 ), 5.32 (m, 1H, CH 5 CH2 ),

6.62 (dd, 2H, ArH), 7.30 (dd, 2H, ArH). THF (10ml) and a few drops of this solution added to
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354 Zu-Sheng Xu et al.

Scheme 6.

the Mg/THF mixture. A small amount of iodine was The residue was puri® ed by silica gel chromatography
using 8% EtOAc in hexane as eluant to a� ord pureadded and the mixture warmed to re¯ ux. Once the

iodine colour had disappeared, the heat was removed compound 7 (11.29 g, 94% yield), m.p. 30± 31ß C. 1H NMR
(CDCl3 ) d (ppm): 1.2 (t, 3H, CH2 ± CH3 ), 1.58 (d, 3H,and the remaining 3 in THF was added dropwise to

achieve a continuous self-sustaining re¯ ux of the reaction CH± CH3 ), 4.18 (q, 2H, CH2 ± CH3 ), 5.26 (q, 1H, CH± CH3 ),
8.21 (s, 4 aromatic H).mixture. When addition was complete, heating under

re¯ ux was continued for a further 1.5 h. The reaction
mixture was cooled on an ice-bath and trimethylborate 2.4. 4-[(S)-1-(Ethoxycarbonyl)]ethyl

4-(4-bromophe nyl)azobenzoate (9)(1.82 ml, 16mmol) in dry THF (5 ml) was added slowly
with stirring. The mixture was stirred for a further 30 min A mixture of 7 (8.01 g, 30mmol), 10 ml water, 60ml

ethanol and 0.3g of CaCl2 was heated to boiling withat 0± 5ß C. Dilute hydrochloric acid (10ml, 20% v/v) was
added carefully and the mixture stirred for 15 min at stirring, and then treated with 7.0g of zinc dust (added

slowly). After 15 min, the residue was ® ltered o� and theroom temperature. The product was extracted into
diethyl ether (60ml) and the solution washed with water solution poured into 320 ml water containing 9.8 g of

ferric chloride cooled on an ice-bath. After stirring for(2 Ö 40ml), dried (Na2 SO4 ), and evaporated to dryness.
Compound 4 was obtained as a white solid (3.04 g, 92% 30 min, the product was extracted with diethyl ether, and

the organic layer was dried (Na2 SO4 ) and evaporatedyield) which was used without further puri® cation for
the next step of the synthesis. to dryness to give the crude nitroso compound 8 (6.33 g,

87% yield) which was used for the next reaction without
further puri® cation.2.3. [(S)-1-(Ethoxycarbonyl)]ethyl 4-nitrobenzoat e (7)

A solution of 4-nitrobenzoyl chloride, 5 (8.35 g, A solution of 8 (5.5 g, 22mmol), p-bromoaniline
(4.162 g, 24.2 mmol) and 5 ml of glacial acetic acid in45mmol) in dry CH2 Cl2 (20ml) was added to a mixture

of (S )-ethyl-lactate, 6 (5.67 ml, 50mmol), 20ml dry absolute ethanol (100 ml) was heated in a water bath
with stirring for 18h at 60± 70ß C. After cooling thepyridine and 80 ml CH2 Cl2 . The resulting mixture was

stirred at room temperature for 1 h. Then, 200 ml water mixture to room temperature the solvent was evaporated
and the residue was separated by silica gel chromato-and 100 ml CH2Cl2 were added and the organic layer was

washed with saturated aqueous NaHCO3 (2 Ö 150 ml); it graphy using 5± 8% EtOAc in hexanes as eluent to
a� ord compound 9 as an orange yellow solid (2.84 g,was then dried (Na2 SO4 ), and evaporated to dryness.
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355Azobenzene and ester FL Cs

32% yield), m.p. 81± 83ß C. 1H NMR (CDCl3 ) d (ppm): and the resulting solution allowed to warm to room
temperature. Stirring was continued for a further 24 h.1.2 (t, 3H, CH2 ± CH3 ), 1.59 (d, 3H, CH± CH3 ), 4.15

(q, 2H, CH2 ± CH3 ), 5.3 (q, 1H, CH± CH3 ), 7.58 (d, 2H, The solution was evaporated to dryness and the residue
crystallized twice from CH3 OH to a� ord white crystalsArH), 7.7 (d, 2H, ArH), 7.85 (d, 2H, ArH), 8.12 (d, 2H,

ArH). of compound 15 (12.0 g, 83% yield). 1H NMR (CDCl3 )
d (ppm): 1.2± 2.1 (m, 17H (CH2 ), CH2 ± CH3 ), 3.97
(t, 2H, CH2 O), 4.38 (q, 2H, OCH2 CH3 ), 4.95 (m, 2H,2.5. 4-[(S)-1-(Ethoxycarbonyl) ]ethyl

4-[4 ¾ -(9-decenyloxy)biphenyl]azobe nzoate (10) CH5 CH2 ), 5.80 (m, 1H, CH5 CH2 ), 6.98 (d, 2H, ArH),
7.57 (dd, 4H, ArH), 8.07 (d, 2H, ArH).A 100 ml three-necked ¯ ask equipped with condenser,

magnetic stirrer and nitrogen inlet was charged with
compound 9 (0.607 g, 1.5 mmol), 5mg of Pd(Ph3 P)4 and 2.8. 4 ¾ -(9-Decenyloxy)biphenyl-4-c arboxylic acid (16)

A mixture of 15 (10.30 g, 27.1 mmol), ethanol (80ml),15ml of toluene. After stirring for 10 min, compound 4

was added immediately followed by 5ml of 1M NaHCO3 and KOH (4.54 g, 81.3 mmol) in 20 ml H2 O was heated
under re¯ ux for 3 h. The reaction mixture was thensolution. The reaction mixture was heated under re¯ ux

for 18 h with vigorous stirring. After cooling to room cooled, and the precipitate ® ltered o� . The product was
added to a mixture of AcOH (80ml) and ethanol (80ml),temperature, water (50 ml) and CH2 Cl2 (60ml) were

added to the mixture. The organic layer was separated and the mixture stirred for 1 h at 120ß C. The reaction
mixture was then cooled, and the precipitate ® ltered o� .and washed with saturated NaCl, dried (Na2 SO4 ), and

evaporated to dryness. The residue was puri® ed by silica The ® nal product compound 16, a white crystalline
powder, was obtained by recrystallization from aceticgel chromatography using 3± 5% EtOAc in hexanes as

eluent to a� ord compound 10 as an orange yellow solid acid/ethanol (80 ml/80 ml), yield 9.20 g, 96%. 1H NMR
(CDCl3 ) d (ppm): 1.2± 2.1 (m, 14H, CH2 ), 3.96 (t, 2H,(0.615 g, 74% yield). 1H NMR (CDCl3 ) d (ppm): 1.1± 2.1

(m, 20H (CH2 ), CH2 ± CH3 , CH± CH3 ), 4.02 (t, 2H, CH2 O), 4.95 (m, 2H, CH5 CH2 ), 5.80 (m, 1H, CH 5 CH2 ),
6.98 (d, 2H, ArH), 7.62 (dd, 4H, ArH), 8.02 (d, 2H, ArH).CH2 O), 4.22 (q, 2H, OCH2 CH3 ), 4.98 (m, 2H,

CH5 CH2 ), 5.32 (q, 1H, CH ± CH3 ), 5.8 (m, 1H,
CH5 CH2 ), 7.0 (d, 2H, ArH), 7.60 (d, 2H, ArH), 7.72 2.9. 4-[(S)-1-(Ethoxycarbonyl)]ethyl

{[4 ¾ -(9-decenyloxy)]biphenyl-4-y l}-(d, 2H, ArH), 7.97 (dd, 4H, ArH), 8.21 (d, 2H, ArH).
Anal. calcd for C34 H40 O5 N2 : C 73.38, H 7.19, N 5.04; carbonyloxybe nzoate (17)

A solution of dicyclohexylcarbodiimide (3.58 g,found: C 73.61, H 7.30, N 5.00%.
17.12 mmol) in CH2Cl2 (30ml) was added to a 250 ml
¯ ask containing a solution of 16 (5.02 g, 14.26mmol),2.6. (S)-(1-Ethoxycarbonyl)ethyl 4-hydroxybenzoate (13)

Thionyl chloride (3.65 ml, 50mmol) was added 13 (3.39 g, 14.26 mmol), and 4-(dimethylamino)pyridine
(0.18 g, 0.14 mmol) in 100 ml dry CH2 Cl2 . The mixtureslowly to a mixture of 4-hydroxybenzoic acid, 11, (6.90 g,

50mmol) and (S )-ethyl-lactate (6.24 ml, 55mmol) in dry was heated under re¯ ux for 16h with stirring; it was
then ® ltered and the ® ltrate concentrated. The residueacetonitrile (200 ml) cooled on an ice-bath under N2 .

The resulting mixture was stirred at 0± 5ß C for 1 h, and was crystallized from ethanol twice and then from hexane
to a� ord white crystals of compound 17 (5.85 g, 72%).then at 35± 40ß C for 20 h. The mixture was evaporated,

and the residue redissolved in CH2 Cl2 , and washed with 1H NMR (CDCl3 ) d (ppm): 1.2± 2.1 (m, 20H (CH2 ),
CH2 ± CH3 , CH± CH3 ), 4.02 (t, 2H, CH2 O), 4.25 (q, 2H,water. The organic layer was collected, dried (Na2 SO4 ),

and evaporated. The residue was puri® ed by silica gel OCH2 CH3 ), 4.96 (m, 2H, CH5 CH2 ), 5.34 (q, 1H,
CH ± CH3 ), 5.82 (m, 1H, CH5 CH2 ), 6.98 (d, 2H, ArH),column chromatography using 0± 2% CH3OH in CH2 Cl2

as eluent to a� ord a light yellow oil, 13 (7.328 g, 62%). 7.32 (d, 2H, ArH), 7.58 (d, 2H, ArH), 7.67 (d, 2H, ArH),
8.15 (dd, 4H, ArH). Anal. calcd for C35 H40 O7 : C 73.43,1H NMR (CDCl3 ) d (ppm): 1.27 (t, 3H, CH2 ± CH3 ), 1.60

(d, 3H, CH± CH3 ), 4.24 (q, 2H, CH2 ± CH3 ), 5.27 (q, 1H, H 6.99; found: C 73.25, H 7.02%.
CH± CH3 ), 6.78 (d, 2 aromatic H), 7.86 (d, 2 aromatic H).

2.10. Synthesis of side chain ferrorelectric liquid
crystalline polymers2.7. Ethyl 4 ¾ -(9-decenyloxy)biphenyl-4-car boxylate (15)

Ethyl 4 ¾ -hydroxybiphenylcarboxylate, 14 [16] (9.20 g, To a solution of poly[(30± 35 mol %)methylhydro-
siloxane-co-(65± 70 mol %)dimethylsiloxane] (1.5mmol38mmol), 9-decen-1-ol, 2 (7.12 ml, 39.9 mmol), and

DEAD (6.27 ml, 39.9 mmol) were dissolved in dry THF of Si± H function) dissolved in 100 ml of dry toluene was
added compound 17 (1.115 g, 1.95 mmol). The reaction(60 ml) under nitrogen. The resulting solution was cooled

to 0ß C while stirring. A solution of triphenylphosphine mixture was heated to 110ß C under N2 and 45 ml
of dicyclopentadienyl platinum (II) chloride solution(9.97 g, 38 mmol) in dry THF (30ml) was added drop-

wise to the cooled solution over approximately 20 min, (1mg mlÕ 1 in CH2 Cl2 ) was then injected. The mixture
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356 Zu-Sheng Xu et al.

was heated under re¯ ux under nitrogen for 48 h. The 10 and 17 in di� erent ratios (see scheme 6). They were
puri® ed by several reprecipitations from methylenepolymer 18b was obtained by precipitation from

methanol twice and dried under vacuum overnight at chloride into methanol. Their molecular weights were
determined by GPC and are given in table 1.100ß C. Due to the reprecipitation procedure, some of

the lower molecular weight fractions of the copolymer
were lost, producing an apparent yield of 63%. NMR 3.4. Phase characterization

The UV-vis spectra recorded in chloroform solutionsshowed that more than 98% of the Si± H (d = 4.74 ppm,
CDCl3 ) bonds had been converted to Si± (mesogenic for all monomers and copolymers consist of two main

absorbance bands due to the two di� erent chromo-group) bonds for copolymers and more than 95% for
terpolymers. phores. The ester group absorbs at 308 nm and the azo

group has a broader absorbance with a maximum atThe above description of the synthesis of polymer 18b

typi® es the procedure employed for all polymers 378 nm. The absorption wavelength does not change
for any of the structures studied, but it is importantdescribed here. For terpolymers 18c and 18d, suitable

mixtures of compounds 10 and 17 were used. to mention that the azo absorbance shows signi® cant
tailing at and even beyond 500 nm, which would allow
the use of lasers in the visible range to photoinduce3. Results and discussion
isomerization and reorientation.3.1. Synthesis of the azo compound 10

The transition temperatures and the phases exhibitedThe synthetic route for compound 10 is shown in
by the monomers (10 and 17 ), their correspondingschemes 1± 3. 4-Bromophenol was reacted with 9-decen-
copolymers (18a and 18b) and terpolymers (18c and1-ol using dimethyl azodicarboxylate (DEAD) and
18d ) were determined using a combination of DSCtriphenylphosphine (PPh3 ) to form the alkene phenyl
and polarized optical microscopy. The results are sum-ether 3. The corresponding Grignard reagent was treated
marized in table 2. All compounds form chiral smectic Cwith trimethyl borate to form a dimethyl borate ester
phases. The two monomers also form a smectic I orwhich was hydrolyzed to give the boronic acid 4.
smectic F phase. Figure 1 presents typical textures of4-Nitrobenzoyl chloride 5 was reacted with (S )-ethyl
the smectic phases of 10 and 17.lactate 6 using pyridine as solvent to form the nitro-

The phase diagram for the mixtures of the vinylbenzoate derivative 7. Reaction of 7 with zinc dust
monomers 10 and 17 is given in ® gure 2. It shows thatfollowed by oxidation with ferric chloride gave the
the transition temperatures of the mixtures vary linearlynitroso compound 8 which was reacted with p-bromo-
between those of the two pure components, indicatinganiline under acid conditions to give the azobenzene
that the two mesogens are completely miscible in allderivative 9. Compound 10 was obtained by reaction of
proportions. The SmC* phase reaches room temperature9 with 4 using the standard Suzuki coupling procedure
as the content of monomer 10 (azo derivative) decreases.[17].
Spontaneous polarization (® gure 3) and tilt angle (® gure 4)
values were measured as a function of temperature for

3.2. Synthesis of the ester compound 17 the SmC* phase of compound 10, which was easier to
Compound 17 was synthesized according to the pro- align in the cell [19].

cedure outlined in schemes 4 and 5. 4-Hydroxybenzoic The phase transition temperatures for the copolymers
acid was converted to compound 13 in good yield by and terpolymers (® gure 5) also show a linear dependence
reaction with 12 directly without protection of the on the relative ratios of the two types of mesogenic
hydroxyl group. 4 ¾ -(9-Decenyloxy)biphenyl-4-carboxylic groups (10/17 ) attached to the polysiloxane backbone,
acid 16 was prepared by reacting ethyl 4 ¾ -hydroxy- and the temperature range of liquid crystal phases is
biphenyl-4-carboxylate 14 [16] with 9-decen-1-ol in the
presence of DEAD and PPh3 , followed by hydrolysis.
The ® nal product 17 was obtained by esteri® cation Table 1. Synthesis and properties of polymers
of the carboxylic acid derivative 16 with 13 in the

Polymer Apparent yield/% M n
a

M w
a

PD
b

presence of dicyclohexyl carbodiimide (DDC) and
4-N ,N -dimethylamino pyridine (DMAP).

18a 65 10800 16000 1.48
18b 63 15600 23400 1.50
18c 66 3270 5580 1.703.3. Polymer synthesis
18d 75 6210 12900 2.10The polymers 18a± d were synthesized via the

classical hydrosilylation reaction [18] between poly- a Number- and weight-average molecular weights estimated
[(30± 35 mol %)methylhydrosiloxane-co-(65± 70 mol %)- by GPC.

b Polydispersity (M w /M n ).dimethylsiloxane] and the vinyl mesogenic side groups
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357Azobenzene and ester FL Cs

(a) (b)

(c) (d)

(e) (f )

Figure 1. Textures observed under polarized light microscopy for the azo compound 10 at 166ß C (SmA) (a), 100ß C (SmC*) (b)
and 60ß C (SmI or F) (c); also for the ester compound 17 at 148ß C (SmA) (d ), 110ß C (SmC*) (e) and 30ß C (SmI or F) ( f ).

dramatically decreased as the azo content is increased. from azo monomer 10 shows no liquid crystalline
phase at all; it is an amorphous polymer. However, theThe copolymer 18b derived from the ester monomer 17

exhibits an Isotropic � SmA* � SmC* phase sequence terpolymers with small azo contents do form SmC*
phases at room temperature and they could be suitablewith decreasing temperature, and forms a SmC* phase

at room temperature. But the copolymer 18a derived for photoswitching studies.
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Table 2. Phase and transition temperatures determined from a combination of optical microscopy, DSC, and spontaneous
polarization measurement techniques.

Material Phase sequence/ ß C

Monomer 10 Cr 38.6 Sm(I or F) 96 SmC* 145 SmA 172 I
Monomer 17 Cr 4.5 Sm(I or F) 39.2 SmC* 119.6 SmA 152.4 I
Mixture 1 (75% 10 +25% 17 ) Cr 20.3 Sm(I or F) 77.5 SmC* 134.5 SmA 166.4 I
Mixture 2 (50% 10 +50% 17 ) Cr 6.6 Sm(I or F) 63 SmC* 128 SmA 161.1 I
Mixture 3 (25% 10+75% 17 ) Cr Õ 1.4 Sm(I or F) 47.8 SmC* 122.7 SmA 156.4 I
Copolymer 18a (from 10 ) a Amorphous
Copolymer 18b (from 17 ) a

Tg SmC* 152.8 SmA 179 I
Terpolymer 18c (4.2% azo mesogen) a

Tg SmC* 145 SmA 165 I
Terpolymer 18d (25.1% azo mesogen) a

Tg SmC* 102 SmA 137 I

a The glass transition was not visible in the DSC scans, its expected range should be around 0ß C, in comparison with similar
copolymers and terpolymers [13].

Figure 2. Phase diagram for mixtures of the mesogenic side Figure 3. Spontaneous polarization of 10 as a function of
groups 10 and 17. temperature in the SmC* phase.

4. Conclusion characterized. Both 10 and 17 form Isotropic, SmA*,
The synthesis and characterization of two new ferro- SmC*, and Sm(I or F)* phase sequences. The transition

electric liquid crystals (biphenyl azobenzene derivative temperatures of 10/17 mixtures vary linearly between
those of the two pure components. The phase behaviour10 and phenyl biphenyl carboxylate derivative 17 ) are

described. New side-chain polysiloxane copolymers (18a of the side chain polysiloxanes is markedly in¯ uenced
by their azo content. A high azo mesogenic group contentand 18b) and terpolymers (18c and 18d ) were synthesized

by reacting poly[(30± 35 mol %)methylhydrosiloxane- of the polymers produced amorphous terpolymers.
Terpolymers with low azo content exhibited a SmC*co-(65± 70 mol %)dimethylsiloxane] with the mesogenic

side groups 10 and 17. Their properties were also phase at room temperature. They are suitable to be
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used for isomerization, orientation and photoswitching
studies currently in progress.

We thank the O� ce of Naval Research (US), NSERC
Canada and the Department of National Defense
Canada for funding.

References

[1] Blackwood, K . M ., 1996, Science, 273, 909.
[2] Ikeda, T., Sasaki, T., and Ichimura, K ., 1993, Nature ,

361, 428.
[3] Oge, T., and Zentel, R ., 1996, Macromol. Chem. Phys.,

197, 1805.
[4] Fischer, B., Thieme, C., Fischer, T. M ., Kremer, F.,

Oge, T., and Zentel, R ., 1997, L iq. Cryst., 22, 65.
[5] D inescu, L., and Lemieux, R. P., 1996, L iq. Cryst.,

20, 741.
[6] D inescu, L., and Lemieux, R. P., 1997, J. Am. chem.

Soc., 118, 8111.
[7] Rochon, P., Gosselin, J., Natansohn, A., and Xie, S.,

1992, Appl. Phys. L ett., 60, 4.
[8] Eich, M ., and Wendorff, J., 1987, Makromol. Chem.,

8, 59.
[9] Ho, M . S., Natansohn, A., Barrett, C., andFigure 4. Tilt angle of 10 as a function of temperature in the

Rochon, P., 1995, Can. J. Chem., 73, 1773.SmC* phase.
[10] Natansohn, A., Rochon, P., Meng, X., Barrett, C.,

Buffeteau, T., Bonenfant, S., and Pezolet, M ., 1998,
Macromolecules, 31, 1155.

[11] Naciri, J., Pfeiffer, S., and Shashidhar, R ., 1991, L iq.
Cryst., 10, 585.

[12] Naciri, J., Ratna, B. R., Baral-Tosh, S., Keller, P.,
and Shashidhar, R ., 1995, Macromolecules, 28,

5274.
[13] Mery, S., Lotzsch, D ., Heppke, G ., and Shashidhar, R .,

1997, L iq. Cryst., 23, 629.
[14] M iyasato, K ., Abe, S., Takezoe, H ., Fukada, A ., and

Kuze, E., 1983, Jpn. J. appl. Phys., 22, L661.
[15] Drew, D ., and Doyle, J. R ., 1971, Inorganic Synthesis,

Vol. XIII, edited by F. A. Cotton (New York: McGraw-
Hill), p. 47.

[16] Sahlen, F., Trollsas, M ., Hult, A., and Gedde, U . W .,
1996, Chem. Mater., 8, 382.

[17] M iyaura, N ., Yanagi, T., and Suzuki, A., 1981, Synth.
Commun., 11, 513.

[18] Apfel, M . A., Finkelmann, H ., Janini, B. M .,
Laub, R. J., Luhmann, B. H ., Price, A., Roberts, W . L.,
Shaw, T. J., and Smith, C. A ., 1985, Anal. Chem., 57,

651.
[19] Xu, Z.-S., Lemieux, R. P., Natansohn, A., Rochon, P.,

Figure 5. Phase diagram of the copolymers. and Shashidhar, R ., 1998, Chem. Mater., 10, 3269.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


