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ABSTRACT The iodide (IICA) and poly(vinylsulfonate) (PAICA) of bis(2-hydroxyethyl)ethyl(6-((4-((4- 
nitropheny1)azo)phenyl)oxy)hexyl)ammonium were prepared, and their liquid-crystalline behavior was 
compared. The orientational behavior was characterized by X-ray diffraction and conoscopic observation. 
IICA and PAICA exhibited enantiotropically smectic A phases. The ionic groups play an important role in 
forming the smectic layer structure and enhance the thermal stability of the smectic state. I/CA and PAICA 
exhibit an oriented overgrowth on a glass plate by an orientational adsorption of ammonium ion groups. The 
homeotropic structures form spontaneously in the smectic phase of I/CA and PAICA and remain unchanged 
on cooling in the solid phase. 

Introduction 
The liquid-crystalline behavior is known to be affected 

by molecular shape, conformation, and molecular inter- 
actions. Some amphiphilic compounds form a thermo- 
tropic smectic phase where an ionic group acts as a 
~mectogen.*-~ Alkylammonium amphiphiles also produce 
a surface alignment for thermotropic low-mass liquid 
 crystal^.^ It is then expected that an ammonium ion group 
in a liquid-crystalline organic compound functions as the 
smectogen and organizes the uniform orientations. Fur- 
thermore, the introduction of various counterions of the 
ammonium cation leads to a variety of ionic liquid- 
crystalline polymers. 

Recently, we synthesized thermotropic liquid-crystalline 
polymers with ammonium ion units and their low mo- 
lecular weight model compounds and studied the rela- 
tionship between the structures of the ammonium ions 
and thermotropic liquid-crystalline properties. Ammo- 
nium ions were very effective in producing a smectic layer 
structure and enhanced the thermal stability in the smec- 
tic phases. Furthermore, the smectic phases aligned 
spontaneously by an orientational effect caused by the 
ammonium ions.5 Ion complexation led to liquid- 
crystalline composite materials.6 

In this work we synthesized a complex (PA/CA) formed 
between the poly(vinyhulfonate) anion (PA) and a cat- 
ionic low molecular weight liquid-crystalline group (CAI. 
This paper describes the thermal properties and the ori- 
entational behavior of PA/CA and those of a low molec- 
ular weight liquid-crystalline complex of iodide ion and 
CA. 

Experimental Section 
Measurements. The phase transitions were measured with 

a Mettler DSC 20 system and an Olympus polarizing microscope 
BH-2 equipped with a Mettler FP52 hot stage apparatus with 
a Mettler FP5 temperature controller. X-ray diffraction was 
measured with a Regaku X-ray Rad 2B system. 

Synthesis. Diethanolamine (12 mmol) and 12 mmol of 6- 
bromo-l-((4-((4-nitrophenyl)azo)phenyl)oxy)hexane were dis- 
solved in 100 mL of ethanol, and the mixed solution was reacted 
at 80 "C for 10 h. After the reaction, the mixture was cooled to 
room temperature, and the precipitated product was filtered off. 
The precipitated product (2.32 "01) and 3.2 mmol of iodo- 
ethane were dissolved in 50 mL of ethanol, and the mixed solution 
was reacted at 30 "C for 20 h. Bis(O-hydroxyethyl)ethyl(6-((4- 
((4nitrophenyl)azo)phenyl)oxy)hexyl)ammonium iodide (IICA) 
precipitated from the mixture, was filtered off, and was washed 
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Table I 
Phase Transition Temmratures of I/CA and PA/CA 

~~~ 

sample phase transition temperaturesP "C 
IICA 
PAICA 

K 40.5 Sm 170.2 I 
G 50.0 Sm 235.0 I 

a G, glassy state; K, solid phase: Sm, smectic phase; I, isotropic 
phase. 
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Figure. 1. Structure of thermotropic liquid-crystalline ion 
complex (I/CA). 

with cold ethanol: yield 35%; 'H NMR (tetrahydrofuran-da- 
CDCh)61.4-2.4 (m,8H),3.2-3.8(m,6H),3.8-4.5 (m,6H),5-5.5 

I/CA (0.345 "01) was dissolved in 20 mL of ethanol. The 
IICA-ethanol solution was added dropwise to a sodium poly- 
(vinylsulfonate)-HsO solution (0.1 %, 30 mL) at 100 "C, and the 
mixed solution was refluxed for 2 h. After the reaction, the 
mixture was cooled and kept at room temperature. The liquid- 
crystalline ion complex polymer (PAICA) was precipitated, and 
the precipitate was filtered off. 

Results and Discussion 
I/CA is a thermotropic liquid-crystalline ion complex 

as shown in Figure 1. The phase transition temperatures 
of I/CA are listed in Table I. I/CA exhibited solid-smec- 
tic ( T m )  and smectic-isotropic (Ti) transitions and formed 
a smectic A phase in the temperature range of Tm-Ti. 
Figure 2 shows the optical textures of I/CA observed in 
the sandwich cell without an alignment treatment under 
crossed polarizers. The dark region found in Figure 2a 
indicates a homeotropic structure formed spontaneously 
in UCA. The complete homeotropic structure was achieved 
by annealing in the smectic state as shown in Figure 2b. 
In this case, no fan texture was observed. As shown in 
Figure 212, the fan texture appeared on application of a 
shearing stress to the sandwich cell. The defects were 
generated at  the transition temperature of the smectic 
phase to the solid state on cooling as shown in Figure 2d. 
However, the observation of a conoscopic figure demon- 
strated that the homeotropic structure remains unaltered 
on cooling into the solid state. This feature, which is 
generally absent in nonionic low molecular weight liquid 

(bs, 2 H), 6.9-7.2 (d, 2 H), 7.8-8.2 (d, 4 H), 8.2-8.5 (d, 2 H). 
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stability in the smectic state is therefore enhanced in 
comparison with nonionic liquid-crystalline compounds. 
This can be concluded from experimental results obtained 
for liquid-crystalline compounds (LM and LM-HBr) 
analogous to I/CA. As shown in Figure 6, structures of 
nonionic LM and ionic LM-HBr are similar to that of 
I/CA. Both LM and LM-HBr formed enantiotropically 
smectic phases and exhibited similar solid-smectic phase 
transition temperatures. However, the temperature of 
LM-HBr at which the isotropic phase forms is higher by 
87.2 "C when compared to that of LM (see Table 11). 

Weconsiderthat theenhanced thermalstability ofLM- 
HBrformedofionicandnonionicstructuralpartsiscaused 
by the aggregation of the ionic structural part. Ethanol- 
ammonium chloride (mp 85 "C), which is made of etha- 
nolamine and hydrogen chloride and resembles an ionic 
component of LM-HBr, exhibits a higher melting point 
than ethanolamine (mp 10.5 "C) which is a nonionic 
component of LM. This corresponds to the fact that non- 
mesomorphic ammonium salts generally exhibit higher 
melting points than their nonionic components because 
ammonium salts form the ionic aggregation by Coulomb's 
force which isabsent between nonionic molecules. InLM- 
HBr, a segregation of ionic and nonionic structural parts 
leadstoasmecticsystemwithionicandnonionicdomains. 
Ammonium ions of LM-HBr in the ionic domain form the 
ionic aggregation in the similar manner as nonmesomor- 
phicammoniumsalts. Consequently, thethermalstability 
of LM-HBr also increases by the effect of the ionic 
aggregation, and LM-HBr exhibits higher phase transition 
temperatures than LM.5,6 

Ionic LM-HBr formed spontaneously the homeotropic 
structure just as I/CA. On the other hand, nonionic LM 
did not exhibit the homeotropic structure. In I/CA and 
LM-HBr, the ammonium structural units adsorb to the 
glass plate. Since the adsorbed ionic molecules function 
as the perpendicular alignment agent, the homeotropic 
alignment formed spontaneously. 

The cationic liquid-crystalline group in I/CA can have 
various types of mesogenic or nonmesogenic counteran- 
ions such as anionic low molecular weight compounds and 
polyanions. We selected, therefore, the nonmesomorphic 
poly(viny1sulfonate) anion as a counterion. The poly(+ 
nylsulfonate) anion is expected to enhance the thermal 
stability of the smectic IlCA phase and to keep the smec- 
tic layer structure in thesolid state. Theliquid-crystalline 
complex (PA/CA) was prepared by ion-exchange reaction 
of sodium poly(vinylsu1fonate) with I/CA. The structure 
of PA/CA is shown in Figure 7. In general, liquid- 
crystalline side-chain polymers are known to involve 
covalent bonds as shown in Figure 8a. However, as shown 
in Figure 8b, PA/CA is a liquid-crystalline complex in 
which the cationic liquid-crystalline unit is attached to 
the polyanion skeletal chain through an ionic bond. 

Id) 

Figure 2. Optical teaturea observed for I I C A  (a) homwtropic 
alignment (dark region) and fan-like texture, (b) uniform ho- 
meotropic alignment formed by annealing, (c) fan texture 
obtained on application of shearing stress; (d) homeotropic 
alignment in solid state. 

crystals, is due to the ammonium structural units in I/CA. 
Figure 3 shows some conoscopic figures observed for the 
homeotropic structure in IlCA. The conoscopic obser- 
vationwas performed for homeotropidlyoriented samples 
with different thicknesses. The conoscopic figure clearly 
demonstrates that the complete homeotropic structure 
forms spontaneously even in the cell with a thickness of 
250 pm. The X-ray diffraction pattern measured for the 
homeotropicallyorientedsampleof I/CAis showninFigure 
4. The fmt-orderdiffractionpeakcorrespondstoaspacing 
of 3.48 nm, while the molecular length of I/CA is 2.45 nm. 
The conoscopic figure also indicates that the homeotropic 
structure is optically uniaxial as shown in Figure 3. In 
this case, the neighboring mesogenic groups overlap each 
other and the ammonium ions aggregate to form a sub- 
layer in the smectic layer. A schematic illustration of the 
orientational structure for I/CA is proposed in Figure 5. 
The organization of the ammonium ions contributes to 
the formation of the smectic layer structure. The thermal 

7 Mm 10 pm 25Opm 

Figure 3. Conoseopic figures obeerved for the homwtropidy oriented sample of VCA with different thickneeaes; the numbers 
indicated in the figure are the sample thicknesses. 
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F i r e  7. Structure of liquid-crystalline ion complex polymer 
(PNCA). 
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Figure 4. X-ray diffraction pattem measured for the homeo- 
tropically oriented sample of I/CA. 

Figure 5. Possible packing model proposed for smectic phase 
of I /CA ( 0) mesogenic group, ( 0 )ammonium structural 
unit 

H Br- 
HCCH~CH~-EI* -CH~CH~OH 

I LM-HBr. 
( C H 2 ) 6 - 0 e = N G - N 0 2  

Figure 6. Structures of low-maas liquid crystals (LM and LM- 
HBr) analogous to IKA. 

Table I1 
Phase Transition Temperatures of LM and LM-HBr 

Analogous to IICA 
sample phase transition temperatures: "C 

LM 
LM-HBr 

K 61.2 Sm 119.8 I 
K 56.9 Sm 207.0 I 

K, solid phase, Sm, smectic phaae; I, inotropic phase. 

PA/CA formed an enantiotropically smectic A phase in 
a similar manner as I/CA. The phase transition temper- 
atures of PA/CA are listed in Table I. The glass transition 
temperature (Tg), which could not be found for I/CA, 
appears in PA/CA at 50 "C to be governed by the thermal 
motion of the polyanion. The smecticisotropic transition 
temperature of PA/CA was 64.8 "C higher than for I/CA. 
It is generally observed that mesomorphicisotropic tran- 
sition temperatures increase with increasing molecular 
weight.',* 

I bl 

Figure 8. Schematic structures for general liquid-crystalline 
side-chainpolymer (a) andliquid-crystalline ion complexpolymer 
(b) studied in this work. 

(a) 
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Figore 9. Orthoscopic and conoscopic figures observed for 
PNCA (a) homeotropicalignment (dark region) and fan texture, 
(b) uniform homeotropic alignment obtained by annealing, (e) 
conoscopic figure observed for bomeotropicdy oriented sample, 
(d) fan texture obtained on application of shearing stress. 

Figure 9 shows orthcacopic and conoseopic figures 
observed for PA/CA. Figure 9a shows the homeotropic 
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Figure 10. X-ray diffraction pattern measured for homeotro- 
pically oriented sample of PA/CA. 
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Figure 11. Schematic illustration for possible packing model 
for PA/CA (0) mesogenic group, ( 0 ) ammonium struc- 
tural unit, (0) polyanion. 

alignment in the dark region and a fan texture formed on 
cooling. A uniform homeotropic structure formed grad- 
ually on annealing as shown in Figure 9b. In addition, a 
fan texture was observed on applying a shearing stress to 
the homeotropic structure as shown in Figure 9d. Figure 
9c shows theconoscopic figure characteristic of the optical- 
uniaxial state observed for the uniform homeotropic 
structure. The homeotropic structure formed in the smec- 
tic phase remained unaltered on cooling below Tg in the 
same way as nonionic liquid-crystalline side-chain poly- 
mers. 

The X-ray diffraction pattern measured for the homeo- 
tropically oriented sample of PA/CA is shown in Figure 
10. The smectic layer spacing calculated from the first- 
order diffraction angle is 3.59 nm, similar to the spacing 
in I/CA. Ammonium ion moieties and mesogenic groups 
form sublayers in the smectic layer as shown in Figure 5. 
PNCA also exhibits a layer packing similar to that of 
I/CA because liquid-crystalline properties of PA/CA 
depend significantly on those of the cationic liquid- 
crystalline groups in I/CA. A possible packing model is 
illustrated in Figure 11. The smectic layer consists of the 
sublayers formed with mesogenic groups and ionic moi- 
eties. A similar layer packing is found in the liquid- 
crystalline ion complex polymer with poly(sulfopropy1- 
methacrylate) as the polyanion? 

As shown in Figures 5 and 11, the aggregation of 
ammonium structural units plays a major role in organizing 
the smectic layer structure. Also, the ionic aggregation in 
the smectic phase is a strong stabilizing factor in com- 
parison with the nonionic liquid-crystalline compounds. 

~ 0 il 1 0 LIQUID CRYSTAL MOLECULE 

AMPHlPHILlC MOLECULE 

AMMONIUM ION GROUP 

I///I/// 
(b)  

Figure 12. Molecular orientation model on glass plate (a) in 
the case of orientational adsorption of alkylammonium am- 
phiphile, (b) oriented overgrowth in I/CA. 

The high orientational order in the smectic phases of I/ 
CA and PA/CA is indicated by the clear conoscopic figures 
and the sharp X-ray scattering peaks measured for the 
homeotropically oriented samples. The polyanion in PA/ 
CA enhances the stability of orientational structure. The 
results indicate that various types of liquid-crystalline 
composite materials can be prepared by the ion complex 
method. 

As mentioned above, liquid-crystalline ion complexes 
I/CA and PA/CA formed spontaneously homeotropic 
alignment in the sandwich cell without surface treatment. 
Also, the homeotropic alignment formed spontaneously 
when the upper glass plate of the sandwich cell was 
removed. This demonstrates that the spontaneous or- 
ganization of homeotropic alignment is an oriented over- 
growth such as in epitaxy. The surface-active agent such 
as an alkylammonium halide is known to be effective as 
a perpendicular alignment-treatment agent. In the case 
of a mixture of small amounts of surface-active agent with 
the liquid-crystalline compound, the orientational ad- 
sorption of the surface-active agent is known to enable 
liquid crystal molecules to form some orientational states. 
Uchida et al. studied the influence of amphiphilic materials 
for a molecular orientation of a liquid ~rystal.~JO They 
showed that the perpendicular alignment of liquid- 
crystalline compounds on inorganic surfaces is caused from 
the perpendicular adsorption of the amphiphilic materials. 
A model for the homeotropic structure formed by the effect 
of surface-active agent is shown in Figure 12a. The liquid- 
crystalline molecules are aligned along the axis of the long 
alkyl chains of surface-active agents. In the case of I/CA 
studied in our work, ammonium ion units adsorbed on the 
glass plate contribute to the formation of a homeotropic 
structure. The orientational adsorption on the glass plate 
in I/CA is schematically illustrated in Figure 12b. The 
nitroazobenzene mesogenic group in the adsorbed I/CA 
molecule forms an overlapping arrangement by a strong 
interaction of the nitro terminal group as shown in Figure 
12b. Thus, the perpendicular orientation on the glass plate 
is stabilized more effectively in I/CA than in the alkyl- 
ammonium surface-active agent. Also, the aggregation 
moiety in ammonium ion groups and the arrangement in 
mesogenic groups are alternately repeated as shown in 
Figure 12b, producing the oriented overgrowth in I/CA 
and PA/CA. The homeotropic alignment of PA/CA is 
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induced by the orientational effect of ammonium ion units 
just as in I/CA. The poly(viny1sulfonate) anion stabilizes 
the aggregation of ammonium ion groups. The orienta- 
tional effect of SOB- groups in the poly(viny1sulfonate) 
may also be related to the formation of the homeotropic 
alignment.10 
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