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ABSTRACT: The alignment behavior of thermotropic smectic A liquid-crystalline moletaled its complexes

with lithium triflate on the thin films of rubbed polyimides has been examined. Compaumak a roe-coil

block structure consisting of a tetra(ethylene oxide) chain that is polar and a phenylcyclohexyl mesogen that is
nonpolar. The use of a rubbed polyimide having a linear and rigid molecular structure prepared from pyromellitic
dianhydride and 1,4-phenylenediamine induces the uniaxially parallel alignmehtnd its lithium triflate
complexes. The lithium salt complexes of compouritat exhibit smectic A phases function as two-dimensional

ion conductors. The ionic conductivities of the aligned complexeksaf the rubbed polyimides were measured

by an ac impedance method. Anisotropic ionic conductivities have been observed for the aligned liquid-crystalline
lithium salt complexes.

Introduction complexes on rubbed polyimid&s-5 (Figure 1). The effects

order and mobility: They can be used as new materials such described.
as electron?,ion-2 photo-# and biofunctional materiafsThe _ .
alignment of liquid crystals is significantly important for ~EXPerimental Section
functionalizatior?™9 There are several techniques to align liquid General. All chemical reagents and solvents were obtained from
crystals® For example, rubbed polyimides have been used as commercial sources and used without purification. All reactions
alignment layers for the rodlike liquid-crystalline (LC) molecules Were carried out under an argon or a nitrogen atmosphere in
for informational displayg.However, the use of the rubbing ~a@nhydrous solvents. . o
technique has been limited for the alignment of conventional de:-er:reniﬁ\é?jrg}?Zeﬂ?é?&lg:triovrﬁﬁrhgfn ;E):]Tgp?lc);l{éa;g;:e?]cl:,llid[:))[?e\(;w\?vrifh
It%mg eclsr‘);s;ar:z alltcrgoglgzks Lé%?;?;fgg?;/; eb ?ggg(rjt eL ;: g?ﬁ;‘gls’ KD-803 and KD-805 columns (Shodex) using 0.03 M LiBr/DMF
on rubbed polyimides. Our intention here is to achieve uniaxially as an eluent. Differential scanning calorimetry (DSC) measurements
| - ! were performed on a NETZSCH DSC 204 Phoenix (scanning
parallel alignment of smectic LC reetoil block molecules rates: 10°C min~2). The transition temperatures were taken at the
containing a polar oligo(ethylene oxide) moiety and a nonpolar onset points of the transition peaks. The midpoint of the change in
rigid-rod moiety on the surface of rubbed polyimides. We also the heat capacity was taken as the glass transition temperature. A
intend to align the lithium salt complexes of the block molecules. polarizing microscope (Olympus BX51) equipped with a hot stage
These materials form nanosegregated layered structures consistMettler FP82HT) was used for visual observations.
ing of ion-conducting and ion-insulating layers in smectic A Synthesis of 2-(2-(2-(2-(4-(4rans-Pentylcyclohexyl)phenoxy)-
(Sa) phases—f There has been no study for alignment of such eth(l)xk)]/)etr;;)xg)etr}og)gghano|1(21)2A Suspgnstiotn Oft ;1-I(4-pent|yl- I
rod—coil LC block molecules using the rubbing technique. We ¢Yyclonexylpnenol (3.UY g, ls.2 mmol), tetraethylene glyco
considered that if the parallel orientation of such materials is monotosylaté (4.03 g, 11.6 mmol), and 4CO; (5.04 g, 36.5 mmol)
achieved on the substrates, anisotropic ion conductors capabl in dry DMF (20 mL) was heated to 8% and vigorously stirred.

L - Enfter 24 h stirring, the reaction mixture was quenched by water
of transporting ions across the surface of the LC films can be 50y extracted with ethyl acetate. The organic extracts were

obtained. This alignment has not yet been achieved, thoughcombined and washed with a saturated J8Haqueous solution,
vertical alignment has been reporféd’ These materials can  dried over MgSQ, filtered, and evaporated. The residue was
be useful as functional electrolytes for lithium ion batteries. purified by column chromatography (eluent: ethyl acetate) to give
However, it is not easy to obtain the parallel orientation of such compoundl as a smectic liquid crystal (3.10 g, 7.33 mmol) in a
LC rod—coil block molecules to the substrates in large séale.  yield of 63%."™H NMR (CDCl;, 400 MHz): 6 = 0.89 (t,J=7.1

In this article, we report on the alignment behavior of smectic HZz. 3H), 1.02-1.86 (m, 17H), 2.36.2.44 (m, 1H), 2.28 (br s, 1H),

LC rod—coil block moleculel (Figure 1) and its lithium triflate ~ 3:60-3.74 (m, 12H), 3.84 (J = 4.9 Hz, 2H), 4.11 () = 4.9 Hz,
! ulel (Figure 1) and its fithium tri 2H), 6.84 (d,J = 8.8 Hz, 2H), 7.11 (dJ = 8.8 Hz, 2H).13C NMR

* Corresponding author. E-mail: kato@chiral.t.u-tokyo.ac.jp. (CDCl,, 100 MHz): 0 = 14.11, 22.70, 26.63, 32.19, 33.61, 34.53,

f Nissan Chemical Industries, Ltd. 37.27,37.37,43.70, 61.74, 67.36, 69.78, 70.30, 70.57, 70.63, 70.74,
*The University of Tokyo. 72.49, 114.33, 127.58, 140.36, 156.75. MS (MALDI-TOF): calcd
§ Tokyo University of Agriculture and Technology. for [M + Na]f, 445.29; found, 445.16. Elemental analysis
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Figure 1. Chemical structures of the compounds used in this study.

Table 1. Thermal Properties of Compound 1 lithium triflate in the isotropic state were injected into these LC
cells by capillary action on the hot stage.
Evaluation of the Contrast. The values of transmittance of the

transition temperature and enthalpy chafges

Ty Tee Tm Toos  Tsiiso LC cells were measured under crossed Nicols condition with-a He
first —69 —7(0.08) 53 (1.4) Ne laser as the light source. The contrast ratio is defined as the
cooling ratio of transmittance values of the brightest and the darRest.
second —67 —54(1.8),—27(3.4) —8(5.2) 53(1.3) Measurement of lonic Conductivities.lonic conductivities of
heating the LC complexes were measured using a Schlumberger Solartron

aTransition temperature$@) and enthalpy changes of transition (kJ 1260 impedance analyzer (frequency rargel0 Hz—10 MHz,
mol~%, in parentheses) determined by DSC €D min~1) and polarized applied voltage= 0.3 V). lonic conductivities were calibrated with

optical microscopyTy = glass transition temperaturg; = cold crystal- an aqueous KCI solution as a standard conductive solution.
lization temperaturel,, = melting temperaturéls,-s, = smectic A (2)— . .

smectic B ($) transition temperature, anifk,—iso = Sa—isotropic (IS0) Results and Discussion

transition temperature. The DSC thermogrart @&f shown in the Supporting Liquid-Crystalline Properties of Compound 1 and Its
Information. Alignment. Liquid-crystalline properties of compount are

given in Table 1. Compountl showed an § phase at around
room temperature.

The material was introduced into the cells coated with the
polyimide films with a 6um thick gap. Polyimide2—5 and
their precursors, poly(amic acid)s, were tested as alignment

calcd (%) for GsH420s: C, 71.05; H, 10.02. Found: C, 70.78; H,
10.24.

Preparation of Lithium Triflate Complexes. The lithium
triflate complexes ofl were prepared by slow evaporation of a

dry tetrahydrofuran solution containing the requisite amounts of - . :
lithium trifiate and1, followed by drying in vacuo. layers. The polarizing optical micrographs of compoubd

Syntheses of PolyimidesPoly(amic acid)s as precursors of between po!ylm!de-coated glass s_ubstrates and ITO substrates
polyimides were prepared by solution polycondensation. The @ré shown in Figure 2ee. These images were taken at the
reaction was carried out in a four-necked flask equipped with a rubbing direction at an angle of 2@o polarizer or analyzer
mechanical stirrer under a nitrogen atmosphere. A typical procedureunder crossed Nicols condition to clarify the defects of orienta-
is as follows. Polyimide3 derived from pyromellitic dianhydride  tion. The microscope images (Figure-2d) show that the
(PMDA) and 4,4-oxydianiline (ODA) was prepared by introducing  highest degree of uniaxially parallel alignmentiaf achieved
ODA (8.41 g, 42.0 mmol) to dissolve in 150 mL bfmethylpyr- for the surface oR in these four polyimides (Figure 2a). On
rolidone as the solvent. Then the flask was dipped in a water bath he syrface 08, uniaxially and randomly aligned regions bf
to control the heat generation, and then PMDA (8.71 g, 39.9 mmol) in the S, phase coexist (Figure 2b). Compouhadn 4 exhibits

was introduced. After the PMDA was dissolved, the bath was - S .
removed, and the reaction was continued to stir at room temperature.a typical texture of an Sphase that indicates that the alignment

until the viscosity of solution was stabilized. The weight-average 'S, Fahdom (Figure 2c). Compoundl also shows random
molecular weight i1,) and the polydispersity indexM,/M,) of alignment on the surface & (Figure 2d) although vertical
the resulting polymer measured by GPC based on po|ystyrenea||gnment is seen for conventional nematic ||qU|d CryStalS such
standards was 1.% 10* and 2.0. Polyimide films were obtained as 4-cyano-4pentylbiphenyl (5CB) on the same polyimide
by spin-coating of the solution of poly(amic acid)s onto the indium because of long side alkyl chaif&’*For poly(amic acid)s of

tin oxide (ITO) substrates, baked at 80, and cured at 230C for the precursors of polyimides @5, 1 does not align uniaxially
2—4 and 200°C for 5 for 30 min to convert into polyimide films  on their surfaces (figure not shown). In order to evaluate the
by thermal imidization on the hot platéThe thickness of polyimide degree of alignment fot on polyimides, the contrast ratio has
films was c_ontrolled at 100 nm. ) o been measure@d. The contrast ratio is defined as the ratio of
weféeﬁj%gggnb;faﬁb%iegs'milj:?\?:\r:t(el;] S;?eéjagghMgzlz;?ésifng the transmittance values of the brightest and the darkest. A high
Co.). The rubbing conditions were as follows: roller speed00 degree of .allgnment. gives a high value of the contrast, and
rpm, speed of rolle= 50 mm s, and pile impressior= 0.30 random alignment gives the value ofll.O. The values of the
mm. The spacers for a desired cell thicknesg() were placed ~ contrast ofl are 66 or2 and 2.8 orB, while on4, 5, and poly-

on the polyimide or the ITO surfaces. The LC cells called (amic acid)s the value is 1.0. The evaluation of the degree of
antiparallel cells were assembled as the rubbing directions werealignment by the contrast ratio is consistent with the results by
opposite at each other. Compouha@nd the complexes df with polarizing optical microscopic images.
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Figure 2. Polarizing optical microscopic images of liquid-crystalline compoudnexhibiting a smectic A phase on rubbed polyimide layers
at 25°C: (a)2, (b) 3, (c) 4, (d) 5, and (e) ITO. Directions of A: analyzer; P: polarizer; R: rubbing.

increases from 53C for the single component to 10@ for
100 150 the complex containing 0.2 mol of lithium triflate per ethylene
oxide unit.
P 504 The alignment behavior of the complexeslofith 0.05 mol
® Sh of lithium triflate per ethylene oxide unit has been examined
= Sa with polarizing optical micrographs (Figure 4a). It is of
8 0 (% interest that the incorporation of lithium triflate induces higher
£ degree of uniaxially parallel alignment dh (Figure 4a),3
T R (Figure 4b), and! (Figure 4c) tharl alone on2 (Figure 2a),3
(Figure 2b), andt (Figure 2c). For example, the number of the
¢ defects for the complex df with lithium triflate on 2 (Figure

-100 . L L . 4a) is less thad without lithium triflate on the same polyimide
0 005 _0'10 015 020 025 (Figure 2a). On the surface & randomly aligned regions
[Li*] / [CH2CH20] decrease (Figure 4b). Partial alignment of the complex isf
Figure 3. Phase transition behavior for the complexes of compound observed for the surface df(Figure 4c), whilel without lithium
l'and'llthlum_trlfla'lte on the cooling runs. Iso: isotropics:Ssmectic triflate does not align on the same polyimide (Figure 2c).
A; Ss: smectic B; G: glassy. Although it is difficult to judge the uniaxial alignment from

These results suggest that the rigidity and linearity of the Fi_gure 4c, the rotation of the sample_ under th_e polarized optical
structure of polyimides are important for the alignment of these Microscope shows that some domains are aligned (see Support-
materials. It was reported that rubbing treatment enhanced theind Information). The induction of higher degree of alignment
degree of regularity and crystallinity of polymer chains at the PY the addition of the lithium salt can be attributed to the
surface regioR? We consider that higher degree of uniaxial ©€nhancement of the interaction between the polyimide and the
regularity and crystallinity is induced for polyimid2 more LC molgcgle through the formation of the complex consisting
easily than other polyimides by rubbing because its chemical ©f the lithium salt, the oxygen atoms of the oligo(ethylene
structure is more rigid and more linear. The presence and ©Xide), and the carbonyl group of the imide. Such interactions
absence of carboxylic acid may also affect the alignment. On Were reported for the pseudorotaxane complex consisting of a
the other hand, compourdaligns vertically on the ITO surface. ~ ¢rown ether, a pyromeliitic diimide compound, and a lithium
A dark image and cross-shaped pattern are seen under thealt!t
orthoscopic and conoscopic observation using a polarized optical ~ The lithium triflate complexes df do not align on the surface
microscope, respectively (Figure 2e). of 5 (figure not shown). The values of contrast of the lithium

Alignment of the Complexes of 1 with Lithium Triflate. triflate complexes ofl are 190 org, 16 on3, 4.0 on4, and 1.0
Compoundl was mixed with lithium triflate to obtain LC on 5. On the surface of ITO, vertical alignment of the complex
complexes. Figure 3 shows the phase diagram of the complexedvas seen as was observed foalone (figure not shown).
as a function of the concentration of lithium triflate. These  Anisotropic Behavior in lonic Conductivity. Poly(ethylene
complexes were expected to function as 2D ion conductors. Theoxide)s and polymers containing oligo(ethylene oxide) moieties
lithium triflate complexes ofl exhibit wider LC smectic have been known to act as ion-conductive matetfaRecently,
temperature ranges than that &f alone (Figure 3). The low-dimensional ion conduction has been achieved for LC
stabilization of the § phases for the complexes can be ascribed materials having oligo(ethylene oxide) moietfés. For ex-
to the ion-dipolar interactions between lithium cations and the ample, rod-coil molecules containing rodlike mesogenic cores
oxygen atoms of the ethylene oxide chains that enhance lateraland oligo(ethylene oxide) moieties complexed with the lithium
interaction of the molecules. The isotropization temperature salts form nanosegregated smectic structures. These layered
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polyimide layers at 25C: (a) 2, (b) 3, and (c)4. Directions of A: analyzer; P: polarizer; R: rubbing.
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Figure 6. lonic conductivities of the lithium triflate complexes tf
in the LC cell coated with a polyimide or ITO at 2&: (@) 2, (W) 3,

and @) ITO.
s )YV Y o = = The ionic conductivities for the LC complexes aligned parallel
1 to the surface of (@) are higher than those perpendicular to

Figure 5. Schematic illustrations of the LC cell used for conductivity ~the surface of ITO4). The ratio of ionic conductivities parallel
measurements: (a) preparation of the LC cell; (b) a side view of the and perpendicular to the smectic layef/gn) is 1.3 x 10* for
LC cell coated with a polyimide; (c) a side view of an ITO cell without  polyimide 2 (®) and ITO (a) at the concentration of 1.&

a polyimide layer. 1073 mol % of lithium triflate per ethylene oxide unit.

While the ionic conductivities become higher as the concen-
tration of lithium triflate increases up to 5:0 1072 mol % per
ethylene oxide unit, the anisotropic ratio of ionic conductivities
(0y/on) becomes 1.4« 10 for polyimide 2 (®) and ITO @),
which is smaller than that for 1.8 103 mol %. These results
are attributed to the lowering of ion mobility along the smectic
layer @) by saturation for the LC cell coated with the polyimide
and the increase of leakage of ions across the smectic layer (
for the ITO cell.

nanostructures are composed of the ion-conducting layer of the
ethylene oxide part and the insulating layer of aromatic and
aliphatic parts, resulting in two-dimensional ion conduction
because lithium ions are transported efficiently along the layers
of oligo(ethylene oxide) moieties. In the present study, the ionic
conductivities of the aligned complexeslovith lithium triflate

have been measured on the rubbed polyimides.

Figure 5a schematically illustrates the setup of the LC cell
to measure the ionic conductivity. The ionic conductivities for
parallel alignmentdj, Figure 5b) and vertical alignment, Conclusion
Figure 5c¢) to the substrates have been measured for the materials
on the polyimides and ITO, respectively. The ac impedance We have demonstrated that conventional rubbed polyimides
method was employed for the measurement of ionic conductivi- are useful for the uniaxially parallel alignment of a smectic A
ties of the materiald 916 Therefore, the values of ionic  rod—coil LC block molecule consisting of a polar oligo(ethylene
conductivities could be obtained even if the materials were oxide) moiety and a nonpolar rigid-rod moiety and its complexes
placed between ITO electrodes coated with insulating rubbed with lithium triflate. This is the first example that a redoil
polyimides. liquid crystal based on an oligo(ethylene oxide) moiety and its

Figure 6 shows the ionic conductivities for the lithium triflate  salt complexes align parallel to the substrates. The polyimide
complexes ofl forming S\ phases at 25C. As for the LC having a rigid and linear structure is the most effective in the
complexes aligned parallel to the surface2adnd 3, the ionic alignment of these LC materials among the used polyimides
conductivities for2 (@) are higher than those & (H). The and poly(amic acid)s. The incorporation of lithium triflate into
degree of alignment of the LC cell dhis lower than that on the liquid crystal enhances the degree of uniaxially parallel
2, as shown in Figures 2 and 4. These lower ionic conductivities alignment on polyimides. Rubbed polyimides might be ap-
of the complex for3 can be ascribed to the lower degree of plicable to align a variety of liquid crystals to enhance their
alignment of the complex o8. functionality and anisotropy.
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