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A systematic structural modification is carried out to change the molecular shapes of stilbene derivatives
from rodlike through hockey stick then to bananalike by tuning the length of the functional group attached
to the lateral direction of the rodlike skeletons. The mesophases and the corresponding properties are
monitored by optical polarizing microscopy, differential scanning calorimetry, electric field effect, and
X-ray diffraction. The existence of mesophase is strongly affected by the molecular conformation and
intermolecular forces inherited in the moiety employed. Nematic, smectic C (SmC), and anticlinic smectic
C (SmCa) phases are formed by the hockey stick molecules. Defects of 2- and 4-brushes are observed
for the SmC and SmCa phases and indicate the existence of anticlinic arrangements of neighboring layers.
Anticlinic layer structures constitute the intermediate phases between the calamitic and banana mesophases.
Electric-field-switched texture changes are evident for the nematic and SmC phases and are different
from those of known calamitic mesogens. These behaviors are ascribed to the bent conformation of
these hockey stick molecules. Antiferroelectrichianana phases are formed by hockey stick molecules
with two arms carrying moieties of large enough polarizability.

Introduction active? For the formation of banana phases, the equivalence
of the arms of the bent molecule is not a requirement, because

Banana mesophases _formed_ by bent core (banana) MEtere have been reports of electric-field-switchable smectic
sogens have been a subfield of liquid crystal research recently, hases (banana phases) comprised of achiral bent-core
because of great interest in academic research and theitp

il licati he b h h molecules with two arms having different numbers of phenyl
potential applications. Among the banana mesophases, t ings8° It was reported that a polarization behavior was
B, phases have attracted most of the attention because o

heir f 4 anif lectri itching behavi q bserved for a free-standing film of an anticlinic smectic C
t. eir ferro- an anti erroe ectric switching behaviors reporte phase (SmCa) formed by hockey-stick-shaped moleeules
first by Niori et al* and Link et aP The structure of banana-

: : : a bent molecule with one of the arms consisting of only an
phase-forming bent molecules consists of, in general, a bent

. d with X h h end with aliphatic chain'® There were reports of peculiar smectic
unit connected with two aromatic arms that each end wit @ phases formed by bent molecules exhibiting unusual optical-
hydrocarbon chain; it is considered to be an achiral

. . ) . switching behaviord! These observations indicate that the
moleculel3-> Unlike the calamitic ferro- and antiferroelectric g

ic oh h hiral moiety i Gddr th bend conformation plays an interesting role in the meso-
smec_tlc phases, where a chira m0|_ety IS reqca r.t € phases exhibition of these important electric-field activities.
constituting molecules, a chiral moiety is not required for

h lecul hibi h ith electric-fiold Considering the shapes of banana and hockey stick
the molecules to exhibit .Bp ases with electric-field- molecules, the banana molecules consist of two arms roughly
switchable properties. It is the correlation of the bent

; X d the tilt of th lecular di h | equal and the hockey stick molecules two arms greatly
conformation and the tilt of the molecular director that results yigerent in length. These two types of molecules can be

in the corresponding layered phases being electric-field regarded as the resulting molecules from bending a long
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Scheme 1. Schematic Representations and Spontaneous O
Polarizations (Ps) of Achiral Rod, Hockey Stick, and Banana \ O o
Molecules RO />—©-OC12H25
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rodlike molecule svmmetrically and unsvmmetrically. When 4-acetoxystyrene and followed by deacetylation to yield the 4
Y y Y Y- hydroxy- stilbene derivativeB. Esterifications of this phenol

an achiral rPd""e smectic C.(.Sm'C)-formlng molecule is derivative with 4-dodecyloxy benzoic acid or 4-(4-dodecyloxy
converted via structural modification through the hockey penzayioxy) benzoic acid were accomplished with 1,3-di-cyclohexyl
stick then to the banana shape, the corresponding mesophasgrbodiimide (DCC) and 4-dimethylamino pyridine (DMA®)o

is changed from nonferroelectric (achiral SmC) to ferro- or obtain THP-protecte@ and 3, which were deprotected to yield
antiferroelectric (Bbanana), Scheme 1. Itis interesting then compounds2 and 3. Products2a and 3a were obtained after
to inspect the roles played by this bending for the induction etherification of these phenols with 1-dodecanol in the presence of
of spontaneous polarization of mesophases obtained duringdiethyl azodicarboxylate (DEAD) and triphenyl phosphinesth®

the structural modification. Structural variation can be Esterifications of2 and3 with various substituted benzoic acids,
achieved by tuning the length of the substituent attached toWith the aid of DCC/DMAP, yielded the corresponding products
the lateral direction of a rodlike molecule. The mesophases 2P € @nd 3b—f. The hydrogenation for the double bond of the
and the corresponding physical properties of the derivativesStllloene (of2e and 3¢) was catalyzed by Pd/C in cyclohexene/

h btained b tored closelv. Th its shoul thanol solvent to obtai@€ and 3€.16 The details of synthetic
us obtained can be monitored closely. 1hese resulls SNoUlG, ,cqqyres and characterizations of the corresponding derivatives

shed some light regarding the occurrence of polarization in gre included in the Supporting Information. The textures of the
these mesophases and would be helpful for the understandingnesophases (temperature controller Mettler FP 80 and 82HT) were
of the relationship between the polarization of the mesophaseexamined by optical polarizing microscopy (Nikon, OPITPHOT-
and molecular shape as well as for designing new mesogensOL); the phase transitions were studied by differential scanning
in the future. calorimetry (Perkin-Elmer, Pyris 1); and the electric-field effects

In the present Study, the mesomorphism accompanyingwere studied by a DC field and the triangular-wave method. X-ray
the variation of molecular shape from rodlike through hockey diffraction for the_ powder sample was conducted at the_ National
stick and then to bananalike was investigated. Rigid cores Sy_nchrotron Radiation Research Center (NSRRC, beam line 17A1),
having three or four phenyl rings connected with a carbon Taiwan.
carbon double bond and ester linkages were used as the main
skeletons, and substituents with various numbers of benzoate
or cinnamate units were attached at the position meta to the The phase behaviors, transition temperatures (from DSC),
double bond to vary the molecular shape. Meanwhile, and enthalpy values of the corresponding phase transitions
dodecyloxy chains were used as the terminal chains at bothfor the derivatives obtained from 3- and 4-ring skeletons,
ends. The mesophases of the derivatives obtained along theompounds2s and 3s are listed in Tables 1 and 2,
process of structural modification were examined by optical respectively. Itis noted that the phase-transition temperatures
polarizing microscopy, differential scanning calorimetry, observed with optical polarizing microscopy are lower than
X-ray diffraction, and electric field effects. Molecular those measured by DSC, particularly for thinner samples.
calculation was also carried out for the molecules studied Dependence of the Mesophase on Structure Variation.
here, considering that the results might be helpful in Compoundl (see Chart 1) exhibits typical calamitic mes-
clarifying the relations of mesophase properties to the ophases, SmC and nematic, at relatively high temperatures,
molecular conformation and the orientation of the dipole apparently due to the rather rigid copehydroxystilbene.
moment contained. With the hydroxyl group moved to the position meta to the

double bond, compourl the nematic phase is retained and
Experimental the layered phase is diminished. As comparet, tooth the

The molecules studied were synthesized according to routesrneltlng anq Isotropisation temperatures are. lowered, af‘d
shown in Scheme 2. The starting compound, bromophenol, was More drastlcally_for the latter. These drastic changes n
reacted with 3,4-dihydro-2H-pyran (DHP) to yield the protected physical properties can be attributed to the change in

bromophenol &).12 The Heck reactiolf was carried out foA and molecular shape, because all the constituting moieties are
the same. Attachment of a long tail (a dodecyloxy chain) to

Results

(12) Kocienski, P. JProtecting GroupsGeorg Thieme Verlag Stuttgart:

New York, 1994; 83. (14) Kocienski, P. JProtecting GroupsGeorg Thieme Verlag Stuttgart:
(13) (a) Heck, R. FJ. Am. Chem. S0d.968 90, 5518. (b) Heck, R. F. New York, 1994; 120.
Acc. Chem. Red4.979 12, 146. (c) Heck, R. FOrg. React1982 27, (15) Mitsunobu, OSynthesid981, 1.

345. (16) Hanessian, S.; Liak, T. J.; Vanasse,$nthesis 981 396.
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Scheme 2. Synthetic Routes for the Achiral Bent Molecules.
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(i) Dihydropyran, PTSA, CkLCl,, 30 min. (ii) (a) Acetoxystyrene, Pd(OAg)o-tol)sP, CHCN, E&N, 36 h; (b) KOH, THF, CHOH, 2 h. (iii) 4-Dodecyloxy
benzoic acid (or 4-(4-dodecyloxybenzoyloxy) benzoic acid), DCC, DMAP, THF, 24 h. (iv) PTSA, THEQBH1 h. (v) 1-Dodecanol, DEAD, RR,
CHCl,. (vi) R;COOH, DCC, DMAP, THF. (vii) Pd-C, cyclohexene, EtOH!R is 3-methoxy-4-dodecyloxybenzoyl.
this meta position results in mesophases with layer structuresthe bent conformation is maintained fab, and the SmC
restored (SmC and SmA) and nematic phase diminishedphase becomes monotropic because of the elevation of mp.
(compound?23d). This long-chain effect is similar to that Insertion of an oxyphenyl unit (or an oxystyryl unit) along
frequently observed for calamitic mesogens, i.e., a long this lateral direction results in compoun®s (or 2d) and a
hydrocarbon chain promotes the formation of a layered phase further slight increment of mp, but does not introduce any
However, the corresponding phase temperatures are lowereanesophase. A typical banana jgthase is observed after one
further and accompanied with a narrowing of the mesophasemore unit of benzoate is inserte2 that resembles a typical
temperature range. The lowering is more drastic for the bent (banana) molecule but with nonequivalent arms. These
isotropisation than the mp (melting point). These effects are results indicate that aromatic (or conjugated) moieties
apparently due to the bent molecular conformation. introduced along the lateral directioBo(and 2d) certainly

Replacement of the ether linkage at the meta position of increase the interactions between the neighboring molecules,
2aby an ester linkage resulted in compoiyl an elevation as have been reflected in the increments of mp. However,
of the mp by 15 K, and no effect on the isotropisation these interactions apparently are not strong enough to
temperature of the smectic phase. This result indicates thatcompensate the destroying effects on mesophase formation
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Table 1. Mesophases, Transition Temperature®C), and Enthalpy Changes (kJ/mol) of the Corresponding Phase Transitions of 2s

O O
RO O ?/"@'0012"'25

Phase Sequences
compound R
K B B> SmC SmA N I
: q 129.9 . 1589
[33.32] [0.92]
77.2 80.1 80.3
2a CoHys . .
[66.95] [0.03] [4.11]
o} 92.1 . (80.2)
2b Cq1H . . .
112 [69.10] ) [4.15]
o 108.1
2¢ CioHps0 . [45.75] .
2d C12H250 7, o . [41‘;15‘5‘] .
o
2 CgHasO o ° 121.9 . 135.2
- [25.02] [21.69]
o
2eh CagHysO £ ol . 974 () (94.4)
[56.04] [21.83]

aMonotropic.? Diphenylethane instead of stilbene.

Table 2. Mesophases, Transition Temperature®°C), and Enthalpy Changes (kJ/mol) of the Corresponding Phase Transitions of 3s

S W
RO 0@2@0012%

Phase Sequences
compound R
K B B, SmCa SmC N I
91.8 . (86.6 161.4 165.7
3a CioHys : () (86.0) : :
[52.01] [0.02] [1.30] [1.26]
o} 1133 162.3 165.7
3b C11H23—< M ¢ M M
[43.69] [2.41] [1.11]
133.6 123.9 125.1
3¢ CyoHa50 < * (*)* ( ) () ( )
— [61.41] [1.59] [0.86]
3d CiHs0 | O . 1319 () (118.3) .
[57.56] [10.16]
(o]
36 CgHasO ol . 1216 . 1734 .
0 [44.07] [21.50]
— O
3e’? C12H250 — O . 772 (*)°¢ .
0 [66.95]
— 0
3¢ CioHasO o ol . 86.3 . 105.9 .
CH0 [19.56] [12.97]

aMonotropic.? Diphenylethane instead of stilberfeObserved by POM upon rapid coolingMethoxy group at the 3-position of both terminal benzoate
units.

Chart 1

@_OC
12125
(0]

because of the bent conformation and the bulkiness of these

moieties. When the interaction forces are increased by HO Q \ O
incorporating appropriate moietie2d] to overcome this

destroying effect and hence raise the isotropisation temper-

ature, a mesophase can exist. But the resulting molecular 1
shape is no longer that of conventional calamitic mesogens Cr 184.7[28.92] SmC 207.0[0.47]1 N 234.4[1.46] I

and the organized phase structures are apparently different

from that observed for the calamitic mesophases, although Considering the above observations, we then turned to
layered structures are maintained. molecules with a 4-ring skeleton. When one more benzoate
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|| illl
mp and isotropisation temperatures were raised, 15 and 85/} I ”.“i, I’H’
K, respectively, as compared to those of compoRadlhe w "’H‘#! ;].
main consequences are the stabilization of SmC (with 70 K I[j Il || d,:[ W'
on heating) and nematic (4 K) phases. It is worth noting 'l AN
that a SmCa phase appears at 8&6on cooling the SmC Figure 1. Textures of the nematic phase &, homogeneously aligned

|

i
. . . under electric fields at 153C. For 5 V/5um: (a) pairwise birefringent

phase. Replacing the ether linkage by an ester linkagesyipe pattern. (b,c) exchange of colors when the sample in (a) is rotated.

resulted in3b and a rise in mp by 21 K, a value slightly  The horizontal edge is 0.375 mm.
higher than that observed for changiggto 2b. The SmC

and nematic mesophases remained unaffected. The SmC L (‘

phase was diminished because of the relatively high mp. ;

Insertion of an oxyphenyl unit resulted in compowwand I8 \Q e |

a further increase in mp by 20 K or a decrease in thi! | h 1 4 “ -

transition temperature by 40 K. This lowering of isotropi- _ . . . .

. Figure 2. Homogeneously aligned nematic phas@aéxhibits switching
sation temperature apparently makes the mesophases MonQs cojors with electric field (a) off and on at (b) 0.8 Mn-1 and (c) 2 V
tropic. The nematic phase remained but the SmC phase wagm™ at 155°C. Horizontal edge is 0.75 mm.
replaced by a SmCa phase. The phenyl ring inserted is. . . .
helpful for the formation of SmCa but the disturbances it is attributed to the hydrophilicity of the hydroxyl group. This

L homeotropic texture turned to birefringent textures when a
brought within the overall molecular shape and therefore the Co L LI .
: . o DC electric field was applied in the direction perpendicular
molecular ordering decrease the isotropisation temperature S .
) . . to the glass substrates, indicating that the anisotropy of the
to a great extent. When an oxystyryl unit was inserted instead . . : .
(compound3d), a dramatic change of mesophase type was dielectric qonstant[(e) 'S negatlve_forz. For a hqmoge-
observed-a monotropic banana;Bhase. Compared & neously aligned (EHC cell) nematic phase3af with the
3d consists of an extra double blond THe molecular int’erac- alignment direction parallel to one of the crossed polarizers,
tions are enhanced by this double Bond and are helpful fora uniform dark texture with strong optical fluctuation was
y this | P observed. Upon application of a low DC field (@m
the molecules to organize into an ordered phase structure, . - : o
. : thickness and 5 V), pairwise and uniformly spaced birefrin-
(as reflected in the corresponding enthalpy changes), but the ent straiaht strives developed with the strioe lond axis
factor of bent conformation still dominates slightly. There- 9 9 P P b g

fore, it is a banana phase and monotropic. It is interesting to pgral!el o the' rubbing direction, Figure 1a. The pairwise
. L birefringent stripes turned orange and purple when the sample
note that the values of mp and isotropisation temperatures

are lower for3d than for3c, It is the opposite fo2c and was rotated, images b and c¢ of Figure 1, and the colors were

2d. When an extra benzoate unit was introduced, a derivative Zixs?aneg;g dvg:f; gi rﬁxersilngerr(;it;tcljo;ﬁ d-l;zlj ts)t(rtﬁ; spr?(gt\/?/rerli
(3¢ with a relatively wide thermal range of;Bbhase was bp ghtly hig

obtained. This result indicates that the banana phase wouldOW birefringence with weaker optical fluctuation. When the

be stabilized when the arms of the bent molecules possessS ample was then rotated, a texture of uniform color was

S observed and a switching between uniform colors was
large value of polarizability, the same as that observed for observed with electric field on and off. Figure 2. Similar
series?. It is noted that the mp is lower f@e than for3d. » 19 '

. : : behaviors were observed for the nematic phasgbofThe
Introducing methoxy groups to the terminal phenyl rings Lo L

) . results of molecular calculation indicate that the directions
resulted in compound@f, a formation of banana Bphase

. of the net dipole moments &a and3b make large angles
but with a lower mesophase temperature. . :
with respect to the axes of main skeletons. Therefore the
The stilbene unit s very helpful for stabilizing mesophases, giglectric anisotropy is negative f8aand3b. The behaviors
either calamitic or banana mesophases. The rigidity and thegpserved here are different from those of the well-known
conjugation of stilbene unit certainly raise the mesophase ¢5jamitic mesogens having either positive or negative
temperatures. It is interesting to note that after hydrogenation gielectric anisotropy. Apparently the bent conformation of
of the double bond of the stilbene unit, compoudsand  these molecules results in an interesting electric-field-
3€ exhibit banana mesophases with lower temperatures. Thisswitching behavior-a phenomenon deserving further stud-
result significantly indicates that an ethylene group, pos- jeg.
sessing more rotational conformations than a double bond, Fqr Smectic C: 2-Brush and 4-Brush defeesnticlinic
can be employed for linking the arms to the bending unit to | ayer Structure Cooling the isotropic liquid oPa across
obtain banana mesogens with lower mesophase temperatureghe phase transition, focal conic, and homeotropic textures
It is noted that the corresponding temperature is lower for (similar to those of calamitic SmA) appeared first and stayed
the compound containing six phenyl rings. for a very short temperature range. A slightly cooling of this
Optical Observation and Electric Field Effects.For the texture resulted in a drastic change, broken focal conic
Nematic Phase: Unprecedented Electric-Field-Switching developed from the focal conic areas and birefringent
Behavior. The nematic phases of compourjs8a, and3b schlieren texture developed from the homeotropic areas.
exhibit schlieren textures with 2- and 4-brush defects and These behaviors are similar to those of the calamitic Sm A
resemble those of the calamitic nematic phase. A homeo-and Sm A-SmC transition, although the molecules 2
tropic texture developed rather easily farwhen it was are considered to have a bent conformation. But it is evident
sandwiched between ITO (indium tin oxide) glasses, which that there are defects of 2- and 4-brushes in this newly

unit was inserted in the main core, compol8al both the =] g L (L il e
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Flgure 4. Photomlcrographs of the SmC phase3af|n a cell (thlckness

5 um) with surfaces treated for homogeneous alignment under various DC
electric fields. At 144°C, aligning direction rotated by 42 (a) 5, (b) 10,

(c) 15, (d) 20, (e) 25, and (f) 50 V. The horizontal edge is 0.375 mm.

Figure 3. Photomlcrographs showing textures of SmC phases of hockey '
stick molecules. (a2a, 75 °C, schlieren texture with 2-brush defects; (b)

2b, schlieren texture, with 2- and 4-brush defects obtained by cooling the 7
isotropic liquid to the SmC phase, 78; (c) 3aat 146°C, schlieren texture s
with transient stripes and 2-brush defects; §d)at 148.2°C, textures of
focal conic and schlieren with 2- and 4-brush defects. The horizontal edge *
is 0.375 mm. Flgure 5. Textures of the lower-temperature SmC phas8afat 93°C,
showing parallel lines pointing to the opposite directions in the neighboring
domains, with the sample rotated by (a) O, (b24, and (c) 24 The
horizontal edge is 0.75 mm.

developed birefringent schlieren texture, Figure 3a. These
2-brush defects distinguish this phase from that of the known
calamitic SmC phase. The monotropic SmC phasthaflso  texture motions. These dark brown and yellow domains
displayed 2- and 4-brush defects (Figure 3b) but crystallized remained unchanged when the polarity of the electric field
easily. was reversed, but exchanged their light and dark appearances
Broken focal conic accompanied with schlieren textures when the sample was rotated or the polarizer was decrossed.
resembling those of calamitic SmC phase were observedwhen the DC field was increased from low field to high
when the nematic phase da, sandwiched between a field, the textures remained static but the dark brown domains
microscope slide and cover slip, was cooled across the phasgecame lighter gradually and the yellow domains became
transition. Transient stripe patterns developed in the schlierenprown, Figure 4e-f. A maximal optical contrast between
areas when this SmC phase was cooled, a behavior frequentlyhese domains could be obtained at a certain angle of rotation,
observed in the calamitic SmC phase. There were defectsand the same value of rotation angle was obtained in either
with 2- and 4-brushes in the schlieren areas, Figure 3c. Thedirection. This observation indicates that the molecules are
textures of SmC of compoungb also displayed 2-brush  yniformly packed within each domain and tilted in the
defects, Figure 3d. Defects of 2-brushes have been considereépposite directions in the neighboring domains, and the
as evidence for the anticlinic arrangement of the neighboring rotation angle for maximal contrast is related to the optical
layers in the smectic phase of calamitic mesogérine tilt angle of molecules of this SmC phase. The temperature
above observations indicate the existence of anticlinic layer dependence of this tilt angle is depicted in Figure 12 along
structure in the SmC phases 28, 2b, 3a, and3b and  wijth that evaluated from X-ray results. This tilt angle
represent the first example of an anticlinic layer structure of increases as the temperature is lowered away from the
smectic phases formed by the achiral hockey stick molecules.nematic-SmC transition temperature, reaches a maximal
On the nematic phase (&) being cooled to the SmC  value, and then decreases when the SfB&Ca transition
phase, in an EHC cell (polyimide coated and rubbed for temperature is approached.
parallel alignment), there were elongated domains of various At a lower temperature of the SmC phase3at there
sizes with long axes parallel to the rubbing direction and were parallel lines across all the domains, Figure 5. These
with disclinations between them. The colors were the same jines were nearly equally spaced and pointing in opposite
for all the domains when the rubbing direction was parallel directions for the neighboring light and dark domains (or
to the polarizer. But they were two different colors when the colored domains without a field). When the sample was
the sample was rotated or the polarizers were decrossedrotated for the maximal contrast between the light and dark
Figure 4a. The colors of these domains were exchanged wherjomains, the lines in the light domains were parallel to the
the rotation angle was reversed. When the applied DC field polarizer. These observations also indicate that the molecules
was increased to 10 V/am, the domain colors were changed are tilted in opposite directions in the neighboring colored
to dark brown and yellow (Figure 4b), accompanied by domains. Upon application of a DC field, the angle between
the lines of the neighboring domains decreased gradually
O e d S LGP with increasing feld sitengih, Wit a high enough el
ukuda, A.; Komura, H.; Watanabe,Rhys. Re. B 1992 45, 7684 , gnht and dark domains were replaced by aomains
7689. (c) Nishiyama, I.; Goodby, J. W. Mater. Chem1992 2, containing stripe textures with stripe axes nearly in the same
1015-1023. (d) Lagerwall, S. Trerroelectric and Antiferroelectric direction and meanwhile superimposed by yellow and blue

Liquid Crystals Wiley-VCH: Weinheim, Germany, 1999; pp 331 . L :
334. colors (Figure 6). The domains exchanged their colors when
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Figure 6. Textures of the lower-temperature SmC phas8af{at 93°C
and 5um thickness) with the electric field off and a rotation angle of (a)
0, (b) —10, and (c) 19, and an electric field of 20 V and a rotation angle
of (d) 0, (e)—6, and (f) 8. The horizontal edge is 0.375 mm.
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Figure 8. Photomicrograph showing the growth of parallel lines (horizontal)

overlapped on the domains of SmC phas8avhen the sample was cooled
to the SmCa phase. The horizontal edge is 0.75 mm.

i 3 %0 7' b : 2 %‘5 arm of 3c makes this arm more like a calamitic mesogen
LT p w{; ‘)7 :’:" and results in a phase structure more like the anticlinic
SO« R AR . N T :ﬁ;g A arrangement of two calamitic smectic layers. These observa-
Figure 7. Photomicrographs showing schlieren textures of 2-brush defects 1ONS 'm_d'(:ate that the phase obtained also consists of an
for the anticlinic smectic C phases (SmCa): $a) 84.1°C; (b) 3c, 118.4 anticlinic arrangement of molecular layers formed by these
C. The horizontal edge is 0.375 mm. achiral hockey stick molecules. It is noted that the enthalpy
change values for Sm€SmCa of3a and N-SmCa of3c
transitions are 0.02 and 1.59 kJ/mol, respectively.

On the SmC phase &a being cooled to the SmCa in an
EHC cell, periodic parallel lines start to grow from the
_ boundaries of the domains (Figure 8). They wriggled

A peak of response current has been observed for thisparajielly through all domains, across the boundaries, and
phase under a triangular wave of electric field; the value of gradually took over all of the SmC areas. The rate of growth
spontaneous polarization evaluated was on the order of 10depended on the cooling rate. During the growth of these
nC/cnt. However, we were not sure that the ionic species \yriggle lines textures, the electric field effect was obvious
did not come into play even after several attempts. A i the remaining SmC areas but only a slight variation was
thorough study is still needed. observed in the wriggle lines areas (up to a field of 40 V for

For SmCa: Anticlinic Smectic C Formed by Bent Mol- 5 um thickness).
eculesDrastic texture changes were observed when the SmC  When this SmCa phase was subjected to a triangular wave
phase of3a, sandwiched between nontreated glasses, wasof electric field, a response current peak was obtained and
cooled across the phase transition. The schlieren texture ofthe value of spontaneous polarization was on the order of
SmC was swept by a new schlieren texture containing plenty 50 nC/cm3. Resolving the response current into separate
of 2-brush defectd (Figure 7a). The optical appearance peaks was unsuccessful under the ultimate conditions of our
across this schlieren texture was more uniform than that of instrument, 2 Hz and 70 V (peak to peak) fouB.

SmC phase. There were floating liquids sweeping through  Banana Phases Formed by Unsymmetrically Bent Mol-
the sample, a behavior easily observed during temperatureeculesTypical textures of banana phases were observed for
variation. Some periodic parallel stripes, rather similar to B, of 3d and3f, banana-leaf-like textures, and fop Bf 2e

the pitch band observed for chiral smectic phases, occurredand 3e, grainy textures. The banana-leaf-like textures did
in the broken focal conic areas and some thicker schlierennot respond to the applied electric field. The textures of B
areas (see Figure 8). These behaviors resemble the typicapbtained by cooling the isotropic liquid of compouewith
phase transitions of ferroelectric SmC to antiferroelectric a DC field are shown in Figure 9. A slight rotation of the
SmC observed for chiral calamitic mesogéh€n the extinction cross and obvious birefringence changes are
isotropic phase ddc (monotropic N and SmCa phases) being observed by switching the electric fields, indicating a
cooled, schlieren and homeotropic textures appeared anchomochiral SmGPa property according to the classification
stayed for a short temperature range and then drasticallyof Link et al2 There are two response current peaks for the
turned to a new schlieren texture with defects mostly of B, phase of2e and 3e for each half-cycle of the applied
2-brushes (Figure 7b). The occurrence of, or the tendencytriangular wave of electric field, indicating an antiferroelectric
to develop, the 2-brush defects is easier3othan for3a behavior (Figure 10). The peak areas correspond to a
One possible reason for this difference is that the precedingspontaneous polarization of 668 nCkat 121°C and 539
phase is a nematic f@c, and the other reason is because of nC/cn? at 135°C for 2e and 3e, respectively. It is evident

the molecular shape. Comparing the bent shap&acdind from these observations that banana phases can be stabilized
3c hockey stick molecules, the benzoate moiety in the short when the arms of the hockey stick (or bent) molecule possess

N
s .-

the sample was rotated to the other direction. These parallel
lines were restored upon removal of the electric field. The
time for restoration of these lines was proportional to the
field strength and inversely to the temperature.
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pattern is obtained for compour8 except that a second-
order peak is observed in the small-angle region. These peaks
correspond to a layer spacing of 40.6 A and indicate a tilt
angle of 45.8 given the molecular length 57.98 A (by
HyperChem 5.01 AM1). For compourdd, the X-ray pattern
resembles that of the typical,Bhase, two sharp peaks in
the small-angle region and a broad band in the wide-angle
region. The sharp peaks correspond to a rectangular lattice
of size 38.9 Ax 25.6 A.

Figure 9. Texture changes of the,Bphase of2e with a rotation of the Chemical Computation
extinction cross by the electric field at 128 of (a)+5, (b) 0, and (c)-5 . . . .
Vigm. Chemical computation was carried out for the molecules obtained

in the processes of molecular structure modifications in order to

large enough polarizability to enhance molecular interaction obtain the corresponding molecular properties such as molecular
and thus stabilize the layer structure. conformation, molecular length, and the associated net dipole

moment. Molecular geometry was optimized by AM1 of Hyper-
X Stud Chem 5.01; the molecular conformation and the molecular length
-ray Study were then obtained, and the corresponding dipole moment was

Powder X-ray diffraction was carried out for a sample calculated and located by Molecular Mechanics Midccordingly.
In general, a bent conformation was obtained when a long segment

packed in a capillary. Cpollng the isotropic liquid of was attached at the position meta to the carbzarbon double
comppund3a to the nemat_lc phase, we observe_d a brqad bond of the main skeleton. The bending angles of these molecules
peak in the small-angle region and a broad band in the wide- 5re not constant but range from 100 to 136nd there seems to be
angle region (Figure 11). The broad peak corresponds to ano simple correlation between the bending angle and segment
value of 47.74 A and is taken as the molecular length in the attached. Nevertheless, these results agreed quite well with the
nematic phase. Throughout the SmC phase, a strong andbserved thermodynamic results as manifested by the lowering of
sharp peak in the small-angle region and a broad band inthe isotropisation temperature and narrowing of the mesophase
the wide-angle region were observed; a typical run is shown temperature range. This agreement gave us some confidence for
in Figure 11. Thel-spacing value of the phases as a function accepting the results of molecular length and dipole moment; some
of temperature is shown in Figure 12. Téespacing drops of the results are listed in the Supporting _Informatlon. It deserveg
drastically at temperatures just below the SmC transition a note that for all the bent molecules studied here, along the main

skeleton, the plane of the benzoate unit(s) is not coplanar with that

and then increases steadily when the temperature is decreaseo the stilbene moiety, and the dipole moments are located in the

further. The _correspondlng _t'lt z_ingle as a fun(_:t'on of direction with a large angle with respect to the main skeleton (of
temperature is also shown in Figure 12. The ftilt angle pot three- and four-ring skeleton systems). These results indicate
increases as the temperature is lowered, reaches a maximunpat the anisotropies of the dielectric constant of these bent

and then decreases gradually on further cooling. The variationmolecules are negative and agree with the electric field effects
of tilt angle as a function of temperature resembles that observed for compound 3a, and3b. It is noted further that for
estimated from the optical observation but with some all the hockey stick molecules studied, the corresponding dipole
discrepancies in the upper range of the SmC phase. Thismoments are out of the plane containing the bent skeletons. This
discrepancy is attributed to the optical behavior mainly being orientational relationship maybe one of the reasons that the electric
dominated by the aromatic core, which assumes a differentﬁeld effects of these molecules are different from those of calamitic
tilt angle from the molecule as a whole. Across the transition mesogens.
to the SmCa phase, a pattern similar to those of SmC phase
is obtained (85C; Figure 11). The sharp peak in the small-
angle region indicates a simple layered structure and the |tis a general observation that attachment of a substituent
broad band in the wide-angle region indicates liquidlike |ateral to a rodlike mesogen results in destabilization of the
behavior within the layer. The sharp peak corresponds to amesophase and manifests in lowering and narrowing the
periodicity of 43.9 A, larger than that of the SmC phase. mesophase temperature and range. The results presented here
This could be due to a smaller tilt angle or changes of agreed well with this expectation, as can be seen from the
molecular conformation. results of compounds—2d and compound8a—c. Insertion

The X-ray diffraction patterns for the banana phases of of phenyl rings would certainly increase the interactions
hockey stick molecule2e and 3e are shown in Figure 13.  between molecules and hence stabilize the mesophase as well
A sharp peak in the small-angle region (the small peak at as increase the corresponding temperatures. This is particu-
~4° 20 is due to the Kapton tape) and a broad band in the larly true when the insertion is located along the main
wide-angle region are observed for thed®ase of compound  skeleton, as revealed by the results of three- and four-ring
2e The sharp peak corresponds to a layer spacing of 39.6 Amolecules carrying the same lateral substituents. If a phenyl
and indicates a simple layered structure for thjspBase. ring or a benzoate unit is inserted in the lateral direction,
The distance between the two terminal carbon atoms of thisthe mesophase would occur only when the molecular
bent molecule is 49.36 A, as calculated by HyperChem 5.01 interaction forces and the stabilization factor are strong
AM1. These values yield a tilt angle of 36.6A similar enough to overcome the destructing facteloent conforma-

Discussion



5418 Chem. Mater., Vol.

40

[\
=]

Applied Voltage (V)
R
[=] o

43.00

2e 121°C 10Hz 60Vpp

18, No. 23, 2006

0.02 0.04

0.06
Time (sec)
Figure 10. Antiferroelectric behavior for the banana phase2efnd3e under a triangular wave of the electric field.

Yu and Yu

3e 135°C 10Hz 70Vpp

-9
(=]

]
=

Applied Voltage (V)
N
(=] =

_4 L I 1 1
3.00 002 004 0.06 0.08 0.10
Time (sec)

4000 -
12000 +

3000

2 2 3f

w8000 - ]
; SmCa ; 3e
4000 —m—mM183 L,

sSmec 1000

| 2e

i N |
(1] A ] — oF/— ; —
0 10 20 30 0 10 20 30
two theta (20) two theta (20)
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phases of compoundXe 3e and3f.

clinic arrangement of neighboring layers is a consequence
of bent molecular conformation. Furthermore, the anticlinic
layer structure constitutes an intermediate phase between the
calamitic smectic and banana mesophases.

Williams domain® occur as stripe patterns when a
calamitic nematic mesogen of negative dielectric anisotropy
and positive conductivity anisotropy is subjected to a DC
electric field with a voltage below a certain threshold value.
Above this threshold value, the domains disappear and
turbulence sets in. The stripe axes are in the direction

perpendicular to the direction of the originally aligned
director. The stripe patterns observed for the nematic phases
of the bent molecules studied here have stripe axes parallel
to the aligning direction. These stripes disappeared at a
slightly higher voltage; no turbulence was observed, even
at a much higher voltage, and uniform color was observed
instead. This behavior strongly indicates that all three axes
of the bent molecules are aligned under high field strength.
These behaviors distinguish this nematic phase from that of

80 120 160

Temperature (°C)

Figure 12. Tilt angle andd-spacing as a function of temperature 8
estimated by X-ray and optical measurements. Closed sqda@acing;
closed circle, tilt angle by X-ray; open circle, tilt angle by optical
observation.

tion and steric hindrance. When the stabilization factor is “ i | -
contributed mainly by the main skeleton, a hockey-stick- the known calamitic nematic phas€sThis is attributed to
type mesogen is obtained, e.§a—c. When contributions the bent conformation of the molecules. It deserves further

from both the main and lateral wings are considerable, a Studies and will be reported later.
banana mesogen is obtained, even though the two wings are
different in length, e.g.2e and3e The bent conformation  (18) (a) de Gennes, P. G.; Prosfﬂle Phy?ki)C)s of Liquid Crystalg)xford

; ; g ; ; University Press: New York, 1993. Demus, D.; Goodby, J. W.;
and thg Q|pole moments and polarizability assomateq vy|th Gray, G. W.: Spiess, H. W.. Vill, VHandbook of Liquid Crystals
the moieties employed play the central roles for the variation Wiley-VCH: Weinheim, Germany, 1998.

i icati i (19) (a) Prasad, V.; Kang, S. W.; Suresh, K. A.; Joshi, L.; Wang, Q. B.;
of mp and |sotrop|sat|qn temperatures a'nd determine Fhe Kumar, S.J. Am. Chem. So@005 127, 17224-17227. (b) Acharya,
mesophase to be enantiotropic, monotropic, or even vanish- B. R.; Primak, A.; Kumar, SPhys. Re. Lett. 2004 92, 145506. (©
ing. The variation of mesophases accompanied the structural ~ Madsen, L. A;; Dingemans, T. J.; Nakata, M.; Samulski, EPfys.
modification studied here follows this observation. The

Rev. Lett. 2004 92, 145505. (d) Gz, V.; Goodby, J. W.Chem.
results presented here indicate that the occurrence of anti-

Commun.2005 3262-3264. (e) Pelzl, G.; Eremin, A.; Diele, S.;
Kresse, H.; Weissflog, WJ. Mater. Chem2002 12, 2591-2593.
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The optical appearances of the schlieren textures of the Mirror
SmC and SmCa phases of these bent molecules, and thi
transition between them, are similar to those of the corre- \
sponding phases of calamitic mesogens, but with the fol-
lowing distinct differences. The schlieren textures of SmC
phases of these bent molecules are distinguished from those
of the calamitic SmC phase in that there are 2-brush defects /=
domains of opposite tilt angle, and the electric-field effects. &
These 2-brush defects strongly suggest the existence ofg
anticlinic arrangements of neighboring smectic layers. This &
is reasonable because the constituting molecules have benf_’
conformation, and this conformation persists in this me-
sophase as manifested in the lowering and narrowing of the
mesophase temperature and range. The drastic texturésgure 14. Doubly degenerate case formed by the mirror images of
changes across the transition between the SmC and SmCaonformational isomers of the hockey stick molecule shown with schematic
(compound3a) clearly indicate that the phase structures are ePresentations.

ifferent, although the DSC thermogram displ nl ) . . . . .

different, although the DSC the ogra displayed only a field effects are consistent with this consideration. The long

small enthalpy value. For the calamitic mesogens, the long : " . :
S S substituent at the meta position plays the major role in

axes are synclinic in the SmC phase and anticlinic in the ! ; . .

. . making the resulting molecule into a bent conformation as
SmCa phase. The optical features of the schlieren and the . . . .
. manifested in the corresponding thermodynamic results. The
broken focal conic textures strongly suggest that the phases

of these bent mesogens also contain the corresponding phas%IpOIe moment associated with this substituent partially,

structures. This is probably true, because the optical bire- ependlng on the type of linkage, Cance_zls those from the
. L : . -~ main skeleton. When the compound is cooled to the
fringence is primarily due to the main skeleton containing

. : temperature at which molecules are packed to form the
the stilbene mo'eFV: The hydrocarbon chg’ﬂa)(connepted . corresponding phase, the rotational motions of the benzoate
at the meta position played only a minor role in this

S ! . unit(s) are partially frozen. Molecules are packed together
b!refnngence, but certainly affected the tilt of the m_olecular with the same conformation and form a domain consisting
directors as well as the phase structure. Thus, being a ben

o . ) . E)f molecules of the same tilt.
conformation in a tilt smectic phase formation of 2-brush Molecul lculation indi hat the ol b
defects is therefore possible. Hence, the phase structure is olecular calculation indicates that the plane of benzoate

tentatively called a quasianticlinic layer structure in order ;Jhn't rr;f'ﬁlges an angtle c(;f 2050;_W'th respet(r:]t tobthet planle Ofl
to distinguish it from that of the known anticlinic smectic C € stibene moiely depending upon the bent molecu'es

(SmCa). Enhancing the interactions between neighboringstudled. It can be envisaged that a reversing rotation of the

molecules by incorporating more polarizable moieties, such gﬁ?\fv?tarlltfhznslgvmvzuel?]er?suItl'lr?ezenzg:frc);rrgz\?iinc;r;;%rr;neartéoarl]re
as phenyl rings, in the short arms will make the anticlinic 9y.

smectic phase more likely to occur frdato 3c. When the chiral and constitute a doubly degenerate case (Figure 14).

interactions are strengthened to such a great extent, a banan he occurrence of domam_s of op_posﬂe tilts have the same
phase will be formed even for arms with different lengths probabilities, as observed in the sizes and numbers of these
from 3a to 3d and 3e " domains, agrees with this consideration.

These types of conformational isomers have been consid-

d‘fIhe ftorm?tlolnf oftdoma_unslwnhl op;?osmla tt"; atmgtlr:e "’g'dtered to be the causes for several mesophase behaviors
merent optical teatures 1S aiso closely related to the bent o eq experimentally: the helical phase structure of

conformation as well as the conformational isomers becat_'sebanana phases originated from the opposite twists of benzoate

of the rotation of benzoate unit(s) contained in the main Units attached to the central bent unit. on the basi&@f
skeleton. The molecules studied here can be considered tq,,» results?® chiral phases formed ,and also could be
be comprised of three segments, i.e., stilbene unit, benzoatqnduced by :':1 typical rodlike phenyl,ester because of its
unit(s), and the substituent at the meta-position. The stilbenetwist_21 T,he occurrence of the SmCa phase of a hockey stick
unit is known to have phenyl rings coplanar with the central mesogen was ascribed to the rotation of the phenyl ring of
double bond in the trans conformation in most of the cases g its pase moief®and the induction of the SmCa phase
and is considered to be rather rigid structurally. The benzoatein rodlike mesogens by achiral dopants with a branching
unit(s), including the ester linkage, is capable of rotating with tail.>? Considering these observations, the formation of an
respect to the phenyl ring of stilbene via the phenyl-O single equal number of domains with opposite tilts is considered

_bond. The dipole moment gssomated W'th. the ester linkage,,, originate from the conformational isomers discussed
is therefore rotated accordingly. The net dipole moment for bove

the hockey stick molecules discussed here is contributed

prlmgrlly by thOS_e associated with the estgr linkage(s). The (20) Sekine, T.; Niori, T.; Sone, M.; Watanabe, J.; Choi, S. W.; Takanishi,
direction of the dipole moment of the ester linkage apparently Y.: Takezoe, HJpn. J. Appl. Phys., Part 1997 36, 6455-6463.
makes a large angle with respect to the long axis of the main(21) Kajitani, T.; Masu, H.; Kohmoto, S.; Yamamoto, M.; Yamaguchi, K.;
skeleton. This would result in negative dielectric anisotropy. (5, Kishikawa. K.J. Am. Chem. S0@005 127, 1124-1125.

’ ’ : Thisayukta, J.; Samulski, E. T. Mater. Chem2004 14, 1554
The results of chemical calculation and the observed electric 1559.
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The electric field applied for the changes observed for phase transitiod® The drastic texture changes also agreed
SmC of 3a (images a and b of Figure 4) seems to be a with this characteristic transitio#t.The X-ray results showed
characteristic field. Similar field strength was obtained for similar diffraction patterns, simple layered structures, for both
compound3b. This field strength varied very slightly across SmC and SmCa phases but with an increase of 1.1 A in
the entire SmC phase and exhibited a feature that resembledi-spacing. There are many possible causes for this change,
the temperature dependence of thepacing observed in the  synclinic-anticlinic variation, changes in bending angle and
X-ray study. These color changes were accompanied bytilt angle, rotation of constituting moieties, and freezing of
texture motions, and the texture motions were caused by theinternal motions. It could also be a combination of these
process of aligning the molecular dipoles to the applied factors.
field—a threshold field. From then on, the textures remained ]
static, the optical fluctuation was much weaker, and the Conclusion
transmitted intensity was lower. Apparently the molecular  Mesophases of nematic, smectic C and anticlinic smectic
motions are restricted by the field applied, and the molecular C were obtained for compounds comprised of hockey stick
optical axes are tipped slightly toward the light path. This molecules-bent molecules with two arms different in length.
behavior is similar to that observed for the nematic phase, The polarizability, dipole moment, and conformation of the
i.e., all three molecular axes are aligned, except that the phasenoiety contained in the arms play essential roles in the
here has layered structures. An obvious change of birefrin- intermolecular interactions and hence determine the existence
gence with field strength is noted, but it remains to be of mesophases. The bending effect is manifested in the
clarified if it is related to the biaxiality of the dielectrié? mesophase stability and results in the occurrence of 2-brush
Although the field effects are rather obvious, we were unable defects for the smectic C phases. The formation of domains
to obtain a definite conclusion regarding the existence of with opposite tilts in the SmC phase originated from the
spontaneous polarization for this SmC phase after severalconformational isomers of the bent molecules. The anticlinic
attempts. It deserves further study. arrangement of molecular layers comprised of these bent

The parallel lines occurring within the already existing Molecules indicates that anticlinic smectic phases are the
domains for the lower-temperature SmC is apparently relatedintermediate mesophases between the conventional calamitic
to the smectic layers (Figure 5). The tilt angle measured by and banana m_esophases. Because of the bent conformation
the optical method matched that from X-ray, unlike those @nd the associated dipole moment, the mesophases of these
for the upper range of the SmC phase. The DSC thermogramh00k9y §t|ck molecules exhibit different beha_wors und_e_r
did not show any trace of phase transition throughout the electric fields as compared to the correspondlng calamitic
entire SmC phase. It is not clear whether these parallel linesPhases. Bananafhases comprised of hockey stick shape
are related to the-spacing of this SmC phase or if they molecules can be stabilized when the polarizability of the

originated from a possible domination of one of the confor- MOieties contained in the arms is great enough.

mational isomers. Orientations of these lines were obviously Acknowledgment. This work was supported by the National

affected by the electric field applied (Figure 6). Because they gionce Council under Contracts NSC93-2113-M-032-006 and
were superimposed on the domain textures, it made thengcgs-2113-M-032-005.

textures become more complicate under the electric field.
The colors of the pattern were different from that observed  Supporting Information Available: Details of synthetic pro-
for the upper-range SmC phase and could very possibly becedures and analytical data of compoundispacing, molecular

due to the temperature dependence of birefringence. conformation, and orientation of dipole moment. This material is

The results of the DSC study showed a very small enthalpy available free of charge via the Internet at http://pubs.acs.org.
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transition. This small value has been observed frequently for 23) Nihi - Goodby, J. Vi Mater. Chem1993 3, 149-159
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