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Abstract

The phase transition behavior of two achiral bent core banana-shaped molecules, 3- ‘ackl@&43(4-n-octyloxybenzoyloxypheny-
liminomethyl)phenyl-4-n-octyloxy biphenylcarboxylate @&ndll), showing the B and B, banana phases, respectively, was investigated
under hydrostatic pressures up to 300 MPa using a high-pressure differential thermal analyZeremhesP phase diagrams fdrandll
compounds were constructed. Both the temperature regions of;thadBB, phases fot andll compounds are maintained in the whole
pressure range and the Bnd B, phases are thermodynamically stable under pressures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction its phase diagram: at higher pressures two transition peaks
appear reversibly below the clearing point and a new high-
Banana-shaped liquid crystals, different from conven- pressure phase, denoted ag,@ found. They determined a
tional calamitic liquid crystals, have been extensively stud- triple point (84 MPa, 135C) for the Cg, Cr, and B, phases,
ied since Niori et al.[1-5] reported on ferroelectric- indicating the lower limit of pressure for the high-pressure
ity in a smectic phase formed by banana-shaped Schiff- Cr, phase. Krishna Prasad et HIO] reported the phase be-
base derivatives in 1996. As a consequence of the benthavior of two achiral banana-shaped molecules, hexyloxy
molecular shapes, a polar packing of the molecules within and decyloxy members of 1,3-phenylene bis[N-(2-hydroxy-
smectic layers gives rise to several new mesophases la4-n-alkoxybenzylidene).daminobenzoate] under pressures
beled by the code letters,B[6-8]. These mesophases up to 300 MPa. The reversible transition sequenge-Bi—I
are not compatible with the conventional SmA and SmC for the hexyloxy compound, observed at atmospheric pres-
phases. sure, remains in the pressure region up to ca. 70 MPa, while
Despite numerous studies have been made on bananaa pressure-induced crystal phase;@ppears between the
shaped molecules for about 10 years, the studies on phas€r; and B, phases under higher pressures. The phase di-
behavior of bent-core molecules under pressure are very fewagram includes a triple point (73 MPa and TI&) for the
It is found that the two-dimensionally ordered Bnd B Cr1, Cr, and B, phases. On the other hand, the reversible
phases are stable in the pressure region up to 200—300 MPdransition sequence ¢¥By—I of the decyloxy compound
[9,10]. Weissflog et al[9] reported an interesting ther- occurs under all pressures studied. Both theddd B
mal behavior of theN,N-bis[4-(4-n-octyloxybenzoyloxy)  banana phases are thermodynamically stable under whole
benzylidene]phenylene-1,3-diamine with the Bhase and  pressures.
In this paper, we present the experimental results
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late (compound) and 3-(3-chloro-)derivative (compound
II) under hydrostatic pressures up to 300 MPa using a
high-pressure differential thermal analyzer (DTA). The
chemical structures of the compounidsandlIl are shown
below.

P e
oA

H,C 30 0 CsHyy

Endo.

X= H: 1
Cl: 1I

«— AT ——

2. Experimental
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2.1. Sample preparation and characterization ] \j :]f
i
The synthesis of the banana-shaped molecules stud- ;Q
ied here is described in elsewhefel]. The two com-
pounds were characterized by using a Perkin-Elmer DSC- - .
7 differential scanning calorimeter (DSC), a Leitz Ortho- 40 50 80 ;/OSC 120 40 1%

plan polarizing optical microscope (POM), and a Rigaku
Rotaflex RU-200 wide-angle X-ray diffractometer (WAXD). Fig. 1. DSC curves of compoundandll at a scanning rate of & min~1:

DSC measurements were performed at a scanning rate 0fa) heating and cooling runs for compouraid (b) cooling and subsequent
5°Cmin~! under N gas flow. Temperatures and heats of heating runs for compourid

transition were calibrated using the standard materials, in-

dium and tin. Transition temperatures were determined as3 Results and discussion

the onset of the transition peaks at which the tangential

line of the inflection point of the rising part of the peak 31 pnase behavior at ambient pressure

crosses over the extrapolated baseline. Texture observation

was performed using a POM equipped with a Mettler hot Fig. 1 shows the DSC heating and cooling curvesl of
stage FP-82 and with a high-pressure optical (. Ni- andll compounds at a scanning rate ofGmin~1. Both
filtered Cu KaX-ray irradiation (A=1.542A) and animag-  ¢ompounds show a simple thermal behavior: two peaks of
ing plate detector (BAS-IP 127mm127 mm, Fuji Photo  melting and isotropization. The thermodynamic quantities
Film Co.) was used for the X-ray diffraction patterns of associated with the phase transitions for the two compounds

the crystals and two banana phases of Itrend Il com- are listed inTable 1.

pounds. The mesophases are assigned by their optical textures and
X-ray diffraction as B phase for compoundand B phase

2.2. DTA measurements under pressure for compoundl (chloro-derivative)Fig. 2shows the typical

POM photographs of the Band B textures observed on

The high-pressure DTA apparatus used in this study is cooling for the compoundsandll, respectively. Compound
described elsewhefé3]. The DTA system was operated in | exhibits a mosaic texture, characteristic of the ghase,
a temperature region between room temperature and@50 while compound| shows a spherulitic growth for thesB
under hydrostatic pressures up to 300 MPa. Dimethylsilicone phase. The Bphases grow usually as dendritic nuclei which
oil with a medium viscosity (100 cSt) was used as the pres- coalesce to a mosaic textufd. On the other hand, the-B
surizing medium. The sample weighing about 4 mg was put phase shows spherulitic texture.
in the sample cell and coated with epoxy adhesives, to fixthe  The X-ray patterns of the Bphase of compoundshow
sample in the cell and also to prevent direct contact with the two sharp reflections in the small angle region, while a dif-
silicone oil. In the DTA measurements new sample was usedfuse scattering in the wide-angle region. This pattern could
for each DTA measurement. The DTA runs were performed be explained by a two-dimensional rectangular or colum-
at a constant scanning rate sfGmin—1 under various pres-  nar rectangular cell (Cglby Watanabe et al.’s modgl4].
sures. Peak temperature was adopted usually as transitiortscheme 1llustrates the molecular packing in frustrated struc-
temperature. tures of the B and B, phase$7,9,14]. According to the two-
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Table 1
Thermodynamic quantities associated with the phase transitions for compgoamd, Prasad et al.'s and Weissflog et al.'s compounds for comparison
T(°C) AH (kmol 1) AS(IK ImolY) dT/dP (K MPa~1) AV* (cm® mol1)
Compound (n=8)
Cr1—B1 128.4 26.0 64.7 0.3% 20.4
Bi-I 143.7 20.5 49.2 0.34 16.8
Compoundl (n=8)
Cr1—B> 111.4 215 55.9 0.28 16.1
Bo—I 141.0 20.1 48.5 0.29 14.3
(1) Prasad et al.'s compound£ 6)2
Cr—B1 143.4 37.2 89.3 0.17% 15.7
Bi—I 175.3 16.7 37.2 0.2&% 10.4
Prasad et al.'s compount (n= 10§
Cr1—B 1175 22.7 58.2 0.28 16.8
Bo-I 180.0 24.5 54.1 0.2% 16.2
(2) Weissflog et al.’s compound € 8)°
Cn-B; 112 25.6 66.5 0.3%3 20.1
Bi—I 132 16.3 40.2 0.36 14.8
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dimensional rectangular cell, the lengthoséxis, i.e., layer  the molecules in an adjacent domain slide halfway along the
thickness, corresponds to the molecular length, and the frus-layer normal after 180rotation around the molecular axis.
tration, i.e., unusual density modulation, takes place along The unit length of thea-axis includes 8-10 molecules, on
the a-axis and the bent direction of molecules is in tie average, and then 4 or 5 molecules in each doifiaih Ac-
axis. The density modulation in threeaxis is produced by  cordingly the two sharp reflections in the small-angle region
the periodic structure with inversion domain walls such that may correspond to the (10 1) and (0 0 2) reflections of the B
phase of compount On the other hand, the X-ray pattern
of the B, phase shows only one reflection in the small angle

—————————— region, corresponding to the layer thickness of thgoBase.
The B, phase is more precisely described as SmGRilted
\ \> smectic phase (SmC) with a polar order of the molecules (P)

]

1

within the layers and an antiferroelectric interlayer correla-
ffffffffff tion. Thed-spacings estimated from the reflections are listed

in Table 2. Thal-spacings of the Band B, phases are compa-
c rable to those of the Band B, phases of other banana-shaped
\\ \ moleculeq14,15].
N

\
a R
/ /) 3.2. Phase behavior under pressure
Fig. 3 shows the DTA heating curves of compoundt
various pressures. Since the DTA curves are generally noisy

with large S/N ratio, only the transition peaks are discussed
in this study. The heating curves at 50, 100 and 280 MPa

B1 (Col) B2 (Sm CP,) shpw two endothermic pea_ll_<s of the;€B; and B—I tran-
sitions. The Ci—Bj—I transition sequence, observed at at-
Scheme 1. Schematic drawings of the molecular packing j0&® B mospheric pressure (s€gg. 1), is maintained in the whole

phases. pressure range studideig. 4shows the DTA heating curves
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Fig. 3. DTA heating curves of compoumdt indicated pressures. Heating  Fig. 4. DTA heating curves of compouiiidat indicated pressures. Heating
rate: 5°C min~1. rate: °C min~1.
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Table 2 respectively. All of the phase transition lines can be approxi-

Data ofd-spacing calculated from the X-ray reflections of the crystalline, mated to be a first- or second-order polynomials of pressure
B; and B phases for the banana-shaped molecubad||

as follows:
d-spacing (hm) (26°)
Whole pressures
Crystalline phase 24C Banana phase 13C p
Compound
Cr B1 phase
Compound LP Cn—B1 T=132+0.3P — 1.79 x 1074P2
3.74 (2.36) 2.81(3.14) Byl T=145+0.34P — 1.75 x 10~4P2
2.01(4.39) 1.97 (4.48) Compoundl
0.43 (20.6) 0 < P <150 MPa
Cr ' B, phase Cr—B; T=114+0.28P — 2.0y x 1074P2
Compoundl P> 150 Mpa e 122+ 0200
3.68 (2.40) 3.47 (2.54) Cri—Cr =122+0.20
1.82 (4.84) Cri—Bz T=114+0.2%2P
0.42 (26 9) Bo—l T=142+0.29P — 1.65 x 1074P2

Generally the G—B; transition point of compoundl is
of compound! under hydrostatic pressures up to 150 MPa. lower by about 18C than the Ci—B; transition point by
The thermal behavior is very similar to those of compound  changing the hydrogen atom to chlorine inthe chemical struc-
under pressures, indicating the;€EB, and B—I transitions, ture of compound. In the case of compounidthe tempera-
respectivelyFig. 5shows the DTA heating curves of com- ture region for the Bphase broadens gradually with increas-
poundll at 200 and 300 MPa. Increasing the pressure aboveing pressure, but the temperature region of aboGt28f the
150-200 MPa, however, splits the endothermic peak of melt- B, phase is almost constant under all pressures because the
ing into two peaks as shown iRig. 5. The second one at pressure-induced crystal phase &ppears between the Cr
a higher temperature is a small endothermic peak which is and B, phases under elevated pressures. One can see that the
a little bigger than the noise signals. The first and second Cr;—Cr, and Cy—B, transition lines merge at about 150 MPa,
peaks are due to the major melting of the @hase and some  indicating the existence of a triple point (149 MPa, 162
phase between the Cand B phases, respectively. There are which suggests the lower limit of pressure for the @ase.
two possibilities for the phase: first one is a pressure-induced  The existence of a triple point in thE versusP phase
crystalline phase, which can be seen in other banana-shapediagram for banana-shaped molecules are already found by
moleculeq9,10]. Second one is an appearance of either an- Weissflog et al[9] and Krishna Prasad et #.0]: Weissflog
other banana phase or other smectic phase. The existence adt al. showed th& versusP phase diagram df,N-bis[4-(4-
another crystalline phase seems to be more realistic, and im-octyloxybenzoyloxy)benzylidene]phenylene-1,3-diamine,
fact, it was attributed to a pressure-induced crystalline poly- which exhibits the triple point at 84 MPa and 135between
morph by direct WAXD measurements under pressure. Thethe three stable phasesChigh-pressure crystal (g and
pressure-induced crystal phase is named hereja$€the B1 phases. Krishna Prasad et al. also exhibitedltkersus
Cr—By—I and Cr—Cr—By—I transition sequences of com- P phase diagram of the hexyloxy compound which shows
poundll can be seen in the low- and high-pressure regions
above about 200 MPa, respectively. 240 e

. T T TTT T T T
Figs. 6 and 7show theT versusP phase diagrams of
compoundd andll in the pressure range up to 300 MPa, ]
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Fig. 5. DTA heating curves of compoutidat 200 and 300 MPa. Fig. 6. T vs. P phase diagram for compound
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220 = the By (or Bo)-I transitions are comparable with those for

the Cr—B;j (or By) transition and the values are 1-2 decades
larger than the transition enthalpies (0.08-9.6 kJThpl
for the nematic(N)—I transition of classical calamitic liquid

] crystals, but it is in the same order with the transition
g enthalpies (2.9-12.5 and 10.0-42.7 kJnidfor the SmA-I
and SmC-I transitions, respectivgly6—18]. It is interesting

to compare the transition entropies with those for calamitic
liquid crystals. TheASvalues are only 3.0 JK mol~? for

the N-I transition ofp-n-hexyloxybenzylidene‘goluidine

: [19], but 22.7 IK1 mol~1 for the SmC—I transition of 1,2-

] bis(4-n-octyloxybenzoyl)hydrazine BABH($20]. The AS
values of the B (or By)—I transition for | (or Il) compounds

in this study are 2 times larger than that for the SmC-I
transition of BABH(8) compoundTable 1indicates that
this relation stands more or less in two other banana-shaped
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P/ MPa molecules. These experimental facts point to the high degree
of order in the B and B, phases, comparable with those of
Fig. 7. T vs. P phase diagram for compourtid the classical SmC phases.

In summary the phase transition behavior of two banana-
the triple point at 73MPa and 16CQ between the Gr a shaped bent core molecules was investigated under hydro-
pressure-induced crystal (rand B phases, indicating the  static pressures up to 300 MPa using a high-pressure DTA
lower limit of pressure for the Cphase. The existence of a method. Based onthe experimental resultsitcan be concluded
triple point for the C¢, Cr; and B phases seems to be the thatboththe Band B, banana phases are thermodynamically
same phenomenon as those observed already, but it is nostable under elevated pressures studied.
clear why the pressure-induced crystal phase appears often
in the banana-shaped molecules.
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