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The following series of novel ferroelectric liquid crystals, derived from normal alkyl esters of (R)-3-

hydroxybutanoic acid, have been synthesized, and several factors determining their mesomorphic properties have
been investigated:
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The smectic polymorphism for these compounds with three aromatic rings is strongly affected by the position
and kind of the linkage groups in the core. The effects of the lengths of the two terminal chains (m,n) and the
linkage groups in the core on the thermal stability of the smectic A and chiral smectic C phases have been
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discussed from the structural points of view.

Very many compounds with a chiral smectic
C(Sm*C) phase have been synthesized since the inven-
tion of high-speed switching devices based on these
compounds’ ferroelectric properties.!! Their common
structural features are a rigid core consisting of at least
two aromatic rings and two terminal chains at the ends
of the core, one of which contains at least one chiral
group.

There have been many studies of the effects of
molecular structure of the core and the length of the
achiral terminal chain on the mesomorphic properties
of the liquid crystals.?? However, the correlation
between the molecular structure and the mesomorphic
properties still remains insufficiently understood.
Especially, there have been few investigations of the
effect of the length of terminal chain at the chiral part
on the mesomorphic properties because of the limited
number of chiral reagents used in experiments.

Systematic investigations of the effect of the lengths
of the two terminal chains on the mesomorphic prop-
erties have been made by Goodby and Gray employing
homologues of the normal alkyl esters of 4’-alkoxy-1-
biphenylcarboxylic acids. They have shown that the
SmC phase appears when both the terminal chains
have an appropriate chain length,® although these
compounds do not have chiral groups in their molecu-
lar structures.

We have selected normal alkyl esters of (R)-3-
hydroxybutanoic acid as chiral reagents and have syn-
thesized novel ferroelectric liquid crystals with three

aromatic rings in the core. Their general molecular
structures are as follows:

H
N
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One of these compounds I(8,2) has already been syn-
thesized and its ferroelectric property reported by
Taniguchi et al.;¥ however, no systematic investiga-
tions of the mesomorphic properties of the homolo-
gous series have yet been done.

In the present paper, we discuss the effect of the
lengths of two terminal chains and of the position and
kind of the linkage groups in the core on the thermal
stability of the mesophase.

ITI (10,3)

IV (10,3)

Experimental

Preparation of Materials. The homologous series, I(m,n)
and II(m,n), and the analogues, I11(10,3) and IV(10,3), were
synthesized by Scheme 1.

In order to obtain highly optically pure reagents, poly-
((R)-3-hydroxybutanoic acid) (PHB) (Imperial Chemical
Industry Co., Ltd.) was chosen as the starting material. The
normal alkyl esters of (R)-3-hydroxybutanoic acid were eas-
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ily prepared by the following method. The lower alkyl (R;:
methyl, ethyl, propyl) esters of (R)-3-hydroxybutanoic acid
were synthesized by the alkolysis of PHB in the correspond-
ing dry alcohols, using conc. H,SOy as the catalyst. Sugai et
al. reported that the optical purity of ethyl (R)-3-
hydroxybutanoate synthesized by a similar method was
100%e.e. ([a]d'=—43.4° in CHCI;).Y The specific rotation
[@]8 of the ethyl (R)-3-hydroxybutanoate prepared by our
method was —44.7°; therefore, its optical purity was esti-
mated to be 100%e.e. The higher alkyl (Ry: butyl, pentyl,
octyl) esters of (R)-3-hydroxybutanoic acid were prepared by
an esterification reaction of (R)-3-hydroxybutanoic acid
obtained by the hydrolysis of the ethyl (R)-3-hydroxy-
butanoate with the corresponding alkyl bromides in N,N-
dimethylformamide (DMF), using 1,8-diazabicyclo[5.4.0.]-
7-undecene (DBU) as the catalyst. The esters of 4-hydroxy-
benzoic acid or 4’-hydroxy-1-biphenylcarboxylic acid with
the normal alkyl esters of (R)-3-hydroxybutanoic acid were
prepared by reacting 4-acetoxybenzoyl chloride or 4’-
acetoxy-1-biphenylcarbonyl chloride with normal alkyl (R)-3-
hydroxybutanoates in dry pyridine, followed by the hydroly-
sis of acetoxyl group selectively in a mixed solvent of
tetrahydrofuran (THF) and methanol containing equimolar
1 moldm™ LiOH. The homologous series, I(m,n) and
II(m,n), were synthesized by esterifying the (A) compounds
with the corresponding 4-alkoxybenzoyl chlorides or 4’-
alkoxy-1-biphenylcarbonyl chlorides in dry pyridine. Com-
pounds III(10,3) and IV(10,3) were prepared by reacting
propyl (R)-3-hydroxybutanoate with Compounds B and C

respectively in dry pyridine containing 10 wt% 4-dimethyl-
aminopyridine (DMAP). All the final products were puri-
fied by silica-gel column chromatography, followed by two
recrystallizations from ethanol.

Their elementary analysis data are listed in Table 1.

Measurement of Thermal Properties. The mesophase
was identified using a Nikon polarizing microscope
equipped with a Mettler FP-52 heating stage. the transition
temperatures were measured using a Daini Seikosha SSC-560
differential scanning calorimeter (DSC) at a scanning rate of
2.5°Cmin~! under N, atomosphere.

Results and Discussion

The melting points and the mesomorphic transition
temperatures for the homologous series, I(m,n) and
II(m,n), are summarized in Table 2. The mesomor-
phic trends of I(m,3) and II(m,3) are shown in Figs. 1
and 2. As can be seen in the figures, both of the series
show the phase sequence of isotropic(Iso)-smectic
A(SmA)-chiral smectic C(Sm*C)-unidentified smectic
phase(Sm3)-crystal(Cryst). The Sm3 phase for I(m,3)
appears monotropically below the Sm*C in the homo-
logues with shorter alkoxyl chains (m=7—11). This
phase shows a broken and banded focal-conic fan tex-
ture or a pseudo-homeotropic or schlieren texture
which resembles photomicrographs of the reference
sample reported by Gray and Goodby.® The transi-
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Table 1.

Novel Ferroelectric Liquid Crystals Derived from Normal Alkyl

Elemental Analyses for the I(m,n), II(m,n),
I11(10,3), and IV(10,3) Homologous Series

Homologous
series

Carbon Calcd (%) Found (
No.

%)

H

(1,3) 7283 719 7297 7.25
(83) 73.15 737 72.87 1.53
(93) 7344 753 7355  7.30
(10,3) 7373 7.69 7401  7.82
(11,3) 7400 7.8¢ 7412  7.85
(12,3) 7426 799 7426 825
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(10,7) 74.74 8.26 74.68 8.34 Fig. 1. Plots of transition temperatures against the

I(m,n) (143) 7474 826 7475  8.12
(16,3) 7519 851 7514  8.59
(10,1) 7315 737  73.18  7.54
(10,2) 73.44 753 7358  7.66
(10,4) 7400 7.84 73.86  7.86
(10,5) 7426 799 7448  7.99
(10,8) 7497 839 7514  8.63
(7,3) 7283 719 7282  7.24
(83) 7315 737  73.00  7.40
(9,3) 7344 753  73.61  7.67
(10,3) 7373  7.69  73.66  1.72
(12,3) 7426 7.99 7444  7.98
(14,3) 7474 826 7497 848
1(m,n) (16,3) 7519 851 7546  8.72
(10,2) 73.44 753  73.66  7.59 7
(10,4) 7400 7.84 7408  8.03
(10,6) 7450 813 7423  8.25
(10,8) 7497 839 7512  8.44
I(10,3)  (10,3) 7548 822 7587 8.4
IV(10,3)  (10,3) 7548 822 7523  8.42

Table 2. Phase-Transition Temperatures for the I(m,n) and II(m,n) Homologous Series

Homologous Carbon No.

Phase-transition temperatures(°C)?

series (m,n) Mp Sm4-Sm3 Sm3-Sm*C Sm*C-SmA SmA-Iso

(7,3) 91.8 — (74.9)» 105.0 154.3

(8,3) 96.8 - (66.6) 112.0 147.0

(9,3) 84.5 - (57.1) 110.0 146.1

10,3) 78.6 — (52.5) 110.5 137.9

(11,3) 81.2 - — 115.9 140.6

(12,3) 81.3 — — 114.1 136.1

I(m,n) (14,3) 86.3 — — 110.5 130.1
(16,3) 87.2 — — 108.2 126.9

(10,1) 78.5 (64.0) 102.8 120.0 155.7

(10,2) 88.1 - (58.0) 120.0 146.1

(10,4) 68.0 — (50.2) 111.1 136.5

(10,5) 70.9 — (49.2) 95.9 129.6

(10,8) 74.5 - — 83.5 123.7

(7,3) 68.7 - (30.7) (57.8) 127.6

(8,3) 77.7 — — (67.5) 131.5

(9,3) 92.2 — — (80.0) 129.2

(10,3) 85.8 — (56.6) (84.0) 126.5

(12,3) 77.2 — — 93.0 122.8

(14,3) 72.1 - (49.3) 96.1 118.7

I(m,n) (16,3) 72.2 — — 96.5 116.0
(10,2) 75.8 — (58.9) 82.9 131.0

(10,4) 63.9 — (53.9) 65.5 124.0

(10,6) 72.2 — (44.3) (64.6) 110.5

(10,7) 76.3 - (46.3) (62.5) 110.5

(10,8) 76.3 - (46.1) (63.9) 110.9

a) Mp; melting point, Sm3, Sm4; unidentified smectic phase, Sm*C; chiral smectic C, SmA;

smectic A, Iso; isotropic liquid. b) (

); monotropic transition.

number of carbon atoms (m) in the alkoxyl chain of
homologous series I (m,3): mp (—A—); Iso-SmA
(—®—); SmA-Sm*C (—O—); Sm*C-Sm3 (—Hl—);
Sm3-Cryst (—A—).
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Fig. 2. Plots of transition temperatures against the
number of carbon atoms (m) in the alkoxyl chain of
homologous series II (m,3): mp (—A—); Iso-SmA
(—®—); SmA-Sm*C (—O—); Sm*C-Sm3 (—ll—);
Sm3-Cryst (—A—).

tion enthalpies measured by DSC are about 0.86—1.5
kJmol~l. On the other hand, the Sm3 phase for
II(m,3) appears monotropically below the Sm*C in the
homologues with heptyloxyl, decyloxyl, and tetradecyl-
oxyl chains and shows a focal-conic fan texture or a
homeotropic texture formed from the broken focal-
conic fan or the schlieren textures of the Sm*C phase,
respectively. Moreover, the transition bars across the
backs of the fans are observed at the transition from the
Sm3 phase to the Sm*C. The transition enthalpies are
about 1.5—4.5 kJmol~l. From these findings, we
speculate that the Sm3 phases of I(m,3) and II(m,3)
may be chiral smectic I(Sm*I) and smectic B(SmB),
respectively; however, more detailed study by the X-ray
diffraction method and the misibility test will be
necessary for the assignment of these phases.

The Iso-SmA transition temperaturs for I(m,3) and
II(m,3) show normal trends, that is, an odd-even alter-
nation and a gentle falling as the series ascend. On the
other hand, the SmA-Sm*C transition temperatures
show significantly different features. The Sm*C phase
for I(m,3) appears enantiotropically, and the SmA-
Sm*C transition temperatures do not change very
much in respect to the length of the terminal alkoxyl
chain, whereas the Sm*C phase for II(m,3) appears
monotropically in the region of the shorter alkoxyl
chains (m=7—10) and becomes enantiotropic in the
region of the longer alkoxyl chains (m=12—16).
Their transition temperatures gradually increase with
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Fig. 3. Plots of transition temperatures against the
number of carbon atoms (n) in the alkyl ester chain of
homologous series I (10,n): mp (—A—); Iso-SmA
(—®—); SmA-Sm*C (—O—); Sm*C-Sm3 (—Hl—);
Sm3-Sm4 (—[—); Sm3,Sm4-Cryst(—A—).

the length of the terminal alkoxyl chain, leading to the
decrease in the temperature range of the SmA phase.

There are some characteristic features in the phase
transition from the Sm*C phase to the Sm3 phase for
I(m, 3) and II(m, 3). The Sm*C-Sm3 transition for
I(m,3) appears as a monotropic transition in the
homologues with shorter alkoxyl chains (m=7—10),
and the transition temperatures decrease with the
length of the terminal alkoxyl chain. On the other
hand, the Sm*C-Sm3 transition for II(m,3) appears as
a monotropic one, and the transition temperatures
seem to increase with the length of the terminal
alkoxyl chain in the region of the shorter chains and to
slightly decrease in the region of the longer chains.
However, the correlation between the molecular struc-
ture and these Sm3 phases cannot be found at this
stage because the assignment of these phases has not
yet been accomplished.

Figures 3 and 4 present the mesomorphic trends of
the homologous series, I(10,n) and II(10,n). These
homologous series show phase sequences similar to
those of the corresponding homologous series I(m,3)
and II(m,3). The Sm3 phases again appear mono-
tropically in all the homologues except 1(10,8). All the
Sm3 phases for I(10,n) and II(10,n) except that for
1(10,1) exhibit a texture similar to those of the I(m,3)
and II(m,3); therefore, the Sm3 phases of I(10,n) and
II(10,7) may be Sm*I and SmB, respectively. The Sm3
phase of the 1(10,1) homologue shows a broken focal-
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Fig. 4. Plots of transition temperatures against the
number of carbon atoms (n) in the alkyl ester chain of
homologous series II (10,n): mp(—A—); Iso-SmA
(—@®—); SmA-Sm*C (—O—); Sm*C-Sm3 (—Ml—);
Sm3-Cryst (—A—).

conic fan whose back is “L”-shaped and which has
highly coloured patches or pseudo-homeotropic tex-
tures. The transition enthalpy is too small to be esti-
mated from the DSC chart. From these findings, we
speculate that this phase may be chiral smectic
F(Sm*F); however, more detailed studies employing
the X-ray diffraction method will be necessary for the
assignment of this phase.

The effects of the terminal chain length for the chi-
ral part on the thermal stability of the mesophase are a
little different from those of the other terminal alkoxyl
chain. The Iso-SmA transition temperatures for
I(10,n) and II(10,n) show a gentle falling with the ter-

minal chain length (n), although the odd-even alterna-

tion is not clear. The SmA-Sm*C transition tempera-
tures for I(10,n) and II(10,n) also decrease with the
terminal chain length (n), unlike those of the corre-
sponding homologous series, I(m,3) and II(m,3) where
the other terminal chain varies. This tendency proba-
bly means that the thermal stability of the Sm*C phase
is reduced as the difference in length between the two
terminal chains is small. Such a tendency has also
been reported by Goodby and Gray in the homologous
series of m-alkyl esters of 4-alkoxy-1-biphenylcarbox-
ylic acids, in which the SmC phase has been observed
only with the alkoxyl chain from hexyloxyl to tetra-
decyloxyl and with the alkyl ester chains from propyl
to decyl. However, in comparison with the homolo-
gous series of the normal alkyl esters of 4-alkoxy-1-
biphenyl carboxylic acids, there are some differences in

Novel Ferroelectric Liquid Crystals Derived from Normal Alkyl
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Table 3. Phase Sequence and Transition Temperature

Phase sequence and transition

Analogues temperature (°C)

Cryst 78.6 >Sm'Cv11°'5,SmA 1:951s0
1103) 35 NC 5
Sm3

52.5

cryst—85:8 s gna 326:3 1o,
(10,3) 43.3 o o
3m3 288 smec
cryst—233:4 5 snp &10:5 gnec £27-0, 140
I(103) 55 T

Sm

90.0 93.6
Cryst ———>> SmA «Z2->1s0
IV(10,3) 72,8\ 4 84.0

Sm*C

the effects of the terminal chains on the thermal stabil-
ity of the Sm*C phase for the homologous series,
I(m,n) and II(m,n), with three aromatic rings in the
core. According to McMillan,” de Jeu,® and Patel and
Goodby,? the thermal stability of the Sm*C phase is
strongly affected by the polar groups in the core. In
the cases of I(m,n) and II(m,n), the only structural dif-
ference between them is the position of ~-COO- lin-
kage in the core. This means that the effects of the
terminal chain length on the thermal stability of
Sm*C phase are quite different only if the position of
the linkage group is changed in the core.

To investigate the effects of the linkage groups in
the core with three aromatic rings on the mesomorphic
properties in more detail, the mesomorphic properties
of two further analogues with the same terminal
chains will be examined (Table 3).

In comparison with I(10,3) and 11(10,3), the ITI(10,3)
and IV(10,3) analogues with a -CH,0O- linkage in the
core have the phase sequences of Iso-Sm*C-Sm2-
Sm3-Cryst and of Iso-SmA-Sm*C-Cryst, respectively.
The Sm2 phase of III(10,3) shows a broken-fan or a
schlieren texture under a polarizing microscope, and
the transition enthalpy is 1.4 k] mol~!; therefore, this
phase may be Sm*I. The microscopic texture of the
Sm2 phase changes slightly at the Sm2-Sm3 transition
and turns into another broken-banded fan or schlieren
texture in the Sm3 phase, and the transition enthalpy
is 2.1 k] mol~!; however, this phase cannot be specu-
lated on at this stage. As is evident from these results,
the smectic polymorphism for the homologous series
with three aromatic rings in the core is strongly influ-
enced by the position and kind of the linkage groups
in the core.

There are also some characteristic tendencies for the
mesomorphic transition temperatures among these
four analogues. The Iso-SmA or Iso-Sm*C transition
are in the order of: 1(10,3)>I1(10,3)~=I1I(10,3)>IV(10,3).
As is to be expected from Gray’s report,? the thermal
stability of the smectic phase depends on the rigidity
and planarity of the central linkage in the core. Con-
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traty to the -COO- linkage, the ~-CH,0- linkage has
no double-bond character; therefore, the Iso-Sm*C
and Iso-SmA transition temperatures for III(10,3) and
IV(10,3) should be lower than those for 1(10,3) and
I1(10,3). Judging from the data, this speculation seems
to be valid; however, the Iso-SmA transition tempera-
ture for 11(10,3) (126.5°C), is almost the same as the
Iso-Sm*C transition temperature for II1(10,3) (127.0
°C), and the difference in the Iso-smectic transition
temperature between I(10,3) and II(10,3) is only
11.4°C, whereas that between I11(10,3) and IV(10,3) is
33.4°C. These facts cannot be explained only by the
difference in the flexibility of the linkage groups. In
the core moiety containing three aromatic rings, the
biphenyl ring is known greatly to enhance the thermal
stability of the smectic phase because of its lath-like
shape. On the other hand, the chiral part with a pro-
truding 1-methyl branch in the molecule significantly
reduces the thermal stability of the smectic phase. If
the biphenyl ring is connected to the chiral part with
1-methyl branch through the -COO- linkage, as is
I1(10,3) and 1V(10,3), they could not form a parallel
arrangement with one another because of the steric
hindrance of the 1-methyl branch. In the cases of
1(10,3) and III(10,3), the biphenyl ring is connected to
the chiral part through the -COO-CgH,-COO- or the
-OCH,-C¢H,-COO- linkage. In these two analogues,
the biphenyl rings could be packed parallel with one
another more easily than those in 1I(10,3) and IV(10,3),
because the effect of the protruding 1-methyl branch
on the packing of the biphenyl ring is diluted through
the linkage groups, thus leading to Iso-smectic transi-
tion temperatures higher than the corresponding ana-
logues I1(10,3) and IV(10,3). Additionally, compared
with the biphenyl ring in 1(10,3), that in III(10,3) is
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connected to the -CgH,~-COO*CH(CHj3)-CH,COOC;-
H; through the -OCH_- linkage, which is more flexi-
ble than the -COO- linkage, so that the biphenyl ring
in III(10,3) could form the parallel arrangement most
easily in the smectic phase, with the result that
IT11(10,3) has a comparatively higher Iso-Sm*C transi-
tion temperature among these four analogues.
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