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and 

G.-H. HSIUE 
Department of Chemicai Engineering, National Tsing Hua university, Hsinchu 30043, Taiwan ROC 

(Received Decemher 9,  1993; in f ind  form June 27 ,1994)  

A new series of chiral materials, hexy1(2s)-2-(6-(-4-(4'-alkoxyphenyl)benzoyloxy)-2'-naphthyl) propionates 
(HmPBNP; m = 6.- 18) had been prepared and their liquid crystalline properties were investigated as 
a function of alkyl chain length. These chiral materials exhibited novel ferroelectric Sf and antiferroelectric 
Sc,* phases and a propensity to the formation of the Sc,* phase was found at  longer alkyl chain lengths 
( m  = 10,12- 18). An odd-even effect of the threshold voltage as  a function ofalkyl chain length for compounds 
HmPBNP (m = 12 ~ 16) possessing antiferroelectricity was observed. Spontaneous polarization and trans- 
verse dipole moment were also measured and are discussed in terms of the elongated alkyl chain length. 

Keywords: Ferroelectric liquid crystal, antiferroelectric liquid crystal, spontaneous 
polarization 

INTRODUCTION 

The antiferroelectric Sc,* phase' has become of great interest recently since it possesses 
a tristable switching property'.' with application potential for the fast-switching 
electro-optical devices.3p5 However, since only a few materials possessing Sc,* phase 
have been prepared and reported,*X6-' ' the details concerning the relationship between 
molecular structure and the appearance of Sc,* phase have not yet been fully 
established. Thus, the design and synthesis of new materials have become one of the 
major research subjects for the synthetic scientists in order to bring about a better 
understanding of this issue. 
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40 S.-L. WU et al. 

Nishiyama and Goodby' ' pointed out that most materials exhibiting Sc,* phase 
have molecular structures where a chiral centre is located in a position that is relatively 
closed to the central rigid core of the molecule. On this basis, the derivatives of 
(2S)-2-(6-hydroxy-2-naphthyl)propionic acid, where the chiral centre located in the 
vicinity of the rigid core should be candidates for study. The general molecular 
structure for the homologous series of the chiral materials, hexyl(28)-2-(6-(4-(4- 
alkoxyphenyl)benzoyloxy)-2'-naphthyl) propionates (HmPBNP) is given below: 

The liquid-crystalline mesophases and some physical properties are reported and 
discussed in terms of the alkyl chain length. 

EXPERIMENTAL 

The chiral starting material for the synthesis of the compounds HmPBNP is (2s)- 
2-(6-methoxy-2-naphthyl) propionic acid, was purchased from Tokyo Chemical Indus- 
try (TCI) Co. Ltd., with optical purity greater than 99% ee. The synthetic procedures 
were carried out according to scheme 1. The acid 1 was esterified with 1-hexanol in the 
presence of N,N'-dicyclohexylcarbodiimide (DCC) and 4-N,N-dimethylamino- 
pyridine (DMAP) to produce the ester, hexyl(2S)-2-(6-methoxy-2-naphthyl) propion- 
ate 2. The methoxy group of this ester was demethylated by treatment with BBr,, and 
the resulting hydroxy group of hexyl(2S)-2-(6-hydroxy-2-naphthyl) propionate 3 was 
subsequently esterified with a selection of 4-(4'-alkoxypheny1)benzoic acids 5 using 
DCC and DMAP to produce the target compounds. The detailed synthetic procedures 
will be reported e1~ewhere.l~ 

All intermediates and final products were preliminarily isolated by column 
chromatography over silica gel (70-230 mesh) using dichloromethane as eluent, and 
further purified by recrystallization from hexane or absolute ethanol. The chemical 
structures for all materials prepared were analyzed by nuclear magnetic resonance 
(NMR) spectroscopy using a Buker WPlOOSY FT-NMR spectrometer. The purity of 
the final compounds were checked by thin-layer chromatography. Further confirma- 
tion for the purity was done by elemental analysis using a Perkin-Elmer 2400 
instrument. Specific rotations were measured in dichloromethane using A JASCO 
DIP-360 digital polarimeter. Transition temperatures and enthalpies of the transition 
were determined by differential scanning calorimetry (DSC) using a DuPont DSC-910 
calorimeter at a rate of 2"Cmin-'. Mesophases are identified by observation of the 
textures using a Nikon Microphot-FXA optical microscope under crossed polarizers 
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FERRO- AND ANTIFERROELECTRIC LCS 41 

HO-@@COOH 

4 

I b  
5 

- 0 

C1H3 2 

Ic 
b H 3  3 

3 
3 

HmPBNP 
SCHEME 1 
DMAP, THF. 

a. C,H,,OH, DCC, DMAP,CH,Cl,; b. C,H,,+,Br, KOH; c. BBr,, CH,Cl,; d. DCC, 

with a Mettler FP82-HT hot stage connected to a Mettler FP80-HT heat controller. 
Sample cells of each liquid crystal were fabricated by IT0 glasses coated with 
unidirectionally buffed polyimide film. The cell gap was 5pm and the electrically 
conducting area was 0.25 cm2. The magnitudes of the spontaneous polarization were 
measured by the triangular wave method.' ' 
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42 S.-L. WU et ul. 

RESULTS AND DISCUSSION 

Synthesis 

The NMR analysis for the main product of each synthetic procedure showed that the 
characteristic singlet of the methoxy group for hexyl (2S)-2-(6-methoxy-2-naphthyl) 
propionate appeared at 6 = 3.9 ppm (CDCI,). This peak disappears after demethyla- 
tion, and the resulting hydroxy proton for hexyl (2S)-2-(6-hydroxy-2-naphthyl) 
propionate found down field at 6 = 5.2 ppm (CDCI,). This hydroxy proton peak is lost 
upon further esterification to produce the final product. 

The results of elemental analysis for HmPBNP are listed in Table 1. The percentage 
errors for the carbon and hydrogen contents were less than 2% as compared to the 
calculated results. 

The optical purity of intermediates and products in each synthetic step was not 
examined. However, since the esterification using DCC and DMAP,' and the 
demethylation using boron tribromide16 have been reported to be free from racemiza- 
tion, it can be expected that compounds HmPBNP should possess high optical purity. 
The specific rotations for HmPBNP measured in dichloromethane are also sum- 
marized in Table 1. 

TABLE I 

Results of Elemental analysis and specific rotation [aID for compounds HmPBNP 
~~ ~~ ~~ 

Compounds Elemental analysis 

HmPBNP C% H Y" 
[ E ] , ' ~  6(conc.)* 

H6PBNP Calc. 78.59 7.64 + 15.36(0.652) 

H7PBNP Calc. 78.76 7.80 + 15.07(0.650) 
Found 78.69 7.66 

Found 78.77 7.83 

Found 78.66 7.94 

Found 79.20 8.13 

Found 79.09 8.22 

Found 79.33 8.44 

Found 79.64 8.43 

Found 79.60 8.67 

Found 79.7 1 8.84 

Found 80.27 8.85 

Found 79.30 8.99 

Found 80.15 9.2 I 

HSPBNP Calc. 78.95 7.89 + 14.44(0.640) 

H9PBNP Calc. 79.06 8.09 + 13.87(0.620) 

HlOPBNP Calc. 79.28 8.18 + 14.18(0.642) 

Hl lPBNP Calc. 79.35 8.36 + 12.30(0.634) 

Hl2PBNP Calc. 79.52 8.44 + 14.66(0.645) 

H13PBNP Calc. 79.61 8.61 + 14.77(0.642) 

H14PBNP Calc. 79.73 8.73 + 10.42(0.650) 

H15PBNP Calc. 79.88 8.80 + 10.36(0.654) 

H16PBNP Calc. 79.96 8.95 + 10.04(0.624) 

Hl8PBNP Calc. 80.17 9.15 + 9.36(0.623) 

*Concentration in g/100cm3 
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FERRO- A N D  ANTIFERROELECTRIC LCS 43 

Transition Temperatures and Mesophases 

The mesophase transition temperatures for HmPBNP were determined by DSC in 
conjunction with optical microscopy. Mesophase identification was carried out princi- 
pally by the textures observed by optical microscopy. Ferroelectric Sc* and antifer- 
roelectric Sc,* phases were further characterized by other electro-optical methods.' 

Representative DSC thermograms for compounds HmPBNP (rn = 7,lO and 13) are 
depicted in Figure 1 in the cooling process. Figure 1 (a) refers to the cooling trace of 
H7PBNP indicating that, as the temperature is lowered from the isotropic liquid (Iso), 
the phase transitions occur initially from Is0 to  N* phase at 143.8"C, and subsequently 
to the S, phase at 143°C. A slightly different DSC pattern is shown in Figure 1 (b) for 
HlOPBNP. It shows in addition to an Iso-N* transition at 136.1"C and a N*-S, 
transition at 135.2'C, there is a small jut in the baseline at 108°C corresponding to 
a S,-Sc* transition based on the change in optical microscopic texture. A non- 

! 

(a) HPPBNP 

(c) HlSPBNP 

I I I I I I 1 I I 

1 77 99 121 143 1 

Temperature ( "C) 
FIGURE 1 
process (cooling rate 2 C min ~ '). 

Representative DSC thermogramsforcompounds HmPBNP(rn = 7,10, and 13)in thecooling 
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44 S.-L. WU et al. 

observable phase transition along the DSC trace occured at 107.6"C was found and 
could be identified as a Sc*-Sc,* transition. This compound exhibits two additional 
novel phases: ferroelectric Sc* and antiferroelectric Sc,* phases. Figure 1 (c) refers to 
the DSC trace for H13PBNP. There is only a significant Iso-S, transition at 130.3"C. 
A small jut in the baseline at 117.6"C was identified as a S,-Sc,* transition. This 
compound has no ferroelectric Sc* phase but a novel antiferroelectric Sc,* phase 
existed. The enthalpies for the I-N* and N*-S, transitions are large, thus, these 
transitions are first order. The enthalpies for the S,-Sc*, Sc*-Sc,* and S, - Sc,* 
transitions, however, are much smaller or even non-detectable, thus, these transitions 
are second order in nature. 

The mesomorphic phases, transition temperatures and enthalpies of the phase 
changes are summarized in Table 2. A phase diagram as the function of the alkyl chain 
length, m, is plotted in Figure 2. It shows that as m increases, the clearing-point 
transition falls. The N* phase is formed for m ranging from 7 to 10, but the phase 
temperature ranges are rather narrow. The N*-S, transition temperatures also de- 
crease when the vlaues of m were increased. All compounds exhibited a S, phase. 
Ferroelectric Sc* phase appeared when m was greater than 7. Interestingly, the S,-Sc* 
transition temperatures increased in parallel to m up to 11 and then levelled off as m was 
increased further. These results in conjunction with the fall in the Iso-S, transition 
temperature with increasing m values, results in a decline in the thermal stabilities of S, 
phase with increasing alkyl chain length. The antiferroelectric Sc,* phase appeared 
when m was greater than 9. It is worthy of note that, with the exception of m = 11, the 

6 8 10 12 14 16 18 

m 

A plot of transition temperatures as function of alkyl chain length for HmPBNP. 0, I-N*; 0, FIGURE 2 
N* or I-S,; 0, S,-Sc*; m, S, or Sc*-Sc,*; A, S, or Sc* or Sc,*-K. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
56

 1
8 

Fe
br

ua
ry

 2
01

3 



TA
B

LE
 11

 

Tr
an

si
tio

n 
te

m
pe

ra
tu

re
s a

nd
 e

nt
ha

lp
y 

of
 p

ha
se

 c
ha

ng
es

 fo
r t

he
 c

om
po

un
ds

 H
m

PB
N

P 
~ 

~ 
~~

 

C
om

po
un

ds
 

Is
o-

N
* 

Is
o 

or
 N

*-
S,

 
s, 
-
 sc

* 
S,

 o
r S

c*
-S

c,
* 

S,
 o

r S
c*

 o
r S

c,*
-K

 

H
m

PB
N

P 
T 

A
H

" 
T

 
A

H
 

T
 

A
H

 
T 

A
H

 
T 

A
H

 

H
6P

B
N

P 
H

7P
B

N
P 

H
8P

B
N

P 
H

9P
B

N
P 

H
lO

PB
N

P 
H

ll
P

B
N

P
 

H
l2

PB
N

P 
H

13
PB

N
P 

H
14

PB
N

P 
H

15
PB

N
P 

H
16

PB
N

P 
H

 1
8P

B
N

P 

-
 

14
3.

8 
14

2.
0 

13
7.

5 
13

6.
1 

13
2.

4 
-
 

~ 
14

9.
4 

0.
81

 
14

3.
0 

1.
12

 
14

1.
1 

1.
10

 
13

6.
5 

1.
57

 
13

5.
2 

0.
69

 
13

1.
8 

~ 
13

2.
0 

~ 
13

0.
3 

-
 

12
9.

9 
-
 

12
7.

1 
12

6.
3 

-
 

12
3.

5 
~ 

5.
93

 
2.

73
 

2.
40

 
1.

55
 

1.
74

 
0.

70
 

4.
27

 
4.

95
 

5.
70

 
2.

58
 

5.
60

 
5.

48
 

93
.7

 
10

5.
6 

10
8.

0 
11

5.
4 

11
5.

3 
-
 

11
8.

6 
- -
 

11
6.

4 

b b 

0.
35

 
0.

23
 

0.
32

 

0.
02

 
-
 

-
 

-
 

b 

10
7.

6 

11
2.

3 
11

7.
6 

11
5.

4 
11

5.
9 

11
6.

0 
11

4.
1 

-
 

b 

95
.1

 
92

.0
 

76
.9

 
78

.3
 

73
.2

 
71

.9
 

70
.6

 
73

.3
 

75
.2

 
74

.9
 

75
.1

 
78

.2
 

40
.8

8 
45

.8
8 

76
.1

3 
36

.4
6 

46
.7

5 
33

.2
6 

26
.9

4 
29

.5
2 

38
.1

4 
21

.8
5 

5 1
.8

9 
61

.4
6 

1
 

rn
 

P
 

w
 >
 

z U
 

>
 

z 1
 

rn
 

P
 

P
 ? =! $ ri E r
 

rn
 

r
 
0
 

rA
 

"T
em

pe
ra

tu
re

 u
ni

t i
s "

C
 an

d 
en

th
al

py
 u

ni
t i

s J
/g

. 
En

th
al

py
 is

 to
o 

sm
al

l t
o 

be
 m

ea
su

re
d.

 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
56

 1
8 

Fe
br

ua
ry

 2
01

3 



46 S.-L. WU et al. 

30 

20 - 

10 - 

0 

- 10- 

-20- 

-30 

occurrence of Sc,* phase suppresses the stability of Sc* phase. Moreover, in the cases of 
m =  13, 15 and 16, the presence of Sc,* phase even eclipses the S,-Sc* transition. 
Surprising as it may seem, these results strongly suggest that the elongation of the alkyl 
chain favours the formation of ScA* phase rather than that of Sc* phase in this series of 
compounds. Figure 2 also indicates that the existence of the Sc* phase or.Sc,* phase 
causes a decrease of the temperatures for crystalline formation. Consequently, the 
thermal stability of Sc* phase is increased as m varies from 8 to 9, and that of Sc,* phase 
becomes wider as the alkyl chain is further lengthened. 

059 d a a  

a 
0 

e r -  
4- 

0 
a 

..$pa 

I I I I I I 
-4 -3 -2 -1 0 1 2 3 

Physical Properties of Sc* and ScA* Phases 

The apparent tilt angles of compounds HmPBNP as function of the applied 
DC voltages were investigated using 5 pm cells for the characterization of the existing 
Sc,* phase. A typical example, obtained from the experimental result of H12PBNP at 
110.3"C, is shown in Figure 3. It is noted that there exists a double hysteresis loop with 
sharp threshold voltages for both increasing and decreasing applied voltages, corres- 
ponding to the switching between antiferroelectric and ferroelectric states. 

In order to correlate the structure-property relationship for HmPBNP, the transi- 
tion temperature (Tc) for Sc*-Sc,* and S,-Sc,* phases were investigated by the 
triangular wave method and the results are summarized in Table 3. The threshold 

Applied voltage (V) 

Hysteresis in an apparent tilt angle as a function of an applied DC voltage for compound FIGURE 3 
H I2PBNP. a, Increasing voltage; 0, Decreasing voltage. 
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FERRO- AND ANTIFERROELECTRIC LCS 47 

TABLE I11 

Physical properties of compounds HmPBNP 

Compounds Tc" Psb tilt angle 0" Po' sign of 
HmPBNP ("C) nC/cmz degree nC/cm ' Ps 
_____ 

HIPBNP 
H9PBNP 
HIOPBNP 
HI lPBNP 
Hl  2PBNP 
H13PBNP 
H 14PBNP 
H15PBNP 
H I6PBNP 
Hl lPBNP 

93.7 
103.6 
106.8 
113.2 
113.5 
115.5 
118.6 
111.3 
111.6 
115.4 

38.56 
27.88 
24.88 
20.46 
40.96 
36.66 
37.28 
28.95 
39.3 1 
22.18 

24.4 
21.6 
18.3 
11.2 
21.4 
20.1 
18.8 
17.9 
21.0 
17.6 

93.37 
15.14 
79.24 
69.19 

1 12.26 
106.68 
1 15.68 
94.19 

109.69 
75.34 

+ 
+ 
+ 
+ 
+ 
+ + + 
+ 
+ 

a The transition temperature Tc which represent S,-Sc* transition temperature or S,-Sc,* transition 

*The physical properties of compounds HmPBNP were measured at 5 "C below the Tc. 
'The value of Po is the ratio of Psisin 0. 

temperature was determined by triangular wave method in 5 pm thickness cell. 

voltages for HmPBNP measured at 5°C below Tc were plotted as function of m as 
presented in Figure 4. It is found that there is an odd-even effect of threshold voltages in 
the consecutive elongation of alkyl chain length (rn = 12-16) for both increasing and 
decreasing applied voltages. This phenomenon is presumably attributed to the effect of 

3 

FIGURE 4 The threshold voltages as function of alkyl chain length in the antiferroelectric phase for 
compounds HmPBNP. 0, antiferroelectric-ferroelectric state; 0, ferroelectric-antiferroelectric state. 
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48 s.-L. wu et UI. 

the elongated terminal methyl group on- or off-axis along the molecular axis; however, 
the real cause is not clear at  present. Remarkably enhanced threshold voltages are 
observed in compound H 1 SPBNP, however, the occurrence of this anomaly is also not 
clear at present. Figure 4 also strongly suggests that the width of the hysteresis loops are 
critically dependent on the nature of alkyl chain length. 

The magnitudes of the spontaneous polarization ( P s )  were measured by the tri- 
angular wave method. Typical examples of compounds HBPBNP, H12PBNP and 
H13PBNP for the Ps values as the function of temperature are shown in Figure 5. 
It is seen that Ps values gradually decrease as the temperature increases. The nature 
of the Ps value with respect to temperature seems not to be influenced by the 
existence of Sc* phase as in compound H9PBNP, Sc,* phase in H13PBNP, or the 
coexistence of Sc* and Sc,* phases in H12PBNP, although the switching for Sc* 
phase is proposed as a transient between two stable ferroelectric states, whereas 
that for Sc,* phase as a transient from one induced-ferroelectric state to another 
ferroelectric state.' * The Ps values and corresponding optical tilt angles (0) measured 
at 5°C below S,-Sc* or S,-Sc,* transition temperature for all materials are also 
listed in Table 3. The results of Ps and 0 values show no correlation with the 
alkyl chain length. Thus, the transverse dipole moment ( P o )  for all materials 
is calculated for comparison. The Po and Ps values plotted as a function of rn 
are shown in Figure 6. An odd-even effect of transverse dipole moment with respect 
to the alkyl chain length is observed. This effect is also presumably attributed 

l o o k  80 

C 
8 

2oi cb 
OO 
0 

1 
0' 
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FIGURE 5 
antiferroelectric phases for compounds HmPBNP. 0, m = 9; 0, rn = 12; 0, m = 13. 

The magnitude ofspontaneous polarization P s  as a function of temperature in ferroelectric and 
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8 10 12 14 16 18 

m 
FIGURE6 Transverse dipole moments Po (0) and spontaneous polarization Ps (0) as  function of 
elongated alkyl chain length for compounds HmPBNP measured at 5'C below the S,-Sc* or S,-Sc,* 
transition temperature. 

to the effect of the elongated terminal methyl group along the molecular long 
axis." A positive sign of Ps for all compounds measured by field reversal method'' 
was obtained. 

CONCLUSION 

The chiral materials HmPBNP derived from (2S)-2-(6-hydroxy-2-naphthyl) propionic 
acid in which the chiral centre is located in the vicinity of the rigid core have been found 
to show an antiferroelectric Sc,* phase. A propensity for the formation of ScA* phase 
has been found at longer alkyl chain length. The thermal stability of the ScA* phase is 
not significantly influenced by the elongated alkyl chain length. An odd-even effect is 
observed in the threshold DC voltage of Sc," phase and the transverse dipole moment 
as a function of the alkyl chain length. 
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