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A new series of chiral biphenyl derivatives presenting the following general sequence of phases 
Cr-+S,*-rN* -+I was synthesized and charactcrized. The mesomorphic properties were analyzed 
by optical microscopy, DSC and electro-optical measurements. This series presents a large 
temperature domain for the ferroelectric phase and large values for the spontaneous polarization 
(up to 2 0 0 n C ~ n - ~ ) .  For this series, the crystal structure of 4-[(2S)-2-chloro-3- 
methylbutanoyloxyjbiphenyl-4-yl 4-undecyloxy-2,3-difluorobenzoate (C,,H,,O,F,CI) is 
described. This compound crystallizes in the monoclinic system and P2, space group with two 
independent molecules per asymmetric unit (2 =4). The cell parameters are tGe following: a =  
6.764(5), b=57.057(6), c=8.597(2)A and p=99.08( IT; 3.(CuKa)= 1.54178A, R = 0 1 0 5  for 
2987 observed reflections. The independent molecules A and B adopt a parallel head-to-head 
arraagement which gives rise to sheets parallel to the (xOz) plane with a thickness close to 
28.5A and having a permanent dipole moment. The tilt angle within a sheet is close to 40". 
Neighbouring sheets, generated by the 2, axis, are symmetric through the (xOZ) plane with an 
opposite tilt direction and dipole moment. The molecular arrangement is antiferroelectric-like. 
The crystal cohesion can be attributed to dipole-dipole forces and van der Waals interactions. 
The structure of the present compound is compared to that of a similar compound which 
differs only by the replacement of one of the two terminal methyl groups with an ethyl group. 

1. Introduction 
During the last decade, extensive chemical studies on 

the synthesis of new ferroelectric smectic compounds 
has yielded useful materials for applications and optical 
devices [ 1-71. Recently some new ferroelectric liquid 
crystals having 2,3-difluoro lateral substituents have 
been reported. Such derivatives are low viscosity 
materials [S-lo]. In order to satisfy the compromise 
between the existence of the ferroelectric S,* phase and 
the optimization of the electro-optic properties, a new 
series of chiral molecules with difluoro lateral substitu- 
ents was synthesized and characterized [ 111 as follows. 

F F  

0 GI 
where 
R = CH - CH, (V), = C*H ~ C2H, (I) or CH, - CI1 - CH, (L) 

I I I 
CH, CH3 CH3 

We describe here the complete analysis of the meso- 
morphic properties of these compounds by microscopic 
observations, DSC and electro-optical measurements. 
Moreover, to understand better the molecular arrange- 
ment in the s,* phase and the transition Cr+S,*, we 
have analyzed the crystal structure of the compound 
with n =  11 and R = V and compared it with that of the 
other derivatives also exhibiting the S,* phase. 

2. Synthesis 
2.1. General 

The materials studied were synthesized following the 
scheme: 

*Author for correspondence. 
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CnH*n+l-O .+& c o , ~ o c  II -C*H- I 

0 CI 
6 

a: c,HZn + , Br, KOH, EtOH; 
b: CH,COCI, FeCI,. CH,CI,: 
c: NaOH, Br,. Dioxane, H,O; 
d: SOCI,; HO- C,H,-C,H,-OH in excess, pyridine, toluene; 
C: CH2C12, DMAP, R-CHC1-COOH, DCC. 

The chemical structures of all compounds were 
checked by NMR (Bruker 200 MHz) and by Fourier 
Transform Infrared Spectroscopy (Nicolet M X -  '). The 
purity of intermediates and final products was checked 
by thin layer chromatography and by normal phase 
HPLC. 

(2S)-2-chloro-3-mcthylbutanoic acid, (2S,3S)-2- 
chloro-3-methylpentanoic acid and (2S)-2-chloro-4- 
methylpentanoic acid were prepared according to literat- 
ure methods [12]. 

2.2. 4-H2'droxq;hipheii!:l-4'-~1 
4-iindecylo.xy-2,3-diJuorobenzoate ( 5 )  

To a solution of 186g (0.1 mol) of 4,4'- 
dihydroxybiphenyl and 70 ml of pyridine in toluene 
(150ml). a solution of 6.95g (0.02mol) of 
4-undecyloxy-2,3-difluorobenzoyl chloride (obtained 
from the reaction between the corresponding benzoic 
acid [ 131 and thionyl chloride) in toluene (50ml) was 
added dropwise during one hour. The mixture was 
heated under reflux for three hours. After cooling to 
room temperature, the solvent was evaporated under 
reduced pressure and the residue was hydrolysed with 
40 ml of concentrated sulphuric acid and 100 g of crushed 
ice. The solid was filtered off, washed with water and 

treated with hot tolucnc. The excess of insoluble 4.4'- 
dihydroxybiphenyl was removed by filtration. The fi l -  
trate was evaporated and the product was recrystallised 
from absolute ethanol. Yield 5.7g ( 5 5 % ) .  Cr- 
162+SL- 195 +N-202+1 IR (Nujol. cm- '): 3380, 
2910, 2840, 1730, 1500, 1290. 1210, 1090; 'H NMR 
(200 MHz, solvent CDCI,, standard TMS): 0.9 (t. 3H, 
CH3), 1.2-1.9 (m. 18H, 9CH,), 2.9(s, IH, OH),  4.3 (t, 
2H, CH,O). 6.9-7 (d. 2H arom.), 7.2 (m, lH, arom.), 
7.4(d, 2H arom.), 7.6(d, 2H arom.). 7.7 (d, 2H arom.), 
7.9 (m, IH arom.). 

2.3. 4-1 (2S.3Si-2-Chinro-3- 
nieth?.lpentnno)jlosq.] hiphenyl-4'-~~1 

4-i~rzdec~~ox~~-2,3-dfluorobenzoiite (6 )  
To a solution of 0-52g ( 1  mmol) of 4-hydroxy- 

biphenyl-4'-yl 4-undecyloxy-2,3-difluorobenzoate in 
CH2Cl2 (10ml) were added 0.22 g ( 1 . 1  mmol) of dicyclo- 
carbodiimide (DCC), 10 mg of N,N-dimethylaminopyri- 
dine (DMAP) and 0.17 g (1.1 mmol) of (2S,3S)-2-chloro- 
3-methylpentanoic acid. The mixture was stirred at room 
temperature overnight. After filtration the solvent was 
evaporated and the residue was purified by chromato- 
graphy on silica gel with toluene as solvent. The desired 
product was recrystallized from ethanol. Yield 0.42 g 
(60%). IR (Nujo1,cm-'): 2900, 1750, 1730, 1500, 1280, 
1200, 1090; 'H NMR (200MHz, solvent CDCI,, stand- 
ard TMS): 0.9 (t, 3H, CH,), 1.3 (t ,  3H, CH,), 1.2(d, 3H, 
CH,), 1.2-1.9 (ni. 21H), 2.3 (m, 1H, CH-CH,.), 4-15 ( t ,  
2H, CH,O), 4.4(d, IH, CH-Cl), 6.9(d, 111 arom.), 
7-2-7-65 (4d, 8H arom.), 7.9 (in. 1H arom.). 

.R 

3. Mesomorphic properties 
The phase behaviour, transition temperatures and 

enthalpies were determined by thermal microscopy and 
by differential scanning calorimetry. The liquid crystal 
transition temperatures and enthalpies for these new 
materials are summarized in table 1. All the compounds 
are mesomorphic and give chiral S,* and N* mesophases. 
The ferroelectric S,* phase is observed over the whole 
series within a large temperature domain varying from 
45 to 76°C. Most compounds present a very short blue 
phase (BP)  before the isotropic phase. 

4. X-ray diffraction by the mesophase 
Tn order to monitor the variation of the layer thickness 

with temperature atid to correlate it with the results 
found in the crystalline state, X-ray diffraction by 
the mesophase was examined as shown in figurc3. 
The liquid crystal 4-[( 2S)-2-chloro-3-methylbutanoy- 
loxylbiphenyl-4'-yl 4-undecyloxy-2.3 difluorobenzoate 
was introduced in the isotropic phase into a 1 mm 
diameter Lindeman capillary. The sample was mounted 
on a Huber 2 goniometer. The temperature was 
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Table 1. Transition temperatures ('C) and enthalpies 
[kJ mol- '1. 

n R  Cr sc* N *  BP I 

7 1  

7 v  

8 1  

8 V  

9 1  

9 v  

10 I 

10 v 
10 L 

11 I 

11 v 
12 I 

12 v 
12 L 

0 74.7 
[ 16.081 
0 75 
[ 18.151 

61.3 
[ 13.051 

69-5 
C23.011 

84.6 
[ 38.121 

98.1 
[ 49.21 

75.3 
[ 28.881 

85.5 
[ 24.671 

72.4 
[ 18.151 

66.8 
[ 36.571 

81.7 
[ 16.011 

61 
[ 42,501 

74.6 
[ 26.961 

72.6 
[ 23.501 

124.2 
c 1.71 

~ 1 . 4 1  

c 1.41 

~ 1 . 4 1  

135.7 

128.4 

139.7 

131.3 

142.8 

132.5 
[ 1.281 

145 
[ 1.251 

136.6 

134.6 
[ 1.191 

146-7 
[ 1.151 

136.5 
[ 1,231 

149-2 
[ 1.041 

137.6 

C1.61 

C1.61 

c 1.61 

[ 1.201 

152-2 
C0.71" 

171-8 

151.7 

170.1 
[0,86]" 

148.4 
[0.8]" 

166.5 
[0.82]" 

146.9 
[0.9]" 

164.3 
[ 1.071" 

140 
[ 0.61" 

144.1 

161 
[0.88]" 

144 
[ 1.173" 

159.4 

139.3 

C0.61 

C04l 

[ 1.01-y 

[ 1.221" 

[ 1.121" 

152.5 

- 

- 

170.2 

148.8 

66.8 

47.6 

64.6 

- 

144.2 

0161.3 

0144.1 

159.6 

- 

0 

0 

0 

0 

0 

0 

a The sum of I-BP and BP-N* transition enthalpies. 

controlled within 0.01"C accuracy. The CuK, radiation 
from an 18 Kw rotating anode X-ray generator (Rigaku 
Ru-200) was selected by a flat pyrolitic graphite (0 0 2) 
monochromator. The resulting horizontal instrumental 
resolution was kl. The scattering profiles were 
fitted with the resolution function, and the accuracy on 
the Bragg position was estimated to be about A-' 
or equivalently about 0.25 A in direct space. 

The layer thickness was close to 30A in the S,* phase 
(29.95 A at T= 9OOC) and increased regularly on 
approach to the S,*-N* phase transition. 

The maximum tilt angle (cos 6 = d,,*,/L with L = 38.7 A) 
was estimated to be equal to 39.2". (L  is the estimated 
molecular length of the molecule in its most extended 
form). 

5. X-ray collection and crystal structure determination 
5.1. Experimental 

Suitable crystals of 4-[(2S)-2-chloro-3-methyl- 
butanoyloxy] biphenyl-4-yl 4-undecyloxy-2,3 difluoro- 
benzoate (C,,H,,O,F,Cl j were grown from ethanol/ 
chloroform solutions at 293 K. The crystal setting, cell 
parameters and data collection were made with a CAD-4 

Enraf-Nonius diffractometer, equipped with a graphite 
monochromator for the CuK, radiation (A = 1.54178 A). 
Twenty-five reflections with angles between 21" and 41" 
were used for the crystal setting and least-squares 
refinement of the cell parameters: a = 6.764(5), b = 
57.057(6), c=8.597(2)A and a=99.08( l)', monoclinic 
system, P2, space group (2 = 4j, two independent molec- 
ules per asymmetric unit. The volume of the cell is 
3276 A3, the molecular weight is 614.14 g mol-I and the 
calculated density is 1.247 g cm-3. The linear absorption 
coefficient ,u = 1.467 mm -'. Data collection was per- 
formed using 0-20 scans, 8,,, = 55" (( 7 > h > 0), 
(60 >, k > 0), (9 >, 1 3  9)). 

Three standard reflections ((-3 9 l ) ,  (1  18 -2 )  and 
(1 15 - 3 j) were measured every three hours. No signi- 
ficant decrease in these reference reflections was noticed 
during data collection; the minimum and maximum 
transmission factors were 0.87 and 0.997; the experi- 
mental correction of absorption was measured with the 
t,h scan technique [141. There were 6763 reflections 
measured, of which 4150 were independent. Finally 2998 
reflections can be considered as observed (I > 2.04 I j). 

The structure was solved using the Mithril package 
[l51, which led to the positions of two-thirds of the 
non-hydrogen atoms. The missing atoms were located 
with some difficulty after successive Fourier syntheses. 
Atomic parameters were refined under constraints 
thanks to the Shelx76 package [ 161 with anisotropic 
thermal parameters for the non-hydrogen atoms, minim- 
izing (IF01 - IFc~)~ with unit weights. Hydrogen atoms 
were introduced into theoretical positions [ 171 riding 
on the carbon atoms to which they are attached [16]. 
The atomic scattering factors were taken from 
lnternational Tables for X-ray Crystallography ( 1974, 
vol. IV). The final reliability factor was R = 0.105. This 
high value can be attributed to rather high atomic 
thermal motions and probably some disorder. 

5.2. Structure analysis 
The fractional coordinates and the equivalent Beq 

(A') factors are given in table 2. The labelling of non- 
hydrogen atoms is presented along with a stick-and-ball 
representation of the molecule in figure 1. For the sake 
of clarity, atomic numbers run from C1 to C42 for the 
molecule A and C51 to C92 for the molecule B. &The 
phenyl rings are designated as DIA (C1 to C6), DZA (C10 
to C15), (C20 to C25), (PIB (C51 to C56), CD,, (C60 
to C65), @3B (C70 to C75). 

5.3. Molecular conformation 
The alkoxy chains of both molecules (031 to C42 and 

0 8 1  to 092)  are quasi-planar and differ by less than 
10" for A and 5" for B from a fully extended conforma- 
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568 I. Zareba et al. 

Table 2 Fractional coordinates and equivalent isotropic thermal parameters Be, (A') = (4/3)X, Z,jl,a;a, for the compound wlth 
n = l l  and R = V .  

Molecule A Molecule B 

Atom 

C1 
C2 
c3 
c 4  
c5 
F105 
C6 
F106 

0 8  
0 9  
c10  
CI 1 
c12 
c13  
C14 
C15 
c20  
c2 I 
c22 
C23 
c24  
C25 
0 1 6  
C17 
018  
C19 
C126 
C27 
('28 
C29 
0 3  1 
C32 
c33  
c34  
c35  
('36 
C37 
C38 
('39 
C40 
C4 1 
C42 

~ 

c 7  

x ia y /b  

1.834(2) 
1.980(2) 
1.947(3) 
1.763( 2)  
1.606( 2) 
1.419(1) 
1.642( 3 ) 
1-470( 1) 
l.755( 2) 
1.886(2) 
1.560(2) 
1.509( 2) 
1.630( 3) 
1.555(4) 
1.360( 2)  
1.239 (2)  
1.322( 2) 
1.295(2) 
1.405 ( 3) 
1.334(3) 
l.138( 2) 
1.045(3) 
1.1 12(4) 
1.061 (2)  
1.142(2) 
1.276( 2) 

0.753( 1 )  
1.073(3) 
1.012( 3 ) 
1.002(3) 
1.829( 1) 
2.O34( 2) 
2.013(2) 

2.234( 2)  
2.43 5 (2 )  
2.438( 2) 
2.642(2) 
2.669( 3) 

2.879(3) 
3.072(3) 

1.01 1 (2) 

2.218(2) 

2.874( 3) 

0.5729(3) 
0.5578(3) 
0.5390( 3) 
0-5347( 3) 
0.5481(4) 
0.5453(2) 
0.5680( 3) 
0.5805(2) 
0.5 134( 3) 
0-5008( 3) 
05088 (2) 
0.4889( 3) 
0.4771(5) 
0.4571(5) 
0-4496( 3) 
0.4600( 4) 
0.4790( 3) 
0-4278( 3) 
0.4165(3) 
0.3959( 3) 
0.3893( 4) 
03976( 3) 
0.41 84( 4) 
0.371 1( 2) 
0.3496( 4) 
0.3442( 3) 
0.3311(3) 
0.3374( 1)  
0.3076( 3) 
0.2975( 5 )  
0.29 14( 5) 
0.5922( 2) 
0,6002( 3) 
0.6202( 3) 
0.6297( 3)  
0.6505( 3) 
0.6599( 3) 
O.6804( 3) 
0.691 1 (3) 
0.7109(3) 
O.7215( 3) 
0-7426( 4) 
07516(4) 

0-147(2) 
0.2 16 (2) 
0.302( 2) 
0.348( 2) 
0.272( 2 )  
0.303(2) 
0.187( 2) 
0.125( 1) 
0.447( 3) 
0.501 (2) 
0.456( 1) 
0.545(2) 
0.666( 3) 
0.730(4) 
0.681( 2)  
0.563( 3) 
0502( 3) 
0.759( 2)  
0.884( 2) 
0.947( 3) 
0.909( 2) 
0-768( 2)  
0.700( 3) 
O.972( 2) 
0.980(2) 
0.9 17 (2) 
1.050(2) 
1.0174( 8 
1,044(2) 
O.SSZ(2) 
1.159(2) 
0,062 ( I ) 
0.042 (2) 

0.08 l (2)  
--0,191(2) 

- O'074(2) 

-0.179( 2) 
-0.305(2) 
~ 0'298(2) 
- 0.41 1 (2) 
- 0.390( 2) 
- @509(3) 
- 0.51 1 (3) 

5-56 
5.03 
6.02 
5.36 
7.55 
9.09 
6.00 
8.32 
6.50 

11.56 
6.05 
5.96 

12.24 
14.36 
4.03 
8.53 
8.67 
4.43 
7.36 
9.41 
5.79 
7.73 

10.16 
7.26 
6.24 
8.3 1 
5.63 
9.85 
6.56 
8.00 
8.74 
5.03 
6.13 
5.78 
6.43 
5.07 
4.46 
4.39 
4.82 
6.26 
5.67 
8.76 

10.93 

c51  
C52 
C53 
C54 
c55  
F255 
C56 
F256 
C57 
0 5 8  
0 5 9  
C60 
C61 
C62 
C63 
C64 
C65 
C70 
C7 1 
c72  
c73  
C74 
c75  
0 6 6  
C67 
0 6 8  
C69 
C176 
c77  
C78 
c79  
0 8  1 
C82 
C83 
C84 
C85 
C86 
C87 
C88 
C89 
C90 
C9 1 
C92 

1.309( 2 )  
I .471( 2) 
1.450( 2) 
1.258(2) 

0.912(1) 

0.974( 1) 
1.2 18( 3) 
1.370(2) 
1.042( 2) 
1.002( 2 ) 
1.116(3) 
l.O57( 3) 
0.884( 2)  
0.777( 2) 
0.823(2) 
0.795(2) 
0.888(3) 
0.825( 3) 
0.663(3) 
0.577(3) 
0.641 (3) 
0.591( 3) 
0.416( 3) 
0.326( 2) 
0.375(2) 
0.1256(9) 
0,525(2)  
0.524( 4) 
0.467( 3) 
1,331(1) 
1.5 18( 2) 
1.509( 2) 
1.724(3) 
1.709(2) 
1 ,Y28(2) 
1.942( 3 ) 
2.156(2) 
2.155(2) 
2-367( 3) 
2.384(3) 
2-593( 3) 

1,100(2) 

1.121(2) 

0.5732(3) 
0.5614(3) 
0.5422( 3) 
0.5345(3) 
05478(3) 
0.5425( 2) 
0 5646(3) 
0.5786( 2)  
0.5135(3) 
0.5066( 3) 
05052( 2)  
0.4865(3) 
0.4660( 3) 
0.4458(3) 
0.4484( 3) 
0,4688(3) 
0.4887(3) 
0.4283(3) 
0.4070( 3) 
0.3868(4) 
0.3903( 3)  
0.41 19(4) 
0 4304(3) 
0.3702(2) 
0.3612(3) 
0.3666( 3) 
0.3403( 3) 
0.3334( 1) 
0.3201 (4) 
0.3099(4) 
0.3003( 3) 
05918( 2 ) 
O6000( 3) 
0-6206( 3) 
06307( 3) 
0.6496(3) 
0.661 1(3) 
0.6801(3) 
0.6907( 4) 
0.7 1 02( 3) 
0.7203 (3) 
0.7400( 3) 
0.7515(4) 

0.659 (2)  
0 735(2) 
0.830( 2) 
0.837(2) 
O.772( 2) 
0.786( 1) 
0.667(2) 
0.605( 1) 
0.949 (2 ) 
1 034( 2) 
0.931 ( 2 )  
1,021 (2) 
1.039 ( 3 ) 
1 . 1  17(3) 
1180(2) 
1.1 57( 2) 
1.070( 2) 
1.257(2) 
1270(3) 
1335(3) 
I .407( 2 ) 
1430(3) 
1343(3) 
1.496( 1) 
1.449( 2 ) 
1.327(2) 
1.551(2) 
l.5080( 7 
€ 555(2) 
1.378(3) 
1.665( 3 ) 
0.562( 1) 
O.552( 2)  
0.445( 2)  
0.437( 2) 
0.3 16( 2) 
0 304( 2) 
0.208( 2 )  
0.208( 2)  

- 0.01 2 ( 2) 

0.093( 2) 
0.096( 2) 

-0.003( 3 )  

4.42 
5.87 
5.70 
3.98 
5.63 
7.97 
4.84 
7.12 
6.63 
8.86 
6.78 
3-69 
9.02 
X.14 
5.35 
5.13 
6.45 
4.65 
9.79 
9.9 1 
5.96 
9.89 

10.76 
5.01 
7.38 
9.0 1 
6.21 
9.23 
7.03 
9.45 
7.69 
6.13 
5.80 
5.17 
5.73 
5.60 
6.08 
6.53 
769 
4.94 
6.45 
7.21 
9.29 

tion. The most significant torsion angles which entirely 
define the molecular conformations are given in table 3. 

and OIB are planar. The 
biphenyl groups (@2-@3),4 on one side, and (@2-@3)R 
on the other side are planar and make an angle of 32.1" 
and 35.7" with the difluorobenzoate A and B groups. 
Due to the two different values of the torsion angles 
around the bond 09-C10 and 059-C60 (see table 3), 
the biphenyl rings of adjacent A and B molecules have 
non-parallel contacts: the angle between their mean 

The first phenyl groups 

planes is close to 58.4', whereas the mean planes of the 
@lA and @lB make an angle of 7'. Similar characteristics 
were observed for other chiral biphenyl molecules [IS] .  

The alkyloxy chains of molecule A (031 to C42) and 
molecule B (081 to C92) arc parallel with a mean 
distance between them of 5 9 A .  This is also true for the 
benzoate groups of molecules A and B. Such a parallel 
arrangement has been observed for a non-chiral smec- 
togenic compound [ 19.201. The alkoxy chains have the 
same length in both molecules (13.83(3)A for A and 
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92 

Molecule B 

42 

c29 

Molecule A 
c28 

Figure 1. Stick-and-ball representation of the two independent A and B molecules of compound n = l l ,  R = V  with atomic 
labelling. 

Table 3. Significant torsion angles (") with standard deviations in brackets for the compound with n= 11 and R = V. 

Molecule A Molecule B 

-168(2) 
- 154(2) 
- 172(2) 
-51(2) 
- 176(2) 

172(2) 
158(2) 

-79(2) 
28(1) 

- 139( 1) 
64( 1) 

-60(2) 

C53-C54-C57-059 
C57-C59-C6O-C65 
C62-C63-C7O-C75 
C72-C73-066- C67 
C73-066-C67-C69 
066-C67-C69-C77 
C67-C69-C77-C79 
C67-C69-C77-C78 
066-C67-C69-C176 
068-C67-C69-C176 
C176-C69-C77-C78 
C176-C69-C77-C79 

- 170(2) 
- 140( 2) 
- 170(2) 
-116(2) 
- 177( 2) 
- 59( 2) 

- 60( 2) 
179(2) 

168( 1) 
26(2) 
69(1) 

- 52( 1) 

13.81(3)h for B) and make an angle close to 18.4" and 
19.6", respectively with the direction of the molecular 
core. The total length of molecules A and B in the 
crystal is, respectively, equal to 33.99( 3) and 33.77( 3) A 
(distance C29.. .C42 for molecule A, C79.. .C92 for 
molecule B). 

5.4. Crystal packing and molecular arrangement 
Figure 2 (a) and 2 (b) show, respectively, the projection 

of the structure along the x axis on the yOz plane and 
the z axis on the xOy plane. The two independent 
molecules adopt a head-to-head arrangement where the 
directions of their molecular long axes are parallel. This 
very specific arrangement of molecules A and B in a 
given layer has the result that dipole moments of different 
polar groups like C=O and C-1 are additive. There is a 
global dipolar moment which is probably not negligible 
in the Ox direction. This arrangement gives rise to sheets 

parallel to the xOz plane where molecules, when con- 
sidering the core parts, are tilted relatively to the normal 
of the layer at an angle close to 38.6" (A) and 40.4" (B). 

Neighbouring sheets show alternate inclinations of 
the molecules generated by the 2, axis lying along the b 
axis. This arrangement is antiferroelectric-like: a 
bilayered structure where the molecules in neighbouring 
layers tilt in the same or opposite sense, and where the 
transverse dipoles point up and down along the c axis 
(in the direction perpendicular to the tilt plane). The 
thickness of the sheets is close to half the crystallographic 
b parameter, close to 285A.  These different values are 
in agreement with those observed for the smectic S,* 
phase described above (see figure 3). 

The interactions between parallel sheets are of the 
van der Waals type and very weak. Numerous inter- 
actions of a van der Waals type between the parent 
molecule (x, y ,  z )  and the neighbouring molecules (x, y ,  z; 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



570 

32.0 

.*: 
0 

1 

i l . 0  

30 .0  

I. Zareba et al. 

- 
. 

- 

- 

Figure 2(a) .  

Figure 2 (h).  

F’rojection of the structure along the z axis. on the (xOy) plane 

Projection of the structure along the x axis. on the ( ~ O Z )  plane. 

- 1 + Y, J’. 1 + z; 1 + x, y ,  z )  were noticed; the shortest of 
these are given in table 4. These interactions are located 
wi th in  the layers, whereas no particularly strong inter- 
actions were noticed between the layers. There is a 
segregation into three parts within the sheets, the long 

Table 4. Shortest intermolecular distances noticed between 
neighbouring molecules of the compound with ? I =  11 and 
R = V .  

c20 (s, y, 2 )  ..... Chl (x, y. z )  

C65 ( x y , : )  ..... C3 (-1 +_U,y.z) 

C53 ( q y ,  2 )  ..... C6 (x.y, 1 + z) 
C64 (.Y,~,z) ..... C7 (-1 + .x.Y,z) 

C74 (.x,~,z) __.__ C13 ( -  I + X,J, Z) 
C2 (x ,  y, -7) ..... F105 ( 1 + x. y. z )  
C’3 ( Y, y ,  z )  ..... F105 ( 1  + s. y. z )  
C3 ( x , y , z )  _.__. C 5 6 ( l + x , y , z )  
0 8 ( u , y , z )  _ _ _ _ _  C15(1+x,y,z) 
C4 (.Y,J>,Z) .___. C65 ( I + x,y ,  z) 
OlX(.u.y.=) ..... C126(1+x-.y,z) 

C52 (x ,  y, z) ..... F255 (1  + x. y: z )  

0 5 8  (.Y, y, Z) ..... C65 ( 1 + x, y ,  z) 
CX2 (.Y, y, 2 )  ..... F256 ( 1 + x, y, z )  

C32(.XJ.Z) _.__. F I O h ( I  + r , y , z )  

~ 5 3  (.Y,J, z )  ..... F255 ( 1  + X, y,  Z )  

3.60 
3.47 
3.58 
3.52 
3-53 
3.03 
3.21 
3.49 
3.20 
3.57 
3.23 
3.13 
3.14 
3.21 
3.20 
3.28 

L 3.3 0 

I 
il 

S C +  

2Y.U ‘ 
80 I O U  120 T/oC 140 I60 

Figure 3. X-ray diffraction of the mesophase and evolution 
of the layer thickness of thc compound with n =  I 1  and 
R = v. 

alkoxy chains giving rise to weak van der Waals inter- 
actions. the central cores with dipolar interactions invol- 
ving especially the carboxylate groups, and the chiral 
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0 

terminal parts C*H(CI)-CH(CH,), with dipolar inter- 

the transition, there is a greater or lesser rotation of 
sheets around the b axis giving a S,* helicoidal arrange- 
ment and probably corresponding to a small energy 
contribution. 

5.5. Comparison with the compound with n = 11 and 
R = I  

In this part, we compare this structure to that of a 
similar compound [21] which has the particularity of 
differing only in the chiral part (having an additional 
chiral centre). The latter crystallizes in the P1 space 

actions involving the C-C1 bond. This implies that at 

n = 8  
0 

0 

0 

A a 

0 A n = 10 

0 A 

A 
0 

0 
A 0 n = 12 

0 0 

c, 0 

O 
A 

0 

I I I 
0 20 40 60 80 

Figure 4. Evolution of spontan- 
eous polarization as a function 
of temperature for the com- 
pounds with n=8, 10, 12 and 
R = I. 

160 I I I 1 

n = 10 
0 

0 

n 
0 0 - 

0 0 n = 12 
120 - 

0 
0 

0 

N 

5 0 

2 80- 
0 - 

b 0 
c 
.- - a 
r: 

4 (3 

3 

.I - 00 

40 - a - 

Figure 5. Evolution of spontan- 
eous polarization as a function 
of temperature for the com- I L I I 0 
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Figure 6. Variation of response 0 
time with temperature for the 

I. Zareba et d. 
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Figure 7 Variation of response 0 
time with temperature for the 0 
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group with Zz2 , i . e .  with two independent molecules A 
and B per asymmetric unit (calculated density equal to 
l . 3 0 6 g ~ m - ~ ) .  but in this case, the molecules are anti- 
parallel (head-to-tail arrangement related by a pseudo- 
centre of symmetry). Such pairs give rise to sheets 
parallel to the (xOy) plane. The orientation of the molec- 
ules in contiguouy sheets is the same and the molecules 

arc tilted relatively to the normal of thc layer by an 
angle close to 42'. The layer thickness was 26.2A. This 
molecular arrangement is a classical one and differs 
greatly from that of the structure established above for 
the compound with ii = 11 and R = V. Numerous core- 
core interactions of the van der Waals type were detected 
within a given layer, but due to this arrangement, 
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interlayer interactions between atoms belonging to the 
terminal ethyl groups of the chiral parts were noticed. 
Moreover, the conformation of the molecules is different; 
thus for the compound with n = 11 and R = I, the mean 
planes of molccules A and B are parallel and the angle 
between the mean planes of the adjacent biphenyl groups 
is close to 1.5" (contrast 58,4" for the compound with 
R = V). It seems that this structure (compound with n = 

11 and R = I)  is more rigid and more compact and that 
the forces holding the layers together are stronger, thus 
explaining the difference in the enthalpies of transition 
(see table I )  and in the density. 

6. Electro-optic studies 
A classical electro-optical method was used for the 

measurement of switching current, electric response time 
and apparent tilt angle. The samples were aligned in the 
bookshelf SSFLC planar geometry in cells with a thick- 
ness of 2.5 pm. 

6.1. Spontaneous polarization 
The spontaneous polarization P, was calculated by 

integration of the switching current under an applied 
rectangular a.c. field. The field saturation value was 
6Vpm-l .  Figures 4 and 5 represent the change in the 
spontaneous polarization Ps as a function of the temper- 
ature T,  - T, with Tc equal to TN* - T,*, for homologues 
with R = I  and R = V  respectively. As expected, the 
values of the spontaneous polarization are very high 
and are almost identical for a given length of the 

aliphatic chain. The compound with n = 8  and R = I 
gives a P ~ > 2 W n C c m - ~ .  

6.2. Electric response time 

zg = lmip(t)dt/2ip(Tm) 

[22,23] where i,(t) is the polarization current and z, 
the time between the field reversion and the maximum 
of the polarization, was measured using a field equal to 
20Vpm. A classical behaviour was observed. The 
response time depends on the aliphatic chain length and 
on Tc - T: this correlates with the increase of the 
viscosity at lower temperatures. 

These compounds present very interesting response 
time results (figures 6 and 7; the response time of the 
compound with n =  12 and R = I or V increases slowly 
with temperature and reaches a maximum close to 15 ps 
for Tc-T equal to 80". The behaviour of the compound 
with n = 8 and R = I is slightly different and the response 
time is equal to 25 ps for Tc-T= 60". 

The electric response time, defined here as 

6.3. Tilt angle 
The tilt angle characterizes the optical contrast and 

should approach the ideal value of 22-5". The SSFLC 
cell is under an alternating field of low frequency, 0-1 Hz. 
The apparent tilt angle of the molecules was calculated 
from the difference between the extinction positions of 
the sample between crossed polarizers. The accuracy 

0 
0 10 20 30 40 50 60 70 80 

Figure 8. Variation of tilt angle 
with temperature for the com- 
pounds with n= 10 and R = V 
or R = I .  
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was estimated to be equal to 0.5". The tilt angle (figure 8), 
close to 35", for these pure compounds is too high for 
classical device applications, but could be useful in 
ferroelectric liquid crystal twist cells [24]. 

7. Conclusion 
Pure compounds with high values for the spontaneous 

polarization and short response times over a large 
temperature range were successfully synthesized. These 
compounds have rather remarkable electro-optic charac- 
teristics and could be used for preparing mixtures 
exhibiting the ferroelectric smectic C* phase at room 
temperature. 

The crystal structures of two compounds belonging 
to this series have been solved. One is described here 
and presents a special arrangement. The crystal preceed- 
ing the mesophase adopts a layer structure where the 
molecules are tilted at an angle close to 40', which is 
consistent with the phase sequence Cr-+S,*+N*. The 
molecular packing in the structure must be controlled 
by the arrangement of the polar groups [ 2 5 ] ,  and 
indeed, by changing the chiral part of the molecule 
(introducing a C2H, group), so involving a supplemen- 
tary chiral centre. the molecular arrangement differs 
greatly. 

The authors wish to thank Doctor P. Barois for his 
help on the X-ray study of the mesophase and A. Babeau 
for chemical assistance. 
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