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Crystal structures of ferro- and antiferroelectric mesogens with a 
- 

1-methylalkoxycarbonyl group 
by KAYAK0 HORI* and SUMIE KAWAHARA 

Department of Chemistry, Ochanomizu University, Otsuka, Bunkyo-ku, 
Tokyo 112, Japan 

(Received 26 July 1995; occepted 6 October 1995) 

Crystal structures have been determined for 4-[(S)-l-methylpentyloxycarbonyl] phenyl, 44 [S ) -  
1 -methylhexyloxycarbonyl] phenyl 4-octyloxybiphenyl-4-carboxylates (1 and 2, respectively) 
and (R)-1-methylheptyl 4-( 4'-octyloxybiphenyl-4-yloxymethylene)benzoate (3), which have 
SgA, S: and SEA ppses,  respectively. All the crystals have a common packing mode with the 
previously determined structure of 4-( l-methylheptyloxycarbonyl)phenyl4'-octyloxybiphenyl- 
4-carboxylate (MHPOBC). Each crystal forms a smectic-like layer structure composed of 
largely bent molecules with the long alkyl chain of the chiral group almost perpendicular to 
the core moiety. Differential scanning calorimetry showed that the crystals of 1, 2, and 
MHPOBC, which have a carbonyloxy group as the central linkage between the biphenyl and 
phenylene moieties, transform to higher temperature solid phases in a similar temperature 
range (around 60°C). For 3, which has an oxymethylene linkage between the biphenyl and 
phenylene moieties, three kinds of solids were distinguished. 

1. Introduction 
Since the discovery of antiferroelectric liquid crystal- 

line phases for 4-( 1-methylheptyloxycarbony1)phenyl 
4'-octyloxybiphenyl-4-carboxylate (MHPOBC) [ I], a 
number of antiferroelectric mesogens have been synthe- 
sized. For example, a homologous series of MHPOBC, 
in which the length of the longer chain of the chiral 
group varies, show the S z  and/or S& phase, depending 
on the chain length; SEA for n = 3 and 4, S$ for n = 5 
[2], and SEA and S$ for n = 6 [l]. 

We have found some correlation between crystal struc- 
tures and liquid crystalline phase sequences for several 
series of chiral biphenyl esters [ 31. Thus, we carried out 
single crystal X-ray analysis also for the compounds 
with n = 4 (1) and 5 (2). As reported briefly [4], how- 
ever, both crystal structures are very similar to that of a 
metastable but frequently encountered form of 
MHPOBC [ 51; almost perpendicularly bent molecules 
are packed in a smectic-like layer structure. This is 
probably because energy difference between the ferro- 
and antiferroelectric phases is very small as was con- 
firmed by a calorimetric study [S]. However, the fact 
that almost the same structure is found regardless of the 
chain length suggests that such a bent structure is 
characteristic to  chiral 1-methylalkoxycarbonyl groups. 

*Author for correspondence. 

Therefore, we extended X-ray structure analysis to 
other compounds with a chiral I-methylalkoxycarbonyl 
group. The following substances, in which the car- 
bonyloxy group between the biphenyl and phenylene 
groups of MHPOBC is substituted by an oxymethylene 
or a methyleneoxy group, also have the SEA phase [7]. 

1-methylheptyl 4-( 4'-octyloxybiphenyl-4-yloxymethy- 
lene) benzoate (3) 

C&&$ OCHz COO&(CH3)C6H,, 

Cr85(Sx,83.0)Sx, 106.5S, 120-0S& 132.0s: 1333°C 

I-methylheptyl 4-(4'-octyloxybiphenyl-4-ylmethylene- 
oxy) benzoate (4) 

Cr78(S,72.8)SEA94.2SE 100ISA 108.0"C 

Here, it is noteworthy that the phase sequences are quite 
different according to the direction of the central link- 
age group. Especially, the former substance transforms 
to the isotropic phase without passing through SA, in 
contrast to most compounds with SEA which show SA. 

This paper describes the crystal structures of (S)-forms 
of 1 and 2 and the (R)-form of 3 and the thermal 
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312 K. Hori and S. Kawahara 

behaviour of the crystal structures to their higher temper- 
ature phases. For 4, the data collected were insufficient 
for crystal structure determination with large overall 
temperature factor (Wilson's B > 6) even at - 50°C. 

2. Experimental 
2.1. Compounds 

The compounds 1 and 2 were supplied by Mitsubishi 
Gas Chemical Ltd., 3 and 4 supplied by Chisso 
Petrochemical Corp. Single crystals were obtained by 
slow evaporation from a solution of diethyl ether/ 
methanol (for l ) ,  diethyl etherll-butanol (for 2), ethyl 
acetate/l-butanol (for 3) and ethyl acetate/methanol 
(for 4). 

2.2. Apparutus 
DSC measurements were done on a Seiko DSC22C. 

Powder X-ray diffraction patterns were obtained on a 
Rigaku RAD-RA diffractometer. 

2.3. X-ray crystal structure analysis 
Cell parameter measurements and reflection data col- 

lection were done on an AFC-7R four-circle diffracto- 
meter using CuK, radiation monochromated by graphite 
(A = 1-54184w) at room temperature for 1-3. For 4, the 

data were collected at room temperature and -50°C. 
Both data sets were insufficient for structure analysis 
partly due to the small size of the crystal in spite of 
repeated attempts at crystallization and partly due to 
the large overall temperature factor B (8.2 at RT and 
6.5 at -50°C). The 28-01 mode (except for 2, to which 
o mode was applied because peak profiles were broad 
with shoulders) was applied with scan rates of 
8"min-' (w) (for 1-3) and 2 and 4"min ' ( (1))  (for 4, at 
RT and -5O"C, respectively) up to 28 = 120". Three 
standard reflections were measured after every 150 
reflections. N o  significant variation was observed. All 
the data were corrected for Lorentz and polarization 
factors. Detailed experimental conditions and crystal 
data are summarized in table 1. 

All the structures were solved by applying the teXsan 
program package [S] and refined by the full-matrix 
least-squares method on F2 by using SHELXL93 191. 
Each benzene ring was constrained to have a regular 
hexagonal geometry with C-C distances of 1.39A and 
were refined as a rigid group. Slightly restrained condi- 
tion was applied to several bonds of alkyl chains. In 
crystal 3, terminal atoms C(37) and C(38) in the chi- 
ral group had a remarkably large temperature factors 
and small peaks were found around them. Therefore, 

Table 1. Experimental details, crystal data, and final results of refinements. 

Parameter 1 2 3 

Formula 
Formula weight 

Crystal habit 
Crystal size/mm 

X-ray source 
Monochrometer 
Diffractometer 

L.s. for cell consta 
Crystal system 
Space group 
44 
bib 

PI: 
r / A  

VIA3 
Z 

d,/Mgm-3 
p/mm ~ 

F (000) 
No. of unique reflections 

No. of reflections (>4a(F0)) 
S 

RIb 
R w 2 C  

C34H4205 c 3 5  H4405 
530.68 544.70 
needle long plate 

0.3 x 0.1 x 0.1 0.4, x 0.2 x 0.1 
CuK, (1.54184A) 

graphite 
A FC-7 R 

17(39 < 20 < 55') 16(42 < 20 < 49O) 
monoclinic monoclinic 

29.943( 3) 31.251 (5) 
5.486( 3) 5.482(6) 
9.376( 5) 9.393(8) 

p2, p2, 

95.18( 2) 98.86( 3) 
1533.q 12) 1590(2) 

2 2 
1.149 1-139 
0.600 0.59 1 

572 588 
2550 2625 
1403 1397 
0.93 1 0.948 
0.070 0.07 1 
0.224 0-208 

C,6H4*O, 
544.74 

long plate 
0.6 x 0.6 x 0.02 

25(48 < 20 < 50' ) 
monoclinic 

33.132(3) 
5.512(5) 
9.069( 5) 

95.49( 2) 
1649(2) 

2 
1.097 
0.544 

592 
2724 
1691 
1.043 
0.094 
0,278 

p2, 

"No. of reflections with the 20 range in parentheses. 
b R ~  = I IF,I - IF,I I/C IF,/ for observed reflections. 
R,, = [I: w(F: - Fz)2/C W ( F ~ ) ~ ] ~ ' ~  for observed reflections, where w = [a2(Ff;) + 

{a(F? + 2F2)/3}']-' (a  = 0.2409, 0.1556, and 0.2203 for 1, 2, and 3. respectively). 
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313 Crystal structures of ferro- and antgerroelectrics 

these atoms were disordered in further refinement. 
Temperature factors for some of the disordered atoms 
still became large, which were fixed. All the non-hydro- 
gen atoms except for the disordered atoms were refined 
anisotropically. Hydrogen atoms calculated geometric- 
ally (C-H distances; 096 (for primary), 0.97 (for second- 
ary), 0.98 (for tertiary) and 093A (for aromatic)) for the 
anisotropically refined C atoms were included in the 
intensity calculation but not refined. Final results of 
refinements are also summarized in table 1. R factors 
based on F2 were about three times larger than those 
based on F for all the crystals, slightly larger than those 
statistically expected to be about twice as large. 
Scattering factors were taken from the International 
Tables for Crystallography [lo]. Final atomic 
coordinates are shown in tables 2-4. 

3. Results and discussion 
3.1. Molecular structure 

Figure 1 shows the molecular structures of 1, 2 and 3 
with numbering schemes. All the molecules have almost 
the same conformation. First, biphenyl moieties are 
coplanar with dihedral angles of 2-2(9) (l), 1.6(13) (2), 
and 1-1(11)" (3). Second, all the long chains have 
all-trans conformations except for the disordered moiety 
in 3. Third, the long chain of the chiral group is almost 
perpendicular to the molecular long axis. These features 
are also observed in one of the crystalline polymorphs 
of MHPOBC [S]. The C(31)-0(4) bond length is 
slightly longer than the expected value, 1*43A, in 1 
(1.482(9)A) and 2 (1.491(8)A). All other bond lengths 
and angles are normal within experimental errors. 

3.2. Crystal packing 
Figures 2-4 show the crystal structures of 1-3 viewed 

along the b axis. It is shown that all the crystals have 
almost the same packing mode. Bent-shaped molecules 
are packed alternately, forming a smectic-like layer 
structure. The layer interfaces are parallel to the 
( 1 0 0) plane. The moiety, except for the chain of a chiral 
group, takes an anti-parallel arrangement along the 
c axis and contributes to a large overlapping of the 
molecules within a layer, while the chains of the chiral 
groups face each other between adjacent layers. Thus, 
the structures have alternate stacking of chiral chain 
moieties and remaining parts. 'Partial' densities are 
estimated to be 0.78-0.79 and 1.23-1.28gcrnp3 for the 
former and the latter, respectively, for all the crystals. 
However, the large difference in the densities is due to  
the difference in wejghts of contents, especially the ratios 
of hydrogen atoms included in the two parts. The volume 
per atom (including both non-hydrogen and hydrogen 
atoms), which could be regarded as a rough measure of 
packing efficiency, was found to  be almost the same, i.e. 

Table 2. Atomic coordinates and equivalent isotropic 
displacement parameters for 1. 

Atom X Y Z Ue,.lA2 

0 ( 1 )  0.6295(2) 
O(2) 0-3342(2) 
O(3) 0.3164(2) 
O(4) 0.1406(2) 
O(5) 0.1566(2) 
C( 1 )  0.5885( 1) 
C(2) 0.5783(2) 
C(3) 0.5379(2) 
C(4) 05076(1) 
C(5) 0.5178(2) 
C(6) 0.5582(2) 
C(7) 0.4635( 1) 
C(8) 0.4534(2) 
C(9) 0.4139(2) 
C( 10) 0.3845( 1) 
C(11) 0.3946(2) 
C(12) 0.4341(2) 
C(13) 0.3418(3) 
C(  14) 0.2939( 1) 
C(15) 0.2829(2) 
C(16) 0.2415(2) 
C (  17) 0.2112( 1) 
C(18) 0.2222(2) 
C( 19) 0.2636(2) 
C(20) 0.1676(3) 
C(21) 0.6440(3) 
C(22) 0.6907(3) 
C(23) 0.7085(3) 
C(24) 0.7557(3) 
C(25) 0.7738(4) 
C(26) 0.8205(4) 
C(27) 0.8276(6) 
C(28) 0.8744(7) 
C(31) 0.0961(3) 
C(32) 0.1025(4) 
C(33) 0.0669(3) 
C(34) 0.0579(4) 
C(35) 0.0228(5) 
C(36) 0.0156(6) 

0.3745( 16) 
0.3137( 16) 
0.6576( 19) 
0.1422( 19) 
0.500(2) 
0.3944( 15) 
0.2129( 15) 
0.2196( 15) 
0.4077( 16) 
0.5892(15) 
0.5826( 15) 
0.421 2( 15) 
0.2501(15) 
0.2702( 15) 
0.4614( 16) 
0.6325( 15) 
0.6124( 15) 
0-490( 2) 
0.3160( 16) 
0-5039( 16) 
0.5042( 15) 
0.3164( 16) 
0.1284( 15) 
0.1282( 15) 
0.324 (2) 
0.567(2) 
0.5 1 7 (2) 
0.718( 2) 
0.686( 3) 
0.918(3) 
0499( 3) 
1.133 (4) 
1.1 37( 7) 
0.1 35 (3) 
0.009 (4) 

- 04305 ( 3) 
0.1 16( 3) 

- 0'020( 4) 
0.1 18 (6) 

1.0162(6) 
0.3024( 6) 
0.4 136( 6) 

- 0.0056( 7) 
-0.1075( 8) 

0.9395( 5 )  
0.8383(6) 
0.7530( 5 )  
0.7689( 5) 
0,8701 (6) 
0.9554( 5)  
0.6720( 5 )  
0.5645(6) 
0.4753(5) 
0.4936(5) 
0.6010(6) 
0.6902( 5 )  
0.4029( 8) 
0.2167( 6) 
0.1205(6) 
0.0402( 5) 
00561(6) 
0.1523( 6) 
0.2326( 6) 

-0'0285( 10) 
1.1 097 (9) 
1.1 740( 9) 
1.2724( 10) 
1.3352( 10) 
1.4173(12) 
1.4868(16) 
1.5766(19) 
1.643(3) 

-0.0887( 10) 
- 0.2316( 11) 
-0~OOO5( 12) 

0.1365(13) 
0.2171(15) 
0.3558( 18) 

0.078( 2) 
0.074(2) 
0.094( 2) 
0.089(2) 
0.1 14( 3) 
0.063 (2) 
0.08 1 (3) 
0*075(2) 
0.058(2) 
0.08 1 (3) 
0.076( 2) 
0.058(2) 
0.070( 2) 
0.074(2) 
0.062( 2) 
0-086( 3) 
0.086( 3) 
0.07 1 (2) 
0-07 1(2) 
0.077(2) 
0.078 (2) 
0.07 l(2) 
0078 (2) 
0.076(2) 
0.08 1 (3) 
0.078(3) 
0.079 (2) 
0.088( 3) 
0.096( 3) 
0.123 (4) 
0-1 57( 7) 
0.199 (9) 
0.303( 16) 
0.098( 3) 
0.137( 5) 
0.1 11 (4) 
0.1 19 ( 4) 
0.159( 6) 
0.221( 10) 

a Ue. is defined as one third of the trace of the orthogonalized 
Uij tensor. 

9.6A3 for the chiral chain moiety and 9.4A3 for the 
remaining part. The volume per methylene group is esti- 
mated to  be 29(=9.6 x 3)A3, which is larger than those 
obtained for crystalline long-chain compounds, 23-25 A3 
[ 121, and even that estimated for the liquid state, 27 A3 
[ 131. Therefore, the chains are found to be loosely 
packed between layers. 

Tilt angles of the molecular long axes are estimated 
to be about 30" in all the crystals. However, the relative 
orientation of the molecular long axis to the unit cell is 
different between the former two (along the [20 I] axis) 
and 3 (along the [20 11 axis). The direction of the latter 
is the same as that of MHPOBC, in accordance with 
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3 14 K. Hori and S. Kawahara 

Table 3. Atomic coordinates and equivalent isotropic 
displacement parameters for 2. 

Atom x 

0.1255( 1) 
-0.1597( 1) 
~ 0.1782(2) 
- 0.3461 (2)  
-0.3314(2) 

0,0856( 1) 
0,0566(2) 
@0174( 1) 
0.0073( 1) 
0.0363( 1) 
@075S( 1) 

-0.0351(1) 
- 0.0638( 1 ) 
-0.1021( 1 j 
-0.11 l7(1) 
--0.0830( 1) 
- 0.0447( 1 ) 
- 0'1526( 2) 
-0.1987( 1) 
- 0.2277( 2)  
~ 0.2676( 1) 
-0-2784( 1) 
- O.2494( 2)  
-0-2096( 1) 
- 0.3 2 12( 3 ) 

0.1390(2) 
0-1841 (2) 

0.2484( 2)  
0.2650( 3) 
0.3097( 3) 
0.3 178 ( 5 )  
0.3590(6) 

- 0.3892(2) 
-0.3864( 3) 
- 0.41 81 (3) 
- 0.4249 (4) 
- 0.4594( 4) 
--0'4641(4) 
-0.4972(5) 

0.2009(2) 

v 1 

0-8266( 13) 
0.7678( 13) 
1.1081( 16) 

0.9429( 17) 
0.8483( 14) 
1.0371(13) 
1.0449( 13) 
0.8639( 14) 
0.6751(13) 
0.6672( 13) 
0.8760( 13) 
1.0662( 13) 
1.0832( 13) 
0.9099( 13) 
0.7196( 13) 
0.7027( 13) 
0.9458( 19) 
0.7704( 14) 
0.5809( 13) 
0.5793 ( 13) 
0-7673( 14) 
0.9567( 13) 
0.9583( 13) 
0,781 (2) 
1.0200( 16) 
0.965(2) 
1.1 62( 2) 
1.132( 2) 
1.358(2) 
1.344( 3) 
1,588(3) 
1.548 (6) 
0.582( 2) 
0,458(3) 
0.449( 3) 
0.576(3) 
0.454( 3) 
0.563(4) 
0.426( 5 )  

0.5977( 17) 

0.041 2( 5 )  
-0.7324( 5 )  
-0.6221(5) 
- l.0764( 6) 
- 1.1787(7) 
- 0-041 7( 4) 
- 0.0312( 4) 
-0.1239( 5 )  
- 0.2272( 4) 
-0.2378(4) 
-0.1450( 5 )  
- 0.33 54( 4) 
-0-3241(4) 
-0.4210(5) 
- 03292 ( 4) 
-0.5405(4) 
-0.4437( 5 )  
- 0'6304( 7) 
- 0.8244( 5 )  
-0.8152(5) 
- 09042( 5 )  
- 1.0025(5) 
- 1.0117(4) 
- 0.9226( 5 )  
- 1.0960( 10) 

0.1 376( 7) 
0.2 105 (7) 
0.3170(8) 
0.3895( 8) 
0.4732(9) 
0.5546( 14) 
0-638( 2) 
0.726( 3) 

- 1.1685( 11) 
- 1-3081(9) 
- 1.0841 (1 1) 
- 0.9430( 12) 
-0-8684( 14) 
-0.7255(15) 
-0.6567( 15) 

uega/A2 

0.091(2) 
0.088( 1) 
0.1 13(2) 
0.1 14( 2 j 
0.140( 2)  
0.076( 2) 
0.087( 2) 
0.093 (2)  
0070(2) 
0.085(2) 
0.0Y4( 2)  
0.068 (2) 
0.097(2) 
0.093( 2) 
0a74( 2) 
0.083 (2) 
0.083( 2) 
0.083 (2) 
0.086( 2) 
0.090( 2) 
0.098(2) 
0.086(2) 
0094( 2) 
0.094( 2) 
0.097( 2) 
0.084( 2) 
0.096( 2) 
0.104(3) 
0.109(3) 
0.143(4) 
0.186( 6) 
0.279( 10) 
0.380( 15) 
0 1  22(3) 
0.168( 5 )  
0.144( 4 ) 
0152(4) 
0.1 67( 4) 
0.201 (7) 
0.260( 9) 

a LTcq is defined as one third of the trace of the orthogonalized 
U,, tensor. 

almost the same molecular dimensions of these two 
compounds. In addition, terminal atoms of the long 
chain of the chiral group are disordered in these two 
crystals. It is considered that the hexyl chain is slightly 
too long to be packed in the space available between 
layers. 

Figure 5 shows the crystal structures viewed along the 
c axis. As was found in the crystal of MHPOBC [ S ] ,  
carbonyloxy groups form infinite chains of head-to-tail 
arrangements along the h axis in all the crystals. The 
directions of the head-to-tail arrangements for two kinds 
of carbonyloxy groups are the same in the crystals of 1 

Table 4. Atomic coordinates and equivalent isotropic 
displacement parameters for 3. 

Lr a : A 2  
"q I 

or 
Atom X 4' C:sob:'A3 

O(1) 0.3816(2) 
O(2) 0.6399(2) 
0 ( 4 )  0.8320(3) 
O ( 5 )  0.8127(3) 
C ( l )  0.4193(2) 
C(2) 0.4478(2) 
C( 3) 0.4842( 2) 
C( 4) 0.4922( 2) 
C( 5 )  0.4637(2) 
C( 6) 0.4273( 2) 
C( 7) 0.5327( 2) 
C(  8) 0.5608( 2) 
C(9) @5964(2) 
C(  10) 0-6038(2) 
C(  11) 0.5757(2) 
C( 12) 0.5401 (2) 
C(  13) 0.6509(3) 
C(14) 0.6911(2) 
C(  15) 0.6976(2) 
C( 16) 0-7352(2) 
C(  17) 07663(2) 
C(  18) 0.7598(2) 
C( 19) 0.7222(2) 
C(20) 0.8055(4) 
C(21) 0.3701(3) 
C( 22) 0.3269( 3) 
C(23) 0.3117(3) 
C(24) 0.2678(4) 
C(25)  0-2536(4) 
C(26) 0.2112(4) 
C( 27) 0.1977( 6) 
C(28) 0.1552(6) 
C(31) 0.8708(5) 
C( 32) 0.8703( 6) 
C(33) 0.9016(6) 
C(34) 0.9071(8) 
C(35) 0.9417(6) 
C( 36) 0.944 I ( 10) 
C(37) 0.9895( 14) 
C(37') 0.9852(9) 
C(38) 0.981(2) 
C(38') 0.976(4) 
C(38") 1.002(4) 

0.2094( 16) 
0.2357( 16) 
0.039( 3) 
0.400(3) 
0.21 87( 16) 
0.4007( 15) 
0.3992( 15) 
0.2157( 16) 
0.0336( 15) 
0.0351( 15) 
0.2134( 16) 
0.3988(15) 
0.3998( 16) 
0.2154( 16) 
O.0300( 15) 
0.0290( 15) 
0.030( 3) 
0.0866( 19) 
0.2970( 18) 
0.3393( 17) 
O.1712( 19) 

-0.0392( 18) 
-0.0815(17) 

0.2 15(4) 
0.403 (2) 
0.369(2) 
0.590(2) 
0.570( 3) 
0.797( 3) 
0.793(3) 
1.023( 4) 
1,030(6) 
0,050( 5 )  

-0.118(6) 
-0.066(8) 

0.028 (7) 
-0.077( 9) 

0.048(11) 
0.02 ( 2) 
0.027(9) 

0.2 3 ( 3 ) 
- 0.1 87 ( 14) 

-0.03( 3) 

0.4453( 7) 
- 0-0 1 1 7 ( 6) 
-0.2936( 11) 
-0.3838( 14) 

0.3937(6) 
0.4274( 6) 
0.3629(6) 
0.2647( 6) 
0.23 10( 6) 
0.2954(7) 
0.1 917( 6) 
02201 (6) 
0.1500( 7) 
0.0516( 6) 
0,0232( 6) 
0.0933 (6) 

-0.0992( 11) 
-0'1552( 8) 
-0.2340(8) 
-0.2853(7) 
-0.2577(8) 
-0.1789( 8) 
-0.1276(7) 
-0,3lY5( 15) 

0.5352( 10) 
0.5664( 10) 
0.6493( 11) 
0.6830( 1 1 )  
0.7550( 13) 
0.7946( 14) 
0.863(2) 
0892( 3) 

-0.351(2) 
-0.484( 2) 
-0'241(3) 
- 0.09 1 (3) 

0-010(3) 
0. I 57( 3 j 
0.196( 13) 
0.248( 5 )  
0.304( 6) 
0.359( 14) 
0.409( 11 ) 

0-073 2)  
@073( 2) 
0.126(3) 
0.1 49 (4) 
0.060( 2) 
O.074( 3) 
0.067(2) 
0.059(2) 
0-070(2) 
0.074( 3) 
0,0571 2) 
0.075(3) 
0077(3) 
0.060( 2) 
0.068( 2) 
0.068 (2) 
0.084( 3) 
0.073( 3) 
0092( 3) 
0091(3) 
0.083( 3) 
0 084( 3) 
0.090( 3 ) 
0,105(4) 
0.073( 3) 
0.077( 3) 

O.O89( 3 )  
0.099( 4) 
O.107( 4) 
0.166(8) 

0.1 57( 7) 
0.188( 10) 
0.250( 19) 
0.232( 14) 
0-28 (2) 
0.31(2) 
0-3 1 
0.235( 12) 

0.33 
0.30 

0.080( 3 )  

0.221 ( 11) 

0.21(2) 

a U,, is defined as one third of the trace of the orthogonalized 
Uij tensor. 

bIsotropic temperature factors Uiso was applied to C(37). 
C(  377, C( 38); C( 387, and C(  38"), whose occupancies were 
fixed l o  be 0.4, 0.6, 0.4, 0.3, and 0.3, respectively. Tempcraturc 
factors for C(37), C(38'), and C(38") were fixed. 

or 2. For 3, the more electronegative 0 in C=O than 
that in C-0-C of a carbonyloxy group and 0 in an 
oxymethylene group point upward along the b axis, 
showing that the b axis components of dipole moments 
of the two polar groups are in the same direction. 
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C28 a7 CBh 

c 3 7  

C 3 6 d  0 

0 5  C32 

C38' a8-8 

01 

0 5  

Figure 1. ORTEP drawings [ 111 of 1 (upper), 2 (middle), and 3 (lower) with 30 per cent probability thermal ellipsoids. In 3, C37' 
is almost hidden by C37. 

Figure 2. Crystal structure of 1 viewed along the b axis. 

Therefore, all the components of the dipole moment 
associated with the polar groups are additive along the 
b axis in all the crystals as in those of MHPOBC. 
Figure 6 shows the core moieties viewed along the 

molecular long axis. All the crystals are composed of a 
pseudo-hexagonal array with an apex angle of about 
110". The angle between adjacent biphenyl moieties are 
about 65" in all the crystals. 
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Figure 3. Crystal structure of 2 viewed along the h axis. 

Figure 4. Crystal structure of 3 viewed along the h axis. 

For 4. although the structure has not been anal- 
ysed, the crystal data were obtained as follows. Mono- 
clinic, u = 35.209( lo), 6 = 8.153(9), c = 5.800(8)A, = 

90.37( lo)', V = 1665( 3) A3 at room temperature and u = 

V =  1617(4)A3 at -50°C. The unit cell dimension is 
similar to that of 3, while the direction of the unique 
axis is altered. Comparing the data at R T  and - S O T ,  
thermal expansion coefficients are obtained to be 

3.6 x l op4  and 1.8 x 10-4K-1 along the 
( I ,  6,  and c axes, respectively. It is noteworthy that the 
coefficient along the a axis is negativc, suggesting a 
change in the tilt angle of the molecular long axis relatjve 
to  thc a axis or a shrinkage in the length of the molecule 
caused by thermal disorder, as was discussed for the 
smectic A [14]. The ,!3 value changes significantly. In 
addition, the overall temperature factor is large even at 
-SO"C, as already mentioned in $ 2 .  All these facts 
suggest that in crystal 4, thermal motions would play 
a n  important role. 

3S.S63( lo), h = 7.948( 16), c = 5.728( 11)A, p = 92.85(9)", 

1.4 x 

3.3. Thermal hehaoiour of the crystals 
Figure 7 shows DSC traces on heating for 1, and 2. 

For comparison, a curve for MHPOBC is also shown. 

The complicated behaviour of MHPOBC was inter- 
preted [S] as the crystal transforms to a higher temper- 
ature crystal at the peak (a) ,  the higher temperature 
crystal begins to transform to S& at the peak (b), then 
triggered by the onset of this transition. immediately 
stabilizes to a more stable crystalline state at the exo- 
thermic peak (c), and the stable crystal transforms to 
SF, again at peak (d).  A Raman spectral study revcaled 
that peak (6) is due to a partial melting of the chains 
[ lS ] .  On the other hand, 1 and 2 show small peaks 
((e) and (g), respectively) associated with solid solid 
transitions before they transform to thcir mcsophases at 
the peaks ( f )  ( I )  and ( h )  (2). Howcvcr, neither give 
exothermic peaks, showing that the present crystals and 
their higher temperature phases are thermodynamically 
stable in the temperature range concerned. In spite of 
the difference of therniodynamical stability, each crystal 
of 1, 2, and MHPOBC, which has a carbonyloxy group 
between biphenyl and phenylene groups, shows solid- 
solid phase transition in a similar temperature region 
before it transforms to SF or SF,. 

On the contrary, compound 3 shows no thermal 
anomaly until it transforms to S,, while the transition 
behaviour to Sx is rather complicated. DSC traces for 
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-* 
h 4 

t-' 
*-t t' 

.I r -  

1) -u I 

a'sing 

Figure 5 .  Crystal structures of 1 (upper), 2 (middle), and 3 (lower) viewed along the c axis. Atoms of the front molecules are 
denoted by solid circles. For 3, disordered atoms are omitted for clarity. 

b = 5.48 A 
b = 5.49 A 

n 7  b = 5.51 A 

I 2 3 

Figure 6. Packing mode of core moieties of 1 (left), 2 (middle), and 3 (right) viewed along the molecular long axis. 0 is a tilt angle 
of the molecular long axis. 4 made by dotted lines denotes an angle between adjacent biphenyl moieties. $ made by dot-and- 
dash lines denotes the apex angle of a hexagon. 

long plate single crystals (i), for which the crystal struc- 
ture has been determined, powder specimen as sup- 
plied (ii), and solid obtained from melt (iii) are shown 
in figure 8. Curve (i) shows a sharp melting peak (a) 

followed by a broad peak (b), while the curve (ii) shows 
only a broad peak (g) on melting. The broadness of the 
latter is not due t o  the sample purity, because the solid 
obtained from the melt (iii) showed a sharp peak (h)  on 
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1 

2 
9 ------ 
dt 

u I 

LL -J  
60 80 100 

T/"C 

Figure 7. DSC traces on heating with the heating rate of 
1 K min of 1,2, and MHPOBC. The crystal to a higher 
temperature crystal (a), the higher temperature crystal to 
S& (b) transitions, stabilization to a more stable crystalline 
state (c), and the stable crystal to SZ, transition (d )  for 
MHPOBC. The crystal to a higher temperature crystal (e) 
and the higher temperature crystal to SEA (.f) transitions 
for 1. The crystal to a higher temperature crystal ( g )  and 
the higher temperature crystal to S z ,  ( h )  transition for 2. 

f 
90 140 

T/"C 

Figure 8. DSC traces on heating with the heating rate of 
1 Kmin-' of 3; long plate crystals (i), powder specimen 
as received (ii) and solid obtained from melt of ii (iii). 
The meltings of the long plate crystal (a), the specimen as 
supplied (g),  and the sample obtained from the melt (h). 
The transitions from S, to S: (c and c'), from S: to S,** 
(d and d ' ) ,  from S z ,  to S; (e and e'), and from S$ to I 
( f and f'). The nature of the peak h has not been clarified. 

reheating, although the peak position lowered and the 
AH value was about a half of the original A H  of 
24 f 3 k.1 mol '. Moreover, the position of peak (g) 
for (ii) varied from sample to sample, roughly dependent 
on the heating rate, for example, 70+ 5,  76+ 2 and 
82 f 1°C at the heating rate of 0.5, 2 and 10Kmin-', 
respectively. These features are rather strange as melting 
behaviour. The nature of the peak (g),  as well as that of 
the peak (h),  should be further studied by other methods 
such as time-resolved spectroscopy, which is now in 
preparation. X-ray diffraction patterns showed that these 
three kinds of solid have different structures, as shown 
in figure 9. Here, for the long plate crystal. a simulated 
pattern of the present crystal structure is shown, because 
of the very small amount of the crystals. 

It is concluded that bent-shape molecules, in which 
the long chain of the chiral group is almost perpendicular 
to the core moiety, are frequently found in the crystalline 
states of chiral mesogens with 1-methylalkoxycarbonyl 
groups, as long as the chain length fits the space available 
in the smectic-like layers. It was also found that the 
structures transform to the higher temperature solid in 
a similar manner for the compounds with carbonyloxy 
group as the central linkage of the biphenyl and pheny- 
lene moieties. For the compound with an oxymethylene 
linkage between the biphenyl and phenylene moieties. 
three kinds of solid were distinguished. 

The authors express their thanks to Mitsubishi Gas 
Chemical Ltd. for supplying compounds 1 and 2, and 
to Chisso Petrochemical Corporation for supplying com- 
pounds 3 and 4. This work was supported by a Grant- 

5 15 25 2eb - 
--- 

I 

I 

1 1  
Figure 9. X-ray powder pattern simulated for the present 

crystal structure by using the program PULVERIX 
[16] (i), and powder diffraction patterns for powder 
specimens as received (ii) and solid obtained from melt 
of ii (iii). In the simulation of i, hydrogen atoms and 
disordered atoms were omitted. Numerical values given 
at the peaks are d values (A). 
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