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Japan 

(Received March 13, 1992) 

Crystal structures of title compounds have been determined by single crystal x-ray analysis. Crystal 
data. 4’-Hexyloxy-4-cyanobiphenyl (60CB), 

M ,  = 279.37, monoclinic, P2,/a,  T = 298 K, a = 26.76(1), b = 7.609(3), c = 16.636(7) A, p = 
105.52(3)”, V = 3263(2) A3, 2 = 8, d, = 1.142 g cm-3, ~ ( M o  Ka) = 0.37 cm-’, F(OO0) = 1200; 4’- 
Heptyloxy-4-cyanobiphenyl (70CB), 

M ,  = 293.39, triclinic, Pi, T = 298 K, a = 12.6556 8), b = 19.044(2), c = 7.3495(5) A, a = 94.142(8), 
p = 100.108(5), y = 91.036(7)”, V = 1738.4(2) 6 ’, Z = 4, d, = 1.125 g crr3’ ,  p(Cu Ka) = 4.58 
cm- I ,  F(O00) = 632. Molecular structures in both crystals are very similar with twisted biphenyl moieties 
and fully extended paraffin chains. Dimers are formed by close contacts of CN groups between neigh- 
boring molecules (C-N: 3.56 and 3.40 A for 60CB and 3.55 and 3.39 8, for 70CB). The neighboring 
dimers in 60CB are overlapped half-and-half, while those in 7 0 C B  are arranged in a smectic-like layer 
structure. 

INTRODUCTION 

Good correlations between crystal structures and liquid crystalline phase behavior 
have been found by systematic single crystal x-ray analyses for chiral smectogenic 
biphenyl esters with various mesophase sequences. On the other hand, 4’-alkoxy- 
4-cyanobiphenyls (nOCB) have relatively simple molecular structures with a sys- 
tematic change of phase sequences according to the chain length: monotropic 
nematics for n = 1 - 4, nematics for IZ = 5 - 7, nematics and smectics A for n 
= 8 and 9, and only smectics A for n = 10 - 12? Crystal structures, however, 

1s 

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

4:
22

 1
8 

Fe
br

ua
ry

 2
01

3 



16 K. HORI ef al. 

have been determined only for short-chain members (n = 1 - 4,3 and 54). In order 
to elucidate the intermolecular interaction controlling the systematic change of the 
phase sequences, we extended the crystal structure determination to longer-chain 
members. Here, we describe the crystal structures of 60CB and one of the poly- 
morphs of 70CB (needle crystal). 

EXPERIMENTAL 

Single crystals were grown from an acetone-water solution of commercially avail- 
able 60CB or 70CB (BDH Chemicals Ltd.) at about 5°C. Transparent plate-like 
crystals were obtained for 60CB, while transparent plate-like and needle crystals 
were obtained for 70CB. The former crystals of 70CB degradated too rapidly to 
obtain the reflection data. 

Procedures of data collection and final results of refinements are summarized in 
Table I. The structures were solved by using the program MULTAN7P for 60CB 
and SHELX866 for 70CB and refined by full-matrix least squares in two blocks 
using SHELX76.7 The quantity minimized was cw(lFol - lFc1)2, where w = (u(~F, I )~ 
+ O.0041FJ2)- l .  Atomic scattering factors were taken from International Tables 

TABLE I 

Experimental details 

60CB 70CB 
c r y s t a l  h a b i t  plate n e e d l e  
c r y s t a l  size/mm 0.45xO.45xO.l 0.15~0.15~0.5 

X-ray s o u r c e  MO Ka(0.71069 A) cu KU(1.54184 A )  
monochrometer g r a p h i t e  

d i f f r a c t o m e t e r  o f f - c e n t e r e d  AFC-5 AFC-4 

1.s . for  ce l l  c o n s t .  17(15<2 8 ~ 2 3 0 )  19( 45<2BC5g0) 

s c a n  mode 2 8-w 

s c a n  ra te /o  min-1 (28)  4 

s c a n  wid th /O  w= (1 .0+0.35tan  8) (1.0+0.15tanO) 

background 5 s a t  b o t h  e n d s  o f  a scan  
s t a n d a r d  r e f l .  3 a f t e r  e v e r y  50 refl. 
i n t e n s i t y  v a r i a t i o n  n o t  s i g n i f i c a n t  
t o t a l  No. of refl  5745 5546 

No.of refl. ( > 3 0 )  4646 4140 

c o r r e c t i o n  Loren tz  and  p o l a r i z a t i o n  

A l o  0.462 0.160 

Ap/e  A-3 0.192 0.200 
R 0.082 0.077 
RW 0.079 0.092 
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CRYSTAL STRUCTURES OF 60CB AND 70CB 17 

TABLE I1 

Final atomic coordinates with their estimated standard deviations, 
multiplied by 104, of 4'-hexyloxy-4-cyanobiphenyl (60CB) 

A t o m  
0 I A )  
N I A I  
C l 1 A l  
C I Z A )  
C l 3 A )  
C 14A) 
C 15A1 
C 16A) 
C l 7 A l  
C 18A1 
C l 9 A )  
C l  l O A  1 
C I 1 1 A  1 
Cl12A 1 
Cl13A)  
Cl14A 1 
C l 1 5 A  1 
Cl16A 1 
C I  17A 1 
Cl18A 1 
Cl19A) 
0 16) 
N 16) 
C 116) 
C 1 2 6 )  
C 13B) 
C 148) 
C 156)  
C 168)  
C 178)  
C 188) 
C 19B) 
C l  1OB 1 
Cl11B 1 
C l  126 1 
C I  136 1 
Cl146 1 
Cl15B)  
C l l 6 6  1 
C l l 7 6  1 
C f  18B 1 
Cl19B 1 

X 

17021 1 1  
59201 1) 
40751 1) 
54901 1) 
47521 1) 
42231 1) 
38741 1) 
45981 1) 
49421 1 1  
33061 1) 
30481 1) 
25191 1) 
22271 1 1  
24781 1 1  
30021 1) 
14131 1) 

8491 1 1  
5011 1) 
-701 1) 

-4271 1) 
-9911 1) 
99351 1) 
60161 1) 
6419( 1) 
69311 1) 
70001 1) 
7491( 1) 
7933I 1) 
78541 1) 
73671 1) 
84621 1) 
85721 1) 
90631 1 1  
94651 1) 
93631 1 1  
88741 1) 

103661 1 1  
108381 1 1  
113251 1 1  
11801( 1) 
12303( 1) 
127751 1 1  

~ 

Y 
5052( 3) 
37871 5 )  
38801 4 )  
,38471 4 )  
4331( 4 1  
44851 4 )  
43021 3 1  
37111 4 )  
3964( 4 )  
45251 3) 
39991 3 1  
41501 4) 
48671 3 )  
54521 41 
52721 4 )  
44751 5 )  
46961 4 )  
43701 5 )  
44471 4 1  
41191 6 1  
43281 6 )  
74691 3 )  
43261 4) 
45461 4) 
48611 3 1  
57881 4 )  
61721 3) 
56341 3 )  
46531 4 )  
42801 4) 
60961 3 )  
64501 3 1 
68821 3 )  
70151 3 )  
66771 4) 
62381 4 )  
76001 4) 
80691 5 )  
81981 4 )  
85921 5 1  
86091 5 1  
89091 81 

z B&2 
4421 1) 5.9 

30941 2 )  7.8 
24841 2 1  5.5 
27501 2 )  6.0 
15101 2 )  5.5 
11601 21  5.4 
16481 1) 4.8 
28401 2 )  5.7 
23531 2 )  5.1 
12921 1) 4.7 
4841 2 )  4.8 
1781 2 )  4.9 
6691 2 )  4.9 

1468( 2 )  5.4 
17711 2 )  5.3 
-3631 2 )  5.6 
-4161 2 )  6.0 

-12871 2 )  5.7 
-13181 2 )  6.6 
-21761 2 1  7.5 
-22041 2 1  10.9 
49391 1) 6.3 
10121 2 )  9.2 
14491 2 )  6.7 
19891 2 )  5.4 
27291 2 )  5.7 
32061 2 1  5.4 
29831 1) 4.8 
22481 2 1  5.6 
17631 2 )  5.9 
34871 2 )  4.7 
43421 1) 5.3 
48071 2 )  5.6 
44251 2 )  5.3 
35861 2 )  6.0 
31291 2 )  5.8 
45831 2 )  6.0 
52671 2 )  5.8 
49851 2 )  6.3 
57021 2 )  5.9 
54651 3 )  7.5 
61901 41 8.0 

for X-ray Crystallography.' All the non-hydrogen atoms were refined anisotropi- 
cally. Hydrogen atoms found in the difference Fourier maps and calculated geo- 
metrically (C-H, 1 .O A) were refined isotropically. Computations were carried 
out on an IBM 4381-R24 computer at the Information Processing Center of Ocha- 
nomizu University. Final atomic coordinates are shown in Tables I1 and 111. 
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18 K. HORI ef al. 

TABLE 111 

Final atomic coordinates with their estimated standard deviations, multiplied 
by 104, of 4'-heptyloxy-4-cyanobiphenyl (70CB) 

X 
6835I 2 )  
6966( 3 )  
7044( 3 1  
7072( 2 )  
7480l 3 )  
7439( 3 1  
6998( 2) 
66161 3 )  
6653( 3 )  
6921( 2) 
7742( 2 1  
7679( 3 )  
6800( 3 )  
5982( 3 )  
6039( 3 )  
5971( 3 1  
6253( 3 1  
5411( 3 )  
5655( 4) 
4821( 41 
5094( 4 )  
4274( 6 )  

10046( 2 )  
9172( 3 )  
9191( 3 )  
9253( 2 1  
8849( 3 )  
8957I 3 )  
9468f 2) 
9843( 3 )  
9737( 3 )  
9633( 3) 
8840( 31 
9014( 3 )  
9978( 3 )  

10765( 3 )  
10587( 2 1  
10978( 3 1  
108351 41 
11793( 3 )  
11638( 4) 
12574( 41 
12417( 5 1  
13338( 7 )  

Y 
6923( 1) 
3319( 2) 
3689( 2 )  
4163( 2 )  
4848( 2 )  
5291( 2 )  
5074( 2 1  
4380( 2 1  
3929( 2 1  
5565( 2) 
6061( 2 )  
6508( 2) 
6470I 2 )  
5981( 2 1  
5536( 2 )  
6903( 2) 
7435( 2 )  
7463" 2 
8015( 2 )  
8067( 3 )  
8613( 3 1  
8694( 4) 
1171I 1) 
44591 2) 
4125( 2 )  
3702( 2 )  
3015( 2 )  
2609( 21  
2874( 2 )  
3571( 2 )  
3982( 2 )  
2425( 2 )  
1942( 2 1  
1535( 2) 
1595( 2 )  
2067( 2 )  
2480( 2 )  
1255( 2 )  

755( 2) 
770( 2 )  
268( 2 )  
239( 3 )  

-334( 4) 
-365( 5 )  

2 

-9862( 3 )  
1235( 5 )  

120( 5 )  
-13201 5 )  

-924f 5 )  
-2336I 5 )  
-4159( 4) 
-4531( 5 )  
-3138( 5 )  
-5667( 4) 
-5691( 5 )  
-7094( 5 )  
-8517( 4) 
-8514( 5 )  
-7107( 5 )  

-11430t 51 
-12674( 6 )  
-14417( 5 )  
-15651( 6 )  
-17391( 5 )  
-18618( 7 )  
-20336I 9 )  

149631 3 )  
3117( 4) 
43381 5 )  
5922( 41 
5646( 5 )  
7166( 5 )  
89131 41 
9146( 4) 
7659( 4) 

10509( 4) 
10781( 5 )  
122791 4) 
135391 5 1  
132661 5 )  
11783( 5 )  
16386( 6 )  
17839( 6 )  
19396( 6 )  
20833( 6 )  
22388( 7 )  
237091 7 )  
25297( 10 1 

Beq=(8x2/3) C, C, U ij ai*ai*ai.aj. 

Bq/A2 
6 . 1  
7.4 
5.9 
5.1 
5.4 
5.4 
4.7 
5.6 
5.5 
5.0 
5.5 
5.5 
5.1 
5.5 
5.5 
5.8 
6.1 
5.9 
6.5 
6.5 
8.4 
9.8 
6.3 
6.8 
5.4 
4.6 
5.6 
5.6 
4.6 
4.9 
5.0 
4.8 
5.3 
5.4 
5.2 
5.7 
5.6 
5.9 
6.1 
6.2 
6.3 
7.2 
8.7 

11.5 

RESULTS AND DISCUSSION 

Molecular Conformation 

There are two crystallographically independent molecules, A and B in an asym- 
metric unit of both crystals. The bond lengths and angles are compatible with other 
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CRYSTAL STRUCTURES OF 60CB AND 70CB 19 

TABLE IV 

Torsion angles (") of paraffin chains 

60CB 7 0 ~ a  

A B A B 

O-C(14)-C(lS)-C(16) 171.9 178.2 -179.1 -177.7 

C (14) -C (15) -C (16) -C (17) 175.2 -177.3 -177.5 180.0 

C (15) -C (16) -C (17) -C (18) 179.7 175.8 179.0 -178.1 

C (16) -C (17)-C (l8)-C (19) -175.9 -177.1 178.9 174.4 

3 4  

FIGURE 1 
probability ellipsoids. Numbering schemes are the same for all the molecules. 

ORTEP drawings of the molecules A of 60CB (upper) and 70CB (lower), with 50% 

me~ogens ."~  The phenyl rings are planar within the experimental errors. All the 
molecules have similar conformations: twisted biphenyl moieties (36" (A) and 26" 
(B) for 60CB and 37" (A) and 40' (B) for 70CB) and almost all-trans zig-zag chains 
as shown in Table IV. Figure 1 shows ORTEP drawingsL0 with numbering scheme 
of the molecules A of 60CB (upper) and 70CB (lower). In contrary, a highly planar 
biphenyl moiety (0.82') and a twisted W C 4 - C  chain were found in 50CB.4 

Crystal Packing 

Figure 2 shows the crystal structure of 60CB. Molecules are arranged in a parallel 
way and stacked along the b axis, being related by a 2-fold screw axis for A and 
by an inversion for B. Close contacts of CN groups are found between the un- 
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20 K .  HORI et al. 

FIGURE 2 Crystal structure of 60CB viewed along the b axis. Close contact of CN-CN are shown 
by broken lines with distance (A). 

b s i n a  
FIGURE 3 
by broken lines with distance (A). 

Crystal structure of 70CB viewed along the c axis. Close contact of CN-€N are shown 

equivalent molecules A and B: 3.57 (N(A)-N(B)), 3.40 (N(A)-C(B)) and 3.56 
A (C(A)-N(B)). In addition, a short 0-0 distance (3.87 A) is found between 
the inversion-related B molecules. Thus the molecules A and B are in rather 
different environment from each other. 

Figure 3 shows the crystal structure of 70CB. Here again, close contacts of CN 
groups are found between molecules A and B: 3.52 (N(A)-N(B)), 3.39 
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CRYSTAL STRUCTURES OF 60CB AND 70CB 21 

a b 
FIGURE 4 Schematic diagrams of crystal packings of 60CB (a) and 70CB (b). In (a), shadowed 
and unshadowed molecules denote those at different height along the b axis (about 0.5 and 0.0, 
respectively, although the molecules have slight tilts with ac plane). Close contacts of CN groups are 
denoted by broken lines. 

(N(A)-C(B)) and 3.55 8, (C(A)-N(B)). In 50CB crystal, an infinite chain of 
close contacts of CN groups (C-N, 3.338 and 3.304 A with the two neighboring 
molecules) was found along the b axis. Therefore, a tendency of dimer formation 
is clearer in the present crystals than in 50CB. 

In spite of these similarities of 60CB and 70CB in molecular conformations and 
dimer formations, the crystal packings are quite different, as schematically shown 
in Figure 4. In 60CB, neighboring dimers shift each other by a molecular length; 
a half of a dimer is overlapped with a half of a neighboring dimer and another half 
with a half of another neighbor. This feature of a half-and-half overlapping is closely 
related to a nematic structure. 

On the other hand, dimers in 70CB are arranged in a smectic-like layer structure, 
whose layer plane is the ac plane. The tilt angle is estimated to be 64" from the 
layer thickness and the length of the dimer (a sum of the distance between the 
terminal C(20A) and C(20B) atoms of the dimer and twice of van der Waals radius 
of methyl group (2.0 A)). 

Relationship Between the Crystal Structures and Liquid Crystalline Behavior 

Repeat distances of about 1.4 molecular lengths have been observed in both ne- 
matics and smectics A of nCB and nOCB series by X-ray diffraction 
and interpreted to be due to largely overlapped dimer formed by CN and phenyl 
c ~ n t a c t s . l l , ~ ~  In the present crystals, however, dimers are formed by CN-CN end 

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

4:
22

 1
8 

Fe
br

ua
ry

 2
01

3 



22 K. HORI et al. 

group contacts. This indicates that packing efficiency is more important in the 
crystalline states than in the fluid liquid crystalline states. Relaxation to the more 
overlapped structure would be caused at the crystal-mesophase transition. 

In spite of the same phase sequence of 60CB and 70CB, i.e., cryst.-nem.- 
isotropic, crystal packings are quite different; the crystal structure of the former is 
closely related to a nematic, while the latter to a smectic. This is interpreted as 
follows; the tendency that a smectic structure is stable above n = 8 appears already 
in 7 0 C B  in the crystalline state, although the layer struture is not stable enough 
in the liquid crystalline phase with large thermal motions. 

Polymorphism and phase transition behavior of 70CB will be described else- 
where. 
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