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Crystal and molecular structures of two (of six known) solid polymorphs of mesogenic 
cholesteryl benzoate have been determined. Crystals of the modification 1 are mono- 
clinic, space group C2, z = 4. a = 19.51(1), b = 6.0668(1). c = 27.828(2) A, f3 = 
116.447(4)". Crystals of the modification 2 are orthorhombic, space group P2,2,2,, 
z = 4, a = 5.9404(5), b = 9.4728(7), c = 53.772(5) A. Comparison of molecular 
structures of 1 and 2 and the recently investigated tetragonal modification 3 reveals 
significantly different molecular conformations. Physically valid treatment of molecular 
packing mode in the polymorphs 1-3 was fulfilled on the basis of intermolecular energy 
calculations and allowed some speculations on the structure of liquid crystalline phase. 

INTRODUCTION 

For the first time the liquid crystalline state was discovered by Reinitzer' 
(in 1888) and Lehman,* who investigated cholesteryl benzoate (CB). 
Most of all subsequent investigations of this compound were con- 
cerned just with the study of liquid crystalline state. However, a very 
valuable information on the nature of mesophase can be obtained 
from a study of solid state (crystal) structure of this compound. Lately 

tTo whom correspondence should be sent. 
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368 A. P. POLISHCHUK ct al. 

X-ray structural studies of mesogenic crystals attract much attention, 
because according to Bernal and Crowfoot3 molecular packing in such 
crystals involves some structural features, which can be retained in 
corresponding mesophases. X-ray studies of single crystals allows also 
to obtain information on molecular structure and the nearest molec- 
ular environment, whereas structural investigations of mesophases 
provide information on cybotactic groups, consisting of a large num- 
ber of molecules. The calculations of energy of intermolecular inter- 
actions on the basis of X-ray data on crystal structure of mesogenes 
also seems to be useful, as such calculations enable to draw some 
conclusions on degrees of freedom of molecules, arising on phase 
transitions solid crystal4iquid crystal. 

It is well known that very often mesogenic compounds have several 
solid polymorph~,4.~ bwt only in a few cases crystal structures of all 
polymorphs of the given compound are investigated. Earlier we re- 
ported the structures of two solid modifications of cholest-5-en-3-ol- 
rn-brom~benzoate .~.~ The series (scheme) of CB phase transitions 
was carefully investigated by the means of DSC and IR-~pectroscopy.~ 
Therefore it was interesting to establish the relations between this 
scheme and crystal data of polymorphs. In the present paper we have 
carried out an X-ray study of two of six known5 solid polymorphs of 
CB, viz. monoclinic (1) and orthorhombic (2). The structure of te- 
tragonal (3) (Table 1) was reported previously.8 The energy of pair 
intermolecular interactions (EPIMI) in crystals 1-3 was also calcu- 
lated (the sum of such energies over all interactions is equal to the 
potential energy of crystal). In the present paper the results of in- 
vestigation of solid polymorphs 1-3 are discussed as a basis for the 
analysis of molecular organization in liquid crystalline phase of CB. 

EXPERIMENTAL 

Crystals of 1 and 2 for an X-ray study and differential scanning cal- 
orimetry (DSC) were obtained by slow evaporation of solution in the 
mixture of benzene, propanol and chloroform (1:l:l). Monoclinic 
crystals of 1 are elongated prisms, orthorhombic crystals of 2 are 
plates. The relevant crystal data are given in Table 1. Cell dimensions 
and reflection intensities were measured with a Hilger and Watts 
four-circle autodiffractometer (graphite-monochromated CuKa ra- 
diation, 8/28 scan, 2" s 28 s 114"). 

Both structures were solved by the direct method (MULTAN pro- 
gram) and refined by the anisotropic block-diagonal least-squares 
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312 A. P. POLISHCHUK et a!. 

method (isotropic approximation was used for the C(20)-C(27)atoms 
in 2). Positions of H atoms in the structure 1, except for those in 
methyl groups, were calculated. Some H atoms of methyl groups 
were located in the difference map, which allowed the calculations 
of positions of the missing H atoms. All H atoms were included in 
refinement with fixed positional and isotropic temperature factors 
(Biso = 6 A2). In the structure 2 hydrogen atoms of methyl groups 
were not located in the difference map. All other H atoms were 
included in refinement with fixed calculated positional and isotropic 
temperature factors (Biso = 6 A*). The final R-factors are 0.071 and 
0.098 for 1 and 2 respectively. All structural calculations were per- 
formed with an Eclipse S1200 computer using the INEXTL  program^.^ 
The geometry of molecules 1 and 2 with bond lengths is shown in 
Figures 1 and 2. The final positional parameters of nonhydrogen 
atoms, bond angles and torsion angles are given in Tables 2-4. 

The EPIMI calculations were carried out in the atom-atom ap- 
proximation with the potential 6-exp, using the local program with a 
BESM-6 computer, as was reported previously. lo The lattice energy 
was evaluated by direct summation of the atom-atom interactions in 
the sphere of radius 20 A. This ensured an accuracy in the lattice 
energy of the order of 1 per cent. 

RESULTS AND DISCUSSION 

Conformations of the steroid nucleus in crystals 1-3 are similar and 
typical for A5-steroids. However, the molecules in crystals 1-3 display 
significant differences in the C(2O)-C(22)-C(23)-C(24) torsion angles 
(69" in 1 and 179" in 2 and 3) and in the torsion angles around the 
ester C(3)-0(3) bond. The values of the C(2)-C(3)-0(3)-C(28) torsion 
angle (cp) are 83, 85" and 154" in 1, 2, and 3 respectively. The sig- 
nificant difference in the (p torsion angles is in a good agreement with 
our previous conformational calculations,1° which have shown that 
the value of cp can vary from 80 to 160" without noticeable changes 
of conformational energy. Notably, such conformational variations, 
involving the relative reorientations of molecular parts around the 
long axis of the molecule, almost do not influence an anisometric 
molecular form, which is essential for formation of a mesophase. 

The molecular packing mode is the most interesting feature of the 
solid polymorphs 1-3 (Figures 3-5). The molecular packing in 1 is 
characterized by an antiparallel imbrication. The molecules form the 
layers parallel to the ab plane, but the external parts of the C(17)- 
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POLYMORPHISM OF CHOLESTERYL BENZOATE 375 

TABLE 3 

Bond angles w (degr.) in the structures 1 and 2 

1 2 1 2 

C3-03-C28 
c 2 - c  1 -c10 
Cl-C2-C3 
03-C3-C2 
03-C3-C4 
c2-c3-c4 
c3-c4-c5 
C4-C5-C6 
c4-CS-c 10 
C6-CS-Cl0 
C5-C6-C7 
C6-C7-C8 
C7-C8-C9 
C7-C8-C14 
C9-C8-C14 
C8-C9-C10 
C8-C9-C11 
ClO-C9-C11 
c 1 -c 10-c5 
c1 -c 10x9  
CI-Cl0-Cl9 
C5-ClO-C9 
CS-Cl0-Cl9 
c 9 - c  10-c 19 
c9-CI 1-c12 
Cll-Cl2-Cl3 
c 12-Cl3-Ci4 
C12-Cl3-Cl7 
C12-C13-C18 
C14-CI3-Cl7 

117.3(4) 
113.7(3) 
110.4(4) 
110.6(4) 
106.9( 4) 
110.1(4) 
110.9(4) 
120.0(4) 
116.7(4) 
l23.3( 4) 
l24.2( 4) 
115.0(4) 
110.2(4) 
11 1.7(4) 
108.8(3) 
113.3(3) 
11 1.6(3) 
113.0(3) 
109.4( 3) 
108.3(3) 
109.9( 3) 
110.1(3) 
108.1(4) 
11 1.0(4) 
114.1(4) 
11 1.9(4) 
106.4(4) 
116.8(4) 
1 1 1.1(4) 
100.2(3) 

115.7(7) 
114.1(8) 
108.6( 8) 
1 0 8 3  8) 
108.3( 8) 
110.9(9) 
110.9(8) 
122.1(9) 
116.2(8) 
12 1.6(9) 
126.6(9) 
112.7(9) 
111.2(8) 
110.8(8) 
110.2(8) 
114.3(8) 
113.9(8) 
110.4(8) 
107.5(8) 
107.2( 8) 

110.2(8) 
109.5(8) 
113.5(8) 
1 1  1.5(9) 
113.6(9) 
106.8(8) 
115.9(9) 
108.7(8) 
100.5(8) 

108.8(8) 

C14-CI3-Cl8 
C17-C 13-Cl8 
C8-Cl4-Cl3 
C8-c 14-cis 
c 13-c 14-c IS 
C14-C 1 S-C16 
C IS-C 16-C I7 
C 13-C 17-C I6 
c 13-c 17-c20 
C16-C17-C20 
c17-c2o-c2 1 
c17-c20-c22 
c21-c20-c22 
c20-c22-c23 
c22-c23-c24 
C23-C24-C25 
C24-C2S-C26 
c24-c2s-c27 
C26-C25-C27 
03-C28-028 
03-C28-C29 
028-C28-C29 
C28-C29-C30 
C28-C29-C34 
c3o-c29-c34 
c29-c30-c31 
c30-c31-c32 
C3 1-C32-C33 
c32-c33-c34 
c29-c34-c33 

112.0(4) 
109.7( 4) 
114.6(4) 
118.7(4) 
l05.3(4) 
103.4(4) 
107.7(4) 
103.8(4) 
119..5(4) 
112.4(4) 
113.9(5) 
109.8( 4) 
109.7( 5 )  
116.3(5) 
113.3(5) 
116.5(5) 
111.1(6) 
113.5(6) 
112.2(7) 
122.7(5) 
113.1(4) 
124.2( 5 )  
124.1(5) 
118.5(5) 
117.5(5) 
120.7(5) 
120.8(6) 
120.1(6) 
120.4(6) 
120. S( 6) 

114.0(8) 
110.9(8) 
1 13.7( 8) 

103.9(8) 
103.9( 9) 
107.4(9) 
102.8(9) 
120.2(9) 
110.4(9) 
11 1.2(9) 
11 1.0(9) 
108.5( 9) 
113( 1) 
114( 1) 
116(1) 
113(2) 
109(2) 
102(2) 
124.7(9) 
11 1.6(8) 
123.4(9) 
118.4(9) 
121.0(8) 
120.6(9) 
121.2(9) 
119(1) 

120.2(8) 

120(1) 
122( 1) 
117.5(9) 

aliphatic chains of one layer penetrate into the adjacent layer. In 
crystal 2 the molecules are also arranged in the layers parallel to the 
ab plane; but the long axes C(25)+C(32) of the molecules in the 
neighbouring layers form the angle of 73” with each other and this 
results in a herring-bone type of the molecular packing (Figure 4). 
The tetragonal CB polymorph 3 is characterized by a layer-helical 
molecular packing, wherein the molecules form helicas around 4, 
screw axes, normal to the layers.8.11 For the physically valid treatment 
of molecular packing we use a concept of a “structural subclass,”’* 
i.e. the set of symmetry operations involved in combining of mole- 
cules into stable associates (dimers, chains or stacks, layers) and 
packing of the latter in crystal. 

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:
36

 1
9 

Fe
br

ua
ry

 2
01

3 



376 A.  P. POLISHCHUK ef al. 

TABLE 4 

Torsion angles 7 (degr.) in the structures 1 and 2 

Cycle A 1 2 Cycle D 1 2 

Cl-C2-C3-C4 C13-C14-C15-C 16 - 34 - 34 
c2-c3-c4-c5 
C3-C4-C5-C10 
c4-c5-c 10-c 1 
c5-c10-c 1-c2 
c1o-c1-c2-c3 

C9-ClO-C5-C6 
C7-C6-C5-C10 
C5-C6-C7-C8 
C6-C7-C8-C9 
C7-C8-C9-C10 
C8-C9-ClO-C5 

Cycle B 

Cycle C 
C14-C8-C9-C11 
C8-C9-Cll-C12 
c 9 - c  1 1 C12-C 13 
c11-c12-c13-c14 
C 12-C 13-C 14-C8 
C13-C14-C8-C9 

60 
- 57 

51 
- 46 

48 
- 57 

15 
4 
9 

- 38 
57 

- 45 

-51 
51 

- 54 
56 

-61 
59 

62 
-61 

55 
- 47 

48 
- 56 

15 
1 

11 
- 39 

57 
- 45 

-51 
48 

- 51 
55 

-60 
59 

C14-C15-C16-C 17 
C15-Cl6-Cl7-Cl3 
C16-C17-C13-C 14 
c17-c13-c14-c15 

Aliphatic chain 
c 13-c 17-c20-c2 1 
c13-c17-c2o-c22 
C16-C17-C2O-C2 1 
C 16-C 17-C20-C22 
c17-c2o-c22-c23 
c2o-c22-c23-c24 
c22-c23-c24-c25 
C23-C24-C25-C26 
c23-c24-c25-c27 

Benzoate group 
C2-C3-03-C28 
C4-C3-03-C28 
C3-03-C28-C29 
C3-03-C28-028 
C30-C29-C28-03 
C30-C29-C28-028 
C34-C29-C28-03 
C34-C29-C28-028 

10 
17 

- 37 
45 

- 56 
- 180 
- 178 

- 168 

- 172 

- 58 

58 

69 

175 

83 
- 157 
- 178 

3 
0 

179 
- 179 

0 

9 
20 

- 40 
47 

- 60 

- I79 

- 170 

- 179 
- 64 
- 177 

180 

60 

179 

85 
- 155 

179 
4 

- 178 
-3  

0 
175 

According to EPIMI calculations (Table 5 )  in monoclinic crystal 1 
(Figure 3) the strongest interactions are between the I(O00) and I(O10) 
and also between the I(OO0) and I(Oi0) molecules.? The molecular 
stacks, parallel to the b axis, are formed as a result of these strongest 
interactions. The symmetry of the stacks is Pc(,,+ll, z’ = 1, where 
z’ is the number of molecules in a period along the stack (chain). 
The next strongest interactions join molecular stacks into the layers, 
parallel to the ab plane (the layer symmetry is P1(z+211, z” = 2). 
Thus the structural subclass of 1 should be written as follows: 

The potential energy of crystal 1 is -49.8 kcal/mole with the inter- 

tThe molecules are designated according to P. M. Zorkii el al.13 
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POLYMORPHISM OF CHOLESTERYL BENZOATE 319 

FIGURE 5 Layer molecular packing in the tetragonal modification 3 projected 
along h .  

actions within the layers 2.8 times greater than between the layers 
(Table 5). 

In crystals of the orthorhombic modification 2 (Figure 4) the most 
strong and essentially equal interactions are I(OO0)-I(OlO), I(OO0)- 
I(0iO). I(OOO)-I(lOO) and I(OOO)-I(TOO) (Table 6), which lead to the 
formation of the layers P l ( z ) l l l ,  z" = 1 .  The structure 2 is formed 
by superposition of these layers: 

P l ( z ) l l l ,  2" = 1-P2,2,2,, z = 4. 

The structural subclass of the previously investigated" modification 
3 is written as follows: 

P4,2,1, z = 8. ,Pl(z)1211, 2" = 2 \ 
'P1(z)2111, z" = 2 / 

molecule 

The potential energy of crystal 2 (-47.2 kcal/mole) is smaller by 2.6 
kcal/mole than that of crystal 1 ,  but in crystal 2 the interactions within 
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380 A. P. POLISHCHUK cr al. 

TABLE 5 

Energy of intermolecular interactions U (kcalhole) in the monoclinic modification 
of CB (1) 

Interacting molecules 

I(ooo)-I(OlO) 
r(ooo)-r(oio) 
r(ooo)-rr(ool) 
r(ooo)-iY(oii) 
I(ooo)-lY(ool) 
r(ooo)-Ir(oii) 
I(ooo)-II(Oll) 

- U  

1.2 
7.2 
1.2 
4.1 
4.1 
1.4 
1.4 

Interacting molecules 

I(OOO)-II(OOO) 
I(oO0)-IY(ii0) 
r(~x))-r~(Too) 
I(ooo)-III(iii) 
I(oO0)-III(oo1) 
I(oO0)-II(OiO) 
1(OoO)-II(O10) 

-U - 
4.2 
2.1 
2.7 
0.6 
0.6 
0.6 
0.6 

- U in layer =33.8 - U between layers = 12.0 

the layers are 3.5 times greater than between the layers (Table 7). 
The potential energy of crystal 3 is -47.3 kcal/mole. 

Thus, the monoclinic modification 1 has a stack-layer structure, 
whereas the orthorhombic and tetragonal modifications 2 and 3 both 
have a layer molecular packing. The different molecular packing in 
polymorphs 1-3 is interrelated with the different molecular confor- 
mations in their crystals. 

For the first time the existence of several solid polymorphs of CB 
was reported by Lehman in 1889.2 Now six modifications of this 
compound are known.5 In addition to the above mentioned modfi- 
cations 1-3 we succeeded in determination of crystal data for one 
more, orthorhombic modification 4. Crystals of 4 were obtained by 
zone melting14 frwn a mesophase in glass capillaries and crystal data 

TABLE 6 

Energy of intermolecular interactions U (kcalhole) in orthorhombic modification 
of CB (2) 

Interacting molecules -U Interacting molecules - U  

I(ooo)-I(010) 
r(ooo)-I(oio) 
I(ooo)-r(ioo) 
I(ooo)-I( loo) 
I(ooo)-I(iiO) 
I(ooo)-I( 110) 
r(ooo)-~(iio) 
I(ooo)-I( 1iO) 

1.2 I(OOO)-IY( iio) 
1.2 I(ooo)-IY( loo) 
1.0 I(Ooa)-III(i21) 
7.0 I(OOO)-III(021) 
1.6 I(Ooo)-IY (010) 
1.6 I(ooo)-lY(ooo) 
1.3 
1.3 

2.0 
2.0 
1.8 
1.8 
1.2 
1.2 

- U in laver = 34.2 - U between layers = 10.0 
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POLYMORPHISM OF CHOLESTERYL BENZOATE 381 

were determined by a photomethod. Yet another orthorhombic mod- 
ification 5 of CB was reported by Shivaprakash et a l l 5  Crystal data 
of 4 and 5 are given in Table 1. Thus for three (1-3) of six known 
solid polymorphs of CB the crystal and mqlecular structures were 
determined and for two polymorphs (4,5) only space groups and unit 
cell parameters were obtained. 

The scheme of CB phase transitions was given by Kuhnert-Brand- 
statter and SeideL5 but without assignment of crystal data to poly- 
morphs. In order to establish relations between the known structures 
of CB polymorphs and the scheme of phase transitions we carried 
out calorimetric measurements for modfication 3 (DSC). Unfortu- 
nately, quantities of crystals 1 and 2 were not sufficient for such 
measurements. Temperatures of phase transitions in the modifica- 
tions 1 and 2 were measured on a heating stage of a Reichert polar- 
ization microscope. Orthorhombic single crystals 2 melt at 143 ? 1°C 
and thus correspond to the modification I11 in the scheme (Figure 
6). A very interesting behaviour of monoclinic single crystals 1 was 
observed. On slow heating of these crystals anothc: polymorphic 
modfiication began to grow at ca. 110°C. This new modification melts 
at 148 ? 1°C and thus corresponds to the modification I1 (Figure 6). 
According to the scheme of phase transitions it may be also supposed 
that the monoclinic modification 1 corresponds to the modification 
IY. DSC-thermogram of the tetragonal modification 3 (Figure 7) 

Tetragonal 3 
IS I0  178" . Mod. 1 --> chol. Ph. 4 isotrop 

Mod. III/Mod. VI 
+ Xylol Orthorhombic 2 

I 
Mod. I1 + Mod. IV Monoclinic 1 

Fp. Mod. I 1510; Fp. Mod. I1 147O; Fp. Mod. I11 144O; 
Fp. Mod. IV 139O; Fp. Mod. V; Fp. Mod. VI 137" 

FIGURE 6 Scheme 5 of CB phase transitions with the proposed assignment of the 
structurally characterized polymorphs 1, 2 and 3 to the solid modifications IY. I11 and 
I respectively. 
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T(K) 380 390 400 410 420 430 440 450 

FIGURE 7 DSC-thermogram of CB (heating rate Z"C/min). 

shows that it melts at 151.8"C and therefore corresponds to the mod- 
ification I in the scheme. Thus the modification, which is the most 
stable at room temperature, is at the same time the most symmetrical 
(tetragonal, 3) of the known polymorphs. 

The special energetically favourable directions in cholesterogenic 
crystals are supposed to correspond to nuclei of cholesterogenic mi- 
crohelices.".'h On the basis of EPIMI calculations of cholesterogenic 
crystals a geometrical model of the packing rearrangement on a phase 
transition mesogenic crystal-*cholesterogenic liquid crystal (CLC) 
was proposed. I 1  According to this model the energetically favourable 
directions, parallel to 2, and 4, (in 3) axes, can predetermine the 
directions of microhelices, whose assembly forms a CLC macrohelix. 
In fact this proposal is confirmed by the observation of selected light 
reflection (Figure 8) in the direction of the optical (4-fold) axis of the 
tetragonal single crystal 3 on its transformation to the mesophase with 
formation of a planar texture. Notably, this experiment was per- 
formed without the orienting slip of cover and slide glasses, though 
the surface of the slide glass was oriented by a weak directed rub- 
bing.,' As a result a sufficiently perfect planar texture was obtained 
on heating of a single crystal 3 (ca. 100 pm thick), whose optical axis 
was oriented parallel to an incident light beam (perpendicular to the 
slide and cover glasses). In our opinion the formation of a good planar 
texture is due to both an orienting action of the slide glass and a quite 
definite orientation of a single crystal 3. However, it is difficult to 
separate contributions of both factors. Unfortunately, similar exper- 
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POLYMORPHISM OF CHOLESTERYL BENZOATE 383 

FIGURE 8 Transmission spectrum of a planar texture of the CB mesophase. 

iments with the modifications 1 and 2 were not carried out because 
of insufficient quantities and small dimensions of single crystals. 

The physical validity of distinguishing of the most stable molecular 
associates on the basis of EPIMI calculations is, as a rule, confirmed 
by crystal habitus. l 1  Most of cholesterogenic crystals belong to the 
space groups P2, or P2,212,,10.16 and the directions of energetically 
favourable molecular stacks (giving rise to formation of microhelices 
of CLC) coincide with screw axes. Most of these crystals are needles 
or plates elongated along 2, axes, while crystals with a layer (not 
stack-layer) structure are isometric plates. It is to be noted that a slip 
of a cover glass is necessary to obtain a planar texture, because a 
great number of small needle-shaped crystals are chaotically arranged 
in powder, but should be oriented perpendicular to the slide glass 
with their long axes (parallel to 2,). In other words, as mentioned by 
Prasad et d . l h  a slip is necessary for the orientation of microhelices 
in one direction. At the same time such slip was not necessary to 
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384 A .  P. POLISHCHUK er a/ .  

obtain a planar texture in the case of the correct orientation of a 
single crystal 3. 

CONCLUSION 

Structural investigations of CB solid modifications have shown sig- 
nificant distinctions between the molecules in different modifications 
in respect to torsion angles around the ester bond and C-C bonds in 
aliphatic chains. Conformational calculations of the benzoate-group 
orientation"' have demonstrated only small variations of conforma- 
tional energy on changing of the mentioned torsion angles (AU,,, = 
0.5 kcalhole). The order of magnitude of AU,,, is the same at RT 
= 0.6 kcalhole at room temperature (300°K). Obviously in a meso- 
phase intermolecular interactions are weakened in comparison with 
crystal and CB molecules can adopt different conformations, viz. 
those found in solid modifications 1-3. 

If, as we suppose, some features of the molecular arrangement in 
mesogenic solids are retained in the liquid crystalline state, then the 
existence of several polymorphs of mesogenic compounds enables to 
assume that all types of structural organization found in solid poly- 
morphs might be present in the mesophase with possible changes of 
molecular conformations. Therefore it may be supposed that several 
local types of molecular organization coexist in the CB mesophase. 
On changing of temperature these types are interconverted contin- 
uously with retaining of macroscopic homogeneity of the mesophase. 
This suggestion is equivalent to the cluster mechanism of orientational 
ordering in liquid crystals,lx according to which clusters, i.e. associates 
of most strongly interacting molecules, can partially inherit the mo- 
lecular packing of some crystal modification. 
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