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The high temperature crystal (solid I I )  of smectogenic ethyl p-azoxybenzoate has a 
monoclinic unit cell of space group C2/c contaming eight molecules. Its parameters are: 
a = 23.36 A. b = 4.58 A, c = 32.24 A and 0 = 100.0". Intensities of 718 independent 
reflections were estimated visually from Weissenberg photographs, and the structure was 
solved by direct methods using Sayre's relation. Least-squares refinement using anisotropic 
temperature factors produced a final R value of 0.14. The molecule is nearly planar in both 
polymorphs. but solid I I  is partially disordered due to the presence of both rruns-cis and 
cis-rrans rotational conformers, whereas solid I is predominately in the form of the cis-cis 
conformer. The component of the dipole moment perpendicular to the molecular axis, and 
in the plane of the molecule, is only 3.1 0. for solid I I ,  as contrasted with 6.73 0. for 
solid I. The reduced importance of dipolar interactions in the high temperature crystal is 
evident upon companng the molecular packing in solids I and 11. This observation makes it 
less likely that dipolar interactions make a significant contribution to the lateral attractions 
between molecules of ethyl p-azoxybenzoate in the smectic state. 

t This work was supported in part by Grant GH-32744 from the Natlond Science Founda- 
tion. We wish to express our  appreciation to Dr. Patrick G. Barber for preliminary work 
performed in thls laboratory which determmed the unit cell parameters and established the 
space group of this crystal. * Present address: Faculty of Pharmaceutical Sciences, Kyoto University, Kyoto, Japan. 
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86 W. R. KRlCBAUM A N D  TOORU T A C A  

INTRODUCTION 

This paper represents a continuation of our efforts to  utilize x-ray diffraction to 
provide structural information at the molecular level concerning compounds 
which exhibit mesomorphic behavior. We have previously reported the crystal 
structures of the modifications stable at room temperature for nematogenic 
p-azoxyanisole' and smectogenic ethyl p-azoxybenzoate.' Despite the fact that 
these molecules share the common azoxybenzene skeleton, they differ 
substantially (in the crystalline state) in molecular conformation and mode of 
packing. 

It is a significant observation that polymorphic crystalline modifications are 
quite common among the compounds which form mesophases. Thus, for 
example, ethyl p-azoxybenzoate exhibits a second crystalline polymorph 
(solid 11) above 9OoC, while two monotropic crystalline phases have been 
observed for p-azoxyanisole above room t e m p e r a t ~ r e . ~  It is reasonable to expect 
the molecular conformation in the mesophase to resemble more closely that 
appearing in the crystal which is stable at the highest temperature. Further, the 
changes in molecular packing on going from the low to high temperature 
Crystalline polymorphs might provide insight into the further changes 
accompanying melting to  the mesophase. For these reasons we believe that the 
crystal structures of the high temperature modifications merit investigation. We 
have chosen ethyl p-azoxybenzoate for this study because its high temperature 
crystal is thermodynamically stable, and the solid I1 -+ solid I transformation is 
sufficiently slow to  permit the collection of intensity data for solid 11 at ambient 
temperature. Further, since bond distances and angles have been rather precisely 
determined for solid I,  our interest can be confined primarily to differences in 
the molecular conformation and packing of the solids. We anticipated that these 
questions could be answered adequately from a low resolution study, so the 
reflections were recorded photographically. 

EXPERIMENTAL 

Several unsuccessful attempts were made to obtain a suitable single crystal of 
solid I1 by crystallization from solution at 95"C, or by sublimation at elevated 
temperature and reduced pressure. Crystallization of the pure material from the 
smectic phase proved to be more successful. A sample of the solid was sealed in 
an evacuated tube, and the latter was clamped in an inclined position in an oven 
and heated until transformation to the isotropic liquid phase occurred. The 
temperature was lowered to 114°C (slightly below the isotropic -+ smectic 
transition) and maintained constant for 3 days, then reduced to  95°C and held 
there for 3 days. After being slowly cooling to room temperature, the tube was 
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CRYSTAL STRUCTURE 87 

broken and several crystals were picked free from the thin layer o f  material 
adhering t o  its walls. These were examined microscopically, and further selection 
was based upon x-ray photographs of  the best specimens. The crystal chosen for  
intensity measurements was 0.1 x 0.3 x 1.5 mm in size. Its diffraction 
photograph showed relatively little streaking, but each spot was accompanied by 
weaker, sharp spots which were slightly displaced. This indicates that the crystal 
consists of  a number of  blocks which are slightly displaced with respect to  one  
another. 

Weissenberg photographs revealed that the unit cell is monoclinic with 
a = 23.36 A, b = 4.58 A, c = 32.24 A and (3 = 100.0". The density calculated for  
eight molecules per unit cell is 1.339 g/cc, or only slightly larger than the calcu- 
lated density, 1.325 g/cc, for solid I.2 The measured density of  the solid 11 
crystal, I .28 g/cc, is significantly lower than the theoretical density, this defect 
arising from the imperfect character of  the crystalline sample. The longest di- 
mension of  the sample is along the 6-axis, as expected from the fact that this is 
the smallest unit cell dimension. The crystal was mounted along the b-axis. 
Systematic absences of the hkP reflections for h + k odd,  of  hOP for h or P odd,  
and of  OkO for k odd, correspond to  those expected for space group C2/c or CC. 
Since we expected solid I I  to  have high symmetry, initial work was begun with 
the assumption that the space group was that o f  higher symmetry, C2/c. Subse- 
quent results demonstrated that this was the correct choice. 

Intensity data were collected at ambient temperatures using equi-inclination 
Weissenberg geometry with nickel-filtered copper K, radiation. Intensities were 
estimated visually (using a calibrated standard scale) for 7 18 independent reflec- 
tions found on photographs of  the zeroth through third layer about the b-axis. 
The intensities decreased quite rapidly with order along this direction, so the 
total number of reflections which could be measured corresponds to  only 19% 
of those which should theoretically have been observable within the copper K, 
sphere. A scale factor for each layer was estimated from no-screen Weissenberg 
photographs, and Lorentz-polarization and spot shape corrections were applied, 
but n o  attempt was made t o  correct the intensities for absorption. The overall 
temperature factor 11 .1  A,' was estimated from a Wilson plot. 

STRUCTURE DETERMINATION 

The Patterson map in projection down the b-axis consisted of very broad peaks, 
and only yielded the information that the molecules are arranged with their long 
axes approximately perpendicular to  the a-axis. Hence, an attempt was made t o  
solve the structure in projection using direct methods. For this purpose nor- 
malized structure factors, E h O Q ,  were calculated according t o  the  relation: 

( 1 )  
N 

I=  1 
Ehop = ' Fhop  / (,z fi') ] I R  
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88 W. R. KRIGBAUM AND TOORU TAGA 

where IFhopl is the structure amplitude for reflection hOL, is the atomic 
scattering factor for atom i, and the s u m  is carried over the Natoms in one 
asymmetric unit. Here E is an integer (usually I )  which takes into account the 
symmetry of special sets of reflections. The advantage of normalized structure 
factors is that they permit all classes of reflection to  be compared on a common 
basis. 

Since we are dealing with a centrosymmetric space group, the phase problem 
reduces to finding the sign of each structure factor. Values can be arbitrarily 
assigned to  the phases of two structure factors (in the present case), thereby 
specifying the location of the origin of the two-dimensional projection. In prac- 
tice, however, E, was assigned as positive, and letter assignments were given 
to  represent the signs for three other reflections having large normalized struc- 
ture amplitudes, (4.0.18). (2,0,12) and (2,0,18). The probable phases of other 
structure factors were then determined by application of Sayre's relation.' A 
two-dimensional E-map, computed using the phases for 56 reflections having 
large El values, located the x and z coordinates of 21 of the atoms. The two- 
dimensional Fourier synthesis phased on these positions then located the four 
remaining atoms in the ester groups. Two cycles of full matrix least-squares 
reduced R t o  0.23 for the two-dimensional projection. Next the y coordinates 
were sought by applying Sayre's relation to  the general hkP reflections. Several 
possible sign combinations were generated for 184 E values, and these possibili- 
ties were evaluated by comparison of the Fourier synthesis. The best of these 
was refined by full matrix least-squares, using isotropic temperature factors, to 
yield R = 0.23 for the full set of 718 reflections. 

The fact that least-squares refinement had apparently converged while the 
R factor was still relatively large implied that the structure under consideration 
did not offer a totally correct representation of the actual crystal structure. 
Alternative two-dimensional structures were examined which involved different 
locations for the atoms of the azoxy group, and some of these gave relatively 
low R factors. Hence, the three atoms of the azoxy group were removed and a 
three-dimensional Fourier difference map was computed, phased upon the 22 re- 
maining non-hydrogen atoms. This clearly revealed the presence of disorder in 
the crystal, as indicated by a second peak corresponding to oxygen on the 
opposite side of the azoxy nitrogen atoms. A similar type of disorder had pre- 
viously been reported for azobenzene' and p-azoxyanisole,' but no evidence for 
disorder had been detected in the low temperature crystal of ethyl p-azoxyben- 
z0ate.l 

The relative heights of the two peaks corresponding to oxygen were 0.7 and 
0.3. Referring to the four possible rotational conformers of ethvl p-azoxvben- 
zoate and their designated names shown in Figure I ,  we recall that solid I was 
presumed t o  consist exclusively of the ciscis conformer. Evidently solid I I  is 
composed of some mixture of nuns-cis and cis-nuns conformers. Unfortunately, 
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CRYSTAL STRUCTURE 89 

b d 
O A  P oOH“ 

0 a 
c i s -  cia trans-lrana Irans-cIs cla-trans 

FIGURE 1 Four rotational conformers of ethyl p-azoxybenzoate. 

FIGURE 2 
beginning at 2.0 e.A-’. The dashed contour for O(13’) is drawn at 1 e.A-’. 

Composite electron density map. Full contours are drawn every 0.5 e.A-’ 
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90 W. R. KRIGBAUM AND TOORU TAGA 

each of these conformers might enter a site in the crystal in two different ways, 
leading to four possible arrangements of each molecule in the crystal. At this 
point we were unable to assess the contributions of these four arrangements; 
however, based upon the observation that both oxygen positions appeared to be 
closer to  one of the benzene rings, we could infer that the manscis conformer 
predominates. 

In order to proceed further, we assigned the two possible oxygen positions 
the weights, 0.7 and 0.3, as determined from the difference map, and assigned 
equal weight to the two possible pairs of positions for the azoxy nitrogen atoms 
(which were not separately resolved in the difference map). Refinement of this 
model, using the full set of three-dimensional data and isotropic temperature 
factors, reduced R to  0.2 1. Introduction of anisotropic temperature factors for 
four of the non-hydrogen atoms in each of the two ester groups reduced R to 
0.18, and allowing the temperature factors for the remaining atoms to go aniso- 
tropic produced the final R value, 0.14. In these last stages, refinement was 
performed by varying the positional and thermal parameters in alternate cycles. 
No attempt was made to  refine the assigned weights of the alternative positions 
for the N and 0 atoms, and alternative sets of aromatic carbon positions were 
not considered. Figure 2 shows a composite of electron density sections taken 
through the atomic centers and projected down the 6-axis. Throughout this 
work, the ORFLS least-squares program6 was used with unitary weighting fac- 
tors, and the atomic form factors were taken from the International Tables for 
X-ray Crystallography.' The final atomic coordinates and temperature factors 
are given in Table 1 .  

DESCRIPTION OF THE MOLECULAR STRUCTURE 

Figure 3 indicates the numbering of the' atoms, and shows the bond lengths and 
angles. Values obtained here for solid I1 are of lower precision than those pre- 
viously reported2 for solid I, both because fewer reflections could be measured 
in the present case, and also due to  the presence of disorder in solid 11. Neverthe- 
less, there is reasonable agreement between the bond lengths found here and 
those reported for solid I and for p-azoxyanisole. For example, for these respec- 
tive structures the C(aromatic)-N bond lengths average 1.47, 1.56 and 1 .SO A, 
N-N is 1.24, 1 . I 5  and 1.22 A, N-O is 1.37, 1.29 and 1.28 A, C=O is 1.20 and 
1.19 A, C-0 is 1.26 and 1.32 A, O-CH2 is 1.58 and 1.47 A, and C-CH:, is 1.37 
and 1.43 A. Of the four possible arrangements, only the two illustrated in Fig. 3 
are considered likely, since the other pair would correspond to a N - 0  bond 
length of 1.56 A. 

The average bond angle for C(9>N( 12)N( 14) is 1 12" in solid 11, which stands 
in reasonable agreement with the corresponding values, 109.1" and 1 1  1.8" for 
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92 W. R. KRIGBAUM AND TOORU TACA 

1.33) 
C I I )  
c ia)  9h 

bond Imqlba  f1J olom dorlqnollonr bond Onqlol f.1 

FIGURE 3 Atom designations, bond lengths, and bond angles for the high temperature 
modification of ethyl p-azoxybenzoate. Standard deviations ( 0 )  are: 0.02 A for C C  and C-0 
and 0.03 A for C-N and N - 0  bond legths: 1.4" for C C C .  CC-O, C-OC bond angles, 1.8" for 
CC-N- and 2.4" for C-N-N and N-N-O. 

the other two crystal structures. For solid 11, the remaining bond angles within 
the azoxy portion of the molecule actually correspond more nearly to the expec- 
ted sp2 hybridization than do those for the other two structures. Thus, 0(13> 
N(12)-N(14) averages 124", as compared with 134.7' for solid I and 130.8" for 
p-azoxyanisole. Recalling that alternative molecular positions were not con- 
sidered for the latter two structures, this suggests the possibility that disorder is 
present in all three crystals. The difference Fourier maps gave e v i h c e  for 
disorder in p-azoxyanisole, but not in the case of the low temperature poly- 
morph of ethyl p-azoxybenzoate. However, the shapes and directions of the 
anisotropic thermal ellipsoids for the atoms near the center of the molecule in 
solid 1 are at least suggestive of disorder as found in solid 11. If the low tempera- 
ture modification is actually disordered, this would require the presence of some 
admixture of the trans-trans conformer. 

Since no  account was taken of the possibility of alternate sets of positions for 
the aromatic carbon atoms, the rather unusual exterior angles at C(9) and C( 15) 
must be discounted. The bond lengths and angles within the benzene rings are 
surprisingly regular, giving quite acceptable average vaiues: 1.40 A, 1.39 A and 
120", 120". The anisotropic thermal parameters for solid I 1  indicate that the 
direction of the major thermal vibration is perpendicular to the molecular plane 
for O( 13), while c(9) and C( 15) appear to be moving predominately in the plane 
of the molecule and perpendicular to its long axis. The behavior at C(9) and 
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C R Y S T A L  S T R U C T U R E  93 

C( 15) is certainly a reflection of  the fact that no cognizance was taken of  the 
possibility of an alternate set of aromatic carbon positions. The two ester groups 
also appear t o  be vibrating in the molecular plane, and the rather short average 
C-CHa distance may be due t o  the fact that the bond distances were not  correc- 
ted for thermal motion. 

The principal difference in molecular conformation between solids I and I1 is, 
of  course, that solid I is composed of molecules which are at least predominately 
in the high energy cis& conformation, while solid I1 contains a mixture of 
franscis and cis-trans conformers. In both cases the molecules are remarkably 
planar, with only the terminal methyl groups protruding from the molecular 
plane. The equation for the best least-squares plane representing the benzene 
ring composed of atom, C(6) through C( 1 I ) ,  relative t o  an orthogonal set of 
axes, is: 

while for the ring C( 15) through C(20) the corresponding equation is: 
- 0 . 1 4 6 3 ~  + 0 . 7 8 0 1 ~  - 0.60832 = 4.4312 

- 0 . 2 5 3 3 ~  + 0.79 15y - 0.55632 = 4.3090 
the angle between the planes representing these two benzene rings is 6.8" for 
solid 11, which may be compared with 0.5" reported for solid I and 22.6" for 
p-azoxyanisole. 

Crowding of the azoxy oxygen atom and the or tho hydrogens of  the benzene 
r i n g  appears t o  be a general characteristic of the azoxy compounds whose 
crystal structures have been examined. Although n o  attempt was made t o  locate 
the hydrogen atoms in the present structure, approximate positions can be infer- 
red from the known geometry and C-H bond length. These give for O(13) . . . H 
(20) and O( 1 3 ) .  . . H(8) the respective distances 2.1 and 2.2 A, which may be 
compared with 2.25 and 2.6 8, for solid I, and 2.3 and 2.3 A for p-azoxyanisole. 
With one exception, these are shorter than the sum of  the van der  Waals radii 
given by Pauling,' 2.6 A. We are indebted t o  Dr. N. J. Bunce of the University of 
Guelph for revealing his unpublished studies showing that the photochemical 
transformation of  aromatic azoxy compounds t o  o-hydroxyazo compounds, 
which proceeds by attack of  the azoxy oxygen atom upon the or tho carbon 
atom of  the more remote benzene ring, or its hydrogen atom, is a very rapid 
process. This observation is quite consistent with the short 0 . . H distances 
which have been deduced from the crystal structure studies of  aromatic azoxy 
derivatives. 

DESCRIPTION OF MOLECULAR PACKING 

Figures 4 and 5 show the arrangement of  molecules in the high temperature crystal 
of ethyl p-azoxybenzoate as projected down the b and a-axes, respectively. The 
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94 W. R. KRICBAUM AND TOORU TACA 

FlGURE 4 
b-axis. 

The arrangement of molecules in solid I1 as viewed in projection along the 

b 

r t 

-IS.Sh- 

FIGURE 5 
cules related by centers of inversion are not shown for the sake of clarity. 

Molecular arrangement shown in projection down the o-axis. Pairs of mole- 

molecules have their long axes approximately perpendicular t o  the o-axis, and 
are stacked in layers parallel to  the ob plane. Adjacent layers are related by a 
2-fold rotation axis or a 2-fold screw axis, resulting in a herringbone pattern with 
a layer separation of 15.9 A. By contrast, the layers in solid I are arranged in a 
parallel fashion (related by a center of inversion), with a spacing of 18.35 A. 

Using bond moments of 3.3 D. and 2.3 D. for the N-O and C=O bonds, 
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--- 2 .--.. 4 .--f 6 

- 0  

-3  - 5  

- 1  

FIGURE 6 
neighbors. 

Packing diagram showing the relation of one molecule in solid I 1  to its near- 

respectively, we estimate the dipole moment of the frunscis conformer which 
predominates in solid I1 t o  be 3.4 D. This is substantially smaller than the 
moment, 6.95 D., previously estimated for the ciscis conformer which predomi- 
nates in solid 1. Likewise, the component of  the moment in the plane of the 
molecule, and perpendicular to its long axis, is reduced (3.1 D. for solid 11 and 
6.73 D for solid I). This change is clearly reflected in the molecular packing 
diagram illustrated in Figure 6. A table of shortest intermolecular vectors reveals no 
abnormally short distances, but there are a number of contacts at about the sum 
of the van der Wads' radii involving atoms of molecules labelled 0 with those o f  
either 1 or 2 in Figure 6. Thus the closest approach o f  molecules in solid I 1  occurs 
between pairs of molecules stacked face t o  face, and related by translation along 
the b-axis. The dipolar interactions between these molecules are repulsive for the 
frunscis conformers. The distance of second closest approach in solid I1 occurs 
between pairs of  molecules meeting edge t o  edge, and related by a center of 
inversion (molecules 0 and 3 Figure 6), and for this pair there is a weakly attractive 
interaction between the N-O and C=O dipoles. By contrast, the closest approach 
in solid I involves molecules packed edge to  edge, and related by a translation in the 
plane of the molecule. For a pair of these molecules the dipolar interactions are 
attractive. Pairs of molecules making the second closest approach in solid I are 
stacked face t o  face, and are related by an inversion center perpendicular t o  the 
molecular plane. Their dipolar interactions are either neutral or weakly attrac- 
tive. Thus, comparison of the molecular packing in the two polymorphs does 
reveal the reduced importance of dipolar interactions in the high temperature 

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
 0

7:
06

 2
3 

Fe
br

ua
ry

 2
01

3 
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crystal. Returning to the pair of molecules which are closest packed in solid 11, 
we futher note that the dipolar interactions will become attractive if one con- 
former is followed by the other (nanscis followed by cis-trans, or vice verso). 
This would favor an alternating arrangement of the two conformers within a 
stack, but we have no evidence that such alternation actually occurs in the 
disordered crystal. 

CONCLUSIONS 

The determination of the structure of the high temperature crystalline p l y -  
morph of ethyl p-azoxybenzoate was undertaken because we hoped this might 
provide further insight into the structure of the smectic A phase of this com- 
pound. A diffraction study has been previously reported’ from this laboratory 
on the mesophases of three compounds showing smetic A morphology. It was 
found that all three exhibited a rapid decrease in structure amplitude with order, 
even after the intensities were corrected for the presence of distortions of the 
first and second kinds. The rapidity of this decrease could not be accounted for 
satisfactorily using a monomeric repeating motif, whereas a dimeric motif was 
successful. Refinement produced model structures in which the two molecules are 
displaced 6 to 7 A along their long axes, and tilted with respect to the smectic 
planes. For the smectic phases of ethyl p-azoxybenzoate and thallium stearate, 
this produced reasonable agreement between the calculated and observed struc- 
ture facton (after the latter had been corrected for distortions of the second 
kind), and also between the calculated and observed thermal parameters. This 
result was not meant to  imply that the molecules actually exist as pairs within the 
smectic phase, but rather that some type of clustering of the molecules within a 
layer is required to explain the observed diffraction behavior of these smectic 
phases. This conclusion is perhaps not surprising, since lateral interactions would 
appear to  be essential t o  the formation of any smectic phase. 

When the crystal structure of the low temperature form of ethyl p-azoxy- 
benzoate revealed molecules having the high energy ciscis conformation, with 
a large component of the dipole perpendicular to  the molecular axis, we 
pointed out the possibility that dipolar interactions might make a significant 
contribution to the lateral attractions in the smectic phase of this compound. 
However, since the high temperature crystal is composed of a mixture of trans- 
cis and cis-Puns conformers, both of which have a dipole moment only half as 
large, and since dipolar interactions play a smaller role in determining the molec- 
ular packing in solid 11, it now appears less likely that dipolar interactions will 
make a significant contribution to the lateral attractions within the smectic 
phase of ethyl p-azoxybenzoate. 

We had also hoped that a comparison of the structures of solids I and I 1  
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CRYSTAL STRUCTURE 97 

might provide hints concerning possible arrangements of the molecules in the 
-smectic state. Both crystalline polymorphs do exhibit a layer structure, as con- 
trasted with the imbricated structure which is characteristic of nematogenic 
anisaldazin lo p-azophenetole ' I  and p-azoxyanisole' in the crystalline state. This 
difference may arise simply from the fact that ethyl p-azoxybenzoate is very 
nearly planar in both solids, permitting a face to face closest packing of the 
molecules in stacked layers, whereas the other molecules are more twisted, and 
may therefore require an imbricated, face to edge arrangement for efficient 
packing. 

The model structure taken to  represent the smectic A phase was character- 
ized' in terms of three parameters: the relative displacement, DP of the centers 
of the two molecules along their molecular axes, the tilt angle, 4, between the 
molecules and the perpendicular to the smectic layer planes, and the repeat 
distance, L.  These parameters for solids I and I1 are compared in Table 2 with 
those deduced from refinement of the model for the smectic state. The transi- 
tion from solid I to solid I I  involves an increased displacement of nearest-neigh- 
bor molecules, an increased tilt angle between the molecular axes and the nor- 
mal to  the planes separating the layers of ethyl groups, and a reduction of the 
spacing between these layers. The smectic model re f ied  to a still larger displace- 
ment, but a smaller tilt angle. The interlayer spacing, L ,  was also larger but in 
that case a pair of displaced molecules had to be accommodated, rather than a 
single molecule. Although we might expect the structure of solid I I  to  resemble 
the smectic state more closely than solid I ,  particularly since solid I I  crystallizes 
readily from the smectic phase, we are unable to draw any further deductions 
concerning its smectic phase from the structure of solid 11. 

The transcis and cis-pans conformers found in solid I I  have lower intra- 
molecular dipolar energy than the ciscis conformer which predominates in sol- 
id 1. However, one should expect solid I I  to be stabilized, relative to solid I ,  by 
entropy considerations. If disorder is present, we can effectively ignore the 
azoxy oxygen atom, in which case the conformers appearing in solid II  are more 
symmetrical than the ciscis conformer which predominates in solid 1. These two 
polymorphs do follow the general rule that the high temperature crystal will 
have a unit cell containing more elements of symmetry. 

TABLE 2 

Comparison of parameters m sohds I and 11 
with those deducted for the model of the smectic state. 

Solid I 
Solid I 1  
Smectic (model) 

~~ 

I .4 
2.8 
6 .3  

~ 

32.1 
39.6 
29.1 

18.4 
15.9 
20.4 
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