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The electron diffraction pattern of oriented, annealed poly(p-phenylene) is explained 
on the basis of an orthorhombic unit cell: a = 0.7781, b = 0.5520 and c(fiber axis) 
= 0.4300 nm. and exhibits the following features: 

(1 )  The reflections on the equator and meridian are sharp. Only a few weak diagonal 
reflections can be observed. 

(2) Strong diffusc scattering is seen on the third layer line. 
(3) The reflections on the meridian (001-reflections) have a characteristic line profile. 

in which the intensity increases suddenly at the Bragg angle and decreases gradually. 

From ( I )  to (3), it can be concluded that the material is paracrystalline like a nematic 
structure in liquid crystals. Molecular chains are laterally packed in a rather regular 
way. However, the disorder by the shift of chains in the direction parallel to their axes 
is remarkable. 

Keywords: electron diffraction, poly-@-phenylene), crystal structure, 
paracrystalline, shift disorder 

INTRODUCTION 

Poly(para-phenylene) (PPP) has been studied as one of the electrical 
conductive polymers, especially in the relation to doping with Lewis 
acids such as AsF, and SbFS.lp6 As the attention is focused on the 
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190 A. KAWAGUCHI and J. PETERMANN 

structural changes during the doping reaction, the crystal structure 
before doping has to be cleared. However, the crystal structure of 
this polymer is not fully explored yet.3*7.8 In this paper the nature of 
the crystalline state of PPP is investigated by electron diffraction and 
compared with the crystal structure of its oligomers, p-quaterphenyl’ 
and p-hexaphenyl. 

EXPERIMENTAL 

The PPP was synthesized using Kovacic’s m e t h ~ d . ~  To make the 
oriented films for electron microscopy, a reaction vessel comprising 
a double glass cylinder where the inner one is allowed to rotate was 
made. Dried benzene and catalyst mixture of cupric chloride and 
aluminum chloride were filled in between glass walls of inner and 
outer cylinders in an atmosphere of nitrogen. The reaction mixture 
was stirred by rotating the inner cylinder and then the flow was 
produced in the tangential direction of cylinder. As polymerization 
proceeded, polymers were deposited as a thin film on the wall of 
glass cylinder and then molecular chains were oriented in the direction 
of flow. The detail of the method is referred to Tieke et ~ 1 . ~  Heat 
treatment of the samples was carried out in vacuum at 400°C for 24 
hrs.1° The electron microscope used here was a JEOL JEM 200 CX 
operated at 200 kV. For measuring the diffraction intensity, the mul- 
tiple exposure method was adopted: a series of electron diffraction 
micrographs were recorded on KODAK SB-2 films with varying ex- 
posure times. The optical intensity of the films was measured with 
an optical densitometer, Joyce Loebl’s Autodensidater, and con- 
verted into intensity by the standard procedure. l 1  

p-Hexaphenyl, one of oligomers of PPP, was crystallized from the 
dilute solution in a-chloronaphthalene. The material (a product by 
the ICN Pharmaceuticals, Inc., USA) was dissolved in it at a tem- 
perature near its boiling point and crystallized by slow cooling. 

RESULTS AND DISCUSSION 

Figure 1 shows a typical electron diffraction pattern of oriented, heat 
treated PPP. The pattern has three remarkable features. 

1) Rather sharp arcs on the equator and meridian can be seen. 
Only a few weak arcs are distinguishable on the second layer line, 
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PARACRYSTALLINITES OF POLY(P-PHENYLENE) 191 

FIGURE 1 
molecular axis is vertical. The arrows show the characteristic diffuse scattering. 

Electron diffraction pattern of annealed PPP taken at 200 kV. The 

but except these, no other sharp diffraction arcs can be identified off 
from the equator or meridian. 

2) Diffuse scattering is seen on the first, third and fifth layer lines. 
Most intense is the diffuse scattering on the third layer line, while 
that on the fifth layer line is exceedingly weak so that it is barely 
detectable on the heavily exposed negatives. 

3) The diffraction arcs on the meridian have a characteristic profile. 
With increasing the diffraction angle, the intensity increases abruptly 
and decreases gradually. 

The diffraction patterns with similar features have been observed 
on collagen,12 ol-keratin,l3 muscle,14 isotactic poly~tyrene, '~  poly-p- 
propiolacton16 and synthetic aromatic co-polyester. l7 From these dif- 
fraction features, several conclusions about the crystalline nature can 
be drawn. 
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192 A. KAWAGUCHI and J .  PETERMANN 

TABLE I 

The observed and calculated lattice spacings 

110 
200 
210 
020 
120 
310 
220 
400 
320 
410 
130 
420 
330 
510 

undefined 

0.452 
0.3898 
0.3176 
0.276 
0.2601 
0.2317 

0.2030 
0.1857 

0.1564 

0.1132 

0.4533 0.4502 
0.3991 0.3892 
0.3194 0.3180 

0.276 
0.2607 
0.2348 
0.2251 
0.1946 

0.1913 0.1890 
0.1835 
0.1790 
0.1590 
0.1500 
0.1490 

001 uncertain 0.4300 
002 0.2105 0.2111 0.2150 
003 0.1433 0.1433 
004 0.1075 0.1070 0.1075 
005 not observed 0.0860 
006 0.0717 0.0716 0.0716 

"The calculation is carried out on the basis of a orthorhombic unit cell with a = 
0.7781, b = 0.5520 and c = 0.4300 nm. 

1. The crystal structure 

The observed lattice spacings of as-polymerized and heat-treated sam- 
ples are listed in Table I. The reflections are tentatively indexed on 
the basis of the orthorhombic unit cell with a cell dimension: a = 
0.7781, b = 0.5520 and c(fiber axis) = 0.4300 nm. In comparison of 
lattice spacings between as-polymerized and heat-treated PPP, it is 
shown that no change in the basic crystal structure occurs during the 
heat treatment. As seen from the appearance of many sharp reflec- 
tions, only the crystalline order increases. Till now, the repeating 
distance of PPP is believed to be 0.4260 nm. It has been observed 
that with increasing the number of monomer units within the oligo- 
mers, the repeat distance increases by the above value as an average.lR 
The value was then taken as the repeat distance of the polymer. From 
the present analysis using the meridional reflections up to the 006 
reflection, the somewhat larger value of 0.4300 nm is obtained. The 
distance of the structural unit of p-quaterphenyl is in perfect agree- 
ment with our value.9 
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PARACRYSTALLINITES O F  POLY(P-PHENYLENE) 193 

On the equator, h00 and OkO diffractions with h and k odd are not 
observed. For comparison, electron diffractions were taken from p- 
hexaphenyl crystallized from the dilute solution [Figure 21. The weak 
100 and 010 spots in Figure 2 are due to the double diffraction, as 
they disappear in the X-ray diffraction pattern. The same extinction 
law in electron diffraction of the oligomer as in the polymer is ob- 
served. On the a-b projection, the cell dimension of the oligomer is 
very close to that of the polymer; a = 0.7758 nm and b = 0.5530 
nm. From the similarity of cell dimension and extinction law, it is 
assumed that the oligomer and polymer have the same molecular 
arrangement in the unit cell. The extinction law shows that the unit 
cell has a 2, screw axis in the direction of a and b axes on the a-b 
projection: the two dimensional space group is p2gg. 

From the size of the unit cell, it is assumed that two monomer units 
are contained in the unit cell. In consideration of the space symmetry, 
their arrangement on the a-b projection is depicted in Figure 3 .  The 
setting angle between the planes containing benzene rings and the a- 
axis of the unit cell is estimated at 58" by the following procedure: 
The observed intensity data are compared with the calculated in- 
tensities as a function of the setting angle by the Wilson method" 
and the angle at which the reliability factor 

FIGURE 2 The electron diffraction pattern of a p-hexaphenyl crystal. Dotted rings 
shows the 11 1 reflection of aluminium. 
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194 A. KAWAGUCHI and J .  PETERMANN 

FIGURE 3 The schematic drawing of the crystal structure of PPP on the a-b pro- 
jection. The c-axis is normal to the paper. The angle 0 denotes the setting angle. Dark 
parts denote the hydrogen and open circles the carbon atoms. 

reaches a minimum is taken as the setting angle. In the equation, 
IF,,,(hkO)l and (F,,,(hkO)l are the calculated and observed diffraction 
amplitudes of the hkO reflection, respectively. In the calculation of 
the diffraction amplitude, it is assumed that all atoms comprising 
monomer units of benzene rings lie in the same plane and that their 
atomic coordinates are the same as in p-quaterphenyl. When all hkO 
reflections are taken into account, the Re value has a shallow min- 
imum at the setting angle of 58". Stamm has reported the setting angle 
as 57".*O The intensity data are listed in Table 11. 

Previously, the lattice spacing of 0.196 nm has been indexed as the 
012 reflection on the basis of the monoclinic unit ceK3 As seen from 
Figure 1, no sharp, intense reflections corresponding to the 012 re- 
flection can be identified off from the equator and meridian in our 
pattern. 

Since information from hkl reflections (I f 0) is hardly obtained 
at the present stage, it is very difficult to construct the three dimen- 
sional crystal structure from our data. However, by comparing the 
observed intensities of 001 reflections with the calculated ones as a 
function of the relative shift in the above way, the most probable 

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:
23

 1
9 

Fe
br

ua
ry

 2
01

3 



PARACRYSTALLINITES OF POLY(P-PHENYLENE) 195 

TABLE I1 

The observed and calculated intensities 

110 
200 
210 
120 

"310, 220 
400 

"410, 320, 130 
"420, 330 

305 
388 
348 
13.5 
87.2 
6.0 

132.3 
97.4 

619 
424 
273 
5.1 
20.8 
16.0 
64.4 
71.4 

ala, = X,,IF(hkO)IZ 
Re = 38% and isotropic thermal parameter = 0.05 nm2. The accuracy 
of intensity measurement is assumed to be equal for all the reflections. 

rela ive shift between the two chains in the unit cell can be obtained, 
because the intensities of the meridional reflections are determined 
only by the fractional atomic coordinates in the chain direction(c- 
axis). The ratio of the observed intensity of the 001 reflection to that 
of 002 (1(001)/1(002)) is 2.6 x lo-*. The ratio is attained, when the 
two chains in the unit cell are not on the same level but are displaced 
from each other by 0.193 nm (0.45 in the fractional coordinate) in 
the chain direction. For the present analysis, the higher order re- 
flections ( I  2 3) are meaningless, since the interference of scattering 
between neighboring chains is not prominent because of the large 
shift disorder of chains along their axes (discussed later). 

On the basis of the orthorhombic unit cell, the measured 002 spac- 
ing of 0.210-0.211 nm is significantly smaller than the value expected 
for this structure (0.215 nm). The following reasons can be considered 
for this discrepancy. 

1) The unit cell is orthorhombic. On the second layer line, another 
intense reflection (e.g. 102 or 012 reflection of this structure) is very 
close to the 002 reflection. These reflections overlap so that the peak 
position of the 002 reflection is apparently displaced to the higher 
diffraction angle. This would result in the observed smaller 002 spac- 
ing. 

2) The unit cell is monoclinic. The small 002 spacing is due to this 
unit cell. 

When the intensity was scanned along the 002 arc, the intensity 
maximum is actually measured at the azimuthal angle of 10" off from 
the meridian. This angle is comparable to that at which the 002 
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196 A.  KAWAGUCHI and J .  PETERMANN 

FIGURE 4 The rnicro-area electron diffraction pattern of PPP taken with the scan- 
ning attachment. 

reflection would be expected in a fiber pattern on the basis of the 
monoclinic unit  ell.^.^ The larger 001 ( 1  2 3) spacings, which cannot 
consistently be explained on the basis of this structure, are also in- 
terpreted in terms of the default of interference in scattering between 
chains in disordered crystals. Thus, the possibility of the monoclinic 
structure cannot be ruled out uniquely. Figure 4 shows a micro-area 
electron diffraction pattern of PPP, which was taken from an area of 
30-40 nm diameter. In the pattern, no splitting of 002 reflections can 
be detected, as would be expected for the monoclinic structure. From 
this we conclude that in PPP the orthorhombic structure is more 
likely. 

11. The shift disorder along chains 

According to the paracrystalline theory, the diffraction intensity I(s) 
from an object of large size can be expressed as 

where N denotes the number of structural units in the object, (F,(s))  
and ( F , ( S ) ~ )  the scattering amplitude and intensity of a structural unit 
which are averaged over all units, Z(s)  the interference function and 
s the scattering vector. Thereafter, the symbol ( ) denotes the aver- 
aging operation. The distribution function of the center of gravity of 
the nearest neighbouring structural units plays an important role in 
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PARACRYSTALLINITES OF POLY(P-PHENYLENE) 197 

the theory. The functions H,(x,,x, ,x,) ,  H2(x1,x2.x3) and H3(x1 J,JJ 
denote the distribution functions in the lattice coordinates x I  ,x2 and 
xj, respectively. The numbers of structural units in the xI,x2 and x, 
are n , ,  n, and n3,  respectively, and then N = nl  x n,  x n,. The 
disorder parameters of the distribution functions are specified in terms 
o f  the mean squares of the fluctuation around the average position 
along the respective coordinate (see Figure 6): 

The interference function Z,(s) (i = 1,2,3), corresponding to the 
respective coordinate x i ,  is defined and expressed in terms of the 
Fourier transform of the distribution function, 

where F,(s)  denotes the Fourier transform of Hi(x, ,x , .x3)  and Re 
means the real part of the function. Thus, the three dimensional 
interference function for an ideal paracrystal, where there is no cor- 
relation among the distribution functions in the respective axes, is 
expressed as Z ( s )  = Z , ( S ) Z , ( S ) Z , ( S ) . ~ ~ ~ ~ ~  

The crystal lattice of PPP is now redefined as depicted in Figure 
5 .  The x,  axis is parallel to the molecular axis. The setting of the 
chains alternates along the newly defined coordinates, x1 and x2.  The 
orientational change of chains is neglected to ease the interpretation 
of lattice disorder. Figure 6 shows schematically the distribution func- 
tion HI - H 3  which are set up to explain the electron diffraction 
pattern of PPP. The shift disorders of chains along their axes (Al3 
and in the x1 and x2 directions are to be large. The disorder 
parameters by displacement A l l ,  A,,,  A,, and A,,, are small because 
sharp reflections with rather large h and k indices are observed. As 
sketched in Figure 7, the interference function Zl(s) largely varies 
with the X ,  coordinate due to the shift disorder in x , .  With the increase 
of X,,  the interference function spreads out in the direction of layer 
lines and consequently diffraction spots are broadened. Eventually, 
spreading is so marked on the higher layer lines that neighboring 
diffractions cannot be separated any more and are scattered into the 
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198 A. KAWAGUCHI and J .  PETERMANN 

FIGURE 5 The unit cell with cell dimensions a’ and b’ is re-defined for better 
understanding of lattice disorder. The vectors a and b show the original unit cell. The 
x ,  axis is comparable to the axis and normal to the paper. Short bars indicate the 
projection of molecules on the a-b basal plane. 

x3 

4 

FIGURE 6 The schematic representation of the distribution functions H,, H,, and 
H3 in real space. 
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PARACRYSTALLINITES OF POLY(P-PHENYLENE) 199 

FIGURE 7 The form of interference function Z , ( s )  in XI - X ,  plane of reciprocal 
space produced by shift disorder A , 3 .  The shaded area is effective. Comparable one 
in X ,  - X ,  plane is caused by the shift disorder The short lines on the meridian 
and equator show the unit vectors in the reciprocal lattice of the newly defined lattice. 

back-ground. In such a region, the interference function Z , ( s )  changes 
weakly with s, fluctuating around unity: Z , ( s )  = 1. The same prop- 
osition Z,(s )  = 1 results from the shift disorder of A23. Thus, the 
scattering intensity f ( s )  is N'f,,,(s), where f , (s)  denotes the scattering 
intensity of a molecule and N' (=  n ,  x nz)  the number of molecules. 
The scattering intensity of a single molecule is easily derived from 
Eq. (2) as: 

where n3 is the number of structural units in a single molecule and 
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200 A. KAWAGUCHI and J. PETERMANN 

averaging is taken over all structural units of a single molecule. This 
means that, when the interference in intermolecular scattering is not 
effective, the scattering itself behaves as from a single chain. 

It is assumed that the structural units, i.e. the benzene rings, are 
not arranged in a coplanar way along the molecular axis. They could 
deviate slightly from the planar conformation by random twisting 
around the molecular axis. In a specimen, however, the rotational 
symmetry around its fiber axis holds. Thus, even though a single 
molecule has no rotational symmetry, the symmetry is produced by 
averaging all orientation of structural units over the whole specimen. 
Conveniently, the scattering of the system with such a rotational 
symmetry can be explained in terms of the cylindrical coordinates 
(r,z,$) and (R ,Z ,W)  in real and reciprocal space, respectively. As 
usual, z and Z are parallel to the molecular axis, r and R the radii 
and $ and W the polar angles. In the system with the radial symmetry, 
averaging over all orientation of structural units is equal to that with 
respect to the polar angle W in reciprocal space. Thus, the averaged 
scattering amplitude and intensity are expressed as follows:22 

(F(R,Z,W)),,,  = c f i J 0 ( 2 ~ r i R )  exp( - 27riziZ) (4) 
i 

where f., ri and zi are the atomic scattering factor, radius and height 
of the i-th atom, and 

(F(R,Z,W)*),  = ~ ~ f i f i J , ( 2 n r i j R )  exp( - 2.rrizjjZ) ( 5 )  
i j  

where f i  and f i  are the atomic scattering factors of the i- and j-th 
atoms, rij and zii are the distances between the two atoms in r and z 
coordinates, respectively. Jo is the Bessel function of the zeroth order. 
The structural unit of PPP is the benzene ring of the repeating unit. 
The intensity distribution was computed for 200 kV electrons using 
Eqs. (3), (4) and ( 5 ) .  In the computation, the configuration of the 
benzene ring analysed by Pelugeard et a19 was used. Figure 8 shows 
the electron diffraction patterns computed for the different numbers 
of repeating unit. The diffuse arcs on the first, third and fifth layer 
lines and the undefined broad maximum on the equator are clearly 
reproduced. With the increase of the number of repeat units, the 
diffraction pattern becomes sharper. Apparently, the appearance of 
the pattern for a larger number of units is quite different from that 
of the observed pattern. However, the pattern similar to the observed 
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202 A. KAWAGUCHI and J .  PETERMANN 

is easily produced by distributing the computed pattern around the 
Z axis. By comparing the observed and computed patterns, it is 
proved that the diffuse scattering is caused by the shift disorder and 
by the incoherently aligned benzene rings. 

In the electron diffraction pattern, there is no sharp crystalline 
reflection on the layer lines with 12 3. This shows that the third layer 
line is the boundary over which the interference in intermolecular 
scattering is ineffective and the crystalline scattering transfers into 
the diffused. As described above, this is the reason why the meridional 
reflections (1 2 3) cannot be used to estimate the “relative shift 
between two chains in the unit cell” and their spacings are no longer 
dependent on the crystal form. According to Hosemann’s criterion, 
assuming the Gaussian function for H i ,  the limiting boundary index 
1 at which the transition from the crystalline to diffuse scattering 
occurs is given by 1 = 0.25 dA,,  where c is the lattice constant.21,22 
When this expression is applied to the third layer line, the disorder 
parameter A13 (= A23) is obtained at 0.04 nm. 

Using the above analysis only, it cannot be fully explained that no 
sharp, crystalline reflection is observed on layer lines below the sec- 
ond. As seen on the equator in Figure 1, the hkO reflections at the 
large scattering angles are too broad to distinguish them from the 
diffuse scattering by single molecules. This shows that due to dis- 
placement disorders in the x1 and x2 directions, the interference func- 
tions Z , ( s )  and Z2(s)  spread so largely that the reflections spread into 
a diffuse scattering. By taking account of spreading of Z3(s)  due to 
the disorders in the x3 axis (A3, and A32)r it is explained qualitatively 
that the total interference function Z ( s )  spreads further and that the 
crystalline reflections even on the layer lines below the second is 
broadened into the diffuse background. Anyhow, it is stressed here 
that in PPP the shift disorder in the molecular axis is very remarkable. 

111. The rlgid conformation 

As sharp meridional reflections can be observed up to the 006 re- 
flection, the chains have a “rigid conformation” in which the struc- 
tural units are regularly ordered in the direction of the molecular 
axis. This means that the disorder parameter A33 is very small. Even 
on the heavily exposed negatives, no 005 reflection is observed. As 
lined out in section 11, the interference of intermolecular scattering 
does not affect the reflections higher than the third layer line, that 
is, these are caused only by single chains. The conformation of a 
single chain is responsible for the extinction of the 005 reflection. 
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The 005 reflection was assumed to be extinct, when its intensity was 
reduced to 1% of that of the 006 reflection. The chain conformation 
was probed with a computer simulation in such a way as z-coordinates 
of hydrogen and carbon atoms were varied to fulfill the above con- 
dition. It is evident from the atomic scattering factors that the re- 
flection intensity largely depends on the position of carbon atoms. 
From z-coordinates thus derived, the C,-C; bond length is evaluated 
at 0.149 nm and the C,-C, bond length in the benzene ring at 0.14- 
0.142 nm (see Figure 9). These values are in good agreement with 
those of p-quaterphenyl. The model used above to estimate diffrac- 
tion intensities is found to be reasonable. 

I t  has been shown by Jones2, and D e a ~ * ~  that the linear gratings 
distributed randomly in real space exhibit a characteristic diffraction 
profile: with the increase of the scattering angle, the diffraction in- 
tensity increases sharply at a given angle and decreases gradually 
tailing off. The diffraction feature is clearly realized in the diffraction 
profile of the meridional reflections, as observed in Figure 1. They 
have a sharp edge at the side of lower angle and there their intensity 
increases abruptly and decreases gradually with increasing the dif- 
fraction angle. The shape and sharpness of the profile is largely de- 

FIGURE 9 The favorable conformation of a PPP chain, which is not planar due to 
the steric hindrance between neighbouring hydrogens, Hz and Hi .  The thick lines 
indicate their direction is upwards out of the surface of paper. 
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pendent on the number of repeat units in a chain and on the degree 
of orientation of chains in the specimen. When the orientation func- 
tion is known, the number of repeat units in a molecule can be 
estimated in comparison of the computed and observed curves and 
vice versa. However, the measured profile is not accurate enough to 
give quantitative analysis of the number of units per molecule. Any- 
how, the PPP molecular chain is rigid and linear enough to be con- 
sidered as a linear grating, as the line profile of the meridional re- 
flections possesses the features expected for the grating. 

CONCLUDING REMARKS 

Single chains may have the chemically irregular structural units such 
as orth- or meta-configuration. When such chains are incorporated 
in the crystal lattice, the lattice is largely distorted around irregular 
components and chains surrounding them are possibly bent. Since 
the configurational analysis was not carried out, the origin of disorder 
of PPP can not be made clear. The chemical disorder of a single chain 
is surely one of possible causes for the lattice distortion. Further, i t  
is to be noted that PPP specimen prepared in the present method is 
polydispersed containing the low molecular weight species and that 
the structure of chain ends is not defined but is r a n d ~ m . ~ ~ , ~ ~  When 
such a whole polymer is crystallized, the chain ends of random struc- 
ture might be incorporated in crystals and consequently the distortion 
or disorder of the crystal lattice could be caused. 

Even if the PPP chains completely comprise the structural units in 
the para-configuration, they could not be planar and take an irregular 
conformation. Since repulsion between hydrogen atoms protruding 
from the neighbouring benzene rings, Hz-H;, is serious, the molec- 
ular chains must be twisted around the bond C,-C; to reduce the 
steric hindrance (see Figure 9). The high temperature phase of p- 
phenylene oligomers typically evidences this kind of disorder in the 
direction of rotation between neighbouring phenyl rings. An “aver- 
aged” planar structure without disorder in the position of chain center 
is produced, because the rings move in the double potential well 
whose minima are located on either side of coplanar conf~rmat ion .~ .~’  
On the same origin as this, analogous disorder of chain conformation 
is expected in poly(p-phenylene). Benzene rings along the PPP chain 
twist clockwise or  anticlockwise around the molecular axis with equal 
probability statistically so that they could settle in a energetically 
favorite position deviated from the planar structure. Even though the 
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orientation of the benzene rings changes thus randomly, a chain still 
keeps firmly the regularity of the atomic position in the direction 
chain axis and has a planar conformation as an average. If the distance 
between neighbouring chains is sufficiently large, such “averaged” 
planar chains could be packed side-by-side keeping the distance be- 
tween neighbours fixed. However, as their conformation is irregular, 
the chains may not be settled in a regular position in the direction 
of their axes and then the three-dimensional order may be lost. Thus, 
the nematic structure observed in liquid crystals could be caused by 
this conformational irregularity. 
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