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I" 
The mesophases formed by liquid crystals can be divided into four main 
groups: (a) Nematic, (b) Discotic, (c) Smectic, (d) Sanidic. Because there is 
very little structural information in the nematic phase (a), we describe 
here our work on the other three mesophases. While the monomers 
generally crystallize when quenched into the solid state, the polymers can 
be made to  retain their mesophase structure by forming a glass. 
Therefore this phase becomes amenable to  high resolution imaging. 

Since the desired physical properties of any material depend on the 
structural details at a molecular level, it is essential to understand the 
relationship between them in order to  synthesize the most suitable 
molecules. The purpose of this paper is to demonstrate that the tremen- 
dous advances in computer technology which have been made recently 
can be used to great advantage in modern electron microscopy and 
diffraction on condition that certain theoretical facts are fully understood 
and the line of approach is adapted to the specific problem. The purpose of 
this paper is to give other investigators insight into our approach based 
electron-microscopical methods and hopefully to trigger new impulses. 

Because both short range and long range orientational and transla- 
tional correlations are lower in the mesophase, the number of reflections 
is severely reduced and structural analysis along traditional lines 
becomes impossible. 
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300 I.G. VOIGT-MARTIN ET AL. 

The approach adopted in this work is described 
I. Choice of suitable samples. 

n the following: 

Three typical representatives from the major mesophases were chosen: 
(A) Triphenylene derivatives with ether and ester linkages to  the aliphatic 
chains 
(B) Smectic C chiral biphenyl nitrohydroxy benzoic acid 
(C) Sanidic polyamide 

11. Electron Diffraction 
Typical electron and X-ray diffraction patterns associated with these 
samples are shown in the schematic diagram Fig. 1. 
Although the number of reflections is minimal, even such a limited 
diffraction pattern gives more information than the long spacing, provi- 
ded that the implications of scattering theory are understood. 
In order to study the structure of liquid crystals it is necessary to  consider 
the statistical distribution of molecular positions described by the 
correlation function in real space gz(r). This can be obtained from its 
Fourier Transform, the measured scattering function S(q), both in radial 
q, and tangential qt direction. S(q) is also referred to  as the shape factor. 
The particular characteristics of this function have been calculated and 
measured for monomeric smecticsl and discotics2 and are known to 
produce very sharp peaks (6 bct ions)  with an algebraic decay only in the 
wings of the intensity maximum, which is related to the elastic properties 
of the material. 

The line shape and contour plot of the observed small angle maxima 
of the investigated polymeric liquid crystals are shown in Fig. 2. 
These results show the following important structural features: 
(A) Discotic polymer. 
Six hexagonally arranged and usually sharp reflections compared with 
normal polymers. Nevertheless, there is some slight broadening giving a 
Gaussian distribution. The contour plots are circular, indicating that the 
defects are isotropically arranged. 
(B) Smedic polymer. 
The small angle maxima are very sharp in the radial direction but 
frequently have streaks in a tangential direction indicating disturbances 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 30 1 

in the translational correlations arising from planes perpendicular to this 
direction. The defects are therefore not isotropically distributed. 
(C) Sanidic polymer. 
The diffraction pattern is biaxial. The small angle maximum is generally 
not as sharp and can be represented by a Lorentz distribution in the radial 
direction. There is also broadening tangentially, which can sometimes be 
resolved s&ciently well to  reveal two satellites. The loss of translation 
correlations therefore extends in at least 2 directions. 

This information from the small angle maxima is therefore very 
informative but for a deeper understanding of the relationship between 
physical properties and molecular architecture, more detailed structural 
information is required. In particular, it is important to  understand how 
the mesogenic units pack without the disturbing influence of the polymer 
chain. 
1 )  Discot ic  L.C. 

. .  

. a .  

2 )  Srnectic c L.C. 

3 )  Sanidic  L.C. 

11 Discotic sample 
I $ .  

9 
2)Smectic samde [radial fit 1 

1 d n  

yKk-2 3&ol-zYIDcl -2 
9 

3) Sanidic sampk (radial fit 1 

Schanatic diagram of l i w d  crystdls 
w i t h  associated diffraction pattern 

Fig. 1 Line profile analysis and contour 
plots of liquid crystalline polymers. 

Fig. 2 

The procedure adopted was as follows: 
I Electron Diffraction 
(1) Analysis of electron diffraction pattern obtained from crystalline 

monomers 
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302 I.G. VOIGT-MARTIN ET AL. 

Structural analysis based on direct phase methods4 and on maximum 
entropy and log likelihood statistics5 have been applied very successfully to  
electron crystallography in recent year&-8 and these are undoubtedly the 
best methods when they can be applied. However, a large number of 
accurate intensities is required. These are never available in liquid 
crystals. Over and above this, crystallography methods apply to the perfect 
crystal, whereas the defects are of interest in liquid crystals. 
(2) Observation of the transition from crystal to  liquid crystalline 

mesophase 
(3) Comparison of diffraction pattern from monomeric and polymeric 

mesophases. 

11. Analysis of high resolution images. 
Crystallography provides information a t  an atomic level about perfect 
crystals. However, the properties of liquid crystals depend on their defects 
and these can be revealed at  a molecular level by electron microscopy. 

We have described in previous papers the difficulties associated with 
obtaining high resolution images from beam sensitive samplesg~ 10. In 
addition to these experimental difficulties, phase contrast imaging 
involves the choice of a suitable contrast transfer function for the specific 
smectic, discotic or sanidic sample investigated, whose only structural 
features are in the small angle range. We have shown some years ago 
that a highly unusual phase transfer function x(q) must be chosen t o  
image these featuresll, 12 and have proved theoretically that for these 
samples under the chosen transfer conditions the image intensity distri- 
bution I(R) is given by: 

where o is d h E ,  h is the electron wave length, E is the accelerating 
voltage, Vp(R) is the projected potential of the object 
Therefore, by using the technique of phase contrast imaging at  unusually 
large defocus values which we suggested some years ago109 12 an image of 
the projected potential in the sample is obtained. The transfer function 
can be correctly estimated by calculating the Fourier Transform of the 
image on-line. However, both diffraction pattern and images must be 
simulated in order to ensure correct interpretation. 

I(R) = 1 - 20 <Vp (R) > 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 303 

111. Conformation of molecule and simulation of diffraction pattern. 
The procedure adopted in our work is as follows: 
(1) The molecular conformation is calculated using semi-empirical 
quantum mechanical methods. Normally parts of the mesogenic group 
whose conformation is known from the literature are used as starting 
conformation, gradually further molecules are added and the energy 
minimized using MM2 force field calculations. This whole molecule is 
then used as a starting conformation for MOPAC 6.0 calculations on an 
IBM RISC RS6000. Generally several energy minima are found. All of 
them must be subjected to the procedures described in the following. 
(2) The molecule is placed in the unit cell using CERIUS 3.2. The space 
group for simulation is chosen on the basis of the experimentally observed 
crystal dimensions, symmetry relations and systematic absences. Care is 
taken in the experiments to  avoid dynamical scattering. 
(3) The calculated diffraction pattern is compared with the experimental 
one, If agreement is poor, it may be necessary to  try an alternative mole- 
cular conformation. 
(4) The model structure from the crystal now gives detailed information 
about the scattering from individual parts of the molecule. On approach- 
ing the 1.c. phase, disorder first arises in the alkane chains and can be 
simulated in the programs. 
(5) Finally the effect of dynamical scattering on the intensities is included 
in the calculation. 

IV. Simulation of high resolution image 
Using the coordinates of all the atoms calculated in the previous step the 
electron wave function after interaction with all the atoms in the sample 
is calculated in subsequent thin slices until the wave function emerging 
at  the exit plane is obtained. Clearly this involves an enormous mathema- 
tical effort, for which several procedures are now availablel4215. In the 
MULTISLICE procedure the iteration is performed in reciprocal space 
because the wave function exists only at  discrete points thus requiring 
less computer time. In a subsequent-step the experimentally used micros- 
cope transfer function is accounted for and the intensity distribution in 
real space calculated by a second Fourier Transformation. However, it is 
also possible and in some cases, advantageous to calculate the entire 
phase grating transmission function in real space, as is done in the VAN 
DYCK procedure adopted here. 
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304 I.G. VOIGT-MARTIN ET AL. 

Thus the entire procedure of analysis is performed by 
interlinked computers as shown in Fig. 3. 

Computer Electron Jomou ter microscope Commuter 

a series 

Comou ter 

I 
I m p u d  Confornation 01 - nolecde 

Fwrir F w i a  
3 ,  1 ,  11 v Tra"Sf0r. Transform 

I . . . . I l l  Oiffrartim 
pattern at , . . . . . Ditirdction 

pattern ot 
tidd 

of 

Fig. 3 Procedure used for high resolutim electron microscopy, 
crystallographic detennination and image simulation. 

In the following, the analysis of our results for discotic, smectic c and 
sanidic polymers will be described. The procedure for discotics are 
described in more detail because the other materials were then investiga- 
ted in the same manner. 

Results 
A) DISCOTIC LIQUID CRYSTALS 
It is well established that many compounds composed of disc-like 
molecules have stable thermotropic 1.c. phases17-25. 
Recently there has been a revival of interest in thin films of disc shaped 
molecules because they have been shown to have photoconducting proper- 
ties in the mesophase but not in the crystalline phasel6. X-ray analysis of 
crystalline strands revealed different crystallographic space groups, depen- 
ding on the details of molecular architecture20r 23. In this work an attempt is 
made to understand the relationship between molecular orientation and 
film plane in the non-conducting crystalline phase as well as in the 1.c. 
phase and furthermore, to understand the nature of the defects which affect 
this physical property. 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 305 

For this purpose, two closely related triphenylene samples were 
analyzed, namely a triphenylene ether (a) a triphenylene ester (b) and their 
polymeric analogs (c) (Fig. 4) 

8 

--was 
k I I D R S 1  RO 

OR 
R O  

fa) 

RO 

RO 

L 
R O  J, 

(C> 

Fig 4 mleculaxe architecture of dismtic  molecules. 

The main distinguishing feature between the two molecules is the doubly 
bounded oxygen atom in the ester. 

Electron -on fmm Lc. phase 
The character of the diffraction patterns from both monomers and 
polymers in the 1.c. phase are shown in Fig. 5. 

(001 1 zone (100) zone 

Fig 5 Electmn diffraction patk??ms fran discotic triphenylenes 
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306 I.G. VOIGT-MARTIN ET AL. 

In the [OOl] zone a hexagonal arrangement of very sharp reflections with 
only one higher order is observed, whereas in the [loo] zone there are 2 
sharp small angle maxima and an oriented halo in the wide angle region. 
In a general way it is possible to  postulate that the [ O O l ]  zone reveals 
hexagonally arranged columns viewed from above with lattice constants 
of about 22A and the [lOOl zone reveals columns composed of individual 
discs at  a spacing of 3 . d  viewed from the side. The cell constants for the 
monomer in the 1.c. phase are: 
Triphenylene hexaether monomer: a=b=22.6%1, a=p=90°, y=120° 

Triphenylene ester monomer: a=b=19.05& a=P=90°, y=12Oo 
polymer: a=b=23& a=p=900, y=12O0 

Electrondi&actionhmthecrystallinephase 
The electron diffraction patterns from the same zones in the crystalline 
phases of the triphenylene ether (Fig. 6) and the triphenylene ester (Fig. 7) 
are much more revealing. 

Electron diffraction pattern of 
crystall ine hexaheptyloxy-tri- 
phenylene i n  (001 ) zone. . crystall ine hexaheptYoxY-tri- 

Fig. 6 
In the 10011 zone the triphenylene ether is orthogonal, while the ester has 
hexagonal symmetry. The cell constants of the crystalline ether are 
a=32.6& b=38.3A, c=5& a=j3=y=9O0 that of the crystalline ester are 
a=b=18.8A, c=14.2, a=f3=90°, y=120°. Therefore, there is a superstructure 
in the ab plane of the ether and in bc plane of the ester. In the [loo] zone 
the first layer line of the ether is at a distance of 5.2A from the equator and 
the (015) are the strongest reflections on the first layer line. In contrast to  
this, the strongest reflection of the ester is the (004) reflection at 3.5& 
indicating a superstructure of 14A in the bc projection. 

Electron diffraction pattern of 

phenylene i n  (100) ZOne. 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 307 

of crystalline triphenylene 
ester in [ O O l I  zone 

Q-Ystalline triphenylgne ester 
in (100) zone 

Fig. 7 

Conformation of molecule and simulation of electmn diflti.action patterns 
The model structures found by choosing the most suitable low energy con- 
formations26 and the space groups based on experimental cell dimensions 
and systematic absences are shown in the top left hand corner of Fig. 8 
and 9. The calculated diffraction patterns are shown from three different 
zones. 

a = 38.3 A 
b = 32.6 A 
c s A  

4 molecuCs/unit cell 

Fig 8 
(001) mne (010) zone 

Structural mdel of triphenylene ether w i t h  
diffraction patterns froan different ZOES. 
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308 I.G. VOIGT-MARTIN ET AL. 

(001) zone (100) zone (UlU) zone 

s t ruc tura l  model of triphenylene ester with diffraction patterns 
f ran different  zones. 

Fig. 9 
The agreement between experiment and calculation is good and shows 
the major important features; namely that the triphenylene ethers are 
tilted, thereby losing their hexagonal symmetry in the ab projection, 
giving rise to a unit cell with C2 symmetry. In the triphenylene ester, the 
conformational analysis showed that the doubly bonded oxygen projects 
out of the molecular plane such that the discs cannot stack directly above 
one another and a helical superstructure is formed. 
The analysis of electron diffraction patterns therefore show that in dis- 
cotic molecules different superstructures arise both in ab and bc projec- 
tions, depending on details of molecular architecture (Fig. 10). 
When the samples are heated into the mesophases, the aliphatic chains 
are subjected to conformational changes and the discs begin to  rotate so 
that, in both projections, all superstructural details are lost and only the 
average projected positions of molecular columns are relevant in 
scattering. 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 309 

o-o-o-o I 1 1  

Fig 10 

High resolution images 
Typical high resolution images of triphenylene ethers and esters are 
shown in Figs. 11, 12 and described in detail elsewher& 27 

Fig 11 Fig. 12 

The images show the molecules in the a,b projection with orthorhombic 
and hexagonal symmetry, as expected from the diffraction patterns. In 
addition, the images indicate typical defects, namely dislocations and 
grain boundaries. In contrast to this, in the quenched liquid crystalline 
polymer, the molecular columns always lie with their cylinder axis 
perpendicular to the film plane and grain boundaries are never observed. 
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310 I.G. VOIGT-MARTIN ET AL. 

However, while quasi long range order is preserved, there are disturban- 
ces in short range order (Fig. 13). 

&uantitativecharactensa tion of molecular deviations in liquid Q3Tstals 
The most effective way of quantitatively characterising the deviations of 
the molecular positions from perfect lattice positions is by calculating the 
cross-correlation functions. We have described the mathematical proce- 
dure elsewherell. The result is shown in Fig. 14. The cross-correlation map 
shows the deviations of the molecules in the I.c. phase from perfect lattice 
positions. The deviation vectors clearly show that deciations only fractions 
of a lattice constant in translation and rotation arise. These disturbances in 
short range correlations lead to the loss of higher order maxima in the 
diffraction patterns. In this way, lattice strains are not built up so that there 
are no grain boundaries. Quasi long range order is retained, therefore the 
small angle reflections are sharp. 

Fig 1 4  Deviation vectors obtained by cross-oxrelation of discotie 
"lattice" with perfect crystal. 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 31 1 

Simulation of images 
The relationship between the object and the observed image was estab- 
lished by simulation procedures which we have described elsewhereg, as 
shown in Fig. 15, 

A f  = - 5000 8 bf = - 10 000 I( 

Fig. 15 Simulated images of triphenylene crystals sa a function 
of &focus value bf. 

The series shows that the image is NOT a direct picture of the object but 
the result of interference between electron beams, as well as many scat- 
tering processes in the sample and the effects of the electron microscope 
lenses28. The calculated image using the experimental microscope 
functions and sample thickness corresponds to  the picture in the bottom 
right hand corner. 

B) SMECTIC C* LIQUID CRYSTALS 
Ferroelectric liquid crystals owe their important switching character- 
istics to the fact that the individual molecules with a dipole moment p are 
non centro-symmetric and that their mutual orientation in the smectic c* 
phase in which the molecular director n has a tilt angle 0 with respect to 
the layer normal s does not give rise to a centro symmetric super-structure. 
This breaking of symmetry29 is essential and can be achieved by introducing 
a chiral molecule into a surface stabilized cell with a gap width of 2pm- 
IOpm, and suppressing the conical degeneracy of the molecules such that 
the resultant polarisation P does not have any component along n. 
When the sample is subjected to an alternating field, the molecules are 
forced to move on a cone so that the dipole can change direction30. 
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312 I.G. VOIGT-MARTIN ET AL. 

meric analogs 

Fig 16 

From this short summary it is clear that massive collective motion is 
required during switching, and that this is very difficult to visualize in poly- 
mers, whose molecules tend to adopt a random conformation. However, in 
recent years, polymers have been synthesized which demonstrate a Gold- 
stone mode in dielectric experiments and which have a high spontaneous 
polarization of over 100 nC/cm* (31-34). 

In order to gain insight into this phenomenon at a molecular level, it 
is necessary to relate n, s, p and P. The value of p can be obtained by confor- 
mational calculation using semiempirical quantum mechnical methods as 
described in the introduction. Both n and s can be obtained from structure 
analysis using the crystal structure as a guide to a better understanding of 
the liquid crystal reflections. 

The chemical structure of the monomeric molecules and their poly- 
chosen for this investigation is shown in Fig. 16: 

Materials 

Monomer 1: c 53 Sc' 85 SA 92 I M, - 576 

Polymer 2: g 30 Sc' 156 SA 187 I M, - 23000 

The samples were heated into the smectic c* phase in an a.c. field (5-60Hz, 
monomer 2000 Vcm-1; polymer 10 000 Vcm-1) producing a spontaneous 
polarisation P of 150 nC/cm2 in both monomer and polymer. 

Light and electron microscopy 
For an initial characterisation light micrographs were obtained of both 
monomer and polymer in the IT0 cells with the electric field switched on 
(Fig. 17a,b). In both cases stripes are observed in the highly oriented swit- 
ching material with a spacing of 20 pm in the monomer and 2 pm in the 
polymer. In the monomer a further zig-zag modulation within the stripes 
with a modulation of 0.1 pm is present. Electron micrographs revealed that 
these zig-zag stripes with an included angle of 130' were again subdivided 
into stripes (Fig. 18). 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 313 

m m r  i n  dc f ie ld  (SG -phase, Polymr (2) i n  dc f ie ld  
8V), crossed plarizers. cs; - phase,80V) ,crossed 

Fig 17(a) 
polarizers . 

Fig 17(b) 

Fig 18 E l e c t r o n  micrograph of replica fran mnmr (2) 
showing zig-zag defects. 

Electrondilhction 
The relationship between the molecular direction n and the layer normal 
s can be derived from electron diffraction by extracting thin slivers of 
sample horn the quenched cells. (Fig. 19 b,c) and comparing these difiac- 
tion patterns with those obtained from a specially oriented crystal (Fig. 
19a). The similarities and differences are very obvious and have been 
highlighted in the schematic drawings above the &&action pattern. 
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314 I.G. VOIGT-MARTIN ET AL. 

Electron diffraction patterns of m n m  (fibre pattern) (a) and 
thin f i l m  of mmrrer(b) and p l p r ( 2 )  (c) extracted frcm 
ITD-cells. 

Fig 19 

The split wide angle halo which is observed in the polymer sample can be 
related to the series of reflections between 4.4-5.2A in the crystal, arising 
from the distance between aliphatic chains. The included angle is 50f10°, 
corresponding to an angle of 130’ between the relevant reflecting planes in 
real space. The small angle reflection arising from the smectic planes and 
indicating the direction of s have a periodicity of 32.7A in the monomer and 
about double this periodicity in the polymer (66.5&. Using the crystal 
diffraction patterns, crystal structure simulations were performed as before 
with CERIUS, using the molecular conformation calculated by MOPAC 
shown in Fig. 20 and giving a molecular length of 32A. 
These projections are especially included because they clearly show the 
direction of the dipole with respect to the molecule. Placing this molecule in 
the cell calculated from the diffraction pattern in the head to head arrange- 
ment expected for the polymer (Fig. 21) it can be seen how the dipoles 
pointing out of the z,y plane must rotate on reversing the field in order to 
point into the z,y plane, and that this motion requires collective motion of 
the whole layer due to the bent conformation of the molecule. 
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Calculated Molecular Conformation Of Monomer 
(MOPAC 6.0) 

mation :4.9 Debye. 
Fig 20 Fig 21 

Fig. 22 shows that the main features of the experimental diffraction pattern 
are well represented by the calculated diffraction pattern. 

Calculated (a) and experimental (b) electron diffraction patterns 
(CERIUSTM 3.1) 

Fig 22 

Sanidic liquid crystals 
The interest in this class of materials stems from the attempt to obtain 
high tensile strength materials by employing highly oriented, stiff macro- 
molecules. The first materials which were synthesised had the unde- 
sirable property of having extremely high melting temperatures and very 
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poor solubilities. In order to rectify this, aliphatic chains were attached to 
the stiff mesogenic groups and an improvement in these properties 
achieved36. However, the price which had to be paid for these advantages 
was a reduction in mechanical strength. The reasons for this are to be 
sought at a molecular level, using structural methods. 

As in the previous case, the structural information which can be 
gleaned from X-ray and electron diffraction is very ~parse3~-39. Generally a 
biaxial diffraction pattern consisting of only six arced intensity maxima is 
obtained. 

On the basis of such meager experimental evidence, many different 
model structures can be proposed. 

In order to obtain a better understanding of the packing principles 
involved, monomeric analogs were synthesi~ed3~ and crystallized, so that 
their diffraction patterns could be compared with that of the polymer. One 
typical example of this class of materials with structural formula shown 
below will be described in the following (Fig. 23). 

Fig 23 

The "monomer" in fact consists of 1,5 structural units. 
Electron diffraction from polymeric 1.c. phase. 
The electron diffraction pattern from the polymeric analog shows the biaxial 
diffraction pattern familiar for this class of materials (Fig. 24). 

Fig. 24 Electron diffraction pattern obtained frcm ply&& 5 and itS 
schenatic drawing showing indexed diffraction axes. 
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317 STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 

The small angle maxima whose intensity profile and contour plots were 
described in the introduction, corresponds to  U27A-1 and the wide angle 
spacings to 1/12A-l. 

Electron diffraction from monomer crystals 
The samples were oriented by epitaxy and by solution growth so that two 
perpendicular crystallographic zones could be obtained (Fig. 25). 

(001) mne ( 3 0 0 )  zone 
Experimental diffraction patters of sanidic samples. Fig 25 

The relevant maxima in the [OlO] zone are 1/2781-1 and its higher orders. In 
the [OOl] zone, the small angle maxima are found at 1/18~!-1 and its higher 
orders. In both cases, the wide angle layer lines are situated at 1/5.36A-1. 

Simulation of electron diffraction patterns 
Semi-empirical quantum mechanical calculations of the mesogenic core re- 
veal several energy minima, defining the planes of aromatic rings (Fig. 26). 

Structural 
model w i t h  
calculated 
diffraction 
patterns. 

Fig 26 
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This conformation will have a dramatic influence on the angle a t  which the 
aliphatic chains project from the core. All these conformations were tested 
until the correct crystal structure was obtained . 

High resolution images 
We have shown previously how high resolution images were obtained 
from a similar material37. By choosing the transfer function appropriate for 
the 18A and the 28A spacings determined from the diffraction patterns it 
was possible to obtain high resolution images from both monomer and its 
polymeric analog (Fig. 27 and 28). 
The images indicate the reason for nature of the diffraction pattern. While 
the crystalline molecular planes are perfectly oriented, the 1.c. phase has 
developed only small quadratic blocks of poorly oriented material surroun- 
ded by non-oriented regions. 

Conclusions 
The crystalline diffraction patterns have given clear information about the 
molecular conformation and packing. From the molecular and unit cell 
dimensions, it is clear that 3 projections have been studied, as indicated 
below (Fig. 29). 
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STRUCTURE AND DEFECTS IN LIQUID CRYSTALS 319 

Fig 29 -1 structures of sanidic samples showing relevant 
projections. 

The high resolution images from this sanidic material and others similar to 
it show that it is difficult to achieve good orientation thoughout the whole 
sample, so that mechanical stress is not transferred only to the polymer 
backbone. We have shown elsewhere that it is possible to achieve better 
orientation with other molecules, but the main features are generally of this 
nature and responsible for the disappointing mechanical strength. 
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