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Lattice lines with 1.1 nm and 0.55 nm spacings were resolved in isotactic polystyrene (i-PS) single 
crystals using a conventional transmission electron microscope, equipped for low dose imageing. It is 
suggested that these crystals may be used as a model for the direct imageing of structural defects in 
polymer crystals. 
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INTRODUCTION 

Modem electron microscopes are capable of such high 
resolution that direct observation of crystal structure is 
possible on a molecular or atomic level< It is, however, 
difficult in practice to study electron-beam sensitive 
materials at such a level. Most polymer crystals are 
susceptible to electron irradiation damage and are 
brought to an amorphous state by a relatively small 
irradiation dose. Thus lattice imageing of polymer 
crystals is not easy and it has been achieved for only a 
few polymers, notably poly(p-xylylene) 2,a, poly(p- 
phenylene terephthalamide) 4, poly[1,6,di(N-carbazolyl)- 
2,4-hexadiene] 5 and poly(p-phenylene benzobis- 
thiazole) 6. Recently one-dimensional lattice imageing of 
Valonia cellulose was reported 7, but it was achieved by 
using a special cryo-stage (4.2°K) combined with a 
superconducting lens system 7. In this paper we report 
axial bright field lattice imageing of isotactic poly- 
styrene (i-PS) single crystals using a conventional 
transmission electron microscope (EM). 

EXPERIMENTAL 

Sample preparation 
The sample used was i-PS (Dow Chemical Company) 

with a viscosity-average molecular weight, M o of 
2.08 × 10 6. Atactic material was removed by refluxing 
the polymer several times in 2-butanone, followed by 
hot-filtration and vacuum drying. The crystallization 
procedure was essentially the same as used by Keith et 
al. s. The polymer was dissolved in 2:1 (v/v) n- 
tetradecane/decalin (mixture of cis- and trans-isomers) 
under a nitrogen atmosphere. The solution (0.3 Wt~o) 
was cooled to 180°C, held at this temperature for 2-3 
days and then cooled to the room temperature. 

Electron microscopy 
The detailed procedure for electron microscopy will 

be described elsewhereg; here only an outline is given. 
The specimen was mounted on electron microscope 
grids coated with a thin carbon supporting film and 

examined without shadowing with a Philips EM400T 
electron microscope (hair-pin filament) which was 
operated at 120 kV with a liquid nitrogen anti- 
contamination trap. The spherical abberation coefficient 
was measured as 3.0+0.4 mm at 120 kV using 
Johansen's method 1°. The size of the objective apera- 
ture was 50 #m which allowed all diffracted beams up to 
the 33.0 reflections to be used for high resolution 
imageing. 

The beam intensity (i.e. brightness) was carefully 
chosen to produce an average optical density of about 
0.5D on the micrograph and to suppress damping of the 
phase contrast transfer function due to the illuminating 
angle 11. Under the conditions used the attainable 
resolution was 0.5 nm. The EM images were recorded 
on Kodak EM film 4489 using the Philips Low Dose 
Unit PW 658712 to minimize radiation damage. The 
mechanism of operation of this device is essentially the 
same as proposed by Fujiyoshi et al)  3. The exposed 
EM films were developed at 20°C for 4 min with Kodak 
developer D-19 diluted 1:2 and fixed with Kodak rapid 
fixer. The micrographs were analysed by using a 
Polaron electron micrograph optical diffractometer. 

To record electron diffraction patterns, Kodak Tri-X 
Ortho Film 4163 was used. The films were developed at 
20°C for 7 min with D-19 (full strength) containing a 
small amount of Kodak anti-fog No. 1 (AF-70). The 
electron beam current (i.e. the screen current) was 
measured by converting the reading of the exposure 
meter installed in the microscope to total screen current 
using a chart supplied by Philips. 

RESULTS AND DISCUSSION 

Fi#ure 1 shows the typical appearance of the solution- 
grown crystals of i-PS: two types could be distin- 
guished, namely hexagonal single crystals with spiral 
overgrowth (A) and irregular-shaped aggregates of 
crystalline platelets (B). Both types gave the characteris- 
tic electron diffraction pattern of the i-PS crystal lattice 
with hexagonal symmetry. The lamellar thickness 

0032-3861/84/1115734)4503.00 
~) 1984 Butterworth & Co. (Publishers) Ltd. POLYMER, 1984, Vol 25, November 1573 



Lattice imageing in i-PS single crystals." M. Tsuji et al. 

i!ii~ i!;iiii 

Figure 1 Single crystals of i-PS grown at 180°C from 0.3 wt% 
solution in a mixed solvent of 2:1 (v/v) n-tetradecane/decalin 
(100 kV, wi thout shadowing). (a) A typical hexagonal crystal 
with spiral overgrowth. (b) A portion of an irregular shaped 
aggregate of crystalline platelets 

measured with the shadowing technique was appro- 
ximately 100 A. 

Figure 2 shows the change of the selected-area 
electron diffraction pattern of an i-PS single crystal with 
increasing electron irradiation dose. The pattern was 
indexed as proposed by Blais and Manley ~¢ on the basis 
of a trigonal unit cell whose lattice dimensions are: 
a=b=2.19 nm, c(chain axis)=0.665nm 15'16. As illus- 
trated in Figure 2(a) the pattern is characterized by very 
strong 22.0 and strong 11.0 and 30.0 reflections, 
corresponding to lattice spacings of 1.1 nm, 0.55 nm and 
0.63 nm, respectively. Reflections enclosed by circles are 
very faint, but can be recognized on the original 
negative. Figure 2 shows that the crystalline reflections 
disappear sequentially, starting from the higher orders, 
with increasing irradiation dose and the 11.0 reflections 
are the most stable. The 11.0 reflections still exist in 
Figure 2(e) which was recorded at a dose of 0.0165 
C o u l o m b  c m  - 2  and disappeared completely in Figure 
2(f) recorded at 0.0202 Coulomb cm -2. Thus the total 
end point dose, TEPD, (i.e. the electron irradiation dose 
necessary for complete disappearance of all crystalline 
reflections in the diffraction pattern) of i-PS single 
crystals was measured as about 0.02 Coulomb cm -2 at 
120 KV and room temperature. This value is about 545 

Figure 2 The selected-area electron diffraction pattern of an i-PS single crystal at an irradiation dose of (a) 0.1 × 10 -3, (b) 4.2 x 10 -3 
(c) 8.3× 10 -3, (d) 12.4x 10 -3, (e) 16.5x 10 -3, (f) 20.2× 10 -3 Coulomb cm -2. Reflections enclosed by circles are very faint, but can be 
easily recognized on the original negatives 
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F i g u r e  3 Axial bright field lattice image of the edge of an i-PS 
single crystal. 1.1 nm lattice fringes can be seen by inspection in 
the direction indicated by the arrow 
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dimensional lattice fringes with a spacing of 1.1 nm, 
corresponding to the (11.0) lattice planes. The optical 
diffraction pattern of the micrograph (see Figure 4) 
shows 22.0 and 11.0 reflections corresponding to lattice 
spacings of 0.55 and 1.1 nm respectively. However, 
lattice fringes corresponding to the 22.0 reflection 
cannot be recognized in the image (Figure 3), probably 
because of the low signal-to-noise ratio due to the 
photographic graininess. 

Further inspection of Figure 3 reveals an apparent 
band structure in which two alternating zones, A and B, 
can be recognized. Lattice fringes can be observed in the 
A bands but not in the B bands. Two possible 
explanations of this phenomenon can be envisaged. The 
first relates to irradiation damage, while the second is 
based upon misorientation of the (11.0) lattice planes. 
Taking into account the periodical nature of the band 
structure (the width of the bands is 15-20 nm) the latter 
explanation seems more reasonable. It is therefore 
proposed that in the B bands the Bragg condition for 
11.0 reflections may not be satisfied. Figure 5 shows the 
rocking curve calculated kinematically for the (11.0) 
reflection, where a crystal thickness of 10nm was 
assumed and the Ewald sphere was regarded as an 
approximately flat plane 17,18. A deviation of about 6 ° is 
sufficient for almost complete extinction of the 11.0 
reflection. Accordingly it can be deduced that the single 
crystal observed here is not perfectly flat but somewhat 
undulating. The 22.0 and 11.0 reflections in Figure 4 are 
split into two spots. This seems to suggest that there is a 
difference of orientation between bands. More detailed 

1.0 

F i g u r e  4 Optical diffractogram of Figure 3. The orientation of 
this Figure corresponds to that of Figure 2. Reflections 
corresponding to (11.0) and (22.0) lattice planes can be seen 

times greater than that of polyethylene crystals. Taking 
into consideration the TEPD of i-PS, the granularity 
and characteristic curve of the EM film (Kodak 4489) 
for 120 kV electrons, an instrumental magnification of 
36000 was adopted. Details of the criteria that were 
used to determine the optimum magnification will be 
given elsewhere 9. It should be noticed, however, that the 
magnitude of the TEPD of i-PS corresponds to the dose 
necessary to obtain only one negative at this magnifi- 
cation. Therefore lattice imageing of i-PS crystals would 
be almost impossible without the Low Dose Unit. 

Figure 3 shows the resulting high resolution electron 
micrograph of the edge of an i-PS single crystal. Close 
observation in the direction X-X' reveals one- 
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F i g u r e  5 Calculated rocking curve for a 10 nm thick single 
crystal of i-PS with (11.0) planes in the Bragg position 
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discussion of  the na ture  and  origin of  this p h e n o m e n o n  
must ,  however ,  awai t  fur ther  study.  

In  summary ,  the present  work  has  demons t r a t ed  that  
direct  lat t ice images of i -PS single crystals  can be 
ob ta ined  in a conven t iona l  t ransmiss ion  electron mic- 
roscope using low dose imageing.  This suggests that  i- 
PS single crystals  m a y  serve as a mode l  for the direct  
imageing  of s t ruc tura l  defects in po lymer  crystals  and  
the s tudy of such defects in re la t ion to proper t ies  known  
to be affected by them. 
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