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Molecular Resolution Electron Micrographs of 
Monolamellar Paraffin Crystals 

Abstract. A liquid helium-cooled cryoelectron microscope, operated to expose the 
specimen to only a very low electron dose, was used to obtain structural images of 
monolamellar n-tetratetracontane (n-C44H90) crystals at 0.25-nanometer resolution. 
These results are in contrast to earlier predictions that such extremely beam- 
sensitive materials could not be studied directly at this level of detail. Analysis of the 
resultant lattice images gives direct evidence for crystal bending as well as direct 
visualization of edge dislocations in this material. 
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Recent high-resolution electron micro- 
scope images of numerous microcrystal- 
line organic specimens (14)  have yield- 
ed important information about the 
structure of "real" crystals, including 
direct views of microtwinning (4), grain 
boundaries (2), and crystal defects (5). 
The major impediment to this research 
(6) has been the threat of specimen dam- 
age induced by the incident beam; hence 
the samples examined so far have been 
materials (such as aromatics) that are 
relatively stable in the electron beam. 
Direct examination of more beam-sensi- 
tive specimens, on the other hand, is 
commonly thought to be of limited use. 
For exam~le, at the dose needed to de- 
stroy a paraliin crystal at room tempera- 
ture, it has been predicted (7) that only 4- 
nm resolution would be attainable. a 
resolution nearly realized in experimen- 
tal lattice-fringe images of an epitaxially 
crystallized sample (8). We now describe 
the direct imaging at 0.25-nm resolution 
of a paraffin crystal cooled by liquid 
helium and show that information about 
crystal structure can be obtained at 
much higher resolution from materials at 
least 20 times more beam sensitive than 
phthalocyanine (9) (which is stabilized 
against beam damage by a delocalized r- 
electron system). 

Monolamellar orthorhombic crystals 
several micrometers in length of the n- 
paraffin n-tetratetracontane (n-C44H90) 
were grown by evaporation of a dilute n- 
hexane solution on electron microscope 

grids covered with a carbon film. Analy- 
sis of hkO electron diffraction intensity 
data for these crystals revealed (10) that 
the structure is identical to its n-C36H74 
homolog, for which the x-ray crystal 
structure is known (11). The orthorhom- 
bic unit cell edges in this projection are 
a = 0.750 nm and b = 0.495 nm. 

For the imaging experiments, a Sie- 
mens prototype of a helium-cooled cryo- 
microscope with a superconducting 

shielding objective lens (12) was used, 
giving a specimen temperature lower 
than 15 K. As calculated from data for 
the Agfa 23D56 film used to record the 
images (13), the magnification (x60,OOO) 
needed to achieve 0.25-nm resolution 
required a radiation exposure of lOOOe 
nm-', or twice the "critical" exposure 
measured for this specimen (as judged by 
fading of electron diffraction patterns). 
The optical density of the film is usefully 
large (0.28D) at this exposure, and, al- 
though some specimen damage is dis- 
cernible, this greater dose can neverthe- 
less be used for the following reason. As 
with earlier findings for polyethylene 
crystals (14) cooled to 11 1 K, the ratio of 
lattice spacings for our specimen and the 
relative intensities of the three intense 
reflections used to form the image did 
not change at this radiation dose (Fig. 1). 
Additional exposure of the specimen was 
avoided by the usual low-dose tech- 
niques; that is, suitable crystals were 
found from electron diffraction patterns 
(dose rate, 10-'e nm-'sec-'), and, when 
a suitable specimen was found, the shut- 
ter above the specimen was closed and 
the beam deflected alongside the crystal 
to permit adjustments for focus and 

gle is defined as radians. The positions of major reflections 
is a function of spatial frequency d*, in accordance with the tc 
objective lens (25). 

Fig. 1. Lattice images of an n- 
tetratetracontane monolamel- 
lar crystal. (Top) Experimen- 
tal image obtained after cross- 
correlation averaging. The 
contrast in this picture is that 
of the "negative" obtained in 
the electron microscope that 
was used for digitization and 
image processing. White blobs 
denote the alkane-chain posi- 
tions (the unit cell is indicated 
by a white rectangular box). 
(Inset) Lattice image calculat- 
ed after an n-beam dynamic 
calculation; Af = -80.0 nm, 
where the negative sign de- 
notes underfocus. These cal- 
culations were made with the 
computer program package 
available from the Arizona 
State University facility for 
high-resolution electron mi- 
croscopy. The lamellar thick- 
ness is 5.77 nm, and the pro- 
jected slice thickness is 0.25 
nm. (Bottom) Phase-contrast 
transfer function (25) for the 
imaging conditions stated in 
the text. For resolutions poor- 
er than 0.2 nm, the chromatic 
aberration and illumination an- 
gle do little to modulate the 
image (4) and thus were not 
included in the represented 
transfer-function calculation. 
For the image calculation, 
however, the illumination an- 
are indicated. The phase shift x 
ansfer function equation for the 
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Fig. 2. Section of a "quasi- 
optically filtered" image, 
showing an edge dislocation. 
By analogy to the use of filters 
in optical image reconstruc- 
tion, which pass only the max- 
ima of the optical transform, 
only small circular regions en- 
compassing the maxima of the 
computed Fourier transform 
were used to produce this im- 
age, thus removing diffuse re- 
gions of the transform that 
were due to noncrystallinity. 
Chain-position broadening 
was reproduced by model im- 
age calculations. The white 
lines are added to show the 
convergence of lattice rows at 
the dislocation. 

astigmatism. After alignment, the beam 
was deflected onto the specimen to re- 
cord the low-dose image. At 100 kV, 
the spherical aberration constant for the 
objective lens (C,, 1.35 mm) gave a 
Scherzer defocus value of -70.7 nm. 

Although the electron images were 
noisy, optical transforms gave diffraction 
patterns similar in appearance to the 
electron diffraction patterns, sometimes 
including the (020) reflection. The area of 
the micrograph (corresponding to 100 by 
100 nm) giving the optical transform with 
the best symmetry was digitized (by den- 
sitometry) as a 1024 by 1024 pixel array. 
This area was then subdivided into 64 
sections, which produced optical trans- 
forms of different qualities due to the 
presence of crystal imperfections or radi- 
ation-damaged areas (or both). The sub- 
section with the best optical diffraction 
symmetry was then cross-correlated 
with the whole array to localize crystal 
areas with the greatest structural perfec- 
tion. These were then aligned and super- 
imposed to produce the image in Fig. 1, 
which is the average of 372 subregions. 

Correspondence of this image to the 
actual crystal structure was verified by a 
multislice (15) n-beam dynamic calcula- 
tion from the known crystal structure 
and by subsequent computation of the 
lattice image at various defocus values. 
A good match was obtained at Af = 
-80.0 nm (Fig. I). Computations of 
the objective lens transfer function re- 
vealed that the continuous region of re- 
ciprocal space passing diffraction infor- 
mation at the same contrast sign extend- 
ed to about (0.33 nm)-'. However, the 
appearance of (020) reflections in the op- 
tical transforms resulted from the trans- 
fer function being again negative for this 
(0.25-nm)-' reciprocal spacing (Fig. 1). 
Thus, because this feature has been used 
to produce high-resolution images of 

gold (16), it can also be employed here. 
As shown through image calculations, 
only the carbon chains were of impor- 
tance for image production at this resolu- 
tion; the contribution from hydrogen was 
small. 

The demonstration of molecular reso- 
lution is encouraging, especially since 
the observed image detail can be ex- 
plained in terms of the known crystal 
structure and instrumental parameters. 
However, even more useful information 
about the crystal texture was given from 
images (such as the 1024 by 1024 array) 
produced by a computer simulation of 
optical filtration than from images aver- 
aged by cross-correlation. Observed un- 
dulations in the image with changes in 
contrast were reproduced by image cal- 
culations for tilted specimens and thus 
indicate the presence of bends (this was 
corroborated by the changes in optical 
transform symmetry in scans across the 
image, as mentioned above). Defects 
such as the edge dislocation (Fig. 2) were 
also reproduced by an image calculation 
starting with a defect model proposed by 
Holland [earlier visualization of such de- 
fects with moirC images required at least 
a bilamellar crystal (17)l. These direct 
visualizations of crystal texture helped 
confirm earlier conclusions (10, 18) that 
the major distortion in solution-grown 
molecular organic crystals is due to 
bending distortion, because the defect 
concentration is not large enough to pro- 
duce mosaicism. 

Evidence for radiation damage in 
these images was difficult to ascertain. 
No clear nucleation sites for damage, as 
observed for phthalocyanine derivatives 
(19), were identified, perhaps because 
the damaged structure is initially much 
like the undamaged one. That is, if the 
major mechanism is the abstraction of 
hydrogen and production of trans-vinyl- 

ene groups (20), then initial damage 
would be most visible in a projection 
onto (but not along) the chain axes, as 
shown earlier (21). Optical transforms of 
images do not indicate a transition to a 
pseudohexagonal chain packing [which 
also is not found as a thermally produced 
phase for this paraffin (22)l. Therefore, 
Siegel's (23) suggestion that initial dam- 
age is "frozen in" at low temperature 
seems to be correct. On the other hand, 
the recent claim (24) of unusual radiation 
stability for very small (<200 nm in 
length) paraffin and polyethylene crys- 
tals is not understood. 

The success of this initial imaging ex- 
periment on a highly radiation-sensitive 
organic is encouraging because of the 
new insights that can be gained from thin 
microcrystals of aliphatic polymers for 
which many aspects of crystallization 
behavior and crystal texture still need to 
be elucidated. 
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