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Short-range Order in Extended-chain Crystals of Polyoxymethylene 
from a True Molecular Perspective: An Atomic Force Microscopy 
Study 
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Atomic force microscopy (AFM) images of extended-chain crystals of polyoxymethylene (POM) obtained in solid-state 
polymerization have been made to molecular resolution on the surface of the microfibrils which were formed during 
the topotactic polymerization process. AFM scans with molecular resolution reproduced the expected crystal lattice 
parameters c = 1.72 nm (X-ray data, c = 1.739 nm) and a = 0.45 nm (X-ray data, a = 0.447 nm). The order of the microfibrils 
within the crystals was analysed and compared with results obtained previously on mechanically oriented polyoxymethy- 
lene by using AFM and wide-angle X-ray diffraction data. For the well ordered surface of the POM crystals, an AFM 
imaging-mechanism is suggested which assumes that the contact force is controlled by the outermost methylene 
groups at the imaged surface. 

Atomic force microscopy (AFM) was proposed in 1986 to 
investigate surfaces of materials on an atomic scale.' This new 
branch of scanning probe microscopy was developed to 
remedy the limitations of scanning tunnelling microscopy 
(STM) which, although it yielded images of atoms before the 
advent of the AFM, is restricted to studies of conducting 
materials2 Since its discovery, AFM has been used with great 
success to study surfaces of insulators and metals, as well as 
the macromolecular architecture of polymeric materials from 
the Angstrom to the micrometre ~ c a l e . ~ ? ~  

In AFM, a sharp tip mounted to the edge of a small spring 
is brought down in close proximity to the sample ~ur face .~  
The sample is then scanned laterally beneath the tip-spring 
probe, usually referred to as the microcantilever, by using a 
piezoelectric positioner. The deflection of the cantilever is 
measured by various techniques. In the first AFM, the minute 
deflections of the spring were monitored by an STM attached 
to the microcantilever as a detector.' In commercial instru- 
ments (e.g. the NanoScope line by Digital Instruments), the 
deflection is measured by an optical lever technique. The 
deflection signal (which is proportional to the measured force 
acting on the microcantilever as a result of the interatomic 
interactions between surface atoms and the atoms at the apex 
of the microcantilever tip) is related to the surface structure 
of the sample. This signal, which is measured as a function of 
the tip position, is converted to an optical image of the sample 
surface. By utilizing commercial piezo scanners, the AFM is 
capable of covering a magnification range of ca. 108-103 x in 
a single experiment. Unlike other diffraction or scattering 
techniques (e.g. electron or X-ray diffraction) which result in 
structural information averaged over typically 1010-1020 
atoms, AFM can yield information about the local order and 
packing of atoms/moIecules at preselected locations of the 
sample surface. 

Since the first visualization of a macromolecule, AFM has 
been used with great success to image polymers. For example, 
imaging of macromolecular chains in extruded polyethylene5 
and oriented polytetrafluoroethylene,6 characteristics of poly- 
mer lamellar crystals on the micrometre and polymer 
helix structures in crystalline isotactic p~lypropylene~,~'  have 
been achieved. Our AFM study on fibres of ultrahigh molecu- 
lar weight polyethylene (UHMWPE) resulted in images of 
the (010) and (100) crystallographic planes with an excellent 
reproduction of the expected crystal lattice parameters." In 

addition, AFM has yielded images with regular nanostructure 
at surfaces of polymer crystals,12 and has been used to study 
polymorphism in p~ly(p-phenyleneterephthalamide),'~ and 
the orientation mechanism in ultradrawn p~lyethylene, '~ to 
mention only a few examples. 

In an earlier comm~nica t ion ,~~  we reported on preliminary 
AFM results which we obtained on mechanically oriented 
polyoxymethylene (POM). Images included features of the 
microfibrillar morphology and molecular resolution of the 
POM helices packed in the hexagonal crystal structure 
of POM. Individual turns of the helix and the five turns that 
make up the repeat unit of the 9/5 helix were visualized. In 
this paper, we focus on the results we obtained on extended- 
chain crystals of POM prepared in solid-state (topotactic) 
polymerization. It has been shown in the 1iteraturel6*" that 
crystals of cyclic compounds, such as trioxane (CH201, and 
tetraoxane (CH20)4, can be polymerized directly into crystal- 
line POM in the solid state. In this study we used POM 
crystals obtained from tetraoxane which are known to form 
extended-chain structures.17 If POM is made from (CH,O),, 
then the macromolecular orientation within the POM crystal 
is correlated with the c-axis orientation of the precursor 
monomer crystal (topotactic reaction). It has been demon- 
strated that short-range molecular order at the scanned surface 
is important to obtain AFM images using currently available 
AFM equipment with molecular resolution." Thus, extended- 
chain crystals of macromolecules are especially well suited for 
AFM studies. 

Experimental 
POM crystals were obtained from trioxane purchased from 
Aldrich Chemical Company (analytical grade). Standard subli- 
mation equipment was used for growing large, needle-like 
single crystals of trioxane. Typical dimensions of the crystals 
used in polymerization reactions were 10 x 2 x 2 mm. The 
transparent monomer crystals were irradiated by using a Co6' 
pray source (Gammacell 220, Atomic Energy of Canada Ltd.) 
to form POM in a closed container. The estimated dose was 
1 MR, and the irradiation was carried out at 32°C. Post 
polymerization, which immediately followed the irradiation, 
was carried out in a hot-air oven at 60°C for 48 h. The POM 
crystals obtained in this process were white, indicating the 
presence of voids in the material. This was expected, since, as 
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Plate 1 AFM micrograph (image size: 1000 x 1000 nm) of the surface 
of a POM crystal obtained in solid-state polymerization 

Plate 2 AFM micrograph (image size: 1000 x 1000 nm) of the surface 
of an oriented POM fibre obtained by mechanical orientation 

Plate 3 AFM nanograph (image size: 8 x 8 nm) of a microfibril of a 
POM crystal obtained in solid-state polymerization 

discussed in the literature,16 the polymer crystals obtained in 
this process are not truly monocrystalline. Owing to lattice 
mismatch and strain that develops during the solid-state 
polymerization process, a fraction of the polymer forms sub- 
crystallites and twin-structures within the POM crystal. 

Samples for AFM studies were cleaved from the POM 
crystals along the expected chain (or crystallographic c) direc- 
tion by using a Sorvall MT6000 ultramicrotome with glass 
knives. Microtoming was carefully performed to make sure 
that the surfaces of the crystalline microfibrils expected to 
form in the polymerization process remain intact and that the 
sample will be cleaved along crystal planes. AFM images were 
taken in air at the freshly cleaved surface using a NanoScopeII 
instrument (Digital Instruments, Ca.) with an A-type scan 
head utilizing NanoProbe 100 micron triangular Si,N, canti- 
levers with wide legs. The effective spring constant of the 
cantilever was 0.58 N m-l. Images with atomic resolution 
were obtained in the constant height mode. 

Wide-angle X-ray diffraction intensities were collected using 
a Siemens D500 diffractometer equipped with a Cu-Kx X-ray 

Plate 4 Two-dimensional autocorrelation pattern of the AFM image 
shown in Plate 3 

source, pin-hole collimator, Huber texture goniometer, graph- 
ite flat crystal monochromator, and a scintillation detector. 
The experiments were performed in 8/20 transmission mode, 
and fibre diagram quadrants were measured in an azimuthal 
range between 0 and 90". 

Results and Discussion 
AFM images of POM on the micrometre scale are discussed 
first. In Plate 1, a typical AFM scan of an area of 
1000 x 1000 nm is captured. The micrograph shows that the 
crystal consists of well ordered microfibrils with an axis 
aligned in the crystallographic c direction. For comparison, 
in Plate2 we show an AFM scan which was obtained on a 
mechanically oriented POM sample with a high degree of 
anisotropy. This specimen was prepared from commercially 
available Ultraform H 2320 polymer (BASF) (for further 
details see ref. 15). The microfibrils in the mechanically ori- 
ented POM show imperfect alignment and twisted bundles of 
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Plate5 Cross-sectional plot (top insert) of the AFM nanograph in the chain direction. The profile was obtained along the line shown in the 
AFM image captured in the bottom left insert 

microfibrils. The difference in the degree of order between 
mechanically oriented POM and POM crystals can also be 
clearly seen in Fig. 1 and 2 which compare the wide-angle 
X-ray diffraction (WAXD) patterns. Main maxima of the 
diffraction intensity in the isotropic sample occurred at the 
following diffraction angles (the corresponding crystal planes 
are in brackets): 22.9" (100); 34.6" (105); 40.2" (1 10); 48" (1 15) 
and (009). The (100) peak of the mechanically oriented POM 
sample on the equator showed a broader azimuthal width 
than the corresponding maximum for the POM crystal. This 
refers to a better alignment of the macromolecules and thus 

a better order of the microfibrils in the POM crystal. However, 
scattering intensity for 28=22.9" (100) can be observzd in the 
pattern of the POM crystal at azimuthal angles distinctly 
different from the main maximum at 0" (equator). This 
confirms the presence of twin-crystals and sub-crystallites 
within the POM sample obtained in solid-state polymeriz- 
ation. Interestingly, such sub-crystallites are absent from the 
POM sample obtained by mechanical orientation. 

AFM images in the nanometre range were obtained on the 
surface of the microfibrils shown in Plate 1. A typical example 
(raw data) is displayed in Plate 3 (scan size: 8 x 8 imj, dis- 

Plate 6 Cross-sectional plot (top insert) of the AFM image in the chain perpendicular direction. The profile was obtained along the line shown 
in the AFM image captured in the bottom left insert 
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Fig. 1 A quadrant of the WAXD pattern of mechanically oriented 
POM 

playing a periodic structure on the Angstrom scale in two 
essentially perpendicular directions. Spots with bright tones 
correspond to high contact forces between the apex of the 
AFM tip and the imaged molecules, and thus correspond to 
corrugations 'sticking out' of the sample surface. Dark areas, 
on the other hand, mean smaller contact force and lower 
features. Objects parallel to the diagonal that connects the 
top left and the bottom right corners were identified as images 
of the polymer chains. This assignment is based on values for 
the packing distances and on the observation that the direction 
of the features identified as chains coincides with the crystallo- 
graphic c (or fibre) direction which was set at 45" with respect 
to the horizontal scan direction prior to imaging. Plate 4 
shows the two-dimensional autocorrelation pattern (2-dAP) 
of the nanograph captured in Plate 3. This pattern was 
calculated to reduce experimental noise and to analyse period- 
icities in the chain direction and perpendicular to it. Profiles 
of the AFM scans in the chain and chain-perpendicular 
directions are shown in Plates 5 and 6, respectively, in the 
top insert of the Plates. Our AFM data showed that the 
periodicity of the crystal structure in the chain direction, i.e. 
the length of the c edge of the hexagonal unit ce11'8-21 was 
c =  1.72 nm as obtained from Plate 5 (expected value from 
WAXD is c =  1.739 nm). The value of the packing distance in 
the chain-perpendicular direction was a = 0.45 nm, as obtained 
from Plate 6 (expected value from WAXD is a=0.447 nm). 
Thus, the agreement between AFM and WAXD data is 
excellent. This good agreement was obtained by eliminating 
a systematic error from AFM nanographs. A calibration 
technique, which takes into account the height of the imaged 
specimen, was used as described in a previous publication.22 
The regular packing of the POM chains in the crystal is 
obvious in the nanograph shown in Plates 3 and 4. 

Finally, we briefly discuss a suggested contrast mechanism 
that would result in an AFM image as in Plate 3. In order to 
understand the contact forces between the apex of the AFM 
tip and the imaged molecules, it is useful to look at the 
computer-simulated ac crystal facet of the POM lattice which 
was imaged in the AFM experiment. A simulated molecular 
layer of POM chains packed in the ac facet is shown in 
Plate 7. Details of the chain, the exposed methylene groups 
and the underlying oxygen atoms are clearly seen. As men- 
tioned earlier, the POM chain forms 5 turns within one 
crystallographic c During AFM imaging, however, 
the tip will most likely follow the contour of the outermost 
electrons if the contact force is kept at the least possible value. 

Fig. 2 A quadrant of the WAXD pattern of a PC)M crystal obtained 
in topotactic polymerization 

Thus, on images like the nanograph captured in Plate 3, the 
bright spots correspond to the exposed methylene groups of 
the POM chain, and the individual turns of the helix are 
covered by the methylene units. In Plate4 there are fuzzy 
regions that separate three bright spots on the image. These 
'fuzzy' sections can be identified as parts of the chain where 
the methyl groups are not directly exposed to the scanned 
surface, but are turned away to the unexposed side of the 
macromolecule, and thus are not sticking out of the surface. 
It should, however, be mentioned, that the exact symmetry of 
the AFM patterns observed depends somewhat on the spot 
chosen for imaging at the sample surface and on the material. 
For example, in our earlier preliminary study15 performed on 
mechanically oriented POM, we observed five turns within 
one repeat unit in the crystallographic c direction, which we 
interpreted as imaging of the individual turns of the POM 
helix. The AFM nanographs obtained at the surface of POM 
crystals which are described in this paper, however, can be 
interpreted as images of methylene groups at the exposed 
surface of the sample, and thus one would not see the turns 
of the helical polymer backbone. In these crystals the degree 
of chain alignment within the microfibrils is significantly 
better than in the oriented POM samples. which might be 
one reason for the observed differences. One might speculate 
that in the POM crystals obtained in solid-state polymeriz- 
ation, the well ordered ac crystal facet is clearly cleaved and 
thus the regular pattern of the methylene groups is well 
exposed. On the other hand, owing to a less perfect chain 
packing in the mechanically oriented sample, the packing of 
the methylene groups at the sample surface is more disordered. 
Thus, the AFM tip for this less ordered sample might, on 
average, follow the contour of the POM helix rather than the 
disordered methylene groups. 
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Plate 7 Computer-simulated image of a monomolecular layer of the 
crystal facet visualized in the AFM experiment 
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