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edge dislocations normal to the film.

The diffraction pattern from the polymer in the crys-
talline phase indicates that in this case the polymer chain
is fully extended and that a fiber-type order is achieved
in a direction perpendicular to this; i.e., there is order
between the planes, giving rise the small-angle maxima.
The high-resolution images indicate that these planes are
relatively straight in the undisturbed regions but can ac-
commodate an extra plane, giving on edge dislocation
perpendicular to the film; this leads to considerable dis-
tortion of the atomic planes. Only edge dislocations of the
1:0 type were observed.

Therefore, although the electron diffraction patterns
would indicate considerable differences between the two
structures, the high-resolution micrographs show that there
are surprising similarities in one well-defined direction. It
also appears that details of molecular geometry are crucial
in determining the structure and thus the phase which
develops.

With regard to this investigation, the problems regarding
the production and physical interpretation of phase con-
trast and the experimental conditions which are required
to orientate the films and image smectic planes have been
successfully solved. However, a major problem is still the
low signal/noise ratio in the electron micrographs. This
becomes particularly important when trying to discover
the exact nature of the dislocation core and in deciding
to what extent there is some orientation in the spaces
between highly ordered regions after short annealing times.
In a following paper, we describe approaches to this

problem and the degree of success which has been achieved
so far.
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ABSTRACT: X-ray photoelectron spectroscopy (XPS) valence band spectra of hexagonal and orthorhombic
poly(oxymethylenes) are reported and compared with simulated XPS spectra based on ab initio calculations
for simple model oligomers CH;0-(CH,0-),~CH; where x = 1, 3, 5, or 7. An attempt is made to interpret
the observed differences as having a conformational origin.

Introduction

Because of its appropriate sampling depth compared to
more classical spectroscopies, XPS (X-ray photoelectron
spectroscopy) has been increasingly applied since 1972 to
study fundamental structural questions and problems
which arise at the surfaces and interfaces of technologically
useful polymers. Interest was first focused on the core
energy levels, which provide information on the chemical
composition, bonding, and (in)homogeneity of the topmost
atomic or molecular layers. However, a number of im-
portant problems have to do with the discrimination of
possible differences between bulk and surface structural
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characteristics, the dependence of the latter on the bulk
morphologies and preparation, etc.

To implement the description of the situation occurring
at polymer surfaces and interfaces, it would be useful to
obtain from the same XPS measurements some informa-
tion about the molecular structure. Unfortunately, this
is difficult to obtain from the core levels, which otherwise
have the best resolution relative to the other parts of the
spectrum.

As demonstrated in 1974 by quantum mechanical sim-
ulations and XPS spectra of model polymers,! the valence
spectral data contain information on the primary and
secondary structures of the polymer backbone. A few
comparisons?® between theoretically simulated and mea-
sured valence band spectra of pure hydrocarbon polymers
have provided a basis for establishing relationships be-
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tween XPS valence band features and the polymer geo-
metrical structure. Such comparisons also confirmed the
usefulness of quantum mechanical calculations as an in-
terpretative and predictive tool for polymer XPS valence
band spectroscopic measurements. The main limitation
comes from the lower photoionization cross sections and
from the complexity of this spectral region compared to
the well-separated core peaks. This was recently demon-
strated in an attempt to search for possible fold signatures
in the valence XPS spectra of ordered polyethylene sur-
faces, showing that there is little hope of relating valence
XPS spectral features to naturally occurring conforma-
tional structures in saturated hydrocarbons.* Since real
polymers may possess complex chemical structures and
ill-defined chain geometries, the interpretation of XPS
valence bands of polymers which result from a number of
bands, possibly overlapping and broadened by various
solid-state effects, can be quite difficult. Therefore, we
first require carefully assessed signatures for similar effects
in relatively simple and well-characterized reference com-
pounds, before it will be reasonable to establish systematic
relationships between the XPS valence electronic structure
and the surface architecture of more complex polymers.

From theoretical simulations of the valence XPS spectra
of three conformations of poly(oxymethylene) (POM),
modeled by oligomers corresponding to the formula
CH;0-(CH,0-),-CH,, x = 1, 3, 5, and 7, we have reported
in a letter® that the higher energy levels, having mostly a
O,, atomic contribution, are sufficiently modified to be
observed experimentally. With these premises we have
first attempted to detect possible modifications in the XPS
valence spectra of various hexagonal poly(oxymethylene)
samples differing in their degree of crystallinity, orientation
of the crystalline zone, and lamellar or fibrillar nature. The
measurements failed to reveal clear modifications owing
to the morphological nature of the samples.

Poly(oxymethylene) exists in two crystalline forms,
hexagonal and orthorhombic. In the hexagonal form the
chain assumes a 9/5 helix with a torsional angle of 78°
around the C-0O bond, whereas in the orthorhombic form
the chain is a 2/1 helix with a torsional angle of 63.7°.
From the previously mentioned calculations this would
correspond to minor changes in the valence band, but they
are nevertheless worth investigating.

In this study, we report XPS measurements on hexag-
onal and orthorhombic poly(oxymethylene) samples, in
conjunction with theoretical calculations modeling the
chain structure of the samples in an attempt to identify
conformational signatures in the measured valence band
spectra. Before presenting and interpreting the results,
it is necessary to briefly describe the methodology adopted
for the theoretical part of this work.

Calculations

Model Systems. The polymer unit of the most stable
form of POM, the 9/5 helix, crystallizes in the hexagonal
form® in the orthorhombic modification, which is stable
only at room temperature and pressure, the poly(oxy-
methylene) chain has a 2/1 helical structure.” The XPS
data will be compared with model calculations on the two
existing as well as on the hypothetical planar zigzag or
trans-trans (tt) conformations in poly(oxymethylene). The
model molecules are oligomers of increasing length, cor-
responding to the molecular formula CH;0—-(CH,0-).—
CH,, where x = 1, 3, 5, or 7. The bond lengths and bond
angles used to form the model chains are reproduced in
Table I; the only difference between the three structures
is the value of the torsional angle, i.e., 78°, 63.7°, and 180°
respectively for the hexagonal POM, orthorhombic POM,
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Table I
Molecular Geometry of CH;0-(CH,0-),-CH; (x =1, 3, 5, 7)
in the “Hexagonal” Conformation®

bond length, A Cc-0 1.43
C-H 1.06
bond angle, deg C-0-C 112.3
0-C-0 109.9
H-C-H 109.5
torsional angle, deg 0-C-0-C 78.0
c-0¢/0¢0
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Figure 1. Perspective view of the CH;0-(CH,0-)~CH; mole-
cules in the three studied conformations.

and planar zigzag POM. The largest molecules (x = 7) are
represented in Figure 1.

It should be stressed that the calculations have been
performed on isolated molecules, assuming that the in-
terchain interactions affect the position and shape of all
levels in the same way. This assumption seems valid in
purely hydrocarbon systems such as polystyrene,® for which
Pireaux et al., from their XPS measurements, could not
discriminate between amorphous and crystalline samples.
In the case of highly polar macromolecules such as poly-
(vinyl alcohol) the polarization energy—reflecting the in-
terchain electronic transfer during the photoelectronic
process—is equal to 1.1 eV.8 This value for polyethylene
is 0.9 eV.2 The behavior of this polymer, which has a
degree of hydrogen bonding, is thus similar to that of van
der Waals solids. However, POM is a polar compound in
which the distance between the centers of the neighboring
helices is about 4.5 A. Accordingly the dipole-dipole in-
teractions can lead to substantial broadening, as shown by
Bigelow and Salaneck® for organic molecules with high
dipole moments. Our choice of modeling poly(oxy-
methylene) systems by isolated oligomeric molecules
therefore reasonably assumes that the existing bulk in-
teractions lead to a similar homogeneous broadening for
all spectral bands, and in the absence of appropriate
corrections we restrict our attention to the relative posi-
tions and intensities of these bands.

Calculations. The calculations reported in this work
have been carried out at the ab initio level using the
Gaussian 82 series of programs.'® All integrals larger than
107 were explicitly retained, and the requested conver-
gence on the density matrix was fixed up to 10°. As shown
in Figure 2 for CH;0-(CH,0-),-CH; where x = 1, 3, 5, and
7 and the torsional angle is 63.7° corresponding to the
orthorhombic form, it is not until x reaches 7 that the
theoretical simulations of the valence XPS spectra have
their shape satisfactorily stabilized. Thus the sizes of the
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Figure 2. Theoretical simulated XPS valence band spectra of
the CH;0-(CH,0-),—~CH,4 molecules in the orthorhombic con-
formation with x = 1, 3, 5, and 7.

oligomers needed to produce realistic simulations of the
POM valence spectra are such that the calculations were
restricted to the minimal STO-3G basis set.!! The use of
the more appropriate 4-31G split valence basis would
correspond to 193 atomic orbitals for CH;0-(CH,0-),~C-
H;, which is far too much for our present computational
facilities. However, the qualitative ordering of the STO-3G
energy levels was checked against previously published
experimental and theoretical results on smaller but related
molecular systems.'>!® Thus, the predicted qualitative
trends in this series of compounds, which differ only by
conformational modifications, are reliable.

The theoretical simulations of the valence XPS spectra
for model compounds have been presented in a short
Communication.? They are based on the assumed validity
of the frozen orbital model (Koopmans theorem) in which
each line of the photoelectron spectrum is associated with
an electronic orbital. The additional features originating
from rotational and vibrational excitations, relaxation of
the nuclear backbone, etc., which can usually be resolved
in the gas-phase photoelectron spectra of small molecules,
are most often hidden in the case of polymers, mainly
because of the formation of band structures which may
overlap and broadening effects due to the additional in-
teractions in the solid state.

These broad bands can still be correlated with the in-
dividual molecular orbitals. By using the Gelius model!4
for molecular photoionization cross sections, it is possible
to obtain the shapes of the theoretical spectra in closer
relationship with experiment, which facilitates the inter-
pretation. They are constructed by the addition of peaks
centered at the calculated ab initio energy value of the
one-electron states, ¢. A typical peak shape is reproduced
by a linear combination of one Lorentzian and one
Gaussian curve, both having the same height and width
(1.5 eV) over the energy range considered. The peak height
is scaled according to the intensity I, computed from the
Gelius model. Since the core atomic orbitals do not par-
ticipate significantly in the valence energy region, they
have been neglected. The relative atomic photoionization
cross-sections used for Cy,, Coy, Oy, Oy, and Hy, are 1.000,
0.077, 1.400, 0.159, and 0.0, respectively. However, the
energy scale of the spectra thus obtained has to be con-
tracted in order to make the comparison with experiment
easier.
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Table IT
Total Energy Values, in ua,® of CH;0-(CH,0-),-CH,
Molecules in Different Conformations

C-0-C-0
torsional angle, *
deg 3 7
180 -264.532674 -938.968 263
63.7 -264.541904 -939.036 871
78 -264.541417 -939.039610

%1 ua = 627.5 kcal mol™.

In spite of the approximate nature of this approach, it
has been found very useful in assisting the interpretation
of diverse molecular'®® and polymeric systems.!®1° It has
even been an effective tool for detecting the contamination
originating from the sample support in the measured
spectra of naphthalene and biphenyl systems.?

Experimental Section

Samples. The morphology and crystallinity of the POM
samples, prepared at the Research Institute on Polymers and
Textiles, Tsukuba, Japan, have been described previously.®”
Hexagonal POM has a crystallinity degree close to 100%. The
needlelike single crystals are formed by molecules extended
parallel to the elongation axis. The shapes of the orthorhombic
crystallites are not as homogeneous (mostly scale shaped). They
aggregate in spherulites with diameters of about 0.1~1 mm. Their
degree of crystallinity, determined by X-ray diffraction, is also
close to 100%. The two polymers are used directly in the XPS
measurements without any subsequent purification or recrys-
tallization.

XPS Measurements. The photoelectron spectra were re-
corded with a Hewlett-Packard 5950A spectrometer using the Al
Ka monochromatized radiation (hv = 1486.6 eV). The sample
is introduced in a vacuum chamber (pressure below 10 atm) and
cooled by liquid nitrogen to 283 K. Because of the insulating
properties of POM, the positive electrostatic charges left at the
surface by the emitted photoelectrons are neutralized by the use
of an electron flood gun. The reproducibility of the XPS valence
band spectra was checked on at least two independent sets of
measurements. The calibration of the spectra was performed by
mixing polyethylene and referencing the spectral lines to the
polyethylene Cy, core energy level fixed at 284.6 eV. Radiation
damage at the surface of the samples during the XPS measure-
ments was carefully checked by monitoring the shape of the C,,
peak before and after recording the valence band spectra. This
leads to the conclusion that the diminition of the methoxy carbon,
OCO, content is the same for both POM and does not exceed 10%
of its original value.

Results and Discussion

Relative Stability of the Three Conformations. The
computed energy values are summarized in Table II for
the shortest (x = 3) and the longest (x = 7) model mole-
cules considered in the three conformations characterized
by the torsion angle 7, respectively equal to 63.7°, 78°, and
180°.

Though it is not the aim of this work to study the rel-
ative stability of the conformers, it is nonetheless useful
to compare our results, which are based on the experi-
mental geometries of the polymer (see Table I), with those
pertaining to the theoretically optimized structures. As
can be observed from data in Table II, the gauche-gauche
(gg) conformation of the dimethoxymethane molecule
(CH3;0CH,0CH3) is predicted to be more stable for the
63.7° twist in the -COCOC- segment than for the other
two angles, i.e., 78° and 180°. This is in line with previous
ab initio results for the optimized geometry of dimeth-
oxymethane. For instance, Van Alsenoy et al.,?! after
complete geometry optimization at the 4-21G level, find
a value of 62.38°, which is in good agreement with gas-
phase electron diffraction measurements on dimethoxy-
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methane, giving a torsional angle of 63.3°.22 These results
provide support for the choice of the geometries used in
the present study.

From dipole moment data,? the stabilization energy for
the gg form of dimethoxymethane with respect to the
trans-trans form (tt, 7 = 180°) is estimated to be 3.4 kcal
mol™!. Reported ab initio quantum mechanical values
range from 3.33 to 10.33 kcal mol™ respectively for the
STO0-3G* and 4-21G basis sets.?! In the case of x = 3 and
by reference to total energy found here for the tt confor-
mation, the computed stabilization energies are equal to
5.79 and 5.49 kcal mol™ for 7 = 63.7° and 78°, respectively.
There is obviously a large difference between this value
(5.79 kcal mol™!) and the one obtained by Gorenstein and
Kar? (3.33 kcal mol™), both computed at the STO-3G
level. Such a difference can be attributed to the lack of
geometry optimization in the present work. It is inter-
esting, however, to notice that the difference in the sta-
bilization energies between both conformations (5.79 and
5.49 kcal mol™) is small. Consequently this relative sta-
bility can easily be inverted in the case of the larger oli-
gomers, CH;O0—(CH,-0),-CHj, x = 5, 7, etc., due to the
increasing contribution of the electrostatic interactions
between the polar unit cells.

Indeed, when considering the CH;0-(CH,0-)-CH;
molecule, the “hexagonal” form (r = 78°) is now 1.7 kcal
mol ! more stable than the “orthorhombic” one (r = 63.7°)
and 44.8 kcal mol™ more than the tt form. These results
are in agreement with previous calculations by Ohsaku and
Imamura,® who by applying the CNDO/2 method on in-
finite and isolated model chains of POM, computed sta-
bilization energies with respect to the tt form equal to 1.64
and 1.04 kcal mol™ respectively for r = 78° and 67.3°, and
thus predict the infinite chain of POM with a torsional
angle characteristic of the orthorhombic phase to be less
stable than the conformation of the hexagonal phase.
More recently, Karpfen and Beyer® have investigated the
structure of the infinite poly(oxymethylene) chain by the
ab initio crystal orbital method using a 7s3p/3s basis set.
They find that the conformational state of lowest energy
for the infinite isolated polymer corresponds to an inter-
mediate value of the torsional angle, 70.8°, with a stabi-
lization energy per —CH,0O- units—with respect to the
all-trans conformation—equal to 12.8 kcal mol™l. However,
it may be hazardous to conclude that the stability of
poly(oxymethylene) can simply be inferred from single-
chain calculations. A recent work by Aich and Hagele?
using semiempirical potential functions suggests that the
preference for the hexagonal form (78°) originates from
a subtle balance between the intra- and interchain inter-
actions.

XPS Valence Band Spectra. First, it is important to
recall that it is not until x reaches 5 and 7 that the shape
of the theoretical spectra are satisfactorily stabilized, as
shown in Figure 2 for CH;0-(CH,0-),~CH; (x = 1, 3, 5,
7) and 7 = 63.7°. Accordingly, and from now on, we will
consider the simulated spectra of the three conformations
of CH3;0-(CH,0-),~OCHj; as appropriate substitutes for
the theoretical spectra of the infinite chains in the related
conformations. The simulated valence band spectra of the
three model molecules and the corresponding experimental
spectra of the two existing POM modifications are shown
in Figure 3.

Note that the experimental spectra, after subtraction
of a proportional background, are smoothed in order to
define clearly the position and intensity of the peaks.

Four regions, labeled A-D, can be distinguished. The
binding energy and normalized intensity (with respect to
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Figure 3. Theoretically simulated XPS valence band spectra
of the CH;0-(CH,0-)—CHj molecule in the three conformations,
(a) 7 = 180°, (b) = = 78°, and (d) = = 63.7°, and experimental
valence band spectra of hexagonal POM (c) and orthorhombic
POM (e).

the O(2s) intensity peak) of their characteristic peaks are
displayed in Table III. These regions respectively cor-
respond to one electron states whose atomic orbital con-
tributions are mainly Oy, Cy—0y,, Cyp, and Cyp=0yp. In
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Table III
Position and Normalized Intensities (Printed in Heavy Type) of the Peaks Belonging to Theoretical and Experimental
Valence Band Spectra of POM (AE = 0.1 eV)

hexagonal form

orthorhombic form

peak label® theory exptl theory exptl trans-trans form
Ay 36.8 (27.5)° 1.00 26.1 1.00 37.0 (28.3) 1.60 26.6 1.00 36.4 (27.2) 1.00
A, 34.3 (25.5) 34.3 (25.5)
B, 25.2 (18.7) 0.59 17.6 0.56 25.4 (18.4) 0.61 17.7 0.47 25.2 (18.2) 0.41
B, 21.5 (15.2) 0.33 15.0 0.40 20.5 (14.4) 0.36 15.6 0.41 23.1 (16.5) 0.66
C, 184 (12.8) 0.12 18.2 (12.6) 0.15 124 0.22 17.4 (12.0) 0.08
C, 16.8 (11.5) 0.18 12.0 0.21 11.2 0.24
C, 14.4 (9.6) 0.19 9.5 0.29 17.0 (11.6) 0.17
D, 12.3 (7.9) 0.25 7.2 0.32 13.9 (9.2) 0.24 9.6 0.29 13.2 (10.4) 0.19
D, 9.5 (5.6) 0.38 5.9 0.39 9.7 (5.8) 0.46 6.2 0.35 10.2 (6.2) 0.34

9 Figure 3. ®Values in brackets are E*;, obtained from Ey, calculated values as E’y, = 0.80Ey, — 1.96.

order to facilitate the comparison with experimental data,
the theoretical energy scale is linearly contracted according
to the equation

E'y = 0.80E,, - 1.96

where E,; is the ab initio calculated theoretical binding
energy of the peak and E*; the theoretical contracted
value, which will be used from now on, in comparing both
experimental and theoretical spectra.

1. Comparison between Experimental and Theo-
retical Spectra of POM of the Same Conformation.
When comparison is possible, the theoretical and experi-
mental spectra of POM of the same conformation appear
very similar both from the point of view of their overall
shape and relative peak positions. In regions A and B, the
theoretical simulation are in good agreement with exper-
iment. The predicted lower intensity ratio of the B, peak
versus the B, peak in the orthorhombic form, compared
to the hexagonal one, is experimentally observed in spite
of a noticeable difference in the peak widths. However,
a shift of the B region toward higher binding energies is
to be noticed (see Table III and Figure 3).

Considering the C and D regions of the “orthorhombic”
isomer, the four predicted peaks are experimentally ob-
served and their normalized intensities are satisfactorily
reproduced. However, a significant difference is observed
in the experimental shape of peaks C; and C, which are
not so distinct as the predicted ones (Figure 3d,e). This
is partly due to the overlapping of the B, peak (Cy—0Oy,)
in the experimental spectrum. Their theoretical predicted
values, E'y, 12.1 and 10.8 eV are nevertheless in complete
agreement with the two experimental binding energies
values 12.4 and 11.2 eV, respectively.

In the case of the “hexagonal” isomer, the theoretical
calculations forecast five peaks in regions C and D, while
the experimental curve allows only four to be distinguished
(Figure 3b,c): the experimentally missing C; peak is likely
hidden by the broadening of the B, peak (C4-O,,). The
C, peak, expected at Ey, = 9.6 eV in the form of a shoulder
of the D peak at E%,, = 7.9 eV, appears more intense and
well resolved at the same energy, 9.5 eV, in the experi-
mental spectrum. Finally, the D; peak occurs experi-
mentally at lower binding energy, 7.2 eV, than calculated
and is observed as a shoulder of the D, peak at 5.9 eV.

2, Influence of the Conformation on the Valence
Band Spectra of POM. 2.1. Regions A and B. In all
three simulated spectra, the O, peak is notably insensitive
to conformational modifications, while the Cy—0y or B
region is more responsive to the geometry of the model
molecules. Upon going from 7 = 180° to r = 78° and 63.7°,
this region shows an inversion in the relative intensity of
the B; (18.2 e¢V) and B, (16.5 eV) peaks. The smaller
change in torsion angle 7 from 78° to 63.7°, reflected in

the theoretical spectra by a larger intensity B, /B, ratio
in the hexagonal variety compared to the orthorhombic
one, can still be traced in the experimental spectra (T'able
ITI). These features already provide evidence for confor-
mational influences on the XPS valence band spectra of
poly(oxymethylene).

2.2. Region C. Region C, mainly of Cy;, nature, is more
difficult to analyze because of the low C,, photoionization
cross section, resulting in a weaker signal-to-noise ratio.
Nevertheless, as shown in Figure 3 and Table III, the
emergence of the peak C, and the coming out of the peak
C; could be observed in the theoretical as well in the ex-
perimental spectra of the “hexagonal” POM owing to the
larger torsional angle of the polymeric chains. Once again
the differences between the conformational varieties of
POM in this region of the valence XPS spectra have a
structural origin.

2.3. Region D. Before comparing and discussing the
features of the D region of the XPS spectra of
“orthorhombic” and “hexagonal” poly(oxymethylenes), it
is useful to make a theoretical digression to provide a
deeper understanding of the nature of the topmost occu-
pied molecular orbitals and their evolution with torsional
angle. To simplify the analysis we only consider the case
of the simpler dimethoxymethane molecule. In the upper
part of Figure 4, the skeleton of the molecule is sche-
matically represented for the three r values. In the lower
part of the figure are given the patterns of the 2p atomic
functions, as they occur in the highest occupied molecular
orbital (HOMO) and the next highest occupied molecular
orbital (HOMO-1). They are sorted according to the
Cartesian orientations. The evolution of the one-electron
levels with dominant C,, and Oy, contributions are rep-
resented in Figure 5 with respect to chain length increase
for all three conformations.

It is important to note that the Oy, atomic functions are
the essential constituents to the HOMO and HOMO-1
levels characteristic of the D region. In the tt conformation
the Oy, atomic orbitals in the HOMO undergo a desta-
bilization due to “through bond” interaction, via the -
methylene group where both the C,,, and the Hy, (not
represented in the figure) atomic functions contribute. In
the HOMO-1, the O, atomic functions are essentially
noninteracting. In the gauche forms, as can be seen from
the weights of the atomic functions given in the figure, due
to the torsion angle around the C-O bonds, there is a
reduction in the antibonding character of the HOMO.
Relative to the tt conformation, the destabilization of the
HOMO-1 is seen from the weight pattern of the Cy;, and
O,y functions. These features qualitatively explain the
smaller separation in dimethoxymethane between the
w-type levels indicated in Figure 5 for the gauche con-
formations: 0.10 and 0.23 eV respectively for r = 63.7° and
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Figure 4. Patterns of highest (HOMO) and near highest (HOMO-1) occupied molecular orbitals in the dimethoxymethane molecule
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(mostly O,
and o bancfs for x infinite.

78°, compared to the tt form, 0.82 eV. Our results are in
qualitative agreement with the previously published the-
oretical results by Jorgensen et al.,'>!? based on nonem-
pirical PRDDO molecular orbital calculations. For the gg
form with 7 = 66.7° they obtain a value of 0.01 eV and for
the tt form, 0.69 eV. In this study they also determined

—Cgp character) in ~(CH,0-),~ systems where x = 1, 3, 5, 7, and consecutively on the formation of the corresponding =

by gas-phase UPS measurements the corresponding
splitting for dimethoxymethane, 0.24 eV; for the trans-
1,8-dioxadecaline, considered as a model molecule for the
tt conformation, they measure 0.85 eV.

As expected for molecules of increasing size, the HOMO
and HOMO-1 levels develop into bands of levels. This
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band is particularly large in the case of the tt form and
partially overlapping with the levels denoted n(s) in Figure
5. The corresponding band is narrower for the two gg
forms, owing to the torsion angles, which reduce the
“through-bond” interactions. However, in the case of 7 =
63.7°, the bottom of the w-type band is shifted toward
lower energies compared with 7 = 78°,

This theoretical information can now be compared with
experiment. Here again there is reasonable agreement
between the theoretical and experimental D, and D, peaks,
both in shape and energies. The most significant difference
is in the obvious overestimation by theoretical calculations
of the D,-D, splitting in the “hexagonal” form (see Figure
3). Compared to 7 = 78°, the larger splitting of the n(s)
levels (Figure 5) in the case of 7 = 63.7° leads to a sig-
nificant shift of the D; peak toward higher binding ener-
gies, up to the point that it partially overlaps the top of
the C region, as is indeed observed. Furthermore, as al-
ready mentioned, the bottom of the =-type bands, pre-
dicted to be located at lower energies, is experimentally
verified through the position of the D, peak, 5.9 and 6.2
eV respectively for the “hexagonal” and “orthorhombic”
forms.

Conclusions

Quantum mechanical calculations performed on simple
model molecules representing long polymer chains have
proven to be successful in the prediction and interpretation
of the valence band spectra of the two existing forms of
the poly(oxymethylene). Although the calculations have
been performed with a minimal basis set, STO-3G, and the
intensities of the peaks calculated with the Gelius model,
the theoretical results are generally in good agreement with
experiment. This combined approach is particularly ap-
propriate for identifying conformational signatures in the
valence XPS spectra of these compounds.

Obviously, this study is a first approach, and refinements
are needed at both theoretical and experimental levels.
From a theoretical point of view, it would be interesting
to use a more rigorous method to predict photoionization
spectra, binding energies, and intensities and thereby to
hope, in particular, to determine the reason for overesti-
mating the D; peak shift in the “hexagonal” form. Ex-
perimentally, it would be interesting to confirm the evo-
lution of the highest occupied one electron states by means
of more sensitive and yet better resolved photoelectron
spectroscopies using UV and/or synchrotron radiations.

Finally, the problem is not complete, since only the two
gg forms exist as polymers in nature. However, the tt form
of poly(oxymethylene) could be indirectly studied through
the cyclized form of polyacrolein polymer. Theoretical and
experimental work on such compounds is presently in
progress.
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