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Results of first-principles calculations on polyethylene [poly-(CH2)] and polytetrafiuoroethylene
[poly-(CF2)] are reported. We have optimized the carbon-carbon bond lengths for polyethylene, and
using the optimized value we have considered structures in which the carbon backbone is assumed
helical both for polyethylene and for polytetrafluoroethylene. The calculated bond lengths and
valence-band structures are compared with those of other theoretical approaches and with experi-
mental data. It is finally discussed why polyethylene has a planar carbon backbone whereas
polytetraAuoroethylene is nonplanar.

I. INTRODUCTION

Due to the simplicity of the chemical unit of po-
lyethylene, CHz, this polymer is a standard test case for
new developments in techniques for calculating the elec-
tronic structure of polymers, and there exist a number of
papers reporting results of calculations at difFerent levels
of sophistication, including semiempirical calcula-
tions, ' ' parameter-free Hartree-Pock calcula-
tions, ' Hartree-Pock calculations with perturba-
tional inclusion of correlation e6'ects, and parameter-
free calculations within the density-functional forrnal-
ism. ' In contrast to poly acetylene with the even
simpler chemical unit, CH, polyethylene is a large-gap in-
sulator, so the problems related to slow lattice-sum con-
vergences of the orbitals near the optical gap are small
for polyethylene.

Recently, Seki and co-workers ' have performed
angle-resolved photoemission experiments on
CH3(CHz)3~CH3, and from the results they derived the
valence-band structures of polyethylene. This was the
first direct observation of the valence-energy-band disper-
sions of an organic solid. In their first paper they com-
pared their bands with a large number of theoretical band
structures. They concluded that rescaling and shifting
those calculated by Karpfen' (who used an ab initio
Hartree-Fock approach) gave the best reproduction of
their data, and that the agreement with the bands derived
from the density-functional calculations ' was very
pool.

We have recently developed a first-principles, density-
functional method for performing self-consistent calcula-
tions on isolated, helical, periodic, infinite polymers,
and will here report its applications to polyethylene. One
of the purposes of the present paper is to demonstrate
that this method gives valence-band structures in good
agreement with the experimental ones, and, therefore,
that the above mentioned failures of the density-

functional calculations in reproducing the experimental
valence bands are related neither to the density function-
al formalism nor to the local approximation.

Whereas the carbon backbone of polyethylene is planar
(i.e., the angle y between adjacent planes of three neigh-
boring carbon atoms is y=180'), its fluorine-substituted
derivative polytetrafluoroethylene ("Teflon, " poly-CFz)
has a nonplanar carbon backbone with y=160' —165'.
Another purpose of the present paper is a first-principles
examination of this structural diA'erence between the two
polymers.

In Sec. II we brieAy introduce our computational
method, which has been described in detail elsewhere.
In Sec. III we report our optimized value of the carbon-
carbon bond lengths for polyethylene with a planar car-
bon backbone and compare it with other theoretically op-
timized values" ' as well as with experimental
values. ' We also report calculated valence-band
structures and compare them with the experimental
ones: Seki eg gl. 7 have given a detailed account of
most of the previous theoretically derived band structures
and a comparison with those is therefore not included
here. %'e neglect the formal lack of correspondence be-
tween the calculated single-particle eigenvalues within
the density-functional formalism and electronic excita-
tions energies, since experience has shown this to be a
good approximation. We also present the total-energy
and band structures as a function of y. In Sec. IV we
similarly report our results on the total energy and band
structures as a function of y for polytetraAuoroethylene.
Here the results are compared with those of other
theoretical approaches ' ' ' ' ' and with experimental
photoelectron spectra. ' The two compounds are com-
pared in Sec. V, and we conclude in Sec. VI.

II. METHOD OF COMPUTATION

The self-consistent calculations are performed within
the density-functional formalism ' using the local ap-
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proximation of von Barth and Hedin. The eigenfunc-
tions to the single-particle Schrodinger-like equations are
expanded in linear muffin-tin orbitals (LMTO's) as de-
scribed in detail elsewhere. ' An LMTO is defined as
follows: The three-dimensional space is divided into
(nonoverlapping) mulFin-tin spheres —each with a nucleus
at its center —and the interstitial region containing no nu-
clei. Basis functions, electron densities, and potentials are
expanded numerically inside the spheres and analytically
outside them. An atom-centered LMTO is then defined as
being the (numerical) eigenfunction to the spherically
symmetric potential of the sphere of the atom of interest
matched continuously and di6'erentiably to a spherical
Hankel function (times a spherical harmonic) on the
sphere boundary. Inside any other sphere the Hankel
function is replaced by the numerical functions of that
sphere such that the function is smooth everywhere in
space.

For a. single, infinite, periodic, helical polymer the
primitive symmetry operation is a combined translation
of h and rotation of u. Here the zigzag symmetry (e.g. , of
planar polyethylene) can be represented by a helical
structure with v=a.. For the polymer we define Bloch
waves formed by the atom-centered LMTO's defined in
loca/ right-handed coordinate systems with the z axis
parallel with the polymer axis and the x axis pointing
away from it. Thus, for (CR2)„(R being hydrogen and
fluorine for polyethylene and polytetraAuoroethylene, re-
spectively) one unit cell contains only one CR2 unit.

The angle y between two adjacent planes of three
neighboring carbon atoms is related to v through

cosu =
—,'(1 —cosy )(1—cosa) —cosa

with cx being the C—C—C bond angle.
The sizes of the muffin-tin spheres were kept constant

for all calculations of each polymer, and we furthermore
used the same size of the carbon spheres for both com-
pounds. The 1s electrons of carbon and Auorine were
treated within a frozen-core approximation. The basis
sets contained s, p, and d functions on all sites. It consist-
ed of two functions per atom and (l, m) set, but nearly
linear dependent linear combinations were excluded.

Since the present approach requires a full self-
consistent calculation for each set of nuclear coordinates
it is a tremendous task to explore all details of the total
energy as a function of nuclear configurations. We have
therefore chosen to vary only a few coordinates keeping
the rest fixed at reasonable values. For polyethylene with
a planar backbone we varied only the C—C bond lengths
believing that variations in this geometrical parameter
would lead to the largest changes in the physical proper-
ties of the material. In the rest of the calculations [both
for (CH&) and for (CFz)„] we fixed the value of this pa-
rameter at the optimized value (i.e., the value that gave
the lowest total energy in the first set of calculations) and
varied only y. For polyethylene this is a reasonable ap-
proximation when y deviates only little from 180'. For
polytetraAuoroethylene this approximation might be
worse since we use a bond length optimized for another
polymer. However, since the C—C bonds are formed by
almost ideal carbon sp hybrids the replacement of hy-

drogen with fluorine is expected to lead only to minor
modifications in the C—C bond lengths. We therefore be-
lieve the essential physical properties of both polymers to
be explored throughout this limited set of calculations.

The geometrical parameters were chosen as follows.
The two planes defined by one carbon atom and its two
nearest carbon neighbors and the same carbon atom and
its two nearest hydrogen or Auorine neighbors were as-
sumed to be perpendicular. Moreover, the pairs of two
hydrogen (or fluorine) atoms were assumed to be placed
symmetrically about the plane of the three neighboring
carbon atoms. We kept the C—C—C and H—C—H
bond angles fixed at the experimental values for po-
lyethylene, ' i.e., 112' and 107', respectively. These
values are close to the ideal value, 109.5, for tetrahedral-
ly coordinated carbon atoms. For polytetraAuoroethylene
the F—C—F bond angles were kept also at 107'. For the
C—H and C—F bond lengths we chose the values 2.02
a.u. and 2.48 a.U. , respectively.

III. RKSUI.TS FOR POLYETHYLENE

For fixed bond angles and C—H bond lengths we
varied the C—C bond lengths for the polyethylene struc-
ture with a planar zigzag carbon backbone. The lowest
total energy was found for C—C bond lengths of 2.87 a.u.
This value is in good agreement with the experimental
values 2.89 a.u. from x-ray scattering ' and 2.98 a.u.
from neutron scattering, as well as with the theoretical
values 2.91 a.u. from semiempirical calculations, ", and
2.95 a.u. from ab initio Hartree-Fock calculations. '

In Fig. 1 we depict our calculated valence-band struc-
tures for the optimized structure together with the latest
experimental data by Fujirnoto et al. as read oF from
their figure. The experimental data have been shifted up-
wards by 2 eV. Furthermore, the band structures of Fig.
1 correspond to only considering translational symmetry,
such that one unit cell contains two CH2 units.

Unfolding the bands of Fig. 1 for a helical structure
that has a unit cell with one CH2 unit we recognize three
valence bands of which the lowest one and that band
defining the top of the valence bands are of o. symmetry
with respect to reQection in the plane of the carbon nu-
clei. The other band is of ~ symmetry.

Except for the constant shift of 2 eV the overall agree-
ment between theory and experiment is good. The data of
Fujimoto et al. are an extension of those published by
Seki et al. and do not change the conclusions of Seki
et al. Since, furthermore, Seki et a/. have given a very
detailed comparison between their data and a large num-
ber of theoretical band structures we will here only de-
scribe the general trends of the results of the other
theoretical approaches. For more details the reader is re-
ferred to Ref. 27.

%'e calculate the total valence-band width to be 17.4
eV, in good agreement with the experimental value of
'16.2 eV. Most of the ab initio Hartree-Fock calcula-
tions yield a total valence band width of about 20 eV,
whereas the various semiempirical "neglect-of-
difFerential-overlap" methods [complete neglect of
differential overlap (CNDO), modified neglect of diatomic
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FIG. 1. The calculated (solid curves) band structures for the
optimized structure of planar polyethylene shown as functions
of a dimensionless k variable with k =0 being the zone center
and k = 1 the zone edge. The Brillouin zone is that correspond-
ing to a unit cell of two CH2 units. Also shown {the circles) are
the angle-resolved photoemission data by Seki and co-workers
(Refs. 27 and 28). The latter have been shifted upwards in ener-

gy by 2 eV.

overlap (MNDO}, modified intermediate neglect of
diff'erential overlap (MINDO}, and intermediate neglect
of differential overlap (INDO)] predict the width to be
much too large, i.e. 30—40 eV. On the other hand, the
Huckel calculations give roughly the correct width, about
17 eV. Finally, the earlier density-functional calculations
yield 17.9 eV (Ref. 25) and 14.8 eV (Ref. 26), which is in
reasonable agreement with the experimental value. As
demonstrated by Seki et a/. , most of the calculations
giving reasonable total bandwidths predict other quanti-
ties (like the width of the two lowest valence bands, that
of the four upper valence bands, or the gap between the
two sets of valence bands) at significant variance with the
experimental values.

The width of the lowest valence band we calculate to
be 7.2 eV (experimental value: 7.2 eV), and the total
width of the upper two valence bands is found to be 8.9
eV (experimental: 6.7 eV). The finding that the upper
width is larger than the lower is in contrast with the re-
sult of most other calculations.

Experimentally it is found that the bottom of the upper
valence bands is not at the zone center (see Fig. 1). This is
in disagreement with our findings as well as with those of
the other theoretical approaches. This indicates that the
interpretation of the experimental data may not be fully

correct. Especially, the determination of the so-called
inner potential in the solid (see Refs. 27 and 28} might be
connected with some uncertainty.

We calcu1ate the ionization potential to be 5.1 eV,
which is considerably smaller than the experimental
values 9.6—9.8 eV, ' ' whereas Seki et a/. report a
value of 8.8 eV, which according to them is to be in-
creased by 0.5 eV in order to be compared with the re-
sults of calculations on a single chain. The ab initio
Hartree-Fock calculations yield 10—13 eV, the semiempir-
ica1 CNDO, MNDO, INDO, and MINDO give 9—12 eV
(except for three at 4.9, 7.0, and 8.3 eV, respectively), the
Huckel calculations give 12—13 eV, and, finally, the densi-
ty functional calculations give 11.3 and 12.8 eV, respec-
tively.

Thus, our absolute position of the band structure seems
to be o8'by approximately 2—4 eV. However, a compar-
ison with the even simp1er compound polyacetylene,
(CH), supports our results. Trans-polyacetyiene is pla-
nar with a zigzag carbon backbone and one hydrogen
atom per carbon atom in the same plane. The uppermost
valence band is formed by carbon p orbitals perpendicu-
lar to the plane of the nuclei, and is thus of m symmetry.
The orbitals of this band are fairly delocalized and do not
have a counterpart for polyethylene. The rest of the
valence bands are formed by localized orbitals of o. sym-
metry and can accordingly be compared with the bands
for polyethylene. For this compound one of us has re-
cently reported results of calculations similar to those re-
ported here. ' The ionization potential was found to be
in good agreement with the experimental value. Further-
more, for both polyacetylene and polyethylene the bot-
tom of the valence bands is formed essentially by carbon s
orbitals and is at —22 to —23 eV. Finally, the top of the
o. valence bands for polyacetylene is very Rat and at ap-
proximately —8.5 eV, which is in good agreement with
the Hat parts of the uppermost valence bands for po-
lyethylene. Therefore, we find the results on polyace-
tylene and on polyethylene to be in agreement with each
other. Since the results on polyacetylene are consistent
with experimental findings we suggest the reported exper-
imental ionization potential to be related to the second
and third highest valence bands, which have large Aat
parts in a sma11 energy interval, and not to the highest
valence band, which gives only a small density of states at
the top of the valence electron energies. This reinterpre-
tation will bring the discrepancy between our calculated
and the experimental ionization potential down to about
2 eV consistent with that for the photoemission data.

In the next set of calculations we fixed also the C—C
bond lengths (at the optimized value, i.e. 2.87 a.u. ) but as-
sumed the dihedral angle between two neighboring planes
of three neighboring carbon atoms to deviate from 180'.
In Fig. 2 we show the resulting relative total energy per
CH2 unit. Both Imamura' and Morokuma have reported
results of similar calculations but with semiempirical
methods (extended Hiickel in Ref. 1, and CNDO in Ref.
2). Their total energies are much less sensitive to varia-
tions in y than ours are. Thus, for y=150 we found a
relative total energy of roughly 2 eV, whereas Irpamura
found 0.2 eV and Morokuma found 0.05 eV. %"e have no
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from the bandwidths. For instance, for y =160 (155 ) the
total valence-band width is 16.6 eV (16.3 eV), the width
of band 1 is 6.8 eV (6.6 eU), and the total width of bands
2+3 is 7.9 eV (7.5 eV). These values should be compared
with those quoted above for y=180 (17.4 eV, 7.2 eV,
and 8.9 eV, respectively).

IV. RESULTS FOR POLYTKTRAFLUOROKTHYLKNK

-f.0
f80.0 f70.0 f60.0 150.0

(deg)

FIG. 2. Relative total energy per CH2 unit for polyethylene as
a function of the dihedral angle y between two neighboring
planes of three neighboring carbon atoms. Straight lines are
drawn connecting the data points.

direct explanation of this discrepancy, but the results to
be reported in the next section on polytetraAuoroethylene
suggest that the semiempirical methods significantly un-
derestimate the total-energy variations upon screwing the
polymer.

In Fig. 3 we depict the band structures for three select-
ed values of y (175', 165', and 155', respectively). For
y =175' [Fig. 3(a)] we easily see how the bands 2 and 3
show an avoided crossing and comparing with Fig. 1 we
see that for y =180' they become of difFerent symmetry
(o and vr) and are crossing. As y is reduced the splitting
between them is increased, and for y=1S5' we in total
have three well separated valence bands. As functions of
decreasing y the orbitals interact less as can be visualized

For polytetraAuoroethylene we fixed all geometrical
parameters except for the dihedral angle y as described
in Sec. II.

In Fig. 4 we show the valence-band structures for
@=180 (i.e., the structure with the planar zigzag carbon
backbone) as well as for y = 165'.

The o, and m, bands in Fig. 4(a) are mainly formed by
the symmetric and antisymmetric combinations of atomic
Auorine 2s orbitals. The o2 band corresponds to the
lowest valence band of polyethylene, and is largely
formed by carbon orbitals. The other two valence bands
of polyethylene (see Figs. 1 and 3) have large hydrogen
components and have therefore no direct counterparts
for polytetraAuoroethylene.

%'hen reducing y from 180' no bands may cross as for
instance shown in Fig. 4(b), but otherwise the differences
between Fig. 4(a) and Fig. 4(b) are only small.

The total valence-band widt'h is calculated to be 25.4
eV for y = 180' and 25.0 eV for y = 165'.

Other theoretical calculations on the valence band
structures of polytetraAuoroethylene include extended
Hiickel calculations by McCubbin, CNDO calculations
by Morokuma, semiempirical so-called simulated ab ini-
tio molecular-orbital (SAMO) calculations by Duke and
O' Leary, ab initia Hartree-Fock calculations by Otto et
al. ,

' and density-functional calculations by Falk and
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FIG. 3. Valence-band structures for polyethylene for difFerent values of the dihedral angle y: (a) @=175', (b) y=165, and (c)
y = 155 . The unit cell contains one CH2 unit, and k =0 (k = 1) corresponds to the zone center (zone edge).
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FICs. 4. Valence-band structures for polytetrafluoroethylene
for two values of the dihedral angle y: (a) @=180' and (b)
y=165. The unit cell contains one CF2 unit, and k =0 and
k = 1 correspond to the zone center and zone edge, respectively.

Fleming, and by Kasowski et al. For a helical
geometry McCubbin reported a total valence-band width
of 31 eV, whereas Morokuma found it for y =180' to be
over 40 eV, and Duke and O' Leary reported 35 eV also
for y=180'. The Hartree-Fock approximation inherent
in the SAMO and CNDO approaches used above ex-
plains the larger bandwidths of those compared with
ours. Similarly, the ab initio Hartree-Fock valence-band
width of Otto et al. is larger (about 33 eV) than ours.

It is more surprising that the density-functional calcu-
lations by Falk and Fleming lead to a valence-band width
of over 30 eV, but as argued elsewhere, their results on
polyacetylene disagree in many respects with results, of
other methods and with experiments. In their discussion
of the valence bands for y = 180 Kasowski et a/. have ex-
cluded the two lowest bands. The remaining ones are
found to have a total width of 14.8 eV, somewhat larger
than the 12.9 eV we 6nd. Since the experimental valence
bands for polyethylene agreed well with ours but to a
lesser extent with those of Falk and Fleining and of
Kasowski et al. , we believe our valence bands for
polytetraAuoroethylene to be the most accurate ones ob-
tained within the density-functional formalism.

Pireaux and co-workers have in two papers ' report-
ed results of theoretical extended Huckel calculations and
experimental x-ray photoelectron spectra (XPS) on
polytetraAuoroethylene. Their calculations were for a pla-
nar carbon backbone, whereas in the experiments, of
course, the backbone was helical. They reported a calcu-
lated total width of the two lowest valence bands to be
2.2 eV according to theory compared to a 3.7 eV experi-
mental width. Our results indicate that this width de-
pends on y, being 3.3 eV for y=180' and 4.5 eV for
y = 165', in good agreement with the experimental values.

There are larger discrepancies regarding the absolute po-
sition of these two bands: the Huckel calculation gave
around —40 eV, experiments around —35 eV, and we
find roughly —30 eV. We find the total width of the
upper seven valence bands to be about 13 eV; the XPS re-
sults gave approximately 14 eV, and the Huckel calcula-
tions gave also about 13 eV. In contrast to this, the ab in-
itio Hartree-Pock calculations by Otto et al. ' predicted
this width to be significantly larger (roughly 19 eV) as
often is the case for Hartree-Fock calculations. The total
valence-band width we find to be 25 —26 eV, in reasonable
agreement with the theoretical result of Pireaux et al.
and in good agreement with their experimental result (30
eV and 27 eV, respectively), and smaller than the value
(33 eV) by Otto et al. ' Thus, except for a constant shift
that might be related to both experimental and theoreti-
cal uncertainties we find good agreement between our cal-
culated valence bands and the XPS data of Pireaux et

l 38,39

In Fig. 5 we plot the relative total energy per CFz unit
as a function of y. We notice that there is a minimum for
y slightly less than 180' although the optimal value of y
is larger than the experimental one. Compared with the
similar curve for polyethylene (Fig. 2) the total energy is
here found to depend more strongly on y.

Similar curves for the total energy as a function of y
have been presented by Morokuma obtained with the
semiempirical CNDO method and by Otto et al. ' calcu-
lated with the ab initio Hartree-Fock method. Morokuma
finds essentially no di6'erence between the results for po-
lyethylene and polytetrafluoroethylene, and, furthermore,
a much weaker dependence on y. Also Otto et al. And a
weaker dependence on y but have only presented results
for polytetraAuoroethylene. Both predict a local max-
imum for y around 120, but that of Otto et a/. is approx-
imately 1 order of magnitude larger than that of Moroku-
ma. Thus, the results by Morokuma seem to predict too
weak dependencies of the total energy on y. The bond
lengths used by Otto et a/. were slightly larger than those
used by us, i.e. 2.91 a.u. for C—C bonds and 2.60 a.u. for

~ 3.0

W 2.0
C4)

g 10

0.0 &

-1.0
180.0 170.0 160.0 150.0

(deg)
FIG. 5. Relative total energy per CFz unit for

polytetrafluoroethylene as a function of the dihedral angle y.
Straight lines are drawn connecting the data points.
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C—F bonds versus 2.87 a.u. and 2.48 a.u. , respectively.
This difference explains at least partially the differences
in the relative total-energy curves.

We would finally like to point out that the curves in
Figs. 2 and 5 are to be taken with some caution: In a
complete investigation all the other geometrical parame-
ters (i.e., C—C and C—F or C—H bond lengths and
C—C—C and F—C—F or H—C—H bond angles)
should be relaxed for each fixed value of y.

V. COMPARISON BETWEEN POLYETHYLENE
AND POLYTKTRAFLUQROK'IHYLENE

y= 180' (160'} these numbers are 1.90 (1.90) electrons in-
side each carbon sphere and 0.31 (0.32) electrons inside
each hydrogen sphere. These numbers are contrasted by
the equivalent numbers for polytetraQuoroethylene: For
y=180' (160') we find 1.81 (1.85) electrons inside each
carbon sphere and 3.34 (3.35) electrons inside each
Auorine sphere. Thus, there is a non-negligible interaction
leading to a noticeable redistribution of the electron den-
sity for polytetraAuoroethylene not recovered for po-
lyethylene. In total we believe the combined efFect of the
electrostatic interactions and the orbital interactions to
be the reason for the structural difference between the
two compounds.

The most striking difference between polyethylene and
polytetrafluoroethylene is the planar versus twisted car-
bon backbones. We will here discuss some of the similari-
ties and differences that might be of relevance in under-
standing this structural difference.

PolytetraOuoroethylene has a larger carbon —to-side-
group electron transfer than polyethylene has because of
the strong Auorine electronegativity. This also shows up
in the calculated numbers of valence electrons inside the
carbon muffin-tin spheres for the two compounds (since
we use the same size of the spheres), being (for y = 180 )

1.90 and 1.81, respectively. Thus, although poly-
tetraQuoroethylene contains more electrons per unit cell
than polyethylene, less are inside the carbon spheres.
Therefore, one might speculate that by decreasing y the
electrostatic repulsion between the side-groups is re-
duced. However, this is only partly true, since simultane-
ously with the increase in some side-group —side-group
distances others decrease. In this context some of the
most important interatomic distances are those between
the atoms attached to next-nearest carbon neighbors. For
polyethylene these are 4.76 a.u. and 5.76 a.u. for y =180'
changing to 4.96 a.u, and 4.83 a.u. for y=l60. For
polytetraAuoroethylene these equivalently change from
4.76 a.u. and 6.21 a.u. for @=180' to 5.04 a.u. and 5.01
a.u. for y =160'. Thus we do not believe a simple electro-
static repulsion to be the sole reason for the preference of
a helical form for polytetrafluoroethylene.

The ionic radius of a F ion is 2.57 a.u. (Ref. 49) which
is larger than half of the smaller of the above mentioned
interatomic distances for the

fluorine

atoms in
polytetraAuoroethylene. Thus, the fluorine atoms are ex-
pected to interact with each other. This is also evident
from the y dependence of the o,-m, splitting mentioned
in the preceding section. However, the bond length of the
F2 molecule (2.67 a.u. , Ref. 50) is considerably smaller
than the present F—F interatomic distances, but for a
partially negatively charged F2 molecule we expect a
significant increase in the bond length. Thus, upon vary-
ing y the electronic orbitals of the Auorine atoms of
next-nearest carbon neighbors interact differently in con-
trast to polyethylene for which those of the hydrogen
atoms do not interact. These variations in the interac-
tions of the orbitals will cause small but noticeable varia-
tions in the electronic distributions. We can quantify
these variations by using the number of valence electrons
inside the muffin-tin spheres. For polyethylene and

VI. CONCLUSION

We have applied the first-principles, full potential,
density-functional, LMTO method for helical polymers
on various geometries of polyethylene and of
polytetraAuoroethylene.

For a polyethylene structure with a planar carbon
backbone we have optimized the C—C bond lengths
keeping all other bond lengths and all bond angles fixed.
The optimized value was found to be within a few percent
of experimental values and of other theoretical values.

The valence-band structures for the optimized po-
lyethylene structure are—except for a constant shift of
about 2 eV—in good agreement with experimental
angle-resolved photoemission data in contrast to most
other theoretical approaches. By comparing with the re-
sults of similar calculations on polyacetylene we argued
that the absolute position of the bands for polyethylene as
derived from the experimental data might be recon-
sidered. As a consequence of the observed good agree-
rnent the earlier reported failures of density-functional
methods in obtaining valence-band structures agreeing
with the experimental bands is not to be ascribed the
density-functional formalism or the local approximations
hereto.

By allowing the structures to be helical we found—
within a very limited variation in the geometrical
parameters —the structure with a planar carbon back-
bone to have the lowest total energy for polyethylene.

This was contrasted by results of similar calculations
on polytetraAuoroethylene for which a structure with a
small helical distortion away from that with a planar car-
bon backbone was found to have the lowest total energy.

We argued that not only electrostatic interactions but
also orbital interactions were responsible for this
structural difference between the two compounds.

Finally, the band structures of polytetraAuoroethylene
were found to be in good agreement with XPS data, ex-
cept for a constant shift.
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