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LOCAL-DENSITY FUNCTIONAL APPROACH TO CHAIN POLYMERS 

J. W. MINTHIRE and C. T. WHITE 
Naval Research Laboratory, Washington, DC 20375 

M. L. ELERT 
U. S. Naval Academy, Annapolis, HD 21402 

Abstract A first-principles, self-consistent 
computational approach for determining the electronic 
properties of chain polymers has been developed. The 
local-density functional formalism in conjunction with a 
linear combination of atomic orbitals approximation 
using a Gaussian basis can then be used to calculate 
band energies and one-electron wave functions for chain 
polymers. Using perturbation theory, these results can 
be used to calculate theoretical x-ray and ultraviolet 
photoelectron spectra. Calculations have been performed 
for polyacetylene and the heterocyclic ring chain 
polymers. The resulting photoelectron spectra for 
polyacetylene are shown to be in excellent agreement 
with experiment. ' In addition, a theoretical prediction 
is made for the photoelectron spectra of polythiophene. 

Organic conducting chain polymers have recently been an area 

of intense experimental and theoretical effort. Much of 

this work has been stimulated by the growth of films of 

polyacetylene and other related polymers that can be 

chemically doped to give large changes in their con- 

ductivities. Polyacetylene is the prototype for such 

polymers; unfortunately, polyacetylene is extremely 

sensitive to oxidation by air and water. One group of 

polymers which demonstrate good conductivities and improved 

environmental stability in the oxidized state are the 

331 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
55

 2
0 

Fe
br

ua
ry

 2
01

3 



338 J. W. MINTMIRE era/. 

heterocyclic ring chain polymers, such as polypyrrole and 

polythiophene. Here we present some preliminary theoretical 

results from our studies of the photoelectron spectra of the 
heterocyclic chain polymers. 

Recently we have developed a new method for calculating 

one-electron band-structures for chain polymers.2 9 

method is based on a linear combination of atomic orbitals 

local-density-functional scheme (LCAO-Xa) previously 
described. Our earlier calculations on polyacetylene have 

demonstrated the accuracy of the LCAO-Xa method for the 
electronic structure of polyacetylene. Using first-order, 

time-dependent perturbation theory and a semiclassical 

description of the radiation-matter interaction, we can also 

calculate first-principles cross-sections which describe the 

experimental x-ray (XPS) and ultraviolet (UPS) photoelectron 
spectra of chain polymers. 3 9  

differential cross-sections are calculated for bound-to-free 

transitions from an initial state to an outgoing plane wave. 

The transition matrix elements which generate the 

appropriate cross-sections can be calculated analytically 

from our LCAO-Xu band energies and one-electron wave- 
functions. 

disregards the presence of local nuclear-centered potentials 

on the scattered states, our calculations indicate that this 

approach yields excellent results. Figure 1 depicts our 

results for trans-polyacetylene using band structure results 

from earlier calculations with a 7 ~ 3 ~ 1 3 s  basis3 for 

photoelectron spectra corresponding to incident photon 

energies of 1254 eV (XPS) and 40.8 eV (UPS). Our calculated 

results were compared with the experimental XPS data of 
Brundle (reported by Grant and BatraS) and the UPS data of 

Salaneck, et a1.6 

This 

Within this model, the 

Even though the outgoing plane wave assumption 

The background has not been subtracted 
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FIGURE 1. Photoelectron spectra for polyacetylene. 
Solid lines are theoretical calculations, dashed lines 
are experimental results without background 
subtraction. 

from the experimental results and the thresholds of the 

experimental results were shifted to align with the 

theoretical Fermi level. We note excellent agreement 

between theory and experiment in the XPS results in both the 

general lineshape and the peak locations at roughly -6, -11, 

and -17 eV. Agreement between theory and experiment is also 

excellent in the UPS results. This latter result is 

somewhat unexpected because the outgoing plane wave 

approximation should worsen as the kinetic energy of the D
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340 J. W. MINTMIRE er al. 

outgoing electron decreases. The agreement, however, in the 

UPS results indicates that this approach can give meaningful 

results for a broad range of incident photon energies. 

We have also calculated the electronic band structure 

of polythiophene. Polythiophene is believed to have a 

geometry with the thiophene rings joined together by bonds 

at the a sites on the rings adjacent to the sulfur atoms7, 

as depicted in Figure 2. The bond lengths and bond angles 

FIGURE 2. Geometry of polythiophene. 

for thiophene used in our calculations were taken from 

MNW8 calculations optimized on a five ring chain of 

thiophene monomers. In implementing our local-density 

functional calculations we used a 6s4p basis set for 

sulfurlo, a 4s2p basis set for carbon, and a 2s basis set 

for hydrogen.1l 

was 1.473 eV. This result is consistent with the 

experimentally suggested value of 2.1 eV1* and our earlier 
findings that the LCAO-Xu method typically gives band gaps 

for polymers of 50-707; of the experimental value.3-13 

Theoretical UPS and XPS spectra (corresponding to incident 

photon energies of 40.8 eV and 1480 eV) for polythiophene 
are presented in Figures 3 and 4. The sharpness in the peaks 

The calculated band gap for polythiophene 
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FIGURE 3 .  UPS (40.8 eV) theoretical photoelectron 
spectrum of polythiophene. 

in both the UPS and XPS results at about - 3  eV mainly derive 

from a flat band at - 3  eV arising from the sulfur lone-pair 

with the broader shoulder structures from the Fermi level to 

about -5 eV arising largely from polyacetylene-like pi 
states on the carbon backbone. Because the sulfur lone-pair 

will be to some extent coupled with the carbon backbone 

states, we expect that the sharpness of our theoretical 

peaks at - 3  eV will be somewhat broadened in experimental 

results owing to disorder effects and the resultant 

distributions of local environments around the individual D
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342 1. W. MINTMIRE et al. 

__  . 

FIGURE 4 .  XPS theoretical photoelectron spectrum of 

polythiophene. 

sulfur nuclei. Unfortunately, published experimental 

results for the UPS and XPS of polythiophene are not yet 

available. When these results do become available, we 

anticipate that the theoretical results of Figures 3 and 4 
will prove to be in excellent agreement with experiment, 

establishing the predictive capability of our first- 

principles approach. 
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