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Abstract V¢ have used the NDO approximation to study the convergence
of electrcnic properties of linear polyenes, € nHzn » with increasing
n. V¢ have found that, in terms of the delocalization of the mw-system,
convergence occurs remarkably fast: systems of n>4 have bond-lengths
resembling the infinite polymer. For properties depending on orbital
energies, convergence is less pronounced. However extrapolated values
agree with results, at the same level of approximation, for the band
structure of polyacetylene.
1. INTRODUCTION

In recent years, there is growing interest in the study of
the electronic structure of organic polymers especially after the dis-
covery of unusual properties in the electrical conductivity of acertain
class of these materials". As an example, the fact that the conduc-
tivity of trans-polyacetylene, (C,H,)x, can be varied over thirteen or-
ders of magnitude, by effect of doping, has led to radical proposal
concerning the nature of the mechanism involved?. However continuous,
theoretical progress in the area has been hampered by the need oftaking
into account the periodical structure of those systems, while describing
the electronic interactions at a satisfactory, from a quantum chemistry
point of view, level. Several semlempirical band structure schemes have
been proposed in the Iiteratures_s; there is, however, still a need for
a comprehensive and critical evaluation of the scope and applicability
of those methods. At the ab-initio level, on the other hand, the few
calculatioris presented® indicate that electronic correlations can be
important to the point of affect the interpretation of results. As a
consequence, it seems desirable to examine the possibility of infer the
electronic properties of polymers based on calculations performed on
the corresponding finite chain molecules - the oligomers.

In this work, we study the rate of convergence of the degree

of alternation of single and double bonds between carbon atorns in the



fami ly of trans—isomers of linear polyenes (CZn with the pro-

‘ H2n+2)’
gressive increase on the length of the chain. |n the corresponding jp-
finite polymer, polyacetylene, this alternation responds for the semi~-
conductive properties of the material. As a matter of fact, the very
question of the existence of this alternative on polyacetylene s of
historical interest. Early quantum chemistry models, based on the con-
cept of m-electron delocalization, predicted identical bond lengths =
and consequent mettalic character - for the material’. Peierl's theorem
for one-dimensional solids® on the other hand, would lead to an insta-
bility of the system with regard to dimerization = in termsofthe elec~
tronic bands, a gap would appear between valence and conduction states.

The question was settled after the synthesis of the material
in the 60's and its semiconductor character - with a gapof 14 eV?- have
been established. However, it is a well known fact in organic chemistry
that conjugated m-electrons systems are delocalized in small molecules,
and that the degree of delocalization increases with the length of the
m-electrons backbone. Therefore, it still remains to be examined the
question of how fast the bond lengths in the family of linear polyenes
would converge to the values predicted for polyacetylene!® (1.35 R and

1.44 X, for double and single bonds, respectively).

2. METHODOLOGY AND RESULTS

Recentiy, Duke!! has obtained good agreement between the
photoemission spectra of linear conjugated polymers and results for the
density of valence states extrapolated from energy level calculations
for the 16 carbon atoms corresponding ol igomers. However, the semi-em-
pirical scheme employed (CNDO/S3) is parametrized to reproduce spectro-
scopic data and, therefore, was not suitable for conformational studies.
On the other hand, use of ab-initio methods was not recommended due to
the size of the systems to be examined.

We have used then the semiempirical approximation NDO, inthe
versions CND0O/2 and INDO (hereafter, referred as CNINDO) of Popiel?.
These schemes lead to good results for the equilibrium geometry of
simple organic rnolecules. In order to reduce the number of variables to
be optimized, at this stage we kept constant the total length of two

consecutive single and double bonds.
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It is well known that if the delocalization is complete, the
bond lengths become equivalent (1.40 R for benzene). In case of partial
delocalization, the increase on the length d of double bonds is equal
to the decrease on the length s of the single bonds.

Our procedure was then, for each n, to optimize the variable
x, where d = 1.40 R - x and s+d =2.80 R. we have adopted the geometry
of the trans isomers, with the angles of two consecutive CC bonds being
kept constant and equal to 120° (Fig.1). The results for the bond lengths
were identical for the methods CNDO/2 and INDO, and are presented on
Table 1. The rate of convergence is remarkably fast: in terms of
electronic delocalization, and consequent relaxation of bond lengths,

the n=4 oligomer has already the same properties of the polyacetylene.

Fig.l - Example of the adopted geommetry for the linear polyenes in the

CNINDO calculations. In this case n=k.

Table 1 - Evolution of the lengths of double, d = 1.40-x, and single,
s = 1.40+x, bonds with the increase of the chain for linear polyenes
CZnH2n+2' Results are for the rnethod CNINDO. Bond Lengths in R.

n 1 2 3 4 5 6 7

x 0.08 0.06 0.06 0.05 0.05 0.05 0.05
d 1.32 1.34 1.34 1.35 1.35 1.35 1.35

s - .46 1.46 1.45 .45 1.45 1.45
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Notwithstanding the fact that the absolute values of total
energies calculated by the CNINDO method are not meaningful, one should
note that the increase in energy per addition of each C,H, group in con-
stant (15.16 Hartrees for INDO). The energy levels, however, do not
evolve in order to form a compactness structure that could resemble
bands. The separation Ae between the highest occupied and Jlowest wun-
occupied levels also evolve slowly (Table 2). These values must be com-
pared with the excitation energy of the order of 2.2 eV found experi-
mentally as the limiting value for the series of linear polyenes”_”.

In the method above, however, we have not included the re-
laxation due to the termination of the chain. To include those end ef~
fects, we have repeated the calculation using the MNDO'® method, with
geometry optimization. All geometric parameters — bond lengths, and bond
and dihedral angles — were optimized for each case. The results (Fig.2)
indicate that relaxation is confined to the terminal bonds. There is
a rapid damping of those effects along the chain. Results of Fig. 2 re-
inforce the idea that, if one disregards the terminal bonds, the oli-

gomer chains rapidly converge to the geometry of the infinite polymer.
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Fig.2 = MNDO optimized CC bond length results. Convention: Ax =2, en =3,

Xn=4, On=5 Bn=6. Points were connected to help visualization.
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As one would expect, the molecules are essentially planar, in spite of
the fact that the angles C = C- Care now of the order of 1250. As a
example, in Fig. 3 we present the optimized geometry and charge dis-
tribution for the n=4 oligomer, CaHlo. As before, tne increase inenergy
per addition of each C,H, group is constant (now 10.43 Hartrees). The

evolution of AE is again slow (Table 2).

3. CONCLUSIONS

Our calculations indicate that different properties converge
to the resuilts of the infinite system in different ways. Although geo-
metrical characteristics of the polyacetylene are already presentinthe
n=h oligomer, orbital energies evolve at a much slower rate to struc-
tures which could resemble bands. This conclusion is in agreement with
recent ab-initio results for oligomers with n s 4 &,

V¢ have used polynomial expansions in n to extrapolate the
values for the gap energy, Eg, and for the width of the conduction band,
A. Corresponding experimental values are Eg ™~ 1.4 eV and A ™~ 4 eVll_17
Since the semiempirical schemes we have used are parametrized to repro-
duce geometrical data, one should not expect to obtain good agreement
for results which depend on the orbital energies. Accordingly, extra=-
polation with basis on a third-degree polynomial, for the CNINDO re-
sults, lead to Eg v 6.7 eV and A a 144 eV. Similar extrapolation for
the MNDO calculation gives Eg v 6.4 eV. Even if these results show that
those methods are not appropriate toc describe excitation energies, it
is important for the present study to note that these values are in
reasonable agreement with CNDO/2 band structure results for poly-
acetylenel!®?!® (7.4 eV and 15.1 eV, respectively).

The fact that the rate of convergence of geometrical par-
ameters with the progressive increase of the tength of the chain is re-
markably fast has important implications for the studyofconformational
defects on polyacetylene. Defects of this kind, which results from a
break of the regular alternation of single and double bonds, have been
associated to the charge carriers in dopped polyacetylenez. The sim-
plicity of the calculations here presented open now the possibility for

the study of those defects using finite chains.
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Fig.3 - MO resultg for the n=4 oligomer. a) optimized geometry.

b) net charge on different atoms.

Table 2 - Evolution of the energy separation Ae between the highest

occupied level and the lowest unoccupied tevel with the increase of n.

Ae | INDO| 21.34 | 16.42 14.03 12.23 11.33 10.71 10.26

(evV) {MnDO| 11.50 9.53 8.53 7.98 7.63 7.46 -
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Resumo

A aproximacdo NDO foi usada para estudar a convergéncia de
propriedades eletronicas dos polienos lineares CppHyn4n, com O aumento
da cadeia. En termos da deslocalizacao do sistema de efétrons T, a con-
vergéncia € notavelmente rapida: polienos de n Z 4 ja apresentam geome-
tria semelhante ao do polimero infinito. Convergéncia de propriedades
que dependam das energias dos orbitais € menos pronunciada. Entretanto,
a extrapolagdo dos valores encontrades leva a boa concordancia com re-
sultados obtidos por calculos de banda, no mesmo nivel de aproximacgao,

para o poliacetileno.
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