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When Agreement Depends on the Model:
Structural Representation Effects in
Oligomer and Periodic DFT Calculations
of Conjugated Polymers
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Department of Chemistry and Industrial Chemistry, University of Genoa, Italy

Abstract

Oligomer extrapolation and Periodic Boundary Condition (PBC) calculations are routinely used to predict
the electronic properties of conjugated polymers, and their agreement is often taken as evidence of
methodological reliability. We argue that such agreement is not determined by the electronic-structure
method alone, because periodic calculations also embed structural assumptions regarding repeat-unit
definition, conformational freedom, and model dimensionality. Using polythiophene as an illustrative
example, we find that reasonable variations in these assumptions can produce changes in predicted
electronic gaps comparable to those commonly interpreted as agreementbetween oligomeric and periodic
approaches. In some cases, the periodic representation does not reproduce the structures approached by
the oligomer series, and the predicted properties differ accordingly. This means that agreement between
oligomeric and periodic calculations may be influenced by the choice of periodic model as much as by
the underlying electronic-structure method. When oligomeric and periodic calculations do not agree, the
reason can sometimes be quite straightforward: the two calculations are not describing exactly the same
structure. In the present examples, the definition of the repeat unit, the conformational freedom allowed
by the periodic model, and its dimensionality all affect the predicted properties and the comparison with
oligomer-based estimates.
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Introduction

Band-gap prediction remains one of the most common objectives of electronic-structure
calculations on conjugated polymers and two complementary computational strategies
are commonly employed. In the oligomer approach, finite chains are treated with standard
molecular quantum-chemical methods and their properties are extrapolated towards the
polymer limit [1-3]. In the periodic approach, the infinite material is described directly
through a unit cell subject to periodic boundary conditions, and the electronic structure is
obtained from the corresponding band dispersion [4]. Because these approaches originate
from fundamentally different representations of the same system, comparisons between
oligomer-based and periodic calculations have attracted considerable attention and have
been reported for a wide range of conjugated polymers, including polythiophene and related
systems [5-7]. Such comparisons are usually discussed in terms of chain length, exchange-
correlation treatment, and basis-set effects [1-7]. Yet even for a fixed electronic-structure
method, the periodic representation of a polymer is not unique. Different choices of repeat
unit, conformational freedom, and dimensionality can lead to different periodic models of the
same material. These choices may influence the calculated electronic structure even when the
electronic-structure methodology itself remains unchanged. In the present contribution, anti-
and syn-polythiophene conformations, denoted hereafter as trans- and cis-polythiophene,
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respectively, are used as illustrative examples to examine how
periodic-model construction can affect the comparison between
oligomer-based and periodic descriptions. The aim is not to provide
a comprehensive discussion of the underlying computational
results, which will be reported elsewhere, but rather to consider
the methodological implications of these observations and their
relevance to the interpretation of electronic-structure calculations
on conjugated polymers.

Structural Representation
Comparisons

and Oligomer-PBC

The examples discussed below illustrate how the structural
representation adopted in a periodic calculation can influence
comparisons with oligomer-based estimates. All calculations

were performed at the B3LYP/6-311G** level using the periodic
implementation available in Gaussian 09 [8,9]. Throughout this
work, band gaps are defined consistently as Kohn-Sham frontier-
orbital energy differences, corresponding to HOMO-LUMO gaps
for oligomers and HOCO-LUCO gaps for periodic models. The
focus of the present work is not the absolute prediction of band
gaps, but the comparison of oligomeric and periodic descriptions
within a common computational framework. Rather than seeking
the most accurate gap value, the aim is to examine how different
periodic representations affect the comparison between the two
approaches. B3LYP was therefore chosen for consistency across the
two approaches and because it provides reasonable geometries for
polythiophene systems. Figure 1 summarizes the results obtained
for several periodic representations of trans-polythiophene.
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Figure 1: Calculated band gaps of trans-polythiophene obtained from different periodic representations at the
B3LYP/6-311G** level. The vertical dotted line indicates the polymer-limit value obtained by linear extrapolation
of oligomer HOMO-LUMO gaps up to the decamer (1.94eV). Values in parentheses indicate deviations from the
extrapolated limit.

a) Repeat wunits: The influence of periodic-model
construction is first illustrated by the choice of repeat unit. For
trans-polythiophene, the calculated gap decreases from 2.17eV
for a two-ring periodic representation (2T,) to 2.07eV for the 4T,
model and remains unchanged for the larger 8T, cell (Figure 1). The
effect is relatively small and appears to converge rapidly. The only
substantive difference between these calculations is the way the
periodic cell is defined. The electronic-structure method, functional,
and basis set are identical in all three calculations. What changes
is the structural freedom allowed by the periodic representation.

In the 2T, model, a single inter-ring dihedral is optimized and
repeated throughout the chain, whereas the 4T model allows three
independent dihedrals. The smaller cell therefore represents a
specific structural assumption rather than a purely technical choice.
From this perspective, cell construction should be regarded as part
of the physical model used to describe the polymer.

b) Conformational freedom: The anti/syn conformational
problem provides a second example. In the oligomer series,
the cis-polythiophene structures progressively evolve toward
a helical backbone as chain length increases. By contrast, the
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corresponding one-repeat-unit periodic model converges to
a nearly linear structure. As a consequence, the periodic gap
(1.63eV) lies substantially below the extrapolated oligomer
value (2.21eV). The comparison therefore involves structures
that differ markedly in their conformational characteristics.
The more planar periodic backbone would be expected to favor
greater electronic delocalization and a smaller gap. The resulting
difference in geometry provides a plausible explanation for the
observed discrepancy. A periodic calculation based on a helical
geometry derived from the dimer produces a considerably larger
gap (2.96eV), suggesting that the conformational arrangement may
play an important role. The significance of this result, however,
would require further investigation using more realistic periodic
models.

c) Dimensionality: Athird exampleconcernsdimensionality.
Replacing the one-dimensional 2T, representation with a two-
dimensional model derived from the experimental packing
arrangement of oligothiophenes lowers the calculated gap from
2.17 to 1.91eV [10]. Interpreting the origin of this difference is not
straightforward because dimensionality, intermolecular contacts,
and structural relaxation all vary simultaneously. Regardless of
their individual contributions, the result shows that extending
the model beyond an isolated chain changes the predicted gap by
approximately 0.26eV. Such behavior is consistent with previous
studies highlighting the role of intermolecular interactions in
conjugated-polymer electronic properties [11].

d) What does agreement mean? The examples above
can be viewed in relation to the quantity typically used to assess
agreement between oligomeric and periodic approaches. Relative
to the extrapolated trans-polythiophene value of 1.94eV, the
deviations are +0.23eV for the 2T, cell, +0.13eV for the AT, cell, and
-0.03eV for the 2D model. These differences arise from changes
in the periodic representation, since the polymer, functional, and
basis set remain unchanged. The resulting spread of about 0.26eV
is comparable to the level of agreement that is often considered
acceptable when different computational approaches are compared
or when calculated and experimental gaps are discussed. Under
these circumstances, the apparent quality of the agreement may
depend not only on the electronic-structure method but also on the
structural assumptions embedded in the periodic model. The cis-
polythiophene exampleillustrates arelated point. The disagreement
between oligomeric and periodic calculations is considerably
larger, consistent with the fact that the two calculations correspond
to different structural descriptions of the polymer. The oligomer
series evolves toward a helical backbone, whereas the periodic
model converges to a nearly linear arrangement. In this situation,
interpreting the comparison independently of the underlying
difficult.
discussed above suggest that agreement is not determined by the
computational method alone. It also depends on how the polymer is
represented. In this context, repeat-unit definition, conformational
freedom, and dimensionality become part of the comparison itself,
rather than secondary details of its implementation.

structural representation becomes The examples

Conclusion

Comparisons between oligomer extrapolation and periodic
DFT calculations are often framed in terms of finite and infinite
chain descriptions. The examples discussed here suggest that
this perspective does not capture the whole picture. Repeat-unit
definition, conformational freedom, and dimensionality can all
influence the calculated gap and, consequently, the apparent level
of agreement between oligomeric and periodic approaches. The
main implication is methodological rather than computational.
Agreement or disagreement between oligomer-based and periodic
calculations cannot be interpreted independently of the structural
assumptions embedded in the periodic model. In the examples
considered here, changes in the periodic representation affect
the comparison even when the electronic-structure method itself
remains unchanged. These observations do not diminish the value
of either oligomer extrapolation or periodic calculations. Rather,
they highlight the importance of considering how the polymer
is represented when the two approaches are compared. Greater
attention to repeat-unit definition, conformational freedom,
and dimensionality may help place apparent agreement, or
disagreement, in its proper structural context.
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