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Evolution of various physical properties of finite conjugated

systems with increasing molecular size is studied using the

self-consistent-charge density-functional tight-binding (SCC-

DFTB) method. We usually observe a transition from the

finite to the infinite regime for surprisingly short molecular

chains containing only 20–30 monomer units of cis-butadiene,

cyclopentadiene, pyrrole, furan, and thiophene. Such a

fast convergence of equilibrium geometries, induced atomic

charges, electron densities of states (DOS) and energy

gaps, dipole and quadrupole moments, and polarizabilities

is particularly striking considering the presence of strong

p-conjugation.
Convergence in the size evolution of majority of molecular
properties of conjugated systems occurs for surprisingly short

molecular chains.
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction The main idea of this study is to
investigate the rate of convergence in the evolution of
various physical properties of p-conjugated oligomers with
the increasing length of the system. In the limit of an infinite
chain, the studied systems converge toward polymers. Thus,
it would be natural to think that also the properties of
the finite oligomers should converge toward those of the
polymers. This concept is a foundation of the so-called
‘‘oligomer approach’’ [1–11] used for experimental and
theoretical determination of properties of infinite polymers.
A natural, theoretical alternative to the oligomer approach
are the usual techniques of solid-state physics dealing with
infinite systems equipped with translational symmetry. Both
of these methodologies were used in a number of studies to
investigate a variety of physical properties of extended
systems ([11–43], to cite only a few). However, none of these
publications was fully devoted to a systematic analysis of the
rate of convergence of the aforementioned properties. Here,
to investigate the evolution,we explicitly consider oligomers
built of the following trans-connected monomers: cis-1,3-
butadiene, cyclopentadiene, pyrrole, furan, and thiophene. In
principle, two mesomeric forms are possible for the studied
systems, aromatic and quinoid (or trans-cisoid and cis-
transoid, respectively) [20, 44], which differ by the relative
position of double bonds in the carbon backbone. Since itwas
demonstrated [40] that the former structure is substantially
lower in energy, we consider only the aromatic-like
oligomers and polymers. Note that the resulting infinite
structure obtained from cis-1,3-butadiene is distinct from
that one of all-trans-cisoid polyacetylene that was studied
previously [34, 45, 46]. We focus on the rate of convergence
of the following physical properties: equilibrium structures,
HOMO–LUMO energy gaps, electronic densities of states,
distributions of Mulliken charges, dipole and quadrupole
moments, and polarizabilities. Our main interest lies in
determining how rapidly the aforementioned properties
saturate towards a constant value in the interior of the
oligomers. Also, we want to find out the minimum length of
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Phys. Status Solidi B 249, No. 2 (2012) 307

Original

Paper

Figure 1 (online color at: www.pss-b.com) Schematic representa-
tion of the structure of the investigated oligomers. The square
brackets depict the unit cell used in the solid-state calculations.
the oligomer chain for which the properties are indistin-
guishable from those of a given polymer. Selected properties
of the systems studied here were already investigated either
theoretically or experimentally in a number of studies. A
complete review of these studies is out of scope of the present
work. However, the concise compilation of references given
here for the polymers and oligomers built of the acetylene
[33, 46–49], cyclopentadiene [18, 19, 32, 33, 44, 48], pyrrole
[12, 19, 23, 32–35, 42, 43, 48, 50–53], furan [19, 32–35, 42,
48, 50, 52], and thiophene [19, 32–35, 42–44, 48, 52, 54, 55]
units is supposed to give a representative sample.

The theoretical tool used for our analysis is based on
the self-consistent-charge density-functional tight-binding
(SCC-DFTB) method [56–59], which can be considered as a
simplified version of density functional theory (DFT). The
SCC-DFTB energy expression is derived as a second-order
Taylor expansion of the DFT energy with respect to density
fluctuations. It has been extensively tested on various types
of carbon-containing compounds showing that the reaction
energetics, equilibrium geometries, and vibrational frequen-
cies can be reproducedwith accuracy comparable to DFT for
a wide group of molecules including hydrocarbons, full-
erenes, nanotubes, and small organic molecules [57, 60–64].
Using SCC-DFTB gives us the advantage of investigating
extendedmolecular systems necessary to study the evolution
of properties, which converge only in the limit of very large
oligomers containing hundreds of atoms. An argument in
favor of using SCC-DFTB for the analysis of p-conjugated
systems is the successful application of this method in
studying analogous properties of finite and infinite linear
carbon chains [65]. A comparison with experimental and
more advanced theoretical results demonstrated good
performance of the approximate approach, which was
successfully used in our group for a number of interesting
applications [66–75]. Another very important advantage of
using the SCC-DFTB method for our investigation is the
possibility of a direct comparison with the analogous solid-
state results. It should be stressed that we use here the same
SCC-DFTB Hamiltonian within the frameworks of both
quantum chemical and solid-state machineries. Thus, the
solid-state calculations provide us with an excellent bench-
mark for the evolution of physical properties in oligomers.

2 Computational details Wehave considered expli-
citly five families of one-dimensional polymers: trans-cisoid
polyacetylene, polycyclopentadiene, polyfuran, polypyr-
role, and polythiophene. The size of the corresponding finite
oligomers has varied from a single monomer (m¼ 1) unit to
50 monomer units (m¼ 50). The heavy-atom backbones of
the models used in this study are planar. Vibrational analysis
has shown that this is indeed their equilibrium geometry. A
schematic geometrical representation of the studied systems
is shown in Fig. 1. In addition to the quantum chemical
calculations for the finite oligomers, we have performed
calculations for the infinite polymer chains (m¼1) using a
standard solid-state SCC-DFTB approach. The unit cell used
in these calculations – shown in Fig. 1 in square brackets – is
www.pss-b.com
composed of two monomer units. Weak interchain inter-
actions, structural defects, and dielectric shielding effects
present in real three-dimensional crystals have been
neglected. We believe, however, that these effects are not
dominant and our models are still closely related to
experimentally investigated structures.

The geometry optimization and energy calculations
have been performed using a FORTRAN-based SCC-DFTB
code developed by Porezag and co-authors [56]. The
force convergence criterion for geometrical optimization
is 10�7 a.u. and the SCC convergence threshold is
10�12 hartree. For the solid state calculations, the DFTBþ
program [76] has been used. For each system, the initial unit
cell structure has been extracted from the central region of
the longest studied finite oligomers (50-mer). The lattice
vectors perpendicular to the main axis of each polymer have
been set to 100 Å to simulate a quasi-one-dimensional
periodic structure. The positions of atoms within the initial
unit cell and the remaining lattice constant a have been
optimized (with 500 k-points) to yield a structure corre-
sponding tominimal energy. After obtaining the equilibrium
geometry of the unit cells, we have used 500 k-points
between 0 and p/a to sample the band structure of each 1D
polymer and to construct the electronic density of states
(DOS) plots.

3 Results and discussion
3.1 Evolution of equilibrium structures We have

computed equilibrium SCC-DFTB geometry for a series of
finite oligomers built of cis-butadiene, cyclopentadiene,
furan, pyrrole, and thiophene. The distribution of equi-
librium bond lengths for the infinite polymers (solid black
line) and for the longest studied oligomers (solid red line) is
shown in Fig. 2. It is clear that both distributions are almost
identical for all the considered systems. The only difference
concerns a few small peaks associated with the terminal
monomers. A brief inspection of Fig. 3 shows that the
relative magnitude of these ‘‘terminal’’ peaks decays with
the growing length of the oligomer and that in the limit of an
infinite number of the monomer units each family of the
distributions shown in Fig. 2 would be identical. This
observation gives us the first important conclusion of
this study, which states that the equilibrium geometry of
an infinite system can be accurately accessed using the
corresponding finite-length model. A natural question
arising from this observation is how long the oligomer chain
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (online color at: www.pss-b.com) Bond length distribu-
tions for the studied systems. Black line represents the distribution
obtained from the solid-state calculations and the red line, analogous
distribution for longest studied oligomer (50-mer).Note that the two
distributions almost perfectly overlap.

Figure 3 (online color at: www.pss-b.com) Convergence of the
bond length distributions for the studied oligomers.
should be to reproduce the geometric parameters of the
polymer. Figure 2 shows that 50-mers are more than
sufficient for this purpose. In fact, Figs. 3 and 4 demonstrate
that convergence of the equilibrium bond lengths and angles
is obtained much faster; they reach the bulk limit for
approximately 15–20 monomer units. The most dramatic
changes in molecular geometry are observed for very short
oligomer chains (m¼ 1–10). Our results demonstrate that
such short chains should not be used for modeling the
properties of polymers. However, the analysis of the
presented data suggests that already a 20-mer makes an
adequate geometrical model of an infinite polymer chain
(for details see Section 4 and Table 3). Since the differences
in the bond distributions for the finite and infinite systems
come mainly from the effect of the terminal units, we have
investigated in detail the behavior of selected bond lengths
and bond angles as a function of their position in the chain,
using the finite 50-mer of pyrrole as a representative of all the
systems under study. The results are presented in Fig. 4
for two bond lengths and two bond angles. The results are
more than surprising; they show that the effect of the finite
termination is very local and is limited only to the 3–4
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
monomers adjacent to the terminal unit. To highlight this
effect, we have also plotted in Fig. 4 the limit value obtained
from the corresponding solid state calculations. The whole
interior of the 50-mer of pyrrole is virtually identical to
the structure of the infinite polymer. The effect of finite
termination is limited only to a few terminal units, regardless
of the length and type of the studied model. This observation
gives us the second important conclusion of this study,which
states that the equilibrium structure of the infinite polymer
chain can be obtained by inspecting the interior of relatively
short oligomer chains built of approximately 20 monomer
units.

3.2 Evolution of HOMO–LUMO energy gaps
Experimental and theoretical investigations of the energy
gaps of conjugated polymers via the analysis of the HOMO–
LUMO gaps of a series of finite oligomers received
considerable attention [33, 35, 40, 42, 44, 48, 77]. The
computed HOMO–LUMO gaps for the five families of
studied oligomers are presented in Fig. 5. The convergence
of the HOMO–LUMO gaps towards the corresponding
polymer band gaps seems very fast. However, closer scrutiny
of Fig. 5 shows that the actual behavior is more complex. For
oligomers of certain length, the HOMO–LUMO energy gap
dependence on the reciprocal of the number of monomers
m slowly begins to change from linear to quadratic [41].
www.pss-b.com
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Figure 5 (online color at: www.pss-b.com) HOMO–LUMO gaps
of the oligomers as a function of the reciprocal of the chain length.
The inset gives the extrapolated m ! 1 values obtained from the
second-order polynomial fit. Note that the ten shortest oligomers are
excluded from the fit.

Figure 4 (online color at: www.pss-b.com) Selected bond
lengths and bond angles as a function of the position in the chain
of the 50-mer of polypyrrole. Thin solid line represents the
corresponding values for the polymer, obtained from the solid-state
calculations.
Deviations from the linear trend are initially very subtle and
one has to study quite long oligomers (20-mers, 30-mers, or
even longer) to obtain a distinct quadratic dependence
allowing for the proper (quadratic) extrapolation procedure
[35]. The slow change in the nature of dependence the
HOMO–LUMO gap with respect to 1/m was the source of
Table 1 HOMO–LUMO gaps [eV] of selected oligomers and the
computed with respect to the solid-state SCC-DFTB result.

HOMO–LUMO gaps

tc-PA PCp

value error (%) value error (%)

10-mer 1.211 24.3 1.045 33.6
20-mer 1.046 7.4 0.865 10.6
30-mer 1.008 3.5 0.821 5.0
40-mer 0.994 2.1 0.805 2.9
50-mer 0.987 1.3 0.797 1.9
polymer extrapolated 0.964 1.0 0.768 1.8

solid-state 0.974 0.782
exp. [reference] 1.5 [11]

www.pss-b.com
serious inaccuracies in a number of the reported polymer
band gaps, obtained by applying the linear extrapolation
procedure to the oligomer results [12]. Our estimates of the
band gaps for the systems under study, using a quadratic fit
for the longest 40 structures (so that the linear region is
avoided) yields values almost identical to the actual energy
gaps in infinite polymers obtained from the solid state SCC-
DFTB calculations. The convergence of the HOMO–LUMO
gaps for oligomers toward the band gaps of the correspond-
ing polymers is demonstrated in Table 1. Note that for the
longest studied finite chains, the HOMO–LUMO gap itself
constitutes a good estimate of the value that can be obtained
from the analogous solid-state calculations.

3.3 Evolution of electronic DOS distributions
The electronic density of states (DOS) is defined in solid state
physics as an integral of one-electron energy levels over the
Brillouin zone. In practice, however, only a finite number of
Brillouin zone’s points are sampled and the electronic DOS
band gaps of the corresponding polymers. The relative error is

PPy PFu PTh

value error (%) value error (%) value error (%)

2.444 6.5 1.975 9.7 1.412 14.7
2.337 1.8 1.851 2.8 1.292 5.0
2.314 0.8 1.824 1.3 1.264 2.7
2.306 0.5 1.814 0.7 1.252 1.7
2.302 0.3 1.81 0.5 1.247 1.3
2.291 0.2 1.796 0.3 1.227 0.3
2.295 1.801 1.231
2.85 [12] 2.35 [15] 1.8 [78]

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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is obtained as a superposition of a finite number of the
discrete energy levels. To ensure smooth character of DOS
constructed in such a way, the discrete energy levels are
usually smeared out using a Gaussian envelope of constant
width (sometimes referred to as the relaxational broadening
[23]). The equivalence of these two procedures in the limit of
large number of sampling points suggests that the electronic
DOSs can be also constructed using the set of discrete one-
electron energy levels (i.e., orbital energies) of finite
oligomers. This idea was used by Salzner et al. [32] to show
in a qualitative way that the orbital levels of oligomers
develop in the infinite limit into the band structures of the
corresponding polymers. We have further tested this
hypothesis in a quantitative way by plotting the resulting –
finite and infinite – electronic densities of states in Fig. 6.
Since SCC-DFTB employs minimal atomic basis sets, it is
only meaningful to analyze the resulting DOSs around
the Fermi level. To facilitate the analysis of these graphs, the
peaks corresponding to the occupied energy levels (valence
band) have shaded area, while those corresponding to
the virtual energy levels (conductance band) are depicted
with a solid line. The electronic DOSs for finite oligomers
presented in Fig. 6 show a surprisingly fast convergence
toward the infinite limit. Already for less than 10 monomer
units, the finite DOSs are very similar to the one of the
Figure 6 (online color at: www.pss-b.com) Convergence of the
electronic DOS for all the considered models.

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
polymer. The electronic DOSs for the longest studied
oligomers (m¼ 50) are practically indistinguishable from
those obtained in the solid state calculations. Similar
observation was previously made for polypyrrole [23], for
which the DOS for oligomers built of six monomer units and
the DOS for the corresponding polymer were closely related.
Note that for each of our finite length oligomers, there
are some tiny additional peaks present in every DOS.
These spurious peaks correspond to the energy levels of the
terminal hydrogen atoms. Obviously, the relative magnitude
of these peaks decreases with the growing size of the chain
and it is reduced to zero in the infinite limit.

3.4 Evolution of charge distribution Another
important molecular quantity studied in this work is the
electronic charge distribution. The induced atomic charges
are computed using the Mulliken population analysis. First
we discuss the distribution of the Mulliken charges along
the longest studied oligomer chains. Figure 7 shows the
Mulliken charges on the heteroatoms. The most striking
feature is nearly instantaneous convergence of the Mulliken
charge to the bulk value. The effect of the chain boundaries is
visible only at the two terminal monomers. All the remaining
monomers have virtually the same Mulliken charge as the
infinite polymer. Figure 8 shows the change of Mulliken
charges along the p-conjugated chains of carbon atoms. The
C2v symmetry of the monomer units implies the presence of
Figure 7 (onlinecolor at:www.pss-b.com)Mullikenchargeon the
heteroatom (or carbon of theCH2group) as a functionof the position
in the chain for the studied 50-mers. The corresponding solid-state
values are depicted with thin red line.

www.pss-b.com
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Figure 8 (online color at: www.pss-b.com) Mulliken charges on
the carbon atoms as a function of their position in the conjugated
oligomerbackboneof the studied50-mers.Thecorresponding solid-
state values are depicted with thin red and blue lines. Note that each
carbon atom within a monomer is depicted with a different color.

Figure 9 (onlinecolor at:www.pss-b.com)Mullikenchargeon the
nitrogenatomasafunctionof theposition in thechainfor theselected
pyrrole oligomers. The corresponding solid-state value is depicted
with thin red line.
two pairs of carbons with identical charges, Ca (blue and
black) and Cb (green and red), as defined in Fig. 8. The
symmetry enforces the same behavior in the corresponding,
infinite polymer chains. Therefore, we expect that similar
behavior can be also observed for the finite oligomers.
Analysis of Fig. 8 shows that such a symmetry charge
distribution is indeed observed in oligomers, as long as
a given monomer is not located too close to the chain
boundary. The charges at the two–three terminal units
deviate from the values calculated for the corresponding
polymers, but the charges at all the remaining monomers are
virtually indistinguishable from those in polymers. Again,
the rate with which the charges reach the bulk value is quite
striking.

Eventually, let us inspect the evolution of the Mulliken
charges with the elongation of the oligomer chain. The
detailed analysis performed above for the 50-mers reveals
that the Mulliken charges reach constant values already very
close to the boundaries of the finite oligomers. This suggests
that the interior of the chain will not be affected even after
substantial reduction of the chain length. The illustration of
www.pss-b.com
such a behavior is given in Fig. 9, which shows the
distribution of the Mulliken charge on the nitrogen atoms
in a series of finite oligopyrroles. The nature of the chain
interior is preserved even in the 10-mer, which is a little
surprising since the central part of such a short chainmight be
expected to ‘‘remember’’ its molecular origin. The presented
results show, however, that the evolution of the Mulliken
charges with the elongation of the oligomer chain is one of
the most rapidly convergent properties among those studied
in this work.

3.5 Evolution of dipole moments The oligomers
built of an even number of monomers possess an inversion
center (see Fig. 1) and therefore do not have any dipole
moment. The situation is quite different for the oligomers
with an odd value of m. The dipole moment in each of the
considered monomers is oriented along the C2 symmetry
axis. Adding another monomer results in another identical
dipole oriented along the same direction but with the
opposite sign. It is clear that in a dimer – and analogously
also in longer oligomers with even m – these two dipoles
cancel out yielding a non-polarmolecule, which is consistent
with the presence of the inversion center. In oligomers with
oddm complete cancellation is impossible. A short reflection
on the value of the dipole moment in oligomers with odd m
shows that it should be comparable in magnitude to the
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10 Magnitude of the dipole moment of the odd-m oligom-
ers. Note that for all the even-m oligomers, and for the polymer, the
dipole moment vanishes due to symmetry reasons.

Figure 11 (online color at: www.pss-b.com) Evolution of the
quadrupole moment components (normalized per monomer unit)
with growing length of the oligomer chain.
dipole of a monomer.We have plotted the absolute values of
the dipole moments as a function of m in Fig. 10. The
presented plots look very much alike. The dipole moment is
reduced upon the elongation of the chain by 0.01–0.15D.
This change is the most pronounced for short chains. For
chains longer than 11 monomer units, the absolute value of
the dipole moment is practically constant. These results
show that the modulus of the dipole moment is a rapidly
converging molecular property and the bulk value is
obtained already for m> 11.

3.6 Evolution of quadrupole moments The mol-
ecular quadrupolemoment (QM) is a symmetric second rank
tensor with six independent components [79]. Within the
SCC-DFTB formalism, the QM tensor Q is defined via a
discrete summation over the Mulliken atomic charges
� 20
Qij ¼
Xatoms

A

DqArAi r
A
j ;
where DqA is the inducedMulliken charge on atomA and rAi
and rAj are the Cartesian coordinates of the atomA. Note that
owing to the discrete character of the charge distribution in
the SCC-DFTB formalism, all the components of Q related
to the z coordinate – i.e., the coordinate perpendicular to the
plane of the studied molecules – are identically equal to zero
for all the studied systems except for polycyclopentadiene.
11 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Therefore, it is sufficient to investigate the evolution of the
tensor components related to the products of the x and y
coordinates only. Moreover, for the molecules possessing
the C2v point group symmetry, i.e., for all the oligomers
built of odd number of monomers, it is required for
symmetry reasons that Qxy ¼ 0. It is assumed that the x and
y are the in-plane molecular axes with the y-axis coinciding
with the Imin principal axis of tensor of inertia.

The components of the QM tensor grow with the length
of the investigated oligomers. To facilitate the comparison
of this property for systems of different sizes, in Fig. 11 we
show Qxx, Qyy, and Qxy normalized per monomer unit. The
reduced tensor components seem to approach constant
values; this suggests that the dependence of the QM tensor
components on size of the system may become linear
for sufficiently long oligomers. The convergence toward
linearity is more pronounced and seemingly faster for Qxx

than for Qyy. The result for Qxx is not surprising, since its
linear growth is a simple consequence of an increasing
number of repetitive units. More complicated mechanism
seems to be responsible for the relatively slow convergence
of Qyy and Qxy. Simple pictures based on physical intuition
fail to explain the dependence as the QM tensor components
result from a delicate balance originating from a cancellation
of a large number of similar terms. Another rather surprising
observation for even-m oligomers is a significant discre-
pancy between the relative orientations of the principal axes
www.pss-b.com
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Figure 12 (online color at: www.pss-b.com) Evolution of the
polarizability invariants (normalized permonomer unit) with grow-
ing length of the oligomer chain. Black color corresponds to the
averaged polarizability, ~ah i, and the red color, to the polarizability
anisotropy, ~a . The analytical fits to the computeddata are depicted
of the tensor of inertia and the principal axes of the QM
tensor. For these systems, the molecular point group (C2h)
does not determine any particular directions in the xy plane.
Taking into account strong geometrical asymmetry of the
molecule and the interpretation of quadrupole moment as a
measure of deviations of the charge distribution from
sphericity, one might expect that the principal axes of both
tensors would be similarly oriented. However, our calcu-
lations show that this is not the case. On one hand, the
anisotropy of the tensor of inertia and the orientation of its
principal axes are naturally rooted in the shape and size of the
molecule. On the other hand, the molecular geometry does
not seem to have a strong influence on the anisotropy and
orientation of the quadrupole moment tensor. Even for the
longest studied even-m oligomers, the in-plane principal
axes of theQM tensor do not coincidewith the corresponding
principal axes of the tensor of inertia. The value of the angle
between the long axes depends mainly on the type of
heteroatom and varies from 0.088 for the 50-mer of furan to
42.468 for the 50-mer of cyclopentadiene. The signalized
here unexpected characteristic of the quadrupole moment
tensor calls for an extensive study of this property in
extended conjugated systems.

3.7 Evolution of polarizabilities The molecular
polarizability has been vigorously studied for a variety of
extended conjugated systems [48, 50–52, 80–85]. Here, we
analyze the trace and the anisotropy of the polarizability
tensors
ani

using blue lines.

www
ah i ¼ 1

3
axx þ ayy þ azz

� �
;

aani ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
aA þ 3aB

r
;

where
aA ¼ axx � ayy

� �2 þ axx � azzð Þ2 þ ayy � azz

� �2
;

aB ¼ a2
xy þ a2

xz þ a2
yz;
as these invariants are of direct, practical importance in
theories of optoelectronics and intermolecular forces [86].
For the sake of clarity, we present these quantities as
the values per monomer: ~ah i ¼ ah i=m and ~aani ¼ aani=m.
The renormalized invariants converge to constants when the
additivity limit is reached. The results of our calculations are
shown in Fig. 12. One can easily observe the convergent
behavior of ~ah i and ~aani. However, careful scrutiny of the
graphs shows that saturation limits are not reached for any
of the investigated systems. The convergence appears to be
faster for the oligomers containing aromatic rings. In order
to obtain saturated values of ~ah i and ~aani, we adopt the
.pss-b.com
formula of Schulz et al. (Eq. (3.1) on page 455 in Ref. [82]):
~am ¼ ~a1 � c � exp � m

msat

� �
;

which was successfully applied for modeling the evolution
of polarizabilities for conjugated oligomers [82] and carbon
nanotubes [87]. Here, ~am denotes either of the polarizability
invariants calculated for the m-unit oligomer, and ~a1 is
an analogous quantity of the hypothetical infinite chain.
In the ideal case, the prefactor c should be equal to ~a1
since for m¼ 0 the polarizability must vanish. However,
by allowing c to vary, one can obtain a better fit to the
calculated data, and consequently, a more accurate value of
~a1. The parameter msat is characteristic for a given type
of oligomers; its large value indicates slow convergence of
the polarizability invariants with growing m. The optimum
parameters for all the studied oligomer systems are
presented in Table 2.

In the context of the present study, one of the most
important question is how long should the oligomer chain be
to accurately reproduce the linear scaling of the polariz-
ability invariants. By means of the formula given above and
the fitted parameters, we have calculated the number of
monomer units necessary for the polarizability invariants to
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2 The polarizability invariants [in a.u.] extrapolated to
m¼1. The effective conjugation length m0.99 denotes the length
of the oligomer chain, for which ~ah i and ~aani reach 99% of their
saturated values. For the meaning of the remaining parameters, see
text.

a1 c msat m0.99

trans–cis-polyacetylene ~ah i 322 324 13.0 60
~aani 910 967 13.1 61

polycyclopentadiene ~ah i 335 331 16.4 75
~aani 922 987 16.7 78

polypyrrole ~ah i 78 51 6.9 29
~aani 174 141 7.5 33

polyfuran ~ah i 94 72 8.0 35
~aani 223 200 8.6 39

polythiophene ~ah i 169 144 10.0 44
~aani 435 424 10.3 47
reach 99% of their saturated values. This quantity – further
referred to as m0.99 – can be regarded as a good estimate of
the p-electron delocalization along the oligomer chain.
Evidently, the shortest chains for which the required
accuracy is achieved are those corresponding to the pyrrole
oligomers (29 monomer units) and the furan oligomers (35
monomer units). The convergence of ~ah i is the slowest for
the all-carbon oligomers, which require 60 and 75 monomer
units for trans–cis-polyacetylene and trans-polycyclopenta-
diene, respectively, to obtain the necessary accuracy.
Nevertheless, this analysis shows that the oligomer approach
is essentially capable of reproducing the polymer polariz-
abilities, even though the convergence is much slower than
for the geometry and charge related properties.

4 Conclusions We have studied the evolutions of
geometry, electronic DOS and energy gaps,Mulliken atomic
charges, dipole and quadrupole moments as well as
polarizabilities for five series of linear oligomers containing
from one to 50 monomer units. The monomers are cis-
butadiene, cyclopentadiene, and three most common hetero-
cyclic rings: furan, pyrrole, and thiophene. We have found
that the majority of the studied properties show prominent
convergence towards constant values regardless of the type
of the heteroatom. Analysis of geometry and Mulliken
charges of individual monomers along the chain has shown
Table 3 The number of monomer units required for a given propert
1%. For bond lengths and dipole moments, the permitted deviation

trans–cis-polyacetylene polycyclop

bond lengths 8 9
band gaps 56 59
DOS 21 28
charges 5 13
dipole moment 5 9
quadrupole moment 46 53
polarizability 61 78

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
that already for quite short chains (20-mers) the interior of
the chain is virtually indistinguishable from the correspond-
ing polymer, calculated at the same level of theory. Only
several terminal units – about 3–4 for geometries and charges
– display discernible deviations from the bulk values. Such a
fast convergence of the geometric parameters as well as
atomic charges is of great practical importance as it allows
for investigating quasi-one-dimensional polymers using
relatively small, molecular models. Similarly, the fast,
convergent behavior of the electronic DOSs allows for
theoretical insight into the electronic structure of semi-
conductive polymers at the molecular level. This can be
especially advantageous in studies of the energetics of the
guest electronic levels introduced by doping a polymer
with electron-deficient or electron-rich atoms or groups. In
order to quantitatively reproduce the energy gap, one has
to consider oligomers longer than those appropriate for
studying geometry or charge related properties, since the
convergence of the HOMO–LUMO gap with increasing
chain length is considerably slower than the evolution of,
e.g., charge distribution. Note that the computed SCC-DFTB
band gaps are underestimated by 20–35%with respect to the
experimental data; similar discrepancy is characteristic also
for other DFT-based results [11].

Quadrupole moments and polarizabilities belong to the
class of properties that show slower convergence towards
the infinite limits. In fact, for the all-carbon oligomers, they
have not reached the expected linear scaling behavior even
for the longest monomers studied in this work. We have
computed the minimal length of an oligomer, for which the
polarizability per monomer is reproduced with error smaller
than 1%; for details, see Table 3. The limiting number of
units is the smallest for the oligomers containing the
aromatic rings (29 for pyrrole and 35 for furan). The largest
number of monomers necessary to achieve the required
accuracy has been found for the non-aromatic trans–cis-
polyacetylene and polycyclopentadiene (60 and 75, respect-
ively), whereas the oligothiophenes (44 monomer units) can
be regarded as an intermediate case. The computed numbers
of monomers can be a rough estimation of the effective
conjugation length in the studied systems. Premature
disruption of the p-electron conjugation that takes place in
short oligomer chains is the most likely cause of the slow
convergence of the second (and higher) order tensor
properties observed in this study.
y to reach the corresponding polymer value within the deviation of
s are set to 0.001 Å and 0.001D, respectively.

entadiene polypyrrole polyfuran polythiophene

4 5 6
24 34 44
22 31 19
5 5 5
11 11 5
35 41 45
33 39 47

www.pss-b.com
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Original

Paper
The analysis of extended systems presented here shows
that the oligomer approach is essentially capable ofmodeling
molecular properties of polymers, even though the slow
convergence of some of the properties requires using
oligomers of considerable length. The SCC-DFTB method-
ology has proved to provide a consistent, semi-quantitative
picture of the evolution of the oligomer properties. Even
though the actual values of the computed parameters may be
somewhat approximate, we believe that the conclusions
presented here can be used as guidelines in other exper-
imental and theoretical investigations of related systems.
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