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The effects of charge transfer and molecular chain length on the electrical polarizability of dopedtrans-
polyacetylene oligomers have been investigated using a series of quantum chemical methods ranging from
Hartree-Fock to current density functional theory. Polarizability tensors of pristine and metal-dopedtrans-
polyacetylene oligomers have been estimated. The nature of variations of polarizability tensor components
are quite different for pristine and doped oligomers. For doped samples, distinct minima in the average static
polarizabilities per acetylene unit have been observed. The results suggest that the competitive role of charge-
transfer interaction and oligomer chain length are responsible for the observed minima. To simulate the ab
initio results on polarizability variation, we propose a mathematical model that describes the minima quite
satisfactorily.

Introduction

Electric polarizability and hyperpolarizabilities of molecular
systems are significant because they are associated with the
fundamental characteristics of electronic structure such as
hardness/softness, acidity/basicity, ionization potential, and so
forth.1-8 In recent years, the center of attention of exploring
optical properties of materials has been shifted gradually from
conventional inorganic solids to organic conjugated molecules.
In organic conjugated systems,π electrons play a significant
role in determining the optical activity of these materials.9,10

Apart from the conjugation length,11-13 the optoelectrical
properties of long-chain conjugated systems are affected tre-
mendously by many factors, namely, the effect of donor and
acceptor substitutions,14,15the presence of dopants16 or defects,17-19

and so forth. Exploring the optoelectrical properties of such
systems is thus significant both from a theoretical as well as an
experimental standpoint.

Of the many conjugated long-chain systems identified so far,
polyacetylene takes a special position in this family owing to
its structural simplicity, and this in turn makes the system a
role model for many quantum chemical calculations. Besides
the important electrical properties of polyacetylene and other
conjugated polymers, the optoelectrical properties of these
materials are also very fascinating. With the advent of modern
sophisticated quantum computational techniques, investigation
at the theoretical level to elucidate the mechanism behind the
high degree of linear and nonlinear optical coefficients for such
long-chain molecular systems becomes easier. Earlier, static
polarizabilities and hyperpolarizabilities of closed-shellπ-con-
jugated systems have been estimated using Hartree-Fock (HF)
and semiempirical calculations.16,20-22 Perturbative density
matrix treatment has also been applied to investigate the static
first- and second-order hyperpolarizabilities of long-chain
conjugated system, CnHn+2.23 In the closed-shellπ-conjugated
system, the electron correlation is much stronger because the
motion of the electron is confined only in the chain direction.

This role of electron correlation on polarizability and hyper-
polarizability of long-chain closed-shellπ-conjugated system
has been studied extensively by the Møller-Plesset (MP2)
perturbation technique.24-26

Because doped conjugated polymers have different physico-
chemical properties in comparison to their undoped analog,
various models with soliton-, polaron-, and bipolaron-type
charged lattices have been proposed for doped materials. An et
al.21 studied the response properties of charged soliton in a
polyenic chain using the HF technique. Champagne et al.16

investigated the effect of charging on the longitudinal second
hyperpolarizabilities of thetrans-polyacetylene chain. In their
work, optoelectrical properties were computed for pristine as
well as alkali metal atom (Li, Na ,and K) doped samples. The
major disadvantage of both works was the absence of electronic
correlation in their theoretical model. In a more recent work,
Hu et al.27 reported theoretical results on longitudinal polariz-
ability and second-order hyeperpolarizabilities fortrans-poly-
acetylene systems. They employed the Pariser-Paar-Pople
model for the estimation of polarizability and hyperpolarizabil-
ity, and in their work electron correlation has been introduced
through the density matrix renormalization group method. The
main drawback of this work was the absence of actual dopants
in the trans-polyacetylene backbone.

The objective of the present investigation is to explicate the
role of charge transfer from real dopants (Li, Na, and K) and
conjugation length on the static polarizability oftrans-poly-
acetylene oligomers. Polarizability tensors of undoped as well
as dopedtrans-polyacetylene have been estimated through a
series of calculations using time-dependent current density
functional theory (TDCDFT),28 time-dependent density func-
tional theory (TDDFT) with ALDA,29,30 the finite field DFT/
B3LYP31-33 method, and the HF level of theory.

Computational Details

The geometry optimization of both doped and undoped unit
cells of trans-polyacetylene has been implemented in the
Amsterdam density functional package (ADF 2006.01).34 The
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geometry of the unit cells at different doping levels have been
optimized through unconstrained relaxation search. The relax-
ation has been carried out using the BLYP-type33,35 exchange-
correlation functional and the TZ2P basis set, which consists
of a triple-ú basis augmented with two polarization functions.
The relevant unit cell is depicted in Figure 1. In the optimized
structure of the undopedtrans-polyacetylene unit cell, the C-C
single and double bond lengths are 1.420 and 1.340 Å,
respectively. For the doped samples, the C-C double bond
lengths are 1.380 Å for Li and Na doping and 1.391 Å for K
doping. Likewise, C-C single bond lengths are 1.410, 1.400,
and 1.401 Å for Li, Na, and K doping, respectively. In doped
samples, the dimerization amplitude varies between 0.02 and
0.03 Å and C-Li, C-Na, and C-K bond distances are 2.00,
2.52, and 2.71 Å, respectively.

Response calculations have been implemented in the Am-
sterdam density functional (ADF 2006.01)34 package and the
GAUSSIAN 03 suite of programs.36 Within ADF, the Vignale-
Kohn functional37-39 and adiabatic local density approximation
(ALDA) 29,30have been used under the spin-restricted TDCDFT
and TDDFT scheme. Alternatively, the GAUSSIAN 0336

program has been used for the calculation of static polarizabili-
ties at the DFT/B3LYP and HF levels of theory.

Results and Discussion

The variation of axial static polarizability (RXX) per acetylene
unit againstN (N is the number of acetylene units up to which
the present investigation has been carried out) for undoped
oligomers is depicted in Figure 2. The relevant variations are
nonlinear in all of the approaches. Earlier, van Fassen et al.28

applied TDCDFT with the Vignale-Kohn functional (VK) for
conjugated systems liketrans-polyacetylene, polydiacetylene,
polyyne, and polythiophene, and their results were quite
comparable with other correlated methods like the MP2
technique.40 In this work, the axial static polarizabilities (RXX)
per acetylene unit of undoped oligomers show a similar trend
and the absolute values are very close to those of van Fassen et
al.28 The transverse components (RYY andRZZ) of static polar-
izability are relatively small in comparison to those of the axial
component.

For doped oligomers, the addition of dopant atoms to the
trans-polyacetylene backbone initiates a charge-transfer interac-
tion. Therefore, both charge-transfer interaction and oligomer
chain length will affect the net static polarizability. Hence, the
average polarizability is physically more meaningful than axial
or transverse components alone. The average static polarizability
tensor is defined41 in terms of Cartesian components as

where, Rxx, Ryy, and Rzz are the diagonal elements of the
polarizability tensor matrix. Figure 3 illustrates the variation of
average static polarizability per acetylene unit againstN for Li-
doped trans-polyacetylene oligomers at different levels of
theory. Interestingly, it has been observed that the average static
polarizability per acetylene unit passes through a minimum in
all of the quantum chemical approaches. The minimum appears
at N ) 4 in the case of the TDCDFT (VK) and DFT/B3LYP
approaches. With the TDDFT (ALDA) and HF techniques, the
minimum occurs atN ) 5. Appearance of the minima in average
static polarizability per acetylene unit in all of the quantum
chemical methods is quite consistent and completely different
from that of the undoped analog.

Similar results are obtained in case of Na doping. Relevant
variations are plotted in Figure 4. The minimum in average static

Figure 1. Unit cell of a metal-dopedtrans-polyacetylene oligomer.
The directions of the axes are given aside. M: Li/Na/K.

Figure 2. Variation of axial static polarizability per acetylene unit
against the number of acetylene units,N, for an undopedtrans-
polyacetylene oligomer at different quantum chemical levels.

Figure 3. Variation of average static polarizability per acetylene unit
against the number of acetylene units,N, for a Li-doped trans-
polyacetylene oligomer at different quantum chemical levels.
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polarizability per acetylene unit has been obtained atN ) 6, 5,
9, and 4 for TDCDFT (VK), DFT/B3LYP, HF, and TDDFT
(ALDA) techniques, respectively. The variation of average static
polarizability per acetylene unit in the case of K doping is shown
in Figure 5. The results obtained are comparable except for that
of TDDFT (ALDA). Although the minimum in average static
polarizability occurs atN ) 5 for DFT/B3LYP, the same is
observed atN ) 7 for the TDCDFT (VK) and HF approaches.

The observed discrepancies between various quantum chemi-
cal techniques can be explained if we look at the methods and
nature of the chosen functionals. For undoped samples, TD-
CDFT (VK) gives better results in comparison to other methods.
In TDCDFT (VK), the exchange correlation potential is nonlocal
in time but local in space with current as the basic variable.
Because the current density in the bulk of the system measures
the charge buildup at the boundaries, it can be used as the local

indicator of the global changes in the system. The overestimation
of polarizability in TDDFT (ALDA) may be due to the poor
representation of electron-hole correlations within the TDDFT
method. Although TDCDFT/VK gives better results for undoped
oligomers, it fails to produce consistent results for doped
samples. If we compare Figures 3-5, it is quite evident that
the observed minima in average static polarizability per
acetylene unit are most consistent with the DFT (B3LYP)
approach for all types of dopants and this may possibly be due
to the fact that B3LYP accounts better charge-transfer interac-
tions over other functionals used in the present investigation.

At this stage, it is inevitable to answer the question of why
these minima occur in the polarizability variation with chain
length for all dopants. To address this question, we examine
the variation of individual components (RXX, RYY , andRZZ) of

Figure 4. Variation of average static polarizability per acetylene unit
against the number of acetylene units,N, for a Na-dopedtrans-
polyacetylene oligomer at different quantum chemical levels.

Figure 5. Variation of average static polarizability per acetylene unit
against the number of acetylene units,N, for a K-doped trans-
polyacetylene oligomer at different quantum chemical levels.

Figure 6. Variation of different components (RXX, RYY , RZZ) of static
polarizability per acetylene unit againstN for a Li-doped trans-
polyacetylene oligomer estimated at the DFT/B3LYP level of theory.

Figure 7. Variation of different components (RXX, RYY, RZZ) of static
polarizability per acetylene unit againstN for a Na-dopedtrans-
polyacetylene oligomer estimated at the DFT/B3LYP level of theory.
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polarizability tensors for all types of dopants at the B3LYP level
of theory. The relevant variations are presented in Figures 6-8.
It is quite clear from these figures that in the net polarizability
value theRYY component plays a role opposite of that of the
other two components. It is also noticeable from Figure 1 that
charger transfer from the metal atom to thetrans-polyacetylene
backbone takes place in theYdirection. The variation of charge
transfer per carbon atom (Figure 9) illustrates a second-order
exponential decrease withN. Remarkably,RYY also follows a
similar trend (Figures 6-8). The nature of variation of charge
transfer per carbon atom andRYY being similar indicates that
apart from oligomer chain length, charge-transfer interactions
play a significant role in determining the average polarizability
values of doped oligomers.

Earlier, Lee et al.42 estimated the intermolecular charge-
transfer-driven polarizability of donor/acceptor substituted poly-
ene and polyyne. In their study, the polyene and polyyne systems
behave like insulating spacer units between donor and acceptor
moiety, for example, NH2/NO2. They employed the HF scheme
to evaluate the size dependence of optical polarizability for such
donor-spacer-acceptor systems. Remarkably, they found a
maximum in the polarizability variation curve with chain length
of the spacer and proposed a mathematical model to clarify the
observed variation in polarizability. According to their model,
the change in polarizability depends on two factors, namely,
length of the spacer and screened effective charge of the lattice.
The length dependence enters into the picture following a power
law, Nm, whereN is the number of spacer unit andm is the
power law exponent. Alternatively, the screened effective charge
on the lattice follows a first-order exponential decay. On the
basis of this model, Lee et al.42 rationalized the observed
maximum in the polarizability variation curve of the donor-
spacer-acceptor system. Instead of a maximum, we found
minima in the variation of average static polarizability for our
model systems and this is in clear contradiction with the
prediction of Lee et al.42 Unlike their work,42 the dopant metal
atom acts as a donor and thetrans-polyacetylene oligomer
backbone itself acts as an acceptor as well a spacer in our model
system. Because our model system is significantly different from
that of Lee et al.,42 reinvestigation of the role of these two factors
on polarizability is very essential.

To provide a mathematical model for the observed polariz-
ability variation, we consider only the B3LYP results because
they are the most consistent. Figure 9 demonstrates the B3LYP
results of charge transfer per carbon atom from donor atoms to
the acceptor/spacer unit. The best fit (see the Supporting
Information) for the relevant variation follows a second-order
exponential decay of the form [A exp(-aN) + B exp(-bN2)]
instead its first-order counterpart. In a pristinetrans-polyacety-
lene oligomer, the average static polarizabiltiy per acetylene
unit exhibits a power law increament (Nm; m) 1.45 for B3LYP
results). In the present scenario, to examine the role of chain
length independently, we considered binegatively chargedtrans-
polyacetylene oligomers for polarizability calculations because

Figure 8. Variation of different components (RXX, RYY , RZZ) of static
polarizability per acetylene unit againstN for a K-doped trans-
polyacetylene oligomer estimated at the DFT/B3LYP level of theory.

Figure 9. Variation of charge transfer per carbon atom (e/C) from
metal atoms to thetrans-polyacetylene backbone (B3LYP/6-31+G(d,
p) results).

Figure 10. Variation of average static polarizability per acetylene unit
againstN for bi-negatively charged and neutraltrans-polyacetylene
oligomers estimated at the DFT/B3LYP level of theory.
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they mimic our acceptor moiety (charge is transferred from the
donor to the acceptor/spacer moiety). Interestingly, variation
of the static polarizability per acetylene unit shows an expo-
nential growth instead of a power law increment (Figure 10).
Therefore, the role of chain length and screened effective charge
on polarizability for our model system is significantly different
from that of Lee et al.42 We propose a new mathematical form
[A1 exp(-aN) + B1 exp(-bN2) + C1 exp(cN)] to simulate the
observed variation in average static polarizability per acetylene
unit. In this expression, the first two terms resemble charge-
transfer variation per carbon atom from donor (metal atoms) to
acceptor/spacer (trans-polyacetylene oligomer backbone) and
the last term represents chain length dependence when the
acceptor becomes the spacer. The values of fitted exponents
and coefficients are given in the Supporting Information. A
comparison of the B3LYP results and those obtained from our
model calculations are presented in Figure 11, which clearly
indicates that the model calculation agrees well with the B3LYP
results. Finally, it is important to note that the present
mathematical model is not valid whenN is very large because
of the divergence problem ofC1 exp(cN).

Conclusions

We calculated the static polarizability tensors per acetylene
unit for pristine and doped (Li, Na, and K as dopant)trans-
polyacetylene oligomers using a wide range of quantum
chemical techniques. The investigations suggest that the nature
of variation of static polarizability per acetylene unit for doped
and undoped samples are quite different. Instead of a nonlinear
rise, distinct minima have been observed in the polarizability
variation curves of the doped samples. We conclude that the
competitive role of charge-transfer interactions and molecular
chain length is responsible for the observed minima. We also
propose a mathematical model that can successfully explain the
observed variation in average static polarizability per acetylene
unit in doped samples. It is worth mentioning that the results
obtained could be improved if vibrational, rotational, and other
frequency dependent effects are included.
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