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Excitation energies of p-conjugated oligomers within time-dependent
current-density-functional theory

M. van Faassen and P. L. de Boeij
Theoretical Chemistry, Materials Science Centre, Rijksuniversiteit Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

~Received 2 August 2004; accepted 7 September 2004!

We study the p* ←p singlet excitations of thep-conjugated oligomers of polyacetylene,
polydiacetylene, polybutatriene, polythiophene, poly~para-phenylene vinylene!, and the lowest
singlet excitations of the hydrogen chain. For this we used time-dependent
current-density-functional theory within the Vignale–Kohn and adiabatic local density
approximations. By studying the dependence of the excitation spectrum on the chain length we
conclude that the reduction of the static polarizability when using the Vignale–Kohn functional has
two origins. First, the excitation energies of transitions with a large transition dipole are shifted
upward. Second, the character of the transition between the lowest occupied and highest unoccupied
molecular orbitals and the oscillator strength of the lowest transition within the adiabatic local
density approximation is transferred to higher transitions. The lowest transitions that have a
considerable oscillator strength obtained with the Vignale–Kohn functional have excitation energies
that are in most cases in better agreement with available reference data than the adiabatic local
density approximation. ©2004 American Institute of Physics.@DOI: 10.1063/1.1810137#

I. INTRODUCTION

Time-dependent density-functional theory1–3 is an exact
theory to describe the dynamical response of many-particle
systems to external perturbations. In this effective one-
particle scheme many-particle effects enter via a so-called
exchange-correlation potential. The standard adiabatic local
density approximation~ALDA ! for this exchange-correlation
potential often gives accurate results for polarizabilities and
excitation energies~many references are given in Ref. 4!.
However, in some cases this simple approximation does not
suffice. Important examples are the static axial polarizability
and hyperpolarizability of conjugated oligomers, which are
greatly overestimated within the ALDA. This local approxi-
mation and also more advanced generalized gradient ap-
proximations are unable to describe the highly nonlocal ex-
change and correlation effects found in these quasi-one-
dimensional systems.5,6 Several methods are available to
overcome this problem.7–10 In our previous works, Refs. 11
and 12, we have found a successful alternative approach to-
wards the solution of this longstanding problem. We use
time-dependent current-density-functional theory~TD-
CDFT!, in which we describe ultranonlocal exchange-
correlation effects using a functional that is dependent on the
current density. Vignale and Kohn~VK ! proposed such a
functional13,14 in which the current density is used as a local
indicator of global changes. From a careful analysis of the
weakly inhomogeneous perturbed electron gas they arrived
at an expression13–16 for the first-order induced exchange-
correlation contributions in the form of a viscoelastic stress
field. Within the VK functional we use a parametrization of
the viscoelastic coefficient based on results of Conti, Nifosı`,
and Tosi17 for the transverse response of the homogeneous
electron gas.11 For the prototype polyacetylene and many

other linear conjugated oligomers the results obtained using
this VK functional significantly improved upon the ALDA
results, and were in excellent agreement with high levelab
initio quantum chemical methods. However, we also ob-
served that a similar large correction was not obtained for a
hydrogen chain with alternating bond lengths, which is seen
as a theoretical model for conjugated systems~see Ref. 18
and references therein!. This indicates that the VK functional
in the parameterization we use is not able to describe all
features necessary for a correct description of the axial po-
larizability.

In Refs. 19 and 20 we calculated the excitation energies
of a benchmark set of molecules. We studied several types of
transitions. In most cases, the excitation energies of thep*
←p transitions obtained with the VK functional were found
to improve much upon the ALDA values, giving results close
to other values available from literature. We also found that
the p* ←n transitions were strongly overestimated with VK
and that for some other types of excitations the picture that
emerges was less clear. In thep-conjugated systems studied
here the low-lyingp* ←p transitions determine for a large
part the axial polarizability. We therefore expect that the re-
duction in the polarizability for these systems is linked to a
modification of thep* ←p excitations.

In this paper we study the lowest dipole-allowed singlet
excitations of the oligomers of polyacetylene, polydiacety-
lene, polybutatriene, polythiophene, poly~para-phenylene
vinylene!, and the hydrogen chain. The singlet excitations
considered here are all of thep* ←p type except for the
hydrogen chain. We will compare our results with available
experimental andab initio data. From the results for the
p* ←p excitations of the small molecules and the excellent
VK results for the polarizabilities ofp-conjugated oligo-
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mers, we may expect a large improvement with VK upon the
calculated ALDA excitation spectra.

II. THEORY

A detailed description of how to calculate excitation en-
ergies within time-dependent current-density-functional
theory are given in Refs. 19 and 20. There one can also find
how to include the VK functional. Here we will only give a
brief outline.

We consider the response of a system with a ground state
that is described within a spin-restricted formulation. How-
ever, we treat the response for each spin component sepa-
rately. The time-dependent Kohn–Sham equations of TD-
CDFT are

$ 1
2 @2 i“1Aeff,s~r ,t !#21yeff,s~r ,t !%fns~r ,t !

5 i
]

]t
fns~r ,t !, ~1!

wheres indicates the spin component. The time-dependent
effective potentialsyeff,s(r ,t) andAeff,s(r ,t) are uniquely de-
termined up to an arbitrary gauge transformation by the exact
time-dependent density and current density.21,22These densi-
ties can be obtained from the orbitalsfns(r ,t) by

rs~r ,t !5(
n

nnsfns* ~r ,t !fns~r ,t ! ~2!

and

js~r ,t !5(
n

nns

2 i

2
@fns* ~r ,t !“fns~r ,t !

2fns~r ,t !“fns* ~r ,t !#1rs~r ,t !Aeff,s~r ,t !.

~3!

Here nns are the occupation numbers, where for the
spin-restricted case,nn↑5nn↓51 for the occupied states and
nn↑5nn↓50 for the unoccupied states. To obtain the excita-
tion energies we use linear response theory.2,19,20,23,24The
first-order changes in the scalar and vector potentials are then
given by

dyeff,s~r ,v!5dyH~r ,v!1dyxc,s~r ,v! ~4!

and

dAeff,s~r ,v!5dAext~r ,v!1dAxc,s~r ,v!, ~5!

wheredyH(r ,v) represents the first order change in the Har-
tree potential,dAext(r ,v) is the perturbing external field, and
dyxc,s(r ,v) and dAxc,s(r ,v) are the first order changes in
the spin-dependent scalar and vector xc potentials. We use
the Coulomb gauge for the induced Hartree potential. The
first-order changes in the xc contribution can be given in the
form

dyxc,s~r ,v!5(
s8

E f xc
ss8~r ,r 8,v!drs8~r 8,v!dr 8 ~6!

and

dAxc,s~r ,v!5(
s8

E fxc
ss8~r ,r 8,v!d js8~r 8,v!dr 8, ~7!

wheref xc
ss8 andfxc

ss8 are the spin-dependent scalar and tensor
xc kernels. For the spin restricted ground state,f xc

↑↑5 f xc
↓↓ ,

f xc
↑↓5 f xc

↓↑ , fxc
↑↑5fxc

↓↓ , andfxc
↑↓5fxc

↓↑ . For the spin-restricted case
we can choose the orbitals to be real, which we will use in
the following. We can express the total spin-integrated in-
duced density and induced current density as follows:

dr~r ,v!5(
s

(
i ,a

fas~r !f is~r !2dPias~v!, ~8!

d j ~r ,v!5(
s

(
i ,a

v

~« is2«as!
fas~r ! ĵf is~r !2dPias~v!,

~9!

where thedPias(v) are the solutions of the following equa-
tions:

(
jbt

Fdstdabd i j ~« is2«as!22Kia, jb
st ~v!

2v2
dstdabd i j

~« is2«as!GdPjbt~v!

5
v

~« is2«as!
E f is~r ! ĵfas~r !dAext,s~r ,v!dr , ~10!

with an in general frequency dependent coupling matrix,

Kia, jb
st ~v!5E E f is~r !fas~r !F 1

ur2r 8u
1 f xc

st~r ,r 8,v!G
3f j t~r 8!fbt~r 8!drdr 8

1
2v2

~« is2«as!~« j s2«bs!
E E f is~r ! ĵfas~r !

3 f xc
st~r ,r 8,v!f j t~r 8! ĵfbt~r 8!drdr 8. ~11!

In the above equationsi runs over the occupied states
anda over the unoccupied states ands andt are the corre-
sponding spin variables. If the ALDA is used for the
scalar xc-kernelf xc

st and if for the tensor xc-kernelfxc
st one

approximates fxc(r ,r 8,v)5c(r ,r 8)/v2, where c(r ,r 8)
5 limv→0 v2fxc(r ,r 8,v) the coupling matrix becomes fre-
quency independent. This is the approximation we use. In
general, however, the tensor xc-kernel will have a more com-
plicated frequency dependence. In order to preserve the
causal structure of the response equations the Kramers–
Kronig relation requires that the kernel will have both real
and imaginary components. In our approximation we assume
that the imaginary component is small and can be neglected
for the calculation of excitation energies. This approximation
is in keeping with a weak frequency dependence of the real
part of v2fxc(r ,r 8,v).

In Refs. 19 and 20 we arrive at the following eigenvalue
equation from which the excitation energies and oscillator
strengths can be obtained,

VFn5vn
2Fn , ~12!
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where thevn are the excitation energies. The elements ofF
are given by

Fias5
1

A«as2« is

2dPias~v!. ~13!

For a spin-restricted calculation theV matrix can be split
into a singlet and triplet part by a unitary transformation
giving for the components of the four-index matricesVS and
VT,

V ia, jb
S 5d i j dab~«a2« i !

212A«a2« i~Kia, jb
↑↑ 1Kia, jb

↑↓ !

3A«b2« j , ~14!

V ia, jb
T 5d i j dab~«a2« i !

212A«a2« i~Kia, jb
↑↑ 2Kia, jb

↑↓ !

3A«b2« j . ~15!

We can relate the right-hand side of Eq.~10! to the dipole
matrix elements,

E f is~r ! r̂fas~r !dr5
i

~«as2« is!
E f is~r ! ĵfas~r !dr .

~16!

It then becomes clear that our equations are very similar to
those derived by Casida;25 we only need to use a different
coupling matrix to include the current functional. We com-
pare the expression for the polarizability from TDCDFT with
the sum-over-states~SOS! expression,

ā~v!5(
n

f n

vn
22v2 . ~17!

For the oscillator strengths we can use Casida’s result,

f n5
2

3
~ ux†S21/2Fnu21uy†S21/2Fnu21uz†S21/2Fnu2!, ~18!

where the elements ofx, y, and z are the three Cartesian
components of the dipole matrix elements of Eq.~16!, and

Sias, jbt
21/2 5dstdabd i jA«as2« is ~19!

is a diagonal matrix. We made use of the fact that ourV
matrix is frequency independent, and we chose theFs to be
normalized. From this result one can see that we can obtain
the transition dipole moment in thex direction from,

^C0ux̂uCn&5x†S21/2Fnvn
21/2 ~20!

and similar for they andz directions. Until now we made no
reference to any wave function. In order to assign the states
Cn some assumptions do need to be made on the ground-
state wave function. Casida25 proposes to assume thatC0 is
a single determinantF of Kohn–Sham orbitals and that the
matrix elements of the dipole operator are linearly indepen-
dent. Equation~20! then becomes~in the notation of second
quantization!,

~S21/2Fn! ias5A«as2« isFn

5vn
1/2^Fuâis

† âasuCn&. ~21!

This determines the coefficients of the singly excited con-
figurations in the following expansion of the excited state:

Cn5 (
ias

f is2 f as.0 A«as2« is

vn
Fias

n âas
† âisF1¯ . ~22!

Within the RESPONSE code of the Amsterdam density-
functional program package ADF,26–31which we will use for
our calculations, a further assumption is made. Namely that
the excitation energies are close to the Kohn–Sham orbital
energy differences, thus that theFias

n can be interpreted as
the expansion coefficients in Eq.~22!. This assumption is not
expected to have a large effect on the qualitative trends of the
assignments.

As mentioned above we will use the ALDA for the scalar
xc-kernel f xc

st . For the tensor xc-kernelfxc
st we will choose

the VK functional.13,14 It has been shown by Vignale, Ull-
rich, and Conti15,32that for the spin-independent case the VK
expression for the total xc contribution can be written in the
form of a viscoelastic field. The spin-dependent description
of the VK functional is given by33,34

dExc,s~r ,v!5“dyxc,s
ALDA ~r ,v!1 ivdAxc,s

viscoel.~r ,v!

2
ir0~r !2A~v!

4v (
s8

ss8

r0,s~r !r0,s8~r !
d js8~r ,v!,

~23!

wheres511 for spin up ands521 for spin down. The
third term of Eq.~23! vanishes in the spin-restricted singlet
case. The first two terms in this expression are the ALDA
contribution and the viscoelastic force term. The former is
obtained using the ALDA expression for the scalar xc-kernel,

f xc,ALDA
st ~r ,r 8,v!5d~r2r 8!

]yxc,LDA
s

]rt
U

rt5r0,t

, ~24!

while the latter is related to the viscoelastic stress tensor
sxc,s(r ,v) by

dAxc,s,i
viscoel.~r ,v!5

i

vr0~r ! (j
] jsxc,s,i j ~r ,v!, ~25!

sxc,s, ij~r ,v!5(
s8

H h̃xc
ss8~r ,v!F] jus8,i~r ,v!

1] ius8, j~r ,v!2
2

3
d i j“"us8~r ,v!G

1 z̃xc
ss8~r ,v!d i j“"us8~r ,v!J . ~26!

In this expressionus(r ,v)5d js(r ,v)/r0,s(r ) is the velocity
field, in which d js(r ,v) is the induced current density. We
will use the VK functional in the static limit (v→0). As we

explained in Refs. 19 and 20 the coefficientvz̃xc
ss8(v) van-

ishes in this limit. In this paper we will only consider singlet
excitations. The coefficienth̃xc

S (v) for the singlet excitation
is identical to theh̃xc(v) of the spin-independent case which
we used before in our response calculations11,12 and is in the
static limit only dependent on the transverse xc-kernel

f xcT
ss8(k,v50) for which we will use the parametrization of

Nifosı́, Conti, and Tosi.35 The static limit can only be used if
indeed the frequency dependence of the longitudinal and
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transverse xc kernels of the electron gas is weak. For fre-
quencies much smaller than the local plasma frequencyvp

of the relevant density region, this approximation is
reasonable.17,36 In case of thep* ←p transitions in the oli-
gomers that we study here this relevant region is the valence
region with r s'1 and hencevp'47 eV, which is much
larger than the typical excitation energies we find. Neverthe-
less, it will be worthwhile to investigate the influence of the
frequency dependence of the viscoelastic coefficients on the
excitation energies as new terms appear in the functional. For
technical reasons we can presently only include real valued
xc kernels. We will use the static limit since including the
frequency dependence of the real part of the electron-gas
kernel will destroy the causal structure of the response equa-
tions.

III. COMPUTATIONAL DETAILS

All calculations were performed with our modified ver-
sion of ADF.26–31

For the oligomers of polyacetylene~PA!, polydiacety-
lene~PDA!, polythiophene~PT!, and the hydrogen chain we
use the same geometry as we used in Ref. 11. For the po-
lybutatriene oligomers we use the same geometry as we used
in Ref. 12. This is the first time we study the poly~para-
phenylene vinylene! ~PPV! oligomers. We did a geometry
optimization for these oligomers with a generalized gradient
approximated potential by Becke37 for exchange and
Perdew38 for correlation~BP functional!. We forced the oli-
gomer geometries to be planar (Cs symmetry!.

All calculations were done within the standard ADF
TZ2P basis set, which is a triplez Slater type basis set aug-
mented with two polarization functions. Cores were kept fro-
zen for carbon up to 1s and for sulfur up to 2p.

In all excitation energy calculations the ground state has
been calculated with the local-density approximation~LDA !
functional in the VWN parametrization.39 The response cal-
culations themselves were done with the ALDA derived from
the ground-state LDA expression and the VK functional. For
the latter we use a parametrization of the viscoelastic coeffi-
cient based on results of Contiet al.17 for the transverse re-
sponse of the homogeneous electron gas.11 From now on we
denote these calculations simply as ALDA and VK instead of
LDA/ALDA and LDA/VK.

IV. RESULTS

We will first discuss the prototype PA chain. In Ref. 11
we obtained axial polarizabilities for the PA oligomers that
were very close to the available MP2 results if we use the
VK functional, but that were considerably overestimated
when using the ALDA functional. In Fig. 1 we plot the
ALDA and VK results for the~dipole allowed! 1Bu excita-
tion energies and corresponding oscillator strengths against
the number of oligomer (C2H2) units. We compare our data
with experimental results40 and CCSD-EOM results.41 The
1 1Bu excitation energies obtained within the ALDA are
close to the CCSD results for the small chain lengths~3–4
U!, but for the longer chains the excitation energies are un-
derestimated. The underestimation for the longest chain of

15 U is 1.39 eV. This result is consistent with the fact that the
ALDA overestimates the polarizability as can be seen from
the SOS expression for the polarizability, Eq.~17!. The re-
duction of the static polarizability by using the VK func-
tional has to be a result of a decrease of the oscillator
strength of the lowest transitions or an increase of their ex-
citation energies, or both. We therefore expect that the exci-
tation energies calculated with VK will improve upon the
ALDA. Indeed the VK results for the 11Bu excitation energy
are higher than the ALDA results and lie closer to the CCSD
results, but from 10 U onward they also underestimate the
CCSD results. If we look at the oscillator strengths we see
that the ALDA oscillator strength of the 11Bu transition
rises, although less steeply for larger chain lengths. This con-
tributes to the large overestimation of the polarizability in
case of the ALDA. The VK oscillator strength for the 11Bu

transition also rises in the beginning but drops again after 5
U. The 21Bu transition has almost zero oscillator strength
for all chain lengths, and for this excitation the effect of VK
on the excitation energies is almost zero with values lying
very close to the ALDA values. We have therefore not added
this excitation to the graph. The oscillator strength of the
3 1Bu transition with VK rises at the point where the 11Bu

oscillator strength drops. The 31Bu oscillator strength drops
from 10 U onward, but then the 71Bu transition takes over.
The 41Bu , 5 1Bu , and 61Bu transitions have again an os-
cillator strength close to zero and the VK excitation energies
are close to their corresponding ALDA values. In Fig. 2 we
show the highest occupied molecular orbital-lowest unoccu-
pied molecular orbital~HOMO-LUMO! character and the
transition dipole moment in the axial direction for the1Bu

transition. The transition dipole moment, which is mainly in
the axial direction, follows the same trend as the oscillator
strengths. If we look at the HOMO-LUMO character we find

FIG. 1. ALDA and VK excitation energies and oscillator strengths of poly-
acetylene oligomers compared with CCSD-EOM~Ref. 41! and experimental
results. Experiments 1 and 2 are both absorption spectra from Ref. 40.
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that the 11Bu transition has almost 100% HOMO-LUMO
within the ALDA. The character of the 11Bu transition with
VK is also close to 100% HOMO-LUMO for the small
chains, but when the chains become longer more states mix
in. Just like in case of the oscillator strength are the 31Bu

and later the 71Bu transitions that gain HOMO-LUMO char-
acter. We see that the excitations with a large spectral weight
are not the lowest transitions with VK and they move to
higher energy as the chain becomes longer. These transitions
with the largest spectral weight lie close to the CCSD results.
This is consistent with the fact that we find much lower
polarizabilities for PA with VK.

In Fig. 3 we show the excitation energies and oscillator
strengths for the 11Bu ~even number of thiophene rings! and
1 1B2 ~odd number of thiophene rings! transitions of PT
against the number of SC4H2 units. The ALDA and VK re-
sults show the same behavior as observed for PA. The oscil-
lator strength of the 11Bu /1B2 transition of VK drops for
longer chain lengths and the spectral weight is transferred to
the 31Bu /1B2 and 41Bu /1B2 transitions. The 21Bu /1B2

transition in between again has almost zero oscillator
strength and the VK excitation energies lie close to the
ALDA values. For the axial transition dipole moment and the
HOMO-LUMO character we see the same trends as for poly-
acetylene, specifically the axial transition dipole moment
shows the same trend as the oscillator strength and with VK
the HOMO-LUMO character is transferred from the
1 1Bu /1B2 to the 31Bu /1B2 and later to the 41Bu /1B2 tran-
sition. If we compare our results with the available CIS42 and
experimental43–45 results it is clear that the ALDA underes-
timates the excitation energies for the long chain lengths.
The VK results for the transitions with the largest oscillator
strengths lie close to the CIS and experimental results, which
is consistent with our earlier observations for the
polarizability.11

In Ref. 12 we made a comparison for the polarizabilities

of the oligomers of PDA and polybutatriene~PBT!. We
found that the polarizabilties obtained with VK of these two
systems are very similar. The value per oligomer unit, which
can be estimated from the experimental values for the poly-
diacetylenelike PTS (RvR85CH2– OvSO2– C6H4– CH3)
and polybutatrienelike TDCU (RvR8v(CH2)4–
O–CO–NH–C6H5), are also found to be close together.46

The Hartree–Fock polarizabilities for these systems were
very different, the PDA result lying close to our VK values
but the PBT value being much larger for the larger chains.
Some CASSCF and CASPT2 results for the 11A8 excitation
energies of PDA and the 11Bu excitation energies of PDA
were available from the literature for the shorter chains.47

The CASPT2 values are considered the most accurate ac-
cording to Ref. 47. There are also CCSD results available for
the monomers.48 We show these results together with our VK
and ALDA results in Figs. 4 and 5. The oligomer unit is for
both molecules a C4H2 unit. The trends observed for the
ALDA and VK excitation energies, oscillator strengths,
HOMO-LUMO character, and axial transition dipole mo-
ments are again similar to the previous examples. In case of
PDA the CASPT2 and CASSCF results for the excitation
energies lie close to the VK values with the largest oscillator
strength. For PBT the CASSCF results lie close to the VK
results with the largest oscillator strength, but here the
CASPT2 results lie closer to the ALDA. The literature data
for PBT are widely spread for the longer chain lengths, and
we cannot make any conclusions on weather the VK results
improve upon the ALDA. As can be seen from Fig. 5 the
oscillator strength for the 31Bu transition of butatriene~1 U
of PBT! with VK is larger than the oscillator strength of the
1 1Bu transition, but it turns out that the stronger 31Bu ex-
citation does not correspond to a HOMO-LUMO excitation
with VK. The major contribution to this transition is from the
HOMO21→LUMO11. Therefore the 31Bu transition of

FIG. 2. ALDA and VK HOMO-LUMO character and transition dipole mo-
ments for polyacetylene oligomers.

FIG. 3. ALDA and VK excitation energies and oscillator strengths of poly-
thiophene oligomers compared with CIS~Ref. 42! and experimental results
~monomer and dimer from Ref. 43, tetramer and seximer from Ref. 44, and
octamer from Ref. 45!.
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VK should be compared with the 31Bu transition of the
ALDA ~7.58 eV for the excitation energy and 1.21 a.u. for
the oscillator strength!.

In Fig. 6 we show the results for poly~para-phenylene
vinylene! ~PPV!. We choose thetrans-stilbene molecule to
be zero PPV units, a new unit is obtained by adding a styrene
unit between thetrans-stilbene. It is immediately clear from
the figures that with VK many states mix in. We see again
the same trends as for the other systems studied. The ALDA
values for the excitation energies strongly underestimate the
experimental49 and RCIS50 results, especially for the longer

chain lengths. The excitation energies with VK for the tran-
sitions with the largest oscillator strengths are all in between
the experimental and RCIS results, the longer chains being
closer to the experimental values.

Finally we studied the hydrogen chain. In Ref. 11 we
showed that VK has hardly any effect on the polarizability of
the model hydrogen chain. In Figs. 7 and 8 we show our
results for the1A2u transition for ALDA and VK. We see that
VK has hardly any effect on the excitation energies of the
hydrogen chain. For the really long chains the 31A2u transi-
tion takes over from the 11A2u transition for VK but the

FIG. 4. ALDA and VK excitation energies and oscillator strengths of poly-
diacetylene oligomers compared with CASSCF~Ref. 47!, CASPT2 ~Ref.
47! results.

FIG. 5. ALDA and VK excitation energies and oscillator strengths of po-
lybutatriene oligomers compared with CASSCF and CASPT2 results~Ref.
47!, and STEOM-CCSD~Ref. 48! results.

FIG. 6. ALDA and VK excitation energies and oscillator strengths of
poly~para-phenylene vinylene! oligomers compared with RCIS~Ref. 50!
and experimental~Ref. 49! results.

FIG. 7. ALDA and VK excitation energies and oscillator strengths of the
hydrogen chain.
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effect is small. If we look at the HOMO-LUMO character we
see that even for the long chains the HOMO-LUMO charac-
ter is still .90% with VK.

V. DISCUSSION

For all systems studied here we see the same trends.
With VK the oscillator strength, axial transition dipole mo-
ment and HOMO-LUMO character are transferred to higher
states. In all cases the excitation energies obtained with VK
lie higher than the ALDA values. Except for the hydrogen
chain model and PBT the excitation energies obtained with
VK that have the largest spectral weight are closer to the
available literature results. This explains why we obtain
lower values for the polarizability with VK. However the
individual excitation energies and oscillator strengths are not
correctly described with VK.

In Fig. 9 we again show the excitation energies and os-
cillator strengths of PA, but this time we added all transitions
up to 41Bu for both ALDA and VK ~to keep the graph read-
able we do not show the higher transitions!. The ALDA and
VK energies for the 21Bu and 41Bu transitions lie very
close together. As mentioned the oscillator strengths for these
transitions are very small. The 11Bu transition of VK moves
away from the 11Bu transition of the ALDA until it comes
close to the 21Bu transition. We see that at this point the
3 1Bu transition starts to move away from the ALDA, as if
the 11Bu transition ‘‘pushes through’’ the 21Bu transition.
We observe the same phenomenon when the 31Bu transition
pushes through the 41Bu , 5 1Bu , and 61Bu transitions and
becomes the 71Bu transition. We saw in Refs. 19 and 20 that
in case ofp* ←p transitions a large oscillator strength~and
a large transition dipole moment! means a large VK effect.
This is exactly what we observe here. The excitation energies
with little oscillator strength do not shift compared to the
ALDA and the transitions with a large oscillator strength

have a large shift compared to the ALDA. We see the same
for the other systems studied. We also see in Fig. 9 that the
3 1Bu transition within the ALDA gains oscillator strength
for the long chains. With VK this excitation gets mixed in
with several higher states and it is difficult to see which VK
state corresponds with the 31Bu transition within the ALDA.

In all systems studied here the excitations with large
oscillator strengths also have a large axial transition dipole
moment. This means that there is a large global displacement
of charge along the long axis of the molecule, which means
a large current flow and a large VK effect. The excitations
for which the oscillator strengths and transition dipole mo-
ments are small have only a small global charge displace-
ment ~small current! and therefore the VK effect is small.
The problem with VK seems to be that the transitions with
small oscillator strengths do not shift upward like the transi-
tions that do have large oscillator strengths. When transitions
with large and small oscillator strength become close in en-
ergy, they can mix and the oscillator strength becomes dis-
tributed over these states. The mean weighed average of the
excitation energies is however roughly at the correct posi-
tion.

VI. CONCLUSION

We calculated the excitation spectra for several
p-conjugated oligomers with the VK functional. For these
systems we found in our previous studies11,12 that the axial
polarizability obtained with VK lies close to the literature
values, while the ALDA strongly overestimates. Previously
we also studied thep* ←p transitions of some small
p-conjugated systems and found an improvement of the ex-
citation energy when using VK. In this work we find that the

FIG. 8. ALDA and VK HOMO-LUMO character and transition dipole mo-
ments for the hydrogen chain.

FIG. 9. ALDA and VK excitation energies and oscillator strengths of poly-
acetylene.
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excitation energies, underestimated within the ALDA, are al-
ways increased by VK. We also saw that VK transfers the
oscillator strength to higher excitations. A remaining prob-
lem is that the transitions with small oscillator strengths do
not shift upward like the transitions that do have large oscil-
lator strengths. This leads to the fact that individual excita-
tion energies and oscillator strengths are not correctly de-
scribed with VK. We did observe that the VK transitions that
have the largest spectral weight lie close to the available
literature results for all systems except PBT and the hydro-
gen chain.
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