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In this article we explain how the existing linear response theory of time-dependent
density-functional theory can be extended to obtain excitation energies in the framework of
time-dependent current-density-functional theory. We use the Vignale–Kohn current-functional
@G. Vignale and W. Kohn, Phys. Rev. Lett.77, 2037~1996!# which has proven to be successful for
describing ultranonlocal exchange-correlation effects in the case of the axial polarizability of
molecular chains@M. van Faassen, P. L. de Boeij, R. van Leeuwen, J. A. Berger, and J. G. Snijders,
Phys. Rev. Lett.88, 186401~2002!; J. Chem. Phys.118, 1044~2003!#. We study a variety of singlet
excitations for a benchmark set of molecules. Thep*←p transitions obtained with the Vignale–
Kohn functional are in good agreement with experiment and other theoretical results and they are in
general an improvement upon the adiabatic local density approximation. In case of thep* ←n
transitions the Vignale–Kohn functional fails, giving results that strongly overestimate the
experimental and other theoretical results. The benchmark set also contains some other types of
excitations for which no clear failures or improvements are observed. ©2004 American Institute
of Physics. @DOI: 10.1063/1.1697372#

I. INTRODUCTION

Time-dependent density-functional theory has the poten-
tial to be a very versatile method to calculate excitation and
response properties of large molecular systems. The theory is
in principle exact and for many systems even simple ap-
proximations for the exchange-correlation potential yield a
method that becomes competitive in accuracy with other ad-
vanced many-particle approaches.1–3 However, in some
cases simple approximations like the standard adiabatic local
density approximation~ALDA ! do not suffice.

An important example is the static axial polarizability of
conjugated oligomers, which is greatly overestimated within
the ALDA. This local approximation and also more ad-
vanced generalized gradient approximations are unable to
describe the highly nonlocal exchange and correlation effects
found in these quasi-one-dimensional systems.4,5 One route
to overcome these shortcomings is to employ optimized ef-
fective potentials6 derived from the energy functional that
includes exact exchange~see Refs. 7 and 8, and references
therein!, or approximations to this potential such as the
Krieger–Li–Iafrate9 and common-energy-denomenator
approximations.10,11

In our previous works, Refs. 12 and 13, we have found a
successful alternative approach towards the solution of this
longstanding problem by using time-dependent current-
density-functional theory, in which we describe ultranonlocal
exchange-correlation effects within a local current descrip-
tion. For this we used the Vignale–Kohn~VK ! current-

functional. They were the first to propose such a
functional14,15 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 expression14–17 for the first-order induced exchange-
correlation contributions in the form of a viscoelastic stress
field.

For the prototype polyacetylene and many other systems
the results obtained 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 having alternating bond lengths that is seen
as a theoretical model for conjugated systems~see Ref. 18,
and references therein!. This indicates that the VK functional
is not able to describe all features necessary for a correct
description of the axial polarizability.

To test the VK functional further, we calculated excita-
tion energies for a collection of molecules and analyze the
way in which the VK-functional modifies the ALDA results
for the excitation properties. This benchmark set mainly con-
sists of the collection of molecular excitations devised by
Parac and Grimme19 to benchmark their multireference
second-order Møller–Plesset~MR-MP2! method. They
chose their set such that accurate experimental data are avail-
able and that a broad range of chemical sturctures with states
of nontrivial electronic character is covered. For our purpose
we added three other excitations to this set: the prototype
p*←p excitation in ethylene and the prototypep* ←n ex-
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citation in formaldehyde, and finally as example of an exci-
tation in a molecular chain the 11Bu p*←p excitation in
trans-1,3,5,7,9-decapentaene.

In this article we will describe the theory needed to ob-
tain excitation energies within the time-dependent current-
density-functional approach and we will present and discuss
our results for the benchmark set of molecules. In a future
article we will study the excitation energies for the long mo-
lecular chains as a function of chain length.

II. THEORY

A. Excitation energies within time-dependent
current-density-functional theory

The theory behind the calculation of excitation energies
within the TD-DFT is extensively studied. Good descriptions
of this theory can be found in Refs. 2, 20, 21. To use a
functional that is dependent on the current-density, such as
the Vignale–Kohn~VK ! functional, one needs to extend this
theory to time-dependent current-density-functional theory
~TD-CDFT!. Because much of the derivations are analogues
to the ordinary TD-DFT case we will focus here on the dif-
ferences needed to include the current density.

We will consider the response of systems with a ground
state that is described within a spin-restricted formulation.
However, we consider the response for each spin component
separately. The time-dependent Kohn–Sham equations
within the TD-CDFT are

$ 1
2 ~2 i¹1Aeff,s~r ,t !!21veff,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 by the exact time-dependent density and current
density. These densities can be obtained from the orbitals
fns(r ,t) by

rs~r ,t !5(
n

f nsfns* ~r ,t !fns~r ,t ! ~2!

and

js~r ,t !5(
n

f ns

2 i

2
@fns* ~r ,t !¹fns~r ,t !

2fns~r ,t !¹fns* ~r ,t !#1rs~r ,t !Aeff,s~r ,t !. ~3!

Here f ns are the occupation numbers, where for the spin-
restricted casef n↑5 f n↓51 for the occupied states andf n↑
5 f n↓50 for the unoccupied states. We assume that there are
no fractional occupation numbers. Equation~3! denotes the
physical current density, that is, the sum of the diamagnetic
and paramagnetic contributions. This physical current den-
sity is gauge invariant. For purely longitudinal vector poten-
tials ~which can be gauge transformed into scalar potentials!,
the density calculated from Eq.~2! is identical to that calcu-
lated from the time-dependent Kohn–Sham equations of
pure density functional theory.

To obtain the excitation energies we will use linear re-
sponse theory. Within the regime of linear response the first
order changes in the scalar and vector potential are 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 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. Note that
the external field is completely represented by the vector
potentialdAext(r ,v), i.e.,dyext(r ,v)50, and that we use the
Coulomb gauge for the induced potentials. For this gauge
choicedA ind(r ,v)50 if we neglect retardations22 and micro-
scopic magnetic effects. This is consistent with the neglect of
the Breit23,24 corrections in the ground-state calculation. In
this particular formulation we choose the gauge for the xc-
contribution such that only terms linear indr↑(r ,v) and
dr↓(r ,v) are retained indyxc,s(r ,v), while all terms linear
in d j ↑(r ,v) and d j ↓(r ,v) are gauge transformed to
dAxc,s(r ,v). In this way we keep contact with the ordinary
TDDFT formulation. Due to the continuity equation
¹•d js(r ,v)2 ivdrs(r ,v)50, which holds for each spin
component separately, we can considerdrs(r ,v) as a func-
tional of d js(r ,v). ThereforedAxc,s@d j ↑ ,d j ↓# is a func-
tional of d j ↑(r ,v) andd j ↓(r ,v) only. 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

↓↑ .
The induced density and current density are given in

linear approximation by

drs~r ,v!5(
s8

E ~xr j
ss8~r ,r 8,v!•dAeff,s8~r 8,v!

1xrr
ss8~r ,r 8,v!dyeff,s8~r 8,v!!dr 8 ~8!

and

d js~r ,v!5(
s8

E ~$x jj
ss8~r ,r 8,v!2x jj

ss8~r ,r 8,0!%

•dAeff,s8~r 8,v!1x jr
ss8~r ,r 8,v!

3dyeff,s8~r 8,v!!dr 8. ~9!

Equation~9! is the physical induced current density, which
contains the paramagnetic and diamagnetic terms. The dia-
magnetic term is included using the conductivity sum rule,

@x jj
s,ss8~r ,r 8,0!# i j 1r0,s~r !dss8d i j d~r2r 8!50, ~10!

wherer0,s(r ) is the ground state density for whichr0,↑(r )
1r0,↓(r )5r0(r )/2. This sum rule is exact for the longitudi-
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nal component, but neglects the very small Landau diamag-
netic contribution for the transverse component.25

The Kohn–Sham response functions can be expressed in
closed form in terms of the unperturbed Kohn–Sham orbitals
fns(r ) and orbital energiesens ,

xAB
ss8~r ,r 8,v!

5dss8(
n,n8

~ f ns2 f n8s8!

3
fns* ~r !Âfn8s8~r !fn8s8

* ~r 8!B̂fns~r 8!

~ens2en8s8!1v1 ih
, ~11!

wheren andn8 run over all states. In this equation the den-
sity operatorr̂51 and the paramagnetic current operatorĵ
52 i (¹2¹†)/2 can be substituted for the operatorsÂ and
B̂, and thef ns are the occupation numbers of the Kohn–
Sham orbitals. The infinitesimalh ensures that the response
function has the correct causal~retarded! structure. In the
following we can set the infinitesimalh to zero because the
spectrum is discrete below the ionization level, and as men-
tioned before we assume that there are no fractional occupa-
tion numbers. The response functions then become,

xAB
st ~r ,r 8,v!5dst(

i ,a

f is* ~r !Âfat~r !fat* ~r 8!B̂f is~r 8!

~e is2eat!1v

1
f is~r !Â†fat* ~r !fat~r 8!B̂†f is* ~r 8!

~e is2eat!2v
,

~12!

where i runs over the occupied states anda over the unoc-
cupied states,s and t are the corresponding spin variables.
We can express the total spin-integrated induced density and
induced current density as follows:

dr~r ,v!5(
s

(
i ,a

@fas* ~r !f is~r !Pais~v!

1f is* ~r !fas~r !Pias~v!#, ~13!

d j ~r ,v!5(
s

(
i ,a

F 2v

~e is2eas!
fas* ~r ! ĵf is~r !Pais~v!

1
2v

~e is2eas!
f is* ~r ! ĵfas~r !Pias~v!G , ~14!

where we define a so-called ‘‘P-matrix,’’

Pias~v!5
1

~e is2eas!2v F 2v

~e is2eas!

3E f is* ~r ! ĵfas~r !dAeff,s~r ,v!dr

1E f is* ~r !dyeff,s~r ,v!fas~r !dr G , ~15!

and we definePais(v)5Pias* (2v). Inserting the definitions
for dAeff anddyeff in Eq. ~15! and substitutingdr anddj with
Eqs.~13! and ~14! we obtain,

Pias~v!5
1

~e is2eas!2vF 2v

~e is2eas!

3E f is* ~r ! ĵfas~r !dAext,s~r ,v!dr

1(
jbt

~Kia,b j
st Pb jt~v!1Kia, jb

st Pjbt~v!!G , ~16!

where we have defined 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 81S 2v

~e is2eas! D
2

3E E f is* ~r ! ĵfas~r !fxc
st~r ,r 8,v!

3f j t~r 8! ĵfbt* ~r 8!drdr 8. ~17!

Only if the adiabatic local density approximation~ALDA ! is
used for the scalar xc-kernelf xc

st and if for the tensor xc-
kernelfxc

st one approximatesfxc(r ,r 8,v)5c(r ,r 8)/v2, where
c(r ,r 8)5 lim v→0 v2fxc(r ,r 8,v) the coupling matrix be-
comes frequency independent. This is the approximation we
will use in the sequel. We can rewrite the equations above
and obtain the following set of linear equations:

(
jbt

@dstd i j dab~~eas2e is!1v!1Kia, jb
st #Pjbt~v!

1(
jbt

Kia,b j
st Pb jt~v!

5
v

~e is2eas!
E f is* ~r ! ĵfas~r !dAext,s~r ,v!dr ~18!

and

(
jbt

@dstd i j dab~~eas2e is!2v!1Kai,b j
st #Pb jt~v!

1(
jbt

Kai, jb
st Pjbt~v!

5
v

~e is2eas!
E fas* ~r ! ĵf is~r !dAext,s~r ,v!dr . ~19!

These equations may be compared with Eq.~14! on p. 124 of
Ref. 21; the form of this equation is identical to Eqs.~18!
and ~19!. Solving this set of linear equations can therefore
proceed completely analogous to Ref. 21. The set of equa-
tions can be transformed to a set of equations forPjbt

1Pb jt and Pjbt2Pb jt . One then obtains fordPjbt5(Pjbt

1Pb jt)/2 an equation that is analogous to Eq.~22! on p. 125
of Ref. 21,
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(
jbt

Fdstdabd i j ~e is2eas!22Kia, jb
st

2v2
dstdabd i j

~e is2eas!GdPjbt~v!

5
v

~e is2eas!
E f is* ~r ! ĵfas~r !dAext,s~r ,v!dr , ~20!

the only difference being that our external perturbation has
the form of a vector potential instead of a scalar potential and
that the coupling matrix contains extra terms. In case of an
excitation energy a finite external vector potential leads to an
infinite change in theP matrix. This argument leads to the
following eigenvalue equation from which the excitation en-
ergies and oscillator strengths can be obtained:

VFn5vn
2Fn , ~21!

where thevn are the excitation energies and the elements of
F are given by

Fias5
1

Aeas2e is

~Pias1Pais!. ~22!

The oscillator strengths can be obtained from the eigenvec-
torsFn . 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~ea2e i !

212Aea2e i~Kia, jb
↑↑ 1Kia, jb

↑↓ !

3Aeb2e j , ~23!

V ia, jb
T 5d i j dab~ea2e i !

212Aea2e i~Kia, jb
↑↑ 2Kia, jb

↑↓ !

3Aeb2e j . ~24!

With the computational method outlined we are now ready to
consider a particular form for the xc-kernel for the vector
potentialfxc

st .

B. The Vignale–Kohn functional
and excitation spectra

For the spin independent case we have already explained
our implementation of the Vignale–Kohn functional in detail
in Ref. 13. Here we will explain the use of the Vignale–
Kohn functional in case of the calculation of excitation spec-
tra. For this it is necessary to consider the spin dependent
case to arrive at expressions for the singlet and triplet exci-
tations.

Before we consider the spin dependent VK functional
for general systems, we consider first the case of the homo-

geneous electron gas. In this casef xc
ss8(r ,r 8,v) and

fxc
ss8(r ,r 8,v) merely depend on the separationur2r 8u. If we

Fourier transformfxc
ss8(r ,r 8,v) with respect tor2r 8 one ar-

rives at the following form:

f xc,i j
ss8 ~k,v!5

1

v2
@ f xcL

ss8~k,v!kikj1 f xcT
ss8~k,v!~k2d i j 2kikj !#.

~25!

This defines the longitudinal and transverse xc-kernels

f xcL
ss8(k,v) and f xcT

ss8(k,v). The smallk expansion of these
kernels is given by26,27

f xcL~T!
ss8 ~k,v!5

A~v!

k2

ss8r0
2

4r0,sr0,s8
1BL~T!

ss8 ~v!1O~k2!, ~26!

where the singular componentA(v) ~in the k→0 limit! and

the regular componentBL(T)
ss8 (v) are complex functions of

the frequency,r05r0,↑1r0,↓, and s511 for spin-up and
s521 for spin-down. Note that for the spin restricted singlet
excitations we need to sum over all spin variables, in that
case the contribution ofA(v) vanishes.

It has been shown by Vignale, Ullrich, and Conti16,28that
the VK expression for the spin-independent case can be writ-
ten in the form of a viscoelastic field. The spin dependent
description of the VK functional is given by26,27

dExc,s~r ,v!5¹dvxc,s
ALDA ~r ,v!1 ivdAxc,s

viscoel~r ,v!

2
ir0~r !2A~v!

4v

3(
s8

ss8

r0,s~r !r0,s8~r !
d js8~r ,v!. ~27!

The first two terms in this expression are the ALDA contri-
bution and the viscoelastic force term. The former is ob-
tained using the ALDA expression for the scalar xc-kernel,

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

]vxc,LDA
s

]rt
U

rt5r0,t

, ~28!

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!, ~29!

sxc,s,i j ~r ,v!5(
s8

$h̃xc
ss8~r ,v!@] jus8,i~r ,v!

1] ius8, j~r ,v!2 2
3d i j ¹•us8~r ,v!#

1 j̃xc
ss8~r ,v!d i j ¹•us8~r ,v!%. ~30!

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. The

coefficientsh̃xc
ss8(v) and j̃xc

ss8(v) are related to the regular
component of the xc-kernel of the homogeneous electron gas
by the following relations:26

h̃xc
ss8~v!52

r0,s~r !r0,s8~r !

iv
BT

ss8~v!, ~31!

j̃xc
ss8~v!52

r0,s~r !r0,s8~r !

iv

3S BL
ss8~v!2

4

3
BT

ss8~v!2
]2exc

]r0,s]r0,s8
D ,

~32!
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whereexc(r0) is the xc-energy per unit volume of the homo-
geneous electron gas of densityr0 . The third term in Eq.
~27! is new in the spin dependent formulation and comes
directly from the singular component of the xc-kernel of the
homogeneous electron gas. The essential feature of this new
term is that it produces damping of the spin-current propor-
tional to the relative velocity between up- and down-spin
electrons.26 Similar to the response calculations12,13 we con-
sider the coefficientsA(v) andB(v) only in the static limit
~v→0! for which the following exact results hold:26

Im A(v)}v3 and ReA(v)}v2. In this limit the third term in
Eq. ~27! hence vanishes. For the regular component

BL(T)
ss8 (v) we have the exact relation26 limv→0$(BL

ss8(v)

24BT
ss8(v)/32]2exc /]r0,s]r0,s8)/v%50, hence the coeffi-

cient vz̃xc
ss8(v) also vanishes in this limit.

For the singlet and triplet excitations as derived from
Eqs.~23! and~24! we need to consider the following singlet

and triplet combinations of theh̃xc
ss8(v):

h̃xc
S ~v!52(

ss8

r0,s~r !r0,s8~r !

iv
BT

ss8~v!, ~33!

h̃xc
T ~v!52(

ss8
ss8

r0,s~r !r0,s8~r !

iv
BT

ss8~v!, ~34!

respectively, called the density–density and spin–spin chan-
nels by Qian, Constantinescu, and Vignale.27 The h̃xc

S (v) is
identical to theh̃xc(v) of the spin-independent case which
we used before in our response calculations.12,13 In the static
limit an expression forh̃xc

T (v) can be derived in terms of the
Landau parameters of the electron gas.27 In this article we
will focus on the singlet excitations, and postpone the dis-
cussion of the triplet to a forthcoming article.

The VK functional is, if one wants to be consistent with
the derivation of the VK functional,14,15 to be used in con-
junction with the local density approximation for the ground-
state calculation.

III. COMPUTATIONAL DETAILS

We want to test the performance of the VK-functional
for different types of excitations. For this purpose we use the
benchmark set devised by Parac and Grimme19 and augment
it with the prototypep*←p excitation in ethylene, the pro-
totype p* ←n transition in formaldehyde and the 11Bu

p*←p transition in trans-1,3,5,7,9-decapentaene as an ex-
ample of a molecular chain as we studied in Refs. 12 and 13.
The molecules are shown in Fig. 1.

All calculations were performed with our modified ver-
sion of ADF.29–34

We optimized the geometries within the standard ADF
TZ2P basis set, which is a triple zeta Slater-type basis set
augmented with two polarization functions. Cores were kept
frozen for carbon, oxygen, and nitrogen up to 1s and for
phosphorus, sodium, silicon, chromium, and iron up to 2p.
Geometry optimizations were performed with a generalized
gradient approximated potential~GGA! by Becke35 for ex-
change and Perdew36 for correlation~BP functional!.

For the excitation energy calculations a larger basis set
was used. We used the standard ADF ET-pVQZ basis, which
is an even tempered Slater-type basis set of quadruple zeta
quality. For pyrrole and hexamethyldisilane, for which we
will study Rydberg-type excitations, we used the standard
ADF ET-QZ3P-1DIFFUSE basis, which is an even tempered
Slater-type basis set of quadruple zeta quality with diffuse
functions. For the beryllium atom we used a very large even-
tempered basis set calledDIFFUSE10which can be obtained
via Ref. 29. This basis is close to the basis set limit.

FIG. 1. Overview of the studied molecules with their structure and orientation in case there is an ambiguity.
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In all excitation energy calculations the ground state has
been calculated with the LDA functional in the VWN
parameterization.37 The response calculations themselves
were done with the standard adiabatic local density approxi-
mation ~ALDA ! and the Vignale–Kohn functional~VK !.
From now on we denote these calculations simply as ALDA
and VK instead of LDA/ALDA and LDA/VK.

In the excitation energy calculations the numerical inte-
gration accuracy was set to at least five decimals.

IV. RESULTS

In the following we will discuss our results for the
benchmark set. We have divided this part into three main
sections. The first section contains thep*←p transitions, the
second section thep* ←n transitions, and the final section
contains the remaining transitions in the benchmark set. The
reason for this division is that it turns out that thep*←p and
p* ←n transitions form distinct classes as far as the behavior
of the VK functional is concerned.

A. p*]p transitions

The results for thep*←p transitions is shown in
Table I.

1. Ethylene

The prototype of ap*←p transition is the transition to
the 11B1u state in ethylene~known as the V–N transition!. It
turns out that the experimental value of 7.66 eV~Ref. 38! is
difficult to reproduce even with highly accurateab initio

wave function methods~for a discussion and references, see
Ref. 39!. It is generally agreed that this experimental value
does not correspond to a vertical transition.40 Therefore a
theoretical estimate of 8 eV is generally used to compare
results with.41,42 Davidson and Jarze¸cki43 derived equations
to relate the vertical excitation to the average energy of the
observed value. They obtain a value of 7.8 eV for the 11B1u

state. The multireference singles-doubles configuration inter-
action ~MR-SDCI! results of 7.94 eV calculated by Lindh
and Roos39 and the more recent equation of motion singles
doubles triples coupled cluster results~EOM-CCSDT-3,
where the 3 means that an iterative method is used for the
triple excitations! by Watts, Gwaltney, and Bartlett41 of 7.89
eV lie close to these values. We obtain a value of 7.55 eV
with the ALDA and a value of 8.05 eV with VK. The VK
value corrects for the underestimation of the ALDA result
and we obtain a value in reasonable agreement with the es-
timates for the experimental value.

2. Anthracene

For anthracene we focus on two transitions ofp*←p
character, the HOMO→LUMO transition (La band in Platt’s
notation44! and the transition resulting from the nearly de-
generate HOMO21→LUMO and HOMO→LUMO11
states (Lb band in Platt’s notation!. The absorption spectrum
of anthracene45–47 shows that the transition to the 11B2u

state (Lb band! is hidden under the more intense 11B1u state
(La band!. Using two-photon spectra theLb band could be
assigned with more certainty~see Ref. 47 for a discussion on

TABLE I. This table shows the excitation energies of transitions withp*←p character. All values are in eV.

Molecule State Expt.
MR

-MP2a CC2a
Other
theory

LDA/
ALDA

LDA/
VK

~1! C2H4 1 1B1u 7.66b 7.94,c 7.89d 7.55 8.05
~2! C14H10 1 1B1u (La) 3.31,e 3.43f 3.69 3.99 4.57h 2.86 3.53

1 1B2u (Lb) 3.45,g 3.47f 3.35 3.93 5.29h 3.57 3.61
~3! C8H7N 2 1A8 (Lb) 4.37i 4.25 4.93 4.43j 4.34k 4.66

3 1A8 (La) 4.77j 4.95 4.33 4.73j 4.59k 4.74
~4! C20H14N4 1 1B1u (Qx) 1.98–2.02l 1.67 2.32 1.63m 2.18 2.23

1 1B2u (Qy) 2.33–2.42l 2.33 2.71 2.11m 2.30 2.34
2 1B2u (By) 3.13–3.33m 3.28 3.66 3.08m 2.99 3.10
2 1B1u (Bx) 3.13–3.33m 3.08 3.57 3.12m 2.97 3.45

~5! C16H10N2O2 1 1Bu 2.30n 2.10 2.36 1.96o 1.93 2.89
~6! C10H12 1 1Bu 4.02p 4.33,q 4.05r 3.26 4.33

aReference 19.
bReference 38.
cMR-SDCl results from Ref. 39.
dEOM-CCSDT-3 results from Ref. 41.
eReference 45, inn-heptane solution.
fReference 47, these are the~extrapolated! results for thefree molecule.
gReference 46, in cyclohexane.
hCASSCF results from Ref. 48.
iReference 49.
jCASPT2 results from Ref. 50.
kThe character of these states isLa for the 21A8 state andLb for the 31A8 state.
lFrom Ref. 53, Ref. 75, and Ref. 76.
mCASPT2 results from Ref. 77.
nVapor spectra from Ref. 54.
oCASPT2 results from Ref. 55.
pGas phase measurements from Ref. 56.
qCIS results from Ref. 58.
rMRMP results from Ref. 57, these values are corrected for the basis set and active space effects.
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this matter!. Wolf and Hollneicher47 did measurements on
anthracene in several solvents, from this they found the sol-
vent shift and extrapolated their values to the free molecule.
This shows that the splitting between theLa andLb band in
the free molecule should be very small. Our VK results also
show a small splitting and the values are also in good agree-
ment with experiment and other theoretical values. The
ALDA results give a splitting that is too large and the posi-
tion of theLa band is underestimated with ALDA, while the
position of theLb band is already in reasonable agreement
with experiment. The order of the transitions is predicted
correctly with TDDFT contrary to the CC2~Ref. 19! and
MR-MP2 ~Ref. 19! results. The CASSCF~Ref. 48! results
strongly overestimate the excitation energies.

3. Indole

For indole we again focus on theLa (3 1A8) and
Lb (2 1A8) bands. The VK results for theLb and La bands
are in good agreement with experiment49 and CASPT2~Ref.
50! results. The ALDA results for the 21A8 state and the
3 1A8 state are also in good agreement, but the ALDA as-
signs the 21A8 state to the HOMO→LUMO transition (La)
and the 31A8 state to a transition consisting of contributions
from HOMO21→LUMO and HOMO→LUMO11 transi-
tions (Lb). The ALDA thus predicts the wrong ordering of
the transitions. The VK corrects for this by giving the correct
character without changing the energies too much.

4. Free base porphin

An extensive study of free base porphin~FBP! with TD-
DFT has already been performed using ADF by van Gisber-
gen et al.51 They studied the excitation energies using the
LDA, the BP xc-functional and the Van Leeuwen/Baerends
model xc-potential~LB94! ~Ref. 52! in the ground-state part
of their calculations. From this study it turned out that there
was not much difference between the results obtained with
the different ground-state functionals. They found that the
BP results support the interpretation of the spectrum by Ed-
wardset al.53 and the CASPT2 interpretation.50 We will dis-
cuss how the VK functional affects these results. Like the
study by Parac and Grimme,19 we studied the first four exci-
tation energies. The lowest two form theQ bands of experi-
ment. After these two distinct bands, the spectrum shows a
broad band with a distinct shoulder. These are called theB
andN bands. There is still much debate on the assignment of
these higher excitations. More information about this and
references can be found in Ref. 51. Since the purpose of this
paper is to see how well VK performs, we will not discuss
the assignment of the two higher excitations.

The lowest twoQ bands are calledQx andQy according
to their polarization. These bands are formed by the transi-
tion to the 11B1u and 11B2u states. The VK functional does
not have a big effect on the excitation energies of these states
compared to the ALDA. The splitting between the states is
small with VK just like with the ALDA. The splitting is 0.11
eV with VK. The experimental gas phase splitting is 0.44 eV.

The energy of the 21B2u state is hardly affected by go-
ing from ALDA to VK while the energy of the 21B1u state is

raised in energy by almost 0.5 eV with VK. The VK value
for these states lie close to the experimental values for the
broadB band.

5. Indigo

The lowestp*←p transition in indigo is the transition to
the 11Bu state. The ALDA underestimates the experimental
value of 2.30 eV~Ref. 54! by 0.37 eV. The VK shifts this
excitation energy upward, but the correction is too large
leading to an overestimation compared to the experimental
value ~by 0.59 eV! and the other theoretical results.19,55

6. Trans-1,3,5,7,9-decapentaene

In our previous studies12,13 we saw that the VK corrects
the large overestimation of the static polarizability of oligo-
mer chains obtained by the ALDA. It is expected that the VK
functional will also have a large effect on the excitation en-
ergies of these systems. In a forthcoming article we will
study the excitation energies of these oligomers in more de-
tail. Here we will focus ontrans-1,3,5,7,9-decapentaene. For
this molecule experimental values56 and MRMP ~Ref. 57!
and CIS~Ref. 58! results are available, while we observed
already in this short chain a correction by VK of the static
polarizability. The ALDA considerably underestimates the
excitation energy for this molecule~more than 1 eV!. The
VK corrects the underestimation and we obtain a value equal
to the CIS result, which lies close to the experimental and
MRMP values.

B. Discussion of the p*]p transitions

In nearly all cases studied we see an improvement by
using the VK functional, with indigo being the only excep-
tion where there is an overestimation by VK of 0.59 eV
which is larger then the underestimation by the ALDA of
0.37 eV. The correction is most profound for the molecular
chaintrans-1,3,5,7,9-decapentaene, where we observe an in-
crease of 1.7 eV for the 11Bu in going from ALDA to VK,
the VK value being close to experiment and other theory.
Another nice result of the VK functional is that is gives the
correct ordering of theLa andLb states for indole, contrary
to the ALDA.

Until now we have not looked explicitly at the oscillator
strengths. All thep*←p excitations studied are dipole al-
lowed and have finite oscillator strength. In Table II we show
the oscillator strengths for the various transitions together
with the absolute difference in excitation energy obtained
with ALDA and VK, uDEALDA-VK u. We also give the transi-
tion dipole moments and their orientation. If one looks, for
example, at the four excitations of porpherin, it can be seen
that the larger the ALDA oscillator strength the larger the
effect of VK on this transition. This trend can also be ob-
served for the excitations of anthracene and indole. More
generally we can state that the larger the transition dipole
moment obtained within the ALDA is along the long axis of
the molecule the larger the VK correction will be for that
excitation. In case of porpherin this is true for both they and
z direction. This indicates that the larger the current in the
axial molecular direction the larger the VK correction. This
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may indicate that the VK functional is able to include for
these excitations the counteracting field that the ALDA fails
to describe.

C. p*]n transitions

The results for thep* ←n transitions are shown in
Table III.

1. Formaldehyde

The prototype of ap* ←n transition is the transition to
the 11A2 state in formaldehyde. This state has a clear va-
lence character and can be clearly identified in the absorption
spectrum. The coupled-cluster CCSD value is 4.04 eV.59 Our
calculations give a value of 3.68 eV for ALDA and 8.34 eV
for VK for this transition. This is a large overestimation
by VK.

2. Pyridazine

The lowest excitation in pyridazine is the transition to
the 11B1 state. This excitation has been experimentally
found at 3.30 eV.60 The ALDA underestimates this value by
0.35 eV. The VK functional overestimates strongly with a
value of 7.03 eV.

3. Benzocyclobutenedione

The p* ←n transitions to the 11B1 and 11A2 states
have been observed for benzocyclobutenedione inn-hexane
solution.61 The ALDA again underestimates the experimental
and theoretical values. The VK functional leads to an over-
estimation by more than 2 eV for both excitations.

4. Benzaldehyde

For benzaldehyde the vertical transition to the 11A9
state is not directly observed. A value of 3.8 eV is estimated
on the basis of the experimentally obtained band origin62 and
the CASPT2 difference between the vertical and adiabatic
transitions.63 The ALDA underestimates this value by 0.72
eV and also underestimates the other theoretical results. The
VK functional overestimates by 0.66 eV.

5. C5

As the final example of ap* ←n transition the transition
to the 11Pu state of the highly unsaturated C5 molecule is
studied. The ALDA underestimates the experimental value64

by 0.28 eV. The VK functional overestimates this value by
more than 3 eV.

D. Discussion of the p*]n transitions

All the p* ←n transitions are strongly overestimated by
the Vignale–Kohn functional except for benzaldehyde for
which the overestimation is not as severe. For a more in
depth look at the effect of the VK functional for these exci-
tations we consider the matrix elements of the contribution
of the xc-vector potential to the Hamiltonian,^f i u j "Axcufa&.
It turns out that these matrix elements become excessively
large for these transitions. This is unlike thep*←p case.

TABLE II. Oscillator strengths, transition dipole moments, and their correlation to the difference between the
ALDA and VK excitation energies for thep*←p transitions. The direction of the transition dipole moment is
denoted in italic. All values are in eV.

Molecule State Oscillator strengths~a.u.!
Transition dipole moments

~a.u.! uDEALDA-VK u

ALDA VK ALDA VK
~1! C2H4 1 1B1u 0.32 0.32 1.31z 1.29z 0.50
~2! C14H10 1 1B1u 0.033 0.019 0.69z 0.47z 0.68

1 1B2u ,0.001 ,0.001 0.039y 0.078y 0.05
~3! C8H7N 2 1A8 0.050 0.006 0.46x; 0.51y 0.20x; 0.11y 0.32

3 1A8 0.017 0.035 0.37x; 0.11y 0.42x; 0.36y 0.15
~4! C20H14N4 1 1B1u ,0.001 ,0.001 0.12z 0.026z 0.05

1 1B2u 0.001 ,0.001 0.14y 0.041y 0.04
2 1B2u 0.034 ,0.001 0.68y 0.035y 0.11
2 1B1u 0.11 0.004 1.26z 0.22z 0.48

~5! C16H10N2O2 1 1Bu 0.22 0.13 2.07x; 0.65y 1.30x; 0.38y 0.96
~6! C10H12 1 1Bu 1.78 1.50 4.71x; 0.28y 3.75x; 0.15y 1.07

TABLE III. This table shows the excitation energies of transitions with
p* ←n character. All values are in eV.

Molecule State Expt.
MR-
MP2a CC2a

Other
theory

LDA/
ALDA

LDA/
VK

~1! H2CO 1 1A2 3.79;b 4.07c 4.04d 3.68 8.34
~2! C4H4N2 1 1B1 3.30e 3.62 3.87 3.48f 2.95 7.03
~3! C8H4O2 1 1B1 2.79g 2.68 2.99 2.01 4.67

1 1A2 3.49g 3.62 3.83 2.76 5.27
~4! C7H6O 1 1A9 3.8h 3.98 3.92 3.71i 3.08 4.46
~5! C5 1 1Pu 2.78j 2.61 3.35 2.90j 2.50 6.74

aReference 19.
bElectron impact spectroscopy values from Ref. 78.
cReference 68.
dCCSD results from Ref. 59.
eReference 60.
fCASPT2 results from Ref. 79.
gAbsorption spectra inn-hexane solution from Ref. 61.
hThis value is estimated on the basis of the experimentally obtained band
origin ~at 3.34 eV, Ref. 62! and the CASPT2 difference between the vertical
and adiabatic transition~3.71 eV–3.27 eV50.44 eV, Ref. 63!.

iCASPT2 results from Ref. 63.
jGas phase measurements by Motylewski, Vaizert, and Giezen and MRCI
results from Ref. 64.
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E. Miscellaneous transitions

The remaining results are given in Table IV. As an ex-
ample of a system having excitations involvings orbitals the
covalently bound P4 cluster and the metallic Na4 cluster are
studied. As a severe test some low-lying excited states in-
volving d orbitals of the transition metal complexes fer-
rocene and chromiumhexacarbonyl are considered. Finally
we study Rydberg states in pyrrole and hexamethyldisilane.

1. P4

The first dipole-allowed transition in P4 is the transition
to the 11T2 state. It is experimentally located at 5.6 eV.65

The ALDA underestimates this value by 0.45 eV, but the VK
corrects to a value of 5.69 eV. This value is very close to the
experiment.

2. Na4

The optically allowed 11B1u state of the Na4 cluster is
another example of a system involvings orbitals. Only in
this case the system contains only metal atoms. The experi-
mental excitation energy is located at 1.81 eV. The ALDA
value of 1.79 eV lies very close to this value. The VK over-
estimates by 0.8 eV.

3. Ferrocene

For ferrocene in theD5d symmetry the transition to the
1 1E1g state is studied. The experimentally found value for
this transition is 2.81 eV.66 The ALDA results are reasonably
close to the experiment and other theoretical results. The VK
strongly overestimates by more than 2 eV.

4. Chromiumhexacarbonyl

Another example of a transition metal compound is
chromiumhexacarbonyl. Twop* ←d charge transfer excita-
tions are present in the test set. These excitations appear in
the spectra67 as two strong bands with maxima at 4.43 eV

and 5.41 eV. The ALDA underestimates the transition to the
1 1T1u state and overestimates the transition to the 21T1u

state. The VK again shifts these excitation energies to higher
values. The excitation energy for the 11T1u state obtained
with VK is in good agreement with the experiment and other
theoretical values~except for CC2 which underestimates
both excitations19!. The 21T1u excitation is already overes-
timated by the ALDA and the VK functional makes this even
worse.

5. Pyrrole

For pyrrole the first two low-lying Rydberg-type transi-
tions are studied. These are experimentally observed at 5.22
eV ~Ref. 68! and 5.86 eV.69 The ALDA underestimates these
values and the other theoretical results. The VK increases the
ALDA values but not enough; the VK values still underesti-
mate the experiment.

6. Hexamethyldisilane

Another example of a Rydberg excitation is the transi-
tion to the 11Eu state in hexamethyldisilane. The experimen-
tally found value is 6.35 eV.70 With the ALDA we find 5.32
eV which is an underestimation of more than 1 eV. With VK
this value is raised to 5.55 eV, which is still a strong under-
estimation.

F. Discussion of the miscellaneous transitions

Except for the case of ferrocene the excitation energy
shifts due to VK are moderate sometimes improving, some-
times worsening the results. The shift due to VK is upward in
all cases. Except for the transition to the 21T1u state in chro-
miumhexacarbonyl and the transition to the 11E1g state of
ferrocene the ALDA always underestimates. The too high
excitation energies cannot be corrected by including a coun-
teracting field term through the VK functional. The VK shift
in the transition metal complex chromiumhexacarbonyl is
not very large, contrary to the case of ferrocene for which the
transition to the 11E1g state is strongly overestimated by
VK. The Rydberg excitation energies are still underestimated
with VK, but it should be noted that for these excitations use
of an asymptotically correct functional such as the LB94
~Ref. 52! functional is necessary to obtain good results. A
large correction is not necessary for these systems if the
LB94 is used in the ground state, indicating that the fact that
VK does not correct the ALDA a lot in case of the Rydberg
states is not a failure of the VK.

V. CONCLUSION

In this paper we have shown that the TDCDFT approach
which we used before to obtain polarizabilities can be refor-
mulated to describe the excitation spectrum in a way analo-
gous to the ordinary TDDFT approach. The final equations
are of similar form in which only the coupling matrix in the
TDCDFT case contains extra terms involving a tensor xc-
kernel. For this tensor xc-kernel we used the Vignale–Kohn
approximation.

We applied this method to a benchmark set of molecules
and considered excitations of various nature. Thep*←p ex-

TABLE IV. This table shows the excitation energies of transitions with
various character, see the text for more detail. All values are in eV.

Molecule State Expt.
MR

-MP2a CC2a
Other
theory

LDA/
ALDA

LDA/
VK

~1! P4 1 1T2 5.6b 5.38 5.52 5.15 5.69
~2! Na4 1 1B1u 1.81c 1.85 1.83 1.74d 1.79 2.60
~3! C10H10Fe 1 1E1g 2.81e 2.85 2.65 2.93 5.17
~4! Cr~CO)6 1 1T1u 4.43f 4.56 3.96 4.54–4.11g 4.14 4.62

2 1T1u 5.41f 5.42 4.36 5.07–5.20g 5.68 6.31
~5! C4H5N 1 1A2 5.22h 5.26 5.14 5.10j 4.81 5.04

1 1B1 5.86i 6.00 5.80 5.85j 5.20 5.29
~6! Si2(CH3)6 1 1Eu 6.35k 6.52 5.72 5.32 5.55

aReference 19.
bAbsorption spectra in solid argon from Ref. 65.
cPhotodepletion spectra from Ref. 80.
dCl results from Ref. 81.
eAbsorption spectra from Ref. 66.
fVapor spectra from Ref. 67.
gCASPT2 results from Ref. 82.
hReference 68.
iVapor spectra from Ref. 69.
jCC3 results from Ref. 83.
kElectron energy loss spectra from Ref. 70.
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citation energies obtained with VK improve the ALDA re-
sults in all cases except indigo. This is in line with the results
obtained for the polarizabilities in thep-conjugated
systems.12,13For thep* ←n excitation energies and the tran-
sition to the 11E1g state of ferrocene the VK dramatically
fails. For the other type of excitations contained in the
benchmark set no clear picture emerged: sometimes the VK
improves and sometimes it worsens upon the ALDA, but in
general no large effects were observed.

A possible explanation that the VK functional behaves
differently for different kinds of transitions may be found in
the fact that the functional is derived for a system that is very
different from the ones we study. The VK functional was
derived by an expansion to second order in wave vectorsk
and q, which characterize the Fourier component of the
current–current response function for the electron gas and
the wavelength of the inhomogeneity, respectively. This ex-
pansion was shown to be valid in the regimek,q
!kF ,v/vF where kF is the Fermi momentum andvF the
Fermi velocity of the electron gas. This is the region above
the particle–hole continuum. For the wave vector of the ap-
plied optical field the constraintsk!kF ,v/vF are trivially
met ask5v/c!kF , and the speed of lightc@vF . However,
since we consider excitations in molecular systems, the self-
consistent perturbing field associated with a given excitation
will vary on a length scale that is determined by the inhomo-
geneity of the induced density and current density describing
the excitation, and hence by the particular orbital structure of
the transitions involved. An optimistic estimate for this per-
turbing field will bek'2p/L, with L the characteristic size
of the molecule, but a more realistic value would be to con-
siderk'q, i.e., of the same order as the inhomogeneity. For
the wave vector characterizing the inhomogeneity of the
ground-state density, we haveq5u¹r0u/r0 . In the core and
valence regionq is of the same order askF and 1/vF ,52,71

whereas in the asymptotic outer regionq@kF and q
!1/vF . The constraints on the wave vectorq are violated,
although not strongly, almost everywhere in the molecule,
while the extent of the violation of the constraints onk will
depend on the particular excitation considered.

One should keep in mind that meeting the constraints on
k andq in itself does not justify the use of an xc-functional
derived for the weakly inhomogeneous metallic electron gas
to inhomogeneous systems with an excitation gap. This prob-
lem is not unique to the VK functional, but is already present
for the local density approximation and for the gradient cor-
rections. However, the VK functional satisfies two important
constraints, which are valid for systems with arbitrary time
dependence and inhomogeneity~such as molecules in exter-
nal fields!, stating that in linear response the xc-electric field
does not exert any forces or torques on the system. Another
exact property, which is satisfied for any system, is that un-
der rigid translation of the center of mass, described by po-
sition vectorx~v!, the xc-potential is also translated over this
vector. This immediately implies that the VK functional sat-
isfies the so-called harmonic potential theorem.72,73 In view
of these exact properties one may hope that the VK func-
tional is still applicable to the inhomogeneous systems with
an excitation gap such as molecules. The particle–hole re-

gime, for which the VK derivation is not justified, is to a
large extent taken into account by the explicit evaluation of
the Kohn–Sham response functions.

It is our observation that for thep*←p transitions the
results obtained are much improved when including the VK
contribution to the exchange-correlation potentials. For the
p*←p transitions the region where the xc-field contributes
most to the matrix elements is neither close to the nuclei nor
in the remote outer region: the induced current associated
with such transitions is mainly in thep-system in the direc-
tion of the long axis of the molecules, and it is more or less
uniform along this axis. Even though the equilibrium density
is far from homogeneous (q'kF) in the relevant region, the
density gradient is mostly in a direction perpendicular to the
induced current. We may speculate that this remnant of a
weak inhomogeneity might result in the xc-functional to be-
have in a graceful manner. A similar argument cannot be
used for thep* ←n transitions, for which we observe that
the VK functional severely fails to describe these transitions
correctly. The systems studied are however too complicated
to analyze this conjecture. We propose to study simpler sys-
tems, that are chemically relevant, and that can be analyzed
to a larger extent. As turns out the VK functional also fails
for some transitions in atoms. Ullrich and Burke has done an
independent study of excitation energies of atoms with the
VK functional. They obtained excitation energies using the
so-called single pole approximation, in which only the diag-
onal elements of the coupling matrix are included. Their~un-
published! results74 show that also in the case of atoms there
are certain excitations that are strongly overcorrected by VK
while others remain nearly unchanged. For example in case
of beryllium ~Table V! the 2p←2s excitation energy is
strongly overestimated by VK, while the 3s←2s excitation
energy is shifted only slightly by VK, improving over the
ALDA result. We see a similar effect for our implementation
of the VK functional, which takes into account all matrix
elements of the coupling matrix: the large shift observed for
the 2p←2s excitation energy in the single pole approxima-
tion is reduced by taking into account off diagonal elements
but it is still 0.35 eV too large. For the 3s←2s excitation
both methods find a small shift. We hope to gain more in-
sight in the range of applicability of the VK functional in
molecules, and to find the cause of its failure for particular
transitions, by studying atoms in more detail.

TABLE V. This table shows the lowest two excitation energies of transitions
for the beryllium atom. All values are in eV.

Transition Expt.a
ALDA results by

Ullrichb
VK results by

Ullrichb
LDA/
ALDA

LDA/
VK

2s → 2p 5.27 5.07 6.24 4.86 5.62
2s → 3s 6.77 5.62 5.67 5.65 6.63

aReference 84.
bReference 74.
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42M. P. Pérez-Casany, I. Nebot-Gil, J. Sa´nchez-Marı´n, and O. Castell,

Chem. Phys. Lett.295, 181 ~1998!.
43E. R. Davidson and A. A. Jarze¸cki, Chem. Phys. Lett.285, 155 ~1998!.
44J. B. Platt, J. Chem. Phys.17, 484 ~1949!.
45H. B. Klevens and J. B. Platt, J. Chem. Phys.17, 470 ~1949!.
46R. P. Steiner and J. Michl, J. Am. Chem. Soc.100, 6861~1978!.
47J. Wolf and G. Hohlneicher, Chem. Phys.181, 185 ~1994!.
48Y. Kawashima, T. Hashimoto, H. Nakano, and K. Hirao, Theor. Chim.

Acta 102, 49 ~1999!.
49P. Ilich, Can. J. Spectrosc.32, 19 ~1987!.
50L. Serrano-Andre´s and B. O. Roos, J. Am. Chem. Soc.118, 185 ~1996!.
51S. J. A. van Gisbergen, A. Rosa, G. Ricciardi, and E. J. Baerends, J. Chem.

Phys.111, 2499~1999!.
52R. van Leeuwen and E. J. Baerends, Phys. Rev. A49, 2421~1994!.
53L. Edwards and D. H. Dolphin, J. Mol. Spectrosc.38, 16 ~1971!.
54M. Klessinger and W. Lu¨ttke, Chem. Ber.99, 2136~1966!.
55L. Serrano-Andre´s and B. O. Roos, Chem.-Eur. J.3, 717 ~1997!.
56K. D. D’Amico, C. Manos, and R. L. Christensen, J. Am. Chem. Soc.102,

1777 ~1980!.
57K. Nakayama, H. Nakano, and K. Hirao, Int. J. Quantum Chem.66, 157

~1998!.
58C. P. Hsu, S. Hirata, and M. Head-Gordon, J. Phys. Chem. A105, 451

~2001!.
59J. Pitarch-Ruiz, J. Sanchez-Marin, A. Sanchez De Meras, and D. Maynau,

Mol. Phys.101, 483 ~2003!.
60K. K. Innes, I. G. Ross, and W. R. Moomaw, J. Mol. Spectrosc.132, 492

~1988!.
61J. G. G. Simon and A. Schweig, Chem. Phys. Lett.200, 631 ~1992!.
62N. Ohmori, T. Suzuki, and M. Ito, J. Phys. Chem.92, 1086~1988!.
63V. Molina and M. Mercha´n, J. Phys. Chem. A105, 3745~2001!.
64M. Hanrath and S. D. Peyerimhoff, Chem. Phys. Lett.337, 368 ~2001!.
65M. E. Boyle, B. E. Williamson, and P. N. Schatz, Chem. Phys. Lett.125,

349 ~1986!.
66Y. S. Sohn, N. Hendrickson, and H. B. Gray, J. Am. Chem. Soc.93, 3603

~1971!.
67N. A. Beach and H. B. Gray, J. Am. Chem. Soc.90, 5713~1968!.
68M. B. Robin,Higher Excited States of Polyatomic Molecules~Academic,

New York, 1985!.
69M. Bavia, F. Bertinelli, C. Taliani, and C. Zauli, Mol. Phys.31, 479

~1976!.
70V. Huber, K. R. Asmis, A. C. Sergenton, and M. Allan, J. Phys. Chem. A

102, 3524~1998!.
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