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Abstract The most recent advances in the theoreti-
cal description of molecular photoionization by means
of the Density Functional Theory with B-splines basis
functions is reviewed. From the methodological point
of view, the formalism of the Time Dependent Density
Functional Theory applied to molecular continuum is
considered, with a new implementation based on a
non-iterative algorithm. Also, applications of the
Kohn–Sham method for the calculation of dichroism
in photoionization of chiral molecules and of dynam-
ical parameters beyond the dipole approximation are
considered. The methods have proved successful to accu-
rately reproduce experimental data and to suggest reli-
able assignments to observed spectral features.
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1 Introduction

Density Functional Theory (DFT) based on the Kohn–
Sham [1] (KS) scheme is nowadays widely employed
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to study the ground state electronic structure and the
properties of large molecules. On the other hand, the
theoretical description of photoionization needs the ex-
plicit calculation of the photoelectron unbound states.
This task cannot be easily afforded by standard basis
sets like for example gaussians or Slater Type Orbitals
(STO) and a standard method has not yet consolidated
in this field. In our group, we have developed new algo-
rithms based on a non-conventional basis set consisting
of B-spline functions [2]. These algorithms have been
implemented at various levels of theory in computer
codes and some of them have been parallelized in order
to exploit modern supercomputer architectures.

In this work, we present the most recent and relevant
achievements in the field of molecular photoionization
obtained by employing B-spline basis function. Both
methodological and applicative aspects will be consid-
ered. From the methodological point of view, we will
discuss the Time Dependent DFT (TDDFT) scheme
[3], which represents the state-of-the-art formalism to
manage molecular excited states at the DFT level. We
will illustrate our implementation of the TDDFT equa-
tions for the continuum, based on an original non-itera-
tive algorithm, which avoids the SCF procedure typical
of standard TDDFT quantum chemistry codes, usually
employed, for example, to calculate dynamical (hyper)-
polarizabilities [4].

The resolution of the TDDFT equations for the
molecular continuum was originally implemented with
an iterative algorithm employing a One Center Expan-
sion (OCE) B-spline basis set and applied to a series
of small molecules: N2, PH3 [5], hydrides [6,7], CO [8]
and C2H2 [9]. Although excellent results were obtained
with respect to the experiment, the original formulation
suffered from essentially two problems. First, the OCE
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basis prevented the consideration of larger systems,
limiting the applicability to only linear systems or
molecules with very light off-center atoms like hydrides.
Second, the iterative procedure in some instances
showed difficulties in converging, suggesting attempts
to solve the TDDFT equations with alternative algo-
rithms avoiding the SCF process. We have recently met
both goals with the new implementation of the TDDFT
code with multicentric B-spline basis set and a non-iter-
ative algorithm [10], which has been applied to several
medium sized systems: CS2 and C6H6 [10] and to a se-
ries of fluorine containing molecules, namely SF6 [11],
SiF4 [12] and CF4 [13]. These systems were chosen be-
cause experimental data are available to test the per-
formance of the method and also because they exhibit
interesting spectral features, which deserve further the-
oretical analysis. In the present work, we will only con-
sider the most significant results relative to SF6, which,
however, is a good representative of the general level of
accuracy of the present method.

From the applicative point of view, we have consid-
ered two peculiar photoionization effects which have
become targets of recent studies, whose description have
been adequately obtained with the B-spline method
already at the Kohn–Sham level: namely the Circular
Dichroism in Angular Distribution (CDAD) of pho-
toelectrons from chiral molecules and the non-dipolar
effects in molecular photoionization.

Circular Dichroism in Angular Distribution of pho-
toelectrons from chiral molecules can be revealed in
unoriented chiral molecules by angle-resolved photo-
electron spectroscopy involving either valence or inner-
shell electrons. It has been demonstrated theoretically
[14,15] that dichroism effect dependent on the helici-
ty of the circularly polarized light should be observed
in the photoelectron emission even from randomly ori-
ented chiral molecules. This effect, referred as CDAD,
is governed purely by the electric dipole operator and
its magnitude is therefore expected to be much stron-
ger than the conventional circular dichroism observed
in photoabsorption, which depends upon electric quad-
rupole or magnetic dipole operator contributions. Only
recently progress in synchrotron radiation techniques
has allowed the experimental measurement of the
CDAD effects in rigid chiral molecules such as bromo-
camphor [16], camphor [17,18], and methyloxirane [19]
and then on floppy molecules [20]. Efforts to perform
theoretical calculations of the dichroism effect based on
continuum multiple scattering (CMS-Xα) [21,22] and
B-spline methods [19,23] on large organic chiral
molecules have recently started. The calculation of the
dichroism needs the knowledge of the continuum photo-
electron wave function, therefore at present both CMS-

Xα and B-spline methods are available for this task.
The LCAO B-spline DFT approach does not introduce
any approximation on the potential, at variance with
the MS-Xα approach, therefore the quality of the DFT
results is expected to be higher as well as of predictive
potential. It is worth noting that the CDAD calculations
are computationally very demanding, because the usual
chiral molecules are rather large and nonsymmetric and
therefore it is mandatory to employ a parallel version of
the computer code in order to take maximum advantage
of the architecture of modern supercomputers.

Experimental and theoretical work on non-dipolar
effects in molecular photoionization have been very lim-
ited so far. Notably, two papers focusing on the
K-shell photoionization of molecular nitrogen report
contradicting experimental results [24–26]. While the
first measurements gave evidence of strong nondipole
effects at very low photoelectron kinetic energies
[24,25], results of a recent investigation strongly con-
tradict earlier findings [26]. In the work of Ref. [26],
negligible nondipole effects are detected, even if strong
near-threshold departures from the dipolar behavior are
theoretically predicted for the individual 1σ−1

g and 1σ−1
u

ionization channels.

2 Computational models

In all cases considered, the first step consists in perform-
ing a conventional quantum chemistry calculation of the
ground state density of the molecule. To this end we
employ the ADF [27,28] program, which solves the KS
equations within a basis set of Slater functions. Once the
ground state electron density is obtained, the KS hamil-
tonian matrix is calculated, employing the B-spline basis
set. The KS hamiltonian includes the exchange-corre-
lation potential, whose correct asymptotic behavior is
important to gain accurate results for continuum calcu-
lations. Therefore, we have considered both LB94 [29]
and in some instances the more recent SAOP [30] poten-
tials, both of which support the Coulomb tail at large
distances.

Two different strategies can be actually employed to
build the molecular B-spline basis set. The most straight-
forward is to consider an OCE [31] with basis func-
tions obtained as products between monodimensional
radial B-splines and real spherical harmonics adapted
to the molecular point group symmetry, all centered on
a common origin. The OCE basis set is rather simple
to be implemented and is numerically stable, but char-
acterized by slow converge properties and therefore its
use is practicable only for very small or highly symmet-
ric molecules. A better alternative choice is a Linear



Theor Chem Acc (2007) 117:943–956 945

Combination of Atomic Orbitals (LCAO) basis, which
is obtained supplementing the OCE set with additional
B-splines centered on the off-origin nuclei positions [32].
This second alternative is more difficult to be imple-
mented because of the need of efficient algorithms for
the evaluation of matrix elements between basis func-
tions lying on different centers, but it is more efficient
since it converges more quickly than the OCE with basis
set enlargement.

Once a specific B-spline basis is chosen (OCE or
LCAO), occupied orbitals are then obtained as bound
eigenvectors of the KS hamiltonian matrix:

HKSϕi = εiϕi i = 1, . . . , n, (1)

while continuum photoelectron orbitals are extracted as
eigenvectors with minimum modulus eigenvalue of the
energy dependent matrix A+A:

A+A(E)c = ac, A(E) = H − ES. (2)

In Eq. (2), H and S are the Hamiltonian and over-
lap matrices respectively, E is the photoelectron kinetic
energy, c are the eigenvectors and a the minimum mod-
ulus eigenvalues. Eigenvectors c are then normalized
according to S-matrix incoming wave boundary condi-
tions, giving a set of partial waves ψpµ(−)

lh (r), which are
employed to calculate the various dynamical parame-
ters. This step completes the KS procedure and the cross
section and asymmetry parameter profiles can be cal-
culated via transition moments between occupied and
continuum orbitals.

In the TDDFT formalism, the linear response of an
electronic density to an external weak time–dependent
electromagnetic field with frequency ω is evaluated fol-
lowing the original scheme of Zangwill and Soven [33];
an effective Self-Consistent Field (SCF) potential �SCF

is introduced, which consists of the external dipole po-
tential �EXT plus the Coulomb and exchange-correla-
tion screening due to the redistribution of the electrons:

�SCF(r̄,ω) = �EXT(r̄,ω)

+
∫
δn

(
r̄′,ω

)
dr̄′

|r̄−r̄′| + ∂VXC

∂n

∣∣∣∣
n(r̄)

δn(r̄,ω). (3)

In Eq. (3), δn(r̄,ω) is the induced density and the
Adiabatic Local Density Approximation (ALDA) [34]
to the exchange-correlation kernel has been introduced.
In turn, the induced density is obtained from the KS
(noninteracting) dielectric susceptibility (χ) and the SCF
potential:

δn(r̄,ω) =
∫
χ

(
r̄, r̄′,ω

)
�SCF(

r̄′,ω
)
dr̄′. (4)

Substitution of (4) in (3) gives the integral equation:

�SCF(r̄,ω) = �EXT(r̄,ω)+
∫ ∫

K(r̄, r̄′)χ
(
r̄′, r̄′′,ω

)

×�SCF(
r̄′′,ω

)
dr̄′dr̄′′ (5)

where in (5) K represents the coulomb and the ALDA
exchange-correlation kernel:

K
(
r̄, r̄′) = 1

|r̄ − r̄′| + δ
(
r̄ − r̄′) ∂VXC

∂n

∣∣∣∣
n(r̄)

. (6)

The integral Equation (5) is solved with respect to
�SCF: representing the equation with the same B-spline
basis set leads to the solution of a linear system of alge-
braic equations. An efficient way to implement the con-
struction of the χ matrix in the present B-spline basis
set has been described recently [10].

Once �SCF is obtained, all the parameters which
describe the photoionization process at the TDDFT
level of theory and within the dipole approximation,
namely the cross section and the asymmetry parame-
ters, are calculated via transition moments using �SCF

instead of the pure dipole operator.

3 Photoelectron angular distribution

The basic assumption in the application of angle-
resolved photoelectron spectroscopy is the dipole
approximation (DA) for photon–matter interaction. The
DA leads to a well-characterized and easily quantified
behavior of the cross section, dσ /d�, as a function of the
ejection angle θ of the photoelectron with respect to the
axis of polarization of the incident radiation. In case of
fully linear polarization of light, dσ /d� is given by

dσ
d�

= σ

4π

[
1 + βP2(cos θ)

]
(7)

where β is the dipolar asymmetry parameter. The
application of the DA to the angular distributions of
photoelectrons has provided useful information on the
photoionization process itself and the orbital structure
of the molecular targets [35].

3.1 Dichroism in photoionization of chiral molecules

Even within DA, it can be shown in general that the
differential cross section expression (Eq. 7) can be ex-
tended to the case of circularly polarized light and of
randomly oriented chiral molecular targets. The follow-
ing expression holds in terms of three quantities, namely,
the cross section σ , the asymmetry parameter β and the
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dichroism parameter D:

dσ
d�

= σ

4π

[
1 +

(
−1/

2
)|mr|

βP2(cos θ)+ mrDP1(cos θ)

]

(8)

where mr is 0, +1 or −1, respectively for linear, left
circular or right circular polarization. Moreover, the D
parameter is always zero unless the molecule is chiral.
The laboratory frame is defined by the incident pho-
tons: the polar axis corresponds to the electric vec-
tor or propagation direction respectively for linear or
circular light polarization. The cross section, the asym-
metry and dichroism parameters profiles for randomly
oriented molecules can be conveniently computed
according to the angular momentum transfer formal-
ism [19,36] in terms of electric-dipole matrix elements
between final continuum and bound initial states.

3.2 Beyond the dipole approximation

While it is well known that DA breaks down in the
hard-X-ray range [37], in the UV and X-UV photon-
energy ranges, DA is assumed to hold because relativ-
istic effects can be neglected and the wavelength of the
incident radiation is much larger than the size of the
electron orbits. Therefore, the effects due to interac-
tions beyond the DA in the intermediate soft X-ray pho-
ton-energy range have been neglected for a long time.
Recent measurements in noble gases provided evidences
of the breakdown of the DA already in the VUV region
of the spectrum with departure from the DA observed
for photon energies as low as few tens of eV [38 and
references therein]. In the soft-X-ray domain, a first or-
der correction to the DA in photon momentum, which
takes into account the electric–dipole electric–quadru-
pole and electric–dipole magnetic–dipole cross terms, is
usually sufficient to properly describe dσ /d� [38]. In this
approximation and for achiral systems, dσ /d� addition-
ally depends on two new parameters, δ and γ , and on
the azimutal angle φ relative to the photon propagation
vector [38],

dσ
d�

= σ

4π

{
1+βP2(cos θ)+

[
δ+γ cos2 θ

]
sin θ cosφ

}
(9)

for pure linearly polarized light along the Laboratory
Frame (LF) Ẑ axis, and

dσ
d�

= σ

4π

{
1 − β

2
P2(cos θ)+

[γ
2

sen2θ + δ
]

cos θ

}
(10)

for circularly polarized light propagating along the LF
Ẑ axis. Here, θ and φ denote the polar angles of the pho-
toelectron momentum vector k in the LF, the positive
X̂ axis being defined by the photon propagation vector

for linearly polarized light. Non-dipolar effects mani-
fest themselves through backward/forward anisotropies
along the photon momentum. These can be forward
directed, for positive values of γ and δ, or backward
directed for negative values of the parameters. General
expressions for the non-dipole parameters δ and γ of
Eqs. (9) and (10) in terms of electric/magnetic–dipole
and electric–quadrupole matrix elements between final
continuum and bound initial states are given in Ref.
[39]. Chirality of the molecular system further intro-
duces additional parameters [40].

4 Applications

4.1 TDDFT photoionization of SF6

The calculations have been performed at the TDDFT
level employing the non-iterative algorithm (Eq. 5) and
working with the multicentric B-spline basis set (LCAO)
[11].

In Fig. 1, the cross section and the asymmetry param-
eter profiles of the three outermost molecular orbitals
of SF6 are considered. For each ionization, three the-
oretical curves are plotted: the TDDFT obtained with
both LB94 and SAOP potentials, in order to assess the
performances with respect to the experiment, and the
KS LB94, useful to identify the role of response effects
and interchannel coupling, not included at the KS level,
in comparison with the TDDFT results. The experimen-
tal data reported in the figures have been taken from
Ref. [41], the latter being the most recent and complete
experimental work.

The calculated TDDFT profiles are generally always
in very good agreement with the experimental data, and
the SAOP potential performs better than the LB94 one.
The differences between the KS and the TDDFT re-
sults are not so large, apart from the region just above
the threshold dominated by autoionization resonances,
which cannot be calculated at the simpler KS level. An
interesting exception is the C 2Eg ionization, where in
both cross section and asymmetry parameter profiles,
the TDDFT definitely improves the agreement with re-
spect to the experiment in a wide energy range from
threshold up to 10 eV above it. Given the excellent
agreement between theory and experiment, the pres-
ent TDDFT method is suitable to give a reliable inter-
pretation and therefore to propose assignments of the
observed spectral features. In particular, SF6 cross sec-
tion profiles display several shape resonances assuming
very different appearance: for example, in X 2T1g profile
a wide and smooth maximum is observed, while in (A,
B, 2T1u, 2T2u) two very sharp structures are observed.
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Fig. 1 Cross section (left panels) and asymmetry parameter (right panels) profiles, relative to the X, the A, B and the C photoelectron
bands of SF6. Experimental data from Ref. [41]

The presence of such shape resonances is known since
long ago [42] and represents one of the most inter-
esting peculiarities in the photoionization of SF6. In
the (A, B, 2T1u, 2T2u) profile, passing from KS-LB94
to the TDDFT–LB94 profile, one observes a slight shift
of the first resonance to higher energy, while the second
one remains roughly at the same energy position. A fur-
ther shift to higher energy of both shape resonances is
obtained at the TDDFT–SAOP level. From symmetry
resolved cross section analysis, it is possible to ascribe
the first resonance at 0.76 eV to the 5t1u → εt2g contin-
uum, while the second one at 12.20 eV is attributed to
the 5t1u → εeg continuum, in line with previous assign-
ment [41]. In order to give a more physical interpretation

of the shape resonances, we have also performed an
analysis of the shape resonances based on the “dipole
prepared” continuum orbitals [43], which allow the anal-
ysis of the photoelectron wave function removing the
problem of the infinite continuum degeneracy. We have
reported the plots relative to the εt2g and εeg resonances
in the two upper panels of Fig. 2: as can be easily seen,
while the first resonance at 0.76 eV corresponds to a con-
tinuum orbital with a strong S3d character with lobes
directed away from the F atoms, the resonance state at
12.20 eV keeps the S3d character, but with lobes directed
towards the F atoms and strong antibonding interaction
of type σ*(S–F). This analysis confirms the common
interpretation of these shape resonances in terms of
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continuum quasi-bound states, trapped inside the molec-
ular cage by the double well-effective potential gen-
erated by the electronegative fluorine atoms. The εeg
resonance lies at more than 10 eV higher than the εt2g
one because of the strong antibonding interaction with
the ligands. Moreover, they are both very sharp indi-
cating that the trapping of the d-wave inside the cage
is effective only in a very limited region of photoelec-
tron energies. It is convenient to compare the resonance
plots with respect to the continuum orbitals taken few
eV’s away from the resonances, as reported in the two
central panels of Fig. 2: in this case the wave function
is much weaker inside the cage, but it also completely
loses its structure, which on the resonance is caused by
the anisotropic molecular effective potential and outside
the resonance shows an almost perfect spherical shape.
These findings corroborate the idea that such shape res-
onances are greatly enhanced and sharpened as an effect
of the anisotropic molecular effective potential.

It is interesting to compare these findings with the
behavior of the HOMO 1t1g cross section, which dis-
plays an intense maximum at 12.9 eV of photoelectron
kinetic energy, and is ascribed to the 1t1g → εt2u contin-
uum. The latter is found to be much broader than those
attributed to the 5t1u → εt2g and 5t1u → εeg shape
resonances. In Fig. 2, we have also reported the “dipole
prepared” continuum orbital for the 1t1g → εt2u con-
tinuum (lower panel), which can be ascribed to a wave
of the f(x2−y2)z type. A possible interpretation of such
different resonant behavior could be that in 1t1g → εt2u
continuum resonance, the maximum of the cross sec-
tion is caused by a potential barrier that originates from
the centrifugal term associated with the high angular
momentum (l = 3) of the photoelectron. This barrier
is spherically symmetric and prevents the photoelectron
from penetrating into the molecular cage, originating a
delayed onset at higher photoelectron energy. In sum-
mary, we suggest that the different observed shape reso-
nance behaviors originate from the nature of the barrier
in the potential: spherical barriers associated with the
centrifugal kinetic energy term give rise to broad reso-
nances characterized by a high angular momentum of
the photoelectron, while non-spherical barriers associ-
ated with ligand repulsive terms give rise to sharp reso-
nances.

4.2 Dichroism in photoionization of chiral molecules

Continuum calculations on chiral molecules is a chal-
lenge, due to the large size and low symmetry of the sys-
tems considered. To this end, we employ a KS formalism
with a B-spline LCAO basis, a convenient scheme that is
however still very demanding in terms of computational

power due to the large matrices involved in the calcula-
tions. In order to tackle this task, we have parallelized
our KS–LCAO code with standard MPI libraries to fully
exploit the architectures of modern distributed memory
supercomputers.

The first studied system has been the methyl-oxira-
ne for which new experimental data were available for
comparison, thus providing a stringent test for the accu-
racy of the theory [19,44]. Furthermore, this molecule
presents a high degree of conformational rigidity that
makes it suitable for extensive calculations and avoids
an equilibrium mixture of conformers to contribute to
the measured dichroism. For a correct assessment of the
dynamics of the CDAD effect, it is much more infor-
mative to analyze the D parameter for each orbital as
a function of the photoelectron energy, rather than to
consider the D parameter as a function of the bind-
ing energy as in the dichroic spectrum. The theoretical
dichroism coefficient has been therefore calculated as
a function of the photon energy for the valence pho-
toionization channels and compared with the experi-
mental measurements (Fig. 3). It is apparent that the
magnitude and sign of the theoretical and experimen-
tal D coefficients are in good agreement. This first study
clearly indicates that the Di(ω) coefficient exhibits a rich
dynamical behavior and is a promising tool to investi-
gate molecular dissymmetry. The D parameter appears
quite sensitive to the nature of the ionized orbital and
therefore could be profitably employed to probe chiral
molecules and extract useful information on their elec-
tronic structure. A main task is the correlation between
the shapes of the D parameters with the electronic struc-
ture of the system, or more precisely the identification
of the physical origin of the different patterns observed
in the D profiles. This task, however, is still challenging:
in fact, the numerical value of the Di(ω) is the resul-
tant of many contributions [19], and it is very difficult
to identify a simple cause. More experimental and the-
oretical work on a larger variety of molecules are nec-
essary to gain more insight into this relationship; to this
purpose, a series of derivatives of oxirane has been con-
sidered (see Scheme 1) [23]. Despite the lack of exper-
imental data (except for I), these molecules have been
chosen because the F atom is the simplest electronega-
tive electron-acceptor substituent, which may represent
a useful model to mimic real, but more complex, chiral
molecules, in order to identify the relations between the
CDAD and the molecular electronic structure. In par-
ticular, the dichroic parameter profiles relative to the
valence orbitals have been studied for the states that
retain their nature along the series. For example, Fig. 4
reports the D parameter profile of the MOs correspond-
ing to the oxygen lone pair of the four molecules. Such
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Scheme 1 Structures of the chiral molecules considered in this
study: (I) (S)-methyloxirane; (II) trans-(2S,3S)-dimethyloxirane;
(III) (S)-fluoroxirane; (IV) trans-(2S,3S)-difluoroxirane

comparison is meaningful because we have checked that
in all cases the oxygen lone pair keeps its nature along
the series. The theoretical results show two interesting
features: first, the significant oscillation of the D val-
ues (of the order of 20% in terms of relative intensity),
which should be experimentally detectable. Second, the
D parameter proves to be very sensitive to the chem-
ical substitution of the oxirane ring. In particular, the
shift to higher energy of the profile in (II) with respect
to (I) is ascribed to the electronic effect of the increas-
ing number of methyl groups, which acting as electron
donors, increase the electron density on the O atom. Fur-
thermore, the large negative values calculated for the D
parameter in (IV) can be associated with the electroneg-
ative effect of the F substitution, which gradually com-
petes with that of the O atom, on going from (III) to (IV)
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molecules. Also the core dichroism has been considered
relative to the O 1s and C 1s orbitals of these molecules
(Fig. 5). It can be observed that for core ionizations the
CDAD effect is less intense than in the valence shell; fur-
thermore the chiral center is not necessarily connected
with the most pronounced dichroism. This finding indi-
cates that for the core states, the dichroism must be a
final state effect; in fact the initial state core orbitals
retain their atomic spherical symmetry, therefore the
dichroism is ascribed to the photoelectron wave func-
tion which is delocalized and can probe the whole effec-
tive molecular potential, extracting information on its
dissymmetry.

The study of the dichroism effects appears particu-
larly significant in biological systems; in this respect, the
camphor molecule is an excellent candidate to be stud-
ied because of its rigidity [45]. Furthermore, measure-
ments of photoelectron dichroism are reported in the
literature for both the core [46] and the outer valence
[17,18] regions, allowing comparison with the theoret-
ical results. The calculated dichroic parameters for the
carbonyl core C 1s and O 1s ionizations (Fig. 6) show
rather large variations at low kinetic energies; this find-
ing is significant because of the high localization of the 1s
initial core orbital, which is not asymmetric, as pointed
before. This confirms that the dichroism cannot be sim-
ply associated with the chirality of the initial state but
rather with the continuum final state, which is com-
pletely delocalized over the molecule and is therefore
able to sample the asymmetry of the effective potential.
The significant differences in the dichroic parameters
relative to the two C 1s and O 1s core orbitals (oppo-
site sign and different shape) indicate the sensitivity of
the D parameter to the chemical environment of the
atom, as already found in the series of analogue com-
pounds [23]. As concerns the valence ionization, the
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Fig. 5 Dichroic parameter (D) relative to the O 1s, C(2) 1s, C(3)
1s and C(4) 1s core orbitals of oxirane derivatives (see Scheme 1)

dichroic parameter has been evaluated for the outer-
most orbital (HOMO), which can be characterized as
the carbonyl oxygen lone pair. The comparison with the
experiment is reported in Fig. 7 and some discrepan-
cies are revealed, in particular, the energy gap calcu-
lated between the maximum and the minimum is too
narrow. A non-completely quantitative agreement can
be ascribed to a limitation of the DFT KS Hamilto-
nian employed in the calculations; the inclusion of re-
sponse effects through the TD-DFT approach would
possibly improve the agreement, as it has been shown for
the calculation of photoionization parameters in small
molecules [5–7].

The theoretical studies on methyloxirane and cam-
phor molecules [19,23,45] make the assumption that in
the calculation of the CDAD effect, the rotation of the
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methyl group does not affect the results. However, it is
an interesting question if circular dichroism in
photoemission could be used as a practical tool for con-
fomational analysis, as it occurs in conventional
circular dichroism in differential absorption. The sensi-
tivity of the CDAD to the conformation of the

Br

Br

F

F

Cl
Cl

(Ia)

(I) (II)

F

Br

F

Cl

Cl
Br
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Scheme 2 Configurational structures of the molecules: (I)
(1R,2R)-1,2-dibromo-1,2-dichloro-1,2-difluoroethane; (II) (S)-
methyloxirane; and the three conformers Ia Ib and Ic of (I)

molecule has been analyzed in Ref. [47] with reference
to the (1R,2R)-1,2-dibromo-1,2-dichloro-1,2-difluoroe-
thane (see Scheme 2, I), whose possible conformations
derive from the C–C bond rotation (three conforma-
tional isomers Ia, Ib and Ic are stable at room
temperature). CDAD calculations on the possible con-
formers of (S)-methyloxirane (II), as obtained from
internal rotation about the C–CH3 bond, have been also
considered in that study [47]. Another unexpected and
dramatic sensitivity of the dichroic parameter profile
to the methyl rotation, both in the core and valence re-
gion, has been found. It is of worth to note that the other
photoionization dynamical parameters, namely the cross
section and the asymmetry parameter, are instead only
weakly affected. Figure 8 reports some of the results rel-
ative to both the core and valence dichroism of the three
conformers of I. The D parameter for the core orbitals
(F 1s and C 1s) shows high sensitivity to the conforma-
tional changes, particularly near the threshold. The core
states maintain their IP position along the conformers
very well and the D profiles can therefore be proposed
as a useful tool for conformational analysis and possibly
employed as “fingerprint” of the different conformers of
a molecule. A rather large CDAD effect is also detected
for the HOMO ionization, whose orbital has a localized
character too, being essentially composed of Br 4p func-
tions. These observations indicate that the sensitivity of
the D parameter to the particular conformer should be
ascribed to the continuum final state, which feels the
changes of the effective molecular potential during the
C–C rotation. This is in agreement with the results previ-
ously discussed and confirms that the CDAD effect ap-
pears more strongly affected by the particular molecular
structure than the initial state. Another recent computa-
tional and experimental study on the circular dichroism



Theor Chem Acc (2007) 117:943–956 953

D

-0.10

-0.05

0.00

0.05

0.10

(Ia)
(Ib)
(Ic)
Boltzmann statistics

Photoelectron Energy (eV)

0 20 40 60 80 100

D

-0.15

-0.10

-0.05

0.00

0.05

0.10

D

-0.08

-0.04

0.00

0.04

lone pair F  (28 b)

F 1s (7a + 7b)

C 1s (8a + 8b)

Fig. 8 Dichroic parameter (D) relative to the total core F 1s (7a
+ 7b), C 1s (8a + 8b) and valence 28b (lone pair of fluorine atoms)
orbitals of the conformers of (1R,2R)-1,2-dibromo-1,2-dichloro-
1,2-difluoroethane (I) (See Scheme 2). The averaged D values
obtained on the basis of the Boltzmann’s statistics are also dis-
played

in the valence region of the 3-hydroxytetrahydrofuran
enantiomers [20] also demonstrates the sensitivity of the
dichroic parameter to conformational factors.

4.3 Photoionization beyond the dipole approximation

The calculation of non-dipolar terms has been imple-
mented by now at the KS level, with an LCAO B-spline
basis set. As an example of the performance of our
method in calculating nondipole angular distribution
parameters, we consider the K-shell ionization of molec-
ular nitrogen [39] for which experimental and theoret-
ical calculations from different sources are available
[24–26]. There have been two independent measure-
ments of non-dipolar angular distributions giving
contradicting conclusions. The experimental work by
Hemmers et al. [25] revealed a resonant behavior in

the ζ parameter (defined as ζ = γ + 3δ) with a peak
energy position of about 60 eV above threshold. The
peak energy position of the feature in the ζ profile is
therefore difficult to correlate with the well-known σ*
shape-resonance in the 1σ−1

g cross section [48]. Recent
measurements [26] do not support these findings how-
ever, and negligible deviations from the dipole distribu-
tions in the near threshold region are found. We report
our DFT results in Fig. 9, and make a comparison with
the experimental β measurements [24,26,49] and the
two sets of experimental data for the non-dipole param-
eters [25,26]. We report the DFT results resolved in the
core-ion states (1σ−1

g and 1σ−1
u ionization channels),

as well as their average, weighted by the correspond-
ing partial cross sections. Our results are fully consistent
with the experimental results of Ref. [26]; DFT results
for the γ parameter are in very good agreement with
the experimental values of Ref. [26] and discrepancies
with our predictions for δ fall within the experimen-
tal uncertainties. Strong near-threshold deviations from
the DA are predicted for the individual 1σ−1

g and 1σ−1
u

ionization channels, in good agreement with the Ran-
dom Phase Approximation (RPA) results of Ref. [26],
but almost complete cancellation occurs in the average
values, which display smooth and monotonic variations
in the whole spectral range, resembling the atomic case
[24]. This is a good example of coherent electron emis-
sion from two identical sites, whose quantum coherence
is obscured with experiments that do not resolve the
individual quantum (gerade and ungerade) states [50].
Our DFT results are in rather good agreement with
the RPA predictions of Ref. [26] (not reported in the
Figure for the sake of clarity), with the only exceptions
of a near threshold oscillation in the δ parameter, which
is absent in our results, and a small shift of the RPA
γ profiles for the individual 1σ−1

g and 1σ−1
u ionization

channels toward higher excitation energies when com-
pared to our results, due to a different attractive char-
acter in the effective KS and RPA scattering potentials.
The statement that non-dipole effects prove negligible
for nitrogen K-shell photoionization in the near-thresh-
old range is therefore putforth on a firm basis because
results from two different theoretical approaches are in
satisfactory agreement with each other and with the new
experimental data of Hosaka et al. [26]. The extent of
the agreement between our theoretical results and the
RPA ones of Ref. [26] furthermore suggests that inter-
channel coupling effects between main-line 1σ−1

g and
1σ−1

u ionization channels prove quite unimportant in
determining deviations from the dipolar angular distri-
bution and further that relaxation effects are phenom-
enologically rather well accounted for by the LB94 xc
potential [51].
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We now analyze the high energy behavior of the var-
ious asymmetry parameters. The individual 1σ−1

g and
1σ−1

u asymmetry parameters are seen to oscillate out
of phase; the oscillations are characterized by a rather
small amplitude in the β parameter but persist with-
out damping in the γ and δ profiles. The out of phase
oscillations originate from the different parities of the
initial states, and consequently, of the continuum partial

waves, and this, as stressed above, leads to cancellations
in the averaged values. This strong oscillatory character
furnishes a nice proof of the validity of the Cohen–Fano
model [52], which is then invoked for its explanation. In
fact, consider in Fig. 9 the crossing points of the γ param-
eters for the 1σ−1

g and 1σ−1
u states: they occur approx-

imately in steps of 1.5 a.u. of photelectron momentum.
Then, assuming a sin (kR) dependence as implied by the
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Cohen–Fano model, we arrive at a distance R of 2.09 a.u.
in good agreement with the equilibrium distance of
2.07 a.u. used as input in our fixed-nuclei calculations,
and with the results of a similar analysis presented by
Hosaka et al. [26].

In summary, our DFT results agree reasonably well
with the recent RPA calculations and with the avail-
able experimental data in the near threshold range. The
KS results are fully consistent with the most recent
theoretical and experimental findings [26] and rather
small non-dipole effects are found in the near thresh-
old range. However non-dipole terms turn out to be
quite large, even at the threshold, when individual con-
tributions from the 1σ−1

g and 1σ−1
u ionization chan-

nels are considered. Interference effects giving rise to
high-energy oscillations in the dipole and non-dipole
asymmetry parameters are analyzed and explained in
the framework of the Cohen–Fano model. Efforts are
currently on for the inclusion of dynamical correlation
effects in the framework of the linear response theory
(TDDFT).

5 Conclusions

From the methodological point of view, the formalism of
the TDDFT applied to molecular continuum, with a new
implementation based on a non-iterative algorithm and
a multicentric B-spline basis, has proved quite success-
ful for a quantitative description of the photoionization
dynamics for medium sized molecules. Extensions of
the KS method for the calculations of photoionization
dynamical parameters beyond the dipole approximation
have been considered and implemented at the LCAO
level, while the calculation of dichroism of photoelec-
trons of chiral molecules within the dipole approxima-
tion has been implemented in a multicentric basis and
the codes have been parallelized. The methods have
proved successful to accurately reproduce experimental
data and to suggest reliable assignments of the observed
spectral features. Future extensions regard the imple-
mentation of the non-dipolar terms at the TDDFT level
of the theory and the parallelization of the TDDFT code
to extend the range of applicability to larger and less
symmetric systems.
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