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Abstract

Density functional calculations have been carried out for several Ni porphyrinates representative of the most common form in which this
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etal is present in crude oil. A detailed study of the molecular and electronic structure is presented including the description
ying electronic states leading to the well known Q and Soret bands in the optical spectra. The reliability of the present study is
y comparison to experimental data. It is found that presence of different substituents does not largely affect the electronic struc
ickel porphyrin moiety including the energy excitation required to promote these molecules to the low lying electronic states. It is

hat these promoted Ni-porphyrin derivatives can participate in poisoning catalysts like zeolites and metallic sulfides. However, th
lectronic promotion in Ni-porphyrinate derivatives indicates that this family of compounds is likely to be less active as catalyst po
ther metals like V, in agreement with experimental evidence.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The presence of metals in crude oils has been long known
nd it is also associated to several technological problems[1].
ifferent metals can be present in crude oil depending on the
eological and geographical origin of the sample: up to 27 el-
ments were found in the analysis of ash of US oil crudes[2].
ickel and vanadium are no doubt the most abundant metals

n crude oil and can reach concentrations ranging from 250 up
o 2000 ppm for Ni and V, respectively. Typically V is found
n higher concentration than Ni[3]. It is customary to classify
he chemical forms in which these metals are found in crude
il in terms of porphyrinic and non-porphyrinic[3,4]. The
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porphyrin fraction is the largest; it is well defined and id
tified by several characteristic spectroscopic features[5–7].
The non-porphyrinic term is used to describe all form
which metals can be found in oil crude other than porphyr
The porphyrinic fraction may involve easily 40–50% of
total amount of V and Ni contained in average crude oils[8]
and the remaining of these two metals is found in a much
characterized way[9]. Hence, one must not be surprised
the terms petroporphyrins (or geoporphyrins) is comm
used in the oil industry to describe the most common ch
ical form of trace metals in crude oil[10]. The presence o
metals in crude oil has negative and positive effects bec
they can either poison the catalyst or, on the contrary, cat
some reaction of interest[11]. It has been reported that bo
Ni and V interfere with the refining processes, their pres
being related to severe deactivation of many heterogen
catalysts, mainly zeolites and metal sulphides used in se
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Fig. 1. Schematic representation of the Ni-octaethylporphyrinate (compound2) and the different substituted compounds used in this work.

steps of the fluid catalytic cracking, with a concomitant strong
economic detriment in the oil industry[12]. Moreover, it has
been found that V is much more destructive than Ni although
the reasons for such behavior remain largely unknown. At
least in part, catalyst deactivation is due to metal deposition
and also in this case the deposition rate is larger for V than
for Ni [9].

Several spectroscopic and theoretical studies exist which
deal with Ni-porphyrins having either lateral aliphatic or
aromatic branches[4–16]. However, these studies attempt
to relate changes in structure with some features regard-
ing their biological and photophysical activity[17]. There-
fore, a detailed description of the molecular and electronic
structure of some Ni-petroporphyrin complexes appears as
highly desirable. The main goal of the present work is pre-
cisely the study of various Ni-porphyrin derivatives either
present in crude oil or used as models in laboratory ex-
periments. In particular, reliable molecular structures are
reported and their electronic structure analyzed with spe-
cial emphasis on the effect of substituents. To this end, ac-
curate density functional theory (DFT) based calculations
have been carried out for a series of four Ni-porphyrin
compounds starting with the simple Ni-porphyrinate (com-
pound1) for which various detailed theoretical studies car-
ried out at different levels of theory exist[18,19] including
t

porphyrinate derivatives have been included which are rep-
resentative of the main different families of petroporphyrins;
etioporphyrins andmeso or �-cycloalkaneporphyrins;
these are Ni-octaethylporphyrinate (compound2) and Ni-
deoxophylloerythroetio porphyrinate (compound3), respec-
tively. Finally, Ni-tetraphenylporphyrinate (compound4) is
also included since it is also widely employed as a model
compound in demetallation studies[20]. On the other hand,
compounds2 and4 are often used as models in the experi-
mental research of petroporphyrins[9,20,21]whereas com-
pound 3 is one of the real form in which Ni-porphyrins
are found in crude oil[9]. A schematic representation of
compound2 is given in Fig. 1. The atoms in this figure
are numbered following the biogenetic numeration. The po-
sitions 1, 4, 6, 9, 11, 14, 16, 19 are�-positions, posi-
tions 2, 3, 7, 8, 12, 13, 17 and 18 are�-positions and
the positions 5, 10, 15 and 20 are themeso-positions. The
most stable conformer reported by Stoll et al.[16] from
B3LYP calculation—within a 6-31G* basis set for C, H
and N and the Ahlrich’s valence triple-� (VTZ) for nickel
basis sets—has been selected. It is expected that the mi-
croscopic information reported in this work can be useful
in finding out reasonable hypothesis about catalyst poi-
son activity of Ni-porphyrins and thus to contribute to the
design of effective demetallation processes for heavy oil
p
he analysis of the low lying excited states[19]. Two Ni-
 rocesses.
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2. Computational details

For computational convenience, the optimum geometry of
the four compounds described above has been carried out us-
ing density functional theory (DFT) within the gradient cor-
rected Becke–Perdew (BP)[22] whereas all the energy based
analysis have been carried out using the B3LYP exchange-
correlation functional[23]. The BP calculations all-electrons
are explicitly considered and the electron density is expanded
in double-� numerical basis set augmented by polarization
functions, this is referred to as DNP. These basis sets are
given as numerical values on a sufficiently large grid cen-
tered on each atom. For each system, a complete geome-
try optimization has been carried out for the ground state
closed-shell electronic structure configuration as well as for
the lowest triplet state and the corresponding cation. For the
ground state, the calculations are spin restricted whereas for
the cation and for the triplet states the spin unrestricted imple-
mentation of the Kohn–Sham DFT formalism is used. This
set of calculations has been carried out using the DMol3 com-
puter program[24].

Using the Becke–Perdew exchange-correlation and
the DNP optimized geometry—hereafter referred to as
BP/DNP—single-point calculations have been carried out us-
ing the B3LYP exchange-correlation functional[23] which
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equations thus permitting a rather simple interpretation of
the excited levels in terms of one-electron excitations[19].
The excitation energies are calculated from the poles of
the frequency-dependent polarizability and the oscillator
strengths from the residues. In order to compare with exper-
iment we assume that excitations follow the Franck–Condon
principle. Hence, TD-DFT excitation energies are computed
using only the ground state geometry.

3. Results and discussion

In order to assess the accuracy of the present compu-
tational approach for the optimized structural parameters,
the present calculated values for Ni-porphyrinate and Ni-
octaethylporphyrinate, as obtained from the BP/DNP compu-
tational scheme, are compared to those predicted from X-ray
diffraction measurements[31–34](Table 1). From the results
reported inTable 1it appears that the BP/DNP method is able
to quantitatively describe the bond lengths and bond angles of
both compounds1and2. The BP/DNP values for compounds
3 and4 are reported inTable 2, values for the compounds1
and2 are also reported inTable 2for comparison. The final
optimized geometries of the four compounds are schemati-
cally depicted inFig. 2. For compound1 the present results
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The calculated values correspond to the BP/DNP level of theory.
a Ref. [31].
b Refs. [32–34].
as proven to provide more accurate energy values. In p
le, B3LYP performs better for organic compounds altho

t has also been shown to perform very well in transi
etal elements containing compounds although no trans
etal compounds were included in the data set used i

t [25–28]. The B3LYP calculations have been carried
sing standard Contracted Gaussian Type Orbitals (CG
asis sets; 6-31G** for all atoms except for Ni for which
mall core effective core potential (ECP) of Hay and Wad
een selected together with the standard double-� basis Gaus
ian basis set[29], normally referred to as LANL2DZ. Fo
i-porphyrinate (compound1), the B3LYP calculations in
olve a total of 418 CGTO functions whereas the calculat
orresponding to Ni-octaethylporphyrinate (compound2),
i-deoxophylloerythroetio porphyrinate (compound3) and
i-tetraphenylporphyrinate (compound4) are more demand

ng and involve 802, 692 and 834 CGTOs, respectively.
3LYP calculations have been carried out using the G
ian98 suite of programs[30].

From the B3LYP calculations several properties
btained and analyzed such as core-level shifts for

atoms on the pyrrolic ring, singlet–triplet energy d
erences and the excitation energy for the lowest allo
inglet–singlet transition which can be directly compa
o the electronic spectra of porphyrins and in particula
he so-called Q and B (or Soret) bands[5,7,19]. The latte
as been obtained using time dependent DFT (TD-D
s implemented in Gaussian98 and using again the B3
odel for the exchange-correlation functional. TD-DFT
ased in the Kohn–Sham formulation of DFT and ma
se of the eigenvalues and eigenvectors of the Kohn–S
re in very good agreement with the BP results reporte
aerends et al. using a triple-� basis set of Slater type orbita

19]. Both sets of calculated results are also in agreemen

able 1
xperimental and computed geometrical parameters (Å and ◦) of the Ni-
orphyrinate (compound1) and Ni-octaethylporphyrinate molecule (co
ound2)

arameter Compound1 Compound2

X-raya BP/DNP X-rayb BP/DNP

ond length (̊A)
Ni N 1.951 1.974 1.961 1.960
C1 N 1.379 1.383 1.376 1.380
C1 C2 1.435 1.439 1.450 1.450
C2 C3 1.371 1.364 1.369 1.377
C4 C5 1.383 1.387
C2 C21 1.504 1.502
C21 C22 1.347 1.383 1.542 1.542

ngles bond (◦)
N Ni N 90.0 90.0 90.0 90.1
Ni N C1 127.8 127.7 127.6 127.3
N C1 C2 111.0 111.0 111.4 111.1
N C4 C5 125.4 125.4 124.8 124.7
C1 N C4 104.3 104.6 104.8 105.2
C1 C2 C3 106.8 106.7 106.2 106.3
C1 C2 C21 125.3 125.0
C2 C3 C23 123.6 124.4 128.5 128.5
C2 C21 C22 128.9 113.7 114.0
C3 C4 C5 123.5 123.6 123.7 124.0
C4 C5 C6 123.6 123.8 124.0 124.0
C1 N N C11 1.7 0.0 19.8 27.8
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Fig. 2. Optimized geometries of the Ni-porphyrinate compounds studied in the present work as obtained at the BP/DNP level theory.

experimental results with a maximum deviation in the NiN
distance of 0.02̊A between calculated and experimental val-
ues (see [19] and references therein).

Ni-porphyrinate is totally planar hence exhibiting a
marked difference with respect to the analogous vanadyl com-
pound which has been shown to have a dome shape[35].
However, the other Ni-porphyrinates studied in the present
work also exhibit a slight non-planar shape. In any case,
the tendency to strain out of the planarity of this kind of
molecules is well known and confirmed by several X-ray
analyses[31–34]. The origin of this strain has been attributed
to the reduced space of the porphyrin molecule cavity and also
to the presence of peripheral substituents[36]. The nature of

this deviation has also triggered several theoretical studies
[37]. Therefore, it is not surprising at all that the substituted
molecules exhibit a ruffle deviation and that the numerical
value of the angle corresponding to the strain in this deviation
depends on the nature of the substituent (see C1 N N C11
in Table 2). It appears that the largest deviation from pla-
narity occurs in the case of phenyl substituents whereas in
both aliphatic cases a similar strain is predicted. This feature
could be attributed to a large increase in the electronic density
near the metal center caused by the presence of the aromatic
rings.

To analyze the electronic structure we first comment on
the Mulliken population analysis as predicted from both BP
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Table 2
Optimized BP/DNP geometrical parameters (Å and◦) of Ni-porphyrinates
(compounds1–4) in the closed-shell electronic ground state

Compound

1 2 3 4

Bond length (̊A)
Ni N 1.974 1.960 1.955 1.934
C1 N 1.383 1.380 1.380 1.383
C1 C2 1.439 1.450 1.453 1.441
C2 C3 1.364 1.377 1.375 1.365
C2 C21 1.502 1.498
C2 H21 1.085 1.084
C4 C5 1.383 1.387 1.389 1.397

Angles bond (◦)
N Ni N 90.0 90.1 90.9 90.0
Ni N C1 127.7 127.3 127.5 127.2
N C1 C2 111.0 111.1 110.9 110.3
N C4 C5 125.4 124.7 124.8 125.2
C1 N C4 104.6 105.2 105.4 105.6
C1 C2 C3 106.7 106.3 106.5 106.9
C1 C2 C21 125.0 124.9
C1 C2 H21 124.4 124.6
C2 C3 C23 128.5 128.6
C2 C3 H23 128.9 128.4
C3 C4 C5 123.6 124.0 124.1 124.1
C4 C5 C6 123.8 124.0 124.2 121.5
C1 N N C11 0.0 27.8 25.4 36.0

and B3LYP calculations (Table 3). In all cases a rather large
positive charge (∼0.5 eV) is predicted in Ni, the BP and
B3LYP predictions being very close to each other. This pos-
itive charge on Ni is accompanied by a negative charge in
the N atoms of the pyrrolic rings which again is very sim-
ilar for the four different compounds and for the different
functionals. Therefore, while this simple analysis is able to
show the marked electrophilic character of the metallocycle

Table 3
Mulliken charges on Ni and N, Q(Ni) and Q(N), core-level N(1s) ionization
energy and core-level N(1s) with respect to pyrrole (�) for the four Ni-
porphyrinate compounds studied in the present work as predicted by the BP
and B3LYP methods

Method Compound

1 2 3 4

Q(Ni)
BP 0.60 0.58 0.57 0.57
B3LYP 0.60 0.54 0.52 0.56

Q(N)
BP −0.47 −0.48 −0.48 −0.46
B3LYP −0.62 −0.61 −0.61 −0.58

N(1s) (Ev)
BP 381.42 381.00 380.97 381.27
B3LYP 390.30 389.97 389.95 389.99

� (eV)

T Sham
e 50 eV
a .2 eV.

moiety, it does not permit to discriminate the effect of the
different substitutents. In order to have a more detailed pic-
ture we have analyzed the N(1s) core levels and compared to
those of the pyrrole. Accurate core-level binding energies can
be obtained from the total Kohn–Sham energy differences of
the neutral molecule and the molecule with a core hole[38].
However, qualitative trends can also be obtained from the or-
bital energies of a Hartree–Fock calculation[39]. According
to the Koopman’s theorem the negative value of these one-
electron energies are approximate ionization potentials which
are indeed very useful to establish trends initial state effects
[39]. In principle, the lack of an equivalent of the Koopman’s
theorem in DFT does not allow one to use the Kohn–Sham
orbital energies as an estimate of the core-level binding ener-
gies. Nevertheless, recent theoretical analysis and numerical
results by Chong et al. strongly suggest to interpret the en-
ergies of the occupied KS orbitals as approximate but rather
accuraterelaxedionization potentials[40]. These would in-
clude not only initial state effects but also the final stated
effects caused by the electronic relaxation in response to the
presence of the core hole. In fact, the N(1s) binding energy
estimated for pyrrole from the Kohn–Sham orbital energy is
382.02 and 391.50 eV at the BP and B3LYP levels, reason-
ably close to the experimental value of 406.2 eV[41], spe-
cially for the B3LYP method. Notice that the Hartree–Fock
v n’s
t be-
c ;
t
D ected
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BP 0.60 1.02 1.05 0.75
B3LYP 1.20 1.53 1.55 1.51

he core-level energy is estimated from the corresponding Kohn–
igenvalues. The N(1s) ionization energy for pyrrole is 382.02 and 391.
t the BP and B3LYP levels, respectively. The experimental value is 406
alue for the pyrrole N(1s) estimated from the Koopma
heorem is 424.8 eV, quite far from the DFT values, and
omes 406.3 eV when computed from a�SCF calculation
he relaxation energy amounts to 18.5 eV[42,43]. Clearly, the
FT values are closer to the experimental value as exp

rom the analysis of Chong et al.[40]. In any case, the mea
ngful analysis of the present results concerns the compa
f the core-level binding energies for the different substit
orphyrins and of the core-level shift with respect to pyrr
he former also indicates that the electronic structure o
orphyrin moiety is almost unaffected by the substitue

he latter is consistent with this appreciation and also
he Mulliken analysis. The N(1s) level becomes less bo
nd shift towards higher energies although for the diffe
ompounds the shift is also similar.

Table 4reports the ionization potentials of the four N
orphyrins studied in the present work as estimated

able 4
egative of the Kohn–Sham HOMO (−ε), vertical (IP) and adiabatic io

zation potentials (IPa) of Ni-porphyrinates (compounds1–4)

BP B3LYP,−ε

−ε IP IPa

ompound1 4.85 5.07 5.03 5.25
ompound2 4.49 4.26 4.19 4.82
ompound3 4.45 4.25 4.11 4.78
ompound4 4.69 4.25 4.15 4.98

P and IPa are obtained from�SCF calculations, this
{(Ecation−Eneutral)}. IP uses the geometry of the neutral molec

or both species whereas IPa considers the optimum geometry o
pecies. All results are given in eV.
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Janak’s theorem[44] using the BP and B3LYP exchange-
correlation functionals. This theorem ensures that, for the
exact exchange-correlation functional and for infinite sys-
tems, the Kohn–Sham energy of the HOMO (ε) is the nega-
tive of the ionization potential. Since the two functionals used
are approximate, the IP values have also been obtained from
proper�SCF calculations carried out using the BP geometry
of the neutral species for the neutral and cation (vertical IP)
and the BP geometry of both species (adiabatic IP). For the
BP functional, the IP values estimated fromε are in a quali-
tative agreement with the adiabatic IP values (Table 4). This
fact permits to use theε values to compare IPs of the four
compounds estimated from the two functionals. The abso-
lute values are different but they are also strongly correlated,
the BP functional values being roughly 0.3 eV smaller than
those arising from the B3LYP method. The absolute values
of the IP of the different compounds are all in the 4–5 eV
interval but with differences which are significant, the largest
one corresponding to compound1 and the smallest ones to
2 and3 as expected from the inductive effect of the corre-
sponding substitutents. This effect can also be observed in
the net charges reported inTable 3although the variations
are again too small to be considered as significant. How-
ever, a clear trend exists between IP values and the N(1s)
core-level shifts with respect to pyrrole with a correlation
o es.
T NP
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bands appearing at 2.28 and 2.22, and 3.11 and 3.22 eV for
compounds1 and2, respectively, although values for com-
pound1 were determined from the CS2 solution spectrum
(see [19] and references therein). For compound1 a detailed
analysis has been reported by Baerends et al. using TD-DFT
within the statistical averaging of orbital dependent model
potentials. These authors show that TD-DFT is able to quan-
titatively explain the low energy spectrum of compound1
with calculated values for the Q and B bands of 2.40 and
3.23 eV and oscillator strengths of 0.0052 and 1.0214, re-
spectively. These results strongly suggest to employ TD-DFT
to study the low lying states of the rest of compounds consid-
ered in the present work. This will allow one to investigate the
effect of substituents on this absorption bands. The present
B3LYP for compound1 are 2.49 and 3.48 eV for the Q and
B bands with oscillator strengths of 0.004 and 0.731, respec-
tively, very close those reported by Baerends et al.[19] (2.40
and 3.23 eV) and, hence, also in a similar agreement with
experiment (2.28 and 3.11 eV). The predicted values for the
Q and B bands and the corresponding oscillator strengths
of the rest of compounds are reported inTable 5. For com-
pound2 the calculated value of 2.41 is also in very good
agreement with the experimental value of 2.22 eV described
above. Moreover, the excitation energy is very close to that
of compound1, also in agreement with experimental evi-
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f ∼0.9 for the B3LYP values and of 0.99 for the BP on
he explicit relaxation of the cation orbitals at the BP/D

evel or of the cation optimized geometry introduces no
ble changes in the calculated ionization potentials an
ifference between the different compounds almost d
ears. Geometry optimization for the cation leads to a
metrical structure which is almost the same obtained

he neutral molecule and, consequently, the resulting
batic ionization potential values are only slightly sma

han the corresponding vertical values. This permits on
onclude that the initial state effects either on the core
ls or on the HOMO can be used to distinguish the diffe
ubstitutents. Moreover, the rather large values of these
zation potentials suggest that oxidation processes ar
cult in agreement with previous findings indicating t
xidation of Ni-porphyrinate derivatives requires the us
erchlorate, a strong oxidizing agent[45]. From these re
ults it is clear that it is unlikely that the poisoning activ
f Ni-porphyrinates could be due to the presence of t
pecies in the form of radical cations, the energy cost i
arge.

Finally we consider the lowest excited states of the
orphyrins studied in the present work. This is becaus
losed-shell nature of these compounds would sugges
o be chemically active some kind of promotion would
eeded. On the other hand, the analysis of the elect
pectra of these porphyrins shows two well defined b
ith weak and strong intensities indicating the existenc
xcited states sufficiently low in energy so as to participa
he chemistry in the conditions at which fluid catalytic cra
ng takes place. These are the well known Q and B (S
ence. From the data inTable 5one can safely conclude th
he effect of substituents on the optical spectrum of t
our Ni-porphyrin derivatives is very small. This is imp
ant because compounds2 and 4 are synthetic models fo
he Ni-geoporphyrins whereas compound3 is one of the rea
omponents of crude oil. Finally, the excitation energy to
owest triplet (�EST) as obtained from B3LYP single-poi
nergy difference at the ground state optimized geometr
etermined. Again the excitation energy correspondin
ompounds1 and2 are very similar and lower than the o
orresponding to the singlet state as usual. However, for3 the
rend in the excited singlet and triple states is reversed
ow lying singlet state being slightly lower in energy. Fina
e note that for compound4 the lowest triplet appears at qu
igher energy than for the rest of compounds. This resu

o be attributed to the presence of the phenyl groups w
robably provide further stability to the singlet closed-s
round state.

able 5
D-DFT/B3LYP calculated values for the energy (�ESS) and oscillato
trength (f) for the excitation leading to the Q and B bands and B3
xcitation energy (�EST) for the lowest triplet state as obtained from
ingle-point calculation of Ni-porphyrinates (compounds1–4)

Band Q Band B (Soret) Triplet,�EST

�ESS f �ESS f

ompound1 2.49 0.004 3.48 0.731 1.70
ompound2 2.41 0.022 3.34 0.794 1.70
ompound3 2.39 0.021 3.31 0.669 2.37
ompound4 2.37 0.001 3.26 1.006 3.87

ll results are given in eV.
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4. Conclusions

In this work the molecular and electronic structure of sev-
eral Ni-compounds representative of those commonly present
in petroporphyrins have been studied using DFT within the
BP and B3LYP approaches. It has been found that the in-
fluence of the substituents in the molecular structure of the
core of the Ni-porphyrin is very small. On the other hand,
the analysis of the ground state electronic structure reveals
that different substitutents have a noticeable influence on the
core-level energies. It is suggested that the N(1s) core-level
shift with respect to a given reference such as pyrrole can
be used to monitor the presence of different compounds. Fi-
nally, TD-DFT has been used to study the lowest excitations
which are present in the optical spectra of these technolog-
ically relevant compounds. For the naked Ni-porphyrin, the
excitation energy and relative intensities for the Q and Soret
bands are in good agreement with experiment with previ-
ous theoretical studies. For the rest of compounds there is
no experimental information except for compound2 where
the predicted TD-DFT values are in nice agreement with ex-
periment. More importantly, the excitation energies leading
to the Q band and B band in compounds1 and2 are very
similar as found in experiment, this is also found to be the
case for compounds3 and 4. In all cases it is found that
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Promocío de la Recerca Universitària and BQU2002-04029-
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17] J. Rodŕıguez, C. Kirmaier, D. Holten, J. Chem. Phys. 94 (19

6020.
18] M.C. Piqueras, C. Mc Rohlfing, Theor. Chem. Acc. 97 (1997)
19] E.J. Baerends, G. Ricciardi, A. Rosa, S.J.A. van Gisbergen, C

Chem. Rev. 230 (2002) 5.
20] Y. Shiraishi, T. Hirai, I. Komasawa, Ind. Eng. Chem. Res. 39 (2

1345.
21] R.P. Rodgers, C.L. Hendrickson, M.R. Emmett, A.G. Marshall

Greaney, K. Qian, Can. J. Chem. 79 (2001) 546.
22] A.D. Becke, J. Chem. Phys. 88 (1988) 2547.
23] A.D. Becke, J. Chem. Phys. 98 (1993) 5648;

C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.
24] B. Delley, J. Chem. Phys. 92 (1990) 508;

Cerius2 User Guide, Molecular Simulation, San Diego, 1996.
25] A. Ricca, C.W. Bauschlicher, J. Phys. Chem. 98 (1994) 12899
26] T.V. Russo, R.L. Martin, P.J. Hay, J. Chem. Phys. 102 (1

8023.
27] L. Rodriguez-Santiago, M. Sodupe, V. Branchadell, J. Chem. P

105 (1996) 9966.
28] P.E.M. Siegbahn, R.H. Crabtree, J. Am. Chem. Soc. 119 (1

3103.
29] P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 270.
30] M.J. Frisch, et al., Gaussian 98 Revision A.9, Gaussian, Inc.,

burgh, PA, 1998.
31] W. Jentzen, I. Turowska-Tyrk, W.R. Scheidt, J.A. Shelnutt, In

Chem. 35 (1996) 3559.
32] E.F. Meyer, Acta Cryst. B 28 (1972) 2162.
33] D.L. Cullen, E.F. Meyer, J. Am. Chem. Soc. 96 (1974) 2095.



202 I. Garcı́a-Cruz et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 195–202

[34] T.D. Brennan, W.R. Scheidt, J.A. Shelnut, J. Am. Chem. Soc. 110
(1988) 3919.

[35] R. Salcedo, L.M.R. Martı́nez, J.M. Mart́ınez-Magad́an, J. Mol.
Struct. Theochem. 542 (2001) 115.

[36] W. Jentzen, I. Turowska-Tyrk, W.R. Scheidt, J.A. Shelnutt, Inorg.
Chem. 35 (1996) 3539.

[37] R.J. Cheng, P.Y. Chen, T. Lowell, T. Liu, L. Noodleman, D.A. Case,
J. Am. Chem. Soc. 125 (2003) 6774, and references therein.

[38] Y. Takahata, D.P. Chong, J. Electron Spectrosc. Relat. Phenom. 133
(2003) 69.

[39] P.S. Bagus, F. Illas, G. Pacchioni, F. Parmigiani, J. Electron Spec-
trosc. Relat. Phenom. 100 (1999) 215.

[40] D.P. Chong, O.V. Gritsenko, E.J. Baerends, J. Chem. Phys. 116
(2002) 1760.

[41] K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P.F. Heden,
K. Hamrin, U. Gelius, T. Bergmark, L.O. Werme, R. Manne, Y.
Baer, ESCA—Applied to Free Molecules, North-Holland, Amster-
dam, 1969.

[42] P.S. Bagus, F. Illas, J. Casanovas, J.M. Jimenez-Mateos, J. Electron
Spectrosc. Relat. Phenom. 83 (1997) 151.

[43] P.S. Bagus, F. Illas, J. Casanovas, Phys. Lett. 272 (1997)
168.

[44] F.K. Janak, Phys. Rev. B 18 (1978) 7165.
[45] M.W. Renner, K.M. Barkigia, D. Melamed, K.M. Smith, J. Fajer,

Inorg. Chem. 35 (1996) 5120, and references therein.
[46] J. Ancheyta, G. Betancourt, G. Marroquin, G. Centeno, L.C.
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