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a b s t r a c t

The interaction of vanadyl porphyrin with the acid sites of the HY zeolite surface is investigated. Structural
changes, partial population charges and relative energies induced by the interaction between vanadyl
porphyrin and the zeolite surface are estimated with recourse to the Born-Oppenheimer semiclassical
molecular dynamics technique in conjunction with density functional theory. An energy optimization
process indicates that bond lengths and charge populations of the acid sites are barely distorted when
vanadyl porphyrin is adsorbed onto the zeolite surface. At the expense of surmounting a large energy
barrier, a dynamic interaction results in the breaking of an OH bond of the surface acid site by the vanadyl
porphyrin. Given the amount of energy involved in such a process, the destruction of the catalyst crystal
structure by vanadyl porphyrin shows a low probability of occurrence.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The refining process of the crude oil into gasoline and other use-
ul products requires a large quantity of catalysts. Unfortunately,
uring this process undesirable reactions between the contami-
ants carried in the crude oil and the catalysts take place, seriously
iminishing the quantity of activated catalysts, with consequent
eductions in the production line of gasoline and other byprod-
cts [1]. For instance, it is common to find metals like V, Ni,
e, S, Cu, etc. capable of interacting with, deactivating and even
amaging the catalyst [2]. In particular, there is evidence that vana-
ium complexes can produce the destruction of the HY zeolite,
he main catalyst used in the fluid catalytic cracking (FCC) pro-
ess [3,4], which in turn renders from a third up to a half of the
otal gasoline of a refinery [5]. Measurements indicate that about

0% of the catalyst surface area is lost for about 4000 ppm of
anadium [2]. Among the different organometallic contaminants
ontaining vanadium, the best characterized are the vanadium
xide species and the vanadyl porphyrins. The characterization
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has been carried out by means of X-ray [6,7], high-resolution
mass spectroscopy [8], electron spin resonance [9], temperature-
programmed reduction [10], and electron paramagnetic resonance
[11] techniques.

Several mechanisms have been proposed for the zeolite destruc-
tion in the presence of vanadium. For instance, the dehydrogenation
products of benzene and olefins are preferentially formed on the
vanadium sites, reacting further on the zeolite acid sites, which
results in coke formation and the catalyst deactivation [1]. Another
mechanism involves the formation of vanadic acid according to
the reaction VO2

+ − (HY zeo) + 2H2O → H+ − (HY zeo) + H3VO4, thus
destroying the zeolite by hydrolysis of the SiO2/Al2O3 framework
[12]. The existence of acidic species different to vanadic acid have
been also suggested to be responsible for the catalyst deactivation
in the FCC process. The acidic species would come from the SO
adsorption on the catalytic surface, reacting with the strong acid
sites of the zeolite, leading to the loss of crystallinity [13]. The
effect of vanadium in the hydrothermal deactivation of the zeo-
lite with and without the presence of rare earth elements has been

also discussed. In particular, a lower zeolite surface area is observed
for samples containing Ni and V when compared with samples
containing only Ni or only V [3]. It has been observed that vana-
dium presents different oxidation states in the temperature range
[300, 500]◦C. However, at temperatures exceeding 500 ◦C, the V(v)
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pecies is highly dispersed and is probably in the form of a frame-
ork surface species such as (Si–O)3V–O [14]. On the other hand, by
sing thermal techniques and complementing with other spectro-
copic analysis, Pompe et al. [15] concluded that vanadium is able
o pull out oxygen from the zeolite, thus destroying the catalyst.
learly, the existence of several detrimental pathways of the HY
eolite points out the complexity in understanding at the molec-
lar level its destruction, together with the role that vanadium
ompounds play in the zeolite destruction.

The effects of vanadium oxides (such as VO, VO2, V2O3 and V2O5)
n the internal acid sites of the zeolite have been also investigated at
he theoretical level [16]. It is found that the breaking of an OH bond
f the acid site, with the hydrogen ion escaping from there, permits
he interaction between the vanadium atom of the oxides with the
atalytic acid site. The response of the support in this interaction is
non-localized charge redistribution that seems to account for the
xidation of vanadium molecules.

The vanadium oxides are not the unique compounds containing
anadium and capable of permanently damaging the zeolite. For
nstance, it has been found that the vanadium porphyrins being
bundant, can reach the catalyst surface [5] and may reduce the
atalytic activity of zeolites [15]. Nevertheless, the large size of the
anadyl porphyrins (compared with the small dimensions of the
eolite pores) prevents the vanadyl porphyrins from penetrating
he zeolite. As a consequence, the interaction of vanadyl porphyrin
ith the zeolite occurs at the zeolite surface. Salcedo et al. [17]
ave investigated the effects that different lateral chains of vanadyl
orphyrinates have in their properties, as well as their solubility

n different types of polar solvents. Their results indicate that the
eactivity of the complexes is increased with substituents, more
trongly polluting the catalyst than the molecule without them.

Since the reaction mechanism between vanadyl porphyrin and
he acid sites on the zeolite surface is hard to observe with micro-
copic detail in the laboratory, the aim of the present work is to find
he possible reaction mechanism of vanadyl porphyrin with the HY
eolite. In the first stage, the investigation establishes the adsorp-
ion of the organometallic molecule on the catalyst surface. In the
econd stage, the way in which vanadyl porphyrin is adsorbed onto
he zeolite is considered as an indicator of a preferential approach
f vanadyl porphyrin towards the zeolite surface. We use the Born-
ppenheimer molecular dynamics method to obtain the trajectory
f the vanadium ion in its interaction with the aluminum acid
ite, when the vanadyl porphyrin molecule is given a large ini-
ial momentum. This is a model artifact to overcome the potential
nergy barrier imposed by the repulsion forces of the interact-
ng compounds, without regard to a physical temperature. Given
he large size of the porphyrin, we assume that vanadyl porphyrin
ushes waters out of its path, directly impacting over the zeolite sur-

ace. In this context, the calculations are performed in the absence
f water (our results on the interaction of vanadyl porphyrin with
ater support to some extent such a hypothesis). The dynamics

xhibits a destructive reaction in which the vanadium portion of
orphyrin tears the OH bond out of the acid site, producing drastic
tructural and electron changes of the zeolite surface at the expense
f surmounting a large energy barrier. In the final stage, the reaction
roducts consist of a porphyrin whose vanadium atom has captured
n OH group of the zeolite, and a locally deformed zeolite without
ts OH group. Our investigation complements other studies in which
mall vanadium oxides (like V2O5) are able to penetrate the internal
tructure of the zeolite and, under the appropriate thermodynamic
onditions, collapse the zeolite [15].
. Model

Relevant features of the structure and composition of the HY
eolite are known by means of infrared and mass spectroscopy
alysis A: Chemical 307 (2009) 64–70 65

combined together [18,19]. The zeolite consists of a network of
nanopores, through which under appropriate conditions of pres-
sure and temperature, small or linear hydrocarbons may diffuse
[20]. Tetrahedral (T) silicons (SiO4) conform the rings that build the
nanopores. It is common to find rings made of 12 T sites, with diam-
eters of approximately 0.8 nm [21]. The Al sites of HY zeolite are
commonly identified as the acid sites because it is at these places
where a deficiency of electron charge occurs, with the consequent
catalysis of hydrocarbons at such places. The acid sites located at
the external surfaces of the HY zeolite also react with hydrocar-
bons, which can be larger than the ones traveling in the nanopores.
However, the catalytic sites at the external surface exhibit a great
propensity to be neutralized, deactivated or damaged by the con-
taminants carried in the crude oil like Ni- and V-porphyrins, Ni-
and V-naphthenates, etc. [15].

In order to simulate the interaction of an exposed catalytic site
with vanadyl porphyrin, we chose a crystallographic portion of the
HY zeolite surface reported by Parise et al. [22]. It consists of 16
T sites as depicted in Fig. 1. In four arbitrarily chosen T sites the
silicon atom was replaced with aluminum, in such a way that the
zeolite composition was (SiO4)12 (AlO4)4, with a Si:Al ratio of 3,
in agreement with experimentally observed and stable Y zeolites
[22]. In each oxygen bridge linking the Al and Si atoms, a hydro-
gen atom was attached to compensate the local charge perturbation
produced by the replacement of Si by Al. The terminal oxygens were
saturated with hydrogens to avoid possible reactivities attributed
to dangling bonds. Since the surface model represents the Y branch
that conforms the HY zeolite unit cell, there exists a great proba-
bility for vanadyl porphyrin interacting with the zeolite surface, as
illustrated in panels (a) and (b) of Fig. 2.

The zeolite surface shall be made to interact with a vanadyl por-
phyrin, a compound commonly found and isolated from the crude
oil [9]. In our simulation, the vanadyl porphyrin corresponds to
an oxovanadium porphyrin whose stable molecular structure was
determined by X-ray crystallographic experiments reported in Ref.
[23] (Fig. 1). In the oxovanadium porphyrin structure, the vana-
dium atom is coordinated with four nitrogens and one terminal
oxygen, in such a way that this part of the structure is shown as
a square pyramid [24] (Fig. 2). It is the vanadyl group which pre-
sumably causes the lack of planarity. The oxovanadium molecule
with lateral aliphatic substituents exhibits terminal methyl groups
in the different corners [23] (Figs. 1 and 2). Our vanadyl porphyrin
is recognized as deoxophylloerythroetioporphyrin vanadium(IV) in
the literature. In principle, the vanadyl compound is bigger than
the zeolite surface model. Nevertheless, the catalysis exhibits a
highly local character in such compounds making the size differ-
ence (whenever the surface model is not that small) of second
importance. On the other hand, the vanadyl porphyrin reactivity has
been investigated in different solvents with low, medium and high
values of the dipole moment [17]. The results show that vanadyl
porphyrin with aliphatic substituents is soluble in all these solvents.
Still, we are not aware of any work describing from a theoretical
perspective the reactivity of vanadyl porphyrin with the HY zeolite
surface and, from an experimental perspective, most studies have
been concerned with the combined effect and synergy of various
primary feed contaminants [25,26].

3. Method

We apply density functional theory (DFT) to investigate the
interaction between vanadyl porphyrin and the zeolite surface as

it is appropriate to determine structural and electronic property
changes of large compounds with relatively high accuracy, at a
low computational cost. However, the method requires the pro-
posal of an exchange-correlation energy functional in terms of the
electron density, as well as basis sets for the molecular orbital rep-
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Fig. 1. Top and side views of the HY zeolite together with the vanadyl porphyrin. Panel (a) presents the unit cell, panel (b) the zeolite surface model and panel (c) the vanadyl
porphyrin. The zeolite surface model consists of 16 tetrahedral sites. In four of them the Si atom was replaced with the Al atom. Oxygen bridges (OX) linking Al and Si atoms
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ppear with a hydrogen that compensates the local charge neutrality. All terminal o
gure). Basis sets of the DZVP type were used for all atoms, including these conform
ithout a number, for which a 6–31 G basis set was used. All the vanadyl porphyrin

heir respective oxygens and hydrogens (marked with an asterisk), were allowed to

esentation. In this regard, the expressions of Becke for exchange
27] and Lee–Yang–Parr for correlation [28] are used to build the
xchange-correlation energy functional. This level of theory intro-

uces generalized gradient approximations and is classified within
he nonlocal approximations of DFT. When the nonlocal version of
FT is compared with the local approximation of DFT, the nonlocal
pproach gives an improved prediction of the electronic properties
nd interaction energies of molecules, due to its higher capacity
s (OT) were saturated with hydrogen (only some of them appear with labels in the
e vanadyl porphyrin, except for the Si and Al atoms of the zeolite lattice that appear
s, and Si and Al atoms of the zeolite surface that appear with a number, including
move in the optimization process and the molecular dynamics simulation.

to explain the anisotropy of the charge distribution. In general, the
nonlocal DFT results are found in good agreement with the experi-
mental measurements [29]. With respect to the molecular orbitals,

we use atomic basis sets for their description, like the double-zeta
valence polarization (DZVP) basis sets. They were specially con-
structed for use with the DFT approach and exhibit small basis
set superposition errors. However, to avoid extensive machine-
time usage and other computational bottlenecks attributed to the
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ig. 2. Lateral views of the zeolite surface and the vanadyl porphyrin. Panel (a) prese
ptimization process. The zeolite surface in this panel is one of many equivalent se
orrespond to the zeolite atoms of panel (a). The vanadyl porphyrin is superimpose
toms in the neighborhood of the vanadium atom in the vanadyl porphyrin and the

mployment of the DZVP basis sets, the 6–31 G basis set is chosen to

epresent the molecular orbitals of Si and Al atoms not participating
n the zeolite catalytic pocket, but forming the zeolite framework
Fig. 1). The 6–31 G basis set should not introduce artificial elec-
ronic distortions due to its size. The atoms that do not participate
n the zeolite catalytic pocket are assumed to play a less important
e adsorption of vanadyl porphyrin over the zeolite surface as obtained in the energy
s present in panel (b). As an example, the shaded atoms of the zeolite in panel (b)
anel (b) to have an overview picture of the adsorption process. Panel (c) labels the
ms that conform the acid site of the zeolite surface model.

role in the interaction between vanadyl porphyrin and the catalytic

pocket due to their location relatively far away from the surface
(Fig. 1).

A charge of +1 for the whole system is considered, and in this case
the spin multiplicity is 1 (the reactivity is not biased by such a charge
as we shall see later). The scheme used in the optimization tasks
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Table 1
Selected bond lengths and angles of vanadyl porphyrin and the HY zeolite surfacea.

Bond lenghts Isolated Adsorbed Bond angles Isolated Adsorbed

V–N(1) 2.172 2.167 N(1)–V–O 111 111
V–N(2) 2.226 2.219 N(2)–V–O 114 114
V–N(3) 2.399 2.395 N(3)–V–O 116 116
V–N(4) 2.152 2.150 N(4)–V–O 116 116
V–O 1.592 1.592

Al–Si(1) 3.196 3.290 Si(1)–Al–Si(2) 43 41
Al–Si(2) 4.814 5.021 Si(2)–Al–Si(3) 39 38
Al–Si(3) 3.704 3.998 Si(1)–Al–Si(3) 82 79
Al–O 2.108 2.411 Al–O–H+ 103 104
Si(1)–O(1) 1.651 1.691 O(1)–Si(1)–O(2) 112 112
Si(2)–O(2) 1.661 1.696 O(2)–Si(2)–O(3) 109 111
Si(3)–O(3) 1.698 1.734 O(3)–Si(3)–O 108 105

a The results correspond to the porphyrin and HY zeolite surface infinitely sepa-

interaction between the zeolite surface and vanadyl porphyrin. The
vanadyl porphyrin initial speed (with all its atoms free to move)
was 0.002 nm/fs. The kinetic energy is so large that an energy bar-
rier imposed by the repulsive electrostatic forces may be classically

Table 2
Partial charges of selected atoms in the porphyrin and the HY zeolite surfacea.

Porphyrin Zeolite surface

Atoms Isolated Adsorbed Atoms Isolated Adsorbed

V 1.01 1.01 Al 1.03 1.66
N(1) −0.46 −0.46 O(1) −0.70 −1.10
N(2) −0.45 −0.45 O(2) −0.71 −1.02
N(3) −0.44 −0.44 O(3) −0.65 −0.95
N(4) −0.45 −0.45 O −0.78 −0.90
O −0.33 −0.35 H+ 0.47 0.46

Si(1) 1.33 1.89
Si(2) 1.23 1.77
Si(3) 1.36 1.81

a The results correspond to the porphyrin and HY zeolite surface infinitely sepa-
8 I.P. Zaragoza et al. / Journal of Molecu

s a quasi-Newton algorithm with line searches and approximate
nergy Hessian updates, as implemented in the NWChem package
30]. A maximum cartesian step of 0.0015 Bohr and a convergence of
.0015 Hartree/Bohr in the energy gradients are conveniently cho-
en. All the vanadyl porphyrin atoms and Si and Al atoms of the
eolite surface facing the porphyrin, including linked oxygens and
ydrogens were allowed to freely move in the optimization pro-
ess (refer to Fig. 1). The remaining atoms were frozen since, under
he consideration that the catalysis usually exhibits a local charac-
er, they are located far away of the catalytic pocket and hold by a
arger framework.

The dynamic aspects of the interaction are simulated with
olecular dynamics, particularly using the semiclassical Born-
ppenheimer (BO) approach. In this approach, the electron wave

unction is computed for (instantaneously) static nuclei, while the
uclear particles are considered classical entities immersed in an
verage field created by the electrons. The BO scheme applies to
luster calculations, as its present implementation to systems with
eriodic boundary conditions is still under debate. The time step

n the dynamics is 1 fs. The self-consistent approach is considered
nished when a convergence of 10−5 au in the energy and density
re obtained. The atoms allowed to move freely in the molecular
ynamics simulation are the same as these in the optimization pro-
ess. Further details of the method are found in Refs. [29,31]. The
omputations are performed in a PC cluster using 16 nodes.

. Results and discussion

The first calculation consists in the energy optimization of
anadyl porphyrin in its interaction with the HY zeolite surface.
he vanadyl porphyrin, as observed in Fig. 2, was perpendicu-
arly approached towards the catalytic site of the surface, allowing
elected atoms of both entities to relax (those which appear with
n asterisk and a number in Fig. 1 of the zeolite surface, and all
toms of vanadyl porphyrin). If we consider that the energy of
solated vanadyl porphyrin (with net charge +1 and when all its
toms have been energetically relaxed) is EVP = −2500.2559 au and
hat the energy of the HY zeolite surface (with net charge 0, under
he same relaxation conditions as the vanadyl porphyrin–zeolite
urface system) is ESURF= −7824.4346 au, then the adsorption
nergy Eads is estimated from the total energy of the system
ESYS= −10324.6944 au) and the energies of the isolated compo-
ents. In other words:

ads = ESYS − [ESURF + EVP] = −0.0039 au ∼ −2.4 kcal/mol

he negative value of the energy certainly indicates an adsorption
f porphyrin by the catalytic surface, but it is subtle. Note that in
combined action of sodium, vanadium and steam, an activation

nergy of 76–79 kcal/mol is registered for the destruction of the Y
eolite [32]. In this regard, the zeolite and vanadyl porphyrin do
ot really suffer real structural damages in the adsorption process.
his is confirmed by the bond lengths and bond angles recorded
n Table 1 for the atoms in the neighborhood of vanadium (in the
anadyl porphyrin), and the atoms conforming the acid site of the
eolite surface (refer to panel (c) of Fig. 2) before and after the
dsorption takes place.

There are practically no changes in the bond angles of the inter-
cting fragments. A different situation is observed for bond lengths,
articularly these of the zeolite which are clearly enlarged. It is
he AlO bond length that shows the largest difference as vanadium

xerts a strong attraction towards this bond. In order to investigate
he net charge fluctuations on atoms, we have computed partial

ulliken charges. Mulliken populations are dependent on basis set,
hough they simplify the analysis on the redistribution of charges.
he partial Mulliken charges reported in Table 2 indicate negligible
rated from each other (isolated column), and to porphyrin adsorbed onto the zeolite
surface (adsorbed column). Distances are in Angstroms and angles in degrees. The
atom numbers correspond to atom labels given in Fig. 2, panel (c).

charge population changes for porphyrin, but noticeable changes
for the zeolite atoms. These changes are associated with the pres-
ence of vanadium, producing a strong polarization of the zeolite
surface atoms. Still, the set of structural and electronic modifica-
tions of the catalytic site, produced by the interaction with vanadyl
porphyrin, is not considered evidence of a real damage, nor indica-
tive of a disability of that portion of the zeolite surface to carry
the catalysis of hydrocarbons. Such results are in agreement with
experimental observations [33], which point out an interaction
between dispersed metal porphyrins with the zeolitic surface at low
porphyrin loadings, and the porphyrins showing slight molecular
distortions.

The incapability of porphyrin in the adsorption state to really
modify the zeolite structure leads us to apply semiclassical BO
molecular dynamics to quantify any possible damage that vanadyl
porphyrin may inflict to the zeolite surface. The simulation was
started from the conformation obtained in the geometry optimiza-
tion calculation in the adsorption state. The energy minimum of
the system was taken as the zero of the electronic energy in the
dynamics. An initial momentum with a preferential direction was
imparted to vanadyl porphyrin, in such a way that it could per-
pendicularly approach the zeolite surface, thus forcing a closer
rated from each other (isolated column), and porphyrin adsorbed onto the zeolite
surface (adsorbed column). Partial charges are computed according to the Mulliken
scheme and by subtracting from the atomic number of the element the Mulliken
charge, for example, for nitrogen N(2) the atomic number is 7 and the Mulliken
charge is 7.45, then the partial charge is 7–7.45 = −0.45. The atom numbers corre-
spond to atom labels given in Fig. 2, panel (c).
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Fig. 3. Variation of selected bond lengths and the electronic energy (including the
nucleus–nucleus repulsion) with time. The Al atom is one of the main components of
the zeolite acid site and the V atom is the most chemically active element of vanadyl
porphyrin. The oxygen is the atom that, in the first stage of the reaction, is linked
to the Al atom and, in the second stage of the reaction, is extracted by the V atom.
The vertical line divides the two reaction stages. The energy plot is the electronic
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Fig. 4. Variation of Mulliken partial charges of fragments with time. The zeolite sur-
face partial charge is depicted with a continuous line, that of vanadyl porphyrin with
cross symbols, that of the zeolite surface without the OH bond is represented by a
continuous line and the charge of vanadyl porphyrin plus the OH bond with cross
symbols. The vertical line indicates the instant of time when the OH bond is trans-

clearly different to the results obtained in the optimization process,
nergy of the vanadyl porphyrin–zeolite system. The zero of the electronic energy
orresponds to the energy minimum of the system. The inset presents a frame of the
olecular dynamics simulation at the moment in which vanadyl porphyrin attacks

he zeolite surface.

vercome. In this regard, the purpose of using a large kinetic energy
s to investigate the magnitude of the potential energy barrier, and
hould not be associated with a physical temperature in this par-
icular situation.

The simulation shows bond-length and bond-angle deforma-
ions of the interacting fragments. For instance, Fig. 3 presents the
nteratomic distances AlO and VO with time changing. The Al atom
s one of the four tetrahedral sites facing vanadyl porphyrin, and the
xygen atom of both, AlO and VO, is the bridging oxygen between
l and Si retaining a hydrogen atom (in Fig. 1 Al and O appear with

abels Al(1) and OX, this last one with an asterisk). At the initial stage
f the dynamics, the AlO bond maintains a stable length, while the
O bond length decreases. Changes in the energy with the time are
lso plotted in Fig. 3. The energy changes are due to the contin-
ous modification of the atomic interactions during the reaction.
he observed energy minimum at the beginning of the simulation
s associated with the adsorption of vanadyl porphyrin onto the
eolite surface. The energy value of the system at this early stage
s taken as 0 kcal/mol. As the vanadyl porphyrin approaches the
eolite surface, the energy of the system gradually increases; there
s an interval of time when the energy increase is almost linear,
ue to the lack of stability of the AlO bond despite the stability
f the VO bond. As the reaction evolves we find an energy bar-
ier whose maximum value is 198 kcal/mol. This takes place when
he OH bond is transferred from the zeolite surface to the vanadyl
orphyrin. If the energy barriers are associated with a statistical
robability of occurrence of the reaction, then the destruction of
he zeolite by the vanadyl porphyrin seems to be of low probability,
ut without meaning that the reaction lacks importance. After the
ragments surmount the electronic energy barrier, due to the suf-
cient nuclear kinetic energy of the porphyrin, a second minimum

s found corresponding to the formation of products. It shows an
nergy of 64 kcal/mol. In the last stage, the product vanadyl por-
hyrin plus OH bond is stable. Once the OH bond is abducted by the
anadyl porphyrin, a strong repulsion produces the separation of
he vanadyl porphyrin plus OH component from the zeolite surface,

enerating small fluctuations in the energy of the system. The final
esult consists of two entities, a vanadyl porphyrin with an added
H bond, and a zeolite surface with the loss of such a bond. The

eaction can be abbreviated according to the following molecular
ferred from the zeolite surface to the vanadyl porphyrin. The molecular orientations
between the zeolite surfaces, on the one hand, and between the vanadyl porphyrins,
on the other, in the insets are approximately the same to observe structural modifi-
cations.

balance:

[zeolite surface] + [vanadyl porphyrin]

→ [zeolite surface − OH] + [vanadyl porphyrin + OH]

Note that a few experiments indicate the abstraction of oxygen by
vanadium [12,15]. On the other hand, a charge analysis based on
Mulliken populations was performed for the vanadyl porphyrin-
zeolite surface system. Fig. 4 shows the time evolution of the
Mulliken populations for the reactants and products. The analy-
sis divides the system in fragments; one fragment corresponds to
the zeolite and the other to the vanadyl porphyrin before and after
the reaction. At the first stage (before the OH bond moves from one
fragment to the other), the system exhibits a total charge of +1; it
is the zeolite which has charge 0 while the vanadyl porphyrin has a
net charge of +1. The plots present little variation because the frag-
ments retain their charge when they are far apart. However, there
is a short time interval where a greater variation is observed, cor-
responding to the modification of bond lengths and an increment
of the system energy (refer to Fig. 3, correlated with Fig. 4 through
the time interval). The variation achieves a maximum when the
OH bond is transferred from the zeolite surface to the vanadyl por-
phyrin (this particular instant of time is depicted with a vertical
line in the graph). A charge analysis of the vanadium atom and the
OH bond indicates that the positive charge of vanadium is strong
enough to pull the negatively charged oxygen of the OH bond apart.
In turn, the oxygen drags the positively charged hydrogen atom.
In this short time interval the fragment charges are modified as
the HY zeolite has lost an OH bond and the vanadyl porphyrin has
accepted it. The net charge of vanadyl porphyrin increases (becomes
more negative) while that of the zeolite proportionally decreases
(becomes more positive). In the final stage of the dynamics, that is,
when the fragments are getting separated, charge fluctuations are
still observed, but they are expected to diminish once the products
are really far away from each other. The results of the dynamics are
and indicate that the reactivity of the vanadyl compound with the
bridging OH group in the zeolite is not biased by a net charge of +1
on vanadyl. In the experiment [33], the porphyrin is apparently des-
orbed from the zeolite surface, retaining its metal, as in our case,
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nd there is no mention of the reaction of the OH bond with the
orphyrin group.

Finally, in order to analyze the selectivity of vanadyl porphyrin
n OH bonds, an additional simulation is carried out, where a water
olecule is made to interact with the porphyrin. The orientational

spects and dynamic conditions are the same as for the interaction
f the porphyrin with the zeolite surface. The results point out a
trong repulsion between reactants, with the water molecule sim-
ly bouncing away from the strong electrostatic field created by the
orphyrin. In this regard, the porphyrin exhibits a preference for
he OH bond of the zeolite surface, despite similar bonds in water

olecules.

. Conclusions

The interaction of vanadyl porphyrin with the HY zeolite sur-
ace was studied at the molecular level by using density functional
heory and Born-Oppenheimer molecular dynamics. The zeolite
urface is capable of adsorbing the vanadyl porphyrin but, as
ointed out by the subtle structural modifications of the fragments,
he vanadyl porphyrin is incapable of inflicting real damage to
he zeolite. On the other hand, a molecular dynamics simulation
ndicates the predominant role that the acid sites of the zeolite
urface play in the interaction with vanadyl porphyrin. In partic-
lar, the vanadium ion of the porphyrin shows a strong interaction
ith the OH+ bond of the zeolite, pulling it apart from the zeolitic

urface at the expense of surmounting a high energy barrier (of
pproximately 198 kcal/mol). Based on the charge of atoms and
ragments, the interaction is characterized in terms of electrostatic
nteractions. The vanadyl porphyrin in conjunction with the newly
ttached bond OH is energetically stable. The porphyrin exhibits
selectivity for OH bonds of the zeolite surface, despite similar

onds in water molecules. The charge and mass transfer from the
eolite surface towards the vanadyl porphyrin is indicative of the
rst stage in the destruction of the crystal structure of the catalyst.
owever, due to the large energy barrier to overcome, the reac-

ion shows a low probability of occurrence. Still, more studies are
equired to completely understand the mechanisms promoting the
atalyst collapse in order to prevent important losses in the FCC
rocess.
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