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Density functional theory was applied to investigate the nature of active sites formed by the interaction of
a Ptg guest particle with the silicalite and H-form of ZSM-5 as the host zeolites. Interaction of metal

cluster with silicalite shows a slight stabilization (36 k]J/mol) and formation of a negatively charged Pt
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entity. When a metal particle is arranged in the channel of H-form substantial stabilization (187 kj/mol)
and generation of an oxidized PtgH" species are observed. The formation of an active site includes
interaction between a platinum particle and an acid site accompanied by the suppression of zeolite
acidity. The suggestion is made that the alkane transformation on supported platinum particles proceeds
via metal-cyclobutane and metal-carbene intermediates and does not need the direct involvement of
acid sites. The difference in catalytic behavior of the Ptg/HZSM-5 and Ptg/ZSM-5 systems is discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Conventional description of bifunctional Pt/zeolite catalysts
implies the independent functioning of metal and acid sites [1,2].
According to this concept, hydrogenation and dehydrogenation
occur on a metal particle, whereas isomerization proceeds on an
acid site. This picture suggests two different kinds of sites and a
negligible mutual influence among metal and acid sites [3].
However, numerous experimental and theoretical studies indicate
a strong interaction between metal particle and acid surfaces of
zeolites. In particular, Freund and coworkers [4,5] presented
evidence that on introducing rhodium particles on the alumina
surface the concentration of the surface hydroxyls decreases,
whereas Rh 3d-bands shift to higher binding energies. That results
in the oxidation and stabilization of supported metal particles:

Rhn0 +OHs~ — Rhy* +Hygs + 05277

where Rh, is the supported metal particle, OHs™ is the surface
hydroxyl, Ha.gs is the adsorbed hydrogen atom, and O¢>~ is the
surface anion of the oxide support.

XPS data indicate that metal clusters supported on acid oxides
are electron deficient [6] and the deficiency increases with acidity
[7]. Electron deficiency of metal particles is also confirmed by the
frequency shift in the infrared spectra of adsorbed CO [8-10].
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Recently, Murzin et al. [11,12] reported the relation between the
changes in the electronic structure of supported platinum particles
and the acid site strength of zeolites. In the presence of platinum
the concentration of acid sites decreases and in some cases both
Brgnsted and Lewis acidities are completely suppressed. The DFT
calculations by Rosch [13-16] provided evidence that the
interaction between metal particles and H form of X zeolite leads
to transfer of hydrogen atoms of hydroxyls onto the metal surface
and to the oxidation of the metal particle. The density functional
theory [17] indicates that interaction of platinum atom with
HZSM-5 zeolite results in transfer of electron density from oxygen
to metal atom.

We reported earlier [18] that on introducing the platinum
cluster in the high-silica zeolite the reverse hydrogen spillover
from the Brensted acid site (BAS) onto the metal surface occurs.
This leads to the oxidation of the metal particle and suppression of
Brensted acidity of the zeolite support. Adsorption on basic sites of
the support favors the formation of electron-enriched metal
clusters. By analyzing possible pathways for alkane isomeriza-
tion [19] we proposed the mechanism that involves a metal-
cyclobutane and metal-carbene species and does not imply
Brensted acidity as the driving force of the reaction. However,
the catalytic significance of the Brgnsted proton transferred onto
platinum particle is unclear. To clarify the effect of the Brensted
acid site (BAS) on the activity of platinum species towards C-C
bond cleavage and its selectivity for isomerization/cracking, we
calculated the key steps of alkane transformation over Ptg/HZSM-5
and Ptg/ZSM-5 systems. The first system is a Ptg guest particle in
acidic ZSM-5 zeolite, whereas the second one represents Ptg cluster
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arranged in proton-free ZSM-5 zeolite (silicalite). By comparing
activity and selectivity of Ptg particles in these systems it is
possible to throw some light on the sources of high activity of
platinum supported acidic zeolites.

2. Computational details

To model the fragment of ZSM-5 zeolite, the cluster approach
was used. Cluster modeling silicalite structure includes fifteen Si
atoms while the cluster representing HZSM-5 fragment contains
fourteen Si atoms and one Al atom. Both clusters are based on two
ten-membered rings extracted from the straight channel of the
ZSM-5 zeolite. The broken bonds (Si-O and Al-0) were saturated
with hydrogens placed at 1.6 and 1.5 A along Al-O and Si-O bonds,
respectively. All terminal hydrogens were fixed during the
geometry optimization. The obtained clusters have the stoichio-
metry Si;50,8Ho4 and HAISi{40,8H>4. To model interaction
between platinum and zeolite frameworks the Ptg particle was
placed inside the clusters. The cluster electronic structure was
computed at the density functional theory (DFT) level using the
Becke’s three parameters exchange functional (B3) [20] combined
with the Lee-Yang-Parr (LYP) [21] and Vosko-Wilk-Nusair (VWNS5)
[22] correlation functionals. The SBK effective core potential [23]
and corresponding basis set augmented with polarization func-
tions were used on all atoms. All clusters were fully optimized
without symmetry constraints. The transition state structures
were verified by performing normal mode analysis. On calculating
the frequencies the atomic masses of 100,000 for the terminal
hydrogen atoms were applied. The calculations were performed
with the PC GAMESS [24,25] program package. The charges were
calculated using natural populations [26] and density of states
spectra were obtained with the help of AOMix package [27,28].

3. Results and discussion

The optimized clusters modeling a platinum particle occluded
in the channels of silicalite (Ptg/ZSM-5) and HZSM-5 zeolite (Ptg/
HZSM-5) are presented in Fig. 1. Natural charges on atoms are
given in Table 1. The energetic parameters for the bare Ptg cluster
and the Ptg particle incorporated in silicalite and HZSM-5 zeolite
are collected in Table 2. Interaction between the silicalite and the
Ptg particle (electronic configuration 5d%4'6 s®°, distorted octa-

(a) @

Table 1
Natural charges in the clusters modeling HZSM-5, ZSM-5, Ptg/HZSM-5 and Ptg/ZSM-
5 structures.

Atom(s) HZSM-5 ZSM-5 PtgH/ZSM-5 Ptg/ZSM-5
H? -6.57 -6.43 -6.46 -6.33

0? -22.30 -23.53 -2235 -23.55
si® 27.63 29.96 27.73 30.07

Al 1.86 = 1.90 =

Pts = = 0.54 -0.19

0 (BAS) -1.17 = -1.37 =

H (BAS) 0.55 - 0.01 -

2 Sum of the natural charges on atoms.

Table 2

Spin multiplicity (M), adsorption energy (Eqqs), ionization energy (IE), electron
affinity (EA), Fukui function (f), chemical potential (1), hardness (1) and local
hardness (') for the bare Ptg cluster and the Ptg particles incorporated in silicalite
and HZSM-5 zeolite.

Cluster M Eugs IE? EA? f " n n
(kJ/mol) (eV) (eV) (eV) (eV) (eV)
Pts 9 - 6.94 2.51 1.0 -4.73 2.22 2.22
PtgH/ZSM-5 3 187 5.59 1.82 0.81 -3.71 1.89 1.53
PtgH/ZSM-5 1 178 5.53 1.84 0.79 -3.69 1.85 1.46
Ptg/ZSM-5 B 36 5.60 1.55 0.87 -3.58 2.03 1.77

2 lonization energy (electron affinity) was calculated as the difference in energy
between the positively (negatively) charged and neutral clusters. The spin multi-
plicities for the Pts* and Pt~ clusters were found to be 6 and 8, correspondingly.

hedron, Pt-Pt distances are 2.63, 2.66 and 2.97 A) is characterized
by the adsorption energy as low as 36 kJ/mol. In response to the
interaction, Pt5-Pt6 and Pt3-Pt4 distances increase by 0.92 and
1.36 A, correspondingly, whereas Pt1-Pt2 distance decreases by
1.01 A. This indicates a considerable change in the shape of a Ptg
particle that stretches along the zeolite channel. The Al-O and Si-O
bonds of the zeolite framework change insignificantly (0.01-
0.02 A). The Ptg cluster localized in the silicalite channel interacts
with the oxygen anions of the lattice (the Pt-O bond distances are
2.3-3.0 A). Due to this interaction, the electronic density on the
platinum particle increases and it charges negatively (Table 1).
Adsorption on oxygen anions of the zeolite favors the formation of
an electron enriched metal clusters. The reason for the appearance
of the negative charge are incoming charges from the nearest Si
atoms through the O atoms of the zeolite framework onto the

(b) ®

Fig. 1. Optimized clusters (distances in A) modeling the Ptg particle incorporated in silicalite (a) and HZSM-5 zeolite (b).
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metal particle whereby the electronic density on Pt 6s orbitals
increases and that on Pt 5d orbitals decreases (electronic con-
figuration ~5d°186s%81).

Interaction of Ptg particle with HZSM-5 zeolite is accompanied by
the transfer of the Bransted proton to the metal particle (reverse
spillover) and formation of the structure involving PtgH" particle
(Fig. 1b). In Ptg cluster adsorbed in HZSM-5 channel, the Pt1-Pt3,
Pt3-Pt4 and Pt3-Pt5 bonds lengthen by 0.39, 0.53 and 0.38 A,
respectively. The bond lengths of 1.75 and 1.67 A for Pt1-H and Pt4—-
H can be best explained by formation of atomic hydrogen (electronic
configuration 15%%9) adsorbed on Pt1 and Pt4 atoms. The total charge
of the metal particle with the transferred Brensted proton reaches a
value 0f 0.54. As aresult of proton transfer the Pt atoms nearest to the
framework AI3* cation are oxidized: Pt1 (5d°2?865%53 — 5d%1265%62,
charge 0.21)and Pt3 (5d°346s5%%°> — 5d°1665°°5, charge 0.22) atoms.
These data are consistent with PtgH" complex occupying a cation
position. A possible mechanism of the proton transfer includes
withdrawal of electronic density from the platinum particle onto
BAS to generate an anion-radical fragment in the zeolite framework
followed by the O-H bond cleavage and the adsorption of a hydrogen
atom on the platinum surface. Accordingly, inclusion of platinum
particle into acid ZSM-5 zeolite is characterized by much higher
energy of 187 kJ/mol compared with 36 kJ/mol for silicalite. All the
above data fall into a single pattern in which the presence of
platinum in ZSM-5 zeolite suppresses the Brgnsted acidity and
forms PtgH" species.

To understand the changes of electronic structure caused by
interaction of the Ptg particle with zeolite surface, we calculated
the density of states of the electronic structures for the bare Ptg
cluster and the Ptg particle incorporated in silicalite and HZSM-5
zeolite. The results are shown in Fig. 2. For the Ptgs/HZSM-5 (singlet
state) system only the a-spin states are presented since the [3-spin
states are identical. The bare Ptg cluster has a spin multiplicity of 9.
In silicalite, Pt orbitals interact with 2p orbitals of the framework
oxygens to stabilize Ptg particle in the triplet state. This can be
accounted for by the filling of 3-valence band at -3.75 eV in the
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Fig. 2. The density of states for the bare Ptg particle (a) and the Ptg particles
incorporated in silicalite (b) and HZSM-5 zeolite (c).

bare Ptg particle at the expense of zeolite basic sites. This band
shifts towards higher binding energies and merges with conduc-
tion bands as depicted in Fig. 2. Singlet-triplet splitting for the Ptg/
ZSM-5 system is 40 kJ/mol. Stabilization of Ptg particle by the acid
site in the HZSM-5 zeolite decreases the singlet-triplet splitting to
a value below 15 kJ/mol. The singlet and triplet states for the Ptg/
HZSM-5 structure are nearly degenerate. Accordingly, the open-
shell Ptg cluster becomes a closed-shell system.

The Ptg particles immobilized in zeolite channels have low
ionization energies and electron affinities as compared with the
bare Ptg particle. Consequently, the presence of platinum cluster in
the zeolite decreases the chemical potential and hardness of Pt
particles. The chemical potential (1) and hardness (1) were
calculated as

~ IE+EA IE — EA
)

and n= 5

where IE is the ionization energy and EA is the electron affinity.
This reduction is more pronounced for Ptg/ZSM-5 structure than
for Ptg/HZSM-5. By contrast, a decrease in hardness is more
discernible for Ptg/HZSM-5 system (by 0.33 eV) than for Ptg/ZSM-5
(by 0.19 eV). Since Ptg cluster supported on silicalite is character-
ized by a higher value of Fukui function, the difference in local
hardness between Ptg/ZSM-5 and Ptg/HZSM-5 is as high as ca.
0.25eV. The conduction bands of the bare platinum particle
located about -12 to -7 eV (Fig. 2a) shift to lower binding energies
to increase the electronic density near the Fermi level for both Ptg/
zeolite structures. Transfer of Brgnsted proton onto platinum
particle leads to the appearance of the Pt-H bonding (at -12.05 eV)
and anti-bonding (at -1.65 eV) bands.

Therefore, on introducing platinum into silicalite only slight
stabilization effect (36 kJ/mol) and formation of negatively
charged metal cluster are observed. At the same time interaction
of Ptg particle with BAS is accompanied by transfer of proton onto
metal surface and leads to: (1) significant stabilization of Ptg
cluster, (2) formation of the oxidized species PtgH", and (3)
substantial decrease in the number of Brgnsted acid sites or even
their complete suppression.

In this context, the nature sites responsible for alkane trans-
formation on bifunctional catalysts can be discussed. According to
the conventional concept, one function is a function of an acid
catalyst, the other being a function of a hydrogenation-dehydro-
genation catalyst. Thus, it is supposed that an alkane is first
dehydrogenated on metal sites to the corresponding alkene, which
is then isomerized on acid sites into a branched alkene. The
branched alkene is subsequently hydrogenated into the branched
alkane again on the metal site. However, from the results outlined
above, it follows that in the presence of platinum the number of
acid sites decreases. Accordingly, the bifunctional mechanism
might not be always operative in the alkane isomerization on
platinum supported zeolites.

Many more quantum chemical calculations coupled with
experimental observations are needed to clarify the bifunctional
action of Pt/ZSM-5 systems, but preliminary interpretation can be
given as follows. Recent analysis [19] of the key intermediates
formed by interaction between alkane and metal particle serves to
propose the mechanism of alkane transformation over metal/
zeolite catalysts without the direct involvement of acid sites.
According to the mechanism (Scheme 1), at the first step, n-alkane
oxidative addition to the platinum atom results in alkyl surface
structure 2. Then hydrogen transfer from the alkyl fragment of
cluster 2 to the platinum surface leads to metal-cyclobutane
complex 3. At the next step, the C-C bond in the metal-
cyclobutane derivative is broken to form the surface carbene
species coordinatively bound to two platinum atoms and -
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Scheme 1. Alkane transformation on the supported Pt particles.

bonded alkene, structure 4. Further transformation of complex 4
can proceed either as isomerization or cracking. Isomerization
includes rotation of 1-bonded alkene and recombination with
surface carbene into iso-metal-cyclobutane complex 6. Finally, the
hydrogenation of structure 6 gives i-alkane and regenerates
the initial platinum cluster. Cracking involves cleavage of C-C
bond (step 3 — 4) followed by migration of adsorbed alkene and
subsequent hydrogenation of hydrocarbon fragments.

Now we can try to apply this picture to rationalize the catalytic
behaviour of the Ptg/ZSM-5 and Ptg/HZSM-5 systems. In view of the
absence of BAS in both systems the different catalytic properties
can be explained by the differences in electronic structure of Ptg
particles rather than by variations in acidity of the support. To trace
the effect of electronic structure on the activity of catalysts the
energy profiles (Fig. 3) for the key steps were calculated in singlet
and triplet states. A simplified scheme (Scheme 2) includes C-C
bond cleavage in metal-cyclobutane complex I to form surface
carbene and adsorbed alkene (structure II). The activity of catalyst
in alkane transformation seems to be a function of the height of the
activation barrier of C-C bond cleavage (E,1). The steps governing
the selectivity are the recombination of carbene and alkene (step
Il — I, activation energy E,») and alkene desorption (desorption
energy Eq). It can be further speculated that alkene migration over
the metal surface rather than desorption occurs under conditions
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Scheme 2. Key steps of alkane transformation on the supported Pt particles.

of a real catalytic reaction. Since the feasibility of this process is
related to the E4 value and the contribution of iso-alkanes increases
with decreasing of E,, values, it appears that the isomerization to
cracking ratio depends on the value of E4/E.,. The higher values
favor higher contribution of isomerization.

On analyzing the energy profile for the Ptg/HZSM-5 system
(Fig. 3a) it is evident that transformation shown on Scheme 2
follows the triplet surface. The singlet surface lies 20-40 kJ/mol
above the triplet one and has a similar pattern. Except for the
structure I the transformation in the Ptg/ZSM-5 system proceeds
on the singlet surface (Fig. 3b). Since the metal-cyclobutane
complex in silicalite has the triplet as the ground state with the
singlet state located 63 kJ/mol higher, the transformation begins
on triplet surface (structure I) and passes through the intersection
point SI on the triplet surface. On comparing the energy profiles for
two systems one can see that in the case of silicalite the activation

(b)
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-504

Reaction Coordinate

Fig. 3. Energy profiles for the key steps of alkane transformation on Ptg/HZSM-5 (a) and Ptg/ZSM-5 (b) catalysts in the triplet (1) and singlet (2) states.
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energy for the C-C bond cleavage step (I —II) is ca. 2.5 times
higher than for the H-form. The reason for this can be explained as
due to the fact that the Ptg particle in H-form has the chemical
potential 0.12 eV higher and the hardness 0.25 eV lower compared
to the silicalite system.

Now we can try to use E4/E,, ratio to estimate catalyst
selectivity for isomerization and cracking. The energy profiles
show that on passing from the H-form to silicalite E,, increases
from 100 to 142 kJ/mol while Eq4 decreases from 184 to 159 kJ/mol.
Accordingly, E4/E,» ratios for the Ptg/HZSM-5 and Ptg/ZSM-5
systems are 1.8 and 1.1, correspondingly. It appears therefore that
the contribution from isomerization is higher for the H-form.
Calculated energies of ethene desorption for the isolated Pts ™, Ptg
and Ptg" clusters indicate that increment in desorption energy for
the positively charged species is two times higher than for the
negatively charged cluster. Consequently, an acid site plays an
important part in the formation of active site in the H-form by
generating stable oxidized PtgH" species.

4. Conclusions

The results outlined above show that the introduction of
platinum particle in silicalite and H-form of ZSM-5 zeolite leads to
the formation of active sites with different natures. On interacting
with silicalite metal cluster slight stabilization and formation
of the negatively charged species are observed. The channels of
H-form significantly stabilize metal particles generating the
oxidized platinum species. The formation of active site includes
the interaction between platinum particle and acid site and
suppression of support acidity. The suggestion is made that the
different catalytic behavior of the Ptg/HZSM-5 and Ptg/ZSM-5
systems can be explained in terms of changing chemical poten-
tial and hardness of supported platinum particles. The alkane
transformation proceeds via metal-cyclobutane and metal-

carbene intermediates and without the direct involvement of
acid sites.
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