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Quantum chemical investigation of the interaction
of the Pt¢ cluster with oxides of different nature
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The interaction of a Ptg nanoparticle with different oxide supports, viz., y-Al,03, FAU and
MFI zeolites, was investigated using the density functional theory. The interaction with the
basic oxygen anions of the lattice and with hydroxyl groups of the support affects the electronic
structure of the metal particles. The transfer of H atoms of the hydroxyl groups to the metal
particle suppresses the Bronsted acidity of the support, and the activation energy of proton
transfer decreases with an increase in the acidity of the support. The potential energy profiles
were calculated for the transfer processes, and changes in the electronic structures and charge
distribution of the supported particles were outlined. The H atom transfer results in positive
charging by the metal particles, whereas the interaction with basic sites leads to the appearance
of electron-enriched metal clusters.
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sity functional theory.

Fine metal particles on different oxide supports (SiO,,
Al,O3, and zeolites) show catalytic activity in (de)hydro-
genation, 2 isomerization,3 oxidation,*—¢ and aromati-
zation.”8 Metals supported on zeolites are active and stable
catalysts of hydrocracking, isomerization, and reform-
ing.9—14 It is accepted that (de)hydrogenation and ring
opening processes occur on a metal particle, whereas
isomerization occurs on an acid site.131® However, a
strong interaction between the acid site and metal particle
has recently!” been shown. Acid sites of zeolite modify
the electronic structure of metal particles, and the pres-
ence of platinum results in a decrease in the strength of
the acid sites or even in their complete suppression.

To the present time, calculations of the interaction of
metal particles with hydroxyl groups of the support were
calculated only for the system M¢/H-form of faujasite
(M is metal of Group 8—11).18:19 According to these
calculations, metal particles are oxidized by acidic hydr-
oxyl groups of zeolite with the transfer of H atoms of the
hydroxyl group to the metal surface. In the later work,20
the interaction of the Pt atom with the HZSM-5 zeolite
was studied at the B3LYP level and the Pt atom was
shown to interact with the Bronsted proton and the near-
est bridging O atom of the zeolite lattice. Thus, the role
played by the support cannot be reduced only to an in-
crease in dispersion of the metal component. However,
the nature of interaction between the metal nanoparticles

and oxide supports which exhibit different amounts of
acid sites with various acid strengths is still far from being
undrestood. The Pt particle and oxide supports are con-
venient objects for studying the interaction of the mutual
metal—support influence.

The present work is aimed at studying the
metal—support interaction using the density functional
theory for the Pt particle and several oxide supports with
different properties: y-Al,O5 and zeolites FAU and MFI.

Calculation procedures

The cluster approach was used to describe the structures of
the oxides (y-Al,O3, SiO,, zeolites FAU and MFI). The elec-
tronic structures of the clusters were calculated by the density
functional theory (DFT) using the exchange B3 functional (see
Ref. 21) and correlation LYP 22 and VWNS5 23 (R-B3LYP)
functionals. The SBK pseudo-potential?4 and the corresponding
basis set augmented by the polarization functions on all atoms
were used to decrease the computational time. The calculations
were performed using the quantum chemical PC GAMESS pro-
gram package.25:26 Natural site populations were analyzed using
the NBO program package,2’ and the spectra of state densities
were obtained by the AOMix program.28:29

Results and Discussion

Pt/y-Al,05 System. The cluster modeling the surface
of partially dehydroxylated alumina is based on the y-Al,O5
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Fig. 1. Cluster (1c) modeling the partially dehydroxylated y-Al,05 surface; interatomic distances (A) are indicated.

structure.3%:31 The starting structure was that of ideal spinel
MgAl,O, with the lattice constant corresponding to
¥-Al,05 (a = 7.911 A) in which some Mg atoms were
substituted for Al atoms and a leaving part of cationic
positions unoccupied. The fragment of the (110) surface
containing four Al atoms bound with the O atoms was
chosen as a model cluster (Fig. 1).

The broken bonds of the clusters were saturated with
H atoms placed at a distance of 0.96 A from the O atoms
along the O—Al bonds of the crystal. During geometry
optimization, all terminal OH groups (except for the sur-
face OH groups) were fixed. The optimized structure of
the cluster obtained (cluster 1a) is shown in Fig. 1. The
cluster containing two terminal OH groups (cluster 1c¢)
was chosen for the simulation of the partially dehydroxy-
lated y-Al,O5 surface. Cluster 1¢ was obtained by the
removal of two water molecules followed by geometry
optimization.

The optimized clusters modeling the main intermedi-
ates of the interaction process of the platinum particles
with the partially hydroxylated alumina surface and the
corresponding density of states (DS) spectra of platinum

are presented in Fig. 2. The total charges of Pt4 particles,
Fermi energies, and band gaps for structures 2a—c are
given in Table 1.

The natural charges and electronic configurations of
atoms in the clusters are given in Table 2. The adsorption
interaction of cluster 1c and the Pty nanoparticle (elec-
tronic configuration 5d%416s9-5%) is characterized by an
energy of 41 kcal mol~! and leads to adsorption com-
plex 2a. The geometry of both the metal particle and

Table 1. Total charges of Ptg particles (g,(Ptg), Fermi energies
(EF = EHOMO)’ and band gaps (Ebg = ELUMO — EHOMO) for
compounds 2—4

Com- ¢,(Ptg) —Ef E,,  Com- g,(Ptg) —Ep Ey,
d d

poun v poun v

Pt 0.0 5.02 1.42 3b 0.54 4.60 1.26
2a 045 526 1.19 3c 1.26 5.35 1.22
2b 0.72 550 1.17 3d 1.89 6.35 1.72
2c 1.05 592 1.21 4a -0.21 3.38 1.16
3a —0.10 441 1.23 4b 0.51 4.33 144
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Fig. 2. Optimized structures of intermediates of the interaction of the Ptq particles with the y-Al,O5 surface (a—d) and the correspond-
ing DS spectra of platinum (e—#).
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Table 2. Natural charges (¢) and electronic configurations of atoms (in parentheses) in clusters 1¢ and 2a—c

2b

2c

—1.21 (251'772p5'43)
~1.36 (281'8021)5‘55)
—1.16 (251.862]35.28)
—1.37 (251.812]35.55)
1.98 (350.383p0.61)
1.86 (350.433p0.68)
0.53 (1s047)
0.04 (1s09%)
0.18 (5d9.036S0.72)
0.18 (5d9.106S0.66)
0.28 (5d8'90650'78)
0.09 (5d9.246S0.64)
—0.08 (5d9'27650-78)
0.07 (5d9'21680'68)

—1.16 (251.862p5.28)
—1.36 (25!302p3-33)
—1.16 (2s!362p3-28)
—1.36 (251302p333)
1.97 (350.383p0.62)
1.97 (350.383p0.62)
0.03 (15%-%)
0.03 (1s0-96)
0.23 (5d%9365067)
0.23 (5d%9365067)
0.27 (5d3-9265076)
0.27 (5d39265076)
0.02 (5d%2065075)
0.02 (5d%2065075)

Atom

1c 2a
o(7) —1.23 (2s1:732p3-48) —1.22 (251762544
0(8) —1.43 (2s!812p>61) —1.36 (25"-792p5-55)
009) —1.23 (251732p548) 122 (251 T62p5 44)
0(10) —1.43 (2s!812p>61) —1.36 (25"-792p5-55)
Al3) 2.16 (3s%-293p-33) 1.83 (3s0-443p0.70)
Al(4) 2.16 (3s%-293p-53) 1.83 (3s0-4430.70)
H(7) 0.53 (1s047) 0.53 (15047
H(8) 0.53 (1s047) 0.53 (1s°47)
Pt(1) - 0.22 (5d9-12650-60)
Pt(2) - 0.22 (5d-12650-60)
Pt(3) — 0.03 (5d%-28650-64)
Pt(4) - 0.03 (5d9-28650-64)
Pt(5) - —0.03 (5d9-316s0-68)
Pt(6) — —0.03 (5d9-31650-68)
Ptg - 0.45

0.72 1.05

support change substantially due to adsorption: the
Pt(1)—Pt(2) bond elongates by 0.2 A, and the Pt(2)—Pt(3)
and Pt(1)—Pt(4) distances increase by 0.15 A; the
Al(3)—O(8) and Al(4)—O(10) bonds elongate by 0.8 A,
and coordination of the Al atom changes from tetrahedral
to trigonal. The other geometric parameters change insig-
nificantly.

The Pt particle can be divided into three layers. The
Pt(1) and Pt(2) atoms of the first layer interact during
adsorption with the basic oxygen anions of the lattice,
viz., O(8) and O(10) (Pt—O bond length 2.1 A), and with
the Lewis acid sites Al(3) and Al(4) (Pt—Al bond length
2.5 A). As a result, the Pt atoms of the first layer are
oxidized (5d%416s9-35 — 5d9-12650-60) acquiring a positive
charge of 0.22, and the d-orbitals make the highest con-
tribution to changes in the electron density. As can be
seen from the data in Table 1, the electron density on the
basic sites (O atoms) decreases (2s1-812p5-61 — 251.792p5.55)
and that on the acid sites (Al atoms) increases
(3s0-293p0-53 5 350-44350.70) The Pt atoms of the second
layer enter into a very weak adsorption interaction with
the O atoms of the hydroxyl groups, and the atoms of the
third layer, which is most remote from the surface, do not
interact with the oxide support. The electron density on
the O atoms decreases slightly (2s1-732p348 — 251.762p5-44):
nevertheless, the atoms of the second layer are oxidized
(5d941650-55 5 5d9-28650-64) The platinum particle is po-
larized: the atoms of the top layer are negatively charged,
and the atoms of the second layer acquire a positive
charge. Thus, when interacting with the y-Al,O5 (110)
surface, the Ptg particle is oxidized to gain a positive
charge of 0.45.

It is known3? that the spillover is observed on the
Pt/Al,0O;5 system. This involves adsorption of dihydrogen

on metal particle followed by dissociation and migration
to the oxide support to form the surface OH groups

M,™ + Hy = M,™ + 2 H, (1)

M, + H + 0g2~ = M, ("~ "* + OH~, (2)

where M, is the supported metal particle, OH,~ is the
surface OH group, and O~ is the oxygen anion of the
oxide cluster. Cluster 2a contains OH groups formed ac-
cording to Eq. (2). The interaction of these OH groups
with a metal particle can result in the phenomenon named
"reverse spillover”

M,"=1* + OHg™ — M, ™ + H + 02" 3)

The direction of the spillover—reverse spillover process is
determined by the nature of the metal.

Let us consider the energy of oxidation of the Pt par-
ticle by the H atoms of the surface OH groups. The trans-
fer of the H atom of one of the OH groups to the metal
particle surface leads to surface structure 2b. In cluster 2b,
the Pt(3)—0(9) distance shortens by 0.3 A and the Pt—O
covalent bond is formed. In this case, the adsorbed state
of atomic hydrogen (1s%47 — 15%95) with the Pt—H bond
length 1.57 A is formed on the Pt(3) atom. The Pt(3) atom
is oxidized (5d%-286s9-64 — 5d8-90650-78) acquiring a charge
of 0.28. The charge of the metal particle in the structure
with one transferred H atom of the hydroxyl group is 0.72.
The transfer of the H atom of the second surface OH group
results in the formation of surface platinum cluster 2¢
with two adsorbed H atoms (1s%-%) on the Pt(3) and
Pt(4) atoms; in this structure the metal particle
charge increases to 1.05. Hydrogen transfers to the
metal particle are endothermic (AE; = 10 kcal mol~!,
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Fig. 3. Cross-section of the potential energy surface for the
interaction of the Pty particle with the y-Al,O5 surface; r is the
reaction coordinate.

AE, = 15 kcal mol~!) with activation energies of 18 and
22 kcal mol~!, respectively (Fig. 3).

Thus, in the case of platinum, the hydrogen spillover
is thermodynamically more favorable. The interaction of
platinum with the alumina surface results in substantial
changes in the electronic structure of the metal particle
confirmed by analysis of the density of states (see Fig. 2).
The data in Fig. 2 show that the interaction of the
Pt¢ cluster with the surface OH groups shifts the Fermi
level toward higher energies and decreases the band gap.
Hydrogen transfer followed by Pt—O bond formation in-
duces the shift of the d-band of platinum toward higher
binding energies accompanied by an increase in the ion-
ization energy, whereby the band gap remains virtually
unchanged.

Pt/FAU System. The cluster modeling the fragment of
the FAU zeolite framework is based on the six-membered
ring, viz., fragment of a large cavity. The cluster model
contains three Si atoms and three Al atoms arranged al-
ternately according to the Léwenstein rule.33 The coordi-
nates of nuclei are chosen according to the known crys-
tallographic data.34 The broken Si—O and Al—O bonds
of the cluster are saturated with the H atoms placed at
distances of 0.96 A along the Al—O and Si—O bonds,
respectively. All terminal OH groups were fixed during
geometry optimization. An excessive positive charge of
the lattice is compensated by three protons that form
three bridging acidic OH groups of the zeolite. The result-
ing cluster has stoichiometry Al;SizOgHs.

The optimized clusters modeling the main intermedi-
ates of interaction process of the platinum particle with
the fragment of the FAU zeolite and the corresponding
spectra of the density of states of platinum are presented
in Fig. 4. The total charges of the particles, Fermi ener-
gies, and band gaps for structures 3a—d are given in
Table 1. The natural charges and electronic configura-

tions of atoms in the clusters are given in Table 3. The
adsorption interaction of the zeolite cluster and
Pt nanoparticle (electronic configuration 5d%#16s%-3) af-
fording adsorption complex 3a is characterized by an ad-
sorption energy of 22 kcal mol~!, which is half of that of
alumina. The geometry of the metal particle change con-
siderably due to adsorption: the Pt(2)—Pt(3) bond elon-
gates by 0.2 A, and the Pt(1)—Pt(6) and Pt(2)—Pt(5)
distances increase by 0.08 and 0.13 A, respectively;
the Al—O and Si—O bonds somewhat shorten
(by 0.02—0.04 A), and the O—H bonds of the bridging
groups elongate by 0.1 A. The other geometric parameters
change insignificantly. During adsorption the Pt(1), Pt(2),
and Pt(3) atoms of the Pt, particle interact with the oxy-
gen atoms of the lattice, viz., O(13), O(15), and O(17)
(Pt—O bond length 2.3—2.5 A). and with protons of
the Bronsted acid sites H(13), H(14), and H(15) (the
Pt(2)—H(13) bond length is 2.27 A, and the Pt(3)—H(14)
and Pt(1)—H(15) bonds are longer by 0.25 A). As a re-
sult, the Pt particle acquires a small negative charge. As
can be seen from the data in Table 2, the electron density
on the Si atoms slightly decreases and that on the Bronsted
acid sites increases. The metal cluster is additionally sta-
bilized due to the donation of an excessive electron den-
sity to the acid sites.

The transfer of one of the Bronsted protons (H(13)) to
the metal particle surface results in surface structure 3b.
In cluster 3b the Pt(1)—O(13) distance shortens by 0.25 A,
and the adsorbed state of hydrogen atoms (1s%47 — 1s!.01)
with the Pt(2)—H(13) and Pt(6)—H(13) bond lengths
equal to 1.68 and 1.75 A, respectively, is formed at the
Pt(2)—Pt(6) edge. The Pt(1) (5d%-316s0-62 — 5d9-07650-57)
and Pt(2) (5d%-296s0-67 — 5d9-99650-55) atoms are oxidized
to acquire charges of 0.31 and 0.30, respectively, whereas
the electronic state of the Pt(6) atoms remains almost
unchanged. The charge of the Pt particle increases to 0.54.
The transfer of protons of other acid sites affords com-
plexes 3¢ and 3d with two and three adsorbed H atoms,
respectively (see Fig. 4 and Table 2). In this case, the
Pt—O bonds between the Pt atoms of the layer nearest to
the layer surface (Pt(1), Pt(2), and Pt(3)) and oxygen
atoms of the lattice (O(13), O(15), and O(17)) shorten.
As a result of transfer of the Bronsted protons, the atoms
of the first layer are oxidized (charges 0.48,0.58, and 0.59),
whereas the atoms of the top layer bear but a small posi-
tive charge. The total charge of the Pt particle in com-
plexes 3¢ and 3d increases to 1.26 and 1.89, respectively.
The Bronsted proton transfers to the platinum cluster are
exothermic, and the transfer energy decreases accord-
ingly: 23, 12, and 9 kcal mol~!. The activation energies of
the proton transfer are 9—14 kcal mol~! (Fig. 5). Thus,
for the interaction of the platinum cluster with the FAU
zeolite fragment the reverse hydrogen spillover is thermo-
dynamically favorable. The evidence of the metal—sup-
port interaction is observed: the metal particle is oxidized
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Fig. 4. Optimized structures of intermediates of the interaction of the Ptg particle with the FAU zeolite 3a—d (a—d) and the
corresponding DS spectra of platinum (e—#).
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Table 3. Natural charges (¢) and electronic configurations of atoms (in parentheses) in the FAU clusters and clusters 3a—d

Atom q

FAU 3a 3b 3c 3d
0(13) —1.33 (251'782[)5'54) —1.34 (251'782p5'55) —1.31 (251'782p5'53) —1.28 (251'782p5'49) —1.27 (251'782p5'47)
0(14) ~1.15 (251.742]35.40) ~1.17 (281'7521)5'41) —1.16 (251.742p5.40) —1.34 (281'7721)5‘56) —1.31 (281'7821)5‘51)
0(15) —1.33 (251.782]35.54) —1.33 (251.782p5.54) ~1.32 (251.782p5.53) ~1.33 (281'7821)5‘53) ~1.26 (251.782p5.48)
0(16) ~1.15 (251.742]35.40) ~1.18 (251.752p5.42) —1.16 (251.742p5.40) —1.16 (251'7521)5‘39) —1.23 (281'7821)5‘43)
0o(17) —1.33 (251'782[)5'54) —1.33 (251'782p5'54) —1.33 (251'782p5'54) ~1.33 (251'782p5'54) —1.36 (251'782p5'57)
0(18) —1.15 (251'742[)5'40) —1.18 (251.752p5.42) ~1.32 (251.772p5.53) —1.30 (251'782p5'51) ~1.29 (251'782p5'50)
Al(1) 2.10 (350'303[)0'57) 2.10 (350'293p0'58) 2.10 (350.293p0.59) 2.07 (350'293p0'61) 2.07 (350'293p0'60)
Al(2) 2.10 (350.303]30.57) 2.10 (380‘2931)0'58) 2.11 (3S0.293p0.57) 2.11 (3S0.293p0.57) 2.07 (350.293p0.61)
Al(3) 2.10 (350.303]30.57) 2.10 (380‘2931)0'58) 2.07 (350.293p0.61) 2.08 (380'2931)0‘60) 2.08 (380'2931)0‘60)
Si(1) 2.53 (380‘4631)0'94) 2.55 (380'4631)0‘92) 2.55 (380'4631)0‘92) 2.55 (380'4631)0‘92) 2.57 (380'4631)0‘90)
Si(2) 2.53 (350'463p0'94) 2.55 (350'463p0'92) 2.55 (350'463p0'93) 2.55 (350'463p0'93) 2.55 (350'463p0'93)
Si(3) 2.53 (350'463p0'94) 2.55 (350'463p0'92) 2.55 (350.453p0.93) 2.55 (350'463p0'92) 2.56 (350'463p0'92)
H(13) 0.55 (1s0-4%) 0.53 (1s947) —0.02 (1s!01) 0.00 (1s!-00) 0.00 (1s%-99)
H(14) 0.55 (1s%-45) 0.54 (1s%-45) 0.55 (1s%-45) 0.55 (1s%-45) —0.08 (1s!'-97)
H(15) 0.55 (1s%-45) 0.54 (1s%-45) 0.55 (1s%44) —0.02 (1s!-02) —0.05 (1s!-0%
Pt(1) — 0.00 (5d°-31650-62) 0.31 (5d%07650-57) 0.54 (5d3-896s0-51) 0.59 (5d8-76650-59)
Pt(2) — —0.02 (5d%2%6s-67) 0.30 (5d%%s0-33) 0.39 (5d%96650-5%) 0.48 (5d3-91650-3)
Pt(3) — —0.06 (5d%-3165%-69) —0.08 (5d%-24650-7%) 0.31 (5d°-04650-59) 0.58 (5d8-83650-54)
Pt(4) — —0.02 (5d%-376s0-61) 0.03 (5d%-236s0-70) —0.02 (5d%-10650-88) 0.15 (5d8-986s0-84)
Pt(5) — —0.01 (5d%44650-5%) 0.00 (5d9-346s9-62) —0.02 (5d%-19650-78) 0.00 (5d%-19650-76)
Pt(6) — 0.01 (5d9-32650-63) —0.02 (5d%-42650-58) 0.06 (5d%-426s0-51) 0.09 (5d°-28650-62)
Ptg — —0.10 0.54 1.26 1.89

and the number and strength of the Bronsted acid sites in
the zeolite decrease. Analysis of the density of states spec-
tra for metal particle (see Fig. 4, Table 1) shows that the
immobilization of the Pty cluster in the FAU zeolite cav-
ity induces the shift of the Fermi level toward lower ener-
gies by 0.6 eV and a decrease in the band gap. The transfer
of the Bronsted protons to the metal particle shifts the
Fermi level toward higher energies to —6.35 eV and in-
creases the band gap to 1.72 eV.

AE/kcal mol™!

Pty + FAU
20

10

—10 F
-20

=30

Fig. 5. Cross-section of the potential energy surface for the
interaction of the Ptg particle with the FAU zeolite fragment;
r is the reaction coordinate.

Pt/MFI System. The cluster modeling the fragment
of the MFI zeolite framework is based on the ten-mem-
bered ring from the straight zeolite channel at the inter-
section with the sinusoidal channel. The cluster model
includes fourteen Si atoms and one Al atom. The broken
bonds (Si—O and Al—O) of the cluster are saturated with
the H atoms placed at distances of 1.6 and 1.5 A along the
Al—O and Si—O, respectively. All terminal H atoms are
fixed during geometry optimization. The excessive posi-
tive charge of the lattice was compensated by the proton
forming the bridging acidic O(18)H(25) group of the zeo-
lite. The cluster obtained has stoichiometry AlSi;4O3H>s.

The optimized clusters modeling the main intermedi-
ates of the interaction process of the platinum particle
with the ZSM-5 (MFI) zeolite fragment and the corre-
sponding DS of the state densities of platinum are pre-
sented in Fig. 6. The total charges of Pt particles, Fermi
energies, and band gaps for structures 4a,b are given in
Table 1. The natural charges and electronic configura-
tions of atoms in the clusters are presented in Table 4. The
adsorption of the MFI zeolite and Ptg nanoparticle (elec-
tronic configuration 5d%416s0-5%) is characterized by a very
low adsorption energy (6 kcal mol~!) and affords adsorp-
tion complex 4a. As a result, the geometry of the metal
particle change significantly: the Pt(1)—Pt(5),
Pt(1)—Pt(6), Pt(2)—Pt(4), and Pt(2)—Pt(3) bonds
shorten by 0.12—0.18 A, and the Pt(1)—Pt(4),
Pt(2)—Pt(5), Pt(2)—Pt(6), Pt(1)—Pt(3), and
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Fig. 6. Optimized structures of intermediates of the interaction of the Ptg particle with the MFI zeolite 4a,b (a, b) and the
corresponding DS spectra of platinum (c, d).

Table 4. Natural charges and electronic configurations of atoms (in parentheses) in the MFI clusters and clusters 4a,b

Atom q Atom q
MFI 4a 4b MFI 4a 4b
0(12) —1.29 -1.30 —1.31 Pt(1) — 0.04 0.21
(251.742p5.55) (251.732p5.55) (251.752p5.55) (5d9'28680'63) (5d9'12650'62)
O(13) —1.35 -1.37 —1.36 Pt(2) — —0.10 —0.08
(251.762p5.58) (251.762p5.60) (251.762p5.58) (5d9'42680‘63) (5d9‘356SO'69)
O(17) —1.35 —1.36 —1.34 Pt(3) — —0.05 0.22
(281.762]:)5.58) (281‘762]:)5‘59) (281‘772]:)5'55) (5d9'34680‘65) (5d9'16680'56)
O(18) —1.15 —1.16 —1.37 Pt(4) — —0.15 0.03
(281'742]:)5'39) (281'742]:)5'40) (281.762]35.60) (5d9'46680‘63) (5d9.32680.60)
Al(1) 1.87 1.90 1.90 Pt(5) — 0.03 0.10
(380.4531:)0.66) (380'433]:)0'64) (380‘443]:)0'63) (5(19‘34680'58) (5(19‘30680'56)
Si(12) 2.24 2.26 2.24 Pt(6) — 0.02 0.05
(350.623]31.08) (330.613]31.07) (330.623p1.08) (5d9'38680'55) (5d9'28680'62)
H(25) 0.54 0.54 0.01 Ptg — —0.21 0.51

(150.46) (150.46) (150.99)
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Pt(3)—Pt(4) bonds elongate by 0.12—0.26 A. The AI—O
and Si—O bond lengths of the zeolite framework change
by 0.01—0.02 A. The cluster particle is localized in the
MFI zeolite channel and interacts with the O atoms of the
lattice (Pt—O bond lengths 2.3—2.6 A). Accordingly, the
electronic density on the s- and d-orbitals of the Pt(2),
Pt(3), and Pt(4) atoms increases (see Table 4). The Pt(1),
Pt(5), and Pt(6) atoms bear small positive charges.

As a whole, the Ptg cluster is polarized and has a
negative total charge. This charge appears due to the elec-
tron density redistribution from the Si and Al atoms
through the O atoms of the zeolite framework to the metal
particle. The transfer of the Bronsted proton (H(25)) to
the metal particle surface yields surface structure 4b. In
cluster 4b the Pt(2)—Pt(6), Pt(1)—Pt(4), and Pt(1)—Pt(3)
bonds elongate by 3.02—3.10 A, and the Pt(3)—Pt(4)
distance increases by 3.19. The adsorbed state of atomic
hydrogen (15946 — 15999) with the Pt(1)—H(25) and
Pt(4)—H(25) bond lengths equal to 1.75 and 1.67 A,
respectively, is formed at the Pt(1)—Pt(4) edge. The Pt(1)
(5d9A286SO.63 N 5d9.126SO.62) and Pt(4) (5d9i34650.65 N
— 5d%166s0-56) atoms are oxidized acquiring charges
of 0.21 and 0.22, respectively. The decrease in the elec-
tron density is also observed on other Pt atoms. The charge
of the metal particle with the transferred Bronsted proton
is 0.51. The processes of Bronsted proton transfer to the
platinum cluster are exothermic and activation-free, and
the transfer energy is equal to 47 kcal mol~!, which ex-
ceeds the energy of transfer of three protons in faujasite
(44 kcal mol~!). Analysis of the DS spectra of the metal
particle (see Fig. 6) shows that the immobilization of the
Pt¢ cluster in the MFI zeolite channel induces the shift of
the Fermi level toward lower energies by 1.64 eV and an
increase in the band gap by 0.26 eV. The transfer of the
Bronsted proton to the metal particle results in the shift of
the Fermi level toward higher binding energies to —4.33 eV
and increases the band gap to 1.44 eV. As a result, the
Pt¢ cluster with the transferred proton is characterized by
the Fermi level that is 0.69 eV higher than that of the
isolated Ptg particle and the band gap coincides with that
for the isolated cluster.

Thus, the introduction of platinum into the ZSM-5
type zeolite results in a substantial decrease in the number
of Bronsted acid sites or even in their complete suppres-
sion. Moreover, the interaction of platinum with extra-
framework aluminum is accompanied by a decrease in the
Lewis acidity of the zeolite. Therefore, it can be assumed
that the active sites of the Pt/ZSM-5 catalyst are the
adduct of the oxidized metal cluster and H atom.

The interaction with the basic oxygen anions of the
lattice and with the OH groups of the support affects the
electronic structure of the metal particles. The transfer of

the H atoms of the hydroxyl groups to the metal particle
induces the suppression of the Bronsted acidity of the
support, and the activation energy of proton transfer de-
creases with an increase in the acidity of the support. Due
to the H atom transfer the metal particle acquires a posi-
tive charge, whereas the interaction with the basic sites
results in the appearance of electron-enriched metal
clusters.

The authors are grateful to Prof. G. M. Zhidomirov
for interest in the work and helpful discussion of the results.
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