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Molybdena dispergation on silica surface via heat treatment of dry mixtures of MoOjs and the dispersed silica
support is a convenient preparative technique of the synthesis of surface Mo(VI) oxo-species. The driving force for
the thermally induced dispergation of bulk MoOs is the decrease in surface energy which is lower for surface Mo(VI)
oxo-species. The aim of the present study is a quantum chemical modelling of the mechanism of MoO3 molecule
interaction with =Si—OH groups of silica surface via reaction 2(=Si—-OH) + MoO3 — (=Si—0—);Mo(=0); + H,O
resulting in the formation of (=Si—0-).Mo(=0); Mo(VI) oxo-species. Restricted Hartree-Fock method (MO LCAO
approximation) using the SBKJC (Stevens-Basch-Krauss-Jasien-Cundari) valence-only basis set was used.
Si10012(0OH) 6 cluster was used as a model for highly hydroxylated silica surface in which silicon atoms in the core
siloxane chains are saturated by four silanol and six silanediol groups. Such a cluster was considered as providing a
realistic structure for the SiO, surface and exhibiting high stability due to its large size. The optimised geometry of
MoOs; molecule of Cs, symmetry was used in calculations. Quantum chemical simulation of the reaction
Si10012(OH) 16 + MoO3 — Si19012(0OH)1.0:M00; + H:O  accompanied by  the  formation  of  surface
(=Si—0-)Mo(=0),; Mo(VI) oxo-species was undertaken. We considered two structures of (=Si—O—):Mo(=0)
Mo(VI) oxo-species attached to Si;00;2(OH);s silica cluster via nearby and distant =Si—OH groups. At 700 K, when
molybdena dispergation over silica surface begins, the Gibbs energy of the formation of (=Si—O-)Mo(=0); Mo(VI)
oxo-species via reaction of MoO3 molecule with nearby and distinct =Si—-OH groups of Si;0012(0OH) s cluster was
found to be -260 and -337 kJ/mol, respectively. The mechanism of the reaction of MoO3z molecule with distant =Si—
OH groups of Si;0012(OH) s cluster accompanied by the formation of (=Si—0-).Mo(=0); Mo(VI1) oxo-species was
considered as more favourable energetically. It has been found that at 700 K the reaction proceeds in two stages and
requires overcoming of the activation barriers of 161 and 154 kJ/mol.
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INTRODUCTION applicability in olefins metathesis. It was
experimentally determined that the temperature
of ca. 700-800 K is required for dispergation of
MoQs3 over supports surface.

In the case of dispersed supports like Al,Os3,
Si0O; or TiO; the gas phase diffusion mechanism
where Mo oxide clusters are evaporated from
MoO:s crystallites with subsequent dispergation
in monomeric state on the support surface was
proposed [16, 17]. The diffusion process of
MoO; on oxide thin films (AlOs, SiO, TiO»)
was also investigated. During thermal treatment,

) . . MoO; diffused onto the surface of those films
thermally induced dispergation over supports

surface were undertaken [1]. They were focused and formed a m(?nolayer or a submonolay.er. A
on individual well-defined SiOy [2,3], ALO; possible explanation for all the phenomena is the

[3-6] or mixed SiO»-ALOs [7,8] supports combination of surface diffusion onto the surface
siliceous [9-11] and aluminosilicate [5, 6, 12] of the support and transportation via the gas

molecular sieves. Special attention was given to phase [18’.191' .
. The distribution of MoQOj3 on the surface of
surface Mo(VI) oxo-species resulted from MoO; . . .
& . NS . dispersed  supports is  important  from
ispergation on aluminosilicate molecular sieves fund tal and anplied points of vi 1
MCM-22, MCM-56 and 2D-MFI [13] and also hdamental anc appiiec ponts ol View as plays

on siliceous molecular sieves MCM-41. MCM-48 a crucial role in the development of scientific
and SBA-15 [l4.15] because ,of their basis of the rational design of supported

Molybdena dispergation on silica surface via
heat treatment of dry mixtures of MoO; and the
dispersed silica support is convenient preparative
technique of the synthesis of surface Mo(VI)
oxo-species. The driving force for the thermally
induced dispergation of bulk MoOs is the
decrease in surface energy which is lower for
surface Mo(VI) oxo-species. Stabilization of
surface Mo(VI) oxo-species occurs due to
interaction with surface hydroxyl groups [1].

Numerous experimental studies of MoO;
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heterogeneous catalysts in chemical and
petrochemical industry and in environmental
control [20]. The catalytic metathesis of olefins
is an example of the industrially important
reaction where Mo(VI) oxo-species in atomically
precise form play a central role [21-23].

The in-depth study of the structure of surface
Mo(VI) oxo-species is the subject of standing
interest using modern experimental techniques
[24—28] and theoretical methods [29-32].

The aim of the present study is a quantum
chemical modelling of the mechanism of MoO3
molecule interaction with =Si—-OH groups of
silica surface via reaction 2(=Si—-OH) + MoO; —
(ESi—0O-):Mo(=0), + HoO resulting in the
formation of (=Si—O-);Mo(=0), Mo(VI) oxo-
species.

METHOD AND MODELS

The process of interaction between
molybdena and silica surface was simulated
using the Restricted Hartree-Fock method (MO
LCAO  approximation) with the PC
GAMESS/Firefly QC package which is based on
the GAMESS (US) [33, 34] source code. In
order to shorten the computing time, the SBKJC
(Stevens-Basch-Krauss-Jasien-Cundari) valence-
only basis set was used which required
application of respective effective core potential.
The Gibbs energy (AGiect) of the reaction
SimOu(OH)m + MOO3 —> Siloolz(OH)MOzMOOz
+ H,O resulting in the formation of the
considered (=Si—-O-);Mo(=0), species was
calculated within 300-1100 K temperature
interval using the formula:

AGieact T = [G1(S110012(0H)140:M003) +
+ Gr(H20)] — [G1(S8110012(OH)16) + Gr(M0O3)],

Eio -584.56565 Hartree

Fig. 1.
cluster via nearby =Si—OH groups
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where [GT(Si1001z(OH)1402M002) + GT(HQO)]
and [G1(Si;0012(0OH)16) + Gr(M00Os)] are the
calculated Gibbs energy of the formation of the
products and reactants, respectively. The Gibbs
energy of activation barriers was calculated as a
difference between the Gibbs energy of the
transition state and the corresponding previous
ground state.

RESULTS AND DISCUSSION

The cluster Si;0012(OH)16 was used in this
work as a model of highly hydroxylated silica
surface. The cluster starting geometry proposed
in [35, 36] represents a structural fragment of a
B-cristobalite crystal. Silicon atoms in the core
siloxane chains are saturated by four silanol and
six silanediol groups. Such Sij0O12(OH);6 cluster
was considered as providing a realistic structure
for the SiO; surface and exhibiting high stability
due to its large size. It presents on its surface
different types of hydroxyl groups that can act as
adsorption and reactions sites and is also useful
to model silica gel surface.

In the initial Si;0012(OH)16 model composed
of regular SiO; tetrahedra all Si—O bonds had the
lengths of 1.700 A and O-Si—O angles of 109.5°
[37,38]. After the geometry optimization they
have slightly changed to 1.631-1.651 A and
104.5-108.2°, respectively.

We  considered two  structures  of
(=Si—0-):Mo(=0), Mo(VI) oxo-species attached
to Si;0012(OH);6 silica cluster via nearby and
distant =Si—OH groups of silica surface. They
are shown in Fig. 1 and Fig. 2, respectively. The
bond length and bond angles in the considered
(ESi—0-):Mo(=0), Mo(VI) oxo-species are
presented in Table 1.

Geometry optimized structures of (=Si—0—),Mo(=0), Mo(VI) oxo-species attached to Si;0O;2(OH);¢ silica
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I
A2)

Eiot -584.60147 Hartree

Fig. 2. Geometry optimized structures of (=Si—O-),Mo(=0), Mo(VI) oxo-species attached to Si;0O0;2(OH);s silica

cluster via distant =Si—~OH groups

Table 1. Bond length and bond angles in the considered (=Si—O-),Mo(=0), Mo(VI) oxo-species

(=Si-0-):Mo(=0);

Mo(VI) oxo-species Mo=0,
a 1.683
b 1.683
(ESi—0-)2Mo(=0):
Mo(VI) oxo-species 0,=Mo=0,
a 109.0
b 108.8

Bond length, A

Mo=0, Mo-O; Mo—Og4
1.685 1.883 1.879
1.683 1.851 1.857

Bond angle, °grad
O3*MO*O4 MO*O3fSi1 M0704fsi2
94.8 138.8 139.2
102.0 158.8 159.9

In Table 1, the structure a corresponds to
(ESi—-0-):Mo(=0), Mo(VI) oxo-species attached
to Si;0012(OH);6 silica cluster via nearby
=Si—OH groups while structure b corresponds to
oxo-species attached to Sii0O12(OH)i¢ silica
cluster via distant =Si—OH groups. The structure
b appeared to be more energetically favourable
(Evwt -584.60147 Hartree) in contrast to structure
a (Ewt -584.56565 Hartree).

The Mo=0 bond length in
(ESi—0-):Mo(=0), Mo(VI) oxo-species a and b
is almost the same and varies in the range of
1.683-1.685 A. This also concerns the O=Mo=0
angle which is in the range of 108.8-109.0° and
is very close to theoretical value of 109.5° in
tetrahedral coordination. The main difference is
observed for O-Mo-O angle in
(ESi—O-):Mo(=0), Mo(VI) oxo-species which
for the structures a and b was found to be of
94.8° and 102.0°, respectively. The observed
0O—Mo-0 angle in the structures a appeared to be
more distorted in comparison with that in the
structures b. This correlates with higher
energetic favourability of the structure b in
comparison with the structure a due to a less
bond angle straining.

408

We calculated the temperature dependences
of the Gibbs energy of the reaction Sii0O12(OH):6
+ MoO; = Siloolz(OH)mOzMOOz + H,O which
can result in the formation of (=Si—0—),Mo(=0):
Mo(VI) oxo-species (structures a and b).

The optimized geometry of MoO; molecule
(Ewt =-114.23859 Hartree) of Csy symmetry had
the Mo=0 bond length of 1.708 A and the bond
angle O=Mo=0 of 114.9°. The calculated values
of geometric parameters of MoO; model are
close to the analogous values obtained earlier.
HF SCF calculations [39] yielded a Mo=O bond
length of 1.682 A and showed that the molecule
is nonplanar with Mo=0O bonds forming an angle
of 105° with the C; axis. After correlation
corrections, the values 1.766 A and 112°,
respectively, were obtained for these parameters.
By DFT calculations, a Mo=0 bond length was
found to be of 1.734 A and the bond angle
O=Mo=0 of 108.0° [40].

It appears to be close to experimental values
of MoOs; molecule of C;y symmetry with the
bond length of 1.711+0.008 A and the bond
angle O=Mo=0 of 112+8° obtained from the
electron diffraction investigation in the vapour
phase [41]. A pyramidal Cs;, structure for
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gaseous MoO; was also suggested from the
infrared spectrum [42] with a Mo=0 bond length
of 1.73 A.

The undertaken simulation of the reaction of
MoOs; molecule with Si;0O12(OH)i6 cluster
showed that the formation of both
(=Si—-0-):Mo(=0), Mo(VI) 0Xx0-species
(structures a and b) were energetically
favourable. For the temperature interval of 300—
1100 K, the Gibbs energy of the reaction
resulting in the formation of the structure a
varies from -276 to -243 kJ/mol, respectively.
The Gibbs energy of the reaction resulting in the
formation of the structure b varies from -368 to
-303 kJ/mol with the temperature increase from
300 to 1100 K.

At 700 K, when molybdena dispergation
over silica surface begins, the Gibbs energy of

FEiot -601.44529 Hartree

the reaction of the  formation  of
(ESi—0-):Mo(=0), Mo(VI) oxo-species of type
a and b structure was found to be -260 and
-337 kl/mol, respectively. As the appearance of
(ESi—0-):Mo(=0), Mo(VI) oxo-species of type
b structure is more energetically favourable, the
mechanism of their formation was considered.
Quantum chemical modelling of the
mechanism of MoOs; molecule interaction with
=Si—OH groups of silica surface was done using
the initially optimized structure of Si;0012(OH)16
silica cluster and MoO3 molecule. Fig. 3 shows
the stages of proposed mechanism of MoOs3
molecule reaction with =Si—~OH groups of silica
surface resulted in the formation of
(=Si—0-):Mo(=0), Mo(VI) oxo-species of type b.

3 (TS1) 4

Fiot -601.32582 Hartree

FEit -601.43828 Hartree

6 (TS2) 7

FEit -601.39180 Hartree

FEit -601.44545 Hartree

Fig. 3. The proposed mechanism of MoO; molecule reaction with =Si—OH groups of silica surface resulted in the
formation of (=Si—O-):Mo(=0), Mo(VI) oxo-species of type b
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Fig. 4. Changes in Gibbs energy along the reaction pathway of the formation (=Si—O-):Mo(=0), Mo(VI) oxo-
species via chemical reaction of MoO3 molecule with =Si—OH groups of silica surface at 700 K

Fig. 4 demonstrates the changes in Gibbs
energy along the reaction pathway of the
formation (=Si—-O-):Mo(=0), Mo(VI) species
oxo-species via chemical reaction of MoO;
molecule with =Si—~OH groups of silica surface
at 700 K. Numbers in italic bold and
abbreviations of the transition states TS1 and
TS2 in Fig. 4 correspond to those in Fig. 3. The
Gibbs energy of the initial structure / in Fig. 4
(not shown in Fig. 3 for simplification) is the
sum of the Gibbs energies of the individual
cluster Si;0012(OH)16 and MoO; molecule and
was chosen to be zero for the analysis of changes
of Gibbs energies along the reaction pathway.

The proposed sequence of the reactions steps
resulted in the formation of (=Si—O-);Mo(=0),
Mo(VI) oxo-species are as follows.

We have found out that the reaction begins
from coordination of molybdenum atom of
MoO; molecule to oxygen atom of =Si—-OH
group. The formation of coordination Mo---O
bond in  ground-state  (structure 2) s
accompanied by reducing of the relative Gibbs
energy of the system to -156 kJ/mol. The length
of the coordination bond Mo---O in the structure
2 is 2.104 A and decreases to 2.033 A in the
transition state TS1 (structure 3).

The next ground-state structure 4 appears
due to a transfer of the proton of =Si—OH group
to the oxygen atom of MoOs molecule and the
formation =Si—-O-Mo(=0)—OH group (the
system relative energy decreases to -298 kJ/mol).
The length of the covalent Mo—O bond in the
ground state (structure 4) was found to be

410

1.840 A. This process requires overcoming of
the activation barrier of 161 kJ/mol via transfer
of the proton of =Si—OH group to the oxygen
atom of MoOs; molecule in more complex
structure 3 where oxygen atom of MoO;
molecule is additionally coordinated to hydrogen
atom of =Si—OH group in TS1 with relative
energy of +5 kJ/mol.

Further, rearrangement of structure 4
assumes practically barrier-free rotation around
the Mo—O bond (ground-state, structure 5) and
the relative energy slightly increases up to
-293 kJ/mol. In the structure4, a weak
interaction is observed between oxygen atoms of
two Mo=0O groups and hydrogen atoms of
=Si—-OH groups with hydrogen bond length of
2.086 and 2.009 A. In structure 5, the oxygen
atom of Mo=0 group exhibits a weak interaction
with hydrogen atom of =Si—OH group (hydrogen
bond length of 1.967 A) and hydrogen atom of
=Si—-O—Mo(=0),—OH group —with oxygen atom
of =Si—-OH group (hydrogen bond length of
1.627 A).

Reaction of =Si—-O-Mo(=0),—OH group
with =Si—OH group results in the formation of
(ESi—-0O-)>Mo(=0), group and H,O molecule

(ground-state, structure 7) and the system
relative energy slightly increases up to
-295 kJ/mol. This step is accompanied by

overcoming an activation barrier of 154 kJ/mol
in TS2 (structure 6 with relative energy of
-139 kJ/mol). In the transition state TS2
(complex transition structure 6), we observe the
distance between the oxygen atom of Mo—OH
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group and silicon atom of =Si—~OH group close
to 2.358 A that means its decrease from 3.713 A
in the structure 5.

And finally, the water molecule coordinated
to (ESi—-O-):Mo(=0), species in structure 7 is
eliminated that resulted in structure § related to
(ESi—0-):Mo(=0);, group and releasing of water
molecule (the relative energy of the system
appeared to be reduced to -337 kJ/mol).

CONCLUSIONS

The undertaken simulation of the reaction of
MoOs; molecule with =Si-OH groups of
Siloolz(OH)ls cluster Siloolz(OH)m + MOO3 —>
Si10012(0OH)140:M00; + H,O in the temperature

as the result of the formation of the energetically
favourable (=Si—-O-);Mo(=0), Mo(VI) oxo-
species.

At 700 K, when molybdena dispergation
over silica surface begins, the Gibbs energy of
the formation of (=Si—-O-):Mo(=0), Mo(VI)
oxo-species via reaction of MoO3s molecule with
nearby and distant =Si-OH groups of
Si10012(OH);6 cluster was found to be -260 and
-337 kJ/mol, respectively.

The proposed mechanism of the reaction of
MoOs molecule with distant =Si—~OH groups of
Si10012(OH);6 cluster at 700 K proceeds in two
stages and requires overcoming of the activation
barriers of 161 and 154 kJ/mol.

interval of 300—-1100 K confirms that molybdena
dispergation on silica support surface can occur

Mexanizm qucnepryBannst MoQOs; Ha noBepxHi SiO:
J.b. Hacenkin, A.I'. 'pedeniok, JI.®. lapanaa, 10.B. IL1oTo

Tnemumym ximii nosepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. Oneza Myopaxa, 17, Kuis, 03164, Ykpaina, dmytro.nasiedkin@jisc.gov.ua

Jucnepayeanns oxcudy moniboeny Ha no8epxHi KpemHe3emy ULIaxom mepmiunoi 06pobku cyxux cymiwet MoOs
Ma OUCNepcHo20 KpemHe3eMHO20 HOCIS € 3PYUHUM NPENnapamueHumM MemooomM CUHmMe3y N0BEPXHEBUX OKCO-4ACMUHOK
Mo(VI). Pywitinoto cunoio mepMiuHo iHOYKO8AH020 Oucnepzy8anus o6 ’emnozo MoOs € 3MmeHulenHs nosepxHesol
enepeii, sika HudiCcua 0 nogepxuesux okco-yacmunox Mo(VI). Memoio yvoeo docniddcents € K6AHMOBOXiMiuHe
MOOeMOBAHHS MexaHizmy 63aemolii monexynu MoOs; 3 =Si—-OH epynamu nogepxmi Kpemmesemy uepe3 peaKyilo
2(=Si—OH) + MoO;3 — (=Si-0-),Mo(=0); + H:O, wo npuzeooums 0o ymeoperua (=Si—O—)Mo(=0),; okco-
yacmunox Mo(VI). Bye euxopucmanuii obmedxcenuti memoo Xapmpi-@oxa (nabausxcenns MO JIKAO) 3
BUKOPUCMAHHAM  8aleHmMHOo20 6ba3ucHozo Habopy SBKJC (Stevens-Basch-Krauss-Jasien-Cundari). Knacmep
Si10012(OH) 16 6y710 8UKOPUCTNAHO AK MOOENb BUCOKOLIOPOKCUNBLOBAHOT NOBEPXHI KpeMHe3eMY, 8 AKIl amomu KpemMHito
6 OCHOBHUX CUNLOKCAHOBUX JIAHYI02AX HACUYEHI YOmupMa CUTAHOTbHUMU MA WICbMA CULAHOIONO8UMU ZPYRAMU.
Takuti knacmep po3enadascs Ak makutl, wo 3abesnedyc peanicmuyny cmpykmypy ons noseepxui SiO; ma
O0eMOHCIPYE BGUCOKY CMADINbHICMb 3A80SKU CBOEMY BEIUKOMY posmipy. Y pospaxymkax 6yn0o uxopucmawo
onmumizosarny eeomempiio monexyau MoQOs cumempii Cszy. Byno npogedeno K6aHmogoXimiune MOOenO8AHHS peaKyil
Si10012(0OH) 16 + MoO3 — Si19012(0OH) 1.0:M00; + HO, wo  cynposooicyemvcs  YMEOPEHHAM — NOBEPXHEBUX
(=Si—0—-)Mo(=0); oxco-yacmunox Mo(VI). Mu poszensnyru 06i cmpykmypu (=Si—0-)Mo(=0); okco-yacmunox
Mo(VI), npuednanux 0o xiacmepa xkpemuezemy SijgO12(OH)is uepes onuzvxi ma eiooaneni =Si—OH epynu. Ilpu
700 K, konu nouuHaemuvcs oucnepey8ants oKcudy Moniboeny Ha nogepxui Kpemuesemy, eHepeis 1i0bca ymeopeHHs
(=Si—0—-)Mo(=0); oxco-uacmunox Mo(VI) wnsixom peaxyii moaexyau MoQOjs 3 oauszekumu ma giooarenumu =Si—-OH
epynamu kaacmepa Sij0;12(0OH) s cmanosuna -260 ma -337 k/loc/mone 6ionosiono. Mexanizm peaxyii monexynu
MoOs 3 gidoanenumu =Si—OH epynamu xnacmepa SijnO1(OH)is, wo cynpogodocyemvcs  ymeopeHHaM
(=Si—0-)Mo(=0); okco-yacmunox Mo(VI), 6ye posenanymuii sx Oinbut eHepeemuuro guionuii. byno nokasawno, wo
npu 700 K peakyis siobysacmuvcs y 0ea emanu ma umazae NOOOJNAHHA akmuseayiunux oap’epis 161 ma
154 x/lc/mono.

Knrwowuosi cnosa: xeanmogoximiune M0oOeno8anHs, KpeMHe3eM, OKCUO MONIO0eHy, nogepxnese OUCNepey8aHisl,
MEeXanizm pearkyii
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