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The aim of the present work is to evaluate the energetic favourability of the formation of
different molybdate species (=Si-O-):Mo(=0): and =Si(-O-):>Mo(=0)> during the thermally
induced MoQs dispergation on hydroxylated SiO: surface. In order to do this a quantum
chemical modelling of the reaction O;28i10(OH)1s + MoOs = 0128i10(OH)140:2M00: + H>O
within the temperature interval of 300-1100 K was undertaken using the Restricted Hartree-
Fock method (the LCAO approximation) with the SBKJC (Stevens-Basch-Krauss-Jasien-
Cundari) valence basis set. The cluster O12Si10(OH) s which represents a structural fragment of
a p-cristobalite crystal was used in this work as a model of highly hydroxylated silica surface.

We considered two structures of molybdate (=Si-O-):Mo(=0); species attached to
012Si10(OH) 16 silica cluster via silanol groups. Molybdate species (Ew:-584.60147 Hartree)
attached to silica cluster via distant silanols appeared more energetically favourable than
molybdate species (Eiw:-584.56565 Hartree) attached to silica cluster via nearby silanols. The
energy of molybdate =Si(-O-):2Mo(=0): species (Ew:-584.48399 Hartree) attached to
012Si10(OH) ;6 silica cluster via silanediol group is less favourable energetically in comparison
with those attached via silanol groups because of higher bond angle straining.

The reaction O128i10(OH)1s + MoO3 = O128i10(OH)140:2M00:> + H>O in the temperature
interval of 300—-1100 K which simulates by quantum chemical calculations the dispergation of
MoOs on hydroxylated SiO: surface was found to be energetically favourable. The
experimentally optimised temperature of ca. 800 K required for dispergation of MoOs on
hydroxylated SiO: surface is determined by MoQO3 evaporation and transportation via the gas
phase.

Keywords: silica, molybdena, thermally induced dispergation, thermal spreading, supported
heterogeneous catalysts, quantum chemical calculations.

Introduction

Nowadays, there is a standing interest in probing monomeric molybdate species on the
surface of silica supports by experimental techniques [1-5] nd theoretical methods [6, 7]. The
distribution of MoOs3 on the surface of dispersed supports is important from fundamental and
applied points of view as plays a crucial role in the development of scientific basis of the rational
design of supported heterogeneous catalysts in chemical and petrochemical industry and in
environmental control. The process of catalytic metathesis of olefins is an example of the industrially
important reaction where molybdate species in atomically precise form play a central role [8—10].

Numerous experimental studies of MoOs thermally induced dispergation over supports
surface were undertaken [11]. They were focused on individual well defined SiO> [12, 13], ALLO3
[13-16] or mixed Si0>—Al>O3 [17, 18] supports, siliceous [19-21] and aluminosilicate [15, 16, 22]
molecular sieves. It was experimentally determined that the temperature of ca. 800 K is required
for dispergation of MoOs over supports surface. Special attention was given to molybdate
species resulted from MoOj3 loading on aluminosilicate molecular sieves MCM-22, MCM-56 and
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2D-MFI [23] and on siliceous molecular sieves MCM-41, MCM-48 and SBA-15 [24, 25] which
are active in olefins metathesis.

The driving force for the bulk MoOs spreading is the surface free energy which is lower
for surface-dispersed species. Stabilisation of molybdena surface species occurs due to
interaction with surface hydroxyl groups [11], In the case of dispersed supports like Al,O3, Si02
or TiO: the gas phase diffusion mechanism where Mo oxide clusters are evaporated from MoO3
crystallites with subsequent dispergation in monomeric state on the support surface was
proposed [26, 27]. The diffusion process of MoO3 on oxide thin films (Al,O3, SiO,, TiO) was
also investigated. During thermal treatment, MoO3 diffused onto the surface of those films and
formed a monolayer or a submonolayer. A possible explanation for all the phenomena is the
combination of surface diffusion onto the surface of the support and transportation via the gas
phase [28, 29].

The aim of the present work is to evaluate the energetic favourability of the formation of
different molybdate species (=Si-O-)Mo(=0)> and =Si(-O-)Mo(=0) during the thermally
induced MoOs dispergation on hydroxylated SiO» surface. In order to do this a quantum
chemical modelling of the reaction O12Si10(OH)16 + M0oO3 = O12Si10(OH)1402M00, + H>O
within the temperature interval of 300—1100 K was undertaken.

Research methods

The process of interaction between MoO3 and silica surface was simulated using the
Restricted Hartree-Fock method (the LCAO approximation) with the Firefly QC package [30]
which is partially based on the GAMESS (US) [31] source code. In order to shorten the
computing time, the SBKJC (Stevens-Basch-Krauss-Jasien-Cundari) valence basis set was used
which required application of respective effective core potential. The values of the Gibbs energy
(AG) for the considered species were calculated within 300—1100 K temperature interval using
the ideal gas, rigid rotor, harmonic normal mode approximations and the pressure
P =101.325 kPa as the sum of electronic energy, zero point energy, and the energy contributions
of vibrational, rotational, and translational movements.

Results and discussion

The cluster O12Si10(OH)16 (Fig. 1) was used in this work as a model of highly
hydroxylated silica surface. The cluster starting geometry proposed in [32, 33] represents a
structural fragment of a B-cristobalite crystal. Silicon atom in the core siloxane chains are
saturated by four silanol and six silanediol groups.

Etot -486.78374 Hartree Ewt -487.03661 Hartree
Fig. 1. The structure and energy of Oi12Si10(OH)is cluster with starting (a) and optimised (a)
geometry
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Such 012S110(OH)16 cluster was considered as providing a realistic structure for the SiO»
surface and exhibiting high stability due to its large size [34]. 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 [35].

In the initial O12S110(OH)16 model composed of regular SiO4 tetrahedra (Fig. 1, a), all
Si-O bonds had the lengths of 1.700 A and O-Si-O angles of 109.5° [36, 37]. After the geometry
optimisation (Fig. 1, b), they have slightly changed to 1.631-1.651 A and 104.5-108.2°,
respectively. The total energy of the cluster with optimised structure (Fig. 1, b) of -0.25286
Hartree was less than the starting model (Fig. 1, @) confirming its adequate selection.

The optimised geometry of MoO3 molecule (Eiotal = -114.23859 Hartree) of Csy symmetry
has the Mo=0 bond length of 1.708 A and the bond angle O=Mo=0 of 114.9°. It appears to be
close to experimental values of MoOs; molecule of Ciy 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 [38]. A pyramidal Csy structure for gaseous MoOs; was also
suggested from the infrared spectrum [39] with a Mo=0 bond length of 1.73 A.

The calculated values of geometric parameters of MoO3s model are close to the analogous
values obtained earlier. HF SCF calculations [40] yielded a Mo=0 bond length of 1.682 A and
showed that the molecule is nonplanar with Mo=0 bonds forming an angle of 105° with the Cs;
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° [41].

We considered two structures of molybdate (=Si-O-)Mo(=0), species attached to
012S110(OH)16 silica cluster via silanol groups (Fig. 2). The structure a corresponds to the
molybdate species attached to silica cluster via nearby silanols while structure b corresponds to
the molybdate species attached to silica cluster via distant silanols. The structure b appeared to
be more energetically favourable (Ei-584.56565 Hartree) in contrast to structure a
(Etot -584.60147 Hartree).

Etot -584.56565 Hartree Etwt -584.60147 Hartree
Structure a Structure b
Fig. 2. Geometry-optimised structures of molybdate (=Si-O-)Mo(=0) species attached to
012S110(OH);6 silica cluster via silanol groups

The Mo=0 bond length in molybdate (=Si-O-)Mo(=0)> 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 molybdate
(=Si-0O-)2Mo(=0): species which for the structures a and b was found to be of 94.8° and 102.0°,
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correspondingly. The observed O-Mo-O 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.

The optimised structure of molybdate =Si(-O-)2Mo(=0); species (structure ¢) attached to
012S110(OH);16 silica cluster via silanediol group is shown in Fig. 3.

Etot -584.48399 Hartree
Structure ¢
Fig. 3. Geometry-optimised structure of
molybdate  =Si(-O-)2Mo(=0).  species
attached to O12Si10(OH)16 silica cluster via
silanediol group

The energy of molybdate =Si(-O-)Mo(=0), species (structure ¢) attached to
012S110(OH)6 silica cluster via silanediol group is of -584.48399 Hartree. It is higher that those
of -584.56565 and -584.60147 Hartree of molybdate (=Si-O-)Mo(=0)> species attached to silica
cluster via silanol groups in the structures a and b. This means that molybdate =Si(-O-)2Mo(=0),
species (structure ¢) attached to O12Si10(OH)16 silica cluster via silanediol group is less
favourable energetically in comparison with those attached via silanol groups.

The Mo=0 bond length in molybdate =Si(-O-)Mo(=0), species (structure ¢) is 1.681 A
and almost coincides with those in the structures a and b which are in the range of 1.683—
1.685 A. This also concerns the O=Mo=0 angle of 109.2° which is close to that of 108.8-109.0°
of the structure a and b and correspond to theoretical value of 109.5° in tetrahedral coordination.

In contrast, O-Mo-O angle in molybdate =Si(-O-)Mo(=0) species of the structure ¢ was
found to be close to 77.0°. It appears even more distorted in comparison with that in the
structures a. This correlates with lower energetic favourability of the structure ¢ (Eto -584.48399
Hartree) in comparison with the structure a (E -584.56565 Hartree) due to higher bond angle
straining.

The temperature dependences of the Gibbs energy of the reaction O12Si10(OH)16 + M0oO3
= 012S110(OH)140:M00: + H>0 which can result in the formation of different surface molybdate
species (=Si-0-)2Mo(=0). and =Si(-O-)Mo(=0); was calculated and presented in Fig. 4.

78



50
.
50

L

-150-

-200-

-250 DS
-300-
'350— w
300 400 500 600 700 800 900 10001100
Temperature, K

Giggs energy, kJ/mol

Fig. 4. The temperature dependence of the Gibbs energy for the
reaction of MoO3z molecule with O12S110(OH)16 cluster resulting
in the formation of surface molybdate species (=Si-O-)Mo(=0),
(a and b) and =Si(-O-)2Mo(=0): (¢)

All considered processes were found to be energetically favourable in the temperature
interval of 300—1100 K. The value of the Gibbs energy of MoOs reaction with silanol groups
resulted in the structure a formation varies from -276 to -243 kJ/mol. The formation of the
structure b also resulted from MoO; reaction with silanol groups was found even more
preferable and varies in the range from -368 to -303 kJ/mol. In contrast, the formation of the
structure ¢ resulted from MoOs reaction with silanediol groups is less preferable and varies from
-95 to -126 kJ/mol. The observed behaviour of silanol and silanediol groups in the reaction with
MoOs; in the temperature interval of 300-1100 K agrees with the calculated values of the
Etot -584.56565, -584.60147 and -584.48399 Hartree for the structures a, b and c,
correspondingly, and the high bond angle straining in the structure ¢. The considered processes
were found to be energetically favourable in the temperature interval of 300—1100 K. Therefore,
it is reasonable to assume that the experimentally optimised temperature of ca. 800 K required
for dispergation of MoOs is determined by its evaporation and transportation via the gas phase
over SiO; surface to reach the silanol and silanediol groups. This agrees with experimental
observations of evaporation of molybdenum oxide clusters from MoO;s crystallites with
subsequent dispergation in monolayer or a submonolayer state on the surface of Al,Os3, SiO; or
TiO2 in the bulk [26, 27] or thin film [28, 29] form.

Conclusions

The reaction O12Si10(OH)16 + M0O3 = 012Si10(OH)140:M00; + H>O in the temperature
interval of 300-1100 K which simulates by quantum chemical calculations the dispergation of
MoOs on hydroxylated SiO> surface was found to be energetically favourable.

The formation molybdate =Si(-O-)2Mo(=0). species attached to O12Sii0 (OH)i6 silica
cluster via silanediol group is less favourable with respect to molybdate (=Si-O-)Mo(=0)>
species attached to O12S110(OH);s silica cluster via silanol groups because of higher bond angle
straining.
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The experimentally optimised temperature of ca. 800 K required for dispergation of

MoO3 on hydroxylated SiO; surface is determined by MoO; evaporation and transportation via
the gas phase.
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KBAHTOBOXIMIYHE MOAEJIOBAHHSA ITPOLHECY
JAUCTIEPT'YBAHHSI MoO3
HA I'JPOKCUJIbBOBAHIHA IIOBEPXHI SiO:

Hacenxin /I.b., Hazapuyk M.O., I'pedeniok A.I'., lllapanna JI.®., IL1roTo 10.B.

Inemumym ximii nosepxui im. O.0. Yyiika Hayionanvhoi akademii nayx Yrpainu,
eyn. I'enepana Haymosa 17, Kuie 03164, Ykpaina, e-mail: nasiedkindm@gmail.com

Memoto Oanoi pobomu € oyiHka eHepeemuyHoOi CAPUAMIUBOCTI YMBOPEHHs pI3HUX
moni6oamuux epyn (=Si-0-)2Mo(=0)2 ma =Si(-O-)>Mo(=0); nio wac mepmiuno iHiYilio8aH020
oucnepeysanus MoQOs wna eiopokcunvosaniti nogepxui SiOz. [ yvoeo 6yno 30ilcHeHO
keanmosoximiune mooentoganns peaxyii O12Sij0(OH)1s + MoOs = 0128i10(OH)140:2M00: + H>0
6 memnepamypromy inmepaani 300—1100 K i3 euxopucmannsim oomedsxicenoco memoody Xapmpi-
@oxa (nabnuscennss JIKAO) 3 eanenmuum oazucom SBKJC (Stevens-Basch-Krauss-Jasien-
Cundari). Knacmep O12Si10(OH)1s, axuii sense coborw cmpykmypuuil gpacmenm Kpucmana
[-kpucmobanimy, 0y8 GuUKOpUCMAHUL AK  MOO€lb  BUCOKOLIOPOKCUNLOBAHOI  NOBEPXHI
KpemHezemy.

Mu posenauyau 08i cmpykmypu moaiooamuux epyn (=Si-0-)2Mo(=0),, npuxpinienux 0o
kpemuezemnozo kaacmepa QO12Sijo(OH)is uepe3 cunanonvui epynu. Moniooamui  epynu
(Ew:-584.60147 Hartree), npukpinieni 00 KpeMHe3eMHO20 Kidacmepa uepe3 8i00a/eHi
CUNLAHONIbHI  2PYNU, BUABTAIOMBCA OLIbUL eHepPeemUYHO BUSIOHUMU, HINC MOMIOO0amHI 2pynu
(Ew: -584.56565 Hartree), npuxpinieni 00 KpeMHe3eMHO20 Kldcmepa depe3 CYCIOHI CULAHONbHI
epynu. Enepeis moniooamnux epyn =Si(-0O-)2Mo(=0):2 (Ewi -584.48399 Hartree), npuxpinienux
0o kpemnezemuoco kaacmepa Oj28ij0(OH)is uepe3 cunanoionvHi epynu, MeHul eHep2emuyHo
BUCIOHI 68 NOPIBHAHHI 3 NOOIOHUMU 2PYNamu, NPUKPINIEHUMU Yepe3 CUNAHObHI 2pynu, uepes
OinbuLe HANPYIHCEHHS KYMA MidiC 36 SI3KAMU.

3natioeno, wo peaxyia O12Sijo(OH)is + MoOs = 0128i10(OH)140:2M00: + H>O s
memnepamypromy inmepeani 300—1100 K, 3mo0envosana wiigxom KEAHMOBOXIMIUHUX
PO3PAxyHKis, ceiouums, wo npoyec oucnepeysanus MoQOs na ciopoxcunvosaniii nosepxui SiO> €
enepeemuyno 6ucionum. Excnepumenmanvna onmumanvua memnepamypa (6auzvko 800 K),
nompiona o0ns oucnepeysanns MoQO3 Ha ciopoxcunvosanii nosepxui SiOz, 6uzHaAYAEMbCS
sunapogyeannam ma neperecenusim MoQOjs 6 eazosiil ghasi.

Keywords: xpemuesem, mpuoxcud moniboeny, mepmiuHo iHiyitiosane OUCnep2ys8anHs, mepmiute
PO3N0BCIOONHCEHHS, HAHECEHT 2eMePOceH I Kamanizamopu, K8AHMOBOXIMIUHI PO3PAXYHKU
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