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Different cluster models of isolated Momolybdate species anchored on silica surface were investigated
using density functional theory (DFT). Isolated molybdate centers were modeled as either a penta-coordinated
MOoNo-0X0 species or a tetra-coordinated di-oxo species. Standard free energy changes for interconversion
between mono-oxo and di-oxo species indicate that these two species can coexist in equilibrium on the surface
of amorphous silica with di-oxo species being the favored species at high temperature and low partial pressures
of water. Comparison of Raman-spectra from experiment and DFT suggests that di-oxo species might be the
prominent species responsible for the peak at 988 cihis conclusion is strongly supported by the similarity

in the EXAFS spectra obtained from experiment and theory. The thermodynamicsrieduttion of isolated
molybdate species were determined and found to be in reasonable agreement with experimental observation.
DFT calculations of the structure and properties of the reducetf bmters and comparison of these with
experimental results suggest that the reduced centers are present as mono-oxo species.

Introduction is irreducible and relatively inet21.25-27 While evidence for
di-oxo species has been presented based on information obtained
from EXAFS, NEXAFS, ESR, UV-visible spectroscopy, and
Raman spectroscopy, the presence of mono-oxo species could
not be excluded®1"19-27t is also noted that some investigators
have argued in favor of mono-oxo species based on the failure
to observe more than two bands in the Raman spectrum of

also shown that the reactivity of supported Mo€talysts is . . .
dependent on the structure of the dispersed Mé@and that isolated molybdate species that had been partially exchanged
’ with 180 1517.27There have also been several attempts made to

depending on the Mo surface concentration, Mo may be present - S
as isolated monomolybdate units, polymolybdate domains ang'epresent the structure of_molybda_t_e species on silica; hovx{ever,
' ' the models used to describe the silica surface were very simple

MoO;s crystallites!? The coexistence of multiple Mo structures - . .
makes it difficult to isolate the relationship of the molybdate 223utrgi;2§g£§tlcal methods used were not validated for their

structure and catalytic activity and selectivity. This constraint o . .
is eliminated for very low Mo surface coveragei Mo/nn®), The objective of this study was to develop and validate a
where virtually all of the Mo is present as isolated monomo- Model for mono-oxo and di-oxo molybdate species supported
lybdate species. on the surface of amorphous silica. To this end, density
The structural characterization of isolated molybdate species functional theory (DFT) was used to calculate the structure,
d|spersed on an Ox|de support (eg’ S|I|Ca, a'umina, and t|tan|a)v|brat|0na| frequenCIeS, and r(_-3‘|atlve Stabl“ty Of ISO|ated mo-
has been the subject of considerable rese¥r@.A primary lybdate species anchored to different cluste_r representations of
question is whether the surface bonded molybdate species takdhe surface of amorphous silica. A further objective of the work
on a penta-coordinated, square pyramidal structure containingas to determine the thermodynamics for reducing’\dpecies
one Mo=0 bond or a tetrahedral structure containing twoéo  t0 Mo" species, since this process has been proposed to occur
O bonds. Precedents exist for both types of structures, oftenduring the oxidation of methane to formaldehyde over isolated
referred to as mono-oxo and di-xo species, in mono-nuclear molybdate species dispersed on silica. The structures calculated
molybdate compound?-24 For example, mono-oxo structures in the present study were then compared yvith XANES, EXAFS,
are exemplified by MoOjfand MoO(OSi(OBu)s), and di-oxo and _R_’aman data reported recently for highly dispersed MoO
structures, by Mo@Cl, and MoG(OSi(O-tBu}),. Attempts to on silica?’
make a definitive statement about the structure of highly
dispersed molybdate species have been difficult because theMethods
structure of the dispersed species can depend on the properties ] ] N
of the support (i.e., the degree of hydroxylation), the nature of Electronic energies of reactant, product, and transition states
the Mo precursor, and the conditions of calcinations following Were determined using density functional theory (DFT). The
dispersion of the Mo precursor. B3LYP functional was used to describe electron exchange and
The characterization of isolated molybdate species dispersedcorrelation, and the 6-31G* basis set was used to locate

on silica has received particular attention because the supportoPtimized ground-state and transition-state structures. The
LANL2DZ effective core potential was used to describe the

* Corresponding author. E-mail: bell@cchem.berkeley.edu. Mo atom. Mono-oxo and di-oxo molybdate species bonded to

Dispersed molybdena (Mg¥catalysts are active for a variety
of reactions, including olefin metathegidselective oxidation
reactions’~> the oxidative dehydrogenation of low molecular
weight alkane$, the oxidation of NH,”8 and the selective
catalytic reduction of NO by NP These and other studies have
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TABLE 1: Calculated and Experimentally Observed Bond TABLE 2: Calculated and Experimentally Observed
Lengths and Bond Angles for MoG,Cl, and MoF, Vibrational Frequencies for MoO,Cl, and MoF,
EXPTref23 DFT (B3LYP/6-31G¥*) 6-31G*
MoO.Cl, Mo=0 1.687 A 1.695 A scaled by LACV3P™++

Mo—Cl 2255 A 2273 A EXPT2  0.961  without scaling
O=Mo=0 106.3 106.7 MoOF,  Mo=0 1048 1044 1036
Cl—Mo—ClI 113.9 112.2 Mo—F 714 711 683
O=Mo—ClI 109.7 109.5
MoO,Cl, (O=Mo0=O0)sym 997 991 994
EXPTref22  DFT (B3LYP/6-31G¥) (G=M0=0)asym 971 975 965
(ClI=Mo—Cl)sym 434 398 399
MoOF, Mo=0 1.836 A 1.850 A (CI_MO_CI)asym 450 408 413
Mo—F 1.650 A 1.673A
O=Mo—F 103.8 105.3 a Experimental values for MoQFand MoQCl, are from refs 35
F—Mo—F 86.7 86.0° and 36 respectively.

silica were treated as free-standing clusters. The Si atoms aroince vibrational frequencies obtained from DFT calculations
the boundary of the cluster were terminated by H atoms. All of &€ usually higher than those observed experimentally, the
the atoms in the cluster were allowed to relax during the calculated values were multiplied by 0.961, as is recommended

geometry optimizations, which were done using the Gaussian03/0" the B3LYP/6-31G* level density functional the%%%ood
software®® Vibrational frequencies were calculated at the adreementis observed between theory and experterior

B3LYP/6-31G* level and were scaled by a factor of 0.961. both model compounds. Therefore, a scaling factor of 0.961
Molden32 a freeware. was used for visualization of the Was used for all subsequent calculations when reporting the
geomet,ries and vibrational frequencies. After a particular Vibrational frequencies for the B3LYP/6-31G*/LANL2DZ level
molecular structure was optimized to a stationary point (transi- ©f theory- V|brat|onfl analysis of Mofl, and MoOF, using

tion state, or minimum energy structure), its energy was further (€ larger LACV3P**+ basis set predicts frequencies close

refined by a calculation at a higher level of accuracy using the [© the experimental values without scaling (see Table 2).
LACV3P* ++ basis set, as implemented in the Jaguar soft- However, the computational cost of carrying out a vibrational

ware3 Molybdenum was treated using effective core potentials 2nalysis using such a large basis set for molecules with more
within the LACV3P**++ basis set. than 10 atoms is too high to justify using this level of theory.

Structures of Isolated Silica-Supported MoOx Species.
Three different models for the silica surface are shown in Figure
1. The first two models are formed by “cutting” small clusters
of atoms from the surface of crystalline crystoballite. The first
model, referred to as silica-100, is formed by taking seven
silicon atoms from the crystallographic positions of 100 surface
of crystoballite. The Accelrys MS modeling softwéraas used
to represent the 100 surface of crystoballite and define the
positions of the seven silicon atoms and the associated oxygen
atoms. The SO bonds of the cluster that lie inside the crystal
are saturated by hydrogen atoms (asl9). These terminating
hydrogen atoms are not shown in Figure 1 for clarity. The
§urface SO bonds are terminated by forming silanol {Si
OH) groups. A similar procedure was used to define a silica-

molybdena species on the catalyst surface was taken to be ) ;
y Species yst su was a111 model for the 111 surface of crystoballite. The third model

mole fraction of 1 (normalized by the total amount of molyb- was constructed by forming a four-membered ring in which each
denum present). It should be noted, though, that the choice ofiSi atom is bonded to two other Si atoms by-8i— bonds and

standard state for surface species does not affect the values o . . . .
b Is terminated by two silanol SIOH groups. This model was

AGO reported here, since all of the reactions considered have tructed that ; Id be attached t
equal numbers of surface species in the reactant and produc{:Ons ructed so that a mono-oxo species could be attached 1o

states. Therefore, the contribution to the standard free energy
from the standard state density term cancels out whéh is
calculated as the difference between the reactant and produc
free energies.

Free energies of all structures were determined within the
rigid-rotor, harmonic-oscillator approximation. The Hessian
matrix required for such calculations was evaluated analytically
by the Gaussian 03 software with the 6-31G*/LANL2DZ basis
set. Standard free energies were calculated by including
translational, rotational, and vibrational partition functions. In
reporting the energy change of reactions, the symiols used
to denote the change in electronic energy with the zero-point
corrections and the symbalG? is used to denote the standard
change in free energy of reaction at 920 K, the temperature at
which methane oxidation to formaldehyde was carried out
experimentally®* The standard state for all species present in

Results and Discussion

Validation of Theoretical Approach. The theoretical meth-
ods used in this study were validated by comparing the
calculated geometries and vibrational frequencies of Moédid
MoO,Cl, with those observed experimentally. MopFRas a
square pyramidal, mono-oxo structure, whereas M&iPhas
a tetrahedral, di-oxo, structufé23 Table 1 lists both the
calculated and observed bond distances and bond angles fo

C) silica-100 surface D) silica-111 surface E) amorphous

both compounds. The agreement between theory and experimen crystobaliite crystoballite silica 4-Si ring
is quite good for both model compounds. Figure 1. Coordination shell of M¥ in the mono-oxo (A) and di-

The calculated and experimentally observedMstretching  oxo (B) forms and models for the silica surface before attaching
frequencies for both model compounds are listed in Table 2. molybdena (G-E).
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TABLE 3: Calculated Values of AE, AG%(920), andK(920) TABLE 4: Bond Lengths and Bond Angles of mono-oxo and
for Converting di-oxo to mono-oxo Molybdate Species with di-oxo Mo Species on the Three Models of the Surface of
the Release of a Water Molecule Amorphous Silica
AE, AG(920), 4-Si silica—100 silica-111
surface kcal/mol kcal/mol K(920) mono-oxo  Me=O 1.69 A 169 A 169 A

4 silica ring 21.3 5.9 0.040 Mo—0# 1.94 A 1.92A 1.92 A

silica—100 54 —28.0 4.5% 10° Mo—O—-Si 119 149 145

silica—111 5.8 =171 1.2x 10 O=Mo—0? 109 108 105°
the top of the structure. This model will be referred to as a 4-Si  4i-0X0 Mo=Cr L71A L71A 1L71A
: . S . o Mo—0? 1.90 A 1.91A 1.88 A
ring. Since molecular dynamics simulations of amorphous silica Mo—O—Sig 130 133 143
suggest that rings containing two to seven silicon atoms are O=Mo-02 11% 110 109
present on the surface of amorphous sifitall three arrange- 0=Mo=0 107 107 109

ments mentioned above are ConSIdered_ to be reasonable ph_yS" a|n the case of multiple angles or bond lengths the values reported
cally. Other arrangements such as five-membered or Six- are averages over equivalent bond angles or lengths. For example the
membered rings may also be present on the surface; howeverMo—0 bond length listed for mono-oxo species is the average of the
only the three models noted were considered, since they arefour Mo—O bonds in this structure.
suitable for anchoring isolated molybdate species. o o
StructuresA andB in Figure 1 represent typical coordination ~ the other two surface models. The rigid nature of the 4-Si ring
spheres for MY in mono-oxo and di-oxo forms. These forces the Me-O—Si bond a}ngle to be 129whereas the other
structures were obtained by geometry optimization of the model tWo surfaces are more flexible and allow the #0—Si angle
compounds (((HQ)SiOxMoO and ((HQ)SiO)Mo(O), using to be in the range of 14_1:9145". Calculatlons_ for model
DFT. The mono-oxo species has four oxygen atoms lying in a compounds such as (((Hg}$iOxMoO and ((HQ)SiO)Mo(O),
plane at the corners of a 2.62 A square. In order to anchor suchdive the Mo-O—Si bond angle in the range of 1405C". Thus,
a species on the surface of silica, there should be four silanol the bending of the four MeO—Si bond angles to 1P®xplains
groups arranged in a similar square geometry. As shown in the higherAE for forming the mono-oxo species on the 4-Si
Figure 1 structur& has four such OH groups separated by 2.86 fing. Itis notable that the\E for converting the di-oxo species
angstroms on the surface of the 4-Si ring. Similar sets of four 10 mono-oxo is positive for all three models of the silica surface,
hydroxyl groups do not appear, though, on silica-100 or silica- which suggests that the S|I|_cg surface undergoes some strain to
111, structure€ andD. Thus adding a mono-oxo species and accommodate four MeO—Si linkages. In the case of the silica-
forming four Mo—O—Si bonds on these surfaces is expected 100 and silica-111 surfaces, the present calculations may
to result in substantial strain of the silica surface. However, the
di-oxo species will fit well on any of the surfaces because only OH [ Yo) .Si . Mo
two Mo—O—Si bonds need to be made with the silica surface.
On the basis of such qualitative arguments, we expect mono-
0X0 species to be stabilized on 4-Si ring.
The conversion of di-oxo to mono-oxo molybdate species F) G
can occur in two ways. The first involves the release of a water
molecule, as shown below:

N/ |

_> M
Lo AN
Q \\\if \\\\\\\?
di-oxo mono-0xo
Reaction 1

The calculated energy and free energy changes for reaction
1 occurring on different surface models are given in Table 3.
Relevant bond angles and bond lengths are summarized in Table
4. The structures of mono-oxo and di-oxo species on a 4-Si
ring are shown in Figure 2 as structurés and G. The
corresponding structures for silica-100 and silica-111 are given
in the Supporting Information. The value AE for converting
a di-oxo to mono-oxo species bonded to the 4-Si ring is 21.3
kcal/mol, whereas the values &E for the same reaction
occurring on the silica-100 and silica-111 surface structures are
5.4 and 5.8 kcal/mol, respectively. Therefore, although we had
initially expected mono-oxo species to be stabilized on the 4-Si
ring based on simple geometric arguments, the calculated values
of AE indicate that mono-oxo species are better stabilized on
the other two surface models. This can be exp_lalned as follows. Figure 2. Geometry-optimized structures of molybdate species attached
Examination of Table 4 shows that the M@—Sibond angles  5'the 4-silica ring:” (F) mono-oxo Mé& (G) di-oxo Mo" with silanol
are substantially smaller for mono-oxo species attached to agroups; (H) di-oxo M#' species without silanol groups; (I) reduced
4-Si ring compared to the MeO—Si angles determined for  species MY; (J) reduced species Nfowith an oxo group.
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TABLE 5: Calculated Values of of AE, AG%920), and TABLE 6: Calculated IR and Raman Frequencies for
K(920) for Converting mono-oxo to di-oxo Molybdate Isolated Molybdate Species Attached to a 4-Si Rirfg
Species with the Formation of Additional S-=O—Si Linkages (Structures F and G in Figure 2)
on the Surface of Silica.
IR Raman
AE, AG%(920), intensity,  activity,
surface kcal/mol kcal/mol K(920) frequency, cm?* km/mol A4amu
4 silica ring 11.7 -0.2 112 (0=M0=0)asym 977 (967,970) 62 13
silica—100 -4.1 -13.2 1367 (O=M0=0)ym 995 (993,991) 77 38
silica—111 -1.7 —6.0 26.6 (Mo=0) 1014 (1017,1017) 2 45
(—~O—Mo=0) 986 (988,980) 466 7

underestimate the contribution of strain, since the silica cluster
has been terminated by—gﬂ bonds and all of the atoms are aThe frequencies for silica-100 and_silica-lll models are shown in
allowed to relax during optimization of the geometry. In reality, brackets. The first two rows are for di-oxo models, and the last two
there are SO—Si bonds at the boundaries which may have to rows are for the mono-oxo models.

undergo substantial rearrangement to accommodate the fou
Mo—0O-Si links when a mono-oxo species is formed. When
three of the terminating hydrogen atoms in the silica-111 model
were held fixed, the value &E for converting di-oxo to mono-

I . - -
The corresponding structures on the silica-100 and silica-111
models are given in the Supporting Information. The equilibrium

constants given in Table 5 indicate that at 920 K the conversion

0x0 species increased from 5.8 to 19.0 kcal/mol. Since we areOf all.ng)o.no-oxo species o a di-oxo species with a 2Mring is an
primarily concerned with amorphous silica, a flexible model of equilibrium process.

the surface is appropriate and the atoms at the boundary should Based on the results presented in Tables 3 and 5, one would
be allowed to relax during geometry optimization. expect to find both the mono-oxo and the di-oxo species on the

The conversion of di-oxo to mono-oxo species as denoted surface of amorphous silica, the distribution of these species

by Reaction 1 leads to the release of a water molecule into thedePending strongly on the local structure of the silica, the
gas phase and is, hence, favored entropically. The values oftemperature, and the partial pressure of water vapor. At 920 K,

AG? at 920 K and the equilibrium constants € exp[~AGY/ MoQX bonded t_o sili_ca-l_ll and_silica-lOO_surface structures is
RT]) for this reaction are also given in Table 3. In the case of Predicted to exist primarily as di-oxo species even for very low
silica-100 and silica-111 surfaces, the formation of mono-oxo concentrations of water vapor because of the high equilibrium
species is clearly favored since the equilibrium constants are €onstants for reactions 1 and 2. However, for M@0nded to
large. During the oxidation of CHby O, the concentration of 4-silica ring structures, both mono- and d|-oxo_ species are
H,0 in gas phase is typically less than 1% and the total pressure€XPected to be present, depending on the partial pressure of
of the reactor is around 1 at#hThus, if the HO partial pressure ~ Water vapor.
is assumed to be 0.01 atm and the equilibrium constant for the Vibrational Frequencies of Isolated Silica-Supported
4-Si ring model given in Table 3 is used, the ratio of mono- M0Ox SpeciesThe vibrational frequencies of MeO and G=
oxo to di-oxo is calculated to be 3.8. Significantly higher ratios M0=O0 stretching modes calculated by DFT for the 4-Si ring
of mono-oxo to di-oxo species are calculated for the silica-100 model are given in Table 6. The predicted infrared and Raman
and silica-111 models. Thus, the calculated values of K indicate intensities are also given. The corresponding vibrational fre-
that mono-oxo and di-oxo species can exist in equilibrium with guencies for the silica-100 and silica-111 models are presented
each other, the distribution between the two forms depending in this table as well. In all cases (except®lo=0agsymstretch),
on the structure of the silica site to which the molybdate is the corresponding frequencies were found to be withiien
bonded' the temperature' and the partia| pressure of water. of the frequenCieS observed for the 4-Si ring model. In the case
It is known that at temperatures above 773 K silanol groups of O=M0=Oasymstretching vibrations, the calculated frequen-
on the surface of silica can condense releasing water moleculegies are within£5 cnr* of the average value. It is noted, as
and forming rings containing two silicon atoms and two oxygen Well, that removing the surface silanol groups (i.e., converting
atoms340 Such two-membered (2M) silicon rings are consid- StructureG—H in Figure 2) does not affect the di-oxo stretching
ered metastable and, hence, are expected to be found only affequencies. The fact that the vibrational frequencies and bond-
high temperatures>(773 K) 4041 In the analysis above, it was lengths (Table 4) are relatively insensitive to the surface models
assumed that silanol groups are present on the surface of silicaised further increases our confidence in the surface models used
as illustrated by structur® in Figure 2. As the temperature is  in this study. Comparison of the vibrational frequencies for
increased above 37K a water molecule will be released from mono-oxo and di-oxo structures leads to the f0||OWing observa-
such a species leading to a 2M ring on the surface. A model of tions: (1) the mono-oxo stretching frequency is generally higher
the di-oxo species with the 2M ring is represented by structure than the di-oxo stretching frequencies and (2) two frequencies
H in Figure 2. The energy changes and equilibrium constants Separated by 20 cm, corresponding to the symmetric and
for forming such species starting from a mono-oxo species are @symmetric vibrations of &Mo=0, are observed for the di-

shown in Table 5. The generic reaction can be represented ax0 species. Itis further noted that the mono-oxo species exhibit
a Mo—O-Si stretching frequency that is very close to that for

ﬁ 0\\/ Mo=0 vibrations. The mixing of these vibrational modes
Mo —— Mo produce a new mode with a frequency slightly smaller than that
{ F for Mo=0 stretching vibrations, which is represented-43—
P A Mo=0 in Table 6. This feature is predicted to be most intense
n:or}o\})\x\o \di-}>gk\ in the infrared spectrum of silica-supported Moénd to be

least intense in the Raman spectrum of such species.
Comparison with Experimental Results. As noted in the

Introduction, experimental studies of highly dispersed molyb-
In the case of the 4-Si ring model, this reaction corresponds dena on silica have not led to a conclusive view as to whether

to the conversion of structure to structureH (see Figure 2). molybdena in its dehydrated state exists as a mono-oxo or a

Reaction 2
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Figure 3. Comparison of experimentally obtained XANES spectrum ]
of Mo"'O,/SiO with the simulated spectrum for Moin structures- 15 - Mo=0 — Experiment
(mono-oxo) andH (di-0xo). 0=
—-—FEFF (H)
di-oxo species. For this reason, it was of interest to simulate = 1 y Mo-O
the XANES and EXAFS patterns, and the Raman spectrum for ) \
the mono-oxo and di-oxo species predicted in the present study ~ P A Mo--Si
and to compare these simulated observables with those seen E 051
experimentally by Ohler and Bell.

The FEFF 8243software package was used to simulate the 0 X
XANES and EXAFS spectra for the mono-oxo and di-oxo 0 2 4
models. Geometries obtained from the DFT calculations were
used as input into the FEFF 8 program. Details of EXAFS and R (A)

XANES simulations are given in the Supporting Information.

Figure 3 shows simulated XANES spectra for the mono-oxo Figure 4. Comparison of experimentally obtained EXAFS spectrum
and di-oxo structuress andH, respectively, and the experi- of MoV'O,/SiO, with t_he simulated spectrum for Mbin structuresF
mental XANES spectrum of a MogSiO; prepared with a Mo~ (M0Nn0-0x0) ancH (di-0xo).

surface density of 0.4 Mo/nnlt is evident that both the position -
and relative intensity of the pre-edge feature in the XANES
spectrum calculated for the di-oxo structure are closer to those
observed experimentally than those calculated for the mono-
0xo0 structure. A comparison of calculated and experimentally
observed EXAFS patterns is shown in Figure 4. The agreement
between the EXAFS pattern calculated for the di-oxo species
and that observed experimentally is remarkably close, whereas
the EXAFS pattern calculated for the mono-oxo species bears
limited similarity to the experimentally observed EXAFS
pattern. A further point of note is that the Fourier transform of - , :
the experimental EXAFS pattern shown in Figure 4 shows peaks 800 900 1000 1100 1200
at1.2 and 1.6 A. These two peaks are attributed to backscattering frequency (cm™)

from the oxygen atoms in MeO and Mo-O bonds. Similarly, Figure 5. Comparison of the experimentally observed Raman spectrum

there is a smaller peak at 2.8 A which corresponds 10 4f'\1ov10,/Si0, with the simulated spectrum for the(mono-oxo) and
backscattering from the nearest Si atoms. The positions of these (di-oxo) models.

peaks as predicted by the FEFF simulations for the di-oxo model
match very well with those obtained experimentally. In the case or to a combination of the two. Figure 5 shows a simulated
of the mono-oxo model, the scattering from the four -Md Raman spectrum calculated using the data presented in Table
bonds gives rise to a large peak which is the dominant feature . Lorentzian functions with a full width at half-maximum of
in the simulated spectrum. However, the position of this peak 40 cni! were used to simulate the individual peaks, and the
does not match any of the peak positions in the experimental height of each simulated spectrum was set to be equivalent to
spectrum. These observations further support the argument thathat of the experimentally observed Raman band. The calculated
the MoQ species on the surface of amorphous silica have a Raman band based on the assumption that only di-oxo species
di-oxo rather than a mono-oxo structure. are present agrees very closely with the experimentally observed
Raman spectra of molybdena supported at very low Mo band. The calculated spectrum for the mono-oxo species gives
surface coverage show only a single peak forM@stretching a peak at around 1014 crh which is 26 cn1?! higher than the
vibrations for isolated Mo@species located at 988 crhwith experimentally observed peak position.
a width at half-maximum of 50 cm.?’:3444 However, the Ohler and Bell have reported that upon exposure of a calcined
appearance of a single band does not allow one to concludesample of MoQ/SiO, (0.4 Mo/nn¥) to H,180 at 920 K the
whether the observed band is due to mono-oxo or di-oxo speciesposition of the Raman peak at 988 chuecreased in intensity

?‘% — gxpernment
§ 3 4 —=—simulated (F)
b | o simulated (H)

intensity (arbitrary units)
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TABLE 7: Effects of 180/160 Substitution on the Calculated

Raman Frequencies for Structure H

Chempath et al.

TABLE 8: Calculated Values of AE and AG®(920) for the
Reduction of Mo¥' to MoV

°\\M<° ‘K\M}f " Y
~ - _Me_
N7 1) 995 (38) 2) 988 (32)¢ 3) 966 (25)°
e 977 (13)P 952 (8) 934 (6)
i sio, N 928 (2) 932 (3)° 926 (10)°
\\M// 4) 993 (29) 5) 988 (24) 6) 960 (28)
07 g 977 (14)° 951 (11)° 935 (7)°
A sio, L 911 (2)c 910 (4)° 928 (12)°
\\M// 7) 992 (26) 8) 987 (24) 9) 956 (30)
0o~ g 977 (14)P 949 (12) 934 (7)b
A sio, L 895 (2)° 926 (13)° 926 (13)°
\\"‘< 10) 992 (37) 11) 987 (24)¢ 12) 947 (33)°
1807 89 976 (13)0 937 (20)e 932 (11)b
o si 80, L. 891 (1) 890 (1)° 890 (2)°

a(0=Mo=0) symmetric stretch, where both oxygens have same
mass.? (0=Mo=0) asymmetric stretch, where both oxygens have same
mass.c (Mo—O—Si) stretch, where the oxygens are eith& or 0.
4 (Mo=1%0) stretch.¢ (Mo=180) stretch.

and a new peak appeared at 9387@#A1 It was also observed
that, after 152 min of exposure tH0, 73% of the'®O atoms
on the surface of the silica support were replaceé®yatoms.

AE, AG°(920),
reactant/produét surface kcal/mol kcal/mol
F/l 4-Siring 22.7 14.2
F/I Silica—100 20.2 10.6
F/l Silica—111 23.0 141
H/J 4-Siring 14.3 6.6

aThe structures of the reactarfisandH and productd andJ are
given in Figure 2 and in the Supporting Information.

degree of the red shift depending on the degree to which the
Mo—0—Si and Si-O—Si bonds aré®O labeled. These results
suggest that it would be hard to observe the partial substitution
of 180 by 180 in di-oxo structures, such abl. Further
complicating the matter is the recognition that experimentally
observed Raman line widths are of the order of 40 &nit
should also be recognized that the sequence in wHithis
introduced into Me=O, Mo—O—Mo, and Si-O—Si bonds
cannot be controlled, and consequently only the species that
are fully 160 or 180 will be clearly recognized. Therefore, failure
to observe Raman or infrared bands associated with the
intermediate levels dfO exchange is not surprising and cannot
be used to argue against the existence of a di-oxo structure.
Reducibility of Isolated MoOy Species.The reduction of
isolated Md' oxo species was also investigated in order to
determine the Gibbs free energy for this process and the structure

These results can now be compared with the vibrational analysef the reduced MY oxo species. This effort was stimulated by

performed on the di-oxo modeH(in Figure 2) for different
levels of *80/%0 substitution as shown in Table 7. The four
rows in this table correspond to cases in which @ atoms
of Mo—O—Si and Si-O—Si linkages are replaced progressively

the work of Ohler and BeR? which showed that isolated Mb
oxo species can be reduced completely to isolatelf Bloecies
by reaction with 1 atm of flowing K at 920 K. Reduction
resulted in the loss of the Raman band for=¥®0 vibrations,

by 180 atoms. The columns in this table represent different levels whereas reoxidation of the reduced species witlsi@wed that

of 180 substitution of the O atoms in the M® groups. Three

one O atom per Mo atom had been removed upon reduction.

Raman frequencies are reported for each case listed. Each off hese results suggest the following reaction occurred during

these modes is comprised of a combination oFf®and Mo-
O—Si vibrations, the degree of mixing depending on the overall
degree of80 replacement off0. The Raman intensity of each

band is shown in brackets, and the band with the highest

intensity is shown in bold. For case 1, in which all of the O
atoms aré®0, the most intense band is that for symmetrie O
Mo=0 stretching vibrations at 995 crh As discussed above,
the convolution of this band with the somewhat weaker band
at 977 cm! for asymmetric Mo=0 stretching vibrations

reduction:
Mo"'=0 + H,— Mo" + H,0

Specied in Figure 2 represents an isolated 'Wepecies formed
by the reduction of mono-oxo speci€s,There are four Me-O

bonds of length 1.92 A, and there are no terminaE@bonds.
Table 8 shows the calculated valuesA# and AG? evaluated
at 920 K for the reduction of M6 to Ma" for different models

results in a near perfect representation of the observed Ramarof the silica surface. The first three rows of Table 8 show that

band (see Figure 5) for MogBiO, calcined at 920 K in @ If

all of the O atoms in structurel are ¥O-labeled (case 12),
then the frequency of the most intense band shifts to 947cm
Convolution of this band with the one at 932 chshifts the
band center to 945 cmd, in good agreement with that observed
at 938 cn?! following treatment of MoQSiO, by H,180 at
920 K.

We examine next what happens when #® atoms in
structureH are partially replaced by®O atoms. Progressive
substitution of80 for %0 in the Mo-O-Si and Si-O—Si
bonds ofH (cases 1, 4, 7, and 10) has little effect on the
positions of the most intense band, which occurs at-3R
cmt, and has no effect of the position of the second most
intense band at 997 cth When'80 is substituted fof%0 in
one of the two Me=O bonds ofH (cases 2, 5, 8, and 11), the

the valuesAE are within+ 1.5 kcal/mol of each other for the
different models of the silica surface, indicating that the
thermodynamics for the reduction of Mooxo species are
relatively insensitive to the model used to represent the silica
surface. Since our analysis of Mospecies show that di-oxo
species are favored, we calculated the thermodynamics for
reducing a di-oxo MY to a MdV speciesfi to J in Figure 2).

The product of the reaction has one terminal=® bond of
length 1.70 A and two MeO bonds of length 2.00 A. The
triplet state is more stable than the singlet state for this structure
by 16.6 kcal/mol. In the case of structurethe singlet state
was stable by 18.0 kcal/mol. The thermodynamics reported in
Table 8 are calculated using the energy for the most stable
electronic states (i.e., triplet state for structli@nd singlet state

for structurel). The reduction oH to J is characterized bAE

position of the most intense band red shifts by no more than = 14.3 kcal/mol andAG® = 6.6 kcal/mol.

5—7 cnT! relative to the case where both M® bonds inH
are 1%0-labeled. Table 7 shows that a significant shift in the

Ohler and Bef” have reported that the reduction of isolated
MoV' molybdate species supported on silica in 1 atm gfaH

position of the most intense Raman band occurs only when both920 K resulted in a considerable loss in the intensity of the

Mo=0 bonds becom&O-labeled (cases 3, 6, 9, and 12), the

band at 988 cm!. This may suggest that either the reduction
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1072 Thus, if Py, = latm thenPy,0 would need to be equal to

— Experiment <104 atm for0y/0y, > 1% The requisite level of water vapor

is quite reasonable for the experiments described by Ohler and
Bell.?’

——FEFF ()

Conclusions

The structure and vibrational properties of isolated molybdate
species bonded to the surface of amorphous silica have been
determined from DFT calculations. It is shown that silica-

1 supported molybdates can exist as mono-oxo and di-oxo
2 3 4 5 structures in equilibrium with each other, the distribution
R (A) between the two structural types depending on the temperature,
partial pressure of water, and the structure of the silica at the
point of molybdate attachment. The simulated EXAFS patterns
of mono-oxo and di-oxo structures are quite different. On the
other hand, the calculated Raman spectra of these structures
exhibit bands in the range of 992 22 cnt!, making it hard to
— Experiment differentiate between the mono-oxo and di-oxo species based
1.5 | purely on Raman spectroscopy. Comparison of experimentally
Mo=0 - FEFF (J) observed XANES, EXAFS, and Raman data obtained for
l isolated molybdate species supported on silica following
Mo-O Mo--Si calcination at 920 K with similar results calculated for mono-
oxo and di-oxo species strongly supports the conclusion that
isolated Md'" molybdate species on silica exist as di-oxo species
(structureH in Figure 2). The calculated Gibbs free energy for
the reduction of isolated molybdate species fromvto MoV
in Hy is relatively insensitive to the model of the silica surface
used, and the extent of molybdate reduction determined for

R (A) reduction in H at 920 K is consistent with that observed
Figure 6. Comparison of experimentally obtained EXAFS spectrum €xperimentally. Comparison of the predicted and experimentally
of Mo'VO,/SiO with the simulated spectrum for Moin structured observed Raman spectrum and the EXAFS pattern of reduced
andJ. MoOy species supported on silica strongly suggests that such

) ) ) Mo' species are present as mono-oxo species (strudtime
of Mo"! is not complete or that the resulting Maspecies also  Figyre 2).

has a Raman band at around 988énOur DFT calculations

show thatJ, which has one Me-O bond, has a Raman band at  Acknowledgment. This work was supported by the Methane

995 cnt! with an intensity of 14 Aamu. This intensity is 1/3  Conversion Cooperative funded by BP.

of that for the Me=0 vibrations inH which are calculated to

be at 995 cm’. This suggests that the loss in intensity observed  Supporting Information Available: Figures of the MoQ®

when highly dispersed MogBiO; is reduced in Hat 920 K is species on silica-111 model and silica-100 model and details

due to the conversion df to J. of the FEFF 8.0 simulations are given in a PDF file. Energies
Further support forJ being the correct representation of and coordinates of all structures are deposited in EXCEL and

isolated Md" centers supported on silica comes from a XYz formats. This material is available free of charge via the
comparison of the theoretically generated EXAFS pattern with |nternet at http://pubs.acs.org.

that obtained experimentally. Figure 6 compares the simulated
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