J. Phys. Chem. @007,111,14753-14761 14753
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A theoretical analysis has been conducted on the selective oxidation of methanol to formaldehyde catalyzed
by isolated vanadate species supported on silica. The active site was representeg®@ygeovp substituted

for a Si—H group in the corner of silsesquioxanes@Gi,Hgs. Calculations of ground and transition states were
carried out using density functional theory, whereas statistical mechanics and absolute rate theory were used
to determine equilibrium constants and rate coefficients for each elementary step. The formation of
formaldehyde was found to involve two key steps. The first is the reversible adsorption of methanol, which
occurs by addition across one of the three ®—Si bonds of the active site. The rate-limiting step is the
transfer of a hydrogen atom from the resulting@CH; species to the ¥O bond of the active center. The
release of formaldehyde and water from the active center leads to a two electron reduction of the vanadium
atom in the center. Rapid reoxidation of the reduced vanadium can occur via adsorptigricofa@m a
peroxide species and subsequent migration of one of the O atoms associated with the peroxide across the
surface of the support. The predicted heat of adsorption and equilibrium constant for methanol adsorption are
in good agreement with those found experimentally, as is the infrared spectrum of the adsorbed methanol.
The apparent first-order rate coefficient and the apparent activation energy are also in very good agreement

with the values determined experimentally.

Introduction evidence. The calculated heat of methanol adsorption and the

Experimental studies have demonstrated thay/8i@; is an fractional occupancy of vana}dium centers by .methanol were in
active catalyst for the selective oxidation of methanol to 900d agreement with experimental observation. The apparent
formaldehyde even when the vanadium is present as isolated@ctivation energy for formaldehyde formation was found to be
vanadate speciés® Experimental studies using XANES, 26.8 kcal/mol, in reasonable agreement with experirké bt
EXAFS, and Raman spectroscopy have shown that isolated VO the calculated pre-exponential factor for the apparent first-order
units supported on silica have a distorted tetrahedral geometryrate coefficient was 2 orders of magnitude smaller than that
containing three VO support bonds and one=xO vanadyl observed. More recently, Sauer and co-workdnave reported
bond31% The intrinsic kinetics of methanol oxidation to the results of a very thorough DFT study of methanol adsorption
formaldehyde measured at low methanol conversion are first and oxidation occurring on isolated sites of vanadia supported
order in methanol and zero order in oxygen suggesting that thegp, sjlica. In this study, the active sites were represented by a
majority of the V atoms in the catalyst are present &5 dhder cluster produced by substituting &0 group for one of the

reaction conditions. This conclusion is also supported by in situ gj_ groups in silsesquioxane,gSiHg. Methanol adsorption
Raman observatiorfsExperimental studies have determined the was shown to occur by cleavage of a-@—Si bond. Two

apparent activation energy, apparent rate constant, and turnover,. . . -
frequency (TOF) for the formation of formaldehy#e89These different chemisorbed species were proposed, both containing

studies have also suggested that the adsorption of methanol td methoxide group bp nded t'o vana dium. The thermoqunammally
form V—OCH; species is reversible and that the rate-limiting preferred structure is one in which hyd_rogen bonding occurs
step in the formation of formaldehyde is the transfer of a Petween the vanadyl oxygen and the silanol group. The rate-
hydrogen atom from this species to an oxygen atom associatediMiting step was taken to be the transfer of a hydrogen atom
with the catalys&#8 possibly to the ¥=O bond of the active ~ from an adsorbed methoxy group to the vanadyl oxygen atom,
centerd and the activation energy for this process was determined to be
Two theoretical studies have been reported dealing with the 37 kcal/mol. Since the transition state for this reaction is
oxidation of methanol on isolated vanadate species supportedbiradicaloid, its structure and energy were calculated using the
on silica. Khaliullin and Beli* represented the active center by broken-symmetry approach. The apparent first-order rate coef-
a cluster comprised of ©V(O—); bonded to three Si atoms, ficient for the oxidation of methanol was taken to be the product
each of which was terminated by three hydroxyl groups. Density of the equilibrium constant for the reversible adsorption of
functional theory (DFT) was used to determine the thermody- ethanol in its lowest energy configuration and the rate

Pamiclz 0:] n(wjet?anol adstq rption ar?d to asbsess dthe energ?ticstfolﬁoeﬁicient for the rate-limiting step. By this means, the apparent
ormaldehyde for a reaction mechanism based on expenmental, .y ation energy for methanol oxidation was estimated to be

* Author to whom correspondence should be addressed. E-mail: 27 kcal/mol, in reasonable agreement with the observed
alexbell@berkeley.edu. values!? On the other hand, the calculated value of the apparent
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first-order rate coefficient was 4 orders of magnitude smaller
than that measured experimentally at 503%.

Thus, while previous theoretical studies have found that
density functional theory can describe the reaction energetics
involved in the formation of formaldehyde correctly, a proper
description of the pre-exponential factor for the apparent first-
order rate coefficient has not yet been achieved. There are also
two other issues not addressed by these studies. The first is the
fate of the species formed upon desorption of formaldehyde
from the active site and the means by which"\épecies are
formed upon the release of formaldehyde. Thus, there is a needs
to establish that the rate coefficients for these processes are large
and, hence, that these processes are not kinetically relevant. The

second issue concerns the mechanism and kinetics of reoxidation 0 09
of the reduced vanadium center produced upon the release of )
formaldehyde and water. Particularly intriguing is the question H OSi V

of how isolated vanadate centers are reoxidized bysice Figure 1. A silsesquioxane model of the \W3iO, active catalytic
one molecule of @is needed to reoxidize two reduced vanadate site.

centers. The present study was undertaken with the specific aim

of identifying the pathway by which the thermodynamically (TSS) in Gaussian 03, which uses the Berny optimization
preferred configuration of adsorbed methanol is formed on algorithm to update the Hessian matrix and trust raéfidsThe
isolated vanadate sites supported on silica, the changes in Gibbginal value of the transition state energy was calculated using
free energy for all elementary processes involved in the the LACV3P**++ basis set for all atoms except V, which was
oxidation of methanol to formaldehyde at such sites, and the described using the LANL2DZ basis set. These calculations
processes involved in the reoxidation of such sites once theywere carried using Jaguar 6.5.

are reduced. The broken symmetry approaéi#*was used to calculate the
energy of the transition state for reactions involving multiple
Theoretical Methods spin states, which have a biradicaloid electronic structure. The

unrestricted open shell B3LYP functional was used to perform

Models of the surface of amorphous silica, containing two hege electronic structure calculations. Multireference treatment
to eight Si atoms and different ring structures, were examined \, 1< used to calculate the projected low spin enekdglg), of
in an effort to find a suitable representation. The criteria used o transition state by using the energy from the’broken

for selecting the best representation were that the geometry an ymmetry calculationE(bs), and from the triplet calculation,
vibrational frequencies determined for the model silica surface E(t), according to the following formul&
and for the vanadate species attached to such a surface should” "

be consistent with those found experimentally. A further E(bs)— E(t)
criterion was that the computational costs for carrying out E(ls) = E(t) + 2 (1)
transition-state searches for elementary reactions should not be 2 - [0

prohibitive. Clusters isolated from the low-index surfaces of
B-crystoballitd3~16 were examined as well as silsesquioxane In eq 1,[¥(is the average spinspin coupling, ranging from 0
(Sig012Hg), the model for a silica surface used by Sauer and when the valence electrons are paired to 1 when the valence
co-workerst? Of the several clusters considered, silsesquioxane electrons are unpaired.
was found to be the best for capturing the physical properties The Gibbs free energy for each ground- or transition-state
of silica with a reasonable expenditure of computational effort. structure was calculated using standard relationships from
VO,/SIO; was modeled by replacing one of the eight-8i statistical mechanic®-2° These calculations were done for 650
groups in the silsesquioxane cube by a vanadyl groupQV K, the temperature at which the selective oxidation of methanol
The resulting silica-supported \4Ospecies has a distorted to formaldehyde was studied experimentally. The standard state
tetrahedral geometry containing three-@—Si support bonds  for all gas-phase species was taken to be 1 atm and the standard
and one ¥=0O vanadyl bond, as seen in Figure 1. state for all vanadia species was taken to be a mole fraction of
Density functional theory (DFT) was used to compute the 1. The symbolAG® is used to refer to the Gibbs free energy
optimized structures, vibrational frequencies, and thermody- under these standard state conditions. The partition functions
namic properties of all species. Geometry optimization with full for translational, rotational, and vibrational degrees of freedom
relaxation of all atoms was performed using the B3LYP used in the calculations of Gibbs free energies were calculated
functional and the 6-31G* basis set within Gaussiar0Sfter explicitly. This approach avoids treating the translational and
structural optimization, a more accurate estimate of the energyrotational partition functions for species involving the cluster
was calculated using the LACV3P*+ basis set in Jaguar as gas-phase species, the approach used in Gaussian 03 and
6.5 The electronic structure of vanadium was described using other quantum chemical cod&slIn calculating the partition
the LANL2DZ basis set, which treats the inner core of electrons functions for adsorbed species it was assumed that such species
separately from the valance electrons. Calculated frequencieshave no degrees of translational or bulk rotational freedom.
were scaled by 0.9614 to account for the overestimation of Internal rotations of adsorbed species were considered and the
vibrational frequencies determined at the B3LYP/6-31G* level scaled values of vibrational frequencies (see above) were used
of theory?® The growing string method (GSKPwas used to in the calculation of the vibrational partition function, and for
find an initial estimate for transition-state geometries, also using species involving the cluster the number of degrees of vibrational
the B3LYP/6-31G* level of theory. The estimated transition- freedom was decremented by the number of degrees of internal
state geometry was then refined using the transition-state searchotational freedoni®=2° No change in procedure was needed
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TABLE 1: Comparison of the Properties of Isolated
Vanadate Species on Si@Determined Theoretically and
Experimentally
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TABLE 2: Comparison of the V=0 and V—0O—CH3;
Vibrational Frequencies for Species 2 and 2

vibrational theory theory

theory experiment modes (specie) (specie®’) exp
r(V=0) 158 A 1.58+ 0.03 Aeb »(V=0) cnrt 1017 1034 1030
r(v—0) 1.76 A 1.794 0.02 Aeb »(V—0—C)cnrt 1052 1071 1070
»(V=0) 1035 cntt 1030-1040 cnrtab—d a
»(Si—0-V) 991 cnrt 980 cnrlae Reference 3.
D, band 506 cm! 495 cnyif-h ) ) )
D, band 611 cm! 606 cnrf-h formation of2' is more favorable than the formation 2fby
r(Si—-0) 171 A 1.608 Ai 9.0 kcal/mol. Further evidence for the preferential formation
r(©-0) 2.87A 2.626 A of 2 is provided by Raman spectroscopy. As shown in
r(Si—Si) 350 A 3.077 A

aVO,/SiO, catalyst at low weight loadings1 V/nn?. P Reference
3. ¢ Reference 1¢ Reference 2¢ Reference 30 Reference 319 Ref-
erence 32" Amorphous Si@. ' Reference 15.

for the electronic partition function which is just the electronic
spin multiplicity for each species.

Results and Discussion

Comparison of Calculated and Observed Properties of
VO,/SiO,. Table 1 lists the geometries and vibrational frequen-
cies for the model of V@QISIO, used in this study together with

Table 2, the experimentally observed vibrational frequencies
for V=0 and \\-OCH; are fully consistent witl2' but not with
23

While 2' is favored thermodynamicall,is expected to form
upon the initial adsorption of methanol. The activation barrier
for methanol adsorption a3 is 9.6 kcal/mol. The activation
barrier for the direct conversion froéito 2' is high, 48.3 kcal/
mol, due to the highly strained geometry of the transition-state
and, hence, this process is unlikely to occur under reaction
conditions. An alternate route for conversior2db 2' is shown
schematically in Figure 3. In this case, a second molecule of
methanol adds t@ to form a species containing two-MOCHs

values observed experimentally for isolated vanadate specieggroups. Rotation around the remaining-@—Si bond followed
supported on silica and silica itself. It is evident that the bond by the desorption of a molecule of methanol yields the
lengths and vibrational frequencies associated with the vanadateenergetically preferred specied, The indirect conversion of
species are in very good agreement with the corresponding2 to 2' is projected to be facile at reaction conditions, since the

values found experimentalR2°® Good agreement is also ob-
served in the frequencies of the; Bnd D, bands associated
with vibrations of the four-membered rings of silig%as?

activation energy for this process is only 6.7 kcal/mol.
As noted above, methanol adsorption can also occur so as to
produce a methoxide group bonded to silicon rather than

Deviations between theoretical calculations and experimental vanadium. A comparison of the thermodynamics for forming

observations are observed, though, in the@iand OG-0 bond
distances in silica, which tend to be 0.1 A longer in the model
of silsesquioxane than in amorphous silica.

Adsorption of Methanol. Methanol adsorption onto isolated
VO, sites, specied, can occur via alcoholysis of a-MO—Si
linkage, leading to either a-YOCHy/Si—OH or a V—OH/Si—
OCH; pairl—2 Experimental evidence shows that-®OCH; is
a necessary precursor to the formation of formaldefyde,
whereas StOCH; is a precursor to the combustion of methanol
to CO and HO:2 Figure 2 indicates two possible geometries
for the V—OCH; species, speciez and2'. The difference in
adsorption energies betweeh and 2' is 4.7 kcal/mol, in

V—0OCH; versus Si-OCH; groups is shown in Figure 4. As
noted in Figure 4 the Gibbs free energy of adsorption is less
favorable for the formation of a SIOCH; group than the
formation of a V-OCHs group by 4.0 kcal/mol.

A comparison of the calculated and observed frequencies for
the symmetric and asymmetric-E vibrations associated with
V—OCH; to Si—OCH; species is shown in Table 3. With the
exception of the symmetric €H stretching vibrations for
methoxide groups bonded to vanadium, the calculated and
observed vibrational frequencies agree to withir6nT ™. The
17 cnt! difference between the calculated and experimental
value for the symmetric €H stretch for the methoxide groups

reasonable agreement with the value of 2.4 kcal/mol reported bonded to vanadium is very likely due to a higher degree of

previously!? Species?' is more stable tha@ because of the

hydrogen bonding in the model system between the vanadyl

strong hydrogen-bond formed between the vanadyl oxygen andoxygen and the hydrogen atom of the silanol group.

silanol group. The Gibbs free energy change for methanol

adsorption AG®,qs is positive for both2 and?2'; however, the

?

The extent of methanol adsorption at 650 K to form
V—OCH,/Si—OH versus \--OH/Si—OCH;s pairs was computed

0
J H-bonding } H-bonding
o 1 <
3 All energies in kcal/mol o
2 0000 2
HOSi VC

AE =-10.8 AE = -15.5
AGe =125 > AG?=3.5

Figure 2. Proposed structureésand?2' from methanol adsorption onth AE and AG® are shown in kcal/mol at 650 KAE and AG® are shown

in kcal/mol at 650 K.
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Figure 3. Conversion betwee and?2' via adsorption of additional methan@dE and AG® are shown in kcal/mol at 650 K.
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Figure 4. Adsorption of methanol onta to form a V—OCH; or Si—OCH; group. AE and AG® are shown in kcal/mol at 650 K.

TABLE 3: Comparison of the Vibrational Frequencies for
C—H Bond Stretches in V—OCH3 and Si—OCH3 Species

adsorbed vibrational theory exp
species mode (cm™) (cm 12
V—0CHs; symmetric C-H 2847 2830
asymmetric G-H 2925 2930
V=0 1034 1030
Si—OCH; symmetric C-H 2855 2860
asymmetric G-H 2954 2960
V=0 1058

a Reference 3.

from the ratio of adsorption equilibrium constants to form
V—0OCHy/S—O0H versus \*-OH/Si—OCH; pairs, assuming that
the structure for the first of these pairsZs By this means the
relative surface concentration ratio o \DCHz to Si—OCHs;
is estimated to be 1.2, or 55%-\OCH,/Si—OH pairs and 45%
V—0OCH,/Si—OCpairs. These values agree quite well with those
computed from experimental Raman speété®% V—OCH;/
Si—OH pairs and 40% VOCH,/Si—OCH;z pairs, using com-
puted Raman scattering cross sections.

Catalytic Cycle. The mechanism of methanol oxidation to

a metal hydride attached to a vanadium atom that is also bonded
to oxygen (\=0) was found to be unfavorable. Examination
of both scenarios showed that energy change for the transfer of
the hydrogen atom to the vanadyl group is lower than that to
form a vanadium hydride species by over 20 kcal/mol. The
resulting structure8 has a weakly bound formaldehyde and a
hydroxyl group. The value oAG* for this step at 650 K is
37.7 kcal/mol and the associated activation energy is 39.8 kcal/
mol. The activation energy for this step was found by performing
a broken symmetry calculation because the spin state of
vanadium changes from a singlet in the reactant 2ate a
triplet in the product stat® upon transfer of the hydrogen atom.
Specifically, upon adsorption of methanol, vanadium is formally
V5t with no d electrons but following the hydrogen-transfer
step, the valence of vanadium reduces to a form&l With

two unpaired d electrons.

The formaldehyde molecule associated watltan readily
desorb, since the change in Gibbs free energy for this process
is AG® = —2.8 kcal/mol, a result that is in agreement with
experimental observaticti.The remaining two hydroxyl groups
associated with specieg one attached to vanadium and the

formaldehyde can be envisioned to occur in two parts as shownother to silicon, react to form water and reform a suppert/-

in Figures 5 and 6. In the first part of the cycle, methanol
adsorption is followed by the transfer of a hydrogen atom from
the methoxide group d®' to the vanady! group of this species
to form a vanadium hydroxyl group. This step is identical to
that considered in the theoretical work of Khaliullin and Bell
and Sauer and co-worke¥s An alternative to this scenario

Si bond (the reaction a¢f to form5). The activation barrier for
this process is 14.5 kcal/mol, and the Gibbs free energy of
reaction, AG® —25.9 kcal/mol, is highly favorable. The
pathway for the formation of formaldehyde shown in Figure 5
differs from that examined by Sauer and co-work@rsyen
though the initial structur@® is identical. In that study it was

would be direct hydrogen atom transfer to the vanadium atom reported that the direct desorption of formaldehyde was endo-
itself to form a metal hydride. While it had been suggested that thermic by 22.6 kcal/mol and, hence, was thought to be un-
a vanadium hydride species should be stdbthe presence of  favorable. An alternative pathway was proposed in which the
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+ MeOH

AE «-15.5
o o AG=35

H-transfer
AE =371
AG®=37.7
AE*, , = 39.8
Q
- o 0
iy —_— -
All energies in kcal/mol @ R CH,O -H,0
(=]
cC9o 000 P AE=149 o AE=-20
\ 0= .2, = -25.
HOSi VC 3 AG a 4 AGP=-259
AE?,~0 AE%, =145 5

Figure 5. Selective oxidation of methanol to formaldehyde over vanadate spkciéanadium is reduced to% in speciess. AE and AG® are
shown in kcal/mol at 650 K.

5! +0y 6
AE =-43.0
N AG°=-17.8
O AEty, ~0
5 y

o

AE=28

AGP=2.8

AE . =146 AE =23
AG® = 0.6 ?
I AB, =281 o
7 ) — 8

T

1
All energies in keal/mol ! L0
ceo0o0o0 —
HOSi VC se-ti0e ©
9 A%, =15 1

Figure 6. The reoxidation pathway involves formation of a peroxide speéiegihich is active for methanol oxidation. The starting active site,
1', is regeneratedAE and AG® are shown in kcal/mol at 650 K.

proton associated with the -SODH group first transfers to the  is AG® = —17.8 kcal/mol and, hence, is favorable at 650 K.
V—OH group to form a VO—Si bond and HO bound to As shown in Figure 6, an O atom of the peroxide can migrate
the V atom. The last step of the reaction was then envisionedfrom 6 to form 7, which contains a V¥O—0O-—Si bond. At

to be desorption of formaldehyde from the preceding inter- 650 K, the Gibbs free energy change for this process is only
mediate. 2.8 kcal/mol and the activation energy is 14.6 kcal/mol. Further

The vanadium in specids formed upon desorption of water,  migration of the peroxide group to for® can occur, leading
must be reoxidized in order to complete the catalytic cycle. to the formation of an StO—0O—Si bond. The change in Gibbs
Experimental studies suggest that this process is very rapid andfree energy for this step is 0.6 kcal/mol and the activation energy
hence, kinetically irrelevant as evidenced by a zero-order is 28.1 kcal/mol. Subsequent migration of the peroxide group
dependence of the rate of formaldehyde formation on oxygen leads to specie8 and1' via reactions that are thermodynami-
partial pressuré®® Consistent with this conclusion, in situ cally favorable and have activation barriers that are comparable
Raman spectroscopy shows that virtually all of the vanadium or much lower to those for the preceding steps shown in
remains in thet5 state under reaction conditiohSince the Figure 6. Thus, the proposed scheme suggests that reoxidation
oxidation of specie$ to 1 involves Q but only one O atomis  proceeds via adsorption of ,Co form a peroxide species
required per V atom, it is of interest to elucidate how this process followed by O atom migration via the support to reoxidize a
might occur. second reduced ¥ cation.

Figure 6 shows a possible mechanism for the oxidatios of Several pieces of evidence support the reoxidation scheme
to 1. In this scheme, two % cations are shown at opposite presented in Figure 6. First, peroxo species have been reported
corners of the silsesquioxane cube, speblei the first step to form on vanadium complexes in solutfSnand similar
O, is adsorbed to form a peroxide spec&®n one of the complexes formed on molybdenum complexes have been shown
reduced vanadium centers. The change in energy for this stepto be active for the oxidation of alcohol3” Peroxo species
is AE = —43.0 kcal/mol and the change in the Gibbs free energy have also been suggested as active species in the oxidation of
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TABLE 4: The Activation Energy AE?

ij

Pre-Exponential Factor k

Goodrow and Bell

0

i and Rate Constantk;; for the Conversion of Reactanti into

Product j
reaction f
(i) (kcal/mol) ki ki
reaction pathway QP
(2',3) 39.8 1.92« 10%st 7.95x 1025t
(3,4) ~0 1.35x 10%s™t
(4,5) 14.5 5.4% 10¥s! 7.31x 10Pst
reoxidation pathway (6) ~0 4.63x 1 atnmis?
(6,7) 14.6 9.58« 10%?s™! 1.19x 1¢®¥s?
(7,8) 28.1 1.72 10%?st 6.11x 1®?s?t
(8,9) 19.2 9.20x< 109s? 3.16x 10¢s™?t
9,1) 15 4.71x 102571 1.44x 10?5t

aReaction (1,9 assumed to be at equilibrium and reversible, with an adsorption const&ntof 4.23 atnm* at 650 K.

60 4| ——AE TS,,
—— \G°(B50K) TS, —
3
_ v 4 /
3 40 ~ —
£ —
8
x‘;: 20+ TSo—— 5
> R
m 1 ]
& 1 2
0] —<
-20 . T

Reaction Coordinate
Figure 7. Energy profile ofAE and AG® at 650 K for the reaction mechanism. The numbers above the plot refer to the corresponding species.

methane on FeP{3® Second, both experiment& ¢ and
theoretical studi¢82¢ have shown that SiO—O—Si structures
(peroxy linkages) are involved in the diffusion of oxygen

Comparison with Experimental Results. On the basis of
the results in Figure 7, it is concluded that the adsorption of
methanol is reversible and at equilibrium and that the rate-

through silica. Moreover, the activation barrier for this process limiting process at low methanol conversion is the process

and the G-O bond distance in the transition state are very
similar to those for the conversion of speciéso 8 reported
here. Third, when K reduced VQ'SiO, or MoO/SiO; are
reoxidized int80,, one'®0 atom is consumed per reduced metal
center4l*2however, Raman spectroscopy shows that teOV

or Mo=0 initially formed are primarily'®O labeled. These
observations suggest tHd0 atoms derived fron¥O, can form
V—180-Si, V—180-160—-Si, and Si-¥0—1%0—Si bonds.

leading from2' to 3. It then follows that the rate of formaldehyde
formation,RcH20, and the apparent rate constaap, are given

by

RCHZO = kaprP MeOH (2
—AE

kapp = Kl,2k2’,3 = kgpp eX;{?app) (3)

The pre-exponential factors and activation barriers for each WhereK > is the equilibrium constant for the adsorption of
of the elementary steps presented in Figures 5 and 6 are listednethanol ag', ks is the rate constant for the rate-limiting step,
in Table 4. Also shown there are the rate coefficients for each AEappis the apparent activation energy, angk&h is the partial
step evaluated at 650 K. The rate constants for the steps involvedressure of methanol.

in the reoxidation mechanism are all large, and hence not

kinetically relevant.

Figure 7 shows the changes in both the internal energy and
the Gibbs free energy at 650 K for the series of steps involved

in the oxidation of methanol to formaldehyde (see Figure 5).
The profile in the Gibbs free energy indicates that methanol
adsorption to form®2' will be at equilibrium and that the rate-
determining step will be the conversion@fto 3. A similar set

of energy and free energy profiles is shown in Figure 8 for the
reoxidation of reduced ¥ centers. This plot indicates thét
and7 will be at equilibrium and that the conversion dfto 8

is the slowest step in the reoxidation process.

The equilibrium constant for methanol adsorption can be

evaluated usi g eq 4.
eXp(RV|) X[ |Ely)

Oz
OmeoHth

In this equationg; is the partition function for specidsand
012 is the symmetry factor for the reaction tfto 2'. Since
any one of three ¥ O—Si support bonds can be broken,

is 3. Using the value ofAE; ; = —15.5 kcal/mol for the
adsorption of methanol byto form 2, givesky ; = 4.23 atn?

at 650 K. This value oKj > can be compared with the one
estimated from the experimental data of Wachs et®dbr

Kiz =012

(4)
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Figure 8. Energy profile ofAE andAG®° at 650 K for the reoxidation mechanism. The numbers above the plot refer to the corresponding species.

TABLE 5: A Comparison of Theoretical and Experimental Values of the Rate Parameters Contributing to the Apparent Rate

Parameters
theory theory exp
adsorption step AE; 7 (kcal/mol) —-155 -95 —13.4P-13.F
K?, (atm?) 2.60x 10°° 5.12x 10752 2.04 x 1074¢
K1z (atnm?) 4.23 1.64596.04
rate-limiting step AE;. 5 (kcal/mol) 39.8 36.8
K 4 (s 1.92x 1012
ko3 (s71) 0.0795
apparent kinetics AEgpp(kcal/mol) 24.3 27.3 2% I°
kgpp(atrrrl s 4.00x 10 1.34x 1¢° 1.90x 107¢
Kapp (tnT1s71) 0.27 8.86x 1074 0.3%

aReference 12° Reference 7¢ Reference 39 Reference 8.

methanol adsorption at 373 and 503 K. Using these A&ay
—13.4 kcal/mol an&K; > = 1.64 atnt! at 650 K. A value of
K12 can also be determined from in situ infrared spectra of

rate constant at 650 K. At 650 K, the pre-exponential term is
1.92x 102 s Tandky3=7.95x 102sL,

A comparison of our computed values K », kx> 3, and

V—0OCH; taken at temperatures between 423 and 673 K reported kapp at 650 K with those obtained by Sauer and co-worKers

by Bronkema and Bef.These data yield a value &E; » =
—13.3 kcal/mol andK; > = 6.04 atm! at 650 K. Thus, the

and with the experimental values reported by Wachs and
co-workeré® and by Bronkema and Béllare presented in

value ofK; > calculated theoretically in the present study is seen tapje 5. The value oAE; » for the adsorption of methanol
to be in reasonable agreement with the values determined,go is |ower than that determined by Sauer and co-wofRers

experimentally.

by 6.0 kcal/mol but only 2.1 kcal/mol lower than that de-

As discussed above, the rate-limiting step in the oxidation {armined from the experimental observations of Wachs and

of methanol to formaldehyde is the transfer of a hydrogen atom

from an adsorbed methoxy group to a vanadyl oxygen atom
the reaction o2’ to form 3. The computed activation energy

for this step is 39.8 kcal/mol. The rate constant was determined

from the following expression, eq 5:

kg T q;',s F(

A,
—— — - ex
h o,

RT

3)
In eq 5,q§’3and gy are the partition function for the transition
state involved in the transformation of spec#<o 3 and the
partition function for specie&’, respectively. The symmetry
factor, 02 3, in the pre-exponential factor is equal to 3 because

any one of three hydrogen atoms in the methoxy grou@’ of
can transfer to the vanadyl group. The transmission coefficient

ky 3 = 09(T) )

co-workers/-® The difference in the two theoretical values of

" AE; 2 is likely a consequence of the basis sets used. As
noted above, the absolute valuekaf, determined at 650 K is

in reasonable agreement with that determined from the
results of the latter researchers. The activation energy associated
for the rate-limiting step determined in the present study is
3.0 kcal/mol higher than that reported by Sauer and co-
workers!? On the other hand, the apparent activation energy
calculated in the present study is 3.0 kcal/mol lower than
that predicted by Sauer and co-workérbut only 1.3 kcal/
mol higher than that reported in recent experimental work by
Bronkema and Bef. More notably, the pre-exponential
factor for the apparent first-order rate coefficieki,, deter-
mined in the present study agrees closely with that found
, experimentally but is an order of magnitude larger than that

«, for tunneling is included because the transition state involves determined from the results reported by Sauer and co-wotkers.

transferring a hydrogen atom. Wigner's approximation to the

As shown in Table 5, the value ¢y, evaluated at 650 K is

barrier, which uses an Eckart potential, was applied in calculat- within a factor of 2 of that measured experimentdlly
ing «.43 The effect of tunneling causes a 13% increase in the contrast, the value dfspp determined from the work of Sauer
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et all2 is 3 orders of magnitude smaller than that observed across the surface of the support. The calculated rate coefficient

experimentally. for the elementary processes involved in vanadium reoxidation
As noted earlier, experimental studies indicate that the rate are considerably larger than that for the rate-limiting step

of catalyst reoxidation is very rapid and, hence, kinetically involved in the formation of formaldehyde and, consequently,

irrelevant. To assess whether the reoxidation scheme shown inthe reoxidation process is found to be kinetically irrelevant, in

Figure 6 is consistent with this observation, calculations were agreement with experimental observation. The calculated values

made to determine the fraction of the V atoms that are presentfor the apparent activation energy and the pre-exponential factor

in the form of specie§', 6, and7. The fraction of V presentas  for the apparent first-order rate coefficient for formaldehyde

5 was determined by dividing the rate of formaldehyde formation are 24.3 kcal/mol and 4.00 107 atm1s™1, respec-

formation per V atom observed experimentally by Bronkema tively. These values are in very good agreement with those

and Belf at 650 K for a methanol partial pressure of 0.05 atm determined experimentally, as is an estimate of the coverage

and an oxygen partial pressure of 0.075 atm, X750 2 s 1, of the catalyst surface by YOCH; groups,2', under reaction

by the rate coefficient for the conversion 6f to 6 and the conditions.

oxygen partial pressure. This leads to an occupancy' of

05 = 5.04 x 1071% The sum of specie8 and7 is determined Acknowledgment. This work was supported by the Methane

in a similar manner and i§s+7 = 2.86 x 10°°. It is apparent, Conversion Cooperative funded by BP.

therefore, that the fractions of vanadium present as reduced

centers5', or peroxide-containing cente®and7, is very small, ~ Supporting Information Available: A zip archive contain-
consistent with the observation that the reoxidation of V centers ing details of rate calculations, surface species concentrations,
is very rapid compared to the rate of their reduction. minimum energy geometries, and transition states is included.

The results of the present study can also be used to estimatel'he archive also contains subdirectories with minimum energy
the fraction of the vanadium sites containing methoxide groups Structures and transition state structures in XYZ format from
in the form of 2 under the reaction conditions reported by Gaussian03. README.txt files are included within the archive

Bronkema and Bef.A value of 6> was determined using the to guide the reader. This information is available free of charge

following relationship: via the Internet at http://pubs.acs.org.
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