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Formation of Active Sites on WO; Catalysts: A Density Functional
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ABSTRACT: Industrial demand for poly(propene) has
spurred research on improved catalysts and mechanisms for
propene production. Recently, tungsten trioxide (WO;) was
reported to exhibit high activity for the metathesis of ethene
and 2-butene to form propene. The whole process is divided
into two stages: (1) Initiation (i.e, formation of W-carbene
active sites on WO, surfaces), and (2) Propagation (ie.,
metathesis reaction on these active sites to yield propene).
This study investigates the mechanism of W-carbene active site
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formation, using first-principles calculations based on density functional theory. For the WO, orthorhombic crystal, the (001)
surface has been found to be the most stable, since it contains four chemically distinguishable types of surface atoms: S-fold
coordinate Wy, 6-fold coordinate Wy, 2-fold bridging oxygen O,,, and singly coordinated oxygen O, . Because of the different
energies of adsorption for ethene and 2-butene at these four types of active sites, we find that 2-butene forms W-carbene active
sites more readily, with lower activation energies, than ethene, because of a combination of electrophilic and steric effects. These
results reveal the relationship between WO; catalyst surface structure and activity for metathesis, which ultimately will guide the
development of more active and selective catalysts for propene production.
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1. INTRODUCTION

In recent years, the metathesis of ethene (H,C=CH,) and 2-
butene (H;C—CH=CH-CHj,) to produce propene (H,C=
CH—CH;) has attracted widespread interest because of
increasing industrial demand for propene, which is an
important chemical intermediate used as the building block
for commodity chemicals ranging from plastic products to
gasoline components. Traditionally, propene is produced by a
steam cracking process that uses heat to produce a mixture of
hydrocarbons from feedstocks such as ethane, propane, natural
gas, or liquid petroleum products; these products then may be
distilled to obtain propene." Compared with the steam cracking
method, however, metathesis reactions are promoted by
catalysts and thus rely less on large sources of heat. Generally,
heterogeneous catalysts containing Re, Mo, or W% are
favored over homogeneous catalysts for this reaction because of
their ease of separation, stability, and recyclability. Thus, olefin
metathesis processes can be designed to be energy-efficient and
cost-effective because they are solvent-free, generate little waste,
require low catalyst loads, and operate with high yield.”
Furthermore, the catalytic activity of these three transition
metals is ascribed to the high reactivity of their unpaired d
electrons, so that they can adopt multiple oxidation states to
form active complexes and lower the activation energy of the
metathesis reaction.®

As a metallic compound with W, tungsten trioxide WO; has
received considerable attention for metathesis reactions, since it
can maintain its stable structure within industrial reaction
temperature ranges and can be easily deposited using physical
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or chemical approaches.**™"' Several studies are highlighted

here. Davazoglou et al.'> claimed to obtain as equal metathesis
activity with well dispersed low loading WO,/SiO, catalysts as
with catalysts of higher tungsten content indicating the
importance of obtaining a well dispersed catalyst. Huang et
al.">'* prepared a series of WOj catalysts by the thermal spread
method and found that a proportional correlation between
tetrahedral tungsten oxide species and metathesis activities. Liu
et al." showed that the formation of a surface (hydr)oxide layer
on WOj; is accelerated in the presence of a moist atmosphere,
and discovered this shortens the calcination time required to
produce highly active catalysts. Recently, Chaemchuen et al.
obtained Raman, UV—vis, and H,-TPR spectra suggesting that
WOj catalysts calcined at 550 °C exhibit high activity for the
metathesis of ethene and 2-butene to produce propene,'® so the
prospects for industrial-scale propene production via metathesis
are extremely promising.

Hérisson and Chauvin were the first to postulate that
metathesis can proceed rapidly at modest temperatures through
a two step process: (1) Initiation to form metal-carbene active
sites,"” ™" ‘and (2) Propagation, including the [2 + 2]
cycloaddition of alkene double bonds, at these metal-carbene
active sites to form metallocyclobutane intermediates. A
** and experimental

number of theoretical investigationszo_
studies®>%® have already confirmed the propagation steps in
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Figure 1. Geometry-optimized WO, (001) surface, showing the four chemically distinguishable types of surface atoms: (1) S-fold coordinated
tungsten W;,, (2) 6-fold coordinated tungsten Wy, (3) 2-fold bridging oxygen O,, and (4) singly coordinated oxygen O,..

the Hérisson—Chauvin mechanism. However, the process of
forming the initial metal-carbene active sites is still not known,
because of limitations in detecting the presence and molecular
structure of the active sites with current spectroscopic
techniques.”® Thus, we focus here on the formation of these
transition metal—alkylidene species that serve as active sites for
further propagation steps.

In this work, we employ first-principles calculations based on
density functional theory (DFT) to explore the energetics and
kinetics of W-carbene active site formation on WOj; surfaces.
Theoretical/computational methods have been greviously
employed to study metal-catalyzed olefin reactions;**>* they
provide fundamental insights that are relatively difficult to
obtain experimentally (e.g, determination of the active sites,
identification of possible reaction intermediates, nature of the
transition states). We use a semi-infinite slab to model the
catalyst structure and quantify its activity for olefin metathesis.
The use of periodic models avoids the introduction of edge
effects and allows for a more accurate description of surface
relaxation. The stability of various surface terminations of WO,
are calculated, and the correlation between the coordination of
the tungsten and oxygen atoms in the oxide and the strength of
gas molecule adsorption is determined. We thus show how the
structure of the catalyst directly influences its activity for olefin
metathesis. We also show the preferred pathway to form W-
carbene active sites with calculated activation barriers.

2. METHODS

Tungsten trioxide (WO;) exhibits perovskite-like structures
with corner-sharing WOy octahedra. However, structural
analyses of WO; have revealed considerable deviations from
the ideal cubic perovskite type, with the majority of these
distortions corresponding to antiferroelectric displacements of
W atoms and mutual rotations of oxygen octahedra.’® As in
most perovskite-like substances, the magnitude of the distortion
depends on the temperature of the sample.>® WO, crystals melt
at 1473 °C and undergo five phase transitions over the
temperature range from 900 to —180 °C: tetragonal —
orthorhombic — monoclinic — triclinic = monoclinic. At 550
°C, bulk WO; takes on the orthorhombic phase, and it is at this
temperature that WOj; catalysts have been shown to exhibit
high activity for ethene and 2-butene metathesis.'®>”**While
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first-principles calculations are typically performed at 0 K, they
have been used to model various phases of WO;, including the
orthorhombic phase.®~*'

We thus use the orthorhombic phase for the WO; bulk. Its
space group is Pmnb, with a = 7.341 A, b = 7.570 A, and ¢ =
7.754 A*® The deviation from the ideal perovskite structure is
characterized by a zigzag motion of the W atomic positions in
the b and c¢ directions, as well as a tilt system with tilt angles
around a.*

To build the surface slab models, the WO; bulk is cleaved
along the (001) surface, which is chosen for consistency”' with
the majority of the published experimental studies on WO,.
The crystal is easily cleaved along the (001) surface since it is
layered along this direction as a result of the antiferroelectric
distortion of the W sublattice.*** Thus, good quality single
crystals of WO, (001) can be frefared by moderate heating in
an oxygen-rich atmosphere®™* and characterized using
scanning tunneling microscopy (STM), low energy electron
diffraction (LEED), and photoelectron spectroscopy (UPS,
XPS). 4549

Therefore, the WO, (001) surfaces were taken into account
in the present study. The WO; (001) surface is modeled by a
five-layer slab, with the bottom two atomic layers frozen in the
bulk configuration and the top three atomic layers allowed to
relax. A p(2 X 2) supercell is used to ensure that all adsorbates
do not interact with their periodic images (i.e., separation by at
least 10 A). The WO, (001) surface thus consists of four
chemically distinguishable types of surface atoms: (1) S-fold
coordinated tungsten Wy, (2) 6-fold coordinated tungsten W,
(3) 2-fold bridging oxygen O,, and (4) singly coordinated
oxygen O, (Figure 1).

All calculations are performed within the framework of DFT,
using the Vienna Ab Initio Simulation Package (VASP
52)°°7%* and the generalized gradient approximation of
Perdew, Burke, and Ernzerhof*® to represent the exchange-
correlation energy. The wave functions of the atomic cores are
described using the Projector-Augmented Wave method
(PAW) method,**>* which includes all plane waves with
kinetic energies smaller than the chosen cutoft energy of 400
eV. This ensured an energy convergence within 1 X 107 eV,
using the conjugate gradient method. We sample the Brillouin
zone using a 6 X 6 X 6 Monkhorst-Pack k-point mesh for the
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Scheme 1. Metathesis Reaction Pathways of Ethene and 2-Butene to Produce Propene®
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Figure 2. Optimized geometries, including bond lengths (A), for ethene adsorbed to WO, (001).
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Figure 3. Optimized geometries, including bond lengths (A), for 2-butene adsorbed to WO, (001).
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Table 1. Calculated Energies of Adsorption for Ethene and
2-Butene on WO; (001)

adsorption configuration  ethene E 4 (kJ/mol)  2-butene E 4 (kJ/mol)

Monodentate

0,C=C —22.39 —20.35
0,:-C=C -3.23
W, C=C —21.40 —18.46

Bidentate
0,+C=C-0,, —8.01 —174
WiC=C-O,, —26.73 —14.18
Wiz C=C--0, -15.15 —1824
Wi C=C--W,, —2431 —14.38
Wi C=C--W,, —2383

Scheme 2. Formation Pathway of Active Sites from Ethene
and 2-Butene on WO, (001): (Left) Ethene Pathway, and
(Right) 2-Butene Pathway
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WO, bulk,*® and a 6 X 6 X 1 k-point mesh for the WO, surface

slab. We observed that spin-polarized calculations did not yield

significant changes to the calculated energies compared to
nonspin-polarized calculations.>®

The energy of adsorption, E,q4, for the olefin molecules on
the surface is defined as:

Eads = Eadsorbate+surface - Esurface - Eadsorbate (1)

where E .. is the total energy of the surface slab, E 4 1S
the total energy of the gas-phase adsorbate, and E_ 4o patessurface 1S
the total energy of the composite system. Since the calculations
are performed at 0 K and fixed cell volume, the differences in
Gibbs free energy should equal the differences in total energy.
By this definition, a negative value of E 4 corresponds to an
exothermic and spontaneous adsorption process. We also
assume that the entropic contribution to the Gibbs free energy
is negligible since the translational, vibrational, and rotational
entropies of the gas-phase adsorbate should not change
significantly upon adsorption. Thus, the change in Gibbs free
energy with temperature for this system is likely to be small,
since ((0G)/(0T))p = —S.

To locate saddle points and calculate the reaction pathway,
we used the nudged elastic band (NEB) method;”” this method
is a “chain of states” method, where several intermediate states,
or images, of the system are connected by springs to map out a
reaction pathway between the initial and final states. By
selecting an appropriate spring constant, we optimize the
intermediate images by including only the parallel component
of the spring force and the perpendicular component of the
true force. We use four intermediate images for each NEB
calculation and optimize these images to yield a minimum
energy path. Because these paths are directed by force
projection, the energy is not consistent with the force being
optimized. Therefore, we choose the force-based quick-min
optimizer to ensure that the NEB algorithm converges. The
time step employed is 0.01 fs. Since we established that
calculations at 0 K do not significantly change the Gibbs free
energy, we anticipate that the calculated activation energy
barriers and reaction pathway should be representative of the
true reaction under industrial operating conditions.

3. RESULTS

3.1. Proposed Mechanism for Formation of W-
Carbene Active Sites. As suggested by the Herisson—
Chauvin mechanism, the initiating and propagating intermedi-
ates in olefin metathesis are metal-carbene species. These may
be formed from either ethene or 2-butene in our reaction. The
metathesis reaction proceeds with these two reactants, as
shown in Scheme 1.

3.2. Adsorption of Ethene and 2-Butene on WO,
(001). Ethene molecules can adsorb on the WO, (001) surface
by single site adsorption (on the O site or W site) or two site
adsorption (on the two O sites, two W sites, or one O and one
W site). The possible adsorption configurations, after geometry
optimization, are shown in Figures 2 and 3. The calculated
energies of adsorption are listed in Table 1.

As shown in Table 1 for ethene adsorption, the two site
adsorption configuration corresponding to Ws-C=C---Oy, is
the most energetically favorable, with E 4 = —26.73 kJ/mol. By
contrast, the configuration corresponding to O, -C=C---O_ is
the least energetically favorable, with E 4 = —8.01 kJ/mol; the
low energy of adsorption may be attributed to the large
distance separating both O, sites (oo, = 5455 A), so that

ethene cannot physically bond to both oxygen sites. Similarly,
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Figure 4. Optimized geometries of reactant, intermediates, and product for proposed reaction pathway to form W = CH, active sites via ethene

activation. The bond length is in A.

the single site absorption configuration corresponding to
0,+-C=C is also energetically unfavorable, because of steric
repulsion with the adjacent W-oxo site. Thus, we conclude that
Wi -C=C--O, (Rg) is the most likely configuration for
adsorbed ethene on WO; (001).

For 2-butene, the one site adsorption configuration
corresponding to O, -C=C is the most energetically
favorable, with E g4 = —20.35 kJ/mol. Because of steric
repulsion from the large methyl groups in 2-butene, two site
absorption is not favored; again, the configuration correspond-
ing to O -C=C--O, is the least energetically favorable.
Thus, we conclude that O,.-C=C (Rg) is the most likely
configuration for adsorbed 2-butene on WO; (001).

3.3. Formation of Active Sites for Olefin Metathesis.
We take the most energetically stable adsorbate configurations,
W,:C=C---O,_ for ethene and O,-C=C for butene, as our
initial state (R) for the metathesis reaction. Since the reaction
pathway to form W-carbene active sites involves several
intermediates, different potential oxametallacycle intermediates
(IM)*>** were postulated by comparison of their adsorption
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energys, so that together they yield a five-step process (Scheme
2).

3.3.1. Active Sites for Ethene Metathesis. As shown in
Figure 4, the first intermediate formed by ethene is a six-
membered oxametallacycle (IMg,) from the initial Wy -C=
C:--Oy, reactant, Rg. The transition state, TSg;, involves olefin
activation via migration of hydrogen from ethene to surface-
bound O,, so that a weak W,-C bond is formed. The W=0
bond increases in length from 1.711 A in Rg; to 1.922 A in Ing,.
The C,—C, bond increases in length from 1.330 A in Ry to
1.455 A in Ing,. Two new bonds, W,-C and O,,-C, are formed
with bond lengths of 2.70 A and 1.982 A, respectively. The
second intermediate formed by ethene is a three membered
W4—C-O ring (IMg,). The transition state, TSg,, involves the
cleavage of the W, -C bond and the formation of a weak W-C
bond. The third intermediate formed by ethene is a four-
membered oxametallacycle (IMg;). It was obtained by breaking
the previous weak W -C bond and forming a new W.-C bond
of 2.336 A with the second C atom. This structure can greatly
reduce ring strain. We thus see that the first three transition
states, TSg;, TSg,, and TSg;, consist of nearly flat oxametalla-

dx.doi.org/10.1021/cs2005778 | ACS Catal. 2012, 2, 341-349
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Figure 5. Optimized geometries of reactant, intermediates, and product for the proposed reaction pathway to form W = CH—CH active sites via 2-

butene activation. The bond length is in A

cycles, with dihedral angles of 163.5°, 159.7°, and 173.1°,
respectively.

The fourth intermediate step involves the formation of the
fourth transition state, TSg,, which is the decomposition of the
four-membered oxametallacycle and the lengthening of the C—
C bond. Formaldehyde (H,C=O0, methanal) is evolved into
the gas phase. Finally, the W, =CH group quickly undergoes
hydrogen redistribution via the fifth transition state TSgs, to
form the final W=CH, active site, Py, with a W=C bond
length of 1.924 A. The whole process is depicted in Figure 4.

3.3.2. Active Sites for 2-Butene Metathesis. The first
intermediate formed by 2-butene is a five-membered
oxametallacycle (IMg;) from the initial O, --C=C reactant,
Rg. The transition state, TSy, involves olefin activation via
migration of hydrogen from 2-butene to surface-bound Wi, so
that a O,.-C bond is formed with bond length 2.032 A. A O, -C
bond is also formed with bond length 2.058 A. Furthermore,
the bond order of W, =0, is reduced from a double bond to
that of a single bond. The second intermediate formed by 2-
butene is a four-membered oxametallacycle (IMp,). The
transition state, TSg,, involves the cleavage of the O,-C
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bond and the formation of a Wy -C bond to achieve the
decomposition of the oxametallacycle. This process may be
treated as a [2 + 2] cycloaddition reaction between the W,.-O,,
and C,;—C, bonds to form IMy, as the 2-butene moiety moves
closer to Wg. The third intermediate formed by 2-butene is
also a four-membered oxametallacycle (IMg;), but involves
migration of hydrogen from Wj, to O,. Now, we see that IMj;
resembles IMg,, but that the Wy-C bond length is 0.351 A
longer in IMg; than in IMg;. The fourth intermediate step
involves the formation of the fourth transition state, TSg,,
which is the decomposition of the four-membered oxametalla-
cycle and the total cleavage of both the original 2-butene C=C
bond and the W,-O,,. Acetaldehyde (H;C—CH=O, ethanal)
is evolved into the gas phase. Finally, the Wq=C—CHj; group
quickly undergoes hydrogen redistribution via the fifth
transition state, TSg;, to form the final W=CH—-CHj; active
site, Py, with a W=C bond length of 1.910 A. The whole
process is depicted in Figure S

3.4. Activation Energies for Active Site Formation.
The energy diagram depicting ethene reacting on WO, (001)
to form W=CH, active sites is presented in Figure 6. We

dx.doi.org/10.1021/cs2005778 | ACS Catal. 2012, 2, 341-349
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normalize the total energy of the constituent components (e.g.,
gas-phase ethene and clean WO; (001)) to zero. From Table 1,
we thus mark the energy of the reactant, Rg, to be —26.73 kJ/
mol. We see that the formation of the first intermediate, IMg;,,
from the reactant, Rg, has a computed activation energy barrier
of E, = +21.6 kJ/mol and is endothermic, with E 4, = +6.71 kJ/
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Figure 7. Transition states for rate limiting steps in ethene (left, blue)
and 2-butene (right, red) pathways.

mol. The formation of the second intermediate, IMg,, has E, =
+13.48 kJ/mol and is also endothermic, with E 4 = +8.57 kJ/
mol. The formation of the third intermediate, IMgs, has E, =
+17.03 kJ/mol and is the first exothermic step, with E g =
—5.41 kJ/mol. We note that IMg; consists of the Wy -C=
C---Oy, adsorption configuration first described in Table 1, yet
IMg; is 1.71 kJ/mol lower in energy than ethylene adsorbed to
WO, (001) in the Wy -C=C-O,, configuration. The
“hydrogen effect” stabilizes the hydrocarbon radical via
hydrogen coadsorption, and this effect has also been observed
previously for related reactions on oxide surfaces.®*™% In the
next step, the oxametallacycle ring is opened to form the fourth
intermediate, IMg,. The final hydrogen redistribution from O,,
to the neighboring W=CH site is barrierless, yet the overall
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process of forming the W-carbene active site is endothermic
(AE = +15.74 kJ/mol). When comparing all energy barriers in
the ethene pathway, it is easily seen that the oxametallacycle
ring-opening has the highest activation energy barrier of E, =
+46.13 kJ/mol.

The energy diagram depicting 2-butene reacting on WO,
(001) to form W=CH—CHy; active sites is also presented in
Figure 6. Again, we normalize the total energy of the
constituent components (e.g., gas-phase 2-butene and clean
WO; (001)) to zero. From Table 1, we thus mark the energy of
the reactant, Ry, to be —17.71 kJ/mol. The formation of the
first intermediate, IMp;, from the reactant Ry has the highest
activation energy barrier of E, +35.19 kJ/mol and is
endothermic, where E 4, = +14.89 kJ/mol. The second and
third intermediates form exothermically, with low activation
energy barriers of E, = +10.66 kJ/mol for TSy, and E, = +4.28
kJ/mol for TSg;. The decomposition of the four-membered
oxametallacycle via TSg, has a relatively high E, = +19.23 kJ/
mol and is again endothermic. The final hydrogen redistrib-
ution from O,  to the neighboring W=C—CHj; site is
barrierless, yet the overall process of forming the W-carbene
active site is again endothermic (AE = +13.14 kJ/mol).

4. DISCUSSION

We have thus computed pathways for active site formation via
ethene and 2-butene activation. Since both sets of metal-
carbene species are formed on Wy. We know that IMg; and
IMg; are more energetically stable than their IMg, and IMj,
counterparts in both pathways. Energy must thus be added to
these intermediate configurations to cross the activation
barriers. Even when hydrogen migrates to unsaturated carbons
to form Pg and Py, these final states are also higher in energy
than IMg; and IMy;, respectively. Thus, these active sites will
proceed to react with new ethene or 2-butene molecules easily
and quickly in the propagation step of the metathesis process.

Also, we can see that the rate-limiting step in the ethene
pathway is the cycloreversion of the four-membered
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oxametallacycle to release formaldehyde, with the transition
state depicted in Figure 7. This four-membered ring is
particularly energetically stable with little steric repulsion, so
the activated hydrocarbons are strongly bound to the oxide
surface. Thus, the activation energy barrier is very high (+46.13
kJ/mol). By contrast, the analogous step in the 2-butene
pathway, where acetaldehyde is released, has a much lower
activation energy barrier (+19.23 kJ/mol). In this pathway, the
four-membered ring contains dangling methyl groups that
result in unfavorable steric effects with the hydrogenated oxide
surface. Thus, the ring-opening reaction is much more
energetically favorable in the 2-butene pathway than in the
ethene pathway.

Instead, the rate-limiting step in the 2-butene pathway is the
electrophilic addition to form the oxametallacycle, with the
transition state depicted in Figure 7. Although the methyl
groups in 2-butene are electron-donating, thus favoring this
reaction, the steric effects oppose the electrophilic effects. Thus,
the activation energy barrier is very high (+35.19 kJ/mol). By
contrast, the steric effects are not present in the ethene
pathway, so the activation energy barrier is much lower (+21.6
kJ/mol).

In summary, the 2-butene pathway is projected to be
kinetically faster than the ethene pathway to form W-carbene
active sites for olefin metathesis, because of the latter’s
extremely high activation energy barrier to breaking the
oxametallacycle intermediate. This result suggests that using a
higher ratio of 2-butene to ethene will promote the formation
of W-carbene active sites on WOj5 catalysts, and enhance the
activity of this catalysis for olefin metathesis and propene
formation.

5. CONCLUSIONS

A comprehensive DFT study of the mechanisms for forming
W-carbene active sites is presented here, to lend insight into the
metathesis reaction between ethene and 2-butene to form
propene on WOj; catalysts. We first show that on the most
thermodynamically stable WO; (001) surface, four chemically
distinguishable types of surface atoms are present: S-fold
coordinate Wy, 6-fold coordinate Wy, 2-fold bridging oxygen
0O,, and singly coordinated oxygen O,. Ethene adsorbs
preferentially to the oxide surface in a two-site Wy -C=
C---O,, configuration, while 2-butene adsorbs preferentially in a
one-site O,:--C=C configuration. The reaction pathways for
W-carbene active site formation differ between ethene and 2-
butene, though both proceed via five-step processes. In the
ethene pathway, six-membered, five-membered, and four-
membered oxametallacycles are formed successively. However,
in the 2-butene pathway, only five-membered and four-
membered oxametallacycles are formed. We also find that the
opening of the four-membered oxametallacycle is the rate-
limiting step of the ethene pathway, while the forming of the
five-membered oxametallacycle is the rate-limiting step of the 2-
butene pathway. We ultimately find that 2-butene preferentially
forms W-carbene active sites, compared to ethene, because of
the presence of electrophilic and steric effects that destabilize
the intermediates. These results provide us with design
guidelines for propene synthesis on WOj catalysts.
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