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Abstract We report here the results of density functional
theory quantum mechanical (QM) studies of the detailed
chemical mechanism underlying the n-butane selective
oxidation to form maleic anhydride (MA) on vanadyl
pyrophosphate  [(VO),P,O;] and vanadyl phosphate
[VOPO,] surfaces. This QM-derived mechanism differs
substantially from previous suggestions but is in excellent
agreement with key experimental observations. We find
that the O(1)=P bond of the oxidized X1 phase of the
VOPO, surface is the active site for initiating the VPO
chemistry, by extracting the H from the n-butane C-H
bond. This contrasts sharply with previous suggestions, all
of which involved the V=0 bonds. The ability of O(1)=P to
cleave alkane C-H bonds arises from a new unique
mechanism that decouples the proton transfer and electron
transfer components of this H atom transfer reaction. We
find that the juxtaposition of a highly reducible V> next to
the P=O bond but coupled via a bridging oxygen dramat-
ically enhances the activity of the P=0O bond to extract the
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proton from an alkane, while simultaneously transferring
the electron to the V to form V. This Reduction-Coupled
Oxo Activation (ROA) mechanism had not been known
prior to these QM studies, but we believe that it may lead to
a new strategy in designing selective catalysts for alkane
activation and functionalization, and indeed it may be
responsible for the selective oxidation by a number of
known mixed metal oxide catalysts. To demonstrate the
viability of this new ROA mechanism, we examine step by
step the full sequence of reactions from n-butane to MA via
two independent pathways. We that find that every step is
plausible, with a highest reaction barrier of 21.7 kcal/mol.

Keywords Density functional theory - Quantum
mechanics - PBE - VOPO - VPO - Vanadium
pyrophosphate - (VO),P,0; - VOPO,4

1 Introduction

Vanadium phosphorus oxide (VPO) is a unique catalyst
that converts n-butane to maleic anhydride (MA) with high
selectivity (60-70 %) [1-3]. The partial oxidation of n-
butane to MA over VPO (Fig. 1) is perhaps the most
unique and mysterious heterogeneous catalytic process
known. This very deep selective oxidation process involves
14 electrons and yet leads to 65 % selectivity despite what
must be a very complex and structure-sensitive mechanism.
It is quite successful commercially with several companies
providing highly tuned catalysts that deliver this selectivity
for years before replacement. This catalyst is responsible
for the production of 500 kilotons of MA annually [1] that
is used as a feedstock to synthesize numerous valuable
products. Indeed, this is the most spectacular application of
alkane selective oxidation by a heterogeneous gas—solid
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Fig. 1 The VPO catalyst leads to spectacularly high selectivity (65 % selectivity with 80 % conversion at 650 K) for the very deep partial

oxidation of n-butane to maleic anhydride

catalytic process. Thus, improving the yield of MA from
the current value of 50 % [1] would bring enormous eco-
nomic and environmental benefits [2]. A major impediment
in improving this system is the lack of atomistic level
reaction mechanisms to focus attention on the atomistic
origins of the critical barriers for the selective and nonse-
lective processes. In this article we report this mechanism.

The most active phase has been identified as vanadyl
pyrophosphate, (VO),P,0, (denoted VOPO) [1]. Numer-
ous experimental [1-3] and a few theoretical [4-9] studies
have been directed toward understanding the reaction
mechanism underlying this remarkable system, but no one
has yet suggested a plausible mechanism. Insights that have
been obtained include the following:

Gleaves et al. [10] established a reaction network
using a TAP (temporal analysis of products) mic-
roreactor, proposing that n-butane is first oxidized to
butenes, then consecutively to 1,3-butadiene, furan,
and finally to MA. Of particular interest is the dis-
covery that pre-dosing with enough O, and then
exposing the catalyst to doses of n-butane lead only
to MA (no partially oxidized intermediates), sug-
gesting that the reaction may be completed on a
single active site. In contrast, with lower O, doses,
highly reactive intermediates such as butenes and
butadiene are desorbed, lowering the selectivity [10,
11]. Thus, Gleaves suggested that the oxidation fol-
lows an olefinic route [10], during which reaction
intermediates desorb and readsorb to complete the
reaction.

Others suggest that the reaction follows an alkoxide
route mechanism [12, 13], in which n-butane
anchors on the surface after the initial C—H activa-
tion and desorbs only when the final product MA is
formed. This would explain the lack of partially
oxidized intermediates under conditions of a work-
ing catalyst.

Coulston et al. [14] showed that a small amount of
V™ is crucial for a successful catalyst, based on
in situ X-ray absorption spectroscopy studies.

Besides the uncertainty in the mechanism, essentially all
the basic questions remain unanswered. It is even unknown
which sites on the surface do the initial C—H bond cleavage
from n-butane [3, 15].
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2 Computational Details
2.1 DFT Calculations

We performed density functional theory (DFT) calcula-
tions with periodic boundary conditions using the Perdew—
Burke—Ernzerhof (PBE) functional [16], as implemented in
the Quantum Espresso code. We used ultrasoft pseudopo-
tentials (USPPs) [17] with a planewave basis set and a
cutoff energy of 30 Ry for wavefunctions and 240 Ry for
charge density. We used the Gaussian electron-smearing
technique with a width of 0.01 Ry.

For bulk structures, the Brillouin zone was sampled with
3 x 3 x 4 Monkhorst-Pack k-point grid [18] for oy- and
o-VOPQy, and 2 x 2 x 2 for B-, 6- and X1-VOPO, and
(VO),P,0. For slab calculations, the Brillouin zone was
sampled with 3 x 3 x 1 k-point net for o;- and o-VOPO,
surfaces, and 2 x 2 x 1 for X1-VOPO, and (VO),P,0,
surfaces. About 8 A of vacuum space between adjacent
slabs was used to prevent the interaction between the
replicas along the z direction.

Transition states were located by using the “climbing-
images” nudged elastic band (CI-NEB) method [19, 20].
Most calculations used the spin-polarized wavefunction in
which the up-spin orbitals are allowed to be different from
down-spin. The exceptions are the calculations of the total
energies of the various phases of VOPO,. We also per-
formed some calculations using the VASP code with the
same k-point net to sample the reciprocal space, projector
augmented-wave (PAW) pseudopotentials, and the setting
PREC = ACCURATE. We calculated the binding energy
between the surface oxygen to a hydrogen atom to be 49.9,
50.8, 52.1, 45.2, and 82.4 kcal/mol for O(1) and O(2) on
the o;-VOPO, surface, and O(1) and O(2) on the oy-
VOPO, surface, and O(1)=P on the X1-VOPO,, respec-
tively. These numbers are similar to those obtained by the
Quantum Espresso code with USPPs (48.5, 49.2, 52.1,
45.2, and 84.3 kcal/mol). This indicates that the use of
USPPs gives essentially the same results as the use of
PAW.

In order to reduce the computational cost, we used the
high pressure, high symmetry form of (VO),P,0; [21],
which has four molecular units per unit cell as compared to
the ambient pressure, low symmetry form with eight units
[22]. We found that the band structures, projected density
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of states, and Mulliken charge distributions are very similar
for the two forms, and hence we expect the surface
chemistry to be similar [4].

As discussed below, we find that all reactions with the
C-H bonds of n-butane involve the O(1)=P active site. Thus
we calculated the binding energy (Dy) of a free hydrogen
atom to O(1)=P using the low symmetry, ambient pressure
form of oxidized VOPO (X1-VOPQO,) and compared the
result to that using the high symmetry, high pressure form of
oxidized VOPO. We found the two Dy’s are quite similar
(86.1 vs. 84.3 kcal/mol). As a result, we expect that the
results based on the high symmetry form are similar to those
that would be obtained using the low symmetry model.

Optimization of the cell parameters of (VO),P,0, (0 K)
with the PBE functional leads to a =7.624 A,
b = 9.661 fA, and ¢ = 8.445 A, in good agreement with
experiment (@ = 7.571 A, b = 9.536 A, and ¢ = 8.362 A
at 300 K) with deviations of 0.7, 1.3, and 1.0 %, respec-
tively [21]. Since the atoms within the layers on the bc
plane connect to adjacent bc layers through interlayer P—
O-P bonds along the a direction, we expected that London
dispersion (van der Waals attraction) might play an
important role. Therefore, we re-optimized the cell
parameters with dispersion-corrected PBE (PBE-D2)
functional [23] to obtain @ = 7.447 A, b = 9.558 A, and
c = 8.446 /DX, which deviate from the experimental values
by —1.6, 0.2, and 1.0 %, respectively. Thus PBE-D2 does
reduce the error in the calculated cell volume while the
error in the a parameter goes from +1.0 to —1.6 %. We
also re-calculated the binding energy of atomic hydrogen to
O(1)=P (which we identify as the active site for the VPO
chemistry) using PBE-D2 (with a surface model taken from
the PBE-optimized unit cell), leading to 87.5 kcal/mol for

Fig. 2 Top and side view of high pressure, high symmetry form of
(VO),P,0,. Each V is in the IV oxidation state with a singly occupied
d-orbital. The four different types of spin coupling interactions
between these d-electrons are indicated. The Jopo along the
chain but across the 8 membered ring is the strongest

PBE-D2 compared to 84.3 kcal/mol for PBE. Thus, we
conclude that the results from PBE are similar to those
based on PBE-D2.

For small finite clusters, geometry optimizations were
carried out using the same PBE functional as implemented
in the Jaguar code. We used the 6-31G** basis set [24, 25]
for all atoms except V. For V, the Ne shell of core electrons
was described using the small core Los Alamos angular
momentum projected effective core potential with the
double-{ contraction of valence functions (denoted as
LACVP#¥) [26-31].

We carried out a full optimization of the VOPO bulk
structure (Figs. 2, 3), including atomic positions and cell
parameters under orthorhombic symmetry. The VOPO
surface model used in this work was prepared by cutting
the DFT-optimized bulk structure parallel to the bc-plane,
cleaving the P-O-P interlayer bonds. It is generally agreed
that the active sites involved in n-butane oxidation to MA
are on this surface [1, 32]. We capped the cleaved sites
with either hydrogen atoms or hydroxyl groups so that
vanadium and phosphorus are maintained at the +4 and +5
oxidation state, respectively, while keeping the surface unit
cell neutral. The total number of atoms in the unit cell is
58, which includes eight vanadium, eight phosphorus, four
OH, and 34 oxygen atoms. Saturating the cleaved P-O
bonds in this way is reasonable since Busca et al. [32, 33]
observed that such P-OH motifs exist on the VOPO surface

with vibrational frequencies of 2,600 to 3,600 cm™ L.

2.2 QM Results on Bulk Properties of (VO),P,0,

Hints regarding the reactivity of VOPO were provided by
our recent study of its low-temperature magnetic structure

#02). s0(1)
v

(antiferromagnetic) coupling. The Jo along the chain but across the
4 membered ring is weakly antiferromagnetic at the equilibrium
geometry, but becomes weakly ferromagnetic upon compression by
5 %. The interchain and interlayer couplings are very weak and
ferromagnetic
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Fig. 3 Valence bond B------

description of the (VO),P,0,
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[4]. The S = % V** centers couple magnetically (1) to the
other site within the dimer, J,, (2) to the nearest site in the
next dimer in the chain, Jopo, (3) to the site in the chain
above Ji,y., and (4) to sites in the parallel chains, J.j4in
(Fig. 2). By evaluating the energies of many spin config-
urations (ferro- and antiferromagnetically coupled neigh-
bors) with B3LYP DFT and periodic models, we were able
to fit coupling parameters [4]. Two large couplings exist
along the chain direction (c-axis), which we predict to be
Jopo = —156.8 K and Jo = —68.6 K. For the two weaker
couplings appear along the a (between two layers) and
b directions (between two chains in the same layer), we
calculate the couplings to be Jiye = 19.2 K and
Jenain = 2.8 K, which is weakly ferromagnetic.

We found that stretching or compressing the chain has
little effect on Jppo but has a dramatic effect on Jo,
changing it to ferromagnetic upon just 5 % distortion. This
indicates that the bonds of the V—(O),—V unit are fragile
and dative. This is because these oxygen atoms are double
bonded to the P, so that there are no electrons left to bond
to the V [4]. We estimate that breaking apart the vanadyl
dimers at the surface costs only ~9 kcal/mol (based on a
cluster model).

We also carried out by 2-D periodic quantum mechan-
ical (QM) models of the (002) VOPO surface, in which we
found that the vanadyl groups stacked in the ¢ direction
communicate with one another [34]. Thus, after oxidizing
the top V from +4 to +35, the V*4 site in the second layer
can transfer its electron to the surface while forming a
covalent bond to the oxygen that is now shared by the two
new V' sites. This coupling had been suggested for
VOPO by Goddard in [9]. We also observed this process in
ReaxFF reactive molecular dynamics studies of the dehy-
drogenation of CH;0H by V,0s, where formation of the

@ Springer

product H,O was trapped at a V' site until the V=0 bond
of the subsite bridged to the top site to form two V'™
bridged by an O atom [35].

2.3 The H Atom Surrogate Shortcut for Assessing
Surface Reactivity

We are interested in assessing which surface sites (SS) can
activate butane. We find that the reaction is generally
endothermic with a linear transition state SS—H-butyl and a
barrier that is generally ~ 5 to 10 kcal/mol greater than the
endothermicity. Thus, writing the butyl-H bond energy as
Dc_y and the bond energy of H to SS as Dgg_y, the overall
barrier is

Ebarrier = 0 + (Dc—u — Dss—n)

where 6 ~5 to 10 kcal/mol and Dc_y = 100 kcal/mol (for
the secondary C—H bonds of butane). Since 6 + Dc_y
~105 to 110 kcal/mol is independent of the SS, we can
search over all potential SSs, examining just the energy of
bonding an H atom. For the VPO catalysts, various
experiments estimate that the activation barrier is
E, = 12.9 to 23.6 kcal/mol, depending on the degree of
oxidation of VPO [11]. Thus, we can limit our search to
SSs that have a bond energy of Dgs i = 81 to 97 kcal/mol.

3 Results
3.1 The Reduced Structure, (VO),P,0,
The starting structure for the (VO),P,05 catalysts has been

well characterized. As shown in Figs. 2 and 3, it has chains
of V sites connected by O atoms shared with phosphates,
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plus a vanadium oxo bond, V=0, perpendicular to the
sheet. This V has oxidation state +4, so that there is a d,,
singly occupied orbital on each V, which is antiferromag-
netically coupled to its neighbors.

As shown in Fig. 4, we calculated the bond energy of a
free hydrogen atom to the O(1)=V (vanadyl) group to be
Do(1)-n=58.2 kcal/mol, so that the activation energy is
expected to be ~47 kcal/mol, far too high to explain the
experimental data. We also examined the O bridging
between V and P, which we found leads to
Do(2)-u = 17 kcal/mol, extremely inactive as expected.

Thus we can conclude that neither the V=0 bond or the
V-O-P bond of the reduced structure, (VO),P,0, can be
responsible for activating n-butane.

There have been other proposals for the reactivity. For
example, it has been proposed that gaseous O, may adsorb
on the VOPO surface as a peroxyl radical or dissociatively,
oxidizing V™ to V*° to form very reactive oxygen species
in the form of O™, O,7, or O, [15, 36, 37], as in Fig. 5.
However we found that the binding of O, to the VOPO
surface is uphill by 2.8 kcal/mol (electronic energy) rather
than downhill (Fig. 5a), even though two V™ are oxidized
to V>, Moreover, we find that gaseous O, chemisorbed to
the vanadium, led to a Dy from the oxygen of peroxyl of
70.0 kcal/mol, indicating that the C—H activation barrier
would be at least 35 kcal/mol.

We also considered the dissociative adsorption of O,
(g) onto the VOPO surface. As described in [9], we added
two oxygen atoms to the top of vanadium (the position
trans to O(1)). Geometry optimization leads to the for-
mation of two new O=V bonds but simultaneously pushes
the two original O(1) atoms to bind with V=0(1) on the
second layer, forming two trans-vanadium dioxo motifs
(O(1)-V-0(1), (b)) on the other side of the surface. Here,
Lowdin spin density analysis shows that the two newly
added oxygen atoms possess some radical character (0.15 ™),

V-0-V bond T 'P V=0 bond

~0 ol f :b' P\o cl o~

\V-’O/ év ;SV/
VAWA AN
g I I °

Doyz)4 = 17.0 keal/mol Do(1).+ = 58.2 kcal/mol

~

O\P/O

Fig. 4 O-H bond strength for oxygen atoms on the (VO),P,0-,
surface. The minimum energy barrier for O(1) to activate n-butane is
~47 kcal/mol and hence neither of these oxygens can be responsible
for the observed activation of n-butane. Thus, the unoxidized catalyst,
(VO),P,07, cannot be responsible for the observed activation of n-
butane, and we must look for an oxidized form. We tried to calculate
the bond energy for H to attach to the O(3) bond at the P=0 site, but
after geometry optimization the added hydrogen was transferred to
the nearby —P-O(2)-P- (the green one)

but they lead to Dgg iy = 58.9 kcal/mol, far too weak to
explain the observed activation.

These results indicate clearly that neither the oxygen on
the VOPO surface nor adsorbed O, (molecularly or dis-
sociatively) is the active site for initial n-butane C-H
activation. From experimental studies of the same oxida-
tion reaction catalyzed on supported vanadia, Wachs et al.
[38, 39] reached the same conclusion. Thus we conclude
that the reduced form of the VPO catalyst is not the active
catalyst.

3.2 The Oxidized Surface VOPO,

Experiments show that the surface of the working VPO
catalyst contains small amounts of various phases of
VOPOy, as in Fig. 6. [40, 41] This opens a possibility that
V3, which is known to activate alkanes and furan [14],
may come from the surface of VOPQ,. There are five
known phases of VOPO,, with calculated energies as in
Fig. 7.

Comparing the structures of these well-defined VOPO,
structures (o, oqy, 0, and B phases) to VOPO, we see no
significant structural change at the V atoms. Instead, the
major changes are at phosphorus (Fig. 8). In VOPO, each

Dy =70.0
E,.=35.0

o |92
g9 s

¢

+0, +0, B
—_— — T\
58 ||kl F
i p \
299, -4 00 ® D, =68.9
0.0 2.8 0.0 388 g 4361
Two V*=0

V+5 cyclic peroxide

Fig. 5 Oxygen adsorption energies on the (VO),P,0; surface and the
O-H bond strength (Dy) to each of these O atoms, along with the
lower bound on the activation energy (E,) for n-butane C-H cleavage
(colored numbers, energies in kcal/mol). According to our results,
both of these mechanisms lead to reaction barriers too large to
account for the observed activation of n-butane

_Active Surface (V?)
(VO),P,0, (ﬁ%; (VO),P,0,

Fig. 6 Oxidation of (VO),P,0; leads to the formation of VOPO,4 on
the surface layers
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V4 0.0 keal/mol (VO),P,0,+2+0, |
—
496 || x1-voro,
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layers
V+5 —
1934 | | asvOPO,
211.2 I a-VOPO,
-218.6 B-VOPO, i
219.7 8-VOPO, TS

From DFT (PBE)

Fig. 7 Phase stability (kcal/mol) of various phases of VOPO,
(referenced to (VO),P,O; + O,). From PBE DFT calculations

a) B-VOPO
(a) * p Q¢
V < <
9N
A 4
(b) 8-VOPO, Z
- —/’/
a =Y
» » = =
v ' 4N
(¢) 0-VOPO, YN
» ' » b i J
v _¥ 4 4
v » i
(d) 0;-VOPO, | V
A o 4 7, 2

Fig. 8 3D structures for B-, 6-, oy, and o-VOPO,. As indicated, oy
and oy are layered with V=0 bonds but not P=0 bonds. The 8 and &
phases do not lead to layers and also have no P=0 bonds. The 3 and &
phases do have V=0(1) bonds, but we did not calculate O-H bond
strengths to them. This is because they have 3-D structures without
obvious layers to serve as the catalyst surface under catalyst
operational conditions. As discussed in the text, the charge on the
V=0 in both the B and & phases is similar to that of the o; and oy
phases, so we consider that the results would be the same

phosphorus atom forms one O-P bond (the pyrophosphate
P-O-P bond that links two adjacent layers) and four O-V
bonds, whereas in VOPO, phosphorus binds with four O-V
motifs.

@ Springer
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Fig. 9 Valence bond description of pyrophosphate oxidation to
phosphate. (O(1)’s on vanadium are omitted for clarity)

This suggests that the oxidation of VOPO to VOPO,
may occur by adding oxygen to phosphorus, converting
one pyrophosphate into two orthophosphates (Fig. 9). In
this way, two of the dative bonds in the V-(0O),—V motif of
VOPO become covalent, and concurrently two V™ are
oxidized to V> [4, 34]. This increase in the oxidation state
for vanadium may enhance the reactivity of the surface
oxygen toward n-butane C—H activation.

In order to verify this hypothesis, we studied bulk
VOPO, and the corresponding surfaces. We first optimized
the cell parameters and atomic positions of these VOPO,
phases under orthorhombic symmetry. The relative ener-
gies of these phases are shown in Fig. 7 (from PBE DFT
calculations).

3.2.1 The oy, and oy Phases of VOPO,

The oy and oy phases lead to layered structures and are
nearly as stable as B and . For the DFT calculations we
prepared the surfaces by cleaving parallel to the layer
direction in such a way that only van der Waals bonds are
broken.

The results are shown in Fig. 10. For the oy-surface, we
find Do(1y-n = 49.2 and Doy = 48.5 kcal/mol, far too
weak to activate n-butane.

For the oy-surface, we find Dggy-y = 52.1 and
Do@)n = 45.2 kcal/mol, also far too weak to activate
n-butane.

This indicates clearly that none of the vanadium oxygen
sites on the oy- or ayp-surfaces can be the reactive center for
VPO chemistry.

3.2.2 The B and 6 Phases of VOPO,

The B and & phases are the most stable phases, but as
shown in Fig. 8, they do not lead to layers that could form
stable surfaces for the reactions. We did not calculate the
O-H bond strength for B- and 3-VOPQO,, because they do
not have layered structures, making it difficult to decide
which surface is the most stable and how to saturate the
surface (remove broken bonds). These structures do not
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a) a,-VOPO
(@) arvoro, Dgn = 48.5

Eacty ;) 4 = 56.5 keal/mol

¥a N
N Dopu=992
./ Eact ;)4 = 55.8 keal/mol
V=0 bond

(b) a-VOPO,

. Doyq = 52.1

iy .“5 S - f@ Eacty gy 5 = 52.9 keal/mol

- .f“. ‘.O‘ .)a/. '. V=0 bond
> . ’ .;. ‘f * Dopyn =452

| N Eactg,, y = 59.8 keal/mol

V-0-V bond

Fig. 10 O-H bond strength for oxygen bonded to V atoms on the o-
and oy;-VOPO, surfaces, and the corresponding lower bound on the
activation for n-butane C-H cleavage. None of these oxygen atoms
can be responsible for the observed activation of n-butane

lead to P=0 bonds. Instead, each P is connected through O
to four vanadium atoms. However, we did calculate the
vanadium 3s core orbital energy (chemical shift) for bulk
B-VOPO, and compared it to those from oy- and oyy-
VOPO, (using B3LYP/Crystal). We found the 3s core
orbital energies and net charge on the O(1) to be similar,
and hence we expect their O-H bond strengths to be
similar.

3.2.3 The X1 Phase of VOPO,

Having eliminated the B, 9, oy- and og-surfaces, we turned
to the X1 phase [42] despite it being much less stable. The
results are shown in Fig. 11, in which we see that
Doy = 59.6, Doy = 62.8 and Do)y = 51.6 keal/
mol. Thus, none of the V-0 bonds on the X1 phase can be
responsible for activating n-butane.

To summarize, we have now examined the reduced
surface (VO)P,05 and the surfaces of all five known phases
of the oxidized form VOPQ,, and found that none has a
surface V-O site capable of activating n-butane. Yet the
experiments show that there must be a site that can do this
and it must lead to bond of at least Dgg_; = 81.0 kcal/mol.
What can the answer be?

3.2.4 The P=0 Bond and the Reduction-Coupled Oxo
Activation (ROA) Mechanism

Here we took a lesson from Sherlock Holmes: “Eliminate
all other factors, and the one which remains must be the

3 Doy = 59.6 (45.4)

Doz)n = 51.6 (53.4) l°
Dooyn = 62.8 (42.2)

i

Fig. 11 O-H bond strength to oxygens on the X1-VOPO, surface
that are bonded to vanadium. Each number in parentheses is the lower
bound on the activation for n-butane C-H cleavage. None of these
oxygens can be responsible for the observed activation of butane

Dpo = 84.3 (20.7)

DO(I)—H =] 59.6 (45.4)

A
l ° ¢  WY
R r 250
d/ '\ o &
Do@yn =51.6 (53.4) *o

Dogyn = 62.8 (42.2)

Fig. 12 O-H bond strengths for oxygen on the X1-VOPO, surface,
but now including the possibility of bonding to the P=O bond. Each
number in parentheses is the corresponding lower bound on the
activation for n-butane C-H cleavage. The O-H bond strength of
84.3 kcal/mol to the P=O bond leads to an estimated activation
energy of 20.7 kcal/mol, which is the first candidate site whose
activation energy is compatible with experiment

truth” (from The Sign of Four, Chapter 1: “The Science of
Deduction”). Also: “...when you have eliminated the
impossible, whatever remains, however improbable, must
be the truth” (from The Sign of Four, Chapter 6: “Sherlock
Holmes Gives a Demonstration”).

The only factor we had not considered was the P=O
bond. This is clearly improbable since no one had ever
before considered it. The results are shown on Fig. 12,
where we find that Dpo(;)-p = 84.3 kcal/mol! Finally, we
have a sufficiently active site, but oh so improbable! P=0O
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Fig. 13 Use of finite cluster models to investigate how the O-H bond
strength (kcal/mol) of P=O bonds depends on the number of V that
connected to the P via O linkages. This indicates that a single linkage
to V makes the PO bond 32.3 kcal/mol more active, while coupling to

d. PV,0,,

a second vanadium makes it an additional 23.8 kcal/mol more active
and coupling to a third V (as in VPO) makes it an additional 4.9 kcal/
mol more active

Fig. 14 Valence bond H
description of the hydrogen /
abstraction process by P=0. o) /‘ (0] [ (e}
This illustrates the new ROA | ) i, W O, LW
i ; PRVA \O VS \O
reaction mechanism Oiny,p .- a Ol P .- wm
ov

bonds are normally far less reactive. For example, for
P4O,p (Fig. 13a) we calculate Dpojy-g = 28.2 kcal/mol.
In contrast, replacing an adjacent P=O with V=0 increases
the P=0 bond to Dpp(1y-n = 60.5 kcal/mol (b).

The principle underlying the remarkable ability of the
P=0 bond of the X1 phase of VOPO, to active n-butane is
shown in Fig. 14.

Here, the P is initially P+ with one P=0 bond and three
single bonds bridging to two adjacent V atoms and one
adjacent P. Also, the V*> has one V=0 bond with three
electrons shared between the remaining four bonds to the
four O atoms that bridge to the other P or V. Since this V
started with five valence electrons, the valence bond view
is that there are three covalent V-O bonds and one donor—
acceptor V « :O bond.

Reacting the H to the P=0 leads to P-O-H, but instead
of this leaving an unpaired spin on a P™, the P now forms
a P=0 bond to one of the V, remaining P™>.

This converts what had been a V-O-P unit with single
bonds to both V and P to V---O=P with a donor acceptor
bond to the V, leaving the V with an extra electron in the
d,, orbital, and hence \and

It is the ability of the V™ to accept this electron that
makes the Dpo(j)_n bond so strong.

Indeed, the spin analysis after bonding the H to P=0O of
the X1 phase shows 0.61 e on one neighboring V and 0.45
e on the other (Fig. 15).
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Fig. 15 Spin density analysis shows that the electron and proton
from hydrogen atom abstracted from butane are decoupled. The
proton binds with O=P, whereas the electron is transferred to
vanadium (in this case partially on two vanadium atoms)

Figure 16 shows the transition state calculated for acti-
vating n-butane by P=0 on the X1-VOPO, surface. We
find an activation energy of 13.6 kcal/mol, which is con-
sistent with the range of experimental results of
12.9-23.6 kcal/mol [11, 43].

Thus we propose that O(1)=P on the metastable X;-
VOPOy, surface is the active center for initiating the VPO
chemistry. This conclusion is in stark contrast to the
common assumption that pyrophosphate or phosphate is a
linking ligand and catalytically inactive.
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Fig. 16 Transition state structure for the first n-butane C-H cleavage
by O=P. The calculated activation barrier is 13.6 kcal/mol. We were
surprised that this is not 5-10 kcal/mol higher than the minimum
estimated barrier of 13.7 kcal/mol, based on the isolated product
(surface-H 4+ C4Hy) [50]. We speculate that charge transfer between
the substrate and the surface may stabilize the transition state to
reduce the barrier

Our conclusion is in contrast to all previous speculations
of the mechanism based on experimental [3, 15] and the-
oretical studies [4-9], which suggested that the reactive
center is either a V-O bond [3] or chemisorbed O, on
vanadium [15].

3.2.5 Plausibility of the X1 Phase as the Catalytically
Significant Phase

Although we have now shown that the P=O bond of the X1
phase can activate n-butane, we still have an important
issue to settle. Why should we expect the catalyst to remain
in the X1 phase when the other four phases of VOPO, are
much more stable?

Our explanation is illustrated in Fig. 17. We visualize
that the chemistry (reduction and oxidation) is proceeding
rapidly in the top few layers, where X1 regions catalyze
conversion of n-butane to MA while simultaneously
reducing the local region toward the reduced form (VO),
P,0O5, which in turn later gets reoxidized by O, to form the
X1 phase. Thus, at some times parts of the top few layers
are reduced and coupled via pyrophosphate bonds while at
other times they are oxidized and separated, allowing them
to react with n-butane. It is plausible to us that this dynamic
equilibrium with constant interconversion between (VO),
P,05; and X1-VOPO, would maintain the oxidized form in
the X1 phase because massive atomic rearrangements
would be necessary to convert to the other phases of
VOPO,. We expect that such conversion of X1 into these
other phases would lead to catalyst deactivation, requiring
a more massive reduction to convert back to (VO),P,0O-,

b @ !
--\/14 ;ID.:-uO V"’4 ?
------- - '.?O¢ \ Olnyn.. T "“~-._O/P.-nullo
- 0

O/
O A0 (o A
P SVALS O T~ \/+5
@ v 12 0, @ v 0
IV
owPx . .. V- "tt__ e ow P~ -0 e
(0, “O<pa Sy
O/ - "‘V“"“ \}qu OJ Vv 5 |w0
; 7
(VO),P,0,

Fig. 17 Direct oxidation of (V**0),P,0; by O, involves oxidizing
one P,0O; to two PO, leading directly to the X1-V>OPO, phase

which may be reoxidized by O, to X1 and then continue
the selective catalysis.

3.2.6 Demonstration that the X1 Phase Can Continue
to Complete the Many Reaction Steps to Form MA
Product without High Activation Barriers: The
Olefinic Route Mechanism

To demonstrate that our proposed highly reactive surface
of X1-VOPOQ, is able to convert n-butane all the way to
MA, we studied the subsequent steps of this oxidation
reaction, considering two mechanisms proposed in the lit-
erature (Fig. 18):

The olefinic route mechanism, in which n-butane is
first converted to butene, butadiene, dihydrofuran,
crotonlactone, and finally MA [10, 44]. The mecha-
nism was established for low pressure conditions by
Gleaves [10] using a TAP reactor to determine the
intermediates desorbing to the gas phase.

The alkoxide route mechanism [12], in which the
intermediates stay on the surface without desorbing
into the gas phase. This mechanism is consistent with
the high selectivity observed in practice, with little
gas phase intermediates observed.

In this section we consider the olefinic route mechanism
using a one-layer computational model for the QM calcu-
lations. The results are summarized in Fig. 19. Here we
will go through these steps one by one. The numbering in
this figure goes down from a to e, and we refer to the
columns as 1, 2, 3, and 4.
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Fig. 18 Two proposed (a) Olefinic-route mechanism [10]

mechanisms for VPO-catalyzed

n-butane oxidation to maleic
anhydride. a Olefinic-route
mechanism [10]. b Alkoxide- /

route mechanism [12] /—/ —
)/_/
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(b) Alkoxide-route mechanism [12]
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e Step al2 Activate secondary C—H bond of n-butane
by P=0O. This has E, = 13.6 kcal/mol and AH =
—0.6 kcal/mol and is thus thermoneutral.

e Step a23 Trap butyl radical onto a V=0 bond. This has
AH = —21.3 kcal/mol and we assume no enthalpic
barrier.

o Step a34 Use a second P=O to extract H from the
remaining secondary C to form 2-butene, while
reforming the V=0 bond. This has E, = 14.7 kcal/
mol and AH = —4.0 kcal/mol.

e Step b2 Use a third P=0 to activate 2-butene to form
butenyl radical. This has E, = 8.1 kcal/mol and
AH = —3.1 kcal/mol  (includes allylic resonance
stabilization).

e Step b23 Trap butenyl radical on a V=0 site. This has
AH = —5.9 kcal/mol and we assume no enthalpic
barrier.

e Step b34 Extract H from butenyl using a fourth P=O
site to form butadiene, releasing the V=0 site. This has
E, = 7.2 kcal/mol and AH = —9.9 kcal/mol (loses
allylic resonance stabilization).

e Step cI2 Trap butadiene at a V=0 site. This has
E, = 11.8 kcal/mol and AH = +6.3 kcal/mol (slightly
endothermic despite allylic resonance).

e Step c23 Close ring to form 2,5-dihydro-furan bound to
surface at a V site (uses up one V=0 site).

e Step ¢34 (not shown) Forming 2,5-dihydro-furan
attached to the V=0 in step c23 leads to a V™ site
that binds quite strongly to the 2,5-dihydro-furan. But it

@ Springer

is favorable for the V=0 bond of the second layer to
react with the V2 of the top layer forming V™*-0O-V™.
This in turn allows the 2,5-dihydrofuran to desorb [35].
Step d12 Use a fifth P=0 to activate 2,5-dihydrofuran.
This has E, = 6.4 kcal/mol and AH = —20.0 kcal/mol
(includes allylic resonance stabilization).

Step d23 Trap 2,5-dihydrofuran radical on a V=0
site. This has AH = —1.6 kcal/mol and we assume
little enthalpic barrier (it loses allylic resonance
stabilization).

Step d34 Use a sixth P=0 to remove H from the a-C,
forming 2,5-dihydrofuran-2-one bound to the surface
(uses a second V=0 site). This has E, = 21.7 kcal/mol
and AH = —12.4 kcal/mol.

Step d45 (not shown) Step 34 leads to a V3 site. Just as
in step ¢34, the V=0 of the second layer can interact
with the surface V" to form V*-0-v** allowing the
2,5-dihydrofuran-2-one to desorb [35].

Step el2 Use a seventh P=0 to extract H from the C of
2,5-dihydrofuran-2-one. This has E, = 15.8 kcal/mol
and AH = +46.5 kcal/mol.

Step e23 Trap the 2,5-dihydrofuran-2-one radical at a
V=0 site. This has AH = —16.0 kcal/mol and we
assume little enthalpic barrier (it loses allylic resonance
stabilization).

Step e34 Use an eighth P=0 to extract H from the C to
form the product MA (uses third V=0 site) still bonded
to the surface. This has E, = 19.1 kcal/mol and
AH = —7.1 kcal/mol.
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Fig. 19 DFT-PBE calculated (a)
potential energy surface based

on the olefinic-route

mechanism. The activation

energies are shown above the

arrows. Energies in kcal/mol
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o Step e45 (not shown) As in step c34 and d45, the
V=0 of the second layer can react with the surface
V™ sit to form VT-0-v* allowing the MA to
desorb [35].

Summarizing the olefinic-route mechanism, we find that
the highest barrier in the conversion of n-butane to MA is
21.7 kcal/mol, quite consistent with experiment, which
leads to E, = 12.9 to 23.6 kcal/mol [11, 43].

In this reaction sequence, eight surface P=O sites react
with the substrate to form eight POH, each reducing one
V=0 to V*=0. In addition 3V=0 sites were converted
to V> which in turn reacted with the subsurface V=0 to
form V™*—0-V**. Thus the net result is to form 14 V**
sites with three V-O-V pairs coupling between the two
layers.

We assume that subsequent reactions with O, can
recover the oxidized surface states. All steps are consistent
with QM and experiment, but there could be other pro-
cesses as good or better. We should note that our mecha-
nism ends up with eight POH units on the surface, which
ultimately lead to 4H,O products, while leaving behind
four coupled pyrophosphates. It is possible that these steps
may require for operation at 650 K.

3.2.7 Demonstration That the XI Phase Can Continue
the Reactions Steps to MA Product: The Alkoxide
Route Mechanism

Zhang-Lin et al. [12] performed a kinetic study of the
oxidation of n-butane, butadiene, and furan catalyzed by
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Fig. 20 DFT based mechanism following the alkoxide-route

VPO. By measuring the reactant conversion rate and MA
formation rate from those oxidation reactions, they sug- —
gested a direct route from n-butane to MA. In this route, the O
activated n-butane forms an alkoxide intermediate on the Q o OH
surface and remains covalently bonded with the catalyst — W
surface while all the subsequent oxidations step occur until
the final MA product is released. Importantly, there is no
desorption until the final product MA is formed.

Our version of this alkoxide route mechanism is in

Hydrogen abstraction by O=P
Fig. 20, where we depart from Zhang-Lin by assuming that . HO@
butadiene can be formed, but reacts rapidly to form a OH 0

bound 2,5-dihydrofuran. Key assumptions in our mecha- 0 o
nism are shown in Fig. 21, namely: w
e Hydrogen abstraction by O=P;

e Carbon radical rebound with OH; Carbon radical rebound with OH
e Hydrogen abstraction by HO-P.

In order to construct the potential energy surface of the HOQ H,0 O@o

proposed mechanism, we need the following information:

~— :
(1) the binding energy between O=P and a hydrogen >

atom,
(2) the binding energy between HO-P and a hydrogen Hydrogen abstraction by HO-P
atom to form H-O,
(3) the energy cost to break off the OH bound to P, and Fig. 21 Types of reactions involved in the alkoxide-route mechanism

A

o@
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(4) the C-H bond strength and C—OH bond strength of

the cyclic intermediates.

Figure 22 uses a two layer model for QM calculations to
determine the strength of the P-OH bond at the surface P.
We find that the second layer plays a key role. Instead of
leaving a radical on the surface P after removal of the O,
the P radical reacts with the P=O bond of a subsurface P to
form a pyrophosphate bond and reduces a V in the second
layer bridged to the second layer P. As a result of this
stabilization, the energy to break the OH from the top P is
only 69.7 kcal/mol. It should be noted in this part of the
study we used the PBE-D2 functional instead of PBE while
other computational conditions are the same.

Figure 23 compares the energy for a surface P-OH bond
to extract a H to form H,O, while stabilizing the surface P
as in Fig. 22. Here we see that forming the H-OH bond is
exothermic by only 63.5 kcal/mol (compared to 119 kcal/
mol for a free OH), so that surface P-OH is not expected to
activate the alkane C-H bond (unless perhaps aided by
allylic stabilization of the substrate). In addition we see that
the surface V=0 bond is not adequate to activate alkanes.

Figure 24 examines how the second layer can stabilize
formation of a surface vacancy. This indicates that addition
of O into the substrate is more likely to come from P=0O
rather than V=0. We missed this possibility in the dis-
cussions of the olefinic route mechanism, because we did
not explicitly consider the role of the second layer. Thus
the steps that assume the substrate R forms V-O-R bonds
may instead involve P-O-R bonds.

Figure 25 compares these energetics from the two-layer
model with the ones we obtained with the one-layer model.
Comparing the vacancy formation energy from two-layer
and one-layer models, we estimate that the strength of
interlayer P-O-P bond as 59.0 kcal/mol and the V-O-V
bond as 20.4 kcal/mol.

Figure 26 reports the various bond energies for reactions
with the 2,5-dihydrofuran intermediate.

Combining these energetics together leads to the results
in Fig. 27 for the various steps in the alkoxide route
mechanism. We have not calculated barriers for these steps
since the two layer periodic calculations are far more
demanding. However, given that every step is exothermic
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by 8-42 kcal/mol and the likely barriers are less than
20 kcal/mol for most steps, we consider that the alkoxide
route is plausible with no major issues.

3.2.8 Summary of the ROA Mechanism for VPO Catalytic
Selective Oxidation of Butane to MA

Summarizing, we used DFT to determine the reaction
mechanism for n-butane oxidation to MA on VPO surfaces.
In contrast to all previous suggestions, we found that sur-
face O(1)=P (formed through the oxidation of pyrophos-
phate to two ortho-phosphates) is the site that activates n-
butane (barrier of 13.5 kcal/mol). This high reactivity of
O(1)=P is due to its relatively strong basicity coupled with
the large reduction potentials of nearby V™ ions.
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AE = 68.8 kcal/mol
(48.4 from Two-Layer Model)

We also demonstrated a full reaction pathway on this
surface for oxidizing n-butane all the way to MA, with an
overall barrier not exceeding 21.7 kcal/mol. This is consis-
tent with the reaction proceeding at 673-723 K. Thus, we
conclude the following critical elements of the VPO catalyst:

(I) We found that O(1)=P on the VOPO, surface is the
active center for initiating the VPO chemistry, by
extracting H from the alkane C-H bonds. This led
our discovery of the Reduction-Coupled Oxo Acti-
vation (ROA) mechanism.

We examined in detail two complete pathways for
the subsequent functionalization of n-butane to MA
and found the overall barrier to not exceed 21.7 kcal/

mol.
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Fig. 26 C-H bond strength of
the possible intermediates from
DFT-PBE-D2
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Fig. 27 DFT-PBE-calculated potential energy surface based on the alkoxide route mechanism. No activation energies have been calculated, but
our experience indicates that they will be less than 23 kcal/mol, indicating that this mechanism is also compatible with experimental data
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(3) We found that the second layer plays an essential
important role in the chemistry. In reduced form the
system forms P—O-P bridges which upon oxidation
by gaseous O, generate the surface P=0O bonds that
activate the n-butane. Then as in Fig. 24, reforming
the P-O-P bridges to the second layer activates the
chemistry at the surface. Similarly, O-V-O bridges
between the layers may play the role of converting a
surface V3T to a V*"—O—V** bridge that activates a
step at the surface.

4 Discussion
4.1 VPO Catalysis

We expect that these concepts learned from VPO chemistry
may enable the design of new heterogeneous and homo-
geneous catalysts to activate alkane C-H bonds while
functionalizing to form valuable organics.

Since pyrophosphates and phosphates are common
components in heterogeneous catalysts, we speculate that
they may play a key role for some of these catalytic sys-
tems as for the VPO system [45, 46].

Wachs et al. used in situ Raman spectroscopy to study
the same oxidation using supported vanadia (V,0s) cata-
lysts [38, 39]. They found that the addition of P,O5 phos-
phate additives increases the MA selectivity. Based on this
observation they concluded that the V-O-P bond is the
active site for the rate-determining-step. We agree with this
conclusion, but we find more specifically that it is a O=P-
O-V=0 unit in which the phosphate is coupled through a
bridging O to the V=0 bond of V in +5 oxidization state.
Also we find that it is the P=0 bond that activates the C-H
bond of n-butane, and not the V=0. It is not clear whether
the P-O-P bonds of the additive are retained in the model
catalyst. If they are, then we consider that Wachs’ model
system may operate under the same mechanism as we
discovered for VPO. The activity would be expected to be
less since the model system may not have the layer-to-layer
integrity of the VPO catalyst. If the model catalyst does not
retain the P-O-P units, then it may operate differently.
Perhaps experimental tests would be to replace the P,Os5
additive with POy,.

4.2 Implications for Homogeneous Catalysts

Utilizing a non-metal oxo bond (such as P=O or S=0) to
activate alkane C—H bonds would be ideal, since it would
avoid the direct use of expensive metals at the active center
[47]. Recently, this idea has been explored by Schwarz
et al., [48] who used [P4O;0]°" to activate methane C—H
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Fig. 28 Proposed organometallic complexes that activate the C-H
bond of alkanes through the ROA mechanism [50]. We expect
minimum activation energies of 22.4 and 13.3 kcal/mol for n-butane
and calculate actual reaction barriers of 26.9 and 20.4 kcal/mol

bonds, and by de Petris et al. [49] who used [SO,]°" also to
activate methane.

Indeed, we recently designed some homogeneous cata-
lysts involving PO coupled directly to V (Fig. 28) that
leads to very low barriers of 20 and 26 kcal/mol for
dehydrogenation of butane [50].

4.3 Conclusion

These studies provide novel concepts for catalysis for both
heterogeneous and homogeneous systems. They suggest
that pyrophosphate or phosphate is catalytically important
and is critical to the function of the current VPO system.
Indeed it is likely to play a similar role in other hetero-
geneous systems. For example many selective oxidation
catalysts involve P, As, Sb, Bi, Se, and Te, all which may
activate the substrate by a similar mechanism. They also
provide a new concept for designing catalysts that use non-
metal oxo bonds instead of metal oxo bonds or metals for
homogeneous alkane C-H activation.
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