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ABSTRACT: In this work, we have performed a quantum chemical AGT =

investigation for the selective oxidation of propane toward acrylic acid on  C3H; (9) “p*~¢ 72 Kol w7 CiHe(g)
the M1 phase of a mixed metal oxide (MMO) catalyst, consisting of Mo— R &
Te—Nb—O. The M1 phase of the catalyst has a complex surface structure, \
which involves different arrangements of metal sites with variable
oxidation states. This complexity makes it inherently difficult to
understand its activity and selectivity in catalytic reactions. We have
used a multilayer cluster model of the main catalytically active site of M1
and a hybrid DFT methodology to establish the minimum energy
pathways for the propane oxidation to acrylic acid via propylene, allyl
alcohol, and acrolein as the key intermediates. In addition, the reactivity of
propyl radicals toward the formation of isopropanol, which leads the
reaction toward an unselective path of CO/CO, generation instead of
acrylic acid production, has also been depicted. We show that the formation of isopropanol has rather a low activation barrier and is
therefore competing with the formation of propylene from the propyl radical after C—H activation of propane. Once propylene has
formed, the allyl position can easily be activated to form acrolein, which can be further oxidized to acrylic acid. In addition, we have
developed a more general linear scaling relation for C—H activation chemistry to estimate activation barriers on M1 catalysts only
based on four key energetic descriptors, which are the hydrogen binding energy (Ey) on the surface site, the C—H bond dissociation
energy (Egpg) of the reactant molecule in the gas phase, the interaction energy at transition state structure (E;), and the interaction
energy between metal site and the oxygen atom of oxygenated gas molecules (Ey0).

B INTRODUCTION as a five-membered ring of Mo surrounding Nb and six- and
seven-membered rings of Mo/V surrounding Te.?%?” There is
also additional complexity from the variation of the element
distribution and oxidation states of metal sites, such as Mo®*/
Mo®*, Mo®/V**, Mo>*/V*, Te*, Te*, and Nb**,

Deeper oxidation of propene produces various unwanted
species, such as acetic acid, CO, or COZ.18 The formation of
acetic acid occurs via degradation of acrylic acid*® or via
oxidation of acetone generated from propene via isopropanol
in the presence of surfice —OH species.””’" However,
Naumann d’Alnoncourt et al.'® observed that acetone is not
a major byproduct of propane or propene oxidation. Acetone
can only be detected at low conversion of propane; for
conversions above 10%, the selectivity to acetone is often
below 1%. For propylene as a feed, an increase in acetone

The activation of C—H bonds is an interesting topic as it often
constitutes the first step for the functionalization of hydro-
carbons toward higher-value chemicals. Usually, this activation
is achieved through cofeeding oxygen, which often leads to
oxygenated products that play an important role as a feedstock
for many chemicals. However, these oxidation processes need
to be highly selective, as one would otherwise obtain undesired
side products, and here, in particular, CO,. Devising
heterogeneous catalysts that are highly selective is thus a
crucial prerequisite for implementation in the chemical
industry.”” One example is given by the industrial conversion
of propane to acrylic acid over the M1/M2 phase of a Mo—V—
Te—Nb—O mixed metal oxide catalyst.”~"> This catalyst has
shown 61% selectivity for the conversion of propane to acrylic
acid'®™"? at 380 °C. Relatively, selective oxidative dehydrogen-
ation of both ethane and propane can also be achieved with Received: September 15, 2025
this Catalyst.20_22 Revised:  January 9, 2026
This mixed metal oxide catalyst contains four metal elements Acce_Pted‘ January 21, 2026
and has a rather complex structure. It is believed that the (001) Published: February 8, 2026
facet of bulk M1 is responsible for the observed catalytic
activity.”~** This facet contains several structural motifs such

© 2026 The Authors. Published b
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Figure 1. Schematic representation of the five reactions studied herein, inspired by Trunschke et a

1.*° These include the four-step oxidation process

of propane (A) to acrylic acid (E) via propene (B), allyl alcohol (C), and acrolein (D) as the intermediates (Rxn-1, -2, -3, and -4, green pathway).
Rxn-5 represents the oxidation of propane to the unwanted byproducts isopropanol (F) and acetone (H). Pathways from propylene toward
propionaldehyde (G) and acetone are also shown in red. Calculated reaction enthalpies (AH,) and Gibbs free energies at 400 K (AG,**X) from

our DFT calculations (M06 functional) are shown.

selectivity toward 10% has been observed with increasing
steam feed from 10 to 40%. Kube et al.”’ reported that
activation of propane to propylene on MI starts at a low
temperature (120 °C), which shows that M1 can easily activate
propane to produce valuable chemicals. They found that a
quasi-simultaneous H abstraction on neighboring M=0 sites
based on kinetic isotope effects should be a more favorable
pathway compared to first C—H activation at the middle
carbon of propane and a subsequent radical-like pathway
toward propene. They also reported the production of several
intermediate gas species and overoxidation to CO/CO, with
increasing reaction temperature (100—400 °C). Their
proposed reaction network over a catalytic surface shows
that propylene can be oxidized at all three carbon atoms to
produce different oxygenated products. A selective pathway
toward acrylic acid necessitates the oxidation of the allyl
carbon atom to form allyl alcohol and acrolein as the
intermediates. Oxidizing the central sp®> carbon atom will
lead to the formation of acetone, and oxidation of the terminal
sp> carbon leads to propionaldehyde formation, with both
being easily overoxidized to CO/CO,.

Nevertheless, the reaction network from propane to acrylic
acid is extremely complex and thus still not entirely
understood.'® Therefore, the selective propane oxidation
using different transition-metal-based heterogeneous and
homogeneous catalysts has been the subject of several
theoretical studies.”’ ~** It has been proposed that C—H
abstraction and successive C—O bond formation at the allylic
position of different gas-phase intermediates are the key steps
in the above-mentioned pathways, which determine not only
activity but also selectivity.”* Liu et al. used the so-called H-
atom addition energy (HAE), steric effects, and the effects of
spin multiplicity to understand different active sites on the
surface of M1.>**° They performed a comparative study for the
activation of propane mainly at the porous site of M1 and on
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the (001) surface of V,0; catalysts. Trunschke et al.'”"?

studied surface dynamics of the M1 phase of Mo—V M1 and
Mo—V—Te—Nb M1 oxides in the presence and absence of
steam during reaction conditions of propane oxidation to
acrylic acid. Their studies claim that Te in the Mo—V—Te—Nb
M1 oxide is a crucial element to gain selectivity, whereas Te-
free Mo—V M1 oxide is also reported to be selective for acrylic
acid production. Due to the large unit cell and complexity in
terms of vanadium substitution and related oxidation states,
simple models of M1 have been invoked. Goddard et al.***’
investigated the reduction-coupled oxo activation (ROA)
mechanism for the conversion of propane to propene over a
Te—V—Te cluster, where the propyl radical binds to the
central V=0 site after the first C—H activation, then transfers
the second proton to a Te==0 site, and finally dissociates from
the surface to form propene. However, these models ignore the
role of neighboring metal-oxo sites activating the C—H bond
and their effect on the overall reaction mechanism. A study of
ODH on M1 by Li et al.’® shows a correlation between the
adsorption energy of hydrogen atoms on the surface and the
reaction energy and also the activation barrier of the C—H
activation of alkanes, and they proposed a vertical migration of
electrons from top to subsurface layers during the process.

In our previous study,”” we established the full catalytic cycle
for the oxidation of propane to propylene, exploring all
possible phase spaces on the surface of our cluster model
representing the active site of the M1 catalyst. We further
showed that a universal linear scaling relation (LSR)**™*
holds true for C—H activation of propane and propyl on M1.
Using this LSR instead of explicitly calculating transition states
and activation barriers dramatically speeds up the evaluation of
microkinetics for the catalyst, considering all possible surface
models of the catalytically active site. Our previous
investigation also showed that, due to the electronic character-
istics of M1, using density functional theory (DFT) on the
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GGA level is not enough to produce accurate energies and that
a hybrid DFT method is required.

In this work, our focus remains on the Mo-only model
(shown in Figure 2) as a starting point, such that a simple
scheme covering all reactions can be established, but note that
highly active catalysts typically incorporate one or more V
atoms.”” The location and influence of vanadium on the
catalytic activity are not fully understood to date. In this work,
we have continued to investigate the reaction network starting
from the propyl radical, followed by propylene toward acrylic
acid. We have extended the LSR with three new parameters:
(1) the C—H bond dissociation energy (Egpg) of the reactant
molecule in the gas phase, (2) the interaction energy of the
transition state structure (E?;f), and (3) the interaction energy
between the metal site and the oxygen atom of the gas
molecules (Eyo). This extends the applicability to all relevant
gas-phase intermediates. We have also introduced two different
pathways, one for double bond formation via two successive
CH activations and the other for insertion of oxygen in the
activated radical species. This enables the study of the four
selective reactions, such as propane to propylene (Rxn-1),
propylene to allyl alcohol (Rxn-2), allyl alcohol to acrolein
(Rxn-3), acrolein to acrylic acid (Rxn-4), and an unselective
reaction that is propane to isopropanol in this work (as shown
in Figure 1). Finally, the minimum energy pathways (MEPs)
for these five reactions were determined after exploring all
possible surface states of the highly dynamic active sites.

B METHODS

All DFT calculations for cluster models were performed usin:

the quantum chemistry molecular code TURBOMOLE."
Geometry optimizations have been performed within the
generalized gradient approximation (GGA) using the PBE
functional™™™ with split valence basis sets (def2-SVP).*
Single-point energy calculations have been performed for the
optimized structures using the meta hybrid-DFT functional
MO06"~* and triple-{ valence basis sets with two sets of
polarization functions (def2-TZVPP)* for all data presented
in this work (see Table STS in the SI for all PBE-D3 and M06-
D3 energies). This approach is justified by the small differences
when compared to fully M06-D3 optimized geometries (see
Figures S14—S16, and Table ST9 in the SI for details). An
extensive benchmark from Goerigk et al.’ showed that adding
D3 dispersion correction in general improved the description
of noncovalent interactions and reaction energies. Therefore,
the Grimme D3 dispersion correction”' was applied for all our
calculations (hence PBE-D3 and M06-D3).°”** This method-
ology has been shown to yield accurate energies for our cluster
model as discussed in previous work.” Open shell calculations
have been_gerformed within the unrestricted Kohn—Sham
framework.™ We have explored the singlet, triplet, and quintet
spin states for clusters with even numbers of electrons, and
doublet, quartet, and sextet spin states for structures with odd
numbers of electrons, and selected the spin state with the
lowest energy to obtain the final single-point electronic
energy.”” All calculations have been performed on a four-
layer cluster model of M1, shown in Figure 2, as this has been
shown to be converged with respect to the number of layers,
cluster size, fixed-atom constraints, oxidation states, and spin
conﬁgurations.39 During geometry optimizations, the top three
layers were allowed to relax, whereas the atoms of the bottom
layer were kept fixed in their bulk positions.”*~>® Hydrogen
atoms of O—H have also been kept fixed (see also Figure 2).

© Molybdenum @ Tellurium

© Oxygen

Hydrogen

Figure 2. Side and top view of our four-layer cluster model of the
catalytically active site of M1. Oxygen bridges to the surrounding bulk
structure have been replaced by —OH groups (shown inside gray-
colored circles). Each layer (MosTe,) of the cluster has one central
M, (denoted by M), four symmetry-equivalent side-Mo (denoted by
M), and two Te sites. The gray areas show the atoms that are kept
fixed at their bulk positions during geometry optimizations. Reprinted
in part with permission from J. Phys. Chem. C 2024, 128, 14273—
14281. Copyright 2024 American Chemical Society.

Reaction barriers are calculated by scanning the reaction
coordinates and performing constrained optimization at
individual reaction coordinate values.”” Zero-point energy
(ZPE) corrections and entropy contributions are calculated
from vibrational contributions (details are given in the SI).
Reaction thermodynamics are obtained at 400 K and 1 bar. In
order to calculate free energies of activation (AGrg) we also
need the entropic contribution TAS. For this, we calculated an
average value of 92 kJ/mol at 400 K for the entropies of the
four transition states considered here (see Table ST2 and
Figure S3 in the SI for details), a value which we will use
throughout.

In order to investigate the thermodynamics of reactions in
the gas phase, the structures of all gas-phase conformers of the
molecular reaction intermediates have been optimized within
the framework of DFT using the hybrid meta-GGA functional
TPSSh® and basis sets of valence triple-{ quality (TZVPP®').
For the optimized structures, single-point energies have been
calculated using the hybrid meta-GGA functional M06,""~*
TZVPP basis sets, and Grimme’s D3 dispersion correction.
Zero-point vibrational energies, thermal corrections for
enthalpies, and molecular entropies have been determined at
400 K and 1 bar in the rigid rotor/harmonic oscillator
approximation using analytical second derivatives of the
TPSSh energy with TURBOMOLE.
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B RESULTS AND DISCUSSION

Thermodynamic Considerations

We start our analysis of the various reactions occurring during
propane oxidation (see Figure 1) by considering the
thermodynamics of the reactions in the gas phase (thus
using molecular oxygen) and the comparison to surface
reactions, where oxygen adsorbed on the catalyst surface is
utilized. We do this for 3 different surface states of our catalysts
with different degrees of oxidation. Each oxidation state has
different possible surface configurations, and we always choose
the most stable. These are labeled 6a, Sa, and 4a in line with
what we have published earlier and are shown in Figure 3,

6a 5a 4a 3a 2
{
L &

Figure 3. Five most stable surfaces configurations of the M1 catalyst
active site for each surface oxidation state (SOX)—6a, 5a, 4a, 3a, and
2a (all surface configurations with their IDs are also presented in
Table ST4 of the SI).

along with more reduced states 3a and 2a.%” Note that during
2-electron oxidation (and thus 2-electron reduction of the
catalyst), the oxidation states go from 6a — 4a, Sa — 3a, and
4a = 2a.

Table 1 shows the calculated Gibbs free energies of the
propane oxidation pathways, shown in Figure 1, in the gas
phase using molecular oxygen as the oxidant. This is compared
to the three relevant M1 surfaces (initial states 6a, 5a, and 4a
and final states 4a, 3a, and 2a; see Figure 3). Note that 3a and
2a cannot facilitate these reactions as they are in a reduced
state and would need to be oxidized before the reaction.

The surface-configuration-dependent reactivity difference
relative to the gas phase (last column in Table 1) depicts
that all of the reactions become less favorable for more reduced
catalyst surfaces. Furthermore, the difference in AG, of the
oxidation of propane to propylene (A — B) compared to the
oxidation of propane to 2-propanol (A — F) is only about 3
kJ/mol. Since these two reactions have a similar thermody-
namic driving force, the selectivity toward propylene instead of
isopropanol is therefore determined by details of the reaction
pathways with the associated kinetic barriers. Formation of
isopropanol drives the reaction toward the unwanted
formation of acetone (H) and overoxidation to CO/CO,.
After formation of propylene (B), the oxidations to acetone (B

— H) or to propionaldehyde (B — G) are both
thermodynamically more favorable than oxidation to allyl
alcohol (B — C), which is the crucial intermediate to the
formation of desired acrylic acid (E). However, the bond
dissociation energy (BDE) of the allylic C—H bond of
propylene is the lowest among all three carbon atoms in the
molecule (all data provided in ST7 in the SI). Hence, the
allylic C—H bond should be easiest to activate, which implies
that selectivity toward acrylic acid will be driven by kinetics
rather than by thermodynamics. In this study, we have not
considered the formation of acetone and follow-up products, as
we assume that once isopropanol is formed, this will eventually
be overoxidized and lead to more oxidized products up to
CO,.

Linear Scaling Relation

Having established the thermodynamics of the various reaction
pathways over the catalytically relevant surfaces, we now turn
our attention to the kinetics. Due to the large number of
transition states that one would need to consider to achieve a
comprehensive investigation, we will use estimations of barrier
heights through the use of scaling relations.*” We will make use
of the scaling relations that we have established in our last
work,”> where we found a linear correlation of the C—H
activation barrier of propane and of the propyl radical with the
hydrogen binding energy (Ey) on the various catalytic surfaces
of M1 in strong analogy to C—H activation over a range of
materials (transition state structures and data are provided in
Figure S2 and Table ST1 in the SI). For activation at the
central C2 position in propane, the linear relation that we
identified is

AHpg = 0.75 X Ey + 175 kJ /mol (1)

Interestingly, the scaling relations for the activation of the
different C—H bonds in propane, as well as in the propyl
radical, all exhibited an identical slope but with different
intercepts. Importantly, the differences in their intercepts could
be related to the differences in C—H bond dissociation
energies (AEgpg) according to

AHpg = 0.75 X Ey + 175 kJ/mol + AEg; (2)

where AEgp; is the difference of the C—H bond dissociation
energy in question, relative to that of the propane. In this work,
we extend these considerations by including the C—H bond
activation of propylene (B) and allyl alcohol (C), which are the
relevant intermediates for acrolein and, ultimately, acrylic acid
formation. In order to verify our approach, we calculated the
transition states of C—H bond activation of propylene and allyl

Table 1. Calculated AG,** ¥ of the Oxidation Reactions in the Gas Phase Using Molecular Oxygen and on the Three Most
Stable Surface Configurations 6a, 5a, and 4a (Ordering from More to Less Oxidized Surface) of the Cluster, Where the Surface
Oxygen Atoms Are Utilized during Oxidation®

calculated AG,*° Kin kJ/mol

A—->B A—>F B> H B—->G B—>C C—-D D—E reactivity differences
gas phase —143 —140 —222 —157 —-129 —201 —226
6a — 4a —139 —136 —218 —183 —125 —196 —222 4
Sa — 3a -90 —87 —-169 —104 -76 —148 -173 53
4a > 2a =SS =52 —-134 -69 —41 —113 —138 88

“AG X shown for propane(A) — propylene(B), propane(A) — isopropanol(F), propylene(B) — acetone(H), propylene(B) —
propionaldehyde(G), propylene(B) — allyl alcohol(C), allyl alcohol(C) — acrolein(D) and acrolein(D) — acrylic acid(E) (see also Figure 1
for reference of the various reactions). The last column depicts the differences between the reaction thermodynamics utilizing molecular oxygen
and those over the three different catalyst states, where the surface oxygen atoms are utilized and reduced correspondingly.
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alcohol over two catalytic surfaces (6¢c and 4g), which
represent two extreme values of Ey. The four new transition
states are shown in Figure 4 and are taken relative to the

167

0 5b 4g
~25CHe+ 0" €,Hs+ OH" C H,+ O G,Hs + OH*

AG [kJ/mol

25
C;H:OH+ 0"

—25 6c C,H;OH + O*
_50 C;HHO* + O* C;H,0H + OH*

&,H,0H+ HO*

Figure 4. Transition states (with C—H—O bond distances in A) and
Gibbs free energy profiles for the of H abstraction on two different
active site configurations (6c and 4g), for propylene at the allylic
carbon position (a) 6c = 5b (135 kJ/mol), (b) 4g — 3g (173 kJ/
mol), and for allyl alcohol at C1 position (c) 6c — Sb (98 kJ/mol),
(d) 4¢ — 3g (113 kJ/mol), at a temperature of 400 K.

reactants in the gas phase and the clean catalyst surface (please
also see Figure S3, Table ST2 and raw data Tables ST6 and
ST7 in the SI). Note that the transition states are depicted as
AG at a temperature of 400 K, while we use AHpg in our
scaling relations, such that these are not convoluted by entropy
differences. Figure Sa shows the dependence of the calculated
activation enthalpies on hydrogen adsorption energies (AEy).

The data are again well represented by a linear correlation
with a slope of 0.75. However, in order to describe the
intercepts accurately, two more factors needed to be included,
such that the equation now reads:

AHpg = 0.75 X Ey + 175 kJ/mol + AEgy; + AEL

int

+ Eno ©)

Here, we included the term AELS, which is a correction for the
transition state energy due to the interaction of the radical with
the surface of the catalyst, as suggested from earlier work by
Deshlahra et al. for the CH activation of different C1—C4

hydrocarbons and oxygenated molecules over Keggin-type

polyoxometalate (POM) clusters.”” They observed that
Brégnsted—Evans—Polanyi (BEP)-based LSRs, based only on
the two main parameters Ey and Dgpg, omit critical
interactions between organic radicals and surface OH groups
that form at transition states that mediate the H atom transfer,
which depend on both molecular and catalyst properties.
Further, deviations from linear relations caused by the lateness
of transition states are also neglected. Deshlahra et al.*®
included these effects through crossing potential formalisms
that account for the lateness in transition states, estimating
activation energies, and estimating molecule-dependent but
catalyst-independent parameters that account for diradical
interactions using AE.: that differ significantly when
comparing allylic and nonallylic C—H bonds. The calculated
data from their work, and also in this work, show that this
diradical interaction term captures the destabilization of the
allylic radical and can explain the lower yield of products from
unsaturated hydrocarbon activation. This term explains the
interaction of radical hydrocarbon species via its localized
electron density at the activated carbon center, with the surface
metal-OH site being part of the transition state. The
differences of AHrps to that of the secondary carbon of
propane are well described by AEgpe for saturated C3
molecules; however, there is a destabilization observed for
the CH activation barrier of unsaturated hydrocarbons, the
propylene molecule in our case (please refer to the Figure S4
in the SI). This destabilization is explained by the reduced
interaction energy of AE]; due to delocalization of electron
density of the activated carbon via its unsaturated 7 bond
(explained in Figures SS—S8 in the SI). The second term that
we introduced, Epo, is an additional stabilizing energy
originating from the interaction of an O-containing functional
group in the reacting molecule with the catalyst surface metal
site and via hydrogen bonding with a neighboring M—OH site
if present. This can be seen in the transition state structures in
Figure 4c,d, where we observed that allyl alcohol comes
significantly close to a neighboring metal site via its oxygen. To
elaborate this further, we have studied the adsorption of
different O-containing species, such as water, methanol,
isopropanol, allyl alcohol, and acrolein, on different cluster
surfaces (Figures S9 and S10 in the SI).”” All oxygenated
molecules have a high tendency to be weakly adsorbed on the
metal site via their O atoms. This has also been shown in
earlier work by Xu et al,** who observed that the final
transition state energy for a surface-stabilized (SS) mechanism
depends on the adsorption energy of the reactant and product
as a descriptor for the BEP relation.

While estimations of these interactions vary to some degree,
we identified energies for AEL; and Eyo to be 21 and —21 kJ/
mol, respectively. These values would thus also exactly cancel
out if both are present in the reacting molecule, as is the case
for allyl alcohol, thus keeping the model rather simple. All of
the values of these three variables for the relevant gas
molecules required for this work are listed in Table 2.

Importantly, this simple model performs quite well and is
able to describe the transition states calculated with DFT, as
can be seen in Figure Sa. Eq 3 can be used to predict all
transition states in question, the results of which are compared
to the actual DFT calculations in the parity plot in Figure Sb.
As can be seen, our predictions hold quite well with an overall
MAE of 4.6 kJ/mol, which is the observed accuracy of DFT
when comparing trends,”** thus validating our approach.
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Figure 5. (a) Linear scaling relations for C—H activation at C1 of propane (purple line), at C2 of propane (blue line), at C1 of 2-propyl (yellow
line), at allylic carbon of propene (green line), and at C1 of allyl alcohol on the Mo-only M1 catalyst. Difference in interceptions are obtained from
eq 3, and all slopes are kept at 0.75 X Ey. (b) Overall performance of our model in eq 3 as compared to DFT-calculated data, predicting most of the
activation barriers with R* = 0.97 and MAE = 4.6 kJ/mol (the black line is the parity line). All of the data points are tabulated in Table STS in the

SL

Table 2. Calculated Egpy, ELS, and Eyo for 7 Different
Relevant Gas Molecules Used in This Work (E,,, = Egpg +

Ers + Eyo)

gas molecule, Egpr EDS Eyvo E,o
position of H (ky/ AEgpe (kJ/ (kJ (kJ/
activation mol)  (kJ/mol)  mol) mol) mol)
propane C2 431 0 0 0 0
propane C1 450 +19¢ 0 0 +19
propylene, allylic 386 —45 21 0 —24
position
allyl alcohol, allylic 344 —87 21 -21 —87
position (C1)
2-propene-1-ol-1-yl, 191 —240 21 =21 —240
O-H
acrolein C1 403 -28 21 =21 —28
isopropanol C2 409 =22 0 -21 —43
“Ref 39.

Minimum Energy Pathways

The thermodynamic calculations presented in Table ST3 of
the Supporting Information (SI) reveal that the propyl radical
adsorbs strongly onto the catalyst surface when a metal-oxo
site of either molybdenum (Mo) or tellurium (Te) is present.
Once adsorbed, fast migration of hydrogen atoms from
neighboring metal-OH sites will lead to isopropanol
formation. In our previous work,®>® we demonstrated that the
free energy barrier for hydrogen migration between a metal—
OH and a metal-oxo site is only about 20 kJ/mol (please refer
to Figure S1 in the SI). Our calculations confirm that this low
barrier also applies to hydrogen transfer from a neighboring
metal—OH site to the oxygen atom, where the propyl radical is
adsorbed (Figure 6b). This process leads to the immediate
formation of 2-propanol, as illustrated in Figure S11 of the SI
The adsorption geometry of the propyl radical (shown in
Figure S12 of the SI) suggests that the —OH group insertion is
more favorable when the radical is adsorbed at a Te-oxo site
compared to a Mo-oxo site. Based on these observations, we
propose a second reaction pathway for the formation of
oxygenated species. Note that this pathway depends crucially
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on the presence of a neighboring Mo/Te—OH site adjacent to
the Mo/Te-oxo site, where the radical is adsorbed. On the
other hand, in the absence of metal-oxo sites on the active site
for radical adsorption, the activated radical molecule will
abstract another hydrogen to a metal-OH site, forming an
unsaturated C3 hydrocarbon and a water molecule. As we
reported earlier, the CH abstraction from activated radical
species (propyl in this case) is mostly barrierless.>

In the following section, we describe two reaction pathways
that were used to determine the MEPs for the five reactions
presented in Figure 1.

Figure 6a shows two consecutive H abstractions from the
saturated C3 hydrocarbon at two different M-oxo and M-
hydroxy sites, forming an unsaturated C3 molecule. Both
activation barriers are estimated from the linear model in eq 3.
This will describe Rxn-1 (propane to propylene) and Rxn-3
(allyl alcohol to acrolein). Figure 6b represents a 3-step
process. First, the C—H abstraction occurs at a M-oxo site,
followed by adsorption of the radical species on a M-oxo site,
and finally, a H transfer from a neighboring M—OH site to the
adsorbed fragment, forming isopropanol. The first C—H
activation barrier is estimated from the linear model of eq 3,
and the second barrier (H transfer) is assumed to be 20 kJ/
mol, as estimated in the previous section. This pathway will
describe Rxn-2 (propylene to allyl alcohol), Rxn-4 (acrolein to
acrylic acid), and Rxn-S (propane to isopropanol).

Our model of LSR in eq 3 is used to estimate the activation
barriers for all H-abstraction steps. Since all these oxidation
reactions are two-electron processes, the possible starting and
ending SOX of the surfaces are 6 to 4, S to 3, and 4 to 2. We
considered all possible pathways for all surface configurations.
These are shown as dotted lines in Figure 7, whereas the bold
green and red lines represent selective and unselective MEPs,
respectively, at 400 K and 1 bar. Fast H-migration and the
presence of —OH sites as a result of the presence of steam are
included in our model as we connect all possible surfaces and
pathways.

The free energy barriers for the first C—H activation of
propane on the surfaces 6a, 5a, and 4a are 142 kJ/mol, 215,
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and 180 kJ/mol respectively, whereas the activation barrier to
form propylene from propyl on the surfaces Sa, 4a, and 3g are
115 kJ/mol, 76, and 163 kJ/mol, respectively (Figure 7a—c).
The surface 6a first isomerizes to 6d, and propane is then
activated on 6d, rather than directly activating propane on 6a.

The free energies of activation for allylic C—H bond
abstraction in propylene in Rxn-2 on the surfaces 6a, Sa, and
4a are 134 kJ/mol, 200 and 173 kJ/mol, respectively (Figure
7d—f). After the first C—H activation, the activated allyl radical
will be adsorbed in a highly exothermic step on the surfaces Sa
(=113 kJ/mol) and 4a (—117 kJ/mol). Subsequently, fast H-
migration with a low barrier of 20 kJ/mol will create and
desorb allyl alcohol from the surface, forming the surface states
of 4a and 3a, respectively (Figure 7d, e). Although adsorption
of the allyl radical can take place on surface 3a (less
exothermally with —60 kJ/mol), due to the absence of
neighboring M—OH sites, the formation of allyl alcohol will
not occur, as shown in Figure 7f. This situation causes the
radical to remain adsorbed on the surface, blocking the active
sites for other reactions to proceed from 3a.

The free energies of activation for H abstraction from the C1
carbon in allyl alcohol in Rxn-3 on the surfaces 6a, Sa, and 4a
are 61 kJ/mol, 153, and 113 kJ/mol, respectively (Figure 7g—
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i). The activation barriers of 2-propylene-1-ol-1-yl radical on
the surfaces Sa, 4a, and 3g are 103 kJ/mol, 51, and 127 kJ/mol,
respectively (Figure 7g—i). The pathways for formation of
acrylic acid from acrolein in Rxn-4 are also presented in Figure
7j=1. The activation free energies at the C1 carbon in acrolein
on the surfaces 6a, Sa, and 4a are 133, 211, and 172 kJ/mol,
respectively. Activated radical species will strongly adsorb on a
M-oxo site of Sa and 4a with —290 and —270 kJ/mol,
respectively. Again, a fast H-migration from a neighboring M—
OH site with a 20 kJ/mol barrier creates the —OH group and
facilitates the desorption of acrylic acid from the surface.
Comparatively, a lower adsorption energy of —171 kJ/mol for
the radical species of activated acrolein (2-propenal-1-yl) on 3a
is observed. However, this adsorbed species can block the
surface sites since the lack of a neighboring M—OH site will
not lead the reaction toward acrylic acid via the insertion of
_OH 68

The formation of 2-propanol from propane in Rxn-5 is an
unselective side path in the production of acrylic acid. The first
C—H activation barriers are equal to the barriers for Rxn-1
(Figure 7m—o). The propyl radical will adsorb at the surfaces
Sa and 4a with —121 and —82 kJ/mol, respectively.
Consecutive H-migration will create isopropyl alcohol, which
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4a — 2a at 400 K, 1 bar. The green bold lines for the first four reactions in the selective path and the red bold lines for the unselective path of Rxn-
S represent the MEP, and dash-dotted lines represent other possible nonfavorable paths. All CH-activation barriers are estimated from the linear

model of eq 3, and the H-migration barrier is kept constant at 20 kJ/mol.

consecutively desorbs from the surface at states 4a and 3a,
respectively. This reaction is competing with the formation of
propylene via C—H abstraction of propyl from the gas phase,
which is barrierless (in energy) in most cases. Hence, we
believe that the selectivity toward propylene should depend on
the unavailability of a M==O adsorption site for propyl and the
availability of M—OH sites for the further CH abstraction. This

will lead to the conclusion that surface coverage of O* and
OH* should be an important factor for selectivity of
propylene. These two factors will drive the reaction toward
unselective pathways to isopropanol, and the same two factors
can increase the probability of —OH group insertion and the
formation of allyl alcohol and acrylic acid in the oxidation of
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propylene and acrolein, respectively. All activation barriers of
the MEPs are listed in Table 3.

Table 3. Free Energies of Activation AG® and AG;® for the
Five Reactions Studied on Three Different Starting Surfaces

starting — end AGTS (KJ/  AG)S (kJ/
reactions (mechanism) surfaces mol mol
Rxn-1: C;H; — C;Hq 6a - 4a 142 115
Sa — 3a 215 76
4a > 2a 180 163
Rxn-2: C;Hg — C;H,0H 6a > 4a 134 20
Sa — 3a 200 20
4a —> 2a 173
Rxn-3: C;H;OH — 6a — 4a 61 103
C;H,O 52— 3a 153 51
4a — 2a 113 127
Rxn-4: C;H,0 — 62— 4a 133 20
C,H,;COOH Sa - 3a 211 20
4a — 2a 172
Rxn-5: C;Hy — C;H,OH 6a — 4a 142 20
Sa — 3a 207 20
4a —> 2a 166

The surface 6a isomerizes to 6d and activates the C—H
bond with a lower activation barrier in all five reactions shown
above in Figure 7. For all cases shown, the C—H activation
barrier on S5a is always the highest among the three starting
surfaces. The surface Sa has three M—OH sites and only one
M=0 site. Hence, this indicates that high —OH coverage on
the active site will lead to high C—H activation barriers. On the
other hand, the MEPs show that Rxn-3 can occur on all the
three starting surfaces, 6a, Sa, and 4a, because of comparatively
low barriers of allyl alcohol activation to produce acrolein. The
same for Rxn-1 is favorable only on starting surfaces 6a and 4a.
However, —OH insertion for Rxn-2, Rxn-4, and Rxn-5 is
favorable only at 6a. Because the CH-activation barrier at Sa is
very high, and —OH insertion starting from 4a is hindered due
to the lack of the M—OH site at 3a for all the cases above. The
mitigation for this problem is to keep the active site always at a
high SOX of 6 by repeated oxidation by O,.

The production of allyl alcohol from propylene and
especially of acrylic acid from acrolein, both following the
pathway depicted in Figure 6b, appeared to be less favorable
and should become bottleneck reactions compared to the
production of propylene from propane and acrolein from allyl
alcohol, following the pathway depicted in Figure 6a, in the full
pathway toward acrylic acid production. Naumann d’Alnon-
court et al.'® reported that steam has no influence on the
selectivity of propylene formation. However, Trunschke et al.'”
reported that the surface of M1 is enriched by V** species in
the presence of steam, which increases acrylic acid formation.
In dry feed, surface V°" species are largely absent, and a
reduced selectivity toward acrylic acid is observed. This
observation can be correlated with the high computational
activation barriers that we computed for acrylic acid pathways
described above in the absence of vanadium at active sites.

Production of isopropanol is more favorable than production
of propylene after propane activation. This should result in the
reaction to drive toward the unselective pathway. Propylene is
also easier to convert to acrylic acid due to lower activation
barriers when compared to propane. Rapid hydrogen transfer
at the metal site, which will possibly lead to the pathway shown
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in Figure 6b, is a key factor limiting the industrial viability of
catalyst M1 for one-stage propane oxidation to acrylic acid,
highlighting the need for a better understanding of these
mechanisms to improve performance.

Bl CONCLUSIONS

In this work, we have extensively explored the phase space of
catalytic surface configurations of the active site of the Ml
phase of the Mo—Te—Nb—O catalyst and presented all
plausible MEPs for the five most important reactions involved
in the production of acrylic acid from the selective oxidation of
propane. Furthermore, we have established a robust linear
scaling model that can be applied to a broad range of gas-phase
species reacting with oxide surfaces for a faster estimation of
activation barriers. We believe that this framework is also
potentially applicable to the activation of larger alkanes and
radicals on Mo-type catalysts. Our results show that the high
activation barrier for the first C—H activation on the Mo-only
catalyst is the crucial rate-determining step of the entire
process toward acrylic acid, a barrier that varies largely with the
oxidation state of the surface. Furthermore, the availability of
adjacent metal-oxo sites enables the adsorption of activated
radical species, and a fast hydrogen migration from the
neighborhood inserts the —OH group and desorbs the
oxygenated molecule. Hence, a specific arrangement of surface
M-Oxo and M—OH sites and surface coverage of O* and OH*
species at reaction conditions are important descriptors for
selectivity toward propylene and acrylic acid. This might be the
ultimate bottleneck for the industrial implementation of a one-
stage direct conversion of propane to acrylic acid via M1-type
catalysts. However, how this picture will change with vanadium
substitution as present in Mo—V—Te—Nb—O catalysts
remains to be seen and requires further modeling, matching
the complexity of the mechanistic aspects with those of catalyst
modifications.
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