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Abstract

The oxidative dehydrogenation of propane over supported vanadium oxide catalysts

poses significant computational challenges due to complex electronic structure changes

along the reaction coordinate, driven primarily by changes in the oxidation states of

vanadium. To address these challenges, we systematically test quantum chemical meth-

ods, including multireference (MR) approaches, domain-based local pair natural orbital

coupled cluster theory (DLPNO-CCSD(T)), and density functional theory (DFT). The

initial C–H bond-breaking transition state requires MR treatment due to its multiref-

erence character, while subsequent steps permit efficient single-reference calculations.

For the rate-limiting C–H activation step mediated by the vanadyl moiety, complete
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active space second-order perturbation theory (CASPT2) yields an apparent activation

barrier (E600K
app ) of 138 kJ/mol, consistent with experimental values (134 ± 4 kJ/mol;

Gruene et al. Catal. Today 2010, 157, 137). In contrast, DLPNO-CCSD(T) over-

estimates this barrier (198 kJ/mol), whereas DFT predictions span 125–150 kJ/mol,

depending on the functional. Our multireference investigation of this transition metal

oxide-catalyzed process demonstrates that an active space that incorporates the C–H σ

and V=O σ/π bonding orbitals, oxygen lone pairs, and their antibonding counterparts

adequately captures electronic structure changes along the chemical transformation.

These findings provide a general strategy for active space selection in transition metal

oxide-catalyzed C/O–H bond activation reactions. The reference dataset from this

work, which includes MR calculations with manually selected active spaces for all in-

termediates and transition states in the propane ODH reaction network, will serve as

a benchmark for automating active space selection in similar systems.

I. Introduction1

Light olefins, particularly propene, serve as crucial building blocks in the chemical indus-2

try.1–3 While propene has traditionally been produced through petroleum cracking, oxidative3

dehydrogenation (ODH) of propane has emerged as a promising alternative method for its4

production.4,5 Among the most widely studied catalysts for this transformation are supported5

vanadium oxide (VOx) systems, especially silica-supported vanadia species (VOx/SiO2).
6–8

6

On VOx catalysts, propane ODH proceeds via the Mars-van Krevelen (MvK) redox mech-7

anism, wherein VV mediates the rate-limiting C–H bond activation, generating propene while8

being reduced to VIII.9,10 The catalytic cycle concludes as O2 rapidly re-oxidizes VIII back to9

VV—a process ∼ 105 times faster than propane oxidation,11,12 effectively decoupling catalyst10

regeneration from the rate-determining substrate activation.13,1411

Beyond its industrial significance, propane ODH serves as an important model system for12

studying C–H bond activation, a fundamental process in both catalysis and enzymatic reac-13

tions. Mechanistic understanding of this chemistry requires accurate computational methods14

to complement experimental insights. While density functional theory (DFT) is efficient and15

often sufficiently accurate, its single-determinant framework fails to fully capture the complex16

electronic structure changes inherent in these oxidation processes. This limitation highlights17

the need for computational methods that can better account for electron correlation effects18
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in such systems.19

Multireference (MR) quantum chemical methods can describe electronic structures with20

significant static correlation, accurately capturing near-degenerate electronic states com-21

monly encountered in C–H activation reactions, especially at transition structures.15 Even22

with their computational demands and the expertise needed to define active spaces, MR23

methods have proven essential for understanding critical aspects of catalytic mechanisms.16,1724

These include mechanistic insights into C–H activation in propane on bimetallic oxide clus-25

ters,18,19 methane-to-methanol conversion across enzyme-mimicking models, synthetic frame-26

works, and Fe-based molecular catalysts,20,21 as well as Ni-catalyzed C–H arylation22 and27

Cu-catalyzed C–C coupling reactions.2328

In modeling metal oxide-catalyzed propane ODH reactivity, computational studies have29

relied predominantly on DFT.14,24–27 However, higher-level calculations have shown no-30

table limitations in DFT-based approaches. For instance, in methane activation by VO+,31

B3LYP28,29 predicted the first hydrogen abstraction barrier approximately 50 kJ/mol lower32

than multireference configuration interaction (MRCI+Q) benchmark values.30 Similarly, cou-33

pled cluster (CCSD(T)) calculations on a O––V(OH)3 model demonstrated that B3LYP34

underestimates this barrier for C1–C3 alkanes by 40–60 kJ/mol compared to CCSD(T).3135

These studies highlight the importance of applying both single-reference and multireference36

wave function methods to supported VOx catalyst models to gain a reliable mechanistic37

understanding of propane ODH reactivity.38

In this work, we employ a representative silica cluster model (O––VSi7O12H7) to an-39

alyze the mechanism of propane ODH over silica-supported vanadia catalysts. Our ap-40

proach combines multireference (MR) methods such as complete active space self-consistent41

field (CASSCF),32 its perturbation theory extension (CASPT2),33 and multiconfiguration42

pair-density functional theory (MC-PDFT),34 with single-reference methods like domain-43

based local pair natural orbital (DLPNO) CCSD(T)35 and various Kohn-Sham density44

functionals. Previous studies of propane ODH catalysis using well-defined cluster mod-45

els like O––VSi7O12H7 have been limited to DFT, whereas wave function methods have46

only been applied to minimal model systems such as VO+ and O––V(OH)3.
30,31 We bridge47

this gap by performing calculations with various electronic structure methods on the same48

O––VSi7O12H7 model system, which provides a more realistic representation of the catalytic49

environment.14,36 Analyzing each step of propane ODH in detail, we find that the initial C–H50
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bond cleavage transition state exhibits pronounced MR character, requiring MR methods51

for accurate results. In subsequent steps, where MR character diminishes, single-reference52

methods remain sufficiently reliable. We also investigate support-assisted reaction pathways53

and demonstrate how the oxide support may influence reactivity. Our MR benchmark data,54

based on manually selected active spaces, will serve as a reference for future development55

of automated active space selection protocols and broader studies of metal oxide-catalyzed56

reactions involving complex coordination and oxidation state changes.57

II. Model Systems58

To balance accuracy with computational feasibility, we adopted a molecular model previ-59

ously employed in studies of propane ODH over supported vanadia catalysts.36–39 The silica60

support was represented by a cubic silsesquioxane cluster (Si8O12H8, 1; Figure 1a), fea-61

turing tetrahedral Si centers that effectively mimic the [SiO4] units characteristic of silica62

surfaces. Terminal hydrogens cap the dangling bonds, ensuring a closed-shell configuration.63

The active site was modeled as O––VSi7O12H7 (2; Figure 1b), created by replacing a Si–H64

bond at one vertex of 1 with a vanadyl (V=O) group. This model also reflects experimen-65

tal observations of isolated VO4 species at low vanadium loadings on silica, which adopt66

distorted tetrahedral or pyramidal geometries under dehydrated conditions.40,41 Featuring67

fused (Si–O)4 rings, this model combines structural rigidity with sufficient local flexibility68

to accommodate local relaxations at reaction sites. By remaining computationally tractable,69

the model allows us to apply high-level wave function-based methods and systematically70

evaluate the performance of different theoretical approaches.14,3971

1

Si8O12H8

2

Si7O13H7V

(a) (b) (c)
409 kJ/mol

423 kJ/mol

O

H

V

Si

Figure 1: Catalytic models studied: (a) cubic silica support Si8O12H8 (1); (b) VOx active
site O––VSi7O12H7 (2); (c) propane substrate with experimental primary and secondary C–H
bond dissociation enthalpies (BDEs) from Ref.42
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III. Results and Discussion72

Before presenting our computational results, we briefly summarize reported experimental ap-73

parent activation energies (Eapp) for propane ODH over silica-supported vanadia catalysts.74

These values, typically derived from fitting the temperature dependence of the reaction75

rate to the Arrhenius equation,43,44 vary significantly due to the structural heterogeneity of76

the catalysts and the sensitivity of activation energies to catalyst preparation methods and77

support characteristics. Carrero et al. analyzed a wide range of published literature on ex-78

perimental activation energies and derived an average activation barrier of 117 ± 28 kJ/mol79

for V2O5/SiO2 catalysts.12 This large range underscores the influence of active site compo-80

sition and distribution on reactivity, as well as the experimental challenges in establishing81

clear structure/activity relationships.82

To provide specific examples, several studies have reported apparent activation ener-83

gies under varying experimental conditions. For instance, V2O5/SiO2 catalysts with vana-84

dium surface coverages below 0.5 V/nm2 (MCM-41) exhibit apparent activation energies of85

122 ± 20 kJ/mol.14,45 Similarly, vanadia catalysts supported on mesoporous, microporous,86

and non-porous silica have shown values in the range of 120–140 kJ/mol.46 At 400 ◦C,87

low-loaded (<2 V/nm2) VxOy/SiO2 catalysts prepared via saturation wetness impregnation88

demonstrate activation barriers of 146 ± 6 kJ/mol,8 while under comparable low-loading89

conditions, VxOy/SiO2 catalysts supported on mesoporous silica SBA-15 exhibit a barrier90

of approximately 134 ± 4 kJ/mol.47 Given the ordered nature and thermal stability of the91

SBA-15 support,48 we use these latter data (134 ± 4 kJ/mol), as a point of comparison for92

our computational results.93

Building on the observed variation in experimental activation energies and previous com-94

putational studies, we employ DFT and wave function-based methods to examine propane95

ODH over V/SiO2 catalysts. While earlier work, such as that by Rozanska et al., provided96

valuable insights into the mechanism and identified several plausible routes to propene forma-97

tion using the silsesquioxane model O––VSi7O12H7 (2; Figure 1b), these studies often relied98

on correction factors to account for dispersion interactions in van der Waals complexes.14,2499

To overcome this limitation, we optimize stationary point geometries at the M06-D3(0)/def2-100

TZVP level, a method that incorporates dispersion effects and has been validated for both101

supported vanadia catalysis and C–H activation reaction pathways.49,50 While most of the102
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mechanistic pathways explored here align with prior work,14,24,25 we propose a previously103

unreported intermediate that may play a role in understanding ODH selectivity limitations,104

as we explore in detail in the following text.105

IIIA. Reaction Mechanism106

We analyze the mechanism of propane-to-propene oxidation in three parts. First, we examine107

activation of the secondary C–H bond in propane to form an isopropyl radical (Paths A and108

B; Figure 2). This is followed by two possible reaction pathways for the conversion of the109

radical to propene: single-site pathways (SSPs), where all steps occur at a single VOx center110

(Paths C to F; Figure 5a) and a cooperative mechanism involving multiple neighboring VOx111

sites (Path G; Figure 5c)112

For the initial C–H activation, we benchmark computational results against experimen-113

tal kinetics,47 while for subsequent steps, where experimental data are unavailable, we use114

CASPT2 as a reference, justified by its ability to account for both static and dynamic cor-115

relation in transition-metal systems with multireference character.15,17,51116

IIIA.1. Initial C–H Activation117

The reaction begins with the formation of a weak van der Waals complex (INT-1; Figure 2)118

between propane and the catalyst. The secondary C–H bond of propane can then be activated119

through two possible pathways: Path A involves a bridging Si–O–V oxygen atom (TS-12),120

forming INT-2 that comprises an isopropyl radical (CH3CH(•)CH3), a surface –OH group,121

and an O=VIV(–O)2(•) fragment. Alternatively, Path B proceeds via the vanadyl oxygen122

(O=V; TS-13), forming INT-3, in which the isopropyl radical is weakly stabilized at a VIV–123

OH site. Both intermediates (INT-2 and INT-3) adopt a triplet electronic configuration,124

which remains the lowest-energy state for all intermediates and transition states along the125

subsequent single-site pathways.126

At the DLPNO-CCSD(T) level, INT-1 is only marginally stabilized (∆H
(INT-1 – INT-0)
600K = –127

3 kJ/mol). The apparent activation barrier ETS−n
app (T) is calculated as the enthalpy difference128

between TS-n and INT-0, corrected by the thermal term RT : ETS−n
app (T) = HTS−n(T) –129

H INT-0(T) + RT .43,44 Using this expression, the calculated E600K
app values for TS-12 and TS-130

13 are 234 and 198 kJ/mol, respectively, indicating that Path B is favored over Path A by131
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Figure 2: Initial C–H activation in propane ODH catalyzed by O––VSi7O12H7 (2). (a) Reac-
tion pathways via bridging oxygen (Path A) and vanadyl oxygen (Path B). (b,c) Enthalpy
profiles (kJ/mol, 600 K, relative to INT-0) for Paths A and B, respectively; Path B is ki-
netically preferred. Energies computed at DLPNO-CCSD(T) (green), CASPT2 (yellow),
MC-PDFT/MC23 (black), and r2SCANh-D4 (blue) using M06-D3(0)/def2-TZVP geome-
tries. CASPT2 and MC-PDFT use a CASSCF(8e,8o) reference. Spin states: INT-0/1
(closed-shell singlets), TS-12/13 (open-shell singlets), INT-2/3 (triplets). (Note on station-
ary point labels: TS-xy denotes a transition state connecting INT-x and INT-y.)

36 kJ/mol (Figure 2b,c). Two factors may contribute to the preference for Path B: the132

greater nucleophilicity of the vanadyl oxygen (partial charges of –0.569 e vs. –0.505 e for the133

bridging oxygen, calculated using Charge Model 5),52 and the more favorable formation of134

a V–O σ bond from a V=O π bond (as in INT-3), relative to breaking a pre-existing V–O σ135

bond in the support (as in INT-2), as reflected in the ∼20 kJ/mol lower enthalpy of INT-3136

relative to INT-2.137

As discussed in later sections, this initial C–H activation is the rate-limiting step of the138

overall ODH process, consistent with both experimental kinetics and computed energy pro-139

files.14 However, the DLPNO-CCSD(T) barrier for TS-13 (E600K
app = 198 kJ/mol) significantly140
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overestimates the experimental activation energy of 134 ± 4 kJ/mol.47 This discrepancy sug-141

gests that single-reference coupled-cluster theory does not fully capture the open-shell singlet142

character of the C–H bond-breaking transition state, motivating the use of multireference143

methods for more accurate description.144

To probe the multireference character of the rate-limiting C–H activation step, we per-145

formed CASSCF calculations along the intrinsic reaction coordinate (IRC) of TS-13. The146

Supporting Information details the active space selection, with CAS(8e,8o) identified as opti-147

mal for capturing the relevant electronic structure while avoiding active space inconsistency148

errors. For TS-13, this space includes the V=O σ and π bonding/antibonding orbitals, the149

C–H σ bonding/antibonding pair, an oxygen lone pair interacting with the vanadium 3d150

shell, and an additional unoccupied V(3d) orbital (Figure S2).151

The evolution of natural orbital occupation numbers (NOONs) along the IRC provides152

clear evidence of static correlation. As the reaction progresses toward isopropyl radical for-153

mation, the NOON of the filled V=O π/C–H σ bonding orbital decreases from 1.93 to 1.12,154

while that of the formerly unoccupied V(3d) orbital rises from 0.07 to 0.88. Near the C–H155

bond cleavage transition state (Point “C”; Figure 3), both orbitals exhibit significant par-156

tial occupancy (1.51 and 0.49, respectively), reflecting strong static electron correlation not157

captured by single-reference methods. By contrast, the reactant and product regions display158

near-closed-shell behavior, with occupation numbers close to 2.0/0.0 or 1.0/1.0, respectively.159
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Figure 3: Electronic structure changes along the intrinsic reaction coordinate (IRC) for
vanadyl-mediated C–H activation (Path B; Figure 2). (a) CASSCF(8e,8o) single-point ener-
gies computed on M06-D3(0)/def2-TZVP IRC geometries (green solid line). Natural orbital
occupation numbers (NOONs) show the evolution of an occupied V=O π/C–H σ bond into
a C(2p) orbital (blue dashed line) and an empty V(3d) orbital into a singly occupied V(3d)
orbital (grey solid line). (b) Representative natural orbital diagrams showing the two most
significantly evolving orbitals during the reaction, with corresponding NOONs at selected
IRC points.
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These findings motivated the use of second-order multireference perturbation theory to160

obtain more accurate energetics. CASPT2 calculations based on the CAS(8e,8o) reference161

yielded apparent barriers of 186 and 138 kJ/mol for TS-12 and TS-13, respectively (Figure162

2b,c). N -electron valence state second-order perturbation theory (NEVPT2) yielded slightly163

lower values, at 173 and 115 kJ/mol, respectively, but both methods consistently favor the164

vanadyl-mediated pathway (Path B) by 50 to 60 kJ/mol over the bridging-oxygen route165

(Path A), consistent with trends observed at the coupled-cluster level. Notably, unlike166

DLPNO-CCSD(T), the CASPT2 barrier for TS-13 closely matches the experimental value167

of 134 ± 4 kJ/mol,47 demonstrating the importance of multireference methods for accurately168

describing this system.169

We next employed MC-PDFT as a more efficient approach for capturing both static170

and dynamic correlation, testing three on-top functionals using the CAS(8e,8o) reference171

(Table 1). While tPBE34 significantly underestimates the apparent activation barrier for172

TS-13 (E600K
app = 88 kJ/mol), hybrid tPBE0 (containing 25% CASSCF energy)53 and the173

recently developed hybrid meta functional MC2354 yield more accurate barriers of 122 and174

146 kJ/mol, respectively, with MC23 closely reproducing the CASPT2 result of 138 kJ/mol.175

Turning to more widely accessible methods, we evaluated the performance of four hybrid176

Kohn-Sham density functionals. Among these, r2SCANh-D4, TPSSh-D4, and ωB97M-D4177

predict apparent barriers of 125, 133, and 143 kJ/mol, respectively, in good agreement with178

the CASPT2 result. In contrast, M06-D3(0) slightly overestimates the barrier, yielding179

153 kJ/mol. Despite their favorable barrier heights, both r2SCANh-D4 and TPSSh-D4180

exhibit notable inconsistencies in the energy landscape, placing INT-3 approximately 15181

to 25 kJ/mol above the preceding transition state TS-13, as shown in Figure 2b,c and182

summarized in Table 1. This artifact arises because electronic energies are evaluated using183

the respective functionals, while all geometries and thermal corrections are computed at the184

M06-D3(0)/def2-TZVP level.185

Our analysis of the initial C–H activation step identifies Path B, involving vanadyl oxygen,186

as the preferred route, consistent with O18 isotope-labeling experiments55 and prior compu-187

tational studies reporting similar barrier differences (∆∆H‡
0K(A–B) = 38 to 60 kJ/mol).14,25188

While single-reference DLPNO-CCSD(T) overestimates the barrier (198 kJ/mol), multirefer-189

ence CASPT2 calculations (138 kJ/mol) closely match the experimental value (134± 4 kJ/mol),47190

and alternative multireference approaches such as NEVPT2 and MC-PDFT (notably, tPBE0191
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Figure 4: Comparison of experimentally determined apparent activation barriers with com-
puted activation enthalpies (600 K; †using CAS(8e,8o) reference) for the rate-limiting initial
C–H activation step using select multireference methods with the silsesquioxane cluster model
(Si7O13H7V). Experimental apparent activation barriers are obtained from references:8,45,47

and MC23) yield similarly reliable barriers (Figure 4). These results demonstrate that accu-192

rate description of the transition state in this open-shell system requires explicit treatment of193

static correlation, highlighting the limitations of single-reference methods. In this context, it194

is noteworthy that our model describes isolated vanadyl species, although experimental cat-195

alysts likely contain a distribution of monomeric, dimeric, and oligomeric sites, with dimeric196

species potentially exhibiting lower barriers.24197

IIIA.2. Reactivity of the Isopropyl Radical along Single-Site Pathways (SSP)198

With Path B established as the preferred route for C–H activation, we next examine the199

reactivity of the resulting isopropyl radical intermediate, INT-3. This species can undergo200

further oxidation via several competing single-site pathways, as outlined in Figure 5a. To201

frame the discussion, we first describe the reaction network based on stationary points and202

their connectivity. We then analyze the extent of MR character along each pathway and203

benchmark the associated energetics using CASPT2 and MC-PDFT, followed by a compar-204

ison with DLPNO-CCSD(T) and Kohn-Sham DFT results.205

The isopropyl radical intermediate can proceed through two general mechanistic classes:206

direct hydrogen-atom abstraction (HAA; Paths C and E; Figure 5a) or radical recombination207

followed by rearrangement (Paths D and F). In the single-site direct HAA routes, a second C–208

H activation occurs at the methyl group of CH3CH(•)CH3 via either a VIV–OH moiety (TS-209
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34, Path C) or a bridging oxygen (TS-35, Path E). These transition structures respectively210

lead to INT-4, where propene forms alongside a water-bound, reduced VIII species, and211

INT-5, where hydrogen transfers to a bridging oxygen, cleaving the V–O(Si) bond.212

In the radical recombination routes, the isopropyl radical binds to a hydroxyl group213

from VIV–OH (TS-37, Path D) or to a bridging oxygen (TS-36, Path F), forming either214

INT-7, a reduced VIII(–O)3 species with coordinated 2-propanol, or INT-6, comprising Si–215

OC(H)(CH3)2 and VIII(OH)(–O)2. Both intermediates (INT-6 and INT-7) undergo further216

transformation through cyclic transition states TS-64 and TS-75, ultimately converging to217

INT-4 and INT-5, respectively. The VIII–OH moiety in INT-5 can eventually abstract a218

proton from a surface HO–Si via TS-54, merging into INT-4. INT-4 is then reoxidized by219

O2, completing the catalytic cycle;11,12 however, we do not model these reoxidation steps in220

the current work. For further discussion of catalyst reoxidation in related systems, we refer221

readers to prior studies employing Kohn-Sham DFT.25222

Additionally, we identify a previously unreported intermediate, INT-10, featuring a VIII
223

center analogous to INT-4 but coordinating propene instead of water. The energetic and224

mechanistic implications of INT-10 are discussed below.225

IIIA.2.1. Multireference Diagnostics for the Reaction Network. As in the initial226

C–H activation step, we used two diagnostics, T1 and M , to systematically explore MR227

character along the reaction pathways. The T1 diagnostic, derived from coupled-cluster t1228

amplitudes, signals strong static correlation when it exceeds 0.02 for closed-shell or 0.045229

for open-shell species.56 However, T1 is known to underestimate MR character in certain230

transition-metal systems.57 To address this limitation, we also employed the M diagnostic,231

which quantifies deviation from ideal single-reference behavior based on natural orbital oc-232

cupation numbers (see Equation S2).58 According to this metric, MR character is considered233

low (M < 0.05), moderate (0.05 < M < 0.1), or high (M > 0.1).59234

Diagnostic results (Table S1) confirm and extend the natural orbital occupation analysis235

presented earlier in Figure 3. Most intermediates exhibit T1 values below 0.02, indicating236

nominal single-reference character. However, INT-1 and INT-2 show highM values (0.11 and237

0.09, respectively), suggesting significant MR character. This trend is even more pronounced238

in the C–H activation transition states TS-12 and TS-13, where M values of 0.28 and 0.58239

reflect substantial static correlation that is not captured by the moderate T1 values ( 0.024).240
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Figure 5: Isopropyl radical oxidation pathways following initial C–H activation by
O––VSi7O12H7. (a) Reaction network showing single-site pathways (Paths C to F) lead-
ing to propene. (b) Key transition structures. (c) 600 K enthalpy profile (kJ/mol) at the
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Adapted from Rozanska et al.14

12



Such underestimation is a known limitation of the T1 diagnostic, as exemplified by the Cr2241

dimer, a well-known MR system with deceptively low T1 values below 0.05.57242

MR character diminishes markedly in the later stages of the reaction, with both T1 andM243

diagnostics indicating weaker correlation for downstream intermediates and transition states.244

Accordingly, while MR treatment is essential for the initial C–H activation, single-reference245

methods are likely sufficient for describing subsequent steps of the mechanism.246

IIIA.2.2. SSP Energies using MR Methods. Building on the multireference diagnos-247

tics, we employed CASPT2 and MC-PDFT to quantify the energetics of the downstream248

single-site pathways, focusing on key intermediates and transition states along Paths C249

through F. Both sets of calculations were performed using a CAS(8e,8o) reference.250

CASPT2 results show that transition states associated with the second hydrogen atom251

abstraction from CH3CH(•)CH3 (TS-34 and TS-35), radical rebound (TS-36 and TS-37),252

and subsequent rearrangements (TS-54, TS-64, and TS-75) span a relatively narrow range253

of 25 kJ/mol, with enthalpy barriers varying from 225 to 250 kJ/mol. All intermediates254

along these SSPs lie within approximately 60 kJ/mol of the propene-forming product INT-255

4. Notably, INT-7, a reduced VIII species coordinated to 2-propanol, emerges as the lowest-256

energy intermediate following INT-3, supporting the feasibility of 2-propanol formation as a257

byproduct in propane ODH.24258

CASPT2 calculations identify INT-10, a previously unreported intermediate featuring259

a VIII center coordinated to propene, in contrast to the water-bound structure of INT-4.260

INT-10 is nearly isoenergetic with INT-4 (∆∆H600K = 3 kJ/mol), indicating that it is ther-261

modynamically accessible. Although we do not model the full overoxidation pathway, the262

persistence of adsorbed propene in INT-10 suggests a possible route for further oxidation263

to COx under O2-rich conditions, rather than immediate desorption. As there is no ex-264

perimental evidence for INT-10, we present it as a plausible but unconfirmed intermediate265

that may serve as a testable hypothesis for future experimental or kinetic studies aimed at266

understanding overoxidation pathways and improving selectivity.267

To assess more computationally affordable alternatives to CASPT2, we performed MC-268

PDFT calculations using the same CASSCF reference. The tPBE on-top functional sub-269

stantially overestimates key barrier heights, particularly for TS-54, TS-64, and TS-75, with270

deviations of up to 75 kJ/mol relative to CASPT2. Incorporating 25% CASSCF energy in271
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the hybrid tPBE0 functional improves accuracy, reducing deviations to within approximately272

30 kJ/mol. Finally, the hybrid meta-on-top functional MC23 offers the best agreement, re-273

producing CASPT2 energetics within about 20 kJ/mol across the SSP. These results indicate274

that hybrid MC-PDFT functionals, provide a promising balance between accuracy and com-275

putational efficiency for these systems.276

IIIA.2.3. SSP Energies using DLPNO-CCSD(T) and KS-DFT. To contextual-277

ize the CASPT2 and MC-PDFT results, we compared them with DLPNO-CCSD(T) and278

four KS-DFT functionals: r2SCANh-D4, TPSSh-D4, M06-D3(0), and ωB97M-D4 (Table 1).279

DLPNO-CCSD(T) shows excellent agreement with the CASPT2 results presented in Figure280

5c, with most transition state and intermediate enthalpies agreeing within ∼ 10 kJ/mol. No-281

tably, the coupled-cluster results corroborate the CASPT2 prediction of INT-10, locating this282

previously unreported intermediate within 9 kJ/mol of INT-4. Although DLPNO-CCSD(T)283

significantly overestimates the barrier for the initial C–H activation, its close agreement with284

CASPT2 across the downstream single-site steps shows that it remains a very useful method285

for this part of the reaction network.286

Kohn–Sham DFT methods generally capture the qualitative features of the SSP energy287

landscape observed with CASPT2 and DLPNO-CCSD(T), though their quantitative accu-288

racy varies significantly (Table 1). Among the tested functionals, M06-D3(0) and r2SCANh-289

D4 perform best for key intermediates such as INT-4, yielding enthalpies of 117 kJ/mol290

that match CASPT2 (117 kJ/mol) and closely align with DLPNO-CCSD(T) (120 kJ/mol).291

However, most functionals substantially underestimate the activation barriers for critical292

transition structures, including TS-34, TS-36, and TS-37, with deviations reaching up to 80293

kJ/mol in the case of ωB97M-D4. While TPSSh-D4 offers more consistent barrier predic-294

tions, it tends to overestimate intermediate energies (e.g., INT-4 at 151 kJ/mol). Conversely,295

ωB97M-D4 systematically over-stabilizes intermediates (by ∼ 60–70 kJ/mol) while underes-296

timating transition state energies (by ∼ 65–80 kJ/mol). Overall, while KS-DFT functionals297

reproduce the general energetic trends across the SSP landscape, their quantitative reliability298

is highly sensitive to the choice of functional.299

IIIA.2.4. Mechanistic Takeaways of Single-Site Reactivity. Our analysis of single-300

site pathways indicates a consistent mechanistic preference for support-mediated oxidation301
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Table 1: 600 K enthalpies† (kJ/mol; INT-1 set as the reference; excludes the RT term)
for all stationary points shown in Figures 2 and 5. Calculations were performed using the
def2-TZVP basis set for single-reference methods and the ANO-RCC-VTZP basis set for
multireference methods. Electronic configurations: INT-1 (closed-shell singlet); TS-12/TS-
13 (open-shell singlets); INT-8/INT-9/TS-89 (doublets); All other species (triplets).

Stat.
Point

Lit. Values This Work

B3LYPa CCSD(T)b r2SCANhc TPSShc M06c ωB97Mc tPBEd tPBE0d MC23d CASPT2d

INT-1 0 0 0 0 0 0 0 0 0 0

INT-2 183 211 195 217 219 172 169 145 158 178

INT-3 134 189 141 162 155 136 91 146 136 123

TS-12 191 231 181 192 214 189 180 174 184 184

TS-13 117 196 125 135 161 143 86 120 144 136

INT-4 72 120 118 151 117 49 184 120 126 117

INT-5 84 132 129 163 134 57 200 133 135 124

INT-6 75 93 88 119 88 23 182 114 91 85

INT-7 39 65 59 93 62 –1 145 78 67 62

INT-10 — 129 119 151 120 58 215 151 128 120

TS-34 178 264 202 224 229 180 244 234 241 250

TS-35 184 249 201 224 232 163 242 227 228 236

TS-36 173 243 172 189 197 158 252 228 223 238

TS-37 161 252 170 190 202 167 245 221 231 248

TS-54 115 171 160 192 167 97 235 176 176 162

TS-64 181 232 196 222 220 149 300 241 228 225

TS-75 173 239 203 231 230 157 306 247 240 232

INT-8* 0 0 0 0 0 0 0 0 0 0

INT-9* –100 –78 –60 –56 –53 –121 –39 –65 –54 –86

TS-89* 29 38 37 37 58 –2 –23 –17 –7 32
†Thermal contributions to enthalpy terms were calculated at the M06-D3(0)/def2-TZVP level; aElectronic
energies with ZPE correction (≈ H0K) obtained from reference;14 bDLPNO-CCSD(T); cAll DFT methods

include dispersion corrections (D4 except M06-D3); dCASSCF (8e,8o) reference wave function.
*Cooperative pathway using CASSCF (9e,9o) reference wave function.

of the isopropyl radical (INT-3) on low-coverage VOx catalysts. CASPT2 calculations show302

that transition states associated with support-assisted hydrogen abstraction (TS-35, Path303

E) and radical capture (TS-36, Path F) are favored over their VIV–OH counterparts (TS-34,304

TS-37, Paths C and D) by at least 10 kJ/mol. Although modest, this energetic bias aligns305

with experimental kinetic isotope effect studies using deuterated propane13 and underscores306

the critical role of the support in stabilizing intermediates and lowering barriers, consistent307

with the observed dependence of ODH activity on support identity.12308

Kinetically, the initial C–H activation (TS-13) remains the rate-determining step, despite309

higher barriers in some downstream pathways, due to the irreversible nature of hydrogen-310

atom abstraction.60 Once formed, the isopropyl radical rapidly engages in subsequent re-311
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actions, while the catalyst remains predominantly in its oxidized VV state owing to fast312

reoxidation by molecular oxygen. This mechanistic picture is supported by microkinetic313

modeling, which also identifies the initial C–H activation as the rate-limiting step, with314

subsequent transformations proceeding quickly upon encounter with oxidized VV sites.24315

IIIA.3. Cooperative Reactivity of Isopropyl Radical316

Beyond the single-site pathways, we explored a mechanistically distinct cooperative route317

for isopropyl radical conversion involving multiple VOx sites (Path G; Figure 5d), which may318

become more relevant under higher vanadium loading conditions. Unlike the triplet surfaces319

associated with Paths C to F (Figure 5a,b), Path G proceeds on a doublet surface, where320

the isopropyl radical migrates from a reduced VIV–OH site to a neighboring oxidized VV=O321

site, forming INT-8. A second hydrogen atom abstraction from CH3CH(•)CH3 via TS-89322

then yields propene and a second VIV–OH species (INT-9). To ensure consistent energy323

comparisons while avoiding size-consistency issues,61,62 INT-8 is used as the reference for all324

cooperative pathway energetics.325

Although we do not explicitly model V–O–V linkages, which are more likely to form at326

higher VOx loadings and have been examined in previous studies,24 the cooperative pathway327

explored here assumes a low-loading regime in which two nearby but isolated vanadyl sites328

can act in concert, following the approach used by Rozanska et al.14 This setup allows us to329

directly compare the reactivity of VV=O and VIV–OH species in the subsequent oxidation of330

the isopropyl radical, without the added structural complexity of polymeric VOx domains.331

For this pathway, all MR calculations employed a (9e,9o) active space to account for332

the singly occupied molecular orbital localized on the carbon-centered radical in INT-8, in333

contrast to the CAS(8e,8o) used elsewhere in this study. With this reference, CASPT2334

predicts a barrier of 32 kJ/mol for TS-89 (relative to INT-8) and an exothermic reaction335

enthalpy of –86 kJ/mol for INT-9. DLPNO-CCSD(T) yields similar results, with a barrier336

of 38 kJ/mol and a reaction enthalpy of –78 kJ/mol.337

MC-PDFT, however, deviates from these benchmarks: all three on-top functionals predict338

a barrierless second HAA and reaction enthalpies between –40 and –65 kJ/mol. Among the339

KS-DFT functionals, r2SCANh-D4 and TPSSh-D4 show the best agreement with CASPT2340

and DLPNO-CCSD(T), yielding barriers of 37 kJ/mol and reaction enthalpies of –60 and341

–56 kJ/mol, respectively. M06-D3(0) predicts a comparable reaction enthalpy (–53 kJ/mol)342
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but overestimates the barrier (58 kJ/mol). In contrast, ωB97M-D4, like MC-PDFT, predicts343

an effectively barrierless TS-89 and a substantially overestimated exothermicity for INT-9344

(–121 kJ/mol).345

The cooperative pathway presents a mechanistically viable route under realistic ODH346

conditions. By engaging multiple active sites, Path G bypasses the high-energy VIV–OH347

intermediates characteristic of the single-site pathways. This finding is consistent with prior348

studies reporting a kinetic preference for hydrogen abstraction at oxidized VV centers over349

reduced VIV sites.14 Migration of the isopropyl radical to nearby VV=O sites lowers kinetic350

barriers and leverages the high abundance of oxidized sites during fast catalyst reoxidation.351

These results suggest that optimal VOx catalyst design should balance site density to en-352

able cooperative effects while minimizing active site aggregation that could reduce propene353

selectivity.63354

IIIB. Method Comparison Across the Reaction Network355

Our analysis of the propane ODH mechanism shows that single-reference DLPNO-CCSD(T)356

overestimates the rate-limiting C–H activation barrier (E600K
app = 198 kJ/mol) relative to ex-357

periment (134 ± 4 kJ/mol),47 due to its inability to fully capture the open-shell singlet358

character of TS-13. In contrast, multireference methods yield better agreement: CASPT2359

predicts 138 kJ/mol, and NEVPT2 gives 115 kJ/mol. Among MC-PDFT approaches,360

hybrid/meta-hybrid on-top functionals improves agreement with experiment, progressing361

from tPBE (88 kJ/mol) to tPBE0 (122 kJ/mol) to MC23 (146 kJ/mol).362

Beyond the initial C–H activation, where MR character diminishes, DLPNO-CCSD(T),363

CASPT2, and MC-PDFT (particularly MC23) yield comparable energetics. The mean abso-364

lute deviations (MADs) of DLPNO-CCSD(T) and MC23 from the CASPT2 reference across365

the single-site pathways are 8 and 9 kJ/mol, respectively (Figure 6).366

Kohn-Sham DFT functionals show larger spread. For C–H activation, predicted barriers367

range from 125 kJ/mol (r2SCANh-D4) to 153 kJ/mol (M06-D3(0)), with TPSSh-D4 (133368

kJ/mol) and ωB97M-D4 (143 kJ/mol) in between. While ωB97M-D4 performs reasonably369

well for this step, it over-stabilizes downstream triplet species. In contrast, r2SCANh-D4,370

TPSSh-D4, and M06-D3(0) maintain better consistency with CASPT2 across both the initial371

and subsequent steps (Table 1 and Figure 6).372

A systematic active space analysis during the initial C–H activation shows that the mini-373
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Figure 6: Mean absolute deviation (MAD) in enthalpy (kJ/mol) for various computational
methods relative to CASPT2 reference calculations. Reaction pathways: Initial C–H Ac-
tivation (green), Single-Site Pathways (yellow), and Cooperative Pathway (blue). All MR
calculations employed an (8e,8o) active space for the first two pathways and a (9e,9o) active
space for the Cooperative Pathway. Thermal contributions to enthalpy were calculated at
the M06-D3(0)/def2-TZVP level for all methods.

mal CAS(6e,6o), incorporating V=O σ/π and C–H σ bonding orbitals and their antibonding374

counterparts, is insufficient, as indicated by significantly higher relative energies across most375

stationary points (Table S1). In contrast, larger spaces such as CAS(8e,8o), CAS(10e,10o),376

and CAS(10e,12o), where we sought to include additional V–O bonding/antibonding orbitals377

from the support and the vanadyl oxygen lone pair interacting with V(3d) orbitals (Figures378

S3–S8), yield more consistent results. CASPT2 demonstrates excellent stability across these379

spaces, with MADs relative to CAS(8e,8o) within 10 kJ/mol (Table S4). In contrast, MC-380

PDFT/tPBE shows MADs up to 60 kJ/mol, particularly for closed-shell species like INT-1.381

For MC-PDFT, “balanced” active spaces are essential—the (10e,10o) space aligns reason-382

ably with the (8e,8o) reference, while “unbalanced” spaces such as (8e,10o) and (10e,12o)383

show larger deviations across multiple structures (Table S3–S4). These results emphasize384

the importance of selecting a minimal yet balanced active space sufficient to describe the385

chemical transformation when using MC-PDFT in transition-metal systems.386

This difference between CASPT2 and MC-PDFT reflects a fundamental contrast: CASPT2387

has a well-defined full configuration interaction (FCI) limit and exactly recovers the FCI en-388
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ergy when applied to an FCI reference. In contrast, MC-PDFT retains intrinsic errors due389

to its approximate density functional correction, even with an exact reference wave function.390

The distinction between CASPT2 and MC-PDFT, that the former has a FCI limit and the391

latter does not, might also reflect the former’s apparent superior ability to “smooth over,” so392

to speak, the differences between active spaces of different species. Note that, we were un-393

able to control the shapes of active orbitals in all intermediates and transition states, so that394

calculations of some species included, for instance, active C–H σ bonding and antibonding395

orbitals and others did not (Figure S2). The remarkable stability of the CASPT2 relative en-396

ergies to active space size suggests that these difficulties, and the resulting inconsistencies of397

the reference wave functions, are not too severe to be overcome with a perturbative method.398

On the other hand, the relative instability of the MC-PDFT relative energies suggests that399

this method is less able to overcome such inconsistencies in the reference wave functions.400

Finally, although some KS-DFT functionals reproduce experimental barriers reasonably401

well, caution is warranted. For instance, r2SCANh-D4 and TPSSh-D4 incorrectly predict402

INT-3 to be higher in energy than TS-13 and produce inconsistent relative barriers for TS-403

35 versus TS-36, contradicting the near-degeneracy predicted by DLPNO-CCSD(T) and404

CASPT2. Similarly, while ωB97M-D4 performs well for C–H activation (MAD = 8 kJ/mol405

vs. CASPT2), it shows deviations of up to 70 kJ/mol for downstream steps (Figure 6).406

These discrepancies highlight the limitations of KS-DFT in systems involving multiple spin407

states and emphasize the need for methods capable of reliably treating singlet, doublet, and408

triplet configurations across a full reaction network.409

IV. Conclusions410

Using a well-defined O––VSi7O12H7 cluster model, we investigated the propane oxidative de-411

hydrogenation mechanism over supported VOx catalysts. Our systematic comparison shows412

that the choice of electronic structure method is critical for capturing the evolving multiref-413

erence (MR) character along the reaction pathway.414

The initial C–H activation step exhibits strong MR character (M = 0.58 for TS-13),415

necessitating MR treatments to accurately reproduce experimental barriers. CASPT2 yields416

an activation barrier of 138 kJ/mol, closely matching the experimental value of 134 ± 4417

kJ/mol, while DLPNO-CCSD(T) overestimates it at 198 kJ/mol. In later stages of the418
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mechanism, where MR character diminishes (M < 0.05), DLPNO-CCSD(T) and CASPT2419

converge, with deviations reduced to within 10–15 kJ/mol.420

Active space analysis confirms that a minimal CAS(6e,6o) space, comprising V=O σ/π421

and C–H σ bonding orbitals along with their antibonding counterparts, is insufficient. An422

expanded CAS(8e,8o) space, including the vanadyl oxygen lone pair, provides a reliable423

balance of accuracy and efficiency. Even larger active spaces do not significantly alter the424

activation barrier at the CASPT2 level. Thus, we recommend CAS(8e,8o) as a starting point425

for future MR studies of C/O–H bond activation in d0-metal oxide systems such as VOx.426

CASPT2 results remain robust across larger active spaces. In contrast, MC-PDFT is more427

sensitive to active space selection, particularly with “unbalanced” spaces such as (8e,10o) or428

(10e,12o). These results emphasize the importance of choosing a minimal yet balanced active429

space, such as (8e,8o) or (10e,10o), to obtain reliable MC-PDFT energetics in transition-430

metal systems.431

Among KS-DFT functionals, r2SCANh-D4 provides the most consistent performance432

across the full reaction network. It yields activation barriers for the initial C–H activa-433

tion step in agreement with experiment, performs well for the cooperative pathway, and434

maintains reasonable accuracy throughout the single-site pathway. We therefore recommend435

r2SCANh-D4 as an initial functional choice for computationally efficient exploration of sim-436

ilar reactivity.437

Mechanistically, our results show that catalyst structure and VOx site density govern438

the accessible reaction channels. At low site-densities, support-assisted single-site pathways439

dominate propene production over VIV–OH-mediated routes. With neighboring VOx centers,440

cooperative mechanisms become accessible through isopropyl radical migration between VIV
441

and VV sites.442

All methods consistently indicate that initial C–H activation occurs preferentially at443

vanadyl rather than bridging oxygens, suggesting that heteroatom substitution at the vanadyl444

“E” position (E = V(–B)3), rather than at bridging “B” positions, may more effectively mod-445

ulate the rate-limiting C–H activation step. Studies exploring such substitution strategies446

to enhance reactivity are currently underway.447
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