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Supported vanadium oxides are one of the most widely reported catalysts for the selective oxidative dehydro- 
genation (ODH) of alkanes to alkenes. These vanadium oxide catalysts contain at least three distinct O species 
classified by their coordination to the vanadium cations. The involvement in ODH of the different oxygen species 
is thought to follow the coordination environment with singly coordinated vanadyl V(V)=O being the most 
reactive. A quantitative understanding of the relative activity of the different oxygen species in vanadium oxides 
could inform catalyst design to further enhance productivity and selectivity in the ODH reaction. Here we use 
computational models based on hybrid density functional theory to study the mechanistic pathway for n-hexane 
to 1- and 2-hexene. We compare the potential energy surfaces calculated for these reactions initiated by β-H 
abstraction with H transfer to the vanadyl oxygen, V(V)=O, with that involving H transfer to a two-coordinate 
bridging O atom. An isolated H V O cluster is used to represent the supported vanadium oxide catalyst so that 

ODH 
RDS 
Mechanism 

4 2 7 
the reactivity of oxygen species can be understood in the absence of support effects. Gibbs energy calculations 
were carried out at temperatures of 573, 673 and 773 K to mirror laboratory experimental conditions. We find 
that the rate-determining step (RDS) in the conversion of n-hexane to either alkene is associated with n-hexane 

– interaction with H V O through a secondary C H bond. This leads to β-H abstraction with the calculated re- 4 2 7 
action barrier for abstraction by a V(V)=O (ΔE‡ = +32.7 kcal molꢀ 1) significantly lower than that for the two- 
coordinate bridging O (ΔE‡ = +43.9 kcal molꢀ 1). H-abstraction leads to reduction of one of the vanadium 
cations. Removal of the second H atom to form an alkene can follow several pathways. We have considered the 
second step leading to 2-hexene (γ-H abstraction) using either an adjacent V(V)=O on the reduced V(IV)-O-V(V) 
unit, a different active V(V)=O site on a fully oxidised cluster, or gas-phase molecular O . Our results show that 2 
the ODH process is likely to proceed via a Mars-van Krevelen redox mechanism. In a practical catalyst the results 
imply that catalyst activity will depend on the surface coverage of V(V)=O active sites and the n-hexane to gas- 
phase molecular oxygen ratio. In addition to the pathways leading to alkene products we have noted the for- 

– mation of C O bonds by the radical intermediate formed from the initial β-H abstraction. From this observation, 
we suggest that the low yields of 1- and 2-hexene (< 20%) obtained in our laboratory experiments with V O / 2 5 
MgO catalysts may be a result of the chemisorption properties of the radical intermediate (•C H ) on bridging or 6 13 
terminal O sites in the V(V)-O-V(V) units, leading to undesired products including oxygenates. 

1 . Introduction alkene yields due to catalyst coking; whereas the alternative, oxidative 
dehydrogenation (ODH), is exothermic because of the formation of 
water and does not lead to the formation of coke [2]. Presently, the main 
drawback in industrial processes for ODH of short alkanes is low selec- 
tivity to the desired alkenes because the products are prone to total 
oxidation by the catalysts [3]. Therefore, much current research in ODH 

Olefins are fundamental raw materials for many industrial processes 
such as the production of polypropylene, acrylonitrile, and propylene 
oxide [1]. Since non-oxidative dehydrogenation of alkanes is an endo- 
thermic and therefore energy intensive process, it suffers from low 
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of alkanes focuses on finding good catalysts with high selectivity to al- 
kenes in competition with products in which oxygen has been inserted 
into the molecular structure. 

2. Theoretical methodology 

2.1. Computational details 
Supported vanadium oxides are one of the best catalysts for the 

alkene selective ODH of propane [4–7]. Earlier experimental studies 
indicate that the selective oxidation of propane on vanadium oxides 
proceeds via a Mars-van Krevelen redox mechanism that involves the 
reduction of the metal oxide surface by the alkane with the formation of 
the alkene and water, followed by reoxidation of the surface through 
gas-phase oxygen [8]. Other studies [9–11] have described the reox- 
idation as involving the adsorption of gas-phase molecular oxygen on a 
vacancy, where one of the two O atoms eliminates the vacancy and other 
O atom migrates to the surface and re-oxidize a second vacancy. How- 
ever, it is well known that, depending on the method of preparation, the 
vanadium surface may contain three types of lattice oxygen species, 
namely, (i) the singly coordinated V(V)=O, (ii) the two-coordinated 
bridging O, and (iii) the three-coordinated bridging O [12]. Experi- 
mentally, it is not clear how the reactivity of surface O for ODH reactions 
depends on its coordination to V in the surface. In addition, location and 
coordination of the reactive metal site is also very important, particu- 
larly for understanding the mechanism of such active metal sites with 
reactants and intermediates in ODH reactions on a molecular level [13]. 
Many researchers [14–16] have suggested the involvement of vanadyl V 
(V)=O oxygen as critical in hydrocarbon oxidation reactions, while 

DFT calculations were carried out using the GAUSSIAN 09 W pro- 
gram [23] installed on a cluster based at the Centre for High Perfor- 
mance Computing (CHPC) in Cape Town, South Africa. The UB3LYP 
hybrid correlation functional [24,25], and 6–311+G(d,p) basis set were 
employed for C, O and H atoms and the V atom was described using the 
relativistic Stuttgart ECPs and associated valence functions (ECP10MDF) 
[26,27]. Relaxed potential energy surface (PES) scans were utilised to 
get good initial structures for the transition state (TS) determinations 
and the TS structures were fully optimized without constraints. Intrinsic 
reaction coordinate (IRC) calculations, from the algorithm developed by 
Gonzalez and Schlegel [28,29] were performed to confirm that each ` 

transition state connects two appropriate local minima on the reaction 
pathway. Calculation of frequencies for all structures was also used to 
confirm transition states and to include zero-point vibration state cor- 
rections. Based on these calculations free energies for each structure 
were estimated using the usual statistical mechanics formulae with 
temperatures relevant to the range of laboratory experimental condi- 
tions employed for the ODH reaction: 573, 673 and 773 K. A qualitative 
description of chemical bonding was also obtained based on the electron 
density shifts and atomic charges were analysed using the natural 
bonding orbital (NBO) [30,31] calculations as implemented in the 
GAUSSIAN 09 W package. 

– others have mentioned the bridging O sites [17,18]. C H bond acti- 
vation on the three-coordinated bridging O site is the least likely, as this 
highly coordinated oxygen species is the most inert, [19] Hui et al. [12], 
have compared the reducibility of the three differently coordinated O 
atoms, and found that the singly coordinated V(V)=O is the most easily 
reduced of the three oxygen species on the surface and possesses the 
strongest electrophilic tendency, while the three-coordinated bridging O 

2.2. Model system 

To represent the active site in this study, we have chosen the dimeric 
H4V2O7 gas-phase model as illustrated in Fig. 1 [3,32]. Although this 
model simplifies the catalytic surface, we believe the calculated relative 
energies will provide insight about the most likely mechanistic steps that 
are followed and allows us to identify the intrinsic reactivity of oxygen 

– is the least reactive. RDS for C H activation of propane has been pro- 
posed as the hydrogen abstraction by V(V)=O to form an isopropyl 
radical as an intermediate in the gas phase [20,21] which seems in good 
agreement with the preceding discussion of the reactivity of surface O 
species. In our previous studies of gas-phase activation of n-hexane by 
isolated H VO species, we also found that RDS proceeds by β-hydrogen 

species present. The selected model structure comprises two V(V) O = 

bonds, connected by a two-coordinated bridging O atom, V(V)-O-V(V), 
and the four H atoms are added to balance the total formal oxidation 

3 4 
abstraction by V(V)=O to form the hexyl radical and a reduced V(IV) 
species [22]. In that study the size of the simulated vanadium complex 
meant that only the V(V)=O oxygen environment could be considered as 
the remaining O atoms coordinating to V were terminated by H atoms to 
give the correct valency to represent a surface V ion. This fits well with 
our experiments where we utilize the MgO support which is less 
involved in the catalytic mechanism as opposed to for example, Al O 

state charge of 4 on the four O atoms that would be coordinated onto ꢀ  
the support and so ensure a metal oxidation state consistent with stoi- 
chiometric V2O5. Only the V(V) O atom and the two-coordinated = bridging O atom were considered for this study and all the atoms, 
including the four H atoms, were allowed to relax in calculations. The 
depicted optimized structure in Fig 1 is comparable with one the dimeric 
models suggested by Magg et al. [32]. The calculated bond length of the 

2 3 
and SiO supports which are more involved [20]. In this contribution we 2 
extend our studies of using cluster models to investigate the vanadium 
oxide catalysed alkane ODH reaction to include both vanadyl V(V)=O 
and two coordinate O species. This allows the comparison of the reac- 
tivity of the V(V)=O and the two-coordinated bridging O and the dif- 
ferences quantified based on the computed reaction potential energy 
surface. 

two V(V) O bonds was 1.57 Å and that of the V(V)-O bonds comprising = 
the two-coordinated bridging O atom was 1.77 Å. The percentage dif- 
ferences in the two calculated parameters are within 2% of the experi- 
mental solid-state structure [33]. The calculated IR νs(V = 

O) and 
νs(V-O-V) modes were 1106 and 765 cmꢀ  

1 , with the respective per- 
centage differences between the calculated vibrations and the 

The aim of this study was to investigate and compare C–H bond 
activation of n-hexane by vanadyl and bridging O atoms in isolated 
H V O species and characterise the possible intermediates that may 4 2 7 
lead to 1- and 2-hexene, by means of DFT calculations. The pathways 
that are likely to lead to other unsaturated alkenes, aromatics and car- 
bon oxides are not part of this study. The calculations of relative energy 
changes, namely, the sum of electronic and zero-point energy change of 
activation (ΔE‡), the sum of electronic and zero-point energy change 
(ΔE), the sum of electronic and thermal Gibbs energy change of acti- 
vation (ΔG‡), and the sum of electronic and thermal Gibbs energy 
change (ΔG), were performed for determination of the likely mecha- 
nistic pathway for the reaction. 

Fig. 1. H V O model. UB3LYP/6–311+G(d,p) for H and O atoms, and 4 2 7 
ECP10MDF for V atom. 

2 
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experimental values [32,34] being 5% and 1.5%, respectively. More 
detail is included as supplementary material. 

3. Results 

.1. Activation of n-hexane 3 
2 .3. Reaction scheme for the ODH conversion of n-hexane to 2-hexene 

We have investigated the radical mechanism in which there is C
– H 

Fig. 2 depicts the proposed reaction scheme for ODH reaction of n- bond activation of n-hexane by vanadyl V(V)=O and bridging O atoms in 
hexane using the example of the possible routes to 2-hexene catalysed by 
H V O . We concentrate on 1- and 2-hexene since there are no literature 

H V O laid out in Fig. 2 using the methodology described in Section 4 2 7 
2.1. The energy profile for the initial β-H abstraction by either V(V)=O 4 2 7 

reports of the formation of 3-hexene in the product mixture, and we have or bridging O are compared in Fig. 3 which shows Gibbs energy values 
calculated at 673 K. All other associated energies and temperatures are 
recorded in Table 1. 

also not identified it in our own experimental results [35]. 
We propose that β-H abstraction from the n-hexane chain (C H ) by 6 14 

– the V(V)=O atom in H V O is the RDS. The resulting intermediate Several studies [20,21,36,37], have identified the C H bond acti- 4 2 7 
stabilises to a complex, C H HOH V O , with one of the V atoms vation through β-H abstraction by the O atom in V(V)=O as the rate 6 13 4 2 6 
reduced from the +5 to the +4 oxidation state. Three propagation determining step (RDS). We calculated an activation barrier (TS – 1 

– pathways that may lead to 2-hexene are, (a) the gas-phase γ-H Fig. 3) of ΔE‡ = +32.7 kcal molꢀ 1 for a similar step, namely, the C H 
abstraction by O to produce 2-hexene and a hydroperoxyl radical bond activation in the interaction of C H and V(V)=O in H V O , 2 6 14 4 

4 
2 7 

(HO •) species, which can disproportionate in the termination step to leading to the formation of the intermediate complex, C H HOH V O 
13 6 

2 6 2 
produce water and oxygen, (b) the less thermodynamically stable sur- (Int ), with ΔE = +31.6 kcal molꢀ 1, relative to the reactants and only 1 
face γ-H abstraction by the adjacent V(V)=O in HOH V O to produce 2- 1.1 kcal molꢀ 1 below TS . The calculated S(S + 1) value for the RDS 4 2 6 1 
hexene and HOHOH V O comprising two V(IV) centres, (c) the most (TS ) was 0.0556, confirming a singlet state, where S represents the total 4 2 5 1 
thermodynamically stable surface γ-H abstraction by a V(V)=O on spin quantum number for the system. In our previous study with a single 
another H V O active site to produce 2-hexene and HOH V O con- vanadyl complex [22], we calculated an activation barrier of ΔE‡ = 4 2 7 4 2 6 
taining one V(IV) centre. Although pathway (b) produces a less stable +27.4 kcal molꢀ 1 for H-abstraction by the V(V)=O in H VO and ΔE‡ = 3 4 
intermediate than pathway (c), the proximity of the •C H to the +42.4 kcal molꢀ 1 for H-abstraction by gas-phase O . Clearly, the present 6 13 2 
adjacent V(V)=O may render this pathway significant, more especially value falls between these two. The V(V)=O bond length in H V O is 4 2 7 
with low surface area of H V O active sites. One of the two pathways elongated from 1.57 Å in the isolated unit to 1.70 Å in TS and 1.76 Å in 4 2 7 1 
that may regenerate the V(V) centre include intramolecular H-migration Int , and this is attributed to electron shift from a π-bonding orbital in V 1 
in HOHOH V O (with two V(IV) centres) that is formed in propagation (V)=O to a d-orbital of V, resulting in reduction of V(V) to V(IV). 

Different authors [17,38,39] have experimentally characterised reduced 
V(IV) sites in both supported and unsupported vanadia catalysts. We 
also compared the above β-H abstraction step with that involving the 
bridging O in H V O . We calculated a higher barrier of ΔE‡ = +43.9 

4 2 5 
pathway (b) above, to produce H O, triplet-V(III) and V(V) centres in 2 
H V O . The other pathway involves intermolecular H-transfer between 4 2 6 
HOH V O species (each with one V(IV) centre) formed in propagation 4 2 6 
pathway (c) above, to produce H O, V(V) centres, and H V O 2 4 2 6 4 2 7 

– comprising triplet-V(III) and V(V) centres. Lastly, the reoxidation of V kcal molꢀ 1 (TS – Fig. 3), for C H bond activation in C H by the 
14 

2 6 
(III) to V(V) may be achieved with interaction of surface O species with 
H V O to produce H V O . 

bridging O atom in H V O , and the pathway leads to the formation of 4 2 7 
Int , which comprises the •C H radical intermediate adsorbed on to 4 2 6 4 2 7 2 6 13 

2 the V(V)=O atom. Although Int (ΔE = +3.12 kcal molꢀ 1) is thermo- 
dynamically more stable than Int (ΔE = +31.6 kcal molꢀ 1), the 1 

Fig. 2. Proposed reaction scheme, R-CH CH CH with R-C H . 2 2 3 3 7 

3 
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Fig. 3. Zero-point corrected relative (ΔE) reaction coordinate diagram for β-H activation of n-hexane over H V O UB3LYP/6–311+g(d,p) for the C, O and H atoms, 4 2 7 
and Stuttgart ECP10MDF for the V atom. The indicated bond distances are in Angstrom units. Cartesian coordinates of all TS structures are provided as supple- 
mentary material. 

pathway for its formation is likely to lead to side-reaction channels with 
production of carbon oxides and oxygenates, because of the formation of 
strong CO bonds [40]. Hui et al. [12] obtained similar results in their 

site (ΔE‡ = +6.7 kcal molꢀ 1) are likely to be possible pathways to pro- 
duce 2-hexene. The preferred pathway is likely to depend on proximity 
of the •C H radical intermediate to either the adjacent V(V)=O within 6 13 

– calculation of reaction barriers of the methylene C H bond activation in Int or the V(V)=O species on a different H V O site. However, as stated 1 4 2 7 
ODH of propane over V O , with the V(V)=O and the bridging O being earlier, chemisorption of the •C H radical intermediate to surface O 2 5 6 13 

ꢀ  + 27.3 and +30.4 kcal mol 1, respectively. Our results show that the atoms may lead to side reactions, with high barriers for releasing 2-hex- 
pathway for H-abstraction by the bridging O is not kinetically favoured ene and thereby enabling side-reaction channels, such as complete 

oxidation to undesired carbon oxides and oxygenates [40]. In our pre- 
vious studies on gas-phase ODH of n-hexane over isolated H VO [22], 

with an energy barrier +11.2 kcal molꢀ 1 higher than that for the V(V)= 

O species, and therefore we can conclude that the V(V)=O oxygen is 3 4 
– likely to be the one involved in the C H bond activation step of the 

mechanism. 
we calculated a barrierless reaction step for this process with ΔE‡ = 

ꢀ 4.2 kcal molꢀ 1, indicating a stable intermediate for the chemisorption 
of the hexyl radical on to the V(V)=O species. This observation may 
explain why low yields of less than 20% for 1- and 2-hexene are obtained 
in our laboratory experiments. Chemisorption of alkyl radicals has also 
been reported on selective oxidation of propane over V O and 

We then explored the pathways, through Int , that are likely to lead 1 
to the formation of 1- and 2-hexene. Fig. 4 illustrates the energy diagram 
for the propagation steps to 2-hexene. All other results are presented in 
Table 1. The propagation step that involves γ-H abstraction in the 2 5 

• C6H13 radical intermediate by the OH group in HOH4V2O6 has an V2O5/TiO2 by Alexopoulos et al. [41], who concluded that propene 
activation barrier of ΔE‡ = +23.7 kcal molꢀ 1 (TS – Fig. 4, red-coloured formation via an adsorbed propoxide intermediate is less favourable 

than propene formation directly from the propyl radical without 
chemisorption. 

3 
pathway). This pathway leads to 2-hexene, H O and singlet H V O (P ) 2 4 2 6 1 
ΔE = +1.1 kcal molꢀ  

1 , with triplet P being thermodynamically more 1 
stable, as expected, with ΔE =ꢀ 27.2 kcal molꢀ 1, relative to reactants. Both propagation pathways (through TS and TS ) that are likely to 4 5 
The involvement of the bridging O in the similar propagation step was produce the hexenes may lead to the accumulation of the OH groups on 
also examined, and a slightly lower barrier of ΔE‡ = +22.9 kcal molꢀ 1 
was calculated. We then compared these energy barriers with that for 
γ-H abstraction in the •C H radical intermediate by the adjacent V 

the surface. From the P and P fragment (HOHOH V O ) that is likely 2 5 4 2 5 
to be produced through TS , we then investigated the intramolecular H- 4 
migration pathway from one OH group to the other within the fragment. 6 13 

(V)=O within Int and obtained a lower value of ΔE‡ = +9.1 kcal molꢀ 1 We calculated a barrierless pathway with the initial complex interme- 1 
(TS – Fig. 4, blue-coloured pathway) and ΔE = +2.8 kcal molꢀ 1. diate (ΔE =ꢀ 21.5 kcal molꢀ 1) that stabilizes to triplet-V(III) Int with 4 3 
Moreover, we calculated an even lower energy barrier of ΔE‡ = +6.7 ΔE =ꢀ 35.0 kcal molꢀ 1 (Fig. 5, pathway A). Clearly, this concerted 

– kcal molꢀ 1 (TS – Fig. 4, green-coloured pathway) and ΔE =ꢀ 28.5 kcal mechanistic step is associated with the formation of a new O H bond to 5 
– molꢀ 1, for γ-H abstraction in the •C H radical intermediate by a V(V)= produce H O, and the scission of the O H and V-O bonds. Furthermore, 6 13 2 

O on a different H V O site. Examination of these results suggests that from the P and P fragment (HOH V O ), we calculated intermolecular 4 2 7 3 6 4 2 6 
the propagation step that may lead to 2-hexene is less likely to involve H-transfer between two fragments that are likely to be produced through 
γ-H abstraction by the OH group in HOH V O and the bridging O, TS . We obtained an energy barrier of ΔE‡ = +3.3 (TS – Fig. 5, pathway 4 2 6 5 9 
because these pathways are less kinetically favourable than the other B) and ΔE =ꢀ 18.3 kcal molꢀ 1, relative to reactants, for the formation of 
two pathways, as also partly determined in our previous results of gas- H O, regenerated H V O and H V O (Int ) that also comprises the 2 4 2 7 4 2 6 4 
phase activation of n-hexane over isolated H VO species [22]. There- triplet V(III)-O-V(V) fragment. From the calculated energies (ΔE‡ and 3 4 
fore, either γ-H abstraction by the adjacent V(V)=O within Int (ΔE‡ = ΔE) of the two reaction pathways in Fig. 5, we can conclude that both 1 

ꢀ  + 
9.1 kcal mol 1) or γ-H abstraction by a V(V) O on a different H V O 

7 
= 4 2 are kinetically and thermodynamically favourable, in agreement with 

4 
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Table 1 (Table 1). As reported in our previous studies, the involvement of gas- 
phase O is likely to be limited to propagation steps that may lead to Relative Energies (ΔE) and Gibbs Energies (ΔG) for the reaction of n-hexane with 

H V O to produce 1- and 2-hexenea. UB3LYP/6–311+g(d,p) for the C, O and H 
2 

the hexenes, provided the •C H radical intermediate is released to the 4 2 7 6 13 
atoms, and Stuttgart ECP10MDF for the V atom. Cartesian coordinates of all TS gas-phase rather than being chemisorbed onto the surface O [22,43]. 
structures are provided as supplementary material. The resulting hydroperoxyl radicals (HO •) from H-abstraction by O 2 2 

Reaction Pathway ΔE ΔG are likely to disproportionate to produce H O and regenerate O . 2 2 
It is important to add that periodic-DFT calculations on this system 

are likely to improve the quality of the calculated energetics because of 
better representation of the catalytic solid surface. 

5 73 673 773 
Initiation 
s-C H + H V O 0 0 0 0 6 14 4 2 7 
s-C H + H V O (TS1) – V + 

3 2 . 7 + 
4 9 . 3 + 

5 2 . 5 + 
5 5 . 6 6 14 4 2 7 

(V)=O 3.2. Temperature effects 
s-TS C H – HOH V O (Int1) +31.6 

(ꢀ 1.1) 
+43.9 

+42.3 
(ꢀ 7.0) 
+62.7 

+44.4 
(ꢀ 8.1) 
+67.3 

+46.5 
(ꢀ 9.1) 
+72.7 

1 → 6 13 4 2 6 

All the reaction pathways were modelled using the laboratory 
experimental conditions of 573, 673 and 773 K. Table 1 displays the 
calculated Gibbs energies of activation (ΔG‡) and Gibbs energy changes 
(ΔG) for all the reaction pathways at the three indicated temperatures. 

Transition state theory was used to calculate the rate constants (k) 
per active site over the three temperatures for the RDS. The ΔG‡ values 
increase as the temperature increases from 573 to 673 and 773 K. From 
the ΔG‡ values we calculated the corresponding k values and obtained 

s-C H –H V O (TS2) – bridging 6 14 4 2 7 
O 

s-TS →C6H13– HOH V O (Int2) + 
3 . 1 + 

2 6 . 0 + 
3 0 . 2 + 

3 4 . 3 1 4 2 6 
(ꢀ 40.8) (ꢀ 36.7) (ꢀ 37.1) (ꢀ 38.3) 

Propagation from HOH V O 
6 

4 2 
s-C H +HOH V O 

6 
0 0 0 0 6 13 4 

4 
2 

2 s-C H –HOH V O (TS ) +23.7 
+1.1 
(ꢀ 22.6) 
ꢀ 27.2 

+43.2 
+18.6 
(ꢀ 24.6) 
ꢀ 10.6 

+55.0 
+23.5 
(ꢀ 31.5) 
ꢀ 6.9 

+53.6 
+25.3 
(ꢀ 28.3) 
ꢀ 4.07 

6 13 6 3 
s-TS 2-Hexene +H V O + 3 

2 
→ 4 2 6 

H O (P ) 
1 t-2-Hexene + H V O + H2O the following results, k(573) = 1.87 × 10ꢀ 6 sꢀ 1, k(673) = 1.25 × 10ꢀ 4 4 2 6 

(P ) 1 sꢀ 1 and k(773) = 3.06 × 10ꢀ 3 sꢀ 1. The calculated k(773) per active site is 
approximately three orders of magnitude greater than that at 573 K and 
one order of magnitude greater than that at 673 K. The calculated ΔG 

s-C H –HOH V O (TS ) +24.4 
ꢀ 13.1 
(ꢀ 37.5) 
ꢀ 24.8 

+48.0 
+8.0 

+56.7 
+7.9 

+60.7 
+16.3 
(ꢀ 44.4) 
ꢀ 2.4 

6 13 4 2 6 6 
s-TS 1-Hexene +H V O + 6 

2 
→ 4 2 6 

H O (P ) (ꢀ 40.0) 
ꢀ 6.8 

(ꢀ 48.8) 
ꢀ 5.9 

4 
t-1-Hexene + H V O + H2O values for the RDS are +42.3, +44.4 and +46.5 kcal molꢀ 1 at 573, 673 4 2 6 

(P ) 4 and 773 K for the formation of Int , respectively. From the attached 1 Propagation from adjacent V 
(V)=O supplementary material, the lowest enthalpy (ΔH = +29.7 kcal molꢀ 1) 

and entropy (TΔS =ꢀ 12.6 kcal molꢀ 1) contributions were calculated at 
573 K and highest values were obtained at 773 K (ΔH = +30.9 and TΔS 

s-C H + HOH V O 0 0 0 0 6 13 4 2 6 
s-C H –HOH V O (TS ) +9.1 

+2.8 
(ꢀ 6.3) 
+9.6 
ꢀ 23.0 
(ꢀ 32.6) 

+ 
2 9 . 3 +33.4 

+10.1 
(ꢀ 23.3) 
+33.1 
+1.0 

+ 
3 6 . 8 6 13 4 2 6 4 

s-TS 2-Hexene + ꢀ  
7 . 9 ꢀ  

0 . 8 1 5 . 6 k c a l m o l 1 ) . T h e H c o n t r i b u t i o n s a r e t h e d o m i n a n t f a c t o r s t o 4 → = ꢀ  
ꢀ  Δ HOHOH V O (P ) (ꢀ 37.2) 

+28.6 
ꢀ 4.0 

(ꢀ 37.6) 
+35.8 
+3.1 

4 2 5 2 the ΔG values at all temperatures and are approximately 2.5 times the 
magnitude values of TΔS. Clearly, 573 K is the thermodynamically more 
favourable temperature for the formation of Int . It is important to 

s-C H –HOH V O (TS7) 6 13 4 2 6 
s-TS 1-Hexene + 7 → 

HOHOH V O (P ) (ꢀ 32.6) (ꢀ 32.1) (ꢀ 32.7) 4 2 5 5 1 
Propagation from separate V mention that similar trends in terms of the calculated rate constants per 

active site, ΔH, TΔS and ΔG values were also observed in our previous 
study of the same reaction over H VO [22]. 

(V)=O site 
d-C H + H V O 0 0 0 0 6 13 4 2 7 
d-C H –H V O (TS ) + 

6 . 7 +25.3 
ꢀ 11.9 
(ꢀ 37.2) 
+25.3 
ꢀ 9.8 

+ 
2 8 . 5 + 

3 2 . 3 3 4 6 13 4 2 7 5 
For other reaction pathways, we calculated negative ΔG values for d-TS 2-Hexene +HOH V O ꢀ 28.5 

(ꢀ 35.2) 
+7.2 

ꢀ  
8 . 8 ꢀ  

5 . 6 5 → 4 2 6 
(P ) (ꢀ 37.3) 

+29.4 
ꢀ 5.5 

(ꢀ 37.9) 
+32.0 
ꢀ 3.9 

the barrierless H-migration pathway at all temperatures, whereas a low 
positive values of ΔG‡, and ΔG values which increase with temperature, 
were obtained for the H-transfer step (TS ). This shows that the intra- 

3 
d-C H –H V O (TS ) 6 13 4 2 7 8 
d-TS 1-Hexene +HOH V O ꢀ 25.3 

(ꢀ 32.5) 
8 → 4 2 6 

9 (P ) (ꢀ 35.1) (ꢀ 34.9) (ꢀ 35.9) 6 molecular H-migration pathway is kinetically and thermodynamically 
favourable at all temperatures, and the intermolecular H-transfer 
pathway is kinetically more favourable at 773 K and thermodynamically 
favourable at 573 K. The pathway for the reoxidation of triplet V(III) to 
V(V) is a barrierless process that indicate that this step is kinetically and 
thermodynamically favourable over the temperature range. 

H-migration within 
HOHOH V O 4 

4 
2 

2 
5 

s-HOHOH V O 
5 

0 0 0 0 
s-H V O + H O (Int ) ꢀ  

2 3 . 3 ꢀ  
1 1 . 4 ꢀ  

2 1 . 4 ꢀ  
9 . 8 4 2 6 2 3 

3 t-H V O + H O (Int ) ꢀ  
3 5 . 0 ꢀ  

2 4 . 3 ꢀ  
3 4 . 5 ꢀ  

2 3 . 1 4 2 6 2 
H-transfer between two 

HOH V O 
6 

4 2 
s-HOH V O + HOH V O 0 0 0 0 Hence, the formation of 1- and 2-hexene from activation of n-hexane 

by β-H abstraction with surface V(V)=O oxygen (H V O ) followed by 
4 2 6 4 2 6 

s-HOH V O –HOH V O (TS ) +3.3 
ꢀ 6.2 
(ꢀ 9.5) 
ꢀ 18.3 

+28.5 
+19.6 
(ꢀ 8.9) 
+6.4 

+35.0 
+24.3 
(ꢀ 10.7) 
+10.9 

+37.8 
+29.1 
(ꢀ 8.7) 
+15.5 

4 2 6 4 
4 

2 6 9 4 2 7 s-TS H V O + H V O + H O 9 → 
4 
2 

4 2 7 2 6 2 the second H-abstraction from either a different V(V)=O oxygen (Int ) 
(H V O ) or from gas-phase O , is likely to be more kinetically more t-H V O + H V O + H2O 4 2 7 2 4 7 4 2 6 

(Int ) favourable at 773 K and thermodynamically more favourable at 573 K. 4 
Reoxidation of t-H V O by 4 2 6 

surface O 3 .3. Natural bond orbital analyses surface O + H V O 0 0 0 0 4 2 6 
s-H V O (P ) ꢀ  

2 5 3 . 3 ꢀ  
2 3 1 . 5 ꢀ  

2 2 7 . 5 ꢀ  
2 2 3 . 5 4 2 7 7 

The qualitative description of the reaction steps was conducted a E and G are zero-point corrected electronic energy and Gibbs energy at Δ Δ through NBO calculations [30,31] at the UB3LYP/6–311+G(d,p) level standard pressure, relative to separate reactants respectively, in kcal molꢀ 1. The 
energies in parentheses are for the indicated reaction pathways. The tempera- 
ture is in K and prefixes s-,D- and t- indicate singlet, doublet, and triplet states, 
respectively. 

on the TSs of the RDS and propagation steps leading to the formation of 
2 -hexene. The TSs and the frontier orbitals represented by donor and 
acceptor orbitals are illustrated in Fig. 6. Table 2 lists the selected TSs, 
the atomic charges of the interacting atoms, the frontier orbitals, and the 
orbital stabilization energies. previous literature [12,42]. The singly occupied molecular orbital (SOMO) for the activation of 
n-hexane through the RDS (TS1) comprises O of s(7.5%) p(92.5%) 
nonbonding type character. The LUMO is made up of the C of s(10.8%) p 
(65.0%) and H of s(24.2%) antibonding type character. The transfer of 
electron density between the two orbitals is associated with the 

Reoxidation of triplet V(III)-O-V(V) to V(V)-O-V(V) is likely to pro- 
ceed via a Mars-van Krevelen mechanism. Our results indicate that the 
adsorption of surface O species onto the triplet-V(III) centre is a bar- 
rierless process with H V O stabilization of ΔE =ꢀ 253.3 kcal molꢀ 1 4 2 7 
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Fig. 4. Zero-point corrected relative energy 
(ΔE) reaction coordinate diagram for propaga- 
tion pathways for the formation of 2-hexene. 
The red colour indicates the pathway for γ-H 
abstraction from C H by the OH group in Inti. 6 13 
The blue colour represents the pathway for y-H 
abstraction from an adjacent V(V)-O in Int and 1 
the green colour displays the most kinetically 
and thermodynamically favourable pathway for 
γ -H abstraction from a different V(V)-O site. 
UB3LYP/6–311+g(d,p) for the C, O and H 
atoms, and Stuttgart ECP10MDF for the V atom. 
The indicated bond distances are in Angstrom 
units. Cartesian coordinates of all TS structures 
are provided as supplementary material. 

Fig. 5. Zero-point corrected relative energy 
(ΔE) reaction coordinate diagrams for intra- 
molecular H- migration in HOHOH V O to 4 2 5 
produce H O and the triplet V(III)-O-V(V) spe- 2 
cies (pathway A) and intermolecular H-transfer 
between two HOH V O units to produce H O, 4 2 6 2 
triplet V(III)-O-V(V) and regenerated V(V)-O-V 
(V) species (pathway B). UB3LYP/6–311+g(d, 
p) for the C, O and H atoms, and Stuttgart 
ECP10MDF for the V atom. The indicated bond 
distances are in Angstrom units. The t- prefix 
indicates the triplet state. Cartesian coordinates 
of all TS structures are provided as supple- 
mentary material. 

stabilization energy of +164.1 kcal molꢀ 1. Our results indicate that this 
value may be attributed to strong interaction between the aligned 
HOMO and LUMO orbitals which facilitate the flow of electron density 
leading to large and remote delocalization within the system. The 
calculated atomic charges of the interacting atoms are O (ꢀ 0.577), H 
(+0.362) and C (ꢀ 0.239), indicating a stronger attraction of the positive 
H atom by the negative O atom. It may be mentioned that the calculated 
atomic charges of H and C in n-hexane are lower at +0.135 andꢀ 0.180, 
respectively, and the charges increase in the TS in line with a shift of 
some electron density from O to C and H during bond scission. The donor 
and acceptor orbitals describing the propagation pathway barriers for 

the formation of 2-hexene (TS ) through H-abstraction by an adjacent V 4 
(V)=O are the O s(80.1%) p(19.9%) nonbonding hybrid and the V s 
(13.1%) p(81.0%) d(5.9%) antibonding hybrid, respectively. The 
calculated stabilization energy is +39.2 kcal molꢀ 1. The distribution of 
atomic charges on interacting atoms are C (ꢀ 0.506), H (+0.317) and O 
(ꢀ 0.460). An alternative pathway that may lead to 2-hexene is H- 
abstraction by a different V(V)=O site (TS ), and the associated donor 5 
orbital is the O s(80.9%) p(19.1%) nonbonding hybrid, and the acceptor 
orbital is the V s(13.0%) p(81.2%) d(5.8%) antibonding hybrid, with 
stabilization energy of +41.6 kcal molꢀ 1. The lower stabilization en- 
ergies for TS4 and TS5 as compared to TS1 may be attributed to lower 
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Fig. 6. Selected TS structures and the NBO calculated frontier orbitals for the likely mechanistic pathways for the formation of 2-hexene. The orbital lobes are 
orientated for better clarity in each case and correspond to the reaction coordinate. UB3LYP/6–311+g(d,p) for all the atoms. Cartesian coordinates of all TS structures 
are provided as supplementary material. 

DFT methods at the UB3LYP level, with the 6–311+G(d,p) basis set for 
Table 2 C, O and H atoms, and ECP10MDF for the V atom. The following 

mechanistic pathways are proposed for the formation of 1- and 2- 
hexene, 

Selected NBO atomic charges, SOMO and LUMO orbital types, and orbital en- 
ergies for the TS structures of the n-hexane to 2-hexene pathway. UB3LYP/6- 
3 11+g(d,p) for all the atoms. Cartesian coordinates of all TS structures are 
provided as supplementary material. 

(i) Initiation: C6H14 + H V O = C6H13 + HOH V O 4 2 7 4 2 6 TS Atomic charges 
on interacting 
atoms 

SOMO type 
(donor) 

LUMO type 
(acceptor) 

Largest Orbital 
Stabilization Energy 
(kcal molꢀ 1) The interaction of n-hexane with H V O leads to β-H abstraction by 4 2 7 

V(V)=O in H V O to produce the •C H + HOH V O complex in- 4 2 7 6 13 4 2 6 1 C = –0.239 O s(7.5%) p 
(92.5%) 

C s(10.8%) p 
(65.0%) 

+ 
1 6 4 . 1 termediate. This is the RDS with a barrier height of ΔE‡ = +32.7 kcal 

molꢀ 1 (TS ). This value is higher than that obtained in our previous H = +0.362 
O = –0.577 
C = –0.506 

nonbonding 
hybrid 

H s(24.2%) 
antibonding 
V s(13.1%) p 
(81.0%) 

1 
work on gas-phase ODH by V(V)=O in H VO (ΔE‡ = +27.4 kcal molꢀ 1). 3 4 

4 

5 

O s(80.1%) p 
(19.9%) 

+ 
3 9 . 2 The complex intermediate (Int ) stabilizes with ΔE = +31.6 kcal molꢀ 1, 1 

relative to the reactants (Fig. 3 and Table 1). H = +0.317 nonbonding d(5.9%) 
antibonding 
hybrid O = –0.460 

C = –0.507 
hybrid (ii) Propagation on adjacent V(V)=O: C H + 

HOH V O 
6 
= 6 13 4 2 

O s(80.9%) p 
(19.1%) 

V s(13.1%) p 
(81.1%) 

+ 
4 1 . 6 C H + HOHOH V O 6 12 4 2 5 

H = +0.310 

O = –0.432 

nonbonding d(5.8%) 
γ-H abstraction occurs through V(V)=O that is adjacent to the V(IV)- antibonding 

hybrid OH unit of the HOH V O fragment in Int The calculated energy bar- hybrid 4 2 6 1. 
rier is ΔE‡ = +9.1 kcal molꢀ 1 (TS ) and the produced P (2-hexene) 4 2 
complex stabilizes to ΔE = +2.8 kcal molꢀ 1, relative to reactants (Fig. 4 

delocalization of electron density within the system. The atomic charges 
on interacting atoms follow a similar trend, with C (ꢀ 0.507), H (+0.310) 
and O (ꢀ 0.432). 

and Table 1). 

(iii) Propagation on different V(V)=O: C6H13 
C H + HOH V O 

+ H V O 
7 
= 4 2 

6 12 4 2 6 4 . Conclusions 
The propagation pathway described in (ii) above is likely to compete 

The activation of n-hexane over H V O has been modelled using 4 2 7 with the γ-H abstraction by V(V) O on a different site. This step has ΔE‡ = 
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= 

= 

+ 
6 . 7 k c a l m o l 1 (TS ) and the P (2-hexene) complex stabilize to ΔE 5 3 Computing (CHPC) in Cape Town, South Africa, for providing the 

computational resources necessary to conduct this work. 
ꢀ  

ꢀ  
2 8 . 5 k c a l m o l 1, relative to reactants. The pathway that is likely to 

ꢀ  occur between (ii) and (iii) may depend on proximity of the •C H 6 13 
radical intermediate to either the adjacent V(V)=O or the V(V)=O on a 

 
(iv) Intramolecular H-migration: HOHOH V O = H V O 

6 
+ 4 2 5 4 2 
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