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ABSTRACT

Density Functional Theory (DFT) modelling studies were conducted for the activation of n-hexane in the
gas-phase under experimental conditions of 573, 673 and 773K.

The aim of the study was to establish the most favourable radical mechanism for the oxidative
dehydrogenation (ODH) of n-hexane to 1- and 2-hexene. Modelling of the 3-hexene pathway was omitted
due to absence of this product in laboratory experiments. Computations were performed using
GAUSSIAN 09W and molecular structures were drawn using the GaussView 5.0 graphics interface. The
B3LYP hybrid functional and the 6-311+g(d,p) basis set were utilized for all the atoms. The most
kinetically and thermodynamically favourable pathways are proposed based on the determination of the
relative total energies (AE", AE, AG’ and AG) for the different reaction pathways. The initial C-H
activation step is f-H abstraction from n-hexane (C¢H,4) by molecular oxygen (O,) to form the alkoxy
(C¢H130r) and hydroxyl (-OH) radicals. This is proposed as the rate-determining step (RDS) with the
calculated AE” = +42.4 keal/mol. Two propagation pathways that involve, separately, the C¢H,;;0- and
‘OH radicals may lead to the formation of 2-hexene. In both the propagation pathways, the C¢H;30- and
*‘OH radicals activate further C¢H;4 molecules to produce C¢H;;0H and H,O, respectively, and the alkyl
radicals (-C¢H;3). Thereafter, one pathway involves the interaction of the ‘C¢H;; radical with further
molecular O, and leads to a second C-H activation step that yields 2-hexene and the peroxy radical
(‘OOH). The other pathway is associated with hydrogen transfer from the -OOH radical to C¢H;30H that
is produced earlier, leading to water and the alkyl peroxy radical (C¢H;300-). The CcH ;300" radical
undergoes . intramolecular H-abstraction to yield 2-hexene and the -OOH radical, and the latter
disproportionate through intermediate -OH radicals to produce O, and H,O in the termination step.
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1 Introduction

The range of carbon resources used by the chemicals industry is set to diversify to include natural gas,
heavy oils and tars, coal and biomass. It is attractive to use these various materials as the input to a single
chemical processing infrastructure by first converting carbon source materials into syngas and then using
a Fischer Tropsch (FT) approach to build the alkanes required for fuels. To use this approach for
chemicals production requires low energy conversion of the hydrocarbon feedstocks into more valuable
products, such as alkenes and aromatics, making this a critical area of research [1-3]. Reactions of long
chain alkanes are limited mainly to combustion and cracking because the C-H bond is non-polar, and the
formation of radicals through cracking facilitates propagation steps such as hydrogen- abstraction and
substitution reactions [4].

Presently large amounts of ethene and propene are produced by thermal cracking of a variety of
hydrocarbon feedstocks in the presence of steam at high temperatures [5-7]. Since thermal cracking is an
endothermic and energy-intensive process, the most common alternatives-include the less energy-
intensive non-catalytic and catalytic oxidative dehydrogenation (ODH) routes. The use of gaseous oxygen
as oxidant yields water as a by-product and provides the thermodynamic driving force which permits the
reaction to be conducted at a lower temperature than a simple dehydrogenation without oxygen [8]. Non-
catalytic ODH of propane and butane has been reported before [9], [10] and there are significant
publications on catalytic ODH of propane and butane [11-14]. There are, however, limited publications
on non-catalytic and catalytic ODH of long chain alkanes, including n-hexane.

Thermal cracking in the absence and presence of molecular oxygen is known to proceed by a radical
mechanism [15-17]. The non-catalytic ODH of propane is believed to proceed in the same way as thermal
cracking [18]. Choudhary er al. [9] suggested that, in the absence of oxygen, the initiation step in the
thermal cracking of propane occurs through the homolysis of a C-C bond at temperatures above 700°C,

C3H8 = 'CH3 + 'C2H5 (1)

Formation of the propyl radical (-C3H7) through C-H bond scission is less likely because the C-H bond
energy (+23.8 kcal/mol) is_higher than the C-C bond energy (+21.1 kcal/mol). The mechanism of the
formation of propyl radicals may involve the attack of other propane molecules by the methyl and ethyl
radicals formed in reaction (1). The authors supported Dente and Ranzi [19], that after the initiation step,
the majority of the alkane molecules are activated by such radical species and the reactions proceed
through complex free-radical chain propagation and termination reactions, leading to the formation of
different products, namely, hydrogen, methane, higher alkanes, alkenes, and coke.

Burch and Crabb [20] observed that the same reaction in the presence of oxygen began at a temperature
about 75°C lower than in the absence of oxygen. They further suggested that the presence of oxygen in
the gas phase allows additional reaction pathways involving oxygen centred radicals, for example,

. C3H7 + 02 = C3H6 + H02 . (2)
. C2H5 + 02 = C2H4 + H02 . (3)
H02 -+ C3H8 = C3H7 + H202 (4)

H202 = ZHO' (5)



C3H8 + HO' = 'C3H7 + H20 (6)

The contribution of molecular oxygen was also discussed in the study of the non-catalytic ODH of butane
by Toledo el al [16]. They proposed that one possible initiation step, besides cracking, is the abstraction
of a hydrogen atom from a butane molecule by molecular oxygen to form the butyl (C4Hy) and
hydroperoxy (HO;') radicals. The biradical character of the triplet molecular oxygen facilitates the
initiation of a free-radical chain mechanism as follows,

C4Hip + O, = -C4Hg + HO, - @)
C4Hip + HO, - = -C4Hg + H,0, (8)
C4Hyo = - CHs + - C;Hs ©)
C4Hip = -C3H, + - CH; (10)

The participation of molecular oxygen was further reported by Pitz and Westbrook [21]. Their kinetic
data showed that the activation energy of reaction (7) (+49 kcal/mol) is lower than that of reactions (9)
(+85 kcal/mol) and (10) (+81 kcal/mol). Other authors, Liu et al. [22], Lemonidou et al. [10] and
Vislovskiy et al. [23], have also reported the homogeneous activation of n-hexane via hydrogen
abstraction by gas phase diatomic oxygen.

Hunter et al. [24] proposed that the initiation step for thermal cracking of n-hexane in the absence of
oxygen was the C-C bond fission to form two radicals, with C-C rupturing occurring between the most
highly substituted carbons atoms. We believe that the presence of oxygen in the same reaction would
provide for the possibility of the initiation step being the hydrogen abstraction by molecular oxygen as
observed with shorter chain alkanes [21].

The work presented in this publication seeks to establish the overall likely mechanistic pathways in the
reaction of n-hexane and related intermediates with O,, -OH and HO,- radicals to form 1- and 2-hexene
under experimental conditions.-Note that 3-hexene is not observed in our laboratory experiments nor
reported in literature. Most similar reported work in modelling involves catalytic systems and shorter
chain hydrocarbons [25-27]. As a result there are limited publications on DFT modelling of gas-phase
hydrogen abstraction reactions of long chain alkanes. We, however, focussed on the DFT gas-phase non-
catalytic radical mechanisms in order to gain insight and acquire a theoretical baseline for modelling the
heterogeneous catalytic (VMgO) ODH reaction of n-hexane to benzene at a later stage. This is necessary
because in certain catalytic experimental conditions, gas-phase ODH mechanisms may compete with the
catalytic ODH mechanisms. We believe that the DFT calculations and comparisons of some kinetic and
thermodynamic properties for this reaction will be insightful for better understanding of the reaction
mechanisms of the indicated radicals with n-hexane and related intermediates.



2 Theoretical Methodology

2.1 Reaction Scheme for n-Hexane to 2-Hexene
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Figure 1 Proposed reaction scheme, with R=CH,CH,CHj.
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The proposed reaction scheme shown in Figure 1 indicates the formation of 2-hexene from gas-phase
ODH of n-hexane. Hoog et al. [28] investigated this reaction and concluded that an equilibrium exists
between 1- and 2-hexene in the reactor. Nevertheless, for clarity purposes we only show the formation of
2-hexene.

Initiation of the reaction involves H-abstraction from the central carbons of the n-hexane chain by
molecular oxygen which then undergoes O-O scission in the RDS. This follows the formation of a new C-
O bond at the activated carbon to give an alkoxy radical species and a hydroxyl radical. The hydroxyl
radical may then activate further n-hexane molecules to give carbon centred radicals following the
formation of water. The alkoxy radical can also activate n-hexane to give a secondary alcohol and a
carbon centred radical. Interaction of the carbon centred radicals with molecular oxygen can then lead
directly to 2-hexene via a second C-H activation event with the production of a hydroperoxyl radical
species. The hydroperoxyl radical itself is also capable of additional reaction steps, most notably
combining with the alcohol produced earlier in the mechanism to give water and an alkyl peroxy radical
which can internally decompose to 2-hexene, reforming the peroxy radical for further reaction. Eventually
termination of the radical processes may occur through disproportionation of the hydroperoxyl radicals
into water and oxygen.

The overall reaction is,

3C¢H14 + 30, = 3C¢Hq, + 2HO, - + 2H,0 11)

The intermediate HO,- radicals produced in reaction (11) may combine as presented in reaction (12),
4HO, - = 2H,0 + 30, (12)

The relative hydrogen abstraction abilities of molecular O,, the ‘OH and HO,' radicals were examined for
activation of n-hexane through likely intermediates to 1- and 2-hexene. The activation energies (Ea), total
energy changes (AE) and Gibbs free energy changes (AG) at different temperatures were calculated and
compared.

2.2 Computational Details

The geometries of all stationery points were optimized using the restricted and unrestricted B3LYP/6-
311+G(d,p) level of theory. The B3LYP is a hybrid functional that is made up of Becke’s three-
parameter nonlocal hybrid exchange potential [29] and the nonlocal correlation functional of Lee, Yang
and Parr [30]. All the calculations were performed using the Gaussian09 code [31] incorporating the
Gausview5.0 graphics interface. The conditions chosen were those used by our group in laboratory
experiments, namely 573, 673 and 773 K. Geometry optimizations were carried out without symmetry
constraints. The harmonic vibrational frequencies of all the stationary points in potential energy surfaces
were calculated at the same level of theory used for their geometry optimizations in order to confirm local
minima and transition states, and also determine the corresponding zero-point vibrational energy (ZPVE).
The intrinsic reaction coordinate (IRC) [32], [33] calculations were conducted in order to confirm that all
transition states connect the relative minima. Stability calculations were performed for all reactants and
products so as to determine whether the lowest energy is a restricted or unrestricted wavefunction and
natural bond orbital (NBO) [34], [35] analyses were conducted in order to gain insight into the bonding
properties of all the stationary points.



3 Results
3.1 Activation of n-hexane

The activation of n-hexane by O, and the two radicals, ‘OH and HO,* was investigated over the three
temperatures 573, 673 and 773K in order to contrast the relative energetics involved. All the Gaussian
optimised structures of reactants, intermediates, transition states and products/intermediates are included
as supplementary material.

Figure 2A displays the relative energy-reaction coordinate pathways for the reaction involving molecular
O, on a triplet potential energy surface (PES). All the values of the calculated energetics; £a, AE and AG
are recorded in Table 1.

The initiation step for the reaction is the interaction of the only two precursors; n-hexane and triplet O,.
The highest calculated barrier (the rate-determining step) corresponds to a S-hydrogen abstraction by O,
with a barrier height of +42.4 kcal/mol (TS,), relative to separate reactants, utilizing the B3LYP
functional. We compared this activation energy with the one calculated using the M06-2X functional [36]
in order to investigate the degree of underestimation due to self-interaction errors when utilizing the
B3LYP functional [37]. We calculated a barrier of +44.3 kcal/mol for the rate-determining step using the
MO06-2X functional, indicating an underestimation of 1.9 kcal/mol. Nevertheless, we decided to continue
with utilizing the B3LYP functional for this non-catalytic reaction in order to compare the same reaction
under catalytic conditions with this recommended functional. These results are in agreement with our
expectations from the discussion of the mechanism in Figure 1. The calculated C-H activation by O; is
accompanied by a decrease in the O--H interaction distance from 3.40A in the pre-reaction complex to
1.06A in the TS. The calculated activation energy is comparable to a barrier of +49 kcal/mol that was
reported by Pitz and Westbrook [21] for the reaction of O, and n-butane. Three possible intermediates
resulting from this C-H activation process were considered: Int; corresponds to the formation of an alkoxy
hydroxyl radical pair, Int, an alcohol and free oxygen atom and Int; a carbon centred radical species with
a peroxy radical. The relative thermodynamic energies of these triplet intermediates were calculated
(Figure 2A). Although none of the intermediates are thermodynamically stable, relative to reactants, Int,
is the most stable of the three, with AE = +20.5 kcal/mol followed by Int, with AE = +28.9 kcal/mol,
relative to separate reactants. As expected on a triplet PES, the O--O bond distance in Int, is 2.23A,
reflecting a weak interaction between the two oxygen-containing radicals, C¢H;30- and ‘OH. Therefore,
the -OH radicals that may be produced in the pathway through Int, are expected to dominate in reactions
involving the propagation steps.

The highly energetic Int; with AE = +44.8 kcal/mol is the most thermodynamically unstable indicating
that the reverse reaction for the formation of reactants O, and n-hexane is kinetically and
thermodynamically more favourable (Figure 2A). This is expected because the O-H bond dissociation
energy in the HO,- radical is +47 kcal/mol, which is lower than that in the ‘OH radical, namely +103
kcal/mol; and typical C-H bond energies that are ca. +100 kcal/mol, [38],[39]. This observation indicates
that H-transfer reactions may occur from the HO,' radical to other electron-deficient species, as also
suggested by Anglada et al. [40] and Clifford et al. [41]. However, the direct formation of a carbon
centred radical based solely on the reaction with dioxygen is unlikely to be important in the pathway to
alkene formation.

From Figure 2A we conclude that the propagation pathways to the formation of 1- and 2-hexene are likely
to proceed through the lowest energy intermediate Int;, comprising CsH;30° + -OH radicals. The two
radicals may participate in f-hydrogen abstraction reactions from further n-hexane molecules through the
following steps,



C6H14 + C6H130' = C6H13OH + 'C6H13 (13)
C6H14 + HO' = H20 + 'C6H13 (14)

Reaction (13) involves the formation of a stable alcohol and hexyl radical. It is necessary to mention that
no alcoholic products are observed in our laboratory experiments for this reaction. This means that the
alcohol that may form is likely to be the intermediate for the production of olefins. As illustrated in the
energy diagram in Figure 2B, the calculated barrier for this step is +8.7 kcal/mol (TS,), and the indicated
intermediate (Inty) stabilizes to AE = -1.8 kcal/mol, relative to reactants. The O--H interaction distance in
the TS is 1.29A and this decreases in the intermediate to 0.97A, indicating the formation of an alcohol. In
the case of reaction (14) we calculated a barrier of +14.6 kcal/mol (TSs) and the energy difference, AE = -
18.0 kcal/mol, relative to reactants, as illustrated in Figure 2C. The thermodynamic stability of the
reaction is as a result of water being produced as a product.

The formation of 1- and 2-hexene by the reaction of the radical intermediate produced in reactions (13)
and (14), with molecular O, may proceed either through consecutive reaction steps (15) and (16), or step
(17), namely,

. C6H13 + 02 = C6H13OO . (15)
C6H13OO c = C6H12 + H02 . (16)
. C6H13 + 02 = C6H12 + H02 . (17)

In studies involving ethylene and oxygen, Gutman et al. [42], [43] found that reacting oxygen with ethyl
radicals leads predominantly to the alkene at higher temperatures, and the mechanism involves
intramolecular H-abstraction followed by elimination of the hydroperoxyl radical. Similarly, reaction
(15) and (16) are, consecutively, chemisorption of O, on to the -C¢H;; radical to produce the alkyl peroxy
radical, C¢H;300-, which undergoes 1,4 intramolecular H-abstraction on a- (1-hexene) and y- (2-hexene)
carbon atoms followed by elimination of the hydroperoxyl radical to produce 1- and 2-hexene. For the
two reactions we calculated barriers of +2.6 kcal/mol and +24.4 kcal/mol and energy differences of AE =
-30.2 kcal/mol and -10.5 kcal/mol for the formation of 2-hexene, respectively (Table 1 — TSg and TS).
However, our calculations'show a barrierless pathway that is similar to TS; (-4.5 kcal/mol) for reaction
(17), which is a direct H-abstraction in C3 to produce 2-hexene and the hydroperoxyl radical, as indicated
in both Figures 2B and 2C. This pathway produces the required 2-hexene (P, and P3;) with AE = -11.5
kcal/mol. This-is accompanied by a decrease in C-C bond length from 1.39A in the TSs to 1.34A in the
products, which is comparable to experimental C-C bond lengths of alkenes, namely 1.33 +/- 0.01A.
Therefore the formation of alkenes is likely to proceed by the elementary propagation step (17) rather
than the two consecutive propagation steps (15) and (16). Thus, this barrier-less, kinetically and
thermodynamically favourable mechanistic pathway is one of the key propagation steps that is likely to
dominate in the production of the alkenes and also simultaneously increase the concentration of the HO,
radicals.

Since no alcoholic products are obtained in our experiments, we then investigated the likely conversion of
C¢H;30H obtained in reaction (13) to C¢H;,. The pathway investigated is H-transfer from HO,- obtained
in reaction (17) to produce the hexyl radical, water and oxygen,

C6H13OH + H02 c = 'C6H13 + H20 + 02 (18)
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As illustrated in Figure 2D, we calculated an energy barrier of +29.4 kcal/mol (TSs) for this step,
however, the intermediate obtained was C¢H;300- rather than ‘C¢H,3, with AE = -8.6 kcal/mol (Intg).
Other studies [44], [45] also confirm the higher thermodynamic stability of CsH;300- compared to that of
‘C¢H;3. The formation of the stable H,O is facilitated by advanced scission of the CO (2.171&) and OH
(1.531&) bonds in the TS for C¢H;3OH and HO,, respectively. As discussed above in reaction (16), the
alkyl peroxy radical, C¢H;300- may undergo intramolecular H-abstraction, and we calculated a barrier

(TSy) of +24.4 kcal/mol for this step. This is followed by a 1,5 elimination to produce 2-hexene and the
hydroperoxyl radical, with AE = -10.5 kcal/mol (Ps).

The prominent feature of the ‘C¢H;; radical in our calculations obligated the examination of the
intramolecular H-elimination pathway to produce 2-hexene, namely,

'C6H13 = C6H12 + H' (19)

Table 2 shows the calculated AE” value of +36.3 kcal/mol (TS,;) and the corresponding AE value of
+36.5 kcal/mol (Int;) for the 2-hexene pathway, suggesting that such a reaction is unlikely to occur under
the specified conditions.

Finally, the remaining hydroperoxyl radicals may combine to produce the intermediate hydroxyl radicals,
2HO, - = 2HO- + O, (20)

The activation barrier for reaction (20) has AE” = -2.3 kcal/mol (TS;,) and the products, 2-OH +0O,
stabilize to AE = -18.8 kcal/mol (Intg in Table 1), relative to TS. This suggests that this reaction pathway
may be one of those that generate the more reactive -OH radicals, with the reformation of O, also
contributing to the stabilization of the products. Moreover, the ‘OH and HO,- radicals that are likely to be
produced may also participate in the activation of more n-hexane molecules and also the produced 1- and
2-hexenes.

The termination step involves the hydroxyl radicals that combine kinetically and thermodynamically
favourably to produce water and oxygen,

4HO - = 2H,0 + O, 1)

The first step is H-transfer between the two -OH radicals to produce H,O and O diradical with AE* = -4.7
kcal/mol (TS3) and AE = -8.3 kcal/mol (Inty), relative to TS. The second step is the combination of two O
diradicals with AE” = -2.1 kcal/mol (TSy4) and AE = -115.7 kcal/mol (P;) relative to TS, for the formation
of O, (Table 1).

3.2 ' Temperature Effects

Trends are observed with respect to the Gibbs free energies of activation (AG”) and the Gibbs free
energies (AG) for all the steps at the indicated temperatures of 573K, 673K and 773K (Table 1).

As expected, the activation of n-hexane by O, (TS;) and the H-transfer from HO,' radical to C¢H;30H
(TSs) pathways have the largest AG” values as a result of the low reactivity of the triplet O, molecule in
the first case and the breaking and creation of many bonds in the H-transfer case. The lowest AG” values
are generally observed in reaction pathways that include propagation by O, (TS, TS4, TSe¢ and TS5).
Similarly the AG values, relative to separate reactants in each case, become less negative (more positive)
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as the temperature increases from 573 to 773K, suggesting that the reaction steps become less
thermodynamically favourable with increase in temperature. Again, as predictable, our calculations reflect
small changes in entropy factors, AS” and AS, as the temperature changes for all the steps, suggesting that
all the thermodynamically favourable reactions are driven by negative enthalpy changes, AH. Of note is
the conversion of 2HO,' radicals to 2-:OH radicals and O, (TS;;), where the reaction becomes slightly
more thermodynamically favourable from 573 to 773K. Clearly, for this reaction pathway AS is positive
at any temperature and our calculations show that the former remains constant with increase in
temperature. Therefore, AG becomes slightly more negative with increase in temperature because AH
follows the same trend.

Clearly, the most kinetically and thermodynamically favourable pathways are for the propagation steps
associated with the O, molecule.

3.3 Natural Bond Orbital Analyses

Natural bond orbital (NBO) analysis provides an efficient method for studying intra- and intermolecular
bonding, interaction among bonds and also provides a convenient basis for investigating charge transfer
or conjugative interaction in molecular systems [46]. NBO analyses were performed on the stationary
points (TS) of the most likely mechanistic pathways at the B3LYP/6-311+G(d,p) level. The TSs and the
corresponding highest occupied NBOs (HONBOs), representing donor orbitals, and lowest unoccupied
NBOs (LUNBO:s), representing acceptor orbitals, are displayed in Figure 3. Only the TSs and NBOs
associated with 2-hexene (TS;) and 1-hexene (TS,) in the earlier pathways are illustrated and those in
later pathways (T'S¢ for 2-hexene) and (TS; and 1-hexene) are omitted because of similarities. However,
Table 2 lists all the TSs, NBOs, atomic charges and largest orbital energies for each TS.

For the initiation step (TS;), the abstraction of H by O, corresponds to the largest interaction that
comprises the Lewis-type highest occupied NBO (HONBO) that comprises a C s(7.1%) p(92.9%)
nonbonding-type hybrid as the donor orbital. The numbers in % indicate the contribution of each orbital
to the NBO hybrid. The acceptor orbital is the non-Lewis-type lowest unoccupied NBO (LUNBO) that is
the H s(76.3%) and O s(6.9%) p (16.8%) antibonding hybrid. The HONBO donates electron density to
the LUNBO with orbital stabilization energy of +38.2 kcal/mol, thereby facilitating the formation of a
new HO bond. The largest negative charge among the three interacting atoms is on the O atom (-0.277)
and the positive charge on the H atom (+0.423), indicating qualitatively, a relatively stronger interaction
between the two atoms: The interaction is between the O s(28.0%) p(72.0%) nonbonding hybrid orbital
(HONBO) that donates electron density to the H s (71.9%) and C 5(5.5%) p(22.6%) antibonding hybrid
(LUNBO). phases of the lobes. For TS, the largest orbital energy is +45.6 kcal/mol. The corresponding
atomic charges on the three interacting atoms are C = -0.275, H = +0.312 and O = -0.567. We calculated
the orbital energy of +42.1 kcal/mol for the formation of 2-hexene (TS; and TSe) through the O,
propagation pathways. The flow of electron density is from the O s(13.1%) p(86.9%) nonbonding hybrid
to the H s (71.1%) and C $(3.4%) p(25.5%) antibonding hybrid. Similarly, for 1-hexene (TS, and TS,)
electron density flows from the O s5(13.3%) p(86.7%) nonbonding hybrid to the H s (71.4%) and C
$(3:7%) p (24.9%) antibonding hybrid. The distribution of atomic charges in interacting atoms follows the
same trend with negative charges on C and O atoms and positive charges on the H atoms. In all these
cases, further electron density directional flow is a result of the LUNBOs delocalizing principally to
vicinal CC antibonding orbitals to facilitate n-bond formation. The donor-acceptor orbitals for TSs are the
O 5(27.3%) p(72.7%) nonbonding hybrid and the H s (66.6%) and C s(7.7%) p (25.7%) antibonding
hybrid with atomic charges on involved atoms being C = -0.478, H = +0.0257 and O = -0.613. For TS;
two HONBOs and LUNBOs were identified corresponding to H-transfer from (HO,) the O s(15.1%) p
(84.9%) nonbonding hybrid to (C¢H30H) H s(78.9%) and O 5(4.9%) p (16.2%) antibonding hybrid, and
the OH scission from C¢H;;0H with the O s(35.6%) p(64.4%) nonbonding hybrid transferring electron
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density to (C¢H;3) the C s(1.0%) p (99.0%) antibonding hybrid. The associated orbital energies are +21.3
and +22.0 kcal/mol, respectively. Examination of the TS reveals that this step follows a concerted
mechanistic pathway that involves OH scission from C¢H;30H accompanied by H,O formation. Lastly,
TSy and TS, represent the formation of 2- and 1-hexene from intramolecular H-abstraction in C¢H;;00-,
respectively, and in both cases the donor orbitals are the O s(13.1%) p(86.9%) and the O s(13.4%)
p(86.6%) nonbonding hybrids and the acceptor orbitals are the H s(70.8%) and C s(3.5%) p(25.7%), and
the H 5(70.2%) and C 5(4.0%) p(25.8%) with orbital interaction energies of +39.3 and +43.5 kcal/mol.
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Figure 2 Zero-point corrected relative electronic energy (AE) diagrams for the reaction of n-hexane to 1- and
2-hexene. Scheme A is the activation of n-hexane to intermediates. Scheme B is the propagation pathway
involving the C¢H;;0" radical from Int,;, viz. Reaction (13) and (17). The indicated bond distances are in A.
B3LYP/6-311+g(d,p) for the C, O and H atoms. Cartesian coordinates of all TSs are provided as
supplementary material.
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Figure 2 Continuing Scheme C is the propagation pathway involving the OH radical from Int;, viz. reaction
(14) and (17). Scheme D is the propagation pathway involving the alcohol obtained from reaction (13) and
HO, radical, viz. reaction (18). B3LYP/6-311+g(d,p) for the C, O and H atoms. Cartesian coordinates of all
TSs are provided as supplementary material.
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Table 1: Relative Energies (AE) and Gibbs Free Energies (AG) for the reaction of n-hexane with molecular O,".
B3LYP/6-311+g(d,p) for the C, O and H atoms. Cartesian coordinates of all TSs are provided as supplementary material.

Reaction Pathway AE AG

573 673 773
Initiation
t-0x+n-CeHyy 0 0 0 0
t-0y--n-CcH4 (TSI) +42.4 +53.6 +55.8 +57.9
t-TS:_HO+C¢H30 (Int;) +20.5 (-21.9) +31.8 (-21.8) +34.0 (-21.8) +36.2 (-21.7)
t- TS;_,O+C¢H30H (Int,) +28.9 (-13.5) +35.7 (-17.9) +38.0 (-17.8) +40.3 (-17.6)
t- TS1_HO,+C¢H;; (Int3) +44.8 (+2.4) +51.9 (-1.7) +53.4 (-2.4) +54.8 (-3.1)
Propagation from Int; (C¢H;30)
d-C6H13O+n-C6H14 0 0 0 0
d-C6H13O--n-C6H14 (TSz) +8.7 +25.6 +28.3 +31.9
d-TS, . C¢H;;:0H+CeH;y; (Inty) -1.8 (-10.5) +6.7 (-18.9) +8.5 (19.8) +10.2 (-21.7)
d-Inty_,0,--C¢Hys (TS3) -7.7 (-5.9) +10.5 (+3.8) +13.9 (+5.4) +17.3 (+7.1)
d-TS;__HO»+C¢Hy, (Py): 2-hexene -19.2 (-11.5) -9.8 (-20.3) -7.9 (-21.8) -6.1 (-23.4)
d-Inty_,0,--C¢Hy3 (TSy) -7.6 (-5.8) +10.7 (+4.0) +14.2 (+5.7) +17.6 (+7.4)
d-TS,_, HO,+C¢H;;, (P,): 1-hexene -16.4 (-8.8) -6.9 (-17.6) -5.0(-19.2) -3.1 (-20.7)
Propagation from Int; (HO)
d-HO+n-CgH4 0 0 0 0
d-HO--n-C6H14 (TSs) +14.6 +28.1 +30.5 +32.7
d-TSs_, H;O+C¢H,; (Ints) -18.0 (-32.6) -13.1.(-41.3) -12.0 (-42.5) -10.9 (-43.6)
d-Ints_,0,--CcHys (TS6) -22.5 (-4.5) -5.7 (+7.4) -2.6 (+9.4) +0.6 (+11.5)
d-TS¢__HO»+C¢Hy, (P3): 2-hexene -34.0 (-11.5) -26.0 (-20.3) -24.3 (-21.7) -22.7 (-23.3)
d-Ints_,0,--C¢Hy5 (TS7) -22.4 (-4.4) -5.4 (+7.7) -2.2 (+9.8) +1.0 (+11.9)
d-TS,__HO»+C¢Hy, (P4): 1-hexene -31.2 (-8.8) -23.1 (-17.7) -21.4 (-19.2) -19.8 (-20.8)
Propagation — H-transfer
d-H02+C6H130H 0 0 0 0
d-HO,--C¢H3:0H (TSg) +29.4 +44.9 +47.9 +50.8
d-TSg_H,0+C¢H;300 (Intg) -8.6 (-38.0) +1.7 (-43.2) +3.8 (-44.1) +5.8 (-45.0)
d-CcH300 (TSy) Intra H-abstraction +15.8 (+24.4) +26.7 (+25.0) +28.8 (+25.0) +30.8 (+25.0)
d-TSy__HO»+C¢Hj, (Ps): 2-hexene +5.3 (-10.5) +7.8 (-18.9) +8.5 (-20.3) +9.2 (-21.6)
d-CcH300 (TS;¢) Intra H-abstraction +16.5 (+25.1) +26.9 (+25.2) +29.1 (+25.3) +31.2 (+25.4)
d-TS10_HO,+C¢H;» (Pg): 1-hexene +7.6 (-8.9) +12.3 (-14.6) +9.3 (-19.8) +15.0 (-16.2)
Intra H-elimination
d-'C6H13 0 0 0 0
d--C¢Hy3 (TSqy) +36.3 +37.4 +37.6 +37.8
d-TS11_.C¢Hy2 + H- (Int;): 2-hexene +36.5 (+0.2) +30.6 (-6.8) +29.5 (-8.1) +28.5 (-9.3)
Termination
s-HO,+HO, 0 0 0 0
S-HOZ“HOZ (TSu) 2.3 +4.9 +5.8 +6.7
5-TS1,.2HO+O, (Intg) -21.1 (-18.8) -23.4 (-28.3) -24.1 (-29.9) -24.9 (-31.6)
t-HO--HO (TS12) -4.7 +8.5 +11.0 +13.6
t-TS3_. H,O+O0 (Inty) -13.0 (-8.3) -3.2(-11.7) -1.3 (-12.3) +0.7 (-12.9)
t-0--0O (TS14) 2.1 +10.7 +13.1 +15.6
t-TS14.0, (P7) -117.8 (-115.7) -104.2 (-114.9) -101.6 (-114.7) -99.0 (-114.6)

“AE and AG are zero-point corrected electronic energy and Gibbs free energy at standard pressure, relative to separate
reactants respectively, in kcal/mol. The energies in parentheses are for the indicated reaction pathways. The temperature
is in K and AE values are at 673K. Prefixes -, d- and s- indicate triplet, doublet and singlet states, respectively.
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Table 2: NBO atomic charges, HONBO and LUNBO orbital types, and largest orbital energies for the TSs of the n-
hexane to 1- and 2-hexene pathways. B3LYP/6-311+g(d,p) for all the atoms. Cartesian coordinates of all TSs are
provided as supplementary material.

Transition Atomic charges on HONBO type LUNBO type Orbital Stabilization
state interacting atoms Energy (kcal/mol)

1 C=-0.191 C 5(7.1%) p(92.9%) H 5(76.3%) O s(6.9%) +38.2
H=+0423 nonbonding p(16.8%) antibonding
0=-0.277 hybrid hybrid

2 C=-0.275 0 5(28.0%) p(72.0%) H s(71.9%) C s(5.5%) +45.6
H=+0.312 nonbonding p(22.6%) antibonding
0=-0.567 hybrid hybrid

3and 6 C=-0478 0 5(13.1%) p(86.9%) H s(71.1%) C s(3.4%) <« +42.1
H=+0.360 nonbonding p(25.5%) antibonding
0=-0.225 hybrid hybrid
4and 7 C=-0.387 0O 5(13.3%) p(86.7%) H s(71.4%) C s(3.7%) +45.9

H=+0.192 nonbonding p(24.9%) antibonding
0 =-0.408 hybrid hybrid

5 C=-0478 0O 5(27.3%) p(72.7%) H 5(66.6%) C s(7.7%) +23.6
H=+0.257 nonbonding p(25:7%) antibonding
0=-0.613 hybrid hybrid

8 C=-0.170 O 5(35.6%) p(64.4%) and O ~H s(78.9%) O s(4.9%) +21.3 and +22.0
0 (0,) =-0.888 5(15.1%) p(84.9%) p(16.2%) and
H=+0.480 nonbonding C 5(1.0%) p(99.0%)
O (OH) =-0.277 hybrids antibonding hybrid

9 C=-0.486 0O 5(13.1%) p(86.9%) H 5(70.8%) C s(3.5%) +39.3
H=+0.363 nonbonding p(25.7%) antibonding
0=-0.218 hybrid hybrid

10 C =-0.667 0 5(13.4%) p(86.6%) H 5(70.2%) C s(4.0%) +43.5
H = +0.361 nonbonding p(25.8%) antibonding

0=-0.215 hybrid hybrid
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Figure 3A Transition state structures and frontier orbitals for the likely mechanistic scheme. The orbital
lobes are oriented for better clarity in each case and correspond to the reaction coordinate.
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Figure 3B Transition state structures and frontier orbitals for the likely mechanistic scheme. The orbital
lobes are oriented for better clarity in each case and correspond to the reaction coordinate.
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4 Conclusions

The mechanism for activation of n-hexane by molecular oxygen and subsequent propagation
pathways is proposed based on DFT modelling using experimental conditions of 573, 673 and 773K.
All the pathways are recorded in Table 1.

The formation of CO, was not considered for this study. The most kinetically and thermodynamically
favourable mechanistic pathways that are likely to drive the reaction are the following,

o Initiation: C6H14 + 02 = C6H130' + HO -

Since O, and n-hexane are the only species present at the initial stages of the reaction, the rate-
determining step is the abstraction of H from n-hexane by triplet O, with a barrier height of +42.4
kcal/mol. The pathway stabilizes to produce the intermediate (Int;) that comprises the alkoxy
(C6H30-) and hydroxyl (HO-) radicals. This intermediate is thermodynamically more stable (AE =
+20.5 kcal/mol) than that composed of the alkyl (C¢H,3) and hydroperoxy radicals (HO,"), with AE =
+44.8 kcal/mol, relative to separate reactants. (Figure 2A).

. Propagation by HO- and C¢H;50-: C¢Hyy + HO- = H,0 + -CgHqs

C6H14 + C6H130' = C6H130H + 'C6H13
H-abstraction from further n-hexane molecules by ‘OH and C¢H,;0- radicals. The indicated first step
has a barrier of +14.6 kcal/mol and the second step +8.7 kcal/mol. The intermediates stabilize with
associated AE values of -18.0 and -1.8 kcal/mol, respectively (Figures 2B and 2C).
. Propagation by O,: -C¢Hiz + O, = CcHy, + HO, -
H-abstraction from the generated ‘C¢H;s radicals by molecular O,. This step is barrierless (-5.9
kcal/mol) and also thermodynamically favourable by -17.4 kcal/mol for the formation of 2-hexene
(Figure 2B).
. Propagation by HO»': C¢H30H + HO,- = C¢H300- + H,0
A concerted mechanistic pathway that involves H-transfer from HO, radical to C¢H;30H that is
accompanied by H,O formation has a barrier height of +29.4 kcal/mol and the reaction step is
thermodynamically favourable and produces C¢H;300- and H,O with AE = -8.6 kcal/mol (Figure
2D).
L4 Propagation by C(,HBOO': C6H1300 C = C6H12 + HOZ .

Intramolecular H-abstraction and HO,* elimination to produce 2-hexene with a barrier height of +24.4
kcal/mol and AE value of +5.3 kcal/mol from the initial reactants of HO,- and C¢H;30H (Figure 2D).

Termination: 2HO, - = 2HO- + 0O,
2HO- = H,0 + O
20 = 0,

The remaining HO,' radicals combine to produce H,O and O, through a series of three steps. For the
three steps we calculated barrier-less energies of -2.3, -4.7 and -2.1 kcal/mol, and the corresponding
AE values of -21.1, -13.0 and -117.8 kcal/mol, relative to separate reactants, respectively (Table 1).
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Highlights

Activation step is H-abstraction from CgH14 by O, to form CgH130- and -OH radicals.

CsH130- and -OH radicals activate further CgH4 molecules to produce CgHi30OH and
H.O.

Also produced is -C¢H43 that forms 2-hexene and HOO:- via H-abstraction by O..
Hydrogen transfer from HOO- to C¢H130H leads to H-O and C¢H13;00-.

CsH1300- undergoes intramolecular H-abstraction to yield 2-hexene and HOO- radical.



