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ABSTRACT: The remarkable reactivity and selectivity of boron-
based catalysts in the oxidative dehydrogenation (ODH) of light
alkanes offer a sustainable path for the efficient conversion of light
alkanes to olefins, while the origin of their unique ability to suppress
deep oxidation remains to be studied. Concerning the leaking of
boron oxide under ODH conditions, here, the ability of detached
nano-sized boron oxide to eliminate propoxyl radicals, which is
crucial to the high selectivity of olefins, was evaluated by means of
density functional theory calculations. The results show that the
barrier to the reaction is about 24 kcal/mol, suggesting that the
detached nano-sized boron oxide can capture the propoxyl radicals
under ODHP conditions to suppress the deep oxidation. The
chemical environment may impose moderate influence by
modulating their oxophilicity, and the boron sites that bear fewer
hydroxyl groups show stronger affinity for the propoxyl radicals. This suggests that the inner tri-coordinated boron sites are more
reactive than the edge boron sites in the elimination of alkoxyl radicals in the ODH of light alkanes, which is opposite to their ability
to activate atmospheric dioxygen. This study enriches our understanding on the specific nature of boron-containing catalysts in
suppressing the deep oxidation of light alkanes in their ODH.

1. INTRODUCTION
As important chemical feedstocks, light olefins are mainly
produced by steam cracking of petroleum in industry, which is
energy-demanding and does not fit to the strategy of
sustainable development.1,2 In recent years, the surplus of
ethane and propane from shale gas has invoked intensive
research effort in the dehydrogenation of light alkanes to
olefins.3 As a promising alternative route to the industrialized
direct dehydrogenation protocols, oxidative dehydrogenation
(ODH) of light alkanes has advantages of favorable
thermodynamics (exothermic and lower reaction temper-
atures) and free of coking on catalysts. However, the ODH
reaction on metal-based catalysts suffers from deep oxidation
of alkanes due to the active participation of lattice oxygen,
resulting in low selectivity to alkenes.4 The breakthrough
finding of the remarkable performance of hexagonal boron
nitride (h-BN) and other boron-containing catalysts in the
ODH of light alkanes with high olefin selectivity and negligible
COx formation offers a rescue for the ODH protocol.5−7

Mechanistic studies of the ODH of light alkanes over boron-
containing catalysts unraveled the extreme complexity of the
reaction and proposed the copresence of the surface-mediated
and off-surface (gas-phase) radical channels,8−13 and the
formulation of a consensus understanding remains waiting

for some key issues, among which is the origin of the
remarkable olefin selectivity over boron-containing catalysts.
Earlier studies proposed that during the ODH reaction, the

surface of these boron-containing catalysts may experience
dynamic reorganization, and the tri-coordinated oxygenated
boron sites (BOx or B−OH groups) are responsible for their
activity.6,8,14−19 In addition, the leakage of surface boron oxide
species and the promoting effect of water on the catalytic
reaction were observed in the ODH experiments.6,12,20,21

Based on our recent work, these phenomena were explained in
terms of the hydrolysis of >B−O−B< bridges on the catalyst
surface:8,13 on the one hand, water could assist the breeding of
more >B−OH/−B−(OH)2 sites on the catalyst surface; on the
other hand, the boron-containing catalysts can be hydrolyzed
to generate nano-sized B2O3 clusters. These clusters have two
fates: one is to deposit on the surface to reunite as part of the
surface, and another is to diffuse with the gas flow which is

Received: September 28, 2022
Revised: November 7, 2022
Published: December 7, 2022

Articlepubs.acs.org/JPCC

© 2022 American Chemical Society
21263

https://doi.org/10.1021/acs.jpcc.2c06910
J. Phys. Chem. C 2022, 126, 21263−21271

D
ow

nl
oa

de
d 

vi
a 

D
A

L
IA

N
 U

N
IV

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

Fe
br

ua
ry

 8
, 2

02
3 

at
 0

2:
38

:3
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuchen+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongqi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="An-Hui+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.2c06910&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/126/50?ref=pdf
https://pubs.acs.org/toc/jpccck/126/50?ref=pdf
https://pubs.acs.org/toc/jpccck/126/50?ref=pdf
https://pubs.acs.org/toc/jpccck/126/50?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c06910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


responsible for the leakage of boron oxide. Can these flying
B2O3 nano clusters participate in the ODH reaction and how
are they behaving? These intriguing questions triggered our
present study.
The remarkable selectivity for olefin products in the boron-

based ODH catalytic systems means that the presence of
boron not only activates the dehydrogenation of alkanes, but
also suppresses the deep oxidation channels in the aerobic
environment. As important intermediates are responsible for
the deep oxidation products, e.g., alcohol, aldehyde, ketone,
and COx, the elimination of alkoxyl radicals is the key to
achieve high olefin selectivity under the ODH conditions.8,11

In previous work,13,22 we show that the alkoxyl radicals may be
captured by surface boron sites under ODH conditions owing
to the oxophilicity of boron, while it remains unknown whether
they can be eliminated in the gas phase. The awareness of the
presence of detached B2O3 clusters guided us to investigate the
possibility for the alkoxy radicals to be trapped by these B2O3
clusters for their elimination. To address this issue, we first
optimized boron oxide clusters to mimic the oxygenated boron
species detached from the surface and diffused into the gas
phase under the ODH reaction. Then, these optimized boron
oxide clusters were considered as active species to investigate
their ability to eliminate gaseous alkoxy radicals. The results
may offer us extensive understanding on how the inherent
properties of boron sites could influence the performance of
boron-based catalysts.

2. COMPUTATIONAL DETAILS
2.1. Conformational Search. To sample the potential

conformations of B2O3 clusters accessible under ODH
conditions, the Artificial Bee Colony algorithm implemented
in the ABCluster program23,24 was employed to obtain the low
energy conformations of B2O3 clusters at the xtb-gfn2 level.25

The search ran through the clusters with the number of B
atoms ranging from 1 to 7. The hits were subsequently fully
optimized by density functional theory (DFT) at the B3LYP-
D3(BJ) /6-31G(d,p) level of theory26−28 to identify the ones
with the lowest Gibbs free energy. The nature of the stationary
points as minima was then verified by vibrational analysis. The
energies were refined at the levels of MP2/cc-pVTZ and

CCSD(T)/cc-pVTZ. The procedure of the global minimum
sampling is shown in Figure S1.
2.2. Computational Method. In the mechanistic

calculations and electronic structure analysis, all stationary
points were fully optimized by the Gaussian 09 package29 at
the dispersion-corrected B3LYP-D3(BJ)/6-31G(d,p) level of
theory.26−28 Frequency analysis was conducted to confirm the
nature of all stationary points as minima (reactants,
intermediates, or products) or transition states (TSs). Intrinsic
reaction coordinate (IRC)30 calculations were carried out to
verify the stationary points on the same pathway. Thermody-
namics data, including Gibbs free energies, were calculated at
298.15 K and 1 atm. Wavefunction analyses, including electron
density (ρ), Laplacian (∇2ρ), Mayer bond order, Mulliken spin
density, conceptual DFT (CDFT), and localized molecule
orbital (LMO) analysis, were performed using the Multiwfn
3.7 program.31 The VMD program32 and the CYLview
program33 were used for visualization of the properties. The
NBO 6.0 program34 was employed to analyze the NPA charge
of boron sites in B2O3 clusters. The counterpoise method35

was employed to quantify the influence of BSSE correction.

3. RESULTS AND DISCUSSION
3.1. Conformational Screening of B2O3 Clusters. The

obtained global minimum structures of boron oxide clusters
are shown in Figure 1. The energy differences between the
most stable and the second most stable conformations of B2O3
clusters with different sizes are listed in Table S1. The energy
difference between them was calculated to be within 0.2 eV,
indicating that facile conformational transition may occur
under the ODH conditions.
As seen in Figure 1, with the increasing presence of boron

sites in the clusters, the planar conformation (1−5) deforms
(6−7), which exhibits a transition tendency from the zero-
dimensional conformation of small molecule (H3BO3) to the
three-dimensional conformation of bulk B2O3.
Intramolecular hydrogen bonds were observed in the

clusters. To evaluate the contribution of hydrogen bonds to
the stability of the system, the quantum theory of atom in
molecules was used to calculate the electron density (ρ) and its
Laplacian (∇2ρ) at bond critical points (BCPs) of hydrogen
bonds, and the data are given in Table S2. The ρ(BCP) values

Figure 1. Optimized global minimum structures of boron oxide (B2O3) clusters. Boron, oxygen, and hydrogen atoms were represented by pink, red,
and white balls.
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and ∇2ρ(BCP) values of all B2O3 clusters were in the range of
0.0214 a.u. to 0.0330 a.u. and 0.0672 a.u. to 0.0954 a.u.,
respectively. These values are about one order smaller than
that of covalent bonds, which is consistent with the trend
reported in earlier work.36

To further investigate the noncovalent interaction of B2O3
clusters, we calculated hydrogen bond energy (HBE) based on
electron density at BCPs (eq I) and displayed in Table S2.37

The plots of bonding isosurfaces and the RDG (s) vs the
electron density (ρ) multiplied by the sign of the second
Hessian eigenvalue (λ2) for B2O3 clusters are shown in Figure
S2.38

× +HBE 223.08 (BCP) 0.7423 (I)

where ρ(BCP) is in a.u., and HBE is in kcal/mol.
Consistent with the analysis of ρ(BCP) and ∇2ρ(BCP), the

hydrogen bonds of >B−O(H)···H−OB< had similar strength.
The increase of B2O3 cluster sizes was accompanied by the
formation of more hydrogen bonds, which brought more
stabilization to the clusters. Besides the hydrogen bond spikes,
the steric hindrance spikes (red points close to zero) were also
observed (Figure S2), but weaker than the hydrogen bonds.
3.2. Substitution Reaction: The Elimination of Alkoxy

Radicals. The B2O3 clusters with different sizes were used to
mimic the detached B2O3 clusters to evaluate their ability to
consume alkoxyl radicals under the ODH conditions. Such
treatment is qualified in view of the fact that the surface boron
species of the boron-based catalyst can be hydrolyzed and then
diffuse into the gas phase. The gas-phase reaction of alkane and
dioxygen is generally considered to be complex and can hardly
guarantee high olefin selectivity owing to the in situ generated
alkoxyl radicals that lead to the conversion of alkanes to deep
oxidation products rather than olefins. This does not hold in
the ODH of alkanes on boron-based catalysts which reconciles
the oxidative dehydrogenation of alkenes and high selectivity
for olefin products. This implicates that boron oxides can
manipulate the radical species by breeding the ones responsible
for the formation of olefins, e.g., hydroxyl, and/or quenching
the ones responsible for deep oxidation, e.g., alkoxyl. The
reactivity of surface oxygenated boron species has been
evaluated recently, while it remains unknown whether the
detached B2O3 clusters may contribute to the elimination of
alkoxyl radicals.
In the B2O3 clusters, there are three types of tri-coordinated

boron sites (Scheme 1). These sites differ from each other in
the number of hydroxyl groups, depending on the locations of
the possible active boron sites at the terminal (Bt), edge (Bm),
and inner (Bi) regions of the clusters. Accordingly, in the
evaluation of their ability to capture propoxyl radicals, two
channels were considered with the first one breaking the B−

OH bond (bond (a) in Scheme 1) to release ·OH (eq II), and
the second one breaking the B−O−B bridge (bond (b) in
Scheme 1) to generate an ·O−B< radical site (eq III). As seen
in Scheme 1, these three types of sites are anchored on the
cluster via one, two, and three B−O−B bridges, respectively,
i.e., the latter two are partially or fully restrained in the
backbone, resulting in their different flexibilities and
oxophilicities.

> + • >

+ •

B B/ site: B OH OC H B OC H

OH

t m
3 7 3 7

(II)

> < +• >

+ • <

B site: B O B OC H B OC H

O B

i
3 7 3 7

(III)

3.2.1. Energetic View of the Mechanism. Prior to the
substitution reaction, the gaseous alkoxyl radical may diffuse to
the B2O3 cluster, and its adsorption at the boron sites was
calculated to be about 7 kcal/mol (from IS to the reactant
complex (RC), Figure 2). The subsequent substitution
reaction of the adsorbed alkoxy radical at different boron
sites proceeded similarly along a two-step pathway.
During the first step, the adsorbed alkoxyl formed an O−B

bond with the tri-coordinated boron site to produce a tetra-
coordinated boron species. As shown in Figure 2, free-energy
barriers to this step at the terminal boron sites (doubly
hydroxylated, Bt), middle boron sites (singly hydroxylated,
Bm), and inner boron sites (no hydroxylated, Bi) were
approximately 6.5, 4.2, and 2.5 kcal/mol, respectively. The
moderate difference in the free-energy barriers to the binding
of alkoxyl radicals on the same boron sites of the clusters with
different sizes indicated that this step does not show
dependence on the B2O3 cluster size, while the chemical
environment of the boron sites can impose moderate influence.
It could be seen that the higher presence of the ·OH group at
the boron site, the higher free-energy barrier, suggesting that
the order of oxophilicity at the boron site was Bt site < Bm site
< Bi site.
Consistent with the previous study,22 the second elementary

reaction step was identified as the rate-determining step of the
substitution reaction, which removed an ·OH (Bt and Bm sites)
or breaks the neighboring >B−O−B< bridge (Bi site) in the
tetra-coordinated intermediate (IM). The Gibbs free energy of
TS2 shows that it is more difficult to remove the ·OH group at
the Bt site than that or breaking the >B−OB< bond at the
other boron sites (Figure 2, Table S3). This is in accordance
with the stronger bond strength of the B−O(H) than that of
B−O(B) (142.9 vs 131.4 kcal/mol, respectively).39

Figure 3 shows the change of key bond lengths during the
substitution reactions demonstrated by the cluster 5 model
system. The geometry evolution in the systems of the other
clusters is similar and thus is not shown here for simplicity, and
for those who are interested, please see the Supporting
Information (Figure S6 for cluster 4, and the coordination files
for the other clusters). The substitution of the propoxyl radical
for the hydroxyl radical (·OH) occurred at both the Bt and Bm

sites (eq II), and at the Bi site which is free of ·OH, the break
of the bond between the Bi site and the neighboring >B−O·
group (eq III) was considered. The bond length of the nascent
Bt−O2 (1.874 Å) in Bt−C3H7O·−TS1 was shorter than that of
Bm−O2 (1.981 Å) in Bm−C3H7O·−TS1, and the bond length
of the existing Bt−O1 (1.405 Å) was longer than that of Bm−
O1 (1.382 Å), suggesting that Bm−C3H7O·−TS1 was an earlier

Scheme 1. Three Types of Boron Sites of B2O3 in the ODH
of Light Alkanesa

aThe letter X represents the >B−O− group, and the superscripts t, m,
and i denote the terminal (doubly hydroxylated, −Bt(OH)2), middle
(singly hydroxylated, >Bm−OH), and inner (backbone, no hydroxy-
lated >Bi−) boron sites, respectively
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TS than Bt−C3H7O·−TS1. This is consistent with the
Hammond postulate40 in view of the lower free-energy barrier
at the Bm site (4.50 kcal/mol) than at the Bt site (6.96 kcal/
mol).
The second step breaks the >B−OH bond at the Bm and Bt

sites and the >B−OB< bond at the Bi site. In the B2O3 clusters,
the bond length of the >B−OH bond is shorter than that of
the >B−OB< bond, suggesting that the >B−OH bond is
stronger than the >B−OB< bond, and it is easier to break the
>B−OB< bond than the >B−OH bond. According to
calculations, the free energies of their TSs relative to the RC
are 16.71 and 18.3 kcal/mol, respectively. These data show
that although the boron atoms at the three sites are all bonded

to three oxygen atoms, the interaction between boron and
these oxygenated groups is different. This may lead to a
delicate difference in the oxophilicity of the three types of
boron sites.
3.3. Electronic Structure Analysis. The population

analysis showed that the spin density distributed mainly on
the O atom of the alkoxy radical and the O atoms of the
leaving hydroxyl group or the detached >B−O· group, while
not at the B site (Figure S7). This indicated the typical feature
of the boron oxide clusters: (1) the electron density is localized
and confined in the region of the active site; (2) in the ODH
reaction, the B atom is easy to bond with the O atom or other
atoms to achieve the paired presence of electrons, and the B

Figure 2. Gibbs free-energy profiles of the substitution reactions on boron oxide clusters calculated at 298.15 K and 1 atm. Color scheme: the
substitution reaction at Bt sites in black, Bm sites in blue, and Bi sites in red, respectively. Boron, oxygen, and hydrogen atoms in the inserted figures
are shown in pink, red, and white, respectively.
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atom itself is more like a bridge to accomplish the electron
transfer. Experimentally, the fact that boron-based catalysts
have rich presence of B(OH)xO3−x (where x = 0−3) under the
ODH conditions indicates that the B atom has high propensity
to bond to oxygen-containing groups.
The models of the three types of tri-coordinated boron sites

shown in Scheme 1 differ from each other in the number of
hydroxyl groups connected to the boron sites. As mentioned
above, in these cluster models, the interaction strengths
between boron atoms and the O atoms of ·OH groups and the
O atoms of >B−O· groups are different. NBO analysis showed
the dependence of the NPA charge of B atoms on their local
chemical environment (Figure 4a) and indicated that the
boron sites bearing lower presence of ·OH groups have more
positive NPA charge. This implicates that the pz orbital of the
Bi site is more depleted and better prepared to accept external
electrons shared by the incoming alkoxyl group than that of the
Bm site and the Bt site.
CDFT was used to describe the difference in the reactivity

between boron sites (Table 1). In a boron oxide cluster, the
values of the condensed Fukui function (f0) and condensed
dual descriptor (CDD) at the Bi site were larger than those at
the Bm site and the Bt site, indicating that the Bi site had
stronger reactivity. This result was also consistent with the

lower free-energy barrier to the formation of the Bi−OC3H7
bond than that to the formation of the >Bm−OC3H7 bond and
the >Bt−OC3H7 bond.
The boron atom possesses five electrons with a ground-state

configuration (1s)2(2s)2(2p)1. As shown in Figure 4b, in the

Figure 3. Geometries of the stationary points along the substitution reaction pathways on the B5 cluster with key bond parameters (in Å). Boron,
oxygen, carbon, and hydrogen atoms were represented by pink, red, gray, and white balls.

Figure 4. Site- and size-dependent atomic charge distribution of boron. Left: NPA atomic charge of boron in different chemical environments;
right: reorganization of valence orbitals of boron upon being bonded.

Table 1. Condensed Fukui Function f0, CDD, Condensed
Local Softness s0, Relative Electrophilicity Index (s+/s-),
and Relative Nucleophilicity Index (s−/s+) of B Atoms in
the B2O3 Cluster

label f 0 (e) CDD (e) s0 (eV·e) s+/s s−/s+
3-Bt 0.09 0.07 4.90 2.32 0.43
3-Bm 0.12 0.20 6.53 9.22 0.11
4-Bt 0.07 0.04 3.81 2.03 0.49
4-Bi 0.12 0.20 6.53 12.54 0.08
5-Bt 0.05 0.03 2.99 1.68 0.60
5-Bm 0.08 0.09 4.35 4.12 0.24
5-Bi 0.10 0.16 5.44 11.51 0.09
6-Bt 0.03 0.01 1.90 1.39 0.72
6-Bm 0.04 0.02 2.18 1.35 0.74
7-Bt 0.04 0.01 2.45 1.39 0.72
7-Bm 0.05 0.06 3.27 4.16 0.24
7-Bi 0.07 0.12 4.35 10.38 0.10
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tri-coordinated planar B site, its valence 2s-orbital hybridizes
with its 2p-orbitals to form three sp2-hybridized orbitals,
leaving one 2pz-orbital unoccupied. This feature allows the tri-
coordinated boron site to accommodate an electron-donor as
the fourth ligand to form the sp3-hybridized tetrahedral
structure. The analysis of relative electro- and nucleophilicity
of boron sites shows that the electrophilicity increases in the
order of Bt site < Bm site < Bi site (Table 1), suggesting that
the Bi site has higher affinity for external electrons. The
marginal difference between the relative electrophilicity of the
Bt and the Bm sites in cluster 6 (1.90 vs 2.18 eV·e) indicate
that the two sites in cluster 6 have similar affinity for external
electrons. This is consistent with their close free-energy

barriers to the first step (Figure 2e) and suggests that the
relative electrophilic index may to be used as a descriptor of
the oxophilicity of the B site.
Figure 5 shows the main LMOs involved in the substitution

reaction. The evolution of the frontier orbitals during the first
elementary reaction step shows how an electron in the existing
B−Ohydroxyl/backbone bond region is transferred to the nascent
B−Oalkoxyl bond region: On the one hand, the occupied p-
orbital (αRC-HOMO, βRC-HOMO) of O atoms in the alkoxy
radical overlapped head-to-head with the unoccupied 2p-
orbital (αRC-LUMO+4, βRC-LUMO+5) of B atom in the B2O3
cluster and underwent the transition state (TS1) to form B−O
bonding orbital (αIM-HOMO-18, βIM-HOMO-8) and B−O*

Figure 5. Main LMOs involved in the substitution reaction represented by the reaction of C3H7O· at the Bt site of cluster 4: (a) addition of
C3H7O·; (b) release of ·OH. For better visibility, the structures in the second step (b, bottom) were rotated anticlockwise for 90°. The structures of
the key stationary points are shown on the top of orbital diagrams to indicate the reaction sites (Bt). The LMOs in the other reaction systems are
similar and not shown here for simplicity.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c06910
J. Phys. Chem. C 2022, 126, 21263−21271

21268

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06910?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c06910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


antibonding orbital (αIM-LUMO+34, βIM-LUMO+35), which
reflected the electrophilicity of boron site. On the other hand,
the occupied p-orbital (βRC-HOMO-19) of Ohydroxyl/backbone

atoms connected to the boron site and the unoccupied p-
orbital (βRC-LUMO) of Oalkoxyl atoms in the alkoxy radical in
RC overlapped approximately 90° head-to-head to form the
βIM-HOMO-1 and βIM-LUMO orbitals, which reflected the
electrophilicity of oxygen atoms in alkoxy radicals (Figure 5a).
In this process, the β electron of the p-orbital (βRC-HOMO-
19) of O atom in the B2O3 cluster was shared to the p-orbital
(βRC-LUMO) of O atoms in the alkoxy radical. In the
subsequent second step to convert the tetra-coordinated
intermediate (IM) to the tri-coordinated product (PRO), the
β electron was completely transferred to the Oalkoxyl atom of
the alkoxy radical (Figure 5b). Accordingly, in the population
analysis, the spin density was distributed on the O atoms of the
alkoxy radical and the leaving group, but not on the B atoms
(Figure S7).
3.4. Implications to Experimental Studies. In gas−solid

heterogeneous catalytic reactions where there is noticeable
catalyst loss, it is necessary to understand the influence of the
leaking catalysts diffusing in the gas flow because they may
collide with the reactants or the products on their way to the
outlet and trigger additional reactions. Understanding of their
roles can provide valuable information for the optimization of
catalyst distribution in the reactor and the reaction design. In
the studies of h-BN- and B2O3-catalyzed ODH of light alkanes,
noticeable leaking of boron was observed. Concerning the
remarkable performance of oxygenated boron species under
ODH conditions, it is beneficial to investigate the role of the
detached B2O3 clusters in the elimination of alkoxyl radicals,
which is important to maintain the low deep oxidation of
alkanes.
According to our study, in which a series of B2O3 clusters

with different sizes and each with B braced in three types of
chemical environment (Bt, Bm, and Bi, see Scheme 1). The
results show that the detached B2O3 clusters maintain their
ability to eliminate the alkoxyl radicals as on the catalyst
surface.13,22 Their reactivity exhibits dependence on the local
chemical environment of B, i.e., the inner boron sites (Bi)
display moderately higher reactivity than the edges sites (Bt

and Bm). Their sizes do not show much influence.
The reactivity of the detached nano-sized B2O3 clusters

urges us to propose a tandem design of the catalysts in the
reactor with the lower layer loading support or with a trace
amount of boron-containing catalyst. Its advantage is twofold:
(1) the lower layer can capture the B2O3 clusters detached
from the upper layer to minimize the leakage of catalyst; (2)
the B2O3 clusters on the lower layer, either prepared or freshly
deposited, can capture the alkoxyl radicals to minimize the
deep oxidation products. In addition, in our recent
experimental study, the promotion effect of olefin cofed with
an alkane substrate on the conversion of the latter was
observed (unpublished results). This adds an additional
advantage to the tandem design to increase the conversion
of alkane in a hierarchical manner.

4. CONCLUSIONS
In this work, the reactions of isopropoxy (i−C3H7O·) with
B2O3 clusters were studied to unravel the possible gas-phase
reaction channels to eliminate alkoxyl radicals under the ODH
condition. According to the calculations, owing to the highly
localized electronic structure of the boron oxide (B2O3)

material, its size does not influence much its ability to
eliminate the gaseous alkoxy radicals at the boron site, which
however shows dependence on the local coordination
environments of boron sites. The CDFT analysis suggests
that the consequence of its correlation with the oxophilicity of
the boron sites increases in the order of Bt site < Bm site < Bi

site. The exceptional ability of detached B2O3 clusters to
eliminate the alkoxyl radicals in the gas phase shows that boron
oxides can not only trigger the oxidative dehydrogenation of
light alkanes, but also offer channels to eliminate alkoxyl
radicals under ODH conditions, which suppresses the deep
oxidation of alkanes and guarantees the high selectivity of
olefins.
We note that the ODH of light alkanes is complex and the

underlying mechanisms are still far from being well under-
stood. Regarding the suppressing of deep oxidation of alkanes,
besides the elimination of alkoxyl radical intermediates, there
can be other co-present pathways to contribute to the low yield
of deep oxidation products, e.g., the selective dehydrogenation
of alkanes. We are mapping the reaction network in order to
obtain a comprehensive understanding on the ODH of light
alkanes in the boron-based catalytic systems and will share our
finding with the community when available.
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