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The reactivity of chromium oxide clus-

ter anions (CrO3);-40~ towards low car-
bon (C;—C4) alkanes has been experi-

mentally investigated at 298 K by em-
Increase

ploying a homemade ship-lock-type re-
W\ ¢or-3d energy

Reactive

actor coupled with a time-of-flight mass
spectrometer. The results demonstrate
that while CrO4~ and CroO7~ clusters
could abstract a hydrogen atom from
CoHg and CHy, respectively, CrzOo~
and CrsOq37~ clusters were found to be

Decrease
Cr-3d energy

Unreactive

inert towards n-CyH;¢ within the de-

tection limit. Theoretical results reveal . . .
that CrO4~ and CryO7~ clusters pos- 1 " fZCO . :|3 t 4

of (Cr - clusters
sess delocalized chromium-bonded oxy- ( W H

gen radicals (Cr—O7"), which rationalizes the hydrogen atom abstraction reactions between
(Cr0O3)1,207 clusters and alkanes. However, the active sites of (CrO3)3.40~ clusters evolve
to peroxide species (0227), which exhibit inferior activity compared to O~ radicals. The
increase of Cr-3d orbital energy driven by the more negative charge around CrO,, unit formed
via downsizing the cluster size has been proposed to account for favorable reduction of 092~
and selective generation of reactive O~ radicals in small-sized (CrOg); 20~ clusters. This
study not only enriches the chemistry of metal-bonded O~ radicals toward alkane activation
under mild conditions, but also provides a new insight into the conversion between 022~ and
O~ radicals over metal oxides.
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I. INTRODUCTION

Alkanes originating from biogenic and fossil sources

TPart of the special tOpiC for “the Chinese Chemical Society’s represent important raw materials in the Chemical in-
17th National Chemical Dynamics Symposium”
*Author to whom correspondence should be addressed. E-mail:

dustry [1, 2]. Tt is extremely challenging to activate
chemzyx@iccas.ac.cn the C—H bonds under mild conditions in contempo-
rary catalysis due to the inherent thermodynamic sta-

bility and kinetic inertness of alkanes [3—7]. Metal
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oxides are extensively used as both catalysts and cat-
alytic support materials for alkane conversion [7—10].
The catalytic role of metal oxide surfaces lies in their
ability to form and provide oxygen in activated states.
Reactive oxygen species (ROS) such as O™ (super-
oxide radicals) [11—14], 022~ (peroxide species) [15,
16], and O~ (oxygen-centered radicals) [17—20] that
can be formed during the dissociation of molecular oxy-
gen on the metal oxide surfaces via the general scheme
of 03—057" =052~ =207 =202~ (lattice oxygen) are
considered as key intermediates for C—H activation.
The O~ radicals could be reactive to initiate hydro-
gen atom transfer (HAT) from alkanes, which was em-
phasized as a crucial step for the oxidative coupling of
lower alkanes to higher hydrocarbons [10, 21—24]. By
contrast, the Qo™ and 092~
be much less reactive than O~ radicals [17]. It is essen-

species were proposed to

tial to discover factors that can manipulate the selective
generation of O~ radicals rather than Os ™" radicals and
0,2~ species on metal oxides. However, it is difficult to
differentiate the local active sites with different struc-
tures of metal oxides due to the complexity of condensed
phase systems.

Investigation on the atomically precise metal ox-
ide clusters in gas phase provides a distinctive ap-
proach to generalize the structure-activity relationship
of metal oxides with different compositions and sizes
[25—30]. Previous investigations found that the metal
oxide clusters (M,0,9) featuring with A=2y+g—nz=1
usually contain O~ radical sites [31], in which n is the
highest oxidation state of the metal M and ¢ is the
charge number of the clusters. The 3d—5d metals lo-
cated on the bottom-left side of the V-Mo-Re diago-
nal line in the periodic table are classified as metals of
which the M;0,? (A=1) clusters contain O~ radicals
[31]. For example, the A=1 clusters of (ScaO3)1_227
[32], (TiO2)1_s5% [33, 34], (V20s5);1_11t [35, 36],
(NbOs5)1-14" [37], (Sc203)1-158~ [38], (V205)1-310~
[39, 40], and (MoOs3)1-60~ [41] have been characterized
to possess O~ radical sites and can abstract a hydro-
gen atom from methane or other low-carbon alkanes.
By contrast, the theoretical study about the oxide clus-
ters of transition metals on the up-right side of the V-
Mo-Re diagonal line predicted that the Cr,O,? clusters
with A=1 (except CrO4~) do not contain O~ radical
sites [31], but there is no decisive experimental evidence
to support the proposal.

In this context, the reactions of chromium oxide clus-
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ter anions (CrO3);-40~ (A=1) towards C;—C, alka-
nes have been experimentally investigated by utilizing
our newly-developed ship-lock type reactor, which can
measure the cluster reactions with a low detection limit
~1. While the CrO4~ and
Cro0O7~ clusters can abstract a hydrogen atom from

of 10718 c¢m3-molecule™!-s

ethane and methane, respectively, the (CrOgz)s; 4O~
clusters are unreactive with n-butane within the de-
tection limit. Such a dramatically size-dependent reac-
tivity reveals that the active sites of the (CrO3z)q120~
and (CrO3)s340~ clusters are entirely different. Fur-
ther DFT calculations show that the active sites of the
(Cr0O3)1,207 clusters could be characterized as O~ rad-
icals, while the (CrO3)3 4O~ clusters possess the less re-
active ROS of 0527, which could be attributed to lower
Cr-3d orbital energies affected by less delocalized nega-
tive charge within larger clusters. It is noteworthy that
supported chromium oxide systems are active catalysts
in a number of hydrocarbon reactions such as polymer-
ization, dehydrogenation, and dehydrocyclization [42,
43].

Il. METHODS
A. Experimental methods

The negatively charged chromium oxide clusters
(CrgyOy ™) were generated by using a laser ablation
method. A pulsed 532 nm laser (second harmonic of
Nd3t:YAG) with an energy of about 5—8 mJ and a
repetition rate of 10 Hz was focused onto a chromium
disk, the process of which could produce chromium
metal plasma that reacted with 1%—5%02/He to form
Cr,O0,~
tions. The clusters of interest (CrO3);-40~ were mass-

cluster ions with different sizes and composi-

selected by using a quadrupole mass filter (QMF) and
then entered into the ship-lock type reactor (SLTR). Af-
ter the ions were thermalized by collisions with a pulse
of He gas (about 2 Pa) for about 20 ms, two separate
electromagnet valves were triggered to close the inlet
and the outlet of the SLTR for a gas-tight condition.
A pulse of reactant gas including C;—Cy alkanes and
their deuterated compounds (up to around 100 Pa) ex-
cept for CoDg was then injected into the SLTR and in-
teracted with the cluster ions. After reacting for about
100 ms or 700 ms, the valves were moved to open the
inlet and outlet of the SLTR to expel the high-pressure
reactant gas until the pressure was low enough to eject
the ions from the SLTR. The ions were then guided by
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a hexapole system to enter into a reflectron time-of-
flight mass spectrometer (Re-TOF-MS). The details for
running the Re-TOF-MS, QMF, and the SLTR can be
found in our previous work [44].

The rate constants (k1) of the pseudo-first-order reac-
tions between (CrOgz);_40~ clusters and alkanes were
evaluated by the following equation:

Iy = exp(—pkitr) (1)

where Iy is the relative intensity of the reactant cluster
ions, tg is the reaction time, and p is the molecular den-
sity of alkanes that can be calculated by p=P/(kgT),
in which P is the effective pressure of alkanes [44], kp
is the Boltzmann constant, and T is the temperature
(298 K). The systematic deviations of tg (£3%), T
(£2%), P (£20%), and the uncertainty of Iy deter-
mined during fitting the k; values by Eq.(1) have been
considered to calculate the errors of k; values. For ki-
netic isotope effect (KIE) values, both the systematic
deviations of tg (+3%) and T' (£2%) can be neglected,
thus, only the uncertainties of Ig and P (+20%) con-
tribute to the errors of KIE values [45].

B. Computational methods

Density functional theory (DFT) calculations using
Gaussian 16 program [46] were carried out to investi-
gate the structures of reactant clusters (CrOs);_40~
and the reaction mechanisms of (CrO3); 2O~ with CHy.
Two different functionals of B3LYP [47—49] and TPSS
[50] were tested (Table SI in Supplementary materials,
SM) and adopted to inspect the ground state struc-
tures of (CrO3)1-40~. The TZVP basis set [51] was
used for all the atoms. The isomeric structures of
CrO4~ and CryO7~ were obtained from the literatures
[31, 52, 53].
gorithm [54] was used to search the global minimum
structures of (CrOgz)340~. More than 500 structures
for (CrOg3)3 4O~ were generated with coarse thresholds,

A Fortran code based on a genetic al-

among which more than 10 low-lying energy isomers
The lowest-
lying optimized structures were considered as the iso-

were reoptimized with strict thresholds.

mers reacting with alkanes in the experiment. The re-
action mechanism calculations involved geometry op-
timization of reaction intermediates (Is) and transition
states (TSs) through which the Is transfer to each other.
The initial structures of Is and TSs along the reaction
pathways were obtained by performing the relaxed po-
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tential energy surface scans. Vibrational frequency cal-
culations were conducted to check that the Is and TSs
have zero and only one imaginary frequency, respec-
tively. Each TS connecting two appropriate local min-
ima was confirmed through intrinsic reaction coordinate
calculations [55, 56]. The energies with zero-point vi-
bration corrections (A Hp)and in unit of eV are reported
in this work [45]. Natural charge analysis was calculated
by NBO 5.9 [57].

The Rice-Ramsperger-Kassel-Marcus (RRKM) the-
ory and RRKM-based variational transition-state the-
ory (VIST) [58] were used to calculate the rate of
traversing transition states and CH,4 desorption from
adsorption complexes, respectively. For these calcula-
tions, the energy (F) of the initially formed adsorption
complexes and the energy barrier (E7) were needed.
The E value included the vibrational energies (Eiyp)
of Cr;O,~ and CHy, the center-of-mass kinetic energy
(Ex), and the binding energy (E}) between CryO,~
and CH4. The values of E,;, and E}, were determined
by the DFT calculations and Ey=pv?/2, in which u
is the reduced mass and v is the velocity (~550 m/s)
[59]. The densities and the numbers of states required
for RRKM and VTST calculations were obtained by
the direct count method [60] with the DFT calculated
vibrational frequencies under the approximation of har-
monic vibrations.

Graphical structures are presented by using Visual
Molecular Dynamics (VMD) [61]. All spin density dis-
tributions, orbitals, and surface electrostatic potentials
were plotted by using Multiwfn [62] and VMD.

Ill. RESULTS AND DISCUSSION

A. Reactivity of (CrO3)1-40~ clusters

The TOF mass spectra for the reactions of mass-
selected cluster anions (CrO3z);_40~ with n-C4Hyo at
298 K are plotted in FIG. 1. Upon the interaction
of CrO4~ with 0.93 Pa n-C4H;y for about 100 ms
(FIG. 1(a2)), the product peak assigned as CrO,H~
becomes more intense relative to the background sig-
nal generated from the reaction with water impurity
(FIG. 1(al)), suggesting the occurrence of hydrogen
atom abstraction (HAA) from n-C4H;jo to produce neu-
tral C4Hg radicals. Such a reaction channel also pre-
vails in the reaction of CroO7;~ with n-C4Hqo. More-
over, the product ions of CroO7H™ generated under a
lower n-C4Hyy gas pressure of 0.10 Pa (FIG. 1(b2))
have a similar abundance to CrO4H™ produced in

(©2023 Chinese Physical Society
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FIG. 1 TOF mass spectra for the reactions of (a, b) mass-selected (CrOsz);,20~ with n-C4H19/n-C4D1o and (c, d)

(CrO3)3,40~ with n-C4Hio.

The pressure of reactant gases and the reaction time are shown.

The Cr,O,X~ (X=H,

D) species are labeled as +X. The peaks marked with asterisks are originated from the reactions with water impurities.

the reaction of CrO4~ with a higher pressure of n-
C4Hyp, indicating that CroO7~ is more reactive than
CrO4~. The identification of evident deuterium atom
abstraction (DAA) products (CrOgz); 20D~ in the re-
actions of (CrOsz); 20~ with n-C4Dy9 (FIG. 1 (a3)
and (b3)) confirms the HAA reaction channel and also
supports their relative activity. Differently, the reac-
tions with much higher n-C4H;o gas pressures (40 and
38 Pa) for a longer reaction time (700 ms) reveal that
both Cr3019~ and CrsOq3~ clusters are unreactive to-
wards n-C4Hio (FIG. 1 (c2) and (d2)).
iments thus indicate a significant size-dependent re-
activity of the (CrOs);_40~ clusters in the order of
(Cr03)20_>(Cr03)O_>> (CI‘O3)3’40_.

In addition to the activation of n-C4H;g, the ad-

ditional experiments demonstrate that the reactive

The exper-

J

(CI‘Og)Oi + CmH2m+2 — (CI‘Og)OHi + CmHgm_._l', m=2-—4
(CI‘Og)QO_ + CmH2m+2 — (Cr03)20H_ + CmH2m+1', m=1-—4

(CrO3)3,40~ + n-C4Hyp — no reaction

Note that an evident peak assigned as CroOg~ also
appears in the reactions of Cr,O;~ with CHy and
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(Cr0O3)1,20~ clusters could also abstract an H atom
from CoHg (7.5 and 4.5 Pa) and C3Hg (4.4 and 0.34 Pa)
under a reaction time of 100 ms (FIG. 2 (a2, a3) and
(b2, b3)). The HAA product CroO7H™ was even ob-
served in the reaction of CroO7;~ with the most inert
alkane, CHy, under the conditions of a CHy gas pres-
sure of 75 Pa and a reaction time of 700 ms (FIG.
2(c2)), which was confirmed by the characterization of
DAA product CroO7D ™ in the reaction of CroO7~ with
142 Pa CD4 (FIG. 2(c3)). The reaction of CrO4~ with
CHy4 has also been tested, however, it is difficult to ob-
serve the product due to the strong scattering of CrO4~
ions with small mass by the high pressure (e.g., 10 Pa)
CH4 gas pulsed into the reactor. The experimentally
observed reaction channels can be summarized as fol-
lows:

—~ o~
- W N
—_ — —

(

CD,, which is supposed as collision induced dissocia-
tion (CID) product confirmed by replacing CH, with

(©2023 Chinese Physical Society
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CrO," Cr,0," Cr,0,"
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FIG. 2 TOF mass spectra for the reactions of (a) mass-selected CrO4~ with C2Hg, C3Hg, and C3Ds, and (b, ¢) CroO7~

with CQH@, CgHg7 CgDs, CH47 CD4, and Ar.

The pressure of reactant gases and the reaction time are shown.

The

Cr,0,X~ (X=H, D) species are labeled as +X. The peaks marked with asterisks are originated from the reactions with

water impurities.

Ar as the reactant gas (FIG. 2(c4)).

Kinetic analysis of the depletion of (CrO3); 2O~ and
the formation of corresponding HAA products as a func-
tion of alkane pressure was performed to quantify the
rate constants (k1) of the pseudo-first-order HAA re-
actions (FIG. S1 in SM). As shown in Table I, the k;
value for the reaction of CrO4~ with n-C4H;g is deter-
mined as 3.8x107 14 ¢cm3-molecule™'-s~!, which is lower
than that of the reaction between CroO7~ and n-C4Hjg
(2.6x 10713 em3-molecule™1-s71). Such a reactivity dif-
ference between CrO4~ and CrpO;~ is also observed
in the reactions with CoHg and C3Hg (Table I). The
k1 value for the reaction of CroO;~ with CHy is eval-
uated as 3.7x107'7 cm®-molecule s~ The kinetic
isotope effects (KIE) for the reactions of the CrOy4~
and CroO7~ clusters with n-C4H1g and C3Hg are de-
termined as 4.4—9.2 and 2.8—3.6, respectively (Table
I and FIG. S2 in SM). The high KIE values indicate
that the C—H bond activation corresponds to the rate-
limiting step. It is noteworthy that the KIE value for
CH,4 activation by CryO7~ is evaluated as 2.5, which
is lower than those of C3Hg and n-C4Hiy activation.
Such a result may originate from the underestimation of
k1(Cra07~+CHy) caused by the interference of intense
background signal with the same m/z of CroO7H™ that
is generated from the reaction with water impurity for
a long reaction time (FIG. 2(cl)).
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B. Structural features of (CrO3)1-40~ clusters and
reaction energetics

The DFT calculations have been performed to ob-
tain the structural characteristics of the (CrO3);_40~
clusters (FIG. S3 in SM). FIG. 3 presents two low-lying
isomers possessing O~ radicals or 032~ species (with
bond lengths of 143—146 pm) for each (CrOs);_40~
cluster. All of the structures are in doublet electronic
states. Both B3LYP and TPSS levels predict that the
lowest-lying isomer of CrO4~ (IS1) has all four O atoms
terminally (O¢) bonded with Cr atom and the unpaired
spin density (UPSD) is delocalized on two Oy with the
same value of 0.66 pg. The isomer IS2 with an Oy%~
unit is energetically higher than IS1 by 0.58—0.95 eV.
The determinant of IS1 as the ground state structure
of CrO4~
spectroscopy (PES) in literature [53]. Thus, the active
site of CrO4~ is delocalized O~ radicals, in agreement
with the HAA reactivity of CrO4~ towards C;—C4 alka-
nes observed experimentally. For CroO7~ cluster, the

was further supported by the photoelectron

isomer 1S4 possessing an O2~ unit was predicted as
the lowest-lying isomer at B3LYP level in the previ-
ous computational study [31], while TPSS predicted
IS3 as the lowest-lying isomer, the structure of which
has two Cr(O¢)s units connected by a bridge-bonded

O atom (Oy,) and the UPSDs are delocalized over two

(©2023 Chinese Physical Society
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TABLE I Experimentally determined absolute rate constants (k1, with pseudo-first-order kinetic approximation) and kinetic
isotopic effect (KIE=k1,c, Ha,, 12 /F1,0, D0, o) for HAA reactions of (CrO3)1,20~ with alkanes at 298 K.

Cluster k1/(cm®-molecule=t-s~1) KIE?
CH4 C2H6 C3H8 TL—C4H10 CH4b CgHg TL—C4H1()
CrO4~ (1.140.4)x107%  (1.1£0.2)x 1074 (3.840.8)x10~* 9.243.8 4.440.4

Cr,07~ (3.741.7)x10717 (6.441.3)x10~15

(6.8+1.4)x10~ 1

(2.64£0.5)x10~ 2.5+1.4 3.6+£1.0 2.840.8

# The KIE values for the reactions with ethane were not measured due to the impurity of C2Dg gas preserved in our

laboratory.

> The lower KIE value for the reaction of CraO7~ with methane than propane and n-butane may originate from the
underestimation of k1 (Cr2O7~+CHy) caused by the interference of intense background signal with the same m/z of
CraO7H™ that was generated from the reaction with water impurity for a long reaction time (FIG. 2(c1)).

CrO, Cr,0,”
0.69] [0.69] 145,
14
[0.66] [0.66] 5 [1.19]
% [1.20]
IS1, C,,, 2B, IS2, C,,, ?A, 1S3, C,, 2A" IS4, C,, 2A'
0.00 eV 0.58 (0.95) eV 0.00 eV -0.10 (0.32) eV
Crsom‘ Cr4013‘
143
143 0.52] [0.51]
[1.18]
[1.18] [0.51]
[0.48]
IS5, C,, 2A 1S6, CS, 2A’ IS7, C,, 2A IS8, C,, 2A
0.00 eV 0.54 (0.09) eV 0.00 eV 0.71 (0.30) eV

FIG. 3 DFT calculated the low-lying isomers of (CrO3)1-4O7~. Superscripts denote spin multiplicities. The symmetry,
electronic states, and relative energies of the isomers calculated by B3LYP/TZVP and TPSS/TZVP (in parentheses) levels
are listed below each structure. The UPSD distributions at B3LYP level are shown and the values are given in brackets.
Some critical bond lengths at B3LYP level are given in pm.

O, atoms (with the same value of 0.69 pp) that are
located on one of the Cr(Oy)s units. The vertical de-
tachment energies (VDEs) of 1S3 and 1S4 have been cal-
culated and the simulated density of states (DOS) spec-
tra were compared with the photoelectron spectroscopy
(PES) of CryO7~ reported by Wang et al. [63] (FIG.
S4 and Table SII in SM). The VDE (5.81 eV) of IS3 is
much closer to the experimental value (5.90 eV) than
the VDE (5.22 eV) of IS4 predicted by B3LYP, more-
over, the simulated DOS spectrum of IS3 matches well
with the measured PES pattern. Despite that the devia-
tions of TPSS computed VDEs of IS3 (5.43 ¢V) and 1S4
(4.88 V) from the experimental values are relatively
large, only the simulated DOS spectrum of IS3 could
be comparable to the experimental observation. Such a

DOI:10.1063/1674-0068/cjcp2303027

comparative study thus implies that IS3 is more likely
The as-
signment of IS3 with the delocalized O~ radicals as the

to be the ground state structure of CroO7~.

lowest-lying isomer of CroO7~ can be further supported
by the ion mobility mass spectrometry conducted by
Misaizu et al. [52], rationalizing the experimental iden-
tification of HAA from C;—Cy4 alkanes by CroO7~ and
the release of an O atom from CroO7~ during the CID
by Ar gas. With further increase of cluster size, the
most stable structures of Cr3O19~ and CrysO13~ evolve
to the isomers with O22~ species (IS5 and 1S7) rather
than the isomers with O~ radicals (IS6 and IS8) at both
B3LYP and TPSS levels. The UPSD of each cluster is
mainly localized on the Cr atom bonded to O22~ species
with the same value of 1.18 ug. Such structural char-

(©2023 Chinese Physical Society
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acteristics of (CrOg)s 4O~ clarify their inferior activity
due to the extremely low reactivity of O3~ species to-

wards alkanes [17].

Mechanistic studies about the reaction paths of HAA
from CH4 by the ground states of CrO4~ and CroO7~
at B3LYP level demonstrate that Cr—O; -mediated
C—H activation undergoes the hydrogen-atom transfer
mechanism (FIG. 4). For the reaction of CrO4~ with
CHy4, an encounter complex (I1) formed with a small
binding energy of 0.05 eV encounters an overall posi-
tive barrier of 0.42 eV to cleave the C—H bond (TS1)
and the generation of product CHsz™ (P1) is slightly en-
dothermic with reaction enthalpy (AHyk) of 0.06 eV
(FIG. 4(a)). On the contrary, the association com-
plex formed by the reaction of CroO7;~ and CHy (I3)
with a small binding energy of 0.01 eV experiences a
lower positive barrier of 0.24 eV to break the C—H
bond (TS2), moreover, the production of CHz (P2)
is exothermic by AHyx=-0.16 eV (FIG. 4(b)). The
lower C—H activation barrier and more favorable ther-
modynamics for the reaction of CroO7~ with CHy are
consistent with the experimental result that the HAA
product absent in the reaction system of CrO4~ is ob-
served in the reaction couple of CroO7~ /CHy. It should
be noted that the positive barrier (0.24 eV) for the re-
action of CroO7;~ with CHy could be overcome by the
total energy carried by I3 including the center-of-mass
kinetic energy (Ex~0.03 eV) and vibrational energies
(Eyip=0.37 eV at T=298 K by DFT) of the separated
reactants. The RRKM theory [58] calculations indicate
that the rate of internal conversion (kin) (I3—TS2—14)
is 7.0x10% s~! and the rate of back dissociation (kq)
[[3—CroO7~+CHy] is 6.4x 10 s7. The ki value is
much smaller than kq by about nine orders of magni-
tude, which is qualitatively in agreement with the low
rate constant of 3.7x1077 ecm?-molecule~!-s7! deter-
mined in experiments. In addition, the potential energy
surfaces for the reactions of (CrOgz); 20~ clusters with
CyHg have also been calculated (FIG. S5 in SM). The
lower barrier invovled in C—H activation and higher
exothermicity of CoHs™ production in the reaction cou-
ple Cro0;~ /CoHg also support the higher reactivity of
Cro07~ identified experimentally. On the contrary, the
reaction barriers for n-C4Hig activation by Cr3Oqi9~
and CryO13~ clusters are as high as 1.28 eV (FIG. S6
in SM), in consistent with the inertness of (CrOgz)3 40~

observed in experiments.

Previous investigations on the reactions between
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(a)2CrO, + CH, TS1

0.42 i&"

TS2 129
0.24 124%°

231$ m

-0.19

FIG. 4 B3LYP functional calculated potential energy pro-
files for the reactions of CrO4~ (IS1, a) and Cr2O7~ (IS3, b)
with CHy. The relative energies (AHo, e€V) of the reaction
intermediates, transition states, and products with respect
to the separated reactants are given. The UPSD distribu-
tions and some critical bond lengths (pm) are shown.

metal oxide clusters and alkanes proposed that the lo-
cal charges [26, 64, 65] and UPSD distributions [26, 27,
66] around O~ radicals function are key factors to tune
the HAA reactivity of O~ radicals. More positive (or
less negative) local charges or higher UPSD values cor-
respond to higher HAA reactivity. To clarify the differ-
ent reactivity of CrO4~ and CryO7~ towards alkanes,
the UPSD distributions and the local charges around
O~ radicals have been analyzed. While the UPSD val-
ues of the delocalized O~ radicals are nearly identical
(0.66 and 0.69 ug, FIG. 3), the local charges around
O~ radicals are very different. The local charges (Qr,)
are defined as follows [64]:

Q(0;)

7 (5)

N
QLEQ<M)+Z
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in which QM
ral population analysis on the metal atom (M) and the
ith O atom that is directly bonded with M and f;-fold
coordinated in the cluster, respectively. For the CrO4~

) and Q(O;) are the charge from natu-

cluster, the simple geometrical structure of one Cr atom
center bonded with four Oy atoms leads to a local charge
value of —1 e around O~ radicals according to Eq.(5).
However, the unit negative charge is delocalized on two
CrOy units in the CroO7~

negative local charge around O~

cluster, resulting in the less
" radicals with a value
of —0.33 e, which could provide a larger driving force
to pull the electrons from alkanes and account for the
higher HAA reactivity of CroO7~

C. Mechanism for the evolution of active sites from 0,2~

species to O radicals along cluster size

The 022_
to generate O~

species can be considered as intermediates
" radicals during oxygen dissociation on
metal oxide surfaces [67]. Rushiti and Héttig previ-
ously reported that the dioxygen species dissociating
into monoatomic ROS on the (001) surfaces of CoFeaO4
was identified as one electron process, in which the elec-
tron was provided from metal centers [68]. However,
the factors that facilitate the reduction of Q52
to O~

ity of the condensed phase system. Understanding the

~ species
" radicals remain ambiguous due to the complex-

molecular-level mechanism for the transition of the ac-
tive sites from Os2~ species to O~
(CrO3)nO~

into controlling the isomerization of ROS in practical

" radicals along the
cluster size is helpful for providing insights

materials.

As discussed above, the UPSD distributions of
(CrO3)nO~ (N=1—4) isomers with Oy~
0,2~ sites are mainly localized on O~

" radical and
" radicals and Cr
metal center, respectively (FIG. 3), which suggests the
occurrence of electron transfer from Cr atom to ROS
sites during the isomerization processes. The analysis
40~ with 022_
shows that the energy of singly occupied molecular or-

on molecular orbitals of (CrOs);_ sites
bitals (SOMOs), which are mainly composed of 3d or-
bitals of Cr bonded to 052~ , increases as the cluster size
decreases (FIG. 5(a)). Such a result indicates that the
Cr atom progressively becomes easier to donate the un-
from N=4 to N=1, and thus
species in smaller (CrOs)yO~

paired electron to 052~
the 022_
more likely to be reduced, resulting in the generation of

clusters are

Oy~ radicals.

The net negative charge of the (CrOz);-40~ clus-
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X
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N of (Cr0,),0"
(b) Electrostatic Potential (ESP)
-0.16 a.u. T D -0.12 a.u.
CrO,” Cr,0,” Cr,0,, Cr0,,-
FIG. 5 (a) DFT calculated SOMO energy levels of
(Cr0O3)1-407 clusters. The sums of natural charges for the

atoms encircled are given. (b) Electrostatic potential maps
for (CrO3)1-40~ clusters.

ter is generally delocalized on multiple CrO, units.
As shown in FIG. 5(a), the charges around the
(0p)2CrO¢(0O—0) unit become less negative as the
residual cluster skeleton grows and possesses more nega-
tive charges, which could lower the Cr-3d orbital energy.
The electrostatic potentials of the (CrO3z);_40~
ters also reveal that the charge around Cr metal center

clus-

becomes less negative as N increases (FIG. 5(b)), fur-
ther supporting the variation of Cr-3d orbital energy
with respect to the cluster size. Therefore, it could be
concluded that the more negative charge environments
leading to higher Cr-3d orbital energies are responsi-
ble for the more favorable generation of O~ radicals in
(CI“O3)1’QO_
based catalysts are highly reactive and selective in ox-
idative dehydrogenation (ODH) of isobutene [42, 69,

70]. Oxygen chemisorption experiment conducted by

clusters. It is noteworthy that chromia-

Sloczyniski et al. [42] revealed that the rate of dissocia-
tive adsorption of oxygen (molecular oxygen—atomic
oxygen) could account for the reaction rates of ODH of
isobutane. The manipulation of Cr-3d orbital energies

(©2023 Chinese Physical Society
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by tuning the size of chromium oxide clusters to facili-
tate the formation of atomic oxygen species (e.g., O~
radicals) discovered in this study may shed light into the
activity of chromia-based catalysts in condensed sys-
tems.

IV. CONCLUSION

In summary, the abstraction of a hydrogen atom
from C;—C, alkanes by chromium oxide -cluster
and CryO7~
tally characterized at 298 K, and the rate con-

anions CrO4~ has been experimen-
stants were quantified in the orders of magnitude
of 10713-1071% cm3 molecule™!-s7!. However, the
and CY40137
even towards n-CyH;y within the detection limit

larger clusters Cr3zOq9~ were inert
(1x10718 ¢cm?-molecule™t-s71) of our apparatus. Den-
sity functional theory calculations revealed that the re-
active clusters CrO,~ and CroO7~ possess the active
sites of delocalized O~ radicals, while the unpaired
electron is localized on Cr atoms in both CrzOp~
and CryO13~ clusters, leading to the formation of un-
reactive O92~ sites. Because of the lower Cr-3d or-
bital energy caused by the less negative charge environ-
ment as the cluster skeleton grows, the unpaired elec-
tron localized on Cr atom becomes more difficult to re-
duce 052~

O~ "-mediated alkane activation in the gas-phase cluster

unit. This study not only characterizes Cr-

chemistry, but also provides a regulation rule for the se-
lective conversion of sluggish O22~ species into reactive
O~ radicals over metal oxides.
Supplementary material: Additional experimen-
tal results about kinetic analysis for the reactions of
(Cr0O3)1,20~ with C;—Cy alkanes and theoretical re-
sults about structures of (CrO3);_40~ clusters as well

as reaction pathways are available.
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