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ABSTRACT

Exploring advanced materials for efficient activation and conversion of CO; is a crucial approach to mitigate climate change and reduce
reliance on fossil fuels. Extensive joint gas-phase mass spectroscopy and kinetic studies performed herein indicate that a mass-selected Bs*
monocation can consecutively activate and convert up to seven CO, to CO under ambient conditions, setting up a record number of CO,
molecules that an isolated cluster can activate in experiments. Detailed theoretical calculations and analyses reveal the ground-state, inter-
mediate, and transition-state geometries as well as CO,-activation and CO-desorption pathways of the concerned species. The catalyst-free
CO;,-reduction reactions Bg* + nCO, — B¢O," + nCO (n = 1-7) all appear to be barrier-free in kinetics and thermodynamically favorable
at room temperatures, with the calculated exothermicities increasing almost linearly with the number (1) of CO, molecules activated in the
processes. Two electron-deficient periphery B atoms in BsO,* (1 = 0-6) are found to serve as active sites to form one effective o-donation and
two weak m-back-donations each in two consecutive steps, with the first site activating a n-bond in O=C=0 to form the O=C-0O-adsorption
states, while the second site releasing a CO molecule from the CO-desorption states to form the final products, BsO, ", unveiling the important
role of boron as a honorary transition metal in CO; activation and conversion.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0321139

I. INTRODUCTION

With increasing awareness of green chemistry and sustainable
development, direct conversion of abundant and cheap CO; into
useful chemicals can effectively help reduce greenhouse gas emis-
sions and obtain high value-added chemicals.' * However, the high

selectivity. Metal-based materials are the best-known catalysts in the
activation of CO,.” !

Boron (B[Ar]2522p1) as a prototypical electron-deficient ele-
ment is known to exhibit metallomimetic properties."” ' Persistent
joint photoelectron spectroscopy and first-principles theory inves-

crieyi9l 920¢C YdielN 60

thermodynamic stability and kinetic inertness of CO in its chemical
transformation make the activation and utilization of CO; extremely
challenging.” CO, has been utilized mainly through its reduc-
tions, including catalytic hydrogenation,’ electrochemistry,® ther-
mal catalysis, photocatalysis,” and photoelectric synergistic catal-
ysis® to obtain methanol, formic acid, dimethyl ether, and other
products. However, these technologies usually require unique metal
catalysts or high energy (such as light, electricity, or thermal energy)
to induce the reactions or have low utilization efficiency and poor

tigations over the past two decades have shown that boron cluster
monoanions (B,”) favor planar or quasi-planar structures for at
least up to Ba "% with cage-like B4y~ and Byg~ minor isomers
and ground-state cage-like By, bilayer Bss~,”* core-shell By~
(B2@Bus ™), and nest-like Bss~ (B12@Bus™)*° observed consecutively
in experiments. For cationic boron clusters B,"), double-ring tubu-
lar structures are confirmed between n = 16-25 in ion-mobility
experiments.”® In 2015, Braunschweig and co-workers synthesized
a stable borylene dicarbonyl complex in the condensed phase.'”
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More recently, boron has been observed to exhibit transition-
metal-like behaviors in a series of gas-phase clusters, including
its boronyl (BO) monoanion (BoO™),"* and carbonyl (CO) com-
plexes: B13(CO),,*,"* B11(CO),*/B15(CO),","> and By (CO),*."° In
condensed-phase studies, boron-containing compounds have been
found to promote the conversion of small molecules, such as CHy,
CO,, Na, and CO.”"* In 1991, Ruatta et al. observed the dom-
inant CO;-reduction reactions of B,,* + CO, — B,,OY + CO
(m = 1-14) in gas-phase experiments, but with no consecutive
reactions of B,,* with multiple CO; molecules explored.”* Chen
et al. found in 2018 that gas-phase CuB* cluster can couple
CH, with CO; under thermal collision conditions to produce
ketene (H,C=C=0).*> Subsequently, Ma and colleagues reported
that the Nb,BN, ™ anion could continuously convert up to four CO,
molecules to CO and found that B atom plays a crucial role in the
activating and converting processes.’® They reported the first metal-
free B,O,™ late that could continuously activate up to two CO,.*”
Recently, they discovered that Nb;C4~ can continuously convert
five CO; to CO, presenting a metal-non-metal binary cluster that
can activate and convert the maximum number of CO, molecules
reported to date.’® In 2023, He et al. discovered that Co;,~ and
Co13~ metal cluster monoanions could also consecutively activate
up to five CO, molecules.”” Chen et al. found in 2025 that Bsg~
monoanion was able to chemisorb and activate one CO, molecule,
even partially releasing CO to produce BssO~.>> However, the con-
secutive activation and conversion of multiple CO; molecules by a
size-selected more electron-deficient B,,* monocation still remain
elusive to date in literature.

In this work, we report the catalyst-free activation and con-
version of up to seven CO, molecules to CO by a B¢t monocation
under ambient conditions, as revealed by joint time-of-flight mass
spectroscopy and first-principles theory investigations, setting up a
record number of CO; molecules activated by a bared nanocluster
in gas phase. Detailed theoretical calculations and analyses unveil
the kinetic mechanisms for the B¢" + nCO, — B¢O," + nCO
CO;-reduction reactions (n = 1-7). Two electron-deficient periph-
ery B atoms in B¢O," monocations (n = 0-6) are found to serve
as active sites in two consecutive steps to form one effective o-
donation and two weak n-back-donations each with the O=C=0 and
C=0 o-ligands, indicating that boron exhibits transition-metal-like
behaviors in CO; activation and conversion.

Il. METHODS
A. Experimental methods

Using a home-made reflection time-of-flight mass spectrom-
eter (TOF-MS) equipped with a laser ablation cluster source, a
quadrupole mass filter (QMF),"’ and a linear ion trap reactor
(LIT),"" we studied the reactions of mass-selected B,,* (m = 5-15)
with CO; in gas-phase experiments. The bare boron clusters B,,*
(m = 5-15) were generated by laser ablation of a rotating and trans-
lating g isotope target (99% enriched) in the presence of a 2 atm He
carrier gas. A 532 nm (second harmonic of Nd;*: yttrium aluminum
garnet-YAG) laser with an energy of 3-5 mJ/pulse and a repetition
rate of 10 Hz was used. The B,,* (m = 5-15) cluster cations were
mass-selected by the QMF and entered into the LIT reactor, where
they were confined and thermalized by collisions with a pulse of He
gas for 2 ms and cooled to room temperature and then interacted
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with a pulse of reactant gas (C'%0; or C'®0,) for different reaction
times. The cluster monocations ejected from the LIT reactor were
detected by the TOF-MS.**

The pseudo-first-order rate constants (ki) of the reactions
between the Bg* cluster and CO, were determined using the
following equation:

Ir P
In = =-ki——1, 1
IlIT lkBTR ()

in which I is the intensity of the reactant cluster ions after the reac-
tion, Ir is the total ion intensity including product ion contribution,
T is the temperature (~300 K), P is the effective pressure of the reac-
tant gas in the ion trap reactor, fg is the reaction time, and kg is the
Boltzmann constant. More details about the method used to derive
k1 can be found in Ref. 43.

B. Theoretical methods

Density functional theory (DFT) calculations were carried out
to optimize the structures of reactant Bg* and products BO,*
(n = 1-7) as well as the reaction pathways of BcO," (n = 0-7)
monocations with CO, at the B3LYP level," *° with the aug-cc-
pvtz (AVTZ) basis set used for B, C, and 0.8 The widely used
B3LYP hybridized density functional has proven to be reliable for
small bared boron clusters.” To verify the ground-state struc-
ture of Bg* (iso 1, Cyy, zBu), the relative energies of the first four
lowest-lying isomers of Bs* were further refined by employing
single-point calculations at CCSD(T)/AVTZ//B3LYP/AVTZ" '
and CASPT2(7,8)//CASSCF(7, 8)/AVTZ™*** (complete active-space
second-order perturbation theory with the AVTZ basis set, with
seven electrons and eight orbitals forming the active space). Global
searches for the most stable structures of the product ions BsO,*
(n = 1-7) were performed using the TGMin2 program.””” The reac-
tion mechanism explorations involve the geometrical optimization
of both the intermediates (IMs) and transition states (TSs). Vibra-
tional frequency analyses were performed to ensure the IMs and
TSs have zero and only one imaginary frequency, respectively. The
intrinsic reaction coordinate (IRC) calculations were carried out to
make sure that each TS connects two appropriate minima.”*”’ More
accurate relative energies for all species along the reaction path-
ways of B¢* + nCO, (n = 1-7) were obtained from single-point
CCSD(T)/AVTZ calculations based on B3LYP/AVTZ optimized
geometries. The zero-point-correction-included energies (AEp) in
the unit of eV were reported in this work.

All DFT and CCSD(T) calculations were carried out using the
Gaussian 16 program,” while CASPT?2 calculations were performed
using the MolPro 2012.1 package.”” Natural bond orbital (NBO)
analyses were performed using NBO 6.0.° Born-Oppenheimer
molecular dynamics (BOMD) simulations were performed on prod-
uct ions BsO,* (n = 1-7) for 100 ps with the GTH-PBEO pseu-
dopotentials and TZVP-MOLOPTPBE-GTH basis sets’"" using the
CP2K software package suite.®” Detailed bonding analyses were per-
formed using the widely used adaptive natural density partitioning
(AANDP) method.* Energy decomposition analyses with natural
orbitals for chemical valence (EDA-NOCV)* * were performed
to analyze the coordination interactions in the concerned CO;-
adsorption and CO-desorption states at the PBEO/TZ2P level using
the ADF 2022 program package.®
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Ill. RESULTS
A. Experimental results

The size-selected bare boron clusters B,,* (m = 5-15) were con-
fined and cooled at room temperature and then reacted with CO; in
the LIT reactor under thermal collision conditions.

As shown in Fig. S1, the intensity of Bs* is most signifi-
cantly reduced by a 4.9 mPa CO, reactant gas in the size range
between Bs'-B;;", followed by Bs'. We, therefore, choose Bg*
as a prototypical example to explore the reaction mechanisms of
B,,* monocations with CO,. The TOF mass spectra in Fig. 1(A)
show the reactions of mass-selected Bs* with C'°0, at various pres-
sures, with the corresponding kinetic studies illustrated in Fig. 1(B).
Figure 1(A)(al) shows the background spectrum of B¢* in collision
with noble gas (He). Upon the reaction of B¢ with 0.8 mPa CO,
[Fig. 1(A)(a2)], signal peaks for B¢O" and BsO,"* appeared. The
presence of BsO™ indicates that B¢ could reduce CO; to release
CO. The appearance of a weak signal of B¢O," suggests that the
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product BsO" can further react with a second CO,. As the CO, par-
tial pressure increases from 1.8 to 18.9 mPa [Fig. 1(A)(a3)-(a6)], a
series of boron oxide clusters are clearly formed, from BsO" to the
oxygen-rich product BsO7 . Isotope labeling experiments using the
C" 0, reactant shown in Fig. S2 further confirm that Bs* can con-
tinuously convert seven CO, molecules into CO. The experimental
mass spectra clearly show that a single Bs™ monocation can suc-
cessively activate and convert up to seven CO, molecules to CO in
reaction (2),

Bf +nCO; — BsO; +nCO (n=1-7). )

In addition, when the CO, partial pressure was further
increased to 87 mPa, weak product signals assigned to Bs0,CO,"
(n = 4-7) were observed (Fig. S2), suggesting that BsO, " (n = 4-7)
can also form CO, adsorption products at higher CO, pressures.
The mass spectral data for the reactions of other mass-selected B, *
monocations (m = 5, 7-15) with CO, are illustrated in Figs. S3 and
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FIG. 1. (A) Time-of-flight (TOF) mass spectra for the reactions of mass-selected Bs* with He (a1) and C'80, (a2)-(a6), with the pressures of reactant gas indicated. The
reaction time is about 2.0 ms. The weak mass signals marked with asterisks are due to existence of water impurities in the reaction system. The peak marked with a hollow
square in (a6) corresponds to the CO,-absorption species of Bs04C0,* (BsO4t + CO, — BgO4,CO,™). (B) Variation of relative intensities of reactant and product ions
with respect to the reactant gas effective pressures in the reaction of Bg* with CO,. The reaction times in panels (b1) and (b2) are 0.5 and 2.0 ms, respectively. The solid
lines are fitted to experimental data points with the approximation of the pseudo-first-order reaction mechanism.
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S4, wherein both Bs* and By; * appear to be able to activate up to four
CO; consecutively and B;%,Bst,Bot,Bio", Bi2a", Biut, and Bys* can
activate one to three CO,, while the experimentally known highly
stable aromatic magic B, 3T appears to be inert toward CO,. It should
be noticed that bigger B,,* clusters with m > 10 exhibit much lower
reactivities toward CO; than Bg¢", with much higher CO, pressures
and longer reaction times used in Figs. S3 and S$4 than in Fig. 1.
Based on the least-square fitting procedure shown in Fig. 1(b),
the pseudo-first-order rate constants of BsO," + COz — BgOpi1™

TABLE I. Estimated pseudo-first-order rate constants (k4 ) for the reactions of BgO, ™
+ C0y — BgOpy1* + CO (n = 0-6) from the kinetic data obtained in Fig. 1(B) using
Eq. (1).

Reactions ki ((:m3 molecule™! s_l)
Bs" + CO; = BsO™ + CO 3.59 x 107°
BsO' + CO; — B¢O," + CO .11 x 107°
BsO," + CO; - BsO3* + CO 2.46 x 10710
BsO3* + CO; — BsO,™ + CO 5.83 x 10710
BsO4' + CO; - B¢Os™ + CO 1.96 x 1071°
BsOs" + CO, — BsOs™ + CO 3.88 x 1071°
BsOs" + CO, — BsO; ™ + CO 7.81 x 1071
B A !
v
oy b
B, (iso1) + CON_ /%, 4% 4

0.00
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+ CO were estimated to be k; = 35.9, 11.1, 2.46, 5.83, 1.96, 3.88, and
0.78 x 107'° cm® molecule ! s ' forn =0, 1, 2, 3,4, 5, and 6, respec-
tively (Table 1). Bs* appears to have the largest first rate constant
ki toward CO; in available gas-phase clusters reported to date in
the literature. For examples, the pseudo-first-order rate constants of
V,* and V,O" with CO, were estimated to be k; = 3.8 x 107'? and
8.8 x 1071 cm® molecule™ s71,% respectively, that of Nb3;C4~ was
k1 =7.8 x 107" cm® molecule™ s71, and for both Co;, ™~ and Coys ™,
the rate constant was k; = 1.5 x 107'% ¢cm® molecule™ s7'.* The rate
curves and corresponding first-order rate constants for the reactions
of other boron cluster monocations B,,* (m = 5, 7-15) with CO, are
shown in Figs. S5 and S6 and Table S1. Bs ", which can react with up
to seven CO, molecules consecutively, turns out to have the largest
first-order rate constant of k; = 3.59 x 10~ cm® molecule™ s7!
in the B,,* series (m = 5-15), with Bs* being the second with
ki = 2.89 x 1072 cm® molecule™' s7!, consistent with the signal
intensity distributions observed in Fig. S1.

B. Theoretical results

Extensive first-principles theory calculations have been per-
formed to investigate the CO;-activation and CO-desorption path-
ways of BsO," (n = 0-7) monocations shown in Figs. 2 and S7-S18.
As shown in Fig. 3, in the most favorable pathways, the B¢* + nCO,

FIG. 2. CO,-activation and CO-desorption pathways of (a) Bs* + CO, — BsO* + CO, (b) BsO* + CO, — BsO,* + CO, and (c) BsOg* + CO; — BgO7* + CO, with the

relative energies indicated in €V at CCSD(T).
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LI1 BOPTA)

-AE [ eV

B, +nCO, — B0 +nCO (n=1-7)

FIG. 3. Optimized global minimum structures of the BgO,* (n = 1-7) boron oxide
cluster monocations and variation of their calculated exothermicities AE = (Eggon
+ nEco) — (Egsy + NEcop) With respect to reactions of Bs* + nCO, — BgOp™
+ nCO (n = 1-7) at CCSD(T).

— B0, + nCO reactions (n = 1-7) all appear to be highly exother-
mic, with the calculated exothermicities increasing almost linearly
with the number (1) of CO, molecules involved in the processes:
AE = -2.06n — 0.47. The reactions possess the overall calculated
exothermicity of AE = —=15.03 eV from #n = 1 to 7 and an average
exothermicity of 2.06 eV per CO,. Extensive BOMD simulations
were performed on the most stable BsO," (n = 1-7) isomers to
examine their dynamic stabilities. As clearly shown in Fig. S19, these
boron oxide products all appear to be highly dynamically stable at
500 K in 100 ps, with the small calculated root-mean-square devia-
tions of RMSD = 0.05-0.06 A and maximum bond length deviations
of MAXD = 0.11-0.16 A, respectively.

As the size of boron oxide clusters increases, the first boronyl
group (-BO) occurs in BgO4™ (P4), the first highly stable BO; tri-
angular structural unit observed in B3O, crystal emerges in BsOs ™'
(P5), while the first two neighboring B3O3 hexagons existing in
solid B,O3 appear in B¢O;* (P7) (Fig. 3). Oxygen atoms in most
cases serve as bridges between two neighboring B atoms, except in
-BO terminals. Alternative low-lying isomers of BsO," (n = 0-7)
are depicted in Figs. S7-5§9. As shown in Figs. S10 and S11, the
relaxed potential energy curves indicate that the approaches of CO,
to B¢O," monocations (1 = 0-6) and formations of stable adsorp-
tion complexes BO0,,(CO,)* are overall barrier-free processes. As
demonstrations, Fig. 2 shows the specific CO,-reduction pathways
for the reactions of (a) Bs* + CO, — BsO* + CO, (b) BsO™"
+CO; - BsO," + CO, and (c) B¢Os* + CO, — BsO;™, respectively,
with the intermediate states (IMs), transition states (TSs), and final
products (Ps) depicted and their relative energies with respect to the
entrance channel indicated at CCSD(T). Detailed potential energy
profiles for the remaining BsO, " species (n = 0-7) are presented in
Figs. $12-§18.

The low-lying isomers of Bs* were reexamined at the CCSD(T)
and CASPT?2 levels. CCSD(T)/AVTZ calculations turned out to have
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high T1 diagnosis factors (T1 > 0.05) for iso 1 and iso 2, indi-
cating that multi-reference interactions cannot be neglected in B¢*
monocation. At the CASPT2(7,8)//CASSCF(7,8)/AVTZ level, the
previously proposed low-lying D, Bs™ (iso 2, 2B1u)> Cs Bs™ (iso 3,
2A), and Cyy, Be™ (iso 4, ZBg)”"f“”il isomers are found to be 0.02,
0.03, and 0.65 eV less stable in energy than C,, Bs* (iso 1, zBu),
respectively (Fig. $7). The perfectly planar Cy;, B¢" (iso 1, ?By) is,
therefore, identified as the global minimum of B¢ at CASPT2(7,8),
which possesses two equivalent di-coordinate vertex B atoms with
the largest calculated net natural atomic charge of +0.407|e| (Fig.
$20). Intriguingly, as shown in Figs. 2(a), S10, and S12, the CO,-
reduction pathways of these four B¢* isomers all appear to be
barrier-free kinetically, and more importantly, they all ultimately
lead to the same thermodynamically most stable product of Cs
BsO™ (P1),in agreement with the experimental observation that Bet
exhibits no inert isomers in Fig. 1(A). Figure 2(a) indicates that in the
CO,-adsorption state [Bs—O-C=0]" (IM1), which has the adsorp-
tion energy of AE = 1.68 eV at CCSD(T), the first :0=C=0: o-ligand
is barrierlessly coordinated to one of the two di-coordinate vertex B
atoms in Cyj, B¢" (iso 1) (Fig. S20). IM1 can be transferred barri-
erlessly to the most stable intermediate state [OB-Bs~CO]* (IM2),
which contains a carbonyl ligand (-CO) coordinated to the second
active di-coordinate B atom and a boronyl group (-BO) coordinated
to a tri-coordiante periphery B atom via the transition state TS1 with
the negative barrier of —1.21 eV. The -BO boronyl group in IM2 is
transformed to the CO-desorption state [OBs—CO]* (IM3), which
contains a bridging O atom between the two active sites via TS2 with
the negative barrier of —3.26 eV. IM3 releases its CO ligand to form
the final product of C; BsO™ (P1) observed in Fig. 1(A)(al) with the
overall exothermicity of 2.80 eV. Detailed reduction mechanisms of
the second, third, and fourth isomers of B¢* (iso 2, iso 3, and iso 4)
with CO; are collectively shown in Fig. S12. We address here that
the reactions of all the four lowest-lying isomers of B¢* with CO,
ultimately lead to the same thermodynamically most stable oxide
BsO* (P1), although in slightly different mechanisms.

As indicated in Fig. 2(b), in the CO-adsorption state of [OBg
< O-C=0]" [IM4] with the adsorption energy of AE = 1.35 eV,
the second :0=C=O0: is coordinated to the most protruding di-
coordinate periphery B atom in C; BsO™ (P1) at the opposite end.
IM4 can be converted to IM5, which contains a -CO ligand coor-
dinated to the second active di-coordinate B atom via TS3 with
the negative relative energy of —1.05 eV. IM5 can be spontaneously
converted to the final product of C,, BsO2* (P2) with the overall
exothermicity of AE = 2.36 eV via TS4 and TS5, which both possess
negative energy barriers, resulting in the strong mass peaks observed
for B¢O," in both Fig. 1(A)(a3) and (a4). Another parallel but more
complicated pathway in Fig. S13 may coexist in experiments, which
has the same active sites and generates the same thermodynami-
cally stable product P2 as in Fig. 2(a), but is different in specific
kinetic mechanisms. Similar but more complicated reaction path-
ways have also been obtained for BsO2", B¢O3™, BsO4 ', and B¢Os5 ™,
which can react with the third, fourth, fifth, and sixth CO, in barrier-
free processes to produce B¢O3 ™, BsO4™, BsOs*, and B¢Os* in Figs.
$14-S17, respectively. As indicated in Fig. 2(c), the much concerned
Cs BsOs™ (P6) also possesses two periphery B atoms separated by a
bridging O atom as two active sites to react with the seventh CO,
in the most favorite pathway to produce the final product C; BsO7*
(P7A) with the exothermicity of 2.34 eV. BsO;* (P7A) is the first
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boron oxide cluster containing two neighboring B3;O; hexagons
in the B¢O," series (n = 1-7). Although CO-dissociation from
IM9 — P7B + CO is kinetically favored over the internal con-
version of IM9 — TS7, the much higher thermodynamic stability
of P7A, which is 1.88 eV lower in energy than P7B at CCSD(T),
together with overall exothermicity (12.69 eV) of the preceding
six-step reactions, may facilitate the formation of P7A in Fig. 2(c).
The Rice-Ramsperger-Kassel-Marcus (RRKM) theory and
RRKM-based variational transition-state theory (VTST)”® calcula-
tions were performed to estimate the rate constants of internal
conversion (kint) and the desorption of CO (kgq) from the concerned
stable intermediates (Tables S2-S6). For the reaction of B¢O,"
(n = 0-3) with CO,, Tables S2-S5 show that rate constants ki (>10%)
and k4 (>10%) at each step of the reaction are about 1000 times big-
ger than the rate constant of collision between the BsO, " clusters
and the He gas in the LIT reactor (2.05 x 10° s™*). Thus, CO ligands
in the CO-desorption states of the corresponding reaction pathways
are easily released into the gas phase, in excellent agreement with
experimental findings that no corresponding CO, adsorption prod-
ucts such as B¢CO,*, B¢OCO, 1, Bs0,CO, ", and B¢O3CO," were
observed in the mass spectrometry data (Figs. 1 and S2). However,
for the reactions of B¢O,* + CO; (n = 4-6) (Figs. 2, S16, and S17),
the kint values for IM49 — TS42 in the B¢O4"/CO, system, IM61
— TS53 in B¢Os*/CO,, and IM9 — TS7 in B¢Os'/CO, (Tables
S6-S8) are either slightly larger or smaller than the collision rate
constant (2.05 x 10° s™'). This suggests that IM49, IM61, and IM9
may be collisionally stabilized before overcoming the correspond-
ing barriers, leading to the experimentally observed weak Bs0,,CO,"
(n = 4-6) signals in Figs. 1 and S2. Furthermore, 7B can adsorb CO,
to form a stable encounter complex, IM72, with a binding energy of
1.20 eV. However, the subsequent activation of CO; requires over-
coming a positive barrier of 0.14 eV (Fig. S18). Therefore, IM72

(a) (b)
Y G @ qu?‘_::‘..,u uu*“:\s.TGu:fuwc

2 2c-2e o bonds 2 2c-2e mbonds, | 1 2c-2e o bond
ON=200le] ON=2.00]e| ON =200 |e|

+
8 2c-2e g bonds

6 2c-2e o bonds
ON=1.73-2.00 |e|

ON = 1.98-1.99 |e|
e e |

V S v.t.y‘ ( Jo_g 0

1 Bc-2e o bond 1 Bc-2e 1 bond

16c-2e o bond 1 6c-2e  bond
ON =200 |e| OM=2.00 |e|

ON =2.00 |e| ON =2.00 |e|
1 6c-1e m bond

1 6c-1e o bond
ON = 1.00 |e] ON = 0.98 |e|

2 2c-2e 1 bonds
ON = 1.99-2.00 ||

ARTICLE pubs.aip.org/aipl/jcp

is likely to correspond to the experimentally observed BsO7;CO,"
species.

IV. DISCUSSION
A. AANDP bonding pattern analyses

To better comprehend the reaction pathways obtained in Fig. 2,
as demonstrations, we performed detailed AANDP bonding pattern
analyses shown in Fig. 4 on the most concerned reactants, intermedi-
ates, and products of the reaction Bs" + CO; = B¢O' + CO shown
in Fig. 2(a). As expected, a free linear O=C=0 molecule contains
two 2c-2e C-O o bonds and two 2¢-2e C-O n bonds. The isolated
perfect planar Cy, Bs* (isol) possesses six 2c-2e B-B periphery o
bonds, one fully delocalized 6¢-2e o bond, one fully delocalized 6¢c-2e
n bond, and one singly occupied 6¢c-1e 0 bond (SOMO) [Fig. 4(a)].
Interestingly, in the CO,-adsorption state C [Bs—~O-C=0]" (IM1),
an extra 2c-2e B + O-C=0 o-donation bond is formed between
the most protruding di-coordinate vertex B atom as the first active
site in Bs* and the :0-C=0 o-ligand, meanwhile, the 2c-2e O-C
n bond on the left side of O=C=0 ligand is activated in the first
reaction step to the form a C=O triple bond in the -C=O termi-
nal at the right end, which contains one C-O o-bond and two C-O
n-bonds. The first B active site, therefore, plays a major role in acti-
vating one nt-bond in O=C=0 to form the first CO,-adsorption state
[Bs—O-C=0]* (IM1). The six 2c-2e B-B periphery o-bonds, one
delocalized 6¢-2e o bond, and one totally delocalized 6¢c-2e m bond
over the B¢™ (iso 1) framework are well-inherited in IM1. However,
the CO;-adsorption state IM1 possesses an unexpected singly occu-
pied 6¢c-1e m-bond as the SOMO of the system. Meanwhile, both
the CO-desorption state [OBs—CO]* (IM3) and final product BsO*
(P1) formed by releasing a CO molecule from the second active B
site possess one 7c-2e ¢ bond, one 7c-2e m bond, and one singly

(c) (d)
¥ ¢ 9
< AN h -
12c-2ecbond 2 2c-2e T bonds 1 2c-2e o bond 2 2c-Ze ™ bonds
ON=200e] ON=1.98-199]¢e| ON=200le] ON=200]e|
. +
u'r._h L

7 2c-2e o bonds 1 3c-2e  bond
ON=1.91-1.98 [e] ON=2.00|e|

- @

17c-2e o bond 1 7c-2e mbond
ON =200 |eg| ON=2.00|g|

!.5 ” ®_
1 7c-1e o bond 1 7c-1e o bond
ON = 0.94 |e| ON = 1.00 Jg|

1 2¢-2e w bond
ON = 1.95 |e|

2
e

1 7c-2e  bond

ON = 1.97 |e|

8 2¢c-2e o bonds
ON =1.85-1.98 |e|

o

1 7¢-2e o bond
ON =2.00 [g|

FIG. 4. AANDP bonding patterns of (a) CO, + Bs™ (iso 1), (b) [Bs—O-C=0]"* (IM1), (c) [OBg—CO]* (IM3), and (d) CO + BgO™* (P1), with the lone pairs on O atoms omitted

and occupation numbers (ON) indicated.
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occupied 7c-le 0-SOMO, indicating that a 0 - n— o transition
occurs to the SOMOs of the system via the first CO,-adsorption state
[Bs—O-C=0]" (IM1). The existence of such a 0 - m — o orbital
transition favors the formation of one effective o-donation bond and
two weak m-back-donations between the Bs™ coordination center
and :0-C=0 o-ligand in IM1, which will be discussed in detail next.
Similar bonding pattern evolutions exist in other reaction pathways.

B. EDA-NOCYV coordination interaction analyses

Detailed EDA-NOCV analyses of the CO-adsorption state
[B¢—O-C=0]*(IM1) using Bs™" (iso 1) and CO; as interaction frag-
ments shown in Fig. 5(A) and Table S9 indicate that the HOMO-4
orbital of O=C=0 donates a o-lone pair on O to the LUMO orbital
of B¢" to form an effective o-donation coordination bond, account-
ing for 65.1% of the overall orbital interaction energy (AE). The
SOMO and HOMO-3 of Bs* donate partial electrons back to the
two degenerate anti-bonding orbitals (LUMOs) of O=C=0, form-
ing two weak m-backdonations perpendicular to each other, which
contribute 13.2% and 13.0% to the overall orbital interaction energy
AEy,, respectively. The effective o-donation interaction is well-
reflected in the 2¢-2e B <~ O-C=0 o-donation bond in Fig. 4(b) in
the AANDP bonding pattern of the [B¢-O-C=0]* (IM1). Suchao +
27 coordination bonding pattern shows that the first di-coordinate
periphery B atom as an active site exhibits transition-metal-like
behaviors in the activation of CO,. EDA-NOCYV analyses in Fig. 5(B)
and Table S10 unveil a similar 6 + 2n coordination bonding pat-
tern in the CO-desorption state [OBs—CO]* (IM3), which possesses
one effective o-donation (67.8%) from the HOMO-4 of CO to the
LUMO of B¢O*, one weak n-backdonation (17.3%) from the SOMO
of B¢O™ to the LUMO of CO, and another weak n-backdonation
(10.0%) from the HOMO-3 of B¢O* to LUMO of CO, indicating that
the second active di-coordinate B atom also behaves like a transition
metal atom in the CO-desorption process.

V. CONCLUSIONS

Extensive joint gas-phase mass spectroscopy and first-
principles theory investigations performed in this work indicate that

a mass-selected Bs* monocation can activate and convert up to
seven CO; to CO molecules consecutively at room temperature via
barrier-free mechanisms, presenting the maximum number of CO,
molecules that an isolated nanocluster can activate in experiments
reported to date. Two periphery B atoms in BsO,* (n = 0-6) are
found to serve as active sites in two consecutive steps to activate
one ni-bond in O=C=0 to form the O=C-O-adsorption states and
to release a CO molecule from the CO-desorption states to form
the final products B¢Oy+1F, respectively, unveiling the unique role of
boron as an honorary transition metal in CO; activation and conver-
sion. These findings provide important insights into designing novel
boron-containing nanocatalysts and nanomaterials to activate CO,
to release CO or to form other high value-added chemicals. Boron
activation and catalysis are expected to have unique and important
applications in chemistry and materials science at nanoscales.

SUPPLEMENTARY MATERIAL

The supplementary material includes additional TOF mass
spectra and reaction rates for B,* + CO, (m = 5-15), low-lying
isomers of BsO,* (n = 0-7), potential energy profiles for BsO,*
+ CO; (n = 0-7), BOMD simulations of the most stable BsO,"*
(n = 1-7), ESP and NBO analyses of BsO,* (n = 0-7), and
EDA-NOCYV analyses for IM1 and IM3.
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