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ABSTRACT: CO2  activation  and  transformation  processes  are  essential
for  sustainable  energy  development  and  environmental  remediation.  In
this  review,  we  describe  our  advances  in  the  use  of  gas-phase  ions  to
mediate  these  processes,  which  have  provided  unique  molecular-level
mechanistic  insights  by  combining  mass  spectrometry  and  density
functional  theory  calculations.  This  review  is  structured  around  three
fundamental  CO2  transformation  reactions:  reduction  to  CO  through  O-
atom  transfer  to  a  suitable  oxygen  acceptor,  B–C  bond  formation  via
reactions  with  metal  borides,  and C–N bond formation  via  coupling  with
NH3  or  N2.  The  fundamental  knowledge  uncovered  in  these  gas-phase
studies establishes a foundational framework for future research and the
rational design of novel catalytic systems for CO2 conversion.
 
 
 
 
 

 
 

KEYWORDS: carbon dioxide activation, mass spectrometry, theoretical calculations, gas-phase chemistry

 
 1    Introduction
Excessive  CO2 emissions,  primarily  caused  by  fossil  fuel
combustion, transportation, and industrial activities, have become a
major  contributor  to  the  greenhouse  effect  and  global  climate
change1−3.  In  response,  China  has  introduced  the  dual-carbon
policy,  aiming  to  achieve  carbon  peaking  and  carbon  neutrality,
with the long-term goal of net-zero CO2 emissions by 2050. Against
this  backdrop,  balancing  CO2 emissions  and  consumption  has
emerged  as  a  critical  global  challenge.  One  promising  approach  is
the  catalytic  conversion  of  CO2 into  valuable  chemical  materials,
which  represents  a  sustainable  pathway  toward  environmental
protection  and  carbon  resource  utilization4.  Remarkable  progress
has  been  made  in  this  direction,  enabling  the  transformation  of
CO2 into various products, such as CO, CH4, C2H4, C2H5OH, acetic

acid,  acetate,  acetone,  acetaldehyde,  and  propanol,  via  diverse
catalytic  strategies,  including  electrochemical5,  photochemical6,
thermochemical7,  plasma-assisted8,  and radiocatalytic methods9.  In
the electrocatalytic and thermocatalytic reduction of CO2, once CO2
is adsorbed onto the active site, the primary electron transfer event
generates  a  surface-adsorbed  carbonate  radical  intermediate
(*CO2

−)10.  The  isolated  O  atom  of  the  CO2 molecule  is  extremely
sensitive  to  the  attack  of  *H,  thereby  forming  the  intermediate
product  *COOH.  This  intermediate  can  rapidly  undergo  proton-
coupled  electron  transfer  via  an  electrophilic  addition–elimination
mechanism or alternatively proceed toward *CO, with this process
affecting  the  C1/C2 selectivity  in  the  downstream  products11, 12.
Commonly,  *COOH  is  more  likely  to  form  C1-type  intermediate
products  via  further  hydrogenation  pathways,  such  as  *CHO,
*COH, and *CH2,  which then transform into formic acid, CH4,  or
CO. In contrast, *CO can initiate C−C coupling via self-coupling or
interaction with other surface-adsorbed substances such as  *CHO,
*COH,  and  *CH2,  thereby  generating  multicarbon  (C2+)
products13.  Despite  considerable  efforts,  precisely  identifying  the
active  sites  and  understanding  the  reaction  mechanisms  at  the
molecular level14, which is essential for the rational design of high-
performance catalysts, remains as a fundamental challenge.
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Gas-phase  studies  on  isolated  atomic  clusters  have  long  been
considered  ideal  for  probing  reaction  mechanisms  relevant  to
condensed-phase  systems  under  controlled,  reproducible
conditions.  Investigations  of  the  reactivity  of  atomic  clusters  with
small  molecules  allow  examining  individual  active  sites  at  the
molecular  level  without  the  complexities  of  condensed-phase
systems,  such  as  aggregation  and  solvent  effects.  Although  gas-
phase  models  cannot  fully  replicate  the  condensed-phase  small
molecules  conversion,  they  yield  molecular-level  insights  into
crucial  issues,  including  elementary  steps,  reactive  intermediates,
doping  effects,  and  ligand  effects15−25.  Thus,  gas-phase  cluster
studies  provide  essential  mechanistic  insights  complementary  to
condensed-phase  investigations.  In  this  collaborative  work,  we
employed mass  spectrometry–based gas-phase  cluster  experiments
to  elucidate  the  molecular-level  mechanism  of  CH3OH-mediated
Cu migration26, finding that the reaction of gas-phase Cu2

+ clusters
with  CH3OH vapor  produces  Cu+,  thereby  supporting  the  reverse
ripening  of  Cu  nanoparticles.  In  the  context  of  CO2 activation,
numerous gas-phase metal species, including bare metal ions, metal
oxides, and metal hydrides, have been reported19, 20, 27–29. The work
on CO2 activation prior to 2021 is summarized in detail in a review
by He20. Recent advances on CO2 conversion include the gas-phase
cluster-catalyzed CO2 reduction to CO by CoCDn

−30 and RhTaC2
−31.

In  the  co-conversion  reaction  of  CH4 and  CO2,  the  heteronuclear
metal oxide clusters RhTiO2

−32 and Rh2CoO−33 facilitate the H2 and
CO,  the  heteronuclear  metal  cation  CuTa+ promotes  the  C2
products (H2C=C=O)34,  and the homonuclear metal  oxide Ta2O2

+

produces  acetylene  (CH≡CH)  via  CH4−CO2 coupling35.

Mechanistic  aspects  of  the  reactions  of  various  gas-phase  metal
species with CO2 have been extensively investigated by Schwarz19.

In this review, we focus on our investigation of the mechanisms
by which gas-phase metal-containing species react with CO2 using
mass spectrometry combined with density functional theory (DFT)
calculations. From a mechanistic point of view, we categorize CO2
transformations into three fundamental pathways: reduction to CO
via O-atom transfer (OAT), B−C bond formation through reactions
with  metal  borides,  and  C−N  bond  formation  via  coupling  with
NH3 or N2.

 2    Reduction  of  CO2 to  CO  via  oxygen-
atom transfer
The  reduction  of  CO2 to  CO  via  OAT  is  the  most  prevalent
reaction  pathway  for  CO2 conversion.  Its  feasibility  is  primarily
determined by thermodynamics: the O atom affinity of the clusters
must  exceed  the  bond  energy  of  the  C=O  bond  in  CO2

19, 36.  This
principle was clearly demonstrated in 2006 by Bohme’s group, who
evaluated  the  reactivity  of  CO2 with  46  atomic  cations  using  an
inductively  coupled  plasma–selected-ion  flow  tube  tandem  mass
spectrometer,  identifying  only  nine  atomic  cations  (Sc+,  Y+,  La+,
Ti+,  Zr+,  Hf+,  Nb+,  Ta+,  and  W+)  that  fulfill  this  criterion  and
promote  the  CO2 reduction  to  CO.  The  scope  of  OAT-mediated
CO2 reduction  has  extended  far  beyond  atomic  metal  ions  to
include  various  gas-phase  clusters,  such  as  metal  oxides,  hydrides,
nitrides,  carbides,  and  borides.  Representative  examples  are
compiled in Table 1.

 

Table 1    Summary of CO2 reduction to CO via O-atom transfer with various gas-phase metal-containing clusters

Cluster Ionic product Neutral product Year Ref.

Ta2+ TaO2+ CO 2012 [37]

V2
+; V2O+ V2O+; V2O2

+ CO 2020 [38]

UO+ UO2
+ CO 1980 [39]

NbO+ NbO2
+, NbCO2

+ CO, O 1998 [40]

PtO+ Pt+, PtO2
+, PtCO2

+ O + CO2, O2 + CO, CO, O 2003 [41]

ReO2
− ReO3

− CO 2016 [42]

FeH− HCO−, HFeO−, FeO2H− Fe, CO 2017 [43]

CoH− HCoO− CO 2020 [43]

NiH− NiOH− CO 2020 [44]

CrxN− (x = 2–7); Cr2NH− CrxNO2
−; Cr2NHO− CO 2020 [45]a

Nb3C4
− Nb3C4O1–5

− CO 2024 [46]a

TaCH2
+ TaOCH2

+, TaO2
+ CO, C2H2O 1995 [47]

[HTaO]+; [TaOH]+ [OTaOH]+ CO 2016 [48]

Nb2N2
−

Nb2B−

Nb2BN2
−

Nb2N2O1–2
−

Nb2BO1–3
−

Nb2BN2O1–4
−

CO 2020 [49]a

[Re(CO)2]+ [Re(CO)2O]+ CO 2017 [50]

MoxWyOz
− MoxWyOz+1

−, MoxWyOz+2C− CO 2010 [51]

RhVO3CH4
− RhVO3HCO2

−, RhVO3CH2O−, RhVO3CO−, RhVO3CH4O− CH3, CH2O, CH3OH, CO 2019 [52]

Rh2VOzCH2
− Rh2VOzC−, Rh2VOz−1

− H2, H2 + CO 2020 [53]

[LTiH]+ (L = Cp2, O) [OTi(OH)]+, [Cp2Ti(O2CH)]+ CO 2015 [54]

B2O2
− B2O3–4

− CO 2023 [55]a

aThese clusters were reported by our research group.
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Extensive  research  has  been  devoted  to  the  activation  and
conversion  of  CO2 mediated  by  Nb-based  catalysts49, 56−58.  Early
studies,  such  as  the  ion  beam  mass  spectrometry–guided
investigation  of  Nb+ reactions  with  CO2 reported  in  1998,
demonstrated that  Nb+ reacts  with  CO2 to  form NbO+ and CO40.
Concurrently,  the  choice  of  appropriate  ligands  is  essential  for
activating small  molecules.  For instance,  NbO+ has been shown to
convert  CO2 into  CO59.  Recently,  we  explored  the  thermal  gas-
phase  reactions  of  Nb2N2

−,  Nb2B−,  and  Nb2BN2
− with  CO2 using

time-of-flight  mass  spectrometry  and  DFT  calculations49.
Interestingly,  unlike  NbO+,  the  Nb2N2

−,  Nb2B−,  and  Nb2BN2
−

clusters  can  sequentially  reduce  multiple  CO2 molecules.
Specifically, Nb2N2

− reduces two CO2 molecules and Nb2B− reduces
three,  yielding  Nb2N2O1−2

−,  and  Nb2BO1−3
−,  respectively,  while

releasing  CO in  each  step.  Notably,  Nb2BN2
− exhibits  even  higher

reactivity,  reducing  up  to  four  CO2 molecules  to  generate
Nb2BN2O1−4

−, again releasing one CO molecule per reduction step.
Scheme 1 illustrates  the  reaction pathways  of  Nb2N2

−,  Nb2B−,  and
Nb2BN2

− with CO2.  In the case of Nb2N2
−,  two CO2 molecules are

successively adsorbed and activated at different Nb sites, generating
Nb2N2O2

− and two CO molecules. The reaction of Nb2B− with CO2
involves  two  coordination  modes.  In  one  mode,  the  C  atom  of  a
CO2 molecule coordinates with two Nb atoms, and the C atom of
another  CO2 molecule  coordinates  with  one  Nb  atom  and  the  B
atom.  The  other  coordination  mode  exhibits  the  opposite
configuration. In a separate process, the C atom of a third in CO2 is
reduced while it  coordinates to one Nb atom and the B atom in a
similar fashion. Thus, three CO2 molecules are successfully reduced
in  this  system,  releasing  three  CO  molecules  and  generating
Nb2BO3

−.  In  the  reaction  of  Nb2BN2
− with  CO2,  two  Nb  atoms

work synergistically to adsorb and activate two CO2 molecules, with
the third and fourth CO2 molecules being adsorbed and activated at
the  same Nb site.  The  high  catalytic  activity  of  Nb2BN2

− is  closely

related  to  the  presence  of  the  B  atom,  which  not  only  remarkably
shortens the Nb−Nb bond length, thereby facilitating the storage of
electrons  in  the  Nb−Nb  bond  for  the  following  CO2 reduction
reactions, but also provides its empty orbital, which is equivalent to
the d  orbital  of  transition metals,  as  an electron donor.  This  work
demonstrates that a transition metal (Nb) and a main-group atom
(B) can work synergistically to reduce CO2. The observed reactivity
of Nb2BN2

− with CO2 provides molecular-level insights that can be
exploited  to  develop  efficient  active  sites  on  supported  transition
metal/BN materials for CO2 activation and transformation.

To activate a greater number of CO2 molecules, we extended our
study  to  niobium  carbide  anions  Nb3C1−4

−.  Among  Nb3C1−4
−

anions, Nb3C4
−,  which carries the maximum number of C ligands,

exhibits the highest reactivity,  being capable of reducing up to five
CO2 molecules46.  It  is  noteworthy  that  all  five  reaction  pathways
share several common features, as briefly summarized in Fig. 1a. A
consistent  trend across  all  pathways is  the initial  capture of  a  CO2
molecule at the Nb−Ca site, which results in the formation of a four-
membered  ring  structure.  In  this  initial  step,  a  partial  electron
(about  0.5e−0.7e)  transfers  to  CO2,  activating  the  C=O  double
bonds in CO2.  Cleavage of the first C=O bond generates an OCCa

unit containing one C=C bond. Subsequently, the reaction diverges
into two distinct pathways. Pathway A represents the pattern for the
reaction  of  Nb3C4O− with  CO2,  where  a  CO  unit  is  directly
removed  by  breaking  the  C=C  bond.  Meanwhile,  pathway  B
explains  the  reactions  of  Nb3C4

− and  Nb3CO2−4
− with  CO2.  After

breaking the first  C=O bond, CO cannot evaporate directly owing
to  the  high  energy  barriers.  Instead,  the  OCCa unit  interacts  with
another  C  atom  to  form  a  new  Ca–Cb bond.  Structural
rearrangement then shortens the bond length of Ca=Cb, facilitating
subsequent CO evaporation.

The  mass  spectrometry  results  of  this  study  revealed  a  distinct
size-dependent  reactivity  of  the  Nb3C1–4

− cluster  toward  CO2.  As
 

a

c

b

Scheme 1.    Schematic  of  key  DFT-calculated  structures  along  the  potential  energy  surfaces  (PESs):  a, Nb2BN2O1−3
−–CO2, b, Nb2N2O0,1

−–CO2, c, Nb2BO0−2
−–CO2

systems. The superscripts denote the spin multiplicities. Reproduced with permission from Ref.49, © The Royal Society of Chemistry 2020.
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the  number  of  C  atoms  increases,  the  three  Nb−Nb bond  lengths
increase  obviously,  indicating  electron  transfer  from  the  Nb–Nb
bonds  to  either  Nb–C  or  C–C  bonds,  as  depicted  in Fig.  1b.  In
these  five  reaction  systems,  the  Nb  atom  serves  as  the  primary
electron donor.  Meanwhile,  the  C ligands  act  as  electronic  storage
reservoirs,  allowing  the  stored  electrons  to  be  released  effectively
through  these  five  C−C  coupling  reactions.  Compared  with  pure
metals,  transition-metal  carbides  are  considered  promising
industrial catalysts owing to their superior selectivity, durability, and
stability60, 61. It is widely recognized that incorporating C atoms into
transition-metal  lattices  modifies  their  electronic  properties  and
crystalline  structures.  In  contrast  with  the  previously  reported
Nb2BN2

–49 and  RhTaC2
–31 clusters,  Nb3C4

– activates  CO2 via  a
distinct  electron  transfer  pathway,  demonstrating  consistent
reactivity  and  enhanced  catalytic  performance.  Experimental  and
theoretical  findings  highlight  the  essential  role  of  C  ligands  at  the
transition-metal–C  active  sites.  We  anticipate  that  precise  control
over  the  number  of  C  atoms  will  enable  the  design  of  transition-
metal carbides with both high activity and selectivity.

As  a  main-group  element,  B  exhibits  a  unique  combination  of
lone  electron  pairs  and  vacant  orbitals,  enabling  it  to  mimic
transition metals in various reactions62. We reported that the metal-
free  cluster  B2O2

− can  successively  activate  two  CO2 molecules,
generating  B2O3,4

− and  two  CO  molecules55.  This  reactivity  stems
from  the  tendency  of  B  to  form  multicenter  bonds  involving  its
unoccupied  2p  orbital.  The  adaptive  natural  density  partitioning
bonding  analysis  shown  in Fig.  2a reveals  a  B≡O  bond  in  B2O2

−,

which originates from two 2c−2e σ bonds and four 2c−2e π bonds
between  B  and  Ot atoms.  B2O4

− exhibits  six  2c−2e  B−Ot σ  bonds
and two 2c−2e B−Ot π bonds with a B−O bond length of 144 pm,
consistent with a double bond. These results suggest that the B≡O
bond in  boron oxide  anions  is  destabilized during CO2 activation.
In  addition,  the  two-dimensional  electron  localization  function
(ELF)  analysis  in Fig.  2b shows  a  notable  reduction  in  electron
density between the two B atoms in B2O4

−, confirming their role as
electron donors. CO2 reduction conducted by these metal-free ions
differs from that involving their transition metal equivalents in that
in  the  latter,  the  transition  metal  itself  or  its  combination  with
ligands  usually  provide  electrons,  whereas  B  atoms  act  as  the
electron donors in the former (Fig. 2c). Typically, an O atom from
CO2 first  transfers  to  the  transition-metal  atom,  followed  by  the
release  of  CO from the  metal  center.  However,  in  the  B2O2

−–CO2
system, the two C−O bonds are not  fully  cleaved prior to product
formation,  resulting  in  the  direct  release  of  CO  from  the  CO2
component  itself.  Such  a  mechanistic  understanding  of  the
fundamental steps will be valuable for catalyst optimization.

Furthermore,  we  systematically  investigated  CO2 activation  and
conversion mediated by a series of chromium nitride clusters in the
gas phase45. Under thermal collision conditions, CrxN− clusters (x =
2–7)  can  successively  reduce  two  CO2 molecules  to  generate  two
CO  molecules.  As  shown  in Fig.  3,  the  reactivity  of  CrxN− first
increases  and  then  slightly  decreases  as  the  number  of  Cr  atoms
rises  from  2  to  7.  Notably,  Cr2NH− can  also  activate  one  CO2
molecule  to  produce  Cr2NHO− and  one  CO  molecule.  These

 

a

b

Fig. 1.    Schematic illustration of the reaction mechanisms and charge distribution. a, Schematic of key processes and mechanisms along the PESs for the reactions of
Nb3C4O0–4

− with CO2. b, Total natural charges on the three Nb atoms and four C atoms. The red lines indicate five C–C coupling processes, and the numbers of charges
released by C atoms are given within brackets. The M06 functional is given. The aug-cc-pVTZ basis set was selected for C and O atoms, and the def2-TZVPD basis set
was selected for the Nb atom. Reproduced with permission from Ref.46, © American Chemical Society 2024.
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reactions  share  several  common  features:  (i)  The  formation  of  an
adsorption  intermediate,  in  which  an  O  atom  from  CO2
coordinates  to  a  Cr  atom,  releases  substantial  energy  (>  1.5  eV).
Accompanying this  step,  electron transfer  from the cluster  to CO2
induces a bent O–C–O configuration. (ii) The activation barrier for
the  OAT  process  remains  relatively  constant  (approximately
0.5  eV),  except  for  the  first  transition  state  in  the  reaction  path
between Cr4NO− and CO2. (iii) In the first CO2 reduction step, the
release  of  the  newly  generated  CO  unit  from  the  [CrxNO−···CO]
intermediate is likely the rate-determining step; in the second CO2

reduction, the transformation beyond the transition state is the rate-
limiting  step.  As  the  number  of  Cr  atoms  increases,  the
coordination  number  of  Cr  rises.  However,  the  increased  size
generates  potential  desorption  sites  for  CO  molecules,  thereby
facilitating  their  release  (Fig.  3).  This  study  represents  the  first
example  of  multinuclear  transition-metal  nitride  cluster  anions
mediating  CO2 activation  and  conversion  in  gas-phase  cluster
chemistry.

 3    Coupling  processes  leading  to  B–C
bonds
The formation of B–C bonds is relevant for the synthesis of diverse
organoboron  compounds.  In  the  condensed  phase,  the
predominant  synthetic  strategy  for  producing  organoboron
compounds  is  the  transition  metal–catalyzed  (Ir,  Cu,  Rh,  and  Pd)
direct  borylation  of  hydrocarbons  via  C–H  bond  activation63, 64,
with carbene insertion into B–H bonds representing another viable
pathway65, 66.  A  major  limitation  of  these  approaches  is  that  they
require  high-temperature  conditions,  which  contradicts  the  tenets
of sustainable development.

In gas-phase studies, there are several methods to construct B−C
bonds. The matrix isolation method at 4–45 K, using CO67−74 and
organic  compounds  (CS2,  CH2=CH2,  CH≡CH,  C6H6,  or
acetonitrile) as carbon feedstocks75−79; Wang et al. found a series of
compounds  possessing  B−C  bonds,  such  as  CB9

− and  C2B8
− at

298 K80, 81; Yang et al. synthesized B4(CO)3 by mixing B and CO at
298  K82;  Zhou  et  al.  also  synthesized  NNBCO  and  ONBCO
molecules  by  mixing  B,  CO,  and  N2 or  NO  at  4–25  K83, 84.
Constructing  the  B−C  bond  is  quite  an  important  step  in  the
synthesis  of  organoboron  compounds85. Table  2 summarizes
reported methods for B–C bond construction in the gas phase. It is
divided  into  two  categories:  reactions  below  4–45  K67−74, 83, 84 and
reactions  at  room  temperature80−82, 86−95.  We  investigated  the  gas-
phase reactions of  a  series  of  lanthanide boron oxide clusters  with
CO2 at  room  temperature96.  Among  them,  LaBO–,  LaB2O2

–,
LaB3O3–5

−,  and  LaB4O3
− mediate  the  reduction  of  CO2 to  CO  via

OAT  (Figs.  4a–4d).  Meanwhile,  LaB3O2
− and  LaB4O2

− not  only
reduce CO2 but also produce novel B–C-bonded species, including
CB2O2

–,  CB3O3
–,  and  CB3O2

–.  As  revealed  by  structural  analyses
and ELF calculations (Figs. 4e and 4f), increasing the number of B
atoms  promotes  the  formation  of  B–B  and  B–La  bonds.
Concomitantly,  electrons  initially  localized  on  La  and  B  atoms

 

a

b

c

Fig. 2.    Bonding  analysis  and  natural  charges.  a, Adaptive  natural  density
partitioning bonding analysis for B2O2–4

–. ON stands for the occupation number
(2c–2e  and  3c–2e  bonds). b, Electron  localization  function  (ELF)  analysis  of
B2O2–4

–. A large ELF value means that electrons are greatly localized. c, Calculated
natural  charges  along  the  reaction  coordinates  of  CO2 activation  on  B2O2

−

clusters.  The  TPSS  functional,  including  the  DFT-D3  dispersion  correction,  is
given.  The  6-311+G*  basis  set  was  selected  for  C  and  O  atoms,  and  the  aug-
ccPVTZ basis set was selected for the B atom. Reproduced with permission from
Ref.55, © American Chemical Society 2023.

 

Fig. 3.    Absolute rate constants (k1) of the reaction of CrxN− with CO2, where
x represents the number of Cr atoms. Reproduced with permission from Ref.45.
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become  increasingly  concentrated  within  the  B–B  bonds,  which
subsequently  serve  as  electron  reservoirs  for  CO2 activation  and

conversion.  Natural  population  analysis  charges  (Fig.  4i)  of  each
atom and Wiberg bond indexes (Fig. 4j) further reveal that electron

 

Table 2    Reported methods for constructing B–C bonds in the gas phase. Reproduced with permission from Ref.96, © American Chemical Society 2024

Method Reactant Products Temperature (K) Ref.

MI-ESR/MI-IR B–CO CxByOz 4–45 [67–74]

B–CO–N2 (NO) NNBCO, ONBCO 4–25 [83, 84]

B–CS2 B(CS)1,2 4–35 [75]

B–CH2=CH2 H2CBCH2, HCBCH3 4–12 [76]

B–CH≡CH cyclic-HBC2BH 4–12 [77]

B–C6H6 η2-(1,4) π adduct 4–12 [78]

B–CH3CN NCBCH3 4–8 [79]

PES B–C–Cu(Bi) CxBy 298 [80, 86–90]

IR B–CO B3(CO)3−6
+ 298 [91, 92]

IR + VUV-IS B–CO B4(CO)2,3 298 [82]

MS reactions B12Br11
−–CH4 [B12Br11CH3]2−H+ 298 [93]

CuB+–CO2 CBO2 298 [94]

CuB+–CH4 CuBCH3
+, CBH4 298 [94]

VB+–CH4 VCH2
+, B3CH3 298 [95]

TOF-MS LaBmOn
−

(m = 1–4, n = 1 or 2) CB2O2
−, CB3O3

−, CB3O2
− 298 [96]a

aThese clusters were reported by our research group.
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Fig. 4.    Calculated global minimum structures and bonding metrics. a–d, PBE0-calculated global minimum structures: a, LaBO–, b, LaB2O2
–, c, LaB3O2

–, d, LaB4O2
−

clusters, corresponding to the two-dimensional electron localization functions (ELFs) in panels (e–h). i, Natural population analysis charges along the reaction. j, Wiberg
bond indexes for C–O3 and B–C bonds along with the reaction coordinates. The PBE0 functional, including the DFT-D3 dispersion correction, is given. The 6-311+G*
basis set was selected for C and O atoms, the aug-ccPVTZ basis set was selected for the B atom, and the Stuttgart-type relativistic effective core potential basis with 28 core
electrons (Stuttgart RSC ECP/ANO) was selected for the La atom. Reproduced with permission from Ref.96, © American Chemical Society 2024.
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transfer from the La atom and three B atoms to the C atom of CO2
accompanies  the  first  C–O  bond  cleavage.  In  this  process,
oppositely  charged B3δ+ and B2δ− atoms act  as  a  Lewis  acid–base
pair,  cooperatively  facilitating  the  cleavage  of  the  C–O  bond.
Meanwhile, B sites effectively capture the newly formed CO moiety,
thereby  facilitating  the  formation  of  products  containing  B–C
bonds.  This  work  provided  new  mechanistic  insights  into  the
synthesis of organoboron compounds with multiple B–C bonds.

 4    Coupling  processes  leading  to  C–N
bonds

 4.1    C−N  bond  formation  via  the  reaction  between  NH3
and CO2
C–N  bond-forming  reactions  represent  a  pivotal  class  of
transformations,  as  amine  derivatives  are  essential  in  numerous
applications,  particularly  in  biological  and  synthetic  chemistry.  In
gas-phase studies,  typical  strategies  for  C−N bond formation from
CO2 and  NH3 or  N2 can  be  classified  as  follows:  (i)  reactions  of
metal  carbide  clusters  with  N2 or  metal  nitride  clusters  with
CO2

97−104, and (ii) direct coupling of CO2 with NH3 or N2
56−58, 105.

We  reported  that  the  reaction  of  ScNH+ with  CO2 produces
ScO+ and  isocyanic  acid  (HNCO)  under  thermal  collision
conditions104.  The  reaction  initiates  with  the  adsorption  of  CO2
onto  the  positively  charged  Sc  atom,  which  becomes  polarized,
thereby increasing the electrophilicity of the C+ atom. Subsequently,
the  negatively  charged  N  atom  in  ScNH+ nucleophilically  attacks
the  activated  C  atom  via TS1 (Fig.  5).  This  CO2 activation
mechanism can be envisaged as migratory insertion, similar to the
nucleophilic  attack  of  an  amine  on  a  polarized  olefin  in  the
condensed  phase,  providing  a  powerful  method  for  C−N  bond
formation  through NH3 and  unsaturated  alkanes.  In  this  reaction,
the  electrostatic  effect  is  crucial  for  the  formation  of  HNCO.
Furthermore, previous studies showed that the reaction of Sc+ with
NH3 yields  ScNH+ and  H2

106, 107.  Therefore,  in  light  of  the
previously  reported  reaction  of  Sc+ with  NH3,  HNCO  can  be
synthesized  under  mild  conditions  from  NH3 and  CO2.  Further
research should focus on developing catalytic systems for the atom-
economical synthesis of HNCO from NH3 and CO2.

Step 1 : Sc++NH3 → ScNH++H2 (1)

Step 2 : ScNH++CO2 → ScO++HNCO (2)

Overall reaction : Sc++NH3+CO2 → ScO++HNCO+H2 (3)

 4.2    C−N bond formation via the reaction between N2 and
CO2
In condensed-phase studies, the direct fixation of N2 and CO2 into
value-added C−N-bonded products remains rare owing to the high
kinetic  barrier  for  activating  the  inert  N≡N  bond  under  mild
conditions.  Characteristic  examples  include  the  photolytic
production  of  isocyanates  and  the  electrocatalytic  coupling  of  N2
and CO2 to synthesize urea108−110. This challenge also extends to gas-
phase studies on N2–CO2 coupling, which are similarly very limited.
To  address  this,  we  explored  two  strategies:  plasma-assisted
activation of N2 and a purely thermal reaction pathway.

 4.2.1    Plasma-assisted activation of N2

Although  plasma  methods  for  NH3 synthesis  have  been  explored,
their  application  to  N2–CO2 coupling  is  novel.  Crucially,  plasma-
induced vibrational excitation of N2 to N2

* dramatically lowers the
N2 activation barrier.  In our study, heterobimetallic CuNb− anions
were inert toward N2 under thermal conditions, as supported by a
high  calculated  energy  barrier  of  +1.26  eV  (Fig.  6a).  However,  in
the  presence  of  plasma,  CuNb− readily  captured  vibrationally
excited  N2*  to  form  CuNbN2

− (CuNb− +  N2 →  CuNb− +  N2*  →
CuNbN2

−).  This  CuNbN2
− intermediate  then  coupled  with  CO2

under  thermal  conditions,  leading  to  NCO− and  NbO2NCN−,
which contain one and two C–N bonds, respectively (Fig. 6b)57. We
extended  this  research  by  investigating  the  plasma-assisted
activation of N2 and its subsequent coupling with CO2 using a series
of  monometallic  YB1−4

− anions105.  Under  mild  plasma  conditions,
YB1−4

− can  react  with  N2 to  form  YB1–4N2
− (Fig.  7),  which  can

further react with CO2 to form C−N bonds.

 4.2.2    Thermal coupling reactions of CO2 and N2

The  rational  design  of  highly  reactive  gas-phase  ions  is  crucial  to
overcoming  the  activation  barriers  for  the  challenging  thermal
coupling  of  CO2 and  N2.  An  unprecedented  direct  conversion  of
CO2 and N2 into products featuring C=N bonds, including N=CO−

and NbO2C=N–, by monometallic NbH2
− was reported. According

to  calculations  at  the  TPSS  theory  level,  the  most  stable
configuration  of  NbH2

− possesses  two  Nb–H  bonds  and  exhibits
quintet spin multiplicity, whereas NbN2

– is the most stable when it
has two Nb–N bonds in a triplet state.

 

Fig. 5.    Calculated  potential  energy  surfaces  for  the  interactions  between
ScNH+ and CO2,  along with  the  corresponding Gibbs  free  energies  at  298 K
and  zero-point  vibrational-corrected  enthalpy  values  (ΔG298K/ΔH0 in  eV)  for
all  reaction intermediates,  transition states,  and final products relative to the
initial isolated reactants. The TPSS functional, including the DFT-D3 dispersion
correction,  is  given.  The  6-311+G*  basis  set  was  selected  for  H,  C,  N,  and  O
atoms,  and  the  def2-QZVP basis  set  was  selected  for  the  Cr  atom.  Reproduced
with permission from Ref.104. , © American Chemical Society 2019.
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Table 3    Products, pseudo-first-order rate coefficients (k1), reaction efficiencies (Φ), and branching ratios for the investigated CO2–N2 coupling reactions

Reaction k1(cm3·mol−1·s−1) Φ[%] Branching ration
1 YBN2

− + CO2 → NCNBO− + YO (7.0 ± 1.4) × 10−10 100.3 100%
2a YB2N2

− + CO2 → N(BO)2
− + YNC (6.5 ± 1.4) × 10−10 94.5 4.8%

b → YB2N2O− + CO 95.2%
3a YB3N2

− + CO2 → N(BO)2
− + YBNC (4.4 ± 0.9) × 10−10 64.5 5.4%

b → YB3N2O− + CO 94.6%
4a YB4N− + CO2 → N(BO)2

− + YB2NC (8.8 ± 1.8) × 10−10 129.5 29.9%
b → YB4N2O− + CO 70.1%
5a CuNbN2

− + CO2 → NCO− + CuNbNO (3.1 ± 0.6) × 10−9 96.8 29.3%
b → NbO2NCN− + Cu 70.7%
6a NbN2

− + CO2 → NCO− + NbNO (5.7 ± 1.4) × 10−10 80.9 1.2%
b → NbO2CN− + N 5.8%
c NbO1−2

− + N2 + CO 93%
a AuNbBON2

− + CO2 → NCNBO− + AuNbO2 (1.8 ± 2.1) × 10−9 116 1.2%
b → AuNbBON2CO2

− 41.3%
c → NbBON2CO2

− + Au — — 25.2%
d → AuNbBO2

− + CO + N2 — — 32.3%

 

a

b

Fig. 6.    Potential energy surfaces. a, Potential energy surfaces for the interaction
of CuNb− with N2. b, Subsequent reaction of CuNbN2

− with CO2, along with the
enthalpies  corrected  for  zero-point  vibration  (ΔH0 in  eV)  for  relevant
intermediates,  transition  structures,  and  products,  relative  to  the  isolated
reactants.  Spin  states  are  denoted  by  superscripts.  The  B3LYP  functional,
including the DFT-D3 dispersion correction, is given. The 6-311+G* basis set was
selected for C, N, and O atoms, the aug-cc-pVTZ-pp basis set was selected for the
Cu atom, and the def2-TZVPD was selected for the Nb atom. Reproduced with
permission from Ref.57, © the Owner Societies 2022.
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Fig. 7.    Time-of-flight mass spectra for the thermal reactions of mass-selected
YB1,2,4N2 : (a, d, and g) He, (b, e, and h) CO2, and (c, f, and i) C18O2. The reaction
time is approximately 1.0 ms; the corresponding effective pressures of the reactant
gases  are  indicated.  Reproduced  with  permission  from  Ref.105,  ©  Wiley-VCH
GmbH 2022.
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To further study the reaction between NbH2
− and N2,  as well as

the  configuration  of  NbN2
–,  we  conducted  photoelectron

spectroscopy  to  obtain  more  information  about  the  electronic
structure of the generated ions (Fig. 8). The photoelectron imaging
(PEI)  spectra  for  laser  ablation–generated  NbN2

− and  the  NbN2
−

produced from the reaction of NbH2
− with N2 were measured. The

as-formed NbN2
− anions are denoted as [NNbN–]G and [NbNN–]R,

respectively.
In sharp contrast, the PEI spectra obtained for NbN2

− produced
via  the  two  aforementioned  pathways  display  substantial
differences,  implying  distinct  structural  configurations  between
[NNbN–]G and  [NbNN–]R.  Regarding  the  [NbNN–]R species,
analysis  of  the  anisotropy  parameter  β  indicates  that  the  initial
spectral  band  (β  =  0.33)  arises  from  electron  emission  originating
from  orbitals  of  d-type  character.  Under  650-nm  laser  excitation,
the experimental PEI spectrum exhibits an intense and narrow peak
at 1.55 eV, along with a comparatively weaker feature near 1.60 eV.
This  spectral  profile  aligns  closely  with  the  Franck–Condon
simulation for the transition from 5∑(5IA9)  to 4B1 (NbNN),  which
yields  an  adiabatic  detachment  energy  of  1.44  eV.  These  spectral
signatures can be ascribed to excitation from the SOMO1 orbital in
5IA9,  corresponding  to  a  Nb  5d-type  orbital.  Therefore,  the
structure  of  NbN2

– formed  via  the  reaction  of  NbH2
− with  N2

([NbNN–]R)  corresponds  to  the 5IA9 electronic  configuration,
rather than to that of 3IA8 or 1IA10. In contrast, the PEI spectrum
of  [NNbN–]G suggests  that  the  experimentally  observed  structure
produced  in  the  ion  source  is 3IA8.  This  means  that  during  the
reactions  of  NbH2

− and  N2,  N2 was  not  activated;  however,  the
bond  length  of  the  N−N  bond  slightly  increased,  consistent  with
preactivation.  Thorough  mechanistic  investigations  demonstrated
that the most favorable reaction route for constructing a C–N bond

via the coupling of CO2 and N2 under ambient conditions involves
three  main  steps:  (1)  N2 preactivation,  (2)  CO2 activation,  and
(3)  synchronous  cleavage  of  N−N  bonds  and  formation  of  C−N
bonds.

In  condensed-phase  and  gas-phase  systems,  polynuclear
transition-metal  complexes are conventionally employed to deliver
the essential electrons that weaken or break the N≡N bond, thereby
promoting chemical reactivity111, 112, even in biological nitrogenases
such  as  MoFe7S9C  or  Fe8S9C113−115.  The  cooperative  interplay
among these metal centers, along with the presence of metal–metal
multiple  bonds116,  plays  an  important  role  in  the  adsorption  and
subsequent  activation  of  N2.  This  is  because  the  participation  of
electrons  from  multiple  metal  atoms  is  necessary  to  back-donate
into  the  vacant  antibonding  π*  orbitals  of  N2 for  sufficiently
weakening  the  N≡N  bond.  Notably,  in  this  particular  system,  the
activation of N2 can be achieved with a single non-noble Nb atom,
and  an  adjacent  C  atom  derived  from  CO2 acts  as  an  electron
reservoir,  enabling  both  electron  acceptance  and  donation.  This
interesting metal-ligand activation (MLA) approach, which involves
a solitary transition-metal atom paired with one C atom, represents
a  completely  innovative  strategy  for  N2 activation.  The  key
attributes of our MLA system can be summarized as follows: (1) the
active site is a single non-noble Nb atom, rather than noble metals
or  polynuclear  metallic  sites;  (2)  the  Nb  atom  acts  as  an  oxygen
acceptor,  with  its  flexible  oxidation  states  playing  a  pivotal  role  in
both  the  cleavage  and  construction  of  chemical  bonds;  (3)  the  C
atom  in  CO2 serves  as  an  electron  reservoir,  facilitating  the
complete  activation  of  N2 and  the  formation  of  multiple  C–N
linkages. It is worth noting that H atoms play an important role in
both  N2 activation  and  C−N  coupling.  For  example,  in  N2
activation,  the  H  atom  optimizes  the  electronic  and  steric
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Fig. 8.    The calculated structures of NbH2
– and photoelectron images. a, The lowest-energy configurations of NbH2

–, [NNbN–]G, and [NbNN–]R, obtained from TPSS
and high-precision  CCSD(T)-F12  computations,  along  with  energies  in  eV,  bond distances  in  pm,  and bond angles  in  degrees.  IA denotes  the  isomeric  forms  of  the
reactants NbH2

− and NbN2
–; b1, c1, photoelectron images (PEI), with arrows indicating the laser polarization direction; b2-1, c2-1, photoelectron spectra of [NNbN–]G

and [NbNN–]R at a laser wavelength of 650 nm; b2-2, c2-2 Franck−Condon simulations for the transitions corresponding to 3IA8 and 5IA9; b3, c3, adiabatic detachment
energies for [NNbN–]G and [NbNN–]R calculated at the TPSS level. The TPSS functional is given. The 6-311+G* basis set was selected for H, C, N, and O atoms, the aug-
cc-pVTZ-pp basis set was selected for the Cu atom, and the def2-TZVPD basis set was selected for the Nb atom. Reproduced with permission from Ref.56, © American
Chemical Society 2021.
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environment  of  the  metal  center,  whereas  in  C−N  coupling,  it
directly  participates  in  the  key  transition  states  via  migration  and
proton  transfer.  Together,  these  observations  highlight  the  unique
versatility of H in N2 fixation and C−N bond formation.

We  additionally  reported  that  AuNbBO− can  directly  couple
relatively  inert  N2 and  CO2 under  thermal  collision  conditions,
yielding  NCNBO− as  the  product.  This  transformation  entails  the
cleavage  of  one  N≡N  bond  and  two  C=O  bonds  while
simultaneously forming two N−C bonds. To further investigate the
role  of  Au  in  the  coupling  of  N2 and  CO2,  we  mass-selected
Nb2BO− and NbBO− clusters and examined their interactions with
N2 in  an  ion  trap  reactor.  Unlike  AuNbBO−,  Nb2BO− clusters
display  no  reactivity  with  N2;  NbBO− can  adsorb  N2 to  yield
NbBON2

−, but the rate constant is 24 times smaller than that of the
AuNbBO−–N2 system. In addition,  the resultant NbBON2

− fails  to
react  with  CO2.  Frontier  orbital  analysis  indicates  that  in  the
AuNbBO–,  NbBO–,  and  Nb2BO− clusters,  the  d  electrons  of  Nb
atoms are donated to the antibonding π* orbitals of N2 during the
formation of encounter complexes with η1-N2 coordination modes.

For NbBO− and Nb2BO–, the energy gaps between d orbitals and π*
orbitals  are  more  pronounced,  which  restricts  the  formation  of
Nb–N  bonds  (Fig.  9).  In  contrast,  the  active  orbital  energies  of
AuNbBO− are  lower  than  those  of  Nb2BO− and  NbBO–,  and  the
energy  levels  are  more  compatible  with  the  LUMO  of  N2.  As  a
result,  the introduction of Au atoms not only reduces the energies
of  active  orbitals  but  also  strengthens  the  π-back-donation
interaction between AuNbBO− and N2,  which can be attributed to
the matching orbital energy levels.

In  brief,  aside  from  the  O  atom  in  the  AuNbBO–,  each  of  the
remaining three  atoms fulfills  distinct  and pivotal  functions  in  the
reaction  process.  The  Nb  atom  acts  as  the  adsorption  site  for  N2
and CO2 molecules and is essential for breaking one C=O bond in
CO2.  The  Nb  atom  sustainably  delivers  electrons  throughout  the
reaction processes involving N2 and CO2.  During the OB−O bond
formation,  the  B  atom  acts  as  a  single-electron  donor.  In  the
following  step,  it  accepts  an  activated  N  atom  to  generate  a  B–N
bond,  thereby functionalizing the  N atom.  The introduction of  an
Au atom can lower the energy levels of the active orbitals,  thereby

 

a

b

Fig. 9.    Schematic  molecular  orbitals  and  Natural  population  analysis.  a, Schematic  molecular  orbitals  for  N2,  AuNbBO–,  NbBO–,  and  Nb2BO–,  along  with  their
compositions. The inserts display the molecular orbitals that notably interact with the π* antibonding orbital of N2 in AuNbBON2

–, NbBON2
–, and Nb2BON2

–. b, Natural
population analysis charge distributions for each atom in the pathway for the activation of N2 and CO2 on AuNbBO− clusters. The B3LYP functional, including the DFT-
D3 dispersion correction,  is  given.  The 6-311+G* basis  set  was  selected for  C,  N,  and O atoms,  the  aug-cc-pVTZ-pp basis  set  was  selected for  the  B atom,  and def2-
TZVPD was selected for the Nb atom. Reproduced with permission from Ref.58, © American Chemical Society 2022.
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facilitating  the  adsorption  of  N2 and  the  subsequent  reaction  with
CO2.  Notably,  the  C  atom  in  this  system  sequentially  captures,
releases, and recaptures electrons, consistent with previous findings
in  the  NbH2

––N2–CO2 system.  In  the  latter,  the  C  atom  derived
from the CO2 molecule also serves as an efficient electron reservoir.
The products, reaction rates and reaction efficiencies resulting from
the  combined  reaction  of  carbon  dioxide  and  nitrogen  have  been
presented in Table 3.

 5    Conclusions
In this review, we discussed our studies on the mechanisms of the
reactions  of  gas-phase  metal  species  with  CO2,  combining  mass
spectrometry  and  DFT  calculations.  We  divided  CO2
transformations into three fundamental reaction types: reduction to
CO  via  OAT  to  a  suitable  O  acceptor,  B−C  bond  formation  via
reactions  with  metal  borides,  and  C−N  bond  formation  via
coupling  with  NH3 or  N2.  However,  despite  advances  in  CO2
activation  and  conversion,  there  are  still  urgent  challenges  to
address.  For  instance,  the  formation  of  Cn products  via  C−C
coupling  using  CO2 molecules  in  the  gas  phase  remains  a  great
challenge. Although C−C coupling between CH4 and CO2 to yield
C2 products  such  as  ketones  and  acetylene  has  been  reported,  the
direct  coupling  of  two  CO2 molecules  or  the  extension  of  the  C
chain has not yet been realized.  Addressing this challenge requires
elucidating not only the structural nature of these sites but also the
reaction  mechanisms  at  the  molecular  level.  Such  fundamental
understanding  is  indispensable  for  the  rational  design  of  catalysts
with enhanced activity and selectivity.
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