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a b s t r a c t 

A series of heteronuclear yttrium-nickel monoxide carbonyl complexes YNiO(CO)n 
− ( n = 1–5) were gener- 

ated in a pulsed-laser vaporization source and characterized by mass-selected photoelectron velocity-map 

spectroscopy combined with theoretical calculations. CO ligand-mediated reactivity in CO oxidation of 

yttrium-nickel monoxide carbonyl complexes was experimentally and theoretically identified. During the 

consecutive CO adsorption, a μ2 -O linear structure was most favorable for YNiO(CO)n 
− ( n = 1, 2), then a 

structure in which the terminal O was bonded to the Y atom became favored for YNiO(CO)3 
−, and finally 

a structure bearing a CO2 moiety was most favorable for YNiO(CO)n 
− ( n = 4, 5). Theoretical calculations 

indicated that the Ni atom acted as an electron acceptor and accumulated electron density at n ≤ 3, and 

then served as an electron donor along with the Y atom to contribute electron density in the rearrange- 

ment that accompanied CO oxidation at n > 3. 

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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The oxidation of carbon monoxide (CO) is not only of practical 

mportance for its removal in fuel gas cleanup, but also an impor- 

ant prototypical reaction that has drawn significant attention in 

eterogeneous catalysis [ 1–3 ]. Identifying the active sites and reac- 

ion mechanism of catalysts is a central subject of heterogeneous 

atalysis. Gas phase studies under isolated and controlled condi- 

ion can provide a clear structure−reactivity understanding in het- 

rogeneous catalysis at the molecular level [ 4–10 ]. Reactions of CO 

ith noble metal-containing clusters have been extensively stud- 

ed under well-defined conditions to understand single-atom catal- 

sis by isolated noble metal atoms dispersed on oxide supports 

 11–14 ]. Recently, transition metal oxide clusters as substitutes for 

oble metal have attracted much attention due to their high cat- 

lytic activity, stability, and controllability [ 9 , 15–17 ]. Reactions of 

O with heteronuclear transition metal oxide clusters have been 

idely studied to explore the effects of factors such as cluster com- 

osition [ 18 ], oxidation state [ 19 ], electric charge [ 20 ], and support

 9 ]. However, the role of CO ligands adsorbed on heteronuclear 

ransition metal oxide clusters has rarely been mentioned during 

he CO oxidation [ 8 , 17 , 21 ]. 

Recently, it was found that while CuAl4 O7–9 
− and Ni2 VO4 

− are 

ess favorable for the oxidation of CO to CO2 , the adsorption of 

n additional CO ligand to form CuAl4 O7–9 CO− and Ni2 VO4 CO−
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ould promote CO oxidation. In the NbNiO(CO)n 
− ( n = 5−8) se- 

ies, the NbNiO(CO)n 
− ( n = 5−6) anions were characterized as O- 

ridged complexes, while the NbNiO(CO)n 
− ( n = 7−8) anions were 

haracterized as η2 -CO2 -tagged complexes, which indicated that 

ultiple adsorbed CO molecules could facilitate CO oxidation. 

n the TaNiO(CO)n 
− ( n = 5−8) series, CO oxidation can occur at 

 = 8 through both Langmuir–Hinshelwood-like and Eley–Rideal- 

ike mechanisms. These results indicate that CO ligands may play 

n important role in the process of CO oxidation, and this finding 

ay be crucial in the design of efficient catalysts based on transi- 

ion metals. 

Group 3 metal oxide clusters are promising candidates for cat- 

lytic applications in the activation of CO2 , which is the reverse re- 

ction of CO oxidation [ 22–25 ]. Whereas the relevant studies have 

ndicated that metal oxides were able to activate the CO2 molecule, 

he reverse reaction was predicted to be thermodynamically un- 

avorable. Herein we present a combined photoelectron velocity- 

ap imaging spectroscopic and theoretical study of CO oxidation 

n the heterodinuclear yttrium-nickel monoxide anion during the 

rogressive CO adsorption. 

YNiO(CO)n 
− ( n = 1−5) complexes were generated via pulsed 

aser vaporization of yttrium-nickel alloy with 5% CO seeded in 

elium and subsequently characterized by coupled photoelectron 

elocity−map imaging spectrometry (see Supporting information 

or experimental details). Photoelectron imaging and the corre- 

ponding photoelectron spectra of YNiO(CO)n 
− ( n = 1−5) recorded 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Fig. 1. Photoelectron spectra of YNiO(CO)n 
− ( n = 1–5) recorded at 355 nm 

(3.496 eV). Photoelectron images after inverse Abel transformation are embedded 

in the photoelectron spectra. 
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Fig. 2. Ground-state structures and selected low-lying isomers of YNiO(CO)n 
−

( n = 1−5) anions calculated at the B3LYP/aug-cc-pVTZ/SDD level of theory. Relative 

energies are given in eV after zero-point energy correction. 
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t 355 nm were shown in Fig. 1 . Vertical detachment energies 

VDE) were directly measured from the well-defined band max- 

ma. The spectrum of YNiO(CO)− featured two apparent peaks (X 

nd A). The ground-state peak X was stronger than the excited- 

tate band A. The ground-state VDE and the first excited-state 

DE, which obtained from the maximum of band X and band 

, were 2.25 ± 0.06 eV, and 3.00 ± 0.02 eV, respectively. The spec- 

rum of YNiO(CO)2 
− was similar to that of YNiO(CO)−, show- 

ng one intense band X and a weak bands A, corresponding 

o VDEs of 2.08 ± 0.07, and 3.18 ± 0.02 eV, respectively. While for 

NiO(CO)3 
−, there was only one sharp peak, with the band cen- 

ered at 2.17 ± 0.07 eV. Spectral similarity was observed between 

NiO(CO)4 
− and YNiO(CO)5 

−, in which the ground state VDEs were 

lue-shifted compared to those of the smaller clusters and were 

receded by long tails. The ground-state VDEs, obtained from the 

aximum of band X, were 2.88 ± 0.03 and 3.00 ± 0.02 eV, respec- 

ively. Since no vibrational features for band X, the ground-state 

diabatic detachment energies (ADEs) were roughly estimated by 

rawing a straight line along its leading edge and then adding 

he instrumental resolution to the intersection with the binding 

nergy axis. The ADE values of the ground states for YNiO(CO)n 
−

 n = 1−5) were evaluated to be 2.10 ± 0.07, 1.87 ± 0.07, 2.07 ± 0.07, 
2

.65 ± 0.04, and 2.76 ± 0.04 eV, respectively. The experimental ob- 

ervations of spectral similarities and differences as well as the 

brupt band shift, implied the occurrence of structural evolution 

uring the progressive adsorption of CO. 

Density functional theory calculation at the B3LYP level were 

erformed to explore the structures and reactivities of YNiO(CO)n 
−

 n = 1−5) (see theoretical details in Supporting information). The 

ptimized ground states and selected low-lying structures were 

resented in Fig. 2 . Three types of structures were predicted for 

ll of these complexes. The first type consisted of a linear YONi−

nion core terminally bonded only by multiple CO ligands. We de- 

ned this type as a μ2 -O-linear structure, labeled as n A. The sec- 

nd type, labeled as n B, involved a terminal O atom bonded to the 

 atom. The third type had a CO2 -taged structure, which was de- 

ned as n C. For n = 1, 2, the most stable structure was n A. The

 B and n C structures were 1.4 9/2.00 eV, and 0.4 9/0.84 eV higher

n energy than n A. For n = 3, the most stable structure was 3B,

ith 3A and 3C 0.41/0.61 eV higher in energy than 3B. While for 

 = 4, 5, the most stable structure was n C. The n A and n B struc-

ures were 1.12/0.40 eV and 0.80/0.28 eV higher in energy than n C, 

espectively. The energy differences between n A, n B, and n C de- 

reasd in the beginning of the series, then first reversed at n = 3 

ith 3B becoming dominant. The second reverse occurred at n = 4 

ith 4C becoming favored. The theoretical prediction of relative 

nergetics of the three structure types was confirmed by the spec- 

roscopic experiments. 

To clarify the possible structures that may exist under the ex- 

erimental conditions, the theoretical VDE and ADE values for 

ach structure were compared with the experimental date in Ta- 

le S1 (Supporting information). To further facilitate comparison 

ith experimental data, simulated spectra of each structure were 

hown in Fig. S1 (Supporting information). For n = 1, the VDE1 , 

DE2 and ADE values of the most stable 1A were calculated as 
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Fig. 3. Potential energy surface for the consecutive CO adsorption on YNiO(CO)n -1 
− (n = 1−4) anions calculated at the B3LYP/aug-cc-pVTZ/SDD level of theory. Energies are 

given in eV after zero-point energy correction. 
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.15, 3.03, and 2.04 eV, respectively, consistent with the experi- 

ental values. The simulated spectrum of 1A matched well with 

he experimental spectrum. The calculated VDE1 , VDE2 , and ADE 

f 1B (2.08/2.90/1.75 eV, respectively) were smaller compared with 

he experimental values. The calculated VDE1 , and ADE of 1C 
3

1.34/1.28 eV, respectively) were smaller compared with the exper- 

mental values. The simulated spectra of 1B and 1C were disagree- 

ent with the experimental spectra. Apart from the aforemen- 

ioned calculated VDEs and simulated spectra, 1B and 1C were too 

igh in energy to exist under the experimental conditions. Simi- 
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Fig. 4. DFT-calculated natural charges on Y, O, and Ni atoms along the reaction 

pathway. 
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arly, in the cases n = 2–5, the most stable 2A, 3B, 4C and 5C were

dentified by their VDE and simulated spectrum matching best to 

he strongest peak of the experimental spectrum. Therefore, 1A, 

A, 3B, 4C and 5C structures were considered as the dominant 

tructures for the experimental observations. 

The potential energy profiles for the consecutive CO adsorp- 

ion on the YNiO(CO)n-1 
− ( n = 1−4) and YNiO(CO)n-1 

− ( n = 5) com- 

lexes were presented in Fig. 3 and Fig. S2 (Supporting informa- 

ion), respectively, to provide insights into the dynamic reacivity 

f YNiO(CO)n-1 
− ( n = 1−4) toward CO oxidation. Overall, the re- 

ction channels of YNiO(CO)n-1 
− ( n = 1−5) toward CO were pre- 

icted to be thermodynamically favorable for YNiO−, YNiO(CO)−, 

NiO(CO)2 
−, YNiO(CO)3 

−, and YNiO(CO)4 
−, accompanied by en- 

rgy releases of 2.98, 0.68, 0.60, 0.33, and 0.59 eV, respectively. For 

 = 1 − 3, the isomerization process from n A to n C can be viewed

s gradual cleavage of Y-O bond as CO approached the O atom to 

orm CO2 -tagged structure n C via a twisted four-membered ring 

ransition state (TS2, TS4, TS6). The isomerization processes under- 

one a nearly uphill pathway to generate structure n C. The energy 

arrier of 1A to 1C and from 2A to 2C was 2.63, 1.20 eV, respec-

ively, disfavoring CO oxidation. While for n = 3, an energy barrier 

f 0.44 eV had to be surmounted to convert 3A into 3C. While the 

everse process of 3A to 3C was thermodynamically exothermic 

nd kinetically more facile. The isomerization from n A to n B was 

iewed as a process of Ni-O bond breaking and separation. Energy 

arrier of 1.60, 0.59, and 0.26 eV, respectively, needed to be sur- 

ounted in the conversion of n A to n B ( n = 1−3), which was lower

han that for the conversion of n A into n C. For n = 1, 2, the reverse

rocess was thermodynamically exothermic and kinetically facile. 

herefore, 1A and 2A prevailed over 2A and 2B. While for n = 3, the

somerization process of 3A to 3B was thermodynamically exother- 

ic and kinetically facile, and therefore 3B was dominant for n = 3. 

Attachment of one CO molecule to the most stable 3B generated 

B with an energy release of 0.33 eV. The isomerization from 4B to 

A had to overcome an energy of 1.41 eV. The process was disfa- 

ored by a positive barrier of 1.08 eV with respect to the ground- 

tate reactants. The isomerization from 4B to 4C was viewed as the 

ridging CO approaching the terminal O atom as separated from 

he Ni atom to form a CO2 moiety structure (M) via transition state 

S7, followed by the terminal CO bonded to Ni atom approaching 

o Y atom to form 4C via transition states TS8. The isomerization 

f 4B to 4C involved energy barrier of 0.23 eV and 0.12 eV to pass

hrough TS7 and TS8, respectively, and the process followed a ther- 

odynamically exothermic and kinetically facile pathway. There- 

ore, CO oxidation was easily achieved at n = 4. Attachment of one 

O ligand to 4C gave rise to the ground state of 5C. The isomer-

zation from 5C to 5B and 5A followed an endothermic pathway. 

herefore, 5C was the dominant for n = 5. Overall, the potential en- 

rgy profiles indicated that n A was favorable for n = 1, 2, n B was

ominant product for n = 3, and n C was preferred for n = 4, 5, and

O oxidation became thermodynamically exothermic and kineti- 

ally facile for n ≥ 4. 

To gain further insight into the roles of Y and Ni in CO oxi- 

ation, natural population analysis was performed (see theoreti- 

al details in Supporting information). Natural charges of each iso- 

er were shown in Table S2 (Supporting information) and the 

harge flows within the intermediates along the reaction pathway 

f YNiO(CO)n 
− ( n = 1–5) were presented in Fig. 4 . CO served as the

ajor electron donor upon its adsorptions at n ≤ 3 while the Ni 

tom functioned as the electron acceptor to accumulate electrons 

1A → 3A, �Q (Ni) =−0.70 e]. The Y atom served as the major elec- 

ron donor and the Ni atom functioned as the electron acceptor 

uring the structural rearrangement [3A → 3B, �Q (Ni) = −0.58 e, 

Q (Y) = + 0.89 e]. In the following steps of CO adsorption an ox-

dation, the Ni and the Y atoms both served as electron donors, 

nd the contribution of Ni in donating electrons exceeded that of Y 
4

tom [3B → 4B → 4C, �Q (Ni) = + 0.48 e, �Q (Y) = + 0.21 e]. There-

ore, the Y atom played an important role as an electron donor, 

hile the Ni atom served as an electron reservoir to assist the ad- 

orption and oxidation of CO. 

In summary, the CO oxidation in yttrium-nickel monoxide car- 

onyl complexes was identified and well-illustrated by the combi- 

ation of mass-selected photoelectron velocity imaging and den- 

ity functional theory calculations. The YNiO(CO)n 
− ( n = 1, 2) an- 

ons consisted of a linear Y-O-Ni anion core with CO terminally 

onded to the Ni atom. In YNiO(CO)3 
−, the Y atom was bonded to 

he terminal O atom, and three carbonyls were terminally bonded 

o Ni atom. While YNiO(CO)n 
− ( n = 4, 5) complexes had a CO2 - 

oiety. The Ni atom acted as an electron acceptor to accumulate 

lectrons at n ≤ 3, and served as electron donor along with the Y 

tom to contribute to electron density during CO oxidation at n > 3. 

he Ni atom played the role of an electron reservoir in assisting 

he adsorption and oxidation of CO. These results provided impor- 

ant insight for the rational design of highly active species for CO 

dsorption and oxidation. 
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