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Spectroscopic study of water splitting by neutral metal clusters is extremely challenging due to the difficulty in size selection. 

Herein, the novel M2O4H4 (M = Sc, Y, La) complexes are characterized to have the intriguing M2(2-O)(2-H)(2-OH)(1-OH)2 

structures by infrared spectroscopy, revealing that the H-OH bond breaking, the M-O/M-H/M-OH bond formation, and 

hydrogen production proceed efficiently in the reactions between laser-vaporized metals and water molecules.  
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Spectroscopic study of water splitting by neutral metal clusters is crucial to understanding the 

microscopic mechanism of catalytic processes but has been proven to be a challenging 

experimental target due to the difficulty in size selection. Here, we report a size-specific infrared 

spectroscopic study of the reactions between neutral group 3 metals and water molecules based 

on threshold photoionization using a vacuum ultraviolet laser. Quantum chemical calculations 

were carried out to identify the structures and to assign the experimental spectra. All the M2O4H4 

(M = Sc, Y, La) products are found to have the intriguing M2(μ2-O)(μ2-H)(μ2-OH)(η1-OH)2 

structures, indicating that the H-OH bond breaking, the M-O/M-H/M-OH bond formation, and 

hydrogen production proceed efficiently in the reactions between laser-vaporized metals and 

water molecules. The joint experimental and theoretical results on the atomic scale demonstrate 

that the water splitting by neutral group 3 metals is both thermodynamically exothermic and 

kinetically facile in the gas phase. These findings have important implications for unravelling 

the structure-reactivity relationship of catalysts with isolated metal atoms/clusters dispersed on 

supports. 
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Water splitting is regarded as one of the most promising technologies for renewable sources, transport, and storage of hydrogen 

energy [1-3]. The process of water splitting involves the breaking/formation of chemical bonds and hydrogen production. The 

investigation of the reactions between metals and water molecules helps to uncover the microscopic mechanisms of catalytic processes 

with isolated metal atoms/clusters dispersed on supports [4-7]. Over the past several decades, extensive efforts were devoted to the 

spectroscopic studies of ionic metals with water molecules, which allow easy size selection and detection [8-11]. In general, the water 

molecules are weakly coordinated to the metal ions, forming the solvation structures in the form of M+(H2O)n [12]. The HMOH+(H2O)n 

insertion complexes were observed for some metal atoms [13-17]. For instance, infrared multiple photon dissociation spectroscopy 

showed that Mn+(H2O)n (n = 4-8) undergoes an insertion reaction forming HMnOH+(H2O)n-1 [17]. 

For the reactions between neutral metal atoms and water molecules, the HMOH intermediates were observed for early transition 

metal atoms and could either photochemically isomerize to H2MO or decompose to metal monoxides and H2 [18-23]. The late 

transition metal and lanthanide metal atoms react with H2O to produce the solvated M(H2O) complexes, which are rearranged to the 

insertion complexes under UV irradiation [24-28]. For the actinide metal atoms, the thorium and uranium atoms are able to insert into 

the O-H bond of water to form the H2ThO and H2UO molecules [29,30]. Along with significant advances in theoretical calculations, 

these studies provided great insights into the reaction mechanisms of metal atoms with water. Thus far, spectroscopic studies on the 

reactions of neutral metal clusters with water are rather challenging experimentally, because the absence of a charge makes for difficult 

size selection and detection. Here we report an infrared-vacuum ultraviolet (IR-VUV) spectroscopic study on the reactions of neutral 

group 3 metals with water molecules. IR-VUV spectroscopy in conjunction with quantum chemical calculations confirm that all the 

neutral M2O4H4 (M = Sc, Y, La) complexes have unexpected M2(μ2-O)(μ2-H)(μ2-OH)(η1-OH)2 structures, demonstrating that the H-OH 

bond breaking, the M-O/M-H/M-OH bond formation, and hydrogen production proceed efficiently in the reactions between laser-

vaporized metals and water molecules. 

The experimental IR spectra were measured using an IR-VUV spectroscopy apparatus (see Supporting information for 

experimental details) [31,32]. Neutral M2O4H4 (M = Sc, Y, La) complexes were prepared via laser vaporization in a supersonic 

expansion of 0.1% H2O/helium. For the IR excitation of neutral M2O4H4 complexes, we used a tunable IR optical parametric 

oscillator/optical parametric amplifier system (LaserVision). Subsequent photoionization was carried out with about 65 ns delay with a 

VUV light at 193 nm. IR spectra were recorded in the difference mode of operation (IR laser on IR laser off). IR power dependence of 

the signal was measured to ensure that the predissociation yield was linear with photon flux. 

The experimental IR spectra of M2O4H4 (M = Sc, Y, La) in the OH stretching region are shown in Figs. 1a-c and the band positions 

are listed in Table 1. The IR spectrum of each individual M2O4H4 complex consists of two groups of bands, centering at 3729/3809 cm-

1 (Sc), 3721/3799 cm-1 (Y) and 3683/3749 cm-1 (La), respectively. The gap between the two experimental bands for M2O4H4 (M = Sc, 

Y, La) is 80, 78 and 66 cm-1, respectively, indicating a monotonical decease down through the group 3 of the periodic table. Such gaps 

are smaller than that between the symmetric and antisymmetric OH stretching vibrational frequencies of the free water molecule (99 

cm-1) [33]. 

 

Fig. 1. Comparison of experimental IR spectra (a-c) of neutral M2O4H4 (M = Sc, Y, La) complexes and calculated IR spectra (d-i) of the two types of isomers. 
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Table 1．Comparison of the experimental band positions (cm1) of neutral M2O4H4 (M = Sc, Y, La) complexes to the calculated values of the most stable 
structures (isomers A, I and i) obtained at the B3LYP/aug-pVTZ(O, H)/SDD(Sc, Y, La) level of theory (IR intensities are listed in parentheses in km/mol, and 

the calculated harmonic vibrational frequencies are scaled by a factor of 0.962.). 

Species Exptl. Calcd. Mode 

Sc2O4H4 

3729 3736 (90) OH stretching mode 

3809 3789 (272) antisymmetric OH stretching mode 

 3790 (33) symmetric OH stretching mode 

Y2O4H4 

3721 3746 (67) OH stretching mode 

3799 3791 (182) antisymmetric OH stretching mode 

 3791 (14) symmetric OH stretching mode 

La2O4H4 

3683 3725 (43) OH stretching mode 

3749 3737 (113) antisymmetric OH stretching mode 

 3737 (22) symmetric OH stretching mode 

 

To understand the experimentally observed spectral features and identify the structures of the M2O4H4 (M = Sc, Y, La) complexes, 

quantum chemical calculations were carried out at the B3LYP/aug-pVTZ(O, H)/SDD(Sc, Y, La) level of theory (see Supporting 

information for theoretical details). Relative energies and energy barriers include the zero-point energy corrections. The optimized 

structures of the two types of isomers are shown in Fig. 2. The calculated IR spectra are compared with the experimental ones in Fig. 1. 

isomer A (0.0) isomer B (+85.1)

Sc2O4H4

Y2O4H4

La2O4H4

isomer I (0.0) isomer II (+84.1)

isomer i (0.0) isomer ii (+73.6)
 

Fig. 2. Optimized structures of the two types of isomers of neutral M2O4H4 (M = Sc, Y, La) complexes (O, red; H, light gray; Sc, purple; Y, blue; La, olive). 

Relative energies (in parenthesis) are listed in kcal/mol. 

 

For each of M2O4H4 (M = Sc, Y, La), the most stable isomer has a M2(μ2-O)(μ2-H)(μ2-OH)(η1-OH)2 configuration with a singlet 

electronic ground state (labeled isomers A, I and i in Fig. 2), forming an insertion structure. In the second type of isomer (labeled 

isomers B, II and ii in Fig. 2), the water molecules are weakly bound to the metal atoms of the rhombus M2(μ2-O)2 unit, forming a 

solvation structure. Isomers B, II and ii lie much higher in energy than isomers A, I and i by 85.1, 84.1 and 73.6 kcal/mol, respectively, 

indicating that these water-solvated structures are thermodynamically unstable as compared to the insertion structures. 

In the simulated IR spectrum of isomer A of Sc2O4H4 (Fig. 1d), the band at 3736 cm1 is attributed to the OH stretching mode of the 

bridging OH group, which is consistent with the experimental band of 3729 cm1 (Table 1); the antisymmetric and symmetric OH 

stretching modes of the terminal OH groups are calculated to 3789 and 3790 cm1, respectively, which are in agreement with the 

experimental band of 3809 cm1. The simulated IR spectrum of isomer B of Sc2O4H4 (Fig. 1g) exhibits a single band at 3438 cm1, 

which is not observed experimentally. It thus appears that isomer B does not contribute to the experimental spectrum of Sc2O4H4. 

Similar results are also obtained for the Y2O4H4 and La2O4H4 complexes. The calculated band gap between the OH and 

antisymmetric/symmetric OH stretching modes of isomers A, I, and i is 53, 45 and 12 cm-1, respectively, which trend is in accordance 

with the experimental trend. Note that the predicted band gaps are systematically smaller than the experimental values, which may be 

attributed to the deficiencies of theoretical methods. The decease of the band gap between the bridging and terminal OH stretching 

modes for M2O4H4 (M = Sc, Y, La) might be rationalized by the reduced electronegativities down through the group 3 of the periodic 

table. The Pauling electronegativity of Sc, Y and La is 1.36, 1.22 and 1.10, respectively. The charge transfer from the metal to the OH 

group weakens the O-H bond and reduces the frequency of its vibrational mode [12]. Furthermore, the O-H bond in the monodentate 

terminal OH group is more strongly influenced by binding to the metal center than that in the bidentate bridging OH group, resulting in 

a larger red-shift of stretching vibrational frequency (Table 1). Overall, the agreement of the simulated IR spectra of isomers A, I and i 

with experiment is reasonable to confirm the assignment of these insertion structures responsible for the experimental spectra. 

The most striking observation in the present work is the identification of the M2(μ2-O)(μ2-H)(μ2-OH)(η1-OH)2 structures instead of 

the water-solvated motifs. The results suggest that the H-OH bond breaking and M-O/M-H/M-OH bond formation proceed in the 

reactions between laser-vaporized metals and water molecules. Note that the reaction processes taking place in the plasma conditions in 

the laver-vaporization source are quite complicated and are very difficult to be clearly characterized, quantum chemical calculations 

were performed to explore the possible reaction mechanisms. 

Due to the spectra and structural similarity of M2O4H4 among the group 3 metals, we will focus on the discussion of formation 

mechanisms of Sc2O4H4. The potential energy profiles for the reactions between Sc atoms and water molecules were calculated at the 
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B3LYP/aug-pVTZ(O, H)/SDD(Sc) level of theory. The reaction (1) is predicted to be exothermic by 11.4 kcal/mol, whereas the 

reaction (2) is exothermic by 7.3 kcal/mol [34]. This implies that the initial reaction of Sc with H2O to form Sc(H2O) is more favorable 

than the dimerization of Sc atoms. 

Sc + H2O  Sc(H2O)                         (1) 

Sc + Sc  Sc2                                     (2) 

As shown in Fig. 3, the isomerization from Sc(H2O) to HScOH is highly exothermic by 47.0 kcal/mol via a transition state (TS1) 

with a small barrier of 9.0 kcal/mol. HScOH could release H2 to produce ScO via TS2. TS1 and TS2 lies below the energy of Sc + H2O 

reactants by 2.0 and 29.7 kcal/mol, respectively. The Sc + H2O  ScO + H2 overall reaction is exothermic by 42.0 kcal/mol and is thus 

thermodynamically favorable. Indeed, the ScO+ species is observed in the mass spectra (Fig. S1 in Supporting information). This water 

splitting by Sc atom is supported by the absence of water-solvated structures in the present IR-VUV and previous matrix-isolation 

experiments [19,20]. 

 

Fig. 3. Potential energy profiles for the formation of mononuclear complexes. The abbreviation “IM” stands for intermediate and “TS” for transition state. The 

corresponding structures are embedded in the inset (O, red; H, light gray; Sc, purple). The complexes dedicated to the formation of target product are marked 

with red color. 

 

The addition of H2O to ScO forms ScO(H2O), which is exothermic by 16.1 kcal/mol. Although the dehydrogenation of ScO(H2O) is 

endothermic by 25.6 kcal/mol, this entropy-driven reaction might be feasible in the high-temperature plasma environments. On the 

other hand, OScOH lies energetically below the reactants by 32.5 kcal/mol, indicating that the formation of OScOH is 

thermodynamically favored. The addition of H2O to Sc(H2O) yields Sc(H2O)2, which could undergo isomerization and 

dehydrogenation to generate HSc(OH)2. These processes are predicated to be both thermodynamically exothermic and kinetically facile. 

The HSc(OH)2 complex could undergo H2 production to form Sc(OH)2, which is exothermic by 23.7 kcal/mol with a very small barrier 

of 0.7 kcal/mol (TS4). The Sc(OH)3 complex might be formed via the addition of the third water molecule to Sc(OH)2 and the 

subsequent dehydrogenation. The Sc(OH)n (n = 1-3) complexes might also be produced by the reactions of Sc atoms with OH radicals 

as proposed previously [19]. Although the barrier for the ScOH  HScO isomerization is very high (30.4 kcal/mol), the strong 

exothermic property of the Sc + OH  HScO overall reaction suggests that this process is thermodynamically favorable. Alternatively, 

the formation of HScO could be assisted by the H2 addition to ScOH. The MO, HMO, M(OH)1,2 and HM(OH)1,2 (M = Sc, Y, La) 

complexes were captured from the reactions between laser-vaporized metal atoms and water molecules in rare-gas matrixes [18-20], 

which support the aforementioned mechanisms. 

As shown in Fig. 4, the dimerization of Sc(OH)2 produces the intermediate IM1, which is predicted to be highly exothermic by 55.3 

kcal/mol. The combination of ScOH and Sc(OH)3 generates the intermediate IM2, releasing the energy by 47.5 kcal/mol. The 

aggregation of ScH-containing fragments, HScO + Sc(OH)3 and OScOH + HSc(OH)3, is even more exothermic of 83.8 and 86.4 

kcal/mol, yielding more stable intermediates IM3 and IM5. All the intermediates (IM1, IM2, IM3 and IM5) can be isomerized to the 

most stable structure of isomer A via several intermediates and transition states, with the largest barrier of ~15 kcal/mol. The potential 

energy profiles clearly demonstrate that the formation of isomer A is both thermodynamically exothermic and kinetically facile in the 

gas phase, indicating that the H-OH bond breaking, the M-O/M-H/M-OH bond formation, and hydrogen production proceed quite 

efficiently at the experimental conditions. 
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Fig. 4. Potential energy profiles for the formation of target product (Sc2O4H4, isomer A). The abbreviation “IM” stands for intermediate and “TS” for transition 

state. The corresponding structures are embedded in the inset (O, red; H, light gray; Sc, purple). 

 

The above pathway for the formation of Sc2O4H4 begins with the generation of mononuclear complexes from the reactions between 

Sc and H2O (Fig. 3) and then proceeds with the aggregation of the relevant mononuclear complexes (Fig. 4). Such reaction 

mechanisms are not exclusive. For instance, the combination of Sc atoms with mononuclear complexes or the reaction of Sc2 with H2O 

to produce the binuclear complexes is also likely. As exemplified in Fig. S2 (Supporting information), the addition of Sc atom to the 

HScOH complex, resulting in the formation of Sc2(μ2-H)(μ2-OH). This binuclear complex could further undergo H2O addition, 

isomerization, and H2 production, leading to the formation of IM1. As shown in Fig. 4, the isomerization from IM1 to isomer A is both 

thermodynamically exothermic and kinetically facile. As shown in Fig. S3 (Supporting information), the addition of H2O to Sc2 forms 

the Sc2(H2O) adduct, which is exothermic by 12.2 kcal/mol. Sc2(H2O) undergoes OH dissociation to produce Sc2(μ2-H)(η1-OH), which 

is highly exothermic by 58.6 kcal/mol with a very small barrier of 4.3 kcal/mol (TS18). The isomerization from Sc2(μ2-H)(η1-OH) to 

Sc2(μ2-H)(μ2-OH) is exothermic by 6.5 kcal/mol with a barrier of 5.8 kcal/mol (TS19). The subsequent reactions could proceed 

efficiently to reach the final product (Fig. S2). Since the reducibility of Y and La is stronger than that of Sc, the proposed mechanisms 

of Sc2O4H4 would be more feasible for the formation of Y2O4H4 and La2O4H4 complexes. 

In summary, the neutral M2O4H4 (M = Sc, Y, La) complexes were prepared in the gas phase via laser vaporization technique. 

Infrared-vacuum ultraviolet (IR-VUV) spectroscopy in conjunction with quantum chemical calculations confirm that all of these 

complexes have M2(μ2-O)(μ2-H)(μ2-OH)(η1-OH)2 structures. The results indicate that the H-OH bond breaking, the M-O/M-H/M-OH 

bond formation, and H2 production proceed efficiently in the reactions between laser-vaporized metal atoms and water molecules. 

Theoretical calculations reveal that the formation of M2(μ2-O)(μ2-H)(μ2-OH)(η1-OH)2 from the reaction of group 3 metals with water is 

both thermodynamically exothermic and kinetically facile in the gas phase. The present findings provide important insights into the 

structure-reactivity mechanism of metal clusters toward the water molecules and key microscopic information for systematic 

understanding of water splitting on the active sites of catalysts. 
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