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ABSTRACT: Investigation of the reactions between water molecules and neutral metal
clusters is important in water splitting but is very challenging due to the inherent difficulty of
size selection. Here, we report a size-specific infrared-vacuum ultraviolet spectroscopic study on
the reactions of water with neutral vanadium dimer. The V,0;H, and V,0,H, products were
characterized to have unexpected V,(u,-OH)(u,-H)(#'-OH), and V,(u,-OH),(n'-H),(n'-
OH), structures, indicative of a water decomposition. A combination of theory and experiment
reveals that the water splitting by V, is both thermodynamically exothermic and kinetically
facile in the gas phase. The present system serves as a model for clarifying the pivotal roles
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played by neutral metal clusters in water decomposition and also opens new avenues toward cA)
systematic understanding of water splitting by a large variety of single-cluster catalysts.

ater splitting is a renewable and environmentally
friendly energy source.' ™ Since surface-supported
single atoms/clusters have been demonstrated to boost the
catalytic performance in many applications,”” studies of the
reactions between water molecules and isolated metal atoms/
clusters would help to unravel the microscopic mechanisms of
water splitting at the molecular level.”” Pioneering spectro-
scopic studies of the reactions of water molecules with ionic
metals have been carried out, based on the advantages of
straightforward detection and size selection.””"" The conven-
tional products are the M*(H,0), solvation complexes, in
which the water molecules are weakly bound to the ionic
metals.'” A few insertion complexes of HMOH'(H,0), are
accessible for M = Al, V, Mn."*™!8
In contrast, experimental investigation of the reactions
between the water molecules and neutral metals is significantly
more challenging, because the lack of a charge makes size
selection of the neutral clusters difficult. The cryogenic matrix-
isolation experimental method has afforded valuable spectro-
scopic information. Studies on the reactions between the water
molecules and neutral early transition metal atoms indicated
that the HMOH intermediates could undergo either hydrogen
production or photochemical isomerization to H,MO.""~**
The water molecules react with neutral late-transition metal
and lanthanide metal atoms to form the solvation complexes,
which can be transformed to the insertion complexes by
ultraviolet irradiation.”> > The H,ThO and H,UO insertion
products have also been observed in the cryogenic argon
matrices.”””!
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Recent studies have indicated that the vanadium metals are
widely used in the processes of water splitting.””** As the
smallest vanadium cluster, neutral vanadium dimer is a model
system for providing the structure and energetic information
that is difficult to extract from the bulk experiments. Here we
report a mass-selected infrared (IR) spectroscopic study of the
reactions between the water molecules and neutral vanadium
dimer based on threshold photoionization using a vacuum
ultraviolet (VUV) laser. The V,0;H, and V,0,H, products are
found to have the intriguing V,(u,-OH)(u,-H)(57'-OH), and
V,(4,-OH),(7'-H),(n'-OH), structures, indicating that the
water splitting by neutral vanadium dimer proceeds efficiently
in the gas phase.

The V,0;H, and V,0,Hg target products were generated via
laser vaporization in a supersonic expansion of 0.1% H,0/
helium. The IR spectra of V,0;H, and V,0,H¢ were measured
using an IR-VUV spectroscopy apparatus (see the Supporting
Information for experimental details).””*> A tunable IR optical
parametric oscillator/optical parametric amplifier system
(LaserVision) was used for IR excitation of V,0,;H, and
V,0,H¢, and a VUV light at 193 nm was used for subsequent
photoionization with a delay of about 80 ns. The linear
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relationship of predissociation yield with photon flux was
studied by the IR power dependence of the signal.

Figures la and 2a show the measured IR spectra of the
V,0;H, and V,0,H{ products, respectively. Table 1 lists the
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Figure 1. Comparison of experimental IR spectrum (a) of neutral
V,0;H, complex and calculated IR spectra (b and c) of the two types
of isomers. Calculations were performed at the BPW91/6-311+
+G(d,p) (O, H)/6-311G (V) level of theory, with the harmonic
frequencies scaled by 0.99. The structures of the 3A and 3B isomers
are embedded in the inset (O, red; H, light gray; V, olive). Relative
energies (in parentheses) are listed in kcal/mol.
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Figure 2. Comparison of experimental IR spectrum (a) of neutral
V,0,H, complex and calculated IR spectra (b and c) of the two types
of isomers. Calculations were performed at the BPW91/6-311+
+G(d,p) (O, H)/6-311G (V) level of theory, with the harmonic
frequencies scaled by 0.99. The structures of the 4A and 4B isomers
are embedded in the inset (O, red; H, light gray; V, olive). Relative
energies (in parentheses) are listed in kcal/mol.

corresponding band positions. The experimental spectrum of
V,0;H, shows two bands at 3717.5 and 3749.6 cm™" (Figure
1a), and that of V,0,H¢ consists of a single band at 3732.0
cm™' (Figure 2a). Quantum chemical calculations were carried
out at the BPW91/6-311++G(d,p) (O, H)/6-311G (V) level
of theory to identify the low-lying structures of the V,0;H,
and V,0,H4 complexes and to interpret the experimental
spectra (see the Supporting Information for theoretical
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Table 1. Comparison of the Experimental Band Positions
(cm™) of Neutral V,0;H, and V,0,H, Complexes to the
Calculated Values of the Most Stable Structures (Isomers
3A and 4A) Obtained at the BPW91/6-311++G(d,p) (O,
H)/6-311G (V) Level of Theory”

Species Exptl Caled Mode

V,0;H, 3717.5  3710.7 (60) symmetric stretching mode of
terminal OH groups

3721.7 (1) antisymmetric stretching mode of
terminal OH groups
3749.6 37529 (82) stretching mode of bridging OH

group

V,0,Hg 3732.0 3736.6 (191)  antisymmetric stretching mode of

bridging OH groups

3736.7 (1) symmetric stretching mode of
bridging OH groups

3742.7 (236)  antisymmetric stretching mode of

terminal OH groups

37432 (0.1)  symmetric stretching mode of

terminal OH groups

“IR intensities are listed in parentheses in km/mol, and the calculated
harmonic vibrational frequencies are scaled by a factor of 0.99.

details). The optimized structures and calculated IR spectra
of V,0;H, and V,0,H¢ are shown in Figures 1 and 2,
respectively. Here, the two types of isomers are named as nA
and nB, respectively, in which n denotes the number of oxygen
atoms involved in the complex.

For the V,0;H, complex, the most stable isomer has a
V,(4,—OH)(u,-H)('-OH), configuration with a 'A singlet
electronic ground state (labeled isomer 3A in Figure 1b),
forming an insertion structure. In the second type of isomer
(labeled isomer 3B), one water molecule is weakly bound to
the V atom, forming a V,(u,-OH)(5'-OH)('-H,0) solvation
structure with a 'A ground state. Isomer 3B lies higher in
energy than isomer 3A by 44.9 kcal/mol, indicating that the
water-solvated structure is thermodynamically unstable as
compared to the insertion structure. In the simulated IR
spectrum of isomer 3A (Figure 1b), the 3710.7 cm™ band is
the symmetric stretching mode of terminal OH groups, which
is consistent with the experimental band of 3717.5 cm™
(Table 1); the 3752.9 cm™" band is the stretching mode of
bridging OH group and agrees with the experimental band of
3749.6 cm™!. However, an intense band at 3544.7 cm™! is
predicted in the simulated IR spectrum of isomer 3B (Figure
1c) but is absent in the experimental spectrum, which excludes
the existence of isomer 3B.

For the V,0,H¢ complex, the most stable isomer has a
V,(1,-OH),(n*-H),('-OH), structure with a 'A ground state
(labeled isomer 4A in Figure 2b), in which the water molecules
are dissociated. Isomer 4B lies 80.1 kcal/mol higher in energy
than isomer 4A and consists of a V,(u,-OH),(n'-H,0),
structure with a 'A ground state, in which two water molecules
are weakly solvated with the V atoms. In the simulated IR
spectrum of isomer 4A (Figure 2b), the antisymmetric
stretching modes of bridging OH groups and terminal OH
groups were calculated to be 3736.6 and 3742.7 cm™ (Table
1), respectively, which are resolved as one band in the
experimental spectrum (3732.0 cm™"). The 3312.3 and 3423.2
cm ™! bands in the simulated IR spectrum of isomer 4B (Figure
2c) are not detected experimentally. Consequently, the
presence of isomer 4B can be ruled out.

The most significant observation in this work is the
detection of the water-splitting products rather than the

https://doi.org/10.1021/acs.jpclett.3c00637
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Figure 3. Potential energy profiles for the formation of V,0;H,. The abbreviation “IM” stands for intermediate and “TS” for transition state. The
corresponding structures are embedded in the inset (O, red; H, light gray; V, olive).
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Figure 4. Potential energy profiles for the formation of V,0,H,. The abbreviation “IM” stands for intermediate and “T'S” for transition state. The
corresponding structures are embedded in the inset (O, red; H, light gray; V, olive).

water-solvation complexes. This finding indicates that the
water decomposition by V, is facile in the gas phase. Since the
elementary reactions in the laser-vaporization source are
difficult to clarify because of their complexity,*™” the possible
formation mechanism of the V,0;H, and V,0,H; products
were explored by quantum chemical calculations.

The potential energy profiles for the reactions between the
water molecules and V, were calculated at the BPW91/6-311+
+G(d,p) (O, H)/6-311G (V) level of theory. While reaction 1
is exothermic by 66.3 kcal/mol,*® reaction 2 is exothermic by
17.1 kcal/mol. This implies that the dimerization of V atoms is
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much more favorable than the formation of V(H,O) from the
reaction of V with H,O. Accordingly, we will mainly focus on
the discussion of the pathways for the formation of V,0;H,
and V,0,H{ beginning from the reactions between V, and
H,O0.

V('E) + V('F) - W,(%,) )

V(*F) + Hzo(lAl) - V(Hzo)(4A/) ()

As shown in Figure 3, the addition of H,O to V, forms the
intermediate IM1(*A)/IM1(*A), which is predicted to be

https://doi.org/10.1021/acs.jpclett.3c00637
J. Phys. Chem. Lett. 2023, 14, 3878—3883
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exothermic by 17.3/20.2 kcal/mol, respectively. The isomer-
ization from IM1('A) to IM2('A) is highly exothermic by 51.9
kcal/mol via a transition state (TS1('A)) with a small barrier
of 11.0 kcal/mol. The isomerization from IM1(*A) to IM2(?A)
is exothermic by 33.9 kcal/mol via TS1(*A) with a barrier of
10.5 kcal/mol. Considering that IM2('A) is more stable than
IM2(*A) by 15.0 kcal/mol, IM2(*A) is thus considered as a
major contributor in the subsequent reactions. This water
splitting by V, is supported by the absence of water-solvated
structures in the present IR-VUV and previous matrix-isolation
experiments.22

As pointed out previously, the OH radicals are
generated during the laser-vaporization process and might
take part in the combination reactions with other species. With
this context, the reaction of OH radical with IM2('A) to form
IM3(*A) is predicted to be highly exothermic by 112.0 kcal/
mol (Figure 3). The combination of OH and IM3(*A) to
produce isomer 3A is also calculated to be extremely
exothermic by 116.6 kcal/mol. The above formation
mechanisms of V,0;H, are not exclusive. For instance,
minor contribution from the combination of H radicals with
other fragments is also likely, although the lifetime of the H
radical is very short. On the other hand, the formation of
V,0;H, may begin with the generation of mononuclear
complexes from the reactions between V and H,O and then
proceeds with the aggregation of the relevant mononuclear
complexes.

Figure 4 shows the formation profiles of V,0,H4 The
reaction of IM2 with H,O to produce IM4 is predicted to be
exothermic by 18.8 kcal/mol. The isomerization from IM4 to
IMS is exothermic by 6.5 kcal/mol via a transition state (TS2)
with a very small barrier of 0.3 kcal/mol. IMS could undergo
isomerization to generate IM6, which releases 38.1 kcal/mol of
energy with a 22.1 kcal/mol barrier (TS3). The reaction of
IM6 with the first and second OH radical is calculated to be
extremely exothermic by 104.3 and 95.0 kcal/mol, respectively.
Consequently, the formation of V,0,H¢ is both thermody-
namically exothermic and kinetically facile in the gas phase,
which is consistent with the experimental observations.

In summary, the water molecules reacted with neutral
vanadium dimer in the gas phase to form the V,0O;H, and
V,0,H; products, which were determined to have the V,(u,-
OH) (u,-H) ('-OH), and V,(,-OH),(n'-H),(i7'-OH), struc-
tures. The water decomposition by V, was found to occur
readily in the present experimental conditions. The formation
of V,0;H, and V,0,H{ from the reaction between water and
V, was theoretically predicted to be both thermodynamically
exothermic and kinetically facile in the gas phase, which
supports the experimentally observed features. These findings
may stimulate further systematic studies of the reactions of
water molecules with a large variety of neutral main-group and
transition metal clusters.

20,21,39
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