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ABSTRACT: Elucidating the water splitting by neutral metals is crucial for
understanding the structure—reactivity relationship of catalysts. However,
experimental characterization of such neutral metal—water systems remains
extremely challenging due to the difficulty in mass selection. Herein, the
reactions of neutral tantalum with water were studied by size-specific infrared-
vacuum ultraviolet spectroscopy with the combination of quantum chemical
calculations and ab initio molecular dynamics simulations. The agreement
between experimental and theoretical results identifies the key products of
stepwise solvated hydrides HTa(OH);(H,0), (n = 1-3). The n = 1
monohydrate is stabilized by a cyclic double hydrogen bond motif between
the HTa(OH); core and the water molecule, while subsequent hydration (n =
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2 and 3) progressively extends this hydrogen bond network to form the first solvation shell. Significantly, the first water molecule in
TaO(H,0), inhibits the water dissociation reaction on TaO, whereas the second water molecule in TaO(H,0O),, is able to trigger the
water splitting facilitated by a six-membered hydrogen bond network. This work provides the direct spectral evidence of intrinsic
structure and solvation effect of hydrolysis products and offers a molecular-level prelude to the macroscopic mechanism of single-

atom catalysts for water splitting.

he activation and decomposition of water molecules by

transition metals are core chemical processes in
heterogeneous catalysis, photocatalytic water-splitting, and
material corrosion science."”” For instance, tantalum and its
oxides have attracted significant attention due to their excellent
thermal stability, corrosion resistance, and promising electro-
catalytic activity for the hydrogen evolution reaction in acidic
media.>* Understanding the adsorption, dissociation, and
hydrolysis of water on tantalum surfaces at the molecular
level is fundamental for tailoring their catalytic performance.’
However, it is very challenging to explore how local hydrogen
bonding topologies regulate reactivity in heterogeneous
catalysis”® and to capture the dynamic rearrangement of
active sites in single-atom catalysts (SACs).7’8 To overcome
the complexity of condensed-phase surfaces, gas-phase cluster
chemistry provides an ideal research strategy.”' This
approach enables precise probing of how metal centers induce
or catalyze elementary reactions (i.e., proton transfer and
hydrolysis) in a well-defined environment free from bulk or
matrix interference.'!

Over the past two decades, infrared photodissociation
(IRPD) spectroscopy has greatly advanced our understanding
of gas-phase ionic metal—water reactions. The reactions of
metal cations (e.g,, TiO*,'* ScO*,'® and their congeners VO'/
NbO*,'* etc.) with water have been systematically explored,
revealing the transformations from physically adsorbed
MO*(H,0) to chemically inserted M(OH)," isomers and
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proposing that the “water-assisted” mechanism can signifi-
cantly reduce this energy barrier.'' IRPD spectroscopic studies
of the HAIOH*(H,0),, system showed that hydrogen bonding
toward the hydride starts at n = 12, indicative of the onset of
hydrogen evolution.'”'® For the tantalum systems, recent
IRPD studies of TaO,"(H,0), cations have also demonstrated
how microsolvation drives their hydrolysis to form the
Ta(OH)," core.'”'® Gas-phase kinetic studies indicated that
small tantalum cluster cations could efficiently activate the O—
H bonds of alcohols, leading to dehydrogenation and
underscoring the intrinsic capability of tantalum centers to
cleave hydroxyl bonds.'” The investigations of the reactions of
water with doubly charged cations (e.g, Ta** and TaO*")
revealed water-mediated proton transfer and sequential
hydrolysis,” highlighting the critical role of charge state in
modulating the reaction pathways.

Conventionally, spectroscopic studies of neutral metal—
water reactions mainly rely on matrix-isolation infrared
spectroscopy.”' ~** For example, Zhou et al. captured the
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complex of Ta/Nb oxide and water in low-temperature inert
gas and observed that light can induce its isomerization to
HMO(OH) or MO(OH),.”> While matrix-isolation is a
powerful tool for stabilizing and characterizing these
complexes, the matrix effect causes the vibration frequency
to shift as compared with the gas phase, and the low-
temperature environment might limit the direct exploration of
thermodynamically relevant conformations.””*” To obtain
complementary gas-phase information, techniques such as
anion photoelectron spectroscopy (PES) and high-resolution
slow photoelectron velocity-map imaging (cryo-SEVI) of
cryogenically cooled anions have been fruitfully applied to
related systems.”*™>' For instance, these photodetachment
methods have yielded valuable structural and energetic
information on the neutral dissociative adducts of titanium,
zirconium, and vanadium oxides.**™*° Although there have
been many experimental and theoretical studies on the
reactions of tantalum with water," 722253233 the under-
standing of how the neutral tantalum atom activates the water
molecule remains elusive, particularly due to the lack of direct
gas-phase spectroscopic characterization of neutral products.
In this work, the reactions of the neutral Ta center with
water were studied by using the size-specific infrared-vacuum
ultraviolet (IR-VUV) spectroscopy. Neutral products of
HTa(OH),(H,0), (n = 1-3) were observed and charac-
terized by the combination of IR-VUV spectra with quantum
chemical calculations and ab initio molecular dynamics
(AIMD) simulations. Experimental and theoretical results
reveal that the formation mechanism of the HTa(OH); core is
both thermodynamically exothermic and kinetically facile by
lowering the hydrolysis energy barrier through a six-membered
hydrogen bond network assisted by a second water molecule.
The IR spectra of neutral HTa(OH);(H,0), (n = 1-3)
complexes were measured by using the IR-VUV depletion
scheme (experimental details are given in the Supporting
Information (SI)).**7*° Briefly, neutral HTa(OH),(H,0),
complexes were prepared by laser ablation of the tantalum
target reacting with a H,0O/He mixture, followed by pulsed
supersonic expansion. The neutral clusters were excited by a
tunable IR laser generated from an optical parametric
oscillator/amplifier system (LaserVision), for which the IR
pulse energy curve is shown in Figure S1. Photoionization was
achieved by using a 193 nm laser pulse, introduced 150 ns after
the IR laser pulse. The calculated vertical ionization potentials
(VIPs) for the n = 1—3 clusters (Table S1) are slightly below
6.42 eV, indicative of a single-photon nonresonant ionization.
The VUV-ionized mass spectra for the IR spectral
measurement of each individual cluster HTa(OH);(H,0),
are shown in Figure S2a—c, respectively. The size-specific IR
spectra of neutral HTa(OH);(H,0), were acquired via the
depletion efliciency of VUV-ionized mass signal intensity of
[HTa(OH),(H,0),]" without and with IR laser (IR laser OFF
minus IR laser On) by scanning the wavelength of the IR laser.
The experimental IR spectra of neutral HTa(OH),(H,0), (n
= 1-3) are in Figure 1E,—E,. The positions of the observed
vibrational bands are summarized in Tables 1, S2, and S3,
respectively. The experimental spectrum of n = 1—3 exhibits 7
(a—g), 9 (a—i), and 11 (a—k) characteristic bands,
respectively. It can be seen that the experimental IR spectra
of each individual cluster HTa(OH);(H,0), are all different
from each other (Figure 1E,—E,), indicating that the IR-VUV
measurement of these IR spectra is free from spectral
contamination. As shown in Figure S3, IR spectra extracted
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Figure 1. (E,—E;) Experimental IR spectra of neutral HTa-
(OH);(H,0), (n = 1-3). (T,—T;) Theoretical IR spectra of a 1
(nA):1 (nB) mixture of isomers of HTa(OH),;(H,0), (n = 1-3)
calculated at the PBE0-D3(BJ)/def2-TZVP level of theory, with the
harmonic vibrational frequencies scaled by a factor of 0.948.

from the n = 1 mass channel under the IR spectral
measurement conditions for the n = 1, 2, and 3 clusters
(Figure S2a—c) show essentially same spectral features and no
obvious bands in the 2800—3300 cm™' region that appear in
the IR spectra of the n = 2 and 3 clusters (Figure 1E,—E;),
indicating that there is no spectral contribution from larger
clusters.

To interpret the experimental bands and identify the
geometric structures of HTa(OH);(H,0), (n = 1-3),
quantum chemical calculations were performed at the PBEO-
D3(BJ)/def2-TZVP level, with relative energies refined by
CCSD(T)/def2-TZVPP single-point calculations (see SI for
theoretical details). The identified structures are shown in
Figure 2, with their theoretical mixing spectra in Figure 1T,—
T;. Detailed comparison of simulated IR spectra of the isomers
with the experimental IR spectra is given in Figures S4—S6,
respectively. The calculated frequencies for the n = 1-3
clusters are listed in Tables 1, S2, and S3, respectively.

As shown in Figure 2, the two lowest-energy isomers of each
cluster adopt the HTa(OH); solvated structures with the
doublet ground state (*A). For HTa(OH);(H,0), isomers 1A
and 1B are hydrated adducts in which the water molecule is
terminally coordinated to the tantalum atom. In 1A, the water
molecule forms two hydrogen bonds with the oxygen atoms of
the Ta—OH groups, whereas 1B forms only one such hydrogen
bond. They are virtually isoenergetic (AE = 0.1 kcal/mol at the
CCSD(T)/def2-TZVPP level). The barrier of the 1B — 1A
isomerization is 10.6 kcal/mol at the CCSD(T)/def2-TZVPP
level (vide infra), which might be sufficiently large so that the
interconversion between isomers 1A and 1B does not readily
occur in the cold molecular beam (estimated cluster
temperature: 100—200 K). As shown in Figure S4, isomers
1C and 1D lie 154 and 56.2 kcal/mol above 1A at the
CCSD(T)/def2-TZVPP level, respectively. The predicted IR
spectra features of 1C in the 2800—3300 cm ™' range are not
observed experimentally, implying that its contribution is
negligible. Since isomer 1D cannot reproduce experimental
bands ¢ and d and lies too high in energy, it is excluded. The
seven OH stretching vibration peaks in the experimental
spectrum of HTa(OH);(H,0) cannot be fully explained by
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Table 1. Comparison of the Experimental Band Positions (cm™) of Neutral HTa(OH);(H,0) Complex to the Calculated
Values of the Most Stable Structures (Isomers 1A and 1B) Obtained at the PBE0-D3(BJ)/def2-TZVP Level of Theory”

Species Isomer Label Exptl Calcd
HTa(OH),(H,0) 1A a 3781 3778(238)
3660 3680(77)
3684(85)
e 3620 3626(121)
g 3488 3519(48)
1B b 3763 3762(175)
c 3681 3702(81)
3709(131)
d 3660 3683(113)
f 3546 3544(64)

Mode

Stretching mode of the O(3)H(3) group

Antisymmetric stretching mode of O(2)H(2) and O(4)H(4) groups
Symmetric stretching mode of O(2)H(2) and O(4)H(4) groups
Antisymmetric stretching mode of the O(1)H(1) and O(1)H(1’) groups
Symmetric stretching mode of the O(1)H(1) and O(1)H(1’) groups
Stretching mode of the O(2)H(2) group

Antisymmetric stretching mode of O(3)H(3) and O(4)H(4) groups
Symmetric stretching mode of O(3)H(3) and O(4)H(4) groups
Antisymmetric stretching mode of the O(1)H(1) and O(1)H(1’) groups
Symmetric stretching mode of the O(1)H(1) and O(1)H(1’) groups

“IR intensities are listed in parentheses in km/mol, and the calculated harmonic vibrational frequencies are scaled by a factor of 0.948. The atom

labelling is indicated in Figure 2.
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Figure 2. Identified structures of neutral HTa(OH);(H,0), (n = 1-3) (isomers 1A—3A and 1B—3B) clusters at the PBE0-D3(BJ)/def2-TZVP
level of theory (O, red; H, light gray; Ta, dark blue). The atoms are labeled for discussion.

the theoretical spectrum of a single isomer (1A or 1B). The
agreement between theory and experiment is achieved by
mixing the theoretical spectra of 1A and 1B in a 1:1 ratio
(Figure 1T, ), indicative of the coexistence of 1A and 1B, which
is consistent with the small relative energy (within 0.5 kcal/
mol) and large isomerization barrier. The experimental band a
at 3781 cm™! is assigned to the O(3)H(3) stretching vibration
in isomer 1A (calculated: 3778 cm™; Table 1). The shoulder
band b at 3763 cm™" corresponds to the O(2)H(2) stretch in
isomer 1B (calculated: 3762 cm™). The adjacent intense
feature ¢ at 3681 cm™" is attributed to the coupled stretching
vibrations of O(4)H(4) and O(3)H(3) in isomer 1B
(calculated: 3702 and 3709 cm™). The contribution of
prominent band d at 3660 cm™' comes from both isomers:
in 14, it arises from the overlapping stretches of O(4)H(4)
and O(2)H(2) (calculated: 3680 and 3684 cm™); in 1B, it is
primarily attributed to the antisymmetric stretching mode of
the terminally coordinated water molecule’s O(1)H(1)/
O(1)H(1") groups (calculated: 3683 cm™). Band e at 3620
cm™! is assigned to the antisymmetric stretch of the
coordinated water molecule in 1A (O(1)H(1)/O(1)H(1'),

9706

calculated: 3626 cm™). Band f at 3546 cm™' matches the
symmetric stretch of the same water moiety in 1B (calculated:
3544 cm™'). Finally, band g at 3488 cm™' is assigned to the
symmetric stretch of the coordinated water in 1A (calculated:
3519 cm™).

The HTa(OH); core motif of the n = 1 cluster is retained in
the larger clusters of n = 2 and 3, where additional water
molecules bind via hydrogen bonding or terminal coordina-
tion. The largest isomerization barrier for 2B — 2A and 3B —
3A is predicted to be 6.2 and 6.9 kcal/mol at the CCSD(T)/
def2-TZVPP level (Figure S7 and S8), respectively, indicative
of unfavorable isomer interconversion in the cold molecular
beam. A 1:1 mixture of the theoretical spectra of isomers 2A/
2B and 3A/3B provides the best match to the corresponding
experimental spectra (Figure SSb and S6b), suggesting the
coexistence of isomers 2A/2B and 3A/3B. In the experimental
spectrum of HTa(OH);(H,0),, the hydrogen bonded region
(2800—3460 cm™") exhibits a broad envelope containing five
distinguishable maxima. While static harmonic calculation
predicts only two modes in the 2800—3460 cm™' region
(Figure 3b), the AIMD simulations successfully capture the

https://doi.org/10.1021/acs.jpclett.6c01999
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Figure 3. Comparison of experimental IR spectrum of neutral
HTa(OH);(H,0), cluster (a, g), the PBE0-D3(BJ)/def2-TZVP
calculated harmonic IR spectra of isomers 2A (b) and 2B (h), and
AIMD spectra at 100, 150, 200, and 250 K of isomers 2A (c—f) and
2B (i—1). The units of experimental IR spectral intensities and AIMD
simulated IR spectral intensities are a.u; the units of PBE0-D3(BJ)/
def2-TZVP calculated harmonic IR spectral intensities are km/mol.

spectral profiles (Figure 3d, vide infra). AIMD decomposition
analysis shows that this splitting originates from the dynamic
fluctuations of the O(1)—H(1)--O(5) and O(5)—H(S')--
0O(2) hydrogen bond network (Figure S9). Consequently, the
bands in the 2800—3050 cm ™" region (labeled i) correspond to
the coupled stretching vibration of the O(1)H(1) group
involved in strong water—water hydrogen bonds. The bands in
the 3050—3460 cm™' region (labeled h) are collectively
assigned to the coupled stretching vibration mode dominated
by O(5)H(S'). Detailed vibrational assignments for the n = 2
and 3 clusters are listed in Tables S2 and S3, respectively. In
the experimental spectrum of HTa(OH);(H,0);, a weak band
(labeled *) appears at 3864 cm™", for which quantum chemical
and AIMD calculations yield no fundamental mode in this
range. This feature is tentatively assigned to a combination
band of an O—H stretching fundamental and a low-frequency
water torsional vibration.””~*” The absence of the 3864 cm™
band in the AIMD spectra could be due to the fact that the
AIMD method intrinsically lacks the nuclear quantum effects
that are required to reproduce multiquanta transitions.

The overall agreement between experiment and theory
supports the structural assignments of HTa(OH);(H,0),, (n =
1-3). As shown in Figure S10, the IR spectra of HTa-
(OH);(H,0), (n = 2-3) are different from those of
Ta(OH),(H,0),, (m = 1-2), confirming the structural
assignment of the HTa(OH);(H,0), system. The studies on
the Ta(OH),(H,0),, system will be reported in a subsequent
paper.

It can be seen from the above analyses that the static
harmonic calculations cannot reproduce the spectral broad-
ening of the bands in the hydrogen bonded region of
HTa(OH),(H,0), (n = 1-3). Previous studies have shown
that with the consideration of anharmonic effects, finite
temperature effects, and hydrogen bonding dynamic behaviors,
AIMD simulation is an effective theoretical approach to
analyze the IR spectral broadening mechanism of flexible
hydrogen bonded clusters. 40=%2 Therefore, we performed
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AIMD simulations on the identified HTa(OH);(H,0), (n =
1-3) structures. Considering that the spectral broadening
becomes apparent at n = 2 and persists at n = 3, we focus on
the discussion of AIMD simulated results for n = 2. The
obtained AIMD spectra of n = 2 are shown in Figure 3, and
those of n = 1 and 3 in Figures S11 and S12, respectively. For
the n = 1-3 clusters, the simulated spectra at 150 K show best
agreement with the experiment spectra, consistent with the
estimated cluster temperature of 100—200 K. It should be
pointed out that since the AIMD simulation does not consider
zero-point vibration and quantum nuclear effects, the
simulation temperature does not strictly correspond to the
experimental temperature.

The statistical analyses of hydrogen bond distance
distributions for the representative HTa(OH);(H,0), cluster
at different simulation temperatures are illustrated in Figure
S13 and S14, respectively. As the temperature increases from
100 to 250 K, the peak of the hydrogen bond distance
distribution shifts to longer distances and the distribution
widens significantly (Figure S13e—h). For example, at 100 K
the O(1)H(1)--O(5) hydrogen bond distance distribution for
isomer 2A is concentrated mainly in the range 1.40—1.90 A
(Figure S13e), with a peak of about 1.60 A, while at 250 K the
distribution extends to a wider range 1.30—2.50 A (Figure
S13h), with a peak of about 1.70 A. The blue shift of the peak
indicates that thermal motion weakens the average strength of
hydrogen bonds, while the broadening of the distribution
quantitatively reveals an increase in the dynamic disorder of
the hydrogen bond network. Such thermally driven expansion
of the instantaneous hydrogen bond conformations is the
structural origin of the broadened hydrogen bonded O—H
stretching bands, and it reproduces the relative widths of the
experimental bands (e.g., band h vs i; Figure 3a).

To discuss the hydrogen bond (HB) strengths, we consider
both the oxygen—oxygen distance (Ro..o) and the dynamical
stability. As detailed in the comprehensive review by Steiner,*’
decreasing the donor—acceptor distance is associated with a
systematic increase in bond enthalpy and covalent character. In
the context of our clusters, considering that typical water—
water H-bonds have distances of ~2.83 A,*> we distinguish
interactions with Ry..o < 2.65 A as being significantly stronger
and more covalent in character, while classifying those with
longer distances or large thermal fluctuations as “weak” or
fluxional.

In isomer 2A, the O(S)-- 0(2) and O(l) -O(5) bonds have
short static distances of 2.61 A and 2.58 A, respectively, falling
into the “strong” HB regime. At 150 K, the change amplitude
of the O(S)H(S’)---O(2) hydrogen bond distance of isomer
2A (Figure S13b, ~0.8 A) is greater than that of O(1)H(1)-
0O(S) (Figure S13f, ~0.6 A), resulting in a wider broadening of
the O(S)H(S’) stretching mode as compared to the latter.
This is consistent with the experimental result that band h is
wider than band i (Figure 3a,g). In addition, although the
O(1)--O(4) bond has a short static distance (2.56 A) due to
steric constraints, it exhibits high fluxionality. At 150 K, the
O(1)H(1")-+O(4) hydrogen bond distance changes in the
range of 1.70—3.20 A (amplitude ~ 1.5 A) (Figure S13j),
which is significantly larger than those of other hydrogen
bonds, indicating that its dynamical strength is weaker. This is
consistent with the frequency of the experimental band f being
higher than bands h and i (Figure 3a,g).

For isomer 2B, the HB network is asymmetric, featuring a
notably longer bond (Reys)...0x4) = 2.80 A) alongside a shorter
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Figure 4. Potential energy profiles of pathway I for the formation of HTa(OH);(H,0), (n = 1-3) (isomers 1A—3A and 1B—3B). Relative energies
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gray; Ta, dark blue).

one (Ro(s)..03) = 2.60 A). Consequently, the hydrogen bond
distance distribution of O(5)H(S)--O(4) and O(S5)H(S’)--
O(3) of isomer 2B (Figure S14b,f) shows a double peak
starting from 150 K. This is because the network contains this
weak link (2.80 A), allowing the coordinated water molecules
repeatedly flip over at 150 K, that is, the labile O(S)H(S)-
O(4) bond is broken and a new hydrogen bond O(S)H(S)-
0O(2) is formed with O(2). The coexistence of different OH
vibrational frequencies further explains the broadening and
complex peak shapes in this region in the experimental and
simulated spectra.

Given the inherent complexity of reaction processes in laser
vaporization sources and the associated challenges in character-
izing transient intermediates, quantum chemical calculations
were used to explore the possible formation mechanisms of the
HTa(OH);(H,0), (n = 1-3) products. Considering that the
TaO" signal is a major mass peak in the mass spectrum (Figure
S2), we focus on the reaction pathways initiating from TaO.
From a stoichiometric perspective, this choice matches the
target structural core, HTa(OH); (i.e, TaO;H,), which
corresponds directly to the addition of two water molecules
to TaO. Alternative precursors, such as higher oxides (e.g.,
Ta0,), are stoichiometrically incompatible without invoking
complex fragmentation steps. Furthermore, previous studies
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established that the reaction Ta + H,O — TaO + H, is
thermodynamically exothermic.”” While this H, elimination
channel is kinetically hindered in cryogenic matrices,”” the
high temperatures generated in the laser ablation plasma
readily overcome it, naturally funneling any bare Ta atoms into
the TaO species. Thus, TaO acts as a thermodynamically
stable initial building block for the subsequent clustering and
hydrolysis processes. Regarding the subsequent reaction steps,
our experimental and theoretical focus centers on the solvated
HTa(OH),;(H,0), clusters due to intrinsic kinetic and
spectroscopic constraints. Accordingly, three possible forma-
tion pathways initiating from TaO are shown in Figures 4, S15,
and S16, respectively, with thermodynamic data in Tables S4—
S6. The CCSD(T)/def2-TZVPP-calculated energies are used
for the following discussion of formation pathways.

As shown in Figure 4 (pathway I), following the exothermic
formation of intermediate 1 (IM1) (—13.5 kcal/mol), the
second water molecule assembles via hydrogen bonding to
form a six-membered cyclic intermediate, IM2, releasing an
additional 12.9 kcal/mol. Significantly, this cyclic structure
enables a subsequent hydrogen transfer through a six-
membered cyclic transition state (TS1) with a small barrier
of 5.3 kecal/mol, leading to IM3 with a heat release of 26.9
kcal/mol. The IM3 — IM4 isomerization is a highly
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exothermic step (56.9 kcal/mol) with a small barrier (5.1 kcal/
mol) and yields the core species HTa(OH);. Water then binds
at different site of IM4 to form isomer 1A (Figure 4, red curve)
or isomer 1B (Figure 4, blue curve). With successive addition
of H,O, isomers 2A/2B and 3A/3B are formed. All the
HTa(OH);(H,0), (n = 1-3) formation processes from the
HTa(OH); hydration are exothermic (11—15 kcal/mol).

We tried IR-VUV measurements of the TaO;H, species.
However, no IR depletion signal was observed. As analyzed
above, the sequential transformation from the hydrogen
bonded cyclic IM2 to the final product IM4 via TS1 and
TS2 features low barriers and high exothermicity. In the high-
collision environment prior to supersonic expansion, the
transient intermediate (IM2) rapidly relaxes into the global
minimum (IM4). At the PBE0-D3(BJ)/def2-TZVP level, the
lowest dissociation energies of IM4, corresponding to the loss
of the Ta-bound H atom or an OH group, are 2.81 and 5.31
eV, respectively. These dissociation thresholds vastly exceed
the energy of a single IR photon (0.21—0.46 eV in the 1700—
3700 cm™' region). Since IM4 lacks weakly bound solvent
molecules, it does not readily undergo vibrational photo-
dissociation with the tabletop IR light source, which prevents
the IR-VUV spectral measurements of the TaO;H, species.

For pathway II (Figure S15), the IM1 — IM2 isomerization
is exothermic by 60.1 kcal/mol with a barrier of 10.5 kcal/
mol.”* Addition of the second water molecule yields IM3
(exothermic by 21.0 kcal/mol), but its subsequent isomer-
ization to IM4 requires a substantially higher barrier of 17.1
kcal/mol, rendering this route kinetically less favorable.
Similarly, in pathway III (Figure S16), where the second
water molecule coordinates directly to the metal center of IM1
to form a noncyclic structure IM2, the initial isomerization to
IM3 has a moderate barrier of 7.1 kcal/mol and the subsequent
isomerization to IM4 also encounters a larger barrier of 17.1
kcal/mol.

All three pathways are thermodynamically exothermic and
kinetically feasible for generating the HTa(OH); core.
However, pathway I is the dominant route due to its kinetics:
the hydrogen transfer through the six-membered hydrogen
bond network proceeds with a barrier of only 5.3 kcal/mol, far
lower than the highest barriers of 17.1 kcal/mol in pathways II
and III. To elucidate the microscopic driving forces behind this
kinetic advantage, the evolution of chemical bonding and
electronic structures along pathway I was discussed by Wiberg
bond indices (WBI) and Natural Population Analysis (NPA)
(Figure S17 and Tables S7—S8). Initially, the formation of the
hydrogen bond network (IM2) induces a ligand-to-metal
charge transfer, polarizing the terminal oxo ligand O(2) (its
natural charge reaches —0.855) to prime it as a strong proton
acceptor. During the concerted proton relay in TS1, the WBI
captures the transient “half-broken/half-formed” nature of the
participating bonds, driving the complete activation of the
original Ta = O double bond into a single Ta—OH linkage in
IM3 (WBI drops from ~1.97 to 0.90). Significantly, the deep
cleavage of the second water molecule in TaO(H,0), (via
TS2) unveils a distinct oxidative addition mechanism. Upon
generating the final HTa(OH); core (IM4), the transferring
hydrogen abruptly shifts from a protic state (charge ~ +0.50)
to a hydridic state (charge —0.228), accompanied by the deep
oxidation of the Ta center. Thus, pathway I is kinetically most
conducive to the efficient production of the target products.
Conversely, without this cooperative network, the dissociation
of a single water molecule on TaO is kinetically hindered by
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these substantially higher barriers. These findings highlight the
pivotal role of the hydrogen bond network in lowering the
reaction barrier, which substantiates the hydrogen bonding
effects proposed on metal oxide surfaces, metal organic
frameworks, and zeolites.>*** Coincidentally, one-dimensional
hydrogen bonds in water chains inhibit the water dissociation
reaction on TiO, surfaces, whereas a single hydrogen bond in a
water dimer remarkably enhances the OH dissociation.” These
results would have important implications for developing
efficient catalysts via the regulation of local environments.

In summary, neutral products from the tantalum—water
reactions were spectroscopically characterized by combining
the size-specific IR-VUV technique with quantum chemical
calculations and AIMD simulations. The spectral fingerprints
reveal the formation of a metal hydride core, HTa(OH),,
which is solvated by a cooperative water network to form the
HTa(OH);(H,0), (n = 1-3) products. For the n = 1 solvated
species, the water molecule stabilizes the core via a cyclic
hydrogen bond motif, while larger clusters (n = 2 and 3) evolve
into the extended hydrogen bond networks. The AIMD
simulations disentangle the significant dynamic fluxionality of
these solvent shells and provide a microscopic explanation for
the characteristic broadening observed in the experimental
spectra. Mechanistic studies show that the formation of the
HTa(OH); core is driven by a water-assisted hydrolysis
pathway, in which the second water molecule in TaO(H,0),
effectively lowers the reaction energy barrier through the six-
membered hydrogen bond network. Chemical bonding and
charge analyses along the TaO + 2H,0 — HTa(OH),
reactions afford chemical insights for this water splitting
reaction. This work provides molecular-level insight into the
mechanism of water decomposition on metals and bridges the
gap between gas-phase and condensed-phase chemistry of
metal—water interactions.
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