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Metal hydride—hydroxide hydrogen-bonded clusters HMOH(H,O),, are key intermediates in the reactions
of metals with water. However, characterizing the structure of such neutral clusters is a challenging
experimental goal due to the difficulty of size selection. Here, neutral HMOH(H,0), (M = Al and Ga) clus-
ters were prepared by using a laser-vaporization source and characterized by size-specific infrared-
vacuum ultraviolet spectroscopy combined with quantum chemical calculations and ab initio molecular
dynamics simulations. The HMOH(H,0), (M = Al and Ga) clusters were found to have intriguing hydro-
gen-bonded network structures. The results indicate that the formation of HMOH(H,O), (M = Al and Ga)
is both thermodynamically exothermic and kinetically facile in the gas phase. The present system serves
as a model for capturing key intermediates in metal—water reactions and also opens up new avenues for
systematic studies of a large variety of reactions between neutral metal atoms/clusters and small

rsc.li/nanoscale molecules.

Introduction

The reactions of metals with water are ubiquitous and play an
important role in many fields (ie., -catalysis, energy,
environment).™” For instance, the reaction between aluminum
and water finds applications in rocket propellants and
explosives.*™ Gas-phase well-defined metal clusters have been
demonstrated to be useful models for gaining molecular-level
understanding of microscopic reaction mechanisms.®’
Extensive experimental studies of ionic Al-H,O clusters have
been carried out because charged species allow easy detection
and mass-spectrometry-based size selection.®™* Al'(H,0), (n =
1-10) clusters were investigated using single-photon ionization
and photodissociation spectroscopy.® Black-body radiation
studies of Al'(H,0), indicated that for n ~ 11-24, the evapor-
ation of water is accompanied by oxidation of the Al* ion and
the loss of H,.? Infrared photodissociation (IRPD) spectroscopy
of Al'(H,0), (n = 1-2) was used to identify the HAIOH" ion

core structure in [Al(H,0),]"."" Photodissociation spectroscopy
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revealed the coexistence of Al'(H,0), and HAIOH'(H,0),_; at
n = 4-8 and the presence of HAIOH"(H,0),_; at n = 9 or 10."?
Integration of HAIOH into the hydrogen-bonded network of
the cluster was found to be required for effective initiation of
the hydrogen evolution reaction.'* Together with advanced
theoretical calculations, these studies have provided signifi-
cant information on the reaction mechanisms of ionic AI-H,O
systems.® 2

In contrast, experimental studies of neutral Al-water
systems have been scarce, because the absence of a charge
makes size selection difficult. The solvated complex Al(H,O)
was observed by using single-photon zero electron kinetic
energy (ZEKE) pulsed field ionization (PFI) spectroscopy.>* The
HAIOH and HAIOH(H,O) complexes were detected in low-
temperature matrices.”>>® The HGaOH insertion structure was
also characterized by using infrared (IR) and ultraviolet (UV)-
vis spectroscopy.>® Theoretical calculations indicated that the
formation of HAIOH is unfavorable from the reaction of
the neutral Al atom with just one water molecule.*’™>
Interestingly, additional water molecules can have a promotion
effect on the Al + (n + 1)H,0 — HAIOH(H,O0), processes.*"*?
Even though the formation of HAIOH(H,0), (n = 2-3) clusters
was suggested to be favorable in the reactions of Al with a few
water molecules,*'® none of these clusters has been observed
experimentally.

Here, neutral HMOH(H,0), (M = Al and Ga) clusters were
prepared using a laser-vaporization source and characterized
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by size-specific infrared-vacuum ultraviolet (IR-VUV) spec-
troscopy combined with quantum chemical calculations and
ab initio molecular dynamics (AIMD) simulations. The HMOH
(H20), (M = Al and Ga) clusters were found to have intriguing
hydrogen-bonded network structures. The results indicate that
the formation of HMOH(H,0), (M = Al and Ga) is both
thermodynamically exothermic and kinetically facile in the gas
phase. The present system serves as a model for capturing key
intermediates in the metal-water reactions.

Experimental and theoretical methods

The experimental IR spectra of HMOH(H,0), (M = Al and Ga)
were obtained by using an IR-VUV device (see the ESIf for
experimental details).**** Neutral HMOH(H,0), (M = Al and
Ga) clusters were produced by supersonic expansions of 0.2%
He/H,O mixtures using a laser vaporization source. An IR laser
was used to excite neutral clusters via a KTP/KTA optical para-
metric oscillator/amplifier system (OPO/OPA, LaserVision) with
a tuning wavelength range of 700-7000 cm™'. VUV photoioni-
zation was performed at 193 nm generated using an ArF
excimer laser (Coherent, GAMLAS EX5A) with a delay of 60 ns
with respect to the IR laser. The experimental IR spectra were
recorded using the depletion spectrum scheme. The IR power
dependence of the signal was measured during the experi-
ments to ensure that the predissociation yield was linear with
the photon flux.

Quantum chemical calculations were performed using the
Gaussian 16 package at the MP2/aug-cc-pVDZ (abbreviated as
MP2/AVDZ) level of theory.*® For the possible isomerization
pathways, the initial structures of transition states were con-
structed manually and optimized using the Berny algorithm.
The intrinsic reaction coordinates (IRC) of all the transition
states were calculated to confirm that the transition states were
connected to the initial and final states. The relative energies
and energy barriers of 0 K structures were calculated, includ-
ing zero-point vibrational energies. To account for systematic
errors associated with the method, the harmonic vibrational
frequencies were scaled with a coefficient of 0.959 and convo-
luted with a Gaussian linear shape function with a full width
at half-maximum (FWHM) of 10 cm™".%*’

AIMD simulations were carried out using the CP2K
package.*® The wave functions were expanded in a double zeta
Gaussian basis set, while the electron density was expanded in
Gaussians and auxiliary plane waves (GPW) with an energy cut-
off of 450 Rydberg for the electron density. The atomic cores
were modelled using Goedecker-Teter-Hutter (GTH)-type
pseudopotentials. The exchange and correlation energies were
calculated using the BLYP functional, with additional
Grimme’s dispersion corrections at the D3 level. A cluster was
put at the center of a periodic cubic box, and the effects of the
periodic charge density images were corrected using the
decoupling technique developed by Martyna and
Tuckerman.®® The box length was 15 A. The convergence cri-
terion for the SCF electronic procedure was set to be 1077 a.u.
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at each time step. For molecular dynamics, the temperature
was controlled using a Nose-Hoover thermostat, with a time
step of 0.5 fs. An equilibration period of up to 5 ps was per-
formed first, with the temperature scaled to an interval of at
least 10 K around the intended value. A data collection run
was then followed in the microcanonical ensemble. For
different simulated temperatures, the duration of a trajectory
was 60 ps. Each trajectory was then cut into 10 ps intervals for
Fourier transformation and then they were added to produce
the dipole time-correlation function (DTCF) spectrum for a
specific temperature.’® Dynamic and anharmonic effects were
automatically taken into account in such a scheme, although
quantum effects at low temperature were not included. The
AIMD-simulated anharmonic IR spectra were unscaled.

Results and discussion

Fig. 1 shows the experimental IR spectra of HAIOH(H,0), and
HGaOH(H,0),, whose corresponding band positions are listed
in Table 1. The experimental IR spectrum of HAIOH(H,O),
(Fig. 1a) consists of five characteristic bands (labeled A-E),
among which bands A, B, and C are sharply centered at 3737,
3717, and 3677 ecm ™", respectively. Bands D (3119 cm™") and E
(2865 cm™") are broad features in the hydrogen-bonded OH
stretch region, indicative of the large-amplitude motion of the
water molecules. Similarly, the experimental IR spectrum of
HGaOH(H,0), (Fig. 1b) shows two sharp characteristic bands

(@) HAIOH(H,0),

(b) HGaOH(H,0),

Absorption cross section

: _

— T T T T T T 1 |
2600 2800 3000 3200 3400 3600 3800
Wavenumber (cm™)

Fig. 1 Experimental IR spectra of neutral HMOH(H,0), (M = Al and Ga)
clusters.
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Table 1 Comparison of the experimental band positions (cm™) of HMOH(H,0), (M = Al and Ga) with the calculated values of isomers 2-1 and 2-i
obtained at the MP2/aug-cc-pVDZ level of theory (the harmonic vibrational frequencies are scaled by a factor of 0.959). The atom labelling is indi-

cated in Fig. 2

Species Label Exptl Caled Mode

HAIOH(H,0), A 3737 3729 Stretching mode of the O(1)H(1) group
B 3717 3714 Stretching mode of the O(2)H(2) group
C 3677 3676 Stretching mode of the O(3)H(3) group
D 3119 3168 Stretching mode of the O(2)H(2') group
E 2865 2893 Stretching mode of the O(3)H(3) group

HGaOH(H,0), a 3692 3691 Stretching mode of the O(1)H(1) group
b 3716 3719 Stretching mode of the O(2)H(2) group
c 3692 3678 Stretching mode of the O(3)H(3) group
d 3269 3145 Stretching mode of the O(2)H(2') group
e 2927 2975 Stretching mode of the O(3)H(3') group

(labeled c(a) and b) and two broad bands (labeled d and e) cen-
tered at 3692, 3716, 3269 and 2927 cm ', respectively. The
broadening of band E (~350 cm™") in HAIOH(H,0), is signifi-
cantly larger than that of band e (50 cm™") in HGaOH(H,0),.

To assign the experimental IR spectra and identify the
structures of HMOH(H,0), (M = Al and Ga), quantum chemi-
cal calculations were performed at the MP2/AVDZ level of
theory. Similar structures were obtained for HMOH(H,0),
(M = Al and Ga). The lowest-energy structures of HMOH(H,0),
(M = Al and Ga) are illustrated in Fig. 2, denoted as isomers 2-I
and 2-i hereafter. The structures of the other two low-lying
isomers (2-II and 2-IIT) are representatively shown for HAIOH
(H,0), in Fig. S3.f The MP2/AVDZ calculated harmonic IR
spectra of isomers 2-I and 2-i were compared to the experi-
mental IR spectra and are presented in Fig. 3 and S4,} respect-
ively. Fig. S31 shows a comparison of the MP2/AVDZ calculated
harmonic IR spectra of isomers 2-II and 2-III and the experi-
mental IR spectrum of HAIOH(H,0),.

In the structure of isomer 2-I of HAIOH(H,0),, two water
molecules connected by a hydrogen bond are bound to the
hydroxyl group oxygen and the Al atom of a trans-HAIOH core,
respectively, forming a hydrogen-bonded network. The struc-
ture of the trans-HAIOH core is consistent with previous
matrix-isolation IR and EPR spectroscopic studies.>>*” The 2-1I
isomer lies 14.6 kcal mol™" higher in energy above the 2-I
isomer and consists of a hydrogen-bonded water dimer bound
to the hydroxyl group oxygen and the hydroxyl group hydrogen

H(2') o(2)

H(1) O(1)

H(0)

HAIOH(H,0), (2-)

of trans-HAIOH, respectively. The 2-III isomer lies 45.4 kcal
mol ™" higher in energy above 2-1 and consists of an Al(H,0);
solvated structure, in which a hydrogen-bonded water trimer is
bound to the Al atom.

In the MP2/AVDZ calculated harmonic IR spectrum of
isomer 2-1 for HAIOH(H,O0), (Fig. 3b), the bands at 3729, 3714,
and 3676 cm ' are due to the stretching modes of the
O(1)H(1), O(2)H(2), and O(3)H(3) groups (Table 1), respectively,
which are consistent with experimental bands A, B, and C
(3737, 3717, and 3677 cm™'). The hydrogen-bonded OH
stretching modes of the O(2)H(2') and O(3)H(3') groups are
sharply predicted at 3168 and 2893 cm™", respectively, which
are close to the center positions of experimental bands D and
E (3119 and 2865 cm™"). As shown in Fig. S3,} the simulated
spectrum of isomer 2-II exhibits two sharp peaks at 3459 and
3479 cm™" that are not observed experimentally, indicative of a
negligible contribution to the experimental spectrum. The
2-1I1 isomer could lie too high in energy to be detected in the
experiment. The overall agreement of the MP2/AVDZ simulated
IR spectrum of isomer 2-I with the experimental one is reason-
able to confirm the assignment of this isomer as responsible
for HAIOH(H,O0),.

Analogous qualitative understanding of the experimental IR
spectrum of HGaOH(H,0), was also obtained from MP2/AVDZ
harmonic calculations (Fig. S47 and Table 1). The stretching
modes of the O(1)H(1) and O(3)H(3) groups in HGaOH(H,0),

were calculated to be close at 3691 and 3678 cm™ ", respectively,

000000

oo.°°°°

HGaOH(H,0), (2-i)

Fig. 2 Identified structures of neutral HMOH(H,O), (M = Al and Ga) clusters calculated at the MP2/aug-cc-pVDZ level of theory (O, red; H, light

gray; Al, gray; Ga, purple). The atoms are labeled for discussion.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Comparison of the experimental IR spectrum of the neutral
HAIOH(H,0); cluster (a), the MP2/aug-cc-pVDZ calculated harmonic IR
spectrum of isomer 2-1 (b) and AIMD-simulated anharmonic IR spectra
at 50 K, 100 K, 200 K, and 225 K (c—f) of isomer 2-I.

which are observed as one experimental band at 3692 cm™"

(bands a and c). It can be seen from Fig. 3 and S47 that the
peak intensities and broadening of experimental spectral fea-
tures cannot be well reproduced by harmonic analysis based
on stationary structures. As demonstrated previously,*'™*?
understanding the IR spectra of flexible hydrogen-bonded clus-
ters usually requires theoretical tools beyond harmonic
approximation.

Previous studies indicated that AIMD simulations would
help in understanding the dynamic fluctuation of hydrogen
bonds, broadening of the corresponding IR spectra**™** and
the size-dependent H, elimination mechanism of
HAIOH'(H,0),.."® Accordingly, AIMD simulations were carried
out for HMOH(H,0), (M = Al and Ga) at a series of finite temp-
eratures. The AIMD-simulated anharmonic IR spectra of
HMOH(H,0), (M = Al and Ga) are shown in Fig. 3c-f and S4c-
f,f respectively. For HAIOH(H,0),, the AIMD 50 K spectrum
(Fig. 3c) already shows a slight broadening of the hydrogen-
bonded OH stretching modes (bands D and E). With an
increase in simulation temperature, the bands in the AIMD
spectra become broader. As shown in Fig. 3f, the AIMD 225 K
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spectrum yields a better agreement with the experimental
spectrum throughout the spectral range for band positions
and relative intensities. Similar results are also obtained for
HGaOH(H,0), (Fig. S4c-ff), in which the AIMD 225 K spec-
trum agrees best with the experimental spectrum. As shown in
Fig. S4,T the spectral features at around 3200 cm™' become
narrower at 225 K. This could be rationalized as dynamic fluc-
tuation of hydrogen bonds in the heavier cluster HGaOH
(H,0), converging at 225 K. Upon further increase in AIMD
simulation temperature, dissociation of HGaOH(H,0), could
occur. As compared to the supersonic expansion of pure mole-
cular beams, the utilization of a laser vaporization source
under our present experiment conditions leads to additional
heating during the reaction process, resulting in an elevated
temperature. Note that the AIMD-simulated temperature does
not really correspond to the experimental temperature, since
zero-point vibrations and quantum effects are not taken into
account during the AIMD simulations, but it does indicate the
degree of atomic motion, since the temperature is calculated
from the average kinetic energy.%*°:°

Dynamic fluctuation of hydrogen bonds is an important
factor in understanding the broadening of vibrational
features.”” ***°™*° The temperature effects on the hydrogen-
bond distances for HMOH(H,0), (M = Al and Ga) are shown in
Fig. 4 and S4,7 respectively. As shown in Fig. 4d, for HAIOH
(H,0),, the O(2)H(2')---O(1) hydrogen-bond distance in the
AIMD 225 K simulation varies from 1.40 to 2.10 A. Such a large
amplitude (~0.70 A) produces broad progression of the stretch-

(d)225K (h) 225

(€)200K (@ 200K
r¢=mk 77:;

(0) 100K 100K
O LA

(a) 50 K (e) 50 K '
i\ wh\

14 16 18 20 22 14 16 1.8 2.0 2.2
R A) R, o B)

O(2)H(2)--O(1) ( O(3)H(3

Fig. 4 Normal distribution of O(2)H(2)---O(1) and O(3)H(3’)---O(2)
hydrogen-bond distances (Rop)n2).-ow and Ro@En).-o@) during AIMD
simulations of isomer 2-1 for HAIOH(H,O), at 50 K, 100 K, 200 K, and
225 K. The atom labelling is indicated in Fig. 2.

This journal is © The Royal Society of Chemistry 2024
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ing mode of O(2)H(2') in the range of 3000-3500 cm™", which
is in the same OH stretching vibrational frequency region of
experimental band D. The O(3)H(3')---O(2) hydrogen-bond dis-
tance in the AIMD 225 K simulation varies from 1.40 to 1.90 A
(Fig. 4h), indicative of a smaller amplitude (~0.50 A) as com-
pared to fluctuation of the O(2)H(2")---O(1) hydrogen-bond dis-
tance and consequently smaller progression of the stretching
mode of O(3)H(3"). This result is consistent with smaller broad-
ening of experimental band E than of band D. Similar results
are also obtained for the HGaOH(H,0), system (Fig. S5t). In
addition, fluctuation of the O(3)H(3')-:-O(2) hydrogen-bond
distance in HAIOH(H,0), (~0.50 A, Fig. 4h) is larger than that
in the heavier cluster HGaOH(H,0), (~0.40 A, Fig. S5ht),
which is in accordance with the larger broadening of band E
(~350 em™') in HAIOH(H,0), than of band e (50 cm™)
in HGaOH(H,0),.*>** In the AIMD 225 K simulation, the
0(3)-H(3') bond distance in HGaOH(H,0), (1.01 A, Fig. S6ht)
is slightly shorter than that in HAIOH(H,0), (1.02 A,
Fig. S7ht), indicating that the O(3)-H(3') bond in the heavier
cluster HGaOH(H,0), is slightly more robust than that in
HAIOH(H,0),. This is consistent with the higher frequency
and weaker intensity of experimental band e (HGaOH(H,0),)
as compared to experimental band E (HAIOH(H,0),) (Fig. 1).

Since the reaction processes that occur under the plasma
conditions of laser vaporization sources are very complex and
difficult to characterize definitively, the possible formation
mechanisms were explored by quantum chemical calculations
at the MP2/AVDZ level of theory. Due to the spectral and struc-
tural similarity of HAIOH(H,0), and HGaOH(H,0),, we mainly
focus on discussion of the formation mechanisms of HAIOH
(H,0),. Since the reaction of the Al atom with one water mole-
cule was predicted to be hindered by a substantial energy
barrier,**? the formation of HAIOH(H,O), from the reactions
of the Al atom with two and three water molecules was
explored in this work. Potential energy profiles of two pathways
for the formation of HAIOH(H,0), (isomer 2-I) are shown in
Fig. 5 and S8,7 respectively, for which the thermodynamic data
are listed in Table S1.}

As shown in Fig. 5, for pathway A, the addition of H,O to Al
forms the intermediate IM1 [Al(H,O)], which is exothermic by
5.3 keal mol™. IM1 could react with the second water mole-
cule to form the solvated complex IM2 [Al(H,0),], and this
process releases 8.7 kcal mol™" of energy. IM2 is transformed
into IM3 with an insertion HAIOH core via TS1 with an energy
barrier of 10.3 kcal mol ™", releasing 41.7 kcal mol™" of energy.
Our results are consistent with previous UHF-(U)CCSD calcu-
lations.** IM3 combines with the third water molecule to form
isomer 2-1, and this process is exothermic by 13.9 kcal mol™".
Pathway A shows that the H-OH bond breaks after the Al atom
is solvated with two water molecules.

As shown in Fig. S8,1 for pathway B, the first and second
processes are identical to those of pathway A (Fig. 5).
Subsequently, the addition of the third water molecule to
IM2 results in the formation of the solvated complex IM4
[Al(H,0);], which is exothermic by 10.2 kcal mol™". IM4 could
undergo isomerization to generate isomer 2-I, which releases

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Potential energy profiles of pathway A for the formation of
HAIOH(H,0), (isomer 2-1) calculated at the MP2/aug-cc-pVDZ level of
theory. The abbreviation “IM" stands for the intermediate and “TS" for
the transition state. The corresponding structures are shown in the inset
(O, red; H, light gray; Al, gray).

45.4 kecal mol™" of energy with a 8.9 kcal mol™" barrier (TS2),
similar to the barrier calculated at the UHF-(U)CCSD level
(8.7 kecal mol™").** Pathway B shows that the H-OH bond
breaks after the Al atom is solvated with three water
molecules.

It can be seen from Fig. 5 and S87 that the barrier for the Al
(H,0); — HAIOH(H,0), isomerization (8.9 kcal mol™") is
smaller than that for the Al(H,0), —» HAIOH(H,O) isomeriza-
tion (10.3 kcal mol™"), indicating that the formation of the
HAIOH insertion complex becomes more favorable with
increasing number of water molecules. The investigation of
the mechanism of the metal-water reaction predicts the invol-
vement of multiple intermediates, while small clusters serve as
the building blocks for large clusters. Theoretical calculations
suggest that HAIOH, HAIOH(H,O), and HAIOH(H,O), are
crucial precursors in the aluminum-water reaction
system.*'* The studies of HAIOH are very extensive, and the
spectral and structural information of HAIOH(H,O) has been
obtained by integrating the EPR spectra with the calculated
data.>*>*” Our present experimental and theoretical character-
ization of HAIOH(H,0), and HGaOH(H,0), enrich the types of
intermediates in the metal-water reactions.

Conclusion

We used the IR-VUV method to obtain infrared spectra of
HMOH(H,0), (M = Al and Ga) in the OH stretch vibrational
region of 2500-3900 cm™". Combined with quantum chemical
harmonic calculations and AIMD anharmonic simulations, it
is confirmed that the most stable isomer of HMOH(H,0), (M =
Al and Ga) has a hydride-hydroxide core HMOH with the
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desired hydrogen-bonded network formed by two water mole-
cules. The broadening of the experimental spectral bands of
HMOH(H,0), (M = Al and Ga) was rationalized in the context
of hydrogen-bond fluctuations via AIMD simulations. The for-
mation of HMOH(H,0), (M = Al and Ga) from the reaction of
metal atoms with two and/or three water molecules was theor-
etically predicted to be both thermodynamically exothermic
and kinetically facile in the gas phase, which supports the
experimentally observed features. It is hoped that the present
results will stimulate further studies on the microscopic
mechanisms of a large variety of reactions between metals and
small molecules (i.e., CO, N,, H,O, CO,, NH3, CH,, etc.).
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