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ABSTRACT: Spectroscopic study of neutral hydrated clusters provides microscopic insights
into the local structures and dynamics of complex systems but is very challenging because of the
difficulty in size discrimination. Recently, we developed infrared (IR) spectroscopy based on
threshold ionization using a tunable vacuum ultraviolet free electron laser (VUV-FEL). This
experimental method allows for size-specific IR spectroscopic measurement of numerous neutral
clusters without confinement, such as messenger tags, ultraviolet chromophores, and host matrix.
This Perspective aims to highlight the latest advances in VUV-FEL-based IR spectroscopic
studies on the confinement-free neutral amine−water, sulfur dioxide−water, and metal−water
clusters. Fruitful collaborations with high-level quantum chemical calculations are reviewed.
Future research directions with relevance to the atmosphere, biology, and catalysis are proposed.

The interactions of water with substances are essential in
various areas such as atmospheric new particle formation,

biology, and catalysis.1−3 Spectroscopic measurement of local
structures and dynamics remains important and challenging as
the vibrational couplings are readily collected to produce diffuse
bands that raise the difficulty in the spectral assignment. Gas-
phase spectroscopy of hydrated clusters has emerged as an
effective strategy for providing detailed information on the
microscopic structures and mechanisms of vibrational cou-
plings.4−8 As exemplified in the simple monohydrated X−H2O
clusters (X = N2, H2, CO, CO2, SO2, NH3, HNO3, H2SO4,
formamide, benzene, amine, etc.), their quantum tunneling
dynamics have been understood via the combination of
experimental spectra and theoretical calculations.7 Studies of
ionic hydrated clusters (i.e., NO3

−(HNO3)n(H2O)n,
9

H2PO4
−(H2O)n,

10 HCO2
−(H2O)n,

11 and H+Pyrimidine-
(H2O)n)

12 revealed large fluctuations of hydrogen bonds (HBs).
Size selection of clusters is an essential prerequisite for the

analysis of experimental spectra. Size-specific spectroscopic
experiments of charged clusters could be readily achieved via
mass spectrometric techniques. Neutral clusters lack charge,
which raises the difficulty in detection and size-specific
measurement. For small-sized neutral clusters, their exper-
imental spectra could be simple to be analyzed, as shown by
matrix-isolation infrared (IR) spectroscopy,13 microwave,
millimeter-wave spectroscopy,14,15 far-IR vibration−rotation−
tunneling spectroscopy,16 helium-droplet spectroscopy,17 and
angular dependent detection of the scattered beam.18While IR−
ultraviolet (IR-UV) spectroscopy requires neutral clusters to
have a UV chromophore, IR−vacuum ultraviolet (IR-VUV)
spectroscopy does not have this requirement. Since the IR-VUV

spectroscopy is based on vibrational excitation by an IR laser and
ionization detection by a VUV laser, the IR-VUV applicability
depends on the wavelength range and pulse energy of the IR and
VUV light sources. The recently built vacuum ultraviolet free
electron laser (VUV-FEL) features a wide range of tunable
wavelength (50−150 nm) and high brightness (the maximum
pulse energy >500 μJ).19
With the above context, we developed a size-specific IR-VUV

spectroscopy instrument (Figure 1A), for which vibrational
excitations of neutral clusters are irradiated by a tabletop IR laser
(LaserVision) and ionization detections are attained by VUV-
FEL threshold photoionization and reflectron time-of-flight
mass spectrometer (TOF-MS).20,21 Two schemes are available
to measure the IR spectra of neutral clusters (Figure 1B). (1) IR-
VUV depletion scheme: The IR laser is presented at ∼50 ns
earlier than that of the VUV-FEL beam. When a vibrational
mode of a specific neutral cluster is resonant with the IR laser at a
given wavelength, vibrational predissociation would deplete the
VUV-ionized TOF-MS signal. Then, IR spectra of this neutral
cluster are acquired via the depletion efficiency of VUV-ionized
TOF-MS signal intensity by scanning the wavelength of the IR
laser. The IR-VUV depletion scheme is applicable to the readily
to-be-dissociated neutral clusters with weak binding energies
(i.e., water clusters and hydrated clusters). (2) IR+VUV
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enhancement scheme: The IR laser is also presented at ∼50 ns
earlier than the VUV-FEL beam. While the VUV-FEL photon
energy is slightly below the ionization potential of a specific
neutral cluster, neutral clusters resonantly absorb a few IR
photons, leading to the enhancement of the VUV ionization
efficiency. IR spectra of this neutral cluster are thus obtained via
the enhancement efficiency of the VUV-ionized TOF-MS signal
intensity by scanning the wavelength of the IR laser. The IR
+VUV enhancement scheme is applicable to difficult-to-be-
dissociated neutral clusters with strong binding energies (i.e.,
metal clusters).
Since the VUV-FELwavelength range (50−150 nm, 8.3−24.8

eV) covers the first ionization potentials of a broad range of
neutral clusters, it is promising to attain the size-specific IR
spectra of numerous neutral clusters without environmental
perturbation (i.e., a messenger tag, an ultraviolet chromophore,
or a host matrix).20−22 With this VUV-FEL-based IR method,
we have succeeded in a series of size-specific spectroscopic
studies of neutral hydrated clusters,23−28 water clusters,29−33

ammonia clusters,34 and metal carbonyls.35−38 This Perspective
highlights recent VUV-FEL-based size-specific IR spectroscopic
studies of neutral hydrated clusters, such as amine−water, sulfur
dioxide−water, and metal−water complexes. These examples
show ample demonstrations of scientific opportunities enabled
by the use of VUV-FEL. Future research themes of VUV-FEL-
based size-specific IR spectroscopic studies are proposed.
Amines are known to enhance the nucleation and growth of

atmospheric new particles.1,39 Considering that trimethylamine
(TMA) is one of the amines having the largest proton affinities
(∼949 kJ/mol) with a preference to form strong hydrogen
bonds, the trimethylamine−water clusters are thus chosen as a
model of an amine−water system in this work. Figure 2 shows
the experimental IR-VUV depletion spectra of neutral TMA-
(H2O)nwith n = 1 through 3. Table 1 lists the peak positions and
assignments. IR spectra for n = 1 were measured at 131.00 nm,
for n = 2 at 132.00 nm, and for n = 3 at 133.00 nm, respectively.
Experimental details could be found in a brief report of the n = 1
cluster.23 The IR spectrum of the n = 1 cluster contains six
groups of peaks (labeled A−F), which exhibit six HB-ed OH
stretching peaks (B1−B6). Such strong dynamic couplings arise
from the Fermi resonance among the HB-ed OH stretching
modes and the water bend, rock, and translation motions, as
interpreted by a theory combination of quantum mechanical
calculations with multidimensional ab initio potential energy

surfaces, discrete variable representation (DVR) anharmonic
algorithm, and ab initio molecular dynamics (AIMD).23

Spectral features of TMA(H2O)n (n = 2 and 3) are similar to
those of n = 1, with slight changes in peak positions, intensities,
and widths. Peak A slightly blue shifts from 3715 cm−1 at n = 1 to
3717 cm−1 at n = 2 and to 3719 cm−1 at n = 3, which gradually
gets closer to the antisymmetric OH stretching frequency of free
H2O (3756 cm−1), indicative of a slight recovering of bonding
electron densities of the free OH groups with increasing H2O
number. The progression of several broadened peaks with
intensity modulation in the 3000−3600 cm−1 region is observed
for all of the clusters studied here. The positions of the C−F
peaks (the CH stretching modes) are not sensitive to the cluster
size, which is consistent with the previous observation of little
vibrational coupling between the CH3 and OH groups.23

Interestingly, the broad progression of HB-ed OH stretching
modes (B1−B6) appears in the IR spectra of larger clusters n = 2

Figure 1. Schematic of the VUV-FEL-based IR spectroscopy instrument (A) and the two experimental schemes (B).

Figure 2. Experimental VUV-FEL-based IR spectra of neutral
TMA(H2O)n clusters with n = 1 through 3.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Perspective

https://doi.org/10.1021/acs.jpclett.4c00896
J. Phys. Chem. Lett. 2024, 15, 4806−4814

4807

https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00896?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 3, indicating that large fluctuations of HBs still persist even
when the water molecules increase. Considering that the
assignments of the A−F peaks have been discussed in a previous
report of n = 1,23 we will focus on the evolution of dynamic
couplings of HBs with the cluster size.
The MP2/aug-cc-pVDZ calculations were carried out to

address the structures and spectra of the TMA(H2O)n clusters.
23

The harmonic frequencies are scaled by 0.959. The global
minimum structures and corresponding harmonic vibrational
spectra are shown in Figure 3. In the most stable isomer of n = 2

(labeled TW2A), the second water molecule forms one O···HO
bond with the first water molecule and two weak H···OH bonds
with the CH3 groups of TMA. The most stable isomer of the n =
3 cluster (TW3A) consists of a water chain.
The free OH stretches (νOHfree) in the TW1A, TW2A, and

TW3A isomers are predicted at ∼3726 cm−1 (Figure 3), which
are in accord with the experimental values (3715−3719 cm−1).
The stretch of the OH group that is HB-ed to the N atom of
TMA (νOH···N

HB ) in the TW1A, TW2A, and TW3A isomers is
calculated to be 3262, 2990, and 2836 cm−1, respectively,

reflecting a gradual stregthening of the N···HO bond with the
increase of cluster size, as indicated by the N···HO bond
distances shortened from 1.86 Å at n = 1 to 1.72 Å at n = 3
(Figure 3). The stretch of the OH group that is HB-ed to the O
atom of water (νOH···O

HB ) in TW2A and TW3A is predicted at
3420 and 3292/3397 cm−1, respectively, indicating a smaller red
shift as compared to the νOH···N

HB .
To elucidate the fluctuation extent of HBs in the TMA(H2O)n

(n = 1−3) clusters and its consequence for the vibrational
features, AIMD simulations at finite temperatures were carried
out for the TW1A, TW2A, and TW3A isomers.23 The AIMD
simulated spectra of isomers TW1A, TW2A, and TW3A are
summarized in Figure 4. For TW1A, the phase space is better

sampled at 250 K, yielding a simulated spectrum that is in
agreement with the experimental one. For TW2A and TW3A,
the fluctuation of the N···HO bond is more rigid due to the HB
network formation between water molecules and TMA, as
indicated by a gradually shortened N···HO bond length with
growing cluster size (Figure 3). The AIMD simulated spectra of
TW2A and TW3A at 200 K are found to agree better with the
experimental spectra.
The fluctuations in the N···H and O···H bond distances of

isomers TW1A, TW2A, and TW3A are illustrated in Figure 5.
The variation ofN···Hbond distances in TW1A is in the range of
1.6−2.5 Å, and those in TW2A and TW3A are in the range of
1.5−2.2 Å. Similarly, considerable fluctuations (1.6−2.4 Å) in
the O···H bond distances are also predicted during the AIMD
runs. These results indicate that large fluctuations of HBs still
persist in the n = 2 and 3 clusters. Such dynamic fluctuations
induce substantial shifts in the OH stretching frequencies, which
then lead to the observed series of diffuse OH stretching peaks
(B1−B6).
As listed in Table 2, in the TW1A isomer, the νOH···N

HB (3262
cm−1) is very close to 2δOH···N (3200 cm−1), and the OH bend
overtone readily borrows the intensity from the HB-ed OH
stretch. In the TW2A isomer, νOH···N

HB is lower than the 2δOH···N by
240 cm−1, for which the OH bend overtone still manages to

Table 1. Experimental IR Peaks (in cm−1) and Assignments of
TMA(H2O)n with n = 1−3

Label n = 1 n = 2 n = 3 Assignment

A 3715 3717 3719 Free OH stretch
B1 3530 3510 3510 Coupling among HB-ed OH stretch,

water bend overtone, intermolecular
translation, intermolecular water in-
plane, and out-of-plane rocks

B2 3462 3420 3438
B3 3356 3356 3358
B4 3210 3210 3216
B5 3156 3154 3132
B6 3086 3073 3035
C 2992 2990 2988 Antisymmetric CH stretch

2962 2958 2958
D 2885 2883 2882 Combination of two CH3 bends
E 2842 2842 2842 Coupling of symmetric/antisymmetric

CH stretches with overtones of CH3
bend and CH3 umbrella

F 2795 2793 2793 Coupling of symmetric CH stretch with
overtones of CH3 bend and CH3
umbrella

Figure 3. Calculated harmonic vibrational spectra of the most stable
isomers of TMA(H2O)n (n = 1−3). The structures are illustrated (O,
red; N, blue; C, cyan; H, light gray). The HB distances are indicated in
angstrom.

Figure 4. AIMD calculated spectra of isomers TW1A (250 K), TW2A
(200 K), and TW3A (200 K).
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borrow the intensity from the H-bonded OH stretch. In the
TW3A isomer, the mismatch in the frequency between νOH···N

HB

and 2δOH···N is 410 cm−1, for which the OH bend overtone
hardly borrows the intensity from the HB-ed OH stretch. These
results indicate that the Fermi resonance between the HB-ed
OH stretch fundamental (νOHHB) and the OH bend overtone
(2δOH) plays a significant role in the dynamic couplings of H-
bonds. The reason for this becomes apparent in theDOS plots of

OH groups, as shown in Figure 6. The peak intensity of the O1H
group that is connected to the N atom of TMA decreases with
the increase of the water molecule. Consequently, the νOH···N

HB

band is broadened at n = 2 and smeared out at n = 3. As discussed
previously,23,34 the satisfactory agreement between experiment
and theory for such floppy hydrated clusters is very difficult,
because of the limitation of theoretical methods such as
incomplete sampling of potential energy surfaces or neglected
degrees of freedom.
The interaction of sulfur dioxide (SO2) with water widely

exists in atmospheric environments. Vibrational sum-frequency
generation (SFG) spectroscopic studies of H2O-interfacial SO2
identified a (SOd2)O···H(Hd2O) motif.

40−43 Born−Oppenheimer
molecular dynamics (BOMD) simulations predicted that the
(SOd2)S···O(H2O) motif is dominated in the gas phase, whereas the

(SO2)O···H(Hd2O) motif is favored on the water nanodroplet.
44

Spectroscopic investigation of size-selected SO2(H2O)n clusters
by adding one water molecule at a time would help unravel the
stepwise development of the hydration structures. Figure 7
shows the experimental IR-VUV depletion spectra of
SO2(H2O)n with n = 1 through 16. The MP2/aug-cc-pVDZ
calculations were carried out for the representative
SO2(H2O)1−8.

24 Figure 8 shows the most stable structures and
their simulated spectra of n = 1−8.
The comparison of experimental and theoretical spectra

assigns band A to the free OH stretch of H2O that is bound to
adjacent H2O (abbreviated as OHW

free), band B to the OH stretch
of H2O that is located in the (SOd2)O···H(Hd2O) interaction
(OHS

SO···HO), band C to the OH stretch of H2O that is located
in the (SOd2)S···O(Hd2O) interaction (OHS

OS···OH), and band D to the
HB-ed OH stretch of H2O that is bound to adjacent H2O
(OHW

HB), respectively. As shown in Figure 8, the most stable
structure of SO2(H2O) features a sandwich (SOd2)S···O(Hd2O) motif.
The most stable structures of n = 2 and 3 have cyclic two-
dimensional (2D) geometries, in which the (SOd2)O···H(Hd2O) and

(SOd2)S···O(Hd2O) motifs are formed. Starting at SO2(H2O)4, three-
dimensional cage structures are formed by keeping hold of the

Figure 5. Normal distribution of N···H and O···H bond distances of
isomers TW1A (250 K), TW2A (200 K), and TW3A (200 K) during
AIMD simulations. The labels of the O, N, and H atoms in the
structures are indicated in Figure 3.

Table 2. MP2/aug-cc-pVDZ Calculated Water Bending
Overtones and HB-ed OH Stretches of the Most Stable
Isomers of TMA(H2O)n (n = 1−3; Frequencies, in cm−1)

isomer 2δwater···O 2δwater···N νOH···N
HB νOH···O

HB

TW1A 3200 3262
TW2A 3172 3230 2990 3420
TW3A 3204 3246 2836 3397

3164 3292

Figure 6. DTCF spectra (bottom row) and DOS plots of OH groups (upper rows) obtained from the AIMD simulations of isomers TW1A (250 K),
TW2A (200 K), and TW3A (200 K).
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(SOd2)O···H(Hd2O) and (SOd2)S···O(Hd2O) motifs. The observed motif
evolution from (SO2)S···O(Hd2O) to (SOd2)O···H(Hd2O) verifies the
BOMD predictions.44 More detailed discussions could be found
in our previous reports.24

Recently, VUV-FEL-based size-specific IR spectroscopic
studies of water clusters have identified a few new structures
for (H2O)n (n = 5−10).29−33 It would be of interest to look at
the effect of SO2 on the structures of these pure water clusters.
SO2 binds to the water dimer to form a 2D cyclic hydrate
structure, which ring size increases in a larger cluster of
SO2(H2O)3. Consequently, the cyclic structure of (H2O)3 is
opened by the SO2. A 3D hydrate structure is formed in the
SO2(H2O)4 cluster, in which the original ring of (H2O)4 is not
significantly affected by SO2. It could be because the bond
tension of the 2D cyclic hydrate structure of SO2(H2O)4 is too
large to be stabilized. Starting at SO2(H2O)6, a cage hydrate
structural motif is formed. SO2 prefers to bind to the outer side
of the cage structures of (H2O)8. Even though the SO2 uptake
would induce subtle perturbation to the structures of larger
water systems, it could impact the electrophilicity and reactivity
of SO2 on the water nanodroplets and surfaces.
The interactions of metals with water are ubiquitous in many

fields such as synthesis, electrochemical catalysis, and energy
systems.45,46 Molecular-level investigation of archetypal metal−
water systems might provide insights into the fundamental
reactions of the relevant processes. Recently, we have studied the
reactions of neutral early transition metals with water using the
VUV-FEL-based IR spectroscopy.25−28 Figure 9 shows the
experimental IR-VUV depletion spectra and identified struc-
tures of neutral H•M(OH)3 and H•M(OH)3(H2O) clusters (M
= Sc, Y, La) formed from the reactions of group 3 metal atoms
with water molecules. Detailed computational methods and

spectral assignments could be found in previous reports.25,28

Taking the Sc system as an example, theMulliken spin density of
H• in H•Sc(OH)3 and H•Sc(OH)3(H2O) is calculated to be
0.76 and 0.72, respectively, indicative of a characteristic of the
hydrogen radical; the IR spectral signature of the hydrogen
radical features scaled calculated frequencies at 682 cm−1 (O−H
wagging) and 811 cm−1 (Sc−H stretching), which are close to
the limit of the IR wavelength range of LaserVision and expected
to be measured by the intense and tunable IR free electron laser.
The observation of H• is quite intriguing in that its capture is
extremely difficult due to its short lifetime and high reactivity.47

The accomplishment of this target benefits from the efficient
collisions of helium expansion in our recently developed cluster
source and sensitive detection by VUV-FEL-based IR spectros-
copy. These findings have important implications for the design
and preparation of complexes with special structures and
properties.
Figure 10 shows the experimental IR-VUV depletion spectra

and identified structures of neutral V2O3H4 and V2O4H6 clusters
generated from the reactions of vanadium dimers with water
molecules. The V2O3H4 and V2O4H6 clusters are identified to
have V2(μ2-OH)(μ2-H)(η1-OH)2 and V2(μ2-OH)2(η1-H)2(η1-
OH)2 structures, in which the water molecules are split. The
exothermic value of the V(4F) + V(4F) → V2(3Σg

−) reaction
(66.3 kcal/mol calculated at the BPW91/6-311++G(d,p) (O,
H)/6-311G (V) level) is much larger than that of the V(4F) +

Figure 7. Experimental IR-VUV depletion spectra of SO2(H2O)nwith n
= 1 through 16.

Figure 8. Simulated IR spectra of the most stable structures of
SO2(H2O)n (n = 1−8) clusters. The colors of the S, O, and H atoms are
indicated with yellow, red, and light gray, respectively.
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H2O(1A1)→V(H2O)(4A′) reaction (17.1 kcal/mol), indicating
that the formation of V2 is more favorable than that of V(H2O).
Indeed, the mass spectral intensity of V2+ is much larger that of
V(H2O)+ as reported previously.

27 The V2 cluster reacts with
H2O and subsequently undergoes several reactions to form
V2O3H4 and V2O4H6. Experimental and theoretical results show
that water splitting by V2 is both thermodynamically exothermic
and kinetically facile in the gas phase.
This Perspective summarizes our recent progress in the VUV-

FEL-based size-specific IR spectroscopic studies of neutral
amine−water, sulfur dioxide−water, and metal−water clusters.

Since the first ionization potentials of numerous neutral clusters
fall in the tunable VUV-FEL wavelength region (50−150 nm/
8.3−24.8 eV), threshold ionization detection of these clusters
could be realized with this unique FEL source. Thus, the VUV-
FEL-based size-specific IR spectroscopy should be generally
applicable to many neutral clusters with efficient vibrational
excitations accessible by tunable and intense infrared laser
sources. Future VUV-FEL-based size-specific IR spectroscopic
studies of several neutral cluster systems are proposed as follow.

(1) Structural evolution of neutral hydrated metal salt
clusters. The dissolution of metal salts in water is a
universal physicochemical process that is important in the
chemical, biological, and atmospheric environment
fields.48 One key issue is how many water molecules are
required to form a solvent-separated ion pair (SSIP).
Several classes of ionic hydrated metal salt clusters have
been studied experimentally and theoretically, which
made considerable progresses in the solvation structures
of individual ion pairs.49−51 Future research is aimed to
study the stepwise structures and properties of neutral
hydrated metal salt clusters and to obtain microscopic
dynamical images of metal salt dissolution processes in
water.

(2) Structural evolution of neutral hydrated acid clusters. The
acid dissociation is essential in homogeneous/heteroge-
neous reactions and biological and atmospheric pro-
cesses.52,53 The dissociation of HCl with four water
molecules was suggested by superfluid He nanodroplet
experiments.54 Femtosecond pump−probe spectroscopic
studies indicate that the dissociation of HBr needs at least
five water molecules.55 Infrared photodissociation spec-
troscopy of Cs+·(HNO3)(H2O)n=0−11 reveals the for-
mation of a SSIP Cs+−NO3

−−H3O+ salt bridge at n = 10.
Future research would focus on the systematic studies of
structural evolution of numerous neutral hydrated acid
clusters.

(3) The reactions of metal cluster neutral metal atoms/
clusters with small molecules. The single-atom/cluster

Figure 9. Experimental IR-VUV depletion spectra and identified structures of neutral H•M(OH)3 and H•M(OH)3(H2O) clusters (M = Sc, Y, La).
Spectral assignments: the symmetric OH stretch of water (labeled A), antisymmetric OH stretch of water (labeled B), and OH stretch of hydroxy
(labeled C). The colors of the Sc, Y, La, O, and H atoms are indicated with purple, blue, olive, red, and light gray, respectively.

Figure 10. Experimental IR-VUV depletion spectra and identified
structures of neutral V2O3H4 and V2O4H6 clusters (V, olive; O, red; H,
light gray).
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catalysis has made substantial progresses in fundamental
research and industrial applications.56 Size-dependent
studies on the reaction mechanisms of neutral metal
atoms/clusters with a number of molecules (i.e., CO,
CO2, CH4, C3H8, H2O, N2, NO, NO2, NH3, etc.) would
help to provide microscopic insights into single-site
reaction processes.
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