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(X = Ar, N,, and CO, n = 1-3)}
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Near-infrared (NIR) spectra of HzO"---X, (X = Ar, Np, and CO, n = 1-3) in the first overtone region of
OH-stretching vibrations (4800-7000 cm™) were measured. Not only OH-stretching overtones but
also several combination bands are major features in this region, and assignments of these observed
bands are not obvious at a glance. High-precision anharmonic vibrational simulations based on the
discrete variable representation approach were performed. The simulated spectra show good agreement
with the observed ones and provide firm assignments of the observed bands, except in the case of X =
CO, in which higher order vibrational mode couplings seem significant. This agreement demonstrates
that the present system can be a benchmark for high precision anharmonic vibrational computations of
NIR spectra. Band broadening in the observed spectra becomes remarkable with an increase of the
interaction with the solvent molecule (X). The origin of the band broadening is explored by rare gas
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Introduction

Overtone and combination bands in the near-infrared (NIR)
region are attributed to the anharmonicity of molecular vibra-
tions. NIR spectroscopy is expected to provide rich information
on anharmonicity/mode coupling and vibrational dynamics of
high vibrational energy levels. A number of studies on NIR
spectroscopy have been accumulated so far, including analyti-
cal applications.’”® Theoretical modeling of vibrational over-
tone spectra, particularly using the local mode approach, has
been conducted since the 1980s.” ' High-precision anharmo-
nic vibrational calculations are requested to exactly interpret
observed NIR spectra. Such calculations have been challenging
in theoretical chemistry. For the fundamental (or mid-infrared,
MIR) region of isolated molecules and clusters in the gas phase,
however, the recent development of ab initio anharmonic
vibrational computation approaches enables us to quantita-
tively reproduce spectral features due to anharmonic vibra-
tional couplings."® On the other hand, for the NIR region,
the number of experimental reports in the gas phase has been
much less than that in the fundamental region.>*’ This
shortage is especially remarkable for gas phase clusters,

“ Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei, Taiwan.
E-mail: jlkuo@pub.iams.sinica.edu.tw

b Department of Chemistry, Graduate School of Science, Tohoku University, Sendai,
Japan. E-mail: asuka.fujii.c5@tohoku.ac.jp

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp00458b

1 Q.-R. Huang and K. Yano contributed equally.

This journal is © the Owner Societies 2024

tagging experiments and anharmonic vibrational simulations of hot bands.

in spite of the importance of cluster studies to explore the
impact of intermolecular bonds such as hydrogen bonds
(H-bonds).>**” Because gas phase spectra can be directly
compared with ab initio/density functional theory (DFT) com-
putations, benchmark data of gas phase clusters are important
not only to evaluate the reliability of anharmonic vibrational
approaches to the NIR region but also to elucidate the influence
of intermolecular bonds on vibrational anharmonicity. Most of
the bands observed in the NIR region are attributed to vibra-
tions of X-H groups (X = O, N, and C).” Therefore, the impact of
H-bonds on NIR spectra is of special interest because H-bonds
are formed with these functional groups.

Micro-solvated  protonated water (hydronium ion),
H;0"- - X, is the simplest model system of proton solvation.
Moreover, H;O"---X,, has also been one of the benchmark
systems for the recent development of anharmonic vibrational
calculation approaches.’>*”*#2 Though H;0" - -X,, is a simple
system, its OH-stretching frequencies and mode couplings show
a variety of changes by tuning H-bond strength by changing the
solvent species (X) and coordination numbers (1)."”**7! There-
fore, H;0"- - -X,, has been a model case of collaboration between
size-selective infrared spectroscopic experiments and anharmo-
nic vibrational computation theories.

In the fundamental region of H;0" - X, (X =Ar, CHy, N,, and
H,0), the association band (band around ~2000 cm ') has
been studied by McCoy et al.*® This band cannot be recovered
at the harmonic level and is assigned to a combination band
(CB) involving the HOH-bending and frustrated rotation of
H;0". Moreover, in the OH-stretching fundamental region,
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many infrared studies'>'”**° have demonstrated that Fermi
resonance (FR, coupling between OH-stretching and overtone
of OH-bending) of H;0" is sensitive to its H-bond circumstances,
i.e., solvent species (proton acceptors) and the number of
solvents (H-bond coordination number). Various anharmonic
vibrational approaches have been applied to FR of H;O0" - -X,,.
CBs of OH-stretching and OH.--N, intermolecular stretching
have also been reported for H;O" - -(N,), by Bandyopadhyay
et al.>" The complicated interplay between FR and CB has been
systematically analyzed by the discrete variable representation
(DVR) approach.>®

Spectroscopic studies on protonated water clusters in the
NIR (OH-stretching overtone) region have been very scarce.
Wu et al. have pioneered an NIR study on H'(H,0), (n = 3-5),%
but their observation was limited to the overtones of the free
OH-stretching band, and support from ab initio anharmonic
vibrational calculations was not available at that time. An exten-
sive study on the NIR region has been reported by McDonald
et al” They performed a systematic study on H'(H,0), --Ar
(n = 1-4) and bare H'(H,0),_s. The whole first overtone region
of the OH-stretching vibrations was measured. CBs of OH-
stretching and bending at ~5000 cm ™" and overtones of free
OH-stretching at ~7000 cm ™' were the primary features in the
observed spectra. In contrast with the OH stretch fundamental
region, overtones of H-bonded OH-stretching bands are very weak
or almost missing except for the spectrum of H;O"- - -Ar. Similar
suppression of overtones of H-bonded OH-stretching bands has
also been frequently reported in NIR spectroscopy of protic
molecules in the gas and condensed phases.**>” The observed
spectra were analyzed by the second-order vibrational perturba-
tion theory (VPT2) and local mode treatment of the OH-stretching
vibrations. While key aspects of the spectra were captured by these
theoretical approaches, understandable deficiencies were still
seen in the spectral simulations.

The previous NIR spectroscopic study on H'(H,0), - -Ar and
H'(H,0),_s by McDonald et al. demonstrates that the spectral
features of the OH-stretching overtones largely change with the
H-bond formation.>” Fine tuning of H-bond strength can be
easily performed in gas phase clusters. It enables us to explore
details of changes of spectral features in the NIR region with
the tuning of H-bond strength, which reflects changes of mode
couplings along with the variation of the H-bond environment.
In the present study, we tuned the H-bond strength in
H;0" - X, by changing the solvent (H-bond accepting) species
X from Ar to N, and CO and also by changing the number of
solvent molecules (n = 1-3). Stepwise changes in the OH
stretching overtone vibrational region were observed by size-
selective NIR spectroscopy of the clusters. The latest DVR
simulations were also performed for quantitative reproduction
and vibrational analyses of the observed spectra.

Experimental

Vibrational spectra of H;O"-- X, (n = 1-3) clusters, where the
solvating species X are Ar, N,, and CO, were measured in the
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NIR region (4800-7000 cm™'). These spectra were recorded by
predissociation (PD) spectroscopy using a mass spectrometer
which is equipped with linearly aligned tandem quadrupole
mass filters connected by an octopole ion guide. Details of the
experimental apparatus have been described elsewhere,*® and
only a brief description is given here.

The clusters were produced by electroionization in a super-
sonic jet expansion of the water/carrier/solvent gas mixture. The
carrier gas was He or Ar. A high-pressure valve (Even-Lavie valve)
was used for the supersonic jet expansion to efficiently cool the
clusters and suppress their spontaneous dissociation.** The
cluster of interest was mass-selected by the first stage of
the mass spectrometer. The selected cluster was introduced to
the octopole ion guide and was irradiated by NIR light. All the
ions were introduced to the second stage of the mass spectro-
meter and were mass-analyzed again. By monitoring the frag-
ment ion while scanning the light frequency, an NIR spectrum of
the mass-selected cluster was obtained. In X = Ar, the nAr-loss
channel was monitored. In X = N,, the N,-loss channel was
monitored for n = 1 and 2 (only for the ~7000 cm ™' region, the
2N,-loss channel was monitored for n = 2), and the 2N,-loss
channel was monitored for n = 3. In X = CO, all the spectra were
measured by monitoring the CO-loss channel. The NIR light
source was the signal output of an IR-OPO/OPA (LaserVision)
pumped by an Nd:YAG laser (Spectra Physics GCR230). A short
pass filter (Spectrogon SP-1900 nm, which passes light shorter
than 1900 nm) was set in the optical path to fully eliminate the
idler output of the OPO/OPA system in the measurement of the
region higher than 5300 cm™". This is to avoid the overlap of
fundamental transitions due to the coaxial idler output of the
OPO/OPA system, which cannot be fully eliminated by the
original filter equipped in the OPO/OPA system.

The observed NIR spectra were very noisy because of the
extremely weak photodissociation fragment ion intensity. To
precisely evaluate band positions in the observed spectra, we
applied numerical smoothing processes to the spectra, then we
applied multipeak fitting to the smoothed spectra. These
smoothed spectra were used only for peak position determina-
tion, but not for the spectra shown in this article; only simple
averaging of multiple scans was applied in the presented spectra.

Theoretical computations

The structures of H;0'- - -X,,, (X = Ar, N,, and CO, n = 1-3) were
optimized at the MP2/aug-cc-pVDZ level. Their Cartesian coor-
dinates and calculated vibrational modes are listed in Tables S1
and S2, respectively, in ESL.f For each H;0"---X,, species, we
include 3 OH-stretching modes (which are denoted as s), 2 OH
bending modes (b), and n OH---X intermolecular stretching
modes (7). In the MIR region, the coupling between (s) and (b)
is well-known as FR and the coupling between (s) and (7) gives
rise to CBs, which have been investigated in many previous
Works.15717,28731

The ab initio anharmonic algorithms we used here are based
on the DVR method*®*! in which the potential energy surface

This journal is © the Owner Societies 2024
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(PES) and dipole moment surface (DMS) are represented by a
direct product of Gauss-Hermite (GH) quadrature along these
selected normal modes. In an earlier work on the MIR spectra
of these solvated hydronium cations, we used five grid
points for (b) and (7), and 7 grid points for (s);*° nevertheless,
in the NIR region, we expected that the 4-quanta excited states
should be involved in vibrational analysis, thus we need
more grid points on these modes to maintain the accuracy
for these states.

The total number of the above grid points exceeds 5 million;
to reduce the necessary computational effort, we expanded the
PES using the n-mode representation (nMR) scheme proposed
by Carter et al.:*>

V(qhq.f? . ) = V(O) + ZAVI(I)(%) + ZAVf) (qh ql)
- 7

1

+ ZAVf(ji) (‘iiv‘lh%) +...

iik

where V) is the potential energy at the equilibrium point, AV,"
is the change in energy within a single normal mode g;, Angz) is
the couplings between two modes ¢; and ¢;, and so on. We
truncated this nMR expansion up to 4MR. We believe AV and
AVEJZ) terms are most essential, thus we calculated them at the
CCSD/aug-cc-pVTZ level to reach decent accuracy of the peak
positions. This computational level shows good performance in
our previous work of the MIR part of the H;O"- - X, system."” In
contrast, AVﬁfQ and AV&‘% terms contributed less for low excited
states while they correspond to a larger number of necessary
grid points, so we evaluated them at the MP2/aug-cc-pVDZ level.
All of the above electronic structure calculations were con-
ducted using Gaussian 16.** The DMS was expanded in an
analogous way.

If we expand the DVR Hamiltonian directly on these 5
million grid points, the DVR Hamiltonian will be significantly
larger than the earlier work, and it is very difficult to diagona-
lize such a large Hamiltonian directly even using sparse matrix
diagonalization techniques. Therefore, we transformed this
Hamiltonian into its finite-basis representation (FBR),"® which
is easier to be truncated to a diagonalizable size. The basic idea
of FBR is to express the basis wavefunctions |T,-7b,-7sk> as a
direct product of eigenvectors of lower-dimensional DVR
Hamiltonians Hy, Hj, and H;:

|T;, by, 56y = | Ti)|by)lswe)

where |T;), |b;), and|s) stand for the eigenstates for Hy, Hj,
and H,, respectively. In previous studies, we have utilized the
FBR Hamiltonian to analyze inter-mode couplings, which only
need a specific matrix element in the FBR Hamilto-
nian;'®'7?%47 for H,0" - -X,;, we have also shown that a
truncation to 18 x 18 FBR Hamiltonian matrix still preserves
most important spectral features in the MIR region.>® In this
work, we used a large amount of direct product wavefunctions
as the basis to expand the FBR Hamiltonian, and then it was
diagonalized to obtain the final eigenstate and the coupling
between each basis functions using the Lanczos algorithm in
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SciPy.*® We also assigned the spectra using the notation of FBR
basis functions due to their close resemblance to the eigen-
states. The FBR basis values which are the major contributors
to the NIR region are listed in Table S3 (ESIt). Finally, we
calculated the IR intensities based on the Fermi’s golden rule
using the eigenvectors and DMS.

Results and discussion
A. Overview of the NIR spectra of H;0"- - X,

Black traces in Fig. 1-3 show the observed NIR spectra of
H;0" - X, (n = 1-3), X = Ar, N,, and CO, respectively, in the
OH-stretching overtone region. An NIR spectrum of HzO"- - -Ar
in the same frequency region has been reported by McDonald
et al.,”” and the present spectrum well reproduces their first
report. The other spectra in the present work are reported for
the first time.

To improve the assignments and the understanding of the
observed spectra, we performed an anharmonic vibrational
analysis of these clusters. For comparison, the corresponding
calculated spectra are also shown as red traces in the figures.
Detailed assignments of the pronounced vibrational bands are
listed in Table S4 in the ESI.{

Due to the absence of fundamental transitions in the NIR
spectra, it is highly non-trivial to assign the source of IR
intensity, which should come from electrical anharmonicity,
i.e., transition dipole beyond the linear dipole approximation;
the other states may obtain IR intensity through mechanical
anharmonicity, that is, intensity borrowing from the bright
states through the coupling in PES. To find out the bright
states in these regions, we removed the off-diagonal coupling in
the FBR Hamiltonian, and the resulting spectra are shown
in the cyan lines in Fig. 4-6; we then found out that “CB of
1-quantum OH-stretching and 1-quantum OH-bending”,
|T%,b',s'), and “2-quanta overtone of OH-stretching”,
|T°,8°, 5, are the major bright states in these systems. Mean-
while, knowing the importance of the FR coupling and CB
effect in the MIR region, we expect that the similar coupling
structure will let |7°, 5% s°) and |T',5',s") borrow intensity
from 79,0 s'), and |T°,4°,5*) may light-up |T°,5% s') and
|T',6°,5%) if the energy difference is small enough; therefore,
we also labeled the diagonal energy of these FBR basis in Fig. 4-6,
which will help us understand the complicated features in the
NIR spectra of these systems.

B. Band assignments of the observed spectra

The spectra of H;O" - -Ar,, (n = 1-3) are shown in Fig. 1. Broadly
speaking, 5 types of bands are seen in these spectra: (1) “CB of
H-bonded OH-stretching and OH-bending”, |7°,b',s;), and
their FR counterpart, |7°, 5% %), at around 4900 cm™'. (2)
Intense bands located in the region of 6000-6500 cm ™", which
are attributed to ‘“overtones of H-bonded OH-stretching”,
|T°,8°, s}). (3) Weaker bands appear at ~+200 cm™ ' from
|79, 8%, s) in the spectra of n = 1 and 2, which are assigned to

Phys. Chem. Chem. Phys., 2024, 26,10757-10768 | 10759
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Fig. 1 Observed (black) and calculated (red) NIR spectra of HzO- - -Ar,, (a)
n=1({®)n =2 and (c) n = 3, in the OH stretching overtone region. The
observed spectra were acquired by monitoring the nAr-loss fragmentation
channel, respectively. Band assignments are given by combinations of
the three kinds of vibrational modes, OH---X intermolecular stretching
(T). OH-bending (b), and OH-stretching (s). The notation |T%, 4, s*)
denotes the upper vibrational state of the respective transition (see text
for further details).

“CBs of overtones of H-bonded OH-stretching and one-quantum
OH- - X intermolecular stretching”, |7, 5", s3;5). In the spectra
of n =1 and 2, there are two more bands due to the existence of
free OH-stretching modes: (4) CBs of “free OH-stretching and
OH-bending”, |T°,b',s}...), at around 5150 cm ™", and (5) “over-
tones of free OH-stretching”, |T°,4°,s%..), located at around
7000 cm . For the case of n = 1, the previous study by McDonald
et al.”’ also assigned groups (2), (4), and (5) using the VPT2
analysis on two-quanta excitation states; the peak positions in
our observed spectra are in good agreement with their results.
The three OH bonds in H;0" are solvated by Ar following
one by one addition of the Ar atoms; the |7°,5°,s..) bands
become weaker as n increases from 1 to 2, and finally disappear
at n = 3. Meanwhile, the |7°,5° s};) bands show remarkable
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6970

5500 6000 6500 7000

Wavenumber (cm™1)

5000

Fig. 2 Observed (black) and calculated (red) NIR spectra of HzO™- - -(Ny),,
(@ n=1(b)n=2and (c) n =3, in the OH stretching overtone region. The
N,-loss fragmentation channel was monitored to record the observed
spectra (a) and (b). Observed spectrum (c) and the inset spectrum (b) were
obtained by monitoring the 2N,-loss fragmentation channel.

blue shifts with an increase of n, representing the weakening of
the average strength of the H-bonds between Ar and OH. Such
n-dependence of the NIR spectra is consistent with the spectra
of the OH-stretching fundamental region reported in the pre-
vious work.'”*®° The weakening of the H-bond strength with
increasing n is attributed to the anti-cooperative effect caused
by the charge delocalization to the solvating Ar atoms.>**°

In the spectra of H;0"- - -(N,), (# = 1-3) shown in Fig. 2, the

key features have the same trends as those of H;O"- - -Ar,,. In the

2
» Stree

N,-loss channel is monitored. This is due to the switching of
the dissociation channel with the increase of vibrational excita-
tion energy; thus, the expected band is seen in this region only
when we monitor the 2N,-loss channel. Due to the higher
strength of the H-bond with N, than that with Ar, the
|T%,8°, s}i5) bands of n = 1 are red-shifted to the region of

~5000 cm ™', where the |T°,b',s},..) bands are also expected;

region of |7°,5°, 57 ), the bands are missing at n = 2 when the

This journal is © the Owner Societies 2024
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(b) HsO* - --

(C) H3O+ e (CO)3

A\

7000

5500 6000 6500
Wavenumber (cm™?)

Fig. 3 Observed (black) and calculated (red) NIR spectra of HsO™- - -(CO),, (a)
n=1(b)n =2 and(c)n =3, in the OH stretching overtone region. The CO-
loss fragmentation channel was monitored to record all the observed spectra.

5000

thus, the spectrum shows very complicated spectral features in
this region. The blue shift trends (anti-cooperative effect) of the
|7°,8°, s}5) bands with increasing n is also seen in
H;0" - (N,),, thus the |7°,4% s},) bands are seen in the
5500-6000 cm ™' region in n = 2 and 3. The bands at around
5200 ecm™ ' in n = 2 are attributed to the |T9,4', s ) bands.
In contrast with Ar solvation, no clear band is seen in the
~5000 cm ™! region in n = 3.

The spectral features of H;0"- - -CO,, (n = 1-3) in Fig. 3 show
substantial changes in comparison with those of H;O"- - -Ar,
and - - «(Ny),. The strength of the H-bond with CO is larger than
that with Ar or N,, which leads to even larger red-shifts of OH-
stretching frequencies, thus we expect that spectral features in
the region of the |T°,0° s}5) bands and |7°,b' s') bands
should be more complicated than in their H;0"- - :(N,),, coun-
terparts. Meanwhile, the NIR spectra show significantly broa-
dened absorption in the 5000-6000 cm ' region; even
qualitative band assignments in this region are very difficult
without the help of anharmonic vibrational analyses.

This journal is © the Owner Societies 2024
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In the previous study on the NIR spectra of H'(H,0), by
McDonal et al.,”” it has been shown that the |79, 5, s} ) bands
are quite weak and/or significantly broadened while H;O"- - -Ar
shows a clear |T°,5,s3,) band. Similar suppression of over-
tones of H-bonded OH-stretching bands has been reported in
NIR spectroscopy in the gas and condensed phases.’**” In the
present observations with the stepwise change of the H-bond
strength, we found that the | 7°,5°, s3;;) band is clearly seen in
H;O0"--Ar, and H;0"---(N,),, but becomes unclear in
H;0"---(CO),. The threshold of the H-bond strength for the
suppression of the |7°,5°, s, ) band seems to exist in between
H-bond formation with N, and CO.

C. Comparison between the observed and calculated spectra

The calculated spectra of H;0"- - -Ar,, (n = 1 - 3) are shown as red
traces in Fig. 1. The observed positions of (1) |7°,5',s{5) at
around 4900 cm™?, (2) |T°,5% s}) at 6000-6500 cm ™", (3)
weaker |71, 5" sf;5) band at ~+ 200 em ™' to |T°,5%,s35), (4)
|T9,b,sl..) at around 5150 em ™, and (5) |T°,4°, s}...) located
around 7000 cm ™" are all in good agreement with those in the
calculated spectra. However, the relative intensities of
|T0,b", sl15) and |T°,6°, s3;5) are quite different in the calcu-
lated and observed spectra. A part of this discrepancy may be
attributed to the difficulty of laser power normalization of the
observed spectra; the signal intensity was so weak that a linear
power dependence could not be confirmed in the present NIR
spectra though we assumed it when processing the signal.

The spectral features of group (1) bands are quite compli-
cated in both the observed and calculated spectra; Table S4
(ESIT) shows that these peaks are formed by strong mixing of
|T%,b',sl5) and 3-quanta bending overtones |77, 5%, 5°), which
shares the same coupling mechanism as the FR between
fundamental OH-stretching | 7°,4°, s};3) and 2-quanta bending
overtones |T°,5% 5") in the MIR region. On the other hand,
some minor peaks in these regions are contributed by further
mixing of “CB of H-bonded OH-stretching, OH-bending, and
one-quantum OH- - -X intermolecular stretching”, |7, ', s{;5);
these are also in close resemblance to the MIR counterpart of
the interaction between |7°,5° s};;) and CB of fundamental
H-bonded OH-stretching and one-quantum OH.: - -X intermole-
cular stretching, |T",5°, s};).>* This can be further visualized
in Fig. 4, in which we can see that the diagonal energy of
|T°,b3,5°) (filled red circle) remains almost the same in n = 1-3;
thus, the anti-cooperative effect forms the blue-shift of
|T°,b",sl5) (filled blue circle), which makes the FR mixing
between this two type of states stronger when n increases. In
contrast, in the region of group (2) and group (3) bands, the FR
coupling pattern is almost absent; this is due to the energy
mismatch between the |7°,5% s3) and |T9,67,s);) states,
which is also shown in Fig. 4.

The calculated spectra of H;0"- - -(Ny),, (n = 1 - 3) are shown
as the red traces in Fig. 2. At n = 1, the |T°,5°, s3;;) bands are
red-shifted to 5126 cm ™', which is very close to the | 79,5, 5] ..}

Phys. Chem. Chem. Phys., 2024, 26,10757-10768 | 10761
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Fig. 4 Calculated spectra from FBR Hamiltonian with (grey line) and without off-diagonal coupling (cyan sticks) for HzO™"---Ar,,. The filled and empty
circles represent the diagonal energies of bright states |7°,5',s') and | T°,4°,s?), and the relevant states lighted up by them, respectively, which show the
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bands located in this region; although the spectral feature
is really complicated in this region, these two groups of
bands do not couple with each other. This is also visualized
in Fig. 5, where we plot the diagonal energy of |T°,5°, s3;) as
the leftmost empty-blue circle; for n = 1, the diagonal
energy of this state is just a bit higher than those of
|T°,b",sk..), which are labeled as filled blue circles; with the

inclusion of off-diagonal coupling, the |7°,5°, s3;,) state red-

10762 | Phys. Chem. Chem. Phys., 2024, 26, 10757-10768

shifts to 5126 cm™*

states; however, even though these states are very close to each
other, Table S4 (ESIt) shows that they almost do not interact
with each other. In the previous section about the observed
spectra, we have also mentioned the absence of bands around
5000 cm™ ' for H30"---(N,);, which should be assigned as
|79, b, s}); this band is predicted at 4716 cm ™', which is just
out of the observed spectral range.

N 0 pl
, which is even lower than the ]T b ,sﬁee>
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The calculated spectra of H;0"- - -(CO),, (n = 1-3) are shown
as red traces in Fig. 3. While we seem to have obtained some
agreement between the observed and calculated spectra for
spectral features of n = 1-2, we cannot reach a fair agreement at
n = 3; meanwhile, at n = 1, the peak at 6225 cm™ ' in the
calculated spectrum is absent in the observed spectrum. These
disagreements remind us of the possibility of hot bands, which
we are going to discuss in the next section.

D. Origin of the band broadening

It is clearly seen that the bandwidths in the NIR spectra become
wider as the magnitude of the interaction with the solvent
molecule is enhanced. Band broadening is especially remark-
able in the spectra of H;O"- - -(CO),. Two origins are plausible
for this band broadening. One is inhomogeneous broadening
for hot bands. With an increase in the binding energy with the
solvent molecule, warmer clusters survive until spectroscopic
detection, and they contribute to the observed spectra. Thermal
excitation of low-frequency intermolecular vibrations would
shift intramolecular vibrational frequencies, especially H-
bonded OH stretching, because of anharmonic coupling among
vibrational modes, and frequency-shifts due to such hot bands
might result in line broadening.”® Another plausible origin is
band congestion due to mode coupling, and such mode cou-
pling finally results in homogeneous broadening due to fast
intramolecular vibrational energy redistribution (IVR),>'>°
which can be accelerated with increasing H-bond strength
because strong H-bonds induce strong mode couplings.”” NIR
spectroscopy has been applied to explore IVR processes in the
gas phase molecules, in which vibrational energy transfer to
solvents is excluded and only unimolecular processes
occur.’®*** In gas phase clusters, the impact of solvation
including H-bond formation to IVR can be introduced into

This journal is © the Owner Societies 2024

the system. However, the application of NIR spectroscopy to gas
phase clusters has been very scarce. Electronic spectroscopy
(dispersed fluorescence or stimulated emission) has been gen-
erally utilized to probe IVR processes in gas phase clusters,
especially H-bonded ones. Therefore, molecules with a suitable
chromophore are of interest in such studies, and clusters of
aromatic molecules have been the main research subjects.**%*

To experimentally explore the impact of hot bands on band
broadening, we compared IR spectra of H;O" --(CO), with
those of H;O"---(CO), --Ar. The Ar-“tagging” introduces a
much weaker intermolecular bond in clusters, and warm
clusters spontaneously dissociate prior to the detection; for
these reasons, Ar-tagging is expected to practically cool down
the tagged cluster and suppress hot bands.®> *® However, due
to the much lower production efficiency of the Ar-tagged
clusters and the extremely weak absorption intensity in the
NIR region, we could not observe NIR spectra of
H;0" - -(CO), - -Ar; therefore, we compared the spectra in the
OH-stretching fundamental region to estimate the impact of
hot bands.

The spectra in the fundamental region were measured under
the same ion source conditions as those for the measurements
of the NIR spectra shown in the above sections, and the
effective temperature of H;O"- - -(CO), (“bare” clusters) should
be common for both spectra. For the OH fundamental region,
we focused on the n = 2 and 3 clusters because the observed
spectrum of the bare cluster of n = 1 is seriously modulated by
the dissociation yield change (see Fig. S1 and its caption in the
ESIt for detailed discussion). The IR spectra of bare and Ar-
tagged H;0"- - -(CO), (n = 2 and 3) in the OH-stretching funda-
mental region are shown in Fig. 7 with anharmonic vibrational
simulated spectra of cold and hot bands. In these observed
spectra, the bands located at ~3600 cm ™" are assigned to the
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free OH-stretching; the bands in the region of 3350-3500 cm ™"

are attributed to Ar-bound OH-stretching, and those below
3200 cm ™' are ascribed to the CO-bound OH-stretching. The
relative intensity between the CO-bound OH-stretching and free
OH-stretching bands remarkably changes upon Ar-tagging
in n = 2. This is because the intensities of the H-bonded
OH-stretching bands would be suppressed for those bare
clusters without enough thermal energy (see the discussion in
the caption of Fig. S1 in the ESIY). Besides, for n = 2, we can
clearly see the tails of the H-bonded OH-stretching bands to the
higher frequency ends in the bare cluster spectra, but they are
largely suppressed by Ar-tagging. Nevertheless, the impact of
Ar-tagging is much less for n = 3; both the position and width of
the observed bands are almost identical between the spectra
of the bare and Ar-tagged clusters.

To clarify if our NIR spectra are affected by the hot bands, we
performed DVR-FBR simulations of H;0"- - -(CO),, for hot bands
using the same method. In our current anharmonic vibrational
analysis, the OH---CO intermolecular stretching (7) modes
(215-277 em™ ") are the lowest-possible vibrational modes in
H;0" - -(CO),; therefore, these modes are most plausible to be
thermally populated. It is also expected that the excitation of
the T modes may modulate the transition energy of the H-
bonded OH-stretching (syg) mode. Therefore, we simulated hot
band spectra of H;0"--(CO),, in which all transitions occur
from the first excited state of the T modes, (T"',5°,s|.

The calculated cold and hot band spectra of the fundamen-
tal region are also shown in Fig. 7 in comparison with the
observed spectra of the bare and Ar-tagged clusters. For n = 2,
there are two OH-:--CO intermolecular stretching modes, T/
(A, 245 em™") and Ty~ (A", 253 em™"); the hot band spectrum

appearing from <T/l\”,b0,so| shows remarkable blue shifts

10764 | Phys. Chem. Chem. Phys., 2024, 26,10757-10768

(~100 em™") of the H-bonded OH-stretching excitation, but
the spectrum starting from <T/'\,7b°7s°‘ behaves similar to the

cold spectrum. The broadening of the observed spectrum due
to the tail to the high frequency side may be qualitatively
rationalized if we suppose that some contribution from the

hot bands occurred from <T/'\,,7 #°,5°|. On the other hand, in the

case of n = 3, there are three OH- - -CO intermolecular stretching
modes, Ty, (A;, 216 cm ') and degenerated Ty, (E, 249 cm ™ '); in
contrast with n = 2, the hot band spectra share almost the same
spectral features to the cold spectra in the OH-stretching
fundamental region. These hot band simulations of n = 3 are
consistent with the negligible change of the observed spectrum
with Ar-tagging.

Hot band simulations for the OH stretching overtone region
of H;0"--(CO), (n = 1-3) are compared with the observed
spectra shown in Fig. 8. In the case of n = 1, the frequency
shifts due to the T'mode excitation are not significant; the band
congestion at ~5200 cm ™" is a bit more remarkable in the hot
band spectrum, and the peak at ~ 6225 cm™ " disappears. In the
case of n = 2, as seen in the fundamental region, the excitation
of the T, mode causes a remarkable (~250 ecm™ ") blue shift of
the H-bonded OH-stretching overtone excitation band. The
contribution of this hot band agrees with the observed band
at ~5600 cm ' better, of which the corresponding band is
absent in the simulation of the cold spectrum. However, in the
case of n = 3, the pattern of the hot band changes greatly; the
hot band transition which is attributed to {7}, 6%, s°|u| T, b, 53 )
shows significant intensities. This band partly explains the splitting
of the nominal |T°,5°, s3;;) bands located at ~5000 and ~ 5300
cm ' in the observed spectrum. However, hot bands alone cannot
be responsible for the observed large bandwidths and multiple

This journal is © the Owner Societies 2024
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peaks; significant band congestion due to higher coupling terms
and fast IVR are suggested to rationalize the broadening of the
observed NIR spectrum of n = 3.

Summary

The NIR spectra of the OH-stretching overtone region of
H;0" - X, (X = Ar, N,, and CO, n = 1-3) were observed and were
compared with the ab initio anharmonic vibrational analyses. In
addition to the OH-stretching overtone vibrations, the OH-
stretching-bending combination bands are the main spectral
features in the observed region. The suppression of the H-
bonded OH overtone bands, which is frequently found in H-
bonded systems, seems to occur in the spectra of X = CO while
the spectra of X = Ar and N, are free from suppression. The anti-
cooperative effect of the H-bond strength is seen in the cluster
size dependence of the H-bonded OH-stretching overtones. The
anharmonic vibrational simulations well reproduce the observed
spectra for X = Ar and N,, but the agreement becomes more
qualitative in the spectra of X = CO. The systematic changes in
the NIR spectra with an increase of the interaction between H;0"
and solvent molecules demonstrate that these clusters can be a
benchmark for anharmonic simulations of the NIR region of H-
bonded systems. Remarkable band broadening is observed in
the spectra of X = CO. Its origins were explored by the Ar-tagging
experiment and hot band simulations. Not only the hot bands
but also band congestion and fast IVR due to strong mode
couplings are suggested to explain the band broadening.
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