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Infrared spectroscopic study of neutral water clusters is crucial to
understanding of the hydrogen-bonding networks in liquid water
and ice. Here we report infrared spectra of size-selected neutral
water clusters, (H,0), (n = 3—6), in the OH stretching vibration
region, based on threshold photoionization using a tunable vac-
uum ultraviolet free-electron laser. Distinct OH stretch vibrational
fundamentals observed in the 3,500—3,600-cm~" region of (H,0)s
provide unique spectral signatures for the formation of a noncyclic
pentamer, which coexists with the global-minimum cyclic structure
previously identified in the gas phase. The main features of in-
frared spectra of the pentamer and hexamer, (H;0), (n = 5 and
6), span the entire OH stretching band of liquid water, suggesting
that they start to exhibit the richness and diversity of hydrogen-
bonding networks in bulk water.
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As one of the most important matters on the earth, water and
its interactions with other substances are essential in human
life. However, understanding the structure of liquid water and its
hydrogen-bonding networks remains a grand challenge. Spectro-
scopic investigation of gas-phase water clusters and its transition to
bulk liquid water is critical in understanding the structures and
properties of condensed-phase water (1-3). Here, we present a
technique for infrared (IR) spectra of size-selected neutral water
clusters based on threshold photoionization using a tunable vac-
uum ultraviolet free-electron laser. It is found that noncyclic three-
dimensional (3D) structure of water clusters begins to exist already
at the pentamer with low finite temperature.

On the one hand, cationic or anionic forms of water clusters
have been extensively investigated because of relatively easy size
selection and detection. For the protonated water clusters,
H*(H,0),, small-sized clusters prefer chain- or treelike net-
works, closed net motifs are formed at n = 10, and hydrogen-
bonding networks evolve into closed cage structures at n = 21
(4-6). It was found that the Eigen [H;0*-(H,0)3] and Zundel
(H,0O--H*---OH,) motifs play important roles in the proton ac-
commodation in water (4-11). Experimental studies of anionic
water clusters were devoted to understanding the nature of the
excess electron in water (12-16). These studies provide impor-
tant knowledge on the structures and dynamics of the ionic water
clusters. On the other hand, hydrogen-bonding network struc-
tures in neutral water clusters are substantially different from
those in ionic water clusters. Therefore, it is more relevant to
investigate the hydrogen-bonding networks of confinement-free
neutral water clusters to gain deeper insights into the evolution
of hydrogen-bonding networks from small clusters to liquid wa-
ter. Unfortunately, it is even more challenging experimentally to
investigate size-specific neutral water clusters due to difficult size
selection for neutral clusters in general.

www.pnas.org/cgi/doi/10.1073/pnas.2000601117

Over the past several decades, various experimental techniques
were developed to study the neutral water clusters in the mid-IR
and far-IR regions. The gas-phase mid-IR spectrum of water di-
mer in the OH stretching region was initiated by Lee and co-
workers (17, 18) and its rotational resolved spectra were then
studied by Miller and coworkers (19), using IR predissociation
spectroscopic methods. Saykally and coworkers carried out the
far-IR absorption spectroscopy of neutral water clusters of dif-
ferent sizes, which provided detailed information on the structure
and tunneling of these clusters (20-24). IR spectroscopy of size-
selected neutral water clusters was also studied by Huisken et al.,
in which size selection was achieved by the rare-gas scattering
method, followed by electron impact ionization (25). Vibrational
spectra of neutral water hexamer were studied by Johnson and
coworkers using argon-mediated, population-modulated electron
attachment spectroscopy (26). IR-UV double-resonance spec-
troscopy of size-selected neutral water clusters attached by a
benzene molecule was investigated by Zwier and coworkers (27,
28), and similar study on water clusters attached by a sodium atom
was also performed (29). In 2012, Pate and coworkers identified
the cage, prism, and book isomers of the water hexamer using the
broadband microwave spectroscopy (30). Subsequently, concerted
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quantum-tunneling-induced hydrogen-bond breaking in the neu-
tral prism hexamer was investigated (31). Along with significant
advances in theoretical calculations (32-36), these studies
provided great insights into the hydrogen bonding structures and
dynamics of neutral water clusters.

As pointed out by Clary (3), water molecules in liquid are held
together by an ever-changing network of hydrogen bonds, which
are 3D in nature. From previous studies, it is known that the
water trimer, tetramer, and pentamer all have cyclic minimum-
energy structures with all oxygen atoms in a two-dimensional
(2D) plane, while the water hexamer has noncylic 3D struc-
tures (34-36). Clearly there are two important issues: when does
the 2D-to-3D structural change occur in neutral water clusters
and how is this structural change manifested in the OH
stretching spectra? While it can provide crucial knowledge on
hydrogen-bonding networks, size-specific IR spectroscopic study
of confinement-free neutral water clusters in the OH stretch
region has been very difficult because of the lack of proper tools
for the size-selected probe of neutral clusters in general.

Recently, we have developed an intense tunable vacuum UV
free-electron laser (VUV-FEL) facility (37), which provides a
powerful tool for size-selective soft ionization for neutral clusters.
This makes it possible to study the IR predissociation spectroscopy
of confinement-free neutral water clusters using the IR-VUV
scheme. In this work, we have systematically investigated the size-
specific IR spectra of neutral water clusters, (H,O), (n = 3-6),
using this IR-VUV scheme. Quantum-chemical studies were also
carried out in an effort to understand the structural and spectral
changes in these clusters.

The experimental study was carried out using an IR-VUV
double-resonance spectroscopy apparatus at the VUV-FEL facil-
ity (38). In the experiment, neutral water clusters were generated by
supersonic expansions of water vapor seeded in helium using a high-
pressure pulsed valve (Even-Lavie valve, EL-7-2011-HT-HRR)
that is capable of producing very cold molecular-beam conditions
(39). The extraction plates of reflectron time-of-flight mass spec-
trometer (TOF-MS) were powered by a high-voltage direct current
(dc) of 2,950 V. Charged clusters were deflected out of the mo-
lecular beam by the dc electric field of the extraction plates. Neutral
water clusters in the beam were then threshold-ionized by the
VUV-FEL pulse and mass-analyzed in the reflectron TOF-MS. The
tunable IR laser pulse from an optical parametric oscillator was
introduced at about 30 ns prior to the VUV-FEL pulse in the same
VUV-FEL interaction region. When the IR laser frequency was
resonant with a vibrational transition of a selected neutral cluster,
vibrational predissociation caused the depletion of neutral cluster
VUV ionization signal. The IR spectra of this size-selected neutral
cluster were then recorded by monitoring the depletion of the signal
intensity, (H,O), ", for a specific water cluster as a function of IR
wavelength. Although the experimental temperature is not at 0 K,
the rotational temperature should be less than 10 K, while the vi-
brational temperature of clusters could be much higher (i.e., a finite
temperature), because vibrations are not easily cooled as rotation in
our equipment.

Results

Fig. 1 shows the measured IR spectra of (H,0O),, (n = 3—6) in the
OH stretching vibration region using the experimental method
described above and the observed vibrational transitions are
listed in Table 1. VUV wavelength and beam conditions were
optimized to maximize the signal of a size-specific water cluster of
interest with no interference from larger clusters (SI Appendix,
Fig. S1). IR power dependence of the signal was measured to
ensure that the predissociation yield is linear with photon flux. As
shown in Fig. 1, the IR spectra of each individual cluster (H,0),,
(n = 3—6) in the OH stretching region are all different from each
other, indicating that these IR spectra were measured at optimum
experimental conditions with negligible contribution from larger

15424 | www.pnas.org/cgi/doi/10.1073/pnas.2000601117

A SDHB Dfree
n=3
>
e
o|B
O
b5
c 4
ie)
© HB
.§ C DD
w ﬁ
)
2
@ 5
o
D
6
T 1 T 1T T
3000 3200 3400 3600 3800

Wavenumber (cm™)

Fig. 1. IR spectra of neutral (H,0), clusters (A—D) with n = 3-6 in the OH
stretch region.

clusters. The comparison of present VUV-FEL-based IR spectra
of (H,0),, (n = 4—6) with previous IR-molecular-beam spectra of
(H,0),, and IR-UV spectra of benzene-(H,0), is shown in SI
Appendix, Fig. S2. The characteristic features of OH vibrational
modes are well resolved in the VUV-FEL-based IR spectra of
(H;0),, revealing the remarkable evolution with cluster size.

Discussion

The experimental IR spectra of (H,0), (n = 3—6) can be clas-
sified as three groups of bands (Fig. 1 and Table 1), which are
assigned by comparison with the previous studies (18, 19, 25, 27,
40, 41). The donor-free OH stretch (D) appears at 3,722 cm ™
in the IR spectrum of n = 3 and is slightly redshifted from 3,720
to 3,715 cm™! for n = 4—6, similar to the virtually unchanged
positions with cluster size in benzene-(H,O), (27). The OH
stretch of water with single hydrogen-donor configuration
(single-donor hydrogen-bonded OH stretch, labeled as SD'™®)
shows quartet bands at 3,398, 3,410, 3,434, and 3,452 cem™! for
n = 3 and is considerably redshifted for n = 4-6.

The most striking observation in the present work is the IR
spectrum of the pentamer in the OH stretch region (Fig. 1C),
which is very different from those of the trimer and tetramer
(Fig. 1 A and B). The IR spectrum of (H,O)s shows distinct
transitions at 3,494, 3,532, 3,553, and 3,561 cm™!, which are
characteristic of the OH stretch of water molecule with double
hydrogen-donor configuration (double-donor hydrogen-bonded
OH stretch, labeled as DDHB) associated with the formation of a
more compact, noncyclic structure (27, 40). The observed IR
spectrum of (H,0), continues to exhibit the features of DD,
which becomes more complex and enormously spreads in the
3,000—3,700-cm " region. Consistent with the general observation,
the OH stretch vibrational frequencies of double hydrogen-donor
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Table 1. The centroid frequencies of observed vibrational bands (in cm™") in (H,0),
Label n=3 n=4 n=5 n==6 Assignment
pfree 3,722 3,720 3,729 3,715 Donor-free OH stretch
3,719
SpHe 3,452 3,450 3,466 3,000 ~ 3,450 Single-donor hydrogen-bonded OH stretch
3,434 3,414 3,454
3,410 3,404 3,366
3,398 3,394 3,316
3,377 3,203
DDME 3,561 3,450~ 3,650 Double-donor hydrogen-bonded OH stretch
3,553
3,532
3,494

water lie between those of donor-free water and single hydrogen-
donor water (25, 27, 40).

To understand the hydrogen-bonding structures of these
neutral water clusters and their IR spectra, theoretical studies
were carried out for the low-lying isomers using the constrained
basin-hopping global minimum search (42) and ab initio second-
order Mgller-Plesset/aug-cc-pVDZ (MP2/AVDZ) method. Rel-
ative energies were also calculated using the domain-based local
pair natural orbital coupled cluster theory with single, double,
and perturbative triple excitations/aug-cc-pVTZ (DLPNO-
CCSD(T)/AVTZ) method at the MP2/AVDZ optimized geom-
etries (see SI Appendix for computational details). The lowest-
energy structures identified for neutral water clusters (H,0),
(n = 3-6) are shown in SI Appendix, Fig. S3. Both calculations
indicate that the most stable structure of the water trimer, tet-
ramer, and pentamer are cyclic, whereas that of the hexamer is
noncyclic, consistent with previously well-established threshold
of 3D water structures instigating at hexamer (34-36). Vibra-
tional frequencies for these neutral water clusters were also
calculated using harmonic model at the MP2 level. For then =3
and 4 water clusters, the calculated harmonic vibrational stick
spectra are in qualitative agreement with the experimental
features (SI Appendix, Fig. S4). The detailed features in the
experimental spectra of these clusters are, however, not ex-
actly reproduced by the harmonic model at the MP2 level due
to approximation in electron correlation and anharmonicity
(25, 27).

The lowest-energy isomer calculated for the water pentamer
(5A) remains cyclic with all oxygen atoms in the same 2D plane,
in which each water molecule donates one hydrogen atom to
form a single hydrogen bond with an adjacent water molecule
(Fig. 2). In addition, there are also two more low-energy pen-
tamer isomers, with the 5B isomer lying at 1.1 kcal/mol and the
5C isomer at 1.5 kcal/mol above the lowest-energy SA isomer.
The 5B and 5C isomers have similar 3D structure to each other
and can be viewed as a cyclic tetramer with an extra water ver-
tically attached, in which the extra water molecule has double-
donor hydrogen bonds with two adjacent water molecules.
Vibrational stick spectra were calculated for these low-energy
pentamer isomers. By comparison between experiment and
theory (Fig. 2), the rather broad spectral feature of the free OH
band, with a shoulder at the high-frequency side, shows that the
3D pentamer is present due to the low yet finite temperature.
The calculated spectrum of the cyclic pentamer (5A) is very
simple and clearly unable to explain the spectral features be-
tween 3,400 and 3,600 cm™*, but these features match rather well
with those of the low-energy 3D isomers, 5B and 5C. It thus
appears that our technique is capable to trap both the global-
minimum and low-lying isomers so that the cyclic and noncyclic
pentamers can coexist to contribute to the experimental spec-
trum. Gibbs free-energy calculations show that the population of
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5A and 5B/5C isomers hardly changes at the low-temperature
range (SI Appendix, Fig. S5). Note that the experimental in-
tensities of the DD'™® bands are stronger than those of the SD'™®
bands, which might be due to the mode-specific predissociation
efficiency upon IR laser radiation. Analogous difference in the
IR spectral intensities of the DD and SD™® bands has also
been found in the benzene-(H,0),, clusters (27, 28).

The possible appearance of noncylic pentamer, a higher-
energy isomer than the cyclic pentamer previously character-
ized in the gas phase (23, 25), is quite interesting since no ex-
perimental evidence of noncylic pentamer has ever been
observed thus far. Previous molecular-dynamics simulations in-
dicated that the water pentamer is seen to consist of multiple
local minima separated by barriers below 60 K (43). Our MP2/AVDZ
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Fig. 2. Comparison of the experimental (A) and calculated (B-D) IR spectra
of water pentamer, (H,0)s. Calculations were performed at the MP2/AVDZ
level, with the harmonic frequencies scaled by 0.956. The structures of the
5A, 5B, and 5C isomers are embedded in the inset.
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calculation shows that the interconversion barrier between the
cyclic and noncyclic pentamers is ~1 kcal/mol. At the same
theoretical level, the benzene-5B structure is calculated to be 1.5
kcal/mol higher in energy than the benzene-5A structure, in-
dicating the noncyclic water structure becomes less stable when
the benzene is tagged onto the water pentamer, which is con-
sistent with the absence of noncyclic pentamer in the IR-UV
spectroscopy of benzene-water clusters (27). The coexistence of
cyclic and noncyclic pentamers in the present experiment might
be explained by a kinetic mechanism that involves low-energy
collisions between the cluster and the carrier gas atoms in the
supersonic expansion (44). The formation of a short-lived com-
plex with a collision partner increases the internal energy by the
complex binding energy. When the internal energy of the tran-
sient complex is higher than the barriers separating different
isomers, collision with carrier gas can induce isomerization to a
lower-energy structure. It is known that the binding energy of a
rare-gas atom with the complex follows the order of helium <
neon < argon, mirroring an extent of the cooling efficiency (44).
A particularly vivid example is that multiple coexisting structures
of the cage, prism, and book hexamers were identified in the
helium and neon expansions, whereas only the cage isomer, a
nearly isoenergetic structure of prism isomer, was observed in an
argon expansion (30). Interestingly, the high-energy cyclic hex-
amer was selectively formed in helium droplets under a different
cluster growth condition (45). Higher-energy isomers on the
potential energy surfaces of several neutral cluster systems were
also kinetically trapped in helium (44, 46).

The IR spectrum of the hexamer (Fig. 1D) is significantly
more complicated and covers much broader spectral range than
all these smaller clusters studied here. Previous broadband mi-
crowave spectroscopy has identified the various hexamer isomers
such as the prism, cage, and book isomers (30); therefore, the IR
spectra of these isomers should all be present in the measured
spectra. According to quantum-chemical calculations at the MP2
level, the most stable hexamer isomer is the prism structure, and
other low-lying isomers identified are cage, book, bag, and cyclic
isomers with calculated energy at 0.1, 0.2, 0.6, and 1.7 kcal/mol
above the prism isomer (SI Appendix, Fig. S3), respectively.
These calculated results are consistent with previous experi-
mental observations (30).

The vibrational stick spectra of the three lowest-energy iso-
mers of the hexamer are calculated and shown in SI Appendix,
Fig. S6. The experimental OH stretching vibrational spectrum of
the hexamer consists of at least 40 vibrational bands. Because of
the existence of multiple isomers and difficulty in accurately
calculating the IR spectra, the assignment of all of the vibrational
bands for the hexamer is cumbersome. The signature free OH
stretching peak at 3,715 cm™ can be related to at least the three
lowest-energy isomers, whereas the next highest-frequency as-
signable feature is the peak at 3,640 cm™", which seems to match
the calculated peak of the double-donor hydrogen-bonded an-
tisymmetric OH stretch for the prism isomer (labeled “*” in SI
Appendix, Fig. S6). The lowest-frequency peak in the spectra at
3,050 cm™! is likely to come from the single-donor OH stretch
vibration of the prism isomer (labeled “¢” in SI Appendix, Fig. S6).
While the observed vibrational bands of the hexamer are complex,
most observable peaks can find rather good matches with the
calculated vibrational bands for the three lowest-energy isomers
that have been previously detected in the molecular beam (30).
The calculated total vibrational stick spectra including the prism,
cage, and book isomers are also shown in SI Appendix, Fig. S6,
which cover the spectral region of 3,000-3,700 cm™! of the hex-
amer and describe its vibrational spectral complexity. The OH
stretch spectra of the water hexamer have been calculated at finite
temperatures, which show an interesting progression from the
cage spectrum at low temperatures to spectra of mixtures of iso-
mers at higher temperatures (47).
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The observed OH stretching vibrational spectra of the pen-
tamer and hexamer are compared with that of liquid water in
Fig. 3. Strikingly, their OH vibrational bands span the entire OH
stretching vibrational bands of liquid water. The resemblance
between IR spectra of the pentamer/hexamer and that of liquid
water is quite remarkable. This suggests that hydrogen-bonding
networks represented by the coexisting isomers of pentamer and
hexamer at finite temperature can already describe the essential
characteristics of the 3D hydrogen-bonding networks in liquid water.

As pointed out above, the lowest-energy isomers for the water
trimer, tetramer, and pentamer are all cyclic structures, with all
oxygen atoms on a 2D plane, while the lowest-energy structure of
the hexamer is the prism structure with oxygen atoms in a 3D
configuration (Fig. 44). For the water pentamer, the low-lying
3D structure can coexist with the lowest-energy cyclic isomer.
This interesting structural change is obviously due to the relative
stability of the hydrogen-bonding networks in these clusters.
Indeed, the calculated variation of adjacent O-O distances
(Roo) of the most stable structures with cluster size indicates the
changeover starts to occur around n = 5 as well (Fig. 4B), which
is also illustrated by the cross-over of the formation energies (S/
Appendix, Fig. S7). The adjacent O-O distances along the O—H---O
hydrogen bond is usually a good index to examine the trend in
the intermolecular internal coordinates, which can be associated
with statistical properties of condensed phases such as radial and
angular distribution functions. Our MP2 calculations give an
average Rpo value of 2.73 A for the 2D structure of water
pentamer (S Appendix, Table S1), which is close to the value of
2.75 A reported for ice (I;) at 60 K (48). Furthermore, the
MP2 Ro.o value of 2.85 A for the 3D structure of water pen-
tamer (SI Appendix, Table S2) is the same as the value of 2.85 A
for liquid water at 298 K (49). These similarities suggest that the
2D and 3D structures of water pentamer play a significant role in

A ——Pentamer

— Liquid water
LA L R EEL L R EL L LR R L |
B —— Hexamer

— Liquid water

3000 3200 3400 3600
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L |
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Fig. 3. Comparison of the experimental IR spectra of water pentamer (A)
and hexamer (B) with that of liquid water at 298 K in the OH stretch region.
The IR spectrum of liquid water at 298 K was recorded by a Fourier transform
IR spectrometer.
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shown in S/ Appendix, Fig. S3.

accounting for the main features and the properties of liquid
water as predicted by previous molecular-dynamics calculations
(50-52).

To understand the bonding nature of the 2D-to-3D structural
change, we analyzed the hydrogen-bonding network of water
clusters using theoretical approaches of the molecular orbital the-
ory, adaptive natural density partitioning (AdNDP) (53), and energy
decomposition analysis—natural orbitals for chemical valence (54).
As hydrogen bonding between a proton donor and an adjacent
oxygen lone-pair acceptor (55) can be viewed as a multicenter in-
teraction, AANDP analysis can provide insight on the bonding
feature. Indeed the AANDP results show clearly a three-center two-
electron (3c2e) interaction featuring the O lone pair delocalizing to
the H-O bond region (SI Appendix, Fig. S8), in addition to the
nominal 1c2e lone pairs, 2c2e donor-free O—H ¢ bonds, and the
O-H bonds along the hydrogen-bond axis, respectively. The con-
tribution of 3c2e hydrogen-bonding energy to the intrinsic total
binding energy (Exp/Eror) for the most stable 2D and 3D struc-
tures as a function of the cluster size is shown in SI Appendix, Fig.
S9, which indicates that the contribution of 3c2e hydrogen bond-
ing is saturated around n = 5 for the 2D isomers. For (H,O)s, the
Enp/Eioral value of the prism structure (89.58%) is noticeably larger
than that of the cyclic structure (87.22%), revealing the relatively
high stability of the 3D prism structure. Note that the most stable
3D structures of (H,O)s and (H,O)s have six and nine hydrogen
bonds, whereas their 2D cyclic structures only have five and six
hydrogen bonds, respectively. These results point to the tendency
for formation of the 3D structure for water pentamer and larger
clusters and are consistent with the experimental OH stretch spectra
of water pentamer and hexamer, which shows that the 3D structure
becomes only slightly higher in energy than the 2D cyclic one
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