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ABSTRACT: Infrared (IR) spectroscopy provides detailed structural and dynamical
information on clusters at the fingerprint level. Herein, we demonstrate the capability of a
tunable vacuum ultraviolet free electron laser (VUV-FEL) for selective detection of a wide
variety of neutral water clusters and for recording the size-dependent IR spectra. The present
technique does not require the presence of an ultraviolet chromophore or a dipole moment
and is generally applicable for IR spectroscopy of neutral clusters free from confinement. To
show the features of our technique, we report here the IR spectra of neutral water dimer in
the OH stretch region, providing benchmarks for theoretical study of the accurate
description of hydrogen bonding structures involved in liquid water and ice. Quantum
mechanical calculations on a 12-dimensional ab initio potential energy surface are utilized to
simulate the anharmonic vibrational spectra of water dimer. These results help to resolve the
controversy of the exact vibrational assignment of each band feature of the water dimer.

Clusters consisting of a few to hundreds of atoms exhibit
interesting size-dependent properties and are the bridge

between molecules and the condensed phase bulk.1 Optical
spectroscopy of gas-phase clusters provides detailed structural
and dynamical information that is difficult to extract from bulk
measurements. Over the past several decades, enormous efforts
were devoted to the spectroscopic study of charged clusters,
which allow easy size selection and detection. In contrast,
neutral clusters have presented major experimental challenges,
because the absence of a charge makes for difficult size
selection and detection. Currently, various spectroscopic
techniques have been developed to study the structure and
dynamics of neutral clusters, such as Fabry−Perot cavity
pulsed Fourier transform microwave spectroscopy,2 IR-
molecular-beam spectroscopy,3,4 scattering analysis of cluster
beams,5 helium-droplet evaporation spectroscopy,6 far-IR
spectroscopy,7 population-modulated attachment spectrosco-
py,8 and broadband chirped-pulse Fourier transform micro-
wave spectroscopy,9 although their applications are practically
restricted to small-sized clusters because of the lack of intrinsic
size-selectivity in their approaches. Size-specific IR spectra of
neutral clusters can be achieved by infrared-ultraviolet (IR-
UV) double-resonance spectroscopy,10 in which the cluster of
interest is required to have a chromophore in the UV or visible
region for electronic transition measurements to detect the
population transfer. This prerequisite thus limits the general
application of this technique.
Infrared-vacuum ultraviolet (IR-VUV) is an alternative

scheme for structural characterization of neutral clusters,11−13

in which VUV one-photon ionization does not require a
chromophore (intermediate state) and the cluster can be softly
ionized without extensive fragmentations while the VUV
photon energy is near the ionization threshold. However,
current IR-VUV spectroscopy of neutral clusters is limited by
the lack of a tunable intense laser in the entire VUV region.
Recently, we have developed the Dalian Coherent Light
Source (DCLS) facility,14 which delivers a VUV free electron
laser (FEL) with a continuously tunable wavelength region
between 50 and 150 nm and high pulse energy. Inasmuch as
clusters with different sizes have different ionization energies,
the tunable VUV-FEL light paves the way for selectively
ionizing a given neutral cluster free of confinement, thus
facilitating realization of their size selectivity. This unique
VUV-FEL facility makes it possible to study the IR
spectroscopy of confinement-free, neutral clusters via the IR-
VUV scheme.
In this Letter, we have chosen the well-studied water dimer

as an example to demonstrate the capability of using our VUV-
FEL light source to detect the infrared spectra of a wide range
of neutral clusters and molecules. The water cluster is
considered here because of its central role in scientific
disciplines ranging from geology to astronomy to biology.15−26
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The water dimer is a prototype system for the study of the
cooperative hydrogen bond (HB) in liquid water,3,4,15,27−30

which has proven to be difficult to adequately capture through
bulk experiments or theory.31 Experimental work on the water
dimer was reviewed by Saykally and co-workers.32,33 For
comparison, a brief summary for previous gas-phase IR spectra
is given in Figure S1b−f in the Supporting Informa-
tion.4,15,28,34,35 However, the exact vibrational assignment of
each band feature remains controversial (Table S1).32,33

Here, we report the IR spectra of the water dimer based on
soft near-threshold photoionization using our tunable VUV-
FEL light source. The experiments were performed using the
IR-VUV spectroscopy apparatus (Figure S2). Briefly, neutral
water clusters were produced by supersonic expansions of
water seeded in helium using a high-pressure pulsed valve. The
neutral water clusters were ionized by one-photon absorption
of VUV-FEL light and mass-analyzed in a reflectron time-of-
flight mass spectrometer. The tunable IR light pulse was
introduced at about 30 ns prior to the VUV-FEL pulse in a
crossed manner. When the IR laser frequency was resonant
with a vibrational transition of a selected neutral cluster,
vibrational predissociation caused the depletion of the VUV
ionization signal of the neutral cluster. The IR spectra of this
size-selected neutral cluster can then be recorded by
monitoring the depletion of the signal intensity for a specific
water cluster as a function of IR wavelength.
Figure 1 shows the mass spectra of water clusters ionized at

different VUV-FEL wavelengths. Two series of water clusters

ions are observed: one unprotonated (H2O)n
+ and the other

protonated H+(H2O)n. Photoionization of neutral water
clusters creates the unprotonated (H2O)n

+ cations, which
could undergo very fast intracluster charge redistribution on
the subpicosecond time scale.36,37 The most thermodynami-
cally and kinetically favorable reaction pathway is proton
transfer and subsequent OH loss (reaction 1). As a result, the
protonated water clusters are dominated in the mass
spectra.37,38 Previous studies indicate that the loss of OH
from (H2O)n

+ (reaction 1) is much less endothermic than that
of H2O (reaction 2).38 For example, at the MP2/aug-cc-pVDZ
level, the loss of OH and H2O from (H2O)2

+ is calculated to
be endothermic by 89.2 and 179.6 kJ/mol, respectively. Thus,
a relatively slow water molecule evaporation process (reaction
2)36−38 could be suspended by reducing the excess energy

from the ionization via the fine-tuning of the wavelength and
pulse energy of VUV-FEL.

→ ++ +
−(H O) H (H O) OHn n2 2 1 (1)

→ ++
−

+(H O) (H O) H On n2 2 1 2 (2)

Various experimental conditions (i.e., the wavelength and
pulse energy of VUV-FEL, concentration of water/helium
mixture, and stagnation pressure) were optimized to maximize
the signal of the (H2O)n

+ cluster of interest and minimize the
contribution from the larger cluster. At 98.10 nm (12.64 eV),
the unprotonated (H2O)2

+ cluster is clearly observed (Figure
1a). The mass spectral signal of (H2O)3

+ is observable at
108.00 nm (11.48 eV) (Figure 1b) and remarkably enhanced
at 110.00 nm (11.27 eV) (Figure 1c). Mass spectra of water
clusters at different VUV-FEL pulse energies reveal high
sensitivity of ionization (Figure S3). For instance, trace species
from the background were readily detected using the VUV-
FEL with 21 μJ/pulse energy, where the pressure of the
ionization chamber was about 5 × 10−6 Pa (Figure S3d).
Therefore, IR spectra of size-selected neutral (H2O)2 can be
obtained by monitoring ion signal intensities of the
unprotonated (H2O)2

+ cations at 98.10 nm. The IR-VUV
scheme of neutral (H2O)2 is free from spectral contamination
because the IR excited water clusters dominantly dissociate
into the monomer and protonated cluster cation mass channels
in the VUV photoionization process.39 This is a special feature
of our approach, especially because the system under
consideration is confinement-free.
The HB dissociation energy of the water dimer is measured

as 13.2 kJ/mol,40,41 indicating that, assuming internally cold
complexes, the absorption of one IR photon around 3700 cm−1

(∼44.3 kJ/mol) is sufficient for overcoming the dissociation
limit. IR power dependence of the signal is measured to ensure
that the predissociation yield is linear with photon flux. Figure
2 shows the IR laser power dependence for IR spectra of the
water dimer at 98.10 nm. The band positions are given in
Table 1.

Figure 1. Time-of-flight mass spectra of the cations produced from
the VUV-FEL single-photon ionization process: (a) λVUV‑FEL = 98.10
nm, (b) λVUV‑FEL = 108.00 nm, and (c) λVUV‑FEL = 110.00 nm.

Figure 2. IR laser power dependence for IR spectra of (H2O)2
measured with the VUV-FEL wavelength of 98.10 nm. The OH
stretch fundamentals assigned to antisymmetric OH stretch of the
proton acceptor (A), free OH stretch of the proton donor (B),
symmetric OH stretch of the proton acceptor (C), and hydrogen-
bonded OH stretch of the proton donor (D) are labeled. The band
labeled with “*” (3757 cm−1) might arise from a combined or
overtone excitation (see the text). The structure of the water dimer is
shown in the inset.
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As shown in Figure 2, the experimental IR spectra of the
water dimer comprise four groups of bands (labeled as A−D)
and an extra band (labeled with “*”), which can be assigned by
comparison with previous studies.4,15,27,28,34,35 Band A is due
to the antisymmetric OH stretch of the proton acceptor, which
is rotationally resolved at 3764, 3780, and 3792 cm−1. Band B
(3732 cm−1) is assigned to the free OH stretch of the proton
donor, which is the most intense feature in the IR spectra.
Band C at 3603 cm−1 is attributed to the symmetric OH
stretch of the proton acceptor. The splitting of band D is
observed at 3537 and 3549 cm−1, which are assigned to the
hydrogen-bonded OH stretch of the proton donor. The band
labeled with “*” (3757 cm−1) is observed with IR laser power
of 6.6 mJ/mm2 and disappears with IR laser powers of 2.0 and
3.3 mJ/mm2. This asterisk-band differs from the features of
bands A−D in that the band disappears when the power of IR
laser is lowered, which indicates a combined or overtone
excitation. As demonstrated before for the first overtone of the
antisymmetric OH stretching in the infrared photodissociation
spectra of [MgNO3(H2O)n]

+ (n = 1−3),42 the intensity of a
higher-order excitation is more sensitive to the IR laser power.
This asterisk-labeled band fits such a behavior very well, with
its disappearance at low IR laser power, and is assigned to a
combination or overtone band.
It is interesting to compare our results with previous

measurements (Figure S1). The main features in the present
spectrum are consistent with those in the previous
studies.4,15,28,34,35 In contrast with the general consensus in
the work of Page, Coker, Huang, and Pribble et al.,4,15,32−35 the
major concern raised by Huisken et al. was that the ∼3600
cm−1 band was proposed to be hydrogen-bonded OH stretch
of proton donor and the ∼3540 cm−1 band was presumed to
originate from a water trimer.28,32,33 Scenarios rationalizing this
contradiction include the uncontrollable fragmentation owing
to the electron impact ionization scheme used to detect the
products. In our approach, the soft near-threshold ionization of
the confinement-free water dimer avoids the extensive
fragmentation and the complicatedness of ultraviolet chromo-
phore tagging.
Quantum mechanical calculations were carried out with

wave function theory at the MP2/aug-cc-pVTZ (AVTZ) and
CCSD(T)/AVTZ levels with harmonic approximation and on
a 12-dimensional (12D) ab initio potential energy surface to
calculate the anharmonic vibrational spectra of the water dimer
(see Theoretical Methods in the Supporting Information).
Figure 3 shows the comparison of the experimental and
calculated IR spectra. The harmonic and anharmonic vibra-

tional calculations reproduced the well-known four bands of
the water dimer, which correspond to antisymmetric OH
stretch of the proton acceptor (A), free OH stretch of the
proton donor (B), symmetric OH stretch of the proton
acceptor (C), and hydrogen-bonded OH stretch of the proton
donor (D).
In the MP2/AVTZ calculated harmonic IR spectrum

(Figure 3c and Table 1), the antisymmetric OH stretch of
the proton acceptor is predicted at 3762 cm−1, which is 18
cm−1 lower than the central position of experimental band A
(3780 cm−1); the free OH stretch of the proton donor is
calculated to be 3743 cm−1, which is in agreement with the
experimental band B (3732 cm−1); the symmetric OH stretch
of the proton acceptor is calculated at 3646 cm−1, which is 43
cm−1 higher than the experimental band C (3603 cm−1); the
hydrogen-bonded OH stretch of the proton donor is calculated
to be 3556 cm−1, which is consistent with the central position
of the experimental band D. Similar results have also been
obtained from the CCSD(T)/AVTZ calculations (Figure 3d
and Table 1). The deviations of the harmonic MP2/AVTZ and
CCSD(T)/AVTZ results from experimental values are due to
the low-order electron correlation treatment with MP2 and
CCSD(T), incomplete basis sets, and the harmonic approx-
imation to potential energy surface.
The anharmonic calculations based on a 12D potential

energy surface predict the bands A−D at 3766, 3716, 3640,
and 3547 cm−1 (Figure 3b and Table 1), respectively, which
improves the agreement with experiment. As shown in Figure
3, however, the splitting of bands A and D is not reproduced
well in the calculated IR spectra likely because of vibrational
anharmonic interactions, which can induce more observable
vibrational transitions that otherwise are dark. In order to
calculate the IR frequencies and intensities of the water dimer
for more accurate comparison with experiment, the develop-
ment of highly accurate electronic and vibrational description

Table 1. Experimental IR Band Positions (cm−1), 12-
Dimensional Potential Energy Surface Anharmonic
Vibrational Frequencies (12D), MP2/aug-cc-pVTZ (MP2)
and CCSD(T)/aug-cc-pVTZ (CCSD(T)) Harmonic
Frequencies, and Band Assignments for the Water Dimer

label exptl 12D MP2 CCSD(T) assignment

A 3792 3766 3762 3761 antisymmetric OH stretch of
the proton acceptor3780

3764
B 3732 3716 3743 3745 free OH stretch of the

proton donor
C 3603 3640 3646 3660 symmetric OH stretch of the

proton acceptor
D 3549 3547 3556 3588 hydrogen-bonded OH

stretch of the proton donor3537

Figure 3. Comparison of the experimental IR spectrum and calculated
vibrational frequencies of water dimer in the OH stretching
vibrational region. (a) Experimental spectrum measured in this
study. (b) Calculated vibrational frequency based on a 12-dimensional
ab initio potential energy surface (unscaled). (c) MP2/AVTZ
harmonic vibrational frequency (scaled by 0.956). (d) CCSD(T)/
AVTZ harmonic vibrational frequency (scaled by 0.961) (see the
Supporting Information for details).
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of hydrogen bond potentials with rotational interactions are
still needed.
The animation of vibrational normal modes of the four

bands A−D of water dimer (represented as HHOa···H−ObH)
is given in the Supporting Information. The calculated bond
distances, bond orders, natural hybrid orbitals, and natural
localized molecular orbitals from the natural bond orbital
(NBO) analysis43 are listed in Table S3. As shown by the
animation, the bands A and B are primarily the antisymmetric
OH stretch mode of HHOa and H−ObH, respectively. Band C
is the symmetric OH stretch mode of HHOa coupled with
slight contribution of H−ObH, while band D is the symmetric
OH stretch mode of H−ObH coupled with minor contribution
of HHOa. As shown by the bond distances, bond orders, and
hybrid orbitals, the O−H bonds in HHOa are stronger than
those in the H−ObH because of electron donation from the Oa
lone pair to the σ(OH)* antibonding orbitals,44 and the
symmetric and antisymmetric OH vibrational frequencies of
HHOa are higher than those of H−ObH. The electronic
structure analyses are helpful for understanding the spectro-
scopic features of OH vibrational modes for different hydrogen
bond orientations in more complicated water clusters.
In summary, as compared to previous spectroscopy of

neutral clusters, the advanced VUV-FEL-based IR spectro-
scopic method presented here allows (i) direct detection of
confinement-free neutral complexes, (ii) near-threshold
ionization with high sensitivity and size-selectivity, and (iii)
recording of well-resolved vibrational spectra of size-selected
neutral clusters. Because many clusters have their ionization
energies in a range accessible by the VUV-FEL light source and
near threshold ionization can be readily achieved, the VUV-
FEL-based IR spectroscopy presents a new paradigm for the
study of vibrational spectra of a wide variety of neutral clusters.
The availability of these new experimental data on the neutral
clusters is expected to stimulate further calculations and
development of theoretical methods leading to an improved
understanding of the structures and dynamics of these systems.
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