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ABSTRACT: Laser spectroscopy in jets is one of the main sources of structural data
from molecular aggregates. Consequently, numerous and sophisticated experimental
systems have been developed to extract precise information, which is usually interpreted
in the light of quantum mechanical calculations. However, even with the most
sophisticated experiments, it is sometimes difficult to interpret the experimental results.
We present here the example of water dimer and how after almost 70 years, the
assignment of its mass-resolved IR spectrum still generates controversy that extends
toward the mechanism of ionization of water aggregates.

The combination of laser spectroscopy with supersonic
expansions has proven to be a powerful method to obtain

information on the structure of molecules and aggregates
formed by noncovalent interactions.1 The cooling conditions
of the expansion provide a suitable environment for the
efficient formation of aggregates, while the high photon flux of
the laser boosts the detection of the species formed.
Introduction of the REMPI (resonance-enhanced multiphoton
ionization) technique2 in tandem with mass spectrometers
brought in two key features: the sensitivity of ion detection and
mass resolution. Since then, REMPI methods have been
applied to a myriad of systems, starting from the simplest
aromatic rings to large aggregates and biological molecules.3,4

When REMPI is used in combination with IR spectroscopy, in
what has been termed double-resonance techniques, it enables
the extraction of relevant structural information.5 Certainly, IR-
REMPI adds mass resolution to the traditional IR spectros-
copy, enabling the disentanglement of the IR spectra of each
isomer of a given stoichiometry from the complex mixture of
species formed in the supersonic expansions. The technique
has evolved into sophisticated setups that use up to four lasers
to tackle the spectroscopy of even the most complicated
system.6−8 The only condition that the system must fulfill to
be studied by this method is to have a chromophore with an
optically accessible electronic state with a reasonably long
lifetime (longer than a few picoseconds). This condition is
necessary for the multiphoton absorption to take place in a
resonant manner, substantially increasing the ion yield and the
final signal.
Despite the many molecules that fulfill such conditions,

there are paradigmatic systems that are forbidden to the IR-
REMPI combination. Therefore, there have been many
techniques developed to take the mass-resolved IR spectros-
copy to the realm of the systems without a chromophore,
although the main principle behind them is to find a way to
circumvent the stepping stone of the intermediate electronic

state.9−11 An additional drawback that limits the extraction of
mass-selective IR spectra is the appearance, upon ionization, of
cations that result from the fragmentation of the initially
formed cluster ions. The coexistence in the beam of species of
different size and the typical reduction in the ionization energy
threshold that accompanies cluster growth make avoiding this
fragmentation difficult. Thus, the IR spectra of the targeted
species may appear in different mass-channels, strongly
complicating the assignment of the spectra. In this context,
the search for ionization sources12−18 and ionization
schemes6−8 able to minimize and/or identify fragmentation
patterns has been another key element in the evolution of the
instrumentation in the field.
One of the subjects that has guided such developments has

been the study of water aggregates and in particular the
simplest one: the water dimer. It represents the paradigm of a
system attached by a pure O−H···O hydrogen bond, and it is a
key step in the understanding of the behavior of water.19

Characterization of its structure goes back to the studies by
Pimentel’s group in the 1950s in N2 matrices20 and has
motivated numerous studies using a collection of spectroscopic
techniques, although IR optical spectroscopy has been the
main tool applied to probe the structure of the neutral cluster.
For an excellent review on the matter, see ref 19. Despite its
small size, the dimer has a complex spectroscopy due to the
presence of three tunneling pathways that lead to several
splittings of the energy levels. Furthermore, the sticky nature of
water makes it difficult to control the formation of the
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aggregate of choice, and therefore, dimer formation is usually
accompanied by the presence of trimers, tetramers, or even
larger aggregates. Ionization of water clusters avoiding
fragmentation or secondary reactions in the ion is far from
being a simple matter. Upon ionization, the (H2O)n

+ ions
undergo very fast intracluster reactions. The most favored
process involves the formation of protonated species
accompanied by the loss of •OH radical and neutral water
molecules:21−25

h(H O) OH(H O) H en n2 1 2ν+ → [ ]* ++
• + −

(1)

kOH(H O) H (H O) H OH (H O)n n k2 2 2[ ]* → + +• +
−

+ •

(2)

In fact, it has been postulated that poor Franck−Condon
factors between the neutral and ionic states preclude the
observation of cluster ions larger than the dimer, with the
protonated species being the only ions observed.21,22 All these
facts have resulted in a history of assignments and reassign-
ments of the IR spectrum of water dimer.
Page et al.26 and Coker et al.27 published the first studies on

the IR spectroscopy of water clusters in supersonic expansions.
Using electron bombardment as ionizing source in combina-
tion with a quadrupole mass detector, the former authors
obtained what was considered the first gas-phase IR spectrum
of water dimer. The spectrum, recorded in the H3O

+ channel,
exhibited, among other relevant features, a band at 3545 cm−1

that was assigned to the stretch of the donor OH. As we will
describe below, the assignment of this peak to the dimer, which
was reassigned to the trimer band by subsequent works,13,28−30

is essential in the development of the actual knowledge about
the structure of the dimer and larger clusters.
Coker et al.27 used a color center laser and a cryogenic

bolometer as a detector to record the IR spectrum of the
dimer. Despite the careful design of the experiment, the
authors were not able to avoid interference from larger clusters

in the spectrum of what they took as the water dimer. On the
basis of previous reports26,31 and in their theoretical analysis,
they also assigned the 3532 cm−1 band to the stretch of the
donor OH. Several years later, the same group published a
second paper on the spectroscopy of water dimer, using higher
resolution.32 Still, they maintained the assignment of the band
at 3532 cm−1 to the water dimer, despite it being less resolved
than the other bands in the spectrum. A substantially more
sophisticated experimental setup allowed Huisken et al. to
correct the established assignment of the dimer’s IR
spectrum.28 They used a crossed molecular beam apparatus,
in which a secondary rare gas beam was employed to disperse
the cluster beam. Detecting the scattered species with different
angles, a sort of mass selectivity could be achieved. Although
they were not able to avoid interference from the trimer and
tetramer, this technique allowed the authors to identify a
relatively weak band in the spectrum at 3601 cm−1 as the
stretch of the donor OH and the band at 3532 cm−1 as being
due to the trimer.
A different approach was used by Zwier’s group, which used

benzene to nucleate water clusters.34 In theory, the aromatic
ring should introduce only subtle perturbations in the structure
of the aggregates. Furthermore, it acts as a chromophore,
enabling the use of IR-REMPI spectroscopy. Despite this latter
advantage, the authors reported extensive cascade fragmenta-
tion, precluding a clear assignment of the spectral features.
Once more, the experimental observations favored the
assignment of a band at 3550 cm−1 as the stretch of the
hydrogen-bonded OH, although the authors warned that such
assignment should be taken with caution because of the
existence of fragmentation. The same group recently revisited
the spectroscopy of benzene−water aggregates, conducting
new experiments with an improving s/n ratio and using
sophisticated quantum mechanical computations to rationalize
the results.35 Unfortunately, the authors did not offer explicit
values for the vibrations, but it is clear from the experimental

Table 1. Values (in cm−1) Reported by Several Authors for the Vibrations of Water Dimer and Trimer

proposed assignments

mode Coker et al.a Page et al.b Huisken et al.c
Zhang
et al.d

Leon
et al.e

this
work

Kuyanov-
Prozument

et al.f Pribble et al.g

dimer
donor stretch
(free OH)

3730 ± 3 3730 3732 3730.1

acceptor
asymmetric
stretch

3722 ± 3 3714 3735 3764, 3780 3730,
3732

3748.6 3722, 3708

acceptor
symmetric
stretch

3600 ± 3 3600 3603 3670h 3654.3 3608i

donor stretch
(bonded OH)

3532 ± 3 3545 3601 3549, 3537 3601 3597.4 3550j

trimer 3400 ± 5 3533 3543 3550, 3508, 3423i

trimer 3357 ± 3
tetramer 3416 3400 3461, 3427, 3367j

donor bend
overtone

3215 ± 5

acceptor bend
overtone

3170 ± 5 3186

technique IR with a cryogenic
bolometer

IR + electron
bombardment

crossed
molecular
beam

IR-tunable
VUV

IRns−
IRfs

IRns−
IRfs

He droplets IDIRS in benzene−
water aggregates

aRef 27. bRef 26. cRef 28. dRef 33. eRef 13. fRef 29. gRef 34. hComputed value. iπ-bonded OH stretch. jAccording to the authors, these values may
be affected by fragmentation.
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spectrum that the aromatic ring induces non-negligible
perturbations in the IR spectrum of water dimer.
The first work to fully establish the frequencies of the four

OH stretching bands of the dimer was published by Vilesov’s
group.29 The water clusters were formed in He droplets, and
their spectra were registered in the 3580−3820 cm−1 region.
Although the authors did not extend their measurements to the
region of the controversial band at ∼3540 cm−1, they were able
to detect and assign, with the help of calculations, all the OH
stretches of the dimer. Remarkably, the excellent s/n ratio
achieved in the experiment allowed them to report for the first
time the position of the weak symmetric stretch of the acceptor
water molecule (see Table 1). The splittings due to the several
tunneling effects in water dimer cause the antisymmetric
acceptor stretch to appear as several well-resolved lines at the
blue-end of the spectrum. From those lines, the authors
determined the position of the band origin to be at 3748.6
cm−1. The spread of the intensity of this vibration among
several lines may have induced an incorrect assignment of that
portion of the spectrum of water dimer.
The next band to the red at 3730.1 cm−1 was assigned as the

free OH stretch of the donor water molecule. Interestingly, the
authors also reported a band due to larger water clusters at
∼3718 cm−1 (value estimated from the figure in their paper).
Following to the red, a very weak feature appeared at 3654
cm−1, corresponding to the symmetric stretch of the acceptor
water molecule. Next to the red, the donor OH stretch was
assigned to a prominent band at 3597 cm−1, in full agreement
with Huisken et al.28 Comparison of these values with those
from other techniques highlights that the He atoms introduce a
small shift in the position of the bands, certainly smaller than
the perturbation introduced by the benzene ring in the work
from Zwier’s group.
We added to the field of the spectroscopy of water dimer by

introducing several years ago a new technique consisting of the
combination of femtosecond and nanosecond lasers to obtain
the mass-resolved IR spectrum of molecules without a
chromophore.13−16 The fundamentals behind this technique
were that using 800 nm fs pulses with intensities on the edge of
the barrier-suppression regime, it was possible to ionize the
molecules while minimizing the fragmentation by fine-tuning
the intensity of the probe laser and the conditions of the
expansion. In those cases in which some fragmentation
persisted, it was possible to introduce a second nanosecond
IR laser to record isomer-specific mass-selected IR spectra.
Thanks to this new experimental setup, we recorded the
spectrum in Figure 1a, which was collected directly in the
(H2O)2

+ channel, avoiding interference from larger species.
Therefore, it may be taken as the first report on the mass-
resolved IR spectrum of the water dimer without contribution
from larger aggregates.13 The spectrum contains only two clear
bands and some additional features to the blue, instead of the
four bands one would expect for water dimer, namely: H-
bonded and free OH stretches of the donor molecule and
symmetric and antisymmetric stretches of the acceptor
molecule. The assignment adopted was in perfect agreement
with that from Kuyanov-Prozument et al.29 and was based on
the absence of the band corresponding to the symmetric
stretch of the acceptor molecule, for which the calculations
conducted at the M06-2X/6-311++G(d,p) level predicted a
very low intensity. Such an absence may be one of the sources
of confusion that led several authors to incorrectly assign the
band at 3601 cm−1 as the symmetric stretch of the acceptor

molecule. It is important to note that the lower resolution of
the spectrum in Figure 1 and the reduced s/n ratio compared
with that of Vilesov’s group,29 precluded a more accurate
assignment of the antisymmetric stretch of the acceptor water
molecule.
As mentioned above, probably the main controversial aspect

in the interpretation of the IR spectrum of water dimer is the
identity of the band’s system located by the different studies in
the 3532−3550 cm−1 interval, which has been attributed
alternatively to the donor OH stretch of the dimer26,27,34 or to
fragmentation from larger clusters. The attribution of a peak in
the 3529−3532 cm−1 interval to the trimer has been proposed
by a number of authors employing different techniques: gas-
phase IR spectroscopy,13,19,28,30,36,37 cold matrices,2,38,39 or He
droplets.29,40 There is a compilation of the assignments
proposed for that band in ref 37. This feature is often
accompanied by additional peaks in the region that have been
associated to the trimer or larger clusters. Our own data also
show that the double band located at ∼3543 cm−1 was present
in the spectrum recorded in the mass channel of the trimer
(Figure 1b). Summarizing, the accepted view in the field is that
the IR spectrum of the dimer OH stretches extends from the
bonded donor stretch at ∼3600 cm−1 to the antisymmetric
acceptor stretch features at ∼3750 cm−1, while the bands
observed in the 3529−3550 cm−1 are associated to the trimer
or larger clusters.
In a recent paper, Zhang et al.33 revisited the IR

spectroscopy of the water dimer formed in a He supersonic
expansion, by means of a double-resonance technique that
employed tunable VUV radiation from a free-electron laser

Figure 1. Comparison between the experimental spectra of water
dimer (a) and trimer (b) and the frequencies predicted at the M06-
2X/6-311++G(d,p). The spectra were recorded in their correspond-
ing (H2O)2

+ and (H2O)3
+ mass-channels, using an 800 nm fs probe

laser and an IR ns depopulation laser. Scaling factor 0.942. The
spectrum of water dimer was adapted from ref 13.
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(FEL) as ionization source. The use of one VUV photon
ionization has already been explored by several au-
thors,12,17,21,22,24,25,41−43 as the first ionization potential of
molecules and their clusters generally lie in this energy region.
Compared to traditional REMPI, this method does not require
the presence of intermediate states, making it suitable for
virtually any molecular system. As an additional advantage, the
use of tunable VUV radiation permits, in principle, to precisely
reach the ionization threshold, minimizing the appearance of
dissociation processes in the formed ions.
On the basis of these ideas, by carefully adjusting the

conditions of the expansion and the VUV source (wavelength
and pulse energy), the authors were able to record the IR
spectrum of the dimer directly in the (H2O)2

+ channel. The
assignment of the dimer’s OH stretches by Zhang et al.33

assuming the absence of fragmentation followed that proposed
by Coker et al.,27 Page et al.,26 and Pribble et al.,34 attributing
the doublet at ∼3543 cm−1 to the donor H-bonded OH, and
consequently, the band at the ∼3600 cm−1 was associated with
the symmetric stretch of the acceptor molecule, as in the works
by the above-mentioned authors. This interpretation is in clear
contradiction with the most recent studies reported on the
dimer and trimer that have been described above (Table 1).
However, in addition, the result itself challenges some well-
established ideas in the field.
First, the authors were able to record the IR spectrum of the

dimer directly in the (H2O)2
+ mass channel, and their mass

spectra also show the unprotonated trimer ion (H2O)3
+.

Furthermore, in a recent work employing the same method,
they reported the IR spectra of (H2O)n

+ (n = 3−6), recorded
in their own mass channels.44 If this result is confirmed, it will
be the first time that water clusters larger than the dimer are
detected in their own mass channel, using a VUV ionization
source. The general consensus in the field17,21,22,37,45 dictates
that the vertical ionization brings the cluster to a region of the
potential energy surface of the ion above the barrier for
reaction 1, dissociating a water molecule into a proton and an
•OH radical. The calculations demonstrate that the •OH
radical forms weaker hydrogen bonds than water, and
therefore, it is the most weakly attached moiety and the first
one to be evaporated by the extra energy supplied by the
ionization process, leaving behind a protonated cluster.45,46

Such ideas are further supported by the experiments on
ionization of water aggregates embedded in Ar clusters by
Washida and co-workers.21,22 They demonstrated that under
such conditions it was possible to detect the parent H2O

+ ion.
The authors argued that the extra energy delivered during
ionization is released by evaporation of Ar atoms, cooling the
water aggregate and enabling the detection of the parent
ions.47 Thus, except for the dimer, experiments similar to those
reported by Zhang et al. had inexorably failed to detect
unprotonated water clusters.25,48 The results presented by
Zhang et al. challenge those ideas and ask for a reinvestigation
of the subject.
Second, the presence in the dimer’s IR spectrum recorded

by Zhang et al. of features (the doublet at ∼3549 cm−1) that
are associated with larger clusters imply the formation of
unprotonated (H2O)2

+ fragments from (H2O)n>2
+ ions.

Although this channel should be accessible for the 98.1 nm
radiation employed (12.64 eV),25 which is 0.9 eV above the
adiabatic ionization threshold estimated for the trimer, it
should be suppressed by the thermodynamically favored
formation of protonated dimers or monomers according to

reaction 2. Once more, the evidence presented in ref 33
demands a reinvestigation of the reaction mechanisms
proposed for the ionization of water aggregates.
In summary, the data presented in this Viewpoint

demonstrate that even small and apparently simple systems
such as water dimer and trimer still hold relevant and deep
questions. Perhaps one of the problems associated with
revealing the true mechanism underlying these fundamental
processes is that there is no single technique that can give the
answer, and therefore, it is necessary to accumulate evidence
from different experimental techniques, each of them adding a
small piece to the puzzle. Still, it is very often difficult to fit
those pieces in place. Understanding the whole picture can be
accomplished only through the work of multiple research
groups.
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