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ABSTRACT: Water dimer is a classical example of an OH···O hydrogen bound
complex and plays a critical role in the atmosphere. The bound OH-stretching (OHb)
fundamental transition displays the characteristic wavenumber redshift and intensity
enhancement, observed repeatedly under many different experimental conditions. In
contrast, the first OHb-stretching overtone is predicted to be several orders of
magnitude weaker in intensity. Recent full-dimensional ro-vibrational calculations
have revised earlier theoretical predictions, suggesting that the OHb-stretching first
overtone may exhibit an intensity comparable to that of other observed OH-stretching
transitions at these higher wavenumbers. Using jet expansion cavity ring-down
spectroscopy in the predicted spectral region, we successfully observed this previously
elusive transition. The observed transition wavenumber, intensity, and band shape
show excellent agreement with the new theoretical predictions. The overlap of many
closely lying ro-vibrational transitions, even at the cold temperature of the jet, gives
rise to a relatively unstructured broad band. We determine the experimental OHb-
stretching first overtone vibrational band origin to be 7049 cm−1 and estimate the lifetime to be about 10 ps.

■ INTRODUCTION
Water derives its unique properties from the hydrogen bonds
that hold the water molecules together. To have any hope of
understanding liquid water, we need to be able to fully
understand the smallest water cluster, the water dimer, H2O·
H2O (Figure 1). The water dimer is in itself also important in,

for example, the radiative transfer of the Earth’s atmosphere.1,2

The so-called water self-continuum is an empirical function
that model the radiative transfer of water and which scales with
the water pressure squared, as expected for the water dimer
abundance. However, the physical understanding of this
continuum is still under debate.2,3 In addition, nucleation
and growth of particles in the atmosphere depend on
interaction with and aggregation of water molecules. The

strength of the interaction between the two water units in the
water dimer is an essential parameter in this process.

Spectroscopy and theory have gone hand in hand to enhance
our understanding of the water dimer, with the ro-vibrational
spectra of water dimer proving more challenging than one
intuitively would expect for such a small system. Since the first
infrared observation of water dimer in an N2 matrix in 1957,4

numerous more and more advanced ro-vibrational spectra and
theoretical models of water dimer have appeared.3 The bound
OH-stretch, OHb, is perhaps the most interesting vibration as
its properties relate to the hydrogen bond. The OHb-stretching
fundamental transition exhibits a wavenumber redshift and
intensity enhancement, characteristic features associated with a
hydrogen bond.5−7 These features facilitate its detection, and
in cold gas-phase jet-expansion spectra it is observed at 3601
cm−1.8,9 The first infrared cavity ring down detection of the
OHb-stretching transition appeared in 1997.10 The hydrogen
bond is strongly affected by the matrix environment and the
OHb-stretching transition is usually observed at lower
wavenumbers in matrix isolation experiments. For example,
in N2 matrix experiments it is observed at 3550 cm−1 (Table
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Figure 1. Structure of the water dimer. The two hydrogen atoms in
the water acceptor unit are equivalent, while the free, OHf, and
bound, OHb of the donor unit are different. The principle a-axis lies
close to the O−O axis and the OHb bond is close to parallel with the
a-axis.
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S1).11 In jet experiments, formation of clusters is favored and
higher order clusters often appear. Their signals have
occasionally been assigned to water dimer confusing and
reigniting a debate associated with the assignment of the
fundamental OHb-stretching transition. However, it seems that
this conundrum is now unequivocally solved with the
transition at 3601 cm−1 in the jet expansion assigned to the
fundamental OHb-stretching transition, νOHdb

.12−14

Theoretical models of water dimer are complicated due to
the importance of coupling between the high-frequency
intramolecular modes and the low-frequency large amplitude
motions. The low-frequency modes perturb the hydrogen
bond and enable the interchange of the hydrogen atoms,
leading to tunneling splitting. Comparison of reduced
dimensionality OH-stretching and full dimensionality VPT2
(vibrational perturbation theory to second order) calculations
indicated clearly the importance of these low-frequency modes
on the OH-stretching transition in particular the OHb-
stretching transitions.15 Over the years, the vibrational models
have increased in dimension and complexity; from simple 2D +
2D, 3D + 3D (including only intramolecular modes), to 6D
+6D (adiabatically separating the 6 high and 6 low energy
vibrations), to full dimensional models.16−22 Whereas full
dimensional models couple all vibrations, their accuracy is
typically limited by the level of basis set convergence. Recently,
such models have been used to compute excited OH-stretching
states of water dimer.3,20,23 The calculated wavenumbers and
relative intensities of the four fundamental OH-stretching
transitions (νOHdb

, νOHd+
, νOHdf

, νOHd−
) have been found to be in

good agreement with observations, thus enabling an
unequivocal assignment.3

In the first OH-stretching overtone region, the number of
states increases dramatically and observation of the first OHb-
stretching overtone has been much more elusive. In the near-
infrared N2 and Ar matrix experiments, the first OHb-stretching
overtone transition was not detected.24,25 Already in the early
reduced dimensional (2D and 3D) vibrational calculations, the
first OHb-stretching overtone transition was indeed found to
be very weak.16,17 This was attributed to a cancellation of the
contribution to the intensity from the first (linear) and second
(quadratic) term in the expansion of the dipole moment
function in the curvilinear internal OH-stretching coordinate.26

Due to this cancellation, the intensity of this overtone was not
surprisingly found to be sensitive to the choice of vibrational
model and electronic structure method (Table S2).3,15,27,28 In
a subsequent Ne matrix experiment, the fundamental OHb-
stretching transition was observed at 3590 cm−1, and a weak
transition at 7018 cm−1 (both as split doublets) with an
observed intensity of about 2 × 10−3 that of the fundamental
OHb-stretching transition was assigned to the first OHb-
stretching overtone.11 In the Ne matrix, the fundamental OHb-
stretching transition is around 11 cm−1 lower than the
observed gas-phase jet expansion value, whereas the other
three fundamental OH-stretching transitions are found at
higher wavenumbers compared to the jet expansion observa-
tions. Despite this early assignment in the Ne matrix
experiments, no gas-phase jet expansion detection has
followed.

Rotationally resolved spectra in the first OH-stretching
overtone region have been observed in jet expansion
experiments in the 7100−7300 cm−1 region at about 7 ± 3
K, and in the 7188−7285 and 7357−7386 cm−1 regions at

about 10 ± 3 K.29,30 By combining a 12D vibrational model
based on n-mode approximations of operators in internal
coordinates with a rotation-tunneling model, transition wave-
numbers and intensities were recently computed in the first
OH-stretching overtone region.21 Observed bands were
conclusively assigned and vibrational band origins were
determined for three of the four OH-stretching transitions
(2νOHdb

, 2νOHd+
, 2νOHdf

, 2νOHd−
). The OHb-stretching overtone

transition is predicted, both from calculations and the Ne
matrix experiments, to be outside the range covered by the
lasers of the previous experiments. In these earlier jet
expansion experiments, one OH-stretching combination
transition was observed at 7366 cm−1.29 It is assigned to the
νOHdb

+ νOHdf
transition and corresponds to the predicted most

intense of the six OH-stretching combination transitions.21

From the computation, the intensity of the first OHb-stretching
overtone band, 2νOHdb

, is predicted to be similar to that of the
observed OH-stretching combination band and the observed
2νOHd+

band.21

Here, we present cavity ring-down spectra of the water
dimer in the wavenumber region near the predicted OHb-
stretching first overtone transition. A narrow band diode laser
was procured to record cavity ring-down spectra centered
around to the predicted wavenumber region. A distinct band is
observed whose intensity, profile, and position closely match
theoretical predictions, enabling an unambiguous assignment
to the OHb-stretching first overtone. Comparison between
simulated and experimental spectra yields an estimated
rotational temperature of approximately 20 K, a vibrational
band origin at 7049 cm−1, and a lifetime of about 10 ps.
Accurate experimental transition wavenumbers are essential for
testing and refining potential energy and dipole moment
surfaces, with vibration−rotation tunneling (VRT) transitions
serving as a sensitive probe for the weak intermolecular
interactions between the two water units.18−20,22 For the water
dimer, the spectra reported here and in refs 29 and 30 in the
OH-stretching first overtone region are particularly valuable for
understanding couplings between intra- and intermolecular
vibrations. From the perspective of the intramolecular modes,
coupling to the low-frequency intermolecular motions leads to
perturbations in both transition wavenumbers and intensities.
Conversely, from the viewpoint of the intermolecular modes,
the coupling to intramolecular vibrations gives rise to VRT
energy level patterns that depend on the specific OH-
stretching excitation. As a consequence, reliable determination
of quantities such as vibrational band origins demands accurate
spectral simulations to guide the analysis of the observed
congested spectra.

Other mentionable observations of bound XH-stretching
first overtones in hydrogen bound complexes include the HF
dimer and the OH···O bound methanol, ethanol and tert-butyl
alcohol dimers. For the HF dimer, the ΔKa = 0 transition of
the bound FH-stretch was observed at 7550.3555(26) cm−1

using continuous-wave-diode laser cavity ring-down spectros-
copy in a pulsed supersonic slit jet expansion. The lifetime was
estimated to be about 50 ps, compared with the much longer
lifetime of about 1.6 ns for the acceptor FH-stretching first
overtone, highlighting the nonstatistical and mode-selective
predissocation behavior even at these energies far above the
dissociation threshold.31 For the alcohol dimers, the bound
OH-stretching transitions were observed with Fourier trans-
form infrared spectroscopy also in supersonic expansions. The

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.5c07868
J. Phys. Chem. A XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c07868/suppl_file/jp5c07868_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c07868/suppl_file/jp5c07868_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c07868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


observed intensities relative to the corresponding OHb-
stretching fundamental transitions were 0.004−0.001, high-
lighting the weak intensity of the first overtone, compared with
the fundamental transition of this local oscillator.32

■ METHODS

Experimental Details
The measurements were performed using the FANTASIO exper-
imental setup,33,34 now located in Louvain-la-Neuve, Belgium. Water
dimer was produced in a supersonic gas expansion using an 80 mm ×
50 μm pulsed slit valve.35 The controlled evaporator mixer
(Bronkhorst F-201CV-2K0-RAD-11-V gas flow controller and M13-
RAD-11−0 liquid flow controller) was used to adjust the water to
Argon relative densities. The flows were 3 standard L/min for argon
and 1.7 mL/h for liquid distilled water (H2O). The gas was pulsed at
4 Hz with a pulse duration of 20 ms and a backing pressure of 1 bar.
The water dimer spectrum was recorded using the cavity ring-down
spectrometer (CRDS) of the FANTASIO setup.35 The laser source of
the spectrometer was a DFB laser of a few MHz line width (PL-DFB-
1418-A-A81-SA from Nano-Giga/LD-PD INC, 25 mW output). The
laser was tuned over around 30−40 cm−1 by varying the temperature
of a Peltier cell. About 10% of the laser power was used to record an
etalon signal for frequency calibration. The rest was amplified by a
booster optical amplifier (BOA1410S from Thorlabs) to reach a
power of 250 mW. The CRDS cavity formed by two highly reflective
mirrors (140989 from Layertec) was aligned with the first-order
output (120 mW) of an acousto-optical modulator. The empty cavity
ring-down (RD) time was ∼105 μs. The RDs were sorted into data
sets corresponding to measurements with and without gas expansion.
Those were measured from 5 to 20 ms and from 70 to 248 ms,
respectively, after the valve opening signal.36 At least 20 RDs were
averaged for each spectral point. The spectrum was frequency
calibrated using a stable etalon35 interferometric signal and water
monomer lines37 present in the studied spectral range.

Spectra in the 7030−7065 cm−1 range were measured slow with a
large number of RDs per point and fast with a minimal number of
RDs. In both cases, the spectrum did not present any visible rotational
structure. The H2O monomer lines presented in the range are
removed from the experimental spectrum. Only the fast spectra are
presented. Indeed, those were measured in a reduced amount of time
allowing us to minimize the influence of long-term drift of the
experimental conditions and any resulting asymmetry of the recorded
band. Examples of different scans are shown before and after baseline
correction in Figure S1.

We also compared the spectrum in the 7030−7065 cm−1 range
with a spectrum in the region from 7175−7240 cm−1 recorded under
similar conditions,35 to facilitate comparison of the relative intensities
of the transitions in the two segments of the OH-stretching first
overtone region (Figure S2).
Theory and Simulation
The first overtone OHb-stretching spectrum was simulated using
computed results from ref 21. To account for the increased
experimental temperature (∼20 vs ∼10 K), Boltzmann weights (of
rotation-tunneling states) were adjusted, and new rotational profiles
were simulated (Tables S3−S5). In ref 21, vibrational band origins
and intensities were calculated with a 12D vibrational model in
internal coordinates, denoted VibMeMIC. The vibrational transition
intensities from state i to j is expressed as the unitless oscillator
strength by26

= × [ ] | | | |f 4.702 10 cmDj i j i j i
7 2 2

(1)

where ν ̃ is the transition wavenumber in cm−1, Ψi and Ψj are the
initial and final state wave functions and is the dipole moment
function in Debye (1D = 3.33564 × 10−30 cm). In VibMeMIC, the
potential energy, kinetic energy, and dipole moment function
operators were approximated using third-order n-mode expansions.
Potential and dipole surfaces were interpolated with cubic splines

from CCSD(T)-F12a/cc-pVTZ-F12 single points. The basis
functions were chosen as direct products of 1D eigenfunctions
(with OHf eigenfunctions for OHb due to symmetry), from a
symmetry-adapted reference configuration. Low-frequency intermo-
lecular and high-frequency intramolecular vibrations were truncated
separately, with an additional energy truncation for all 12 vibrations.21

The OH-stretching first overtone transitions were estimated to be
converged to about 0.5 cm−1. Due to the approximations in the 12D
model, the water dimer tunneling splittings are not captured well. An
8D (five vibrations, 3 rotations) model was applied to calculate
tunneling and Ka-rotational structure. Water dimer is an asymmetric
rotor with a Ray asymmetry parameter close to the prolate limit and
Ka thus serves as a good approximate quantum number. This model,
developed within the GENIUSH code, employed the MB-pol
potential energy surface and includes derived nuclear spin statistical
weights. We applied a rigid-rotor (J;Ka)-rotational profile computed
with PGOPHER to each of the Ka → Ka′ transitions.38 We assume
that the rotational constants of the ground and vibrationally excited
states are identical. In short, the simulated vibrational bands consist of
vibrational transitions from the 12D vibrational model, composed
with tunneling and Ka-structure from the 8D ro-vibrational model,
and further composed with rigid-rotor (J;Ka)-rotational profiles.21,23

For ΔKa = 0 transitions, the rigid rotor profile (PGOPHER) is
independent of Ka.

■ RESULTS AND DISCUSSION
In Figure 2, we present the first jet expansion measurement of
the OHb-stretching overtone region of the water dimer. The

spectrum was recorded with cavity ring-down spectroscopy
(CRDS) under jet expansion conditions similar to that used
previously to record the other OH-stretching overtone
regions.30

The band appears like a simple transition with a rotational
broadened structure. No individual rotational lines can be
observed. The H2O monomer lines are removed in the
spectrum showed in Figure 2. The dip in the center of the
band is consistent between different scans (Figure S2) and the
peak within the dip is consistently observed. The intensity of
the lower energy side is slightly more intense that the higher
energy side. In Figure 2, we also show simulated spectra, based
on the results tabulated in the Supporting Information of ref

Figure 2. Observed and calculated spectrum of the first OHb-
stretching overtone band of the water dimer. The blue trace includes
only the transition assigned to the OHb-stretching overtone and the
red trace also includes contribution from the 4 other vibrational
transitions in the regions with oscillator strength higher than 10−9.
Each rotational transition in the simulated spectra has a Lorentzian
FWHM of 0.4 cm−1 and a temperature of 20 K is used. The computed
wavenumbers of the vibrational bands were shifted by +2.9 cm−1, to
visually match the experimental spectrum.
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21, adjusted to T = 20 K. In the vibrational calculations, five
vibrational transitions (Table S3) with substantial intensity
(oscillator strength larger than 10−9) are present in the vicinity
of the experimentally observed band. The most intense
transition is an almost exclusively a-type transition assigned
to the OHb-stretching overtone. The calculated vibrational
band origin is 7045.9 cm−1 with an oscillator strength of 5.5 ×
10−8. The a-type nature of the transition is to be expected, as
the OHb bond is nearly parallel with the a-rotational axis
(Table S3), although the direction of the transition dipole
moment can change with vibrational excitation.39 The
simulation that includes only this vibrational transition (blue
trace in Figure 2) clearly lacks intensity on the low energy side.
The simulated band has a maximum on the higher energy side,
but the experimental spectrum has a maximum on the lower
energy side. However, when the computed 5 vibrational
transitions in the region, with an oscillator strength larger than
10−9, are included (red trace in Figure 2), the intensity to the
low energy side of the band increases and the agreement with
the experiment improves.

In Figure 3, we illustrate the energy level diagram of the
rotation-tunneling states for the dominant transition in the
OHb-stretching overtone region. The parallel transitions are
shown with arrows with transition wavenumbers indicated.

Only the large acceptor tunneling splitting is included in our
model.21 The other tunneling splittings are much smaller and
split each transition in Figure 3 into three. The intensity
distribution between these three arise from the spin statistical
weights and are 1:6:1 for Ka → Ka′ (1) transition and 9:6:9 for
Ka → Ka′ (2) transitions. The index in parentheses denotes the
parity of the initial and final states with respect to the acceptor
tunneling component. Transitions between states of opposite
parity are not allowed.21 The rotation-tunneling energy levels
are given in Table S4. The relative intensity of the transitions
in Figure 3, which depend on the spin statistical and
Boltzmann weights, are given in Table S5. These VRT
transitions lie at lower energies to that of the Ka transition 0
→ 0 (1) and the strongest transition does not correspond to
the vibrational band origin. The other four vibrational
transitions with appreciable intensity in this region have
similar rotational-tunneling states and we approximate them to
be identical in our simulation. Each of the allowed transitions
are convoluted with a rotational band simulated with
PGOPHER.38 The weaker vibrational transitions all lie at
lower energies but within 6 cm−1 of the main transition. The
combined oscillator strength of these 4 transitions is 2.3 ×
10−8, with most of the intensity in two a-type bands calculated
to be at 7039.7 cm−1 (0.51 × 10−8) and 7042.2 cm−1 (1.5 ×
10−8). These contribute to widening the band to lower
energies, and change the relative intensity of the lower and
higher energy side of the band - improving the agreement with
the experimental spectrum. The weaker transitions gain their
intensity from coupling to the dominant OHb-stretching
transition. In Figure 2, the computed wavenumbers of all five
vibrational bands were shifted by +2.9 cm−1, to visually match
the experimental spectrum. The shift is similar to the ∼2 cm−1

discrepancy between the corresponding calculated and
observed fundamental transition wavenumber. The discrep-
ancies between calculated and experimental transition wave-
numbers arise from use of an imperfect potential energy
surface and approximation in our vibrational 12D calculations.
For the other vibrational OH-stretching first overtone
transitions, the optimal transition wavenumber shift was
about +6 cm−1.21

In Figure 4, we show the 2νOHdb
band simulated at different

temperatures, with a narrow rotational width of 0.2 cm−1.
Limited difference is seen between the 15 and 20 K spectrum,
and we used 20 K in all simulations. The fact that this band is

Figure 3. Energy level diagram of the rotation-tunneling states
associated with 2νOHdb

. The parity with respect to the acceptor
tunneling splitting is indicated with solid horizontal lines for the (1)
components and dashed lines for the (2) component. The parallel
VRT transitions included in the simulations are shown with arrows,
with red for (1) → (1) transitions and blue for (2) → (2) transitions.
The number given is the Ka value and the smallest J value of that
transition and the parity is given in parentheses after this number.21

Figure 4. Simulation of the first OHb-stretching overtone band in the
temperature range from 5 to 20 K. The FWHM of the Lorentzian
applied to each transition is 0.2 cm−1.
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of a-type, is part of the reason why it is difficult to see the
underlying structure. The other OH-stretching first overtone
transitions are either b-type or a/c-type. Both b- and c-type
bands have transitions spread over Ka sub-bands, which makes
it easier to see the VRT structure.30 The VRT transitions are
also split due to the smaller tunneling components, which split
each transition into 3 transitions spread by about 1 cm−1,
based on comparison for the other first OH-stretching
overtone bands.21,30

In Figure 2, the small peak in the dip can be assigned to the
strong Q-branch transition that arise from the Ka transition 1
→ 1(2), which we calculated to be at 7044.2 cm−1 (Figure 3)
and after a shift of +2.9 cm−1 is at 7047.1 cm−1. The
fundamental Ka transition 0 → 0(1), is calculated at 7045.9
cm−1 which with the +2.9 cm−1 shift moves to 7048.8 cm−1

and is the vibrational band origin of the first OHb-stretching
transition, 2νOHdb

.
We also recorded both the 7030−7065 cm−1 region,

assigned to the OHb-stretching first overtone, and the region
from 7175 to 7240 cm−1 under similar experimental conditions
(Figure S1). The higher energy region contain previously
observed transitions associated with the other three OH-
stretching first overtones, the symmetric 2νOHd+

the free 2νOHdf

and the asymmetric, 2νOHd−
, with vibrational band origins at

7192.3, 7227 and 7238 cm−1, respectively.21,29,30 These three
vibrational bands are of a/c-type or b-type, which give rise to
additional sub-bands that are spread over a rather large
wavenumber range, in contrast to the concentration of VRT
transitions for the almost pure a-type of 2νOHdb

. We have also
simulated spectra in these regions and found good agreement
between the relative intensities in the two recorded regions
(Figure S2). Based on the calculated oscillator strengths, the
intensity in the 2νOHdb

region is about 7% of that for the other 3
OH-stretching transitions.21

The intensity of OH-stretching transitions typically fall with
an order of magnitude for each subsequent excitation.40 The
cancellation of terms in the dipole moment expansion that is
found for the first overtone transition is not expected to the
same extend in higher overtones.26 Thus, the intensity of the
second OHb-stretching overtone would be expected to be
similar to that of the 2νOHdb

transition. The position of the
3νOHdb

is expected to be around 10344 cm−1, based on a simple
Birge-Spooner fit of the 2 observed transition and derived
Morse energy expression parameters (ω̃ = 3754 cm−1 and ω̃x
= 76.5 cm−1).

In Figure 5, we show simulated spectra of the 2νOHdb
band

using different Lorentzian line widths for the individual
rotational transition in PGOPHER. The best visual match
with the observed spectrum is seen using a full width at half
maximum (FWHM) Lorentzian width of about 0.8 cm−1.
Simulated spectra with significantly lower widths lead to
rotational structure that would have been visible in the
experimental spectrum. With a larger width, the dip near the
center of the band disappears. We therefore estimate that the
FWHM line width is about 0.8 cm−1, which corresponds to a
lifetime of about 7 ps. This estimate does not take into account
the additional tunneling splitting not included in the
simulations. Therefore, the actual line width could be
somewhat smaller, but not too much smaller, otherwise
rotational structure in the observed spectra would be visible.

Halving the line width to 0.4 cm−1 corresponds to a lifetime of
about 14 ps, and we estimate the lifetime of 2νOHdb

to be about
10 ps. In comparison, the line widths of the other three OH-
stretching overtones have been estimated to be in the range
0.05 to 0.25 cm−1, which corresponds to somewhat longer
lifetimes of 20−100 ps.30 It is not surprising that exciting the
OHb-stretching transition would lead to a relatively shorter
lifetime, due to the expected stronger coupling with other
excited and dissociative states. In comparison for weaker
bound complexes, where the vibrational coupling is likely
much less, the lifetime can be on the order of ns for excitation
in the same spectral region, as has been determined for H2O−
Ar and H2O−Kr.41

■ CONCLUSIONS
We have recorded the spectrum of water dimer in the 7030−
7065 cm−1 region using jet expansion cavity ring-down
spectroscopy. We detect a characteristic a-type band that we
assign to the OHb-stretching first overtone. The observed band
is simulated well based on a full-dimensional ro-vibrational
calculation. The overlap of many closely lying ro-vibrational
transitions, even at the cold temperature of the jet (about 20
K), gives rise to a relatively unstructured broad band with no
individual rotational lines visible. Based on the comparison
with the 12D calculation and the simulated spectrum the
experimental OHb-stretching first overtone vibrational band
origin is 7049 cm−1, and the lifetime is estimated to be about
10 ps. The bound OH-stretching (OHb) vibration is
challenging to describe both with regards to the ab initio
method used to calculate the potential energy and dipole
moment surfaces as well as describing couplings within the
vibrational model. The fact that the calculations agree well with
both the previously recorded fundamental and the present first
OHb-stretching transition validates the robustness of the
theoretical description of the water dimer.
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Figure 5. Simulation of the first OHb-stretching overtone including all
five vibrational transitions from Table S3 and VRT transitions from
Table S5. The Lorentzian FWHM of the individual rotational lines is
increased from 0.2 to 1.0 cm−1. The temperature was fixed at 20 K.
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experimental CRD spectrum is shown in black.
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