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We report the energy relaxation of the OH stretch vibration of HDO molecules contained in an HDO:D,0

water bridge using femtosecond mid-infrared pump-probe spectroscopy. We found that the vibrational
lifetime is shorter (~630150 fs) than for HDO molecules in bulk HDO:D,O (~740£40 fs). In contrast, the
thermalization dynamics following the vibrational relaxation are much slower (~1.5£0.4 ps) than in bulk

HDO:D,0 (~250£90 fs). These differences in energy relaxation dynamics strongly indicate that the water

bridge and bulk water differ on a molecular scale.

Introduction

The water bridge is an intriguing phenomenon that occurs
when a high (~kV/cm) potential difference is applied between
two beakers of water. Induced by the field, the water jumps to the
edges of the beakers and creates a free hanging string through air
connecting the two beakers. In spite of its ease of generation, the
physical mechanism behind the formation of the water bridge and
its relation to the microscopic properties of water are not
completely understood.

The discovery of water bridge phenomena goes back to the 19™
century, when in 1893 William Armstrong reported his discovery
to the public for the first time.' Over the next century scientists
studied related effects, like electrowetting2 or the Sumoto effect’,
but the water bridge itself had been forgotten until its recent
rediscovery.

The main difficulties in studying the water bridge are its shape
and fluctuating width. In addition, the presence of high electric
fields and instabilities caused by the experimental probes, make
an experimental investigation challenging. At present, most
reports discuss the macroscopic properties of the water bridge
like its mass, substance and charge transport, its density and
temperature  gradients and the potential presence of
microdomains*®. The macroscopic stability of the water bridge
has been explained in the framework of electrohydrodynamic
theory from the balance between the induced polarization forces
at the surface, capillary forces, and gravity’''. According to these
findings, the most important properties necessary for liquid
bridge formation are high dielectric permittivity, low electric
conductivity and a permanent molecular dipole moment. Thus the
phenomenon is not water specific, but can be obtained with any
liquid of similar properties like methanol' or glycerol’.

An interesting question is whether the macroscopic
phenomenon of water bridge formation is associated with
detectable changes of water on the molecular scale. The
molecular-scale properties of the water bridge have been studied
with Raman scattering'’, neutron scattering'!, and dielectric
relaxation spectroscopy'”. The results of the neutron scattering
experiments indicate the presence of nano bubbles (domains
exhibiting lower density) in the water bridge, which could explain
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some of the observed macroscopic effects. The Raman spectrum
of the O-H stretch vibrations of the water bridge is somewhat
blue shifted in comparison to the Raman spectrum of bulk liquid
water, indicating a slight weakening of the hydrogen bonds. On
the other hand, dielectric measurements suggest that the
microscopic hydrogen-bond structure is not different from that of
bulk liquid water””. Unfortunately, molecular dynamics
simulations cannot help in elucidating the molecular-scale
properties of the water bridge, as the number of water molecules
that can be included in these simulations is limited. Molecular
dynamics simulations do show effects of electric fields on water
clusters, but these calculations concerned electric fields that are
~1000 times higher than needed to form the water bridge'® .

At present it is an open question whether the water bridge
differs from ordinary bulk water on the molecular scale or just
represents a macroscopic space charge effect with negligible
associated microscopic effects. Here we present a study of the
vibrational energy relaxation dynamics of water molecules in the
water bridge. The rate of the vibrational energy relaxation is
strongly dependent on the direct molecular environment (local
hydrogen-bond strength and structure)'®.

Experiment

We measured the vibrational energy relaxation dynamics using
polarization-resolved femtosecond mid-infrared pump-probe
spectroscopy'’. In the experiment the OH stretch vibration of the
HOD/D,0 mixture was excited from the vibrational ground state
v=0 to the first excited state v=1 with an intense (~10 pJ) pump
pulse. This excitation leads to a bleaching of the fundamental
v=0—1 transition and an induced v=1—-2 excited-state
absorption. The latter absorption is redshifted by ~250 cm™ due
to the anharmonicity of the O-H stretch vibration. The transient
changes in absorption were monitored with a much weaker probe
pulse. Both pump and probe pulses were centered at 3500 cm™
and had a spectral width of ~350 cm™. This spectral width is
larger than the width of the absorption band of the OH stretch
vibration of HDO:D,0. As a result, spectral diffusion effects are
negligible.

We measured the pump-induced frequency-resolved transient
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Fig 1. Panel A: Schematic representation of the setup. Black arrows
indicate the translation direction of the two beakers and the cylindrical
lenses. Panel B shows a picture of the water bridge.

s absorption spectra (Aa) as a function of the time delay between
the pump and probe pulses. The pump and probe pulses were
focused into the sample with a gold-coated parabolic mirror (see
Fig. 1A). After travelling through the sample the probe was
recollimated using two cylindrical lenses (f;j=25 mm and £,=35

10 mm) oriented orthogonally with respect to each other. We could
thus compensate for the lensing effects resulting from the
cylindrical shape of the water bridge. The reference beam (which
passed along the sample) was used to correct for shot-to-shot
fluctuations of the probe-pulse energy. The probe and reference

15 beams were dispersed with an Oriel monochromator and detected
with a 2x32 pixel mercury-cadmium-telluride (MCT) detector
array (Infrared Associates).

The polarization of the probe pulses was set to an angle of 45°
with respect to the pump pulse polarization. After the sample

2 either the p (parallel to long water bridge axis) or s (parallel to
short water bridge axis) probe polarization component was
selected using a wire grid polarizer mounted in a motorized
rotation stage. The thus obtained transient absorption changes
Ao (t,v) and Aa,(t,v) were used to construct the so-called

25 isotropic signal Ads(t,v)=1/3[Aa(t,v)+2A0,(t,V)] .

The delay time-dependent isotropic pump-probe signal
Aai(t,v) is not sensitive to the depolarization of the excitation
and directly reflects the vibrational energy relaxation.

The water bridge sample was prepared as reported

3 previously.>' Briefly, two 100 mL glass beakers were filled with
a dilute solution of HDO in D,0O (Cambridge Isotope
Laboratories DLM-6, D-99.96%, conductivity ~1.4 pS/cm).
Rectangular, platinum electrodes were placed in each beaker. One
of the electrodes was grounded, the other one had a potential

35 between 6 and 13 kV applied with a FUG high voltage power
supply (HCP 140-20000, 6 mA, 20 kV). The current varied
between 40 pA and 200 pA, depending on the water bridge
length and thickness. The beakers were kept at a constant
temperature (20° + 2°C) in order to minimize thermal effects in

40 the sample and to improve the bridge stability. The beakers were
placed on translation stages allowing for spatial adjustment of the
width and length of the water bridge (Fig. 1A).
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Fig 2. Normalized delay traces for the water bridge (blue circles) and for
the reference bulk sample (black circles). The traces are measured at a
probe frequency of 3500 cm™, where the heating effect is negligible. The
lines are guide to the eyes resulting from monoexponential fit.

We tuned the parameters of the water bridge in order to obtain
the best compromise between bridge stability (which is achieved
with a thick bridge) and a not too high optical density (which is
attained for a thin bridge). We obtained an optimal result with a
voltage of approximately 9 kV (1.5 kV/cm) and a current of about
60 pA, and the bridge having a length of 1.0-1.5 cm and a
thickness of about 2-3 mm.

We also performed reference experiments on a sample of bulk
HDO:D,0. The sample cell used in these reference experiments
was formed by two 2 mm CaF, windows separated by a 1.5 mm
teflon spacer. The cell was filled with a sample taken from the
HDO:D,0 liquid that was also used to form the water bridge.
From the linear absorption spectrum it followed that this sample
was a dilute solution of ~0.5% HDO in D,0. The experiments on
the water bridge and the reference sample were repeated many
times with excellent reproducibility.

Results and discussion

In Figure 2 we show pump-probe signals as a function of delay

for the water bridge and the reference bulk sample. For both
samples, the signal was normalized to the value at 0.2 ps delay.
The pump excitation of the v=1 state of the OH stretch vibration
resulted in a bleaching signal for the weak probe pulse. This
bleaching is partly due to the depletion of the ground state,
thereby reducing the absorption from the ground state (v=0—1),
and partly due to stimulated emission out of the excited state back
to the ground state (v=1—0). The v=1 state relaxes back to the
ground state (v=0), thus leading to a decay of the bleaching
signal. Both traces shown in Figure 2 were obtained by spectrally
averaging over a frequency interval of 30 cm™ centered around
3500 cm™'. At this frequency the final thermal effect of the
excitation is minimal.
The results show that the vibrational relaxation is significantly
faster for the water bridge than for bulk HDO:D,O. A single
exponential fit to the data yields vibrational relaxation time
constants 7 for the HDO:D,0O water bridge and for bulk
HDO:D,0 of 600+30 fs and 740430 fs, respectively. The
vibrational lifetime of the water bridge is thus significantly
shorter than that of ordinary bulk liquid water. The shorter
lifetime of the water bridge is observed at different positions in
the bridge. Hence, there is no gradient of this lifetime. The
relaxation time found for bulk HDO:D,O is in excellent
agreement with the results of previous studies'® %°.
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Fig 3. OH stretch vibrational lifetime determined from the delay-time
curves measured for the water bridge for three different applied potentials
(blue) and for the reference sample (black). The values were obtained by
averaging the lifetime values over many measurements (10 for the water
bridge and 15 for the reference). The larger error bars for the lifetimes at

6.7kV (1.1 kV/cm) and 12.7 kV (2.1 kV/cm) originate from the smaller
number of measurements performed at these voltages (3 and 2
respectively). The reference sample was not exposed to any potential
(position of the data point is purely for comparison).

To study whether the applied potential has an effect on the
vibrational lifetime of the HDO molecules in the water bridge, we
also performed experiments using potentials of 6.7 kV (1.1
kV/em) and 12.7 kV (2.1 kV/cm). As depicted in Figure 3 no
significant dependence of the lifetime on the applied potential
was observed. At all potentials we observed a shortened
vibrational lifetime of ~600 fs. However, it should be noted that
at each potential we had to adjust the length of the water bridge to
keep it stable. Hence, the local electric fields in the water bridge
may in fact not be very different for these (externally) applied
potentials.

We performed experiments both with the pump beam polarized
along the long axis of the water bridge (p-polarized) and
perpendicular to the long axis of the water bridge (s-polarized).
For both configurations we observed a vibrational lifetime of
600+30 fs. Hence, the vibrational relaxation does not depend on
the orientation of the excited OH vibrations in the water bridge.
In order to exclude the possibility of artifacts and to find the
origin of the acceleration of the vibrational relaxation rate for the
water bridge, we performed additional test experiments on the
reference sample. In the first experiment we varied the optical
density. In the second experiment we applied an electric field (2
kV/cm) to the reference sample by either placing the sample in
between the two electrodes (with no direct contact between water
and the electrodes) or by sliding the two electrodes in between
the windows, thus exposing the water film to the electric field
directly. In all these studies we obtained the same vibrational
lifetime for the reference sample of 74030 fs. The latter result
shows that the shortening of the vibrational lifetime is not directly
due to the presence of the electric field. This result is in line with
the lack of dependence of the vibrational lifetime of the bridge on
the pump polarization. Water molecules oriented parallel and
perpendicular to the electric field lines show the same shortened
relaxation time, thus confirming the notion that the electric field
itself is not responsible for the shortening of the lifetime.

One may think that the shorter vibrational lifetime of the water
bridge could be the result of a local heating effect, as the current
running through the water bridge leads to a local rise in
temperature’. For most substances, an increase in temperature
leads to an acceleration of vibrational energy transfer processes.
However, one of the anomalous properties of water is that its
vibrational lifetime increases with rising temperature'. This
anomalous behavior can be explained by the blueshift of the OH
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Fig 4. Thermalization dynamics of the water bridge (in blue) and the bulk
sample (black) following the relaxation of the OH stretch mode. Right
panel shows the extracted lifetimes for the excited (circles) and
intermediate states (triangles).

stretch vibrational spectrum with temperature. Due to this
blueshift, the coupling to lower-frequency accepting modes
decreases, and thus the 7} lifetime increases. In a Raman study of
the water bridge a small blueshift of the OH stretch vibration
spectrum was observed", which is thus also consistent with a
heating effect in the water bridge. Hence, based on the
temperature effect, a small increase of the vibrational lifetime of
the water bridge would have been expected, which makes the
observed shortening of this lifetime all the more surprising. For a
bulk liquid HDO:D,O sample the observed lifetime of ~600+£30
fs would correspond to a temperature below 0°C'%. Of course, the
water bridge in our study is not supercooled but had a
temperature of 25+2 °C (measured with a thermographic camera
calibrated to the emissivity of water’), thus slightly higher than
the water in the beakers.

We also analyzed the equilibration (thermalization) of the
vibrational energy following the relaxation of the OH stretch
vibration. It has been observed before that the vibrational
relaxation of the OH stretch vibration of bulk HDO:D,0 and of
the OD stretch vibration of HDO:H,O does not directly lead to a
thermal equilibration of the vibrational energy’’. The
thermalization is delayed because the state(s) that get excited by
the relaxation of the OH/OD stretch vibration do not represent a
thermal energy distribution, and because it takes some time
before the structure (coordinates) of the hydrogen-bond network
reaches the new equilibrium configuration that corresponds to the
higher energy content of the low-frequency modes. In the present
experiments we also observed that the rise of the thermally
equilibrated absorption spectrum was delayed with respect to the
decay of the excited state spectrum. To quantify this delay we
described the data with a model that involves three states: the
excited state, an intermediate state and a final heated state. The
exact character of the intermediate state in the relaxation process
is not clear, but likely involves the simultaneous excitation of
many modes (i.e bend mode, librations, H-bond stretch).

Figure 4 shows the result of a global fit to the data at all probe
frequencies. The fitting results are represented by solid lines. The
fit to the three-level model yields a similar time constant for the
excited state relaxation of the OH stretch vibration as was
obtained from the analysis of the data in the frequency regions
where the heating effect on the signal is negligible. We found

100 TIWB:630i50 fs and TlBLllk:740 +40 fs.
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Interestingly, we found that the rise of the heated end level is
much slower for the water bridge (Teqws=1.510.4 ps) than for the
bulk sample (Teqpu=250£90 fs). The right panel in figure 4
presents the extracted relaxation time constants. The error bars
reflect the spread of the lifetimes over all the analyzed data sets
(15 for the water bridge — including data at higher and lower
potential and s excitation polarization, and 15 for the reference
sample).

Thus the formation of the water bridge has an even stronger
effect on the thermalization dynamics than on the energy
relaxation of the OH stretch vibration. It is also interesting to note
that the effects are opposite: the vibrational relaxation of the OH
vibration is accelerated, whereas the equilibration of the system is
slowed down. Both changes in vibrational relaxation dynamics
hint at a different structural arrangement of water molecules in
the water bridge compared to bulk liquid water.

A structural rearrangement responsible for the observations
could be formed by a partial collapse of the tetrahedral network
of water. Such a collapse is supported by 2D neutron and Raman
scattering studies that found evidence that in the water bridge the
number of hydrogen bonds per water molecule is reduced and
that the water molecules are partially aligned'* ?2. A partial
collapse of the hydrogen bond network will reduce the
connectivity of the water molecules, which can thus explain the
slowing down of the thermalization of the energy, as this process
requires the equilibration of the energy over many water
molecules.

A partial collapse of the network will also affect the modes that
accept the energy of the excited OH stretch vibration. These
modes are the HDO bending mode (~1450 cm-1), the librations
(~800 cm™), the hydrogen-bond stretch vibrations (~200 cm™)
and the hydrogen-bond bend vibrations (~50 cm™). Especially the
lower-energy accepting modes are quite susceptible to structural
rearrangements, and changes in their frequency and coupling to
the OH stretch vibration could explain the observed acceleration
of the vibrational energy relaxation.

Conclusions

In conclusion, we studied the energy relaxation of the OH
stretch vibration of HDO molecules contained in an HDO:D,0O
water bridge. We found that the vibrational relaxation is
significantly faster (~630+50 fs), and that the subsequent
thermalization dynamics are significantly slower (1.5£0.4 ps)
than in bulk HDO:D,O (740+40 fs, 250190 fs respectively).
These effects are not induced directly by the electric field that is
needed to form the water bridge. Instead these observations
appear to result from a different molecular-scale structure of
water in the water bridge.
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