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We report time-resolved studies of hydrogen bonding in liquid H2O, in response to direct

excitation of the O–H stretch mode at 3 mm, probed via soft X-ray absorption spectroscopy at the

oxygen K-edge. This approach employs a newly developed nanofluidic cell for transient soft

X-ray spectroscopy in the liquid phase. Distinct changes in the near-edge spectral region

(XANES) are observed, and are indicative of a transient temperature rise of 10 K following

transient laser excitation and rapid thermalization of vibrational energy. The rapid heating occurs

at constant volume and the associated increase in internal pressure, estimated to be 8 MPa, is

manifested by distinct spectral changes that differ from those induced by temperature alone. We

conclude that the near-edge spectral shape of the oxygen K-edge is a sensitive probe of internal

pressure, opening new possibilities for testing the validity of water models and providing new

insight into the nature of hydrogen bonding in water.

Introduction

Understanding the structure of water and the associated

dynamics is of paramount importance due to the significant

role of water in living organisms and the biosphere in general.

Water structure and dynamics are intimately related to hydro-

gen bonding, which gives rise to a dynamic network that

permeates the entire liquid and deviates from the tetrahedral

structure of ice.1 For this reason, water has been investigated

by various experimental techniques that probe observables

sensitive to hydrogen bonding, among them X-ray and vibra-

tional spectroscopy.2,3 Although these techniques probe very

different energy scales, they share chemical specificity and

local character. An important distinction is that X-ray spectro-

scopy probes local structure via core level transitions with

atomic sensitivity and element specificity, whereas infrared

spectroscopy, also being chemically specific, is local on the

length-scales of vibrational modes in molecules. Static X-ray

spectroscopy has revealed quantitative information on local atomic

structure,4,5 whereas time-resolved vibrational spectroscopy

has produced information on the timescales of structural

dynamics as short as 50 fs.6–9

Time-resolved vibrational spectroscopy has concentrated on the

infrared spectrum of HOD in D2O and H2O
10–16 and to a lesser

extent on pure H2O,
17,18 limited by the (sub-)micron absorption

length. The latter also poses a challenge for X-ray absorption

spectroscopy.2 The infrared spectrum of a 400 nm thick water

sample is shown in Fig. 1A.19 Studies to date have focused on the

OH stretching vibration centred at nOH = 3400 cm�1 because of

its sensitivity to hydrogen bonding. More recently, the OH

bending vibration dOH in H2O and D2O and librational modes

nL between 650 cm�1 and 1800 cm�1 have been investigated by

femtosecond vibrational spectroscopy.20–24 There is also abundant

literature on the low-frequency spectral response of water between

a few wavenumbers and the O� � �O stretching vibration

nO� � �O.
25–30

Static X-ray spectroscopy experiments have been used to

investigate the oxygen K-edge of water, the near-edge region

of which is shown in Fig. 1B. Of particular significance are the

pre-edge (I), main-edge (II) and post-edge (III) regions due to

their distinct sensitivity to the local atomic structure and

hydrogen bonding.4,5 Various techniques have been employed

to measure this spectral region such as X-ray Raman scatter-

ing (XRS) and X-ray absorption spectroscopy (XAS) using

transmission, fluorescence and total and Auger electron yield

(TEY/AEY).31–35

Interpretations of X-ray spectra of liquid water have been

based on direct comparison of the absorption in the near-edge

region of the oxygen K-edge with that of bulk-ice, surface layers

of ice and gas-phase water. More detailed interpretations of

water XAS in conjunction with model calculations of the local

hydrogen-bonding structure have led to much discussion about
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the validity and ambiguity of various water models.36–43

Generally, quantitative interpretation of spectroscopic data

often requires theoretical modelling. This is particularly true

when structural information of liquid water is extracted from

spectral data. In this respect, vibrational spectroscopy has been

compromised by ambiguous correspondence between frequency

and structure; notwithstanding new multidimensional techniques

that separate overlapping spectral contributions along several

dimensions in frequency space.6–8

Recently, X-ray diffraction in liquids has been implemented

in a time-resolved manner to investigate structural dynamics

and chemical processes in the liquid-phase.44–46 X-Ray diffrac-

tion provides the Fourier transform of the electron density

which, in the case of water corresponds primarily to the O–O

radial distribution function. However, the limited available

Q-range has often precluded direct inversion of diffraction

data and interpretation has also relied on model simulations.

The main limitation of diffraction techniques is the lack of

chemical specificity, restricting liquid-phase experiments to

systems with acceptable scattering contrast between solute

and solvent or the study of the latter itself.

We seek new information on water structure by using

transient XAS, which can distinguish between sub-ensembles

of water molecules by selective excitations, to link local

water structures to X-ray absorption spectra. While future

femtosecond soft X-ray XAS will allow to monitor water

molecules in non-equilibrium conditions such as vibrationally

excited water, picosecond transient XAS is very sensitive to

changes in macroscopic variables such as temperature and

pressure allowing for previously inaccessible experimental

sensitivity.

We have developed a solution-phase infrared pump/soft

X-ray probe experiment at the advanced light source (ALS).

The short absorption lengths in the soft X-ray region have

complicated time-resolved XAS in the liquid phase because of

the significant experimental challenge to create sub-micron

liquid films that remain stable in a vacuum environment under

typical photo-excitation conditions. We have employed a

nanofluidic cell for soft X-ray spectroscopy in liquid phase

that allows for sub-200 nm control of the liquid film thickness

anywhere between 200 nm and tens of microns.18,47

In this paper, we present time-resolved XAS studies of

vibrationally excited water, and compare them to temperature-

dependent X-ray spectra of water obtained via Raman

scattering. Measurements over time scales from 150 ps to

200 ns reveal the evolution of hydrogen bonding in response

to transient changes in both temperature and pressure.

Experimental

Transient X-ray absorption measurements were performed at

the soft X-ray femtosecond beamline 6.0.2 at the ALS.48,49

A schematic of the beamline is shown in Fig. 2. It consists of

two parts, a high-repetition-rate 800 nm Ti:sapphire laser

system that produces frequency-converted infrared pulses

and an undulator-based soft X-ray beamline, equipped with

an X-ray chopper and a varied line space grating mono-

chromator, tuneable from 200 eV to 2 keV.

The filling pattern of the ALS synchrotron consists of

276 electron bunches spaced 2 ns apart with one ‘‘camshaft’’

bunch (10 mA max. current, 70 ps full width half maximum

bunch duration) isolated in a 100 ns gap to allow for gated

detection of the X-rays produced by this single bunch.

Differential X-ray absorption spectra at the oxygen K-edge

were recorded by tuning the energy between 530 eV and

550 eV using a monochromator resolution of 0.5 eV. The

X-ray pulses are focused to a spot size of 50 mm with a flux of

about 104 photons/pulse/0.1% bandwidth at the sample. The

X-rays were attenuated by a factor of 10 to ensure stable

sample conditions.

The 150 fs pump pulses at 2.95 mm wavelength are derived

from an optical parametric amplifier (Light Conversion

TOPAS-C), and are synchronized to the X-ray pulses by

locking the 62.5 MHz repetition rate of the cavity-length-

stabilized oscillator of the Ti:sapphire laser system to the

500 MHz repetition rate of the radio frequency cavity of the

synchrotron, with a precision of better than a few picoseconds.

The spectrum of the pump pulses is determined by measuring

the frequency-doubled signal of the infrared pulses with a

grating spectrometer (Ocean Optics NIR256). The infrared

pump pulses are focused to 150 mm at the sample (4 mJ/pulse,
incident at B101 with respect to the X-rays) and are detected

Fig. 1 A. Static infrared absorption spectrum of a 400 nm thick water film between 50 cm�1 and 4250 cm�1 (from ref. 19). The vertical arrow at

3400 cm�1 indicates the spectral position of the infrared pump pulse. B. Static X-ray absorption spectrum of water in the near-edge region of the

oxygen K-edge measured in transmission (400 nm thick film, solid curve) and by Raman scattering (dashed curve from reference 50, rescaled) at

22 1C. The vertical lines mark absorption maxima and the corresponding regions around them are commonly referred to as the pre-edge (I),

main-edge (II), and post-edge (III) of the water X-ray spectrum. The post-edge region connects to the extended X-ray absorption fine structure

(EXAFS).
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outside the vacuum chamber with a PbSe diode for alignment

purposes.

Spatial overlap of infrared pump and X-ray probe pulses is

ensured by alignment through a pinhole placed in the sample

plane. Temporal overlap with o100 ps accuracy is determined

by using a fast silicon avalanche photodiode and a GHz

oscilloscope (Tektronix 5104B). For delay scans at fixed

X-ray energy, the time delay between pump and probe pulses

is varied electronically with picosecond accuracy. The OH

stretching vibration is excited by the infrared pulses into its

first excited state nOH= 1 at a repetition rate of 1 kHz while the

X-ray pulses that probe the sample transmission were recorded

at 2 kHz thereby creating interleaved data of unperturbed and

the excited sample transmission, I and I(t), respectively, t being

the time delay between the pump and the probe pulses. The

total integration time per data point is typically 20 s.

The liquid film sample is held in a 0.5 mm-wide channel

between two 100 nm-thick silicon nitride membranes as

pictured in Fig. 2. The entire sample cell is mounted in a

vacuum chamber that is filled with moderate helium pressure

to offset the vapour pressure of the liquid. The sample

chamber is isolated from the beamline vacuum by a third

100 nm-thick silicon nitride membrane. The thickness of the

liquid film is optimized by controlling the sample cell pressure,

which is typically set to 150 torr.

Although it is difficult to determine the exact equilibrium

temperature of the sample under continuous infrared

pumping, consideration of the boiling point provides an upper

limit. Even at 100 torr, where the boiling point of water is

50 1C as inferred from the Clausius–Clapeyron equation, we

did not observe any boiling of the sample. We therefore

conclude that our equilibrium sample temperature is between

room temperature and 50 1C. The typical sample thickness for

these experiments is 400 nm, which is slightly less than the

absorption length of the X-ray pulses at 537.5 eV. The infrared

absorption is well matched to that of the X-rays, amounting to

an optical density of about 0.2 (see Fig. 1A and B absorption

of infrared light and X-rays). We also tested the behaviour of

thinner and thicker samples.

An X-ray Raman spectrum of water at 22 1C at the oxygen

K-edge50 is shown for comparison in Fig. 1B (dashed line).

The static absorption spectrum in Fig. 1B (solid line) is in good

agreement. Differences between the two spectra in the pre-edge

region are due to the coarser energy resolution of 1 eV in the

X-ray Raman scattering experiment as compared to the 0.5 eV

resolution in this work. Slight fluctuations in sample thickness

in the XAS experiment account for differences in the

main- and post-edge region. Generally, the two techniques

yield identical results although XAS measures the attenuation

of X-rays that pass through the sample as a function of

incident X-ray energy while XRS measures the intensity of

X-rays with energies far above the absorption edge that are

inelastically scattered in the sample as a function of energy

shift between the incident and the scattered X-rays.

The absorbance A of the unexcited sample is calculated from

the incident and the transmitted X-rays, I0 and I, according to

A = �log(I/I0). The change in absorbance DA is calculated

from the transmitted X-ray intensities of the unperturbed and

the excited sample with DA = �log(I(t)/I). In the small signal

limit, DA = �(ln10)�1(DI/I) where DI = I(t) � I. Then, a

relative transmission change DT/T= DI/I= 1.0% corresponds

to an absorbance change DA = 4.3 mOD.

Results and discussion

We recorded time-resolved X-ray absorption data between

532 eV and 550 eV covering the pre- (I), main- (II), and post-

edge region (III) of the oxygen K-edge. The results are plotted

as differential absorption spectra at delays of 150 ps and 200 ns

in Fig. 3A (solid and open circles). At both delays, pronounced

increases in absorption (DA 4 0) are apparent in the pre- and

main-edge region with maximal changes at 534.4 eV and

536.4 eV. It should be noted that these maxima occur at the

rising edge of the pre- and main-edge peaks of the K-edge

spectrum, indicating enhanced peak absorption and a shift of

the pre- and main edge absorption maxima towards lower

energies. A broad absorption decrease (DA o 0) in the post-

edge region between 538 eV and 545 eV is followed at higher

energies by an absorption increase beyond 545 eV. This

absorption increase is flat beyond 548 eV and extends to at

least 556 eV (measured at 150 ps, data not shown). Clearly,

absorption is shifted away from the centre of the post-edge

region at 542 eV towards the pre- and main-edge region and to

energies beyond 545 eV. The differential absorption spectrum

continues to evolve for pump–probe delays t 4 150 ps, as

evidenced by spectral measurements at 200 ns delay.

Surprisingly, the dynamics on timescales 4150 ps are only

observed in the pre- and post-edge region whereas the

absorbance change in the main-edge region remains constant

between 150 ps and 200 ns. The origin of the long-time

dynamics is discussed below.

We note that during the course of this experiment Wernet

et al.51 published data consistent with the differential absorp-

tion spectrum at 150 ps delay in Fig. 3A. However, the limited

Fig. 2 A. Schematic of ALS beamline 6.0.2. B. Cross section of the

central part of the sample cell in which a liquid water film is

sandwiched between two silicon nitride membranes. The pressure

inside the sample volume is controlled while the chamber is backfilled

with helium to constant pressure. C. Two transmission interferograms

are shown which serve as a measure of the liquid film thickness with

sub-200 nm accuracy.
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time-range of the former experiments prevented the clear

observation of the effects of isochoric heating, the subsequent

evolution of the internal pressure, and associated effects on the

local water structure.

From the differential absorption spectra alone, certain

conclusions can already be drawn. The absorption increase at

the main edge and the decrease in the post-edge region translate

in part to a shift of the post-edge absorption to lower energies.

Since the post-edge absorption is partially identified with a s*
resonance which shifts to lower energies for longer O� � �O
distances, i.e. longer hydrogen bonds and vice versa,40,52

we conclude that the degree of hydrogen bonding decreases

upon vibrational excitation. The induced absorption at energies

higher than 545 eV can be attributed to increased disorder of

the hydrogen bond network.53,54 Femtosecond pump–probe

experiments in the infrared have shown that water thermalizes

within 5 ps upon OH stretching excitation, due to a very rapid

cascaded relaxation of vibrational excitations.24 Since this

thermalization timescale is much faster than the experimental

time resolution we attribute the observed absorption change to

a temperature increase. Both, the weakening and the increased

disorder in hydrogen bonding, are consistent with previous

observations from vibrational spectroscopy on water.55,56

For comparison with our differential absorption spectra,

data from Bergmann et al.50 is plotted in Fig. 3B. In the latter

experiment, the oxygen K-edge of water was measured via

X-ray Raman scattering for sample temperatures of 2 1C and

22 1C. The differential Raman spectrum in Fig. 3B has been

rescaled by a factor of 1.2 and reversed in sign as compared to

the original publication to facilitate comparison with the

differential absorption spectrum at 200 ns time delay.

The overall agreement between the transient absorption

data at 200 ns and the static XRS data is quite good. However,

there are some discrepancies between the two differential

spectra such as the energies where DA changes sign. The lower

resolution in the XRS experiment contributes to some extent.

Furthermore, the transient absorption data was recorded at

higher base sample temperature than the Raman data which

suggest that the absorbance change does not depend solely

on temperature differences but also on absolute temperature,

i.e. the differential Raman spectrum cannot be linearly extra-

polated to higher temperatures. Recent higher resolution XRS

data on liquid water similarly shows that differential XRS

spectra depend on temperature differences and absolute

temperature.57

We also recorded absorbance changes as a function of

pump–probe delay at specific X-ray probe energies. The results

are plotted in Fig. 4. In the left panel, short delay scans are

shown that follow the absorbance changes around zero delay

for the three indicated X-ray energies. The absorbance changes

between 75 ps and 200 ps delay are consistent with those

measured in the differential spectrum at 150 ps delay (Fig. 3A).

These time transients also serve as a cross-check for the

baseline (DA= 0) of the differential XAS spectra. In particular,

we verified the absence of absorbance changes at 538 eV with

an uncertainty below 0.3 mOD by scanning the time delay at

this energy (data not shown).

The temporal dynamics in Fig. 4A reflect the 70 ps width of

the X-ray probe pulses and confirm that the excited water

volume reaches a thermalized state well within the time resolu-

tion of the experiment. Hence, the data resembles a convolution

of the 70 ps X-ray pulses and a very fast (step function-like)

process. The solid lines are fits of this model to the experimental

data with good agreement between model and experiment.

Longer delay scans are displayed in Fig. 4B and C. It is

evident that the differential signal partially recovers on

nanosecond timescales in the pre- and post-edge region while

it is essentially constant at the main-edge (consistent with the

data in Fig. 3A). We model this recovery with a single

exponential, erf(t) (A + Be�t/t), and extract a time constant

of t= 8 ns � 3 ns for the data in Fig. 4B. The ratio A :B varies

with frequency but is approximately 2 in the spectral region of

the pre- and post-edge peaks. The fit to the time trace at

537 eV increases with a time constant of 8 ns (B o 0) but

setting B = 0 yields equal fit quality. This finding is also

consistent with the data in Fig. 3A and shows that within the

experimental signal-to-noise ratio no dynamics take place on

nanosecond timescales in the main edge region.

Importantly, we observe that the time constant for partial

signal recovery depends on the sample thickness as is demon-

strated in Fig. 4C for delay scans on a thin and thick water film

(solid and open circles, respectively). The absorbance change

DA increases with thickness by 4.5 and the corresponding

time constants differ by at least the same factor: The thin

sample exhibits a time constant of 6 ns � 2 ns while the thick

sample shows a much slower recovery. Within the accuracy of

Fig. 3 Transient absorption change of the oxygen K-edge after excitation of the OH stretching vibration of water. A. Differential absorption

spectrum at two infrared pump/X-ray probe delays of 150 ps (solid circles) and 200 ns (open circles). B. Difference of two static Raman spectra

recorded at temperatures of 2 1C and 22 1C taken from ref. 50, rescaled by 1.2, and reversed in sign.
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our 20 ns delay scan we extract a time constant of 70 ns

(with A :B= 2). Varying the ratio A :B between 1 and 4 varies

the time constant by �40 ns with similar fit quality.

To evaluate the dependence of the absorbance change DA on

the sample thicknesses we assume that the transmission change

DT is proportional to the absorbed infrared energy, i.e.

DAB DT/TB [1 � exp(�x/lIR)]exp(x/lxray). Using the absorp-

tion lengths lIR = 800 nm and lxray = 1200 nm at the pre-edge,

we derive ratios DA200 nm :DA400 nm :DA800 nm = 1 : 2 : 4.5

which match the absorbance changes at 534.5 eV in

Fig. 4A–C. As a cross-check of the sample thicknesses in

Fig. 4C, we extract the experimental transmission ratio of

the two thicknesses, T200 nm :T800 nm = 1.75, and compare it

to the theoretical value of exp[(800–200 nm)/1200 nm] = 1.65.

The agreement is surprisingly good for this simple model

To explain the changes on nanosecond timescales we note

that a transient increase in water temperature at constant

volume (isochoric heating) leads to a transient pressure

increase that subsequently relaxes via sample expansion. Our

sample cell is not a sealed cell but is similar to an open beaker

with an initial equilibrium temperature and pressure before the

pump pulse excites the sample. Furthermore, the silicon nitride

membranes that constitute the transmissive windows of

the sample cell are very flexible allowing for sample

thicknesses of tens of microns without membrane rupture.

A lower limit for the timescale of the water expansion process

can be derived from the (hydrodynamic) speed of sound in water

(1.5 km s�1).58 Given the size of the excitation spot (150 mm)

compared to the nominal sample thickness (400 nm), transverse

expansion can be neglected. Therefore, expansion is pre-

dominantly longitudinal and a lower time limit of this process

for a sample thickness of 400 nm is 270 ps. Since water

thermalizes within 5 ps after OH stretching excitation, the sample

is heated at constant volume. The isochoric heating translates

into an ultrafast increase in internal pressure that depends on

absolute temperature ranging from 0.5 MPa K�1 at 22 1C to

1.0 MPa K�1 at 50 1C as calculated from the thermal expansion

coefficient and the isothermal compressibility of water.59

The maximal temperature change in the water layer can be

estimated from the absorbed pump energy, the excited water

mass (given by the sample thickness and the pump beam size),

and the specific heat capacity of water. When taking into

account the Gaussian beam profile and Fresnel reflections at

the first sample window, the upper limit for the induced

temperature change is 20 1C. However, uncertainties in the

exact pump beam size and more importantly, insufficient

spatial overlap between the pump and the probe pulse can

lead to large errors in temperature estimates. When comparing

the relative signal change between the XAS and the XRS data

we estimate that the probed temperature change is only 10 K.

From this induced temperature change we calculate an initial

pressure jump of 8 MPa after OH stretch excitation.

We infer that the differences in the pre- and post-edge region

of the differential absorption spectra in Fig. 3A are associated

with an elevated internal pressure at 150 ps delay that has

relaxed at 200 ns through volume expansion on nanosecond

timescales. This pressure relaxation is reflected in the time

evolution of the transients at the pre- and post-edge in Fig. 4B.

Thicker samples have to expand more (on absolute length

scales) for the pressure to relax leading to longer relaxation

times as is evident in Fig. 4C. This interpretation explains why

the differential absorption at 200 ns delay (Fig. 3A), for which

the pressure has relaxed, shows greater similarity with the

differential Raman spectrum in Fig. 3B which was recorded at

ambient pressure. Raman spectra at the oxygen K-edge of

water at higher pressures have been measured,60 but the high

statistical noise in that data set precludes a direct comparison

with our data.

A time-resolved X-ray diffraction study44 has found similar

increases in temperature and pressure upon ultrafast heating

of water. Ultrafast infrared pump–probe experiments in ice

Ih61,62 also reported isochoric heating with a pressure increase

of 1.3 MPa K�1 and subsequent relaxation via adiabatic

volume expansion with a time constant of 1 ns. Accounting

for the slower speed of sound in water compared to ice

(1.5 km s�1 vs. 3.9 km s�1)58,63 we extract an expansion

time-constant that is B6� larger than expected based on the

measurements in ice. A possible explanation is that the silicon

nitride windows may act as tamping layers, thereby slowing

down the expansion dynamics.64 Other experiments monitored

water expansion by interferometric surface height changes

upon overtone excitation of water vibrations and found water

to expand on multiple timescales ranging from nano- to

microseconds.65 We can exclude cooling of the excited sample

volume on nanosecond timescales because the thermal

diffusivity of neither water nor the window material (silicon

nitride) is large enough to allow heat to be dissipated faster

than on micro- to millisecond timescales.

Fig. 4 Sample absorbance change as a function of delay between the 2.95 mm excitation pulse and the soft X-ray probe pulse at specific X-ray

energies. Solid lines are fits to the data based on an instantaneous absorption change convolved with a 70 ps pulse, with A: negligible recovery and

B,C: partial single exponential recovery within the measurement window.
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Our results show that the main edge region is fairly insensi-

tive to a pressure of 8 MPa, whereas the pre- and post-edge

absorption increases with pressure, resulting in similar absorp-

tion changes as occur when the temperature is raised at

constant pressure. Similar insensitivity of the main edge is

also observed in the XRS difference spectrum of H2O and D2O

where the changes in the pre-edge and post-edge follow an

expected small difference in temperature. Opposing effects of

pressure and temperature on hydrogen bonding have been

inferred from pressure-dependent Raman spectroscopy on the

OH stretching vibration of water66 but the interplay between

temperature and pressure with respect to the oxygen K-edge is

not clear and modelling of this edge at elevated pressure is

necessary to extract more information from transient X-ray

absorption spectra.

Conclusions

We have performed transient soft X-ray absorption studies of

the response of liquid water to an ultrafast excitation of the

OH stretching vibration. We observe thermalization of the

water sample within the 70 ps time resolution of the experi-

ment that leads to an ultrafast isochoric temperature jump of

10 K accompanied by a pressure increase of 8 MPa. Pressure

relaxation manifests as a decreased absorption change in the

pre- and post-edge region on nanosecond timescales while the

main-edge region is fairly insensitive to pressure changes.

When comparing our transient XAS spectra to static isobaric

XRS data of liquid water at different temperatures we observe

discrepancies at sub-nanosecond delays at the pre- and post-

edge. Absorbance changes partially recover on nanosecond

time scales and differential XAS spectra at 200 ns delay are in

reasonable agreement with XRS data. Both observations

suggest that the pre- and post-edge spectral regions of the

oxygen K-edge are a sensitive probe of internal pressure. Thus,

the effect of pressure on the local structure of liquid water can

be studied via transient infrared pump/XAS probe spectro-

scopy. This work offers a novel approach to study, with high

sensitivity, the structural and dynamic effects of pressure

and temperature on liquid water—and hydrogen bonding in

liquids such as alcohols—and to test theoretical models

describing the liquid. Femtosecond X-ray sources will allow

new insight into the ultrafast dynamics on (sub-) 100 fs time-

scales providing detailed information on sub-ensembles of

water molecules by frequency-selective excitation (vibrational

labelling) in the mid- and far-infrared (THz) region of the

water spectrum.
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