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ABSTRACT: The ultrafast energy transfer from an intense,
subpicosecond THz pulse to bulk water at 300 K and density 1
g/cm3 is simulated by ab initio molecular dynamics with
explicit inclusion of the laser pulse. A 200 fs subcycle pulse of
intensity 5 × 1012 W/cm2 corresponding to a peak field
amplitude of 0.6 V/Å and achievable nowadays using optical
rectification techniques results in a temperature jump from 300
K up to ∼1000 K within the first picosecond after the pulse.
We discuss in detail the time-dependent structural changes
caused by the THz pulse in the water medium and suggest
possible ways to measure those changes by pump−probe experimental techniques. The ultrafast energy transfer from the
energized water molecules to a solute molecule is studied on a test system, phenol. We find that phenol is, in the gas phase,
insensitive to the THz pulse and only gains energy in solution via collisional energy transfer with the water molecules in its
environment. The reason for this is found in the mode of interaction of the THz pulse with the aqueous medium. In short, water
molecules respond mainly through their permanent dipole moments trying to orient themselves in the strong electric field of the
pulse and disrupting their hydrogen-bonding structure. As compared with the water molecule, phenol has a smaller but still
substantial permanent dipole moment. The moments of inertia of phenol are, however, too large for it to rotate in the short
duration of the THz pulse. Therefore, the direct heating-up mechanism is mostly selective to the solvent molecules, whereas the
solute heats up indirectly via collisions with its hot environment in about 1 to 2 ps.

■ INTRODUCTION

Temperature-jump (T-jump) experiments in liquid water have
a long history in the study of chemical kinetics.1−4 With the
advent of femtosecond lasers a couple of decades ago, ultrafast
T-jump experiments became possible and have since been used
to study the very fast kinetics of fundamental steps in chemical
reactions,5,6 folding processes in biomolecules,7−9 and
fundamental aspects of the hydrogen-bond (H-bond) dynamics
and energy transfer in liquid water10−16 and other liquids.17 T-
jumps in water can be induced, for example, by targeting the
first O−H vibrational excitation of liquid water at ∼3400 cm−1

with an infrared (IR) laser, thus providing T-jumps in the
nanosecond to femtosecond time scales.5,6,8,11−15 An alternative
technique relies on the excitation of dissolved dye molecules
with an ultraviolet−visible laser; the dye molecules sub-
sequently release their electronic energy as heat to their
environment.9 Zewail et al. demonstrated a water temperature
increase of up to 20 K on a picosecond time scale by using an
IR pulse of wavelength 1.45 μm, total pulse energy of 15 μJ,
and duration of 5 to 20 ps.5 Similar T-jumps have been
reported by Hobley et al. using a nanosecond 1.9 μm IR pulse14

and by Wernet et al. using a femtosecond IR pulse at the
wavelength of the O−H excitation and duration 60 fs.15

Nonetheless, T-jumps in water of the order of a few tens of

kelvin are still small in comparison with the thermal energy kBT
associated with typical chemical reaction barriers in solution. As
an example, a reaction barrier ΔE = 10 kcal/mol, which should
be considered a small barrier in terms of reaction kinetics,
corresponds to a temperature of T = ΔE/kB ≈ 5000 K. As is
well known, this is the fundamental reason why reactive events
are a clear example of dynamical rare events.
Here we explore the application of intense, subpicosecond

THz pulses that are able to increase the temperature of bulk
water from 300 K to roughly 1000 K. We investigate the
structural properties of the resulting superheated (in the sense
that it is not in thermodynamical equilibrium) water phase and
how the ultrafast heating-up process of bulk water results in an
ultrafast energy redistribution and energy transfer from the
superheated solvent to dissolved molecules. We find that the
structural properties of water achieved after the short THz
pulse resemble those of supercritical water, that is, water at
conditions beyond the critical point at 647 K, 22.06 MPa, and
0.32 g/cm3;18−20 however, here the heating-up process of the
medium is isochoric due to the very fast energy transfer from
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the THz pulse to bulk water, which results in a transient phase
of superheated water still at the usual density of 1 g/cm3.
Supercritical water is known to be an aggressive solvent that can
be used, for example, in the degradation of biomaterials and in
which organic substances have an increased solubility with
respect to water under ambient conditions.21

We show that water molecules mainly interact with the THz
pulse through their permanent dipole moments and quickly
respond by trying to align along the THz polarization axis,
while H bonds are broken during this process. The ultrafast
energy gain of a solvated molecule in the superheated water
environment is determined by collisions with solvent molecules
until a quasi-equilibrium is reached. As an example system, we
investigate energy transfer to the phenol molecule in solution,
which is soluble in water and represents a structural motif
common in larger organic and biological systems. Interestingly,
whereas the phenol molecule gains a large amount of energy
within 1 ps after the THz pulse due to collisions with hot water
molecules, the same pulse has almost no effect on gas-phase
phenol. This effect can be traced to the substantially larger
moment of inertia of phenol as compared with water and is
discussed later in greater detail.

■ METHODS
Ab initio molecular dynamics (AIMD) simulations were
performed with the CP2K molecular dynamics package.22,23

In this framework, nuclei are described classically and the
electronic structure quantum mechanically by means of density
functional theory (DFT).24 Born−Oppenheimer-based AIMD
trajectories were propagated by using the Quickstep electronic
structure module23 of CP2K. This module uses the Gaussian
and plane waves (GPW) method to solve the self-consistent-
field problem. The Perdew−Burke−Ernzerhof (PBE)25 func-
tional together with Geodecker−Teter−Hutter (GTH)26

pseudopotential was used. The electron density and molecular
orbitals were expanded using plane waves with a cutoff of 400
Ry and a TZV2P Gaussian atomic basis set, respectively.
Classical trajectories were integrated using a 1 fs time-step, and
periodic boundary conditions (PBC) were used in all three
spatial directions. Liquid water was described in a cubic box
with 256 water molecules at a density of 1 g/cm3. To obtain a
thermalized simulation box, we first optimized the geometrical
parameters of the system; then, the temperature was slowly
raised up to 300 K using the Nose−́Hoover thermostat to
maintain thermal equilibrium. Subsequently, a production run
of 4.5 ps was used to collect 15 initial configurations separated
by 300 fs, and each initial configuration was then propagated
microcanonically (NVE) for 1.5 ps in the presence of the THz
pulse. The inclusion of the electric field under PBC when
solving the self-consistent electronic structure equations was
performed using the Berry-phase approach.27,28 In the case of
solvated phenol, a similar simulation protocol was followed, but
in this case the phenol molecule was embedded in a periodic
box with 256 water molecules.

■ RESULTS AND DISCUSSION
Interaction of Liquid Water with the THz Pulse. The

electric field of the THz pulse considered is given by

ω ϕ= ϵ +t t tE u( ) ( ) cos( )z c (1)

where ϵ(t) = A exp{−(t −t0) 2/2σ2} is a Gaussian envelope
with σ = 84.93 fs. This corresponds to a full width at half-

maximum (fwhm) of ϵ2(t) of 141 fs. The maximum electric
field amplitude A = 0.61 V/Å corresponds to a peak power per
unit area of 5 × 1012 W/cm2. We consider a mean frequency ωc
= 2π × 3 THz (100 cm−1), which results in a pulse between a
half and full cycle long. uz is the polarization direction of the
electric field and ϕ is the carrier-envelope phase, which we set
equal to π/2. In all reported results, the THz pulse envelope is
centered at t0 = 0 fs and trajectories are started at t = −250 fs,
when the Gaussian envelope of the pulse is still negligible. THz
pulses of these characteristics were generated recently by
optical rectification of mid-infrared laser pulses in an organic
nonlinear crystal.29

Figure 1 shows the average energy per water molecule in its
different types of degrees of freedom as a function of time. The

THz pulse is centered at t = 0. The energy transfer from the
pulse to water and the subsequent energy redistribution are
analyzed by partitioning the total kinetic energy into three
contributions: (1) translational energy (TE) of the center of
mass of the molecule; (2) rotational energy (RE) around the
instantaneous principal axes of rotation; and (3) vibrational
energy (VE). VE includes the bending and the two stretching
modes of water molecules, which were not separated here. The
TE and RE contributions correspond to hindered rotations and
librational motion of water monomers in liquid water. In Figure
1, the mean value of the total KE at t = −250 fs corresponds to
a temperature of 300 K, and the probability distributions of TE,
RE, and VE correspond to a Maxwell−Boltzmann distribution
also at 300 K.30 During the pulse, the KE per monomer
increases most rapidly as the pulse reaches the peak electric
field amplitude of 0.5 to 0.6 V/Å, which is present only during
few tens of femtoseconds. The significant increment in KE
starts only after the pulse reaches about half of its maximum
amplitude (∼0.25 to 0.3 V/Å) and keeps on increasing until it
reduces to less than half of its peak value. As expected, the KE
remains constant after the pulse, only slightly fluctuating due to
the exchange of total KE and potential energy. The total energy
of each trajectory after the THz pulse is conserved to numerical
accuracy, as expected from a microcanonical simulation. The
KE increase per monomer of ∼2300 cm−1 (0.3 eV or 6.6 kcal/
mol) corresponds to a final kinetic temperature of ∼1050 K.

Figure 1. Kinetic energy partitioning per water monomer as a function
of time. t = 0 corresponds to the center of the THz pulse envelope.
Red: total kinetic energy (KE), blue: translational energy (TE), green:
rotational energy (RE), pink: vibrational energy (VE), dashed: electric
field amplitude. The maximum of the electric field amplitude is 0.61
V/Å. For water ⟨KE⟩ = (9/2)kB Tk, where Tk is just a kinetic
temperature and no assumption of thermal equilibration is made
whatsoever. ⟨KE⟩ is the ensemble-averaged kinetic energy per water
molecule from all trajectories and all water molecules.
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This energy gain corresponds to an absorption of ∼30 THz
photons per water monomer. The increase in VE is slower than
TE and RE. The reason is that the THz pulse interacts mainly
with the permanent dipole moments of the water monomers,
forcing them to rotate out of their preferred arrangement. In
the bulk, molecular rotations are hindered and quickly lead to
collisions. This sets in motion hindered molecular translations.
The resulting collisions quickly bring energy to internal modes
on a short time scale. We assume that the heating process is
isochoric on a picosecond time scale for a bulk system, meaning
on such short time scales no increase in volume is expected to
take place. All KE contributions, namely, TE, RE, and VE, reach
a quasi-equilibrium distribution within 1 ps after the pulse. In
this transient state of the solvent, essentially no H-bond
network is present anymore although the system is found at the
density of the liquid.30

The vibrational structure of liquid water has been
characterized by infrared10,31,32 and Raman33 spectroscopies
and by neutron scattering33 measurements. Intramolecular
features appear in the 1200−4000 cm−1 spectral range. Water
molecules in the liquid phase librate with frequencies in the
range 400−1200 cm−1 with a maximum at ∼670 cm−1. The
intramolecular HOH bending band appears in the range 1200−
2200 cm−1 with a clearly distinguishable peak at ∼1650 cm−1,
and the OH stretching band appears in the range 2900−3700
cm−1 centered at ∼3450 cm−1. The power spectrum or spectral
density describes the density of modes per unit frequency and
can be obtained as the Fourier cosine transform of the
velocity−velocity autocorrelation function (VACF)34

∫

∫

∑ω τ τ τ α ω
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where S(ω, τ) is the spectral density of vibrational modes at
frequency ω and delay time τ with respect to the THz pulse,
whereas vj is the velocity of the jth atom. Brackets represent
ensemble averaging over different initial conditions (realiza-
tions). Deviations from aτ(t) = 0 for t ≳ 500 fs are assumed to
be the result of insufficient sampling over the number of
averaged trajectories. Therefore, the exp(−t/α) function brings
the tail of aτ(t) smoothly to 0 within ∼500 fs,35 which in the
frequency domain corresponds to a convolution with a
Lorentzian profile. The spectral density is calculated here at
different time delays τ with respect to the center of the THz
pulse.
The spectral density of liquid water as a function of the time

delay with respect to the center of the THz pulse is shown in
Figure 2a. In it one can clearly follow in time the strong
perturbation of the vibrational structure of liquid water caused
by the interaction with the THz pulse. The spectra at τ = −750
and −250 fs are indistinguishable from the power spectrum of
liquid water at room temperature. Right after the pulse, the OH
stretching band at 3430 cm−1 blue shifts to 3620 cm−1 due to
disruption of H bonds, whereas the HOH bending mode (1648
cm−1) does not change significantly. The librational motion
band at ∼585 cm−1 red shifts to ∼333 cm−1 after the pulse.
Librational modes are known to be very sensitive to changes in
the H-bonding network,36 and such red shifts have been
observed for water above T = 500 K.37 Our results indicate the
T-jump produced by the THz pulse can be followed in time by

measuring a transient IR absorption spectrum as a function of
the time delay, for example, following the blue shift of the OH
band as the temperature increases within the first picosecond
after the THz pump pulse or alternatively by following the
evolution of other spectral features previously described.
In the low-frequency region between 10 and 400 cm−1,

Raman,38,39 far-infrared,40−42 and neutron scattering43,44

spectra of liquid water show two weak bands with peaks at
∼60 and 200 cm−1, which correspond to hindered translational
modes involving several water molecules.36 There has been
some debate over the interpretation of the band at ∼60
cm−1.36,38,45 The widely accepted interpretation is that the
existence of the peak at this frequency corresponds to
vibrations of the cage structure formed by various water
molecules. The band near ∼250 cm−1 corresponds to the O−O
intermolecular stretching vibrations, that is, hindered trans-
lations of H-bonded molecules.36 The power spectrum S0O(ω,
τ) calculated at different time delays and shown in Figure 2b
reveals how the long-range structure of water is changed by the
THz pulse in this low-frequency spectral region. S0O(ω, τ) is
obtained from the VACF of the oxygen atoms only and is
normalized to 1 at t = 0. This results in cleaner structural
information on the concerted network vibrations of water than
by inspecting the S(ω, τ) spectral density.36 S0O(ω, τ) at −750
and −250 fs time delays shows the two peaks and is consistent
with liquid water results at room temperature.38,43 Because of
the THz pulse, the mobility of the molecules increases and
dramatically changes the network structure. At delay times 0,
250, and 750 fs, the intensity of the band at centered at 250
cm−1 decreases due to the depletion of the H-bond network.
The disappearance of the peak at 60 cm−1 suggests the
disruption of any type of cage structure at the level of several
water monomers. The power spectrum obtained after the pulse

Figure 2. (a) Spectral density of water calculated as the Fourier
transform of the velocity−velocity autocorrelation function of all
atoms and (b) spectral density calculated from the oxygen atom
velocities only. The different time delays τ correspond the difference
between the center of the THz pulse envelope and the 0-time for the
evaluation of the autocorrelation function. τ can be interpreted as the
delay between the THz pump pulse and an IR probe pulse.
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is indicative of a very quick loss of correlation between the
relative motions of oxygen atoms in the superheated water on
the time scale of a few tens of femtoseconds. From the above
analysis, one can conclude that the THz pulse dramatically
alters the network structure of liquid water on a subpicosecond
time scale. We emphasize that the heating-up process is
ultrafast and that the superheated water, right after the pulse, is
still found at the density of liquid water under standard
conditions.
Energy Transfer to a Solute Molecule. We just discussed

how a short and highly intense THz pulse applied to liquid
water results in a large and sudden kinetic energy increase of
the water molecules and, consequently, of the temperature of
the medium, mostly by coupling to the permanent dipole
moments of the individual monomers and disrupting the H-
bond structure of the liquid phase. In the following, we
investigate in some detail the mechanism by which a solute
molecule gains energy in this environment. As a test solute
system, we consider one phenol molecule placed in a
simulation box with 256 water molecules. In the following,
we compare the THz response of a phenol molecule in vacuum
and in solution to characterize the differential effect that the
aqueous environment has on the ultrafast heating process.
The total kinetic energy of phenol is partitioned into three

contributions, similarly as before for water, to analyze the
energy redistribution to various types of degrees of freedom.
Becausre phenol is a neutral molecule, its center of mass does
not interact with a spatially homogeneous electric field, and in
vacuum the three translational degrees of freedom (DOF)
conserve their energy. Therefore, these are not shown. Figure
3a presents the effect of the pulse on the energy of the hindered
translational and rotational degrees of freedom as compared
with the rotational energy of phenol in vacuum. Interestingly,
the increase in rotational energy (RE) in vacuum is negligible in
comparison with the increase in RE and in translational energy
(TE) of the center of mass in solution. The permanent dipole
moment of an isolated water monomer is 1.85 D,46 whereas for
isolated phenol, it is 1.224 D.47 So, it may be at first instance
striking that rotations of the phenol molecule are insensitive to
the THz pulse in the gas phase as compared with an isolated
water molecule,30 at least in view of their not so different
permanent dipole moments. For water, the interaction of the
monomer’s permanent dipole moment with the pulse accounts
for a large part of the interaction with the electromagnetic field.
The main difference lies in their different rotational constants
(or moments of inertia). The three rotational constants are
(27.87, 14.51, 9.28) cm−1 for a water molecule48 and (0.19,
0.09, 0.06) cm−1 for a phenol molecule.47 The phenol molecule
does not respond to the THz pulse because it is too massive to
start rotating within the short pulse duration. In general, many
soluble molecules in water will not be able to directly be
affected by such a THz pulse, either because of having a small
permanent dipole moment, larger moments of inertia than
water, or both. This makes the energy-transfer mechanism to an
aqueous medium with solute molecules using a short and
intense subcycle THz pulse selective to the molecules of the
solvent, which first heat up and then transfer energy to the
solute molecules via frequent collisions. During and after the
THz pulse, the RE and TE energy contributions of the solvated
phenol molecule steadily increase. These motions basically
correspond to displacements of the solvated molecule relative
to the solvation shell. After the THz pulse, each rotational and
translational degree of freedom has increased its mean energy

by 150 to 200 cm−1 within 1 ps after the pulse. The strong
energy variations seen in Figure 3a,b result from the limited
number of sampled trajectories. A better sampling was not
possible due to their high computational cost.
Similarly, the internal vibrational modes of isolated phenol

are insensitive to the intense THz pulse, which is seen in the
negligible energy increase of the vibrational energy of phenol in
vacuum shown in Figure 3b. Therefore, the vibrational energy
increase in the solute is mostly a consequence of collisions with
energized solvent molecules. In total, phenol increases its total
kinetic energy by more than ∼8400 cm−1 in the liquid
environment as compared with the interaction with the pulse
without mediation by the solvent molecules. The heating-up
mechanism is clearly illustrated in Figure 4a, where the average
energy increase per DOF is compared for isolated water,
isolated phenol, as well as bulk water and solvated phenol in
water environment. Trajectories of an isolated water molecule,
an isolated phenol molecule, and a solvated phenol molecule in
the presence of the THz pulse are provided as Supporting
Information. In the isolated water case, we see that the kinetic
energy of the molecule increases within the pulse by a similar
amount as for water molecules in the bulk. Before the pulse is
over, the rotational motion of the water molecule is slowed
down again by the pulse by some amount, which is a
particularity of the initial conditions of the trajectory shown.
Isolated phenol in the gas phase is insensitive to the pulse as
previously discussed, while solvated phenol quickly gains
energy from its aqueous environment. Figure 4b shows the
kinetic temperature increase in the solvent water molecules and
of the phenol molecule. The temperature of the phenol
molecule quickly increases shortly after the surrounding solvent

Figure 3. Average kinetic energy of the phenol molecule in different
types of degrees of freedom. (a) Translational energy (TE) of the
center of mass in the liquid (blue, solid), rotational energy (RE) in the
liquid (green, solid) and in vacuum (green, dashed). (b) Vibrational
energy (VE) in solution (pink, solid) and in vacuum (pink, dashed).
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molecules start to gain energy, as seen in Figure 4b. About half
of the temperature increment during the first picosecond takes
place after the THz pulse is over, and the final kinetic
temperature of phenol reaches about 750 K within 1 ps after
the THz pulse. A heating-up curve of the form T(t) = T0 +
ΔTf(1 − exp(ln(2) t/t1/2)) with t1/2 = 242 fs, T0 = 350 K, and
ΔTf = 450 K has been fit to the heating-up curve of phenol
obtained from the AIMD simulations. This indicates a fast
initial energy transfer and corresponding associated temper-
ature increase between 400 and 500 K; however, the asymptotic
temperature reached within the simple first-order kinetics
model is still >200 K away from the final temperature of the
bulk. From the length of the propagated trajectories, one
cannot infer the time scale of the final equilibration to the
temperature of the surrounding water molecules.
Solvation Dynamics during and after the THz Pulse.

As a consequence of the THz pump pulse, the mobility of the
water molecules around phenol increases. The more energetic
water molecules can overcome to a larger extent the repulsive
short-range potential with the phenol molecule and con-
sequently the average distance between phenol and neighboring
water molecules decreases. The nearest distance between
carbon atoms of phenol and oxygen atoms of water (dC−O) is
shown in Figure 5a as a function of time. During the pulse,
dC−O changes from a time-averaged value of 3.38 Å to a
minimum of 3.12 Å and then keeps oscillating around a value of
∼3.2 Å. By comparing the dC−O graphic and the energy increase
in water shown in Figure 4b, one sees that the shortening of

dC−O is insensitive to the particular temporal profile of the THz
pulse applied and seems to be a function only of the amount of
energy per water molecule. This indicates again that the energy-
transfer mechanism works by directly transferring energy to
bulk water molecules and not by triggering directly the motion
of solute−solvent vibrational modes, that is, displacements of
the phenol molecule in its solvation box.
Water molecules in the first solvation shell of phenol

exchange at a large rate under the conditions reached after the
pulse, whereas there is practically no exchange of the molecules
in the first solvation shell at 300 K during the time scale of a
few picoseconds. Figure 5b shows, as a function of time, the
average distance between the center of the phenol ring and the
centers of the set of water molecules found within a radius of 6
Å of the center of phenol ring at a particular time delay and
compares this distance with its equilibrium value. The rapid
exchange of neighbors means that phenol is at all times in
contact with very energetic water molecules coming and going
from the bulk instead of being surrounded by a static solvation
shell. This observation may have consequences, for example, in
the activation of chemical processes in which one or more
water molecules may have to play an active role in a chemical
reaction. A structured water environment at room temperature
activates chemical processes by fluctuations that affect the
relative potential energy of reactants, transition state, and
products geometry.49 Instead, the superheated environment
resulting from the interaction with the THz pulse behaves
rather like an idealized environment of hard spheres, which can
only activate chemical processes by direct collisions and the

Figure 4. (a) Average kinetic energy increment (ΔE) in each degree of
freedom of isolated water (red), isolated phenol (green), bulk water
(blue), and solvated phenol in water (magenta). (b) Kinetic
temperature (TK) of water and the dissolved phenol molecule.
Water molecules gain energy only for the duration of the THz pulse.
The energy of the solvated phenol molecule keeps increasing after the
THz pulse due to collisions with water molecules. The solid curve
along the phenol dotted red line corresponds to a fit of the form T(t)
= T0 + ΔTf(1 − exp(ln(2) t/t1/2)) for the heating-up kinetics.

Figure 5. (a) Average value of the nearest distance between carbon
and oxygen atoms (red) and electric field amplitude of the THz pulse
(blue). Only oxygen atoms of the solvent are considered. (b) Average
distance between a set of water molecules and the center of phenol
ring with time. At each given time the reference set of water molecules
was found within the spherical region of 6.0 Å around the center of the
phenol ring.
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transfer of kinetic energy, as is known from chemical reactions
occurring within unstructured environments of rare-gas
atoms.50

■ CONCLUSIONS AND OUTLOOK
A highly intense THz pulse delivering a power per unit area of
5 × 1012 W/cm2 to room-temperature bulk water on a
subpicosecond time scale results in a large energy increase in
the water molecules, to a large extent by interaction with their
individual permanent dipole moments, which results in a fast
breaking-up of the H-bond structure in the bulk. THz pulses of
these characteristics have been recently realized using optical
rectification of mid-infrared laser pulses in a nonlinear organic
crystal.29 According to our ab initio molecular dynamics
simulations, each water monomer increases its energy during
the pulse by ∼2300 cm−1, which gives rise to a kinetic
temperature increase from 300 to ∼1050 K. Most of the energy
increase occurs within a time window of ∼100 fs, during which
the pulse reaches its peak amplitude of 0.6 V/Å. Hindered
translational and rotational vibrational modes of the water
monomers gain energy rapidly during the duration of the THz
pulse, and internal vibrations (HOH bending and OH
stretching) follow with a delay of a few tens of femtoseconds
through collisions between monomers. The power spectrum of
the water vibrations calculated at different time delays with
respect to the center of the THz pulse indicates a blue shift of
the OH stretching band from ∼3400 to ∼3600 cm−1. This
effect is due to the break up of H bonds in the superheated
water phase and might be followed by probing the absorption
of the medium in this spectral range by a THz pump-IR probe
scheme. The disappearance of the structure in the power
spectrum in the low-frequency region (0−400 cm−1) indicates
the depletion of the H-bond network and of any transient
structures involving several water molecules, which are present
at lower temperatures.
The superheated water phase reached after the THz pulse

quickly transfers energy to a solute molecule, in this example,
the phenol molecule, due to constant collisions. As already
discussed, water molecules respond to the electric field of the
pulse mostly through their individual permanent dipole
moments, and a small moment of inertia is also needed to
quickly respond and rotate. In contrast, a phenol molecule
remains insensitive to the THz pulse when in vacuum due to its
higher moment of inertia with respect to water, although its
permanent dipole moment is on the same order of magnitude
and only <50% smaller. In water, the solvated phenol molecule
experiences an energy increase of, on average, about 200 cm−1

per DOF after the pulse. This corresponds to a T-jump from
300 up to 800 K within 1 ps after the THz pulse.
The transient conditions of temperature and pressure

reached in water after the pulse are beyond the critical point
at 647 K and 22 MPa but still at the liquid density of 1 g/cm3.
The possibility of producing superheated water by application
of strong THz pulses, which quickly initiate intermolecular
collisions at a much increased rate as compared with room
temperature, may open new avenues in the study of the
ultrafast dynamics of thermally activated processes of chemical
and biochemical reactions.
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Computing Vibrational Spectra from Ab Initio Molecular Dynamics.
Phys. Chem. Chem. Phys. 2013, 15, 6608−6622.
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