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We resolve the real-time coherent rotational motion of isolated water molecules encapsulated in
fullerene-Cgo cages by time-domain terahertz (THz) spectroscopy. We employ single-cycle THz
pulses to excite the low-frequency rotational motion of water and measure the subsequent
coherent emission of electromagnetic waves by water molecules. At temperatures below ~100 K,
Ceo lattice vibrational damping is mitigated and the quantum dynamics of confined water are
resolved with a markedly long rotational coherence, extended beyond 10 ps. The observed
rotational transitions agree well with low-frequency rotational dynamics of single water
molecules in the gas phase. However, some additional spectral features with their major
contribution at ~2.26 THz are also observed which may indicate interaction between water
rotation and the Cg lattice phonons. We also resolve the real-time change of the emission
pattern of water after a sudden cooling to 4 K, signifying the conversion of ortho-water to para-
water over the course of 10s hours. The observed long coherent rotational dynamics of isolated
water molecules confined in Cgo makes this system an attractive candidate for future quantum

technology.

Resolving the real-time coherent dynamics of molecular
systems is of central interest in physics and chemistry.'=* For
example, the rotational quantum dynamics of isolated
molecules have attracted considerable attention.**> The
relatively slow rotational motion of isolated molecules
provides a detailed insight into the angular coordination of
molecules and their decoherence trajectory, allowing
optimization of the interaction potential energy surface of the
molecular environment. Rotational motions with typically
long coherence time are also considered as viable candidates
for applications in quantum information processing.t%

Among numerous molecular systems whose rotational
guantum dynamics have been studied, the rotational dynamics
of water are of particular interest because of its importance in
atmospheric science and astrophysics, to name only two
examples.t®® However, the rotational dynamics of water has
a complex pattern because of (i) the low symmetry of water

molecules -causing the irregular spacing of its rotational
energy levels- and (ii) the constraint that is imposed on its
rotational quantum wave function due to the symmetry of the
wave functions of its spin isomers. The latter constraint is a
consequence quantum statistics,'’ according to which
molecules with identical nuclei exist in the forms of spin
isomers with distinct rotational quantum energy levels. As a
result, water with two identical fermionic hydrogens forms
two spin isomers, ortho-water with total nuclear spinof I = 1
and para-water with total nuclear spin of I = 0. Hence, the
rotational dynamics of isolated water molecules are observed
with contributions from both ortho- and para-water.

Studying the rotational dynamics of water enriched with only
one form of its spin isomers is an ideal solution to reduce the
complexity of the rotational pattern of water, but separation
of ortho- and para- water is challenging. Despite some
disputed claims,'® the physical separation of the spin isomers
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Figure 1. THz time-domain spectroscopy of H2O@Ceo. a, A single cycle-THz pulse traverses the H2O0@Cso sample and launches a
rotational wave packet in the rotational quantum states of encapsulated water molecules. The coherent radiation of the molecules is
observed as the tail of the transmitted THz pulse. b, The lowest rotational energy levels of water molecules. The para and ortho energy
levels are labelled separately by the quantum numbers Ji_x_ (see text for details). The amber-colored area shows the frequency
spectrum of the THz pump pulse. The arrows indicate the three lowest rotational transitions of water.

of bulk water is not thought to be feasible.!%% Kravchuk et al.
formed a magnetically focused molecular beam of ortho-
water, based on the deflection of the nuclear magnetic
moments?* and Horke et al. used strong static electric fields to
gain spatial separation of the two isomers of water in a
molecular beam.?? However, fast proton transfer in water
limits the implementation of these salient approaches for
resolving the real-time rotational dynamics of samples
enriched with ortho- or para-water.

Kurotobi et al. made a breakthrough by encapsulating isolated
water molecules in fullerene-Ceo cages.?® Since its birth,
H20@Ceo has provided wealth of information on the quantum
behavior of water, such as the conversion of ortho-water to

para-water below 5 K, using various methods including
NMR,2*% mid-IR,2® FIR,2 inelastic neutron scattering
(INS)??" and dielectric measurements.?® The INS also
revealed the splitting of the triply-degenerate ortho-H20
rotational ground state into a singlet and a doublet state.?>?*

The experimental data??>%® indicate that the lowest rotational
states of water are almost unperturbed by the encapsulating
cage at low temperature. The high symmetry of the cage
allows water to rotate freely, with no perceptible hindering
potential. This conclusion has been corroborated by nuclear
magnetic  resonance,®® molecular  dynamics  (MD)
simulations®® and multidimensional quantum calculations of
the energy level structure of the encapsulated molecule 3132
Dielectric measurements of HO@Cso indicate that the
electric dipole moment of water is strongly screened by the
cage, leading to a ~4-fold reduction in the effective dipole
moment,?® in good agreement with quantum chemistry
calculations.®? The most prominent influence of the molecular
environment on the lowest rotational states of the
encapsulated water is the breaking of the 3-fold degeneracy
of the ortho-water ground state,®2* which has been attributed
to an electric quadrupolar field generated by neighboring
fullerene molecules in the lattice.®*%

While previous studies reveal the free rotation of encaged
water molecules in Ceo cages, the degree of rotational
coherence of confined molecules can only be inferred by
time-resolved spectroscopies.®® Hence, our goal is to
understand whether the encapsulated water in the highly

symmetrical, homogenous and isolated environment of the
inner space of Ceo is able to rotate coherently, and if so, what
is the coherence time of its rotation? Since there is no
hydrogen binding between neighboring encaged water
molecules, can the rotational coherence of water be resolved
at cryogenic temperatures? Moreover, can we capture the
conversion of the spin isomers of water through its real-time
coherent rotational motions?

To obtain real-time rotational dynamics of molecules, non-
resonant short laser pulses are often used to transiently align
molecules, through which rotational wave packets are
created. The signature of coherent rotational motions appears
as periodically reviving features in the absence of the external
field.%” The revival signals are probed via measuring the
induced optical birefringence in the ensemble. Alternatively,
they can be resolved using strong ionizing laser pulses to
break the molecular bonds and measure the angular
distribution of the corresponding fragments.®® However,
neither laser induced alignment, nor the two probing
techniques would be the proper choices to study the alignment
dynamics of encapsulated molecules inside Ceo cages. The
high optical absorption coefficient of solid Ceo (a =
10* cm™! @ ~650 nm (Ref: P. C. Eklund, A. M. Rae, Y.
Wang, P. Zhou, K-A. Wang, J. M. Holden, M. S.
Dresselhaush, G. Dresselhaus, Optical properties of Ceo- and
Cro-based solid films. Thin Solid Films 257 (1995) 211-232))
makes the optical-induced alignment of the encapsulated
molecules very challenging. Moreover, even if the
encapsulated molecules are selectively fragmented, ions may
not escape their cages.

Fortunately, fullerene-Ceo is transparent at THz frequencies
and short THz pulses can be generated to resonantly create
rotational wave packets in water molecules. Hence, we
employ time-domain terahertz spectroscopy to resolve the
rotational dynamics of encapsulated water inside Ceso With
sub-picosecond temporal resolution. In the current work, we
use only weak THz pulses to resolve the coherent
orientational motion of water molecules; in a forthcoming
publication, we address the nonlinear THz response of
H20@ Céo.

EXPERIMENTAL DETAILS



H20@Cs SAMPLE

80% filled H20@Cso was synthesized as described earlier,®
intimately mixed with 15 times its mass of commercial 99.5%
Ceo (MTR Ltd) and the mixture sublimed in a quartz tube at
105 to 10 torr at 550 °C (with a 10°C/min temperature
ramp). The product was assayed for composition by HPLC of
a sample on a Cosmosil BuckyPrep analytical column (4.6 x
250mm) using toluene as the eluent at 1 ml/min which
confirmed the desired 5% H2O filling. Our sample
characterization (detailed in Ref. 39) clearly shows the
isolation of single H-O molecules inside Ceo cages.

TIME-DOMAIN THz SPECTROSCOPY

A schematic of the time-domain THz spectroscopy
experiment is illustrated in Fig. 1la. A THz pulse generated
via photoconductive switching technique, with center
frequency of ~0.5 THz, temporal duration of 0.5 ps and the
bandwidth of ~1.5 THz is incident with the H20@Cso sample.
The amber colored area in Fig. 1b, shows the amplitude
spectrum of the pulse. The transmitted THz pulse and the
coherent emissions of water molecules are measured using
short laser pulses in a reverse photo-conductive switching
process with temporal resolution of ~2 fs. The H.0@Ceo
sample is a bi-layer pellet, whose first layer (~0.2 mm thick)
is a homogeneous mixture comprising 5% of H.0@Ceo and
95% empty Ceo and the second layer is empty Ceo (~0.5 mm
thick). The diluted 5% H20@Ceo is used to avoid saturation
of the absorption transitions and the large thickness of the bi-
layer pellet helps to delay the first reflected echo signal from
the pellet-air interface to ~8 ps; opening a wide temporal
window for capturing a large fraction of the water’s coherent
emissions, without their interference with the reflected echo
signal. Note that although very thin 100% H20@Ceo samples
with ~10 pm thickness can also be used to obtain the
unsaturated rotational transitions, freestanding thin films of
Ceo are very fragile and challenging to work with.

We use two commercial THz spectrometers namely,
TeraPulse and TeraView to perform the experiments. The
sample is cooled down to liquid helium temperatures in an
Optistat (Oxford Instruments) helium-flow optical cryostat
with Mylar windows. The THz pulse path is purged by
nitrogen or vacuumed to exclude water vapor absorption
lines. Each signal is obtained by averaging of about 200-500
pulses and accumulating for 30-40 seconds. The step size of
the time-delay line movement provides a temporal resolution
of 3 fs on the TeraView spectrometer and 8 fs on the
TeraPulse spectrometer. In the temperature dependent
measurements, the sample temperature is gradually lowered
and the THz response of the system is measured at 10-degree
steps and after 60 min waiting time.

RESULTS AND DISCUSSION

Upon propagation of a weak THz pulse with electric field
E(t) through the H.O@Ceso sample, a linear polarization
P(t) = y(t)E(t) is formed. Here, yx(t) is the electric
susceptibility of the sample and describes the temporal build-
up and decay of P(t). The induced polarization is related to
the orientation of molecules upon THz excitation via P(t) =
N u (cosO(t)), where N is the number density, u is the
permanent dipole moment of water molecules and 0 is the
angle between the THz field polarization axis and p. As the
THz pulse resonantly excites the rotational motion of water,
E(t) directly couples into the molecular dipole moment and

exerts a p x E(t) torque on water molecules, hence time-
domain THz spectroscopy gains high sensitivity to explore
details of the rotational motion of encapsulated water inside
its THz transparent Ceo cage. The potential energy of this
light-matter interaction is explained by the Hamiltonian H, =
—u-E(t) = —u E(t) cosf. This interaction induces a
coherent wave-packet in the rotational quantum states of
water, such that one-quantum coherences (1QCs) are induced
between the rotational eigenstates. The induced 1QCs cause
the emission of electromagnetic waves whose amplitude
decays exponentially, known as a free-induction-decay
(FID).“"‘O

As an asymmetric top molecule, water has three distinct
moments of inertia I,, I, and I, along the three principal axes
of its inertial tensor and its Hamiltonian is given by H, =
21 20
operator along i = a,b,c. As the molecules are initially
distributed in different J states, the phase relation induced by
the THz pulse is quickly lost and their FID emissions diphase
and interfere destructively. After a period known as revival
period Tye, = 1/2B;c (c is the speed of light and B; = A2 /21,
is the rotational constant corresponding to each principle axis)
the dipoles reorient and their FID emissions interfere
constructively. Note that, as water has three rotational
constants, the molecular rotational motion gains a complex
pattern. To label the rotational transitions of the asymmetric
top molecules, we follow the procedure in which, each
rotational energy level is denoted by the j state and its
projections, K, and K, along the principal axes a and c.**

" .
+ 217” where J; is a component of angular momentum
c

According to the Pauli principle, for water with identical
fermionic protons, the total internal wave function is
antisymmetric with respect to particle exchange.*? For such
system in its ground electronic and vibronic state, the wave
function [1) = |10 |spin) Changes sign by the permutation
of its hydrogen atoms. As a result, for para-water with
antisymmetric nuclear-spin wave function |1,bspin), the only
allowed spatial wave functions are symmetric with respect to
particle exchange. These are characterized by even values of
Kat+Ke. In contrast, for ortho-water with symmetric |ygpin),
the allowed spatial wave functions are antisymmetric with
respect to particle exchange, corresponding to odd values of
KatKe. As depicted in Fig. 1b, the absolute rotational ground
state of water belongs to para-water Jx_x. = 0o With 1;; and
1,, asits first and second excited rotational states. The ground
rotational state of the ortho-water is Jx_ k. = 1o, and 1,, and
1,, are the first two excited rotational states.

IMPACT OF TEMPERATURE

First, we study the impact of temperature, in the range of 300
K to 6 K, on the THz response of the encapsulated water. The
H20@Ceo response, subtracted from that of the empty Ceo and
their corresponding Fourier spectra are presented in Fig. 2a
and 2b (see raw data before subtraction in Fig. S1). As
discussed below, the observed oscillations are the FID
emissions of water inside Ceo. While at higher temperatures
no emission is detected, the onset of FID emissions is resolved
at temperatures below ~100 K. The amplitude of the signals
increases on further cooling of the sample.

As shown in Fig. 2b, the emission encompasses different
spectral components, with first three low-frequency
contributions centered at ~0.52 THz, ~1 THz and ~1.53 THz
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Figure 2. Temperature-dependent rotational motion of H2O@Ceo. a, The rotational coherences of H20 are clearly resolved at cryogenic
temperatures, but display increasing damping as the temperature is increased. b, The contour plot of the Fourier spectra of the time-
domain signals shows the rotational components (the bright lines) of the encapsulated water molecules as function of sample
temperature. ¢, The rotational transitions at 1 THz and at 1.53 THz clearly show an increase in linewidth with increasing temperature.
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, corresponding to the transitions with quantum energies 2.15
meV, 4.14 meV and 6.33 meV, respectively. The observed
rotational transitions are in good agreement with the three
lowest rotational transitions of free water:* the para transition
000 — 144 with energy 4.56 meV, and two ortho transitions
191 = 1,50 and 1y, = 2,, with energies 2.26 meV and 6.85
meV (the three transitions are marked by red dashed arrows
in Fig. 1b).

The difference between the rotational frequencies of the free
water and those of the encapsulated water, from the lowest to
highest frequencies, are -1.2 cm?, +4 cm? and +4.6 cm?,
implying only a minor impact of the Ceo cage on the energy
levels of the encapsulated water molecules, consistent with
previous IFR and INS findings.® In addition to the major
three low-frequency rotational transitions, there are bright
lines in the contour plot of Fig. 2b, at frequencies higher than
1.5 THz and with the brightest one at 2.26 THz.

The selected spectra of the contour plot are displayed in Fig.
3a and clearly show a relatively strong peak at 2.26 THz and
two weak broad features, marked by asterisks, at about 1.9
THz and 2.49 THz. Interestingly, as depicted in Fig. 3b, while
the three low-frequency peaks (presented by the one at ~
1THz) monotonically gain larger amplitude by lowering
temperature, the peak at 2.26 THz gains its largest amplitude
at about 50 K and completely vanishes below ~10 K.

To understand the temperature behavior of coherent FID
emissions of water inside Ceo, We digress here to consider the
Ceo lattice structure and dynamics as function of temperature.
Pure Ceo adopts face-centered cubic crystal structure at room
temperature. At about 255 K, it undergoes a first-order phase
transition, accompanied by a small contraction of lattice
constant (14.1501 A —14.1015 A) and forms simple cubic
structure.***> By further cooling a second-phase transition
occurs at 90 K .*6

The dynamics of Ceo lattice have both intra- and inter-
molecular contributions. With a relatively large band gap, the
intramolecular dynamics of Ceo lattice cover the energy range
above ~30 meV, whereas the low-frequency intermolecular

phonons have maximum energy of ~6.4 meV.%” The latter
region is dominated by translational and rotational
(librational) motions. At room temperature, Cso molecules
perform continuous rotational diffusion. In the range between
267 — 90 K molecules perform random jump between
symmetry-equivalent orientations. In the very cold regime
below 90 K phonons become less active.*®

The absence of FID emissions at temperatures above ~100 K
can straightforwardly be attributed to the strong
intermolecular Ceo lattice dynamics, such that the coherent
rotation of water is completely damped by frequent collisions
of the rotating encapsulated water molecule with its cage.
Notably, the absence of such strong lattice-damping effect in
water vapor results in long coherent rotational time of ~100
ps.’84% By lowering the temperature, the encaged water
molecules experience less fluctuations, hence the THz-
induced rotational coherence of water lasts for a longer time.
As a result, the FID emissions of water molecules can be
resolved below T~=100 K.

The damping effect of the environment on water rotational
dynamics can also be realized from the broadening of the
rotational transitions. As shown in Fig. 2c, the full width at
half maximum (FWHM) of the two strong bands at 1 THz and
1.53 THz increase as the temperature is increased from 6 K to
about 100 K. The rapid increase in linewidth for the ortho-
H.O transition above ~80 K might be associated with a phase
transition in Ceo, With increased rotational freedom of the Ceo
cages themselves above ~90 K.*

The fact that the transition at 2.26 THz only appears at higher
temperatures strongly suggests that it originates from an
excited rotational state. The selection rules for
electromagnetic transitions are as follows: A] = 0,1, AK, =
+1, AK.=+1. Accordingly, the allowed transitions,
originating from the first rotational excited states, are (the
frequencies in isolated water molecules, from Ref. 4 are given
in brackets): para 1,; = 24, (0.99 THz), para 1,; = 24,
(1.74 THz), para 1,; = 2,0 (2.97 THZz) and ortho 1,, — 25,
(2.77 THz). However, none of these frequencies matches
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closely the observed 2.26 THz transition. The closest
candidate is the ortho 1,, = 2,, transition, but even this
would require a red shift of ~15 cm™ with respect to free
water. A red shift of this magnitude is far larger than those
predicted by quantum calculations?” and in contrast to the

negligible difference between the three lowest energy levels
of the free water and the encapsulated water. In the same way,
the broad features at ~1.9 THz and ~2.49 THz would require,
respectively a blue shift by ~ 30 cm™and a red shift by ~ 15
cm* to match the closest free water transition of 1,; = 2,

time constant of ~100 fs at 50 K and 50 fs at 100 K. Assuming
a rotational diffusion model of the water rotation, the rank-1
correlation function P;(cos 8) = cos 6 is expected to decay
with a time constant 3 times longer, i.e. ~300 fs at 50 K and
150 fs at 100 K. The salient point is that these time constants,
predicted by molecular dynamics using a force field estimated
by DFT, are much shorter than those observed experimentally
by time-domain THz spectroscopy. As shown also in Fig. S3,
the correlation decay time constant of 150fs at 100 K
estimated by molecular dynamics is more than one order of
magnitude shorter than the decay time constant of the
rotational coherences, observed experimentally. This large

and 1,; — 2,,. discrepancy between the MD calculations and the
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Figure 3. Temperature-dependent rotational spectra. a, Selected Fourier spectra of the time-domain FID emissions of H2O@Ceo. The
prominent peaks at 0.52 THz, 1 THz and 1.53 THz monotonically gain larger amplitude by lowering temperature and match well with
rotational transitions of free water. The peak at 2.26 THz and two broad features at about 1.9 THz and 2.49 THz, marked by green
asterisks, do not match the free water transitions (see text for details). The spectra are vertically displaced for clarity. Note the
logarithmic scale of the vertical axis. Periodic oscillations are due to the Fabry—Pérot effect. b, The peak amplitude of the transitions
at 1 THz and 2.26 THz, normalized against their maximum value.

At this point, the origin of the 2.26 THz peak is unknown. One
possibility is that the potential energy function used for the
existing quantum calculations?”%+%2 is insufficiently accurate
to predict the behavior of the excited rotational states of the
encapsulated water. Another possibility is that the 2.26 THz
peak involves an interaction between the water rotation and
the lattice phonons. Neutron scattering studies have indicated
the presence of low-frequency phonons in the Ceo lattice at
about 2 THz.5%.Hence, the low-frequency phonons of the Ceo
lattice, which are normally invisible to the THz radiation,
might become visible due to their coupling to the water
dipole.

It is also very instructive to compare the relaxation of electric
polarization P(t) of HO@Cs with that obtained from
molecular dynamics simulations. We determine the relaxation
time constants of P(t) as function of temperature by fitting
the measured time domain signals in Fig. 2a using the
decaying oscillatory functions Y;A; e "'sin(2mv;t). As
shown in Fig. S2, the decay time constants of the polarization
T, = ¥y~ increases from ~2 ps at about 90 K to ~3.8 ps at 6
K. In contrast, the results of MD simulations performed by
Ensing et al.,*2 using ab initio density functional theory (DFT)
shows much faster relaxation. The authors computed the
orientational correlation functions P;(cos#) at a range of
temperatures, where P;(x) is the rank-I Legendre polynomial
and the angle 6 describes the orientation of the water dipole
moment in H2O@Ceo. The correlation function for P,(cos 6)
was estimated to decay approximately exponentially with a

experimental THz results may be attributed to a low-
temperature quantum nuclear effects in the rotational
dynamics, which is beyond the scope of the MD calculations.
As remarked by the authors of ref.32, “at low temperatures
guantum rotation of the water molecule becomes significant,
which is not captured by our method”. The results shown in
Fig. 2a, and in particular the long decay of the rotational
coherences, therefore may reveal the classical-to-quantum
transition for the rotation of the encapsulated water
molecules.

The latter dynamical contrast may be attributed to the
different energy exchange mechanism of quantum- vs
classical- rotors with their environment. For a classical-rotor
the energy between water and its environment is exchanged
upon each collision of water and the cage inner surface,
whereas for a quantum-rotor the energy exchange follows
matching of the energy levels of the rotor and that of the Ceo
lattice.

ORTHO-to-PARA CONVERSION

Second, we measure the FID emissions of the encapsulated
water at 4 K, over the course of ~30 hours. For these
experiments, we gradually lowered the sample temperature to
20 K, and then rapidly lowered it to 4 K. The FID signals at
waiting times. equal to 1, 5 and 10 hours are shown in the left
panel of Fig. 4a. An interesting observation is the gradual
change of the FID emission pattern, from a more complex to
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Figure 4. Ortho-para spin conversion of water at 4K. a, The rotational motion of the encapsulated water in Ceo is measured as
function of waiting time after a sudden cooling of H2O@Cso from 20 K to 4 K. The non-equilibrium population ratio of ortho and para
spin isomers is directly observed by enhancing one oscillation at 1 THz and the reduction of frequency components at 1.53 THz and
0.52 THz. In the left panel, one observes the change of the pattern of the FIDs in the course of 10 hours. In the right panel, each trace
is decomposed into its three frequency components. The dashed lines are extrapolations beyond 8 ps. b, The Fourier spectra of the
time-domain rotational signal in panel a. In the time window of 10 hours the ortho lines at ~0.52 THz and ~1.53 THz lose their
amplitude (coded dark blue), while the para line at ~1 THz gains larger amplitude (coded red). c, The kinetics of the amplitude of the
para-water (@ 1THz) and ortho-water (@ 0.52 THz). The solid lines are single exponential fits to the experimental data (see text for

details).
a simpler pattern. We determine the FID emission
components by fitting the measured signals with

¥ A; e "tsin(2mv;t), where v; and y are respectively, the
frequency and the damping constant of the fitted
components®. The signals can be described reasonably well
by three decaying oscillations with v, = 0.52 THz, v, =
1 THz, v = 1.53 THz and y = 0.26 ps™? (see Fig. S3). The
fitted components are shown in the right panel of Fig. 4a. The
dashed lines are extrapolations of the fitted curves beyond 8
ps. The change of the FID components over the course of 10
hours can be clearly seen. In this temporal window, the
amplitude of the components v, = 0.52 THz and v; =
1.53 THz is reduced, whereas in contrast, the component
v, = 1 THz gains larger amplitude. The amplitude variations,
can also be seen in the Fourier spectra of the FID signals of
the H20@Cso in Fig. 4b, where the two ortho transitions lose
their strength, while the para component becomes brighter.
The temporal evolution of the latter amplitude variation, taken
from the ortho component v, and the para component v, is
given in Fig. 4c. Both curves can be fit well by single

exponentials with ortho decay time of 11.22 + 0.14 hrs and
para rise time of 13.5 + 0.25 hrs, in general agreement with
previous findings?3°. We attribute the difference between the
rise and decay time constants to the termination of the
measurement prior to reaching the equilibrium state.

These results manifest the real-time conversion of ortho-to-
para spin isomers of water. They demonstrate that the
coherent rotation of entrapped water molecules lasts for about
15 ps inside its cage at 4 K, to the best of our knowledge the
longest coherent rotational motion observed for confined
molecules in nano-cages. The damping of the rotational
coherence may be attributed to the shaking of the Ceocage due
to lattice vibrations which couple to the rotational motion
through translation-rotation coupling.?® Since we used a
diluted 5% H0@Ceso sample, water-water interactions may
be ruled out as the damping mechanism of the rotational
coherence.

CONCLUSION AND OUTLOOK



In conclusion, using single cycle THz pulses we launched
coherent wave packets in the low-frequency rotational
transitions of an ensemble of H.O@Cso (encapsulated water
in fullerene-Ceo) and resolved the coherent emission of
electromagnetic waves by the oriented dipoles. Underdamped
coherent emissions are observed at T < 100 K, the temperature
below which the lattice vibrations are mitigated. At 4 K, the
lowest temperature we reach, the rotation of water attains a
long coherent trajectory extended beyond 10 ps. This is far
longer than the rotational correlation time predicted by
molecular dynamics simulations, indicating a transition from
classical to quantum rotation of the water molecules at low
temperature. Although the coherence decay time for the
molecular rotation is unusually long for encaged molecules,
the coherence decay time is still shorter than that observed for
water in the gaseous state at room temperature. We also
directly observe the change of the pattern of the dipole
emission at 4 K, from a mixture of ortho- and para-water to a
more purified para emission after a waiting period of 10s of
hours, indicating the inter-conversion of spin isomers of water
at cryogenic temperatures.

It would also be of interest to probe the quantum state
lifetimes of the H2O0@Ceo rotational transitions. In the case of
optically transparent samples, these lifetimes may be probed
by THz pump / optical probe measurements.'>-5 However,
this is not possible for the current case, since the black
powders of H20@Ceo are optically dense. An alternative
method is to use THz pump / THz probe experiments, which
we will address in a forthcoming publication.

The coherent molecular rotational motions are relevant to a
wide variety of research disciplines. Dynamics of water in
close vicinity of hydrophobic surfaces and inside nano-
cavities are important for heterogeneous catalysis and studies
related to the behavior of confined water in biological
systems. The relaxation rate of water’s rotational coherence
inside Ceo, free from hydrogen binding may be used as an
ideal model system to obtain an accurate estimate for the
interaction potential of water with a hydrophobic surface.

The coherent rotational dynamics of water in Ceo may find
future application in quantum information processing. The
solid nature of H2O@Cseo and the tunability of the frequency,
the phase and the polarization of THz pulses® facilitate the
miniaturization and integration of rotational coherence of

water within electrical circuits,%% and pave the way for
coherent control and selective excitation of molecular
rotational motions. Although the rotational coherence of
water inside Ceo is too short for quantum computing purposes,
unique features gained by the combination of THz pulses and
the solid structure of H.0@Ceo may encourage further
research to find longer coherent dynamics of encaged
molecules. These studies may shed further light on the
damping mechanism of the rotational coherences of
encapsulated water molecules by their cages, for example, by
replacing the empty Ceo molecules by another host media such
as CS2 or by disturbing the Cqo lattice structure by introducing
co-crystalline compounds such as benzene or porphyrin.5"%

Associated Content

Supporting Information. THz response of H20@Ceo before
subtraction from the empty Ceo response, polarization relaxation
of water encaged inside Ceo as function of temperature, and the
comparison between the polarization relaxations obtained from
the classical MD simulations and those obtained from the fit to
the experimental FID emissions.

Additional Information
The authors declare no competing financial interest.

Acknowledgment

We would like to thank A. Melentyev for his assistance in data
processing and Toomas R60m, Stéphane Rols, Zlatko Baci¢ and
Hossam Elgabarty for fruitful discussions. The work in Stuttgart
was supported by the Deutsche Forschungsgemeinschaft (DFG)
via DR228/61-1. The work in Southampton was funded by the
EPSRC-UK grants EP/P009980/1, EP/T004320/1
and EP/M001962/1.

Author Contributions

M.S and B.G. conceived the project and designed the
experiments. G.H, S.A. synthesized H20@C60 guided by
R.J.W. Experiments were performed by S.S.Z.,, V.B. M.B.,
M. N., S.R, AP, P.A. guided by M.D. and B. G. THz results
were analyzed by S.S.Z, B.G, M.S. and M.H.L,, G.R.B.
participated in their interpretation. M.S wrote the manuscript
with contributions from M.H.L. All authors contributed to
discussing the results and writing the paper.

References

1. Ischenko, A. A., Weber, P. M. & Dwayne Miller, R. J. Capturing Chemistry in Action with Electrons: Realization of Atomically Resolved
Reaction Dynamics. Chem. Rev. 117, 11066 (2017).

2. Zewail, A. H. Femtochemistry: Atomic-scale dynamics of the chemical bond. J. Phys. Chem. A 104, 5660 (2000).

3. Felker, P. M. Rotational coherence spectroscopy: Studies of the geometries of large gas-phase species by picosecond time-domain methods.
J. Phys. Chem. 96, 7844-7857 (1992).

4. Karamatskos, E. T. et al. Molecular movie of ultrafast coherent rotational dynamics of OCS. Nat. Commun. 10, 3364 (2019).

5. Kyakuno, H. et al. Rotational dynamics and dynamical transition of water inside hydrophobic pores of carbon nanotubes. Sci. Rep. 7, 14834
(2017).

6. Adhikari, S., Selmke, M. & Cichos, F. Temperature dependent single molecule rotational dynamics in PMA. Phys. Chem. Chem. Phys. 13,

1849-1856 (2011).

7. Lindsay, C. M., Douberly, G. E. & Miller, R. E. Rotational and vibrational dynamics of H20 and HDO in helium nanodroplets. J. Mol.

Struct. 786, 96104 (2006).

8. Li, J. et al. Rotational and Vibrational Excitations of a Single Water Molecule by Inelastic Electron Tunneling Spectroscopy. J. Phys. Chem.

Lett. 11, 1650-1655 (2020).

9. Gorshunov, B. P. et al. Incipient ferroelectricity of water molecules confined to nano-channels of beryl. Nat. Commun. 7, 12842 (2016).



10.

11.

12.
13.
14.

15.
16.

17.
18.
19.

20.
21.
22.

23.
24.

25.
26.
27.

28.
29.
30.
3L

32.

33.

34.

35.

36.

37.
38.
39.

40.

41.
42.
43.

44.
45.

Gorshunov, B. P. et al. Quantum behavior of water molecules confined to nanocavities in gemstones. J. Phys. Chem. Lett. 4, 2015-2020
(2013).

Fleischer, S., Zhou, Y., Field, R. W. & Nelson, K. A. Molecular orientation and alignment by intense single-cycle THz pulses. Phys. Rev.
Lett. 107, 163603 (2011).

Zhang, Y. et al. Nonlinear rotational spectroscopy and many-body interactions in water molecules. arXiv :1912.02789v2 (2019).
DeMille, D. Quantum Computation with Trapped Polar Molecules. Phys. Rev. Lett. 88, 4 (2002).

Lee, K. F., Villeneuve, D. M., Corkum, P. B. & Shapiro, E. A. Phase control of rotational wave packets and quantum information. Phys.
Rev. Lett. 93, 3-6 (2004).

Nisini, B. Water’s Role in Making Stars. Science 290, 1513 (2000).

Chao, W., Hsieh, J. T., Chang, C. H. & Lin, J. J. M. Direct kinetic measurement of the reaction of the simplest criegee intermediate with
water vapor. Science 347, 751-754 (2015).

Landau, L. D. & Lifshitz, E. M. Quantum Mechanics. (Oxford: Pergamon Press, 1977).
Tikhonov, V. I. & Volkov, A. A. Separation of water into its ortho and para isomers. Science 296, 2363 (2002).

Veber, S. L., Bagryanskaya, E. G. & Chapovsky, P. L. On the possibility of enrichment of H20 nuclear spin isomers by adsorption. J. Exp.
Theor. Phys. 102, 76-83 (2006).

Cacciani, P., Cosléou, J. & Khelkhal, M. Nuclear spin conversion in H,O. Phys. Rev. A 85, 012521 (2012).
Kravchuk, T. et al. A magnetically focused molecular beam of ortho-water. Science 331, 319-321 (2011).

Horke, D. A., Chang, Y. P., Dtugofecki, K. & Kiipper, J. Separating para and ortho water. Angew. Chemie - Int. Ed. 53, 11965-11968
(2014).

Kurotobi, K. & Murata, Y. A single molecule of water encapsulated in fullerene C 60. Science 333, 613-616 (2011).

Mamone, S. et al. Nuclear spin conversion of water inside fullerene cages detected by low-temperature nuclear magnetic resonance. J.
Chem. Phys. 140, 194306 (2014).

Beduz, C. et al. Quantum rotation of ortho and para-water encapsulated in a fullerene cage. PNAS 109, 12894 (2012).
Mamone, S. et al. Rotor in a cage: Infrared spectroscopy of an endohedral hydrogen-fullerene complex. J. Chem. Phys. 130, 081103 (2009).

Goh, K. S. K. et al. Symmetry-breaking in the endofullerene H,O@Cg, revealed in the quantum dynamics of ortho and para-water: A
neutron scattering investigation. Phys. Chem. Chem. Phys. 16, 21330-21339 (2014).

Meier, B. et al. Electrical detection of ortho-para conversion in fullerene-encapsulated water. Nat. Commun. 6, 8112 (2015).
Elliott, S. J. et al. NMR Lineshapes and Scalar Relaxation of the Water-Endofullerene H,’O@Cg. Chem. Phys. Chem. 19, 251-255 (2018).
Bucher, D. Orientational relaxation of water trapped inside Cg fullerenes. Chem. Phys. Lett. 534, 38-42 (2012).

Felker, P. M. & Baci¢, Z. Flexible water molecule in Cgo: Intramolecular vibrational frequencies and translation-rotation eigenstates from
fully coupled nine-dimensional quantum calculations with small basis sets. J. Chem. Phys. 152, 014108 (2020).

Ensing, B., Costanzo, F. & Silvestrelli, P. L. On the polarity of buckminsterfullerene with a water molecule inside. J. Phys. Chem. A 1186,
12184-12188 (2012).

Felker, P. M. et al. Explaining the symmetry breaking observed in the endofullerenes H,@Cgo, HF@Csgo, and H,O@Cg. Phys. Chem. Chem.
Phys. 19, 31274 (2017).

Bacti¢, Z., VICek, V., Neuhauser, D. & Felker, P. M. Effects of symmetry breaking on the translation-rotation eigenstates of H,, HF, and
H,0 inside the fullerene Cg. Faraday Discuss. 212, 547-567 (2018).

Valdés, A., Carrillo-Bohdrquez, O. & Prosmiti, R. Fully Coupled Quantum Treatment of Nanoconfined Systems: A Water Molecule inside
a Fullerene Cg. J. Chem. Theory Comput. 14, 6521-6531 (2018).

Pentlehner, D., Nielsen, J. H., Slenczka, A., Mglmer, K. & Stapelfeldt, H. Impulsive laser induced alignment of molecules dissolved in
helium nanodroplets. Phys. Rev. Lett. 110, 093002 (2013).

Stapelfeldt, H. & Seideman, T. Colloquium: Aligning molecules with strong laser pulses. Rev. Mod. Phys. 75, 543 (2003).
Larsen, J. J. et al. Femtosecond photodissociation dynamics of 12 studied by ion imaging. J. Chem. Phys. 109, 8857 (1998).

Krachmalnicoff, A., Levitt, M. H. & Whitby, R. J. An optimised scalable synthesis of H,O@Cg, and a new synthesis of H,@Cg. Chem.
Commun. 50, 13037-13040 (2014).

Harde, H., Keiding, S. & Grischkowsky, D. THz commensurate echoes: Periodic rephasing of molecular transitions in free-induction decay.
Phys. Rev. Lett. 66, 1834-1837 (1991).

Gordy, W. & Cook, R. L. Microwave Molecular Spectra: Techniques of Chemistry Vol. XVIII. (Wiley, 1984).
Atkins, P., de Paula, J. & Keeler, J. Atkins Physical Chemistry. (2006).

Tennyson, J., Zobov, N. F., Williamson, R., Polyansky, O. L. & Bernath, P. F. Experimental energy levels of the water molecule. J. Phys.
Chem. Ref. Data 30, 735-831 (2001).

Cheng, A. & Klein, M. L. Molecular-dynamics investigation of orientational freezing in solid Cg. Phys. Rev. B 45, 1889 (1992).
Heiney, P. A. et al. Orientational Ordering Transition in Solid Cg. Phys. Rev. Lett. 66, 2911 (1991).



46.

47.

48.
49.
50.
51.

52.

53.

54.

55.

56.
57.

58.

David, W. I. F., Ibberson, R. M., Dennis, T. J. S., Hare, J. P. & Prassides, K. Structural phase transitions in the fullerene Cso. Eur. Lett. 18,
219 (1992).

Chen, L., Wang, X. & Kumar, S. Thermal Transport in Fullerene Derivatives Using Molecular Dynamics Simulations. Sci. Rep. 5, 12763
(2015).

van Exter, M., Fattinger, C. & Grischkowsky, D. Terahertz time-domain spectroscopy of water vapor. Opt. Lett. 14, 1128 (1989).
Hall, R. T. & Dowling, J. M. Pure rotational spectrum of water vapor. J. Chem. Phys. 47, 2454-2461 (1967).
Pintschovius, L. Neutron studies of vibrations in fullerenes. Rep. Prog. Phys. 59, 473 (1996).

Damari, R., Rosenberg, D. & Fleischer, S. Coherent Radiative Decay of Molecular Rotations: A Comparative Study of Terahertz-Oriented
versus Optically Aligned Molecular Ensembles. Phys. Rev. Lett. 119, 033002 (2017).

Lu, J. et al. Nonlinear two-dimensional terahertz photon echo and rotational spectroscopy in the gas phase. PNAS 113, 11800-11805
(20186).

Sajadi, M., Wolf, M. & Kampfrath, T. Transient birefringence of liquids induced by terahertz electric-field torque on permanent molecular
dipoles. Nat. Commun. 8, 15796 (2017).

Elgabarty, H. et al. Energy transfer within the hydrogen bonding network of water following resonant terahertz excitation. Sci. Adv. 6,
eaay7074 (2020).

André, A. et al. A coherent all-electrical interface between polar molecules and mesoscopic superconducting resonators. Nat. Phys. 2, 636—
642 (2006).

Ladd, T. D. et al. Quantum computers. Nature 464, 45-53 (2010).

Meidine, M. F., Hitchcock, P. B., Kroto, H. W., Taylor, R. & Walton, D. R. M. Single Crystal X-Ray Structure of Benzene-solvated Cqy.
Chem. Commun. 1534 (1992).

Bhyrappa, P. & Karunanithi, K. Porphyrin-fullerene, Cqo, cocrystallates: Influence of Cg 0n the porphyrin ring conformation. Inorg. Chem.
49, 8389-8400 (2010).



