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Using quantum mechanical calculations within density functional theory, we provide a comprehensive
analysis of infrared-active excitation of water molecules confined in nanocages of a beryl crystal lattice.
We calculate infrared-active modes including the translational, librational, and mixed-type resonances
of regular and heavy water molecules. The results are compared to the experimental spectra measured
for the two principal polarizations of the electric field: parallel and perpendicular to the crystallographic
c-axis. Good agreement is achieved between calculated and measured isotopic shifts of the normal modes.
We analyze the vibrational modes in connection with the structural characteristics and arrangements of
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water molecules within the beryl crystal. Specific atomic displacements are assigned to each experimentally
detected vibrational mode resolving the properties of nano-confined water on scales not accessible
by experiments. Our results elucidate the applicability and efficiency of a combined experimental and
computational approach for describing and an in-depth understanding of nano-confined water, and
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Introduction

High technological and fundamental interest towards water
molecules confined in the cavities of nanometer size has
stimulated numerous studies.'”® Knowledge of the properties
of nano-confined water is important in geology, mineralogy,
meteorology, chemistry and ionic liquids (e.g. ref. 10 and 11
and references therein). Specifically, hydration water poses a
particular case, as it controls the structure, stability, function-
ality and reactivity of biomolecules.">™** Water is omnipresent
at the boundaries of biological complexes and molecules as
a hydration shell, for instance, in membrane channels and
solutions, participating in hydrophobic/hydrophilic interactions,
replication, and transcription processes.’* On the other hand,
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pave the way for future studies of more complex systems.

water at the nanoscale acquires qualitatively new properties,
which are not observed in the bulk phase and are typically
dictated by quantum mechanics and confined geometries (see,
e.g. ref. 15). Understanding such systems is of great fundamental
importance in the general context of revealing and ultimately
controlling the mechanisms for the formation of new states of
matter that emerge at the nanoscale and have potential applica-
tions in electronics.

Due to a labile and highly directional hydrogen bonding
network, a relatively small moment of inertia and large dipole
moment of the H,O molecule, bulk water remains one of the
least understood liquids.'®™*° It is not surprising that the realm
of nano-confined water is even more diverse and intricate.
Consequently, the interpretation of experimental data and the
formulation of quantitative physical (chemical, biological) models
turn out to be extremely challenging. In such a situation, studies
of simple nano-confined systems provide the much needed
reference frame for the investigation of more complex cases.
For example, studies of properties and dynamics of water in
inert matrices and helium droplets led to unique insights into
intermolecular interactions and formation of small clusters.>***
Excellent alternative systems are crystals with a lattice that
contains rigid voids of the size suitable for hosting a single
yet almost free H,O molecule (see, e.g. ref. 22 and 23). The well-
defined and perfectly ordered geometry of the network of pores
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greatly simplifies experimental control and theoretical descrip-
tion of both single-molecule and collective properties of the
water molecular subsystem.

One popular member of such crystal family is hydrous beryl.
With the chemical composition Be;Al,SigOg, beryl crystallizes
in a honeycomb structure with the space group P6/mcc, con-
sisting of stacked six-membered rings of SiO, tetrahedra as
depicted in Fig. 1. The latter leave relatively large open channels
oriented parallel to the crystallographic c-axis.”*** Along this
axis, the channels contain “bottlenecks” of approximately 2.8 A
alternating with slightly larger cages of 5.1 A in diameter that
can potentially host single H,0 molecules.>® The H,O mole-
cules in beryl are held in two distinct orientations relative to the
c-axis as displayed in Fig. 2. Type I and type II water molecules
have the vector connecting two protons directed perpendicular
and parallel to the c-axis, respectively.”” Type II H,O molecules
are only found in crystals containing alkali ions (Na, Li) at the
bottlenecks and interacting with the oxygen atom. Their dipole
moments are turned by 90 degrees relative to the moments of
water-I due to the Coulomb interaction of the water molecular
oxygen with the alkaline cation in the neighboring pore. In all
other cases the dipoles are oriented perpendicular to the c-axis;
the molecular plane H-O-H is perpendicular to the ab-plane.

For such nano-confined systems, vibrational spectroscopy
yields valuable information on how water couples to its cavity
and on the interactions among the H,O molecules in neighboring
cages. This can be the basis for the development and synthesis
of other cages of different geometries, and for deliberate
doping in order to obtain targeted properties. Using broadband
optical spectroscopy we have previously performed systematic
and detailed experimental studies of the vibrational states of
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Fig. 2 Unit cells of beryl crystals with different fillings of the nanopores
with water molecules considered in the present study: one water molecule
of type | at (a) 50% and (b) 100% filling, respectively, and (c) one water
molecule of type Il with the alkali ion. (d) Orientation of the coordinate
system used in notations of a free water molecule motion.

type I water molecules in crystalline beryl.>**° We discovered

a rich and highly anisotropic set of absorption resonances
occurring exclusively within the water molecular subsystem.
When crystals contain alkali ions, additional modes appear due

(b) (c)

Fig. 1 Structure of the beryl crystal (BesAlSigO1s). (@) The channels in the crystal lattice form a honeycomb structure (space group P6/mcc).
The crystallographic c-axis is perpendicular to the shown slice. (b) The channels consist of pores composed out of stacked silicon and aluminum
rings separated by slightly narrower bottlenecks as depicted in (c). The color coding of the atoms is given in the legend.
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Fig. 3 Optical conductivity spectra of H,O molecules localized in beryl
crystalline nanopores. The spectra for two polarizations and for two
different crystals are presented: “Mn" (blue color line) and “FeNa" (navy
color line). The vertical bar denotes the calculated positions and intensities
of the modes. To specify the types of modes, the following notations are
used: L - librational; T — translational, wl — water type |, w2 — water type Il,
Li — lithium, Na - sodium. For example, “Lw2TNa" means vibration
involving librational motion of type Il water molecule along with transla-
tional motion of the sodium ion. The cases of modes labeled Lw2 (Lw2TLi,
Lw2TNa) correspond to H,O libration around the c (a, b) axes. TLi and TNa
correspond to translational modes of alkali ions with corresponding
H,O translations negligibly small. Royal colored bars correspond to
water type | at 50% filling, light gray and dark gray bars represent water
type Il calculated spectra with lithium and sodium, respectively. vy, v,
and vz denote internal molecular modes.*®

to the presence of type II water; the corresponding spectra are
shown in Fig. 3. We have preliminarily assigned infrared (IR)
resonances to translational and librational motions of the individual
H,O molecules, which can tunnel between the neighboring minima
of the crystalline six-well potential as proven by inelastic neutron
scatting experiments.’* The intramolecular H,O vibrational modes
appear as additional peaks. The pronounced soft-mode behavior
present at terahertz (THz) frequencies and below is associated with
the emergence of an incipient ferroelectric phase due to interacting
dipole moments of water molecules.”® However, a theoretical
interpretation of the relevant vibrational motions is still lacking.
This motivates the present study to perform a comprehensive
analysis of the IR-active single-particle vibrational states of
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water molecules, including deuterated species, contained within
the nanocages of the beryl crystal lattice. Our work combines
broadband optical measurements and first-principles calcula-
tions within the density-functional-theory (DFT) approach. The
results provide the foundation for future computational studies
of similar systems.

Experimental methodology

Vibrational states of nano-confined water are influenced by
many factors. Here, we focus on the mass of the water mole-
cules (H,O, HDO, and D,0) and the different amounts of alkali
ions. Our experimental observations serve as a benchmark for
theoretical modeling. We consider here our previous spectral
data obtained for type I H,O molecules*®*®*! and complement
them with new results obtained for beryl crystals containing
heavy water molecules. In addition, measurements of beryl
crystals containing alkali-ions were performed in order to
observe vibrations of water type II molecules. All single crystals
were grown in stainless steel autoclaves according to the stan-
dard hydrothermal growth method at a temperature of 600 °C
and under a pressure of 1.5 kbar by recrystallization of natural
beryl to a seed crystal.>* The chemical analysis of the studied
crystals is presented in Table S1 in the (ESIt). A standard Fourier
transform spectrometer (Bruker Vertex 80v) was used to measure
the spectra of reflection and transmission coefficients at fre-
' up to 7000 cm™ " with
2 em ™! resolution. At sub-THz and THz frequencies, spectra of
the complex dielectric permittivity and optical conductivity were
directly determined using a quasioptical spectrometer based on

quencies from approximately 20 cm™

monochromatic and continuously frequency tunable radiation
generators - backward-wave oscillators®® and a pulsed THz time-
domain TeraView TPS Spectra 3000 spectrometer with 0.5 cm ™
resolution. Water-related features in the spectra were verified
by performing the same optical experiments on dehydrated
samples obtained by heating the crystals up to 1000 °C and
keeping under a vacuum for a period of about 24 hours. The
comparative analysis of the spectra of samples with and without
water allowed us to unambiguously distinguish water-related
absorption resonances from those connected with phonons or
impurities.>®

Computational methodology

First-principles DFT calculations were performed in the Vienna
AD initio Simulation Package (VASP).>*¢ For the basis-set and
the exchange-correlation functional, the projector-augmented
waves (PAW)*”® and the generalized gradient approximation
(GGA) in the framework of Perdew-Burke-Ernzerhof (PBE)*
were used. The van der Waals contributions to the interaction
of water molecules with the cavity walls*” were studied with PBE
and the many-body dispersion energy corrections (here referred
as PBE-MBD).*® The energy cutoff for the plane wave basis set
was fixed at 500 eV. The k-point sampling within the Brillouin
zone was treated with the Monkhorst-Pack scheme using a
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Gamma-centered 5 x 5 x 5 k-mesh.*’ Gaussian smearing
with 0.05 eV width was applied for orbital population in the
energy minimization and force constant evaluation, whereas
the tetrahedron method with Bléchl corrections was employed
for single point calculations of the energy and density of states.
The initial geometry of the crystal was taken from previous
experimental work.*> The beryl crystal was modeled by replica-
tion of the unit cell of beryl (Al,Be;SisO;5, two formula units per
unit cell, 58 atoms in total) using periodic boundary conditions.
One unit cell of beryl forms two pores, which can be filled with
water molecules. In the present work, three possible filling
options were considered to partially reproduce the actual con-
ditions of the water molecules in the lattice (Fig. 2). The first
two cases [Fig. 2(a) and (b)] with one and two water molecules
in a unit cell correspond to a beryl crystal with 50 and 100%
filling, respectively. The third case [Fig. 2(c)] reproduces the
situation when the crystal contains a Li or Na ion coupled to a
water molecule. The geometry of each structure was optimized
by the conjugate gradient scheme with tight optimization
criteria, resulting in gradients not exceeding 20 mev A™*. The
obtained lattice parameters are overestimated compared to the
experimentally observed values, as was reported previously.>®
Accordingly, for all calculations we fixed the lattice parameters to
the experimentally observed values (a = b = 9.208 A, ¢ = 9.188 A for
the three lattice parameters)."” For each geometry described
above, the vibrational normal modes and effective charge tensors
were calculated using density functional perturbation theory
(DFPT).** The oscillator strengths for IR-activity are given by

fw)=>

o

2

; )

D Zop (s)ep(slv)
B

where eg(s|v) is the normalized vibrational eigenvector of the vth
mode, o and f indicate Cartesian polarizations, s enumerates
atoms in the unit cell, and Z,z*(s) is the effective-charge tensor
of the sth atom.

Results and discussion
1. Geometry of water molecules in beryl crystals

Structural optimization upon constrained beryl lattice para-
meters as specified above results in different final geometries
for each case. In the case where no alkali ions are present in the
bottleneck, the water molecular dipole moment has its vector

Table 1 Calculated (Calc.) and experimental#®=48 (
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lying within the (ab)-plane (water type I). In the case of water-II,
an ion next to the water molecule at the center of the pores
orients the water molecule in a way that the dipole moment
points along the c-direction. Both geometries obtained agree
with previous findings.”” In the case of water-I, the protons
occupy site 24m with the H-O-H plane approximately parallel
to the (ac)-plane. The oxygen atom is slightly offset from the
channel axis and calculated shifts are 0.21 A and 0.14 A for 50%
and 100% filling, respectively, which are close to the values
reported in a recent DFT study.’® The vector connecting two
protons of a H,O molecule is tilted by an angle of 1.58° in
the case of two H,O molecules in the unit cell. It is slightly
larger than 0.93° in the case of one molecule in the unit cell
due to interaction between neighboring water molecules. The
obtained deflection angle is larger than the value of 0.49°
reported in recent DFT calculations,* but still smaller than
4° found experimentally at 7 = 300 K.*> The energy is the lowest
for antiparallel dipole moments of the neighboring water
molecules in the unit cell. The H-O-H angle of 104.6° and the
O-H distance of 0.973 A confirm previous results.** Table S2 in
the ESI,} summarizes a complete list of the structural para-
meters for all configurations considered.

No essential difference was found in the geometry, potential
energy landscape and vibrational frequencies by comparing
results for the exchange-correlation functionals with and with-
out dispersion corrections. This indicates the absence of specific
non-covalent interactions between the water molecule and the
surrounding crystal atoms. Accordingly, the crystal cage can be
considered as producing an almost structureless potential well
for intercalated molecules similar to that in fullerene.>® The
modulation of such potential by the crystal field is very small: the
calculated barrier for rotation of the water-I molecule around
the c-axis is less than 1 meV. In contrast to previous estimates,>”
our results are consistent with the temperature dependence of
the experimentally obtained absorption spectra.*'

2. Vibrational spectra of water molecules under vacuum

In the second step, we calculated the vibrational excitation of a
simple model: type I water molecules spatially arranged as in
the position given by the beryl crystal but with the lattice ions
absent. The properties of such an artificial system are expected to
be close to those of water vapor, enabling the comparison of our
numerical results with literature values. Indeed, the calculated
frequencies of the intramolecular modes v4, v,, and v; (Table 1)

Exp.) frequencies of intramolecular modes v, v,, and vs for regular and heavy water molecules. These

are spatially arranged under vacuum in a way they would be located within the beryl lattice, but with the lattice ions absent, as described in the text.
Results are shown for the two water molecular filling factors, 50% and 100%. The numbers in the brackets indicate relative intensities for the two principal
polarizations, parallel (||) and perpendicular (L) to the crystallographic c-axis

H,0 D,0 HDO

Calc. (em ™) Calc. (em ) Cale. (em ™)
Mode type  50% 100% EXp. 50% 100% Exp. 50% 100% Exp.
Vs 3840.4(1%8)  3833.9(1o%3)  3755.9  2812.1f%%)  2807.2{1:%%) 27877 3787.4((o%%)  378L.7fj0%) 37075
vy 3730.3{jo50)  3738.00{c%0)  3657.1  2686.7(jovo)  2693.6{0%e)  2671.6  2747.6(jo53)  2743.3(jo%))  2723.7
vy 1588.00%s;,)  1602.3{1o%s) 15947  1161.9{75%6)  1172.00%sy 11784  1391.8{7.%1)  1405.1{j%%) 14035
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are in very good agreement (within 2.5%) with the relevant
experimental results providing an important benchmark for the
DFT models used in the present study.

In the beryl lattice, the inter-cavity distances are 4.6 A
and 9.2 A, as viewed parallel and perpendicular to the c-axis,
respectively. As a consequence, no hydrogen bonds exist
between the water molecules as the effective interaction range
is only 1-2 A. The absence of hydrogen-bonds makes it possible
to compare water molecules in beryl with a system of non-
hydrogen bonded water species in pure liquid water.*® Both
systems have frequencies of intramolecular modes close to those
in the gas phase. Despite the absence of hydrogen bonding,
however, these molecules couple via the dipole-dipole mecha-
nism since it has an effective interaction range of the order of
10-100 A. With a molecular dipole moment of p = 1.85 D*° we
estimate a coupling energy of p*/7* = 22 meV and 2.8 meV, for the
directions along and perpendicular to the c-axis, respectively.
Our DFT calculations provide very close values of 24.2 meV
and 2.1 meV, accounting for the fact that the water molecules
are not point-dipoles.

3. Vibrational spectra of water molecules in beryl

We next focus on the vibrations of water molecules in the beryl
crystal cage. The motion of these water molecules is restricted
in all directions. Consequently, three translational modes T, ,
and three rotational modes R, . of a free molecule (Fig. 2(d))
transform into vibrations. In what follows, we refer to the
restricted rotation-like modes as to librations. Their frequencies
and identification are listed in Table 2. Patterns of free molecule
motion modes preserve their identity and do not intermix for the
water-I molecule in beryl; the only exception is found for the R,
and T, modes. This mixing is related to the strong deviation of the
potential energy surface in the xy-plane from a quadratic well. The
depth of the pinning potential for the rotation of water-I mole-
cules around the pore axis (crystallographic c-axis) is less than
few meV. This means that water-I molecules are free to rotate

Table 2 Calculated normal modes (at the I'-point) of water molecules
localized within nanopores of the beryl crystal lattice for 50% filling. Two
types of calculations are shown: with beryl crystal lattice ions released and
frozen according to optimized geometry. The modes are projected onto
the motion of a free water molecule (3 translations T, ., 3 rotations R, .,
3 vibrations) oriented as in Fig. 2(d). The numbers in front of the type
of motion indicate squared coefficients of the projection given as a
percentage. The projection coefficients are shown only for motions that
contribute to the normal mode more than 5%

All atoms released Lattice atoms frozen

-1 -1

Mode type v, cm Projection v, cm Projection
L, 32{{o%0) 70T, + 21R,  48(fs%0) 94T, + 6R,
T, 714%0) 95T, 735%60) T,

T, 9ok 88T, 9%fioon)  T:

Ly, 109{fo0)  16R, + 17T,  185{{o%})  92R, + 5T,

L, 22241%%  51R, 232{{s%3))  98R,

L, 228l1a%0)  42R, 257({o%0) Ry

Vs 1587{fs%0)  Bending 1586{{2%0)  Bending

Vs 3701{jo%6)  Sym. stretch  3703(j%0;  Sym. stretch
Vs 3805(1;00) Asym. stretch  3808{{;%%)  Asym. stretch
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around this axis at elevated temperature, whereas rotation in
other directions is ceased. Subsequently, a water-I molecule can
be viewed as a quasi-free rotator around the cage c-axis, since
the lowest rotational excitations (a few meV in a fullerene
cage®) are higher than the pinning potential, which is below
1 meV. Due to the misalignment between the cage axis and the
molecular rotational axis, and since there is no strict cylindrical
symmetry, the rotation strongly couples to other motions. This
picture is fully confirmed by our adiabatic molecular dynamics
analysis showing a complicated three-dimensional motion
superimposed onto the two-dimensional rotation of the water
molecule on the time-scale of a picosecond at room tempera-
ture. A more accurate modeling of this complex motion is
beyond the scope of this work. Here, we rather focus on the
vibrational IR-active modes in harmonic approximation. In
order to simplify the calculation of IR intensities, we freeze
the beryl lattice since the vibrational modes retain their identity
to some extent even though being mixed with lattice modes
(see Table 2). Table 3 summarizes the frequencies and relative
intensities of all possible IR-active vibrations of water-I mole-
cules (H,0, D,O, DHO). For each type of crystal filling, three
intramolecular, three librational and one translational modes
are present. The other normal modes are IR-inactive and will
not be considered in the further analysis.

Fig. 3 compares the calculated data with the experimental
spectra containing resonances related exclusively to water vibra-
tions with phonon absorption excluded.”®***! Here and below, we
discuss the experimental spectra of the optical conductivity (that is
proportional to the absorption of the electromagnetic radiation)
measured at liquid helium temperature for two principal polariza-
tions: the electric field vector E parallel and perpendicular to
the crystallographic c-axis. Experimental spectra of the two
samples are very similar, certain differences in some line
positions should be attributed to different impurities and water
contents. The vertical bars in Fig. 3 display the excitations from
our DFT modeling, with their heights corresponding to the
relative intensity. As can be seen, the rich and anisotropic
structures of experimental resonances are perfectly reproduced
by calculated librational and translational vibrations of water-I
and water-II molecules.

The DFT analysis allows us to identify types of ionic motions
responsible for the observed modes, as indicated in Fig. 3 and
explained in the caption and in Table S4 of the ESL{ For
example, for the polarization E||c, the DFT calculations reveal
two IR modes at 184 cm™ ' (L) and at 95 cm™* (T,) which are
assigned to water-I librations and translations, respectively. The
L,, mode corresponds to the oscillation of the dipole moment in
the plane that is parallel to the c-axis and the T, mode corresponds
to the motion of the entire water molecule along the c-axis
(Fig. 2(d)). A translation mode of the same frequency was detected
by neutron scattering.* For the perpendicular direction (E L c) the
far-IR absorption around 100-500 cm ™' is dominated by modes
corresponding to the librations of mainly water-II molecules
(labeled with Lwz2...) connected with noticeable concentration
of alkali ions (Li, Na) present in the crystal (see Table S1, ESIf).
The band also contains modes from vibrations of alkali ions
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Table 3 Calculated (Calc.) frequencies of normal modes for regular and heavy water molecules of type | in nanopores of the beryl crystal lattice. vy, v,
and vz denote the internal molecular modes. L and T stand for librational and translational motions, respectively. The numbers in the brackets indicate
relative intensities for the two principal polarizations, parallel (||) and perpendicular (L) to the crystallographic c-axis

H,0 D,0

HDO

Calc. (cm ™)

Calc. (em™)

Calc. (em™)

Mode type 50% 100% 50% 100% 50% 100%

Vs 3807.9(:%) 3801.5(:%0) 2789.3(:%0) 2784.0{%5) 3757.5({1%0) 3753.4{{:%0)
vy 3703.3{]5%5) 3703.0{5%0) 2667.0550; 2668.0{]56) 2726.3{]0%3) 2723.7(83)
vy 1585.6{1560) 1585.3{ 7o 60)) 1160.0 560 1159.5{75G0) 139117567 1391.55%50)
L, 232.5j0%%) 196.3}0%¢)) 168.0{0%%) 143.0{]%s6) 192.7}%0) 165.1{0%37
Ly, 184.8]5%) 228.9(15'6 131.4{753) 164.8]5%) 144.5]55%) 210.7{563
T, 957005y 96.9{ 1057 90.4{j5%3) 90.8{o05) 93.0 7057 93975537
L 48.14%0) 56.4(]0.00) 47.9(1060) 55.4(j0.00) 48.0(j0.00) 55.9(0.00)

labeled with TLi and TNa. Lower-frequency translational modes
(Tw1, Tw2...) are located at or below 100 cm™". One librational
mode, Lw1, is located at a very low frequency, at ~50 cm™? for it
corresponds to librations around the c-axis of a heavy oxygen ion.
For both polarizations intramolecular modes vy, v, and v; are seen
accompanied by the v, + v, overtones at about 5000 cm ™" and with
their combinations with the lower-frequency excitation.*®

An incomplete filling of the nanopores by H,O molecules
leads to an additional structure in the experimental spectra
when water molecules are grouped into clusters of two and
more molecules.*! Molecular clustering should cause a certain
renormalization of the excitation spectra due to interactions
among the molecules in the cluster and between the molecules
and the surrounding ions of the crystal lattice. This is confirmed
by the analysis summarized in Table 3, where the frequencies of
all vibrations are noticeably different for different filling factors.
In particular, we are confident that two to four narrow peaks
(Fig. 3 in the present paper and Fig. 3 in ref. 31) observed around
40-50 cm™" for E L ¢ are related to librations of single water-I
molecules and of these molecules within clusters of two and
higher number of molecules. The compositions of the clusters
and the corresponding spectral peaks intensities can be estimated
within the combinatorial approach.>®

4. Experimental and theoretical isotopic shifts

A comparison of the experimentally determined excitations spectra
for heavy and light water molecules helps in identifying spectral
features that undergo a frequency shift when H,O is replaced by
D,0 or DHO. Since such an isotopic shift is uniquely related to the
type of dynamics of the atoms participating in the corresponding
oscillation, it allows us to independently obtain the value of the
isotopic shift using the normal vectors of the water molecule
calculated within DFPT. Comparing the experimental and com-
puted isotopic shifts provides a reliable benchmark for the classi-
fication of water normal modes in beryl. Fig. 4 displays the
measured optical conductivity spectra of a sample containing
heavy water together with the calculated mode structure and
their classification. Good overall agreement is observed between
the experiment and calculations. The measured spectra are
richer (see also intramolecular modes) since they contain reso-
nances coming from DHO type II molecules that are also present

This journal is © the Owner Societies 2017

in real crystals;"" the DFT data for these resonances are not
shown for clarity reasons. Compared to light water, all reso-
nances are shifted to lower frequencies, as presented in more
details in Fig. 5 for frequencies below 300 cm . In the case of
E 1 ¢, a significant difference between the experimental spectra
was found in the frequency region associated with the librations
L,,. We can identify this vibration as hydrogen libration around
the axis passing through the oxygen atom along the c-axis. For
this motion replacing all mobile atoms by the corresponding
isotope counterparts leads to the isotopic shift

VL, (Hzo) _V 2Mp _
v, (D,0)  2My V2

where My and Mp, are the masses of hydrogen and deuterium,
respectively. The frequencies of the L,, mode obtained from our
DFT analysis for light and heavy water yield a ratio of 1.41. As can
be seen from Fig. 5, this value is in perfect agreement with the
change in the corresponding spectral feature in the experimental
spectra. The low-frequency librational mode L,; involves the
motion of the oxygen atom around the hydrogen atoms. Since
in this case the substituted hydrogen atoms remain almost
motionless, the isotopic shift is essentially absent corroborating
our experimental observations:

~ 1.41,

VL, (Hzo) _ \/M_O -1
v, (D0) VMo

A comparison with the experimental spectra for light and
heavy water in the range of the L,; mode reveals no distinguish-
able changes related to the isotopic shift.

Additionally, for the E||c polarization, we obtain good agree-
ment between the calculated and experimentally observed
isotopic shifts of librational and translational modes L, and
T, as depicted in Fig. 4(b) and 5(b). Here, mode Ly, is associated
with hydrogen libration around the axis passing through the
oxygen atom perpendicular to the c-axis. The mode exhibits the
same frequency shift as the L,, mode and

v, (H,0)  232.5cm™!

o1, (D,0) ~ 1680em 1~

The experimentally determined shift coincides with the
values from our DFT analysis.
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Fig. 4 Optical conductivity spectra of D,O and DHO molecules, localized
in beryl crystalline nanopores. The spectra for two principal polarizations
are presented: perpendicular (a) and parallel (b) to the crystallographic
c-axis. The vertical bars show calculated positions and intensities of the
modes. The red and pink bars correspond to D,O and DHO water type |
molecules at 50% filling, respectively. The light gray and dark gray bars
represent the calculated spectra for type Il D,O water with lithium and
sodium, respectively (water-1l DHO modes are not presented to avoid the
figure overload). The same notation as in Fig. 3 is used for specifying types
of the modes. 14, v, and vz denote internal molecular modes for H,O,
HDO, and D,O molecules.*6748

The translational mode T, corresponds to translation of the
whole H,0 molecule within the beryl cavity and is expected to
have a minor isotopic shift according to

Z/T:(Hzo) . V2Mp + Mo .
vr.(D,0)  2My + Mo

The same weak isotopic shift is found in the experimental
spectra shown in Fig. 5.

We note that the intensities of light and heavy water
resonances are almost the same at high frequencies above
100 cm ', Fig. 5. Interestingly, they differ significantly at lower
frequencies that can be explained by a larger amplitude of
atomic displacements and the corresponding stronger differ-
ences in localizing the potential felt by light and heavy water
molecules. From the perfect agreement of the measured and

1.05.
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Fig. 5 Far-infrared optical conductivity spectra of water molecules localized
in beryl crystalline nanopores. The spectra for two polarizations and for two
different crystals are presented: “FeNa” (navy color line) containing H,O
molecules and “3902" (wine color lines) containing D,O and DHO molecules.
Vertical bars show the calculated positions and intensities of the modes. Red
and royal color bars represent calculated spectra for H,O and D,O molecules,
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translational modes of water type | molecules (data for water-Il are not
shown). Thin and thick bars represent 50% and 100% filling, respectively.
Arrows show isotopic shifts. No shift is observed for the lines around
50-60 cm™, E Lc, since these are connected with oxygen motion.

calculated isotopic shifts, we conclude that the performed DFT
analysis not only provides the correct frequency positions of the
modes, but also determines correctly the character of specific
atomic displacements within these modes.

5. Other structural features of the experimental spectra

We note that there exist additional structures in the measured
THz spectra that are not considered in the above analysis. The
complex band around 10-40 cm ™', for instance, is connected to
the ferroelectric soft mode that is a fingerprint of the emerging
incipient ferroelectric state.’” Due to the collective character of
the band, it is not reproduced by the normal mode analysis of
single water molecules considered here. In addition, for both
polarizations the measured intramolecular modes vy, v, and
vz are accompanied by combinational bands including the
pronounced peaks for H,O, HDO, and D,O at v; + v, and
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combinations with lower-frequency modes. Additional lines in
the experimental spectra originate from the splitting of the
energy states of water molecules due to tunneling of protons in
the six-well crystalline potential as confirmed by neutron
scattering experiments.?® Since our analysis is based on a
harmonic approximation, the computed results cannot repro-
duce the excitation spectrum of the complex three-dimensional
motion of a water molecule in a cage, including tunnel splitting
between equivalent minima on the potential energy surface.
Going beyond this approximation may allow us to identify and
analyze this energy splitting, and other quantum and collective
phenomena, which can be a subject of a separate study.

Conclusions

We have performed first-principles calculations of the infrared-
active excitation of light and heavy water molecules, H,0, D,O
and DHO, confined to nanocages in the lattice of crystalline
beryl. Equilibrium structures are obtained for several typical
experimental configurations such as water molecules of type I
at 50% and 100% filling, as well as type II water molecules with
an alkali ion. Vibrational spectra (including vibration type,
frequency, and IR intensity) were calculated and compared
with measured experimental spectra on beryl crystals with light
and heavy water molecules. Good agreement is found between
calculated and observed values for all librational, translational
and mixed-type vibrations arising from water molecules coupled
to alkali ions. The investigation of the isotope shift of the IR
resonances confirms the character of the atomic displacement in
each mode.

We have demonstrated that DFT-modeling is suitable for the
analysis of the nature of excitation of nano-confined water as
well as other types of molecules and molecular complexes.
Accordingly, DFT calculations can be used for further investiga-
tions of similar systems. Overall, this study paves the way for
future work that will use electronic structure simulations of
nano-confined molecular systems together with experimental
results for an in-depth understanding of more complex
dynamics such as collective (e.g., incipient ferroelectric states)
and quantum (e.g., proton tunneling) phenomena pronounced
in this unique class of materials. Our future studies will include
additional quasi-1D crystals for elucidating the inherent char-
acteristics of nano-confined water.
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