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Abstract. Water confined within sub-nanometer channels of silicate minerals presents an
extreme case of confinement, where the restricted molecules are situated in channels whose
diameter is not much larger than the water molecule itself. Recently, we discovered a new
quantum tunneling state of the water molecule confined in 5 A channels in the mineral beryl,
characterized by extended proton and electron delocalization. Several peaks were observed in
the inelastic neutron scattering (INS) spectra which were uniquely assigned to water quantum
tunnelling. In addition, the water proton momentum distribution measured with deep inelastic
neutron scattering (DINS) at 4.3 K directly showed coherent delocalization of the water protons
in the ground state. The obtained average kinetic energy (£x) of the water protons was found to
be ~30% less than it is in bulk liquid water and ice phases. In the current work we present INS
and DINS study of water in single crystal beryl in wider temperature range, 7=5-260 K, where
we observed significant increase of Ex of the confined water protons with temperature increase.
The obtained INS data also indicate that with increasing temperature water molecules are
progressively involved in hydrogen bonding (HB) with the beryl cage, while HB is almost absent
at low temperatures.
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1. Introduction

Water has many unusual properties in bulk states and under confinement [1-8]. The behavior of water
confined within the nanopores with very weak water to pore surface interaction presents special interest
because the reduced dimensionality could result in new phenomena, e.g. anomalously soft dynamics of
water in quasi one-dimensional single-wall carbon nanotubes (SWNT) [9-12]. There are extreme cases
when water is confined within the pores of a few Angstrom size, which can accommodate only one
water molecule, such as water incapsulated in Cgo-fullerenes [13], or water in mineral beryl [14]. Due to
weak interaction with the walls, the confined water displays significant quantum behavior. In case of
fullerenes water is almost free and quantum transitions between the para and ortho states of water in
Ceo-fullerenes were observed in inelastic neutron scattering (INS) experiments [15, 16], and quantum
tunneling of water was suggested to explain the fine structure of the optical spectra of beryl [17-19].
Recently, using INS, deep inelastic neutron scattering (DINS) and ab initio calculations we discovered
new quantum tunneling state of water in beryl, characterized by extended proton and electron
delocalization [20]. The observed number of peaks in the INS spectra were uniquely assigned to water
quantum tunneling, and the DINS study directly revealed that in the ground state water protons are
coherently delocalized and have anomalously small average kinetic energy, Ex.

In the current work we present results of INS and DINS study of water in single crystal beryl in wide
temperature range, 7=5-260 K, to understand the vibrational dynamics of the water at higher
temperatures, when all split ground states of water protons are well populated. We show that at high
temperatures Ex of the water protons significantly increases (due to observed broadening of the proton
momentum distribution).

2. Experimental

In this study we used low-alkali beryl single crystals (~0.1 wt.% of Na, see ref. 21 for details). The beryl
structure (BesAl>SisO1s, space group P6/mcc) consists of six-membered rings SiO4 tetrahedra with open
channels along the c-axis [14]. The channels form cavities 5.1 A in diameter (which may contain alkali
cations and water) separated by narrow (~2.8 A) “bottlenecks”. In alkali-poor beryl the water dipole
moment is in the ab-plane and water protons are distributed over 6-fold equivalent positions across the
channel, above and below the oxygen site. The used samples contain 0.6 water molecules per beryl
formula unit, or about 2 wt.% water. Neutron spectroscopy is a preferred technique to study dynamics
of the hydrogen containing materials, because neutron scattering cross-section for hydrogen (~82 barn
for thermal neutrons, see [22]) is much larger than for other atoms, particularly this is right for beryl
(7.63, 1.503, 2.167 and 4.232 barn for Be, Al, Si and O atoms, respectively), and INS can measure all
vibrational modes.

2.1. Inelastic neutron scattering

The INS measurements were performed using the fine-resolution Fermi chopper spectrometer
SEQUOIA at the Spallation Neutron Source at the Oak Ridge National Laboratory [23, 24]. To observe
all possible vibrations with a good energy resolution (4E/E = 1-2% in the energy range of interest) we
used five incident neutron energies, £=25, 50, 160, 250 and 800 meV. The measurements were
conducted for two sample orientations, with neutron momentum transfer Q approximately parallel and
perpendicular to the beryl crystal c-axis (see details in refs. [21, 25]). Most of the data were collected at
seven temperatures, 7=5, 25, 45, 80, 120, 200 and 260 K, which were controlled by closed-cycle helium
refrigerator. The INS spectra from the empty container at the similar conditions were also measured and
subtracted from the sample data. The collected INS data were corrected for the detectors efficiency and
transformed from the time-of-flight and instrument coordinates to the dynamic structure factor S(Q,E)
by using the MANTID [26] and DAVE [27] software packages.

2.2. Deep inelastic neutron scattering
The DINS (also known as Neutron Compton scattering) measurements [28, 29] were done using the
VESUVIO spectrometer [30] at the ISIS pulsed neutron source. VESUVIO is an inverse-geometry
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machine based on neutron capture resonances and its technical details can be found in [30, 31]. In the
current experiment, we use 64 detectors, arranged with scattering angles from 37 to 67 on both sides of
the beam. The data are corrected for multiple scattering [32] and a y-ray background [33].

3. Results and discussion

3.1. Vibrational spectra and tunnelling modes

Figures 1 to 4 show the INS spectra for water in beryl at different temperatures. We used in this study
different single crystals of beryl than in our previous work [20], but the results are well reproduced. The
spectrum obtained at 5 K with £=25 meV (which provides good energy resolution data for energy
transfer in the range 2 to 22 meV) for orientation Q.Llc-axis shows strong peaks at 8.4, 12.7 and
14.7 meV, which significantly decrease their intensities on heating to 25 K, and become invisible at
higher temperatures. These peaks in the INS spectrum were assigned [20] to be due to the transitions
between the lower and upper split ground state of water due to water tunneling between the six
symmetrically equivalent positions around the c-axis in the channels of the beryl. This is understandable,
because with temperature increase the lower ground state is depopulated due to transition to the higher
split ground state according to Boltzmann law. The spectra for the orientation Q||c-axis show only one
strong peak at around ~11 meV, which can be assigned to translational vibrations of water molecules
along the c-axis. This peak is well observed up to the highest temperature 260 K. What is interesting,
the position of the peak shows almost linear blue shift with temperature, from 10.9 meV at 5 K to
11.7 meV at 260 K. The peak width (full width at half maximum) also increases linearly from 0.71 meV
at 5 K to 1.53 meV at 260 K. The large shift (7.3%) of the peak position to higher energy can be
explained by negative thermal expansion of the beryl along the c-axis at temperatures below 600 K
observed in previous x-ray diffraction results [34]. At room temperature the thermal expansion of beryl
is +2.6:10° K" and —2.9-10"° K™ along the a- and c-axis, respectively, which is consistent with the values
obtained in other studies [35, 36]. With temperature increase the intensity of this peak first increases
(due to increase of Bose population factor) and then decreases (at T>150 K) due to suppression by the
Debye-Waller factor, which we discussed in [20].

The spectra measured with £=50 meV (Figure 2, left panel) show a prominent band between 18 and
28 meV with two maxima at 21 and 24.5 meV for both orientations, with intensity of the band for Q_Lc-
axis being about 1.6 times larger. We attribute this band to librational motions of the ultra-confined
water molecules. This is consistent with the pioneering INS investigations of beryl [37], Raman
spectroscopy studies [38], and first-principles calculations [39]. The band observed between 36 and
55 meV (Figure 2) is probably due to two-phonon neutron scattering involving the librational band at
18-28 meV. Other peaks are observed at 85, 96 and 151 meV for Q_Lc-axis orientation, and at 86, 114
and 128 meV for Q||c-axis (see Figure 2, right panel and Figure 3). The intensities of these phonon
modes change a little with temperature increase from 5 to 260 K, and can be assigned to beryl cage
vibrations [40], Al-O (85-86 meV), Be-O (96 meV) and Si-O (114, 127, 151 meV).

The peak at 197.5 meV is strong for Q||c-axis and very weak for Q_Lc-axis orientation (see Figure
3), and this peak can be assigned to water intramolecular bending H-O-H mode [20, 21], as we described
in our previous study, in agreement with numerous literature data [17-19, 38-40]. The peaks at about
208.5, 219.3 and 230.1 meV can be well described as combination of the bending mode and the
translational vibrations of water molecule along the c-axis (at 10.9 meV at 5 K).

The water intramolecular stretching O-H modes are observed at ~465 meV as strong and weak peaks
for QJ|c-axis and Q_c-axis orientations, respectively (see Figure 4). The obtained very large energy for
the intramolecular stretching modes, and small value for the intramolecular bending mode (which are
almost the same as for free water molecule) are in agreement with the assumption of absence of hydrogen
bonds acting on water molecules in beryl, in accord with previous studies [17-19, 38-40]. The intensity
of the peak at 465 meV for Q_Lc-axis orientation is much smaller than it should be based only on the
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Figure 1. INS spectra of water in single crystal beryl at different temperatures, 5 to 260 K, measured
with £=25 meV for neutron momentum transfer being approximately perpendicular and parallel to the
crystal c-axis (left and right panels, respectively).
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Figue 2. INS spectra of water in single crystal beryl at 5 K, measured with £=50 meV and 160 meV
(left and right panels, respectively)

projections of the hydrogen displacement due to the stretching modes on the ab-plane and along c-axis,
therefore an additional suppression of the peak should be involved due to the Debye-Waller factor,
DW=exp[-<(uuQ)*>], where uy is vibrational displacement of water protons. Hence, the data suggest
larger mean squared displacement (MSD) of water protons in ab-plane. With temperature increase, the
maximum value of the peak decreases (due to increase of the MSD of water protons), and a prominent
excess of intensity is observed at the left side of the peak, between 405-440 meV. One might be tempted
to attribute the increase in intensity on the left-hand side of the peak to multiphonon neutron scattering.
Here the multiphonon process would consist of the simultaneous creation an O-H stretching mode
quantum and the annihilation of low energy (translational and/or librational) water quanta. However, in
that scenario, the effect would be proportional to the Bose population factor governing the low energy
modes, n(Erg T). This implies that there should be an accompanying even larger increase in the scattering
on the high-energy side of the peak, proportional to n(E;zT)+1, which is inconsistent with the
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Figure 3. INS spectra of water in single crystal beryl at different temperatures, 5 to 260 K, measured
with £=250 meV for neutron momentum transfer being approximately perpendicular and parallel to the
crystal c-axis (left and right panels, respectively). Dashed lines show the calculated spectrum from [45].
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Figure 4. INS spectra of water in single crystal beryl at different temperatures, 5 to 260 K, measured
with E~=600 meV for neutron momentum transfer being approximately perpendicular and parallel to the
crystal c-axis (left and right panels, respectively).

observed behavior. Rather, the additional intensity on the low energy side of the O-H stretching peak
indicates significant softening of the stretching modes for at least some of the water molecules at higher
temperatures (already at 120 K and above). Such softening is likely due to hydrogen bonding between
the water molecules and the beryl cage.

This result sheds light on a discrepancy in our previous study [21] between the low temperature INS
data, which suggested that no hydrogen bonding is present, and the high temperature (7=233-363 K)
dielectric spectroscopic (DS) results, which proposed the presence of hydrogen bonds for water in beryl.
Therefore, based on the INS and DS [21] results we propose that water in beryl does not form hydrogen
bonds at low temperatures, and the hydrogen bonds progressively appear for some water molecules at
higher temperatures.
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3.2. Water protons momentum distribution and kinetic energy

The DINS spectra for beryl were collected for two orientations of beryl singles crystals, with their c-
axis being vertical (perpendicular to the incoming neutron beam), and with c-axis being aligned along
the incoming neutron beam. The data were treated with the use of MANTID software package [41]. The
data for both configurations were fitted simultaneously to a 3D momentum distribution that is the
average distribution of the two protons of the water molecule. We used a basis of Hermite polynomials
of tenths order (with the terms consistent with the sixfold symmetry of the beryl channel) and spherical
harmonics [12]. The z-axis of the fitting was chosen along the crystal c-axis, and the xy-plane was
perpendicular to z-axis (parallel to the ab-plane). Figure 5 shows the contour plots of projection of water
proton momentum distribution in beryl onto the xy-plane at different temperatures, and Figure 6 shows
the curves fitted to the measured Compton profiles along the x-, y- and z-axis, and the corresponding
parameters oy, 6, and oz, that determine the width of the momentum distribution along the corresponding
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axis, are presented in Table 1. We notice that the fitting results in Figures 5 and 6 show slightly negative
values of the momentum distribution. It can be extremely difficult to impose non-negativity constraints
on the intensity of the momentum distribution when several Hermite polynomials are considered. As
non-constrained coefficients can affect the value of the mean kinetic energy, one should pay attention
to such aspect. In this light, the article by Krzystyniak in these proceedings [42] discusses the analytic
constraints amongst the fitting parameters in the case of polynomials up to the fourth order. In our
results, the slight negativity of the momentum distribution could be justified by including the fitting
error bars, therefore making the result overall compatible with the non-negativity constraints.

The average kinetic energy of proton Ex is proportional to the second moment of momentum
distribution and can be expressed as:

hZ
Ex = 5—(0% + 0y +07), (1)

where m is mass of proton. The obtained Ex are 104.0 meV, 207.7 meV and 210.3 meV for 5, 60 and
260 K, respectively. The widths of momentum distribution Ex at 5 K is in very good agreement with our
old data at 4.3 K measured on different beryl sample. We anticipated increase of average kinetic energy
of water proton at higher temperatures due to occupation not only the lower split ground state (as at 5K)
but also other split ground states, which should result in broadening of the momentum distribution. The
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Table 1. The widths (A™") of momentum distribution for water proton in beryl.

Temperature, K Oy oy o
4.3 (ref. [20]) 3.66 3.61 4.98
5 4.13 3.40 4.65
60 5.83 3.51 7.35
260 6.77 3.90 6.37

observed two times increase of Ex already at 60 K is very unusual, but so large values for proton kinetic
energy were documented before for water confined in double wall carbon nanotubes of 16 A inner
diameter (198 meV at 120 K, and 221 meV at 170 K), in Nafion-1120" (245 meV at 300 K), and Dow-
858" (262 meV at 300 K) [43]. So, at low temperature (5 K) water in beryl shows coherent quantum
delocalization (tunneling) over six equivalent positions across the channel, and water protons are
localized in inverse (momentum) space, having narrow momentum distribution and low average kinetic
energy. With temperature increase, water still tunnel between these positions, and it progressively
occupies other split ground states, which results in increase of Ek.

In the semi-empirical (SE) harmonic approximation (see e.g. [44]) due to very large values of the
O-H stretching modes of water in beryl (~465 meV) the estimated Ex, with the use of only water
intramolecular modes, should be 132.5 meV [20, 44]. The measured energy of the stretching modes is
the energy difference between the first excited and ground states, and the energy of the ground state is
assumed to be half of this difference. Probably, the energy of the ground state of the tunneling particle
is much lower than that for particle in single harmonic potential.

Recently, DFT based first-principles calculations were carried out for beryl [45], where the obtained
generalized vibrational density of states (GVDOS) for water protons (shown as dashed lines in the
Figure 3) well describes our INS spectra: the intramolecular stretching and bending modes are in
excellent agreement with the experiment. The authors [45] did not make assignments for the low-energy
modes, but the part of the spectrum below 20 meV could be probably related to the water translational
modes (there is a peak in this range of GVDOS for oxygen atoms, which are mostly involved in the
translational vibrations of water), therefore the peak around 30 meV should be due to water librational
vibrations, which is in accord with INS data. The calculated (high intensity) peak at 154 meV is the only
one, which does not correspond to the peak from water protons in the measured spectrum. There is
actually a peak in the INS data (obtained for Q_c-axis orientation) but the temperature dependence of
the intensity of the peak and other literature data indicate that this peak is due to vibrations of beryl cage,
as discussed above. Using the DFT derived GVDOS for water proton the authors [45] calculated the
mean kinetic energy (£Ex=104.4 meV) which is in remarkable agreement with the 5 K DINS data. The
big discrepancy between the new calculated value and the old one, estimate in SE approach, was
explained by different distribution of GVDOS of protons, most probably due to coupling with
vibrational modes of the beryl cage. We think that, unfortunately, there is a mistake in the calculated
GVDOS for water in beryl. From the values of energy fractions shared by the H and O atoms in beryl
presented in Table VI of the ref. [45], it follows violation of one from two known sum rules, which are
known as “the orthonormality and closure conditions” (see e.g. [46]):

Yale(ik)I* =1 (2
and
9 N
j=1lek)I* =1, 3)
where i is the atomic number in the primitive cell (=1 to 3, for 2 hydrogen atoms and 1 oxygen), k is a
wave vector, and j stands for phonon branches (j=1 to 9, for 3 translational, 3 librational and 3
intramolecular modes for H>O). The squared phonon eigenvectors in the above equations directly relate
to energy fractions used in [45]. The Eq. (3) is well satisfied, while the Eq. (2) is not: the sum over all
atoms is about twice larger for the lowest energy mode, and the sum is twice smaller for intramolecular
modes, than they should be. The proposed explanation [45] that this (very large) violation is due to
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coupling of the water intramolecular vibrations with the hosting beryl nano-cage does not look
acceptable because in this case the energy of the intramolecular modes should be strongly changed,
while they almost coincide to those for the free water molecule (with no HB). Therefore, the very low
average kinetic energy of water protons in beryl at 5 K obtained from the DINS data is still awaiting a
quantitative explanation.

4. Conclusion

We studied dynamics of single crystal beryl in wide temperature range, from 5 to 260 K, by using INS
and DINS technique. The obtained data confirm our previous study [20] that at 5 K water molecule
exhibits quantum tunneling behavior, and protons have very small average kinetic energy (104 meV).
At 60 K, and also at 260 K, the Ex increases about two times. In the INS spectra we observed also
appearing of the low energy feature of the water O-H stretching peak with temperature increase (at 120
K and above) which indicates progressive appearance of the hydrogen bonding of some water molecules
with the beryl cage.
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