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Abstract

Individual water molecules or small clusters of water molecules contained within microporous
minerals present an extreme case of confinement where the local structure of hydrogen bond net-
works are dramatically altered from bulk water. In the zinc silicate hemimorphite, the water
molecules form a two-dimensional hydrogen bond network with hydroxyl groups in the crystal
framework. Here, we present a combined experimental and theoretical study of the structure and
dynamics of water molecules within this network. The water molecules undergo a continuous phase
transition in their orientational configuration analogous to a two-dimensional Ising model. The in-
coherent dynamic structure factor reveals two thermally activated relaxation processes, one on a
subpicosecond time scale and another on a 10-100 ps time scale, between 70-130 K. The slow pro-
cess is an in-plane reorientation of the water molecule involving breaking of hydrogen bonds with
the framework that, despite the low temperatures involved, is analogous to rotational diffusion of
water molecules in the bulk liquid. The fast process is a localized motion of the water molecule

with no apparent analogs among known bulk or confined phases of water.



The physical and chemical properties of bulk liquid water are profoundly shaped by its
hydrogen bond network[1]. Water molecules within the bulk liquid are, on average, tetrahe-
drally co-ordinated with their nearest neighbors. They undergo simultaneous translational
and orientational (rotational) diffusion with characteristic relaxation times on the order
of a few picoseconds. The structure and dynamics of liquid water are, however, strongly
modified when it is adsorbed to a solid surface or confined within a porous material[2-5].
The translational dynamics of confined water are typically slowed by one or two orders of
magnitude in comparison to the bulk liquid, with less severe consequences for the orienta-
tional diffusion. Water confined in porous silicas may be supercooled far below the bulk
freezing temperature[6], resulting in increasingly glassy diffusive dynamics with characteris-
tic relaxation times longer than a few hundred picoseconds at temperatures below 180-190
K. Two-dimensional, square ice forms on the surface of graphene and carbon nanotubes|7-
9],while para-ortho transitions[10, 11] and tunneling states[12, 13] of ultra-confined water

molecules have been observed.

Water molecules confined within microporous minerals present another extreme exam-
ple of molecular confinement, where the local structure of H-bond networks formed by the
water molecules may be strongly influenced by the surrounding framework. This opens the
possibility of observing new types of dynamical and phase behavior. For example, hemi-
morphite ZnySi;O7(OH), -H2O, a natural, orthorhombic, microporous zinc silicate, contains
water molecules and hydroxyl groups that form a 2D H-bond network[14-19]. The crys-
tal framework consists of rings of corner-sharing ZnO3;(OH) and SiO, tetrahedra forming
pore channels in the c-direction. The water molecule forms a two-dimensional network with
the hydroxyl groups bound to the pore channels in the (010) plane. Previous diffraction
studies[14, 20, 21] have found that, in Phase I (7" > 100 K), the water molecule occupies a
symmetrical position within the pore channels. It rests entirely upon the a — ¢ plane and
forms four H-bonds with the framework. In Phase II (7" < 100 K), there is an alternating
system of rotated water molecules and hydroxyl groups forming a superlattice. There are
only three, asymmetrically arranged H-bonds per water molecule.

In this Letter, we present a theoretical and experimental study of the phase behavior
of hemimorphite and the dynamics of water molecules therein. We combined single-crystal
neutron diffraction (ND) and quasi-elastic neutron scattering (QENS) measurements with

density functional theory (DTF) calculations. The water molecules and framework hydroxyl
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groups undergo an unusual order-disorder phase transition in their orientational configu-
ration, highly reminiscent of a two-dimensional Ising model. They are highly mobile at
cryogenic temperatures, in marked contrast to interfacial or confined water. Two types of
local diffusive motion occur near 100 K: a planar analog to the rotation of water molecules
in the bulk liquid, and a second with no known analog, suggesting a modification of the
accepted crystal structure of hemimorphite.

Neutron diffraction and spectroscopy were performed at the Spallation Neutron Source at
the Oak Ridge National Laboratory. Using the TOPAZ instrument[22] and CrystalPlan[23],
we performed single crystal ND measurements at 90 K and 110 K that covered a full hemi-
sphere in reciprocal space. QENS measurements on single crystal hemimorphite where
carried out on the BASIS[24] and CNCS[25, 26] spectrometers using geometry described in
Refs 27 and 28. Scattering data reduced and analyzed using VESTA[29], MantidPlot[30],
and DAVE[31]. Technical details are provded in the Supporting Information.

Our ND measurements are in good agreement with previous studies of hemimorphite[14,
20, 21]. At 110 K, hemimorphite belongs to the space group I'mm2 with a = 8.3588 A,
b=10.7283 A, and ¢ = 5.1065 A. H,O forms a 2D H-bond network with the hydroxyl OH
groups bound to the pore channels in the (010) plane.

We have fit the data collected at 110 K (Phase I) using two models for the H,O position.
According to Model A (Fig. 1(a)), there are four, symmetrically arranged coplanar H-bonds
allowing the water molecule to act both as an acceptor and donor of H-bonds. At 90 K (Phase
I1, 1(b)), there are only three H-bonds per H,O, and the oxygen atoms move slightly above or
below the (010) plane. This is consistent with Raman spectroscopy measurements reporting
low frequency bands (3300 cm™! to 3500 cm™!) along the c-axis while high frequency bands
(3500 ecm™! to 3700 cm™!) are present along the a-axis[18]. Model B for Phase I is the same
as shown for Phase II with random occupancy of the water molecules. We regard the water
molecule as donating only one H-bond because the bond angle deviates from colinearity by

9.3° for one hydrogen and by 40° for the other.
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Model A provides an isotropic mean-squared displacement (u

0.08 A, while Model B yields 0.02 A”,

) of approximately

At 90 K, hemimorphite belongs to the space group Aem2. As can be seen in Fig. 1(b),
the framework undergoes little change as the mineral passes through the second-order phase

transition at 100 K, aside from the size and shape of the displacement ellipsoids of the
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framework atoms. There is an alternating system of rotated water molecules and hydroxyl
groups forming a superlattice cell that doubles the b and c¢ lattice parameters. The lattice
parameters now are: a = 8.3529 A, b = 21.4590 A, and ¢ = 10.2147 A. As shown in Fig.
1(b), there are only three, asymmetrically arranged coplanar H-bonds acting on the water
molecule.

To visualize the spatial disorder in this system, we calculated Fourier difference maps
by including and excluding the water molecule and hydroxyl protons from the fully refined
crystal structure. These maps generate nuclear density isosurfaces whose sizes and shapes
represents the positions and displacements of the omitted atoms, in this case the water
molecule and hydroxyl protons. These nuclear density isosurfaces are shown in Fig. 1 for
both Phase I and Phase II.

Consistent sizes and shapes are obtained for the nuclear density isosurfaces at 110 K using
Model A and Model B. Regardless of the choice of model, the nuclear density isosurfaces of
the hydroxyl groups in Phase I are elongated ellipsoids that encompass their two possible
positions in Phase II. The water oxygen and hydrogens have large displacements in all three
spatial dimensions. When the crystal is cooled to Phase II, the elongated ellipsoids of the
hydroxyl and water protons bifurcate into two distinct positions which they may occupy in
the superlattice cell. As in Phase I, the nuclear density isosurfaces of Phase II reveal strong
disorder of the water molecule and hydroxyl protons in every direction.

The displacement ellipsoids and nuclear density isosurfaces obtained in a diffraction ex-
periment represent the time-averaged displacements of the atoms about their preferred po-
sitions. There is no information about whether these ellipsoids and isosurfaces are due to
static or dynamic disorder (or both). Given the low temperatures involved, one is tempted
to conclude that the disorder must only be static in nature. However, the mean-squared
displacement of the water hydrogen, (u?) = 0.014 AQ, extracted from Q dependence of wa-
ter intramolecular modes observed at SEQUOIA[26, 32] (to be described elsewhere; see also
Supporting Information Figs 11 and 12), is inconsistent with the displacement parameters
obtained from Model A and consistent with those of Model B.

The QENS data obtained at BASIS and CNCS also weigh against the static hypothesis.
Figure 2 (a) plots a representative sample of the dynamic structure factor S(Q, F) at T =
100 K obtained wia BASIS in the energy range £100 peV. We fit S(Q, E) to the sum

of a Dirac d-function, a single Lorentzian, and a linear background, all convoluted with



the instrumental resolution function. Figures 2 (b) and (c) plot the intrinsic width of the
Lorentzian component, I'(Q)), in the Q || a and Q || ¢ sample orientations, respectively,
as a function of the momentum transfer vector Q (see the caption to the Fig. 2). The
@-independent width implies localized or rotational diffusion.

Measurements of S(6, E) over a wider energy range were conducted via CNCS at an
incident neutron energy of 3 meV and 12 meV. The observed quasi-elastic broadening was
independent of scattering angle 6 up to the precision of our measurements. To improve
statistics and simplify the data analysis, we have integrated S(6, F) over scattering angles
from 10° to 135° to obtain S,(E) and from —10° to —50° to obtain S, (E) (see also Supporting
Information).

Figure 3 illustrates the inelastic scattering functions S,(E) and S,(F) at T' = 100 K.
We fit the scattering to the sum of a Dirac d-function, two Lorentzian components, and a
sloping linear background, again convoluted with the instrumental resolution function. A
poor fit is obtained when only one Lorentzian component is used.

The QENS data collected at BASIS and CNCS show that the disorder of the water
protons is at least partly dynamic. Moreover, there are two different relaxation processes
occurring, which we will refer to as “slow” and “fast.” The characteristic relaxation times
for these two processes as a function of temperature are shown in Fig. 4(a).

In the BASIS data, only the slow process contributes to the scattering. These relaxation
times 7(7") exhibit Arrhenius-type behavior 7(7T") = mexp (E,/kgT), where the activation
energy E, is 6.6(4) kJ/mol.

In contrast, both the slow and fast processes are found in the CNCS data. Between 70 K
and 120 K, the relaxation time 7 for the fast component is less than one picosecond. This is
shorter than the rotational relaxation time in bulk liquid water, which is on the order of a
few picoseconds. The small, but slighly positive, slope of the blue curve in Fig. 4(a) shows
that the fast relaxation process has a weak temperature dependence. Its activation energy
is 0.4(2) kJ/mol.

The relaxation times of the slow process estimated from the CNCS data are approximately
four times shorter than those estimated from the BASIS data set. However, the resulting
change in the prefactor 7y is an artifact produced by the instrumental energy resolution and
it is frequently observed in neutron scattering studies of confined fluids. F, is not affected

by this change. Thus the orange and red curves in Fig. 4(a) are parallel to one another, an
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indication that they in fact represent the same physical process.

It is likely that the underlying mechanism of the slow process is associated with the
breaking of H-bonds between the confined water hydrogens and the framework oxygen atoms,
given the value of F,. The breaking of H-bonds in bulk liquid water[33, 34] obeys an
Arrhenius law with an activation energy of 10 kJ/mol. As argued by Geiger and Dachs[16,
17], the H-bond strength in hemimorphite is intermediate between steam, on the one hand,
and liquid water and Ice Th, on the other. Therefore, it is reasonable that the Arrhenius
activation energy F, associated with the breaking of H-bonds in hemimorphite is close to,
yet somewhat less than, the corresponding activation energy E, in bulk liquid water.

Neither the relaxation times, nor the the activation energies F,, of the fast and slow
diffusive processes are sensitive to the phase transition at 7. This implies that the number
of H-bonds per water molecule is unchanged as the mineral passes through 7. If the number
of bonds did change (as required by Model A), one would expect this to alter the orientational
potential experienced by the water molecules, which would result in a kin in a plot of In(7)
versus 1000/T". Since this is inconsistent with the observed behavior, we infer that Model B
is more appropriate for the description of the Phase I crystal structure.

To gain further insight into the location and motion of the water molecules, we performed
DFT calculations of a 160 atom hemimorphite supercell (8x(Zn,SioO7(OH), -H20)) contain-
ing 8 water molecules (see Supporting Information). Our calculations used the plane wave
pseudopotential projector augmented wave method as implemented in the VASP code[35—
39]. We used the PBE functional[40] and the DFT+D2 van der Waals method[41]. Our ini-
tial calculations found a Cy, symmetry structure with the water molecules primarily lying in
the a — ¢ plane. However, breaking the symmetry of this structure by further perturbing the
water molecules, we found the lower energy structure shown in Fig. 4(b), with each water
molecule canted. Within PBE+D2 the supercell energy is 179 meV lower (22 meV /water
molecule) than the higher symmetry structure (101 meV lower in PBE, or 13 meV /water
molecule).

The new structure in Fig. 4(b) shows H-bonding between each water oxygen and the
nearest hydroxyl. Limited relaxation of the ZnsSi,O; framework occurs, with a maximum
0.09 A displacement of Zn and Si. We were unable to stabilize structures consisting of
a single canted water molecule, with all others symmetric, most likely due to this lattice

coupling.



The calculated orientational barrier, shown in Fig. 4(c), suggests a straightforward phys-
ical interpretation of the two relaxation processes. The slow process is a two-dimensional
analog to the rotational diffusion of water molecules in the bulk liquid. That is, the water
molecule moves via rotational jump diffusion between the two deep minima of the orienta-
tional potential, the activation energy being set by the strength of the H-bond which must
be broken in order for the water molecule to move from one orientation/angular position in
the channels to the other. The fast process, occurring on a subpicosecond time scale, has no
known analogs. This process seems to be associated with the secondary, shallow minimum
in the orientational potential. There may be a short lived state where the water molecule is

momentarily symmetrically poised in the channel.

In this Letter, we presented a theoretical and experimental study of the phase behav-
ior of hemimorphite and the dynamics of water molecules therein. The second-order phase
transition of hemimorphite is analogous to a two-dimensional Ising model[42], where the
orientational positions of the water molecules and framework hydroxyl groups (tilted to
the left or right) correspond to the spin directions. In Phase II, these spins (positions)
are anti-correlated in the a direction (with increasing the order parameter with decreasing
temperature), and in Phase I the spins are uncorrelated (corresponding to zero order pa-
rameter). There are two types of local diffusive motion at temperatures on the order of 100
K: the first is a planar analog to the rotation of water molecules in the bulk liquid, whereas
the second (fast) motion has no known analog in either the bulk or confined liquid. We
believe that the anomalously fast rotational diffusion of the water molecule in hemimorphite
at cryogenic temperatures is due to the planar configuration of the H-bonds, which usually
have a tetrahedral arrangement in bulk or confined water phases. Therefore, confined water
with similar 2D hydrogen-bonded structure may also exhibit similar dynamic and phase

behavior.
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FIG. 1. The crystal structure of hemimorphite viewed along the b-axis. The framework is shown
as a traditional ball-and-stick model with anisotropic displacement parameters at 65% probability.
The hydroxyl proton and the water molecule are shown as nuclear density isosurfaces. Panel (a)
illustrates Model A for Phase I and panel (b) illustrates the unit cell for Phase II. Model B for
Phase I is the same as shown on panel (b) with random occupancy of the water molecules. Figure
designations: nuclear density isosurfaces for water oxygens (red); nuclear density isosurfaces for
water or hydroxyl protons (green); SiOy4 tetrahedra (blue); ZnO3(OH) tetrahedra (gray); framework

oxygen (red).
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FIG. 2. Panel (a) illustrates BASIS measurements of the dynamic structure factor S(Q, E) of
hemimorphite at T = 100 K when Q || ¢ and @ = 1.50 A™'. The intrinsic half-width at half-
maximum I' of the Lorentzian component observed at BASIS is shown in panels (b) and (¢). Solid
symbols in both panels show the observed widths when @ = 0.70 A s exactly parallel to the
the specified crystal direction. The blue, green, and red symbols correspond to 80 K, 90 K, and
100 K, respectively. Open symbols in (c¢) plot the intrinsic widths I' when @ = 1.50 A s exactly

parallel to c. Error bars throughout the text represent one standard deviation.
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the cross-section of the DFT structure and isosurface of the electronic charge density illustrating
the in-plane alternating layout of the water molecules. Panel (c) plots the orientational potential

barrier of eight water molecules obtained fromlt%e DFT calculations.



