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ABSTRACT 12 

In-situ high-pressure single crystal X-ray diffraction studies of mesolite, an 13 

aluminosilicate composed of stacks of Na+-containing natrolite and Ca2+-containing scolecite 14 

layers in the ratio of 1:2, showed two discrete steps of pressure-induced hydration (PIH): first 15 

H2O molecules are inserted into the natrolite layers between ~0.5 and ~1.5 GPa and 16 

subsequently into the scolecite layers.  During the PIH in the natrolite layers, the 17 

coordination environment of Na+ changes from six to seven, the same as that of Ca2+ in the 18 

scolecite layers.  While the natrolite layers behave as in the mineral natrolite, the scolecite 19 

layers show different behaviors from the mineral scolecite by adopting the super-hydrated 20 

natrolite-type structure at higher pressure, as a larger distortion is not favorable in the 1:2 21 

layered framework.  This spatial separation of inserted H2O during PIH and the growing 22 

structural similarity of the two layers result in a weakening of k ≠ 3n reflections maintaining 23 
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the 1:2 layer configuration.  Our study of this unique behavior of mesolite provides a simple 24 

model of structuration under pressure, and the implications of our experimental findings are 25 

discussed. 26 

 27 

Introduction 28 

Structuration describes spatio-chemical heterogeneities in materials which drive 29 

chemical and physical processes in pores as well as in extended internal and external surfaces 30 

resulting in significantly different structures and properties.  Nanoscale assemblies of water 31 

have a well-established and important impact on the stability, structure, dynamics, and 32 

function of proteins (Bellissent-Funel et al. 2016), in surface electrochemistry (Bockris and 33 

Khan, 2013) and mineral dissolution (Zhuravlev, 2000).  Ordered and confined assemblies 34 

of water and cations in microporous materials are important model systems accessible to DFT 35 

calculations (Kremleva, 2013). The structuration of cations and molecules in pores of 36 

microporous materials by non-thermal pressure-driven supramolecular assembly has allowed 37 

the synthesis of novel functional materials and hybrids which, in some cases, can be stable at 38 

ambient conditions.  Post-synthetic modifications of the as-synthesized metal-organic 39 

framework (MOF) MIL-47V using pressure led to reversible and irreversible pressure-40 

induced exchanges of terephthalic acid template molecules by water and methanol, 41 

respectively (Im et al. 2016).  After pressure release, methanol molecules not only remain in 42 

the MIL-47V pores at ambient conditions and form a new material but can only be removed 43 

after heating to 400 °C.  More recently, it was shown that pressure can be used to form a 44 

unique two-dimensional network of spatially separated ethanol dimers and H2O tetramers in a 45 

hydrophobic all-silica zeolite ferrierite, which can be stabilized at ambient conditions (Arletti 46 

et al. 2017).  Clearly the fact that the pore topology of the microporous material might 47 

become tailored via pressure to allow access for certain molecules is an important mechanism 48 

to form new supramolecular assemblies of thermally unstable composites with potentially 49 
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new functionalities.  Our systematic investigations have shown pressure-induced hydration 50 

(PIH) (Lee et al. 2001) depends on both size and charge of the extra-framework cation (EFC) 51 

(Seoung et al. 2015).  In the case of the small-pore zeolite natrolite (NAT), DFT calculations 52 

revealed the energetics behind the different PIH behavior of natrolites containing different 53 

monovalent EFC (Kremleva et al. 2013).  The choice of EFC and the complex behavior 54 

under pressure of the EFC-assemblies provides another way to create new reversible (Lee et 55 

al. 2010, 2011, 2013) and irreversible supramolecular structuration in zeolites (Lee et al. 56 

2002; Seoung et al. 2014). 57 

The next challenge is to explore the high-pressure chemistry of microporous 58 

materials which contain EFC with different charges.  One such material is mesolite 59 

(Na5.33Ca5.33Al16Si24O80 x 21.33 H2O, Fdd2, a=18.4049(8), b=56.655(6), c=6.5443(4) Å) 60 

(Artioli et al. 1986) which can formally be derived from natrolite (Na16Al16Si24O80 x 16 H2O, 61 

Fdd2, a=18.3, b=18.6, c=6.6 Å) (Smith 1983) by replacing 2/3 of the Na+ cations by Ca2+ and 62 

H2O or from scolecite (Ca8Al16Si24O80 x 24H2O, Cc, a=6.516(2), b=18.948(3), c=9.761(1) Å) 63 

(Kvich and Stahl 1985) by replacing 1/3 of Ca2+ and H2O by Na+ (Figure 1).  Natrolite, 64 

scolecite, and mesolite are small pore zeolites with the same NAT framework topology 65 

composed of T5O10 secondary building units formed by connecting five TO4 tetrahedra (T = 66 

Si, Al) which are subsequently linked along the c-axis to form co-called natrolite chains 67 

(Smith 1983).  A fibre chain rotation angle, ψ, defines the geometry of the helical 8-ring 68 

channel in the projected ab-plane.  The chain rotation angle ψ is defined as the average 69 

angle between the quadrilateral sides of the secondary building unit, T5O10.  The smaller ψ 70 

observed in the mineral scolecite compared to ψ in the mineral natrolite signifies a more 71 

expanded channel.  Previous studies on fibrous zeolites demonstrate the flexibility of the 72 

NAT framework depending on the external pressure conditions and cation types (Comodi et 73 

al. 2002; Gatta et al. 2004; Gatta 2005; Gatta and Lee 2014; Seoung et al 2013, 2015).  This 74 

work reveals how the structure and pressure-driven transformations of previously 75 
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characterized bulk structures change when they are alloyed at the atomic scale.  The 76 

fortuitous structural relationships between natrolite, scolecite, and mesolite makes this an 77 

ideal model system to explore the effects of pressure in the presence of water on pores 78 

containing different EFC cations in their extended (natrolite, scolecite) and interfacial atomic 79 

structure (mesolite).  80 

 81 

Experimental Methods 82 

Single-crystal X-ray diffraction measurements at ambient pressure 83 

The diffraction data from a colorless cuboidal shaped crystal of mesolite (175 x 135 84 

x 30 m3) mounted on a loop were collected at ambient pressure and temperature on a Bruker 85 

Venture CMOS diffractometer equipped with a graphite-monochromated Mo K (= 0.71073 86 

Å) radiation source.  The data were corrected for Lorentz and polarization effects (SAINT) 87 

(Bruker-Nonius 2014), and multi-scan absorption corrections based on equivalent reflections 88 

were applied (SADABS) (Sheldrick 2014).  The structure was refined by full-matrix least-89 

squares on F
2 (SHELX-XL 2014/7) (Sheldrick 2015).  All the non-hydrogen atoms were 90 

refined anisotropically, and hydrogen atoms were found by difference map and allowed to be 91 

refined isotropically. 92 

 93 

Single-crystal X-ray diffraction measurements at high pressure 94 

A colorless cuboidal shaped crystal of mesolite (180 x 150 x 100 m3) was loaded in 95 

Almax Easylab Diacell Bragg-(S) DAC with a half-opening angle of 45°.  The cell is made 96 

of Type Ia Diacell design diamonds with 800 m culet diamond anvils, a tungsten gasket with 97 

a hole diameter of 400 m and beryllium backing plates.  A mixture of methanol, ethanol, 98 

and H2O (16:3:1 by volume) was added as a pressure transmitting medium to ensure 99 

hydrostaticity.  The cell was initially pressurized to 0.47(10) GPa.  The diffraction data 100 
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from the crystal of mesolite mounted on DAC were collected at 0.47(10) (40 frames for unit 101 

cell determination), 0.99(10), 1.46(10), and 2.26(10) GPa.  The data were integrated with 102 

the program SAINT using dynamic masks (Bruker-Nonius 2014), and multi-scan absorption 103 

corrections based on equivalent reflections were applied (SADABS) (Sheldrick 2014).  The 104 

structure was refined by full-matrix least-squares on F
2 (SHELX-XL 2014/7) (Sheldrick 105 

2015).  All the atoms were refined isotropically.  Pressure-driven changes in the unit cell 106 

lengths and volume are summarized in Table S1 and plotted in Figure S1 and 2, respectively, 107 

with the corresponding changes in the diffraction data visualized in Figure 3. 108 

 109 

Results and discussion 110 

Mesolite is a 2:1 composite of alternating scolecite and natrolite layers.  At ambient 111 

pressure, mesolite contains two Na+ ions and two H2O molecules in the pores of the natrolite 112 

layers, and one Ca2+ ions and three H2O molecules in the scolecite layers.  The Na+ ions are 113 

6-coordinated by four framework oxygen atoms and two oxygen atoms from two H2O 114 

molecules, whereas the Ca2+ ions are 7-coordinated by four framework oxygen atoms and 115 

three oxygen atoms from three H2O molecules (Figure 1). 116 

Applying hydrostatic pressure, mesolite shows distinct changes of its unit cell 117 

parameters while maintaining its orthorhombic symmetry (Figure S1): from ambient pressure 118 

to 0.5(1) GPa, all three unit cell axes contract due to compression of the NAT framework.  119 

However, between 0.5(1) GPa and 2.3(1) GPa, the a- and b-axes increase whereas the c-axis 120 

continuously decreases.  This behavior points to a chemical and structural phase transition 121 

changing the rotation angle ψ in the ab-plane, previously established as a pressure-induced 122 

hydration (PIH, Figure 2) (Lee et al. 2002).  To elucidate the structural and chemical 123 

transition occurring between 0.5(1) GPa and 2.3(1) GPa, sets of X-ray diffraction data were 124 

measured at 0.99(10), 1.46(10), and 2.26(10) GPa (Figure 3). 125 
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In mesolite at 0.99(10) GPa, additional H2O sites (O5W) appear in the natrolite 126 

layers, which are partially occupied (37.5%), whereas no additional H2O molecules are found 127 

in the scolecite layers (Table S2 and Figure 4).  In the natrolite layers, the coordination 128 

geometry of Na+ ions partially changed from a distorted trigonal prism to a pentagonal 129 

bipyramid, the same coordination geometry that Ca2+ ions have in the scolecite layers.  As 130 

observed in the mineral natrolite, the change of ψ during PIH leads to increases of the a- and 131 

b-unit cell axes whereas the c-axis slightly decreases (Figure S1). 132 

Further pressure increase up to 1.46(10) GPa results in a complete filling of the 133 

additional H2O site (O5W) and the natrolite layers now contain two Na+ ions and four H2O 134 

molecules per channel.  This is the structure found in the super-hydrated mineral natrolite 135 

above 1 GPa.  Subsequently, at 2.26 GPa, a new H2O site (O6W) with 50 % occupancy is 136 

found in the scolecite layers (Table S2 and Figure 4), giving rise to a splitting of the original 137 

Ca2+ site into statistically disordered ones.  This assembly now also has the topology of 138 

super-hydrated natrolite structure.  This is in marked contrast to what happens in the mineral 139 

scolecite.  The difference of the electron density distributions of the natrolite and scolecite 140 

layers in mesolite are now reduced, resulting in a weakening of the k ≠ 3n reflections (Figure 141 

3).  The better signal-to-noise data of our single crystal data allows us to show that these 142 

reflections are still present, albeit much weaker.  This allows us to revise our previous 143 

conclusions based on X-ray powder diffraction studies where we claimed that during PIH the 144 

superlattice b-axis is reduced by a 1/3 to a natrolite structure (Lee et al. 2002), similar to what 145 

was reported in the dehydration study on mesolite (Ståhl and Hanson 1994).  Our new 146 

model provides a much more appealing explanation for the reversibility of this phenomenon 147 

as it does not require cation diffusion between the two different layer types. 148 

The layers in the mineral scolecite and the scolecite layers in mesolite show different 149 

PIH as shown in Figure 4.  This can be related to the degree of framework distortion, 150 

represented here by the ψ angle change.  The natrolite layers in both the mineral natrolite 151 
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and mesolite are similar, whereas the scolecite layers in the mineral scolecite and mesolite are 152 

quite different at higher pressures.  The scolecite layers in the mineral reveal a much higher 153 

degree of pressure-induced framework distortion (Figure 2).  Up to about 1.5 GPa, the ψ 154 

angles of the natrolite and scolecite layers (empty symbols in Figure 2) in the mesolite 155 

structure lie between those of the minerals natrolite and scolecite.  At higher pressures, the ψ 156 

angle of the mineral scolecite then drops near 14° whereas the ones in the mesolite structure 157 

remains near 20°.  The NAT framework common to the scolecite and natrolite layers in the 158 

mesolite structure imposes a limit on how different the ψ angle can be.  This explains why 159 

the degree of super-hydration in the mineral scolecite is higher than in the scolecite layers of 160 

the mesolite structure, i.e., 5 H2O vs. 4 H2O per channel (Figures 2 and 4). 161 

We have clarified and revised the mechanism of PIH in mesolite.  The spatially 162 

separated and reversible ‘two-step’ PIH of first the natrolite- and then the scolecite-layers 163 

with increasing hydrostatic pressure in the presence of H2O molecules is an example of 164 

pressure-driven structuration where initial hydration leads to a layer structure isostructural to 165 

the ones observed in super-hydrated natrolite.  Subsequent hydration in the scolecite layers 166 

of mesolite are different from what we find in the super-hydrated mineral scolecite.  Instead 167 

it leads to a topology that resembles the one of super-hydrated natrolite.  This behavior is 168 

imposed by the composite framework limiting the degree of the ψ angle variation in the 169 

natrolite and scolecite layers.  Hydrostatic pressure minimizes the contrast of electron 170 

density distribution present in the two layers of mesolite resulting in a weakening but not 171 

disappearance of the k ≠ 3n superlattice reflections.  This disproves our original conclusion 172 

invoking cation diffusion between channels and provides us with a simple system to model 173 

PIH in a material with two different cations that displays spatially separated pressure-driven 174 

hydration.  Such an evolution of distinct coordination states under pressure suggests 175 

mesolite to be a unique mineral that might further lead to new and unusual physical and 176 

chemical properties. 177 
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Pressure-induced hydration (PIH) results in spatial changes of confined H2O 178 

molecules located in pores, curved interfaces, and extended external and internal surfaces.  179 

We chose the term “structuration” as we would like to highlight the importance that H2O 180 

molecules confined in the pores of microporous materials have, different structures than 181 

found in bulk H2O and point to the established importance of what is sometimes called 182 

‘nanowater’ in protein, colloids and membranes structures in structural biology.  The fibrous 183 

zeolites such as natrolite, scolecite, and mesolite are paradigmatic examples of PIH in 184 

aluminosilicates which demonstrate that the internal structuration of water depends on the 185 

extra-framework cation present in the pore (Na+ in natrolite, Ca2+ in scoleceite) and that when 186 

forming atomic interfaces of scoleceite and natrolite pores at the atomistic scale as present in 187 

the mineral mesolite the insertion pressures and structural features are different from those 188 

observed in extended bulk scoleceite and natrolite.  Up to now PIH has been neglected in 189 

any modeling attempts for water transport or their potential implications in seismicity and 190 

water cycling.  Initial work indicates that these systems are amenable to systematic DFT 191 

calculation (Kremleva et al. 2013).  It would be important for the geoscience community to 192 

take note of pressure-induced hydration (PIH) as a general phenomenon and account for its 193 

structural and compositional effects when simulating ‘real geochemical systems’. 194 
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Figure Captions 270 

Figure 1.  The structures of natrolite, scolecite, and mesolite. Mesolite is shown as a 2:1 271 

composite of alternating scolecite and natrolite layers along the b-axis.  The regions 272 

enveloped with rectangles are the unit cells of natrolite (yellow), scolecite (blue), and 273 

mesolite (red).  Note that the unit cell of scolecite is viewed along [100] direction, and the 274 

others are along [001]. 275 

 276 

Figure 2.  Changes in (a) the unit cell volumes (Å3) and (b) rotation angles of natrolite (Na-277 

NAT), scolecite (Ca-NAT), and mesolite (Na,Ca-NAT) as a function of pressure.  The unit 278 

cell volumes are normalized to 80 framework oxygens.  The change of the number of H2O 279 

molecules per 80 framework oxygens is shown during the PIH. 280 

 281 

Figure 3.  (a) Simulated powder diffraction patterns of mesolite at different pressures, (b) 282 

X-ray diffraction spots with Miller indices of k≠3n. 283 

 284 

Figure 4.  Polyhedral representations of mesolite (Na,Ca-NAT), natrolite (Na-NAT) and 285 

scolecite (Ca-NAT) as a function of pressure.  Yellow, cyan, and red circles indicate Na+, 286 

Ca2+, and oxygen atoms of H2O.  Tetrahedra depict an ordered distribution of Si/Al atoms in 287 

the framework. 288 
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