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ABSTRACT

The origin and stability of paranatrolite (approximate formula Na,s ,Ca,Al;¢,,S154.Og0:24H,0), a
naturally occurring zeolite with the natrolite topology, has long been debated, with its detailed structure
unknown. When taken from an aqueous environment and exposed to the atmosphere, paranatrolite
is reported to irreversibly lose water and transform to gonnardite/tetranatrolite, Na,s_Ca,Al;s,,Sis
Og'nH,0. Since the latter has a disordered Al/Si distribution over the framework tetrahedral sites, it is
believed the same is true for paranatrolite. Natrolite itself (Na Al 65124050 16H,0) has Al/Si ordering,
and as recently shown, undergoes a reversible volume expansion (~2.5%) due to pressure-induced
hydration (PIH) above 1.2 GPa to a superhydrated phase (Na;sAl;Si,,05'32H,0). During this process,
an intermediate phase with an even larger volume expansion of ~7.0% has been detected in a narrow
pressure range near 1.0 GPa. We report here that this intermediate phase has a unit-cell compatible
with the one reported for paranatrolite at ambient conditions with the same 24 water molecules per
formula unit and propose that it is paranatrolite with an ordered Al/Si distribution. An unusual water-
sodium chain is observed in the ordered paranatrolite structure: a sevenfold coordination of sodium
cations provided by alternating two water bridges along the expanded elliptical channels. The density
of the ordered paranatrolite is lower than those of the 16 and 32 water phases, with its channel open-
ings far more circular than in the low- and high-pressure analogs. The atomistic details of the ordered
paranatrolite provide a structural model for the naturally occurring paranatrolite and a complete un-
derstanding of this intriguing pressure-volume-hydration mechanism in natrolite, demonstrating the

unique role of pressure in controlling the chemistry of microporous materials.

INTRODUCTION

Zeolites are naturally occurring aluminosilicate minerals
that adopt a variety of low-density framework structures made
up of corner-connected (Al,SiO,4)-tetrahedra (Breck 1984). The
framework contains windows that connect to pores and chan-
nels of molecular dimensions where charge-balancing cations
and water molecules are located. The structure of the zeolite
natrolite, Na,;sAl;6S1,4Og 16H,0, was first proposed by Pauling
and Taylor in the early 1930s (Pauling 1930; Taylor 1934). Its
framework is composed of so-called fibrous chains of tetrahe-
dra interconnected to generate elliptical channels along c-axis
(Baur et al. 1990; Meier 1960). In the parent phase, silicon and
aluminum atoms are ordered in framework tetrahedral (T) sites,
and sodium cations and water molecules also adopt ordered ar-
rangements along the channel. Chemical substitutions can oc-
cur both in the natrolite framework and charge-balancing cation
sites, giving rise to a variety of analog mineral species such as
scolecite, CagAl6Si»0g:24H,0 (Kvick et al. 1985), mesolite,
Nas3Cas 3AlS1,405021.3H,0 (Artioli et al. 1986), gonnardite
(Artioli and Galli 1999), and tetranatrolite (Evans et al. 2000).
In scolecite and mesolite, the framework maintains an ordered
Al/Si arrangement, but different degrees of Ca-exchange for Na
leads to a monoclinic distortion or a tripling of the b-axis param-
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eter of the parent orthorhombic natrolite unit cell, respectively.
The composition and structural relationship of gonnardite and
tetranatrolite is still controversial (Artioli and Galli 1999; Evans
etal. 2000; Ross et al. 1992) but they have been reported to have
arepresentative formulae of Na,¢_,Ca,Al;,,Si4_Og'nH,0 (0.2 <
x=3.9, 16 = n =< 25.2) and disordered Al/Si distributions at the
framework T-sites. Paranatrolite is another natrolite analog with
a high water content (Na,s_Ca, Al 4, Sis ,Og'24H,0 or ideally,
Na,6Al651,4050°24H,0). It is claimed to transform irreversibly to
tetranatrolite upon exposure to the atmosphere after removal from
an aqueous environment (Chao 1980). It is therefore assumed
that paranatrolite also has a disordered distribution of Al/Si over
its framework T-sites (Chao 1980; Evans et al. 2000), and it is
generally agreed that paranatrolite should not be considered as
just a higher hydrate of natrolite (Evans et al. 2000). However,
the only structural model for paranatrolite (Pechar 1988) has an
ordered Al/Si distribution and was disputed by Baur (1991), who
objected to the inappropriate conditions of the crystallographic
measurement (no controlled humidity) as well as internal incon-
sistencies of the reported structural parameters. Belitsky et al.
(1992) also observed that what they called natrolite II, which
has unit-cell parameters similar to those of paranatrolite, forms
reversibly from an ordered natrolite (natrolite I) at high water
pressures. They speculated that natrolite II is an “overhydrated”
analog of natrolite with a structure similar to that of paranatro-
lite (Belitsky et al. 1992). Subsequently, Paukov et al. (2002)
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proposed that Al/Si disordering has little effect on the thermo-
dynamic properties of natrolite group zeolites.

We have recently demonstrated that the volume expansion
of natrolite at pressures above 1.2 GPa occurs through the se-
lective sorption of water molecules from the hydrostatic pres-
sure transmitting fluid (Lee et al. 2002). This pressure-induced
hydration (PIH) doubles the zeolitic water content from 16 to
32 H,0 molecules (per 80 framework O atoms), leading to a
superhydrated phase and is reversible upon pressure release.
During in situ X-ray diffraction studies of PIH, an intermediate
phase with an even larger volume than the superhydrated phase
but a lower water content of 24 H,O molecules (per 80 framework
O atoms), similar to the reported volume and water content of
paranatrolite at ambient pressure, was detected as a mixed phase
in a narrow pressure range between 0.8 and 1.2 GPa. Following
this initial observation, subsequent experiments were success-
ful in stabilizing a pure form of this intermediate phase. Here
we present for the first time a detailed structural model of the
intermediate phase at 0.99(10) GPa and discuss its relevance to
the paranatrolite controversy.

EXPERIMENTAL DETAILS

Variable-pressure powder diffraction measurements were performed using a
diamond-anvil cell (DAC) technique at beamline X7A of the National Synchrotron
Light Source (NSLS). A powdered sample of natrolite (from Dutoitspan, South
Africa, EPMA: NaysAl, 451,04 16H,0) was loaded into a 200 wm diameter sample
chamber in a pre-indented stainless steel gasket, along with a few small ruby chips
as a pressure gauge. A mixture of 16:3:1 by volume of methanol:ethanol:water was
used as a pressure medium (hydrostatic up to ~10 GPa). The pressure at the sample
was measured by detecting the shift in the R1 emission line of the included ruby
chips. The sample pressure was gradually increased until 0.99(10) GPa where a
pure monoclinic phase with ~7% volume expansion was obtained. No evidence of
nonhydrostatic conditions or pressure anisotropy was detected during our experi-
ments. The sample was equilibrated for about 30 min, and diffraction data were
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collected for 24 h with variable counting time [3-35° 20, A = 0.6645(1) A] using
amicro-focused (~200 um) monochromatic X-ray provided by an asymmetrically
cut bent Si (111) monochromator and a gas-proportional position-sensitive detector
(Smith 1991). The sample pressure was then raised to 1.77(10) GPa, and a pure
superhydrated orthorhombic phase was observed. Three sets of diffraction data
were measured during gradual pressure release; the pure monoclinic phase was
observed again at 0.99(10) GPa, and appeared as a second phase on further release
to 0.37(10) GPa. The fully released sample was a pure orthorhombic phase with
a volume similar to that measured before the pressure cycle. The structure of the
monoclinic phase at 0.99(10) GPa was refined using Rietveld methods and the
GSAS suite of programs (Toby 2001) (see Tables 1-2).

RESULTS AND DISCUSSION

Changes of the unit-cell parameters and volume of natrolite
as a function of hydrostatic pressures up to 5 GPa are shown in
Figure 1. A volume increase of about 7.0% occurs at pressures
near 1.0 GPa via expansions of the a- and b-axis parameters
(4.0% and 4.2%, respectively) and a contraction of the c-axis
parameter (1.2%). Further increase of pressure above 1.2 GPa
results in the opposite behavior: the a- and b-axis parameters
contract (2.5% and 2.2%, respectively) and the c-axis parameter
expands (1.2%), leading to an overall volume reduction of 3.9%
compared to that of the intermediate phase. The intermediate
phase shows a monoclinic distortion of the original orthorhom-
bic structure, as proposed for naturally occurring paranatrolite.
Furthermore, the derived unit-cell parameters and volume are
also close to those quoted for paranatrolite (Fig. 1) (Chao 1980).
The structure of the phase above 1.2 GPa has been previously
identified as the superhydrated state of natrolite with a doubled
water content (Lee et al. 2002). When the pressure was gradu-
ally released from 1.7 GPa, the superhydrated natrolite material
started to transform back to the intermediate phase at 1.1 GPa.
However, further release of pressure below 0.8 GPa did not result
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FIGURE 1. Pressure dependent evolution of (a) unit-cell edge lengths and (b) unit-cell volume, normalized to the orthorhombic setting with 80
framework O atoms, in natrolite (Na,sAl;6S1,40g'xH,O) under hydrostatic conditions mediated by an alcohol and water mixture. The filled symbols
represent data taken on pressure increase and the unfilled symbols during pressure release. Data from Lee et al. (2002) were used to represent run 1
(half-filled symbols). For comparison, a grey ellipse is shown to represent the region of the reported volumes of naturally occurring paranatrolite at
ambient pressure: a = 19.07(1), b=19.13(1), ¢ = 6.580(3) A, V=2400 A* by Chao (1980); a = 19.02(1), b=19.20(1), ¢ = 6.606(4) A,  =91.56(4)°,
V =2412 A’ by Paukov (2002). Our ordered paranatrolite at 0.99(10) GPa has a = 18.882(1), b = 19.293(1), ¢ = 6.4800(4) A, p =91.53(1)°, V=

2360(1) A? (in pseudoorthorhombic setting, see supplemental table).!
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www.minsocam.org (or contact MSA Business Office for updated link information).
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TaABLE 1.  Final refined atomic coordinates for the ordered paranat-  TABLE2. Selected interatomic distances (A) and angles (°) for the
rolite at 0.99(10) GPa* ordered paranatrolite at 0.99(10) GPa*

Atom Site X y z Bond valence Si1-04 1.661(15)  Si2-05 1.620(15)  Si3-O1 1.617(14)
sum Si1-07 1.654(14)  Si2-06 1.625(15)  Si3-02 1.593(15)

Si1 4q 0.500 0.3746(11) 0.000 37 Si1-09 1.665(15) Si2-07 1.668(14) Si3-03 1.632(15)

Si2 4a 0.195(5) 0.3322(11) 0.181(3) 37 Si1-010 1.651(15) Si2-08 1.684(15) Si3-09 1.661(15)

Si3 4a 05445 0.0802(11) 0.314(3) 40 avg. 1.658(7)t  avg. 1.649(7)t  avg. 1.626(7)t

All 4a 0.936(5) 0.4645(11)  0.093(4) 27 AlN-01 1.767(14) Al2-03 1.748(15) Si3-O1-AlT  138.7(21)

Al2 4q 0346(5) 0.2154(12)  0.402(4) 28 Al1-02 1.743(15)  Al2-O4 1.802(15)  Si3-02-Al1  132.7(20)

o1 4a 0.509(8) 0.0295(17)  0.436(4) 20 Al1-08 1.783(15)  Al2-O5 1.724(15)  Si3-03-Al2  136.9(23)

02 4a 0.492(7) 0.0485(14)  0.159(4) 22 Al1-010 1.775(15) Al2-06 1.758(15) Si1-04-Al2  135.7(23)

03 4q 0.408(7) 0.1527(15)  0.293(4) 20 ave. 1.767(7)t  ave. 1.758(8)"  Si2-05-Al2  134.7(23)

04 4a  0099(6) 0.1947(17)  0.442(5) 17 Na,,-02  2.92(5) Na-O1  2.54(5) Si2-06-Al2  135.6(22)

05 4a 0.308(7) 0.2987(14) 0.336(4) 2.1 Na;,-03 2.46(4) Na,;-02 2.56(4) Si1-07-Si2  143.3(26)

06 4a 0.063(6) 0.2784(17)  0.059(4) 20 Na;,-05 2.78(4) Na;3-05 2.83(5) Si2-08-Al1  122.2(19)

o7 4q 0.416(6) 0.3498(21)  0.134(3) 2.1 Na,,-06 2.45(5) Na,;-08 2.20(4) Si1-09-Si3  137.2(25)

08 4q 0.086(7) 0.4052(14)  0.224(4) 20 Na;,-OW,, 2.73(5) Na,;;-OW,,  2.90(5) Si1-O10-Al1T  138.3(22)

09 4a 08015 0.1046(21) 0.355(3) 2.1 Na;x-OW;, 2.53(5) Na;;-OW:, - 2.40(5)

010 4a 0.655(5) 0.4441(16)  0.040(5) 1.8 Naix-OWis  221(5) Najz-OWis - 2.21(6)

Naj, 4a 0.180(7)  0.1587(17)  0.044(4) 1.0

Najs 4q 0.587(6) 0.0998(17) -0.053(4) 13 OW,,-01  2.79(5) OW,,-02 3.05(7) OW,s-04 2.64(4)

OW,, 4q 0.140(7) 0.0533(21) -0.146(5) OW,,-02  3.19(5) OW,,-09 2.81(6) OW,5-05 3.11(6)

OW,, 4q 0.932(9) 0.0743(24) 0.115(6) OW,,-07  2.90(6) OW,,-010 3.10(6) OW,-08 3.16(6)

OW, 4a  0368(8) 0.1905(25) -0.098(5) OW,,-010  2.78(5)

Notes: In Fd setting, a=18.882(1) A, b=19.293(1) A, c= 6.4800(4) A, B = 91.53(1)", 8&2{8\}\? gégg;

X'=2/2,y' =y, =-x+2/2. ,R,=0.016, R,= 0.014, x>= 2.7. E:s.d. values are in e — -

parentheses. Soft constraints were used for framework interatomic distances. ~  Estimated Staf‘d?rd deviations are in parentheses.n "

Restrained isotropic displacement parameters, Ui, (A2), were used for all atoms t Standard deviations are computed using o= 1 Z"z] .

and refined to 0.013(1). All sites are fully occupied. nl‘= '

* Space group Cc, a = 6.4800(4) A, b = 19.293(1) A, c = 9.8984(7) A, B =

107.56(1)°.
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The structure of the intermediate phase was determined us- <] 2 1 ] 1 20
ing monochromatic synchrotron X-ray powder diffraction data  .§ S —
measured at 0.99(10) GPa and the Rietveld methods using a % 0 1 4 5

diamond-anvil pressure cell and Rietveld refinements (Rietveld
1969; Young 1995). The conventional space group Cc was used,
and from difference Fourier maps an additional fully occupied
water site was located along the natrolite channel. The derived
unit-cell formulae, Na Al Si,,0424H,0, normalized to the or-
thorhombic setting, shows that the intermediate phase contains
8 more water molecules (24 water molecules per 80 framework
O atoms) compared to the water content of natrolite at ambient
conditions (16 water molecules per 80 framework O atoms). The
calculated density of this intermediate phase at 0.99(10) GPa is
2.21 g/em? (Fig. 2), the same as that reported by Chao (1980) for
the naturally occurring paranatrolite (Chao 1980). It is interesting
to note that the calculated density before PIH at 0.84(10) GPa is
2.26 g/cm?, greater than that of the intermediate phase at 0.99(10)
GPa. This indicates a less efficient packing of the water molecules
and sodium cations inside the natrolite channel of the interme-
diate-pressure phase. As discussed earlier, a further increase in

2 3
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FIGURE 2. Pressure dependence of the calculated density (upper)
and the overall rotation angle of the fibrous chains, y (lower). Measured
density of naturally occurring paranatrolite at ambient pressure (2.21
g/em?® by Chao 1980) is shown as a grey circle for comparison. 1 is the
mean of the angles between the sides of the quadrilateral around the
Ts0,, (T = Al, Si) tetrahedral building unit projected on the plane along
the natrolite channel (see Fig. 3). Data from Lee et al. (2002) were used
to represent experiment no. 1 (half-filled symbols)

pressure above 1.2 GPa completes PIH and forms superhydrated
natrolite, Na,sAl;6S1,,050°32H,0, but results in a unit-cell volume
reduction compared to the intermediate phase. This shows that
the relative packing efficiency of the nonframework cations and
water molecules now increases, with the calculated density of
the superhydrated natrolite at 1.51(10) GPa increasing to 2.39
g/cm?® from 2.21 g/cm?®. The observed volume expansion of the
intermediate phase changes the elliptical channel opening into a
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Natrolite, 0.84 GPa, no PIH, Fdd2, I/s = 2.16, 6-coordinated Na
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FIGURE 3. Polyhedral representations of natrolite (Na,;sAl,651,,050'xH,0) with increasing level of pressure-induced hydration (PIH) viewed parallel
to the channel (left) and expanded views of the nonframework sodium cations and water molecules viewed perpendicular to the channel (right). (a)
Natrolite before PIH at 0.84(10) GPa, x = 16. (b) Ordered paranatrolite with 50% PIH at 0.99(10) GPa, x = 24. (¢) Superhydrated natrolite with 100%
PIH at 1.51(10) GPa, x = 32. Data from Lee et al. (2002) were used to represent the structures at 0.84(10) and 1.51(10) GPa. Tetrahedra are shown in
two colors to illustrate the ordering of Al/Si over the framework tetrahedral sites. In figures to the right, yellow balls represent sodium cations, and
O atoms from water molecules and the framework are shown as red/white balls and red balls, respectively. The ellipticity of the channel opening is
illustrated by the ratio between long (/) and short (s) framework oxygen distances across the channel. Blue dotted lines in the figures to the left define
unit cells, and white dotted lines in the right figures represent relaxation in Na-O2-Na angle and Na-Na separation distance during PIH.
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more circular shape. A useful measure to estimate the degree of
the natrolite framework collapse from its ideal geometry is the
rotation angle of the fibrous chain, 1, which is the mean of the
angles between the sides of the quadrilateral around the T50,,
(T = Al, Si) tetrahedral building unit projected on to the plane
perpendicular to the channel (Baur et al. 1990). A greater value
of ¢ corresponds to a more elliptical channel. The ¢ value of
the intermediate phase is the smallest observed under pressure
and clearly shows that its fibrous chains cover less pore space
defined by the plane, hence the channel is less collapsed and
more circular (Fig. 2).

The arrangements of the water molecules and sodium cations
inside the channels of the intermediate phase reveal its distinct
crystal-chemical features compared to those of natrolite and its
superhydrated phase (Fig. 3). Regardless of the degree of PIH,
the coordination number of the sodium cations increases from six
(two water O atoms and four framework O atoms) to seven (three
water O atoms and four framework O atoms). Unlike superhy-
drated natrolite, however, there are considerable rearrangements
of the sodium cations into two symmetrically nonequivalent sites
(Na,, and Na;) in the channels of the intermediate phase. In
natrolite before PIH at 0.84(10) GPa, two sodium cations in the
symmetrically equivalent Na, site, separated by 3.69(2) A, are
bridged by a water molecule at the OW, site and a framework O
atom at the O2 site which encloses an angle of 95.0(4)° with the
two sodium cations (Fig. 3). In the intermediate phase, a newly
inserted water molecule in the fully occupied OW,, site along
one edge of the elliptical channel provides an additional bridge
and thereby shortens the Na-Na separation distance to 3.27(4)
A. As a result, a water-sodium chain with alternating double
water bridges forms along the elliptical channel (Fig. 3). The
average Na-O bond distance increases from 2.42(1) A before
PIH at 0.84(10) GPa to 2.58(2) A (for Na,,) and 2.52(2) A (for
Na,p) in the intermediate phase at 0.99(10) GPa. Furthermore,
in the intermediate phase the Na;,-O2-Na,p angle decreases
dramatically to 73(1)°, thereby increasing the van der Waals
envelope of the sodium-water chain perpendicular to the channel.
This occurs in concert with the decrease of the chain rotation
angle ¢ leading to a more circular channel opening (Fig. 3).
Upon full PIH at 1.51(10) GPa, the dispersion in the average
Na-O bond distances then disappears and merges close to the
mean value of 2.54(1) A, thus making the sodium coordination
environment less distorted than in the intermediate phase. At
this stage, the additional water molecules, now located at the
symmetrically equivalent OW, sites along both edges of the
elliptical channels, bond to only one sodium cation instead of
bridging two sodium cations, leading to a water-sodium chain
with single water bridge, similar to that found in natrolite before
PIH (Fig. 3). Concomitant with this, the Na,-O2-Na, angle and
the Na,-Na, separation distance increase to 88.0(3)° and 3.58(2)
A, respectively. The chain rotation angle 1 increases up to 24°,
thereby forming a slightly less elliptical channel opening than
that in natrolite before PIH (Figs. 2 and 3).

The average Na-O bond distances correspond well to those
observed for six- and seven-coordinated sodium (Baur and Khan
1970; Levy and Lisensky 1978; Wu and Brown 1975). This sug-
gests that it is not energetically favorable to coordinate the new
water molecule in the intermediate phase to only one sodium
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cation resulting in one sodium ion with sevenfold and the other
with sixfold coordination. Instead, alternating double water
bridging occurs and results in an increase in the coordination
number of both sodium cations. This, in turn, leads to distortions
of the sodium-oxygen (from both water molecule and framework)
polyhedra and a subsequent expansion of the channel into a more
circular shape. The extra pore space created in the intermediate
state facilitates further hydration. In the superhydrated state, the
channel reverts back to an elliptical shape and a single bridging
mode is resumed.

Another important structural evolution during PIH can be
found in the hydrogen bonding between water molecules. Before
PIH, there is no hydrogen bonding between water molecules.
In the intermediate phase, a new hydrogen bond forms between
water molecules at the OW,, and OW 3 sites with an O-O sepa-
ration distance of 3.00(5) A. This value is very close to that
determined for a water dimer (Dyke et al. 1977; Odutola and
Dyke 1980). Full PIH then leads to a formation of a network of
3-connected water molecules interpenetrating the natrolite chan-
nels and pores, with two short O-O distances of 2.80(4) A and
3.09(4) A, which can also be defined as a helical water nanotube
along the natrolite channel (Lee et al. 2002). It has been shown
that the rate of water diffusion in natrolite increases by a factor
of ~10* near 0.8 GPa (Gabuda and Kozlova 1997; Moroz et al.
2001). We propose that the combination of the newly formed
water dimers and the vacancies along one edge of the expanded
natrolite channel in the intermediate phase is responsible for this
unusual increase in water mobility.

In summary, we have unequivocally demonstrated that na-
trolite with an ordered Al/Si distribution transforms reversibly
to an intermediate phase upon partial PIH. This intermediate
phase is identified as an ordered form of paranatrolite, which is
stable near 1.0 GPa. Given the anomalous increase in the channel
opening and changes in the cation coordination environment, one
may expect an increased ion exchange capacity in the ordered
paranatrolite phase, which may be used as a host for “trap-door”
ion exchange. The atomistic details of the phases of natrolite
occurring during PIH reveal a fascinating and even counter-
intuitive sequence, pointing to the rich high-pressure chemistry
of microporous materials.
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