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a b s t r a c t

We report the synthesis and structural characterization of two iron-exchanged natrolites,
Fe2þ4.0Fe

3þ
2.7Al16Si24O80$29(1)H2O (Fe-NAT4951) and Fe2þ6.4Fe

3þ
1.1Al16Si24O80$24H2O (Fe-NAT8119) at

different pressures and temperatures using ambient, high-temperature and in-situ high-pressure syn-
chrotron powder X-ray diffraction, M€ossbauer spectroscopy and extended X-ray absorption fine structure
(EXAFS). At ambient conditions, Fe-NAT4951 crystallizes in an orthorhombic structure with space group
Fdd2 whereas the structure of Fe-NAT8119 is monoclinic with Cc symmetry. Due to the presence of more
H2O molecules in Fe-NAT4951 the channels are more circular as indicated by a T5O10 (T ¼ Si,Al) chain
rotation angle of 12.6(1)� compared to 20.4(1)� in Fe-NAT8119. The coordination number of the Fe2þ and
Fe3þ cations in the channels of Fe-NAT4951 is 3 and 4, whereas Fe-NAT8119 has 7- and 4-fold coordi-
nation, respectively. The two materials behave differently under hydrostatic pressures: due to a
discontinuous pressure-induced hydration the volume of Fe-NAT8119 expands by 14.1(1) % near 1.0(1)
GPa, whereas the volume of Fe-NAT4951 gradually decreases with pressure. Under increasing temper-
ature and as a result of abrupt dehydration, the unit cell volume of Fe-NAT4951 contracts by ca. 8.3(1) %
near 125(1) �C whereas Fe-NAT8119 contracts only by ca. 5.0(1) % near 225(5) �C.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Iron-containing zeolites, such as Fe-ZSM-5 or the beta poly-
morph A (BEA), have been studied for decades due to their catalytic
activities promoting important chemical reactions such as
oxidizing benzene to phenol, the selective oxidation of methane to
methanol, NOx reduction and N2O decomposition [1e5]. In partic-
ular, the realization of an efficient process converting methane to
methanol would have enormous economic implications [6]. All of
these reactions are conjectured to be based on the redox capabil-
ities of iron present as either an extra-framework cation (EFC) or
iron-hydrogen clusters within the zeolite channels [7,8]. Inelastic
neutron scattering on Fe-ZSM5 revealed two distinct adsorption
sites involved in the chemisorption of molecular hydrogen at 110 K
[3]. In certain microorganisms methane monooxygenase which has
a bimetallic Fe2O2 active site can convert methane to methanol [9].
Based on mainly spectroscopic evidence it was suggested that iron
species contained in zeolites assemble in a so-called a-Fe(II) center.
Sciences, Yonsei University,
Recent work by Snyder et al. [10] proposes an alternative structural
arrangement where the zeolite environment imposes an unusual
square-planar geometry for the mononuclear Fe(II) center which
then transforms to a mononuclear Fe(IV) ¼ O species as a reactive
intermediate. Understanding how to substitute iron into zeolites
and create ‘entatic states’ similar to what has been observed in
metalloenzymes [11] is a promising route for the development of
new heterogeneous catalysts.

Natrolite (Na16Al16Si24O80 � 16H2O, Fdd2, V ¼ 2250 Å3) is one of
the naturally occurring small pore zeolites. We recently reported on
the substitution of various cations into natrolite, and their crystal
structures at different pressures and temperatures [12e17]. The
physical and chemical properties after pressure-induced insertion
of H2O [16e19], CO2 [20], or noble gas atoms Ar [21], Kr and Xe [22]
into natrolites derive from the complex interplay of extra-
framework cations (EFCs) and H2O molecules present in the
pores. Here we report on the successful synthesis of two new iron
exchanged-forms of natrolites with different ratios of Fe2þ/Fe3þ

ratios and describe their structures at ambient and non-ambient
conditions.
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2. Experimental methods

A Fe-natrolitewith a 49:51% ratio of Fe2þ and Fe3þ (Fe-NAT4951)
was prepared using 1 M FeCl2$4H2O (ACS reagent grade from
Sigma-Aldrich) which was adjusted to a pH of 0.2 and a molarity of
0.01 M in a nitric acid solution. A ground K-natrolite [12] (K-NAT,
K15.5(2)Al16Si24O80 � 14.0(2)H2O) powder was then added to a so-
lution with a 100:1 ratio of solute to powder weight, respectively.
The mixture was stirred at 80 �C in a closed system minimizing
water loss. After 24 h, the solid was separated from the solution by
centrifugation. The dried powder was then subjected to two more
such exchange cycles. The final product was washed with a nitric
acid solution of pH 0.2 and 0.01 M, and subsequently air-dried at
ambient conditions. The other Fe-natrolite with a ratio of 80:20% of
Fe2þ/Fe3þ ratio (Fe-NAT8119) was prepared by mixing FeCl2$4H2O
and K-NAT powder in a 10:1 wt ratio. This mixture was then sealed
in a quartz ampule and heated at 140 �C for 48 h. The final product
Fig. 1. (a) Synchrotron X-ray powder diffraction patterns of Fe-NAT4951 and Fe-NAT8119 wi
are shown. (b) M€ossbauer spectra of Fe2þ and Fe3þ in Fe-NAT4951 and Fe-NAT8119. Polyh
hedrons illustrate ordered distributions of Al (Si) atoms in the framework. Yellow balls are
interpretation of the references to colour in this figure legend, the reader is referred to the
was again washed with a nitric acid solution of pH 0.2 and 0.01 M,
and air-dried at ambient conditions. Chemical analyses on these
two products were performed using energy-dispersive X-ray
spectroscopy (EDS) and indicated a 92(1) % Fe-exchange for Fe-
NAT4951 and a 98(1) % Fe-exchange for Fe-NAT8119. To deter-
mine the Fe2þ/Fe3þ ratio in the two Fe-NATs, we used M€ossbauer
spectroscopy. We observed overlapping signals of Fe2þ and Fe3þ

after measuring each sample for a week as seen in Fig. 1b. The
relative area of the two sites was then used to calculate a
49(1):51(1) % and 81(1):19(1) % ratio of Fe2þ and Fe3þ in Fe-
NAT4951 and Fe-NAT8119, respectively. To determine the amount
of H2O molecules inside the channels we did thermogravimetric
analysis (TA instruments, TGA2050) at the Korea Basic Science
Institute in Seoul. We used a heating range of 25e1000 �C and a
heating rate of 10 �C/min under a nitrogen atmosphere.

High-resolution synchrotron X-ray powder diffraction data of
the Fe-NATs were measured at the 9B beam line of the Pohang
th different Fe2þ/3þ ratios at ambient conditions. Miller indices of the Bragg reflections
edral representations of (c) Fe-NAT4951 and (d) Fe-NAT8119. Striped sky (blue) tetra-
oxygen atoms of water molecules and ocher balls represent Fe2þ and Fe3þcations. (For
web version of this article.)
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Accelerator Laboratory (PAL). The incident X-rays were vertically
collimated by a mirror, and monochromatized to obtain a wave-
length of 1.5474(1) Å using a double-crystal Si (111) mono-
chromator. The detector arm of the vertical scan diffractometer was
composed of six sets of Soller slits, flat Ge (111) crystal analyzers,
anti-scatter baffles, and scintillation detectors, with each set
separated by 20� in 2q. Each specimen of approximately 0.2 g
powder was prepared using a flat plate side loading method to
avoid preferred orientation. The sample was then rotated about the
normal to the surface during the measurement, in order to improve
the random powder sampling statistics. Step scans were performed
at room temperature from 8� in 2q with 0.005� increments and 2�

overlaps of the detector bank, up to 128.5� in 2q (Fig. 1a).
High-pressure synchrotron X-ray powder diffraction experi-

ments were performed at the 9A beam line at PAL. The primary
beam from an undulator was directed on a Si (111) crystal, and sets
of parallel slits were used to create monochromatic X-rays with a
wavelength of 0.6155(1) Å. The wavelength of the incident beam
was determined using a LaB6 standard (SRM 660b). A modified
Merrill-Bassett diamond anvil cell (DAC) was used for the high-
pressure experiments, equipped with type-I diamond anvils
(culet diameter of 800 mm) and tungsten-carbide supports [23]. A
stainless-steel foil of 250 mm thickness was pre-indented to a
thickness of about 120 mm and holes with 400 mm diameters were
obtained by electro-spark erosion. The powder sample was placed
in the gasket hole together with some ruby chips for in situ pressure
measurements. First, we collected ambient pressure data on the dry
powder sample inside the DAC. Subsequently, we added water to
the sample chamber as a hydrostatic pressure-transmitting me-
dium [24], and the second ambient pressure data were taken-we
refer to this as ‘wet condition’. Subsequently, water was added
again to the sample chamber and then the DAC was sealed to the
first pressure point. The pressure of the sample in the DAC was
measured by detecting the shift in the R1 emission line of the
included ruby chips (precision: ± 0.05 GPa) [25]. The sample was
typically equilibrated for about 10 min in the DAC at each measured
pressure.

In situ high-temperature synchrotron X-ray powder diffraction
experiments were performed at the 10C beam line at PAL. A beam
from a multipole wiggler incident beams was vertically collimated
by a collimatingmirror (Rh-, Pt-coated 2 strips). Sets of parallel slits
were used to create a 150 mm beam of monochromatic X-rays with
wavelengths of 0.61992(1) Å. An image plate detector (Mar345, Mar
Research, Germany) was used to collect data with a resolution of
Dd/d ~ 10�2 in an arrangement with a 300 mm sample to detector
distance (2q coverage up to ca. 43�) and 300 s exposure times. The
powder samples were packed into 1.0 mm quartz capillaries con-
nected to a vacuum to facilitate dehydration. The capillaries were
then placed inside a heating coil [26]. The temperature was
increased from ambient to 300 �C or 450 �C in 25 �C increments. A
2D charge coupled device (CCD) detector (Rayonix SX165, USA) was
used to collect powder diffraction data at a resolution of Dd/
d ~ 10�4. The wavelength of the incident beam was determined
using a LaB6 standard (SRM 660b).
Table 1
Mossbauer results of Fe-NAT4951 and Fe-NAT8119 at room temperature.a

Sample name Fe2þ

Doublet 1 (blue)

DEQ (mm/s) d (mm/s) Area

Fe-NAT4951 2.57 1.08 48.9
Fe-NAT8119 3.21 1.13 80.6

a Accompanied with Fig. 1b.
Pressure or temperature-dependent changes in the unit-cell
lengths and volume were derived from a series of whole profile
fitting procedures using the GSAS suite of programs [27]. The
background was fixed at selected points, a pseudo-Voigt profile
function proposed by Thompson et al. was used to model the
observed Bragg peaks [28]. The structural models of the as-
prepared phases (Fe-NAT4951 and Fe-NAT8119), high-pressure
and high-temperature forms of the Fe-NATs were obtained by
Rietveld refinements [27,29,30]. A March-Dollase function [31] was
needed to account for preferred orientation. In order to reduce the
number of parameters, isotropic displacement factors were refined
by grouping the framework tetrahedral atoms, the framework ox-
ygen atoms, and the non-framework cations, respectively.
Geometrical soft-restraints on the T-O (T ¼ Si, Al) and OeO bond
distances of the tetrahedra were applied: the distances between
SieO and AleO were restrained to values of 1.620 ± 0.001 Å and
1.750 ± 0.001 Å, respectively, the OeO distances were restrained to
2.646 ± 0.005 Å for the Si-tetrahedra and 2.858 ± 0.005 Å for the
Al-tetrahedra. In the final stages of the refinements, the weights of
the soft-restraints were gradually reduced. This did not lead to any
significant changes in the interatomic distances, and convergence
was achieved by simultaneously refining all background and profile
parameters, scale factors, lattice constants, 2q zero (fixed 2q zero in
all high-temperature models), preferred orientation function, and
the atomic positional and thermal displacement parameters. The
final refined parameters are summarized in Supporting Tables 1
and 3, and the selected bond distances and angles are listed in
Supporting Tables 2 and 4.
3. Result and discussion

3.1. Characterization of as-prepared samples

To determine the ratio of Fe2þ to Fe3þ we used M€ossbauer
spectroscopy (see Fig. 1b). Following the procedure of Ovanesyan
et al. [32,33] we extracted the M€ossbauer doublets of Fe2þ and Fe3þ

and their isomer shift (IS) and quadrupole splitting (QS) from the
data (Fig. 1b and Table 1). The relative integrated areas for Fe2þ and
Fe3þ signals in the Fe-NAT4951 are 49% and 51%. In Fe-NAT8119, the
Fe2þ and Fe3þ spectral areas were 81% and 19%, respectively. Con-
strained by these M€ossbauer experiments, the chemical composi-
tions of Fe-NAT4951 and Fe-NAT8119 used in our Rietveld
refinements lead to the following stoichiometries:
Fe2þ4.0Fe3þ2.7Al16Si24O80$29(1) H2O and Fe2þ6.4Fe3þ1.1Al16
Si24O80$24(1) H2O. Residual amounts of the Kþ cation were not
considered in our structural investigations. The different chemical
compositions of the two samples are due to their different cation-
exchange procedures. In an aqueous FeCl2$4H2O-solution the Fe2þ

cation will readily oxidize to Fe3þ during the synthesis of Fe-
NAT4951. Due the presence of more Fe3þ cations more vacancies
will be present in the channels, which results in a higher H2O
content. The amount of Fe3þ and H2O molecules in Fe-NAT2951 is
therefore larger than in Fe-NAT8119. Compared to other exchanged
Fe3þ

Doublet 2 (red)

(%) DEQ (mm/s) d (mm/s) Area (%)

4 0.71 0.26 51.06
3 0.57 0.23 19.37



Table 2
Comparison of de-convoluted distances from EXAFS and selected interatomic dis-
tances from Rietveld refinement.

de-convoluted distances Distances from refinement

Fe(1), (2þ) Fe(2), (3þ)

Fe-NAT4951
1.8(2) Fe(2)eOW(2) 1.7(1)
2.0(1) Fe(2)eOW(2) 1.94(9)
2.45(6) Fe(1)eOW(2) 2.52(9) Fe(2)eO(2) 2.6(2)
2.8(1) Fe(1)eO(3) 2.82(8)

Fe(1)eOW(1) 2.85(7)
2.9(2) Fe(2)eOW(1) 3.0(1)
Fe-NAT8119
1.8(2) Fe(1)eOW(2) 1.80(3) Fe(2)eOW(2) 1.8(1)
2.1(1) Fe(1)eOW(1) 2.04(4) Fe(2)eOW(3) 2.14(8)

Fe(1)eO(2) 2.17(2)
Fe(1)eOW(3) 2.18(4)

2.26(7) Fe(1)eO(8) 2.43(2)
Fe(1)eO(1) 2.48(2)

2.8(2) Fe(1)eAl 2.87(2) Fe(2)eO(8) 2.7(1)
Fe(2)eO(10) 3.0(1)
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natrolites [12,14] Fe-NAT4951 contains the most H2Omolecules per
80 framework oxygens (Of).

At ambient conditions, X-ray powder diffraction patterns
(Fig. 1a) revealed that all Bragg reflection peaks observed in the Fe-
NAT4951 sample could be indexed in an orthorhombic Fdd2 space
group, while the one observed from the Fe-NAT8119 sample were
indexed in a monoclinic Cc space group. Rietveld refinements were
done to characterize the structure in more detail. The Fe sites were
found within the 8 ring channels aligned along the major axis
(Fig. 1c and d). In the Fe-NAT4951, both Fe(1) and Fe(2) sites (Fe2þ

and Fe3þ, respectively) respectively are occupied. Four water mol-
ecules, OW(1) and OW(2), are found approximately along the mi-
nor axis of the 8 ring. The OW(1) and OW(2) sites are in proximity
to the framework and towards the middle of the channel, respec-
tively. On the other hand, the Fe(1) and Fe(2) sites in Fe-NAT8119
are located in an asymmetrical way in the channel without being
mirrored across the minor axis of the 8 ring. Three fully occupied
water sites were located, two of them in close proximity to the Fe(1)
and Fe(2) site. The Fe-NAT4951 shape of the channel is more cir-
cular than the one in Fe-NAT8119. The channel opening depends on
the T5O10 (T ¼ Si,Al) chain rotation angle, J, which (see Fig. 1c and
d) were found to be 12.6(1)� and 20.4(1)� for the Fe-NAT4951 and
Fe-NAT8119, respectively.

To further investigate the coordination around the Fe(1) and
Fe(2) sites, Fe K-edge X-ray absorption data were measured. The
EXAFS signal was extracted and the normalized c(k) function was
weighted by multiplying with k3. The radial distribution functions
are shown in Fig. 2a and b. Distances up to 3.0 Å are compared to
the interatomic distances derived from the Rietveld models. To
compare interatomic distances from the EXAFS analysis with those
derived from Rietveld models we de-convoluted distances of the
Fe-NAT4951 and Fe-NAT8119 within 3.0 Å and list them in Table 2.
In Fe-NAT4951, interatomic distances based on EXAFS data were
Fig. 2. The k3 weighted Fourier transformation of Fe K-edge EXAFS of (a) Fe-NAT4951 and (b
Fe2þ and Fe3þ derived from Rietveld refinement, respectively. Dark cyan peaks represent d
tances around Fe2þ and Fe3þ of (c) Fe-NAT4951 and (d) Fe-NAT8119. Yellow and red balls re
Fe2þ and Fe3þcations. (For interpretation of the references to colour in this figure legend, t
found at 1.8(2), 2.0(1), 2.45(6), 2.8(1) and 2.9(2) Å. The Rietveld
refined model of the Fe-NAT4951 reveals that the Fe(1) site was
coordinated by twoH2O and one framework oxygen Of (Fig. 2c). The
interatomic distances of the Fe(1) coordination sphere range from
2.52(9)Å to 2.85(7)Å. The Fe(2) site is coordinated by three H2O
molecules and one Of, and the atomic distance range from 1.7(1)Å
to 3.0(1)Å. On the other hand, the coordination sphere of Fe in Fe-
NAT8119 is composed of distances at 1.8(2), 2.1(1), 2.26(7) and
2.8(2) Å. The Rietveld model of Fe-NAT8119, shows that the Fe(1)
site is coordinated by three H2O molecules and three Of (Fig. 2d).
The interatomic distances between Fe(1) and H2O range from
1.80(3) to 2.18(4) Å whereas distances between Fe(1) and Of range
) Fe-NAT8119. Blue and red bars represent interatomic distances in the coordination of
e-convoluted distances from EXAFS data. Refined coordination spheres and bond dis-
present oxygens of H2O molecules and frameworks, respectively. Ocher balls represent
he reader is referred to the web version of this article.)
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from 2.17(2) to 2.48(2) Å. The coordination sphere around the Fe(2)
site contain two H2O molecules and two Of. The interatomic dis-
tances between Fe(2) and H2O range from 1.8(1) to 2.14(8) Å
whereas the distances between Fe(2) and Of are between 2.7(1) and
3.0(1) Å. Overall, the higher coordination numbers and shorter
interatomic distances of Fe(1) and Fe(2) in Fe-NAT8119 compared to
Fe-NAT4951 are a consequence of themore elliptical channel which
brings more framework oxygen atoms into close enough proximity
to coordinate to the Fe cations.

3.2. High-pressure experiments

Whole profile (LeBail) refinements reveal detailed unit cell
parameter changes of the two Fe-NATs as a function of hydrostatic
pressure as depicted in Figs. 3 and 4. In the Fe-NAT4951, all unit cell
parameters slightly expand when they are under ‘wet conditions’
(see experimental part) and subsequently decrease linear with
pressure. The unit cell volume increases by about 0.4(1) % under
‘wet conditions’. In contrast, all unit cell parameters of Fe-NAT8119
abruptly increase near 1.0(1) GPa as a discontinuous pressure-
induced hydration (PIH) [19] takes place and subsequently
decrease linear with pressure. The unit cell volume increases by
about 14.1(1) % during PIH. The volume of the recovered Fe-
NAT4951 is similar to its volume at ambient conditions, whereas
the volume of Fe-NAT8119 is 12.9(1) % larger after pressure release.
The bulk modulus of Fe-NAT4951 is 78(4) GPa. The bulk moduli of
Fe-NAT8119 before and after 1.0(1) GPa are 71(3) GPa and 36(1)
GPa, respectively. According to previous high pressure studies of
Fig. 3. Refined a-axis (a), b-axis (b), c-axis (c) and unit cell volume of Fe-NAT4951 (d) and
symbols show parameters after pressure release. (For interpretation of the references to co
zeolites with T5O10 units [18,19,34e43], the volume compressibility
in this so-called “fibrous zeolite group” can be controlled by the
type of extra-framework cations and water in the pores. We re-
ported that the systematic compressibility of various cation forms
of natrolites with comparable water content depend on the size
and/or ionic potential of the EFCs [16,17]. In this study, the bulk
modulus of Fe-NAT4951 is almost twice that of Fe-NAT8119 even
though Fe-NAT4851 has a similar unit volume and, as shown below,
even the same number of H2O molecules near 1.0(1) GPa.

Rietveld refinements performed at different pressures allowed
us to obtain more detailed structural models (Fig. 5). The Fe-
NAT4951 is sensitive to humidity, and the sites of all H2O mole-
cules are fully occupied under ‘wet conditions’ as the chain rotation
angle reduces to 12.3(1)�. The atomic positions of both Fe(1) and
Fe(2) cations are similar to those established in the ambient
structural model (Supporting Table 1). The coordination around
Fe(1) is three (one bond with Of and two bonds with H2O mole-
cules) whereas it is four around Fe(2) (one bond with Of and three
bonds with H2O molecules) in the channel (Supporting Table 2). At
a pressure of 3.5(1) GPa, the 8 ring channel becomes more elliptical
as indicated by the larger rotational angle J of 16.0(2)�. The co-
ordination of Fe(1) changes to four (one bond with Of and three
bonds with H2Omolecules) whereas around Fe(2) it becomes three
(one bond with Of and two bonds with H2Omolecules). We suggest
that these changes in coordination are due to Fe(1) and Fe(2)
moving towards the center of the channel as the ellipticity of the 8
ring channel increases with pressure. The recovered model of Fe-
NAT4951 looks similar to the ambient model with J ¼ 12.7(1)�
Fe-NAT8119 (e) (red and blue symbols, respectively) as a function of pressure. Green
lour in this figure legend, the reader is referred to the web version of this article.)



Fig. 4. Polyhedral representations of the structures of (a) Fe-NAT4951 and (b) Fe-NAT8119 at different pressures. Striped blue tetrahedrons illustrate ordered distributions of Al (Si)
atoms in the framework. Yellow balls are oxygen of water molecules and ocher balls represent Fe2þ and Fe3þcations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. (a) The c-axis and selected T-O-T angles in Fe-NAT8119. (b) Polyhedral representations of the natrolite secondary building unit of Fe-NAT8119 at ambient conditions and 0.97
(10) GPa. Blue balls and red balls are Si atoms and framework oxygens, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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and the H2O molecules now start to diffuse out of the channel. On
the other hand, the structure of Fe-NAT8119 changes dramatically
under pressure (Fig. 4b). Up to 0.7(1) GPa, the Fe(2) cation migrates
towards the framework and away from the major axis. At ambient
conditions the coordination number of the Fe(2) cation is three,
with one coordination to Of and two to H2O molecules. At 0.7(1)
GPa the coordination number increases to four, with now three to
Of and one to an H2O molecule. Near 1.0(1) GPa, the OW(2) site
pushes the Fe(2) cation to an adjacent channel due to a rear-
rangement of the H2O molecules as pressure-induced hydration
(PIH) occurs. Then a Fe(2) cation from a neighboring channel moves
close to the Fe(1) site. At 1.0(1) GPa PIH leads to a decrease of the
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chain rotation angle to 12.3(1)�. At 3.35(1) GPa J increases back to
15.8(2)�. Both the migration of the Fe(2) cation and expansion of
the NAT channel due to PIH reduces the coordination of Fe(2): from
four-fold coordination at 0.7(1) GPa to two-fold coordination at
1.0(1) GPa. The Fe(2) cation migrates along the major axis under
further pressure increase, and augments its coordination number
to five at 3.35(1) GPa. After PIH at 1.0(1) GPa, the amount of H2O
molecules per 80 Of increases from 24 to 32, a stoichiometry closer
to the one found in Fe-NAT4951. After pressure release, the
expanded channel remains (J ¼ 13.6(1)�) but the occupancy of
OW(4) site decreases from full occupancy to 0.87(5).

In our previous high-pressure studies of natrolites, the c-axis
showed contraction in contrast to the expanding a- and b-axes
under pressure [16,17]. An expansion of the c-axis during PIH is
observed in the Fe-NAT8119 sample. This is due to a highly dis-
torted NAT framework, b ¼ 105.551(8), at ambient conditions. To
compare with Ca-NAT (109.70(1)) or Sr-NAT (109.47(1)) [10] which
also crystallize in the monoclinic Cc space group, the Fe-NAT8119
has a smaller b angle. The distortion in the Fe-NAT8119 structure
manifests itself in the T-O-T angles which are the links capping
adjacent SiO4-tetrahedra in the NAT framework (Fig. 5b). Si(1)-
O(7)-Si(2) and Si(1)-O(9)-Si(3) are 166(1)� and 122.6(5)� at
ambient conditions, respectively. Under 1.0(1) GPa, the increase of
the Si(1)-O(7)-Si(2) angle and the concomitant decrease of the
Si(1)-O(9)-Si(3) angle monitors the growing strain in the natrolite
framework under pressure (Fig. 5a). The Si(1)-O(7)-Si(2) angle then
abruptly decreases to 160.4(4)� while concomitant the Si(1)-O(9)-
Fig. 6. Refined a-axis (a), b-axis (b), c-axis (c) and unit cell volume of Fe-NAT4951 (d) and Fe
symbols show parameters after cooling down to ambient temperature and exposing the sam
this figure legend, the reader is referred to the web version of this article.)
Si(3) angle jumps to 133.4(3)� during PIH at 1.0(1) GPa and the c-
axis parameter increases to 6.5493(7) Å. Upon further pressure and
released pressure, the changes of the T-O-T angles are then coupled
to those of the c-axis, as shown in Fig. 5a.

3.3. In-situ high-temperature experiments

Refined unit cell parameters of the two Fe-NAT samples as a
function of temperature are plotted in Fig. 6. The unit cell of Fe-
NAT4951 suddenly contracts at 125(1) �C and subsequently the
peak intensities diminish, indicating a loss of crystallinity and the
emergence of a disordered material (Supporting Fig. 2a). The
recovered sample and the one measured at 300 �C show very
similar broad peaks. The unit cell volume of Fe-NAT4951 contracts
by about 8.3% at 125(1) �C. Until 125(1) �C the thermal expansion
coefficient (avol) of this sample ranges from -1.3(2) x 10�4 �C�1 to
-7.8(1) x 10�4 �C�1. After 125(1) �C the coefficient changes between
-1.4(1) x 10�3 �C�1 and -7.0(2) x 10�4 �C�1. TGA data and Rietveld
refinement-based structural models indicate that the partial ther-
mal dehydration results in negative thermal expansion coefficients
(Fig. 7a and Supporting Fig. 3a and b). At 225(25) oC, the Fe-
NAT8119 phase transforms from a Cc (monoclinic) to a Fdd2
(orthorhombic) one while the unit cell volume is reduced by about
5.0%. The avol below 225(5) �C is -3(3) x 10�6 �C�1, quite a small
value. The TGA data, however, show that the weight reduction of
the Fe-NAT8119 sample due to the loss of H2O molecules below
225(5) �C gradually decreases up to 92.5(5) wt. % (Supporting
-NAT8119 (e) (red and blue symbols, respectively) as a function of temperature. Green
ples for a week to ambient conditions. (For interpretation of the references to colour in



Fig. 7. Polyhedral structural representations of (a) Fe-NAT4951 and (b) Fe-NAT8119 at different temperatures. Striped blue tetrahedrons illustrate ordered distributions of Al (Si)
atoms in the framework. Yellow balls are oxygen of water molecules and Ocher balls represent Fe2þ and Fe3þcations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3b). We suspect that the volume contraction due to dehydra-
tion partially counteracts the thermal expansion of the Fe-NAT8119
framework. Above 225(5) �C, the thermal expansion coefficient
changes from -3.4(7) x 10�5 �C�1 to -4.5(1) x 10�4 �C�1. These
increasing negative values corroborate that the loss of H2O mole-
cules becomes dominant after 225(5) �C.

Rietveld models of the Fe-NATs at selected temperatures are
shown in Fig. 7. In Fe-NAT4951, the H2O molecule in the OW(1) site
initially dehydrates at 125(1) �C because of being only coordinated
to two Fe cations. This is in contrast to OW(2) which is three-
coordinated, and the distances between OW(1) and Fe cations are
larger (2.6(2) Å - 2.85(7) Å) than those of the OW(2) site (1.7(1) Å -
2.52(9) Å). As a consequence of this partial dehydration of the
OW(1) site, the number of H2O molecules per 80 Of decreases from
29(1) to 14.8(6). Furthermore, the channel becomes more elliptical
(J¼ 20.7(1)�) and the Fe cations migrate towards themiddle of the
channel. The H2O molecules located in the OW(2) site begin to
dehydrate from 125(1) �C on, and only 9(2) H2O molecules remain
in the channel at 250(5) �C. The Fe(1) and Fe(2) cations migrate by
1.17(1) Å and 1.93(1) Å towards an AlO4 and SiO4 tetrahedron,
respectively. The OW(2) site splits apart by about 1.72(1) Å along
the major axis of the channel. The chain rotation angle increases to
25.2(1)� after dehydration. On the other hand, the OW(2) site in the
Fe-NAT8119 structure completely loses it H2O molecules at
250(5) �C. The amount of H2O molecules per 80 Of decreases from
24 to 10.8(2). The other H2O molecules located in OW(1) and
OW(3), subsequently move towards the framework wall along the
minor axis. Both Fe(1) and Fe(2) sites are separated, and Fe(1) and
Fe(2) are located near the middle of the channel and in proximity to
OW(1), respectively. The channel becomes more elliptical as indi-
cated by a J of 26.4(1)�. The refined model at 375(10) �C looks
similar to the structure observed at 250(5) �C, though the amount
of H2O molecules decreases to 8.8(6) per 80 Of. The chain rotation
angle marginally decreases to 26.1(2)� at 375(10) �C.

In our previous high-temperature studies of natrolites [13,15],
we argued that the framework at high temperature remains intact
due to the bonding between the EFC and two bridging oxygens, i.e.
O(2)-EFC-O(2). In this study, both the Fe(1) and Fe(2) site in the Fe-
NAT4951 material do not have such an O(2)-EFC-O(2) bonding
interaction at 125(1) �C and 250(5) �C. The structure of the Fe-
NAT4951 therefore starts to collapse near 125(1) �C. However, in
the Fe-NAT8119 the Fe(1) and Fe(2) have O(2)-Fe(1)-O(2) or O(2)-
Fe(2)-O(2) bonding interactions up to 375(10) �C. Overall, the
structure of the Fe-NAT8119 is therefore more stable at higher
temperatures.

In both Fe-NAT samples the unit cell volume is strongly
dependent on the T-O(2)-T angles and the ionic potential of the Fe
cations at ambient and non-ambient conditions (Fig. 8). At ambient



Fig. 8. Volume and T-O(bridging oxygen)-T angles of natrolites with different extra framework cations as a function of their ionic potential at (a) ambient conditions, (b) at elevated
temperatures (250e400 �C) and (c) under hydrostatic pressure (2.5e3.5 GPa).
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conditions, the volumes and T-O(2)-T angles of natrolites with
monovalent EFC decrease as a function of the ionic potential. This
angle varies from being almost linear in Cs-NAT at 175.4(4) � to
130.7(4) � in Li-NAT. In natrolites containing divalent and trivalent
cations, the unit cell volumes and T-O(2)-T angles seem to follow an
almost quadratic temperature-dependency. From Sr-NAT to Cd-
NAT, volumes and angles decrease as a function of the ionic po-
tential. At high-temperatures (250 �C ~ 400 �C), the unit cell vol-
umes and T-O(2)-T angles of natrolites with monovalent EFC
decrease as a function of their ionic potential. Both Li- and Ag-NAT
have a unique temperature dependence due to channel reor-
ientations taking place after dehydration [44]. The volumes and
angles of Fe-NATs decrease as a function of the ionic potential.
Under pressure (2.5 GPa ~3.5 GPa), the natrolite framework grad-
ually contracts as a function of the ionic potential of the EFC.
4. Conclusion

In this study, we demonstrated that the structural properties of
Fe-NATs at ambient and non-ambient conditions are closely related
to the distributions of Fe2þ and Fe3þcations. Chemical compositions
of the as-prepared samples, Fe-NAT4951 and Fe-NAT8119, have
different Fe2þ to Fe3þ ratios, namely Fe2þ4.0Fe3þ2.7Al16Si24O80$29(1)
H2O and Fe2þ6.4Fe3þ1.1Al16Si24O80$24H2O, respectively. At ambient
conditions, the channels in Fe-NAT4951 are more circular with
smaller chain rotation angles than those in Fe-NAT8119. Since Fe-
NAT4951 contains more Fe3þ cations it creates more vacancies to
coordinate H2O molecules. Accordingly, Fe-NAT8119 undergoes a
discontinuous PIH with volume expansion by ca. 14.1% near 1.0(1)
GPa to increase its channel water content close to 32 H2O, whereas
Fe-NAT4951 contracts gradually under pressure from the fully hy-
drated state with 32 H2O under wet conditions. The observed
temperature-dependent structural changes are also different in the
two samples as indicated by the different degrees of initial volume
contraction and onset temperature of dehydration. Overall, Fe-
NAT8119 appears to be more thermally stable than Fe-NAT4951
due to the presence of O(2)-Fe(1)-O(2) or O(2)-Fe(2)-O(2)
bonding interactions at high temperatures.

In view of the recognized importance of Fe-containing zeolites
[1e5] these structural investigations of two natrolites containing
different ratios of Fe2þ and Fe3þ cations could become the basis for
theoretical and experimental explorations of new heterogeneous
catalysts at ambient and non-ambient conditions.
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