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Abstract

The structure and thermal stability of a Cd2+-exchanged zeolite with STI framework

type was investigated by combining single crystal X-ray di�raction(SCXRD), ab initio

molecular dynamic (MD) simulations and X-ray absorption �ne structure spectroscopy

(XAFS). The room temperature structure was found to be monoclinic, space group

F2/m. The Cd2+ ions were disordered at partially occupied sites with maximum oc-

cupancy of 0.38(2). MD simualtions and XAFS spectroscopy indicated that Cd forms

Cd(H2O)
2+
6 complexes distributed within the t-sti-1* cage running parallel to [100].

The dehydration was monitored in situ by SCXRD. Upon heating a new contracted

phase was observed at 225◦C. Compared to the pristine material, the Cd2+-exchanged

structure started collapsing already at 325◦C, pointing out a reduced thermal stability.
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1 Introduction

Cadmium is known to be toxic for human health and environment.1 Nevertheless, it is

largely used in industry as anticorrosive agent, in the fabrication of nickel-cadmium batteries,

and as color pigment. Common techniques of cadmium removal from wastewater include

�ltration, chemical precipitation, coagulation, bioremediation and ion-exchange2 3 4.5 Natural

zeolites represent a good candidate for use as ionic �lter due to their low cost and abundance

and extremely e�cient Cation Exchange Capacity (CEC). The exchange capacity, together

with other well-known properties of zeolitic materials (e.g. selective ion sorption, reversible

hydration) is a result of their microporous structure. The latter can be described by a

negatively-charged framework constituted by TO4 tetrahedra (T mainly = Si+4 and Al3+)

which originates a system of channels and cages which host extraframework cations (EF) and

H2O molecules. The application of zeolites, and of natural ones in particular, in waste-water

treatment and in general in environmental remediation processes is well established and has

been proved to be extremely e�ective. Furthermore, Cd-exchanged zeolites, are also highly

e�cient catalysts6 7 and have been recently suggested as possible heat-storage media.8

In order to properly tune and develop further applications, more information is needed

about the framework rigidity and stability of Cd-exchanged zeolites and, since they are usu-

ally applied after thermal treatment, particular attention should be paid to eventual phase

transitions occurring at high temperatures. Since the properties of these materials are depen-

dent on their porous structure, the understanding of the modi�cations of the aluminosilicate

framework (in terms of pore sizes, channel accessibility, etc.), as a function of EF cations

content, plays a key role.

Stellerite is a medium microporous material and represents the Ca-rich member (ideal

chemical composition Ca8Al16Si56O144 ·58H2O) of natural zeolites with STI framework type.

The structure can be described by two interconnected channels: one parallel to [001] (2.7 ×

5.6 Å) and the other parallel to [100] (4.7 × 5.0 Å) con�ned by eight- and ten-membered

rings of tetrahedra, respectively9.10 At room temperature (RT), the structure is orthorhombic
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(space group Fmmm) and it is referred as phase A.10 The dehydration occurring upon heating

induces the transformation of the room-temperature modi�cation to a new topology known

as phase B (Amma).11 This phase is characterized by the statistical rupture (approximately

40%) of one T-O-T connection of the tetrahedral framework. Thus, at high temperature the

structure is described by the coexistence of two mutually exclusive topologies. The natural

form of stellerite (Ca-STI) does not undergo further structural changes upon heating and at

approximately 600 ◦C turns amorphous.11 In contrast, the fully Na-exchanged form (Na-STI)

is monoclinic F2/m at RT and upon heating di�erent T-O-T connections break leading to

the formation of a di�erent B topology (A2/m) with respect to the natural one.12 Moreover,

at 525◦C, a further contracted phase, known as phase D,13 forms. Recently, a sample of

stellerite exchanged with Ag+ (Ag-STI) was investigated by X-ray Di�raction and X-ray

Absorption Spectroscopy.14 The results demonstrated that similarly to Na-stellerite the Ag-

STI structure at RT is monoclinic and that upon heating it transforms to the same B topology

of Na-stellerite (that is not equivalent to the B phase observed in Ca-STI). Interestingly, at

300◦C, a new structural con�guration, named D', occurs and at 400◦C the Ag-STI transforms

to the D phase. The structural transformations as a function of temperature for each cationic

form of stellerite are summarized in Figure 1.

This study is part of a broader project aimed at investigating the e�ects, in terms of

thermal stability and host-guest interactions, of heavy-metals incorporated into the zeolites

structure. The outcomes of this basic research are of paramount importance in several

Figure 1: Scheme of the di�erent structural modi�cations occurring in Ca-,12 Na-,12 and
Ag-STI14 as a function of temperature. Corresponding space groups are also reported.
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�elds, from environmental remediation to industrial applications. Here, we investigated the

structure and thermal stability of Cd2+-exchanged stellerite with the aim of i) determining

the structural modi�cations induced by the Cd2+ incorporation at RT and ii) tracking the

phase transitions occurring as a function of increasing temperature. Structural data were

obtained by means of in situ Single Crystal X-ray Di�raction (SCXRD). To get insight into

the local arrangement of Cd2+ and H2O within the channels, ab initio Molecular Dynamics

(MD) simulations and X-ray Absorption Spectroscopy (XAS) measurements were performed.

Finally, we compare our results with those previously reported on other cationic forms of

stellerite, in order to draw general conclusions on the e�ect of transition-metals substitution

in STI framework-type zeolites.

2 Experimental methods

The sample, a natural stellerite from Giebelsbach, Fiesch, Switzerland, had original chem-

ical composition Ca7.96K0.83Na0.33(Si55.4Al16.42)O144 ·58.24 H2O.15 Natural crystals with di-

mensions between 0.1 and 1 mm were at �rst Na-exchanged (same procedure reported in12).

The Na-stellerite crystals were subsequently placed in a Te�on autoclave �lled with 1M

Cd(CH3COO)2 solution (pH = 6) for 4 weeks at 100(2)◦C. The cadmium acetate solution

was renewed every three days. Afterwards, the crystals were washed with deionized wa-

ter and their composition was controlled by energy dispersive spectrometry (EDS) using a

scanning electron microscope (SEM).

2.1 Single-crystal X-ray Di�raction (SCXRD)

Di�raction data of Cd2+-exchanged stellerite (Cd-STI) were collected on a Bruker APEX II

single crystal X-ray di�ractometer equipped with MoKα radiation (λ = 0.71073 Å) and a

CCD area detector. The crystal (0.150 × 0.200 × 0.100 mm) was glued on the tip of a glass

�ber mounted on a goniometer head. To track the dehydration process, data were collected
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from 25 to 375◦C in steps of 25◦C. An in-house build N2-blower was used. Under these

experimental conditions the crystal is exposed to dry atmosphere. Each data collection lasted

ca. 8 h and the equilibrium time between the steps was 40 minutes. Data were integrated and

corrected for absorption using the Apex 3v.2018.7-2 software package.16 Structure solutions

were performed by Shelxtl-2013.17 The crystal structure at RT was solved in space group

C2/m, transformed to F2/m setting according to Quartieri et al. 1987.18 From 100◦C to

250◦C the structures were solved in the orthorhombic space group Amma.12 From 275 to

325◦C, the structures could only be re�ned in Amma but the maximum resolution drastically

dropped (maximum 2θ = 28.12◦) leading to high R1 values (see results section for details).

From 350 to 375◦C only the cell parameters could be extracted. Structural re�nements

were carried out by SHELXL-201419 using neutral atomic scattering factors. The atom

coordinates as well as the site labels of the framework atoms were those used in Cametti et

al.12 whereas the extraframework occupants where located from di�erence Fourier maps.

The rehydration capacity of the crystal heated to 375◦C was checked by exposing it to

high humidity conditions for 20 days. The structure was measured using the same data-

collection strategy applied for the series of high-temperature experiments. To check whether

further increase of temperature led to structural collapse, a crystal of Cd-STI was heated ex-

situ in air up to 500◦C with a heating rate of 20◦C/h. The temperature was kept for 2 hours

and X-ray data were collected in air at RT. Crystal data, data collection, and re�nement

details are reported in Table 1. All visualizations of crystal structures were produced by

VESTA.20 Cif �les were submitted as supplementary material.

2.2 Molecular Dynamics (MD) Simulations

The MD simulations were performed in NPT (constant temperature and pressure using a

�exible cell) ensemble based on the density-functional theory (DFT) using the Gaussian

and Plane Waves method (GPW) as implemented in the CP2K simulation package21.22 The

temperature was controlled at 77°C by a stochastic canonical sampling thermostat.23 The
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equations of motion were integrated employing 0.5 fs time step. The electron exchange and

correlations were described by Perdew-Burke-Erzerhof (PBE) functional.24 The Kohn�Sham

orbitals were expanded using a linear combination of atom-centered Gaussian type orbital

functions. In this study a short range double-ζ valence polarized basis set for each atomic

kind was used.25 Dispersion correction was taken into account using the DFT+D2 method.26

System set-up. The input structure was obtained starting from the atom coordinates

of Ca-stellerite.12 Ca2+ ions were replaced by Cd2+ and the number of H2O molecules was

adjusted according to the chemical composition,15 i.e. seven H2O for each Cd2+. A fully

�exible 2×1×1 supercell was used. The data were collected from a 20 ps long MD trajectory

followed by at least 6 ps pre-equilibration. Theoretical Extended X-ray Absorption Fine

Structure (EXAFS) spectra were calculated using 50 consequent MD snapshots separated

by 100 fs interval. FEFF 8.40 software27 28 was used to calculate the EXAFS spectra for each

Cd2+ position in the supercell. In total 16 × 50 snapshots were averaged to obtain a refer-

ence ab initio EXAFS spectrum per MD trajectory. The Fermi energies and the scattering

potential were calculated self-consistently using the cluster radius of 4 Å. Multiscattering

paths up to 4 legs with path lenghts up to 8 Å were taken into account. The Debye-Waller

factor was set to 0.0002 Å2. The amplitude reduction factor (S2
0) was set to 0.9.

2.3 X-ray Absorption Fine Structure Spectroscopy (XAFS)

XAFS spectra were collected at The Rossendorf Beamline at the European Synchrotron

Radiation Facility (ESRF, Grenoble). The energy of the X-ray beam was tuned by a double-

crystal monochromator operating in channel-cut mode using a Si(111) crystal pair. Two

platinum-coated Si mirrors before and after the monochromator were used to collimate the

beam into the monochromator and to reject higher harmonics. Cd K-edge (26711 eV) spec-

tra were collected in transmission mode using Ar-�lled ionization chambers. Spectra were

collected at 15 K using a closed cycle He cryostat (CryoVac). Energy calibration was per-

formed using the zero crossing of the second derivative of the K-edge of metallic Cd (26711

7



eV) measured simultaneously to the sample scans. Spectra were collected at the Cd K-edge

(26711 eV) in transmission mode. Each scan was recorded up to k = 16 Å−1 with typical

acquisition time of 4 hours. Six scans were averaged to improve the signal-to-noise ratio.

XAFS data reduction and analysis. The data were reduced using the WinXas

software.29 After background subtraction and normalization of the absorption edge jump to

unity, the energy was converted to photoelectron kinetic-energy (k-space) by assigning the

ionization energy of the Cd K-edge to the �rst in�ection point of the absorption edge. For

Extended X-ray Absorption Fine Structure (EXAFS) analyses, a pseudo radial distribution

function was obtained by Fourier transforming k3-χ(k) weighted function between 2.0 and

17 Å−1 using a Kaiser-Bessel window function. Structural information was extracted by a

multishell �t approach using FEFF8.227 28 calculated scattering-paths based on the structure

of Ca-STI12 exchanged with Cd2+. The amplitude reduction factor S2
0 was �xed to 0.9. A

global phase shift ∆E0 was �tted for all paths.

3 Results

3.1 Structure at room temperature

The SEM-EDS spectra (Figure S1) of the crystals used for the exchanged experiments showed

that Na+ was fully replaced by Cd2+. The incorporation of Cd2+ into STI framework

structure induces a symmetry lowering from orthorhombic Fmmm to monoclinic space group

F2/m. The latter corresponds to the space group of Na-12 and Ag-STI14 determined at RT.

The cell parameters of Cd-STI at room temperature are a = 13.6277(2), b = 18.0966(3),

c = 17.6880(3) Å, β = 90.4250(10)◦, V = 4362.01(12) Å3. The structure is twinned by

pseudomerohedry (matrix [100 010 00-1]), with fractional volume contribution of 0.0573(11).

The channels parallel to [100] are more elliptical (5.16×7.66 Å and 5.66×7.30 Å) compared

to those of Ca-, Na-12 and Ag-STI.14 SCXRD data of the RT structure (Table 2) indicated

that Cd2+ ions are disordered at partially-occupied sites (maximum occupancy of 0.38)
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Figure 2: Ball-and-stick representation of Cd-STI structure at RT obtained from X-ray data
(a) and MD simulations (b). Cd, O, and Si atoms are displayed as pink, red and blue spheres
respectively. Partially colored spheres (a) correspond to partially occupied crystallographic
sites. Water molecules are not reported in (b) for sake of clarity. Light blue spheres in (b)
represent Al atoms.

distributed in the center of the channels parallel to [100] along the ac plane (Figure 2a).

These sites are bonded exclusively to H2O molecules with distances between 2.269(15) and

2.409(19) Å.

The structural parameters extrapolated from MD trajectories are in agreement with the

experimental XRD data. The computed unit-cell parameters deviate from those determined

by X-ray of less than 1%, the only exception being the value of the beta angle (Table 3).

Figure 2b reports a snapshot of the structure after 16 ps calculations. The distribution of

Cd2+ varies within the cages and, consistently with X-ray data, Cd ions are mostly located in

the center of the ten-membered ring channels surrounded only by H2O. The average Cd-Ow

(Ow being the oxygen of the H2O molecules) distance is 2.32 Å (Figure 3a) and each Cd2+

is surrounded by six H2O (Figure 3b) arranged in a fairly regular octahedral coordination

(Figure 4a), whereas no contacts with the oxygen atoms of the framework are detected. The

Cd(H2O)
2+
6 complex is distributed within the t-sti-1* cages along the a axis (Figure 4b).
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Table 2: Atom coordinates, equivalent displacement parameters, and occupancy of Cd-STI
at RT.

Site Scattering factor x y z U eq (Å2) Occ.
T1 Si 0.13682(4) -0.19433(4) -0.12259(4) 0.01651(14) 1
T2 Si 0.13645(4) -0.19009(4) -0.37066(4) 0.01591(14) 1
T3 Si -0.05178(4) -0.41090(3) -0.25682(4) 0.01609(13) 1
T4 Si 0.13933(4) -0.31687(3) -0.25189(4) 0.01494(13) 1
T5 Si 0 -0.23815(6) -0.5 0.01769(18) 1
O1 O 0.07472(15) -0.20769(15) -0.04493(13) 0.0320(5) 1
O2 O 0.06095(15) -0.18408(13) -0.44280(13) 0.0313(5) 1
O3 O 0.12514(17) -0.26440(14) -0.17966(14) 0.0358(5) 1
O4 O 0.0976(2) -0.11750(14) -0.16165(14) 0.0365(5) 1
O5 O 0.12465(16) -0.27130(13) -0.33038(13) 0.0322(5) 1
O6 O 0.11515(18) -0.12324(15) -0.31289(14) 0.0367(5) 1
O7 O 0.24786(14) -0.18227(16) -0.40433(13) 0.0359(5) 1
O8 O 0.06455(15) -0.38601(13) -0.24941(19) 0.0395(6) 1
O9 O -0.0566(2) -0.5 -0.2556(3) 0.0386(8) 1
O10 O 0.25 -0.35315(15) -0.25 0.0243(5) 1
Cd1 Cd 0.2854(11) 0 -0.5604(8) 0.0270(14) 0.141(15)
Cd1A Cd 0.3102(11) 0 -0.5487(5) 0.0313(9) 0.181(8)
Cd1B Cd 0.2744(17) 0 -0.5462(12) 0.027(3) 0.085(15)
Cd1C Cd 0.3437(13) 0 -0.5367(6) 0.026(3) 0.048(5)
Cd1D Cd 0.2361(9) 0 -0.5434(6) 0.0531(14) 0.38(2)
Cd1E Cd 0.2505(15) 0 -0.5620(14) 0.034(3) 0.086(18)
W1 O 0.2079(12) -0.1118(8) -0.5521(8) 0.105(4) 0.5
W1A O 0.2565(6) -0.1247(4) -0.5527(4) 0.061(2) 0.558(17)
W2 O 0.1848(14) 0 -0.0753(6) 0.046(4) 0.44(4)
W3 O -0.0884(18) 0 -0.5459(16) 0.15 0.49(2)
W4 O 0.2603(13) 0 -0.6796(8) 0.056(5) 0.36(2)
W4A O 0.3187(15) 0 -0.6709(9) 0.060(6) 0.33(2)
W5 O 0.120(3) 0 -0.623(2) 0.15 0.40(2)
W6 O 0.4612(16) -0.0695(11) -0.5384(12) 0.099(6) 0.303(8)
W6A O 0.407(2) -0.0870(15) -0.5624(16) 0.099(8) 0.241(14)
W7 O 0.2266(18) 0 -0.0784(8) 0.057(5) 0.41(4)
W8 O 0.1234(13) 0 -0.0849(10) 0.037(6) 0.209(18)
W9 O 0.179(2) 0 -0.6657(16) 0.114(13) 0.38(3)
W10 O 0 -0.0653(17) -0.5 0.15 0.42(2)
W11 O 0.388(2) 0 -0.604(2) 0.161(18) 0.41(4)
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Table 3: Unit cell parameters of Cd-STI calculated from MD simulations and X-ray data

MD XRD Deviation(%)
a-axis (Å) 13.52535 13.6277(2) 0.8
b-axis (Å) 18.21387 18.0966(3) 0.6
c-axis (Å) 17.57043 17.6880(3) 0.7
α(◦) 90.10 90 0.11
β(◦) 93.09 90.4250(10) 3.9
γ(◦) 90.63 90 0.7

Volume (Å3) 4320.42 4362.01(12) 0.9

Figure 3: Radial Distribution Function (RDF) (a) and Coordination Number (CN) (b)
of Cd-O ( O framework oxygen) and Cd-Ow (Ow oxygen of H2O) calculated from MD
trajectories.

The experimental and calculated k3-χ(k) weighted function and the corresponding Fourier

Transform (uncorrected for shift) of Cd-STI are reported in Figure 5. The FT shows mainly

two peaks at 1.8 and 3.16 Å. The �rst peak can be �tted by a Cd-O shell with corresponding

Cd-O distance R = 2.28 Å and coordination number CN = 6.3. To correctly interpret the

second peak at 3.16 Å, the spectrum was FT backtransformed in the range between 2.5 and

3.6 Å. The result clearly indicated the contribution of a heavy element that, in our case can

only be ascribed to Cd. Thus, a second shell Cd-Cd was inserted in the re�nement. The

�nal structural parameters obtained from the EXAFS re�nement are reported in Table 4.

The local con�guration of Cd2+ ions surrounded by six H2O is in agreement with both

experimental (SCXRD data) and theoretical (MD simulations) results which indicated that

in fully hydrated Cd-STI, Cd2+ ions do not bond to the framework oxygen but are only

11



Figure 4: Fragment of Cd-STI structure obtained from MD trajectories. The framework
is represented by blue sticks obtained by T-O-T connections. Six-fold coordination of Cd2+

with H2O (a) and distribution of Cd(H2O)
2+
6 complexes (b) within the t-sti-1* cages.

Table 4: Structural parameters of Cd-STI at 15K determined from EXAFS analysis

Shell CN R(Å) σ2(Å2) ∆E0 (V)
±25% ±0.002 ±0.002

Cd-O 6.3 2.28 0.0050 7.56
Cd-Cd 0.6 3.46 0.0047 7.56

surrounded by H2O. However, this structural con�guration cannot explain Cd-Cd distances

at 3.46 Å. The latter are instead typical of Cd(OH)2 with brucite-type structure30.31 Cd-

hydroxide can precipitate under the experimental conditions used for the exchange experi-

ments (ph =6 and T = 100◦C). As a con�rmation, SEM-EDS pictures of the powder used for

XAFS experiments revealed the presence of small particles rich in Cd (Figure S2). It is worth

noting that an attempt to identify this additional phase by X-ray powder di�raction was not

successful, mainly due to the low amount and small dimension (< 1µm) of the crystallites.

Although the average <Cd-Ow> distances obtained by the di�erent methods (X-ray

di�raction, simulations and X-ray spectroscopy) are consistent with each other, discrepancies

are visible when comparing the χ(k) function calculated from MD trajectories and the one

obtained by EXAFS measurements. The theoretical χ(k) is shifted toward low k values

compared to the experimental one (Figure S4). Such shift is re�ected in the higher <Cd-

Ow> distance (2.32 Å) extrapolated by the Md trajectories with respect to that obtained by

the �tting of the EXAFS data (2.28 Å). The tiny amount of an additional phase found in the

12



Figure 5: (a) k3-χ(k) weighted function and (b) Fourier transformed EXAFS spec-
tra(uncorrected shift) of Cd-STI at 15 K (-258◦C). Blue circles and red lines represent the
experimental data and corresponding �ts, respectively. Measured (dashed line) and �tted
(continuous line) imaginary parts of FT are also displayed.

powder used for the XAS experiments cannot justify the reported discrepancy. Thus, other

factors should be taken into account. Shorter Cd-Ow distances can arise as a consequence

of a reduced hydration shell. For testing purposes, we performed a geometry optimization of

the Cd-STI structure obtained from MD by removing one H2O from the coordination shell

of Cd2+, i.e. hypothesizing six H2O per Cd2+ ion. The average Cd-Ow decreased to 2.26 Å

indicating that a system with less than seven H2O per Cd2+ would match the experimental

one. With this regard, we have to consider that XAFS experiments were conducted under

dry conditions. Hence, part of the H2O could be lost by the zeolite, leading to a slightly

less-hydrated system compared to that assumed in MD simulations.

3.2 Structural changes upon heating

The dehydration of Cd-STI starts at 50◦C, in correspondence of the decrease of the unit-cell

volume from 4362.01(12) to 4352.62(12) Å3 (Figure 6; Figure 7a).

At 100◦C the space group changes from monoclinic F2/m to orthorhombic Amma. This
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Figure 6: Unit-cell volume trend of Cd-STI (pink diamonds) as a function of temperature
determined by SCXRD. Corresponding values of Ca-,12 Na-12 and Ag-STI14 are also reported
for comparison.

change is accompanied by the gradual decrease of the beta angle from RT (β = 90.4250(10)◦)

to 125◦C (β = 90.01◦). To assign the proper space group, test re�nements of the data sets

collected at 100 and 125◦C were also performed in the monoclinic space group A2/m.12 No

signi�cant di�erences were observed between the results achieved in Amma and A2/m and

as a consequence the orthorhombic space group was preferred.

At 100◦C, 5% of (Si,Al) at T1P site move toward a new position (T1PD), indicating the

onset of the rupture of the T4-O3P-T1P connection (Table S1, Figure 7b). At 125◦C the

percentage of new T1PD sites increases to 20% and the new connection T1PD-OD-T1PD

forms within the channels parallel to [100] (Table S2, Figure 7c). Thus, the structure

transforms to the B topology12 also reported for Ca-STI. In addition, 20% of the T4 sites

moves toward two new positions (T4D and T4DA) and 5% of (Si,Al) at T1 migrate to

T1D. Note, that the occurrence of this additional site was observed in Ca-STI only at

400◦C.12 Upon further heating, the percentage of broken connections increases. This process

is accompanied by strong disorder and at 150◦C an additional site (T4DB), close to T4

14



Figure 7: Polyhedral representation of the crystal structure of Cd-STI at 50 (a), 100 (b),
125 (c), and 225◦C (d). The blue tetrahedra represent the (Si,Al)O4 units. The tetrahe-
dra involved in the rupture process are displayed in cyan and the new ones, forming as a
consequence of the migration of the original T sites, in yellow.

and re�ned with Si scattering factor, was inserted in the re�nement. At 225◦C, two new

connections were observed: T4DB-OD2-T4DB (which does not occur in Ca-STI12) and

T4DA-OD1-T1D (which corresponds to T4D-OD1-T2D in Ca-STI) (Table S3, Figure 7d).

The formation of the new tetrahedra T4DB induces a further closure of the channels along

[100]. We refer to this structural con�guration as B' to distinguish it from B. At this

temperature the occupancies of the new T sites converge to 0.403(4), 0.318(5), and 0.159(2)
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for T1PD, T1D, and T4DB (= T4DA) respectively.

At 275 ◦C the number (4463 total and 346 unique) and quality of measured re�ections

drastically decreased (Table 1). An attempt to re�ne the structure in Amma, despite the poor

agreement factors and the low value of the observed/parameters ratio (Table 1), indicated

that the Cd-STI preserves the B' con�guration. For comparison, test re�nements were also

carried out in A21ma space group using as starting coordinates of the framework atoms those

of the D phase of Ag-STI:14however, in this case it was impossible to obtain a reliable model.

The same procedure, applied to the data set collected at 300◦C, led to similar conclusions,

suggesting that the structure does not further change at least up to this temperature. From

325 to 375◦C, the re�ections split and broaden and the total number of measured data

further decreases (Figure S3), due to the onset of the structural collapse. In this temperature

range only the cell parameters could be determined. The total-unit cell volume contraction

determined at 375◦C is 22% of that measured at RT.

During the dehydration process the disorder of Cd ions becomes considerably more pro-

nounced and on average, from 100◦C on, Cd distributes over several sites with occupancy

lower than 10% (Tables S1-S3). For this reason, not all cadmium ions could be located in

the structural re�nements (Table 1) and the re�ned number of Cd atoms per formula unit

in all data sets is lower than 8.

The crystal heated at 375◦C was used for the rehydration experiment. The maximum

achievable resolution was 2θ = 29.02◦ and the number of unique re�ections was only 359

making it impossible to solve the structure. An attempt to re�ne the data set with the

model used for the one measured at 275◦C was not satisfactory and as a consequence only

the cell-parameters could be determined. The unit-cell volume (3398.4(9) Å3) is close to

that of the structure dehydrated at 375◦C, indicating that no H2O could be reabsorbed. In

contrast, no re�ections were detected in the sample used for the ex-situ experiment performed

at 500◦C, showing that at this temperature Cd-STI turns amorphous.
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4 Discussion

The main e�ect of Cd2+ incorporation into stellerite at RT is the distortion of the frame-

work from orthorhombic to monoclinic. The same distortion was observed in Na12-, although

less pronounced, and in Ag-STI.14 In Ag-STI such distortion was ascribed to the distinct

electronic con�guration of Ag+ with respect to Na1 that results in di�erent electrostatic

interactions with the oxygen atoms of the framework. XAFS data and MD calculations un-

ambiguously showed that in the RT phase of Cd-STI Cd2+ ions only bond to H2O molecules,

forming Cd(H2O)
2+
6 complexes within the t-sti-1* cages. Hence, the strain of the aluminosil-

icate framework in Cd-STI is exerted indirectly through hydrogen bonds between H2O and

the framework oxygen. A similar con�guration is observed in Ca-STI, where Ca2+ ions bond

uniquely to H2O molecules. To better compare the local environment in Cd- and Ca-STI,

MD simulations of the Ca-STI structure were also performed. In Figure 8 is reported a

snapshot of the calculated Cd-STI and Ca-STI structures showing the t-sti-1* cage: the

di�erent ionic radius of Cd2+ (0.95 Å) and Ca2+ (1.0 Å) results in a di�erent coordination

(calcium is coordinated by seven H2O (Figure S5)) and, as a consequence, in a di�erent

hydrogen-bonds network which directly a�ects the strain on the framework.

The trend of the unit-cell volume of Cd-STI as a function of temperature, as well as the

corresponding structural changes, follows that of Ca-STI up to approximately 100◦C. How-

ever, from this temperature on, it changes signi�cantly: the curve becomes much steeper

and the �nal volume contraction at 375◦C is approximately twice as that of Ca-STI (Figure

6). Di�erently to the pristine material, the Cd-form transforms to orthorhombic at 100◦C

and never turns monoclinic with the increase of temperature. Moreover, from 100◦C on,

the dehydration-process is much faster and the structural transformations are shifted to-

ward lower temperatures. Thus, although the Cd-exchanged structure transforms to the B

topology observed in Ca-STI, this transformation (associated with the formation of the new

connection within the ten-membered ring channels) occurs at lower temperatures (125◦C in

Cd-STI and 175◦C in Ca-STI). It should be stressed that the shift of the whole process toward
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Figure 8: Detail of the t-sti-1* cage of the Cd-STI and Ca-STI structures obtained from
MD simulations. The framework is reported in grey, Cd and Ca atoms in pink and light-blue
respectively. Red spheres represent oxygen of the H2O and oxygen of the framework involved
in hydrogen bonds. Hydrogen atoms are displayed as light-pink spheres.

lower temperature does not amount only to 100◦C, but becomes progressively wider (e.g. the

unit-cell volume of Cd-STI at 175◦C V = 3928.02(18) Å3 is comparable to that of Ca-STI

measured at 400◦C V = 3902 Å3). Moreover, the B topology further modi�es at 225◦C when

the connections T4DA-OD1-T1D and T4DB-OD2-T4DB form. This additional structural

change arises from the migration of the T4 sites toward T4DA and T4DB positions. As

reported before the T4DA-OD1-T1D connection corresponds to the T4D-OD2-T2D one in

Ca-STI (please note that the sites have a di�erent labeling due di�erent space group, i.e.

Amma for Cd-STI and A2/m for Ca-STI) whereas the T4B-OD2-T4B link does not form in

natural stellerite. This new link resembles the one which forms in Na- and Ag-STI (at 400◦C

and 500◦C, respectively) when the structures transform to the contracted D phase. If we

compare the B' topology observed in this study with the D one reported for Na- and Ag-STI

(Figure 9) the similarities are quite evident (the equivalent tetrahedra are displayed in red).

The main distinction is that the B' phase is not ordered, i.e. two mutually exclusive con�g-

urations (with the percentage corresponding to the occupancy of the T sites involved in the

breaking process) coexist in the structure; in contrast, the D phase is an ordered modi�cation

where 50% of the new positions (yellow tetrahedra in Figure 9) and 50% of the original ones
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Figure 9: Summary of the main structural modi�cations of Ca-,12 Na-,12 Ag�,14 and Cd-STI
(this study) which occur as a function of temperature. Color code as reported in Figure 7.
Equivalent connections in B' and D phases are represented by the red tetrahedra.

(cyan tetrahaedra) are fully occupied. Such di�erence is also re�ected in the space group of

the two structures, e.g. A21ma (D phase of Ag-STI) and Amma (B' phase of Cd-STI). Thus,

even if the dehydration behavior could be related to that of Ca-STI (transformation to B

phase followed by subsequent amorphization), the path and the structural rearrangements

are actually di�erent. Most important, the di�raction experiments demonstrated that the

structure of the Cd-STI starts collapsing already at 325◦C (Figure S3) indicating that its

thermal stability is signi�cantly lower compared to that of the Ca-form. With this regard, it

must be pointed out that the results presented in this study were obtained by using the same
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experimental set-up applied in the investigation of the thermal stability of Ca-, Na-12 and

Ag-STI.14 As a consequence, we can exclude any in�uence of the experimental conditions

(e.g. heating system, heating rate, humidity) in the observed di�erences and ascribe the

structural changes only to the EF species.

The reduced thermal stability of the Cd-form compared to that of the Ca one can be

explained considering two aspects: i) as we previously pointed out, Cd2+ is initially coor-

dinated only to six water molecules. Hence, compare to Ca-STI the non-bonded water is

released more easily; ii) the framework of Cd-STI is more contracted, in terms of channels

dimension, and even more distorted (if the deviation from the orthorhombic symmetry is

considered) than the Ca-STI. The initial degree of distortion, dictated not only by the size

but also by the bonds directionality of the EF cations, has an e�ect on the dehydration path,

i.e. the higher the contraction at RT, the less the thermal stability.

5 Conclusions

In this study we investigated the crystal structure and the thermal stability of Cd2+-exchanged

stellerite by combining a theoretical and experimental approach. The Cd-STI structure at

RT was found to be monoclinic, F2/m. The main structural transformations occurring

upon dehydration can be summarized as follow: i) transformation to the B topology at

125◦C (equivalent to the one observed in Ca-STI); ii) transformation, at 225◦C, to a highly

contracted phase B' still characterized by the system of mutually exclusive face-sharing

tetrahedra; iii) amorphization of the structure (T= 500◦C).

When compared to the other known exchanged-forms of stellerite, the Cd-STI is the

one which, in the investigated temperature range, contracts more. From an application

point of view, the main important outcome is that the structure starts collapsing already

at 325◦C, meaning that the EF occupant has a huge impact on the thermal stability of the

new-produced material.
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If the structures of the known exchanged-forms of stellerite as a function of temperature

are compared (Figure 9), two main conclusions can be drawn:

i) The valence of the extraframework cation seems to a�ect the structural topology which

forms upon heating. The B topologies of Cd- and Ca-STI are equivalent to each other, as

well as those of Na- and Ag-STI. A possible explanation is the number of the EF cations per

formula unit: the divalent cations are always one half with respect to the monovalent ones

(e.g. 8 Ca versus 16 Na per formula unit). Hence, at the beginning of the dehydration process

when the T-O-T connections start breaking, the position of the new T sites is in�uenced by

the available space within the cages: in the structures containing the divalent-cations (Cd-

and Ca-STI) the new T sites can �ip in the center of the ten-membered ring channels (Figure

9). A corresponding T-O-T connection does not form in Na- and Ag-STI where, the initial

position and distribution of the EF cations (which bond to both framework oxygen atoms

and H2O molecules) preclude the migration of the T sites to the center of the channels. Only

at higher temperatures when the EF cations approach the walls of the zeolitic channels, the

additional link (reported in red in Figure 9) can form.

ii) The transition metals have an impact on the degree of the framework distortion and, as

a consequence on the response of the structure to the heating stimuli. The monoclinic struc-

ture of Na-STI slightly deviates (beta angle and channel dimensions) from the orthorhombic

symmetry whereas in both Ag- and Cd-STI the monoclinic distortion at RT is much more

obvious. In view of our �ndings, the initial degree of straining exerted by the EF cations

is also responsible for the dehydration path: in both Ag- and Cd-STI the structural rear-

rangements induced by heating occur at lower temperature compare to Na- and Ca-STI,

suggesting that the more the distortion at RT the faster the dehydration process.
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� Crystallographic data of Cd-STI RT (CIF)
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