10

11

12

13

14

15

16

17

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8156. http://www.minsocam.org/

Word Count: 8859 Revision No. 1

The crystal structure of mineral magadiite,

NﬂzSiMOzs(OH)z*SHzO

Bernd Marlerl’*, Yasar Krysiakz, Isabel Grosskreuzl, Hermann Gies' and Ute Kolb®

'Institute of Geology, Mineralogy and Geophysics, University of Bochum, DE-44801 Bochum,

Germany. Fax: +49 0234 32 14433; Tel: +49 234 32 23514; E-mail: bernd.marler@rub.de

*Institute of Inorganic Chemistry, Leibniz University Hannover, Schneiderberg 39, 30167 Han-

nover, Germany.

*Institute of Inorganic Chemistry and Analytical Chemistry, Johannes Gutenberg University

Mainz, DE-55122 Mainz, Germany.

ABSTRACT

Magadiite from Lake Magadi was structurally analyzed based on X-ray powder diffraction
data. The idealized chemical composition of magadiite is Na;6[Si;120224(OH);6]*64H,0 per unit

cell. The XRD powder diffraction pattern was indexed in orthorhombic symmetry with lattice
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parameters ap = 10.5035(9) A, by =10.0262(9) A and ¢, = 61.9608(46) A. The crystal structure
was solved from a synthetic magadiite sample in a complex process using 3D electron diffraction
combined with model building as presented in an additional paper. A Rietveld refinement of this
structure model performed on a magadiite mineral sample in space group F2dd (No.43)
converged to residual values of Rprge = 0.031 and Rr =0.026 confirming the structure model.
Physico-chemical characterization using solid-state NMR spectroscopy, SEM, TG-DTA, and
DRIFT spectroscopy further confirmed the structure. The structure of magadiite contains two
enantiomorphic silicate layers of, so far, unknown topology. The dense layers exhibit no porosity
or micro-channels and have a thickness of 11.5 A (disregarding the v. d. Waals radii of the
terminal oxygen atoms) and possess a silicon Q* to Q ratio of 2.5. 16 out of 32 terminal silanol
groups are protonated, the remaining groups compensate the charge of the hydrated sodium
cations. Bands of edge-sharing [Na(H,O)e/15] octahedra are intercalated between the silicate
layers extending along (110) and (-110). The water molecules are hydrogen bonded to terminal
silanol groups with O---O distances of 2.54 A-2.91 A. The structure of magadiite is slightly
disordered typical for hydrous layer silicates (HLS) which possess only weak interactions
between neighboring layers. In this respect, the result of the structure refinement represents a
somewhat idealized structure. Nevertheless, the magadiite mineral possesses a higher degree of
structural order than any synthetic magadiite sample. The structure analysis also revealed the
presence of strong intra-layer hydrogen bonds between the terminal O atoms (silanol/siloxy
groups) confirmed by "H MAS NMR and DRIFT spectroscopy. The surface zone of the silicate
layers as well as the inter-layer region containing the [Na(H,O)¢/1 5] octahedra are closely related

to the structure of Na-RUB-18.
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INTRODUCTION

Occurrences and properties of magadiite

Magadiite is a mineral known since 1967 (Eugster 1967) and is named after Lake Magadi,
Kenya, the location of the initial mineral discovery. Later, other occurrences of magadiite have
emerged: Trinity County, California, USA (McAtee, et al. 1968); Mont Saint-Hilaire, Canada
(Horvath and Gault 1990); Lake Chad, Chad (Maglione 1970); Alkali Lake, Oregon, USA
(Rooney et al. 1969) and Aris phonolites, Windhoek, Namibia (Hudson Institute of Mineralogy

1993-2020) to name a few.

Magadiite typically precipitates form saline brines of alkaline lakes which contain large
amounts of soluble silica. According to Jones et al. “high concentrations of SiO, can be
attributed to reaction of waters with silicates, and subsequent evaporative concentration
accompanied by a rise in pH” (Jones et al. 1967). In addition, carbonates, halides, sodium
silicates, zeolites, feldspars, iron oxides, quartz and garnet manifest in these deposits as
impurities. This fact is attributed to the reaction between the volcanic rocks and brines, which
also cause the formation of halite, gaylussite, calcite, villiaumite, strontianite, fluorite and

mirabilite from residual brines (Rammlmair 2000).

The type locality of magadiite is Lake Magadi, Kajiado County, Kenya. Lake Magadi is a

saline, alkaline lake which is fed by alkaline hot springs and saturated brines with high
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concentrations of sodium carbonate. The lake is the most saline of all the lakes in the Eastern
Rift Valley and is surrounded by a closed basin at 603 m above sea level. The lake is periodically

dry, except for brine pools near the margins, containing a vast deposit of trona (Eugster 1969).

The idealized chemical composition as given by Hans FEugster in 1967 is
NaySi140,6(OH)6*6H,0. Magadiite is a soft (Mohs hardness: 2), white, transparent mineral. The
experimental density is 2.17 g cm™; the crystals are birefringent with a biaxial indicatrix and a
mean refractive index of 1.48 (Eugster 1967). It appears as white masses of very small plate-like

crystals and is often associated with quartz and kenyaite.

The water content of magadiite is obviously quite variable and seems to depend on the
ambient atmosphere and/or the pretreatment of the sample prior to chemical analysis (Scholzen
et al. 1991). Moreover, a part of the sodium cations can easily be leached from the structure by a
mere washing of the crystals with water (Schwieger and Lagaly 2004). As a consequence,
different chemical formulas of magadiite are reported in the literature: Na,Sij4Oz0*11H,0
(Schwieger and Lagaly 2004), Na,H,[S114030]*6H,0 (Oumi et al. 2008), Nay[Sil14026]*8H,0

(Anthony et al. 2003).

Magadiite is a layered alkali silicate and belongs to the group of Hydrous Layer Silicates
(HLSs) (Marler et al. 2021) like the mineral kanemite Nas[SigO;¢(OH)4]*12H,0 (Gies et al.
1998; Garvie et al. 1999; Vortmann et al. 1999) or synthetic Na-RUB-18,
Nag[HsSi3,072]*32H,0 (Vortmann et al. 1997), also known as octosilicate (Schwieger and
Lagaly 2004). HLSs, also often named ‘“2D Zeolites” are structurally interesting materials

characterized by silicate layers of various topologies. Layers of interconnected [SiO4]-units that
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contain equal numbers of terminal silanol/siloxy groups on either side of the layer are

intercalated by cations of low charge density and water molecules.

Synthesis and use of magadiite

HLSs can be used as parent materials to synthesize mesoporous and microporous framework
materials by either expanding the structures using appropriate methods or by condensing the
silicate layers topotactically (Marler and Gies 2012). Sirinakorn et al. (Sirinakorn et al. 2018)
and Roth et al. (Roth et al. 2016) published review articles on research papers dealing
with modifications of layered silicates such as kanemite, makatite, octosilicate and magadiite by
ion exchange with organic and inorganic cations, pillaring, silylation of the OH groups and
grafting, or introducing of metal nanoparticles. In addition, HLSs can be used as a starting
material for zeolite synthesis by classical hydrothermal treatment for the synthesis of, e.g.,
ZSM-5 and ferrierite (Y. Wang et al. 2015) or mordenite (Shi et al. 2013), or applied as
precursors to obtain ordered mesoporous three-dimensional silicate frameworks, e.g.,

mesoporous silica made from kanemite (Kuroda 1996).

Magadiite-type materials are one of the most extensively investigated layered silicates and
have frequently been synthesized in the lab by hydrothermal treatment of aqueous reaction
mixtures containing sodium, silica and, sometimes, additional compounds like Al or organic
molecules. Typical synthesis procedures can be found in the Handbook of Layered Materials by
Schwieger and Lagaly (Schwieger and Lagaly 2004). Modified procedures have, for example,

been reported by Superti, Bisio and Pastore who synthesized aluminum-modified magadiite
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(Superti et al. 2007), by Feng and Balkus who synthesized magadiite using poly(ethylen glycol)
as a template (Feng and Balkus 2003), and Sassi et al. who prepared magadiite in a water/alcohol

system (Sassi et al. 2005).

Primarily, magadiite has been synthesized to act as a precursor material for a subsequent
transformation into porous silicates. Ogawa et al. have conducted extensive research on the
modifications of the inter-layer of layered silicates for the application as host-guest systems and
photo-functional intercalation compounds (Ogawa and Kuroda 1997; Ogawa and Maeda 1998;
Ogawa et al. 2001a, 2001b). A cation exchange with different metallic, organic and
organometallic cations has been suggested for the functionalization of magadiite by Kim et al.
(C. S. Kim et al. 1997) while ion exchanged magadiite samples were used for the construction of
porous pillared layered silicates (Sprung et al. 1990; S. J. Kim et al. 2012). A modification of
magadiite with polyethylenimine has been performed by Vieira and Pastore with the intent of
applications in CO, capture (Vieira and Pastore 2014). Lagaly et al. reported on the attachment
of organic functional groups in the inter-layer space covalently bound through the condensation
reactions of the silanol groups with chlorosilanes, alkoxysilanes and alcohols (Lagaly et al. 1975;
Lagaly 1986; Scholzen et al.1991). Further functionalization was achieved by grafting of the
silanol groups with silane coupling reagents (Ruiz-Hitzky et al. 1985; Ogawa and Kuroda 1997;
Ogawa and Maeda 1998; Takahashi and Kuroda 2011). Exfoliation of magadiite nano-layers has

been conducted by Wang and Pinnavaia, (Z. Wang and Pinnavaia 1998).
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Previous structural studies

Although several natural and many synthetic magadiite samples are available, the structure of
magadiite remained hidden until now because of the small crystal size, the complex crystal
structure and the restricted crystallinity of the materials. The diffraction pattern is characterized
by a first strong reflection around 5.7 °20 (Cu Ko) corresponding to d~15.5 A and broad
reflections of different halfwidths. Because of the relatively poor XRD powder diffraction
diagrams of all known magadiite samples, even the unit cell dimensions were not unambiguously
determinable. Literature unit cell values are presented by Eugster: ag=bo=12.620 A,
co=15.573 A, B=90° (Eugster 1967); McAtee et al.: ap=7.22 A,
bp=1570A, cy=691A4A, =9527° (McAtee et al. 1968); Brindley: ay=Dbo=7.25 A,
co=15.69 A, p=96.8 ° (Brindley 1969); as well as Ide et. al.: ap = 15.60(3) A, by =3.837(7) A,

co=7.344(14) A, 0 =93.76 °, B =95.42 ° y = 95.21 ° (Ide et al. 2018), respectively.

In the past, several attempts have been made to reveal the crystal structure of magadiite based
on unit cell dimensions, chemical composition, NMR, Raman and IR spectra and depending on
the comparison with the known structures of seemingly related silicates like Na-RUB-
18/octosilicate, kanemite, makatite and dachiardite. Only one structural study, which was
published recently, used the whole X-ray powder diffraction pattern of magadiite to establish a
structure model using a PDF (pair-distribution function) analysis and real-space methods (Ide et

al. 2018).

*Na MAS NMR studies showed that magadiite has only one sodium site in its structure

(Almond et al. 1996). Moreover, 'H-*Na heteronuclear shift correlation spectra revealed that
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strongly hydrogen bonded protons are in close vicinity to the sodium ions. The authors
tentatively proposed a coordination number of six for the sodium ions in magadiite.
Investigations based on FT-IR and FT-Raman spectra (Huang et al. 1999) seemed to indicate that
magadiite exhibits i) a centrosymmetric structure of point group symmetry 2/m, ii) has a
multilayer structure with five- and six-membered rings with Si—O-Si linkages having partly large
bond angles near 180 °, iii) a hydrogen bonding system, however, with some hydroxyl groups

not involved.

Brandt, Schwieger and Bergk proposed a structure solution developed by model building
which was based on the unit cell as determined by Brindley for air-dry magadiite (ap = 7.25 A,
bo=7.25 A,y=90°), basal spacing of the first XRD peak, (d=15.6A) and NMR data.
According to this model, three (pseudo) tetragonal layer-like building units consisting of 4- and
8-rings are interconnected along the cop-axis to form the silicate layer of magadiite (Schwieger et

al. 1985; Brandt et al. 1987; Brandt et al. 1988, 1989).

In 1988, Garcés et al. (Garcés 1988) presented a hypothetical structure model of magadiite
based on the structure of zeolite dachiardite: "The similarities between the IR and NMR spectra
of the layered alkali metal silicates magadiite and sodium octosilicate and those of the zeolites of
the mordenite group [...] suggest that the unknown structures of the layered alkali metal silicates
may be related to the mordenite-group structures in the same manner that bikitaite is related to
KHSi,05 and kanemite. A hypothetical structure for magadiite was derived from the structure of
dachiardite [...]". The (water-free) model structure, however, has a Q* to Q° ratio of only two and

a chemical composition of NaSizO;2(OH) with an unusual Si to Na ratio of six. Almond et al.
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(Almond et al. 1996) discussed an additional model structure of magadiite by comparing 'H,
»Na and #’Si NMR data. The structure model is based on the structures of layer silicates
KHSi,0s5 and EU-19, instead of kanemite. The authors postulate the presence of hydrated Na
ions between layers (only one site) and direct hydrogen bonds between silanol groups of

neighboring layers.

A very recent structural study on magadiite applied a PDF analysis based on an initial
structure model prepared form the octosilicate structure. The authors suggest a triclinic unit cell
with ag=15.750 A, bp=3.930 A, co=7.365 A, 0 =96.38°, =195.92°, y=96.18 ° and a unit
cell composition of Naj 44S110022*3H,0. According to the PDF model, the silicate layer is rather
thick (13.3 A) and contains intra-layer micro-channels which are presumed to be occupied by

sodium ions (Ide et al. 2018; Doustkhah and Ide 2020).

All these attempts to determine the true structure of magadiite failed because of lack of
information. The breakthrough concerning the structure solution was finally achieved by using
the Automated Diffraction Tomography (ADT) method combined with model building (see

below).

EXPERIMENTAL

Sample

The investigated sample was collected from Lake Magadi/Kenya (alluvial channel, east of the

township, south of the road). It is the type locality of magadiite described by Eugster (Eugster
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1967). Macroscopically, the sample can be described as a white to slightly gray mass of very
small crystals. Lumps of magadiite are soft and can easily be disaggregated into a powder

sample.
General Characterization

Scanning electron micrographs were taken using a LEO-1530 Gemini electron microscope to
study the morphology of the crystals and the homogeneity of the samples. The samples were
gold coated by vacuum vapor deposition prior to analysis. For a qualitative chemical analysis, an
OXFORD AZtecEnergy X-ray microanalysis system (attached to the electron microscope) was

used.

Quantitative chemical analysis was performed by atomic absorption spectroscopy using a

Varian SpectrAA 220.

Thermal properties were investigated by simultaneous DTA/TG measurements using a TA
Instruments SDT650 thermal analyzer. The samples were heated in synthetic air from 30 °C—

1000 °C with a heating rate of 10 °C min™".

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy was performed using a
Nicolet 6700 FT-IR spectrometer. 6 mg of sample were mixed with 250 mg of diamond powder
to adjust the intensity of the diffuse reflectance. The spectrum was recorded in dry air between

400 cm'-4000 cm™ with a resolution of 4 cm’.

Solid state MAS NMR spectra were recorded at room temperature with a Bruker ASX-400

spectrometer using standard Bruker MAS probes, operated at 400.147 MHz (‘H) or 79.497 MHz
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(**Si). In order to average the chemical shift anisotropies, samples were spun about the magic
angle. For each measurement, tetramethylsilane (TMS) was used as a chemical shift standard.
Concerning ¥Si MAS NMR spectra, HPDEC measurements (800 scans) were performed with a
spinning frequency of 4 kHz, a pulse length of 4 ps and a cycle delay time of 60 s for complete
relaxation of the nuclei in order to calculate the Q* to Q’ ratio from the signal intensities. The
'"H MAS NMR spectra (128 scans) were measured with a spinning frequency of 12.5 kHz, a

pulse length of 2 ps, and a cycle delay time of 10 s.

The structure model of the hypothetical condensed, ordered magadiite generated by formally
condensing the silicate layers was optimized in a Distance-Least-Squares (DLS) refinement
assuming Si-O distances of 1.610 A, Si—-O-Si angles of 150.0 ° and regular O-Si—O angles of
the [Si04] tetrahedra. For the refinement, the program DLS-76 was used (Baerlocher et al. 1978).
A space group symmetry of F2dd was assumed for condensed magadiite. Since no experimental

parameters were available, lattice parameters were refined in addition.

Structure Analysis

Due to the small size and the low scattering power of the magadiite crystals, a structure
analysis by conventional single crystal diffraction was not feasible. Instead, powder XRD data
was recorded from a Siemens D5000 powder diffractometer in modified Debye-Scherrer
geometry using CuKa; radiation (L= 1.54059 A). The diffractometer was equipped with a
curved germanium (111) primary monochromator and a Braun linear position-sensitive detector

(coverage = 6 °). The powder sample was sealed in a borosilicate glass capillary (with a diameter
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of 0.3 mm) to avoid loss or uptake of water from the atmosphere. The structure model was
refined using the FullProf 2K program (Rodriguez-Carvajal 1993) with default scattering factors.
No absorption correction was necessary. Soft distance restraints were used for d(Si—

0) = 1.610(5) A, d(Si---Si) = 3.102) A, d(O---0) = 2.63(2) A.

Displacement parameters Bi, for crystal chemically similar atoms (e.g., the silicon atoms, the
oxygen atoms of the silicate layer, the oxygen atoms representing water molecules) were
constrained to remain equal. Additional parameters had to be used to account for the anisotropic

halfwidth of reflections.

RESULTS AND DISCUSSION

General Characterization

The magadiite sample consists of very thin, colorless, intergrown crystals (Fig. 1 a).
Individual plate-like crystals are approximately 1 pm—3 pm in diameter with a thickness of about
0.05 pm—0.1 um (Fig. 1 b). The plates show a rectangular shape indicating an orthorhombic
symmetry (Fig. 1 ¢). The SEM photographs showed no impurity phase. Qualitative chemical

analysis confirmed the presence of sodium (Na), silicon (Si), oxygen (O) and a trace of iron (Fe).

DTA and TG curves of the thermal analysis of magadiite are presented in Fig. 2. The TG
shows a significant weight loss which occurs in two major steps. The first weight loss starts at
very low temperature (30 °C) indicating that a part of the water molecules are only loosely

bonded within the structure. The first step between 40 °C—190 °C amounts to about 12.8 % and
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represents the removal of structural water. The second step (190 °C—1200 °C) with a decrease in
weight of around 3.6 % is due to the expulsion of water generated by a gradual condensation of
silanol groups. After heating the sample up to 1200 °C, the remaining product is a mixture of

tridymite and cristobalite.

The chemical composition as determined by AAS resulted in 74.0 wt% SiO, 5.1 wt% Na,O
and 0.3 wt% Fe,03, 0.3 wt% Al,O3, 0.2 wt% K,0 and 0.2 wt% CaO (other elements were not
analyzed) plus 16.4 wt% H,0 as determined by the TGA with a total sum of 96.5 wt%. Al, Fe,
Ca and K are tentatively assigned to impurity phase(s) which, however, were not detected by
XRD or SEM. The remaining mass (3.5 wt%) is assigned to additional water which was not
registered by the TG analysis but already lost at room temperature in the dry air stream of the
thermal analyzer. Ignoring the small content of Al, Fe, Ca and K, taking into account the silicon
Q* to Q* ratio of 2.5 (¥Si NMR spectroscopy) and normalizing the silicon content to 14 Si per

formula unit, the composition of the magadiite sample is: Na, o[ Si;4O28(OH),.4]*10.2H,0.

The infrared spectrum of magadiite (Figs.3 and 4) confirms the results of the TGA
measurement concerning the composition of magadiite. The most prominent features of the
spectrum are very broad and intense absorption bands around 3400 cm™ (stretching vibrations)
and two sharp bands around 1640 cm™ (bending vibrations). These types of signals are typical
for water molecules interconnected by hydrogen bonds of different strength. The characteristic
pattern of the spectrum in the "water range" (1600 cm™'—3800 cm™) is very similar to the one of

synthetic Na-RUB-18 (see Fig.3) suggesting that magadiite also contains bands of
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interconnected [Na(H,O)g/1 5] octahedra in the inter-layer region and that the nature of the silanol

groups of the silicate layer of magadiite may be similar to that of Na-RUB-18.

The bands in the region between 400 cm™ and 1250 cm™ (lattice vibrations, see Fig. 4) are,
tentatively, assigned as follows: a very broad signal in the range of approximately 1150 cm™—
950 cm™, with accentuated bands at 1070 cm”, 1060 cm™ and 1021 cm™ represents the
asymmetric stretching vibration of Si-O-Si units. There is no band visible at around 960 cm
typical for stretching vibrations of terminal Si—OH groups, possibly because of a comparatively
low amount of silanol groups and due to overlap with the broad signal at 1021 cm™. The bands at
812 cm™ and 778 cm™ are assigned to symmetric stretching vibrations of Si—O—Si units, whereas
the band at 433 cm™ represents the Si—O-Si bending vibrations (Y. Wang et al. 2009; Frost et al.
2013). Other signals at 706 cm™ (weak), 615 cm™ (strong), 576 cm™ (strong) and 547 cm™

(weak) cannot be assigned to specific units of the structure.

The *°Si HPDEC MAS NMR spectrum (Fig. 5) shows four sharp signals which indicate that
two types of Si environments exist in magadiite. The signal at 6 =-98.8 ppm is assigned to Q-
type silicon representing the terminal silanol (=Si—~OH) and/or siloxy (=Si—O") groups of the
silicate layer. The other three signals at -109.2, -111.0 and -113.5 ppm represent Q* type silicon,
1.e., four-connected Si-units as in framework silicates. A fit of the »Si HPDEC MAS NMR
spectrum yielded signal intensities as presented in Table 1. The total intensity ratio of the signals

is Q" to Q*=2.38 or, approximately 5 : 2.
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Other synthetic magadiite samples are characterized by similar spectra: Typically, the *°Si
MAS NMR spectra — if sufficiently resolved — present four signals at about -99, -110, -111 and -
113 ppm. The integrated intensity ratios of Q*to Q® signals in the literature, however, differ
significantly with values between 1 and 3 (Garcés 1988; Pinnavaia et al. 1986). Q” to Q’ ratios of
1 up to 1.5 are falsified when the pulse repetition time is too short (Scholzen et al. 1991). Other
differences in values may possibly be explained by impure samples or partial condensation of

silanol groups.

The 'H spectrum (Fig. 6) displays two signals: a broad and intense one at 3.9 ppm attributed
to the protons of the water molecules, and a weaker, but still distinct, signal at 15.2 ppm
corresponding to strong hydrogen bonds with an O---O distance of about 2.5 A (calculated
according to Jeffrey et al., 1986 (Jeffrey and Yeon 1986); Eckert et al., 1988 (Eckert et al.
1988)). This distance correlates well with the distance between the terminal oxygen atoms of the
silanol groups of the silicate layers as determined by the structure analysis (see below). Very
similar '"H MAS NMR spectra have been observed for synthetic magadiite (Krysiak et al., 2021)

and structurally related kenyaite (Marler et al., 2021).

The X-ray powder diffraction diagram (see Fig. 7) presents a mixture of moderately sharp and
broadened reflections. All reflections have been indexed based on an orthorhombic lattice with
lattice parameters ag = 10.50 A, by = 10.03 A and ¢y = 61.93 A. The anisotropic peak broadening
is related to specific (hkl) values. In particular, (hkO) and (00I) reflections possess the smallest

halfwidths while (hOl), (Okl) and (hkl) reflections assume a broader shape. Although the plate-
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like crystals are very thin (thickness of the crystals approximately 0.05 um—0.1 um along the co-
axis), which should lead to some line broadening due to particle size, the (00l)-reflections are
reasonably sharp. It can, therefore, be concluded that the thickness of all silicate layers and the
distances between neighboring layers are identical throughout the crystal. The sharpness of

(hkO)-reflections indicates that the structure is well ordered within the layer (ab-plane).

The analysis of the reflection conditions turned out to be difficult but led to the two most
probable space group symmetries: Fddd and F2dd. The first strong peak of the powder
diffraction diagram at d = 15.5 A was assumed to represent the repeat unit of individual silicate
layers along the stacking direction. Compared to synthetic magadiite samples, the natural

material exhibits adequately sharp PXRD reflections indicative of a fairly well ordered structure

(Fig. 8).

The results of the general characterization (thin plate like crystals, the presence of Q’-type
silicon and a powder diffraction pattern with a very strong reflection at a lower angle) were
indicative of a layered silicate. The chemical analysis (Si to Na ratio = 7), the unit cell parameter
co~ 62 A and the silicon Q* to Q’ ratio ~ 2.5 hinted toward a rather thick silicate layer. Insights
from FT-IR spectroscopy suggested that the inter-layer region of Na-RUB-18 and magadiite may

be structurally related.
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Structure analysis

Structure determination

The crystal structure was solved from small synthetic magadiite crystals of limited
crystallinity in a complex process using 3D electron diffraction (3D ED) combined with model
building (Krysiak 2018; Krysiak et al. 2021). Knowing/assuming that the structure of magadiite
possesses 1) thick silicate layers, i1) relatively few terminal silanol/siloxy groups iii) an inter-
layer region containing bands of edge-sharing [Na(H,0)¢/ 5] octahedra as present in Na-RUB-
18, iv) only one sodium site, and v) space group symmetry Fddd (first guess), the obtained
electron density maxima of the Fourier map could be assigned to a partial structure including
most of the silicon and oxygen sites and the sodium site. Subsequently, this partial structure
model was completed by geometrical considerations (tetrahedrally coordinated silicon atoms, Si—
O bond distances of about 1.6 A, Si-O-Si angles of approximately 150 °, the presence of some
silanol groups) and by adding the missing water molecules in accordance with the Na-RUB-18
structure. To obtain a completely coherent structure model, the space group had to be reduced to
F2dd. For a better comparison with related structures, a specific unit cell setting was chosen that

led to F2dd instead of standard setting Fdd2 (No. 43).

Structure refinement

Assuming space group symmetry F2dd to be correct, the structure model contains 32 Q-type

and 80 Q*-type Si atoms per unit cell which would approximately concur with the *’Si NMR
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spectrum presenting a Q*to Q* intensity ratio of around 1 :2.4. This structure model was

sufficient to start the Rietveld refinement based on the X-ray powder diffraction data.

Since even the relatively sharp reflections of magadiite exhibit halfwidths two times larger
(approximately 0.17 °20 at around 24 °20) than those of highly crystalline material (e.g., quartz
with approximately 0.08 °20), it is suggested that the real structure of natural magadiite shows a
deviation from a strictly regular layer stacking along [001] with slight shifts in the [100] and/or
[010] direction. This is characteristic of hydrated layer silicates having only weak bonding
interactions between neighboring silicate layers (Marler and Gies 2012). The real structure and

the nature of the disorder, however, will be analyzed in a future study.

The refinement of the initial structure model was performed assuming space group symmetry
F2dd (no. 43). The details of data collection and the results of the structure refinement are
summarized in Table S1 of the supplemental file. The refinement in space group F2dd converged
to residual values Rprge = 0.031 and Rg = 0.026 confirming the structure model (see Fig. 9 for
the Rietveld plot). It was, nevertheless, not possible to account for the anisotropic broadening of
the peaks in a complete fashion. The profile fit is, thus, not as good as usually obtained with a
more-ordered material (x> = 8.5). The physico-chemical characterization using solid-state NMR
spectroscopy, SEM, TG-DTA, and DRIFT spectroscopy as discussed before confirms the

correctness of the structure model.
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Description of the structure

The unit cell content of magadiite, according to structure analysis, chemical analysis, TG and
NMR spectra, is Najg[Si1120224(OH);6]*64H,0, or Nap[Sij4O,3(OH),]*8H,O for a better

comparison with compositions presented in the literature.

The unit cell contains four silicate layers stacked along the cy-axis with a sequence of
ABA’B’ (Fig. 10 left). Two neighboring layers are always mirror images of each other,
generating left-handed layer A and right-handed layer B. When stacking the layers, a successive
layer is always shifted by +Y*c, relative to the subjacent layer. In addition, layer B is shifted
relative to starting layer A along [110] by a quarter of this diagonal (= 3.6 A). The next layer A’
is shifted relative to B along [1-10] by, again, 3.6 A; the following layer B’ is shifted relative to
A’ along [-1-10] by the same value, and, finally, layer A is shifted relative to B’ along [-110] by

~ 3.6 A. This manner of stacking leads to a pseudo 4, screw axis along cy.

The two layers A and B are enantiomers and represent silicate layers (Fig. 11) of so-far-
unknown topology. Seven symmetrically independent silicon and 15 independent oxygen sites
are present, forming a dense layer of considerable thickness (11.5 A). The dense layers exhibit
neither a porosity along [001] nor micro-channels within the layer (see Fig. 11). Both layers
possess a thickness of 11.5 A (without van der Waals radii of the terminal oxygen atoms) and a
silicon Q*to Q” ratio of 2.5. The silicate layers of magadiite display a complex structure
constructed from 4-, 5-, 6-, and 7-rings. Distances between atoms vary in the ranges: d(Si—
0)=1.57 A-1.65 A, d(Si---Si) =2.99 A-3.21 A, d(O---0)=2.49 A-2.75 A. Atomic

coordinates, displacement parameters and occupancy factors are presented in Table S2.
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The layers are terminated by silanol (=Si—OH) and siloxy (Si—O") groups. 16 out of 32
terminal Si—O groups per unit cell are protonated, the remaining groups compensate the charge
of the sodium cations. The corresponding oxygen atoms feature a short distance between each
other, d(OH---OH)=2.47 A, indicating a strong intra-layer hydrogen bond which is in
agreement with the 'H MAS NMR signal at 15.2 ppm (see Fig. 6 and corresponding text). Strong
intra-layer hydrogen bonds with O---O distances as short as 2.3 A have been observed already in
several HLSs depending on the particular topology of the silicate layer (see Table 3 in Marler
and Gies 2012). In order to distinguish the silicate layer of magadiite from other layer types of
HLSs (Marler et al. 2021), the acronym "mag layer" is proposed in accordance to other, so far

classified layer types.

The structure of magadiite is completed by bands of interconnected [Na(H,O)g/1 5] octahedra
intercalated between neighboring silicate layers and extending along [110] at z = 0.125 and [1-
10] at z=0.375. Na---O distances of the distorted octahedra vary between 2.23 A-2.77 A
(distances have not been restrained during refinement). To include the scattering power of the
hydrogen atoms which were not traceable, the occupancy factor of the oxygen atoms
representing the water molecules was increased by a factor of 1.25. Four different water sites
exist in the inter-layer region, whereas the [Na(H,O)e/; 5] octahedra are partially distorted. This
distortion, however, may be an artifact due to the slight disorder of the structure. Distances
between the oxygen atoms representing the water molecules vary in the range of 3.34 A-3.76 A

forming very weak hydrogen bonds with each other.
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The water molecules OW3 and OW4 are hydrogen bonded to terminal silanol groups with
O---O distances of 2.54 A-2.91 A (Fig. 11). The surface zone of the silicate layers, as well as the
inter-layer region containing the [Na(H,O)s/15] octahedra, are closely related to Na-RUB-18,
Nay[Si;00;13(OH)s]. Fig. 12 presents a comparison of the two related structures. Chemically,
magadiite is related to the sodium layer silicates Na-RUB-18/octosilicate; kanemite,
Nay[SigO16(OH)4]*12H,O  (Garvie et al. 1999; Vortmann et al. 1999); makatite,
Nag[Si16032(OH)s]*16H,0 (Annehed et al. 1982); and kenyaite, Na,Si,004;*xH,0 (Beneke and

Lagaly 1983; Marler et al., 2021).

Magadiite shows evidence of minor structural disorder typical for HLSs which, generally,
exhibit weak interactions between neighboring layers. In this respect, the result of the structure
refinement represents an idealized structure. Nonetheless, the magadiite mineral possesses a
considerably higher degree of structural order than any synthetic magadiite sample available to
us. The structure as obtained by the Rietveld refinement reveals the general features of the
magadiite structure, such as topology of the silicate layer, as well as the presence and the
location of the mutually interconnected [Na(H,O)g/1 5] octahedra intercalated between the silicate
layers. Precise bond lengths and bond angles, however, cannot be derived from this structure
analysis because of the disorder. This will be the subject of further research on the detailed

analysis of the "real structure".
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Hypothetical framework structure of condensed magadiite

It is well known that HLS can be transformed into zeolite materials possessing microporous
frameworks. The silicate layers can formally be condensed by a reaction =Si—-OH + HO-
Si= — =Si—0-Si= + H,0 to generate a framework structure. This has been demonstrated in the
successful condensation of, e.g., RUB-15 to silica sodalite (Moteki et al. 2011), B-helix layered
silicate to AST type zeolite, (Asakura et al. 2014), PREFER to silica ferrierite (Schreyeck et al.
1996), layer silicate RUB-18 to a zeolite of the RWR type (Marler et al. 2005; Oumi et al. 2007;

Ikeda et al. 2008) and RUB-39 to RUB-41 (= RRO type zeolite) (Y. Wang et al., 2005).

So far, only disordered structures of condensed magadiite have been obtained. In 2008, Oumi
et al. (Oumi et al. 2008) presented a most promising approach to convert magadiite into a
microporous silica material via an intercalation of acetic acid molecules and TMA" cations into
the inter-layer region of magadiite. The intercalation of TMA" cations and AcOH molecules
induced an improvement in the configuration of the silanol groups. The resulting Ac-magadiite
and Ac-TMA-magadiite were calcined to form a microporous material with an average pore
diameter of 0.55 nm by dehydration-condensation of the silanol groups. Later, Asakura et al.
presented a study on the condensation of protonated magadiite through refluxing in N-

methylformamide (Asakura et al. 2015).

Although microporous materials were in fact obtained from magadiite, the quality of the XRD
powder diagrams of the materials is poor, showing only few broad reflections indicative of
severe disorder. Consequently, no structure models of the microporous framework silicate were

presented.
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In order to mutually interconnect all silanol groups of neighboring layers, adjacent layers have
merely to be shifted along c. No shift relative to the ag and by axes is necessary for a common
approach. This formal condensation would generate a new zeolite framework type possessing 8-
ring channels running along [110] and [1-10]. The corresponding ¢, value would decrease from
61.95 A to approximately 45.00 A (DLS refinement, see below) generating a quite dense
structure with a calculated framework density of 21.5 T/1000 A, This framework density is
higher than the densities of all known pure silica zeolites as listed in the Database of Zeolite
Structures (Baerlocher and McCusker 2017). The silica zeolite with the highest density, so far, is
NU-6(2) with FD =21.0. Condensed magadiite, therefore, may be useful as an all-silica zeolite

being thermally stable up to a temperature of at least 1000°C.

To conclude the condensation into a complete, non-interrupted framework, the removal of
Na' ions by an ion exchange against, e.g., protons, is imperative in order to avoid charge
compensating defects (=Si—O"--HO-Si=) in the framework. A replacement of the Na" ions by
organic cations of suitable size and geometry might rearrange the layer stacking of magadiite
into a completely ordered sequence and might also, subsequently, yield an ordered framework by

condensation.

The hypothetical framework structure of condensed magadiite in its ordered form is shown in
Figure 10 on the right. Corresponding atomic coordinates as obtained by a DLS refinement are
listed in Table 2. The DLS refinement resulted in an exceedingly good R-factor of 0.0050%
indicating that this type of framework topology can be constructed as a silica modification with

undistorted angles and ideal bond lengths. The simultaneous refinement of the lattice parameters
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generated ap = 10.7280 A, by =10.7863 A, co =45.0046 A. Figure 13 displays the simulated X-
ray powder diffraction pattern (CuKa, radiation) of the DLS refined structure. It is characterized
by a first strong reflection at 7.9 °20 (d = 11.25 A) and two groups of medium strong reflections
in the ranges of 12 °26-16 °260 and 23 °26-28 °26. This pattern can be compared to the one of a
real material, calcined (condensed) magadiite which had previously been treated with N-
methylformamide, (see Fig. 1e in Asakura et al. (Asakura et al. 2015)). The experimental pattern,
as well, shows a strong reflection at d =11 A and two groups of medium strong reflections at
12 °206-16 °20 and 23 °26-28 °20. The reflections, however, are broad, indicating severe

disorder.

IMPLICATIONS

The structural characterization of hydrous layer silicates (layered alkali silicates) is a most
important task in order to realize the complex nature of these materials. A minor disorder
concerning layer arrangement or layer structure contributes to the diffraction diagram of
magadiite rendering the interpretation and understanding complicated. Nevertheless, exploiting
the additional information of this contribution, it was possible to solve the structure of a mineral,
which was concealed for more than 50 years. As can be learned from a comparison of the
Rietveld refinements of natural (this study) and synthetic magadiite (Krysiak et al. 2021), the
topologies of the dense silicate layers are identical. In general, however, the natural magadiite
possesses better structural order. This becomes evident in comparing the FWHM of the
diffraction peaks of natural magadiite, 0.17-0.47 (this study, Table S1) with that of synthetic

magadiite, 0.28-0.73 (Krysiak et al. 2021, Suppl. Table 3). Also, the estimated standard
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deviations of the refined atomic coordinates of natural magadiite are approximately 20 percent

smaller compared to those of synthetic magadiite.

Magadiite analogues are frequently synthesized in numerous laboratories and are utilized to
produce new porous materials. For the future development of improved materials, the knowledge
of the structure of magadiite is fundamental. The detailed information of the inter-layer space in
geometry and composition allows for the specific operation to modify the layered precursor. This
might be ion exchange, transformation in the acidic form, adsorption of organics etc. Using
(topotactic) condensation reaction, pillaring or grafting treatments, new materials with new

properties will be obtained which are otherwise not accessible.
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Tables

Table 1: Results of the fit applied to the *°Si HPDEC MAS NMR spectrum.

No. shift value Type of Si peak area rel. no. of Si
1 —98.82 ppm Q’ 29.6 % 2'Si
2 —109.24 ppm Q! 30.3 % 2'Si
3 —111.00 ppm Q* 26.6 % 2 Si
4 —113.54 ppm Q* 13.6 % 1 Si
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689 Table 2: Atomic coordinates of the structure model of condensed magadiite derived by Distance-

690 least-squares refinement.

atom Wyckoff X y Y/ occ. factor
Sil 16b 0.37580 0.75052 0.00152 11.0
Si2 16b 0.24501 0.91638 0.95356 11.0
Si3 16b 0.04018 0.12036 0.95226 11.0
Si4 16b 0.49245 0.06098 0.95385 11.0
Si5 16b 0.68931 0.86329 0.95208 11.0
Si6 16b 0.34131 0.50700 0.83960 11.0
Si7 16b 0.63397 0.21317 0.84091 11.0
01 16b 0.12901 1.00579 0.96119 11.0
02 16b 0.28285 0.83556 0.98223 11.0
03 16b 0.94857 0.07906 0.92563 11.0
04 16b 0.29536 0.66465 0.02362 11.0
05 16b 0.56075 0.87416 0.07405 11.0
06 16b 0.58364 0.95296 0.96596 11.0
o7 16b 0.46753 0.16182 0.97947 11.0
08 16b 0.75037 0.93359 0.92395 11.0
09 16b 0.45745 0.33774 0.01970 11.0
010 16b 0.20637 0.17647 0.07298 11.0
011 16b 0.36253 0.99965 0.94355 11.0
012 16b 0.12522 0.23542 0.94166 11.0
013 16b 0.71961 0.09261 0.83594 11.0
020 16b 0.62120 0.23960 0.87579 11.0
691
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Figure Captions

Figure 1: SEM photographs of magadiite.

Figure 2: DTA (upper, blue) and TG (lower, green) curves of magadiite. Two main steps can be
distinguished: a) release of structural water between 40 °C—190 °C, b) expulsion of water

through the condensation of the silicate between about 190 °C-1200 °C.

Figure 3: Comparison of the infrared spectra of Na-RUB-18 (red) and magadiite (blue) in the

range of 1500 cm™'-4000 cm™ showing bands related to OH groups and water.

Figure 4: Infrared spectrum of magadiite in the region between 400 cm™—1300 cm™ (lattice

vibrations).
Figure 5: 2Si MAS NMR spectrum of magadiite (black) and simulated spectrum (red).
Figure 6: '"H MAS NMR spectrum of magadiite with spinning side bands (*) of the main signal.

Figure 7: Section of the XRD powder pattern of natural magadiite showing the anisotropic

halfwidths of the reflections with corresponding Bragg reflections (red).

Figure 8: Comparison of XRD powder patterns of typical synthetic magadiite (a, bottom, green),
synthetic magadiite of highest possible structural order (b, middle, red) and natural magadiite (c,

top, blue).

Figure 9: Plot of the diffraction patterns after Rietveld analysis of magadiite. Experimental and
calculated data are in the upper trace, and the difference plot is shown below. Tick marks for

allowed reflections are given.
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Figure 10: (left) The structure of magadiite projected on (110) showing the composite nature of

the material; (right) Hypothetical framework structure of condensed magadiite after removing

the intercalated bands of interconnected [Na(H,O)g/1 5] octahedra.

Figure 11: Schematic drawing of the structures of the silicate layers of magadiite in different

projections. Bridging oxygen atoms are omitted for clarity. Si: purple, OH: dark blue.

Figure 12: Details of the structure of magadiite showing the hydrogen bonds (light blue) between
water molecules WO3 and WO4 (light blue) and the oxygen atoms of the terminal silanol groups

(dark blue).

Figure 13: Structural relationship between the structures of magadiite (left) and Na-RUB-18
(right).

Figure 14: Distance-least-squares refinement of the lattice parameters of the hypothetical

framework structure of condensed magadiite.
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