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1 Introduction

Synthesis and real structure of RUB-11, a novel
high-density silica zeolite based on magadiite
layersT

Isabel Grosskreuz, (2@ Yasar Krysiak, (2 °© Hermann Gies, (2 Enrico Mugnaioli¢ and

Bernd Marler*®

The discovery of new zeolite framework types plays an important role in producing new porous
materials for applications such as adsorption, catalysis, separation, etc. RUB-11, a new all-silica zeolite
with high density (2.11 g cm™), was synthesised at 160 °C from reaction mixtures consisting of SiO5/
ethylenediamine/H,O in a xenon atmosphere of 30 bar for a long reaction time (140 d). Physico-
chemical characterisation using solid-state  NMR spectroscopy, SEM, TG-DSC and ATR-FTIR
spectroscopy confirmed that RUB-11 is a framework silicate. The atomic structure was solved by 3D
electron diffraction using the fast-automated diffraction tomography method. The structure model of
monoclinic symmetry with lattice parameters of ag = 7.3929(5) A, by = 7.3942(3) A, co = 26.1786(13) A
and f = 98.372(7)° (space group: Pc) was refined against electron diffraction data (dynamical refinement)
and powder diffraction data. An additional distance-least-squares refinement confirmed the feasibility of
forming a stress-free silica framework of RUB-11 topology. The chemical composition of RUB-11 per
unit cell is 30 SiO,. The framework silicate RUB-11 is structurally closely related to layer silicate
magadiite and can be regarded as an interlayer expanded zeolite (IEZ) based on magadiite-type layers.
Both materials contain topologically identical, dense layers, nhamed mag layers. In the case of RUB-11,
these layers are interconnected via additional silicon atoms leading to a complete framework with a 2-
dimensional pore system consisting of intersecting 8-ring channels. The synthesis route leading to RUB-
11 is in contrast to typical IEZs, which are obtained in a two-step process. According to the electron
diffraction data and the XRD powder patterns, RUB-11 has a disordered structure. A detailed analysis
revealed that two different types of disorder concerning the stacking of layer-like building units
(consisting of mag layers plus interconnecting silicon atoms) contribute to the real structure of RUB-11.
It is surprising that the channel-like pores of RUB-11 are completely empty when separated from the
reaction mixture.

catalyst supports."” Their crystalline structures consist of
three-dimensional frameworks constructed from 4-connected

Zeolites have been known for a long time and are widely used
in the industry as ion exchangers, adsorbents, catalysts and
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[TO,]-tetrahedra in three dimensions. The frameworks are
characterised by uniform pore sizes and pore openings of
<20 A able to take up water or hydrocarbon molecules whose
size is equal to or less than the size of the pore openings. The
composition of the tetrahedral frameworks can vary consider-
ably with tetravalent metal atoms (e.g:, Si, Ge, Ti, and Zr) or
trivalent atoms (e.g., Al, Ga, B, and Fe) located in the centers of
the tetrahedra. If a mixture of tetravalent and trivalent atoms
(e.g., Si and Al) occupies the T sites of the framework, the
framework is anionic and non-framework cations such as alkali
or alkaline earth metal cations or organic cations have to
balance the negative charge. In the case of protons as charge
balancing species, complex silicic acids are formed. If, however,
only silicon occupies the T sites, the framework is neutral and,
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typically, the material is hydrophobic and thermally stable up
to a very high temperature (approx. 1000 °C). Pure silica frame-
works are useful in absorption and separation processes of
liquids and gases and may serve as catalyst supports.

Currently, there are 256 ordered microporous framework
structures of different topologies as listed by the International
Zeolite Association.*® In addition, there are 29 families of
disordered zeolites. Each structure has unique pore sizes,
channel cross-sections and cage dimensions that lead to parti-
cular properties.

The discovery of new zeolite framework types plays an
important role in producing new catalytically active materials.
Reactions like the interlayer expansion and topotactic conden-
sation of layered silicates as precursors yield several new
framework types. Still, the demand for novel structures posses-
sing a new framework topology and, thus, different properties
than those of known materials, is on the rise. Any new zeolite
has the potential to improve the performance over those
materials presently in use.

More recently, so called interlayer expanded zeolites
(IEZs)°® have been synthesised. These frameworks expand
the spectrum of microporous materials offering reactive sites
as a part of the interrupted framework, which can be modified
post-synthesis.” So far, IEZs, nearly exclusively, have been
obtained in a two-step process: synthesis of a layer silicate
and pillaring the silicate layers of the precursor with covalently
bonded SiX4 units by a second hydrothermal synthesis.

There is an interesting exception to this typical synthesis
procedure: the synthesis of RUB-5 that can be regarded as
the interlayer expanded zeolite (IEZ) based on silicate layers,
which are known from layer silicates RUB-6 and kenyaite.'**?
RUB-5 is an IEZ being formed in a one-step hydrothermal
synthesis and, moreover, possesses a fully 4-connected SiO,
framework. The close relationship between RUB-5 and RUB-11
will be presented in the Results and discussion (section 3)
section.

Disorder is frequently observed in HLSs, zeolites, IEZs and
related materials. In particular, stacking disorder of layer-like
building units (LLBUs) is common and leads to polymorphism
with distinct ordered endmember structures. A disordered
arrangement of LLBUs can be quickly identified by anisotropic
broadening of X-ray diffraction peaks.

Due to the generally weak interactions between neighbour-
ing silicate layers, stacking disorder is a typical concomitant
phenomenon when crystallising HLSs. Details on HLSs (often
also named ‘2D zeolites”) can be obtained from the Database of
Hydrous Layer Silcates."” The structure of zeolite beta, consist-
ing of interconnected LLBUs, is the classical example of a
highly disordered zeolite which is directly obtained by hydro-
thermal synthesis.">'* Nearly, all IEZs exhibit a disordered
structure.”®” Also, microporous materials obtained by a con-
densation reaction applied to an HLS precursor are often of
poor crystallinity. Usually, stacking disorder, which is already
present in the precursor, will be retained by the condensed
product.’® All these materials predominantly consist of very
small crystallites.
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Anisotropic peak broadening, poor crystallinity and very
small crystals evoke a predicament for structure solution meth-
ods. Although the scientific progress of combining X-rays, 3D
electron diffraction and electron microscopy has taken a leap in
recent years, it is still a challenge to solve the structure of a
severely disordered and very fine-grained material.

Here, we present the synthesis, characterisation and crystal
structure of a new high density silica zeolite, which can also
be considered to represent an unusual IEZ. The structure of
RUB-11 remained unknown for a long time due to very thin
crystals (0.1 pm) and severe disorder. Ultimately, powder dif-
fraction methods failed and the average structure could only
recently be solved using a 3D electron diffraction technique. In
addition, the real structure of RUB-11 and the nature of the
disorder were analysed thoroughly by electron diffraction and
supported by the simulation and comparison of X-ray powder
diagrams.

2 Experimental section
2.1 Synthesis

RUB-11 was synthesised at 160 °C from a reaction mixture
of 1 SiO,/1 ethylenediamine/55.5 H,O in a xenon atmosphere.
Tetramethoxysilane (>98%, Fluka) was added drop-wise to
a vigorously stirred 1 molar aqueous solution of ethylenedia-
mine (99%, Merck). Tetramethoxysilane was hydrolysed during
this process to form fresh silicic acid and methanol. Methanol
was not removed prior to the hydrothermal synthesis. This
reaction mixture was filled in an autoclave, which possessed a
valve for additional gas feed. Subsequently, xenon gas was
added to a pressure of 30 bar (at room temperature). This
composition was kept in an oven under static conditions
for 140 d.

The synthesis was performed to produce a xenon containing
clathrasil, and did not aim for the crystallisation of a
new phase.

As can be seen from Table 1, xenon is not essential to
produce RUB-11; on the other hand, the xenon gas also does
not obstruct the synthesis of RUB-11.

After heating, the solid products were separated from the
mother liquid, washed with ethanol and distilled water and
dried overnight at room temperature. The reaction product (see
Table 1) contained RUB-11, xenon-dodecasil 3C (MTN), xenon-
melanophlogite (MEP), silica-ZSM-22 (TON) and cristobalite,
which were separated from each other by hand picking of
crystals and crystal aggregates under an optical microscope. A
small amount of xenon-dodecasil 3C (abbreviated as Xe-D3C)
remained as an impurity.

Additional synthesis experiments in a wider temperature
range (150-200 °C) had been performed using methylamine
(40% in water, Fluka) instead of ethylenediamine to prepare
reaction mixtures of SiO,/methylamine/H,O and using silica
glass ampules as reaction vessels.'® Four different silica sources
were used: tetramethoxysilane (>98%), silica gel (high-purity
grade, Merck), precipitated silica (purissima, Merck) and
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Table 1 Synthesis of RUB-11 (MA: methylamine, ED: ethylenediamine, *: aerosil, +: tetramethoxysilane)

Synthesis

Comp. of the react. mixture Temp. Time Crystalline products

3.9 Si0,*/21.5 MA/55.5 H,0" 150 °C 214 d MTN, (TON)
160 °C 214 d MTN, TON, crist.
170 °C 214 d MTN, TON, RUB-11, crist.
180 °C 214 d TON, MTN, RUB-11 (MEP)
200 °C 214 d MTN, RUB-11

1.0 Si0,'/1.0 ED/55.5 H,O (+30 bar xenon) 160 °C 140d MTN, RUB-11, TON, MEP

fumed silica (AEROSIL 400, degussa). In all cases, a mixture of
crystalline materials was obtained (see Table 1).

2.2 General characterisation

2.2.1 SEM. Scanning electron micrographs were taken using
a Zeiss Merlin Gemini 2 electron microscope to study the
morphology of the crystals and the homogeneity of the sam-
ples. The samples were gold coated by vacuum vapour deposi-
tion prior to analysis. The voltage was set to 5 kV.

Further scanning electron microscopy was performed with a
Hitachi Regulus SU8200 system. Powdered samples were fixed
on carbon adhesive tape. The voltage was set to 10 kV with an
emission current of 10900 nA at a working distance of 9 mm.

2.2.2 EDX. For semi-quantitative chemical analysis, EDX
measurements were performed using a Hitachi Regulus 8230
system with an Oxford UltiMAX 100 in mapping mode. The
voltage and working distance were set to 10 kV and 9.1 mm,
respectively. The weak aluminum external signal originates
from the sample carrier.

2.2.3 TA. The thermal properties of the as-synthesised
material were investigated by simultaneous DSC/TG measure-
ments using a TA Instruments SDT650 thermal analyzer. The
sample was heated in synthetic air from 30 to 1200 °C at a
heating rate of 10 °C min .

2.2.4 FTIR. Fourier transform infrared spectroscopy (FTIR-
ATR) was performed using a Nicolet 6700 FT-IR spectrometer
equipped with a Smart Orbit Diamond ATR unit. The spectra of
the pure samples were recorded in dry air between 350 and
4000 cm ™" with a resolution of 4 em™".

2.2.5 NMR. Solid state NMR MAS spectra were recorded at
room temperature with a Bruker ASX-400 spectrometer using
standard Bruker MAS probes. In order to average the chemical
shift anisotropies, samples were spun about the magic angle.
Tetramethylsilane (TMS) was used as a chemical shift standard.
Recording conditions are listed in Table S1 in the ESL} *°Si
hpdec MAS NMR measurements were performed in order to
record quantitative intensities.

2.2.6 3D electron diffraction. Powdered samples were dis-
persed in ethanol using an ultrasonic bath and dropped on a
carbon-coated copper grid. Transmission electron microscopy
(TEM) measurements were carried out with a TEM FEI Tecnai
20 equipped with a LaBg cathode, working at 200 kv. TEM
images and nanoelectron diffraction (NED) patterns were
recorded with a CCD camera (14-bit 2048 x 2048 pixel Olympus
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Veleta) using an Olympus iTEM software. A condenser aperture
of 10 pm and mild illumination settings (spot size 6) were used
in order to produce a semi-parallel beam of 1380 nm in
diameter on the sample (0.05 e~ A~? s~ ). The 3D ED data were
collected using the acquisition module Fast-ADT (fast and
automated diffraction tomography, FADT)*® using the
authors own developed scripts in the Olympus Soft Imaging
Solutions iTEM software. The total accumulated electron
beam dose including tracking was approximately 9 e~ A~>
per data set. The NED data were collected with electron beam
precession (precession electron diffraction, PED) in order to
improve reflection intensity integration quality.”'**> PED was
performed using a Digistar unit developed by NanoMEGAS
SPRL. The precession angle was kept at 1°. The PETS2.0
software package®® was used for 3D ED data processing.
The structure was determined ab initio assuming the kine-
matic approximation I ~ |Fhkl|® in reciprocal space using
Direct Methods as implemented in the program SIR2014.%*
Scattering factors for electrons were taken from Doyle and
Turner.”® Difference Fourier mapping and least-squares
(dynamical) refinement were performed with the software
JANA2006.%¢

2.2.7 PXRD. Powder XRD data were recorded using a Sie-
mens D5000 powder diffractometer in modified Debye-Scher-
rer geometry using CuKe, radiation (/4 = 1.54059 A). The sample
was loaded onto a borosilicate glass capillary (0.3 mm in
diameter) to avoid a preferred orientation of the crystals. The
diffractometer was equipped with a curved germanium (111)
primary monochromator and a Braun linear position-sensitive
detector (20 coverage = 6°). The Rietveld refinement of the
average structure of RUB-11 later revealed that the sample
contained 1.06(4)% Xe-D3C (see below).

2.2.8 Rietveld refinements. For a structure refinement of
the average structure, the program FullProf was used on PXRD
data.”” The refinement was performed with soft distance
restraints: d(Si-0) = 1.62(1) A, d(Si---Si) = 3.08(4) A, and
d(O---0) = 2.62(3) A. To fit the anisotropic half-widths of the
reflections, nine additional parameters had to be used. More-
over, specific small values for the half-widths of the three
strong reflections (402), (023) and (202) had to be applied (for
details see also Section 3.3).

2.2.9 DLS refinements. Distance-least-squares refinements
were conducted using the DLS-76 program.”® For the optimisa-
tion, a Si-O distance of 1.610 A, a Si- - -Si distance of 3.080 A and
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LLBU-II

Fig. 1 The layer-like building units used to model the disordered struc-
ture of RUB-11. Structure models have been plotted using the program
VESTA.*2

an O---O distance of 2.625 A were assumed as the typical
features of high silica zeolites.

2.2.10 Disorder modeling to reveal the real structure. After
determining the average structure of RUB-11, the disordered
real structure was studied by single crystal electron diffraction
and powder XRD. Experimental and simulated powder patterns
were compared using the program DIFFaX.>® In order to explain
the diffuse scattering in ED patterns and simulate broadened
reflections in the XRD powder diagram, stacking disordered
structures based on two different types of a disordered arrange-
ment of layer-like building units (LLBUs) were modeled. The
ordered (average) structure of RUB-11 was separated into two
layers extending along a and b directions. These LLBUSs, termed
as LLBU-I and LLBU-II, consist of either mag layer type I or mag
layer type II, plus an interconnecting silicon atom. The two
layer types, as well as the LLBUs, are enantiomorphic to each
other. The structures of RUB-11 and magadiite differ with
respect to the interconnecting tetrahedron, which is missing
in magadiite (see Fig. 1, 9 and 10). The symmetry of the layers
corresponds to the plane space group €21(1).*°

The program FAULTS,*" the successor of DIFFaX,*® has been
used to simulate a diffraction pattern with the parameter values
as shown in Table S2 in the ESI.T DIFFaX and FAULTS simula-
tions are very sensitive to the type and degree of disorder, and a
thorough preparation of a meaningful starting model is, there-
fore, necessary. The obtained simulated PXRD pattern has then
been refined against the experimental PXRD pattern by the
Levenberg Marquard Minimisation Algorithm using FAULTS.>'
After adding a linear interpolation of background points, the
scale factor of both phases, RUB-11 and the small impurity
phase Xe-D3C, the zero shift, and Pseudo-Voigt profile function
parameters have been refined. The program, however, does not
allow for a refinement of asymmetry parameters which, unfor-
tunately, has a significant impact on the shape (but not on the
integrated intensity) of the first strong peak of the PXRD
pattern. Finally, transition probabilities and shift vectors
between successive layers have been refined.

3 Results and discussion
3.1 Synthesis

The synthesis experiments led to the crystallisation of mixtures
of four different microporous phases: RUB-11, silica-ZSM-22
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Fig. 2 SEM micrograph of plate-like aggregates of RUB-11 crystals.

(zeolite framework type TON), Xe-D3C (MTN), xenon-melano-
phlogite (MEP), and cristobalite (crist.) (see Table 1).

The phases were identified by X-ray powder diffraction. No
synthesis run produced pure RUB-11. The crystallisation pro-
ceeded very slowly. In the case of methylamine (MA) as the
organic additive, complete crystallisation was only achieved at
200 °C within a synthesis time of 214 d. Using ethylenediamine
(ED), the crystallisation was complete after 140 d. The varying
silica sources used to prepare the reaction mixture had no
significant impact on the composition of the reaction product.

An optical microscope was sufficient to distinguish and
separate the different product phases due to characteristic
morphologies: RUB-11 as aggregates of small plates, silica-
ZSM-22 as elongated prisms (TON), Xe-D3C as intergrown
octahedra (MTN) and xenon-melanophlogite as cubes (MEP).

Fig. S1 (ESIt) shows the typical morphologies of RUB-11
aggregates and Xe-D3C crystals as seen under an optical
microscope. It was, however, impossible to perfectly separate
RUB-11 from Xe-D3C, since, in a few cases, an intergrowth of
RUB-11 aggregates and crystals of the impurity phase was not
recognised.

For a detailed characterisation of RUB-11, the sample
synthesised under an xenon atmosphere was used.

3.2 Properties of RUB-11

SEM. RUB-11 consists of very thin, colorless crystals, which
are intergrown to form sphere-like aggregates (Fig. 2). The
individual plate-like crystals are approx. 20-30 um in diameter
with a thickness of about 0.1 um. The plates seem to crystallise
with a rectangular shape.

EDX. Fig. S2 (ESIt) displays the EDX spectrum of a RUB-11
crystal providing a qualitative chemical analysis, which
revealed the presence of silicon and oxygen exclusively. No
xenon was detected (see also Fig. S2, ESIf). Since small
amounts of carbon and nitrogen are difficult to detect by
EDX, no statement on these elements can be given. The thermal
analysis and the FTIR spectrum, however, showed RUB-11 to be
free of carbon and nitrogen. As the synthesis mixture contained
only silica as a potential framework building compound, it can

New J. Chem., 2024, 48, 4030-4042 | 4033
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Fig. 3 DSC (blue) and TG (green) curves of as-made RUB-11.

be assumed that RUB-11 possesses a pure silica framework. No
further chemical analysis was performed.

Thermal analysis. The simultaneous DSC and TG analysis of
as-made RUB-11 (Fig. 3) showed a very low total weight loss. In
the range between 30 and 100 °C, a decrease of 0.31% is
assigned to adhesive water. A second gradual weight loss
between 100 °C and 450 °C of about 0.51% can be assigned
to water generated from a small amount of =Si-OH groups.
An additional very low weight loss of 0.18% occurs between
450 and 900 °C. The last two steps can tentatively be assigned to
silanol groups at the surface of the plate-like crystals and
isolated silanol defects of the framework, respectively. The
generation of water from silanol groups corresponds to the
small Q*type signal visible in the ?°Si NMR spectrum (see
below).

The very low decrease in weight up to 450 °C proves that
there are no free water molecules in the pore volume of RUB-11.
Also, the presence of any organic material (ethylenediamine
was part of the reaction mixture) in the structure can be
excluded since no desorption is detected and no exothermic
peak is visible, which would indicate a combustion of the
organic material. The corresponding DSC curve is completely
featureless without exo- or endothermal signals. The structure
of RUB-11 is maintained after heating the sample up to 1000 °C
as proven by a PXRD experiment (see Fig. S3, ESIt).

Infrared spectroscopy. The infrared spectrum (ATR-FTIR) of
RUB-11 (Fig. 4) shows no signals at wavenumbers larger than
1300 cm ™, indicating that RUB-11 does not contain any water,
OH groups or organic species in detectable amounts. Bands in
the silicate region between 350 and 1200 cm™" are tentatively
assigned as follows: the very broad band centered at 1066 cm ™"
possessing a shoulder at 1094 cm ™' represents the asymmetric
stretching vibration of Si-O-Si units. Another broad band
centered at 804 cm ™" has some distinct “peaks” at 786 cm ™,
804 cm ! and 823 cm ! and is assigned to symmetric stretch-
ing vibrations of the silica framework. The broad band around
410 cm ™! with small distinct “peaks” at 375 cm ™', 394 cm ™},
403 cm™ ', 416 cm™ ' and 432 cm™ ' represents the bending
vibrations. Three bands at 546 cm %, 572 ecm ™ * and 598 cm ™ *
with very weak signals at 683 cm™' and 699 cm ™" cannot be
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Fig. 4 (ATR)-FTIR spectrum of as-made RUB-11. The coarse background

between 1900 and 2400 cm™ is due to an incomplete compensation of
the signals of the ATR crystal (diamond).

assigned to specific units of the structure. There is no band or
shoulder visible at ca. 960 cm™" which would indicate the
presence of Si-OH groups; at this position, stretching vibra-
tions of Si—-OH groups typically occur. Although the structure of
RUB-11 is quite complex and contains many symmetrically
independent SiO,,-tetrahedra, only relatively few and broad
FTIR signals are visible, indicative of a material with limited
crystallinity. IR is a local probe. The broad signals are in
agreement with SiO,,-tetrahedra with varying chemical envir-
onments. Fig. S4 (ESIt) presents a magnified view of the range
from 350 to 1400 cm ™.

NMR spectroscopy. The *°Si MAS NMR spectrum (Fig. 5)
presents three signals of the Q*type at —111.3 ppm, —114.7 ppm
and —116.5 ppm, with relative intensities of 66%, 28% and 5%. A
very small signal is visible at —106.4 ppm (Q’-type, 1%) which is
possibly caused by silanol units. Because of the pronounced plate-
like morphology of the crystals, a significant part of the related
signal may be due to terminal silanol groups at the large outer
surface. Since the relaxation delay (T1) is very long for the impurity
phase Xe-D3C, it does not contribute to the *°Si signal.

-106.4

IIIIIllllllllllllllllllllll
-105  -110  -115 -120 -125

ppm
Fig. 5 2°Si MAS NMR spectrum of RUB-11.

IIIII'III
-100
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Fig. 6 H MAS NMR spectrum of RUB-11.
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The "H MAS NMR spectrum of RUB-11 (Fig. 6) displays only
very weak signals. The two sharp signals at 2.7 ppm and 3.6
ppm are attributed to the organic compound (ethylenediamine)
occluded together with xenon in the small Xe-D3C impurity.
The signal at 2.7 ppm corresponds to the neutral ethylenedia-
mine molecule,® while the signal at 3.6 ppm stems
from protonated ethylenediamine.34 A third, weak, broad and
asymmetric signal around 1.2 ppm is assigned to OH groups
being part of terminal silanol groups at the large outer surface
of the RUB-11 crystals. The "H NMR spectrum is very much
heightened, showing minor traces of the two organic com-
pounds, which could not be detected by the DSC/TG and FTIR
analyses.

Powder X-ray diffraction. The powder pattern of RUB-11
presents sharp and broadened reflections indicating a disor-
dered structure. A detailed analysis of the half-widths is pre-
sented in Section 3.4.

Automatic indexing yielded a monoclinic unit cell as the
most probable one with lattice parameters of a, = 7.39 A, by =
7.39 A, ¢, = 26.05 A and f§ = 98.2°. Unfortunately, it was not
possible to determine the true space group symmetry of the
structure based on the powder data. Thus, space groups P2, Pm,
P2/m, Pc, Pn, P2/c, P2/n, P2,/c and P2,/n remained viable for the
given choice of unit cell. Due to the obvious disorder, it was
impossible to solve the structure of RUB-11 from the
powder data.

Examining the porosity. Regrettably, the amount of sample
was very limited and not sufficient for adsorption experiments
since RUB-11 crystals (aggregates) had to be handpicked under
the microscope. Instead, a comparison with RUB-5 may give a
rough impression. The pore structure of RUB-11 is very similar
to that of RUB-5,"" both having a 2-dimensional pore system
consisting of elliptical, intersecting 8-ring channels, which
extend perpendicular to the c-axis. Free diameters of the
channels are 3.2 x 4.6 A and 3.8 x 4.2 A for RUB-11 and
RUB-5, respectively. Also, the densities are similar: 2.11 g cm™>
for RUB-11 and 2.20 g cm ™ for RUB-5. It can be expected that
RUB-11 has approximately the same porosity as RUB-5 with a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

View Article Online

NJC

micropore volume of 0.057 cm® ¢! and a micropore surface of
210 m* g,

3.3 Structure determination

3.3.1 Analysis of the average structure by 3D ED. One
crystal has been measured with a very low total accumulated
electron beam dose of approximately 9 e~ A~ using PED. The
reconstructed data revealed at first glance a primitive pseudo-
tetragonal lattice (a, = 7.39 A and ¢, = 51.8 A) with very strong
pronounced diffuse scattering parallel to the c*-axis. A closer
look at the 3D ED data by taking the symmetry of the diffuse
intensity distributions as the guideline revealed a primitive
monoclinic lattice with the lattice parameters of a, = 7.3842 A,
by =7.3902 A, ¢, = 26.1877 A and f = 98.573°. The reconstructed
observable reciprocal space showed sharp reflections perpendi-
cular to the c¢*-axis (Fig. 7a), again indicating that the structure
is ordered well within the ab-plane. Electron diffraction also
revealed systematic extinctions of the reflection class {101} with
I=2n+ 1 (Fig. 7b), indicative of a c-glide plane and limiting the
possible space group symmetries of the average structure to Pc,
P2/c and P2,/c (Laue class 2/m, Rin¢obs) = 13.6%, 1343 observed
reflections). A chemically reasonable structure model has been
obtained using Direct Methods in the space group Pc with a
residual value of R;(ops) = 24.8%. The unit cell contains 30 SiO,
units connected by corner-sharing tetrahedra [SiO4,] as a
structure motif. A dynamical refinement of the structure model
was performed to obtain the optimised average structure. This
converged to Ry(obs) = 10.9%; further information on the dyna-
mical refinement is summarised in Table S4 (ESIt). The dyna-
mical refinement does not provide an unbiased structure
model in this case, and, to avoid over-interpretation of the
results, we refrain from a more detailed analysis and don’t
present atomic coordinates.

3.3.2 Rietveld refinement of the average structure. The
structure refinement based on XRD powder data was performed
to confirm the correctness of the average structure of RUB-11 by
an independent method. The details of data collection and the
results of the structure refinement are summarised in Table 2.

=

[100] [010]
papap Y Y xrjxyj
vy  ASRSIIR3
ryryey o )
| 5, 33333333
{ervrvrve 4BABIRGY

Fig. 7 Reconstructed reciprocal space sections (left) Ok!, (center) hOl and
(right) hkO recorded from a RUB-11 single crystal by 3D ED. The result of
structure determination with view along [100], [010] and [001] plotted
using VESTA.?
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Table 2 Experimental and crystallographic parameters for the structure

refinements of RUB-11

View Article Online

Paper

The refinement finally converged to Rpragy = 0.043 and Ry =
0.037. Because of the disorder, which generates both sharp and

Diffractometer
Wavelength

Sample

20 range of data used [°]
Step size [° 20]

Siemens D5000 with 6° PSD

1.54059 A
0.3 mm glass capillary
5.0-90.0

broad reflections, the profile fit remained unsatisfactory with a
%> value of 14.3 (see also Fig. 8).

The X-ray powder diagram (see Fig. 8) presents a mixture of
moderately sharp and broadened reflections. Nevertheless, all

No
No
No
No
No

. steps

. contributing reflections
. geometric restraints

. structural parameters

. profile parameters

FWHM* in the range 23-26° 20
RBragg
Ry
exp
XZ
Space group
Qo [é]
by [A]
co [A]
BIT .
VUC [A%]
Density (calc.) [g em ]
Unit cell content

“ FWHM of reflexions (114), (016), (020), (202), (021), (200), (022), (116),

(106), and (115).

0.00790

10754 reflections have been indexed based on a monoclinic lattice.
1536 3.3.3 DLS refinements. A distance-least-squares refine-
134 ment using the DLS-76 program®® was conducted to verify the
21 physical feasibility of a SiO, framework possessing the RUB-11
8'(1)2;0'66 structure. The refinement converged to an excellent R-value of
0.069 0.0040 for an optimised structure with Si-O bond lengths in the
0.018 range of 1.6035-1.6116 A, Si---Si distances in the range of
;‘CLE’NO 2 2.9878-3.1692 A and O---O distances in the range of 2.6073-
7'3929'(5) 2.6438 A. This confirms that a relaxed SiO,-framework posses-
7.3942(3) sing the topology of the RUB-11 structure is possible. The
ggé;gg;z‘) optimised atomic coordinates are listed in Table S3 (ESI¥).
14'15'8(1) Table S6 (ESIT) displays a distance-least-squares refinement
2.114 of hypothetical endmember B of the RUB-11 framework
Siz0060 structure.

3.3.4 Description of the average structure. There are 15
symmetrically independent silicon atoms and 30 independent
oxygen atoms in the structure (see Table S4, ESI{). According to
the Rietveld refinement, the distances between atoms are listed
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Fig. 8 Plot of the Rietveld analysis of RUB-11. Experimental data (red) and calculated data (black) are in the upper trace, and the difference plot (blue) is
shown below. Tick marks indicate the allowed reflections of RUB-11 (upper trace, green) and MTN-type zeolites (lower trace, teal).
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Fig. 9 The average structure of RUB-11 in two projections. Blue tetra-
hedra represent the magadiite-type layers while orange tetrahedra repre-
sent the interconnecting building units creating a 3D zeolite framework.
Plotted using VESTA.?

in the ranges of d(Si-O) = 1.55(9)-1.65(6) A, d(Si- - -Si) = 2.99(6)-
3.16(6) A, and d(O---O) = 2.37(8)-2.77(10) A. The unit cell
content of RUB-11, with respect to the structural and chemical
analyses, is [SizoOs0]-

The structure of RUB-11 consists of interconnected layer-like
building units with a thickness of 12.95 A (two per unit cell).
These LLBUs can be deconstructed into two parts: (i) dense
magadiite type layers (mag layers) made up of 4-, 5-, 6- and 7-
rings with a nominal composition of [Si;4O,g] per 2-dim. unit
cell and (ii) an additional tetrahedrally coordinated silicon
atom on top of the layer (Fig. 9a). The mag layers are stacked
along the c-axis and are interconnected to each other by these
[Sis] tetrahedra (two 4-connected tetrahedra per unit cell)
forming a microporous framework (see Fig. 9b). The insertion
of the additional tetrahedra between mag layers in the RUB-11
framework leads to the formation of a 2-dimensional pore
system of intersecting 8-ring channels (with free diameters of
3.2 x 4.6 A) extending perpendicular to the c-axis.

Compared to magadiite possessing an ABCDABCD. .. stack-
ing sequence of mag layers, the sequence in RUB-11 is ABAB. ..
(see Fig. 10). It is interesting to note that the mag layers of
magadiite can directly be interconnected to each other by a
condensation reaction without additional SiO, tetrahedra.
Replacing the hydrated sodium cations by suitable organic
molecules, it is possible to form a high density zeolite with 8-
ring channels named RWZ-1.*
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Fig. 10 Comparison of the structures of layer silicate magadiite (upper
left) and the corresponding IEZ RUB-11 (upper right), as well as the layer
silicate RUB-6 (lower left) and the corresponding IEZ RUB-5 (lower right).
The mag layers of magadiite and RUB-11, and the six layers of RUB-6 and
RUB-5 are shown as blue tetrahedra, while the interconnecting tetrahedra
of the IEZ structures (right hand side) are displayed in orange. Plotted using
VESTA 3

RUB-11 is a zeolite of very high density and has a framework
density of FD = 21.2, which is identical to the one of chiral
zinc phosphate (code CZP, FD = 21.2),° the zeolite type of
the highest framework density, so far (FD: number of tetrahe-
dra per 1000 A®).

3.3.5 Comparison with structurally related materials (layer
silicates magadiite and RUB-6, and framework silicate RUB-5).
Magadiite is a layered sodium silicate consisting of thick
silicate layers and intercalated bands of edge-sharing
[Na(H,0)g/1.5] octahedra (Fig. 10).>%*7

RUB-11, however, crystallises directly from its reaction mix-
ture during the hydrothermal synthesis with a quite long
reaction time. It is surprising that the channel-like pores of
RUB-11 are completely empty when separated from the reaction
mixture.

The plate-like morphology of crystals suggests that RUB-11
possibly forms via a layered intermediate, which, in the late
stage of the synthesis run, is intercalated by additional silicic
acid available in the reaction mixture. A condensation process
involving the silanol groups of the silicate layers and mono-
meric silicic acid may finally generate the framework of
RUB-11. Using this type of reaction, several microporous mate-
rials have been obtained by Ikeda et al.*” So called “pillared
lamellar silicates””, named APZ-1, APZ-2, APZ-3 and APZ-4, were
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prepared by thermal acid treatment of the layered silicates
PLS-1, PLS-3, PLS-4, and PREFER, which consist of ferrierite
type silicate layers. These layer silicates could be converted into
APZ materials representing new open-framework microporous
materials by pillaring with SiO,(-OH), fragments. While the
APZ and IEZ materials possess interrupted frameworks, RUB-11
has a fully 4-connected silica framework. IEZ materials may be
generated by one of three procedures, either in a two-step
process with MeX4, in a two-step process of self-pillaring or
in a one-step synthesis, as is the case for RUB-11 or RUB-5.

A similar relationship exists between the zeolite-like frame-
work silicate RUB-5 and the layer silicate RUB-6, both contain-
ing the same dense layers designated as the type six layer.*®
Whilst these layers are terminated by silanol/siloxy groups and
separated from each other in RUB-6, in RUB-5, the layers are
fully interconnected by additional, tetrahedrally coordinated
silicon atoms forming a silicanon-interrupted framework. This
framework has a 2D pore system consisting of intersecting 8-

experimental RUB-11

complete disorder model

simple disorder model

endmember B 1
[-I-1-1 J
N endmember A ]
I-1I-I-11 1
H||I|J_L|l|_L||l|l|1IHHI1|||l||||ll|l||||117
10 12 14 16 18 20 22 24 26 28
20/°
Fig. 11 Section of simulated PXRD diagrams of (i) endmember A — the
average structure (I-11-1-11-), (i) endmember B — an idealised structure of
only one LLBU (I-1-1-1-), (iii) a random mixture of all three endmembers A, B

and C and (iv) the optimised disordered structure involving the average
structure in combination with sequences of endmembers B and C and
interjections of LLBUs rotated by 180° and (v) the experimental PXRD
diagram of RUB-11 (the impurity phase of D3C is marked with an asterisk)
(from bottom to top). Highlighted in green at about 13.1° 20 and 14.6° 20
are two reflections particularly sensitive to layer disorder.
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ring channels.'®"" RUB-5 can be regarded as an IEZ based on
the silicate layers of RUB-6. It is interesting to note that the as-
made RUB-5 has - like RUB-11 - a pronounced plate-like
morphology and crystallises with an empty pore system. It
was assumed that the materials of the phyllo/tectopair RUB-6
and RUB-5 form sequentially (in the given reaction mixture)
with the first formation of the layer; and a second 3D inter-
connecting process, either leading to the crystallisation of
layered RUB-6, if a suitable cation is available in the reaction
mixture to compensate the charge of the layer, or the crystal-
lisation of the framework silicate RUB-5, if no suitable organic
compound is accessible. In the second case, a condensation
reaction is assumed involving the silanol/siloxy groups of
neighbouring silicate layers and additional Si(OH), tetrahedra
from the remaining reaction mixture. A similar relationship is
proposed here for layer silicate magadiite and the title com-
pound RUB-11.

3.4 Analysis of the real structure

The layers of RUB-11 are stacked perpendicular to the ab-plane.
In order to understand the contribution of disorder to the
powder pattern, it is instructive to compare the half-widths of
specific reflections. All reflections zkl with indices & # 0, k # 0

inter-
connecting ¥\
tetrahedra f#e

ﬁ £0, £, 20, 20, 20,

Fig. 12 Sequence of different layers highlighting all possible types of
interconnections. Plotted using VESTA.>?
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and [ # 0 are broad while 7k0 reflections are sharp. The
sharpness of the hkO-reflections indicates that the structure is
ordered well within the layer-like building unit (ab-plane). The
fact that 00/-reflections are also reasonably sharp (although the
thickness of the crystals is only about 0.1 um) indicates that the
repeat unit along the stacking direction of LLBUs (c-axis) is
identical throughout the crystal.

The regular (average) structure of RUB-11 with an ordered I-
II-I-II-. . . stacking sequence (endmember A) is similar to the
structure of magadiite which, however, contains separated
(mag) layers instead of the closely related, interconnected
building units I and II of RUB-11.

Although the average structure dominates the stacking
sequence of the real structure, considerable disorder is
observed. The type of stacking disorder was investigated in
detail by calculating hypothetical powder diagrams corres-
ponding to various stacking sequences. Since the *°Si NMR
spectrum (and the refinements of the average structure) proved
that RUB-11 has a fully 4-connected framework, only specific
relative layer arrangements are possible, which allow for a
complete interconnection to generate a framework without
“dangling bonds”. This limitation still admits that not only a
replacement of a given LLBU by another LLBU (I < II) is
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possible, but that it is also viable to rotate the LLBUs by 180°
about the stacking direction, generating additional LLBUSs I;g,
and 1I;g,.

Fig. 11 shows a comparison of XRD powder diagrams of the
experimental powder pattern and some relevant simulated
structure models (the impurity phase D3C is not taken into
account for the simulations). The random addition of mono-
tonous I-I (endmember B) and II-II (endmember C) sequences
to the average structure (I-II-I-II-. . . — endmember A) illustrates
one type of disorder. Endmembers B and C are enantiomorphic
structures and generate the same PXRD pattern. They possess
space group symmetry C2. An exemplary stacking sequence of
the disordered RUB-11 framework would present as follows: I-
I-IFI--FI-FIIAIET (2 mixture of endmembers A, B and C
representing a basic disorder type). A distance-least-squares
refinement of endmember B (R-value: 0.0036) proved that a
I-I-I-. .. stacking would generate a regular SiO, framework with
Si-O bond lengths in the range of 1.598 A to 1.602 A, Si- - -Si
distances in the range of 2.997 A to 3.137 A and O- - -O distances
in the range of 2.590 A to 2.642 A (see Table S6, ESIt). The fact
that both endmembers A (I-II-I-1I-...) and B (I-I-I-...) can form
relaxed frameworks without distortion is probably the reason
that RUB-11 crystallises with a random stacking of LLBUs.
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Fig. 13 PXRD patterns of the FAULTS refined disorder model (black) compared to the experimental data (red) with allowed reflections as green ticks
(upper line) for the average RUB-11 structure and the teal ticks (lower line) for the impurity phase D3C, as well as the difference curve in blue. The first
reflection was excluded because the pronounced asymmetry cannot be accounted for by the FAULTS program.
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While this model comes already close to the real structure,
another type of disorder is necessary for a complete description
of the real structure. The addition of rotated layers I,5, and II;g
to the pattern yields a structure model that fits the experi-
mental PXRD curve best. A combination of about 65% of the
average structure (endmember A), 3.5% of I-I (endmember B)
plus 3.5% of II-II (endmember C) sequences, and the addition
of isolated I g, and Il 4, layers (14% and 14%, respectively)
induces the best correspondence to the experimental powder
pattern of RUB-11 and served as a starting model for the
FAULTS refinement. Fig. S5 in the ESIT illustrates the starting
model in comparison with the experimental PXRD pattern and
the resulting complete disorder model. Fig. S6 (ESIT) displays
all four types of mag layers adopted in the RUB-11 framework
structure.

Fig. 12 presents a specific sequence of different layers
including all possible types of interconnections. It is obvious
that the layers can be linked to each other without “dangling
bonds” and without noticeable distortion.

The average model, the simple disorder model and the
resulting optimised model are shown in Fig. S7 in the ESL¥

Similar to the classical Rietveld refinement, the FAULTS
refinement included the optimisation of the global parameter
zero-shift, scale factors for RUB-11 and impurity phase
D3C, pseudo-Voight profile parameters u, v, w and x, and the
lattice parameters excluding the angles defining the stacking
direction.

Additionally, the FAULTS-specific algorithm admits the
refinement of transition probabilities and shift vectors. The
former describes the probability of a specific type of LLBU
being stacked on the previous LLBU (in %). The latter specifies
the position of a succeeding LLBU in relation to the previous
LLBU, which is defined as the shift vector with fractional values
of x, y and z. A complete description of the refined values is
found in Table S2 in the ESL

Fig. 13 shows the simulated disorder model of the refine-
ment to the experimental PXRD data using FAULTS.*' The
visualisation occurs in the style of the Rietveld Refinement
using the program FullProf.>” Due to the disorder, no definite
Bragg reflections of RUB-11 can be shown in the graphics.
However, the program allows for a visual aid by displaying
Bragg reflections of the average structure of RUB-11. The
refinement yielded residue values of > = 7.1 and Ry = 4.0, thus,
improving the Rietveld refinement by a factor of 2 (even without
accounting for the peak asymmetry). Transition probabilities
converged to 54.5% for the average structure (endmember A),
13% for the I-I transition (endmember B), 8.1% for the II-II
transition (endmember C), 8.8% for transition II-I;5,-II and
13.0% for transition I-II;gy-1.

The probabilities for each transition (Fig. S8, ESIT) in con-
junction with a more detailed overview of transition probabil-
ities and vectors (Table S2, ESIf) can be found in the ESLT

FAULTS also allows the calculation of the selected area
electron diffraction (SAED) patterns, which can be compared
to the corresponding ones of the electron diffraction. Fig. 14
displays a comparison of such SAEDs 0kI (top left) and %0l
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simulation - average experiment simulation - disorder

Fig. 14 Comparison of selected area electron diffraction (SAED) patterns
of Okl and hOl sections for the calculated average structure (left), the
experimental data (middle) and the simulated disordered (real) structure
derived from the FAULTS refinement.

(bottom left) calculated for the average structure compared to
the experimental ED data (middle), as well as the SAED patterns
of the disordered structure (right) as derived from the FAULTS
refinement.

4 Conclusions

The all-silica, high-density zeolite RUB-11 has been obtained
using a one-step hydrothermal synthesis method over very long
reaction times. Due to the small crystal size, the complex
structure and the severe disorder (observed both by PXRD
and electron diffraction data), the structure could only be
solved by electron diffraction experiments. The knowledge of
the recently solved structure of the layer silicate magadiite
constructed from thick, dense silicate layers, referred to as
mag layers, was helpful to assign atoms to the experimentally
obtained potential map. The refinement of the average struc-
ture against electron diffraction data and PXRD data combined
with a distance-least-squares refinement of the hypothetical
ordered framework confirms the structure model of RUB-11.
Magadiite and RUB-11 are closely related structurally, contain-
ing the same silicate layers. In the case of RUB-11, these (mag)
layers are connected to each other via an additional silicon
atom. RUB-11 can, therefore, formally be regarded as the
interlayer expanded zeolite (IEZ) of magadiite. Different from
other IEZs, which usually are synthesised in a two-step process,
RUB-11 has a fully 4-connected framework with a 2-
dimensional pore system consisting of intersecting 8-ring
channels.

A certain degree of stacking disorder is a common feature of
hydrous layered silicates and interlayer expanded materials.
RUB-11, however, displays a much higher degree of disorder
than, for example, the related layer silicate magadiite. While
the mag layers are fairly ordered within the ab-plane, the
disordered stacking of the layers is responsible for the reduced
quality of diffraction data exhibiting many very broad reflec-
tions. The analysis of the nature of the disorder led to a deeper
insight into the complex real structure of RUB-11. The program
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FAULTS allowed for a refinement (against experimental PXRD
data) of shift vectors between successive layers, profile para-
meters and the percentage of the different structural motives
making up the real structure of RUB-11. Ultimately, two differ-
ent disorder models had to be considered to adequately
describe the real structure of RUB-11, all the while keeping
individual layers fully connected. The disorder includes a
random stacking of the enantiomorphic LLBUs I and II, as well
as the random interjection of additional LLBUs I,g, and II;g,
which are rotated by 180° about the stacking direction. Only
about 54.5% of the real structure refers to the ordered end-
member A, which is identical to the average structure. The
simulation of selected area diffraction patterns and compar-
ison with experimental electron diffraction data confirmed
these findings. Topologically, the disordered RUB-11 frame-
work reveals a non-blocked pore-system of intersecting 8-ring
channels.

Unexpectedly, the pore system of as-obtained RUB-11 is free
of extra-framework species, in particular free of water, although
crystallising from an aqueous solution. This has also been
observed for a related material, RUB-5,"" which can be regarded
as the IEZ of layer silicate RUB-6. RUB-11, RUB-5 and con-
densed magadiite®® are small pore zeolites which are hydro-
phobic and chemically and thermally very stable and possess
an unusual high density but are still porous. These features
may constitute a significant potential for specific industrial
applications.
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