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Stable aluminosilicate zeolites with extra-large pores that are open through rings of
morethan12tetrahedra could be used to process molecules larger than those currently
manageable in zeolite materials. However, until very recently' 3, they proved elusive.
Inanalogy to the interlayer expansion of layered zeolite precursors*’, we reporta
strategy that yields thermally and hydrothermally stable silicates by expansion of a
one-dimensionalsilicate chain with anintercalated silylating agent that separates and
connects the chains. As aresult, zeolites with extra-large pores delimited by 20,16 and
16 Sitetrahedraalongthe three crystallographic directions are obtained. The as-made

M Check for updates

interchain-expanded zeolite contains dangling Si-CH, groups that, by calcination,
connect to each other, resultingin atrue, fully connected (except possible defects)
three-dimensional zeolite framework with a very low density. Additionally, it features
triple four-ring units not seen before in any type of zeolite. The silicate expansion—
condensation approach we report may be amenable to further extra-large-pore
zeolite formation. Ti can be introduced in this zeolite, leading to a catalyst that
isactiveinliquid-phase alkene oxidations involving bulky molecules, which shows
promise in the industrially relevant clean production of propylene oxide using
cumene hydroperoxide as an oxidant.

Very recently, we reported a case of a one-dimensional to three-
dimensional (1D to 3D) topotactic condensation of acomplex chainsili-
cate zeolite precursor (ZEO-2) into the extra-large-pore ZEO-3 zeolite.
ZEO-3 has a 3D system of pores open through rings containing 16, 14
and 14 tetrahedra. Here we intercalated Si atoms between the chains
(Fig.1). Theinterchain-expanded reaction produced new zeolite struc-
tures, which were solved and refined by combining state-of-the-art 3D
electron diffraction and synchrotron powder X-ray diffraction data
(SPXRD). The reactions that introduce silicon between the chains of
ZEO-2 (Fig.1a) are carried outin acidic ethanolic solution using either
dimethyldichlorosilane (DCDMS; containing asingle Si per molecule)
or 2,4,6,8-tetramethylcyclotetrasiloxane (TMCTS; a single four-ring
(s4r) containing four Si per molecule with methyl and H substituents at
each Sicorner). Thereactionresultsintheintercalation of newsilicon
atomsinbetween adjacent chains, connecting them togetherinanew
stable crystalline zeolite (powder X-ray diffraction data are shown

in Fig. 2f). Depending upon whether the silylating agent used was
DCDMS or TMCTS, the material ZEO-4A (Fig. 1b) or ZEO-4B (Fig. 1c),
respectively, was produced. Both retain the needle-like morphology
of ZEO-2 (Extended Data Fig.1)>. Discrete double four-ring silica units
(d4r) have been connected before with silylating agents but resultedin
complex non-crystalline silicone copolymers®. The materials reported
in this work were developed in the Instituto de Ciencia de Materiales
de Madrid, Consejo Superior de Investigaciones Cientificas, Spain,
but the ZEO nomenclature following the previous ZEO-1to ZEO-3 has
been used for convenience.

Inview of the synthesis procedure used and the magic angle spinning
(MAS) nuclear magnetic resonance (NMR) results shown in Fig. 2d, it
was possible for us to model the structures of ZEO-4A and ZEO-4B.
These were then optimized using density functional tight binding
methods (details are in Supplementary Information). Nonetheless,
the structures of ZEO-4A and ZEO-4B were also solved ab initio from
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Fig.1|Preparation and structure of ZEO-4A,ZEO-4B and ZEO-5.

a-d, Silylation of ZEO-2 (a) produces the interchain-expanded zeolites ZEO-4A
(b)and ZEO-4B (c), two interrupted zeolites that, upon calcination, yield the
same non-interrupted zeolite, ZEO-5, containing a3D system of extra-large

20 x16 x16 ring pores (d). Relevant structural units are highlighted in orange
dashed rectangles; the starting hydrogen-bonded s4r (a) is connected by D?Si
atoms forming lau units in ZEO-4A (b) or T°Siatoms forming double six-ring
units, dér,in ZEO-4B (c), which are fully connected by calcinationinto anew t4r
(d) whereall the atoms are Q*. Bridging O atoms are omitted for clarity. Methyl
groupsarebrown, chlorideislight blue and hydrogen directly bonded to Siis
yellow. Siatoms are distinguished by colour as Si that remains Q* during the
whole process fromatod (red), Si thatis Q*before the interchain expansion
(black) and Siintroduced during theinterchain expansionreaction (green).
AlltheSiatomsindare Q*.

continuousrotation electron diffraction (CRED) data (Supplementary
Figs.1and 2 and Supplementary Tables 1, 2 and 5). The positions of
siliconand oxygen atomsin the framework structures could be located
directlyinthe observed electrostatic potential maps (Supplementary
Fig.3). The positions of some dangling Si-CH, groups were derived from
adifference potential map during the course of the refinement (Supp-
lementary Fig. 4). The resulting ZEO-4 materials contain nominally
extra-large 20 x 16 x 16 ring pores and present two structurally different
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variants of the interchain-expanded interrupted zeolite because of the
differentsilylating agents used. The DCDMSssilylating agentin ZEO-4A
containstwo methyl groups per Siand connects two ZEO-2silica chains
by oxygen bridges (four per four-ring of the chains) while retaining
both methyl groups. In ZEO-4B, on the other hand, TMCTS has only a
single methyl group per Si and connects ZEO-2 chains through SiOSi
pairs (two per four-ring). The final configuration of the newly intro-
duced Siin ZEO-4B implies the breaking of the TMCTS ring in the acid
alcohol solution. Inboth ZEO-4 materials, the dangling Si-CH, groups
should effectively reduce the pore apertures and provide a four-lobed
shape of the windows along [001], reducing the effective entrance
(Extended DataFig. 2). To obtain more accurate atomic positions, the
structures of ZEO-4A and ZEO-4B, including the position of the dangling
Si-CH,groups, were refined against SPXRD using the Rietveld method
(Extended Data Fig. 3 and Supplementary Tables 7-11).

The ®Si MAS NMR spectra of ZEO-4A and ZEO-4B demonstrate the
insertion of the silylating agents in both materials, as they show either
D?(thatis, Si(OSi),(CH,),at-16 and -13 ppm) or T° (that is, Si(0Si),(CH,)
at-65and-63 ppm) resonances, respectively (Fig. 2d). The reason for
the doubleresonancesis that the silanes existin two different crystal-
lographicsitesin both materials. All remaining resonances are assigned
to Q*species (thatis, Si(0Si), in the range of -108 to—114 ppm), indicat-
ing that the originally abundant Q* (that is, Si(0Si);O0H or Si(0Si);0")
speciesinZEO-2 (ref. 2) have essentially allbeen connected to the newly
inserted Si. These structures have been confirmed by 'H-*’Si heteronu-
clear correlation experiments onZEO-4A and ZEO-4B (Supplementary
Figs.16 and 17). Additionally, *C MAS NMR shows mainly resonances
assigned to the methylgroups at-3and -8 ppmfor ZEO-4A and ZEO-4B
(Supplementary Fig.12a), respectively. Furthermore, no*P MASNMR
signalis detectedinZEO-4A or ZEO-4B (Supplementary Fig.12b), show-
ingthatall the organic structure-directing agent (OSDA) in the starting
ZEO-2material hasbeenremoved fromthe zeolite during the reaction.
Thisis corroborated by the*C and *'P liquid NMR of the filtrate solution
(Supplementary Fig.10), which shows that the OSDA can be recovered
intact. Self-supported Fourier transform infrared spectra on ZEO-4
are also consistent with the silylation and OSDA removal during the
procedure (Supplementary Fig. 11).

Preparation and structure of ZEO-5

Calcination of both variants of ZEO-4 removes the methyl groups from
thesilylating agents and condenses adjacent Si-OH groups to produce a
full connectivity of the newly introduced Si atoms and thereby, the new
zeolite ZEO-5 (Fig.1d). Accordingly, the Si MAS NMR spectra (Fig. 2d)
contain only Q*silicon resonances and are essentially identical irre-
spective of the starting material, apart from minor differences in peak
broadening and resolution. The small concentration of Q* resonances
is demonstrated by the poor-intensity enhancement under Si{'H}
cross-polarization conditions. Aresonance at —98.6 ppminthe direct
irradiation spectra, whichis notenhanced under cross-polarization, is
atan unusually low field for a Q* Sisite in SiO, zeolites (at least 6 ppm
atalower field than previousreports), but we attribute this to the very
sharp Si-0O-Si angles at the responsible Si site. Contrarily to ZEO-5,
interlayer expanded zeolites are interrupted frameworks rather than
true zeolites because dangling Si-R or Si—-OH groups are structurally
required in the final as-made and calcined materials, respectively’s,
The single-crystal structure of ZEO-5 was solved ab initio by using
cRED (Fig. 2c). The cRED data were collected on the calcined crystals
of both variants of ZEO-4 separately, and both resulted in C-centred
monoclinic symmetry with a resolution of approximately 0.80 A and
more than 95% completeness (Supplementary Figs.5and 6 and Supp-
lementary Tables 3, 4 and 6). The structures of calcined ZEO-5A and
ZEO-5B were solved directly in space group C2/c, with all silicon and
oxygen atoms directly located from the observed difference poten-
tial maps, and are identical. The structure contains two fused double
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Fig.2|Characterization of ZEO-4 and ZEO-5. a-c, SPXRD (a, with the
high-angle range shownintheinset) and NPD (b) Rietveld plots of ZEO-5A
refined combining 3D electron diffraction, SPXRD and NPD data, and projection
of the 3D reciprocallattice reconstructed froma typical cRED dataset (c). d, °Si
MAS NMR spectra. ZEO-4 materials contain either D> or 7> atoms in addition to
Q*butnotanotable concentration of Q>. ZEO-5 contains mainly Q*, andjusta
minor concentration of Q* connectivity defects ataround -104 ppm, highlighted
by theblue vertical line. The green vertical line highlights a low-field Q*
resonance around -98 ppm. e, 'H-*’Si heteronuclear correlation (HETCOR)
MAS NMR spectrashowing no enhancement of the -98 ppm resonance,
confirming the conclusion fromd; spectraare recorded with1.5 ms contact

four-ring units that we call triple four-ring (¢4r), which has never been
seen before in a zeolite, either natural or synthetic, regardless of the
chemical composition. The existence of t¢4r units in ZEO-5was double
checked by removing the central four-ring from the structural model
and examining the difference potential map using high-quality cRED
data (Supplementary Fig. 7). The framework of ZEO-5 was refined
anisotropically against the cRED data, and the refinement converged
to unweighted residual factor (R,) values of 0.1191 and 0.1268 for the
material obtained from ZEO-4A and ZEO-4B, respectively (Supple-
mentary Table 6). Further refinement by the Rietveld method of the
structure of ZEO-5 against combined cRED, SPXRD and neutron powder
diffraction (NPD) datasets was performed to obtainmore precise bond
lengths and angles (Fig. 2a,b and Supplementary Tables 12-15). The
three types of diffraction data were simultaneously used for struc-
tural refinement, and the same set of crystallographic parameters (the

6 8 1012141618 2022 24 2
Pore width (A)

time (other contacttime spectraare shownin Supplementary Fig. 21).
f,Laboratory powder X-ray diffraction data patterns: ZEO-2, ZEO-3, ZEO-4A,
ZEO-4B,ZEO-5A and ZEO-5B are shown from bottom to top. g, Pore size
distributions of ZEO-4 and ZEO-5 calculated by the non-localized density
functional theory (NLDFT) method from argon adsorptionisotherms
(Supplementary Fig. 8). h, The 3D channel systemin ZEO-5. The saddle-shaped
20-ring channels (purple arrow) of ZEO-5 are crossed by the 16-ring channels
(yellow arrows).i,j, Crystallographic clearance of 20- (i) and 16-ring (j) poresin
angstroms. The arrows show the longest and shortest distances; the vander
Waals radius of O (2 x1.35 A) has been subtracted. CP, cross-polarization.

atomic coordinate parameters, anisotropic displacement factors, unit
cell parameters, occupancy) was shared and opened to refine without
geometry restraints. Most Si-O-Si and O-Si-O angles are consistent
with conventional understanding of zeolites, but four Si-O-Siand two
0O-Si-Oanglesinthe t4rare unusual, which we consider related to the
unusually low-field Q* resonance in ZEO-5. With the precise structural
modelin hand, we assign the —98.6 ppm resonance mentioned to the
Siatomsin the central four-ring of the ¢4r (Si12 and Sil3 with average
Si-O-Si angles in the Rietveld refined structure of 137.1° and 137.0°,
respectively). Using the correlation from ref. 9 and the distances and
angles from our combined refinement, the calculated chemical shifts
for ZEO-5 fall in two well-separated ranges: =103 to -117 ppm for the
‘unstrained’ sites Sil to Sill and —94 to —97 ppm for the ‘strained’ Sil12
and Si13. Additionally, we have optimized ZEO-5 by density functional
theory and calculated the *Si chemical shift of each individual Si site
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Fig.3|Generation of extra-large pores by o-expansion. a-i, A g-expansion
(o-exp.) of polymorph B of the 3D large-pore zeolite Beta (here denoted as BEB)
(a,d) convertsans4r(g) into d4r (h) and generates the 3D extra-large-pore
ZEO-3 (b,e), whereas a g-exp. of ZEO-3 converts ad4rinto a t4r (i) and generates
ZEO-5(c,f), withevenlarger pores. Panelsa-care viewsalong [001] and d-fare

obtaining a good correspondence with the experimental results and
supporting the assignation of the —98.6 ppm resonance (calculated
-96.8 ppm) to the Siin the central four-ring of the t4r (Extended Data
Fig.4). The structural models derived by cRED and Rietveld refinement
have been confirmed by spherical aberration-corrected (Cs-corrected)
scanning transmission electron microscopy (STEM) imaging (Extended
DataFig.5).Spectrafrom'HMAS NMR (Supplementary Fig.18) and 'H
double-quantum/single-quantum MAS NMR (Supplementary Fig.19)
indicate predominance of weakly hydrogenbonded silanolsat1.8 ppm.

ZEO-5 properties

Asaconsequence of the formation of these t4runits, the 20-ring pores
inZEO-5arenolonger four-lobe shaped but are open through arhom-
boid, saddle-shaped window with no protruding obstacles and witha
much wider clearance (14.3 x 13.5 A along the diagonals, 10.7 x 10.7 A
across opposite sides) (Fig. 2i). On the other hand, the 16-ring pores
along directions normal to [001] are open through oblong12.3 x 8.1A
windows (Fig.2j), more open than those in the precursors (Fig.1b,cand
Extended Data Fig. 2). Pore apertures of that size are unprecedented
instablesilicazeolites. Despiteits very open framework, ZEO-5 shows
anoutstanding stability that allows it to withstand calcinationup to at
least1,000 °Cand steaming under10% H,O up toatleast 760 °Cfor3 h
(Extended DataFig. 6), whichis a consequence of the full connectivity
and silica composition of its framework.

Condensation of ZEO-4A and ZEO-4B into ZEO-5 results, paradoxi-
cally fora‘condensation’,inanotable expansion of the unit cell volume
(12% and 7.6% expansion, respectively) (Supplementary Table 22), which
isbecause of the longer size of the t4runit compared with their precur-
sors, lau or dér, along the diagonals of the unit cell (Fig. 1), whereas
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along[110].j,k, The t4ris derived from the lau unitin ZEO-4A (j) or the dér

in ZEO-4B (k). Thefirst of the g-exp. mentioned (BEB to ZEO-3) is merely
hypothetical, whereas the second one (ZEO-3 to ZEO-5) has some real meaning
because ZEO-5is made by the actualinsertion of four Siatoms between the
chains ofthe ZEO-3 precursor ZEO-2.

the c parameter changes less than 0.5% as a result of the invariance of
the basic ZEO-2 chain running along [001] (ref. 2). The new ZEO-5 zeo-
lite holds the record for a low framework density silica polymorph at
11.07 Siatoms per 1 nm?3, well below the previous record holder ZEO-3
(ref.2) (from which ZEO-5 is a o-expansion) (Fig. 3), with framework
density of 12.76 Si nm™. This translates into a calculated density of
1.10 g cm, which is almost that of water. Furthermore, among all the
zeolite framework types, irrespective of composition or stability,
included in the Database of Zeolite Structures', only RWY has alower
framework density (7.6 T nm™). The RWY topology, containing 12-ring
poresand very large cages, is not a zeolite oxide but is only realized in
UCR-20, a sulfide of gallium and germanium with an extremely poor
thermal stability". Other frameworks listed in the database with rings
equal to or larger than 18 rings and relatively low framework density
ofless than 15 Si nm~ are all interrupted frameworks and/or have a
germanosilicate or phosphate composition, with inherently poor sta-
bility (Supplementary Table 23). Because of its very open framework,
ZEO-5hasunique textural properties (Fig. 2g, Supplementary Fig. 8 and
Supplementary Table 24) compared with any reported zeolites. The
Brunauer-Emmett-Teller surface areas of ZEO-5A and ZEO-5B reached
record-breaking values of 1,533 and 1,832 m? g, respectively, and the
sameisalso true for their micropore volumes (0.40 or 0.38 cm® g™). This
allows ZEO-5 to adsorb much more toluene than previously reported
zeolites (Supplementary Fig. 9).

Introduction of heteroatoms and catalysis

We have introduced Ti atoms in ZEO-5 by a TiCl, vapour treatment
(Methods) and compared the performance of the obtained Ti-ZEO-5
with that of Ti-Beta, the standard 3D large (12-ring) pore Ti-zeolite



catalyst, in the epoxidation of cyclooctene using both H,0, and tert-
butylhydroperoxide (TBHP) as oxidants. As shown in Extended Data
Table 1, the cyclooctene conversion of both zeolites is similar when
using the small H,0,, but ZEO-5 provides a slightly higher intrinsic
activity of Ti (turnover number) because of abetter cyclooctene diffu-
sion (Supplementary Fig. 24). However, when the larger TBHP is used,
the extra-large-pore Ti-ZEO-5shows a much better performance than
Ti-Betabecause of the easier diffusion along extra-large pores. More
importantly, Ti-ZEO-5 is a promising catalyst for the industrially rel-
evant clean production of propylene oxide (PO) through the epoxida-
tion of propylene with cumene hydroperoxide (CHP) as oxidant, the
so-called CHP-PO process already commercialized by SumitomoChem-
ical Co.,Ltd.Asshownin Extended DataFig.7 and Extended Data Table 2,
conventional microporous 10-ring TS-1and 12-ring Ti-Beta are almost
inactive in this reaction. However, Ti-ZEO-5, because of its crystalline
nature, its extra-large porosity similar to mesopores and itsimproved
hydrothermal stability (Supplementary Fig. 25), demonstrates superi-
ority to Ti-hexagonal mesoporoussilica (Ti-HMS), the representative
CHP-PO catalyst, in terms of site-time yield of propylene oxide.

Lattice energy of ZEO-5

As shown in Extended Data Fig. 8, the structure of ZEO-5 has a calcu-
lated lattice energy of 30 k] mol™ of Si relative to quartz, notably higher
(approximately 8 k] mol™) than those calculated for all other known zeo-
litesand also notably larger than expected for its density (approximately
6 k] mol™). We ascribe this high energy to the stressinherent to the t4r
unitbecauseitis knownthat evenad4runitis muchstressed forapure
silicacomposition'>. ZEO-5is actually at the edge of what Pophale et al."?
consider ‘feasible’ (thatis, thermodynamically accessible) zeolites. The
realization of ZEO-5 emphasizes theidea that ‘unfeasible’ structures can
in fact be reached through alternative synthesis routes'®,
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Methods

Interchain expansion reactions

For the synthesis of ZEO-4A using DCDMS as silane reagent, 120 mg
of one-dimensional zeolite chain precursor ZEO-2 (weight loss by
thermogravimetric analysis around 68%, equal to 1.36 mmol SiO,)
(ref. 2 discusses the synthesis of ZEO-2) was added into 18 ml of
1.25 M HCI-EtOH solution (hydrogen chloride in ethanol solution;
Merck) containing 164 pl of DCDMS (TCI; 1.36 mmol, 5.0 equivalents
with respect to Si-OH groups) as the silane reagent. The suspen-
sion was stirred for few minutes and then transferred into a 30 ml
Teflon vessel inserted in an autoclave. The autoclave was placed
in an oven statically at 180 °C for 1 day to perform the interchain
expansion posttreatment. After the reaction, the solid product and
the acid solution were separated by filtration. The solid was finally
washed with acetone (30 ml x 5) and dried to get the product ZEO-4A
(91 mg; yield: 93% calculated by SiO,). For the synthesis of ZEO-4B
using TMCTS as silane reagent, 83 pl of TMCTS (TCI; 0.34 mmol,
5.0 equivalents) was used as the silane reagent, and similar steps
were performed as mentioned to obtain the product ZEO-4B (94 mg;
yield: 96%).

Calcination to form ZEO-5

To burn out the methyl groups and to allow the condensation of the
newlyintroduced Si atoms, interchain-expanded zeolites ZEO-4 were
calcined at 600 °C with a3 h ramp and 6 h plateau to form the corre-
sponding zeolites ZEO-5. Although the calcined materials all possess
the same unique ZEO-5 structure, irrespective of the starting ZEO-4
material, to convincingly show, we will label them here as ZEO-5A or
-5B depending on the precursor.

Structure solution and refinement from cRED

The structures of ZEO-4A, ZEO-4B and ZEO-5 were all solved ab initio
by state-of-the-art cRED conducted on the needle-like crystals using
aJEOL JEM-2100 transmission electron microscope (spherical aber-
ration Cs:1.0 mm, point resolution: 0.23 nm at 200 kV). The samples
were prepared by first crushing the powder followed by dispersionin
ethanol and ultrasonic treatment for 5 min. A drop of the dispersion
was then deposited onto a 3-mm-wide copper transmission electron
microscope grid covered by a carbon film. A high-tilt cryogenic sam-
ple holder equipped with temperature monitor (Gatan Company,
Model 914) was used to freeze the sample to approximately 96 K to
protect the crystallinity of the crystals. During the data collection,
the goniometer was rotated continuously while the selected-area
electron diffraction patterns were captured fromtheindividual crystal
simultaneously by aquad hybrid pixel detector QTPX-262k (512 x 512
pixels with the size of 55 pum; Amsterdam Sci. Ins.). Further details of
the technique have been given elsewhere'. cRED datasets were used
for the structure solution of ZEO-4A, ZEO-4B, ZEO-5A and ZEO-5B.
The SHELX software package was used for structural analysis”, where
SHELXT was used for structure solution and SHELXL was used for
structure refinement. Atomic scattering factors for electrons based
on the neutral atoms were used.

Structure refinement using cRED, NPD and/or SPXRD datasets
SPXRD datawere recorded in capillary mode at the Materials Science
and Powder Diffraction beamline (bl04-MSPD) at the Spanish syn-
chrotron radiation facility ALBA in Barcelona, Spain (1= 0.61928 A).
NPD data were collected at the general purpose powder diffractom-
eter of the China Spallation Neutron Source, Dongguan, China. The
model refined using cRED data was used as the starting model for
a Rietveld refinement against SPXRD data of ZEO-4A and ZEO-4B
using Topas 6.1 (ref. 18). For ZEO-5, the final structure was refined by
combining cRED, NPD and SPXRD without any restraints using Jana
2006 (ref.19).

STEM

STEM measurements were performed using a spherical aberra-
tion (Cs)-corrected Titan X-FEG (field emission gun) FEI microscope
equipped withamonochromator for the electron gun, a CEOS corrector
fortheelectron probe and a Gatan Tridiem Energy Filter (GIF). Images
wererecorded using annular bright field and annular dark field detec-
tors that were operated simultaneously. Samples were prepared by
deeply crushing the powder using mortar and pestle; the powder was
dispersed in ethanol, and a few drops of the suspension were placed
onto holey carbon-coated copper microgrids. Multislice simulations
were carried out using the QSTEM software?, building the correspond-
entsupercells foreach material and introducing the same experimental
parameters as used experimentally (being the spherical aberration
500 nm). The morphology of all materials was very similar, presenting
aneedle shape several micrometres long with very high crystallinity.
Indeed, because of this particular morphology, obtaining information
of the 20Rs pores (c axis) was extraordinarily difficult. Crystallites
tend to lie along [110], in which the large pores as well as the small 4-,
5-and 6R units were clearly observed for ZEO-4A, ZEO-4B and ZEO-5
(Extended Data Fig. 5a-c, respectively). Despite the large similarities
among the three structures under this view, subtle differences can be
appreciated. Dashed yellow ellipses indicate the units that would be
transformed upon calcination, lau and dér, for ZEO-4A and ZEO-4B,
respectively, into a connected triple four-ring ¢t4r; the condensation
brings about the expansion of the interchain spacing for ZEO-4A and
ZEO-4Bfrom16.30and16.76 At017.65 Ain ZEO-5. The simulated micro-
graphs (in blue framed insets) perfectly match with the experimental
data, corroborating the structure solution proposed. The formation of
the 20R poresin ZEO-5 could be observed when the sample was tilted
along[001] (Extended DataFig. 5d). The atomic-resolution information
reveals perfect connection of the three 4Rs (green dashed ellipsis) to
formthe large 20Rs rhomboid pores.

Catalysis

Ti has been introduced into ZEO-5 by a TiCl, gas-phase treatment.
ZEO-5(0.1g) was activated at 573 K for1hin N, (43 mlmin™). Then,
another flow of N, (15 ml min™) was introduced into a bubbler con-
taining TiCl, liquid at room temperature, carrying the TiCl, vapour to
contact the zeolite powder, whereas the original N, flow was increased
t0100 ml min™. The TiCl, treatment lasted for 5 min; then, the treated
sample was further purged with pure N, gas for 1 h (43 ml min™). After
cooling down, the sample was washed with distilled water, filtrated and
dried at 393 K for 2 h, resulting in Ti-ZEO-5. The activity of Ti-ZEO-5
and Ti-Beta (as a standard 3D large-pore zeolite) in the epoxidation
of cyclooctene was evaluated using both H,0, (30% in water solution)
and TBHP (5.5 M in decane) as oxidants. In both cases, 0.01 g catalyst
was contacted with 1 mmol cyclooctene and 1 mmol oxidant, with
5 ml MeCN as solvent. The reaction was carried out at 333 K for 2 h.
After removing the catalyst solid, the reaction mixture was analysed
by gas chromatography (Shimadzu 2014, flame ionization detector)
equipped with an Rtx-Wax capillary column. Cyclopentanone was used
as aninternal standard to quantify the amount of oxide product. The
residual amount of H,0, was determined by the titration method with
0.05M Ce(S0,), aqueous solution. The activity of Ti-ZEO-5 was also
evaluated in the epoxidation of propylene to propylene oxide with
cumene hydroperoxide (80%; Alfa) by comparing with conventional
TS-1, Ti-Betaand mesoporous Ti-HMS. The reactions were carried out
ina50 ml Teflon-lined high-pressure autoclave reactor. The titanosili-
cate catalyst (0.01 g), cumene hydroperoxide (10 mmol) and cumene
solvent (10 ml; Sinopharm) were added in the reactor. The gas phase
inautoclave was exchanged with propylene (99.9%; Shanghai Pujiang
Special Gases) three times. Then, propylene (100 mmol) was charged
into the autoclave by measuring the weight increase. The reactor was
pressured to 2.4 MPa with nitrogen and then heated to 373 K in an oil



bath. The reaction was carried out under vigorous stirring at 373 K for
2 h. After removing the catalyst solid, the reaction mixture was analysed
by gas chromatography (Shimadzu 2014, flame ionization detector)
equipped withanRtx-Wax capillary column. 2-Propanol was used as an
internal standard to quantify the amount of propylene oxide product.

Calculations
Calculation methods are described in the Supplementary Information.

Data availability

The datasets generated and/or analysed during the current study
have been deposited in DIGITAL.CSIC (https://doi.org/10.20350/
digitalCSIC/16103). Crystallographic parameters for the structures
of ZEO-4A, ZEO-4B and ZEO-5 refined against synchrotron powder
X-ray diffraction data (SPXRD) and continuous rotation electron dif-
fraction (CRED) data are archived at the Cambridge Crystallographic
Data Center (www.ccdc.cam.ac.uk/) under reference numbers 2249198
and 2249199 (ZEO-4A and ZEO-4B, SPXRD), 2249103-2249106 (ZEO-5A,
ZEO-5B, ZEO-4A and ZEO-4B, cRED) and 2288122 (ZEO-5, combin-
ing cRED, SPXRD and neutron powder diffraction). Source data are
provided with this paper.
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Extended DataFig.1|Field emissionscanning electron microscopy. FESEM images of ZEO-4A (a), ZEO-4B (b), ZEO-5A (c), and ZEO-5B (d), showing the same
morphology of ZEO-2%.
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Extended DataFig.2|Zeolite porosity. The poresin fully connected framework ZEO-5 (a-b) and interrupted structure ZEO-4A (c-d) and ZEO-4B (e-f), the 20-ring
pore (a, c,e) approximately along [001] and the 16-ring pore (b, d, f) approximately along [110].
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Extended DataFig. 3 | Rietveld structure refinement. Rietveld refinement plots of (a) ZEO-4A and (b) ZEO-4B against SPXRD (1= 0.61928 A).
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Extended DataFig.5|Cs-corrected STEM analysis of the pore systems. withtherefined structures.Ind) the20 R pore of ZEO-5is observed along the
Along [110] (a-c) for a) ZEO-4A b) ZEO-4B and ¢) ZEO-5 with the units involved [001] projection. A t4runitis marked by agreen dashed ellipse. The micrographs
inthe structural transformation circumscribed by yellow dashed ellipses. simulated using the Rietveld refined dataare shownintheinsets and corroborate

Condensation of ZEO-4A and ZEO-4B into ZEO-5 brings about an expansion of thestructural models.
theinterchaindistance, as shown by the yellow solid lines and in full agreement
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Extended DataFig. 6 | Thermal and hydrothermal stability tests for ZEO-5. PXRD patterns of ZEO-4A (a), and ZEO-5 upon calcination at 600 °C (b), 800 °C (c),
and 1000 °C (d) with one-hour plateau, and ZEO-5 steamed at 760 °C for 3 hunder10% H,O (e).
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Extended DataFig.7| Catalytic oxidation of propylene. Dependence of PO conditions: catalyst, 0.01 g; cumene hydroperoxide (CHP), 10 mmol; propylene,
yield (A) and specific PO yield per Tisite (B) on reaction time over Ti-ZEO-5 (a) 100 mmol; cumenesolvent, 10 mL; temp., 373 K; reaction pressure, 2.4 MPa.

and Ti-HMS (b) catalystsin the propylene epoxidation reaction. Reaction
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Extended DataFig. 8| Framework density - Energy plot. The lattice energy
versus density of the zeolite-like materials (black dots) was minimized using
the Sanders-Leslie-Catlow (SLC) interatomic potential, according to Deem
etal.” Thered line appearsin the original publication as “the linear fit of energy
versus density for the known zeolite structures.” We have included our data

points forupdated porous crystalline silica polymorphs from the IZA database
(red points), dense silica polymorphs (green points), and ZEO-1, ZEO-3, and
ZEO-5 materials (large blue points) calculated using the same methodology.
Reprinted (adapted) with permission fromref. 21, copyright 2009 American
Chemical Society.
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Extended Data Table 1| A comparison of cyclooctene oxidation between Ti-ZEO-5 and Ti-Beta!®

Catalyst/oxidant Si/Ti [

Cyclooctene (%)

conv.

oxide sel.

TON L

Ti-ZEO-5/H20> 48
Ti-ZEO-5/TBHP 48
Ti-Beta/H202 44
Ti-Beta/TBHP 44

8.8
14.7
6.2
3.5

99.8
99.9
99.8
99.9

25
44
18
10

Remarks:

[a] Reaction conditions: catalyst, 0.01g; cyclooctene, Tmmol; H,O, (30 wt.%) or tert-butyl hydroperoxide (5.5M in decane), Tmmol; MeCN solvent, 5mL; temp., 333K; time, 2h.

[b] Given by ICP analysis.
[c¢] Turnover number in mol (mol-Ti)".



Extended Data Table 2 | A comparison of propylene oxidation with cumene hydroperoxide between Ti-ZEO-5 and other
titanosilicates'®

Catalysts Pore structure Si/Ti [*! POyield ' (%)  STY [ (h)
Ti-ZEO-5 3D 20x16x16-ring 48 15.1 217
Ti-HMS mesopore 42 14.5 183
Ti-Beta 3D 12-ring 44 0.8 10.5
TS-1 3D 10-ring 40 0.2 2.4
Remarks:

[a] Reaction conditions: catalyst, 0.01g; cumene hydroperoxide (CHP), 10 mmol; propylene, 100 mmol; cumene solvent, 10mL; temp., 373K; time, 2 h; reaction pressure, 2.4 MPa.
[b] Given by ICP analysis.

[c] PO selectivity >99% in all cases.

[d] Site-time-yield (STY), moles of PO product per mol of Ti per hour.
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