Crystal Growth

o

Deutsche Ausgabe: DOI: 10.1002/ange.201504416
Internationale Ausgabe: DOI: 10.1002/anie.201504416

A Family of Molecular Sieves Containing Framework-Bound Organic

Structure-Directing Agents

Jun Kyu Lee, Jiho Shin, Nak Ho Ahn, Alessandro Turrina, Min Bum Park, Youngchul Byun,
Sung June Cho, Paul A. Wright, and Suk Bong Hong*

Abstract: Organic structure-directing agents (OSDAs), such as
quaternary ammonium cations and amines, used in the syn-
thesis of zeolites and related crystalline microporous oxides
usually end up entrapped inside the void spaces of the
crystallized inorganic host lattice. But none of them is known
to form direct chemical bonds to the framework of these
industrially important catalysts and adsorbents. We demon-
strate that ECR-40, currently regarded as a typical silicoalu-
minophosphate molecular sieve, constitutes instead a new
family of inorganic-organic hybrid networks in which the
OSDAs are covalently bonded to the inorganic framework.
ECR-40 crystallization begins with the formation of an Al-
OSDA complex in the liquid phase in which the Al is
octahedrally coordinated. This unit is incorporated in the
crystallizing ECR-40. Subsequent removal of framework-
bound OSDAs generates Al-O-Al linkages in a fully tetrahe-
drally coordinated framework.

The synthesis of inorganic-organic hybrid molecular sieves
with organic moieties incorporated into the porous inorganic
framework is of great interest!!! because it is one effective way
of utilizing the organic functionality as a new catalytic and/or
adsorption site, as well as of modifying the internal surface
selectivity of zeolitic materials with three-dimensional (3D)
frameworks made up of four-connected networks of atoms
(Si, Al, P, Ga, Ge, etc.) bridged by oxygen atoms. The
strategies developed to date, in the search for such hybrid
solids, involve either the direct synthesis using organosilanes
containing organic functional groups as a (partial) silica
source and alkylammonium-bound organosilanes as struc-
ture-directing agents,””! or the post-synthetic treatment using
similar organosilane species as pillaring or silylating agents.”!
Thus, they rely on the use of organic species which already
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contain an atom susceptible of incorporation as a tetrahedral
atom (T-atom) in the zeolitic framework.

The synthesis of ECR-40, first reported as a silicoalumi-
nophosphate (SAPO) molecular sieve with the MEI topology
in 1999, includes the use of either tris(2-hydroxyethyl)methyl-
ammonium (THMA ™) or bis(2-hydroxyethyl)dimethylammo-
nium (BHDMA™) ions as organic structure-directing agents
(OSDAs). Our interest in this material began with the
unexpected gauche conformation of (2-hydroxyethyl)trime-
thylammonium (HTMA™) ions within as-made UZM-22, an
MEI-type aluminosilicate zeolite,””! stabilized by one intra-
molecular hydrogen bond between the oxygen atom of its OH
group and the hydrogens of carbon atoms linked to the
charged nitrogen center.”! Like HTMA™, both THMA™ and
BHDMA™ contain polar OH groups which can participate
not only in intramolecular C—H--O hydrogen bonding, but
also in intermolecular hydrogen bonding to the other OSDA
molecules or to the molecular sieve framework. Moreover,
ECR-40 was deemed to be isostructural with ZSM-18, the
type material for MEI, containing odd-membered rings, such
as S-rings, which are usually absent in tetrahedral alumino-
phosphate-based frameworks”! because of Loewenstein’s
rule, that is, the avoidance of tetrahedral Al-O-Al linkages.[s]

C magic angle spinning nuclear magnetic resonance
(MAS NMR) spectroscopy shows, by the presence of
broadened resonances, that the OSDA molecules within as-
made ECR-40 synthesized with THMA™, designated ECR-
40A herein, are much less mobile than the same organic
cations exchanged into calcined UZM-22 (see Figure S1 in the
Supporting Information). This data prompted us to solve the
structure of as-made ECR-40A using synchrotron powder
X-ray diffraction (XRD) and Rietveld analysis. As for ZSM-
18, the XRD pattern obtained was successfully indexed as
hexagonal (a=13.1860 A, c=16.1086 A). We extracted indi-
vidual reflection intensities from the pattern to a minimum
d-spacing of 1.0 A using a LeBail algorithm, assuming the
space group P6;, and then attempted to obtain an initial
structure of as-made ECR-40A using two different dual-space
methods, that is, the FOCUS algorithm!” and the powder
charge flipping (pCF) algorithm combined with the histogram
matching procedure (see Figure S2 and Tables S1-S3).1'

The zeolite-specific program, FOCUS, found the MEI
framework as a suitable model structure for as-made ECR-
40A. However, the electron density map generated with the
pCF algorithm reveals that the symmetry of specific T-atoms
was broken. Moreover, there are additional electron density
peaks within the 12-ring channel (see Figure S3), and they are
indicative of the ordering of the OSDAs occluded. This
finding led us to refine the model structure using both
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Figure 1. Crystal structures of ECR-40A. a) Top view (far left) of the 12-ring channel in the as-made, hydrated form of ECR-40A with an organic
content of ca. 30 wt %, according to a combination of elemental and thermal analyses. Top (second from left) and side (second from right) views
of its structural building unit. The THMA" ions covalently bonded to the framework Al atoms are indicated with a ball-and-stick model, and the
water oxygen atoms are represented with dots. The structural unit is also displayed as a combination of TO, tetrahedra and AlO, octahedra
(right). THMA" ions are omitted for clarity. Side views of the building unit in the calcined, dehydrated (b) and rehydrated (c) forms of ECR-40A.
Al blue, P orange, Si green, O red, C gray, N black. Hydrogen atoms are omitted for clarity.

algorithms for the high-angle X-ray
reflections with d < 3.0 A. The final

Table 1: Representative FOMS synthesis results !

refined structure reveals that an Run  Seeds” feys. R ' Product!?
oxygen atom in one of the three [days] M=Si M=Ge
OH groups of each THMA" ion is 1 - 12 THMAOH ECR-40A GeAPO-5 + L
within covalent distance (1.93 and 2 UZM-22 12 THMAOH ECR-40A L+ (PST-104)
2.03 A) to framework Al atoms 3 ECR-40A 12 THMAOH ECR-40A PST-10A
located along the ¢ axis at a distance 4 N 24 BHDMAOH — PB + L PB

o . 5 UZM-22 12 BHDMAOH ECR-40B L + (PST-10B)
of 2.84 A apart (Figure 1a). Hence, ¢ ECR40A 12  BHDMAOH  ECR-40B PST-10B
these Al atoms are covalently 7 _ 24 HTMAOH PB -+ L PB
bonded with six oxygen atoms: § UzZMm-22 16 HTMAOH ECR-40CH! L + PST-10C
three O atoms linked to the 9 ECR-40A 16 HTMAOH ECR-40C + PB PST-10C
P atoms and three O atoms in the 10 - 24 BHMA ECR-40D + SAPO-34  PB
T S T T .
round the [314656]7bui1ding unit of 3 T ” BHEA L +-SAPO-34 +PB bR  PB + (GeAPO-34)
the MEI topOlOgy[ ] The latter three 14 UZM-22 12 BHEA ECR-40E PB
oxygen atoms are shared by another 15 ECR-40A 12 BHEA ECR-40E L + PST-10E + PB
Al, thus resulting in a pair of face- 16 - 36 TPMAOH PB PB
sharing AlO¢ octahedra (Fig- 17 UZM-22 36 TPMAOH PB PB
ure 1a). The existence of abundant 12 ECR-40A ;2 ¥E’\£g€|H EB o5 EB o8
AlQy octahedra is supported by the 2 UZM-22 36 THAGH L j; PB L i PR
appearance of a sharp resonance ECR-40A 36 THAOH L4+ PB L+ PB

around —9 ppm in the Al multi-
ple-quantum (MQ) MAS NMR
spectrum of as-made, dehydrated
ECR-40A (see Figure S4). The
same result was also observed not
only for the OSDA molecules in
ECR-40 synthesized with
BHDMA", denoted ECR-40B (see
Figure S5 and Tables S4 and S5), but also for those in the
other materials prepared in this work (Table 1; see Figures S6
and S7 and Tables S6-S9). Therefore, ECR-40 cannot be
considered a traditional molecular sieve any more but a new
family of crystalline inorganic-organic hybrid materials, that
is, framework-bound OSDA-containing molecular sieves
(FOMSs).

To our knowledge, there are two already known FOMSs:
one is the gallophosphate (GaPO) material synthesized using
1,4,8,11-tetraazacyclotetradecane (Cyclam) as an OSDA in an
HF-pyridine nonaqueous solvent system and the other is the
germanate SU-77, crystallized with ethylenediamine in fluo-
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[a] The composition of the synthesis mixture was 2.0R-1.0Al,0;-0.75 P,O;-0.75 MO,-80 H,0. SAPO and
GeAPO FOMS syntheses were performed under rotation (60 rpm) at 160°C and 140°C, respectively,
unless otherwise stated. [b] If required, 2 wt% (of the alumina in the synthesis mixture) of either as-
made UZM-22 or ECR-40A crystals were added as seeds. [c] The product appearing first is the major
phase, and that obtained in a trace amount is given in parentheses. L and PB are layered phase and
pseudoboehmite, respectively, the alumina starting material. [d] Performed at 140°C.

ride media.'"”! Regardless of the very poor structural stability,
however, both Cyclam-GAPO and SU-77 are substantially
different from the FOMSs reported here in that their
inorganic parts are not truly zeolite 3D (4,2)-nets. For
example, the former material contains framework pentacoor-
dinated Ga atoms with Ga—F bonds, as well as hexacoordi-
nated Ga species in which four of the coordinated sites are
bonded to the four nitrogen atoms from Cyclam, while the
other two are bonded to oxygen atoms from PO, tetrahe-
dra 2

We also solved the structures of the calcined, dehydrated
and rehydrated forms of ECR-40A (Figure 1b,c; see Fig-
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ure S8 and Tables S10-S13). All framework atoms in calcined,
dehydrated ECR-40A are completely tetrahedrally coordi-
nated, which can be further evidenced by Al MQMAS and
P MAS NMR experiments (see Figures S4 and S9), and are
characterized by the MEI topology. As previously repor-
ted, there are extensive violations of Loewenstein’s rule,®!
which in materials crystallized under hydrothermal condi-
tions, similar to those employed here, are considered unstable.
The violations observed in calcined, dehydrated ECR-40A
are intrinsically structural, but not occasional, because all
face-sharing AlOg octahedra are
transformed into corner-sharing
AlO, tetrahedra upon THMA™

o

compositional regime of FOMSs is likely to be considerably
wide.

To investigate the crystallization mechanism of this new
class of inorganic-organic hybrid materials, we separated the
mother liquors and solid products at different times during
the THMA *-mediated synthesis of ECR-40A and measured
their multinuclear solution and solid-state NMR spectra,
respectively. When the crystallization was performed under
rotation (60 rpm) at 160°C, it was complete after 12 days
(Figure 2a). While the most prominent 2’ A1 NMR resonance

. b c d e
removal (Figure 1b). By contrast, 2)100 ) ) ) ) )

. ~ hy " 14 < 30 "
the structure of calcined, rehy 2 o /_/ on g % 25 /__/
drated ECR-40A shows that the = h 32 G2 810 A
two adjacent Al atoms at site T, & ofms=® Ho~/"Jf~"on gre e oLt

. . S 0 4 & 12 1 0 4 8 12 6 4 8 12
are octahedrally coordinated with . Time / days Time / days Time / days
three water oxygen atoms once 3

2
again (Figure 1c). This finding M l A 1 J\__L x 0.5 12d
Lo . 5 I
1nd1ctc1tes tl.lat the Al-O-Al link- | 124 M h J\/\—L o5 64
ages in calcined, dehydrated ECR- —
40A are not stable enough to stand ¢ n J\w ‘\ rA A ‘J\_/\’k _/JV/\\‘_S_Q
rehy.dratw.n. When expos<?d to z s Lot {84 J\w h A '\ s
ambient air after recalcination at  § 6 J\\,\
. . Josd A L,
550°C, in fact, the material = , ) » sa Jl- o S A S
becomes amorphous. J\L\ \ l }\ 15
4 + 4d 24 A M
When THMA" was replaced . "‘““‘"‘h'—ad M h \

. . d
with the equivalent amount of ) ! -L o S 14

. . [N ——— e
tr1propy1methyl.ammon1um NPT M A ‘ \ 0d
(TPMA™), which has no OH 10 20 30 40 120 80 40 O -4065 6456 5550 49 80 40 0  -4080 60 40
groups but is similar in molecular 20/° 7Al 5/ ppm ¢ s/ ppm FTAl 5/ ppm C s/ ppm

size and shape to THMA®, the
solid isolated even after 36 days at
160°C continued to be pseudo-
boehmite (PB), the alumina start-
ing material, regardless of the
presence of 2 wt % (of the alumina
in the SAPO gel) of either as-
made UZM-22 or ECR-40A crys-
tals which were added as seeds.
When using HTMA®,
bis(2-hydroxyethyl)methylamine

(BH-MA), and bis(2-hydroxy-
ethyl)ethylamine (BHEA) as an
OSDA, on the other hand, we were able to crystallize three
new members of the ECR-40 family (Table 1; see Figure S10
and Table S14), but seeding is essential for their crystalliza-
tion. This result indicates that the presence of OH groups in
OSDAs is a critical factor governing the crystallization of
ECR-40-type FOMSs. Since the use of tetrakis(2-hydroxy-
ethyl)ammonium (THA™) always gave a mixture of a layered
phase and PB, however, there appears to be an optimum
degree of hydrophilicity of OSDAs to facilitate FOMS
crystallization. We also found that their germanoalumino-
phosphate (GeAPO) version, termed the PST-10 family, can
be synthesized by substituting germanium oxide for colloidal
silica in the synthesis mixture, although seeding is again
necessary to crystallize their pure form. Therefore, the
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Figure 2. Characterization of a series of mother liquors and solid products separated after ECR-40A
crystallization at 160°C at different times. a) Powder XRD patterns and d) Al and e) *C MAS NMR
spectra of solid product series. The X-ray peaks from pseudoboehmite, the alumina starting material,
are marked by asterisks. To more clearly display changes in the resonance intensity, the amount of
solid samples used in the MAS NMR experiments was kept constant. The relative crystallinities of
solid products, the concentration ratios of Al (squares), P (circles), and Si (triangles) in mother liquors
to the corresponding elements in solid products, and the organic contents of solid product series are
also shown in (a), (d), and (e), respectively. b) Al and c) >*C NMR spectra of mother liquor series.
Two octahedral 7Al resonances around d =5 and —4 ppm and one ">C resonance at d =55.4 ppm
assignable to the CH, carbon atoms bonded to the OH group in THMA" are indicated with arrows.
The assignment of each *C resonance from THMAT is also shown in (c).

around 6 =68 ppm in unheated solution may be assigned to
the AI(OH), species bonded to HPO,*" ions," the forma-
tion of octahedral Al species after 1 day is established by two
additional weak resonances around 6 =5 and —4 ppm (Fig-
ure 2b). The *C NMR spectrum of this mother liquor gives
a new weak resonance at 0 =55.4 ppm, which should corre-
spond to the methylene carbon atom next to the OH group in
THMA" bonded to Al (Figure 2¢).

The new Al and “C resonances become stronger for up
to about 5days at 160°C, when the characteristic X-ray
reflections from ECR-40A are clearly visible, but become
weaker as crystallization proceeds (Figure 2 a—c). This change
implies that at the early stage of ECR-40A synthesis the Al-
THMA" complexes in solution are consumed to build the
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framework. We also found that almost all silica in the
synthesis mixture remains in the solid phase during the
crystallization process (Figure 2d), which can be further
supported by the *Si NMR results (see Figure S11). Notably,
the ¥ Al MAS NMR spectrum of the solid product recovered
after 3 days gives a new resonance around 0 = —7 ppm, thus
corresponding to octahedral Al (Figure 2d). Moreover, the
3C and *Si MAS NMR spectra of this product show signs of
the THMA™ resonances with strongly restricted mobility
(Figure 2¢), and a resonance around 6 = —94 ppm, which is
assignable to the Siy(2Si,2Al) species (see Figure S11),*7if all
Si atoms in this solid are assumed to locate at site T in the
ideal MEI framework, respectively. These new resonances
become stronger until complete crystallization occurs.

The characterization results allow us to propose a reliable
mechanism for ECR-40A crystallization (Figure 3). First, an
AlI-THMA®" complex, comprising two octahedral Al atoms
bridged by three THMA" ions, is formed by the reaction of
two Al atoms bonded to HPO,>~ with three THMA ™ ions in
the liquid phase. The solution Al and “C NMR spectra
(Figure 2b,c) of the mother liquor collected after 1 day at
160°C, as well as the crystal structure of as-made ECR-40A
(Figure 1a), support the presence of covalent bonds between

OH
N
Al
Ho” &R o

SAPO

where R is ‘;/‘INL/\()H
species

A o
o AR
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Figure 3. Schematic illustration of a plausible formation pathway for ECR-40A

crystals in the presence of THMA™ ions as an OSDA.
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the Al and THMA™ oxygen atoms in this complex." It is
worth noting that AI-THMA " formation, as well as ECR-40A
synthesis, is highly sensitive to the pH of the starting SAPO
gel (see Figure S12 and Table S15). The AI-THMA™ complex
is then incorporated within the solid phase, the oxide
composition of which is identical with that of the inorganic
part of as-made ECR-40A (Figure 2d). Hence, the next
logical step would be the formation of the inorganic-organic
building unit of ECR-40A containing 3-rings (Figure 1a).*!
Finally, the formation and growth of ECR-40A nuclei take
place in a self-assembled manner similar to that observed for
zeolite crystallization. However, the overall crystallization
mechanism of ECR-40A is substantially different from that of
typical conventional porous solids such as zeolite molecular
sieves and metal-organic frameworks.!"” This mechanism also
allows us to understand the formation of Al pairs which
become tetrahedral Al-O-Al linkages within its OSDA-free
form (i.e., calcined ECR-40A).

The N, sorption experiments on the FOMSs synthesized
here reveal that all of them show negligible uptakes at 1 bar
and 25°C. However, a CO, uptake of 0.3 mmolg ™' at the same
pressure and temperature was observed for as-made ECR-
40A, synthesized using THMA™ with three ethanol groups.
Also, a considerably larger CO, uptake (1.0 mmolg™)
was obtained from as-made ECR-40D prepared using
BHMA, which has two ethanol groups and is thus
somewhat smaller than THMA™ (see Figure S13).
Given the wide diversity of the type of zeolite structure
building units,” as well as of OSDAs, we believe that
the synthesis of FOMSs with larger zeolitic micro-
porosities and different inorganic framework struc-
tures and pendant organic moieties in the pores may be
possible, if tailored judiciously, and will provide
invaluable opportunities not only for extending our
knowledge of many important aspects of the synthesis,
structures, and modification of ordered microporous
materials, but also for creating new applications.

In summary, we have reported the discovery of
molecular sieves containing framework-bound OSDAs
and a plausible formation pathway for this novel class
of inorganic-organic hybrid crystals. ECR-40 crystal-

! i, lization begins with the formation of an Al-OSDA

complex in the liquid phase. The “structural” making
of tetrahedral Al-O-Al linkages upon removal of
framework-bound OSDASs in such hybrid materials is
possible thanks to the octahedral nature of the
Al-OSDA complex initially formed.
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