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ABSTRACT: Water plays a central role in the crystallization of a variety of organic, inorganic, biological, and hybrid materials.
This is also true for zeolites and zeolite-like materials, an important class of industrial catalysts and adsorbents. Water is always
present during their hydrothermal synthesis, either with or without organic species as structure-directing agents. Apart from its role
as solvent or catalyst, structure direction by water in zeolite synthesis has never been clearly elucidated. Here we report the crystalli-
zation of phosphate-based molecular sieves using rationally designed, hydrogen-bonded water-aminium assemblies, resulting in mo-
lecular sieves exhibiting the crystallographic ordering of heteroatoms. We demonstrate that a 1:1 assembly of water and diprotonated
N,N-dimethyl-1,2-ethanediamine acts as a structure-directing agent in the synthesis of a silicoaluminophosphate material with phil-
lipsite (PHI) topology using SMARTER crystallography combining single-crystal X-ray diffraction and nuclear magnetic resonance
spectroscopy as well as ab initio molecular dynamics, Raman and Infrared spectroscopies. The molecular arrangement of the hydro-
gen-bonded assembly matches well with the shape and size of subunits in the PHI structure, and their charge distributions result in
the strict ordering of framework tetrahedral atoms. This concept of structure direction by water-containing supramolecular assemblies

should be applicable to the synthesis of many classes of porous materials.

B INTRODUCTION

A wide variety of organic amines and quaternary ammonium
ions are used as structure-directing agents (SDAS) in the syn-
thesis of zeolites and molecular sieves®2. Their structure-direct-
ing effect is mainly ascribed to weak, non-covalent interactions
with the inorganic polymeric species in the synthesis mixture®,
Presumably, these interactions arise from successive replace-
ment of water molecules in the solvation shell of the SDAs by
oxygen atoms from the evolving inorganic network*®. Over
time, sufficiently ordered domains, related to the final periodic
structure, form and ripen*8, Water readily forms hydrogen
bonds with proton acceptors or donors, and the structure of lig-
uid water itself is determined by this phenomenon. Locally and
transiently, this leads to dynamic water clusters with a wide
range of order”8, which are even more difficult to characterise
when they are confined in nanopores®*°. Hence, while water is
integral to every hydrothermal zeolite crystallization, it is
daunting to discern a local, structure-directing effect from its
global role as solvent or catalyst. One option to examine this
previously unexplored role of water is to identify persisting as-
semblies of water with organic molecules as supramolecular
SDA:s in as-synthesized zeolites and zeotypes.

The synthesis of phosphate-based molecular sieves, such as
aluminophosphates ~ (AIPO4’s),  silicoaluminophosphates

(SAPOs), and metalloaluminophosphates (MeAPOs), involves
an appropriate P source, commonly in the form of o-phosphoric
acid leading to lower pH synthesis gels compared to (alu-
mino)silicates*3. In this study, a synthesis pH was selected
that was high enough to exploit mineralization by hydroxyl ions,
while still ensuring nominal double protonation of diamines,
known for their strong hydrogen bonds!**’. These hydrogen-
bonded water-aminium assemblies should be stable enough to
persist during zeolite synthesis conditions and can be expected
to act as real SDAs8*°, with the protonated diamines compen-
sating the negative framework charges arising from the pres-
ence of heteroatoms such as Si or Mg in the zeotypes.
Hydrophilic, short-chain (C2-C3) diamines with varying N-
methylation were selected to probe both steric and thermody-
namic effects, owing to variations in pK, value, as well as the
presence of different numbers of hydrogen atoms available for
hydrogen bonding®®2°, These diamines are also well-known for
their proficiency to form co-crystals???, indicating a high affin-
ity to form stable associations through hydrogen bonding. Our
selections of the diamines for SAPO syntheses were made with
respect to the combinations of tertiary and primary amine
groups attached to the carbon chains, thus giving either sym-
metric or asymmetric configurations. Here we show that water
can strongly hydrogen bond with protonated aliphatic diamines
to form supramolecular assemblies that direct the synthesis of



SAPO molecular sieves with ordered framework tetrahedral at-
oms (T-atoms). We have also demonstrated a strict correlation
between the molecular arrangements of the intrazeolitic water-
aminium assemblies and framework Si distributions.

B EXPERIMENTAL SECTION

SAPO molecular sieve syntheses. In a typical synthesis of
SAPO-PHI and SAPO-CHA, 0.58 g of pseudoboehmite (PB)
(Catapal B, Vista) was added to the solution of 0.93 g of N,N-
dimethyl-1,2-ethanediamine (DMEDA) (95%, Aldrich) and
6.42 g of deionized water under continuous stirring. After drop-
wise addition of 0.86 g of o-phosphoric acid (85%, Aldrich) and
0.56 g of colloidal silica (Ludox AS-40, DuPont), the mixture
was stirred for 1 h to prepare a homogenous gel. The resulting
mixture was charged into rotating Teflon-lined autoclaves (60
rpm) and heated at 150 °C for 12 days and at 180 °C for 2 days
to obtain SAPO-PHI and SAPO-CHA, respectively. SAPO-GIS
was synthesized by replacing DMEDA with an equimolar
amount (1.03 g) of N,N-dimethyl-1,3-propanediamine
(DMPDA) (98%, Aldrich) in the above gel followed by heating
at 150 °C for 12 days. After crystallization, the solid product
was collected by filtration, repeatedly washed with deionized
water and then dried overnight at room temperature.

General characterization. Powder X-ray diffraction (XRD)
patterns were collected in flat plate mode using a PANalytical
X’Pert diffractometer (Cu Ko radiation) with an X’Celerator
detector. Elemental analysis was obtained by the Pohang Insti-
tute of Metal Industry Advancement. Thermogravimetric and
differential thermal analyses were performed in air on a SlI
EXSTAR 6000 thermal analyser. Crystal morphology and av-
erage size were determined using a JEOL JSM-6510 scanning
electron microscope. Infrared (IR) spectra were recorded on a
Thermo-Nicolet 6700 Fourier-transform (FT)-IR spectrometer
equipped with an MCT detector and a home-built IR cell with
CaF,; windows. Raman spectra were measured on a Bruker
FRAZ106/S FT-Raman spectrometer equipped with a Nd:YAG
laser operating at 1064 nm.

Single-crystal XRD analysis. Synchrotron single-crystal
XRD data were measured at -173 °C on the 2D beamline of the
PAL, using an ADSC Q210 CCD area detector and monochro-
mated X-ray source. The raw data was processed and scaled us-
ing the HKL.3000 and DENZO programs?, and the space group
was determined utilizing the XPREP program?*. The structure
was solved by direct methods?, and the structure refinement
was carried out with full-matrix least-squares refinements on F?
using the SHELXL2018 program?. All framework atoms and
extra-framework species were located from the difference Fou-
rier map (Fo-F¢), and all non-hydrogen atoms were refined ani-
sotropically. Crystal data and details of structure determination
are given in Supplementary Information.

Solid-state nuclear magnetic resonance (NMR) spectros-
copy. Solid-state NMR experiments were carried out on Bruker
Neo 800 and Bruker Avance 500 NMR spectrometers, operat-
ing at magnetic field strengths of 18.8 (801.25 MHz *H Larmor
frequency) and 11.7 (500.87 MHz *H Larmor frequency) T, re-
spectively. Magic angle spinning (MAS) NMR experiments
were performed using a Bruker 4 mm or a 1.9 mm triple reso-
nance MAS probe. The samples were D,O-exchanged, dried in
a dessicator over P,Os and then packed in zirconia rotors. More
detailed 1D (**P, *H, %Si, and #’Al) and 2D (*'P double quan-

tum-single quantum (DQ-SQ) and *H-3'P heteronuclear corre-
lation (HETCOR), 3'P->’Al HETCOR, and *H-* Al HETCOR)
MAS NMR measurement conditions can be found in Support-
ing Information.

ab initio molecular dynamics (AIMD) simulations. The
simulations were carried out using the program CP2K?"2,
which utilizes a combined Gaussian-Plane Wave (GPW) ap-
proach. The PBE functional was used together with the DZVP-
MOLOPT-SR-GTH basis set for all atoms. Core electrons were
represented by the GTH pseudopotentials. All AIMD runs were
performed at 27 °C in the NVT ensemble, assuming no internal
symmetry. Each simulation had a duration of at least 20 ps using
a 0.5 fs time step. Two framework models were used based on
i) the T-atoms distribution of the P2,/c structure, which consists
of strictly alternating Si- and P-dcc units and ii) a less ordered
structure where two Al-P pairs, bridging the alternate dccs, are
each replaced by two Si atoms, consistent with the MAS NMR
data. In the latter case, the framework composition was thus
Al14PSi12064. In the simulations reported here, each simulation
cell contained four SDA species, one per t-phi cage. The SDA
moieties were represented as [H,O-(DMEDA-H,)]?, i.e., one
water molecule per diaminium ion, associated with the tertiary
aminium as characterized by single-crystal X-Ray crystallog-
raphy. Separate simulations were carried out for each frame-
work configuration, in which the (DMEDA-H,)?" ions were ei-
ther all in the major orientation, or all in the minor one. Atomic
positions and ensemble energies were sampled at intervals of
100 fs throughout the simulations. The orientations of the pri-
mary aminium with respect to the methylene C-C bond were
monitored and defined as being in the staggered or eclipsed con-
formation with respect to the neighboring methylene C-C bond,
depending on the H-C-N-H torsional angles.

B RESULTS AND DISCUSSION

Table 1 lists the representative SAPO molecular sieves ob-
tained using synthesis mixtures with compositions (1.0-
4.0)R-1.00Al,05-0.75P,05:0.75Si0,-80H,0, where R is a
short-chain diamine and the low water concentration assured its
intimate interaction with the organic component (Experimental
Section). Hereafter, the products are named as SAPO-FTC,
where FTC specifies the framework type code?. With a
DMEDAV/AIOs ratio fixed to 2.0, highly crystalline SAPO-PHI
was obtained after heating under rotation (60 rpm) at 150 °C for
12 days (Figure S1). Altering the DMEDA/AI,Os ratio away
from 2.0 resulted in a product that was not phase pure. Also, the
addition of a small amount of HNO3s or NH4OH led to notable
product changes, even with adjusted pH. In particular, while the
formation of SAPO-PHI or SAPO-CHA from the gel (no. 3 in
Table 1) was still observed despite the significant change in the
initial pH (10.0) of synthesis mixtures, the addition of HNOs;
into the same gels (no. 7) to adjust the gel pH to be equal to that
(8.0) of the gel (no. 2) apparently inhibited the crystallization of
those SAPO materials. On the other hand, the presence of NH,*
ions in the SAPO gel (no. 6) where the gel pH was kept to 8.0,
like the case of the gel (no. 2), also disturbed the formation of
any SAPO materials. This inhibition of SAPO-PHI crystalliza-
tion by proton-donor or -acceptor, i.e., NH4s* or NO3™ ion which
cannot be considered as a SDA, suggests that the structure di-
rection depends on the intimate hydrogen bonding between wa-
ter and diamine molecules.



Table 1. Representative synthesis results?

Gel composition

Product®

Gel no. pHgel® R X Temperature/time = 150 °C/12 days Temperature/time = 180 °C/2 days
1 55 DMEDA 1.0 L SAPO-GIS + SAPO-SOD
2 8.0 DMEDA 2.0 SAPO-PHI SAPO-CHA
3 10.1 DMEDA 4.0 SAPO-PHI + A SAPO-CHA + (L)

4 5.4¢ DMEDA 2.0 A D+L

5 10.0¢ DMEDA 2.0 L + (SAPO-PHI) A+L

6 8.0¢ DMEDA 1.0 L L

7 8.0° DMEDA 4.0 A + SAPO-PHI L + SAPO-CHA

8 8.5 TMEDA 2.0 SAPO-GIS + SAPO-CHA SAPO-CHA + (SAPO-GIS)

9 8.8 ATMEA* 20 D+ (SAPO-PHI) SAPO-SOD + (SAPO-PHI)
10 8.1 DMPDA 2.0 SAPO-GIS + (L) SAPO-GIS
11 8.3 TMPDA 2.0 SAPO-GIS + (SAPO-CHA) SAPO-GIS

@The chemical composition of the SAPO gels used is xXR+1.00A1203°0.75P205¢0.75Si02¢80H20, where X is varied between 1.0 < x < 4.0,
and R is N,N-dimethyl-1,2-ethanediamine (DMEDA), N,N,N",N"-tetramethyl-1,2-ethanediamine (TMEDA), 2-amino-N,N,N-trimethyleth-
anaminium (ATMEAY), N,N-dimethyl-1,3-propanediamine (DMPDA), or N,N,N",N"-tetramethyl-1,3-propanediamine (TMPDA). "The in-
itial pH of each gel. “The phase appearing first is the major phase, and the product obtained in a trace amount is given in parentheses. A,
D, and L are amorphous, dense, and layered phases, respectively. “While the gel composition is the same as that of gel no. 2, the pHgel of
gel nos. 4 and 5 was adjusted by adding a small amount of HNO3z and NH4OH, respectively. ®While the gel composition is the same as that
of gel nos. 1 and 3, the pHge Of gel nos. 6 and 7 was adjusted by adding a small amount of NH4OH and HNOs, respectively.

IR and Raman spectroscopy confirmed strong hydrogen
bonding between water and fully protonated DMEDA
[(DMEDAH,)?**] in as-synthesized SAPO-PHI (Figure S2).
Also, *H-H radio frequency-driven recoupling (RFDR) and ‘H-
1H exchange spectroscopy (EXSY) MAS NMR showed the ex-
istence of dipolar coupling and chemical exchange between the
aminium and water protons (Figures S3 and S4), further con-
firming the hydrogen-bonding network. This and its unusual
framework composition (Si/(Si+Al+P) = 0.24 and P/Si = 1.13
indicating the presence of a highly ordered SAPO domain; Ta-
ble S1) prompted an NMR-crystallography approach, combin-
ing XRD, 1D and 2D MAS NMR and molecular modelling
(Figures 1a-1c). A highly ordered T-atom distribution (Figure
1d), including an isomorphous substitution scheme (Figure 1e),
was uncovered. 1D #Si MAS NMR of as-synthesized SAPO-
PHI revealed the majority of Si (80%) to be linked to four AlO4
tetrahedra (Q*; Q*" stands for the tetrahedrally coordinated Si
atoms with nAl and (4-n)Si neighbor atoms, where n =0, 1, 2,
3, or 4), with only an insignificant fraction of Al (*?Al MAS
NMR) being connected to four SiO4 tetrahedra (Figures S5 and
S6). Therefore, the occurrence of large aluminosilicate domains
next to AIPO, zones could be excluded. The 3P direct excita-
tion (DE) and 'P-?’Al CP-HETCOR MAS NMR data indicated
the presence of at least five distinct P sites (I-V). According to
3P DQ-SQ MAS NMR spectroscopy (Figure 1b), these reso-
nances self- and cross-correlate, implying their mutual proxim-
ity. All these observations hinted at P-rich structural units next
to Si-rich ones. The simplest motif consistent with these results
and framework topology are single 4-rings (S4Rs) with two Al
atoms and either two P or two Si atoms, each. The combination
of self-and cross-correlations of the P sites further implied that

P-containing S4Rs occur edge-connected, resulting in the dou-
ble crankshaft chain (dcc) encountered in the PHI topology
(Figure S7).

A plausible model, in agreement with all experimental data,
for the SAPO-PHI framework contains strictly alternating alu-
minosilicate-like dccs (Si-dccs) with an Si/Al ratio of unity,
next to AIPO;-like dccs (P-dccs) (Figures 1d and 1e). The re-
sulting space group P2i/c is a subgroup of the Cc setting, ob-
tained from fast indexing of its powder XRD pattern (Figure
S1). In this structure, two crystallographically distinct Si sites
connect to two distinct Al sites (Al? and AI°) having three Si and
one P neighbors (Si-dcc), while two distinct P sites (P' and P'Y)
link to two additional Al atoms (Al¢ and Al%), each having one
Si and three P neighbors. Single-crystal structure refinement
confirmed this model and also revealed that each t-phi cage con-
tains one hydrogen-bonded water-aminium assembly ([H.O-
(DMEDAH,)]*") (Experimental Section, Figure 2, and Tables
S2-S6), implying its role as an SDA in SAPO-PHI synthesis.
Interestingly, two different assembly orientations were found in
amajor/minor ratio of 80:20, also in accordance with *H-*C CP
MAS NMR (Figure S8). Both showed direct interaction of the
primary aminium of [H,O-(DMEDA-H,)]?* with the single 8-
ring (S8R) connecting 8-hedral ([4°8%]) t-oto and 12-hedral
([478%]) t-phi cages in the b-axis. The tertiary aminium is located
roughly centered in t-phi, with the methyl
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Figure 1. Structural characterization of SAPO-PHI. (a) 1D 3P, 'H,

293, and 27Al and (b) 2D 3P DQ-SQ and *H-31P HETCOR, 3P-27Al

HETCOR, and 'H-*’ Al HETCOR MAS NMR spectra of as-synthesized SAPO-PHI. Projections are shown on the top and right of every
panel. MAS NMR spectra are duplicated for convenient comparison. (c) Molecular modelling of site and orientation of [H20-
(DMEDA-H2)]?* in ordered (top) and isomorphously substituted (bottom) frameworks. (d) PHI topology and ordering of its dcc units. (e)
Projection of PHI framework illustrating the connectivity in ordered and isomorphous substitution scheme. Color codes for (c): protons,

given in (a); framework, given in (e).

groups pointing towards the two neighboring t-oto cages along
the a-axis (Figures 1c and 1d). These two orientations of [H,O-
(DMEDA H,)]?* differ in the direction of their tertiary aminium
protons, pointing towards the associated water molecule located
in one of the two S8Rs of neighboring t-phi cages, in either pos-
itive or negative c-direction. The occupation numbers for the

two orientations closely mirror the overall framework Si distri-
bution derived by MAS NMR (Figures 1a and S9), with 80%
Q* and 20% of Si connected with at least one Si.

Although a strict ordering scheme of undisturbed Si- and P-
dcc units cannot account for the four 2°Si resonances (i.e., Q%,



Figure 2. Structures of [H20-(DMEDA-H2)]?* in as-synthesized, hydrated SAPO-PHI. A combination of single-crystal X-ray crystallog-
raphy, MAS NMR spectroscopy, and AIMD simulations was employed to determine these structures with (a) major and (b) minor orienta-
tions with a relative ratio of 80:20. Color codes: C, brown; N, light grey; O, red; hydrogen-bonded H, cyan or green. In the major and minor
orientations of the hydrogen-bonded water-aminum assembly, protonated DMEDA is pointing with the tertiary aminium group in opposite
directions along the c-axis. Each tertiary aminium proton is found within hydrogen-bonding distance to the water molecule located in the
S8R connecting two adjacent t-phi cages. The primary aminium group of [H20-(DMEDA-H2)]?* is located within hydrogen-bonding dis-
tance to the framework, specifically to the S8R connecting the t-phi to the t-oto cage in the b-axis. The oxygen atoms, viz. water molecules,
residing at the center of t-oto cages disappear after dehydration under a vacuum (10 kPa at 200 °C for 6 h).

Q*, Q*, and Q*), nor for the five 3P resonances (Figures S9
and S10), isomorphous substitution of P and/or Al by Si readily
explains the occurrence of these sites. The simplest isomor-
phous substitution scheme, preserving net framework charge,
replaces Al-P pairs connecting Si- and P-dccs by Si-Si pairs
(Figure 1e). Here, the framework charge distribution is rear-
ranged, while keeping the number of [H,O-(DMEDA-H,)]**
largely unaffected. To verify this and fully assign the MAS
NMR spectra (Figures 1a and 1b), periodic AIMD simulations
were performed. Within 32 T-atom simulation cells of a SAPO-
PHI framework with strictly alternating Si- and P-dccs, the two
different [H.O-(DMEDA-H,)]?* orientations suggested by sin-
gle-crystal X-ray crystallography were found to interact differ-
ently with local framework environments (Figure 1c and Exper-
imental Section).

Throughout all simulations, strong hydrogen bonding be-
tween the tertiary aminium proton and the water oxygen oc-
curred for both orientations, and the water molecule always ori-
ented its hydrogen atoms towards framework oxygen atoms of
charged aluminosilicate regions. The primary aminium of
[H20-(DMEDAH,)]?* directly interacted with framework oxy-
gen atoms via hydrogen bonds. In ordered regions of the struc-
ture (Figure 1e), the major orientation (Figure 1c, top) allows
the primary aminium protons to adopt the preferred staggered
conformation with respect to the methylene C-C bond. This en-
ables the two hydrogens of the primary aminium to interact with
the framework oxygen atoms of Si-dcc (Movie S1), which is
not possible for the minor orientation and could only be
achieved in an unfavourable eclipsed state. The significant en-
ergy difference of +40.6 kJ (mol unit cell)* observed for the
minor orientation, compared to the major one, in the fully or-
dered structure clearly shows that within the ordered region of
SAPO-PHI, the major arrangement occurs exclusively (Figures
S11 and S12, and Table S7).

The isomorphous substitution scheme, suggested by NMR-
crystallography, was investigated for its impact on the orienta-
tion of [H,O-(DMEDA-H,)]?*. The Si-Si replacement of Al-P
pairs, connecting dccs in the c-axis, can create all-Si S4Rs and
aluminosilicate (Si/Al = 1.0) ones in Si- and P-dcc units, respec-
tively, locally reversing the charge distribution. In cages with
the inverted charge distribution, the minor orientation assumes
a staggered conformation, allowing two of the three primary
aminium protons to interact with oxygen atoms in aluminosili-
cate domains. Therefore, itis clear that hydrogen bonding of the
primary aminium with framework oxygen atoms determines the
orientation of [H,O-(DMEDA"H,)]?": the major orientation is
predominant in ordered regions and the minor orientation in iso-
morphously substituted regions with the inverted charge distri-
bution. These results are in excellent agreement with the struc-
ture of [H,O-(DMEDA-H,)]?* derived by NMR-crystallography
(Figure 2). Substituting 5.5% of Al-P pairs in the P-dcc provides
an almost perfect agreement between the measured and mod-
elled #Si intensities (Figure S9), and a consistent, quantitative
assignment of the 3!P signals based on the bonding angles of P-
linked oxygen atoms (Figure S10). The corroboration between
MAS NMR and AIMD results was further confirmed by !H-
2ZIAl HETCOR MAS NMR spectroscopy. The proton associated
with the tertiary aminium group exclusively interacts with the
Al atoms belonging to Si-dcc, through its hydrogen-bonded wa-
ter. This results in a through-space correlation between this pro-
ton and Al in Si-dcc. The protons associated with the primary
aminium directly interact with Al atoms belonging to the Si-
and P-dccs, causing a significantly stronger correlation with
both sites in the *H-??’ Al HETCOR MAS NMR spectrum (Fig-
ure 1b; cyan and green traces).
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Figure 3. Crystallization kinetics of SAPO-PHI. (a) Relative crystallinities and organic contents at different crystallization times determined
by powder XRD and elemental analyses, respectively, (b) powder XRD patterns, and (c) *H MAS NMR and (d) Raman spectra of a series
of solid products isolated after heating at 150 °C for 1 — 12 days. The crystallinities at different crystallization times were assessed by
referencing the relative intensities to the height of an X-ray peak at 20 = 12.4°. Powder XRD and Raman data were obtained from hydrated
solids, '"H MAS NMR data were collected from D20 exchanged samples, dehydrated under a vacuum (10 kPa at 200 °C for 2 h). The
bottom traces show powder XRD pattern and *H MAS NMR spectrum of PB, and the Raman spectrum of DMEDA in aqueous solution.

To check whether the [H.O-(DMEDA-H2)]** in SAPO-PHI
persists even at higher temperatures, we carried out periodic
AIMD simulations at 150 °C, the SAPO-PHI crystallization
temperature. At all time steps of simulations, the hydrogen bond
(O--H) distances of the oxygen and proton of water and the ter-
tiary aminium group in DMEDA, respectively, were calculated
to lie within the range of 1.30 —2.69 A, showing the persistence
of 1:1 hydrogen-bonded water-aminium assemblies (Figure S13
and Table S8). While these distances increase at 200 °C, in ad-
dition, neither exchange nor migration of the water molecule in
[H.0-(DMEDA -H,)]?* was observed. Therefore, it can be con-
cluded that the hydrogen-bonded water molecule is an irre-
placeable part of the supramolecular assemblies which direct
the synthesis of SAPO-PHI.

The detailed and quantitative structure solution of [H.O-
(DMEDAH,)]** (Figure 2) also shows that the primary
aminium interacts with the PHI framework in a direct and ele-
ment-specific manner, whereas the tertiary aminium proton
does so only by mediation of strongly hydrogen-bonded water
molecules. The observation of the highly ordered SAPO-PHI is
of particular interest, because the asymmetric preference of ter-
tiary and primary aminium in [H,O-(DMEDA-H;)]?* for water
or charged framework atoms conforms to an asymmetric t-oto
([4°8%]) and t-phi ([478°]) arrangement in the framework. In con-
trast, CHA and GIS structures can both be assembled with only
one symmetric cage type (t-cha ([426%8°]) and t-gis ([4%8%])
cages, respectively). While both SAPO materials also show the
presence of strongly hydrogen-bonded water molecules even
after dehydration under a vacuum (10* kPa at 200 °C for 6 h,
Figure S14), indeed, no such strict preference of either tertiary

or primary aminium groups to hydrogen bond with a water mol-
ecule was observed, requiring both aminium groups to show
similar interactions with water and/or the SAPO framework
(Figures S14-S18 and Tables S9-S19).

Interestingly, the formation of SAPO-CHA and SAPO-GIS
was achieved using not only the asymmetric diamines but also
symmetric ones, whereas SAPO-PHI was obtained by the ex-
clusive use of asymmetric DMEDA. For example, the use of
symmetric N,N,N",N"-tetramethyl-1,2-ethanediamine (TMEDA)
or N,N,N",N"-tetramethyl-1,3-propanediamine (TMPDA) al-
ways led to the formation of zeotype structures with CHA
and/or GIS topologies (Table 1). However, we found some ex-
ceptions where the phase selectivity of crystallization cannot be
rationalized in terms of symmetry of the organic compound it-
self only. Unlike the case of asymmetric DMEDA, another
asymmetric DMPDA always yielded SAPO-GIS, regardless of
the crystallization temperature employed (gel nos. 2 and 10 in
Table 1). Here, we considered the strength of intermolecular hy-
drogen bonding of water to each amine group in the organic
compounds with various pK, values as another crucial factor, in
addition to the size and shape (or symmetry) of organic com-
pounds themselves, for the zeotype structure direction.

Indeed, the tertiary amine group of DMEDA, with a pK,
closer to the value of water compared to its primary amine
group, should be able to exert stronger hydrogen-bonding inter-
actions with water?®3°, leading to the persistence of this assem-
bly during synthesis of SAPO-PHI, as supported by the AIMD
simulations where water molecules were always associated
with tertiary aminium group of DMEDAS to form stable 1:1 hy-
drogen-bonded assemblies at 150 °C (Figure S13). At higher



temperature, a larger decrease in pK, values is generally ob-
served for tertiary amine groups as compared to the case of pri-
mary ones leading to a smaller difference between the values of
each amine group®-2, Measuring the pK, values of each amine
group in-situ is however not straightforward. Nevertheless, the
different temperature dependence of the pK, values can explain
the formation of SAPO-CHA using the same DMEDA-

mediated synthesis mixture for SAPO-PHI synthesis (i.e. gel no.

2 in Table 1) at the higher crystallization temperature (180 °C),
similar to the case of TMEDA with a pair of tertiary aminium
groups possessing the same hydrogen bonding strength toward
water. A similar explanation can be given for asymmetric
DMPDA and symmetric TMPDA, whose two pK, values are
already more alike than those of the ethylene derivatives®, so
that both direct SAPO-GIS synthesis, regardless of the crystal-
lization temperature (Table 1).

To further confirm the structure-directing role of [H.O-
(DMEDA H,)]?* during SAPO-PHI synthesis, we investigated
the crystallization kinetics at 150 °C of SAPO-PHI to further
confirm the structure-directing role of [H.O-(DMEDAH,)]?*
during synthesis (Figure 3). While the powder XRD pattern of
the solid isolated after 1 day of heating only displays X-ray re-
flections from PB, the Al starting material, its *H MAS NMR
spectrum shows a resonance at 4.7 ppm due to water proton
even after dehydration under a vacuum (10 kPa at 200 °C for
6 h). This resonance becomes stronger with crystallization time,
while the *H resonance of unreacted PB at 2.8 ppm disappears.
Raman spectroscopy reveals that the two bands at 3040 and 360
cm? corresponding to the stretching mode of the hydrogen-
bonded N-H* group in [H.0-(DMEDAH,)]?** and the transla-
tional mode of OH groups in PB®3*, become stronger and
weaker with crystallization time, respectively. Therefore, [H.O-
(DMEDAH,)]?* is already present at least at the nucleation
stage. Moreover, the 2-amino-N,N,N-trimethylethanaminium
ion, whose molecular shape and size are essentially identical to
those of [H,O-(DMEDA-H,)]?*, but with the strongly hydrogen-
bonded water molecule replaced by a methyl group, was found
to hardly direct the synthesis of SAPO-PHI (gel no. 9 in Table
1). This again confirms the role of the hydrogen-bonded water-
aminium assembly as an SDA. The same conclusion can be
made for MgAPO-PHI, a PHI-type magnesiumaluminophos-
phate molecular sieve, synthesized using DMEDA. Like Si in
as-synthesized SAPO-PHI, Mg in as-synthesized MgAPO-PHI
is fully ordered (Figure S19), suggesting that the heteroatom
distributions in MeAPO molecular sieves, as well as in SAPO
ones, can be optimized by hydrogen-bonded water-organic as-
semblies.

B CONCLUSION

In summary, we have rationally designed hydrogen-bonded
water-aminium assemblies that play a structure-directing role in
the synthesis of phosphate-based molecular sieves, especially
of those with perfectly ordered framework heteroatoms. A com-
bination of single-crystal X-ray crystallography, 1D and 2D
MAS NMR, and molecular modelling allowed us to demon-
strate that a 1:1 supramolecular assembly of water-diprotonated
DMEDA ([H.0-(DMEDAH;)]*) leads to the formation of
asymmetric t-phi and t-oto cages in SAPO-PHI, where its
framework Si distribution strictly corresponds to the assembly
orientation. The concept presented here is applicable to many
other organic molecules with fine-tuned combinations of hydro-
gen-bonding functional groups, and thus offers an opportunity

for finding novel zeotypes. It is also possible to extend this wa-
ter-organic assembly concept towards aluminosilicate zeolites
with ordered Al atoms and thus great industrial potential, using
concentrated synthesis mixtures with organic compounds con-
taining aminium groups to achieve charged [N---H-~-O]" hydro-
gen bonding with water.
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