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ABSTRACT: Multiamines with amphiphilic structures
have been synthesized to serve as simultaneous struc-
ture-directing agents in micro- and meso-structural levels
for aluminophosphate materials (AIPOs) and their
analogues, such as silicoaluminophosphate, cobalt alumi-
nophosphate, and gallium phosphate. The amine mole-
cules are assembled into a micelle with a specific
morphology to function as a meso-level structure director.
Individual amine groups in the micelle are able to direct
the formation of microporous crystalline AIPO structure.
The resultant meso-level morphologies of the AIPOs are
typically nanosheets of uniform thickness, which can be
tailored in the range of 2—5 nm by the number of amine
groups. Sponge-like disordered mesoporous morphologies
can be generated, depending on the amine structures.
Using such multiamines provides a versatile route to
various phosphate materials with a structural hierarchy for
enhanced porous functionalities.

Inorganic phosphates with a nanostructure attract consid-
erable attention because of their widespread applications.' ™
For example, synthetic hydroxyapatite (CaPO,;) can be
clinically used for artificial bone implantation.** Silicoalumino-
phosphates (SAPOs) can be used as microporous solid acid
catalysts and as other catalytic materials that support metal
nanopa~1‘ticles.3’6’7 Recently, lithium iron phosphate (LiFePO,)
has been spotlighted as a cathode material in lithium-ion
batteries.*” Various phosphate materials can be synthesized
with nanoporous structures, and as nanoparticles, and other
nanomorphic forms by cooperative assemblage between an
inorganic phosphate and an organic structure-directing agent
(SDA)."™™* The organic SDA molecules can function as a
template or guide for inorganic crystal growth into a specific
nanomorphology. Synthesis of porous hydroxyapatite nano-
crystals in the presence of poly(acrylic acid) or polyglutamates
is one of the examples.'”"" Crystalline microporous alumi-
nophosphates (AIPOs) and their structural analogues, such as
SAPOs, can be synthesized using organic amines as the
microporous SDA.">™'* Due to the regular arrangement of
micropores with extremely narrow pore size distribution, AIPO
families of various pore diameters have been used in gas
separation, adsorption, and host—guest chemistry.”'*'* One of
the great merits of AIPOs is that various transition metals (Tj,
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Cr, Mn, Fe, Co, etc.) in addition to Si can be incorporated in
the porous framework by substitution of Al or P.>'¢ As a result
of metal incorporation, the physicochemical properties of the
AIPOs can be changed remarkably. If Si atoms are introduced,
the AIPO framework possesses Bronsted and Lewis acid sites
that can catalyze various reactions, such as methanol-to-olefin
transformation, hydroisomerization, and esterification.®”!”'8
Transition-metal-containing AIPOs can be used as catalysts for
various redox reactions.”'? Microporous crystalline AIPOs are
normally obtained as micrometer-sized crystals. Such AIPO
crystals are thousands of times larger than the framework pores
(typically, <1 nm in diameter) and are called bulk crystals.
Often, bulk AIPO crystals suffer from diffusion limitations,
similar to their well-known structural analogue, zeolite.”°

Herein, we report that AIPOs and their structural analogues
could be synthesized with nanosheet morphologies of only 2
nm thickness, using multiamines with amphiphilic structure like
a surfactant as an SDA. The porous structures and
morphologies of the AIPOs were characterized using powder
XRD, SEM, TEM, solid-state ’Al and *'P MAS NMR, and N,
adsorption—desorption isotherms. Many of the amine mole-
cules assembled into a micelle with a specific morphology that
could function as a meso-level SDA, while individual amine
groups functioned as a microporous SDA for the AIPO
framework formation. Among the synthesized porous materials,
a mesoporous SAPO with crystalline microporous walls (~$
nm thick) exhibited high catalytic selectivity and longevity for
n-heptane isomerization compared to bulk SAPO. We show
that the hierarchical structure-directing (HSD) AIPO synthesis
strategy can be extended to other nanomorphic AIPOs,
transition-metal-substituted AIPOs, and even gallium phos-
phates (GaPOs).

Bulk AIPOs are commonly synthesized via the hydrothermal
reaction of phosphoric acid with a suitable aluminum
compound (aluminum isopropoxide, aluminum hydroxide,
pseudoboehmite, etc.) in the presence of microporous
structure-directing, small-molecular amine SDA. Compared to
conventional bulk AIPO synthesis, the syntheses of present
AIPO nanosheets were performed using the HSD multiamines
and multiammoniums shown in Table 1. In brief, the HSD
agents (HSDA), pseudoboehmite, and phosphoric acid were
well mixed with an aqueous solution (see Supporting
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Table 1. Structure of HSDAs and Derivative AIPO Products

AIPO
HSDA  framework  morphology
HSDA structure notation type thickness
C,,H,s—N(CH;)—C¢H,,— NoN® AEL 2 nm sheet
N(CHs),
C,,H,s—NH-C¢H,,—NH, NN! AFI 2 nm sheet
C,,H,s—N*(CH;),—C¢H ,— N*N® nonporous 1 nm sheet
N(CH;),(OH") crystal
Cy,H,s—N*(CH,),—CHy— 4N* for ATO 3 nm sheet
N*(CH,),~[CH,~(C¢H,)- x=1
CH,—N'(CH,),~C¢H),— 6N* for ATO 4 nm sheet
N*(CH,),], —CpuHys(OH )y, x=2
8N*for ATO S nm sponge
x=3

Information (SI) for details). The molar composition of the
resultant gel was 1.0 Al,0;:1.0 P,04:500 H,O:x HSDA, where
x was varied from 0.125 to 0.5 according to the number of N
atoms in HSDA. The pH of the gel mixture was ~3. The
mixture was heated in an oven at 453 K with tumbling. The
AIPO product was filtered after heating for 24 h. After drying at
373 K, the product was calcined under air flow at 823 K to
remove the SDA.

As shown in Table 1, the HSDAs are denoted according to
the number of N atoms and degree of the amine. For example,
C,,H,s—NH—-C¢H,,—NH, SDA has two N atoms: one for the
secondary amine and another for the primary amine. This SDA
is therefore denoted N*N', where the superscript 2’ indicates
‘secondary’. When this compound was used as an SDA, the
resultant AIPO product exhibited the XRD pattern denoted
‘nano’ in Figure 1B. Based on this wide-angle XRD pattern, the
small-angle XRD in Figure 1A, and the TEM image in Figure
1D, the structure of this AIPO could be assigned to AEL (10-
membered oxygen ring, 1D straight channel). The AIPO had
nanosheet morphology with a 2 nm thickness. The nanosheets
were arranged in a multilamellar form (Figure 1C,D). In good
agreement with the multilamellar type mesostructural organ-
ization, the small-angle XRD pattern exhibited three Bragg
diffractions at 20 = 1.40° (d = 6.3 nm), 2.80° (d = 3.15 nm),
and 4.20° (d = 2.1 nm). This result indicates that the AEL-type
AIPO nanosheets had 2 nm thickness along the crystal c-axis
and that the 1D channels were aligned perpendicularly to the
nanosheet plane. Because of the extremely thin framework
thickness along the c-axis, nanomorphic AIPO showed very
weak Bragg reflections for the direction of the c-axis, compared
to bulk AEL AIPO. After removing the organic SDA completely
through high-temperature calcination, the porous textual
properties of the calcined AEL AIPO were evaluated from the
N, adsorption—desorption isotherms measured at 77 K. The
specific surface area was determined by the Brunauer—
Emmett—Teller (BET) method. The BET surface area was
much higher (296 m* g™') than that of its bulk counterpart
(150 m* g™'). In agreement with the high BET area, high-
resolution TEM and SEM images of the AIPO sample showed
that a significant number of nanosheets were still separated to
retain mesopores between them (Figure S1). The separation of
the nanosheets can be attributed to the mismatching of crystal
orientations along the b—c plane and also partial crystal
intergrowths that can act as pillars between the nanosheets,
similar to the MFI zeolite nanosheets synthesized by multi-
ammonium surfactants.”' ~>*

The structure of the AIPO nanosheets (as synthesized
without calcination) was further investigated with MAS *’Al
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Figure 1. Powder XRD patterns (A,B), SEM (C) and TEM (D)
images of AIPO nanosheets constructed with AEL-type microporous
crystalline frameworks, as synthesized using C,,H,s—N(CH;)—
C¢H;,—N(CHj;),. The XRD pattern of bulk AEL AIPO is shown for
comparison. Note that short AIPO microporous channels are
perpendicular to the wide plane of the nanosheet.

and *'P NMR spectroscopy. The Al NMR spectrum exhibited
an intense peak with a chemical shift of 38.0 ppm, a weak signal
at 10.3 ppm, and another weak signal at —10.1 ppm (Figure
S2A). The main signal at 38.0 ppm was assigned to the
tetrahedral Al in the crystalline AIPO framework. The two low-
intensity signals could be attributed to hydration of some
tetrahedral Al sites into penta- and octa-coordination. As for the
27A] NMR investigation, the nanosheets exhibited no significant
differences from bulk AIPO. On the other hand, the 3'P NMR
spectra showed a significant difference from the spectra of the
bulk AIPO, due to the presence of P—OH groups at the
external surface. In the bulk AEL AIPO, only a signal at —29
ppm was notable, corresponding to the framework P atoms that
had tetrahedral coordination inside crystal. That is, P atoms
existing on the external surface were negligible. In the case of
the nanosheets, however, there were a large number of P atoms
on external surfaces. These P atoms gave an additional intense
P NMR peak at —19 ppm, and they were assigned to
P(—OAIl-),(—OH), (Figure S2B). The presence of the P-
bonded hydroxyl groups was analogous to crystal termination
with silanol groups, ie., Si—OH, in zeolite nanosheets.”
Therefore the present surface P—OH groups may be called
‘phosphinol” groups. The chemistry of the phosphinol groups,
such as mild acidity,”® metal coordination and organic
functionalization,”” may be an intriguing subject for the
development of new porous catalytic materials in the future.
The HSDAs in Table 1 with different molecular structures
yielded various AIPO framework types and mesostructures. The
N°N' SDA gave a 2 nm-thick nanosheet of the AFI-type
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framework (0.73 nm micropores with 1D channels along the ¢-
axis). The nanosheets were layered in a multilamellar
mesostructure (Figure S3). On the other hand, N*N® produced
a nonporous crystalline AIPO with multilamellar nanosheet
morphology. All the gemini-type HSDAs in Table 1 (4N*, 6N*,
and 8N*) generated the same ATO-type AIPO framework (0.54
nm micropore with 1D channels along the c-axis), irrespective
of the number of N atoms (the wide-angle XRD patterns
Figure S4). However, the framework thickness and meso-
structure were changed according to the detailed structures of
the SDAs (Figures 2 and S4). Notably, the 8N* SDA was able
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Figure 2. TEM images of microporous crystalline AIPO nanosheets
with ATO-type framework structure synthesized using 4N* (A), and
nanosponges of the same structure type synthesized using 8N* (B).
The pore size distribution curves (C) of these AIPO samples were
from N, adsorption—desorption isotherms. Note a narrow distribution
of mesopore diameters in the AIPO nanosponge, despite disordered
mesopores.

to generate a nanosponge-like mesoporous AIPO. Because the
ATO nanosponge had 3D intersupporting nanowalls, meso-
pores could be retained by the nanowalls even after calcination
(Figure SS), which was in contrast to the coalescence of
nanosheets in the case of N°N® SDA. It was possible to
determine the mesopore diameters using N, adsorption
isotherm. The results showed a very sharp pore size distribution
centered at 3.4 nm, which was comparable to pore diameters in
an ordered mesoporous silica MCM-41 (Figure 2C). Another
notable point is that the mesopore walls of the AIPO material
were a crystalline microporous AIPO. The crystalline walls were
~5 nm in thickness, which was determined by TEM image and
also by subtracting the mesopore diameter (3.4 nm) from the
d-spacing (8.1 nm) calculated from the low-angle peak in XRD
pattern. The ATO-type AIPO nanosponge exhibited a very high
specific BET surface area (335 m* g™'), compared to its bulk
counterpart (100 m> g_l).

It was possible to synthesize a nanomorphic SAPO sample by
adding fumed silica as a Si source into the synthesis
composition for the aforementioned ATO-type AIPO nano-
sponge. The SAPO nanosponge had the molar composition of
(AlyssPo3gSines)O, which was analyzed by the inductive
coupled plasma spectroscopy after calcinations. The ATO-
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type SAPO nanosponge exhibited very similar framework
acidity to bulk crystal samples, judging from the temperature
programmed desorption of NH; (Figure S6 and Table S1). The
SAPO nanosponge was tested as a catalyst for hydro-
isomerization of n-heptane (i.e, n-C,) after supporting Pt
nanoparticles corresponding to 0.5 wt %, using the ion-
exchange method.”® The Pt/SAPO nanosponge was inves-
tigated by comparing with a bulk SAPO sample with similar Pt
content and metal dispersion (Table S1 and Figure S7).
Thereby, the effect of different Pt loadings on the catalytic
performance was excluded. The heptane isomerization was
performed at various reaction temperatures ranging from 533
to 693 K, following the procedure described elsewhere.”® The
product stream contained various cracking products (C,—Cg),
C, branched isomers (i-C;) and the remaining n-C, reactant.
The i-C, yield (mol %) is plotted as a function of the reaction
temperature in Figure 3A. As this result shows, the nanosponge
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Figure 3. (A) Yield of heptane isomers plotted as a function of
reaction temperature in C, hydroisomerization over Pt/SAPO
catalysts (reaction condition: WHSV = 6.8 h™!, H,/n-C, molar ratio
= 20, without significant catalytic deactivation detected). (B) n-C,
conversion to i-C, and cracked products plotted as a function of
reaction time (reaction condition: WHSV = 6.8 h™', H,/n-C, molar
ratio = 3, 673 K, with catalytic deactivation as shown).

catalyst exhibited a maximum i-C; yield of 51% at 653 K. The
yield decreased above this temperature, due to severe cracking
of hydrocarbons. On the other hand, bulk Pt/SAPO exhibited a
maximum yield of only 28%. The high yield of i-C, with
nanosponge may be explained by very short diffusion path
length for branched products to escape before cracking, as in
Pt/MFI zeolite nanosheets.”® In addition to the high isomer
yield, the nanosponge Pt/SAPO catalyst exhibited the
advantage of longer catalytic activity, as shown in Figure 3B.
Similar to the aforementioned SAPO synthesis, the addition
of Cr(OAc), into the synthesis gel composition for the ATO
nanosponge resulted in partial substitution of Al with Cr. The
CrAPO nanosponge, as synthesized in this manner, exhibited a
light-green color indicating the presence of Cr (III) species.” A
CoAPO sample of the same ATO nanosponge was also
synthesized using Co(OAc),. The CoAPO sample was bluish,
indicating incorporation of Co (II). The diffuse reflectance
UV—vis spectra of the CrAPO and CoAPO samples displayed
the distinct absorption bands, like a fingerprint, indicatin% the
3d transition-metal elements in frameworks (Figure $8).>*° In
addition, we were able to synthesize a crystalline GaPO
material, using gallium oxide, phosphoric acid, and 8N*. The
remaining synthesis conditions were exactly the same as those
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used for the ATO nanosponge in Table 1. This GaPO sample
(as synthesized) exhibited a wide-angle XRD pattern which was
assigned to a zeolite-like crystalline framework structure
belonging to the P6y/mmc space group (a = 124 nm, b =
1.68 nm, ¢ = 1.68 nm) (Figure S9). TEM images of the GaPO
sample indicated a disordered mesostructure, similar to the
ATO nanosponge in Figure 2B (Figure S10). However, the
microporous GaPO framework collapsed to a nonporous
structure upon calcination at 823 K. The low thermal stability
of GaPO framework is due to strong metallic nature of Ga as
compared to Al in AIPOs.

In conclusion, the organic multiamine and multiammonium
compounds presented in this work can perform the hierarchical
structure-directing function for the formation of porous
aluminum phosphates and related inorganic phosphates.
From the hierarchical structures of the resultant phosphates,
it can be inferred that the amine (or ammonium) molecules
were assembled into a micelle with a specific morphology. The
micellization, as in a surfactant, caused the upper-level (ie.,
meso-level) structure-directing function. At the same time,
individual amine groups within the micelle performed the
lower-level structure-directing function for formation of
microporous crystalline AIPOs. Three types of AIPO frame-
works (AEL, AFI and ATO) were actually obtained in two
types of mesostructured architectures (nanosheets and nano-
sponges). It is reasonable that the hierarchical structure-
directing strategy could be extended to other AIPO frameworks
and mesostructures. The thicknesses of the AIPO nanosheets
and nanosponge frameworks can be tailored according to the
number of the AIPO structure-directing modules in an amine.
The synthesis strategy can be further extended to various
inorganic phosphate materials with structural hierarchy for
enhanced nanoporous functionalities, such as SAPOs, GaPO,
and transition-metal-containing AIPOs. Such ultrathin phos-
phates (2—5 nm as demonstrated with AIPOs) would have
various potential applications. A large number of phosphinol
groups on the surface would be useful for metal coordination
and organic functionalization. Catalytic applications after
supporting transition-metal nanoparticles would be consider-
able, as demonstrated with Pt/SAPO nanosponge.
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