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ABSTRACT: A pure fluorinated aluminophosphate [Al;P;O;,F,-
(C3H|,N,),(H,0),] (ULM-6) has been synthesized via an
aminothermal strategy, in which triisopropanolamine (TIPA) is
used as the solvent together with the addition of propyleneurea
and HF. The “C NMR spectrum demonstrates that 1,3-
diaminopropane, the in situ decomposer of propyleneurea, is the
real structure-directing agent (SDA) for ULM-6 crystals. The local
Al, P, and F environments of the dehydrated ULM-6 are
investigated by 1D and 2D solid-state NMR spectroscopy. The
spatial proximities are extracted from “F{¥’Al}, “F{*'P}, ¥Al-
{®F}, and *'P{"’F} rotational-echo double resonance (REDOR)
NMR experiments as well as F — 3'P heteronuclear correlation
(HETCOR) NMR and {*'P}*’Al HMQC NMR experiments,
allowing a full assignment of all the F 27A1, and 3'P resonances to the corresponding crystallographic sites. Moreover, it is found
that the structure of ULM-6 is closely related to that of AIPO,-14. A combination of high-temperature powder XRD, thermal
analysis, and '’F NMR reveals that the removal of fluorine atoms at higher temperature is crucial to the phase transformation of
ULM-6 to AIPO,-14. The calcined product shows high CO,/CH, and CO,/N, selectivity with ratios of 15.5 and 29.1 (101 kPa,

25 °C), respectively.

B INTRODUCTION

Since the discovery of microporous aluminophosphate
molecular sieves (AIPO,-n) by Wilson et al. in 1982, a
great number of open-framework phosphate-based compounds
have been synthesized for their potential applications in
industry as catalysts, ion exchangers, and adsorbents.>” Up to
now, more than 60 AIPO-based zeotypes have been reported
among the known 225 zeolite framework types.” As the
applications of materials are often intimately connected with
their structures, there is a sustained demand for novel porous
AIPO materials with higher selectivity in gas adsorption/
separation or higher efficiency of conversion in catalysis. It is
believed that the progress in materials might motivate their
innovative applications and establish new industrial processes.

The aluminophosphates have exhibited a wide range of
structural features, including different structural dimension-
alities, mixed bonding, different sized pores, and rich composi-
tional diversities.” Conventionally, these materials are obtained
by a hydrothermal route with organic molecules such as amines
or alkylammonium ions as structure-directing agents (SDAs).>’
Kessler and co-workers first utilized fluoride ions as
mineralizing agents in the synthesis of phosphate microporous
materials, which favors the preparation of a large variety of new
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framework structures that could not generally be achieved by
the conventional synthesis approach.” In many cases, the F~
anions coordinate to Al atoms to be part of the frameworks in
terminal or bridge modes, yielding an increase of five- or six-
coordinated units.” ™" According to the previous reports, the
incorporation of F~ anions might also be responsible for the
observed decrease of structural symmetry.'” A typical example
is the formation of triclinic AIPO,-34, where F~ anions bridge
two six-coordinated Al atoms of a 4-ring forming Al-(u,-F1),-Al
unit."”'* The triclinic phase could transform to the trigonal
phase isomorphic with chabazite after the fluoride bridges are
destructed by calcination.'* Moreover, the fluoride route in
combination with solvothermal environment appears very
promising for the synthesis of porous materials. This method
not only facilitates the crystallization of large single crystals
ranging from 0.4 to 5 mm'’ but also offers new opportunities
for creating materials with novel framework topologies, such as
aluminophosphate JDF-20 with 20-ring channels.'®
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The structural analysis of molecular sieves is very important
to understand their properties and explore their potential
applications. However, the complex structures of fluorinated
AIPO materials have proven to be a challenge to characterize
accurately. The presence of organic templates and local/
random distribution of isoelectronic atoms or groups (OH, F,
etc.) would render the aluminophosphate crystals lacking long-
range order.'”"” Tt is known that diffraction techniques are the
most powerful tools to determine the structures of crystalline
solids, but pitifully, they are mostly difficult to distinguish the
nonperiodic aspects. Solid-state NMR could directly probe the
local environments of individual atom types, which has
gradually become an essential tool to assist the structural
resolution and description of crystalline solids. In the past
decades, the NMR techniques have been greatly developed,
especially some useful 2D pulse programs, such as multiple
quantum magic angle spinning (MQMAS),"®" heteronuclear
correlation (HETCOR),” heteronuclear multiple quantum
coherence (HMQC),”'™** and rotational echo double reso-
nance (REDOR),”* which provide easy access to the fine
structural information such as the number and multiplicity of
crystallographic inequivalents, proximities or connectivity
between neighbors, and internuclear distances.”>*° Therefore,
high-resolution solid-state NMR associated with diffraction
techniques is an extremely useful tool to describe the local
structure of solids at the atomic level. With this approach, the
assignment of complex NMR lines to crystallographical sites
could be effectively achieved. Also, the nonperiodic parts of
several fluorinated aluminophosphates were well de-
scribed.' %%

Aluminophosphate ULM-6 was first reported by Férey et al,
which was obtained as a minor impurity during the synthesis of
ULM-4 by using 1,3-diaminopropane as the SDA.** The
structure of ULM-6 was determined by single-crystal XRD
analysis. However, the physiochemical properties of the as-
made ULM-6 and its calcined form have never been studied
due to the lack of a pure phase. In this contribution, pure ULM-
6 is synthesized by an aminothermal approach,zg’ ® in which
triisopropanolamine (TIPA) is used as the solvent together
with the addition of propyleneurea and HF. A systematic
investigation on the physiochemical properties of ULM-6 is
therefore carried out. Because of the structural complexity of
the ULM-6, including four crystallographically distinct Al
atoms, four P atoms, and two F atoms, high-resolution g
3P MAS HETCOR NMR experiment, {*'P}*’Al HMQC NMR
experiment, '"F{*’Al}, and "F{*'P}, ¥Al{"°F}, and *'P{°F}
REDOR NMR experiments are performed to help the
assignment of the 27Al, 3P, and °F MAS NMR spectra and
proven to be effective for the structural analysis. Finally, the
transformation from ULM-6 to AIPO,-14 (AFN) upon
calcination is investigated by high-temperature powder XRD,
thermal analysis, and solid-state MAS NMR.

B EXPERIMENTAL SECTION

Synthesis. All chemicals were used directly without further
purification. Triisopropanolamine (TIPA, analytically pure) and
propyleneurea were purchased from Aladdin Chemical
Incorporation. Phosphoric acid (H3PO4, 85 wt %) and
hydrofluoric acid (HF, 40 wt %) were purchased from Tianjin
Kemiou Chemical Reagent Company. Silica sol (30.1 wt %)
was purchased from Shenyang Chemical Company, and
pseudoboehmite (72.5 wt %) was purchased from Fushun
Petroleum No. 3 Factory.

Typically, 15.3 g of TIPA solid was melted to liquid in a 50
°C water bath. Then 1.4 g of pseudoboehmite, deionized water,
and 1.0 g of propyleneurea were added into TIPA liquid with
stirring at room temperature for 30 min and then transferred
into a 50 mL Teflon-lined stainless steel autoclave. Sub-
sequently 2.3 g of phosphoric acid and a certain amount of
hydrofluoric acid were added into the mixture drop by drop
with stirring, and a homogeneous and viscous mixture was
obtained, following which the autoclave was sealed and placed
in an oven. After the autoclave was rotated at 50 rpm for 30
min to get a more homogeneous mixture, it was heated under
autogenous pressure at 200 °C under rotation and kept for 48
h. Crystallization was carried out under autogenic pressure with
stirring. After crystallization, the as-synthesized sample was
obtained after filtration, washing, and drying at 100 °C for 12 h.
Calcination was carried out at 550 °C for 4 h to remove organic
templates and fluorine atoms.

Analytical Methods. The powder XRD patterns were
recorded on a PANalytical X" Pert PRO X-ray diffractometer
with Cu K, radiation (4 = 1.5418 A), operating at 40 kV and 40
mA. For high-temperature XRD experiments, the diffractom-
eter was fitted with an XRK 900-basic cell, and the sample was
packed into an alumina sample holder. The sample was heated
to the desired temperature with a rate of 5 °C/min under air
atmosphere and allowed to equilibrate for 20 min before the
measurement. The chemical composition of the samples was
determined with a Philips Magix-601 X-ray fluorescence (XRF)
spectrometer. The crystal morphology was observed using a
field emission scanning electron microscope (Hitachi,
SU8020). All the solid state NMR experiments were performed
on a Bruker Avance III 600 spectrometer equipped with a 14.1
T wide-bore magnet. The resonance frequencies were 150.9,
156.4, 242.9, 119.2, and 564.6 MHz for 13C, ?7Al, 3'P, ?°Si, and
F, respectively. *C CP/MAS, Al and *P MAS NMR
experiments were performed on a 4 mm MAS probe with a
spinning rate of 12 kHz. *C CP/MAS NMR spectra were
recorded with a contact time of 3 ms and a recycle delay of 2 s.
Chemical shifts were referenced to adamantane with the upfield
methane peak at 29.5 ppm. YAl MAS NMR spectra were
recorded using one pulse sequence. 200 scans were
accumulated with a 7/8 pulse width of 0.75 us and a 2 s
recycle delay. Chemical shifts were referenced to (NH,)Al-
(SO,),' 12H,0 at —0.4 ppm. *P MAS NMR spectra were
recorded using high-power proton decoupling. 32 scans were
accumulated with a 7/4 pulse width of 2.25 us and a 10 s
recycle delay. Chemical shifts were referenced to 85% H;PO, at
0 ppm. The *Si MAS NMR spectrum was recorded with a 7
mm MAS probe with a spinning rate of 6 kHz using high-power
proton decoupling. 5000—6000 scans were accumulated with a
7/4 pulse width of 2.5 s and a 10 s recycle delay. Chemical
shifts were referenced to 4,4-dimethyl-4-silapentanesulfonate
sodium salt (DSS). "’F MAS NMR spectra were recorded on a
4 mm MAS probe using a spin echo pulse program with a
spinning rate of 13 kHz. 16 scans were accumulated with a 7/2
pulse width of 2.5 us and a 5 s recycle delay. Chemical shifts
were referenced to Na;AlF4 at —191 ppm. Two-dimensional
(2D) *’Al MQ MAS NMR experiments were performed on a 4
mm triple-channel MAS probe at a spinning speed of 13 kHz.
Al 3Q MAS NMR experiments were performed using a three-
pulse sequence incorporating a z-filter.”' An rf field of 83 kHz
was used for the creation (0Q— +3Q) and the first conversion
(£3Q — 0Q) pulses. An 1f field of 13 kHz was used for the last
conversion step (0Q— =+ 1Q), which was the central transition
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selective soft 90° pulse. A two-dimensional (2D) Fourier
transformation followed by a shearing transformation gave a
pure absorption mode 2D contour plot.*' ~** The second-order
quadrupolar effect (SOQE) and isotropic chemical shift (5,)
values were calculated according to the procedures in ref 31.
The 2D F — 3'P HETCOR NMR experiment is a technique
based on cross-polarization to probe the spatial connectivity.”’
The cross-polarization part of the sequence was carried out
with a 3'P 1f field of 87 kHz, an '°F 1f field of 100 kHz, and a
contact time of 3 ms. The spectra were acquired with 32 scans
for each of 128 experiments with t, increment of 38.46 us (i.e.,
using t; increments of 1/2u,). The recycle delay of 2 s resulted
in a total experimental time of 2.3 h. The REDOR experiment
is a rotor-synchronized double-resonance MAS technique
which involves two spin—echo experiments.”* The first one is
a normal spin—echo experiment on the observed spin nucleus.
In the second spin—echo experiment, a number of 180° pulses
are applied to another nucleus called dephasing nucleus. The
echo intensity of the second experiment will decrease due to
the nonzero average of dipolar coupling compared to the
normal echo without 180° dephasing pulses. So, the REDOR
difference spectrum provides a measure of dipolar coupling
which is related to the distance of the two nuclei The
BE{¥AL}, PF{*'P}, YAl{"F}, and *'P{"’F} REDOR experi-
ments were conducted with a 4 mm H/F-X double resonance
probe with the spinning rate of 10 kHz. The spectrometer
settings for the REDOR experiments for various spin pairs are
summarized in Table S1. The {*'P}*’Al HMQC NMR
experiment was performed on a 4 mm triple-channel MAS
probe at a spinning speed of 13 kHz. The spectra were acquired
with 1024 scans for each of 128 experiments incrementing t,
synchronously with the spinning rate (ie., using t; increments
of 1/v,) and a recycle delay of 2 s.

N, adsorption—desorption isotherms were obtained on a
Micrometrics ASAP 2020 system at 77 K. The total surface area
was calculated based on the BET equation. The micropore
volume and micropore surface area were evaluated using the t-
plot method. The thermal analysis was performed on a TAQ-
600 analyzer with a temperature-programmed rate of 10 °C/
min under an air flow of 100 mL/min. Adsorption isotherms of
N,, CH,, and CO, on the ULM-6 were measured with a
Gemini II apparatus at 25 °C and pressured up to 1 bar. The
adsorption temperature was controlled by using a Dewar bottle
with a circulating jacket connected to a thermostatic bath
utilizing water as the coolant. Before analysis, the sample was
degassed under vacuum at 350 °C for 6 h. The free space of the
tube was determined with helium gas. Ultrahigh purity N,,
CH,, and CO, were used for all adsorption experiments.

B RESULTS AND DISCUSSION

1. Synthesis and Characterization of ULM-6. The
syntheses are carried out by using propyleneurea as a potential
SDA under HF-assisted aminothermal conditions with TIPA as
the solvent. The initial gel molar composition is 8.0 TIPA:1.0
AL, 05:1.0 P,04:1.0 propyleneurea:2.0 HF:15 H,O (200 °C, 48
h). The XRD pattern of the product shows that the diffraction
peaks arise from a mixture of ULM-6 and dense phase
identified as aluminum hydrogen fluoride phosphate species
(Al(H,PO,),F) (sample 1, Figure 1b). Further optimized
experiments indicate that adding a small amount of silica source
(Si0,/ALO; = 0.4) to the synthetic mixture could help to
achieve the pure ULM-6 phase (sample 2, Figure 1lc). The
phenomenon is similar to the crystallization of pure STA-15

Figure 1. XRD patterns of ULM-6 simulated based on the single-
crystal data (a), as-synthesized samples 1 (b), 2 (c), 3 (d), and 4 (e).
The peaks labeled by stars in the figure arise from impure phases.

reported previously,” in which the effect of silica was to reduce
the nucleation rate of (Si)APO-S impurity relative to that of
STA-15, but the Si atoms did not participate in the framework
formation of STA-15. The XRD peak positions of the as-
synthesized sample 2 are in well agreement with the simulated
pattern of ULM-6 derived from the single-crystal structural data
(Figure 1a),”® although the relative intensity of some peaks
shows a little difference, suggesting the pure phase of the
sample. It is noted that the reaction yield of sample 2 is very
high (>90%), which is much higher than that in the previous
report (<10%).*® Moreover, the HF concentration in the
system is found to be critical to the successful synthesis of pure
ULM-6. When the HF/AL,O; ratio is lowered to 1, a small
amount of dense phase with hexagonal lamellar morphology
would coexist in the product (sample 3, Figure 1d). Increasing
the HF/AL, O, ratio to 4 leads to the formation of an unknown
phase rather than ULM-6 (sample 4, Figure le).

Sample 2 is selected for the further characterization. The
SEM image (Figure 2a) reveals that the ULM-6 crystals have
similar and irregular multifaceted morphology with crystal size
of about 10—50 pm without any impure phase. XRF analysis
reveals an Al/P ratio of 1:1 with very low silica content (~2 wt
%) in the ULM-6 product. Because the *Si spectrum of sample
2 (Figure S1) only gives one weak resonance at —110 ppm,
likely arising from amorphous silica, it is inferred that Si atoms
are not involved in the framework formation of ULM-6.
Notably, the structure of ULM-6 is not stable, which changes to
AIPO,-14 molecular sieve upon calcination at 550 °C for 4 h
(Figure 2b). This phase transformation process from ULM-6 to
AIPO,-14 will be investigated in detail in the third part. The
porosity of the calcined ULM-6 is evaluated by a N,
adsorption—desorption experiment and displayed in Figure
2¢. According to the IUPAC classification, the isotherms belong
to typical type 1. The micropore volume and BET surface area
are, respectively, calculated to be 0.12 cm’/g and 244 m’/g.
The BET surface area is relatively larger than that of the
reported AIPO,-14,>° which might be attributed to the different
synthetic strategies.”” The '*C CP/MAS NMR spectrum is
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Figure 2. SEM image of calcined ULM-6 (a), XRD patterns (b), N,
adsorption—desorption isotherms of calcined ULM-6 (c), and *C
CP/MAS NMR spectrum of as-synthesized ULM-6 (d).

determined to detect the organic species occluded in the ULM-
6 crystals and shown in Figure 2d. In principle, the
propyleneurea molecule, containing three carbon species with
two different methylenes and one carbonyl, is expected to give
three resonances at 25, 40, and 160 ppm in the *C spectrum.
However, only two symmetric peaks centered at 25.8 and 36.7
ppm appear in the spectrum, indicating that propyleneurea
molecules are not incorporated into the final crystals. In
addition, the *C CP/MAS NMR experiments with different
contact time from 3 to 8 ms and the liquid *C NMR
experiment of the as-synthesized ULM-6 dissolved by HF
solution are further performed (Figure S2). In all spectra, no
signal at 160 ppm but two signals at 25.8 and 36.7 ppm were
observed, confirming the nonexistence of propyleneurea in
ULM-6. These two peaks are in well agreement with the *C
spectrum of 1,3-diaminopropane, the decomposer of propyle-
neurea, suggesting that the real SDA for the crystallization of
ULM-6 is the same as that previously reported for ULM-6. It
should be mentioned that ULM-6 could not be obtained as a
pure form if 1,3-diaminopropane instead of propyleneurea is
directly employed for the present synthesis.

2. NMR Results of the Framework Atoms and
Assignment. The structure of ULM-6 is composed by three
types of building units, as presented in Figure 3a, which are
constructed from the alternation of PO, tetrahedra, AI0,X (X
= F or H,0) trigonal bipyramids, and AlO,F, octahedra.”® The
type I and type III are connected to each other by sharing
common corners forming infinite sheets along the [001]
direction, and the layers are further linked by isolated type II
forming a 3-D open framework (Figure 3b). Each asymmetric
unit of ULM-6 contains four crystallographically distinct Al and
P atoms. The multiplicity of each Al and P atoms is 1. Al(1)
and Al(4) are octahedrally coordinated by four O atoms and
two F atoms, respectively. Al(2) is five coordinated by four O
atoms and one H,O molecule, and Al(3) also has a five
coordination by four O atoms and one F atom. For fluoride,
there exist two inequivalent F species. F(1) is shared by two
Al(1) and one Al(3) atoms, while F(2) is connected to two
Al(4).®

The "F, *7Al, and *'P MAS NMR spectra of the samples are
displayed in Figure 4. It should be mentioned that only the

Figure 3. (a) Representation of the building units type I (left), type I
(middle), and type III (right) in ULM-6, on which atoms are labeled.
(b) Projection of the structures in the (a, c) plane, showing the
alternate stacking of the polyhedron type I (light green), type III
(pink), and ball-and-stick type II (yellow). The pores are filled with

the amine molecules.

NMR spectra of the as-synthesized sample are measured at the
initial investigation (Figure 4a, a/, and a”), but an extremely
complex 3'P spectrum is observed, which comprises at least 8
signals, obviously larger than the four crystallographically
distinct P species. Given that the *'P NMR resonance is very
sensitive to the surrounding environments (F, OH, or
H,0),'%”™* the change of H,O configuration/coordination
to neighboring aluminum for a particular phosphorus atom of
the framework gives rise to the splitting or shift of the *'P
resonance’’ and thus complicated the NMR spectra. Vacuum-
dehydration treatment at the temperature of 230 °C, under
which F—Al bonds and organic amines in the crystals are well
kept (see more details in the third part), is further performed to
eliminate the possible water effect on the atomic environments
and simplify the spectra (Figure 4b, b’, and b”).

The ""F MAS NMR spectra shown in Figure 4b give two
main resonances with an integrated ratio of 1/1, which should
correspond to the two F species Al;(¢5-F1) and Al-(u,-F2),-AL
Actually, each resonance contains two components in the
spectra of both the as-synthesized and dehydrated samples,
suggesting the occurrence of different local chemical environ-
ments of these F atoms. The phenomenon may be caused by
the disorder of F atoms among different crystals or the partial
substitution of F by OH.'” REDOR NMR was originally
developed to measure heteronuclear dipolar coupling and
provides internuclear distance information. In principle, the
REDOR eftect is related to the distance between the nuclei and
the number of the dephasing nucleus. That is, the shorter
distance and more dephasing nuclei will result in stronger
REDOR effect. The "F{*’Al} (Figure 5a) and "F{*'P} (Figure
Sb) REDOR experiments are thus carried out to help the
assignment of the two '’F resonances. As shown in the
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Figure 4. 'F, Al and *'P MAS NMR spectra of the as-synthesized
(a, @/, and a”) and vacuum-dehydrated (b, b’, and b”) ULM-6. The
peaks labeled with * are due to the spinning side bands. All spectra
were fitted using Dmfit.*®

E{*’Al} spectrum, the peak at —113 ppm has a much stronger
REDOR effect than the peak at —121 ppm. According to the
atomic distances for ULM-6 (Table S3), the shortest F(1)—Al
distance (rg;)_a) = 1.95 A) is close to that of F(2)-Al
(*e(2)-a14) = 1.89 A), but the number of Al atoms around F(1)
is larger than around F(2). We thus assign the signal at —113
ppm to F(1) and the signal at —121 ppm to F(2). The "F{*'P}
REDOR experimental results further confirm the assignment.

The peak at —113 ppm with stronger REDOR effect is in good
consistence with the shorter distance between the F(1) and P
atom.

The *’Al MAS NMR spectrum of the as-synthesized sample
is more complicated than expected (Figure 4b’), which presents
at least three weak signals at 10—40 ppm and two strong signals
at —1 and —S ppm. After dehydration at 230 °C, the *’Al MAS
NMR spectrum changes remarkably and shows four peaks at
45, 20, —1, and —7 ppm, which could be ascribed to tetra-,
penta-, and hexa-coordinated Al sites, respectively. The 2D MQ_
MAS technique can effectively eliminate the second-order
quadrupolar interaction experienced by half-integer quadrupo-
lar nuclei and therefore narrow asymmetric line shapes
considerably.'®'? The Al triple quantum MAS (3QMAS)
NMR spectra of the as-synthesized and dehydrated ULM-6 are
shown in Figures S3 and S4, respectively, and the detailed
information on quadrupolar interaction parameters is shown in
Table S2. The isotropic dimension (F1) displays at least six
signals for the as-synthesized ULM-6 (Figure S3). After
dehydration, the signals at the F1 dimension are reduced to
four (Figure S4), which can be attributed to the reduction of
the coordination of water. The dehydrated ULM-6 structure
contains one tetra-, one penta-, and two hexa-coordinated Al
sites. Figure Sc displays the ’Al{'’F} REDOR NMR results of
the dehydrated sample. Clearly, the REDOR effect between the
Al site at 45 ppm and F atoms is the weakest. It is thus inferred
that the tetra-coordinated Al species at 45 ppm arises from the
dehydration of penta-coordinated Al(2), which possesses one
coordination with a water molecule and has the longest
distance from F atoms. Also, the Al species at 20 ppm can be
easily ascribed to penta-coordinated Al(3). Regarding the
remaining two hexa-coordinated Al, both of them show
stronger REDOR effect, especially for the Al species at —7
ppm. Given that the shortest two bonds of Al(1)—F(1) are 1.95
and 1.96 A and of Al(4)—F(2) are 1.89 and 1.90 A (Table S2),
the peaks at —1 and —7 ppm are assigned to Al(1) and Al(4),
respectively.

The 3'P MAS NMR spectrum of the dehydrated sample
shows an obvious simplification as compared to that of the as-
synthesized sample (Figure 4b”). Four apparent resonances at
—8, —11, —20, and —23 ppm are observed, possibly
corresponding to the four unequivalent crystallographic P
sites. The *'P{'’F} REDOR spectra of the dehydrated sample
are illustrated in Figure 5d. Based on the atomic distances for
ULM-6 (Table S3), the proximity of the P and F atoms
(considering both the distance and number) has an order of
P(1)-F > P(2)-F > P(3)-F > P(4)-F. Because this sequence is
in line with the order of *'P{'’F} REDOR effect, the peaks at
—20 and —23 ppm with relatively weaker REDOR effect can be
thus assigned to P(3) and P(4), respectively. However, it is
somewhat difficult to make an unambiguous assignment of
P(1) and P(2). Moreover, the relative percentage of the four
peaks is very different from the multiplicity of P species
resolved by the single-crystal XRD analysis (1/1/1/1). It is
inferred that the strongest peak at —11 ppm may contain the
contribution of both P(1) and P(2). F — 3'P HETCOR, a
useful technique to detect the connectivity information
between P and F atoms, is therefore measured and shown in
Figure 6. The peak at —8 ppm in the *'P dimension presents a
stronger cross peak to F(2) than to F(1), and the peak at —11
ppm shows intense correlation to both F(1) and F(2).
Considering the shorter distances of P(2)—F(1) and P(1)—
F(2) than P(2)—F(2) and P(1)—F(1), it seems reasonable to
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Figure 5. (a) F{¥Al}, (b) “F{*'P}, (c) *Al{’F}, and (d) *'P{"’F} REDOR NMR spectra for vacuum-dehydrated ULM-6.

Figure 6. PE - 3'p HETCOR NMR correlation spectrum for
vacuum-dehydrated ULM-6.

ascribe the peak at —8 ppm to P(1) and the peak at —11 ppm
to P(2) plus P(1). In addition, a weak correlation between the
'F resonance at —116 ppm and the *'P site at —9 ppm can be
discerned, suggesting that the strong 3lp signal around —11
ppm consists of three P species, that is, two P(2) species and
one P(1) species. It is supposed that inhomogeneous F
environments exert influence on the sensitive P nucleus and
induce the splitting of P(1) and P(2) (having the most
proximity to F atoms) in the *'P spectrum. The deconvolution
analysis shows that the shift of splitting peak for P(1) is larger
than P(2). The result is consistent with the crystallographic
data (Table S3) that P(1) is affected by both F(1) and F(2),
while P(2) is only affected by F(1). Indeed, the resonance of
P(3) species at —20 ppm is also affected slightly as inferred
from its asymmetric shape shown in Figure 4. However, the

shift of the splitting peak for P(3) is smaller than P(1) and P(2)
due to its longer distance with the F atoms.

The assignment of the *'P peaks is further verified by the
{*'P}*’ Al HMQC NMR spectrum (Figure 7). According to the

Figure 7. {*'P}*’Al HMQC NMR spectrum for vacuum-dehydrated
ULM-6.

Al-O—P connectivity information on the ULM-6 crystal
structure (Table S4), P(1) is connected to one Al(1), one
Al(3), and two Al(4), while P(2) is connected to two Al(1),
one Al(2), and one Al(3). The absence of a cross signal
between the *'P peak at —8 ppm and Al(2) in Figure 7 implies
that this peak originates from P(1) species. Also, the strong
correlation between the *'P peak at —11 ppm and four Al
species (Al(1), Al(2), Al(3), and Al(4)) confirms the
cocontribution of P(1) and P(2) to this *'P signal. The
cross-peak information on other P and Al atoms is also
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consistent with the Al-O—P connectivities based on its
crystallographic data.

Theoretical calculations of 3'P, ?’Al, and '°F chemical shifts
for the dehydrated sample have been applied to provide further
support on the assignment of these atoms (see Supportin
Information for details of the NMR calculation model).***
The optimized parameters and structure are shown in Table S4
and Figure SS, respectively. The calculated *'P and "°F chemical
shifts are basically in consistence with the experimental results
except no splitting of P sites. It is reasonable considering that
only two local environments for F atoms are considered in the
structural model for calculations. However, the calculated Al
chemical shifts are apparently different from experimental ones,
though both of them show a similar trend. This should result
from the strong quadrupole interaction of Al atoms.

3. Phase Transformation. The framework compositions of
ULM-6 and calcined AIPO,-14 molecular sieve are AL,P,OF,
and ALP,O respectively.”* Both of them have a PT space
group but with different unit cell parameters. The former is a =
9.56,b=9.77, c = 1047, a = 68.37°, # = 80.51°, and y = 89.51°,
and the latter is a = 9.70, b = 9.74, ¢ = 10.20, @ = 77.81°, f} =
77.50° and y = 87.69°. Figure 8 illustrates the structures of

Figure 8. Views of (a) the structure of ULM-6 and (b) calcined
AIPO,-14 along [100], showing the 8-ring channels. The template and
water molecules in the ULM-6 structure have been omitted for clarity.

ULM-6 and calcined AIPO,-14 along the 8-ring channels.
Clearly, ULM-6 has the same aluminophosphate framework as
AIPO,-14. Given that the conventionally as-synthesized AIPO,-
14 contains structural hydroxide ions (Al;(u5-OH) unit),** it
is thus not very unexpected to find its fluorinated structural
form. However, the structure of ULM-6 is more distorted as
compared to the conventionally as-synthesized AIPO,-14
because of the coexistence of both Aly(y;-F1) and (Al-(u,-
F2),-Al bridges.

Figure 9 displays the in situ high-temperature powder XRD
of the as-synthesized ULM-6 upon heating from room

Figure 9. In situ high-temperature powder XRD data of ULM-6.

temperature to 580 °C, which reveals that the phase conversion
occurs in a very narrow temperature range of 330 and 360 °C.
Thermal analysis is further employed to investigate the sample
change on heating. As shown in Figure 10, the weight loss (3.4

Figure 10. TG (solid line)—DSC (dash line) curves of the as-
synthesized ULM-6.

wt %) in stage I with an endothermal process is in agreement
with the theoretical water content (2.9 wt %) in ULM-6
crystals. Such a difficult dehydration from ULM-6 is due to the
strong interactions of the occluded water molecules with
framework Al (Al(2)—O,y bond length is 2.176 A). Afterward, a
sharp weight loss of 16.7 wt % with strongly endothermal
process appears in a temperature window of 370—425 °C
(stage 1), which could be attributed to defluorination
(theoretical value of 6.2 wt %) accompanied by the oxidation
decomposition of the template. It is supposed that this
defluorination process corresponds to the structure change.
The high-temperature shift of the phase transformation in
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thermal analysis as compared to the high-temperature powder
XRD is likely due to the different heating procedures between
the two experiments. The weight loss at temperatures higher
than 425 °C (stage III) is ascribed to the further removal of
organic residues. The whole weight loss of fluorine atoms and
template is 19.4 wt %, which is consistent with the theoretical
value of 18.4 wt %.

Solid-state MAS NMR spectra are determined to follow the
local atomic environments of the samples during the phase
transformation. Figure 11 displays the '"F spectra of the as-

Figure 11. "’F MAS NMR spectra of ULM-6s heated in an oven at
different temperatures for 3 h. The peaks labeled with * are due to the
spinning side bands.

synthesized ULM-6 and its calcined products after heating in an
oven at 330, 340, 350, and 600 °C for 3 h. An obvious drop in
the intensity of the '’F resonances is observed for the sample
calcined at 340 °C, which suggests a large weight loss of
fluorine. The corresponding XRD pattern shown in Figure S6 is
comparable to the high-temperature XRD pattern of the 340
°C sample, which confirms that the phase conversion results
from the breaking of fluorine bridges and its subsequent
removal. The simultaneous decrease of the two '°F resonances
upon heating implies that both fluorine species possess similar
thermal stability. After being calcined at 600 °C, no peaks can
be discerned, indicating the complete removal of fluorine from
the ULM-6 framework. The *’Al and *'P spectra of the samples
are shown in Figure S7. With the increasing calcination
temperature, accompanied by the gradual dehydration and
defluorination, the penta- and hexa-coordinated Al species turn
into four-coordinated Al with broad resonances centered
around 40 ppm. The Al 3QMAS NMR spectrum of the
calcined ULM-6 (Figure S8) further reveals that there exist four
peaks in the F1 dimension which are attributed to tetra-
coordinated Al sites and agree well with the crystal structure of
calcined ULM-6. For the 3'P spectra, three distinct peaks
centered at —21.7, —27.2, and —31.9 ppm, which are
characteristic of tetrahedral phosphorus, become evident
following the increase of calcination temperature, whereas the
signals from the as-synthesized and dehydrated ULM-6 show a
gradual decrease. Only the three new tetrahedral P signals could
be observed in the spectrum of the fully calcined sample.
Basically, the *’Al and *'P spectra of the high-temperature
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calcined sample are in good agreement with those of the
calcined AIPO,-14 reported in the literature.**

4, Adsorption. The AIPO molecular sieves have been
demonstrated to be useful materials for the separation
process.”” The pure CO,, CH,, and N, adsorption on calcined
ULM-6 at 25 °C are investigated, and the results are shown in
Figure 12. Clearly, the uptake of CO, on adsorbent reaches up

Figure 12. Gas adsorption isotherms of CO, (blue upward triangle),
CH, (green circle), and N, (black diamond) on calcined ULM-6 at 25
°C.

to 1.89 mmol/g at 25 °C at 101 kPa, which is much higher than
that of CH,, (0.122 mmol/g) and N, (0.065 mmol/g), yielding
the selectivity for CO, over CH, and N, to be 15.5 and 29.1,
respectively.

Though the CO, adsorption amount on calcined ULM-6 is
comparable to that reported on AIPO,-14, the CO,/CH,
selectivity is about 2.4 times higher.”® It should be mentioned
that the CO,/CH, selectivity at 101 kPa under the present
study is also higher than some conventional zeolites such as
LTA (42-10.9, 30 °C), 13X (7.6—11.6, 25 °C), SAPO-34 (9.2,
25 °C), pure silica DD3R (3.2, 25 °C), MFI (2.4—2.7, 31—40
°C), and H-Beta (4.7, 30 °C).*

B CONCLUSIONS

Fluorinated aluminophosphate ULM-6 has been synthesized
under HF-assisted aminothermal conditions by using TIPA as
the solvent. The addition of silica in the synthetic system is
found to facilitate the synthesis of pure ULM-6, though SiO, is
not incorporated into the framework. The real SDA for the
crystallizaiton of ULM-6 revealed by BC NMR is 1,3-
diaminopropane, the in situ decomposer of propyleneurea.
The local environments of P and Al atoms in ULM-6 crystals
are sensitive to the existence of water molecules. Various high-
resolution 1D (°F, 3'P, ’Al) and 2D F — 3'P HETCOR,
{*'P}¥’Al HMQC NMR, and REDOR (“F{¥Al}, F{3'P},
YAI{*F}, *P{"F}) NMR experiments have been conducted
based on the dehydrated ULM-6, which allow a full assignment
of ¥F, 3P, and *’Al resonances to the corresponding
crystallographic sites. These results also demonstrate that
multinuclear solid-state NMR could provide a powerful means
to understand the complex structures of microporous solids and
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aid spectral interpretation and assignment. In addition, it is
found that the structure of ULM-6 is closely related to that of
the AIPO,-14 molecular sieve. High-temperature powder XRD
reveals that ULM-6 transforms to AIPO,-14 on heating at
around 330—360 °C. Combining the '’F NMR and thermal
analysis results, it is concluded that the removal of fluorine
atoms is responsible for the phase transformation. The calcined
ULM-6 exhibits favorable CO,/CH, and CO,/N, selectivities,
suggesting its potential application for the removal of CO, from
natural gas or flue gas.
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