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ABSTRACT: By applying analysis of multiple solid-state MAS NMR spectra, the atomic
coordination environment and acidity of a novel SAPO-type molecular sieve, DNL-6, are
studied. A1 MQ-MAS NMR and *'P—*Al MQ-HETCOR NMR spectra reveal the
existence of a Si—Al—Si region with Al(OSi), (n = 1—4) species in the framework of
DNL-6, explaining well the high concentration of single Si(OAl), species (3 mmol/g)
accommodated in the sample. >C MAS NMR of 2-"*C-acetone adsorption indicates that
there exist two kinds of strong Brensted acid sites in DNL-6. One of them has similar
strength as those in HZSM-S and the other is even stronger, which is unusual in SAPO-
type molecular sieves. Also, a discrepancy in Brensted acid concentration between the
theoretical and 'H NMR experimental results has been found, revealing the occurrence of
a dehydoxylation process during the calcination. The origin of the extremely strong
Bronsted acid sites in DNL-6 is investigated by density functional theory calculations,
which suggest that the dehydroxylation process may lead to a local structure deformation
and remarkably enhance the Bronsted acidity. More importantly, DNL-6 exhibits excellent
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catalytic activity in the synthesis of methylamines due to its stronger acidity.

1. INTRODUCTION

Aluminophosphate (AIPO) molecular sieves and their deriva-
tives have received considerable attention owing to their struc-
tural and compositional diversity."”> Unlike aluminosilicate
zeolites, the AIPO frameworks are neutral and do not exhibit
intrinsic acidity. The introduction of Si atoms into the AIPO
framework, resulting in the so-called SAPO materials, leads to a
negatively charged framework and generates Bronsted acidity,
which helps them find practical applications in adsorption and
catalysis fields.*~” So far, many efforts have been devoted to the
understanding of the correlation between ac1d1ty and frame-
work atom arrangement of SAPO molecular sieves,*'? besides
the extensive studies on the construction of hierarchical poros-
ity.3 716 It is recognized that both the Si coordination environ-
ment and Si distribution, which may vary with the structures
and the Si content, have important effects on the properties of
Bronsted acid sites.”'® The Bronsted acidity at the border of Si
islands in SAPO materials is generally believed to be stronger
than that of the Si(OAl), environment.'”'® However, up to now,
all the investigated SAPO molecular sieves exhibit relatively
milder acidity as compared with zeolites,'” though a small
amount of strong acid sites close to the zeolitic strength may
exist, as has been identified in the acidity study of SAPO-34.>
DNL-6, reported by our laboratory recently, is a novel three-
dimensional 8-ring SAPO molecular sieve with RHO topology
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possessing large Ita cages.”"** Several synthesis strategies, such
as CTAB-assisted hydrothermal synthesis, a phase transition
method from SAPO-S precursor, aminothermal synthesis, and
hydrothermal synthesis by using SAPO dry gel as a precursor,
have been successfully developed to synthesize DNL-6
molecular sieve with different Si content and coordination
environments.”>">* One interesting character of DNL-6 is that
it can accommodate high concentrations of single Si(OAl),
species, which is unusual in SAPO molecular sieves and
possibly relates to the large numbers of diethylamine templates
confined in the Ita cage of DNL-6. On the basis of the DNL-6
catalyst, heptamethylbenzenium cation (heptaMB*), one of the
most important active intermediates in the methanol to olefins
(MTO) reaction, has been stabilized and captured for the
first time under the real working conditions.”> Given the high
reactivity of carbenium ions, the stable existence of heptaMB*
suggested the specially acidic character of DNL-6, which is not
fully understood yet. We are now choosing one of the above-
mentioned DNL-6 samples, which contains a high concen-
tration of nearly single Si(OAl), species with a Si atom fraction
of 0.182 (3 mmol/g), for further acidity study.
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Solid-state NMR has been demonstrated to be a well-
established technique for the characterization of zeolite and
related materials with respect to structure elucidation, acidity
properties, and catalytic behavior.>*"*® Herein, multiple NMR
experiments including one-dimensional i, ¥7Al, and 3'P
NMR; two-dimensional (2D) *’Al multiple quantum magic
angle spinning (MQ-MAS) NMR; and *'P—?’Al multiple
quantum heteronuclear correlation (MQ-HETCOR) NMR are
carried out to study the local atomic environments in DNL-6.
The acidity of DNL-6 is evaluated by "H MAS NMR and "*C
MAS NMR of 2-3C-acetone adsorption and the temperature-
programmed desorption of ammonia (NH;-TPD). Density
functional theory (DFT) calculations are also employed to help
to understand the relationship between the local structure and
the acidity. In addition, methanol amination has been employed
as the probe reaction to investigate how strong the acidity of
DNL-6 can affect the catalytic activity.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The synthesis procedure of
DNL-6 follows a method described in our previous work.”*
In a typical synthesis, an initial gel with a molar composition of
1.0:1.0:0.3:25 Al:P:Si:H,0O was prepared by mixing pseudo-
boehmite (70.5 wt %), water, phosphoric acid (85 wt %), and
silica sol (27.5 wt %) in sequence. The mixture was stirred for
2 h and further milled for 15 min to get a homogeneous gel.
Silicoaluminophosphate dry gel was obtained by the spray-
drying process. Twenty grams of the resulting silicoalumino-
phosphate powder was ground into powder and added into a
solution consisting of 13 g of diethylamine (DEA) and 24 g of
water. The final mixture was sealed into a stainless steel auto-
clave and heated to 195 °C under rotation for 9 h. The ratios of
the gel composition were 1.2:1.0:1.0:0.3:9.3 DEA:AL:P:Si:H,0
(in moles). As-synthesized products were recovered by filtra-
tion, washed with deionized water, and dried at 100 °C over-
night, followed by calcination at 600 °C for 3 h to remove the
organic species for further characterizations.

SAPO-34 [(Al + P)/Si = 8.09] was hydrothermally syn-
thesized using DEA as a template at 200 °C for 48 h. The
detailed synthesis procedure has been reported in our previous
work.”® H-ZSM-5 (Si/Al = 25) was purchased as a commercial
product from Tian Chuan Co.

2.2. Catalyst Characterization. Powder X-ray diffraction
(PXRD) patterns were recorded on a PANalytical X'Pert
PRO X-ray diffractometer equipped with Cu Ka radiation
(1 =10.154 18 nm, 40 kV, 40 mA). The chemical composition of
the solid samples was determined with a Philips Magix-601
X-ray fluorescence (XRF) spectrometer. Scanning electron
microscopy (SEM) images were obtained on a KYKY-AMRAY-
1000B electron microscope at 20 kV.

The NH;-TPD (temperature-programmed desorption)
experiments were measured on an automated characterization
system (Autochem 2920, Micromeritics) with a TCD detector.
About 0.1 g of calcined sample was compressed into pellets
(40—60 mesh) and packed into a U-tube reactor. The packed
column was initially purged with a He flow and heated to
350 °C for activation. After the pretreatment, the sample was
cooled to 100 °C and saturated with ammonia. Physically
adsorbed ammonia was swept by purging a He flow of 40 mL
min~" for 30 min. Finally, the packed bed was heated at a rate
of 10 °C min™" to 600 °C under the He flow.

All the solid-state NMR experiments were performed on a
Bruker Avance III 600 spectrometer equipped with a 14.1 tesla
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wide-bore magnet. The resonance frequencies were 156.4,
242.9, 119.2, and 600.13 MHz for *’Al, 3P, #Si, and 'H,
respectively. *’Al and *'P MAS NMR experiments were per-
formed on a 4 mm MAS probe with a spinning rate of 12 kHz.
Al MAS NMR spectra were recorded using one pulse
sequence, and 200 scans were accumulated with a 7/8 pulse
width of 0.75 ps and a 2 s recycle delay. Chemical shifts
were referenced to (NH,)AI(SO,),-12H,0 at —0.4 ppm. >'P
MAS NMR spectra were recorded using high-power proton
decoupling, and 100 scans were accumulated with a /4 pulse
width of 2.25 ps and a 4 s recycle delay. Chemical shifts were
referenced to 85% H,PO, at 0 ppm. *’Si MAS NMR spectra
were recorded with a 4 mm MAS probe with a spinning rate of
10 kHz using high-power proton decoupling, and 4096 scans
were accumulated with a 7/4 pulse width of 2.5 ys and a 10 s
recycle delay. Chemical shifts were referenced to 4,4-dimethyl-
4-silapentanesulfonate sodium salt (DSS). Before the 'H MAS
NMR experiment, the calcined samples were dehydrated
typically at 420 °C and a pressure below 107 Pa for 20 h.
"H MAS NMR spectra were recorded with a 4 mm MAS probe.
The pulse width was 2.2 us for a 7/4 pulse, and 32 scans were
accumulated with a 10 s recycle delay. Samples were spun at
12 kHz, and chemical shifts were referenced to adamantane at
1.74 ppm. For the determination of quantitative results, all
samples were weighted, and the spectra were calibrated by mea-
suring a known amount of admantane under the same conditions.

Two dimension (2D) 2’Al MQ-MAS and 2*Al-3'P
MQ-MAS HETCOR 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.® A rf field of 83 kHz
was used for the creation (0Q — +3Q) and the first conversion
(£3Q — 0Q) pulses. A 1f field of 13 kHz was used for the last
conversion step (0Q — +1Q), which was the central transition
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 30.
The 2D YAl-*'P MQ-MAS HETCOR NMR spectra were
acquired using the sequence similar to that in ref 33. The
preliminary triple-quantum excitation and conversion in the
*7Al-*'P MQ-MAS HETCOR sequence were achieved with an
if field of 83 kHz, corresponding to pulse lengths of 5.2 and
1.7 us, respectively. The cross-polarization part of the sequence
was carried out with a 3'P tf field of 21 kHz, an *’Al 1f field of
9 kHz, and a contact time of 3 ms. The spectra were acquired
with 4800 scans for each of 128 experiments incrementing t;.
The recycle delay of 0.2 s resulted in a total experimental time
of 34.1 h.

2-3C-acetone (Cambridge Isotopes) was used to measure
the acidity of the catalysts. Prior to the 2-'*C-acetone adsorp-
tion and NMR experiments, about 0.1 g of catalyst was
dehydrated at 420 °C for 15 h in a vacuum (<1 X 1072 Pa).
Acetone was adsorbed sufficiently on the sample at room tem-
perature, and then the overloaded acetone was degassed at
40 °C for 10 min. The sample was transferred into a NMR
rotor inside a glovebox under an atmosphere of nitrogen for
13C MAS NMR measurement.

2.3. Theoretical Calculations. In order to accurately ob-
tain the proton affinity of Brensted acid sites inside the DNL-6
pores, one lta cage with AIPO composition (RHO structure)
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containing 48 T atoms was taken into account by the periodic
DEFT calculations. During the structure optimization, the GGA-
PBE functionals®* have been considered in the spin-restricted
Kohn—Sham computations with the double numerical basis set
plus polarization functions (DNP) implemented in DMol3
program. The overall quality for the DMol3 calculation was set
to fine, and the convergence criteria for energy, force, and
displacement were 1 X 107> hartree, 2 X 107> hartree/A, and
S X 107 A, respectively. In addition, a default fine atomic
orbital cutoff (4.8 A) and a default fine level Monkhorst—Pack
k point grid (2 X 2 X 2) in the Dmol3 package were adopted.

2.4, Catalytic Reaction. The methanol amination reaction
was carried out in a fixed-bed reactor at atmospheric pressure. A
1.0 g portion of the sample (40—60 mesh) was loaded into the
reactor and dehydrated in He (47 mL/min) at 500 °C for 1 h
prior to the reaction. The temperature of the catalyst bed was
then reduced to 300 °C in He. A NHj flow of 25.6 mL/min
was fed into the reactor by mass flow controller. Methanol
was introduced into the system by passing He (47 mL/min)
through a methanol-filled saturator (30 °C), which resulted in a
weight-hourly space velocity (WHSV) of 1 h™' and methanol/
ammonia = 1 (in mole). The products were analyzed on line by
an Agilent 6890 gas chromatograph with a FID detector using
a CP-Volamine column.

3. RESULTS AND DISCUSSION

3.1. Atomic Coordination Environment of DNL-6. The
XRD and SEM results of DNL-6 are shown in Figure S1
(Supporting Information), which demonstrate that the
obtained sample possesses pure crystalline phase with RHO
structure. XRF analysis reveals that the element composition of
DNL-6 is Sig5,Al.490P032505-

The *Si, *Al, and *'P MAS NMR spectra of DNL-6 are
given in Figure 1. From *Al and *'P MAS NMR spectra of
calcined DNL-6, only one symmetric resonance can be ob-
served, showing that all the T atoms of DNL-6 are tetrahedrally
connected. *Si MAS NMR spectrum of as-made DNL-6 shows
only one peak at —92 ppm, which can be assigned to a Si(OAl),
environment.>® After calcination, the 2°Si resonance becomes
broadened and there appears a minor peak at —110 ppm, which
means a very small amount of siliceous islands may form in the
calcined DNL-6.>® However, the specific information about the
distribution of Si atoms and the connectivity of Al and P atoms
still remains unclear. The 2D MQ-MAS technique can
effectively eliminate the second-order quadrupolar interaction
experienced by half-integer quadrupolar nuclei and therefore
narrow asymmetric line shapes considerably.”** The triple
quantum MAS (3Q-MAS) spectrum of DNL-6 after calcination
is shown in Figure 2. The isotropic (F1) dimension displays
unambiguously three peaks at 41, 48, and 53 ppm, which can be
ascribed to tetrahedrally coordinated framework Al with
second-order quadrupolar effect (SOQE) values of 2.8, 5.1,
and 6.2 MHz and isotropic chemical shifts of 40, 44 and 47,
respectively. Theoretical calculations have demonstrated that
the SOQE values and chemical shifts will increase with the
introduction of Si atoms.> Therefore, the three tetrahedrally
coordinated Al species are preliminarily attributed to Al-
(OSl)n(OP)(4—n) (n =0, 1)) AI(OSI)n(OP)(4—n) (Vl =2, 3)) and
Al(OSi),, respectively. To confirm the assignments and obtain
the information on the connectivity between P and Al atoms,
HETCOR technique via a dipolar interaction can be
considered.® Only those phosphorus nuclei that are in close
proximity to aluminum nucleus can be detected in *’Al—*'P
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Figure 1. ®Si MAS NMR (a), Al MAS NMR (b), and *'P MAS
NMR (c) spectra of the DNL-6 sample. The bottom spectra are
as-made DNL-6 and the top ones are calcined sample.

HETCOR experiments. Considering that standard HETCOR
spectra are poorly resolved in the quadrupolar dimension
because the second-order quadrupolar interaction is not fully
averaged out by MAS, *'P—*’Al HETCOR experiments based
on MQ-MAS (Figure 2) have been employed here to generate
the correlation spectra that are isotropic in both dimensions.*’
Two distinct resonances at 41 and 48 ppm corresponding to
tetrahedral Al atoms can be distinguished in the *’Al projection,
both of which correlate to —27 ppm of the *'P projection.
However, the resonance at 53 ppm disappears in the *’Al
projection, which indicates that this Al species is not connected
with P atoms. Combined with the Al MQ-MAS NMR result,
it should be assigned to Si—Al—Si regions with pure Al(OSi),
species in the framework. From the above discussions, a
schematic representation containing different Si distributions in
DNL-6 is depicted in Figure 3.

3.2. Acidity Study. 'H MAS NMR is a useful and direct
method to provide quantitative information on the hydroxyl
protons on solid catalysts. As shown in Figure S2 (Supporting
Information), the '"H MAS NMR spectrum of the calcined
DNL-6 is dominated by a signal at 3.7 ppm, which is char-
acteristic of Brensted acidic bridging hydroxyl groups [Si(OH)AL].
The concentration of Brensted acidic sites is quantitatively
determined by 'H NMR as 1.99 mmol g~'. However, this value
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Figure 2. ’Al MQ-MAS NMR spectrum (top) and *’Al—*'P MQ-
MAS HETCOR NMR spectrum (bottom) of the calcined DNL-6

sample.
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Figure 3. Schematic representation of the framework atom
connectivity of DNL-6: a denotes isolated Si(OAl), species and b
denotes Al(OSi), species.

is lower than expected on the basis of Si content in DNL-6,
from which a theoretical value of 3 mmol g_1 is calculated, since
nearly all the Si atoms exist as Si(OAl), species and each one
could generate a bridging hydroxyl group. The experimental
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result only reaches 66% of its theoretical value. Such a
discrepancy has not been reported before for SAPO molecular
sieves. Considering the high concentration of Si(OAl), species
and their close proximity (Si—Al domains), it is speculated
that a dehydroxylation process may occur during the calcina-
tion, reducing the Breonsted acid concentration, as observed in
aluminosilicate zeolites.*' Compared with the studies of
Buchholz et al. and Su et al,>*** the initial temperature of
dehydroxylation for DNL-6 is higher than for SAPO-34, SAPO-18,
and SAPO-37, which are at ca. 600 °C. The difference is possibly
due to the much higher concentration of Si(OAl), groups and
their closer proximity (Si—Al domains) in DNL-6.

The acid strength of DNL-6 has been investigated by
NH,-TPD (Figure 4). For comparison, two other acidic zeolites,

482
(c)
446
(b)
432
(a)
I T T T T T 1
100 200 300 400 500 600 700
Temperature ('C)

Figure 4. NH;-TPD profiles of the samples: (a) HSAPO-34, (b)
HZSM-S, and (c) DNL-6.

HZSM-5 (Si/Al = 25) and HSAPO-34 [(P + Al)/Si = 8.09],
have also been tested (Figure 4). The structural character-
izations of these two samples by *Si, *’Al, 3'P, and '"H MAS
NMR spectra are shown in Figures S3 and S4 (Supporting
Information). Surprisingly, DNL-6 possesses the largest acid
concentration and the highest acid strength among the three
samples. The position of a high-temperature desorption peak
on DNL-6 is located at 482 °C, which is even higher than that
on HZSM-S (one of the most acidic zeolites), suggesting the
extremely strong acidity of DNL-6. Given that the desorption
temperature of NH; may be influenced by the small pore sizes
of molecular sieves, causing misleading conclusions, solid-state
3C MAS NMR of the adsorbed 2-'*C-acetone probe molecule,
a widely used method for characterizing the acid strength of
solid catalysts, was further used to examine the difference in
acidity of the three samples. Generally, the adsorption of
acetone on Brensted acid sites results in the formation of a
hydrogen bond between the carbonyl oxygen and acidic proton,
which would induce a downfield shift of the *C NMR signal
of carbonyl carbon, depending on the Brensted acidic
strength.*** Figure 5 shows the '*C MAS NMR spectra of
samples recorded after adsorption of acetone. For HZSM-S and
HSAPO-34, sharp resonances at 224 and 214 ppm are observed
respectively, suggesting the strong Brensted acidity of ZSM-§
and the moderate acidity of HSAPO-34. Moreover, one weak
signal at 225 ppm could also be observed for SAPO-34, which
suggests the existence of a small amount of strong Brensted
acid sites in SAPO-34.°° The resonance signals appearing
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Figure S. 13C MAS NMR spectra of 2-13C-acetone adsorbed in various
samples: (a) HSAPO-34, (b) HZSM-S, and (c) DNL-6.

Table 1. Chemical Shifts of 2-'3C-Acetone Adsorbed on the
Bronsted Acid Sites of Various Zeolites

sample &1c (ppm) ref
cpcl® 205 46
DNL-6 223, 232 this work
HSAPO-34 214, 225 this work
HZSM-5 224 this work
HZSM-5§ 223.6 46
HSAPO-34 217 46
HMOR 221.8 46
HZSM-22 2254 46

“2-B3C-acetone dissolved in CDCl,.

Scheme 1. Schematic Representation of the Dehydroxylation
Process in Calcined DNL-6

S
o_ O, O 0, 0, ,0 0, 0 ~HoO
p7 Nl Csi7 Nl si7 Al Ysi” Al e T

O

79N 7

O\ /0\9/0\ ® +
Al Si

/Sl\ //\1\ Si (A)

H H H

i i |
0y Oy O O\ 0y 0 0O 0 _>_H:'O
PPN s N s A s A e

Oy 0©,0(
i Al

Al Si P
AN

(B

upfield, such as those at 211 and 30 ppm, are due to the
reaction products of acetone adsorbed on Bronsted acid sites.*
A dominant resonance at 223 ppm can be observed in the
BC NMR of DNL-6, indicating its strong Bronsted acidity
comparable to that of ZSM-5. In addition, there are two
shoulder peaks at 232 and 242 ppm, respectively. The latter
signal is likely associated with the acetone adsorbed on the
Lewis acidic sites. Considering that no extra-framework
aluminum species was observed in DNL-6, it is supposed that
this site may come from the dehydroxylation process, as
revealed by '"H NMR. The assignment of the peak at 232 ppm
is not straightforward because both Lewis acid sites and strong
Bronsted acid sites may induce its appearance.*® The 'H—"*C
CP/MAS NMR spectrum of acetone adsorbed on DNL-6 was
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Figure 6. Optimized geometries of three adjacent Bronsted acid sites
in an AI(OSi); environment in the DNL-6 molecular sieve (a) and the
corresponding dehydroxylated structures (b and c). The geometries
given in parts a, b, and c are defined as island-1, island-1-H,O(A), and
island-1-H,O(B) respectively. A and B in island-1-H,O(A) and island-
1-H,O(B) stand for the different dehydroxylation paths shown in
Scheme 1.

thus measured and is given in Figure SS (Supporting
Information). An obvious enhancement in the signal intensity
at 232 ppm can be observed after cross-polarization, implying
the Bronsted acid character of this signal and its strong
strength. Therefore, it seems more reasonable to ascribe the
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Table 2. Calculated Deprotonation Energy (DPE) of the
Brensted Acid Sites before and after Dehydration in DNL-6

calcd DPE value”

DPE value acidity
model  (kcal mol™")

calcd model (kcal mol™')  enhancement

island-1 3292 island-1-H,0(A) 317.5 strong
island-1-H,0O(B) 317.6 strong
island-3 328.5 island-3-H,0(A) 332.1 no
island-3-H,O(B) 3153 strong
island-2 328.6 island-1-H,O(B) 330.7 no
island-4 3294 island-4-H,0O(B) 3149 strong
line-1 3244 line-1-H,0O(B) 321.8 weak
line-2 324.5 line-2-H,0(B) 316.8 medium
cross-1 325.2 cross-1-H,O(B) 3179 medium
cross-2 3253 cross-2-H,0(B) 318.8 medium

“DPE = Ey"+ Ezgo - Eyzpo; the smaller the DPE value, the stronger
the acid site.

signal at 232 ppm to acetone adsorbed on Brensted acid sites
with stronger acidity.

Table 1 compares the chemical shifts (8,5c) of 2-"*C-acetone
adsorbed on the Bronsted acid sites of various zeolites. Clearly,
the values of DNL-6 are similar or higher than those of
HZSM-5, HMOR, and HZSM-22, suggesting the strong
Bronsted acidity of DNL-6.

3.3. Origin of the Strong Brensted Acidity and
Theoretical Calculations. The strong Bronsted acid sites in
DNL-6 are unusual, and their origin deeply deserves discussion.
Here, we pay more attention to the generation of the stronger
Bronsted acid sites, because the acid sites corresponding to the
peak at 223 ppm in the *C spectra should be mainly related
to the intrinsic structure of DNL-6. According to the litera-
ture,'”'®*%*7 nonequivalent crystallographic positions of oxy-
gen atoms and the existence of Si islands are the two commonly
proposed reasons for the generation of stronger acidity in
SAPO molecular sieves. The latter is obviously not the case for
DNL-6 studied here, because nearly all the Si atoms exist as
Si(OAl), species. DFT calculations are thus performed to
investigate the deprotonation energy (DPE) of the two non-
equivalent oxygen atoms located at the intersection positions of
(4, 6, 8) and (4, 4, 8) rings in the RHO framework (Figure S6,
Supporting Information). A periodic Ita cage containing 48 T
atoms with AIPO, composition (one P atom replaced by Si
atom) was employed as the initial model. Figure S7
(Supporting Information) presents the optimized geometry.
The DPE values, defined as the energy difference between the
protonated and corresponding deprotonated models, are
calculated to be 323.8 and 324.3 kcal mol™’ for the acidic
protons associated with O1 and O2 sites, respectively. The
similar values obtained suggest that different oxygen sites may
not be considered as the reasons for the generation of stronger
Bronsted acid sites in DNL-6.

Another plausible explanation is that the dehydroxylation
process that occurred among the Bronsted acid sites with close
proximity during the calcination may give rise to a local struc-
ture deformation and enhance the acidity of the corresponding
Bronsted acid sites. To verify this hypothesis, we use a DFT
calculation method to discriminate the Bronsted acid strength
before and after dehydroxylation. A periodic Ita cage with
AIPO, composition, in which three adjacent P atoms were
replaced by Si atoms, was selected to represent the RHO
structure. Note that there exist several possible arrangements of
three Si atoms in the framework, such as Al(OSi); and Si—Al—
Si—Al—Si connection confined in one 8-ring or not. Moreover,
the variable location (O1 or O2 sites) of protons together with
flexible dehydroxlation paths [Schemes 1 and S1 (Supporting
Information)] would create a large number of structural configura-
tions for the theoretical calculations. Therefore, several config-
urations following the dehydroxlation paths shown in Scheme 1
are chosen as the representative models for calculations.

Figure 6a shows an optimized geometry of the Breonsted acid
sites in an Al(OSi); environment. The corresponding structural
changes after dehydroxylation are presented in Figure 6b,c. It
can be seen that only one hydroxyl proton is left associated
with slight structural deformation and the cleaving of one
Si—O—Al bond due to the dehydroxylation. More optimized
structures of the Bronsted acid sites in DNL-6 before and after
dehydroxylation are given in Figures S8 and S9 (Supporting
Information). The DPE values in each configuration are theo-
retically determined and listed in Table 2. Upon dehydrox-
ylation, 6.5—14.5 kcal mol™" reduction of the DPE values can
be observed for most of the investigated configurations,
indicating that the acidity of the Bronsted acid site could be
remarkably enhanced after dehydroxylation. These results
support our speculation well.

From the above discussions, it is supposed that the present
finding on the enhancement of Brensted acidity may not be a
unique phenomenon, because the dehydroxylation process
during calcination could occur in many zeolites, especially for
the zeolites with high hydroxyl group concentration. During the
acidity study of zeolites, the possible microstructure changes
resulting from the dehydroxylation process besides the
influence of extra-framework alumina should be considered.

3.4. Catalytic Performance. Methanol amination, an acid-
catalyzed reaction, is employed to test the catalytic property of
DNL-6. Methylamines are important intermediates in the
synthesis of fine and specialty chemicals. The commercial
process for the synthesis of methylamines is operated in a high-
pressure fixed bed using amorphous aluminosilicate as catalyst
at temperatures of 400—430 °C. In recent years, zeolites having
pore system constructed by 8-membered rings have attracted
great attention as a shape-selective catalyst for this reaction.*®

Table 3 displays the steady-state catalytic results of DNL-6.
The small-pore molecular sieve HSAPO-34 [(P + Al)/Si = 8.09]

Table 3. Steady-State Conversion and Product Selectivity in the Methanol Aminiation over DNL-6 and HSAPO-34“

acid concn
catalyst AP (mmol/g) B¢ (%) MeOH conv (%)
DNL-6 1.99 100 63.61
HSAPO-34 1.28 56 21.13

yield (mol %)©

TOF (h™!)? MMA DMA TMA CH,
9.9 2027 17.05 25.47 0.82
5.16 13.30 5.00 173 1.09

“Reaction conditions: 300 °C, WHSV = 1 h™}, NH,/CH;0H = 1.0, TOS = 136 min. bBrensted acid concentration determined by 'H MAS NMR.
“Medium-strong acid concentration determined by NH;-TPD. The value of DNL-6 is defined as 100%. “TOF refers to turnover frequency, which is
defined as the moles of consumed methanol per mole of Breonsted acid site per hour. “MMA, DMA, and TMA refer to monomethylamine,
dimethylamine, and trimethylamine, respectively. Dimethyl ether is considered as a methanol resource.
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was also tested in the reaction as a comparison. DNL-6 gives a
methanol conversion of 63.61%, which is about 3 times higher
than that of HSAPO-34 (21.13%). According to the work of
Hong and co-workers,*® Bronsted acidity in zeolites rather than
Lewis acidity dictates the methylamines’ synthesis; zeolites with
three-dimensional structure and cage volume larger than that of
lev cage would not exert spatial constraints for the diffusion
of methylamine products. Considering that both cha and Ita
cages are larger than the lev cage, it is thus inferred that the high
conversion over DNL-6 should result from its stronger
Bronsted acidity. A more convincing comparison based on
the turnover frequency (TOF) of methanol conversion over the
Bronsted acid sites is shown in Table 1, which gives 9.99 h~! for
DNL-6 and 5.16 h™! for HSAPO-34. In addition, the yields of
three methylamine products, MMA, DMA, and TMA, over
DNL-6 are also obviously higher than on HSAPO-34, though
the latter shows better selectivity to MMA and DMA.

4. CONCLUSIONS

In summary, the distribution of Si atoms and the acid strength
of DNL-6 have been studied amply by 1D and 2D NMR
combined with theoretical calculations. It is found that the
framework of DNL-6 contains Si—Al—Si regions with pure
Al(OSi), species, which explains well the high concentration of
single Si(OAl), species accommodated in the material. The
Bronsted acid concentration in DNL-6, determined by 'H
NMR, only reaches 66% of the theoretical value. This discrepancy,
rarely noticed in SAPO molecular sieves, is attributed to a
dehydroxylation process during calculation, resulting from the
close proximity of Si(OAl), species. *C MAS NMR spectra of the
adsorbed 2-">C-acetone probe molecule reveal that DNL-6
possesses two kinds of strong Bronsted acidic sites. The former
corresponds to the acid strength of HZSM-5, and the latter is even
stronger. DFT theoretical calculations demonstrate that a
dehydroxylation process that occurred among the Brensted acid
sites with close proximity during the calcination may result in the
enhancement of Bronsted acidity. DNL-6 was used as catalyst for
the methanol amination reaction and behaved with excellent

catalytic activity.
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Details of the catalyst’s characterization, NMR spectroscopy,
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