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Heating the same initial mixture with the composition of Al,0;:P,05:1.5 2-methylpiperazine:125 H,O at
150 and 200°C, respectively, two layered aluminophosphates were obtained. The crystallization processes
of these layered aluminophosphates were investigated using multiple techniques. The change in the pH
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values of the solutions, the change in the concentrations of Al and P in the liquid phases, and the
evolution of the coordination states of Al and P in the solid products were monitored. The “reverse
temporal evolution” analyses of each structure showed that the core units or the possible onsets (nuclei)
of crystallization of each structure were significantly different from each other. The results showed that
the heating temperature altered the structure-directing effect of 2-methylpiperazine and the crystallization
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process of the initial mixture via changing the structure and chemical properties of the structure-directing
agent of 2-methylpiperazine, the equilibrium of the reactions occurring among the source materials, and
the assembly of the inorganic oligomers.

which suggests that the structure-directing effect of a template is
1. Introduction affected by many other factors. These factors are part of the
structure-directing effect of a template. Thus, the investigation of
the influence of other factors on the structure-directing effect of a
so template is very important in correctly understanding the nature
of structure-directing effect in the crystallization of microporous
materials.
The difficulty in investigating the structure-directing role of
the organic additives arises from the complexity of the
ss hydro/solvothermal crystallizations and the lack of structural
information about the species that are formed during the different
synthesis stages.* Therefore, enhanced efforts and new ideas are
needed for a better understanding of the role of the organic
additives in the synthesis of microporous crystalline materials.'*
o0 °! To investigate the influence of other factors on the structure-
directing effect of a template, we need to keep all other synthetic
parameters constant and change only one factor in the synthesis.
In this study, we investigated the crystallization processes of
two layered aluminophosphates that were synthesized from the
s same initial mixture with the optimized molar composition, in
which 2-methylpiperazine (denoted MeP) was used as the
structure-directing agent.®> The heating temperatures for these
two layered aluminophosphates were 150 and 200°C; thus, these
two compounds were named APMeP150 and APMeP200,
respectively. To obtain the pure phase of these two compounds,
the composition of the initial mixture was optimized from that for
previous study” to ALO;P,0s:1.5MeP:125 H,0. We
investigated the influence of the heating temperature on the
crystallization process of these two layered aluminophosphates,
75 on the structure-directing effect of 2—methylpiperazine, and on

Zeolites and the related open-framework crystalline materials
have attracted great interest due to their extensive applications in
catalysis, ion-exchange, separation, and adsorption techniques.'™
The synthesis of these crystalline materials typically involved
mixing the sources of the inorganic ions, the solvent, and,
generally, an organic species, which is usually called the
“template” or the “structure-directing agent”, and heating the
resulting mixture in an autoclave at an elevated temperature for a
period ranging from a few hours to weeks. The introduction of
the organic species into the synthetic system and the extension of
the material’s composition from aluminosilicate to
aluminophosphate significantly increased the structural diversity
of the microporous crystalline materials and the related open-
framework materials.'' However, the type of structure that can
be crystallized from a batch synthesis is controlled by many
synthetic parameters. Among the synthetic parameters, the most
important is the “template” or the “structure-directing agent”.
Certain structures will not form in the absence of a specific
organic additive. The structure-directing effect, especially in the
synthesis ~ of the  microporous or  open-framework
aluminophosphates, is explained by the steric and electronic
w0 influences of these organic additives." '> " The structure-

directing effect of the organic species is due to its charge

distribution, size and geometric shape. However, the exact role of

the structure-directing agents is not understood. In addition, it has

been experimentally observed that one template can direct many
45 structures and one structure can be directed by many templates,
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the core units or the possible onsets (nuclei) of crystallization for
both compounds.

2. Experimental section
2.1 Synthesis

The aluminium and phosphorus sources used were boehmite
(Catapal B, 72.7% Al,O;, Sasol) and phosphoric acid (85 wt%
H;PO,), respectively. The structure-directing agent was 2-
methylpiperazine (CsH,N,, MeP). The procedure used for the

preparation of the reaction mixture was as follows: 4.6 g of 85wt% es

phosphoric acid was stirred with 45SmL of water, and 2.8 g of
boehmite was added to the mixture. After the mixture was
thoroughly stirred for 1 h, 3.0 g of 2-methylpiperazine was added
with continuous stirring. The gel continued to be stirred for 1 h at
an ambient temperature to ensure homogeneity. The same amount
of the reaction mixture with a molar ratio of
Al,O3:P,05:1.5MeP:125 H,O was loaded into several Teflon-
lined autoclaves using a syringe while stirring. The autoclaves
were then placed in a pre-heated oven at 150°C (for APMeP150)
or 200 °C (for APMeP200). The autoclaves were quickly loaded
into the oven, and the timed heating began. The autoclaves were
heated for different periods of time and quenched in cold water.
The pH of the liquid phase was measured. The liquid and solid
phases of the product were separated by centrifugation (9500 rpm
or 8475 g), and the solid phase was freeze-dried without further
washing with water. The dried samples were sealed for
subsequent characterization. The concentration of Al and P in the
liquid phase was measured.

2.2 Characterization

The NMR experiments were performed on a Varian Infinity-plus
30 400 spectrometer operating at a magnetic field strength of 9.4 T.
The resonance frequencies at this field strength were 161.9 and
104.2 MHz for *'P and *’Al, respectively. A Chemagnetics 5 mm
triple-resonance MAS probe with a spinning rate of 8 kHz was
employed to acquire the *'P and *’Al NMR spectra. The 2’Al
MAS spectra were acquired using a single pulse sequence with a
short radio frequency (rf) pulse of 0.5 s (corresponding to a 7/15
flip angle) and a pulse delay of 1.0 s. The pulse length for *’Al
was measured using a 1 M AI(NOs)ssolution. The single-pulse *'P
MAS NMR experiments with 'H decoupling were performed
with a 90° pulse width of 4.6 ps, a 180 s recycle delay, and a 'H
decoupling strength of 42 kHz. The chemical shifts were
referenced to an 85% H;PO, solution for *'P and a 1 M AI(NO;),
solution for 7 Al

The powder X-ray diffraction (XRD) patterns were recorded
on a Rigaku diffractometer that was equipped with a graphite
monochromator using Cu Ka radiation (\=1.5418 A). The pH
values of the liquid phases were measured with a Sartorius PB-10
pH meter. The inductively coupled plasma atomic emission
spectroscopy(ICP-AES) analysis was performed on a Perkin—
Elmer Optima 3300DV spectrometer. Scanning electron
microscopy (SEM) images were obtained on a JEOL JSM6510
instrument with an acceleration voltage of 20 kV.

3. Results and discussion

According to Tuel et al.,** the empirical formula of APMeP150 is
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55 [A16P8032(H20)2] : [C5N2H14]3 : 10H20 The 2- methylpiperazine

molecules were found to be doubly protonated and located in the
interlayer region. The structure of APMeP150 is composed of a
two-dimensional macroanionic [Al;P,0,4]* layer, consisting of a
network of 4-, 6-, and 12-membered rings (MRs). Except for the
tetrahedrally coordinated Al atoms, 1/6 of the Al atoms are
octahedrally coordinated to two additional water molecules with
distances of 2.250 and 2.323 A, resulting in a formula for the
inorganic layer of [AlsPgO50- AlOy(H,0),]>. The Al atoms are
connected to four P tetrahedra, whereas the P tetrahedral are
linked to three Al tetrahedra and possess a terminal P=O bond
that points toward the interlayer space. The 6-MRs are capped
with a P tetrahedron, thus forming the “capped 6-MR” units.
There are two and four crystallographically independent Al and P
atoms in the unit cell, respectively. The detailed topology of the

70 inorganic layer and the labeling scheme of the atoms are shown

in Fig. 1(a).

Fig. 1 The inorganic layers of the APMeP150 (a) and APMeP200 (b).

The empirical formula of APMeP200 is
[AloP,045] [CsN>H 4]45-2.5H,0,% and the 2-methylpiperazine
molecules were found to be doubly protonated and located in the
interlayer region. The structure of APMeP200 is nearly identical
to that of AP2pip, which has an empirical formula of
[AlgP,045]- [C4N,H15]4.5-5H,0 and is synthesized in the presence
of piperazine.” The structure of APMeP200 is composed of a
two-dimensional macroanionic [Al;P40¢]>, in which both the
aluminium and the phosphorus atoms are tetrahedrally
coordinated and are strictly alternating. The Al tetrahedra are
connected to four P tetrahedra, whereas the P tetrahedral are
linked to three Al tetrahedra and possess a terminal P=O bond
that points toward the interlayer space. There are nine and twelve
crystallographically independent Al and P atoms in the unit cell,
respectively. The detailed topology of the inorganic layer and the
labeling scheme of the atoms are shown in Fig. 1(b).

3.1 X-ray diffraction investigation of the crystallization
processes of APMeP150 and APMeP200

2|Journal Name, [year], [vol], 00—00
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Fig. 2 shows the simulated XRD patterns of APMeP150 (a) and
APMeP200 (b) and the experimental patterns of the solid samples,
which were isolated throughout the hydrothermal treatment
period. The SEM images of the as-synthesized APMeP150 and
APMeP200 can be found in Fig.S1 in the Supporting Information.
The concentrations of Al and P and the pH values of the liquid
phases in the corresponding products are plotted in Fig.S2 and
Fig.S3 in the Supporting Information, respectively. The Al and P
concentrations and the pH values are provided in Tables S1-S4 in
the Supporting Information.

The initial mixture was heated to 150°C, and long-range
ordering of APMeP150 was observed after 60 minutes of heating
(Fig. 2(a)). The concentration of Al in the liquid phase was low
and remained nearly constant during the hydrothermal
crystallization process. However, the concentration of P initially
increased and then decreased during the subsequent hydrothermal
treatment. The concentration of P reached a maximum when
long-range ordering began (after 40-60 minutes of heating, Fig.
2(a)). Likewise, the pH of the solution initially decreased and
subsequently increased during the hydrothermal treatment period.
When the initial mixture was heated to 200°C, no long-range
ordering was observed after 30 minutes; however, after 50
minutes of heating, the appearance of long-range ordering of the
APMeP200 was observed (Fig. 2(b)). Similarly, the concentration
of Al in the liquid phase was low and remained nearly constant
during the hydrothermal crystallization process. A slight increase
in the concentration of P was observed just before long-range
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3.2 NMR study of the crystallization process of APMeP150
and APMeP200

The NMR signal is sensitive to the structural changes that result
from short-range ordering; this property can be used to detect a
change in the local environment of the small building fragments
that are involved in crystal formation and growth during the
crystallization process. To obtain detailed information about the
coordination state of Al and P in the small building fragments
that are formed during the crystallization process and their
evolution with time, we characterized the products that were
isolated throughout the hydrothermal treatment period using a
solid state NMR technique. Fig. 3 shows the “’Al MAS NMR
spectra of the isolated solid samples that were obtained
throughout the hydrothermal treatment period during APMeP150
(a) and APMeP200 (b) crystallization. In the initial mixture (Fig.
3), the Al source produced a typical signal at 6.9 ppm, and this
signal was observed in the majority of the samples throughout the
crystallization process, indicating that the Al atoms that were
involved in the crystallization process were gradually released
from the aluminium source. The existence of a tetrahedral Al was
confirmed by the appearance of a resonance at 44.0 ppm,
suggesting that either an Al2—centered and a portion of an All-
centered pentamer or small fragments of APMeP150 having a
large size have been formed (see Fig. 1(a)). A signal at -11.3 ppm,
which was attributed to the typical octahedral Al, was also
observed, suggesting that six-coordinated All-centered
pentamers or small fragments of a large size of APMeP150 have

ordering of the APMeP200 (after 30-50 minutes of heating, Fig.
2(b)). Therefore, the pH was expected to increase during the

30 hydrothermal treatment. Fig. 2 shows that highly crystalline and
pure APMeP150 and APMeP200 were obtained when the initial
mixture was heated for 720 minutes.

6:

o

also been formed (see Fig. 1(a)). When the initial mixture was
heated to 150°C, the intensity of the signal at 44.0 ppm initially
decreased significantly (after 40 minutes), and then gradually
increased (after 60 and 90 minutes), suggesting that these small
fragments were first dissolved then reformed when heated to
| 150°C (Fig. 3(a)). After 720 minutes of heating, the signal at 44.0
(a) ppm shifted to 42.1 ppm and reached a maximum intensity,
corresponding to the highly crystalline and pure APMeP150.
Interestingly, the signal at 42.1 ppm in present study appears at
38 ppm in the previous study of the synthesis of APMeP150,%
w 7s which also reports the weak signals between -20 and -50 ppm,
720 min corresponding to six-coordinated Al. However, these resonances

90 min were not observed in the present study. The weak signal that was
46::‘.: attributed to a six-coordinated Al (at -11.3 ppm) gradually
0 min disappeared during the crystallization process. These results
! suggest that the crystallization pathway of APMeP150 in this
study is different to that in the original literature due to a different
‘ composition of the initial mixture even though the structure-

(b) directing agent is the same. In addition, a signal that was related
to a five-coordinated Al (20.4 ppm) was observed, suggesting

‘ R — ss that a portion of the water that existed in the 12-MRs was lost
Lot during the freeze-drying process. To determine the water content
MM in the APMeP150, we performed thermogravimetric analysis
720 min
==

U
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Simulated-APMeP150

S

Intensity
L

8

S

20/degree

&

Intensity

(TGA); the TG curve is shown in Fig.S4 in the Supporting
senk Information. The result suggests that the APMeP150 in this study
30 min o lost a mass of approximately 6.3% at 150 °C. In the previous
v ' * ' i study, a mass loss of 15% at 120°C was observed.”> Therefore,
the TGA analysis is consistent with our speculation that a portion
of the water was lost during the freeze-drying process.

10 15 de/deg;see 30 35 4
35 Fig. 2 The simulated XRD patterns of APMeP150 (a) and APMeP200 (b)

When the initial mixture was heated to 200 °C (Fig. 3 (b)), the

95 coordination state of Al underwent a different evolution process.

S

and the experimental patterns of the solid samples that were isolated
throughout the hydrothermal treatment period.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |3
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The intensity of the signal at 44.0 ppm remained nearly constant
before long-range ordering was observed (after 30 minutes of
heating). Long-range ordering was observed after 50 minutes of
heating, and the intensity of this signal decreased slightly and
shifted to 43.0 ppm. Subsequently, the intensity of this signal
increased and finally shifted to 38.0 ppm after 720 minutes of
heating. Contrary to the result after heating to 150 °C (Fig. 3(a)),
heating to 200 °C resulted in the signal at -11.3 ppm, which was
attributed to the typical octahedral Al that existed during most of
the crystallization process and disappeared after 720 minutes of
heating. According to the single-crystal structure data, there are
nine crystallographically independent four-coordinated Al atoms,
which should produce nine resonances in the NMR spectrum.
However, only one asymmetric signal that was centred at 38.0
ppm was observed Dbecause these crystallographically
independent Al sites had similar isotropic chemical shifts. In
addition, the broadening effect due to the large anisotropy of the
chemical shift and the second-order quadrupolar coupling would
lead to the overlap and the inability to distinguish these signals.

421
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Fig. 3 The Al MAS NMR spectra of the isolated solid samples that were
obtained throughout the hydrothermal treatment period of APMeP150 (a)
and APMeP200 (b). The asterisks indicate spinning side bands.

The *'P NMR spectrum is sensitive to changes in the local
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environment of the P sites; therefore, the crystallization process
of the APMeP150 and APMeP200 was investigated using *'P
MAS NMR spectroscopy. For the APMeP150 (Fig. 4(a)), a broad
signal at ca.-11.3 ppm was observed in the initial mixture, which
was assigned to an amorphous aluminophosphate.”> *>° The
coordination number of the P atoms to the other non-oxygen
atoms varied from 0 to 4, resulting in a broad signal. The signal at
-6.3 ppm could be due to the formation of the phosphates in the
amorphous phase.” Upon heating to 150°C for 40 minutes, the
shape of this broad signal slightly changed, and a weak shoulder
peak at -18.3 ppm began to appear. After 60 minutes of heating,
when the XRD detectable long-range ordering of APMeP150 was
initially observed, the position of the primary signals did not
effectively change, but the intensity of the shoulder peak at -18.3
ppm increased slightly (Fig. 4(a)). The weak shoulder peak at-
18.3 ppm was more pronounced after 90 minutes of heating.
After 720 minutes of heating, at which time the highly crystalline
and pure APMeP150 was obtained, an intense signal at -18.3 ppm
and a shoulder resonance at -16.8 ppm were observed. The loss of
the amorphous phases was shown by the disappearance of the
signals at -6.3 and -11.3 ppm. A deconvolution of the spectrum
indicated that the ratio of the intensities of these two signals was
approximately 3:1. Based on the structural data, the signal at -
18.3 ppm can be assigned to P2 and P4, which form the “corner P”
of the capped 6-MRs (see Fig. 1(a)), whereas the signal at -16.8
ppm can be assigned to P1 and P3, which form the “cap P” of the
capped 6-MRs (see Fig. 1(a)). However, these two signals were
located at -21 and -18 ppm, respectively, in the previous study **
where the authors also analyzed a material with the same
topological structure but was synthesized in the presence of 1,4—
diaminobutane using an NMR technique, which contains only the
tetrahedral Al atoms. Interestingly, the NMR spectrum of the
latter compound is composed of an asymmetric line at -18 ppm
with a shoulder signal at -17 ppm, and the relative intensities
have a ratio of 3:1. Because the structure contains only
tetrahedral Al atoms, the shoulder resonance at -17 ppm was
unambiguously assigned to the P that was capping the 6-MRs, i.e.,
the “cap P” of the capped 6-MRs, whereas the signal at -18 ppm
was assigned to the P that was within the 6-MR, i.e., the “corner
P” of the capped 6-MRs. This result is similar with the result in
this study. Thus, we speculated that a portion of the water might
be lost during the drying process, which led to the absence of the
signal of the six-coordinated Al in the *’Al MAS NMR spectra
(see Fig. 3(a)) and the similarity of the *'P MAS NMR spectrum
of the highly crystalline APMeP150 with the *'P MAS NMR
spectrum that was directed by 1,4-diaminobutane. This
speculation was supported by the TG analysis results of the
highly crystalline APMeP150 compound.

The evolution of the coordination state of P in the initial
mixture that was heated to 200°C was different from that heated
to 150°C. The shape of the spectra of the 30, 50, and 60 minute
samples were similar (Fig. 4(b)). After 30 minutes of heating, a
shoulder signal at -17.6 ppm was observed, suggesting that the
coordination number of P to Al via oxygen atoms increased and
that highly polymerized fragments started to form. After heating
for 50 and 60 minutes when long-range ordering of the
APMeP200 compound was observed, the intensity of the
shoulder signal at -17.6 ppm increased. After heating for 720

4|Journal Name, [year], [vol], 00—00
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minutes when the highly crystalline APMeP200 compound was
formed (see Fig. 2(b)), only a weak resonance that was cantered
at -11.3 ppm and a strong resonance that was centred at -21.3
ppm were observed. The former resonance signal was from the P
s with a low coordination number in the initial un-reacted mixture.
According to the single-crystal structure data, there are twelve
crystallographically independent P atoms in the unit cell, which
should have twelve NMR resonances. However, only one
dominating signal at -21.3 ppm was observed, suggesting the
10 overlap of the similar chemical shifts of these P sites.
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Fig. 4 The *'P MAS NMR spectra of the isolated solid samples that were
obtained throughout the hydrothermal treatment period of APMeP150 (a)
15 and APMeP200 (b). The asterisks indicate spinning side bands.

The structure of the APMeP200 compound is nearly identical
to that of AP2pip, a compound that is synthesized in the presence
of piperazine.”® Using multiple techniques, we have investigated
in detail the crystallization process of AP2pip.* Interestingly, the

20 crystallization processes of AP2pip and APMeP200 are different,
thus, providing an opportunity to investigate the nature of the
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structure-directing effect of organic amines and the reason that
compounds with the same structures undergo different
crystallization processes. This investigation will be completed in
the near future and discussed in detail elsewhere.

The APMeP150 and APMeP200 are crystallized from the
same initial mixture; the only variable in the crystallization
process is the heating temperature. Therefore, the heating
temperature affected the structure-directing effect of 2-
methylpiperazine and, subsequently, altered the evolution
pathway of the initial mixture, i.e. the crystallization process. To
elucidate the effect of the heating temperature on the structure-
directing effect of 2—methylpiperazine, we investigated the bond
lengths of the C-C and C-N bonds in the unique 2-
methylpiperazine found in APMeP150 and APMeP200; the data
are summarized in Table S5 in the Supporting Information. In the
APMeP150, there is only one unique 2-methylpiperazine,
whereas there are four and a half unique 2-methylpiperazinein
APMeP200. Of the unique 2—methylpiperazine, the fifth half has
two possible orientations, resulting in a disorder of this organic
amine and an unreasonable bond length of 1.127 A for the C-
Chnetny- The data in Table S5 show that the heating temperatures
of 150 and 200°C changed the structure of 2—methylpiperazine,
altering its charge distribution. In both APMeP150 and
APMeP200, the 2-methylpiperazine is located in the interlayer
region, which indicates that the 2-methylpiperazine might be
surrounded by the small building fragments at the beginning of
the crystallization. Thus, (1) the strength and direction of the
interaction between the 2-methylpiperazine and the small
building fragments might be one of the origins of the structure-
directing effect, which greatly depends on the structure of the 2—
methylpiperazine, (2) the type and structure of the small building
fragments formed during the crystallization might also play an
important role in determining the final structure, which indicates
that the type and structure of the small fragments are part of the
structure-directing effect. The fact that the structure of the 2-
methylpiperazine in the APMeP150 is significantly different to
that in the APMeP200 indicates that the strength and direction of
the interaction between the 2-methylpiperazine and the small
building fragments at 150°C and 200°C is different from each
other. Therefore, the heating temperature affects the structure-
directing effect of 2—methylpiperazine via altering its structure.
In addition, the different evolution pathways of the concentration
of Al and P in the liquids and the pH of the liquid at 150 and
200°C suggested that the change in the heating temperature could
significantly alter the equilibrium of the reactions occurring
among the source materials and, thus, result in different
oligomers or small building fragments, which are also important
in determining the final product. Therefore, the heating
temperature may affect the structure-directing effect of 2-
methylpiperazine via these two ways.

3.3 The core units of APMeP150 and APMeP200

Recently, we developed a strategy to investigate the
crystallization processes of microporous crystalline compounds
by describing the possible building fragments that are formed in
the early stages of the crystallization process.'® ** The foundation
of this strategy is a “reverse temporal evolution” process. With
this strategy, the structural information about the small building

fragments (species) that are possibly formed during the

This journal is © The Royal Society of Chemistry [year]
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crystallization process or the structural information about a “core
unit” from which a single crystal might be grown could be
obtained. To apply this strategy, we determined the
crystallographically unique guest species. Subsequently, the
virtual spheres that centre the crystallographically unique guest
species (i.e., the N atoms of MeP) were introduced to detect the
relative position (close contacts) of the nearby inorganic species
in the three-dimensional space. The radius of the sphere can vary
from 3.0 to 4.0 A, or longer. The close contacts between the guest
and the inorganic species within the sphere were determined.
These close contacts formed a “core unit” with a specific
configuration and a hydrogen-bond network (if available) for
each open-framework structure. The core unit might be an entity
from which a single crystal grew or an entity that was formed
during the crystallization process of a single crystal. By applying
this strategy, we obtained the core units of the APMeP150 and
APMeP200, with the radius of the virtual sphere of 3.0 A (the
distance to form a strong H-bond), which are shown in Fig. 5(a)
and Fig. 5(b), respectively. Even though the water molecules
were described in the literature, the exact number and positions of
the water molecules are not fully provided in the structure files
deposited at the Cambridge Crystallographic Data Centre.
Therefore, the water molecules are omitted in the analysis.

Fig. 5(a) shows the core unit of the APMeP150 with the
radius of the virtual sphere of 3.0 A. The close contacts between
the N atom of 2-methylpiperazine and the O atom of the
framework within the 3.0 A distance are found and labeled. There
are strong H-bonds between the structure-directing agent and the
inorganic species. There are two unique Al atoms (All and Al2),
four unique P atoms (P1, P2, P3, and P4), and one 2-
methylpiperazine molecule in the asymmetric unit of APMeP 150,
forming an entity with two P-AI-P trimers and a doubly
protonated 2—-methylpiperazine. With crystallization, this entity
may capture more small building fragments and doubly

s protonated 2—methylpiperazine molecules via strong H-bonding.

With the assistance of other factors, such as indirectly contacted
species (aluminate ions, phosphate ions, aluminophosphate ions,
and/or doubly protonated 2—methylpiperazine), water molecules,
and temperature (for example, heating the same initial mixture at
a temperature of 200 °C results in the formation of APMeP200, a
completely different structure), the P-capped six-membered rings
are formed. Upon crystallization, more small fragments are added
to the core unit, and the growth of such topology is completed.
The APMeP200 contains nine unique Al atoms, twelve P
atoms, and four and a half 2—methylpiperazine molecules in its
asymmetric unit. Therefore, the core unit of the APMeP200 with
the radius of the virtual sphere of 3.0 A is more complicated than
that of the APMeP150, as shown in Fig. 5(b). This core unit is
subtracted from the periodic structure of the APMeP200
compound; thus, the core unit, in whole or in part, in the
appropriate form, must be formed during -crystallization.
Therefore, the onset of crystallization of APMeP200 must be
simpler than the assembly of the core unit shown in Fig. 5(b). A
simulation study on the crystallization process of the APMeP200

s compound might be helpful in understanding the events that

occur in the early stage of crystallization.
To clearly understand the events happened in the early stage
of the crystallization, it is very necessary to know the exact

60

65

70

75

structure of the small building fragments. However, due to the
limitation of the physical resolution and time resolution of the
present characterization techniques, the exact structure of the
small building fragments has not been unambiguously determined
yet. Among the characterization techniques, electrospray
ionization mass pectrometry (ESI-MS) may provide more clues in
figuring out the structure of the small building fragments, which
has been successfully employed to monitor silicate speciation in
prenucleating and nucleation zeolitic solutions.*” Combing the
experimentally obtained data of the mass to charge ratio (m/z) of
the species in the solution, the quantum chemical calculations,
and other characterization techniques such as NMR, the structure
information of the small building fragments may by indirectly
obtained. The application of the ESI-MS on the crystallization
process of open-framework aluminophosphate may also provide
some useful information about the structure of the small building
fragments or core units.

Fig. 5 The core units of the APMeP150 (a) and APMeP200 (b) with the
radius of the virtual sphere of 3.0 A.

3.4 Stability of the core unit of APMeP150

Because the APMeP150 and APMeP200 were crystallized from
the same initial mixture and the only difference in the synthetic
conditions is the heating temperature, it would be interesting to
know if the core unit of APMeP150 is less stable than that of
APMeP200 and if APMeP150 will be finally changed to
APMeP200 with prolonged heating time. In the X—ray diffraction
investigation of the crystallization process of APMeP150, it can
be observed that the long-rang ordering of APMeP150 just starts
appearing when the heating time reached 60 minutes. Thus, a
large number of core units of APMeP150 should be formed at
this time. Experimentally, the same amount of initial mixture was
loaded into two autoclaves and heated at 150°C. When the
heating time reached 60 minutes, one autoclave was quenched
with cold water and the solid sample was characterized with X-
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ray diffraction. The other autoclave was quickly moved to the 45 agent 2-methylpiperazine at the heating temperature of 150°C is

o

&

200°C oven. When the heating time reached 720 minutes, the
autoclave was quenched with cold water the solid sample was
characterized with X-ray diffraction. Fig. 6 shows the simulated
XRD pattern of APMeP150 and the experimental patterns of both
solid samples. The results in Fig. 6 suggest that the core units of
APMeP150 are stable and can further grow to crystals of
APMeP150 at 200°C; the formation of the core units of
APMeP200 is not observed even though the heating temperature
is 200°C. When the initial mixture is heated at 150°C for 60
minutes, it is expected that a large number of core units of
APMeP150 are formed. Thus, the composition of the other part of
the mixture should be different to that of the initial mixture that
favours the formation of the core unit of APMeP200 at 200°C.
When the autoclave is further heated at 200°C, the core unit of
APMeP200 cannot be formed.

To investigate if the APMeP150 is an intermediate of
APMeP200, we prolonged the heating time at 150°C to 1, 3, 7,
and 15 days, which is about 30 times longer than the time needed
for the full crystallization of APMeP150. The XRD patterns of
these products are provided in Fig.S5 in the Supporting
Information. Clearly, no XRD-detectable APMeP200 is observed.
These results suggest that APMeP150 is not an intermediate of
APMeP200.

Simulated-APMeP150

l s o e Mo i .
)

(200°C

I

60 min
(150°C)
T T J; T T T T 1

5 10 15 20 25 30 35 40
20/degree

Fig.6 The simulated XRD pattern of APMeP150 and the experimental
XRD patterns of the solid samples heated at 150 °C for 60 minutes and
first heated at 150°C for 60 minutes then at 200°C for 720 minutes.

\

Intensity

4. Conclusions

In summary, the layered aluminophosphates, APMeP150 and
APMeP200, are synthesized from the same initial mixture with
the composition of Al,05:P,05:1.5MeP:125 H,0 at 150 and
200°C, respectively. The crystallization processes of both
compounds are thoroughly characterized using XRD, pH,
elemental, and NMR analyses. The evolution of the coordination
state of Al and P in the initial mixture at the heating temperature
of 150°C is significantly different with that at the heating
temperature of 200°C, suggesting that the oligomers or building
fragments of the aluminophosphate that were formed during the
two syntheses are different from each other. The control
experiments show that the core units of APMeP150 are stable at
200°C and the formation of a specific core unit needs the right gel
composition. At 150°C, the APMeP150 is not an intermediate of
APMeP200. The chemical properties of the structure-directing

S

w

&

=3

b

also significantly different with that at the heating temperature of
200°C, indicating that the interactions between 2-
methylpiperazine and the oligomers or building fragments of the
aluminophosphate during the two syntheses are different from
each other. The application of the “reverse temporal evolution”
process to both structures results in two different core units or
possible onsets of crystallization. The heating temperature can
affect crystallization process of the initial mixture and the
structure-directing effect of 2-methylpiperazine by altering its
structure, changing the equilibrium of the reactions occurring
among the source materials, and modifying the assembly of the
building oligomers.
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