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Abstract

Time resolved high-resolution X-ray powder diffraction was utilized to obtain
detailed changes in the crystal structure parameters during the hydrothermal
crystallization process of nanoporous aluminophosphate AIPO-5 (AFI) structure.
This in situ study offered not only the influence of metal ions on the onset of
crystallization and estimation of the activation energy of the process, but also allowed
us to determine in detail the changes in lattice parameters during this process. More
importantly the time-resolved study clearly showed the lattice expansion in the
divalent metal ions substituted system right from the on-set of crystallization process,
compared to the one without any dopant ions, which suggest that an amorphous or
poorly crystalline network is formed prior to crystallization that contains the large
divalent ions (compared to AI(III), the substituting element), which is in agreement
with the combined XAS/XRD study reported earlier. A mechanism based on this and

the earlier study is suggested.

Introduction

Understanding the crystallisation mechanisms taking place during
hydrothermal synthesis of open framework zeo-type materials plus the metal
substitution mechanism is of considerable interest, since it could lead to a more
rational approach towards the design and synthesis of new materials with specific
crystalline structure, morphology and particle size for catalytic applications. A large
number of studies have been devoted to studying the transformation of gel to
nanoporous materials using a variety of in situ techniques. However, these studies
have, generally, only been able to obtain information on the kinetics of crystallisation
(using X-ray diffraction (XRD) methods)"" %, particle size (through small-angle X-ray

3, 4

scattering (SAXS) techniques) and local structural change (through X-ray
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absorption spectroscopy (XAS)™*°. Although a combined technique approach using
all these methods has been used to derive mechanistic aspects of the crystallisation
process™ °, recent developments, particularly in the area of angular-dispersive High
Resolution Synchrotron Powder XRD (HRXRD) (which can also be combined with
Raman and XAS)[REF], make it possible to collect high-quality diffraction data in a
very short time scale, which will not only determine the kinetics, but also the precise
structural parameters, in particular the variation in lattice parameters of the reacting
system. To utilise this approach, we investigated the formation of metal substituted
nanoporous aluminophosphate catalytic material under hydrothermal conditions.

The family of microporous materials play a very important role in the field of
shape selective catalysis and are employed in several industrially important processes,
such as methanol to olefin (MTO) conversion” 8 In the last two decades the
development of crystalline microporous materials has been extended to include a
variety of other compositions such as aluminophosphates (AIPOs) and metal-organic
frameworks (MOFs) as their surface areas and pore volumes are comparable with, if
not greater than those of the aluminosilicate zeolites. Discovery of AIPOs dates back
to 1982°, since then a large range of open-framework aluminophosphate, AIPO4-n
(where n denotes a particular structure type), materials have been synthesised.

The structures of AIPO4-n consist of strict alternation of corner sharing AI(III)
and P(V) tetrahedra (with a strict framework composition of Al/P = 1) forming an
electrically neutral open-framework which unlike aluminosilicate zeolites, requires no
extra-framework cations. AIPOs are isoelectronic with SiO,. Therefore, in theory, a
neutral AIPO framework can be derived from a neutral pure silica zeolite by
replacement of two Si(IV) cations with one Al(IIl) and one P(V) cation. This concept
led to the synthesis of a variety of AIPOs by isomorphism substitution of P(V) with
Si(IV) to form silicoaluminophosphates (SAPO)IO, or substitution of AI(IIl) with
divalent metal cations, Me(Il), which are able to adopt tetrahedral coordination (e.g.
Co, Zn, Fe, Mn and Mg) to form metalaluminophosphates (MeAlIPO), or with a
combination of both to form metalsilicoaluminophosphates (MAPSO)''. This
isomorphous substitution renders the framework negative which leads to the AIPO
materials having interesting acid and redox catalytic applications.

Furthermore, to be able to synthesise a porous material instead of a dense
phase, AIPOs must be synthesised with an organic amine or quaternary ammonium

ion, more frequently the former, which acts as a ‘structure directing’ agent (SDA) or

2
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template. The majority of AIPOs are usually stable upon removal of the organic
template and have been found to exhibit thermal stability between 600 and 1000°C.'?
The role which the SDA plays in the formation of the pore dimensions and
connectivity is still widely discussed and it has not been possible to assign a distinct
attribute of the SDA to its ability to form specific AIPO topologies. Several different
purposes of the SDA have been proposed, ranging from it acting purely as a space-
filler  to true structure dilrecting.14

Among the various hetero-atom substituted AIPO’s, AIPO-5 (AFI), AIPO-18
(AEID), AIPO-36 (ATS), AIPO-34 (CHA) and AIPO-11 (AEL) have attracted
considerable interest due to their ability to induce shape selective catalytic reactions.
Within this range of systems, AIPO-5 is one of the most extensively studied, since it
has a large pore one-dimensional channel system and more importantly it is the only
system which can be prepared in a relatively short time comprising of a range of metal

ions (hetero-atoms such as Zn, Co, Mg, Cr, Fe or Mn) 13, 15, 16

and using a large
number of structure directing agents of the type quaternary ammonium salts and
amines. For example, this one-dimensional AIPO, structure, AIPO-5 can be
synthesised  using triethylamine (TEA) '/, tripropylamine (TPA) '8,
ethyldicyclohexylamine (ECHA)" or tetracthylammonium hydroxide (TEAOH).
However, most of these organic SDAs only form the AFI topology under very
specific conditions. Methyldicyclohexylamine (MCHA), on the other hand, has been
shown to only form phase pure AFI over a wide range of synthesis conditions, i.e. pH
and temperature 2°. The AFI framework also shows a high thermal stability during
catalysis and it does not collapse upon calcination, when removing the SDA, showing

complete integrity 2122

. Therefore, it is of general interest to understand the detailed
processes involved in the synthesis of this system, in particular how the metal ions can
affect the synthesis process. To do so, it is necessary to use in situ techniques that are
sensitive to the crystal chemistry, to understand the crystallisation process.

Here, we demonstrate the power of time-resolved HRXRD techniques in
understanding the structural changes that takes place during the crystallisation of
metal ions substituted aluminophosphate with AFI structure using MCHA as the
structure directing agent. The results clearly show that a network containing divalent

metal) ions along with AI(IIT) and P(V) are formed prior to the crystallisation process.

The study also shows clearly that the lattice parameters are different when metal ions
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are incorporated into the framework. Based on this and previous study a mechanism

for the formation is proposed.

Experimental

Hydrothermal Synthesis.

The AFI type materials were synthesized by dissolving aluminium hydroxide
in an aqueous solution of phosphoric acid. In the case of MeAIPO-5, an aqueous
solution of cobalt(Il) acetate tetrahydrate (Aldrich) or zinc(Il) acetate dihydrate
(Aldrich) was also added to the mixture. After rigorous stirring for ca. 10 minutes the
gel attains homogeneity and the organic SDA, methyldicyclohexylamine (MCHA)
(Aldrich), was added to form the final gel which was stirred for ca. 1h.

In situ characterisation.

A gel with composition (1-x) Al; 1.5 P : x Me ; 0.8 MCHA ; 25 H,O, x =0 or
0.05, was transferred to a specially designed hydrothermal synthesis cell with an
approximate 60% fill volume, and heated to a temperature between 160-170 °C for an
appropriate amount of time. Three different gels were studied using synchrotron
radiation; unsubstituted AIPO, CoAIPO and ZnAIPO, with the HRXRD study being
performed on the BMO1B Swiss-Norwegian beamline of the ESRF at a fixed
wavelength of 0.5 A. The details of the beam line and the diffractometer are given
elsewhere.”” The duration of each data collection was tuned with the reaction speed in
which the optimized collection period was found to be 2 minutes to cover a 2-theta
range of 2-10° (2.89 to 11.89 d-spacing). The data were processed using TOPAS
software to extract the lattice parameter of the crystallising system as a function of

time.

In a typical experiment, a prepared gel was introduced in to a custom made
hydrothermal cell which has a path length of ca 2mm and a window material made of
mica (50 micron thick) so that minimum loss of intensity due to cell window and
amount of sample in the beam is achieved. The heating bloc was heated to specific
temperature before introducing the cell containing gel and the data collection was
started once the cell was introduced into the heating block.? Typically each data

collection took approximately 4 minutes.
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Results and discussion

Crystallisation of three different precursor gels was monitored by HRXRD
(wavelength = 0.5 A) so that we could study the formation of AIPO-5, Zn-AIPO-5 and
Co-AIPO-5 with MCHA as the organic template. In Figure 1 we show stacked plots of
the HRXRD data of pure, cobalt and zinc substituted AIPO-5. It is clear from the
stacked plots that only phase pure AFI structure is formed, irrespective of the metal
content; independent studies at different temperatures, pH of the starting gel and metal

content also showed that only AFI structure is formed when MCHA is used as the

template implying the true structure-directing aspect of MCHA.*
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Figure 1. 3D stacked plots of HRXRD patterns collected during the crystallisation, at 170°C, of (A) pure AIPO-5,
(B) CoAIPO-5 and (C) ZnalPO-5. All the reflections are indexed based on the AFI structure and no other phases
are seen to form under the experimental conditions. It should be noted that the small amorphous hump observed

throughout the synthesis of CoAIPO-5 (B) is due to a higher water amount in the synthesis cell.

The evolution of peak intensities as a function of time can be used to derive
valuable information on the kinetics and crystallisation mechanism. The area under
the Bragg peaks of each crystalline phase was determined by using a fundamental
parameters profile fitting through the TOPAS-academic programme *. Comparison
of the area under a number of reflections from a single in situ experiment revealed
crystallisation curves which were generally superimposable over the duration of the
experiment, indicating that the growth is isotropic on all crystallographic planes, and
therefore all peak areas should be representative of the growth mechanism that takes
place during the reaction. For subsequent analysis, the total summed area of all Bragg
reflections of each crystalline AFI phase was used; the areas were then converted to
the extent of the reaction (a), scaled from O to 1, using the relationship
a(t)=Ipx(t)/In(max), where Ipq(t) is the area of a given peak at a given time t and

Ih(max) is the maximum area of this peak. The resulting sigmoidal crystallisation
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curves are shown in Figure 2 and are typical for a crystallisation process consisting of
an initial period of induction/nucleation followed by rapid crystallisation of the
material and gradual growth of the crystallites until a constant value is reached

implying completion of crystal growth.
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Figure 2. A plot of the crystallisation curves (Boltzmann sigmoid function) of AIPO-5 (m), CoAIPO-5 (e) and

ZnAIPO-5 (A); each point represents the sum of the experimental integrated values of each reflection as a function

of time.

These results show that in the presence of a divalent metal cation, in particular
Cobalt(Il) reduces the induction period compared to unsubstituted AIPO-5, indicating
that metal ions (5%) promote the formation of AFI type materials. Similar
observations have been made by others '; however, a previous investigation * on the
kinetics of AFI growth contradict our observation, which found that cobalt
significantly retards nucleation, growth and crystallisation of this system. Apart from
various experimental factors, differences may occur due to the use of triethylamine as
the organic template, which can produce more than one phase, unless a specific pH is
used for a given metal ion containing system. Another factor, is the metal
concentration, which has been found to reverse this trend when the cobalt
concentration is above 6 percentl.

We analysed the HRXRD data in detail to extract the unit cell parameters and
crystallite sizes of each crystalline AFI phase employing a fundamental parameters
approach using TOPAS-academic program » with the initial unit cell parameters
taken from the single crystal X-ray diffraction study of Klap et al. % (a(=b) = 13.718
A, ¢ = 84526 A, a(=p) = 90°, y = 120° and space group P6/mcc). The results yield
interesting additional information on the structural aspects during the growth process.

Information on the crystallite size can be obtained from analysis of the full width at half

6
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maximum (FWHM) of the observed diffraction reflections. Figure 3 shows the variation
in the crystallite size (Lorentzian component) during the crystallization of AIPO-5,
CoAIPO-5 and ZnAIPO-5 as a function of time. Results show that in all three AFI
materials, the crystallite size was large at the onset of crystallization, ranging between 80

to 120 nm, and grew by approximately 30 percent during the hydrothermal crystallization.
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Figure 3. The variation in the crystallite size of the AFI particles is plotted against crystallization time for AIPO-5
(m), CoAIPO-5 (@) and ZnAIPO-5 (A).

The plots of the a(=b) and c parameters over crystallisation time including the
cell volume are shown in Figure 4. The a(=b) parameter remained relatively constant
during the crystallisation process and was found to be largest for MeAIPO-5, 13.781
A (CoAIPO-5) and 13.780 A (ZnAIPO-5), compared to unsubstituted AIPO-5, 13.735
A, indicative of the metal cations substituting for aluminium. Tetrahedrally
coordinated Co(II) and Zn(II) (direct evidence for the tetrahedral coordination is
obtained from respective metal K-edge X-ray absorption spectroscopic data reported

20- 2127 28y cations have larger ionic radii, 0.58A and 0.6A respectively,

elsewhere
compared to AI(III) which has an ionic radius of 0.39A *°; therefore an expansion in
the a(=b) direction is observed when a metal ion is substituted into the framework.
This trend in the a(=b) parameter is in contrast to the ¢ parameter change. The c
parameter was found to increase over crystallisation time, more predominantly for
unsubstituted AIPO-5 (by approximately 0.02A) compared to CoAIPO-5 (increase of

0.0110\) and ZnAIPO-5 (increase of 0.006 A).
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Figure 4. Variation in the lattice parameters obtained from HRXRD data recorded at the BMO1B (SNBL) beam
line, as a function of time during the crystallisation of AIPO-5 (m), CoAIPO-5 (e) and ZnAIPO-5 (A); (A) shows
the a(=b) parameter change, (B) the c parameter variation and (C) is the change in the cell volume over
crystallisation time. The analysis was performed only on data above ca. 20 minutes, below which the reflections

were absent or too few.

The AFI framework is known to be have mild hydrophilicity, in which water
molecules either bind to framework AI(IIl) or are physisorbed and reorient

isotropically within the channels™ '

. Recently, through computational methods it has
been shown that water molecules reside in the 6-membered ring channels or, with the
organic template, in the 12-membered ring channels pointing in the same direction as
crystal growth, the c direction’”. Therefore, this increase in the ¢ parameter, over
crystallization time, could be due to the uptake of water molecules which may coordinate
to AI(III) ions accessible in the channel direction, increasing the Al-O bond distance from
1.74 A for tetrahedral Al(III) up to 1.9 A for an octahedral environment; the more
hydrophilic pure AIPO-5 material would therefore show a larger increase in the c
parameter compared to MeAIPO-5. It should be noted that template orientation within the
structure could also play a role in this change in ¢ parameter and cell volume. The uptake

of water molecules would also explain the differences seen on comparison of the c

parameter at the end of crystallization, in which AIPO-5 was found to have a larger c

Page 8 of 14
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parameter compared to MeAIPO-5. XRD patterns collected of the dry as-synthesized
forms of these AFI-type materials revealed a ¢ parameter decrease with the following
trend: MeAIPO-5 > AIPO-5, which is similar to that observed in the a(=b) parameter.
From these findings we can conclude that divalent metal cations, such as Co(Il) or
Zn(Il), are incorporated into the AIPO-5 framework in such a way as to cause an
expansion in the a(=b) direction, which is perpendicular to the channel direction™. A
change in the c parameter and cell volume illustrates the flexibility of the AFI
framework.

These results provide interesting new information about the crystallisation
mechanism of AFI in the presence of divalent metal cations. By combining the
information obtained from this in situ HRXRD experiment with our previous
simultaneous XRD/XAS investigation33 it is possible to derive a mechanism and a
crystallization model for the formation of MeAIPO-5, in particular CoAIPO-5.

Our previous simultaneous XRD/XAS results showed cobalt transforming from
octahedral to framework tetrahedral via a pseudo-octahedral intermediate, importantly,
the second stage occurred simultaneously with the appearance of Bragg peaks in the
diffraction data. This did not agree with previous studies by Grandjean et al.* using in situ
XAS combined with wide angle X-ray scattering (WAXS) or by Weckhuysen et al.*
using in situ UV-Vis, although both studies showed a two-stage transformation of
octahedral Co(Il) species to tetrahedral Co(Il), they reveal Co(Il) as tetrahedral species
just prior to the onset of crystallization. It is important to note that both these studies
referred to above used triethylamine as the organic template, which is well-known to
produce a CHA phase as a competing material, under certain conditions™. Although
the CHA phase was not observed during the crystallisation process (with the given
XRD detection limit), the use of this template may have a different effect on the
Co(Il) ions. For example, an ex situ XRD/Diffuse Reflectance Spectroscopy (DRS)
study® on the formation of MeAIPOs observed a pseudo-octahedral Co(II) species
during the formation of CoAIPO-5 (AFI). However, this species was not present
during the formation of CoAIPO-34 (CHA).

Therefore by combining the findings from our previous simultaneous XRD/XAS
investigation with our recent in situ HRXRD study; results suggest that CoAlPO-5
material is formed via a solid hydrogel transformation mechanism. In this mechanism
it is believed that the structure of the molecular sieve material is obtained by

reorganization of the framework of solid phase aluminophosphate hydrogel formed
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from the condensation of phosphate and aluminate ions in the early stages of

7. The crystallographic a(=b) parameter is large even at the onset of

crystallization
phase formation (compared to un-substituted AIPO-5) and remained constant
throughout the reaction, indicating that the cobalt(Il) ions are part of the solid-phase
network prior to crystallization and it is unlikely the Co(II) ions are incorporated into
the structure from solution phase. This is also supported by evaluation of the
crystallite size over time, which revealed the formation of large particles at the onset
of crystallization.

A schematic illustration of the mechanism of formation and substitution of
cobalt(Il) into the AFI structure is given in Figure 5. It is generally accepted that the
synthesis gel consists of AlOQ4 and POy tetrahedrons which form a 1D chain unit®®!
along with a [Co(HzO)6]2+ species. The octahedral Co(Il) transforms to a
[COO4(H20)2]2+ or [COO5(H20)]2+ species, in which some of the coordinating oxygen
atoms bridge between two cations (P(V)-O-Co(Il)). At the onset of crystallization,
Co(II) ions start to lose the bound water molecules to form a tetrahedral environment
and, simultaneously, water molecules bind to AI(III) ions accessible in the channels.
The majority of these water molecules bound to the Al(III) ions are then lost upon
dehydration of the solid. A solid hydrogel transformation mechanism and similar
phenomena have previously been observed in zeolite and aluminophosphate
synthesis42 In relation to other divalent metal substituted AFI materials, such as
ZnAIPO-5, the unit cell parameters were found to have the same trend over
crystallization time, indicating a similar mechanism of formation. Although, XAS
does not provide additional supporting information on the zinc ion incorporation,
Zn(Il) ions adopt a tetrahedral coordination environment in the synthesis gel. This

study has shown that HRXRD can be a very powerful tool in elucidating information

on the crystallization mechanism.

10
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Figure 5. A schematic illustration of the formation of CoAlPO-5 based on our combined X-ray absorption
spectroscopy at the Co K-edge and X-ray diffraction studies reported here and elsewhere. Co(II) = blue, P(V) =
orange, Al(II) = light pink, O =red, H = white. The organic template is shown in grey scale.

Summary

In this study, we have determined not only the kinetics using time-
resolved angular dispersive HRXRD, but also the structural parameters, in particular
the variation in lattice constants, during the hydrothermal synthesis of AFI type
materials. By combining results from our previous in situ simultaneous XRD/XAS
(reported elsewhere) with this in situ high-resolution XRD study we propose that the
crystallisation of CoAIPO-5 may occur via a solid hydrogel transformation
mechanism. In this mechanism it is believed that the structure of the molecular sieve
material is obtained by reorganisation of the framework of solid phase
aluminophosphate hydrogel formed from the condensation of phosphate and
aluminate ions in the early stages of crystallisation43 . The crystallographic a(=b)

parameter is large even at the onset of phase formation (compared to unsubstituted

11
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AIPO-5) and remained constant throughout the reaction, indicating that the divalent

metal ions are part of the solid-phase network (amorphous or poorly crystalline solid)

formed prior to the crystallisation process and it is unlikely that the divalent ions are

incorporated into the structure from solution phase.
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