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’ INTRODUCTION

The crystallization mechanisms of microporous materials,
such as zeolites and aluminophosphates, have held a certain
fascination for researchers for a number of decades. It is hoped
ultimately that a mastery of these processes could lead to better
control over the synthesis outcome and to the rational design of
such industrially important materials. Traditionally microporous
materials are crystallized under hydrothermal conditions either
from clear solutions or from gels. Either way, insight into the
formationmechanism(s) is best obtained when performing time-
resolved in situ studies. A great deal of literature already exists on
the subject, and many conclusions and concepts have been

proposed, most of which have been summarized recently in a
few excellent reviews.1-5 The majority of this research effort has
focused on the study of one or two industrially important zeolite
systems (silicalite/ZSM-5 (MFI) and zeolite A(LTA)) from
clear (dilute) solutions and has led to some important observa-
tions being made and an improved understanding of zeolite self-
assembly.6-8 However, the question remains as to whether the
observations made in these studies are more widely applicable to
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ABSTRACT: The hydrothermal crystallization of ZnAPO-34 (CHA)
molecular sieves has been studied for the first time using a combined
in situ four technique setup utilizing SAXS/WAXS/XAFS/Raman to
follow the various steps that occur during the complex transformation
process of an amorphous precursor gel into a crystalline microporous
material. These data are also supported by a detailed characterization of
both the precursor gel (using Raman, NMR, XAFS, and TEM) and the
final crystalline material (NMR, XRD, XAFS, TEM, and energy mini-
mization calculations). Thus, all components during the various stages
of reaction have been studied allowing for fundamental insight from the
atomic/molecular level up to the bulk scale. On the basis of this
multitechnique approach, the following observations are made:
(i) The initial formation of a heterogeneous gel containing predomi-
nantly separate Al-O-P and Zn-O-P containing species as well as
the presence of particles with a broad size distribution were noted.
(ii) During sample heating, the SAXS data reveal a second population (14-16 nm) at the onset of crystallization, which were also
accompanied by changes in both the ZnO3-O-O3P environment (XAFS) and the template conformer state (Raman). (iii) Before
crystallization, Zn2þ species appear heterogeneously distributed throughout the sample, but in the final crystalline CHAphase Zn2þ,
it is much more homogeneously distributed. One template molecule is found per CHA cage. (iv) Zn2þ is found to promote nano
particle growth and that results in the production of increasing amounts of crystalline material. (v) The structure-directing effect of
Zn2þ ions leading to CHA formation is most likely initiated via an electrostatic interaction between Zn2þ in a Zn-O-P-O-Al-
O-P matrix and the TEA template.
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microporous materials in general under hydrothermal condi-
tions, particularly because many zeolites and practically all
microporous aluminophosphates are crystallized from thick gels.
Under nonhydrothermal conditions, this question becomes even
more pertinent.9-12

To date, a number of in situ crystallization studies probing
microporous aluminophosphate synthesis exist, the majority of
which focus on (Co)APO-5 (AFI structure).13-33 These studies
utilize mostly scattering methods for probing the onset of crysta-
llization, although many also employ spectroscopic techniques
allowing for atomic/molecular insight into the self-assembly
process. Studies in which a combination of techniques have been
employed, in particular those employing both spectroscopic and
scattering methods, have proved particularly revealing.16,22,28

From those studies, it would appear that the crystallization of
microporous aluminophosphates can be rationalized into four
general steps: (1) the initial formation of a reactant gel, compris-
ing (Me)AlO3/5-O-PO3 type nanometer-sized primary spe-
cies, (2) the growth of such species into secondary larger macro-
molecularly disordered aggregates containing interdispersed
template cations, (3) the onset of crystallization, and (4) crystal-
lite growth. In addition, it has been shown that incorporation of
transition metal ions into the framework occurs predominantly
as the crystalline material forms.20,28,29 Despite such revealing
studies, a number of pertinent scientific questions remain. These
include, for example, whether the above mechanism is applicable
to the formation of other aluminophosphate structures and
why/how some of the framework components direct the forma-
tion of a particular microporous structure. In particular, a detailed
examination of the role and behavior of the template molecule as
well as the examination of important template-framework inter-
actions is likely to be key to understanding how microporosity is
introduced into aluminophosphate frameworks.24,34

In this work, we performed a detailed examination of the
crystallization of ZnAPO-34 with the CHA structure to gain
more insight into microporous material crystallization.35 The
formation process has been studied using a unique bespoke setup
in which the X-ray-based techniques XAFS, small-angle X-ray
scattering (SAXS), and wide-angle X-ray scattering (WAXS)
have been combined with Raman spectroscopy to obtain a more
detailed insight into the formation of the Zn2þ substituted form
of the CHA framework.16,22,25,36 Importantly, this combination
of techniques allows us to examine the interplay between the
Zn2þ species, the template molecule, the initial gel species, and
the final crystalline material providing for more detailed insight
into the essential steps leading to microporous aluminopho-
sphate formation. In addition, these studies and the conclusions
drawn from them were also supplemented by both pre- and
postsynthesis analysis of the material.

’EXPERIMENTAL SECTION

Materials Synthesis. The following chemicals and synthesis
methods were used for the preparation of ZnAPO-34 according
to synthesis procedures previously described.24

Gels were prepared with the following molar ratios:

1:5H3PO4: 1- xAlðOHÞ3 3 yH2O :xðCH3COOÞ2Zn 3 2H2O :

0:8TEAOH :26H2O

where x is the molar amount of Zn2þ used and which was varied
between 0.1 and 0.3. In a typical experiment, 3.38 g of H3PO4

(Sigma-Aldrich, 85% wt) and 4.44 g of doubly distilled water
were mixed in a Teflon beaker with mechanical stirring. The
desired amount of (CH3COO)2Zn 3 2H2O (Sigma-Aldrich,
g98%) was then added. Upon dissolution, the corresponding
amount of Al(OH3) 3 yH2O (Sigma-Aldrich, g98%) was added
slowly to the solution and then stirred until a homogeneous
gel had been formed (ca. 10 min). Finally, 6.56 g of TEAOH
(tetraethylammonium hydroxide solution) (Sigma-Aldrich, 35%
wt) was added dropwise to the gel. The solution was then stirred
mechanically until a viscous homogeneous gel had again formed
(ca. 15 min). The pH values of the solutions at various stages of
mixing were e1 (H3PO4, H2O, (CH3COO)2Zn 3 2H2O), 2-3
(H3PO4, H2O, (CH3COO)2Zn 3 2H2O, Al(OH)3 3 yH2O), and
3-4 (H3PO4, H2O, (CH3COO)2Zn 3 2H2O, Al(OH)3 3 yH2O,
TEAOH).
Combined in Situ SAXS/WAXS/XAFS/Raman Data Collec-

tion. Data collection using SAXS/WAXS/XAFS/Raman was
carried out on beamline BM26A at the ESRF (Grenoble, France)
using a Si(111) double crystal fast scanning monochromator. A
photograph of the setup is given in Figure S7 (Supporting
Information). Mirror focusing was used to remove the higher
harmonics. An ion chamber (for Io) and photodiode (It) located
in the SAXS vacuum camera tube were used for recording XAFS
data, whereas SAXS/WAXS data were recorded simultaneously
using a 1D quadrant gas-filled detector positioned at a distance of
1.8 m from the sample (SAXS) and position sensitive curved
gaseous INEL CPS 590 detector (WAXS).22 WAXS and EXAFS
data acquisition was controlled using the sequence mode of the
EXAFS program developed at Daresbury laboratory. SAXS data
were collected on a separate computer using the locally devel-
oped SAXS GUI program. A total cycle time of 6 min was
employed to collect these data (3min for XAS from 9.465-10.30
keV and 3 min for SAXS/WAXS at a wavelength of 1.3098 Å),
which includes a 10 s dead time to move the monochromator
back to the start position.
Two different cells were used for the in situ measurements. In

the first type, type I, a sealed capillary was loaded with the
reactant solution/gel and sealed at one end with epoxy resin. The
sample was then pressurized with compressed air and mounted
on a goniometer to align the sample with the incoming beam.37

Heating was then achieved using hot air blower-type minisensor
heaters (see Figure S7). However, because of poor XAFS data
quality due in part to sample movement, combined XAFS/XRD
experiments were then repeated using the previously described
cell/heating block system (type II).20 In both cases, a ramp rate
of 5 �C/min was employed to heat the sample to a temperature of
70 �C (which was then held) from an initial temperature of
30 �C. For both types of experiment, a beam size of 150 μm �
3 mm (h � w) was used and positioned in the lower part of the
cell aperture.
Calibration of the SAXS detector was performed using both a

silver behenate and wet rat-tail collagen reference samples.38

Although data were collected over a q-range of 0.3 < k < 2 nm-1,
due to the limitations imposed by the sample and the cell,
analysis could only be performed over the range 0.3 < k <
0.9 nm-1. However, previous measurements on these samples
demonstrated that it was still possible to identify global chan-
ges that occurred in the amorphous gel before the onset of
crystallization.
WAXS data collection was performed using a curved INEL

detector. Calibration was performed using a NIST silicon standard
in which the d-spacing for a number of reflections (e.g., 111, 220,
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311, etc.) is well-known and was recorded, and the differences
between the 2θ values observed versus the 2θ values expected was
approximated using a linear function. Peak broadening effects were
empirically determined using a crystalline sample in which the
crystallite size has been determined using transmission electron
microscopy (TEM). This value can then be incorporated into a
particle size estimation using the well-known Scherrer equation.
In this case, we compared four Bragg peaks from a fully crystal-
lized AlPO-5 sample, which did not appear to suffer significantly
from strain or stacking faults, to estimate approximately the
degree of “instrument broadening”.35 Peak profiling was performed
using a pseudo-Voigt function and the GRAMS/AI spectroscopy
software suite.
XAFS data were processed using bespoke programmes for

converting the raw data files to energy versus absorption coeffi-
cient, Athena, to obtain the normalized XANES part of the
spectra (normalized to give an edge jump of 1) and for pre- and
postedge background subtraction and DLEXCURV to perform a
least-squares iterative fitting of the EXAFS data.39,40 EXAFS
refinements were performed on data recorded using the in situ
hydrothermal (type II cell). The data were k3-weighted and
plotted over a k-range of 3.4-10 Å-1. Refinements of the EXAFS
data were performed considering both single scattering (first
shell oxygen (O) neighbors) and where possible/appropriate
multiple scattering paths for high shell fitting (P). A best fit of the
data (in k-space) was determined by minimizing the EXAFS R-
factor (a meaningful indication of the quality of fit of the EXAFS
data as a percentage). Because these data were obtained in time-
resolved mode, typical R-factors were between 28% and 35%.
Raman spectra were recorded with a 532 nm laser operating at

35 mW and a Holoprobe Kaiser Optical spectrometer equipped
with a holographic notch filter and CCD camera. The Raman
laser beam was focused onto the same part of the sample as the
X-rays. Data were collected for 30 s every 1 min during both heat
ramping and dwell stages. All data were recorded using the
Holograms software suite, whereas analysis and Raman band
profiling were performed using the GRAMS/AI spectroscopy
software package. Elemental sulfur was used to verify the calibr-
ation and to maximize the intensity of the signal. Data were
collected over a range of 300-4300 cm-1. The GRAMS/AI
software suite was used to first perform a multipoint manual
baseline subtraction over the entire spectra; however, peak profiling,
concentrating on the region (shown in that the intensity of the
ν(C4N) bands at 662 (tg 3 tg) and 672 cm

-1 (tt 3 tt) gives a quant-
itative indication of the amount of TEAOH template in each
orientation), was performed using the in-built Gaussian fitting
routines in the software to accurately measure the band height of
each template conformer state.41 In all cases, the full width at half-
maximum (fwhm) was constrained to accurately simulate the peak
shapes and positions. The ratios of the intensities of these two
Raman bands were then compared to assess the amount of each
template conformation present in the gel.
NMR Data Collection. 31P and 27Al magic-angle spinning

nuclear magnetic resonance (MAS NMR) spectra were recorded
using a Bruker AV-400 spectrometer (9.4 T) at 161.9 and 104.2
MHz, respectively, under 1H decoupling. Spinning rates of 5 kHz
for gel-like samples and 14 kHz for dried samples were used, with
a pulse length of π/2 and pulse delays of 60 s applied for 31P
NMR spectra, whereas the same spinning rates of 5 kHz, pulses of
π/12, and pulse delay of 2 s were used for the acquisition of 27Al
NMR spectra. The 31P and 27Al chemical shifts were referenced,

respectively, against H3PO4 and Al(H2O)6
3þ aqueous solutions,

both taken as 0 ppm.
TEM Data Collection. Particle morphology and size were

determined with a Tecnai FEI XL 30SFEG scanning electron
microscope (SEM) at 15 kV and with a Tecnai 20 transmission
electron microscope operated at 200 kV. The samples were
loaded in dry form onto electron tomography (ET) grids. As well
as imaging, elemental analysis and electron diffraction measure-
ments were also performed.
XRD Data Collection.Diffraction data were collected on 20%

and 30% Zn2þ containing ZnAPO-34 samples in flat plate mode
on a PANalytical X’Pert PRO MPD diffractometer with Bragg-
Brentano geometry and Cu KR1 radiation. Data were collected
over a 2θ range of 5-80� using a step size of 0.034� with a total
integration time of 100 s per step (the full range of the 128
channel linear RTMS detector was used, so that each channel
integrated the intensity for about 0.8 s at each step). Rietveld
refinement of the data was then carried out using the TOPAS
Academic software.42As a starting structuralmodel, literature data for
ZnAPO-34 with 20% Zn crystallizing in a rhombohedral unit cell
(a= 9.371Å,R=β=γ= 94.87�) in space groupR-3 (no. 148) were
used. This model contains one TEA cation per unit cell that is in
agreement with theoretical calculations (see the following section),
but it also includes six water molecules per unit cell. For the 30% Zn
sample, the occupancy of the common Zn-Al site was adjusted
appropriately.43 No structural parameters (unit cell parameters,
atomic coordinates, and isotropic displacement parameters) were
refined due to low crystallinity of the product. For both data sets, a
Thompson-Cox-Hastings pseudo-Voigt function was used to
profile the peak shapes.44 An eighth-order Chebyshev polynomial
was used as a background description. Also included in the refine-
ment were the scale factor, zero error parameter, and a fourth-order
spherical harmonics for a description of preferential orientation; thus
a maximum of 21 parameters were refined.
Theoretical Calculations. The aim of the Molecular Me-

chanics (MM) calculations was to find the most stabilized conforma-
tion of the tetraethylammonium (TEA) ion in the CHA and AFI
structures. For this purpose, we used the Zeolites By EvolutionaryDe
Novo Design program (ZEBEDDE), which has since been modified
to perform docking and simulated annealing calculations at 0 K.45-47

A single TEA molecule is randomly placed within the CHA frame-
work, and the interaction energy is calculated using the PCFF
forcefield.48 If the energy is below a threshold, the structure is
accepted and output for further optimization by ZEBEDDE where
the molecule is translated and rotated into a more favorable position.
50 docked structures were generated for each framework/TEA
conformation combination, and the interaction energy was averaged.
When adding a second TEA molecule to the CHA cage, the best
(most negative) interaction energy of the 50 single docked structures
was taken and a second TEA added manually, positioning it slightly
above the initial one. The simulated annealing routines in ZEBEDDE
were then used to optimize the positions of bothTEAmolecules. Five
annealed structures were generated from the initial starting config-
uration, and the interaction energy was averaged. The frameworks for
CHA and AFI were both optimized with GULP using the Gale and
Henson potentials.49,50 The framework and conformation of theTEA
molecule are then fixed for the calculations.

’RESULTS

The results from the study are presented in three parts: a brief
summary of the initial characterization of the synthesis gel, a



6334 dx.doi.org/10.1021/jp200043b |J. Phys. Chem. C 2011, 115, 6331–6340

The Journal of Physical Chemistry C ARTICLE

detailed analysis of the combined in situ study data, and finally
postsynthesis characterization studies. Pre- and post-synthesis char-
acterizationwere performed on gels and samplesmade from these gels
with the following chemical composition: of 1.5H3PO4:0.8Al-
(OH)3 3 yH2O:0.2(CH3COO)2Zn 32H2O:0.8TEAOH:26H2O,while
the in situ data were recorded on samples with a chemical
composition of 1.5H3PO4:0.7Al(OH)3 3 yH2O:0.3(CH3CO-
O)2Zn 3 2H2O:0.8TEAOH:26H2O. The use of a higher concen-
tration was chosen for the in situ studies to maximize signal
response (XAFS, Raman, XRD, etc.) but was not used for ex situ
studies to minimize the risk of a secondary zinc-rich phase, which
forms occasionally.
Characterization of the Initial Gel. Spectroscopic data and

the corresponding interpretation from the starting gel can be
found in the Supporting Information. From these studies, it
could be concluded that the initial gel is highly heterogeneous,
comprising Al-O-P/Zn-O-P and probably Zn-O-P-O-
Al species ranging in complexity from simple binary cationic
complexes in solution to large polymeric gel species. TEM data
recorded on a filtered and air-dried gel are shown in Figure S6
and reveal a series of spherical, irregularly shaped aggregates with
a size range between 10 and 60 nm, which electron diffraction
measurements reveal to be diffraction amorphous.
In Situ Crystallization Studies. SAXS Data. Figure 1 shows

the time-resolved I(q) 3 qn versus log(q) scattering profiles mea-
sured as a function of time before and during the onset of
ZnAPO-34 crystallization. As with previous measurements per-
formed on aluminophosphate gels, the SAXS intensity I(q)
closely follows a power-law decay k-n with n close to -3 and
is indicative of particles present being poorly/irregularly struc-
tured (i.e., not compact with sharp interfaces).25,27 After remov-
ing the leading q-3 decay of the I(q) 3 q

3 dependence, it is
possible to observe a difference between the scattering profiles.
The plots exhibit a broad maximum (defined as qmax), which can
be fitted with Gaussian function(s) and approximated to the
inverse of the typical size of possible gel aggregates/precursors
that form during ZnAPO-34 crystallization. This initial value for
qmax (0.019 Å

-1) would correspond to a nominal aggregate size
of ca. 37 nm, which is within the range of aggregate sizes observed
in the TEM data.

On commencing heating, qmax first increases very slightly,
while the overall SAXS signal at and around qmax begins to
decrease. After 31 min, a second component appears in the SAXS
data, which can be approximated also with a Gaussian function
yielding a secondmaximum around 0.038 Å-1 (ca. 14 nm). Further
heating (to 40 min) sees only small changes in both components
before the SAXS signal disappears from the detector.
WAXS Data. The three-dimensional stack plot in Figure 2a

contains data from a selected 2θ region (15-40�) of the WAXS
pattern collected as a function of temperature during the
transformation of the precursor gel into ZnAPO-34.51 The onset
of crystallization is characterized by a decrease in the amorphous
background (10-30�) followed by the first appearance of Bragg
peaks at 17.7� 2θ (-120/-210 reflection(s) of ZnAPO-34) in
the pattern, ca. 15 min into the reaction. Additional peaks at
26.13� (-311) and 26.57� (130/310) after ca. 40min and 21.42�
(211), 22.13� (-220) after ca. 50 min appeared later. All reflec-
tions are consistent with the presence of ZnAPO-34 (R3 space
group) and indicate that this phase forms exclusively and directly
from the amorphous precursor gel without the occurrence of any
intermediate crystalline phase. The intensity of the Bragg peaks
increases for ca. 140 min (resulting in the typical S-shaped
crystallization curve shown in Figure 2b), after which no further
change is observed. An analysis of the data (Table S1) performed
on three distinct reflections reveals similar values for the growth
parameters, indicating isotropic crystal growth. A Scherrer
analysis of the -120/-210 reflection reveals an initial ZnA-
PO-34 particle size of ca. 12 nm.
XAFS Data. Figure 3a contains a 2D overlay plot from the

normalized Zn K-edge XANES spectra recorded during the data
acquisition. At first glance, comparatively little seems to occur
during the crystallization process, but a feature close to 9.677 keV
can be seen to evolve as a function of reaction time. Because
of the high noise level, it is difficult to determine when this feature
becomes first discernible. However, the growth in its intensity
appears consistent with increasing amounts of crystalline materi-
al, and it is therefore likely to be attributable to multiple scatte-
ring events.52 Such a change would also be consistent with the
incorporation of Zn2þ ions into framework positions within the
ZnAPO-34 lattice.
Clearly the data presented in Figure 3a do not readily lend

themselves to EXAFS analysis. Therefore, a separate XAFS/
WAXS experiment was performed using a hydrothermal reactor
cell to obtain analyzable EXAFS data. The data from this separate
combined experiment are shown in Supporting Information
Figure S8, and a 2D overlay plot of the FT data (k3 weighted)
is given in Figure 3b. As can be seen from a visual inspection of
the data in this figure, very few changes appear to take place
within the first coordination environment of Zn (Zn-O con-
tribution at ca. 1.95 Å) during reaction, although there are more
significant changes in the high coordination environment (Zn-P
contributions between 2.5 and 3.5 Å). Such changes suggest that
the immediate coordination environment around Zn does not
change during reaction but that the second/higher coordination
sphere does. Least squares fitting of the EXAFS data (Table 1)
supports these observations, the first shell oxygen coordination
number at the beginning and end of the experiment refining to ca.
4, at 1.93 Å, while the second coordination environment could be
modeled (when including multiple scattering contributions) at
the beginning with Zn-P scattering contribution(s) at 3.20 (2)
and 3.55 (2) Å, while at the conclusion of the experiment higher
shell signals are found at a shorter distance. We suppose that the

Figure 1. SAXS data recorded during the in situ combined SAXS/
WAXS/XAFS/Raman measurements on heating a ZnAPO gel (30%
Zn2þ) at 70 �C as a function of time. The arrow labeled qmax illustrates
the shift of the centroid position of the scattering signal with time, while
the upward arrow highlights the appearance of a second feature in
the data.
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lower coordination number for Zn-P observed in the starting
gel is unlikely to be due to actual under-coordination but may
reflect a higher degree of disorder in the Zn environment at
this stage.
Raman Data. Part of the time-resolved in situ Raman spectra

collected at the same time as the X-ray data are given in Figure 4.
The stacked data set focuses on a region of the spectra where
notable changes occur during the experiment. The two Raman

bands located at 665 and 675 cm-1 are known to be sensitive to
the two conformer states of the TEA cation, the tg 3 tg (S4
symmetry) and tt 3 tt (D2d) forms, respectively.24,41,53 The Ra-
man band at 675 cm-1 due to the tt 3 tt conformer is more intense
at the onset (intensity ratio 675:665 cm-1 of 1:1.2), suggesting
that this conformer is more prevalent in the initial gel. However,
the relative intensity of these two bands changes during the
course of the experiment, particularly as crystallization begins.24

Figure 2. (a) WAXS data detailing the evolution of crystalline ZnAPO-34 collected during the combined SAXS/WAXS/XAFS/Raman data recorded
in situ during the heating of a ZnAPO gel (30% Zn2þ) at 70 �C as a function of time. (b) Extent of crystallization (R) curve for 30% ZnAPO-34 versus
reaction time at 70 �C. The data were generated by profiling the -120/-210 reflection at peak at 17.7� 2θ.

Figure 3. (a) Zn K-edge XANES spectra obtained during combined SAXS/WAXS/XAFS/Raman measurements recorded in situ during the heating of
a ZnAPO gel (30%Zn2þ) at 70 �C as a function of time. The two features highlighted demonstrate the changes that occur during crystallization. In (b) is
shown the evolution of the changes in the k3 weighted Zn K-edge EXAFS data during hydrothermal crystallization of ZnAPO-34, recorded during a
second in situ experiment using a hydrothermal cell. The corresponding XAFS and accompanying XRD data are shown in FigureS8a.

Table 1. EXAFS Refinement Performed on Both the Initial 30% Containing ZnAPO-34 Synthesis Gel and the Final ZnAPO-34
Material

sample N Me-Sa distance R (Å) 2σ2 (Å2) E0 R-factor (%)

ZnAPO (30%) gel 4.1 1.93 (O) 0.014 -17.03 14.13

2 3.20 (P) 0.030

2 3.55 (P) 0.019

ZnAPO (30%) crystalline material 4.1 1.93 (O) 0.05 -19.78 21.10

1 3.36 (P) 0.01

1 3.20 (P) 0.01

1 3.11 (P) 0.01

1 3.41 (P) 0.01
a S = scatterer defined in parentheses after each bond distance.
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The changes in relative band intensity as a function of time are
more clearly illustrated in Figure 4b, which shows a trend whereby
the proportion of the tg 3 tg form increases during ZnAPO-34
crystallization. The similarity of this plot to theWAXSpeak intensity
profile in Figure 2b suggests a correlation between the change in
conformer state and the formation of crystalline product. Indeed,
both plots contain a discernible slope 20-30 min into the reaction.
In addition to the relative intensity change, we observe a sharpening
(fwhm decrease) for both bands during the experiment, suggestive
of encapsulation of both forms of the template within the ZnAPO-
34 framework.
Post-Synthesis Sample Characterization. A detailed ex situ

post reaction analysis of the crystalline ZnAPO-34 material has
also been performed in an attempt to further understand the
cause and significance of some of the changes observed during
the in situ study and to shed further light into the self-assembly
processes.
NMR. Figure 5 contains 27Al and 31P MAS NMR spectra

recorded on filtered and dried samples that had undergone hydro-
thermal reaction in Teflon-lined autoclaves at 70 �C for 45, 60, and
120 min, which resulted in amorphous, partially crystalline, and
crystalline materials, respectively (Supporting Information Figure
S11). The 27Al NMR spectra appear very similar to each other and
comprise symmetrical resonances atδ= 39 ppm (most intense), 8.2
ppm (very weak), and -13.1 ppm (weak), assignable to the
presence of tetrahedral Al3þ (majority), penta-coordinated, and
octahedrally coordinatedAl3þ, respectively. The fact that the spectra

are so similar to each other, irrespective of sample crystallinity,
suggests that Al3þ is in a similar coordination environment before
crystallization as in the final crystalline material. This suggests that
not all Al3þ species are necessarily “converted” or incorporated into
tetrahedral framework positions and therefore that a certain amount
of Al3þ could be contained in amorphous species.
In contrast to the 27Al NMR data, the 31P NMR spectra

continuously evolve over the course of reaction. After 45 min of
reaction, only a broad resonance around δ = -20.4 ppm can be
seen. After 60 min, while the broad resonance remains, three
additional resonances are now discernible, appearing as
shoulders on the initial broad band at δ of -14.1, -20.7, and
-28 ppm, respectively. After 120 min of reaction, the broad
resonance then disappears, revealing four separate resonances at
δ of-10.6,-14.1,-20.7, and-28 ppm. Such resonances have
previously been shown to be due to various tetrahedral phos-
phorus environments of the type P-O4-Al4-nMen in micro-
porous materials.54,55 The dominant resonances in the 120 min
crystalline sample then can be assigned to the presence of P (4Al)
and P (3Al, 1Zn) environments and strongly suggest that Zn2þ

in the final crystalline phase is well dispersed.56 However, before
crystallization occurs, the presence of a broad symmetrical
resonance suggests that the phosphorus environment is both
poorly dispersed, poorly ordered, and that a large number of P-
O-Zn interactions exist.
Powder Diffraction Refinement. Refined powder diffraction

data collected for the crystalline ZnAPO-34 material are given in

Figure 4. (a) Portion of the Raman spectra obtained during combined SAXS/WAXS/XAFS/Raman measurements recorded in situ during the heating
of a ZnAPO gel (30% Zn2þ) at 70 �C. (b) A time-resolved analysis of the ratio of tg 3 tg to tt 3 tt conformers.

Figure 5. 27Al (a) and 31PMASNMR (b) recorded on ZnAPO (20% Zn2þ loading) after 45 and 60min of reaction at 70 �C. For the 31P NMR spectra,
resonances due to the different types of P environments within the crystalline ZnAPO material have been highlighted. In (b), the presence of the
spinning side bands is marked with an asterisk.
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Figure 6. The pattern contains peaks pertaining solely to the
ZnAPO-34 phase, and a good fit of the data was obtained in
the R3 space group, suggesting that there is no evidence for the
preferential location/site ordering of Zn2þ within the structure
(causing a lowering in the symmetry of the unit cell to R3) as
previously proposed in Co2þ containing systems with similar
loadings.57 A broad background signal over the 2θ range of 12-
37� is also consistent with the presence of additional poorly
crystalline material (i.e., unreacted amorphous material) as
suggested by 27Al NMR. The amount of uncrystallized material
appears, however, to decrease when the Zn substitution increases
from 20 to 30%, as can be seen when comparing Figure 6 with
Supporting Information Figure S11.
Template Loading. The number of template molecules and

their conformer states within the microporous CHA framework
have been examined using ZEBEDDE calculations. In Table 2,
we show the results of packing up to either 1 or 2 TEAmolecules
(considering rigid forms of both conformer states) into the cages.
Far more favorable interaction energies (negative values) were
observed with 1 template molecule in the cage rather than with
two (highly positive values), and the tt 3 tt state is energetically
preferred. Because the difference in energy is only þ4 kJ/mol,
there is only a small preference for one of the conformer states
within the structure. The high interaction energies when two
template molecules are present may explain why it is not possible
to prepare a highly substituted ([Zn] > 30%) ZnAPO-34
structure with this structure-directing agent.
We also compare the binding of the TEA in CHA (Table 2)

with that in the AFI framework (Supporting Information Table
S2). There is clearly a stronger energetic “templating effect”between
the TEA and CHA than with AFI. These results correlate well with

previous work on the influence of triethylamine as a template in
CHA/AFI.58

TEM. TEM images recorded on a crystallized sample are
shown in Figure 7a, while an accompanying electron diffraction
pattern recorded from the same sample is given in Figure 7b. The
TEM images reveal a large aggregate of square particles with
squared-off edges. Some of these particles are small (ca. 20 nm),
while others appear much larger (ca. g60 nm). This material is
clearly crystalline as evidenced by the electron diffraction pattern
in Figure 7b, although it contains also some diffraction amor-
phous material by dint of some species containing more
rounded edges.

’DISCUSSION

As with the crystallization of other microporous zeolites and
aluminophosphates, formation of ZnAPO-34 with the CHA
structure occurs from a highly heterogeneous solution containing
both simple hydrated cationic and anionic species as well as
increasingly complex polymeric amorphous aggregates.
Although this heterogeneity makes it difficult to determine
unequivocally the key components in the growth and formation
of the final ZnAPO-34 material, our approach, whereby results
from the combined in situ study are considered alongside
measurements and observations made from separate ex situ
studies, allows us to identify important steps during the stages
of ZnAPO-34 self-assembly.

First, let us consider the changes that occur at the atomic level
for the framework components during ZnAPO-34 formation.
Beginning with Zn2þ, we observe that the first neighbor envir-
onment does not change during crystallization because Zn2þ

ions remain tetrahedrally coordinated to four oxygens through-
out. In the second shell, however, EXAFS shows evidence for an
initial Zn-O-P local environment (disordered), which be-
comes more ordered as the final crystalline material forms.
Unfortunately, it was not possible using either Raman or 31P
NMR to determine the presence of any Zn-O-Al-O-P
containing species in the initial gel as the spectroscopic signal
for such species are too similar to those of Zn-O-P or Al-O-
P. Analysis of the 31P NMR data for the quenched and dried
samples suggests that these evolve during hydrothermal treat-
ment. Interestingly, the evolution of a shoulder resonance (δ =-
14.1 ppm) after 60minmight hint at possible Zn2þ “zoning” (i.e.,
multiple P-O-Al4-xZnx where x > 1) rather than a random,
well-dispersed distribution as seen for the final material. One
should, however, interpret such spectra with caution because the
quenching and recovery process may induce additional changes
within the sample that might not occur under hydrothermal
conditions.

Of greater interest then is the behavior of Al3þ, which, unlike
Zn2þ and P5þ, undergoes a local coordination change from
octahedral (Figure S4a) to tetrahedral (Figure 5a) during reac-
tion. The quenching study also suggests that this change occurs
before crystallization begins, although it is not clear again
whether if this occurs as a result of the quenching and drying
procedure.

Considering now the changes at the nanoscale during the
synthesis, we discuss the significance of the changes in SAXS and
WAXS data. From the SAXS data, it was possible to observe a
rather broad size distribution (modal size from SAXS estimated
to be ca. 32-37 nm, which fits well with the size distribution
observed using TEM). Such species are probably also responsible

Figure 6. Refined XRD powder data for 20% ZnAPO-34. Key: (�,
Yobs), (thick -, Ycalc), and (-, difference).

Table 2. ZEBEDDE Energy Minimization Calculations for
TEAþ Templates within the Cages of the CHA Structurea

conformer configuration no. of templates lowest Einter (kJ mol-1)

tt 3 tt 1 -102

tg 3 tg 1 -98

tt 3 tt/tt 3 tt 2 þ632

tg 3 tg/tt 3 tt 2 þ1596

tg 3 tg/tg 3 tg 2 þ1587
aNote that Einter is calculated per TEA mole.
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for the amorphous background on the WAXS data as well as the
part of the 31P MAS NMR signal with δ higher (less negative)
than-20 ppm. Nanoparticulate species are commonly observed
in both zeolite and zeotype crystallization, although, in contrast
to these previous studies, we observe a number of notable
differences. First, the initial species are much larger than those
typically observed (around 3 times larger than those seen
previously for aluminophosphate formation and 6-15 times
larger than the primary particles seen during zeolite formation).
Second, there is little growth during the initial stages of heat
treatment (the centroid position remains relatively unchanged);
however, the signal intensity is observed to decrease. Third, while
two nanoparticle populations have been observed previously for
zeolite systems, the behavior of these two populations is different.
In zeolite synthesis, usually small “primary” particles are initially
observed, followed by larger secondary nanoparticles as the
primary particles are consumed, whereas here we observe the
second population forming at higher q (i.e., smaller particles),
while the original signal is still present. This second population is
coincident with the formation of crystalline material observed in
the WAXS data, and we note that all of these observations are
consistently reproducible for this synthesis system irrespective of
[Zn] concentration (see Figure S14). The importance of the
initial SAXS population, that is, whether it is a prerequisite for the
initiation of crystallization, on ZnAPO-34 crystallization is not
clear, although in this study a decrease in signal intensity for the
initial species (we note that the amorphous background in the
WAXS signal at the beginning also disappears) always precedes
crystallization. Several possible transformation mechanisms need
to be considered, for example, solution-mediated transformation,
solid-state rearrangement, epitaxial crystallization, or surface-
mediated transformation. However, it is difficult to rationalize
the presence of two populations in the SAXS signal in which the
size of the initial amorphous component is twice that of the
crystalline species other than via a solution-mediated transport
process. We note, however, that it is not possible to rule out
completely that direct formation of crystalline ZnAPO-34 via a
solid-state rearrangement mechanism could occur under hydro-
thermal conditions, because steam-assisted conversion (SAC)
experiments performed for 4 h at 140 �C on an air-dried ZnAPO
gel with the same composition (1.5H3PO4:0.7Al(OH3) 3 yH2

O:0.3(CH3COO)2Zn 3 2H2O:0.8TEAOH:26H2O) (resultant

XRD patterns given in Figure S14) also produced predominantly
ZnAPO-34; the appearance of peaks due to a “pre-” or cocrys-
tallized layered phase hints at a formation mechanism involving
layered intermediates.20,59

Now, we examine the mitigating factors behind the formation
of the ZnAPO-34 structure. As has been shown previously, the
presence of Zn2þ (and other metal (Me)2þ charged species)
plays a key role in structure direction; the presence of 2þ ions
clearly directs the formation of MeAPO-34 over MeAPO-5. It
has been observed that increasing amounts of Zn2þ result in both
a greater amount of crystalline material and a greater proportion
of the tg 3 tg conformer in the system.24 From the in situ data, we
observe that changes in this conformer ratio appear coincident
with the formation of crystalline material. We note, however, that
it is not possible from these data to determine whether the
conformer state changes immediately before or after the onset of
crystalline material formation. The significance of the template
conformer ratio change is not clear, but it is most likely that the
cause of this change is the removal of the template molecules out
of solution and subsequent encapsulation (1 per cage) within the
microporous structure. One TEA template molecule per cage has
enough freedom to adopt either conformer state within the CHA
cage (the difference in conformational energy is small, ca. 4 kJ
mol-1), whereas in the initial TEAOH solution strong inter-
molecular forces mean the tt 3 tt conformer state predominates.
Such a proposal could explain why with increasing Zn2þ con-
centrations, increasing amounts of crystalline material are ob-
served along with more of the tg 3 tg conformer as more of the
template is encapsulated within the microporous material than in
solution. Raman spectroscopy can in such circumstances there-
fore yield indirect evidence of the extent of crystallization of
microporous materials and thus could be considered as an
alternative to X-rays/addition to X-rays for the monitoring of
crystallization behavior.

The question then still remains as to the structure-directing
role of 2þ ions. In particular, why does the CHA structure form
at low temperatures in the presence of 2þ ions, and why does it
do so in preference to AFI?60 Dealing with the latter part first, we
observe in Supporting Information Figure S15 (and Table S2)
that relaxed TEA cations within the AFI channel pack with a
density equal to one template molecule for two adjoining 12-
membered rings. Considering that every T-atom in the structure

Figure 7. (a) Transmission electron micrograph of a crystalline 20% Zn2þ containing ZnAPO-34 particle, and (b) the accompanying electron
diffraction data reveal that the particle possesses long-range order.
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forms part of a 12 ring, then from a charge compensation perspe-
ctive, the framework will tolerate the replacement of 1/12 of the
Al3þ ions by a 2þ ion or approximately 8.33% substitution to
remain iso-neutral. Thus, this simple consideration of charge
compensation allows us to propose that substitution levels
greater than 8.33% of Al3þ by a 2þ ion with this template are
unlikely in the AFI structure.

Addressing then the former point, the low temperature exclusive
crystallization of ZnAPO-34 may be due to the stabilization of
molecular/ionic ZnPO species identical to that found in the final
CHA phase, for example, Zn2þ-rich four-membered rings akin to
those proposed playing an important role in the crystallization of
polymeric zinc phosphate structures.61 XAFS, Raman, and to some
extent NMR data of the quenched precrystalline samples suggest
some evidence for Zn2þ-rich phosphate species, although there is
no evidence for such species in the final crystallinematerial, the data
being entirely consistent with a random distribution of Zn2þ. If
then such Zn2þ-rich phosphate structure species do form initially,
their role as building blocks leading to the preferential crystal-
lization of CHA is therefore at best an indirect one because they are
clearly not stable.

Clearly, the crystallization of the Zn-rich containing CHA
phase requires charge balancing to stabilize the final crystalline
product, but it is likely that this also plays an important role at an
earlier stage. We propose that the TEA cation plays an initial role
in stabilizing noncrystalline Zn-O-P-O-Al species (because
charge compensation from anionic species such as hydroxides is
not likely to be present in significant amounts at such low pH)
before later going on to act as a templating agent around which
the CHA structure can form.62 Therefore, such disordered Zn-
O-P-O-Al-TEAþ species act as a form of critical nuclei, and
indeed we observe that with increasing [Zn] the SAXS signal
intensity and the amount of crystalline material increase, yet
there appears no large difference in the size of the final crystalline
particles, an effect consistent with increased nucleation. We
observe, however, from TEM measurements that not all Zn
containing species go on to form crystalline ZnAPO-34, most
probably due to local variation in sample homogeneity. Such
species might, however, provide nutrient for further crystal
growth.63,64

’CONCLUSIONS

Summarizing, we observe the following during ZnAPO-34
crystallization from a gel: (a) Crystallization occurs from a gel,
which after initial mixing is highly heterogeneous. During
hydrothermal treatment, the atomic constituents become in-
creasingly homogeneous, in what is likely to be a precondition for
crystallization. (b) The population of nanoparticles decreases as
formation of ZnAPO-34 begins, although it is not clear whether the
crystallization process is dependent upon this. (c) Increasing
amounts of Zn2þ ions result in both larger nanoparticulate aggre-
gates and in the formation ofmore crystallinematerial. Clearly then,
Zn2þ plays a nucleating role in the formation of ZnAPO-34.
(d) The changes in the TEA cation conformer state ratio are
related to the formation of crystalline ZnAPO-34. (e) Zn2þ ions
are largely homogeneously distributed throughout the crystalline
sample. We observe no evidence for the preferential location of
Zn2þ species that would suggest the presence of stabilized
structural units/building blocks essential to the formation of
ZnAPO-34. (f) We propose that the preferential formation of
CHA over AFI is most likely determined at the point of

noncrystalline Zn-O-P-O-Al formation. (g) A close inter-
action between such species and the TEAþ then results in a
“nuclei” around which the CHA cages could form.62

Thus, a number of key steps in the formation process of this
material have been identified, and such information could be
used to control the outcome of an aluminophosphate synthesis
and how properties such as the extent of crystallization, crystallite
size, etc., can be controlled. However, we note that despite this
there are still a number of questions that remain unanswered,
namely and most importantly, how does the ZnAPO-34 material
form, and what are the key species involved? For this, more
detailed insight at the atomic level is required, and such informa-
tion might be obtainable when using techniques such as ESI MS
or AFM. Only when this information is known can rational
design be possible.
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