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Microporous aluminophosphates represent an important family
of molecular sieves known to possess intriguing physicochemical
and catalytic properties. In particular, when Al3+ or P5+ frameworks
are partially replaced with metal ions, such as Co2+, Ni2+, or Zn2+,
shape-selective catalysts are produced, active for a number of
potentially industrially important reactions, including selective
alkane oxidation and conversion of methanol to olefin (MTO).1

For the synthesis of most (Me)APOs an organic “template” is
critical for the formation of microporosity.2 However, the way in
which the template achieves this microporosity is still unclear. Lobo
and Davis3 attempted to rationalize the function of the template by
proposing three possible roles: (i) space filling, where packing
occurs and is nonspecific to a particular structure; (ii) structure
direction, where the template affects the nucleation process, leading
to specific structures from specific templates; and (iii) true
templating, where enhanced guest-host interactions occur during
crystalline ordering. Various experiments have also provided insight
into how templates enable such microporous structures to form.
For example, NMR has highlighted the importance of weak,
noncovalent intermolecular forces in precrystalline phases during
zeolite formation, whereas Raman spectroscopy has suggested that
encapsulation of the template in precrystalline amorphous solid
occurs and also undergoes protonation.4 Combined experimental
and computational studies demonstrated the importance of confor-
mation and template-template interactions in both the gel and the
formation products.5 Understanding these types of inorganic-
organic interactions and the template role in microporosity genera-
tion is therefore of importance not only for a rational design of
such materials but also could lead to a greater understanding into
organic-inorganic molecular interactions within the microporous
frameworks.

Single-phase, crystalline AlPO-34 can only be synthesized in
the presence of F-, Si4+, or divalent metal ions.6 Previous studies
indicated that a close interaction between the template and the
framework occurs due to the presence of induced charges via the
formation of a F-Al3+ bridge or by substitution of P5+ for Si4+. It
has also been postulated that a similar interaction might occur for
divalent metal substitution of Al3+, suggesting a cooperative
framework-template role may be important for specific phase
formation.7 Naudin et al. have demonstrated that a common template
used in microporous material preparation (tetraethylammonium
hydroxide (TEAOH)) exists in two conformations, tt.tt and tg.tg,
when in solution.8 Yet in crystalline SAPO-34, only one conforma-
tion was found (similar to the tg.tg conformer9), indicating that the
template conformation may play a role in specific phase formation.
To understand this phenomenon, we have performed in this work

time-resolved in situ Raman spectroscopy to study the formation
of MeAPO-34 using TEAOH as a template and to probe key
organic-inorganic interactions necessary for the formation of
MeAPO-34. We demonstrate that the role of the template was more
complex than previously envisaged since we propose that both the
location and conformation of the template molecule were critical
for the formation of MeAPO-34, while AlPO-5 formation appears
to be controlled by the conformation of the template molecule alone.

Examples of time-resolved in situ Raman spectra are given in
Figure 1. The plotted region is dominated by two bands known to
give an indication of the relative amounts of each template
conformational state.8 Critically, we observed changes in the relative
intensities of these bands for the 30% Zn2+-substituted gel during
crystallization, which were not seen in the unsubstituted systems
which did not crystallize. These data are more clearly illustrated
in Figure 2, where we show a time-resolved analysis of these ratios
for both systems. Most significantly, we observed a substantial
increase in the relative amount of the tg.tg conformer for 30%
ZnAPO gels at 80 and 100°C. The changes were both sigmoidal
and temperature dependent and only occurred in the 30% of the
systems, which formed the crystalline ZnAPO-34 material. To prove
the generality of the observations, we also obtained similar results
for the formation of CoAPO-34 and MnAPO-34 materials. A
comparative ex situ XRD study on the crystallization of the ZnAPO
gel at 80°C suggested that the change in conformer occurred prior
to the onset of Bragg peak formation, indicating that the confor-
mational changes coincided with the formation of a prephase or
microcrystallites.

From these studies, it appeared that an intimate relationship
between the Zn2+ substituted into an Al3+ site of the microporous
framework and the template occurred, which was critical for the
formation of the MeAPO-34 structure. This interaction is likely to
be induced by the resulting framework charge produced by the
substitution since such changes were not observed in samples that
did not crystallize. This induced charge appeared to cause one of
the conformers (the tg.tg) to locate at specific positions within the
framework, which appeared to be a necessary step to enable the
MeAPO-34 framework to form.

In a separate XRD study, it was observed that increasing the
amount of Zn2+ used in the synthesis gel increased the amount of
crystalline product formed, indicating its role was more than that
of a nucleation center. However, we did not observe changes in
the in situ Raman data with gels containinge20% Zn2+ since we
rationalize that there was a sufficient reservoir of tg.tg conformer
already in the system at the beginning to allow the MeAPO-34
structure to form. However, at higher Zn2+ loadings, some template
must convert from the tt.tt to the tg.tg conformer (as seen in Figure
1) in order to occupy the increased number of Zn2+ sites.
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Ex situ measurements of the ZnAPO-34 final gels and crystalline
powders showed that a high proportion of the tg.tg conformer was
maintained in the framework. Upon washing, the relative amount
of loosely bound tt.tt conformer was reduced. The final ratio of
tg.tg:tt.tt (Figure 3) was 1.20, which was significantly greater than
the starting ratio of 0.7. The remaining tt.tt conformer was probably
randomly encapsulated during the formation of the AlPO4 frame-
work. Significantly, for the final AlPO-5 material, an opposite trend
was seen, where the tt.tt conformer dominated the structure and a
final conformer ratio of∼0.44 was obtained. Thus, it appeared that,
since no specific template location from metal-substituted charge
induction occurred, the organic conformation appeared to be the
sole driving force for AlPO-5 formation. These observations are
summarized in Figure 4, where we present a scheme for MeAPO-
34 or AlPO-5 formation depending on the synthesis conditions.

We observed that significant interactions between the template
and the inorganic species indicated a “true templating”3 interaction
occurring in MeAPO-34 synthesis, but this effect was caused
primarily by the substituted metal directing the position of the
template. The template acted additionally as either a space filler or
structure directing agent around which the final structure formed.
The formation of AlPO-5 specifically from the tt.tt conformer and
MeAPO-34 from the tg.tg conformer indicated that the template’s

role was somewhat more than space filling, but as both MeAPO-
34 and AlPO-5 are known to form from other templates, it is
difficult to classify its role as specific structure directing.3 Clearly,
classical theories concerning the role of the template tend to
oversimplify its role since there are complex metal-organic
interactions which appear to favor the formation of one structure
over another. This suggested that a better understanding of these
effects would be necessary if a greater experimental control over
hydrothermal synthesis of molecular sieves is to be realized.

In conclusion, we have demonstrated that MeAPO-34 formation
is governed by a complex relationship between the metal ion and
the conformation of the organic component, while AlPO-5’s
formation is determined only by the template conformation. It is
likely that such organic-inorganic interactions play a more general
role in the formation of many other microporous materials.
Therefore, this study provides new insights into their formation
mechanisms; moreover, it also suggests that one must consider
mixed conformer template formation processes since potentially
the different conformers could favor the formation of different
microporous structures.
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Figure 1. Time-resolved in situ Raman spectra for synthesis gels with (a)
no framework substitution and (b) 30% substituted Zn2+. The structures of
the two TEAOH conformations are also indicated.

Figure 2. (a) Time-resolved analysis of the ratio of tg.tg to tt.tt conformers.
(b) Combined in situ Raman and ex situ XRD analysis. The arrow marks
the onset of crystallization.

Figure 3. Raman bands at 645-685 cm-1 for the crystalline ZnAPO-34
and AlPO-5 samples after treatment. The bands have been profiled in order
to determine the ratio of each conformer in the crystalline product.

Figure 4. Scheme representing the formation of both AlPO-5 and MeAPO-
34 using TEAOH as template.
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