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Abstract

The hydrothermal genesis of AIPO,-5, in the presence of four different organic templates, viz., methyldicyclohexylamine (MCHA), triethylamine
(TEA), tripropylamine (TPA), and tetraethylammonium hydroxide (TEAOH), has been monitored by XRD. It is shown that TEAOH has the best
templating ability to the formation of AIPO,4-5 structure under the different synthesis conditions considered in this study. Density functional
calculations on periodic models of AIPO,-5 indicate the strongest nonbonding interaction energy between the template and the framework in the
case of TEAOH. Therefore, a new approach correlating the nonbonding interaction energy to the template ability to form a porous structure is
proposed as a step toward a better understanding of the role of the organic template in the synthesis of porous molecular sieves.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the synthesis of phosphate- or silicate-based microporous
molecular sieves (MMS), organic amines or quaternary ammo-
nium ions are usually used as templates or structure directing
agents. [tis believed that these organic templates stabilize certain
phases during the synthesis course via nonbonding interactions
between the template and the host inorganic framework [1].
Actually, the role of the organic template still remains an impor-
tant issue that is not yet clearly understood in the synthesis of
MMS [2-4]. Obviously, understanding this role will be crucial
for the rational design of MMS. An early computational study
on different types of templates and several zeolite structures
showed, although not in all cases, a fair correlation between
the nonbonding energy values and the experimentally used tem-
plates [5]. The packing effect of the occluded templates was
also considered to explain the structure directing role of several
organic templates [5,6]. These findings led to the development
of de novo methodologies to help predicting the most successful
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template for a given framework [7]. As a result of the extensive
research in this area, a widely used empirical view stating that
“a successful template has a good fit with the host framework”
was sealed. However, this empirical view could not explain
the following experimental observations. The first one is “one-
template/multiple-structures” as in the case of di-n-propylamine
that is used in the synthesis of more than 10 different AIPO
structures, such as AIPO4-11, AIPO4-31, AIPO4-39, AIPO4-41,
AlPO4-43, AIPO4-46, AIPO4-47, and AIPO4-50 [8]. The sec-
ond one is “multiple-templates/one-structure” as in the case of
AlPO4-5 which could be prepared using more than 25 different
templates [2,8]. It should be mentioned here that methyldicy-
clohexylamine [9], 8-hydroxyquinoline [ 10], benzyl-pyrrolidine
and its fluorinated derivatives [11], and tetrabutylammonium
hydroxide (TBAOH) [12] are the most recently used templates
for AIPO4-5 synthesis. This difficulty of understanding the role
of organic templates arises from the complexity of the hydrother-
mal crystallizations, the lack of information on the presence
of different chemical species at different synthesis stages, and
the lack of complete understanding of the principles governing
the formation of crystalline porous materials [13]. Therefore,
enhanced efforts and new ideas are needed for a better under-
standing of the role of the organic templates in the synthesis of
MMS.
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The AIPO4-5 structure attracted a considerable attention in
materials science [14] and catalysis [15,16] applications, on one
hand due to its large pores (pore diameter 7.3 A [17], which
can accommodate relatively large molecules [18,19]) and on the
other hand to the ease of its synthesis.

In this study, we monitor the hydrothermal genesis of
the AIPO4-5 structure in the crystallization temperature
range 130-150°C using four different organic templates,
viz., methyldicyclohexylamine (MCHA), triethylamine (TEA),
tripropylamine (TPA), and tetracthylammonium hydroxide
(TEAOH), by X-ray powder diffraction (XRD). Moreover,
periodic density functional theory (DFT) calculations were
employed to investigate the template—framework interactions.

2. Experimental synthesis, models, and computational
details

2.1. Experimental synthesis

The synthesis gels of molar compositions Al,03:P,05:R
(R=MCHA, TEA, TPA, or TEAOH):250H,0O were prepared
by first adding pseudoboehmite (Dequagel HP300, Dequachim)
to a diluted phosphoric acid 85% (Aldrich). After 1 h of stirring,
corresponding amounts of organic amine templates were added
dropwise. The gels were stirred further for 1 h more before trans-
ferring into Teflon-lined stainless steel autoclaves. The reaction
mixtures were heated at the desired temperatures under auto-
genous pressure for 20h. The white powders, obtained after
decantation and filtration, were dried at 110 °C for 3 h.

The as-synthesized materials were investigated by XRD in
the range 5—40° of 26 with step size 0.02°. A copper anticathode
producing X-rays with a wavelength equal to 1.54178 A (Philips
PW 170) was used.

2.2. Models and computational details

AIPOg4-5 (IZA code AFI) has a hexagonal structure with one-
dimensional channels of nearly spherical pores (pore diameter
7.3 A [17]). These channels are composed by 12-membered
rings running along the c-direction. The whole unit cell of
AlIPO4-5 containing 72 ions is considered by applying periodic
boundary conditions.

Geometry optimizations and energy calculations were carried
out using density functional theory (DFT) employing the DMol?
software in the MS Modelling 4.0 package [20-22], at the gener-
alized gradient approximation (GGA) level with the Hamprecht,
Cohen, Tozer, and Handy (HCTH) exchange and correlation
functional [23-25]. It has been shown that the HCTH functional
has a greater universality than the previous GGA functionals
and that it performs well for systems prevailing weak interac-
tions [26]. Double numerical basis set with single polarization
functions (DNP) on a medium quality integration grid (program
default) was used in all calculations. Moreover, the DNP basis
set produces small basis set superposition errors [27,28]. The
nonbonding interaction energy Ener Was calculated as:

Enter = EAlPo4-5/T™ — EAlPOs-5 — ETM

where Eapo,-5/T™M» Ealpo,-5, and Ery refer to the calcu-
lated total energy of the system, i.e., template inside AIPO4-5,
AlPOy4-5, and organic amine template, respectively. It should be
mentioned here that the main interest is to measure the nonbond-
ing interactions in a relative way rather than looking for absolute
values.

Molecular mechanics (Hyperchem 7.5 code [29]) and sim-
ulated annealing (AMPAC 8.16 code [30]) type calculations
were performed first to get the most stable conformations of
the organic amine templates, which were further optimized geo-
metrically by DFT. In the case of a protonated organic template,
an OH™ group was added as a counter ion to avoid the infi-
nite electrostatic repulsions between charged unit cells upon
applying periodic boundary conditions. However, an unfavor-
able abstraction of one of the hydrogen atoms in the protonated
template by OH™ was observed. Here, water molecules are nec-
essary to stabilize the organic cation and the counter ion. We
found that three water molecules located mostly between the
OH™ and the organic cations are quite sufficient for this pur-
pose. The protonated templates, OH ™, and water molecules were
fully optimized together prior to their introduction in the chan-
nels of AIPO4-5. For the occluded organic templates, considered
neutral or protonated, we tried manually several initial orienta-
tions for each template until the most stable interaction with the
framework was obtained.

3. Results and discussion

Fig. 1a—d shows the XRD patterns of the as-synthesized solids
obtained at different crystallization temperatures (130-150 °C).
At 130°C (Fig. la), only the TEAOH template could form
the AIPO4-5 phase. This is indicated by the weak reflection
at 20="7.32°, which is characteristic of the (100) crystal-
lographic plane of AIPO4-5 [31,32]. Other templates, i.e.,
MCHA, TEA, and TPA form the AIPO4-C phase [31] (IZA
code APC [17]) with different degrees of crystallinity. The
appearance of AIPO4-C was previously observed during the
synthesis of AIPO4-5 with ortho-fluorobenzyl-pyrrolidine [11].
At higher crystallization temperature, i.e., 140°C (Fig. 1b),
stronger reflections due to AIPO4-5 could be observed with
TEAOH. With MCHA and TPA, there are no clear reflections
due to AIPO4-5. This suggests the inability of these templates
to form AIPOg4-5 at least under such experimental condition.
Performing the synthesis at higher crystallization temperature,
i.e., 145 °C, reflections due to AIPO4-5 can be observed using
TEA or MCHA along with the AIPO4-C phase. Here again
TEAOH gives the strongest AIPO4-5 reflections for AIPO4-5.
By increasing the crystallization temperature up to 150 °C, the
XRD reflections due to AIPO4-5 become clearer in the case
of TEA and MCHA. Moreover, TEAOH templated AIPO4-5
gives strong reflections. Under this condition, TPA templated
AlPO4-5 starts giving weak reflection at 260 =7.50°. Thus, it
is clear from Fig. la—d that TEAOH has the best ability or
templating power to form AIPO4-5 as compared to the other
investigated templates. Interestingly, it can be seen that the abil-
ity of the organic template to direct the synthesis gel toward
AlPOy4-5 formation is enhanced by increasing the crystallization
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temperature in such a way that at 170°C with gel composi-
tion (Alp03:P,05:R:100H,0), all templates could generate the
formation of well-crystalline AIPO4-5 structures as shown in
Fig. le. Therefore, investigating the hydrothermal genesis of
AIPOy4-5 is more appropriate for studying the templating effect
rather than the general ability of a template to synthesize AIPO4-
5, which is strongly dependent on the experimental synthesis
conditions.

297

To evaluate if the above suggested results present new con-
cepts in the formation of MMS or it was accidentally obtained,
we also performed the synthesis under different experimental
conditions, such as: (i) addition of 0.5M HF to the synthesis
gels, (ii) using microwave (MW) irradiation in AIPO4-5 synthe-
sis, and (iii) carrying out the synthesis from more concentrated
gels. Fig. 2a—f presents the XRD patterns for the as-synthesized
samples prepared under these different experimental conditions.
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Fig. 1. XRD patterns of the as-synthesized solid products at different crystallization temperatures for 20 h: (a) 130°C, (b) 140°C, (c¢) 145°C, (d) 150°C, and (e)
Al;03:P,05:R:100H, 0O at 170 °C. Reflections due to AIPO4-5 and AIPO4-C are marked by (*) and (¥ ), respectively.
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In more details, Fig. 2a and b shows the XRD patterns after
addition of 0.5M HF to the synthesis gels prepared at 130
and 140 °C, respectively. At 130 °C, very weak reflections indi-
cate the presence of small amount of the AIPO4-5 phase in the
case of TEAOH. However, in the case of the other templates
no AIPO4-5 reflections could be observed. The same behav-
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ior is noticed at higher crystallization temperature, i.e., 140°C
as shown in Fig. 2b, except that TEAOH templated products
produces stronger reflections at higher crystallization temper-
ature. It is important to compare the XRD patterns presented
in Fig. 2a and b, i.e., after HF addition, with those without HF
illustrated in Fig. 1a and b. It can be seen that HF addition delays
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Fig. 2. XRD patterns of the as-synthesized solid products used to monitor the genesis of AIPO4-5 under different synthesis conditions: (a) 130 °C with HF, (b) 140 °C
with HF, (c) microwave at 130 °C, (d) microwave at 140 °C, (e) concentrated gel at 130 °C, and (f) concentrated gel at 126 °C.
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the crystallization of AIPO4-5 due to its mineralizing effect
[3.4].

Fig. 2¢ and d shows the XRD patterns of the as-synthesized
samples produced under microwave irradiation (MW) for 45 min
at 130 and 140 °C, respectively. It can be seen that only TEAOH
could give XRD reflections due to AIPO4-5 at 130 °C. How-
ever, at 140 °C all templates could form AIPO4-5 crystals. It is
interesting to note that the intermediates during the MW synthe-
sis are different from those observed earlier under hydrothermal
heating. It is thus valuable to devote a separate detailed study to
follow the possible intermediates formed during the synthesis
of AIPO4-5 by different organic templates at 130 and 140 °C,
respectively. Finally, we monitored the genesis of AIPO4-5 from
more concentrated gels (i.e., Al,03:P,05:R:55H;0) at 130 and
126 °C as shown in Fig. 2e and f, respectively. It is important to
mention here that all templates could form AIPO4-5 at 130 °C.
The strongest reflections are found with TEAOH and TEA. By
comparing the results in Fig. 2e with the XRD results in Figs. 1a
and 2a or b, one can conclude that the crystallization of AIPO4-5
from concentrated gels will be better. This fact was used already
to obtain good AIPOj4-5 crystals with minimal solvent wast [33].
In order to differentiate between the templates on the basis of
their templating power, we have lowered the crystallization tem-
perature to 126 °C as presented in Fig. 2f. It can be seen that the
strongest XRD reflections are observed with TEAOH. MCHA
could also form AIPO4-5. However, TEA forms AIPO4-C first
and TPA gives very weak reflections for AIPO4-C. The for-
mation of AIPO4-C at low crystallization temperature can be
attributed to the worse template ability to direct the synthesis
toward the open framework AIPO4-5 structure [11]. Apparently,
templates MCHA, TEA, and TPA, are preferable than TEAOH
in directing the synthesis to the AIPO4-C structure. A sepa-
rate detailed study would be, however, necessary to confirm this
trend.

Table 1 presents several of the optimized parameters calcu-
lated for the organic templates used in the synthesis of AIPO4-5.
Since the genesis of AIPOs are carried out under acidic condi-
tion, the organic amine templates are mostly protonated [34].
Therefore, protonated forms of MCHA, TEA, and TPA are also
considered. In the case of neutral amines, the C—N bond dis-
tances are in very good agreement with the reported value for
C—Ngp3 (1.468 A) [35]. By comparing the C-N distances and
Mulliken charges of the H and N atoms in neutral and proto-
nated templates, one can see that protonation of neutral amine

leads to an increase of the C—N distance, a decrease of the neg-
ative charge on N and an increase of the positive charge on
H. Thus, a stronger nonbonding interaction energy between the
template and the AIPO4-5 framework is expected in the case of
protonated amines. The increase of the calculated C—N distances
in protonated templates, as compared to neutral ones, is also in
agreement with the reported values for (C)3-NH*,1.502 A and
for (C)4~NH*, 1.509 A [35]. This reported trend is reflected here
by the slight increase in C—N distance, 1.526 A, of TEAOH as
compared to C-N of protonated TEA, 1.518 A, and of proto-
nated TPA, 1.515 A. The calculated C—N distance of protonated
MCHA is an exception to this trend. This can be attributed to
the steric hindrance excerted by the two cyclohexyl rings.

Fig. 3a—d shows the optimized structures of AIPO4-5 frame-
works (super cells 2 x 2 x 2) occluding MCHA, TEA, TPA, and
TEAOH, respectively. The calculated nonbonding interaction
energy values are given in Table 1 and Fig. 3e. It should be rem-
ined here that for all protonated template models as in the case
of TEAOH shown in Fig. 3d, we considered an OH™ counter
ion and water molecules to mimic the synthesis conditions and
to make our models more realistic.

DFT calculation results for the nonbonding interaction
energy given in Table 1 and described by Fig. 3e can be
summarized in the following points: (i) TEAOH has the
strongest nonbonding interactions, i.e., the lowest Eyper value
(—261.2 kJ/mol) when compared with the other protonated tem-
plates, i.e., protonated MCHA, —147.6 kJ/mol, protonated TEA,
—189.3 kJ/mol, and protonated TPA, —133.4 kJ/mol. (ii) Neutral
templates induce weaker interactions as compared to their pro-
tonated forms. This trend was shown previously for neutral and
charged templates by Lewis [36]. Therefore, one can conclude
that the best ability of TEAOH observed earlier in the genesis
of AIPO4-5, under the different synthesis conditions considered
here, is attributed to the stronger nonbonding interaction energy
between the framework and the TEAOH template. The appre-
ciable Eyner values calculated for protonated TEA and MCHA
could explain their better ability to form AIPO4-5 as compared
to protonated TPA. These observations ensure the applicability
of the proposed new approach correlating the calculated
nonbonding interaction energy to the template ability to form
AlPOy4-5. It should be mentioned that although it is not known
clearly yet which step is the most important one to be modeled
in the hydrothermal synthesis of MMS, i.e., oligomerization of
aluminophosphate intermediates, nucleation or crystal growth,

Table 1
Several optimized parameters and total energies of the various organic amine templates

MCHA TEA TPA TEAOH
C-N 1.462 (1.535)* 1.462 (1.518) 1.460 (1.515) 1.526
gN —0.085 (—0.047) —0.100 (—0.039) —0.098 (—0.039) —0.055
qH 0.120 (0.158) 0.114 (0.163) 0.111 (0.142) 0.179
Etm —565.3327 (—871.1551) —292.5036 (—598.3416) —410.4830 (—716.3221) —676.9718
Eapo,—5/T™™ —11187.6940 (—11493.5584) —10914.8758 (—11220.7608) —11032.8480 (—11338.7201) —11299.4184
Einter? —37.3 (—147.6) —65.9 (—189.3) —46.9 (—133.4) —261.2
Bond distances are given in (A), Mulliken charges in (e™), and energy values in (au). Ealpo,—5 = —10622.3471 au.

? Values for protonated amines are given between parentheses.
b Ennter (kJ/mol).
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Fig. 3. Optimized structures of AIPO4-5 (super cells 2 x 2 x 2) occluding the different organic templates used in the synthesis: (a) AIPO4-5/MCHA, (b) AIPO4-5/TEA,
(c) AIPO4-5/TPA, (d) AIPO4-5/TEAOH-H,O0, and (e) calculated nonbonding interaction energy between the templates and AIPO4-5 frameworks.

it has been claimed that computational studies starting with the
MMS model could give useful information about templating
effect, template selection, and template prediction [5,7,36].

4. Conclusions

The genesis of AIPO4-5 crystals has been monitored by XRD
in the presence of different organic templates, viz., MCHA,
TEA, TPA, and TEAOH under different synthesis conditions.
Results show that the TEAOH template has the best ability to
form the AIPO4-5 structure from the synthesis gel. This high

templating power of TEAOH was not affected by changing the
synthesis conditions. Density functional theory (DFT) calcu-
lations, on periodic models of AIPO4-5, indicate the stronger
nonbonding interaction energy in the case of protonated tem-
plates as compared to neutral ones. Furthermore, the strongest
nonbonding interaction energy was found between TEAOH and
the AIPO4-5 framework.

Finally, we propose a new approach, correlating the calcu-
lated nonbonding interaction energy and the template ability
to form a given AIPO4-5 in particular. The proposed approach
also can be applied in general to the synthesis of templated
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microporous molecular sieves. We believe that this view gives
a better understanding of the role of organic templates in the
synthesis of porous molecular sieves.
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