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Directing Aluminum Atoms into Energetically Favorable
Tetrahedral Sites in Zeolite Framework by Organic Structure-

Directing Agents

Koki Muraoka,® Watcharop Chaikittisilp,*® Yutaka Yanaba,® Takeshi Yoshikawa, and Tatsuya

Okubo*[

Abstract: The Al location in zeolites can have massive influences on
the zeolite properties because it directly correlates with cationic active
sites. Here, the synthesis of IFR zeolites with controlled Al distribution
at different tetrahedral sites (T sites) is reported. The computational
calculations suggest that organic structure-directing agents (OSDASs)
used for zeolite synthesis can alter the energetically favorable T sites
for Al. Zeolite products synthesized under an identical condition but
with different OSDAs are found to have altered fractions of Al at
different T sites in accordance with the energies derived from the
zeolite—OSDA complexes. Our finding thus provides evidence for the
ability of OSDAs to direct Al into more energetically favorable T sites,
thereby offering rationally synthetic guidelines for the selective
placement of Al into specific crystallographic sites.

Zeolite, an important class of microporous crystalline materials
with precisely defined pores and cavities, has been practically
used in several industries.! Its structure is built by infinite
connection of TOy, tetrahedra (T is tetrahedral atoms such as Si
and Al). Control of local structures of zeolites is of great scientific
and technological importance because only small changes at an
atomic scale can have significant influences on properties and
performance of zeolites. In particular, the location of Al directly
correlates with the location of cationic active species because
trivalent Al in the silicate zeolite frameworks creates negative
charges that require cationic counterions for charge
compensation.?!

If the counterion is a proton, zeolites can express Brgnsted
acidity. The acid activity is known to be dependent on the location
of AI-O-H since the deprotonation of protons can be influenced
by slight changes in atomic environments, and the protons must
be in the appropriate locations for efficient interactions with
reactants and transient intermediates.”®! The location of Al is also
vital for the transition metal-exchanged zeolites that act as
efficient catalysts for selective catalytic reduction of NOx and
partial oxidation of methane because the amount and location of
Al determine the nature of active bare multivalent cations or
metal-oxo species.
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Because of such significant influences, the community has
developed characterization techniques to quantify the Al
distributionl™ and established the synthetic method to control the
Al location.Be6.71 Early studies compared the distribution of Al in
commercial zeolites and in zeolites synthesized with substantially
different protocols.®! However, it is impossible to explicitly
attribute the differences in the Al locations to the respective
synthetic conditions. Later, several studies attempted to minimize
the effects caused by the complicatedly interrelated, synthetic
parameters;Be7 nevertheless, the relationship between the Al
locations and the synthetic parameters is still unclear. The rational
design of synthetic parameters to selectively place Al into the
desired site remains elusive.

Recently, our group computationally investigated more than
43,000 representative zeolite models having different framework
structures, chemical compositions, and Al locations.!®! Throughout
the analyses, we found that the energetically favorable Al
locations predicted by computations can well explain
experimentally observed Al locations in zeolites synthesized by
some specific routes,® suggesting that zeolites with specific Al
locations can be attained as an “equilibrium” product by
controlling the energetic pathways of crystallization to achieve (on
average) more energetically favorable atomic configurations. 0]
These findings have motivated us to rationally design the location
of Al in zeolites by controlling the energy difference. Among many
possible synthetic parameters, we have selected organic
structure-directing agents (OSDASs) for a proof-of-concept. When
bulky and water-soluble organic cations are used as OSDAs, they
can often direct the crystallization of specific zeolite frameworks
having cavities commensurate with their molecular structures.[%
In addition, OSDAs can control the chemical composition of
zeolites by charge compensation, implying that the organic
cations strongly interact with negative charges induced by Al. A
recent study took these advantages by using OSDAs structurally
similar to transition states of targeted catalytic reactions to create
effective confinement volumes and active sites in zeolite
catalysts.'Y] These intuitive concepts rationalize the approach to
regulate the location of Al by employing appropriate OSDAs.

Herein, we demonstrate that the occupancy of Al at different
crystallographic T sites of zeolites can be tuned by OSDAs. Three
different OSDAs shown in Figure la are used to crystallize
aluminosilicate zeolites with IFR topology, also known as ITQ-4,
SSZ-42, and MCM-58,12 under an identical condition. The one-
dimensional pore of IFR zeolite is composed of the sequence of
cavities that tightly accommodate OSDAs on a one-by-one
manner (Figure 1b). This unique structural matching makes IFR
zeolite an ideal model for investigation of the Al site-directing
ability of OSDAs because it is expected to minimize the mobility
of OSDAs.
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Figure 1. (a) Chemical structures of three OSDAs. (b) Schematic of the
structural matching between IFR zeolite and OSDA2. Si, O, C, H, and N atoms
are visualized as yellow, red, black, white, and blue sticks, respectively. (c)
Snapshots of MD run of IFR zeolite and OSDA2. Atoms are visualized as
spheres with the same colors in (b) having their corresponding van der Waals
radii. (d) Crystal structure of IFR zeolite. O atoms were omitted for clarity. (e)
Powder XRD patterns of the products obtained using different OSDAs by two-
step heating.

To verify that the structural matching is maintained under the
temperature for zeolite synthesis, we performed molecular
dynamics (MD) simulations at 443 K. In general, OSDAs are not
strictly located in a defined location but move and rotate inside the
cavities of zeolites due to thermal energy.s As depicted in the
MD snapshots (Figure 1c), nevertheless, the structural matching
did not allow for the free movement and rotation of OSDAs,
providing the chance of OSDAs to control the Al locations.
Another structural reason for selecting IFR zeolite is that its crystal
structure has four distinct crystallographic T sites (Figure 1d),
making quantitative determination of Al occupancy possible by
the 2?Al MQMAS NMR technique?>%! as this technique is not able
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to distinguish Al sites in zeolite structures containing too many T
sites such as *BEA and MFI zeolites. 507!

To minimize any possible effects caused by synthetic factors
other than OSDAs, we made intensive attempts to find an
identical synthesis condition for IFR zeolite using different OSDAs.
Some of our trials are summarized in Table S1 with the
corresponding powder XRD patterns shown in Figures S1-S5 in
the Supporting Information. The results indicated a trade-off
between the stability of OSDA1 at higher temperature and the
slow crystallization with OSDA2 and OSDA3 at lower temperature.
Consequently, we decided to employ a two-stage heating method
for zeolite synthesis. At lower temperature, the organic—inorganic
composite is formed where OSDAs become more stable with
surrounding inorganic species, thereby avoiding the degradation
of OSDAs, while subsequent heating at higher temperature can
promote the zeolite crystallization. This approach was effective
here especially when the reaction mixture was first treated at
150 °C for 7 days followed by heating at 170 °C for 7 days. For all
OSDAs, IFR zeaolites were successfully synthesized under exactly
the same condition (Figure 1e).

B3C CP/MAS NMR spectra of the as-synthesized zeolites
matched well with their corresponding OSDAs (Supporting
Information, Figure S6), suggesting that the OSDAs are stable
under this synthesis condition and occluded intact in the as-
synthesized products. The contents of OSDAs in IFR zeolites
were two OSDASs per unit cell (Supporting Information, Table S2),
corresponding to one OSDA per cage, which is in agreement with
the MD simulation (Figure 1c). The concentrations of Al in the
products were, however, lower than the contents of OSDA,
suggesting that some of OSDAs are charge-balanced by silanol
defects typically observed in high-silica zeolites synthesized with
OSDAs.! In this study, such a high-silica composition is
preferable because the number of Al-O-Si—O—-Al species causing
unsystematic shift of 2’Al MAS NMR[!®! can be minimized with
increasing Si/Al ratios. ?°Si MAS NMR spectra (Supporting
Information, Figure S7) confirmed that the AlI-O-Si—O—Al species
were hardly observed (i.e., the absence of signal arising from the
Q*(2Al) (Si(AlO),(SiO),) silicon species). The presence of Q*(0Al)
(i.e., (Si(SiO)s) and Q*(1Al) (i.e., Si(AlO)(SiO)s) silicon species
corroborated with the crystallization of high-silica zeolites. The
peak splitting observed in Q*(0AI) signals can be assigned to Si
at different crystallographic T sites.[16]

The IFR samples were analyzed by 2’Al 3QMAS NMR to
suppress and correctly deal with the quadrupolar effect of 27Al.
Several resonances were observed from the obtained spectra
(Figures 2a, 2e, and 2i), which can be attributed to the different Al
environments. The differences in the two-dimensional spectra
suggested the difference in Al environments depending on the
OSDAs because other synthesis conditions were identical. The
projection of the 3QMAS NMR spectra toward F1 direction
(Figures 2b, 2f, and 2j), which is free from quadrupolar broadening,
highlighted the differences between samples. The differences
were also observed from the projection toward F2 direction
affecting the broadening of the signals (Figures 2c, 2g, and 2k).
The deconvolution of the spectra using four Voigt functions
successfully simulated the experimental projection spectra. Note
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Figure 2. 27Al NMR spectra of IFR zeolites synthesized with (a-d) OSDA1, (e-h) OSDA2, and (i-I) OSDAS3. (a, e, i) Two-dimensional plots of 3QMAS NMR spectra
with their projections to (b, f, j) F1 and (c, g, k) F2 axes, and (d, h, ) their corresponding single-pulse NMR spectra. Dash lines show simulated spectra deconvoluted

using Voigt functions.

that the width of the peaks was fixed®7] for the same projections.
These four resonances presumably corresponded to the different
Al locations at four T sites in IFR zeolite. The isotropic chemical
shifts were then computed from the chemical shifts in F1 and F2
projections. 5060l

The computed isotropic chemical shifts can be compared with
the theoretical values obtained from the electronic structure
calculation using DFT. To calculate the theoretical isotropic
chemical shifts, we performed structure optimization of
aluminosilicate IFR zeolites with OSDAs. Subsequently, cluster
models were extracted from the final optimized structure to
compute NMR parameters using a Gauge-Independent Atomic
Orbital (GIAO) method.*® The theoretically predicted isotropic
chemical shifts were in a range of 57—62 ppm, agreed remarkably
well with the experimental values (Supporting Information, Table
S3). The strong correlation between theoretical and experimental
isotropic chemical shifts was observed for all OSDAs (Supporting
Information, Figure S8), thereby justifying the techniques used
here. The order of chemical shifts was T3 > T4 > T1 > T2 for
OSDA1 and OSDA2, while the order of OSDA3 was T4>T3>T1
> T2. This kind of reordering of chemical shifts depending on the
types of counter-cations was also observed previously.[%

Quantitative estimation of the amount of Al in each T site was
obtained from single-pulse ?Al MAS NMR. The absence of the
chemical shift arising from the octahedral coordination of Al (at ca.
0 ppm), confirmed that all Al atoms were in the zeolite samples as
tetrahedrally coordinated species (Supporting Information, Figure
S9). Although the spectra were broadened due to the quadrupolar
effect of 27Al, the differences among spectra due to the different
OSDAs were apparent, particularly at a shoulder around 61 ppm
(Figures 2d, 2h, and 2I). These differences can explicitly be
visualized by deconvolution using the simulated spectra in the
processing for og,. Four Voigt functions with the same width were
able to simulate the experimentally observed single-pulse ?Al
MAS NMR spectra (Figures 2d, 2h, and 2I).

The observed occupancy varied in a range of 8-54% (Figure
3a), suggesting that there is the bias for the incorporation of Al in
IFR zeolites depending on the OSDAs used and the T sites. Note
that IFR framework structure has 4 equally weighted T sites,
which can imply that if Al is randomly distributed in zeolite, the
occupancy of Al should be equally for each T site (i.e., 25%). The
most Al-rich site for all OSDAs was T1 with the occupancy of 39—
54%, suggesting the intrinsic preference of T1 for Al in the
combinations of IFR framework and three OSDAs. The lowest
occupancy of 8% was observed for T3 with OSDA3.

This article is protected by copyright. All rights reserved.
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Figure 3. (a) Heatmap of Al occupancy found in IFR zeolites synthesized using
different OSDAs. (b) Heatmap of relative energies of aluminosilicate IFR
zeolites having Al at different T sites with three OSDAs.

To explain the origin of the differences in the occupancy of Al,
we retrieved the bulk energies obtained from the structure
optimization using the electronic structure calculation. For each
combination of OSDAs and T sites, the lowest energy was
computed. As shown in Figure 3b, T1 was the most stabilized
crystallographic location for Al, regardless the types of OSDAs,
which is clearly matched with the highest occupancy of T1
observed by NMR. Their energies were used as the standard (i.e.,
0 kJ/mol) for other T sites. The two closest N*---O(Al) distances
observed for OSDAL and T1 were 4.35 and 4.57 A (Figure 4a).
The values for OSDA2 and T1 were essentially identical (Figure
4c). The distances slightly changed but were similar values for
OSDAZ3 (Figure 4e). The close distances of N*---O(Al) seemed to
stabilize the IFR-OSDA complex and hence enrich T1 with Al.

In contrast, the computed energies of T3 were highest among
T sites for all OSDAs. In particular, the combination of T3 and
OSDAS3 created the least stable electronic structure (37 kd/mol),
consistent with the lowest occupancy of 8% estimated from the
NMR spectrum. These results were again in agreement with the
N*.--O(Al) distances (Figure 4f). The two closest distances
between OSDA3 and O(Al) for T3 were 6.21 and 6.46 A, about 2
A longer than those of T1, seemingly destabilized the system.
This tendency is also observed for OSDA2 and O(Al) for T3
(Figure 4d). The occupancy of Al at T3 dramatically improved in
the case of OSDAL1 (i.e., 22%) compared to other OSDAs. This is
consistent with its lower relative energy of 9 kJ/mol, in comparison
with 31 and 37 kJ/mol for OSDA2 and OSDA3, respectively. In
spite of these dramatic changes in energy, the N*---O(Al) distance
(6.03 A) was slightly shorter (Figure 4b), which cannot explain the
increasing Al occupancy. The special feature of OSDAL is that it
has another N atom. The distance between this neutral N and the
closest O(Al) was 3.70 A, which can likely enhance the overall
stabilization.

In general, the Al distribution in zeolites is thought to be
controlled kinetically; however, there exist exceptional cases
where the energetic stability is considered to be a dominant
determining factor.®9 In the former case, the formation of zeolite
is governed by highly mobile OSDAs. As a result, the
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Figure 4. Optimized structures of zeolite—OSDA complexes with (a, b) OSDA1,
(c, d) OSDA2, and (e, f) OSDA3 having Al at (a, ¢, €) T1 and (b, d, f) T3. The
pink spheres denote Al, while the blue spheres denote N.

interactions between OSDAs and anionic charges near Al sites
are inconstant, leading to broad distributions of Al over T sites.
Yet, the Al locations can be controlled in zeolite framework
positions between different cavities (e.g., large vs. small cages)
but not crystallographic site specific.323¢71 |n the latter situation,
the T site-specific Al can be achieved due to the low mobility of
OSDAs, providing the specificity of the structure-directing
ability.[a

The clear correlation between thermodynamic stability of Al at
different T sites and Al occupancy described here provides
evidence that for IFR zeolites the Al location is primarily governed
by the energetic preferences. This phenomenon is likely derived
from the tight packing between IFR zeolite and OSDAs, yielding
the notable Al site-directing ability of OSDAs. Although a
comprehensive understanding why we are able to control such
the energetic pathways remains elusive, we surmise that the
exceptional matching between zeolite and OSDAs, which can
suppress the free movement and rotation of OSDAs, and/or the
relatively slow crystallization under the present conditions are
essential factors.

In summary, we report that the Al occupancy at different T
sites in IFR zeolites synthesized under an identical condition but
with different OSDAs can be tuned, in accordance with relative

This article is protected by copyright. All rights reserved.
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energies derived from the zeolite—OSDA complexes, suggesting
that the Al locations are primarily governed by the energetic
preferences to yield (on average) lower energetic atomic
configurations. This combined computational and experimental
approach provides a paramount step toward the rational
synthesis of zeolites with selectively controlled Al locations. It is
anticipated that the insight obtained from this model system can
be applied to other related framework materials.
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