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DFT Study of Nitrogen-Substituted FAU: Effects of Ion Exchange and Aluminum Content

on Base Strength
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We have studied base strengths of nitrogen-substituted (nitrided) zeolites with faujasite (FAU) structure by
calculating sorption energies of probe molecules (BF; and BH3) using density functional theory with mixed
basis sets applied to embedded clusters. BH; was found to be a better probe of base strength because it does
not introduce competing metal—fluorine interactions that obfuscate trends. In all cases, the base strengths of
nitrided zeolites (denoted M—N—7Y) were found to exceed those of the corresponding standard M—Y zeolites,
where M = Li, Na, K, Rb, or Cs charge-compensating cations. We have found that for a particular Si:Al
ratio, BH; sorption energies vary in the order Li < Na < K ~ Rb ~ Cs. Sorption energy and hence base
strength was found to decrease with increasing Si:Al ratio from 1 to 3 beyond which the base strength was
found to increase again. The initial regime (1 < Si:Al < 3) is consistent with the prevailing understanding
that the base strength increases with Al content, while the latter regime (Si:Al > 3) involves the surprising
prediction that the base strength can be relatively high for the more stable, high-silica zeolites. In particular,
we found the sorption energy in Na—N—Y (Si:Al = 11) to be nearly equal to that in (Si:Al = 1). Taken
together, these results suggest that K—N—Y (Si:Al = 11) optimizes the balance of activity, stability, and

cost.

1. Introduction

Zeolites are microporous crystalline materials composed of
TO, (T = Si, Al) tetrahedra as primary units joined via oxygens
to give cagelike structures.! Acidic zeolite catalysts have long
been the backbone of the petroleum industry because of their
high surface area, large adsorption capacities, and shape-
selective properties. All these properties make them ideal
candidates for biofuel production catalysts. However, biomass-
derived feedstocks contain heavily oxygenated compounds
suggesting the development of shape-selective basic catalysts,
which can activate organic oxygenates by forming anionic
intermediates (cf. aldol condensation?). Having a strong shape-
selective solid base catalyst will also be desirable in other
industries such as the fine-chemical, pharmaceutical, and food
industries.>™ Classes of zeolites that have base character include
ion-exchanged zeolites,> zeolites with grafted organic bases,>’
nitrided zeolites,’ and other classes such as nickel phosphate
VSB-5.7 We recently showed that nitridation, replacing zeolite
bridging oxygens with isoelectronic amine groups (—NH—), can
nearly double base strength in zeolites.® A variety of studies
have demonstrated the use of nitrogen-substituted zeolites as
base catalysts.”!° However, there has been no systematic study
of base strength versus aluminum content or alkali cation in
these systems. In this article, we report density functional theory
calculations of adsorption energies for probe molecules on
embedded zeolite clusters to reveal basicity trends in nitrogen-
substituted zeolites.

Nitrided zeolites have been under study for over 40 years'!
since the initial report by Kerr and Shipman in 1968.° Although
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recent work on nitrided zeolites has revealed interesting base
catalytic activities,”!” the structures of nitrided zeolites and their
active sites have remained only ambiguously identified.6!0-1219
By combining *Si solid-state NMR and quantum calculations
of chemical shifts, we have shown that nitridation in high-silica
H—Y (Si:Al = 15) is consistent with an intact zeolite framework
and occurs first at Brgnsted sites (Si—OH—ALI) and subsequently
at siliceous sites (Si—O—Si).!2!316 The story is qualitatively
similar for nitridation of Na—Y (Si:Al = 2.4), although the
diversity of nitrided sites in Na—Y is much higher because of
the higher Al content.'>!>'® Furthermore, through a combination
of X-ray diffraction, *Si solid-state NMR, and high-resolution
adsorption studies, we have recently reported an optimal
synthesis approach for nitrided zeolites emphasizing the im-
portance of high ammonia flow rates during heating and reacting
steps.!>!316 Finally, density functional theory (DFT) calculations
of the nitridation mechanisms in H—Y and silicalite zeolites>
have been used to predict that nitrided zeolites remain stable at
high temperatures even at saturation water loadings.?' The
question still remains how the Si:Al ratio and the nature of the
charge-compensating cation impact strengths of basic sites in
nitrided zeolites.

A conventional wisdom in zeolite science suggests that
increasing aluminum content (decreasing the Si:Al ratio)
increases zeolite base strength because isomorphic substitution
of aluminum for silicon increases framework negative charge
hence facilitating Lewis and Brgnsted base activity through
increased oxygen charge density. Various experimental studies
support this notion;?>2° however, most of these studies have
been performed on FAU-type zeolites of standard X (Si:Al =
1.2) and Y (Si:Al = 2.4) compositions. Zeolites with higher
Si:Al ratios have been studied by Barthomeuf>* and Okamoto
et al.;*® however, they studied zeolites with different framework
structures making comparisons with X and Y zeolites inap-
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propriate. As such, it is not clear whether this trend continues
for zeolites with Si:Al ratios much above 2.4. This is an
important question because decreasing the aluminum content
of zeolites (increasing Si:Al ratio) makes them more stable to
the kinds of hydrothermal treatments used to regenerate
catalysts. Our calculations thus serve as a guide for balancing
material stability and catalytic activity. A challenge in imple-
menting such calculations is dealing with long-range aluminum/
cation distributions, which we handle using embedded clusters
within the ONIOM formulation.’!

The strength of basic sites also depends on the nature of the
charge-compensating cation.?? For standard zeolites with alkali
cations, base strength has been shown to increase in the order
of Li < Na < K < Rb < Cs?>724%2 suggesting that ion exchange
of nitrided zeolites (or nitridation of ion-exchanged zeolites)
should produce the strongest possible basic sites. The expense
of ion exchange warrants the question of how much base
strength is gained by such a process. We investigate this below
by calculating energies of embedded clusters using atomic basis
sets such as the split-valence, triple-¢ basis set 6-311G(d,p).*
This basis set is, however, unavailable for heavier elements such
as Rb and Cs forcing a mixed basis set approach as we describe
below.

Various methods are described in the literature for character-
izing the basicity of zeolites. Experimental methods include the
use of probe molecules such as pyrrole,?*?~27 chloroform,*%
and but-1-yne** along with techniques such as X-ray photo-
electron spectroscopy (XPS)*2%% and Fourier transform infrared
(FTIR).2327:28.34 Theoretical methods include analyzing charge
densities using the electronegativity equalization method
(EEM)®» and the molecular electrostatic potential (MEP)
method?? as well as the use of acidic probe molecules such as
BF;.2 In our initial study on nitrided zeolites, we quantified base
strength by computing adsorption energies of BF; in sodalite
zeolites with Si—O—Si and Si—NH—Si sites finding —0.5 and
—0.8 eV, respectively.® For consistency, we continue below with
BF; as a probe molecule for studying base strengths in various
standard and nitrided FAU-type zeolites. However, we find
below that BHj is a better probe of base strength because trends
in adsorption energy are not obscured by competing metal—
fluorine interactions. We find below that nitridation increases
base strengths for all zeolites studied, but surprisingly, we also
find a nonmonotonic trend in base strength versus Al content
with high-silica Na—Y showing remarkably strong base sites.

The remainder of this article is organized as follows: in
section 2, we describe the zeolites studied and detail the
computational methods of the ONIOM calculations; in section
3, we discuss the resulting adsorption energies using BF; and
BH; as probe molecules; and in section 4, we offer concluding
remarks.

2. Methods

We have studied various FAU-type zeolites by calculating
BH; and BF; (generally BX3) sorption energies to gauge zeolite
base strength. To determine the role of aluminum content, we
have studied standard and nitrided FAU-type zeolites with
silicon-to-aluminum ratios (Si:Al) of 1, 3, 5, and 11 all with
Na as the charge-compensating cation. The material with Si:Al
= 1 is commonly referred to as Na-LSX (low silica X), while
those with Si:Al > 1.5 are denoted Na—Y zeolites. For notational
convenience, we refer to all these standard and nitrided zeolites
as Na—Y and Na—N—Y, respectively. To investigate the effect
of changing the charge-compensating cation, we have studied
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standard zeolites M—Y (Si:Al = 11) and nitrided analogues
M—N-Y (Si:Al = 11) with alkali metals M = Li, Na, K, Rb,
and Cs.

Base strength was gauged by the magnitude of sorption
energies calculated according to

AV = Vas = V7 = Vg (D

where V; is the optimized electronic energy of zeolite-guest
(ZG), zeolite (Z), and guest (G). Assuming that the zeolite, guest,
and zeolite—guest complex act as multidimensional harmonic
oscillators, the molar internal energy of adsorption at absolute
temperature 7T is given by AU, = AV, + 3RT where the
second term (3RT) is the average harmonic potential energy of
hindered translations and rotations for the guest sorbed in the
zeolite. This harmonic approximation is good because BXj
sorption produces relatively tightly bound zeolite—BXj3 struc-
tures because of the strong Lewis acidity of BH; and BFs;.
Furthermore, assuming that the external BX; gas phase is ideal,
the molar enthalpy of adsorption is given by AH,4 = AUy =
AV, + 2RT; this ideal gas approximation is also supported by
the large sorption energies reported below. Thus, calculating
AH,q reveals trends in sorption heats, and hence base strengths,
for the zeolites studied herein. By convention, we report all
sorption energies below as positive quantities.

The acid—base interaction that controls sorption energies in
these systems is of a strongly chemical nature requiring quantum
calculations to capture trends in base strength. All calculations
in this work were performed using a finite zeolite cluster model.
Although this approach lacks true long-range forces, it captures
local interactions quite well, such as acid—base binding in silica-
based materials. Indeed, in previously published cluster calcula-
tions, we computed the sorption energy of ammonia in H—Y
as 111 kJ/mol,®® which compares well with the range of
experimental values 100—130 kJ/mol.**~3® The calculations
below used the same total system cluster size as in our previous
work.?

The FAU zeolite framework topology exhibits four crystal-
lographically distinct oxygens®® of which O(1) and O(4) are the
most accessible, being in the window separating adjacent FAU
supercages, making these oxygen sites relevant for catalysis.
Moreover, previous simulations have found that O(1) and O(4)
are the most basic oxygens in FAU-type zeolites.*® In this work,
we have performed sorption studies on the O(1) oxygen site,
while for nitrided zeolites, we have modeled sorption at the
nitrided O(1) site. In our previous work,”’ we found substantially
similar nitridation energies at O(1) and O(4) in HY indicating
little sensitivity to nitridation site. This indicates that other
clusters of the same size, but centered on a different oxygen in
the FAU structure, will give substantially similar results.

We have used the embedded cluster approach via two-layer
ONIOM*~#2 for computing optimized geometries and energies
in this work. Here, we describe the construction of clusters
followed by details of the ONIOM calculations. BH; and BF;
adsorption was studied on the same clusters. We built 92T
clusters centered at O(1) containing 92 total silicon and
aluminum (tetrahedral or T) atoms consistent with our previous
cluster calculations.?® All clusters were terminated with oxygen
atoms fixed at their crystallographically determined locations
(vide infra). At the core of each 92T cluster, a 12T quantum
cluster was extracted, and its dangling bonds were passivated
as discussed below. This quantum cluster size has proven
sufficient to converge acid—base energetics in zeolites.?>>! To
study the effect of ion exchange, we built 12T quantum clusters
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Figure 1. Structure of BHj in 12T quantum cluster embedded in 92T
cluster model of Na—Y.

with an isolated aluminum substitution adjacent to O(1) balanced
by one alkali metal giving a Si:Al ratio of 11 in the quantum
cluster. The outside layer for this system was taken as purely
siliceous from the X-ray crystal structure of zero-defect dealu-
minated Y zeolite® (ZDDAY or siliceous FAU, fcc with a 24.3
A lattice parameter). As such, this represents an isolated basic
site with various charge-compensating cations, which were
initialized near site II close to the supercage six-ring.**

To study the effect on basicity of varying aluminum content,
we built 12T quantum clusters with 1, 2, 3, and 6 aluminum
substitutions balanced by equal numbers of Na atoms giving
Si:Al ratios of 11, 5, 3, and 1, respectively. Each outside layer
was built to match the Si:Al ratio of the inside quantum layer.
This was achieved by using forcefield-based simulations to
generate initial conditions for ONIOM optimizations. For Si:
Al = 1, we began with the alternating aluminum distribution
dictated by Lowenstein’s rule! and optimized the Na distribution
using the forcefield of Jaramillo and Auerbach.** From this
optimized 192T unit cell of Na-LSX (24.9 A lattice parameter),
we extracted a 92T total cluster, and from this cluster, we
extracted a 12T quantum cluster, and both were centered at O(1).
For each higher Si:Al ratio, we began with the Na-LSX structure
and converted the appropriate number of aluminums back to
silicons to achieve the target Si:Al ratio. Each aluminum switch
was chosen at random, and the closest Na atom was deleted.
Special care was taken to maintain a homogeneous distribution
of Na atoms for each Si:Al ratio. As above, 92T total system
clusters centered at O(1) were then extracted, and from these,
12T quantum clusters were built. This approach does not
guarantee that the resulting 12T quantum cluster contains the
desired number of Al/Na atoms; several iterations were per-
formed until acceptable initial structures were obtained.

In two-layer ONIOM,*~*2 the 92T total system cluster is
denoted “S” while the passivated 12T quantum cluster is denoted
“C.” A snapshot of the cluster NaY with adsorbed BH; is shown
in Figure 1. No electrostatic interaction between the quantum
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TABLE 1: Test of Mixed Basis Set Using BF; Sorption
Energies (Si:Al = 11)

sorption energy difference
structure (kJ/mol)* (kJ/mol) % difference
Li—Y —70.9 (—73.9) 3.0 4.2
Li—-N—-Y —115.2 (—119.0) 3.8 33
Na—Y =779 (=79.7) 1.8 23
Na—N—-Y —121.4 (—123.6) 22 1.8
K=Y —90.3 (—90.9) 0.6 0.7
K—-N-Y —135.9 (—136.6) 0.7 0.5

“ Sorption energies were calculated at B3LYP level of theory in
quantum layer and UFF for the total system. SDD basis set was
used for alkali atoms, and 6-311G(d,p) was used for all other atoms.
The values in parentheses are those from using 6-311G(d,p) for all
atoms.

cluster and the rest of the total system was considered, that is,
the calculations were performed using mechanical embedding
but not electronic embedding. All 12T quantum clusters con-
sisted of one six-ring and three four-rings as shown in Figure
1; these were terminated via Si—H and Al—H groups with
hydrogen atoms placed along Si—O or Al—O vectors for each
omitted oxygen. Although terminating with Si—OH and AlI—OH
groups is preferable, the Si—H/Al—H terminations were used
to mitigate the computational expense of including (as many
as six) Na atoms in the quantum clusters. Nonetheless, we have
found that such terminations are acceptable for modeling
acid—base chemistry with such large (12T) quantum clusters.?!
The total system electronic energy is approximated within
ONIOM from three independent calculations according to*

Eoniom = En(C) + [E(S) — E(O)] (2)

where subscripts “hi”” and “lo” represent high and low levels of
theory, respectively. For the high level of theory, we used the
B3LYP hybrid density functional***’ and the 6-311G(d,p)
triple-& basis set*® when studying aluminum content. This model
chemistry has proven effective at capturing acid—base energetics
in zeolites.*® In contrast, when studying ion exchange, we used
a mixed basis set: the SDD basis set* for alkali atoms and
6-311G(d,p) for all other elements. This mixed basis set
approach is necessitated by the fact that 6-311G(d,p) is not
available for the heavier alkali metals Rb or Cs. We determined
the error from this mixed basis set by computing BF; sorption
energies at isolated basic sites in 12T/92T clusters with Li, Na,
or K comparing results from SDD and 6-311G(d,p) descriptions
of the alkali metals. As shown in Table 1, the SDD basis set
slightly underestimates sorption energies by 1—4% (maximum
error 3.8 kJ/mol) with error decreasing as metal size increases.
This mixed basis set approach thus appears to be an effective
way for treating heavier metals in zeolites.

For the low level of theory, we applied the universal force
field (UFF)*® with hydrogen, oxygen, nitrogen, and boron atom
types specified as H, O_3_z, N_3, and B_2, respectively.*® The
use of B3LYP/6-311G(d,p)//UFF with these ONIOM cluster
sizes has previously been shown to give converged energies
for proton transfer in zeolites.’! For each system with Na atoms
in the outer layer, we fixed outer-layer Na positions since UFF
was not found to reproduce Na distributions in zeolites
satisfactorily. However, all inner-layer Na atoms were allowed
to relax fully. Geometry optimizations were performed with no
symmetry constraints and using the quadratic coupling method,>'-*?
which couples forces between ONIOM layers in a numerically
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Figure 2. Base strength in standard (M—Y) and nitrided (M—N—Y)
zeolites (Si:Al = 11) probed by BF; sorption energies as a function of
ion exchange.

TABLE 2: Selected Binding Distances (;&) from BF;
Sorption in M—Y and M—N—Y Zeolites

M-Y M-N-Y
o(1)-B F-M N-B F-M
Li 1.62 1.92 1.64 1.87
Na 1.62 2.33 1.65 227
K 1.61 2.56 1.64 2.55
Rb 1.61 2.68 1.64 2.67
Cs 1.61 2.84 1.63 2.84

stable fashion. All calculations were performed using Gaussian
Development Version (release D.02)** on Linux workstations.

To understand trends in sorption energies, we computed
atomic charges using two methods. When studying the effect
of aluminum content on basicity with 6-311G(d,p), we computed
charges fitted to the electrostatic potential (ESP charges) at
points selected by the Merz—Singh—Kollman scheme.’*%
Unfortunately, using this approach with the mixed basis set
treatment of ion exchange presented numerical difficulties. As
such, in this case, we used Mulliken population analysis for
computing atomic charges. Although ESP charges offer a more
robust representation of charge distributions (less basis set
dependence), Mulliken charges offer qualitative trends for a
given basis set.

3. Results and Discussion

Here, we present our predictions on the effect of aluminum
content and ion exchange on the base strength of faujasites
(M—Y) and nitrided faujasites (M—N—Y) by comparing sorp-
tion energies of probe molecules BF; and BH;. Following our
earlier study,® we begin by investigating the effect of ion
exchange with BF; as the probe; we then consider BH; as a
better probe using this to study ion exchange first and Al content
second.

3.1. BF; as Probe Molecule. We begin by reporting calcu-
lated sorption energies of BF; in M—Y and M—N—Y zeolites
for alkali metals M = Li, Na, K, Rb, and Cs. Sorption energies
of BF; are shown in Figure 2 for M—Y and M—N-Y, while
binding distances and Mulliken charges on selected atoms are
given in Tables 2 and 3. Figure 2 shows considerable increases
in base strength upon nitridation for all alkali metals from about
80 kJ/mol in M—Y to 120 kJ/mol in M—N—Y. This increase
is consistent with our earlier study of basicity in silica sodalite,
where BF; binding increases from about 50 to 80 kJ/mol upon
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TABLE 3: Mulliken Charges (au) on Selected Atoms from
BF; Sorption in M—Y and M—N-Y Zeolites

o(1) (Ny B F Me

Li  —0.861(—0.943) 0.698(0.687) —0.362(—0.380) 0.474 (0.479)
Na —0.860 (—0.944) 0.685(0.676) —0.346 (—0.366) 0.625 (0.632)
K —0.854(—0.909) 0.676 (0.664) —0.357(—0.372) 0.813 (0.818)
Rb  —0.852(—0.930) 0.679 (0.659) —0.351(—0.362) 0.834 (0.841)
Cs  —0.849 (—0.920) 0.685(0.647) —0.342(—0.354) 0.870 (0.876)

“ The values in parentheses are for sorption in nitrided zeolites.
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Figure 3. Base strength in standard (M—Y) and nitrided (M—N—Y)
zeolites (Si:Al = 11) probed by BHj sorption energies as a function of
ion exchange.
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Figure 4. Base strength in Na—Y and nitrided Na—N—Y zeolites
probed by BHj; sorption energies as a function of aluminum content.

nitridation.® Figure 2 also shows that sorption energies follow
the trend Li < Na < K > Rb > Cs for both M—Y and M—N—Y
zeolites. In contrast, experiments find that basicity increases
monotonically in the order Li < Na < K < Rb < Cs.2*?* To
address this discrepancy, we analyze binding distances and
atomic charges in Tables 2 and 3.

Table 2 indicates that the B—O/N binding distance decreases
slightly as the size of the alkali metal increases from Li to Cs
suggesting that the fundamental Lewis acid—base interaction
strengthens slightly. Table 3 shows increased negative charge
from O to N in all cases studied consistent with stronger sorption
in nitrided zeolites as seen in Figure 2. Ion exchange from Li
to Cs shows increasing positive charge on the alkali atom, while
fluorine charges exhibit a nonmonotonic trend mirroring the
sorption energies in Figure 2. These fluorine charges suggest
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and nitrided Na—N—Y zeolites, respectively, as a function of aluminum
content.

that the sorption energies in Figure 2 may be influenced by
metal—fluorine Coulomb interactions.

To test this idea, we calculated metal—fluorine Coulomb
interactions, QmQOr/Rvr, using metal—fluorine distances (Ryr)
from Table 2 and charges (Owm, QOr) from Table 3. In this analysis
of BF;—M interactions, we consider only the closest metal—fluorine
contact, whose distance is given in Table 2. As seen in Figure
2 (dashed line), these Coulomb interactions exhibit the same
trend as the BF; sorption energies indicating that competing
metal—fluorine interactions obfuscate inherent trends in base
strength upon ion exchange. The presence of metal—fluorine
electrostatic interactions between the adsorbed molecule with
fluorine and the zeolitic Na ion has also been shown previously
by Mellot and Cheetham,*® who performed canonical Monte
Carlo simulations on the adsorption of fluorinated molecules
in zeolites. To eliminate such interactions, we have pursued BH;
as a probe in our work below.

Agarwal et al.

3.2. BH; as Probe Molecule: Effect of Ion Exchange. The
effect of ion exchange on BHj sorption energies is plotted in
Figure 3 showing a monotonic increase in base strength from
Li to Cs. Figure 3 shows the same ~40 kJ/mol boost in sorption
energy upon nitridation as seen in Figure 2. Furthermore, Figure
3 shows that BH; sorption energies increase only mildly from
K to Cs (by ~5 kJ/mol). This is explained by the Mulliken
charges on alkali atoms (dashed line in Figure 3), which exhibit
the same plateau from K to Cs. This plateau in alkali charges
indicates that K, Rb, and Cs donate approximately the same
amount of charge density to the framework producing basic sites
of roughly the same strength. The same trend was also observed
for Si:Al = 5.0. We determined this by randomly substituting
Al (following Lowenstein’s rule) and placing a cation nearby.
This structure was then fully optimized, and probe molecule
adsorption calculations were performed. Because ion exchange
with Rb and Cs can be expensive, the results in Figure 3 suggest
that K—N—Y may be optimal for base catalytic applications
balancing base strength and catalyst cost.

3.3. BH; as Probe Molecule: Effect of Aluminum Content.
A conventional wisdom in zeolite science is that increasing
aluminum content (decreasing Si:Al ratio) increases base
strength by adding negative charge density to framework
oxygens.?? To test this notion in Na—Y and nitrided Na—N—Y
zeolites, we computed BH; sorption energies as a function of
aluminum content shown in Figure 4. This shows the now
standard 35—40 kJ/mol boost in sorption energy upon nitrida-
tion. Figure 4 also shows that BH; sorption energies decrease
with increasing Si:Al ratio from 1 to 3 beyond which base
strength was found to increase again. The initial regime (1 <
Si:Al < 3) is consistent with the conventional understanding
discussed above, while the latter regime (Si:Al > 3) involves
the surprising prediction that base strength can be relatively high
for high-silica zeolites. In particular, Figure 4 predicts that BH;
sorption in Na—N—Y (Si:Al = 11, one Al atom) is nearly as
strong as in (Si:Al = 1, six Al atoms). Although these results

Figure 6. Electrostatic potential map for Si:Al = 11.0 (one Al atom), charge scale on top with red being most negative and blue being most

positive.
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Figure 7. Electrostatic potential map for Si:Al = 5.0 (two Al atoms), charge scale on top with red being most negative and blue being most

positive.

seem to contradict experimental findings,?> measurements of

FAU-type base strengths have been performed on the standard
Si:Al ratios of 1.2 (Na—X) and 2.4 (Na—Y). Our calculations
prompt new experiments on base strengths of dealuminated Y
zeolites with Si:Al ratios much above 3. Because high-silica
zeolites are typically more stable to the kinds of hydrothermal
treatments used to regenerate catalysts, these results suggest that
K—N—Y (Si:Al = 11) may optimize the balance between base
strength and catalyst cost/stability.

To understand these computational findings, we computed
charges fitted to electrostatic potential (ESP) values at points
selected by the Merz—Singh—Kollman scheme.’*>* As seen in
Figure 5, these ESP charges show substantially more negative
charge on nitrogen than on oxygen for each Si:Al ratio in
qualitative agreement with the Mulliken charges in Table 3.
Figure 5 also shows nonmonotonic trends in N/O charges as a
function of Si:Al ratio. For 1 < Si:Al < 3, N/O charges become
less negative with increasing Si:Al as expected by conventional
wisdom. However, for Si:Al > 3, these charges become more
strongly negative for reasons we do not presently understand.

To go beyond the point-charge analysis in Figure 5, we
computed electrostatic potential maps for Si:Al = 11 and 5 (one
and two Al atoms in the quantum cluster); these are shown in
Figures 6 and 7, respectively. As seen from Figures 6 and 7,
the additional framework electron density from increased Al
content is localized around the bridging atoms (O or NH) near
the substituted Al atom and is not delocalized throughout the
framework. This localized effect suggests that, for a single
adsorbed BH; molecule, increasing Al content increases the
number of strong basic sites but not the strength of already
strong base sites. As such, we find the nonmonotonic trend to
be essentially flat.

4. Conclusions

We have applied quantum chemistry to model base strengths
of standard and nitrogen-substituted (nitrided) FAU-type zeo-

lites, denoted M—Y and M—N—Y, respectively. We calculated
sorption energies of probe molecules BF; and BH; using density
functional theory with mixed basis sets applied to embedded
clusters. Mixed basis sets were required because the 6-311G(d,p)
basis set is not available for all alkali metals, namely, Rb and
Cs. BH; was found to be a better probe of base strength because
it does not introduce competing metal—fluorine interactions that
obfuscate trends. In all cases, the base strengths of M—N—Y
were found to exceed those of the corresponding M—Y zeolites
by roughly 40 kJ/mol, where M = Li, Na, K, Rb, or Cs charge-
compensating cations. We have found for Si:Al = 11 that BH;
sorption energies vary in the order Li < Na < K ~ Rb ~ Cs.
Sorption energy and hence base strength was found to decrease
with increasing Si:Al ratio from 1 to 3 beyond which base
strength was found to increase again. The initial regime (1 <
Si:Al < 3) is consistent with the prevailing understanding that
base strength increases with Al content, while the latter regime
(Si:Al > 3) involves the surprising prediction that base strength
can be relatively high for the more stable, high-silica zeolites.
Taken together, these results suggest that K—-N—Y (Si:Al =
11) optimizes the balance of catalyst activity, stability, and cost.
Our calculations prompt new experiments on base strength in
standard and nitrided zeolites especially for Na—Y and K—Y
with Si:Al ratios above 3.
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