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Investigation of Brensted acidity
in zeolites through adsorbates
with diverse proton affinities

Michal Trachta?, Ota Bludsky?, Jan Vaculik?, Roman Bulanek? & Miroslav Rube3%2*

Understanding the adsorption behavior of base probes in aluminosilicates and its relationship to
the intrinsic acidity of Brensted acid sites (BAS) is essential for the catalytic applications of these
materials. In this study, we investigated the adsorption properties of base probe molecules with
varying proton affinities (acetonitrile, acetone, formamide, and ammonia) within six different
aluminosilicate frameworks (FAU, CHA, IFR, MOR, FER, and TON). An important objective was to
propose a robust criterion for evaluating the intrinsic BAS acidity (i.e., state of BAS deprotonation).
Based on the bond order conservation principle, the changes in the covalent bond between the
aluminum and oxygen carrying the proton provide a good description of the BAS deprotonation
state. The ammonia and formamide adsorption cause BAS deprotonation and cannot be used to
assess intrinsic BAS acidity. The transition from ion-pair formation, specifically conjugated acid/
base interaction, in formamide to strong hydrogen bonding in acetone occurs within a narrow range
of base proton affinities (812-822 kJ mol). The adsorption of acetonitrile results in the formation
of hydrogen-bonded complexes, which exhibit a deprotonation state that follows a similar trend to
the deprotonation induced by acetone. This allows for a semi-quantitative comparison of the acidity
strengths of BAS within and between the different aluminosilicate frameworks.

Aluminosilicate zeolites are an important class of heterogenous catalysts due to the presence of catalytically
active acid sites". The acid sites are formed upon replacing tetrahedral silicon atom in zeolite lattice with triva-
lent aluminum and thus introducing a negative charge that needs to be counterbalanced with a cation. Proton
compensation results in the formation of Bronsted acid sites (BAS), whereas the presence of metallic cations
as compensating species leads to Lewis acid sites (LAS). Also, another source of Lewis acidity is the presence
of extra-framework aluminum species (EFAL) that cannot be entirely eliminated during the aluminosilicate
synthesis®. Understanding the properties and behavior of BAS is essential for optimizing the performance of
these heterogeneous catalysts, as the Bronsted acidity is of particular interest due to the wide range of catalytic
applications.

During the mid-1990s, significant progress was made in the development of the basic theoretical premises
regarding the Bronsted acidity of aluminosilicates*’. These efforts led to several key findings; (i) the IR fingerprint
of the bridging hydroxyl band at approximately 3600 cm™ was found to be an inadequate indicator of zeolite
acidity strength, in contrast to analogous relationships observed in other acids; (ii) an increase of aluminum
content in zeolite framework results in a decrease of zeolite acidity, with the Si/Al ratio limit being topology-
dependent; (iii) the proton affinity (PA) of probe base molecules was found to correlate with T-O bond lengths
that participate in hydroxyl bond due to the bond order conservation principle; (iv) probe base molecules that
deprotonate BAS characterize acid site concentration, rather than the corresponding BAS acidity strength; (v)
base probe molecules that form hydrogen bonding with BAS can be used to distinguish acidity strength among
the BAS; (vi) acid-base reactions in aluminosilicate materials do not necessarily correlate with the established
acidity ranking based on probe adsorption analysis. Figure 1 outlines the fundamental strategies for assessing the
BAS strength in aluminosilicate zeolites (or other solid-state acids) by evaluating their ability to donate protons.

The theoretical concept of deprotonation energy (Eppg) (Fig. 1A) enables to determine the intrinsic acidity
of BAS, regardless of the framework’s topology and Si/Al ratio or BAS heterogeneity, even though this quantity
is not experimentally observable®-". The main advantage of this approach is that it avoids all BAS accessibility
issues related to adsorption. The calculated Eppg values indicated that intrinsic BAS acidity weakly correlates
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Figure 1. The basic concepts to address acidity of aluminosilicates zeolites (A) deprotonation energy, (B)
adsorption of probe base molecules (e.g. ammonia) and (C) test reactions.

with framework density or average isotropic dielectric constant of zeolite. The inclusion of a proton solvation
correction in an aluminosilicate medium reveals that the calculated Eppg values are relatively consistent (i.e.,
with a standard deviation of approximately 10 k] mol™) across various aluminosilicate frameworks. However,
calculating the accurate value of Eppy is, in principle, quite challenging, especially upon comparing different alu-
minosilicate zeolites. In addition, Eppg appears to be uncorrelated with other acidity descriptors, such as T-O-T
angles. Furthermore, efforts to establish a correlation between Ep,p; and ammonia adsorption enthalpies have
been unsuccessful, largely due to the formation of hydrogen bonds and dispersion stabilization (i.e., confine-
ment effects) of NH," species within zeolite cavities that render the relation to intrinsic acidity strength hardly
tractable. As a result, it was suggested that Ep,p is an incomplete acidity descriptor without decomposition into
covalent and ionic parts and the corresponding analysis of the formed transition state for particular reaction
process. In contrast, it was reported that Epp correlates reasonably well with the adsorption enthalpy of ammonia
for the same structural topology but different metal substitutions and similarly for Keggin polyoxometalates.
The adsorption of probe base molecules in zeolites is one of the most used techniques to access aluminosili-
cate’s acidity and properties (Fig. 1B)*-**. Hydrogen-bonded complexes or ionic pairs are formed in depend-
ence on the proton affinity (PA) of the base probe and temperature. Note that the low dielectric constants of
zeolites mean that the strength of the probe bases scales more closely with its gas phase values rather than its
aqueous counterparts (cf. ammonia and pyridine). The interaction of BAS with weak bases such as carbon
monoxide or acetonitrile leads to a significant red shift in BAS vy frequency. It has been observed that there is
a good correlation between the magnitude of vqy shift and the corresponding adsorption enthalpy for several
aluminosilicate materials*"*% This suggests that the vy shift could potentially serve as an acidity descriptor.
However, this observation was found to be not universally applicable due to the spatial constraints at the BAS,
which in turn influence the base orientation and magnitude of the vy shift. Similar considerations apply to the
frequency shifts on the probe itself (e.g., blue shift in CO frequency)?. For strong base probes, the interaction
with BAS results in the formation of an ionic pair that can be quantified using experimental techniques such
as temperature-programmed desorption (TPD), infrared spectroscopy, and thermogravimetry. However, due
to the strong stabilization of the protonated base in the confined space of the aluminosilicate framework, it is
difficult to separate the energy requirements of the proton transfer from the overall stabilization energy. As a
result, small strong bases like ammonia are useful for sampling the concentration of acid sites, while larger bases
like pyridine are better for probing the accessibility of acid sites, but neither samples the intrinsic acidity of the
BAS. Additionally, a scaling relation based on the adsorption enthalpies of probe base adsorbates with increasing
proton affinity (PA) has been considered as an acidity descriptor. However, while a good correlation between
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adsorption enthalpies and transition state energies has been observed for certain zeolite topologies, introducing
a different topology can clearly break the observed trends.

Besides the standard FT-IR techniques, the solid state magic angle spinning nuclear magnetic resonance
(ssMAS NMR) spectroscopy is an extensively used advanced spectroscopy for the study and characterization of
acidic sites in solid materials**—°. A certain advantage of ssMAS NMR spectroscopy is the possibility to obtain
both qualitative and quantitative data on acid centers. For this purpose, a number of nuclei are used, such as 'H,
D, BC, N, 170, 3P, etc. The type of hydroxyls on the surface of solids can be distinguished using the chemi-
cal shift of 'H nuclei ¥, the accessibility, concentration and reactivity of acid centers can be studied using H/D
exchange reactions whose course is monitored using NMR spectroscopy **-*. Adsorption of suitable probe mol-
ecules (e.g. pyridine, acetone, acetonitrile, trimethylphosphine (TMP), trimethylphosphine oxide (TMPO), etc.)
is often used for determining the acid site strength*~*>. TMP was found to be insensitive to the strength of the
Bronsted acid sites 4, while TMPO showed a correlation between the 3'P chemical shift and the acidic strength of
the solid **. Zheng et al. found a linear correlation between §*'P chemical shift of TMPO adsorbed and the proton
affinity calculated by DFT*, and similar correlations were also found for adsorbed pyridine and acetone?®*.

The performance of aluminosilicate in a particular reaction or industrial process is of utmost importance
(Fig. 1C)*%-%°, A significant observation is that the concentration of Brensted acidic sites (BAS) is positively
correlated with reaction rates. In many processes, there exists a direct relationship between the equilibrium
adsorption constant (e.g., Langmuir isotherm model) and acidity strength. Therefore, an aluminosilicate with a
lower concentration of highly acidic BAS can exhibit the same activity as a material with a higher concentration
of weakly acidic BAS. The optimal test reactions aim to minimize the yield of side products and the effects of dif-
fusion. However, challenges, such as those encountered during the adsorption of probe base adsorptive, persist.
One can argue that the complexity increases due to the necessity to form a transition state structure, where the
topology of the aluminosilicate can play a significant role (e.g., adsorption on dual cationic sites, promoting the
effects of LAS/EFAL).

Assessing the acidity scaling of aluminosilicate BAS remains challenging due to the similarity in the structural
motif Si-Op (Hg)-Al, with structural variations mainly in T-Og bond lengths, T-Op-T angle, and proton confine-
ment. Theoretical evaluations are likely to provide a better understanding of BAS properties than experimental
measurements, which usually give average values over all available BAS in the material. This study focuses on the
structural response of six aluminosilicate frameworks (FAU, CHA, IFR, MOR, FER, and TON) to the increasing
proton aflinity of probe base adsorbates. The probes range from weaker basicity (acetonitrile and acetone) to
stronger base (ammonia), with formamide also investigated to improve understanding of framework response
in the narrow range of ionic pair formation (812-854 kJ mol™).

Methods

The following aluminosilicate zeolites were investigated FAU, CHA, IFR, MOR, FER, and TON (Fig. S1). The
BAS were created by replacing each unique Si position with Al, creating negatively charged centers (anions) that
were balanced with protons. The structures were optimized with a proton on each symmetrically inequivalent
oxygen atoms as defined in a previous study'*. Note that numbering of T positions and corresponding oxygen
labeling follows the IZA notation, except for TON material, where lowering of the symmetry leads to two
inequivalent O6 oxygens denoted as O6a and O6b°®". The structures of investigated zeolites were taken from the
database of DFT optimized zeolite frameworks®?. To reduce interactions between neighboring BAS, 1 x 1 xk
supercells were used for IFR, MOR, FER (k=2), and TON (k= 3). The modified SLC polarizable force-field
in GULP was used for simulated annealing of the structures from 600 K, providing a good starting point for
ab initio optimization®-%. DFT optimization was performed using the PBE®® functional with periodic boundary
conditions and PAW pseudopotentials as implemented in the VASP computational package®”-*. The plane-wave
basis energy cutoff was set at 400 eV, and the first Brillouin zone was sampled with the I'-point, as the investigated
zeolites have sufficiently large unit cells. SCF energies and gradients were converged to 107 eV and 107> eV/A,
respectively. All the results are summarized in Table S1.

To obtain structures as close to the global minimum as possible, up to 10 different starting positions and
orientations were used for optimizing the probe base molecules in the vicinity of the BAS. Note that the initial
orientations of probe molecules were constrained so that the atom with lone electron pair (i.e., N/O) was directed
at BAS. The adsorption energy, 245, is defined as a difference between total energy of the supersystem (zeo-
lite + adsorbate) and both constituting subsystems in their optimized geometries. To obtain adsorption energy
at a particular BAS position, the BAS relative stability (Ef;‘? >0 provided in Table S1) needs to be added to the
adsorption energy of the most stable BAS:

—E%‘SS = EPAS (zeolite + adsorbate) — EPAS (zeolite) — E(adsorbate) + EE4S (1)

rel

While the importance of dispersion interactions in describing the energetics of adsorption is well known,
using dispersion correction to account for structural features of zeolites can be problematic®’. Especially, upon
considering the structural response of the aluminosilicate driven mostly by electrostatic interactions that can be
slightly overestimated at the DFT level®. Thus, Grimme’s D2 dispersion correction was added a posteriori at the
supersystem geometry (i.e., deformation energy is considered only at the PBE level of theory)”. Note that the
mean dispersion contribution to the adsorption energy is 16% (ammonia), 28% (formamide), 40% (acetone),
and 32% (acetonitrile). All regression characteristics are performed iteratively with a reweighted least squares
approach to reduce the effect of outliers”.
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Results and discussion

The attempts to extract information about the BAS acidity from properties of empty zeolite framework could not
establish any relevant link between intrinsic BAS acidity, as determined by deprotonation energy, and proposed
descriptors of BAS acid strength (e.g., AI-Og-Si angle, see Supplementary Information for more details)'**.
Thus, while it would be advantageous to circumvent the intricate behavior of the framework in response to
adsorption or the challenges linked to the accessibility of BAS, this study primarily focuses on evaluating acidity
via the adsorption of basic probe molecules. The most straightforward descriptor of acidity is the adsorption
heat, which provides an exact measure of the BAS response. However, the adsorption heat also includes terms
that are completely unrelated to the proton transfer process (see below). If geometric parameters are considered
as descriptors, the most natural one would be the Op—Hj distance (corresponding to the shift in the BAS OH
frequency) along with the Al-Og-Si angle (i.e., sp-sp* hybridization). These descriptors may not be optimal in
case of (i) “full” proton transfer to the probe molecule and (ii) low framework deformation energy in the vicin-
ity of BAS (e.g., large rings containing BAS). In this work, we propose the descriptor based on monitoring the
change in Al-Og bond length upon adsorption, that is normalized by Al-Og change between BAS without an
adsorbate (i.e., empty zeolite framework) and the fully deprotonated state (anion in Eq. 2). The advantage of this
metric, denoted as fg,, is that it follows the bond conservation principle, and although the changes invoked by
probe base adsorption cannot be, in principle, removed, the response of covalent bond can provide more robust
descriptor of acidity than other possible candidates. The degree of deprotonation, as determined by the Al-Og
bond lengths, r(Al-Og), is defined as follows:

r(Al — Op)pas — (Al — OB) probe@BAS
r(Al — Op)gas — (Al — OB) union

Jaep(Al — Op) = )

Ammonia adsorption. The adsorption energies and main geometric parameters of NH;@BAS complexes
are summarized in Table S2. The proton affinity of ammonia (853.6 kJ mol™) is sufficient to remove the proton
from the BAS, resulting in the formation of ionic pair with a mean Op—Hj, distance of 1.61 A. The most stable
adsorption complexes do not necessarily form at the lowest energy BAS for any given T position. One reason
for this is that the most stable BAS cannot accommodate the NH; molecule (e.g., TON/AI1-O2 site, where a
BAS-LAS transformation induced by base probes adsorption is observed). Additionally, factors such as diffu-
sion limitations for protonated ammonia can also impact the formation of the most thermodynamically stable
NH;@BAS complexes. For instance, the most stable BAS at the MOR/AI1-04 position forms a complex in the
main channel with a relatively low adsorption energy of 142 k] mol™!. The transition of ammonia to Al1-02
(BAS with the highest relative energy, cf. Table S1), where NH,* is strongly stabilized in the MOR side pocket
(175 kJ mol™), is not feasible as it would require passing through the MOR layer. On the other hand, there are
many occurrences when the formation of ionic pairs at the most stable BAS does not preclude the formation
of the thermodynamically most stable adsorption minimum at BAS of higher relative energy. Note that the
higher energy BAS may become populated upon decreasing the Si/Al ratio”. As a result, the observed changes
in ammonia adsorption heat upon changes in Si/Al ratio can be to some extent explained by changes in proton
distribution and not necessarily significant change in intrinsic BAS acidity (i.e., ammonia still deprotonates the
BAS even for low Si/Al ratios). For low Si/Al ratios, a repulsion between ammonia ions can further decrease
the adsorption heats. In contrast, it has been shown that the interaction with the nearest neighbor Al atoms can
play an important role, and thus a comparison/interpretation of theoretical and experimental values is difficult
unless proton distributions along with ammonia loading are treated in the correct statistical fashion for medium
to lower Si/Al ratios'>**%.

Regarding the structural features of NH3@BAS, two main geometry motifs were identified that are consistent
with previously determined structures>'*-27>74, Ammonia forms either two hydrogen bonds with oxygen atoms
connected to Al, with one of these bonds usually being shorter (Fig. 2a), or two hydrogen bonds, where one
involves the oxygen of original BAS (i.e., Si-O-Al framework oxygen connected to Al) and the second hydrogen
bond is with the Si-O-Si framework oxygen (Fig. 2b). These two cases are clearly distinguishable from other
reported parameters (e.g., Og—Hjp distance or adsorption energy). The structures like in Fig. 2a yield, on average,
significantly smaller Og—Hp-N angles and lower adsorption energies (including dispersion stabilization, see
Table S2). Also, the Op—Hj bond length correlates quite well with the Hz-N bond length (R*=0.91). However,
the level of correlation with O—N bond length is dependent on the Oz-Hp-N angle.

Considering the ammonia adsorption, adsorption energy or enthalpy are typically regarded as primary indi-
cators of BAS acidity. However, the relationship between acidity and adsorption heat is complex due to the
dispersion interaction between NH,* and the aluminosilicate framework, as well as the formation of hydrogen
bonds with framework oxygens". These factors strongly affect the calculated or experimentally measured val-
ues, even though they are not directly related to the intrinsic acid strength of the BAS, but rather depend on the
framework topology and local framework density. The deprotonation energies do not correlate with any energetic
or geometric descriptors of the most stable NH;@BAS adsorption complexes in accordance with observation
for MFI". This is not surprising considering the possibility that small differences in intrinsic acidity between
the aluminosilicate’s T-positions are overshadowed by the intermolecular interactions of NH," cation with alu-
minosilicate. Examining the BAS response to NH; adsorption, the most marked difference is observed in the
behavior of the Al-Og-Si angle upon comparison with BAS without adsorbate and its corresponding anion.
The deprotonation of BAS is accompanied by a substantial decrease in the Al-O-Si angle, but for NH;@BAS
complexes, the Al-Op-Si angle is changed only marginally (-0.2°+2.4°). In contrast, upon NH; adsorption,
the Al-Oy and Si-Og bonds are shortened due to the weakened proton coordination with the framework. This
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Figure 2. Main structural motifs found in NH;@BAS complexes (a) two hydrogen bonds with O bonded with
Al, and (b) one hydrogen bond from original BAS and one with framework oxygen on Si.

observation also holds for other investigated probes, thus indirectly confirming that the proposed f;., descriptor
can be used for BAS acidity scaling.

Formamide adsorption. The results of formamide adsorption with its proton affinity of 822.2 k] mol™
are summarized in Table S3. The lower proton affinity of formamide is reflected in the fact that, on average, the
adsorption energy between formamide and aluminosilicate is lower than that of NH3@BAS by approximately
25 and 10 kJ mol™ at the PBE and PBE-D2 levels of theory, respectively. It appears that the differences in PBE
adsorption energies follow more closely the difference in proton affinities. The increase of dispersion interac-
tions, as seen in the case of formamide, decreases the level of correlation between adsorption energy and proton
affinity. A similar observation was made in the case of butylamine adsorption, where the significant contribution
from dispersion interactions causes the dependence of adsorption enthalpy on proton affinity to deviate from
the trend observed with smaller amine probes*"’>.

Formamide interacts with BAS preferentially through its carbonyl group rather than its amino group, yield-
ing in most cases BAS deprotonation [i.e., the Hy-O distance (~1.14 A) is significantly shorter than the Op-Hp
bond length (~1.33 A)]. The most stable formamide@BAS structures usually possess a second strong hydrogen
bond, in which the amino group of formamide binds to another framework oxygen connected to Al (Fig. 3a).
This structural motif is found in a vast majority of the most stable structures (15 out of the 18 investigated
T-positions). BAS that do not permit such a geometrical arrangement due to steric reasons bind formamide
only via the carbonyl group (Fig. 3b). In these situations, a weak hydrogen bond is typically formed with the
formamide C-H group. Interestingly, if higher energy local minimum structures without additional NH, stabi-
lization are considered, there are about 1/3 structures for which the BAS is not fully deprotonated but rather the
proton is shared between the oxygens. This strongly indicates that proton affinity around that of formamide is
a borderline region for which the BAS deprotonation occurs. It is straightforward that amino group interaction
with another oxygen on the same BAS promotes deprotonation, which is not an optimal behavior required of
a “good” base probe®. On the other hand, the oxygen from the carbonyl group seems to have a much stringer
requirement on the interaction with BAS than nitrogen from the NH; group. This can be immediately seen from
the Op—Hj-O (nonlinearity of the hydrogen bond) and Hz—O-C (enforced by the presence of electron lone pairs
on O) angles. These requirements lead to a solid correlation between deprotonation factor fy., (Eq. 2) and various
bond distances (e.g., Og—Hj, see Fig. S5b).
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Figure 3. Main structural motifs determined for formamide@BAS adsorption complexes: (a) dominant
configuration and (b) configuration resulting from steric hindrance.

Acetone and acetonitrile adsorption. The result of acetone and acetonitrile adsorption are summarized
in Tables S4 and S5. There is only a small difference between acetone (PA=812.0 k] mol™) and formamide
proton affinities of about 10 kJ mol™, but acetone adsorption exhibits rather strong hydrogen bonding than
BAS deprotonation or proton-sharing arrangements. The acetonitrile (PA=779.2 k] mol™) proton affinity is
significantly lower, but it is still sufficient to form strong hydrogen-bonded complexes even on BAS with the
intra-zeolitic hydrogen bonds. The comparison between adsorption geometries of carbonyl and nitrile groups
shows that while both adsorbates have mean hydrogen bond angles well over 170°, the electron lone pairs on
carbonyl oxygen require a narrow range of Hz—O-C angles, unlike in the case of nitrile group, where larger
deviations from the preferable linear arrangement are observed. The acetone/acetonitrile adsorption energies do
not correlate with deprotonation energy models. Additionally, in the case of acetone, the fy., further correlates
with Op—Hj and other related bond distances similar to the formamide probe. In contrast, no such correlation
is observed for the acetonitrile probe (see Fig. S5¢, d). The most likely explanation is the lower proton affinity of
acetonitrile that introduces significantly smaller variation in Og-Hp, distance than probes of higher PA, and thus
the role of local BAS environment plays a more important role. Upon closer examination of Fig. S5, it becomes
evident that there is a reasonable correlation between the deprotonation factor (fu,) and the lengths of the Og-
H;g bonds for base probes that have a PA around the threshold for deprotonation, such as acetone and forma-
mide. However, this correlation disappears for probes with a PA that is too low (acetonitrile) or for probes that
induce the deprotonation of the BAS (ammonia). Hence, it can be inferred that the f;., descriptor demonstrates
the anticipated behavior and appears to be more reliable than relying solely on the Oz—Hjg bond lengths, even for
base probes that deviate from the optimal proton affinity to a reasonable extent.

Measuring acidity through adsorbates with diverse proton affinities. Figure 4 shows a depend-
ence of fy., (descriptor of acidity) with Op-Hy distances and adsorption energies for the thermodynamically
most stable adsorption sites. The deprotonation factor visibly splits the data into groups according to the proton
affinity of the base probe, which is consistent with the response in Op—Hjy bond length and adsorption energy.
The inclusion of the dispersion correction diminishes the level of correlation for adsorption energies (cf. Fig.
S6), as the dispersion contribution varies with the nature/size of the adsorbate. The trend observed in Fig. 4b
illustrates the E,q,~PA relationship, as the correlation between the adsorption energy and fq,, for a given base
probe (with constant PA) is practically nonexistent. Note that Fig. 4 (and Fig. S5b, ¢) demonstrates a decent cor-
relation between fq., and the Oy-Hp, bond lengths for base probes with PA close to the deprotonation threshold
(Op-Hp ~Hp-X, where X=0, N). However, it does not directly establish a scaling of individual BAS with their
acidity strength. To establish such a scaling, the different base probes need to provide reasonably close BAS acid-
ity ranking. Figure 5 presents the coefficients of determination, indicating consistency among different probe
acidity rankings as determined by the f,,, descriptor for the most stable adsorption sites. The data in Fig. 5 clearly
demonstrate that each probe yields a slightly different order of BAS acidity ranking. This observation aligns well
with the early observation of Lercher et al., who suggested that the most effective approach to evaluate zeolite
acidity is to closely mimic the reactant by using an adsorbate that is as similar as possible. This partially alleviates
the effects associated with adsorption that are unrelated to the intrinsic BAS acidity, such as BAS confinement/
accessibility and interactions between the probe/adsorbate and the zeolite wall.

Moreover, Fig. 5 shows that adsorbates that lead to a BAS deprotonation (Op—Hy > Hp-X) provide very dif-
ferent rankings from probes with lower proton affinity. This is a result of strong ion-pair interactions, including
the formation of hydrogen bonds and dispersion stabilization. It can be concluded that in the case of probes
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Figure 4. Correlation between deprotonation metric fy, as defined in Eq. (2) and Op-Hj bond lengths (a) and
adsorption energies (b) for the most stable adsorption complexes.

Ammonia 0.13 0.04 0.08

Formamide 0.13 0.22 0.09

Acetone 0.04 0.22 0.54
Acetonitrile 0.08 0.09 0.54

Ammonia Formamide Acetone Acetonitrile

Figure 5. Coefficients of determination (fy, vs f4,) indicating a consistency between different probe acidity
ranking as determined by the fy, descriptor for the most stable adsorption sites.

with sufficient proton affinity to “fully deprotonate” the BAS, the information about intrinsic BAS acidity is lost
(for more detailed discussion, see Section on Ammonia Adsorption). In contrast, there is a weak trend between
deprotonation factors of acetone and acetonitrile. The dependence of deprotonation factors for acetone and ace-
tonitrile is depicted in Fig. 6. The obvious outliers (TON) demonstrate the difficulties in extracting information
about intrinsic acidity from the corresponding deprotonation factors. As mentioned earlier, there is a noticeable
difference in the adsorption behavior between acetonitrile and acetone. This disparity arises from the presence
of electron lone pairs on the oxygen atom of the carbonyl group, which limits the accessibility of acetone to the
BAS. The TON/Al4 BAS falls exactly into this category, where the Hz—O-C angle of about ~ 152° is far from
its optimal value of about ~ 120°. Furthermore, the site itself is located deeper within the TON layer (Fig. S7),
resulting in reduced accessibility of the BAS. This is evident from lower adsorption energies calculated for all the
investigated probes. Contradictory to lower adsorption heats, the deprotonation factor of acetonitrile adsorption
at TON/Al4 BAS does not significantly deviate from the average. The second class of the outliers in Fig. 6 are
the remaining TON BAS; however, there is no clear indication in the data why this effect is taking place except
for significantly longer Oz—Hjg bond lengths observed upon acetone adsorption. The comparison of framework
geometries reveals that acetone adsorption induces large changes in the 10-ring geometry, indicating that the
effect occurs far from the BAS position (see Fig. 7). Interestingly, the shape of the 10-ring changes significantly
depending on the position of Al within the ring, suggesting a very high degree of flexibility. For a consistent
acidity ranking to be achieved, the base probes must induce a similar framework response. In this case, the
acetonitrile has a minimal impact on 10-ring geometry in TON/AI1-Al3 except for the local changes at the BAS
that are part of that ring. It is straightforward that large differences in framework response to adsorption cause
the horizontal shift for TON/AI1-3 BAS (only fy, for acetone is affected), as observed in Fig. 6.

To summarize, base probes that do not cause deprotonation of the BAS but still possess a sufficiently high
proton affinity to bring the proton on the BAS as close as possible to the deprotonation state allow for a semi-
quantitative scaling of the BAS acidity between different T-positions within the aluminosilicate framework, as
well as between frameworks of different topology. A closer inspection of Fig. 6 indicates that acetonitrile seems
to be a superior probe to acetone for the following reasons: (i) acetone requires a stringent geometry arrangement
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Figure 6. The correlation between deprotonation factors of acetone and acetonitrile.

Figure 7. Changes in the 10-ring geometry of TON/AI1 (a) BAS, (b) acetonitrile@BAS, and (c) acetone@BAS™.

upon adsorption on BAS, (ii) it can cause larger geometry changes in the framework outside the local changes
at the BAS most likely due to the presence of two bulky methyl groups. This conclusion seems to be consistent
with the observation that acetonitrile bond order parameters obtained from Crystal Orbital Hamilton Population
analysis can be used as an indicator of intrinsic acidity strength in FAU zeolites™.

Conclusions

Bronsted acidity in zeolites (FAU, CHA, IFR, MOR, FER, and TON) was investigated through the adsorption
of base probe molecules (acetonitrile, acetone, formamide, and ammonia) with varying proton affinities. The
adsorption complexes displayed interesting characteristics pertaining to the intrinsic acidity of the different
Brensted acid sites (BAS). The transition from the strong hydrogen bonding in acetone to ion-pair formation
(i.e., conjugated acid/base interaction) in formamide occurs within a very narrow range of base proton affinities
(812-822 k] mol™). This range appears to be independent of the aluminosilicate material but can be influenced
by the accessibility of the BAS or the mode of interaction with the base probe. The degree of BAS deprotonation
was assessed through the changes in the Al-Op bond (with the framework oxygen carrying the proton) using
the bond order conservation principle.

Base probes leading to full deprotonation of BAS, such as ammonia and formamide, are unsuitable for assess-
ing the intrinsic acidity of these sites, as information about the deprotonation threshold is lost after forming the
corresponding ion pair. In contrast, base probes with a proton affinity sufficient to disrupt intra-zeolitic hydrogen
bonds but below the deprotonation threshold (Brensted hydrogen located close to the framework oxygen), such
as acetonitrile and acetone, exhibit consistency among their acidity rankings. These rankings are determined by
the acidity descriptor (fu,) for the most stable adsorption sites.

The ranking of BAS is complicated by several factors: (i) small differences in intrinsic acidity among different
BAS, as demonstrated by their deprotonation energies, (ii) geometrical constraints arising from the presence
of lone pairs on the proton acceptor of the base probe molecule, and (iii) dispersion effects stemming from the
framework flexibility, such as deformations of large rings containing BAS. All these issues contribute to the dif-
ficulties in extracting information about intrinsic acidity from the corresponding deprotonation factors. None-
theless, the ranking of BAS obtained from the adsorption of acetonitrile is recommended as the most reliable.
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