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Abstract

The catalytic properties of zeolites are intimately linked to the distribution of Al
atoms and defects in the pore network and their relative positions. However,
characterizing this distribution is challenging, in particular when different local Al
arrangements are considered. In this contribution we use a combination of first
principles calculations and experimental measurements to develop a model for the
Al-distribution in protonated SSZ-13. We furthermore apply this model to understand
trends in OH-IR, 2’Al-NMR and 2?°Si-NMR spectra. We use a Boltzmann distribution to
predict the proton position for a given local Al configuration and show that for each
configuration several H positions are occupied. Therefore a multi-peak spectrum in
OH-IR vibrational spectroscopy is observed for all Al configurations, which is in line
with experimentally measured spectra for zeolites at different Si/Al ratios. From NMR
spectroscopy we find that the proton position leads to significant shifts in 27AI-NMR
and 2°Si-NMR spectra due to the modification of the local strain, which is lost when a
uniform background charge is introduced. These findings are supported by
experimental measurements. Finally we discuss the shortcomings of the presented

model in terms of unit cell size and the impact of adjacent unit cells.
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Introduction:

Zeolites are a class of crystalline materials where corner sharing SiO, tetrahedra form
a complex network of cavities and channels. In their purely siliceous form they are
chemically inert, but they can be functionalized by substituting Si atoms by Al atoms.
This substitution leads to a localized charge deficiency, which in turn is compensated
for by the presence of a cation. This cation can serve as active site for adsorption or
catalytic conversion. However, the macroscopic performance of zeolites does not only
depend on their chemical composition, but also on the exact location of the Al atoms
within the pore network. Adsorbed molecules will experience differences in
confinement effects due to their location within the pore network!-4, local strain at
the active centers can alter the chemical activity of the active centers®® and the
relative positioning of anchoring points with respect to each other can lead to
different active site motifs®10.

Up until today only very few rules for Al distribution, such as the Loewenstein rule
(i.e. Al atoms will not occupy neighboring T-sites) have been established!!. At the
same time characterizing the distribution of Al atoms in zeolites proves to be
challenging due to the similarity between Si and Al. Alberti et al. used XRD
measurements to identify the average T-O distance in Mordenite!2. Since the T-O
bond is elongated for T=Al compared to T=Si, they were able to deduce information
about the T-site occupancy in the zeolite. Furthermore Sastre et al. used a
combination of experimental measurements and computations for OH-IR vibrational

frequencies to establish a correlation between Al-distribution and synthesis
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parameters for ITQ-7 zeolites!3, a concept that has recently been applied by Losch et
al. to understand Al locations in ZSM-5 zeolites'#. Similar conclusions were reached
by Dedecek, Sklenak and Sauer et al., who used NMR spectroscopy to identify the Al
distributions in several zeolite frameworks!>-18. Furthermore van Bokhoven et al.
used the X-ray standing wave technique to elucidate the position of Al atoms in
scolecite zeolite!®.

Despite the success for specific systems, a general understanding of the Al
distribution is still missing. This is mainly due to the fact that the methods outlined
above lead to average occupations of T-sites with different local symmetries. This
type of information is sufficient for zeolites with high Si/Al ratios, where Al atoms are
assumed to be well separated. However, information on the relative position of Al
atoms with respect to each other, which is important for zeolites with low to medium
Si/Al ratios, cannot be obtained using these methods. This shortcoming is even more
significant for transition metal exchanged zeolites, where the local configuration of Al
atoms determines the active sites formed®?102021 Furthermore recent work has
shown that Al proximity impacts the NH; adsorption strength, a descriptor for
chemical activity. One way to access the local proximity of Al atoms was developed by
Dedecek et al.. They used the maximum Co loading in Ferrierite to determine the
fraction of paired Al atoms!7, a method that was subsequently adapted by Gounder et
al. to determine the amount of paired Al atoms in SSZ-1322, It is assumed that this
method can identify Al atoms that are close enough to bind Co, but using this method
alone it is not clear which rings the Al atoms occupy or whether they are separated

by one, two or three Si atoms. Additionally, this method requires the exchange of Co,
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which significantly modifies the properties of the parent zeolite framework and the
original sample cannot be recovered for further experiments.

It would therefore be highly desirable to arrive at a more detailed understanding of
the local proximity of Al atoms in zeolites. Ideally such an understanding would be
based on widely available experimental methods such as OH-IR spectroscopy'? or
NMR spectroscopy and would be rooted in a fundamentally sound model for the
studied zeolite catalyst. Over the past years the zeolite SSZ-13 started to play a key
role as model system to understand zeolite catalysts. From an application standpoint,
this increased interest originates from the efficiency of the Cu exchanged form of SSZ-
13 in deNO,-SCR2?324 and in the conversion of methane to methanol®252¢, From a
fundamental point of view it is rooted in SSZ-13 being a zeolite in the chabazite
structure, the zeolite framework with the smallest primitive unit cell and an ideal
model system for zeolite catalysis. However, as of today no consistent and general
model to describe OH-IR and NMR spectroscopies has been developed for this system.
In this contribution we develop a theoretical model for proton positions in the zeolite
SSZ-13 based on DFT calculations and thermodynamic models. We study various
different local Al configurations for Si/Al ratios of 5 and 11. Based on this model we
then explain the experimentally observed trends in OH-IR vibrational spectra and

NMR spectra in different SSZ-13 samples.

A model for H-SSZ-13
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In this contribution we focus on SSZ-13, a zeolite in the chabazite framework. This
framework is the zeolite framework with the smallest primitive unit cell, which
contains 12 symmetrically equivalent T-sites (chemical composition Si;2024)
arranged in a double six-ring structure. Most of the calculations reported in this work
are performed for the primitive unit cell. If another unit cell was used, it will be
explicitly mentioned in the text. The framework can be activated by substituting Si
atoms with Al atoms and in the theoretical part of this work we focus on unit cells
containing one (Si/Al=11) or two Al (Si/Al=5) atoms. In the literature it has been
shown that Al-0-Si-0-Al configurations do not exist in pentasil zeolites?”28, Similar
work for SSZ-13 is still missing, and we therefore consider all symmetrically different
possibilities to distribute Al in the primitive unit cell of SSZ-13. Only one possible 1Al
unit cell exists, but five symmetrically different unit cells for 2 Al atoms can be
constructed (hereafter called Al configurations) under the assumption of the validity
of the Loewenstein rule (denoted 2Al# through 2AIF, see Fig. 1 A)?°. Each Al atom
generates a local negative charge, which will be compensated for by the presence of
one proton. Here we consider all possible H positions, which leads to four
possibilities when 1 Al is present in the unit cell (see Fig 1 B) and 16 possibilities for
2 Al atoms in the unit cell. Furthermore, we include a silanol defect in our analysis
(see Fig. 1 C). To keep the discussion short and focused, we will therefore introduce
the applied methodology in detail for the 1 Al case and provide the data and the
results for the 2 Al configurations and defect sites. In a realistic system we expect that
a distribution of different local Al configurations and defect geometries is present. We

therefore choose the unit cell volume as 830 A3 and restrict the unit cell shape to the
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shape for the purely siliceous case3’, if not explicitly stated otherwise. This choice is
motivated in the supporting information section S 1. In the course of this work we
furthermore focus on presenting large amounts of data in an accessible way in the
main text and numerical values and structures are given in the supporting data file in

the supporting information.

Figure 1: A: Local Al configurations and silanol defect structures studied in this work. Black
lines represent bridging oxygen bonds, a red ring the position of a silanol defect and a filled red
circle the position of an Al atom. B: Four symmetrically different proton positions around an Al

atom. Here the 1Al case is shown. C: Different local arrangements of silanol groups for a silanol

6
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defect. In atomistic pictures, Si is shown as yellow sphere, O as red sphere, H as white sphere and

Al as grey-blue sphere.

The 1 Al case: While all T-sites are symmetrically equivalent in SSZ-13, four
symmetrically different O-atoms exist, which are shown in Fig. 1 B. We model all four
possible configurations, henceforth denoted as 1Al, for H bonded to O(x), and find
that their enthalpies lie within 10 k] /mol, with the O(1)-H bond being most stable.

The energetic differences between the different proton positions are small enough
and protons move fast compared to typical measurement times3! to allow a partial
occupation of several of the proton positions at the given conditions. We therefore
calculated the Gibbs free energy for all four configurations by correcting the enthalpy
by zero-point vibrational corrections and finite temperature vibrational and
translational contributions to the partition function for all observed frequencies
using all wavenumbers larger than 50 cmL. In the following, we use these energies to

calculate the occupational probabilities for the different configurations as

AG(14L,,T)
e_ kT
P(O(x))= —

where
~AG(141,,T)
Z =Ze kT
is the partition function with summation over all possible proton positions x,
AG(1Al,,T) is the Gibbs free energy difference between configuration 1Al, and the

most stable 1Al configuration, k is the Boltzmann-constant and T is the temperature.
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Already at 300 K we see that 1Al; is most stable. AG is with up to 15 kJ/mol slightly
larger than AE, but still, P(1Al,) is only ~0.85 and also P(1Al;) and P(1Al;) are non-
zero (displayed in Fig. 2). With increasing temperature, AG increases, but the

probabilities to find 1Al; and 1Al3 and also 1Al, still increase.
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Figure 2: Occupational probabilities for the 1Al configuration shown in Fig 1 A. Occupational
probabilities were calculated using Boltzmann weights; details are given in the main text. Sites

with occupations below 0.05 were omitted for clarity.

The 2 Al case: Next, we focus on the five different possible Al distributions for 2 Al in
the unit cell. In this scenario, two different H atoms are placed in the unit cell, which
leads to a total of 16 configurations for each of the Al configurations. In the following,
they will be denoted as 2Al*,._,, where x stands for the Al configurations A-E displayed

in the respective figures in 1 A and y and z range from 1 to 4 and denote the O atoms
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to which H atoms are attached, in the vicinity of the two different Al atoms. For all of
the Al configurations we follow a similar approach as for the 1 Al case, i.e., we
calculate AG and the occupational probabilities for them. For all 2 Al configurations
we find a larger spread of AH and AG values compared to the 1 Al case, but at the same
time for all of them several H-positions are accessible at room temperature. The
respective occupations depending on the temperature are displayed in Fig. S1. For
2AlA 2AIP and 2AIE we find a dominant H-distribution. However, the behavior with
increasing temperature is very different. While the H-distribution becomes more
uniform with increased temperature for 2AI4, the reverse trend is observed for 2AIP.
For 2AIE an initial increase in the dominant H-distribution is observed, before it starts
dropping again at higher temperature. For 2AI® and 2AI° a multitude of H-
distributions is occupied and no dominant distribution can be identified.

Silanol defects: We furthermore include the possibility of the presence of silanol
defects in our model. Here one Al atom is removed and the terminal O atoms are now
saturated with hydrogen atoms3?-34, In all our calculations we find that three OH-
groups form a hydrogen-bonded triangle. We therefore consider five scenarios, one
case where all four OH groups point towards the center of the removed T-site
(furthermore denoted d*) of the defect and four cases where three OH groups point
towards the center of the removed T-site and one OH group points towards the center
of the cavity, d3x, where X=1-4 (see Fig. 1 C) and denotes the symmetrically different
O-atom pointing towards the center of the cavity. In this work we consider two
scenarios. First, we focus on a cell volume of 830 A3. In this scenario, mainly d* is

occupied at all temperatures (see supporting information section S3). As discussed
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above, this cell volume is most likely for a zeolite with a medium Si/Al ratio between
5and 11. However, the possibility of the presence of defects is very important for high
Si/Al ratios and avoiding defects during synthesis is a major issue. We therefore also
include calculations for a unit cell volume of 810 A3, which is close to the unit cell
volume of the purely siliceous system. Here, we find a majority occupation for d3, and
d3; (see Fig. S2. This massive change with cell volume is rooted in a different
minimum unit cell volume of the different defect structures (822.3 A3 for d* vs. 810.3
A3 for d3;). Intuitively such a significant change is understandable, since the lower
number of OH bonds pointing towards the empty framework position will reduce the
framework stiffness and allow for easier compression. In the discussion below, values
for 810 A3 will be given in the main text, while values for 830 A3 are given in the

supporting information section S3.

OH-IR spectra

So far we have developed a model for the Al position dependent proton distribution
in the zeolite SSZ-13. In the course of this work we found that for every Al
configuration several proton positions are occupied at finite temperature. As a next
step we use this information to calculate OH-IR vibrational spectra and compare them
to experimental measurements.

Experimental measurements: As a first step we measured OH-IR spectra for three
different SSZ-13 samples with Si/Al ratios of 6 (SSZ13(6)), 12 (SSZ13(12)) and 35
(SSZ13(35)). While the first two samples were synthesized with NaOH as synthesis

agent3>36, the SSZ13(35) sample was synthesized using HF as synthesis agent®’. After

10
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synthesis the samples were dehydrated at 400 °C and analyzed in transmission IR.
The OH-region of the samples is shown in Fig. 3. In all samples we find a major peak
at3611 cm (green line in Fig. 3). When moving to higher Si/Al ratios, first a shoulder
appears at 3587 cm’! (orange line in Fig. 3), which develops into a distinct peak for
SSZ13-35. Furthermore a peak at 3734 cm! (red line in Fig. 3) is present in all three
samples and additionally a distinct peak at 3707 cm! (blue line in Fig. 3) can be found

for the SSZ13-35 sample.

i - : i 3662 3629
A 811, 'J’E’?experlment B boye | | theory
=) =
S, 5,
o 2
-E’-—) 55Z13(6) -a
o= c : z
2 )
= £
S§5213(12) M
3707 $5213(35) TR A
3734} | 3611 (3587 P
PEEPEN ST PR BRI ERPT [ITUN S | SR [ S T 1 H 1 FEE e | 1 1
38 37 38 35 34 38 3.7 38 35 34

Wavenumber [1000/cm] Wavenumber [1000/cm]

Figure 3: A: Experimental OH-IR spectrum for three different SSZ-13 samples with different

Si/Al ratios (SSZ-13(6), SSZ-13(12), S5Z-13(35)). B: Theoretically calculated OH-IR spectrum at
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300 K for the different Al and silanol defect distributions shown in Fig. 1 A. Main spectral

features are marked by dashed lines and numerical values indicate the position in cm™.

Theoretical calculations: To arrive at the theoretically calculated spectrum we used
the frozen phonon approach to assign a vibrational frequency to each OH bond. The
full data for all structures is given in the supporting data file in the supporting
information. To construct the finite temperature vibrational spectra we add a
Gaussian for each configuration centered at the calculated wavenumber with a
standard deviation of 4 cm1, a typical experimental error bar, and the intensity of the
occupational probability calculated above. The corresponding spectra at 300 K are
shown in Fig 3 B and temperature dependent spectra and the raw data are shown in
the Supporting Information Fig. S3. For all structures a multi-peak spectrum is
observed. Most of the peaks lie within a narrow range between 3610 cm™ and 3690
cm’!, with many of the Al configurations showing peaks around 3629 cm™ and 3662
cml. Only for 2AIB and 2Al° a weak, significantly red-shifted peak with low intensity
is found.

Next, we investigate the IR spectrum of the defect sites. Here every configuration
leads to four different OH-IR wavenumbers. However, due to the formed hydrogen
bonded network it is expected that not all of these transitions show similar changes
in the dipole moment. To account for this phenomenon we calculate the dipole
transition moments and find that mainly one vibrational frequency from the d3y,
corresponding to the silanol groups pointing towards the center of the cavity,
contributes to the observed intensity (see Fig. S 4 in the Supporting Information). We

therefore use a similar approach as mentioned above using only the IR active highest
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frequencies and the occupational probabilities to arrive at a spectrum at 300 K (see
Fig. 3 B). Temperature-dependent spectra and the underlying spectra are given in the
supporting information Figure S3; section S4. Interestingly, the spectra change
significantly with cell volume. While for 830 A3 several features between 3567 cm'?
and 3628 cm! appear (see SI section S3), defect sites at a cell volume of 810 A3 lead
to a spectrum with a main peak at 3746 cm™ and a low intensity peak at 3547 cm™.
Assigning spectral features: Comparing the modeled spectra to experimental
measurements we then assign the major peaks found around 3662 cm™ to the
experimental peak at 3611 cm™! and the peak at 3629 cm! to the experimental peak
found at 3582 cm™. Importantly, the separation between the two peaks is reproduced
almost perfectly (33 cm! for theory vs. 29 cm! in experiment), with errors in total
values in a range typical for DFT calculations (51 cm™ and 47 cm™ respectively).
Additionally the spectrum of SSZ13(35) is similar to the spectrum of 1Al This
interpretation agrees well with the expectation of well-separated Al atoms for this
system?2, Based on our model, a decrease in Si/Al ratio will lead to an increase in the
amount of paired Al configurations, which will lead to a loss of resolution and a
broadening of the observed spectra. Even though these trends agree well with
experimental measurements, the overlap of the different bands for the modeled sites
and the underlying complexity of this system prevent from making a clear assignment
of specific local Al distributions based on the experimental spectra.

We furthermore assign the experimentally observed peak at 3707 cm! to the defect
peak modeled at 3746 cm™t. We find reasonably good agreement in relative shifts with

respect to the IR bands associated with different Al configurations (117 cm™ and 84
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cm! in modeling and 125 cm'! and 96 cm™! experimentally) and total errors within
DFT error range (39 cm™). This leaves the peak at 3734 cm!, which we assign to
silanol groups on the outer surface of the nanoparticle. Due to the complexity of
potential zeolite surface reconstructions, modeling this peak goes beyond the scope
of this work38, but the similarity of this peak for all three zeolite samples and

comparison with the literature justifies this choice.

29Si and 2’Al NMR

Another technique that is commonly used in characterizing zeolite materials is NMR
spectroscopy. Here the main focus lies on Si and Al, which are the most common
building blocks of zeolites and are NMR sensitive. Typical measurements are
performed for samples exposed to a standard atmosphere!>-17 and changes for the
dehydrated samples have been reported3®. Here, we measure 2°Si and ?’Al NMR
spectra and use theory to explain the observed isotropic shifts and differences
between measurements for dehydrated and hydrated samples.

Experimental measurements: We focus on the three zeolite samples at different
Si/Al ratios described in the section on OH-IR measurements and measured 2°Si and
27A1 NMR spectra in ambient atmosphere. For the 2°Si spectra of all three samples we
find two signals, namely a main peak at an isotropic chemical shift between -111 ppm
and -112 ppm and a side peak at -105 ppm (see Fig. 4 A). The relative intensity of the
side peak compared to the main peak decreases with increased Si/Al ratio.

Furthermore a clearly pronounced peak at -102 ppm appears for SSZ13(35). Lastly,

14
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we measured the signals for the dehydrated materials. While isotropic chemical shifts
agree within 1 ppm, the observed peaks are less well resolved. For the 27Al NMR
spectra measured under ambient conditions we find only one isotropic chemical shift
for all samples at 60 ppm (see Fig. 4 B). However, in the literature an asymmetry in
the 27Al-NMR features for SSZ-13 has been reported by Dedecek et al., who attributed
this asymmetry to the presence of two close lying features*®. To investigate the
potential presence of additional features, we compare the main feature of the three
different samples (see Fig. S7 in the Supporting Information). Indeed we observe a
similar peak shape and a slight asymmetry in the features of SSZ13(12) and
SSZ13(35). For SSZ13(6) an even larger broadening is found. Additionally, a peak
close to zero chemical shift appears for all samples. At the same time we were not able
to measure 2’Al NMR spectra for the dehydrated samples, due to a too low signal to

noise ratio.
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Figure 4: A: °Si-NMR spectra for three different SSZ13 samples. Top spectra are for dehydrated
samples, bottom spectra for hydrated samples. B: ?’AI-NMR shifts for the hydrated SSZ13

samples discussed above.
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Theoretical calculations: To better understand the experimental trends found for
NMR measurements, we calculated isotropic chemical shifts for all the different
structures in our theoretical model and the numerical values are given in the
Supporting data file. This method assigns an isotropic chemical shift to each atom in
the unit cell (i.e. 12 isotropic chemical shifts for Si/Al per unit cell). To have a
complete model we furthermore included a purely siliceous SSZ-13 and the defect
unit cell. Additionally Cq and n values were calculated for all Al atoms and are
provided in the supporting data file.

We first discuss 2°Si NMR isotropic chemical shifts (see Fig. 5, the full data is given in
the SI). Discussion in the literature attributes isotropic chemical shifts of Si to the
number of Si-0-Al bonds?%374142 The largest (i.e. most negative) isotropic chemical
shifts are attributed to Si atoms surrounded by four Si T-sites. At the same time
smallest (i.e. least negative) isotropic chemical shifts have been attributed to Si atoms
next to silanol defects or with two Si-O-Al bonds. We therefore focus our discussion
on the neighboring Al atoms and on the presence and location of protons surrounding
them. Since NMR spectroscopy is a method with high sensitivity to local structure, we
find a large spread in isotropic chemical shifts for all different Si coordinations.
Calculating isotropic chemical shifts for a situation without protons located at the Si-
0-Al bonds, we find that the average isotropic chemical shift changes from -115 ppm
(0 Si-O-Albonds) to-110 ppm (1 Si-O-Al bond) and -105 ppm (2 Si-O-Al bonds), which
agrees well with trends in previous assignments in the literature. The situation
changes when protons bind to the linking O atoms and the symmetry gets distorted.

While the averages only change by a few ppm (-111 ppm for one Al-OH-Si bond, -107

17
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for 1 Al-OH-Si and one Al-O-Si bond, and -106 ppm for 2 Al-OH-Si), significant
differences can be seen for H binding to symmetrically different sites. In general H
binding to O(1) leads to the most negative shift, followed by 0O(3), O(4) and 0(2)
leading to the least negative isotropic chemical shifts.
To complete the picture we also include the values for defects. Values for Si atoms
show the largest splits with lowest values of -107 ppm, but highest values of -87 ppm.
However, for this analysis we will omit values above -95 ppm, since they are only
found for sites that are thermodynamically not accessible under realistic conditions.

For the remaining sites we find an average value of -105 ppm.

18
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Figure 5: A: °Si-NMR shifts calculated for all modeled zeolite structures. x denote Si forming
four Si-0-Si bonds, blue squares show a Si-O(1)-Al bond, orange circles a Si-O(2)-Al bond, green
triangles a Si-0(3)-Al bond and red diamonds a Si-O(4)-Al bond. B: ?’Al-NMR shifts for all
modeled SSZ13 structures. Blue squares correspond to Al-O(1)H-Si bonds, orange circles to Al-

O(2)H-Si bonds, green triangles to Al-O(3)H-Si bonds and red diamonds to Al-O(4)H-Si bonds.
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Columns of data represent (from left to right) Si-SSZ13 (if applicable), d (if applicable), 1Al, 2AI4-

2AIE. Numerical values for isotropic chemical shifts are given in the Supporting Information.

Next, we focus on the isotropic chemical shifts of the Al atoms (see Fig. 5 B). The
isotropic chemical shifts center around 68 ppm, but at the same time a significant
dependence on the location of the proton is found (65 ppm, 71 ppm, 66 ppm, 70 ppm
for Al-O(1,2,3,4)H-Si). Using the occupational probabilities calculated above, it is now
possible to calculate temperature dependent 2’Al NMR spectra. Again, complex multi-
peak spectra for each site are found, which change with temperature (see section S5
and Fig. S4 in the supporting information). However, this prediction contradicts the
experimental observations of one specific isotropic chemical shift for all three
samples.

The impact of ambient conditions: To solve this conundrum we use a method
suggested in the literature for calculating NMR spectra’>1, Since the system is
exposed to an ambient atmosphere, the zeolite is exposed to significant amounts of
water. Water in zeolite pores is known to solvate protons*? and therefore the local
strain to the framework caused by the O-H bond is relieved. To appropriately take
this phenomenon into account, we model the zeolite without protons and a uniform
background charge compensating the charge located at the Al atom. First, we re-
optimized the unit cell and find a significant increase in the unit cell volume (see
supporting information section S 1), a phenomenon also observed in experimental
measurements upon hydration®. To take this phenomenon into account we increase

the unit cell volume to 860 A3.

20
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Indeed we find significant changes in the calculated NMR spectra (see Fig. S6).
Averages for 2°Si-NMR are now slightly shifted to lower isotropic chemical shifts (-
119 ppm for 0 Si-0-Al, -114 ppm for 1 Si-O-Al and -109 ppm for 2 Si-0-Al), but these
shifts are generally constant (see Fig. S6 A). More importantly the spread in the values
is significantly reduced, which can be attributed to the more symmetric environment
surrounding the Si atoms. A similar phenomenon can be found for 2’Al-NMR spectra
(see Fig. S6 B). Now all spectra fall within 3 ppm, in agreement with a more perfect
symmetry surrounding the atoms.

Assigning spectral features: Based on this data it is now possible to assign spectral
features observed in experimental measurements. For 2°Si-NMR, we assign the
feature observed at ~-112 ppm to Si forming four Si-O-Si bonds, the peak at ~-105
ppm to Si forming three Si-O-Si bonds and one Si-O-Al bond. An assignment of the
feature at ~-102 ppm is more difficult, since our theoretical data indicates two
possibilities, namely an assignment to Si next to a silanol defect or to Si forming two
Si-0-Si and two Si-0-Al bonds. However, given the low amount of Al and the chosen
synthesis method we are inclined to assign this signal to defect sites. This also agrees
with the observation of a defect related peak in the OH-IR spectrum and the
conventional interpretation in the literature®3742, However, our model explains the
loss of resolution in 2°Si-NMR upon dehydration, which indicates a correlation with
the breaking of the symmetry due to the elongation of Si-OH bonds compared to Si-O
bonds. This phenomenon is more important for 2’Al-NMR, where the almost perfect
tetrahedral symmetry around Al atom under ambient conditions makes the NMR

spectra collapse into one signal. However, the slight asymmetry observed for
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SSZ13(12) and SSZ13(35) indicates the presence of multiple, close lying features.
Additionally a further broadening for the SSZ13(6) sample is observed. This behavior
is consistent with observations for OH-IR spectra discussed above and can be linked
to a distribution of local Al configurations with close lying 2’Al-NMR isotropic
chemical shifts, which becomes increasingly complex at lower Si/Al ratios. Such an
interpretation is supported by modeled ?’Al-NMR isotropic shifts, which lie within 3
ppm for all modeled structures. However the complexity of the distribution of Al
configurations with close lying isotropic shifts makes an unambiguous assignment
difficult. At the same time our model indicates that for a dehydrated sample the Al
isotropic chemical shifts should be further separated. Therefore, overcoming
complications with signal to noise ratio due to strong quadrupolar coupling might

allow to extract more information about this system.

Limitations of the theoretical model:

As we have demonstrated above, the model presented here helps us describe and
understand trends observed in OH-IR and NMR spectroscopy in protonated zeolites.
At the same time, two major assumptions have been made to allow for the
construction of a sufficiently simple model to describe the distribution of Al atoms in
a fully periodic framework: (i) all unit cells in a realistic zeolite framework have the
same volume and shape and (ii) the interactions between neighboring unit cells are
negligible, even if the Al distribution is different. Here we attempt to estimate to

which extent these assumptions might influence the different observables.
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The impact of the unit cell volume: As already demonstrated for the defect unit cell,
the change of unit cell volume can have significant impact on the occupational
probabilities. In a realistic zeolite a distribution of unit cells with different local Al
configurations and Si/Al ratios will be present, each with a slightly different unit cell
shape and volume. Therefore, each unit cell will not be at its equilibrium volume, but
at the average volume of the distribution. To assess the impact of a change in cell
volume on the occupational probabilities, we first focus on the 1Al site and model the
protonated form at 810 A3. When we now study the occupational probabilities, we
see that the majority occupation does not change significantly. However, at higher
temperatures changes in the minority occupation (1Al over 1Al, and 1Al;) start to
appear (see Fig. 6 A). To furthermore study the impact of the unit cell volume we
focused on the 1Al unit cell. First, we focused on the 1Al; unit cell, varied the volume
of the unit cell between 780 A3 and 870 A3, optimized the structure and calculated the
OH-IR spectra as described above (see Fig. 6 B). We find that the OH-IR spectra at
smaller cell volumes are more than 20 cm™ higher than at larger cell volumes and
follow an arcuscotangens shape. We performed a similar analysis for the hydrated
1Al unit cell and varied the unit cell volume between 800 A3 and 880 A3 and calculated
29Si-NMR (Fig 6 C) and ?”Al isotropic chemical shifts (Fig. 6 D). In both cases the NMR
shifts move to lower values for increased cell volume. For the 2°Si NMR shifts we find
that all Si atoms get lowered by ~6 ppm and this shift is similar for all different Si

atoms. For the 27Al-NMR spectra this change with 12 ppm is even more pronounced.
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Figure 6: A: Occupational probabilities calculated for the 1Al site at a volume of 810 A3. Volume
dependence of B the OH-IR spectrum, C the #°Si-NMR spectrum and D the ?’Al-NMR spectrum of
the 1Al; site. In C x denotes Si forming four Si-O-Si bonds, blue squares show a Si-0O(1)-Al bond,
orange circles a Si-0(2)-Al bond, green triangles a Si-0(3)-Al bond and red diamonds a Si-0(4)-

Al bond.

This analysis shows that indeed a dependence of the observables on the unit cell
volume exists. However, the changes are comparatively small for NMR spectra when

the range of unit cell volumes of a maximum of 30 A3 is considered. However, for OH-
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IR spectra shifts as large as 20 cm™ can be observed in a relatively small cell volume
window.

Impact of neighboring unit cells: To evaluate the impact of neighboring unit cells we
double the 1Al unit cell and construct three different possible unit cells containing
two Al atoms (14, IB and 1S, see Fig. 7 A). The cells are constructed in a way that the
total Si/Al ratio of 11 is maintained, but the Al T-sites are only separated by one Si T-
site. Using this approach we find that the local Al configuration 14 resembles 2AIF,
while 1B resembles 2AI1B, while the local configuration 1¢ was not included in the initial
construction of the model. Subsequently we use a similar methodology as suggested
above, i.e. study all possible H positions, and calculate occupational probabilities. All
data, and the T-dependent spectra are given in the SI, section S8 and the
corresponding OH-IR spectra at 300K are shown in Fig. 7 B. Indeed, the observed
spectra change significantly. At the same time the spectrum of 1* reproduces the
higher energy peak of 2AIF and the spectrum of 1B is very similar to the spectrum of

2AIB.
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Figure 7: A: Three different 1Al configurations for a doubled unit cell. Color code corresponds

to Fig. 1 A. B: Vibrational spectra calculated for the Al configurations shown in A.

On one hand these results reveal that the position of Al in neighboring unit cells
influences the observed OH-IR spectra. This effect can explain the mismatch observed
between the 1Al theoretical spectrum and the SSZ13-35 experimentally measured
spectrum and prohibits an exact assignment of features. At the same time trends seem
to be captured well, as shown by the calculations in this section. Based on the
information presented in this work we expect that OH-IR measurements allow for

qualitative assignments of trends in local Al distributions.

Conclusions:

We have developed a coherent model to explain the observed trends in OH-IR, 2°Si-

NMR and ?’Al-NMR spectra for SSZ-13. This model is rooted in the assumption that in
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a realistic zeolite a distribution of local Al configurations exists. These local Al
configurations are represented by primitive SSZ13 unit cells with the corresponding
Al arrangements. In the model discussed here we included unit cells containing zero,
one or two Al atoms as well as a framework silanol defect. Subsequently we used
Boltzmann occupations to identify the occupational probabilities of different proton
positions.

We used the calculated Boltzmann probabilities to construct OH-IR spectra of SSZ13
systems. We find that for each Al configuration distinct multi-peak vibrational spectra
are observed. These results allowed us to make assignments in experimental
measurements for three different zeolites and indeed the trends for Al configurations
and defect sites were reproduced well. Using a similar approach for NMR spectra
allowed us to confirm experimental assignments of 2°Si-NMR isotropic chemical
shifts, but also revealed that distortions in the local symmetry due to the presence of
protons lead to a larger spread in observed shifts, which is reflected in a lower
resolution in spectra for dehydrated materials. For 2’Al-NMR this effect is even more
pronounced and makes all observed signals collapse into one signal for all different
local configurations.

These results show that the model presented here is successful in describing the
general trends in experimental measurements. At the same time assumptions in
terms of unit cell volume and the potential impact of stochastic Al distribution on the
theoretical side, and the complex, overlapping spectra of different Al configurations
are prohibitive to a quantitative assignment. In the future it will be interesting to see

how the zeolite model presented here can be extended to other zeolite structures and
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to what degree it can be used to obtain insights into various problems in connection

with zeolites.

Methods:

Theoretical setup:

All calculations were performed using the Vienna Ab-Initio Simulation Package
(VASP)*+4>, a plane wave core using PAW pseudopotentials*¢47, All calculations were
performed using an energy cut-off of 420 eV. In all calculations the k-point sampling
was restricted to the I'-point. The unit cell parameters are reported in the literature*s,
All calculations were carried out using density functional theory in the
parameterization of Perdew, Burke and Ernzerhof (PBE)*°. Vibrational frequencies
were calculated using the frozen phonon approach. A short discussion of the impact
of the energy cut-off is given in supporting information section S10. Temperature
corrections were calculated using the code thermo.pl®?, a code provided by the
National Institute of Standards and Technology and only frequencies higher than 50
cm™! were considered in the analysis. NMR isotropic chemical shifts were calculated
for the optimized structures using linear response theory®5? as implemented in
VASP. Isotropic chemical shifts are reported with respect to tetra methyl silane (TMS)
and Al(H;0)e. Calculations for the reference compounds were carried out in a 10 A
x10 A x10 A box.

Experimental methods:

Zeolite Synthesis: SSZ-13 zeolites with Si/Al ratios 6 (SSZ-13-6) and 12 (SSZ-13-12)

were synthesized following a procedure described elsewhere.>3 For the preparation
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of the synthesis gel NaOH (0.19 g, 297%, Sigma-Aldrich) was dissolved in deionized
water (23.5 g) followed by the addition of the structure directing agent TMAda-OH
(3.89 g, 25%, SACHEM ZeoGen 2825). After dissolving aluminum hydroxide (0.12 g,
50-5% Al,03, Sigma-Aldrich), fumed silica powder (2.75 g, 0.007 um average particle
size, Sigma-Aldrich) was added under vigorous stirring until a homogeneous gel was
observed. The gel with a molar composition of 10 SDA : 10 NaOH : 8.33 Al,03 : 100
Si0; : 2200 H,0 for SSZ-13-6 and a molar composition of 10 SDA : 10 NaOH : 4.17
Al,03: 100 SiO; : 2200 H,0 for SSZ-13-12 was then transferred into a 45 mL Teflon-
lined stainless steel autoclave, before hydrothermal crystallization was carried out at
160° C in a rotating oven at 60 rpm. After the synthesis the solid was recovered by
filtration and washed with deionized water and acetone. Finally the zeolite powder
was dried in a convection oven at 110° C and calcined at 650° C for 6h with a ramp of
3° C/min under an air flow. To transform the Na form of the SSZ-13 (Na-SSZ-13-OH)
into its protonic form (H-SSZ-13-0OH) the zeolite was ion-exchanged in 3 cycles with
a 1 M ammonium nitrate solution at 80° C for 12h. After each cycle the zeolite was
filtered, washed with water and dried at 110° C over night. After the final exchange
the sample was subjected to an additional calcination step at 580° C for 6h under an
air flow. The Si/Al ratios of 6 and 12 were confirmed by ICP-AES.

The Si/Al=35 sample was prepared by adapting the method reported by Eilertsen et
al.3’. Al powder (0.05 g, 99.99%, Acros) was dissolved in TMAda-OH solution (26.6 g,
25%, SACHEM, ZeoHen 2825). After complete dissolution a mixture of Ethanol (8 g,
200 Proof) and tetraethyl-orthosilicate (13 g, TEOS, 98%, Sigma-Aldrich) was added

dropwise. After hydrolysis of the TEOS the synthesis gel was heated up to 50° C under
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stirring to evaporate excess of water. The resulting mixture was ground prior to the
dropwise addition of hydrofluoric acid (1.28 g, 48 wt%, Sigma-Aldrich). Homogeneity
was ensured by mixing with a PTFE spatula. The final synthesis gel with the
composition 50 SDA:50 HF:1.43 Al;05:100 Si0,:300 H,0 was then charged into a
Teflon-lined stainless steel autoclave and hydrothermal crystallization was carried
out at 155° C for 7 days in a rotating oven (60 rpm). The crystalline product was
collected by filtration and washed with deionized water and acetone before drying it
at 110° C. To remove the SDA the material was calcined at 600° C for 6h under an air
flow. The Si/Al ratios of all materials were confirmed by ICP-AES. The crystal
structure of the materials was confirmed using Powder X-Ray Diffraction.
Transmission FTIR: Prior to analysis, samples were dehydrated at 400 °C (10 °C min
1) under a flow of nitrogen. IR analysis was carried out in a N, glovebox (<1 ppm O,
and H,0) to prevent readsorption of water during analysis. Samples were suspended
in KBr and pressed into self-supporting wafers, then analyzed via transmission IR
(Bruker Alpha spectrometer), each with 16 scans at a resolution of 4 cm™. All spectra
were baseline corrected and normalized to the intensity of the Si-O-Si overtones.
Solid state NMR: Solid-state 2°Si-NMR and 2’Al-NMR spectra were acquired on an
Avance III NMR spectrometer (Bruker) operating at a 'H Larmor frequency of 500
MHz. The samples were spun around the Magic Angle with a rate of 15 kHz at room
temperature using air for the drive, bearing and VT flow. A 4 mm probe was tuned to
99.362 MHz or 130.32 MHz for the 2°Si and 27Al experiments respectively. The ppm
scale of the spectra was calibrated using the 2°Si and 27Al signals of kaolinite as an

external secondary reference (-91.5 ppm and 0 ppm, respectively)®*. Samples
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dehydrated under N, at 400 °C were packed into rotors inside a glovebox (< 1ppm O,

and H,0).
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dependent OH-IR spectra, a discussion on IR active frequencies for the silanol defect
sites, temperature dependent 2’Al-NMR spectra, 2’AI-NMR and 2°Si-NMR chemical
shifts for all unit cells, magnified 27Al-NMR spectra for the hydrated zeolite samples,
information on calculations in the large unit cell and data for the impact of a higher

energy cut-off. Furthermore a data file containing the raw data and all optimized

structures at 830 A3 are included.
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A theoretical model for protonated SSZ13 is used to explain experimentally measured
OH-IR vibrational spectra and 2’Al-NMR and 2°Si-NMR spectra.
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