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Abstract: An important aspect within zeolite synthesis is to
make fully tunable framework materials with controlled
aluminium distribution. A major challenge in characterising
these zeolites at operating conditions is the presence of
water. In this work, we investigate the effect of hydration on
the ¥Al NMR parameters of the ultracrystalline K,Na-compen-
sated aluminosilicate JBW zeolite using experimental and
computational techniques. The JBW framework, with Si/Al

\

ratio of 1, is an ideal benchmark system as a stepping stone
towards more complicated zeolites. The presence and mobi-
lity of water and extraframework species directly affect NMR
fingerprints. Excellent agreement between theoretical and
experimental spectra is obtained provided dynamic methods
are employed with hydrated structural models. This work
shows how NMR is instrumental in characterising aluminium
distributions in zeolites at operating conditions. )

Introduction

Zeolites are of undeniable importance in many current
industrial applications, such as separation and catalysis, and will
remain vital to convert non-fossil based feedstocks and develop
sustainable chemical processes."™ Their excellent large-scale
applicability can be attributed to their hydrothermal stability
and attractive nanostructural architecture. Being composed of
tetrahedrally coordinated silicon and aluminium sites forming a
network of pores and channels, zeolites form a class of shape
and size selective materials fit for the diffusion and reactivity of
specific molecules.® Catalytic activity in aluminosilicate zeo-
lites stems from the isomorphic substitution of silicon for
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aluminium and the presence of counterions to retain the overall
electroneutrality of the framework. These positive counter-
charges can be protons bound to neighbouring oxygen sites,
resulting in Brensted acid sites, or extra-framework cations that
reside near the aluminium sites. The catalytic activity of active
sites and the interactions with guest species may substantially
differ depending on the specific aluminium location.®' As
such, the aluminium distribution is important for the final
functional behaviour of the zeolite and nowadays specific
synthesis techniques have been developed that allow directing
the aluminium distribution through templates or structure
directing agents,®'*'*"" thereby paving the way for control of
the active site distribution and the catalytic activity. To include
the aluminium distribution in the design process, advanced
techniques are necessary to characterize the local structure of
the aluminium sites at operating conditions. This requires
characterisation techniques that are sensitive on ranges of a
few Angstrom. In this respect, NMR spectroscopy is an ideal
candidate because it is able to probe the local environment of
atoms through manipulation of nuclear spin populations.®*?
Experimental NMR is ideally complemented by computational
techniques in order to provide an unambiguous assignment of
the NMR spectrum.?*** Previous work by Dib et al. has shown
that combined computational/experimental NMR spectroscopy
enables the assignment of aluminium to a specific set of
symmetry inequivalent tetrahedral sites in ZSM-5.*" However,
as the aluminium content is increased, the local geometry of
aluminium sites is distorted, and aluminium sites can no longer
be considered isolated,” which complicates distinguishing
tetrahedrally coordinated aluminium sites. Furthermore, as will
be shown in this paper, the effect of hydration cannot be
neglected: as water molecules interact with countercharges and
framework oxygens, both experimental spectra and computa-
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tional NMR properties change with the amount of water in the
system. In order to calculate reliable NMR properties that are
comparable to experimental spectra, one must therefore keep
in mind that three factors mainly influence the NMR properties:
(i) crystallographic symmetry of the T-site, (ii) possible proximity
and distribution of Al sites (which is intrinsically related to the
Si/Al ratio) and (iii) presence of water and extraframework
species and their interactions with the framework.

In this work, we study the JBW—NaK zeolite with a Si/Al
ratio of 1. The crystallographic analysis of this sample by X-ray
diffraction (XRD) revealed exceptional levels of crystallinity and
order. The framework consists of one-dimensional eight-ring
(8R) channels separated by dense anhydrous layers of six-ring
(6R) pores, as is shown in Figure 1. The structure is stabilised by
the presence of two types of cations: sodium ions are located in
the dense anhydrous layers, whereas hydrated potassium ions
reside in the 8R channels. The locations of aluminium sites are
known because at Si/Al=1 there is only one possible distribu-
tion of aluminium that satisfies Lowenstein’s rule of aluminium
avoidance.””” Moreover, there is no change in aluminium
distribution possible, as each aluminium atom is restricted to
one specific site. In zeolites at a higher Si/Al ratio, it is known
that the presence of water assists the breaking of framework
Al-0 and Si—O bonds,”*? whereby it is possible that aluminium
is removed from the framework. In the JBW system, we have
not found evidence of such aluminium mobility. Additionally,
'H NMR shows no evidence of the presence of Al-OH or Si-OH
defects. The JBW zeolite is therefore perfectly suited to
unambiguously study the effect of water and crystallographic T-
site symmetry on the NMR signals. The synthesis of the JBW
sample was described in a previous paper,k” in which results
from XRD measurements, ZAl, #Si, ¥*K and *Na NMR and
Rietveld refinements may be found. The aim of the study at
hand is to benchmark a combined computational and exper-
imental characterisation protocol for aluminium in zeolites

rimitive cell
/P

—] 4

8-ring channel,
occupied with K* & H,0

6-ring channel,
occupied with Na*

Figure 1. Topology of the JBW zeolite showing the connectivity of the T-sites
that make up the framework.
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using NMR spectroscopy at operating conditions, critically
assessing the role of water. From a computational point of
view, both static and dynamic models are employed to
compare computational NMR parameters with operando spec-
troscopic 1D MAS NMR (magic angle spinning NMR) signals of
ZAl and *Si nuclei in JBW at various water loadings. The Si/Al
ratio of 1 together with the high level of crystallinity result in
very well resolved individual quadrupolar Pake patterns (one
per crystallographic site), which is rare in zeolites. The ZAl
spectrum was measured at different levels of hydration of the
material, which provides unique insight into the effect of water
on the aluminium NMR parameters. Through comparison of the
experimental and computational chemical shift and quadrupo-
lar coupling constant (QCC), the need for operando modelling
techniques that explicitly take into account the presence of
water is shown. The insights obtained in this study are
important for future efforts in tuning the aluminium distribu-
tions in zeolites at operating conditions.

Methods

To assess the influence of water on the NMR spectra, the
hydrated as-synthesised JBW sample was dried and rehydrated
to the point of saturation, while collecting Al MAS NMR
spectra at specific water loadings along the procedure. All
experimental NMR measurements with various hydration levels
were carried out following the methodology as detailed in the
Sl (section S1). Si, Na and *K NMR spectra were recorded for
the as-synthesised system and the fully anhydrous system. XRD
measurements were employed to obtain the space group,
atomic positions and unit cell parameters of the as-synthesised
and dehydrated systems with the purpose of obtaining a
starting point to build structural models for the computations.
Any reported hydration levels were measured using '"H NMR.B"
We note that in 'H NMR hydration measurements the
experimental water content at the saturation point is under-
estimated due to chemical exchange between free water and
adsorbed water.

The computational structural models were built by taking
the atomic positions from the XRD experiments and subse-
quently loading the structures with different amounts of water.
This resulted in a total of six systems of which one triclinic
anhydrous cell and five orthorhombic systems with water
loading ranging from 0.0 H,O/Al (anhydrous) to 0.33 H,O/Al (4
water molecules per unit cell). The saturation point of water
was determined through grand canonical Monte Carlo, the
details of which may be found in the SI (section S2). The
computational point of saturation amounts to one water
molecule per potassium site, which is in agreement with the
XRD measurement performed on our as-made JBW sample
where potassium and water molecules alternate inside the 8-
ring channel as well as with older XRD measurements on the
Na,K-JBW system.?

The six resulting structural models were then used as input
for a static model and for a dynamic model. In the static model,
the atomic positions and cell parameters are first optimized
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using density functional theory (DFT) at the PBE-D3 level of
theory. The optimized structures are subsequently used to
calculate the NMR parameters through linear response. The
dynamic model, on the other hand, uses the XRD structures as
input for first-principles molecular dynamics runs at 300 K. Then
a set of snapshots from the trajectories is selected to obtain
time-averaged NMR properties for each atom in the structures.
Details of both static and dynamic workflows are given in the SI
(section S2). The conversion of calculated chemical shieldings to
chemical shifts which can be compared to experiment is
detailed in the SI (section S3).

Results and Discussion
Experimental characterisation

The space group of the JBW zeolite depends on the degree to
which the sample is dehydrated. The as-made JBW sample has
the Pmn2, space group showing an orthorhombic unit cell. If
the system is dried for 16 hours under vacuum (1 mbar) at a
temperature of 200°C to the point where no NMR-measurable
amount of water is present, the symmetry of the system breaks
and it resorts in the P1 space group with a triclinic unit cell. This
breaking of symmetry affects the number of distinct T-sites in
the system, with the orthorhombic system having two distinct
T-sites occurring in a ratio of 2:1 (T1:T2), whereas the triclinic
system has three T-sites in ratios of 1:1:1 (T1A:T1B:T2) (see
Figure 2). If the as-made system is dried for 18 hours under
milder conditions (1 mbar, 60°C), the orthorhombic symmetry is
retained and no substantial changes in the XRD pattern are
detected. The Al and *Si MAS NMR spectra of the orthorhom-
bic and triclinic systems are shown in Figure 2, along with their
respective XRD unit cells. Numerical results of fitting the NMR

spectra and the XRD cell parameters may be found in Table 1.
Additional *Na and **K NMR data may be found in the SI
(section S7).

The strongest influence of water on the Al NMR parameters
is found at low water loadings. Beyond 6 mg H,0, the influence of
adding additional water to the rotor on the aluminium NMR
parameters is negligible, as can be seen in Table 1. This indicates
that no significant amount of extra water is adsorbed in the zeolite
beyond this point, which is consistent with the '"H NMR measure-
ments. The Al NMR spectra for the orthorhombic system as
shown in Figure 2 can be fit using two quadrupolar lineshapes
with the integrals under the curves amounting to 67 % and 33%
of the total spectrum. Similarly, the *Si NMR spectrum in Figure 2
contains two sharply defined gaussian lineshapes, again amount-
ing to 67% and 33% of the total spectrum. Based on the relative
contributions to the spectrum, the lineshape contributing 67 % is
assigned to aluminium and silicon sites located at T1 positions,
and the lineshape contributing 33% is assigned to T2 positions
(Table 1). We note that the driest spectrum, where 2 mg of water
is present, shows a slightly larger fitting error (the root-mean-
squared deviation of the fitted spectrum from the experimental
spectrum is 4% higher than for the spectrum at 6 mg). This can
be explained by the presence of a slight distribution of local
geometries in the case where little water is present, whereas these
minor differences are averaged out if more water is present. In the
triclinic system, three lineshapes are needed to fit the Al and *Si
NMR spectra properly. Based on the assignment in the ortho-
rhombic case, the lineshape with the highest chemical shift
(65.01 ppm) is assigned to aluminium residing in T2 sites. Purely
based on experimental data, it is impossible to assign the other
two lineshapes to T1A and T1B sites. The assignment of the
triclinic case in Table 1 is therefore based on the comparison with
computational chemical shifts as derived in the next section: the

and orthorhombic systems.

Table 1. XRD cell parameters, numerical NMR data of experimental Al NMR spectra and the assignment of the NMR lineshapes to T-sites for the triclinic

Triclinic system
a=1517Ab=7.95A,c=10.33 A
a = 89.9°, 3 =89.9°,v = 93.6°

Water Adsorbed water TIA T1B T2
in rotor in zeolite i Co Mg Oiso (o Mg Oiso (o 78
(mg H,0) (H,0/Al) (ppm) (MHz) (=) (ppm) (MHz) (=) (ppm) (MHz) (=)
0 0.00 63.83 2.66 0.41 61.08 3.95 0.46 65.01 1.73 0.66
Orthorhombic system
a=1514 A b=813A,¢=1035 A
a = 90.0°, 6 =90.0°,v = 90.0°

Water Adsorbed water T1 T2

in rotor in zeolite Oiso Co 78 Oiso G Mo

(mg H,0) (H,0/Al) (ppm) (MH2) (=) (ppm) (MH2) (=)

2 0.02 62.51 3.19 0.53 64.42 1.90 0.50

3 0.10 61.88 3.17 0.39 64.01 1.85 0.62

6 0.20 61.76 3.16 0.40 63.73 1.80 0.69

12 0.21 61.76 3.17 0.40 63.72 1.79 0.70

24 0.20 61.76 3.16 0.40 63.73 1.80 0.69
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Figure 2. Experimental characterisation of the triclinic and orthorhombic JBW samples used in this work. (a) XRD unit cells with designation of crystallographic
T-sites. Locations of potassium and water are indicative and can vary throughout the 8-ring channel. (b) Al MAS NMR spectra at various water contents. (c)

2Si MAS NMR spectra.

lineshape at 63.83 ppm is assigned to T1A sites and that at
61.08 ppm to T1B sites (see Figure 3).
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Computational NMR data

Figure 3 shows the comparison of the Al chemical shift and
QCC between the static model, dynamic model and the
experimental fitting data for the anhydrous triclinic cell. The
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assignment of the resonances to distinct T-sites, where exp, stat and dyn
respectively denote experimental, static model and dynamic model.
Resonances of the static model overlap, as each resonance occurs pairwise.

quadrupolar asymmetry parameter and *Si chemical shift may
be found in the SI (section S4). Based on the data in Figure 3,
the following observations can be made. Neither the static nor
the dynamic model produces three distinct resonances, con-
trary to what could be expected based on the presence of three
symmetrically distinct T-sites (see Figure 2). Atoms residing in
the T1A, T1B or T2 sites show different NMR resonances, and
there is no immediate distinction between the three symmetry
labels. The T1B sites are slightly more separated from the T1A
and T2 sites, which is consistent with the experimental
resonance that lies further from the other two resonances.
There is a significant overlap in both chemical shift and QCC for
atoms residing in T1A and T2 sites. The fact that there is a large
spread on the values for both the dynamic and static models
compared to the single value per crystallographic site obtained
in the experiment, can be explained by considering the position
and mobility of potassium which may have more configura-
tional freedom in the 8R channels depending on the amount of
water present in the structure. We will return to this point in
the section ‘On the role of mobility’. Additionally in the dynamic
model, the limited time scale of molecular dynamics simulations
(100 ps) compared to the experimental time scale induces a
spread as well (see section S9 of the SI for convergence of NMR
properties with respect to simulation time).

Before considering the role of potassium, we turn our
attention to the orthorhombic modelling results. The ZAl
chemical shift and QCC for all measured and simulated
hydration levels are shown in Figure 4. The top plots (panel a)
show the experimentally fitted NMR parameters, where two
quadrupolar lineshapes were used, assigned to T1 and T2 sites.
The middle (panel b) and lower (panel c) plots respectively
show the dynamic and static chemical shifts and QCC, coloured
according to whether the specific aluminium atom resides in a
T1 or T2 position. The quadrupolar asymmetry parameter and
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Research Article Europe
Chemistry—A European Journal doi.org/10.1002/chem.202202621 Soories Publishig
6 0201 5
| T1A TIB T2
" 0.15
51| exp x X ® " — o010
stat ° < oos T1 T1
~ 4l dyn A A A y ON
T I A M A A M A
= 03 b
g A E AM A MA A AMA M
S 31 * g " - . ds &
a 0.1 A A AALAA A A A
A “ c
2 i A o — 0.0 AN A A A MAA A
[ X E @ cwoo ° om °
o R = 031 C
o emoo o - o
1 T T T r T . . T 3 0.2
67 66 65 64 63 62 61 60 59 58 eo®ee eeeee
chemical shift (ppm) ! sosee o cwe @
0.0 ‘. LJ § i (X .
68 66 64 62 60 1 2 3 4 5
Figure 3. Computational and experimental chemical shift and quadrupolar . .
coupling constant for the triclinic system. The inset table denotes the chemical shift (ppm) Cq (MHz)

Figure 4. Experimental (panel a), dynamic model (panel b) and static model
(panel c) chemical shift and quadrupolar coupling constant for the
orthorhombic system plotted against the water loading.

»Sj chemical shift data may be found in the Sl (section S4).
Additionally, we have produced a plot that shows the
correlation between the average T-O—T angle and the chemical
shift, which may be found in the SI (section S5). Note that for
each hydration level, 8 T1 and 4 T2 data points are plotted,
however, some of them overlap. The computational ZAl
chemical shift and QCC show a clear splitting between
resonances originating from T1 and T2 sites. Moreover, it is
clear that both the static and dynamic model can reproduce
the trend of decreasing chemical shift upon increasing water
loading. For the QCC, there is no obvious trend when changing
the hydration level. While the individual resonances of the
aluminium sites change upon the addition of water, the overall
distribution of values does not show a systematic change. This
is also the case for the experimentally fitted values as these
only change by 0.1 MHz overall, which is small compared to the
spread on computational C, values. An important phenomenon
to notice is that there are three distinct resonances in the static
model for the anhydrous case (Figure 4, panel c), whereas the
orthorhombic framework only contains two distinct T-sites. As
was the case for the spread on NMR parameters in the triclinic
cell, this too is affected by the choice of potassium location.
However, the important difference between the two systems is
that the dynamic model only shows two distinct resonances in
the anhydrous orthorhombic case, as evidenced by the fact that
the chemical shifts are split into and centered around two
contributions near 66 and 62 ppm (see column of chemical shift
in Figure 4, panel b). It is also worth noting that the anhydrous
dynamic model produces an average chemical shift that is close
to the one produced by the static model. This is especially clear
for the resonances of the T2 site, while for the T1 sites the
dynamic anhydrous shifts lie close to the average of the two
static anhydrous values. This indicates that the motion of atoms

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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around their equilibrium positions does not change the NMR
parameters a lot. However, the introduction of water into the
system significantly affects the NMR response of individual sites.

Overall, while the computational NMR chemical shifts are
clearly split into T1 and T2 sites in the orthorhombic case, not
all sites show the same NMR resonance. The main reason for
the inequivalence in the hydrated cases, next to the effect of
potassium, is the absence of water dynamics. In the static
model, each aluminium atom sees one particular water
configuration. In the dynamic model, water positions may vary,
however, limited configurational averaging still renders the
individual resonances inequivalent. The reason for this is
twofold: (a) no diffusion of water is present in the model system
and (b) the time scale of the dynamic simulations is too short to
attain the same configurational diversity as in the experimental
system. In the real system, more configurational diversity is
present so that over time all individual atoms with the same T-
label, on average, see the same water configurations around
them, which then translates into a single NMR resonance. While
these long time scales are not accessible in the dynamic model
(the forces and interactions are calculated at the DFT level), the
necessary configurational diversity of water can be mimicked
by further averaging over T-sites within one crystallographic
label, as will be explained in the section Bridging experiment
and theory.

On the role of mobility

It was already noted that both the static and the dynamic
model fail to account for a realistic dynamic water loading.
However, the Al chemical shift of the individual sites in the
dynamic model of the orthorhombic system (Figure 4 panel b)
does not show the clear splitting of the T1 sites into two
resonances, as it does in the static model, which points to an
additional important difference. In the static case, the T1 sites
after optimisation are split into sites with closest potassium ion
at a distance of 3.6 A and sites where this distance is 3.9 A
(indicated a and f in Figure 5, respectively). However, inves-
tigation of the dynamic trajectories in the orthorhombic system
reveals that potassium ions are largely mobile in the anhydrous
case and can even diffuse through the channel of the system
(see Figure 5). The result is that the distribution of distances
between the closest potassium ion and T1 sites is not sharply
centered around 3.6 A or 3.9 A, but rather all T1 sites show a
comparable distribution in the anhydrous Al—K pair distribution
functions, as is clear from Figure 5 in the first column. With no
water present, potassium ions are free to occupy all possible
potassium sites, which is consistent with the hypothesis by
Healey etal. that potassium ions occupy sites that lead to
plausible interaction distances between water oxygens and the
cations.’? The spread on chemical shift in the orthorhombic
dynamic model is then a consequence of slight diversity in
average local geometries and due to limited sampling of water
configurations. In case water is present, the potassium ions are
still sufficiently mobile to remove the clear distinction between
the a and f sites, as evidenced in Figure 5 from the second to
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the last column. Only if a dynamic model is used, the
differences introduced due to potassium location are averaged
out and overall we recover two inequivalent sites, consistent
with the two lineshapes in the experimental NMR spectrum.
Finally, we return once more to comment on the mobility of
potassium in the triclinic case in which there are two distinct T1
sites, labelled T1A and T1B. The static and dynamic Al-K pair
distribution functions for the triclinic system may be found in
the SI (section S6). The data indicates that our model even
predicts further distinction within the T1A and T1B labels, as
within these labels there exist sites with distinct Al-K distribu-
tion functions. Furthermore, no potassium diffusion through
the channel is observed in the trajectory of the system. We
therefore conclude that mobility is hindered in the triclinic cell,
leading to discrepancies in NMR parameters between models
using a single K distribution and experiment. Interestingly
enough, this is consistent with previous observations in the
JBW system that upon rehydrating the anhydrous triclinic cell,
the orthorhombic cell is not retrieved,®” also pointing to
inhibited mobility of potassium ions and water molecules.

Bridging experiment and theory

In this section we aim to obtain a direct comparison between
the experimental Al NMR spectrum and model NMR parame-
ters derived from theory for the orthorhombic case. As argued
before, the T1 (respectively T2) sites at each specific water
loading are nearly equivalent in the orthorhombic dynamic
models. Therefore, it is appropriate to further average over T-
sites within the T1 (respectively T2) label to obtain a
representative computational T1 (T2) resonance which can be
compared to the experimentally fitted T1 (T2) data. The
reasoning behind this, is that in the real system, the NMR
parameters are measured on much larger time and length
scales than in the computational models. In our dynamic model
no diffusion of water molecules past the potassium ions in the
channel is observed on the time scale accessible by these
dynamic models (around 100 ps), as these are calculated at the
DFT level. Water does diffuse in the experimental system during
measurement otherwise no substantial change in NMR spectra
would be observed upon hydration. The mobility of water and
potassium species and a comparison to the static single-
configuration case is shown in Figure 6. Averaging over differ-
ent T-sites with the T1 (T2) label is a representative model that
includes more configurational diversity. In the hydrated ortho-
rhombic system, multiple orientations and locations of both
water molecules and potassium ions are taken into account in
this way. In the anhydrous triclinic case, diffusion of potassium
is hindered and we are unable to obtain a representative
average using a model with only one potassium distribution,
therefore we do not consider it any further. Similarly, averaging
over different T-sites cannot be justified in the static model
because the lack of mobility of potassium leads to additionally
induced inequivalence of T-sites. Given previous arguments,
static results are not further considered to directly compare
theoretical and experimental NMR spectra. In averaging, one

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202202621

Al-K pair distribution function

Anhydrous 1H,0/12 Al

2 H,0/12 Al

3 H,0/12 Al 4 H,0/12 Al

a

anels

w
S

5 M 3 4 5 3 4

JlweuAp

| l Al-K distance (A)

Static structure, anhydrous

Single configuration

Na
QK

J

Dynamic structure, anhydrous
Potassium positions sampled every 0.1 ps

@

b b
I along channel | along channel
[ a C

a

b - -
I 5< side view
a

Figure 5. Static (top) and dynamic (bottom) Al—K pair distribution functions for the orthorhombic system show that in the dynamic simulations, potassium is
free to move between different possible locations. The static structure is shown in which T1 sites with different distances to closest potassium ions are
indicated (a, f3), as well as the location of potassium in the dynamic MD run, showing the large mobility of potassium that cannot be captured by the static

model.

must take care of considering symmetry transformations that
must be applied before deriving average NMR properties.
Details on this procedure may be found in the SI (section S10).

The result of this averaging procedure at each water loading
for the dynamic model is shown in Table 2. The most relevant
parameter to compare the average values with the experimen-
tal chemical shift, is the difference in ppm between the two
sites, denoted A(T2-T1). It is clear that the difference lies close
to the experimental values, except in the anhydrous model,
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where the discrepancy is substantially larger. This overestima-
tion of the chemical shift difference can be explained by the
following facts: (i) the experimental orthorhombic system is not
fully anhydrous, while the model system is and (ii) the cell
parameters of the anhydrous run are fixed to be the parameters
of the XRD experiment whereas this was not the case for the
other water loadings, because in the anhydrous case the
triclinic cell is energetically more stable than the orthorhombic
cell. Further discussion on this may be found in the SI (section
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(a) static model

(b) dynamic model

Figure 6. View along the hydrated 8-ring channel in the case of a single
water molecule in the orthorhombic unit cell for the (a) static and (b)
dynamic models. Only dynamics of non-framework species are shown for
the dynamic model. Treating the T-sites within the same T-site label as being
equivalent, provides us with representative average NMR parameters
comparable to the real case where water is mobile.

Table 2. Comparison of experimental data to average “Al NMR T1/T2
resonances calculated using data of the dynamic model. The best agree-
ment between experimental and model parameters is obtained at
saturation (top row).

Experiment
Hydration 0is0 (PPM) Co (MH2) 7o (=)
(H,O/Al) A (T2-T1) T2 T T2 T
>0.21 1.97 1.80 3.16 0.69 0.40
0.16 2.06 1.81 3.19 0.69 0.39
0.10 2.13 1.85 3.17 0.62 0.39
0.02 1.91 1.90 3.19 0.50 0.53
Dynamic, average
Hydration 050 (PPM) Cq (MH2) 7o (=)
(H,O/Al) A (T2-T1) T2 T T2 T
0.33 1.85 1.55 3.06 0.69 0.30
0.25 2.61 1.63 2.86 0.58 0.34
0.17 248 1.18 3.10 1.00 0.37
0.08 2.32 1.29 2.51 0.82 0.45
0.00 348 1.37 3.27 0.63 0.57

S8). The difference in chemical shift A(T2-T1) is reproduced best
at saturation, with an experimental A of 1.97 ppm and a model
A of 1.85 ppm. The QCC is reproduced with a good accuracy at
saturation, with model values of 1.55MHz and 3.06 MHz,
underestimating the experimental values of 1.80 MHz and
3.16 MHz by 0.25 MHz and 0.10 MHz, respectively. The asymme-
try parameters of 0.69 and 0.30 for the average model compare
well to the experimental values at saturation of 0.69 and 0.40.
The model approaches the experimental values most closely at
the lowest water loading (where the two T-sites show a very
similar asymmetry parameter) and at saturation (where they are
separated). In general, the quadrupolar parameters are in good
agreement in the driest possible case, and in the saturated case.
However, the chemical shift difference is not reproduced with
satisfactory precision in the anhydrous model, which means
that overall the model performs best in reproducing the
experimental values at saturation. The fact that individual
resonances of all NMR parameters lie in a broad range of values,
while the averages per label produces values that are compara-
ble to experimental data can be seen as proof that averaging
over many water configurations is necessary to obtain reliable
NMR parameters.
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The simulated model spectrum at saturation, if artificially
broadened as is routinely done to fit the experimental spectra,
compares well with the experimental spectrum. This can be
seen in Figure 7. The spectrum was simulated by using the
parameters as determined in the average dynamic model with
two species (T1, T2). The only variables that were optimized to
minimize the RMSD between the simulated and experimental
spectrum, were the area under the curve, the width of the
Lorentzian broadening and a constant that can translate the
simulated spectrum as a whole without altering A(T2 —T1).
The dynamic model spectrum was simulated using a fixed ratio
of T1 to T2 lineshape contributions of two to one. Following
this procedure, it is clear that the dynamic computational
model can reproduce the experimental spectrum with great
accuracy with an overall root-mean-square deviation (rmsd)
that is comparable to the experimental fits using two line-
shapes.

exp spectrum
exp fit, T1
exp fit, T2
exp fit, sum

d

A Cg MQ

[ppm] [MHz] [-]

| 3.16 0.40 T1
1.97
1.80 0.69 T2

rmsd = 1391 a.u.

>0.21 H,0/Al

exp spectrum
model, T1
model, T2
model, sum

b

A Cg MQ

[ppm] [MHz]  [-]

| 3.06 030 T1
1.85
1.55 0.69 T2

rmsd = 1633 a.u.

0.33 H,0/Al

75 70 65 60 55 50 45
chemical shift (ppm)

Figure 7. Comparison of experimental fit to the dynamic average model as
detailed in section Bridging experiment and theory and comparison of
experimental spectrum to the experimental fitting data. The spectrum
simulated using the average dynamic model parameters (bottom, panel b) is
compared to the fit of the experimental spectrum (top, panel a).
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Conclusion and outlook

In this work, we have investigated the JBW zeolite with a Si/Al
ratio of 1. Owing to its fully defined aluminium distribution at
Si/Al=1, this zeolite serves as a good benchmark system to
determine the influence of water on the NMR spectra and to set
up a protocol for reliably determining computational NMR
properties. Experimental Al 1D MAS NMR measurements were
performed at different hydration levels going from as dry as
possible to fully hydrated, revealing the dependency of the
NMR parameters on the water content. The chemical shift is the
parameter which is most affected by the specific water content,
showing a steep decrease upon water loading. Both static and
dynamic models were employed to model this behaviour,
explicitly taking into account the presence of water. While both
models are able to reproduce the trend in chemical shift, the
dynamic model gave the best agreement with the experiment
as in this approach the mobility of the potassium species and
water molecules is taken into account. Furthermore, the spread
on individual resonances of the atoms is large in both models.
We have proposed a way to enhance the comparison to
experiment, by averaging over sites in the model that are
located at crystallographically equivalent positions. This is
especially relevant for systems with very high aluminium
content, similar to the system at hand, where many aluminium
atoms are located at sites with the same framework symmetry.
As such, the experimental Al NMR spectrum can be repro-
duced with great accuracy, provided the comparison is done at
saturated water content and including many different local
water configurations.

The data in this work highlight the importance of explicitly
taking into account water in the simulation of zeolitic systems
when one is interested in obtaining operando NMR parameters,
i.e. at experimental conditions. Under these conditions dynamic
averaging cannot be neglected, as many different water
configurations contribute to the experimental signal which
cannot properly be taken into account in the static model. The
obtained results serve as a protocol on how to include the
effect of water and its dynamic rearrangement in computational
models that aim to determine the NMR fingerprint of alumi-
nium distributions in zeolites under realistic conditions. To
extend the work to other zeolites, systems with symmetrically
inequivalent T-sites at various Si/Al ratios should be considered
to further elucidate the impact of the aluminium distribution on
the NMR properties. In this respect, computational modelling of
the aluminium distribution and NMR spectra is vital, as NMR
spectra cannot be deconvoluted with certainty in these cases
due to the aluminium atoms being located at a plethora of
symmetrically inequivalent sites. Moreover, in zeolites with a Si/
Al ratio greater than 1, grouping T-sites into symmetrically
distinct classes is a challenge on its own as the definition of
symmetry equivalent sites depends on how many coordination
shells are taken into account to produce the symmetry labels.
While the computational protocol at hand is in principle
applicable to such cases, the grouping of sites can become
tedious and it might be better to consider each aluminium site
on its own and aim to derive well-averaged NMR parameters by
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including as much configurational diversity of water clusters as
is computationally possible. If, by some definition of equivalent
sites, some atoms can be grouped to represent one equivalent
T-site, one can still apply the averaging protocol. Additionally,
there is no reason why the presence of water would not have
any influence on the NMR spectrum in different zeolitic systems
as well, especially in the case of protic zeolites, where it is
expected that water plays an even bigger role as it can change
the nature of the acid site.”** Finally, for zeolites with Si/Al
ratio larger than 1, it is possible that considerable mobility of
framework atoms is present due to the water-assisted breaking
of A0 and Si—O bonds.?**¥ This can lead to the formation of
extraframework species and therefore to the possibility of a
changing aluminium distribution, or to the exchange of frame-
work oxygen atoms. In zeolites where such phenomena occur,
one can anticipate that there will be an effect on the NMR
spectra as well, since in these processes the local structure is
affected. With this paper, by investigating the aspect of water
content separately from the aluminium distribution, we have
taken a step towards developing a methodology that could
provide a complete spectroscopic description of the aluminium
distribution in aluminosilicate zeolites based on state of the art
computational and experimental methods.

Supporting Information

The following supporting information is available: methodolog-
ical details on experimental NMR, overview of computational
methodology, information on the conversion of shielding to
shift values, additional data for the triclinic and orthorhombic
systems (quadrupolar asymmetry parameter and *Si chemical
shift), AlI-K pair distribution functions for the triclinic system,
experimental Na and *K NMR for the as-synthesised ortho-
rhombic and the anhydrous triclinic systems, detailed analysis
of unit cell symmetry using molecular dynamics, convergence
tests for the DFT-GIPAW method with respect to computional
settings and number of snapshots, space group transformations
used when averaging over T-sites. For an overview of which
structural models and input files are available, we refer the
reader to the SI (section S11).
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