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ABSTRACT: The nuclear shielding anisotropy, {, is a useful
nuclear magnetic resonance (NMR) shielding tensor parameter in
describing the extent of electron cloud distortion about an atom.
Despite the advantages afforded by NMR in structural character-
ization, the relationship between ¢ and local structure of an atom in
high-symmetry environments, such as Si—Q* sites, is poorly
understood. Here, we use a data-driven approach combining
random forest feature ranking and the Sure Independence
Screening and Sparsifying Operator (SISSO) approach to derive
a simple and accurate geometric descriptor for { with a root-mean-
squared prediction error of 6.77 ppm and an R* of 0.761. We then
apply this descriptor to describe the local geometric distortion of
zeolites Sigma-2 and silica-ZSM-S whose chemical shift anisotropy tensor has been reported. We envision that this geometric
descriptor will allow for structural description and refinement in previously difficult-to-describe materials.

B INTRODUCTION

Solid-state nuclear magnetic resonance (NMR) spectroscopy
offers localized structural information that complements the
long-range structural information afforded by diffraction
techniques. Combining these complimentary techniques with
quantum chemical calculations is a powerful strategy advancing
the characterization and study of complex materials, partic-
ularly materials with unknown crystal structures and local
atomic environments. In the field of local structure character-
ization, this is often referred to as NMR crystallography.
However, while the local coordination environment and
number of unique sites can be inferred from simple spectral
features such as the overall chemical shift"” and number of
peaks,” more detailed structural information, particularly about
the second-coordination shell, is still difficult to unravel
without the aid of bespoke quantum chemical calculations.”™°
For example, *°Si chemical shielding tensors may reveal
detailed structural information for materials containing a Si—
O, backbone; there are still large gaps in the understanding of
how these parameters relate to local geometry, in particular,
with respect to the full shielding tensors of Q* species, such as
Si. Q" denotes the number of bridging oxygens where # is the
number of Si—O-Si linkages, from n = 4 being 4-fold-
connected and n = 0 being fully disconnected.” Full NMR
chemical shift tensors, which are very difficult to measure, have
been used in Q® species to correlate to local structure and
chemical environment.””"’

To the best of our knowledge, a thorough study of the
relationship between geometry and anisotropy has not been
performed for Q* sites; however, lower Q" species are known
to show a strong bond distance correlation due to a principal
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component along a shortened bond axis. We extend this to Q*
species and correlate the range of bond distances as a metric
for capturing expected Si tetrahedral geometries, as well as
more exotic geometries for full analysis of *Si anisotropy. As a
result, we present a new, intuitive, and easily interpretable
structural descriptor (Y) for Q* chemical shift anisotropy, I£I.
Y constrains the distortions of silicon tetrahedra and is defined
as

Y = lln(<QSi,SiUSi/>) — exp(—Cg)! (1)

where (Qg;g; ;) is the average of the six Si—Si—Si tetrahedral

angles surrounding a central silicon atom, and Cg; is the
distance between the central Si, atom and the centroid of the
tetrahedron defined by the second-coordination sphere silicon
atoms (where the second-coordination sphere is represented
by atoms Si, Si, Sij, and Si; in Figure 1). These geometric
features are defined in the Discussion section, and a diagram is
shown in Figure 1. We derive this descriptor from a data set of
885 computed structures using a combined machine-learning-
and data-driven approach. Y takes into account both the site
geometry and symmetry to give a linear correlation to
anisotropy with an R* of 0.761 and a root-mean-squared
error (RMSE) of 6.77 ppm when used to predict the
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Figure 1. Si cluster out to two coordination spheres showing the
§i;SiSi; angle, Qg;g;s; y and the silicon centroid, Cg; calculated using P
= {Si, Sij Siy, Sij} in eq 7.

anisotropy directly from the structure. We note that the sign of
the anisotropy { dictates the shape of the shielding tensor
either oblately or prolately distorted. We find that the shape of
the shielding tensor has no significant effect on the geometry of
a silicon site, and thus we are able to separate the sign from the
magnitude of anisotropy. Hence, the magnitude, I{l, is used in
our model.

The primary advantage of Y over the current method of
using density functional theory (DFT) to calculate and
compare full tensor values is that Y provides a clear
dependence of anisotropy to changes in local structure and
symmetry of a silicon site. Previous DFT-based methods, while
accurate in calculating full tensors, act as a “black-box” and do
not clearly show how the structure corresponds to the tensor.
Furthermore, the obtained linear model may also be used in
refinement of structurally ambiguous materials and data sets
where the CSA tensor is available'” and may be particularly
useful when combined with additional models to further
constrain the refinement, such as that proposed by Srivastava
et al,"® in which additional second-coordination sphere silicon
geometries were related to J-couplings. A combined refinement
procedure using such models may greatly speed up NMR
crystallographic refinements by replacing ab initio calculations
with analytical models with comparable accuracy to simulation.

B METHODS

Shielding Tensor Convention. In this study, we use the
TUPAC'* definition of nuclear shielding in which the isotropic
nuclear shielding, ¢, is defined as the average of the trace of
the nuclear shielding tensor

iso __ l

=3 (GXX + oyy + Uzz) @)

where oyy, Oyy, and 6,, are the principal components of the
nuclear shielding tensor in the principal axis frame. The
principal axis labeling convention used is the Haeberlen
convention in which the axes are ordered such that

l6,,—6"° > logx—6"l > loyy—0"° (3)

Following the Haeberlen convention,'* the shielding aniso-

tropy, ¢, is defined as

(=0, -0 (4)

And the absolute value of the shielding anisotropy, I], is the
main focus of this study. Carrying on with the Haeberlen
convention, shielding asymmetry, 7, is defined as

Oyy — Oxx

¢ ()

Random Forest. Random forest (RF) models were
implemented using the Python package scikit-learn v0.24."
Models were created using the “RandomForestRegressor” class
with “n_estimators” set to 1000 and the remaining parameters
set to their default values. We adapt a feature selection
methodology similar to that outlined by Hapfelmeier and
Ulm,"® in which a forest was trained over all of the features. A
S-fold cross-validation was used as a check for assessing the
quality of the RF. The feature ranking metric chosen for
ranking feature importance was the Gini importance.'” During
training of an RF, decision trees are generated and trained on
the data, where each node in the tree is split on a feature. Each
time a node is split on a feature in a forest, the Gini impurity
for the resulting nodes decreases. The summed impurity for
each feature over every tree in the forest gives a rapid
importance metric in which important features have greater
values. The least important feature was removed, and this
process was repeated until there was one feature remaining.
The RF was stable in its performance on a testing set down to
one feature in each case indicating a dominating feature. To
assess nondominant features, an arbitrary cutoff of 10 features
was chosen. Feature importance was determined using the
“feature_importances_” attribute, which calculates the Gini
importance.

SISSO. The Sure Independence Screening and Sparsifying
Operator (SISSO)'® algorithm was used to create a nonlinear
descriptor of the data. The features found to be the 10 most
promising features from the RF models in the previous section
were used to construct the feature sets, ®. The feature set
expansion was performed using an operator set H™ = {I, +, —,
I=1, * /, 7!, exp, In, \/, 2,3 1+, 1-}, and expansions were
performed out to ®@;. The expansion was performed using the
AutoFeat'® Python library, and the SISSO analysis was
performed using a Python implementation of SISSO.”’ The
SISSO regressor used was set to have 200 features per SIS
iteration and was set to create a descriptor with one nonzero
coeflicient.

Additional Features from SISSO. We also considered
expanding the dimensionality of the resulting SISSO descriptor
to capture the effects of first-coordination sphere parameters,
which may have a weak effect compared to the one-
dimensional SISSO descriptor. To identify higher-dimension
descriptors, the SISSO method uses the residuals from
regression, with Y as the target property for increasing the
correlation to {. From the same set of 10 features derived from
the RF and expanded by AutoFeat, the best-performing second-
dimension descriptor found by SISSO was 11/(Qqg,0) — 1/

(Qs;si,s1)l, which incorporates the O—Si—O tetrahedral angle,

77:

which was deemed responsible for additional anisotropy effects
based on the outliers from the one-dimensional descriptor.
This additional feature may increase the performance of the
model in severely distorted Si—O tetrahedra. As mentioned in
the main text, these types of sites are rare, and thus the increase
in complexity from including a second descriptor was not
included in the model.

https://doi.org/10.1021/acs.jpcc.1c04829
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Figure 2. Distributions of simple geometric parameter mean values and ranges around a Si site. The range of the x-axes denotes the range of the
geometric parameters, and the mean value is denoted by an additional tick. In the case of Si—O and O—Si—O ranges, the minimum of zero was not
denoted due to labeling clash with the mean value. The distributions mostly resemble skewed Gaussian distributions, and thus first quartile, Q',

third quartile, Q*, and skewness, y, are displayed. Raw data for this figure are provided in the SI.
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Figure 3. (A) Comparison of absolute anisotropy to the Y-based model (eq 6) showing the overall correlation with few outliers. (B) (QSi,SiOSi,>

plotted against the Y model showing the scattering in the feature space as structural distortion increases. (C) Cg; plotted against the Y model
showing the overall correlation of the centroid to the model and the little scattering over the feature space. In both panels (B) and (C), we may
separate regions of low structural distortion (green) from regions of severe structural distortion (red), where Y fails. Cutoff regions are set at the

midpoint of the highest value in the “typical” population and the lowest value of the “outlier” population.

B RESULTS

Here, we present the underlying *’Si NMR Q* data set, the
machine-learning-derived Y parameter along with structural
considerations and limitations of the parameter and the feature
selection process for construction of the Y parameter. The Y
parameter is then used to describe the local structure of
siliceous zeolites Sigma-2 and silica-ZSM-S (hereafter referred
to simply as ZSM-5), whose CSA tensors have been reported.

Description of Data Set. The Q*2?°Si NMR data set is a
subset of VASP NMR tensor calculations and relaxed
structures calculated by Sun et al.”' The data set is composed
of 885 unique silicon sites from 288 Si—O, tetrahedron-
containing structures, of which 282 are various forms of SiO,
and the remaining 6 are K,Si,0, (mp-558603), Na,Si;O, (mp-
556198), NagSizO,y (mp-554033), K,MgSisO,, (mp-667292),
Na,MgSisO,, (mp-560603), and Li,Si;O, (mp-555899). From
the calculated shielding tensors, the shielding anisotropy was
extracted, as described in the Shielding Tensor Convention
section.

Differences in geometric parameters typically arise from
structural and/or electronic variations among the silicon sites,
and the data set shows a wide variety of differing environments.

19483

The distributions of mean Si—O-Si bond angles (mean =
150.7°, first quartile, Q' =147°, third quartile, Q* = 155°,
ranging from 120 to 180°), Si—O bond distances (mean = 1.63
A Q' =1.622 A, Q® = 1.627 A, ranging from 1.61 to 1.68 A),
0-Si—O tetrahedral angles (mean = 109.5°, Q' = 109.5°, Q*
= 109.5°, ranging from 108.6 to 110.7°), and Si—Si distances
(mean = 3.13 A, Q' =3.11 A, Q3 = 3.15 A, ranging from 2.82
to 3.27 A) about a given silicon site are shown in blue in Figure
2. The mean geometric parameters all exhibit values similar to
those reported in structural studies of Q* sites by Cruikshank
(O=Si—0 angles = 109.5),”* Sen et al. (Si—O—Si angles 148
+ 12, Si—O distance = 1.59 + 0.003, Si—Si distance = 3.07 +
0.024),” and Srivastava et al. (Si—O—Si angle = 147.8 +
4.8)"% and more expanded SiO, structures such as zeolites
(Si—O-Si angles = 154.3 + 8.8, Si—O distances = 1.595 +
0.01, O—Si—O angles = 109.47 + 1.04, Si—Si distances = 3.10
+ 0.04 )** to within a 2% distortion, which is commonly
observed in DFT calculations of this type.”” In addition to
typical Si sites, the data set also contains more extreme local
environments, allowing for a wide range of geometries to be
modeled. Silicon site distortion is also well represented in the
data set, which may better represent the shielding anisotropy.
While standard deviation of the geometric parameters is

https://doi.org/10.1021/acs.jpcc.1c04829
J. Phys. Chem. C 2021, 125, 19481—-19488
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sometimes used in structural investigations,26 we argue that
standard deviation is not an accurate parameter considering
that only four bonds are used in its calculation. Instead, we opt
to use the range of the geometric parameters about a site as an
indication of geometric distortion, which are shown in orange
in Figure 2. All parameters show positive skew and with mean
values close to zero, implying that a large proportion of sites
show little distortion, particularly in the first-coordination
sphere with the highly skewed Si—O distances and O—Si—O
angles, whereas there is higher distortion from high symmetry
in the second-coordination sphere due to more flexible
parameters like the Si—O—Si angle and Si—Si distance. Despite
the high skew of all of the range distributions, all of the
geometric parameters show some amount of spread and
geometric distortion from an ideal Si—O4 tetrahedron and
likely sample a wide range of local geometries.

To compare and contrast our model results, we also include
analyses on the experimental Sigma-2 and silica-ZSM-5 data
sets, which are siliceous zeolites containing 4 and 24 unique Si
sites, respectively. Both materials have well-known structures,
derived from single-crystal XRD experiments, and both have
had their CSA tensors measured and verified against ab initio
Hartree—Fock cluster calculations. The data set of both
siliceous zeolites contains structure and CSA tensor
information of all 4 of the Sigma-2 sites and 15 of the 24
ZSM-S5 sites, as the remaining sites had CSA tensors that were
unresolved.

Descriptor for Absolute Anisotropy. To analyze the
descriptor and determine where the model performs well, as
well as underperforms, a linear model using Y was constructed
in the Python package scikit-learn."> The resulting linear model
for the absolute anisotropy was found to have an RMSE of 7.33
ppm and an R* of 0.743 and is shown in Figure 3A.

Figure 3B,C shows the correlation of each individual feature,
(Qgisisi) and Cg;, respectively, with respect to the Y descriptor.
The primary descriptive feature is the centroid distance, as it is
clear from Figure 3C that an increase in the distance of the Cg;
leads to an increase in the shielding anisotropy and thus a
distortion away from spherical symmetry of the shielding
tensor. From Figure 3B, we can see that up to an anisotropy of
approximately 10 ppm the average (ggq;) angle does not
drop below 109.5° and instead clusters very tightly around
110°, with some points that deviate toward higher angles,
which are due to increases in the range of (Qgg;;) angle. Above
{ = 10 ppm, the average (ggs;) angle drops abruptly and
smaller (Qgqq;) angles are seen down to about 100°. This
likely indicates that severe structural distortion is required to
sustain such high anisotropies. Additionally, the individual
geometric components in Figure 3B,C may be used to identify
outliers and useful range geometric parameters in which the
model fails to explain. The regions in which the model fails are
denoted by the red regions in Figure 3B,C in which (Qggs;) >
115° and Cg; >1.34 A were chosen as they were the midpoints
between the points within the useful region and the closest
outlying point.

The major factor in determining outliers appears to be the
distortion of the Si—O, tetrahedron, which is not captured by
eq 1. The outliers shown in Figure 3 belong to one of two
classes: the silicates (designated by green diamonds) or SiO,
materials with severely distorted tetrahedra (designated by
yellow squares). The outliers were analyzed to reveal structural
features causing the model to perform poorly. In all of the
outliers, a heavily distorted O—Si—O tetrahedral angle was

observed (typical ranges of a minimum tetrahedral angle of 90°
up to a maximum angle of 130°). This result is not unexpected,
as our descriptor only takes into account second-coordination
sphere parameters and does not consider distortion to the Si—
O, tetrahedron. The Sure Independence Screening and
Sparsifying Operator (SISSO)'® algorithm may be employed
to search a higher-dimensional space and identify an additional
descriptor to handle outliers. The second descriptor found by
SISSO is 11/(Q0,s1,0,) — 1/{Ls;si,5,)| and is able to reduce the

effect of outliers. However, we note that, in our data set of 885
Si sites, these heavily distorted sites account for a small fraction
of Si—O,-containing materials.

Additionally, the deviation seen in the silicates appears to be
due to distortion of the Si—O, tetrahedron rather than effects
from other constituent ions in the material. For example, the
silicates Na,Si;0,, NagSigO,9, and Na,MgSisO,, contain four
sites showing Na ion coordination to bridging oxygens at
distances ranging from 2.4 to 2.6 A. The silicon site bonded to
a bridging oxygen atom with a Na jon coordination distance of
2.6 A does not show significant tetrahedral distortion and is
not an outlier according to the model, whereas the other three
sites show closer coordination distances and also distorted
tetrahedra. The remaining silicates show cation—oxygen
coordinations of much greater distances, where K,Si,O,
K,Si,0y, and K,MgSisO;, show O*"—K' coordination
distances of 3.1 and 3.3 A, respectively, whereas the Li ion
in Li,Si;0, does not coordinate to the bridging oxygen atom in
the structure. Additionally, the three K*-containing structures
do not show significant Si—O, tetrahedral distortion. It is
unclear how much the cation-bridging oxygen coordination
distance affects the anisotropy or tetrahedral distortion of a
site; however, the proximity of cations is likely to affect the
electron density from the bridging oxygen and thus
subsequently the Si atom. However, this effect is likely weaker
than that seen in the lower Q" species. In each case of
deviation from the model, there is tetrahedral distortion,
however, regardless of the coordination distance.

We also explore the descriptor space of the individual
features in eq 1, shown in Figure 3B,C, to reveal the limits of
applicability of eq 1. The centroid, shown in Figure 3C, shows
a tight correlation with little deviation from linearity. (CQg;g;;s; ),
shown in Figure 3B, however, shows significant scattering.
Again, the points showing the most deviation are those
identified previously, exhibiting significantly distorted Si—O,
tetrahedra. At constant ordinate, moving from left to right
corresponds to an increase of the Qg;g;g; range (dotted arrow
in Figure 3). At small structural distortions, the (Qsisisi,)
shows a tight nonlinear correlation to anisotropy; however, as
the range of g, ; increases, the local structure distorts and
thus anisotropy increases as well. The data set was not large
enough to fully explore the dependence on these slight
distortions; however, they are linked to first-coordination
sphere distortions. Figure 3B shows two outliers with (QSi,SiOSi,)
greater than 115°, yet their model-calculated anisotropy is well
predicted. In both cases, the (QSLSiOSi,) is larger than expected,
while the Cg distance is smaller than expected. Increasing
(Qsisi,si) and decreasing Cg; counteract each other, which
averages out the errors in both silicon sites yielding a predicted
anisotropy that is within error for the model. A cutoff of

https://doi.org/10.1021/acs.jpcc.1c04829
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(Qgisi,s;) > 115° and Cg; > 1.34 A (red region) is chosen to
show where eq 1 performs poorly.

The outliers based on the above ranges were removed, and
the model was retrained using scikit-learn. The resulting linear
model was determined to be

() = (36.6+0.7)Y + (=135 + 3) (6)

with an RMSE of 6.77 ppm and an R® of 0.761. Model
performance may be improved by applying (€Qg;s;5;) cutoff
ranges to be between two standard deviations from the mean
(Qs;si,s) value such that only angles in 105.8° < (Qg;g;s1) <
111.4° are taken. Applying cutoff regions based on the
standard deviation improves the model fit to RMSE = 4.99
ppm and R* = 0.802. Outliers remain, however, which cannot
be accounted for by using simple rules. A larger data set will be
required to elucidate the geometric features that cause the Y
parameter to perform poorly in these instances.

The partial derivatives of eq 6 also show limiting behavior of
Q* geometry and hint at the transition between Q* and Q* or
lower sites. Recognizing that Y is a strictly positive-valued
function for all relevant ranges of Qg5 and Cg, we may

reduce the derivatives to

() 366
a(QSiiSiOSi) (Qs;s%s;)
A _ 36.6e
dCy

Both derivatives are decreasing positive definite functions over
typical ranges of each respective parameter; however, angular
distortions have a much weaker effect on anisotropy than
centroid distortions. We note that a minor angular distortion,
without any significant distortions to first-coordination sphere
parameters, takes place through dihedral angles, which have
shown little to no direct effect on anisotropy. Centroid
distortions, however, require a stronger distortion of the first-
coordination sphere parameters, such as bond distances and
angles, and thus exhibit a greater effect on the silicon site
anisotropy. Both parameters are decreasing functions indicat-
ing a limit to the distortion possible in a Q* site, which may
indicate a transition from Q* to Q> or lower sites.

Feature Space Reduction and SISSO Analysis. To
analyze feature importances and to also reduce the
dimensionality of the feature space to a size manageable for
SISSO, we employ random forest (RF) regression, where RF
algorithms are convenient as they are able to handle high-
dimensional data and nonlinear and linear relationships and
they have an in-built method for ranking the importance of the
variables. The RF training and feature ranking methodology
are discussed in the Methods section. The least important
feature was removed, and this process was repeated until there
were 10 features remaining.

From the RF analysis of I{l, the most important features
were found to be Cg and Qg with normalized Gini

importances'” on the order of 0.8 and 0.05, respectively. The
remaining features that showed importance in I were Q3%,
Qs (Qosio) Qsisisy A8 sy and dgi’;, all of which had
importance scores that steadily decreased over the range of
0.016—0.009. The most important features found by RF
analysis showed some instability at low importance; however,
this is likely due to the features having small importance scores

that are close in magnitude. The features found are also
dominated by second-coordination sphere parameters, with
some slight dependence on first-coordination sphere O—Si—O
tetrahedral angles, as expected from the correlations obtained
from the two-dimensional descriptor obtained via SISSO
analysis in the Methods section.

Additionally, two tests were conducted to show the
separability of sign and magnitude of {. An RF was trained
over the { values and showed very little correlation between
model-predicted and DFT-calculated { while also showing
significant differences in feature importances. When a binary
variable to represent the correct sign of { was added, then the
RF was able to correctly predict magnitude and showed similar
feature importances as seen with I{l. Additionally, the positive
and negative { values were separated and independent RF was
trained over each. The feature importances were found to be
similar across both positive and negative { down to slight
instability in lesser-importance features; however, this was
attributed to differences in the data set and represented
geometries across the two sets. These tests suggest that the
sign and the magnitude of { are independent of each other and
are learned by different features, thus allowing the use of I{] in
a geometric model.

The SISSO methodology was then used to identify an
improved descriptor for predicting I{l given geometric
parameters determined to be important from the RF analysis.
SISSO was performed on the entire set of 885 unique silicon
sites and determined that the geometric descriptor, Y, in eq 1,
depends only on the second-coordination sphere parameters
Qg;si,51, and Cg;. Furthermore, Y shows a significant increase in

performance over the previously used linear dependence of

simple descriptors such as the (Qgg5;) and the “mean

deviation of Si atoms from ideal tetrahedron”."”

Comparing Descriptor to Experimentally Observed
CSA Tensors. The model according to eq 6 was then applied
to Brouwer’s CSA tensor for Sigma-2 and ZSM-S data sets.
The CSA tensor for ZSM-12 was left out of consideration due
to the difficulties in obtaining precise structural data, and
therefore using the ZSM-12 data would result in an inaccurate
analysis of the model. Additionally, the data reported by
Brouwer must be converted from span to anisotropy; however,
in the case of Sigma-2, the two values are equivalent.

The data shown in Figure 4 show a significantly better
correlation to the model (R* = 0.581) than the simple
geometric parameters identified by Brouwer and Enright (R* =
0.410), including accounting for the outlier Si-19 in the ZSM-S
from the mean deviation of Si atoms from ideal tetrahedron.
This indicates that the Y-based model for anisotropy (eq 6)
may provide a useful probe into the structural analysis and
NMR crystallography-based refinements of silicon materials.

At present, we do not have enough experimental data to
confidently propose coeflicients for an experimental model; we
instead opt to use Y to identify the distorted sites and show
how Y may be used for the assessment of relative distortion. In
Figure 4, we show the experimental Sigma-2 and ZSM-S§ Y
values in comparison to the modeled set of Q! geometries
where the dashed lines show the first and third quartiles (Q'
and Q’, respectively) and the dotted line shows the mean Y-
value (u). We may assess the relative amount of distortion of
the Q* sites from an ideal second-coordination shell
tetrahedron via where the site Y values fall with respect to
the Q* data set, i.e., high-symmetry sites have Y < Q' = 3.92,
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Figure 4. Correlation between absolute anisotropy and Y using CSA
tensor values reported by Brouwer and Enright along with the
distribution of Y seen in the Q* set. The mean Y, p, first and third
quartiles, Q' and Q> respectively, are used to segment the zeolite data
to compare sites to typical ranges of structural distortion. Two bins at
Y > 4.4 are not shown.

average sites have Y near u = 4.01 between Q' and Q’, and
highly distorted sites have Y > 4.11. In the ZSM-5 sample, the
anisotropy ranges from 7.1 ppm up to 14.5 ppm, with all sites
exhibiting a Si—O tetrahedral angle of 109.5° (Si-S shows
considerable tetrahedral range; however, it averages out to
109.5°). In comparing the lowest-{ site to the computational
data, we observe that site 11 is on the lower quartile, Q', of the
silicon site distortion in terms of (Qg;g; ;) and between the Q!

and median value for Cg;. Furthermore, the Y descriptor (eq 1)
places this site as a low-distortion site in comparison to the
computational set as it is below Q'. Our model (eq 6),
however, overpredicts the site anisotropy by 2.3 ppm, which is
still within the fitting error of 6.77 ppm reported in section
Descriptor for Absolute Anisotropy. Examining the highest-{
site, we find that the corresponding Si site has an angle,
centroid, and Y between the upper quartile, Q° and the
maximum value in comparison to the experimental data
indicating a relatively distorted Si—O, site. Additionally, the
model predicts the anisotropy well, showing an error of only
0.8 ppm.

B DISCUSSION

Q* CSA tensors are seldom reported in the literature due to
experimental difficulties in fitting the tensor to the spectra, and
as a result, only a handful of full tensors have been reported or
studied in great detail. Brouwer and Enright developed a pulse
sequence allowing for the accurate measurement of CSA
tensors of individual silicon sites in crowded spectra and
provides a means to grow the set of Si Q* sites with reported
tensors.'> Ab initio calculations have been shown to accurately
calculate the NMR shielding tensors”’ and thus provide a
useful means to study the structural dependence of these
difficult-to-measure sites. While experimental data are lacking,
our computational set of structurally diverse Q* local
geometries enables us to more fully explore the feature space
and find correlating features to the anisotropy.

The choice of Y is inspired by previous work on Q!
anisotropy, namely, the brief correlation investigation by
Brouwer and Enright and a symmetry-based investigation by
Avnir and colleagues.””*® A feature space of 43 geometric and
symmetry parameters about the first- and second-coordination
spheres was constructed to investigate the structural depend-

ence of anisotropy. The full listing of features considered in the
study can be found in the Supporting Information (SI).
Beyond typical parameters, such as bond distances and angles,
the distance between the central Si atom and the centroid of
the tetrahedron composed of the atoms in the first- or second-

coordination sphere was included in the data set. We do so by
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Figure 5. Correlation between the absolute anisotropy and the Si
centroid.

calculating the centroid, P, shown in Figure S, as the average

of the coordinates of the atoms in a given coordination sphere i

N
1
P = 5 > P, jefo,1,., N}
j=0 (7)

where {0, 1, ..., N} is the set of atoms in the first- or second-
coordination sphere, P; is the coordinate of atom j in the
coordination shell being analyzed, and N is the number of
atoms in {0, 1, .., N}. The distance between the central Si
atom and the centroid, C, is then calculated

C= |Pc,._PSiU| (8)

where Py, is the coordinate of the central Si atom.

Both first-coordination shell oxygen centroid and second-
coordination shell silicon centroid distances were analyzed, all
measured from the central Si atom to the centroid, as shown in
Figure S. The oxygen centroid shows no correlation to
anisotropy and reflects the rigidity of the Si—Q, tetrahedron as
a majority of points were centered near 0. The Si centroid
showed a strong correlation to ¢l with R* = 0.677. From Figure
S, it can be seen that the majority of the data follows a linear
correlation between Cg and I{l with some outliers. The
majority of the data is clustered in the range of { = 0—20 ppm
corresponding to Cg between 0 and 0.8 A, and the linear
correlation continues beyond the majority of the data as Cg
increases beyond 0.8 A, except the outlying points. It is likely
that Cg; cannot explain the anisotropy alone, and a discussion
on the flaws of the parameter will be discussed below.

Similarly to the correlations reported by Brouwer and
Enright, there were no correlations of anisotropy (in their case,
span, €, a similar measure to anisotropy but using a different
tensor convention) to simple first-coordination sphere geo-
metric parameters. While Brouwer and Enright reported weak
correlations to some second-coordination sphere parameters, a
wider range of geometries present in our data set revealed
these weak correlations to be noncorrelations.

An additional geometric parameter analyzed by Brouwer and
Enright that showed a weak correlation was the “mean deviation
of Si atoms from ideal tetrahedron”. This metric for spherical
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symmetry of the tensor relies on a comparison of geometries to
an ideal tetrahedral point group and provides a better
representation of deviation from symmetry rather than
deviation of geometric parameters. This symmetry-based
parameter and others from Avnir and colleagues””® have
shown relatively strong correlation to tensor parameters but
offer weak structural and geometric insight. Avnir’s continuous
symmetry model offers very little geometric insight and does
not perform well in predicting anisotropy for tetrahedra with
arbitrary distortions. Brouwer and Enright’s ideal tetrahedron
model makes strong assumptions on the tetrahedral config-
uration of the second-coordination sphere and also assumes
that the isometry center is placed on the central Si atom and
that the deviation is measured from the second-coordination
sphere Si atoms to the ideal tetrahedron vertices. Rather than
requiring a fixed center of isometry, we will relax this constraint
and instead compare the isometry center of the Si tetrahedron
to the central Si atom as a geometric measure of ideal
symmetry.

The centroid alone has one major flaw, however. Any highly
symmetric configuration of four atoms around a central atom
may deviate strongly from the T; symmetry, yet have the
centroid remain on the central atom. For example, a
configuration with the T symmetry may be transformed to
one with Dy, while maintaining a fixed centroid as done by
Avnir et al.”” This consideration is, however, seldom observed
in our data set, which we believe is largely encompassing
silicon tetrahedral geometries in naturally and synthetically
occurring samples. Additionally, despite the incomplete picture
of geometric dependence of I{l, the centroid metric provides
additional geometric features that may be included in future,
improved models.

Finally, while the focus of this study was on anisotropy, the
asymmetry tensor parameter was analyzed in the same manner.
Unfortunately, no correlations or descriptors were found for
asymmetry and will be the subject of future investigations.

B CONCLUSIONS

We report a new local structure descriptor, Y, that enables the
study of Si local structure and significantly improved
correlation as compared to simple geometric parameters and
enables the prediction and interpretation of Si Q* anisotropy.
For a data set of 885 structurally diverse silicon sites, Y takes
into account both the site geometry and symmetry to give an
unprecedented correlation to anisotropy with an R* of 0.761
and a root-mean-squared error of 6.77 ppm. The Y descriptor
was created using a data-driven approach to search for an
intuitive descriptor space yielding a descriptor that allows for a
facile interpretation of the relationship between environment
and shielding tensor. We use this model to interpret the
structural distortion in the siliceous zeolite ZSM-S to show that
this descriptor can aid in structural analysis of Si-based
materials.
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