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Subtle structural details of siliceous zeolites are probed by using two-bond scalar (J) coupling
constants to characterize covalently bonded 2°Si—-0-°Si site pairs and local framework order.
Solid-state two-dimensional (2D) 2°Si{>Si} NMR measurements and first-principles calculations
of 2J(?Si-0-*°Si) couplings shed insights on both the local structures of siliceous zeolites
Sigma-2 and ZSM-12, as well as the sensitivity of J couplings for detailed characterization

analyses. DFT calculations on a model linear silicate dimer show that 2J(Si-O-Si) couplings have
complicated multiple angular dependencies that make semi-empirical treatments impractical, but
which are amenable to cluster approaches for accurate J-coupling calculations in zeolites. DFT
calculations of 2J(*Si-O-*Si) couplings of the siliceous zeolite Sigma-2, whose framework
structure is known to high accuracy from single-crystal X-ray diffraction studies, yield excellent

agreement between calculated and experimentally measured 2J(Si-O-Si) couplings. For the
siliceous zeolite ZSM-12, calculated 2J(**Si—-O->’Si) couplings based on less-certain powder X-ray
diffraction analyses deviate significantly from experimental values, while a refined structure based

on *Si chemical-shift-tensor analyses shows substantially improved agreement. *°Si J-coupling

interactions can be used as sensitive probes of local structures of zeolitic frameworks and offer

new opportunities for refining and solving complicated structures, in combination with
complementary scattering, modeling, and other nuclear spin interactions.

1. Introduction

The determination of zeolite crystal structures is often challen-
ging, because most zeolites are difficult to prepare as single
crystals and therefore must typically be characterized by using
samples comprised of micrometre-scale polycrystalline powders.
In such cases, zeolite crystal structures can be determined
by using sophisticated analyses of powder X-ray diffraction
(XRD) data,' or more recently, by using solid-state 2°Si nuclear
magnetic resonance (NMR) spectroscopy.”® However,
whereas single-crystal diffraction data generally yield detailed
and confident structure solutions even for complicated morpho-
logies, powder samples are more difficult to characterize. In
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the absence of high-quality single-crystal XRD data, uncertain-
ties or ambiguities often persist in fine details of local bonding
geometries, which can have important effects on the molecular-
level understanding of a material’s structure and corresponding
properties. Similarly, layered silicates, including clays and
surfactant-templated layered silicates,”® have often presented
major challenges to determinations of their framework struc-
tures, due to the presence of stacking disorders or other defects
that reduce or complicate the 3D periodicity required for
detailed characterization by diffraction techniques. As a con-
sequence, the structures of only a small number of these layered
systems have been solved,’ despite extensive efforts to charac-
terize their local and long-range ordering to understand or
modify their molecular or macroscopic properties.

NMR spectroscopy provides valuable and complementary
information to XRD data that can be used to propose,
validate, and/or refine candidate silicate framework structures,
including in the case of non-crystalline solids with short-range
molecular order.® These possibilities derive from the large set
of nuclear spin interactions to which solid-state NMR
measurements are sensitive and that are intrinsically related
to the local structural features of silicate frameworks. These
interactions include the °Si isotropic chemical shift and
chemical shift anisotropy (CSA),* 'O chemical shift and
quadrupolar effects,'®!! 2°Si-?*Si dipole—dipole couplings,>>
and the usually much smaller (5-20 Hz) two-bond isotropic
indirect spin—spin scalar 2J(*’Si-O-*Si) couplings between
covalently bonded 298i-0-2°Si species, which have been used
in 2D NMR correlation analyses of zeolite and layered silicate
structures. 31271 The accurate measurement of scalar (J)
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couplings using solid-state NMR has recently been the focus
of much methodological attention,'>!” ! although the structural
insights obtained from these measurements have so far re-
mained generally limited, except for a few recent examples.'>°
This is mainly because, in spite of much effort,>"?? it has
remained difficult in most cases to establish clear dependencies
(empirical or otherwise) between the J couplings and simple
structural parameters.?® This is attributed to the complexity of
scalar interactions, which can involve several distinct contri-
butions, such as the so-called Fermi-contact, spin—dipole, and
spin—orbit interactions.?*

Nevertheless, new links between the fine structural features
of solids and associated scalar couplings are expected to be
enabled by recent advancements in capabilities to calculate
predictively NMR scalar couplings at the ab initio or density
functional levels of theory. Here, the efficacy of density
functional theory (DFT) calculations for predicting
2J(¥’Si—0-%Si) couplings in zeolitic frameworks is demon-
strated, along with the sensitivity of these couplings to the fine
details of the local framework structure. Comparisons are
made between calculated and experimentally measured
2J(*Si-0->°Si) couplings, which in combination, yield new
insights on zeolite framework structures. Taking first the
siliceous zeolite Sigma-2, whose structure is known to great
accuracy from single-crystal XRD analyses,* through-bond
2J(¥’Si-0-%Si) couplings are computed by using DFT and
separately measured by using solid-state two-dimensional
(2D) J-mediated *°Si{*’Si} NMR spectroscopy. The DFT
calculations are implemented by applying a cluster approach
in which different cluster definitions and description levels are
compared with respect to their respective abilities to reproduce
the experimentally measured J-coupling trends and quantita-
tive values. The local character of the indirect *°Si-*’Si
spin—spin interaction requires great care in the description of
the coupled atoms, with the result that small molecular
clusters are sufficient to provide accurate J-coupling calcula-
tions. Using these insights, 2J(*’Si-O—>°Si) couplings are then
calculated, measured, and compared for the more structurally
challenging siliceous zeolite ZSM-12, for which single-crystal
XRD data are not available. The combined DFT and experi-
mental J-coupling analyses demonstrate the sensitivity of such
couplings to subtle details of the local bonding geometries,
within the uncertainties of the atomic coordinates obtained
from powder X-ray diffraction results. J couplings correlate
sensitively to local zeolite framework features and can be used
as criteria against which the qualities of proposed structures
can be assessed.

2. [Experiments and methods
2.a Materials

The sample of powdered polycrystalline siliceous zeolite
Sigma-2 was synthesized and characterized by wide-angle
X-ray scattering (WAXS), as described in ref. 25, and used
as-made. The sample of powdered polycrystalline siliceous
zeolite ZSM-12 was prepared and characterized by WAXS,
as described in ref. 26, and used after removal of the structure-
directing agent by calcination. The siliceous Sigma-2 and

ZSM-12 zeolite samples are the same as used and reported
in ref. 4-6.

2.b NMR experiments

Solid-state two-dimensional (2D) refocused-INADEQUATE
28i{®Si} experiments?’ for the measurement of 2J(*’Si-0->°Si)
couplings were conducted on Sigma-2 and ZSM-12 zeolite
samples with *°Si in natural abundance (4.7%) on a Bruker
AVANCE-200 spectrometer (4.7 Tesla) operating at 200.50 and
39.83 MHz for 'H and ?’Si, respectively. The measurements were
conducted at room temperature under magic-angle-spinning
(MAS) conditions at 5 kHz using a 7 mm Bruker double-
resonance CP-MAS probehead. The experiment conducted on
the Sigma-2 sample was recorded with 32 ¢, increments, each
with 192 scans. The cross-polarization (CP) contact time between
the weakly-coupled protons of the organic structure-directing
agent located in the zeolite cages and the *’Si nuclei of the
Sigma-2 framework was 20 ms, and the half-echo time t was
15 ms. Continuous-wave 'H decoupling was applied at a 'H
nutation frequency of approximately 30 kHz during the DQ
excitation, evolution, reconversion, and acquisition periods. The
recycle delay was 4.5 s, for a total experiment time of approxi-
mately 16 h. The experiment conducted on zeolite ZSM-12 was
collected with 32 ¢; increments, each increment consisting of two
experiments (each with 2304 transients) having a 45° phase
difference between all pulses prior to the evolution period for
quadrature detection in the indirect dimension (i.e. the so-called
States method?®), and using a half-echo time 7 of 20 ms. A recycle
delay of 12 s was employed with direct excitation of the 2°Si
nuclei, yielding a total experiment time of approximately 26 days.
Such a long measurement time was required to obtain acceptable
signal sensitivity, because of the relatively broad 2’Si peak widths,
the low magnetic field strength, and the long spin-lattice *°Si
relaxation times.

2.c Deconvolution of NMR spectra

To estimate the 2J(**Si-O—°Si) couplings for Sigma-2, the 1D
2Si CP-MAS spectrum was first fitted to obtain isotropic *°Si
chemical shifts for each of the four well-resolved peaks. These
shifts were used to calculate the slices in the double-quantum
(DQ) dimension and were fixed for subsequent estimations of
the J couplings. For each of the slices, the J(**Si-0-*°Si)
couplings were estimated by performing a least-squares fit with
the following free parameters: the respective J-coupling value
(doublets at a fixed isotropic shift J/2), °Si peak widths (kept
equal for each peak in a given doublet), integrated peak areas
(outer two peaks in a slice kept equal and inner two peaks in a
slice kept equal), and the relative Lorentzian—Gaussian line-
shape contributions (fixed to be same for all four peaks in a
slice). Similarly for ZSM-12, the 1D *°Si MAS spectrum was
first fit to obtain isotropic 2’Si chemical shifts for the peaks,
which were then used to calculate the frequencies in the DQ
dimension and then fixed in the 2D deconvolution procedure.
For each pair of correlated doublets, the peaks were calculated
at the fixed isotropic shifts +J/2, and the J-coupling value was
adjusted to give the best fit. Again, the integrated peak areas of
the outer two peaks in a correlation were kept equal, along with
those of the inner two peaks, which were also kept equal. All
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peaks were (tilted) Lorentzian in shape in both dimensions with
half-height widths of 6 Hz (0.15 ppm) and 28 Hz (0.71 ppm) in
the single-quantum and double-quantum 2°Si dimensions,
respectively. The explicit equations describing the calculation
of the fitted 2D spectrum are included in the ESI.¥

2.d DFT calculations

Calculations of 2J(*Si-0->°Si) coupling constants were
carried out at the density-functional level of theory, using
Gaussian 03,” and the B3 hybrid (Hartree—Fock exchange
with DFT exchange—correlation) functional,*® combined with
the LYP correlation functional,®' unless mentioned otherwise.
Locally dense basis sets were used for accurate J-coupling
calculations. Calculations on the protonated silicate linear
dimer, whose structure was initially optimized using 6-31G*
basis sets on all atoms, were then carried out using an
IGLO-III basis set on the coupled 29Si atoms, and IGLO-II
on the oxygen atoms, while the 6-31G basis was kept for the
hydrogen atoms. The different locally dense basis sets used for
the cluster calculations from the zeolite structures are detailed
in Table 1. Parameters for the IGLO-II and IGLO-III basis
sets were obtained from the Basis Set Order Form of the
Environmental and Molecular Sciences Laboratory at the
Pacific Northwest National Laboratory (US).** Integrations
were computed within a so-called ““fine” grid, having 75 radial
shells and 302 angular points per shell (resulting in about 7000
points per atom). All Gaussian calculations were submitted
through the GridChem®® cyber-infrastructure for computa-
tional chemistry.*

Optimizations of the zeolite ZSM-12 framework structure were
conducted with periodic boundary conditions using the CASTEP
code,®® which relies on a plane-wave-based DFT approach. The
electron correlation effects were modeled using the PBE
generalized-gradient approximation®® with “ultrasoft” pseudo-
potentials’” and a plane-wave cut-off energy of 600 eV. The
primitive unit-cell parameters, namely (12.6818 A, 12.6818 10\,
24.3275 A) and (107.361°, 107.361°, 22.796°) were taken from the
powder XRD structure?® and kept fixed during the optimization.
A 5 x 5 x 1 Monkhorst—Pack®® grid was used to sample the
Brillouin zone, and so-called “fine” convergence electronic and
ionic optimization criteria were used.

3. Results and discussion
3.a  2J(*’Si-0->’Si) couplings in siliceous Sigma-2

In most cases, scalar (or synonymously, J) couplings are not or
are only barely resolved in solid-state NMR spectra. Typically,
scalar couplings are measured indirectly using spin echoes,
where the inhomogeneous broadening is refocused, potentially
leading to much longer dephasing, and thus improved
resolution in a so-called ‘J-resolved’ dimension.*® In some
highly ordered systems, however, the linewidths can be small
enough for even small couplings to be resolved and thus
potentially measurable without using spin echoes. This is the
case in a few siliceous zeolite systems, in particular.'>'* For
example, siliceous zeolite Sigma-2 (having an SGT-type
framework) can be prepared with large enough single crystals
for the atomic coordinates to be determined with high accuracy
by using single-crystal X-ray diffraction.?> Consequently, zeolite
Sigma-2 represents an excellent system to probe the accuracy of
DFT calculations of experimentally measured 2J(*’Si-O->Si)
couplings. Fig. 1(a) shows a schematic representation of the
zeolite framework of zeolite Sigma-2, with two distinct types of
cages and the four crystallographically distinct Si sites
indicated.?® The unit cell parameters and fractional coordinates,
as reported in ref. 25, are provided in the ESL.¥

The two-dimensional (2D) refocused-INADEQUATE
28i{*Si} NMR spectrum of zeolite Sigma-2 in Fig. 1(b) yields
highly resolved intensity correlations, from which through-
bond 2J(*’Si—0->Si) couplings can be extracted. Well-defined
double-quantum-correlated peaks are observed between the
four inequivalent four-coordinated (so-called ‘tetrahedral’ or ‘T")
28i sites, all of which correspond to fully condensed Q*
2Si moieties at —108.8, —114.9, —116.0, and —119.9 ppm
and are labeled as sites 4, 2, 1, and 3, respectively. (‘Q" refers
to four-coordinate >°Si atoms with n other silicon next-nearest
neighbors that are covalently bonded through bridging oxygen
atoms.) For these measurements, correlated 2°Si{>°Si} signals
that appear at the sum of their individual frequencies in the
indirect (vertical) double-quantum dimension establish unam-
biguously the existence of J-coupling-mediated interactions
between pairs of 2°Si-O-*°Si sites within the Sigma-2
framework. The high degree of crystallinity of the Sigma-2
sample, combined with the weak interactions between the 296i

Table 1 Locally dense basis sets (LDBS) used to calculate 2J(*?Si-O->Si)-coupling constants for different cluster definitions (see text)

LDBS label” Coupled Si Central O Next-nearest O Other Si Other O H
IGLO-III IGLO-III 6-31G* 6-31G* 6-31G* 6-31G* 6-31G
IGLO-III/IGLO-II (1) IGLO-III IGLO-II 6-31G* 6-31G* 6-31G* 6-31G
IGLO-III/IGLO-1I (2)/’ IGLO-III IGLO-II IGLO-II 6-31G* 6-31G* 6-31G
cc-PVTZ cc-PVTZ 6-31G* 6-31G* 6-31G* 6-31G* 6-31G
cc-PVQZ cc-PVQZ 6-31G* 6-31G* 6-31G* 6-31G* 6-31G
cc-PV5Z cc-PV5Z 6-31G* 6-31G* 6-31G* 6-31G* 6-31G
IGLO-I1I/diffuse” IGLO-III 6-31++G* 6-31++G* 6-31++G* 6-31++G* 6-31++G
cc-PVTZ/diffuse” cc-PVTZ 6-31++G* 6-31++G* 6-31++G* 6-31++G* 6-31++G
cc-PVQZ/diffuse” cc-PVQZ 6-31++G* 6-31++G* 6-31++G* 6-31++G* 6-31++G
cc-PV5Z/diffuse” cc-PV5Z 6-31++G* 6-31++G* 6-31++G* 6-31++G* 6-31++G

@ LDBS labels refer to the basis set used to describe the coupled 2°Si nuclei, and then (after “/”) to information related to surrounding
atoms. * Labels (1) and (2) distinguish cases in which (1) only the central bridging O atom or (2) all of the oxygen atoms of the first coordination
sphere of the coupled 2°Si nuclei are described with an IGLO-II basis set. ¢ diffuse functions, indicated by “-++" in the basis set definition, are of

the form (3df, 3pd).
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Fig. 1 (a) Schematic representation of the structure of siliceous zeolite Sigma-2, showing Si atoms at the vertices of the polygonal shapes and
oxygen atoms bridging between adjacent Si T-sites as straight lines. (b) Solid-state 2D refocused INADEQUATE 2°Si{*’Si} NMR spectrum of
siliceous zeolite Sigma-2, which possesses a SGT-type crystalline framework. (c) Experimental 1D slices (in black) extracted at the double-quantum
frequencies corresponding to the different *Si-O-2°Si pairs of inequivalent silicon T-sites. The red solid lines are 1D spectral deconvolutions of the
respective experimental slices from which the 2J(**Si—O0—°Si) (scalar) couplings have been obtained with +1 Hz accuracy.

nuclei within the silicate framework and the protons of the
structure-directing species, provide extremely narrow 2°Si
lineshapes in the 2D ’Si{*’Si} NMR spectrum. This is illu-
strated in Fig. 1(c) for slices extracted at DQ frequencies that
correspond to pairs of interconnected *°Si—O—>°Si sites in the
framework, namely site pairs 1-3, 2-3, 4-1, and 4-2 at —236.0,
—233.6, —224.8, and —222.5 ppm, respectively, which exhibit
narrow lines with full-widths at half-maximum (fwhm) of
0.2 to 0.4 ppm (i.e. 8 to 16 Hz at a field strength of 4.7 T).
The 2D ?°Si{*’Si} DQ-correlated peaks are each clearly split
into doublets due to their 2J(*’Si—-O->°Si) couplings, which can
subsequently be measured with good accuracy (estimated
to +1 Hz) by deconvoluting the different slices, as shown in
red in Fig. 1(c), even for couplings as small as 6.3 Hz. The
scalar coupling constants thus measured provide a reliable
target for their calculation by DFT, using the accurate frame-
work structure for Sigma-2 obtained from single-crystal XRD.

Scalar 2J(*°Si-O-%Si) couplings have complicated dependences
on local bond-angle geometries, with a major contribution from
2Si-0->Si bond angles, along with non-negligible contributions
from several bond and dihedral angles involving the J-coupled
2Si nuclei and their first and second coordination spheres. This is
evidenced in Fig. 2(a) by the clear deviations of the measured
2J(*’Si-0->Si) couplings in zeolite Sigma-2 from a strictly linear
correlation to the associated 2’Si-O-*’Si bond angles. The
contributions that are responsible for these deviations have been
explored semi-quantitatively in Fig. 2(b-e) for a simple model
system, (OH);>’Si-O—>°Si(OH)s, i.e. the protonated linear silicate
0'-0" dimer, where the effect of the distortions of various bond
and dihedral angles on 2J(*°Si-O-*Si) couplings can be predicted
by DFT calculations. As shown in Fig. 2(b), distortions
of ¥Si-0-*°Si bond angles from the DFT-optimized angle
(i.e. 122.7°) are associated with the largest variation range of
the 2J(*’Si-O->’Si) coupling (+5 Hz for distortions of +30°),
exhibiting monotonic, though not strictly linear, behavior. These

results are in good agreement with the trend observed for the
experimentally measured 2J(*Si-O-*Si) couplings for zeolite
Sigma-2 [Fig. 2(a)] and consistent with similar results recently
reported by Massiot and co-workers.*’

In addition, however, significant though smaller contributions
are predicted from distortions of the O-*’Si-O bond angles, six
of which simultaneously contribute to each J-coupling constant
associated with the respective °Si T-site pairs. As shown in
Fig. 2(c), distortions of one of the O->°Si(1)-O angles by —10 to
+40° can introduce +3 Hz variations in the 2J(*’Si-O->Si)
values. Because of the combined (and presumably partially
additive) effects of variations of the six different 0—>°Si-O angles,
it is clear that diverse values of 2J(*’Si-0—>°Si) couplings with
relatively large apparent “scatter” can result. Furthermore, other
local bonding parameters also have non-negligible contributions
to the net J couplings, such as O->°Si-O->’Si torsion angles,
H-O-*Si-O dihedral angles, or bond lengths (not shown). For
example, Fig. 2(d) shows that rotations (indicated by a blue
arrow) around the covalent bond between a T-site Si(1) and
the central oxygen atom induce variations of +1.5 Hz (which are
similar for rotations around the adjacent O-Si(2) covalent bond).
Finally, a smaller variation range of the order of 1 Hz was
obtained for rotations around the terminal O-H bonds of the
linear dimer [Fig. 2(e)], which should likely be taken into account
for calculations involving 2°Si @ sites, which are often present,
for example, in layered silicates. Based on these calculations,
distributions of the four ’Si-O->Si angles are expected to exert
the largest influences on 2J(*’Si-0->°Si) couplings, due to their
effects on the local bonding geometries within the first coordina-
tion spheres of the coupled 2°Si nuclei, but other contributions,
notably from the O->’Si-O bond angles, are likely not negligible.

Thus, the diversity of local bonding geometries within the
first coordination spheres of the coupled 2°Si nuclei can
have large effects on the 2J(**Si-0->°Si) couplings measured.
Unfortunately, the dependence of the 2J(*Si-0->°Si)
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Fig. 2 (a) Experimental 2J(*Si-O-*’Si) couplings measured for
zeolite Sigma-2 and plotted as a function of their respective
28i-0-2°Si bond angles between pairs of Si T-sites, as extracted from
the single-crystal XRD structure.”> A clear monotonic, though not
strictly linear, correlation is observed, with larger J couplings observed
for pairs of sites with larger bond angles. (b—¢) Effects on calculated
2J(*’Si—0->Si) coupling of the distortions of local (b.c) bond angles
and (d,e) dihedral angles from their DFT-optimized value for the
(gas-phase optimized) protonated linear silicate dimer: (b) calculated
2J(*°Si-O->Si) couplings as a function of the 2Si(1)-0->’Si(2) bond
angle (initial value from DFT optimization: 122.7°); (c) effect of the
variation of one of the O-*’Si(1)-O bond angles (initial value: 104.0°);
partial geometry optimizations of the hydrogen atoms and of the two
other oxygen atoms bonded to the Si(1) atom were carried out at each
step; (d) calculated 2J(*?Si—~O-%Si) couplings as a function of one of
the O-Si(1)-O-Si(2) torsion angles (initial value: —30.2°); (e) effect of
the variation of one of the H-O-Si(1)-O dihedral angles (initial value
from DFT optimization: 165.9°). Calculated J couplings are all plotted
to the same vertical scale for direct comparison of the predicted ranges
of variation associated with the different local angular distortions.

couplings on the local covalent bond geometry is sufficiently
complicated that, till now, no models (empirical or otherwise)
have been available to predict the value of these interactions
in zeolitic frameworks with a reasonable accuracy. By

comparison, ab initio or DFT calculations] typically describe
the complete physics of the J-coupling interaction (at least in
theory), and thus intrinsically account for the effects of every
feature of the local geometry, independent of the atoms
(and/or nuclei) involved. As a result, DFT calculations in
combination with experimentally measured J-coupling
correlations are expected to be particularly useful and may
provide new insights on the local structures of zeolites and
other molecularly-ordered silicate materials.

Calculating indirect spin—spin couplings using ab initio or
DFT approaches, however, is challenging for several reasons.
First, determination of the exact value of the Fermi contact
term, which is generally the dominant contribution of the
isotropic part of this interaction (at least in systems that do not
involve multiple bonds), requires knowledge about all of the
excited electronic states of the system. Moreover, as for
chemical shift interactions, the prediction of indirect spin—spin
couplings requires accurate descriptions of the electronic
densities at the exact positions of the J-coupled nuclei. Because
of these complications, DFT calculations of J couplings
are expected to reproduce experimental trends, rather than
necessarily provide quantitatively accurate values.

The siliceous zeolite Sigma-2, for which a single-crystal
XRD-derived structure is available, represents an excellent
system to probe the degrees of accuracy of calculated
2J(¥Si-0-*Si) couplings, based on different cluster
definitions and levels of description (i.e. basis set density).
Oxygen-centered clusters have previously been extracted from
several zeolite structures to calculate 'O NMR parameters,
using different cluster definitions.'®'" Here, these cluster
definitions, along with a new type of definition, are briefly
described and then evaluated with respect to the accuracies of
the 2J(*’Si—-0->°Si) couplings that they predict, as assessed by
their comparisons to the experimental values. For example,
Fig. 3 shows three distinct types of clusters centered on the
2Si(1)-0-Si(4) (site pair 1-4) fragment of zeolite Sigma-2.
These clusters are used without further geometry optimization
to keep the local structure as close as possible to that of the
crystal structure from which they are extracted and, thus,
correspond to non-equilibrium geometries when considered
in isolation.

The smallest type of cluster used here, the Si—H-terminated
two-T-shell clusters (where ‘T refers to four-coordinated,
so-called ‘tetrahedral’ silicon sites), is illustrated in Fig. 3(a).
In these clusters, the oxygen atoms in the third coordination
sphere of the coupled ?°Si nuclei have each been replaced by
hydrogen atoms to form 0.148 nm Si—H bonds, each of which
is directed along a former Si-O bond.!'® Such clusters have a
typical composition of SigO;H g, or SigOgH ¢ if both coupled
2Si atoms are in a four-membered ring. This cluster definition
is typically too small for accurate calculations of ’O NMR
parameters,'” in which case larger clusters such as the
OH-terminated two-T-shell clusters shown in Fig. 3(b) need
to be considered. In this second type of cluster, the terminal

i In DFT calculations, empirical parameters may be used for the
calculation of the electronic density through exchange—correlation
functionals, whereas “ab initio” refers to methods, such as
Hartree-Fock, or computationally demanding post-Hartree—Fock
approaches, that do not involve the use of empirical parameters.
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Fig. 3 Different O-centered clusters extracted from the structure of
zeolite Sigma-2 (as determined by single-crystal XRD analyses®) and
centered on the 2?Si(1)-0->°Si(4) fragment with different bond termina-
tions. Si, O, and H atoms are displayed in blue, red, and white,
respectively. (a) SiH-terminated two-T-shell cluster, with 0.148 nm
Si-H bonds replacing and aligned along each putative Si-O bond.
(b) OH-terminated two-T-shell cluster, with H atoms replacing and
aligned along each putative Si—O bond and 0.096 nm from the replaced
Si atoms (fourth nearest T-site neighbors). Four- and five-membered
rings that respectively include one or both coupled *’Si atoms are
included in the cluster. (c) “H-aligned” cluster, with H atoms added
and aligned with respect to each Si-O bond in the second or third
coordination sphere of the coupled 2°Si atoms at distances of 0.097 nm.

hydrogen atoms are each located in the direction of the
respective Si—O bond that is being replaced (in the third to
fourth coordination spheres of the coupled *°Si atoms), with
an Si-H bond length of 0.096 nm.'® Four-membered silicate
rings involving (at least) one of the 2°Si coupled atoms and
five-membered rings involving both **Si coupled atoms (as for
site pair 1-4 in zeolite Sigma-2) are entirely included within the
cluster, and H atoms are placed at 0.148 nm from the Si atoms
of the fourth coordination sphere of the coupled *Si atoms,
along the Si—O bonds that they replace. This cluster definition
has been previously used to calculate '’O NMR parameters
for zeolites that are in agreement with experimental measure-
ments.'%!"" However, it involves a significantly larger number
of atoms, with compositions such as Si;gO»4H s or Si;,O,5H s,
according to whether four- or five-membered silicate rings
containing the coupled >°Si sites are present. Finally, a third
alternative cluster definition of intermediate size can be
defined [Fig. 3(c)], in which all of the Si atoms in the fourth-
coordination sphere are each replaced by H atoms at distances
of 0.097 nm along the respective Si—O bonds that they extend
(in the second to third coordination spheres of the coupled >°Si
atoms.) This cluster definition has the advantage that it uses a
smaller coordination sphere for calculations involving coupled
2Si nuclei in four- or five-membered silicate rings, resulting in
clusters with typical compositions SigO,4H;s or SigO,sHis.
The fixed value of 180° for the terminal **Si-O—H bond angles
used in this case is physically unrealistic, but eliminates the
degree of freedom associated with the O—>°Si-O-H torsion
angle, thereby reducing the calculation time with a modest
anticipated effect on overall accuracy. In the following, the
cluster  definitions  illustrated for the  J-coupled

2Si(1)-0->"Si(4) site pair of zeolite Sigma-2 in Fig. 3(a—)
will be referred to as “‘SiH-terminated”, “OH-terminated”,
and “H-aligned” clusters, respectively.

The fundamental requirements of J-coupling calculations, and
in particular the dominant Fermi contact contribution, require
the use of particularly large basis sets on the coupled atoms and
potentially also on the surrounding atoms. Therefore, several
levels of description have been compared by using Gaussian 03
(ref. 29) to assess their effectiveness for reproducing experimental
2J(*°Si-0-*Si) coupling trends and quantitative values. The
different locally-dense basis sets (LDBS’s) used for the calcula-
tions described are tabulated in the “Experiments and Methods”
section, in Table 1, with the details of the basis set used for each
type of atom in the different clusters.

Calculations of 2J(**Si—-0->’Si) couplings have been system-
atically carried out using these LDBS’s, for the three distinct
types of clusters shown in Fig. 2. The results are reported in
Table 2, and in Fig. S1 in the ESI,¥ which shows the same
information as in Table 2 in the form of histograms. The
coupled 2°Si atoms have been described using dense basis sets
such as the IGLO-III basis set,*! whose accuracy for the
prediction of NMR parameters has been demonstrated for
different nuclei (see, for example, ref. 42 and 43), or Dunning’s
correlation-consistent basis sets cc-PVXZ,* whose densities
increase from X = T to Q to 5, corresponding to the splitting
of each valence atomic orbital into three, four, or five basis
functions that are, respectively, referred to as “triple-”,
“quadruple-”, or “‘quintuple-zeta” (i.e. “Z”) basis sets. In
most cases, surrounding atoms have been described by using
standard 6-31G* basis sets (6-31G for H atoms), with the
addition in some cases of diffuse functions of the type (3df, 3pd),
which are expected to affect the electronic densities at the
positions of nearby nuclei, including the coupled *’Si atoms of
principal interest (see Table 1 for details). A different exchange—
correlation functional, namely the B3-PW91 functional,® has
also been tested (results not shown), with no significant
differences being found, compared to calculations carried
out with the B3-LYP functional®' used for all of the results
presented here. A first observation that can be made from the
results shown in Table 2 is that all of the combinations of
LDBS and cluster definitions examined are able to reproduce
the experimental 2J(*’Si—-O->°Si)-coupling trends very well.
This is reflected in the linear regression coefficients R> between
calculated and experimental J-coupling constants, which
are all above 0.96 (see Table 2). However, with respect to
the individual quantitative values of the calculated couplings,
the agreement with the experimental values is in most cases
mixed [see ESI, T Fig. S1(a—d)].

A few general observations can be made and conclusions
drawn from detailed examination of 2J(**Si-0-*’Si) couplings
calculated for zeolite Sigma-2 and their comparisons with the
experimental values. First, for a given level of description, the
small amplitudes of the variations observed between the coupling
values obtained using the different cluster definitions is note-
worthy. In particular, the small SiH-terminated two-T-shell
clusters appear to be a reasonable compromise between structural
accuracy and computational requirements. Approximate compu-
tational requirements are listed for comparison in Table 2 (last
column), which were taken into account when selecting the most
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Table 2 Calculated 2J(*’Si—O->°Si)-couplings constants for siliceous zeolite Sigma-2 and linear regression coefficients relative to experimentally

measured coupling constants

Cluster definition LDBS label Jis/Hz Jis/Hz Jo3/Hz Jo4/Hz u v/Hz" R? $? CPU/h¢
SiH-terminated IGLO-III 20.53 9.31 16.85 12.09 1.51 —-8.2 0.993 22.4 2
IGLO-III/IGLO-II (1) 20.63 9.41 16.96 12.22 1.51 -83 0.993 23.0 2
cc-PVTZ 15.49 7.59 13.08 9.31 2.10 -9.8 0.988 77.9 2
cc-PVQZ 20.02 4.63 13.80 10.42 1.16 —0.1 0.968 22.4 3
cc-PV5Z 18.80 422 12.86 8.42 1.21 0.7 0.994 422 11
IGLO-III/diffuse 20.93 9.50 17.20 12.35 1.49 -82 0.993 22.8 5
cc-PVTZ/diffuse 17.06 7.02 14.36 10.17 1.68 —6.4 0975  46.6 5
cc-PVQZ/diffuse 20.99 6.71 15.99 11.65 1.23 -29 0.981 9.4 6
cc-PV5Z,/diffuse 22.07 6.48 16.00 11.09 1.13 1.6 0.993 3.5 90
H-aligned IGLO-III/IGLO-II (1)  21.47 9.44 17.28 13.13 1.45 -8.1 0.990 244 12
cc-PV5Z 19.75 4.34 13.22 9.21 1.15 0.7 0.986  29.3 34
ce-PV5Z/diffuse 23.16 6.47 16.39 11.67 1.06 12 0.989 3.0 960
OH-terminated IGLO-III 21.05 9.17 16.96 12.47 1.45 7.6 0.993 20.5 17
IGLO-III/IGLO-II (1) 21.16 9.28 17.07 12.61 1.45 -7.8 0.993 21.5 20
IGLO-III/IGLO-IT (2)  21.02 9.24 16.95 12.47 1.46 7.8 0.994  21.1 23
cc-PV5Z 19.50 4.18 13.03 8.78 1.16 0.9 0.990  34.0 50
Experimental 23.5 6.3 16.5 10.0

“ From best fits to the expression: Jey, = Jeaic + V. b Calculated using eqn (1). ¢ Computational times are only estimates, as not all calculations

were conducted on similar processors.

appropriate levels of description. They show in particular that
calculations involving the SiH-terminated clusters are much less
demanding computationally (typically by 5-10 times) than the
much larger H-aligned or OH-terminated clusters. Nevertheless,
the SiH-terminated clusters provide J-coupling values that are in
each case close (within <5%) to those obtained with the larger
clusters. This observation confirms the highly local character
of the indirect spin—spin coupling interaction, compared to
the chemical shift or quadrupolar interactions, since the
SiH-terminated clusters have been shown to be too small for
the accurate prediction of 70O NMR parameters in zeolites.'®!!

Second, the density of the basis sets used to describe non-
coupled nuclei appears to have little influence on the
calculated 2J(*°Si-O-%Si) couplings. Indeed, results obtained
with the IGLO-III basis set on J-coupled *’Si atoms do not
change significantly upon replacement of the standard 6-31G*
basis set used to describe the central oxygen atom and/or the
next-nearest oxygen neighbors of the coupled *’Si nuclei with
the heavier IGLO-II basis set. In contrast, the quality of the
basis set used to describe the coupled 2°Si nuclei has a
dramatic effect on the magnitude of the calculated
2J(®Si-0-*°Si) couplings. The general agreement between
calculated J_u? and experimental Jexp(f) coupling constants,
where i corresponds to a given 2°Si—O—"Si site pair, is reflected
in Table 2 by the %> coefficients defined as:

2 N Je([)p - J(i)l ’
y2 — X i calc ; 1
DI o0 (1)

is the experimental uncertainty associated with the
measured Jexp(i) coupling constant (here, 1 Hz for every
28i-0->%Si site pair). We note that rigorous definitions of
the y* values use standard deviations of the experimental
values as the ¢ coefficients, instead of the estimates used
here based on the uncertainties of the measurements. Thus, the

where ¢

y* coefficients as defined in eqn (1) serve as internal bases of
comparisons of the results obtained in the analyses of the
Sigma-2 or the ZSM-12 zeolite structures. In the absence of
diffuse functions on the surrounding atoms, the cc-PVTZ basis
sets yield calculated 2J(*°Si-O—>°Si) couplings that are in poor
agreement with the experimental values, as reflected by a high
¥ value of 77.9.

Increasing the basis set density on coupled 2°Si nuclei using
the IGLO-III, cc-PVQZ, or cc-PV5Z bases provides improved
agreement (x> = 22.4, 22.4, and 42.2, respectively) between
calculated and experimental couplings. These different levels
of description show distinct trends, as expressed by the best fits
of the experimental data and calculated values to the linear
relation Jexp = #xJeaie + v. For example, as shown in Table 2,
different slopes u = 1.51, 1.16, and 1.21 (compared to the ideal
value of 1) and intercepts v = —8.2, —0.1, and 0.7 Hz
(compared to the ideal value of 0 Hz) are obtained by using
the IGLO-III, cc-PVQZ, or cc-PV5Z basis sets, respectively.
It is interesting that the cc-PVQZ basis set exhibits better
agreement than the denser cc-PV5Z basis. In both cases,
2J(*°Si-0-*Si)-coupling  constants  calculated using
correlation-consistent basis sets cc-PVXZ with sufficient
density (e.g. X = Q or 5) show superior agreement with the
experimentally measured values, compared to the IGLO-III
basis sets.

The agreement between the experimental 2J(*°Si-O->°Si)
values and those calculated by using the different correlation-
consistent basis sets appears to be further improved by adding
diffuse functions on the surrounding atoms that account for
long-range through-bond contributions. Augmentation of the
basis sets used to describe the non-coupled atoms with such
diffuse functions leads to improved convergence of the
2J(*°Si~0-*Si) couplings calculated using cc-PVXZ basis sets
of increasing density (from X = T to Q to 5) towards the
experimental coupling values. This is indicated by the
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convergence of the slopes u = 1.68, 1.23, and 1.16 toward the
ideal value of 1, of the intercepts v = —6.4, —2.9, and —1.6 Hz
toward zero, and by the systematic decrease of 2 values from
46.6 to 9.4, and 3.5, respectively (Table 2). By comparison, the
IGLO-III calculations remain little affected by the addition of
diffuse functions on the surrounding atoms. Fig. 4 shows the
correlation plot obtained with the SiH-terminated clusters,
using the cc-PV5Z basis set on coupled *Si atoms and
6-31G* basis sets with added (3df, 3pd) diffuse functions on
the other atoms. A satisfyingly linear correlation between the
experimental and calculated J-coupling constants is obtained at
this level of description (u = 1.16, v = —1.6 Hz, R> = 0.993,
and y> = 3.0). This consequently allows 2J(*’Si-O-*’Si)
couplings to be calculated with good accuracy within an
acceptable, albeit long, computational time (typically of the
order of 90 CPU-hours with current microprocessors, see
Table 2). By comparison, calculations carried out at the same
level of description with the larger H-aligned cluster, although
slightly more accurate, are more than an order of magnitude
longer in duration, which reduces significantly their practicality.
The results obtained with the structurally well-characterized
zeolite Sigma-2 thus demonstrate that it is possible to calculate
2J(**Si-0->Si) couplings in zeolitic frameworks with good
accuracy using the cluster approaches discussed, provided an
appropriate level of description is used.

3.b  2J(*’Si-0-*Si) couplings in siliceous zeolite ZSM-12

For more challenging systems, such as siliceous zeolite ZSM-12,
the same DFT protocol can be used to explore the sensitivity of
J-coupling calculations to fine details of the local silicate frame-
work structure. Compared to Sigma-2, ZSM-12 presents
additional complications, due to its richer structure which has
been characterized by powder (as opposed to single-crystal)
XRD.2® The structure of zeolite ZSM-12, as determined
from powder XRD data and analyses in ref. 26 is shown

25

Joxp = 1.13Jsa1c - 1.6 Hz
R? = 0.993
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Fig. 4 Correlation plot that compares calculated and experimental
2J(*°Si-0->Si)-coupling constants for the four distinct pairs of inter-
connected *’Si-0->°Si sites in zeolite Sigma-2. DFT calculations of
the 2J(**Si-0->°Si) couplings were conducted using locally dense basis
sets with cc-PV5Z on the coupled *°Si atoms and 6-31G* basis sets
augmented with (3df, 3pd) diffuse functions on other atoms. The dashed
line indicates the ideal 1:1 correlation axis between the experimental
and calculated values. The solid line corresponds to the best linear
regression of the 2J(*’Si-0->Si) data points.

schematically in Fig. 5(a), and the unit cell parameters and
fractional coordinates are provided in the ESI.f At the
molecular level, all seven of the distinct 2°Si T-sites in siliceous
ZSM-12 are resolved in the 1D ?Si MAS NMR spectrum
shown in Fig. 5(b), although their respective J doublets are not.
The larger number of inequivalent 2°Si T-sites (seven as
compared to four in the case of Sigma-2) and apparently lower
overall degree of crystallinity lead to generally lower spectral
resolution and sensitivity, compared to Sigma-2 [(Fig. 1(b)].
Nevertheless, the solid-state 2D *°Si{*’Si} J-coupling-mediated
spectrum (Fig. 5(b), black contours) shows well resolved
DQ-correlated peaks from which the covalent interconnectiv-
ities between the various T-sites in siliceous ZSM-12 can be
directly determined. Specifically, as indicated by the horizontal
lines in Fig. 5(b), the correlated DQ intensities establish
connectivities via bridging oxygen atoms between >°Si-O—>°Si
site pairs 1-2, 1-3, 2-4, 3-5, 3-7, 4-5, 4-6, 5-6, and 6-7,%¢
consistent with the powder-XRD structure of ZSM-12 shown in
Fig. 5(a) and previous NMR measurements.'?

Importantly, by using the refocused-INADEQUATE techni-
que, as opposed to conventional INADEQUATE as employed
in ref. 13, significantly enhanced spectral resolution is achieved
in the J-mediated 2D 2°Si{*’Si} NMR spectrum of siliceous
zeolite ZSM-12. As a consequence, narrow ridge patterns are
resolved in Fig. 5(b) in the 2D *’Si{*’Si} NMR contour
spectrum, which reflect a much higher extent of local ordering
in the ZSM-12 sample than is apparent in the 1D 2°Si MAS
spectrum. Similar observations have recently been made for
several other solids with complicated crystallinities.®!%464" By
comparison, the intensity ridges observed in the 2D refocused
INADEQUATE ¥Si{*’Si} spectrum of Fig. 5(b) are signifi-
cantly and remarkably narrower, such that weak J doublets are
observed. In this case, 1D slices extracted from the 2D spectrum
at the DQ frequencies of every 2°Si-O->’Si pair (Fig. 5(c), in
black) show 2°Si peaks that are sufficiently narrow (<0.2 ppm
fwhm, i.e. <8 Hz at 4.7 T) for most of the J doublets to be
resolved. This is in spite of the low magnitude of these couplings
relative to the inhomogeneous broadening (ca. 0.5 ppm fwhm,
corresponding to 20 Hz at 4.7 T) of the 1D *°Si MAS
NMR peaks.

An interesting feature of the elongated cross-peaks observed
in the 2D 2°Si{*Si} NMR spectrum of zeolite ZSM-12 in
Fig. 5(b) is that the J-coupling doublets [e.g., the J;, doublet at
ca. (—224, —111 ppm)] are all tilted parallel to the spectrum
diagonal (i.e. the 2:1 axis in a DQ-SQ experiment.) Such
parallel ridges may be due to (i) structural disorder on a length
scale larger than the distances between the covalently bonded
298i-0-*°Si pairs probed here*® or to macroscopic effects, such
as (ii) anisotropic bulk magnetic susceptibility*®* or (iii)
variations of the static magnetic field during the 26-day-long
experiment.§ There have been several recent reports'®>’ of
distributions  of 2JC'P-O-3'P), 2JP'P-N-3'P), and
2J(*’Si-0-*°Si) couplings with strong linear correlations to
3P or 2°Si chemical shifts in disordered solids. However,
unlike those studies, the uniform tilts of all of the J-doublets

§ For example, a line broadening of the order of 0.5 ppm in a 26-day
experiment could be caused by a (monotonic) drift of the static 4.7 T
magnetic field by less than 0.3 Hz h™!' for 'H, which is within
specifications that are typical of current superconducting magnets.
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Fig. 5 (a) Schematic representation of the structure of ZSM-12, showing Si atoms at the vertices of the polygonal shapes and oxygen atoms
bridging between adjacent Si T-sites as straight lines. (b) Solid-state 2D refocused-INADEQUATE 2Si{*°Si} NMR spectrum of siliceous zeolite
ZSM-12 (black contour plots). Superimposed is a colored plot of the 2D spectral deconvolution from which 2J(**Si-O-?’Si) values have been
extracted for each 2°Si-O—*°Si site pair with estimated accuracies of =2 Hz. A single-pulse 1D 2°Si MAS spectrum is shown along the top axis,
revealing that all seven distinct 2°Si T-sites are resolved. (c) 1D >°Si NMR slices extracted from the experimental spectrum (in black) and from the
2D deconvolution (in red) at the DQ frequencies associated with the different 2*Si-0—*°Si site pairs. The J doublets associated with each site pair

are indicated by the horizontal bars above each pair of peaks.

parallel to the 2D spectrum diagonal in Fig. 5(b) indicate that
2J(*’Si-0-*Si) couplings are not correlated with 2°Si chemical
shifts, as would likely be the case if long-range structural
disorder (i) were the principal cause of the peak broadening.
Thus, anisotropic bulk magnetic susceptibility and/or
variations of the static magnetic field during the experiment
appear more likely to account for the broadening observed in
the 2D 2°Si{®Si} refocused INADEQUATE spectrum of
zeolite ZSM-12.

Overlap among several of the different 2D 2°Si{*’Si} DQ
intensity correlations was overcome by using a 2D deconvolu-
tion procedure (see “Experiments and Methods™) to obtain
2J(¥Si-0-*Si)-coupling constants for covalently bonded
28i-0-%Si site pairs. The resulting simulated 2D refocused-
INADEQUATE 2°Si{*’Si} spectrum is shown as the colored
plot, superimposed on the black contours of the experimental
spectrum, in Fig. 5(b). In addition, the corresponding 1D slices
extracted from the 2D simulated spectrum are displayed in red
in Fig. 5(c), below those extracted from the experimental 2D
spectrum in black. The resulting 2J(*°Si-0-?’Si) coupling
constants, measured with estimated accuracies of ca. £2 Hz,
are reported in Table 3 and fall within the range of 10-19 Hz.
An exception is that associated with site pair 4—6 for which the
DQ-correlated signal intensities are weak, making accurate
identification of the J doublets and corresponding measure-
ment of coupling values difficult. The weak DQ-correlated
signal intensities most likely result from relatively low
efficiency of the J-mediated transfer for this site pair, suggest-
ing that the associated coupling constant is small, presumably
substantially less than 10 Hz. This is consistent with the
substantially smaller 2°Si(4)-O-?°Si(6) bond angle (134.4° in
the powder-XRD structure) between sites 4 and 6, than for
all other 2°Si-O-*Si site pairs (144.8 to 158.6° in the

powder-XRD structure). The J-coupling constants measured
here by using the refocused-INADEQUATE *Si{*Si} tech-
nique are expected to be significantly more accurate than could
have otherwise been obtained by using the conventional
INADEQUATE experiment.

As for zeolite Sigma-2, DFT calculations of 2J(*’Si—-0->Si)
couplings were conducted on SiH-terminated bridging
O-centered clusters extracted from the powder XRD structure
of ZSM-12,%° using the so-called “‘cc-PV5Z/diffuse” LDBS
definition (see Table 1), and compared to the experimental
values. The results are reported as a correlation plot between
experimental and calculated J-coupling constants, shown in
Table 3 and as open blue diamonds in Fig. 6, along with u, v,
R% and 12 coefficients calculated as above. Based on the
generally accepted powder XRD structure of ZSM-12, poor
agreement is found between experimental and calculated
couplings, in marked contrast to the case of Sigma-2 (see
Fig. 4). The weakness of the observed correlation (R* = 0.21)
is likely a consequence of the relatively high uncertainties
associated with atom positions in the ZMS-12 crystal structure
derived from powder X-ray diffraction data, despite the high
degree of local ordering indicated by the very narrow 2D
NMR lineshapes. These J-coupling measurements and calcu-
lations complement previous work in which it was demon-
strated that 2°Si chemical shift tensors calculated for this
powder-XRD structure of ZSM-12 are, similarly, in poor
agreement with the experimentally measured tensors.* These
results point to the high sensitivity of the 2J(*’Si-O->°Si)
couplings to the fine details of the local framework structure,
separate to and consistent with >°Si chemical shift tensors.

The sensitivity of 2°Si chemical shifts tensors to local struc-
tures in zeolite frameworks has recently been incorporated into
a crystal-structure-refinement procedure in which Si and O
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Table 3 Experimental 2J(*’Si-O—>°Si) coupling constants measured
for siliceous zeolite ZSM-12

J. calc/ sz

DFT-opt
DFT-opt from
Site Pair Jexp/Hz PXRD NMR-refined from PXRD NMR-refined

3-1 10 114 92 12.0 11.7
3-7 10 148 93 6.8 6.9
3-5 14 131 141 9.5 9.7
6-7 19 148  13.6 11.8 11.2
45 15 130 119 8.5 7.9
42 12 125 127 11.1 10.6
6-5 11 145  13.0 9.3 9.4
1-2 16 153 132 13.6 12.3
u 1.05  1.13 1.38 1.58
y(Hz)' —1.1 —0.4 —0.9 25
R? 0.25 045 0.90 0.84
P 146 13.0 21.4 27.5

@ J-coupling values are estimated from the 2D deconvolution of the
refocused-INADEQUATE 2°Si{*’Si} spectrum shown in Fig. 5,
with estimated uncertainties of + 2 Hz.? Values calculated for
SiH-terminated clusters extracted from the powder-XRD and
CSA-refined structures (3rd and 4th columns, respectively), using the
cc-PV5Z basis set on coupled »Si atoms and 6-31G* basis sets
with added (3df, 3pd) diffuse functions on other atoms (so-called
“cc-PV5Z/diffuse” LDBS). “ From best fits to the expression:
Joxp = trJeqie + V. 4 Calculated using eqn (1).

atomic coordinates are optimized to minimize the differences
between the experimental and ab initio calculated principal
components of the 2°Si chemical shifts tensors.>® For Sigma-
2, it was demonstrated that the mean deviation of the Si and O
coordinates for the chemical-shift-refined structure from the
single-crystal XRD structure was only 0.01 A.° This NMR
crystal-structure-refinement strategy was subsequently applied
to ZSM-12,° yielding an improved crystal structure (unit cell
parameters and fractional coordinates given in the ESIt) that
yields excellent agreement between the experimental and
calculated 2Si chemical shift tensors. Differences between the
powder-XRD and 2’Si-NMR-refined structures are reflected,
for example, by 0°—6° variations of the Si—O-Si angles observed
upon refinement of the structure based on 2°Si CSA inter-
actions, as shown in the ESI,f Fig. S2. Unfortunately, a high-
quality single-crystal XRD structure for ZSM-12, to which
direct comparisons might be made, does not exist.
Nevertheless, the 2J(*’Si-O-2°Si) couplings can be used
to provide another important means to probe the quality of
the ZSM-12 crystal structures, as determined from the
analyses of the powder-XRD and 2°Si-NMR-refined struc-
tures. A new set of 2J(*’Si—-O-*Si) coupling constants was
calculated using SiH-terminated clusters extracted from the
2Si-chemical-shift-refined crystal structure’ of zeolite ZSM-12
to assess whether this structure provides better agreement with
the experimentally measured couplings. The resulting
2J(*°Si~0-*Si)-coupling constants are reported as red solid
squares in Fig. 6. Significantly improved agreement between
the experimental and calculated J couplings is observed, as
expressed by the larger linear regression coefficient, R? = 0.45,
than is obtained (R> = 0.21) for the powder-XRD ZSM-12
structure. This result independently establishes that the 2°Si

chemical-shift-refinement of the ZSM-12 structure leads
to a revised framework with improved and self-consistent
molecular-level descriptions. Still, the agreement between the
experimental and calculated 2J(**Si-O—>°Si) couplings remains
relatively poor, which indicates that the 2J(*’Si-0-*Si)
couplings might be more sensitive than 2Si chemical shifts
(and far more so than powder XRD) to local structural
features. This, consequently, suggests that 2J(*’Si-O->Si)-
coupling interactions could be used to further refine the
framework structure of ZSM-12, and of other zeolites for
which single-crystal XRD structures cannot be obtained or are
otherwise unavailable.

In particular, least-square minimizations using calculated
and experimental CSA parameters alone could lead to a local
minimum that may not correspond to the ‘real’ structure,
although it may better reproduce most details of local covalent
bonding than powder-XRD analyses alone. For example, the
refined structures that account for the CSA interactions may
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Fig. 6 Correlation plots that compare the experimental and calcu-
lated 2J(*°Si—-O-*Si)-coupling constants for the different pairs of
interconnected 2°Si-0—>’Si sites in siliceous zeolite ZSM-12. Blue open
diamonds correspond to J-coupling calculations conducted on
SiH-terminated clusters extracted from the structure determined from
powder-XRD analyses®® and using the cc-PV5Z basis set on
2Si-coupled atoms and 6-31G* basis sets with added (3df, 3pd) diffuse
functions on other atoms (so-called “cc-PV5Z/diffuse” LDBS). The
best regression of these points (blue dash-dotted line) displays poor
linearity, R* = 0.21. Red solid squares represent J-coupling calcula-
tions conducted on clusters extracted from a ZSM-12 structure refined
by using the >°Si chemical shift tensors of each site.’ The best
associated linear regression (red dotted line) yields an improved
correlation (R? = 0.45), indicating that the overall quality of the local
framework structure is improved by the 2°Si-chemical-shift-NMR-
refinement procedure. Green open triangles and yellow solid circles
correspond to J-coupling calculations performed on clusters extracted
from structures fully optimized with DFT, starting from the
powder-XRD and NMR-refined structures, respectively, both of
which yield improved linearity (green dashed line, R* = 0.90, and
solid yellow line, R> = 0.84).
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be energetically slightly unfavorable in terms of local bonding
configurations to which the 2J(*’Si-O-*’Si) couplings are
highly sensitive. Thus, it is expected that J-coupling measure-
ments and calculations on structures that are known to
relatively low precision could become powerful new probes
and optimization criteria for siliceous zeolite framework
structures. This is especially the case if such J-coupling
analyses are used in conjunction with optimizations based
on first-principles calculations with periodic boundary
conditions, which would impose tight bond angle and bond
length constraints (presumably to ca. 107> nm).

To further explore the sensitivity and accuracy of
2J(*’Si—0-*Si) couplings calculated from cluster approaches
(within the limits of the description level used here), DFT
optimizations of the ZSM-12 zeolite framework structure were
conducted by using the code CASTEP,* which allows a full
solid-state treatment of the system using a plane-wave-based
approach with periodic boundary conditions. Such local
geometry optimizations do not rely on experimental
constraints other than the unit cell parameters (from the
powder-XRD data®®), and are only subject to the intrinsic
approximations of DFT. Two separate optimizations were
conducted independently, using the powder-XRD and the
2Si-NMR-refined structures as starting points, and the
resulting Si—-O-Si bond angles associated with J-coupled
298i-0-%Si pairs are shown in the ESL1 Fig. S2(a). Si-O-Si
bond angles obtained for the powder-XRD-CASTEP-
optimized and the NMR-CASTEP-optimized structures are
very similar (less than 2° differences for each pair), indicating
that similar energy minima were found from the two different
starting points (consistent with calculated final energies
that are only 0.01 eV apart.) Interestingly, for Si-O-Si pairs
that showed larger differences in their associated Si—O-Si
angles between the powder-XRD and the 2Si-NMR-refined
structures, namely pairs 1-2, 3-7, 4-5, and 4-6 (differences >4°),
the DFT-optimizations leads to Si—-O-Si angles that are
much closer to those of the **Si-NMR-refined structure. This
observation adds to the level of confidence for the results
obtained from the independent 2°Si-NMR-based and
DFT-optimization methods.

2J(¥’Si—0-%Si) coupling calculations potentially offer a new
means of evaluating the DFT-refined structures, based on
their comparisons with experimental values. For example,
for Si—O-Si site pairs 2—4 or 5-6 in zeolite ZSM-12, the
DFT optimizations lead to bond angles that are different from
both the powder-XRD and *’Si-NMR-refined structures
(Table 3). As previously done for the respective initial
structures, SiH-terminated clusters were extracted from
each of the DFT-optimized frameworks (referred to hence-
forth as “PXRD-CASTEP-optimized” and “NMR-CASTEP-
optimized” structures), and 2J(**Si—-0-*Si) couplings were
subsequently calculated with Gaussian 03. The results are
shown in Fig. 6 as green open triangles and yellow solid circles
for the PXRD-CASTEP-optimized and NMR-CASTEP-
optimized structures, respectively, alongside the previously
discussed results for the initial powder-XRD (blue open
diamonds) and *Si-NMR-refined (red solid squares)
The DFT optimizations result in improved
linearity of the calculated versus experimental correlations

structures.

(R? coefficients of 0.90 and 0.84, respectively), compared to
the initial structures (R> = 0.21 and 0.45). However, the
corresponding best fits to straight lines (green dashed line
and yellow solid line) deviate substantially from the ideal
1:1 correlation axis, probably as a result of systematic errors
of either the DFT geometry optimization or the J-coupling
calculations using cluster approaches. The different
ZSM-12 structures are overlaid in the ESLt Fig. S2(b),
revealing discrepancies that lead to the large differences in
their calculated 2°Si chemical shift anisotropies® and
2J(¥Si-0%Si) couplings. These observations again suggest
that 2J(*Si—-0—°Si) couplings, in combination with DFT
optimizations, may enable increased accuracy and reliability
of zeolite framework structure refinements.

In summary, the accuracy and precision of structure
solutions will likely be improved by incorporating
2J(*¥Si-0->°Si) couplings into structure-refinement protocols,
in combination with DFT optimizations, X-ray scattering
results, and chemical shift and dipolar interactions. These
various techniques and interactions are sensitive to a
complementary set of length scales and parameters, such as
bond and dihedral angles and distances. Currently, the heavy
computational requirements for accurate J-coupling calcula-
tions using cluster approaches make it challenging to integrate
these interactions into iterative structure-refinement
approaches that combine multiple constraints. However,
investigations are under way for improving the accuracy and
the efficiency of J-coupling calculations (e.g. the development
of specifically-optimized basis sets’!), which, along with
progress in microprocessor technology, should allow these
limitations to be overcome in the near future. Furthermore,
indirect spin—spin couplings have very recently been calculated
for the first time from plane-wave-based approaches using
periodic boundary conditions.>? This novel approach offers an
attractive alternative that is complementary to cluster calcula-
tions. Indeed, plane-wave-based calculations intrinsically
account for long-range solid-state environments and avoid
the tedious and generally highly system-specific basis set
explorations. By comparison, cluster approaches are parti-
cularly suitable for exploring the dependence of calculated
interactions on local structural parameters, such as bond
lengths, and bond and torsion angles (see Fig. 2).>> In this
context, the results presented here are expected to provide an
important basis of comparison to probe the reliability of
these new plane-wave-based computational approaches for
the calculation of 2J(**Si-0-*’Si) coupling constants.

4. Conclusions

Two-bond indirect 2J(*Si-O—>°Si) spin—spin couplings
between 2°Si atoms connected via bridging oxygen atoms have
been calculated with high accuracies for zeolitic frameworks.
Such calculations are extremely sensitive to the local frame-
work structure, showing promise for the use of 2J(**Si-0->Si)
couplings to probe, establish, and refine the local structures of
zeolites and layered silicates, including ones that remain
unsolved. Measurement of 2J(**Si-O->Si) couplings with high
accuracies in siliceous zeolitic frameworks using state-of-the-art
solid-state NMR methodologies enables new opportunities
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for developing iterative procedures that integrate these new
and sensitive local constraints into structure-determination or
-refinement protocols. Furthermore, J couplings are expected
to have strong general potential for use as sensitive probes of
local features in a large range of solids with complicated
extents of structural order. These include molecularly ordered
polymers, organic crystals, biomolecules, and inorganic
or hybrid materials with both spin-1/2 and quadrupolar
(I >1/2) nuclei, between which J couplings can now also be
accurately measured.!®>?

Acknowledgements

This work was supported in part by the US Department of
Energy, Basic Energy Sciences, Catalysis Science Grant No.
DE-FGO02-03ER15467 and by Chevron USA (Richmond,
California.) We thank Prof. Colin Fyfe for providing the
siliceous Sigma-2 and ZSM-12 zeolite samples. SC is grateful
to the EGIDE for a Lavoisier Fellowship from the ‘“Ministere
Francais des Affaires Etrangeres” 2006-2007 (File #487322 K).
The GridChem™ infrastructure for computational chemistry
(https://www.gridchem.org) is acknowledged for computational
resources and services for the J-coupling calculations. DFT
calculations using CASTEP were supported by the US National
Science Foundation through TeraGrid resources (Grant No.
TG-DMR-080048T) provided by US National Center for
Supercomputing Applications. We thank Dr Sudhakar
Pamidighantam for helpful assistance.

References

1 R. W. Grosse-Kunstleve, L. B. McCusker and C. Baerlocher,
J. Appl. Crystallogr., 1997, 30, 985-995; A. W. Burton,
Z. Kristall., 2004, 219, 866-880; C. Baerlocher, F. Gramm,
L. Massuger, L. B. McCusker, Z. B. He, S. Hovmoller and
X. D. Zou, Science, 2007, 315, 1113-1116.

2 D. H. Brouwer, R. J. Darton, R. E. Morris and M. H. Levitt,
J. Am. Chem. Soc., 2005, 127, 10365-10370.

3 D. H. Brouwer, P. E. Kristiansen, C. A. Fyfe and M. H. Levitt,
J. Am. Chem. Soc., 2005, 127, 542-543.

4 D. H. Brouwer and G. D. Enright, J. Am. Chem. Soc., 2008, 130,

3095-3105.

D. H. Brouwer, J. Magn. Reson., 2008, 194, 136—-146.

D. H. Brouwer, J. Am. Chem. Soc., 2008, 130, 6306-6307.

S. C. Christiansen, D. Y. Zhao, M. T. Janicke, C. C. Landry,

G. D. Stucky and B. F. Chmelka, J. Am. Chem. Soc., 2001, 123,

4519-4529.

8 N. Hedin, R. Graf, S. C. Christiansen, C. Gervais, R. C. Hayward,
J. Eckert and B. F. Chmelka, J. Am. Chem. Soc., 2004, 126,
9425-9432.

9 H. Annehed, L. Falth and F. J. Lincoln, Z. Kristall., 1982, 159,
203-210; J. D. Grice, Can. Mineral., 1991, 29, 363-367.

10 X. Y. Xue and M. Kanzaki, Solid State Nucl. Magn. Reson., 2000,
16, 245-259.

11 L. M. Bull, B. Bussemer, T. Anupold, A. Reinhold, A. Samoson,
J. Sauer, A. K. Cheetham and R. Dupree, J. Am. Chem. Soc., 2000,
122, 4948-4958.

12 C. A. Fyfe, H. Gies, Y. Feng and G. T. Kokotailo, Nature, 1989,
341, 223-225.

13 C. A. Fyfe, Y. Feng, H. Gies, H. Grondey and G. T. Kokotailo,
J. Am. Chem. Soc., 1990, 112, 3264-3270.

14 C. A. Fyfe, H. Grondey, Y. Feng and G. T. Kokotailo, J. Am.
Chem. Soc., 1990, 112, 8812-8820.

15 S. Cadars, A. Lesage, N. Hedin, B. F. Chmelka and L. Emsley,
J. Phys. Chem. B, 2006, 110, 16982-16991.

~N WD

16 S. Cadars, N. Mifsud, A. Lesage, J. D. Epping, N. Hedin,
B. F. Chmelka and L. Emsley, J. Phys. Chem. C, 2008, 112,
9145-9154.

17 A. Lesage, L. Emsley, M. Chabanas, C. Coperet and J. M. Basset,
Angew. Chem.-Int. Edit., 2002, 41, 4535-4538; S. P. Brown,
M. Perez-Torralba, D. Sanz, R. M. Claramunt and L. Emsley,
Chem. Commun., 2002, 1852-1853; S. P. Brown and L. Emsley,
J. Magn. Reson., 2004, 171, 43-47, L. Duma, W. C. Lai,
M. Carravetta, L. Emsley, S. P. Brown and M. H. Levitt,
ChemPhysChem, 2004, 5, 815-833.

18 F. Fayon, I. J. King, R. K. Harris, J. S. O. Evans and D. Massiot,
C. R. Chim., 2004, 7, 351-361; S. Cadars, A. Lesage,
M. Trierweiler, L. Heux and L. Emsley, Phys. Chem. Chem. Phys.,
2007, 9, 92-103.

19 J. P. Amoureux, J. Trebosc, J. W. Wiench, D. Massiot and
M. Pruski, Solid State Nucl. Magn. Reson., 2005, 27, 228-232;
C. Martineau, F. Fayon, C. Legein, J. Y. Buzare, G. Silly and
D. Massiot, Chem. Commun., 2007, 2720-2722.

20 W. C. Lai, N. McLean, A. Gansmiiller, M. A. Verhoeven,

G. C. Antonioli, M. Carravetta, L. Duma, P. H. M. Bovee-Geurts,

O. G. Johannessen, H. J. M. de Groot, J. Lugtenburg, L. Emsley,

S. P. Brown, R. C. D. Brown, W. J. DeGrip and M. H. Levitt,

J. Am. Chem. Soc., 2006, 128, 3878-3879; T. N. Pham,

J. M. Griffin, S. Masiero, S. Lena, G. Gottarelli, P. Hodgkinson,

C. Fillip and S. P. Brown, Phys. Chem. Chem. Phys., 2007, 9,

3416-3423.

J. C. Facelli, in Encyclopedia of Nuclear Magnetic Resonance,

ed. D. M. Grant and R. K. Harris, Wiley, Chichester, 1996,

pp- 2516-2520.

22 R. H. Contreras and J. E. Peralta, Prog. Nucl. Magn. Reson.
Spectrosc., 2000, 37, 321-425.

23 D. Cremer and J. Grafenstein, Phys. Chem. Chem. Phys., 2007, 9,
2791-2816.

24 N. F. Ramsey and E. M. Purcell, Phys. Rev., 1952, 85, 143-144.

25 A. Stewart, Zeolites, 1989, 9, 140-145.

26 C. A. Fyfe, H. Gies, G. T. Kokotailo, B. Marler and D. E. Cox,
J. Phys. Chem., 1990, 94, 3718-3721.

27 A. Lesage, M. Bardet and L. Emsley, J. Am. Chem. Soc., 1999, 121,
10987-10993.

28 D.J. States, R. A. Haberkorn and D. J. Ruben, J. Magn. Reson.,
1982, 48, 286-292.

29 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr.,
T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam,
S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi,
G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li,
J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. Ochterski, P. Y. Ayala,
K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain,
O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford,
J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,
C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill,
B. G. Johnson, W. Chen, M. W. Wong, C. Gonzalez and
J. A. Pople, GAUSSIAN 03 (Revision D.01), Gaussian, Inc.,
Wallingford, CT, 2004.

30 A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

31 C. T. Lee, W. T. Yang and R. G. Parr, Phys. Rev. B, 1988, 37,
785-789.

32 D. Feller, J. Comput. Chem., 1996, 17, 1571-1586;
K. L. Schuchardt, B. T. Didier, T. Elsethagen, L. Sun,
V. Gurumoorthi, J. Chase, J. Li and T. L. Windus, J. Chem. Inf.
Model., 2007, 47, 1045-1052.

33 https://www.gridchem.org, Computational Chemistry Grid.

34 R. Dooley, G. Allen and S. Pamidighantam, /3th Annual Mardi
Gras Conference, Baton Rouge, LA, 2005; K. Milfeld, C. Guiang,
S. Pamidighantam and J. Giuliani, 2005 Linux Clusters: The HPC
Revolution, 2005.

35 M. D. Segall, P. J. D. Lindan, M. J. Probert, C. J. Pickard,
P. J. Hasnip, S. J. Clark and M. C. Payne, J. Phys. Condens.

2

1836 | Phys. Chem. Chem. Phys., 2009, 11, 1825-1837

This journal is © the Owner Societies 2009



Matter, 2002, 14, 2717-2744; S. J. Clark, M. D. Segall,
C. J. Pickard, P. J. Hasnip, M. J. Probert, K. Refson and
M. C. Payne, Z. Kristall., 2005, 220, 567-570.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996,
77, 3865-3868.

D. Vanderbilt, Phys. Rev. B, 1990, 41, 7892-7895.

H.J. Monkhorst and J. D. Pack, Phys. Rev. B, 1976, 13, 5188-5192.
A. Kubo and C. A. McDowell, J. Chem. Phys., 1990, 92,
7156-7170.

D. Massiot, F. Fayon, M. Deschamps, V. Montouillout, J. Hiet
and P. Florian, The 5th Alpine Conference on Solid-State NMR,
Chamonix Mont-Blanc, 2007.

T. Ziegler, Chem. Rev., 1991, 91, 651-667.

C. van Wiillen, Phys. Chem. Chem. Phys., 2000, 2, 2137-2144.

T. Helgaker, M. Jaszunski and K. Ruud, Chem. Rev., 1999, 99,
293-352.

K. A. Peterson, D. E. Woon and T. H. Dunning, J. Chem. Phys.,
1994, 100, 7410-7415; D. E. Woon and T. H. Dunning, J. Chem.
Phys., 1995, 103, 4572-4585; K. A. Peterson and T. H. Dunning,
J. Chem. Phys., 2002, 117, 10548-10560.

45

46

47

48

49

50

51

53

J. P. Perdew, Electronic Structure of Solids, Akademie Verlag,
Berlin, 1991.

D. Sakellariou, S. P. Brown, A. Lesage, S. Hediger, M. Bardet,
C. A. Meriles, A. Pines and L. Emsley, J. Am. Chem. Soc., 2003,
125, 4376-4380.

S. Cadars, A. Lesage and L. Emsley, J. Am. Chem. Soc., 2005, 127,
4466-4476.

S. Cadars, A. Lesage, P. Sautet, C. J. Pickard and L. Emsley,
J. Phys. Chem. A, 2009, DOI: 10.1021/jp810138y.

D. L. Vander Hart, in Encyclopedia of NMR, ed. D. M. Grant and
R. K. Harris, Wiley, Chichester, 1996, vol. 5, pp. 2938-2946.

D. Massiot, F. Fayon, V. Montouillout, N. Pellerin, J. Hiet,
C. Roiland, P. Florian, J. P. Coutures, L. Cormier and
D. R. Neuville, Journal of Non Crystalline Solids, 2008, 354,
249-254.

F. Jensen, J. Chem. Theory Comput., 2006, 2, 1360—1369.

S. A. Joyce, J. R. Yates, C. J. Pickard and F. Mauri, J. Chem.
Phys., 2007, 127, 204107-204115.

D. Massiot, F. Fayon, B. Alonso, J. Trebosc and J. P. Amoureux,
J. Magn. Reson., 2003, 164, 160—164.

This journal is © the Owner Societies 2009

Phys. Chem. Chem. Phys., 2009, 11, 1825-1837 | 1837



