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A strategy for performing crystal structure refinements with NMR chemical shift tensors is described in
detail and implemented for the zeolite silica-ZSM-12 (framework type code MTW). The 29Si chemical
shift tensors were determined from a slow magic-angle spinning spectrum obtained at an ultrahigh mag-
netic field of 21.1 T. The Si and O atomic coordinate parameters were optimized to give the best agree-
ment between experimentally measured and ab initio calculated principal components of the 29Si
chemical shift tensors, with the closest Si–O, O–O, and Si–Si distances restrained to correspond with
the distributions of the distances found in a set of single-crystal X-ray diffraction (XRD) structures of
high-silica zeolites. An improved structure for the silica-ZSM-12 zeolite, compared to a prior structure
derived from powder XRD data, is obtained in which the agreement between the experimental and cal-
culated 29Si chemical shift tensors is dramatically improved, the Si–O, O–O, and Si–Si distances corre-
spond to the expected distributions, while the calculated powder XRD pattern remains in good
agreement with the experimental powder XRD data. It is anticipated that this ‘‘NMR crystallography”
structure refinement strategy will be an important tool for the accurate structure determination of mate-
rials that are difficult to fully characterize by traditional diffraction methods.

Crown copyright � 2008 Published by Elsevier Inc. All rights reserved.
1. Introduction

Solid-state NMR spectroscopy is emerging as an important
technique for structure determination of crystalline solids as
researchers develop innovative ways to link advances in NMR
pulse sequence design, ab initio methods for calculation of NMR
parameters, magic-angle spinning (MAS) technology, and higher
magnetic fields with modeling, quantum-chemical calculations,
and the crystallography that is traditionally carried out with dif-
fraction methods. The general philosophy behind ‘‘NMR crystallog-
raphy” is to incorporate the wide variety of information available
in solid-state NMR experiments into the process of crystal struc-
ture determination, typically in combination with other structural
characterization methods and computational chemistry, and par-
ticularly for those materials for which it is difficult to obtain suit-
ably large single crystals for diffraction experiments.

The areas of present research in NMR crystallography can be
roughly categorized according to the classes of materials being
studied: inorganic ‘‘network” materials such as zeolites and related
materials [1–8], organic molecular crystals [9–17], and bio-mole-
cules [18–23]. The challenges for each class of materials are some-
what different. For inorganic network materials such as zeolites,
08 Published by Elsevier Inc. All r
the challenge is to establish the ‘‘infinite” covalent and/or ionic
structure that defines the crystal structure. For organic molecular
crystals, the challenge is to define both the molecular conforma-
tion and molecular packing which are often determined by weak
intermolecular interactions such as hydrogen bonding. It could
be argued that the work in biomolecules is not true NMR crystal-
lography in the sense that the objective is usually to establish
the molecular conformations of the individual peptide or protein
molecules (albeit often large and complicated molecules), whereas
NMR crystallography generally refers to establishing the full crys-
tal structure. Nonetheless, this work is very impressive and shares
similar challenges and strategies to the other classes of materials.

The process of structure determination of crystalline solids gen-
erally involves three main stages. First, the long-range periodicity
of the crystal structure, as defined by the lattice parameters and
the space group, is established. Second, an initial structural model
(or a set of structural models) is derived or solved from the avail-
able data. Lastly, the structural model is typically refined or opti-
mized to give the best agreement with the available data. The
term ‘‘solved” here does not refer to fully determining the struc-
ture, but rather to deriving a trial or model structure from the
available experimental data—be it from diffraction, NMR, model-
ing, any other method, or a combination of methods—and allowing
the process of structure determination to continue to the refine-
ment stage. In practice, these three main steps may not be so
ights reserved.
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Fig. 1. NMR-refined crystal structure of silica-ZSM-12 (framework type code MTW)
with Si sites labeled and unit cell indicated.
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clearly distinguished from one another. For example, if a ‘‘solved”
trial structure does not refine sufficiently well, it could be neces-
sary to return to the first or second stages to find a different struc-
ture. Or, it is possible that several trial structures are derived in the
structure solution stage and it is only by attempting to refine each
of these structures that the correct structure emerges.

For each of these main stages, NMR researchers are finding crea-
tive ways to incorporate the information available from solid-state
NMR experiments. For instance, the number of peaks observed in
an NMR spectrum and their relative intensities can provide key
information about the identity of the crystal’s asymmetric unit and
space group [24–26]. These concepts have recently been formalized
[27] and NMR experiments to identify the local site symmetry have
been presented [28]. Two-dimensional (2D) correlation experi-
ments, in which proximities and connectivities between atoms can
be established, may also be employed to identify possible space
groups [29], to aid in assignment of the NMR resonances [13,30–
39], or to derive structural models [7,8]. The distance information
provided by solid-state NMR can be used to derive or constrain struc-
tural models [5,6,40–42] in combination with other methods. In
some cases, 2D correlation experiments have even been extended
to an additional dimension in order to provide short and long-range
distance information that has been used to actually solve crystal
structures directly from the NMR data alone [1,2] or in combination
with molecular modeling [9,10].

The combination of measurements and quantum-chemical cal-
culations of NMR parameters (such as chemical shifts, quadrupolar
parameters, and even J-couplings) has also become an important
and very sensitive tool for probing the local environments in crys-
tal structures [3,4,11–17,37,38,43–53]. There have been tremen-
dous recent advances in quantum-chemical calculation methods
for periodic systems [54,55] that enable the calculation of NMR
parameters for solid crystalline materials [11–13,37,38,44–46].
Chemical shift measurements and calculations have been com-
bined to provide structural constraints such as dihedral angles
[15,53] which can be useful information for direct-space search
methods for solving structures from powder XRD data [15,16,56].
Due to the high sensitivity of these NMR parameters to small
changes in local structure, it is possible to couple quantum-chem-
ical calculations with experimental measurements in order to dis-
tinguish between proposed crystal structures [16,17,47] and verify
refined structures [11,39,57,58]. Furthermore, it is now becoming
possible to incorporate NMR parameters directly in crystal struc-
ture refinements [4,58]. It is the use of chemical shift tensors for
NMR crystallography, particularly for the refinement of zeolite
crystal structures that is the focus of this paper.

It has recently been shown that zeolite 29Si chemical shift (CS)
tensors can be accurately measured at an ultrahigh magnetic field
(21.1 T) either by slow MAS or a 2D chemical shift anisotropy (CSA)
recoupling experiment [3]. Since the 29Si CS tensors tend to have
small anisotropies due to the Si atoms being located in near-tetra-
hedral SiO4 geometries in zeolite frameworks, performing the mea-
surements at a high magnetic field strength is advantageous since
the CSA (in hertz) scales with the field strength. Hartree–Fock ab
initio calculations of the corresponding 29Si shielding tensors, cal-
culated on clusters extracted from the zeolite crystal structures,
were found to be in excellent agreement with the experimental
measurements. The quality of the agreement between experiments
and calculations was strongly dependent on the quality of the crys-
tal structure used for the quantum-chemical NMR calculations:
crystal structures derived from single-crystal XRD gave calculated
29Si CS tensors that were in far better agreement with experimen-
tal measurements than those determined from crystal structures
derived from powder XRD data.

This strong sensitivity of the 29Si CS tensors to the local struc-
tural environment of each Si atom forms the basis of the work de-
scribed briefly in a recent communication [4] and in greater detail
here in which the measurement and calculation of 29Si chemical
shift tensors are incorporated into an NMR crystallography struc-
ture refinement tool for zeolite crystal structure determination.
The Si and O coordinates of the zeolite framework are optimized
or ‘‘refined” to give the best agreement between experimentally
measured and ab initio calculated principal components of the
29Si CS tensors (with additional restraints on the closest Si–O, O–
O, and Si–Si distances). This structure refinement tool comple-
ments the recently described method for structure solution of zeo-
lite frameworks in which the Si coordinates are solved from 29Si
double quantum (DQ) NMR data [1,2] since these solved structures
are not highly accurate and the oxygen atomic positions are not
known.

It was demonstrated in a recent communication that the frame-
work structure of the zeolite Sigma-2 could be solved from 29Si DQ
NMR data and subsequently refined against the 29Si CS tensors to
give a complete NMR-determined crystal structure of the zeolite
framework that was in very good agreement with the single-crys-
tal XRD structure [4]. The aim of this paper is to describe this par-
ticular structure refinement strategy in much greater detail and to
apply it to the structure of zeolite silica-ZSM-12 (hereafter referred
to as just ZSM-12) for which the existing crystal structure derived
from powder XRD data [26] has been shown to give poor agree-
ment between the calculated and experimental 29Si CS tensors
[3]. The structure of ZSM-12 is displayed in Fig. 1. The framework
type code [59] for ZSM-12 is MTW.

A structure for ZSM-12 was originally proposed by LaPierre
et al. based on electron diffraction, powder X-ray diffraction, and
model building [60]. Fyfe et al. subsequently collected high resolu-
tion 29Si MAS NMR spectra and high resolution synchrotron pow-
der XRD data for ZSM-12 [26] and demonstrated that there exists
a subtle pseudo-symmetry problem with the structure requiring
a doubling of one of the unit cell parameters. The NMR data was
important for identifying the correct space group. A structure
refinement of the Si and O coordinates (without restraints) against
the synchrotron powder XRD data was performed with a parame-
ter to correct for preferred crystallite orientation effects.

There are some indications in this initial report of the ZSM-12
structure [26] that the refined crystal structure, although correct
in the general sense, is not highly accurate. An analysis of the Si–
O bond lengths, O–O distances, and Si–O–Si bond angles revealed
broader ranges than expected. Furthermore, an attempt to assign
the peaks in the 29Si NMR spectrum to the crystallographic sites
using empirical correlations between isotropic 29Si chemical shifts



138 D.H. Brouwer / Journal of Magnetic Resonance 194 (2008) 136–146
and mean Si–Si bond lengths [61] gave an assignment that con-
tradicted the unambiguous assignment derived from 2D correla-
tion experiments [30,31]. It was concluded that since minor
changes in the local environment of the Si atoms lead to significant
changes in the isotropic chemical shifts, and since the errors in
powder diffraction are relatively large, one must be very careful
in using geometrical data derived from powder XRD structures to
correlate with isotropic chemical shift data [26]. This was bore
out in a later paper in which the correlations between geometrical
parameters and isotropic 29Si chemical shifts were found to signif-
icantly improve after powder XRD derived zeolite crystal struc-
tures were subjected to lattice energy minimization calculations
[62], although these calculations were not carried out for ZSM-12.

Finally, the recent paper [3] describing measurements and ab
initio calculations of 29Si CS tensors clearly indicated that the exist-
ing powder XRD crystal structure for ZSM-12 was not very accu-
rate since the quality of agreement between experimental and
calculated 29Si CS tensor components was very poor, whereas the
quality of agreement for other zeolites with crystal structures de-
rived from higher quality single-crystal XRD data was very good.
In this paper, an improved crystal structure for ZSM-12 is deter-
mined from solid-state NMR data that gives very good agreement
with experimental and calculated 29Si CS tensors, has Si–O, O–O,
and Si–Si distances consistent with the expected distributions of
these distances, and remains in good agreement with the powder
XRD pattern.

2. Experimental

Solid-state NMR experiments were carried out on a Bruker
AVANCE-II 900 MHz NMR spectrometer operating at a magnetic
field of 21.1 T (178.831 MHz 29Si Larmor frequency) using a stan-
dard-bore double resonance 4 mm MAS NMR probe. The 29Si
chemical shifts were referenced by setting the 29Si resonance for
a sample of neat liquid tetramethylsilane (TMS) sealed in a 3 mm
glass tube to 0 ppm.

Spectrum fitting of the slow spinning MAS spectrum, in order to
estimate the span X and skew j values and their uncertainties,
was carried out according to the following protocol. The spectra
were first deconvoluted to give the amplitudes of the spinning
sidebands for each isotropic peak. A series of spinning sideband
patterns were calculated for 10 6X 6 35 ppm in steps of 1 ppm
and �1 6 j 6 1 in steps of 0.1 and each of these was fit to the
experimental amplitudes by adjusting a scaling parameter to min-
imize the sum of the squares of the differences, v2

ssb. Contour plots
of v2

ssb as a function of X and j were constructed to locate the val-
ues of X and j giving the minimum v2

ssb and the uncertainties in X
and j were estimated from the values of X and j giving v2

ssb values
with twice the minimum value of v2

ssb. The principal components
d11 P d22 P d33 were calculated using the relations diso =
(d11 + d22 + d33)/3, X = d11 � d33, and j = (3d22 � diso)/X, while their
uncertainties were determined from the widest possible ranges of
their values given the uncertainties in diso, X, and j.

Ab initio Hartree–Fock calculations were performed with Gauss-
ian98 (revision A.11.3) [63] using the gauge including atomic orbi-
tal (GIAO) method for NMR shielding calculations. The calculations
were carried out on clusters extracted from the crystal structures
with the Si site of interest at the core of each cluster. Each central
Si atom was surrounded by at least three coordination spheres
with the outer oxygen atoms terminated with hydrogen atoms
placed 0.96 Å from the oxygen atom along the O–Si bond vector
to the Si in the next coordination sphere (that is not included in
the cluster). In the case of some clusters in which the atoms in
the outer coordination spheres close in on one another to form
4-rings, an additional Si atom was included to close the ring along
with two additional oxygen atoms and terminating H atoms. This is
the same general strategy for extracting clusters from crystal struc-
tures employed in previous work [3,4,47,64,65]. The calculations
employed 6-311G(2df) basis sets for the central Si atom, nearest
neighbour O atoms, and next-nearest neighbour Si atoms while
the outer O and H atoms employed 6-31G basis sets. To facilitate
comparison of calculated and experimental chemical shifts, the
calculated shielding tensor values were converted into chemical
shift values using a-quartz as a secondary chemical shift standard.
The calculated absolute shielding values, r, were converted to rel-
ative chemical shifts, d, with respect to TMS using:

dTMSðclusterÞ ¼ risoða-quartzÞ þ dTMS
iso ða-quartzÞ—rðclusterÞ ð1Þ

where riso(a-quartz) and r(cluster) were calculated using the same
basis sets and cluster size. The experimentally observed isotropic
chemical shift for a-quartz was dTMS

iso ða-quartzÞ ¼ �107:28ppm [3]
and the calculated absolute isotropic shielding (using the coordi-
nates from a single crystal XRD structure [66]) value was riso(a-
quartz) = 491.19 ppm. These conditions for cluster size and basis
sets have been established in previous work [3,4] to give accurate
calculation results.

The ab initio calculations of NMR parameters were carried out in
parallel on a computer cluster with 100 nodes, 20 of which were
available for these calculations. Powder XRD patterns were calcu-
lated using the online calculation tool available on the zeolite
structure database website [59]. All other calculations and were
carried out using a notebook written for Mathematica 6.0 [67].

3. Structure refinement

The goal of the structure refinement procedure was to find the
set of Si and O atomic coordinates giving the best agreement be-
tween experimentally measured and ab initio calculated 29Si CS
tensor components, with restraints on the closest Si–O, O–O, and
Si–Si distances. The function that was minimized is:

v2 ¼ v2
CS þ v2

dist ð2Þ

The first term, v2
CS, is the quality of agreement between experimen-

tal, dðsÞexp
ii , and ab initio calculated, dðsÞcalc

ii , CS tensor components:

v2
CS ¼

XNSi

s¼1

X3

i¼1

dðsÞ exp
ii � dðsÞcalc

ii

� �
=rðsÞii

n o2
ð3Þ

where s = 1. . .NSi denotes the Si site, i denotes the principal compo-
nent, and rðsÞii is the estimated uncertainty of the corresponding
principal 29Si CS tensor component. The second term, v2

dist, restrains
the closest Si–O, O–O, and Si–Si distances to expected values:

v2
dist ¼

X
K

X
j

rðjÞK � r�K
� �

=rK

n o2
K ¼ Si—O; O—O; Si—Si ð4Þ

where rðjÞK represents the closest distances calculated from the mod-
el structure and r�K and rK are the target distances and standard
deviations. The target Si–O, O–O, and Si–Si distances and standard
deviations were 1.60 ± 0.01, 2.61 ± 0.02, and 3.10 ± 0.05 Å respec-
tively. These values are consistent with the distributions of dis-
tances compiled from the following set of single-crystal XRD
structures of high-silica zeolites: Sigma-2 [3], ZSM-5 [68], Ferrierite
[69], ITQ-4 [70], and Theta-1 [71] (see bottom of Fig. 4).

The v2 value above can be alternatively expressed as

v2ðxÞ ¼
Xm

i¼1

riðxÞ2 ð5Þ

with the following definitions: x = {x1, . . .,xn} is the set of parame-
ters being optimized (Si and O atomic coordinates); y = {y1,. . .,ym}
is the set of observations (experimental tensor components and tar-
get distances); w = {w1,. . .,wm} is the set of corresponding weights



Fig. 2. Schematic diagram of the NMR structure refinement strategy. The black
boxes denote steps in which ab initio calculations of 29Si shielding tensors are
carried out (see text for more details).
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for each of the observations (inverses of the uncertainties of the
tensor components and standard deviations of the target distances);
f(x) = {f1(x), . . .,fm(x)} is the set of calculated values for a given set of
parameters x (the set of ab initio calculated tensor components and
calculated distances for a given set of Si and O atomic coordinates);
r(x) = {r1(x), . . .,rm(x)} where ri(x) = wi{fi(x) � yi} is the set of
weighted residuals for a given set of parameters x (the weighted
differences between calculated tensor components and distances
and the experimental tensor components and target distances).

In the ZSM-12 crystal structure there are 7 unique Si sites and
14 unique O sites. Since each site is on a general position (x, y, z)
there were a total of n = 21 � 3 = 63 parameters to be refined
(the unit cell parameters were fixed to those determined by
powder XRD [26]). There were 7 � 3 = 21 observed 29Si CS tensor
components and 28, 42 and 14 unique Si–O, O–O, and Si–Si
distances, respectively, giving a total of m = 105 observations.

The minimization of v2 was carried out using the Gauss–Newton
non-linear least-squares optimization algorithm as described in
detail the book by Nocedal and Wright [72]. The implementation
of this algorithm for the NMR structure refinement procedure is
outlined here. The algorithm is an iterative process in which a
new set of parameters xk+1 is derived from an existing set of
parameters xk:

xkþ1 ¼ xk þ Dxk ð6Þ

by first determining a vector p that describes the direction in which
to step and secondly determining a scalar value a that describes
how far to step in this direction:

Dxk ¼ ap ð7Þ

The step direction vector p is calculated from the Jacobian matrix J
according to:

p ¼ ðJT JÞ�1 � JT � rðxkÞ ð8Þ

where J is an m � n matrix of partial derivatives of each weighted
residual against each parameter. The elements of the Jacobian ma-
trix are Jij = ori/oxj and the full matrix is:

J ¼

or1=ox1 � � � or1=oxn

..

. . .
. ..

.

orm=ox1 � � � orm=oxn

0
BB@

1
CCA ð9Þ

These partial derivatives were numerically estimated by evaluating
the change in the residuals with small changes in the values of the
parameters:

Jij ¼
riðxþ ejÞ � riðxÞ

e
ð10Þ

where ej is a vector of zeroes except for the jth element which is a
very small amount e such that

xþ ej ¼ fx1; . . . ; xj þ e; . . . ; xng: ð11Þ

In this implementation, e was set to 1 � 10�5.
Once the step direction vector p is determined, a line search is

performed along this direction, in order to find the value of a that
gives a sufficient decrease in v2 (see below). The implementation of
the line search for this particular problem is described below while
the full details of the line search algorithm can be found in ref [72].

The steps involved in the structure refinement procedure are
outlined within the dashed-line box in Fig. 2. Starting from a struc-
ture parameter set x, a series of new structure parameter sets x + ej

were constructed in which one of the structural parameters had
been changed by a small amount e. The crystal structures for each
of these parameter sets were then constructed and the calculations
of the Si–O, O–O, and Si–Si distances and the 29Si CS tensor compo-
nents were carried out for each crystal structure. The calculations
of the distances were relatively straightforward, but the 29Si CS
tensor component calculations required a series of steps.

The first step in the calculation of the 29Si CS tensor compo-
nents involved constructing a series of clusters around each un-
ique Si site for each of the crystal structures. From these clusters,
a subset of clusters was selected for ab initio NMR calculations:
all of the clusters derived from structure x were chosen; how-
ever for the x + ej structures, only those clusters were selected
for which there was a small change in the position of the Si
atom at the center of the cluster, one of the O atoms in the first
coordination sphere, or one of the Si atoms in the second coor-
dination sphere. It was assumed that a small change beyond the
second coordination sphere had a negligible effect on the 29Si CS
tensor components calculated for the central Si atom and the
corresponding partial derivative elements for the Jacobian matrix
were assumed to be zero in these situations. For ZSM-12, the
subset of clusters required to construct the Jacobian matrix con-
sisted of 163 clusters. A series of Gaussian98 input files were
constructed and the calculations were submitted to a computer
cluster with 100 nodes, 20 of which were available for these cal-
culations, allowing the cluster calculations to be performed in
parallel. The calculation for each individual cluster took approx-
imately 2–3 h and the calculations for all the clusters for a single
iteration could be accomplished in less than a day. Once the ab
initio calculations were finished, the Gaussian98 output files
were read and the calculated 29Si shielding tensor components
were converted to the chemical shift scale according to Eq. (1).

The various results of the calculations of distances and CS tensor
components were evaluated in order to construct the Jacobian ma-
trix, which in turn was then used to calculate the line search direc-
tion according to Eq. (8). A series of new parameter sets were then
constructed for the line search along this step direction and the
distances and 29Si CS tensor components were calculated in a sim-
ilar fashion to the first stage (see below). Once a sufficient decrease
in v2 was found, this new structure x + Dx was passed on to the
next iteration. The procedure is repeated until the v2 value did
not improve significantly.

In the line search, a sufficient decrease in v2 is defined by the
Wolfe conditions:
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v2ðxþ apÞ 6 v2ðxÞ þ c1adv2ðxÞ ð12Þ
jdv2ðxþ apÞj 6 �c2dv2ðxÞ

where c1 and c2 are constants (set to 0.0001 and 0.9, respectively, as
suggested in ref [72]) and the dv2 terms denote the derivatives of
the v2 function with respect to changes along the line search direc-
tion vector. These derivatives were estimated numerically accord-
ing to:

dv2ðxÞ ¼ fv2ðxþ epÞ � v2ðxÞg=e ð13Þ
dv2ðxþ apÞ ¼ fv2ðxþ apþ epÞ � v2ðxþ apÞg=e

To carry out the line search, a series of structural parameter sets (x,
x + ep, x + ap, and x + ap + ep with a initially set to 1 and e set to
0.01) were first set up and the corresponding crystal structures
were then constructed. The relevant Si–O, O–O, and Si–Si distances
were calculated for each structure and ab initio calculations of the
29Si CS tensor components for clusters around each Si site in each
structure were carried out. For ZSM-12, this involved submitting 7
ab initio calculations for each of the structures, giving a total of 21
ab initio cluster calculations (since v2(x) was already known from
the initial calculations for the Jacobian matrix). The results of these
calculations were then combined to evaluate the various v2 and dv2

values and to check if the Wolfe conditions for a sufficient decrease
in v2 were met for the new structure x + ap. If the conditions were
not met, a new value of a was calculated by cubic interpolation [72]
using the information contained in v2(x), dv2(x), v2(x + ap), and
dv2(x + ap). For the new value of a, a new set of structures were
constructed and distance and ab initio calculations were carried
out. This process was repeated until a value of a was found that sat-
isfies the Wolfe conditions. For the refinement of ZSM-12, it was
never necessary to consider more than one additional calculation
for the line search, as a = 1 usually satisfied the conditions and if
it did not, the next interpolated value of a would satisfy the
conditions.

Once v2 did not significantly improve and the optimization was
deemed to have converged, the uncertainties in the parameters
could be estimated from the square roots of the diagonal elements
of the variance–covariance matrix R that is approximated by

R � 1=2ðJTJÞ�1 ð14Þ

where the Jacobian matrix J is calculated for the final set of opti-
mized parameters x.

In the previous communication [4], it was demonstrated that it
was possible to perform a refinement of the Sigma-2 crystal struc-
ture against the 29Si CS tensor components alone, without the Si–O,
O–O, and Si–Si distance restraints. In this case, the atomic coordi-
nate parameters were optimized to minimize v2

CS only (Eq. (3)).
Since there were more parameters than observations, the problem
was under determined (m < n) and an important modification
needed to be made. Following the procedure described by Kelley
[73], the Gauss–Newton algorithm could still be used, but the
calculation of the line-search direction vector p derived from the
Jacobian (calculated from partial derivatives of the CS tensor
components alone) must be modified to:

p ¼ Jy � rðxkÞ ð15Þ

where J� is the pseudo-inverse (also called the Moore–Penrose in-
verse) and is calculated using the singular-value decomposition
method, as described in Ref. [73]. (This is actual a more general
description of the Gauss–Newton algorithm since J� = (JTJ)�1�JT when
the problem is overdetermined with m > n). This situation is men-
tioned only for completeness sake since a refinement of the ZSM-
12 crystal structure against the 29Si CS tensor components without
the distance restraints was not actually performed. It is important
to mention that for Sigma-2, the refinements with and without dis-
tance restraints gave very similar structures that were both in very
good agreement with the single-crystal XRD structure [4].

4. Results

29Si MAS NMR spectra of ZSM-12 are presented in Fig. 3. At the
higher MAS frequency (Fig. 3a), the seven crystallographically un-
ique Si sites are clearly resolved. The high resolution of the spec-
trum is an indication of the high degree of structural order and
crystallinity of the polycrystalline powder sample. These reso-
nances have been previously assigned to the indicated Si sites with
two-dimensional correlation experiments.[30,31] At the lower
MAS frequency (Fig. 3b), the spinning sideband profiles remain re-
solved and it was possible to fit this spectrum (Fig. 3c) and extract
the spinning sideband intensities for each Si sites (Fig. 3d). From
these spinning sideband profiles, it was possible to estimate the
29Si chemical shift tensor principal components. The experimental
and best-fit spinning sideband intensities are compared in Fig. 3e
for each site while Fig. 3f displays the corresponding v2

ssb contour
plots from which the best-fit values for the span X and skew j
(and their uncertainties) were estimated. The determined 29Si CS
tensor components are listed in Table 1. The spans of the tensors
range from about 15 to 30 ppm while the skews indicate that none
of the tensors are axially symmetric.

The results of ab initio calculations of the 29Si CS tensors carried
out using the coordinates of the powder XRD structure of ZSM-12
[26] are presented in Fig. 4a. The agreement with the experimen-
tally determined principal components is very poor: the v2

CS is
2313 while the root-mean-square (rms) deviation between the
experimental and calculated tensor components is 7.6 ppm. Fur-
thermore, the histogram plots of the Si–O, O–O, and Si–Si distances
in this ZSM-12 structure (Fig. 4b–d) reveal that these distances do
not correspond well the expected range of values (based on the
distances observed in single crystal structures of zeolites): the
v2

dist is 813 and the rms deviations from the expected distances
are listed in the first column of Table 2. Together, the NMR and dis-
tance calculations suggest that the powder XRD structure of ZSM-
12 is not very accurate and could be significantly improved.

As a first step towards improving the structure, a distance least-
squares (DLS) geometry optimization [74] of the ZSM-12 structure
was performed, starting from the coordinates of the powder XRD
structure. In the DLS optimization, the Si and O atomic coordinates
were adjusted to minimize v2

dist, the sum of the squares of the
(weighted) differences between the Si–O, O–O, and Si–Si distances
of the structure and corresponding target distances (see Eq. (4)).
The Gauss–Newton optimization algorithm [72] was used to find
the Si and O coordinates giving the minimum of v2

dist. This DLS-
optimized structure has a dramatically improved v2

dist value of 20,
with distances that are very close to the target distances (see
Fig. 4f–h and the second column of Table 2). Ab initio calculations
of the 29Si CS tensor components were carried out for this DLS-
optimized structure and Fig. 4e shows that the agreement with
the experimental values is improved, however significant devia-
tions remain (v2

CS ¼365 and the rms deviation is 2.9 ppm).
To further improve the structure, the full structure refinement

protocol described above (29Si CS tensors and distances) was car-
ried out starting from the DLS-optimized coordinates. After five
iterations of the Gauss–Newton optimization algorithm, the overall
v2 converged to 81.2 with a dramatic improvement in v2

CS to 6.6 at
the expense of an increase in v2

dist to 74.6. Fig. 4i presents the excel-
lent agreement between the experimental and ab initio calculated
29Si CS tensor components (rms of 0.3 ppm) while Fig. 4j–l and the
third column of Table 2 indicate that the Si–O, O–O, and Si–Si dis-
tances are consistent with the distributions of distances found in
the set of available single-crystal XRD structures [3,68–71] of
high-silica zeolites (Fig. 4m–o).



Fig. 3. (a and b) Experimental 29Si MAS NMR spectra of ZSM-12 obtained at 21.1 T and MAS spinning frequencies of (a) 3000 Hz (128 scans) and (b) 950 Hz (512 scans) with
recycle delays of 15 s. (c) Simulated 950 Hz MAS spectrum composed of (d) individual simulated spinning sideband patterns for each Si site. (e) Plots of spinning sideband
intensities extracted from slow MAS spectrum (black) and calculated from best-fit values of X and j (grey). (f) Contour plots of v2

ssb from which the best-fit values of X and j
and their uncertainties were estimated (see Table 1).

Table 1
Principal components of the 29Si chemical shift tensors for ZSM-12a

Site diso (ppm) X (ppm) j d11 (ppm) d22 (ppm) d33 (ppm)

Si2 �112.7 ± 0.1 22.8 ± 0.8 �0.65 ± 0.12 �98.8 ± 1.0 �117.6 ± 0.9 �121.6 ± 1.0
Si5 �112.3 ± 0.1 15.6 ± 0.7 �0.14 ± 0.16 �105.1 ± 0.9 �114.0 ± 0.9 �120.7 ± 0.9
Si7 �111.3 ± 0.1 18.8 ± 0.4 0.20 ± 0.07 �102.5 ± 0.5 �110.1 ± 0.6 �121.4 ± 0.5
Si1 �110.8 ± 0.1 25.0 ± 0.7 �0.61 ± 0.09 �95.8 ± 0.9 �115.9 ± 0.7 �120.8 ± 0.9
Si6 �109.1 ± 0.1 21.8 ± 0.4 �0.40 ± 0.06 �96.7 ± 0.6 �111.9 ± 0.5 �118.5 ± 0.6
Si4 �108.6 ± 0.1 26.1 ± 0.7 �0.27 ± 0.07 �94.3 ± 0.8 �110.9 ± 0.6 �120.4 ± 0.8
Si3 �107.8 ± 0.1 29.4 ± 0.6 �0.55 ± 0.05 �90.4 ± 0.7 �113.2 ± 0.5 �119.8 ± 0.7

a The isotropic shifts (diso), span (X), and skew (j) and their corresponding uncertainties were estimated from the spinning sideband profiles in Fig. 3 and then converted
into the principal components d11 P d22 P d33 using the relations diso = (d11 + d22 + d33)/3, X = d11 � d33, j = 3(d22 � diso)/X.
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The Si and O coordinates for this NMR-refined structure of ZSM-
12 are listed in Table 3, along with the estimated uncertainties in
the coordinates and the deviations of the atomic positions of the
powder XRD structure [26] from this NMR-refined structure. The
average estimated uncertainties for the Si and O atomic parameters
of the NMR-refined structure are 0.035 and 0.060 Å, respectively
(after conversion from fractional atomic coordinates). In almost
every case, the deviations of the powder XRD atomic coordinates
from the NMR-refined coordinates are significantly larger than
the uncertainties. The average deviation (for all positions) is
0.124 Å while the average deviations for the Si and O positions
are 0.080 and 0.145 Å respectively. While these values do seem
small on their own, they are quite significant when compared to
an expected Si–O bond length of 1.60 Å. On the other hand, it is
striking how sensitive the 29Si CS tensor components are to appar-
ently small changes in the local environments: the improvement in
the agreement by two orders of magnitude between the calculated
and experimental 29Si CS tensors from rms of 7.6 ppm for the pow-
der XRD structure to 0.3 ppm for the NMR-refined structure (com-
pare Fig. 4a to 4i) is achieved by changing the Si and O atomic
positions by an average of only 0.124 Å.

Unfortunately, single crystals of ZSM-12 that would be suitably
large enough for a single crystal XRD study are not presently avail-
able (this sample of ZSM-12 consists of crystallites with dimen-
sions on the order of 1 lm), so it is not possible to comment
directly on the accuracy of this NMR-refined structure. However,
it has been demonstrated that the NMR-refined structure for Sig-
ma-2 (using this same structure refinement strategy) was in very
good agreement with a high quality single-crystal XRD structure
with differences in the atomic coordinate parameters on the order
of only 0.01 Å [4]. Hopefully, a single-crystal XRD structural study,
either on a different sample with larger crystals and/or using a syn-



Fig. 4. (a, e and i) Quality of agreement between experimental and ab initio calculated principal components of 29Si chemical shift tensors and (b, f and j) Si–O, (c, g and k) O–
O, (d, h and l) Si–Si distance distribution histograms for structures of ZSM-12: (a–d) powder XRD structure [26], (e–h) structure after distance least-squares (DLS) geometry
optimization, (i–l) structure after NMR refinement. The normal distributions (solid lines) correspond to the following target distances and standard deviations: 1.60 ± 0.01 Å,
2.61 ± 0.02 Å, and 3.10 ± 0.05 Å for Si–O, O–O, and Si–Si distances, respectively, which are consistent with the distributions of (m) Si–O, (n) O–O, and (o) Si–Si distances in a set
of single-crystal XRD structures of high-silica zeolites [3,68–71].

Table 2
Various statistics for ZSM-12 structures describing quality of agreement between
experimental and calculated 29Si CS tensors as well as between actual and target
distances

Original PXRD DLS-optimized NMR refined

v2 3126 385 81.2
v2

CS 2313 365 6.6
v2

dist 813 20 74.6
rms(CS) 7.6 ppm 2.9 ppm 0.3 ppm
rms(Si–O) 0.045 Å 0.002 Å 0.009 Å
rms(O–O) 0.047 Å 0.007 Å 0.018 Å
rms(Si–Si) 0.068 Å 0.049 Å 0.057 Å
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chrotron source, will be feasible at some point in the future to test
the accuracy of the structure presented here.

The precision of the ZSM-12 structure is not as high as the Sig-
ma-2 structure: the average uncertainties in the NMR-refined
atomic coordinate parameters are 0.052 for ZSM-12 and 0.017 Å
for Sigma-2, respectively. This is likely due to the slightly larger
uncertainties in the ZSM-12 29Si CS tensor components (average
uncertainties are 0.7 and 0.5 ppm for ZSM-12 and Sigma-2 respec-
tively) and the lower ratio of observations and restraints to param-
eters of 1.67 for ZSM-12 compared to 2.3 for Sigma-2. The ratio of
29Si CS tensor observations to parameters is 0.33 for ZSM-12 and is
significantly lower than the ratio of 0.6 for Sigma-2.



Table 3
ZSM-12 fractional atomic coordinatesa (and estimated uncertaintiesb) after refine-
ment against 29Si chemical shift tensors

Site x y z �r (Å)c D (Å)d

Si1 0.0605(12) 0.016(8) 0.0868(7) 0.03 0.08
Si2 0.0689(12) 0.065(11) 0.9607(13) 0.04 0.05
Si3 0.3745(10) 0.014(8) 0.3628(09) 0.03 0.10
Si4 0.3644(12) 0.073(10) 0.5517(10) 0.03 0.05
Si5 0.2830(9) 0.080(14) 0.4273(9) 0.04 0.02
Si6 0.2893(10) 0.088(13) 0.1211(11) 0.04 0.11
Si7 0.2867(4) 0.037(18) 0.2469(6) 0.04 0.13
O1 0.0727(38) �0.018(13) 0.0257(18) 0.07 0.12
O2 0.0042(12) 0.057(11) 0.9216(34) 0.06 0.15
O3 0.4255(15) 0.187(10) 0.8900(20) 0.04 0.08
O4 0.3306(22) 0.012(17) 0.8995(23) 0.06 0.10
O5 0.4068(28) 0.140(13) 0.0388(25) 0.06 0.28
O6 0.3419(18) 0.055(10) 0.7971(12) 0.04 0.19
O7 0.2587(42) 0.295(34) 0.2671(13) 0.10 0.32
O8 0.2406(21) 0.132(21) 0.5969(32) 0.08 0.11
O9 0.3455(16) 0.004(13) 0.1071(14) 0.04 0.06
O10 0.3088(18) 0.087(11) 0.4959(10) 0.04 0.23
O11 0.3020(18) 0.113(10) 0.1894(12) 0.04 0.12
O12 0.1019(22) 0.188(10) 0.6314(24) 0.05 0.13
O13 0.1064(19) 0.140(13) 0.4378(21) 0.05 0.04
O14 0.2319(19) 0.134(21) 0.9091(36) 0.08 0.10

a Space group: C2/c; cell parameters: a = 24.8633, b = 5.01238, c = 24.3275 Å,
b = 107.7215�.

b The numbers in parentheses indicate the uncertainties in the last digit(s).
c �r ¼average of the uncertainties in the x, y, z parameters (in Å).
d D = deviation of atomic coordinates in original powder XRD structure from

NMR-refined structure (in Å).
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To compare the incredible sensitivity of NMR to local structure
with powder XRD, the powder diffraction patterns for the starting
and final structures were calculated and are compared in Fig. 5. The
difference plot in Fig. 5c reveals only small differences between the
two and these differences are certainly comparable to the residual
between the experimental and calculated powder diffraction pat-
terns presented in the previous work on the ZSM-12 structure
(see Fig. 1 of Ref. [26]). The previous powder XRD work also re-
ported complications arising from preferred orientation of the
crystallites which may have led to errors in the resulting structure.
Additionally, the bond distances and angles had not been re-
strained in the powder XRD refinement. The greatest deviations
in the atomic coordinates of the powder XRD structure from the
NMR-refined structure are observed for the O positions. This is
not unsurprising since the O atoms are the weaker X-ray scatterers
Fig. 5. Calculated powder XRD patterns for ZSM-12 structures: (a) powder XRD s
and the powder diffraction patterns are more sensitive to the Si
atoms. In this NMR structure refinement approach, both Si and O
coordinates are sensitive to the 29Si CS tensors since both types
of atoms play an important role in determining the magnetic
shielding properties of the 29Si nuclei.

5. Discussion

The structure refinement strategy presented here is significant
advance in NMR crystallography, enabling the elucidation of crys-
tal structures from solid-state NMR spectroscopy that are compa-
rable to single-crystal XRD structures. The method is particularly
powerful when combined with NMR methods for solving crystal
structures [2]. Although these solution and refinement strategies
have been applied to the determination of zeolite crystal struc-
tures, it is anticipated that these strategies could be adapted for
application to other classes of materials. The aim of this section
is to discuss some of the general features of this structure refine-
ment strategy and how this work relates to the NMR crystallogra-
phy strategies and tools being developed by others.

The structure refinement protocol described here requires sig-
nificant computational resources. For the refinement of ZSM-12,
each iteration required up to 200 ab initio cluster calculations:
163 to evaluate partial derivatives, construct the Jacobian matrix
and determine the line search direction vector, and 21 or 35 addi-
tional calculations to determine the step length along this vector.
However, this aim of this work was to demonstrate proof of princi-
ple that solid-state NMR and quantum-chemical calculations can
indeed be used for refinement of crystal structures. There is cer-
tainly room for improvement in the computational efficiency of
this strategy. Furthermore, computational resources are relatively
cheap these days and are anticipated to become increasingly pow-
erful. The structure refinement strategy is very easily parallelized
and multi-node supercomputers are accessible to most computa-
tional chemists.

A potential criticism of this strategy is the inclusion of Si–O, O–O,
and Si–Si distance restraints. It is worth making a comment about
the distinction between restraints and constraints in the context of
a structure refinement: a constraint is an exact condition which
enables one or more variables to be expressed exactly in terms of
other variables or constants and hence eliminated, whereas a re-
straint takes the form of additional information which is not exact
but is subject to a realistic probability distribution [75]. The Si–O,
O–O, and Si–Si distance restraints used here are consistent with
tructure [26] and (b) NMR-refined structure; (c) difference between the two.
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the distributions observed in a set of reliable single-crystal XRD
zeolite crystal structures. Incorporating this information into the
structure refinement is therefore a reasonable assumption and
introduces valuable additional ‘‘observations”. During the struc-
ture refinement, the distances are restrained to match these distri-
butions, while yet retaining a degree of flexibility so that good
agreement with the CS tensors components can be achieved. The
inclusion of these distance restraints can be thought of performing
a combined NMR and lattice-energy (to an approximation) minimi-
zation. Again, it is important to mention that for Sigma-2, the
refinements with and without distance restraints gave very similar
structures that were both in very good agreement with the single-
crystal XRD structure [4]. For organic molecular solids and bio-
molecules, in which the molecular conformation is often sought,
it is common practice to place constraints on most bond lengths
and angles while certain bond angles or torsion angles are
explored.

In the structure refinement presented here, the quantum-chem-
ical calculations were carried out on clusters extracted from the
crystal structure. This is clearly an approximation to the actual
crystal structure. However, it has been demonstrated that 29Si CS
tensors in zeolites can be very accurately calculated with the
appropriate cluster size and basis set [3]. The 29Si shielding tensors
seem to be primarily determined by the local structural geometry
which can be adequately accounted for in clusters containing three
coordination spheres around a central Si atom. However, it could
potentially be more appropriate to carry out these calculations
using the recent advances in quantum-chemical calculations of
NMR parameters for periodic systems that are well-suited for cal-
culations on crystal structures [46,54,55]. Certainly, there is no
fundamental reason why the general structure refinement strategy
outlined here could not be implemented using periodic density
function theory (DFT) calculation methods such as CASTEP.

However, it should be pointed out that there are some advanta-
ges in performing traditional cluster calculations for zeolite 29Si CS
tensors. Zeolites tend to have unit cells with large volumes and
many atoms. For example, the primitive unit cell for ZSM-12 has
a volume of 1444 Å3 and contains 84 atoms. Such a calculation
with CASTEP is beyond the computing resources at our disposal
(but certainly may not be for others). Furthermore, in order to
numerically estimate the partial derivatives in the manner de-
scribed here, an additional 63 of these large CASTEP calculations
would have to be calculated at each iteration. On the other hand,
by breaking down the crystal structure into clusters for Gaussian
calculation, only 7 cluster calculations (of approximately 2–3 h
each) are required to calculate all the 29Si CS tensors and an addi-
tional 156 of these smaller cluster calculations are required to eval-
uate the partial derivatives. It is important to note that the validity
of using cluster calculations for zeolite 29Si CS tensors has been
clearly established. For other systems such as organic molecular
crystals or ionic solids, or for other NMR parameters such as quad-
rupolar interactions, it may not be possible to employ cluster cal-
culations and periodic DFT calculations are likely to be essential.
Perhaps there is room for improvement in how the partial deriva-
tives of NMR parameters against atomic parameters are estimated.

To my knowledge, this structure refinement strategy presented
here and in the recent communication [4] are the first examples of
using quantum-chemical calculations of chemical shift tensors di-
rectly in a full crystal structure refinement procedure. However,
there are notable recent examples of chemical shift information
being used in the determination or validation of crystal structures.
Witter et al. have reported a structure refinement of the Ia form of
cellulose in which minimization of the differences between exper-
imental and semi-empirical calculations of 13C isotropic chemical
shifts were combined with geometry optimization [58]. Semi-
empirical calculations of the principal components of the 13C ten-
sor for the refined structure were compared to experimental 13C
tensors and used to validate the refined structure.

Grant and co-workers have combined the information from
powder XRD, energy minimizations, and solid-state NMR measure-
ments and quantum-chemical calculations of 13C CS tensor compo-
nents in an innovative way to solve the crystal structure of ambuic
acid [16]. However, the refinement steps were either directly
against the powder XRD data or were energy minimizations, rather
than direct optimization against the CS tensor components. Harper
and Grant have also described a procedure for using quantum-
chemical calculations of 13C CS tensors for evaluating computer-
predicted crystal structures of organic molecular solids [17].

Chmelka and co-workers have proposed a structure for a surfac-
tant-templated layered silicate material that was derived from 2D
NMR data and subjected to lattice energy minimization [8]. Agree-
ment between the experimental 29Si isotropic chemical shifts and
those calculated from the energy-minimized structure was used
as additional evidence for the proposed structure. Similarly, Ems-
ley and co-workers have used periodic DFT calculations of 1H
and 13C isotropic chemical shifts to validate a periodic DFT en-
ergy-minimized crystal structure of an organic molecular solid
[11] that was solved by combining molecular modeling and 1H
NMR spin diffusion data [10]. There are other examples of compar-
ing quantum-chemical calculations of isotropic chemical shifts to
experimental values for validation of crystal structures after en-
ergy minimization or powder XRD refinement [15,39,57].

In the area of biomolecules, one example of structure refine-
ment using NMR data is the work on Gramacidin A monomer
[22,23] in which dipolar and quadrupolar couplings and orienta-
tion of chemical shift tensors are used along with conformational
energy terms to perfom a structure refinement, although the
chemical shift tensors are not calculated using ab initio methods.

Another approach has been to use quantum-chemical calcula-
tions of chemical shifts (for example, as a function of dihedral an-
gle) to establish the molecular conformation which is then used as
a constraint or restraint in a direct space search algorithm for
structure solution from powder XRD data [15,16]. Clearly, there
are many ways in which experimental measurements and quan-
tum-chemical calculations of chemical shifts can be incorporated
into the determinations of crystal structures.

6. Conclusion

A structure of zeolite ZSM-12 has been determined by solid-
state NMR and quantum-chemical calculations that gives a dra-
matic improvement over a previous powder XRD-derived structure
[26] in the agreement between experimental and ab initio calcu-
lated 29Si CS tensors while having Si–O, O–O, and Si–Si distances
that are consistent with distance distributions derived from sin-
gle-crystal structures. Furthermore, the structure remains consis-
tent with the powder XRD data. This work demonstrates that
solid-state NMR can be incredibly sensitive to the detailed local
structure, to a far greater extent than powder XRD. This high sen-
sitivity can be both helpful and a hindrance. Clearly, the high sen-
sitivity allows for the structure refinement procedure described
here and has been shown to give single-crystal quality structures
from powders [4]. However, it is important to emphasize how cru-
cial it is to have high quality structural information when quan-
tum-chemical calculations of NMR parameters are carried out
and compared to experimental data. As this example of ZSM-12
illustrates, errors on the order of 0.1–0.3 Å in the atomic coordi-
nates can lead to extremely poor agreement between calculations
and experiments (see Fig. 4a).

It is anticipated that the structure refinement strategy outlined
in detail here could be extended to other classes of materials,
incorporate experimental measurements and ab initio calculations
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of other NMR parameters such as quadrupolar interaction param-
eters and J-couplings, and utilize the recent advances in ab initio
DFT calculation methods for periodic systems. As solid-state
NMR techniques, quantum-chemical calculations of NMR parame-
ters, and their integration with diffraction methods continue to ad-
vance, NMR crystallography is expected to play an increasingly
prominent role in the structural characterization of solids.
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