A\C\S

ARTICLES

Published on Web 06/30/2005

A Solid-State NMR Method for Solution of Zeolite Crystal
Structures

Darren H. Brouwer,t Richard J. Darton,* Russell E. Morris,* and Malcolm H. Levitt**

Contribution from the School of Chemistry, Warsity of Southampton, Southampton, SO17 1BJ,
United Kingdom, and School of Chemistry, ukmisity of St. Andrews, Purdie Building,
St. Andrews, KY16 9ST, United Kingdom

Received April 9, 2005; E-mail: mhi@soton.ac.uk

Abstract:  Since zeolites are notoriously difficult to prepare as large single crystals, structure determination
usually relies on powder X-ray diffraction (XRD). However, structure solution (i.e., deriving an initial structural
model) directly from powder XRD data is often very difficult due to the diffraction phase problem and the
high degree of overlap between the individual reflections, particularly for materials with the structural
complexity of most zeolites. Here, we report a method for structure determination of zeolite crystal structures
that combines powder XRD and nuclear magnetic resonance (NMR) spectroscopy in which the crucial
step of structure solution is achieved using solid-state 2°Si double-quantum dipolar recoupling NMR, which
probes the distance-dependent dipolar interactions between naturally abundant 2°Si nuclei in the zeolite
framework. For two purely siliceous zeolite blind test samples, we demonstrate that the NMR data can be
combined with the unit cell parameters and space group to solve structural models that refine successfully
against the powder XRD data.

Introduction with available experimental data. Last, the structural model is

completed by locating missing atoms and then refined, usually

High silica zeolites remain at the forefront of modern porous
materials scienck:® Their uses in catalysi§ and other emerg-
ing application& are intimately connected with their structural
architecture. Therefore, elucidation of their crystal structures is
vitally important in determining the potential of new zeolites.
Since zeolites are notoriously difficult to prepare as large single
crystals, structure determination usually relies on powder X-ray
diffraction (XRD). However, structure solution (i.e., deriving
an initial structural model) directly from powder XRD data is
often very difficult, particularly for materials with the structural
complexity of most zeolites.

In general, the determination of crystal structures consists of

three main steps. First, unit cell parameters are determined from

the reflection positions in a diffraction pattern, and possible

space groups are identified from systematic absences of the,

reflections, perhaps with the assistance of solid-state NMR.
The second and most crucial step involves deriving an initial
structural model that is chemically reasonable and consistent
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against diffraction data. This second step, referred to as
“structure solution”, is the most challenging, mainly due to the
“phase problem” which arises from the fact that only intensities,
and not phases, of the reflections are measured in a diffraction
experiment. For materials that are limited to microcrystalline
powders, such as most zeolites, structure solution is further
complicated by the high degree of overlap of the reflections
and other effects, such as preferred crystallite orientation, which
can severely limit the reliability of intensities extracted from a
powder diffraction pattern. Despite significant advances in recent
years, zeolite structure solution from powder diffraction data
aloné® remains challenging.

Here, we report a method for solving crystal structures of
purely siliceous zeolites using a recently developed solid-state
9Si double-quantum (DQ) NMR experimeltthereby over-
coming the most difficult step of their structure determination.
Figure 1 outlines the strategy for determining zeolite crystal
structures using a combined XRD/NMR approach in which the
unit cell parameters and space group are provided by powder
XRD, while the key step of structure solution is achieved using
solid-state?®Si NMR. Once the structure is solved, it can be
completed using Fourier difference maps and refined against
the powder XRD pattern using the Rietveld method. The NMR
structure solution method employs a robust DQ dipolar recou-
pling pulse sequencé,designed using NMR symmetry prin-
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Figure 1. Overview of the structure determination strategy for zeolite crystal structures by a combination of solid-state NMR spectroscopy and powder

X-ray diffraction in which the crucial step of structure solution is accomplished using solid-state NMR.

ciples!®with which the distance-dependent dipolar interactions
between naturally abundaffiSi nuclei are exploited to probe
Si—Si distances of up to 8 %& under high-resolution magic-
angle spinning (MAS) conditions.

The strength of this XRD/NMR combination arises from the

complementary nature of the techniques. Diffraction probes the
long-range periodic order of the structure, whereas NMR probes
the ensemble of local environments around the NMR-active
nuclei. Although there are many examples of structural char-

acterization using a combination of diffraction and NMfL+21
solid-state NMR has played more of a supporting role by

cell parameters and space groups, for NMR structural analysis
to the group at the University of Southampton.

Experimental Section

Sample preparation of the zeolite blind test samples was carried
out at the University of St. Andrews using procedures described in the
literature?>=2°> Test samplel was calcined to remove the organic
template molecules, while test samgle/as used in its as-synthesized
form with the template molecules remaining within the zeolite channel
system. The identities of these samples were known only to the group
at the University of St. Andrews.

Powder X-ray diffraction analysis was carried out at the University

identifying the number, occupancies, and chemical environment of St. Andrews. Data (775° 20) were collected in transmission mode
of sites, assisting in the assignment of space groups, providingon a Stoe STADIP diffractometer equipped with a monochromator (Cu
structural restraints, or probing dynamics and disorder, rather Ko, 2 = 1.54056 A) and a position sensitive detector. The powder

than being used directly for theolution of crystal structures.
Solid-state NMR has been used to determine the three
dimensional (3D) conformation of a folded protein in the

crystalline state, where the large number of distinct sites

produces numerous internuclear distance constr&iktswever,

diffraction patterns (see Supporting Information) were indexed to give

_the unit cell parameters and space group of each of the blind test

samples. The samples were then sent for solid-state NMR structural

analysis at the University of Southampton, providing only their unit

cell parameters and space groups while withholding their identities.
Solid-state NMR experiments were carried out on a Varian

inorganic crystal structures and network materials are Nnot |nfinitypius spectrometer at a magnetic field strength of 7.0 Tesla. The

amenable to this approach. Solid-state NMR has recently bee
used to derive a structural model of a two-dimensional (2D)
layered silicate materi#l and for the solution of a 3D crystal
structure only in a very simple cadk.

To fully test this new NMR structure solution method, a blind
test was carried out in which two purely siliceous zeolite test
samples, the identities of which were known only to the group
at the University St. Andrews, were provided, along with unit
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NiH and2°Si frequencies were-299.85 and 59.56 MHz, respectively.
A 6 mm MAS probe was used with the rotor holding approximately
150 mg of sample. All experiments were carried out a spinning
frequency of 400Gt 2 Hz.

The pulse sequence diagram of the two-dimensié?&il double-
quantum NMR experimefit used to probe distances between
29Sj—29Sij spin pairs is displayed in Figure 2. The experiment employs
the robust symmetry-bas€dR26* homonuclear dipolar recoupling
sequenck to excite and reconvert DQ coherences between dipolar
coupled pairs of°Si nuclei. The implementation of this pulse sequence
is described in detail in the Supporting Information.

Solid-state NMR experiments were carried out on test sarfiple
without 'H—2°Si CP over a period of 5 days, while the experiments
for test sampl@ were performed over a period of 3 days and employed
1H—2%Si CP to take advantage of the presence of occluded organic
template molecules in the zeolite channel system. The full details of
the NMR experiments are provided in the Supporting Information.

The relative occupancies of the Si sites were established by
evaluating the relative peak areas obtained in deconvolutions of the
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Figure 2. Pulse sequence diagram for two-dimensidfai double-quantum
correlation spectroscopy using the symmetry-based $RRB6monuclear
dipolar recoupling sequené&?2The DQ recoupling time is denoted loy

1D ?°Si spectra. The intersite connectivities were established by
evaluating the relative intensities of the correlations in the 2D DQ
correlation spectrum obtained with a recoupling time of 6 ms. The DQ
curves were obtained by extracting the amplitudes of the correlation
peaks in a series of 2D spectra (with DQ recoupling times from 4 to
32 ms) and plotting these amplitudes as functions of the DQ recoupling
time, after scaling with respect to the peak amplitudes obtained in a
corresponding 1D spectrum.
Structure solution of the crystal structures of the zeolite blind test

samples from solid-stat®¥Si NMR data was accomplished using the ~ Figure 3. One- and two-dimensional solid-ste#®i NMR spectra for

algorithm outlined below and described in detail in the Supporting 2eolite test sampld. (a) Deconvolution of a quantitative 1BSi MAS

. . - . ~ NMR spectrum (from top to bottom: experimental spectrum, calculated
Informatlon. This structure solution algorlthm, as well as the decqn spectrum, individual peaks with relative peak areas indicated, difference
volution of 1D and 2D NMR spectra, was implemented as Mathematica. spectrum). (b) Two-dimension#Si DQ correlation spectrum obtained with
(version 5.13 notebooks and run on a Linux machine equipped with  a recoupling time of 6 ms.

an AMD 2.0 GHz processor and 1 GB of RAM.

Structure completion and refinements of the zeolite crystal  recoupling time of 6 ms, is presented in Figure 3b. Correlations
structures against the powder XRD data were carried out using the hetween pairs of peaks appear in the indirect dimension at the
atomic coordinates for the silicon atoms solved by solid-state NMR as sum of their isotropic chemical shifts. With a sufficiently short

the initial structural models. For test samglethe missing oxygen recoupling time, the DQ correlation signals arise primarily from

atoms were located from Fourier difference maps using phases . 00 29 cr . . .
calculated from the NMR structure. For test sanflthe oxygen atoms dipolar coupledt®Si—?%Si spin pairs across SO—Si linkages

were placed geometrically between Si atoms, and the zeolite frameworkand’_therefore' reyeal the-SD—Si intersitg cognectiviti(_as_.
was optimized using the distance least-squares méthmibr to With the exception of the auto-correlatioRs? connectivity

Rietveld refinement, while the carbon atoms of the template molecules information of this kind has been available for some time from
were located from Fourier difference maps. The full structure comple- NMR experiments exploiting?®Si—0—2°Si J-couplings?®3°
tion and refinement details are provided in the Supporting Information. However, an invaluable feature of this dipolar recoupling NMR
Structure solution directly from powder XRD using the EXPO experiment is that additional structural information in the form
progrant® was also attempted for both test samples, and these details of longer range SiSi distances can be probed by collecting a
are also provided in Supporting Information. series of 2D DQ correlation spectra with different recoupling
Results and Discussion times. The rfesulting “double-qu.antum curves” (intgnsitigs of the
) _ _ DQ correlation peaks as functions of the recoupling time) are
The first blind test zeolite sample, referred to as test ;ample highly sensitive to SiSi distance distributions and can be
1, was measured by powder XRD to have the unit cell fajthfully simulated given a set of SiSi distances of up to 8
parameters = 18.669,b = 13.503 ¢ = 7.662 A, = 102.T, A.11 The set of experimental DQ curves for test samplis
and the monoclinic space grou@/m. The 2°Si MAS NMR presented in Figure 4.
spectrum of test sample(Figure 3a) consists of four resolved The solution of the zeolite crystal structure from this solid-
peaks with equal intensities, revealing that there are four Si siteSgia1e 295j NMR data was carried out using an algorithm
in the crystal structure with equal site occupancies. The chemicaldeve|oped to find the set of Si atomic coordinates in the
shifts indicate that the sites are in tetrahedral Si(QtSi)(iron- asymmetric unit, which minimize the sum of squares of the
ments. A 2D?°Si DQ correlation spectrum, obtained with a DQ residuals between the experimental DQ curves and the DQ

) ) ) curves calculated from the set of-S3i distances for a given
(26) Wolfram, SMathematica: A System for Doing Mathematics by Computer . . . .
version 5.1; Wolfram Media: Champaign, IL, 2004. arrangement of Si atoms. The algorithm, described schematically
(27) Baerlocher, Ch.; Hepp, A.; Meier, W. MDLS-76: A Program for the i i i “ari Wi -
Simulation of Crystal Structures by Geometric Refinemkab. f. Kri- in Figure 5, combines a gnd search” with SUbsequent least
stallographie, ETH: Zurich, 1978.
(28) Altomare, A.; Burla, M. C.; Camalli, M.; Carrozzini, B.; Cascarano, G. (29) Fyfe, C. A.; Gies, H.; Feng, Y.; Kokotailo, G. Nature 1989 341, 223.
L.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Rizzi, (30) Fyfe, C. A.; Feng, Y.; Grondey, H.; Kokotailo, G. T.; Gies,Ehem. Re.
R. J. Appl. Crystallogr.1999 32, 339. 1991, 91, 1525.

*Si DQ chemical shift (ppm)

" 08 108 110 12 14
*Si chemical shift (ppm)

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10367



ARTICLES Brouwer et al.

(a)

DQ intensity (%)
o ha
m

7 »\e
o

:

1

1

1

1

1

D-D

0O 10 20 300 10 20 300 10 20 300 10 20 30

DQ recoupling time (ms)

Figure 4. 2°Si DQ curves for test samplein which the experimental data
(black squares) were obtained by integrating the correlation peaks in a series
of 2D 2°Si DQ correlation spectra and were scaled with respect to the signal
intensities in the 1D spectrum. The DQ curves calculated from the structure
solved by NMR are displayed as red lines.

Powder X-ray Diffraction
unit cell parameters

Solid-state “Si NMR
number & occupancies of Si sites
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Figure 6. Structure of zeolite test samplesolved by solid-state NMR.
(a) Projection along the straight channeisakis) with the fused-cage pair
highlighted. (b) Comparison of the structure solved by solid-state NMR

Space group long-range Si-Si distance information

~N S

Grid Search
Evaluate self-connectivity of Si sites

(red) to the structure obtained after completion and refinement against
powder XRD data (blue). Only the silicon atoms are shown.

connectivity” for the added Si site were then incorporated into
each of the candidate structures. These new candidate structures
were evaluated to ensure that the relative occupancies of the
sites were consistent with the relative intensities of the peaks
in the 1D2°Si MAS NMR spectrum, and that the connectivities
between the sites were in agreement with the intersite connec-
tivities derived from the 23°Si DQ correlation spectrum. For
each of the new candidate structures which meet the occupancy
and connectivity criteria, the quality of fits to the relevant
experimental DQ curves was then evaluated, and a group of
structures with the best agreement was selected. The next Si
¥ site was added to this group of candidate structures as described
above, and the whole process was repeated until all of the Si
sites had been incorporated into the candidate structures. Each
of these candidate “grid structures” was then subjected to least-
¥ squares minimization against the set of experimental DQ curves,
with the Si—Si distances between Si atoms known to share a
Si—O-Si linkage restrained (softly) to be 3.1 A, as the distances
across S+O—Si linkages are known to fall within the narrow
range of about 3.03.2 A. This combination of a grid search and
least-squares minimization should ensure that the global mini-
mum structure is found. This algorithm is described in full detail
L . . o in the Supporting Information.

squares minimization. The grld §earch cop&sted of building up The structure for test samptefound by the algorithm to
candidate structures one Si site at a time with the atomic gie the hest agreement with the NMR data is presented in
coordinates re_strlcf[ed to p0|nt§ on a three-dlmensmn_al grid of Figure 6. The DQ curves calculated from this structure are
the asymmetric unit. The possible positions on the grid for the yigpjayed in Figure 4 and are in excellent agreement with the
Si site to be added to the candidate structures were first evaluateqexperimental data.

and limited to those. .for which the conpepnvny betwegn Two important aspects contribute to the viability of this NMR
symmetry-related positions of the same Si site was satisfied. gy,0ryre solution method. First, there exists an analytical
For example, the intensity of the auto-correlation in the 2D expression for the DQ curves for isolated pairs of dipolar

29G; i : _ :
“Si DQ correlation spectrum of test sample(Figure 3b) 4 njed nucléi? (see Supporting Information). Second, the
indicates that site D is connected to two symmetry-related

positions of site D. The grid positions which satisfy the “self-

Incorporate possible positions of

> added Si site into “grid structures”

Evaluate site occupancies

Build up . .
“grid structures” Evaluate inter-site connectivities
until all Si sites

have been added Evaluate agreement

with DQ curves

Select a group of the best
candidate “grid structures”

Least-squares minimization
Minimize each of the candidate
“grid structures” against the
experimental DA curves

Zeolite Crystal Structure
Select the minimized grid structure
with the best agreement with
experimental DQ curves

Figure 5. Schematic description of the algorithm for solution of zeolite
crystal structures from solid-sta#€Si NMR data. The full details of the
algorithm are presented in the Supporting Information.

(31) Mueller, K. T.J. Magn. Reson. A995 113 81.
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Figure 7. One- and two-dimensional solid-sta#®i NMR spectra for
zeolite test sampl@. (a) Deconvolution of a quantitative 1BSi MAS
NMR spectrum (from top to bottom: experimental spectrum, calculated
spectrum, individual peaks with relative peak areas indicated, difference
spectrum). (b) Two-dimension#Si DQ correlation spectrum obtained with

a recoupling time of 6 ms.

natural abundance 8fSi (4.7%) is high enough that there are
significant numbers of isolate®?Si—2°Si spin pairs, yet low
enough that complications arising from multispin clusters are
negligible. Consequently, the full DQ curves can be con-

. ™
10 20 300 10 20 300 10 20 300 10 20 30
DQ recoupling time (ms)

0 10 20 300

Figure 8. 2°Si DQ curves for test sampkin which the experimental data
(black squares) were obtained by integrating the correlation peaks in a series
of 2D 2°Sj DQ correlation spectra and were scaled with respect to the signal
intensities in the 1D spectrum. The DQ curves calculated from the structure
solved by NMR are displayed as red lines.

in the zeolite channels. We were not able to solve the structure
using standard powder XRD techniques due to unreliable XRD
intensities arising from the added complexity of occluded
organic templates and severe preferred orientation effects
resulting from the platelike crystal morphology.

The 1H—2°Sj cross-polarization (CP) MAS NMR spectrum
of test sample2 (Figure 7a) indicates there are five tetra-
hedral Si sites in the crystal structure with relative occupancies
of 2:2:2:2:1. The chemical shifts confirm that the sites are in
tetrahedral Si(OSi)environments. The 2EPSi DQ correlation
spectrum in Figure 7b reveals the intersite connectivities. The
set of experimental DQ curves, derived from a series of 2D

structed by summing sets of DQ curves calculated for isolated pQ correlation spectra, is presented in Figure 8.

295i—29Gj spin pairs. For these reasons, the evaluation of

The structure for test sampkfound by the NMR structure

candidate structures by comparing experimental and calculatedsoytion algorithm to give the best agreement with8s solid-

DQ curves can be carried out very rapidly.

The solid-state NMR structure for test samfile/as used as
the starting model for refinement against the powder XRD data,
with the remaining oxygen atoms located from Fourier maps.
As Figure 6b demonstrates, the structure solved by NMR is
essentially identical to the structure obtained after completion

state NMR data is presented in Figure 9. To provide a complete
structure for refinement against the powder XRD data, oxygen
atoms were added midway between Si atoms, and the geometry
of the zeolite framework was optimized with the distance least-
squares metho#f, while the atoms of the template molecules
were located using Fourier maps. As Figure 9b demonstrates,

and successful refinement against the XRD data. A comparisonthe structure solved by NMR is, again, essentially the same as

with the known zeolite topologiésrevealed that this sample
was ITQ-£3 (IFR topology). The solution of this structure by
NMR was reasonably straightforward due to its relatively low
complexity. Indeed, the structure of ITQ-4 was originally solved
using powder XRD? and the structure of test samplecould

be solved using the powder diffraction program EXP@ithout
using NMR.

the structure obtained after completion and successful refinement
against the powder XRD data. A comparison with the known
zeolite topologie® revealed that this sample was ferrietfte
(FER topology). This is the first time that solid-state NMR has
been used to solve the 3D crystal structure of a sample that
was intractable by powder XRD alone.

The second zeolite test sample provided a more challengingConclusion

case. Powder XRD of test sampk provided the unit cell
parametersa = 7.407,b = 14.017,c = 18.670 A, and the
orthorhombic space groupnnm The sample was in its as-

The solid-state NMR method described here correctly solved
the crystal structures of both zeolite blind test samples,
illustrating the potential of this combined NMR/XRD approach

synthesized form with the organic template molecules occluded so; even the more difficult cases. A key requirement for this

(32) Mueller, K. T.; Jarvie, T. P.; Aurentz, D. J.; Roberts, B. @hem. Phys.
Lett. 1996 242, 535.

(33) International Zeolite AssociatiorAtlas of Zeolite Framework Types
Baerlocher, Ch., Meier, W. M., Olson, D. H., Eds.; Elsevier: Amsterdam,
The Netherlands, 2001.

method in its present form is that the different crystallographic
sites must give rise to distinct NMR signals and, consequently,
spectral resolution can be a limiting factor. For example, the
structure solution of most aluminosilicate zeolites would not

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10369
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so that the space group is not necessarily required as an input
is under development.

Although purely siliceous zeolites represent a relatively
favorable case for NMR characterization, it is anticipated that
the method should also be applicable, perhaps in a modified
form, to more complex inorganic materials and also isotopically
enriched organic molecules. Furthermore, it is anticipated that
the range and accuracy of the method will be greatly extended
by incorporating chemical shfft and energ$ calculations in
the structure solution and refinement stages. While this technique
is unlikely to replace XRD for most applications, where XRD
has specific problems (such as extreme preferred orientation or
disordered layered structuf®s structure solution by solid-state
NMR may prove to be a very valuable technique. In summary,
we claim that this work establishes a new paradigm in the
combination of diffraction and spectroscopic methods and, in
addition to structure solution, offers up the possibility of a new
diffraction/NMR refinement technique in which structures are
refined against both diffraction and NMR simultaneously.

Figure 9. Structure of zeolite test sampfsolved by solid-state NMR.

(a) Projection along tha-axis (left) andb-axis (right) of the structure solved Acknowledgment. We acknowledge Per Eugen Kristiansen
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determined from the powder XRD pattern and can sometimes JA052306H

be in conflict with the solid-state NMR data. Therefore, the

information provided by both XRD and NMR should always (34) camblor, M. A; Villaescusa, L. A.; Bz-Cabas, M. J.Top. Catal.1999
be used in combination when ascertaining possible space groups

, , ' (35) Pickard, C. J.; Mauri, FPhys. Re. B 2001, 63, 245101.
An approach to extend this NMR structure solution technique (36) Gale, J. D.; Rohl, A. LMol. Simul.2003 29, 291.
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