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Abstract: In the present work we report results from CP, REDOR, and TEDOR NMR experiments carried out to
locate the fluoride anions within the three-dimensional framework of the silicate octadecasil. Acctfagissances

were obtained through measurements of'f##°Si dipolar couplings from these experiments. Weighted, nonlinear
least-squares fittings of the REDOR and TEDOR data for the silicons in the D4R units gave an average Dalue of
= 1150+ 50 Hz from which the SiF interatomic distance was calculated to be 2460.04 A. This distance is

in excellent agreement with the value of 2.63 A reported from the X-ray determined single crystal structure and
confirms that the F anions are located inside the D4R units. Calculations and fittings of the REDOR and TEDOR
data for the silicons not in the D4R gaize= 120+ 20 Hz when the specific geometrical (tetrahedral) arrangement

of the multiple equivalent fluoride anions surrounding the Si nuclei in these T-2 sites was taken into account. This
yields a Si-F distance of 5.7 0.4 A, compared to the value 5.69 A obtained from the diffraction measurements.
Factors influencing the selection of the optimum experiments to perform in different situations and the dependence

of the results on experimental variables are discussed.

These studies clearly establish the viability and reliability of

192951 REDOR and TEDOR NMR experiments to obtain distance information which can be used to determine the
precise location of fluorine-containing species within such framework structures or in suitable cases to assist in the
determination of the framework structure itself where it is unknown.

Introduction

Microporous materials such as zeolites are built up from
corner-sharing [Sig) and [AlO,4] ~ tetrahedra. Their framework

structures contain regular systems of cavities and channels of

molecular dimensions (313 A) which are critical in the

application of these materials as sorbents, catalysts, and mo

lecular sieved:* One of their most important characteristics
is the size and shape selectivity which they display toward

reveal that the location found for the sorbate is very dependent
on the type of calculation performed. Unfortunately it is very
difficult to determine these structures experimentally by single
crystal X-ray diffraction because it is necessary to have a single
crystal which is large enough and which also contains a single
sorbate in a well-defined stoichiometry, since in some cases

the structures are known to be dependent on the loading of the
guest molecul&? Although several structures have been solved

sorbed organic molecules. This selectivity controls their foras-synt_hesized microporous materials_where the location of
catalytic reactions and pro.duct distributions as well as the the organic terr_lplate has been determined, even these are
selective adsorption of nonreactive molecules. Thus, there issometlmes amblguoq%TH To date, only four_detalled single

: ' crystal structures which locate sorbed organic guest molecules

considerable interest in investigating the detailed three-
dimensional structures of zeolite frameworks containing inter-

calated species in order to understand in detail the nature o

these sorbate-framework interactions.
There is, however, relatively little direct experimental infor-
mation regarding the exact location of sorbed molecules within

these frameworks. Although a considerable number of theoreti-

in the framework have been reported, all involving the ZSM-5

f(MFI) framework13-16 Thus, other techniques must be devel-

oped to obtain this structural information.

In recent years we have worked to develop appropriate
protocols for solid-state nuclear magnetic resonance (NMR)
investigations of microcrystalline molecular sieve systems, with
the ultimate aim of being able to determine both the 3-D

cal calculations have been carried out, the results are not alwaysstructures of microporous frameworks and also their complexes

in agreement.
simulations foip-xylene absorbed in zeolite ZSM?57 and these
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NMR experiments which locate the fluoride ions within the

J. Am. Chem. Soc., Vol. 119, No. 50, 19971

siliceous MFI-type zeolites a discrepancy exists: Price &t al.

framework of octadecasil and demonstrate the feasibility of reported that the Fwas located close to the nitrogen of the
extending these experiments to other framework-host/fluorine- tetrapropylammonium ion (TPA, while MentzeA? located it

containing-guest systems.

in the framework close to a four-ring but also found an

The fluoride-synthesis route to molecular sieves originally unassigned site close to the TPAIn a few cases, such as the

developed by Flanigen and Pattéband extended by Guth and
co-workers and othet% 2! produces very highly crystalline

recently reported precursor of FER-type zeolitd;~ is not
incorporated, suggesting that its role in this case is restricted to

samples having high degrees of both long range and localthat of a mobilizing agent. Thus, there is also interest in being
ordering. This is indicated by the sharp reflections extending able to locate the fluoride ions in these types of samples to

to high 2 values which are observed in their X-ray powder
diffraction pattern®-24 and by the narrow resonances in their
NMR spectr&® During the synthesis, fluoride anions can play

improve understanding of the various roles they play in the
syntheses.

Solid-state NMR in conjunction with Rietveld refinement of

several roles, acting as mineralizers, templates, or structure-xRD data has been successfully demonstrated to be a powerful

directing agent$® Chemical analysis and®F MAS—NMR

technique for the investigation of zeolite structute® The

spectroscopy reveal that most of the as-synthesized materialessj MAS—NMR spectra of highly siliceous zeolites can be

have incorporated fluoride aniof%.
However, it is often difficult to locate the fluoride ions by

directly related to the framework structure, the number and
relative intensities of the resonances reflecting the numbers and

X-ray diffraction as the single crystals may be too small, or occupancies of the crystallographically inequivalent T-sites in
twinned, and recourse must be made to other techniques. Theréhe asymmetric un#373 We have recently demonstrated the

are additional complications in that fluorine and oxygen have successful application of 2-D INADEQUATE NMR experi-

very similar numbers of electrons making them difficult to
distinguish, and Fanions are isoelectronic with the OH groups

ments to the assignment of the individ#86i resonances to
specific T-sites in these frameworks as well as the determination

which can occur as defects within these framework structlires. of their complete three-dimensional connectivifié&3” This
In several cases, however, fluoride anions have been clearlymakes it possible, in principle, to determine the locations of

located in the double four-ring (D4R) units of the framework.
These include octadecadiithe tetragonal variant of AlPO
162 three GaP@s (cloverite3® GaPQ-LTA, 3! and ULM-53),
and also an LTA-type AIP® containing some cobalt and
silicon 32

However the D4R moiety is not the only possible location;
in the triclinic CHA-like ALPOy-34 23 and GaP®@-34 22 fluorine
is part of the framework, and it apparently bridges two Al (or
Ga) atoms. In AIP@5, the fluoride anion has been located in
the four-ring columns of the framework, far from the organic
counterion®® In some cases it is not localized, and for purely
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species within the frameworks by determining the distances
between their component atoms and specific T-sites in the
framework.

Solid-state NMR spectroscopy has considerable potential in
solid-state structure investigations via the direct determination
of internuclear distances from experiments based on the through-
space dipolar interactions between pairs of nucedS The
dipolar coupling, D, between two nuclei depends on the
gyromagnetic ratios of the two nuclet, andys, and on the
I-S internuclear distance through eq 1.

D = oy dV(87r) (1)

Hereuo is the permeability of free space ahds Planck’s
constant. Because of the strong power dependenEearfr,
moderately accurate values of dipolar couplings can yield very
accurate values for the corresponding internuclear distances, the
most unambiguous distance measurements coming from ex-
perimental systems whelt@ndSinteract as isolated spin-pairs.
The dipolar interaction is greatest for nuclei with high gyro-
magnetic ratios, makingF attractive for these studies. Fur-
thermore, while thé®F isotope is 100% abundant, fluorine is
relatively uncommon in chemical systems, and thus the likeli-
hood of potential background interferences is minimal.

In high-resolution solid-state NMR the sample is usually spun
rapidly (2—20 kHz) about an axis inclined at 547t the axis
of the magnetic field. This is referred to as magic angle spinning
(MAS) and has the desirable effect of narrowing the otherwise
extremely broad (up to several kHz) resonances because, in
addition to averaging the chemical shift to its isotropic value,
the heteronuclear dipolar interactions for an isolated spin-pair
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are averaged to zero during each complete rotor ¢jéRThus,

in its simplest form, the use of MAS precludes a direct
measurement dD, although this interaction is responsible for
the coherence transfer in the cross polarization (CP) prdééss.

Fyfe et al.

appropriate statistical and geometric distribution of dephasing
spins and then calculating the multispin dephasing expliedtt§.
TEDOR and REDOR have been applied to amino agid¥'
peptides$35758proteinsi?-61semiconductors? polymersS® and

In those cases where the spin system behaves essentially as amolecular sieve framework4-%7 In cases where the distances
isolated heteronuclear spin-pair, an oscillatory behavior in the are known independently from X-ray diffraction measurements,
amplitude of the CP signal at short contact times is observed those obtained from REDOR and TEDOR experiments are in

for both nonrotating solid sampl&s'3 and those undergoing
magic angle spinninéft Such dipolar oscillations arise because
the magnetization shuttles between thend S spins and have

very good agreemeft:58
In the present work we present the results of Sidistance
measurements on as-synthesized octadecasil. Octadecasil,

been reported for several different systems under MAS chosen to be representative of molecular sieve framework

conditions?>%0 |f the observed spins experience dipolar

structures, is the purely siliceous analogue of A{A® and was

coupling to several heteronuclear spins, oscillations at severalrecently synthesized by Caullet et?&from fluoride-containing
frequencies interfere and a smooth exponential rises to amedia. The crystal structure was solved using single crystal

maximum followed by a decay due to relaxation is typically
observed?146

X-ray methods, the fluoride anions located, and accuratd-Si
distances determinéd. The low natural abundance 39Si

Recently, Schaefer and co-workers have introduced the (4.7%) in the framework, combined with the weak homonuclear

Rotational-Echo DOuble Resonance (RED&R)and Trans-
ferred-Echo DOuble Resonance (TEDORF experiments

couplings means that tH8F—2°Si dipolar interactions should
approximate clusters of isolated heteronuclear spin-pairs for

which use radio frequency pulses applied at specific points in which theoretical TEDOR and REDOR behavior can be
each rotor period to prevent the complete averaging out of the calculated. We demonstrate that octadecasil, which contains
dipolar interactions and thus permit dipolar dephasing to occur. two distinct T-sites and two quite different-SF interatomic
From these, the magnitude of the dipolar couplings can be distances, is an excellent model case for determining the best

experimentally determined using appropriate analy%eé<and

experiments to use as well as the optimization of these

the interatomic distances can be accurately determined from theexperiments and the subsequent analysis of the experimental
dipolar couplings (eq 1) for systems of isolated spin-pairs. The data.

requirement of isolated spin-pairs has usually been met by

isotopically labeling the molecules of interest (e JC—1°N

in natural compounds) and diluting these in a large excess of

the unlabeled compourtd:57.58

Experimental Section

Materials. The pure, highly crystalline octadecasil sample (crystal
size 80um), kindly provided by Dr. P. Caullet, was prepared by

REDOR and TEDOR distance determinations are more hydrothermal synthesis from a fluoride-containing medium with qui-

complicated if several nuclei contribute to the depha8##g:>°

nuclidine (1-azabicyclo[2.2.2]octane, [N(@EH,)sCH]) as template in

For example, the presence of natural abundance “background’the presence of HF®. After synthesis, the product was washed with
spins can substantially influence the observed dephasing,diSti"ed water and dried at . The structure was checked by powder

especially when the nuclei under investigation have large

gyromagnetic ratio%”:5° Corrections for this may be made by

subtracting the dephasing measured for a natural abundanc

samplé*
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X-ray diffraction and'®F and?°Si MAS—NMR measurements, all of
which agreed with previously reported resdftg¢ Carbon, nitrogen,
and silicon contents were determined by elemental analysis. Calculated

. . ?Weight %) for 100% occupancy: C, 11.48%, N, 1.9%, Si 38.4%,
or by generating a model structure assuming an gq,nd: C, 10.5%, N, 1.78%, Si, 38.12%. Fluorine contents in these

materials are usually in the range 23.6%?28 which corresponds to
occupancies of 80100% of the D4R units by fluoride ions. The
idealized elemental composition of octadecasil ig@Gi-2(Q"F) where
Q" is the quinuclidinium cation.

NMR Experiments. The NMR experiments were performed on a
Bruker MSL-400 spectrometer, operating at frequencies of 376.434 and
79.495 MHz for®F and?°Si, respectively. The silicon frequency was
generated by mixing a 400.13 MHz signal with a frequency-doubled
160.3175 MHz signal. Chemical shifts were referenced to external
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Table 1. 19F—2°Si Spin-Pair Dipolar CouplingslY) Calculated for Various SiF Interatomic Distances )¢

riA 2.7754 2.7327 2.6925 2.6546 2.6329 2.6300 2.6258 2.5847
D/Hz 1050 1100 1150 1200 1230 1234 1240 1300

r/A 6.0776 5.8875 5.8009 5.7192 5.6878 5.6419 5.5686 5.4328
D/Hz 100 110 115 120 122 125 130 140

a Boldface entries are for the distances and corresponding dipolar couplings calculated from the single crystal X-ray structure of octadecasil by
Caullet et aP®

peak separations of the spinning sidebands in'tfeMAS—NMR and TEDOR calculations the spins were assumed to be at fixed positions
spectra were used to determine the spinning frequengyto an within a rigid lattice. Calculations for three-spin systems indicate
accuracy of better than 10 Hz. The spinning speed was checked beforevirtually no difference between the dephasing calculated either including
and after each experiment and showed no measurable change. Knowlor neglecting the effects of homonuclear couplings, provided these
edge ofy, is required to calculate the rotor periag) @nd subsequently interactions are significantly smaller than the magic angle spinning
the various delays needed for precise positioning of the pulses in the speed®! In the present work homonuclear dipolar interactions
TEDOR and REDOR experiments. Typically/2 pulses were in the were ignored because tH&—1%F couplings and the much weaker

range 6-10 us corresponding to rf field strengths of 25.81.6 kHz. 295i—-29Si couplings were much less than the sample spinning speeds
Cross Polarization Experiments. For the cross polarization employed (2-5 kHz).
experiments the Hartmann-Hahn sideband matching contfifitxwas For the analysis of TEDOR experiments the exact value of the dipolar

established experimentally by fixing th¥ radio-frequency power and  coupling during the period before coherence transfer needs to be known
adjusting the?*Si radio-frequency power to maximize the observed in order to calculate the curve for the period after the transfer and vice
signal. For variable contact time CP experiments, spectra were acquiredversa. In real situations the coupling is not knoampriori but can
using contact times from 1@s to 60 ms. Dipolar interactions are  often be estimated by using known values for similar systems and, in
modulated by the one and two times the spinning frequency under MAS the present case, even estimated from the (known) interatomic distances.
conditions, and this leads to strong first and second order sidebands inlt is advantageous to use the analytical funct®as these avoid more
the CP matching profile if the spinning speed exceeds the width of the complex numerical calculations.
abundant-spin resonance line and the heteronuclear dipolar coupling  Prior to commencing nonlinear fitting, trial fittings were used to
frequency’* Because these CP matching sidebands become narrow atdetermine approximate values for the parameters that were not fixed
high spinning speeds, the sideband Hartmann-Hahn matching requiresin the experiment, the dipolar coupling and a scaling factor to match
highly stable rf amplitudes and constant spinning rates over extendedthe experimental and theoretical intensities. For TEDOR experiments
periods of time. there is no normalization as there is for REDOR, so the scaling factor
REDOR Experiments. In all the REDOR experiments the observed was arbitrary, and an exponential dampening factor was incorporated
nucleus wag®Si, and the trains of rotor-synchronous dephasing pulses to take into accourit, decay during the evolution periéd. Weighted
were applied t&°Si or 19F, depending on the pulse sequence used (see nonlinear fittings of the data were carried out starting from these initial
below). The dephasing pulses were always timed to occur at half and parameter values, and these were constrained to realistic (positive)
full rotor periods, théF offset was exactly on resonance, andis limits. The LevenbergMarquardt algorithrff was utilized to minimize
frequency was set to be approximately midway between the two silicon the value of the parametgf = 5 |F; — fi|> whereF; is the value of the
resonances. Inthe REDOR experiments which incorporated an initial ith data point and is the value obtained from the fit. The best values
cross polarization from® to 2°Si to improve the efficiency, a 10 ms  for the parameters were taken as those which gave the smgllest
contact time was used. To eliminate artifacts from the effect of small values. Because the spectra acquired for small numbers of rotor cycles
but finite switching times within the spectrometer, dephasing pulses had better signal-to-noise ratios, they yielded more accurate intensities,
were applied in both th& and S experiments rather than removing  and consequently these data were given more emphasis during the fitting
the pulses for th&y as is normally doné'>* The desired effect of procedure. Several data-weighting schemes were evaluated, and
either reintroducing the dipolar interactions or not was then achieved weighting by the inverse of the number of rotor periods proved to be
by switching the frequency on and off resonance using a frequency the most reliable, giving very reproducible results if the initial parameter
offset list. A variety of null experiments confirmed that the 10 MHz  values were varied.
offset employed was sufficiently large. For example, the difference  For experiments where the positions of the pulses were not those
signal was zero if both experiments were off resonance, as expected.used for the derivations of the analytical functions reported by MuEller,
TEDOR Experiments. For TEDOR experiments the fluorine signal  and also when multiple spin analysis was required, the appropriate
was set exactly on resonance, and the observed nucleu8Sias he integralg®5356for the TEDOR and REDOR functions were determined
295 frequency was set so that one of the silicon signals was on and then evaluated using point-by-point numerical integration over a
resonance. Null experiments performed without the transfer pulse sphere to produce a powder average as described below.
showed that the observed signals arose from coherence transfer. Several
different versions of the TEDOR experiment were used as will be Results and Discussion
discussed in detail later. These included applying the dephasing pulses
on2%Si or 1 before the coherence transfer pulse, varying the spinning ~ Octadecasil Crystal Structure. The structure of octadecasil,
speed, the positions of the dephasing pulses, and incrementing thethe purely siliceous analogue of AIRQ@6 (IZA Structure
number of rotor cycles before or after the transfer pulse. Commission Framework Code AST), has been solved by single
Data Analysis. Fitting to determine the relaxation times was carried crystal X-ray method3® The framework consists of octadeca-
out using the commercial Bruker software. Values of the expected hedral [46'] cages and hexahedraF[4ages and can be built
19F—295j dipolar coupling constants for arange of-Gidistances were by linking the octadecahedra through all their common six-
calculated using eq 1 and are summarized in Table 1. The boldfacemembered ring faces (Figure 1a). Since these octadecahedral

entries in the table correspond to the experimentalFSinteratomic cages do not completelv fill three-dimensional space another
distances determined from the crystal structure data for octadecasil g p y P

reported by Caullet et &. and the corresponding dipolar couplings. type of void, the very small }-cage or double four-membered

For the REDOR and TEDOR experiments, the heteronuéfar ring (D4R) unit is created. _ o _
295j dipolar couplings for the T-1 silicons were determined from  When prepared from a fluoride-containing medium, the as-
weighted nonlinear least-squares fitting of the datMathematica’ synthesized product contains the quaternary ammonium tem-

using the analytical functions reported by Muefferfor all the REDOR plating cation (quinuclidinium in this case) in the large cages,
(69) Hartmann, S. R.- Hahn, E. Bhys. Re. 1962 128 2042, and the negatively charged fluoride anion (needed to balance

(70) Wolfram, S.Mathematica. A System for Doing Mathematics by ~the posjtive _charge of the organic cation) in the D4R units, and
Computer Addison-Wesley: Massachusetts, 1991. crystallizes in a tetragonal phase (symmetry groypm, no.
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(a)

(b)

Figure 1. (a) Schematic representation of the framework structure of

octadecasil showing the packing arrangement of the two types of cages,

the large [46'9-cages and the small f4cages (or D4R units). Silicon

Fyfe et al.

Table 2. 2°Sj and'®F MAS—NMR Relaxation-Time
Measurements
relaxation F~ 0(CFCk)= T-1Sio(TMS)= T-2Sio(TMS)=
parameter —37.8 ppm —108 ppm —111 ppm
T2 26s 22s 20s
T2b 3.5ms 18 ms 20 ms

aValues determined by fitting using the commercial Bruker software.
b Data acquired with rotor-synchronizatidgiPerformed at frequencies
of 79.495 and 376.434 MHz, respectively.

atoms lie at each vertex, and oxygen atoms are located approximately

midway along the lines. Thick lines indicate connections closer to the
viewer. The [46'9-cages pack in a tetrahedral arrangement by sharing
all their six-membered ring faces and®¢ages fill the voids thus
created. Fluoride anions lie at the center of ca. 90% of the double four-
ring units. (b) Portion of the octadecasil framework showing the four
D4R units surrounding each T-2 silicon. Each T-1 silicon is connected
to three other T-1 sites in the same D4R unit and to one T-2 silicon.
Fluoride anions are 2.63 A from each T-1 silicon in th{gage and
5.69 A from the nearest T-2 silicon. The distance between fluoride
anions in adjacent D4R units is 9.33 A.

87)28 The octadecasil structure contains two types of T-sites
(Figure 1), T-1 sites at the vertices of the D4R units and T-2
sites located at the vertices of six-rings in the ratio 4 T-1:1 T-2.
There are 20 [Sig) tetrahedra, and thus 16 T-1 and 4 T-2 sites
per unit cell. Each T-2 links 4 T-1's from four different D4R
units (Figure 1b). From the X-ray crystal structure data, the
T-1 silicons are 2.63 A from the fluoride ion inside their D4R
unit and more tha 7 A from the fluoride ions in the adjacent
D4R units. The T-2 silicons are 5.69 A from each of four
equivalent fluoride anions, and the closestidistance is 9.33

1-D °F and 2°Si NMR Experiments. Qualitative'®F and
295i MAS—NMR spectra were in general agreement, both with

(a)
* * * *
T T T T T
-20 -30 -40 -50 -60
ppm (w.r.t CFCl;)
(b) T1Si
T-2Si
T T T T T 1
-104 106 -108 -110 -112 -114
ppm (w.rt. TMS)

Figure 2. (a)F MAS—NMR spectrum of octadecasil, obtained with
132 scans, spinning speed 4.296 kHz, pulse widtk,3elaxation delay
10 s (spinning sidebands marked *). (b) Quantitaffigi MAS—NMR
spectrum of octadecasil showing the two resonances assigned to the
T-1 and T-2 silicons, respectively. The relative peak intensities (4:1)
are as expected from the crystal structure. The spectrum was acquired
with 48 scans, spinning speed 2.2 kHz, pulse widths8 relaxation
delay 110 s, and no decoupling.

intensity ratio of 4:1 and are assigned to the silicons in the T-1
and T-2 sites, respectivelj. The static?®Si NMR spectrum
shows a single resonance with a FWHH of 1700 Hz.

Clearly, the known framework structure of octadecasil

previously reported data and the crystal structure as discussedtontaining fluoride anions in the D4R units with its two different
above. In order to best implement the different experiments, a Si—F interatomic distances and two distinct silicon environments

knowledge of the different nuclear relaxation parameters is
essential. T1 and T, were measured for both nuclei and are
summarized in Table 2.

The room-temperature 1-BF MAS—NMR spectrum (Figure
2a) shows a single resonance-aB8.2 ppm with respect to
CFCk. The chemical shift is indicative of a single, unique
environment and is similar to those reported for otH&2°Si
systems where the fluoride ion is located within a D4R &g
The static!®F NMR spectrum consists of a single peak with a
full-width at half-height (FWHH) of 6200 Hz. The room
temperature 1-D?°Si MAS—NMR spectrum of octadecasil
shows two resonances-atl07.7 and-111.6 ppm with respect

provides an ideal test case for evaluating the reliability and
robustness of*F/2°Si REDOR and TEDOR NMR experiments
involving molecular sieve frameworks as well as for determining
the optimum experimental conditions for them. For clarity the
different experiments will be discussed separately.

19F—29Sj Cross Polarization Experiments. In variable
contact-time CP experiments, th&Si signal intensity is
monitored as a function of the spin-locking time The initial
exponential build-up of intensity is usually characterized by the
CP rate constant,cb 1, as polarization is transferred frotPF
to 2°Si during the Hartmann-Hahn matth. An exponential
decay with first order rate constant,T* due to loss of the spin-

to tetramethylsilane (TMS) (Figure 2b). These peaks have anlocked magnetization via spiflattice relaxation in the rotating
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frame is superimposed on this growth. For a system of isolated (a) A
spin-pairs, the magnetization transfer process via matched
Hartmann-Hahn spin-locked cross polarization under MAS B, Spinning Axis
conditions should exhibit oscillatory behavior as the polarization
shuttles between the connected spin-pHias reported previ-
ously for a few case® 50 Variable contact-time cross-
polarization experiments froffF to 2°Si on octadecasil were
carried out at several spinning speeds, and different behaviors
were observed for the two types of T-sites.

For the T-1 silicons the variable contact time CP experiments
showed a rise to a maximum, with a clear oscillatory behavior
in the signal amplitude at short contact times, followed by an
exponential decay (data not shown). On some occasions these

oscillations were absent, and this was attributed to mismatching (b) A

arising from variations in the rf power or the spinning speed v

during the course of the experiment. Because the silicons in By D Spinning Axis
the T-1 sites are very close<8 A) to the fluoride ion which / Q
occupies their D4R, and the next-neaféBtnuclei in adjacent : s

D4R units are much further away-¢ A), these silicons and
their corresponding Fmay be considered as isolat—2°Si
spin-pairs. An oscillatory behavior is thus expected for the T-1
silicons; however, under MAS conditions the maintenance of
the sideband Hartmann-Hahn match for CP necessitates ex-
tremely stable rf powers and spinning speed. For the T-2
silicons a smooth rise to a maximum followed by a decay was
observed. Since the T-2 silicons are surrounded by up to four /
equidistant (5.69 A) fluoride anions, they are not expected to Figure 3. Definitions of the angles used to calculate the dipolar
show the oscillatory behavior predicted for isolated spin-pairs. dephasing. (a) An isolatedSi—%F internuclear vector under rotation
REDOR Experiments. In the REDOR pulse sequence, about an axis inclined at the magic anghs, (= 54.74) to the static
trains of rotor-synchronized-pulses which reverse the sign of =~ magnetic field B. The azimuthal angle. € [0, 27] is measured from
the dipolar coupling are applied to reintroduce the effects of the reference vectdein the plane normal to the rotation axis, and the
the heteronuclear dipolar coupling that are normally removed Polar angles € [0, 7] is the angle between the internuclear vector and
by sampl rotation a he magic angle. Two dephiasing pulses{ 19217 B ) For e T ucel pierctng v o
gs;r;(g);iﬂrg E[:k):gl?jiS(;Tarniifggitigonsp;(C;vgg;[otgi dsf(;n(ralg'lsgurferq[rr?e possible orientations of these in a powder sample that is spinning at

L9 . the magic angle. The anglesand are defined as for the isolated
dephasing is accumulaté®l. Two experiments are performed, spin-pair, andy e [0, 2] defines rotation about a common chosen

one with dephasing and one without. The echo intensity of the internuclear vector to produce all possible relative orientations of the

experiment where no dephasing occurs is denote§oyhile internuclear vectors. The angles between the heteronuclear vectors are
that of the smaller echo acquired under the influence of the fixed because the nuclei are in a rigid lattice. This treatment can be
reintroduced heteronuclear dipolar dephasing is lat®le@he readily extended to three or mol¥ nuclei. For actual calculations it

intensity differenceAS= S — S, is due to the effect of the  is more convenient to parameterize this system in terms of the Euler
heteronuclear dipolar coupling. The normalized intensity ratio angles¢, 6, andy (see text).

AS'S shows a nonperiodic oscillation when plotted against the
number of rotor cycles), the evolution time, or the dimension-
less parametet = nDz,*? wheret; is the time for a complete
rotor revolution. The phase accumulation from dipolar dephas-
ing for an isolated heteronuclear spin-pair may be calculated
by integrating over the time of the evolution to yield the
normalized REDOR difference signal as defined by eq 2 with
the integration limitso. € [0, 27] and g € [0, x].5

In a REDOR experiment the signal intensity is monitored as
a function of either the number of rotor periods or the position
during the rotor cycle at which the dephasing pulses are applied,
with the number of rotor periods constdhtCommonly, a series
of r dephasing pulses is applied to the unobserved heteronuclear
spins, with a simple spin-echo sequence on the observed*pins.
However when the resonance offsets are large, pulse errors can
accumulate, and while phase-cycled pulse trains help to
compensate for pulse imperfections, they too become ineffective

AS§=1- (4ﬂ)71ffCOSﬂq)((X, B, A)]singdB da (2) at large offsetg! In such cases it is desirable to minimize the

number of pulses on those nuclei having large offset effects.

Herea is the azimuthal angle anlis the polar angle defined = Garbow and Gulliof? have reported a modified REDOR pulse
by the internuclear vector in a coordinate system defined with sequence that requires only a single dipolar dephasing pulse on
the z axis parallel to the rotor axis as illustrated in Figure 3a. the unobserved heteronuclear spins to minimize these problems.
The factor of (4r)~1 is required to normalize this integral, and Several pulse sequence schemes were used to implement the
the sirB is a geometrical weighting factor required to account REDOR experiments, two of which are presented in Figure 4:
for the statistical (spherical) distribution of the pairs of nuclei a sequence with a train of dephasing pulses on the unobserved
in a powder about the spinning axis. For two dephasing (I) nuclei and a sequence with a single dephasing pulse on the
m-pulses per rotor cycle positioned at one-half and complete unobserved nuclei. Because the REDOR experiment involves
rotations of the spinner, the REDOR phase accumulatidn the formation of an echo for the observed nucleus, it is the-spin
is given by eq 35 lattice relaxation behavior of this nucleus which determines how
quickly the sequence can be repeated.?%swas the observed

— 1/2 . .
AD(a, B, ) = (32)" 1 sinf co$ sinaL 3) (71) Gullion, T.; Schaefer, 1. Magn. ResonL991, 92, 439,
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Figure 4. REDOR pulse sequences with (a) dephasifmulses on unobserved nuclei and (b) a singjeulse on the unobserved nuclei to minimize
resonance offset effects. The dephasing pulses were positioned at half and full rotor periauss trelnumber of rotor cycles. The sequences
shown are fon = 4, butn can be incremented from the minimum value of 2 by an even number of rotor periods. Becalisesthgation times
for the silicons in octadecasil are relatively long (ca. 20 s), an initial presaturation sequence was incorporated to allow a more efficient recycling
time, while still ensuring quantitative reliability. In experiments which utilized an initial cross-polarization*ffeno 2°Si prior to beginning the
REDOR portion of the sequence, the relaxation was governed by the much sPeiferand presaturation was not necessary.

nucleus in these experiments, and Thevalues for the silicons ~ mined. Nonlinear least-squares fitting of the REDOR data for
in octadecasil are relatively long (ca. 20 s), an initial presatu- the T-1 Si included this scaling factor as a variable and gave
ration sequence was incorporated to allow a more efficient an average value for the dipolar coupling of 1150 Hz (standard
recycling time, while still ensuring quantitative reliability. In  deviation 50 Hz). This corresponds to a-&i distance of 2.69

experiments which utilized an initial cross-polarization fr&ta + 0.04 A, in excellent agreement with the value of 2.63 A
to 2°Si prior to beginning the REDOR portion of the sequence, determined from the X-ray structure. The plots in Figure 5
the repeat time was governed by the much shaPeT; (Table illustrate how well the scaled theoretical curves (solid lines)
2), and presaturation was not necessary. calculated using the dipolar couplings and scaling factors

REDOR Experiments on the D4R Silicons (T-1 Si). determined from the fitting match the observed experimental
Experimental REDOR results for the Si in the T-1 site using data. REDOR experiments with an initial cross polarization
the two sequences of Figure 4 are shown in Figure 5. The from 1% to2°Si, followed by a sequence identical to that shown
experimental values oASS did not reach the theoretical in Figure 4b (but without the presaturation), were also successful
maximum of about 1.05 during the first 4.5 ms of dipolar (Figure 5a, open circles).
evolution but seemed to oscillate around 0-8892. The A drift toward a AS'S, value of unity at longer dephasing
explanation for this is that only about 90% of the D4R units times (4.5 ms,n > 12) is seen in Figure 5a (open circles).
contain a fluoride ion, as determined by elemental analysis. This This probably arises from the dipolar couplings between the
would allow signals from?®Si nuclei in D4R units without T-1 silicons and the next closest T A) fluoride ions, whose
fluoride anions to contribute to the intensity of the peaks in the contributions take a much longer time to build up. It is also
off-resonance &) experiments, which limits the value &S apparent that data acquired using the pulse sequence with a
S attainable. In the case of octadecasil then, these maximumsingle dephasing pulse on the unobserved nuclei attain a
normalized ASS, intensities provide a direct method for somewhat higher maximuhS'S ratio (ca. 0.92) compared with
estimating the percentage occupancy of the D4R units by the value of ca. 0.85 if the train of dephasing pulses was applied
fluoride ions. to the unobserved nuclei. This small difference in efficiency

The oscillations observed for the T-1 silicons at short contact between the two pulse sequences may be due to resonance offset
times in the CP experiments justify the analysis of the REDOR effects. However the curve fitting for both experiments yielded
behavior for these silicons in terms of an isolat®si—°F spin- exactly the same value for tR&Si—1°F dipolar coupling within
pair. To permit fitting of the data, the theoretical values of experimental error. It should be noted that this may not be the
ASS, were multiplied by a scaling factor to account for the case for other'®F-containing systems, e.g., fluoro-organic
incomplete occupancy. This scaling factor does not affect the sorbates, where there may exist large chemical shift anisotropies,
“period” of the oscillation from which the distance is deter- °F homonuclear, andH—1°F heteronuclear line broadening
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) of the possible spin states. They demonstrated that the
geometrical arrangement of the spin-pairs had a measurable
1.0 O N NP LI effect on the calculated curves. Schaefer and co-wotkefrs
AS/S, i N 5. 0 © . . .
o8l | - derived a more general equation for the REDOR behavior of
) an S spin dipolar coupled to any number bfpins provided
08 that the geometric arrangement of these spins is known. This
04 is also based on the addition of pairwise interactions. Further,
Schaefer et al. were able to formulate their final equations for
02 multispin REDOR in terms of a product of cosine terms, rather
0 than as the sum of cosine sums. The product representation

? ! nD1, ° ? " gives a substantial improvement in the efficiency of the
computations, and this efficiency becomes progressively larger
(b) as the number of spin-pairs involved increases. Calculation of
} theoretical dephasing of a singtSi by multiple 1°F's was
A8%5, 10 /,’/ \\\ s SN undertaken for the T-2 silicons assuming an exact tetrahedral
08 p N arrangement as outlined below. Additional corrections for the
J partial occupancy of each D4R unit were also incorporated.
o6 / Calculation of S-Spin Dephasing by Multiple I-Spins. For
0.4 a collection of two or mord-spins dipolar coupled to an
0z observedsspin, three angles are required to produce all possible
relative orientations of the internuclear vectors in a spinning
0 ; 5 3 . . powder sample. While it is possible to parameterize a multiple
nDx, spin system by specifying the spherical polar angtess], of

Figure 5. REDOR data and fits for the T-1 silicon resonance acquired the axis _Of rotation ajnd a_ th'ff_’ angjeto ‘?'ef'"e the angle O_f
using different pulse sequences. The theoretical curves were calculatedhe rotation about this axis (Figure 3b), it is more convenient
assuming a dipolar coupling of 1150 Hz and either complete (broken to use the Euler anglesp( 6, v) as this simplifies the
line) or incomplete (solid line) occupancy of the D4R by fluoride ions.  calculations required to perform the vector rotations.

() Dephasing pulses ofiF, spinning speeds of 2.480 kHz (filled The calculation of multinuclear dephasing is based on the

circles) and 2.675 kHz (open circles). Solid curve calculated for 85% e . .
occupancy. (b) Dephasing pulses?i, spinning speeds of 3.090 kHz additivity of exponential productéand requires a knowledge

(filled circles), and 3.745 kHz (open circles). Solid curve calculated Of the relative geometry as well as the internuclear distatices.
for 92% occupancy. Where structural information is known this can be incorporated,
otherwise a model of the spin cluster must be proposed. The
interactions. In such cases the choice of pulse sequence maylephasing of a single observ&i spin dipolar coupled to more
be critical in obtaining the most reliable measuremenbof than one'®F spin can be calculated directfyas the powder
REDOR Experiments on Silicons Not in the D4R (T-2 Si). average of a sum of independent dephasings assuming that the
For the T-2 silicons, th&°F—2°Si dipolar coupling was estimated  fluorines are not coupled to each other and that the fluorine
to be 122 Hz from the SiF distance of 5.69 A calculated from  dephasings of the silicons are independent of one another. For
the crystal structure. However, depending on the exact oc- octadecasil the first condition is satisfied because the sample is
cupancy of the D4R units, there can be up to four fluoride anions undergoing magic angle spinning at speeds§2Hz) that
in a tetrahedral arrangement about each T-2 silicon and thereforegreatly exceeded the largest homonuclé®—19 dipolar
equidistant from it (Figure 1b). This represents a more coupling (130 Hz for 9.3 A separation). The second condition
complicated situation than for the Si in the D4R (T-1 site) as s assumed to hold because of the good fits obtained in other
the experiment no longer involves a single, isolated spin-pair. system&:57.59and for the T-1 silicons in the present work.
Coupling to several fluorines can produce extra dephasing which F REDOR . ¢ isolate8 spi ir with
translates into a stronger apparent dipolar coupling and thus to oraREl expenment on an 1So1ates spin pair wi
two dephasingr-pulses per rotor cycle positioned at one-half

an underestimate of the true heteronuclear distance. The q | : ¢ th - S b
theoretical curve calculated for a single, isolat®i—19F spin- and complete rotations of the spinné is given by eq 3.

pair with a dipolar coupling of 120 Hz (not shown) does not fit When two or more spifk, nuclei dipolar coupled to the
the experimental data at all, but a reasonable fit assuming anobserved spirk nucleus it is necessary to .exprm in terms
I-S spin pair could be obtained with = 220 Hz, corresponding ~ ©f the three Euler anglesv = {v1, v5, v3} is defined to be a
to a Si-F distance of 4.67 A. This is much shorter than that Vvector of unit magnitude which lies along the heteronuclear
known from the X-ray structure, and it illustrates a potential Vvector andx, y, andz to be unit vectors along the principal
problem when multiple spins are involved and no clear axes of the coordinate systemi$ coincident with the spinner
oscillation is observed. axis). A rotation ofv through ¢, 0, ) givesv' = R(¢, 0, v)
When an observed spin magnetization is dephased by dipolarv whereR(¢, 0, y) is a 3 x 3 rotation matrix defined as a
interactions with more than one other spin, the dephasing will rotation about the-axis by, followed by a rotation about the
normally be dominated by the nearest one (siBcé&l 1/r9). y-axis by 6, and then a rotation about theaxis byy.”* The
However, when the distances are comparable, dephasing fromfollowing functions of the spherical polar anglesandj can
multiple spins will be cumulativét5” Several approaches which  be defined in terms of the dot products of these vectrs:
permit the calculation of the REDOR behavior for systems

where multiple spins are dipolar coupled to the observed nucleus (72) Garbow, J. R.; Gullion, TJ. Magn. Reson1991, 95, 442.

have been reported:>6575962 Naito et al®’ detailed the Chgn%gi‘;feo é'AB'lgPPéD' Thesis, University of lllinois at Urbana-
derivation of an expression for a three spin system based on " (74 Arfken, G.Mathematical Methods for Physicistacademic Press:

the summation of two pairwise interactions with permutations New York, 1985; Chapter 4.
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sing cost = v'+X 4)
sing sinaL = Vv'-y (5)
cog=v'-z (6)
Using these identities gives
sing cog sina. = (V'+y)(V'+2) ©)

A® can thus be expressed (neglecting any homonuclear
interactions) as

AD(, 0, p, 1) = 32" A(v"y)(v'2) €)
where
(V'+2) = v,(cosp Sind) + v,(sinb sing) + v, coP
(V'+y) = v,(—cosyp sing — cod cosp siny) +
v,(Ccosp cogp — cod sing simy) + v4(sing siny)

For a system oN independent nuclei interacting with a single
observed nucleus, there will Bédipolar couplingsp; (i = 1

to N), needed to account for the different heteronuclear distances.

We must determine thA®’s for all possible combinations of
S =+ |Di|, recognizing that the individuat'/, spin states occur
with equal probability so there aré! 2ombinations ofy D; (or

>Ai). Because the sample is a powder, we must average these
sums over space (indicated by the angular brackets) to account

for the possible crystallite orientations (assumed to be isotropic),
add them together, and divide by the number of combinations,
c (eq 9). Equation 9 is thus a sum of the appropriate powder
averaged sums.

AS/S) =1- Cflz 1@05[2 AD(p, 0,9, )] |gpace
(=1toc) (9)

If we consider the case where twaospins interact with a
single observe® spin, we have two dipolar couplingb{ and
Dy), N = 2, andc = 2. REDOR experiments yield only the
magnitude and not the sign B, and sincgD; + D,| = |—D;
— Dy|, the number of terms in the sums can be reduced by a
factor of 2. The averaging over space is accomplished by
numerical integration over the three Euler angles, witand
y varied from 0 to Z and@ from O toxr. Additional factors
are needed to normalize the integral ¢#¥B8and to account for
the statistical (spherical) distribution of the spins in a powder
about the spinning axis vector (8in A step size of one degree

(or less) is desirable, but larger step sizes may be used to reduce:

the computation time and still provide acceptable accuracy. For
such a three-spin system eq 9 becomes

ASS, =1~ @) [, [ of A coSAD($, 0, v, +1,) +
AD(p, 0, 1, +1,)]} de sing do dy +

S oS o Acosa®(g, 0, v, +4,) +
AD(p, 0, 1, —1,)]} do sind do dyy] (10)

The dephasing can also be calculated as a product over the

N dipolar interactions, with spatial (powder) averagh§®In

this form (eq 11) it is no longer necessary to consider the two
possible signs of the dipolar couplings as this is implicitly

included?® This considerably reduces the number of calcula-
tions required and thus the computation time. This efficiency

Fyfe et al.
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Figure 6. REDOR data for T-2 silicon site acquired at a spinning
speed of 3.090 kHz and theoretical curves calculated for dephasing of
a single?®Si by multiple F nuclei. (a) Exact tetrahedral arrangement
of four fluoride anions about each T-2 silicon assuming aFSi
internuclear distance of 5.71 A(= 120 Hz). (b) A 90% binomial
distribution of (up to) four fluoride ionsr(= 5.71 A) in a (partial)
tetrahedral arrangement about the T-2 silicons. Curves calculated for
tetrahedral arrangements of four fluoride anions about each T-2 silicon
assuming StF internuclear distances of (c) 6.07 & & 100 Hz) and
(d) 5.43 A O = 140 Hz) indicate the upper and lower uncertainty
limits estimated for the SiF distance.

of spin-pairs included increases.

ASS=1-@7)" [, [of o1 cosAD($, 6, v, 1))
dpsinddody (i =1toN) (11)

The analysis will be less straightforward for pulse placements
other than those described here because, in general, the functions
describing the dephasing are more complicated. The validity
of programs written to perform the calculations based on egs 9
and 11 was checked by comparing the results for a variety of
three-spin geometries against the data presented in ref 57.
Fitting the REDOR T-2 Data. The theoretical curves
calculated for an exact tetrahedral arrangement of funuclei
about a central®Si using eqgs 9 and 11 with = 120 Hz fit the
experimental data for the T-2 Si quite well (Figure 6a). In a
further refinement the effect of incomplete occupation of the
D4R units by fluoride anions was included. This was achieved
by assuming contributions from four, three, two, and one
equivalent, noninteracting fluorine nuclei, coupldd € 120
Hz) to a single T-2°Si nucleus. Curves were calculated for
these four sets of®Si—19F spin-pairs assuming that each T-2
silicon was surrounded by a (partial) tetrahedral arrangement
of (up to) four equidistant®F nuclei. The normalizedASS
values thus determined were then multiplied by an appropriate
weighting factor and added together produce the final theoretical
EDOR curves. The weightings were determined assuming a
inomial distribution of fluoride anions in the D4R units with
a probabilityp that a fluoride anion occupies any given D4R.
The probability,Pg, thatq of the four D4R units surrounding a
given T-2 Si are occupied i3

Py = CyP(1—p)* ™

whereCq is the number of ways of obtainingjoccupied D4R
units

(12)

Cy = 4lq! (4—0q)! (13)
Forp = 0.9 eq 12 yield, = 0.6561,P; = 0.2916,P, =

0.0486,P; = 0.0036, and®y = 0.0001. Including the effect of

incomplete occupation of the D4R units gives a small improve-

(75) Mendenhall, W.; Beaver, R. Introduction to Probability and

gain in the computations gets progressively larger as the numbersStatistics 9th ed.; Duxbury Press: California, 1994; p 167.
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Figure 7. The TEDOR pulse sequences used. (a) Dephasing pulses on the observed nuclei before coherence transfer and on the unobserved nuclei
after. (b) All dephasing pulses applied to the unobserved nuclei. The number of rotor periods before the coherencenjraosfdrbe kept

constant and the number of periods after trangfi@riicremented or vice versa. The incrementatiomaind m as well as the positions of the

dephasing pulses can be adjusted as described in the text.

mTr ACQUIRE

-

ment in the goodness of fit (Figure 6b); however, the experi- direct distance determinations for isolated spin-pairs (as is the
mental data are not of good enough quality to permit the case for the T-1 silicons) is lost.

occupancy to be determined to an accuracy of better than tepoRr Experiments. TEDOR experiments were originally
5-10%. . ) developed as an alternative to REDOR to measure the hetero-
It was apparent that the calculated multiple-spin REDOR nyclear dipolar coupling between nuclei while eliminating
curves had a much stronger dependence on the magnitude of\nwanted background signals from uncoupled spdwhich
the dipolar coupling than on the occupancy, and due to the js particularly important for'3C in organic and biological
complexity of these calculations, nonlinear least squares fitting systems. The TEDOR experiment involves two time periods
was not attempted. The uncertaintyDnwas estimated to be ot ginolar dephasing: one before the transfer of coherence
less than 20 Hz from inspection of curves calculated assuming (achieved by simultaneous/2 pulses) and another after the
1000/|°_ occhpancy6ofdtheTa4R l;]nlt;élggsf_ral}ge r?f _drlgolsa_r coherence transfer where the antiphase magnetization is allowed
C.OLljg mgsg (Flglu:e C )f' 5 Etu(s)l;)l(\a . |tsd or the T- ¢ ' to evolve back into observable magnetization (Figure 7). This
yield a st distance of 5. £ 9.4 A, In very good agreement = o,y more permutations, which give the added flexibility of

with the "a'“e_ of 5.69 .A _determ|_ned from the X-ray cr_ystal being able to select the experiment best suited tarihend T,
structure. This analysis is also in good agreement with the . ) : L
relaxation values of a particular system. This flexibility may

maximum dephasing observed in the REDOR experiments for be particularly useful, especially if offg value is unacceptabl
the T-1 silicons and indicates that the actual occupancy of the P harly €SP y R\ . ptably
short, as is often the case for inorganic solids.

D4R units is probably slightly higher than 85%. . .

These results demonstrate that these complete analyses are N contrast to the REDOR experiment where the loss in
reliable and should work for any geometrical arrangement, |ntens.|ty ar|5|n.g.fr0m dipolar coupling is meagured,the TEDOR
provided this is known. Although in the case presented here eXperiment utilizes coherence transfer to directly observe the
(T-2 Si in octadecasil), all of theS distances were equal, the Magnetization generated, through the dipolar coupling mecha-
method outlined above accommodates different distances withinnism, and transferred from the unobserved to the observed spins.
the group of nuclei. It should be emphasized that, in general, The TEDOR signa&r (for an isolated heteronuclear spin-pair)
correct analysis of REDOR results for systems which are arising from placement of the dephasingulses at one-quarter
simultaneously dipolar coupled to two or more spins is critically and three-quarters of a rotor cycle is described by egs 14
dependent on a knowledge of not only the number of nuclei 1635%% The integration limits arex € [0, 27] andj < [0, 7],
involved but also their specific internuclear distances and nis the number of rotor cycles before the coherence transfer,
geometric relationships. If these are not known, they must be m is the number of rotor period after the transféf,= nDz,
postulated, and consequently the unambiguous nature of theand A, = mDrz;.
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S = (4n) " [ [sin[A®(a, B, 4] SIN[AD,,

(o, B, 2, )] sing dB dau (14) ” (@ n=2
where . e
AD (o, B, A,) = 322 ], sinB cos cosx (15) ! a7 °
and
Sy
A®D (o, B, A) =322 _sinfcoPBcosu  (16) (b) n=4

Theoretical TEDOR Curve Families and Experimental
Considerations. Several families of theoretical TEDOR curves POL i i
were simulated using the appropriate analytical functfdns.
These included variation of with m fixed for different values
of m, n fixed with m varied, different rotor speeds, dipolar
couplings, and several values of the parameter used to “dampen”
the curves to account for the homogeneots (ecay that (c)n=6
occurs after the coherence trangferThe position of the initial
maximum in the curves is shifted to higher number of rotor
periods as the spinning rate increases or as the magnitude of 4 8 12 T
the dipolar interaction decreases. Calculation of a series of
curves with appropriate parameters corresponding to the ex-

St

Sy AN

perimental conditions prior to beginning TEDOR experiments AN

proved to be a valuable aid for determining the best experimental ' \ d n=2
variables to use. For a given spin system certain valuesof \\

mmay be preferable depending on nuclear relaxation parameters AN -

and experimental constraints. Variationrofwith n fixed can AN . ./'7‘""::
provide more data points in the region of the first maximum of 4 “Nhr 2 R
the curves where signal intensities are generally of higher m (Rotor Periods AFTER Transfer)

accuracy if refocussing is not u§eq in the second part of the Figure 8. TEDOR data and dipolar coupling®) determined from
pulse sequence. If possible, it is best to acquire severalpgpjinear least-squares fitting of the curve for the T-1 silicon site by
“periods” of the oscillation to verify the accuracy of tti2 varying m with n fixed and all dephasing pulses appliedzd@t and
values. 3r/4. (a)n = 2, spinning speed 4.770 kHB, = 1131 Hz, (b)n = 4,

A simple alternative available for optimizing the experiments spinning speed 4.770 kHB, = 1100 Hz and (ch = 6, spinning speed
for a specific sample is to use different spinning speeds, and5.244 kHz,D = 1077 Hz. (d) Indication of the accuracy of the fit for
another option is to change the positions within each rotor cycle N = 2, spinning speed 4.296 kHz. The curves were calculated assuming
where the dephasing-pulses are applied. For example they dipolar couplings of 1000 Hz (dashed line), 1100 Hz (solid line), and
can be atr/3, 2r,/3 before coherence transfer andd, 3r,/4 1200 Hz (dotted line). An exponential dampenlng of 70_Hz was applied
after or atr,/4, 3r,/4 before transfer and/5, 4r,/5 after. If the o all curves to account fofl; decay during the period after the

: ; . coherence transfer pulses.

pulses are shifted from/4 and 3,/4, appropriate theoretical
functions must be determined, and numerical integrations areof rotor cycles after coherence transfer, increments of 1, 2, 3,
required to calculate the theoretical TEDOR curves. or more were permitted since no simultaneous refocussing

It is also important to take into consideration the nuclear s-pulses were applied in this part of the sequence. All TEDOR
relaxation parameters of the nuclei as these limit the range of experiments were performed with one of the silicon signals set
n or m values that will give viable signal intensities. During exactly on resonance.

the period before coherence transfer, the sgpin relaxation TEDOR Experiments on the Silicons in the D4R (T-1 Si).
rate, T,, of the source nuclei (e.gt%) is important, and after ~ TEDOR data obtained for the T-1 silicons with all dephasing
the transfer it is thél, of the observed nuclei (e.g%Si) that pulses atr,/4 and 3,/4 with the number of rotor cycles after

limits the maximum time (and thus the number of rotor periods) the coherence transfer varied, and the number of rotor cycles
after coherence transfer that signal can be detected. Becauséefore fixed are presented in Figure 8 for severahlues. The

the TEDOR pulse sequences used in the present work all containoverlaid theoretical curves were calculated from nonlinear least-
an additionalr-pulse which generates a spin-echo, itisather squares fitting assuming a singf—2°Si spin-pair. Because

thanTy* for the source nuclei that is important. the TEDOR signal intensityr is not normalized as it is for
19F—-29Sj TEDOR Experiments. Variations of the TEDOR REDOR experiments, the experimental intensities were scaled
experiment included the application @fpulses ort®Si, or 1°F to match the maxima of the theoretical curves. In order to obtain

before the coherence transfer pulse, varying the spinning speeda good match to the experimental intensities at higher numbers
the position of the pulses, and the number of rotor cycles before of rotor periods, the theoretical curves were also dampened by
and after the transfer pulse. The pulse sequences used fomultiplying them by an exponential factor corresponding to 70
experiments (Figure 7) were such that the minimum increment Hz to account for homogeneous spispin decay during the
allowed for the number of rotor cycles before coherence transfer period after transfer which is consistent with the obseR?&i

was two because of the use of the simultanestpulses to line widths (FWHH~ 60 Hz). During the analysis of data from
form an echo to ensure that the chemical shifts are refocusseddifferent TEDOR experiments, this dampening factor was found
at the transfer point. Larger increments are possible but only to vary slightly, but typically it was in the range 6D 20 Hz.

in even numbers of rotor cycles, 4, 6, 8, etc. For the number Figure 8d shows T-1 Si TEDOR data for= 2 andm varied
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Sr

(b) m=2

n {Rotor Periods BEFORE Transfer)

Figure 9. TEDOR data and dipolar coupling®) determined from
nonlinear least-squares fitting of the T-1 silicon behavior as a function
of n for different (fixed)m values. The spinning rate was 4.540 kHz,
and all dephasing pulsesat4 and 3,/4. (a)m=1,D =1176 Hz, (b)
m=2,D = 1207 Hz, and (cjn = 3, D = 1213 Hz. (d) Indication of

the sensitivity of the fit form = 2, spinning speed 5.244 kHz. The
curves were calculated assuming dipolar couplings of 1000 Hz (dashed
line), 1100 Hz (solid line), and 1200 Hz (dotted line). An exponential
dampening of 70 Hz was applied to all curves to accounffatecay
during the period after the coherence transfer pulses.

together with theoretical curves calculated assuming dipolar
couplings of 1000 Hz (dashed line), 1100 Hz (solid line), and
1200 Hz (dotted line). Clearly the quality of the fits is excellent,
with less than 100 Hz uncertainty D.

Figure 9 shows the data obtained for the T-1 Si whewvas
varied andm was fixed. The experimental data again agree
closely with the theoretical curves determined from nonlinear

J. Am. Chem. Soc., Vol. 119, No. 50, 19971

Table 3. Comparison of the Dipolar Coupling®) and *9F—2°Si
Interatomic Distances) for Octadecasil Determined by Various
Method$

method
T-site parameter TEDOR REDOR X-ray?
T-1 D/Hz  1130(50) 1150 (50) 1234 (5)
(Siin D4R) riA 2.70(0.04) 2.69 (0.04) 2.630 (0.003)
T-2 D/Hz 120(20y 120 (20§ 122 (5)
(Sinotin D4R) /A 5.7 (0.4 5.7(0.4} 5.688 (0.003)

aDipolar couplings determined from nonlinear least-squares fitting
of experimental data and internuclear distances calculated from these.
b Distances determined from the single crystal X-ray data of Caullet et
al?8 and dipolar couplings calculated from the&®ipolar couplings
determined from visual fitting of experimental data and internuclear
distances calculated from the$eStandard deviation estimated from
visual fittings.® Standard deviations are given in parentheses.

(a)

St

mDrt,

(b)
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mDr=,
Figure 10. TEDOR data and fits for the T-1 Si with all of the
dephasing pulses before coherence transfed4aand 3,/4 and those
after the transfer positioned at (a)5, 4z,/5 and (b)z./6, 5,/6. The
number of rotor periods before transfer was fixed am2yas varied
as indicated, and the spinning speed was 4.285 kHz. The theoretical
curves were calculated for a dipolar coupling of 1100 Hz with an
exponential dampening of 70 Hz to account Terdecay.

fitting. Furthermore, because in these experiments there areto that found from REDOR experiments, and both techniques

more “periods” of the oscillation to fit, these represent a quite
stringent test of the fit of the experimental data to the
theoretically predicted behavior. To our knowledge this is the
first time TEDOR experiments have been reported wihexas
varied andm fixed. There was no discernible difference
between TEDOR experiments performed with the dephasing
pulses before the coherence transfer on eiP@iror 1°F.
Weighted, nonlinear fittings of the TEDOR experiments with
all dephasingr-pulses at,/4 and 3,/4 yielded an average value
of D = 1130 Hz with a standard deviation of 50 Hz for the
silicons in the D4R units. From these values the-ISi
interatomic distance was calculated to be 2:70.04 A, which
is slightly longer than the value of 2.63 A reported from the
diffraction measuremerfsbut still in very good agreement.
As seen from Table 3, the SF distance for the T-1 silicons
determined from TEDOR experiments is in very close accord

have comparable accuracy.

Moving the Dephasing Pulses.The TEDOR data obtained
by changing the positions of the dephasing pulses frgh
3r/4 required integration of the appropriate functions describing
the dipolar interactions and subsequent numerical point-by point
integration of those functions. Results from these experiments
were plotted versus the dimensionless paramigter nDz; (or
Am = mDt;) so that “universal” curves (for isolateldS spin
pairs) were obtained that could be used for fitting data acquired
at different spinning speeds. The resulting curves (calculated
usingD = 1100 Hz and 70 Hz dampening) showed very good
agreement with the experimental data. Figure 10 shows data
for the T-1 Si and the theoretical curves for TEDOR experiments
performed with the dephasing pulses moved tot(&, 4r,/5
and (b)z,/6, 5t,/6 after the coherence transfer. The dephasing
pulses were at/4 and 3,/4 before the transfer. The dipolar
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coupling determined from experiments performed with the motions of these direct determination of the dipolar couplings
pulses moved from/4 and 3,/4 was generally less (by about cannot be achieved as it can for isolated spin-pairs, and the
50 Hz) than that determined for other TEDOR experiments and experimental data must be fit to a model structure.
probably indicates that moving the pulses yields a less efficient  Simulations with various clusters of spins have shown that
TEDOR experiment. the dephasing is typically dominated by the closest heteronuclear
TEDOR Experiments on the Silicons notin the DAR (T-2  contacts when homonuclear interactions are ignored. If an
Si). TEDOR data for the T-2 Si (not shown) was also well fit accurate model which specifies the positions (and motions) of
by theoretical curves calculated for a tetrahedral arrangementy| the spins within a cluster can be proposed, then distances
of four fluorides about a central T-2 silicoD = 120 Hz) using  from observed spins to multiple heteronuclear dephasing spins
mu|t|p|e Sp|n anaIyS|S ana|Ogous to that Out“ned above. ThIS may be inferred_ Such a mode| must exp||c|t|y inc|ude the
corresponds tar = 5.71 A in good agreement with that number of spins, any motional averaging, the statistical prob-
determined from the crystal structure and the REDOR experi- apjlity that each site is occupied by an NMR-active isotope,
ments. If an isolateé’Si—*F spin-pair was assumed, nonlinear e relative spatial arrangement, and the heteronuclear distances.
least squares fitting to the TEDOR data for the T-2 Si yielded The quality of the model will be determined by the consistency
a value ofD = 205 Hz, which corresponds to a-F distance  of the theoretical curve to account for the experimentally
of 4.78 A, much less than that known from the crystal structure. gpserved behavior as a function of dephasing time. Because
This result ag_ain illustrates t_he_ danger of obtain_ing incorrect the dephasing predicted for different geometries can be very
internuclear distances from fitting TEDOR experimental data gjmilar at short dephasing times, it is generally important that
if more than two spins are present and the fitting assumes only 4ata be acquired at sufficiently long dephasing times to permit
a single, isolated spin-pair. discrimination between different models. However, other
problems associated with the use of long dephasing times such
as poor signal-to-noise, relative motions of the spins, and
High resolution solid-state NMR experiments can yield significant dephasing from more distant spins may complicate
considerable information on zeolite framework structures and these analyses. In framework/sorbate hagtest systems,
the geometry of hostguest complexes with fluorine-containing  sorbate motions such as diffusion and reorientation will often
species. The results indicate that accurate, reliable, interatomicoccur at ambient temperatures on the many milliseconds time
Si—F distances for isolated spin-pairs can be determined from scale of the REDOR and TEDOR experiments. However, only
the magnitude of the®F—2°Si dipolar coupling constants in unique situations can such slow motions be detected by
determined from REDOR and TEDOR experiments as sum- NMR,”” and caution should be exercised when implementing
marized in Table 3. them in this area.

REDOR experiments yield normalized intensities which are  Reliable distance determinations for multiple spin systems
useful for testing the goodness of the fit of experimental data may only be obtained with knowledge of the spin cluster
to the theory and even in the present case for estimating thegeometry, as demonstrated in the present work. If unambiguous
percentage occupancy of the D4R units by fluoride ions. distance determinations are needed, the system under investiga-
TEDOR experiments eliminate unwanted background signals tion should be prepared in a manner that will produce isolated
arising from observed nuclei which are not dipolar coupled to spin-pairs (e.g., by isotopic dilution) if at all possible. The
the heteronuclear spins and can provide additional advantagegyyantitative distance information determined frofif—29Si
because of the larger number of experimental variables availableTEDOR and REDOR NMR enables the precise locatiotf
and the corresponding increased flexibility to accommodate large containing species within framework structures. Such experi-
Ty or small T, values of either nucleus. An advantage of ments could be extended to determifE—31P interatomic
TEDOR experiments over REDOR is that it is possible to extend gjstances in aluminophosphate molecular sieves (A#)@ith
them to 2-D correlation experimerfts?>67.® This could be very  fiyorine-containing guests and to other framework/sorbate-host

useful in cases where there are several resonances for both nuclgjyest complexes. A number of such systems are currently under
as it should permit a differentiation between the connectivities. jnyestigation.

This will be important for three-dimensional hegiuest struc-
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accurately from REDOR and TEDOR experiments. However,
because there is a strong dependence on the number of spingA9701873
involved as well as the specific geometrical arrangement and

Conclusions
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