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An experimental strategy has been developed for measuring
multiple dipole–dipole interactions in inorganic compounds using
the technique of rotational echo double resonance (REDOR)
NMR. Geometry-independent information about the dipole cou-
plings between the observe nuclear species S (arbitrary quantum
number) and the heteronuclear species I (spin-1

2) can be conve-
niently obtained from the experimental curve of DS/S0 versus
dipolar evolution time by limiting the analysis to the initial data
range 0 < DS/S0 < 0.30. Numerical simulations have been carried
ut on a three-spin system of type SI2 in order to assess the effect

of the I–I homonuclear dipole–dipole coupling and the influence
of experimental imperfections such as finite pulse length and
misadjustments of the 180° pulses applied to the I-spin species.
The simulations show further that within the initial data range the
effects of such misadjustments can be internally compensated by a
modified sequence having an additional 180° pulse on the I chan-

el in the middle of the dipolar evolution periods. Experimental
27Al{31P} REDOR results on the multispin systems Al(PO3)3,
AlPO4, [AlPO4]12(C3H7)4NF, and Na3PO4 confirm the general util-
ity of this approach. Thus, for applications to unknown systems
the compensation strategy obviates calibration procedures with
model compounds. © 2000 Academic Press

Key Words: REDOR; heteronuclear dipole–dipole interaction;
MAS; second moment; phosphates.

INTRODUCTION

The technique of rotational echo double resonance
DOR) (1) remains one of the most powerful experime
approaches for quantifying the strength of heteronuclea
pole–dipole interactions under conditions of high-resolu
solid-state NMR. The substantial potential of this techniqu
deriving unambiguous distance information is well-do
mented in the literature, in particular for cases of isolated
of spin-12 nuclei, where the theoretical description is particul
simple (2). Extensions to more complex spin systems have
been discussed, both from theoretical and from experim
points of view. In particular, various authors have treated
dephasing of coherence associated with an observe-spiS in
the dipolar fields of multiple spinsI in some detail (3–6). In
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general, the plot of signal attenuationDS/S0 versus dipola
evolution timeNTr (number of rotor cycles times rotor perio
the so-called REDOR curve, depends sensitively on the
lecular geometry of the spin systems involved. To avoid t
complications, Gullion and Pennington have proposed
u-REDOR approach which reduces the multiple-spin prob
to a two-spin problem on a probabilistic basis, but results
attenuation of the overall effect (7). Alternatively, our detaile
simulations of standard REDOR behavior in spin systems
multiple dipolar interactions have shown that in the limit
short dipolar evolution times the dependence of the RED
curve on molecular geometry is minimized (6). The genera
necessity of including the homonuclearI–I dipole–dipole in
teractions into simulations of such REDOR curves was
pointed out by Goetz and Schaefer (8). Also, the specia
complications involved when extending the technique to
systems including quadrupolar nuclei have been discu
(9, 10). A principal motivation for studying such effects
detail stems from the desire of quantifying dipolar coupling
systems of unknown spin order and geometry, such a
frequently encountered in disordered inorganic systems
glasses. Indeed, the principal utility of REDOR to prov
qualitative and semi-quantitative structural information
glasses has been independently demonstrated in several
studies (11–16).

Most recently, we have shown that also for multiple-s
systems involving quadrupolar nuclei the initial parts of
DOR curves (data range 0# DS/S0 # 0.3) can beconve-
niently analyzed in terms of van Vleck’s second mom
information, even if the order and geometry of the spin sys
is completely unknown (14). In practice, however, the sign
icance of any REDOR analysis largely depends on the fid
of the experimental REDOR curves. There are imperfec
such as finite pulse lengths, radiofrequency (RF) inhomog
ities, and drifts, as well as resonance offset effects, all of w
effectively produce pulse-angle missets. The generally
cepted best-effort approach for accounting for such impe
tions is to calibrate the method on the basis of model c
pounds in which the dipole–dipole coupling constants
directly calculable from crystallographic information. Us
this strategy, we have recently extracted some valuable
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171COMPENSATED REDOR NMR APPLIED TO INORGANIC PHOSPHATES
mation on intermediate range structure in sodium alumin
rate glasses from REDOR data (14). Still, the question remain

s to what extent calibration factors determined for m
ompounds are applicable to unknown systems, in whic
pin dynamics (spectral dispersion, magnitude of dipolar
uadrupolar interactions, etc.) may or may not be compar

n the present contribution, we demonstrate a simple com
ation method that significantly improves the fidelity of R
OR data and lends itself to the reliable measuremen
econd moments without the need for external calibration
ill at first establish the method by numerical simulations
ubsequently test it on some crystalline phosphates, incl
l(PO3)3, AlPO4, [AlPO4] 12(C3H7)4NF, and Na3PO4. The re-

sults obtained delineate the conditions under which this
nique can be successfully applied to amorphous systems

BACKGROUND

REDOR NMR. The pulse sequences shown in Figs. 1a
1b constitute the REDOR experiments commonly carried
for the measurement of heteronuclear dipole–dipole cou
constants. We will call the sequences of Figs. 1a and 1
REDOR sequence and the spin-echo sequence, respectiv
as in the present application, dipole–dipole couplings betw
spin-12 nuclei (31P) and quadrupolar nuclei (27Al or 23Na) are to
be measured, the quadrupolar spin species is generally c
for signal observation (S channel) (17). This choice eliminate

FIG. 1. Pulse sequences used within this study. Pulse sequences
(b) constitute the ordinary REDOR experiment. Pulse sequence (c) se
provide an empirical correction for pulse imperfection, abbreviated a
dummy echo sequence in the text.
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ystematic errors arising from ill-definedp pulse lengths due
distributions of nutation frequencies in powder samples18):
Provided that proper phase cycling is implemented, the p
dure ensures that only nuclei subjected to the desired cohe
pathway of a Hahn spin echo sequence contribute to the s
This echo signal suffers attenuation by the 180° pulses o
I channel, the extent of which depends on the dipolar evol
time NTr and the strength of the heterodipolar interact
Assuming negligible homodipolar interactions amongI spins
the REDOR fractionDS/S0 5 (S0 2 S)/S0 is given by

S0 2 S

S0
5 1 2

1

8p 2 E P
j51

n

~cosQ j!dV. [1]

ereS andS0 are the echo intensities measured by the p
sequences shown in Figs. 1a and b,V is the solid angle fo
powder averaging;Q j describes the dipolar dephasing ass-
ated with a particular dipolar vectorS–I j , which is a function
of NTr, dipolar coupling constants, and the relative orienta
of S 2 I j with respect to a reference frame.

Dummy echo sequence.The pulse sequence shown in F
1c plays the key role in our proposed experimental stra
This pulse sequence is identical to that of Fig. 1a except fo
presence of an additionalp pulse on theI channel in the middl
of the overall dipolar evolution period. The effect of t
additional pulse is to keep the sign of the heteronuclear dip
dipole interactions unchanged in the middle of the evolu
period. As a consequence, the dipolar dephasings in the
half and second half of the evolution period become iden
in magnitude but opposite in sign (19), leading to the result th
the echo intensities are identical for the pulse sequences s
in Figs. 1b and 1c under perfect experimental condition
practice, however, the pulse sequence of Fig. 1b is a lot
robust and less susceptible to pulse imperfections than tho
Figs. 1a and 1c. In fact, the echo intensity measured b
latter two sequences is significantly affected by experim
imperfections such as finite pulse width and RF inhomoge
(vide infra). For ease of discussion, we call this pulse sequ
(Fig. 1c) the “dummy echo” sequence and denote the as
ated echo intensity asS9.

EXPERIMENTAL

Sample preparation and characterization.Al(PO3)3 and
AlPO4 (a mixture of polymorphs: low-cristobalite and berlin
were purchased from ALFA and dried at 125°C before
[AlPO4]12(C3H7)4NF was a gift from Professor Ferdi Sch¨th
at Max-Planck-Institut fu¨r Kohlenforschung and its structure h
been described in the literature (20). Na3PO4 was prepared b
solid-state reaction of Na2CO3 and Na4P2O7 using a previousl
eported procedure (21). The samples were characterized by s
ard 27Al and 31P MAS-NMR spectroscopy, reproducing the-
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172 CHAN AND ECKERT
sults reported in the literature (20, 22, 23). The 27Al and 23Na
TQMAS methods (24) were used to extract the quadrupo
arameters of Na3PO4, AlPO4, and [AlPO4]12(C3H7)4NF. In ac-

cordance to the finding of Fyfeet al.we observed both four- an
six-coordinated aluminum sites for [AlPO4]12(C3H7)4NF, indicat-
ing the presence of water molecules (25).

Solid-state NMR experiments.Solid-state NMR exper
ents were carried out at 130.3, 132.3, and 202.5 MHz for27Al,

23Na, and31P, respectively, on a Bruker DSX 500 spectrom
equipped with a 4-mm Bruker double resonance probe. Th
mutation frequencies employed for the27Al, 23Na, and31P spins
were 27.7, 41.6, and 135 kHz, respectively, measured on
samples. Saturation combs were applied before the rela
delays for all REDOR experiments except for
[AlPO4]12(C3H7)4NF measurements. Relaxation delays were-
usted to 1.5 to 5 s. Typically, 128 transients were accumulate
ach measurement. The isotropic chemical shifts of27Al, 23Na,

and31P were referenced to 1 M AlCl3, 1 M NaCl, and 85% H3PO4

solutions, respectively. REDOR pulse sequences shown in
were used in conjunction with theXY-8 phase alternation sche
26). Samples were packed into the middle1

3 of the rotor volume
o optimize RF homogeneity. Phase cycling of 16 steps for
cho measurement was employed for the observe channe27).

Optimump pulses for the decoupling channel were set by m
imizing the REDOR difference signalDSat a chosen dephasi
time. Spinning speeds at the magic angle were stabilized w
2 Hz.

Numerical simulations. REDOR simulations ofSI2 sys-
ems, taking the geometry of an equilateral triangle (side
-Å length), were carried out using the SIMPSON pack
eveloped by Bak and Rasmussen (28). This package is
eneral computer routine applicable to virtually all kinds
olid-state NMR experiments. The evolution of the den
atrix under time-dependent internal Hamiltonians is ca

ated for incrementally small steps during which the Ham
ian is considered time-independent. For our simulation
aximum time step (maxdt) over which the Hamiltonian
pproximated to be time-independent was set to 1ms. A

powder averaging scheme containing 320 REPULSION a
(29) (alpha and beta) and 36 gamma angles was ch
Simulations were done on the basis of the pulse sequ
shown in Fig. 1. Finite pulse widths were assumed, and e
imental imperfections were mimicked in terms of angle m
settings from the ideal value of 180° for theI spins. All the
calculated FIDs contained negligible imaginary contribut
and the initial amplitudes of the real parts were taken
REDOR analyses. Relaxation effects were ignored. Data
vergence was checked by repeating selected calculations
smaller maxdt and more extensive powder averaging sche

RESULTS AND DISCUSSION

Effects of homonuclear dipole–dipole interactions.The
hosen13C(31P)2 equilateral three-spin system is character
r
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by sizable heteronuclear and homonuclear dipole–dipole
pling constants of comparable magnitude (453 and 731
respectively). Figure 2 demonstrates the effect of homonu
dipole–dipole interactions to REDOR curves in this system
accordance to the findings of Goetz and Schaefer (8), the
homonuclear dipolar interaction has a significant influenc
longer dipolar evolution times; however, it does not appre
bly affect the REDOR curves within the data range 0#
DS/S0 # 0.3 even at the condition of rotational resonance.
same conclusions were obtained in an analogous simulat
the dummy echo responses (sequence in Fig. 1c). Thu
conclude that it is generally not necessary to conside
homonuclearI–I dipolar interaction in the simulations, wh
the analysis focuses on the initial REDOR data range,
DS/S0 , 0.30. Therefore, all of the subsequent numer
alculations in the present study have been carried out wi
onsidering the effects of homonuclear dipole–dipole inte
ion. (In specific cases, the validity of this assumption
onfirmed by appropriate repeat calculations in which
omonuclear couplings were explicitly included.)

Effects of finite pulse width and angle misset effects.Thus
ar, all the analytical expressions developed for the analys
EDOR data assume that the pulses take the form of

unctions. Numerical calculations were carried out to asses
ffects of finite pulse lengths and angle misset (as caused
y RF inhomogeneity or by resonance offsets) for the equ
ral 13C(31P)2 spin system described above, based on he-
uclear dipole couplings only. The solid lines in Fig. 3 den

he ideal REDOR curves obtained for delta pulses. Figur
eveals that as the duty cycle (ratio of the pulse duratio
otor period) increases, the difference between the numer

FIG. 2. Calculated13C{ 31P} REDOR curves at different spinning spe
or a CP2 system taking the geometry of a equilateral triangle. The simula
assume no13C chemical shift, a31P chemical shift difference of 6 kHz, and

F field strength of 100 kHz. The solid line was calculated assumin
31P–31P homonuclear interaction. Note that the curve calculated for a spi
speed of 6 kHz corresponds to the condition of rotational resonance.
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173COMPENSATED REDOR NMR APPLIED TO INORGANIC PHOSPHATES
calculated and the ideal REDOR curves becomes more s
icant. Nevertheless, Fig. 3a illustrates that the delta-puls
proximation remains valid as long as the duty cycle is less
10%. Similar results are also found by Schmidt and Vega30).

n the other hand, Fig. 3b shows that RF inhomogeneity
ave a more significant effect on the REDOR curves. De

ions from perfectp pulses tend to reduce the REDOR fr
tions considerably (31). Qualitatively, this effect can be e

lained by the fact that imperfectp pulses only invert th
heterodipolar coupling constants for a fraction of spin pair
that the net dipolar dephasing becomes diminished. Si
cantly, we note that RF inhomogeneity also has substa
effects on the signals obtained by the dummy echo sequ
When the amplitudes of the dummy echoesS9 are calculated a

EDOR fractions of the spin-echo amplitude, i.e., (S0 2
S9)/S0, we observe a significant difference signal as the-
lution time increases (Fig. 3b, solid symbols). This differe
signal can be explained in terms of a probabilistic pict
Consider the dummy echo sequence in Fig. 1c. If we deno
imperfectp pulse as a pulse with flip anglep 1 u, the fraction
of the spin system that undergoes perfect inversion wou
equal to [(11 cosu )/ 2] n (n denotes the number ofp pulses)
This probability decreases as the number of inversion p
increases, and hence a nonvanishing echo attenuation
served.

Compensation for pulse inhomogeneity.Under ideal con
ditions, the dummy echo and the spin-echo pulse sequenc
equivalent and would give identical echo signals for a pa

FIG. 3. Simulated difference signals under nonideal conditions for a13C(3

lines denote the REDOR curves calculated by the analytical equation foSIn s
Tr denote thep pulse duration and the rotor period, respectively. (b) Effe

ngleu indicates deviations from a perfectp pulse. The open and solid sym
uty cycle was set at 0.05.S*, S0, andS9 denote the echo intensities mea
if-
p-
n

ill
a-
-

o
fi-
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ce.

o
e
.
an
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are
f

spin-12 species (S9 5 S0). In real NMR experiments (finit
pulse widths, RF inhomogeneity, etc.), our simulations s
that the intensity of the dummy echo signal deviates from
of the spin-echo (see Fig. 3b). Note that the extent of
dummy echo attenuation is comparable to the deviation
tween the REDOR fractions with and without the effects of
inhomogeneity, at least for the initial 30% regime. This ef
suggests that we can compensate for imperfections in e
mental REDOR curves by coadding both difference signa
some manner.

To evaluate this empirical correction quantitatively, in F
4a we plot the normalized difference between the RED
curves with and without the effects of RF inhomogeneity,S*
2 S)/S0, against the corresponding dummy echo differe
amplitudes, (S0 2 S9)/S0 (under ideal conditionsS9 5 S0).
For small pulse angle missets (,1°), both the deviation and th
compensation effects are negligible, but as the misset
proach 5° the effects become noticeable. Only data corres
ing to the initial 30% data range of the REDOR curve
included. Figure 4a illustrates that the magnitudes of the
perimental deviation and the empirical compensation ar
deed proportional to each other. Simple coaddition of
signals will produce no perfect compensation. From the s
of the least squares fit to the simulation data we can deter
however, that a full compensation can be accomplished
the coaddition process the dummy echo difference sign
weighted by a calibration factora, where the exact value ofa
depends on the ratio ofR 5 p pulse length/rotor period.

system as described in the text. Spinning speed was set at 10 kHz. Th
system (Eq. [1]). (a) Effects of pulse durations on the REDOR curve.pp and
of pulse angle imperfections on REDOR and dummy echo difference s
ls denote the REDOR and the dummy echo difference signals, respect

red by the pulse sequences of Figs. 1a, 1b, and 1c, respectively.
1P)2

rpin
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174 CHAN AND ECKERT
S0 2 S*

S0
1 a

S0 2 S9

S0
< 1 2

1

8p 2 E P
j51

n

~cosQ j!dV

[2]

In experimental REDOR studies, it is a standard practic

FIG. 4. Correlation of the REDOR deviation and the dummy echo diff
east squares fit to the data, whose slope is equal to the numerical facta in
a) No phase cycling for thep pulse trains,a 5 1.31. (b)XY-4 phase alte
to

phase cycle thep pulse trains in order to avoid the accumu
tion of flip-angle errors (26). To examine the effect of th
phase cycling on our compensation scheme, additional nu
ical simulations were carried out. Comparing Figs. 4a and
it is obvious that a simpleXY-4 phase cycling of thep pulses

reatly reduces the deviation of the REDOR data and ex

nce signal for various extents of pulse angle imperfections. The solid line
. [2] of the text. Simulations refer to values ofR 5 pulse width/rotor period
tion,a 5 0.955. (c)XY-8 phase cycling,a 5 1.35.
ere
orEq
rna
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175COMPENSATED REDOR NMR APPLIED TO INORGANIC PHOSPHATES
the utility of our approach for a substantially larger flip-an
error (15°). In Fig. 4c, however, it is astonishing to find that
simulation results corresponding to theXY-8 phase alternatio
scheme show a significant data scattering (Fig. 4c). Neve
less, our compensation scheme remains valid atR 5 0.05.
Overall, the simulations of the present study indicate thata is
always close to unity.

Demonstration of the method on inorganic phosphates.In
this section we verify the utility of the aforementioned em
ical correction by27Al{ 31P} and 23Na{31P} REDOR measure-
ments on several model compounds with known geome

FIG. 4—

TAB
Summary of the NMR Parameters

Al(PO3)3

31P d iso [ppm] 250.7
27Al d iso [ppm] 221.6

SOQEe [MHz] 0.22
23Na d iso [ppm] —

SOQE [MHz] —
Al-Pn 6
Na-Pn —

a [AlPO4] 12(C3H7)4NF.
b Minor peak.
c AlO4.
d AlO6.
e Second-order quadrupolar effect defined ase2qQ/h(1 1 hQ

2 /3)1/2.
e

e-

-

s,

including AlPO4 (32, 33), Al(PO3)3 (34), [AlPO4] 12(C3H7)4NF
(20), and Na3PO4 (21). The NMR parameters of these co-
pounds are summarized in Table 1. Based on the ava
structural information the REDOR curves were calculate
Eq. [1] for the four-coordinated Al sites in AlPO4 and
AlPO4] 12(C3H7)4NF, for the six-coordinated Al sites
Al(PO3)3, and for the four- and six-coordinated Na sites
Na3PO4.

The uncorrected and corrected experimental REDOR c
measured at spinning frequencies of 10 and 12 kHz are s
in Fig. 5. The uncorrected curves correspond to the experi

ntinued

1
the Model Crystalline Compounds

AlPO4 AlPO4-5
a Na3PO4

4.8/226.4 230/223b 13.8
41.5 39.2c/15.8d —
1.6 2.57/3.54 —

— — 2.5/2.5/4.5/8.3/31.5
— — 2.85/2.50/3.20/1.99/3.5
4 4 —
— — 4 and 6
Co
LE
of

22



d
ct

late
d a
res
res
e,
alc
om

rm
r
se
nd
de

is
t ite

ing
t da
R vio
e bab
i F

pe

n the

i tion
p those
p ob-
s n
s ta not
s 0
D this

d by
ing
the

r-
ate

st fit
ents

d are
the

ree-
tion
data

nder ideal
r AlPO
e curve (

176 CHAN AND ECKERT
tal data obtained with the pulse sequences of Figs. 1a an
while the corrected REDOR curves have been constru
according to Eq. [2]. The data are contrasted with simu
REDOR curves assuming perfect pulses (solid curves) an
calculated on the basis of the exact distance geometries p
in the crystal structures of these compounds. The structu
the two polymorphs of AlPO4, viz. berlinite and crystobalit
were used to calculate the average REDOR curve. The c
lations included the distances to the four closest P-at
forming distorted tetrahedra around Al. For Al(PO3)3 only the
closest six P-neighbors were taken into account, which fo
distorted octahedron around Al. In Na3PO4, the average ove
the five sodium sites present was taken. Within their clo
coordination spheres, four of these sodium sites are surrou
by four P-atoms, while one of them is octahedrally surroun
with P. For (AlPO4)12Pr4NF the calculation included the d-
ances to the four closest P-atoms of the tetrahedral Al s

Clearly, Fig. 5 reveals that despite our efforts of optimiz
he RF homogeneity in our REDOR experiments, the stan
EDOR data deviate substantially from the ideal beha
xpected. The primary reason for these deviations is pro

mperfect 180° pulses on the31P channel and/or limited R
homogeneity. Note, however, that application of the com

FIG. 5. Experimental and simulated REDOR curves for four crysta
conditions using Eq. [1], based on the known distance geometry within
Na3PO4 is the average of the results calculated for the polymorphs and th
experimental data). Filled symbols: compensated REDOR difference cu
1b,
ed
d
re
ent
of

u-
s,

a

st
ed
d

.

rd
r
ly

n-

sated sequence produces substantial improvement whe
XY-8 phase cycling scheme was employed for thep pulse train
n the I channel (Fig. 1). It appears that the compensa
rovided by the dummy echo sequence is larger than
redicted in our simulation results. Similar experimental
ervations were obtained for theXY-4 phase alternatio
cheme but the data improvement is less pronounced (da
hown). For a more precise analysis within the data range,
S/S0 , 0.3, weincrease the number of data points in

region. The results compiled in Fig. 6 have been obtaine
using different spinning frequencies, while still remain
within reasonable boundaries of duty cycle, such that
ensuing variations ofR ('5%) do not produce large diffe
ences in the prefactora. The solid curves show the appropri
multispin simulation (idealized octahedron for Al(PO3)3, tetra-
hedra for the other three compounds) resulting in the be
with the experimental data. Experimental second mom
extracted from these fits are summarized in Table 2 an
compared with the corresponding van Vleck values from
crystal structure. Note that for all four compounds the ag
ment lies within 10% of the true value. In contrast, extrac
of second moments from the uncorrected experimental
(Eq. [1], Fig. 5) result in much larger deviations.

model compounds. The theoretical REDOR curves were simulated u
closest interaction sphere (see text). The REDOR curve simulated fo4 and

ultiple sites, respectively. Open symbols: uncorrected REDOR differencraw
.

lline
the

e m
rve
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177COMPENSATED REDOR NMR APPLIED TO INORGANIC PHOSPHATES
CONCLUSIONS AND SUMMARY

We have demonstrated an experimental REDOR N
method to yield reliable dipolar coupling information in m
tispin systems under nonideal experimental conditions.
simple compensation strategy (weighted coaddition of RED
and DUMMY echo difference signals) used is easy to im
ment experimentally. We have tested this method succes
by numerical simulations and experiments on crystalline m

FIG. 6. Compensated REDOR curves measured on the model comp
simulations producing the results summarized in Table 2. Idealized geo

TABLE 2
Summary of the Heterodipolar Second Moments

of the Crystalline Models

M2
IS [106 s22] Al(PO3)3 AlPO4 AlPO4-5 Na3PO4

van Vlecka 6.46 5.64 5.57 4.68b

Expt, Eq. [1]c 5.646 0.05 4.566 0.05 3.986 0.05 3.926 0.05
(87%)d (81%) (71%) (84%)

Expt, Eq. [2]e 6.666 0.05 5.406 0.05 5.056 0.05 4.376 0.05
(103%) (96%) (91%) (93%)

a Calculated second moments using the van Vleck theory, considerin
Al-P distances of the closest coordination sphere.

b Average value for the four- and six-coordinated Na sites.
c Uncorrected experimental data (Fig. 5) analyzed by multiple-spin RE

imulation.
d Values in parentheses indicate the percentage of the van Vleck val
e Corrected experimental data (Fig. 6) analyzed by multiple-spin RE

imulation.
R

e
R
-
lly
el

compounds. The empirically corrected REDOR curve can
be analyzed by either assuming ideal geometry for a kn
coordination number or more generally by the second mo
approach (6). In principle, the internal compensation descri
here obviates the use of calibration compounds to accou
experimental imperfections. For possible applications to a
phous systems, this is a decisive benefit, since it remove
basic uncertainties as to whether (i) calibration factors d
mined for crystalline model compounds can be propagate
(ii) the experimental conditions of separate REDOR run
different materials (to be compared with each other) w
really identical. Application of this compensated RED
NMR strategy to the quantitative structural description of
dium aluminophosphate glasses will be subject of a forthc
ing publication.

ACKNOWLEDGMENTS

We gratefully acknowledge the donation of [AlPO4] 12(C3H7)4NF from
rof. Ferdi Schu¨th at Max-Planck-Institut fu¨r Kohleforschung. J.C.C.C

thanks the Alexander von Humboldt Foundation for a personal res
stipend. Financial support of this work from the Deutsche Forschun
meinschaft (Grant Ec168/3-1), the Fond der Chemischen Industrie, a
Wissenschaftsministerium Nordrhein-Westfalen is most gratefully a
ciated. We thank Dr. Michael Witschas for the analysis of the23Na MAS
pectra of Na3PO4. We thank Mr. M. Bak for his kind assistance in o
IMPSON calculations.

ds within the data range 0, DS/S0 , 0.30.Solid curves represent best-fit multis
tries (octahedron and tetrahedron) were assumed in the simulations.

he

R

R

oun
me



1

1

1

2

2

2

3

178 CHAN AND ECKERT
REFERENCES

1. T. Gullion and J. Schaefer, Rotational-echo double-resonance
NMR, J. Magn. Reson. 81, 196–200 (1989).

2. Y. Pan, T. Gullion, and J. Schaefer, Determination of C–N internu-
clear distances by rotational-echo double-resonance NMR of sol-
ids, J. Magn. Reson. 90, 330–340 (1990).

3. A. Naito, K. Nishimura, S. Tuzi, and H. Saitô, Inter- and intra-
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