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We report 13C–27Al double resonance experiments (REDOR and
RAPDOR) on several aluminum organic compounds with the
im of detecting 13C–27Al dipolar couplings and distances in solids.
he 13C and 27Al pulses are applied to the same probe channel
ecause their resonance frequencies are in close proximity. The
ifferent possibilities of controlling the efficiency of the TRAP-
OR approach (by varying the 27Al RF amplitude and the MAS

requency) are investigated. The results indicate that TRAPDOR
s superior to REDOR in resolving differences in 13C–27Al dis-
ances when choosing the proper experimental conditions. Where
nown, the crystal structure data are in qualitative agreement with
he distance information extracted from our experiments. The
xperiment should be very valuable in different fields of solid state
hemistry, where the interaction of organic and inorganic sample
ractions is of fundamental importance. © 1999 Academic Press

INTRODUCTION

The measurement of internuclear distances and conne
ies in high resolution solid state nuclear magnetic reson
as become one of the most powerful tools for the struc
haracterization in a wide variety of materials. Double re
ance techniques such as transfer of populations in d
esonance (TRAPDOR) (1–4), rotational echo double res
ance (REDOR) (5–7), and rotational echo adiabatic pass
ouble resonance (REAPDOR) (8, 9) have been successfu
mployed in the structural characterization of zeolites (10–15),
lasses (16, 17), and catalysts (18). Hardware requiremen

imit the application of these methods toI andS nuclei, whose
esonance frequencies differ by at least 10 MHz. Thus
tudy of heteronuclear dipolar interactions among nuclei w
esonance frequencies lie within the above-mentioned r
for example,23Na–51V, 23Na–27Al, 13C–27Al) seems to be ex
luded. Especially the combination13C–27Al attracts much
ttention because of its predominant importance in stud
ost/guest interactions in catalytically relevant systems.
ecent paper we introduced a modified TRAPDOR experim
o detect dipolar couplings between these two nuclei (19). The
xperiment, in which the pulses for the13C and27Al frequen-
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ies are applied to the same probe channel, was succes
esolving differences in the three different13C–27Al distances
n the chosen model compound, aluminum lactate.

In the present paper we examine the opportunities of
rolling the magnitude of the TRAPDOR effect (i.e., maxim
ng the TRAPDOR difference signal and sensitivity) and c
are the results with those obtained using modified RED
pectroscopy. Since the TRAPDOR efficiency depends o
uadrupolar coupling strength of the27Al nuclei, different
odel compounds with quadrupolar coupling constants r

ng from 3.0 to 8 MHz are studied.

EXPERIMENTAL

The samples, aluminum lactate (Al(lact)3), aluminum acetyl
cetonate (Al(acac)3), and hydroxylaluminum diaceta
Al(Oac)2OH) were purchased from Aldrich and used with
urther purification. Aluminum triacetate was synthesized
ollows: 9.4 g Al(OEt)3 (Aldrich) was mixed with 50 ml acet
nhydride and refluxed at 150°C for 5 h. The precipitate
ried in vacuoat 100°C.
The TRAPDOR and REDOR NMR experiments were p

ormed on a modified Bruker CXP 200 spectrometer opera
t 4.7 T, equipped with a Tecmag MacSpec upgrade.
esonance frequencies were 50.32, 52.15, and 200.13 MH

13C, 27Al, and 1H, respectively. The13C and1H radiofrequenc
ulses were provided by the spectrometer console. An ext

requency synthesizer (PTS 310) in combination with a T
ag DecKit IV was used for the generation and control of

27Al radiofrequency pulses.
The 13C and27Al radiofrequency signals were then fed in
HF switch (Mini-circuits) which could be triggered by t

ulse sequence via a TTL signal. With this setup, either th13C
ulses (low TTL signal) or the27Al pulses (high TTL signal
re passed through to the amplification stages and finally

he probe.
A standard Bruker 7 mm CPMAS probe was used in th

xperiments. Sufficiently shortp/2 pulse lengths on the13C and
27Al frequencies simultaneously were obtained in the follow

ay: The bandwidth of the resonant circuit was increase
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25113C–27Al TRAPDOR AND REDOR EXPERIMENTS
lacing a resistor parallel to the sample coil and the probe
hen tuned to the center frequency between the two reso
requencies (51.2 MHz). The resulting (liquid)p/2 pulse
engths were found to be 6 and 9ms for 13C and27Al, respec-
ively.

Figure 1 shows the pulse sequences used in this wor
hese sequences the X and Y pulses are applied to th
robe X channel. The switching between the13C (X) and 27Al
Y) frequencies is achieved by selecting one of them via th
witch. The 5 ms time delay between pulses for the t
ifferent frequencies accounts for pulse ringdown and sw

ng time.
The 27Al MAS spectra were recorded at two differe

0 field strengths on a Bruker CXP300 operating at 7
(n0

27Al 5 78.17 MHz) and a Bruker DSX 500 spectro
ter operating at 11.7 T (n0

27Al 5 130.29 MHz) using
tandard Bruker 4 mm MAS probes and spinning speed
4 kHz.

FIG. 1. Pulse sequences used in this work. (a) TRAPDOR; (b) RED
he 13C and27Al pulses are applied to the same probe channel.
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RESULTS

Standard NMR Characterization
of the Model Compounds

luminum Acetylacetonate

The 13C CPMAS spectrum of aluminum acetylacetonat
hown in Fig. 2a(i). The three carbon signals are assign
he carbonyl carbon (C2: 191.4 ppm), methylene carbon (C3:
01.6 ppm), and methyl carbon (C1: 27.8 ppm), respectivel
he geometrically and electronically very symmetric octa
ral environment imparts a rather small quadrupolar coup
onstant on the aluminum sites in this sample. This is
rmed by the27Al MAS spectra depicted in Fig. 2b(i). From
imulation of the central transition MAS spectra (not sho
e obtain a quadrupolar coupling constant of 3.0 MHz an
symmetry parameter of 0.1 (cf. Table 1).

luminum Lactate

Three signals can be identified in the13C CPMAS spectrum
f aluminum lactate (Fig. 2a(ii)) and assigned to the th
ifferent carbon atoms in the lactate molecule as follows:
ignal at 179 ppm arises from the carboxylate carbons (C1), the
omponent at 69 ppm originates in the C2 carbons, and th
esonance at 17 ppm is due to the methyl carbons (C3) of the
actate. The27Al MAS spectra (Fig. 2b(ii)) exhibit well struc
ured complicated signals. With the help of an additio
ATRAS experiment [20, 21] (not shown) we determined
uadrupolar coupling constant of approximately 5 MHz an
symmetry parameter of 0.5 (Table 1). Simulations of
entral transition MAS spectra taken at 7 and 11.7 T with t
arameters reproduce the characteristic features of the sp

luminum Acetates

The 27Al MAS spectra of the hydroxylaluminum diaceta
Fig. 2b(iii)) reveal very broad signals due to a large qua
olar coupling constant of approximately 8 MHz (estima

rom the differences of the center of gravity of the spe
aken at different field strengths). The13C CPMAS spectrum
Fig. 2a(iii)) exhibits two signals arising from the meth
arbon (at 5.3 ppm) and the carboxylate carbon at 160.9
Although aluminum triacetate could not be prepared in

orm, the NMR characterization shows that the resulting c
ound is suitable for13C–27Al double resonance experimen
he 13C CPMAS spectrum of the resulting compound (F
a(iv)) consists of two resonances at 3.7 and 158.6 ppm

27Al MAS spectra (Fig. 2b(iv)) show two features: a narr
esonance centered around 5 ppm with a quadrupolar cou
onstant of 2.4 MHz and a broad structured signal cen
round218 ppm. The compound hydrolyzes very quickly,

he broad signal probably arises from these hydrolysis p
cts.

.
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252 VAN WÜLLEN AND KALWEI
RAPDOR and REDOR Experiments

Figure 3 shows the results of a TRAPDOR experimen
l(acac)3. The top spectrum is the result of a13C CPMAS
pin echo experiment (giving rise to the signal intens
0), and the middle spectrum was obtained using the TR
OR sequence described in Fig. 1. The relative size o
RAPDOR effect for the three different carbon sites
l(acac)3, expressed as the ratio of the TRAPDOR diff
nce signal to the full echo signal intensity (S0 2 S)/S0

Fig. 3, bottom) indicate13C–27Al dipolar couplings increas
ng in the order13C1–

27Al (methyl carbon),13C3–
27Al (meth-

lene carbon), and13C2–
27Al (carbonyl carbon). Figure

eveals a plot of the TRAPDOR fraction (S0 2 S)/S0 for the
ndividual 13C resonances versus the dipolar evolution t
Tr. In this plot, the initial slope and steepness of

esulting TRAPDOR curves are roughly proportional to
ipolar coupling strengths and hence to the inverse cub

he closest13C–27Al internuclear distances.

FIG. 2. (a) 13C CPMAS spectra of the samples studied. (b)27Al MAS sp
i) Al(acac)3, (ii) Al(lact) 3, (iii) Al(Oac)2OH, and (iv) Al(Oac)3.
ectra atB0 5 7.04 and11.7 T. Spinning sidebands are indicated by aster
n

s
-
e

-

e

of

TABLE 1
13C–27Al Internuclear Distances, 27Al Quadrupole Parame-

ters and Chemical Shift Values for the Model Compounds
Al(acac)3, Al(lact)3, Al(Oac)3, and Al(Oac)2OH
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25313C–27Al TRAPDOR AND REDOR EXPERIMENTS
Figs. 5a and b compare the resulting TRAPDOR curves
hose obtained by the REDOR approach for the methyl car
Fig. 5a) and carbonyl carbons (Fig. 5b) in Al(acac)3. It is clear
rom inspection of this figure that the REDOR approac
uch less sensitive in detecting13C–27Al dipolar couplings

han the TRAPDOR approach.
Figure 6 illustrates the influence of the MAS frequency

he magnitude of the TRAPDOR effect. Shown are
RAPDOR curves for the carbonyl carbon (Fig. 6a)
ethyl carbon (Fig. 6b) of Al(acac)3 obtained for rotationa

requencies of 1, 2, and 4 kHz using the pulse sequ
escribed in Fig. 1a and varying the number of rotor cyc

n both cases the initial slope and steepness of
RAPDOR curves and hence the magnitude of

FIG. 5. Comparison of REDOR and TRAPDOR. (a) Methyl resona
b) Carbonyl resonance of Al(acac)3. Experimental details: REDOR:nMAS 5 4
Hz, p/2(13C) 5 5.0 ms, nRF(

27Al) 5 20 kHz; TRAPDOR:nMAS 5 4 kHz,
/2(13C) 5 6.5 ms, nRF(

27Al) 5 22 kHz.
FIG. 4. Plot DS/S0 versus dipolar evolution time for Al(acac)3; nMAS 5 4
Hz. p/2(13C) 5 6.5 ms, nRF(

27Al) 5 22 kHz. Filled circles, C2 (carbony
arbon); open circles, C3 (methylene carbon); open diamonds, C1 (methyl
arbon).
FIG. 3. TRAPDOR spectra of Al(acac)3 at 40 rotor cycles;nMAS 5 4 kHz.
/2(13C) 5 6.5ms,nRF(

27Al) 5 22 kHz. Top spectrum:13C CPMAS spin echo
iddle spectrum:13C–27Al TRAPDOR; bottom spectrum: TRAPDOR diffe
nce. Spinning sidebands are indicated by asterisks.
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254 VAN WÜLLEN AND KALWEI
RAPDOR effect increase with decreasing rotational
uency.
In order to obtain a more quantitative measure for
agnitude of the TRAPDOR effect we fitted the curve
n exponential functionDS/S0 5 1 2 exp(2mNTr).
enceforth, the parameterm defining the steepness of t
urves will be used as a measure for the magnitud
he TRAPDOR effect. It is clear from inspection of F
c (plot m versus 1/n rot) that the magnitude of th
RAPDOR effect is inversely proportional to the MA

requency.
The TRAPDOR results for the aluminum aceta

l(Oac)2OH and Al(Oac)3 are collected in Fig. 7. Th
l(Oac) sample was further used to study the effect of

FIG. 6. (a) PlotDS/S0 versus dipolar evolution time for the methyl carb
volution time for the carbonyl carbon (C2) of Al(acac)3 at three different M
c) Plotm versus inverse MAS frequency for the TRAPDOR curves show
arbonyl carbon; open circles: methyl carbon.
3

-

e

of

s

e

27Al RF amplitude on the magnitude of the TRAPDO
ffect. To this end, the TRAPDOR curves were recorde
ifferent 27Al RF amplitudes and fitted to the functionDS/
0 5 1 2 exp(2mNTr). The results for the two carbo
esonances, carboxylate carbon (full circles) and me
arbon (open circles) are plotted in Fig. 8. From inspec
f this figure we find a quadratic dependence of
agnitude of the TRAPDOR effect on the27Al RF ampli-

ude.
Finally, Fig. 9 shows the results of the TRAPDO

tudies on Al(lact)3. For this compound (and for A
acac)3) the crystal structure is known, allowing co
arison of the TRAPDOR results with the crystal struc
ata.

(Cof Al(acac)3 at three different MAS frequencies. (b) PlotDS/S0 versus dipola
frequencies. Solid lines are fits to the functionDS/S0 5 1 2 exp(2mNTr).
(a) and (b).nMAS 5 4 kHz, p/2(13C) 5 6.5 ms, nRF(

27Al) 5 22 kHz. Filled circles
on1)
AS
n in



O

les
A ,
a pne
( an
t ple
A the
k

m t)
b hy
d ah

d bons
a

-
t i-
n rom
t s are
f re in
q eso-
n
c -
D Å,
A )

n
2 n;
o

c -
n

4 te
c

25513C–27Al TRAPDOR AND REDOR EXPERIMENTS
DISCUSSION

verall Considerations

The TRAPDOR curves for the four different samp
l(acac)3, Al(lact)3, Al(Oac)2OH, and Al(Oac)3, in Figs. 4, 7
nd 9 show in all cases the highest initial slope and stee
largest TRAPDOR effect) for the oxygen-bound carbon
he smallest for the methyl group carbon. For the sam
l(lact)3 and Al(acac)3 these findings can be related to
nown crystal structures.
The asymmetric unit of the structure of Al(lact)3 (22) (P21,
onoclinic), consists of two different monomeric Al(lac3
uilding units; Al is coordinated by the carboxylate and
roxyl groups of the lactate molecules in a distorted oct

FIG. 7. PlotsDS/S0 versus dipolar evolution time for (a) Al(Oac)2OH at

MAS 5 2 kHz.p/2(13C) 5 6.5ms,nRF(
27Al) 5 17 kHz; (b) Al(Oac)3 at nMAS 5

kHz.p/2(13C) 5 7.0ms,nRF(
27Al) 5 19 kHz. Filled circles: carbonyl carbo

pen circles: methyl carbon.
,

ss
d
s

-
e-

ron. The mean C–Al distances for the three different car
re summarized in Table 1.
In Al(acac)3 (23) (monoclinic, space group P21/c) the struc

ure consists of isolated Al(acac)3 molecules in which alum
um is coordinated rather symmetrically by six oxygens (f

hree acetylacetonate ligands). The three C–Al distance
ound in Table 1. In both cases the crystal structure data a
ualitative agreement with the TRAPDOR results; the r
ances for the carboxylate carbon in Al(lact)3 (2.7 Å) and the
arbonyl carbon in Al(acac)3 (2.83 Å) show the largest TRAP
OR effect, followed by the C–OH carbon signal (2.85
l(lact)3) and the CH carbon resonance (3.2 Å, Al(acac3).

FIG. 8. m as a function of the27Al RF amplitude. Filled circles: Al(Oac)3

arboxylate carbon resonance; open circles: Al(Oac)3 methyl carbon reso
ance. Solid lines are guides to the eye only.nMAS 5 2 kHz,p/2(13C) 5 7.0ms.

FIG. 9. Plot DS/S0 versus dipolar evolution time for Al(lact)3 at nMAS 5
kHz. p/2(13C) 5 9.0 ms; nRF(

27Al) 5 19 kHz. Filled circles: carboxyla
arbon; open circles: C-carbon; open diamonds: methyl carbon.
2
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256 VAN WÜLLEN AND KALWEI
inally, the methyl carbon signals (3.9 Å, Al(lact)3; 4.2 Å
l(acac)3) exhibit the smallest TRAPDOR effect.

omparison TRAPDOR/REDOR

The results in Fig. 5 indicate that the TRAPDOR appro
orks far more efficiently in detecting and resolving13C–27Al

nternuclear dipolar couplings than does REDOR. This re
an be explained by considering the origins of the dip
ephasing for REDOR and TRAPDOR from a quantum
hanical point of view. In the regime of moderate pulse po
selective excitation) used in this work the REDOR27Al p
ulses invert (at least to a large extent) exclusively the p

ations of the centralu61
2& transition; therefore approximate

ne-third of the13C nuclei in proximity to 27Al experience
ipolar dephasing, thus leading to a REDOR curve levelin
ear a limiting value ofDS/S0 5 0.33. In this simplified
odel,13C–27Al intermolecular interactions are not consider
hese interactions, although with a very small dipolar coup
onstant, would lead toDS/S0 versus NTr curves with rathe
mall initial slopes but nonetheless showing full depha
DS/S0 5 1) at very long dipolar evolution times.

The TRAPDOR effect relies on the fact that the ene
evels for the27Al spin system under the relevant Hamilton

5 HQ 1 HRF 1 H offset become time dependent under MA
igure 10 shows the energies of the six different spin stat
function of the rotor period. During the zero crossings tr

er of populations may take place. As an example, spins

FIG. 10. Time dependence of the energy levels of the six different
tates forI 5 5

2 under the HamiltonianH 5 HQ 1 H offset 1 HRF (24). v1 5 50
Hz; d 5 30 kHz; nQ 5 300 kHz. The time dependence of the quadrup
plitting is given by=2 sin 2b cos(a 1 v rt) 1 sin2b cos(2a 1 2v rt). a 5
/ 2, b 5 p/6.
h

lt
r
-
r
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ff

.
g

g

y
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nating in the c1 spin state (1/=2) (u12& 1 u21
2&) (24) are

ransferred into the stateu15
2& and vice versa.

Thus, in principle all spin states are involved in popula
ransfers, and all13C nuclei in proximity to27Al contribute to
ipolar dephasing.

ontrolling the TRAPDOR Efficiency

According to Vega (24), the efficiency of the populatio
ransfer can be described by an adiabaticity parametea,
efined asa 5 nRF

2 /nQnMAS. The results illustrated in Fig. 6
linear dependence ofm on 1/nMAS) and Fig. 8 (quadrati
ependence ofm onnRF

2 (27Al)) reveal that the parameterm that
e introduced to describe the magnitude of the TRAPD
ffect is closely related to the parametera. Both exhibit the
ame dependencies onnRF, nQ, and nMAS; the parameterm
dditionally contains the dipolar interaction strength (vide

ra).
The results further disclose a procedure for maximizing

RAPDOR efficiency. Thus, optimum TRAPDOR conditio
re found at the highest possible RF amplitudes combined
elatively slow sample spinning. Of course, the proper ch
f the MAS frequency involves a trade-off between spe
esolution and TRAPDOR efficiency.

stimation of Internuclear Distances

The results presented illustrate a dependence of the m
ude of the TRAPDOR effect on the MAS frequency, the27Al
F amplitude, and the strength of the dipolar coupling of

13C–27Al spin pair. This opens up the possibility of manipu
ng the magnitude of the TRAPDOR effect and hence
ptimization of the experiment, but on the other hand com
ates comparison of data from different samples and ex
ents and extraction of13C–27Al distances.
Since it is the goal of these experiments to extract dist

nformation, we must find a representation in which the in
nce ofnMAS, nRF, andnQ is removed. If the magnitude of th
RAPDOR effect is plotted versus the adiabaticity paramea

or a specific13C–27Al dipolar interaction, then the slope of t
ata in this representation should be dominated by the di
oupling constant and hence by the13C–27Al internuclear dis
ance. Figure 11 shows such a representation for the diff
arbon nuclei of the samples studied.
The data for the methyl groups of the Al(lact)3 (3.9 Å),

l(acac)3 (4.2 Å), and Al(Oac)3 more or less show the sam
lope in this representation. This holds also for the data fo
arboxylate carbons of Al(lact)3 (2.7 Å) and Al(Oac)3. With
he exception of the Al(Oac)2OH data there seems to be
ualitative correlation between the slope in anm versusa
epresentation and internuclear distances. This approach a

rough estimate of13C–27Al distances.

n
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25713C–27Al TRAPDOR AND REDOR EXPERIMENTS
SUMMARY

13C–27Al dipolar couplings were detected using modifi
ouble resonance techniques. The pulses for both nucle13C
nd27Al) were applied to the same probe channel. The TR
OR approach proves to be much more effective in reso
ifferent dipolar coupling strengths than REDOR. TRAPD
ffers opportunities to tune the experiment to high sensit
y adjusting the rotational frequency and27Al RF amplitudes
here known, the crystal structure data are in qualita

greement with the results extracted from our experiments
resented dependence of the magnitude of the TRAP
ffect on the adiabaticity parametera is a promising approac

o the goal of extracting quantitative distance information
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