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We report *C-*Al double resonance experiments (REDOR and
TRAPDOR) on several aluminum organic compounds with the
aim of detecting *C-*"Al dipolar couplings and distances in solids.
The *C and *Al pulses are applied to the same probe channel
because their resonance frequencies are in close proximity. The
different possibilities of controlling the efficiency of the TRAP-
DOR approach (by varying the Al RF amplitude and the MAS
frequency) are investigated. The results indicate that TRAPDOR
is superior to REDOR in resolving differences in *C-7Al dis-
tances when choosing the proper experimental conditions. Where
known, the crystal structure data are in qualitative agreement with
the distance information extracted from our experiments. The
experiment should be very valuable in different fields of solid state
chemistry, where the interaction of organic and inorganic sample
fractions is of fundamental importance. © 1999 Academic Press

INTRODUCTION

The measurement of internuclear distances and connect
ties in high resolution solid state nuclear magnetic resona
has become one of the most powerful tools for the structu
characterization in a wide variety of materials. Double reso-
nance techniques such as transfer of populations in douPIe
resonance (TRAPDOR)1{4), rotational echo double reso- 0
nance (REDOR)3-7), and rotational echo adiabatic passag
double resonance (REAPDORS,(©) have been successfully

employed in the structural characterization of zeolifés+19,

glasses 16, 17, and catalysts 18). Hardware requirements
limit the application of these methodslt@ndS nuclei, whose
resonance frequencies differ by at least 10 MHz. Thus, t
study of heteronuclear dipolar interactions among nuclei whos
resonance frequencies lie within the above-mentioned ra
(for example,®Na="V, *Na-"Al, *C-'Al) seems to be ex-
cluded. Especially the combinatiofC—""Al attracts much
attention because of its predominant importance in studyiH
host/guest interactions in catalytically relevant systems. In
recent paper we introduced a modified TRAPDOR experim
to detect dipolar couplings between these two nudl8).(The
experiment, in which the pulses for th&C and*’Al frequen-
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cies are applied to the same probe channel, was successful
resolving differences in the three differeHC—'Al distances
in the chosen model compound, aluminum lactate.

In the present paper we examine the opportunities of cor
trolling the magnitude of the TRAPDOR effect (i.e., maximiz-
ing the TRAPDOR difference signal and sensitivity) and com
pare the results with those obtained using modified REDOI
spectroscopy. Since the TRAPDOR efficiency depends on tt
quadrupolar coupling strength of th@Al nuclei, different
model compounds with quadrupolar coupling constants ran
ing from 3.0 to 8 MHz are studied.

EXPERIMENTAL

The samples, aluminum lactate (Al(lagt)aluminum acetyl-
acetonate (Al(acag)) and hydroxylaluminum diacetate
(Al(Oac),OH) were purchased from Aldrich and used without
\lﬁ[thel’ purification. Aluminum triacetate was synthesized a

r}ggows: 9.4 g AI(OEt), (Aldrich) was mixed with 50 ml acetic
Ihydride and refluxed at 150°C for 5 h. The precipitate wa
ried in vacuoat 100°C.

The TRAPDOR and REDOR NMR experiments were per-
rmed on a modified Bruker CXP 200 spectrometer operatin
at 4.7 T, equipped with a Tecmag MacSpec upgrade. Tt
resonance frequencies were 50.32, 52.15, and 200.13 MHz 1
BC, #Al, and 'H, respectively. Theé’C and'H radiofrequency
pulses were provided by the spectrometer console. An exterr
frequency synthesizer (PTS 310) in combination with a Tec
ag DecKit IV was used for the generation and control of the
@I radiofrequency pulses.

nod e C and*Al radiofrequency signals were then fed into
:’g?'”: switch (Mini-circuits) which could be triggered by the
pulse sequence via a TTL signal. With this setup, eithef{@e
Ises (low TTL signal) or thé’Al pulses (high TTL signal)

e passed through to the amplification stages and finally in

etrti'te probe.

A standard Bruker 7 mm CPMAS probe was used in thes
experiments. Sufficiently short/2 pulse lengths on théC and
?’Al frequencies simultaneously were obtained in the following
way: The bandwidth of the resonant circuit was increased b
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Standard NMR Characterization
of the Model Compounds

contact

pulse Proton decoupling

a Aluminum Acetylacetonate
13¢ 271 13¢c 27 Al

The *C CPMAS spectrum of aluminum acetylacetonate is
shown in Fig. 2a(i). The three carbon signals are assigned
the carbonyl carbon (€ 191.4 ppm), methylene carbon £C

l 101.6 ppm), and methyl carbon {27.8 ppm), respectively.

\ The geometrically and electronically very symmetric octahe
0 n2 " dral environment imparts a rather small quadrupolar couplin

select frequency via # of rotor cycles constant on the aluminum sites in this sample. This is cor

HF switch firmed by the*’Al MAS spectra depicted in Fig. 2b(i). From a
simulation of the central transition MAS spectra (not shown
we obtain a quadrupolar coupling constant of 3.0 MHz and a

gﬁpstgct Proton decoupling asymmetry parameter of 0.1 (cf. Table 1).

contact
pulse

1H
/2

b Aluminum Lactate
13¢

FID Three signals can be identified in tH€ CPMAS spectrum
of aluminum lactate (Fig. 2a(ii)) and assigned to the thres
— different carbon atoms in the lactate molecule as follows: Th

L }/ rmes” | signal at 179 ppm arises from the carboxylate carbon} (e

component at 69 ppm originates in the €arbons, and the

contact
pulse

0 2 i resonance at 17 ppm is due to the methyl carbon} ¢Cthe
# of rotor cycles lactate. The”’Al MAS spectra (Fig. 2b(ii)) exhibit well struc-
tured complicated signals. With the help of an additiona
select frequency via SATRAS experiment 30, 29 (not shown) we determined a

qguadrupolar coupling constant of approximately 5 MHz and al

FIG. 1. Pulse sequences used in this work. (2) TRAPDOR; (b) REDORsymmetry parameter of 0.5 (Table 1). Simulations of th
The *C and“’Al pulses are applied to the same probe channel. central transition MAS spectra taken at 7 and 11.7 T with thes
parameters reproduce the characteristic features of the spec

Aluminum Acetates
placing a resistor parallel to the sample coil and the probe was

27 . .
then tuned to the center frequency between the two resonancén® Al MAS spectra of the hydroxylaluminum diacetate
frequencies (51.2 MHz). The resulting (liquicy/2 pulse (Fig. 2b(iii)) reveal very broad signals due to a large quadru

lengths were found to be 6 andy@ for °C and”’Al, respec- polar coupling constant of approximately 8 MHz (estimatec
tively ' from the differences of the center of gravity of the spectre

Figure 1 shows the pulse sequences used in this work.téﬁrl}(en at different field strengths). THIC CPMAS spectrum
H

. . 2a(iii)) exhibits two signals arising from the methyl
these sequences the X and Y pulses are applied to the on (at 5.3 ppm) and the carboxylate carbon at 160.9 ppi

probe X chapngl. Thg switching betvyeen the (X) and.”AI Although aluminum triacetate could not be prepared in pur
(Y) frequencies is achieved by selecting one of them via the HE, ' the NMR characterization shows that the resulting com
switch. The Sus time delay between pulses for the twoyong js suitable fof*C—?’Al double resonance experiments.
different frequencies accounts for pulse ringdown and switCfpe 3c CPMAS spectrum of the resulting compound (Fig.
ing time. 2a(iv)) consists of two resonances at 3.7 and 158.6 ppm. Tt

The Al MAS spectra were recorded at two different’a|l MAS spectra (Fig. 2b(iv)) show two features: a narrow
B, field strengths on a Bruker CXP300 operating at 7.04sonance centered around 5 ppm with a quadrupolar coupli
T (vo Al = 78.17 MHz) and a Bruker DSX 500 spectromconstant of 2.4 MHz and a broad structured signal centere
eter operating at 11.7 Ty{ *’Al = 130.29 MHz) using around—18 ppm. The compound hydrolyzes very quickly, anc
standard Bruker 4 mm MAS probes and spinning speedsthé broad signal probably arises from these hydrolysis proc
14 kHz. ucts.
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FIG. 2.
(i) Al(acac),, (i) Al(lact)s, (iii) Al(Oac),OH, and (iv) Al(Oac).
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(a) ®C CPMAS spectra of the samples studied. {#)l MAS spectra atB, = 7.04 and11.7 T. Spinning sidebands are indicated by asterisks

TABLE 1
BC-7Al Internuclear Distances, ¥Al Quadrupole Parame-
ters and Chemical Shift Values for the Model Compounds

Figure 3 shows the results of a TRAPDOR experiment orfAl(@cac)s, Al(lact)s, Al(Oac)s, and Al(Oac),0H

Al(acac). The top spectrum is the result of %C CPMAS
spin echo experiment (giving rise to the signal intensities
Sy), and the middle spectrum was obtained using the TRAP
DOR sequence described in Fig. 1. The relative size of th
TRAPDOR effect for the three different carbon sites in
Al(acac),, expressed as the ratio of the TRAPDOR differ-
ence signal to the full echo signal intensit$,(— S)/S,
(Fig. 3, bottom) indicaté®’C—""Al dipolar couplings increas-
ing in the order*C,—*'Al (methyl carbon),”*C,—*"Al (meth-
ylene carbon), and®C,—*'Al (carbonyl carbon). Figure 4
reveals a plot of the TRAPDOR fractio®{ — S)/S, for the
individual **C resonances versus the dipolar evolution timg
NT,. In this plot, the initial slope and steepness of the

resulting TRAPDOR curves are roughly proportional to th

dipolar coupling strengths and hence to the inverse cubes

the closest®C—*Al internuclear distances.

Sample C, Ne 18, Carbon |Distance
Al(acac),:
_ 1 425 pm
e
3,03MHz | 0,1 |-0,3 ppm 2 283 pm
3 325 pm
Al(lact),:
(aco), 1 390 pm
SMHz | 0,5 |2L,8 ppm 2 285 pm
3 270 pm
| Al(Oac), 2,4 MHz - 5 ppm
"Al(Oac),0H ~8MHz | - | 1lppm
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FIG. 3. TRAPDOR spectra of Al(acagat 40 rotor cyclespyas = 4 kHz.
72(°C) = 6.5 us, vee(*’Al) = 22 kHz. Top spectrum?C CPMAS spin echo;
middle spectrum®**C—’Al TRAPDOR; bottom spectrum: TRAPDOR differ-
ence. Spinning sidebands are indicated by asterisks.
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FIG. 4. PlotAS/S, versus dipolar evolution time for Al(aca¢)mas = 4
kHz. m/2(°C) = 6.5 us, vee(PAl) = 22 kHz. Filled circles, G (carbonyl
carbon); open circles, £(methylene carbon); open diamonds, @nethyl
carbon).
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FIG. 5. Comparison of REDOR and TRAPDOR. (a) Methyl resonance.
(b) Carbonyl resonance of Al(acacExperimental details: REDORjys = 4
kHz, m/2("*C) = 5.0 us, vee(*’Al) = 20 kHz; TRAPDOR:vys = 4 kHz,
w2("C) = 6.5 us, vpe(*’Al) = 22 kHz.

Figs. 5a and b compare the resulting TRAPDOR curves wit
those obtained by the REDOR approach for the methyl carbo
(Fig. 5a) and carbonyl carbons (Fig. 5b) in Al(acati)is clear
from inspection of this figure that the REDOR approach is
much less sensitive in detectingC—"’Al dipolar couplings
than the TRAPDOR approach.

Figure 6 illustrates the influence of the MAS frequency or
the magnitude of the TRAPDOR effect. Shown are the
TRAPDOR curves for the carbonyl carbon (Fig. 6a) anc
methyl carbon (Fig. 6b) of Al(acagpbtained for rotational
frequencies of 1, 2, and 4 kHz using the pulse sequenc
described in Fig. 1a and varying the number of rotor cycles
In both cases the initial slope and steepness of th
TRAPDOR curves and hence the magnitude of the
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FIG. 6. (a)PlotAS/S, versus dipolar evolution time for the methyl carbon)6f Al(acac); at three different MAS frequencies. (b) PIb&/'S, versus dipolar
evolution time for the carbonyl carbon {Cof Al(acac), at three different MAS frequencies. Solid lines are fits to the func@&S, = 1 — exp(—mNT),).
(c) Plotm versus inverse MAS frequency for the TRAPDOR curves shown in (a) ana,(k) = 4 kHz, m/2(**C) = 6.5 us, vre(*’Al) = 22 kHz. Filled circles:
carbonyl carbon; open circles: methyl carbon.

TRAPDOR effect increase with decreasing rotational fré’Al RF amplitude on the magnitude of the TRAPDOR
guency. effect. To this end, the TRAPDOR curves were recorded &
In order to obtain a more quantitative measure for thdifferent >’Al RF amplitudes and fitted to the functiahS/
magnitude of the TRAPDOR effect we fitted the curves t§, = 1 — exp(—mNT,). The results for the two carbon
an exponential functionAS/S, = 1 — exp(—mNT,). resonances, carboxylate carbon (full circles) and methy
Henceforth, the parameten defining the steepness of thecarbon (open circles) are plotted in Fig. 8. From inspectiol
curves will be used as a measure for the magnitude of this figure we find a quadratic dependence of the

the TRAPDOR effect. It is clear from inspection of Figmagnitude of the TRAPDOR effect on tiféAl RF ampli-

6¢c (plot m versus 1#,) that the magnitude of the tude.

TRAPDOR effect is inversely proportional to the MAS Finally, Fig. 9 shows the results of the TRAPDOR

frequency. studies on Al(lact). For this compound (and for Al-
The TRAPDOR results for the aluminum acetatef@cac)) the crystal structure is known, allowing com-

Al(Oac),0H and Al(Oac) are collected in Fig. 7. The parison of the TRAPDOR results with the crystal structure

Al(Oac); sample was further used to study the effect of theata.
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FIG. 8. mas a function of thé’Al RF amplitude. Filled circles: Al(Oag)
b carboxylate carbon resonance; open circles: Al(@aagthyl carbon reso-
AS/S nance. Solid lines are guides to the eye omlys = 2 kHz, 7/2(**C) = 7.0 us.
1.2 -
0 R dron. The mean C-Al distances for the three different carbor
= o ® are summarized in Table 1.
0.8 et In Al(acac); (23) (monoclinic, space group R2) the struc-
. L ] . . . . .
° ture consists of isolated Al(acadnolecules in which alumi-
0.6 | * num is coordinated rather symmetrically by six oxygens (fron
° o three acetylacetonate ligands). The three C—Al distances &
047 06%00° found in Table 1. In both cases the crystal structure data are
02 0 0° qualitative agreement with the TRAPDOR results; the resc
) o nances for the carboxylate carbon in Al(lac®.7 A) and the
0.0 ° , , , carbonyl carbon in Al(acag)2.83 A) show the largest TRAP-
0 0.005 0.01 0.015 DOR effect, followed by the C—OH carbon signal (2.85 A,

NT,/s Al(lact),) and the CH carbon resonance (3.2 A, Al(aghc)

FIG. 7. PlotsAS/S, versus dipolar evolution time for (a) Al(Oa€H at
vuns = 2 kHz. m/2(**C) = 6.5 us, vre(PAl) = 17 kHz; (b) Al(Oac) at vyas =

2 kHz. m/2(°C) = 7.0 us, vee(¥Al) = 19 kHz. Filled circles: carbonyl carbon; AS/S
open circles: methyl carbon. 12 -

DISCUSSION H « o *

0.8 - o * 5
Overall Considerations o e8 o ° o
The TRAPDOR curves for the four different samples, 06 8 3° o ° ¢
Al(acac), Al(lact);, Al(Oac),OH, and Al(Oac), in Figs. 4, 7, 0.4 4 o
and 9 show in all cases the highest initial slope and steepness LIPS ¢
(largest TRAPDOR effect) for the oxygen-bound carbon and 92 -| 8¢
the smallest for the methyl group carbon. For the samples 0.0 ot
Al(lact), and Al(acac) these findings can be related to the ) ' ' ! '
0 0.005 0.01 0.015 0.02

known crystal structures.

The asymmetric unit of the structure of Al(lag(R2) (P2, NT,/s
mo_n(_)C“mC)_’ ConS_IStS of t_WO different monomeric Al(lact) FIG. 9. Plot AS/S, versus dipolar evolution time for Al(lagtat vyas =
building units; Al is coordinated by the carboxylate and Ny k. 2(-C) = 9.0 us. me?Al) - 16 ki, Filed circles: carboyate
droxyl groups of the lactate molecules in a distorted octahearbon; open circles: Scarbon; open diamonds: methyl carbon.
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n inating in the ¢ spin state (1¥/2) (5 + |-3) (24) are

ot transferred into the state-3) and vice versa.

: Thus, in principle all spin states are involved in populatior
transfers, and al’C nuclei in proximity to*Al contribute to
dipolar dephasing.

Eigenvalue/m,
20

15

Controlling the TRAPDOR Efficiency

According to Vega 24), the efficiency of the population
transfer can be described by an adiabaticity parameter
defined ase = vidvovwas. The results illustrated in Fig. 6¢
(linear dependence ofh on 1/y.s) and Fig. 8 (quadratic
dependence ah on vi: (“’Al)) reveal that the parameter that
we introduced to describe the magnitude of the TRAPDOF
effect is closely related to the parameterBoth exhibit the
same dependencies Of, vq, and vy,s; the parametem
additionally contains the dipolar interaction strength (vide in-

rotor period  fra).

FIG. 10. Time dependence of the energy levels of the six different spi The results further disclose a procedure for maximizing th
states fol = 3 under the Hamiltoniatl = Hq + Hgset + Her (24). 0, = 50 TRAPDOR efﬂCIe.nCy' Thus, 'optlmum TR.APDOR Con.dltlons.
KHz; 5 = 30 kHz; v = 300 kHz. The time dependence of the quadrupoldf'® found at the highest possible RF amplitudes combined wi
splitting is given by\V/2 sin 28 cosfa + wt) + sin?B cos(2 + 2wt). « = relatively slow sample spinning. Of course, the proper choic
w2, B = wl6. of the MAS frequency involves a trade-off between spectra
resolution and TRAPDOR efficiency.

'
wn

-10

-15

Finally, the methyl carbon signals (3.9 A, Al(lagt)}4.2 A o ,
Al(acac)) exhibit the smallest TRAPDOR effect. Estimation of Internuclear Distances

. The results presented illustrate a dependence of the mag
Comparison TRAPDOR/REDOR tude of the TRAPDOR effect on the MAS frequency, thal
The results in Fig. 5 indicate that the TRAPDOR approadRF amplitude, and the strength of the dipolar coupling of th
works far more efficiently in detecting and resolvitig—>"Al  *C—*Al spin pair. This opens up the possibility of manipulat-
internuclear dipolar couplings than does REDOR. This resiig the magnitude of the TRAPDOR effect and hence al
can be explained by considering the origins of the dipolaptimization of the experiment, but on the other hand compli
dephasing for REDOR and TRAPDOR from a quantum meates comparison of data from different samples and expel
chanical point of view. In the regime of moderate pulse powenents and extraction dfC—Al distances.
(selective excitation) used in this work the REDGR = Since it is the goal of these experiments to extract distanc
pulses invert (at least to a large extent) exclusively the popnformation, we must find a representation in which the influ-
lations of the central=3) transition; therefore approximatelyence ofvyas, vre, andvg is removed. If the magnitude of the
one-third of the™C nuclei in proximity to*Al experience TRAPDOR effect is plotted versus the adiabaticity parameter
dipolar dephasing, thus leading to a REDOR curve leveling dffr a specific®*C—*"Al dipolar interaction, then the slope of the
near a limiting value ofAS'S, = 0.33. Inthis simplified data in this representation should be dominated by the dipol
model,*C—*"Al intermolecular interactions are not considered:oupling constant and hence by tH€—*'Al internuclear dis-
These interactions, although with a very small dipolar couplirtgnce. Figure 11 shows such a representation for the differe
constant, would lead tdS/S, versus NT curves with rather carbon nuclei of the samples studied.
small initial slopes but nonetheless showing full dephasing The data for the methyl groups of the Al(lact)3.9 A),
(AS/S, = 1) at very long dipolar evolution times. Al(acac), (4.2 A), and Al(Oac) more or less show the same
The TRAPDOR effect relies on the fact that the energsiope in this representation. This holds also for the data for tF
levels for the’’Al spin system under the relevant Hamiltoniarcarboxylate carbons of Al(lagtX2.7 A) and Al(Oac). With
H = Hg + Hgr + Horee become time dependent under MASthe exception of the Al(OagPH data there seems to be a
Figure 10 shows the energies of the six different spin statescaslitative correlation between the slope in emversusa
a function of the rotor period. During the zero crossings transepresentation and internuclear distances. This approach allo
fer of populations may take place. As an example, spins orig-rough estimate offC—"Al distances.
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SUMMARY

8
9

¥CAl dipolar couplings were detected using modified

double resonance techniques. The pulses for both nué@i (19
and?’Al) were applied to the same probe channel. The TRAP-
DOR approach proves to be much more effective in resolving
different dipolar coupling strengths than REDOR. TRAPDOR,
offers opportunities to tune the experiment to high sensitivity
by adjusting the rotational frequency afiél RF amplitudes. 13
Where known, the crystal structure data are in qualitativg
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