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Abstract: An experiment is described that produces multiple-quantum magic angle spinning (MQMAS) NMR spectrum
of 27Al via H cross polarization (CP). An application of this new technique to the study of a fully hydrated-AIPO

11 aluminophosphate is presented. Itis shown that a combination of MQMAS and CPMQMAS provides new insight
into the structure of this sample. While MQMAS alone can be used to obtain high-resolution spectra and quantitative
information on the distribution of Al sites, CPMQMAS allows one to establish the positions of water molecules

within the AIPQ-11 framework.

Introduction
Spectral resolution for solid state NMR of quadrupolar nuclei

has recently been enhanced with the development of the

multiple-quantum magic angle spinning (MQMAS) method by
L. Frydman and J. S. Harwodd.Several improvements have

been made to this technique during the past year. These includ

optimization of the conditions for excitation of multiple-quantum
(MQ) coherenced? the development of different methods to
produce pure-absorption spectrd, and the elimination of

spinning sidebands in the MQ dimension using synchronization

of the dwell time with the rotor periotl. The sensitivity of the
triple-quantum (3Q) MQMAS technique was proven to be
excellent for many applications dealing with several important
quadrupolar nuclei, e.¢?Na>6810 1B 11 8Rh 45 and?’Al. 5612714

For 27Al, quintuple-quantum (5Q) MQMAS spectra have also
been obtaineds18 leading to significant improvement in

resolution. Compared to other high-resolution techniques such

as double-rotation (DOR) and dynamic angle spinning (D'&S},
which suffer from mechanical limitations, the MQMAS method
is relatively easy to use.

The basic MQMAS technique can be further enhanced by
incorporating it with cross polarization (CP23 The authors
émave shown recently that such a CPMQMAS experiment is
possible betweet’F and?’Al in a fluorinated triclinic chabazite-
like AIPO, aluminophosphat&. A clear discrimination between
the fluorinated and nonfluorinated Al sites was achieved, which
demonstrated the utility of CPMQMAS for spectral editing. In
this paper, we show the first CPMQMAS experiment between
IH and 27Al spins and provide a detailed description of the
experimental method used. Furthermore, we show that MQ-
MAS can be used to obtain quantitative determination of the
distribution of aluminium sites in a sample. The experiments
were performed using a fully rehydrated form of AIROL
aluminophosphat®, and their results will be compared with
those obtained earlier using MASDOR 26728 and CPDOR®-30
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a) 1 ) can be performed either in the frequency domain or in the time
domain using the phase shift theoréf.
t ‘l og to, drec The center of gravity of a powder spectrum of quadrupolar
Spin § zfiter” }———""—> nuclei is not observed at the isotropic chemical sbdf, but is

displaced from it bydqis in the F, dimension and bygg in

the F1'SO dimension of the sheared 2D spectrum. These

b) guadrupolar induced shifts are given in parts per million by the
Spin| (DD [DD] | DD | following expressions:
Ll b2 3 SOQE )2
Oois(SCo) = —=H4S(S+ 1) — 3]{—} x 10°
QIS Q _
| 1 % e 10[ 4525 — 1), @)
Spin S z—filter['——]-—’ﬁ-—a
c) XX and
Y IS0 10
0 Con) = —>=0 Co 4
Spinl’-Tl [DD|[DD][DD] [ DD _ ] @s(SCo) = ~Pas(SCo) “)
t2 i where SOQE= Cq(1 + #?%3)Y? defines the second-order
v . ) 94 guadrupolar effect parameter.
Spin S TP | zfitter| [—1] |z-fitter 2 frec Thus, the center of gravity of different species with the same

Ocs but different SOQE parameters are located along the so-
called QIS direction with a slopé = —10/17. Similarly,
species experiencing the same quadrupolar interactions, but
different isotropic chemical shifts, will be located along a
direction parallel to the CS axis with a slope of 1 (Figure 2a).
Note that the slopes of the CS and QIS axes do not depend
on the coherencgchosen to perform the MQMAS experiment.
Consequently, the 3SQMAS and 5QMAS spectrd@f should

Figure 1. Schematic diagram of (a) MQMAS witlz-filter, (b)
DDMQMAS, and (c) CPMQMAS pulse sequences.

of half-integer nuclear spin§¢ %,).1 Briefly, in the fast MAS
spinning speed limit, the line shape of the MQ powder spectrum
of quadrupolar nuclei is governed by the expres&ion

0(0,f) = Ocst Oqs(SP.Coitn) + Ay(SP) By(05,Com) be similar in the fast spinning speed limit. However, experi-
(1) mental resolution between different sites can be enhanced in
5QMAS15-18

where 6(a,3) represents the resonance shift (in ppm), as a
function of the_ polar anglea andp describing the orienta;ion CPMQMAS Experiment

of the rotor axis with respect to the quadrupolar tendeg,is o

the isotropic chemical shifigis is the quadrupolar induced shift, The main difference between MQMAS and CPMQMAS

p is the order of the MQ coherence corresponding to the €XPeriments is in the preparation period. In both techniques,
nondiagonal elements-/2, —p/2) of the density matrix, and the preparation pulses are used to create and maximize the
Co andy are the quadrupolar coupling constant and asymmetry P+pi2—pi2 @nd p—p2+pr2 €lements of the density matrix of the
parameter, respectivelyds andB, terms were given explicity ~ observed spinsS  To use the CPMQMAS experiment for

in ref 31. The ppm scale is defined with respect to the apparent SPectral editing, it is essential to achieve efficient coherence
Larmor frequency-pro. The MQMAS experiment is designed ~ fransfer that proceeds via thepins and to eliminate the effect

to refocus the anisotropy of the quadrupolar interaction, which Of direct S polarization. While a direct excitation of the
is represented by the third term in eq 1. This refocusing is multlple-qu_antl_Jm co_here_nces can be conceivably achieved via
achieved by correlating the evolution of the MQ coherences Cross polarizatiod?-3#in this work, we chose a more approach-
(+p/2, Fp/2) during t; and the observable single-quantum @able coherence transfer scheme0+1 —~ 0 — +£3 —~ 0 —
central transition coherence-¥,,+,) duringt,. Using the —1). The implementation of this scheme becomes relatively

pulse sequence shown in Figure 1a, an echo is observed at €Sy with the use of a pair affilters.” Below, we describe
the experimental setup of the CPMQMAS experiment, which

t =IA IA(S—1)It, = R 2 reI.ieS upon maximizing the tr.ansferanagnetization obtained
2e= [ALSPYAS—DIL =Ry 2) using| — S cross polarization process through the selected
) ) ) ] coherence pathways.
Echoes are generated in a two-dimensional way by incre- |t js well-known that cross polarization of quadrupolar spins

mentingt;. A 2D Fourier transformation with respecttoand is difficult, even with conventional MAS. The major difficulty,
t; leads to the MQMAS spectrum. Among the different \yhich was systematically studied by A. Ve§s* is in
procedures used to obtain pure-absorption 2D spéctrae maintaining spin locking of the central transition coherence
found the z-filter methotito be the most advantageous (see ynder MAS. The spin locking efficiency can be expressed in
below). terms of the parameter

The typical MQMAS spectra of polycrystalline samples
consist of narrow two-dimensional ridges that are extended along o= st/VQVr (5)

the direction given by th&/pratio!®> An orthogonal projection
of this 2D spectrum onto thé&, dimension resembles the wherev,sis the amplitude of the radio frequency (rf) field for
conventional MAS spectrum, although with pQ-filtered intensi- the Snuclei being cross polarizedg = 3Co/25(2S — 1) is the
ties. TheF; projection corresponds to tigequantum spectrum.  quadrupolar frequency, anglis the sample spinning frequency.
The analysis of the MQMAS spectra is assisted by applying a —

(32) Ernst, R. R.; Bodenhausen G.; WokaunR&inciples of Nuclear

Shea””g tranSformatlon that places the anisotropic dlrgctlon Magnetic Resonance in One and Two Dimensi@tasrendon Press: Oxford,
perpendicular to the isotropic axi5;'SC. Such a transformation UK., 1987.
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a guantum coherencest(/2, ¥1/2) created via CP to 3Q

-10 coherences#3/2, +3/2) with the highest possible efficiency.
This can be efficiently achieved usingezdilter followed by a

[ o strong rf pulse (see Figure 1c). Thdilter consists of a “soft”

(selective) 90 pulse which, in this case, stores the CP

magnetization along the direction of the magnetic figddAfter

a suitable delay introduced in order to dephase the undesired

components of the density matrix, the3/2, +3/2) coherences

are produced in the standard way by a strong rf pulse which is

followed by the evolution period.

The last part of the sequence, referred to as the observation
period, transfers the{3/2, +3/2) coherences to an observable
40 single-quantum-£1/,,+1,) coherence. Again, zfilter scheme

is used to symmetrize the coherence transfer pathway, composed
50 of a strong rf pulse that transfers the triple-quantum coherences
-40 to zero-quantum coherences followed by a selectiveflse
to create observable signalThe phase cycling used in this
experiment consisted of 24 phases, as shown in Table 1. Two-
dimensional spectra were acquired using the hypercomplex
method to obtain phase separation. Other phase cycling
s methods, including a 48-phase scheme (with two-phase cycling
of ¢1) and a 96-phase scheme (CYCLOPS-based), did not result
in further improvement of the observed spectra. Since the
4 optimization of the CP process and of the multiple-quantum
coherence transfer can be done independently, we found the
setup of the CPMQMAS experiment to be relatively straight-
forward. We note, however, that the spin dynamics of the cross
polarization process is very complex. In particular, the experi-
ment is sensitive to the the resonance offset of botmd S
[2 spins and the spinning speed, especially when very low-rf power
is used for cross polarization.

(ppm)

{

180
5

SOQE(MHz)

T T ' AT ! Experimental Section
50 45 40 35 30 -10

5. (ppm) The 27Al 3QMAS spectra without and withH dipolar decoupling
cs(PP (DD) were taken at 9.4 T on a Bruker DSX 400 spectrometer using

Figure 2. (a) 3QMAS spectrum of the calcined and fully rehydrated the pulse sequences depicted in Figure 1, parts a and b, respectively.

AlIPO4-11: Rf field amplitudev;s = 300 kHz, spinning speert = 14 The spectrometer was equipped with a newly developed, 4 mm MAS

kHz, dwell time int; set to 14,, number of accumulations per row of  probehead capable of producing an rf field of 300 kHz and an MAS

data: 24, delay foil; relaxation: 500 ms, number ¢f increments: speed of 14 kHz. The CPMQMAS experiment (Figure 1c) was

128, approximate acquisition time: 30 min. The resonances are labeledperformed on a Bruker ASX 400 ugira 4 mmCPMAS probehead

by following the assignment given by Peeters et’gb) Canonical working with a maximumvss rf field of 60 kHz. The Hartmann

representation obtained from inversion of the 3QMAS spectrum. Hahn condition was established with an rf fieldy= 5 kHz, under an

MAS speed of 12 kHz. Proton decoupling during the evolution and

Vega showed that the spin locking efficiency can be preserved acquisition times was performed using = 80 kHz.

under adiabatico{ > 1) or rapid passage conditiona & 1) The AIPQ-11 sample was provided by the Laboratoire des’ kit

but becomes nearly impossible in the intermediate regime ( Minéraux (ENSCM, Mulhouse, France). It was calcined and fully

~ 0.4). Later work by Sun et &P.showed that the most efficient ~ rehydrated prior to the NMR experiments.

locking is achieved whem < 1, which is satisfied using a ) ]

high spinning speed and a weak rf field during the CP transfer. Results and Discussion

Furthermore, care must be taken to avoid the resonance The result of a standard 3QMAS experiment performed with
conditionv, = ky15%0 . the hydrated AIP@11 sample is shown in Figure 2a. Five
The first part of the CPMQMAS experiment, referred to as istinct aluminum resonances are observed in the isotropic
the CP in Figure 1c, relies upon optimization of the CP , qiaction of the two-dimensional spectrum, which is similar
conditions to maximize thei{1/2,+1/2) elements of the density 5 the results obtained previously using D&RE It is known
matrix of the S spins in the same manner as in conventional that AIPQ-11 has a structure consisting of AfOand PQ*
CPMAS. These coherences will, however, include contributions tetrahedra connected by bridging oxygen atoms to form a one-
from the direct polarization of th8 spins; thus, it is important dimensional, 10-membered ring pore sysf&#f. The dehy-
to apply a 180 phase alternation to thespin excitation pulsé’ drated AIPQ-11 has three distinct crystallographic Al sites with
For quadrupolar nuclei, a highly selective excitation of thé/( 2:2:1 occurrences, while the fully rehydrated form undergoes
2,¥1/2) coherences can be obtained using the Hartmédan changes in symmetry leading to five different crystallographic

matching condition Al site?s of equal population. In general, polar molecules such
1 as water or ammonia can coordinate to a part of the framework
vy = (S+ vig = v, (6) aluminum sites in aluminophosphates and change the alumi-
wherevy, is the strength of the rf field applied to thespins. (35) Bennett, J. M.; Richardson, J. W., Jr.; Pluth J. J.; Smith, de¥lites

X 1987, 7, 160.
The second part of the sequence, the multiple-quantum ™ 3g) Richardson, J. W.; Pluth J. J.; Smith, J.Atta Crystallogr 1988

evolution and excitation period, is designed to transfer the single- B44, 367.
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Table 1. Basic Phase-Cycling Scheme Used in the-2’Al CP3QMAS Experimerit

72 X X —X —X

CPQW) vy y y y

cPe 0O 0° 0° 0°

b1 90° 90° 90° 90°

@2 0° 0° 0° 0°

b3 0°, 60°, 1207, 180, 24, 30  0°, 60°, 120, 18, 240, 3000  0°,60°, 120, 180, 24, 300  0°, 6C°, 1207, 180, 24C, 300
Pa 0° 180¢ 0° 180¢¢

Prec 0°, 18C, 0°, 180, 0°, 18C 0°, 18C, 0°, 180, 0°, 18C 0°, 180, 0°, 180, 0°, 18C 0°, 18C, 0°, 180, 0°, 18C

2 The phase notation is consistent with the scheme of Figure 1c.

-10 -10
O r o
L 10 F 10
g G
- 20 g 20 é
2 2
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I 30 30
40 "%)) t 40
£ o
T T T T 50 ! . . : 50
40 20 0 -20 -40 40 20 0 -20 -40
3,(ppm) 8,(ppm)

Figure 3. H DD3QMAS spectrum of the calcined and fully rehydrated ~ Figure 4. 'H—2’Al CP3QMAS spectrum of the calcined and fully
AIPO,-11. Experimental conditions are identical to those of Figure 2. rehydrated AIP@11: Rf field amplitude during the 5@ CP contact
time v1s = 5 kHz, rf field amplitude during “soft” pulsesis = 10
num’s symmetry from tetrahedral to five- or six-coordinated. KHz. rf field amplitude during *hard” pulsesis = 60 kHz, spinning
The NMR results show that, in AIPEL1, only four- and six- speed, = 12 kHz, dwell time int; set to 17, number of accumulgtlons
. . ' - per row of data: 1200, delay foF; relaxation: 1.5 s, approximate
coordinated species were observed following hydration.

) ) ) ) _ experimental time: 16 h.
We note here that, for a given rf field, the integrated intensities

of the 2D MQMAS resonances strongly depend on the value gnd Al, were visibly narrowed in the MQ isotropic dimension.

of the quadrupolar coupling constant and on the crystallite on the other handH decoupling has negligible effect on
orientation (1,3).> Therefore, strong line shape distortions are yeso|ution in the anisotropic dimension. This effect is not
possible, especially when the rf field is not large compared to gprising because the apparent strength of the dipolar interaction

the MAS line width. Although the use of high-power MAS i, he isotropic dimension of the 3QMAS spectrum is enhanced
probes capable of producing an rf field of up to 300 kHz (such by a factor of 3 and the resulting broadening cannot be
as one designed for this work) can reduce these experimental

; - . . . . completely removed by MAS at 14 kHz.
distortions, reliable spectral information can only be obtained . .
with the aid of numerical methods. One possible strategy relies _The CPMQMAS S_Pec”u”_‘ of the same samplt_e IS s_hown n
upon the MQMAS experiment to obtain high-resolution and Elgure 4. Clea_lrly, thls_ technlqu_e prOV|de§ more_dlrect_ informa-
isotropic chemical shifts and using it for the simulation of one- tlo.n abgut the interaction of various aIur_nl_num sites with water.
dimensional, quantitative MAS spectra to obtain quadrupolar 't IS evident that the Al resonance exhibits the strongest CP
parameters and relative intensitidsWe have recently devel-  Intensity, while the Ad resonance is essentially absent. These
oped another numerical method that allows quantitative deter- 0Pservations are consistent with the previélid DOR NMR
mination of the distributions oPcs and SOQE parameters ~and X-ray diffraction data of Peeters etaf8and the CPDOR
directly from the 2D MQMAS spectrum. The strategy utilizes 'esults of Wu et ak? which also suggested that thepdnd
a leapfrog method to compute the evolution of the density matrix Als sites are the most and the least susceptible to hydration,
under the rf power and spinning conditions used in the respectively. Furthermore, the CPMQMAS technique shows
experir‘ner‘]ﬁ7 App|y|ng this method to the spectrum of Figure that among the remainiﬂg tetrahedral Site&; iAteracts with
2a leads to the canonical representdfiof? displayed in Figure ~ water more strongly than Aand Ak. This observation can be
2b. The relative intensities found using this method are in explained if one considers that a water molecule strongly bound
remarkably good agreement with the expected 1:1:1:1:1 Al site to Al by its oxygen atom may also have one of its hydrogens
population in AIPQ-1125 bound with one of the oxygens near,A# In this case, the Al

The interaction of the water molecules with the alumino- and Ak atoms are the next nearest neighbors, and thus are also
phosphate framework can be probed using the 3QMAS experi- Cr0SS polarized, yet less efficiently. In this scenario, theié\l
ment with high-power (80 kHz) proton dipolar decoupling too far away to interact with this water molecule.
(DDMQMAS), according to the sequence shown in Figure 1b.  When we compare the CPMQMAS experiment with CP-
The resulting spectrum (Figure 3) shows that the resonancesDOR 3 we note that both methods require comparable experi-
from the octahedral site Aland the tetrahedral sites AlAl3, mental time. While the tetrahedral Al sites in hydrated AIPO
~1lyielded a slightly better signal-to-noise ratio in a shorter time
o é?;%gg?gr:]dez' C.; Delevoye, L.; Amoureux, J. P.; Sarv, P. Manuscript by the CPDOR (25 000 accumulations versus a total of 38 400

(38) Zwanziger, J. WSolid State NMRL994 3, 219. in 2D CPMQMAS), the CPMQMAS method provided a better

(39) Samoson, AJ. Magn. Resonl996,A121, 209. quality spectrum for the octahedral site. This effect is due to




6862 J. Am. Chem. Soc., Vol. 119, No. 29, 1997 Fernandez et al.

the presence of several overlapping spinning sidebands in theinclude (i) other pairs of nuclei, e.g31P—27Al CPMQMAS,
CPDOR spectrum, which is the common shortcoming of the and (ii) heteronuclear correlation experiments, similar to those
DOR technique. The CPMQMAS method demands, however, performed earlier with MAS and DA®:4!

the usage of a very wide range of rf fields which, in turn,

requires h|gh_qua||ty linear power amp"fier& ACknOW|Edgment. C.F., LD, and J.-P.A. are grateful to
Bruker (S. Steuernagel, F. Engelke, and H. Forster) for technical
Conclusions help and to Dr. L. Delmotte for providing the AIRQ1 sample.
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The above results demonstrate thatiHe-2’Al CPMQMAS
method offers a tool for spectral editing of high-resolution
MQMAS spectra of’Al based on the strength of the dipolar
coupling with hydrogen. Further extension of this work will  JA964440Vv
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