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Cross-polarization from 1H to the multiple-quantum coherences
of a quadrupolar nucleus is used in combination with the two-
dimensional multiple-quantum magic angle spinning (MQMAS)
NMR experiment in order to extract high-resolution CPMAS
NMR spectra. The technique is demonstrated on 23Na (S 5 3

2),
17O,

27Al (both S 5 5
2), and 45Sc (S 5 7

2) nuclei, showing the applicability
of multiple-quantum cross-polarization to systems with differing
spin quantum number, gyromagnetic ratio, and relative nuclide
abundance. The utility of this two-dimensional MAS NMR exper-
iment for spectral editing and site-specific measurement of cross-
polarization intensities is demonstrated. The possibility of direct
cross-polarization to higher order multiple-quantum coherences is
also considered and three-, five-, and seven-quantum cross-polar-
ized 45Sc MAS NMR spectra are presented. © 2000 Academic Press

1. INTRODUCTION

The use of cross-polarization to enhance NMR signa
nuclei with low gyromagnetic ratios is routine in the study
spin I 5 S 5 1

2 systems, such as1H/13C, in solids, particularl
when combined with magic angle spinning (MAS) (1, 2). The
ability of this technique to “edit” NMR spectra on the basis
the spatial proximity of nuclei has also proven to be a valu
tool in structure determination. In comparison, the dynamic
cross-polarization to or from quadrupolar nuclei are inhere
more complex, particularly under MAS conditions, and sig
enhancements are observed only rarely. The use of c
polarization in a spectral editing capacity still holds g
potential for the investigation of spatial relationships, howe
and studies of cross-polarization fromI 5 1

2 nuclei to half-
integer quadrupolar nuclei such as11B, 23Na (bothS 5 3

2),
17O,

27Al, 95Mo (all S 5 5
2), and43Ca (S 5 7

2) have been performe
(3–12).

Detailed structural information is often difficult to extr
from NMR spectra of quadrupolar nuclei in solids owing to
presence of inhomogeneous second-order quadrupolar b
ening. This broadening cannot be fully removed by MAS a
and hinders the resolution of chemically and crystallogra
cally distinct sites (13). The two-dimensional multiple-qua
um MAS (MQMAS) experiment, first proposed by Frydm
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and colleagues in 1995 (14, 15), refocuses the second-ord
broadening and allows high-resolution NMR spectra of h
integer quadrupolar nuclei to be obtained using only con
tional MAS hardware. The method has aroused great int
since its introduction, a number of promising variants h
been proposed, and many applications to systems su
minerals, glasses, zeolites, and other amorphous solids
been demonstrated (16–18).

It has been shown by Pruskiet al. and Fernandezet al. that
t is possible to introduce a cross-polarization step into

QMAS experiment, allowing editing of high-resolution sp
ra of quadrupolar nuclei based upon the distance from
bundant spinI 5 1

2 nucleus, such as1H or 19F (19, 20). Such
an experiment, combining these two important techniq
offers the prospect of obtaining structural information fro
wide range of inorganic solids. The experiment propose
Pruskiet al. involves an initial conventional cross-polarizat
step, transferring magnetization from the spinI 5 1

2 nucleus to
the quadrupolar nucleus during a period of simultaneous
locking. The single-quantum coherences created in this ste
then converted into a population difference across the qu
polar mS 5 61

2 eigenstates by a selective 90° pulse. Su
quently, multiple-quantum coherences are excited by a s
full-power radiofrequency pulse and an MQMAS experim
in this particular case thez-filter experiment of Amoureuxet
al. (21), is performed.

Recently, an alternative method for the combination
cross-polarization and MQMAS has been proposed by
brooket al. (22). In this technique, the polarization of the s
I 5 1

2 nucleus is transferred directly to the multiple-quan
coherences of a quadrupolar nucleus during the spin-lo
period. These multiple-quantum coherences are then corr
with single-quantum coherences in a two-dimensional
MAS experiment. This approach also allows editing of
high-resolution NMR spectrum and appears to be the
simple and efficient way of combining the two techniqu
Multiple-quantum cross-polarization to half-integer quadru
lar nuclei has also been observed by Lim and Grey (23, 24) and
Rovnyaket al. (25).

The purpose of the present work is to demonstrate the u
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239MULTIPLE-QUANTUM CROSS-POLARIZATION
of this combination of multiple-quantum cross-polariza
(MQCP) and the MQMAS experiment on a variety of sam
and on quadrupolar nuclei with spin quantum numberS 5 3

2

(23Na), S 5 5
2 (17O and 27Al), and S 5 7

2 (45Sc). Examples o
cross-polarization to higher order multiple-quantum co
ences are also presented and the uses and possible limi
of this method are discussed.

2. BACKGROUND TO MULTIPLE-QUANTUM
CROSS-POLARIZATION

Cross-polarization between spinI 5 1
2 andS 5 1

2 systems i
a relatively simple process. For a static sample, it can be s
that there is a unique “Hartmann–Hahn matching condit
(1), where polarization is transferred between the two se
nuclei, given by

v1I5v1S, [1]

where v1I 5 2g IB1I and v1S 5 2gSB1S are the inheren
nutation rates (or, in common parlance, the “radiofrequ
field strengths”) produced by the radiofrequency fieldsB1I and

1S applied to the I and S nuclei, respectively. The rotatio
the sample that occurs during MAS introduces a time de
dence into the dipolar interaction between the I and S s
and, consequently, optimum polarization transfer is not
tained at the condition in Eq. [1], but at the modified H
mann–Hahn condition (26),

v1I5v1S 6 nvR, [2]

wherevR is the spinning frequency andn is an integer, usual
1 or 2.

If S is a quadrupolar nucleus (S $ 1) then the matchin
conditions for cross-polarization are not as simple as t
described above forI 5 S 5 1

2 (27–32). A nucleus with spin
quantum numberS has 2S 1 1 energy levels and, therefo
S(2S 1 1) transition frequencies. In the eigenbasis of
on-resonance spin-locking Hamiltonians of the I and S s
however, only (S 1 1

2)
2 transitions (ifS is half-integral) will

ave matrix elements in the IS dipolar coupling Hamilton
inking them to the I spin. Thus, only these (S1 1

2)
2 transitions

are available for cross-polarization (31, 32). In the spin-locking
eigenbasis, the frequencies of these transitions (the a
nutation rates) depend, in general, on both the radiofrequ
field strengthv1S and the quadrupolar splitting parameter,vQ,
where

vQ 5
v Q

PAS

2
~3 cos2u 2 1 1 h sin2u cos2f! [3a]

v Q
PAS 5

3e2qQ

4S~2S2 1!\
. [3b]
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he anglesu and f describe the orientation of the princip
axis system (PAS) of the quadrupole tensor in the labor
frame (these will become time dependent if the samp
rotated, for example, as during MAS) and all other sym
have their usual meanings.

In a static sample, therefore, cross-polarization occurs whe
I-spin nutation ratev1I is matched to any one of the (S 1 1

2)
2

allowed nutation rates of the half-integer quadrupolar sp
(31, 32). This matching condition can be written

v1I 5 v r ,s, [4]

wherev r ,s is one of the permitted S-spin nutation rates ar
ands are shorthand labels forur & and us&, two of the 2S 1 1
eigenstates of the spin-locking Hamiltonian of spin S. Only
transition ur & 7 us& is polarized at this particular matchi
condition. However, it is important to note that this transi
cannot, in general, be classified as (say) either a single-
tum or a three-quantum coherence as it is a transition i
spin-locking eigenbasis and not in the normal rotating fr
(32). At the end of the spin-locking period, when it is usefu
view the system in the rotating frame again, it has been sh
that this spin-locking transitionur & 7 us& is “mixed” by the
coordinate transformation into all possible S-spin popula
and coherence orders (i.e., single-, two-, and three-qua
coherences and, ifS . 3

2, higher order multiple-quantu
coherences as well) (32). Thus, in general, single- and mu
ple-quantum cross-polarization are not distinct processes
share the same matching conditions (but not necessari
sameoptimummatching conditions) and always occur toge
32).

In the past, cross-polarization to a quadrupolar nucleu
sually been discussed using the theoretical simplification

vQ @ v1S (31, 33). In this special limiting case, the on-re-
ance spin-locking eigenbasis of the S spin has a much c
elationship with the normal rotating frame and now onlyS 1

1
2 transitions (ifS is half-integral) are linked to the I spin by t
IS dipolar coupling Hamiltonian and are, therefore, avail
for cross-polarization. In this limit only, therefore, single- a
three-quantum cross-polarization are distinct processes
will occur at the following matching conditions:

v1I 5 v r ,s 5 ~S1 1
2!v1S [5a]

v1I 5 v r 9,s9 5
kv 1S

3

v Q
2 , [5b]

respectively (31, 32). The well-known expressions given
Eqs. [5a] and [5b] are just special cases of a general mat
condition for on-resonancen-quantum cross-polarization in t
limit vQ @ v1S, given by
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240 ASHBROOK AND WIMPERIS
v1I 5 v r ,s 5
kv 1S

n

v Q
n21 [6a]

k 5
2 ~12n!

~n 2 1!! 2

~S1 n/ 2!!

~S2 n/ 2!!
, [6b]

heren 5 1, 3, 5, 7, 9, . . . , etc.
It has been argued that cross-polarization to the ce

ransition (single-quantum) of a half-integer quadrupolar
leus may be easily observed by matchingv1I to the v r ,s 5

(S 1 1
2) v 1S nutation rate as in Eq. [5a], but that the very

multiple-quantum nutation rates in Eqs. [5b] and [6] mean
cross-polarization directly to multiple-quantum coherenc
much more difficult (33). However, even for systems whe
vQ

PAS @ v 1S, in a static powder many crystallites will still ha
vQ & v 1S, while in a powder undergoing MAS all crystallit

ill have vQ & v 1S during part of the rotor cycle. Althoug
felicitous from a theoretical point of view, therefore, the l
iting casevQ @ v 1S does not appear to correspond closel
experimental reality, even if a lowv 1S field strength is use
Instead, it is the general case, described above, wherevQ ;
v 1S and where single- and multiple-quantum cross-polariza
are not distinct processes, that seems more appropriate.
been shown in Ref. (32) that, whenvQ ; v 1S, some of the
(S 1 1

2)
2 spin-locking transitions still mix strongly into mu-

tiple-quantum coherences and a few have nutation ratev r ,s

that are greater thanv 1S, in some cases, several times grea
s a result, offset effects will be relatively unimportant a

here will be no great difficulty in matchingv 1I to these
nutation rates, as has been recently demonstrated for thre
five-quantum cross-polarization in static samples (32).

The use of MAS leads to further complications in a qua
olar spin system. Not only does the IS dipolar interac
ecome time dependent, but a time dependence is also
uced into the quadrupolar interaction and, therefore, int
-spin nutation rates,v r ,s, as well. For static samples, it h

been recently been shown that single- and multiple-qua
quadrupolar nutation spectra can be used to measure the
(S 1 1

2)
2 nutation frequencies as those available for matc

in a single- or multiple-quantum cross-polarization experim
(32). Therefore, nutation spectra can be used to deter
independently the optimum matching conditions for sin
and multiple-quantum cross-polarization (32). Under MAS
onditions, it is still possible to record single- and multip
uantum quadrupolar nutation spectra and, particularly w

he spinning speed is small, these do not differ greatly
tatic nutation spectra (34, 35). As the MAS rate is increase
owever, nutation spectra break up into spinning sideb
34, 35) and it might therefore be expected that the matc

conditions observed in single- and multiple-quantum cr
polarization will show sidebands that are dependent upo
spinning speed.

The efficiency of cross-polarization to a quadrupolar nuc
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under MAS conditions also depends upon the extent to w
spin locking can be maintained in the presence of the t
dependent quadrupolar interaction. An adiabatic-passag
rameter has been introduced by Vega (36), which, using ou

efinition of vQ
PAS, is given by

a 5
v 1S

2

2v Q
PASvR

. [7]

If a @ 1 then the rotor-driven modulation of the spin-lock
eigenstates occurs adiabatically, while the modulation is
den if a ! 1. In both extremes spin locking is possible. If
experiment is performed in the intermediate regime wherea ;
1, however, then spin locking is not maintained and the c
polarization efficiency decreases correspondingly (36). Al-
hough the matching conditions for cross-polarization are
icted and observed to be approximately the same for stat
pinning samples, the intensity of the CPMAS signal ma
ignificantly affected by the efficiency with which the S-s
ransitions are spin-locked. This observation applies equa
ingle- and multiple-quantum cross-polarization since, as n
bove, in general the two processes originate from the
-spin transitions in the spin-locking eigenbasis.
A full discussion of the theoretical basis of cross-polar

ion directly to the multiple-quantum coherences of a qua
olar nucleus under MAS conditions will be presented e
here.

3. EXPERIMENTAL RESULTS

Experiments were performed on a Bruker MSL 400 s
trometer operating at 400.1, 105.8, 104.3, 54.2, and 97.2
for 1H, 23Na, 27Al, 17O, and45Sc, respectively. Powdered sa-
ples were packed into 4-mm MAS rotors. All radiofreque
field strengths were calibrated independently on a varie
samples and so quoted values are approximate only. Ow
the many theoretical factors affecting the optimium matc
conditions for multiple-quantum cross-polarization, all cro
polarization steps in this work were carried out at matc
conditions that were found experimentally by a combinatio
direct searching and nutation spectroscopy (32).

.1. Two-Dimensional Multiple-Quantum Cross-Polarizat
and MQMAS

Two-dimensional multiple-quantum cross-polarized M
AS experiments were performed using the pulse seque
nd coherence transfer pathways (37) shown in Fig. 1. In a
ersions of the experiments1H magnetization is transferr

directly to the multiple-quantum coherences of the quadru
S nucleus during the spin-locking period or “contact time.”
three pulse sequences are used in this paper for three-qu
cross-polarization (solid pathways), while some five- and
en-quantum cross-polarization experiments are also perfo
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241MULTIPLE-QUANTUM CROSS-POLARIZATION
(dotted and dashed coherence transfer pathways, respec
In order to cancel multiple-quantum coherences arising
the equilibrium magnetization of the S spin, the initial1H pulse
s phase alternated in concert with the receiver: the effec
ess of this procedure has been verified (22). All experiments

n Fig. 1 also make use of a “flip-back” pulse to aid
ecovery of the1H equilibrium magnetization, while1H decou-

pling is performed throughout. Phase cycles for all of

FIG. 1. Pulse sequences and coherence transfer pathway diagrams
three-quantum cross-polarizedz-filtered MAS NMR experiment and (b) a
(c) multiple-quantum cross-polarized phase-modulated split-t 1 MAS experi-

ents. The split-t 1 coefficientsk and k9 are functions of both the multipl
quantum coherence orderp and the spin quantum numberS. In all experiment
the multiple-quantum coherence is excited directly by the cross-polariz
process, with three-, five-, and seven-quantum cross-polarized exper
denoted by solid, dotted, and dashed coherence pathways, respectiv
three experiments make use of a “flip-back” pulse to aid the recovery of t1H

agnetization.
ly).
m

e-

e

MQCP-MQMAS experiments used in this paper are ea
derived from Fig. 1 (37) or are available from the authors
request.

In the amplitude-modulated MQMAS experiment in Fig.
phase cycling is used to select bothp 5 6n coherences durin
t 1. In order to ensure absorptive two-dimensional lineshap
z-filter (21, 38) is included in the sequence, i.e., a pulse is u
to convert the multiple-quantum coherences to popula
while another pulse reads these out as observable single
tum coherences.

In contrast, in the pulse sequences shown in Figs. 1b an
phase cycling ensures that onlyp 5 1n coherences a
selected after the spin-locking period. These coherence
then correlated with single-quantum coherences in a p
modulated split-t 1 MQMAS experiment (39–42). Absorptive
two-dimensional lineshapes are obtained by recording
whole echo during acquisition. In split-t 1 experiments, thet 1

period is split between multiple- and single-quantum evolu
in order to refocus the inhomogeneous quadrupolar broad
at the end oft 1. As a result, the ridge lineshapes in
two-dimensional spectrum appear parallel to theF 2 axis, with-
out the need for a shearing transformation, and the h
resolution isotropic projection is directly available. The ex
position of the single-quantumt 1 evolution period in thes
experiments, i.e., either before (Fig. 1b) or after (Fig. 1c)
final pulse, is determined by the sign of the MQMAS ratio
the particular spin and coherence order (40). If the MQMAS
ratio is negative, e.g.,27/9 for S 5 3

2 three-quantum, th
second part of thet 1 period is placed before the final pulse
in Fig. 1b. Alternatively, if the MQMAS ratio is positive, e.
19/12 for S 5 5

2 three-quantum, then the single-quantumt 1

period occurs after the final pulse, as in Fig. 1c. The valu
k and k9 are also determined by the MQMAS ratio for
particular spin system and coherence order. For exampl
MQMAS ratio is27/9 for S 5 3

2 and, therefore,k 5 9/16 and
9 5 7/16.
Figure 2a shows the conventional23Na (S 5 3

2) MAS NMR
spectrum of sodium citrate dihydrate (Na3C6H5O7.2H2O) re-
corded with 1H decoupling. The complex central-transit
lineshape clearly reveals the presence of more than one d
Na site. Figure 2b shows the corresponding23Na MAS NMR
spectrum recorded with a single-quantum cross-polariz
sequence involving transfer of magnetization from1H to 23Na.
Although this spectrum indicates that1H and 23Na are suffi-
ciently close in space for cross-polarization to occur, l
indication of the number or nature of23Na nuclei involved i
obtained. As expected, cross-polarization is inefficient in
system, achieving only 3% of the intensity of a conventio
spectrum recorded with the same number of transien
should also be noted that I to S cross-polarization dep
upon the relaxation rate of the I spins, while conventio
S-spin NMR depends upon the relaxation rate of the S
(2). In systems such as1H/13C this often means that a cro
polarization experiment can proceed with a shorter “recy

(a)

on
nts
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242 ASHBROOK AND WIMPERIS
interval than a conventional experiment, allowing an incr
in the signal-to-noise obtained per unit time. However
sodium citrate, where the relaxation of23Na appears to be mu
more efficient than that of1H, the conventional spectrum
Fig. 2a was able to be recorded with a recycle interval tha
only 5% of the duration of that used for the cross-polar
spectrum in Fig. 2b. Fortunately for the prospects of sin
and multiple-quantum cross-polarization, such an extreme
ference between the I and S relaxation rates is untypical

The three-quantum cross-polarized23Na MAS NMR spec-
trum shown in Fig. 2c was recorded with a cross-polariza
sequence where1H magnetization is transferred directly to
three-quantum coherences of the23Na nucleus (22, 32). Again,
a large loss in signal intensity is observed, with a th
quantum cross-polarized spectrum having only 1% of th
tensity of a conventional spectrum recorded with the s
number of transients. Moreover, the recycle interval used i
three-quantum cross-polarized spectrum in Fig. 2c is ag
factor of 20 greater than that used in Fig. 2a. It should be n
however, that the spectrum in Fig. 2c contains 6% of

FIG. 2. (a) Conventional, (b) single-quantum cross-polarized, and
three-quantum cross-polarized23Na (105.8 MHz) MAS NMR spectra of s-

ium citrate dihydrate (Na3C6H5O7.2H2O). In (a) 24 transients were averag
ith a 2-s recycle interval, in (b) 48 transients were averaged with a

ecycle interval, and in (c) 192 transients were averaged with a 40-s re
nterval. Cross-polarization was performed with23Na radiofrequency fiel
strengths ofv1S/2p 5 100 kHz and with1H radiofrequency field strengths
v1I/2p of (b) 77 and (c) 35 kHz and with a contact time in both (b) and (c

ms. In all spectra the displayed spectral width is 6 kHz and the spinnin
as 6.5 kHz. The ppm scale is referenced to 1 M NaCl (aq).
e
n

as
d
-

if-

n

-
-
e
e
a

d,
e

intensity of a conventional three-quantum filtered spec
(not shown) recorded with an equal number of transients

The two-dimensional three-quantum23Na MAS NMR spec-
trum in Fig. 3a, recorded using a phase-modulated t
quantum split-t 1 pulse sequence (39, 40), shows clearly th
presence of three ridge lineshapes parallel to theF 2 axis,
corresponding to three distinct Na sites. The isotropic pro
tion onto theF 1 axis reveals three peaks with approxima
equal intensities. From theF 1 andF 2 positions of the cente
of gravity of the ridge lineshapes, values of the isotro
chemical shift,dCS, and the quadrupolar product,PQ 5 (e2qQ/
h)(1 1 h 2/3)1/ 2 (43), may be obtained. The values determi

y this method (22.0, 0.6, and 6.7 ppm and 1.65, 1.87,
1.90 MHz for the peaks withF 1 shifts of 3, 11, and 25 ppm
respectively) agree with those found in the literature (44).

The two-dimensional three-quantum cross-polarized23Na
MAS NMR spectrum displayed in Fig. 3b was recorded w
the pulse sequence in Fig. 1b (solid pathway) withk 5 9/16
and k9 5 7/16. This spectrum clearly shows that cro

FIG. 3. Two-dimensional (a) three-quantum23Na MAS and (b) three
uantum cross-polarized23Na MAS NMR spectra of sodium citrate, record

with (a) a conventional split-t 1 three-quantum experiment and (b) the p
equence shown in Fig. 1b with the solid coherence transfer pathwayk 5
/16, k9 5 7/16). In (a) 96transients were averaged for each of 19t 1

increments of 50ms with a recycle interval of 2 s and in (b) 192 transients we
averaged for each of 192t 1 increments of 50ms with a recycle interval of 20
In both cases displayedF 1 andF 2 spectral widths are 4 kHz and the MAS r

as 6.5 kHz. Contour levels are shown at 8, 16, 32, and 64% of the max
alue. In (b) cross-polarization was performed with a23Na radiofrequency fiel

strength ofv1S/2p 5 100 kHz, a1H radiofrequency field strength ofv1I/2p 5
35 kHz, and a contact time of 1 ms.

)

-s
cle

f
te



clu
s.

s ht
i

cki
e

itie

be
se
an
i.e

ho

f a

g a
single
k dis-
ostu-
cross-

i

spec-
s. It
ignal
d
the

ment
com-

e ance,
l con-
s

nal
e for
k is
f its
gh,
ation
ariza-
ivity
- to
to all
trum
of a
) re-

ting
rized
h the
riod
clud-
en the
imes,
ined
n
ed O
e is
um,
ows
hree-
trate,
o an
hich
ratio

er

(c

i ien
w rm
w )

e
d pp
s

243MULTIPLE-QUANTUM CROSS-POLARIZATION
polarization to all three distinct Na sites is possible, a con
sion unobtainable from the cross-polarized spectra in Fig
and 2c. The isotropic projection contains three23Na reso-
nances, although it appears that cross-polarization to the23Na
pins atd ' 25 ppm inF 1 is less efficient, a result that mig
ndicate a greater distance from1H. It should be noted, how-
ever, that other factors, such as the duration of the spin-lo
period or the radiofrequency field strengths at which the
periment is performed, can affect cross-polarization intens
particularly for quadrupolar nuclei.

3.2. Applications of Multiple-Quantum Cross-Polarized
MQMAS Experiments

Cross-polarization proceeds via the dipolar coupling
tween spins I and S. In principle, therefore, this allows ob
vation of only those S nuclei that are sufficiently close to
spin for the pair to possess a significant dipolar coupling,
the method can be used for spectral editing. Figure 4a s
the conventional17O (S 5 5

2) MAS NMR spectrum of 35%
isotopically enriched boehmite (AlO(OH)) consisting o

FIG. 4. (a) Conventional, (b) single-quantum cross-polarized, and
three-quantum cross-polarized17O (54.2 MHz) MAS NMR spectra of 35%
sotopically enriched boehmite (AlO(OH)). In all experiments 1200 trans
ere averaged with a 1-s recycle interval. Cross-polarization was perfo
ith 17O radiofrequency field strengths of (b)v1S/2p 5 25 kHz and (c

v1S/2p 5 80 kHz, 1H field strengths of (b)v1I/2p 5 77 kHz and (c)v1I/2p 5
50 kHz, and a contact time in both (b) and (c) of 100ms. In all spectra th

isplayed spectral width is 30 kHz and the spinning rate was 9 kHz. The
cale is referenced to H2O.
-
2b

ng
x-
s,

-
r-
I
.,
ws

sharp peak at 75 ppm and a broader resonance at25 ppm. The
17O MAS NMR spectrum in Fig. 4b was recorded usin
conventional cross-polarization sequence and shows a
dominant resonance, corresponding to the broader pea
cussed above. From the structure of boehmite it can be p
lated that the sharper resonance, not observed in the
polarization spectrum, arises from17O nuclei in Al–O–Al
linkages, whereas that at lower ppm corresponds to17O nucle
with directly bonded1H, i.e., Al–O–H linkages (7, 8). The
cross-polarization experiment has, therefore, edited the
trum to enable selective observation of the Al–O–H oxygen
is also significant that cross-polarization has resulted in a s
enhancement of the hydroxyl17O nuclei, as the integrate
intensity of this site has increased by 33% relative to
spectrum in Fig. 4a (recorded in the same total experi
time). The signal enhancement observed in this system,
pared with the large reductions in signal observed in the23Na

xample above, may be attributed to the lower abund
ower gyromagnetic ratio, and large quadrupolar coupling
tant of the17O nucleus.
The three-quantum cross-polarized17O MAS NMR spec-

trum of boehmite is shown in Fig. 4c. As with conventio
cross-polarization, the experiment is preferentially selectiv
the broader17O resonance. Slightly more of the narrow pea
observed in this spectrum, although this has only 1% o
intensity in the conventional spectrum in Fig. 4a. Althou
comparing Figs. 4b and 4c, three-quantum cross-polariz
appears much less efficient than conventional cross-pol
tion, it should be remembered that most of this sensit
difference arises from the inefficient conversion of three
observable single-quantum coherences that is common
three-quantum MAS NMR experiments. In fact, the spec
in Fig. 4c contains more than 90% of the signal intensity
conventional three-quantum filtered spectrum (not shown
corded in the same total experiment time.

It is important to note that the interpretation of the edi
observed in both single- and three-quantum cross-pola
spectra should be treated with great care. The rate at whic
cross-polarized signal builds up during the spin-locking pe
or contact time is dependent upon several parameters, in
ing a strong inverse dependence upon the distance betwe
two spin systems. Figure 5a shows that, at short contact t
a strong single-quantum cross-polarization signal is obta
from those boehmite17O nuclei closest to1H, as observed i
Fig. 4b. The cross-polarized signal from the nonprotonat
site builds up at a slower rate but, as the contact tim
increased, this17O signal eventually dominates the spectr
the hydroxyl17O signal having decayed away. Figure 5b sh
that a similar contact time dependence is observed for t
quantum cross-polarization. Figures 5a and 5b demons
therefore, that a poor choice of contact time might lead t
incorrect assignment of the two O species. The rate at w
the cross-polarized signal builds up also depends upon the
of v1S to vQ

PAS and, if cross-polarization is performed at diff-
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244 ASHBROOK AND WIMPERIS
ent matching conditions, the relative selectivity with which
two 17O resonances are observed may be affected. For e-

le, Fig. 5c shows that single-quantum cross-polarization
ormed at a higherv1S field strength than that used in Figs.
and 5a is entirely selective for the narrow (lowPQ) 17O reso-

ance, i.e., nonprotonated O site. Similar changes in pref
ial selectivity, which again might lead to an incorrect ass
ent, can also be observed in three-quantum c
olarization.
The two-dimensional three-quantum17O MAS NMR spec-

trum of boehmite, recorded using az-filter, is shown in Fig. 6a
The spectrum is dominated by the narrow resonance from
Al–O–Al linkage, with the signal from the broader hydro
resonance barely observable even at significantly lower
tours than those used in Fig. 6a. The two-dimensiona17O
MQCP-MQMAS spectrum of boehmite, recorded with
three-quantum cross-polarized pulse sequence in Fig.
shown in Fig. 6b. In this spectrum the broader17O resonance
learly visible since the three-quantum cross-polarization
ears to be preferentially selective for this site. This can als

udged from the relative integrated intensities of the two rid

FIG. 5. Cross-polarized17O MAS NMR spectra of 35% isotopical
adiofrequency field strength ofv1S/2p 5 25 kHz, a1H field strength ofv1I/2p

cross-polarized spectra with an17O radiofrequency field strength ofv1S/2p 5 8
(tCP) of 50 ms, 800 ms, and 1.35 ms. (c) Single-quantum cross-polari
radiofrequency field strength ofv 1I/ 2p 5 77 kHz, and contact times (tCP) of
b) 840 transients were averaged. The recycle interval was 1 s ineach case.
e
m
r-

n-
-
s-
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which in this spectrum are 1:4.4, compared with 1:0.43 in
spectrum in Fig. 6a. The two-dimensional spectrum in Fig
is proof that the broader17O resonance observed in the c-
entional MAS NMR spectrum of boehmite is indeed a sin
econd-order broadened17O lineshape, corresponding to

large PQ value, and not a combination of more than
overlapping lineshape. The values of the isotropic chem
shift, dCS, and quadrupolar product,PQ, extracted from theF 1

andF 2 positions of the ridge lineshapes (35 and 74 ppm
5.5 and 1.1 MHz for the broad and narrow resonances, re
tively) agree with those found in the literature (8).

The conventional27Al ( S 5 5
2) MAS NMR spectrum o

AlMePO-b, a novel microporous material (45, 46), is shown in
Fig. 7. In recent years, there has been much interest in m
porous materials owing to their wide utility as ion excha
materials, catalysts, and adsorbents. The recently charact
aluminum methylphosphonate AlMePO-b has both six- an
four-coordinate Al sites, as can be seen in Fig. 7 where
are characteristic27Al peaks near218 and 40 ppm, respe-
ively. Although a single octahedral resonance is pred
rom the structure of AlMePO-b, three distinct tetrahedr

nriched boehmite. (a) Single-quantum cross-polarized spectra with17O
7 kHz, and contact times (tCP) of 50ms, 800ms, and 3 ms. (b) Three-quantu
Hz, a1H radiofrequency field strength ofv1I/2p 5 50 kHz, and contact time
spectra with an17O radiofrequency field strength ofv1S/2p 5 70 kHz, a 1H

ms, 800ms, and 1.45 ms. In (a) and (c) 48 transients were averaged, w
ll spectra the displayed spectral width is 30 kHz and the MAS rate was
ly e
5 7
0 k

zed
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245MULTIPLE-QUANTUM CROSS-POLARIZATION
resonances are expected. A large difference in chemica
ensures good separation of the two different Al coordinat
but the presence of second-order quadrupolar broadenin
vents the resolution of the three crystallographically dis
tetrahedral sites.

It has been shown previously that two-dimensional fi
quantum27Al MAS NMR experiments are better at resolv
the three distinct tetrahedral resonances in AlMePO-b than the
corresponding three-quantum experiments as they yie
greater frequency separation (i.e., a factor of approximate
in the isotropic projection for spinS 5 5

2) (41, 47). The
etrahedral region of the two-dimensional five-quantum27Al
MAS NMR spectrum of AlMePO-b, recorded using the phas
modulated split-t 1 sequence of Ref. (41) is shown in Fig. 8a

hree ridge lineshapes parallel to theF 2 axis are clearl
distinguishable, and analysis of theirF 1 andF 2 positions yield
PQ values of 2.4, 1.9, and 1.8 MHz in order of decreasing
values (designated sites 1, 2, and 3, respectively). The iso
projection onto theF 1 axis reveals three distinct resonanc

FIG. 6. Two-dimensional (a) three-quantum17O MAS and (b) three
uantum cross-polarized17O MAS NMR spectra of 35% isotopically enrich
oehmite, recorded with (a) a three-quantumz-filtered experiment and (b) th
ulse sequence displayed in Fig. 1a. In (a) 480 transients were averag
ach of 192t 1 increments of 6.66ms with a recycle interval of 1 s and in (

3600 transients were averaged for each of 72t 1 increments of 6.66ms with a
recycle interval of 1 s. In both cases displayedF 1 andF 2 spectral widths ar

0 and 20 kHz, respectively, and the MAS rate was 9 kHz. Contour leve
hown at 16, 32, and 64% of the maximum value. In (b) cross-polarizatio
erformed with a17O radiofrequency field strength ofv1S/2p 5 80 kHz, a1H

field strength ofv1I/2p 5 50 kHz, and a contact time of 100ms.

FIG. 7. Conventional 27Al (104.3 MHz) MAS NMR spectrum o
lMePO-b. The spectrum is the result of averaging 48 transients with

ecycle interval. The displayed spectral width is 15 kHz and the MAS rate
.5 kHz. The ppm scale is referenced to 1 M Al(NO3)3 (aq).
ift
s,
re-
t

-

a
.2

m
pic
,

with the one corresponding to the largestPQ value (site 1
having a slightly lower intensity owing to the nonunifo
excitation and conversion of the five-quantum coherence

Figure 8b shows the corresponding tetrahedral region
two-dimensional five-quantum cross-polarized27Al MAS
NMR spectrum, recorded with the pulse sequence show
Fig. 1b (dotted coherence transfer pathway) withk 5 12/37

for

re
as

-s
s

FIG. 8. Two-dimensional (a) five-quantum27Al MAS and (b) five-quan-
tum cross-polarized27Al MAS NMR spectra of AlMePO-b, recorded with (a

phase-modulated five-quantum split-t 1 experiment and (b) the pulse seque
displayed in Fig. 1b denoted by the dotted coherence pathway. In both (
(b) 320 transients were averaged for each of 64t 1 increments of 100ms with
a recycle interval of 2 s. In both cases displayedF 1 andF 2 spectral widths ar
1.5 kHz and the MAS rate was 4.5 kHz. Contour levels are shown at 4,
32, and 64% of the maximum value. In (b) cross-polarization was perfo
with a 27Al radiofrequency field strength ofv1S/2p 5 100 kHz, a1H field
trength ofv1I/2p 5 50 kHz, and a contact time of 2 ms. (c) Plot of27Al NMR
ignal intensity (extracted from a series of two-dimensional five-qua
ross-polarized MAS spectra) for each distinct site in AlMePO-b as a function

of the contact time. Cross-polarization was performed with radiofrequ
field strengths as in (b). Filled squares, triangles, and circles signify site
and 3, respectively.
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246 ASHBROOK AND WIMPERIS
andk9 5 25/37. All three tetrahedral-region27Al resonance
are observed in this spectrum, showing the proximity o
three to1H nuclei, a conclusion unobtainable from the conv-
tional CPMAS NMR spectrum alone. The isotropic projec
in Fig. 8b shows that the relative intensities of the three27Al
peaks have changed slightly from those observed in Fig. 8
discussed above, however, these relative intensities ma
pend upon a number of factors, including (i) the ratio ofv1S to
vQ

PAS (although, in this case, thevQ
PAS values for the three pea

appear to be similar), (ii) the strong inverse IS distance de
dence of cross-polarization and, strongly related to these
two factors, (iii) the choice of contact time.

By performing the two-dimensional MQCP-MQMAS e
periment for a range of values of the contact time, it is pos
to monitor the buildup and decay of each tetrahedral-re
27Al resonance individually, allowing the possibility of extra-
ng distance information (48). Figure 8c shows the integrat
ntensity of each27Al resonance (arbitrary scale) against c-
tact time for each of the three tetrahedrally coordinated sit
AlMePO-b. Although many more values of the contact ti
would be needed in order to extract any quantitative info
tion, the five-quantum cross-polarization profiles of the t
sites do indeed show small differences. Site 1 (denote
squares) shows a maximum27Al signal intensity at signifi-
cantly longer durations of the contact time than sites 2 (t
gles) and 3 (circles), while the decay of this site 1 signal is
less rapid than in the other two sites. Site 2 shows the
rapid signal decay, with its intensity at 5-ms contact time b
almost equal to that of site 1. Although Fig. 8c shows tha
27Al signal intensity of site 1 is maximized relative to the ot
two sites at longer contact times, perhaps indicating a gr
distance from1H, this intensity is always lower than th

bserved for sites 2 and 3. This is probably due, in part, t
ower efficiency of five-quantum conversion for this site
eature also observed in the conventional five-quantum27Al
MAS NMR spectrum in Fig. 8a.

3.3. Multiple-Quantum Cross-Polarized MQMAS and Hig
Spin Quantum Numbers

In nuclei with higher spin quantum numbers the possib
exists of direct cross-polarization to a range of multiple-q
tum coherences, e.g., up ton 5 7 for nuclei with S 5 7

2. In
principle, any multiple-quantum coherence can be cross-p
ized but the matching parameters (i.e., the two radiofrequ
field strengths,v1I andv1S, and the contact time) for optimu
cross-polarization will differ from one coherence order
another and are best determined experimentally in each
perhaps with the aid of a multiple-quantum nutation exp
ment.

Figure 9a shows the conventional45Sc (S 5 7
2) MAS NMR

pectrum of scandium sulfate pentahydrate (Sc2(SO4)3.5H2O).
This spectrum consists of a superposition of three second-
broadened lineshapes, corresponding to three distinct Sc
ll
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all of which possess relatively lowPQ values (49). Figures 9b
c, 9d, and 9e show the45Sc MAS NMR spectra of scandiu

sulfate resulting from cross-polarization to single-, thr
five-, and seven-quantum coherences, respectively. Eac
hibits lineshape distortion characteristic of differences in cr
polarization efficiency between the crystallites within a sin
45Sc lineshape and of differences in efficiency between
three 45Sc lineshapes. These results show that it is feasib
cross-polarize with relative ease from1H to all of the highe
order 45Sc multiple-quantum coherences, although this is-
sibly a reflection of the relatively lowPQ values found in thi
sample. On first inspection, the efficiency of cross-polariza
appears to decrease with increasing coherence order, i.
spectra in Figs. 9b–9e contain only 5.1, 1.2, 0.9, and 0.3

FIG. 9. (a) Conventional, (b) single-quantum cross-polarized, (c) th
quantum cross-polarized, (d) five-quantum cross-polarized, and (e)
quantum cross-polarized45Sc (97.2 MHz) MAS NMR spectra of scandiu
ulfate pentahydrate (Sc2(SO4)3.5H2O). In all experiments 480 transients w

averaged with a 5-s recycle interval. Cross-polarization was performed
45Sc radiofrequency field strengths ofv1S/2p 5 100 kHz,1H field strengths o
b) v1I/2p 5 77 kHz, (c) and (d)v1I/2p 5 50 kHz, and (e)v1I/2p 5 65 kHz,
nd a contact time of 1 ms in all experiments. In all spectra the disp
pectral width is 8 kHz and the MAS rate was 6.5 kHz.
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247MULTIPLE-QUANTUM CROSS-POLARIZATION
the intensity of the conventional spectrum in Fig. 9a. It sh
be noted, however, that this corresponds to 5.1, 9.2, 19.7
20.1% of the intensity obtained from conventional (i.e., “pu
acquire” or “single-quantum”) and three-, five-, and sev
quantum filtered experiments, respectively.

Although cross-polarized spectra can be obtained in
system, the exact nature or number of the distinct45Sc nucle
involved cannot be determined using the results in Fig
Two-dimensional methods must be employed so that a
detailed description of the results of cross-polarization ma
obtained. Cross-polarization to higher order multiple-quan
coherences is of interest since the use of such coheren
MQMAS experiments yields greater frequency dispersion
hence higher resolution, in the isotropic projections of M
MAS spectra (49).

The two-dimensional five-quantum45Sc MAS NMR spec-
trum shown in Fig. 10a, recorded using a five-quan
split-t 1 experiment (49), reveals two closely spaced45Sc
ridge lineshapes, with a third lineshape at higher frequ
with approximately twice the intensity of either of the ot

FIG. 10. Two-dimensional (a) five-quantum45Sc MAS, (b) three-quant
even-quantum cross-polarized45Sc MAS NMR spectra of scandium sul
xperiment, (b) and (c) the pulse sequence displayed in Fig. 1c with s
isplayed in Fig. 1b with the dashed coherence transfer pathway. In (a)

interval of 3 s; in (b) 192 transients were averaged for each of 256t 1 increm
for each of 256t 1 increments of 66.6ms, with a recycle interval of 3 s; an

recycle interval of 5 s. In (a), (c), and (d) displayedF 1 andF 2 spectral widt
espectively. In all experiments the MAS rate was 6.5 kHz. Contour lev
2, and 64% of the maximum value. Cross-polarization was performed4

v1I/2p 5 66 kHz, (c) and (d)v1I/2p 5 50 kHz, and contact times of (b) a
d
nd
-
-

is

9.
re
e

m
in

d
-

y
r

two. The values of the quadrupolar parameters,e2qQ/h and
h, extracted from each lineshape, are 5.2, 4.3, and 4.5
and 0.1, 0.8, and 0.5 for sites 1, 2, and 3 (in orde
increasingF 1 values), respectively (49). Two-dimensiona
hree-, five-, and seven-quantum cross-polarized45Sc MAS

NMR spectra of scandium sulphate are shown in Figs.
10c, and 10d, respectively. The three- and five-quan
MAS spectra in Figs. 10b and 10c were recorded with
cross-polarized split-t 1 experiment in Fig. 1c withk 5
45/146 andk9 5 101/146 forthree-quantum andk 5 9/ 20
andk9 5 11/ 20 for five-quantum. The seven-quantum M
spectrum in Fig. 10d was recorded with the cross-polar
split-t 1 experiment in Fig. 1b withk 5 45/ 206 andk9 5

61/ 206.
The three-quantum cross-polarized MAS spectrum in Fig

oes not quite allow complete resolution of the two closely sp
esonances, but the presence of three sites can be deduc
are. This spectrum also shows that cross-polarization to all
ites is observed, and, although the signal intensity from sit
till greater than that from sites 1 and 2, it no longer poss

cross-polarized45Sc MAS, (c) five-quantum cross-polarized45Sc MAS, and (d
. The spectra were recorded with (a) a phase-modulated split-t 1 five-quantum
and dotted coherence transfer pathways, respectively, and (d) the puuence

0 transients were averaged for each of 256t 1 increments of 66.6ms, with a recycle
of 200ms, with a recycle interval of 5 s; in (c) 320 transients were aver
(d) 360 transients were averaged for each of 192t 1 increments of 40ms, with
re 5 kHz, while in (b) displayed F1 andF 2 spectral widths are 1.25 and 5 kH

are shown at (a) 4, 8, 16, 32, and 64%, (b) and (c) 8, 16, 32, and 64%
radiofrequency field strengths ofv1S/2p 5 100 kHz,1H field strengths of (b
(c) 1 ms and (d) 400ms.
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248 ASHBROOK AND WIMPERIS
twice the intensity. This might reflect the fact that site 3 coul
further from 1H nuclei and, consequently, cross-polariza
might select against this site. However, the fact that the s
signal is further off resonance than the site 1 and 2 signals s
also be considered a possible explanation, although we have
that cross-polarization with the site 3 signal on resonance do
yield a significant increase in intensity. The five-quantum c
polarized spectrum (Fig. 10c) does allow the site 1 and 2
shapes to be resolved, the increase inF1 frequency dispersio
being immediately apparent. Again, it appears that cross-pol
tion is relatively less efficient for site 3. The seven-quan
cross-polarized spectrum in Fig. 10d has a low signal-to-
ratio as a consequence of the inefficiency of both seven-qua
cross-polarization and the conversion to single-quantum c
ences. As a result, only sites 2 and 3 are present in the spe
at a significant level of intensity with site 1 appearing at
contour levels only. However, seven-quantum cross-polariz
appears relatively more efficient at site 3 than in three-
five-quantum cross-polarization, while for site 1 the opposi
true, and again this indicates that off-resonance effects are
tively unimportant.

4. CONCLUSIONS

We have shown that a combination of direct multiple-quan
cross-polarization and the high-resolution MQMAS NMR ex
iment provides a potentially useful tool for the study of struct
relationships in systems containing quadrupolar nuclei. The
onstration of the technique in systems of differing spin quan
number, gyromagnetic ratio, and relative nuclide abundanc
the use of cross-polarization to higher order multiple-quan
coherences show that the method is applicable across a wide
of samples and chemical problems. The spectral editing capa
of cross-polarization, as demonstrated on boehmite usin17O
MAS NMR, allows important spectral and possibly struct
information to be obtained. The combined MQCP-MQMAS te
nique also enables the cross-polarization dynamics of indiv
crystallographically distinct sites to be extracted, information
is unavailable from conventional MAS NMR. In order to extr
detailed structural parameters from these measurements a
detailed theoretical understanding of multiple-quantum cros
larization under MAS conditions is required and is, therefore
important future aim.
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