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Cross-polarization from *H to the multiple-quantum coherences  and colleagues in 199514, 19, refocuses the second-order
of a quadrupolar nucleus is used in combination with the two-  proadening and allows high-resolution NMR spectra of hal
dimensional multiple-quantum magic angle spinning (MQMAS)  jnteger quadrupolar nuclei to be obtained using only conve
NMR experiment in order to extract high-resolution CPMAS  4inna1 MAS hardware. The method has aroused great inter
NMR spectra. The technique is demonstrated on ®Na (S = 9, *'0, since its introduction, a number of promising variants hav
Al (both S = ), and “*Sc (S = ) nuclei, showing the applicability ' orp g

been proposed, and many applications to systems such

of multiple-quantum cross-polarization to systems with differing ; . . ‘
spin quantum number, gyromagnetic ratio, and relative nuclide minerals, glasses, zeolites, and other amorphous solids h:

abundance. The utility of this two-dimensional MAS NMR exper- been demonstrated §—19.
iment for spectral editing and site-specific measurement of cross- It has been shown by Prusét al. and Fernandeet al. that

polarization intensities is demonstrated. The possibility of direct it is possible to introduce a cross-polarization step into tt
cross-polarization to higher order multiple-quantum coherencesis  MQMAS experiment, allowing editing of high-resolution spec:
also considered and three-, five-, and seven-quantum cross-polar-  tra of quadrupolar nuclei based upon the distance from :
ized “Sc MAS NMR spectra are presented. © 2000 Academic Press abundant spin = } nucleus, such atH or “F (19, 20. Such
an experiment, combining these two important technique
offers the prospect of obtaining structural information from
1. INTRODUCTION wide range of inorganic solids. The experiment proposed
Pruskiet al. involves an initial conventional cross-polarization
The use of cross-polarization to enhance NMR signals 8fep, transferring magnetization from the spin 3 nucleus to
nuclei with low gyromagnetic ratios is routine in the study othe quadrupolar nucleus during a period of simultaneous s
spinl = S = } systems, such a$1/*°C, in solids, particularly locking. The single-quantum coherences created in this step :
when combined with magic angle spinning (MAS) @). The then converted into a population difference across the quadi
ability of this technique to “edit” NMR spectra on the basis opolar ms = *; eigenstates by a selective 90° pulse. Subs
the spatial proximity of nuclei has also proven to be a valuabfgiently, multiple-quantum coherences are excited by a sing
tool in structure determination. In comparison, the dynamics #fll-power radiofrequency pulse and an MQMAS experimen
cross-polarization to or from quadrupolar nuclei are inherentiy this particular case thefilter experiment of Amourewet
more complex, particularly under MAS conditions, and signall. (21), is performed.
enhancements are observed only rarely. The use of crossRecently, an alternative method for the combination c
polarization in a spectral editing capacity still holds greatross-polarization and MQMAS has been proposed by As
potential for the investigation of spatial relationships, howevdpsrooket al. (22). In this technique, the polarization of the spin
and studies of cross-polarization from= 3 nuclei to half- | = 3 nucleus is transferred directly to the multiple-quantur
integer quadrupolar nuclei such 8B, *Na (bothS = ), 'O, coherences of a quadrupolar nucleus during the spin-lockil
ZAl, ®*Mo (all S = 3), and®Ca (S = %) have been performed period. These multiple-quantum coherences are then correla
(3-12. with single-quantum coherences in a two-dimensional MC
Detailed structural information is often difficult to extractMAS experiment. This approach also allows editing of th
from NMR spectra of quadrupolar nuclei in solids owing to thhigh-resolution NMR spectrum and appears to be the ma
presence of inhomogeneous second-order quadrupolar bragthple and efficient way of combining the two techniques
ening. This broadening cannot be fully removed by MAS alondultiple-quantum cross-polarization to half-integer quadrupc
and hinders the resolution of chemically and crystallograpHar nuclei has also been observed by Lim and G&3y 24 and
cally distinct sites 13). The two-dimensional multiple-quan-Rovnyaket al. (25).
tum MAS (MQMAS) experiment, first proposed by Frydman The purpose of the present work is to demonstrate the utili
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MULTIPLE-QUANTUM CROSS-POLARIZATION 239

of this combination of multiple-quantum cross-polarizatiohe anglesd and ¢ describe the orientation of the principal
(MQCP) and the MQMAS experiment on a variety of sampleaxis system (PAS) of the quadrupole tensor in the laborato
and on quadrupolar nuclei with spin quantum numBet ¢ frame (these will become time dependent if the sample

(*Na), S = 3 (YO and”Al), and S = % (**Sc). Examples of rotated, for example, as during MAS) and all other symbol
cross-polarization to higher order multiple-quantum cohelave their usual meanings.

ences are also presented and the uses and possible limitatiors a static sample, therefore, cross-polarization occurs when

of this method are discussed. I-spin nutation ratew,, is matched to any one of th&  3)°
allowed nutation rates of the half-integer quadrupolar spin
2. BACKGROUND TO MULTIPLE-QUANTUM (31, 32. This matching condition can be written

CROSS-POLARIZATION

Cross-polarization between sgin= 3 andS = 3 systems is W11 = WOrs [4]
a relatively simple process. For a static sample, it can be shown
that there is a unique “Hartmann—Hahn matching condition” : . . .
(1), where polarization is transferred between the two sets VgP erew is one of the permitted S-spin nutation rates and
nuclei given by ands are shorthand labels f¢r> and!s}, two of the 35 + 1
' eigenstates of the spin-locking Hamiltonian of spin S. Only th

transition|r) < |s) is polarized at this particular matching

W1~ W1 [1]1  condition. However, it is important to note that this transitior
cannot, in general, be classified as (say) either a single-qui
where w;, = —vy,By and w;s = —vysB;s are the inherent tum or a three-quantum coherence as it is a transition in t

nutation rates (or, in common parlance, the “radiofrequengpin-locking eigenbasis and not in the normal rotating fram
field strengths”) produced by the radiofrequency fidBdsand (32). At the end of the spin-locking period, when it is useful tc
B,s applied to the | and S nuclei, respectively. The rotation @iew the system in the rotating frame again, it has been sho\
the sample that occurs during MAS introduces a time depehat this spin-locking transitiofr) <> |s) is “mixed” by the

dence into the dipolar interaction between the | and S spissordinate transformation into all possible S-spin populatior
and, consequently, optimum polarization transfer is not olnd coherence orders (i.e., single-, two-, and three-quant
tained at the condition in Eqg. [1], but at the modified Harteoherences and, i5 > 3, higher order multiple-quantum

mann-Hahn condition2@), coherences as wellB®). Thus, in general, single- and multi-
ple-quantum cross-polarization are not distinct processes: tf
w1 = w5+ Nwg, [2] share the same matching conditions (but not necessarily t
sameoptimummatching conditions) and always occur togethe

(32.

wherewy, is the spinning frequency andis an integer, usually L
1or2. In the past, cross-polarization to a quadrupolar nucleus h

If S is a quadrupolar nucleusS(= 1) then the matching usually been discussed_ using t.he t_he_qretical simplification th
> w5 (31, 33. In this special limiting case, the on-reso

conditions for cross-polarization are not as simple as tho%e > , ) ) - ;
described above for = S = } (27-32. A nucleus with spin "ance spin-locking eigenbasis of the S spin has a much clo:

quantum numbes has 5 + 1 energy levels and, therefore,relationsmp with the normal rotating frame and now o8Iy~

S(2S + 1) transition frequencies. In the eigenbasis of th%%atransitions (ifSis half-integral) are linked to the | spin by the

on-resonance spin-locking Hamiltonians of the | and S spiH§, dipolar coupling Hamiltonian and are, therefore, availabl

however, only 6 + )2 transitions (ifS is half-integral) will for cross-polarization. In thi; Iimit only, ther_efore, single- anc
have matrix elements in the IS dipolar coupling HamiltoniaHIr€&-auantum cross-polarization are distinct processes ¢
linking them to the | spin. Thus, only thess ¢ )2 transitions Will occur at the following matching conditions:

are available for cross-polarizatioBl(, 39. In the spin-locking
eigenbasis, the frequencies of these transitions (the actual

= = + 1
nutation rates) depend, in general, on both the radiofrequency On = s = (SHJas [5a]
field strengthw,s and the quadrupolar splitting parameteg, kowds
where 0= Org = [5b]

PAS

wq = TQ (3 cos0 — 1+ m sin®0 cos2p)  [3a] respectively 81, 32. The well-known expressions given in

Egs. [5a] and [5b] are just special cases of a general matchi

WPAS — 3e’qQ [3b] condition for on-resonanaequantum cross-polarization in the
@ 4S5(2S- 1A limit g > w;s, given by
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kols under MAS conditions also depends upon the extent to whi
W= O = o [6a] spin locking can be maintained in the presence of the tim:
© dependent quadrupolar interaction. An adiabatic-passage |
24 (S+ n/2)! rameter has been introduced by Ve@®)( which, using our
k= (n—1)12(S—n/2)!" [6b]  gefinition of 0%, is given by
B _ w%s [7]
wheren =1, 3,5,7,9, ..., etc. a= 72ngsz-

It has been argued that cross-polarization to the central
transition (single-quantum) of a half-integer quadrupolar n
cleus may be easily observed by matching to the w,, =
(S + 3) w,s nutation rate as in Eq. [5a], but that the very lo
multiple-quantum nutation rates in Egs. [5b] and [6] mean th
cross-polarization directly to multiple-quantum coherence

much more difficult 83). However, even for systems where™’ Ihoyve;{er, thﬁ,n Spin Iogkmg IS not mamtalneg and thilcros
o> w,q, in a static powder many crystallites will still haveP2'a11zatlon €tliciency decreases correspon ingig).( Al-

0o = w:s, While in a powder undergoing MAS all Crystallitesthough the matching conditions for cross-polarization are pr

- : dicted and observed to be approximately the same for static &
Ilh = f th le. Although
will have we = w.s during part of the rotor cycle. Althoug spinning samples, the intensity of the CPMAS signal may &

felicitous from a theoretical point of view, therefore, the lim=""" - : . :
iting casew, > w,s does not appear to correspond closely talgnlflcantly affected by the efficiency with which the S-spir

experimental reality, even if a low, field strength is used. tr.anSItlons are s'pln-locked. This observaylon'appl'les equally
Instead, it is the general case, described above, whgre single- and multiple-quantum cross-polarization since, as not

. ; o i igi rom th |
s and where single- and multiple-quantum cross-polarizati ove, in general the two processes originate from the sa

are not distinct processes, that seems more appropriate. It Ra n trqn3|t|oqs in the spm-lock'mg elggnba5|s. .
been shown in Ref.3@) that, whenwo ~ w;s, Some of the full discussion of the theoretical basis of cross-polarize

(S + 1? spin-locking transitions still mix strongly into mul tion directly to the multiple-quantum coherences of a quadrt

tiple-quantum coherences and a few have nutation rates polar nucleus under MAS conditions will be presented els¢

that are greater thas,, in some cases, several times greate‘f‘\.'here'

As a result, offset effects will be relatively unimportant and
there will be no great difficulty in matching,, to these

nutation rates, as has been recently demonstrated for three- arlgxperiments were performed on a Bruker MSL 400 spe

five-quantum cross-polarization in static sample®) ( .

Thqe use of MAS Igads to further complications in a quadrt}r-onfetezg ope2r7at|ng1;7at 400'4%’ 105.8, 10‘.1'3’ 54.2, and 97.2 Mi
polar spin system. Not only does the IS dipolar interactio r°H, "Na, “Al, O and™Sc, respectively. Powc_;lered sam
become time dependent, but a time dependence is also in §o were packed into 4_-mm MAS rotors. Al radlofrequ_enq
duced into the quadrupolar interaction and, therefore, into t Sld strengths were calibrated mdepende_ntly ona varlef[y |

samples and so quoted values are approximate only. Owing

S-spin nutation ratesy,, as well. For static samples, it has ! . e )
been recently been srrugwn that single- and multiple-quantﬁ many theoretical factors affecting the optimium matchin
itions for multiple-quantum cross-polarization, all cross

uadrupolar nutation spectra can be used to measure the s§fj& 1on . ; . )
9 b P arization steps in this work were carried out at matchin

(S + 3)? nutation frequencies as those available for matchir} nditions that were found experimentally by a combination ¢
in a single- or multiple-quantum cross-polarization experime ons tha exp y by
ect searching and nutation spectroscops).(

(32). Therefore, nutation spectra can be used to determi
independently the optimum matching conditions for singl
and multiple-quantum cross-polarizatioB2). Under MAS
conditions, it is still possible to record single- and multiple-
quantum quadrupolar nutation spectra and, particularly whenTwo-dimensional multiple-quantum cross-polarized MQ
the spinning speed is small, these do not differ greatly froMAS experiments were performed using the pulse sequenc
static nutation spectré84, 395. As the MAS rate is increased,and coherence transfer pathwagd)(shown in Fig. 1. In all
however, nutation spectra break up into spinning sidebandsrsions of the experiment$d magnetization is transferred
(34, 35 and it might therefore be expected that the matchirdjrectly to the multiple-quantum coherences of the quadrupol
conditions observed in single- and multiple-quantum crosS-nucleus during the spin-locking period or “contact time.” Al
polarization will show sidebands that are dependent upon tiieee pulse sequences are used in this paper for three-quan
spinning speed. cross-polarization (solid pathways), while some five- and se
The efficiency of cross-polarization to a quadrupolar nuclees-quantum cross-polarization experiments are also perform

lT'f a > 1 then the rotor-driven modulation of the spin-locking

v\t;igenstates occurs adiabatically, while the modulation is su

an if « < 1. In both extremes spin locking is possible. If the
periment is performed in the intermediate regime whete

3. EXPERIMENTAL RESULTS

%.1. Two-Dimensional Multiple-Quantum Cross-Polarization
and MQMAS
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2 MQCP-MQMAS experiments used in this paper are easil
Ho[& | oy decoupling = [ derived from Fig. 1 87) or are available from the authors on
request.
In the amplitude-modulated MQMAS experiment in Fig. 1a

s ) " ﬂ |_| va; ¢ phase cycling is used to select batl= =n coherences during

t;. In order to ensure absorptive two-dimensional lineshapes

b z-filter (21, 3§ is included in the sequence, i.e., a pulse is use
P=_f13 to convert the multiple-quantum coherences to populatior
2 while another pulse reads these out as observable single-qu

tum coherences.

In contrast, in the pulse sequences shown in Figs. 1b and .
phase cycling ensures that onfy = +n coherences are
b selected after the spin-locking period. These coherences
then correlated with single-quantum coherences in a phas
modulated split; MQMAS experiment 89—42. Absorptive
two-dimensional lineshapes are obtained by recording tl
whole echo during acquisition. In sptif-experiments, thé,
period is split between multiple- and single-quantum evolutio
in order to refocus the inhomogeneous quadrupolar broadeni
at the end oft;. As a result, the ridge lineshapes in the
two-dimensional spectrum appear parallel to Fheaxis, with
out the need for a shearing transformation, and the hig
resolution isotropic projection is directly available. The exac
position of the single-quanturty evolution period in these
experiments, i.e., either before (Fig. 1b) or after (Fig. 1c) th
final pulse, is determined by the sign of the MQMAS ratio fo
¢ the particular spin and coherence ordé@)( If the MQMAS
ratio is negative, e.g.;-7/9 for S = 2 three-quantum, the
second part of the, period is placed before the final pulse, a
in Fig. 1b. Alternatively, if the MQMAS ratio is positive, e.g.,
19/12 for S = 3 three-quantum, then the single-quantam
period occurs after the final pulse, as in Fig. 1c. The values
k andk’ are also determined by the MQMAS ratio for the
particular spin system and coherence order. For example, 1
MQMAS ratio is —7/9 for S =  and, thereforek = 9/16 and
k' = 7/16.

FIG. 1. Pulse sequences and coherence transfer pathway diagrams for (afrigure 2a shows the conventiorfaNa (S = 3) MAS NMR
three-quantum cross-polarizediltered MAS NMR experiment and (b) and spectrum of sodium citrate dihydrate (}aH;0,.2H,0) re-

(c) multiple-quantum cross-polarized phase-modulated 8pMAS expert  ~qrded with *H decoupling. The complex central-transition

ments. The splity coefficientsk andk’ are functions of both the multiple- lineshape clearly reveals the presence of more than one disti
guantum coherence ordernd the spin quantum numb®rIin all experiments p y P

the multiple-quantum coherence is excited directly by the cross-polarizatb@ Site. Figure 2b shows the correspondiiiga MAS NMR
process, with three-, five-, and seven-quantum cross-polarized experim&feectrum recorded with a single-quantum cross-polarizatic
denoted by solid, dotted, and dashed coherence pathways, respectively.sijuence involving transfer of magnetization frito *Na.
three egper_iments make use of a “flip-back” pulse to aid the recovery 0Hthe Although this spectrum indicates th4 and ®Na are suffi
magnetlzatlon. . . . . .
ciently close in space for cross-polarization to occur, littl
indication of the number or nature 6iNa nuclei involved is
(dotted and dashed coherence transfer pathways, respectivaijained. As expected, cross-polarization is inefficient in th
In order to cancel multiple-quantum coherences arising frosystem, achieving only 3% of the intensity of a conventione
the equilibrium magnetization of the S spin, the initielpulse spectrum recorded with the same number of transients.
is phase alternated in concert with the receiver: the effectivgiould also be noted that | to S cross-polarization depen
ness of this procedure has been verifigd) (All experiments upon the relaxation rate of the | spins, while conventionz
in Fig. 1 also make use of a “flip-back” pulse to aid thé&-spin NMR depends upon the relaxation rate of the S spi
recovery of théH equilibrium magnetization, whiltH decou  (2). In systems such a4$4/"°C this often means that a cross-
pling is performed throughout. Phase cycles for all of thgolarization experiment can proceed with a shorter “recycle

1H X y decoupling X

H X y decoupling

H

S

+5
+4
+3
+2
+1
p=0
=H
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a intensity of a conventional three-quantum filtered spectrul

(not shown) recorded with an equal number of transients.
The two-dimensional three-quanturiNa MAS NMR spee
trum in Fig. 3a, recorded using a phase-modulated thre
quantum splitt, pulse sequence39, 40, shows clearly the

presence of three ridge lineshapes parallel to Fheaxis,

i : 0 5 (o) corresponding to three distinct Na sites. The isotropic proje
tion onto theF, axis reveals three peaks with approximately
equal intensities. From thie, andF, positions of the centers

b of gravity of the ridge lineshapes, values of the isotropi

chemical shift§.s, and the quadrupolar produ&, = (e°qQ/

h)(1 + n°/3)"? (43), may be obtained. The values determines

by this method 2.0, 0.6, and 6.7 ppm and 1.65, 1.87, an

1.90 MHz for the peaks witl, shifts of 3, 11, and 25 ppm,

respectively) agree with those found in the literatutéd) (

The two-dimensional three-quantum cross-polariZéda
MAS NMR spectrum displayed in Fig. 3b was recorded witl
the pulse sequence in Fig. 1b (solid pathway) vkt 9/16
and k' = 7/16. This spectrum clearly shows that cross.

FIG. 2. (a) Conventional, (b) single-quantum cross-polarized, and (c) =
three-quantum cross-polarizéiNa (105.8 MHz) MAS NMR spectra of so
dium citrate dihydrate (N&:Hs0,.2H,0). In (a) 24 transients were averaged
with a 2-s recycle interval, in (b) 48 transients were averaged with a 40-s
recycle interval, and in (c) 192 transients were averaged with a 40-s recycle
interval. Cross-polarization was performed wittNa radiofrequency field 20—
strengths ofw,s/27r = 100 kHz and with'*H radiofrequency field strengths of =TT
wyl27 of (b) 77 and (c) 35 kHz and with a contact time in both (b) and (c) of
1 ms. In all spectra the displayed spectral width is 6 kHz and the spinning rate 30—
was 6.5 kHz. The ppm scale is referencedltM NaCl (aqg).

Fy (ppm)

interval than a conventional experiment, allowing an increase ==
in the signal-to-noise obtained per unit time. However, in
sodium citrate, where the relaxation’dfla appears to be much
more efficient than that ofH, the conventional spectrum in
Fig. 2a was able to be recorded with a recycle interval that was
only 5% of the duration of that used for the cross-polarized P
spectrum in Fig. 2b. Fortunately for the prospects of single-
and multiple-quantum cross-polarization, such an extreme dif- s, I I !
ference between the | and S relaxation rates is untypical. 10 °o o 20
The three-quantum cross-polariz&la MAS NMR spee F (ppm)

trum shown in Fig. 2c was recorded with a cross-polarizationFiG. 3. Two-dimensional (a) three-quantufiNa MAS and (b) three-
sequence whertH magnetization is transferred directly to thequantum cross-polarizédNa MAS NMR spectra of sodium citrate, recorded

three-quantum coherences of #ida nucleus 22 33 Again with (a) a conventional split; three-quantum experiment and (b) the pulse
T ' sequence shown in Fig. 1b with the solid coherence transfer pathway (

a large loss in S|gn_al intensity is Obs_erVEd' with a threshe, k' = 7/16). In (a) 96transients were averaged for each of 192
quantum cross-polarized spectrum having only 1% of the ifcrements of 5s with a recycle intervali® s and in (b) 192 transients were
tensity of a conventional spectrum recorded with the saraeeraged for each of 192 increments of 5Qus with a recycle interval of 20 s.
number of transients. Moreover, the recycle interval used in thgPoth cases displaye, andF, spectral widths are 4 kHz and the MAS rate
three—quantum cross-polarized spectrum in Fig. 2¢ is agai s 6.5 kHz. Contour Ie_velg are shown at 8, 16,_32, and 54% of the maximt
. . value. In (b) cross-polarization was performed withida radiofrequency field
factor of 20 greater than that used in Fig. 2a. It should be not&gength ofw,y2 = 100 kHz, a*H radiofrequency field strength afy/2m =

however, that the spectrum in Fig. 2c contains 6% of thes kHz, and a contact time of 1 ms.

Fy (ppm)
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a sharp peak at 75 ppm and a broader resonane&atpm. The
O MAS NMR spectrum in Fig. 4b was recorded using :
conventional cross-polarization sequence and shows a sin
dominant resonance, corresponding to the broader peak ¢
cussed above. From the structure of boehmite it can be pos
lated that the sharper resonance, not observed in the cro
polarization spectrum, arises froMO nuclei in Al-O-Al
linkages, whereas that at lower ppm correspond$Qonuclei
with directly bonded'H, i.e., Al-O-H linkages 1, 8. The

b cross-polarization experiment has, therefore, edited the sp
trum to enable selective observation of the AlI-O—H oxygens.
is also significant that cross-polarization has resulted in a sigr
enhancement of the hydroxyfO nuclei, as the integrated
intensity of this site has increased by 33% relative to th
spectrum in Fig. 4a (recorded in the same total experime
time). The signal enhancement observed in this system, co
pared with the large reductions in signal observed in’thia
example above, may be attributed to the lower abundanc
lower gyromagnetic ratio, and large quadrupolar coupling col
stant of the*’O nucleus.

The three-quantum cross-polarizé® MAS NMR spee
trum of boehmite is shown in Fig. 4c. As with conventiona
cross-polarization, the experiment is preferentially selective f
the broader’O resonance. Slightly more of the narrow peak i

FIG. 4. (a) Conventional, (b) single-quantum cross-polarized, and (abserved in this spectrum, althoth this has Only 1% of i
three-quantum cross-polarizétD (54.2 MHz) MAS NMR spectra of 35% intensity in the conventional spectrum in Fig. 4a. Although
isotopically enriched boehmite (AIO(OH)). In all experiments 1200 transiencomparing Figs. 4b and 4c, three-quantum cross-polarizati
were 1:;weragc.ed with a 1-s.recycle interval. Cross-polarization was perforn‘gﬁpears much less efficient than conventional cross-polari:
‘;"'1?2772 ;%dL(.’jf?ﬁ.’?i"efZ sfl?::]g?:ser;?t(gsyuf/fzng):lﬁwk:z 2‘:’1 dk(':)zwjgi S) tion, it should be remembered that most of this sensitivit
50 kHz, and a contact time in both (b) and (c) of 106. In all spectra the difference arises from the inefficient conversion of three- t
displayed spectral width is 30 kHz and the spinning rate was 9 kHz. The pg#pservable single-quantum coherences that is common to
scale is referenced to 0. three-quantum MAS NMR experiments. In fact, the spectrut

in Fig. 4c contains more than 90% of the signal intensity of

o o ) ) ) conventional three-quantum filtered spectrum (not shown) r
polarization to all three distinct Na sites is possible, a conclyz qaqd in the same total experiment time.

sion unobtainable from the cross-polarized spectra in Figs. 2Byt is jmportant to note that the interpretation of the editing
and 2c. The isotropic projection contains thrébla SO~ observed in both single- and three-quantum cross-polariz
nances, although it appears that cross-polarization t6’Me spectra should be treated with great care. The rate at which 1
spins atd ~ 25 ppm inF, is less efficient, a result that might g5 nolarized signal builds up during the spin-locking peric
indicate a greater distance froffl. It should be noted, how o contact time is dependent upon several parameters, inclt
ever, that other factors, such as the duration of the spln—lockw% a strong inverse dependence upon the distance between
period or the radiofrequency field strengths at which the ey, spin systems. Figure 5a shows that, at short contact tim
periment is performed, can affect _cross-polarization intensitieo§,Strong single-quantum cross-polarization signal is obtain
particularly for quadrupolar nuclei. from those boehmité’O nuclei closest tdH, as observed in
Fig. 4b. The cross-polarized signal from the nonprotonated
site builds up at a slower rate but, as the contact time
increased, this’O signal eventually dominates the spectrum
Cross-polarization proceeds via the dipolar coupling béie hydroxyl'’O signal having decayed away. Figure 5b show
tween spins | and S. In principle, therefore, this allows obsehat a similar contact time dependence is observed for thre
vation of only those S nuclei that are sufficiently close to anquantum cross-polarization. Figures 5a and 5b demonstre
spin for the pair to possess a significant dipolar coupling, i.¢herefore, that a poor choice of contact time might lead to ¢
the method can be used for spectral editing. Figure 4a showsorrect assignment of the two O species. The rate at whi
the conventional’O (S = %) MAS NMR spectrum of 35% the cross-polarized signal builds up also depends upon the re
isotopically enriched boehmite (AIO(OH)) consisting of a&f w,sto wg™® and, if cross-polarization is performed at differ

T
200 o] —200 3§ (ppm)

3.2. Applications of Multiple-Quantum Cross-Polarized
MQMAS Experiments
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Tcp = cp = Tcp =
50 ps 0.8 ms 3.0 ms

s i

|
200 ~200 8 (ppm)

Tcp = Tcp= Tep =

50 us 0.8 ms 1.36ms
c

Tcp = Tcp = Tcp =

50 us 0.8 ms 1.45ms

FIG. 5. Cross-polarized’O MAS NMR spectra of 35% isotopically enriched boehmite. (a) Single-quantum cross-polarized spectra With an
radiofrequency field strength af,J/27 = 25 kHz, a*H field strength ofw, /27 = 77 kHz, and contact times ) of 50 us, 800us, and 3 ms. (b) Three-quantum
cross-polarized spectra with &f0 radiofrequency field strength af,/27 = 80 kHz, a'H radiofrequency field strength of,/2m = 50 kHz, and contact times
(7cp) OFf 50 us, 800 us, and 1.35 ms. (c) Single-quantum cross-polarized spectra witHCamadiofrequency field strength ab,¢/27 = 70 kHz, a'H
radiofrequency field strength ef,/27 = 77 kHz, and contact times ) of 50 us, 800us, and 1.45 ms. In (a) and (c) 48 transients were averaged, while
(b) 840 transients were averaged. The recycle interval la ineach case. In all spectra the displayed spectral width is 30 kHz and the MAS rate was 9 k

ent matching conditions, the relative selectivity with which theshich in this spectrum are 1:4.4, compared with 1:0.43 in th
two 'O resonances are observed may be affected. For-exapectrum in Fig. 6a. The two-dimensional spectrum in Fig. 6
ple, Fig. 5¢ shows that single-quantum cross-polarization pés-proof that the broadefO resonance observed in the eon
formed at a highew, field strength than that used in Figs. 4lventional MAS NMR spectrum of boehmite is indeed a singl
and 5a is entirely selective for the narrow (I®%) 'O rese  second-order broadenedO lineshape, corresponding to a
nance, i.e., nonprotonated O site. Similar changes in preferéarge P, value, and not a combination of more than one
tial selectivity, which again might lead to an incorrect assigmverlapping lineshape. The values of the isotropic chemic
ment, can also be observed in three-quantum crossift, 5., and quadrupolar produd®, extracted from thé-,
polarization. andF, positions of the ridge lineshapes (35 and 74 ppm ar
The two-dimensional three-quantulf® MAS NMR spee 5.5 and 1.1 MHz for the broad and narrow resonances, resp
trum of boehmite, recorded usingdilter, is shown in Fig. 6a. tively) agree with those found in the literatur@) (
The spectrum is dominated by the narrow resonance from theThe conventionaf’Al (S = 3) MAS NMR spectrum of
Al-O-Al linkage, with the signal from the broader hydroxylAIMePO-B, a novel microporous materiad$, 46, is shown in
resonance barely observable even at significantly lower cdfig. 7. In recent years, there has been much interest in mici
tours than those used in Fig. 6a. The two-dimensiof@l porous materials owing to their wide utility as ion exchang
MQCP-MQMAS spectrum of boehmite, recorded with thenaterials, catalysts, and adsorbents. The recently characteri
three-quantum cross-polarized pulse sequence in Fig. laalisminum methylphosphonate AlMeP®-has both six- and
shown in Fig. 6b. In this spectrum the broad® resonance is four-coordinate Al sites, as can be seen in Fig. 7 where the
clearly visible since the three-quantum cross-polarization agre characteristi¢’Al peaks near—18 and 40 ppm, respec
pears to be preferentially selective for this site. This can also theely. Although a single octahedral resonance is predicte
judged from the relative integrated intensities of the two ridgespm the structure of AIMeP(@B, three distinct tetrahedral
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FIG. 6. Two-dimensional (a) three-quantuMO MAS and (b) three-
quantum cross-polarizédO MAS NMR spectra of 35% isotopically enriched
boehmite, recorded with (a) a three-quantzsiiitered experiment and (b) the
pulse sequence displayed in Fig. 1a. In (a) 480 transients were averaged for
each of 192, increments of 6.66.s with a recycle interval of 1 s and in (b)
3600 transients were averaged for each of ;7ihcrements of 6.66s with a
recycle interval of 1 s. In both cases displayedandF, spectral widths are
40 and 20 kHz, respectively, and the MAS rate was 9 kHz. Contour levels are
shown at 16, 32, and 64% of the maximum value. In (b) cross-polarization was
performed with a0 radiofrequency field strength af,J/27 = 80 kHz, a'H
field strength ofw, /27 = 50 kHz, and a contact time of 1Q0s.

resonances are expected. A large difference in chemical shift
ensures good separation of the two different Al coordinations,
but the presence of second-order quadrupolar broadening pre-
vents the resolution of the three crystallographically distinct
tetrahedral sites.

It has been shown previously that two-dimensional five-
quantum®Al MAS NMR experiments are better at resolving
the three distinct tetrahedral resonances in AIMgPthan the
corresponding three-quantum experiments as they vyield a
greater frequency separation (i.e., a factor of approximately 4.2
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FIG. 8. Two-dimensional (a) five-quantufiAl MAS and (b) five-quan

tetrahedral region of the two-dimensional five-quanttiil
9 q tum cross-polarizedAl MAS NMR spectra of AIMePOB, recorded with (a)

MAS NMR spectrum of AIMePCB' recorded using the phase'a phase-modulated five-quantum spliexperiment and (b) the pulse sequence

modulated split; sequence of Ref4(l) is shown in Fig. 8a. gisplayed in Fig. 1b denoted by the dotted coherence pathway. In both (a) ¢
Three ridge lineshapes parallel to tlig axis are clearly (b) 320 transients were averaged for each of Shcrements of 10Qus with
distinguishable, and analysis of th&ir andF, positions yields 2 recycle interval of 2 s. In both cases displajfgcandF, spectral widths are

PQ values of 2.4, 1.9, and 1.8 MHz in order of decreasing pp kHz and the MAS rat_e was 4.5 kHz. Contour Ievels_are_ shown at 4, 8, 1
, and 64% of the maximum value. In (b) cross-polarization was performe

Valljles_(deSIQnated SlteS_l, 2,and 3, respe(_:tn_/ely). The ISOtrO\Hiltﬁ a ¥Al radiofrequency field strength ab,s/27 = 100 kHz, a*H field
projection onto theF; axis reveals three distinct resonancesirength ofw,/2m = 50 kHz, and a contact time of 2 ms. (c) Plot&& NMR

signal intensity (extracted from a series of two-dimensional five-quantul
cross-polarized MAS spectra) for each distinct site in AIMeP@&s a function

of the contact time. Cross-polarization was performed with radiofrequenc
field strengths as in (b). Filled squares, triangles, and circles signify sites 1,
and 3, respectively.

with the one corresponding to the largds$ value (site 1)
having a slightly lower intensity owing to the nonuniform
excitation and conversion of the five-quantum coherences.
o Figure 8b shows the corresponding tetrahedral region of
FIG. 7. Conventional Al (104.3 MHz) MAS NMR spectrum of . . . .
AlMePO-8. The spectrum is the result of averaging 48 transients with a Ztgvo'dlmensmnal flve'quantum CI’OSS-pO|arlzezaA| MAS

recycle interval. The displayed spectral width is 15 kHz and the MAS rate WwAYMR spectrum, recorded with the pulse sequence shown
4.5 kHz. The ppm scale is referencedlt M AI(NO.); (aqg). Fig. 1b (dotted coherence transfer pathway) vite- 12/37

T T T T
80 40 0 —40 § (ppm)



246 ASHBROOK AND WIMPERIS

andk’ = 25/37. All three tetrahedral-regiofiAl resonances a
are observed in this spectrum, showing the proximity of all
three to'H nuclei, a conclusion unobtainable from the conven
tional CPMAS NMR spectrum alone. The isotropic projection

in Fig. 8b shows that the relative intensities of the thied

peaks have changed slightly from those observed in Fig. 8a. As 4 2 0 2 4 Kz
discussed above, however, these relative intensities may de- b

pend upon a number of factors, including (i) the ratiawf to

og™® (although, in this case, theh values for the three peaks
appear to be similar), (ii) the strong inverse IS distance depen-
dence of cross-polarization and, strongly related to these first
two factors, (iii) the choice of contact time.

By performing the two-dimensional MQCP-MQMAS ex-
periment for a range of values of the contact time, it is possible
to monitor the buildup and decay of each tetrahedral-region
’Al resonance individually, allowing the possibility of extract
ing distance information4@). Figure 8c shows the integrated
intensity of eachf’Al resonance (arbitrary scale) against €on
tact time for each of the three tetrahedrally coordinated sites in
AlMePO-B. Although many more values of the contact time d
would be needed in order to extract any quantitative informa-
tion, the five-quantum cross-polarization profiles of the three
sites do indeed show small differences. Site 1 (denoted by
squares) shows a maximufAl signal intensity at signifi
cantly longer durations of the contact time than sites 2 (trian-
gles) and 3 (circles), while the decay of this site 1 signal is also e
less rapid than in the other two sites. Site 2 shows the most
rapid signal decay, with its intensity at 5-ms contact time being
almost equal to that of site 1. Although Fig. 8c shows that the
#Al signal intensity of site 1 is maximized relative to the other
two sites at longer contact times, perhaps indicating a greaterEIG. 9. (a) Conventional, (b) single-quantum cross-polarized, (c) three
distance from'H, this intensity is always lower than thatguantum cross-polarized, (d) five-quantum cross-polarized, and (e) sevi
observed for sites 2 and 3. This is probably due, in part, to theantum cross-polarizetiSc (97.2 MHz) MAS NMR spectra of scandium
lower efficiency of five-quantum conversion for this site, & 8By el Crose polarization was perormed w
feature also Observeq m.the conventional flve-quanffmh “Sc rgdiofrequency fieldystrengthsofﬁw: 1%0 kHz,'H field stF;engths of
MAS NMR spectrum in Fig. 8a. (b) wy/27 = 77 kHz, () and (dJoy/2 = 50 kHz, and (€}o,/27 = 65 kHz,

and a contact time of 1 ms in all experiments. In all spectra the displaye
3.3. Multiple-Quantum Cross-Polarized MQMAS and HigheiPectra! width is 8 kHz and the MAS rate was 6.5 kHz.
Spin Quantum Numbers

In nuclei with higher spin quantum numbers the possibilitgll of which possess relatively loR,, values 49). Figures 9b,
exists of direct cross-polarization to a range of multiple-qua®e, 9d, and 9e show tH&Sc MAS NMR spectra of scandium
tum coherences, e.g., up to= 7 for nuclei withS = %. In sulfate resulting from cross-polarization to single-, three
principle, any multiple-quantum coherence can be cross-poléive-, and seven-quantum coherences, respectively. Each
ized but the matching parameters (i.e., the two radiofrequenpits lineshape distortion characteristic of differences in cros
field strengthsw,, andw,s, and the contact time) for optimum polarization efficiency between the crystallites within a singl
cross-polarization will differ from one coherence order t&°Sc lineshape and of differences in efficiency between tf
another and are best determined experimentally in each cabege **Sc lineshapes. These results show that it is feasible
perhaps with the aid of a multiple-quantum nutation experiross-polarize with relative ease frotH to all of the higher
ment. order *Sc multiple-quantum coherences, although this is po

Figure 9a shows the conventioridsc (S = ) MAS NMR  sibly a reflection of the relatively low,, values found in this
spectrum of scandium sulfate pentahydrate,($0,);.5H,0). sample. On first inspection, the efficiency of cross-polarizatic
This spectrum consists of a superposition of three second-ordppears to decrease with increasing coherence order, i.e.,
broadened lineshapes, corresponding to three distinct Sc sigggctra in Figs. 9b—9e contain only 5.1, 1.2, 0.9, and 0.3%
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FIG. 10. Two-dimensional (a) five-quantufiSc MAS, (b) three-quantum cross-polariZé8c MAS, (c) five-quantum cross-polariz&$c MAS, and (d)
seven-quantum cross-polarizétc MAS NMR spectra of scandium sulfate. The spectra were recorded with (a) a phase-modulatedigetuantum
experiment, (b) and (c) the pulse sequence displayed in Fig. 1¢ with solid and dotted coherence transfer pathways, respectively, and (d) trenpelse
displayed in Fig. 1b with the dashed coherence transfer pathway. In (a) 160 transients were averaged for eaghrafr@sgnts of 66.6us, with a recycle
interval of 3 s; in (b) 192 transients were averaged for each oft2&&rements of 20Qws, with a recycle interval of 5 s; in (c) 320 transients were average
for each of 25@; increments of 66.qus, with a recycle interval of 3 s; and in (d) 360 transients were averaged for each of il@Pements of 4Qus, with
arecycle interval of 5 s. In (a), (c), and (d) displayedandF, spectral widths are 5 kHz, while in (b) displayeddndF, spectral widths are 1.25 and 5 kHz,
respectively. In all experiments the MAS rate was 6.5 kHz. Contour levels are shown at (a) 4, 8, 16, 32, and 64%, (b) and (c) 8, 16, 32, and 64%, an
32, and 64% of the maximum value. Cross-polarization was performed@ithradiofrequency field strengths @fy/27 = 100 kHz,'H field strengths of (b)
wy/27 = 66 kHz, (c) and (dw,/27 = 50 kHz, and contact times of (b) and (c) 1 ms and (d) 480

the intensity of the conventional spectrum in Fig. 9a. It shoutsvo. The values of the quadrupolar parametefsQ/h and
be noted, however, that this corresponds to 5.1, 9.2, 19.7, apdextracted from each lineshape, are 5.2, 4.3, and 4.5 Mt
20.1% of the intensity obtained from conventional (i.e., “pulsexnd 0.1, 0.8, and 0.5 for sites 1, 2, and 3 (in order
acquire” or “single-quantum”) and three-, five-, and seveiincreasingF, values), respectively4@). Two-dimensional
quantum filtered experiments, respectively. three-, five-, and seven-quantum cross-polariz&t MAS
Although cross-polarized spectra can be obtained in tfiEVIR spectra of scandium sulphate are shown in Figs. 10
system, the exact nature or number of the distif8t nuclei 10c, and 10d, respectively. The three- and five-quantu
involved cannot be determined using the results in Fig. MAS spectra in Figs. 10b and 10c were recorded with th
Two-dimensional methods must be employed so that a mamss-polarized split; experiment in Fig. 1c withk =
detailed description of the results of cross-polarization may B&/146 anck’ = 101/146 forthree-quantum ankl = 9/20
obtained. Cross-polarization to higher order multiple-quantuamndk’ = 11/20 for five-quantum. The seven-quantum MAS
coherences is of interest since the use of such coherencesgactrum in Fig. 10d was recorded with the cross-polarize
MQMAS experiments yields greater frequency dispersion, asglit-t; experiment in Fig. 1b wittk = 45/206 andk’ =
hence higher resolution, in the isotropic projections of MQt61/206.
MAS spectra 49). The three-quantum cross-polarized MAS spectrum in Fig. 1(
The two-dimensional five-quantuffSc MAS NMR spee  does not quite allow complete resolution of the two closely spac
trum shown in Fig. 10a, recorded using a five-quantumesonances, but the presence of three sites can be deduced
split-t, experiment 49), reveals two closely spaceliSc care. This spectrum also shows that cross-polarization to all thi
ridge lineshapes, with a third lineshape at higher frequensifes is observed, and, although the signal intensity from site 3
with approximately twice the intensity of either of the othestill greater than that from sites 1 and 2, it no longer possess
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