
Examples of Hartmann–Hahn Match Conditions for CP/MAS
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Hartmann–Hahn match conditions for n
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uadrupolar nuclei, spin-lock signal as a function of effective nutation
requency, and the correlation of effective nutation frequency and radio-
requency field strength are reported for three samples: sodium diborate
Na2B4O7), aluminum boride (AlB2), and lithium aluminate (LiAlO2).
adiofrequency field strengths used for CP/MAS are both greater and

ess than the sample spinning speed of 10 kHz, resulting in the observa-
ion of both zero-quantum and double-quantum matches, which have
ignals of opposite sign. The match conditions for Na2B4O7 are as
xpected from published theory and CP/MAS experiments on spins 1

2 and
(n 5 3 or 5) with quadrupole frequencies (vQ) large compared to the

adiofrequency field strength of the CP contact pulse, consisting mainly
f sideband matches at one and two times the sample spinning fre-
uency, and the correlation of effective nutation frequency and radio-
requency field strength supports the conclusion that vQ is large for
oth 11B and 23Na. Aluminum-27 in AlB2 may have either small or
ntermediate vQ, and 7Li in LiAlO2 is proposed to have intermediate

Q in relation to the radiofrequency field strength, and both have
urves of the spin-lock signal as a function of effective nutation
requency with central minima, differing from those of the nuclei with
arge vQ. The sign of the CP/MAS signal for AlB2 and LiAlO2

ppears to vary with the CP field strengths for the two nuclei so that
ositive or negative signals cannot be consistently correlated with
ero- or double-quantum matches. However, it is possible to assign at
east some of the matches as close to integral multiples of the sample
pinning frequency, and some of these are matches at greater than
wo times the sample spinning frequency. © 1999 Academic Press

Key Words: quadrupole; CP/MAS; spin lock; Hartmann–Hahn;
ouble quantum.

INTRODUCTION

Although double-resonance experiments involving two q
rupolar nuclei of half-integral spin are nothing new (1), only
ecently has cross-polarization (CP) with magic-angle spin
MAS) been applied to this case (2, 3). The n

2 3
m
2 CP/MAS

xperiment has some potential for establishing connec
3), while it is less likely to be useful for signal enhancem
s the two nuclei involved may have comparable magneto
atios and relaxation times. The advent of the MQMAS ex
ment (4) and two-dimensional correlation experiments c
ining it with CP (5) makes it possible that such correlat
xperiments may be done to establish connectivities bet
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artmann–Hahn match conditions and spin-locking beha
or some readily available polycrystalline samples.

Previous work on CP/MAS involvingn2 quadrupolar nucle
uggests that low RF powers and fast spinning speeds s
e used (2, 3, 6–8). The theoretical work of A. Vega on123

3
2

P/MAS (8) is relevant, since it describes the behavior o
pin 3

2 as the observed nucleus in CP. Vega treats the ca
hich the quadrupole frequency (vQ 5 3e2qQ/\2S(2S 2 1))

s much larger than the CP radiofrequency,v 1S, and identifies
hree regimes of spinning speed: adiabatic (slow spinn
ntermediate, and sudden (fast spinning), recommendin
udden regime as the most practically useful. He gives
artmann–Hahn match conditions as

v1I 2 v1S 5 6nvR, $n 5 1, 2% for vQ ! v1S, [1]

v1I 5 SS1
1

2Dv1S

for the adiabatic regime withvQ @ v1S, [2]

nd

v1I 2 SS1
1

2Dv1S 5 6nvR, $n 5 1, 2%

for the sudden regime withvQ @ v1S, [3]

herevR is the angular frequency at which the sample is s
he factor ofS 1 1

2 enters in the case ofvQ @ v 1S, becaus
he central transition is excited nearly selectively and it ca
reated as a ficticious spin12 (9).

In addition to the above conditions, sum matches are
ected that have forms such as

v1I 1 v1S 5 nvR for vQ ! v1S, [4]

nd

v1I 1 SS1
1

2Dv1S 5 nvR for vQ @ v1S. [5]



These or analogous conditions have been found previously for
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99MATCH CONDITIONS FOR QUADRUPOLAR CP/MAS
1H3 13C (10) and27Al 3 29Si (11) CP/MAS, and most recent
n CP/MAS between two half-integer quadruplar nuclei (3). The
um and difference match conditions have been described
odynamically by Meier (10) for CP/MAS involving spins1

2.
um matches are associated with heteronuclear double-qu

ransitions and difference matches with heteronuclear zero-
um transitions; the signals from the two types of match
pposite in sign. This can also be seen using a theoretical fo

sm like that presented by Stejskalet al. (12). Since these cond
ions are due to the heteronuclear dipolar interaction, they
btain in general for spins other than1

2.
The limiting Hartmann–Hahn match conditions given ab

or very small or very largevQ can be seen to arise even thou
he match conditions depend in general upon the cryst
rientation in a powder sample (13). For very large (small)vQ,

he quadrupole interaction which becomes time dependen
ample spinning will, despite 2 or 4 zero crossings of
rst-order quadrupole splitting per rotor period (8, 14), be large
small) for most crystallites most of the time, giving a nuta
requency of (S 1 1

2)v 1S (v 1S). WhenvQ has an intermedia
alue relative tov 1S, no such approximation can be made
he dependence of the match conditions upon crystallite o
ation may result in their being ill-defined and following
imple formula (8). In the intermediate case multiple nutat
requencies may be expected (15, 16) and separate match co
itions for each transition might also occur (17).
A reasonable general extension to then

2 3
m
2 case of the

atch conditions given above are the difference and sum f

e Iv1I 2 eSv1S 5 6nvR [6]

nd

e Iv1I 1 eSv1S 5 nvR, [7]

here e I (eS) can take on values from 1 toI 1 1
2 (S 1 1

2)
2, 15). As noted, particular conditions of this sort apply
ach individual crystallite in a powder, but average matche

he entire sample following this simple form may be expe
t least when thevQ values are very large or very small. T
uantities v 1I and v 1S correspond to radiofrequency fie
trengths that are appropriately obtained from 90° pulse w
f liquid-state samples (18), but the quantitiese Iv 1I andeSv 1S

re nutation frequencies of the solid sample. For a polyc
alline sample under MAS the first maximum in the sig
ntensity as the pulse width is increased is readily meas
hile the exact nutation frequencies for each site in e
rystallite are not so easily obtained. We will refer to this p
idth as the solid-state maximum-signal pulse width (pM)
nd associate with it a frequency,n9, called the effectiv
utation frequency, equal to 1/(4pwM). Correlation of the 90
ulse width for a liquid sample with pwM for the solid as

unction ofv 1I provides collective values ofe I representing a
er-
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ases of very large and very smallvQI , respectively. Th
artmann–Hahn match conditions can be compared to

orms

n9I 2 n9S 5 6nnR [8]

nd

n9I 1 n9S 5 nnR, [9]

here angular frequencies have been replaced by freque
or convenience andnR equalsvR/2p. Deviation from thes
orms is expected whenvQI or vQS is intermediate in siz
elative to the radiofrequency field strengthv 1I or v 1S.

Based on the second rank nature of the heteronuclear d
nteraction (12, 14), values ofn would be restricted to 1 or
owever, values of zero and integer values greater than 2
een observed (6, 10–12). In addition to the particular situatio
f Eq. [2] above explained by Vega (8), two explanations fo

hese observations can be found in the literature. First,
igher order matches may be due to homonuclear di

nteractions, which further separate the matches atn of 1 and
into sidebands at multiples of the spinning frequency (12).

hey may also be accounted for by second- or higher o
ffects of the heteronuclear dipolar interaction (10, 19).
The importance of spin locking to effective CP/MAS and

ifficulties of achieving adequate spin locking for the cen
ransition of half-integer quadrupolar nuclei, given the ti
ependence of the first-order quadrupole interaction u
AS, have been considered by Vega, who found that
diabatic and sudden regimes are more favorable for

ocking than are intermediate spinning rates (7). Subsequently
unet al. (20) showed that even in the sudden regime, ce

ransition coherence decays rapidly when the radiofrequ
eld strength and the sample rotation frequency are a
qual. Jeschke (21) has concluded based upon a Floquet
alism using abstract spins that proper spin locking for a
with largevQ requires that the sample spinning frequenc
reater than the radiofrequency field strength. All of this w
as stresed the regime in whichvQ is much larger than th
adiofrequency field strength.

In this paper, we describe observations on the Hartm
ahn match conditions forn23

m
2 CP/MAS for three polycrys

alline compounds: sodium diborate, aluminum boride,
ithium aluminate. These compounds are promising candid
or the CP technique due to short distances between the
rupolar nuclei, which are about 0.3 nm or less as determ
y X-ray crystallography (22–24). Given the consideration
entioned above, we have chosen the fastest readily ac
ble spinning speed for our apparatus (nR 5 10 kHz), and
adiofrequency field strengths both less than and greater
he spinning speed. In addition to evaluation of the Hartma
ahn match conditions in terms of the effective nutation
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100 MARGARET A. EASTMAN
ents are presented, and liquid-state 90° pulse width
ompared with solid-state pwM values over the range of powe
sed in the CP/MAS and spin-locking experiments to estim

he size of the quadrupole frequencies. Correlations bet
he patterns seen in the these three types of experimen
onsidered.

EXPERIMENTAL

amples

Sodium diborate (Na2B4O7) was made by melting bora
Na2B4O7 z 10H2O) at 800°C, using the procedure of Krog
oe (22). Aluminum boride (AlB2) and lithium aluminat

g-LiAlO 2) were used as obtained from Alfa Æsar.

MR Experiments

Experiments were performed on a Chemagnetics CM
pectrometer operating at 301.0 MHz for1H, with a Chemag
etics triple resonance (H–X–Y) Pencil-II-type magic-an
pinning probe. The sample spinning speed was 10.006 0.05
Hz for all experiments on solid samples in which the sp
as controlled with a Chemagnetics MAS speed controller

egulated only the drive air stream. For some CP/MAS ex
ments, the speed was controlled to60.005 kHz with a newe

odel Chemagnetics MAS speed controller that regulated
he bearing and the drive air streams. Resonance freque
or 7Li, 11B, 23Na, and27Al are given in Table 1 along with th
elaxation delay times used for obtaining 90° or pwM pulse
idths and for spin locking for the various samples and

eference used for each nucleus. Delays used in the CP
xperiments were 0.5 s for11B observation and 1.0 s for23Na
bservation in sodium diborate, 0.5 s for11B observation an
.0 or 4.0 s for27Al observation in aluminum boride, and 4.

or 7Li observation and 20.0 s for27Al observation in lithium
luminate. These are different in some cases from tho
able 1, since a compromise was sometimes made wit

TABLE 1
Resonance Frequencies, Reference Samples, and Pulse Delays

for Liquid and Solid Samples

Nucleus Reference (0 ppm) Sample
Frequency

(MHz)
Pulse delay

(s)

7Li 1 M LiNO 3 (aq.) 1 M Li2SO4 (aq.) 116.980 40.0
LiAlO 2 116.980 60.0

11B H3BO3 (sat. aq.) H3BO3 (sat. aq.) 96.575 0.5
AlB 2 96.572 15.0
Na2B4O7 96.573 4.0

23Na 1 M NaCl (aq.) 1 M NaCl (aq.) 79.620 1.0
Na2B4O7 79.620 0.5

27Al 1 M Al(NO 3)3 (aq.) 1 M Al(NO3)3 (aq.) 78.431 1.0
AlB 2 78.560 0.5
LiAlO 2 78.437 10.0
re

te
en
are

II

d
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e
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in
he

elay times to reduce experiment time. One molar aqu
olutions of Li2SO4, NaCl, and Al(NO3)3 and a saturate
queous solution of H3BO3 were used to obtain liquid-state 9
ulse widths for determination of the radiofrequency fi
trength. Ninety-degree pulse widths were obtained for
iquid samples as one-half the pulse width giving minim
ignal, and pwM for solid samples was the pulse width giv
aximal signal.
For spin-locking (7, 8) and CP/MAS (6, 8, 25) experiment

he pulse sequences shown in Fig. 1 were used. For
ocking, values ofn9 were calculated from solid-state ma

um-signal pulse width data taken at the power setting
ach spin-lock experiment. In CP experiments the power
f the contact pulse for one of the nuclei was kept cons
hile that for the other nucleus was varied in an arra
etermine the match conditions. Values ofn9 were obtaine

rom a fourth-order polynomial equation fitted ton9 values
etermined from solid-state maximum-signal pulse width
t a subset of power settings in the range used in the
xperiment. Solid-state maximum-signal pulse widths we

o 8.5 ms for spin-locking experiments and 3 to 5ms for
P/MAS experiments, except where indicated in the fig

egends. Both X3 Y and Y 3 X experiments were don
ontact times were 2.5 ms for sodium diborate and 1.0 m
luminum boride and lithium aluminate; these values were
ptimized to give the best possible signal-to-noise ratio.
Signal-to-noise ratios for the CP/MAS spectra were ev

ted graphically by measuring the signal and peak-to-
oise heights on plots with a ruler. To compare signals f
ifferent experiments on one sample in which the same nu
as observed, a relative signal-to-noise ratio was calculat

FIG. 1. (a) Pulse sequence used for spin-locking/MAS experiments
ulse sequence used for CP/MAS experiments. In both a and b pwM is the

smallest) pulse width giving the maximum signal for the solid sample.
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101MATCH CONDITIONS FOR QUADRUPOLAR CP/MAS
umber of scans taken in the experiment, then normalizin
ividing by the largest value for all spectra in the group
xperiments.

RESULTS

Figures 2 and 3 show the results of spin-locking experim
or each nucleus. The integral of the spin-lock signal at a
quivalent to the contact time used in CP/MAS experimen
lotted as a function of the effective nutation frequency for
pin-lock pulse,n9, obtained from the solid-state maximu
ignal pulse width. The nuclei fall into two categories base
he appearance of the spin-lock integral curve.11B in Na2B4O7

nd AlB2,
23Na in Na2B4O7, and 27Al in LiAlO 2 all have a

aximum of the integral of the spin-lock signal atn9 values
ess than 5 kHz, with the integral decreasing as the pow
ncreased. For27Al in LiAlO 2 (Fig. 3a) an additional set
xperiments at smaller increments of power shows tha
pin-lock signal oscillates as it decreases in magnitude.7Li in
iAlO 2 and27Al in AlB 2 have a different pattern with a peak

ess than 5 kHz, a distinct minimum in the signal with incre
ng power, followed by a return to high signal levels at
ighest powers shown. Again, more detail is given by a s
ate series of experiments on27Al in AlB 2 (Fig. 3b), indicating
ow the signal oscillates as it increases from the central

mum.
Intensity of the spin-lock signal over time (1.0 to 5.0

otal) was observed, but is not shown. The shapes of the c
ary with the sample, nucleus, and power level. Many of t
how a decrease of the signal with time, without oscillati
ome of the nuclei in the first group mentioned above s
scillations in the signal with time that extend out to about
s or more atn9 values of less than 2 kHz. Higher frequen
scillations that die out in tenths of a millisecond are so

imes seen in the range of 3–20 kHz for both groups of nu
Figure 4 gives representative CP/MAS spectra for e

ucleus in each sample with phases adjusted to make all s
ositive, compared with directly detected MAS spectra.
res 5 through 7 present the results of CP/MAS experim
erformed to detect the match conditions, showing the de
ence of the integral of the CP signal onn9. Both zero-quantum
nd double-quantum matches are evident, as both positiv
egative signals occur. A single zero-order phase adjust
as applied to all spectra in an array of CP/MAS experime

his phase was as close as possible to the phase requir
irect detection of the nucleus observed in the CP/MAS
eriment, but ensured that all spectral lines were pure ab

ive and either positive or negative.
Since the absolute phase of the signals is not known

ssignment of positive and negative signals to sum and d
nce matches is not determined exactly. For Na2B4O7 (Fig. 5),

he association of positive signals with sum matches lead
attern of matches (Eqs. [8] and [9]) falling exclusively

ncrements of the spinning frequency of the sample; the o
y
f
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ite assignment is quite different and has no matches at
heoretically favored positions. A weak match peak
hown) that might correspond to a match at 3nR was seen, bu

FIG. 2. Results of spin-locking experiments on (a)23Na in Na2B4O7, (b)
lled squares,11B in Na2B4O7, stippled squares,11B in AlB 2, (c) filled squares
7Al in LiAlO 2, stippled squares,27Al in AlB 2, and (d)7Li in LiAlO 2. Plotted
s the integral of the signal at the spin-locking time (2.5 ms for Na2B4O7, 1.0

s for AlB2 and LiAlO2) normalized by dividing by the integral for
pin-locking time of 0.001 ms. Here and in all subsequent figures the eff
utation frequencies,n9, are calculated from pwM values of the solid sampl
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102 MARGARET A. EASTMAN
he decrease in signal amplitude in the CP/MAS and s
ocking experiments as the power is increased suggest
trong CP signals would not be found at higher multiples onR.
The assignment of the positive and negative signals fo

ther compounds is not so simple. For aluminum boride
mination of Figs. 6c and 6d reveals that all the major pea

hese experimental arrays can be assigned to sum or diffe
atches withn an integer in the range of zero to 4. Howev

t appears that in Fig. 6c, zero-quantum or difference mat
ave positive signals, and double-quantum or sum ma
ave negative signals, whereas in Fig. 6d the opposite as
ent of signal signs makes sense. In an additional seri
xperiments, not shown, the signs of the27Al 3 11B (AlB 2) and

7Li 3 27Al (LiAlO 2) CP/MAS signals changed withn9 for
everal sets of effective nutation frequencies that should
esentn 5 0 matches andn 5 1 difference matches. Thu
here is no apparent consistent correlation between signa
nd match type for these compounds. For AlB2, supposedn 5
difference matches had negative signal if one or both va

f n9 were above about 20 kHz and positive signal if both w
elow about 20 kHz. Consistent with this result, the match
ig. 6a are assigned as double-quantum, those of Fig. 6

FIG. 3. Integral of the signal at 1.0 ms vsn9 for spin-locking experimen
n 27Al in (a) LiAlO 2 and (b) AlB2. Integrals are normalized such that

argest value on each plot is 1 (not relative to a spin-locking time of 0.00
s in Fig. 2).
-
hat

e
x-
in
ce

,
es
es
n-
of

p-

ign

es
e
of
are

hose of Figs. 6c and 6d are assigned as noted abov
eadily identifiable pattern could be observed for lithium
inate that would suggest the assignment of zero-quantum
ouble-quantum matches. Several prominent matches
um or difference of the effective nutation frequencies clos
n integral multiple of the spinning speed are marked
sterisks in Fig. 7. These had negative signals associated
ero-quantum or difference matches, except the negative
als of Fig. 7c are interpreted as double-quantum or
atches.
Figure 8 shows plots of the relative signal-to-noise rati

he sum (cf. Eq. [9]) or absolute value of the difference (cf.
8]) of the effective nutation frequenciesn9 for the two nuclei
ncluding the major match peaks of Figs. 5–7. Sum and
erence matches were assigned as indicated in the las
aragraphs. For LiAlO2 only the peaks marked with asteris

n Fig. 7 are included in Fig. 8c. The relative signal-to-no
atio should be viewed as a qualitative indicator of the si
trength since peak heights were variable in replicated e
ments, as Figs. 6 and 7 suggest. Data from more than
imilar or identical array of spectra which appeared to dis
ssentially the same set of match conditions, where avai
ere averaged together in Fig. 8.
Figure 9 displays the ratio of liquid-state 90° pulse widt

olid-state maximum-signal pulse width as a function of
adiofrequency field strength, which is determined from
iquid-state 90° pulse width. The nuclei11B in Na2B4O7 and
lB 2,

23Na in Na2B4O7, and 27Al in LiAlO 2 all have a liquid
o-solid pulse width ratio ofI 1 1

2 over the range of fiel
trengths employed in the CP/MAS experiments, indica
hat they are in the regime in which the quadrupole frequ
s much greater thanv 1I .

27Al in AlB 2 seems to be in th
egime of very lowvQ, and7Li in LiAlO 2 appears to be in th
ntermediate region, with the pulse width ratio increasin
bout 1.5 with decreasing field strength.

DISCUSSION

The ratio of liquid-state 90° pulse width to solid-state m
mum-signal pulse width should be 1 at higher strength w

QI is much smaller than the field strengthv 1I , and I 1 1
2 at

ower strength wherevQI is much greater thanv 1I . In the
ntermediate region wherevQI andv 1I are comparable in siz
ome value between 1 andI 1 1

2 is expected. Some of th
rends in Fig. 9 can be interpreted as artifacts; for example
atio should not decrease with decreasing field strength
pite imperfections in the data, conclusions about the sizevQ

rawn from Fig. 9 are with one exception consistent w
ublished information about the quadrupole frequencies.
uantity e2qQ/h is generally reported, and this can be tra

ated easily into the form given forvQ in the Introduction
alues ofvQ/2p from the literature are 265 and 320 kHz

11B and 10.8 kHz for27Al in AlB 2 (26), and 480 kHz for27Al
n g-LiAlO 2 (27). These values suggest that11B in AlB 2 and

s



d
s .
9
s is
n by

s een
r a
m

ow
i

i .
(
2
6
n

103MATCH CONDITIONS FOR QUADRUPOLAR CP/MAS
27Al in LiAlO 2 have largevQ relative to the field strength an
hould have a pulse width ratio ofI 1 1

2 in agreement with Fig
. The value for27Al in AlB 2 implies low vQ at higher field
trengths and intermediatevQ at lower field strengths, which
ot supported by Fig. 9b. This nucleus is distinguished

FIG. 4. On the left are directly detected MAS spectra of (a)11B in Na2B4O
n AlB 2, 256 scans, (e)7Li in LiAlO 2, 16 scans, and (f)27Al in LiAlO 2, 64 sc
a) 23Na3 11B of Na2B4O7, 2048 scans, 0.5 s delay,n9B 5 2.4 kHz,n9Na 5 7.6
.2 kHz, (c)27Al 3 11B of AlB 2, 4800 scans, 0.5 s delay,n9B 5 3.8 kHz,n9Al 5
.8 kHz, (e)27Al 3 7Li of LiAlO 2, 512 scans, 4.0 s delay,n9Li 5 22.7 kHz,n
9Al 5 8.3 kHz.
a

ubstantial Knight shift (cf. scale in Fig. 4d) which has b
eported to have no anisotropy (26), and aluminum boride is
etallic conductor (28).
Spin-locking experiments in the literature mainly sh

ntensity as a function of spin-lock time (2, 3, 8, 20, 21). De

56 scans, (b)23Na in Na2B4O7, 2048 scans, (c)11B in AlB 2, 64 scans, (d)27Al
. Pulse delays are given in Table 1. On the right are X3 Y CP/MAS spectra
z, (b)11B3 23Na of Na2B4O7, 1024 scans, 1.0 s delay,n9B 5 7.0 kHz,n9Na 5
5 kHz, (d)11B3 27Al of AlB 2, 4096 scans, 1.0 s delay,n9B 5 3.0 kHz,n9Al 5

2.2 kHz, (f) 7Li 3 27Al of LiAlO 2, 64 scans, 20.0 s delay,n9Li 5 2.3 kHz,
7, 2
ans
kH
6.

9Al 5
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aul et al. (11) presented a plot of intensity of the sp
ocked central transition vs radiofrequency field strength

27Al in albite covering a smaller range of field strengths t

FIG. 5. X 3 Y CP/MAS spectra of Na2B4O7. Pulse delays are give
nder Experimental. (a)23Na3 11B, filled squares:n9B 5 1.7 kHz, 1024 scan
tippled squares:n9B 5 2.4 kHz, 2048 scans. (b)23Na3 11B, n9B 5 7.0 kHz,
024 scans, 10.0ms pwM. (c) 23Na3 11B, n9Na 5 2.5 kHz, 2048 scans. (

1B 3 23Na, n9Na 5 8.9 kHz, 1536 scans, 20.0ms pwM.
r
n

FIG. 6. X 3 Y CP/MAS spectra of AlB2. Pulse delays are given u
er Experimental, except where indicated. (a)27Al 3 11B, 4800 scans
lled and light stippled squares:n9B 5 1.8 kHz, medium stippled an
pen squares:n9B 5 3.8 kHz. (b) 27Al 3 11B, 4800 scans, fille
quares:n9B 5 7.6 kHz, stippled and open squares:n9B 5 10.0 kHz. (c)n9Al 5

.8 kHz, filled squares:11B 3 27Al, 1024 scans, 4.0 s delay, stippl
quares:27Al 3 11B, 4800 scans, 0.5 s delay. (d)27Al 3 11B, 4800 scans
9Al 5 38.5 kHz.
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105MATCH CONDITIONS FOR QUADRUPOLAR CP/MAS
al data, these authors present simulations including sec
rder quadrupolar interactions of the spin-lock efficiency

23Na and27Al in albite that have zero intensity at zero fie
trength and a series of rounded maxima and sharp m
11). The plots of Fig. 3 have the same general form, o
hich is superimposed one of the two trends noted ab
ither a general decay as the field strength increases

ntermediate minimum followed by an increase at hig
eld strengths. Aluminum-27 in aluminum boride has two
hree minima (Fig. 3b), and in lithium aluminate has five
ix minima (Fig. 3a) between zero and the spinning sp
0 kHz. (Note that according to Fig. 9 then9 values for Fig
a must be divided by 3 to give the correct field stren
hile no correction is required for Fig. 3b).
The spin-locking results presented here uphold the ass

f Sunet al. (20) that spin-locking efficiency for half-integ
uadrupolar nuclei diminishes when the sample spinning
uency and the spin-lock field strength are equal. Altho

heir work involved cases of large quadrupole frequency
ive to the spin-lock field strength, our results suggest tha
onclusion may apply regardless of the size ofvQ. Considering
ig. 9, spin-locking fields equivalent to the spinning freque
f 10 kHz occur atn9 values of 20 kHz in Figs. 2a and 2b,
Hz and 30 kHz for the27Al signals of AlB2 and LiAlO2,
espectively, in Fig. 2c, and about 15 kHz in Fig. 2d. All
hese are points of relatively low signal on the spin-l
urves.
Evaluation ofe I andeS in Eqs. [6] and [7] is most reliab

or sodium diborate;e I andeS are both equal to 2 througho
he range of field strengths used in the CP/MAS experim
ndicating that the quadrupole frequencies are large comp
o the radiofrequency field strengths. The expected m
onditions are then

2v1B 1 2v1Na 5 nvR, [10]

2v1B 2 2v1Na 5 6nvR, [11]

he first expression agrees with the double-quantum m
onditions given by Chanet al. (3). Figure 9b suggests form
or AlB 2 such as

2v1B 1 v1Al 5 nvR, [12]

2v1B 2 v1Al 5 6nvR, [13]

ut these are not necessarily trustworthy since27Al may have
ntermediate rather than smallvQ as considered above. F

quares:n9Al 5 2.9 kHz. (b)7Li 3 27Al, 64 scans, filled and stippled squar
9Al 5 4.0 kHz. (c)27Al 3 7Li, 512 scans,n9Al 5 13.2 kHz. (d)7Li 3 27Al, 64
cans, filled squares:n9Li 5 1.0 kHz, stippled squares:n9Li 5 2.3 kHz, 8.0ms
wM. (e) 7Li 3 27Al, 64 scans, filled squares:n9Li 5 4.0 kHz, stippled square
9Li 5 4.1 kHz.
FIG. 7. X 3 Y CP/MAS spectra of LiAlO2. Pulse delays are given und
xperimental. (a)27Al 3 7Li, 512 scans, filled squares:n9Al 5 2.2 kHz, stippled
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106 MARGARET A. EASTMAN
iAlO 2 general match conditions are not known due to
pparent intermediate nature ofvQ of 7Li.
Hartmann–Hahn matches have been assigned here b

FIG. 8. Relative signal-to-noise vs Hartmann–Hahn match condition
r absolute value of the difference ofn9 values for the two nuclei) for CP/MA
xperiments on (a) Na2B4O7, (b) AlB2, and (c) LiAlO2. Sum (filled squares
nd difference (stippled squares) matches were assigned as descr
esults. For c, only matches marked with an asterisk in Fig. 7, which are

o integral multiples of the spinning speed, are included. Method of obta
elativeS/N is explained under Experimental.
e

the

ing frequency of the sample and are expressed in term
ffective nutation frequencies rather than radiofrequency
trengths as in the last paragraph. Examination of Figs. 8
a shows that the assumptions of matches at integral mul
f the spinning frequency and a simple proportionality of
ffective nutation frequency and field strength apply quite

o sodium diborate, in which both nuclear species appe
ave large quadrupole frequencies in comparison to the r

requency field strengths used in CP/MAS. This suggests
he spinning speed of 10 kHz is large enough that the nucle
n the sudden regime as described by Vega (8). These result
re similar to those of De Paulet al. (11) for 27Al 3 29Si
P/MAS of low albite (NaAlSi3O8), and to our unpublishe

23Na3 31P CP/MAS results for Na3P3O9, and also agree wit
he results of Chanet al. (3) for 23Na 3 11B CP/MAS of
odium diborate, vindicating the assumption that a sim
xtension of the match conditions for the1

23
n
2 case applies t

he n
2 3

m
2 case wherevQ is large for both quadrupolar nucl

he assumption of matches at integral multiples ofnR may be
ppropriate for aluminum boride, but matches adhere m

ess closely to the pattern (Fig. 8b). For lithium aluminate s
atches not included in Fig. 8c are clearly inconsistent

his pattern, a result that is not surprising given that7Li
pparently has a quadrupole frequency of intermediate
Fig. 9c). It should be noted that, even when the familiar m
attern is not followed, there are distinct peaks in the plo
P/MAS signal vsn9; showing how these peaks arise from

otal aggregate of individual crystallite matches would req
detailed simulation.
A complete theoretical description ofn

23
m
2 CP/MAS taking

nto account homonuclear dipolar interactions for both type
uclei has not yet been attempted, but is desirable. One
f the homonuclear dipolar interactions established for sp12

s the association of broader Hartmann–Hahn matches
tronger dipolar interactions (29). In this work the broade
atches (Figs. 6a and 6d), which may represent overlap
nresolved matches, are observed for aluminum borid
eeping with this, short distances of about 0.175 nm23)
etween boron nuclei in AlB2 imply the strongest dipola

nteractions for all nuclei in the samples considered here
Aluminum boride and lithium aluminate, which appear

ave one nuclear species with either small or intermediatvQ,
ave several characteristics in common, but it is not ce
ow these features are related. Matches with valuesn
reater than 2 are prominent for these samples, unlike
odium diborate which has largevQ for both nuclei. This ma
elate to the good spin locking of the nuclei with small
ntermediatevQ and poor spin locking of the nuclei with lar

Q at the higher powers required for matches withn greate
han 2. The homonuclear or heteronuclear dipolar interac
hat may be the cause of these matches should be signific
ll of the samples. A direct connection between the sim
pin-locking patterns of27Al in AlB 2 and 7Li LiAlO 2 and the
haracteristics of variation in the signal sign of each typ

in
se
g
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107MATCH CONDITIONS FOR QUADRUPOLAR CP/MAS
atch (zero- and double-quantum) and deviation from
attern of matches at integral multiples of the spinning
uency is not clear, but is intriguing. Perhaps the com

actor is an intermediate value ofvQ, despite the appare
ontradiction of Fig. 9b.
Figure 8 shows that double-quantum matches for which

wo n9 values sum to give the sample spinning frequency

FIG. 9. Correlation of the ratio of the liquid-state 90° pulse width to
olid-state maximum-signal pulse width with the radiofrequency field stre
btained from the liquid-state 90° pulse width, for (a) Na2B4O7, (b) AlB2, and
c) LiAlO 2. Liquid samples used are given in Table 1. Error bars assum
rror of 10% in each determination of a pulse width.
e
-
n

e
re

he samples, suggesting that, in samples with at leas
uclear species with large quadrupole frequency, the do
uantum match withn equal to 1 may provide signal comp
able to the best achievable. This conclusion may be limite
he crude measure of signal-to-noise given here, the fac
onditions for maximum signal-to-noise such as optimal
act time were not found, and the use of only one spin
peed. Only for Na2B4O7 does this first double-quantum ma
ive clearly the best signal-to-noise of all observed; for
ther compounds additional match conditions are found
ive comparable signal-to-noise.
Two interesting types of complications having to do w

ineshapes have been ignored in our treatment of the
hese are distortions of the lineshape known to occu
pin-locking or CP/MAS spectra of half-integer quadrup
uclei (20, 30–32) and the presence of multiple sites w
verlapping resonances. Changes do occur in the linesha

he CP/MAS experiments reported here depending upo
adiofrequency field strengths of the contact pulses; t
ould require better signal-to-noise for a careful analy
onsidering the multiple sites, only one case shows en

esolution to be discussed. This is the case of11B in sodium
iborate (Fig. 4a), for which a distinction can be made betw

he sharp BO4 resonance and the broader BO3 resonance (3).
he broader signal disappears with increasing field streng

hen 5 2 matches in Fig. 5c, so that the integral, now sma
ecause it includes only the sharper signal due to BO4, gives an

ncorrect picture of the match position, displacing it to low
eld strength. For this reason, these matches were chos
he maximum of the peak height rather than the maximu
he integral.

CONCLUSIONS

The occurrence of zero-quantum and double-quantum
ann–Hahn match conditions with signals of opposite sign
een demonstrated experimentally inn

2 3
m
2 CP/MAS of three

amples. Double-quantum or sum matches will be evi
hen the radiofrequency field strengths add up to a multip

he spinning frequency, which is likely to occur inn2 3
m
2

P/MAS, for which high spinning speeds and low radio
uency field strengths are desirable if the quadrupole freq
ies are large, and for which matches at greater than two
he spinning frequency involving higher field strengths g
ubstantial signal if one of the nuclei does not have a l
uadrupole frequency. The example of sodium diborate s

hatn
23

m
2 CP/MAS between two quadrupolar nuclei with la

alues ofvQ relative to the radiofrequency field strength gi
atches mainly at one and two times the spinning frequen
xpected for1

2 3
n
2 CP/MAS in the sudden regime. T

xamples of lithium aluminate and aluminum boride sug
hat if one of the nuclei has intermediate (or small, perhap
lB 2) vQ the spin-lock pattern as a function of effect
utation frequency for that nucleus has a central minim

th

an
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108 MARGARET A. EASTMAN
ame sign, and there is only partial adherence to a patte
atches at integral multiples of the spinning frequency.

ize ofvQ relative to the field strengths used here for27Al in
lB 2 is in doubt, as our qualitative estimate conflicts with
ublished value. For the experimental conditions used her
ll samples at least one match of relatively good signal-to-n

n comparison to the others observed is a first double-qua
atch for which the effective nutation frequencies add u

he spinning frequency of 10 kHz.
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