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Abstract: We describe a new approach for observation of multiple-quantum (MQ) NMR spec8a=d¥, nuclei

with magic-angle spinning (MAS). The new method employsRbéationinducedAdiabaticCoherencelransfer

(RIACT) that occurs between triple-quantum (3Q) and central-transition (1Q) coherenges it systems. In

contrast to currently available coherence-transfer techniques, RIACT is relatively insensitive to the magnitude of the
quadrupole interaction fa?qQ/h < 4 MHz for both 3Q excitation and 3Q-to-1Q conversion. Thus, RIACT provides

a means of extracting quantitative information about site populations from isotropic MQ NMR spectra. We illustrate
the utility of the approach witi?®Na (S = 3,) MQ NMR spectra of a series of sodium salts exhibiting
crystallographically distinct sites. The spectra provide quantitative measurements of quadrupolar parameters, chemical
shifts, and relative site populations for each of the crystallographically distinct sodium sites.

Introduction

Techniques for recording high-resolution nuclear magnetic
resonance (NMR) spectra of spif-nuclei in solids are now

spectra which consist of powder line shapes, require angle
switching, or utilize probes with a low filling factor.

Recently, a new class of multiple quantum (MQ) MAS NMR

well-developed and the spectra provide site-specific information €Xperiments have been descriféavhich address these prob-
about site populations, chemical bonding, and molecular lems through the correlation of a specific MQ coherence with

structuret™® In contrast, NMR methods for observing high-
resolution spectra of half-integer quadrupolar nuc&i(3/5,)
are in their infancy. Presently, several NMR approattmagic
angle spinning (MASY;” variable-angle spinning (VAS)?
dynamic-angle spinning (DASY;,1! and double rotation
(DOR)2"14—are used in the study of solids ranging from
minerals to heme carbon monoxide comple’®®e® While these

the central transition, yielding isotropic NMR spectra for half-
integer quadrupolar nuclei. Using variations of this approach,
several research groups have reported high-resolution NMR
spectra of3Na (S= 3/,), 170 (S= 5%/), 27Al (S= %), 5Mn (S
= 5/5), and®Rb (S = 3/,) nuclei26-31

A major problem with these MQ experiments is that both
the excitation of MQ coherence and its conversion into

approaches are intellectually stimulating, they nevertheless yield observable single-quantum (1Q) coherence depend strongly upon
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NMR peak corresponding to the Na(3) site was absent, and in
our recent spectra with the two-pulse sequéhite intensity
was approximately/s that of the Na(1) site, whereas it should
have been twice as strong. Thus, with present methodology
the signal intensities in the spectra do not reflect the relative
populations of the individual sites. Since it is axiomatic that
quantification of signal intensities in NMR spectra is crucial in
applications to the analysis of inorganic, organic or biological
materials, it is desirable to correct this deficiency.

In the present study, we describe a new method of observing
high-resolution MQ spectra @& = 3/, nuclei which provides
guantitative spectral intensities. The approach empRpta-
tion-InducedAdiabatic Coherencelransfer (RIACT) between
triple-quantum (3Q) and central-transition coherenceS
8/, systems undergoing MAS. The concept of 3€QLQ transfer -4.04
in guadrupolar systems was first described by V&gmd here
we report direct experimental evidence for 3Q excitation via
RIACT. Furthermore, we demonstrate that signal intensities
in RIACT spectra are relativelynsensitve to the magnitude of Qo,
the quadrupole interaction, thus permitting quantitative measure-Figure 1. Energy level diagram for the spin Hamiltonian given in eq
ments of site populations. We illustrate the new method with 1. When|Q/w4| > 1, the eigenstates of the spin Hamiltonian e
an analysis of®Na isotropic NMR spectra for a series of sodium and|t.0J
salts exhibiting crystallographically distinct sodium sites.
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a typical energy level diagram is shown in Figure 1.|clf(}=
Experimental Section (1%20=+ |—%,002Y2 and |to0= (13,04 |—3/,0/2Y2 are chosen
as bases, the eigenstates of the Hamiltonian can be expressed

Solid-State NMR. All sodium salts studied in this work were a8

obtained from Mallinckrodt, Inc. and the solid-state NMR experiments

were performed on a custom-designed NMR spectrometer operating o o

at 105.22 MHz fo”3Na nuclei. The MAS probe was equipped with a Y, = Sir(O_ + —)|t+D— COS(Q_ + —)|C+|:| (4a)

5-mm spinner assembly (Doty Scientific, Inc., Columbia, SC), and 3 3

typical spinning speeds were-40 kHz. In the?®Na NMR experiments,

th% radio frequency field strengths were 80 k_Hz, cqrrespondi‘ﬁ@m Y, = Cog(g_ + E)|t+|j-|- sir(e_ + E)|C+|:| (4b)

90° pulse lengths of£3.1us. A sample of solid sodium bromide was 3 3

used to align the magic angle (usiff@r NMR signals) and to calibrate

the radio frequency field strength at tfidla NMR frequency. More — _ ; _

detailed experimental parameters are given in the figure captions. s = €030, 3 LDt sin g, 3 lc-0 (4¢)
Numerical Simulations. In the present study, all theoretical results

were based upon numerical evaluation of the spin density matrix and o T _

were performed on an Alphastation 400 4/233 (Digital Equipment Py = —SInoO, 3 |t_LH cog0., 3 lc.0  (4d)

Corp.) using the NMRLAB program packagfe.

where
Rotation-Induced Adiabatic Coherence Transfer
(RIACT) tan ¥_ = —3"Q/(4w, — Q) (5)
In the rotating frame, the spin Hamiltonian for &= %/,
nucleus in a strong magnetic field and an on-resonance spin- tan ¥, = —3"Q/(4w, + Q) (6)

locking radio frequency field can be written &s:
Clearly, whenQ| > w;, the eigenstates of the spin Hamiltonian

H=w,S + (Q2)S — IS+ 1)/3] 1) are|c:and|t.LP® and populations in these states give rise to
central-transition %, <= —1/,) and triple-quantum -3/, <
whereQ is the first-order quadrupole splitting aneh is the —3/,) coherences, respectively. Whénis comparable te;,
radio frequency field strength in angular frequency units. For neither|c.[Onor |t 0are eigenstates of the spin Hamiltonian.
a static solidQ has the following form: Suppose that the density matrix of the initial spin state is
_ p(0) = 1% and that|Q| > w;. As Vega showe@ since
Q= (wyf2)(3cod 0 — 1 -y sif’ 6 cos ¢) 2) 1¥3) is characterized by populations of the wave functions,

|c.Jwhich are eigenstates of the spin Hamiltonian given in eq

1, the spin system should remain in its original state, i.e., being

“spin-locked”. During MAS, the first-order quadrupole splitting,
WQ= 3e2qQ/[28(S— g 3) Q, becomes time dependent, so that the eigenstates of the spin
Hamiltonian also change with time. Under such circumstances,
the initial eigenstates of the spin Hamiltonido.[] will not
remain as eigenstates; therefore, the initial cohereffée will
éae lost in the course of the spin-locking period. Assuming an
axially symmetric EFG tensow(= 0) for simplicity, the time-
dependent first-order quadrupole splittig(f), can be expressed
(33) Vega, A. JJ. Magn. Reson1992 96, 50. in the following form33

(34) Sun, B. Q.; Griffin, R. G. To be submitted for publication.
(35) Wokaun, A.; Ernst, R. Rl. Chem. Physl977, 67, 1752. (36) Vega, SJ. Chem. Physl977 68, 5518.

where

In eq 2,7 is the asymmetry parameter, afidand ¢ are the
polar and azimuthal angles orienting the direction of the applied
magnetic field in the principal-axis system of the electric-field-
gradient (EFG) tensor. The eigenstates and eigenvalues of th
spin Hamiltonian (eq 1) have been previously derf?éfland
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QW) = (wf2)[—2"*sin 2B cos,t + ) +
sin’ 8 cos(2v,t + 2y)] (7)

wheref is the angle between the unique axis of the EFG tensor
for a particular crystallite and the sample rotation axiss a
rotation of the EFG tensor about the spinning axis, ands

the sample spinning frequency. Note tk¥t) has components
which oscillate aiw, and 2v,, respectively. If the changes of
Q(t) areadiabatic—slow enough so that the spin system remains
in its eigenstatesthen asQ(t) reverses sign due to sample
rotation, the eigenstates of the spin Hamiltonian are changed
from |c:0and |c_Oto |tOand [t—[) respectively® Thus, the
initial populations in|c.0become populations ift.Jaccord-
ingly. For crystallite orientations where the component oscil-
lating atw, is predominant, the sign reversal@ft) occurs twice

per rotor period,7,. Thus, the initial coherence®®, is
converted into the triple-quantum coherenlﬁé“,), at /2. It
then returns to its original state at the end of a rotor cycle. So
the following cycles occur during the spin-locking period:

population transfer cycletc, 0— [t .0~ |c OO ...

. |(14)_> |(23)_>
M M

coherence transfer cyclé!®>

Similarly, if the initial coherence i4$"”, it is converted to
1®9 at 7,/2, and then returns t6{'” at 7,. For crystallite
orientations where the component oscillating @t B predomi-
nant, the aforementioned cycles occur twice per rotor period
and therefore maximur{?® < 18 transfer occurs at,/4 and
3r,/4. The RIACT phenomenon f&= 3/, nuclei is conceptu-
ally identical to the well-known population inversion for two-

Wu et al.
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Figure 2. The pulse sequences used in this study. (a) Pulse sequence
for spin-locking (SL) the central transition. (b) Pulse sequence for
measuring the 3Q coherence created by RIACT during the spin-locking
time. (c) The standard two-pulse (nutation) sequence for MQ experi-
ments. (d) The RIACT(l) sequence for MQ experiments. (e) The
RIACT(Il) sequence for MQ experiments. See text for more discussions.
In parts a-e, the phase-cycle schemes were as follogs= 0, /6,

27/6, ... 1n/6; v = 3(0, #/2, &, 37/2). In parts d and e, the spin-

level spin systems induced by adiabatic passage in continuous-ocking time,zs., was always set ta/4.

wave NMR3” Based upon this concept, several NMR techniques

have been recently developed in order to measure internuclear

distances between splfy- and quadrupolar nucléf 43

Vega® introduced an adiabaticity parameter,and defined
the adiabatic condition as

2
w3

W,

o= >1

(8)

However, since the first-order quadrupole splitting is orientation
dependent, eq 8 should not be treated as a strict constraint fo
the adiabatic condition. In other words, even whes 1, there

is a significant portion of crystallites satisfying the adiabatic

condition. Other definitions of the adiabaticity parameter are
discussed by HayasHiand by Baltisberger et 4.

The pulse sequences used for observing the RIACT phenom-

enon forS= 3/, nuclei are depicted in Figure 2. In Figure 2a
is shown the standard spin-locking sequence where the initial
central-transition coherencéfS), is created by a phase-alter-
nated 48 pulse (an effective F0pulse for the central transition
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of S= 3/, nuclei) and the central-transition coherence is observed
after the spin lock. To observe the evolution of the 3Q
coherence as a function of the spin-locking time,, an
additional radio frequency pulse must be added at the end of
751 (see Figure 2b), so that the 3Q coherence can be converted
to detectable central-transition coherence. It is also important
to use the phase cycling that selects the coherence transfer
pathway of 0— (—3) — (—1).26 Experimental results for solid
NaNQ;, (1) are shown in Figure 3, together with numerical
calculations where oscillatory behavior is observed for both the
1Q and 3Q coherences. It is important to emphasize that
maximum 3Q excitation did not appear a2, but rather at
/4 and 3,/4. This observation indicates that for a significant
number of crystallitesQ(t) changes sign four times in a rotor
period. In fact, it can be readily shown from eq 7 that for one-
third of the crystallitesQ(t) reverses sign four times per rotor
cycle. As we shall show later, setting, to 7,/4, instead of to
72, always produces superior results. It should be mentioned
that in Figure 3, the very rapid oscillation observed in the
theoretical curve of the 1Q coherence is due to If# <

1¥3 nutation and was not detected experimentally because of
the ts. increments employed in the measurement. As seen in
Figure 3, the experimental curves are well reproduced by
numerical simulations.

Clearly, the RIACT process provides an effective mechanism
for 3Q < 1Q transfer, and can be used either for generating
3Q coherence from the central-transition coherence or for
converting 3Q to the central-transition coherence. More
importantly, such 3Q< 1Q transfers are expected to be
independent of the magnitude of the quadrupole interaction,
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Figure 3. Calculated (top) and experimental (bottom) results for the
oscillatory behavior of thé*Na 3Q (dash line) and 1Q (solid line)
coherences via RIACT in NaN({1). The sample spinning frequency
was 3.13 kHz (the rotor period was = 319 us). The spin-locking
radio frequency field strength was 62.5 kHz. The experimental
increment forrs, was 15us. The quadrupole parametersiofised in
the calculations are’qQ/h = 1.1 MHz andy = 0.11.

provided that the adiabatic condition is satisfied. This property

of RIACT will be verified by numerical calculations presented
in the following section.

Sensitivity of MQ Experiments

J. Am. Chem. Soc., Vol. 118, No. 3992296
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Figure 4. Calculated results for 3Q excitation (top) and 3Q-to-1Q
conversion (bottom) by a nutation pulse as a functiore®ofQ/h at
different radio frequency power levels. The sample spinning frequency
was 10 kHz.

constan®é4647 Whenwq > w1, the 3Q excitation fo§ = 3/,
systems goes a@éz.%v“ﬁ We recently performed numerical
calculations on the 3Q excitation from a nutation pulse as a
function of both radio frequency power and quadrupole coupling
constang® Using a simplified model, Medek et &l.also
evaluated the 3Q excitation and 3Q-to-1Q conversion by
nutation pulses. All these previous studies indicated that both
3Q excitation and 3Q-to-1Q conversion efficiencies decrease

The pulse sequences used for MQ experiments are alsosubstantially as the magnitude of the quadrupole coupling

depicted in Figure 2. Figure 2c is the standard two-pulse constant is increased. Here we present more complete results
sequence for MQ experimeffs3® where two nutation pulses  from numerical calculations about the sensitivity of the two-
are employed for 3Q excitation and 3Q-to-1Q conversion, pulse nutation sequence as a function of the quadrupole coupling
respectively. The 3Q coherence created by the first nutation constant. As illustrated in Figure 4, both 3Q excitation and
pulse is allowed to evolve fai, and then is converted to 1Q  3Q-to-1Q conversion decrease monotonically with the increase
coherence for detection by the second nutation pulse. At theof the quadrupole coupling constant, except for very small
time t, = kt;, wherek = 7/g for S = 3/, nuclei, an echo will quadrupole coupling constants, i.eg < wi. Therefore, the
form. Sampling the top of the echo as a function of the total peak intensities in MQ spectra obtained with the nutation method
evolution time,t; + to, will yield a free-induction decay (FID)  do not reflect directly the site populations. For a gieéqQ/h

that consists of information about isotropic chemical shifts and value, both the 3Q excitation and 3Q-to-1Q conversion increase
isotropic second-order quadrupolar shifts, but is free of second-as the radio frequency field strength is increased; however, the
order quadrupolar broadeningfs. The RIACT(I) sequence  3Q excitation appears to be more sensitive to the radio frequency
shown in Figure 2d utilizes a nutation pulse for 3Q excitation field strength. In addition, it is also clear from Figure 4 that
and a spin-locking pulse for 3Q-to-1Q conversion. As already the 3Q-to-1Q conversion is less efficient than the 3Q excitation.
discussed in the previous section, whenis chosen to be,/ In fact, the low 3Q-to-1Q conversion efficiency is always a
4, the 3Q coherence at the beginning of the spin-locking period severe limiting factor in MQ experiments.

will be converted into central-transition coherence by RIACT. MQ Experiments by RIACT. As shown in the preceding

In the RIACT(ll) sequence, both 3Q excitation and 3Q-to-1Q section, the excitation efficiency and line intensities by the
conversion are achieved by RIACT. The first4aulse is used nutation method are strongly dependeneégy/h and therefore

to createl®, which is then converted to 3Q coherence via it is difficult to extract quantitative information about relative
RIACT during the first spin-locking pulse. In the discussion site populations from MQ spectra obtained with this approach.
that follows, we investigate how these three different pulse It is anticipated, however, that RIACT should be less sensitive
sequences depend upon the magnitude of the quadrupoldo the quadrupole couplings provided that the adiabatic condition
interaction. is approximately satisfied. Calculated results for the dependence

MQ Experiments by the Two-Pulse Sequencelt has long (46) Vega, S.; Naor, YJ. Chem. Phys1981, 75, 75.
been known that MQ excitation efficiency from a nutation pulse (47) Nielsen, N. C.; Bildsge, H.; Jakobsen, HChem. Phys. Letf.992
depends strongly upon the magnitude of the quadrupole coupling191, 205.
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Figure 5. Calculated results for 3Q excitation (top) and 3Q-to-1Q Figure 6. Calculated offset dependence of 3Q-to-1Q conversion by
conversion (bottom) by RIACTz6. = 7./4) as a function o€qQ/h at RIACT (rs. = 7/4) with differente’qQ/h values (top) and with different
different radio frequency power levels. The sample spinning frequency spin-locking fields (bottom). Topwi/27 = 80 kHz. Bottom: e2qQ/h

was 10 kHz. = 1.8 MHz.

of RIACT upon the magnitude @qQ/h are presented in Figure ~ than the energy difference betwegnand|t-[]i.e.,

5. Both the 3Q excitation and 3Q-to-1Q conversion processes 3fw,\2

are much less sensitive to variationsefQ/h than those from Aw < —(—1) N 9)

the nutation method. For example, on vary@égQ/h from 1.0 2\wq

to 3.6 MHz (typically found for**Na), the 3Q excitation by  To fully understand the limitations of the RIACT method arising
RIACT (zsL = 7/4 andwy/27 = 100 kHz) is attenuated by less  from the resonance offset effect, we carried out extensive
than 20%. In contrast, over the same range?qfy/h, the 3Q numerical calculations, the results of which are presented in
excitation by the nutation method is attenuated by approximately Figure 6. As expected, the 3Q-t0-1Q conversion efficiency is

a factor of 4 (see Figure 4). decreased as the resonance offset increases. Again, compared
Four additional points should be mentioned about Figure 5. to 7. = 7/2, 1s. = /4 is found to be a better choice since it
First, superior results are always obtained fgr = 7,/4. In is less sensitive to the resonance offset. Itis also noted in Figure

contrast, forrs. = 7,/2, the numerical calculations indicate that 6 that for largere?qQ¥/h values, the maxima are shifted to the
both 3Q excitation and 3Q-to-1Q conversion efficiencies lower frequencies, as a result of the second-order quadrupole
decrease significantly in the range&fQ/h = 2.5-4.0 MHz. shift. Therefore, if there are several sites present in a sample,
Second, compared with the results from the nutation method it is recommended that the spin-locking field be set ap-
(Figure 4), RIACT exhibits substantially higher 3Q-to-1Q proximately to the center of the powder line shape arising from
conversion efficiency, but somewhat lower 3Q excitation the site with the largest quadrupole coupling constant. A
efficiency. Therefore, the RIACT(Il) sequence is capable of striking feature of the results shown in Figure 6 is that with
providing reliable information about site populations and the high spin-locking fields, the 3Q-to-1Q efficiency becomes much
RIACT(l) sequence should have the best sensitivity in terms of less sensitive to the resonance offset, a result in agreement with
signal-to-noise ratio. Third, the calculated curves for 3Q the prediction of eq 9. Based upon the numerical calculations,
excitation and 3Q-to-1Q conversion via RIACT are approxi- it can be concluded that, f@qQ/h < 3.0 MHz, the reduction
mately identical. This is a consequence of the symmetry of in 3Q-to-1Q conversion efficiency arising from a resonance
RIACT. Finally, for largereqQ/h values, a smaller fraction  offset of 4 kHz (corresponding to 38 ppm féiNa nuclei at
of crystallites satisfy the adiabatic condition, and therefore the 9.4 T) is less than 10%. With a spin-locking field of 160 kHz,
overall RIACT efficiency declines. however, the RIACT method can be extended to handle an offset
As Vega noted previousR? the RIACT process between 3Q  range of more than 12 kHz.
and 1Q coherences is also sensitive to resonance off-sets. In ) )
particular, an off-resonance radio frequency field would convert Results and Discussion
129 to 18 rather than to the 3Q coherendé'”, because, 23Na NMR spectra of solid N#@,0;-10H,0 (2) are shown
under the off-resonance conditiop, Cand |t-Care no longer in Figure 7. The stati@Na NMR spectrum (Figure 7a) and
the eigenstates of the spin system. Potentially, this could be athe X-ray crystal structuf@ of 2 suggest the presence of two
severe limitation of the RIACT method. However, it should crystallographically distinct Na sites with different quadrupole
be noted that the first-order degeneracy of the two eigenstates,coupling constants. It is clear from the MAS spectrum2of
[t Cand|t-[is actually lifted by the presence of the spin-locking that the Na(1) site has a much smaller quadrupole coupling
field;36 therefore |t+Oand|t-Cwill remain as eigenstates of the  constant than Na(2). The crystal structure2ahdicates that
system provided that the resonance offskty, is smaller one Na site is in an octahedral environment with six oxygen



MQ MAS NMR Spectroscopy of Quadrupolar Nuclei in Solids

J. Am. Chem. Soc., Vol. 118, No. 3992996

Table 1. Quantitative Results from M@&Na NMR Spectra of Sodium Salts

site population analysis

compd site €qQ/h (MHz)? 7° Oiso (PPMY theory! nutation RIACT(I) RIACT(Il)
NayP,07-10H:0 (2) Na(1) <0.2 0.9 1 1.00 1.00 1.00

Na(2) 2.00 0.2 4.8 1 0.12 0.45 0.87

NagCsHs07:2H,0 (3) Na(1) 111 0.8 -3.3 1 1.00 1.00 1.00

Na(2) 1.65 0.6 1.3 1 0.70 0.89 0.89

Na(3) 1.75 0.6 7.0 1 0.49 0.66 0.86

NaHPQ, (4) Na(1) 1.31 0.2 45 1 1.00 1.00 1.00

Na(2) 2.04 0.7 3.4 1 0.53 0.65 0.80

Na(3) 3.84 0.3 8.8 2 0.31 0.62 1.93

N&B+O7-10H0O (5) Na(1) 0.58 0.0 10.7 1 1.00 1.00 1.00
Na(2) 0.92 0.2 -1.3 1 0.81 1.36 1.25

aErrors are estimated to Be0.10 MHz.? Errors are estimated to Be0.1. ¢ All 2Na chemical shifts are relative to sof@NaBr. Errors ir?3Na
chemical shifts are estimated to Be.0 ppm.9 From crystallographic symmetry.

Na(1)
Na(2)
(a)
Na(1)
) Na(2)
Na(1
Na(2) a(1)
(c)
110 é F 5 -1'0
kHz

Figure 7. Na NMR spectra of Né&,07-10H,0 (2). (a) static, (b)

MQ spectrum with the nutation sequence, and (c) MQ spectrum with
the RIACT(ll) sequence. In part b, the first and second nutation pulses
were 6.0 and 2.4s, respectively. In part @g. = 7./4 = 25.5us. Other
parameters used for obtaining each of the MQ spectra are as follows.
The t; increment was 25.7s and a total of 128, increments were
collected. For each, 24 scans were recorded,/27 = 9.8 kHz, RD
=2s.

atoms from pyrophosphate groups, while for the other Na
octahedron, two of the six oxygen atoms are from water
molecules with rather long NaO distance4® Therefore, based
upon the magnitude of the quadrupole coupling constants, Na-
(1) is assigned to the Na site surrounded by six oxygen atoms
from pyrophosphate groups.

In each of the”*Na MQ spectra of (Figure 7b and 7c), two
well-resolved isotropic lines with widths of 180 Hz are observed.
As Medek et af’ and Wu et aP® demonstrated, accurate
information concerning chemical shifts and quadrupole param-
eters can be extracted directly from two-dimensional (2D) MQ
spectra. From the 2B3°Na MQ spectra of2, the following
parameters were determined: Na(@), = 0.9 + 1.0 ppm,
€qQ/h < 0.2 MHz; Na(2),0iso = 4.8 & 1.0 ppm,e?qQ/h =
2.00+ 0.05 MHz,» = 0.2+ 0.1. It is noted from Figure 7
that different line positions are observed in the static and MQ
spectra. More specifically, whereas the signal from the Na(1)
site is found to appear at higher frequency than that from Na-
(2) in the static spectrum, it is at a lower frequency position in
the MQ spectrum. Such changes of line position in MQ spectra
have been previously discuss&d.

According to the crystal structure &8 the two Na sites
are equally populated in the unit cell. However, in fiNa

(48) McDonald, W. S.; Cruickshank, D. W. Acta Crystallogr.1967,
22, 43.

MQ spectrum obtained with the nutation method (Figure 7b),
the line arising from the Na(2) site is of significantly less
intensity than that from Na(1). The ratio of integrated area under
the two lines is Na(1):Na(2r 1:0.12. As noted above, this is
due to the lower excitation efficiency of Na(2) which has a larger
guadrupole coupling constant. With the RIACT(Il) sequence,
however, the two lines have approximately equal intensities,
Na(1):Na(2)= 1:0.87 (Figure 7c). Itis also worth noting that,
as the isotropic peak intensity of Na(2) is enhanced by the
RIACT sequence, the 2nd low-frequency rotational sideband
associated with the Na(2) site (ca8.0 kHz) becomes observ-
able.

To further test the applicability of the RIACT technique in
obtaining quantitative MQ spectra, we investigated a series of
sodium salts, each of which consists of crystallographically
distinct Na sites with a wide range of quadrupole coupling
constants. Detailed results from quantitative analysis ofike
MQ spectra of trisodium citrate dihydrate, §CagHs0+2H,0
(3), anhydrous NgHPO, (4), and NaB4O7+10H,0O (5) are listed
in Table 1.

An excellent test sample is anhydrous,NROy (4), which
is known to consist of three crystallographically distinct Na sites
with different quadrupole coupling constadtsThe 2Na MQ
spectra ot have also been reported recently with both the three-
pulsé® and the two-pulse sequencds® However, in all
previously obtained®Na MQ spectra of4, the signal arising
from the Na(3) site was either abs&nbr weak?”-28 since the
Na(3) site exhibits a relatively large quadrupole coupling
constant,£qQ/h = 3.70 MHz3? This can be clearly seen in
Figure 8b where th&®Na MQ spectrum oft obtained with the
nutation sequence consists of three isotropic peaks with the
integral ratio Na(1):Na(2):Na(3¥ 1.00:0.53:0.31. With the
RIACT(l) sequence, both the Na(3) and Na(2) signals were
enhanced. In addition, the signal-to-noise ratio of the MQ
spectrum was also improved, as expected from the earlier
discussions. With the RIACT(ll) sequence, the integral ratio
observed in the MQ spectrum becomes 1.00:0.80:1.93, ap-
proaching the ratio expected from the crystal structurd,&f
Na(1):Na(2):Na(3y 1:1:2. Similar to the case & significant
intensity was observed at the 2nd low-frequency rotational
sideband associated with the Na(3) site. T#é¢a quadrupole
parameters and chemical shifts4rwere determined from the
2D MQ spectra: Na(1)diso = 4.5+ 1.0 ppm,e?qQ/h = 1.31
+ 0.10 MHz,n = 0.2 £+ 0.1; Na(2),0iso = 3.4 + 1.0 ppm,
€qQ/h = 2.044+ 0.10 MHz, = 0.7 &+ 0.1; Na(3),0iso = 8.8
+ 1.0 ppm,e2qQ/h = 3.844 0.10 MHz,5 = 0.3+ 0.1. These
results are in agreement with those previously determined from
DOR and MAS spectra of.32

As seen from Tablel, the RIACT(Il) sequence is capable of
yielding reasonably reliable information about relative popula-
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attenuate the sensitivity of the MQ experiments. Second, if
crystallographically distinct sites have different relaxation times
in the rotating frame Ty,), errors will be introduced into the
MAS peak intensities in MQ spectra, especially for long rotor cycles
(i.e., slow spinning speeds). In the present study, the spinning
Na(1) speeds are on the order of 10 kHZ4 = 25 us), where thd,,
effect is negligible for sodium salts.

Nutation '
Conclusions

We have described a new method of obtaining MQ spectra
for S= 3/, nuclei, from which complete quantitative information
RIACT(l) on relative site populations can be extracted. The new method

) is straightforward to implement and is relatively insensitive to
the magnitude of the quadrupole interaction 8qQ/h < 4

MHz, which is the practical range of quadrupole coupling
constants forLi, 1B, 22Na, and®’Rb nuclei. In addition, the

RIACT(Il) RIACT method also enhances the sensitivity of MQ experiments
over a large range of quadrupole coupling constants. We found
10 5 0 5 10 that it is necessary to set the spin-locking timeri# rather
kHz than tor,/2 in order to obtain the best experimental results.
Figure 8. MAS and MQ#Na NMR spectra of anhydrous BHPO, Possible extensions of the RIACT technique to MQ studies of

(4). For the MQ spectrum obtained by the nutation sequence, the two half-integer quadrupolar nuclei with higher spin numbers such

nutation pulses were 6.0 and 25, respectively. For the spectra 55 = %/, are currently under investigation.
obtained by RIACT(l) and RIACT(ll)zs. = /4 = 20.5us. In each

of the MQ experiments, thig increment was 25.#s, a total of 150, Acknowledgment. G.W. wishes to thank the Natural Sci-
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small excitation pulsé?>0instead of a 45 pulse, should be  ja9614676

employed in the RIACT(ll) sequence. However, this may

(50) Fenzke, D.; Freude, D.; Fibich, T.; Haase, JChem. Phys. Lett.
(49) Samoson, A.; Lippmaa, Phys. Re. 1983 B28 6567. 1984 111, 171.




