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A new two-dimensional heteronuclear multiple-quantum magic-
angle spinning (MQ MAS) experiment is presented which combines
high resolution for the half-integer quadrupolar nucleus with in-
formation about the dipolar coupling between the quadrupolar nu-
cleus and a spin I = 1/2 nucleus. Homonuclear MQ coherence is
initially created for the half-integer quadrupolar nucleus by a sin-
gle pulse as in a standard MQ MAS experiment. REDOR recou-
pling of the heteronuclear dipolar coupling then allows the cre-
ation of a heteronuclear multiple-quantum coherence comprising
multiple- and single-quantum coherence of the quadrupolar and
spin I = 1/2 nucleus, respectively, which evolves during t1. Pro-
vided that the t1 increment is not rotor synchronized, rotor-encoded
spinning-sideband patterns are observed in the indirect dimension.
Simulated spectra for an isolated IS spin pair show that these pat-
terns depend on the recoupling time, the magnitude of the dipolar
coupling, the quadrupolar parameters, as well as the relative orien-
tation of the quadrupolar and dipolar principal axes systems. Spec-
tra are presented for Na2HPO4, with the heteronuclear 23Na–1H
MQ MAS experiments beginning with the excitation of 23Na (spin
I = 3/2) three-quantum coherence. Coherence counting experi-
ments demonstrate that four- and two-quantum coherences evolve
during t1. The heteronuclear spinning-sideband patterns observed
for the three-spin H–Na–H system associated with the Na(2) site are
analyzed. For an IS2 system, simulated spectra show that, consider-
ing the free parameters, the spinning-sideband patterns are particu-
larly sensitive to only, first, the angle between the two IS internuclear
vectors and, second, the two heteronuclear dipolar couplings. It is
demonstrated that the proton localization around the Na(2) site ac-
cording to the literature crystal structure of Na2HPO4 is erroneous.
Instead, the experimental data is consistent with two alternative dif-
ferent structural arrangements, whereby either there is a deviation
of 10◦ from linearity for the case of two identical Na–H distances, or
there is a linear arrangement, but the two Na–H distances are differ-
ent. Furthermore, the question of the origin of spinning-sidebands
in the (homonuclear) MQ MAS experiment is revisited. It is shown
that the asymmetric experimental MQ sideband pattern observed
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for the low-CQ Na(2) site in Na2HPO4 can only be explained by
considering the 23Na chemical shift anisotropy. C© 2002 Elsevier Science

Key Words: MQ MAS; REDOR recoupling; rotor-encoded
spinning-sideband patterns; half-integer quadrupolar nuclei; hete-
ronuclear correlation.
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INTRODUCTION

In solid-state NMR, anisotropic interactions, e.g., the chem
cal shift anisotropy (CSA) and the dipolar and quadrupolar co
plings, lead to a broadening of the resonances, which, on
one hand, has the disadvantage of hindering the resolutio
distinct sites, but, on the other hand, contains valuable str
tural and dynamic information (1–3). The challenge facing the
solid-state NMR spectroscopist is then how can experiments
designed which combine high resolution with the preservation
the valuable information inherent to the anisotropic interactio

In recent years, much progress has been made with regar
achieving high resolution in both half-integer quadrupolar nuc
and 1H solid-state NMR. For half-integer quadrupolar nucle
a residual second-order quadrupolar broadening of the cen
transition which cannot be fully removed by magic-angle sp
ning (MAS) alone often prevents the resolution of resonan
due to chemically or crystallographically distinct sites (4).
In 1995, Frydman and Harwood presented a two-dimensio
multiple-quantum (MQ) MAS experiment, which, by means
the formation of an echo corresponding to the refocusing
the residual (fourth-rank) second-order quadrupolar broaden
yields two-dimensional spectra in which anisotropically broa
ened ridges are resolved on the basis of their different isotro
chemical and second-order quadrupolar shifts (5). In this way,
the experiment satisfies the criterion introduced above of ach
ing high resolution while allowing the extraction of the param
ters describing the anisotropic broadening. It is to be noted t
the experiment is only applicable for odd MQ orders (e.g., 3Q
5Q), for which there is no first-order quadrupolar broadenin
This method has the big advantage of requiring only conv
tional MAS hardware. In the past five years, much attention h
been devoted to the optimization of the technique, with resp
to, e.g., obtaining pure absorption-mode lineshapes, improv
1090-7807/02 $35.00
C© 2002 Elsevier Science

All rights reserved.



O

v

p
A

i

a

i

t

g

-

h

n

n
y
h

o
r
i

i

O
e
a
V

ence
ents
lar

d
dis-

vel-
onu-

-
ted

e-

od
clei
vide
onu-
and
tep

nal
lose
of
as
n

ent
the
ssi-

th-

f
The
the

RE-

e ad-
more
This
asso-
olar

reby
-

102 LUPULESCU, BR

the sensitivity, and extending the applicability to nuclei with e
greater quadrupolar couplings; various groups have carried
studies to compare the different variants which have been
posed (6–8). The development has been so rapid that MQ M
NMR of nuclei such as23Na (spinI = 3/2),27Al (spin I = 5/2),
and17O (spinI = 5/2) can now be considered to be routine, w
many applications having been presented, which encomp
e.g., glasses, minerals, and microporous materials (9–14).

1H NMR of rigid solids is complicated by the homonucle
proton–proton dipolar interaction; this leads to a substantial
mogeneous broadening, which is only partially narrowed
MAS, with the degree of line narrowing increasing upon
creasing the MAS frequency,νR. Until recently, the maximum
typically achievableνR was∼15 kHz; at such aνR, the resolution
in a 1H MAS NMR spectrum of a rigid solid is inadequate. Th
past three years have, however, seen the introduction of M
probes, which, by reducing the rotor diameter, allow the rou
realization of aνR in excess of 25 kHz. At these very fastνR,
a number of examples have shown that the line narrowin
sufficient to permit1H resonances due to particular chemica
distinct protons to be distinguished (15–21). The combination
of MAS with two-dimensional MQ spectroscopy has also be
shown to be of great value in1H solid-state NMR, with double-
quantum (DQ) MAS NMR (22) allowing the structural and dy
namic information inherent to proton–proton dipolar couplin
to be probed (15–19).

Solid-state NMR is, of course, not restricted to hom
nuclear experiments, with heteronuclear experiments w
involve coherence transfer between different types of nu
providing much important insight. For spinI = 1/2 nuclei, het-
eronuclear1H–13C correlation experiments allow the better re
olution and assignment of the1H resonances, by taking adva
tage of, first, the much greater resolution in the13C dimension
on account of the larger chemical shift range and inherently
rower linewidths, and, second, the comparative insensitivit
13C chemical shifts to through-space influences. Recently, t
different methods for recording high-resolution1H–13C corre-
lation spectra have been proposed (23–29). While two of the
methods (23–26) use a homonuclear dipolar decoupling schem
namely frequency-switched Lee-Goldburg (FSLG) (30), at a
moderateνR, to achieve narrow1H linewidths, the method due t
Saalwächteret al.(27–29) simply makes use of brute-force ve
fast MAS. In addition, the methods differ in the means by wh
coherence transfer is achieved. The first (23) and last (27–29) ap-
proaches both make use of the heteronuclear dipolar coupl
The transfer mechanism is different in the two cases; polar
tion transfer under rotational-echo double-resonance (RED
recoupling (31) in the latter case allows largely selective, i.
one-bond, transfer with a high sensitivity. This is not the c
with the simple cross-polarisation (CP) step employed by
Rossumet al.(23), although it is to be noted that the selectivi

can be much improved using CP at the LG condition (32). By
comparison, the method developed by Emsley and co-work
(24–26) utilizes the isotropic through-bondJ coupling.
WN, AND SPIESS
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Since the dipolar coupling has an inverse cubed depend
on the internuclear separation, solid-state NMR experim
which allow the quantitative determination of particular dipo
couplings provide much structural insight. For spinI = 1/2 nu-
clei, the REDOR technique (31) is well established as a metho
for determining heteronuclear dipolar couplings, and hence
tances, between pairs of specifically labeled nuclei (often13C
and15N). Recently, renewed attention has focused on the de
opment of methods suitable for the measurements of heter
clear dipolar couplings between protons and other spinI = 1/2
nuclei (i.e.,13C–1H and15N–1H) (32–36). The advantage of in
verse detection in15N–1H experiments has been demonstra
(20, 37).

The qualitative and quantitative probing of proximities b
tween half-integer quadrupolar and spinI = 1/2 nuclei is also
of much interest. Indeed, the ability of the MQ MAS meth
to achieve high resolution for half-integer quadrupolar nu
has stimulated the development of experiments which pro
access to the structural information inherent to the heter
clear dipolar couplings between half-integer quadrupolar
spin I = 1/2 nuclei. For example, the introduction of a CP s
from 1H or 19F to a half-integer quadrupolar nucleus, e.g.,23Na,
27Al, 17O, or 45Sc, achieves a spectral editing, whereby sig
is only observed for those quadrupolar nuclei having a c
proximity to the spinI = 1/2 nucleus. In the first examples
this approach, CP to27Al single-quantum (SQ) coherence w
followed by a selective 90◦ pulse which created a populatio
difference across them=±1/2 central transition, from which
MQ coherence was excited as in a usual MQ MAS experim
(38, 39). Subsequently, it has been shown that CP direct to
MQ coherences of a half-integer quadrupolar nucleus is po
ble (40–46). Wanget al. have also presented a23Na–31P het-
eronuclear experiment, where an isotropic23Na dimension is
correlated with a SQ31P dimension via a CP step (47).

Recently, Fernandezet al. (48) and Pruskiet al. (49) demon-
strated how the combination of the MQ MAS and REDOR me
ods allows the quantitative determination of19F–27Al dipolar
coupling constants, and hence19F–27Al distances, for each o
the three distinct Al sites in a fluorinated aluminophosphate.
experiments described in the two papers differ with regard to
27Al coherence order whose evolution is subjected to the
DOR pulses: the authors use the terminology 3Q-t1-REDOR and
3Q-t2-REDOR to distinguish between dephasing of27Al 3Q and
SQ coherences, respectively. The former approach has th
vantage that the dephasing of 3Q coherence is three times
sensitive to the heteronuclear dipolar coupling constant.
advantage comes, however, at the cost of sensitivity losses
ciated with the required inversion of the half-integer quadrup
nucleus MQ coherence.

In this paper, we present a new experimental method whe
a half-integer quadrupolar 3Q and spinI = 1/2 SQ heteronu
ers
clear coherence is allowed to evolve duringt1: in analogy
to the methods developed by Saalw¨achteret al. for dipolar-
coupled pairs of spinI = 1/2 nuclei (27–29), this heteronuclear
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ROTOR-ENCODED HET

coherence is generated by the application of a spinI = 1/2 90◦

pulse to the mixed state produced by the REDOR-recoup
evolution of half-integer quadrupolar 3Q coherence und
the heteronuclear dipolar coupling. The approach is related
the 3Q-t1-REDOR experiment due to Pruskiet al.(49) with the
important distinction that, since a heteronuclear coherence c
taining spinI = 1/2 SQ coherence is actually created, a seco
REDOR-recoupling period must be applied aftert1 to recre-
ate homonuclear 3Q coherence. As a motivation for this wo
we further acknowledge the 6Q experiment presented by D
and Painter, in which dipolar-coupled pairs of23Na nuclei are
observed (50).

Thet1 evolution of the heteronuclear MQ coherence is corr
lated with, int2, the evolution of half-integer quadrupolar SQ co
herence, such that anisotropically broadened ridges are reso
on the basis of their different isotropic chemical and secon
order quadrupolar shifts as in the usual MQ MAS experime
In this way, the ability of the homonuclear MQ MAS experimen
to achieve high resolution is combined with a spectral editi
based on the proximity of the particular half-integer quadrupo
nucleus to a spinI = 1/2 nucleus. As compared to the CP meth
ods described above, this approach has the advantage that,
the required recycle delay is that of the quadrupolar rather th
the spin I = 1/2 nucleus, and, second, the coherence trans
occurs in a more controlled fashion.

Provided that thet1 increment is not rotor-synchronized, a
heteronuclear MQ MAS spinning-sideband pattern is observ
in F1. For MQ MAS spectroscopy of dipolar-coupled pairs o
spin I = 1/2 nuclei, it is well established that the appearance
a MQ MAS spinning-sideband pattern is determined predom
nantly by the rotor encoding of the dipolar interaction (51–53).
For example, it has been shown that the ability to quantitative
extract the dipolar coupling by means of an analysis of MQ MA
spinning-sideband patterns enables the order parameters fo
ferent discotic liquid-crystalline phases to be determined, w
the method having been demonstrated for both homonuc
(1H–1H) (16) and heteronuclear (1H–13C) (33) dipolar-coupled
nuclei. In addition, an analysis of1H–1H double-quantum (DQ)
MAS spinning-sideband patterns has been shown to allow
quantitative determination of proton–proton distances within t
complex hydrogen-bonded arrangement in the biologically i
portant molecule, bilirubin (19). Moreover, Gregoryet al.have
demonstrated that the rotor encoding of the CSA in13C–13C DQ
MAS spinning-sideband patterns permits the elucidation of t
mutual orientation of CSA tensors (54).

We show, here, that the sideband patterns obtained for
heteronuclear MQ MAS experiment are sensitive not on
to the dipolar coupling constant, but also to the quadrupo
coupling as well as, for an isolated spin pair, the orientati
of the quadrupolar principal axes system (PAS) with respec
the internuclear vector, which defines the dipolar PAS. Sin

the quadrupolar coupling can be determined in a convention
MQ MAS experiment, an analysis of the heteronuclear M
MAS spinning-sideband patterns provides access to the dipo
RONUCLEAR MQ MAS 103
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coupling as well as the relative orientation of the quadrupo
PAS. For an IS2 spin system, it is shown that, considering th
free parameters, the spinning-sideband patterns are particu
sensitive to only, first, the angle between the two IS internucl
vectors and, second, the two heteronuclear dipolar coupling

1. THE QUADRUPOLAR AND DIPOLAR HAMILTONIANS

To begin with, we introduce the analytical framework wi
which the presented experiments will be described. For nu
for which the MQ MAS experiment is of relevance, th
quadrupolar Hamiltonian,HQ, can be treated as a weak pertu
bation of the Zeeman interaction. As described in Refs. (55, 56)
HQ can then be determined using average Hamiltonian the
(57). Without any loss of generality, the simplifying assumptio
that the asymmetry parameter,η, equals 0 can be made. Unde
MAS,

HQ(t) = H (1)
Q (t)+ H (2)

Q (t), [1]

where

H (1)
Q (t) = ωPAS

Q

2∑
−2

D2
0m(α, β, γ )

× D2
m0(ωRt, θM , 0)

{
I 2

Z − I (I + 1)/3
}

[2]

and

H (2)
Q (t) = 2

(
ωPAS

Q

)2
9ω0

{L + M + N}, [3]

with

L = 3

5
I Z
{
3I 2

Z − I (I + 1)
}

[4]

M = 3

14

2∑
−2

D2
0m(α, β, γ )D2

m0(ωRt, θM , 0)

× I Z
{
12I 2

Z − 8I (I + 1)+ 3
}

[5]

N = 9

70

4∑
−4

D4
0m(α, β, γ )D4

m0(ωRt, θM , 0)

× I Z
{−34I 2

Z + 18I (I + 1)− 5
}
. [6]

Here,ωR andθM denote the MAS frequency (in angular unit
and the magic angle (equal to arctan(

√
2)= 54.7◦), respectively,
Q
lar
while the Euler angles (α, β, γ ) relate the principal axes system
of the quadrupolar tensor to the rotor frame. TheDl

mn(α, β, γ )
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terms are Wigner matrix elements (58). The quadrupolar
frequency,ωPAS

Q , is given by

ωPAS
Q = 3e2q Q

4I (2I − 1)h-
[7]

= 3πCQ

2I (2I − 1)
,

where CQ is the quadrupolar coupling constant (in units of H
For the second-order term, a useful approximation which will
employed here is to consider the average over an integral num
of rotor periods. For periods of free evolution, this correspon
to a rotor-synchronized experiment, in which all spinning sid
bands can be considered to fold onto the centerband posi
In this case, the average of theDl

m0(ωRt, θM , 0) term is only
nonzero ifm= 0, and Eq. [3] simplifies to

H (2)
Q =

2
(
ωPAS

Q

)2
9ω0

{L + N ′}, [8]

where

N ′ = 9

70
d4

00(β) d4
00(θM )I Z

{−34I 2
Z + 18I (I + 1)− 5

}
. [9]

Equation [8] is a good approximation also for evolution perio
of arbitrary length, provided that the second order quadrup
interaction is significantly smaller than the MAS frequency.

For an isolated pair of nuclei, the heteronuclear dipo
Hamiltonian is given as

HD(t) = 2ωD(t)I Z SZ, [10]

where

ωD(t) = −DI S

2∑
−2

D2
0m(ψ, θ, ϕ)D2

m0(ωRt, θM , 0), [11]

with the dipolar coupling constant (in angular frequency un
being defined as

DI S = µ0

4π

γI γS

r 3
I S

h- . [12]

The Euler angles (ψ , θ , ϕ) relate the principal axes system
of the dipolar coupling tensor to the rotor frame, and rIS rep-
resents the internuclear distance between theI and S nuclei,
with γ denoting the magnetogyric ratio of the nucleus.

According to the Liouville–von Neumann equation, the ev
lution of the density operator,ρ(t), is described by
ρ(tb) = U (tb, ta)ρ(ta)U+(tb, ta), [13]
WN, AND SPIESS
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U (tb, ta) = T exp

−i

tb∫
ta

H (t) dt

 , [14]

with T being the Dyson time-ordering operator. The superop
ator notation

Ûρ ≡ UρU+ [15]

will be used in all subsequent calculations of the spin sys
evolution. In the following, the eigenstates|mI 〉 of the I -spin
Zeeman Hamiltonian are chosen as basis functions for the
sity operator.

In the following, we make the assumption that the quadrupo
and dipolar Hamiltonians commute such that the total propag
can be factorized into separate quadrupolar and dipolar te
In this context, it is to be noted that Wu and Wasylishen ha
shown, for the case of a spinI = 3/2 nucleus dipolar coupled
to a spinI = 1/2 nucleus, that there is no residual broaden
due to second-order quadrupolar–dipolar effects in MQ M
NMR spectra where only symmetric transitions (i.e., the cen
transition SQ and 3Q coherences) are involved (59). This is to
be contrasted with the case where two quadrupolar nuclei
dipolar coupled together (60–62).

Considering first the quadrupolar interaction, it can be sho
(see Appendix) that the propagator is given by

UQ(tb, ta) =
∑
|mI 〉〈mI | exp

−i

tb∫
ta

〈mI |HQ(t)|mI 〉 dt

 .
[16]

Note that the terms〈mI |HQ(t)|mI 〉 correspond to the diagona
elements of the matrix representation of the quadrupolar Ha
tonian.

The propagator for the dipolar interaction for an IS spin p
is similarly given as

UD(tb, ta) =
∑
|mI 〉〈mI | exp{−i 2〈mI |I Z SZ|mI 〉ÄD(tb, ta)}

=
∑
|mI 〉〈mI | exp{−i 2mI SZÄD(tb, ta)}, [17]

where

ÄD(tb, ta) =
tb∫

ta

ωD(t) dt. [18]
By performing an integration for the summation of terms given
in Eq. [11], using the explicit expressions for the Wigner matrix
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elements (58), it can be shown that the dipolar phase is giv
by:

ÄD(tb, ta) = DI S

ωR

{
1√
2

sin(2θ )[sin(ωRtb+ϕ)− sin(ωRta+ϕ)]

−1

4
sin2(θ )[sin(2ωRtb+2ϕ)− sin(2ωRta+2ϕ)]

}
.

[19]

2. EXPERIMENTAL AND SIMULATION DETAILS

Experimental results were obtained for a sample of diba
sodium phosphate (Riedel–de Ha¨en AG, 99% purity), Na2HPO4.
In Ref. (63) the characterisation of Na2HPO4 by solid-state23Na
MAS NMR and powder X-ray diffraction is described. The s
determined23Na (spinI = 3/2) quadrupolar coupling constan
and asymmetry parameters for the three crystallographically
tinct sodium sites are listed in Table 1. A fit of the anisotrop
lineshapes obtained in a later MQ MAS investigation yield
within the experimental error, the same quadrupolar parame
(64). From the refined crystal structure presented in Ref. (63),
each sodium nucleus is found to have two nearby proto
Table 2 lists the Na–H distances and H–Na–H angles
next nearest protons are over 0.4 nm away). It is to be no
though, that the proton positions in the structure were determ
by merely chemical arguments, since “attempts to locate
proton by calculation of the residual electron density faile
This is a common problem of X-ray diffraction; since X-rays a
scattered by electrons, the localization of hydrogen atoms, w
have the lowest electron density of all elements, is very diffic

NMR experiments were performed on a Bruker ASX 5
wide-bore spectrometer, operating at1H and23Na Larmor fre-
quencies of 500.1 and 132.3 MHz, respectively, using a dou
resonance MAS probe supporting a rotor of outer diame
2.5 mm. For1H, the 90◦ pulse length was set equal to eith
2.0 or 2.2µs. For23Na, a power level was chosen which ga
an optimized 3Q excitation pulse of 3.5µs and a 3Q inversion
pulse of 3.0µs. At this power level, setting the 3Q to 1Q co
version pulse to 1.75µs led to the signals originating from th
p=+3 to p=−1 andp=−3 to p=−1 pathways (wherep is
the coherence order) having equal amplitudes (as demonst
by a coherence counting experiment in Section 5). As discus
in Refs. (6, 65). this pulse length of 1.75µs corresponds to the
23Na 90◦ flip angle.

TABLE 1
23Na Quadrupolar Parameters for Na2HPO4 (63)

Sodium Site CQ/MHz η
1 2.1 0.7
2 1.4 0.2
3 3.7 0.3
ERONUCLEAR MQ MAS 105
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TABLE 2
Na–H Distances and H–Na–H Angles in Na2HPO4 (63)

Sodium Na–H Na–H H–Na–H
Site distance/nm (D/2π )/kHz angle/◦

1 0.279 1.46 180
0.279 1.46

2 0.270 1.62 180
0.270 1.62

3 0.260 1.83 81
0.269 1.63

The 1H MAS (νR= 30 kHz) spectrum (not shown) is dom
nated by a relatively sharp (full width at half-maximum heig
of 250 Hz) peak at 12.7 ppm. Other spectral features, princip
a broad hump of weak intensity centered at about 7 ppm, w
not observed in a 1D DQ filtered spectrum, obtained usin
compensated BABA recoupling pulse sequence (66) of duration
2 τR (whereτR denotes a rotor period) atνR= 30 kHz. The1H
r f transmitter frequency was set to be on resonance with
peak at 12.7 ppm for all experiments.

Time-domain density matrix simulations were performed
ing the SIMPSON NMR simulation program (67). Representa-
tive input files are given in the Appendix.

3. AN ANALYTICAL DESCRIPTION
OF THE 3Q MAS EXPERIMENT

An important feature of the heteronuclear MQ MAS expe
ment is that the ability of the homonuclear MQ MAS experime
to achieve high resolution is retained. In order to illustrate this
this section, we, first, briefly review the homonuclear MQ MA
technique, and show mathematically how the residual sec
order quadrupolar broadening is refocused.

The pulse sequence and coherence transfer pathway dia
(68, 69) for the simplest amplitude-modulated 3Q MAS e
periment (64, 70–72) is shown in Fig. 1a. As discussed
Refs. (6, 65), pure absorption-mode 2D lineshapes are obtai
using this experiment, for the case of a spinI = 3/2 nucleus,
if the 3Q to 1Q conversion pulse is set equal to 90◦. It is to be
noted that other approaches for obtaining pure absorption-m
2D lineshapes have been proposed, such as the incorporat
a z filter (73, 74) or the acquisition of a whole echo (72, 75); a
comparison of these different approaches is presented in Re6).
In addition, much attention has been focused on optimizing
sensitivity of the coherence transfer processes, for example
use of a double frequency sweep (DFS) (76) or a fast amplitude-
modulated (FAM) pulse (77) has recently been shown to signi
cantly improve the sensitivity of the 3Q to 1Q step. In this pap
in order to demonstrate the feasibility of the REDOR-recoup

heteronuclear MQ MAS experiment, we have chosen to adapt
the simple amplitude-modulated 3Q MAS experiment in Fig. 1a.
The possibility of improving the experimental sensitivity by
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FIG. 1. Pulse sequences and coherence-transfer pathway diagrams for (a) the simple (two-pulse) amplitude-modulated MQ MAS experiment
amplitude-modulated heteronuclear MQ MAS experiment. The widths of the rectangular blocks denoting radiofrequency pulses are proportional (for the separate
I and S channels) to the pulse flip angles. In both cases, spin I (23Na) 3QC is initially created by a single pulse of flip angle∼240◦, and finally converted into
spin I (23Na) SQC by a single pulse of flip angle 90◦. In (b), heteronuclear MQC (both±2 and±4) is created by the application of a spin S (1H) 90◦ pulse to a
state created by evolution under the IS dipolar coupling, using REDOR recoupling (spin S (1H) 180◦ pulses applied atτR/2 intervals); the application of the sam
sequence of pulses and delays in reverse recreates homonuclear spin I (23Na) 3QC. Evolution of spin I coherence under chemical and quadrupolar shifts durin

two REDOR recoupling periods is refocused by a 180◦ pulse applied before the start oft1. The spin S (1H) 180◦ pulses at the start of the period beforet1 and at the

a

ion
end of the period aftert1 may be omitted for the first and last rotor period of
scheme for the phasesφ1, φ2, φ3 and that of the receiver,Rx, in (b) is given in T

incorporating, e.g., DFS or FAM pulses and whole-ec

acquisition is discussed in the concluding section.

Here, we consider the 3Q MAS experiment for a spinI = 3/2
nucleus using the analytical framework introduced above. Fi
recoupling, respectively. A1H spin lock may be applied duringt1. A phase cycling
ble 3 (see Section 5).

hoit is necessary to calculate the evolution of central-transit
rst,

SQ coherence (SQC),| ±1/2〉〈∓1/2|, and 3Q coherence
(3QC), | ±3/2〉〈∓3/2|, under the quadrupolar Hamiltonian.
(Note that the satellite SQCs are neglected, since they, unlike the
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heteronuclear IS dipolar coupling by MAS. In addition, the in-
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central-transition SQC, are broadened to first-order by
quadrupolar coupling. The corresponding signals in a pow
frequency-domain spectrum are spread over a frequency r
on the order of a MHz, and can hence be assumed to be lost i
spectral baseline.) Using Eqs. [15] and [16] and remembe
the orthonormality of the eigenstates|mI 〉,

Û Q(tb, ta) |±mI 〉〈∓mI |

= exp

i

tb∫
ta

〈∓mI |HQ(t)|∓mI 〉 dt

−i

tb∫
ta

〈±mI |HQ(t)|±mI 〉 dt

 |±mI 〉〈∓mI |. [20]

Equations [1]–[9] express the quadrupolar Hamiltonian,HQ,
using average Hamiltonian theory. It can then be shown tha
first-order terms in Eq. [20] vanish, leaving only second-ord
terms. Considering the approximation corresponding to tak
an average over an integral number of rotor periods (Eqs.
and [9]),

Û Q(tb, ta)|±1/2〉〈∓1/2|
= exp{∓i A(−7+ 27B)(tb − ta)}|±1/2〉〈∓1/2| [21]

Û Q(tb, ta)|±3/2〉〈∓3/2|
= exp{∓i A(21− 21B)(tb − ta)}|±3/2〉〈∓3/2|, [22]

where

A = 2
(
ωPAS

Q

)2
35ω0

[23]

B = d4
00(β)d4

00(θM ). [24]

In the 3Q MAS experiment in Fig. 1a, a single pulse (64,
70–73, 78–80) is used to convertI Z equilibrium magnetization
into 3QC, which is selected by a suitable phase cycle. This 3
evolves duringt1 and is subsequently converted by a 90◦ pulse
into central transition SQC (by convention, the use of quadra
detection corresponds to the selection ofp=−1 coherence),
which is detected in the second evolution periodt2. The time-
domain signal,S(t1, t2), is thus described as

S(t1, t2) = S−3(t1, t2)+ S3(t1, t2), [25]

where
S−3(t1, t2) = 3−3
0 exp{+i A(21− 21B)t1}
×3−1

−3 exp{+i A(−7+ 27B)t2} [26]
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S+3(t1, t2) = 3+3
0 exp{−i A(21− 21B)t1}
×3−1

+3 exp{+i A(−7+ 27B)t2}. [27]

It is to be noted that the isotropic chemical shift is not tak
into account in the above equations. In addition, the pulses
considered to have negligible duration (the validity of this a
proximation is considered in Section 8); the coherence tran
amplitude for a given pulse is labeled by3n

m, wherem andn
are the initial and final coherence orders, respectively. For a◦

pulse,3−1
−3 = 3−1

+3 for all crystallite orientations, and the sign
is amplitude-modulated with respect tot1

S(t1, t2) = 23exc3convcos{A(21− 21B)t1}
× exp{+i A(−7+ 27B)t2}, [28]

where3exc and3conv denote the coherence transfer amplitud
for the excitation and conversion pulses, respectively.

The beauty of the MQ MAS experiment is illustrated b
Eq. [26], which corresponds to the time-domain signal for
so-called echo pathway (for a discussion of echo and antie
pathways in the MQ MAS experiment, the reader is refer
to Ref. (6)); at times t2= 7t1/9, the fourth-rank anisotropic
broadening, denoted byB, is refocused, while, importantly, th
isotropic second-order quadrupolar shift, denoted by A, a
the isotropic chemical shift are not refocused. (As descri
in, e.g., Ref. (6), the same applies for the case of a nonz
asymmetry parameter.) A 2D frequency-domain spectrum
tained using the amplitude-modulated experiment in Fig. 1a
time-domain signal for a single nuclear site being describ
by Eq. [28]) consists of pure absorption-mode anisotropica
broadened ridges, each with a slope of−7/9 with respect to the
ω2 axis, which are resolved according to their different isotro
(both chemical and second-order quadrupolar) shifts.

4. AN ANALYTICAL DESCRIPTION OF THE
HETERONUCLEAR MQ MAS EXPERIMENT

The pulse sequence and coherence transfer pathway dia
(the total combined coherence order is represented) for a
eronuclear amplitude-modulated 3Q MAS experiment is sho
in Fig. 1b, with spins I and S referring to the spinI = 3/2 and the
I = 1/2 nucleus, respectively. As in the 3Q MAS experiment
Fig. 1a, a single pulse initially creates spin I 3QC, while a fin
spin I 90◦ pulse converts spin I 3QC into detectable spin I ce
tral transition SQC, with equal amplitude for the two pathwa
Immediately following the 3Q excitation pulse and immediate
preceding the 3Q to SQ conversion pulse, there are two per
of REDOR (31) recoupling—180◦ pulses applied on the spi
S channel everyτR/2—which counteract the averaging of th
sertion of a 3Q inversion pulse at the end of the first REDOR
recoupling period ensures that the evolution of the spin I 3QC
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under all spin I shifts (i.e., both the isotropic and anisotro
quadrupolar and the isotropic chemical shifts) is refocuse
the end of the second REDOR recoupling period. Thus, o
evolution under the heteronuclear IS dipolar coupling need
be considered during the two recoupling periods.

Recently, Saalw¨achteret al. have presented a related ser
of heteronuclear MQ MAS experiments which are applicable
dipolar-coupled spinI = 1/2 nuclei (27–29). In particular, a dis-
tinction was made with respect to whether the initial (after a
preparation, i.e., CP, step) and the finally detected magnetiz
states were of the same nuclear species or not, with asymm
and symmetric sequences being termed recoupled polariz
transfer (REPT) (27, 28) and dipolar heteronuclear multiple-sp
correlation (DIP-HMSC) (29), respectively. By this classifica
tion system, the pulse sequence presented here is of the
symmetric type.

To analytically describe this experiment, it is first necess
to calculate the evolution of spin I 3QC under the hetero
clear dipolar Hamiltonian (as stated above, it is assumed
the dipolar and quadrupolar Hamiltonians commute, such
the evolution under the two interactions can be considered
arately). In the following, an isolated IS spin pair is consider
Using Eqs. [15] and [17] and remembering the orthonorma
of the eigenstates|mI 〉,

Û D(tb, ta)|±3/2〉〈∓3/2|
= exp{∓6i SZÄD(tb, ta)}|±3/2〉〈∓3/2|
= {cos(3ÄD(tb, ta))∓ 2i sin(3ÄD(tb, ta))SZ}|±3/2〉〈∓3/2|.

[29]

Eq. [29] is derived by, first, expanding the exponential term
a power series. After using the identitySz

2 = I/4 (whereI is
the identity matrix), the resulting expression can be identifi
to consist of two power series corresponding to the tri
nometric terms in Eq. [29]. For a recoupling time,τrcpl, equal
to NτR of REDOR recoupling, Eq. [29] can be reexpress
(assuming that the spinSpulses are infinitely hard, i.e., of zer
duration) as

ÛD(NτR, 0)|±3/2〉〈∓3/2|
= {cos(6NÄD(τR/2, 0))∓ 2i sin(6NÄD(τR/2, 0))SZ}
× |±3/2〉〈∓3/2|. [30]

A spin S 90◦ pulse converts the|±3/2〉〈∓3/2|Sz state into a
mixture of heteronuclear 4Q coherence,|±3/2〉〈∓3/2|S+, and
2Q coherence,|±3/2〉〈∓3/2|S−. For an isolated IS spin pair, thi
heteronuclear coherence only evolves under the spin I quadr
lar coupling (and also the spin I and spin S chemical shifts, wh
are, for simplicity, neglected in this calculation). The spin S 9◦
pulse which followst1 and the second REDOR recoupling perio
recreate a pure spin I 3QC state. Using Eqs. [21], [22], and [
and considering the selection of the coherence transfer pathw
WN, AND SPIESS
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shown in Fig. 1b, the total time-domain signal (again making t
assumption that the spin-I pulses are of negligible duration, w
only the coherence transfer amplitudes being considered), t
takes the form

S(t1, t2) = SD(t1)SQ(t1, t2), [31]

where

SD(t1) = sin{6NÄD(τR/2, 0)} sin{6NÄD(τR/2+ t1, t1)}

= sin

{
6
√

2N DI S

ωR
sin(2θ ) sin(ϕ)

}

× sin

{
6
√

2N DI S

ωR
sin(2θ ) sin(ωRt1+ ϕ)

}
[32]

and

SQ(t1, t2) = 2AexcAinvAconvcos{A(21− 21B)t1}
× exp{+i A(−7+ 27B)t2}. [33]

Eq. [31] demonstrates that the total signal factorises into
quadrupolar and a dipolar contribution. (Such a factorisat
is equally achieved for the case of a non-zero asymme
parameter.) With the addition of theAinv factor, which denotes
the coherence transfer amplitude for the 3Q inversion pulse,
quadrupolar contribution mimics the MQ MAS I-spin signal o
Eq. [28]. Thus, the virtues of the MQ MAS experiment, name
the refocusing of the residual second-order quadrupolar bro
ening and, hence, the ability to resolve the anisotropic linesha
for distinct sites, are preserved. The role of the dipolar term w
be explained in the following sections.

5. COHERENCE COUNTING EXPERIMENTS

An investigation of the coherence orders which evolve duri
the indirect time dimension of a MQ experiment may be carri
out by performing a so-called coherence counting experim
(the experiment is usually referred to as a spin-counting exp
iment due to early applications to the study of dipolar-coupl
proton networks (81); this terminology is less appropriate here
Using the method presented in Ref. (82), this two-dimensional
experiment involves recording a series of free-induction dec
(FIDs) with t1 = 0, with the phase of all the pulses precedin
the t1 period being successively incremented. It is to be no
that the use of such an approach to observe the build-up of
coherence in homonuclear1H MQ MAS (83) and heteronuclear
1H–13C multiple-spin correlation (29) experiments has recently
been described. To observe a maximum ofn quantum orders,
the phase is varied in 2n steps ranging from 0◦ to 360◦. Fourier

d
30]
ays

transformation with respect to the indirect dimension yields a
spectrum, where thenth line represents the contribution of the
nth coherence order. Experimentally, it is usual to concatenate
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thet1 “FID” corresponding to phases between 0◦ to 360◦; since
there is no relaxation, an artificial linewidth is introduced
applying a weighting function before Fourier transformatio
Note that, in order to be able to distinguish between posi
and negative coherence orders, it is necessary to use the
and imaginary parts of thet1 FID. It is to be further noted tha
the concatenation procedure leads to experimental noise
being observed at positions corresponding to integer coher
orders.

-6-4-22 0

a

b

c

-5-3-16 3 145

coherence order

FIG. 2. Spectra obtained from coherence counting experiments perfor
on Na2HPO4 at an MAS frequency of 30 kHz, using (a) the homonuclear (23Na)
3Q MAS and (b) and (c) the heteronuclear (23Na–1H) MQ MAS (with τrcpl =
2 τR) pulse sequences in Figs. 1a and 1b, respectively. In all experiments,
step phase cycle was applied to select23Na 3QC. In (b), the23Na 3Q inversion
pulse was additionally phase cycled, while in (c) the full phase cycle give
Table 3 was used. In each case,t1 was set equal to 2µs, and a two-dimensiona
data set (consisting of 12t1 points) was recorded by successively increment
the phases of all pulses beforet1 by 30◦. The experimentalt1 “FIDs” where
then concatenated 50 times, and a Gaussian weighting function was ap
before Fourier transformation; in this way, spectral noise only appears at int

coherence orders. A recycle delay of 2, 2, and 1.5 s was used in (a), (b),
(c), respectively, with 36, 72, and 288 transients being coadded for each p
increment in the respective cases.
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TABLE 3
Phase Cycling Scheme for the Heteronuclear MQ MAS

Experiment (Fig. 1b)

φ1: 0◦ 60◦ 120◦ 180◦ 240◦ 300◦
φ2: 12{0◦} 12{30◦} 12{60◦} 12{90◦} 12{120◦} 12{150◦} 12{180◦} 12{210◦}

12{240◦} 12{270◦} 12{300◦} 12{330◦}
φ3: 6{90◦} 6{270◦}
RX : 3{0◦ 180◦} 3{180◦ 0◦} 3{180◦ 0◦} 3{0◦ 180◦}

Figure 2 presents the results of coherence counting exp
ments performed for Na2HPO4. In each case, the phase incr
ment was set equal to 30◦, such that the maximum observab
coherence order,|p|, equals 6. The spectrum in Fig. 2a was a
quired using the simple amplitude-modulated23Na MQ MAS
experiment (Fig. 1a), while the heteronuclear (23Na-1H) MQ
MAS pulse sequence in Fig. 1b was used to record the spe
in Figs. 2b and 2c. The experiments additionally differed w
respect to the employed phase cycling scheme (68, 69). In all
cases, selection of I-spin (23Na) 3QC is achieved by a 6-ste
phase cycle of the first I-spin pulse. In both heteronuclear M
MAS experiments (Figs. 2b and 2c), a further 12-step phase
cle of the I-spin (23Na) 3Q inversion pulse selects1p=±6. In
Fig. 2c only, an additional two step phase cycle of the first S-s
(1H) 90◦ pulse selects1p=±1. The full nested 144-step phas
cycle for the heteronuclear MQ MAS experiment in Fig. 1b
given in Table 3.

In Fig. 2a, the spectrum is dominated by the signals atp=±3.
It was stated above that setting the flip angle of the conver
pulse to 90◦ leads to an equal contribution of the two pathwa
as is required for an amplitude-modulated signal, and hence
absorption-mode lineshapes. The near equality of the intens
of thep=+3 andp=−3 signals in Fig. 2a indicates that the e
perimental pulse length corresponds to (very close to) the des
90◦ flip angle. In Fig. 2b, in addition to the strongp=±3 sig-
nals, weak negative intensity at thep=±2 andp=±4 positions
is observed above the noise level. It is to be noted that the
of the heteronuclear 2QC and 4QC relative to the homonuc
3QC depends on the relative phases of the two1H 90◦ pulses;
when they differ by 180◦ (as is the case here, see Fig. 1b), t
heteronuclear coherences have the opposite sign, while w
the phases are the same, the homonuclear and heteronucle
herences have the same sign. In Fig. 2c, the full 144-step p
cycle blocks pure homonuclear coherence, and only heter
clear 2QC and 4QC is observed. Although four times as m
transients were co-added for the spectrum in Fig. 2c as opp
to that in Fig. 2b, the poorer signal-to-noise (S/N) ratio in Fig.
is apparent.

6. THE SENSITIVITY OF THE HETERONUCLEAR
MQ MAS EXPERIMENT
and
haseFigure 3 compares the23Na (a) one-pulse spectrum of
Na2HPO4 with MQ-filtered (t1= 2µs) spectra recorded with
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-8-6-4-22 0 kHz

a

b

c

d

x 3.5

x 7

x 35

FIG. 3. The 23Na (a) one-pulse spectrum of Na2HPO4 is compared with
MQ-filtered (t1 = 2 µs) spectra recorded with (b) the homonuclear (23Na) 3Q
MAS experiment in Fig. 1a, (c) a homonuclear (23Na) 3Q MAS experiment
based on that in Fig. 1a but with a 3Q inversion pulse, and (d) the hetero
clear (23Na–1H) MQ MAS experiment (withτrcpl = 1 τR) in Fig. 1b. A MAS
spinning frequency of 10 kHz was used. In each case, 1872 transients were
ded and a recycle delay of 4 s was used. The same23Na pulse durations (see
Section 2) were used in all MQ MAS experiments. A pulse length of 1µs was
used in (a).

(b) the homonuclear (23Na) 3Q MAS experiment in Fig. 1a,
(c) a homonuclear (23Na) 3Q MAS experiment based on that i
Fig. 1a but with a 3Q inversion pulse, and (d) the heteronucl
(23Na–1H) MQ MAS experiment (withτrcpl= 1τR) in Fig. 1b.
The MAS spectrum in Fig. 3a demonstrates clearly the di
culties presented by residual second-order quadrupolar bro
ening, since it is certainly not immediately evident that th

observed spectrum is due to three crystallographically disti
sites. Comparing the MAS (Fig. 3a) and the 3Q MAS-filtere
spectra (Fig. 3b), although the same features are presen
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both spectra, the broad features to the right of the two m
intense sharp peaks (at the left) show a reduction in relative
tensity in Fig. 3b. This illustrates a significant problem of t
MQ MAS technique, namely the efficiency of MQ excitation
well as that of the subsequent conversion to observable SQC
pend on the quadrupolar coupling (65), with a marked fall-off for
sites with large CQ values (the broad features on the right in t
Na2HPO4 spectra are due to the Na(3) site, which has a CQ value
of 3.7 MHz). The development of methods which alleviate t
problem has been and continues to be an area of active rese
for example, Alemanyet al.have recently shown that it is poss
ble, using the DFS technique, to observe an27Al (spin I = 5/2)
site with a CQ of 18.5 MHz (14). Figure 3c shows that the inco
poration of a 3Q inversion pulse leads to further spectral dis
tions as well as a factor of two loss in overall sensitivity. Su
effects of a 3Q inversion pulse have been discussed previo
in Ref. (49), where the results of computer simulations are a
presented.

From the crystal structure data presented in Table 2, it is c
cluded that all three Na sites in Na2HPO4 have approximately
the same proximity to two nearby protons. Thus, in this ca
the recording of a heteronuclear (23Na–1H) MQ MAS-filtered
spectrum should not lead to any spectral editing. Indeed,
spectrum in Fig. 3d is of a similar form to that in Fig. 3c, a
though the broad features due to the Na(3) site are lost in
noise. A fivefold reduction in sensitivity is observed as co
pared to the 3Q MAS experiment with a 3Q inversion pulse
is to be noted that this reduction is in agreement with the r
tive intensities of the positive and negative peaks observed
the coherence counting experiment in Fig. 2b. As discussed
low, the loss in sensitivity is largely due to homonuclear1H–1H
dipolar couplings acting during the finite1H π pulses. The poor
sensitivity is a significant drawback of the heteronuclear M
MAS experiment. However, the MQ MAS experiments inco
porating CP (38–46) discussed in the Introduction also ofte
suffer from poor sensitivity, since the advantage of the CP
arising from the difference in the magnetogyric ratios of the t
nuclei is usually far outweighed by the proton having a sign
cantly longerT1 as compared to that of the quadrupolar nucle
It is to be noted that Ashbrook and Wimperis recently presen
an17O (at 35% isotopic enrichment) example where CP lead
a slight sensitivity enhancement, on account of the combina
of the lower abundance and lower magnetogyric ratio of17O
(as compared to, e.g.,23Na) and the relatively large CQ of the
investigated site (46).

The optimum recycle delay in the heteronuclear MQ MA
experiment is the same as that in the 3Q MAS experim
since both experiments begin with the excitation of spin-I 3Q
In this respect, it is significant to report that, in the course
this work, we noticed an interesting phenomenon, namely th
was a difference in the optimum recycle delay for the sim
MAS as compared to the 3Q MAS experiment. To determ

d
t in
the recycle delay which gives the optimum S/N, we adopted
the procedure of doubling the recycle delay until the increase
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-50 kHz -50 kHz

a e

b f

c g

d h

FIG. 4. MQ-filtered (t1= 2 µs) spectra of Na2HPO4, recorded using the
heteronuclear (23Na–1H) MQ MAS experiment in Fig. 1b at MAS frequencie
of 10 kHz (a)–(d) and 20 kHz (e)–(h). Recoupling times of one (a, e), t
(b, f), three (c, g), and four rotor periods (d, h) were used. In all experime
3744 transients were coadded and a recycle delay of 2 s wasused.

in the signal intensity is less than a factor of
√

2(=1.41). For
23Na NMR of Na2HPO4, doubling the recycle delay from 1 to
2 s, from 2 to 4 s, and from 4 to 8 s gaveincreases in the signa
intensity of 1.4, 1.3, and 1.2 for the one-pulse MAS expe
ment and 1.6, 1.6, and 1.3 for the 3Q MAS experiment. Th
the optimum recycle delays are 2 and 4 s for the MAS and 3Q
MAS experiments, respectively. (Note that different recycle d
lays were often used for the experimental spectra presente
this paper.)

Figure 4 presents MQ-filtered (t1= 2µs) spectra of
Na2HPO4, recorded using the heteronuclear (23Na–1H) MQ
MAS experiment in Fig. 1b. The spectra on the left- (Figs. 4
4d) and right-hand (Figs. 4e–4h) sides were recorded at M
frequencies of 10 and 20 kHz, respectively. On going from
to bottom, the recoupling time used increases from one to f
rotor periods. In each case, the same recycle delay was u
and the same number of transients were co-added. The sp
are all plotted on the same vertical scale. It is then evid
that, at MAS frequencies of 10 and 20 kHz, the maximu
signal intensities are observed forτrcpl= 1τR (Fig. 4a) and
2 τR (Fig. 4f), respectively. This observation is not surprisin
given that these cases correspond to the same recoupling

of 100µs. Note also that similar lineshapes are observed wh
the recoupling time is the same, i.e., in Figs. 4a and 4f and
and 4h.
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It is interesting to compare the sensitivity at the two MA
frequencies for the cases whereτrcpl is the same. It is eviden
that the sensitivity is better at 10 kHz. This is due to, fir
the dependence of 3Q excitation and conversion onνR (84).
In this context, it is to be noted that Vosegaardet al. recently
presented an approach, which, by employing rotary reson
excitation, allows efficient 3Q excitation and conversion a
highνR (85). In addition, at 20 kHz, there are more1H π pulses
applied during the REDOR recoupling periods, as well as th
being an increase in the proportion of a rotor period occup
by theπ pulses. The greater importance of the latter effect
apparent from the significantly greater intensity difference
tween the spectra in Figs. 4b and 4h than that between t
in Figs. 4a and 4f. This loss of sensitivity is a conseque
of homonuclear1H–1H dipolar couplings acting during the fi
nite 1H π pulses—such effects were previously observed
Chan and Eckert (86) and Saalw¨achter and Spiess (29). In the
context of the analogous heteronuclear MQ MAS experime
for dipolar-coupled pairs of spinI = 1/2 nuclei, we note tha
such homonuclear dipolar effects at highνR are insignificant
for pulse sequences, such as1H–13C REPT (27, 28, 33) and in-
versely detected1H–15N DIP-HSQC (36, 37), where1H trans-
verse magnetization evolves during the REDOR-recoupling
riods, and the REDORπ pulses are applied on the13C or 15N
channel.

It is to be noted that Chan and Eckert (86) and Saalw¨achter
and Spiess (29) propose an alternative REDOR reference
periment which compensates for the sensitivity losses du
homonuclear dipolar couplings. This method involves the ap
cation of an additionalπ pulse at the same time as the sing
π pulse on the other channel, such that the dipolar dephas
in the first and second halves become identical in magnitude
opposite in sign. For an isolated heteronuclear spin pair, t
is hence no dephasing, as in a normal REDOR reference
periment where all the dephasingπ pulses are simply omitted
Where homonuclear dipolar couplings are significant, the
phasing due to them during theπ pulses is now also presen
in the alternative reference experiment, unlike the case of
normal reference experiment. Indeed, we recommend that
a reference experiment be employed in the 3Q-t1-REDOR (49)
and 3Q-t2-REDOR (48) experiments.

In this section, we finally note that, for a sample where th
is more than one distinct spinI = 1/2 resonance such tha
off-resonance effects will come into play, it is recommend
to apply the xy-4 phase scheme (87) to the REDOR 180◦

pulses.

7. HETERONUCLEAR MQ MAS SPINNING-SIDEBAND
PATTERNS: SIMULATED SPECTRA FOR

AN ISOLATED SPIN PAIR
en
4b

We now consider the role of the dipolar term,SD(t1), in
Eqs. [31] and [32]. Mathematically, as shown in the Appendix,
the powder average ofSD(t1) over theϕ angle can be expanded
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D τrcpl/2π

0.15

0.30

0.45

0.60
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7 35 1 -3 -5 -7-1
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e

b

c

d

ν/νR

FIG. 5. Simulated heteronuclear MQ MAS spinning-sideband patte
for the ideal case of an isolated spin pair. The product of the dipolar c
pling constant and the recoupling time,DIS τrcpl/2π , equals (a) 0.15, (b) 0.30
(c) 0.45, (d) 0.60, and (e) 0.75. Simulations were performed in the time dom
by calculating numerically the powder average of the expression in Eq. [32

as a series of Bessel functions:

〈SD(t1)〉ϕ = 2
+∞∑
n=0

{
J2n+1

(
6
√

2DI SNτR

2π
sin(2θ )

)}2

× cos{(2n+ 1)ωRt1}. [34]

The presence of onlyJ2n+1 terms in Eq. [34] corresponds to th
observation in the frequency domain of only odd-order spinn
sidebands. The relative intensities of these spinning sideb
depend upon the product of the dipolar coupling constant and
recoupling time,DIS τrcpl/2π . This is illustrated by Fig. 5, which
presents spectra corresponding to the Fourier transformatio
FIDs simulated in the time domain by performing numerica

the powder average of the expression in Eq. [32].

The origin of these unusual spinning-sideband patterns
well understood (51–53); whenever the efficiency of the re-
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conversion of the state which is present duringt1 depends on
the rotor phase angle,ϕ, the t1-dependent change inϕ at the
start of the reconversion period relative to that at the s
of the excitation period leads to the generation of a “ro
encoded” spinning-sideband pattern, with the mechanism
ing referred to as reconversion rotor encoding (RRE) (53). For
spin I = 1/2 nuclei, the marked sensitivity of the observ
spinning-sideband patterns to the product of the dipolar
pling constant and the recoupling time (the latter is known
is under the control of the spectroscopist) has been expl
in both homonuclear1H DQ MAS (16, 19) and heteronu
clear1H–13C (33) and1H–15N (36) MQ MAS experiments to
probe dynamic processes and accurately measure intern
distances.

It should be noted that the evolution of 3QC during
REDOR recoupling periods in the heteronuclear MQ MAS
periment of Fig. 1b leads to the presence of an additional fa
of 3 for theSD(t1) term as compared to the corresponding
pression for a MQ MAS experiment between a heteronuc
pair of spinI = 1/2 nuclei, where SQC evolves during the R
DOR recoupling periods—compare Eq. [32] with Eqs. [4] a
[6] of Ref. (28). For example, to generate the pattern in Fig.
a DIS τrcpl/2π value which is three times larger (1.35) would
required in the heteronuclear spinI = 1/2 experiment. Thus, th
influence of the dipolar coupling can be considered to have
magnified by a factor of three by incorporating the evolut
of 3QC. As compared to a homonuclear spinI = 1/2 experi-
ment, the additional factor is reduced to 2, i.e., by a facto
2/3, which reflects the difference between the homonuclea
heteronuclear dipolar Hamiltonians.

The simulated spectra presented in Fig. 5 correspond to p
dipolar rotor-encoded spectra. To investigate the additiona
fluence of theSQ(t1, t2) term and also to consider the importan
of the finite lengths of both the spin-I and spin-Srf pulses, time-
domain density matrix simulations were performed using
SIMPSON (67) NMR simulation program. (A representati
SIMPSON input file is given in the Appendix.) It was found th
the observed spinning-sideband patterns additionally depe
the quadrupolar parameters, i.e., CQ andη, and the relative ori
entation of the dipolar and quadrupolar PASs, as well as
spin-I and spin-S 90◦ pulse lengths.

Figures 6 and 7 show, for example, the effect of changing
CQ and the relative orientation of the dipolar and quadrup
PASs, respectively. For all simulated spectra in Figs. 6 an
DIS τrcpl/2π equals 0.75 (corresponding to the case in Fig.
η = 0, and the spin-I and spin-S 90◦ pulse lengths equal 1.5 an
2.0µs, respectively. Figure 6 illustrates that increasing CQ leads
to marked changes in the observed spinning-sideband pa
For the relatively small value of CQ= 1.0 MHz in Fig. 6a, the
pattern resembles that for the ideal dipolar only case in Fig
although, first, the third- and fifth-order sidebands have a we
is
intensity relative to that of the first-order sidebands, and, second,
weak centerband and even-order sideband intensity is observed.
For the larger CQ values, the odd-order spinning-sideband
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FIG. 6. The effect of changing CQ upon the spinning-sideband patter
obtained using the heteronuclear MQ MAS experiment in Fig. 1b. CQ equals
(a) 1.0, (b) 2.0, and (c) 3.0 MHz. Density-matrix simulations were perform
for an IS spin pair in the time domain using the SIMPSON (67) NMR simula-
tion program. A representative SIMPSON input file is given in the Appen
The following parameters were used:DIS/2π = 2.5 kHz; η= 0; νR= 10 kHz;
τrcpl= 3τR; 1H 90◦ pulse length= 2.0µs;23Na 90◦ pulse length= 1.5µs;23Na
pulse lengths for 3Q excitation, 3Q inversion, and 3Q to 1Q conversion= 3.6,
3.0, and 1.5µs, respectively. The quadrupolar and dipolar PASs were alig
with each other.

pattern changes noticeably, while the centerband and even-
sideband intensity increases appreciably. Figure 7 shows
the case ofCQ= 1.0 MHz andη= 0, that changing the relativ
orientation of the dipolar PAS with respect to the quadrup
PAS also leads to significant changes in the observed spin
sideband pattern; for a perpendicular orientation (Fig. 7d),
third- and fifth-order spinning sidebands are both over 65%
the intensity of the first-order sidebands as compared to u
50% for a parallel orientation (Fig. 7a).

Experimental heteronuclear MQ MAS spinning-sideband

terns obtained using the pulse sequence in Fig. 1b, thus, dep
on a number of both system and experimental parameters. H
ever, the majority of these parameters are known in advance
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particular, a fitting of the anisotropically broadened linesha
in a standard homonuclear MQ MAS experiment allows the
termination of CQ andη for each resolved site. The experimen
90◦ pulse lengths are also, of course, known—it is to be reme
bered, though, that the use of the correct experimental value
the simulations is essential in any fitting of experimental da
Considering the remaining parameters, namely the heter
clear dipolar coupling and the relative orientation of the dipo
and quadrupolar PASs, the sideband patterns are more sen
to the magnitude of the dipolar coupling, such that it should
possible to determine this to a good degree of accuracy.

7 35 1 -3 -5 -7-1

0˚

30˚

60˚

90˚

Dipolar PAS to
Quadrupolar PAS

Angle

a

b

c

d

ν/νR

FIG. 7. The effect of changing the relative orientation of the quadrupo
and dipolar PASs upon the spinning-sideband patterns obtained using th
eronuclear MQ MAS experiment in Fig. 1b. The dipolar PAS is oriented a
angle of (a) 0◦, (b) 30◦, (c) 60◦, and (d) 90◦ with respect to the quadrupola
PAS. Density-matrix simulations were performed for an IS spin pair in the t
domain using the SIMPSON (67) NMR simulation program. A representativ
SIMPSON input file is given in the Appendix. The following parameters we
used:DIS/2π = 2.5 kHz; CQ = 1.0 MHz; η = 0; νR = 10 kHz;τrcpl = 3 τR;

end
ow-
. In

1H 90◦ pulse length= 2.0µs;23Na 90◦ pulse length= 1.5µs;23Na pulse lengths
for 3Q excitation, 3Q inversion, and 3Q to 1Q conversion= 3.6, 3.0, and 1.5µs,
respectively.
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{D /2π}/kHz

0.5

1.0

1.5

2.0
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7 35 1 -3 -5 -7-1
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e
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c

d
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FIG. 8. The effect of changing the heteronuclear dipolar coupling up
the spinning-sideband patterns obtained using the heteronuclear MQ
experiment in Fig. 1b.DIS/2π equals (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, an
(e) 2.5 kHz. Density-matrix simulations were performed for an IS spin p
in the time domain using the SIMPSON (67) NMR simulation program. A
representative SIMPSON input file is given in the Appendix. The following
rameters were used: CQ= 1.0 MHz; η= 0; νR= 10 kHz; τrcpl= 3τR; 1H 90◦
pulse length= 2.0µs; 23Na 90◦ pulse length= 1.5µs; 23Na pulse lengths for
3Q excitation, 3Q inversion, and 3Q to 1Q conversion= 3.6, 3.0, and 1.5µs,
respectively. The quadrupolar and dipolar PASs were aligned with each ot

In addition, it is to be noted that Pruskiet al.have shown tha
the heteronuclear dipolar coupling can be reliably determi
from a 3Q-t1-REDOR build-up curve; simulations were pr
sented which show that such build-up curves are relatively in
sitive to CQ, at least in the case of a highνrf (49). The combined
application of the two methods would thus allow the deter
nation of the relative orientation of the dipolar and quadrupo
PASs, since this would be the only free parameter in a fit of

perimental heteronuclear MQ MAS spinning-sideband patter

Finally, it is to be emphasized that heteronuclear MQ MA
spinning-sideband patterns obtained using the pulse sequ
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in Fig. 1b show a marked sensitivity to both the heteronucl
dipolar coupling and the relative orientation of the dipolar a
quadrupolar PASs, even for the case of a site with a largeQ.
This is illustrated by the simulated spectra in Figs. 8 and
which show the effect of changing the heteronuclear dipo
coupling constant and the relative orientation of the dipolar a
quadrupolar PASs, respectively, for a CQ of 3.0 MHz. In Fig. 8, it
is evident that both the ratio of the intensities of the third- to firs
and fifth- to third-order spinning sidebands vary noticeably
increasingDIS. Moreover, Fig. 9 shows that the intensities
the higher order odd spinning sidebands relative to that of

7 35 1 -3 -5 -7-1
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90˚
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Quadrupolar PAS
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c

d

ν/νR

FIG. 9. The effect of changing the relative orientation of the quadrup
lar and dipolar PASs upon the spinning-sideband patterns obtained usin
heteronuclear MQ MAS experiment in Fig. 1b. The dipolar PAS is oriente
an angle of (a) 0◦, (b) 30◦, (c) 60◦, and (d) 90◦ with respect to the quadrupo
lar PAS. Density-matrix simulations were performed for an IS spin pair in
time domain using the SIMPSON (67) NMR simulation program. A represen
tative SIMPSON input file is given in the Appendix. The following paramete
were used:DIS/2π = 2.5 kHz; CQ= 3.0 MHz;η= 0;νR= 10 kHz;τrcpl= 3τR;

ns.
S

ence

1H 90◦ pulse length= 2.0µs;23Na 90◦ pulse length= 1.5µs;23Na pulse lengths
for 3Q excitation, 3Q inversion, and 3Q to 1Q conversion= 3.6, 3.0, and 1.5µs,
respectively.
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first-order ones are significantly different for different orient
tions of the two PASs.

8. SPINNING-SIDEBAND PATTERNS IN THE MQ
MAS EXPERIMENT

Figure 10 presents two-dimensional spectra recorded
Na2HPO4 using (a) the homonuclear (23Na) 3Q MAS and (b) the
heteronuclear (23Na–1H) MQ MAS pulse sequences in Figs. 1
and 1b, respectively. For both spectra, after Fourier transfor
tion in both dimensions, a shearing transformation was app
such that the anisotropically broadened ridges lie parallel to
SQ (F2) axis. In this way, the shownF1 (skyline) projections
correspond to the isotropic dimension, in which the resid

14 kHz

 80
kHz

140
kHz

a

b

FIG. 10. Two-dimensional spectra recorded for Na2HPO4 using (a) the
homonuclear (23Na) 3Q MAS and (b) the heteronuclear (23Na–1H) MQ MAS
(with τrcpl= 2 τR, and a1H spin lock duringt1) pulse sequences in Figs. 1
and 1b, respectively. The MAS frequency was 10 kHz. After Fourier trans
mation in both dimensions, a shearing transformation was applied such tha
anisotropically broadened ridges lie parallel to the SQ (F2) axis. Skyline pro-
jections are shown for the MQ (F1) dimension. In (a) and (b), respectively, 4
and 288 transients were coadded for each of 370 and 370t1 points, with at1
increment of 6.0 and 3.5µs and a recycle delay of 2.0 and 1.4 s. In both cas
sign discrimination was restored in theF1 dimension for the23Na resonances
by the TPPI (99) method, which involves incrementing the phase(s) of the23Na

pulse(s) applied beforet1 by 30◦ after recording eacht1 point. The bottom con-
tour level corresponds to 1 and 8% of the maximum intensity in (a) and
respectively.
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second-order quadrupolar broadening has been removed.
23Na Larmor frequency of 132.5 MHz, the Na(1) and Na(2) si
in Na2HPO4 are only just resolved in the 3Q MAS experimen
the Na(2) site has the smaller CQ and corresponds to the most in
tense peak in the isotropic projection. The long anisotropic
broadened ridge due to the high-CQ Na(3) site can be clearly
identified in the centre of Fig. 10a (it is also evident, thou
with a weak intensity, in Fig. 10b).

Spinning-sidebands are observed in both Figs. 10a and
However, the sideband patterns are very different. In the (23Na)
3Q MAS spectrum (Fig. 10a), the signal is concentrated at
centerband position. By comparison, in the heteronuclear (23Na–
1H) MQ MAS spectrum (Fig. 10b), as predicted in the previo
section, the centerband and even-order sideband intensitie
weak, with intense signal being observed at the first- and th
order sideband positions. These experimental heteronuc
MQ MAS spinning-sideband patterns will be discussed be
in Section 10; in this section, we consider first the origin
the homonuclear 3Q MAS spinning-sideband patterns. For
Na(2) site, a lineshape analysis of the sideband pattern in Fig
reveals that the−1 and+1 sidebands have integrated intensiti
of 11 and 7% of that of the centerband.

An inspection of the literature reveals different explanatio
for the origin of homonuclear 3Q MAS spinning-sideba
patterns. In Ref. (88), Marinelli and Frydman present simula
tions which show that the experimentally observed MQ MA
spinning-sideband patterns can be explained by a rotor
coding, of the type discussed in the previous section, of
quadrupolar interaction. Support for this mechanism is provi
by Amoureuxet al. who present both experimental and sim
lated MQ MAS spinning-sideband patterns, where the obser
patterns vary upon changing the pulse lengths (84). Charpentier
et al.have further presented simulations based on a Floquet
malism which support the conclusions reached by Marinelli a
Frydman (89). By comparison, according to Duer, it is nece
sary to include both homonuclear dipolar couplings as wel
the CSA to explain an experimental 3Q MAS spectrum (90).
Finally, Wanget al.have shown that the isotropic 3Q MAS87Rb
spectrum of Rb2CrO4 can be well fit in terms of the CSA alon
(91), although it is to be noted that the CSA (δ=−110 ppm) is
very large for this sample.

Simulated 3Q MAS spinning-sideband patterns for an i
lated spinI = 3/2 nucleus are presented in Fig. 11; simulatio
were carried out using the SIMPSON (67) NMR simulation
program. (A representative SIMPSON input file is again giv
in the Appendix.) In each case, the spectra are dominate
an intense centerband; since it is the spinning sidebands w
are of interest, the centerband has been truncated at 25
its full height. The simulations mimic the experimental para
eters used to record the 3Q MAS spectrum in Fig. 10a,
quadrupolar parameters corresponding to those of the Na(2
(b),

in Na2HPO4 were used. The simulated spectrum in Fig. 11a cor-
responds to a consideration of solely the first-order quadrupo-
lar interaction, while, in Figs. 11b–11e, a CSA is additionally
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FIG. 11. An investigation of the origin of homonuclear 3Q MAS spinnin
sideband patterns. The simulated spectrum in (a) corresponds to a conside
of solely the quadrupolar interaction, while, in (b)–(e), a CSA (δ= 3.0 kHz,
η= 0) is additionally included. Thez axis of the CSA PAS is oriented at a
angle of (b) 0◦, (c) 30◦, (d) 60◦, and (e) 90◦ with respect to that of the quadrupo
lar PAS. In each spectrum, the centerband has been truncated at 25%
full height. Density-matrix simulations were performed for an isolated s
I = 3/2 nucleus in the time domain using the SIMPSON (67) NMR simulation
program. A representative SIMPSON input file is given in the Appendix. T
following parameters were used: CQ= 1.4 MHz; η= 0.2; νR= 10 kHz; 23Na
90◦ pulse length= 1.75µs; 23Na pulse lengths for 3Q excitation and 3Q to 1
conversion= 3.5 and 1.75µs, respectively.

included, with the effect of changing the relative orientati
of the CSA PAS with respect to the quadrupolar PAS be
investigated.

In Fig. 11a, it is evident that only very weak spinning sid
bands are observed—the maximum intensity is only about
of the centerband. It is, though, to be noted that, first, the CQ of
the Na(2) site is small and, second, a high23Na rf field strength
was employed such that the23Na pulse lengths are short. Indee

other simulated spectra (not shown) demonstrated that mor
tense spinning-sidebands, i.e., the intensities are of the ord
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5% or more of that of the centerband, are observed for co
tions which favor the rotor-encoding mechanism, namely hig
CQ values and longer23Na pulse lengths. However, we observ
that the rotor encoding of thefirst-orderquadrupolar interaction
always leads tosymmetricsideband patterns.

Upon solely additionally including the CSA in the simul
tions, it proved possible to reproduce the experimental spinn
sideband pattern for the Na(2) site in Fig. 10a. The simula
spectrum in Fig. 11b corresponds to CSA parameters ofδ=
3.0 kHz (for a23Na Larmor frequency of 132.3 MHz, i.e., corr
sponding to 22.7 ppm) andη= 0, with the CSA and quadrupola
PASs aligned. Other simulations (not shown) demonstrate
the first-order sideband intensities grow as the CSAδ is increased
from 0 to 4 kHz. Figures 11b–11e show that changing the
entation of the CSA PAS with respect to the quadrupolar P
leads to a change from a marked asymmetry when the two P
are aligned to an almost symmetric pattern for a perpendic
arrangement.

Two potential mechanisms leading to the generation of
observed spinning-sideband patterns in Figs. 11b–11e ca
identified, namely, first, the simple evolution duringt1 of 23Na
3QC under the CSA, and, second, the reconversion rotor en
ing of the23Na CSA. Within the framework of the SIMPSO
(67) NMR simulation program, it is straightforward to “tur
off” evolution under the23Na CSA. In this case, a simulatio
corresponding to that in Fig. 11b yielded a spectrum (not sho
in which the intensities of the sidebands are reduced to 1%
that of the centerband. It is, thus, evident that evolution du
t1 is essential for the generation of CSA-dependent spinn
sideband patterns. Does this mean that the rotor-encoding m
anism plays no role? In this context, it is interesting to c
sider the effect of changing the CSAη from 0 to 1 (spectra
not shown); for the case of the CSA and quadrupolar PASs
ing aligned (i.e., equivalent to Fig. 11b), a marked asymm
of the first-order sidebands was found to remain (the−1 side-
band intensity is over twice that of the+1 sideband). This is to
be contrasted to a standard one-pulse (SQ) experiment, w
a CSA tensor withη= 1 gives a symmetric sideband patte
Moreover, a simulation, which artificially started with a sp
I = 3/2 3QC state and used a 3QC detection operator, fo
same conditions as in Fig. 11b except that the CSAη was set
equal to 1 gave a symmetric spinning-sideband pattern. Th
is evident that an interplay of the CSA and quadrupolar inte
tions and ther f irradiation during the excitation and conversi
pulses does plays a role in determining the observed 3Q M
spectrum.

This section has shown that the spinning-sideband pat
observed in homonuclear 3Q MAS spectra are sensitive to
CSA. By varying the anisotropy, asymmetry, and orientation
the CSA, we found that the experimentally observed 3Q M
spectrum (Fig. 10a) for the Na(2) site in Na2HPO4 was repro-
duced using the following parameters:δ= 2.8 kHz,η= 1, and
e in-
er of
an angle of 30◦ between thez axes of the CSA and quadrupolar
PASs. The value ofδ= 2.8 kHz (which corresponds to 21 ppm)
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tensity in Fig. 13b. The generation of such spinning sidebands
ROTOR-ENCODED HE

is of the same order of magnitude as that determined for
23Na CSA in a crown ether complex, Na(12C4)2ClO4, by Wong
and Wu (92). In this latter study, an analysis of the static23Na
spectrum revealed that the CSA contribution to the pow
lineshape (also at a23Na Larmor frequency of 132.3 MHz) i
1.8 kHz.

For the Na(2) site in Na2HPO4, the second-order quadrupol
broadening is small. To conclude this section, it is necessa
consider the situation, frequently encountered in application
the MQ MAS method, where the CQ values are larger. In suc
cases, in direct analogy to the above discussion of the CSA
to be expected that evolution under thesecond-orderquadrupo-
lar broadening duringt1 leads to the generation ofasymmetric
spinning-sideband patterns. Since the quadrupolar param
can be straightforwardly determined, it is possible, though
determine, by means of simulated spectra, whether an addit
mechanism, e.g., the CSA, is required to explain the ex
rimental sideband pattern, as is the case for the Na(2) si
Na2HPO4. It is to be remembered that the CSA will becom
increasingly important at higherB0 fields. Finally, it is to be
noted that heteronuclear dipolar couplings can also (if heter
clear decoupling is not employed) lead to sideband inten
however, in this case, symmetric sideband patterns are al
observed.

9. THE HETERONUCLEAR MQ MAS EXPERIMENT: THE
CONTRIBUTION OF HOMONUCLEAR PROTON DIPOLAR

COUPLINGS TO RELAXATION DURING t1

In this section, we consider the role of homonuclear prot
proton dipolar couplings upon the evolution duringt1 of the
mixed coherence state in the heteronuclear MQ MAS exp
ment. Figure 12 compares MQ (t1) FIDs recorded for Na2HPO4

using (a) the homonuclear (23Na) 3Q MAS and (b)–(d) the he
eronuclear (23Na–1H) MQ MAS pulse sequences in Figs. 1a a
1b, respectively. The MAS frequency was 10 kHz in Figs. 1
12c and 30 kHz in (Fig. 12d). In (Fig. 12c), a spin lock, i.
a continuous pulse with its phase aligned along the direc
of the transverse magnetization, was applied on the1H channel
during t1; this has the effect of reducing the homonuclear1H
dipolar couplings by a factor of minus two (1, 93). Comparing
Figs. 12b and 12c, the extension of the FID, which results
consequence of the reduction of relaxation due to homonu
proton dipolar couplings is evident.

The corresponding resolution enhancement in the frequ
domain yielded by a spin lock is illustrated in Fig. 13, whi
presents MQ spinning-sideband patterns obtained for Na2HPO4

using the heteronuclear (23Na–1H) MQ MAS pulse sequence i
Fig. 1b, with a MAS frequency of 10 kHz andτrcpl= 1 τR. A
1H spin lock was applied duringt1 in (b). The presented spect
correspond to a summation over theF2 spectral range due t
the Na(2) site for sheared two-dimensional spectra. It is to

noted that the resolution enhancement in Fig. 13b is not s
ply due to the use of a longertmax

1 value; a better resolution
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FIG. 12. MQ (t1) FIDs recorded for Na2HPO4 using (a) the homonuclea
(23Na) 3Q MAS and (b)–(d) the heteronuclear (23Na–1H) MQ MAS pulse se-
quences in Figs. 1a and 1b, respectively. The MAS frequency was 10 kH
(a)–(c) and 30 kHz in (d). Recoupling times of one (b, c), and two (d) ro
periods were used. In (c), a1H spin lock was applied duringt1.

than that in Fig. 13a was obtained (spectrum not shown) for
case where the experimental time-domain data set giving
to the spectrum in Fig. 13b was truncated to the shortertmax

1
value.

The spin lock additionally achieves heteronuclear decoupl
the removal of evolution duringt1 under perturbing heteronu
clear dipolar couplings, i.e., a coupling of23Na to a proton ex-
ternal to the heteronuclear MQC (remember that each23Na nu-
cleus has two approximately equidistant proton neighbors
evidenced by the lower centerband and even-order sideban
im-by the influence of a perturbing coupling because of what is
termed the evolution rotor modulation mechanism is discussed
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FIG. 13. MQ spinning-sideband patterns obtained for Na2HPO4 using the
heteronuclear (23Na–1H) MQ MAS pulse sequence in Fig. 1b, with a MA
frequency of 10 kHz andτrcpl= 1 τR. A 1H spin lock was applied duringt1 in (b).
The presented spectra correspond to a summation over theF2 spectral range due
to the Na(2) site for sheared two-dimensional spectra. Sign discrimination
restored in theF1 dimension for the23Na resonances by the TPPI (99) method,
which involves incrementing the phases of the23Na pulses applied beforet1 by
30◦ after recording eacht1 point. For each of 211 and 362t1 points in (a) and
(b), respectively, 288 transients were coadded with at1 increment of 5.0µs and
a recycle delay of 1.4 s.

in Ref. (53). This mechanism could be investigated by me
of a related experiment in which the two1H 90◦ pulses, which
brackett1 in Fig. 1b, are brought together. In this way, th
simply act as a MQ-filter, such that heteronuclear (23Na) 3QC
evolves duringt1. Since the proton magnetization is in a long
tudinal rather than a transverse state, there is no signal los
to dephasing because of homonuclear proton dipolar coupl
However, heteronuclear dipolar couplings to protons extern
the heteronuclear 3QC remain active.

Another means by which homonuclear dipolar couplings
be decreased is to increase the MAS frequency; as show
Fig. 12d, the MQ FID obtained for a heteronuclear MQ MAS e
periment atνR= 30 kHz (without a1H spin lock) is significantly
longer compared to that (Fig. 12b) recorded atνR= 10 kHz.
However, as discussed in Section 6, the sensitivity of a heter
clear MQ MAS experiment (for a constantτrcpl) falls off with in-
creasingνR. For example, we were not able to record a spinni
sideband pattern with a reasonable sensitivity atν = 30 kHz
R

showing third-order spinning sidebands. Instead, the exp
mental sideband patterns which are presented in the foll
WN, AND SPIESS
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ing section were recorded atνR= 10 kHz using a1H spin-lock
duringt1.

A spin lock (or the heteronuclear 3QC experiment), of cou
has the significant disadvantage of causing the loss of1H chem-
ical shift information. For Na2HPO4, as noted in Section 2, onl
a single hydrogen-bonded peak is observed in the1H spectrum,
and, thus, the1H chemical shift information is not relevant i
this case. An alternative approach, which was not pursue
this study, would be the application of a “windowless” homon
clear decoupling sequence duringt1. Specific examples are th
Lee–Goldburg (LG) technique (94) and refinements, namely th
frequency-switched and phase-modulated LG (FSLG (30, 95)
and PMLG (96) sequences, as well as the computer-optimi
sequence, DUMBO-1 (97). These sequences function well a
νR between 10 and 15 kHz.

10. HETERONUCLEAR MQ MAS SPINNING-SIDEBAND
PATTERNS: EXPERIMENTAL SPECTRA FOR THE H-Na-H

SYSTEM IN Na2HPO4

Figure 14 presents the sum projection, over theF2 spectral
range corresponding to the central-transition lineshapes o
three Na sites, for the two-dimensional heteronuclear (23Na–1H)
MQ MAS spectrum of Na2HPO4 presented in Fig. 10b. The po
sitions of the spinning sidebands within the sideband manifo
of the three Na sites are labeled separately. Comparing the
different spinning-sideband patterns, it is apparent that the
tensities of the centerband and even-order sidebands relat
those of the odd-order sidebands are significantly larger for
Na(3) site, as compared to the case of the Na(1) and Na(2) s
Recalling the simulated spectra presented in Fig. 6, this ob
vation can be understood by remembering (see Table 1) tha
Na(3) site has a significantly larger CQ (3.7 MHz).

A detailed investigation of the structure of Na2HPO4 is not a
primary aim of this work, rather the primary aim is to prese
the new NMR method. Therefore, in the following, only t
spinning-sideband patterns due to the Na(2) site are analyz
is, however, to be emphasized that this focusing on the site
the lowest CQ does not imply that it is not possible to extra
structural parameters from heteronuclear MQ MAS spinni
sideband patterns due to sites with medium and large CQ values.
Indeed, the simulated sideband patterns for an isolated spin
in Figs. 8 and 9 (Section 7) demonstrated that a marked s
tivity to both the heteronuclear dipolar coupling and the rela
orientation of the dipolar and quadrupolar PASs is observed
a large CQ value of 3.0 MHz. As in a standard (homonuclea
MQ MAS spectrum, it is to be noted, though, that the sensitiv
is better for the Na(2) sidebands in Fig. 14 on account of the
row second-order quadrupolar broadened pattern and the
MQ excitation and reconversion efficiency.

Figure 15 presents MQ spinning-sideband patterns obta
for Na HPO using the heteronuclear (23Na–1H) MQ MAS pulse
eri-
ow-

2 4

sequence in Fig. 1b. The presented spectra correspond to a sum-
mation over theF2 spectral range due to the Na(2) site for sheared
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FIG. 14. The sum projection, over theF2 spectral range corresponding to the central-transition lineshapes of the three Na sites, for the two-dimensional
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heteronuclear ( Na– H) MQ MAS spectrum (τrcpl= 2 τR, νR= 10 kHz, a H s
of the spinning sidebands within the sideband manifolds of the three Na s

two-dimensional spectra. A1H spinlock was applied duringt1
andνR= 10 kHz. The three patterns correspond to recoup
times of (Fig. 15a) one, (15b) two, and (15c) three rotor perio
the patterns are dominated by odd-order sideband intensity,
the intensities of the higher order spinning sidebands increa
asτrcpl increases. The contribution of the Na(1) site is evid
for the lower order spinning sidebands as a small shoulde
the left-hand side. The integrated relative sideband intens
for the odd-order sidebands due to the Na(2) site, as obtaine
means of lineshape analyses, are given in Table 4.

In the following, the quantitative determination of structu
information from the experimental spinning-sideband patte
in Fig. 15 is considered. First, it is to be recalled that the sim
lations in Section 7 for an isolated spin pair have demonstr
a dependence of the observed spinning-sideband pattern
the heteronuclear dipolar coupling, the quadrupolar parame

TABLE 4
Relative Sideband Intensitiesa for the Na(2)

Site in the Heteronuclear MQ MAS Spinning-
Sideband Patterns in Fig. 15

τrcpl/τR 3rd/1st 5th/1st

1 0.11 —

2 0.32 0.08
3 0.29 0.21

a An average for the+n and−n sidebands is considered.
in lock was applied duringt1) of Na2HPO4 presented in Fig. 10b. The position
tes are labeled separately.

ing
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(CQ andη), the relative orientation of the dipolar and quadrup
lar PASs, and the spin-I and spin-S 90◦ pulse lengths. Som
simplification of the situation is immediately possible since
quadrupolar parameters, CQ andη (see Table 1), and the exp
rimental 90◦ pulse lengths are not free parameters; their kno
values were used in all the simulations described below.

If no additional information, e.g., diffraction data, is ava
able, the next step would be a fit of the experimental spinn
sideband patterns to simulated spectra for which both the
eronuclear dipolar coupling and the relative orientation of
dipolar and quadrupolar PASs were varied. Adopting such
approach here, it was found that it was not possible to simu
for the case of an isolated spin pair, spinning-sideband patter
agreement with the experimental data in Fig. 15. For Na2HPO4,
additional information in terms of a refined crystal structure (63)
is available; as stated in Section 2 (see Table 2), for the N
site, there are, according to the crystal structure, two equ
tant (0.270 nm) protons, with the H–Na–H vector being line
It is, thus, unsurprising that simulated two-spin spectra can
reproduce the experimental data. The following question m
now be addressed: is it possible to extract structural informa
from heteronuclear MQ MAS spinning-sideband patterns for
more complicated case of a three-spin H–Na–H system?

It is straightforward to extend the analytical description of

heteronuclear MQ MAS experiment presented in Section 4 to
include a heteronuclear dipolar coupling of the spinI = 3/2 nu-
cleus to a second spinI = 1/2 nucleus. Since the corresponding
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FIG. 15. MQ spinning-sideband patterns obtained for Na2HPO4 using the
heteronuclear (23Na–1H) MQ MAS (with a 1H spinlock duringt1) pulse se-
quence in Fig. 1b. The MAS frequency was 10 kHz, and the recoupling ti
were (a) one, (b) two, and (c) three rotor periods. The presented spectra
spond to a summation over theF2 spectral range due to the Na(2) site for shea
two-dimensional spectra. Sign discrimination was restored in theF1 dimension
for the23Na resonances by the TPPI (99) method, which involves incrementin
the phases of the23Na pulses applied beforet1 by 30◦ after recording eacht1
point. In (a), (b), and (c), respectively, 288, 288, and 288 transients were coa
for each of 362, 370, and 364t1 points, with at1 increment of 5.0, 3.5, and 3.5µs
and a recycle delay of 1.4, 1.4, and 1.3 s.

Hamiltonians commute, the evolution under the two hetero
clear dipolar couplings can be considered sequentially. The
perimental use of phase cycling to selectS-spin SQC during
t1 corresponds to selecting, at the end of the first REDOR
coupling period, only the|±3/2〉〈∓3/2|Sz state. Making use
of Eq. [30] and making the assumption that there is no ev
tion under the heteronuclear dipolar coupling duringt1 (this is
valid for the case of the application of a1H spin lock), the total
time-domain signal for an IS2 system is, thus, given by
S(t1, t2) = {SI
D(t1)+ SII

D(t1)
}
SQ(t1, t2), [35]
WN, AND SPIESS
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where

SI
D(t1) = sin

{
6NÄI

D(τR/2, 0)
}

cos
{
6NÄII

D(τR/2, 0)
}

× sin
{
6NÄI

D(τR/2+ t1, t1)
}

× cos
{
6NÄII

D(τR/2+ t1, t1)
}

SII
D(t1) = sin

{
6NÄII

D(τR/2, 0)
}

cos
{
6NÄI

D(τR/2, 0)
}

× sin
{
6NÄII

D(τR/2+ t1, t1)
}

× cos
{
6NÄI

D(τR/2+ t1, t1)
}
. [36]

It is to be noted that the presence of the two dipolar phase term
Eq. [35] implies a dependence of the observed rotor-encoded
eronuclear MQ MAS spinning-sideband patterns upon the
dipolar coupling constants as well as the relative orientation
the two internuclear vectors, which define the two dipolar PA

For the spin-pair case, it has been shown (Figs. 7 and 9)
the observed heteronuclear MQ MAS spinning-sideband p
terns are sensitive to the relative orientation of the dipolar a
quadrupolar PASs. On the basis of this observation, a com
cated and intractable dependence on the many angles des
ing the relative orientations of three PASs is to be expec
for an IS2 system. However, simulations reveal that only t
single angle defining therelative orientation of the two IS in-
ternuclear vectorshas a marked effect on the appearance of
heteronuclear MQ MAS spinning-sideband pattern. This mar
dependence is illustrated in Fig. 16a, which shows the cha
in the intensity (relative to that of the first-order sidebands)
the third- (squares), fifth- (crosses), and seventh- (triangles)
der spinning-sidebands as a function of the H–Na–H angle
a heteronuclear MQ MAS experiment corresponding to tha
Fig. 15c. In these simulations, both Na–H dipolar couplings
the same (1.6 kHz), and thez axis of the quadrupolar PAS is
oriented such that it bisects the H–Na–H angle. In Fig. 17,
simulated spinning-sideband patterns corresponding to H–
H angles of (Fig. 17a) 170◦, (17b) 174◦, and (17c) 180◦ are
presented. It is evident that the observed spinning-sideband
tensities are particularly sensitive in the region correspond
to H–Na–H angles between 170◦ and 180◦. The comparative
insensitivity upon the orientation of the quadrupolar PAS w
respect to the dipolar PASs is illustrated by Fig. 16b, whi
shows the effect of changing the orientation of thez axis of the
quadrupolar PAS for a fixed H–Na–H angle equal to 170◦. For
the third- and fifth-order sidebands, the relative intensities v
within the ranges 31–35% and 20–25%, respectively, whil
slightly more pronounced sensitivity is observed for the relat
intensity of the seventh-order sidebands (5–18%).

In Section 8, it was shown that the observation of sm
asymmetric spinning sidebands in the MQ MAS spectrum

23
site, a good fit to the experimental spectrum was found for
δ= 2.8 kHz. To investigate the effect of a23Na CSA upon the
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FIG. 16. The intensity of higher order odd spinning sidebands in sp
tra simulated for a three-spin (1H 23Na 1H) system using the heteronuclea
MQ MAS experiment in Fig. 1b as a function of (a) the H–Na–H angle a
(b) the orientation of thez axis of the quadrupolar PAS with respect to on
of the Na–H internuclear vectors. Relative intensities with respect to tha
the first-order spinning sidebands are denoted by squares (third-order), cr
(fifth-order) and triangles (seventh-order). Density-matrix simulations were
formed in the time domain using the SIMPSON (67) NMR simulation program.
A representative SIMPSON input file is given in the Appendix. The followi
parameters were used: CQ= 1.4 MHz; η = 0.2; νR= 10 kHz;τrcpl= 3 τR; 1H
90◦ pulse length= 2.2µs; 23Na 90◦ pulse length= 1.5µs; 23Na pulse lengths
for 3Q excitation, 3Q inversion, and 3Q to 1Q conversion= 3.6, 3.0, and 1.5µs,
respectively. For both Na–H spin pairs,DIS/2π = 1.6 kHz. The homonuclear
proton–proton dipolar coupling and23Na CSA were neglected. In (a), thez axis
of the quadrupolar PAS is oriented such that it bisects the H–Na–H angle. In
the H–Na–H angle equals 170◦.

appearance of heteronuclear MQ MAS spinning-sideband
terns, density matrix simulations including a23Na CSA were
performed for the same spin system and experimental par
eters as in Fig. 17a, i.e., the H–Na–H angle equals 170◦, with
thez axis of the quadrupolar PAS bisecting the H–Na–H ang
Figure 18 presents such simulated spectra for a23Na CSA of
δ= 3.0 kHz andη= 0, where the angle between thez axes of
the CSA and quadrupolar PASs are (Fig. 18a) 0◦, (18b) 45◦, and

◦
(18c) 90 . For comparison, Fig. 18d presents the correspond
pattern for the case where the23Na CSA is neglected (repeate
from Fig. 17a).
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An inspection of Fig. 18 reveals that the23Na CSA is re-
sponsible for the introduction of a small asymmetry betwe
positive and negative sidebands of the same order, with the
fect being most pronounced for the first-order sidebands; s
small asymmetries are observed in the experimental spe
in Fig. 15. It is to be noted that similar asymmetries due
CSA effects have been observed in1H–1H DQ MAS spinning-
sideband patterns (19, 98). Changing the relative orientation o
the CSA and quadrupolar PASs leads to only small change
the observed patterns. Further simulated spectra (not shown
dicate that the observed patterns are also similarly insensitiv
the CSA asymmetry parameter; notably, as in the case of

7 35 1 -3 -5 -7

ν/νR

-1

c

b

a

170˚

174˚

180˚

H-Na-H
Angle

FIG. 17. Spinning-sideband patterns simulated for a three-spin system
ing the heteronuclear MQ MAS experiment in Fig. 1b, where the H–Na–H an
equals (a) 170◦, (b) 174◦, (c) 180◦. Density-matrix simulations were performe
in the time domain using the SIMPSON (67) NMR simulation program. A
representative SIMPSON input file is given in the Appendix. The following
rameters were used: CQ = 1.4 MHz; η = 0.2; νR = 10 kHz; τrcpl = 3 τR;
1H 90◦ pulse length= 2.2 µs; 23Na 90◦ pulse length= 1.5 µs; 23Na pulse
lengths for 3Q excitation, 3Q inversion, and 3Q to 1Q conversion= 3.6, 3.0, and
1.5µs, respectively. For both Na–H spin pairs,DIS/2π = 1.6 kHz, while the

ing
d
z axis of the quadrupolar PAS is oriented at an angle of (a) 85◦, (b) 87◦, and
(c) 90◦ with respect to the two dipolar PASs. The homonuclear proton–proton
dipolar coupling and23Na CSA were neglected.
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FIG. 18. Spinning-sideband patterns simulated for a three-spin (H–Na
system using the heteronuclear MQ MAS experiment in Fig. 1b, where (a)–
23Na CSA ofδ= 3.0 kHz andη= 0 is considered. The angle between thez axes
of the CSA and quadrupolar PASs equals (a) 0◦, (b) 45◦, and (c) 90◦. In (d), the
23Na CSA is neglected. Density-matrix simulations were performed in the t
domain using the SIMPSON (67) NMR simulation program. A representativ
SIMPSON input file is given in the Appendix. The same parameters as in Fig
were used.

MAS spinning-sideband patterns (see Section 8), the asym
try remains forη= 1. Importantly, comparing the spectra
Figs. 18a–18c with that in Fig. 18d, it is apparent that the av
age (for the positive and negative sidebands) odd-order side
intensities for the simulations including a23Na CSA are not sig-
nificantly changed as compared to the case where the23Na CSA
is neglected. Greater centerband and even-order sideband i
sity is observed when the23Na CSA is considered.

Section 9 demonstrated that the evolution duringt1 of the1H
transverse magnetization part of the mixed coherence state
der homonuclear dipolar couplings to other protons leads
rapid decay of thet1 FID in the heteronuclear MQ MAS ex

periment. The question must then be asked, do homonuc
dipolar couplings affect the observed heteronuclear MQ MA
spinning-sideband patterns? To address this question, cons
WN, AND SPIESS
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Fig. 19, which presents MQ spinning-sideband patterns obta
for Na2HPO4 using the heteronuclear (23Na–1H) MQ MAS (with
a 1H spinlock duringt1) pulse sequence in Fig. 1b, where t
MAS frequency was 10 kHz in Fig. 19a and 20 kHz in Fig. 19
Two and four rotor periods of recoupling were used in Fig. 1
and 19b, respectively, such that the total recoupling time was
same (200µs) in both cases. Note that the apparent reductio
linewidth in Fig. 19b is largely a consequence of the doubl
of the spectral width in this case.

It was shown in Section 9 that an increase in the M
frequency leads to more efficient homonuclear dipolar dec
pling. Thus, if homonuclear1H dipolar couplings significantly

5 3 1 −1 −3 −5

a

b

ν/νR

FIG. 19. MQ spinning-sideband patterns obtained for Na2HPO4 using the
heteronuclear (23Na–1H) MQ MAS (with a 1H spinlock duringt1) pulse se-
quence in Fig. 1b. The MAS frequency was 10 kHz in (a) and 20 kHz in
Two and four rotor periods of recoupling were used in (a) and (b), res
tively, such that the total recoupling time was the same (200µs) in both cases.
The presented spectra correspond to a summation over theF2 spectral range
due to the Na(2) site for sheared two-dimensional spectra. Sign discrimin
was restored in theF1 dimension for the23Na resonances by the TPPI (99)
method, which involves incrementing the phases of the23Na pulses applied be
S
ider

fore t1 by 30◦ after recording eacht1 point. In (a) and (b), respectively, 288 and
144 transients were coadded for each of 370 and 740t1 points, with at1 increment
of 3.5 and 1.75µs and a recycle delay of 1.4 and 1.4 s.
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affect the sideband patterns, marked differences shoul
apparent on doubling the MAS frequency. By contrast, if o
a simple rotor-encoding of the heteronuclear dipolar coup
would be acting, identical sideband patterns would be obtai
Considering the dominant odd-order spinning sidebands, a
similarity between the two patterns in Fig. 19 is observed, w
the centerband and even-order sideband intensity is red
at the higherνR. The latter effect is, however, most likely
consequence of a reduction in sideband intensity due to
t1evolution of23Na 3QC under the23Na CSA. It can, thus, be
concluded that homonuclear dipolar couplings do not contrib
significantly to the observed spinning-sideband patterns.
conclusion is not surprising since, first, homonuclear1H dipo-
lar couplings are suppressed duringt1 by the application of a
1H spin lock and, second, no transverse1H magnetization stat
is present during the two REDOR recoupling periods. Mo
over, compared to a typical organic solid, there is not a de

1
dipolar-coupledH network in Na2HPO4; according to the crys-
tal structure presented in Ref. (63), the shortest1H–1H distance

MQ MAS

angle i

intensity ratios reveals major discrepancies as compared to
the experimental values in Table 4. It is, thus, concluded that the

tal
is 0.34 nm.

7 35 1 -3 -5 -7-1
ν/νR

7 35 1 -3 -5 -7-1
ν/νR
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f

e

Na HH Na HH

FIG. 20. A comparison of spinning-sideband patterns (solid lines) simulated for two distinct three-spin (H–Na–H) systems using the heteronuclear
experiment in Fig. 1b with the extracted intensities (dashed lines) of the 1st-, 3rd-, and 5th-order spinning sidebands (see Table 4) for the experimental spectra
in Fig. 15. The MAS frequency was 10 kHz, and the recoupling times were (a, d) one, (b, e) two, and (c, f) three rotor periods. In (a)–(c), the H–Na–Hs
170◦ and the two Na–H distances are identical (0.266 nm, corresponding toDIS/2π = 1.6 kHz), while in (d)–(f), the H–Na–H angle is 180◦, and the two Na–H

proton localization around the Na(2) site in the refined crys
distances are different (0.266 and 0.311 nm, corresponding toDIS/2π = 1.6 and
domain using the SIMPSON (67) NMR simulation program. A representative
in Fig. 17a.
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On the basis of the above discussion, it has been identifie
means of density-matrix simulations, that, considering the
parameters, the appearance of heteronuclear MQ MAS spin
sideband patterns for an IS2 system is particularly sensitive t
only, first, the angle between the two IS internuclear vectors
second, the two heteronuclear dipolar couplings. It should, t
be possible to determine these structural parameters by me
a comparison of the extracted experimental spinning-sideb
intensity ratios in Table 4 with the values extracted from spe
simulated for different values of the H–Na–H angle and the
Na–H dipolar couplings.

According to the refined crystal structure presented
Ref. (63), for the Na(2) site, there are two equidistant (0.2
nm) protons, with the H–Na–H vector being linear (see Table
The heteronuclear MQ MAS spinning-sideband pattern
Fig. 17c was simulated using the crystal-structure arran
ment. An inspection of the 3rd:1st and 5th:1st spinning-sideb
1.0 kHz, respectively). Density-matrix simulations were performed in the time
SIMPSON input file is given in the Appendix. All other parameters are the same as
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structure of Na2HPO4 presented in Ref. (63) is erroneous. In-
stead, as demonstrated in Fig. 20, we found that good agree
with respect to the experimental data was achieved for two di
ent structural arrangements, whereby either there is a devi
of 10◦ from linearity for the case of two identical Na–H di
tances (left-hand side of Fig. 20), or the linear arrangemen
retained, but the two Na–H distances are different (right-h
side of Fig. 20). It is to be noted that the 7th:1st sideband
tio for the τrcpl= 3 τR patterns was not optimized, since it h
been shown above that this ratio is additionally sensitive to
orientation of the quadrupolar PAS.

SUMMARY AND OUTLOOK

In this paper, a new heteronuclear MQ MAS experim
suitable for application to dipolar-coupled half-integer quad
polar and spinI = 1/2 nuclei has been presented. The exp
iment involves the evolution of a heteronuclear MQC co
prising 3QC of the half-integer quadrupolar nucleus and S
coherence of the spinI = 1/2 nucleus. As far as the half
integer quadrupolar nucleus is concerned, the correlation of
evolution duringt1 with SQC evolution duringt2 ensures, as
demonstrated in Fig. 10b, that the well-known ability of t
(homonuclear) MQ MAS experiment to yield high-resoluti
spectra due to the refocusing of the residual second-o
quadrupolar broadening is retained. The creation of the
eronuclear MQC depends on the presence of a dipolar
pling between the half-integer quadrupolar nucleus and the
I = 1/2 nucleus, with the REDOR pulse sequence being
ployed to recouple the heteronuclear dipolar coupling during
excitation and a reconversion period. Thus, signal is only
served for those quadrupolar nuclei having a close proximit
a spinI = 1/2 nucleus.

This paper has focused, in particular, on the spinning-sideb
patterns which are observed in the indirect dimension of
heteronuclear MQ MAS experiment. It was shown analytica
for the case of an isolated spin pair, that the rotor encod
of the heteronuclear dipolar coupling alone leads to sideb
patterns (see Fig. 5) where only odd-order sideband intens
observed, with the nature of the pattern depending on the pro
of the dipolar coupling and the recoupling time. Considering
alistic experimental conditions, density-matrix simulations (
Figs. 6–9) showed that the sideband patterns are also sen
to the quadrupolar parameters (which can be determined fro
homonuclear MQ MAS experiment) as well as, for an isola
spin pair, the relative orientation of the dipolar and quadrup
PASs. Considering the various angles defining the orientat
of the quadrupolar PAS and the two dipolar PASs in an IS2 spin
system, it was shown that the sideband patterns are particu
sensitive to only the angle between the two IS internuclear v
tors (see Fig. 16).
The viability of the method was experimentally demonstrat
using Na2HPO4. Specifically, heteronuclear MQ MAS spinning
sideband patterns obtained for the Na(2) site were analyse
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crystal structure (63) is available for Na2HPO4 which indicates
that there are two protons equidistant to the Na(2) nucleus
spite of the complications caused by the need to conside
three spin H–Na–H system, it proved possible to derive v
able structural information from an analysis of the experime
heteronuclear MQ MAS sideband patterns (see Fig. 15). It
demonstrated that the proton localization around the Na(2)
according to the literature crystal structure of Na2HPO4 is erro-
neous. Instead, the experimental data was found to be cons
with two alternative different structural arrangements, wher
either there is a deviation of 10◦ from linearity for the case of two
identical Na–H distances, or there is a linear arrangement
the two Na–H distances are different. In addition, it was show
Section 8 that the asymmetry in the experimental (homonucl
MQ MAS sideband pattern for the Na(2) site, where the seco
order quadrupolar broadening is small, can only be expla
by a consideration of the23Na CSA.

In a previous study, we and other co-workers have prese
MQ MAS spinning-sideband patterns for spinI = 3/2 (23Na)
and 5/2 (27Al) nuclei (53) in samples where there is a sing
distinct nuclear site for which the CQ value is small. In particu-
lar, for the aluminum sample, experiments whereby1H dipolar
decoupling was achieved by either partial deuteration or by
application ofrf pulses allowed an investigation of the contrib
tion of the Al–H heteronuclear dipolar coupling to the observ
sideband pattern. It was shown that the effect was, as is als
case in the work presented in this paper, magnified in the
as compared to the SQ experiment. It should be noted tha
previous study differs from the study described in this pape
that spinning-sideband patterns corresponding to the brea
of the whole first-order quadrupolar-broadened static spect
were observed. In addition, a simple two-pulse sequence, w
the evolution period between the two pulses is restricted
duration ofτR/2, was used for the excitation and reconvers
of MQC.

Various modifications of the pulse sequence presented
can be envisaged. Of particular interest would be the inco
ration of whole-echo acquisition (72, 75), which would involve
the selection of either+3 or−3 coherence for the half-intege
quadrupolar nucleus duringt1. Such an approach would offer th
following advantages: first, a more efficient 3QC to SQC c
version would be possible by means of the use of a DFS (76) or
FAM (77) pulse; second, the experiment is inherently sign s
sitive with regards to the half-integer quadrupolar nucleus, s
that a TPPI (99) approach or similar could be used to achie
sign discrimination int1 for the spinI = 1/2 nucleus. The latte
advantage would be of particular importance for the case w
more than one distinct spinI = 1/2 nuclei have close proxim
ities to the half-integer quadrupolar nuclei. In such a case
would be informative to perform a rotor-synchronized (thet1
increment is set equal toτR) experiment (15, 100), in which
ed
-
d. A

all the spinning sidebands can be considered to fold in at the
centerband position. It is to be noted that the application of
a 1H spin lock duringt1 would result in a loss of1H chemical
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shift information, and instead either very-fast MAS or a hom
nuclear proton decoupling scheme would have to be employ
In addition to improving the sensitivity of the 3QC to SQ
step, it is to be expected that an improved method could
found for inverting the half-integer quadrupolar nucleus MQ
Finally, the experiment can, of course, be applied to ot
half-integer quadrupolar nuclei, e.g., spinI = 5/2 nuclei such
as 17O and 27Al (for which 5Q as well as 3Q experiment
would be possible), as well as to other spinI = 1/2 nuclei,
e.g.,31P.

APPENDIX

Derivation of Eq. [16]

For the quadrupolar Hamiltonian for a single spi
[H (ta), H (tb)]= 0, and the Dyson time-ordering operator ca
hence be dropped from Eq. [14], i.e.,

U (tb, ta) = exp

−i

tb∫
ta

H (t) dt

 . [A1]

Using the identity
∑

a |a〉〈a| =1, (101), the following expres-
sion is valid for any operator and any basis{a}:

U =
∑
a,b

|a〉〈a|U |b〉〈b|. [A2]

The quadrupolar Hamiltonian,HQ(t), is diagonal in the Zeeman
basis. Thus, if|m〉 is a Zeeman eigenstate

HQ(t)|m〉 = em(t)|m〉, [A3]

where

em(t) = 〈m|HQ(t)|m〉. [A4]

Any operator which is a function of another operator has eig
values corresponding to the operation of this function on
eigenvalues of the latter operator, i.e., if

H (t)|m〉 = em(t)|m〉, [A5]

then

f (H (t))|m〉 = f (em(t))|m〉. [A6]

Therefore,
tb∫  

tb∫ 

exp


ta

HQ(t) dt
 |m〉 = exp


ta

em(t) dt
 |m〉. [A7]
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Using the orthogonality of the Zeeman eigenfunctions, i
〈n||m〉= δnm, where the Kronecker delta,δnm, is equal to one
if n = m and zero otherwise, the following is obtained

〈n| exp


tb∫

ta

H (t) dt

 |m〉 = exp


tb∫

ta

em(t) dt

 δnm. [A8]

Using Eqs. [A2], [A4], and [A8], Eq. [A1] is transformed int
Eq. [16]:

UQ(tb, ta) =
∑
|mI 〉〈mI | exp

−i

tb∫
ta

〈mI |HQ(t)|mI 〉 dt

 .
[A9]

Derivation of Eq. [34]

From Section 4,

SD(t1) = sin

{
6
√

2N DI S

ωR
sin(2θ ) sin(ϕ)

}

× sin

{
6
√

2N DI S

ωR
sin(2θ ) sin(ωRt1+ ϕ)

}
. [B1]

The sin{α sinβ} terms in Eq. [B1] can be expanded as sums
Bessel functions (102):

sin{α sinβ} = 2
+∞∑
n=0

J2n+1(α) sin{(2n+ 1)β}. [B2]

Equation [B1], thus, becomes

SD(t1) = 4
+∞∑
m=0

+∞∑
n=0

J2m+1

(
6
√

2DI SNτR

2π
sin(2θ )

)

× J2n+1

(
6
√

2DI SNτR

2π
sin(2θ )

)
sin{(2m+ 1)ϕ}

× sin{(2n+ 1)(ωRt1+ ϕ)}

= 4
+∞∑
m=0

+∞∑
n=0

J2m+1

(
6
√

2DI SNτR

2π
sin(2θ )

)

× J2n+1

(
6
√

2DI SNτR

2π
sin(2θ )

)
sin{(2m+ 1)ϕ}

× [sin{(2n+ 1)ωRt1} cos{(2n+ 1)ϕ}
+ cos{(2n+ 1)ωRt1} sin{(2n+ 1)ϕ}]. [B3]
Equation [34] is, hence, derived by taking the powder average
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over the angleϕ

〈SD(t1)〉ϕ = 1

2π

2π∫
0

SD(t1) dϕ

= 2
+∞∑
n=0

{
J2n+1

(
6
√

2DI SNτR

2π
sin(2θ )

)}2

× cos{(2n+ 1)ωRt1}, [B4]

where use is made of the following relations:

2π∫
0

sin(Aϕ) sin(Bϕ) dϕ = π if A = B [B5]

2π∫
0

sin(Aϕ) sin(Bϕ) dϕ = 0 if A 6= B [B6]

2π∫
0

cos(Aϕ) sin(Bϕ) dϕ = 0 for all cases. [B7]

Representative SIMPSON Input Files

The following points should be noted:

(i) Only a t1 FID is simulated (solely the first point int2 is
acquired).

(ii) Second-order quadrupolar effects are not considered
(iii) Only the p = −3 pathway is selected duringt1, such

that sign discrimination is ensured.

The Heteronuclear MQ MAS Experiment

The following input file corresponds to the case of an isola
spin pair.

spinsys {
channels 23Na 1H
nuclei 23Na 1H
quadrupole 1 1 1.e6 0 . 0 0 0
dipole 1 2 −2500 0 90 0

}
par {

conjugate fid false
spin rate 10000
variable Trot 1.e6/spin rate
variable Nrot 3
variable n 20

sw spin rate*n
crystal file rep256
gammaangles 19
WN, AND SPIESS

.

ed

np n
start operator I1z
detect operator I1c
verbose 1101
proton frequency 500e6
variable tsw 1.0e6/sw
variable tau2 1.5
variable tau1 2.4*tau2
variable tinv 2*tau2
variable rf 1.e6/tau2/4
variable p90 2
variable p180 2*p90
variable rfH 1.e6/p90/4
variable d Trot/2-p180

}
proc pulseq {} {

global par t
matrix set 1 coherence {{3 1} {3 −1}}
matrix set 2 coherence {{−3 1} {−3 −1}}
maxdt 0.5

# CALCULATE PROPAGATORS FOR
RECONVERSION (AFTER t1)

for {set i 1 } {$i <= $par(n) } {incr i } {
maxdt 1

reset [expr
$par(tau1)+ $par(Nrot)* $par(Trot)+1* $par

(tinv)+ $par(p90)+( $i −1)* $par(tsw)]

pulse $par(p90) 0 0 $par(rfH) 270
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 0
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 180
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 0
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 180
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 0
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 180
maxdt 0.5

pulse $par(tau2) $par(rf) 270 0 0
store $i

}
# CALCULATE PROPAGATORS FOR 3Q

EXCITATION (P1), 3Q INVERSION (P3)
# AND THE FIRST REDOR RECOUPLING PERIO

AND FIRST 1H PI/2 PULSE (P2)
reset
set p1 [expr 2* $par(n) + 1]
set p2 [expr 2* $par(n) + 2]



E

asic
tem

g

is
der

o

ROTOR-ENCODED H

set p3 [expr 2* $par(n) + 3]
maxdt 0.5
pulse $par(tau1) $par(rf ) 0 0 0
store $p1
reset [expr $par(tau1)]
maxdt 1

delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 0
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 180

delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 0
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 180

delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 0
delay $par(d)
pulse $par(p180) 0 0 $par(rfH) 180

pulse $par(p90) 0 0 $par(rfH) 90
store $p2
reset [expr $par(tau1) + $par(Nrot)
* $par(Trot) + $par(p90)]
maxdt 0.5
pulse $par(tinv) $par(rf) 90 0 0
store $p3

# THE ACTUAL PULSE SEQUENCE
for {set i 1 } {$i <= $par(np) } {incr i } {

set t1 [expr ( $i −1)* $par(tsw)]
reset
prop $p1
prop $p2
filter 1
prop $p3
filter 2
maxdt 10
turnoff all
delay $t1
turnon all
prop [expr ( $i −1) % $par(n) + 1]
acq

}
}
proc main {} {

global par
set f [fsimpson]

fsave $f $par(name).fid
funload $f

}
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The simulations for the three-spin system used the same b
program, with it only being necessary to change the spin sys
and filter definitions to:

spinsys {
channels 23Na 1H
nuclei 23Na 1H 1H
quadrupole 1 1 1.38e6 0.2 0 85 0
dipole 1 2 −1600 0 0 0
dipole 1 3 −1600 0 170 0

}
matrix set 1 coherence {{3 1 0 }
{3 −1 0} {3 0 1 } {3 0 −1}}
matrix set 2 coherence {{−3 1 0 }
{−3 −1 0} {−3 0 1 } {−3 0 −1}}

It is to be noted that all interactions are “turned off” durin
t1. In this way, the action of the1H spin lock in suppressing
evolution under the second heteronuclear dipolar coupling
taken into account. (Note that there is no evolution of 3QC un
a first-order quadrupolar coupling.)

In simulations including the23Na CSA, the following line was
added to the spin system part:

shif t 1 0 3000 0.5 0 130 0

In addition, to observe the evolution under the CSA duringt1,
the relevant lines of the pulse sequence part was changed t

turnoff quadrupole 1 dipole 1 2 dipole 1 3
delay $t1
turnon quadrupole 1 dipole 1 2 dipole 1 3

The (Homonuclear) MQ MAS Experiment

spinsys {
channels 23Na
nuclei 23Na
quadrupol e 1 1 1.38e6 0. 2 0 0 0
shif t 1 0 3000 0. 0 90 0

}
par {

spin rate 10000
variable n 10
sw spin rate*n
crystal file rep256
gammaangles 21
np n
start operator I1z
detect operator I1c
verbose 1101
proton frequency 500e6
variable nprim np
variable tsw 1.e6/sw
variable tau2 1.75

variable tau1 3.5
variable rf 1.e6/tau2/4

}
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proc pulseq {} {
global par t
matrix set 1 coherence {{−3}}
maxdt 0.5

for {set i 1 } {$i <= $par(n) } {incr i } {
reset [expr $par(tau1)+( $i −1)
* $par(tsw)]
pulse $par(tau2) $par(rf) 90
store $i

}
reset
set p1 [expr 2* $par(n) + 1]
pulse $par(tau1) $par(rf) 0
store $p1

for {set i 1 } {$i <= $par(np) } {incr i } {
set t1 [expr ( $i −1)* $par(tsw)]
reset
prop $p1
filter 1
maxdt 2
delay $t1
prop [expr ( $i −1) % $par(n) + 1]
acq 90

}
}
proc main {} {

global par
set f [fsimpson]
fsave $f $par(name).fid
funload $f

}
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