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Radio-frequency-mediated dipolar recoupling among half-integer
quadrupolar spins

Marc Baldus,a) David Rovnyak, and Robert G. Griffin
Francis Bitter Magnet Laboratory and Department of Chemistry, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

~Received 10 September 1999; accepted 17 December 1999!

It is demonstrated that through-space recoupling can be achieved in dipolar coupled quadrupolar
spins in the presence of an appropriate radio-frequency field. Experimental and theoretical results
for 23Na–23Na pairs are presented that elucidate the experimental conditions leading to homonuclear
dipolar transfer. The effect of adiabatic amplitude modulation on spin-3/2 systems is compared to
spin-1/2 cases and applications of this approach in the context of high resolution multiquantum
magic angle spinning for dipolar filtering and correlation are discussed. ©2000 American Institute
of Physics.@S0021-9606~00!01810-9#
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I. INTRODUCTION

Homonuclear correlation spectroscopy1 represents one
of the key experiments in nuclear magnetic resona
~NMR! to elucidate molecular spin topologies and sho
range interactions in liquid1,2 and solid-phase materials.1,3 In
solid-state NMR, magic angle spinning4 ~MAS! has become
one of the premier techniques to establish high-resolu
conditions. Subsequently, substantial progress has b
made by a variety of techniques to retrieve through-sp
information in spin-1/2 systems under MAS where the dip
lar interaction is usually suppressed. On the other ha
structural information in quadrupolar spin systems based
dipolar or scalar couplings has been scarce. Quadrupola
clei not only can be used as sensitive probes of local o
and structuring in material science applications5 but are also
regularly found in a large number of chemical and biologi
processes ranging from catalytic compounds to metallo
membrane proteins.5,6 In general, homonuclear dipolar co
relation spectroscopy can provide valuable structural in
mation whenever multiple quadrupolar sites are expecte
close spatial proximity.

Unfortunately, most spin-1/2 methods involving rad
frequency~rf! irradiation~for recent comparative studies se
e.g., Refs. 7 and 8! are not readily applicable in quadrupol
spin systems because of unwanted interference effects
the dominating quadrupolar coupling. In cases where
namic angle spinning5,9 ~DAS! probes are available and re
laxation times are favorable, dipolar transfer can be es
lished by rapidly switching the spinning assembly away fro
the magic angle.10 Dipolar transfer is not suppressed f
sample spinning away from the magic angle orientation
this approach has been successfully utilized in quadrup
spin systems.11 However, anisotropic interactions such as t
quadrupolar coupling and chemical shielding interactio
~CSA! also remain resulting in complicated powder lin
shapes that usually need to be described by computati

a!Current address: Gorlaeus Laboratories, Leiden Univers
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methods. For this reason, a correlation technique that ena
dipolar transfer under MAS would be desirable.

In this contribution, we show that it is possible t
achieve dipolar recoupling employing radio frequency fie
under conventional MAS conditions. In the spin-1/2 case
dipolar interaction must be recovered without additional d
structive interference from isotropic or anisotropic chemi
shielding interactions. In quadrupolar spin systems two ad
tional challenges need to be addressed.

~a! In contrast to the spin-1/2 case, where isotrop
chemical shifts are the only remaining interaction und
high-frequency MAS, quadrupolar MAS spectra are broa
ened by anisotropic second order interactions that usu
lead to a powder distribution. In the context of dipolar reco
pling, these second order couplings behave in a manner s
lar to that observed for a staticI 51/2 system. That is, they
represent orientation-dependent chemical shift terms~CSA!
that perturb the dipolar transfer in the laboratory frame a
these terms must be suppressed by appropriate rf schem

~b! One of the design principles in spin-1/2 recouplin
experiments relates to the fact that rf fields can usually
assumed to dominate the spin system Hamiltonian. As a c
sequence, spin locking and nutation of NMR coherence
not affected by the size of other system interactions. In c
trast, the quadrupolar interaction remains the dominating
teraction, even if modulated by MAS or if in the presence
strong rf fields. Thus care needs to be taken in designing
rf driven recoupling experiment that can be used in a reg
where spin locking is achievable.

We will show in the following that both criteria can b
fulfilled to a good extent by modifying a rotary resonan
phenomenon first observed in spin-1/2 systems in the p
ence of dipolar12,13 and CSA14 interactions. These effect
have been utilized to study local spin geometries un
MAS,15,16 in the context of adiabatic two-dimensional corr
lation spectroscopy in spin-1/2 systems17 and for dipolar
filtering.18

For the theoretical description we will use the concept
fictitious spin-1/2 operators19–21 and derive an effective di-

,

2 © 2000 American Institute of Physics
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5903J. Chem. Phys., Vol. 112, No. 13, 1 April 2000 Dipolar recoupling among half-integer quadrupolar spins
polar recoupling Hamiltonian in close analogy to the sp
1/2 case. The transfer characteristics also allow for the
crimination between local spatial proximity and exchan
phenomena, e.g., relevant in a number of biological syste
Finally, we discuss experimental variations that permit in
gration of dipolar recoupling with MQMAS.22

II. THEORY

Our goal is to study rotary resonance in a dipo
coupled quadrupolar two-spin system. Since the effects
MAS and concomitant application of rf fields are more co
plicated than in spin-1/2 applications, we will first presen
brief theoretical analysis of the spin-locking behavior of
isolated spin-3/2 nucleus.

A. Isolated spin-3 Õ2 nucleus

In the high field approximation and under rapid MAS
QM , the quadrupolar Hamiltonian is given to second ord
by5,23–25

HQ5HQ
~1!~ t !1HQ

~2!~ t ! ~1!

with

HQ
~1!~ t !5A20~ t !T20,

~2!

HQ
~2!~ t !5

1

v0
(

m561,62

1

m
A2m~ t !A22m~ t !@T2m ,T22m#,

and

A2m~ t !5 (
n561,62

A2n~a,b,g!dnm~QM !exp@ invRt#. ~3!

The quadrupolar tensor elementsA2n(a,b,g) in the ro-
tor fixed axis system depend on the relative orientation@de-
scribed by the Euler angles~a, b, g!# of the PAS to the rotor
fixed axis system. The definition of the spatialA2n(a,b,g)
and spin tensor componentsT2m can be found in Ref. 25
Even under rapid sample spinning, the second order co
bution is not suppressed and a time independent,HQ, iso

(2) ,
contribution remains

HQ, iso
~2! 5vQ

21~a,b!@T21,T2 – 1#1vQ
22~a,b!@T22,T2 – 2# ~4!

with vQ
2k(a,b)5(1/v0) f k(a,b) (k51,2). An explicit defi-

nition of the anisotropic factorsf k(a,b) is given in Appen-
dix A. Equation~4! leads to the well-known powder distr
bution that scales asv0

21.
In the following, we will concentrate on the spinI

53/2 case and study experimental conditions that prom
dipolar recoupling between quadrupolar spins. For t
analysis it is convenient to rewrite Eq.~4! in terms of ficti-
tious spin-1/2 operators:19–21

HQ, iso
~2! 5VQ

2 – 3~a,b!I z
2 – 31VQ

1 – 4~a,b!I z
1 – 4. ~5!

Under high frequency MAS, an isolated quadrupo
spin in the presence of isotropic chemical shifts and rf fie
may be then approximated by

H5H rf1HV1HQ
~1!~ t ! ~6!

with
Downloaded 29 Oct 2001 to 18.77.2.34. Redistribution subject to AIP
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H rf5v r f ~2I x
2 – 31)~ I x

1 – 21I x
3 – 4!!,

HV5~VCS
2 – 31VQ

2 – 3~a,b!!I z
2 – 3

1~~VCS
1 – 41VQ

1 – 4~a,b!!!I z
1 – 4, ~7!

HQ
~1!~ t !5A20~ t !/A6@ I z

1 – 22I z
3 – 4#.

Valuable insight into the spin dynamics of a Hamiltonia
such as Eq.~7! was outlined by Vega26,27 by monitoring the
adiabatic evolution of eigenstates and eigenvalues. In th
studies, it was observed that the central transition cohere
can be spin locked~i.e., @ I x

2 – 3,H#50) whenever a
5v rf

2/vQvR!1 using the effective quadrupolar couplin
vQ5(3e2qQ)/(2I (2I 21)\). According to this result,
small rf fields and large spinning frequencies promote e
cient spin locking. On the other hand, inspection of Eq.~7!
provides a lower boundary for the rf field that must be a
plied to suppress time-independent chemical shift ter
~given byHV) in the 2–3 subspace:

Zv rf.VCS
2 – 31VQ

2 – 3~a,b!. ~8!

In a tilted frame in which the central transition coherence
diagonal, these chemical shift terms are nonsecular and
only be neglected if the rf field is sufficiently large to com
pensate for isotropic chemical shift~CS!. Equation~8! also
agrees with a recent study using Floquet theory.28

To further examine the combined influence of rf irradi
tion and the MAS modulated quadrupolar coupling in E
~6!, we transform to an interaction representation usingU
5exp@*0

t HQ
(1)(t8)dt8#. Using the commutation relations amon

multiquantum ~MQ! coherences in the fictitious spin-1/
space~see Appendix B!, Eq. ~6! reduces in this frame to

H̃5H̃V1H̃ rf ~9!

with H̃V5HV ,

H̃ rf5v r f ~2I x
2 – 31)~cos~z~ t !!~ I x

1 – 21I x
3 – 4!

1sin~z~ t !!~ I y
1 – 22I y

3 – 4!!, ~10!

and z(t)51/(A6)*0
t A20(t8)dt8. The observable of interes

I x
2 – 3, is obtained by solving the Liouville–von Neuma

equation:

^D~ t !&5Tr1~s~ t !D ! ~11!

with s(t)5U(t)s(0)U†(t),D5s(0)5I x
2 – 3, and

U~ t !5T expF2 i E
0

t

H̃ rf~s!dsG ~12!

with the Dyson time-ordering operatorT and the Hamil-
tonian of Eq.~10!. Obviously, the first term in Eq.~10! will
keep central transition coherence spin locked, but the exp
time dependence of the remaining terms complicates a
ther analytical solution of Eq.~11!. As shown in Appendix
C, we can qualitatively predict the time evolution by usin
the commutation relations of fictious spin-1/2 operators.
agreement with numerical simulations shown in Ref. 2
these terms generate triple-quantum coherence in the co
of strong ~RIACT!30 or weak to medium-size rf fields tha
match a multiple of the MAS spinning frequency.31 Spin
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



on
e
n
a-
us

th
ue

o-
e

re
ed
g
e

a

e
te

fre
pr

S

er-
rf

n-

ace
in
u-

of

ms

o
nc

u

ng
ra

e-
ak
at
ing
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locking relates to an experimental regime where the sec
and third term in Eq.~10! can be minimized. To give a mor
quantitative understanding of the spin-lock regime as a fu
tion of rf field strength, MAS spinning frequency and qu
drupolar coupling, we performed numerical simulations
ing Eq.~1! and the rf and chemical shift definitions of Eq.~7!
in the programming environment GAMMA.32 For all simu-
lations discussed in the following the time dependence of
system Hamiltonian was described by the Floq
formalism33 implemented in GAMMA34 or using a piecewise
constant approach.

In Fig. 1 the time evolution of the central transition c
herence given by Eq.~11! is monitored as a function of th
ratio of rf field and MAS frequency:

k5
v rf

vR
. ~13!

Quadrupolar coupling and MAS spinning frequency we
constant at 3 MHz and 10 kHz, respectively. As expect
the spin lock efficiency generally decreases for increasin
fields with minima atk5n/2 (n51,2,...). These effects hav
previously been observed,31,35 and in the following we will
assume that these settings are avoided. On the other h
Fig. 1 indicates that for values ofk between~0.1–0.3! the
time evolution can effectively be described by a spin-lock
central transition coherence that is only weakly modula
by the time-dependent terms in Eq.~11!. Additional calcula-
tions varying the quadrupolar parameters and the MAS
quency are in good agreement with these observations
vided that Eq.~8! is not seriously violated.

B. Dipolar coupled SÄ3Õ2 system

In the following we assume that the rf fields and MA
spinning frequencies meet the criterion of spin locking@i.e.,

FIG. 1. Time evolution of central transition coherence as a function
applied rf field strength. Quadrupolar coupling and MAS spinning freque
were kept constant at 3 MHz and 10 kHz, respectively. All numerical sim
lations using Eq.~1! and the rf and chemical shift definitions of Eq.~7! were
performed in the programming environment GAMMA. Perfect spin locki
is described by the gray line. As expected, the spin-lock behavior gene
decreases for increasing rf fields with minima atk5n/2 (n51,2,...). For
values between~0.1–0.3! the time evolution can, to a good extent, be d
scribed by a spin-locked central transition coherence that is only we
modulated by the time-dependent terms. These results are in qualit
agreement with additional simulations using different quadrupolar coupl
and spinning frequencies.
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k between~0.1–0.3! and Eq.~8! is fulfilled#. The effective rf
field Hamiltonian then contains the central transition coh
ence operator. The combined effect of quadrupolar and
field interactions in a dipolar coupled two-spin~IS–spin-3/2!
system can thus be summarized by

H52v rf~ I x
2 – 31Sx

2 – 3!1HD1HCS, ~14!

with

HD5D~ t !~3I zSz2 IWSW !,
~15!

HCS5~V I ,CS
2 – 31V I ,Q

2 – 3~a,b!!I z
2 – 3

1~VS,CS
2 – 3 1VS,Q

2 – 3~a,b!!Sz
2 – 3.

Note that in contrast to the spin-1/2 case, orientatio
dependent chemical shifts termsVk,CS,Q(a,b)5Vk,CS

2 – 3

1Vk,Q
2 – 3(a,b) (K5I ,S) remain. In Eq.~15!, we have ne-

glected the isotropic chemical shift term in the 1–4 subsp
since to zeroth order it will not be affected by rf irradiation
Eq. ~14!. D(t) represents the MAS modulated dipolar co
pling and is given by

D615
D8

2&
sin~2bd!e6 igd,

D625
D8

4
sin2~bd!e62igd, ~16!

D85
m0g I

2h

4pr 3 ,

bd andgd are the polar angles that describe the direction
the internuclear dipolar vectorrW in a rotor-fixed coordinate
system with itsz axis along the sample rotation axis.g I

represent the gyromagnetic ratio of spinI. For spin-3/2, the
dipolar Hamiltonian of Eq.~15! can be rewritten using the
definition of the angular momentum operators:

Lx5)~Lx
1 – 21Lx

3 – 4!12Lx
2 – 3,

Ly5)~Ly
1 – 21Ly

3 – 4!12Ly
2 – 3, ~17!

Lz53Lz
1 – 41Lz

2 – 3

with L5I ,S. Combining Eqs.~17! and ~15!, terms that are
bilinear in the 2–3 subspace are readily isolated:

HD,eff
2 – 3,2– 352D~ t !~ I z

2 – 3Sz
2 – 322I x

2 – 3Sx
2 – 322I y

2 – 3Sy
2 – 3!. ~18!

Since we are interested in double-quantum~DQ! recou-
pling conditions in the 2–3 subspace, all additional ter
that result from combining Eqs.~17! and ~15! can be ne-
glected. DQ recoupling between spinI and S can now be
studied by using a tilted frame withvk,eff(a,b)
5AVk,CS,Q(a,b)21(2v rf)

2 along the newZ axis ~see Fig.
2!, i.e.,

LZ5cosukLz1sinukLx ,

LX5~2sinuk!Lz1cosukLx , ~19!

LY5Ly ,
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with uk5arctan(2vrf /Vk,CS,Q(a,b)) andL5I 2 – 3,S2 – 3.
A subsequent transformation into an interaction frame
fined by

Ueff5exp@2 iv I ,eff~a,b!I z
2 – 3#exp@2 ivS,eff~a,b!Sz

2 – 3#
~20!

allows to investigate interference effects between the
chanical sample rotation and the rf irradiation. In a dipo
coupled spin-1/2 system an analogous procedure has
shown to result in double-, single-, and zero-quantum tra
fer conditions.36 In close analogy, double-quantum dipol
recoupling will be established by the effective Hamiltoni
(L5I 2 – 3,S2 – 3)

H5Q~u I ,uS!dn~ I 1
2 – 3S1

2 – 31I 2
2 – 3S2

2 – 3! ~21!

with Q(u I ,uS)5@122 cos(uI)cos(uS)12 sin(uI)sin(uS)# and
L65Lx6 iLy . The effective dipolar couplingdn results
from Eq. ~16! usingDn5dn exp@6ingd# and the general~di-
polar double-quantum! recoupling condition is given by

v I,eff~a,b!1vS,eff~a,b!5nvR . ~22!

Note that this result is analogous to the spin-1/2 treatm
except for the effective nutation frequency that is a facto
larger than in the spin-1/2 case and the anisotropic chem
shift dispersion due to the occurrence of the quadrup
couplings. Equations~21! and ~22! result from transforming
the bilinear terms of Eq.~18!. In addition, single- and zero
quantum recoupling conditions can be established that c
nect both 2–3 subspaces or, unlike to the spin-1/2 situat
recouple the 2–3 and 1–4 subspaces of theI and S spins,
respectively. These recoupling conditions are given by

vk,eff~a,b!5nvR , k5I ,S, ~23a!

v I ,eff~a,b!2vS,eff~a,b!5nvR , ~23b!

and generally require larger rf fields, i.e., larger values ok.
In the particular case of single quantum recoupling, 2–3
1–4 ~I,S! subspaces are recoupled simultaneously—in a
tion to the ~spin-1/2 analogous! I (2 – 3),S(2 – 3) condition.
As in the spin-1/2 case, significant signal loss results.
avoid these effects, we will in the following assume rf fiel
and MAS frequencies which approximately satisfy Eq.~22!.

FIG. 2. Graphical representation of the tilted frame used in the 2–3
space to describe dipolar recoupling. The tilt angleu is defined in the text.
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These theoretical predictions are also supported by
merical simulations in GAMMA for an isolated~I,S! spin-3/2
spin system and are shown in Fig. 3. Quadrupolar coupli
of 1.2 MHz and 2.4 MHz were assumed forI and S spin,
respectively. A homonuclear dipolar coupling of 2 kHz w
assumed. The spin system is initially prepared with 2–3
herence on spinI and the signal according to Eq.~11! is
monitored withD5Sx

2 – 3. For the numerical calculations, rf
quadrupolar and dipolar interactions were included as gi
in Eqs.~1!, ~7!, and~15!, respectively. To simplify the analy
sis, a chemical shift offset was chosen that matches the
tropic quadrupolar second-order contribution. In this ca
the effective field is identical to the rf field and recouplin
should occur fork50.25 andk50.5. Indeed, negative co
herence transfer characteristic for a double-quant
Hamiltonian37 is observed with higher efficiency at then
51 ~i.e., k50.25) condition. As stated earlier this conditio
is preferable in order to avoid unwanted SQ conditio
that—as indicated in Fig. 3 fork50.5—significantly dimin-
ish the transfer efficiency. In addition, Eq.~21! indicates that
the dipolar coupling element is larger@see Eq.~16!# for the
n51 condition. Further, these results are in agreement w
calculations of a complete two-dimensional recoupling e
periment~discussed in the following! and indicate the occur
rence of negative cross-peaks regions which are also
served in spin-1/2 applications.37

Due to the presence of orientation-dependent isotro
shifts, the recoupling condition of Eq.~22! cannot be fulfilled
for all spins simultaneously. However, using an amplitu
modulationv rf→v rf(tmix) establishes the recoupling cond
tion for a larger number of crystallites during the mixin
time of a 2D correlation experiment. This technique has p
viously been demonstrated in homonuclear spin-
applications.17,18 The range of rf fields used in the exper
ment and presented in the following were restricted to
regime k(t)5 1

46 1
4,tP@0,T# using tangential amplitude

shapes.38

III. EXPERIMENTS

The method discussed above was experimentally te
on anhydrous Na2HPO4 that has been shown to contain thr

b-

FIG. 3. Numerical simulation of dipolar recoupling in a dipolar coupl
quadrupolar two-spin system. At timet50, the system is prepared with
central transition coherence on the first~i.e., I! spin and the polarization
transfer on spinS is monitored for different rf fields. The MAS spinning
frequency is kept constant. Only for the recoupling conditions discusse
the text, substantial polarization transfer is observed in agreement with
theoretical predictions.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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distinct Na sites in the unit cell.25 Quadrupolar and chemica
shift parameters have been determined previously and i
cate that MAS spinning frequencies of 8 kHz or higher a
sufficient to suppress MAS sidebands at fields at or ab
500 MHz @see also Fig. 5~a!#.

The rf fields were determined approximately usi
NaBr. To identify rf amplitudes that fulfil the conditions ou
lined in Eq. ~22! more precisely, a spin-lock experiment
outlined in Fig. 4~a! was performed on Na2HPO4 and is
shown in Fig. 5~b!. Here, the central transition coherence
monitored after a spin-lock time of 1 ms as a function of t
size of the applied rf field strength. As discussed in the p
ceding section and shown in Fig. 5~b!, we observe character
istic resonance minima atk5n/2, n51,2 for a MAS fre-
quency of 8.3 kHz. In addition, a small signal minimu
aroundk50.25 is observed, indicative of a DQ recouplin

FIG. 4. ~a! Experimental protocol to observe central transition coherenc
a function of spin-lock timet or rf field strengthv rf . ~b! Two-dimensional
dipolar correlation experiments to observe recoupling among different
drupolar sites. Allp/2 are adjusted to give central transition coherence on
After the conventional evolution timet1 , dipolar recoupling occurs during
the mixing timetmix in which the rf field close to thek50.25 is modulated
by a tangential shape. Subsequently, az filter is employed to remove any
unwanted coherences.

FIG. 5. ~a! 23Na MAS spectrum of anhydrous Na2HPO4 at 10 kHz spinning
frequency and 11.7 T magnetic field strength. Chemical shift values
referenced to 0.1 M NaCl. Numbering of the three Na sites correspond
the analysis performed in Ref. 25.~b! Central transition coherence in
Na2HPO4 as a function of rf field strength for the indicated spin-lockin
time and a MAS frequency of 8.3 kHz. A one-dimensional slice along
Na~1! ~see also Ref. 25! is shown.
Downloaded 29 Oct 2001 to 18.77.2.34. Redistribution subject to AIP
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effect. In general, dipolar induced DQ coherence recoup
will lead to signal decrease of the central transition coh
enceI x

2 – 31Sx
2 – 3. The characteristic minima observed in Fi

5~b! are observable across the entire MAS line shape sh
in Fig. 5~a!.

Next, we recorded a 2D recoupling experiment follow
ing the experimental protocol outlined in Fig. 4~b!. Phase
sensitive detection was accomplished using the method
Rubenet al.39 and allp/2 pulses used rf fields in the order o
5–10 kHz to ensure efficient excitation of only the cent
transition coherence. In addition, MAS experiments us
proton decoupling during data acquisition and 2D proto
driven spin-diffusion experiments~see, e.g., Refs. 40 and 41!
were performed. It was found that the influence of hetero-
homonuclear dipolar couplings to surrounding protons c
be neglected. Further experimental details can be foun
the caption.

In Fig. 6 the experimental results for two different mix
ing times are displayed. As expected, no cross peak inte
ties are observed for vanishing or very short mixing tim
@Fig. 6~a!#. The carrier frequency was set at approximate
the value to fulfil the spin-lock criterion of Eq.~22! for all
spins at a small carrier offset. In Fig.~6b! the contour pattern
after 6 ms mixing is illustrated and significant negative
tensities are observable across the entire map. Unlike
staticcorrelation experiments using proton or rf driven tran
fer techniques~see, e.g., Refs. 40 and 41!, the cross-peak
regions feature negative intensities which, close to the d
onal, lead to a partial cancellation of signal intensity. For t
reason, only regions with the highest negative cross p
intensities are displayed.

The data obtained in Fig. 6~b! clearly indicate dipolar
correlations among different parts of the MAS spectrum

s

a-
.

re
to

e

FIG. 6. Two-dimensional correlation patterns on anhydrous Na2HPO4 for
mixing times of 0.5~a! and 6 ms~b!, respectively. Positive contour level
~along the diagonal! are shown in linear increments from 5–20 %. All con
tour levels in the cross peak region visible in~b! are negative.
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Na2HPO4. In this particular case, the three Na sites contr
uting to the overall signal can mostly be confined to th
different regions of the spectrum. Comparing the results
the renewed x-ray structure the most significant cross p
intensities are found for the~Na1, Na2! and~Na2, Na3! pairs
~numbering as in Ref. 25! in accordance with the closes
distances in the unit cell@shown in Fig. 7~b!#. However, the
broadband amplitude modulation establishes dipolar tran
among all three spins during the mixing period and theref
care must be taken to relate the observed cross peak int
ties to intermolecular distances. This broadband recoup
behavior is visible from the 1D slice shown in Fig. 7~a! that
indicates negative cross peak intensities across the entire
shape. These effects could be taken into account by perfo
ing a numerical simulation of the recoupling pattern simi
to techniques used for the analysis of static ten
correlations.40–42

Additional experimental results indicate that varying t
carrier frequency by several kHz can be used to enhanc
suppress the dipolar transfer in particular subsections of
spectrum. This is due largely to the fact that the isotro
chemical shift suppression is accomplished by an amplit
sweep, which, for the experimental conditions of Figs. 6 a
7 are of the order of several kHz. Since off-resonance
irradiation generally decreases the spin-locking efficien
@Eq. ~8!#, an rf carrier close to the isotropic chemical shifts
the spin system under study is preferable.

The presented techniques are most efficient in syst
where the chemical shift dispersion among different s
with significant quadrupolar couplings is small. Since t
efficiency of the spin locking only interferes with sites
medium to large~i.e., larger than 1–2 MHz! quadrupolar

FIG. 7. ~a! One-dimensional slice along the position indicated by the arr
in Fig. 6~b! that reveals negative signal intensities in the cross peak reg
Numbering indicates the approximate resonance regime where the
distinct Na sites~as defined in Ref. 25! are found.~b! Plot of the local
environment of theHPO4

22 anions@according to Balduset al. ~Ref. 25!#
that reveals the local arrangement of the Na sites.
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couplings, the carrier frequency should be set close to
on-resonance case for these sites. Finally, it is also poss
to combine the approach described here with the MQM
method22 to achieve a high-resolution dimension. Since
coupling occurs in the 2–3 subspace, the technique can
inserted after MQ reconversion and prior to acquisition. T
approach introduces~if applied as shown in Fig. 4! an addi-
tional evolution dimension that will increase the overall e
periment time. Alternatively, the conventional MQMAS e
periment can be modified to achieve a high-resolut
dimension in a 2D correlation experiment. As demonstra
by Wimperiset al.43 amplitude- or phase-modulated ‘‘split
t1’’ MQMAS experiments can be used to fully refocus th
second-order broadening during the evolution period of
MQMAS experiment. The homonuclear recoupling tec
nique discussed here could be inserted after MQ recon
sion and would yield a 2D dipolar correlation spectrum w
a high resolution dimension alongt1 .

IV. CONCLUSIONS

Homonuclear polarization transfer represents one of
key elements for structure elucidation in spin-1/2 applic
tions. A number of techniques are available for assignme
distance and torsion angle determination.42,44

In this contribution we have demonstrated that dipo
recoupling can also be achieved in quadrupolar spin syste
As long as an rf field strength is used that allows for sp
locking in the order of ms, dipolar correlations in23Na of
3–6 Å can be probed. The technique depicted here is e
cient in systems where the isotropic chemical shift dispers
is small ~such as Na23) and where the width of the second
order quadrupolar broadening does not exceed the rang
MAS frequencies. The latter aspect can generally be
proved by using higher magnetic fields. Even at the high
obtainable spinning frequencies, the experiment is very
giving with respect to the size of the applied rf field streng
and thus can be employed using readily available hardw
The experiment should be designed to minimize signal los
due to off-resonance nutation and amplitude modulati
wherekP@0.1,0.3# are preferred.

Since the present approach involves double-quan
transfer in the rotating frame, the method promises to
useful in the context of discriminating between chemical e
change processes and spatial proximity. Similar approac
are routinely used in liquid state NMR.45 It is, e.g., well
known46,47 that exchange processes between free and pro
bound molecules occur in solid-phase membrane prote
The results described here could be used to study corr
tions as a function of temperature and concentration in
ionic solvents.

The methods are also extendable to multidimensio
correlation studies involving spin-1/2 nuclei. Double qua
tum coherence created during the homonuclear transfer
could also be detected using pulsed field gradients.48

Finally, it is also possible to combine the approach w
the MQMAS method to achieve a high-resolution dimens
during a multidimensional correlation experiment. Differe
approaches have been discussed and are currently unde
perimental study.
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APPENDIX A

Using the explicit definition of the MAS modulated sp
tial tensor elementsA2m(t), Eq. ~2! can be rewritten as

HQ
~2!~ t !5

1

v0
(

m561,62
k561,62
l 561,62

1

m
A2k~a,b,g!dkm~QM !

3A2l~a,b,g!dl 2m~QM !@T2m ,T22m#

3exp@ i ~k1 l !vRt#. ~A1!

Time-independent contributions result ifk52 l and can be
described by Eq.~4! using the following definitions:

f 1~a,b!5 (
k561,62

A2k~a,b,g!A22k~a,b,g!

3~dk1~QM !d2k21~QM !

1dk21~QM !d2k1~QM !!,
~A2!

f 2~a,b!5 (
k561,62

1

2
A2k~a,b,g!A22k~a,b,g!

3~dk2~QM !d2k22~QM !

1dk~22!~QM !d2k2~QM !.

The explicit definitions of the reduced Wigner elemen
dkl(u) can be found in Ref. 23.

APPENDIX B

The propagatorU leading to the transformationH̃
5UHU† can be defined by

U5exp@ i z~ t !~ I z
1 – 22I z

3 – 4!# ~B1!

with z(t)51/A6*0
t A20(s)ds and H as given in Eq.~6!. For

two fictitious spin-1/2 operatorsP and Q that fulfil @P,Q#
5 ikR the transformation rule

exp@2 iuP#Q exp@ iuP#5Q cosku1R sinku ~B2!

can be derived. UsingP5(I z
1 – 22I z

3 – 4) and the general com
mutations relations as given in Refs. 19 and 20 we find

@~ I z
1 – 22I z

3 – 4!,I x
2 – 3#5@ I z

1 – 2,I x
2 – 3#2@ I z

3 – 4,I x
2 – 3#50,

@~ I z
1 – 22I z

3 – 4!,~ I x
1 – 21I x

3 – 4!#5 i ~ I y
1 – 22I y

3 – 4!,
~B3!

@~ I z
1 – 22I z

3 – 4!,I z
2 – 3#50,

@~ I z
1 – 22I z

3 – 4!,I z
1 – 4#50.

Using Eqs.~B2! and ~B3!, Eq. ~10! is obtained.
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APPENDIX C

Using

eiABe2 iA5B1 i @A,B#2 1
2 @A,@A,B##

1
i

3
@A,@A,@A,B###1¯ ~C1!

we can qualitatively predict the time evolution of the cent
transition coherenceI x

2 – 3 under the effective Hamiltonian o
Eq. ~10!. Obviously, the first term in Eq.~10! represents the
spin-locking part of the Hamiltonian and we can concentr
on the cos/sin modulated components of Eq.~10!. For the
cos-modulated part we can identify

A5I x
1 – 21I x

3 – 4,
~C2!

B5I x
2 – 3,

and use the commutations relations given in Refs. 19 and
We obtain

@A,B#5@ I x
1 – 21I x

3 – 4,I x
2 – 3#5@ I x

1 – 2,I x
2 – 3#1@ I x

3 – 4,I x
2 – 3#

5
i

2
~ I y

1 – 32I y
2 – 4! ~C3!

and, subsequently

@A,@A,B##5F I x
1 – 21I x

3 – 4,
i

2
~ I y

1 – 32I y
2 – 4!G

5 1
2 ~ I x

22I x
1 – 4!. ~C4!

For the sin-modulated part of the effective rf field we obta

@A,B#5@ I y
1 – 22I y

3 – 4,I x
2 – 3#5@ I y

1 – 2,I x
2 – 3#2@ I y

3 – 4,I x
2 – 3#

5
2 i

2
~ I x

1 – 31I x
2 – 4! ~C5!

and, subsequently

@A,@A,B##5F I y
1 – 22I y

3 – 4,2
i

2
~ I x

1 – 31I x
2 – 4!G

5 1
2 ~ I x

2 – 32I x
1 – 4!. ~C6!

From Eqs.~C4! and~C6!, we find that the effective rf Hamil-
tonian of Eq.~10! connects 2–3 and 1–4 coherences in
MAS modulated manner. As a result, RIACT MQ excitatio
and reconversion occurs for strong rf fields or rotary re
nance recoupling of MQ coherences can be established i
rf field matches the MAS frequency.31
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