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Quadrupolar-driven recoupling of homonuclear dipolar interactions
in the nuclear magnetic resonance of rotating solids

Mattias Edén and Lucio Frydmana)

Department of Chemistry (M/C 111), University of Illinois at Chicago, 845 West Taylor Street,
Room 4500, Chicago, Illinois 60607

~Received 18 October 2000; accepted 8 December 2000!

We discuss the recoupling of homonuclear dipolar interactions between quadrupolar nuclei under
magic-angle spinning conditions, caused by the first-order quadrupolar interaction. This recoupling
leads to NMR linewidths displaying a nonmonotonic dependence on the spinning frequency,
meaning that broader lines may result as the spinning rate is increased. The effect depends on
geometrical parameters of the spin system, which makes it suitable for distance measurements and
for obtaining the relative orientations of dipolar and quadrupolar tensors. We propose a theoretical
model of the dipolar recoupling based on average Hamiltonian theory, and find it in good agreement
with numerically exact simulations and experiments onI 53/2 systems. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1344886#
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I. INTRODUCTION

Magic-angle spinning~MAS! NMR is used extensively
as a tool for obtaining structural and dynamical informati
on a wide variety of solid systems. Combined with hi
power proton decoupling, MAS efficiently suppresses the
fects from anisotropic interactions and allows one to obt
high resolution spectra on powders containing dilute spin-
nuclei such as13C and15N. The averaging of MAS on spins
1/2 has been a topic of active research for several decade1–7

as has been the search for MAS techniques that select
reintroduce certain spin interactions while suppress
others.8–11 Particularly important in this regard has been t
development of methods for recoupling the through-sp
dipolar interactions,12,13 which can facilitate spectral assign
ment and convey distances and molecular geometries.

Similar developments stand at a less advanced stag
the area of NMR spectroscopy on quadrupolar nuclei. Thi
in part a consequence of the broad peaks that may arise
when detecting the central transition spectra of these sp
unaffected by the quadrupolar interaction to first order,14 but
not free of second-order quadrupolar effects. Yet the adv
of new methods for obtaining high-resolution spectra of q
drupolar nuclei under MAS conditions15,16 gives new rel-
evance to investigating the nature of dipolar effects in s
systems. Accordingly, attention has recently been given
analyses of the spectral broadening arising from dipolar c
plings between half-integer quadrupolar nuclei.17–24

This article discusses some of the basic features
homonuclear interactions between quadrupolar nuclei un
going MAS, and their effects on the NMR spectra. At fir
sight, dipolar effects on the central transitions of half-integ
quadrupolar nuclei may not appear very different from th
spin-1/2 counterparts, and one would expect that fast M
should readily average them out. However, as is illustrate

a!Author to whom correspondence should be addressed. Electronic
lucio@uic.edu
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Fig. 1, the noncommutation of quadrupolar and dipolar int
actions leads to a quadrupolar-driven recoupling of hom
nuclear spin-pair dipolar interactions that persists even
very high spinning frequencies. The broadened central tr
sition NMR line shapes resulting from this quadrupolar
coupling depend nonmonotonically on the spinning f
quency, and the spectral features and broadenings
strongly dependent on the spin numberI.

Dueret al. recently discussed homonuclear spin–spin
teractions between quadrupolar nuclei18,19 in the context of
the MQMAS experiment.25,26 More closely related to the ef
fects presented in Fig. 1 is the recent work of Faceyet al.27,28

Here dipolar–quadrupolar correlations between two coup
deuterions were pointed out and analyzed in the limit
small quadrupolar couplings~relative to the spinning fre-
quency! using average Hamiltonian theory~AHT!. In several
cases, however, the magnitudes of the quadrupolar freq
cies arenot small compared to the spinning frequency. Co
sequently, an alternative description is presented here.
theoretical model of the quadrupolar-driven recoupling
based on an average Hamiltonian treatment in the interac
frame of the quadrupolar interactions, and is valid for a
spin number and for all ranges of MAS frequencies and q
drupolar couplings. We also investigate the quadrupo
driven recoupling further by means of both numerically e
act simulations and experimentally on half-integ
quadrupolar nuclei, and observe results that are found
good general agreement with the analytical theory.

II. THEORY

A. The effective quadrupolar-driven recoupling
hamiltonian

In order to elucidate the nature of the quadrupolar-driv
recoupling, we consider two coupled quadrupolar nuclej
andk of spin I, undergoing MAS at the rotational frequenc
v r . For simplicity, we shall for the moment ignor
J-couplings, chemical shift anisotropies, and second-or
il:
6 © 2001 American Institute of Physics
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quadrupolar interactions. For a single orientation in the po
der, the high-field rotating-frame Hamiltonian is then

H~ t !5H iso1HQ
j ~ t !1HQ

k ~ t !1HD
jk~ t !. ~1!

HereH iso contains the isotropic chemical shifts

H iso5v j
isoI jz1vk

isoI kz . ~2!

The dipolar and quadrupolar Hamiltonians are given by

HD
jk~ t !5v jk~ t !T20

jk

5
1

A6
v jk~ t !S 2I jzI kz2

1

2
I j

1I k
22

1

2
I j

2I k
1D ~3!

and

HQ
p ~ t !5vp

Q~ t !T20
p 5

1

A6
vp

Q~ t !~3I pz
2 2I ~ I 11!!, p5 j ,k,

~4!

FIG. 1. Numerically exact simulations of the MAS line shapes expected
spin-pairs with spin numberI 51 ~left panel!, 3/2 ~middle!, and 5/2~right! at
various spinning frequenciesv r . All simulations employed a dipolar cou
pling bjk/2p521.0 kHz and a quadrupolar frequencyxQ/2p533 kHz~cor-
responding to quadrupole coupling constantse2qQ/h566, 200, and 666
kHz for I 51, 3/2, and 5/2, respectively!. Axial quadrupolar tensors were
assumed, placed perpendicular with respect to one another as well as
direction of the dipolar vector. All spectra were convoluted with 100
Lorentzian line-broadening, and in the absence of the dipolar coupling
show a sharp singlet. In the caseI 51 the simulations employed strobo
scopic sampling for ease of comparison: this provides line shapes free
first-order quadrupolar effects and with all transitions superimposed. O
the central transitions were calculated for the half-integer nuclei. The ca
lations were performed using theCOMPUTE algorithm ~Ref. 43!, and 1154
ZCW ~Refs. 44–46! orientations were used for powder averaging. On a 4
MHz Pentium computer, these simulations typically took 40 s, 2 min, and
min for I 51, I 53/2, andI 55/2, respectively.
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whereTLm denotes themth component of anLth rank irre-
ducible spherical tensor operator.29 The dipolar frequency
v jk(t) and the quadrupolar frequencyvp

Q(t) are time-
dependent due to the MAS modulation:

v jk~ t !5 (
n522

2

v jk
~n! exp$ inv r t%, ~5!

vp
Q~ t !5 (

n522

2

vp
~n! exp$ inv r t%, p5 j ,k. ~6!

These dipolar and quadrupolar frequencies are proportio
to their respective coupling constantsbjk52m0\g2/4pr jk

3

and xQ5e2qQ/2I (2I 21)\, wherer jk is the spin–spin in-
ternuclear distance and all other constants have their u
meaning. In terms of successive Wigner transformation29

the dipolar and quadrupolar Fourier coefficients in Eqs.~5!
and ~6! are given by

v jk
~n!5A6bjk (

n8522

2

D0n8
2

~VPM
jk !Dn8n

2
~VMR!dn0

2 ~bRL!, ~7!

vp
~n!5A3

2 (
n9,n8522

2

A2n9
p Dn9n8

2
~VPM

p !Dn8n
2

~VMR!dn0
2 ~bRL!,

p5 j ,k. ~8!

Here the components of the quadrupolar tensors in their p
cipal axis system~PAS! are given by A20

p 5xQ , A262
p

52xQhQ /A6, A261
p 50, and hQ are their asymmetry

parameters.14 In these equationsVPM is a set of Euler angles
specifying the transformation between the PAS of ea
NMR interaction and a reference frame fixed on the m
ecule. The transformation from this frame to one fixed on
rotor is given by the anglesVMR , which for a powdered
sample are random. Finally, thez-axis of the rotor frame
subtends an anglebRL with respect to the static magnet
field direction; since magic-angle spinning is assum
throughout,bRL5arctanA2.

As the operatorsI 6 in HD
jk do not commute with the

longitudinal I z
2-terms inHp

Q , the Hamiltonian in Eq.~1! is
time-dependent and not self-commuting. Consequently
exact analytical expression for the time-evolution of t
spins cannot be found, and one must resort to approxi
tions. One such possibility is offered by AHT,30,4 which
when applied to Eq.~1! over a rotational periodt r52p/v r

provides a time-independent effective Hamiltonian who
first two terms are31

H̄ ~1!5t r
21E

0

tr
dt H~ t !, ~9!

H̄ ~2!5~ i2t r !
21E

0

tr
dtE

0

t

dt8 @H~ t !,H~ t8!#. ~10!

This results in
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H̄5H iso14 (
p5 j ,k

Kp@T20
jk ,T20

p #

5v j
isoI jz1vk

isoI kz1~K j1Kk!I j
1I k

2

1~K j1Kk!I j
2I k

112K j~ I j
1I k

22I j
2I k

1!I jz

22Kk~ I j
1I k

22I j
2I k

1!I kz , ~11!

where

Kp5
i

2v r
(

n51,2
n21 Im$v jk

~n!vp
~2n!%, p5 j ,k. ~12!

Equation ~11! is valid for arbitrary spin numbersI. An
equivalent expression was recently given in terms of fi
tious spin-1/2 operators for the case of two coupledI 51.28

An analogous form was also derived by Maricq and Wau
for two coupled spins-1/2,5 where they showed that noncom
muting chemical shift anisotropies and dipolar couplings c
lead to ann50 ‘‘rotational resonance’’ recoupling.32 Equa-
tion ~11! can be considered as the quadrupolar analog of
effect, with the first-order quadrupolar interaction prevent
the MAS averaging of the dipolar interaction and therefo
leading to a line broadening proportional tobjkxQ /v r .

The xQ /v r-type dependence of the linewidths predict
by Eq. ~11! is in agreement with numerical simulations a
experiments as long asxQ!v r . These conditions, howeve
comprise only a minority of systems; usually quadrupo
coupling constants fulfillxQ>v r , and it is thus a more com
plex linewidth dependence that is observed~e.g., Fig. 1!.
This breakdown of AHT stems from the fact that the quad
polar couplings in Eq.~1! are actually larger than the modu
lation frequencyv r . These large terms, however, may
removed from the Hamiltonian by transforming it into a qu
drupolar interaction frame33,22

H̃~ t !5UQ~ t,0!†H~ t !UQ~ t,0!1 i
d

dt
UQ~ t,0!†UQ~ t,0!,

~13!

with

UQ~ t,0!5exp$2 iF j
Q~ t,0!T20

j % exp$2 iFk
Q~ t,0!T20

k %,
~14!

and the dynamic phases defined byFp
Q(t,0)

5*0
t vp

Q(t8)dt8, p5 j ,k. These phases are related to t
quadrupolar Fourier coefficients of Eq.~8! by

Fp
Q~ t,0!5~ iv r !

21(
nÞ0

n21vp
~n!~exp$ inv r t%21!. ~15!

As the chemical shifts and theI jzI kz term of the dipolar
interaction commute withUQ(t,0), the interaction frame
Hamiltonian may be written as

H̃~ t !5H iso1A2
3 v jk~ t !I jzI kz1H̃D

jk~ t !. ~16!

The ‘‘interesting’’ dynamics here are contained inH̃D
jk(t),

the flip-flop part of the dipolar Hamiltonian. By identifyin
in Eq. ~3! 2 1

2(I j
1I k

21I j
2I k

1)5T11
j T121

k 1T121
j T11

k , this non-
commuting term may be expressed as
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H̃D
jk~ t !5

1

A6
v jk~ t !UQ~ t,0!†~T11

j T121
k 1T121

j T11
k !UQ~ t,0!.

~17!

The time-dependence imposed on theT1m
j T12m

k terms by
UQ(t,0) may be derived from the results of Bowde
et al.34,35

UQ~ t,0!†T1m
j T12m

k UQ~ t,0!5 (
L j ,Lk51

2I

QL jLk
~ t !TL jm

j TLk2m
k .

~18!

Here theQL jLk
(t) terms are given by products of oscillator

functions of the quadrupolar phases exp$iCIFp
Q(t,0)%, where

the constantCI depends on the spin number:CI5A3
2 for

integer spins andCI5A6 for half-integer spins. Since th
quadrupolar couplings are themselves oscillating at frequ
cies6v r and62v r , the functions exp$iCIFp

Q(t,0)% may be
written as infinite Fourier–Bessel series with base freque
v r :32

exp$ iCIFL
Q~ t,0!%5 (

n52`

`

aL
~n! exp$ inv r t%, L5 j ,k,S,D.

~19!

Contributions to theaL
(n) coefficients arise from the phase

accumulated by the individual quadrupolar frequenc
Fp

Q(t,0), as well as from their sumFS
Q(t,0)5F j

Q(t,0)
1Fk

Q(t,0), and differenceFD
Q(t,0)5F j

Q(t,0)2Fk
Q(t,0).

The interaction frame dipolar Hamiltonian in Eq.~17! may
be cast as

H̃D
jk~ t !5

1

A6
v jk~ t ! (

L j ,Lk51

2I

QL jLk
~ t !$TL j1

j TLk21
k

1~21!L j 2LkTL j 21
j TLk1

k %, ~20!

where the functionsQL jLk
(t) are given by

QL jLk
~ t !5 (

n52`

`

QL jLk

~n! exp$ inv r t%. ~21!

It follows that H̃D
jk(t) is given by the product of two

time-dependent terms: the dipolar couplingv jk(t) modulated
at frequencies6v r and 62v r by the action of MAS, and
the functionsQL jLk

(t) that are modulated at frequenciesnv r

(n50,61,62,...) due to the time-dependence imposed
the spin parts of the Hamiltonian by the transformation o
eratorUQ(t,0). Equation~20! thus conveys the basic mech
nism of the quadrupolar-driven dipolar recoupling: reco
pling occurs because the time-dependence ofQL jLk

(t)
cancels the MAS modulation ofv jk(t). This idea can be
exploited further to derive an explicit recoupling Ham
tonian. Since the phasesFp

Q(t,0) refocus over one rotationa
period @UQ(t r ,0)51#, and H̃D

jk(t) is periodic @H̃D
jk(t1t r)

5H̃D
jk(t)#, the application of AHT in the interaction frame i

suitable. Taking the average of Eq.~16! over one rotational
period then gives
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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H̄ ~1!5H iso1
1

A6
(

L j ,Lk51

2I

(
n522

2

v jk
~n!QL jLk

~2n!$TL j1
j TLk21

k

1~21!L j 2LkTL j 21
j TLk1

k %. ~22!

From these equations, analytical expressions of the
coupled dipolar Hamiltonian can be derived for any sp
number I. Explicit expressions for the casesI 51 and I
53/2 are given in the Appendix.

Figure 2 compares a series of MAS spectra result
from powder averages of these interaction-frame AHT
pressions with numerically exact simulations for vario
spinning frequencies. The spectra obtained from the Ha
tonian in Eq.~11! are also shown for comparison. As e
pected, good agreement is only obtained in this latter c
when xQ,v r . By contrast, the interaction-frame avera
Hamiltonian from Eq.~22! describes the quadrupolar-drive
recoupling over the entire range ofxQ /v r values, as its deri-
vation only requires that the dipolar coupling be mu
smaller thanv r and than the various quadrupolar freque
cies. Furthermore, as will be described in more detail e
where, when such conditions are not met the Fourier coe

FIG. 2. Comparisons between numerically exact simulations of
quadrupolar-driven recoupling~solid lines! and line shapes obtained from
two AHT treatments: Eq.~22! ~dashed lines! and Eq.~11! ~dotted lines!.
Left panel: Spectra obtained forI 51, with xQ/2p540 kHz andhQ50.5.
The tensors were oriented such thatVPM

jk 5(0,0,0), VPM
j 5(0,p/3,0), and

VPM
k 5(0,p/3,p/6). Right panel: Central transition spectra obtained foI

53/2, with xQ/2p520 kHz, hQ50, VPM
jk 5(0,0,0), VPM

j 5VPM
k

5(0,p/2,0). Other calculation parameters are as in Fig. 1. Some of
traces stemming from Eq.~11! ~particularly those forI 51) have been trun-
cated for presentation purposes.
Downloaded 23 Apr 2001 to 132.76.33.15. Redistribution subject
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cients in Eqs.~19! and ~21! may be used to derive th
necessary higher-order Magnus correction terms.

B. A physical interpretation of the recoupling

Despite the abstract nature of the analytical express
above, this AHT treatment provides qualitative insight in
the dependence of the quadrupolar-driven dipolar recoup
on the spinning frequency. Since the interaction-frame di
lar Hamiltonian is proportional to$Q(n)% @Eq. ~21!#, which in
turn depend on$aL

(n)% @Eq. ~19!#, the extent of the recoupling
will depend on the magnitudes of these coefficients. T
$aL

(n)% set of coefficients originates from the time-evolutio
operator of the first-order quadrupolar coupling, and
physical termsaL

(n) represents the amplitude of thenth order
sideband in the MAS spectrum generated by the quadrup
interactions~as well as by the sum and difference of th
quadrupolar frequencies of the two sites!. Furthermore, Eq.
~22! shows that to first order in AHT only the amplitudes
the first- and second-order sidebands contribute to the re
pling. As is well-known,5 the amplitudes of these MAS side
bands depend on the ratio between the magnitude of
NMR interaction and the spinning frequency, i.e.,
xQ /v r . For small values ofxQ /v r all intensity is concen-
trated at the centerband, whereas for large values ofxQ /v r

the total intensity is distributed over a large number
~weak! sidebands. In either of these cases, Eq.~22! predicts
that the dipolar recoupling effects are relatively small. B
contrast, whenxQ /v r.1, the first- and second-order side
bands of the quadrupolar effects have their highest inte
ties, leading to the most efficient recoupling and to the la
est line-broadening. Although somewhat simplistic, th
picture implies that the quadrupolar-induced dipolar lin
width for a homonuclear spin-pair passes over a maxim
when the spinning frequency is about the size of the quad
polar frequencies. Since quadrupolar frequencies are ge
ally large (101– 104 kHz) and modern MAS frequencies ar
in the order of 101 kHz, the quadrupolar-driven recouplin
will not be maximized for most spin systems. Therefore in
majority of cases, peak widths can be expected toincreaseas
v r increases. This runs counter to common experience
solid-state NMR, where increasing the spinning frequen
normally leads to adecreasein the linewidths. However,
such nonmonotonic recoupling behavior has been reporte
homonuclear spin–pairs withI 51/2 ~Ref. 36! and predicted
for I 51 ~Ref. 37! using a theoretical treatment similar to th
given here. The following section gives preliminary e
amples of this unusual behavior in the quadrupolar-driv
recoupling of homonuclear systems.

III. EXPERIMENTAL RESULTS

In order to test our theoretical predictions, experimen
MAS NMR spectra from powders of various inorganic com
pounds containing theI 53/2 nuclei 7Li, 23Na, and 79Br
were recorded. These salts were chosen ma
for their sizable and/or numerous homonuclear dipolar c
plings, estimated from x-ray data38–42 as bjk/2p
52550 Hz (Li2SO4•H2O), 21100 Hz (LiOH•H2O), 2460
Hz (Li2C2O4), 2140 Hz ~NaCl!, and 280 Hz ~KBr!. All

e
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compounds were purchased from Aldrich, and used after
crystallization. The spectra were recorded on a homeb
spectrometer at 7.1 T, using a commercial 4 mm Bru
probe and single-pulse excitation. For the samples contai
protons, high-power1H decoupling was employed. Attentio
was paid to the central transition linewidths as function
the spinning frequency.

Figure 3~a! shows the23Na linewidth in NaCl as function
of v r . This compound has negligible electrical field grad
ents; the quadrupolar-driven recoupling is then essenti
nonexistent, and as predicted by Eq.~11! the peak narrows
monotonically asv r increases. A similar behavior is foun
for the7Li NMR linewidth in Li2SO4•H2O @Fig. 3~b!#, which
according to its satellite sideband intensities has a small q
drupolar frequency of 8.3 kHz. The situation is differen
however, for the MAS NMR7Li linewidth in LiOH•H2O
@Fig. 3~c!#: the quadrupolar frequency here is 10.8 kHz, a

FIG. 3. Experimental central transition spectral linewidths~full widths at
half height! as a function of spinning frequency for five powders contain
variousI 53/2 nuclei (7Li, 23Na, and79Br): ~a! NaCl, ~b! Li2SO4•H2O, ~c!
LiOH•H2O, ~d! Li2C2O4 , and ~e! KBr. The linewidths were obtained by
fittings to Lorentzian shapes, and the error bars represent the linewidth
certainties resulting from repeated NMR measurements. The inset in~a!
plots the23Na linewidth as function of 1/v r .
Downloaded 23 Apr 2001 to 132.76.33.15. Redistribution subject
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the AHT treatment presented above predicts a maxim
linewidth whenv r /2p is around 7.0–10.0 kHz. This agree
well with the experimental results wherev r /2p
'9.4 kHz (xQ /v r51.2) gave the broadest line. Finally
Figs. 3~d! and 3~e! exemplify the typical situation encoun
tered whenxQ.v r . Fitting the satellite transition spectr
for these compounds gave the quadrupolar frequen
xQ/2p516.7 kHz (Li2SO4•H2O) and 25 kHz ~KBr!. For
Li2SO4•H2O, the maximum linewidth is found around 12
kHz (xQ /v r51.3); for KBr thexQ /v r ratio corresponding
to the maximum linewidth cannot be reached within o
range of spinning frequencies and the line becomes bro
as the spinning frequency is increased.

The nonmonotonic dependence of the linewidth on
spinning speed is seen most clearly for LiOH•H2O. Figure 4
compares an experimental set of MAS spectra obtained
this compound against numerically exact two-spin simu
tions. This set of spectra further reveals how the central tr
sition linewidths relate to the sideband structure from
satellite transitions: in accordance with theory, the broad
line is obtained when the absolute intensities of the first- a
second-order sidebands are maximized. Numerical sim
tions ~right panel of Fig. 4! reproduce well this overall ex
perimental trend, especially when considering that only
single dipolar coupling and arbitrary orientations were
sumed for describing such a complex multispin lattice.

IV. ADDITIONAL CONSIDERATIONS

As mentioned above, the actual extent of the dipo
recoupling depends on the sums and differences of the

n-

FIG. 4. Comparison between the experimental spectra~left panel! of lithium
hydroxide monohydrate@Fig. 3~c!# and numerically exact spin-pair simula
tions ~right panel! for three spinning frequencies:v r /2p55477 Hz, 9477
Hz, and 13373 Hz. The simulations assumed the following parame
bjk/2p521.1 kHz, xQ/2p510.8 kHz, hQ50.70, VPM

jk 5(0,0,0), VPM
j

5VPM
k 5(0,p/3,0), v0/2p52117 MHz, and line-broadening 250 Hz

The magnified centerband is shown for each spectrum.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 5. Simulated MAS line shapes for a homonuclear pair with spin numberI 51 ~top traces! and 3/2~lower traces! for various relative orientations of the
dipolar and quadrupolar interactions. All simulations employedv r /2p525.0 kHz, bjk/2p52750 Hz, hQ50, xQ/2p541.25 kHz~corresponding to quad-
rupole coupling constantse2qQ/h582.5 kHz and 250 kHz forI 51 and 3/2, respectively!, and 75 Hz Lorentzian line-broadening. The dashed lines are A
calculations using Eq.~22!. These are almost indistinguishable from numerically exact simulations~solid lines!. Spectra~a!–~d! show the line shape
dependence for various relative orientations between the dipolar and quadrupolar tensors~for collinear quadrupolar tensors!, ~e!–~h! shows the dependenc
when changing the relative orientations between the two quadrupolar tensors~in the case of perpendicular dipolar and quadrupolar tensors!. The dipolar tensor
was fixed atVPM

jk 5(0,0,0) and the Euler angles for the collinear quadrupolar orientations (VPM
j 5VPM

k ) were ~a! ~0,0,0!, ~b! ~0,p/6,0!, ~c! ~0,p/3,0!, ~d!
~0,p/2,0!. For ~e!–~h!, VPM

j 5(0,p/2,0) was fixed, andVPM
k was changed according to~e! ~0,p/2,p/9!, ~f! ~0,p/2,2p/9!, ~g! ~0,p/2,p/3!, and~h! ~0,p/2,p/2!.
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mo-
drupolar frequencies involved. Hence it will be a function
both the coupling constants of each site, as well as the r
tive orientations between these tensors. Furthermore if
anisotropies in Eq.~1! are axial and collinear, their spatia
components can be factored out; the total Hamiltonian t
commutes with itself at different points in time, and the r
coupling ceases regardless of the values of the coupling
stants. Figure 5 summarizes some of these orientat
dependent considerations, illustrating line shapes that ca
expected for identical sets of quadrupolar coupling para
eters, but different relative tensor orientations. These p
also evidence an increase in the effective recoupling stre
as the quadrupolar tensors become noncoincident, as po
out in Ref. 28. The plots also yield an additional proof f
the excellent agreement between the predictions of the
lytical and numerical methods.

So far we have been concerned with spin systems
fected solely by first-order quadrupolar and dipolar effec
as in this case the nature of the recoupling is most ea
understood and its consequences most evident.
quadrupolar-driven recoupling, however, will also
strongly affected by field-dependent effects, includi
chemical shifts and second-order quadrupolar interactio
Neither of these interactions commute with the dipolar fl
flop terms, and they will generally truncate the effects fro
the dipolar coupling.18,19 The quadrupolar-driven recouplin
is therefore most prominent for spins with equal isotro
chemical shifts, relatively small quadrupolar coupling co
stants, and large Larmor frequencies.

An idea of the truncating effects that can be expec
from quadrupolar and chemical shift effects is conveyed
Fig. 6. In the case of large second-order quadrupolar effe
the dipolar broadening of MAS line shapes is typically sm
compared with the second-order broadenings themse
Yet as shown by Figs. 6~a! and 6~b! the dipolar couplings
may still distort the second-order line shapes significan
thus affecting the accuracy with which quadrupolar para
eters can be extracted by fitting of experimental line shape
Downloaded 23 Apr 2001 to 132.76.33.15. Redistribution subject
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homonuclear couplings are neglected. The dependence o
recoupling on the relative orientations between the vari
tensors involved is again evident from these plots. Furth
more, since the second-order quadrupolar dispersion sc
inversely with the Larmor frequency, the effects of th
quadrupolar-driven recoupling can be expected to grow
the static magnetic field increases.

As for isotropic chemical shifts, numerical simulation
and experiments demonstrate that even small shift dif
ences between the spins markedly attenuate the recoup
The truncating effects of isotropic chemical shifts on t
quadrupolar-driven recoupling are exemplified in Figs. 6~c!–
6~f!. In this respect, the behavior displayed by quadrupo
spins is similar to that of coupled spin-1/2 nuclei.32 Simula-
tions indicate that anisotropic chemical shifts also interf
with the quadrupolar-driven recoupling, particularly if the
are substantially larger than the dipolar coupling~data not
shown!. Yet homonuclear dipolar interactions as well
quadrupolar-driven effects become again significant at ro
tional resonance conditions. A more detailed analysis on
effects of the quadrupolar-driven recoupling at rotation
resonance will be reported elsewhere.

As the MQMAS experiment25,26 has become a mos
widely used technique for obtaining high-resolution spec
of quadrupolar nuclei, it is also worth referring to ho
quadrupolar-driven recoupling phenomena affect it. Fr
numerical simulations and experiments~not shown!, it fol-
lows that the quadrupolar-driven recoupling has different i
pact on the various transitions of the spin system. Broad
ing effects from the quadrupolar-driven recoupling se
much less pronounced in the isotropic dimension of an M
MAS spectrum than in its anisotropic dimension. Therefo
it appears that from a resolution standpoint, the MQMA
technique successfully suppresses most of these ho
nuclear dipolar effects.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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V. CONCLUSIONS

This work investigated how the presence of quadrupo
interactions may interfere with the MAS averaging of hom
nuclear dipolar couplings between quadrupolar nuclei. T
effect is unusual in that it enables first-order quadrupo
interactions, which do not affect symmetric2m↔m transi-
tions, to result in broadened central transition MAS spec
via a dipolar recoupling. The extent of the quadrupol
driven dipolar recoupling depends on several factors:~i! the
magnitudes of the quadrupolar frequencies relative to
spinning frequency,~ii ! the relative orientations between th
dipolar and quadrupolar tensors,~iii ! the relative orientations
between the two quadrupolar tensors,~iv! the spin number of
the nuclei, and~v! the presence of chemical shifts an
second-order quadrupolar interactions. We have shown

FIG. 6. Effects of isotropic chemical shifts and second-order quadrup
interactions on the quadrupolar-driven recoupling. These numerically e
MAS simulations assumed twoI 53/2 with xQ/2p5333 kHz andhQ50 at
v r /2p520 kHz. Dotted lines: no dipolar couplings. Solid lines: usin
bjk/2p522.0 kHz. The simulations on the left panel~a!, ~c!, ~e! assumed
parallel quadrupolar tensors, while those on the right panel~b!, ~d!, ~f! used
perpendicular tensors. In all cases the quadrupolar tensors were perpe
lar to the dipolar vector.~a!, ~b! Dipolar effects in the presence of secon
order quadrupolar interactions (v0/2p52160 MHz) for two spins with
equal chemical shifts.~c!, ~d! Two spins with a shift separation of 2 kHz, bu
without second-order quadrupolar effects.~e!, ~f! Same as~c!, ~d!, but in-
cluding the second-order quadrupolar interactions (v0/2p52160 MHz).
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all of these effects can be accounted for either numerica
or analytically by a quadrupolar interaction-frame AH
treatment.

In many cases the dipolar effects being discussed h
are too small to cause a significant line broadening of
spectral peaks, but may still be exploited in magnetizati
transfer experiments among homonuclear systems of qua
polar nuclei. In fact the strong dependence of t
quadrupolar-driven recoupling on geometrical parame
may enable its use for distance measurements, for dete
nations of the relative orientations between the dipolar a
quadrupolar tensors, as well as between the quadrupolar
sors themselves. Quadrupolar-driven recoupling effects
also play a significant role when attempting to adapt exist
spin-1/2 methods of homonuclear recoupling to quadrupo
nuclei.

From a spectroscopic point of view, the most unus
feature of these recoupling effects is probably their enhan
ment with increasing spinning rates. Yet similar conce
apply to a wide variety of recoupling phenomena, includi
spin diffusion between isolated spin-1/2 pairs as well as l
broadening effects in systems of strongly-coupled spin-
nuclei.36 A generalization of the theory given here to su
systems will be given elsewhere.
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TABLE I. Explicit expressions forv̄L jLk
, $L j ,Lk%5$1,2% for I 51.

$L j ,Lk% 1 2

1 FS
11FD

1 2A2(FS
22FD

2)
2 A2(FS

21FD
2) 22(FS

12FD
1)
TABLE II. Explicit expressions forv̄L jLk
, $L j ,Lk%5$1,2,3% for I 53/2.

$L j ,Lk% 1 2 3

1
3

25
$3~FS

11FD
1!14~F j

11Fk
1!% 2

1

5A2
$3~FS

22FD
2!14Fk

2%
2

5A15
$3~FS

11FD
1!26F j

114Fk
1%

2
1

5A2
$3~FS

21FD
2!14F j

2% 2
1

2
~FS

12FD
1! A 2

15
~FS

21FD
222F j

2!

3
2

5A15
$3~FS

11FD
1!14F j

126Fk
1% A 2

15
~2FS

21FD
212Fk

2!
4
15 $FS

11FD
122(F j

11Fk
1)%
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APPENDIX

Here we present expressions for the quadrupolar-dri
dipolar recoupling Hamiltonian for the casesI 51 and I
53/2. It follows from Eq.~17! that the first-order averag
Hamiltonian may be written as

H̄5H iso1 (
L j ,Lk51

2I

v̄L jLk
$TL j1

j TLk21
k

1~21!L j 2LkTL j 21
j TLk1

k %, ~A1!

with

v̄L jLk
5

1

A6
(

n522

2

v jk
~n!QL jLk

~2n! . ~A2!

The coefficientsv̄L jLk
in Eq. ~A2! may be described in term

of the functions

FL
65

1

4A6
(

n522

2

v jk
~n!$aL

~2n!6aL
~n!* %, L5 j ,k,S,D,

~A3!

whereaL
(n) is given by Eq.~19!. Explicit expressions of the

$v̄L jLk
% sets forI 51 andI 53/2 are given in Tables I and II

When combined with the irreducible spherical tensors,

T16157
1

A2
I 6 , ~A4!

T26157 1
2 I 6~2I z61!, ~A5!

T36157A 3
4 I 6$5~ I z

26I z!1I ~ I 11!12!%, ~A6!

these can be used to derive the average Hamiltonian
terms of spin product operators. For instance whenI 51 one
has

H̄5v j
isoI jz1vk

isoI kz2~FS
12FS

2!I j
1I k

22~FS
12FS

2!

3I j
2I k

12G1~ I j
1I k

22I j
2I k

1!I jz

1G2~ I j
1I k

22I j
2I k

1!I kz12~FS
12FD

1!

3~ I j
1I k

21I j
2I k

1!I jzI kz , ~A7!

whereG65(FS
11FS

22FD
16FD
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